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Preface

It gives us immense pleasure to introduce the book Electrochemically Assisted 
Remediation of Contaminated Soils: Fundamentals, Technologies, Combined 
Processes and Pre-Pilot and Scale-Up Applications based on an overview of current 
developments in remediation technologies, related to the application of electro-
chemistry, for cleaning up the contaminated soil with organic and inorganic com-
pounds and their fundamentals.

The treatment of polluted soils is a matter of major relevance. Among the great 
variety of technologies that can help to remediate polluted sites, electrochemically 
assisted processes have gained great relevance in recent years, because of the prom-
ising results obtained in research studies: hundreds of papers have been published 
in the last few decades providing a very favorable view on the expected impact of 
these technologies in the near future.

These processes are driven by the application of electric fields among electrodes 
placed in the polluted soil and, unfortunately, they are not simple. In fact, the appli-
cation of the electric fields triggers a plethora of processes of different sort includ-
ing (1) physical processes like soil heating, which can help to mobilize volatile and 
semivolatile pollutants; (2) chemical processes, like the precipitation or the redis-
solution or the ionic exchange of pollutants; (3) electrokinetic processes like the 
electro-osmotic transport of water, the electromigration of ions, and the electropho-
resis of charged micelles; and (4) electrochemical processes, like water oxidation 
and reduction on the surfaces of the electrodes. These processes influence impor-
tantly on the concentration of the pollutants contained in soil and sometimes they 
can be synergetic: others, antagonistic. However, always experimental observations 
have a clear explanation based on the fundamentals of the processes involved. In 
fact, this interaction of the electric fields with the pollutants contained in the soil can 
be modified with the many inputs that affect all these processes and which include 
not only the characteristics of soil but also many others such as electrodes place-
ment, addition of soil flushing fluids, and use of permeable reactive barriers. The 
advances in this interdisciplinary area have recently encouraged a close collabora-
tion between chemists, electrochemists, engineers, and other scientists, particularly 
in the applicability of these technologies for many industrial processes.
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With this background, this book gives an overview of current developments in 
remediation technologies, related to the application of electrochemistry, for clean-
ing up the contaminated soil with organic and inorganic compounds and their fun-
damentals. It has been written by many internationally recognized experts and 
comprises 21 chapters describing the characteristics and theoretical fundaments of 
the different electrochemically assisted soil remediation processes. The book is 
aimed to be used for students at the university level and professionals in the industry.

The book is organized into three different parts. The first part, with four chapters 
(Chapters “Physicochemical and Hydrodynamic Aspects of Soil,” “Fundamental of 
Electrokinetic Processes,” “Fundamental of Reactive and Thermal Processes in 
Electrochemically Assisted Soil Remediation,” and “Conceptual and Mathematical 
Modeling of the Transport of Pollutants in Soil by Electric Fields”), tries to shed 
light on the fundamentals of the electrochemically assisted processes by describing 
the complexity of the soil and the most important aspects of the thermal, electroki-
netic, and chemical processes that occur in soil when electric fields are applied. It 
starts with the description of soil characteristics, which are essential to understand 
the performance of the different electrochemically based technologies and to 
develop processes that provide higher efficiency in removing organic and inorganic 
compounds. This part also discusses the primary processes resulting from soil reme-
diation under application of electric fields, helping to understand how operating 
conditions can affect the mobility or destruction of pollutants.

The second part of the book, with 12 chapters (Chapters “Treatment of Soil 
Washing Solutions by Electrochemical Advanced Oxidation,” “Electrokinetic Soil 
Flushing,” “Electrokinetic Remediation of Soil Polluted with Inorganic Ionic 
Species,” “Fenton Processes for Remediation of Polluted Soils,” “Coupling of 
Anodic Oxidation and Soil Remediation Processes,” “Persulfate in Remediation of 
Soil and Groundwater Contaminated by Organic Compounds,” “Electro- 
phytoremediation of Cropland and Mine Tailings Polluted by Mercury, Using IrO2- 
Ta2O5/Ti electrodes, Lavandula vera, and Solanum tuberosum,” 
“Electrobioremediation of Polluted Soils,” “Soil and Groundwater Remediation 
with Zero-Valent Iron Nanoparticles,” “Adsorption and Ion Exchange Permeable 
Reactive Barriers,” “Electrochemically Assisted Thermal-Based Technologies for 
Soil Remediation,” and “Electrochemically Assisted Dewatering”), deals with prac-
tical applications of technologies related to the separation of organic and inorganic 
compounds from soil or to their destruction. From soil washing to soil flushing 
passing through phytoremediation and bioremediation processes, the most relevant 
technologies are described. Most of the technologies are still at a research stage but 
results are as promising as to recommend implementation in the near future. Special 
emphasis is given to the expected characteristics of soil after the treatment. 
Permeable reactive barriers are also well described because of their outstanding 
performance. Experts in the field of electrochemistry and engineering participate 
discussing about the laboratory applications as well as the pilot plants that have 
been developed to understand the processes associate soil remediation.

Finally, the third part focuses on the real application of the technology and 
includes not only processes that are really being applied but also some important 
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considerations that have to be taken into account in the design of full-scale pro-
cesses. It has five chapters (Chapters “Fundamentals of the Scale-Up of the 
Electrochemically Assisted Soil Remediation Processes,” “Electrochemical 
Technologies for Petroleum Contaminated Soils,” “Treatment of Gaseous Effluents 
Produced During Electrochemically Assisted Soil Remediation Processes,” “Solar- 
Powered Electrokinetic Remediation for Treatment to Soil Polluted with Organic 
Compounds,” and “Electrokinetic Processes: Directions for Future Research and 
Constraints”) and describes how the scale-up of these technologies has to be faced, 
real applications of the technology, and how generated gases should be processed. 
Also, it discusses the use of solar photovoltaic panels as an energy source for power-
ing electrochemical systems, in order to decrease both the investment and mainte-
nance costs of electrokinetic remediation processes. Finally, it concludes with a 
view on the future research and constraints of the technology.

Natal, Brazil E. V. Dos Santos 
Ciudad Real, Spain  M. A. Rodrigo 
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Physicochemical and Hydrodynamic 
Aspects of Soil

Ángel Yustres, Rubén López-Vizcaíno, Virginia Cabrera, 
and Vicente Navarro

1  Introduction

Soil is a particulate material which is usually of natural origin. Its porous nature 
allows the movement of fluids within its interior. Solid soil particles are mostly of a 
mineral origin and, to a greater or lesser extent, chemically interact with the pore 
fluids, which are usually constituted by water. Due to the numerous thermal, hydrau-
lic, mechanical, electrical, and even biological phenomena associated with the inter-
action between mineral particles and pore fluids, soil is a complex medium that is 
difficult to model and understand.

This chapter reviews the basic principles that govern the behavior of soils and 
influence the electrokinetic remediation processes of contaminated soils.

2  Origin of Soils

Soils are formed in a variety of ways, but the fundamental origin is the alteration of 
lithospheric rocks. The disintegration of the minerals that compose a rock gives rise 
to the particulate matter of soil. The type of soil that is generated depends on the 
different mechanisms responsible for decomposing the rocks and the subsequent 
process of aggregation of the mineral particles.

Residual soils are formed by the weathering (physical–chemical attack of envi-
ronmental agents) of parent rock that is exposed on the earth’s surface. The resulting 
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mineral particles or rock relicts are not transported, so they remain at the site where 
they were formed, eventually covering the underlying rock material.

Residual soils can be found in any region of the globe, but thicker soils are found 
in very humid climates [1]. Climatic, topographical, and, of course, lithological fac-
tors [2, 3] have a decisive influence on the genesis of residual soils. In general, 
residual soils present a high degree of heterogeneity because they are not classified 
according to particle size or reorganized by mechanical effects. Some rock relicts 
persist in their internal structure and are more abundant at lower depths (Fig. 1).

Colluvial soils are formed by the accumulation of weathered material in situ that 
is transported to low points of the terrain due to gravity. Different types of phenom-
ena called landslide processes [4] are involved in their formation. Although they are 
very diverse in nature (from slow moving creep processes to sudden debris flow 
processes), residual soils have low or no internal organization and are very hetero-
geneous materials as a result [5, 6].

Soils of sedimentary origin (or transported soils [5]) come from the erosion, 
transport, and sedimentation of weathered material. Given that this type of soil trans-
port involves a fluid (wind or water), the velocity of the fluid determines the size of 
the particles that can be mobilized [5, 7]. This factor confers a greater degree of 
homogeneity to sedimentary soils, at least on a small scale. However, at larger scales 
(tens to thousands of meters), the continuous variations in the velocity of the eroding 
and transporting agent generate significant spatial variability [8]. The transport pro-
cess over long distances causes progressive wear of the particles, leading to rounded 
or subrounded grains. Another common characteristic of these soils is the existence 
of discontinuities due to stratification. Deposition usually occurs in subhorizontal 
layers and in different events, which favors the presence of bedding planes [2].

Soils that are formed by the action of water are called alluvial soils. They have a 
wide spatial distribution and are generally associated with large depressions of the 
terrain through which rivers flow. Given that these environments are ideal for human 

Fig. 1 Typical vertical profile of a residual soil

Á. Yustres et al.
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settlements, alluvial soils often receive discharges of pollution. However, given that 
the flows of the river courses in these areas tend to be slow, the predominant soils 
are fine-grained (mainly clay and silts), with low permeabilities and for which elec-
trokinetic remediation techniques are particularly recommended [9].

Soils formed by aeolian processes are characteristic of arid or semiarid zones, 
where wind action is the main erosive agent. These are well-sorted soils compared to 
alluvial soils. Sandy sediments derived from dune formation are the most recognizable, 
but the finest grained aeolian soils called loess are very important and are quite com-
mon in cold and arid areas [10]. Typically, aeolian soils have a very porous and meta-
stable internal structure that can suddenly collapse in the presence of water [11, 12].

There are also soils for which humans are primarily responsible for their genesis. 
The main agent of erosion, transport, and sedimentation is construction machinery. 
In this manner, human beings determine the size of particles, their location, and 
their degree of compaction. These artificial soils are increasingly being used in 
urban infrastructure [13]. Common examples are large landfills for airport construc-
tion [14, 15], artificial islands, and land reclamation [16], all of which have consid-
erable environmental impacts.

Based on the multiple factors that affect soil formation (climatology, vegetation, 
topography, fluvial, and/or aeolian regime, lithology, etc.) and the alteration factors 
that appear once a soil has developed (precipitation or dissolution of salts, compac-
tion, etc.), each soil will be different because the combination of factors is almost 
infinite. The genetic conditioning of a soil is the influence that all factors have on its 
genesis, development over time, and final behavior [5].

3  Distribution of the Phases of a Soil

To be able to successfully address any soil remediation action, an abstraction and 
simplification of the associated processes should be performed. Due to their genesis 
and their temporal evolution, soils show very high internal and spatial variabilities. 
It is impossible to approach the study of a soil from an exhaustive point of view. 
Therefore, tools should be provided to obtain a qualitative and integrated descrip-
tion that allows rationally grouping, classifying, and organizing soils into types with 
homogeneous behaviors.

3.1  Phases of a Soil: Phase Diagram

The fluids inside the pores usually consist of water (with dissolved salts) and air 
(with a certain amount of water vapor). If we examine a soil sample point by point, 
the amount of water, air, or solid particles can change very abruptly. Thus, it is nec-
essary to establish a series of hypotheses to rationally analyze the distribution of 
soil phases.

Physicochemical and Hydrodynamic Aspects of Soil
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If we take point P (Fig. 2a) and its immediate domain, as determined by a charac-
teristic radius r that defines the volume V, the average properties of the domain 
highly depend on the position of the point. If P is on a mineral particle, 100% of 
volume V will be occupied by solid particles. If P is in a void, 100% of volume V may 
be occupied by air or water. As the value of r increases, there is a greater probability 
that the volume consist of a mixture of solid particles, liquid, and gases. As V contin-
ues to increase, the proportion of the volumes occupied by each of the phases is 
likely to stabilize around an average value that can be considered representative of 
the entire soil. Figure 2b shows how from rmin the percentage of voids in the total soil 
volume remains constant until rmax is reached. For small values of r the percentage 
fluctuates, in the most extreme case being 100% or 0% as discussed above. Between 
rmin and rmax lies the representative elementary volume (REV). The representative 
elementary volume [17] is the characteristic volume of a soil for which the average 
properties remain constant, even with small changes in that volume.

Based on this approach, the soil can be conceptualized as a multiphase mixture 
[18], with a series of index properties relating the volumes and masses of each 
phase. The variation of these average index properties is assumed to be continuous 
in space, and all these continua are superimposed at each point. Despite its particu-
late nature, the soil is assumed to be a continuous medium whenever it is possible 
to define a representative elemental volume.

Some of the most important and widely used index properties in soil character-
ization are:

 1. Porosity (φ) is defined by the following expression:

 
� �

V

V
V
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(1)

where VV is the void volume, and VT is the total volume of the soil (void volume 
plus volume of solids).
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Fig. 2 (a) Sampling point P and its domain volume V. (b) Representation of average soil proper-
ties stabilization for representative elementary volume
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 2. Void ratio. The void ratio (e) is given by the following expression:

 
e

V

V
= V

S

.
 

(2)

where VS is the volume of solids contained in the soil.
Porosity and void ratio give us an insight into the amount of space available for 
the movement of fluids and the internal organization of the soil, so they are fun-
damental magnitudes for their characterization.

 3. Gravimetric water content. The gravimetric water or moisture content (w) of a 
soil is given by the following expression:

 
w

M

M

M

M
� �W

S

L

S  
(3)

where MS is the mass of solid particles, and MW and ML are the water and liquid 
masses, respectively, which are assumed to be equal.

 4. Degree of saturation. The degree of saturation is defined as the volume occupied 
by the liquid phase (VL), which is assumed to be equal to the water volume (VW), 
versus the volume of voids in a soil (VV) and is given by the following expression:

 
Sr

V

V
= W

V  
(4)

The water content and the degree of saturation provide information on the impor-
tance of the liquid phase in the soil, since both index properties determine the 
thermodynamic state of the water and the type of movement it has within the 
porous medium.

 5. Density of solid particles and specific gravity. The density of solid particles (ρs) 
is given by the following ratio:

 
�S

S

S

�
M
V  

(5)

where VS is the volume occupied by the solid particles. The use of specific grav-
ity (G) to characterize the minerals that make up a soil is quite common in the 
literature on soil mechanics. This variable is given by the following expression:

 
G �

�
�

S

W  
(6)

where ρW is the density of water. The value of G is dependent on the predominant 
mineralogy, although the most common minerals [19] have values between 2.6 
and 2.8 [5].

 6. Dry density. The dry density (ρd) is defined as:

 
�d

S

T

�
M

V  
(7)
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where, as previously stated, MS is the mass of solid particles, and VT is the total 
volume of the soil.

 7. Bulk density. The bulk density (ρb) of a soil is defined by the following expression:

 
�b

T

T

�
M

V  
(8)

where, as previously stated, MT is the total mass (mass of solids, liquid, and gas, 
although the latter is usually disregarded), and VT is the total volume of the soil.

 8. Saturated density. The saturated density (ρsat) is defined as the bulk density when 
the soil is saturated, i.e., all pores are occupied by water.

The dry density and the saturated density are particular cases of the bulk density 
when the degrees of saturation are 0 and 1, respectively.

3.2  Experimental Determination and Soil Phase Relations

The determination of phase indices is usually not cumbersome and only requires 
very basic laboratory equipment. Furthermore, only a few indices need to be deter-
mined and the rest can be calculated from them. For these reasons phase distribution 
characterization in a soil can be performed easily and inexpensively in almost any 
laboratory.

The three most common characterization tests are:

 (a) Determination of the water content by mass [20] using oven drying. This test 
consists of measuring the mass of a soil sample before and after being placed in 
an oven with a temperature between 105 and 115 °C. The difference in mass 
between the two measurements returns the amount of water contained in the 
soil, and the last weighing provides the value of the mass of solid particles. With 
both masses, the gravimetric water content can be calculated using Eq. (3).

 (b) Determination of the specific gravity of soil solids using a water pycnometer 
[21]. This test can be somewhat more cumbersome, but, as previously specified, 
the density of solid particles presents a very low range of variation [5]. In many 
cases, in the absence of data, a value of 2700 kg/m3 is used [22].

 (c) Determination of the density (unit weight) of a soil specimen [23]. In this case, 
it is crucial to precisely determine the value of the total volume of the soil 
sample, which should remain unaltered after extraction. For this purpose, sam-
pling tubes and paraffin wax are used for the samples [24].

From these values, the rest of the indices can be calculated. For this purpose, the 
use of the unit phase diagram is of special interest. Figure 3a shows a phase diagram 
of a soil for which the volume (to the left) and mass (to the right) are schematically 
represented. It is assumed that the mass of the gas phase is equal to zero. Dividing 
all the terms in the diagram in Fig. 3a by VS (volume of solid particles) yields the 

Á. Yustres et al.
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Table 1 Soil phase relationships

Index property
Expressions in terms
of ρs, e, and Sr
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diagram in Fig. 3b, which is called the unit diagram because the volume of the solid 
particles takes the value of 1. From this diagram and the definitions of Eqs. (1)–(8), 
any index property can be obtained as a function of ρs, e, and Sr. For example, the 
gravimetric water content can be calculated as:

 

w
M
M

V
V

V
V

V

V

V
V

V
V

V
V
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S S
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S S
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V W
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S

S
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�

�

�

�

�

�
�

 

(9)

where the expression can be obtained directly by dividing the terms on the right of 
the unit diagram that correspond to the mass of the liquid and solid phases. Thus, all 
indices can be obtained through the relationships shown in Table 1. These relation-
ships can also be obtained as a function of ρs, w, and ρb (Table 1), which can be 
useful in the laboratory when calculating the distribution of phases of a soil.

Soils are characterized by all these index properties. Even if two soils are miner-
alogically and texturally identical, their behavior under same external actions will 
be completely different if their void ratio and degree of saturation are not equal. It 
is common in many studies (both in laboratory tests and in situ) to ignore the initial 
soil phase distribution and to compare the remediation efficiency with completely 
different initial conditions.

4  The Solid Phase

4.1  Soil Mineralogy

The mineralogy of soils varies greatly, depending on the parent rock and the physi-
cochemical alterations subsequent to their formation. However, due to the nature of 
the composition of the terrestrial lithosphere, silicates, clay minerals, metal oxides, 
oxyhydroxides, hydroxides, carbonates, and sulfates predominate [19].

The reactivity of all these minerals generates a very significant range of pore 
waters that condition soil decontamination processes. Highly soluble minerals such 
as gypsum, calcite, or other carbonates, which can be important pH regulators in the 
electrokinetic treatment of contaminated soils [25, 26], are of special interest.

4.2  Soil Texture

The first approach for characterizing the soil texture is the granulometric analysis of 
the particles that compose the soil. Although the basic characterization tests for the 
analysis of the particle size distribution or gradation are sieving [27] and 

Á. Yustres et al.



11

sedimentation [28], there are several techniques to determine the size distribution of 
solid particles, such as laser diffractometry [29], which is increasingly common. 
The predominant particle size marks the behavior of the soils, both mechanically [5] 
and hydraulically [30, 31]. The particle size variation in a soil can range immensely, 
from tens of centimeters to a micrometer in size. Although there is a convention 
regarding the characteristic sizes of each type of particle (see Fig. 4), there are vari-
ous classifications, mainly from the perspective of agronomy (such as the USDA 
classification [32]) and civil engineering (such as the Unified Soil Classification 
System [33] and the AASHTO system [34]).

Traditionally, soil has been divided into two types of particles according to their 
size: a fine fraction, which is less than 0.074 mm in diameter, and a coarse fraction, 
which is above 0.074 mm in diameter. The division is marked by the difficulty of 
sieving below that size, but it is also conditioned by the presence of clay minerals 
that have a quite different behavior from the rest of the solid particles and play a 
fundamental role in soils of low or very low permeability.

Clay minerals are formed by weathering in an advanced phase of different materi-
als of siliceous origin. They are formed by two types of planar mineral structures. 
The first structure is a phyllosilicate sheet that is formed by SiO4

4− tetrahedra that 
share, by a covalent bond, the oxygen atoms in their bases (Fig. 5a). The second sheet 
structure is formed by metal hydroxides, generally Al2(OH)6 (also called gibbsite) 
and Mg3(OH)6 (also called brucite). Spatially, both hydroxides are in the form of 
octahedra combined by covalent bonding and share hydroxyl groups in the vertices 
(Fig. 5b). Because tetrahedral and octahedral sheets are not electrically neutral, they 
combine to form covalent bonds between the free apices of the tetrahedrons and the 

Fig. 4 Characteristic sizes of soil particles according to different classification systems
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oxygen of the hydroxyl groups of the octahedra, giving rise to different clay miner-
als. The combination of one layer of phyllosilicates (tetrahedra) and one layer of 
hydroxides (octahedra) gives rise to a clay mineral type 1:1 (see Fig. 6a). In contrast, 
the sandwiching of an octahedral layer by two tetrahedral layers gives rise to a min-
eral type 2:1 (see Fig. 6b) or TOT (tetrahedron-octahedron- tetrahedron). These ele-
mentary pieces, in turn, have charge deficits and affinities for other like-layers, which 
give rise to a wide variety of minerals depending on the mode of combination [5, 35]. 
Most clay minerals are found in nature not as simple 1:1 or 2:1 sheets but as stacks 
of layers.

Regarding complexity, the phenomenon of isomorphic substitution must also be 
considered. During the formation of the clay layers, once the basic structure is 
formed, the silicon of the tetrahedra or the metallic cations of the octahedra can be 
displaced by elements with a lower charge without structural changes. Substitution 

Fig. 5 (a) Structural diagram of phyllosilicates and (b) structural diagram of metal hydroxides
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involves a loss of positive charges and, therefore, results in a net negative charge. 
The layers of clay become highly electrically charged planar structures, which give 
rise to behavioral phenomena and trends that are very different from those of soils 
formed only by large inert mineral particles [5].

From the point of view of the electrokinetic remediation of soils, isomorphic 
substitution is responsible for many of the phenomena observed during treatment. 
Firstly, the clay sheets are able to attract water molecules that are electrical dipoles 
so that the mineral particles are hydrated and form a near crystalline structure. In 
addition, mineral surfaces are also able to attract a large amount of hydrated cations 
to compensate for negative net charges [35]. Both types of water molecules are 
virtually immobilized and are referred to as the water adsorbed on the surface of the 
clay particles. This water does not flow under conventional hydraulic gradients [36] 
and is responsible for the low permeability of this type of soils.

However, this property of clay soils makes them especially suited for electroki-
netic remediation. When an external electric field is applied, the ions of the hydrat-
ing water travel toward the electrodes due to electromigration, which causes the 
entire liquid phase to flow. In clay soils, there are more cations than anions due to 
the excess negative charge of the clay particles, and more water is pulled toward the 
cathode than the anode; this phenomenon is called electroosmosis [9, 37, 38]. Some 
authors have confirmed [39] that if cationic surfactants are used, the electroosmotic 

Silicons

Oxygens

Hydroxyls
Aluminums,
magnesiums, etc.

(a)

(b)

Fig. 6 (a) Structural diagram of a 1:1 clay sheet and (b) structural diagram of a 2:1 clay sheet
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flow is reversed. Due to the positive charge of hydrophilic heads, more anions are 
required in the solution to attain electroneutrality, and the balance between anions 
and cations begins to equilibrate or even tend toward an excess of negative charges 
in the pore water with a subsequent electroosmotic flow toward the anode.

The study of the electrostatic properties of clay particles requires sophisticated 
equipment, which is unusual in most common commercial laboratories. For this 
reason, in the classification of soils, indirect tests that give an idea of the ability of a 
soil to retain water and solutes in its internal structure are used. The most common 
tests are the Atterberg limits [40, 41], which have been widely correlated with the 
macroscopic mechanical properties of soils [42–44], including the swelling capac-
ity and the hydraulic conductivity [45, 46]. The methylene blue value [47–49] has 
also been used to characterize the behavior of clayey soils [50, 51]. These tests 
allow the classification of the fine fraction according to its nature whether it is 

Fig. 7 Diffuse double 
layer in clays
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Flocculated Structure

(a)

Dispersed Structure

(b)

Fig. 8 Idealized representation of a clay with (a) flocculated structure and (b) dispersed structure

predominantly silty (with particles with a diameter of between 74 and 2 μm) or 
clayey (with a diameter of less than 2 μm). For this, the plasticity is studied, which 
is given fundamentally by the surface area and amount of charge of a soil, as mea-
sured through the cation exchange capacity (CEC) [19, 52].

As previously mentioned, the negative electric charge of clay particles results in 
an attraction of the cations toward their surface and a repulsion of the anions. This 
attraction alters the state of the pore water around minerals (Fig. 7), forming a dif-
fuse double layer [52, 53] that consists of the mineral particle itself and its surround-
ing, which is affected by the electric field. The equilibrium between the electrostatic 
repulsive forces of clay surfaces and the attractive forces (London-van der Waals 
forces) cause the internal structure to be dispersed or flocculated [5] (see Fig. 8), 
with highly differentiated macroscopic behavior [5, 52].

Another additional effect of the nature of clays is the adsorption of contaminants 
on mineral surfaces. The electrostatic adsorption mechanism is very important, but 
it is not the only one [54]; many mechanisms can be superimposed for the same soil 
depending on the mineralogical composition, organic matter content, type of pollut-
ant, and geochemical conditions of the pore water. For this reason, the adsorption of 
pollutants is usually described empirically through the use of sorption isotherms 
[19, 54, 55]. In many cases, the desorption of pollutants at high concentrations 
requires the use of anionic surfactants [56] that can alter the direction of water 
movement during electrokinetic soil remediation [39].
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5  The Liquid Phase

5.1  Water

In virtually all soils in the natural state, water is present in its pores, even in small 
amounts. In soils with a high void ratio in saturated conditions, a greater volume of 
water than solid particles can be reached. Liquid water can be found in two forms. 
The first form is adsorbed water, as described above, which is strongly bound to the 
surface of the clay particles. It does not flow with conventional hydraulic gradients 
and can be considered immobile for all practical purposes [36]. Some authors have 
suggested that the molecular structure and thermodynamic properties of adsorbed 
water change [5, 57] and are different from the liquid-free water. In addition, it can 
remain in contact with the clay particles even if the soil is desiccated in an oven to 
determine the water content [20].

The second type of water is called free, capillary, or gravitational water and can 
flow with hydraulic gradients [36]. Due to the small size of the pores in which it is 
found, surface tension is of fundamental importance in its behavior. In partially 
saturated soils (Fig.  9), water adheres to solid particles to form curved surfaces 
called menisci. In the menisci, a balance of forces (Fig. 10) is established between 
the surface tension of the water and the forces exerted by the pressures of the liquid 
and gas. In the arrangement of Fig. 10, the equilibrium is given by the following 
expression:

 
P P

RG L� �
2�

 
(10)

where σ is the surface tension, PG and PL are the pressures of the gas phase and 
liquid phase, respectively, and R is the radius of curvature of the meniscus. In a 
three-dimensional arrangement, the menisci are warped surfaces in which two radii 
of curvature (R1 and R2) can be defined. Thus,
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(11)

The difference between the gas pressure (PG) and the liquid pressure (PL) shown 
in Eqs. (10) and (11) is called capillary suction (s). The greater the value of s, the 
smaller the radius of the meniscus, the closer the warped surface is to the solid par-
ticles, and the water content of the soil is, consequently, also lower. The function that 
relates the degree of saturation (Sr) and the capillary suction is called the soil water 
retention curve (SWRC). The SWRC can present hysteretic behavior (Fig. 11) with 
a main wetting path and a main drying path in which the hysteresis cycles are 
inscribed. However, especially for modeling purposes, these curves are simplified 
using the central tendency for both wetting and drying. There are many formulations 
for this type of curve [58–65], although their parameterization is usually simple (no 
more than four parameters). The SWRC is also called the characteristic curve because 
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Fig. 10 Force balance of the menisci in (a) a two-dimensional configuration and (b) a three- 
dimensional configuration

Meniscus

Liquid 
phase

Solid 
phase

Fig. 9 Water in 
unsaturated soils

it is representative of the type of soil [66]. As seen in Fig. 12, the curves for clay and 
sand are very different. The first type of soil has a more extended curve, with very 
high degrees of saturation, even for high suctions. However, the curve for a granular-
type material, such as coarse sand, is much more step-like, with the soil changing 
from almost complete saturation to desaturation with only a small change in suction. 
The value of the suction in which the jump occurs for coarse granular materials is 
called the air entry pressure. Although in theory it also exists in clays and reaches 
much higher values, an abrupt jump in the value of Sr is generally not observed.
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If it is assumed that PG is equal to or close to the value of atmospheric pressure 
(Patm), which may be true in soils with a low degree of saturation, and Patm = 0 (refer-
ence pressure level), PL must be negative; therefore, its internal energy is lower than 
the water found in liquid form on the surface of the earth. For this reason, extraction 
for the subsequent treatment of pore water in a partially saturated soil is very com-
plex and energy demanding.
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Fig. 11 Hysteretic behavior of the soil water retention curve
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5.2  Solutes in the Liquid Phase

Due to the chemical interaction of water with the gases present in the pores and with 
the minerals of the solid phase, the concentrations of the solutes in pore water are 
higher than in rainwater. Due to the composition of the lithosphere, the major ions 
in the water include Ca2+, Mg2+, Na+, and K+ as cations and HCO3

−, SO4
2−, and Cl− 

as anions [67, 68]. Other minor ions or trace elements can be present, and some of 
them can be considered as pollutants [69].

An effect of dissolved salts is that they alter the partial pressure of water vapor in 
equilibrium with the liquid phase. This variation induces an increase in suction 
called osmotic suction (sO). Osmotic suction can be calculated as:

 
s RT a

i

j

iO W�
�
��

1  
(12)

where R is the ideal gas constant (8.314463 J K−1 mol−1), T is the temperature, and 
ai is the activity of the ith species in the pore water solution.

Osmotic suction and capillary suction make up the value of the total suction 
(sTOT), which will influence the mechanical behavior of the soil.

5.3  Electrical Conductivity

Another important effect that solutes have on pore water is the variation of the elec-
trical conductivity of the soil. If this is taken as a parallel system with two conduc-
tivities, that of the solid phase and that of the liquid phase [70], the increase in the 
concentration of solutes substantially increases the total conductivity. There are sev-
eral approaches to estimate water conductivity based on the its chemical composi-
tion. A good compilation and comparison of the best-known approaches can be 
found in Tarantino et al. [71].

6  The Gas Phase

The gas phase in a soil consists mainly of air (a mixture of nitrogen, oxygen, and 
other minor constituents) that is enriched by other gases due to interactions with 
minerals and the pore water. For example, the content of CO2 or methane will be 
strongly related to biological activity and pH of the water. However, the gas most 
dependent on the physicochemical state of the pore water is water vapor. If a ther-
modynamic equilibrium between water vapor and free water is assumed, then the 
psychrometric equation or Kelvin’s equation is fulfilled. This equation is given by 
the expression [72]:
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where PV is the partial vapor pressure, PV
o  is the saturation vapor pressure (equilib-

rium partial vapor pressure for a planar surface of water) that is only temperature- 
dependent, WMM is the water molecular mass, ρW is the density of pure water, and 
sTOT is the total suction, which is equal to

 s s sTOT O� �  (14)

where s is the capillary suction, and sO is the osmotic suction. Given that P PV V
o/  

is the relative humidity, if we are able to measure this ratio in the soil pores, the 
total suction can be determined. Subtracting the osmotic suction from the total suc-
tion yields the capillary suction. From the SWRC of the soil, the degree of satura-
tion and water content can then be obtained. This is the operating principle of 
psychrometers, which are suitable for determining the suction in soils with low 
degrees of saturation. For other conditions (low suction and greater degree of satu-
ration), tensiometers [73] are more appropriate and are capable of determining 
capillary suction directly. There are also other methodologies to obtain the soil 
water content based on the measurement of thermal and electrical conductivities 
[74] or on the dielectric properties of the soil [73]. Therefore, there are a variety of 
techniques to measure the suction or water content, both in the laboratory and 
on site.

7  Coupled Hydromechanical Behavior of Soils

The cornerstone of soil mechanics is the principle of effective stress [73–75]. In the 
formulation of this principle, for a saturated soil, the effective stress (σ′), which is 
responsible for the soil strains, is given by:

 
� � ��� �� PLI  (15)

where σ is the tensor of total stress to which the soil is subjected, PL is the pressure 
of the liquid phase, and I is the identity tensor. For unsaturated soils, the formulation 
of the effective stress is slightly different [76].

 
� � � � ��� �� � s I  (16)

 �� ��� � �PG I  (17)

where χ is the Bishop factor [77], which is usually formulated as a function of the 
degree of soil saturation and σσ  is the net stress tensor. Consequently, there is a 
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coupling between mechanical and hydraulic behaviors in soils. This interdepen-
dence can generate unexpected phenomena [78] when applying electrokinetic reme-
diation techniques that generate significant changes in the distribution of water 
pressure and the degree of soil saturation [79].

8  Flows in Soils

The high microscopic and macroscopic variability of soils, the changes in the envi-
ronmental variables, and the human actions cause flows of a diverse physicochemi-
cal nature. The gradients of chemical potential experienced by all soil components 
involve flows of matter and energy in all phases and, consequently, in all species.

Any flow qi in a soil can be formulated generically by the following expres-
sion [80]:

 

q Li
j

n

ij jX� �
�
�

1  

(18)

where Lij is the coupling coefficient tensor that links the flow qi and the gradient of 
the driving variable Xj, and n denotes the total number of driving variables and types 
of flow considered.

In most of the conceptual and numerical models that have been used to simulate 
electrokinetic remediation treatments, movements in the solid or gaseous phase 
have not been considered. However, they have been used in other applications, such 
as the analysis of engineered barriers for the storage of radioactive waste [81, 82].

The flows that are most commonly considered in electrokinetic remediation pro-
cesses include the water mass, which is practically equal to that of the entire liquid 
phase, the mass of chemical species, heat and electric charge. The most intuitive 
part of the description of the flows is to consider only those in which i = j, that is, 
those in which the flow and driving force are of the same nature. Thus, the mass flow 
of water is given by Darcy’s Law.

 q KW
h h� � �h  (19)

where qW
h  is the hydraulic water flux, Kh is the hydraulic conductivity tensor, and 

∇h is the hydraulic gradient, being h the water head, it is defined as:

 
h z

P
� � L

W�  
(20)

where z is the vertical coordinate, PL is the liquid pressure, and γW is the specific 
weight. An additional term to the water head, which corresponds to kinetic energy 
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of the porewater, is not included because the velocity of water movement in the soil 
is very low.

The flow of solutes is driven by gradients in the concentration of chemical spe-
cies and is given by Fick’s Law.

 j Di i iC� � �  (21)

where ji is the diffusive flux of chemical species i, Di is the diffusion/dispersion ten-
sor, and ∇Ci is gradient of the concentration of the species considered.

In the case of conductive heat flux (qt), the formulation using Fourier’s law is 
similar to the previous ones and is given by the expression:

 q Kt t T� � �  (22)

where Kt is the thermal conductivity tensor and ∇T is the temperature gradient in 
the soil.

Finally, the electrical current (Ie) is given by Ohm’s law can be obtained by as:

 Ie e� � ��� E  (23)

where σe is electrical conductivity tensor, and ∇E is the electric potential gradient.
In certain cases, it is necessary to include in the conceptual model coupled flows 

(i ≠ j in Eq. 18) for which the nature of the flow and that of the driving force are 
different. In the case of electrokinetic remediation treatments, the most important 
coupled flows to consider are the electroosmotic flow and the electromigration. The 
first is given by the following expression:

 q Keo eo� � �E  (24)

where Keo is the electroosmotic conductivity (or permeability). In the same way, 
charged species experience electromigration due to the presence of an electric field. 
This chemical flux can be expressed as:

 q Ui i Eem � � �  (25)

where qi
em  is the electromigratory flow, and Ui is the ionic electromobility tensor of 

chemical species i.
Many other coupled flows can occur (see Table 2 adapted from [5]), and it can be 

shown [82] that due to Onsager reciprocal relations, the coupling coefficients must 
be symmetric; thus, according to Eq. (18),

 
L Lij ji=

 
(26)

The hydraulic, electroosmotic, thermal, and electrical conductivities, diffusion/
dispersion, and electromobility ion coefficients are phenomenological and are 
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therefore dependent on other variables. Although tensor is used in a general way in 
Eqs. (19)–(25), if the medium is isotropic, these coefficients are taken as con-
stants so that

 
L Iij jil=  

(27)

where Lij is the coupling tensor, lij is the scalar coupling coefficient, and I is the 
identity tensor.

The presence of all these coupled transport phenomena, together with the chemi-
cal reactivity of the mineral and liquid phases, makes any chemical–physical pro-
cess of remediation in soils extremely complex. Therefore, from the point of view 
of modeling and understanding the phenomena, many of these mutually coupled 
equations are disregarded based on their lower relative importance. However, such 
an evaluation must be careful when there are changes in scale or changes in soil or 
environmental conditions. For example, the influence of thermal effects due to 
ohmic heating of the electrodes is usually disregarded in the analysis of electroki-
netic remediation processes. Nevertheless, it has been shown that it is relevant when 
the process is scaled up [83, 84].

9  Conclusions

Because of their special multiphasic and multicomponent nature, soils are highly 
complex porous media. Their character as natural materials makes them highly het-
erogeneous at all scales. In addition, multiple physical–chemical phenomena take 
place within soils when the initial equilibrium conditions are altered, leading to 
unexpected or irregular behaviors in many cases.

From the point of view of electrokinetic treatments, empirical approaches have 
often been used for understanding the main behavioral trends; however, these meth-
ods fail to understand all the intrinsic complexity of soils. To achieve this objective, 

Table 2 Coupled flows in soils

Flow

Driving force (∇)
Chemical 
concentration Hydraulic head Temperature

Electrical current/
potential

Chemical 
species

Fickian diffusion Streaming 
current

Soret effect Electrophoresis

Fluid Chemo-osmosis Darcyan 
conduction

Themo- 
osmosis

Electroosmosis

Heat Dufour effect Isothermal heat 
transfer

Fourier 
conduction

Ohmic conduction

Electric 
current

Diffusion and 
membrane potentials

Streaming 
potential

Thompson 
effect

Peltier effect

Adapted from [5]
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it is necessary to completely characterize the distribution of the soil phases, the 
mineralogical composition, the geochemistry of the pore water, and the coefficients 
that govern the different flows of matter and energy in soil. Clearly, this character-
ization is an extremely complex task, but it should not be forgotten that an oversim-
plification of conceptual approaches can omit relevant phenomena in the behavior 
of soil.
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1  Introduction

From a soil treatment perspective, application of electric fields in soil throughout a 
set of electrodes is a very important topic because it generates the phenomena in 
which most of the electrochemically assisted soil remediation processes are based 
[1–3]. In this context, although sometimes the remediation of soil using electro-
chemical technology is improperly known as “electrokinetic soil remediation pro-
cesses,” really electrokinetic processes are only a limited number of the phenomena 
that can take place in soil during the remediation with the application of electric 
fields, all of them characterized by being related to the transport of species through-
out the soil. In other scientific disciplines, the definition of electrokinetics is wider 
and, hence, these phenomena involved all processes that related mass transport and 
electric field and that develop in heterogeneous fluids or in porous bodies filled with 
fluid. They include the most important as [4]: (1) transport under the influence of an 
electric field, such as the motion of liquid (electroosmosis) or particles (electropho-
resis), (2) transport under the influence of a chemical potential gradient such as the 
motion of liquid (capillary osmosis) or particles (diffusiophoresis), (3) electric field 
generated by the transport of colloids or fluids such as the generated by the sedi-
mentation of colloids (sedimentation potential), their transport under the influence 
of ultrasounds (colloid vibration current), or the pass of fluid through a porous body 
(streaming potential).

From these processes, only three are important in soil remediation [5]: those that 
involved the transport of ions, charged colloids, or pore fluid under the influence of 
an electric field. With this, electrokinetic refers to all transport processes that occur 
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in a soil or, by extension, in any kind of mixture of solid and liquid (such as sludge), 
when an electric field (V/cm) is applied between one/several anode/s and cathode/s 
placed in that system. Electrodes can be placed in the soil, either directly or they can 
be positioned inside an electrolyte solution in direct contact with the soil (electro-
lyte wells). Typically, the rate of these electrokinetic processes depends linearly on 
the electric field exerted, following Eq. (1), where Ex is the electric field in the direc-
tion of the movement. This rate also depends linearly on the charge of the species 
and on the properties of the liquid and/or soil particles which made the soil, as it will 
be explained later on.

 v k Exek ek=  (1)

Driving force of electrokinetic processes is the electric field applied between the 
electrodes, and the key mechanism that explains the processes occurring in the sys-
tem is the electrostatic attraction/repulsion forces (coulombic forces) between 
charged species that may be transported and the electrodes. Hence, it is important to 
take into account that electrokinetic phenomena are not a chemical but a set of 
physical processes. However, simultaneously with these transport processes, with 
the application of an electric field to soil, it is expected that many other processes 
occur, including physical (heating, evaporation, changes in physical properties such 
as viscosity, etc.), chemical (ion exchange, dissolution of precipitates, precipitation 
of salts, etc.), and electrochemical processes (water oxidation and reduction, depo-
sition of metals, oxidation of chloride, etc.). All these processes, which will be 
described in other chapters of this book, may have an impact on the species trans-
ported. In addition, there are significant interactions among all these processes, 
which influence on the observations made in the system. This means that in a real 
system, explanation of the effects observed in the transport of species when an elec-
tric field is applied is not always simple and many of these processes have to be 
recalled in order to reach a clear understanding of the observations [6].

Thus, in applying an electric field between electrodes, the key process to be con-
sidered is the set of electrolytic reactions developed on their surfaces. The most 
important processes, although not the only processes occurring, are the oxidation of 
water on the anodic surface to produce oxygen and protons (Eq. 2) and the reduction 
of water (that produced hydrogen and hydroxyl anions) (Eq. 3) or, sometimes, the 
electrodeposition of metals on the cathodic surface.

 2 4 42 2H O O H e↔ + ++ −
 (2)

 2 2 22 2H O e H OH+ ↔ +− −
 (3)

From a soil remediation viewpoint, the formation of gases produced in these 
electrolytic reactions is not a relevant aspect, at least not as important as the produc-
tion of protons and hydroxyl cations. Bubbles may have a small impact, although 
just in the nearness of the electrodes, because both gases are easily dissipated into 
the atmosphere in a real treatment. In fact, the primary consequence of the oxidation 
of water is the formation of an “acidic front,” which really is a gradient of protons 
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concentration, which has its maximum on the surface of the anodes. This front dis-
places towards the cathode/s mostly by electromigration (and also by electroosmo-
sis), and it contributes to the release of the pollutants that were fixed in the soil 
either by dissolution of the precipitates in which they are contained and/or by ionic 
exchange. Water reduction produced on the cathode generates a basic front in the 
opposite direction to the acidic front (gradient in the concentration of hydroxyl 
anions), with exactly the opposite effects on the pollutants. Both fronts can be modi-
fied by adding suitable reactants to the soil and they also interact in intermediate 
position between the anodes and the cathodes. Acidic and basic fronts may also 
affect the z-potential of the soil particles (because of the interaction of protons and 
hydroxyl radicals with the surface of the soil particles) and they can affect impor-
tantly the magnitude of the electroosmotic flux.

Electrical heating increases the soil temperature, generating a temperature gradi-
ent, with maximum temperatures in the nearness of the electrodes [7, 8]. This tem-
perature increase is caused by ohmic losses that are generated by large ionic 
resistances of the soil and that are higher in soils with low ionic conductivities or in 
soil treatment with large interelectrode distances. This rise in temperature is caused 
by the Joule–Thomson effect, and obviously, it is proportional to the intensity of the 
current that flows externally to the soil (between the anodes and cathodes) and the 
soil resistances and can be modeled using Ohm’s law (Eq.  4). The main effect 
related to electrokinetic treatments is that this increase in temperature may affect the 
transport properties of volatile and semi-volatile organic pollutants and thus, it can 
have influence on their desorption and mobility. Hence, these physical processes 
favor transport of species and, up to a certain point, they could be partially classified 
as electrokinetic, although the controlling mechanism is not mass transport but heat 
transmission.

 W I R= 2 ·  (4)

Three processes are considered as pure electrokinetic, and each of them implies 
the transport of a different species: electroosmosis, which is responsible for the 
transport of water; electromigration, which is responsible for the transport of ions; 
and electrophoresis, which explains the transport of charged particles. These pro-
cesses can be suitably combined to ensure the removal of many inorganic and 
organic contaminants from soils by setting optimum configurations and operation 
conditions in a soil remediation process such as promoting specific processes such 
as electrochemical soil flushing (Figs. 1, 2, 3, 4, 5, and 6).

2  Electromigration

The simplest electrokinetic processes correspond to those in which charge species 
are transported. As it is well-known, water contained in soil may contain ions, non- 
charged molecules, and suspended species of larger size such as colloids or 
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microdrops. From this group, non-charge molecules are not expected to be trans-
ported because of the application of an electric field, except for the dragging that 
they may undergo into the liquid in movement (either by electroosmotic or by 
hydraulic fluxes). There are no charges involved, so there are no physical 
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electrostatic attraction or repulsion forces acting on them when an electric field is 
applied.

Opposite ions consist of charged groups of atoms and, because of their net elec-
tric charge, they can be easily attracted by electrodes of different polarity and 
repulsed by electrodes of the same charge. Thus, anions (negatively charge ions) are 
attracted to the anode/s and repulsed by the cathode/s, while cations (positively 
charged ions) are attracted to the cathode/s and repulsed by the anode/s within the 
electric field generated in the soil. This electrokinetic process is known as electro-
migration. To fully understand, it has to be taken into account that the speciation of 
ions may depend on (1) the pH and pKa/pKb of the corresponding acid/base and (2) 
the presence of other counterions, which may form insoluble salts. This speciation 
motivates that ions do not always transport as expected. In addition, it is necessary 
to understand that electromigration does not mean that any part of the soil can be 
charged positively or negatively from the macroscopic point of view. This is 
explained by taking into account that this transport of charged molecules from/to 
electrodes is balanced with the production of other charged species formed electro-
chemically on the surface of the electrodes, being the most important the protons 
produced on the anode surfaces and the hydroxyl ions produced on the surface of 
the cathodes. Alternatively, the consumption of ionic species on the surface of the 
electrodes (in case of the formation of chlorine from chloride anion or metal from 
metal ions) can also help to balance charges.
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Fig. 3 Transport of ions by electromigration
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Fig. 6 Electroosmotic flux. Influence of pore size

The electromigration rate of an ion depends (Eq. 5) on the dielectric constant 
(D), the electric charge of the ion (z), the temperature (T), and the electric field (Ex).

 
v

z F D

R T
Exem =

· ·

·  
(5)

When the ionic species to be transported is a weak acid or base, the mobility by 
electromigration can be strongly affected by the pH, because it may transform the 
ion into a non-charged molecule, which is no longer affected by the electric field 
applied to the soil. This is the case of weak organic acids such as clopyralid. In addi-
tion, when there is the possibility of formation of insoluble salts by combination of 
different ionic species, consequences of electromigration are also affected because 
the insoluble salt is fixed in the pores and electromigration does no longer exist for 
these ions.
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3  Electrophoresis

Other species that can be contained in polluted soil are micelles, which in a first 
approach can be understood as particles of colloidal dimensions in equilibrium with 
the water contained in soil and which consists of aggregates of surfactants in which 
the hydrophilic part is in contact with the surrounding water and the hydrophobic 
part is in direct contact with a nonpolar compound. The size of these species is 
much higher than the molecular level of ions but despite of that, often, they are 
susceptible to undergo transport when the pore size of the soil is higher than the size 
of the particles. The mechanisms that activate this transport are the same as in elec-
tromigration: the electrostatic attractive/repulsion forces between their electric 
charges and the electric charge of the electrodes. However, the size of the particle 
becomes a major challenge and, here, what is found is not transport of a simple 
group of atoms but the movement of a much more complex and larger structure. The 
process is called electrophoresis and although its overall magnitude is less impor-
tant than that of electromigration, its relevance is huge, in particular when different 
full-scale applications of the electrokinetic processes are to be explained. Thus, the 
transport of microorganisms in electro-bioremediation processes or the transport of 
hydrocarbon microdrops in the remediation of soil polluted with hydrocarbons 
using surfactants need to understand this process [9–11]. It is important to note that 
not only the size of the species to be transported is larger but also the number of 
charges contained in the surface of these larger particles.

The rate of the electrophoresis of a particle depends on the z-potential of the 
particle (ζparticle), viscosity of the fluid (η), and electric field (Ex) according to Eq. (6).

 
v

D
Exep

particle=
·ξ

η  
(6)

Sometimes, the z-potential of most colloids depends strongly on the pH, because 
surface charge depends on the protonation of functional groups (such as carboxylic 
groups). This is particularly relevant with microorganisms, but it can also be applied 
to many colloids negatively charged (such as the extensively used SDS). This points 
out the relevance of the basic and acid fronts, which may promote or disfavor, 
respectively, the mobility of pollutants depending on the affectation of soil by 
extreme pHs. This is particularly important in the nearness of the anodes. Likewise, 
temperature increases generated by ohmic heating may have a very important 
impact, because they can contribute to a decrease in the viscosity and, hence, to a 
promotion in the transport of colloids. As the highest temperatures are found in the 
proximities of the electrodes, this mobility will be much higher in this region that in 
zones far from them. The last important point to be considered in the understanding 
of this process is the comparison of the pore size of soil with the size of colloids. For 
low-permeability soils (in which other electrokinetic processes, such as the electro-
osmosis, are favored), the mobilization of colloids can be prevented by the trapping 
of particles. For this reason, these electrophoretic processes are more relevant in 
soils with larger pore size.
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4  Electroosmosis

Transport of water is the third process to be considered when describing the electro-
kinetic phenomena, although it is not the less important. The phenomenon is well 
known since the beginning of the nineteenth century. Electroosmosis can be defined 
as the motion of the pore water in the soil under the action of an electrical field. 
Thus, it is the mass flux of pore fluid. Typically, the fluid transported is the pore 
water itself, although sometimes an aqueous solution may be added to promote the 
motion of pollutants and, frequently, pore water that has already been treated is 
simply fed back to the process. The liquid typically flows from the anode to the 
cathode but under certain conditions the flow direction can be reversed.

Electroosmosis is not a simple process [12]. In fact, it is the result of the com-
bined effect of two different phenomena that may happen in heterogeneous fluids or 
in porous bodies filled with fluid: (1) the accumulation of a net electrical charge on 
the surface of a solid that is in contact with an electrolyte solution and (2) the accu-
mulation of a thin counterion layer of the liquid surrounding the solid surface.

It is important to take into account that the electrolytic fluid is electrically neutral 
beyond this thin layer (which is known as the electrical double layer or the Debye 
layer). However, the Debye layer in contact with the solid surface has a net charge 
and is therefore attracted by charges of the opposite sign and repelled by charges of 
the same sign. Therefore, this portion of the fluid can move within the electrical 
field that is generated between the electrodes of an electrochemical cell. Obviously, 
this transport does not depend on pressure gradients and, because of that, it may 
cause pore water flow in low permeability soils. In addition, it can be used to pro-
mote the flow of water added to flush the soil.

The mineral particles that make up soil are usually negatively charged. This is 
because of the release of protons or the exchange of aluminum or silicon atoms in 
the mineral structure by monovalent cations in the soil particles. In general, the total 
electrical charge increases as the specific surface of the soil mineral increases. This 
means that surface charge density increases in the sequence: sand < silt < kaolin-
ite < montmorillonite. Because the soil particles are negatively charged, typically, 
the water in the Debye layer is positively charged. For this reason, the electroos-
motic flux in an electroremediation treatment normally flows from the anode to the 
cathode. However, by changing the pH the surface charge can be reversed and this 
motivates that the electroosmotic flux can develop in the opposite direction.

The thickness of the Debye layer depends on the ionic concentration. The higher 
the ionic concentration, the smaller is this diffuse layer and the more restricted is the 
electroosmotic pore fluid flux, which will be more confined to the nearness of the 
capillary. Hence, as a rule, the higher the ionic conductivity, the lower the electroos-
motic flux. Maximum electroosmotic flux can be obtained with very low pore fluid 
conductivity (below 100 μS cm−1). In addition, it is important to remark that the low 
ground pore size enhances rather than inhibits this fluid flow. This result is obtained 
because under these conditions, the higher the amount of liquid in contact with the 
solid, the higher is the volume of liquid in the Debye layer, which can consequently 
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be mobilized by the action of an electrical field. This result is important, because 
small pore sizes inhibit the hydraulic flux (i.e., via higher pressure losses). In addi-
tion, it explains why an electroosmotic flux can be generated in soils whose small 
pore size do not enable appreciable hydraulic fluxes to develop. Typical electroos-
motic fluxes of 10−4 cm3 cm−2 s−1 under electric gradients of 1 V cm−1 can be obtained 
in low activity clays, with low electrolyte concentration and high water content [13].

Electroosmotic flux depends on the dielectric constant of the fluid (D), porosity 
of the soil (n), zeta potential (ζ), viscosity of the fluid (η), and electric field (Ex) 
according to Eq. (7) (Helmholtz–Smoluchowski model).

 
v

n D
Exeo =

· ·ξ
η  

(7)

Changes in the z-potential of soil during the application of electric field can be 
produced by the acidic and the basic fronts. As explained in the introduction, the 
protons contained in the first (together with other cations released) and the hydroxyl 
anions contained in the second (and anions released) may interact with the surface 
of the soil particles modifying the value of the z-potential. Moreover, the addition of 
reagents may have the same impact and in certain situations the electroosmotic flux 
may be reverted and flow from cathode to anode instead of the normal direction. To 
prevent this extreme influence of the pH fronts, the use of reagents such as citric 
acid is proposed and applied with very promising results [14].

In understanding electrokinetic processes, the direction of each of the flows has 
to be taken into account (as shown in Fig. 7). Thus, transport processes can be in the 
same or in opposite directions and in addition colloids can be trapped in the soil 
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Fig. 7 Direction of the transport of species during electrokinetic processes
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structure. All these processes are of extreme significance to understand what really 
happens in soil when an electric field is applied.

5  Applications of Electrokinetic Processes

This section aims to be only a brief introduction to the very different type of pro-
cesses that can be promoted when an electric field is applied. Throughout the book, 
all these processes will be described in a more detailed way, but we have considered 
important to introduce them right here for showing the great importance of the 
processes.

The first important treatment based on electrokinetic processes is the removal of 
metal ions, and it can be easily arranged simply by placing electrodes in the soil and 
preventing the negative effects of the basic front formed by the reduction of water 
on the surface of the cathode, which can produce the immobilization of the ions by 
precipitation [7, 15]. The key transport phenomenon is the electromigration, and pH 
plays a very important role. The prevention of the effect of the basic front can be 
carried out in different ways, being the most important the addition of acids such as 
citric acid in order to neutralize the hydroxyl ions formed. This technology can be 
applied in soils of very different permeability because for its success the promotion 
of the electroosmotic fluxes is not necessary. When the deposition of the metal on 
the cathode is obtained, the valorization of the pollution is carried out to the maxi-
mum advantage.

A little bit more complex is the electrokinetic soil flushing, which is not based on 
the electromigration but on the electroosmosis [12, 16]. In this case, water or a more 
complex soil washing fluid is added typically near the cathodes and it is collected in 
wells near the anodes. During the transport, it drags pollutants without necessity of 
excavating the soil. This technique is particularly efficient in soils with low solubil-
ity, because in those soils the electroosmotic flux is more important. The pH is also 
a very important factor in these processes because it can influence the magnitude of 
the flux, as it affects the size of the Debye layer. It is a variety of the pump and treat 
process especially suited for soils with low hydraulic conductivity [17, 18].

Reactive barriers are the natural evolution of the EKSF processes [19–23]. Once 
it is known that electroosmosis can produce the transport of water dragging part of 
the pollution from soil, the insertion of a barrier which interacts with these pollut-
ants seems to be a very easy continuing step. Many types of barriers can be used, 
including biological (electro-bioremediation processes) and vegetables (electro- 
phytoremediation processes), GAC, ZVI, etc. [24, 25]. In this case, water is not 
aimed to be collected, so a good practice is to reverse polarity periodically because 
it may help control the effects of the acidic and basic fronts without requiring the 
addition of any reagents.
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6  Conclusions

The application of an electric field in soil promotes the transport of different spe-
cies, from pore water to ions and charged colloids. These processes can be explained 
by the electrostatic repulsion or attraction forces between the electric charges of the 
species and the net charges generated on the surface of the electrodes, although 
many other side processes have to be considered in order to understand the full 
processes occurring in soil. When these side processes are not limiting, the rate of 
this transport depends linearly on the electric field applied and on the properties of 
soil and transported species. While electroosmosis is promoted in fine-grained soils 
with low hydraulic conductivities, electrophoresis performs better in soil with large 
pore size. Many direct and enhanced soil remediation technologies can be proposed 
based on the understanding of the electrokinetic processes.
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1  Introduction

Increasing soil pollution has led to the development of novel efficient and 
environmentally friendly treatment technologies. Soil pollution can come from 
different sources such as petrochemical industries, fertilizers, or pharmaceuticals. 
Hence, it is necessary to evaluate the nature of contaminants before the application 
of a given technology [1–3]. Likewise, the chemical and geological soil 
characteristics, soil vegetal cover, the contaminated area, and the climate are factors 
that should be considered for the design of a proper technology. In this context, 
electrokinetic soil remediation has become as a promising technology for the 
removal of different pollutants in the soils [4, 5]. Specifically, it has been successfully 
tested for the treatment of the soils polluted with hydrocarbons, polar and nonpolar 
herbicides, or heavy metals [6, 7]. This technology is highly recommended for the 
remediation of soils with low hydraulic permeability, and, for this reason, this 
parameter should be estimated before carrying out an electrokinetic soil remediation 
process.

Hydraulic soil permeability can be defined as the capacity of the soil for allowing 
the pass of a fluid without an alteration of the soil structure. It is calculated by the 
permeability coefficient which means the water transport velocity in the soil for a 
hydraulic gradient. This coefficient can be easily calculated according to Darcy’s 
law (Eq. 1), where k is the permeability coefficient (m/s), Q is the flowrate (m3/s), i 
is the hydraulic gradient (m/m) and A is the soil section (m2).

 
k Q

i A
�

�  
(1)

S. Cotillas (*) 
Chemical Engineering Department, Technical School of Industrial Engineering,  
University of Castilla-La Mancha, Avenida de España S/N, Albacete, Spain
e-mail: salvador.cotillas@uclm.es

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-68140-1_3&domain=pdf
https://doi.org/10.1007/978-3-030-68140-1_3#DOI
mailto:salvador.cotillas@uclm.es


44

The application of electrokinetic soil remediation technique involves different 
processes that can simultaneously occur when applying an electric potential to a set 
of electrodes placed into the soil: electromigration, electrophoresis, and electroos-
mosis [5]. Electromigration consists of the transport of ions from water retained in 
soil by the action of the electric field. Anions (negative charge) are moved to the 
anode whereas cations (positive charge) are moved to the cathode. Electrophoresis 
is based on the transport of charged particles contained in soil or added for the treat-
ment by the action of the same electric field. Electroosmosis is the phenomenon that 
promotes the electrolyte transport throughout the soil. This electrolyte can be natu-
ral groundwater, or a synthetic solution added to enhance the transport of pollutants 
in the soil. Usually, the electrolyte transport follows the anode–cathode direction 
[8]. To ensure the development of these processes, the soil must present a minimum 
water content [9–11]. A detailed description of these processes is reported in Chap. 
2. In addition to these transport processes, other reactive and thermal processes take 
place during electrokinetic soil remediation, specifically, the electrolysis, directly 
over the electrodes or mediated in the electrolyte solution, and soil electrical heating 
[12]. The most important electrochemical processes are water oxidation (Eq. 2) and 
reduction (Eq. 3) and metal electrodeposition over the cathode (Eq. 4).

 2H O O g 4H 4e2 2� � � � �� �
 (2)

 2H O 2e H 2OH2 2� � �� �
 (3)

 Me e Men n� �� �  (4)

From a soil remediation viewpoint, water oxidation produces large amounts of 
protons, generating an acid front that is moved to the cathode due to electromigra-
tion process. This can help to release the pollutants retained in the soil by dissolu-
tion of precipitates or ion exchange [13, 14]. On the contrary, the production of 
hydroxyl ions is promoted by water reduction over the cathode surface and a basic 
front is moved to the anode. Both fronts can be modified by the addition of chemi-
cals. Regarding thermal processes, electrical heating promotes an increase in the 
soil temperature, being more remarkable in the vicinity of the electrodes [15]. This 
is due to the ohmic drop generated by soil ionic resistances (low ionic conductivity) 
and is proportional to the current intensity that externally passed to the soil between 
anodes and cathodes and the soil resistance.

2  Reactive Processes in Electrokinetic Soil 
Remediation: Electrolysis

An electrolytic process consists of an electrical energy conversion to chemical 
energy by applying a current intensity that promotes a chemical reaction. The exten-
sion of these electrochemical processes is directly proportional to the current inten-
sity that circulates between anode and cathode in an electrochemical cell. The 
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oxidation and reduction rate (r) can be easily calculated according to Faraday’s law 
for electrolysis (Eq. 5), where I is the current intensity between the electrodes, n is 
the number of electrodes changed in the electrode reaction and F is the Faraday’s 
constant (96,485 C mol−1).

 
r

n F
=

I

·
  (5)

The application of high electric potentials between the electrodes placed into the 
soil only give rise to low electrical current intensity due to the large ohmic drop 
produced by the low ionic soil conductivity. This leads to a limited development of 
the electrolytic processes, and most of the electrical energy supplied is released as 
heat. The main reaction that takes place over the anode surface is the water oxida-
tion to form oxygen and protons (Eq. 2), favoring the acid front which is moved to 
the cathode by electromigration. Thus, the release of pollutants retained in the soil 
by dissolution of precipitates or ion exchange is favored (Fig. 1). It is important to 
highlight that the soil usually has more affinity with protons than with heavy metals 
and, hence, acid pH conditions can significantly contribute to the release of these 
pollutants, allowing the subsequent treatment [16]. Proton concentration is higher 
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Fig. 1 Electrolysis in electrokinetic soil remediation processes
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near the anode and will decrease as it moves on to the cathode, depending on the 
buffering capacity of the soil [17]. The transport of protons takes place by advection 
(drag by the electroosmotic or hydraulic flow), diffusion, and migration, the last one 
being the main mechanism [18]. The generation of oxygen gas does not have a sig-
nificant influence on the removal of pollutants from soil. However, its presence can 
cause several operating problems because the oxygen accumulation near the anode 
decreases the electrical conductivity and, therefore, the treatment costs. On the 
other hand, other electrochemical reactions can take place over the anode surface 
which directly compete with water oxidation [19]. These reactions will depend on 
the composition and concentration of the electrolyte. Specifically, the production of 
free chlorine can occur from the oxidation of chlorides contained in the electrolyte 
solution (Eq. 6). This species could play a key role during electrokinetic remedia-
tion of soils polluted with organics since it can attack these compounds, favoring 
their degradation. Likewise, the generation of persulfate could also take place from 
the electrooxidation of the electrolyte containing sulfates (Eq. 7). This anionic spe-
cies is more important because it can also move on to the cathode by electromigra-
tion, enhancing the remediation process [20]. The occurrence of these oxidizing 
species is mainly influenced by the nature of the electrode [21, 22]. Mixed metal 
oxides (MMO) over Ti-support or carbon-based electrodes such as boron-doped 
diamond (BDD) favors the production of large amounts of these species. However, 
the main electrodes used in electrokinetic soil remediation processes are graphite, 
carbon cloth, or titanium [23] which mainly favor the production of chlorine.

 2Cl Cl 2e� �� �2  (6)

 2SO S O 2e4
2

2 8
2� � �� �  (7)

The main reaction that takes place over the cathode is the water reduction to form 
hydrogen and hydroxyl ions (Eq. 3). The amount of electrogenerated hydrogen is 
difficult to measure due to its low concentration and the problems associated to its 
storage. Because of water reduction, a basic front is formed where hydroxyl ions are 
mainly moved to the anode by advection, diffusion, and migration (Fig. 1) [24]. 
Basic front can promote the retention of pollutants in soil by precipitation or ion 
exchange. For this reason, acid chemicals should be added to the soil if these pro-
cesses want to be avoided [13, 25]. Nonetheless, these chemicals can be considered 
as pollutants and it should be taken care that their nature and concentration do not 
influence the treatment. Acid front is extended more quickly along the soil than 
basic front owing to the higher mobility of protons in comparison with hydroxyl 
ions and the drag promoted by the electroosmotic flux [26].

Thus, two different zones can be differentiated in the soil with sharp pH changes: 
a low pH zone near the anode and a high pH area in the vicinity of the cathode. Real 
soil pH values will be clearly influenced by the transport of protons and hydroxyl 
ions and the soil geochemical properties. When an electric potential is applied to a 
polluted soil, soil pH initially changes (in time and space) which favors the mass 
transfer from one phase to others, such as dissolved or solid/precipitated. This 
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promotes chemical speciation changes, being sorption/desorption, precipitation/dis-
solution, and oxidation/reduction the most important reactions [5]. Sorption is the 
fixing of pollutants in the soil from the liquid and it involves two different pro-
cesses: adsorption and ion exchange. It depends on the pollutant nature, pore fluid 
characteristics, and the soil type. Desorption is the reverse process and allows to 
release the pollutants retained in the soil. Both sorption and desorption are influ-
enced by pH changes caused by the migration of protons and hydroxyl ions. 
Precipitation and dissolution of pollutants retained in the soil can also affect the 
electrokinetic remediation process. Proton migration acidifies the soil and favors the 
dissolution of metal hydroxides. However, this process can be hampered by a high 
soil buffering capacity which will depend on its nature [17]. The formation of 
hydroxyl ions over the cathode surface (Eq. 3) leads to an increase in the electrode 
solution pH and the area near the cathode. Under these operating conditions, heavy 
metals precipitate, avoiding the transport of pollutants [27]. Furthermore, metal 
electrodeposition can take place over the cathode surface (Eq. 4). This process can 
be developed if metals are not fixed in the soil by basic front, and, hence, the addi-
tion of acid chemicals to avoid metal precipitation or the fixation by ion exchange is 
required [28]. This is an important reaction because it allows to recover metal ions 
from the soil in a more valuable form, as metallic elements.

Oxidation and reduction reactions are very important when treating soils polluted 
with metallic ions such as chromium because it mainly exits in two different states 
(III and VI). Cr(III) is found as cationic hydroxide which will migrate to the cathode 
during the electrokinetic process whereas Cr(VI) will migrate to the anode because 
it exists as oxyanion. The soil composition influences the metal valence, particularly 
by the presence of organic matter and Fe(II) (reducing agents) or Mn(IV) (oxidizing 
agent). For this reason, it is necessary to know the valence of metals retained in the 
soils as well as the possible redox reactions that could take place during the 
treatment. This knowledge will allow to evaluate the transport of pollutants in soil.

3  Thermal Processes in Electrokinetic Soil Remediation: 
Electrical Heating

The application of a potential difference to the electrodes placed in a polluted soil 
generates an electric current (electrons flow) between the anodes and cathodes, as 
has been previously commented. Current flow is proportional to the electrochemical 
reactions that take place over the electrodes surface (mainly water oxidation/reduc-
tion and metals electrodeposition), since one species must lose an electron on the 
anode (oxidation process) and another one must earn an electron on the cathode 
(reduction process) to guarantee the electrons flux and the electroneutrality 
condition.

However, the electrical power supplied to the system not only promotes the 
electrons flux (and consequently the oxidation/reduction reactions) but also a 
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significant fraction is dissipated as heat. In this context, it is important to bear in 
mind that the electric potential applied to an electrochemical cell (potential 
difference between the anode/s and the cathode/s) is the sum of different contributions 
which are described below.

Anodic cell potential and overpotential. These can be simply defined as the 
contributions required to carry out the electrode reaction from the thermodynamic 
and kinetic viewpoint, respectively.

Cathodic cell potential and overpotential. These contributions are similar to 
previously described but referred to the cathodic process. Both anodic and cathodic 
processes simultaneously occur in the electrochemical cell, and, therefore, the sum 
of anodic and cathodic contributions is required for developing the electrochemical 
process.

Overcoming ionic and electrical resistances potential. when an electrical current 
is circulated through a conductive material, this is heated by Joule-Thompson effect. 
This heating is proportional to the resistance of the conductive material and is 
responsible of heat release from any electrical equipment (from a television to an 
electrochemical cell). In the case of electrokinetic soil remediation processes, there 
are different resistance types: electrodes, conductive elements, and current suppliers 
(electrochemical cell external elements). On the other hand, there is the soil ionic 
resistance which will depend on its hydration and the presence of conductive spe-
cies in the water contained therein. All these resistances are needed to close the 
ionic circuit and to guarantee the interest processes from electrokinetic soil reme-
diation viewpoint for developing electrochemically assisted soil remediation pro-
cesses, this last contribution is the most important and, hence, a significant fraction 
of electric potential (V) will be used to overcome this resistance. Heat released (W) 
can be calculated from the estimation of electric resistance (Ohms) associated to 
this process, according to Eq. (8) which involves the electric power and Ohm’s law.

 W I V I R= =cell soil cell soil· ·2
 (8)

Icell is the current generated when an electric potential (Vsoil) is applied to a set of 
electrodes placed in a polluted soil and Rsoil is the soil electric resistance during the 
process. The amount of heat generated promotes an increase in the temperature 
which can be estimated through a energy balance, assuming a macroscopic descrip-
tion of the system. This means that it is assumed uniform matter and energy distri-
butions into the soil (Eq. 9).

 I R m C T2
cell soil soil p· · ·� �  (9)

where msoil is the amount of treated soil, Cp is the specific heat capacity, and ΔT 
is the temperature increase during the process.

However, temperature distribution is more complex since heat release is higher 
near the electrodes (Fig. 2). This promotes the release of significant amounts of heat 
to the system limits (the surrounding air) and will depend on the soil nature (texture 
and composition). Therefore, an accuracy energy balance, including maximum or 
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multiple temperature gradient estimations, should be carried out for the correct tem-
perature distribution calculation. A hydraulic gradient promotes an isothermal heat 
transfer whereas an electrical gradient favors the Peltier effect. Likewise, a thermal 
gradient influences the thermal conduction (Fourier’s law) and a chemical gradient 
promotes the Dufour effect [8, 29]. Furthermore, a thermal gradient also promotes 
the thermo-osmosis on the fluid, the seebeck effect on the electric current, and soret 
effect on the ions [8].

Temperature increase has important effects on organic pollutants. Specifically, 
an increase in temperature leads to a decrease in the viscosity of hydrocarbons pol-
luted fluids, favoring a higher movement of fluids in the soil. On the other hand, the 
higher temperatures achieved, which can even be close to the water boiling point, 
favor the volatilization of low-molecular-weight pollutants. This can be used as a 
complementary or alternative treatment to conventional soil vapor extraction (SVE). 
Finally, another important point is the effect of temperature on biological processes. 
In this context, higher values favor thermophilic microorganisms’ growth which can 
also contribute to the removal of organic pollutants retained in the soil, improving 
the electrokinetic soil remediation efficiency.

Power supply

Anode

(+)

Cathode

(-)

Temperature
Low High

Thermal desorption

Higher electrical resistance

Thermophilic
microbiological processes

Organic matter → CO2

Microorganisms

Viscosity reduction

Fig. 2 Electrical heating in electrokinetic soil remediation processes
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4  Development of Reactive and Thermal Processes 
in Electrokinetic Soil Remediation

Due to the advantages of reactive and thermal processes that naturally occur during 
electrokinetic soil remediation, different strategies based on in situ chemical reac-
tions or heat application have been developed for the removal of several pollutants 
in the soils. The application of electrokinetic processes together with in situ chemi-
cal oxidation (ISCO) has increased over the last decade because it allows to trans-
form the pollutants retained in soil in nonhazardous species without transport to the 
electrode zone. This is more important in the case of more stable and inert pollutants 
since they are not easily transported throughout the soil [30, 31]. ISCO involves the 
injection of powerful oxidants into the soil, such as hydrogen peroxide, ozone, or 
persulfate. The high redox potential of persulfate (2.01 V) for the removal of organic 
pollutants has aroused the interest for this compound. Likewise, it does not generate 
toxic products after degradation processes. Persulfate promotes the formation of 
very active radicals for the degradation of several pollutants, including organochlo-
rinated, hydrocarbons, or herbicides, among others. An increase in temperature and 
oxidant concentration favor the removal rates whereas low pH values decrease the 
degradation efficiency [32, 33]. The stability of persulfate in the soil is good that it 
allows an excellent distribution and contact time. This compound can be activated 
by hydrogen peroxide, metals (Fe2+), high pH or heat, favoring the production of 
sulfate (SO4

−·, 2.6 V), and hydroxyl (OH, 2.7 V) radicals which are more reactive 
than persulfate [34]. Electrokinetic processes help to add persulfate into the soil. 
This compound should be introduced in the cathode chamber and then moved by 
electromigration. Likewise, it can also be introduced in the anode chamber but, in 
this case, it will be moved by electroosmosis. Yukselen-Aksoy and Reddy [31] 
reported the remediation of polychlorobiphenyls (PCBs) polluted soils by enhanced 
electrokinetic with persulfate activated by heat and high pH. They achieved a maxi-
mum PCBs removal of 77.9% when treating kaolin soil with 30% Na-persulfate 
activated by heat. Fan et al. [35] studied different activation methods for persulfate 
in electrokinetic remediation of PCBs polluted soil: ZVI, citric acid chelated Fe2+, 
iron electrode, alkaline pH, and peroxide. They concluded that the most efficient 
method for activating persulfate in electrokinetic remediation was alkaline pH, 
reaching a 40% removal of PCBs in soil. Likewise, they also demonstrated that 
electroosmosis was the most efficient electrokinetic process for persulfate distribu-
tion in the soil and the removal of PCBs.

Another efficient oxidant for in situ applications is permanganate which can also 
be introduced by electromigration. The main advantages of this species are its high 
oxidation potential (1.7  V), excellent stability, strong ability to remove several 
organic pollutants, high efficiency at different pH values, ease to deliver and iden-
tify for its color, and low cost [30]. This oxidant has been used for the removal of 
organochlorinated pollutants from soil [36–38].

Finally, Fenton reaction has been widely used as in situ technology for the 
removal of organic pollutants during electrokinetic soil remediation owing to its 
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high efficiency, low cost, and it is environmentally friendly. This is based on the 
production of large amounts of hydroxyl radicals as oxidizing agent using hydrogen 
peroxide and Fe2+ as catalyst (Eq. 10) [39].

 H O Fe Fe OH OH2 2 � � � �� � �2 3 ·  (10)

Occurrence of hydroxyl radicals in soil guarantees a strong oxidation conditions 
in the whole system. The main parameters that affect Fenton reaction are the amount 
of hydrogen peroxide, catalyst type, pH solution, ratio H2O2:Fe2+, and temperature 
[40]. Yang and Liu [41] reported the application of Fenton reaction during the elec-
trokinetic process for the remediation of trichloroethylene polluted soil. They stud-
ied the influence of soil and catalyst types, amount of catalyst, and electrode type. 
The removal of phenanthrene by electrokinetic-Fenton process was described by 
Kim et al. [42]. In this study, it is concluded that the introduction of large amounts 
of hydrogen peroxide in the anode chamber promoted the formation of intermediate 
anions, decreasing the removal efficiency. Alcántara et  al. [43] also reported the 
electrokinetic-Fenton remediation of phenanthrene polluted soils. Kaolinite was 
polluted with iron (catalyst), and 10% hydrogen peroxide was added to anodic and 
cathodic chambers. Soil pH was maintained constant in acid values (around 3.5). 
Results reported a 99% removal when applying 3 V cm−1 in 14 days. More recently, 
Paixao et al. [44] evaluated the remediation of soils polluted with petroleum using 
the electrokinetic-Fenton process. In this study, they used iron as electrode material 
to take advantage of the electrochemical reactions during electrokinetic process. 
Thus, the iron source for the Fenton reaction comes from the electrodissolution of 
the anode (Eq. 11), and the addition of catalyst is not required. An 89% removal of 
total petroleum hydrocarbons (TPHs) was achieved when citric acid was added to 
control the pH conditions, avoiding the generation of a secondary effluent with 
higher organic content.

 Fe Fe 2e� �� �2  (11)

Regarding the development of thermal processes coupled to electrokinetic 
remediation, this is very limited due to the high energy requirements. Electrical 
heating caused during electrokinetic soil remediation contributes to the removal of 
pollutants retained in soil by desorption and vapor extraction. The application of 
electrokinetic remediation processes at prototype scale for the removal of organics 
has allowed to verify the high temperatures reached which also favor the volatilization 
of pollutants and the soil water evaporation [15, 45]. Specifically, López-Vizcaíno 
et al. [46] found that the temperature increased three times in the soil and four times 
in the wells during the remediation of soils polluted with the herbicide 2,4-D. To 
avoid the soil water evaporation, capillary barriers are usually included on the soil 
surface. Based on these results and although there are not relevant thermal/heat 
treatments integrated with electrokinetic, single thermal processes have been pro-
posed for the removal of petroleum hydrocarbon from soil [47, 48]. A brief descrip-
tion of the most relevant thermal/heat treatment methods is detailed below.
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Thermal desorption. It is a physical treatment based on pollutant volatilization and 
desorption from soil by direct or indirect heat application under vacuum or with a car-
rier gas that allows to separate the pollutants retained in soil [49]. Different mecha-
nism can be used to achieve thermal desorption such as thermal cracking, pyrolytic 
reactions, oxidation, or incineration. It depends on the temperature and the oxygen 
distribution, and it is highly recommended for the removal of volatile and semi-vola-
tile pollutants [50]. The process takes place at temperatures within the range 
100–500 °C, and soil can reach values up to 800–900 °C. Liu et al. [51] reported the 
thermal desorption of PCBs polluted soil with calcium hydroxide, applying tempera-
tures between 300 and 600 °C. A 94% removal was attained at 600 °C.

Smoldering combustion. It is a flameless combustion that generates a self- sustaining 
wave of exothermic combustion from fuel and oxygen. Pollutants and oxygen are 
transformed to carbon dioxide, water, and heat. Thus, the process occurs without fuel 
or external energy after ignition up to complete remediation [52]. Pollutants reaction 
promotes a heat generation and a temperature increase which are used to preheat and 
to start a higher pollutants combustion. Thus, a combustion front is spread through the 
polluted zone in the presence of air [53]. Heat and temperature generated during smol-
dering combustion achieve values within the range 600–1100 °C. Pironi et al. [54] 
studied the smoldering combustion of soil polluted with nonaqueous phase liquids, 
reaching a 99.5% removal for crude oil and 99.9% for coal tar.

Incineration. This process promotes the total removal of pollutants by a high 
temperature combustion within the range 870–1200 °C. It can be carried out in liq-
uid injection systems, rotatory kilns, fluidized bed incinerators, circulating bed 
combustors, and infrared combustion systems [47]. The oxygen level should be 
maintained around 10% to burn volatile organic compounds. To ensure a safe incin-
eration, the oxygen level and the soil loading must be considered together with the 
pollutant lower explosion limit [55]. After incineration, soil is rehydrated for con-
trolling the dust before using in any applications. The main advantage of this tech-
nology is that it guarantees a complete removal of hazardous pollutants. It is a 
high-cost technology but highly efficient for destruction of several contaminants. 
The treatment of fuel oil polluted soil by incineration has been reported in the litera-
ture of Bucala et al. [56]. In this study, the removal efficiency was 100% in 0.7 s. 
When applying 1000 °C/s. They concluded that it is necessary to apply tempera-
tures higher than 500 °C to attain a remarkable chemical transformation.

Pyrolysis. It consists of thermal heating or cracking of organics polluted soil 
under anoxic conditions or inert atmosphere at temperature values between 400 and 
1200 °C. Hydrocarbons are removed by thermal desorption when the boiling tem-
perature is achieved during pyrolysis of hydrocarbons polluted soil. However, char 
can be formed by sequential aromatic condensation reactions from free radicals and 
broken chemical bonds if the temperature is within the range 300–500 °C [57]. This 
process is similar to incineration and thermal desorption, but it works under inert 
atmosphere or anoxic conditions. Indirect electrical heating is used to avoid the 
presence of oxygen in the treatment. Vidonish et al. [58] reported the pyrolysis of 
soils polluted with heavy hydrocarbons. They concluded that it is possible to attain 
a 99% removal of total petroleum hydrocarbons, maintaining the nutrients and soil 
properties that are lost during incineration.
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Vitrification. This process is based on heating at higher temperatures, ranging 
between 1600 and 2000 °C, to convert organic pollutants retained in soil into vitre-
ous compounds [59]. Most of the pollutants are immobilized and degraded by 
pyrolysis and they are volatilized. However, remaining pollutants are transformed to 
chemical stable, inert, glass-like, and crystalline products [60]. Three different pro-
cesses are developed to carry out vitrification which require large amounts of energy 
to treat one ton of polluted soil [61]: Electrical heating, thermal process, and plasma 
arc process. The remediation of hexavalent chromium polluted soil by vitrification 
has been reported by Ballesteros et al. [62]. Results showed the formation of glassy 
products with silicate composition which present environmental stability, high 
mechanical resistance, and chemical stability. Toxic characteristics leaching test 
was performed to confirm these properties. It consists of evaluating the possible 
leach of toxic compounds from vitrified samples.

5  Conclusion

The application of electrokinetic soil remediation promotes different physical and 
chemical processes that help to remove the pollutants. Water electrolysis occurs 
over the electrodes surface, favoring the production of large amounts of protons and 
hydroxyl ions which can be transported throughout the soil by electromigration. 
This generates different pH zones in soil, and these species, mainly protons, contrib-
ute to the removal of pollutants by dissolution of precipitates and ion exchange. 
Furthermore, the application of an electric potential leads to an increase in soil 
temperature owing to the ohmic drop generated by soil ionic resistances. This is 
more significant near the electrodes where it is possible to achieve the water boiling 
point. Thus, the volatilization of low-molecular-weight pollutants can be carried out 
by soil vapor extraction. Finally, different combined electrokinetic technologies 
have been developed based on the advantages of reactive processes that allow to 
increase the removal efficiencies.
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1  Introduction

As discussed in previous chapters, electrokinetic soil remediation (EKR) is a soil 
decontamination technique aimed at containing, mobilizing, and/or extracting the 
pollutant species present in each contamination scenario. EKR is based on the appli-
cation of a low electrical current field between pairs of electrodes (anode/cathode) 
located in the contaminated soil. As a result, an electrical potential gradient is gener-
ated, which acts as a driving force for different electrokinetic transport processes. 
These transport processes allow for (i) the controlled and/or directed movement of 
ionic (charged) species towards the electrodes of opposite charge by means of the 
electromigration process, (ii) the generation of flow of water in soils with a high 
clay content, in which the Darcy flow is limited due to its low hydraulic permeabil-
ity, by means of the electroosmosis process, and (iii) the mobilization of charged 
particles (micelle-type) through the electrophoresis process. In addition to these 
electrokinetic transport processes, there may also be a water flow driven by a 
hydraulic gradient (the magnitude of this transport mechanism will be determined 
by the hydraulic characteristics of the soil to be treated) and a Fickian diffusive flux 
generated by the concentration gradients of the species present in the evaluated 
domain. Taking into account all of these transport mechanisms, the mass balance 
equation for species “i” can be defined by the following general expression applying 
Fick’s second law in the Nernst–Planck equation:
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where Ci is the concentration, Di is the diffusion coefficient, ui is the ion mobility, 
and zi is the electrical charge of species “i,” respectively. F is the Faraday constant, 
E is the electrical potential, and v is the advective velocity (the sum of the electro-
osmotic and hydraulic contributions). The first term corresponds to diffusion trans-
port, the second term corresponds to the electromigration process, and the third 
term is the advection contribution to the total mass transport of species “i.”

In an EKR process, other electrochemical processes (the reduction–oxidation 
reactions of the species present in the system) also occur simultaneously with all of 
these transport mechanisms. Among these reactions, the most remarkable is the 
water electrolysis reaction. The half-reactions produced in this process are:

Water oxidation at the anode:

 2 4 42 2H O O H e � �� �
 (2)

Water reduction at the cathode:

 2 2 22 2H O e H OH� �� �
  (3)

Ionic species are generated in this redox process; protons are generated at the 
anode and hydroxyl ions at the cathode, which produce a marked pH gradient of the 
porewater between the two electrodes. Due to their electrical charge, these species 
can be transported across the soil, mainly by the electromigration process (the pro-
tons are attracted by the negative charge of the cathode and the hydroxyl ions are 
attracted by the positive charge of the cathode). This means that the pH gradient is 
not static, but rather is quite the opposite as the ions move between the pair of elec-
trodes (anode–cathode). These changes in pH, both temporal and spatial, have a 
strong influence on a multitude of physical–chemical processes that can take place 
in the soil such as: (i) the dissolution of metals in acidic environments and complex-
ation under high pH values, (ii) the precipitation/dissolution of minerals present in 
the soil, and (iii) the adsorption–desorption processes of species in the solid soil 
skeleton, among others. In addition to these processes, it is important to emphasize 
the high effect of the pH on the chemical speciation of the species present in the 
porewater (contaminants and species present in the natural environment), since the 
pH defines the ionic state (anion, cation, or neutral) of a species in the soil. This will 
indirectly affect the main transport mechanism by which each species could be 
mobilized.

All of these electrokinetic, physicochemical, and electrochemical phenomena 
occur simultaneously. This coupling makes the comprehension of the EKR process 
and the interpretation of the obtained experimental results very complex. Therefore, 
it is necessary to develop mathematical models to improve the study of this technol-
ogy. The goal of these models is to provide the researcher with a numerical tool 
focused on facilitating the analysis of all of the processes that take place as well as 
the interactions generated between them and to predict the behavior of the system in 
the face of changes in the operational variables. With this information, it will be 
easier to design more efficient experimental campaigns and consequently obtain 
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useful results that can be utilized in future scale-up of the technology prior to its 
implementation in the field. Therefore, the scientific community has dedicated great 
efforts to this issue. In the following section, a review of the conceptual models 
defined to reproduce a soil decontamination process using electrokinetic techniques 
is presented.

2  State of the Art

One of the first works carried out within the framework of electrokinetic transport 
modeling in porous media was by Lewis and Garner [1] who formulated a two- 
dimensional mathematical model of coupled hydrodynamic and electroosmotic 
flows in porous media. However, it was not until the early 1990s that more work 
began to be developed.

From Northeastern University in Boston (Massachusetts, U.S.A), Yeung [2] 
proposed a transport model for water, electricity, and ionic species in a clayed soil 
under hydraulic, electrical, and chemical gradients. The formulation was conducted 
under the formalism of nonequilibrium thermodynamics. Next, the model was vali-
dated by the simulation of migration of sodium and chloride ions in compacted clay 
under hydraulic, electrical, and chemical coupled gradients. The numerical results 
were compared with the experimental data obtained in a laboratory-scale experi-
ment under isothermal conditions, obtaining satisfactory fitting [3]. In 1995, Yeung 
and Datla [4] developed the code NEUTRAL using a finite difference method that 
considered electroosmosis and electromigration transport. In this case, the model 
was validated with experimental data from a test conducted by Acar et al. [5] using 
an air-floated kaolinite clay produced by the Thiele Kaolin Company in Wrens, 
Georgia. The comparison between the numerical and experimental data of the spa-
tial distribution of the pH at different times was very acceptable. NEUTRAL is one 
of the first models to take pH as a control variable, which is a very relevant consid-
eration. However, NEUTRAL code, for simplification, does not consider several 
aspects such as: a nonuniform electrical potential distribution, the influence of pH 
on sorption–desorption processes, complexation reactions, and the precipitation of 
minerals, among others.

In 1991, Corapcioglu presented a theoretical formulation focused on simulating 
the electrical, chemical, and hydraulic-osmotic flows through soil under the applica-
tion of an electric field [6]. A distinction of this work is that the conceptual model is 
based on the macroscopic conservation of mass equations and the principle of con-
tinuity, in contrast to the previous models, which were developed based on the irre-
versible thermodynamics of coupled flows. Another important aspect is that the 
model is valid for compressible soils and assumes an elastic solid with a one- 
dimensional displacement field.

Alshawabkeh and Acar [7] proposed a generalized theoretical model for the 
electrokinetic treatment of polluted soils applied to one dimension. This model 
contemplates water flux (hydraulic and electroosmotic), chemical species transport 
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(Fick diffusion and electromigrations), and electrical current flux connected with 
the flux of charged species. Similar to Corapcioglu, they used an approach based on 
the conservation equations in a continuum domain. In addition, the procedure to 
calculate the chemical speciation was presented. These researchers highlighted the 
importance of the pH distribution in the efficiency of the removal of pollutants. For 
this reason, the model was applied to simulate the pH evolution across the sample at 
different observation times for the experimental tests conducted by Acar et al. [5], 
obtaining promising results. In 1996, Alshawabkeh and Acar [8] presented an 
improved multicomponent model (lead, protons, hydroxyl, and nitrate ions) that 
included sorption and precipitation/dissolution processes at instantaneous equilib-
rium. The more important assumptions were: (i) the soil is a homogeneous and satu-
rated media and, consequently, the hydraulic conductivity and electroosmotic 
permeability are constant, (ii) the fluxes are linearly proportional with the gradients 
of each driving force, (iii) the porous system is composed of soil particles with 
negative charge, and the fluid surrounding the soil has a high concentration of cat-
ions and free water with dissolved species, and (iv) kinetic reactions are not consid-
ered for any phenomena. The model was applied to simulate a pilot-scale study of 
the electrokinetic extraction of lead from a spiked kaolinite/sand mixture [9]. The 
numerical results obtained for pH, lead concentration, and liquid pressure presented 
a good fit with the experimental data. In addition, the predictions obtained allowed 
for an improved understanding of coupled electrochemical and mechanical phe-
nomena in the electroosmotic consolidation of soils. This aspect was studied exten-
sively by Alshawabkeh et al. [10], where the authors investigated the direct influence 
of the electrolysis, transport, and geochemical changes on the mechanical phenom-
ena such as shear strength, consolidation, and swelling of the soil. Two different 
cases were studied: a conventional EKR process to remove metal species, and an 
electrobioremediation process with pH conditioning (by lactic acid) in the cathodic 
reservoir. In the first case, the ionic strength distribution induced a negative pore 
pressure and consolidation was observed. In the other case, the behavior of the ionic 
strength distribution was the opposite, and the soil swelled.

On the other hand, Jacobs et al. [11] studied the efficiency of the EKR treatment 
applied to remove zinc from a clayed soil by a laboratory experiment A one- 
dimensional model was developed to improve the interpretation of the experimental 
results. The complexation, adsorption, and precipitation processes of the zinc were 
considered. The influence of the pH in the chemical speciation of zinc was identified 
with the numerical model. This model was extended to carry out a two-dimensional 
analysis using a Galerkin finite element formulation with added isotropic diffusivity 
[12]. The model was used to simulate an EKR process applied to kaolin polluted 
with phenol and it was validated, assuming there were no charged species in the 
system because the pKa of phenol is higher than pH in most of the soil. This simula-
tion demonstrated the effect of the electroosmosis process in the advective transport 
of phenol. Two other simulations were conducted to verify the effects of the electro-
migration process and the pH (acid/base chemistry).

Choi et al. [13] proposed a mathematical model for electrokinetic remediation 
for the removal of heavy metals. The transport phenomena considered were 
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electromigration and diffusion, and the advective process was ignored. The model 
was used to simulate a hypothetical one-dimensional EKR test where the selected 
pollutant was cadmium. Two different boundary conditions were evaluated: (i) no 
recirculation of electrolytes in the electrode reservoirs and (ii) recirculation of the 
HCl solution to maintain the pH in electrode reservoirs. In the same way, Wilson 
et  al. (1995) developed a one-dimensional model based on the finite differences 
method and implemented it in TurboBASIC to simulate the electrokinetic treatment 
of saturated porous media contaminated with an ionic salt. One hypothetical case 
was analyzed: an enhanced EKR process for the removal of cadmium by the addi-
tion of an acid solution in the cathodic compartment.

Yu and Neretnieks (1996) presented a one-dimensional model with the 
compartment concept (the “flexible” finite difference model) for transport (hydraulic 
advection, diffusion, ionic electromigration, and electroosmosis). Redox and 
precipitation–dissolution processes were defined by kinetics equations, the com-
plexation reactions were defined by chemical equilibrium, and the sorption–desorp-
tion phenomenon was determined by a linear isotherm. This model simulated three 
real cases: the removal of copper from sand [14], electrokinetic soil remediation 
with cathode rinsing [15], and electrokinetic soil remediation with ion-exchange 
membranes [16]. In addition, Yu and Neretnieks (1997) simulated a synthetic case 
of soil polluted with 137C and 9Sr [17].

In 2002, Mattson et  al. [18] developed a numerical model with important 
improvements compared to the previous models. This model is valid for three- 
dimensional domains and is formulated to simulate the electromigration phenome-
nal of nonreactive ions in saturated/unsaturated soils. The authors assumed that the 
flow lines of the current under an electric gradient through soil are equivalent to the 
flow lines of water molecules under a hydraulic gradient. In this way, they were able 
to calculate the electric field with MODFLOW [19] using a block-centered finite 
difference approach. When the electrical potential field was known, the ion migra-
tion velocities were calculated in an intermediate software (LKMT), which was 
used to transfer the information to the transport software, MT3D [20]. MT3D is 
used to solve the mass transport balance using the upstream finite difference method. 
First, the model was validated using a one-dimensional experimental test of EKR on 
a soil spiked with a dye (as a model pollutant). In the next paper of Mattson et al. 
[21], an analysis of a real field EKR test was conducted using the proposed 3D 
model. The experimental test was based on the electrokinetic transport of acetate 
through an unsaturated heterogeneous soil for 6 months.

Park et  al. [22] presented a mathematical model able to simulate a one- 
dimensional and isothermal EKR process. The model has these implicit 
simplifications: (i) it considers a saturated soil with negative superficial charge, (ii) 
the fluxes of the electric current, water, and chemical species depend linearly on the 
gradients of the driving force for each transport phenomena, (iii) the chemical 
speciation is conducted under instantaneous equilibrium, and (iv) the electric current 
is transported in the porewater, therefore the soil can be assumed to be an “inert” 
material with respect to this charge transport. The model was used to carry out a 
numerical analysis of the influence of pH in the efficiency of phenol removal from 
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kaolinite, conducted by Kim et al. [23] and to determine the best pH conditioning 
method. The geochemical model implemented is limited, since only phenol, protons, 
and hydroxyl, sodium, and sulfate ions were contemplated. In another study, to 
determine the influence of pH on the development of electrokinetic processes, 
Dangla et  al. [24] presented a more specific model focused on predicting the 
electroosmotic flow between parallel planes of saturated kaolinite.

A new two-dimensional model to simulate the EKR of soil polluted with heavy 
metals was developed by Vereda-Alonso et al. [25]. This model considers the soils 
as a set of compartments distributed in a Cartesian grid connected by resistors. Only 
the electromigration phenomenon was considered. The model was validated with an 
EKR test focused on the removal of copper from a synthetic clayed soil composed 
of kaolin.

Ribeiro et al. [26] presented a one-dimensional model that simulates the behavior 
observed in a real EKR test used to remove atrazine. This work is very interesting 
because it presents the transport of organic compounds by advection caused by 
electroosmosis, and, in addition, the model can reproduce a “reverse” electroos-
motic flow from the cathode to the anode due to the characteristics of tested soil.

In 2007, Mascia et  al. [27] carried out an EKR test at the laboratory scale to 
decontaminate kaolin with polluted cadmium. The catholyte pH was controlled to 
avoid the precipitation of cadmium salts. This test was used to validate the proposed 
mathematical model, which was used to analyze the interactions between the cad-
mium species and surface of the low-permeability soil.

Al-Hamdan and Reddy [28] studied the effects of a complex geochemical system 
in the performance of an EKR process. For this purpose, the authors proposed a 
one-dimensional transport model able to simulate the movement and the speciation 
of a complex system of heavy metals (chromium, nickel, and cadmium) under the 
application of an electric field. The model, EKGEOCHEM, was implemented in 
FORTRAN 77, and it is composed of two submodules: (i) the transport module that 
contemplates electroosmosis and hydraulic advection, diffusion, and electromigra-
tion and (ii) the chemical module (CHEMSPC) that includes the chemical specia-
tion, precipitation–dissolution reactions, and adsorption–desorption process.

In 2011, Paz-García et al. [29] developed an EKR model based on the Nernst–
Planck–Poisson equations using a finite element method. Synthetic cases of the 
electrokinetic desalination of a porous solid were analyzed: first, only the diffusion 
of ions was simulated, and then three EKR cases were conducted (one with constant 
voltage difference and two with constant electric current). The model was used to 
study the electrokinetic remediation of polluted soil with lead [30] and the electro- 
desalination of yellow bricks polluted with chloride salts [31] and red bricks with 
sodium chloride, nitrate, and sulfate salts [32]. A new version of the model was used 
to study the electrokinetic remediation of kaolinite polluted with cadmium and 
lead [33].

Miao and Pan [34] presented a 2D model based on the finite element method 
verified with experimental data for the electrokinetic transport of sodium and chlo-
ride. The model was used to predict the theoretical transport of radioactive species 
under electrical potential gradients.
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López-Vizcaíno et al. [35] developed the model Multiphysics for ElectroKinetic 
Remediation (M4EKR). An important feature of M4EKR is that both the transport 
phenomena and chemical speciation (monolithic approach) are fully implemented 
in COMSOL Multiphysics. In this work, the authors presented a study of the influ-
ence of the geochemical system considering the behavior of the EKR process. For 
this purpose, two geochemical models were implemented: (i) a simplified system 
that contemplated the products of the electrolysis water reactions and sodium chlo-
ride and (ii) a geochemical system corresponding to a realistic composition of natu-
ral porewater, composed of 34 species and 24 chemical equilibrium reactions. This 
model will be described in detail during the following sections where an application 
case will be explored. The flexibility provided by the multiphysics platform made it 
possible to carry out different technological studies with the aim of improving the 
knowledge of EKR process such as: (i) a study of the advective transport of water in 
an unsaturated kaolinitic soil under the application of different electric potential 
gradients [36], (ii) an evaluation of the effect of a polarity reversal strategy in the 
EKR treatment of a soil polluted with the pesticide 2,4-D [37], (iii) an analysis of 
the anolyte pH conditioning strategy applied to remove organic compounds with 
negative charge [38], and (iv) a study of the calcite pH buffer effects in the EKR 
treatment of a soil polluted with clopyralid [39].

Masi et  al. [40] presented a one-dimensional mathematical model for 
multicomponent reactive transport and geochemical reactions to predict an EKR 
treatment of harbor sediments polluted with lead, zinc, and nickel. The model 
utilized two different software: the transport phenomena was implemented in 
COMSOL and the chemical processes were solved in PHREEQC. The coupling of 
these steps was carried out in a MATLAB environment using PhreeqcRM (an 
operator splitting approach). An extended geochemical model was implemented 
with 21 species and 3 solid compounds. The model considers (i) the chemical 
speciation in the liquid phase (equilibrium), (ii) the precipitation–dissolution of the 
solid phases, (iii) the buffer effect on the sediments assuming the complexation of 
the protons on the surface of the solid, and (iv) the adsorption of the species onto the 
solid matrix. The results obtained were very good compared with the data of a real 
test. In addition, the model was used to optimize a field-scale treatment of sediments 
[41]. This model was improved [42] by including kinetic reactions for the dissolution 
of calcite and could simulate the experimental data from Villen-Guzman et al. [43].

Using the same implementation strategy (COMSOL  +  PHREEQC), Sprocati 
et al. [44] developed a multidimensional model based on the Nernst–Planck–Poisson 
formulation. Different cases were used to verify the model: (i) a 3D cylinder EKR 
test, (ii) 2D migration across concrete, and (iii) a 2D EKR test. The model was vali-
dated with two real experiments: (i) EKR enhanced with the delivery of permanga-
nate [45] and (ii) an EKR-Bio test [46] where the substrate (nitrate) was mobilized 
electrokinetically. In another work, Sprocati et al. [47] used the model to analyze the 
columbic interactions between charged species.

Hojabri et al. [48] presented a one-dimensional model focused on simulating the 
electrochemical treatment of groundwater. Krcmar et  al. [49] proposed a two- 
dimensional model to predict the behavior of an EKR treatment of sediment 
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polluted with nickel using a hexagonal electrode configuration. Pérez-Corona et al. 
[50] simulated an EKR process of sodium-bentonite polluted with phenanthrene 
with the Nernst–Planck approach.

After this review of the state of the art in the modeling of electrokinetic 
remediation processes, a clear evolution can be verified by the increase of processes 
considered by these tools and, therefore, their complexity. Currently, there are quite 
complete models that are very useful in regard to interpreting the results obtained 
experimentally; however, there are fields in which there is a great potential for 
improvement. Mainly, the areas where work has not yet been done extensively are: 
(i) thermal effects, commonly referred to as “electrical heating” produced in the 
vicinity of electrodes and all associated processes such as the volatilization of pol-
lutants, drying of soil, (ii) the evaluation of solid media with double porosity, and 
(iii) chemomechanical coupling, i.e., effects of the porewater composition on the 
solid media deformability. Efforts should be made regarding these issues in the 
future with the aim of upgrading the numerical tools currently available.

3  Numerical Evaluation of an EKR Process

In this section, a numerical evaluation of a general EKR process is presented. 
Different high-quality generic models are available to simulate an EKR treatment, 
as described in the section “State of the Art” [3, 8, 12, 17, 18, 29, 30, 35, 40, 44, 50]. 
The M4EKR model, developed by the authors of this chapter (López-Vizcaíno et al. 
[35]), has been selected for the inspection exercise. The selection of this model is 
due solely to the great confidence, control, and knowledge that the authors have 
with their own numerical tool rather than with other models. First, the general for-
mulation implemented in M4EKR is described in detail. Next, the simulation of an 
EKR process of a natural soil polluted by a polar pesticide, 3,6-dichloro-2- 
pyridinecarboxylic acid (Clopyralid), was carried out to demonstrate the scope of 
the model selected as an example of a numerical tool.

3.1  Conceptual Model

The conceptual model implemented in this M4EKR version defines the one- 
dimensional transport of porewater and dissolved species in unsaturated and 
saturated soil where an electric potential gradient is imposed. The model involves 
the following transport phenomena: advection (hydraulic and electroosmotic), 
diffusion, and electromigration. Isothermal conditions were assumed (298.15 K). 
The following simplifications were considered: (i) the gas transport was ignored by 
maintaining a constant gas pressure at a value defined by the atmospheric pressure, 
(ii) the soil was defined as a solid media with a single and constant porosity, and (iii) 
the sorption of the pesticide onto the soil particles was not evaluated.
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3.1.1  Water Mass Balance

The water transport was defined by the general mass balance equation, assuming 
that the sink/source term is disregarded:

 

�
�

�� � �
m

t
w

wI 0
 

(4)

where ∇ is the divergence operator, Iw is the water mass flow (kg m−2 s−1), and mw 
is the mass of water per unit total volume (kg m−3), which was calculated by the 
equation:

 m Srw w� � �  (5)

where φ is the soil porosity, ρw is the porewater density, and Sr is the degree of 
saturation of the soil calculated by the van Genuchten approach [51]. The total 
water mass flow was calculated by adding the contributions of the hydraulic (Iw

h ) 
and electroosmotic (Iw

eo) flows:

 I I I q qw w
h

w
eo

w w
h

w
eo� � � �� ��  (6)

where qw
h  and qw

eo are the hydraulic and electroosmotic volumetric flows (m s−1), 
calculated using Darcy’s law and the semi-empirical Helmholtz-Smoluchowski 
formulation, respectively [52]. A Brooks and Corey-type power function with an 
exponent of 3 was selected to determine the relative permeability [53] and, con-
sequently, to obtain both saturated permeabilities (hydraulic and 
electroosmotic).

Many EKR models are simplified by assuming a constant Sr throughout the tests, 
so it is not necessary to solve the water mass balance. However, in cases where the 
electroosmotic permeability is much higher than the hydraulic permeability, partial 
drainage in the soil may occur and therefore Sr = 1 is not fulfilled. These phenom-
ena can be simulated with advanced EKR models applied to unsaturated soils [18, 
30, 31, 33, 36].

3.1.2  Chemical Species Mass Balance

When the geochemical system included in the EKR model involves an important 
number of species and exhibits several chemical reactions, it is common to differen-
tiate between two types of chemical species [28, 31]: (i) components or master spe-
cies and (ii) secondary species obtained as products of the chemical reactions where 
the components act as reactants [54]. Considering this approach, to obtain the tem-
poral and spatial distribution of any species, it was necessary to solve the mass bal-
ance defined by the equation:
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where mm is the total mass of component “m” per unit total volume (mol m−3), Im is 
the total molar flux of component “m” (mol m−2 s−1), and Rm is the sink/source term 
of component “m” (mol m−3 s−1). However, it was only necessary to solve for the 
total mass balance for M-2 components because one component was estimated by 
fulfilling the electroneutrality condition (in this case, the chloride), and the water 
mass was solved by Eq. (4). The total mass of component “m” was defined as:

 m Sr Cm w m� � �  (8)

where Cm is the total concentration of component “m” expressed in (mol kgw
−1). The 

total molar flux of component “m” was defined as the sum of the flow associated 
with the transport phenomena considered in the model: advection (hydraulic, Im

h  , 
and electroosmotic, Im

eo ), diffusion, Im
dif , and electromigration, Im

em , according to the 
Nernst–Planck equation. This formulation is extensively applied in other advanced 
EKR models [29, 40, 44, 50]:

 I I I I Im m
h

m
eo

m
dif

m
em� � � �  (9)

The molar flux of component “m” for each transport phenomena was defined as:
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where αi
m is the molar contribution to the total concentration of component “m” 

of species “i” (see Sect. 3.1.4), and ci is the molal concentration of the secondary 
species “i,” calculated as the product of the activity coefficient, γi, and the activity, 
ai, of species “i.” The effective diffusion–dispersion coefficient Di for one- 
dimensional flow was estimated via [50]:
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where ∂ i
L is the longitudinal dispersivity coefficient (m). On the other hand, the 

effective diffusion coefficient, Di
e , and the effective ionic mobility of the secondary 

species “i” were calculated by the expressions [18]:

 D Sr Di
e

i
o� � �  (15)
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 u Sr ui i i
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where τ is the tortuosity of the medium. The ionic mobility, ui
o, and the diffusion 

coefficient, Di
o, referencing both parameters at infinite dilution in water are related 

by the Nernst–Einstein equation [55]:
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where R (J mol−1 K−1) is the ideal gas constant and T is the absolute temperature (K).
The source/sink term, Rm, was considered null in the M-2 component total mass 

balances because no component was generated or produced.

3.1.3  Electric Charge Balance

The electric charge balance was defined with the equation:

 �� �i 0 (18)

To obtain Eq. (18), two assumptions were adopted: (i) the electroneutrality 
condition was fulfilled in the whole domain and (ii) no charge accumulation capacity 
was developed during the EKR process. The total current density, i, (A m−2) was 
calculated by Ohm’s law [12], adopting the empirical formulation proposed by 
Rhoades [56] to obtain the apparent electrical conductivity of the soil and the 
Appelo approach [57] to calculate the electrical conductivity of the porewaters.

3.1.4  Chemical Speciation

A classical stoichiometric formulation based on the resolution of a system of mass 
balance and mass action equations [58] was implemented to determine the chemical 
speciation, as some other numerical tools [31]. This approach was based on the 
solution of a system of M nonlinear equations of the type:

 C Cm m
cal� � 0 (19)

where the concentrations Cm are the state variables of the component’s mass 
balances, Eq. (7), and Cm

cal was calculated via the expression:
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The molar contribution of species “i” to component “m,” α i
m  , coincides with the 

stoichiometric coefficient of component “m” in the chemical reaction to produce 
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species “i.” The sign of this coefficient depends on the role of component “m” in the 
chemical reaction (positive if it is a reactant and negative if it is a product) [35].

The generic chemical equilibrium equation was used to calculate the activity of 
each species “i”:
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where K i
eq  is the chemical equilibrium constant of the reaction that defines the 

production of species “i.” The activity coefficients were estimated using the WATEQ 
Debye Hückel formulation [59]. Other advanced models have contemplated the use 
of kinetic laws to define the mineral precipitation–dissolution reactions [39, 42] or 
other chemical equilibria to define the surface complexation process [40]. The ver-
sion of M4EKR model used to conduct the inspection test presented in the follow-
ing section does not consider these phenomena.

In addition, to calculate the water activity, aH O2
, the concentration of free chlorine 

ions, c
Cl−

 , and the ionic strength, IS, and it was necessary to solve three additional 
algebraic equations:
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where aH O
cal

2
 was calculated using the Garrels and Christ formulation [60], a

Cl

cal
−  was 

obtained by applying the electroneutrality condition, and IScal was calculated by the 
ionic strength definition:
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3.1.5  Mass Balance in Electrolyte Compartments

Generally, two different strategies can be chosen to position the electrodes in an 
EKR process: (i) inserting the electrodes into the soil directly or (ii) placing the 
electrodes into the electrolyte compartments. The M4EKR model uses the second 
option, allowing for the simulation of added washing/enhanced fluids and the 
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removal of the collected pollutants. For this purpose, the mass balance of each com-
ponent “m” in these reservoirs was formulated by the following ordinary differen-
tial equation:
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where the * superscript indicates the kind of reservoir (A for the anode or C for the 
cathode), Mj corresponds to the total mass of component “m” in the reservoir, and 
Mj determines the input (superscript “in”) or output (superscript “out”) of the total 
mass flow of component “m.” These variables are defined in detail in the literature 
by Skibsted et al. [33]. It is important to highlight that, considering the experimental 
setup (see Sect. 3.3), the extraction of the pollutants from the system is produced by 
the overflow in the cathodic reservoir. The sink/source flow term of component “m,” 
Rm, depends on the electrochemical reactions considered in the system, in this case, 
the electrolysis of water, which was calculated via Faraday’s law:
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where S is the active electrode surface, n is the vector normal to the interface soil/
electrolyte reservoir, and �m

�  is the ratio between the number of moles of component 
“m” generated electrochemically and the number of moles of electrons exchanged 
in the redox half-reaction (taking into account the water electrolysis reaction, �m

� � 1).
This formulation is not necessary when the numerical model assumes that the 

electrodes are placed directly into the soil.

3.2  Numerical Model

Matlab, multiphysics codes such as COMSOL, or transport modules coupled to 
Phreeqc (using operator splitting schemes) are the more frequent platforms to 
implement EKR numerical models. The M4EKR model was fully implemented in 
the multiphysics platform COMSOL [61]. This software solves partial differential 
equations based on the finite element method with Lagrange multipliers. The versa-
tility and adaptability of this kind of program provides freedom to the developers to 
define the system of differential and algebraic equations. One distinction of the 
M4EKR code is that it includes the classical stoichiometric formulation to solve the 
chemical speciation problem in a manner that couples it with the transport phenom-
ena (the monolithic approach). Thus, the model solves for 39 state variables in a 
coupled manner at each time step by regarding 10 partial differential equations 
(mass balances of water and components in the soil), 18 ordinary differential equa-
tions (mass balances in the electrolyte wells), and 11 algebraic equations (chemical 
speciation). It is important to highlight that the solution of the 18 ordinary 
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differential equations is used as boundary conditions for the 9 partial differential 
equation (mass balance of chemical species). This coupling is straightforward due 
to the great flexibility of the multiphysics platform. If another electrode configura-
tion is selected only the boundary conditions of the mass balances equations must 
be changed.

Finally, for better understanding of the study, a one-dimensional configuration is 
adopted (Fig. 1). However, the model could be extended to a 2D or 3D configuration 
easily by the formulation of the different components of the flux vectors. In addi-
tion, the model could be used to analyze field-scale applications by changing the 
domain size in COMSOL and defining the more appropriate discretization.

3.3  Description of the Simulation Case

An EKR test at a laboratory scale of a soil polluted with clopyralid (the initial target 
pollution was 20 mg/kgdrysoil) was carried out. The soil selected is a low-permeability 
material taken from a clay quarry in Mora (Spain), and it is classified as a low plas-
ticity clay (Unified Soil Classification System) or silty loam (texture classification 
of USDA). A bulk density of 1890 kg m−3 and a gravimetric water content of 32.8% 
were fixed to reproduce a compaction state representative of the soil in the natural 
location. Table 1 shows the soil hydraulic parameters that were taken into account 
in the simulation.

Fig. 1 Scheme of the modeled system, including dimensions and boundary conditions
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Figure 1 shows a scheme of the modeled system with its dimensions and the 
applied boundary conditions. The electrokinetic reactor is a prismatic cell com-
posed of three different compartments: one central compartment where the polluted 
soil is located (675 cm3) and two external electrolyte reservoirs where the anode and 
cathode are placed (135 cm3, constant volume during the simulation process). The 
electrodes have a prismatic geometry with an electrochemically active surface area 
equal to the area of the electrolyte compartment/soil interface.

Tables 2 and 3 show the M master species and the I secondary species of the 
geochemical system implemented in the model, respectively. The chemical reac-
tions, equilibrium constants [62], hardcore diameter, and diffusion coefficient at 
infinite dilution in water of each species are also presented.

The initial chemical conditions are presented in Table 4. The compositions of the 
electrolyte extracted from a real sample of carbonate groundwater and porewater 
are the same as the amount of clopyralid corresponding to the selected target pollu-
tion. Initially, the soil is fully saturated. Figure 1 shows the boundary conditions 
applied in the simulation. The liquid pressure is constant and equal to the atmo-
spheric pressure in both electrolyte reservoirs (PL = 100 kPa). The chemical compo-
sition at the boundaries is determined by the concentration in the electrolyte 
reservoirs. A constant electric potential gradient of 1 V cm−1 is applied between the 
anode and cathode.

3.4  Simulation Results

A simulation of five days was carried out to explore the results obtained with a 
general EKR model. The analysis of the EKR process was divided into three studies 
related to the (i) hydraulic, (ii) chemical, and (iii) electric behaviors.

Table 1 Soil hydraulic parameters

Parameters (units) Values Description

αVG (kPa−1) 0.0147 Parameter of the van Genuchten retention 
curve

nVG (−) 1.2593 Parameter of the van Genuchten retention 
curve

mVG (−) 0.2059 Parameter of the van Genuchten retention 
curve

ϕ (−) 0.4681 Porosity

Ksat
h  (m s−1) 2.03 × 10−10 Saturated hydraulic permeability

Ksat
eo   (m2 V−1 s−1) 2.4 × 10−9 Saturated electroosmotic permeability

ρs (kg m−3) 2681.5 Soil particle density

δ i
L (m) 0.01 Longitudinal dispersivity of species “i”

τ (−) 1.00 Tortuosity
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Table 2 Thermodynamic properties of the master species in the modeled geochemical system

Master species Reactions
log Ki

eq

(25 °C)
Hardcore
diameter (Å) Di

o (m2s−1)

Cl− Cl− 0 3.6 2.03 × 10−9

H2O H2O 0 3.4 5.27 × 10−9

H+ H+ 0 4.1 9.31 × 10−9

CO3
−2 CO3

−2 0 4.7 9.55 × 10−10

SO4
−2 SO4

−2 0 4.7 1.07 × 10−9

NH4
+ NH4

+ 0 4.1 1.98 × 10−9

Ca+2 Ca+2 0 5.7 7.93 × 10−10

Mg+2 Mg+2 0 5.7 7.05 × 10−10

Na+ Na+ 0 4.1 1.33 × 10−9

K+ K+ 0 4.1 1.96 × 10−9

Clopy− 2,4-D− 0 3.4 6.50 × 10−10

Table 3 Thermodynamic properties of the secondary species in the modeled geochemical system

Secondary 
species Reactions

log Ki
eq 

(25 °C)
Hard core 
diameter (Å) Di

o (m2s−1)

OH− H2O ↔ OH− + H+ −14 3.6 5.27 × 10−9

HCO3
− CO3

−2 + H+ ↔ HCO3
− 10.33 3.6 1.18 × 10−9

H2CO3
a CO3

−2 + 2H+ ↔ H2CO3
a 16.68 3.4 1.92 × 10−9

HSO4
− SO4

−2 + H+ ↔ HSO4
− 1.98 3.6 1.33 × 10−9

NH3 NH4
+ ↔ NH3 + H+ −9.23 3.4 2.00 × 10−9

CaHCO3
+ Ca+2 + CO3

−2 + H+ ↔ CaHCO3
+ 11.43 4.1 5.06 × 10−10

CaCO3 Ca+2 + CO3
−2 ↔ CaCO3 3.22 3.4 4.46 × 10−10

CaSO4 Ca+2 + SO4
−2 ↔ CaSO4 2.31 3.4 4.71 × 10−10

Ca(OH)+ Ca+2 + H2O ↔ Ca(OH)+ + H+ −12.78 4.1 2.13 × 10−10a

MgHCO3
+ Mg+2 + H+ + CO3

−2 ↔ MgHCO3
+ 11.37 4.1 4.78 × 10−10

MgCO3 Mg+2 + CO3
−2 ↔ MgCO3 2.98 3.4 4.21 × 10−10

MgSO4 Mg+2 + SO4
−2 ↔ MgSO4 2.23 3.4 4.45 × 10−10

Mg(OH)+ Mg+2 + H2O ↔ Mg(OH)+ + H+ −11.68 4.1 2.13 × 10-10a

NaHCO3 Na+ + HCO3
− ↔ NaHCO3 10.08 3.4 6.73 × 10−10

NaCO3
− Na+ + CO3

−2 ↔ NaCO3
− 1.27 3.6 5.85 × 10−10

NaSO4
− Na+ + SO4

−2 ↔ NaSO4
− 0.94 3.6 6.18 × 10−10

NaOH Na+ + H2O ↔ NaOH + H+ −14.75 3.4 1.89 × 10-10a

KSO4
− K+ + SO4

−2 ↔ KSO4
− 0.88 3.6 7.46 × 10−10

KOH K+ + H2O ↔ KOH + H+ −14.46 3.4 1.89 × 10-10a

MgCl+ Mg+2 + Cl− ↔ MgCl+ 0.35 4.1 2.13 × 10-10a

CaCl+ Ca+2 + Cl− ↔ CaCl+ −0.29 4.1 2.13 × 10-10a

KCl K+ + Cl− ↔ KCl −0.5 3.4 1.89 × 10-10a

NaCl Na+ + Cl− ↔ NaCl −0.5 3.4 1.89 × 10-10a

CaCl2 Ca+2 + 2Cl− ↔ CaCl2 −0.64 3.4 7.54 × 10−10

Clopy Clopy− + H+ ↔ Clopy 2.32 3.4 8.20 × 10−10

aObtained using Pikal’s model [63]
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3.4.1  Analysis of the Hydraulic Behavior

From a hydraulic point of view, the model results can improve the comprehension 
of the transport of water in unsaturated porous media by the analysis of hydraulic 
and electroosmotic fluxes. Figure 2 shows the spatial distribution of the pore liquid 
pressure and the degree of saturation. At 1.25 h, a drop in the pore liquid pressure in 
the zone near the anodic compartment and an incremental increase in the opposite 
soil zone can be noted. This distribution is related to the expected behavior when the 
water is moved to the cathodic region. At day one of simulation, the decrease in the 
liquid pressure is more pronounced, producing the soil desaturation observed in 
experimental tests [64, 65]. As the simulation progresses, it is observed that the soil 
becomes unsaturated. The spatial distribution of the degree of saturation allows this 
behavior to be verified, and this behavior can produce cracking and other geotechni-
cal problems such as those observed by Lopez-Vizcaíno et al. [66]. Analyzing the 
water flux at the anode–soil and soil–cathode interfaces (Fig. 3a) can verify the dif-
ferent trends that take place in the EKR process. Until the first day, the advective 
flux that produced both hydraulic and electric gradients is towards the cathodic 
region; however, when the simulation time increases, the direction of the hydraulic 
flux at the soil–cathode interface is inverted due to the unsaturated conditions 
observed in this zone. However, the degree of saturation of this soil region is not 
increased. This situation is often produced when a clayed soil has a hydraulic per-
meability lower than its electroosmotic permeability, and therefore the electroos-
motic flow extracted in the cathodic reservoir is higher than the inbound hydraulic 
flow from the anodic reservoir (Fig. 3b).

Table 4 Initial conditions

Molal Total concentration
Porewater chemical speciationPorewater Electrolyte Molal

C
H+

1.98 × 10−3 1.68 × 10−3
a
H+

1.27 × 10−7

C
CO3

2−
1.65 × 10−3 1.65 × 10−3

a
CO3

2−
4.39 × 10−7

C
SO4

2−
5.12 × 10−4 5.12 × 10−4

a
SO4

2−
3.17 × 10−4

C
NH4

+
5.54 × 10−6 5.54 × 10−6

a
NH4

+
5.08 × 10−6

C
Ca+2

1.11 × 10−3 1.11 × 10−3
a
Ca+2

7.61 × 10−4

C
Mg+2

5.31 × 10−4 5.31 × 10−4
a
Mg+2

3.66 × 10−4

C
Na+

9.53 × 10−4 9.53 × 10−4
a
Na+

8.73 × 10−4

C
K+

1.28 × 10−4 1.28 × 10−4
a
K+

1.17 × 10−4

C
Clopy−

3.19 × 10−4 0 a
Clopy−

2.93 × 10−4

pH 6.89 6.89 aH O2
9.99 × 10−1

c
Cl−

1.71 × 10−3

IS 6.21 × 10−3
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3.4.2  Analysis of Chemical Behavior

From a chemical point of view, the model provides valuable information on spatial 
and temporal distributions of the concentration of chemical species and/or contami-
nants present in the soil. From a theoretical point of view, these results can be very 
useful to understand the interaction of the multiple physical–chemical phenomena 
that take place within the soil. From a functional point of view, these results can 
help to define the duration of the test and other operation variables.

Figure 4 shows the time evolution of the total concentration of the three 
representative master species in both electrolyte compartments. As expected, taking 
into account the process of electromigration of charged species, an increase in the 
concentration of negatively charged species is observed in the anodic reservoir, and 
consequently, the presence of these species decreases in the cathodic reservoir 
(Fig. 4b, c). The opposite behavior is observed for positively charge species (Fig. 4a).
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Fig. 3 Time evolution of the water flux evaluated at the anode–soil and soil–cathode interfaces. 
(a) Individual water flux based on the transport mechanism and (b) the total water flux

0 0.03 0.06 0.09 0.12 0.15

Distance from anode (m)

0.6

0.7

0.8

0.9

1

1.1

1.2

Sr

initial 1.25 h 2.5 h 1 d 2.5 d 5 d

0 0.03 0.06 0.09 0.12 0.15

Distance from anode (m)

-300

-200

-100

0

100

200

300

P L
 (k

Pa
)

(a) (b)

Fig. 2 Spatial distribution of the (a) pore liquid pressure and (b) degree of saturation

R. López-Vizcaíno et al.



77

Figure 5 shows the spatial distribution of these master species at different times. 
The observed behavior is consistent with the expected behavior for sodium and 
sulfate, where the concentrations increased in the soil regions near the cathode and 
the anode, respectively. However, the carbonate master species presents an unchar-
acteristic spatial distribution where a significant accumulation is observed in the 
central zone of the soil and not at the zone near the anodic reservoir, as would be 
predicted for a species with a negative charge. To try to understand this trend, the 
individual spatial distributions of the carbonate species concentration and the pH 
are illustrated in Figs. 6 and 7, respectively.

The chemical speciation of the carbonate system is strongly related to the pH 
distribution of the porewater (Fig. 7) and vice versa due to the buffering capacity of 
these species. Considering a closed system [67], HCO3

− is present when the pH is 
between 6.3 and 10.25 (Fig. 6b), CO3

−2 is predominant at higher pH values and 
H2CO3

* (assumed to be a nonvolatile acid that involves the mass of the H2CO3 acid 
and the dissolved CO2) is present at lower pH values. Taking into account this limi-
tation and the electric charge of the carbonate species, it is possible to clarify the 
carbonate master species distribution. HCO3

− and CO3
−2 are mobilized to the anode 

by electromigration; however, the H2CO3
* species is not charged and therefore can 

only be transported to the cathodic reservoir by advection. This fact results in an 
intersection of the flows located at the pH front, which could explain the carbonate 
accumulation at this point. In this context, it is important to remark that the M4EKR 
does not consider, in this simulation, mineral precipitation–dissolution processes. 
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Fig. 4 Time evolution of the total concentration of the master species in the anodic and cathodic 
reservoirs. (a) Sodium, (b) sulfates, and (c) carbonates
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Fig. 5 Spatial distribution of total concentration. (a) Sodium, (b) sulfates, and (c) carbonates
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These reactions, especially those with calcite, could disrupt the system of the car-
bonates and therefore the pH trends, as can be seen in the simulations carried out by 
Masi et al. [42].

On the other hand, it can be noted that the pH distribution presents a conventional 
trend [8, 28]. The acidification and basification processes due to the water electrolysis 
reactions are identified in the zones near the anode and cathode, respectively. In 
addition, the movement of the pH fronts is apparent, where the acid front is displaced 
faster due to the higher ionic mobility of protons.

As previously discussed, the pH influences the chemical speciation of the species 
present in porewater, including the speciation of pollutants [28, 68]. Figure 8 pres-
ents the spatial distribution of the concentration of the clopyralid species (acid and 
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anion species), and Fig. 9 shows the fluxes associated with the transport phenomena 
independently estimated at both soil–electrolyte reservoir interfaces. At the begin-
ning of the simulation, all of the clopyralid pesticide is present as an anion species. 
At the first time point (1.25 h), the concentration of the anion species decreases in 
the soil near the anolyte and catholyte reservoirs, mainly due to diffusion transport 
(Fig. 9), since the concentration gradient is important in these moments (the initial 
clopyralid concentration in the electrolyte is zero). In addition, considering the 
movement of the pH front, the acid species of clopyralid is generated in the soil 
region between the anolyte reservoir and pH front. As the pH front moves towards 
the compartment, the acid soil region is larger. This fact disrupts the chemical equi-
librium of the clopyralid acid species and its concentration increases. Consequently, 
the anion species concentration is progressively lower, due to the chemical transfor-
mation discussed above and the accumulation of the species in the anolyte compart-
ment (Fig. 9).

3.4.3  Analysis of Electrical Behavior

Figure 10 shows the spatial distribution of the electric potential, the electrical 
conductivity of the porewater, σa, and the ionic strength.

Initially, the system is equilibrated, thus the electrical potential gradient is linear. 
However, when the EKR begins, the transport mechanisms produce a movement of 
the chemical species present in the porewater and of the electrogenerated protons 
and hydroxyl ions, and consequently there is a rearrangement of the ionic strength 
in the domain (Fig. 10c). These changes in the ionic strength are associated with the 
trends of the electrical conductivity of porewater illustrated in Fig. 10b, which is 
high near the anolyte and catholyte reservoirs and lower in the middle of the domain. 
Considering this distribution, it is easy to explain the changes in the behavior of the 
electrical potential. It can be noted how high values for the electrical conductivity 
produce a less pronounced electrical potential gradient (the E slope decreases near 
the anode and cathode), and therefore, the more accentuated electrical potential 
gradient is observed in the center of the soil where the electrical conductivity 
is lower.
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4  Conclusions

This chapter is focused on the study of the mathematical modeling of treatments of 
contaminated soils using electrokinetic techniques. The requirement for the use of 
numerical tools in the theoretical study and the interpretation of experimental tests 
of electrokinetic remediation processes has become evident.

A detailed description of the main mathematical models of soil EKR processes 
was presented. It can be concluded that the models have improved. The first models 
only contemplated electroosmosis transport; the subsequent models began to intro-
duce chemical species transport by diffusion and electromigration mechanisms but 
used a very limited geochemical system (simple salts and a few metals). Next, the 
simulation of pH and its influence on chemical speciation was a key aspect in devel-
oping a more extended geochemical model and considering other physicochemical 
processes such as precipitation–dissolution, adsorption, and complexation. 
Generally, most of the models developed are one-dimensional, although some 2D or 
even 3D models are already used to analysis field-scale treatments. From the point 
of view of the calculation methods, there has also been an evolution associated with 
technological development. This has resulted in the most recent models being 
implemented in more powerful calculation platforms and therefore allowing for 
more complex simulations. In addition, the potential areas of improvement of the 
developed numerical tools were highlighted, the most remarkable of which were the 
study of the thermal changes of the system, the conceptual model used to define the 
soil (dual-porosity media), and the interaction between the physical–chemical pro-
cesses that take place and the mechanical processes in the soil itself.

Finally, a theoretical study of the electrokinetic remediation process of a natural 
soil contaminated with a polar pesticide, 3,6-dichloro-2-pyridinecarboxylic acid, 
was conducted with a generalist EKR model developed by the authors. The hydrau-
lic behavior was analyzed, verifying the desaturation of soil and the evolution of 
the water flows (hydraulic and electroosmotic). Moreover, the transport of the 
chemical species was evaluated by analyzing the individual contribution of each 
transport phenomena and their coupling. In addition, the influence of pH on the 
chemical speciation was illustrated, and the buffer effect of the carbonate system 
was explained. All of this demonstrates the great usefulness of these types of 
numerical tools, which can be used both to enhance the general compression of the 
EKR process and to predict the behavior of the system in the presence of changes 
in operational variables.
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1  Introduction

Contaminated soil is not only an environmental issue but also a sanitary challenge. 
The various physico-chemical properties of the pollutants lead to equilibrium parti-
tion with the different environmental compartments: solid/gas partition (soil/air), 
solid/liquid partition (soil/water), and solid/solid partition (soil/soil)). For instance, 
the volatile organic compounds (VOCs) (trichloroethene, benzene, toluene, ethyl-
benzene, xylene known as BTEX, etc.) can be mainly found in equilibrium between 
soil and atmosphere, while more water soluble compounds such as hydrophilic pes-
ticides (cyromazine, diquat, fenuron, 2,4-dichlorophenoxyacetic acid, etc.) are pres-
ent in soil but can be lixiviated into the groundwater with rainwater infiltration [1, 
2]. Contrastingly, the hydrophobic organic compounds (HOCs) such as heavy poly-
cyclic aromatic hydrocarbons (PAHs) tend to remain in soil, mainly bound to soil 
organic matter (SOM) [3]. The VOCs can constitute a direct health risk when pol-
luted soils are located in urban area. Pollution of groundwater rules out its use as 
resource for potable water unless a complementary treatment is implemented with 
additional costs. Moreover, the pollution remaining in soil needs to be treated before 
any other planning such as building.

Thus, the strategy of soil remediation needs to be adapted to the kind of pollution. 
When it is suitable, the in situ techniques can constitute good options to avoid excava-
tion and soil transport. However, in narrow area and/or to ensure a more homogeneous 
depollution, the excavation before treatment can be a better alternative. Among ex situ 
treatment techniques, soil washing (SW) is a technology specifically employed to 
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remove HOCs by extraction of the contaminants from soil to liquid matrix at optimal 
soil/liquid ratio, contact time, and mixing rate [4, 5]. Most of the time, the extraction 
is enhanced with the addition of the relevant extracting agents in water. A good wash-
ing agent should be able to barely adsorb in soil, be biodegradable, have a high extrac-
tion power, and allow reuse for successive washing steps. Several kinds of agents have 
been proposed for HOCs extraction such as organic cosolvents, synthetic surfactants, 
biosurfactants, and cyclodextrins [3, 4, 6, 7]. They rely on their amphiphilic properties 
to increase the water solubility of HOCs.

The main limit of SW technology is that the pollution is only transferred and the 
SW solutions need to be further treated. Due to the biorecalcitrant properties of SW 
solutions, biological processes are not applicable and advanced physico-chemical 
treatments have been therefore developed. Electrochemical technologies are one of 
them and offer the advantages (1) to be modular, (2) to have a low footprint area, 
and (3) to avoid the addition of chemicals since the electrodes are prone to direct 
electrooxidation/reduction and/or indirect oxidation/reduction reactions with pol-
lutants [8]. According to the kind of electrode material employed, electrochemical 
advanced oxidation processes (EAOPs) can occur by involving strong oxidizing 
agents such as hydroxyl radicals (•OH) (E°(H2O/•OH) = 2.8 V/SHE) in the degrada-
tion and mineralization mechanisms [9–11]. This radical has a very short lifetime 
(10−9 s) and is very reactive thanks to its four action modes [12–14]: (1) hydrogen 
atom abstraction (dehydrogenation), (2) electrophilic addition to an unsaturated 
bond (hydroxylation), (3) electron transfer (redox reactions), and (4) ipso- 
substitution of the halogen atom on perhalogenocarbon compounds. •OHs are there-
fore useful to oxidize HOCs’ molecular structures that are present in SW solutions.

In this chapter, the different kinds of electrochemically assisted SW technologies, 
mainly the EAOPs involving homogeneous and heterogeneous catalysis are pre-
sented. The direct electrooxidation/reduction processes are deliberately not covered, 
since only few articles deal with such process for SW solution treatment [15]. They 
consist of the direct electron transfer with the target compounds to oxidize through 
oxidation reaction or to reduce through reduction reaction at the surface of electrode 
materials. This mechanism is involved only for electroactive species, which is rarely 
the case of pollutants from SW solutions. It therefore makes the removal efficiency 
lower than in indirect oxidation/reduction implemented in EAOPs.

The possible combinations of catalytic processes are then discussed in terms of 
enhancement of efficiency, transfer competitions, and reactor design as important 
engineering aspects for upscaling considerations.

E. Mousset et al.



91

2  EAOPs Involving Homogeneous Catalysis

2.1  Mechanisms of Electro-Fenton Process

The EAOPs that involve homogeneous catalysis are mainly based on the Fenton’s 
reaction (Eq. 1) occurred in the bulk solution through hydrogen peroxide (H2O2) elec-
trogeneration by the two-electron oxygen reduction reaction (Eq. 2) and the ferrous 
ion (Fe2+) regeneration from ferric ion (Fe3+) reduction (Eq. 3) at the carbon cathode [9]:

 Fe H O Fe HO OH2
2 2

3� � �� � � �•
 (1)

 O 2H 2e H O2 2 2� � �� �
 (2)

 Fe e Fe3 2� � �� �  (3)

This so-called electro-Fenton (EF) process has been applied in the treatment of 
SW solutions as represented in Table 1 and as detailed in a previous book chapter 
[16, 17].

The nature of cathode material is primordial in this process. Carbon-based mate-
rials have been preferred for their flexibility, cheapness, and efficiency to promote 
H2O2 electrogeneration [9]. Three-dimensional materials such as carbon felt, graph-
ite felt, or carbon sponge have a great specific surface area and can therefore increase 
the number of O2 active sites which rise the rates of H2O2 electrogeneration and Fe2+ 
regeneration [18, 19]. However, the presence of HOCs in SW solution such as 
humic substances from SOM increases their adsorption to the cathode due to the 
hydrophobic properties of such carbonaceous materials [20]. Still, rebound effects 
of the total organic carbon (TOC) were noticed in solution due to the degradation of 
HOCs into more hydrophilic intermediates with •OH attack.

2.2  Influence of Operating Parameters and Matrix Effects

The efficiency of the treatment depends on the influence of operating parameters 
such as the current density and the catalyst concentration. There exists an optimal 
condition with both factors as shown in Fig. 1a, b, respectively, which is due to the 
increase of the rate of wasting reactions when the parameter value increases. At 
higher current density values, H2O2 is decomposed at the cathode (Eq. 4), at the 
anode (Eqs. 5 and 6), and in a lesser extent by thermal decomposition in bulk solu-
tion (Eq. 7):

 H O 2H 2e 2H O2 2 2� � �� �
 (4)

 H O HO H e2 2 2� � �� �•
 (5)
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Table 1 EAOPs involving homogeneous catalysis proposed in literature for the treatment of SW 
solutions

SW/SF solution characteristicsa EF characteristicsb Efficiencyc Reference

Synthetic SW solution 
containing beta-cyclodextrin 
(BCD) (1.13 g L−1) and TNT 
(45 mg L−1)

Cathode: carbon felt 
(60 cm2)
Anode: Pt grid (3 cm 
diameter, 4.5 cm 
height)
Undivided cell
J = 1.0–4.2 mA cm−2

Addition of Na2SO4 
(50 mM) and Fe2+ 
(0.2 mM); acidification 
to pH 3
V = 150 mL

Total mineralization at 
20 Ah L−1

[21]

Synthetic SW solution 
containing HPCD (9 g L−1) and 
phenanthrene (16 mg L−1)

Cathode: carbon felt 
(150 cm2)
Anode: Pt grid (3 cm 
diameter, 5 cm height) 
or DSA (40 cm2)
Undivided cell
J = 3.3–13.3 mA cm−2

Addition of Na2SO4 
(150 mM) and Fe2+ 
(0.05–10 mM); 
acidification to pH 3
V = 400 mL

Better mineralization 
with DSA anode
Around 7% of 
mineralization with DSA 
at 20 Ah L−1

[22]

Synthetic SW solution 
containing tween 80 
(0.75 g L−1) or HPCD 
(10 g L−1) and phenanthrene 
(17 mg L−1)

Cathode: carbon felt 
(150 cm2)
Anode: Pt grid (3 cm 
diameter, 5 cm height),
Undivided cell
J = 3.3–13.3 mA cm−2

Addition of Na2SO4 
(150 mM) and Fe2+ 
(0.5 mM); acidification 
to pH 3
V = 400 mL

Around 6% of 
mineralization with 
HPCD and 85% of 
mineralization with 
Tween 80 at 20 Ah L−1

[23]

Synthetic and real SW solution 
from spiked uncontaminated 
soil, containing HPCD 
(6.25 g L−1) and PCP 
(205 mg L−1)

Cathode: Carbon felt 
(10 cm2)
Anode: Pt sheet (1 cm2)
Undivided cell
J = 4.0–20.0 mA cm−2

Addition of Na2SO4 
(150 mM) and Fe2+ 
(0.2 mM); acidification 
to pH 3
V = 125 mL

Around 91% of COD 
removal at 18.8 Ah L−1

[24]

(continued)
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 HO O H e2 2
• � � �� �

 (6)

 2H O O 2H O2 2 2 2� �  (7)

Hydrogen (H2) reduction reaction is another parasitic equation that can occur as 
well (Eq. 8):

 
2H 2e H g

� �
� �� � 2  

(8)

Similarly, at higher concentration of Fe2+, its reaction with •OH (Eq. 9) is becom-
ing more important, which decreases the amount of •OH available for organic pol-
lutants degradation:

 Fe OH Fe HO2 3� � �� � �•  (9)

The advantage of SW combination with EF is the possibility to take the advan-
tage of the presence of iron ions in SW solutions as a source of catalyst allowing the 
Fenton reaction occurs without any external addition of iron salts [26, 27]. The 
amount extracted depends on the concentration and availability of iron in the 

Table 1 (continued)

SW/SF solution characteristicsa EF characteristicsb Efficiencyc Reference

Real SW solution from spiked 
uncontaminated soil, with 
Lissamine green B (dye) 
(1.7–3.5 g kg−1) or 
phenanthrene (430 mg kg−1)

Cathode: graphite 
(1.27 cm2) or stainless 
steel (3.14 cm2)
Anode: Graphite 
(1.27 cm2) or stainless 
steel (3.14 cm2)
Undivided cell
Cell potential: 5 V
Addition of Na2SO4 
(100 mM) and Fe2+ 
(0.2 mM); pH 3
V = 150 mL

90% of decoloration in 
3 h of electrolysis and 
50% of phenanthrene 
removal after 25 h of 
electrolysis

[25]

Real SW solution from 
historically contaminated soil, 
containing Tween 80 
(7.5 g L−1) or HPCD 
(7.5 g L−1) and 16 PAHs 
(1090 mg kg−1)

Cathode: carbon felt 
(150 cm2)
Anode: Pt grid (3 cm 
diameter, 5 cm height)
Undivided cell
J = 6.7 mA cm−2

Addition of Na2SO4 
(150 mM) and no Fe2+ 
added; no pH 
adjustment
V = 400 mL

Around 3% of 
mineralization with 
HPCD and 19% of 
mineralization with 
Tween 80 at 20 Ah L−1

[26]

aBCD beta-cyclodextrin, TNT trinitrotoluene, HPCD hydroxypropyl-beta-cyclodextrin (assume a 
molar weight of 1250 g mol−1), PCP pentachlorophenol, PAHs polycyclic aromatic hydrocarbons
bDSA: dimensionally stable anode; Pt platinum, J current density, V volume of treated solution
cCOD: chemical oxygen demand
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studied soil. Still, 0.02–0.06 mM of dissolved iron was quantified in the SW solu-
tion coming from historically contaminated soils [26, 27]. This amount was suffi-
cient to ensure EF process runs appropriately.

The influence of SW solution characteristics is another key factor in the combi-
nation with EF process. The pH of solution is well-known to be of primary impor-
tance when implementing Fenton reaction. The iron(III) species precipitate with 
HO− to form ferric hydroxide sludge (Fe(OH)3) at pH higher than 4. That is why a 
pH around 3 has been found optimal for homogeneous EF process [9, 26]. An inter-
esting feature is depicted in Fig. 1c, in which the pH of real SW solution decreases 
with electrolysis time from an initial pH around 8 until a pH around 3 [16]. This 
could be attributed to the formation of carboxylic acids as oxidation by-products 
whose pKa values vary between 3 and 4. In this condition, the pH of the solution 
needs to be neutralized after the treatment.
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Fig. 1 (a) Influence of current density on pseudo-first-order kinetics rate constant of phenanthrene 
and HPCD degradation during EF treatment of SW solution (Adapted with permission from [22, 
23]. Copyright 2014 Elsevier); (b) Influence of ferrous ion concentration on pseudo-first-order 
kinetics rate constant of phenanthrene degradation during EF treatment of SW solution (Adapted 
with permission from [22, 23]. Copyright 2014 Elsevier); (c) Evolution of solution pH during EF 
treatment of SW solutions containing either HPCD or Tween 80 as washing agent; (d) Influence of 
nature of extracting agent (HPCD (10  g  L−1) or Tween 80 (0.75  g  L−1)) on pollutant (PHE 
(17 mg L−1)) degradation. (Reprinted with permission from [22]. Copyright 2014 Elsevier)
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The kind of extracting agent plays a role not only in the extraction efficiency but 
also in the oxidation mechanisms. It has been previously shown that the iron species 
could be complexed with cyclodextrin according to their functional group bonded 
on the external ring [4, 22]. In the presence of HOCs that are trapped into the cyclo-
dextrin having a toroidal shape, a ternary complex is formed between the pollutant, 
the cyclodextrin such as hydroxypropyl-beta-cyclodextrin (HPCD), and Fe2+ as 
catalyst source for Fenton reaction (Fe2+-cyclodextrin-pollutant (Eq. 10)).

 
Fe HPCD HOC OH Fe HPCD HOC OH2 2� �� � � �: : : :• •

 (10)

Thanks to the formation of •OH close to the iron species; the pollutant should be 
preferentially degraded as compared to the cyclodextrin as displayed in Fig.  1d. 
This selectivity of oxidation seems less obvious with surfactant such as Tween 80 
due to the micelle structure that entraps the HOCs inside it (Fig. 1d) [22]. In addi-
tion, the extracting agent’s properties could favor or not their recycling ability dur-
ing the oxidative stress, which is another interesting feature considering their costs.

The matrix effect is a decisive aspect when considering the upscaling phase. As 
a first approach, experiments with synthetic SW solutions should depict higher 
removal efficiency of HOCs against experiments with real SW solutions. Real solu-
tions contain inorganic ions and mostly organic matter (OM) that could decrease the 
oxidation efficiency by trapping the HOCs and by reacting very quickly with •OH 
[20, 28]. Interestingly, the mineralization efficiencies were very similar during the 
EF treatment of synthetic and real SW solutions containing either Tween 80 or 
HPCD as extracting agent [23]. In such solutions, the proportion of TOC content 
coming from OM and HOCs is negligible (4–5% of TOC) as compared to the con-
tent in extracting agent (95–96% of TOC). Still, the impact of matrix has to be 
considered, since the amount of OM and HOCs extracted is dependent on the age, 
amount, and kind of organic pollution as well as on the nature of soil and the kind 
of extracting agent employed [3, 26].

3  EAOPs Involving Heterogeneous Catalysis

The use of EAOPs involving heterogeneous catalysis for the treatment of SW solu-
tions has been the focus of several studies during the 5 last years (Table 2). The 
objective is to generate large amounts of highly oxidizing species at the anode sur-
face. Particularly, the so-called advanced anodic oxidation (AO) process is based on 
the formation of physisorbed hydroxyl radicals (•OH) from water oxidation (Eq. 11) 
at the surface of an appropriate anode (M) with high overpotential for oxygen evolu-
tion reaction [8, 29].

 M H O M OH H e� � � � � �� �
2

•

 (11)
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3.1  Electrode Materials

Boron-doped diamond (BDD) is the most widely anode material for AO because of 
its corrosion/mechanical resistance, inertness surface, and high oxygen evolution 
potential (2.3 V/SHE) [29]. Thus, AO using BDD anode is able to achieve high 
mineralization rate of a large range of organic pollutants [20, 30–32]. These proper-
ties are also particularly suitable for the treatment of SW solutions, which are com-
plex effluents containing large amounts of poorly biodegradable organic compounds. 
This is why almost all studies used BDD anode for the treatment of SW solution by 
heterogeneous catalysis (Table 2).

During AO, the cathode is the inert electrode. Stainless steel is the most widely 
used material because of several advantages such as high conductivity, low cost, 
robustness, and mechanical resistance. No specific catalytic property is expected 
from the cathode material when performing AO as a stand-alone process.

3.2  Technical Advantages Over Homogeneous Catalysis

By comparison to homogeneous catalysis based on EF process, AO presents several 
technical advantages. First, it is possible to avoid the use of carbonaceous materials 
as cathode. Thus, low adsorption of hydrophobic organic compounds is usually 
observed, which reduces issues of electrode fouling and improves process robust-
ness. Secondly, AO does not require O2 supply, which represents an additional cost 
and often causes important troubles for process operation because of important 
foaming. Thirdly, AO does not require pH adjustment to 3 and no control because of 
its low influence on AO efficiency [32]. However, pH can naturally decrease during 
the treatment because of the formation of carboxylic acids as degradation by- 
products [33]. Evolution of pH also depends on buffer capacity of the SW solution, 
which depends on the nature and amount of salts extracted during the washing step 
[34]. Finally, a key advantage of AO is also to use electrons as sole reagent. Even the 
addition of electrolyte can be avoided, thanks to salts extracted from the soil [35].

3.3  Degradation and Mineralization Effectiveness

As reported in Table 2, AO has been mainly applied to the treatment of SW solutions 
containing either PAHs or pesticides as soil pollutants. Tween 80 (nonionic surfac-
tant) [39] and sodium dodecyl sulfate (SDS, anionic surfactant) [32, 38, 40–43] 
have been the most widely used extracting agents. Some studies also focused on 
highly soluble organic pollutants (e.g., clopyralid) for which no extracting agents 
were used for extraction from the contaminated soil [44]. AO allows for achieving 
very high mineralization rate (>90% of TOC or COD removal). However, high 
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current density (in the range 30–50 mA cm−2) and electrical charge (in the range 
15–50 Ah L−1, sometimes more) were always required, thus resulting in high energy 
consumption (e.g., 127 kWh m−3 for 70% removal of 2.7 g L−1 of COD) [33]. From 
Table 2, it is important to highlight that high degradation rate of soil pollutants also 
always required high electrical charge. Degradation kinetics were only slightly 
faster than mineralization kinetics. This phenomenon is generally observed for AO 
and attributed to various reasons:

 1. By comparison to homogeneous catalysis, heterogeneous catalysis such as AO 
usually results in faster mineralization kinetics but slower degradation kinetics 
because of mass transport issues [36–38].

 2. Micelles formed by surfactants act as a protective environment for soil pollut-
ants, thus resulting in lower availability of pollutants for reaction with oxidizing 
species [22, 39, 40].

 3. Extracting agents often account for almost the total organic load of the SW solu-
tion, therefore they strongly act as scavengers for oxidizing species [22, 39, 40].

3.4  Electrooxidation Mechanisms

The effectiveness of AO relies on two main mechanisms. Organic compounds can 
react either at the surface of the BDD anode with physisorbed •OH or in the bulk by 
mediated oxidation with electrochemically generated oxidizing species such as 
S2O8

2−, SO4
•−, and active chlorine species [39, 40, 43]. The formation of micelles is 

an important specificity of SW solution, which plays a crucial role in electrooxida-
tion mechanisms (Fig. 2). For example, at low concentration of SDS, it was reported 
that the size of particles mobilized during the washing of lindane-spiked clay soil 
was in the range 5–20 μm [34]. By comparison, at high concentration of SDS, the 
formation of micelles and aggregates caused an increase of mean particle size in the 
range 100–1000 μm [34, 42, 43]. The size of micelles/aggregates depends on soil 
characteristics, surfactant concentration, and liquid/solid ratio during the washing 
step [39, 43]. This phenomenon has a crucial influence on heterogeneous catalysis 
since large size micelles cannot react with physisorbed •OH generated in a thin layer 
of few nanometers close to the anode surface [40, 48]; they can only be degraded 
through mediated oxidation in the bulk. Interestingly, SDS degradation was reported 
to release large amount of SO4

2− ions and, therefore, to further promote mediated 
oxidation in the bulk during the treatment [39]. Thus, mediated oxidation allows the 
degradation of surfactant micelles and results in the decrease of mean particle size 
(Fig. 3). Then, both physisorbed •OH at the anode surface and mediated oxidation in 
the bulk are involved for complete mineralization of the effluent [39, 43].
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Fig. 2 Schematic view of main degradation mechanisms during the treatment of soil washing 
solutions by AO using BDD anode. (Adapted from [40])

Fig. 3 Changes in the mean particle size (and limits 10–90%) observed during the electrolysis of 
soil washing effluents carried out at 0.20 (■), 0.15 (♦), 0.10 (●), and 0.05 (▲) mg SDS g−1 soil. 
(Reprinted with permission from [34])
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3.5  Selective Degradation of Soil Pollutants and SW 
Solution Reuse

As explained above, degradation of micelles strongly relies on mediated oxidation 
in the bulk. However, high current density is required for electrochemical genera-
tion of oxidizing species such as S2O8

2− and SO4
•− [8, 29]. Thus, it is possible to 

strongly hinder the degradation of micelles by performing AO at low current density 
[40]. Besides, it is also important to take into consideration that there is an equilib-
rium between free extra-micellar organic pollutants and pollutants entrapped within 
micelles, according to the micellar/aqueous phase partitioning coefficient (Km). 
While the degradation of compounds entrapped within micelles is strongly hin-
dered, free extra-micellar organic pollutants can still be effectively degraded at the 
anode surface. Entrapped pollutants can then be continuously released in the solu-
tion according to Km, and subsequently be oxidized at the anode [40]. This phenom-
enon explains why it is possible to achieve a selective degradation of target soil 
pollutants during the treatment of SW solution at low current density. The selectiv-
ity of the process depends on Km, critical micellar concentration of the surfactant, 
surfactant concentration, and reactivity of surfactant and pollutant [40]. For exam-
ple, AO during 23 h at 2.1 mA cm−2 of a real SW solution containing PAHs and 
Tween 80 as extracting agent resulted in 80% removal of PAHs (phenanthrene, 
anthracene, fluoranthene, pyrene), while the extraction capacity of the treated solu-
tion was maintained. In fact, the solution was then reused for another SW step with 
only 5% lower PAHs removal from soil than the fresh SW solution [40].

4  Combination of Homogeneous and Heterogeneous 
Catalysis: Efficiency, Modeling, and Engineering Aspects

4.1  Efficiency of Combined Catalytic Processes

EAOPs involving both homogeneous and heterogeneous catalysis have been also 
investigated for SW treatment. Particularly, AO using BDD has been combined with 
various other processes such as electro-Fenton [22, 23, 26, 27, 45], sonolysis [46, 
49–51], or photolysis [44, 46, 49, 51–53]. By comparison to AO as a stand-alone 
process, such approach allows for providing an additional source of •OH and other 
oxidizing species in the bulk. Moreover, the activation of persulfate into sulfate 
radicals is also further promoted, thus increasing the effectiveness of mediated oxi-
dation in the bulk [44].
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4.2  Charge Transfer vs Mass Transfer Competition

Electrolysis is composed of three consecutive steps: (1) mass transfer of the target 
compounds from the electrolyte towards the electrode, (2) adsorption of the com-
pounds at the electrode surface and charge transfer during the electrochemical reac-
tion, and (3) mass transfer of the target compounds from the electrode towards the 
electrolyte. The kinetics of the global reaction therefore depends on the rates of 
mass transfer vs charge transfer. Based on this competition, the importance in oxi-
dation mechanism of homogeneous catalysis occurring in the bulk of electrochemi-
cal reactor and heterogeneous catalysis occurring at the surface of electrode can 
vary. It has been studied with SW solution containing Tween 80 as representative 
washing agent and at different initial COD (1.61, 12.1, and 23.3 g-O2 L−1) [54].

A mathematical model has been proposed on the basis of that developed by 
Comninellis’ team for AO processes in early 2000s [30, 55], and adapted for com-
bination between EF and AO with BDD, noted as EF-BDD and AO-BDD in this 
subsection. Three oxidation mechanisms have been considered: (1) advanced elec-
trooxidation (•OH) at anode surface, (2) advanced oxidation from (•OH) generated 
via Fenton reaction in bulk solution, and (3) mediated oxidation (SO4

•−, S2O8
2−, O3, 

etc.) at anode surface and in bulk solution. The model has been plotted in Fig. 4a 
against the experimental data of COD removal as a function of electrolysis time in 
a stirred batch reactor [54]. The critical time (tcr) has been identified as the time at 
which the global reaction order of the model changes corresponding to the change 
from charge transfer control to the mass transfer control. The tcr value is lower in 
EF-BDD than in AO-BDD. There are two production sites of •OH in EF-BDD as 
compared to AO-BDD, which makes faster the COD removal with former one. An 
interesting feature in this model is that the mass transfer coefficient is varying with 
electrolysis time due to the viscosity of solution that is decreasing when the surfac-
tant is progressively degraded, which makes more complicated the value of global 
reaction order [54]. In the aim at comparing the influence of the three different 
mechanisms of oxidation in EF-BDD cell, the evolution of their respective charac-
teristic times, representing the velocity of the reaction that is occurring, as function 
of electrolysis time has been plotted in Fig. 4b [54]. It highlights that AO mecha-
nism becomes predominant after several hours of treatment due to the decrease of 
mass transfer resistance as a function of time as well as due to electrooxidation at 
BDD anode which become more and more important. In addition, a new expression 
of global instantaneous current efficiency (ICEglobal) has been proposed in order to 
take into account the three oxidation mechanisms which could even fit with ICEglobal 
values higher than 1 (Fig. 4c) [54]. Both experimental and theoretical ICE values 
are based on the fact that COD is removed only due to electrooxidation at anode, 
which could explain the values higher than 1 in EF-BDD experiments.

The knowledge of the importance of the different oxidation mechanisms that 
occur in both processes allows identifying which of the heterogeneous or homoge-
neous oxidation is favored and therefore which mechanism must be improved. 
Reactor design studies become meaningful in this step as discussed in Sect. 4.3.
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Fig. 4 COD removal as a function of electrolysis time (a); competition between the different 
characteristic times of the processes involved (t_AO: advanced electro-oxidation, t_mediated: 

E. Mousset et al.
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4.3  Reactor Design: Towards Transfer Intensification

The selection of anode and cathode materials by taking into account the matrix 
effect according to the electrolyte to treat is an important preliminary achievement 
as shown in the previous sections. The reactor design is another important step to 
optimize the transfer and therefore the rate of (electro)chemical reactions occurring 
within the process. An optimized design would lead to less reagent consumption 
and a decrease of energy requirement, while the shape of electrode materials needs 
to fit with the design, which is primordial when considering the upscale of the pro-
cess to reduce the costs.

There are different categories of electrochemical reactor according to the electri-
cal connection, i.e., either monopolar system in which all electrodes are connected 
two by two or bipolar arrangement in which only the ends of electrode stack are 
connected and therefore polarizing each electrode within the stack [56]. In SW solu-
tion treatment application, the monopolar system has been preferred with lower cell 
potential—which is safer and requires less energy—as well as better homogeneity 
of current distribution [57].

The compartment separation is another criterion of electrochemical cell design. 
Undivided cell can be distinguished from the divided cell in which a separator is 
added between cathodic and anodic compartments [56]. Electrochemical treatment 
of SW solutions has been mainly performed in undivided cell [16]. In EF treatment, 
undivided cell allows for catalyst cycle of iron species.

The mode of operation can be either in batch or in continuous flow, and two 
kinds of reactor configuration can be proposed, i.e., stirred tank reactor or plug-flow 
reactor. The later configuration is assimilated to flow-by or flow-through reactors in 
electrochemical engineering [56]. Stirred tank reactor in batch mode has been pro-
posed in literature to treat SW solutions at laboratory scale (Fig. 5a) [22, 40, 58]. 
However, there are mass transfer limitations in such reactors. Therefore, flow-by 
reactors involving interelectrode distances in millimeter to centimeter range have 
been proposed (Fig. 5b) [59]. To better maximize the transfer phenomenon, flow- 
through cells in which the effluent is flushed through the electrodes have also been 
developed (Fig.  5c) [60–62]. Still, the conductivity of solution required is quite 
high, which means that a supporting electrolyte needs to be added unless the initial 
SW solution conductivity is high enough [35]. The excess of the electrolyte has to 
be removed before discharging the treated effluent to avoid the contamination of 
water bodies. The implementation of very short interelectrodes distance in the 

Fig. 4 (continued) mediated oxidation, t_Fenton: Fenton oxidation) as a function of the treatment 
time of EF-BDD experiments (b); global instantaneous current efficiency (ICEglobal) evolution (c). 
Condition: initial COD concentration at 12.1 g-O2 L−1 in a stirred batch reactor. AO-BDD (—/×) 
and EF-BDD (– – –/Δ); model (—/– – –) and experimental data (markers (×/Δ)). (Adapted with 
permission from [54]. Copyright 2019 Elsevier)
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micrometer range has been proposed in microfluidic device [63]. It allows reducing 
the cell resistance and therefore minimizing the conductivity requirement [64]. 
Another advantage is the reduction of energy consumption since the cell potential is 
diminished in this design. The efficiency between a flow-by cell with standard inter-
electrodes distance (3000 μm) and a microfluidic flow-through cell (400 μm inter-
electrode gap) has been compared [60]. The energy consumed at a similar removal 

Fig. 5 Different reactor configurations proposed during the electrochemical treatment of SW 
solution: (a) stirred batch reactor, (b) flow-by reactor, (c) flow-through reactor
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105

percentage was reduced by six times in the microfluidic reactor in a low-conductive 
media (1 mS cm−1), which represents a promising cost-effective approach.

5  Concluding Remarks

The main electrochemical technologies applied to SW solution treatments have 
been reviewed. The influence of main operating parameters and solution character-
istics as well as the process efficiency has been reported. The transfer intensification 
via modeling studies and reactor design optimization are also presented.

The impact of treated SW solution on ecotoxicity and biodegradability is another 
critical issue to be taken into account before discharging the effluent. Their evolu-
tions mainly depend on the kind of extracting agent, the matrix composition, current 
density, and electrolysis time [23, 33]. The trends often show a decrease of inhibi-
tion or increase of biodegradability after a lag phase at the beginning of the elec-
trolysis [23, 26]. This is attributed to the first organic intermediates such as 
hydroxylated aromatic compounds that are known to be toxic [26]. Then the aro-
matic ring is broken to form carboxylic acids that are easily biodegradable [33].

The energy requirement represents the most important part of operating costs of 
EAOPs technology. Therefore, efforts to reduce it are important. It is also meaning-
ful to consider the specific energy—expressed in kWh per kg of pollutant removed—
for process comparison and for sizing calculation. The faradic yield—corresponding 
to the ratio of energy devoted to degrade the pollutant with the total applied energy—
needs also to be optimized to reduce the energy consumed. Since the extracting 
agent represents an important part of the organic matter, these agents strongly 
impact on the faradic yield and therefore on the energy. In order to reduce it, some 
authors proposed the selective oxidation at low current density in anodic oxidation 
systems [40], while the combination of adsorption with EAOPs as a way to selec-
tively degrade the contaminants instead of extracting agents has been also suggested 
[65]. The next step would be to bring electrochemical-assisted soil washing tech-
nologies closer to industrial applications with further engineering studies for hybrid 
complementary process developments.
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Electrokinetic Soil Flushing
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1  Introduction

Human activities have led to contamination of air, waterbodies, soil, and groundwa-
ter. The contamination of soil and groundwater is mainly associated with mining 
activities, industry, the use of chemicals in agriculture and the lack of proper man-
agement of municipal, industrial, and hazardous waste. The contamination of soil 
has received less attention than the contamination of other media; however, it is a 
serious problem that affects ecosystems, public health, and the economic activities 
associated with the use of soil (agriculture, cattle rising, residential, recreational 
areas, etc.). The European Union was paying attention to the problem of soil con-
tamination, and it has issued regulations to protect the soil and to restore the con-
taminated sites. The European regulation stressed the need to adopt measures to 
prevent, limit, and reduce the impact of the human activities in soil [1, 2]. Moreover, 
it is necessary to develop feasible technologies for the remediation of contami-
nated sites.

The remediation of contaminated sites requires the application of physical, 
chemical, and/or biological processes to separate, remove, degrade, or eliminate the 
contaminants. Since late 1980s and early 1990s of the twentieth century, various 
innovative soil remediation technologies were developed and tested [3]. Despite the 
research and development during about 30 years, there is not still a reliable technol-
ogy for the remediation of contaminated sites. This is probably due to the complex 
geochemical interactions among soil components and contaminants. In this context, 
the electrochemical remediation of contaminated soils has been proposed as a new 
technology with the capacity of removing organic and inorganic contaminants, even 
in low permeability soils [4]. The studies at laboratory and field scale have proved 
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that electrokinetics is a practical technology for the remediation of contaminated 
soils, sediments, and sludge, especially for the removal of inorganic contaminants, 
such as heavy metals, metalloids, and inorganic anions. The remediation of con-
taminated sites with organic pollutants is more complex due to the hydrophobicity 
of most of the common organics. However, the operation of electrokinetics in the 
appropriate conditions with the use of facilitating agents may result in an effective 
removal and degradation of organic contaminants. The objective of this chapter is to 
present the scientific and technical bases of electrokinetic remediation and to give 
an overview of the capacity of this technology for the remediation of organic 
contaminants.

2  Basis of Electrokinetic Remediation

Electrokinetic remediation is an in situ technology specially designed and devel-
oped for the restoration of contaminated soils, sediments, and sludge. The electro-
kinetic process relies on the application of a low-intensity DC electric field directly 
to the soil to be remediated. The electric current induces the mobilization of the 
contaminants and their transportation toward the main electrodes, anode and cath-
ode. The electrodes are commonly installed in situ in a well filled with a processing 
fluid, typically water with chemicals that favor the removal of contaminants. The 
processing fluid is pumped out of the well and treated to remove or eliminate the 
contaminants. The processing fluid is recycled back to the well. Figure 1 depicts the 
in situ application of electrokinetics in a contaminated site [4].

The electrokinetic treatment of a contaminated soil is basically a separation pro-
cess. The electric field induces the mobilization and transportation of the contami-
nants by two main transport mechanisms: electromigration and electroosmosis. 
Electromigration is the transportation of ions toward the electrode of opposite 
charge. Cations, such as Cu2+, Pb2+, Na+, etc. will be transported toward the cathode 
(the negative electrode) and anions, such as CrO4

2−, F−, SO4
2−, etc. will be trans-

ported toward the anode (the positive electrode). Electroosmosis is the net flux of 
water through the soil induced by the electric field. The electroosmotic flow is the 
result of the interaction of ions in the interstitial fluid and the charged solid surface 
of the soil particles. These particles are usually negatively charged, and as a result, 
the electroosmotic flow goes from anode (−) to cathode (+). All the soluble con-
taminants in the interstitial fluid (water) can be removed from soil by electroosmo-
sis, including ionic and non-ionic contaminants. The electrokinetic studies have 
proved that electromigration is the main transport mechanism for ionic contami-
nants (heavy metals, inorganic anions, etc.), whereas electroosmosis is more effec-
tive removing non-ionic contaminants (organic compounds) from the soil [4].

The application of the electric current to a soil specimen also induces chemical 
reactions upon the main electrodes but also in the mass of soil. These reactions 
include solubilization, precipitation, neutralization, and redox reaction. The main 
reaction is the electrolysis of water upon the electrodes: oxidation of water in the 

C. Cameselle et al.



113

anode and reduction of water in the cathode (Eqs. 1 and 2). These reactions have an 
enormous influence in the solubilization and speciation of the contaminants because 
the hydronium ions generated at the anode and the hydroxyl ions generated in the 
cathode are transported through the soil modifying the soil pH. Any change in the 
pH of the soil and interstitial fluid affects the desorption of contaminants, the pre-
cipitation of metals, the ionization of organics, and in general, the speciation of the 
contaminants. The electrolysis of water is inevitable in a water–soil system, but the 
operation conditions can be adjusted to favor the pH conditions in the soil that 
enhance the mobilization of the target contaminants [4]. As an example, Ricart et al. 
[5] favored the acidification of soil specimen to enhance the mobilization of Mn 
from soil as Mn2+ and its transportation toward the cathode. On the contrary, Ottosen 
et al. [6] used ammonia to increase the pH of the soil specimen and mobilize the 
contaminant copper as [Cu(NH3)4]2−. These studies demonstrate that the under-
standing of the geochemistry of soils and contaminants is of utmost importance in 
electrokinetic remediation.
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Fig. 1 Schematic representation of an application of the electrokinetic remediation in a contami-
nated site
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3  Removal of Organic Contaminants by Electrokinetics

Electrokinetic remediation was initially tested for the restoration of soils contami-
nated with heavy metals and other ionic inorganic contaminants; however, later 
studies have proved that the electrokinetic treatment can also be satisfactorily 
applied to soils contaminated with organic contaminants. The main transport mech-
anism for ionic contaminants is electromigration, especially at high contaminant 
concentrations. At low concentrations, electroosmosis may also play a significant 
role in the removal of ionic contaminants. In the case of organic contaminants, the 
main transport mechanism is electroosmosis because most of the organic contami-
nants are non-ionic, and they are not affected by the presence of an electric field. 
Some organic molecules are ionic or ionizable in the soil under the electrokinetic 
treatment conditions. These molecules can be transported through the soil porous 
matrix by electromigration. The relative contribution of electromigration and elec-
troosmosis to the transportation of a specific compound depends on the chemical 
nature of the compound, its concentration in the soil, the characteristics of soil and 
water content. It has been proved that ion migration if about 10–300 times higher 
than electroosmosis. In the case of non-ionic organics, they can be removed by soil 
flushing in high permeability soil, but in low permeable soils, the hydraulic flow is 
negligible. It is in this case where electroosmosis plays a prominent role in the trans-
portation of non-ionic contaminants. The operating condition of the electrokinetic 
treatment must be adjusted to favor and maintain a high electroosmotic flow in the 
soil. However, electroosmosis is very much affected by the physicochemical condi-
tions of soil, ionic concentration in the interstitial fluid, and pH. The acidification of 
soil in the electrokinetic treatment operated at constant electric potential provokes 
the drop in the soil zeta potential and the decrease of electroosmotic flow.

The capacity of electrokinetic remediation to remove organic contaminants has 
been tested with a variety of organic compounds of environmental concern. These 
compounds include hydrophobic and toxic organics such as polycyclic aromatic 
hydrocarbons (PAHs), polychlorinated organic compounds (PCBs), pesticides, her-
bicides, and energetic compounds. Considering that the most toxic, persistent, and 
dangerous organic contaminants are non-ionic or non-ionizable, electromigration 
does not play a role in the removal of these compounds, and only electroosmosis is 
able to remove non-ionic organic contaminants. However, the mass transport by 
electroosmosis implies the solubilization of organics in the interstitial fluid, water. 
The solubility in water of most of organic contaminants of concern is very low or 
even completely insoluble. The removal of organics by electroosmosis requires the 
addition of facilitating agents that enhance the solubility of the organic contami-
nants in water. This facilitating agents includes surfactants, co-solvents, cyclodex-
trins, and others. Other approaches to achieve an effective removal of elimination of 
organics imply the combination of electrokinetics with other remediation technolo-
gies such as chemical oxidation, chemical reduction, permeable reactive barriers, or 
electrolytic reactive barriers [4].
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4  Electrokinetic Removal of Soluble Organics

The dye reactive black 5 is an organic compound commonly used in the textile 
industry and dyeing processes. This compound is toxic for living organisms, and it 
can be found in the discharge effluents of the textile industry. Once released to the 
environment, this compound can be adsorbed and retained in soils and sediments. 
The chemical structure of the reactive black 5 (Fig. 2) shows a complex molecule of 
an azo dye with four aromatic rings and four sulfonic groups. The complex structure 
of the azo dye explains why this molecule is difficult to degrade, as well as its nega-
tive effect in the environment that may last for long time. The sulfonic groups con-
fers to the molecule the necessary polar characteristics to explain its solubility in 
water. Overall, reactive black is a toxic compound, difficult to biodegrade, and it is 
soluble in water, which increases its bioavailability and toxicity.

The removal of reactive black 5 from soils and sediments by electrokinetics is 
quite challenging because it is necessary to desorb the molecule from the solid 
matrix (soil or sediment) and then transport the molecule by electromigration or 
electroosmosis to be accumulated in the electrode chambers. The desorption of 
reactive black 5 from soil can be achieved using potassium sulfate in the processing 
fluid in anode and cathode. Potassium sulfate is transported into the soil specimen 
by electromigration and electroosmosis. The ionic exchange of K+ with reactive 
black molecules allows for desorption of the dye from the solid matrix. Once the 
molecule of reactive black 5 was in solution in the interstitial fluid, it can be trans-
ported by electroosmosis and electromigration toward the electrode chambers. The 
pH of the soil (and the interstitial fluid) is also important in the speciation of the 
molecule and its transportation by electrokinetics. As it is shown in Fig. 2, reactive 
black 5 has four sulfonic groups that confer to the molecule the characteristics of a 
weak acid. In neutral or acid environment, reactive black 5 remains as a neutral 
molecule, but in alkaline environment, the molecule is ionized forming an anion 
with four negative charges. The different speciation of reactive black 5 in acid or 
alkaline pH can be used to favor its transportation by electromigration or electroos-
mosis. When the pH is alkaline, the anion of reactive black 5 can be transported by 
electromigration toward the anode. In neutral acid environment, reactive black 5 

Fig. 2 Chemical structure 
of reactive black 5
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remains as neutral molecule, and only electroosmosis could be effective in its 
removal from soil.

The pH of the soil specimen can be modified by the electrokinetic process. The 
electrolysis of water tends to acidify the pH close to the anode and alkalinize the soil 
close to cathode. If the reduction of water in the cathode is suppressed by the con-
trolled addition of an acid, the soil is acidified by the hydronium ions electro- 
generated in the anode. Conversely, the addition of sodium hydroxide in the anode 
suppress the formation of H+ ions, and the hydroxyl ions generated in the cathode 
electro-migrates through the soil specimen increasing the pH. In the study for the 
electrokinetic removal of reactive black 5 [7] very different results were obtained 
depending on the soil pH. The direct application of the electric field with no pH 
control in the electrode chambers resulted in no significant removal of reactive 
black 5 from soil. The dye remained adsorbed to the soil. In a second experiment, 
the OH− ions in the cathode were neutralized by the controlled addition of sulfuric 
acid. The acid pH in the soil kept the reactive black 5 as a neutral molecule. No 
transportation or removal of reactive black 5 was observed in these conditions. The 
molecule is too big to be transported through the porous matrix of kaolinite by elec-
troosmosis, and it probably remained adsorbed to the soil in acidic pH conditions. 
However, the electrokinetic treatment with the neutralization of the acid environ-
ment with the addition of NaOH in the anode resulted in a complete removal of 
reactive black 5 from soil. In these conditions, the soil pH was alkaline due to the 
electromigration of OH− generated in the cathode. The alkaline environment in the 
soil favored the desorption of reactive black 5 (in the presence of potassium sulfate). 
However, the most important effect of the alkaline pH is the ionization of the mol-
ecule of reactive black 5. At pH higher than 7, reactive black 5 forms an anion with 
four negative charges than can be electromigrated toward the cathode. Figure  3 
shows the electromigration of reactive black 5 toward the anode. The transportation 
of the dye is evident in the picture sequence. After 5 days of treatment, all the dye 
was accumulated in the anode chamber. Then, reactive black 5 was degraded by 
anodic oxidation. This study combined electrokinetic transport and electrochemical 
oxidation to remove reactive black from soil and its degradation in the anodic solu-
tion. This is a good example of the strategic use of chemistry and electrokinetic 
transport to achieve a complete remediation of the contaminated soil and the degra-
dation of the contaminant simultaneously in the same experimental setup.

5  Electrokinetics with Co-solvents

The main limitation of the electrokinetic remediation of soils with organic contami-
nants is the low solubility of the contaminants in water. Hydrocarbons, trichloroeth-
ylene, pesticides, and energetic compounds usually show very low solubility in 
water that makes difficult the removal of these compounds in contaminated soils. 
The transport mechanisms in electrokinetics are electromigration and electroosmo-
sis, and both mechanisms require that the contaminants are in solution in the 
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interstitial fluid. The fluid in the pores of soil is always water in in situ applications. 
As a result, the remediation of hydrophobic organics by electrokinetics needs the 
addition of facilitating agents that increase the solubility of the target contaminant 
in the interstitial fluid. One possibility to enhance the solubility of organics is the 
use of a co-solvent in the processing fluid.

Fig. 3 Electrokinetic 
remediation of kaolin 
specimen contaminated 
with reactive black 5
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The co-solvent for the enhanced electrokinetic remediation of organics in soil 
need to be carefully selected based on technical, environmental, and legal aspects. 
The co-solvent has to show an important solubility toward the target contaminant to 
assure fast and effective desorption and solubilization of the contaminants. 
Moreover, the co-solvent has to be miscible with water since water is always present 
in soil in in situ applications. The co-solvent must be safe for the environment, with 
minor environmental impact in the soil and groundwater, and it must be recovered 
from the soil after the remediation process. The use of co-solvents with water also 
provokes some technical limitations in the application of electrokinetics. The solu-
bility of salts in the interstitial fluid decreases due to the presence of organic co- 
solvents, so the electric conductivity of the soil decreases too with the subsequent 
impact in the electrokinetic transport of the contaminants in soil. The co-solvent 
also affects the interaction between the soil surface and the interstitial fluid and may 
change the viscosity of the processing fluid. These two aspects have a major impact 
in the development of the electroosmotic flow, which is the main transport mecha-
nism for organic contaminants. The use of a co-solvent may have two opposite 
effects: increases the contaminant solubility and decreases electroosmosis, and the 
combined result of the two effects may even be negative for the removal of the 
contaminants.

Various studies in the literature have tested the use of co-solvents for the removal 
of phenanthrene, an aromatic polycyclic hydrocarbon widely studied as a persistent 
and hydrophobic contaminant [8–10]. The electrokinetic treatment using water as a 
processing resulted in no removal of phenanthrene, independently of the pH of the 
soil. Various organic co-solvents were tested to enhance the solubility of phenan-
threne in the processing fluid. The tested co-solvents include ethanol, n-butanol, 
n-butylamine, tetrahydrofuran, or acetone. The mobilization and removal of phen-
anthrene from soil were evident with the use of co-solvents, specially n-butylamine 
that resulted in the removal of 43% of phenanthrene in 127 days from a model soil 
specimen. The removal may be enhanced avoiding the acidification of soil due to 
the electrolysis of water in the anode, or enhancing the electroosmotic flow with the 
operation of higher voltage gradient (2 V/cm) or with a periodic voltage application 
(5 days on: 2 days off). The combined benefits of the enhanced electroosmosis and 
the contaminant solubilization with the co-solvent resulted in the effective removal 
of phenanthrene from soil [11].

6  Enhancing Solubility with Surfactants

The solubility of hydrophobic organics in soil remediation may be enhanced with 
the use of surfactants in the processing fluid in the electrode wells or chambers. The 
electrokinetic transport phenomena introduce the surfactants in the soil solubilizing 
the organic contaminants. Then, the solubilized organics can be transported out of 
the soil by electroosmosis. The combination of the electroosmotic flow and the 
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solubilization of organics with surfactants is a practical approach for the electroki-
netic removal of organic contaminants.

Surfactants are a group of chemical compounds with the capacity to modify the 
surface tension of water. The interest of using surfactants in soil remediation is their 
capacity to decrease the interfacial tension of water, increasing the solubility in 
water of hydrophobic organic contaminants. The molecules of surfactants include a 
hydrophilic group in one end of the molecule and a hydrophobic group in the oppo-
site end. Surfactants are soluble in water due to the activity of the hydrophilic group. 
At the same time, the hydrophobic group assures the interaction with the organic 
contaminants in soil. Surfactants in water tend to form spherical structures called 
micelles. The micelles are formed with the surfactant molecules oriented with the 
hydrophilic group to the external part of the sphere and the hydrophobic group ori-
ented to the inner part of the sphere. The inner space in the sphere is a hydrophobic 
environment very appropriate for the solubilization of the organic contaminants. 
Surfactants only form micelles when the concentration of surfactant in the intersti-
tial fluid reach a specific critical micelle concentration (CMC). It means that the 
dose of surfactant to the soil needs to be adjusted to reach that specific CMC; lower 
concentrations are not appropriate for the effective solubilization of the organic 
contaminants [10].

Surfactant compounds can be classified into four groups considering the electric 
charge in the molecule. The four groups are neutral, cationic, anionic and zwitter-
ionic. The latter are molecules that include positive and negative charges at the same 
time in the chemical structure of the molecule. In general, cationic surfactants are 
not effective in soil remediation application due to the electronegativity of the soil 
particles. The cationic surfactants tend to interact with soil particles, lowering the 
mass transportation and, therefore, their efficiency in contaminant solubilization. 
The most common surfactant in soil remediation are anionic and cationic mole-
cules. Zwitterionic surfactants were also tested in soil remediation. The most impor-
tant factor in the selection of a surfactant for an in situ application, apart from the 
contaminant solubilization capacity, is the toxicity for the soil microflora. This is the 
reason why the most interesting surfactants for soil remediation are natural com-
pounds or biosurfactants. These compounds shows minor environmental impact, 
and they are easy to degrade after the remediation process [12].

Some examples of electrokinetic studies of contaminated soils with hydrophobic 
organics includes compounds such as phenanthrene, DDT, diesel hydrocarbons, 
dinitrotoluene, hexachlorobenzene, and others. These compounds were mobilized 
with the use of various surfactants: Sodium dodecyl sulfate (SDS), Brij 35, Tween 
80, Igepal CA-720, Tergitol, and others. The removal efficiency of the target con-
taminants in electrokinetic applications with water as processing fluid was negligi-
ble. The contaminants remained adsorbed to the soil particles and were not mobilized 
in the testing conditions. However, the use of surfactants increases the removal effi-
ciency over 80% at lab scale tests with various model and real soils [13, 14]. 
Phenanthrene was the target contaminant in a study by Reddy and Saichek [9]. 
Phenanthrene is a low solubility organic compound classified as “acute toxicity, 
category 4” in the globally harmonized system. In the unenhanced electrokinetic 
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treatment using water as processing fluid, an important electroosmotic flow was 
registered. Despite the large electroosmotic flow, there was no removal of phenan-
threne. Three surfactants were used to improve the solubility of phenanthrene in the 
interstitial fluid; Tween 80, Witconol, and Igepal CA-720. The addition of the sur-
factants in the interstitial fluid resulted in a significant decreasing of the electroos-
motic flow. This decreasing was due to the increasing viscosity of the interstitial 
fluid, the different interaction with the soil particle surface and the lower electric 
conductivity. However, the removal of phenanthrene in the cathodic solution clearly 
increased despite the lower electroosmotic flow. This was due to the important solu-
bilization of the phenanthrene in the interstitial fluid. Other variables that affect the 
solubilization and removal of phenanthrene are the soil pH, the ionic strength of the 
interstitial fluid, and the geochemical characteristics of soil. These variables mainly 
affect the development of the electroosmotic flow. The acidification of soil by the H+ 
ions electrogenerated at the anode tend to decrease and even suppress the electroos-
motic flow. The acidification of soil is only important in soils with low buffering 
capacity. In any case, the use of a buffering solution in the anode chamber or the 
controlled addition of NaOH in the anode may help to avoid the acidification of soil 
[10, 11]. Overall, the effective removal of phenanthrene may be achieved by the 
combination of a surfactant and maintaining a high electroosmotic flow. Various 
strategies were tested to increase the electroosmotic flow: the operation at higher 
voltage gradients (2 V/cm) or use a periodic application of the voltage gradient, 
with 5 days on and 2 days off. The off time was used to let reactions to occur in the 
soil sample. The periodic voltage application resulted in about 90% of the phenan-
threne removed on the cathode solution [11].

7  Selective Complexation with Cyclodextrins

Cyclodextrins are a family of compounds with a special structure in the form of a 
truncated cone. They are composed of glucose units, forming three different cyclo-
dextrins namely α-cyclodextrin (6 units of glucose), β-cyclodextrin (7 units of glu-
cose), and γ-cyclodextrin (8  units of glucose). These compounds are soluble in 
water due to the hydrophilic interaction of the –OH groups on both the ends of the 
cone. At the same time, the inner cavity of the cyclodextrin molecule shows a hydro-
phobic behavior that is very appropriate to allocate non-polar and hydrophobic 
organic contaminants. The size of the inner cavity of cyclodextrin depends on the 
number of glucose units that form the molecule. The inner cavity of the α-cyclodextrin 
is 0.45–0.53 nm, β-cyclodextrin is 0.60–0.65 nm, and γ-cyclodextrin is 0.75–0.85 nm. 
The cyclodextrins show a selective behavior based on the size of the organic mole-
cule that can be allocated in the inner cavity. The cyclodextrin used in each applica-
tion can be selected based on the target contaminant and some selective solubilization 
and removal can be observed based on the size of the contaminant molecules.
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Various studies have used cyclodextrins in soil remediation applications for the 
removal of contaminants such as phenanthrene [15], dinitrotoluene [16], the herbi-
cide atrazine [17], and other contaminants [18] in kaolinite-spiked specimens and 
real soil samples. The use of cyclodextrins resulted in better removal of the target 
contaminants compared with the unenhanced electrokinetic treatment. However, the 
removal results with cyclodextrins are usually lower than that with surfactants, or 
other remediation technologies (zero iron nanoparticles, in situ chemical oxidation, 
etc.). The activity of cyclodextrins can be enhanced with their combination with 
other removal enhancing options. As an example, the combined use of cyclodextrins 
and ultrasounds [19] and cyclodextrins and chemical oxidation with hydrogen per-
oxide [20] was tested with a significant improvement in the remediation results of 
hexachlorobenzene and phenanthrene in kaolinite model soils. An additional aspect 
to be considered in the use of cyclodextrins is the high cost of these compounds and 
the difficulty in their recovery from soil in in situ applications. Overall, the limited 
capacity for organics removal, compared to other remediating alternatives, and the 
high cost of the compound, result in not good perspectives in contaminated site 
applications.

8  Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAH) have received a lot of attention in soil 
remediation studies. These compounds show a structure based on the condensation 
of aromatic rings. The most common PAHs studied were phenanthrene and anthra-
cene. These compounds are insoluble and tend to absorb in the soil. Due to these 
characteristics, PAH are not be removed by electrokinetics in an enhanced test using 
water as processing fluid. The strategies to improve the electrokinetic removal 
include the use of facilitating agents that increase the solubility of PAHs in the pro-
cessing fluid. The most common facilitating agents are surfactants, biosurfactants, 
co-solvents, and cyclodextrins. As a result, PAHs can be removed from soil based 
on the combined effect of the solubilization by the facilitating agents and the trans-
portation toward the cathode by electroosmosis. However, the use of facilitating 
agents (surfactants, co-solvents, etc.) also affects the physicochemical properties of 
the processing fluid and its interaction with the soil particle surface. These changes 
in the chemistry of soil have an enormous effect in the development and mainte-
nance of the electroosmotic flow, and hence the removal results will be affected. The 
pH in the electrode chambers and in the soil must be monitored to avoid the soil 
acidification that tend to suppress the electroosmotic flow. The periodic voltage 
application or the use of higher potential gradients may help in the development of 
the electroosmotic flow. Overall, the combined effect of the electroosmotic flow and 
surfactants as solubilizing agent results in very effective remediation of soils con-
taminated with PAH [21].
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9  Chlorinated Aliphatic Hydrocarbons, Chlorophenols, 
and Chlorobenzenes

This group of organic contaminants is characterized for its toxicity toward aquatic 
organisms and soil microflora. The most common representative of this group is the 
trichloroethylene (TCE); other common soil contaminants of this group are chlori-
nated aliphatic hydrocarbons: pentachlorethylene (PCE), trichloroacetate (TCA), 
and trichlorethylene (TCE); chlorophenols: pentachlorophenol; and chloroben-
zenes: PCB (polychloro biphenyls). TCE is found as a soil contaminant due to the 
lack of proper management of TCE wastes. This compound is relatively more solu-
ble in water (1.280 g/L of TCE) than other components of this group. This means 
that contaminant TCE in soil can be mobilized to contaminate ground water and 
surrounding areas. The removal of chlorinated organics from soil is difficult due to 
the tendency to adsorb in the soil. However, some components of this group can be 
dissociated, so electromigration also plays a role in the transportation during the 
electrokinetic treatment. The removal of chlorinated organics from soil by electro-
kinetics requires the use of solubilizing agents due to the low solubility of these 
compounds in water. The solubilizing agents are surfactants and co-solvents. Yuan 
and Weng [22] reach a complete removal of ethylbenzene with the use of SDS 
(sodium dodecylsulfate) as a surfactant in the anodic solution. The authors claimed 
that the surfactant aided electrokinetic treatment was cost-effective, and it can be 
considered as a suitable method for large-scale applications.

10  Herbicides and Pesticides

The continuous use of pesticides and herbicides in agriculture resulted in the con-
tamination of many agricultural fields. Common contaminants found in agricultural 
soils are the pesticides: DDT, aldrin, dieldrin, and endrin; and the herbicides: atra-
zine, molinate, and bentazone. These compounds tend to adsorb to the soil. 
Therefore, it is not possible to remove these contaminants from soil by an unen-
hanced electrokinetic treatment using water as processing fluid. It is not possible to 
remove many of those pesticides by electromigration because they form neutral 
species, and electroosmosis is ineffective due to the negligible solubility in water. 
The typical approach to remove these contaminants imply the use of surfactants to 
desorb the contaminants from soil and the subsequent removal by electroosmosis. 
Suanon et al. [23] reported the effective removal of organochlorine pesticides from 
a historically contaminated soil. These authors claimed to remove 50% of DDT and 
77% of hexachlorobenzene in 15  days using the surfactant Triton X-100  in the 
anodic solution. The electrokinetic removal of the herbicides, molinate and ben-
tazone, from soil, was studied by Ribeiro et  al. [24]. These two herbicides were 
removed from soil by a combination of electromigration and electroosmosis. 
Molinate was concentrated in the cathodic solution. Both transport mechanisms, 
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electromigration and electroosmosis, contributed to molinate transportation. 
Conversely, bentazone was accumulated in the anode and in the cathode depending 
on the electrokinetic conditions. At high electric density conditions, the transport of 
bentazone was faster than electroosmosis and bentazone was accumulated in the 
anode chamber. At low electric density conditions, the transport by electroosmosis 
was more effective and bentazone was accumulated in the cathode compartment. 
These results proved the importance of the geochemical interactions of soil- 
interstitial fluid-contaminant and their effect on the transportation of the contami-
nants out of the soil.

11  Nitroaromatic Compounds

Manufacture and use of ammunition are the causes of the contamination of soil with 
a specific group of contaminants called energy compounds. In this group, the most 
relevant contaminating substances are nitroaromatic compounds (TNT, DNT, and 
RDX). These compounds show a good affinity for organic matter and clay minerals. 
Therefore, they tend to remain adsorbed to the soil. Moreover, these compounds 
show non-polar molecules and low solubility in water. Removal of these compounds 
from soil by electrokinetics requires the use of solvents or surfactants to enhance the 
solubility in the interstitial fluid. Kessler et al. [25] showed that removal of DNT can 
be enhanced with cyclodextrins (CD) and cyclodextrin derivatives such as 
carboxymethyl-β-CD, amino-β-CD, and hydroxypropyl-β-CD. Further research is 
required in this field to find suitable and effective solubilizing agents for a complete 
removal of energetic compounds in contaminated soils.

12  Mixtures of Heavy Metals and Organic Pollutants

Contaminated sites often contain a mixture of contaminants including heavy metals 
and organics. The remediation of these sites by electrokinetics is challenging due to 
the different physicochemical characteristics of the contaminants and the different 
behavior under electrokinetic test conditions [26]. In general, heavy metals and 
other inorganic contaminants form ions that can be transported by electromigration. 
Conversely, organic contaminants are usually neutral species and show very low 
solubility in water, and their transportation is mainly by electroosmosis. The pH 
conditions in soil play a key role in the solubilization and removal of heavy metals. 
Cationic metals (Cd2+, Cu2+, Pb2+, etc.) can be solubilized at acidic pH favoring the 
advance of the acid front from the anode and neutralizing the alkaline environment 
of the cathode with the controlled addition of an acid. The penetration of OH− ions 
in the soil from the cathode may also be avoided with cationic exchange mem-
branes. The use of complexing agents in the processing fluid is an alternative option 
to keep the metals in solution and avoid their precipitation in the alkaline 
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environment close to the cathode. Anionic metals (CrO4
−, etc.) can be mobilized at 

alkaline pH due to the reduced adsorption of the metal anions to the soil. On the 
other hand, organic contaminants require the addition of solubilizing agents to 
increase the solubility in water. The operating conditions of the electrokinetic treat-
ment must be adjusted to favor the electroosmotic flow. The combined effect of the 
solubilizing agents and high electroosmotic flow results in the effective removal of 
the organic contaminants. However, the electroosmotic flow may be largely affected 
by the pH changes, especially the acidification in soil. When the pH of soil decreases 
and reaches acidic values, the electroosmotic flow sharply decreases and even 
reverses due to the change of the soil surface charge from negative to positive. As a 
result, the simultaneous removal of both heavy metals and organics is not always 
possible [27].

Various methods and processes have been developed for the sequential removal 
of organics and heavy metals from soils. Elektorowicz and Hakimipour [28, 29] 
developed the so-called SEKRIOP process that uses surfactants to dissolve hydro-
carbons and EDTA to mobilize metals in the electrokinetic treatment of contami-
nated soils. This technology uses cationic exchange membranes in the cathode to 
retain free cationic metals transported by electromigration. The anionic complexes 
of heavy metals with EDTA are retained in anionic exchange membranes is the 
anode. This method resulted in very good removal ratios of heavy metals and hydro-
carbons when used in model soils at lab scale. However, the SEKRIOP technology 
did not show such a good performance when processing actual soil specimens from 
contaminated sites with heavy metals and hydrocarbons. The research was then 
focused in improving the removal ratio, the treatment time, and the adequate man-
agement of the wastes from the electrode solutions [30].

13  Coupled Electrokinetic-Chemical Oxidation/Reduction

The coupled technology electrokinetic remediation with chemical oxidation/reduc-
tion is an interesting alternative to the treatment of contaminated soils with organic 
contaminants. The main limitation of organic contaminants is the low solubility in 
the processing fluid (water). That is the reason for the difficulty in removing organ-
ics by electrokinetics. The remediation by in situ chemical oxidation does not 
require the mobilization and transportation of the organic contaminants. In this 
technology, the contaminants are degraded in the soil by the action of chemical 
oxidants. The contaminants are transformed in smaller molecules, typically less 
toxic and harmful than the original contaminants. Eventually, the organic contami-
nants are completely oxidized to carbon dioxide and water. The limitation of chemi-
cal oxidation is the effective delivery of the oxidant in to the soil, especially in low 
permeability soils. It is exactly here where the combination of electrokinetics and 
chemical oxidation may result in a synergistic effect to achieve a fast remediation. 
In the coupled technology electrokinetic chemical oxidation, the electrokinetic 
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transport phenomena are used to introduce into the soil the oxidants. Depending on 
the chemical nature of the oxidants, these reagents are dissolved in the anodic solu-
tion or the cathodic solution, and they are transported into the soil by electromigra-
tion or electroosmosis. As an example, permanganate and persulfate can be 
transported into the soil by electromigration from the cathodic solution, whereas 
hydrogen peroxide has to be added to the anodic solution and transported by elec-
troosmosis into the soil because hydrogen peroxide is a neutral molecule. Other 
chemical reactants can be used for the degradation of the organic contaminants by a 
reductive chemical process to obtain less toxic organics. For example, the reductive 
dechlorination of organochloride pesticides or chlorinated solvents is based on the 
removal of chloride ions from the organic molecule, resulting in much less toxic 
products than can be degraded by monitored natural attenuation [31].

Yukselen-Aksoy and Reddy [32] tested the electrokinetic delivery of persulfate 
in a contaminated soil with PCB. Sodium persulfate is one of the common oxidizing 
agents used in environmental applications. The standard reduction potential of per-
sulfate is 2.7 V, which assures the oxidation of organic contaminants. In this study, 
persulfate was added to the anodic solution, and it was transported into the soil by a 
combination of electromigration and electroosmosis. Persulfate needs to be acti-
vated to be able to degrade the organic contaminants. The activation in electroki-
netic can be done by temperature or pH. Persulfate requires a minimum of 45 °C to 
be activated or a pH below 4. Those conditions can be achieved in electrokinetics 
adjusting the electric field intensity and favoring the advance of the acid from elec-
trogenerated in the cathode. These authors reported that about 78% of PCB in the 
kaolinite soil specimen was degraded by persulfate activated by temperature and pH.

Oonnittan et al. [20, 33] tested the in situ chemical oxidation of hexachloroben-
zene (HCB) contaminated soils. These authors used hydrogen peroxide as chemical 
reagent added to the anolyte solution. Hydrogen peroxide was transported into the 
soil by electroosmosis and attacked the organic contaminant in a Fenton-like pro-
cess where the iron content in the soil was sufficient to activate the H2O2 for the 
generation of hydroxyl radicals (˙OH). The Fenton reagent can be deactivated at 
alkaline pH, so it is important to maintain the pH of the soil below 7 to assure an 
effective reaction of the hydrogen peroxide over the HCB. At alkaline pH, H2O2 
decomposes in water and oxygen and does not form ˙OH radicals. In acid condi-
tions, about 60% of HCB was eliminated from the soil in 10 days. The removal 
efficiency may be improved increasing the treatment time and controlling the soil 
pH in the optimum range for Fenton reaction (slightly acidic pH).

14  Nanoparticle Transport by Electrokinetics

The use of zero valent iron in environmental applications grew very fast due to its 
high capacity to reduce and degrade a variety of contaminants. One of the most 
interesting application of zero valent iron is the catalysis of reductive dechlorination 
of organic compounds such as trichloroethylene, pentachlorophenol, 
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hexachlorobenzene, and others. The use of zero valent iron in the form of nanopar-
ticles largely increases its activity and its application in environmental remediation. 
Reddy and Karri [34] tested the use of iron nanoparticles with electrokinetics to 
remove pentachlorophenol. In the coupled technology, the electrokinetic process is 
used as a driving force to introduce the nanoparticles in soil. The transportation of 
the nanoparticles is carried out by electroosmosis. The nanoparticles can be added 
to the anodic solution, but the oxidative environment in the anode may affect the 
stability of the nanoparticles. To avoid such effect, the addition of the nanoparticles 
is commonly done in the soil or in an additional chamber separated from the anode. 
In the study by Reddy and Karri [34], the advance of the nanoparticles through the 
soil specimen was followed by analyzing the increase in iron concentration. This 
method does not assure that the zero valent iron was transported as nanoparticles. 
The concentration of pentachlorophenol decreases at the end of the treatment by 
about 50% in the soil specimen. A complete removal of pentachlorophenol was 
found in the cathode side due to the combined effect of nanoparticles and reductive 
dechlorination. In order to improve the remediation results, it is necessary to favor 
the transportation of nanoparticles through the soil. The main limitation for an 
effective transportation of iron nanoparticles is their tendency to interact among 
them, to aggregate, and to settle very fast. Moreover, the high reactivity of iron 
nanoparticles results in their premature oxidation. Cameselle et al. [35] studied the 
zeta potential of iron nanoparticles and the influence of groundwater in the electro-
kinetic behavior. These authors have proposed the use of dispersants in the addition 
of iron nanoparticles to soil in order to avoid premature aggregation and settlement. 
Cameselle et al. [35] concluded that aluminum lactate showed good properties in 
the dispersion of iron nanoparticles in large-scale applications for the removal of 
organochloride contaminants. Other microscale and nanoscale particles, including 
bimetallic particles with copper and iron, or palladium and iron, were tested in the 
dechlorination of organic contaminants. Zheng et al. [36] proved the good activity 
of Cu/Fe nanoparticles in the complete removal of hexachlorobenzene, whereas the 
Pd/Fe nanoparticles showed only 60% removal in the study by Wan et al. [37].

15  Coupled Electrokinetic-Permeable Reactive Barriers

Permeable reactive barriers (PRB) have been satisfactorily used for the remediation 
of contaminant plumes in groundwater. PRB are a passive remediation system 
installed in the path of groundwater. Basically, a PRB is a trench in the path of 
groundwater filled with a reactive material. The contaminants in the groundwater 
are absorbed or react with the filling material of the PRB. The reactive filling mate-
rial must be carefully selected to remove the target contaminants. In the case of 
organic contaminants, hydrocarbons and organochlorides, zero iron nanoparticles 
are preferred for their capacity to degrade organics and to decrease the toxicity of 
the contaminants by reductive dechlorination. Activated carbon can be used for the 
removal of organics and heavy metals. Precipitations reagents, calcium carbonate, 
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can be used for the neutralization and precipitation of heavy metals in the ground-
water. The PRB have to be designed to receive all the flow of groundwater, avoiding 
bypass. A PRB with a hydraulic conductivity much higher than the surrounding soil 
assures the flow of groundwater through the PRB. This technology is, in general, 
practical and affective in the removal of contaminants. Moreover, the operation 
costs and maintenance are minimal. A well-designed PRB may operate for a year 
with minor supervision.

A modification of the PRB is the electrokinetic barriers, which consist of a series 
of electrodes around a contaminated area or in front of the advance of contaminated 
groundwater. The electrodes are arranged in rows perpendicular to the direction of 
the groundwater flow. The depth of the electrodes must be at least coincident with 
the depth of the contaminated area. The electric current is established within the soil 
by the alternation of anodes and cathodes, which are connected to independent 
hydraulic circuits to adjust the most suitable conditions for the anolyte and the 
catholyte (pH, addition of solubilizing or complexing agents). Periodically, the con-
taminants in the electrolytes are removed by different techniques such as adsorption 
and ion exchange.

15.1  Electrokinetic Bio-barriers

Electrokinetic bio-barriers are basically electrokinetic barriers designed to contain 
pollutants and promote their biodegradation, both in soils and in groundwater. This 
technology consists of the installation of a row of anodes and cathodes perpendicu-
lar to the direction of the groundwater flow. A series of wells sandwiched between 
anodes and cathodes are also drilled and used to inject the nutrient solutions such as 
nitrogen, phosphorous, and substances capable of supplying oxygen to the medium. 
The chemical species that make up the nutrients are electrically charged and can 
therefore be dispersed through the soil homogeneously by electromigration. The 
organic pollutants present in the soil and transported by the groundwater are 
degraded at the level of the bio-barrier and downstream, thanks to the microbial 
activity favored by the supply of nutrients and oxygen.

15.2  Reactive Electrolytic Barriers

The electrolytic reactive barriers consist of two rows of electrodes (anodes and cath-
odes) very close to each other with a permeable filler material between both rows of 
electrodes. The barrier is installed in a trench perpendicular to the direction of the 
groundwater flow so that it intercepts the advance of contaminants carried by the 
groundwater (similar to reactive permeable barriers). A low electrical potential is 
applied to the electrodes that induces oxidation conditions at the anodes and reduc-
tion conditions at the cathodes. This system allows the transformation or 
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degradation of pollutants by redox reactions into new products that are less toxic or 
dangerous for the environment. A wide range of redox contaminants such as arse-
nic, chlorinated hydrocarbons (TCE, TCA), and energy compounds (TNT and 
RDX), including mixtures of contaminants (difficult to treat with other technolo-
gies), can be treated with electrolytic barriers. This approach offers several advan-
tages including: (1) the effective degradation of contaminants and reaction 
intermediates through oxidation and sequential reduction, (2) controlling the forma-
tion of contaminant precipitates through periodic inversion of the electrode poten-
tials, (3), the contribution of chemical products is not necessary for the transformation; 
(4) simple operation, and (5) low operating cost. This technology has shown very 
good results in the treatment of soils and groundwater contaminated with chro-
mium or TCE.

16  Bioelectroremediation

Electrokinetics can be combined with bioremediation to achieve a synergistic effect 
in the remediation of soil contaminated with organics. Bioremediation uses the 
capacity of the soil microflora to degrade the organic contaminants in situ. The main 
limitation of the biological degradation in the bioavailability of the contaminants. 
Electrokinetics may be used to mobilize and increase the availability of the con-
taminants. The electric field favors the desorption of the contaminants to be dis-
solved in the interstitial fluid, and transport the contaminants out of small pores 
where the microorganisms cannot enter. Moreover, electromigration and electroos-
mosis can be used for the supply of nutrients (ammonium, phosphate, etc.) and 
oxygen (e.g., oxygen in the form of H2O2) to the subsoil in in situ applications. An 
interesting effect of the coupled technology electrokinetic bioremediation is the 
transport of bacteria. The electric field may transport the bacteria, even in short 
distances, increasing the probability to access the contaminants, i.e., the electroki-
netic transport of bacteria and contaminants increases the bioavailability of con-
taminants [38, 39]. Overall, the electric field is a simple and effective way to increase 
the bioremediation activity.

The electrokinetic biofence (EBF) technology developed by Lageman and Pool 
[40] is another way to combine electrokinetics and biodegradation. In the EBF, a 
series of alternating anodes and cathodes are installed perpendicular to the contami-
nated water flow. The electrode wells are filled with a nutrient solution (ammonium 
nitrate, potassium phosphate, etc.) that is dispersed in the subsoil by the electroki-
netic transport. The increasing concentration of nutrients in the contaminated 
groundwater favors the biodegradation of the contaminants. This technology was 
applied for the remediation of a contaminated soil with organochlorine solvents. 
After 2 years of operation, the decreasing of the chlorine index (the amount of com-
pounds with chlorine in the molecules) was observed. The operation requires low 
maintenance and supervision. The electricity for the electrokinetic process was pro-
vided by solar panels.
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17  Electric Amendment of Phytoremediation

Phytoremediation is a benign and sustainable technology for the remediation of con-
taminated soils with heavy metals, inorganic contaminants, and biodegradable organic 
contaminants. Phytoremediation uses green plants to remove and/or degrade contami-
nants in the rhizosphere, the layer of soil occupied by the roots. The benefits of phy-
toremediation are the capability of removing organic and inorganic contaminants, 
minimum maintenance, and operational costs, which is visually pleasing and improves 
the quality of soil during the remediation, unlike other remediation technologies that 
seriously damage the quality of soil. The main limitations of the phytoremediation are 
the bioavailability of contaminants, the slow growth of the plants, the remediation 
limited to the layer of soil occupied by the roots, and the contaminant concentration 
has to be low or moderate, because plants will not survive in highly contaminated 
soils. The coupled technology electrokinetics phytoremediation was proposed to 
avoid in part the limitations of phytoremediation. The application of an electric field 
around a growing plant shows various positive effects in the plant and in the remedia-
tion process. The electric field mobilizes the nutrients that are transported toward the 
roots. Selected nutrient solutions can be added to the electrode wells and transported 
toward the roots. Similarly, the contaminants in soil can be mobilized by the electric 
field and transported toward the roots, where the contaminants are accumulated and 
degraded. The contaminants can be transported from soil zones out of the rhizosphere. 
Overall, the simultaneous application of electrokinetics to phytoremediation enhances 
the plant growing, increases de bioavailability of contaminants, and extends the reme-
diation further than the rhizosphere.

The research results in electro-phytoremediation have proved that low or moderate 
electric gradients (below 2 DCV/cm) are beneficial for the plant and the remediation 
process. High-intensity electric field may provoke damage in soil microflora and 
plants. The damage is associated with pH changes due to the electrolysis of water 
upon the electrodes (acid pH on the anode side and alkaline pH on the cathode side). 
Rapid mobilization and transportation of contaminants toward the roots, reaching 
concentrations that may be toxic for the plant, is another limitation associated with 
high-intensity electric fields. These limitations may be avoided using alternate current 
instead of direct current. More research is still needed to determine the real benefits of 
electro-phytoremediation over the phytoremediation itself. The research must focus 
on the physiological changes induced by the electric current and how those changes in 
plant physiology may contribute to a better and faster soil remediation [41, 42].

18  Future Perspectives

The design of an electrokinetic application for the remediation of soils contami-
nated with organics must consider the scientific knowledge accumulated in the last 
three decades. In general, removal of organics requires the addition of facilitating 
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agents (surfactants) to enhance the solubility of contaminants and, at the same time, 
keep a high electroosmotic flow. The combined effect of surfactants and electroos-
motic flow results in the effective removal of organics. However, the surfactant- 
enhanced electrokinetics is costly, requires long treatment time, and generates 
wastes that require further treatment. As alternative, the combination of electroki-
netics with chemical oxidation, bioremediation, or phytoremediation shows better 
perspectives. Chemical oxidation can be used in soils with toxic contaminants at 
high concentrations, whereas biological technologies can be used in low to moder-
ate contaminated sites. Biological technologies are preferred because they do not 
damage the soil properties and do not require expensive chemicals, and the imple-
mentation and operational costs are relatively low.
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1  Introduction

Since the late nineteenth century, with the introduction of electricity, chemicals, and 
petroleum-based components, the various industrial, agricultural, and chemical 
activities have generated countless cases of environmental contamination, with the 
release of large quantities of inorganic and organic pollutants. Since then, the 
anthropogenic impact has affected the planet at ever-deeper levels, through the 
reduction of nutrient cycling, the water confinement, the supply of physically and 
chemically stable compounds, and the lack of support for biodiversity.

Estimates reveal that around 20 million hectares worldwide are contaminated 
with heavy metals [1] and that over five million sites have been polluted due to 
improper waste disposal practices and accidental spills [2]. In 2007, the European 
Environmental Agency identified 80,000 contaminated sites [3] and 2.5 million 
potentially contaminated sites (PCS), 38% of which being the result of improper 
landfilling of municipal solid waste [4]. The annual cost of remediation has been 
estimated at around six billion Euro [4]. In 2004, the United States’ Environmental 
Protection Agency stated that by 2030 approximately 294,000 contaminated sites 
are to be treated, at a cost of over 200 billion US$; more recently, the estimates have 
been updated: the number of sites has been increased to over 500,000 [5], with an 
expected reclamation cost of approximately 650 billion US$ [6]. Australia has over 
50,000 confirmed contaminated sites and 160,000 PCS [6–8], with an estimated 
annual remediation cost that exceeds 3 billion US$, while Japan has over 500,000 
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PCS, which require investments for remediation that were estimated in 2010 to be 
around 3 billion US$ a year [6].

Although the above problems have been documented in the past 70 years, less 
than a tenth of the contaminated sites have so far been remediated [9], due to the 
complexity and specificity of each problem and the high costs of the interventions 
[9–11]. Several different physicochemical or biological approaches have been sug-
gested for the remediation of contaminated water and soils [12–14]; however, 
selecting a suitable technology is often a difficult yet crucial step for the successful 
remediation of a contaminated site [15, 16]. Among the various methods investi-
gated, electrokinetic remediation has proved particularly interesting and efficient, 
owing to its possibility of being applied in situ [17–21] as well as its more environ-
mentally friendly character, compared to other methods [22].

Figure 1 shows the trend in the number of articles related to ElectroKinetic 
Remediation Technology (EKRT) for soil remediation, since 1993 (data source: 
Web of Science Core Collection, Clarivate Analytics). The growing interest of aca-
demic and industrial communities in the EKRT is reflected in a high number of 
publications; unfortunately, not all sources are included in the analysis (for exam-
ple, books and patent applications are excluded). A similar research performed with 
SciFinder® produced 1746 items (instead of 1038), including 303 patents. 
Interestingly, some items deal with “generic” contaminants (e.g., heavy metals: 
352; polycyclic aromatic hydrocarbons: 73), while some others focus on a specific 
target (lead: 297; copper: 274; cadmium: 270; chromium: 195; zinc: 181; nickel: 
120; arsenic: 106; phenanthrene: 88; mercury: 62; trichloroethylene: 36; petroleum 
hydrocarbons: 31).

The purpose of this chapter is to present the state of the art in the electrokinetic 
remediation of soils polluted by inorganic ionic compounds. The fundamentals of 

Fig. 1 Total publications dealing with an electrokinetic (or electrochemical) remediation. (Data 
source: Web of Science Core Collection, Clarivate Analytics)
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the technology will be briefly mentioned, together with the phenomena that occur in 
the soil, which are the basis of its effectiveness. As regards the aspects relating to 
the modeling of the technological approach, as well as its applicability to organic 
contaminants or mixtures, only a few words will be provided, since these topics are 
discussed more widely in dedicated chapters.

2  Fundamentals of Electrokinetic Remediation

EKRT is a very effective approach (applicable both in situ and ex situ) for the 
removal of pollutants present in an earthy matrix, as it allows a high efficiency even 
if applied in soils with low permeability [23–27]. During an EKRT process, an elec-
tric potential gradient is applied to induce a low electric current across a portion of 
the contaminated soil to be treated using electrodes suitably located in the subsur-
face [28]. The applied electric field can easily reach contaminants embedded deep 
in the subsurface, which other technologies are unable to reach [29, 30]. The elec-
trodes are generally inserted in suitably constructed wells containing an electrolytic 
solution, and a low potential gradient is then applied between them (Fig.  2a). 
Depending on the intensity of the resulting electric current and the characteristics of 
the system (salt content, humidity, soil composition, etc.), different physical, chemi-
cal, and electrochemical processes are induced, which can cause substantial migra-
tion of the species through the soil and towards the electrode wells, from where they 
can eventually be removed [31]. Once in the electrode well, their extraction from 
the solution can take place by electroplating, adsorption, precipitation or coprecipi-
tation on the electrode [32], or simply by removing the contaminated electrolyte 
solution (which can therefore be treated and reused [33]).

The most relevant phenomena induced in a soil system by the applied electric 
field are electroosmosis (i.e., the displacement of the solution naturally present in 
the soil) and the (electro)migration of species that have an electric charge (Fig. 2b), 
in addition to electrolysis and electrophoresis [34]. Moreover, since the soil acts as 
an ohmic resistance, an increase in the temperature of the soil is normally 
observed [35].

Electrophoresis refers to the transport of charged particles of colloidal size within 
a stationary fluid, due to the application of an electric gradient. Compared to ionic 
migration and electroosmosis, mass transport by electrophoresis is negligible in low 
permeability soil systems [36].

Electrolysis is a reactive process that occurs on anodic and cathodic surfaces due 
to the application of the electric field, which normally takes place at the expense of 
water (decomposition reactions). During an electrokinetic remediation, the electro-
lytic reactions at the electrodes generate gaseous oxygen and protons (H+) at the 
anode (due to the oxidation of water) and gaseous hydrogen and hydroxyl ions 
(OH−) at the cathode (due to the reduction of water), as schematized by Eqs. (1) 
and (2).
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Fig. 2 (a) Schematic of a typical EKRT installation; (b) detail of the main mechanisms occurring 
during an EKRT remediation. (Adapted from [21]. Copyright 2015, Elsevier B.V.)
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Anode (water oxidation, pH 0):

 2H O O + 4H + 4 =1.229V2 2
+� � �e E  (1)

Cathode (water reduction, pH 14):

 4H O+ 4 2H + 4OH = -0.828V2 2e E� � ��
 (2)

The anodic oxidation of water generates an acidic front that moves towards the 
cathodes under the action of the electric field (mainly by electromigration). As a 
secondary yet useful effect, the acidic front can facilitate the release of pollutants 
fixed in the soil through dissolution and ion-exchange reactions [37]. On the other 
hand, the reduction of water at the cathodes produces an alkaline front that is then 
dragged towards the anodes [38]. Further reactions may occur at the electrodes, 
depending on the nature and concentration of the available species, as indicated by 
Eqs. (3) and (4) for a generic metallic specie Mn+.

 
Anode oxidation : M H O M O 2 H 2 an2� � � � � � �� �� �a b b b en

a b  (3)

 
Cathode reduction : M + M� � ��n ne

 (4)

The reactions that occur at the electrodes also depend on their composition and 
electrocatalytic properties, which in turn decide the value of the electrode poten-
tials. Anodic materials, generally inert to chemical reactions and with a high electri-
cal conductivity, include activated titanium (i.e., titanium coated with noble metals), 
graphite, or, more rarely, sacrificial electrodes such as iron and aluminum; cathode 
materials are generally chosen from those resistant to corrosion in an alkaline envi-
ronment and include aluminum and iron [39, 40].

Electromigration is the movement of the ions present in the soil solution under 
the action of the electric field generated between the electrodes: the anions move 
towards the anodes, while the cations move towards the cathodes. The transport of 
the H+ and OH− ions generated by the electrolytic reactions (i.e., the movement of 
the acid and alkaline fronts) is also mainly due to electromigration, since diffusion 
provides a less important contribution [19]. Consequently, during an electrokinetic 
remediation, changes in pH can influence soil chemistry with consequent different 
chemical reactions, mainly precipitation or dissolution of salts and minerals in the 
soil. As for the ionic species originally present in the soil solution, the formation of 
poorly soluble compounds near the cathodic region can cause clogging of the soil 
pores, with loss of hydraulic permeability, while in the anodic region there is nor-
mally no formation of deposits, due to its low pH. In general, electromigration con-
tributes to the transport of metallic species, polar organic molecules, ionic micelles, 
and colloidal electrolytes [41].

The transport of water during an electrokinetic remediation occurs mainly due to 
the electroosmotic flow, that is, under the action of the electric field. The electroos-
motic flow can involve the groundwater itself or an aqueous solution that has been 
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added to improve the removal of contaminants. As known, soil permeability influ-
ences the transport of water in the soil [42]. The parameter that regulates the elec-
troosmotic flow in a soil mass is the electroosmotic permeability coefficient, ke, 
which is empirically defined as the ratio between the rate of the volume of water 
flowing through a unit cross-sectional area of soil (Qe, m/s) and the intensity of the 
electric field (E, V/m). Consequently, ke is expressed in m2/V s and depends on the 
effective bulk electrical conductivity of the soil. Both the hydraulic gradient and 
electric gradient contribute to the transport of water, but the former is much less 
effective than the latter due to the very low hydraulic conductivity (10−8–10−11 m/s) 
that characterizes clay soils. The electroosmotic flow is directly proportional to the 
applied electrical gradient (V/cm) and, for systems with pores that are large relative 
to the size of the electric double layer that surrounds soil particles, is practically 
independent of the porosity of the soil/sediment (unlike the hydraulic conductivity) 
[43]. This makes this remediation approach ideal for the removal of non-ionic con-
taminants from soils and sediments with low hydraulic permeability.

The establishment of a pH gradient in the soil, due to the electrolytic reactions 
taking place at the electrodes, also affects the electroosmotic flow [44]. Near the 
anode, if the pH value is lower than the pH of zero charge (PZC) of the soil, the 
surfaces of the particles are positively charged; the opposite occurs near the cath-
ode, as the alkaline pH value can increase the negative charge on the soil particles. 
Since the surface of the clay particles typically has a negative charge (due to the 
dissociation of the ionogenic groups at the normal pH of the soil), within the electric 
double layer the soil solution presents an excess of positive charge that can be 
dragged towards the cathodes under the effects of the electric field, resulting in a 
water movement (electroosmotic flow).

Diffusion is another important transport mechanism, which however normally 
has a minor influence on the movement of pollutants during an EK treatment.

Numerous research studies have been developed to understand the processes and 
make the most of the phenomena that occur when an adequate electric field is 
induced [21, 31, 45, 46].

3  Evolution of the Technology and Its Applications

Although the first investigations on electroosmotic flow date back to 1807, when the 
German scientist Ferdinand Friedrich Reuss began his research in Moscow, his dis-
coveries were practically ignored by the scientific community (probably because 
the results were published in Russia, and in French [28]). About 10 years later, the 
British amateur chemist Robert Porrett Jr. independently rediscovered electroosmo-
sis [47], but it was only several decades later that the electrokinetic approach was 
applied, initially as a consolidation process for fine soils [48] and subsequently to 
recover heavy metals [49, 50].

In first investigations [23, 34], the removal of contaminants was attempted sim-
ply by inducing an electric current through electrodes directly inserted into the 
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contaminated soil, but the remediation efficiency was low. To increase the remedia-
tion efficiency, numerous improvements have been proposed, including:

• the optimization of the pH of electrolytic solutions [51];
• the use of an ion-exchange membrane to prevent the migration of protons (acid-

ity) and hydroxyl ions (alkalinity) from the electrodes in the soil [51–53];
• the increase of the mobility of pollutants by adding complexing agents [54] and 

surfactants [55]; and,
• the optimization of the effective volume, varying the arrangement of the elec-

trodes according to the nature of the site and the target contaminants [39, 40].

Since electromigration generally provides a greater impact than electroosmosis, 
for many years EK remediation has focused mainly on charged species such as 
heavy metals [56–58]. Acidic pH enhances metal solubilization and their transport 
towards the cathode reservoirs, whereas complexing agents convert soil-bound met-
als into soluble complexes thus improving their removal [21, 59, 60]. However, the 
chemical transformations that occur during treatment can modify the mobility/
accessibility of these substances and possibly make them more hazardous for living 
organisms; for this reason, toxicity tests are increasingly being taken into account to 
prove the effectiveness of a remediation process [61].

More recently, research has focused on the use of EKR technology for the 
removal of hazardous organic substances from the soil [62] or marine and river sedi-
ments [63]. A plethora of technologies have been reported, ranging from simple 
electrokinetic soil flushing for soils with low hydraulic conductivity [64] to the use 
of permeable reactive barriers loaded with granular activated carbon (GAC), zero- 
valent iron (ZVI) [65–67], or even microorganisms [68], to be used to retain or 
transform the organic species mobilized by the applied electric fields.

The main challenge of EK technology is the conversion of low solubility pollut-
ants into mobile forms, in order to extract them. Therefore, enhancing agents, added 
to the processing fluids, are necessary to obtain an effective removal of every type 
of contaminants.

During an electrokinetic soil flushing, surfactants are normally introduced 
into the processing fluid to allow the formation of micelles (charged particles) 
with the species target of the remediation. These micelles are then transported 
across the soil under the effect of the electric field that is applied to promote the 
removal of organic and inorganic compounds [23, 32], making electrophoresis a 
significant contribution to the remediation process of relatively permeable soils. 
Only few studies have treated fine-grained sediments [69, 70]. López-Vizcaíno 
and coworkers [71] studied the mobility of different solutions during a lab-scale 
electrokinetic soil flushing. Comparing the electroosmotic flows obtained by 
working with different surfactants (cationic, anionic, and nonionic), they 
observed significant changes depending on the nature of the washing fluid and 
the voltage gradient applied between the electrodes. In particular, ionic surfac-
tants led to low electroosmotic flow rates, while nonionic surfactants contributed 
more efficiently to the displacement of the target contaminant. When contamina-
tion was caused by complex organic substances such as polycyclic aromatic 
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hydrocarbons (PAHs) and polychlorobiphenyls (PCBs), surfactants allow their 
better desorption from sediment particles and solubilization in the aqueous pore 
fluid [70, 72–74]. For nonionic organic compounds, electroosmosis is the main 
transport mechanism.

The ever-growing attention towards environmental sustainability is now catalyz-
ing the interest in novel (bio)remediation technologies, which involve a minimal use 
of chemicals (and external energy) and consequently imply a lower environmental 
impact [75]. In this context, electrobioremediation technologies have recently 
attracted considerable attention, in particular following the discovery of many 
microorganisms capable of degrading environmental contaminants, including 
PAHs, using electrodes as terminal electron acceptors virtually inexhaustible in 
their metabolism [76–87]. Furthermore, bioelectrochemical systems allow manipu-
lating the redox potential of the contaminated matrix, thus establishing in situ con-
ditions that favor the biodegradation of contaminants [88–91]. For example, 
dimensionally stable anodes (DSA) buried within a contaminated sediment have 
been successfully used to optimize oxygen generation within the sediment via low 
voltage seawater electrolysis, and in doing so accelerating (up to three times com-
pared to non- electrified controls) the biodegradation of crude oil hydrocarbons [92]. 
The coupling of electrokinetics with bioremediation and phytoremediation could 
represent the most sustainable approach, since the energy requirements are very 
low, the addition of chemicals is not necessary, and the physicochemical and ‘bio-
logical’ (e.g. the fertility) characteristics of the soil at the end of the treatment are 
improved compared to the initial situation. However, appropriate operating condi-
tions must be selected, in order to ensure the survival and development of microor-
ganisms and/or plants [93]. Extreme pH values and high temperatures can be 
produced during the process, which are two of the most critical parameters for keep-
ing microorganisms active [94, 95]. Since most of the processes induced by the 
electric field have a negative effect on the viability of microorganisms, the simulta-
neous optimization of both, the electrokinetic and biological processes, can be very 
challenging [88]. The EK treatment can increase the bioavailability of organic pol-
lutants by facilitating the contact between microbes and nutrients and/or pollutants, 
and the weak electric current may also directly stimulate microbial activity [96, 97] 
or degrade some of the pollutants through an electrolytic reaction [98]. In addition, 
the application of an EK treatment can improve the growth and respiration of plants 
(which in turn can facilitate the removal of metals) and facilitate the diffusion of 
rhizosphere microorganisms (with possible enhancement of organic contaminants 
biodegradation) [99].

According to Lemström [100], plants exposed to an alternating current become 
greener and produce more biomass than those grown under the same conditions but 
without an electric field; as already commented, the EK mobilization of nutrients 
(and contaminants) can make them more available for the absorption of plant [101]. 
O’Connor and collaborators have reported on the influence of an alternating electric 
field on ryegrass phytoremediation of a soil contaminated by heavy metal [102], 
concluding that the electric field contributes to the transport of metals, which are 
then accumulated by the ryegrass.
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The elimination of organic and/or inorganic contaminants through the combined 
use of plants and an electric field applied through the soil to be treated is an effective 
approach [103], able to control the transport of contaminants to the rhizosphere as 
well as to prevent the establishment of strong acid or alkaline fronts in the soil [104].

Low to moderate voltage gradients (0.67  V/cm) induce small changes in the 
physical and chemical properties of the soil, which do not compromise the survival 
of the plants [105]. The electric field-supported phytoremediation was faster and 
more effective than that with plants alone. Electro-phytoextraction tests were con-
ducted in soils contaminated by heavy metals (Cd, Co, Cr, Cu, Pb, and Zn), select-
ing two species of plants (Brassica rapa L. subsp. Rapa and Lolium perenne L.) 
already adapted to the climatic and soil conditions. The electric field improved the 
growth of plants, mainly of L. perenne, and increased the phytoremediation of the 
metals. Mixed crops of the two plant species have shown interesting results for 
large-scale applications.

The biological activity of plants also improves in the presence of the electric 
field: the application of a direct or alternating electric current favors germination 
and biomass production. This finding, first described by Lemström [100], has been 
confirmed in recent works, which have shown how ryegrass, sunflower, and oat 
plants grow faster in the presence of a low-intensity electric field [101, 106]. As 
already mentioned, the electric field would make nutrients more bioavailable, thanks 
to their mobilization and transport to the rhizosphere. Other authors instead argue 
that the benefits are related to the influence of the electric field on enzymatic reac-
tions, water activity, and membrane transport [107–109].

The application of an electric field can also cause negative effects: for example, 
O’Connor et al. [102] reported growth inhibition and death of plants located near 
the electrodes. The negative effects of electricity would be related to changes in soil 
pH associated with water electrolysis and phytotoxicity due to the increasing bio-
availability of metals.

3.1  Contamination by Complex Organic Compounds

In order to focus on the treatment of soils contaminated by inorganic species in the 
next section, the electrokinetic remediation of soils contaminated by complex 
organic compounds will be briefly discussed discussed below. However, the reader 
is invited to refer to the dedicated chapter(s).

Among the many organic contaminants, particular attention was paid to PAHs 
[24], pesticides [45], organochlorinated species [110], and the mixture of hydrocar-
bons found in crude oil, i.e., petroleum hydrocarbons (PHs) [111]. As already men-
tioned, phytoremediation has been considered for the removal of organic pollutants 
in combination with an electrokinetic approach. Although both technologies are 
efficient in removing organic pollutants from the soil, a significant intensification 
can be obtained from their association: the optimization of mass transport [112, 
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113] allows improving the spatial scale and the speed of phytoremediation [101, 
114–116].

The electrokinetic removal of simpler organic compounds has shown that vola-
tile and/or soluble organic contaminants are more easily removed; however, it is 
necessary to understand the phenomena that influence the efficiency of the process.

In this regard, it should be remembered that most of the research has been 
carried out on a laboratory scale with a few hundred grams of soil, since this 
size allows for easier characterization of the processes that occur in the experi-
mental configuration of the system. However, as already commented, the con-
clusions drawn in a laboratory or bench-scale (where the electrokinetic processes 
control the rate) are poorly reproduced or cannot be easily extrapolated to the 
full scale (where the ohmic and heating effects can dominate). According to 
Vidal et al. [117], bench-scale plants have to be used in order to draw sound 
conclusions in an experimental study; on the other hand, scale-up is critical, as 
it affects not only the speed of the treatment [118, 119] but also the efficiency 
and selectivity reported.

3.2  Petroleum

The electrokinetic removal of petroleum implies the displacement and subsequent 
removal of PAHs and PHs, which unfortunately are poorly soluble in water (petro-
leum compounds are hydrophobic) and therefore also in the soil solution. To 
improve their removal, the use of surfactants, bio-surfactants, cosolvents, and cyclo-
dextrins has been attempted [24, 46]. These species are not only able to act as solu-
bilizing agents but also to modify the surface characteristics of soil particles, as well 
as the properties of the pore fluid, influencing its dielectric constant, pH, and viscos-
ity [120].

The removal of diesel from spiked kaolin was investigated by Mena et al. [46] by 
coupling an electrokinetic soil flushing (enhanced by the addition of sodium dodecyl 
sulfate, SDS) with bioremediation, i.e., by implementing a biological permeable 
reactive barrier between the electrodes. They observed that both nutrients and SDS 
were efficiently transported through the soil by a combination of electromigration 
and electroosmotic processes; diesel was also displaced, but not through a purely 
electrokinetic approach. For efficient bioremediation, it is important to monitor the 
pH and nutrients supplied to the bio-barrier, since extreme pH values may kill the 
microorganisms, while the lack of nutrients limits their growth and hence the 
remediation.

For the removal of petroleum contaminants from soil, an in situ chemical oxida-
tion (ISCO) integrated with EKRT has recently been investigated [121]. The role of 
ISCO has been tested considering two different electrolytic solutions, namely NaCl 
and NaNO3, as well as different values for the electric field. By using a chloride- 
containing solution, the produced active chlorine contributed to the reclamation of 
sand spiked with diesel (10 g kg−1). In particular, a higher concentration of NaCl 
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(from 10 to 40 g L−1) allowed a greater production of active chlorine (from 12.5 to 
30 mM) and therefore to increase the efficiency of diesel removal (from 33% to 
44% for 1 V cm−1 and from 43% to 67% for 2 V cm−1, respectively, using an NaCl 
concentration of 20 g L−1).

Great attention has been devoted also to Fenton and electro-Fenton processes, 
owing to their capability to operate at room temperature and the fact that reagents 
are readily available. Both approaches are based on the use of H2O2 that, in presence 
of iron(II), generates hydroxyl radicals according to Eq. (5).

 Fe H O H Fe OH H O2
2 2

3
2

� � �� � � � �•  (5)

Seo et al. [122] explored an electrokinetic approach coupled with Fenton oxida-
tion (thanks to the iron(II) naturally present in the soil) for the simultaneous removal 
of PHs, PAHs, and zinc from a contaminated soil. They showed that the removal of 
PHs and zinc can be significantly improved by adding 20  mM SDS in 10–20% 
hydrogen peroxide (the concentration depends on soil properties) at the anode and 
20 mM SDS and 20 mM NaOH at the cathode. Moreover, they concluded that the 
SDS and NaOH introduced in the cathode reservoir help dissolving the PAHs by 
forming micelles that are then transported towards the anode.

In the case of soils where the iron(II) concentration is not sufficient to sustain a 
Fenton reaction, the catalyst can be introduced, e.g., using iron electrodes; this 
approach has recently been investigated by Paixão et al. [123] for the remediation of 
a soil contaminated with TPHs. To avoid alkalinization due to water reduction at the 
cathode and, consequently, the precipitation of iron hydroxide, citric acid was added 
to the cathode well. The purely electrokinetic approach allowed removing about 
27% of the hydrocarbons in 15 days, while an 89% removal was obtained with the 
EK approach coupled to Fenton. Interestingly, most of the contaminants were 
removed by the ISCO (Fenton reaction), not because of the EK mobilization and 
subsequent removal from reservoirs, which means that no process fluid treatment is 
required.

3.3  Pesticides and Herbicides

The production and use of pesticides has increased in recent years, drawing atten-
tion to their various chemical properties and to their hazardousness. The methods 
for treating this heterogeneous class of contaminants have been studied in several 
research groups [45, 124–126].

Li et al. [127] examined the performance of a PRB filled with reactive particles 
of Pd/Fe, installed between the electrodes, with the aim of obtaining a dechlorina-
tion of pentachloro-phenol (PCP), during its electrokinetic displacement. Due to the 
different pH values that can be found in the soil, between anode and cathode, PCP 
species can be present in unprotonated or protonated form, obviously characterized 
by different transport behaviors. The position of the PRB, with respect to the anode, 
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proved to be important: with the reactive barrier installed at one-third of the distance 
from the cathode, the PCP originally present between the anode, and the PRB moved 
towards the cathode (and through the PRB), while that present between the PRB and 
the cathode accumulated near the PRB due to the dissociation caused by the alkaline 
pH. By positioning the PRB halfway from the cathode and adjusting the pH of the 
PRB by periodic additions of acetic acid, it was possible to reduce the contamina-
tion homogeneously, removing 49% of the PCP. A 22.9% was recovered as phenol, 
mainly from the catholyte, suggesting that the transport of PCP is mainly due to 
electromigration, while that of phenol is obtained mainly through electroosmosis.

An electrochemically assisted soil washing was investigated for the remediation 
of soils contaminated by pesticides [45], considering four different bench-scale 
pilot tests containing soils spiked with 2,4-dichlorophenoxyacetic acid (2,4D), oxy-
fluorfen, chlorsulfuron, and atrazine, respectively. The efficiency of the electroki-
netic soil washing has been shown to depend on the chemical characteristics of 
pesticides; moreover, suitable surfactants must be added to allow the displacement 
of nonpolar pesticides. Over 80% of the pollution could be removed (up to 95% in 
the case of 2,4D, while the adsorption of chlorsulfuron to the soil limits the effec-
tiveness of the treatment); polar pesticides were moved towards the anode by elec-
tromigration, while electroosmosis dragged them to the cathode, although to a 
lesser extent.

The applicability of an electrokinetic fence technology for the removal of 2,4D 
and oxyfluorfen from a 32-m3 portion of polluted soil was investigated by López- 
Vizcaíno et al. [128]. While removal in a laboratory test was mainly due to electro-
kinetic phenomena, pesticide elimination through volatilization was observed in the 
case of a large-scale test, due to ohmic electrical effects. The investigation pointed 
out that small-scale test results cannot be extrapolated to large-scale applications, as 
the control mechanisms can be very different, due to their significantly different 
relevance.

4  Electrokinetic Removal of Heavy Metals

Soil contamination by heavy metals represents a worldwide problem for human 
health and the environment. These contaminants are inadvertently introduced to the 
soil as byproducts of various anthropogenic activities, which include metals extrac-
tion through smelting, waste disposal, and agrochemical applications. Nowadays, 
estimates reveal that over 20 million hectares of land are contaminated by heavy 
metals (Cd, Hg, Co, Cu, Pb, Ni, Cr, and others), at soil concentrations higher than 
the normal geochemical baseline or regulatory levels [18].

Starting from the late 1980s, the EKRT approach has been experimented for the 
removal of heavy metals from soils [23, 129, 130]. Under the effects of a suitable 
electric field, normally resulting in a low-intensity direct current (DC), heavy metals 
can be accumulated at the electrodes and subsequently removed by precipitation, 
electroplating, as well as by treating the solutions extracted from the soil, through a 
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suitable decontamination approach (e.g., ion exchange) [33]. Metal contaminants 
may exist in soil in mobile states (as species already dissolved or sorbed on colloidal 
particulates suspended in soil solution) or immobile states (as sorbed species on soil 
particles or solid precipitates) [95]; however, only metals that exist in mobile states 
can be extracted from soil by a pure electrokinetic approach. During an electroki-
netic extraction, a low pH environment can be easily generated through the electro-
lytic decomposition of fluids at the anode.

The low pH environment enhances the desorption and removal of heavy metals 
from soil by electroosmosis and electromigration [131, 132]. In fact, the acidic front 
that develops from the anodic side of the soil dominates the chemistry across the 
specimen, with the exception of some small sections close to the cathode, since the 
advance of the alkaline front is slower than the acidic one. When the acid front 
reaches the cathode, the remediation action is complete [133].

Unfortunately, it is difficult to generate an acidic environment by the electroki-
netic remediation process alone in soils of high acid buffer capacity. The cations 
sorbed on soil particle surfaces, salts of weak acids (such as carbonates, bicarbon-
ates, and silicates), and amphoteric substances (such as amino acids) in soil can 
increase the acid buffer capacity of soil. In addition, when an acidic environment is 
generated, the kinetic dissolution of species such as calcium and magnesium car-
bonates may further complicate the situation and should be considered in order to 
understand the mechanism of metal dissolution [134]. Then, the transport competi-
tion between the target heavy metals and the released buffering species (e.g., Ca2+ 
and Mg2+ from dissolved CaCO3 and MgCO3) greatly influences the metal mobiliza-
tion efficiency and thus the energy cost of the technology [135]. Another possible 
obstacle to the effective mobilization of target contaminants (for example, heavy 
metals) is represented by the salinity of the soil, which can further hinder the mobil-
ity, extraction, and transfer of ionic species of an EK treatment [136]. To improve 
removal efficiency, particularly in soils with a high pH buffer capacity, the use of 
improvement agents is often essential as they can solubilize target contaminants and 
keep them in a mobile state.

Similarly, the EKRT approach has been shown to improve the soil washing 
results through the electrically induced mobilization of metal species present in the 
soil. Several research groups have observed that suitable extraction agents can help 
eliminating the pollutants from the soil by promoting ion exchange, the dissolution 
of precipitates, or simply by dragging pollutants through complexation reactions 
[24, 33, 137]. As a result, the contamination is transferred from the soil to the pore 
water, turning the problem of decontamination of the soil into a wastewater treat-
ment problem.

Giannis et al. [138] studied the removal of Cd from soils by an enhanced EKRT 
using either an anionic surfactant (SDS) or acid conditions plus humic acid. When 
the SDS was used as a washing solution for the soil, over 90% of the contamination 
was removed in a very short time. In contrast, when SDS was added to the electrode 
wells, no improvement was achieved because the surfactant was unable to migrate 
into the soil specimen. Under the acidic conditions obtained by adding acetic acid 
in the cathode compartments, the supply of humic acid to the soil proved to be 
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poorly effective, since the weak complexes that form between the organic substrate 
and Cd are not stable at low pH values.

Ng et al. [139] tested the electrokinetic approach in soils contaminated by lead 
and chromium, using different electrolytic solutions, namely 0.01 M NaNO3, 0.1 M 
citric acid, and 0.1 M EDTA. Based on the obtained results, only EDTA provided 
satisfactory results thanks to the formation of water-soluble anionic complexes with 
both heavy metals. In presence of NaNO3 or citric acid, the electromigration of Pb 
is poor, and the same applies to Cr, especially at low pH, due to the adsorption of 
Cr(VI) to the soil particles and the possible formation of Cr(III).

Different organic substances, such as ethylenediaminetetraacetic acid, nitrilotri-
acetic acid, hydroxy carboxylates like citric acid, and organophosphonates have 
been widely investigated as enhancement agents in electrokinetic remediation due 
to their strong chelating ability and availability [140–144]. Kim et al. [56] reported 
efficiencies of 90% for the removal of Pb and Cd (from a soil contaminated with Cd, 
Cu and Pb) by adding 50 mmol/L of citric acid. Lower removals (between 15 and 
23%) have been obtained by Gu et al. [141] using 0.1 M organophosphonates (nitri-
lotrimethylene triphosphonate, NTMP, and ethylene-dinitrilo-tetramethylene phos-
phonate, EDTMP) or EDTA to help mobilizing the sorbed cadmium ions, in 5 days 
of EK treatment under a constant voltage gradient of about 1.0 V cm−1. Unfortunately, 
most enhancement agents are suspected to induce secondary pollution in the envi-
ronment [145–147] and their use (especially when considering commercial formu-
lations) significantly increases the cost of soil remediation.

Many innovative techniques have been developed in the past few decades to 
improve EK removal efficiency. An electrochemical system with six anodes posi-
tioned hexagonally around a central cathode made it possible to increase the pro-
duction of alkali at the latter and remove heavy metals [148]; however, to avoid 
clogging of the pores near the electrode and the direct precipitation of species on the 
cathode, the latter was periodically replaced. After 480 h, the average removal effi-
ciency was 89.9% for Cd and 69.3% for Pb [148].

The EK approach has also been used in combination with other remediation 
techniques, such as permeable reactive barriers and microorganisms, in order to 
increase the efficiency of the treatment and to treat soils and groundwater polluted 
by complex contaminants.

Hu [149] studied the use of a PRB enhanced with EK transport for the treatment 
of wastewater contaminated with COD and Pb2+. Under the effect of the electric 
field, contaminants were forced to migrate from the anode to the cathode, passing 
through a PRB located near the cathode. The removal efficiencies of COD and Pb 
were 57.0% and 81.6% in the anode zone, but reached higher values in the cathode 
zone, respectively 90.4% and 94.6%.

Fu et al. [150] proposed to use permeable reactive composite electrodes, in order 
to add the effectiveness of the PRB and improve the EK treatment. In particular, a 
mixture of zeolite and Fe (ZVI) would allow controlling the pH and absorbing 
heavy metals. This combination produced removal efficiencies for lead, cadmium, 
nickel, and copper of 49.4%, 47.1%, 39.2%, and 36.7%, respectively.
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Also, Shariatmadari et al. [151] studied the effect of coupling a PRB with EK, in 
this case for the removal of Cr(VI) from a clayey soil. A reactive barrier of iron 
nanoparticles and sand was inserted at a distance of 2 cm from the anode. Although 
chromium is one of the most difficult heavy metals to be removed from contami-
nated soils, according to the results obtained the reduction of Cr(VI) and total 
removal efficiency of Cr increased by 88% and 19%, respectively.

In a similar way, according to Yan et al. [152], the insertion of an activated car-
bon barrier loaded with iron(II) in soils contaminated with Cr(VI) improved the 
removal efficiency of the latter thanks to its adsorption and reduction. The maxi-
mum removal efficiency (80.2%) was achieved with an AC-Fe ratio of 5%.

In another study, García et al. [153] devised a lab-scale EK process combined 
with a PRB containing anion exchange resins, with the aim of treating clayey soil 
contaminated with nitrates. Using a 1.2 V cm−1 potential gradient, a 90% removal 
efficiency was achieved in less than a week.

Adikesavan and Rajasekar [154] reported that a bioleaching-enhanced EK reme-
diation (BEER) improved the efficiency of zinc removal (93.08% in 72 h, compared 
to 56.6% in 96 h with EK alone). At the anode, the optimization of the pH stimulated 
the growth of acidophilic bacteria (Serratia marcescens), which in turn were able to 
increase the solubility of heavy metals, thus promoting their electromigration.

Silva et  al. [155] investigated the applicability of an EK remediation of Pb2+-
polluted soil by testing different electrolytes (NaNO3, citric acid, EDTA) and the 
effects of using direct currents (DC) as well as a periodically reversed polarity (RP). 
The results obtained showed that both RP and citric acid improved the mobilization 
of Pb2+ towards the electrode reservoirs, minimizing the otherwise pH-dependent 
precipitation of ionic species. In contrast, when NaNO3 and EDTA were used as 
electrolytes and a DC polarization was used, the development of a significant pH 
gradient eventually caused the precipitation and immobilization of the target con-
taminant. Finally, germination of Helianthus annuus seeds was used to assess the 
phytotoxicity of the treated soil: a reduced germination (40–70%) was obtained 
from soils treated with DC and NaNO3 or EDTA as cathodic solutions, due to the 
altered soil pH, while a much higher germination (65–90%) was obtained using EK 
and NaNO3 or citric acid as cathodic solutions.

In light of the results obtained using citric acid, Gu et al. [156] studied the use of 
citric acid-containing industrial wastewater (CAIW) as an enhancement agent in the 
EK extraction of cadmium from a natural clay soil. CAIW contains large quantities 
of citric acid and acetic acid, which have proven effective in improving the extrac-
tion of heavy metals from soils [157–160]. In addition, the buffering capacity of 
CAIW can prevent the increase of the pH at the cathode during the EK treatment.

Karaca et al. [161] studied the EK treatment of a real sediment taken from a mine 
pond in Turkey, aiming at the removal of As, Al, Fe, and Mn. Using deionized water 
as the electrolyte and applying an electrical potential gradient of 1  V  cm−1 for 
18 days, with no pH control, Al and Mn were removed, while Fe and As were only 
mobilized. The authors believe that better results could be obtained by neutralizing 
the alkaline environment at the cathode, using facilitating agents, and increasing the 
treatment time.
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In another study, Chilean copper mine tailings were taken into consideration, 
focusing on the effects of initial acidity (1 M, 1.5 M, and 2 M H2SO4 added to 1.5 kg 
of soil, to obtain a 20% humidity) and intensity of the applied electric field (1 and 
2 V cm−1) on the EK remediation of Mn and Zn [162]. After up to 7 days of treat-
ment, the maximum removals were around 32% for Mn and 18% for Zn. As 
expected, a lower initial pH made it possible to obtain greater solubility of the met-
als and increase their migration under the effect of the applied electric field.

A different approach has been investigated by Wang et al. [163], who used an 
auxiliary electrode to improve the performance of a conventional EK remediation of 
a soil contaminated with Cr(VI). Only a limited number of papers has focused on 
the structure and configuration of electrode system used for the remediation inter-
vention [164–167]. These usually require energizing multiple electrodes, while any 
auxiliary electrode do not contribute to the removal of contaminants. However, 
according to Wang et al. [163], the auxiliary electrode (a polyaniline composite sup-
ported on a nonwoven fabric) has not only the function to adsorb the target species 
but also to act as an intermediate electrode (polarized by the electric field) that 
strengthen the process by improving the electromigration. Polyaniline is a widely 
studied conductive polymer, which has also been used as a promising material in the 
treatment of wastewater, thanks to its adsorbent character; however, its application 
in soil remediation is not common. In the above example, its insertion allowed 
improving the Cr(VI) removal by up to 20%.

In another contribution from the same research group [168], the auxiliary elec-
trode was made of polypyrrole (PPy) on linen fabric; although PPy has already been 
used as an adsorbent to remove heavy metal ions, organic dyes, and so on (see origi-
nal paper for references), its involvement in soil electrokinetic remediation is origi-
nal. In the presence of the auxiliary electrodes, the distribution of the electric field 
was more homogeneous and the concentration of Cr(VI) around them decreased 
significantly, allowing local removal efficiency close to 92%.

Whatever the approach applied for the remediation, every electrochemical pro-
cess requires electricity to work; if the power demand is not too high, green sources 
such as photovoltaic solar panels or wind turbines can be exploited. However, to 
avoid the reversibility of transport processes [169, 170], with consequent loss in 
efficiency overnight or when no wind is available, the use of energy storage devices 
is highly suggested. In particular, the use of redox flow batteries, which can store 
important amounts of energy and help regulating the supply of renewable energy, is 
a good option [171]. The use of solar energy and batteries has been tested by Hussein 
and Alatabe [133] in the EK remediation of soils contaminated with lead. After 
7 days of treatment, with a potential gradient of about 1.2 V cm−1, overall removal 
efficiencies of 90.7%, 63.3%, and 42.8% were achieved for sandy, sandy loam, and 
silty loam soils, respectively. In the absence of the batteries, the removal efficiencies 
were lower (53.7%, 31.2%, and 23.1%, respectively), since the night interruptions 
resulted in a considerable waste of time.

Table 1 presents some data relating to the electrokinetic treatment of soils pol-
luted with heavy metals, providing additional information on the experimental setup 
and/or the results obtained.
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Table 1 Electrokinetic removal of heavy metals from soils

Soil 
sample 
size

Pollutant/type of soil/
concentration Technical solution Observations—best results Ref.

0.7–
1.2 kg

Cd (spiked)/real 
soil/150 mg kg−1

Initial moisture 
content: 33% w/w 
(saturated soil)

Use of enhancing 
agents (0.001–
0.01 M SDS, 
0.8–3.2 g kg−1 
humic acid)

Removals after 7, 13, and 
18 days at 2 V cm−1: 81%, 90%, 
and 94%, respectively

[138]

1.7 L Cd, Pb, Cu (spiked)/
real soil/145, 455, and 
1005 mg kg−1

Initial moisture 
content: 33% w/w 
(saturated soil)

Use of enhancing 
agents (0.001–
0.1 M NTA, DTPA, 
EGTA)

Removals after 23 days at 
1.3 V cm−1: 68–96% with NTA, 
59–99% with DTPA, and 
36–82% with EGTA

[137]

0.125 kg Cr(VI) (spiked)/real 
soil/100 mg kg−1

Initial moisture 
content: 45% 
(saturated soil)

EK enhanced with 
PBR (iron 
nanoparticles and 
sand) inserted near 
the anode

Removal after 24 h at 2 V cm−1: 
14.8% without the PRB, 42% 
with the PRB and pH control

[151]

1.5 kg As, Cr, Cu, Ni, Pb, Zn, 
and various PAHs/real 
sediment/17, 45, 89, 
30, 93, and 
714 mg kg−1 (see 
paper for PAHs’ 
details)
Initial moisture 
content: 40% w/w 
(saturated soil)

Use of enhancing 
agents (0.2 M 
EDTA, 3% w/w 
Tween 80)

Best removals, obtained after 
23 days at 2 V cm−1: 84% As, 
62% Cr, 28–44% for Cd, Cu, 
Ni, Pb, and Zn

[69]

0.05 kg Pb, Cu, Zn/real 
soil/3529, 209, and 
78 mg kg−1

Initial moisture 
content: 15–17%

Bio-electrokinetic 
treatment, 
enhanced with acid 
or EDTA

Best removals after 20 days at 
2 mA cm−2: 92% Pb, 64% Cu, 
and 45% Zn, using EDTA 
BioEK

[172]

1.2 kg As, Cd, Cr, Co, Cu, 
Hg, Ni, Pb, Zn/real 
soil/3.8, 8.4, 19.5, 4.3, 
263, 9.3, 18.6, 1160, 
and 1100 mg kg−1

Initial moisture 
content: 30%

Use of enhancing 
agents (0.2 M 
EDTA first, then 
5% Igepal CA-720)

Removals after 120 h at 
1 V cm−1: 80% Pb, 60% Zn, and 
32% Cu

[173]

0.32 L Cu, Ni, Pb, Zn/ real 
sediment/183, 18, 85, 
and 270 mg kg−1

Initial moisture 
content: most likely 
saturated soil

Use of enhancing 
agents (0.1 M 
EDTA, citric acid, 
HNO3, HCl)

Best removals after 15 days at 
1 V cm−1: 68% Cu, 71% Ni, 
65% Pb, 62% Zn, using HCl

[56]

(continued)
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Table 1 (continued)

Soil 
sample 
size

Pollutant/type of soil/
concentration Technical solution Observations—best results Ref.

0.32 L As, Cu, Pb/real 
soil/72, 273, and 
299 mg kg−1

Initial moisture 
content: 30%

Soil pretreated with 
0.05 M HNO3, 
NaOH, or tap water 
before EK.
0.1 M NaOH and 
0.1 M HNO3 used 
in anode and 
cathode 
compartments

Best removal after 30 days at 
1 V cm−1: 60% Cu, 75% Pb, 
with acidic pretreatment and 
catholyte conditioning.
A higher amount of As was 
extracted from soil after EK

[174]

~0.25 L Pb, Cd, Ni, Cu 
(spiked)/real soil/500, 
395, 371, and 
465 mg kg−1

Initial moisture 
content: N/A

Permeable reactive 
composite 
electrodes (mixture 
of zeolite and Fe)

Removals after 15 days at 
1.5 V cm−1: 49.4% Pb, 47.1% 
Cd, 39.2% Ni, 36.7% Cu

[150]

N/A Pb (spiked), COD/real 
soil/92 mg kg−1

Initial moisture 
content: N/A

PRB (ash + zeolite 
and AC + Fe) 
enhanced with EK

Removals after 31 h at 
0.35 V cm−1: 57.8% Pb and 
40% COD near the anode, 
92.6% Pb and 90.4% COD near 
the cathode

[149]

~125 L Cd, Pb (spiked)/real 
soil/109 mg kg−1

Initial moisture 
content: N/A

PRB (zeolite + Fe) 
around the cathode

Removals after 480 h at 
0.75 V cm−1: 90% Cd, 69% Pb

[148]

0.1 kg Pb and Cr(VI) 
(spiked)/real sandy 
soil/402 and 
798 mg kg−1

Initial moisture 
content: N/A 
(saturated soil)

Use of enhancing 
agents (0.01 M 
NaNO3, 0.1 M 
citric acid, or 
EDTA)

Removals after 24 h at 
1 V cm−1: N/A; contaminants 
were simply mobilized 
(EDTA > NaNO3 > Citric acid)

[139]

0.5 kg As/real 
soil/87 mg kg−1

Initial moisture 
content: 23%

Soil pre-washed 
with water or 
NaOH

Removal after 28 days at 
1 V cm−1: 13–48% depending 
on pretreatment

[175]

250 L As, Cd, Cu, Hg, Pb, 
Tl, Zn/real soil/247, 
265, 1074, 38, 2478, 
16, and 
75,274 mg kg−1

Initial moisture 
content: 45% 
(saturated soil)

Use of enhancing 
agents (0.02 M KI 
in 0.02 M HNO3)

Two current densities were 
tested (1.6 and 16.6 A/m2); 
results have been reported in 
terms of removal rates 
(mg day−1 m−3)

[33]

(continued)
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Table 1 (continued)

Soil 
sample 
size

Pollutant/type of soil/
concentration Technical solution Observations—best results Ref.

N/A
(≤0.5 L)

Zn (spiked)/dried 
tannery 
sludge/400 mg kg−1

Initial moisture 
content: N/A

Bioleaching- 
enhanced EK 
remediation 
(BEER)

Removals: 93% in 72 h, 
compared to 56.6% in 96 h with 
EK alone

[154]

0.2 kg Cr(VI), Pb, Cd 
(phenanthrene, 
anthracene)/real 
soil/400, 500, 50 (200, 
100) mg kg−1

Initial moisture 
content: 41%

Phytoremediation 
enhanced with 
electric field

Removals after 45 days at 
1 V cm−1: <20% for the metals, 
>80% for PAHs, in presence of 
an alternating electric field

[93]

~3.5 kg Cd (spiked)/real 
soil/285 mg kg−1

Initial moisture 
content: 31–34% 
(saturated soil)

Use of enhancing 
agents (0.1 M 
NTMP or EDTMA 
or EDTA)

Removals after 5 days at 
1.0 V cm−1: 22.4–22.8% with 
phosphonates, 15.1% with 
EDTA

[141]

~4 kg Pb/real 
soil/1000 mg kg−1

Initial moisture 
content: 15%

Polarity reversed 
periodically
Use of enhancing 
agents (0.1 M 
NaNO3 or EDTA or 
citric acid)

Removals after 14 days at 
1 V cm−1: 69% with NaNO3; 
72% with NaNO3 + EDTA; 
87% with NaNO3 + citric acid

[155]

0.48 L Cr(VI)/real 
soil/1172 mg kg−1

Initial moisture 
content: N/A

AC-Fe (1–11%) Removal after 10 days at 
1 V cm−1: 80%, with an AC-Fe 
ratio of 5%

[152]

~1.2 L Pb (spiked)/real 
soil/1500 mg kg−1

Initial moisture 
content: 30% w/w

Use of solar energy 
and batteries in 
different kinds of 
soil

Removals after 7 days at 
1.2 V cm−1: 90.7%, 63.3%, and 
42.8% for sandy, sandy loam, 
and silty loam soils respectively 
(compared to 53.7%, 31.2%, 
and 23.1%, respectively for an 
intermittent approach based on 
solar alone)

[133]

~8.4 kg Cr(VI) (spiked)/
sand/500 mg kg−1

Initial moisture 
content: 30% w/w

Polyaniline 
auxiliary electrodes

Removals improved by 5–20% 
(after 120 h at 1 V cm−1)

[163]

~2.6 kg Cr(VI) (spiked)/quartz 
sand/500 mg kg−1

Initial moisture 
content: 34.6% w/w

Polypyrrole 
auxiliary electrodes

Removal improved by ~10% 
(after 72 h at 1 V cm−1)

[168]
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4.1  Electrokinetic Treatment of Complex Contaminations

Both fundamental and applied studies (in laboratory) often focus on a single con-
taminant, having an organic or inorganic nature [176–178], as this simplified 
approach allows understanding the processes and operational variables, opening the 
way to the designing of systems for the treatment of complex contaminated 
sites [179].

In November 2015, the worst environmental disaster occurred in the history of 
Brazil, when the breakdown of a dam containing mineral sludge discharged 43 mil-
lion cubic meters of material, contaminating with heavy metals the Gualaxo do 
Norte River, in the south-eastern state of Minas Gerais [179–181]. In other cases, 
sites prove to be contaminated by a combination of heavy metals and organic com-
pounds [182], consequently requiring the application of synergistic approaches for 
the effective removal of the different contaminants. Such complex investigations 
have been evaluated in a limited number of studies.

Wang et al. [183] investigated the applicability of an electrokinetic remediation 
to treat kaolin contaminated with heavy metals (Cu and Pb) and organic compounds 
(p-xylene and phenanthrene), testing different current densities, various fluids for 
the cathodic chamber, treatment duration, and reactor size. They observed a high 
removal efficiency for p-xylene and phenanthrene (around 67% and 93%, respec-
tively), but lower efficiencies for Cu and Pb (62% and 35%), during tests with a 
duration of 6 days. The low removal of Pb was attributed to precipitation in the 
cathodic section of the soil, with a consequent reduction in the electromigration of 
ionic species.

The removal of neutral contaminants by electroosmosis and electrophoresis was 
investigated by Ammami et al. [184], who evaluated different process fluids (nitric 
acid, citric acid, SDS, Tween 20) taken singly or as a mixture, in order to remove 
five heavy metals (Cd, Pb, Cr, Cu, and Zn) and five PAHs from a model-aged sedi-
ment (a mixture of kaolinite, silt, and sand). Nitric acid showed the highest removal 
efficiencies (76.8–99.9% in the case of metals, 70.3–89.7% for PAHs) in a single 
run (10–14 days under a constant voltage gradient of 1 V cm−1). The more environ-
mentally friendly mixture of Tween 20 and citric acid allowed the simultaneous 
removal of metals (up to 90.8%) and PAHs (up to 61.6%) from the fine-grained 
sediment, while the SDS mixed with citric acid yielded lower results (up to a 
removal of 65% for metals and 41% for PAHs).

The removal of PAHs and heavy metals from a polluted soil was also examined 
by Reddy et al. [173]. Their integrated use of hydraulic flushing and EKRT, using 
EDTA and a surfactant (5% Igepal CA-720), proved successful. The best results 
were obtained by using 0.2 M EDTA for soil flushing in two phases (without and 
with a voltage gradient of 1 V cm−1), followed by a washing with Igepal, again in 
two stages: heavy metals were removed thanks to the formation of soluble species, 
with efficiencies ranging from 30% (for Cu) to 80% (for Pb; about 60% for Zn). 
During the subsequent flushing with Igepal, no heavy metals were removed, but the 
treatment was effective against PAHs (minus 40% of phenanthrene, minus 30% of  
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pyrene, and minus 20% of  benzo[a]pyrene). The use of the voltage gradient retarded 
the PAHs removal, while improving the displacement of the heavy metals.

Pazos et al. [185] investigated an electrokinetic process coupled with Fenton for 
the treatment of dredged marine sediment contaminated with heavy metals and 
TPHs. Electrokinetic treatments exploited EDTA and Tween 80 as process fluids to 
improve the removal of inorganic and organic contaminants, respectively. In addi-
tion, a Fenton oxidation combined with EDTA for the in situ degradation of TPHs 
and metal solubilization was examined. Approximately 90% of TPH and 55–60% of 
metals were removed after 30  days of treatment with EK-Fenton-EDTA.  EDTA 
increased the solubility of metal species, as it forms soluble complexes in a wide 
range of pH. By exploiting the presence of iron in the sediment, the simple addition 
of H2O2 allowed a Fenton reaction that proved to be effective in degrading the TPHs 
and, consequently, in improving the mobilization of heavy metals.

Cameselle and Gouveia [93] investigated the phytoremediation enhanced with 
electric field for the remediation of soils contaminated with PAHs and heavy metals. 
Brassica rapa was selected among 14 plant species for its fast germination and 
growth even in soil purposely polluted with anthracene, phenanthrene, Cr(VI), Pb2+, 
and Cd2+. Although phytoremediation combined with EK did not provide better 
results than a simple electrokinetic approach, the removal of PAHs was significantly 
improved with the coupled technology, allowing removals higher than 80%. 
Interestingly, the best results were obtained using an alternating electric field, which 
avoids inducing physico-chemical changes in the soil and transporting or concen-
trating contaminants. The biological activity of the plants and soil microflora thus 
preserved leads to an optimal metabolism of organic contaminants.

4.2  Mathematical Modeling of Electrochemical Remediation

The coupling between the various transport processes and phenomena involved 
(including electrolysis of water and pH modifications) makes the design, analysis, 
and implementation of an electrokinetic process in a contaminated soil a very com-
plex task. Since the electrokinetic technology is still under development, most of the 
information related to its mechanisms has inevitably been obtained through small- 
scale studies, in which the use of hermetic cylinders or prismatic cells as electroki-
netic reactors is common [21, 186–188]. Investigations conducted on a lab-scale 
allow isolating the soil from the surrounding environment, considerably reducing 
the variables that need to be controlled during the treatment and allowing a detailed 
analysis of the various electrokinetic processes that occur in the soil. In this way, a 
suitable mathematical description of the system is also possible.

Increasingly, realistic mathematical models have been proposed, which allow to 
reliably characterize the interactions among the various physical, chemical, and 
electrochemical processes that occur simultaneously, thus facilitating the scalability 
of the technology.

Electrokinetic Remediation of Soil Polluted with Inorganic Ionic Species



154

Starting with very simple representations, and attempting progressive extensions 
and generalizations, several models have been developed:

• 1D models for decontamination of synthetic soil (kaolin) enriched with acetic 
acid and phenol [189, 190], with inclusion of coupling phenomena, adsorption, 
and precipitation/dissolution processes [191] and allowing the estimate of pH 
profiles generated in the soil contaminated with many metals [192].

• 2D models [193] focused on the electrokinetic removal of metals [194, 195] and 
organic pollutants [196].

• 3D models in unsaturated soils starting from the hypothesis that, during the 
application of an electric gradient, electric current lines in the soil are similar to 
those of a current of water produced by a hydraulic gradient [197, 198].

A rather common approach in the proposed models is the use of simplified geo-
chemical systems that, taking into account the reagents and products of the chemi-
cal and electrochemical reactions that may occur, contain less than ten species. This 
limits the chemical speciation due to the electrokinetic processes, but also the abil-
ity to reproduce faithfully the behavior observed in real applications [199].

More recently, López-Vizcaíno et  al. [200] have developed a model called 
M4EKR (Multiphysiscs for ElectroKinetic Remediation) for the removal of ionic 
species present in the pore water of unsaturated natural soils, which allow taking 
into account up to 34 species (involved in 24 chemical equilibria) and including 
their transport due to electroosmosis, electromigration, diffusion, and advection.

For more details on the mathematical models available and their features, please 
refer to the dedicated chapter.

5  Conclusions

The smart coupling of all electrokinetic phenomena with the heating of the soil (due 
to ohmic effects) and the various chemical (e.g., ion exchange, formation and dis-
solution of precipitates) and electrochemical processes (oxidation and reduction of 
water, deposition of metallic species) makes electrochemically assisted soil reme-
diation a very versatile and efficient approach. However, the variety of the phenom-
ena involved is also the reason behind its complexity, which hinders the development 
and large-scale application of the technology.

In disciplines such as chemical and environmental engineering, any scaling-up 
requires a deep understanding of processes, which can initially be characterized on 
a small scale using small devices (for which operating conditions can be more easily 
controlled and process details more easily clarified) [201]. The key factor for scal-
ability is therefore the definition and understanding of “control mechanisms” on a 
real scale, rather than the study of the fundamentals of a process that, on a smaller 
scale and with more controlled conditions, can certainly be achieved with greater 
precision.
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For this reason, there are numerous aspects that should be taken into consider-
ation when performing laboratory tests aimed at studying treatment processes for 
which an effective field application of the technology is desirable [202]. For 
instance, in the first EK prototypes in the field, the electric heating of the soil was 
the main control mechanism, which produced a great volatilization of the organic 
contaminants contained in the soil. Unfortunately, the relevance of such a phenom-
enon in a laboratory-scale plant is very low because the low current intensity does 
not produce any significant change in temperature profile.

As widely discussed in this chapter, numerous studies have focused on the treat-
ment of soils polluted by a wide variety of compounds, including heavy metals [17], 
PAHs [203], PCBs [204], pesticides and herbicides [124], among many others. 
From a scientific point of view, these works have generated a remarkable increase 
in knowledge in the sector. In addition, some researchers have taken a further step 
forward and started studying the scaling-up of the processes [205–208]. Among the 
scientific conclusions that have been obtained, it has been confirmed that large-scale 
studies cannot be avoided because otherwise the conclusions drawn could be sig-
nificantly incorrect [88, 126, 128].

In any case, and despite research efforts, the level of technology readiness (TRL) 
for many of these technologies remains very low; although most are considered 
promising, many are far from being marketed as efficient processes. Important bar-
riers need to be overcome to achieve high TRLs and, as a result, very few technolo-
gies are currently being applied on a large scale.

A key requirement for the applicability of electrochemical technology is the opti-
mization of all processes to maximize treatment results [126, 128, 209]. This 
includes the implementation of suitable anodic materials but also the synergistic use 
of the cathodic reaction and the promotion of mediated oxidation processes during 
the treatment.

The high number of processes and the strong interactions of the parameters 
involved make each application a unique case, from which it is not possible to 
extend the application directly to other cases; however, it is possible to learn impor-
tant lessons applicable to many other situations. As a result, many electrochemical 
technologies, including electrochemical oxidation of wastewater, electro- 
disinfection, electro-coagulation, and electrokinetic soil remediation, are currently 
at a high TRL [171], with many companies already offering some commercial 
solutions.
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1  Introduction

Fenton reaction was first reported by Henry John Horstman Fenton in 1894 when 
oxidizing tartaric acid by hydrogen peroxide in the presence of iron. He observed 
the fast removal of the carboxylic acid when iron was present in the media. Haber 
and Weiss established in 1934 [1] the chain reactions that are the base of the Fenton 
process. The technology is based on the generation of hydroxyl radicals (HO•) by 
the catalytic decomposition of hydrogen peroxide (H2O2) [2, 3]. This radical, after 
F−, is considered one of the most powerful oxidants (2.8 vs SHE) [4].

The Fenton reaction takes place under acid conditions where H2O2 suffers the 
homolytic O–O bond cleavage in presence of iron (Fe2+) following Eq. (1). The 
maximum catalytic activity was established at pH 2.8–3.0, which drastically dimin-
ishes with an increase or a reduction of this pH value [5]. At pH higher than 3, the 
H2O2 breaks down into O2 and H2O and Fe3+ precipitates as Fe(OH)3 [6]. Moreover, 
the formation of Fe(II) complexes at high pH values leads to a drop in the Fe2+ con-
centration [7]. The generated HO• starts a series of chain reactions [1] with the 
organic matter (RH) present in the aqueous media (Eq. 2), which would lead ulti-
mately to complete mineralization, that is, the conversion of all the organic matter 
into CO2, H2O and other gases (N2, Cl2, etc.) or ions (SO4

2−, PO4
3−, etc.). The Fe3+ 

generated by the Eq. (1) is then reduced back to Fe2+ by another molecule of H2O2, 
forming a hydroperoxyl radical (HO2

•) (Eq. 3) [8]. After the discovery of Fenton 
reaction, Norman and West [9] demonstrated that not only Fe2+ was useful for 
decomposing H2O2 to HO•, but also other transition metals (M, Eq. 4) such as Ti3+ 
or Cu2+ can generate the radicals on the so-called Fenton-like process [3]. In addi-
tion, the Fenton process has also associated some scavenger reactions, which 
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diminish the availability of HO• or the H2O2 towards the generation of other less 
powerful oxidants or by-products with less oxidative capability [8] such as HO2•, 
O2

−• or HO2
− (Eqs. 5–10) [10].

 H O Fe HO HO Fe2 2
2 3+ → + ++ − +•

 (1)

 RH HO R H O HO+ → + +• • •
2 2  (2)

 H O Fe Fe HO H2 2
3 2

2+ → + ++ + +•
 (3)

 H O M2 2 + + ++ → • − +1HO HO M  (4)

 HO H O HO H O• •+ → +2 2 2 2  (5)

 HO2
• •  O H2  (6)

 HO Fe HO Fe2
2

2
3• + → ++ − +

 (7)

 HO O HO O2 2 2 2
• •+ → +− −

 (8)

 HO Fe HO Fe• + → ++ − +2 3  (9)

 HO HO H O• •+ → 2 2 (10)

The use of this technology for the removal of organic matter in aqueous media 
has been deeply studied, and it has several advantages to be considered as a feasible 
treatment alternative such as (1) quick degradation, because the HO• radicals attack 
the organic matter at diffusion controlled rate of 1010 M−1s−1 (in the case of aromatic 
compounds) [11], (2) nonselective degradation, being a process suitable for the 
treatment of whichever organic pollutant, and (3) the reaction products generated 
are fairly environmentally nonthreatening [12], converting hazardous pollutants 
into nonhazardous or less toxic compounds which are more stable, less mobile or 
inert [13]. For instance, in their review, Bautista et al. [7] reported the Fenton pro-
cess as a solution for the toxicity reduction and biodegradability enhancement of 
diverse industrial wastewaters (chemical, pharmaceutical, textile, cosmetic, etc.).

In the 1980s, the outstanding results of Fenton process for the remediation of 
effluents opened the possibility for its application in the treatment of polluted soils. 
Hence, Bove et al. [14] reported, in 1983, the use of the Fenton process for ex situ 
treatment of soils polluted with organic compounds, surpassing the performance of 
biological processes, as they are usually extremely slow and ineffective in the pres-
ence of toxic initial products or generated by-products. Actually, Oturan and Aaron 
presented years later the usage of AOPs in soil remediation as a suitable alterna-
tive [6].

However, the expansion on the use of H2O2 for in situ soil remediation was per-
formed during the 1990s [15]. Thus, based on the principles of in situ chemical 
oxidation process (ISCO) the Fenton reagent can be injected into the soil producing 
the HO• inside the porous matrix and degrading the organic pollutant. [16]. In addi-
tion, the natural iron present in the soils evades the necessity of adding the catalyst, 
reducing the cost associated to the dose of reagents.
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The process was presented as an interesting approach for soil decontamination 
when compared to ex situ treatments [17] because it avoids the difficult remediation 
and economic costs of other soil remediation alternatives. These alternatives encom-
pass soil washing, incineration, vacuum extraction, biodigestion, or dig and dump 
[18], which may generate additional wastes that would need secondary treatment or 
even disposal. However, in order to achieve an efficient treatment, the controlled 
delivery and homogenous distribution of oxidants in the soil are required [19]. Thus, 
while several researches reported very encouraging results, the feasibility of the 
process was questioned for its application to some types of soils such those with low 
permeability. For instance, Watts et al. [20] reported total degradation of pentachlo-
rophenol from a natural sandy soil collected from the Moreno Valley University of 
California in 5 h, by adding H2O2 and iron. However, in fine-grained soils with low 
permeability, the movement of H2O2 through the soil is limited and thus the effi-
ciency of the process is reduced [12, 21]. Accordingly, Oonnittan et al. [12] reported 
how H2O2 may have a scavenger effect, as it reacts undesirably with HO• instead of 
following the Fenton reaction. Actually, H2O2 is usually decomposed before reach-
ing the polluted site because of the slow rate in the soil [8]. Nevertheless, Bryand 
and Wilson [22] applied for the first time the Fenton ISCO, treating chlorinated and 
petroleum compounds in real soils by in situ application of the Fenton process. They 
treated different soils, which varied from 222 to 28,889  tons although not in all 
cases the technology could be labelled as cost-effective.

Hence, the reported drawbacks in the use of Fenton reaction for soil remediation, 
appeared as new milestones in which the scientific community focused its attention 
(Fig. 1). As a result of these research works, Clarke et al. [18] patented in January 
1999 the novel idea of combining ElectroKinetic (EK) Process and Fenton reaction 
(F), the so-called ElectroKinetic-Fenton (EK-F) Treatment. Regarding the EK pro-
cess, it had been developed in 1960 for the remediation of metal polluted soils [23] 
whereas this new EK-F process was proposed as an efficient soil remediation alter-
native, which would be useful for sites polluted with both organic and inorganic 
species [16].

Few months after the publication of the Clarke et al. patent [18], the first article 
of the proposed technology, entitled “Removal and degradation of phenol in a satu-
rated flow by in situ ElectroKinetic remediation and Fenton-Like process,” was 
presented by Yang and Long [24]. In this study, a phenol polluted sandy soil obtained 

F process

EK process
- Low organic pollutant removal

- Bad reagents diffusion
- Low degrada�on rates

EK-F process
- Enhanced reagents diffusion
- High degrada�on rates
- Metal elimina�on
- Effec�veness

Fig. 1 Disadvantages of the independent processes and advantages of the EK-F process 
combination
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from a farmland was 99% remediated within 10 days by this new EK-F treatment. 
The process is within the so-called EK-ISCO processes, where the penetration capa-
bility of oxidants is accelerated by electric field action [19]. The synergy effect of 
the EK-F process is given not only because of the easier delivery of H2O2 through 
the soil which leads to the generation of HO• but also by the promotion of oxida-
tion–reduction reactions into the soil [25]. Thus, this combination enhances the EK 
process performance (Fig. 1), which has showed low efficiency for the treatment of 
organic polluted soils. This is why the Fenton process is the most common chemical 
oxidation method to be added to EK [26]. Thus, this new alternative overcame some 
of the limitations of EK technology for the remediation of organically polluted 
soils. For instance, fine grained soils have a large specific area and thus they have 
abundant sites for soil–pollutant interactions, making the mobility of the latter more 
difficult with the typical EK process [27]. Besides, the EK process could only could 
eliminate soluble pollutants present on the pore fluid or sorbed substances on col-
loidal particulates suspended in the soil pore fluid [28].

All of this made the EK treatment an inadequate remediation alternative, which 
could be synergistically coupled to other techniques [27]. On this context, during 
the last years EK-F technology has been successfully applied for in situ remediation 
of polluted soils. As mentioned earlier, it is an interesting methodology based on the 
combination of EK process and the Fenton reaction, enhancing the treatment of 
both organic and inorganic pollutants [16, 29, 30].

The principle of EK remediation relies upon the application an applied electric 
potential gradient through the soil between a couple of inert electrodes (Fig. 2). The 
main transport mechanisms of this technology include electrophoresis (movement 
of charged particles), electro-osmosis (movement of interstitial fluid of a porous 
matrix), and electromigration (movement of ionic species). Among them, the latter 
two are the dominant phenomena in EK remediation [31]. In addition, water elec-
trolysis reactions take place over the electrodes. In the anode, an acid front is pro-
duced and O2 is liberated, while in the cathode the reduction of water takes place 
and H2 and OH− are produced [32, 33] as depicted in Eqs. (11) and (12) [34].

 2H O O 4H 4e2 2→ + ++ −
 (11)

 2H O 2e H 2HO2 2+ → +− −
 (12)

Both fronts, acid and basic, are transported by the electromigration to their oppo-
site electrode; thus, the acid front will be moved towards the cathode and the basic 
front to the anode (Fig. 2). As the EK process occurs, the pH on the close-to-anode 
area decreases to values around 3 and on the close-to-cathode area increases to 
environ 11. This pH behavior may vary depending on the surface characteristics and 
on the interactions such as hydraulic conductivity, or ion properties [31]. Hopefully, 
the movement of H+ is 1.75 times quicker than HO− [34], and the profile of the soil 
pH is not equal in soils with low buffering capacity. Thus, an acid environment is 
generated in most of the soils to be remediated.
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Fig. 2 Scheme of the phenomena involved on the pollutant removal during EK (a) and EK-F (b) 
treatment
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Anyway, the design of the EK-F system, from an engineering point of view, must 
consider these strong acid and basic conditions [24]. Actually, chemically inert elec-
trodes such as graphite, coated titanium, or platinum electrode should be used [31]. 
Thus, a proper pH control should be carried out because the acid conditions favor 
the pollutant degradation (Fenton process is favored at acidic pH and the H2O2 sta-
bility) [8, 10]. On the other hand, the basification on the close-to-the-cathode areas 
usually diminishes the degradation efficiency because it produces the precipitation 
of metals as hydroxides depleting the mobility of Fenton reagents and its removal 
efficiency [34]. In any case, to solve this problem, some alternatives including addi-
tion of chemical stabilizers, periodical change of the solution in the electrolytic 
chambers, modification of the oxidant delivery mode, and/or change of the polarity 
of the electrodes have been proposed [35].

The zeta potential of the soil determines the direction of the electroosmotic flow 
(EOF) and typically it goes towards the cathode, as the zeta potential of the soil is 
usually negative [12]. A high concentration of cations in the soil pore fluid causes 
the decrease in the thickness of the diffuse double layer and thus, an increase in the 
ionic strength [27]. In the EK-F, the EOF is the responsible of the distribution of 
H2O2 [29] homogeneously through the soil, independently of its hydraulic conduc-
tivity. Thus, if the soil has iron, or other transition metals, there by nature or by an 
artificial addition, the Fenton or Fenton-like process would take place in situ. The 
rate of electro-osmotic flow is controlled by the coefficient of electro-osmotic per-
meability and the soil pH [36]. All these englobed processes favor the generation of 
an EOF because of the soil pH variations which increase the negative zeta potential 
[10]. The zeta potential and thus the EOF is dependent on solution pH, ionic 
strength, types of ionic species, temperature, and type and proportion of clay miner-
als [37], although it has been reported to not be significantly dependent on the pol-
lutant nature [38]. Moreover, the vast majority of soluble no-charged pollutants are 
transferred to the cathodic chamber by the EOF and they can be easily removed 
[39]. Accordingly, EOF has a strong effect, mainly when treating neutral com-
pounds where electromigration is not applicable [26].

Obviously, the EK process may move the pollutants; however, the vast majority 
of studies using EK-F reported the Fenton process is able to degrade the pollutant 
through its movement within the soil [40]. Moreover, several investigations have 
demonstrated the powerfulness of the EK-F process, as it has been reported that the 
sequential degradation of the pollutants while the Fenton’s reagent is diffused into 
the soil is more efficient that the pure extraction movement on EK systems [12], 
thus avoiding a waste effluent. For instance, Reddy et al. [16] reported how phenan-
threne was not eliminated from the soil in the classical EK process whereas 76% 
was degraded when adding only 5% of H2O2 on the anolyte chamber. So far, organic 
pollutants have been treated under EK process when being partially dissociated, 
such as phenol [41], whereas the EK-F technology has opened a path for the treat-
ment of more strongly attached compounds such as hydrophobic pollutants [32].

In Fig. 3, the timeline and the main milestones by the EK and Fenton process 
and their combination are provided. The major events on the development of the 
combined process are also represented. From the first patent of the EK-F presented 
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by Clark et al. [18] in 1997, several findings were reached by the study of polluted 
model matrixes or artificially polluted real matrixes. However, it was not until 2008 
that Andreottola and Ferrarese [42] used the technology for the treatment of a real 
sediments coming from a river in Italy. These authors highlighted the necessity of 
high oxidant dosages in order to cope with the natural organic load present in those 
sediments, attaining, under the optimal conditions, 90% of polycyclic aromatic 
hydrocarbon (PAH) removal. On the other hand, the treatment of real matrixes may 
favor the redox reactions, not only in the close-to-the-electrode areas like in 

Fenton reaction 1894

Henry John Horstman Fenton [2]
degraded tartaric acid inaqueous
solution with H2O2 and Fe2+ for the first
time.

Fenton to soil treatment 1983

Bove et al. [14] reported the first ex
situ approach of the Fenton process for
the remediation of soli matrixes,
although some limitations such as low
distribution of reagents into low
permeable soils were detected.

EK for organic pollutants1986

Some investigations demonstrated the
usefulness of the EK procedure for soil
remediation [23]. This treatment was
only useful for the mobilization of
soluble pollutants.

EK for metals removal1960

Several Russian researchers used for
the first time the ElectroKinetic
technology although it was proposed
for the elimination of metals [23].

Fenton-ISCO1999

Bryand and Wilson [22] used for the
first time the Fenton processes for the
in situ treatment of chlorinated
aliphatic compounds in different areas.

EK-F patent1997

Clarke et al. [18] patented the
combination of EK and Fenton
processes to avoid their limitations,
enhancing the homogeneous
distribution of reagents degrading the
pollutants within the soil.

EK for in situ treatment 1995

Monsanto company demonstrated the
feseability of the EK technology for the
in situ remediation of real soils (63 m3)
[42].

In situ EK at full scale 1998

Monsanto company aimed to make the
process appealing to real applications
and thus designed the full-scale EK (803
m3) [38].

EK-F article 1999

Yang and Long [24] accomplished the
first laboratory assay of this new
process allowed 99.7 % degradation of
phenol, using SIP as catalyst. EK-F in real matrixes2005

Park et al. [40] degraded phenanthrene
in a sandy soil of a gas station.

EK-F for ex situ treatment 2008

Andreottola and Ferrarese [42] used
the EK-F for the treatment of PAH
contaminated sediments of a river in
Italy.

Fig. 3 Timeline and milestones of the EK and F investigations towards their combination
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simulated soils but also in all interfaces between the soil particles and the pore 
water because of the presence of substances with electronic conducting properties 
(microconductors) such as minerals [43]. In any case, the heterogeneous distribu-
tion of particle size, metal content, and organic pollutant is a characteristic of real 
matrixes, which may affect the EK-F performance and the variability on degrada-
tion results [42].

Considering Monsanto Company demonstrated the viability of the EK process 
for in situ treatment of trichloroethylene at large scale, and the promising results of 
different research works after ex situ EK-F treatment of real matrixes [42], the next 
step would be to test the in situ EK-F process. Nevertheless, some discrepancies 
may be found between ex situ laboratory scale and real in situ application because 
of the differences in terms of thickness of the saturated zone, pressure resistance, 
depth and volume of the contaminated soil, and so on [31].

In conclusion, under the principles of the EK phenomena, the Fenton reagents 
can be delivered homogenously through a soil by EOF, without the influence of the 
soil permeability. Then the organic pollutant is in situ oxidized, and the inorganic 
compounds can be mobilized under the electric field [39, 44].

In Table 1, a summary of the main existing articles, where different polluted soils 
have been treated under this technology, and the achieved removals, are presented. 
Among them, the most studied pollutants are petroleum derivatives because of the 
easiness of an accidental spill or leak of these compounds, which would lead to a 
soil contamination due to the high absorption rate of those into natural soils. What 
is more, the presence of these compounds cause significant environmental impacts 
because of the hazardous properties of petroleum, which are not usually solved by 
biological processes [45]. As it can be seen, the removals achieved in most of the 
revised articles ranged from 60% to 99%, fact very encouraging. However, it has to 
be pointed out that the performed experiences were ex situ and using in most of the 
studies artificially polluted soils. In these researches, several parameters have been 
studied in order to optimize the treatment. In the next section, the most important 
parameters will be presented and discussed, considering the existing literature.

2  Influencing Parameters

In the combined system EK-F, several parameters affect the treatment efficiency 
and the synergistic effect of different operational conditions should be evaluated in 
order to achieve the complete soil remediation (Fig. 4). Thus, it is expected that 
EK-F process effectiveness strongly varies depending on the nature of both, the 
contamination and the properties of soil matrix. In fact, Ng et al. [8] reported the 
organic pollutant removal from soils using the EK-F process varies within the range 
26–99.7% for different pollutants which may be found in soils, such as petroleum 
derivatives. In addition, the presence and mode of addition of Fenton reagents, as 
well as environmental conditions are key factors that should be optimized. 
Furthermore, the electric field applied, the electrolyte, the type of electrodes, and 
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their disposition are also important factors that the scientific community have stud-
ied in depth for a successful implementation at field scale.

2.1  Fenton Reagents Dosage

In order to produce the Fenton reaction (Eq. 1), the presence of H2O2 and Fe2+ is 
mandatory; as well as having them at adequate concentrations to avoid scavenger 
reactions (Eqs. 4–9). H2O2 is consumed due to (1) (and mainly) its reaction with 
Fe2+, (2) its reaction with Fe3+ or other oxidants and (3) reactions with organic pol-
lutants [53]. Thus, the efficacy of the Fenton reaction is principally delimited by the 
H2O2 concentration and by the ratio Fe2+/H2O2 [3].

2.1.1  H2O2 Concentration

During EK-F treatment, a solution containing H2O2 at acid pH is flushed into the 
soil from anode to cathode by the application of an electric field. Typically, the con-
centration of H2O2 used varies from 5% to 20% (Table 1). Although other studies 
with even lower H2O2 concentrations had been done (3%), their poor results in terms 
of pollutant degradation made increasing the reagent concentration necessary [26]. 
Thus, Reddy and Chandhuri [54] enhanced phenanthrene degradation from 49.8% 
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to 82.3% by increasing H2O2 concentration from 5% to 10%. They defended these 
strong oxidizing conditions may also be effective for mineralization of the gener-
ated by-products.

The flushing solution is diffused throughout the soil where mainly the iron avail-
able in the soil or other transitional metals promote H2O2 decomposition to HO•, 
which in situ oxidizes the organic pollutants [55]. Actually, Kim et al. [10] treated 
two different soils under the EK-F process, and when measuring the residual H2O2 
concentration, it was lower in the soil with higher content of iron. As it might be 
expected, the pollutant degradation is higher in the close-to-the-anode areas, because 
of the higher H2O2 concentration due to the following reasons: (1) H2O2 is usually 
added in the anolyte, (2) the pH increase in the close-to-the-cathode areas makes the 
H2O2 instable, and (3) it requires a longer transportation time [8].

The reactants content not only affects the Fenton reaction but also the EK pro-
cess. For instance, it is important to highlight the fact that HO• are generated in 
aqueous solution; thus, Fenton treatment of adsorbed pollutants seem to be defined 
by the desorption equilibria. However, the direct oxidation of adsorbed pollutants 
can be favored when using high H2O2 concentrations (>2%) [56] because of the 
powerfulness of the generated reagents through the Fenton process [12] or for the 
possible generation of non-hydroxyl radicals [12]. In this sense, not only the H2O2 
presence causes the generation of more HO• by the Fenton reaction, but also its 
stability is enhanced [54].

A

B

High H2O2concentra�on
Low H2O2concentra�on

H2O2 injec�on point
CA

TH
O

DE
CA

TH
O

DE

AN
O

DE
AN

O
DE

Fig. 5 Oxidant distribution depending on the H2O2 injection point (black hole): (a) central injec-
tion, (b) close-to-the-anode injection

A. M. Díez et al.



179

Moreover, Kim et al. [32] reported that the electrical current increases with the 
H2O2 concentration due to the generation of ionic compounds as a result of the oxi-
dation reactions and the liberation of salts from the soil. However, there is some 
oxidant concentration values above from further increase is not justified by the 
modest increase on the pollutant degradation [16]. What is more, an extremely high 
concentration may lead to scavenger effect (Eqs.  4 and 8) [3, 12]. For instance, 
Chang et al. [57] reduced approximately 40% their diesel degradation when aug-
menting the H2O2 concentration from 15% to 30%, because of the increase on the 
H2O2 self-decomposition. Actually, Park and Kim [58] only needed 0.35% H2O2 to 
attain the best results for EK-F degradation of phenanthrene, enhancing the perfor-
mance by other means such as adding an anionic surfactant and FeCl2. Increasing 
the H2O2 concentration too much also may reduce EOF generation. For instance, 
Kang et  al. [26] augmented H2O2 concentration from 3.3% until 10% causing a 
reduction of EOF from 196 to 84 mL. Despite the smaller EOF flow, the degradation 
performance increased from 25% to 39% with this H2O2 concentration augmenta-
tion, demonstrating the degradation performance was more affected by the oxidation 
capacity than by the EOF produced.

2.1.2  H2O2 Injection Point

Some researchers have denoted the degradation of H2O2 in the electrode chamber, 
so the injection of this reagent into the soil have been postulated as a solution. 
Therefore, Issosaari et al. [59] introduced H2O2 in the middle of the soil (Fig. 5a) 
(between anode and cathode), which allowed them to obtain approximately 13% of 
PAH removal in 8 weeks because of low EOF generated. In fact, Kang et al. [26] 
highlighted that the EOF and its oxidizing capacity determined the EK-F process 
removal efficiency. However, this configuration was further studied and Oonnittan 
et al. [48] highlighted the importance of the selection of the H2O2 injection point, 
being the central addition the optimal configuration which allowed a hexachloro-
benzene degradation of 60%. This configuration reduces the H2O2 decomposition, 
enhances the EOF generation and favors a more equal distribution of oxidants 
(Fig. 5a). Nevertheless, the in situ application is likely to be more difficult so more 
studies should be carried out. Actually, Ho et al. [60] developed an in situ H2O2 
injection system at pilot scale which allowed them to vary the injection pressure 
which augmentation favored the decomposition of nitrobenzene, reaching 50% in 
15 days at 20% of H2O2.

2.1.3  Metal Content

The metal content is also an important parameter as it delimits Eq. (1) efficacy. Iron 
is one of the most common elements found in soils and at many sites, and there is 
an abundance of naturally occurring heterogeneous forms of iron which serve as the 
main source of catalyst for the Fenton process [61]. For instance, Reddy et al. [54] 
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reported how the inherent iron in kaolin was useful for the degradation of phenan-
threne, as the oxidation of this compound reached 49.8% in presence of 5% H2O2 
whereas the oxidation was practically negligible without it.

Hopefully, quite high iron concentrations have been detected in soil, ranging 
from 3 to 20,914 mg/g (Table 1). Under low pH and/or reduced conditions, part of 
the total iron may be Fe(II), which could act a as catalyst yielding HO•. Although the 
naturally available metals in soils can cause, to some extent, the Fenton process, it 
has been reported that the addition of an external catalyst enhances the pollutant 
degradation [46]. In this context and in order to facilitate the EK-F application, 
other iron sources may be added such as magnetite (Fe2O3), goethite (FeOOH) or 
wustite (FeO), which would lead to the addition of lower iron concentrations, the 
possible reutilization of this catalyst and the self-regulation of iron concentration 
within the soil [25]. Moreover, as mentioned earlier, other transition metals can be 
also considered, which, as well as Fe2+, may be also naturally present in the soil 
(Mn2+, Ca2+, Cu2+, etc.).

2.1.4  Metal Addition

The way in which the Fenton reagent is present into the soil also affects the perfor-
mance of the EK-F process. Thus, when needing an extra supply of catalyst, it is 
better to add it directly to the soil, as it increases the catalyst content since the begin-
ning of the process instead of adding it to the anolyte, in which case it is necessary 
to wait for the electroosmotic movement, the ionic strength and with that, the EOF 
generation [34]. In addition, the possible movement of the metals through the soil 
should be considered. For example, Cameselle and Reddy [44] reported an iron 
elimination of 17% where the remaining iron was enough for act as Fenton catalyst.

Accordingly, ferrous sulfate (FeSO4) and other salts of Fe(II) have been co- 
injected with H2O2 to facilitate the Fenton reaction, as they would react in that 
moment. In the EK-F process, the catalyst can be artificially added by differ-
ent means.

 1. By electromigration using an iron solution added on the anolyte for the first days 
of the treatment so that iron–substrate mass ratio is 1:10 [48] or the pumped solu-
tion is between 0.01 and 0.02 M [46]. Then the anolyte is changed for a H2O2 
solution. With this procedure, Oonnittan et al. [48] ensured the presence of iron 
throughout the soil before adding the oxidant.

 2. By addition of an iron metal solution into the soil. Hence, Alcantara et al. [33] 
adsorbed iron into kaolinite and afterwards they treated adsorbed phenanthrene, 
being able to apply the EK-F process thanks to the 10% H2O2 added, degrading 
99% of the polycyclic aromatic hydrocarbon. Another example was brought 
by Iglesias et al. [62] who added iron to kaolinite in order to EK-F remediate 
reactive black 5.

 3. Through the addition of a scrap iron powder (SIP), an iron piece which is placed 
within the soil (Fig. 6c). The use of SIP favors the pollutant degradation, because 
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using soluble iron makes the HO• to be generated at the very beginning of the soil 
section, losing their oxidizing potential before reaching all the pollutants [46]. 
Yang and Liu [46] stated utilization of SIP makes the pollutant degradation to be 
the dominant mechanism whereas the addition of FeSO4 would favor the removal 
towards the cathode.

 4. By the use of iron as sacrificial electrode (anode). Using this alternative, Tsai 
et  al. [21] enhanced EK-F oxidation to remediate diesel contaminated soils. 
Thus, they reported a degradation of 27% and 55% of diesel hydrocarbons with, 
respectively, Fenton and EK processes whereas the combination of both pro-
cesses caused 97% of removal.

The simultaneous addition of Fe2+ and H2O2 is not recommended, as the Fenton 
reaction takes place and both reagents are consumed before electroosmosis [48]. 
Actually, if using the native iron of the soil or adsorbing it previously, avoids the 
unnecessary H2O2 consumption, reducing the costs and enhancing the process per-
formance [8]. On the other hand, the presence of the Fenton catalyst causes the ionic 
strength of the pore water to slowly increase, increasing the current, then this value 
is stabilized [9, 12, 34]. This is why the initial addition of the metal into the soil is 
recommended rather than putting it on the anode, to avoid the initial delay that is 
caused because of the time that the ions need to be moved through the soil.

On the other hand, an extremely fast H2O2 decomposition is favored when the 
catalyst is exceedingly available [17], thus natural iron oxides would help to slow 
down the H2O2 decomposition. As an alternative, some stabilizers can be added, to 
complex the metal so H2O2 can be moved thought the soil as the reaction happens 
[12, 57]. Some examples of this procedure are depicted Table 2, which is further 
explained in Sect. 2.6. In any case, the best alternative would be to compare both 
approaches for a given process, as well as the H2O2 concentration [57].
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Obviously, the external addition of iron can produce the EOF to diminish due to 
metal precipitation when compared with traditional EK processes, because of the 
pH basification on the close-to-the-cathode areas. However, the EK-F process favors 
the pollutant chemical oxidation more than the pure removal [24], overcoming this 
drawback. Actually, Yang and Yeh [49] reported a smaller EOF generation after hav-
ing added Fe3O4 as a catalyst. This is why the metal content should be carefully 
selected. Actually, the phenol elimination in Yang and Long [24] investigation 
increases from 53 to 99.7% when diminishing the SIP content from 32.69 to 1.05 g, 
as not only they favored generation of more EOF but also avoided some scavenger 
reactions (Eqs. 7 and 9).

2.2  Types of Electrode Materials and Placement

The selection of material and placement of the electrodes are very important param-
eters as it may affect strongly the efficiency of the process. The typical ex situ or 
laboratory scale reactor are designed with an electrode configuration face to face. 

Table 2 Examples of the most widely used enhancing agents in EK-F processes

Ref. Enhancing agent Compound

Degradation 
(%)

Effect caused

Without 
the 
agent

With 
the 
agent

[69] Hydroxypropyl- 
b- cyclodextrin

Pentachlorophenol 49 67 Ternary pollutant-cyclodextrin- 
iron → direct HO• towards 
reaction with pollutant

[57] Citrate Total petroleum 
hydrocarbons

≈65 ≈80 Metal complexation → slower 
Fenton reaction (H2O2 
stability)

[52] Tween 80 Total petroleum 
hydrocarbons

26 81.8 Solubilize hydrocarbons, 
avoids the precipitation of 
metals

[17] Phosphate Phenanthrene ≈5 ≈22 Metal complexation → slower 
Fenton reaction (H2O2 
stability)

[17] SDS Phenanthrene ≈5 ≈28 Metal complexation → slower 
Fenton reaction (H2O2 
stability). Dissolve iron oxides 
at high pH

[12] β-Cyclodextrin Hexachlorobenzene 64 33 Enhanced pollutant solubility 
in pore fluid. Trap the pollutant

[54] Fe-EDTA Phenanthrene 50 70 Metal 
complexation → enhances 
EOF

[50] SDS Phenanthrene ≈17 ≈50 H2O2 stabilizer → overcome 
the short life time of HO•
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This configuration is useful for the application of EK-F process used to study and 
optimize the parameters before its real EK-ISCO application [16, 17, 24]. Thus, 
anode electrode wells are located opposite to cathode electrode wells (Fig.  6a). 
However, other configurations have been studied with the aim of increasing the 
process performance. Accordingly, Park et al. [40] suggested for the first time a two- 
dimensional EK-F reactor configuration, where two cathodes were placed between 
the whole amount of the polluted soil and the anode was placed in the middle 
(Fig. 6b). This configuration allowed them to produce a high EOF which was, in any 
case, favored by the high electric field applied (140 V). Tsai et al. [21] proposed the 
configuration of a circular EK-F process where four anodes were inserted on the 
surroundings and the EOF was extracted from the very center of the soil, where the 
cathode is (Fig. 6d). Similarly, Risco et al. [63] set up a circular six-anode system 
where the cathode was placed in the middle and they also tried the inverse situation 
with six cathodes and the anode put in the middle for the removal of oxyfluorfen. 
The former promote the generation of high quantities of EOF although both of them 
kept a good moisture in the soil.

In all these cases, the electrodes chamber may have a removable lid for putting 
the electrodes which would be also useful as gas vents [21] for CO2, N2, or other 
decomposition gases which may be formed during the pollutant degradation.

Other configurations have been proposed; for instance, the introduction of pas-
sive electrodes into the soil to monitor the resistance and intensity fluctuations [29]. 
However, Ng et al. [8] underlined the lack of references to electrodes cost and life 
span, pointing what should be considered for real scale applications.

The aim of this process is to degrade all the pollutant adsorbed into the soil, thus, 
the utilization of carbonaceous electrodes is recommended as metallic electrodes 
may favor the H2O2 degradation [40] only on the close-to-the-electrodes area. 
Nevertheless, the selection of iron electrodes, which would be dissolved though the 
process, may also favor the EK-F [31]. Thus, Tsai et al. reported that the switch 
from graphite to iron electrodes caused an amelioration of 10% on the degradation 
of diesel [21].

2.3  Electric Field

The applied voltage should be carefully selected because increasing it favors the 
EOF generation due to the higher number of ions in the pore solution according to 
Helmholtz–Smoluchowski theory [44]; and with that, the oxidation process. 
Oppositely, a too high voltage diminishes the EOF [8] and the electrophoretic action 
can cause the displacement away of the soil from the cathode which causes the EOF 
to diminish and thus, the pollutant removal [12].

In spite of the importance of this parameter, at the present time there is a lack of 
investigations regarding the influence of the voltage applied during EF-K and the 
typical values used for the application of EF-K vary between 1–3 V/cm (Table 1). 
In this issue, the scientific community has focused its attention in the way to apply 
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the electric field. Therefore, Park and Kim [50] reported the switching of electrode 
polarity as a good option for avoiding extreme pH fluctuations in order to favor the 
EOF and the Fenton degradation. With this procedure, the typical low degradation 
of the pollutant on the cathode section is avoided [8]. What is more, the resistance 
of the media tend to increase as the time passes by, after an initial reduction because 
of the dissolution of the ionic species and the mobilization of the ions of the soil 
matrix [44], those are moved and thus gradually eliminated on the catholyte. 
Switching the electrodes favors that the ionic species do not reach the catholyte and 
thus, from the close-to-the-cathode areas are moved towards the new cathode [50].

Additionally, other researches evaluated the effect of switching on and off the 
electric current so the pollutant is transferred from the soil towards the interstitial 
fluid and the pollutant can diffuse through the soil pores, having the time necessary 
for mass transfer, diffusion and pollutant degradation, all of that reducing the energy 
consumption [44].

2.4  pH Control and Electrolytes

Several researches have reported the significant influence of the soil pH on the EK 
Treatment, affecting the pollutant retention in the soil and the EOF [64]. As general 
rule, pH control in the anode reservoir, to maintain neutral conditions, is necessary 
to keep high EOF [65]. Regarding the Fenton reaction, the soil pH also plays an 
important role [3], as it has been reported H2O2 stability is enhanced at acidic pH 
whereas at alkaline pH it is decomposed to water and oxygen [21]. Thus, Kim et al. 
[32] reported the H2O2 residual concentration increased over time due to the acid 
front (because of the quicker movement of H+ regarding HO− [34]) on the soil, and 
with an increased life time for H2O2, the pollutant degradation is likely to increase 
[66]. In fact, Kim et al. [10] detected lower H2O2 concentrations in soils with high 
acid buffering capacity.

However, very low pH can diminish the degradation performance. For instance, 
Kim et al. [32] increased the phenanthrene degradation from kaolinite when adding 
0.05 M of H2SO4 in the anode whereas Alcantara et al. [33] used a 0.1 M H2SO4 
solution to keep the pH on the catholyte at values around 4. This high concentration 
caused all the soil sections to have a pH lower than 2.5, eliminating the negative zeta 
potential and with that, the EOF generation. Moreover, extreme acid conditions lead 
to HO• scavenge (Eq. 11) [12]. In addition, the H2O2 stability under acid conditions 
should be considered. Hence, H2SO4 produces reductive species which degrade 
H2O2 whereas HCl did not report any significant H2O2 decay [47].

Different approaches have been carried out to control pH in the process. The addi-
tion of a clay such as bentonite, between the electrolyte solution and the polluted soil 
acts as buffer, reducing the impact of the acid and basic fronts [40]. Another option is 
to recirculate the catholyte towards the anolyte so the negative effect of an excess of 
H+ can be neutralized [44], which would augment the EOF. pH may also be controlled 
by addition of buffers such as tris-acetate [30], citric acid [53], and acetic acid [27], 
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these two latter are, respectively, also useful as  complexing agent and chelant. In 
addition, the presence of high concentrations of H2O2 in the electrode solutions 
decrease the electrochemical decomposition of water and avoided formation of 
extremely high/low pH environments in the electrode chambers [33]. All these strate-
gies of control should be done carefully, as if the soil pH is reduced at values lower 
than its point of zero charge, the direction of the EOF would be inversed and in that 
case, the H2O2 addition should be done consequently [67].

 HO H e H O• + + →+ −
2  (11)

The presence of salts on the soil and/or on the electrolytes is mandatory in order 
to diminish the media resistance and then, the energy consumption for a given deg-
radation rate. Usually, the resistance is lower at the beginning of the EK-F treat-
ments because the high salt content and the generation of dissolved ionic species 
[17]; then, it increases because of the electromigration of the ions [10, 40]. In order 
to cope with that, the supplement rate of electrolyte from the anode tank should be 
quicker [40]. Hence, when the intensity is practically constant, the electromigration 
processes and the supplement of electrolyte rates are essentially equal.

The addition of salts such as NaCl or Na2SO4 on the electrolytes usually favors 
the EK-F performance [8], mainly due to the reduction of the media resistance, a 
high EOF and the enhancement on H2O2 transportation, although there is the risk of 
forming chlorinated by-products when using salts with Cl− ions. In this sense, the 
type of electrolyte added may affect the performance of the EK-F process and the 
effect of the electrolyte composition in these systems has been elsewhere reported. 
Actually, Kang et al. [26] compared the effect of the addition of NaCl, MgSO4 and 
HNO3 and the best results were reported with NaCl, which produced an EOF of 
almost 300 mL whereas MgSO4 and HNO3 caused, more or less and respectively, 
100 and 200 mL. This can be explained by the Cl2 generation in the anode which is 
converted to HClO which has a high oxidizing capacity, favoring the pollutants 
degradation along with the Fenton oxidation [26].

Electrolyte concentration has also importance in removal efficiency. Tsai et al. 
[21] degraded 56% diesel when using as electrolyte 0.1 M NaCl in their EK-F pro-
cess, whereas 35 and 23% was, respectively, achieved after the usage of 0.01 M 
NaCl or tap water.

Accordingly, in order to accomplish EK-F processes, the presence of electrolyte 
and neutral or slightly acid conditions in the electrode chambers are required. Under 
these conditions, the EOF is favored and the decomposition of H2O2 to HO• is 
preferential.
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2.5  Solubilizing and Stabilizer Agents

Several substances can be added to the EK-F process in order to enhance, in the vast 
majority of cases, its performance (Table 2). For example, during the Fenton treat-
ment through the soil matrix, the solubility of the pollutant on the pore water is a 
key factor, because a faster degradation is produced if the pollutant is in aqueous 
phase [68]. Thus, when having hydrophobic organic compounds (low KOW) some 
agents should be added in order to increase the pollutant solubility and transport 
trough the soil [12, 38]. On the other hand, in order to cope with the EK-F difficul-
ties such as H2O2 decomposition and metal movement through the cathode, some 
H2O2 stabilizers such as phosphate, surfactants (for instance sodium dodecyl sul-
phate (SDS)) or metal complexing agents can be added, which ameliorate the EK-F 
performance [17] (Fig. 7).

Solubilizing agents, such as cyclodextrins, chelates or surfactants (Fig. 7), can be 
used in the flushing solution to favor the pollutant desorption, to enhance catalyst/
pollutant availability or to reduce the surface tension [64]. Huang et al. [39] reported 
that these substances can affect the organic pollutant behavior within the soil, as it 
may desorb, chelate, dissolve or complex the pollutant.

Cyclodextrins can form inclusion complexes of hydrophobic compounds, which 
would be trapped into their cyclic chain structure (Fig. 7), enhancing their solubility 

Fig. 7 Schema of the stabilizers effect. The arrows symbolize the movement of the species. 
(Based on Ng et al. [8])
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[12]. Hopefully, these compounds are non-toxic, biodegradable and have a low 
affinity to be adsorbed into soils in a wide pH range [27]. Several authors have 
reported the improvement caused by the addition of substances which can favor the 
mobility of the pollutant through the soil. Oonnittan et al. [12] added β-cyclodextrin 
to enhance permeability and hence the movement of hexachlorobenzene and ionic 
species, which enhanced the higher developed current in comparison with the 
results in the absence of it, thus reaching 33% of degradation when using 15% of 
H2O2. However, the oxidation of hexachlorobenzene was slower when this com-
plexant agent was added, maybe because of the stability of the formed complexes 
and the fact that HO• may attack this new added compound (Table 2). Thus, the 
results were favored in the absence of β-cyclodextrin, achieving 64% of hexachlo-
robenzene degradation. Nevertheless, the utilization of this enhancing agent avoid 
the accumulation of undegraded hexachlorobenzene in the close-to-the-anode area. 
Similarly, Reddy and Chandhuri [54] tried to enhance phenanthrene degradation 
under the EK-F process (49.8% of degradation in 7 days) by adding chelants such 
as DTPA or EDTA, reaching then, and respectively, 44% and 27.6%. This fact dem-
onstrates that inherent iron into some soils may be enough for promoting the Fenton 
process. However, if adding iron with either DTPA or EDTA, the degradation 
attained was 40.8% and 70%, demonstrating the suitability of EDTA to work as iron 
chelant and EOF promoter. These authors [54] proposed using ethanol as a flushing 
agent prior to the EK-F application, in order to favor phenanthrene solubilization by 
using this agent. After that, and by using Fe-EDTA, they achieved 90.5% of phen-
anthrene degradation.

Surfactants such as Triton X-100 [52], SDS [50] or Tween 80 [52] can also 
increase the water solubility of the pollutant (Fig. 7), by forming micelles, and in 
order to enhance the EOF by the variation on the zeta potential, a suitable control 
pH should be done [29]. Surfactant addition may enhance not only the pollutant 
solubility, surface tension reduction and wetting capability [27] but also the H2O2 
stability, which enhance the EK-F performance [51]. This can be explained because 
of the interaction of the pollutant with the surfactant, reducing the interfacial ten-
sion at the soil surface. The addition of not only surfactant but also NaOH in the 
catholyte have been reported as an option to increase even more the pollutant solu-
bility. Seo et al. [51] observed that a combination of SDS and NaOH in the cathode 
chamber leads to an increase in solubility of the total petroleum hydrocarbons and 
then to an increase of their removal efficiency by EK-F process. In fact, surfactants 
have been widely used for the remediation of polluted sites with low solubility com-
pounds such as polycyclic aromatic hydrocarbons. Park and Kim [58] demonstrated 
how the addition of an anionic surfactant ameliorated the H2O2 stability and also 
demonstrated how the surfactant concentration was lineally related with the dis-
solved phenanthrene. Increasing the surfactant concentration may favor the results 
but economic considerations should be taken as well as environmental aspects. 
However, they also noticed that anionic surfactants, when combined with H2O2, dis-
solve and transport iron ions in basic pH regions [50], which could diminish even 
more the Fenton performance in basic sites.
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Besides, Chang et al. [57], have investigated the effect of different chemical 
stabilizers such as citrate, H3PO4, EDTA or Ethylenediamine-N,N′-disuccinic acid 
(EDDS) on the removal of total petroleum hydrocarbons by Fenton-like oxida-
tion. These authors determined that total petroleum hydrocarbons removal was 
enhanced by the use of these complexing agents following the order: 
citrate > H3PO4 > EDDS > EDTA, as with the former the detected residual H2O2 
concentration was maximum. Nevertheless, the authors found difficult to explain 
the high citrate performance taking into consideration it presents a low chelating 
efficiency. Thus, other causes, such as the reduction of the media resistance may 
explain the good performance of citrate. In any case, the addition of chelating 
agents not only aids on the movement of pollutants but also affects the zeta poten-
tial, usually, decreasing it which would enhance the generation of EOF and there-
fore the EK-F performance [27]. In the case of adding a chelating agent, its 
concentration should be carefully selected, as increasing it too much may cause a 
scavenger effect [50]. What is more, the mobility of iron in soil should be studied 
as it is likely to change [17]. In fact, Pazos et al. [30] highlighted the importance 
of using chelating agents to maintain soluble iron. Accordingly, Sandu et al. [52] 
added citric acid to complex natural iron present in a polluted soil and to generate 
an acid environment inside the soil. These authors, attained between 70% and 
80% (for Romanian and Spanish soils, respectively) thanks to the citric and sur-
factant (Triton X100 or Tween 80, respectively) addition. In this case, the differ-
ent performance between those surfactants was caused as result of the unalike 
interactions of surfactants with the metals present in soils. Kim et al. [17] noted 
how differently the stabilizers can work; thus, the addition of phosphate blocked 
iron on soil, retarding its transportation, however causes a stabilization of the 
H2O2 (it is decomposed more slowly). Thus, its addition is worth it when EK-F 
processes of long time are required. On the other hand, the use of an anionic sur-
factant increases the iron content in closer-to- the cathode areas, due to the pH 
variation and the dissolution of metal oxides. Following Pazos et al. [30] experi-
ences, some considerations should be taken before adding complexing agents. For 
instance, EDTA forms a negative complex with iron which it is moved from the 
anode, which can lead to diminish its availability. Ng et al. [8] highlighted the 
importance of the system pH, as it varies the characteristics of the complexes 
formed and of the stabilizer concentration, as an excess of stabilizer may cause 
scavenger reactions.

The addition of persulfate can cause the EK-F if having iron in the soil, because 
persulfate oxidizes water to H2O2 in acid conditions. What is more, the persulphate 
addition diminishes the media resistance and thus, higher current intensities are 
applied to the soil [49].
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2.6  Soil Properties

The soil physicochemical properties also modified significantly the performance of 
EK-F systems [51]. The interaction soil-pollutant delimits the efficiency of the pro-
cess. For instance, the sorption on the soil surface retards the transport of the species 
and the transfer to liquid phase, diminishing the Fenton degradation [32]. 
Nevertheless, the Fenton process has been proved to be a potent oxidation process 
for the degradation of strongly adsorbed pollutants [70].

On this context, Kim et al. [10] demonstrated how influent are the soil properties 
on the degradation mechanism. Thus, when they treated phenanthrene polluted soil 
when being in Hadong clay the residual concentration of phenanthrene in the close- 
to- the-cathode areas increased, not only because of the farther distance from the 
H2O2 supply, but because of the desorption of phenanthrene in the close-to-the- 
anode areas which favored this compound was transported along with the EOF. Thus, 
the transportation rate towards the cathode was quicker than the degradation rate, 
being the desorption-transportation, the dominant removal mechanism, that is the 
EK process. However, in kaolin soil, the aforementioned gradient concentration was 
not detected within the soil, indicating the phenanthrene degradation rate was as fast 
as the desorption rate, having the synergy EK-F process.

Soils with low acid buffering capacity and organic content are easily treated 
under EK-F processes because of, respectively, the easy acidification of the polluted 
soil and the reduction of the inefficient H2O2 consumption [8]. Actually, this latter is 
the reason why the remediation of real polluted soils are more difficult treated [51]. 
In fact, Sandu et  al. [52] treated different historically hydrocarbon contaminated 
soils because the pollutants may be more strongly attached to the soil and more 
heterogeneity and physicochemical properties changes can be found.

The increase on the H2O2 concentration diminishes the pH and with that, the 
metal movement through the EK cell is favored [16]. The soil pH is lowered as time 
passes because of the acid front and thus the surface of the soil is more positive, 
decreasing the zeta potential which reduces the EOF [44]. On the close-to-the- 
cathode areas, the pH augments and that may cause the precipitation of the present 
metals in form of hydroxides, which can block the EOF movement [44].

On the other hand, the presence of carbonates on the soil diminishes the EK-F 
performance due to several factors: (1) carbonates act as acid buffer, thus reducing 
the pH fluctuation within the soil and with that, the negative zeta potential, which 
causes the EOF to diminish; (2) the Fenton degradation may be lessened as the car-
bonate content overcomes the pH acidification and thus the pH is not acid to favor 
the Fenton process and (3) the presence of carbonates reduce the stability of 
H2O2 [10].

Other soil properties, such as soil permeability and conductivity are less impor-
tant because, respectively, EK-F processes are suitable for low permeability soils 
and the addition of some electrolytes can augment the soil conductivity, although in 
both cases the treatment times are likely to be high [8].
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According to the information reported in the previous sections the reported 
parameters should be studied in detail previous to a field implementation. In sum-
mary, the most relevant suggestions that were previously discussed for enhancing 
the EK-F are depicted in Fig. 8.

3  Future Challenges

Some discrepancies may be found between ex situ laboratory scale and real in situ 
application because of the differences in terms of thickness of the saturated zone, 
pressure resistance, depth and volume of contaminated soil, etc. [31]. The in situ 
EK-F application depends on different parameters which should be assessed. For 
instance, the concentration of ions in soil and their distribution, the soil type, mois-
ture and its buffering capacity as aforementioned. The vast majority of them are 
deeply related; for instance, the percentage and type of clay in the soil affects the 
sorption and buffering capacity [31]. The pH of the soil varies the valence, solubility 
and absorption of the present ions in the soil and therefore the conductivity which 
modifies the voltage gradient [71].

The optimization of the EK-F operational conditions for in situ application is man-
datory in order to avoid the Fenton process to not cause any amelioration to the EK 
treatment [59]. Additionally, the energy consumption should also be taken into account 
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because it is considered as one of the main factors to select one EK-F procedure or 
another [34]. As in all oxidation processes, treatment time affects the efficiency of the 
process [3]. For example, Pazos et al. [30] noticed how applying 15 or 30 days the 
EK-F process provided virtually the same petroleum hydrocarbon removal.

The process of switching from laboratory scale to in situ application should then 
follow a well-defined cyclic procedure, as several tests at laboratory scale may be 
necessary, where both parameters, energy consumption and overall degradation per-
formance are a priority (Fig. 9). Ng et al. [8] summarized the EK-F optimization 
alternatives into four big families: (1) delay of H2O2 decomposition mediated by 
chemical stabilizers, (2) increase of oxidant availability by modifying the Fenton 
reagents injection, (3) type of catalyst and electrodes and (4) operating conditions, 
mainly voltage, electrolytes or reagents concentration. In all cases, the EK-F pro-
cess optimization should be done in terms of efficiency, costs and environmental 
impact [8].

The reagents cost should also be considered as Kang et al. [26] did, they attained 
7% improvement on the lubricant removal by doubling the H2O2 concentration until 
10%, however, they selected 5% as the optimal concentration to work with consid-
ering the cost of the EK-F process application.

The finding of an enhancing agent, which can solubilize the pollutants and stabi-
lize the Fenton reagents and thus improve the EK-F process, without using high 
H2O2 concentrations would be a good alternative. However, they are usually organic 
molecules so the oxidant species can firstly attack the complex agent. What is more, 
the selection of the stabilizer should be done considering its degree of biodegrad-
ability, cost, and efficiency [57]. For instance, if adding surfactants to enhance the 
EK-F process, it is an interesting solution to select Tween 80 or Triton X-100 
because of their low cost and high biodegradability [52]. Moreover, the fate of these 
agents and its by-products should be assessed in order to avoid a counter-productive 
process. Thus, after the EK-F treatment, the generation of bioavailable oxidation 
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by-products may affect the local biota and thus cause a toxic effect on the receiving 
environment [42]. Furthermore, for an in situ application, vent tubes [44], with an 
external system for gas treatment, will be necessary because the decomposition of 
pollutants could produce toxic gases. In addition, although an acid pH is beneficial 
for the EK-F process, extreme acid conditions should be avoided as the low pH in 
the soil may impact the environment [27].

In the case of adding an electrolyte which usually favors the EK-F performance, 
the optimization of its concentration is mandatory as an excess of it may not only 
cause an excess of cost and wastes generation, but also a diminution on the process 
performance [26]. In order to avoid industrial costs, the recirculation of electrolytes 
can be a good alternative although special attention should be taken to avoid electric 
shortcuts in the recirculation line [44]. That would also favor the reutilization of 
some used chelating agents such EDTA and with that, the environmental problems 
they would cause because of their toxicity [27].

When EK-F process produces residual wastewater with organic content (due to 
some pollutant desorption or by-products generation), this effluent can be treated by 
Fenton based processes as proposed by Ochoa et al. [72]. On this context, the gen-
eration of by-products and inorganic wastes which can be eliminated through the 
EOF should be considered, mainly in the case of toxic by-products or iron sludge 
which can be generated when an excess of iron was added [8].

Considering the real application of these processes, not only extreme pH condi-
tions should be considered, but also special attention should be focused on the selec-
tion of non-reactive material such as polyethylene or Teflon [60] to avoid its reaction 
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with H2O2 on the electrolyte tanks and junctions. Moreover, the junctions between 
wire and electrode should be covered with water-resistant glue in order to avoid cor-
rosion in the contact area [21].

To sum up, the SWOT schema of the EK-F process is presented in Fig. 10, where 
the main strengths and opportunities of the application of this technology are high-
lighted. Moreover, some of the difficulties this process application can yield are also 
pointed, although the proper application of the aforementioned considerations may 
diminish their weight on the overall process, making its in situ application at large 
scale a feasible option for the remediation of polluted soils.

4  Conclusions

The combination of EK and Fenton processes has been proposed as an alternative 
for enhancing the removal of organic pollutants from soils. In order to open a path 
for in situ soil remediation, some specific considerations should be made. The con-
centration of the Fenton reagents (H2O2 and Fe2+), the pH of the soil and the ways of 
controlling its evolution through time, the electrode selection and disposition within 
the reactor, and so on are parameters that should be assessed. The addition of chelat-
ing agents for mobilizing the iron, or surfactants to favor the pollutant mobility, is 
also encouraged. Moreover, working parameters should be selected in order to not 
only optimize the degradation capability of the process but also consider the final 
conditions of the soil, avoiding extreme acid conditions or toxicity. Finally, energy 
consumption should be considered in order to evaluate the feasibility of these pro-
cesses for real applications.
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1  Introduction

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

Due to their hazardous and potential risk on human health and safety of ecosys-
tem as well as land reuse, contaminated soils require effective remediation for their 
reclamation and reuse. In-depth works have been devoted for the development of soil 
remediation techniques, and several new and innovative solutions for effective abate-
ment of contaminants from soils have been investigated either to completely elimi-
nate the pollutants or reduce their concentrations to tolerable and safe level [3, 9, 10]. 
Most of the soil remediation processes, in existence, have at least one major “bottle-
neck” like high cost (thermal treatment), low efficiency (pump and treat), long treat-
ment time (biological treatment), low treatment capacity and high chemical 
requirement (in situ chemical oxidation) or necessity for post-treatment decontami-
nation of the effluents (soil washing/flushing system) [2, 11]. Sequential or com-
bined remediation techniques in which two or more treatment techniques are applied 
either simultaneously or sequentially has the advantage of each technique comple-
menting the merit and overcoming the challenges of each other [1]. Among the exist-
ing combined techniques, soil washing/flushing/electrokinetic soil remediation 
coupled with advanced oxidation processes (AOPs) is a versatile and time- efficient 
treatment for the remediation organic pollutants contaminated soil and it has been 
globally used over the years [2, 12]. Soil washing is a mechanical process, which 
involves the use of liquids (extracting agents) to remove chemical pollutants from the 
soils [2, 6, 13, 14]. However, the contaminants are only separated into solution, 
which implies that necessary treatment is still required for washing effluents before 
discharge into environment. AOPs based on hydroxyl radical productions (•OH) such 
as ozonation, photocatalysis, Fenton oxidation and electrochemical AOPs have 
recently been investigated for the treatment of soil washing effluents with best 
removal efficiency observed with electrochemical AOPs [2, 3, 12, 15–17]. Among 
the electrochemical AOPs, electrooxidation, otherwise known as anodic oxidation, 
has considerable advantage in that it requires very limited or no chemicals for gen-
eration of strong oxidants (reactive species) needed for oxidation of the organic pol-
lutants [18–21]. In anodic oxidation (AO), reactive oxygen species (ROS) and/or 
reactive chloride species (RCS) are electrogenerated at the anode region via water/
chlorine oxidation [22–25]. The produced reactive oxygen species especially 
hydroxyl radical (•OH) is a very strong oxidant (E = −2.8 eV vs. SHE) and can react 
non-selectively with any class of organic pollutants until their total conversion to 
CO2 or at least achieve high mineralization of the organic [26–29]. The fundamental 
principles and application of this process are available in the literature [30–34].

Coupling of AO and soil remediation for the treatment of organic contaminated 
soil has been studied via two configurations (Fig. 1): (1) AO as post-treatment stage 
for the treatment of soil washing/flushing/electrokinetic soil remediation effluents 
and (2) in-situ/simultaneous AO and soil washing/flushing process. The former is 
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the most widely investigated configuration of the combined soil remediation-AO 
processes, whereas the latter is less common owing to the higher diffusion depen-
dent of electrode process like AO. In this chapter, the concept of soil  washing/flush-
ing/electrokinetic soil remediation is briefly explained before different configurations 
of combined anodic oxidation and soil remediation were discussed. In the final sec-
tion a brief future perspective and concluding remarks are provided.

2  Soil Remediation Processes

Remediation of contaminated soils has become a global issue not only due to the 
hazardous effect of the contaminants on the ecosystem but also due to land shortage 
that necessitates reclamation of contaminated sites for reuse. Among the existing 
soil remediation techniques, soil washing/flushing is a versatile, cost- and time- 
efficient method and has attracted increasing attention in recent years across the 
globe [2, 6, 13]. Another rising and recently wide studied technique is electrokinetic 
soil remediation process in which an electric field produced by low DC current is 
applied across the soil surface, which separates the contaminants from soil with the 
aid of added electrolytes [12, 35]. Unfortunately, both processes generate effluents 
which contain contaminants extracted from the soil and require extensive and proper 
treatment before disposal.

Soil washing/flushing processes: In soil washing/flushing, liquid extracting 
agents usually in aqueous solutions are used to mechanically remove chemical pol-
lutants from contaminated soils [6, 12]. Contaminants usually have low solubility 
and adhere strongly to the surface of the soil in real contaminated sites, as in practi-
cal soil washing processes, in which additives such as acids, surfactants, chelating 
agents are often added to washing solution to solubilize the contaminants from the 
soil [6]. Soil flushing is an in situ process where extracting agents are added to the 
contaminated soils to improve the mobility of pollutants by reducing the interfacial 
tension between them and the groundwater [2, 12, 36]. The mobilized pollutants can 
then be evacuated in the extraction wells (Fig. 2). However, soil flushing is more 
adapted to light-weight polycyclic aromatic hydrocarbons like naphthalene 

Fig. 1 Schematic of different configurations of coupling soil washing with AO
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remediation because the pumping can be easily operated from the surface of the 
groundwater table [2]. The contaminated site/field characteristics such as soil het-
erogeneity, contaminant nature, naphthalene saturation and others strongly influ-
ence the efficiency of the soil flushing process [37]. On the other hand, soil washing 
is an ex situ process (Fig. 2) where the contaminated soil/site is excavated, trans-
ported and treated with a certain soil–liquid ratio, usually between 5 and 45% [14, 
38]. The contaminants sorbed to the soil are removed by adding extracting agents to 
the washing solution and there is always enhanced contact between the extracting 
agents and the soil contaminants in soil washing, thereby allowing for better treat-
ment efficiency assessment compared to soil flushing process [14].

Extracting agents: The aqueous solutions with or without additives used to mobi-
lize the contaminants from the soil to the soil washing solution is termed extracting 
agents. Aside having good extracting and solubilizing ability, the extracting agents 
should possess excellent biodegradability and low eco-toxicity to the soil organisms 
as well as environmental compartments where it is disposed after usage [36]. 
Extracting agents can also mobilize non-targeted contaminants especially heavy met-
als and toxic anions such as lead, cadmium, chromium, copper and arsenic; thus, the 
soil washing effluents require proper treatments and toxicity assessment before dis-
posal [2, 6]. Some of the commonly used extracting agents are briefly described below.

 1. Water and organic solvents: Organic solvents are the earliest extracting agents 
used for the removal of polycyclic aromatic hydrocarbons (PAHs) from contami-
nated soils, both on bench and field scales [13, 39]. Hydrophobic soil contami-
nants such as PAHs with lower octanol-water partition coefficient (log KOW) have 
been removed from contaminated soils using non-polar organic solvents includ-
ing 1-pentanol, n-hexane, benzene, toluene and dichloromethane [39]. To date, 
water and several organic solvents including alcohols, esters, ketones, alkyl-
amines and aromatics have been studied to extract PAHs from soils, however, 

Fig. 2 Scheme of a typical soil flushing and soil washing processes. (Adapted from ref. [2])
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organic solvents such as ethanol, 2-propanol, 1-pentanol and ethyl acetate have 
been reported to be only effective for the removal of lower-molecular weight 
(LMW) PAHs but less efficiency for higher molecular weight (HMW) PAHs, 
which continue to persist in soil after extraction [40, 41].

 2. Synthetic surfactants: Surfactants are a class of amphiphilic chemicals com-
posed of a hydrophilic water-soluble head and a hydrophobic or water-insoluble 
tail. Their unique molecular structure gives them the ability to solubilize rela-
tively insoluble xenobiotics including hydrophobic soil contaminants [6]. They 
are characterized by their chemical structures, hydrophobic–lipophobic balance 
and critical micellar concentration (CMC), which is defined as the surfactant 
concentration above which micelles are formed and all additional surfactants 
added to the solution go to the micelles (Fig. 3) [36, 42, 43]. The solubility of 
hydrophobic organic compounds (HOCs) is strongly enhanced at surfactant con-
centrations above CMC along with decreased surface tension [36].

Three different mechanisms are reported to be involved in surfactant enhanced 
removal of hydrophobic organics sorbed to soils, which include decrease of 
interfacial tension, phase transfer of HOCs from soil–liquid interface to micellar 
pseudo-aqueous phase and solubilization of the HOCs inside the hydrophobic 
enclosure formed by micelles [44]. Surfactants can be classified as anionic (e.g. 
sodium dodecyl sulfate and linear alkylbenzene sulfonate), cationic (quaternary 
ammonium derivatives), non-ionic (Brij 35, Tween 80, Triton X-100) and 
amphoteric (cocoamidopropyl hydroxylsultaine), but non-ionic surfactants are 
preferred due to their lower soil sorption ability, cost-effectiveness and higher 
solubilization capacity [36]. Several studies have reported the use of different 
synthetic surfactants for remediation of PAHs from contaminated soils both on 
laboratory and pilot scales and some review papers have summarized these stud-
ies in the literature [2, 6, 12–14].

 3. Biosurfactants: These are amphiphilic chemicals similar to synthetic surfactant 
but having microbial origin. They are capable of forming micelles and are manu-

Fig. 3 Surface tension and hydrophobic organic compound (HOC) solubility enhancement factor 
as a function of surfactant concentration. (Printed with the permission of ref. [2])
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factured from renewable resources such as water-soluble carbon sources, water- 
immiscible substrates and nitrogen sources [45]. Biosurfactants have some 
distinguish advantage such as high extraction efficiency, extremely biodegrad-
able, ecological safety, lower toxicity and possibility of produced in situ during 
soil washing process [13]. Indeed, Lai et  al. [46] reported higher petroleum 
hydrocarbon removal efficiency from contaminated soil with biosurfactants 
rhamnolipid and saponin compared to synthetic surfactants Tween 80 and TX100 
during soil washing process. However, the ability to produce sufficient quantities 
during the soil washing/flushing process at economical rate is a major challenge 
of using biosurfactants.

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

 5. Cyclodextrins (CDs): CDs have been proposed as non-toxic and highly biode-
gradable alternative to organic solvents and surfactants due to the environmental 
concern, for removal of PAHs from contaminated soils [50, 51]. They consist of 
hydrophilic groups on the external side of their ring, which can dissolve in water 
and a low-polarity cavity providing hydrophobic matrix which can entrap many 
organic compounds into the rings. This characteristic provides CDs with a larger 
capacity in solubilizing hydrophobic contaminants like PAHs [50, 52, 53]. CDs 
such as β-cyclodextrins, hydroxylpropyl-β-cyclodextrins, methyl-β-cyclodextrins 

Fig. 4 Inclusion complex 
formed by CDs with HOCs 
during soil washing. 
(Reprinted with the 
permission of ref. [2])
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and recently chemically modified CDs have been investigated on batch experi-
ments for desorption of PAHs from soils [50, 54–57] (Fig. 4).

 6. Humic acids (HAs): HAs are the fraction of humic substances composes in soil 
that is insoluble in water under acidic conditions [13]. Conte et al. [58] were the 
first to hypothesize that HAs is capable of reducing sorption of organic contami-
nants onto the soil. Subsequently, the same author [59] reported the removal of 
PAHs from soil using HAs as a natural surfactant. The HA as an extracting agent 
showed similar extraction efficiencies to those of synthetic surfactants, with 
more than 80% removal of PAHs from the contaminated soil. Some studies have 
utilized low molecular weight organic acids mainly released by plants [60] and 
soil nanoparticles which composed mainly organic contents (along some inor-
ganic clays) [61] to absorb organic compound from the soil and enhanced its 
water solubility during the subsequent soil washing process.

 7. Vegetable oils and organic cosolvents: Due to several drawbacks such as high 
cost, risk of handling and storing, toxicity and soil permeability disturbance, 
organic co-solvents are no longer considered promising extracting agents for soil 
remediation process. Vegetable oils which composed high triglycerides and have 
high affinity for PAHs are favourable alternative/replacement to costly, toxic and 
non-biodegradable solvents and surfactants for removing PAHs from soil [13, 
62]. The planner aromatic rings of PAH molecules bind to the triglycerides struc-
ture of the vegetable oils during the soil washing. This is possible because veg-
etable oils are characterized by their hydrophobicity and long aliphatic carbon 
chain structure which form hydrophobic interactions with non-polar molecules 
[13]. The use of vegetable oils for removal of PAHs from contaminated soils has 
been reported in the literature [63–66].

Electrokinetic soil remediation (EKSR): Like soil washing/flushing processes, 
EKSR desorbed pollutants from contaminated soils and produced contaminants 
loaded effluents that require proper treatment before disposal. In EKSR, contami-
nants are desorbed from the soil by the electric field created within the contaminated 
soil by the application of direct current via electrodes located at the subsurface [12, 
67, 68]. Besides electrokinetic processes such as electro-osmosis, electromigration 
and electrophoresis, the applied current simultaneously initiates many physical pro-
cesses (heating, change in viscosity etc.), electrochemical processes (water oxida-
tion and reduction, H2 evolution), and chemical processes (ion exchange, dissolution 
of precipitates, etc.) which tremendously change the soil [12]. These processes can 
be systematically combined by setting optimum configurations and operation con-
ditions in a soil treatment process which can promote certain process such as elec-
trochemical soil flushing to ensure the removal of many inorganic and organic 
contaminants from the soil and minimize other non-beneficial processes (heating, 
H2 evolution, etc.) [69–73]. This technology has been investigated for the remedia-
tion of different type of contaminated soils and is particularly more effective for 
fine-grained soils with low hydraulic conductivities and large specific surface areas 
[68]. The main phenomenon during the treatment of such fine-grained soil is electro- 
osmosis, which involves accumulation of net electric charge at the surface of the 
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solids in contact with the electrolyte solution and the accumulation of a thin coun-
terion layer (electrical double layer/Debye layer) of the liquid surrounding the solid 
surface. Since the Debye layer is charged, this portion of the fluid is mobile within 
the electric field between the electrodes due to attraction and repulsion from oppo-
site and the same charge respectively [12].

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

Several flushing fluids have been used with or without additives to mobilize pol-
lutants in the contaminated soils. Among the flushing fluids that have utilized, fluids 
that are capable of soil pH regulation are more beneficial because they can compen-
sate for the influence of the acidic and/or basic fronts created in the soil during 
electrokinetic remediation [12, 75, 76]. These fluids can use alone or along with 
surfactants such Tween 80, SDS, β-CD and others for soil flushing. Buffer solution 
of Na2CO3/NaHCO3 which neutralizes the acid fronts and acetic acid which neutral-
izes the basic fronts and lower the treated soil pH are the important reagents used in 
soil flushing [77, 78]. Other fluids such as citric acid, NaNO3 and NaHPO4 have 
been studied either alone or with surfactants for the remediation of soil contami-
nated with organic pollutants [12, 79–81].

As stated earlier, the soil washing/flushing and ESKR processes effluents are 
loaded with both the extracting agents and the extracted organic contaminants. 
Therefore, necessary treatments are required to remediate the organic pollutants to 
harmless or biodegradable substances prior to disposal to environment. Note that, 
some studies have reported in-situ remediation using peroxidation with H2O2 and 
Fenton oxidation (FeSO4 and H2O2) simultaneously along with electrokinetic soil 
flushing for the treatment of contaminated soil [82, 83]. However, effluents of such 
combined processes still contain significant quantities of extracted contaminants, 
which explains the inadequacy of such oxidation process for complete decontami-
nation of electrokinetic soil flushing effluents.
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3  Coupling of SW/EKSR and Anodic Oxidation

The effluents of the SW/SF and EKSR processes are loaded with contaminants 
extracted from the soil. As such, post-treatment decontamination and detoxification 
of the effluents are needed prior to disposal into the environment. Besides, selective 
removal of the contaminants from the effluents, the combined treatment ensures the 
reusability and recyclability of the extracting solution. Indeed, some studies have 
employed different remediation processes such as selective electrochemical adsorp-
tion [84], photocatalysis [2, 3, 85, 86], Fenton’s reaction–based oxidation [2, 3, 87, 
88] and electrochemical AOPs [2, 12, 54] for treatment of effluents of SW/SF and 
EKSR processes and possible recycling of the extracting agents. Among the studied 
treatment techniques, electrooxidation using “non-active” anodes especially boron- 
diamond electrode is an efficient and effective method for both remediation of the 
contaminants loaded SW/SF and EKSR effluents as well as recycling of the extract-
ing agents for possible reuse. Two configurations of coupling AO and soil remedia-
tion process can be proposed: (1) AO as post-treatment stage—ex situ electrooxidation 
treatment of SW/SF and EKSR effluents and (2) in situ or simultaneous SW/SF/
EKSR and AO. As stated earlier, the former is the most widely investigated configu-
ration and has been reported by many researchers, whereas the latter is less common 
in the literature. Both configurations are vividly discussed in the following sections.

Ex situ treatment of SW/SF/EKSR effluent by AO: The treatment of SW/SF/
EKSR effluents by AO is a well-investigated combined process for complete 
removal of contaminants and detoxification of effluents. AO using different elec-
trode materials and cell configurations has been demonstrated to achieve excellent 
degradation and mineralization of the organic and organo-metallic pollutants con-
tained in the SW/SF/EKSR effluents especially when “non-active” electrode such 
as BDD, doped PbO2 and SnO2 are utilized. In most cases, both the contaminants 
and the extracting agents contained in the effluents are degraded and mineralized, 
since hydroxyl radicals is a non-selective oxidizing agent that react with any class 
of organic pollutants. However, few studies have reported selective degradation of 
the pollutants encapsulated in the micelles formed by the extracting agents and pos-
sible reuse of the extracting agents. Most of the research works on application of AO 
for the treatment of SW/SF/EKSR effluents were reported by Rodrigo’s group [89–
92] (see Table 1).

For instance, dos Santos [91, 99] studied the removal of atrazine from soils using 
combined soil washing and conductive diamond electrode electrooxidation. Atrazine 
was removed from spiked soils by surfactant fluids (SDS) assisted soil washing and 
the resulting effluents were treated by electrooxidation using BDD electrode. The 
authors [90] showed that the combined technologies were efficient for the removal 
and total mineralization of atrazine from soils and soil washing effluents. Surfactant–
soil ratio (Fig. 5) was identified as the key parameter for the removal of the atrazine 
from the soil and it affects significantly, the characteristics of the effluents, mostly 
importantly the total organic loading and the size of the micelles. Beside applied 
current density, the size of the particles in the soil washing effluents (reaction media) 
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was the key parameter that influences the efficiency of the electrooxidation process, 
which continuously decreased during the electrolysis.

The same authors, have reported the removal of herbicide oxyfluorfen from soil 
washing fluids using either electrolysis [89], sono-electrolysis [90, 98] or 
UV-assisted electrolysis [97] with BDD electrode. Although the electrolysis using 
BDD electrode was quite efficient for the total degradation and mineralization of the 

Table 1 Some examples of SW effluents treated by ex situ electrochemical processes

Compound Concentration
Experimental 
conditions J Removal Refs

Organochlorines 160 mg L−1 of 
chloride

Platinum and BDD 
anode; graphite 
cathode; T: 25 °C; 
V: 150 cm3

300 A m−2 0.22 mmol Ah−1 [93]

Clopyralid 100 mg kg−1 of 
soil

BDD anode and 
stainless-steel 
cathode; T: 25 °C; 
V: 1 L

25 mA cm−2 Complete [94]

Clopyralid 30 mg dm−3 BDD anode and 
stainless-steel 
cathode; T: 40 °C; 
V: 2 L

25 mA cm−2 Complete [95]

Lindane 100 mg kg−1 of 
soil

BDD anode and 
stainless-steel 
cathode; T: 25 °C; 
V: 1 L

50 mA cm−2 Complete [96]

Oxyfluorfen 100 mg kg−1 of 
soil

BDD anode and 
stainless-steel 
cathode; T: 25 °C; 
V: 1 L

930 W cm−2 Complete [97]

Oxyfluorfen 100 mg kg−1 of 
soil

BDD anode and 
stainless-steel 
cathode; T: 25 °C; 
V: 1 L

30 mA cm−2 Complete [98]

Phenanthrene 500 mg kg−1 of 
soil

Aluminium and 
iron as anodes and 
cathodes; T: 25 °C; 
V: 5000 dm3

7.5 mA cm−2 Values close to 
zero for COD

[75]

Atrazine 100 mg kg−1 of 
soil

BDD anode and 
stainless-steel 
cathode; T: 25 °C; 
V: 1 L

30 mA cm−2 Complete [99]

Clopyralid 0.02 mg g−1 of 
soil

BDD anode and 
stainless-steel 
cathode; T: 25 °C;

12.8 mA cm−2 Complete [92]

Oxyfluorfen 100 mg kg−1 of 
soil

BDD anode and 
stainless-steel 
cathode; T: 25 °C; 
V: 700 cm3

300 A m−2 Complete [89]
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herbicide, sono and UV-assisted electrolysis with BDD electrode achieve faster and 
better decontamination of the treated effluent. It was demonstrated that prolong 
sonolysis and UV photolysis treatment without electrolysis could also achieve deg-
radation (with very poor mineralization) of oxyfluorfen but at very slow rate. The 
same group [96] has investigated the treatment of soils polluted with lindane by 
surfactants aided soil washing and AO using BDD. The processes were efficient for 
removing the hazardous substance from the soil and mineralization from the efflu-
ents with over 70% recovery of the surfactant solution after electrolysis for reuse in 
soil washing. Effluents of soil washing containing other contaminants such as pen-
dimethalin [100], clopyralid [92], PAHs and petroleum [101] have also be treated by 
electrooxidation, sono or irradiation assisted electrooxidation with BDD electrode. 
In all cases, the electrolysis with BDD with or without sonolysis/photolysis was 
observed to achieve excellent degradation and mineralization of both the herbicides 
and the surfactants in the washing effluents and the total decontamination of the 
eluents could be achieved in 8 h of electrolysis.

Other relevant studies on treatment of SW/SF effluents by AO were reported by 
Oturan’s group. For example, the group [102] has investigated the treatment of syn-
thetic soil washing effluent containing phenanthrene and CD by AO with BDD elec-
trode. Complete toxicity removal and 100% biodegradability enhancement was 
achieved during the electrolysis at 1 A for 8 h. The same group [16] has utilized a 
combination of anodic oxidation and biological treatment for the removal of phen-
anthrene and Tween 80 from synthetic soil washing solution. The AO with BDD 
was able to achieve 95% of phenanthrene and Tween 80 as well as 71% COD 
removal at 1 A for 5 h (Fig. 6). Biological treatment was reported to achieve com-
plete phenanthrene and Tween 80 degradation but could only remove 44% COD. Due 
to higher energy consumption during AO at this condition, synergistic effect was 
achieved by performing AO at low current and treatment time (3 h) as either pre- or 
post-treatment to biological process. In this way, a cost-effective combined process 
where AO degraded the organic in the washing solution to biodegradable organic 
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Fig. 5 Effect of [SDS]–soil ratio: (▲) 0.5, (♦) 2.5, (●) 5, (×) 12.5 and (■) 25 on the degradation 
profiles of (a) SDS and (b) atrazine during the CDEO treatment of the soil washing effluent at cur-
rent density of 30 mA cm−2. (Reprinted with the permission of ref. [99])
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compounds (short-chain carboxylic acids) followed by biological treatment or ini-
tial biological treatment of washing solution to remove the biodegradables followed 
by AO to degrade recalcitrant organic pollutants remaining in the solution.

Treatment of effluents of EKSR by AO has not receive much attention like SW/
SF effluents possible because EKSR has widely been utilized for the remediation of 
heavy metals/toxic anions contaminated soils compared to organic pollutants con-
taminated soils. However, a recently study by da Silva et al. [103] showed the pos-
sibility of applying AO using BDD electrode for the treatment of produced water 
from EKSR treatment of synthetic petroleum contaminated soil. The EKSR using 
graphite electrodes was able to achieve excellent removal of the petroleum products 
from the soil as revealed by the gradual accumulation of TOC (2250 and 250 mg L−1) 
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Fig. 6 Decay of normalized (a) concentration: (○, □, ∆) TW80 and (●, ■, ▲) phenanthrene 
and (b) COD during the electrooxidation of 330 mL soil washing solution at applied current of (○, 
●) 200 mA, (□, ■) 500 mA and (∆, ▲) 1000 mA. (Reprinted with the permission of ref. [16])
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Fig. 7 TOC evolution as a function of time at (a) anodic and (b) cathodic compartments during 
the ESR applying different current values at 25 °C with 0.1 M Na2SO4 as supporting electrolyte by 
using graphite electrodes; and (c) decay of normalized COD with time obtained during the electro-
chemical treatment of effluents produced after ESR of soil polluted with petroleum at applied 
current density of (■) 20  mA  cm−2 and (▲) 60  mA  cm−2. (Reprinted with the permission of 
ref. [103])
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(Fig.  7a, b) in both solutions at the anodic and cathodic chambers respectively. 
Electrolytic treatment of the organic loaded effluent of the EKSR using BDD elec-
trode achieved over 80% COD removal at either 20 or 60 mA cm−2 in 4 h, demon-
strating the efficacy of the process for the treatment of the effluent.

In-situ treatment of soil washing effluent by electrooxidation: This configura-
tion involves performing both SW/SF/EKSR and AO simultaneously for the reme-
diation of organic pollutants contaminated soils. This approach is very rare in the 
literature, but the concept is very exciting for field application. The electrolyte 
chambers of the EKSR or flushing fluid channels may serve as an electrolytic cell 
where the electrolysis process is carried out. Some challenges are envisage includ-
ing agitation problem, possibility of wearing of electrode due to friction impacted 
by the soil particles, sampling and longer treatment time especially in SW, due to 
time requires for efficient washing process. As stated earlier, in-situ AO with SW/
SF/EKSR has not been extensively explored, but recent study by Rodrigo’s group 
[95] reported the combination of soil washing, zero valent iron (ZVI) dehalogena-
tion and anodic oxidation in single assemble reactor for removal and degradation of 
clopyralid spiked contaminated soil. The assemble which consist of the electro-
chemical cell, the soil washing and dehalogenation tank made of a rigid silicon tube 
of 1  m  ×  69  mm, and continuously circulated with the 2  L washing solution at 
40  dm3  h−1. The electrochemical cell was equipped with a BDD anode and a 
stainless- steel cathode, both of geometric surface area of 78 cm2. The combined 
treatment was efficient, achieving complete removal of the chlorinated organics 
from the soil and complete mineralization of the organics in the generated liquid 
waste effluent during electrooxidation at 25 mA cm−2. The authors observed that 
combined process of soil washing and electrooxidation achieved similar efficiency 
when compared to system operated with iron addition; thus, ZVI dehalogenation 
may not be necessary for the remediation of the clopyralid (Fig. 8).

Future perspective and conclusion remarks: Combined SW/SF/EKSR and AO 
using BDD electrode is an exciting technology that have been studied for remedia-
tion soils contaminated by different organic pollutants, with very promising results 
obtained for bench and some pilot-scale experiments. However, extensive studies 
are still required to advance the technologies for possible license and commercial-
ization. Future studies should be tailored towards the optimization of operation 
parameters, modelling and automation, toxicity assessment, environmental and eco-
nomic analysis, field testing as well as potential of reuse of both the remediated soil 
and effluents for other purposes (i.e. agriculture and construction). The operation 
parameters that influence both the soil SW/SF/EKSR such as physicochemical 
properties of the soils, nature of the contaminants and contamination levels, wash-
ing solution composition and concentration as well as washing solution–soil ratio 
and electrooxidation such as current density, electrode materials and inorganic ions 
in the treated solution requires proper optimization to ensure optimum efficiency at 
lowest economic cost possible. Problems or challenges associated with each param-
eter like high organic loading and cost associated with using higher washing 
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 solution/soil ratio during SW/SF process, heating and hydrogen evolution at higher 
current density as well as non-uniform current distribution in large surface area 
electrode during AO should be carefully considered during optimization and scale-
 up of the combined SW/SF/EKSR and AO technologies.

Toxicity assessment and environmental impact of combined technologies on the 
ecosystem should be thoroughly studied as the literature currently available is 
scarce. Since both the treated soil and washing effluents are disposed into the envi-
ronments, thorough assessment of the toxicity of both soils and effluents are neces-
sary to avoid secondary pollution and hazardous effect on ecosystem. Additionally 
the economic assessment of the technologies is necessary in order to compare the 
benefit and disadvantage of the combined technologies with other existing soil 
remediation processes. Extensive studies on scale-up/pilot and field experiments are 
still needed before the full-scale implementation of the combined technologies. 
Most of the studies reported in the literature are either bench or pre-pilot scales, and 
pilot and field studies are essential before certification of the process.

Conclusively, SW/SF/EK/SR coupled with AO is an efficient technology for the 
remediation of organic polluted contaminated soils. The AO process is applied as 
post-treatment stage to treat the organic loads in the effluents of soil SW/SF/EK/SR 
process. In-situ SW/SF/EK/SR coupled with electrooxidation is very rare in the 

Fig. 8 Schematic of concurrent soil washing–ZVI dehalogenation and electrochemical oxidation 
processes for remediation of soil contaminated by herbicide clopyralid: (1) soil washing reactor, 
(2) ZVI, (3) contaminated soil, (4) electrochemical reactor, (5) peristatic pump (6) thermostatic 
cooling system (7) secondary tank, (8) gas exchange and (9) DC power generator. (Adapted from 
ref. [95]
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literature, but the configuration is a very exciting technology for treating organic 
polluted contaminated soils. Future studies should be channelled towards optimiza-
tion of the operation parameters, assessment of toxicity and environmental impact 
of the treated soil and washing effluents as well as scale-up and field implementa-
tion of the combined process.
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1  Introduction

Contamination of soils by organic compounds caused by local sources is a wide-
spread problem that still represents a challenge for many industrialized countries. 
This kind of contamination takes place, among other reasons, due to inadequate 
waste disposal (unsecured landfills), point-source oil and chemical releases, and 
spills during industrial activities (accidental or not), with many of these spills being 
nonaqueous phase liquids, NAPLs (BTEX, chlorinated solvents, mineral oils, etc.).

The local contamination of soils can also have a great impact on the groundwater 
due to the transport of the pollutants through the subsurface, increasing the risk for 
the receptors and causing human health problems or negative ecological impacts, as 
schematized in Fig. 1.

Remediation of contaminated sites must be carried out by applying the best 
available techniques, taking into account the specific characteristics of each case. 
Often, the contamination is not located in the superficial soil layer but in the satu-
rated zone, at depths of up to several meters. In this scenario, the “in situ” technolo-
gies are preferred by the environmental policies since they avoid soil excavation and 
transport of the contaminants. Environmental legislation for soil and groundwater 
protection prioritizes in situ treatment techniques that avoid the generation, transfer, 
and elimination of wastes. Among these technologies, in situ chemical oxidation 
(ISCO) has been proved to be a good option for the cleanup of contaminated sites 
[1]. In situ remediation techniques avoid the need of removing the contaminated 
matrix (groundwater or soil) and the further on site or even off site treatment. The 
chemicals injected get directly in contact with the contamination source, as shown 
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in Fig. 2, and abate the contaminants. It has been proved that ISCO reduces the high 
cost and treatment times of traditional techniques, such as Pump and Treat.

Contaminants amenable to treatment by ISCO include the following [2].

• Benzene, toluene, ethylbenzene, and xylenes (BTEX).
• Methyl tert-butyl ether (MTBE).
• Total petroleum hydrocarbons (TPH).
• Chlorinated solvents (ethenes and ethanes).
• Polyaromatic hydrocarbons (PAHs).
• Polychlorinated biphenyls (PCBs).
• Chlorinated benzenes (CBs).
• Phenols.
• Organic pesticides (insecticides and herbicides).
• Munition constituents (RDX, TNT, HMX, etc.).

The oxidant injected reacts with the organic contaminants, producing harmless 
substances, ideally carbon dioxide and water, with the oxidant by-products also not 
being dangerous for the environment. Several oxidants have been tested in ISCO 
applications, like hydrogen peroxide, potassium and sodium permanganate, sodium 
persulfate, and ozone. The effectiveness of some of these oxidants can be enhanced 
through their activation, as occurs in catalyzed hydrogen peroxide, CHP (Fenton’s 
reagent) and activated persulfate (PS), in order to produce radical species with high 
redox potential [1–7].

Fig. 1 Risk associated with spills of toxic organics in the environment
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The selection of the oxidant for a specific site application will depend on the 
nature of the pollutants and the lithological and mineralogical characteristics of the 
site. The oxidant must be able to degrade the pollutant to less harmful and more 
biodegradable compounds (the complete mineralization, that is, the transformation 
of the pollutant into carbon dioxide, water, and inorganic salts, is not necessary) 
with high enough chemical oxidation rates. A comparison of the main oxidants and 
activators used for ISCO applications is summarized in Table 1, including some 
considerations about the applications of the oxidant system to the contaminated site. 
The effectivity of the oxidant against some groups of organic pollutants is shown in 
Table 2 [1, 8].

As it was indicated before, not only chemical aspects but transport issues should 
also be considered when selecting the oxidant. The oxidant–activator system 
injected has to be transported through the subsurface to react with the pollutants 
sorbed onto the soil or solubilized in the groundwater plumes. Therefore, the trans-
port and stability of the oxidant–activator system in the subsurface is a key point in 
the implementation of ISCO technology. The stability of the oxidant and the activa-
tors in the subsurface can be highly affected by the chemical composition of the soil 
(organic and inorganic), pH, and grain size of the soil.

A high unproductive consumption of the oxidant due to the production of non- 
desired reactions between the oxidant and the soil components will limit the avail-
ability of the oxidant for pollutant degradation. A natural pH of the soil different 
than that required to keep the oxidant–activator in solution will also produce a loss 
of efficiency of the oxidation system. In both cases, a quick depletion of the oxidant 

Fig. 2 Delivery of the oxidant in the ISCO treatment

Persulfate in Remediation of Soil and Groundwater Contaminated by Organic Compounds



224

or activator from the injection point will be produced and the radius of influence 
(ROI) of the oxidant or activator would dramatically decrease the efficiency of the 
ISCO technology in groundwater remediation.

The oxidant concentration at a generic radial distance (x) from the injection point 
can be calculated using the following expression [4, 9].
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�
�

�
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�o exp

� 2
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Table 1 Reactive species, oxidant form, stability, and applicability of the main oxidants used for 
ISCO treatments [2, 4]

Hydrogen peroxide Ozone Permanganate Persulfate

Reactive 
species

OH−•, O2
−·, HO2

−· O3, OH−•
MnO4

− SO4
−·, OH−•, O2

−

Form Liquid Gas Powder, liquid Powder, liquid
Activation Fe (Fenton’s 

reagent)
Not Not Heat, Fe2+, H2O2, base

Persistence Minutes to hours Minutes to hours Months Days to weeks
Potential 
negative 
impacts

Gas formation, heat 
generation, 
by-products, 
resolubilization of 
metals

Gas formation, 
by-products, 
resolubilization of 
metals

By-products, 
resolubilization 
of metals

By-products, 
resolubilization of 
metals

pH range Acid pH for 
catalyzed peroxide 
oxidation. Aids must 
be used (chelating 
agents) to keep Fe in 
solution at neutral 
pH. Not adequate 
for carbonated soils

Effective over a 
wide pH range, 
carbonate in the 
media decreases 
notably the 
efficiency

Effective over a 
wide range

Effective over a wide 
pH range, depending 
of the activation 
method. Carbonate 
must be taken into 
consideration for 
thermal or Iron 
activated Persulfate. 
Aids are required for 
Fe-PS at neutral pH

Table 2 Effectiveness of alkaline activation of PS in the oxidation of hydrocarbon contaminants 
[8] (PS + Base from Siegrist et al. [1])

COC Benzene TEX Phenols PAHs Munition PCBs Pesticides

CHP G G G M M L L
KMnO4 NR G G G G L M
NaMnO4 NR G G G G L M
PS + Iron G G G M M L M
PS + heat G G G G G G G
PS + base G G G G G M M-G
Ozone M M G G G G G

NR non-reactive, G good, M medium, L low
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where Co is the oxidant concentration at the injection point, k the oxidant decompo-
sition rate constant, Z the vertical thickness of the injection well, n the soil porosity, 
and Q the well flow rate.

Equation (1) can be reorganized to calculate the radius of influence (ROI) of the 
oxidant injected.
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As the decomposition kinetic constant of the oxidant increases, the ROI 
decreases, and the oxidant injected is unproductively decomposed (without reacting 
with the plume of contaminants). In addition, the higher the unproductive consump-
tion, the lower the ROI and the smaller the required distance between the injection 
points, as shown in Fig. 3. This fact has also been associated with an increase in 
installation and operation costs.

Among all ISCO techniques, activated persulfate is becoming an effective alter-
native to Fenton’s reagent, permanganate oxidation, or ozonation. Persulfate anion 
is a powerful oxidant and one of the strongest oxidants used in soil remediation. The 
standard oxidation–reduction potential for the reaction,

Fig. 3 Design of the injection points taken into account the ROI of the oxidant

Persulfate in Remediation of Soil and Groundwater Contaminated by Organic Compounds



226

 S O SO2 8
2

4
22 2� � �� �e  (3)

is estimated to be 2.01 V [10]. Persulfate is usually supplied as a solid sodium salt 
(Na2S2O8) for ISCO applications (solubility 420 g L−1 at 25 °C). Ammonium persul-
fate and potassium persulfate solutions are also available but less suitable for ISCO 
treatments. Ammonium persulfate could produce ammonium/nitrate contamination 
in the subsurface, and potassium persulfate is less soluble (52 g L−1 at 25 °C) than 
sodium persulfate and more expensive [1, 11].

Persulfate presents a high stability in water and/or soil, is relatively inexpensive, 
and produces benign end-products. It can be applied to a wide range of pH in soil 
and shows less affinity for natural soil organics than the permanganate ion. 
Consequently, persulfate has a lower natural oxidant demand (NOD) than perman-
ganate, with a lower unproductive consumption of the oxidant in soils with not 
negligible soil organic matter (SOM) content. Moreover, it is more stable than 
hydrogen peroxide and can be transported at greater distances in the subsurface, 
achieving a higher radius of influence that CHP. This fact is particularly relevant 
when the soil has significant carbonate content. All these advantages have resulted 
in an increase in the use of persulfate in ISCO applications at field scale in the last 
10 years, as well as in a remarkable increase in the research about this topic [11–14].

As previously cited, persulfate can be activated to generate free radicals, with a 
remarkable increase of the oxidation rates of pollutants. Activation of PS can be 
accomplished by heat, transition metals, hydrogen peroxide and bases (this last also 
known as “alkaline activation”), as summarized in the literature above cited. These 
activation methods can produce sulfate, hydroxyl, or both radicals, as will be 
explained in further sections. These radicals have high redox potentials, as can be 
seen in Table 3. Moreover, the alkaline activation of persulfate can produce super-
oxide radical, O2

−• that reacts with high halogenated compounds following reduc-
tive pathways. As a result, activated persulfate allows for oxidizing a wide range of 
contaminants.

However, a better understanding of the persulfate activation procedures and the 
interaction between persulfate (PS) and activators with contaminants of concern 

Table 3 Oxidant 
strengths [1] Chemical species

Oxidation 
potential (V)

Relative oxidizing 
power (Cl2 = 1.0)

Hydroxyl radical 2.8 2.0
Sulfate radical 2.5 1.8
Ozone 2.1 1.5
Sodium persulfate 2.0 1.5
Hydrogen peroxide 1.8 1.3
Permanganate (Na/K) 1.7 1.2
Chlorine 1.4 1.0
Oxygen 1.2 0.9
Superoxide ion 2.4 1.8
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(COC) and aquifer materials is required. Depletion of PS and/or aids used as acti-
vating agents can greatly limit the persistence of the activated persulfate system. 
The efficiency of ISCO treatments using persulfate in the degradation of organic 
contaminants depends on the competition kinetics between contaminants, activation 
aids, and reactive species present in the soil and groundwater. The oxidant demand 
for persulfate in soil is variable (from low values as 0.1–0.3 g kg−1 [15] to high val-
ues about 3 g kg−1 [8]).

In this chapter, the main activation strategies for PS and their application for soil 
and groundwater remediation are summarized, analyzing the main limitations and 
advantages of each of them.

2  Thermal Activation of Persulfate (TAP)

Persulfate can be activated by heat to generate sulfate radicals (SO4

� �)  with a stron-
ger oxidation potential than persulfate anion, as shown in Table 3.

 S O SO
heat or h

2 8
2

42� ��
�

·
 (4)

The thermal activation of PS (TAP) has been proved to be a highly effective 
method for the degradation of organic contaminants in aqueous phase. Huang at al. 
[16] studied the effectiveness of thermally activated persulfate for 59 volatile 
organic compounds (VOCs) listed in the EPA SW-846 Method 8260B, frequently 
detected in contaminated soils and groundwater. The study was carried out in aque-
ous phase at moderate temperature (from 20 to 40 °C). They found that aromatic 
and unsaturated VOCs were generally degraded at higher rates than saturated hydro-
carbon and halogenated alkanes. This can be explained considering that SO4

� �
 has a 

greater ability for removing electrons than to abstract hydrogen atoms from an 
organic molecule [17, 18].

Ma et al. [19] studied the BTEX degradation with TAP at 50 °C. They found that 
the most recalcitrant compound was benzene (Xbenzene = 70% at 6 h) while at the 
same reaction time (t = 6 h), a conversion higher than 98% was achieved for the 
others BTEX tested.

Heat-activated PS has been also applied successfully for the treatment in aque-
ous phase of other less volatile pollutants that can be usually found in the environ-
ment. Tan et al. [20] achieved the total abatement of diuron with TAP completely at 
temperatures from 40 to 70 °C. At 70 °C, diuron conversion was higher than 95% in 
185 min using an initial molar ratio of PS and diuron = 10). Santos et al. [21] found 
that TAP degraded perfluorooctanoic acid (PFOA) at temperatures from 50 to 70 °C 
in less than 6 h.

Qian et al. [22] found that cefalexin was degraded with TAP at temperatures from 
50 to 65 °C with pollutant conversions around 90% at 2 h (Tª = 65 °C). Norzaee 
et al. [23] have studied the penicillin G degradation at temperatures between 40 and 
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80 °C, at several pH, the optimal pH being around 5. They found that penicillin 
conversion was above 99%, while COD (chemical oxygen demand) removal was 
around 90% at 80 °C and 75 min. Wang et al. [24] studied and reviewed the degrada-
tion of emerging pollutants in aqueous phase with TAP at temperatures between 50 
and 80 °C varying the initial pH between 4 and 8. At 80 °C, the conversion of most 
of the pollutants studied was usually above 90% in less than 3 h. Feng et al. [25] 
studied the ketoprofen degradation by TAP in the temperature range 40–70 °C. A 
total conversion of the pollutant was obtained at 70 °C in only 30 min.

Ma et al. [26] studied the phenol abatement at several initial pH values (from 1.3 
to 14) and temperatures (30–70 °C). Higher activation energies were obtained at 
pH < 7. At stronger alkaline conditions, lower reaction times were required working 
at the same activation temperature. This fact was explained because of the radicals 
involved in pollutants oxidations were hydroxyl radicals. Moreover, as noticed by 
Ahmad et al. [27], phenolate anion can act also as a PS activator. Manz et al. [28] 
studied the oxidation of furfural by TAP in the range 30–60 °C achieving a pollutant 
conversion higher than 95% at 5 h and 60 °C.

Wang et al. [29] studied the degradation of 18 PAHs by TAP in aqueous phase. 
Due to the low solubility of these compounds in water, several surfactants were 
added (nonionic and anionic type). The selected temperature range was between 20 
and 60 °C. It was found that the surfactants competed with the pollutants for the 
oxidant, resulting in a higher consumption of PS. Sodium dodecyl diphenyl ether 
disulfonate (C12-MADS) and sodium dodecyl benzene sulfonate (SDBS) were the 
surfactant-producing the lowest unproductive consumption of PS.  A conversion 
around 60% of PAH was obtained at 3 days at 60 °C.

In the works cited above, an excess of the oxidant species has been usually 
employed and first-order kinetic models have been achieved in aqueous phase; the 
main radical generated by this activation method at pH < 7 is the persulfate radi-
cal [24].

The effect of water matrix has been also studied by analyzing the effect of the 
most abundant ions in groundwater (mainly chloride ions and carbonate species) on 
the pollutant degradation rates. However, ambiguous results have been obtained. 
Tan et al. [20] found that diuron degradation rate was remarkably decreased by the 
presence of bicarbonate (HCO3

−) from 0 to 37.5 mM, using a molar ratio of anion/
PS between 0 and 100, in the pH range from 5 to 8.6. The effect of chloride anion at 
the same pH interval and anion/PS molar ratio was almost negligible. The carbonate 
addition yielded a lower effect on the pollutant kinetic constant than bicarbonate 
addition, but it has to be pointed out that the pH after CO3

2− addition was around 
10–11. On the other hand, Quian et al. [22] found that at pH = 7 and 60 °C, cepha-
lexin degradation was affected by natural organic matter (NOM), as well as the 
presence of bicarbonate and chloride anions in groundwater. They found a positive 
effect of chloride anion (between 0 and 300 mM) on the kinetic constant, while the 
influence of bicarbonate, between 0 and 300 mM, was contradictory. The presence 
of NOM between 0 and 20 mg L−1 had a slight negative effect on the kinetic con-
stant. Other common anions as sulfate, nitrate, and phosphate had a negligible effect 
on pollutant degradation. On the contrary, Norzaee [23] found that both chloride 
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and carbonate (10 mg L−1) had a remarkable negative impact on Penicillin G degra-
dation at pH = 5.

Ma et al. [26] found that chlorides inhibited benzene degradation while slightly 
promoted the degradation of m-xylene and p-xylene. High concentrations of HPO4

2_ 
slightly inhibited the oxidation of BTEX by PS, but concentrations lower than 
100 mM had a negligible influence on the kinetic constant. Bicarbonate concentra-
tion higher than 100 mM inhibited all the BETX degradation. NOM over 100 mg L−1 
had a remarkable negative effect on benzene degradation while other BTEX were 
less affected. The effect of sulfate and nitrate anions was negligible. In this study, 
the pH was in the neutral–acidic range. In general, it is assumed that chloride, bicar-
bonate, carbonate, and NOM have a scavenging effect of sulfate radicals by means 
of the following reactions.

 SO Cl Cl SO4 4
2· ·� � �� � �  (5)

 Cl Cl Cl· ·� �� �
2  (6)

 Cl Cl Cl Cl2 2 22· ·� � �� � �  (7)

 SO HCO HCO SO4 3 3 4
2· ·� � �� � �  (8)

 SO CO CO SO4 3
2

3 4
2· ·� � � �� � �  (9)

 HCO CO H3 3
· ·� � �� �

 (10)

 NOM SO Products� ��
4
·

 (11)

A summary of the kinetic constant of sulfate radicals with water matrices com-
ponents was summarized by Waclawek et al. [12], as shown in Table 4. The reaction 
rate constants of these radical scavengers with hydroxyl radicals, taken from litera-
ture, have been also included. Most of the values collected in Table 4 have been 
obtained at room temperature. However, the activation energies of these reactions 
have been scarcely studied [30].

Table 4 Second-order 
reaction rate constants of 
hydroxyl and sulfate radicals 
with common water matrix 
components [12]

Radical Compound Rate constants (M−1·s−1)
•OH Cl− 3.0–4.3 × 109

SO4
•− Cl− 1.3–6.6 × 108

•OH Br− 1.9 × 109

SO4
•− Br− 3.5 × 109

•OH HCO3
− n × 107

SO4
•− HCO3

− 2.6–9.1 × 106

•OH CO3
2− 4 × 108

SO4
•− CO3

2− 4.1 × 106

•OH Humic acid 1.4 × 104 (mg of C·L−1)−1 s−1

SO4
•− Humic acid 6.8 × 103 (mg of C·L−1)−1 s−1
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The effect of pH on the degradation of different pollutants by using thermally 
activated persulfate has been studied, among others, by Tan et al. [20] in the pH 
range 5–8, and Norzaee et al. [23] in the pH range from 3 to 11. In both works, it has 
been found that the optimal pH for pollutant abatement was around 5.

The lower reaction rate obtained at more acidic conditions can be explained con-
sidering that the following reactions take place Johnson et al. [32]. 

 S O H HSO SO slow2 8
2

4 4
� � �� � � � � (12)

 SO H O H SO fast4 2 2 5� � � � (13)

Peroxymonosulfuric acid (H2SO5) is less reactive than sulfate radical and there-
fore the oxidation rate of the pollutant decreases. On the other hand, the bicarbonate 
and carbonate concentration in the media increases at pH values in the range from 8 
to 11, with the associated negative scavenging effect both for sulfate and hydroxyl 
radicals. It should be noted that the use of pH higher than 12 can result in the alka-
line activation of PS, that will be further explained in the subsequent sections, with 
the hydroxyl radical being the predominant species in this case.

Few works deal with the stability of PS with temperature in aqueous phase. 
Results from Wang [29] at 20, 40 and 60 °C and Domínguez et al. [31] at 30, 40, and 
50 °C have been plotted in Fig. 4. A first-order reaction rate was obtained for the 
decomposition of PS in distilled water at temperatures from 20 to 60 °C (Eq. 14).

 

d

d
Ps

d Ps

X

t
k X� �� �1

 
(14)

where XPS is the conversion of PS, t is the time, and kd is the kinetic constant of PS 
decomposition.

Values of the kinetic constant for PS decomposition in aqueous phase, kd, have 
been calculated from the authors’ data at each temperature and the estimated values 
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Fig. 4 Persulfate stability 
in aqueous phase with 
temperature W: data 
obtained from Wang et al. 
[29] and D: Data obtained 
by Dominguez et al. [31]
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are given in the legend. These values are similar to those obtained by Johnson et al. 
[32] (kd,30 °C = 0.0048 days−1, kd,50 °C = 0.17 days−1, kd,70 °C = 1.92 days−1), with the 
main differences obtained at the lowest temperatures tested.

To the best of our knowledge, only a few works have dealt with the application 
of TAP to soil–water systems. Moreover, most of them have been carried out under 
lab conditions and in batches. Johnson et al. [32] have compared the thermal decom-
position of PS in soil and deionized water (temperature from 30 to 70 °C). The soil 
employed was a medium-grained Columbia River sand of basaltic origin with an 
organic carbon content of about 0.3% by weight. They found that PS decomposition 
was higher in soil slurries (1 g soil/1 g water) than in deionized water. This was 
attributed to the NOD of the soil (NOD = 0.019 reducing equivalents per soil gram, 
assuming three equivalents per permanganate ion).

Other authors [33] have studied the persulfate consumption at 30 and 50 °C in 
sand soil (Total Organic Carbon, TOC  =  0.29%), clay soil (TOC  =  0.47%) and 
paddy soil (TOC = 0.94%), at batch conditions, with an initial PS concentration of 
30 g L−1. Soils with and without chlorinated volatile organic compounds (CVOCs) 
addition were used (7800 mg NAPL kg−1 soil, 1 kg soil/2 kg aqueous phase). It was 
obtained that the higher the TOC content of the soil, the higher the unproductive 
consumption of PS. In addition, the presence of CVOCs decreases the unproductive 
consumption of PS. Results obtained by these authors have been summarized in 
Fig.  5. They studied the removal of cis-1,2-dichloroethene (cis-DCE), 
1,2- dichloroethane (1,2-DCA), trichloroethylene (TCE), and 1,1,1-trichloroethane 
(1,1,1-TCA) [33] with persulfate (30 g L−1) at T = 30 and 50 °C in slurry systems, 
using the three soils previously cited. The most recalcitrant compound was 1,1,1- 
TCA, followed by 1,2-DCA. TCE and cis-DCE were more quickly oxidized. At 
14 days, the maximum conversion was obtained at 50 °C in clay soil (40% for 1,1,1- 
TCA, 90% for 1,2 DCA), while at this reaction time the conversion of TCE and 
cis-DCE was almost complete.

Peng et  al. [34] have studied the abatement of decabromodiphenyl ether 
(BDE209) spiked in soil (10–50 mg kg−1) by TAP. At 70 °C and PS = 125 g L−1 they 
found a pollutant conversion around 50% in 6  h reaction time. The optimal pH 
found was around 5. The same authors [35] have studied the abatement of lindane 
(γ-HCH) spiked in soil by TAP at 40 °C. Total conversion of the γ-HCH isomer was 
obtained at 15 days of treatment. Peng et al. [36] have studied the remediation of a 
soil polluted by phenanthrene by microwave activated persulfate. They have 
obtained a good removal of this pollutant at 80 °C, but the pH was close to 2 at the 
end of the treatment.

Zhao et al. [37] have studied the abatement of PAHs in soil samples collected 
from the former coking plant (Beijing, China) at 30, 50, and 60 °C in batch way. 
They found that, among the activation methods tested for PS, the thermal activation 
was the most effective in PAHs removal, achieving a PAH conversion around 95% 
at 50 °C and 72 h.

To select the optimal temperature range in TAP it should be considered that the 
rate of PS decomposition increases more rapidly than the rate of organic substrates 
oxidation with the increase of temperature, especially if refractory pollutants are the 
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objective [38]. Therefore, for each case, there will be an optimal temperature inter-
val, that should consider the effect of the temperature in both kinetic constants, 
pollutants oxidation and unproductive reactions consuming PS. In order to take this 
aspect into account, the following model has been proposed.
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where ku is a lumped kinetic constant of the unproductive reactions consuming PS 
and kOX is the lumped kinetic constant for COCs oxidation, with α being a stoichio-
metric coefficient. The lumped kinetic constant ku should also include the radical 
scavenging reactions. As a result, the maximum temperature that can be employed 
is usually 70–80 °C in aqueous phase, and 50–60 °C in soil or slurry systems, as was 
summarized in the works above reviewed.

In spite of TAP has proved to be applicable to a wide range of contaminants at 
lab scale, achieving high mineralization degrees of the pollutants, this technology 
presents important limitations for field application. Heat activation requires the 
installation of a parallel heating system to heat the aquifer matrix up to the desired 
temperature. This fact entails both capital expenditures as well as additional operat-
ing costs. In situ heating can be achieved by injecting steam or hot air, by using 
electrical resistances, radio frequency heating, etc., as shown in Fig. 6. There have 
been only a few numbers of documented field applications of heat-activated persul-
fate to date. Thompson et al. [40] successfully used steam injections to thermally 
activate persulfate for in situ applications. However, generally, heating is best 
applied for source treatment where the target area is limited. In situ heating, with an 
external heating source, is impractical for treating large groundwater plumes [41].

Fig. 6 Example of TAP application in the field. Heat is used for activation (adapted from [39])
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3  Persulfate Activated by Transition Metals

Persulfate can be activated to obtain sulfate radicals through electron transfer, which 
can be achieved using several metals (M) as iron, copper, manganese, iron, zinc, 
cobalt, cerium, vanadium, and silver [24, 42–45], following the reaction in Eq. (17).

 S O M SO SO M2 8
2

4
2

4
1� � � �� �� � � �

� �
n n·

 (17)

Among the metal ions above cited, ferrous iron, Fe2+, is the most commonly used 
[2, 4, 6, 7, 11]. This is explained due to iron is cheaper than other transition metals, 
readily available and not dangerous for the environment. Ferrous iron reacts with 
persulfate to form the sulfate radical, as shown in Eq. (18):

 S O Fe SO SO Fe2 8
2 2

4
2

4
3� � �� � � �

� �·
 (18)

The homogeneous activation of PS using dissolved Fe2+ requires a relatively 
lower activation energy (i.e.,14.8 kcal mol−1) than thermal activation (33.5 kcal mol−1) 
[43]. Moreover, Fe-PS has higher applicability at field scale than TAP [46].

According to Eq. (18), sulfate radicals are generated by the reaction between PS 
and ferrous iron. However, if Fe2+ is present in large amounts, this species will sig-
nificantly scavenge the formed radical SO4

•−, as shown in Eq. (19), inhibiting there-
fore the oxidation of the contaminants by this radical [47].

 SO Fe SO Fe4
2

4
2 3·� �� � �

� �

 (19)

Based on the reaction rate constant of Eq. (19) between sulfate radicals and Fe2+, 
quenching of sulfate radicals by Fe2+ can be a major side reaction, especially when 
working with high concentrations of Fe2+ [48]. A minimum amount of Fe2+ is 
required to effectively activate persulfate, while an excessive amount of Fe2+ can be 
detrimental for the process degradation efficiency [47]. In fact, plateaus in persul-
fate consumption values, pollutant conversion and TOC removal have been often 
found in literature [47, 49–51] when persulfate and its activator, Fe2+, are added 
simultaneously to the reaction media. Thereby, sulfate radicals are quickly formed 
(Eq. 18) and consumed (Eq. 19).

Slow addition of iron has been tested by some authors [48, 51] as an interesting 
strategy to inhibit Eq. (19) and to improve the efficiency of sulfate radicals, formed 
in Eq. (18) towards organic pollutants. These authors obtained a more efficient diu-
ron oxidation when Fe2+ was gradually adding. For this purpose, an iron source was 
continuously fed into the reactor from a concentrate solution of iron. Higher pollut-
ant conversion, as well as higher TOC removal, were obtained by this procedure 
compared to a single addition (employing the same amount of Fe2+).

Other strategy tested to minimize the extension of reaction (19) has been the use 
of zero valent iron instead of Fe2+ [52, 53]. Rodriguez et al. [53] studied the oxida-
tion of emerging and priority pollutants with Fe2+ and ZVI as PS–activators in 
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aqueous phase. They found that when Fe2+ was employed, the undesired reaction 
(19) had a significant role, while in the case of ZVI, a slow release of Fe2+ to the 
media occurred through the acid corrosion of iron at the ZVI particles surface due 
to its reaction with PS, as shown in Eq. (20):

 Fe S O Fe SO0
2 8

2 2
4
22� � �� � �

 (20)

The controlled production rate of SO4
2− through the slow release of Fe2+ from the 

ZVI surface inhibits the extension of the reaction (19), increasing the efficiency of 
the oxidant. Better results were obtained when ZVI was used instead of an initial 
addition of Fe2+, especially when the regeneration of Fe3+ to Fe2+, through oxidation 
intermediates, did not occur.

Both strategies, feeding Fe2+ in semi-batch way, or using ZVI as the iron source, 
lead to a slow release of Fe2+ to the media, improving the use of sulfate radicals in 
the desired reaction with the organic pollutant.

However, the strategies before cited cannot be easily applied in soil and ground-
water remediation as occurs in aqueous phase. For a site application, ZVI can be 
injected as nanoparticles, nZVI [54–57], although the stability and transport of 
nZVI trough the subsurface remains yet as a problem to solve [55].

The activation of persulfate by iron has been widely employed in both aqueous 
and soil phase. In this chapter, the study will be focused on the application to soil 
and groundwater. As described in Fenton’s reagent, iron must be kept in solution to 
produce the sulfate radicals. This can be accomplished by working at acidic pH 
values. However, reaching a low pH value is often difficult or impracticable for an 
in situ remediation project, since many soils and groundwater behave as a buffer 
system, showing neutral–alkaline conditions. Moreover, the production of an acid 
pH could yield non-desirable side effects as metal mobilization, loss of soil proper-
ties, etc. [1]. In order to add Fe2+ at neutral or light-alkaline pH, chelating agents 
(CA) have been applied [58]. Chelating agents are substances able to keep the iron 
in solution by complexing the transition metals. Examples of CA include ethylene-
diaminetetraacetic acid (EDTA) and (S,S)-ethylenediamine-N,N0-disuccinic acid 
(EDDS), organic acids or their salts (citric acid, oxalic acid, tartaric acid), and poly-
phosphates [37, 50, 58–72].

Low-molecular weight organic acids (LMWOA) have the advantage of being 
more biodegradable in the media. In Fig. 7 a scheme of the iron chelated by EDTA 
and citrate is shown.

Results obtained with chelating agents found in the literature are not conclusive. 
Moreover, the chelating agent is usually an organic compound and competes with 
the organic pollutants for the oxidant or the radicals generated. If the organic targets 
are recalcitrant compounds to oxidation (as is the case of diesel compounds), the 
chelating agent can increase notably the persulfate consumption, as noticed by 
Pardo et al. [54] using citrate as CA. On the contrary, others authors found a positive 
effect of this CA when more readily oxidizable compounds were studied, such as 
ethylbenzene [68] or aniline [58, 62]. Killian et al. [60] found that the degradation 
of BTEX and PAH compounds in MGP contaminated soil was improved by the 
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addition of citric acid to the Fe2+ solution. Liang et al. [59] found that the use of 
citric acid, as a chelating agent, resulted in the almost complete TCE destruction in 
comparison with observations under the same experimental conditions but without 
the presence of citric acid.

The availability of ferrous ion appears to be controlled by adjusting the molar 
ratio of chelate/Fe2+. The amount of chelate provided should be sufficient to ensure 
the chelation of ferrous ion present. In general, higher chelated ferrous ion concen-
trations resulted in faster target compound degradation and higher persulfate decom-
position. However, if the organic pollutant is more recalcitrant to oxidation than the 
CA, the addition and selection of the CA should be carefully considered.

The molar ratio between S2O8
2−/chelate/Fe2+ is usually in the range 20:2:10 to 

20:50:10. The best results were obtained by Han et al. [58] with the ratio 20:10:10. 
However, the optimal dosage must be found experimentally for each case.

On the other hand, chelating agents such as citric acid (or citrate) have been 
proven to be effective in mobilizing and removing metals from soils and sediments. 
In this case, the citric acid (or citrate) served to extract native metals from soils mak-
ing them available to activate the production of sulfate free radicals and promote the 
subsequent target compound destruction [59]. This fact was also noticed in the stud-
ies carried out by Vicente et al. [64], in which the addition of citrate (3000 mg kg−1) 
as a chelating agent mobilized the iron from the soil, with the iron concentration in 
the aqueous phase being approximately 40 mg kg−1.

The use of chelated ferrous ion for in situ applications is far superior to the use 
of unchelated ferrous ion as PS–activator, as can be seen in the registered patents [4, 
63]. Therefore, it appears that in situ chemical oxidation of organic pollutants using 
chelated ferrous ion to activate persulfate can be a viable method for aquifer reme-
diation. However, the interaction of the CA with the iron and the oxidant in this 
system is a critical factor that must be evaluated in each ISCO project.

On the other hand, one of the main differences of activated PS by iron with 
respect to the use of iron in Fenton reagent is that the regeneration of Fe3+ by PS is 

O
H

OO

O
–

O
–

O

O
–

M
O
H

O O

O
–

O
–

O

O
–

N O
–

O

O
–

O

N

O
–

O
O

–

O

M

a b

Fig. 7 (a) Scheme of EDTA and (b) citrate as chelating agents of transition metals

A. Santos et al.



237

a very low process. PS reacts with ionic iron by oxidizing it (Eq. (18)), but the 
reduction of Fe3+ to Fe2+, proposed by Wu et al. [73, 74], and shown in Eq. (21), is 
unfavorable thermodynamically [14].

 Fe S O Fe S O3
2 8

2 2
2 8

� � � �� � �  (21)

Another mechanism considered for the Fe3+ reduction is the formation of a more 
oxidized species (FeO2+) from Fe2+ with the corresponding sulfate radical formation 
[14] (Eq. 22).

 
Fe S O O SO SO FeO3

2 8
2

2 4 4
2 21

2
� � � � �� � � � �·

 
(22)

where the ferrate anion behaves also as an oxidant in the pollutant abatement 
[75, 76].

However, the fastest reaction is still that between Fe2+ and PS. This may result in 
the loss of oxidation capacity of the Fe2+/PS system once the Fe2+ is exhausted. 
Therefore, the iron does not behave usually as a catalyst in the activation of 
PS. Because of this, high molar ratios of Fe2+/PS are used in the iron activated PS 
(usually higher than 1/2 Fe/PS), in comparison to the ratios Fe2+/hydrogen peroxide 
used in the Fenton reagent.

The reaction of Fe2+ with PS (Eq. 18) is quite fast. This means that sulfate radi-
cals are generated quickly with a quick rise in the pollutant conversion at short reac-
tion times. However, a plateau for pollutant and PS conversion with reaction time is 
soon noticed once Fe2+ has been oxidized to Fe3+ [49, 51]. As an example of these 
plateaus and the results obtained by Liang et al. [49] in the abatement of TCE are 
shown in Fig. 8.

Liang et al. [49] promoted the regeneration of Fe2+ by adding thiosulfate to the 
reaction media. In this case, the following reaction was proposed.

 2 2 23
2 3

2 2
4 6

2Fe S O Fe S O� � � �� � �  (23)

However, the thiosulfate could also consume the remaining persulfate, and this 
fact could increase the cost of the process since a higher amount of oxidant would 
be required.

On the other hand, smaller differences were found using Fe2+ or Fe 3+ to activate 
PS in the abatement of the dye orange G [77]. This was explained by the oxidation 
route proposed for orange G degradation, showed in Fig. 9. As can be seen, phenol 
and benzoquinone were obtained as oxidation intermediates. Quinone intermediates 
generated during pollutant oxidation may act as electron shuttles, allowing for the 
reduction of Fe3+ into Fe2+ in the redox cycling of iron [77, 78], as shown in Fig. 10. 
Therefore, the activation of PS by Fe3+ allowed the complete orange G removal.

In this line, the regeneration of Fe3+ to Fe2+ by quinone-type compounds has been 
also described by Peluffo et al. [56] when the oxidation of four PAHs in soil was 
carried out by using three types of iron sources (nZVI, Fe2+, Fe3+) to activate PS. No 
differences were found in PAHs abatement with Fe2+ and Fe3+, with this fact being 
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explained by taking into consideration the appearance of quinone-type organic 
compounds as oxidation degradation by-products from their parent compounds. 
This is the case of 9,10-anthraquinone, coming from the oxidation of anthracene, 
capable of reducing Fe3+ to Fe2+, the activator of PS to produce sulfate radicals by 
means of Eq. (18).

The regeneration of Fe3+ to Fe2+ has been also found when hydroxylamine (HA) 
was added to the reaction media. Jin et al. [79] found that ibuprofen was quickly 
oxidized by the system Fe2+-nitrilotriacetic acid-PS (NTA was used as a chelating 
compound) when hydroxylamine was added, with this fact being explained by the 
quick regeneration of Fe2+-NTA complex by HA.

Wu et al. [80] found also a positive effect when using HA in the perchloroethy-
lene (PCE) removal by PS activated by iron. At the operating conditions tested (PS–
Fe–PCE molar ratio 30:4:1) they found that the optimal Fe–HA molar ratio was 4:4, 
as can be seen in Fig. 11. The Fe2+-Fe3+ cycle in the presence of HA was schema-
tized by Wu et al. [80] (Fig. 12).
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Han et al. [81] also found a positive effect of adding HA to the reaction media 
when the oxidation of orange G was investigated by using Fe2+/(S,S)-ethylenediamine- 
N,N0-disuccinic acid (EDDS)–persulfate (PS) system. In this case, the optimal HA–
Fe molar ratio was 8:5. The role of HA in iron regeneration has been explained by 
Han et al. [81] by the following reactions.

 Fe NH OH NH O Fe H3
2 2

2� � �� � � �·
 (24)

 Fe NH O NHO Fe H3
2

2� � �� � � �· ·
 (25)

 5 2 5 63
2 2 3

2Fe H O NH O NO Fe H� � � �� � � � �·
 (26)

However, in spite of the good results obtained when HA was added to regenerate 
Fe3+, the toxicity of this reducing agent in the media, as well as the production of 
other unproductive reactions between this compound and the oxidant, should be 
better explored before its application in site remediation.
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The reduction of iron Fe3+ to Fe2+, due to the presence of some organic com-
pounds in the reaction media, has been generalized by Rodriguez et al. [53, 82] by 
the following lumped reaction:

 A v x xB v� � �� � � �� �
Fe FeFe CO Fe3

2
21  (27)

representing A the oxidizable organic matter in the TOC, able to reduce Fe3+ to Fe2+ 
and B, the refractory organic compounds. Therefore, x refers to the overall frac-
tional yield of the organic carbon of A that is not mineralized but reacts with refrac-
tory compounds, B.

A simplified reaction pathway, that summarizes the overall reaction pathway of 
the pollutant abatement with PS activated by ZVI, which takes also into account the 

0 10 20 30
0.0

0.2

0.4

0.6

0.8

1.0

P
C

E
 (

C
i/C

0)

Time (minutes)

 30:4:0:1          30:4:2:1
 30:4:4:1          30:4:20:1
 30:4:50:1          30:4:100:1

Fig. 11 Effect of HA dosage on PCE degradation, in Fe(II)/HA activated PS process 
([PCE]0 = 0.15 mmol L−1, [PS]0 = 4.5 mmol L−1, [Fe(II)]0 = 0.6 mmol L−1, T = 20 ± 0.5 ∘C). PS–
Fe2+–HA–PCE molar ratios. Adapted from [80]

NH2OH NH3OH+
H+

Fe
2+

Fe
3+ H2O

PCE

N2 N2O NO2
- NO3

- HO2
-

S2O8
2-

S2O8
2-

SO4
-

O2
-

HO

, , ,

Fig. 12 Schematic diagram of PCE degradation mechanism in the PS/Fe2+/HA system. Adapted 
from [80]

Persulfate in Remediation of Soil and Groundwater Contaminated by Organic Compounds

https://www.sciencedirect.com/topics/chemical-engineering/organic-carbon


242

reaction (27), was proposed by Rodriguez et  al. [53] and it has been shown in 
Fig. 13.

Another important point to be considered in the iron activated PS is that the sul-
fate radical generated can produce other active species, in particular, hydroxyl radi-
cals, by the following reaction.

 SO H O OH H SO4 2 4
2· ·� � �� � � �  (28)

It has been proved that both radicals can be present in the iron activated persul-
fate system (Fe-AP) [58] at the pH range from 3 to 9, while at alkaline conditions 
(pH > 11) hydroxyl radicals are the predominant ones [66], due to the extension of 
the reaction between sulfate radical and hydroxide (Eq. 29):

 SO OH OH SO4 4
2· ·� � �� � �  (29)

The efficiency of iron-activated PS in the abatement of organic pollutants has 
been tested not only at lab scale but also at field conditions [1, 46, 63]. However, 
most of the studies found in the literature, as those previously cited, correspond to 
experiments carried out at lab scale using spiked soils, and have been accomplished 
in batch operation mode. Only a few number of investigations have been carried out 
for column operation ([83–86]), although column conditions represent the field 
scale much better.

Among the works carried out at column operation, Pardo et al. [55] have studied 
the effectiveness of activated PS in the remediation of a contaminated soil with 
phenanthrene (PHE), anthracene (ANT), pyrene (PYR), and benzo(a)pyrene (BaP). 
The soil was artificially spiked and aged for 3 months. Five runs were carried out: 
blank (without PS), control (only PS was fed to the column), CPS1 (two aqueous 
solutions were simultaneously fed to the column for 25 days, one containing PS and 
the other containing a Fe3+ salt), CPS2 (the same amount of iron that was introduced 
during 25  days in CPS1 was fed into the column as an aqueous suspension of 
nZVI. Afterwards, PS was fed for 25 days), and CPS3 (a more concentrated suspen-
sion of nZVI was fed to the column. Subsequently, PS solution was added for 
25 days).
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After 25 days of treatment, samples of soil were taken at different column lengths 
and profiles of labile iron and PAHs were measured. The removal of PAHs was 
negligible in blank and control runs. Higher efficiencies were reached using nZVI 
in comparison to those obtained at the same concentration of labile Fe3+ in the col-
umn soil. Moreover, a remarkable iron adsorption into the soil was noticed in spite 
of the acidic pH of the aqueous phase fed to the column soil. The highest conver-
sions of PAHs were found in the nearest sections to the injection source, with this 
fact being related to the iron concentration profile found along the column. Results 
obtained for phenanthrene, the most refractory PAH among those tested, are shown 
in Fig. 14. The profiles of labile iron along the soil column are shown in Fig. 15. By 
comparison of the results found in CPS1 and CPS2, shown in Figs.  14 and 15, 
respectively, it can be seen that the labile iron in the column was higher in CPS1 
(feeding Fe3+) than in CPS2 (feeding nZVI). However, the conversion of PAHs was 
slightly higher in CPS2. In CPS3, a higher conversion of phenanthrene was obtained, 
due to the higher labile iron present in the column (ten times higher than in CPS2). 
It was also noticed that when the nZVI solution was fed to the column, the agglom-
eration of the iron nanoparticles was noticed at the entrance of the column, with the 
transport of nZVI being hindered through the column. Therefore, the stability of the 
nZVI emulsion in the subsurface is a critical issue for field applications.
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Fig. 14 Remaining concentrations of phenanthrene obtained at sections I: entrance, II: medium, 
and III: top of the column after 25 days of treatment for phenanthrene, soil length = 17.5 cm, inter-
stitial velocity = 13.9 cm day−1. Data from Pardo et al. [55]. The concentration of labile iron by 
EDTA in the different sections is indicated in the legend
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4  Alkaline (Base) Activation of PS (BAP)

The alkaline activation of persulfate (pH > 10) has gained attention recently both in 
literature and field applications. The hydroxide (OH−) is used to produce alkaline 
pH, promoting the following reactions when PS is in the media [41, 66, 87–89]:

 S O OH HO SO H O2 8
2

2 4
2

23 2� � � �� � � �  (30)

 S O HO OH SO SO H O2 8
2

2 4 4
2

2
� � � � � � �� � � � � �· ·

 (31)

Moreover, at alkaline conditions, the subsequent formation of hydroxyl radical 
takes place, as previously shown in Eq. (29).

As can be seen in Eqs. (29)–(31), three types of radical species are involved in 
the activation of persulfate in basic medium: the sulfate radical SO4

·�� �, the hydroxyl 
radical (OH·−), and the superoxide radical (O2

·−
, E0 = 0.33 V). However, the sulfate 

radical contribution can be neglected at pH higher than 11 [66, 87], because at these 
conditions, the production of hydroxyl radicals by reaction in Eq. (28) is favored.

The superoxide radical can act as a reductant agent for the halide atoms in the 
organic compounds, as was found by Watts et al. [90–92]. These authors have stud-
ied the abatement of carbon tetrachloride in groundwater by using Fenton reagent, 
oxidation system in which the superoxide radical is also produced. The high nucleo-
philicity of O2

·− can explain the nucleophilic substitution mechanism in reaction with 
halides, as shown in Eq. (32) [93].

 O O2 2
· ·� �� � �AX A X  (32)
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Fig. 15 Distribution of labile iron present in each of the different sections in the soil column after 
the oxidation treatment. Section I: entrance, section II: medium, and section III: top of the column, 
after 25  days of treatment for phenanthrene, soil length  =  17.5  cm, interstitial veloc-
ity = 13.9 cm·day−1. Data from Pardo et al. [55]
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Due to the fact that both types of radicals (hydroxyl and superoxide radicals) are 
produced in the alkaline activation of PS, this method is effective for the abatement 
of a broad type of organic pollutants, in which oxidation and reduction mechanisms 
are involved in the attack of these radicals to the organic pollutants. Halogenated 
contaminants, as the halomethanes, have weak reactivity with strong oxidants, 
including hydroxyl radicals or sulfate radicals, but are more reactive against radicals 
with high nucleophilicity, as O2

·−.
The base usually employed as PS–activator is sodium hydroxide [66, 88, 94–98], 

due to the lower solubility of other salts like potassium persulfate, although other 
reagents like lime (calcium oxide—CaO) [99, 100] or potassium hydroxide [41] 
have been also applied.

The dissolution of PS in aqueous medium generates an acidic pH due to the reac-
tion PS with water, shown in Eq. (33):

 
S O H O HSO O2 8

2
2 4 22

1

2
� �� � �

 
(33)

Therefore, a sufficient amount of activator should be added to adjust the initial 
pH of the PS solution to the required alkalinity values. Moreover, taking into account 
that hydroxide is not a catalyst but a reagent, and it will be consumed during the PS 
decomposition into radical species (as previously indicated in Eqs. (29)–(31)), extra 
activator addition is needed to maintain the alkaline pH [41]. The base to PS molar 
ratio (NaOH–PS) usually used in literature is within the range 1:1 to 8:1 being the 
ratios 2:1 and 4:1 the most frequently applied [94–96, 98, 99].

One of the advantages of alkaline activation of PS at pH > 11 is that the carbonate 
scavenging is not a concern. Moreover, it seems than PS activation at highly alkaline 
conditions had a comparatively lower impact than the other activation strategies in 
soil–water systems [66]. However, as occurs when using other PS activation meth-
ods, the depletion of persulfate and the activating agents, due to their interaction 
among them and/or with the aquifer materials, should be taken into account while 
they can greatly limit the persistence of the oxidant–activator system.

Moreover, the cost required for the implementation at field scale of alkaline acti-
vation of persulfate in a ISCO remediation project should consider the costs associ-
ated to the reagents and the specific equipment needed to inject large volumes of 
hydroxide solutions, which is usually in carried out in several steps, in order to 
maintain the alkaline conditions in the subsurface during the degradation process. 
However, when dealing with soils and groundwater with neutral–slightly alkaline 
pH and/or with high carbonate/bicarbonate content, the alkaline activation of PS is 
very interesting since the use of high amounts of chelating agents (as required in 
Fe-PS activation) is avoided and minimizes the negative effect of radical scavenging 
by carbonates and bicarbonates on the process efficiency.

Another relevant issue that it has to be taken into account in the alkaline activa-
tion of PS is that when working at pH values above 11, a simple alkaline hydrolysis 
can take place for some organic molecules, resulting in the breakdown of these 
compounds without the participation of radical species. This fact has been noticed 
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for non-aromatic halogenated compounds such as hexachlorocyclohexane [98], as 
shown in Fig. 16. Santos et al. [98] found than lindane (γ-hexachlorocyclohexane) 
and other HCHs in groundwater from a landfill were completely hydrolyzed to 1,2,4 
and 1,2,3 trichlorobenzenes in less than 1 day at pH 12. Moreover, at this pH, cal-
cium and magnesium carbonates precipitated, inhibiting the scavenging of radicals 
by carbonate/bicarbonate in the original groundwater.

Trichlorobenzenes formed from HCHs at alkaline conditions, as well as other 
chlorobenzenes present in the groundwater, were gradually eliminated by the radi-
cals generated in the alkaline activation of PS, as shown in Fig. 17 [98]. A kinetic 
equation for each chlorinated compound i (mono-, di-, tri-, and tetrachlorobenzene) 
was proposed by using a first-order kinetic rate expression for the pollutants (i) and 
the oxidant (PS) concentrations, as follows (Eq. 34).

 r k C Ci i i� � � PS (34)

In Fig.  17, symbols correspond to experimental data and lines correspond to 
predicted values using the kinetic model proposed in Eq. (34). As can be seen, the 
same results were obtained with groundwater (initial conductivity = 6640 μS cm−1 
at pH = 7) and milliQ water spiked with lindane, confirming the absence of scaveng-
ing reactions after the hydroxide addition, which is explained attending to the car-
bonate precipitation at pH = 12–13. Moreover, the molar ratio NaOH/PS tested (in 
the range 2/1 to 4/1) did not influence the pollutant conversion profiles obtained 
with time. No other aromatic or chlorinated by-products were found in the oxidation 
of chlorobenzenes by PS activated by alkali. Weisner et al. [100] found also an alka-
line hydrolysis of PCBs, TNT, and DDT when lime was added and a pH value 
higher than 10–11 was achieved. Crimi et al. [101] have noticed also a total deple-
tion of lindane when PS activated by alkali was used. However, this cannot be 
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attributed to lindane oxidation reaction but to the alkaline hydrolysis of lindane to 
trichlorobenzene.

Lominchar et al. [94] have studied the effectiveness of alkaline activated persul-
fate for the remediation of a soil polluted with aged diesel spill located in a train 
maintenance facility in Madrid (Spain). The fuel had leaked over time from an 
underground storage tank. Soil samples were collected and analyzed and the 
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alkaline activation of persulfate was chosen as the activation method due to the 
natural pH of the natural soil, close to 8, with a remarkable content of carbonates. 
Different initial concentrations of oxidant (PS) and activator (NaOH) were tested. 
The total petroleum hydrocarbons (TPH) removal efficiency and the elimination of 
the most representative compounds (aliphatic and aromatic) present in the contami-
nated soil was studied along the treatment time (56 days). To do this, 30 compounds 
present in the aged diesel were identified and quantified in the soil samples at differ-
ent reaction conditions and reaction times. The main results obtained from this 
study are shown in Fig. 18. As can be seen, the highest TPH elimination achieved 
was 98%, obtained when working with the highest concentrations of PS (100 g L−1) 
and with a NaOH/PS molar ratio equal to 4. Aromatic compounds mainly alkylated 
naphthalenes and phenanthrenes were found to be easily oxidized during the first 
4 days of treatment without generating other detectable aromatic compounds, as 
oxidation intermediates. On the other hand, aliphatic compounds with carbon num-
bers above 16 were more refractory to oxidation.
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Lominchar et al. [94] have also studied the effect of adding commercial non- 
ionic and biodegradable surfactant (Verusol-3, from Verutek) to the oxidant system 
PS + NaOH to remediate a soil polluted with a commercial home heating oil and 
4-ring PAHs. The objective of the study was to test the possible enhancement of the 
oxidation rate of the pollutants sorbed into the soil by improving their solubilization 
in the aqueous phase, where the oxidation reaction takes place, by adding a surfac-
tant. The study was carried out at column scale. Four columns were built and oper-
ated: Blank (C-B, water flushing), C-ISCO (persulfate activated by alkali but 
without surfactant), C-S (a surfactant aqueous solution was fed to the column), and 
C-SISCO (an oxidant–surfactant mixture was fed to the column). The aqueous 
effluent collected and the column soil were analyzed during and after column runs, 
respectively. A fingerprint of the fuel was obtained before and after different treat-
ments. The compounds present in the fuel, including PAHs, were analyzed and 
quantified. Persulfate and pH were monitored for 25 days in the aqueous effluent. 
The results are shown in Fig. 19. As can be seen, the column flushing with water 
(blank) did not produce any change in the pollutant concentration in the soil during 
the time interval evaluated. In the run C-ISCO, it was found that, in the absence of 
surfactant, 30% of the TPHs remained in the soil after 25  days, which can be 
explained by the strong adsorption of the pollutants to the soil, probably located in 
the soil micropores, producing a residual contamination difficult to eliminate with-
out surfactant addition. In run C-S the complete removal of TPH and PAHs from the 
soil was achieved at 25 days, but the pollutants were only transferred to the aqueous 
phase and not degraded. In run C-SISCO, the complete removal of the organic 

Fig. 19 Remaining aliphatic compounds and PAHs in column soil after 25 days of treatment (as a 
fraction of the initial concentration in soil): C-B (blank), C-ISCO (PS + NaOH), C-S (Surfactant), 
and C-SISCO (Surfactant + PS + NaOH) [94]
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pollutants in soil was obtained at 25  days. MoreoverMoreover, in C-SISCO no 
organic pollutants were transferred to the effluent, since they were oxidized by the 
action of PS-NaOH system in the aqueous phase. The main concern that has to be 
considered was the unproductive consumption of the oxidant by the surfactant. The 
process S-ISCO should be optimized by adjusting the surfactant dosage fed into the 
column, in order to decrease the unproductive oxidant consumption, due to the side 
reaction of the surfactant oxidation. Moreover, comparing the results obtained in 
this study with those obtained by using iron activated persulfate [56], the alkaline 
activation of PS seems to have a similar effectiveness for TPH abatement. Moreover, 
an enhanced oxidation of refractory PAHs such as 9,10-anthraquinone was noticed 
with the PS + NaOH system.

Only a few number of studies have dealt with the unproductive consumption of 
PS when this oxidant is activated by alkali in aqueous or slurry soil–water systems. 
Lominchar et al. [94] have studied the decomposition of PS activated by alkali in a 
sandy clay loam Bt horizon from the Autonomous Community of Madrid (pH = 7.22, 
TOC = 0.196% and labile iron = 7235 mg kg−1, dp < 2 mm). The conversion of PS 
was compared to that obtained by Peluffo et al. [56] with the same soil but without 
alkali addition. The results obtained are shown in Fig. 20. As can be seen, the addi-
tion of an alkali increased the decomposition rate of PS due to the reactions previ-
ously showed (Eqs. 29–31). Despite this fact, PS remained in the reaction media for 
more than 40 days at the conditions tested.

Liang et al. [99] is another work found in the literature that deals with alkaline 
activation of PS in soil remediation. They have studied the remediation of diesel- 
contaminated soil using PS activated by a base or by hydrogen peroxide. The bases 
used were CaO or NaOH, and contaminant-spiked soils (sandy soil) were employed 
to carry out the experiments. In the NaOH and CaO/PS systems a maximum diesel 
degradation around 30% was obtained. It was observed that the addition of a larger 
amount of an alkali increased the decomposition of PS but had little effect on diesel 
degradation. This fact was attributed to the limited solubilization of contaminants, 
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decreasing the effectiveness of the oxidation in the aqueous phase. Other treatments 
that improve the desorption of hydrophobic pollutants from soils (as hydrogen per-
oxide addition) resulted in an increase in the degree of pollutant removal achieved.

Weisner [100] has studied the abatement of PCBs, TNT, and DDT in two soils 
collected in a former explosive factory, using lime and temperature as PS–activa-
tors. They found a significant removal of pollutants by alkaline hydrolysis. Moreover, 
the conversions of TNT, DNT, and PCBs achieved with the lime-persulfate treat-
ment were smaller than those achieved with the alkali addition alone. Looking at 
these results a possible interpretation of the authors of this chapter is that the PS 
used consumed the alkali and, therefore, the alkaline hydrolysis took place in a 
lower extension. Therefore, the results found in literature dealing with persulfate 
activated by alkali should be carefully examined when the target organic compounds 
are susceptible to alkaline hydrolysis degradation mechanism may be discriminated. 
On the other hand, the by-products generated as a result of hydrolysis and their 
removal by further oxidation have been scarcely studied in the literature.

5  Persulfate Activation by Hydrogen Peroxide (HAP)

The combination of persulfate with hydrogen peroxide is also often referred to as 
peroxide activation of PS. Actually, the knowledge about the interaction between 
hydrogen peroxide and persulfate is limited [1, 11, 43]. Liu et al. [102] proposed 
that hydroxyl radicals can initiate persulfate radicals, as well as sulfate radicals can 
increase the formation of hydroxyl radicals, as summarized in Eqs. (33)–(36).

 
HO S O SO HSO O· · ·� � � �� � �

2 8
2

4 4 2

1

2  
(35)

 H O S O SO HOO HSO2 2 2 8
2

4 4� � � �� � �· ·
 (36)

 SO H O SO HO H4 2 4
2· ·� � �� � � �  (37)

 SO OH SO HO4 4
2· ·� � �� � �  (38)

Therefore, the combination of hydrogen peroxide and persulfate could result in a 
multiradical pool in the reaction media. However, the mechanism behind this activa-
tion process is still uncertain. Several soil minerals containing Fe and Mn oxides 
(goethite, pyrolusite, ferrihydrite) can activate the hydrogen peroxide [103], starting 
the production of hydroxyl radicals in a Fenton-like reaction. These hydroxyl radi-
cals can react with persulfate to produce sulfate radical as indicated in Eq. (35). 
Moreover, the heat released from the exothermic hydrogen peroxide reactions could 
improve the radical generation form persulfate. Therefore, the behavior of hydrogen 
peroxide as activator will be greatly dependent on the soil characteristics. The 
behavior of HAP in aqueous phase, slurries, or subsurface cannot be easily com-
pared or predicted.
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There are few works found in the literature dealing with hydrogen peroxide acti-
vation of PS (HAP), and most of them, make a comparison with other activation 
methods. The comparison of hydrogen peroxide as activator vs. other PS–activator 
in soil–water systems has been carried out in several works but contradictory results 
have been published, which can be probably attributed, at least partially, to the dif-
ferent interactions of the oxidants with the soil.

Lominchar et al. [95] have studied the abatement of phenol by PS activated by 
alkali, nZVI, and hydrogen peroxide in batch runs. Phenol and PS conversions and 
aromatic by-product concentration profiles during 168 h of reaction time were mea-
sured and compared, as well as the degree of mineralization achieved and the eco-
toxicity of the samples. It was found that both phenol and aromatic by-products 
(catechol and hydroquinone) completely disappeared using PS activated by alkali 
before 24 h, while a significant amount of remaining aromatic intermediates was 
obtained when the activating agent was nZVI and hydrogen peroxide. Moreover, the 
highest unproductive consumption of PS was obtained in HAP, as can be seen in 
Fig. 21.

Liu et  al. [102] have studied the effectiveness of hydrogen peroxide, PS and 
hydrogen peroxide + PS in the abatement of ortho-nitrochlorobenzene (o-NCB) in 
soil. The soil used was an aquic cinnamon soil and the runs were carried out in 
batches (slurry systems). They found an improvement in o-NCB degradation when 
both oxidants were applied simultaneously. On the other hand, it was pointed out 
that natural iron species, present in soil, could effectively facilitate the degradation 
of organic pollutants in the presence of hydrogen peroxide + PS.

Block et al. [41] found that the combined hydrogen peroxide–persulfate reaction 
was effective for chloroethanes and chloroethenes removal in aqueous phase after 
7  days of treatment. These authors also tested the efficiency of the dual system 
against BTEX and other VOCs present in a soil from an MGP site. A remarkable 
abatement of these pollutants was found after 14 days of treatment. The unproduc-
tive consumption of the oxidants was not studied in this work. Moreover, also good 
results were found with PS activated with alkali at molar ratios KOH/PS about 
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   None             0        0.24
   NaOH       840        1.68
   NaOH     1680        6.24
   H2O2         840        8.64
    nZVI             2        2.88

Fig. 21 Results obtained 
in the absence of phenol: 
Persulfate consumption 
(experimental results as 
symbols, predicted values 
using Eq. (13) as lines). 
[PS]0 = 420 mM [95]
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1/1 in the abatement of BTEX and some chlorinated VOCs in aqueous phase after 
7 days of treatment.

Ferrarese et al. [104] studied the effectiveness of using several chemical systems 
to oxidize sorbed PAHs from a sediment with aged contamination. Hydrogen per-
oxide, modified Fenton’s reagent (chelating agent was added to prevent iron pre-
cipitation), activated sodium persulfate, potassium permanganate, and the dual 
systems potassium permanganate + hydrogen peroxide and sodium persulfate-
 Fe + hydrogen peroxide, were tested. Reaction samples of each oxidation treatment 
were analyzed (the reaction time was not indicated). Several dosages of oxidant 
were tested (from 50 to 200  mM) but the consumption of the oxidant was not 
reported. The pollutants removal at 50 mM of oxidant dose was above 80% for all 
the system tested except hydrogen peroxide alone. The highest TOC conversions 
were obtained with the systems potassium permanganate and modified Fenton’s 
reagent.

Zhao et al. [37] have studied the influence of persulfate activation methods on 
PAHs degradation. Activation by heat, citrate-chelated-iron, base, and hydrogen 
peroxide were tested. Runs were carried out in batch way (slurry system) with soils 
contaminated with PAHs (340 mg kg−1) collected from a coking plant in Beijing, 
China. The properties of the soil were not provided. By analysis of the soils at 72 h, 
it was found that thermal activation of PS was the most effective way for PAHs 
removal, followed by citrate-chelated-ferrous iron activation of PS.  Lower PAH 
removals were obtained with hydrogen peroxide–persulfate binary mixture and 
with alkaline activation. The lower conversion achieved by these last methods was 
explained by the low concentration of hydroxyl radicals generated in the hydrogen 
peroxide-persulfate binary mixture system and the superoxide radicals predomi-
nated in the alkaline activated system, respectively, in agreement with the low oxi-
dative potential (Eh), measured in the aqueous solution.

Ko et al. [105] have studied the oxidation of chlorinated ethanes and ethenes, 
forming a DNAPL, in soil samples from a fire training area. The oxidation systems 
tested were catalyzed hydrogen peroxide (CHP), activated persulfate by iron (AP), 
and the dual system hydrogen peroxide–persulfate (HP). In all cases, citrate was 
added or not as a chelating agent (CA). Runs were carried out in slurry systems and 
at batch operation, and reaction samples were analyzed at 48 h. The highest pollut-
ant removal was obtained with CHP in the absence of CA at acid pH—around 2.5. 
In this case, the complete consumption of the oxidant was measured at the end of 
the experiment. When using the AP system, the oxidant conversion was lower than 
the obtained with CHP, but also a lower pollutant conversion was noticed in this 
case. Therefore, the addition of CA did not improve the removal efficiency in CHP 
system but increased the conversion of pollutant in the AP system. The dual system 
was more effective in pollutant removal at moderate concentrations of both oxi-
dants. The addition of CA to the dual system decreased the pollutant removal and 
the oxidant consumption, related probably to the pH increase noticed when citrate 
(CA) was added. As a conclusion, the authors indicated that testing different oxida-
tive conditions can be useful in order to determine the most optimal conditions for 
possible large-scale deployments.
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Sra et  al. [66] have investigated the persistence of activated persulfate in the 
subsurface, using citric acid (CA), chelated ferrous (Fe(II)), hydrogen peroxide 
(hydrogen peroxide), or alkaline (OH−) activation in four well-characterized aquifer 
solids with low TOC content but a significant concentration of available Fe. They 
found that the chelated-Fe(II) and the hydrogen peroxide-activation showed an 
increase on the overall reduction in persulfate. At the conditions tested by these 
authors, chelation of Fe(II) by citric acid was not effective controlling the reaction 
between Fe(II) and persulfate. Consequently, a fast initial loss of persulfate took 
place. This can be explained taking into account that the addition of citric acid 
increased the unproductive consumption of PS. It should be noticed that citric acid 
produces an acidic pH and therefore, enhances the radical production rate and the 
persulfate consumption. If citrate was used, instead of citric acid, the pH could be 
kept in a neutral range, modulating the unproductive consumption of the oxidant by 
the CA [64].

Hydrogen peroxide was quickly decomposed due to the highly available iron 
content of the aquifer materials. Therefore, the effect of hydrogen peroxide on PS 
stability was not relevant. However, when hydrogen peroxide concentration 
increased, a high impact on persulfate stability was noticed. Authors conclude that, 
in general, a higher concentration of the Fe(II) or hydrogen peroxide, led to a higher 
depletion of persulfate.

However, the effect of the activators on the stability of PS depends on the persis-
tence of these activators on the subsurface. A quick depletion of the activating agent, 
by interaction with the aquifer, will imply that the further decomposition of PS will 
correspond to unactivated persulfate degradation kinetics.

6  Conclusions

The application of in situ chemical oxidation (ISCO) technologies has proved to be 
a good alternative for the remediation of contaminated sites with organic com-
pounds. Among them, persulfate (PS) technologies constitute an important develop-
ment in the field of soil and groundwater remediation and the number of works in 
literature dealing with this topic, as well as its application to field scale, were con-
tinuously increasing in the last decade.

The main advantages of PS are the easy handling, the high aqueous solubility, 
high stability, relatively low cost, longer lifetime in the subsurface than hydrogen 
peroxide, and production of benign-end products, which makes it very competitive 
against other oxidants. PS can be applied “in situ” for groundwater remediation or 
“on site” for soil remediation after excavation or for the treatment of the groundwa-
ter pumped. It is effective for the treatment of a broad type of organic pollutants, 
including halogenated compounds (pesticides, PCBs, chloroalkanes, etc.), BTEXs, 
perfluorinated chemicals, phenols, PAHs, dyes, and pharmaceuticals. Moreover, PS 
can be applied to wastewater decontamination, sludge conditioning, and so on, 
although these last purposes are out of the scope of this chapter.
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However, in spite of persulfate alone is a very powerful oxidant, its reaction with 
common organic contaminants is relatively slow and the activation of PS (AP) is 
recommended in order to produce reactive radicals such as sulfate, hydroxyl and 
superoxide, that considerably increase the oxidation rate of the pollutants. Because 
of the different reactivity of the formed radical in AP, a wide range of pollutants can 
be removed. Moreover, since a wide pH range can be used with AP, a high number 
of water matrices can be treated, which represents an important advantage over 
other treatments.

The main activation PS technologies include heating (thermal activation or TAP), 
the use of transition metals as Fe2+ (Fe-AP), base addition (BAP) to get strong alka-
line conditions, and hydrogen peroxide addition (HAP). Each method can produce 
different types of radical species and shows particular interactions with the soil and/
or groundwater matrixes. In fact, the stability of the activators in the subsurface is a 
key point to determine the feasibility for their application and must be taken into 
account when choosing the most adequate method for each particular case.

The thermal activation of persulfate (TAP) has been carried out at temperatures 
usually above 30 °C. In aqueous phase, temperatures as high as 80 °C can be applied 
and high pollutant removal was noticed in short reaction times for a wide variety of 
organic contaminants. However, the maximum temperature allowed in the subsur-
face is much lower (40 °C) and the high cost associated to the energy requirements 
and the equipment needed to heat the aquifer can make unaffordable the application 
of this technology to the treatment of large groundwater plumes. When thermal 
activation is used, the type of radicals involved depends on the pH of the reaction 
media. At pH lower than 5 the sulfate radical is the predominant species, while at 
pH from 5 to 9 both hydroxyl and sulfate radicals contribute to the pollutant abate-
ment. This method produces a significant unproductive consumption of PS, which 
increases significantly with increasing temperature, even in pure milliQ water. 
Moreover, in real water matrices, the scavenging effect of radicals by carbonates, 
bicarbonates, chlorides and NOM should be taken into account since these com-
pounds compete with the pollutants for the oxidant. The scavenging of hydroxyl and 
sulfate radicals by bicarbonate is a relevant issue for the viability of groundwater 
remediation by this technology.

Activation by Fe2+, Fe-AP, is an efficient and relatively cheap method to generate 
sulfate radicals. However, some important limitations should be taken into account 
for this method. The first concern is the pH of the media: to keep the iron in solution, 
the pH should be kept in the acid region. However, for an in situ treatment, this 
requirement is often difficult or impracticable since many soils and groundwater 
behave as a buffer system showing neutral–alkaline conditions. Moreover, an acid 
pH could yield non-desirable side effects as metal mobilization and loss of soil 
properties. Moreover, the adsorption of the external iron added into the soil has been 
noticed, even al low pH values. To avoid the acidification of the media and keep the 
iron in solution at neutral pH, chelating agents (CA) can be added. Contradictory 
effects on the use of CA on both pollutant removal and oxidant stability have been 
described in the literature. This fact can be probably explained considering that the 
CA is an organic molecule (EDTA, citric acid, and citrate are the most usually CA 
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applied) that can compete with the pollutants for the oxidant. If the pollutants are 
more refractory towards oxidation than the CA, the oxidant will be consumed in 
unproductive reactions with the CA rather than in pollutant abatement. Moreover, at 
pH lower than 5—that is, when citric acid instead of citrate is used—the lower the 
pH, the higher the unproductive consumption of the oxidant. On the contrary, if pol-
lutants are more easily oxidized than the CA, it will be noticed an enhancement in 
the pollutants oxidation rate due to a higher concentration of soluble iron in the 
media. Moreover, the use of CA allows extracting the labile iron from the soil avoid-
ing the need of an external activator addition. Another relevant issue to take into 
account with iron activation of PS is that Fe2+ acts as a reagent and not as a catalyst. 
Therefore, a higher amount of iron is needed in comparison with that required in 
Fenton’s reagent, or different strategies to increase the regeneration of Fe3+ to Fe2+ 
must be implemented. Some pollutants (as quinone type compounds) have shown a 
particular activity in the reduction of Fe3+.

Alkaline activation of PS (BAP), usually by sodium hydroxide, promotes the 
formation of both hydroxyl and superoxide radicals at pH > 10–11. This pool of 
radicals is able to react with a wide range of pollutants of different electronegativity, 
as TPHs, PAHs, and chlorinated compounds.

Moreover, as carbonates and bicarbonates precipitate at high alkaline pH, their 
scavenging effect is minimized; therefore, this method can be successfully applied 
to soils with a high carbonate content. A disadvantage of the BAP is the high amount 
of base that is usually required and the high concentration of PS (much greater than 
the stoichiometric one) usually needed for the pollutant abatement. In this sense, 1 
mole of PS generates 2 moles of sulfate radicals in TAP, 1 mole of sulfate radicals 
in Fe-AP and 0.5 mole of hydroxyl radical in BAP. However, when the interaction 
with the subsurface dramatically affects the stability of the oxidant system, in TAP 
and Fe-AP systems, the activation of PS by alkali highlights as the optimal strategy. 
On the other hand, the reactivity of superoxide radical towards some pollutants with 
high halide content, can sustain the application of this activation method. Another 
relevant issue is that at pH above 11–12, a simple alkaline hydrolysis can take place 
for some organic molecules, resulting in the breakdown of these organic compounds 
without the participation of radical species. Moreover, it seems that activation by 
highly alkaline conditions had a lower impact than the other activation strategies in 
soil–water systems.

The use of hydrogen peroxide as activator of PS in a dual oxidant system has 
been scarcely studied and the mechanism for the interaction between hydrogen per-
oxide and persulfate is still unclear. It seems that the behavior of hydrogen peroxide 
as activator will greatly depend on the soil characteristics. The behavior of HAP in 
aqueous phase, slurries or subsurface cannot be easily compared or predicted.

Many of the studies with AP have been carried out at lab scale with batch- 
operation mode and spiked soils. The activation efficiency in this laboratory experi-
ments is usually higher than that found in the application to real aged polluted soils. 
Moreover, at field conditions, there are scavengers that have not been considered in 
the lab works. This can lead to an underestimation of the actual oxidant demand in 
the field. Therefore, it is greatly encouraged the study of real polluted soils, at 
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column or pilot scale in order to evaluate the viability of the AP application at 
field scale.

Depending on the oxidation rate of the organic contaminants by PS, a specific 
contact time between the oxidant system and the pollutants will be required for a 
given concentration of the oxidant and the activator. Moreover, the stability of the 
oxidant system in the water matrix has to be taken into account in order to determine 
the PS decomposition rate and the oxidant concentration depletion with the distance 
from the injection point. In the case of in situ applications, both kinetic and trans-
port issues, rule the injection strategy. Direct push or recirculation of the oxidant 
should be considered in order to complete the remediation goals.
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1  Introduction

Soil pollution is currently a serious environmental issue, mostly because soil is con-
sidered a “universal sink” and bears the greatest burden of environmental pollution. 
Soil contamination is a problem at multiple levels: contaminants can end up in 
plants that are growing in the soil; groundwater that interacts with the soil becomes 
contaminated as a result of the soil contamination; and animals (including humans) 
that eat the vegetation growing in the soil can absorb its contaminants [1, 2]. Human 
activities such as agriculture, mining, and industrial activities typically lead to con-
tamination of soils in many ways. Among the most common is deposition of heavy 
metals (e.g., Cd, Hg, Ni, Cu, and Cr), inorganic compounds (e.g., F−, CN−, and 
arsenic compounds), and a wide variety of organic compounds (e.g., hydrocarbons; 
benzene, toluene, ethylbenzene, and xylene isomers (BTEX); polycyclic aromatic 
hydrocarbons (PAHs); polychlorinated biphenyls (PCBs); pesticides; and energetic 
compounds) [3]. In the case of heavy metals, contamination of soil is a major prob-
lem due to potential biohazards associated with sites contaminated by humans, 
mainly because of the potential health impacts of consumption of contaminated 
produce [4, 5]. Heavy metals occur naturally in soil as a result of weathering of par-
ent materials at levels that are regarded as trace levels (less than 1000 mg kg−1) [6].
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As a consequence, different thermal, biological, and chemical techniques to 
remove pollutants from soil have been explored. Of particular interest is phytoreme-
diation (PhyR), a process in which plants and their associated microorganisms can 
be used to remove, degrade, or isolate toxic substances in the environment. This 
type of process has been employed to remediate both soil and water pollution [7, 8]. 
Some plants can accumulate various organic or inorganic chemicals from environ-
mental media and degrade (or otherwise process) them by assimilation and use in 
their physiological processes. The different PhyR processes listed in Table 1 are 
natural ways in which plants and microbes in the rhizosphere degrade or stabilize 
pollutants [9, 10].

In the specific case of heavy metals in soil, they can be lixiviated in surface water 
and groundwater, absorbed by plants, and incorporated into the trophic chain. When 
they are present in huge concentrations, they may be bioavailable as essential ele-
ments (e.g., Cu, Zn, Mn, Fe, Ni, and Mo) or nonessential elements (e.g., Cd, Pb, Cr, 
and Hg), causing problems because of their toxicity in the environment. In this situ-
ation, depollution of heavy metals in soil can be accomplished using phytoextrac-
tion, phytostabilization, or phytoimmobilization processes (Table 1) [9–19].

These PhyR processes have been studied in relation to bioabsorption, bioaccu-
mulation, and bioconcentration coefficients [20]. PhyR can be an in situ cost- 
effective technology for treatment of mine tailings by introduction of 
pollutant-tolerant plant species [11], particularly in comparison with more 

Table 1 Different phytoremediation mechanisms for transformation or elimination of pollutants 
from soil [9–16]

Process Mechanism

Phytoextraction Plant roots absorb and remove pollutants from the soil by transportation and 
accumulation in their roots, stems, and leaves. Once the plants are fully 
grown, they are harvested and either composted or incinerated (followed by 
removal of the ashes to a disposal site). This process is used in 
phytoaccumulation, phytoabsorption, phytosequestration, and 
phytodesalination

Phytovolatilization Pollutants can be transported via the radicular system to the plant surface, 
where they are degraded and transformed or merely volatilized and released 
into the atmosphere

Phytodegradation Plants take up pollutants and metabolize them into materials without 
environmental risk by breaking down and destroying the pollutants. 
Associated microorganisms and plant enzymes degrade the pollutants 
within the plant tissues. This process is used for phytotransformation of 
highly toxic contaminants into less toxic chemical compounds

Rhizodegradation In the plant root zone (rhizosphere), pollutants are removed from flowing 
water and transformed or destroyed in the radicular zone through the action 
of rhizospheric microorganisms, which help to degrade organic xenobiotic 
compounds

Phytostabilization Plant roots sequester and stabilize pollutants. In general, this process uses 
pollutant-tolerant plants to stabilize the pollutants by reducing their 
mobility and bioavailability in the environment. This process is used in 
phytoimmobilization of pollutants
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conventional methods of physical treatment (such as excavation and landfilling), 
thermal treatment (such as incineration and desorption), and physicochemical treat-
ments (such as soil washing, leaching, vitrification, and electrokinetic treatment 
(EKT)) [14, 21, 22].

Different metals and metalloids need to be removed from soil, such as mercury 
(Hg). The main problem of mercury contamination is the different oxidation states 
in which it can exist in the environment [23]. Environmental mercury contamination 
is a result of poor mining practices. Mercury has a high market value, but if its waste 
is treated poorly, it may cause pollution and damage in the environment, as well as 
posing risks to human health. Mercury occurs naturally in concentrations ranging 
between 0.003 and 4.6 mg kg−1; however, at contaminated sites, the observed con-
centrations can be between 11,500 and 14,000 mg kg−1 [24, 25] and it can be found 
in different chemical forms: elemental (metallic (Hg°)), inorganic (Hg2+), and 
organic forms (HgS, HgCl, and HgCH3) [26].

Mercury contamination is not simply a local problem in the vicinity of mine tail-
ings: according to modeling results published by Tørseth [27], mercury compounds 
can remain in the atmosphere for up to 2 years and can be transported over large 
distances, extending their harmful impacts to the global scale. Mercury is a heavy 
metal, is highly toxic to living beings, and can be bioaccumulated in organisms 
without degradation of its overall system [28, 29]. In soils, mercury can persist for 
long periods, and it can be transported into the atmosphere, hydrosphere, and bio-
sphere many years after its initial deposition as waste [30]. Hg can be removed by 
PhyR (Table 2)—specifically by phytovolatilization ([Hg]soil = 0.55–1605 mg kg−1; 
η = 77–81%), usually after methylation. During this process, plants convert methyl-
mercury or dimethylmercury (through the action of anaerobic bacteria in the soil) 
into ionic Hg+2 via organomercurial lyase, and then into nonreactive elemental Hg° 
via mercuric reductase, whereupon it can be volatilized [14, 15, 21, 32, 68–74]. 
Phenylmercury can also be microbially converted into diphenylmercury [15, 75, 
76]. There have been reports describing engineering of transgenic plants with the 
ability to phytoaccumulate and/or phytostabilize Hg [14, 21, 22, 77, 78].

In the case of PhyR of soils polluted by mercury, Lavandula vera and Solanum 
tuberosum have proved to be very useful as hyperaccumulative plants with adequate 
removal efficiency (>80%). Considering bioelectricity, living things are analogous 
to an electrolyte container filled with millions of small chemical batteries [17]. 
Many renewable and sustainable energy sources have been developed in recent 
years in attempts to offset the use of fossil fuels, and use of plants to generate elec-
tricity is now being investigated [18], which is a potential side benefit of PhyR.

Additionally, EKT has been applied successfully in a variety of polluted soils. 
This technology refers to application of an electrical field or direct current through 
a pair of electrodes (an anode and a cathode). These electrodes are inserted into the 
soil, where an electrolyte improves the conductive properties of the electrical field 
[79, 80]. EKT involves different mass transport mechanisms, as shown in Table 3. 
During EKT, electrolysis of water occurs at the electrodes, producing hydrogen (H2) 
and protons (+H) close to the anode, and producing oxygen (O2) and hydroxyl ions 
(−OH) close to the cathode, and thereby generating acid and base frontiers, 
 respectively [16, 36, 81–84].
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Table 2 Plant species used 
in phytoremediation of 
mercury-contaminated soil, 
as reported in the literature

Plant species References

Alfalfa and black locust [31]
Alyssum flowers [31]
Arabidopsis thaliana [12, 22, 32–35]
Artemisia douglasiana [14, 36, 37]
Armoracia lapathifolia [36, 38]
Brassica juncea [36, 39–45]
Caulanthus sp. [14, 36, 37]
Cestrum buxifolium [12, 46, 47]
Chenopodium glaucum L. [36, 37, 45]
Enterobacter cloacae [37]
Eucalyptus globulus [14, 36, 37, 48]
Euglena gracilis [49]
Festuca rubra [36, 38]
Fragaria vesca [14, 36, 37]
Halimione portulacoides [50]
Helianthus tuberosus [36, 38]
Indian mustard [31]
Juncus maritimus [36, 51, 52]
Lactuca sativa ssp. capitata [39, 43]
Lepidium latifolium [14, 36, 37]
Ludwigia peploides [12, 53–55]
Nicotiana tabacum [12, 32, 34, 46, 56]
Orange pulp [39, 44]
Oryza sativa [39, 41, 42]
Pennycress [31]
Phaseolus vulgaris ssp. nanus [36, 39, 43, 45]
Phragmites australis [57, 58]
Physalis peruviana [12, 59, 60]
Poa pratensis [36, 38]
Poplar [31]
Portulaca oleracea [12, 61, 62]
Pseudomonas fluorescens [63, 64]
Salix viminalis [14, 64, 65]
Salix schwerinii [14, 64, 65]
Salvinia auriculata [36, 66]
Sarcocornia fructicosa [50]
Silene vulgaris [36, 67]
Spartina maritima [50]
Taraxacum officinale [12, 60]
Triticum aestivum [15]
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Enhancing solutions can be added to the soil to improve the efficiency of the 
treatments [85, 86]. The most commonly used enhancing solutions are ethylenedi-
aminetetraacetic acid (EDTA), KI, and NaCl [87, 88]. EDTA is a compound with 
four carboxylic and two associated amino groups, which can act as electron pair 
donors or Lewis bases. In an aqueous solution, EDTA forms an octahedral complex 
with mostly divalent metal cations (M2+). A very strong mercury–EDTA 
([Hg-EDTA]2−) complex is formed, with a log b value of 21.8 [89]. Considering the 
negative charge of this complex, most mercury moves toward the anode side, where 
it can be removed or recovered [90]. The key element is electrokinetic mobilization 
of metals in the soil, which increases the availability of the metals to plant roots and 
therefore increases the absorption of the metals by plants and their subsequent 
extraction using PhyR [91].

The problem of mercury contamination is exacerbated when polluted croplands 
and mining areas close to people are repurposed, introducing mercury into the food 
chain, where it can cause serious damage to human health [23]. EKT and PhyR are 
different remediation techniques used to remove mercury from cropland and mine 
areas. EKT has been considered the most efficient alternative to treat soil polluted 
by mercury in some mining areas, because laboratory test results suggest that it can 
remove more than 75% of mercury from polluted soil within 72 h of treatment [92]. 
Table 4 lists different EKT processes that have been studied for removal of mercury 
from soil. It is necessary to add chloride, oxidizing agents, and chelates to the soil 
in order to mobilize the mercury and increase the rate of its removal [36, 97].

A technique combining EKT and PhyR (EKT + PhyR) has been developed for 
electro-phytoremediation of contaminated soil. In this technique, a low-intensity 
electrical field is applied to contaminated soil in the vicinity of growing plants, 
which increases the bioavailability of the pollutants close to the plant roots, generat-
ing hyperaccumulation of the pollutants in the plants through the different EKT and 
PhyR mechanisms listed in Tables 1 and 3 [3].

Table 3 Different mass transport mechanisms that transform or eliminate pollutants in soil during 
electrokinetic treatment [16, 36, 81–84]

Process Mechanism

Electromigration Movement of ions in a solution. In this process, a current is carried by ions, 
with anions being transported toward the anode and cations being transported 
toward the cathode

Electrophoresis Movement of charged, dissolved, or suspended particles in a pore fluid. The 
negative charge on the surface of most soil particles causes accumulation of 
positively charged cations near particle surfaces in the diffuse electrical 
double layer. Under the action of the electrical field, these cations provide a 
net flow of ions in the direction of the cathode and, through this action, water 
also moves toward the cathode

Electro-osmosis Bulk movement of fluid though pores. This process generates movement of 
chemical compounds without a charge (such as organic matter), 
microorganisms, or surfactants in the soil during application of an electrical 
field
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In this research, EKT + PhyR, using Lavandula vera and Solanum tuberosum, 
was evaluated for its ability to increase the efficiency of Hg2+ removal from crop-
land, mine tailings, and control soils. Additionally, this research evaluated the 
potential of potato tubers to be used as a candidate plant to remove Hg2+ from either 
liquid or solid matrices, and as a “biopile” for generation of small amounts of elec-
trical energy. Because it is necessary to look toward “greener” and less expensive 
forms of energy to meet the power demands of the growing world population, sci-
entists around the globe are investigating different energy sources such as air, water, 
and vegetal sources. Bioelectricity is fundamental to all life processes. Biopotentials 
result from complex biochemical processes, which are intimately associated with 
transfer of electrical charges. From the standpoint of bioelectricity, living things are 
analogous to an electrolyte container filled with millions of small chemical batteries 
[17]. Many renewable and sustainable energy sources have been developed in recent 
years in attempts to combat pollution from fossil fuels, and generation of electricity 
from living plants is now under investigation [18, 98].

We proposed a model in which potato tubers could be used in the EKT + PhyR 
process, involving use of plants coupled with electrokinetic methods to potentiate 
the extent of Hg2+ removal from contaminated soils by different parts of Lavandula 
vera, mainly its leaves. These techniques were subsequently coupled with the pos-
sibility of generating bioelectricity with Solanum tuberosum, which is an excellent 
electrical conductor because of its solid matrix, its high water level (80%), its ele-
vated content of starch and potassium, and the large size of its tubers in comparison 
with other vegetables [99].

Table 4 Experimental conditions used in electrokinetic treatment (EKT) to reduce soil mercury 
concentrations ([Hg]soil), and efficiency of mercury removal from polluted soil (η), as reported in 
the literature

Experimental conditions [Hg]soil or η References

Complexing agent: different ligands such as HO−, Cl−, and 
I−, as well as the chelating agent EDTA
Electrical field: 1 V cm−1

Soil type: spiked kaolin and glacial till soils

η = 97% from kaolin
η = 56% from glacial 
till

[93]

Extracting agent: I2/I− η = 99% [94]
Electrodes: approaching cathodes
Extracting agent: I2/I−

Soil type: Wanshan mercury mine
EKT duration: 5 days

η = 89–92% [95]

Cathode: Ti
Anode: Ti
Edc:  0.4, 0.7, 1.4, 1.6, 1.9, 2.0 and 5.0 V
Complexing agent: 0.1 M EDTA
EKT duration: 1–72 h

[Hg]soil = 30 mg kg−1

η = 75%
[37, 80, 
96]

Edc potential with direct current 
EDTA ethylenediaminetetraacetic acid
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2  Methodology

Three sites were chosen for soil sampling: a cropland in the vicinity of an aban-
doned mining site, a deposition site for mining waste, and a reference site with no 
expected contamination. The samples from the cropland and mining waste deposi-
tion sites were obtained near the Otatal mercury mine, located at the coordinates 
20°56′51.23″ N and 99°32′54″ W, in the municipality of San Joaquín in the state of 
Querétaro, Mexico. The three different types of soil sample were collected from the 
following areas: (1) cropland at 20°56′38.46″ N and 99°32′42.63″ W, at an altitude 
of 1941 meters above sea level (masl), on a farming site (located at the periphery of 
the Otatal mine) that had been used for growing apples, pumpkins, corn, and beans 
with temporary irrigation, and for producing compost from cattle manure; (2) a 
mine-tailing site at 20°56′31.70″ N and 99°32′59.36″ W, at an altitude of 2045 masl, 
which contained residue from cinnabar (HgS) incineration, deposited at the periph-
ery of the mine without any further treatment, some of it dating back more than 50 
years; and (3) a distant (control) site at 20°56′57.97″ N and 99°33′00.60″ W, at an 
altitude of 2336 masl, which was not expected to contain high levels of mercury.

All samples were stored in tightly sealed plastic containers during their transfer. 
Pedological characterization of each sample in this study was carried out in accor-
dance with the methods described in Official Mexican Standard NOM-021- 
SEMARNAT-2000 [100] and the International Soil Reference and Information 
Center (ISRIC) Procedures Manual [101]. The physicochemical characteristics of 
the samples were determined using the same methods as those used for the soil 
analyses.

After transport to the laboratory, one part of each sample was refrigerated for a 
period of 15 days prior to its use in the EKT, PhyR, and EKT + PhyR processes. 
Another part was dried at room temperature in a designated area of the laboratory 
for subsequent physicochemical characterization. To monitor the concentrations of 
mercury (Hg2+) in solution, the technique of anodic stripping voltammetry (ASV) 
[92] was used. Two calibration curves were constructed: one with EDTA and another 
with HCl.

ASV was performed using an Epsilon potentiostat (BASi, West Lafayette, IN, 
USA). The resulting data were used to construct a calibration curve, using 1 M HCl 
as a support electrolyte and 1 mM HgCl2 as the precursor of Hg2+. The electro-
chemical cell had working, reference, and counter electrodes of vitreous carbon 
(VC), Ag/AgCl, and Pt wire, respectively, which contained 10 mL of 0.1 mM EDTA 
as a support electrolyte. Between ASV tests, the VC electrode was polished with 
alumina (1.0, 0.3, and 0.05 μm). The polished electrode was then rinsed with deion-
ized water before being introduced into the electrochemical cell. The deposition 
time for ASV was 300 s, with a standing time of 40 s. The potential of the deposit 
was −600 mV versus Ag/AgCl, using a potential window from −500 to 600 mV 
versus Ag/AgCl. Linear voltammetry was obtained from each addition of an aliquot 
of 1 mM HgCl2 to 0.1 M HCl and 0.1 mM EDTA.
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Calibration curves were constructed using the current values found after each 
HgCl2 addition (Fig. 1). These calibration curves were then used for quantification 
of Hg2+ concentrations in the various analytical samples. Mercury concentrations in 
different parts of Lavandula vera and Solanum tuberosum were determined by mer-
cury atomic absorption spectroscopy (HgAAS), using methods 3051 and 3120 B 
from Official Mexican Standard NOM-004-SEMARNAT-2002 [101–104].

EKT of the Hg2+-contaminated soil, employing a two-dimensional circular elec-
trode array, was implemented (Fig. 2). The anode (Ti) was placed at the center of the 
cell and six cathodes (Ti) were set up around it at a separation distance of 6 cm. 
They were 6 cm in length and 0.5 cm in diameter (Torres Estructuras y Postes de 
Puebla SA de CV (TEPSA), Mexico City, Mexico). In the center of the electro-
chemical cell, two pieces of polyvinyl acetate (PVC) were placed as spacers in the 
anodic area. The resulting solution was subsequently collected from the area 
between them [90, 105].
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Fig. 1 Anodic stripping voltammetry (ASV) of HgCl2 in 0.1 M ethylenediaminetetraacetic acid 
(EDTA) (A) and 0.1 M HCl (B), with their corresponding calibration curves
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EKT was performed on all three sample types: cropland soil, mine-tailing soil, 
and off-site control soil. The EKT process used samples weighing 1.2 kg. They were 
saturated with 350 mL of 0.1 M EDTA for 24 h, and then the circular PVC spacers 
were inserted into the center of each system [105]. Later, electrodes were inserted 
into each sample and connected to a GP-4303DU direct current (DC) power supply 
(EZ Digital Company, Busan City, Korea), with application of 20 V for 90 min. 
Meanwhile, the electrical current was measured using a multimeter (Steren, San 
Diego, CA, USA), at 0, 30, 60, and 90  min during the cycle. After 90  min, the 
experiment was stopped and the aqueous solution was collected and removed using 
a Masterflex peristaltic pump (Cole-Parmer, Vernon Hills, IL, USA).

The polluted solution was pumped through a reactor containing permeable reac-
tive barriers (PRBs) made of different materials. These materials contained iron 
(Fe°) and carbon (C): Fe° (Aldrich, St. Louis, MO, USA), chemically reduced gra-
phene (QRGO), Agave biomass sponge (CGOO), C tissue (0.5 mm) (Alfa Aesar, 
Ward Hill, MA, USA), C fiber (1.12 cm) (Alfa Aesar), chemically reduced Fe° + C 
(FeQRGO), and thermically reduced Fe° + C (FeTRGO) to treat 250 mL of Hg2+-
contaminated solution (Fig. 2a). The final solution that was obtained was collected 
by pumping (at 120 mL min−1 with a peristaltic pump) for analysis by ASV [90].

The different PRB materials were analyzed by scanning electron microscopy 
(SEM) (Bruker, Billerica, MA, USA). ASV was used to evaluate the efficiency of 
mercury removal from samples of wastewater that had passed through the PRBs. 

Fig. 2 Electrokinetic 
system of soil (A) with a 
circular arrangement of 
electrodes in the soil. At 
the center is the anode (+), 
surrounded by six cathodes 
(−) in the ring zone, 
delimited by circular 
polyvinyl chloride spacers 
in the anodic area (B). 
Wastewater containing 
ethylenediaminetetraacetic 
acid ions is pumped out to 
the permeable reactive 
barrier (PRB) for cleaning
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During this experimental process, ASV and HgAAS were used to analyze the aque-
ous samples of [EDTA—Hg]2– after 1.5 h, with hydride generation, and then this 
solution was returned to the treatment [92, 96].

2.1  Phytoremediation of Soil with Lavandula vera

Propagation of seedlings of Lavandula vera was accomplished through a process 
that started with cuttings obtained from a primogenital plant. The cuttings were 
subsequently placed singly in a germination box, using peat moss as a growth sub-
strate. This type of substrate is used for seeds or cuttings to achieve optimal penetra-
tion for germination and to help them properly take root, since it provides moisture, 
temperature, and porosity suitable for plant development.

During the tests, 500 g of dry and sieved soil samples were placed in a 10 × 12 cm 
plastic container wetted with tap water. The samples were placed inside a growth 
chamber illuminated with artificial light for 8 h followed by 16 h of darkness per 
day. The cuttings were watered every second day with running water. The Lavandula 
vera samples were matured in the box from the time of transplantation until their 
roots grew, which took between 21 and 25 days.

Once the cuttings developed roots, the PhyR process began with transplantation 
into the different soil types and continued with assessment of their development and 
growth for 5 weeks. At the end of the treatment, the mercury concentrations in the 
different parts of the plants were analyzed; additionally, the final mercury concen-
tration in each soil sample was tested. The rooted plants were distributed into one of 
the containers with the test soil samples. A total of 12 Lavandula vera plants were 
placed in each type of soil sample: mine-tailing soil, adjacent cropland soil, and 
remotely sourced soil. The plants were watered every second day with running 
water and were kept in the growth chamber again, receiving 8 h of light and 16 h of 
darkness daily during the 5-week experiment.

During the testing period, the growth of Lavandula vera was assessed weekly by 
use of a vernier caliper to measure the stem diameter. Every seventh day, a plant was 
taken from each soil sample container and then dried at room temperature and dry 
weighed. With these data, the rates of growth and the tolerance of the pollutant were 
determined for Lavandula vera.

After completion of the EKT processing of the soil samples, Lavandula vera cut-
tings were transplanted into the soils. To evaluate the effect of EDTA as a support 
electrolyte in the EKT, a series of experiments was developed in which Hg2+ was 
introduced in different concentrations (0.001, 0.01, 0.1, and 1.0 mM) into 100 mL 
of EDTA. These mixtures were introduced into 30 g of substrate (peat moss) in five 
different individual pots and held for 24 h before rooted cuttings of Lavandula vera 
were transplanted, one into each individual pot (Fig. 3). All plants were watered 
with tap water every third day, were kept in the growth chamber, and received 8 h of 
daylight and 16 h of darkness each day.
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2.2  Phytoremediation of Soil with Solanum tuberosum

Tubers of the Alpha potato (Solanum tuberosum) variety were pretreated before 
being planted in electroremediated soil polluted by mercury to induce phytoreme-
diation of the soil by the potatoes. During this study, three different potato groups 
were compared: (1) electroporated potatoes, (2) boiled potatoes, and (3) raw 
potatoes.

Electroporation was achieved by application of electrical pulses, which allowed 
observation of intracellular and intercellular communication within plant tissues 
[106]. Electroporation creates openings in cell membranes, resulting in a layer of 
micropores, which increase the presence of ions and the electrical conductivity of 
the tissue [107]. The objective of performing electrophoresis on the potatoes was to 
apply an alternating (changing) electrical field in order to create pores in their cell 
membranes and allow greater flow of electricity and phosphoric acid [108].

The opening of these pores in the potato cell membranes allowed evaluation of 
the effect that would occur during immersion in HgCl2 solution, so that we could 
determine if this condition was useful for accumulation and extraction of mercury 
from soil in mining areas. In this process, the first reaction that happened was 
decomposition of organic material, since the potato tubers contained large amounts 
of nutrients and phosphoric acid [109, 110], allowing transport between Cu/Zn 

Fig. 3 Lavandula vera growth without electro-phytoremediation (A1 and A2) and with electro- 
phytoremediation (B1 and B2) in cropland soil (A1 and B1) and mine-tailing soil (A2 and B2)
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electrodes, which occurred as shown in the following reaction under conditions 
unaffected by any external activity other than exposure to the Cu/Zn electrodes:

Zn° + 2H
3
PO

4
+ Cu

2+ 
→ Zn

2+
+ Cu° + 3H

2 
+ 2PO

4

-2

Zn° → Zn
+2 

+ 2e
-

Cu
+2 

+ 2e
-
→ Cu°

2H
3
PO

4
→ 3H

2 
+ 2PO

4

-2

 

The condition of boiled potatoes was used in order to determine what occurred 
before any physicochemical change caused by external factors and the way in which 
the potato behaved in contact with the solution. This potato condition ensured that 
with the passage of time, the solution would not be affected in terms of smell and 
color, as occurred with the raw potatoes. This was because boiled foods go through 
a process of solubilization of components as a result of the Maillard reaction, which 
occurs during the cooking process. In this process, the permeability of the vegetable 
tissue changes and pores are opened; moreover, some components such as starch are 
transformed into another component called acrylamide, resulting in a characteristic 
smell [111, 112].

To cause irreversible electroporation, an HP 3310A function generator (Hewlett 
Packard, Palo Alto, CA, USA) was used to treat some potato tubers with a 2 V, 
500 Hz alternating current (AC) applied for 1 h with two electrodes (Cu and Zn) 
inserted 0.5 cm deep and 1 cm apart [17]. These potatoes constituted the “electro-
porated” treatment. Other potato tubers were left untreated (or fresh) and consti-
tuted the “raw” treatment [108, 113] (Fig. 4).

ASV was performed to detect the amount of Hg2+ using 10 mL of each solution. 
Additional measurements of pH and electrical conductivity (EC) were performed 
on the solutions, using an HI 2550 pH meter (Hanna Instruments, Woonsocket, RI, 
USA) and a YSI 3200 conductivity instrument (YSI, Yellow Springs, OH, USA). 
Additionally, information on the color and smell of the potato tubers was recorded 
to determine how the tuber–solution interaction was progressing.

At the end of the 10 days of analysis, the potato tubers were removed from the 
HgCl2 solution and placed in an open controlled environment to dry at room tem-
perature, protected from sunlight. The dried tubers were then weighed and submit-
ted to acid digestion for measurement of their final Hg2+ concentrations, in 
accordance with Official Mexican Standard NOM-147-SEMARNAT-SSA1-2004, 
in each of the studied conditions [114]. These tests were performed as follows: 0.5 g 
of dried potato tuber was cut, weighed, and placed in a Teflon vessel with deionized 
water (2 mL), concentrated HNO3 (4 mL), and concentrated HCl (1 mL). The Teflon 
vessels were then placed in a MARS microwave digestion system (CEM, Charlotte, 
NC, USA) with use of the following experimental conditions: heating to 150–200 °C 
at 800 W for 20 min, with application of the biosolids method. At the end of the acid 
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digestion of the samples, the final solution was placed in 100 mL flasks and ana-
lyzed in an Epsilon potentiostat, with the same conditions being applied as those 
used for the calibration method to determine the Hg content [115].

Finally, to validate the results, the Hg content was determined with use of the 
HgAAS technique with hydride generation, in accordance with Official Mexican 
Standard NMX-SCT-051-2001 [116], using an AANALYST 400 spectrophotome-
ter (Perkin Elmer, Waltham, MA, USA). Additionally, the potato tubers were char-
acterized using Fourier transform infrared spectroscopy (FTIR) using a NEXUS 
Nicolet spectrophotometer (Thermo Scientific, Waltham, MA, USA) to assess the 
changes produced in the previously dried potato tubers [117–121].

Potato tubers taken from the HgCl2 solutions and an untreated potato tuber were 
used to determine if the current and voltage were sufficient to produce usable 
energy. Potato tubers were sown in triplicate in solid soil collected from the Otatal 
mine. The potato tubers remained in the soil for 12 weeks so we could determine 
which soil condition best favored plant growth. At the end of this period, the best 
soil condition was selected on the basis of the pH and EC data [122].

After EKT, the potatoes were grown in electroremediated soil. After 15 days, we 
analyzed each potato by obtaining impedance spectra and a discharge curve, using 
a potentiostat (Zahner-Elektrik, Kronach, Germany) and Cu/Zn electrodes placed in 
each potato to study their behavior over time. For these experiments, we used resis-
tance of 52 kΩ to assess the performance of each potato biocell.

Fig. 4 Electroporation of a potato (A), using Cu (+) and Zn (−) electrodes with a function gen-
erator (B)
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3  Discussion

During EKT, a multimeter was used to quantify the electrical current generated in 
the system every 30 min during a 72-h test period. The electrical current decreased 
over time in the cropland and mine-tailing samples. A small rise was observed at 
about the 30-h treatment mark, but there was a tendency for the current to decrease 
after 50 h. This variation in the electrical current was associated with the motion of 
the ions migrating to the anode and cathode in the electrochemical cell, depending 
on their charge, as a result of the applied electrical field (electromigration) [123]. To 
verify this movement of ions (including Hg2+) in solution, samples were extracted 
from the electrochemical cell after 1 day of EKT and analyzed by ASV. In the evalu-
ation of the current peak that was generated (between −0.1 and 0.1 V versus Ag/
AgCl), its changes were attributed to the presence of small amounts of organic mat-
ter, as has been reported previously [80]. Similarly, it was observed that the current 
signal was higher in the EKT-treated mine-tailing sample obtained from the 
extracted solution after 1 day (approximately 8 μA). This result indicated an increase 
in the removal efficiency of EKT, which was verified with HgAAS analysis. The 
HgAAS analysis results showing the efficiency of mercury removal from the crop-
land and mine-tailing samples treated with EKT are presented in Table 5 and Fig. 5. 
The highest efficiency of mercury removal was reached in the mine-tailing sample 
treated with EKT. The Hg2+ (η[Hg2+]) results showed that the order of removal effi-
ciency was as follows: close to the cathodes (87.2%) > middle cell (84.0%) > close 
to the anode (79.0%).

High concentrations of ions (complexes of EDTA + Hg2+ and EDTA + cations) 
were observed in the mine-tailing sample, with an initial [Hg2+] concentration of 
2061.771 parts per million (ppm), and there were higher concentration of ions with 
a negative charge that migrated close to the anode [80] in comparison with the crop-
land sample. Additionally, the organic matter content in the cropland sample was 
reduced by the movement of the ions (with an [Hg2+] concentration of 

Table 5 Mercury concentrations ([Hg]) in cropland and mine-tailing samples after electrokinetic 
treatment, and efficiency of mercury removal (η) in comparison with control samples

Sample [Hg]initial (ppm) [Hg]final (ppm) η (%)

Cropland
  Control 440.46 – –
  Close to anode – 360.17 18.23
  Middle cell – 212.53 51.75
  Close to cathodes – 354.87 19.43
Mine tailing
  Control 2061.77 – –
  Close to anode – 431.69 79.06
  Middle cell – 324.01 84.29
  Close to cathodes – 272.60 86.78

ppm parts per million
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440.462 ppm—just over one fifth of that observed in the mine-tailing sample) and 
the complexation arising between mercury and organic matter [115]. In contrast, in 
the cropland sample, the major η[Hg2+] was observed in the middle cell (51.7%), fol-
lowed by the zones close to the cathodes (24.1%) and close to the anode (18.2%). In 
both samples, the lowest η[Hg2+] was close to the anode because the polluted solution 
was pumped from the central zone where there was a separate compartment between 
the circular PVC spacers surrounding the anodic area (Fig.  2B). In contrast, the 
η[Hg2+] was greatest in the middle cell, with both samples influenced by different 
transport phenomena during EKT: electromigration, electrophoresis, and electro- 
osmosis [80, 90, 105, 124]. As expected, more Hg2+ was found in Lavandula vera 
plants grown in mine-tailing soil than in those grown in cropland soil (Fig. 6), with 
mercury retained in the following order: stems (77.303  ppm)  >  roots 
(60.798 ppm) > leaves (24.659 ppm), whereas in plants grown in the cropland soil, 
the mercury retention was lower and was distributed as follows: leaves 
(57.914 ppm) > roots (10.527 ppm) > stems (2.802 ppm).

The physicochemical characteristics of the samples after EKT are reported in 
Table 6. In these results, a small increase in particle density was observed. This 
could have indicated improvements in both compaction and retention of water, 
which could be used by the plants [125], or it could have indicated disaggregation 
of particles by the organic compound liberation after the treatment.

The soil texture (considering the existing percentages of silt, clay, and sand), was 
unchanged in the mine-tailing soil, but minor changes were observed in the crop-
land soil. These results showed that EKT caused no significant changes in the physi-
cal properties of the soils. The pH values of the cropland soil increased slightly as a 
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Fig. 5 Efficiency of Hg2+ removal (η[Hg2+]) from cropland and mine-tailing samples, using a two- 
dimensional circular arrangement of electrochemical cells for electrokinetic treatment close to the 
anode, in the middle cell, and close to the cathodes
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result of migration of ¯OH ions promoting formation of an alkaline border [3] and 
migration to the area with a positive charge (the anode), showing the greatest 
increase in pH. This was consistent with results reported previously for this type of 
treatment. In contrast, the mine-tailing soil showed a decrease in pH values after 
EKT, indicating greater presence and/or greater mobility of H+ ions in the electroki-
netic system.

It should also be recalled that the composition of the mine tailings drove this 
behavior because this type of sample was very dissimilar to natural soil. The EC 
observed in both samples increased sharply after application of EKT because of the 
addition of EDTA as a complexing agent, and the salt concentration of the soil was 
increased. The addition of EDTA to the system and the change in salinity were the 
two reasons why the growth of the plants was so greatly affected. Since the plants 
transplanted into the soils after EKT did not grow, the team decided to assess the 
effect of the addition of EDTA separately.

The results showed that with EDTA concentrations higher than 10  mM, the 
plants suffered from its toxic effects, whereas with EDTA concentrations of the 
order of 1 mM, EDTA growth was promoted, and when an EDTA concentration of 
0.1 mM was used, growth was improved in comparison with the control soil tests. It 
is known that plants exhibit poor development when there is an increase in EC 
[126]. This parameter changes with the effects of salinity. Growth efficiency is 
restricted in very salt-sensitive crops at an EC value of 2 dS cm−1, in the majority of 
crops at an EC value of 4 dS cm−1, in salt-tolerant crops at an EC value of 8 dS cm−1, 
and in highly salt-tolerant crops at an EC value of 16 dS cm−1. The EC results from 
the test samples are presented in Table 7. The highest EC values were observed in 
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Fig. 6 Mercury concentrations in stems, leaves, and roots after phytoremediation using Lavandula 
vera in cropland and mine-tailing soil samples. ppm parts per million
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the mine-tailing sample (close to the anode (4.32  mS  cm−1)  >  middle cell 
(3.96 mS cm−1) > close to the cathodes (3.68 mS cm−1)). In the cropland sample, the 
corresponding values were as follows: close to the anode (2.47 mS cm−1) > close to 
the cathodes (2.36 mS cm−1) > middle cell (2.32 mS cm−1).

On the other hand, the percentages of organic matter were increased, which indi-
cated that application of an electrical field and consequential transport processes 
increased the possibility of utilizing this matter as a nutrient. This was considered a 
positive result because organic matter is essential for plant growth and development, 
and it improves the physical properties of the soil, increases the cation exchange 
capacity (CEC), and improves moisture retention [125]. In the mine-tailing soil, the 
tests indicated an increase in the availability of organic matter, which would greatly 
improve remediation performance if the soil was subsequently treated with a bio-
logical process such as PhyR. The CEC results showed that the organic matter con-
tent increased only a little in the cropland soil. However, a measured increase in the 
level of negative charges present on the surfaces of minerals and organic compo-
nents of the soil indicates an increase in the capacity of the soil to give these sites to 
cations, such as those found in macronutrients, and this could indicate that rehabili-
tation of land would be possible.

The concentrations of Ca2+, Mg2+, Na+, and K+ (the so-called exchangeable bases) 
present in the soil were determined. These ions can be interchangeable between 
plants and the medium in which they are found. In the cropland soil, a general 
decrease in their concentrations occurred and a slight increase was observed in the 
area near the anode, which showed that movement of ions was occurring. This was 
associated with the ability of EDTA to complex Ca2+ (log Kf = 10.70) and Mg2+ (log 
Kf = 13.79). This capability has been proved and depends directly on the constants 
of complexation, as shown in Table 8. These cations can be mobilized within the 
matrix, similarly to Hg2+. In the case of the mine tailings, the behavior was different: 
the concentrations of Ca2+ and Na+ increased considerably, but those of Mg2+ and K+ 
did not; they remained almost constant during the process, with a slight decline in 
the zone close to the anode. After EKT, the Hg2+-contaminated wastewater was 
treated using a PRB with different electrodes of Fe° and carbon, with EKT-PRB 
being performed over 10 min (Table 9). This testing showed that the efficiency of 

Table 7 Electrical 
conductivity (EC) of cropland 
and mine-tailing samples 
after electrokinetic treatment 
in comparison with 
control samples

Sample EC (mS cm−1)

Cropland
  Control 0.13
  Close to anode 2.47
  Middle cell 2.32
  Close to cathodes 2.36
Mine tailing
  Control 1.55
  Close to anode 4.32
  Middle cell 3.96
  Close to cathodes 3.68
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mercury removal was greatest using C fibers (η = 97.1%), followed by CGOO, with 
intermediate removal (η = 90.6%), and the lowest rate was seen with Fe° (η = 80.0%), 
with the rates of removal using additional materials containing mixtures of Fe° and 
C falling between these values.

When the timed behavior was studied, Fe° showed the highest removal efficiency 
(>90%) over the first 10 min of EKT-PRB (Fig. 7), but this then decreased to 45% 
after 15 min and to <10% after 40 min. Although the removal efficiency of C fiber 
was initially high, the η[Hg2+] value decreased from 87% to less than 10% after 
10 min, before increasing again to 30–40% after 40 min. In contrast, CGOO showed 
an η[Hg2+] value close to 50% throughout the entire 120-min duration of the 

Table 8 Stability constants 
with ethylene-
diaminetetraacetic acid at 
20 °C and ionic strength 
of 0.1 M

Cation log Kf

Ag+ 7.32
Mg2+ 8.69
Ca2+ 10.70
Sr2+ 8.63
Ba2+ 7.76
Mn2+ 13.79
Fe2+ 14.33
Co2+ 16.31
Or2+ 18.62
Cu2+ 18.80
Zn2+ 16.50
Cd2+ 16.46
Hg2+ 21.80
Pb2+ 18.04
Mn3+ 16.13
Fe3+ 25.40
V3+ 25.90
Th4+ 2320

Table 9 Efficiency of Hg2+ 
removal (η) using different 
permeable reactive barrier 
materials and electrokinetic 
treatment for 10 min

Material η (%)

C fiber 97.1
C tissue 91.2
CGOO 90.6
FeTRGO 89.9
Fe° 80.0

CGOO Agave bio-
mass sponge, 
FeQRGO chemi-
cally reduced Fe° + 
C, FeTRGO thermi-
c a l l y 
reduced Fe° + C
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experiment, with the highest efficiency being observed at 45 min (η  = 75.47%). 
Because of this behavior, this material was selected for EKT-PRB (but with a treat-
ment period reduced to 45 min) in remediation, followed by PhyR with Lavandula 
vera and Solanum tuberosum in subsequent experiments.

3.1  Electro-Phytoremediation of Soil with Lavandula vera

The results of the process of PhyR with Lavandula vera were evaluated in terms of 
plant growth in mercury-polluted soils for 5 weeks (Fig. 8A, B). The height and dry 
weight of the plants that were transplanted into cropland, mine-tailing, and control 
soils (from off-site) were measured. During the test period, the dry weight (Fig. 8A) 
and normalized height (Fig. 8B) of Lavandula vera were greatest in the cropland 
soil. In specific cases when cropland and off-site samples were compared, the 
changes in both properties showed logarithmic increases with respect to time; in 
contrast, logarithmic decreases were observed in the plants grown in mine- 
tailing soil.
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Fig. 7 Efficiency of Hg2+ removal (η[Hg2+]) using different permeable reactive barrier materials 
consisting of Agave biomass sponge (CGOO), carbon fiber (C fiber), and iron (Fe°) from 10 to 
120 min, and the corresponding scanning electron microscopy images (×20,000)
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The tolerance index (TI) is defined as the relation between the dry weight of 
biomass produced by plants grown in polluted soil and the dry weight of biomass 
produced by plants grown in uncontaminated soil [127]. Here, then, the TI was 
equal to the dry weight of biomass produced by Lavandula vera plants grown in 
cropland and mine-tailing soils, both polluted by Hg, with respect to the dry weight 
of biomass of Lavandula vera grown in unpolluted soil (off-site control soil) 
(Fig. 8A). According to Audet and Charest [127], a TI value <1 signifies stress on 
the plant from metal pollution, as was shown by the TI of plants grown in mine-
tailing soil for 14 days (TI < 1). If the TI value is equal to 1, the soil is considered 
to exhibit no difference in comparison with the control soil; none of our experiments 
showed this. On the other hand, a TI value >1 means that the plants are not affected 
by the contaminant and that the plant material may be a hyperaccumulator of the 
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Fig. 8 Dry weight (A) and standard height (B) of Lavandula vera after 7, 14, 21, 28, and 35 days 
of phytoremediation of cropland, mine-tailing, and control soil samples
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metal contaminants [127]. In our study, this behavior was observed in plants grow-
ing in cropland soil throughout the entire PhyR period.

The results in Table 10 show that when grown in the extremely polluted mine- 
tailing soil, Lavandula vera grew rapidly in the first week after transplantation (7 
days), but the plant TI value decreased to <1 thereafter. These plants started growing 
but then suffered stress, suggesting that their further development was stunted, as 
they were not able to include the pollutant in their metabolism when they were 
exposed to the mine-tailing soil.

Conversely, the plants transplanted into cropland soil had an excellent response; 
their TI values remained >1 throughout the 5 weeks of PhyR. This result further 
suggested that Lavandula vera is a hyperaccumulator and can be used for phytore-
mediation of soil. Furthermore, the mine-tailing and cropland soil samples used in 
this study contained material that was bioavailable to some plant species, in concen-
trations of 7% and 15%, respectively [128, 129].

3.2  Electro-Phytoremediation of Soil 
with Solanum tuberosum

When potatoes were exposed to the different types of soil sample (cropland, mine- 
tailing, and control soils), their growth was greater when they were exposed to the 
soils containing mercury than when they were exposed to the control soil. The sam-
ples had a pH close to neutral (6.7) and EC of 149.3 μS cm−1; these results were 
obtained in triplicate. Later, 21 days after the potatoes were planted, they were 
extracted to obtain the corresponding discharge curves in order to assess whether 
they were able to generate energy after the EKT + PhyR process. It has previously 
been reported that during EKT, electrical charges generated by electrical pulses into 
the soil can influence the physiology of microorganisms, the behavior of ionic com-
ponents, and the potential oxide reduction, which would benefit the growth of plant 
species [130].

In this way, the coupling of EKT + PhyR could enhance plant growth through 
movement of nutrients by application of a direct electrical current to remove con-
taminants from the soil. After EKT, PhyR allows accumulation of contaminants that 
may still be in the soil, with accumulation of metals in plant roots, stems, or leaves. 
The key element is electrokinetic mobilization of metals in the soil, which increases 
the availability of the metals to plant roots and therefore increases metal absorption 
by plants and corresponding extraction of the metal from the soil by PhyR [131].

Table 10 Changes in the tolerance index of Lavandula vera plants used for phytoremediation of 
mine-tailing and cropland soil samples

Sample
Tolerance index
7 days 14 days 21 days 28 days 35 days

Cropland 1.258 1.251 1.119 1.230 1.106
Mine tailing 1.163 0.921 0.679 0.491 0.514
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Potency generation was evaluated 30 days after the potato tubers were extracted 
from solutions containing 10 μM HgCl2 in 0.1 M HCl, with constant stirring, in 
order to verify the adsorption capacity of raw, boiled, and electroporated potatoes. 
After the exposure of the potato to the mercury-containing solution, a Cu/Zn elec-
trode pair was inserted the tuber, and the voltage and current generated by this 
arrangement were measured immediately with help of a multimeter, using the group 
of raw potato tubers. The results shown in Table 11 suggest that all of the potato 
samples generated potency containing Hg2+, as follows: raw potato 
(17.15 μW) ≫ electroporated potato (8 μW) > boiled potato (5 μW). This result 
could have been due to the greater amounts of starch in the tissue of the raw potato 
tubers, which remained mostly available to take up free mercury [132, 133], than in 
the electroporated and boiled potato tissue.

Figure 9 shows the discharge curves (Fig. 9A) and cell power curves (Fig. 9B) 
curves. The raw potato showed higher values than the boiled and electroporated 
potato; according to the literature on this type of experiment, untreated (raw) potato 
tubers generate more energy than pretreated (boiled or electroporated) potato [99, 
134, 135]. After the different pretreatments were performed on the potatoes, it was 
concluded that raw potatoes generated the greatest amount of energy, followed by 
those pretreated with electroporation [99, 134–137].

After the capacity of the potato tubers to generate an electrical potential was 
evaluated, the raw potatoes were placed in a solid matrix of mercury-polluted soil 
for EKT + PhyR to be performed. This experiment involved application of an elec-
trical potential of 20  V, using seven electrodes immersed in the soil in a two- 
dimensional configuration in which titanium cathodes were placed in a circular 
arrangement and connected in series to a power source. In the middle of the electro-
chemical cell, a single Ti anode was placed and connected to a power source. All 
electrodes were placed equidistant from one another (with a 6 cm distance between 
electrodes), as shown in Fig. 2B. EKT was applied for 72 h, and a coadjutant solu-
tion of 0.1 M EDTA was used to facilitate removal of mercury through formation of 
complexes. The results presented in Table 12 and Fig. 10 show that the Hg2+ concen-
trations in the mine-tailing soil after EKT + PhyR were 14.93 mg kg−1 in the posi-
tion designed as the middle cell, 7.15 mg kg−1 in the zone close to the cathodes, and 
2.85 mg kg−1 in the zone close to the anode. Meanwhile, the Hg2+ concentrations in 
the cropland soil were 8.57 mg kg−1 in the zone close to the anode, 28.3 mg kg−1 in 
the zone designed as the middle cell, and 2.575 mg kg−1 in the zone close to the 
cathode. All cropland samples showed a η value of >93%, and the mine- tailing 
samples showed an η value of >99%, with the final concentrations in soil 

Table 11 Energy generation in raw, boiled, and electroporated potato samples

Sample E (V) i (μA) IVmax ff P (μW)

Raw 0.910 58.00 0.0000159500 0.30 17.15
Boiled 0.732 34.00 0.0000048752 0.20 5.00
Electroporated 0.852 39.00 0.0000071765 0.22 8.00

E potential, ff fill factor, i current, I ampere, P cell power, max maximum, V potential
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remediated by EKT + PhyR being in accordance with Official Mexican Standard 
NOM 147-SEMARNAT/SSA1-2004 [107], where the maximum permissible limit 
in the sample is 23 ppm.

As a consequence, application of EKT + PhyR with raw potatoes was demon-
strated to be a good alternative for extraction of Hg2+ from contaminated cropland 
and mine-tailing soils. This may have been due to physiological and anatomical 
characteristics of the potato tubers that led to accumulation of mercury in the plant 
tissue. After EKT + PhyR was carried out, at 21 days, the potatoes were extracted, 
and the corresponding discharge curves were constructed to evaluate whether they 
were able to generate energy despite having been in contact with soil treated with 
EKT + PhyR. These results showed that the potatoes grown in mine-tailing soil 
could generate current after EKT + PhyR, and they were compared with the pota-
toes exposed to cropland soil (Table 12).
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Fig. 9 Discharge curves (A) and cell power curves (B) constructed for raw, boiled, and electropor-
ated potatoes
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In the potato exposed to mine-tailing soil, the zone close to the cathodes during 
EKT + PhyR generated the most power (8.53 μW), with values of 0.7993 V and 
51 μA at close to cathodes (Table 13), consistent with the high mercury concentra-
tion in the soil (2061.77 ppm). In contrast, in the cropland sample, the highest maxi-
mum power generation (11.18 μW), with values of 0.4709 V and 30 μA at close to 
anode, occurred close to the anode, consistent with the lower mercury concentration 
and the differences in Ca2+, Mg2+, K+, and Na+ concentrations relative to the mine-
tailing sample (Table 6). This behavior was related to changes in the pH and EC of 

Table 12 Mercury concentrations ([Hg]) in cropland and mine-tailing samples after electrokinetic 
treatment (EKT) and electro-phytoremediation (EKT + PhyR), and efficiency of mercury removal 
(η) in comparison with control samples

Sample [Hg]EKT (ppm) [Hg]EKT + PhyR (ppm) η (%)

Cropland
  Control 440.46 – –
  Close to anode 360.17 8.57 98.05
  Middle cell 212.53 28.30 93.57
  Close to cathodes 354.87 2.58 99.42
Mine tailing
  Control 2061.77 – –
  Close to anode 431.69 2.85 99.86
  Middle cell 324.01 14.93 99.28
  Close to cathodes 272.60 7.15 99.65

ppm parts per million

90.00
91.00
92.00
93.00
94.00
95.00
96.00
97.00
98.00
99.00

100.00

close to anode middle cell close to the
cathodes

Cropland 98.05 93.57 99.42
Mine trailing 99.86 99.28 99.65

[H
g2

+]
/ %

η

Fig. 10 Efficiency of Hg2+ removal (η[Hg2+]) from cropland and mine-tailing samples, using a two- 
dimensional circular arrangement of electrochemical cells for electro-phytoremediation close to 
the anode, in the middle cell, and close to the cathodes
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the soil; after EKT + PhyR, the pH and EC values were approximately the same in 
the cropland and mine-tailing samples, with pH values close to 8 and EC values 
around 30 mS cm−1 (Table 14).

4  Conclusion

Electrokinetic treatment (EKT) was implemented using a circular arrangement of 
six titanium cathodes around one titanium anode. Tests were developed in which 20 
V was applied for 72 h in the presence of ethylenediaminetetraacetic acid as a sup-
port electrolyte to remove mercury from cropland and mine-tailing soil samples. A 
permeable reactive barrier of Agave biomass sponge was then used to reduce the 
mercury content in the wastewater generated during EKT.  After electro- 
phytoremediation (EKT + PhyR), the physical and chemical characteristics of the 
cropland and mine-tailing samples showed significant differences. After EKT + 
PhyR using Lavandula vera, quantification of the mercury content in the plant 
structure showed that in the mine-tailing samples, mercury had accumulated in the 
stems and roots, whereas in the cropland samples, it had accumulated in the leaves. 
When EKT + PhyR was performed using raw, boiled, and electroporated Solanum 
tuberosum, raw potato performed best for generating bioelectricity in terms of the 
discharge curves that were constructed; thus, it could be used to bioaccumulate 
mercury during the EKT + PhyR process.

Table 13 Energy generation in raw potatoes grown in cropland and mine-tailing soil after 
electro-phytoremediation

Raw potato exposed to E (V) i (μA) IVmax (μW)

Cropland soil
  Close to cathodes 0.4012 1.00 0.05
  Close to anode 0.4709 30.00 11.18
  Middle cell 0.7302 49.00 6.75
Mine-tailing soil
  Close to cathodes 0.7993 51.00 8.53
  Close to anode 0.444 17.00 1.57
  Middle cell 0.4675 20.00 1.98

E potential, i current, I ampere, max maximum, V potential

Table 14 pH and electrical 
conductivity (EC) in cropland 
and mine-tailing samples 
before and after electro- 
phytoremediation 
(EKT + PhyR)

Sample pH EC (S cm−1)

Cropland
  Before EKT + PhyR 7.4 0.0002
  After EKT + PhyR 7.8 0.0026
Mine-tailing
  Before EKT + PhyR 8.5 2.2970
  After EKT + PhyR 7.9 0.0030
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1  Bioremediation of Polluted Soil

Bioremediation is usually known as the technology used for restoration of polluted 
sites through the biodegradation of the soil organic pollutants. Its fundamental con-
cept does not differ from the fundamentals or principles of conventional water- 
suspended biodegradation technology using selected microbes or mixed microbial 
cultures [1]. Because of the usual occurrence of soil pollution problems, bioreme-
diation is mainly applied to eliminate chemicals such as petroleum hydrocarbons, 
polyaromatic hydrocarbons, organochlorinated compounds (solvents, pesticides, or 
herbicides), polychlorinated biphenyls (PCBs), and heavy metals [2]. The pollutant 
biodegradability, by means of adapted microorganisms, is the key factor affecting 
the performance of such technology, which in turn depends mainly on the pollutant 
chemical structure. However, the fact that the pollutant is included in a heteroge-
neous matrix that could involve up to four different phases (solid, water, organic, 
and gas phases) supposedly causes the pollutant to be transported and distributed 
between such phases, making bioremediation a more complex process than a con-
ventional biodegradation process in water [3].

Bioremediation can be achieved by in situ or ex situ options. Ex situ bioremedia-
tion is the most commonly used technology: the polluted soil is excavated and 
removed from its original contaminated site and subsequently soil is transported to 
be treated using an external bioreactor [4]. In situ bioremediation is not so common 
and it consists on remediating the soil in its original site, and thus soil excavation 
and transport is not necessary. The in situ treatments have several advantages among 
which it can be highlighted the minimal disruption to activities on site or on 
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adjacent land. It usually involves the movement of air or water through the polluted 
soil, which is favored by more permeable media and by lower heterogeneity of 
physical conditions and pollution distribution. However, one of the main disadvan-
tages of in situ treatments is the reduced mobility of microorganisms, pollutants and 
nutrients into the soil, especially in low permeable soil, causing reduced bioavail-
ability for biodegradation, while ex situ approaches generally offer greater scope for 
managing conditions to optimize treatment efficiency and for controlling potential 
spread of pollutants [5].

Bioavailability of nonsoluble pollutants to microorganisms is also one of the 
main factors that influences soil bioremediation performance. The low water solu-
bility and the adsorption to particulate matter in soil and sediments are important 
factors that can reduce in situ biodegradation of organic pollutants such as hydro-
carbons or nonpolar organochlorines. The rates of desorption and dissolution of 
such pollutants in interstitial water in soil can be improved by adding surfactants 
(either biosurfactants or synthetic detergents) to the contaminated zone [6].

There are additional environmental factors such as pH, temperature, salinity, 
inorganic nutrients and electron acceptors availability that influence bioremediation 
[7]. Most natural environments have pH values between 5.0 and 9.0 because of the 
natural buffering capacity of soil that contains carbonates and other minerals. pH 
values out of this interval can inhibit microbial growth. Regarding temperature, 
bioremediation is generally carried out under mesophilic conditions (20–40  °C). 
Low temperatures can kill or inactivate microbes. The biodegradation rate increases 
with temperature up to a maximum above which the rate declines as enzyme dena-
turation occurs. Requirements of inorganic nutrients (N and P) depend of the nutri-
ent availability in soil (N and P are usually present in agricultural soils), the nature 
of pollutants and the type of metabolism (aerobic, anoxic, anaerobic). Thus, elec-
tron acceptors availability is also important. The amount of available oxygen will 
determine whether bioremediation is carried out under aerobic or anaerobic condi-
tions. Hydrocarbons are readily degraded under aerobic conditions while organo-
chlorines can be degraded under anaerobic ones [7]. The depth of pollution in soil 
is an additional factor that conditions the oxygen availability. Other electron accep-
tors such as nitrate could be used. Megharaj and Naidu [2] deepen the effect of dif-
ferent conditions and physicochemical characteristics in soil bioremediation 
technology.

There are different bioremediation approaches that can be selected and applied 
either in situ or ex situ depending on the characteristics of pollutants and site condi-
tions [1]. Additionally, three possible general strategies can be considered in order 
to enhance the biological process: natural attenuation, biostimulation, and bioaug-
mentation [1, 4]. Natural attenuation involves slow microbial degradation only if 
adapted microorganisms are present into the soil, together with processes such as 
volatilization, sorption and immobilization, but no actions to stimulate the biologi-
cal process are considered. Biostimulation consists of providing favourable condi-
tions for the enhancement of the biological process (through homogenization, 
addition of nutrients, electron acceptors, or pH buffering) as the polluted soil already 
contains a native population of microorganisms adapted to biodegradation of the 
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soil pollutants (usually because the pollution episode happened long time ago). 
Finally, if soil microbial populations to efficiently degrade the pollutants do not 
exist (what happens in recent spills), inoculation of enriched/acclimated consortia 
or strains can be provided, and this operation is called bioaugmentation. Mixed 
cultures with a large variety of microorganisms are utilized in bioaugmentation 
practice [8]. Additional updated information about species and experimental condi-
tions used in bioremediation is available in a recent reported review [9].

Taking into account the influence of the abovementioned factors, in situ bioreme-
diation can be considered as an adequate and cost-effective treatment to eliminate 
organic pollutants in soil although the transport and contact between microorgan-
isms, water, pollutants, nutrients and electron acceptors in order to stimulate bio-
degradation is still a challenge, especially in low permeable soil.

2  Electrobioremediation of Polluted Soil. Concepts 
and Objectives

Electrobioremediation (EBR) is a generic name that can be used for different tech-
nological approaches focused on biodegradation of pollutants combined with elec-
trochemical methods. The electrobioremediation concept in the present chapter 
refers to the electrokinetic-enhanced in situ biodegradation of soil pollutants. Its 
objective is to improve in situ bioremediation by the enhancement of different trans-
port processes by means of the application of low-voltage direct electric currents 
through the soil. This method would previously assume that the limiting step in the 
bioremediation process would be the transport processes rather than the pollutants 
biodegradability.

The basic method to achieve EBR is schemed in Fig. 1, and it consists of the 
insertion of appropriately distributed electrodes into the soil (or inside electrolyte 
wells) so that the polluted zone is located between them. The most widely studied 
arrangement of electrodes is facing two linear rows of them with different polarities 
because this configuration has been related to better electric current distribution 
lines, which would produce a well-distributed pattern of electrokinetic flows. 
However, this is not the only possibility of electrodes arrangement in soil, and con-
figurations in which various electrodes surround a central electrode of the opposite 
polarity have also been checked [10, 11]. The results reported in these studies sug-
gest that the most effective electrode configuration (from a pollutant transport view-
point) is a hexagonal arrangement, that is, a ring of six cathodes with a central 
anode, or vice versa. When DC electric current is applied, many transport processes 
previously described in previous chapters may occur (such as electroosmosis, elec-
tromigration, and electrophoresis). These transport phenomena could help (or dis-
turb, if not correctly applied) biological processes by allowing contact between 
pollution, nutrients and microorganisms. Electric fields (between 1 and 5 V cm−1 
approximately) induce microscale dispersion rather than macroscale movement, 
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which was reported to be favourable to the stimulation of the microbial activity [9]. 
In general, the potential benefits of such technology may include (a) the enhance-
ment of contaminant bioavailability; (b) increase of bacteria mobility; (c) 
electrokinetic- induced transport of nutrients and electron acceptors and (d) in situ 
electrochemical generation of electron donors and acceptors [12]. EBR is specially 
recommended for low permeable soil, as clay soil, where the hydraulic conductivity 
is very low and hydrodynamic transport would not be suitable. Regarding pollut-
ants, EBR is used mainly for hydrocarbons and organochlorines removal, but also 
metal remediation has been reported [13]. The first EBR fundamental studies were 
reported in the 1990s by Marks et al. [14], Ho et al. [15] and Chillingar et al. [16], 
and subsequently numerous works have expanded and deepened the study of this 
technology. Wick [17] reported an interesting review about the first decade of EBR 
works and offered a conceptualization of the “electrobioremediation tetrahedron” 
which described the critical factors influencing the biotransformation of hydropho-
bic organic compounds during subsurface electrokinetic treatment. The following 
sections in the present chapter focus on the main factors that influence EBR, includ-
ing some relevant findings by many authors.

3  Microbial Transport and Activity Under Electrokinetics

One important aspect that must be considered in EBR is the feasibility of microbial 
mobility and transport into the soil under electrokinetic treatment. This point is 
important as it opens the possibility of microbial inoculation in bioaugmentation 
processes (Sect. 5), or just because it enables the possibility of moving microorgan-
isms into the soil to contact pollutants and nutrients in biostimulation processes 

Cathode (-)Anode (+)

e-
e-

Polluted Soil

DC Power Supply

Electrode wells and 
electrolytes

Na�ve or adapted
inoculated microorganims

Fig. 1 Electrokinetic enhanced in situ bioremediation or “electrobioremediation” concept
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(Sect. 4). Microorganisms in the soil under electrokinetic treatment can move by 
electrophoresis (EF) and electroosmosis (EO), and they have a strong tendency to 
adhere onto the surface of soil particles [18]. Research works about microbial elec-
trokinetic mobility in soil are usually carried out at bench-scale setups (laboratory 
model aquifers or soil columns) and batch mode, using electric fields between 0.5 
and 4.0 V cm−1 approximately. Figure 2 shows an example of a bench-scale instal-
lation used to study microbial transport through a soil sample under electrokinetics 
using different voltages and different soil textures [19].

It has been observed in most of the published works that the negative electric 
charge on the microbial surface causes the movement of microorganisms towards 
the anode by EF whereas EO simultaneously moves them towards the cathode. 
Different works tried to study which is the predominant mechanism. Lee and Lee 
[20] supplied Pseudomonas to a diesel-contaminated soil bed of 15  cm under 
40 mA. They observed the transport of diesel-degrading microorganisms towards 
the anode mainly by EF. The cells acted as negatively charged particles at neutral 
pH, and they concluded that pH and ionic concentration played an important role. 
Da Rocha et  al. [21] performed electrokinesis on a low hydraulic reconstituted 
clayey soil column subjected to a 5 mA electrical current for 24 h. They studied the 

Fig. 2 Bench-scale installation used to study microbial transport through a soil sample under 
electrokinetics. (Adapted from Mena et al. [19])
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efficacy of EF against the electroosmotic flow to transport endospores of Bacillus 
subtilis LBBMA 155 and nitrogen-starved cells of Pseudomonas sp. LBBMA 81. 
They observed EF to be the predominant mechanism, and they observed that the 
negative charge on the cells surface played an important influence.

On the contrary, Suni and Romantschuk [22] reported that the microbial mobility 
of phenol-degrading bacteria in three types of soil (garden soil, fine sand, and clay) 
was mainly produced by EO, and the transport velocities ranged between 0.1 cm h−1 
(clay soil) and 1 cm h−1 (fine sand). Wick et al. [23] reported the mobility of differ-
ent strains of hydrocarbon-degrading bacteria that presented different adhesion 
potential to soil particles, and they found that EO transport mechanism was more 
important than EF if bacteria were not strongly adhered to soil. Shi et  al. [24] 
observed the important role of EO. They reported microbial velocity of 0.6 cm min−1 
using hydrocarbon-degrading bacteria under 1 V cm−1, and they proposed that the 
different electrokinetic behaviour of individual cells could be solely attributed to 
intra-population heterogeneity of the cell surface charge.

There is also an important aspect to be studied such as the possible influence of 
the electric current on the soil microbial activity, physiology and the microbial 
diversity. Wick et  al. [25] did not observe harmful effects on the soil microbial 
population when using 1.4 V cm−1 and 1 mA cm−2 except in areas near the elec-
trodes because of the extreme pH values (<1.5 pH units) caused by water 
electrolysis.

Kim et al. [26] also observed a decrease in microbial concentration and microbial 
diversity under 0.6 mA cm−2 in zones at extreme pH values, but on the contrary, they 
observed positive effects on microbial activity and soil enzyme activity in other 
areas. Mena et al. [27] found that voltages higher than 2 V cm−1 caused an important 
increase in the endogenous cell decay rate because of harmful pH effects using 
graphite electrodes. Finally, Li et al. [28] isolated hydrocarbon-degrading bacteria 
capable of growing under electrokinetic conditions after an acclimation and enrich-
ment procedure. They found that strains PB4 (Pseudomonas fluorescens) and FB6 
(Kocuria sp.) were the most efficient hydrocarbon degraders under electrokinetic 
conditions, and that their degradation capabilities were enhanced compared to 
experiments without application of electric fields. They observed that the electric 
field acted as a selective pressure for isolating those bacteria capable of growing 
under such conditions. However, to understand the ability of these particular spe-
cies, authors suggested future research focused on the particular biological func-
tions that set these species apart from others.

4  Electrokinetic Biostimulation

EK-biostimulation consists on the improvement of environmental conditions into 
the soil to enhance the in situ bioremediation rate by means of the positive influence 
of electrokinetic phenomena. However, electrokinetics should be used under con-
trolled conditions as they also could produce disadvantages. It has been previously 
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indicated (Sect. 3) that soil microorganisms can move by EF and EO and that low- 
voltage DC does not cause negative effects to microorganisms (i.e., no considerable 
increase in the endogenous cell decay rate is observed), but it is very important to 
avoid extreme temperatures or pH values, or lack of nutrients and electron accep-
tors. It is currently assumed that EK will improve the transport and contact between 
the different species involved in the biological mechanism into the soil although it 
is necessary to maintain environmental conditions in values adequate for microbial 
life. Lohner et al. [12] reported data about transport rates between 0.4 and 5 cm h−1 
approximately for microbial nutrients and electron acceptors (nitrate, sulfate, phos-
phate, and ammonium) but also limitations because of undesirable side reactions, 
electroporation, irreversible permeabilization of cell membranes, oxidative stress, 
and cell death due to electrochemically generated oxidants and electrochemical oxi-
dation of vital cellular constituents.

Most of the scientific works that study EK-biostimulation use bench-scale instal-
lations and, because of the experimental conditions in microcosms should be per-
fectly controlled (approximately: temperatures between 10 and 30 °C, pH close to 
neutrality, electrical conductivity between 500 and 3000 μS cm−1, constant values of 
moisture and porosity), many of these works use artificially polluted soil in order to 
simulate real pollution, and they also inoculate acclimated microorganisms into the 
soil before the experiments in order to simulate the presence of a native microbial 
population. Then, the objective of batch experimental studies is to know the influ-
ence of variables such as pH, temperature, and nutrient concentrations. A scheme of 
a typical bench-scale setup for EK-biostimulation studies is shown in Fig. 3.

Some works just study the feasibility of the combination of bioremediation and 
electrokinetics. Yuan et al. [29] studied EBR in soil microcosms that were spiked 
with n-hexadecane at 1.0% (v/w) and inoculated with a mixture of petroleum- 
degrading bacteria (107–108 CFU g−1) before being subjected to a constant voltage 
gradient of 1.3  V  cm−1 for 42  days. They observed that the degradation rate of 
n-hexadecane by electrobioremediation was up to 53.7%, representing an increase 
of 20.3% compared to conventional in situ bioremediation without an electric field. 

1. Polluted soil
2. Microbial populaon
3. Electrode compartments: 

electrodes and electrolytes
4. Collector compartments
5. DC power supply

1

34 3 4

5

2

Fig. 3 Typical bench-scale set-up for batch EK-biostimulation studies
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Guo et al. [30] observed the positive effect of the biological–electrochemical com-
bination in EBR experiments (100 days duration, 1  V  cm−1 and using polarity 
changes every 5  min) for petroleum hydrocarbons removal in soil. Most of the 
experimental studies carried out also use simultaneous reference tests (only biologi-
cal test or only electrokinetic tests) in order to evaluate the feasibility of the combi-
nation of both technologies. The following subsections describe specific reported 
works regarding the influence of some factors such as pH, nutrients, and pollutant 
bioavailability.

4.1  pH Control into the Soil

Previous chapters in the present issue have described the formation of extreme pH 
fronts into the soil (low pH near the anode and high pH near the cathode) because 
of water electrolysis. These extreme pH values cause inhibition of the biological 
mechanisms and the microbial activity is drastically reduced in a few days [31]. 
Different strategies have been proposed to maintain a suitable pH in the soil during 
EBR processes [32]. One of the most interesting methods is the periodic change of 
the polarity of the electric field (the so-called periodic polarity reversal).

Different works have been reported in the last decade regarding the application 
of polarity reversal in order to control pH during EBR treatment, and some of them 
also showed beneficial effects in temperature and moisture control. Kim and Han 
[33] used EK (12.5 V cm−1) for clay soil remediation and proposed circulation of 
anolyte and catholyte between electrode wells. pH was maintained continuously 
only by circulation of electrolytes (H2SO4 and NH4OH) in each chamber without 
any buffering solutions, and pH in soil showed a difference not greater than 0.2 of 
initial pH. Alternatively, they used periodic polarity reversal and they found that 
electrode polarity reversal prevented the development of pH gradient, and it was 
inferred that electrode polarity reversal enabled an effective ion injection, and ions 
were distributed more uniformly in soil. Luo et al. [34] studied EBR of sandy loam 
spiked with phenol. They found that nonuniform electrokinetics could accelerate 
the movement and in situ phenol biodegradation. Low polarity-reversing intervals 
(every 3 h) induced a higher and more uniform removal of phenol (a maximum 
removal efficiency of 58% was achieved in 10 days and the bioremediation rate was 
increased about five times as compared to that with no electric field applied), and it 
was also observed a better moisture control in the soil. The same authors [35] used 
2D nonuniform electrokinetic operation modes (bidirectional and rotational) to test 
EBR at bench-scale with a sandy loam as the model soil and 2,4-dichlorophenol 
(2,4-DCP) as the model organic pollutant. At the bidirectional mode, an average 
2,4-DCP removal of 73.4% was achieved in 15 days, whereas 34.8% of 2,4-DCP 
was removed on average in the same time period at the rotational mode. Harbottle 
et  al. [36] studied EBR of pentachlorophenol-polluted soil (approximately 
100 mg kg−1) and inoculated with a specific pentachlorophenol-degrading bacte-
rium (Sphingobium sp. UG30) and subjected to constant and regularly reversed 
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electric currents (10 mA) during different experimental periods (between 36 and 95 
days). When both pH and moisture content were controlled using a regularly 
reversed electric field, instead of unidirectional field, it was found a positive effect 
on biodegradation of PCP.

Li et al. [37] studied the influence of polarity reversal and electrical intensity on 
oil removal from soil by EBR. Soil pH remained at around 6.6 obtaining nearly 30% 
removal rate after 6 weeks when using polarity reversal (1 h−1) and 1 V cm−1. These 
authors also studied the biodegradation of Pyrene in contaminated soil under elec-
trokinetic treatment. Three strategies were conducted: In situ conventional bioreme-
diation (Bio), electrobioremediation without polarity-reversal (EK-Bio), and 
electrobioremediation with polarity-reversal every 2 h (EK-Bio-PR). Pyrene degra-
dation efficiency was 55.9% after 6  weeks under EK-Bio-PR at the end of 
experiment.

Despite polarity reversal has been proved to be an efficient method for pH con-
trol during EBR, no studies were reported regarding the optimization of the reversal 
frequency. Barba et al. [38] studied EBR of pesticide (oxyfluorfen) polluted clay. 
Two-weeks duration batch experiments were carried out and used different reversal 
frequencies between 1 and 6 day−1, and they found 2 day−1 as optimal value that 
would produce the optimum pH control and mixture effect in soil.

4.2  Availability and Supply of Inorganic Nutrients 
and Electron Acceptors

The availability of electron acceptors and nutrients is often a key factor influencing 
the success of microbiological remediation at contaminated sites. Despite nutrients 
requirements may be very low (because of the low organic pollutant concentration 
or because of the anaerobic mechanism) a lack of nutrients can occur in 
EBR.  Moreover, adsorption in soil, chemical precipitation or ion exchange can 
reduce nutrients bioavailability, and thus nutrient replacement is needed.

Nutrient injection into low permeable soil could be done using electrokinetics as 
the most important inorganic nutrients (ammonium, nitrate, and phosphate) are 
ionic substances that could be transported by electromigration, and also by water 
electroosmosis. However, electrokinetics also could produce nutrients depletion 
into the soil in long-time EBR processes because of their transport to the electrode 
wells. Barba et al. [39] found that the biological process could be inactivated in a 
clay soil EBR study after 11 weeks because of nutrients depletion, despite they were 
partially supplemented at intermediate operation times.

Some works have been reported regarding electrokinetic injection of nutrients in 
order to avoid possible inactivation of the bioremediation mechanisms. Schmidt 
et al. [40] studied the feasibility of injecting inorganic nutrients (ammonium, nitrate, 
and phosphate) to low permeable clay soil by the addition of prepared solutions into 
the soil in an electrokinetic cell. Ammonium moved but decreased in the system 
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during the tests because of chemical reactions. Nitrate showed greater mobility and 
a behaviour less reactive, remaining in the system and only moving towards the 
anode. Phosphate was not successfully transported, probably because of reactions 
with calcium carbonate and precipitation; thus, the injection of phosphorous did not 
prove to be successful. Suni et al. [41] studied enhanced bioremediation of creosote- 
contaminated soil with a combination of electric heating and infiltration- 
electrokinetic introduction of oxygenated, nutrient-rich liquid. Nutrient and oxygen 
levels in the soils were elevated by hydraulic and electrokinetic pumping of urea and 
phosphate amended, aerated water into the soil. Total hydrocarbon concentrations 
decreased by 50–80% during 12 weeks of treatment. Xu et al. [42] investigated an 
EK injection method, which combined electrolyte circulation between electrodes 
and electrode polarity reversal in bioremediation of phenanthrene-polluted low per-
meable soil. As expected, soil pH was successfully controlled, but additionally it 
was also possible supply and distribution of nutrients and electron acceptors (ammo-
nium and nitrate) uniformly in soil. Over 80% of phenanthrene was removed in 
20 days.

Regarding the availability of electron acceptors, it is important to notice that 
oxygen (the most usual acceptor necessary for the most efficient aerobic biodegra-
dation mechanisms) will not be easily available in the low permeable soil. Mena 
Ramírez et al. [43] studied the feasibility of supply oxygen to a soil by electrokinet-
ics. Oxygen was generated by water electrolysis in the anode and transported to the 
soil in a bench-scale electrokinetic cell. It was found that oxygen transport was only 
available in silty and sandy soils by oxygen diffusion, while transport was not pos-
sible in clay soil. Moreover, electroosmotic flow in clay soil did not contribute to the 
transport of oxygen, and only a minimum fraction of the electrolytically generated 
oxygen was efficiently used.

Nitrate could be alternatively used instead of oxygen if denitrifying microorgan-
isms were able to be used in EBR of organics-polluted soil, and it would be an 
important advantage as nitrate is easily transported by EK. Additionally, nitrate- 
polluted soil remediation could be also achieved. Choi et  al. [44] studied nitrate 
removal in soil by electrobioremediation using reducing bacteria (Bacillus spp.) and 
humic substances as electron donor. Thiem et al. [45] studied electrokinetic nitrate 
transport and toluene biodegradation under denitrifying conditions and different 
voltage gradients. A denitrifying microbial mixed culture was inoculated. 
Application of the electric field allowed nitrate migration into toluene-polluted 
areas and resulted in toluene biodegradation.

Finally, anaerobic treatment has also been reported. Wu et al. [46] studied in situ 
EBR of tetrachloroethylene low permeable soil by electrokinetic injection of lac-
tate, a common electron donor for anaerobic biodegradation. The soil was inocu-
lated with KB-1® dechlorinators. They concluded that ionic migration delivered 
organic additives and induced biological activity and complete tetrachloroethylene 
transformation in soil.
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4.3  Bioavailability of Nonpolar Pollutants. 
Surfactant Applications

Previous chapters in the present issue discussed the role of surfactants in electroki-
netic soil washing to improve the nonpolar pollutant transport and it is known that 
surfactant addition is a common strategy in electroremediation. However, there are 
few studies regarding the use of surfactants in electrobioremediation. From the bio-
logical perspective, surfactants are also necessary to allow accessibility of microor-
ganisms to nonsoluble organic substrates. Mena et  al. [47] used sodium dodecyl 
sulfate (SDS) to improve diesel hydrocarbons removal by EBR. The same authors 
[48] used again this surfactant to improve oxyfluorfen removal: SDS was introduced 
in the electrode compartments and transported into the soil. An optimum amount 
(2.5 g L−1) was found and it increased the oxyfluorfen removal efficiency by 52%.

5  Electrokinetic Bioaugmentation

Biodegradation of soil pollutants is usually carried out by soil indigenous microor-
ganisms as they developed the ability to consume the organic pollutants after a long 
period of time since the spill or pollution episode happened. However, if the spill 
was recent, and thus the soil was recently polluted, it is possible that no indigenous 
acclimated microbial population able to degrade the pollutants was present. In these 
occasions, it is necessary to develop a microbial culture adapted to the biodegrada-
tion of such pollutants in external bioreactors, and then introduce it into the soil.

Another situation could be that, although the soil indigenous population is 
adapted to the soil pollutants biodegradation, the microbial concentration in soil is 
very low. Bioremediation could be accelerated under high microbial concentration. 
Thus, it is possible to obtain and isolate indigenous microbial seeds from the soil, in 
order to develop again external growth processes in bioreactors, and then introduce 
high amounts of such cultures into the soil.

Both situations correspond to the bioaugmentation option [8]. Electrokinetic bio-
augmentation consists on the delivery of microorganisms to the soil by using the EK 
transport mechanisms, and it is again recommended in low permeable soils where 
hydraulic advection is not feasible. On one hand, it is necessary to know the perfor-
mance of the microbial culture under low DC electric fields (which has been previ-
ously discussed in Sect. 3). On the other hand, it is necessary to study what are the 
options to deliver external microorganisms into the soil. EK injection of inorganic 
nutrients and electron acceptors has been successfully studied (Sect. 4.2) but EK 
injection of microorganisms is not so common.

Only some previous works has attempted to use EK as the sole delivery mecha-
nism to inoculate nonnative bacteria into soils for bioremediation purposes, and 
they tried to do this through the injection in the electrode wells or in soil positions 
far from the electrodes, and they always tried to avoid extreme pH values in the 
delivery point.
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Mao et al. [49] studied EK-enhanced bioaugmentation for remediation of clays 
contaminated with chlorinated solvents in laboratory experiments under 5 A m−2. 
Dehalococcoides (Dhc) bacterial strain and lactate ions were uniformly injected in 
contaminated clay. To bioaugment the soil, the power was turned off and the micro-
bial culture solution was added to the electrode compartments and to a central injec-
tion well. After 2 days of acclimation following bioaugmentation, the power supply 
was turned on to resume the EK operation. The distribution of Dhc within the clay 
suggested that electrokinetic microbial transport was primarily driven by electroos-
mosis. The injected bacteria were able to survive and grow, and complete effective 
dechlorination of chlorinated ethene was observed after 94 days.

Secord et al. [50] evaluated the possibility of using EK as a delivery mechanism 
to introduce organic pollutant degrading bacteria, Sphingomonas paucimobilis 
EPA505 and Mycobacterium vanbaalenii PYR-1, into hydrocarbons-polluted low 
permeability soils. Bacterial cultures were previously grown to exponential phase 
using hydrocarbons as carbon source, and then transferred to EK reservoirs (one or 
both bacterial strains were inoculated into either the anolyte or catholyte). It was 
demonstrated that in situ inoculation of nonnative bacterial species using EK is pos-
sible. Although hydrocarbon degradation was not monitored in this study, it was 
hypothesized that the presence of carbon sources enabled bacteria to thrive in the 
polluted soil.

One alternative option for EK-bioaugmentation is the application of biological 
PRBs (permeable reactive barriers), also called “biobarriers.” Generally, a PRB is a 
reactive material that is placed into the soil in the direction of the groundwater flow 
to help intercept a pollution plume that is carried within an aquifer by degrading or 
retaining the pollutants [51]. The subsurface pollution plume can be moved through 
the PRB using the natural hydraulic gradient, or forced by a pump-and-treat method. 
However, for low permeability soils, the EK mobilization of water is recommended 
(in that case, EK-PRB is used).

PRBs can be built using different materials that are based on different mecha-
nisms (adsorption with porous high-surface materials, ion exchange with resin- 
based materials, reduction using elemental metals, biological degradation, etc.). In 
particular, a barrier based on biological degradation (BioPRB, or biobarrier) is a 
fixed culture bioreactor that includes a porous supporting material and a microbial 
biofilm attached on its surface. The working principle of a biobarrier is the same as 
that of a conventional biofilm reactor. In fact, the only difference is that it is inserted 
in the soil during EK treatment. Figure  4 shows a conceptual scheme of an 
EK-BioPRB process and a typical experimental setup used in bench-scale studies.

Although numerous works have been previously reported regarding the use of 
EK-PRB technology, that is, different types of PRBs coupled to electrokinetics [52], 
only a limited number of publications regard biological barriers. Fonseca et al. [53] 
developed EK-BioPRB to treat soils contaminated with hexavalent chromium. The 
electric field promoted the electromigration of chromium oxyanions towards the 
anode while the biobarriers, placed before the anode electrode, promoted the reduc-
tion and retention of the chromium migrating in its direction. The reactive biobarri-
ers were composed by Arthrobacter viscosus bacteria, supported either in activated 

J. Villaseñor Camacho



309

carbon or zeolite. They reported removal values of 60% and 79% under 10 V and 
after 18 days when electrokinetic treatment was coupled with zeolite and activated 
carbon biobarriers, respectively.

Mena et al. [54] studied electrobioremediation of diesel hydrocarbons–polluted 
clay soil by means of coupled electrokinetic soil flushing and biobarriers, using 
bench scale setups under 0.5 and 1.0 V cm−1 and 14 day-long tests. Biobarriers were 
introduced in a central position of the soil to be treated in order to prevent extreme 
pH values near the electrodes. They evaluated two types of biobarriers: one of them 
(BB1) was a fixed-bed biofilm reactor previously developed in the laboratory, with 
a culture of diesel-degrading microorganisms supported on gravel particles; the 
other one (BB2) was obtained by mixing clean clay soil with activated sludge 
obtained from a wastewater treatment plant. Results showed diesel removal rates of 
19.36% and 27.36% (using BB1 under 0.5 and 1.0 V cm−1, respectively) and of 
23.33% and 29.10% (when using BB2) indicating that despite the nonspecific bar-
rier BB2 did not contain an acclimated culture, it reached similar results than BB1. 
The same authors [55] studied the application of EK-BioPRB for the elimination of 
organochlorinated pesticides in clay soil. Two compounds were used as model pol-
lutants: oxyfluorfen (a nonpolar pollutant) and 2,4-dichlorophenoxyacetic acid (2,4- 
D, polar pollutant). The two types of biobarriers previously mentioned were tested 
again (BB1 and BB2). Compared to the EK-Biostimulation option, it was found that 
the inclusion of a central biobarrier slightly decreased the pollutant removal rates 
probably because a decrease in EO flow. However, the EK-BioPRB technology was 
checked to be a feasible option when no native microbial population is available and 
there is no option to apply EK-biostimulation.

However, in general, bioaugmentation studies (not only EK-bioaugmentation) 
have not been successful. It has been repeatedly reported that it is often difficult to 

Fig. 4 (a) A conceptual scheme of an EK-BioPRB process and (b) a typical experimental set-up 
used in bench-scale studies
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maintain the survival of exogenous microbes introduced to a foreign environment 
[56]. Often the inoculum shows a dramatic decrease in colony forming units (CFU) 
upon soil inoculation but this behaviour is not well-understood [57]. The lack of 
success has been related to the formation of antibiotics by native bacteria, or preda-
tion and adaptability of external bacteria to the contaminated soil [58]. A possible 
solution could be the addition of endospores instead of active bacteria because 
endospores are more robust and migrate faster than bacteria under EK due to a high 
associated surface charge [21].

6  Research Needs

There are some challenges regarding EBR that should be addressed in the near 
future. One of them is scaling up of the EBR technology. Studies regarding scale-up 
are scarce. Mena et al. [59] studied EBR of diesel hydrocarbons polluted soil in a 
prototype (650 kg, 0.25 m3) using BioPRBs, and the bioremediation performance 
was strongly affected by the high temperatures reached because of ohmic heating. 
Similar conclusions were obtained by Barba et al. [60]. They used a large prototype 
(32 m3) and they studied EBR of organochlorinated pollutants. Most of the pollutant 
removal was caused by volatilization because of the high temperatures reached. It is 
clear that maintenance of adequate conditions for microbial life should be one of the 
future research efforts.

Regarding the lack of success of bioaugmentation, successive periodic inocula-
tions after several days of treatment could be applied to compensate microbial mor-
tality in the soil. The use of enzymes instead of microorganisms has also been 
proposed [58]. The use of enzymes in bioaugmentation can result in avoiding the 
competition between indigenous bacteria and the new strains. Using enzymes in 
bioaugmentation could offer additional advantages such as the simplification of the 
process (they do not generate by-products), it is easier to work with enzymes than 
with the whole microorganism, and enzyme capabilities can be improved at the 
production stage. However, the cost of enzyme production is high. Enzyme delivery 
via electrokinetics transport mechanisms has not been investigated to date.

In conclusion, it is important to note that once the viability of the soil microbial 
metabolism was assured, electrobioremediation does not increase costs and energy 
consumption compared to conventional electrokinetic remediation; moreover, the 
pollutant is not transferred to another phase or matrix but eliminated in situ.
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The Soil and Groundwater Remediation 
with Zero-Valent Iron Nanoparticles

Jorge Rodrigues Gonçalves and Margarida Delgado Alves

1  Introduction

The present study was organized and planned in order to understand the behavior of 
the nanoparticles of zero-valent iron (nZVI) when applied in the natural environ-
ment where the soil was contaminated by heavy metals. The main knowledge about 
the nZVI behavior is mostly dedicated to the organic solvents; however, the inten-
tion of this project was to test the effective reaction of the nanoparticles in contami-
nated environments, taking into account the geological context and the target 
contaminating elements, but also all the logistical and technical aspects that a 
decontamination intervention of this type involves.

It was not intended, with this project, to study in detail all the chemical processes 
associated with the chemical reactions that may be involved. The main objective 
was focused on the effectiveness of the applied methodology, and the possible rep-
lication in other geological and chemical contexts.

The possibility of mobilizing less logistical means, no soil mobilization needed 
due to its in situ treatment and the option of changing its future use in a different 
industrial context, were the objectives of this project. The simplification of the pro-
cesses and environmental protection by the minimization of side effects were also 
considered.

The Barreiro Industrial area, currently managed by the Baia do Tejo Society, is 
of vital importance in the context of maritime and river transport and consequently 
on the financial aspects that an infrastructure of this nature brings to the region. 
Despite the successive improvements that this old industrial area has been suffering, 
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there are deep scars in terms of environmental liabilities and any intervention to 
make this industrial space will involve, not only improving the access conditions 
and port infrastructure, but also the need of a careful soils management.

Despite the superficial removal of old deposits of ash and pyrite slag that occurred 
between the years 2008 and 2010, contaminated subsurface soils, with laboring 
residues, remained on this extensive industrial area.

The groundwater level reveals the presence of several of those contaminants, 
resulting from the continuous leaching that these contaminants have been suffering 
over the years. The groundwater level varies between 4.5 and 5.0  m below the 
ground surface, due to the proximity of the Tagus River.

The migration of the contaminants dissolved in the groundwater creates a signifi-
cant environmental problem in this old industrial site, moving continuously to the 
Tagus river, affecting also the surrounding aquifer areas. The absence of effective 
decontamination measures allowed the maturation phenomenon of those contami-
nants in the environment, delaying the soil’s treatment and consequently of their 
existing aquifers. The environmental impact, whether by these soils removal for 
hazardous or non-waste landfill, or treatment centers, or by the incapability, without 
prior treatment, to reuse these soils in construction processes, has led to this concern 
being addressed in a different way, using alternative methodologies for the remedia-
tion of those contaminated soils. The use of specific nZVI technology, which pro-
motes the soil and groundwater decontamination, avoiding the soils removal, 
enhancing a minimum environmental impact with a maximization of the remedia-
tion process, is thus a clear advantage.

The creation/installation of reactive barriers that would limit the pollutants mobi-
lization and could keep low their respective concentrations in case of continuous 
mobilization, were also the objectives of this project.

Several countries in Europe, but not limited to, have a positive track record, 
where several patents have been implemented (e.g., Nanoiron®), and where the soils 
remediation using nZVI is an emerging technology.1,2

In Portugal this new green technology made the first steps, under an investigation 
and experimental process performed in Barreiro’s industrial area. In the present 
report, the methodology, the obtained data, and further conclusions are presented.

2  The Zero-Valent Iron Nanoparticles

The soil’s remediation with the nanoparticles is based on the application of an aque-
ous suspensions to change the structure and/or degrade contaminants in soil and/or 
groundwater. Several definitions for the term “nanoparticle” can be found as a 

1 https://nanoiron.cz/en/application.
2 https://nanoiron.cz/en/news.
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particle having one or more dimensions of 100 nm or less, which can be written as 
10−9 m [1].

Nanoparticles of Fe(0) have recently become a strategic material with great appli-
cation potential in the broad range of modern nanotechnologies. Due to their 
extraordinary reduction capabilities (Fig. 1), small size in the range of several tens 
of nanometers, and high reactivity with a broad spectrum of toxic substances, these 
ultrafine particles are highly applicable in the reduction technologies of groundwa-
ter remediation and wastewater treatment.

In comparison with other frequently used procedures for water treatment, the 
treatment exploiting of Fe(0) nanoparticles represents environmentally friendly tech-
nology since non-toxic and nature-abundant iron oxides (mainly magnetite—Fe3O4) 
are the products of transformation of Fe(0).

This Fig. 1 also shows the porosity of the nanoparticle, which is also an impor-
tant factor in physicochemical reactivity. Zero-valent nano-iron can also be coupled 
with trace metals (e.g., Pt, Pd, Ag), showing significantly enhanced reaction. Nano- 
iron is potentially benign to the environment and, ultimately, is mainly transformed 
into Fe3O4 and Fe2O3, which are abundant on earth (Copyright © 2007 GeoNano 
Environ. Tech., Inc., in [1]). Elemental iron slowly oxidizes to ferrous iron and 
releases two electrons. These electrons begin to function in a variety of reactions 
that lead to the transformation of target contaminants. In the environment and in 
accordance with the half reaction (Eq. 1), elemental iron is oxidized by several sub-
stances under the following oxidations half reaction.

 Fe s Fe aq aq0 2 2( ) → ( ) + ( )+ −e
 (1)

NANOFER 25S® was applied for the Barreiro project. An inorganic and a biode-
gradable organic modifier were added as stabilizers for the dispersion of the Fe(0) in 
an aqueous form. The zero-valent iron nanoparticles have, in average, a size of 

Fig. 1 Schematic 
three-dimensional 
presentation of the nZVI 
regarding the double effect 
of reduction process and 
adsorption of the heavy 
metal on its surface. 
(Copyright © 2007 
GeoNano Environ. Tech., 
Inc., in [1])

The Soil and Groundwater Remediation with Zero-Valent Iron Nanoparticles



318

50  nm, the surface area varies between 20 and 25  m2/g, a high content of iron 
between 80 and 90 wt%,3 and a particle size distribution of 20–100 nm.

The NANOFER25S®, giving the producer4 data, has the following composition 
summarized in Table 1.

2.1  The Environmental Impact of the Use of Nanoparticles

The European NanoRem project5 addressed this issue and as part of the project, 
increasing knowledge, confidence and providing regulators and other stakeholders 
evidences whether the technology is environmentally harmful to the natural ecosys-
tem functions of soil and groundwater. Uncertainties about the environmental 
impact of reactive nanoparticles’ use to ecosystems is identified as a key factor to 
the restricted use of them in soil and groundwater remediation. According to recent 
NanoRem’s investigation group press release, no significant toxicological effects 
were found on soil or water organisms when ecotoxicological tests were undertaken 
for a range of nanoparticles that could be used for remediation projects, namely 
NanoFer 25S, made from nanoscale zero-valent iron; Carbo-Iron, a composite 
made from activated carbon and zero-valent iron; Fe-Oxide, nanoscale goethite and 
Fe-Zeolites, aluminosilicate containing an iron catalyst.6 Nanoparticles were tested 
for their effects on a range of organisms, mostly using standard methods published, 
e.g., by the Organization for Economic Co-operation and Development (OECD).7

3 http://www.nanoiron.cz/en/characteristics-of-iron-nanoparticles.
4 www.nanoiron.cz.
5 http://www.nanorem.eu/Displaynews.aspx?ID=824.
6 http://www.nanorem.eu/displayworkpackage.aspx?id=3.
7 http://www.nanorem.eu/displayworkpackage.aspx?id=5.

Table 1 Nano zero-valent iron specifications

NANOFER25S® chemical composition Core (Fe)/Capsule (FeO)

Shape of the particle Spherical
Solid fraction (FeO mass) 80%
Solution density 1210 kg/m3

Solution (%/mass) 20%
Substances (liquid fraction) Organic stabilizer
Substances (solid fraction) FeO, Fe3O4, C
Particle size (FeO) d50 nm < 50
Color Black
Density (FeO) 7870 kg/m3

Density (Fe3O4) 5700 kg/m3

Specific surface >25 m2/g

J. R. Gonçalves and M. D. Alves
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Ecotoxicity testing will continue for any new nanoparticles or formulations 
developed as the NanoRem project progresses. The project has also been looking at 
how nanoparticles reactivity and toxicity change with time. It is believed that as 
nanoparticles interact within the soil matrices they become less reactive, and there-
fore less toxic with time. NanoRem’s findings confirm this anticipated trend which 
is similar to how chemicals react in soil. As chemical contaminants age in the soil, 
their reactivity is reduced along with their bioavailability and toxicity.

3  The Tested Area Framework

The investigation program was conducted inside a brownfield site, located in south-
ern Lisbon, in the left bank of the Tagus River (Fig. 2), in the town of Barreiro, 
between December 2010 and November 2011. Given the estuarine conditions, the 
tidal effect influences the water table intersected in the test area, which is positioned 
approximately 4.5–5.0 m deep, from the ground surface.

3.1  Geologic and Hydrogeological Local Context

The ground of the testing area belongs to the Pliocene detrital formations (PSM- 
Formação de Santa Marta; [2]) (Fig. 2).

From the base to the top occurs a discontinuous conglomerate layer, followed by 
fine to coarse arkosic sand of fluvial genesis. The colors range from white to red or 
yellow. Blocks of Cretaceous sandstones and chert nodules occur within the sands. 
Kaolinite and illite predominate in the clay fraction.

Boreholes performed in this area intersected coarse to fine yellow to orange sand, 
with a silty-clay matrix, and some interbedded centimetric clay levels with reddish 
color [3].

In terms of effective porosity, sustained in the fact that the local soils are mainly 
coarse and medium sands with silt and clays, a value of 15% [4] was considered.

This area is part of the left margin aquifer system of the Tagus-Sado Basin, a 
multi aquifer, free, confined or semi-confined, where the lateral and vertical facies 
variations are responsible for significant changes in hydrogeological conditions.

Given the proximity of the mouth of the Tagus River, occurs in the testing area 
the influence of tidal effect on the groundwater level, which is positioned between 
4.0 and 5.0 m deep. The observations of the tidal effect on the piezometric levels in 
the tested area allowed estimating the hydraulic diffusivity of the aquifer.

The determination of the hydraulic diffusivity in confined aquifers is possible 
thanks to the work of Jacob [5], Ferris [6], van der Kamp [7], and de Cazenove [8]. 
The latter also presents solutions for semi-confined aquifers. Regarding the free 
aquifers, the development of appropriate solutions to describe the tides propagation 
phenomenon has been the subject of recent work: Ataie-Ashtiani et al. [9, 10], Chen 
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et al. [11], Li and Jeng [12], Li and Jiao [13], Pandit et al. [14], Smith and Hick [15], 
and Wang and Tsay [16]. A summary of different studies and methods that analyze 
this phenomenon can be found in Li and Jiao [17].

Almeida and Silva [18] applied the equations previously developed in Algarve 
aquifers. The diffusivity can be obtained from the aquifer oscillations amplitude or 
from the discrepancy between the maximum (or minimum) of the tide and the maxi-
mum (or minimum) of the aquifer oscillation.

From the ratio between amplitudes, the diffusivity can be obtained by the 
expression:

 
D

x

t h H
=

⋅ ( )
2

0
2

0 0

π
ln /∆ ∆  

(2)

Fig. 2 Location of the Barreiro site area in the geological map. (Extract from the Portuguese 
Geological Map – Part 34-D from Lisbon, scale 1:50,000)
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From the discrepancy, the following expression can be used:

 
D

x t

t
=

2
0
24π L  

(3)

where D is the diffusivity (m2/h), x the distance between the piezometer and the 
coast, t0 the tide period, tL the discrepancy (h), Δh0 and ΔH0, the oscillation semi- 
amplitudes in the piezometer and tide, respectively.

Although the tide results from the combination of several harmonics, short 
period of observation is sufficient to consider the most important one, with a period 
of 745′.

The expression given by de Cazenove [8]:

 
D

x
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=
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(4)

allows to obtain the diffusivity by simultaneously using the amplitude and 
discrepancies.

In this case it is possible to obtain an additional parameter, ρ, related with the 
drenancy factor, λ = ′ ′KBB K/ , where K is the aquifer hydraulic conductivity, K′ 
is the aquitard hydraulic conductivity, B is the thickness of the aquifer, and B′ is the 
thickness of the aquitard x Tt S0 0= / )π ,

 ρ ρ λ2 2
0
2 21− =/ /x  (5)

In order to obtain a better accuracy in the determination of the oscillation ampli-
tude in the river and piezometer, and the discrepancies between the maximum (or 
minimum) in both locations, equivalent sinusoids were adjusted.

From the ratio between amplitudes and the discrepancies value, diffusivity cal-
culations were performed assuming a 580 m distance between the testing area and 
the river. This distance is only an approximation given the irregular contour of the 
river front in the nearest area of the site test.

The equivalent sinusoids were obtained by a nonlinear optimization method, 
minimizing the squares of the differences between the observed values and the cor-
responding values of the equivalent sinusoid (MARSINUS program, Almeida and 
Silva [18]).

According to Caldeira et al. [3], the diffusivity of this aquifer system, consider-
ing the drenancy, is 18.344 m2/h, the drenancy factor is 432 m2, and ρ is 2.1416. The 
obtained result is compatible with a hydraulic conductivity of 5 × 10−5 m/s (equiva-
lent to 0.18 m/h), a 10 m thickness, and a storage coefficient of 10−4.

The obtained diffusivity value is clearly compatible with a semi-confined aqui-
fer system.

Groundwater studies defined the local hydrological system as an aggressive envi-
ronment due to its low pH varying between 2.9 and 4.1, which is mainly related with 
the ground and groundwater high concentration of sulfates.
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4  The Site Investigation

In the area where the tests took place, an industrial complex worked for more than 
a half-century, having as its core business the manufacture of fertilizers and sulfuric 
acid (from massive polymetallic sulfides). The in situ methodology of soil and 
groundwater remediation used zero-valent iron nanoparticles (nZVI) NANOFER25S 
[3] (Fig. 3).

According to the available data, the area where the pilot tests were conducted has 
an industrial background with a strong presence of heavy metals, namely zinc, cop-
per, lead, arsenic, sulfates, and nitrates. The implementation of the in situ testing 
was preceded by the physical and chemical characterization of soils, groundwater, 
and lixiviates produced by contaminated soils.

Some of the recorded values significantly exceed the concentrations considered 
to limit the use of land, requiring that it will be transported to landfill of hazardous 
waste, dangerous or not depending on the effective concentration of the different 
compounds.

The soil’s contaminants presence investigation, was also performed in water 
samples taken in the piezometers installed in the various testing areas, working as 
blank values for further comparison after the application of nZVI.

With the perspective of being able to reduce or minimize the presence of these 
compounds in that soil matrix, or even to stabilize their chemical behavior in order 
to reduce the leaching process and the presence in the aqueous phase, it was devel-
oped the remediation project with the use of nZVI. The implementation plan and 
respective control will be described in the following chapters.

Fig. 3 General view of the pilot area, inside de Barreiro Industrial Park
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According to the available data, the conceptual model of the site can be summa-
rized as presented in Fig. 4, regarding the water flow direction, the position of the 
contaminated area, and the progressive contaminants dispersion.

From the conceptual model for the contaminated zone, an injection plan/moni-
toring was implemented not only to allow the assessment of the downstream effect 
and through the groundwater flow direction, but also in the opposite direction, 
upstream, evaluating the mobilization capacity of the nanoparticles in different 
directions from the injection point.

4.1  Baseline Situation: Soil Contaminants

In order to make a preliminary assessment of the main contaminants in the soil 
(characterization of existent contaminated situation), three drillings boreholes (S1, 
S2, and S3) were conducted at the pilot test site (Fig. 5), with full and continuous 
soil sampling by “Direct Push” method (ASTM D6282 05).

The soil samples were collected in the unsaturated zone, until 4.0 m deep. The 
samples were collected inside transparent liner tubes of 100  cm long (Fig.  6). 
Further investigations were made and samples from selected liner sections were 
submitted to chemical evaluation.

Taking into account the history of the local contamination, and that the processes 
of migration of the contaminating compounds were made in the first few meters 
below the surface, it was decided to investigate the more superficial horizons. The 
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Fig. 4 Conceptual site model of the contaminated area
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horizons to investigate were selected considering the depth and proximity to the 
water table, which varies from 4.5 to 5.0  m deep. Two layers of analysis were 
considered:

 1. a shallower horizon between 0.5 and 1.0 m
 2. a more profound horizon within the 3.0–3.5 m

In the following Table 2, it can be seen the main heavy metal pollutant com-
pounds distribution, present in the soils of the investigated area.

Fig. 5 Location of the preliminary drilling investigation campaign

Fig. 6 Different phases during the sampling process using the direct push soil sampling procedure
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4.2  Laboratory Evaluation on the nZVI 
Application Effectiveness

Prior to the field work, laboratory tests were developed that could anticipate the 
behavior of nZVI when applied in the field, while at the same time assessing the 
most appropriate concentrations to be applied, taking into account the type of con-
taminants and the effect of reducing these contaminants downstream of the circuit.

The aim of the laboratory work was to perform long-term (2 months) kinetic and 
concentration tests on the nZVI effectiveness in degrading a contaminant cocktail 
(inorganic contamination by heavy metals) present in water and soil samples from 
the study area.

The laboratory tests have been performed over four soil samples collected at two 
depth intervals (1.0–1.5  m and 3.0–3.5  m) and over groundwater samples taken 
from two wells—PZ2 and PZ4 (Fig. 12).

The soil was stored at a temperature of 8 °C until it was used in analytical prepa-
rations for chemicals tests. Approximately 12 L of water was collected from the site, 
transported to the laboratory and subsequently stored in cold storage at a tempera-
ture of 8 °C.

The laboratory tests were performed on soil samples collected in two boreholes 
made during the instrumentation of the field test area, taking up two depth ranges 
(1.0–1.5 m and 3.0–3.5 m) to obtain four soil samples and on groundwater samples 
collected from two installed piezometers (PZ2 and PZ4, see Fig. 12).

The contaminated soil, without previous drying, was dosed with water in the 
mass ratio of 1:2, i.e., approximately 350 g of soil for 700 mL of water. The mixture 
was homogenized in a mechanical shaker [19] (Fig. 7).

Table 2 Main pollutant compounds at different depths for the drilling investigation points

Pollutant 
compounds

Boreholes
S1 
(0.5–
1.0 m)

S1 
(3.0–
3.5 m)

S2 
(0.5–
1.0 m)

S2 
(3.0–
3.5 m)

S3 
(0.5–
1.0 m)

S3 
(3.0–
3.5 m)

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

Ar 72 11 8.1 220 4 3700
Ba 300 14 67 17 16 19
Cr 5.3 9.7 5.8 7.2 9.4 15
Pb 190 18 220 44 6.3 320
Zn 270 46 83 49 110 6600
V 6.2 16 7.8 12 10 16
Cu 920 210 440 270 160 4300
Co 23 N.I N.I N.I N.I 15
Sb 9.2 N.I N.I N.I N.I N.I
Sn N.I N.I 11 N.I N.I N.I
Ni N.I 3.9 N.I N.I 3.4 N.I

N.I not identified

The Soil and Groundwater Remediation with Zero-Valent Iron Nanoparticles



326

Kinetic batch tests with water and soil were performed for three different con-
centrations of nano-iron (0.3, 1.4, and 7.1 g/L). A sufficient number of sampling 
containers were prepared so that enough samples could be collected to perform 
analysis in a total of four time steps from the nZVI application—i.e., after 24 h, and 
then after 6, 26, and 58  days. Liquid phase samples were taken from the blank 
samples8 and from the sample container with the nano-iron, in each time step. 
During the sample collection, pH and Oxidation Reduction Potential (ORP) mea-
surements were taken in the liquid fraction.

The nZVI particles used in the laboratory tests were supplied by NANOIRON, 
s.r.o, having a trade name of NANOFER 25S. These nanoparticles were also used 
in the site tests performed in Barreiro. The technical specifications of the 
NANOFER25S are summarized in Table 1.

The laboratory tests showed that an important decrease in heavy metals concen-
trations on the samples was achieved when 1.41 and 7.1 g/L nZVI concentrations 
were used. As an example of the heavy metal concentrations changes, the following 
graphs reveal the effective evolution along 58 days (Figs. 8 and 9).

All metals (except Pb) are initially reduced by the initial dose of iron in the 
amount of 1.4  g/L.  Some of metals are even reduced below the detection limit. 
However, the observed concentration decrease was not permanent, and the concen-
tration rebound has been monitored up to their initial values for a major part 
of metals.

8 Blank sample, as considered in the tests performed by Aquatest. a.s (www.aquatest.cz), refers to 
the water samples collected on site, before nZVI injections.

Fig. 7 General aspect of the mechanical shaker device

J. R. Gonçalves and M. D. Alves
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Kinetics of heavy metal concentrations changes in samples with 1,4 g Fe/l.
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Fig. 8 Results for a 58 days period, for 1.4 g/L nZVI addition in the four lab tested samples. 
Kinetics of heavy metal concentrations changes in samples with 1.4 g Fe/L

Kinetics of heavy metal concentrations changes in samples with 7,1 g Fe/l.
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Fig. 9 Results for a 58 days period, for 7.1 g/L nZVI addition in the four lab tested samples. 
Kinetics of heavy metal concentrations changes in samples with 7.1 g Fe/L
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Figure 9 shows the result of the efficient and permanent nZVI dose (7.1 g/L). 
Again the exception in heavy metals behavior shows Pb which is initially released 
from the soil to the water (the initial concentration increase) and afterwards is 
slowly removed from the water.

The initial increasing of the Pb concentration could not be explained by polluted 
nZVI addition because its concentration is independent from the dosed nZVI con-
centration. Based on the obtained laboratory results, a few recommendations were 
issued considering the next step by applying the nZVI on site.

From the evaluation of the analysis of the liquid phase, it can be stated that:

• The substantial part of applied nZVI is consumed on low groundwater pH 
neutralization.

• In this case it would be more efficient to provide pH neutralization by cheaper 
and more efficient, buffering amendment.

• The efficient concentration for the present system was evaluated in order to bal-
ance between 3 and 4 g/L (with equivalent values 6–8 g/kg of contaminated soil), 
however and considering the renewal of the natural system, by the reentry of 
more contaminants, resulting from the dynamism of the system itself, it is pru-
dent to admit that the concentration of nZVI to be applied can be higher. And this 
has been demonstrated in the effectiveness revealed for higher concentrations of 
nZVI in the system.

4.3  Site Injection Method and Monitoring

4.3.1  Definition of the Testing Areas

The test site was divided into three zones—Zone I, II, and III (Fig. 10), with distinct 
dimensions and purposes, resulting from the interactive procedures and obtained 
results:

• Zone I—72 m2 (6 m × 12 m)—Evaluation of the saturated zone
• Zone II—54 m2 (9 m × 6 m)—Evaluation of the saturated zone
• Zone III—36 m2 (6 m × 6 m)—Evaluation of the saturated zone

The Zones I and II were defined based on the observed contaminant’s concentra-
tion, taking in consideration the influence of the S2 and S3 drilling areas, to evaluate 
the nZVI injection effects in the saturated zone.

The Zone III was defined later, located between the first two zones, for an nZVI 
evaluation effect, considering also the injection process in the saturated horizon, but 
now with a higher nanoparticles concentration, following the main directives pro-
vided by the previous laboratory phase.

Based on information, gathered from previous sampling and monitoring cam-
paigns, it was assumed that the hydrodynamic flow in the tests area runs to North 
and Northeast, with an average speed of 30 m/year. The injection points and the 
piezometers position in Zones I, II, and III were defined considering these data.
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For each area two distinct sections were defined: (1) one for monitoring points, 
which consisted of installed piezometers, from which water samples were collected, 
which would monitor the evolution of contaminants over time, after injection of 
nZVI, and (2) another relative to injection points that would be different in relation 
to the previous ones, depending on the type of evaluation that was intended for 
each zone.

4.3.2  Instrumentation

Piezometers were installed in the test areas, with a specific distribution in order 
to assess:

 1. The nanoparticles mobilization capacity in saturated environments
 2. The local hydrodynamic flow influence in the dispersion of nanoparticles
 3. The relationship between nZVI concentrations in the injected solution and the 

decreasing of contaminants concentrations

The piezometers were installed in 6″ diameter boreholes, opened with a hollow 
auger (Fig. 11). The groundwater level was found about 5 m deep. Piezometers were 
installed to a depth of 10.0 m, leaving the screen openings positioned between 4.0 
and 9.0  m deep. HDPE 2″ diameter pipes were used in the construction of the 
piezometers, with factory-set threaded caps and screen openings.

The space around the tubes was filled with calibrated gravel (fraction between 2 
and 4 mm) from the base of piezometers to about 2.5 m from the surface. The seal-
ing of the piezometers was carried out with bentonite, from 2.5  m depth to the 

Fig. 10 Three different zones have been prepared for the nZVI application
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surface. Tight plastic lids were placed in the tops of the piezometers with the cor-
responding reference. All piezometers were developed before the nZVI injection, to 
ensure that the aquifer system balance was achieved soon after the installation 
process.

Knowing the limitations of the nZVI mobility and considering the effect of the 
low groundwater flow, it was decided to install the monitoring points at a maximum 
distance from the injection point of 3 m. The following Fig. 12 indicates the general 
distribution of the injection and monitoring points, for the three zones.

For the Zone I, nine piezometers (PZ) were installed downstream of the injection 
points (IP), and three piezometers were installed upstream. The piezometers were 
arranged in a square mesh of 3.0 m × 3.0 m.

In Zone II, considering the possibility of occurring radial dispersion from the 
injection points, the monitoring points were arranged on a semi-circle, leaving a 
single monitoring point upstream.

In Zone III, six piezometers were installed, three of them downstream of the 
injection point and the other three upstream. The piezometers were spaced 3.0 m in 
between, and arranged in two rows, 6.0  m distanced. The assembly of only six 
piezometers in the immediate vicinity of the injection points took into account the 
results of injections made previously in Zones I and II, which proved the reduced 
nZVI mobility slightly beyond 3 m distances.

In order to validate the local geological and hydrogeological model and to deter-
mine the factors that control the transport mechanisms and dispersion parameters, 
the use of lithium/bromine tracers took place in Zone I.

It should be noted that before the injection of nZVI, all the monitoring points 
were properly developed so that the aquifer system could reach the equilibrium and 
effectively translated the underground water circulation, after the piezometers 

Fig. 11 Monitoring point’s installation and general aspect of the Zone I field testing area

J. R. Gonçalves and M. D. Alves



331

installation. In this way, any cross-disturbance effects imposed by the drilling pro-
cess were reduced.

4.4  The nZVI Application

4.4.1  Equipment

The nZVI injection was made using a rig mounted on a tracked chassis, equipped 
with percussion devices for crimping a probe. The injection probe used was pres-
sure activated (provided by GeoProbe) with four nozzles and one non-return valve. 
It was coupled to hollow rods of 1.5  m long with threaded sections. The extent 
necessary to achieve the programmed depth for each injection was obtained by cou-
pling rods in sequence (Fig. 13).

The nZVI solution was injected under pressure, with the support of a GeoProbe 
pump GP300, keeping an injection pressure of about 5 bar (Fig. 13a).

Using a mechanical drilling rig adapted for the injection process, the nZVI were 
injected at different depths, in the saturated horizon using different slurry concen-
trations for the different zones—1, 3, and 7  g nZVI/L of water (Fig.  13b) (see 
Sect. 4.4.3).

Considering the direction of the groundwater flow, it was decided to inject in a 
middle point which would be at the same distance between the upstream and down-
stream monitoring points (Fig. 14).

Fig. 12 General aspect of the field testing area, and monitoring point’s distribution for the 
three zones
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Therefore the distribution of the monitoring points to evaluate the injection 
method effect was 3 m distance between monitoring wells (Fig. 15).

It was intended, with this methodology, to create a reactive barrier that could 
somehow contain the downstream migration of the heavy metals: (1) by their 
immobilization when aggregating into multidimensional structures, (2) or by their 
decomposition or transformation into less reactive and therefore less polluting 
elements.

Fig. 13 (a, b) General aspect of the nZVI injection device

Fig. 14 General view of the Zones I and III, respectively

J. R. Gonçalves and M. D. Alves



333

4.4.2  Dosage

As previously referred, different nZVI concentrations were injected in the three 
described areas, to evaluate mobility and contaminants concentration decrease on 
soil and groundwater.

As mentioned before and taking into account the laboratory tests results, the 
solutions injected below the saturated zone had 1 g nZVI/L water, 3 g nZVI/L water, 
and 7 g nZVI/L water.

The process of preparing the solution to inject took place at the test site, using 
bottom agitator pumps to keep the solution in the tanks thoroughly mixed before 
injection. The water used in the solution preparation was water from the public sup-
ply system, in order to not introduce into the system another variable that would 
make the entire application process more complex and expensive.

4.4.3  Injection

The injection process ran continuously at each point until the pre-set amount was 
injected. For this procedure, three technician teams were deployed, working con-
tinuously in 8-h shifts.

A synthesis of the injection quantities procedure in each test area is presented in 
the following Table 3. It should be noted that the nanoparticles transport efficiency 
depends on the characteristics of the groundwater flow. That is why the nZVI injec-
tion occurred in the saturated zone.

Table 3 summarizes the characteristics of the solutions injected into each of the 
test zones.

Monitoring 
wells

~5m
3m

3m

3m

Groundwater 
flow direction

Injection of mobile 
nanoparticles

Nanoparticles injection to establish a reactive treatment zone to 
destroy or immobilize the contaminant e.g. heavy metals

Contaminated 
groundwater 
level Treated 

groundwater 
level

Sand & Clayed 
Sand

Fig. 15 Scheme of nZVI application procedure [20]
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4.4.4  Monitoring

The groundwater quality monitoring plan for I, II, and III Zones was based on the 
following sampling scheme:

• First sampling: reference situation/baseline—before the nZVI injection start, on 
the day of injection

• Second sample: 14 days after nZVI injection
• Third sample: 28 days after nZVI injection
• Fourth sampling: 56 days after nZVI injection
• Fifth sampling: 112 days after nZVI injection

Water sampling was carried out at 7.0 m deep within each of the installed piezom-
eters and done by Low Flow Sampling method using a peristaltic pump. The follow-
ing physical parameters were monitored by the Flow Through Cell method: 
temperature, pH, dissolved oxygen, and conductivity (Fig. 16).

In order to validate the local hydrogeological model and determine the factors 
that control the transport mechanisms and dispersion parameters, lithium/bromine 
tracers were applied in Zone I.

Given the disposition of the different monitoring points (PZ) and considering 
that the groundwater flows from south to north, parallel to the alignment set by the 
injection point and the central PZs, the tracer was added inside PZ8. A sampling 
program was carried out in PZs 4, 5, and 6, on April 21st 2011, 37 days after the 
tracer injection, not having been detected any change in lithium/bromine concentra-
tions before and after injection in those PZs. The observed fact supports the local 
hydrogeological data that refers to a water flow average speed of ≈30 m/year.

Table 3 Description of the quantities, dosages, and date of the nZVI injection process, on 
each zone

Zone I Zone II Zone III

Target Saturated zone Saturated zone Saturated zone
Dosage (g nZVI/L water) 3 1 7
Injected quantity (L) 8000 12,000 8000
Number of injection points 2 2 2
Depth of injection and amount 
solution injected (L)

5 m–1.000 4 m–1.000 5 m–1.000
6 m–1.000 5 m–1.000 6 m–1.000
7 m–1.000 6 m–1.000 7 m–1.000
8 m–1.000 7 m–1.000 8 m–1.000

8 m–1.000
9 m–1.000

Injection date 2010.12.11 up to 
2010.12.28

2011.01.04 up to 
2011.01.05

2011.07.23 up to 
2011.07.27
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4.4.5  Main Actions Calendar

Table 4 evidences the main activities performed, and the subsequent sampling 
program.

4.5  Results

The results of water samples tests collected at Zones I, II, and III show significant 
differences in metals concentrations (before and after nZVI injections), particularly 
in the monitoring wells located nearby the injection points (3 m). By contrast, in the 
piezometers located more than 6  m from the injection points, the nanoparticles 
injection effect did not show a definite trend, which allows to conclude that the reac-
tive effect of nZVI particles is only significant for distances which do not exceed 
3 m from the injection point.

Fig. 16 Site water sampling procedure and water parameters monitoring

Table 4 Main activities calendar

Actions
Zone I Zone II Zone IV
(GW samples) (GW samples) (GW samples)

Sampling for the reference 
situation

2010.12.21 2010.12.27 2011.07.22

nZVI injection date (not 
continuous)

2010.12.22 up to 
2010.12.28

2011.01.04 up to 
2011.01.05

2011.07.23 up to 
2011.07.27

First sampling after 
injection (14 days)

2011.01.10 2011.01.25 2011.08.10

Second sampling after 
injection (28 days)

2011.01.24 2011.02.08 2011.08.24

Third sampling after 
injection (56 days)

2011.02.21 2011.03.09 2011.09.22

Fourth sampling after 
injection (112 days)

2011.04.21 2011.05.09 2011.11.16

GW groundwater
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The average differences of the metal concentrations in water samples collected 
in Zones I, II, and III are slightly significant downstream the injection point, con-
firming the influence of water flow in the underground transport of nanoparticles. 
These slight differences are probably related with the low transmissivity in the test-
ing area.

Table 5 shows the proportions between the elements average value before and 
after the nZVI injection on three piezometers located downstream of the injection 
points, in water samples collected in the I, II, and III zones.

It appears that Zone I is the most suitable to establish the chemical mechanisms 
sequence that occurs with the nZVI injection (this area is also the better instru-
mented and where, therefore, can be better established the connection with the 
underground water flow). In Zone I there is, even slightly, an initial decrease of 
sulfates, although the values will recover at the end of 56 and 112  days. 
Correspondingly, the values of Co and, secondarily, Cd, decrease, recovering there-
after. In Zn case, this effect is less pronounced, but the pattern is similar. Cu tends 
to initially increase and then decreased. In this area, there is the notable exception 
of As, which undergoes a sharp increase after the nZVI injection.

It appears that there is a temporal sequence relatively constant on each sampled 
point in Zone II, tending to decrease regarding the metal concentration over time, 
also with the Arsenic exception.

In Zone III it is observed the arsenic reduction but, instead, other elements rise 
dramatically in terms of concentrations (e.g., Cu), presented some of them an erratic 
behavior over time. A justification could probably focus on the fact that this metal 
could have been released from soil to water, but its complete reduction by nZVI has 
not occurred. In this context, a new injection could have facilitated its continuous 
reduction, effectively creating a reactive barrier to its mobilization.

In this pilot study it was found that there is a decrease in tendency of a part of the 
sulfate concentration into the aquifer system after the injection of nZVI, which usu-
ally correlates with a decrease of several metals in solution. This correlation may 
suggest that the effect of nZVI induces the ion sulfate reduction and subsequent 
precipitation of metals as metastable sulfides. However, it is noticed that the pH 
tends, however, to decrease or maintain a low level so that the primary controlling 
mechanism will be, with high probability, the progressive oxidation of the Fe par-
ticles and consequent precipitation of the Fe(III) in hydroxide form. More than 
hypothetical sulfate reduction, the Fe hydroxide arrangement ensures the existence 
of solid phase with a high surface area and adsorption capacity, with which the 
soluble metals have high affinity.

The Fe concentrations consistently show an initial peak (injection) followed by a 
more or less pronounced break, to consistently low levels. This pattern indicates the 
progressive Fe oxidation and dispersion, which, depending on the redox potential, 
tends to precipitate from the solution. These effects tend to spread in different areas 
in response to the groundwater flow direction.

One of the observed characteristics is a pronounced reduction of the chemical 
oxygen demand in the water samples, which suggests that organic compounds are 
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being degraded by reduction. The degradation of these compounds may explain the 
increase of the soluble Cu, since this metal has a high affinity for combining with 
organic compounds, unlike other metals such as Zn.

Other observed peculiarities, which still requires explanation, are that the injec-
tion tests in Zone I (3 g/L nZVI) have given better average results than observed in 
Zone III (7 g/L nZVI), contradicting the prior nZVI dosing laboratory study, where 
it was found that excessive Fe in the system would be essential to keep the redox 
balance, which stabilizes the solid phases where part of the soluble metals is fixed. 
Furthermore, the mechanisms for subsequent Fe oxidation and consequent Fe 
hydroxide form precipitation, decreases the environment’s pH (particularly well 
noticed in Zone III results).

However, the pH decrease tends to disfavor the metals (cationic) adsorption on 
the hydroxides surfaces, with the exception of the As, which forms anionic com-
plexes in solution. The metals adsorption is significantly more favorable at alkaline 
pH and, in this sense, the pH values recorded for the Zone I (3 g/L) are slightly 
higher than those measured in Zone III (7 g/L). It follows that, on average, the best 
results came, from other motives, by the environment pH value.

The evolution of some major pollutants was favorable with a sharp decrease in 
the first days after the application of nZVI, assuming that this effect was mainly due 
to the significant reactivity which occurred immediately after injection (see ten-
dency lines, Fig. 17), clearly noted on the piezometers near the injection point [3].

Despite the significant amount values for all the monitoring points available for 
consultation, in this work it was intended to highlight the most relevant aspects, 
considering the initial value as the baseline obtained from collected water samples 
in the three zones, between the average concentrations of elements before and after 
the nZVI injection in the three piezometers downstream of the injection point.
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Fig. 17 Time evolution of some of the contaminants’ concentration, and half period milestone
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It is observed also after a significant decrease in the concentration of most heavy 
metals, there was a stabilization of the values which reflects also a stabilization of 
the reducing effect caused by nZVI.

Considering the half time of the investigation process and for almost all the 
referred elements, the reducing concentration of each element passes over 60% 
below the initial concentration. However it is observed in a comprehensive way, and 
after several weeks of monitoring, an elevation of contaminants to levels close to the 
initial, but still below baseline values, contributed to the renewal effect that this type 
of hydrogeological system provides (Fig. 7). In this pilot study, it was found that 
there is a tendency to decrease the concentration of a part of the sulfate in the aquifer 
after the injection of nZVI, which usually correlates with a decrease of various met-
als in solution. The effect of the nZVI was reflected in the sulfate ion reduction and 
subsequent precipitation of the metals as sulfides.

As mentioned before, the progressive oxidation of the Fe particles and conse-
quent precipitation of Fe(III) in the hydroxide form, rather than the hypothetical 
sulfate reduction, iron hydroxides formation ensures the existence of a solid phase 
with high surface area and adsorption capacity with which the metals in solution 
have high affinity.

The metal’s adsorption is more favorable in alkaline pH. The recorded values 
revealed that the pH increase has influenced the nanoparticles’ degrading action for 
some of the present metals.

Moreover, the pH increase is due to the reductive action of nZVI, acting not as 
the metals reducing agent but as a hydrogen source.

In these more aggressive environments, the corrosion effect of nanoparticles 
occurs, limiting their functionality.

5  Conclusions

Despite the minor effect of the nanoparticles in some contaminants elements, it was 
observed that this kind of methodology for the soils and groundwater remediation 
purposes act in real time reducing the available concentration of these heavy metals. 
Some recent studies have described the surrounding environment as the main 
responsible for the less expected effect of the nZVI in the remediation process, 
whether related with the renovation of the general environmental system or with the 
remobilization of the chemical elements due to the injection or simple delivery pro-
cess of the nZVI solution.

The increasing of the contaminant elements concentration, in this particular case, 
after 4 months of monitoring, is due to the renovation of the hydraulic system which 
have contributed to the renovation of the leachate process and so to the heavy metals 
transport into the aquifer. The corrosion effect of the low pH of the Barreiro ground-
water aquifer, degraded rapidly the nZVI which have contributed also for the less 
expected effect on the nanoparticles heavy metal removal. It is possible to increase 
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the local pH by adding a hydroxide as the Ca(OH)2 or Na(OH), creating a better 
environment for the effective reaction of the nanoparticles and consequently a more 
effective remediation process of the natural ground and aquifer system, which will 
also increase the costs of all remediation process.

Despite all described actions and satisfactory preliminary results, it is important 
to continue these investigation processes by using different nanoparticles in even-
tual different contaminant contexts and the Industrial Barreiro site could be a large- 
scale laboratory for these kind of investigation purposes.

An optimization of the nanoparticles effect on the heavy metal soil and ground-
water contamination may pass by using a cocktail of different products based on 
nZVI or other, but with more resistance and maintenance in the environment, 
increasing the possibility of a more durable effect on the degradation of 
contaminants.

Recent laboratory studies gave quite interesting answers and guidelines for this 
important and useful method for soils and groundwater remediation.

The urgent need for low-cost and effective solutions that enable the in situ recov-
ery of contaminated sites, implies the necessity of using new technologies with 
efficiency and low impact on the surrounding environment. The use of nZVI is one 
of the possible new approach options.
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1  Introduction

The soil is the base for human development and survival due to its capability to 
generate food and air through plants [1]. In this context, has been increased the 
number of industry that contributes to the contamination of the soil. In order to 
improve the results of this sector, in the early twentieth century, the commercializa-
tion of chemicals as fertilizers and pesticides was introduced [2]. Besides this type 
of industry, there are many other like pharmaceutical, textile, oil etc. Because of the 
diversity of human services such as industrialization and expansion of social activi-
ties, a huge amount of hazardous materials are wasted in the environment without 
appropriated treatment [3, 4]. Among those materials are heavy metals, organic and 
inorganic compounds which causes a great negative impact directly in the soil, 
groundwater and associated ecosystems [5].

Heavy metals are found in large quantities in the soil, for example, chromium 
(VI) is a highly toxic material which is soluble in water in practically all pH ranges 
but can be reduced to its less harmful form as Cr(III) in acid conditions in the pres-
ence of ferrous iron, sulfide, soil organic matter and electrical potential [6]. Nitrates 
are added in overdose to the soil as fertilizers, and high nitrogen levels induce 
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serious problems to humans, animals, and plants due to its transformation into 
nitrites and nitrosamines, which are related to some tumors [2]. Different technolo-
gies have been developed over the years based on physicochemical methods [7–9], 
phytoremediation [10, 11], adsorption [12, 13], electrokinetic remediation [13], and 
bioremediation [2, 14–19]. These methods can be classified as in situ and ex situ [20].

The purpose of this chapter book is to present the state of the art on adsorption 
and ion exchange permeable reactive barriers (PRB), discussing its fundamentals, 
PRBs mechanisms in the soil, applicability for removing organic, inorganic and 
mixtures contaminants, and some cases of integrate electrokinetic remediation (EK) 
to describe the applicability.

2  Fundamentals of Permeable Reactive Barriers (PRBs)

The PRB is one of the most effective in situ approaches for the removal of pollutants 
present in soil, is considered an innovative and green engineering approach used to 
remediate contaminated groundwater [2]. PRBs have been used with varying 
degrees of success to help meet groundwater standards. It is a passive, in situ tech-
nology that has demonstrated high potential to treat aquifers with advantages over 
conventional pump-and-treat methods, such as (1) degrade or immobilize pollutants 
in situ without any need to bring them up to the surface, avoiding potential cross 
media contamination; (2) no need of transportation, storage or other disposal; (3) no 
require continuous input of energy; (4) degradation of the contaminants is achieved 
not only the change of phase; (5) no require discharge of effluent and consequently 
technical and regulatory problems; (6) relative lower cost but due to a lack of long- 
term data, its cost-effectiveness has not been proven [21, 22]. According to 
Environmental Protection Agency (EPA), PRB is defined as an emplacement of 
reactive media in the subsurface designed to intercept a contaminant plume, pro-
vide a flow path through the reactive media, and transform the contaminants into 
environmentally acceptable forms to attain remediation concentration, as can be 
observed in Fig. 1 [24]. The concept of the PRB was first developed by the University 
of Waterloo in the early 1990s. The PRBs are typically constructed in two ways: 
digging a trench ranging over the whole width of the contaminated plume or a fun-
nel and gate system that uses impermeable gates forcing water through a reactive 
barrier [25]. In this case, the funnel and gate system increases flow rate through a 
gate system 2–5 times. The first pilot-scale PRB was installed in 1991 at Borden, 
Ontario, to treat a plume of chlorinated solvents.

PRBs can be achieved as replaceable, semi-permanent, or permanent units. Two 
main configuration types have been used, the funnel-and-gate and the continuous 
gate designs. Continuous wall or curtain is the basic configuration of barriers that 
stands up and transversely faces the direction of the contaminant front [26]. The 
main advantages of this configuration are it relies on conventional methods of instal-
lation, is easy to conceptualize and construct, is less expensive and creates fewer 
disturbances to the groundwater flow [12, 13]. However, this design is only suitable 
for plumes with narrow widths [27].
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McMurtry and Cherry [25], introduced the concept “funnel and gate” which was 
used interchangeably with PRBs; nevertheless, funnel and gate configuration con-
sisted of impermeable walls that directed groundwater to the reactive middle gate 
panel. However, the choice between the two configurations depends on both the 
reactive cost and hydrogeological characteristics of the site [23]. When a high cost 
reactive material is used, funnel and gate configuration is preferred since the reac-
tive zone requires less material. Nevertheless, construction cost of continuous type 
barrier is much cheaper than funnel and gate system. Furthermore, the adoption of 
funnel and gate configuration promotes the use of double or multi-reactive barriers 
for multi-action, improving the efficiency of treatment for more than one type of 
contaminants. Usually, a balance must be struck between the cost of reactive mate-
rial and the construction cost of the barrier, in accordance with the target pollutant 
and level of removal to be achieved [12, 13].

The configurations more used in this field are Continuous and Funnel-and –gate 
PRB. The Continuous installations consists of a single reactive zone installed across 
the contaminant plume, while the funnel-and-gate system consist of a permeable 
gate placed between two impermeable walls that direct the contaminated plume 
towards the reactive zone. The choice between the two configurations depends on 
both the hydrogeological characteristics of the site and the reactive material cost 
even as to be in accordance with the target pollutant and level of removal to be 
achieved.

The most PRB used is single barrier type. This kind of PRB design is fill with a 
single reactive material applied to decontamination of plumes containing one con-
taminant or contaminants of single nature. However, this kind of barrier are ineffec-
tive to remediate multi-contaminant plumes with different physical, chemical, and 
thermodynamic properties. Therefore, multi-barrier concept was introduced in the 
last years and have been received considerable attention. A multi-barrier system is 
defined as PRBs consisting of two or more barriers filled with the same or different 
reactive materials in which contaminants are removed sequentially. A single barrier 

Fig. 1 Permeable reactive barrier [23]
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filled with different reactive materials also can be interpreted as multi-barrier sys-
tem. However, in this case, contaminants are removed simultaneously [28].

3  Mechanism of Removal and Reactive Materials

Comprehension of interaction between pollutants and reactive material is crucial to 
the successful process. Different classes of biological and chemical mechanisms 
have been used in PRBs to remove organic and inorganic compounds. In general, 
the contaminant removal mechanism can be classified into three categories: (1) deg-
radation, (2) precipitation, and (3) sorption. Degradation mechanism also called as 
destructive processes occurs through chemical or biological reaction that lead to 
decomposition or degradation of pollutant into harmless compounds, like as abiotic 
reduction–oxidation and biotic reduction–oxidation, [29–31]. Abiotic reduction 
consists of chemical decomposition reaction of organic compounds resulting in the 
formation of non-toxic products that are either immobilized in the barrier or perme-
ated through the barrier in a reduced form [32, 33].

On the other hand, biotic reduction in PRBs is initiated by supplying electron 
donor (leaf mulch, saw dust, wheat straw, and alfalfa hay) and nutrient materials 
(municipal waste and compost) that are used by microorganisms [34]. The presence 
of dissolved sulfate can performance as an electron acceptor that consumes H+ con-
tributing to the oxidation of organic material acidic, coupled to reduction and pre-
cipitation of metal as outlined by Eqs. (1) and (2)[35].

 
2CH O SO H 2CO 2H O HSsolid organic2 4

2
2 2[ ]

− + −+ + → + +
 

(1)

 
M HS MS H whereM metalsolid

2+ −
[ ]

++ → + =,
 

(2)

However, in groundwater lives bacteria which are organisms that require suitable 
physical and chemical conditions to exist and survive, also the temperature will 
affect the population of microorganisms and the rate sulfate reduction [36–38].

Adsorption and ion exchange also are important mechanisms that contribute for 
removing contaminants by adsorption a chemical species attaches to a solid surface. 
Moreover, the ion exchange process involves reversible reactions in which a con-
taminant ion in solution replaces a similar ion on the surface of an immobile solid. 
Regarding to adsorption reactions are reversible and occur at relativity rapid rates, 
and particular sites [39, 40]. Reactions chemistry based by adsorption process can 
occur due to surface complexation models. Most material are naturally occurring 
inorganic zeolites, but there are also synthetically produced organic resins that can 
be altered for specific remediation as can be observed in Table 1. The particularity 
associated of zeolites is due to internal surface are and can treat inorganics and/or 
organic by both adsorption and cation exchange [49]. Chemical precipitation con-
sists of the removal of contaminants by mineral precipitation associated with an 
increase in the pH value. Limestone (CaCO3) and apatite Ca5(PO4)(OH) are the 
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Table 1 Operational conditions for organics removal by applying EK coupled with different PRBs

Pollutant PRB Experimental conditions
Observations—
best results Ref.

Clopyralid 30 mg kg−1 Granulated 
activated 
carbon

Silty loam soil, 11% initial 
moisture, 1 V cm−1 (38 cm 
long), polarity reversal, 30 
days duration

45% EKAB 
and 57% 
REKAB

[41]

Pentachlorophenol 
(PCP) 100 mg kg−1

Pd-Fe 
particles 
(reduction)

Turf soil (0.355 mm sieve), 
soil pH = 7.8, 30% initial 
moisture, 0.025 M Na2SO4 as 
anolyte, 20 V, 5–15 days 
duration

(5 days): 
80.7–90.6%
(10 days): 
51–89.7%
(15 days): 
53.7–75.9%

[42]

Hexachlorobenzene 
(HCB) 55 mg kg−1

Pd-Fe 
particles 
(reduction)

Spiked turf soil (0.355 mm 
sieve), 10 mM TX-100 as 
anode flushing solution, 30 V, 
0.025 M Na2CO3 as anolyte 
and 0.025 M Na2SO4 as 
catholyte, polarity reversal, 5 
and 10 days duration

60.1% [43]

Atrazine and 
Oxyfluorfen 30 mg kg−1

Granulated 
activated 
carbon 
(adsorption)

Kaolinite soil, SDS 
1000 mg dm−3 as flushing 
fluid, 1 V cm−1 (20 cm long), 
30% initial moisture, polarity 
reversal, 15 days duration

Atrazine:
EKSF: 80%.
REKAB: 85%
Oxyfluorfen:
EKSF: 78%
REKAB: 90%

[13]

Diesel 10,000 mg kg−1 Biological 
(degradation)

Kaolinite soil (pH = 4.9), 
1 V cm−1 (20 cm long), SDS 
as anionic surfactant in 
cathode, diesel chain: 10–25 
carbons (882 g L−1 density), 
40% initial moisture, 
30.36 mg L−1 
NaNO3 + 70 mg L−1 
NaHCO3 + 88.75 mg L−1 
Na2SO4 as anolyte, 14 days 
duration

27% [38]

Diesel 10,000 mg kg−1 EK/biological 
(degradation)

Kaolinite soil (pH = 4.9), 
1 V cm−1 (20 cm long), SDS 
as anionic surfactant in 
cathode, diesel chain: 10–25 
carbons (882 g L−1 density), 
40% initial moisture, 
30.36 mg L−1 
NaNO3 + 70 mg L−1 
NaHCO3 + 88.75 mg L−1 
Na2SO4 as anolyte, 14 days 
duration

30% [44]

(continued)
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most common materials used as PRBs for the treatment of soil [24], and are often 
reduced to a less-species. In this context, contaminants are removed by mineral 
precipitation as hydroxides (Eq. 3) and carbonates (Eq. 4).

 M OH M OH2

2
2+ −

+ ( ) → ( )  (3)

Table 1 (continued)

Pollutant PRB Experimental conditions
Observations—
best results Ref.

Diesel 10,000 mg kg−1 EK/biological 
(degradation)

Kaolinite soil (pH = 4.9), 
1 V cm−1 (20 cm long), SDS 
as anionic surfactant in 
cathode, diesel chain: 10–25 
carbons (882 g L−1 density), 
40% initial moisture, 
30.36 mg L−1 
NaNO3 + 70 mg L−1 
NaHCO3 + 88.75 mg L−1 
Na2SO4 as anolyte, 14 days 
duration

36% [37]

2,4,6-Trichlorophenol 
100 mg kg−1

Granulated 
activated 
carbon 
(adsorption)

Kaolinite soil (pH = 4.9), 
27.3% initial moisture, 5, 15, 
25, 40, and 80 V, 7 days 
duration

80% [45]

Phenol 90–115 mg kg−1 EK-Fenton/
scrap iron 
powder 
(reduction)

Sandy loam natural soil 
(10-mesh), soil pH = 4.67, 
0.3% H2O2 as anolyte and 
ASTM type II de-ionized 
water as catholyte, 1 V cm−1 
(20 cm long), 10 days duration

53–99% [46]

Trichloroethylene 
(TCE) 233–266 mg kg−1

Fenton/scrap 
iron powder 
(reduction)

Loamy sand (pH = 4.4) and 
sandy loam (pH = 7.64) soils 
(10 mesh sieve), 1 V cm−1 
(20 cm long), 0.098 M and 
0.0196 M FeSO4 as Fenton 
catalyst, H2O2 as anolyte and 
de-ionized water as catholyte, 
10 d duration.

49.71–88.91% [47]

1,2-dichlorobenzene
245–261 mg kg−1

Carbon 
nanotube 
(adsorption)

Farmland spiked clay soil 
(2 mm sieve), soil pH = 8.5, 
2 V cm−1, SDS and PANNOX 
110 as processing fluids, 5 
days duration

45.9–75.5% [48]

Chlorosulfuron 
(CLSF)/2,4- 
Dichlorophenoxyacetic 
acid (2,4-D) 30 mg kg−1

Activated 
carbon 
(adsorption)

Kaolinite soil, 1 V cm−1 
(20 cm long), polarity reversal 
every 24 h, 30% initial 
moisture, 15 days duration

CSLF:
EKSF: 61%.
REKAB: 88%
2,4-D:
EKSF: 95%
REKAB: 72%

[12]
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 M HCO MCO H2
3 3

+ − ++ → +  (4)

PRBs can be used to remediation organic and inorganic compounds from soil, 
and the choice of a reactive medium is dependent on site characteristics and con-
taminants properties. Reactive media is determined based on the characteristics for 
removing volatile organic compounds (VOCs), semi-volatile organic compounds 
(SVOCs), and inorganics. The types of reactive can be characterized by reactivity 
and stability. The reactivity is associated with reaction rate and equilibrium constant 
of the contaminant with the reactive material used to determine the required resi-
dence time, and therefore, the size of the PRB. Moreover, the barriers must show 
high stability to persist in the subsurface environment for an extended period of time 
as secondary precipitates [40, 49–55]. Furthermore, the cost and the environmental 
sustainability is important to promote the applicability of PRBs [56].

The reactive media is main responsible to destroy or immobilize contaminants 
through physical contact or altering the biogeochemical process. Many materials 
have been studied in order to find more suitable and cost-effective materials. The 
choice of the reactive materials depend on (1) if the contaminant to be removed is 
organic (volatile organic compounds (VOCs), semi-volatile organic compounds 
(SVOCs)) and inorganic, ii) their concentrations, and the mechanisms needed for 
their removal (2) the hydrogeological and biogeochemical conditions of the aquifer; 
(3) the environmental/health impacts; (4) mechanical stability (in order to persist in 
the subsurface environment for an extended period of time as secondary precipitates 
[40, 49–55], and (5) the availability and environmental sustainability and (6) the 
cost of the material [57]. Suitable materials currents employed for use in a PRB are 
presented in Table 2. These materials have been reported in the literature to increase 
the removal efficiency of organic and inorganic compounds [58–61]. The most com-
mon of them is ZVI. Besides, activated carbon, zeolites, peat, saw dust, oxygen 
releasing compounds, and so on [56, 62, 63].

The first of them, Zero-valent iron (ZVI), was Gillahm and O’Hannesin who 
determined that zero-valent iron could be used in PRBs to remediate groundwater 
contaminated by halogenated organic solvents [24]. The first ZVI-based PRB was 
installed in 1991 at the Canadian Forces Base Borden site at Ontario, Canada that 
obtained success to the removal chlorinated organic solvents between 1993 and 

Table 2 Summary of 
reactive materials for organic 
and inorganic 
contaminants in soil

Reactive materials Process

Activated carbon Adsorption
Transformed red mud (TRM) Adsorption or precipitation
Bagasse fly ash Adsorption
Zeolites Adsorption
Atomizing slag Adsorption
Carbon nanotubes (CNT) Adsorption
Bacterial Microbial degradation
Zero-valent Iron Reduction and precipitation
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2001 [64]. ZVI tend to be oxidized, passing its electron to contaminants (organic, 
halogenated hydrocarbons, inorganic some metal, etc.,) which undergo reductive 
mechanism resulting in precipitation or degradation [65]. The efficiency of ZVI is 
attributed by three phenomena: dissolution of the iron, mineral precipitation leading 
to permeability reduction, and passivation of the ZVI from alteration of ZVI grain 
surfaces. Moreover, ZVI dissolves in the presence of oxygenated groundwater 
(Eq. 5). Additionally, if O2 is available promotes the ZVI oxidizes further and forms 
a mixture of ferric oxyhydroxides or rust (Eq. 6) [66, 67].

 
2Fe 4H O 2H O 2FeZVI

0
2 2

2

[ ]
+ ++ + → +

 
(5)

 
4Fe 6H O 3O 4Fe OHZVI solid

0
2 2 3[ ] [ ]+ + → ( )

 
(6)

In the case absence of O2, ZVI will dissolve [68], where water is an oxidant and 
gaseous H2 is produced by the reduction of aqueous protons. Moreover, hydrogen 
gas and an increase in pH values are often observed in ZVI based PRBs, confirming 
the anaerobic dissolution of ZVI [66].

 
Fe 2H Fe HZVI

0 2
2[ ]

+ ++ → +
 

(7)

4  Activated Carbon

Activated carbons are carbonaceous materials possessing chemically heterogeneous 
surfaces with high adsorption capacity. They are chemically stable materials and are 
widely considered as suitable adsorbent for on-site or off-site treatment of polluted 
groundwater [21, 69]. The treatment potential of active carbon is presented by 
adsorption of contaminant particles in a physically manner on its high lattice surface 
area (about 1000 m2/g) and presence of different types of surface functional groups 
(hydroxyl, carbonyl, lactone, carboxylic acid, etc.). Therefore, they have been 
applied widely for the removal of pollutants such as phenols, BTEX, PCE, and TCE 
[54, 70]. Active carbon is considered a conventional material; however, in passive 
groundwater remediation technology its use as a reactive material is somewhat lim-
ited because it is a fabricated material and expensive.

5  Zeolite

Zeolites are aluminosilicate minerals with three-dimensional structure containing 
water molecules, alkali and alkaline earth metals in their structural framework, and 
have high cation-exchange capacity (200–400 meq/100 g) and large surface area 
(up to 145 m2 g−1) [56]. According to Shoumkova and coworkers [71], zeolite can 
be classified according to its source into natural zeolites such as clinoptilolite, 
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chabazite, analcime, eronite, faujasite, laumontite, phillipsite, ferrierite, mordenite, 
and heulandite; synthetic zeolites such as those from natural materials, waste, coal 
fly ash, municipal solid waste incineration ash, oil shale ash, rice husk, or modified 
natural and synthetic zeolites [50]. About capacities of ion-exchange are attributed 
to their permanent negative charges, which develop from isomorphic substitution. 
In this case, these charges are not pH dependent and are usually balanced by alkali 
and alkaline earth metals such as Na+, Ca2+, and Mg2+ [72].

6  Mixed Materials

Different blends has been used to remove organic and inorganic compounds using 
PRBs to control the flow of contaminated water that the reactive material was placed 
in a shallow trench so that groundwater through the burred PRBs [24]. The use of 
various naturally occurring oxides such as basic oxygen furnace oxide, alumina 
(Al2O3), amorphous ferric oxide (Fe(OH)3), goethite (a–FeOOH), magnetite (a–
Fe2O3), and hematite (Fe3O4), and hydrous titanium oxide (Ti(OH)4) for groundwa-
ter remediation has also received much attention as PRBs [73]. Besides that, other 
complex organic materials have been used as materials for permeable reactive bar-
riers, such as organic mulch [74] and nutrient release [75].

7  Coupling PRBs and Electrokinetics for Soil Remediation

In recent years, the PRBs and EK approach have shown to improve soil remediation 
results through the electrically induced mobilization of contaminants present in the 
soil (Fig. 2). Some articles have been published coupling PRBs and electrokinetic 
remediation of soil contaminated by complex organic compounds such as pesticides 
[13, 45], petroleum hydrocarbon [44], organochlorinated species [41], and polycy-
clic aromatic hydrocarbons (PAH) [52, 76]. Table 2 collects data related to the cou-
pling PRBs and EK to remediation of soils polluted by organic compounds, under 
selected conditions. It is important to remark that the treatment of organic and inor-
ganic contaminants can be unique for each other. Organic compounds can be broken 
down into innocuous elements and compounds, such as carbon dioxide and water 
because they are molecules consisting of carbon, hydrogen, halogens, oxygen, sul-
fur, phosphorus, and nitrogen [23]. On the other hand, inorganic pollutants usually 
are themselves elements; this way, they cannot be destroyed but can only change 
speciation. Consequently, remediation strategies must focus on integrate technolo-
gies for transforming inorganics and organic compounds into forms that are non- 
toxic, not bioavailable, immobile, or capable of being removed from the 
subsurface [77].

Adsorption and Ion Exchange Permeable Reactive Barriers
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8  Pesticides

In the last years, the production and consumption of pesticides has increased con-
siderably. Consequently, theses pollutants have received great attention thanks to 
their wide range of chemical properties as well as to the high risk associated with 
their hazardousness. For this reason, different research groups are investigating the 
PRB-EK process [4, 45, 48, 78–80].

Wan and coworkers [43] investigated the couple of surfactant-enhanced electro-
kinetics (SEEK) and PRB composed of Pd/Fe particles in micro-scale to remove 
hexachlorobenzene (HCB) with aid of Triton X-100 surfactant. TX-100 was chosen 
due to its capacity to improve HCB’s solubility, promoting a reductive dechlorina-
tion. The authors observed that this combination increased the HCB removal by a 
factor of 4 compared with EK alone. They also proposed that using EK-PRB sys-
tem, the HCB was removed from soil through several sequential processes, that is, 
the movement driven by EOF in the anode column, the complete adsorption/degra-
dation by the Pd/Fe PRB, and the consequent movement by EOF.

Pentachlorophenol (PCP) is an important organochlorine compound used as a 
pesticide, general wood preservative, and broad-spectrum biocide, for this reason, 
PCB has been found from soil. The removal of PCP is difficult due to dissociates at 
different pH values along soil. Li and coworkers [42] installed reactive Pd/Fe 

•The degradation or mobilization of pollutants in situ without necessity to
bring them up to the surface, avoiding potential cross media contamination
•No need of transportation, storage or other disposal;
•No require continuous input of energy;
•Degradation of the contaminants is achieved not only the change of phase;
•No require discharge of effluent and consequently technical and regulatory
problems;
•Relative lower cost but due to a lack of long-term data, its cost-effectiveness
has not been proven

Advantages

•Management and monitoring of risks resulted from persistent contaminant
source required long period of time;
•The capital investment of PRB is very high then the treatment of its
counterpart technologies;
•It is depend exclusively relies on site qualities (hydrology, geochemistry and
geography);
•Underground structures, geological conditions, and site characterization are
common constrains for construction of this technology;
•Frequently, reactive media are removed at the end of operation or changed
during operation.

Disadvantage

Fig. 2 Schematic diagram of coupled EK-PRB for soil remediation
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particles as PRB to remove PCP into the soil. They coupling Pd/Fe-EK and investi-
gated the positioning PRB in a distance from anode of 3–5 cm and amount of Pd/Fe 
(0–50  g), the time of treatment (5–15 days) and electrolyte injected during Pd/
Fe-EK. Elimination of the PCP trough EK alone is difficult due to molecular PCP 
in the acidic region near anode was moved towards cathode, dissociated to anionic 
PCP in the basic region neat cathode. The investigation of PRB located at the posi-
tion of 0.3 cm (normalized distance from anode), while PCB at the anode side of 
PRB could transport through PRB, and PCP at the cathode side of PRB could not 
transport through PRB and was accumulated near PRB, that could be hardly dechlo-
rinated by Pd/Fe in PRB because of high pH attained in the compartment (pH 
around 10–12). The role of electrolyte addition was tested by considering acetic 
acid and Na2SO4, in order to decrease of pH and enhance PCP extraction. When 
acetic acid and Na2SO4 was injected from anode reservoir, the removal of PCP 
attained 49% and 22.9% respectively.

Souza and coworkers [12] examined the performance of a PRB filled with active 
carbon, installed between electrodes, with the aim of remove chlorosulfuron (CLSF) 
and 2,4-dichlorophenoxyacetic acid (2,4-D) from a kaolinite soil by applying com-
bined with reversible electrokinetic adsorption barriers (REKAB). CLSF and 2,4-D 
are classified as herbicides and have very different volatility values (0.02 MPa and 
3.0·10−6 MPa at 25 °C for 2,4-D and CLSF, respectively). So, evaporation rate is 
important parameter during EK remediation that can affect the contribution of soil 
treatment. They observed that REKAB promote for the removal of soluble pesti-
cides from soils and after 15 day more than 70% of the pollution can be removed. 
Moreover, the adsorption contributes to decrease of evaporation fluxes during soil 
treatment. On the other hand, removal of 2,4D and CLSF in electrolyte wells is less 
important in REKAB due to the reversion of polarity that effect on the pH regulation 
and on the prevention of the washing up of salts contained from soil.

Ruiz and coworkers [45] investigated the applicability of granular activated car-
bon (used as PRB) coupling with EK to remediate a soil contaminated with 
2,4,6- trichlorophenol (2,4,6-TCP). As expected, phenolates present negative charge, 
so EM direction was from cathode to anode and EOF have the opposite guidance. 
Temperature was monitored is this work because of pollutant’s volatility. This vari-
ant increased with electrical current increase which promotes heating. Observing its 
results, the authors noticed a cooling effect near electrodes wells due to add of flush-
ing fluids in it and by greater electrolyte resistance (lower ionic conductivity). 
Eighty percent of TCP was removed from soil in less than 1 week consuming below 
200 kWh/m3.

9  Petroleum

The displacement and subsequent removal of petroleum can be associated to those 
of PAH and TPH compounds that, under an electric field, are rather limited due to 
the fact that these pollutants are poorly soluble in water, and therefore also in the 
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soil solution [44]. Diesel are represented by TPHs compounds present in the petro-
leum. TPH are hydrophobic compounds; for this reason, is difficult to remove in the 
soil, consequently in same cases is necessary to use surfactants [37, 38, 44].

Mena and coworkers [37, 44] proposed the use of biobarrier consists of mixing 
of non-polluted kaolinite with the corresponding volume of raw biological activated 
sludge to obtain a similar moisture level as in the polluted soil. Remediation of clay 
soil polluted diesel using a combined biological permeable reactive barriers (BPRB) 
with EK technology. In addition to increase of solubility of diesel (low-solubility 
organics) was used sodium dodecyl sulfate as solubilizing agent, this compound 
modifies the properties of the pore fluid, influencing its dielectric constant, pH and 
viscosity. They observed that the increase of field applied (0.5, 1.0, and 1.5 V cm−1) 
enhance of removal efficiency (36%) after 2  weeks. The polarity reversal was 
observed contributed avoiding acid or basic fronts on the viability of 
microorganisms.

Yang and Long [46], investigated the removal of phenol in sandy loam soil 
treated by in-situ PRB-Electrokinetic-Fenton process and as PRB was used of scrap 
iron powder (SIP). The authors noticed that SIP amount is determine relating to 
remediation. For example, EOF decreased when SIPs amount increased; the cumu-
lative, H2O2 consumed mass present in anode increased as SIPs concentration 
decreased. In opposite, the cumulative, phenol increased mass in cathode had a 
reversal effect, for example, increased with a decreasing amount of SIP. Relating to 
the residual phenol concentration in soil, this concentration decreased with a 
decreasing amount of SIP. Removal of pollutants is associated with EO permeabil-
ity (Kc), so, to increase this rate, it was noticed that is favorable by decreasing 
SIP. Comparing the Kc results in EK alone process with Fenton coupled with EK, 
the first one showed greater values, but, EK alone just promotes phenol removal and 
by applying Fenton both removal and chemical oxidation contributions occur.

The removal of trichloroethylene from spiked two types of soil were studied: 
sandy loam and loamy sand was investigated by Yang and Liu [47] by coupling an 
electrokinetic-Fenton process and (SIP) as PRB constituted only of magnetite (type 
I) and a mix of magnetite, hematite and maghemite (type II). When FeSO4 (0.098 
and 0.0196 M) and then replaced H2O2 in the anodic reservoir to promote the forma-
tion of hydroxyl radicals. In particular, destruction potential of TCE is related with 
SIP size, once a smaller particle improves this reaction, but, on the other hand 
reduce the overall treatment efficiency. In fact, smaller granular size provides a 
greater surface area, thus more Fe(OH)3 precipitates forming on the iron wall and 
lowering Kc. Moreover, EOF also is affected due to size of SPI. Results showed a 
better removal of TCE when one wall of SIP type I (UPF-030) was placed (88.91%) 
in soil type I (loamy sand) comparing to SIP type II (86.83%) and FeSO4 (77.41%); 
all were performed with graphite electrode.

The electrokinetic remediation have been investigated coupling PRB constituted 
of active carbon by Santos and coworkers [13]. A comparison was realized by con-
sidering clopyralid removal through adsorption. Two types of electrokinetically 
assisted soil flushing (EKSF) were applied in this study: one using permeable reac-
tive barrier (EKAB) and a second one performing a reversal EKAB (REKAB). 

D. C. de Andrade et al.



355

Results presented clopyralid removal through adsorption, EK transport and evapo-
ration. REKAB is characterized by a polarity reversal, mechanism also applied by 
[3, 13]. The advantage of reverse electrodes polarity relays in controlling its pH—
neutralization of H+ and OH− ions produced—without adding buffer solutions and 
provide a greater retain capacity of the organic in the GAC. Besides that, exchang-
ing electrodes promotes a change in electroosmosis and electromigration flux of 
clopyralid, favoring its mobilization. During EKAB tests, a graphite consumption 
of the electrodes due to electric current was noticed, showing the necessity of peri-
odical replacement. In REKAB tests, this effect did not occurred but current inten-
sity decreased over time, probably due to changes in medium resistance. Comparing 
removal rates of a reference process (without applying electrokinetics), EKAB and 
REKAB, only 3% of clopyralid was evaporated for process number 1, remaining 
97% in soil. For EKAB and REKAB, a greater extraction was identified (45% 
vs. 57%).

10  Inorganic Contaminants

Soil contamination associate with heavy metals represents a worldwide problem for 
human health and the environment. Heavy metals are unintentionally introduced to 
the soil as by-products of various anthropogenic activities, which include metals 
extraction through smelting, waste disposal, and agrochemical applications. 
Currently, estimates expose that 20 million hectares of land are contaminated heavy 
metals (Pb, Ni, Cr, Co, Cd, As, Fe, and others), at soil concentrations higher than the 
normal geochemical baseline or regulatory levels [81].

In recent years, the PRB approach has been shown to improve the contaminated 
soil with heavy metals [77]. However, several research groups have observed that 
PRB-EK can be help eliminating the pollutants from the soil by promoting ion 
exchange, the redissolution of precipitates or simply by dragging pollutants through 
complexation reactions. In order to decrease the problem associate with decontami-
nation of the wastewater generated during the soil treatment.

Cappai and coworkers [22] studied the removal of Cr(VI) and As(V) from soils 
by an enhance PRB (it was used transformed red mud (TRM)) integrate with 
EK. When the TRM was used as PRB near anode influenced on the electromigration 
of Cr(VI) and AS(V), electroosmotic flow (EOF) and removal percentage these spe-
cies from soil. In chromium runs, was observed that the current profile was higher 
than (25–28 mA compared with 11–17 mA without the reactive barrier) when TRM 
was present because of Cr movement towards anode and its accumulation in the 
anodic chamber. Besides that, there was a decrease in the ion strength due to pos-
sible TRM dissolution in Mg, Ca, aluminates, sodium silicates, and aluminium 
hydroxides. The EOF when the transformed red mud was present was less than in 
tests performed with RB owing to Cr migration in direction of the anode which is 
opposite to electroosmotic flow. The removal rate was higher at 12 days of duration 
and with increasing TRM mass from 12 to 50% in the RB, leading to 60.6% of total 
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Cr trapped in. This percentage removal was due to an acidic front which decreased 
soil adsorption capacity for chromium oxyanions, increasing EM towards anode. In 
arsenic runs, the current profile increased rapidly, then decreased, stabilizing in a 
constant value. Unlike chromium, arsenic EOF with RB in the runs was higher than 
without. As(V) removal was very low during EK (~29%) in 12 days. This result can 
be explained by acidification in the anode which promotes As(V) protonation, thus 
decreasing its movement by electromigration. Beyond that, this environment can 
lead to H3AsO4 formation, an uncharged compound, which is transported only by EO.

Gioannis and coworkers [39] also worked with TRM as the reactive barrier inte-
grate to EK. They also noticed that electromigration to anode and to TRM PRB was 
enhanced by the contaminated soil acidification suppress. This was due to acid neu-
tralizing, resulting in an oxyanions desorption under alkalinity present in the cath-
ode. Hydrogen ions production on anode decreased pH, allowing oxyanion sorption 
capacity of the TRM PRB. Process duration and pH conditions were determining to 
total chromium removal efficiency (~93%). In relation to alkaline non-extractable 
Cr, the absence of RB resulted in higher percentage due to chromium reduction 
under acidic conditions, once every Cr(VI) is alkaline extractable. As Fe2+ is present 
in the soil, redox reactions occurs, decreasing the contaminant removal by Cr(III) 
accumulation near anode, in the acidified soil. Another effect also observed in this 
study compared with Cappai and coworkers [22] was the increasing percentage 
removal when TRM mass increased (from 15 to 30 g). This can be explained through 
a strong binding between chromium on the RB.

Ferritization method also was used by Kimura and coworkers [20] as the treat-
ment zone (FTZ), placed near cathode, for copper remove from soil due to its metal 
ions insolubilization capacity and by changing this components to the magnetic 
material (copper-ferrite). Acidic conditions, once more, are highly needed for metal 
removal. The authors observed that this kind of environment enables metal and 
metal oxide transformation into metal ions, which are strongly adsorbed by ion- 
exchange mechanism on a clay mineral soil. This method can remove several haz-
ardous metal ions at the same time and treat Cr(VI) and Mn(VII) without especial 
pretreatment [82]. Those metals are separated easily by sedimentation or magnetic 
separation. Also, ferritization does not need a treatment for water produced during 
EK [20].

Zhang and coworkers [6] incorporated a calcined hydrotalcite–based PRB for 
Cr(VI) removal due to its high anion exchange and regeneration capacities. The 
authors understood the synergistic effect of this coupled process through increasing 
in anionic chromate concentration in the anode region by EK with PRB absorption 
and immobilization capacities. Another characteristic which enables hydrotalcite as 
a PRB is its antacid type of material, capable of suppress acidification and enhance 
EK. It was observed that no DC voltage applied resulted in almost 100% removal of 
chromium in only 3 h. Applying 20–30 V, this percentage was achieved after 250 h. 
When placing RB near anode, chromate anions as CrO4

2− are quickly absorbed, 
reducing Cr(VI) concentration gradient and increasing its removal.

Suzuki and coworkers [83] compared the efficiency of two PRBs —magnetite 
and zero-valent iron—for Cr(VI) removal. According to Zhang and coworkers [6], 
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zero-valent iron as a reactive barrier has the disadvantage of consequent precipita-
tion because of iron corrosion, thus decreasing its permeability and prohibiting its 
filler activity. As a result, Cr(VI) was reduced but Cr(III) recovery in the PRB was 
low. This study showed that magnetite PRB reduces Cr(VI) to Cr(III), favoring 
acidic conditions, without releasing Fe2+ in the aqueous phase. By controlling anode 
pH at 6.8, the authors could prevent Cr(VI) sorption onto the kaolinite and conse-
quently its migration towards magnetite PRB and the oxidation state that block it 
conversion to Cr(III). The negative point of this was that 18% of Cr(VI) passed 
through magnetite PRB. The solution was to increase reaction time by applying a 
cation exchange membrane between this PRB and the anode. The removal rate for 
magnetite was almost 70% and for zero-valent iron was near 5%.

A polyacrylonitrile nanofiber (PANN) membrane as PRB was developed by 
Peng and coworkers [78]to remove Zn2+, Fe3+ and Ca2+ because of its excellent phys-
icochemical properties, for example, heat and corrosion resistance. This nanofiber 
membrane can be improved by narrowing its nanopore diameter and by applying 
electrospinning technology to get high molecular weight polymers [84]. This mem-
brane helped to improve acidic-basic zone, thus enhancing the remediation process. 
It was noticed that removal rates with PRB were higher when a lower initial ions 
concentration and pH were set. The main reason to this effect is due to limited 
adsorption and complexation capacities of PANN, which had influenced in the ionic 
movement as well. In relation to runs without PRB, increasing voltage resulted in a 
higher removal efficiency. Increasing voltage from 25 to 50 V, ions penetration rate 
into PANN increased. It can be explained by a stronger EM, accelerating ZnO2

2− 
and FeO3

3− to anode and Ca2+ to cathode. Besides that, an increase in migration 
function makes metal ion binding to the nanofiber not so strong, leading to the for-
mation of CN− complexes in PANN. Electroosmotic flow towards electrodes 
enhanced metal ion removal because of a higher current and, consequently, ion 
movement. At 50 V, the efficiency was increased but DC power and temperature 
operation also increased. Considering all statements, the best conditions to remove 
these metals were at 25 V and pH = 1.2 and the results were: Zn2+ 99.15% Fe3+ 
98.03% and Ca2+ 99.73%.

Yuan and coworkers [85] removed arsenic using two types of carbon nanotube: 
one purified with 0.3 M HNO3 (CNT) and another coated with cobalt (CNT-Co) as 
PRB. The removal of this contaminant is related to sorption on a surface area and so 
CNT-Co has a great surface area. EDTA was applied as processing fluid due to its 
low molecular weight and formation capacity in water-soluble complex with several 
metal ions. Groundwater was also used as a processing fluid, but its removal results 
were lower (66% compared with 74% applying EDTA). As arsenic mainly exists in 
anionic form, more of it was collected at anode compartment. Comparing results 
without PRB and groundwater as processing fluid, there was an improvement from 
35 to 74%, showing how EK was enhanced. When CNT adopted, the removal rate 
was similar to the one achieved without a PRB. An As(V) uptake was identified in 
the acidic pH due to a lower potential release of Co from CNT. Although this event 
occurred, less of this metal was removed by electroosmotic flow near anode. EOF 
was dominant when groundwater was the processing fluid and EM dominated when 
EDTA was applied.
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Saeedi and coworkers [4] performed EK remediation by employing an activated 
carbon (ACB) as permeable reactive barrier, placed beside cathode well, to remove 
nickel from a kaolinite soil. This PRB presented a successful result of reversed EOF 
prevention, which has a negative effect on Ni removal. The reverse EO occurrence 
may be explained by a high Ni (500 mg/kg) content, which increases ionic strength, 
in the tests without PRB, thus influences soil zeta potential. Once clays surface 
charge depends on pH and ionic strength, a change in net surface charge results in 
an opposite EO direction. Furthermore, nickel in its high concentration may inter-
acted with clay’s surface. As consequence, the reverse EO flow occurred the end of 
the second process day. When ACB was placed, some Ni2+ was absorbed. Hence, 
ionic strength diminished and this reversal effect did not happen. KNO (0.05 M) 
was used as conducting fluid because of its higher conductivity compared to dis-
tilled water, once facilitates ions migration. The best rate removal was 50.6% apply-
ing 1.25 V/cm during 3 days.

From an economic, social and environmental points of view, recycling unusable 
materials are very important due to its large production and its negative impact 
when are disposal at wrong places. Many researchers are studying ways to reuse 
these resources and some of them from Korea applied carbonized foods waste 
(CFW—85% oxygen, calcium and carbon) as an option for PRB filling material. 
Han and coworkers [3] compared this kind of material with zeolites in order to 
remove Cu from a low permeable soil—kaolinite, achieving 84.6% of efficiency for 
CFW, which was 4–8 times greater than zeolites potential, through adsorption iso-
therms examining. CFW was placed in the increasing point of pH, near cathode, to 
remove Cu by adsorption and those heavy metals in soil which could not be removed 
with PRB were separated through electrodes exchange. Five solvents were tested to 
be the EK enhancer in the anode: HCl, acetic acid, citric acid, ethylene diamine tetra 
acetic acid (EDTA), and sodium dodecyl sulfate (SDS). The first two are considered 
hydration sedimentation preventers which are caused by electrical current. Citric 
acid and EDTA has the same capacity of HCl and acetic acid for metal ions for the 
sake of the surfactant and the chelating of chelate-zero metal ions. SDS showed 
more constant pH values but acetic acid was the chosen one owing to its electrical 
conductivity stability and biodegradable capacity. Two effects were noticed during 
EK-PRB experiments: first, EOF increased with increasing process time and elec-
tric current density; second, the electrical current density compared between the 
following polarity reversal and before that was lower. The electrode exchange was 
performed to have a better removal of precipitated Cu near cathode. This response 
can be elucidated due to a great number of Cu being remediate by PRB-CFW 
through adsorption or sedimentation. An economic evaluation was made and by 
adding acetic acid and energy cost, to remediate 84.6% of Cu was spent 32.2 US$/
m3, once CFW cost is close to zero.

Huang and coworkers [52] removed several heavy metals, for example, Zn, Pb, 
Cu, and Cd from Municipal Solid Waste Incineration (MSWI) fly ash with activated 
charcoal as the PRB material. Once more, pH control has a significant role for metal 
ions extracting, since it affect adsorbent electrical properties, the ionization degree 
and adsorbate speciation. The authors observed that a basic pH promotes a better 
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percentage withdraw of the heavy metals because there are reductions in competing 
ions (Al3+ and Ca2+), monovalent cations or non-soluble hydroxides formation and 
heavy metals combining with functional groups on adsorbent surface. Other effect 
was the concentration of activated charcoal in remediation which increased Zn, Pb, 
Cu, and Cd removal by increasing its quantity. Higher percentage removal was 
obtained using a adsorvent concentration at 10 g/100 mL. It happened once more 
surface area was available, thus more active sites were accessible to bind these 
metal ions. To enhance EK-PRB tests, oxalic acid (0.05 M) was added every 2 days, 
promoting a called ENEKR-PRB, to decrease pH gradient between sections S2 and 
S3. Removal rates were greater at 15 days, 2 V/cm, and 0.1 mol/L; Zn: 78.34%, Pb: 
62.45%, Cu: 80.14%, and Cd: 46.25%.

Fonseca and coworkers [51] used a different approach by applying a bio barrier 
constituted of Arthrobacter viscosus supported in reactive materials, e.g., zeolites or 
an activated carbon to reduce Cr(VI) to Cr(III) and so entrap in the physical support 
through adsorption or ion exchange. This bacterium is a great enhancer due to its 
capacity of exopolysaccharides producing which makes this microorganism be able 
to attach itself to a support. Cr(VI) reduction is a positive point relating to chro-
mium removal according to the “adsorption coupled reduction” theory, once triva-
lent cations entrapped more effectively on zeolites and activated carbon supports 
[40, 49, 50]. The electric field applied in the experiments promoted a decrease in 
Cr(III) concentration from the bio barriers to the cathode, elucidating EM influence. 
It was detected an amount of Cr(III) in the anode when the activated carbon was the 
PRBB higher than with zeolites (1.6 vs. 0.3 mg). The explanation relays in the bio 
barrier saturation with chromium trivalent, thus Cr(VI) was transported through it 
and because activated carbon has a higher porosity and specific area. Zeolites pres-
ent a higher compact structure which interrupts Cr(VI) oxyanion ionic migration 
and its dispersion on bio barriers, making its conversion difficult.

Zanjani and coworkers [54] implemented activated carbon near anode, in the 
middle section and near cathode to remove nickel from a kaolin soil. Results showed 
that Ni migration was bigger when PRB was placed beside the cathode. The same 
reason presented by Saeedi and coworkers [4] to use activated carbon as PRB was 
considerable, which is to prevent reverse EOF. Weng and coworkers [53], although 
worked with zero-valent iron (ZVI) as PRB, also detected a reverse EOF during 
chromium remediation when ZVI was not used. The authors attributed this effect to 
anions existing in the soil due to high Cr(VI) concentration and so anions migration 
was faster than cations. In Zanjani and coworkers [54] study, this occurrence when 
activated carbon was not applied is owing to high nitrates ions content. However, 
when PRB experiments were carried out, due to an increase in sorption capacity [5], 
reverse EOF was extinct. Because initial soil pH was 8.2, a relatively low removal 
rate was observed (47%), but applying a constant voltage of 1 or 1.25 V/cm resulted 
in a powerful acid front causing Ni removal increase.

Xu and coworkers [86] described Cr(VI)-contaminated farmland soil remedia-
tion using an PRB constituted by hydrocalumite (CaAl-LDH)—a low-cost and long 
term feasible material. This kind of reactive material promoted a decrease in Cr(VI) 
content when results showed more oxidizable and residual fractions of it in soil. 
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Relating to the migration rate observed, when applied PRB, it was a little faster than 
without PRB because the reactive barrier capture the metal ion in-time, which 
reduced chromium accumulation influence on its migration. Removal rates from 
Cr(VI) for EK and EK-PRB test were, respectively: 85.5% and 96.49%; and for 
total Cr were: 40.97% and 69.34%. The low removal rate achieved of total Cr is due 
to Cr(III) production. Table  3 presents a summary of operational conditions to 
remove heavy metals from soil by applying EK coupled with different PRB found 
in literature.

11  Simultaneous Inorganic and Organic Remediation

Atomizing slag—a composite of CaO, FeO, and Fe2O3—was employed by Chung 
and Lee [88] as PRB to remove TCE and Cd from a clay soil, since it dechlorinates 
TCE, enhancing its removal. Atomizing slag is produced when conventional slag is 
cooled in a slow manner. It was chosen due to its good strength and its characteristic 
of not releasing toxic materials. Besides that, it is a low-cost material. The removal 
of Cd was slightly higher than TCE because of electro-osmosis and electromigra-
tion (positive charge). The recovery rate for Cd was lower than TCE’s because of 
the difference between adsorption for Cd and the depletion for TCE.

A new type of bamboo charcoal was used by Ma and coworkers [89] as PRB for 
2,4-dichlorophenol (2,4-DCP) and Cd removals from soil because of its excellent 
adsorption characteristic for nitrate-nitrogen, heavy metals, harmful gases and its 
capacity for water or air purification. Two factors influence positively EK when soil 
type is taken into account: first, only 5.33% of organic matter and 11.21% of soil 
particles were lower than 2 μm were present in soil and secondly a coarse grain 
structure soil improves metal movement. The authors observed that Cd removal was 
greater than the organic pollutant owing to coupled EO and EM. It is known that 
electromigration is the main process during electrokinetics remediation; thus, when 
pH is neutral, positively charged ions of Cd (Cd2+ and Cd(OH)+) migrate to cathode. 
Sandy soil was chosen to be contaminated with these two pollutants regardless 
shows low total porosity and weak EO due to its high permeability and low water- 
holding capacity. Although neutral pH is favorable to remove Cd, it is a disadvan-
tage for 2,4-DCP removal, once it exists as non-dissociated form, turning its 
movement difficult. In addition, 2,4-DCP electroosmosis decreases with a decrease 
in soil water content. Another result found was related to the electric consumption. 
A highest electric consumption was noticed when there was 12  h interval, once 
polarity reversal changed migration direction of charged contaminants repeatedly. 
When 24 h intervals were applied, it was perceived a greater efficiency in removal 
rates and less energy consumption compared to 12 h, probably due to Cd and 2,4-
DCP did not reach the treatment zone before polarity changed in the second case. 
As a result, with 12 h of interval, the efficiency was 40.13 and 24.98% and with 24 h 
of interval it was 75.97 and 54.92% of Cd and 2,4-DCP, respectively. Energy con-
sumption values were 12.24 and 11.61 kWh m−3 for 12 and 24 h of interval, respec-
tively [90, 91].
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Table 3 Operational conditions of heavy metals removal from soils using PRB-EK

Pollutant PRB Experimental conditions
Observations—best 
results Ref.

Cr(VI) 
1000 mg kg−1

As (V) 
100 mg kg−1

Transformed red 
mud (adsorption)

Illitic-kaolinitic soil 
(2 mm sieve), 1 V cm−1 
(30 cm long), 20% initial 
moisture, soil pH = 5.49, 6 
and 12 days duration

Total Cr:
(6 days): 19.4% in 
the anolyte and 
20.6% trapped in 
PRB
(12 days): 60.8% in 
the anolyte and 
25.5% trapped in 
PRB
As:
(6 days): 16%
(12 days): 29%

[22]

Cr (VI) 
1000 mg kg−1

Transformed red 
mud (adsorption)

Kaolinite, illite, and quartz 
soil, 1 V cm−1 (30 cm 
long), 15% initial 
moisture, soil pH = 5.5, 6 
and 12 days duration, 15 
and 30 g of TRM

Total Cr, non- 
extractable Cr and 
trapped in PRB: (6 
days) and 15 g of 
TRM: 33.6, 42.4, 
and 54.4%
(12 days) and 30 g of 
TRM: 40.3, 59.5, 
and 93.2

[39]

Cu(II) 
50 mg kg−1

Ferrite treatment 
zone (ferritization)

Kaolin soil +0.1 M 
HCl + 0.1 M NaOH, 
2 V cm−1, 30% initial 
moisture, soil pH = 7, 
1000 mg kg−1 of ferrite in 
FTZ, 4 days duration

92% was converted 
to copper-ferrite

[20]

Cr (VI)
0.16–1.65 mg g−1

Calcined- 
hydrotalcite 
(adsorption)

Loam and kaolin soil (100 
mesh sieve), 
0.7–2 V cm−1, soil pH = 6, 
flowing solution: 0.1 M 
HCl, flow rates: 0, 0.1, 
0.2, and 0.3 ml min−1

80% under 2 V cm−1 
in 4 h
>99% under 30 V in 
3 h

[6]

Cr (VI) 
8.3 mg kg−1

Magnetite 
(reduction)

Kaolinite +0.001 M HCl 
in 1 M NaNO3, NaClO 
and 0.01 M NaNO3, 
1 V cm−1 (20 cm long), 
50% initial moisture, 5 
days duration

70% [83]

Zinc 5, 25 and 
100 mg kg−1

Iron 10, 25 and 
150 mg kg−1

Ca 100, 150 and 
300 mg kg−1

Polyacrylonitrile 
nanofiber 
membrane 
(adsorption)

Coal gangue heap soil, 10, 
25 and 50 V, pH = 1.2, 4, 
7, and 10 with HCl or 
NaOH, 13 days duration

10 V: 86.81, 69.16, 
88.1%
25 V and pH = 1.2: 
99.15, 98.03, 99.73%
From 25 to 50 V: 6 
to 44%, 31 to 34% 
and 2 to 16%

[78]

(continued)
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Table 3 (continued)

Pollutant PRB Experimental conditions
Observations—best 
results Ref.

Arsenic (V) 
855–972 mg kg−1

Carbon nanotube 
coated with cobalt 
(adsorption)

Clay soil (2 mm sieve), 
processing fluid: Local 
groundwater and 0.25 M 
EDTA, soil pH = 8.5, 
2 V cm−1, 5 days duration

With groundwater: 
66%
With EDTA: 71–77%

[48]

Nitrate 
100 mg kg−1

Anion exchange 
resin (Purolite 
A-520-E) (ion 
exchange)

Spiked kaolinite soil, 1 to 
2 V cm−1, soil pH = 4.9, 
tap water as processing 
fluid, 37.5% initial 
moisture, 15, 25, and 40 V, 
7 days duration

90% [2]

Ni 500 mg kg−1 Activated carbon 
(adsorption)

Kaolinite soil, 1 and 
1.25 V cm−1 (15 cm long), 
soil pH = 8.2, conductive 
solution: 0.05 M KNO, 3 
and 7 days duration

37.06–50.6% [4]

Cu 500 mg kg−1 Carbonized foods 
waste (adsorption)

Kaolinite soil, acetic acid 
as enhancer, soil 
pH = 4.5–5.5, 60% initial 
moisture, polarity reversal 
after 8 and 10 days, 20 
days duration

53.4–84.6% [3]

Zinc 
5256.25 mg kg−1

Pb 
2047.26 mg kg−1

Cu 
593.33 mg kg−1

Cadmium 
149.02 mg kg−1

Activated charcoal 
(adsorption)

MSWI fly ash soil (200 
mesh sieve), 1, 1.5, and 
2 V cm−1, oxalic acid as 
enhancer (0.05, 0.1 and 
0.2 M), 5, 10, and 15 days 
duration

Zn: 54.32–78.34%
Pb: 42.12–62.45%
Cu:  47.16–80.14%
Cd:  34.91–49.23%

[52]

Cr (VI) 
50 mg kg−1

Activated carbon 
(reduction)
Arthrobacter 
viscosus 
(adsorption)

Spiked kaolinite soil, 30% 
initial moisture, 10 V, 
0.1 M NaOH to adjust 
anode pH and 2 M HNO3 
to adjust cathode pH at 5, 
9 and 18 days duration

(9 days):  22% and 
17% conversion
(18 days): 79% and 
44% conversion

[51]

Cr(VI) 
50 mg kg−1

Zeolite 13X 
(reduction)
Arthrobacter 
viscosus 
(adsorption)

Spiked kaolinite soil, 30% 
initial moisture, 10 V, 
0.1 M NaOH to adjust 
anode pH and 2 M HNO3 
to adjust cathode pH at 5, 
9 and 18 days duration

(9 days):  47% and 
44% conversion
(18 days):  60% and 
45% conversion

[51]

(continued)
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1  Introduction

Hazardous waste discharge into the environment is unceasing in modern societies, 
which is caused not only by the ever growing waste generation from a myriad of 
human activities, but it also derives from improper waste disposal, deficient mainte-
nance of infrastructures and accidental leakage and spillage. As a result, all the 
environmental compartments of biota (air, water, soil, and aquatic sediments) are 
nowadays seriously jeopardized. Soil contamination is particularly worrisome, not 
only because it directly affects the viability of plantations and the quality of crops, 
but also because percolation of chemicals can indirectly poison the aquifers. This is 
a quite serious problem, since groundwater constitutes the main source of freshwa-
ter for human and animal consumption in many countries, being also employed by 
small producers in the agri-food sector. Based on a recent report entitled ‘Progress 
in the management of contaminated sites in Europe’ by the European Soil Data 
Centre (ESDAC) of the European Environmental Agency (EEA), as of December 
2019, there are an estimated 340,000 contaminated land areas in Europe [1]. Heavy 
metals [2] and organic molecules like pesticides [3] and polycyclic aromatic 
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hydrocarbons (PAHs) [4] are the main target pollutants. In Europe, the management 
of polluted land currently involves a total estimated cost of €6.5 billion per year.

Currently, a cornucopia of technologies is available to cleanup contaminated sites. 
Remediation technologies include a vast range of operations to reduce the pollution 
of the site and its associated toxic effects. The primary strategies to remediate soil, 
sediment or sludge, which can be used in the form of single or combined technolo-
gies, can entail one or more of the following effects for the contaminants: (a) immo-
bilization; (b) extraction or separation; and (c) destruction or alteration. Among 
them, the biological, physical/chemical, and thermal treatments can be performed in 
situ (i.e., treatment of contamination performed in the original place, without signifi-
cant alteration of the soil matrix) or ex situ (assuming excavation of affected soils and 
its treatment on site or off-site; soil flushing/washing techniques can be alternatively 
suggested) [5]. According to the United States Environmental Protection Agency 
(USEPA), other methods include containment, retrieval, and off- site disposal.

Whenever possible, in situ technologies are the recommended choice, since they 
avoid the dangers and costs related to transportation, thus becoming more ecologi-
cal and cost-efficient than their ex situ counterparts. Among them, in situ thermal 
methods give rise to the so-called In Situ Thermal Remediation (ISTR) or In Situ 
Thermal Treatment (ISTT). Several methods have been developed over time, since 
it does not exist a universally adequate thermal treatment technology that can be 
considered as optimum against any type of pollutant and soil. The main effect of 
ISTR is the increase of the subsurface temperature, which may favor different pro-
cesses experienced by the pollutant and/or the water (vaporization, volatilization, 
dissolution, desorption, and transport/mobilization), depending on the variation of 
physical properties like solubility, density, viscosity, interfacial tension, etc. Final 
liquid pumping is an option, although vapor extraction is more typical. Therefore, 
these technologies are especially well suited to remove volatile organic carbons 
(VOCs) and semi-volatile organic carbons (sVOCs) such as petroleum hydrocar-
bons and halogenated solvents. For example, it has been reported that a suitable 
ISTR attains over 99% hydrocarbon removal in a relatively quick manner (from 
hours to months depending on the magnitude of the problem) [6]. Worth mention-
ing, cleanup of dense non-aqueous phase liquid (DNAPL) source zones (i.e., sub-
surface portion) at heterogeneous sites via ISTR technologies is gaining importance 
[7]. DNAPL may consist of chlorinated solvents, creosote, polychlorinated biphe-
nyls (PCBs) and coal tar. It frequently sinks in groundwater, further forming a pool 
above a low permeability area or becoming trapped as residual. This is a particularly 
challenging case to manage because these zones can undergo flow bypassing of 
injected amendments, causing back diffusion from zones with lower permeability 
[8]. Thermal methods may overcome this limitation thanks to the smaller spatial 
variations in thermal and electrical properties as compared to 3D changes in aque-
ous phase (i.e., hydraulic) permeability. As will be presented, non-volatile pollut-
ants can also be treated by these methods in more advanced setups. Potential 
drawbacks of thermal treatments are the energy consumption and possible damage 
of soil because minerals and organic matter may decompose, although more research 
is needed to quantify the impact on soil quality and hence, on agricultural 
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characteristics [6]. As a rule of thumb, the lowest effective temperature should be 
employed in ISTR to avoid such collateral effects.

From an electrochemistry point of view, ISTR technologies encompass two dif-
ferent categories, namely non-electrochemical and electrochemical thermal meth-
ods. Some brief considerations of the former ones are presented in the first subsection 
below, whereas the main insights types of the latter methods are summarized in the 
second. Literature sources classify some of these technologies under the global 
name of dynamic underground stripping (DUS) when their purpose is to remediate 
soil with organic pollutants.

The readers of this chapter will realize about the range of possibilities that are 
currently available to induce the removal of contaminants from soil upon tempera-
ture changes experienced by the medium, focusing the attention on applications in 
which an electrical current is applied. This is an updated survey, descriptive rather 
than critical, to offer a comprehensive view of this niche group of technologies. 
They have received more attention from industrial partners than from researchers, 
which is justified by the complexity and high cost of experimental setups needed to 
emulate real polluted sites. Also worth highlighting, electrochemically-assisted soil 
remediation gathers a group of techniques for which the extrapolation from labora-
tory to real scale is less consistent, as will be discussed below. Significant differ-
ences have been observed in pollutant removal when comparing small synthetic soil 
samples, pilot plants, and actual sites. Therefore, sound data and robust models 
must be directly obtained from field trials.

1.1  Non-electrochemical ISTR

At present, a large series of non-electrochemical ISTR technologies is available for 
soil remediation. Triplett Kingston et al. identified the geological settings in which 
they can be applied, and results were presented assuming five idealized geologic 
scenarios [7]. This subsection summarizes the key details and applications of the 
following methods: thermal desorption (TD), hot air injection, steam-based heating, 
smoldering, incineration, and vitrification.

TD consists in heating soils with the intention of volatilizing/desorbing the con-
taminants, thereby transporting the off-gases by a sweep gas or vacuum, followed 
by their destruction or adsorption [6]. Although volatilization/desorption are the 
most frequent effects of soil heating, TD systems often achieve oxidation/incinera-
tion and pyrolytic reactions like thermal cracking. The predominance of one or 
another mechanism depends on the temperature and oxygen distribution. TD appli-
cations are frequently carried out at more than 110  °C, being divided into low- 
temperature thermal desorption (LTTD, at 100–300  °C) and high temperature 
thermal desorption (HTTD, at 300–550 °C). The removal efficiency of LTTD and 
HTTD can be greater than 99%, although treatment time varies significantly with 
configuration and contaminant. Current research involves the optimization through 
temperature refinement, effective vapor treatment and vapor-scrubbing issues to 
remove by-products generated [9].

Electrochemically Assisted Thermal-Based Technologies for Soil Remediation



372

TD can be performed ex situ or in situ (ISTD, also called conductive heating or 
thermal conduction heating (TCH) [7]). Reported costs per metric ton range from 
$46 to $99, and between $70 and $460 (considering 2016 USD), respectively [6]. 
Due to lengthy heating times, ISTD can take weeks to years, while ex situ TD can 
be completed within several minutes.

In ex situ TD, soil is excavated, transported, and heated in a TD facility. 
Alternatively, the excavated soil can be placed into covered piles that are heated via 
gas/diesel burners or heater rods to desorb contaminants (so-called thermopiles) [9]. 
A closely related technology is pyrolysis, which is based on the same setup but 
maintaining an anoxic atmosphere. On the other hand, TD can be operated in situ 
employing dual heater/vacuum wells to desorb and remove contaminants via vapor 
extraction (Fig. 1). Although thermal conductivity is not much affected by soil het-
erogeneity and contaminant dispersal, thermal conduction heaters allow a uniform 
heating of the whole target area. ISTD is typically performed at low temperature 
(250–300 °C) [10]. However, to ensure sufficient heating in a quick manner through-
out the contaminant zone, soil near the heaters may attain high temperatures 
(800–900 °C). Initial soil heating to promote desorption in the contaminated zone 
may be rather slow because of the relatively low soil heat capacity. Radiative heat 
transfer dominates in the zone close the heaters, whereas thermal conduction (i.e., 
heat transfer via direct contact of soil particles) prevails far from the heating 
sources [6].

In practice, heating and removal mechanisms in ISTD vary spatially depending 
on the distance to the heat/vacuum wells. In general, anoxic conditions are preferred 

Fig. 1 In situ TD utilizes dual heater/vacuum wells to heat soils and remove contaminants. Off- 
gases are collected for reuse or disposal. (Reproduced with permission from [6]. Copyright 2016 
Elsevier)
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to avoid combustion, but this is not always ensured. Heavy hydrocarbons in over-
heated soil preferentially undergo thermal cracking (usual at 300–500  °C) over 
desorption if oxygen content is low, and it is rather incinerated/combusted if oxygen 
content is high. This is not easy to control because oxygen concentration changes 
due to gas flow and smoldering.

Hot air injection is an in situ method used to enhance the contaminant mobility 
and its subsequent extraction. It is an energy-intensive process because, due to the 
low heat capacity of air, large volumes of air at high temperatures are required to 
heat soils up to pollutant desorption temperature. Steam is often combined with hot 
air to increase the desorption efficiency. Hot air injection is typically used with bio-
remediation or other processes, and its most common application is hydrocarbon 
removal, from light fuels to crude oils and creosotes. Treatment costs range from 
$54 to $82 per metric ton [6].

Steam-based heating, so-called steam injection or steam-enhanced extraction 
(SEE) [7], was first developed by the energy industry for enhanced oil recovery. In 
general, injected steam causes a decrease in contaminant viscosity alongside soil 
heating. It is a more efficient alternative than hot air injection because steam has a 
higher heat capacity. As in TD, steam also causes the desorption and evaporation of 
volatile hydrocarbons. There exist three primary steam-delivery methods for large- 
scale application: (a) Steam/vacuum wells, (b) steam injection through drill bits, 
and (c) steam injected beneath the contaminant zone, which condenses and flows 
upward as hot water [6]. The setups are analogous to that shown for ISTD in Fig. 1, 
also requiring gas/vapor post-treatment. SEE is particularly effective against organic 
contaminants with boiling points under 250 °C, but the efficiencies vary depending 
on soil type, contaminant polarity and vapor pressure. Treatment costs range from 
$37 to $380 per metric ton [6].

Note that some author described the combination of in situ soil mixing with 
steam and hot air injection as a distinguishable technology [7].

Smoldering (or smoldering combustion) is a slow, flameless combustion process 
that can be self-sustained if fuel and oxygen demand is met. Combustion transforms 
the contaminants into heat, carbon dioxide and water. Heat is thus transferred 
through the soil matrix. The typical temperatures in smoldering are considered low, 
ranging from 600 to 1000 °C, although they are discontinuous in space and time. 
The ignition of contaminants to initiate smoldering remediation may take several 
hours. Once started, heat supply can be stopped and the process can be controlled 
via modulation of the air injection rate [6]. The dominant mechanism for decon-
tamination is the exothermic combustion, which co-exists with desorption and 
pyrolysis (endothermic). Heater/vacuum wells, as those employed in TD, can be 
also utilized for smoldering remediation. The application of this technique is limited 
at field-scale, being the treatment of DNAPL the most addressed case. Costs are 
estimated to be $260–$330 per metric ton [6].

In-site incineration, which does not require excavation, known as on-land burn-
ing or open burning, can be difficult, costly, and unpredictable [11]. Therefore, 
incineration is preferably applied as an ex situ technology. Finally, in situ vitrifica-
tion involves the melting (1600–2000 °C) and fusion of contaminants and soil into 
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a glass-like solid, providing heat via molybdenum electrodes. It has been especially 
tested for treating radioactive waste in addition to petroleum. As mentioned for the 
majority of non-electrochemical ISTR technologies, volatiles desorb and are treated 
afterwards.

The three latter technologies summarized can effectively treat nearly all hydro-
carbons, but the high temperatures needed can cause extensive soil damage such as 
decomposition of clays, carbonates and organic content, eventually decreasing the 
soil fertility [6]. Conversely, the other ISTR methods minimize such drawback.

1.2  Electrochemically-Assisted Thermal-Based Technologies

The core of this chapter is specifically devoted to this approach, aiming at describ-
ing the existing in situ electrochemical thermal (i.e., electro-thermal) methods. The 
primary aim of the alternative energy sources described here is that explained for 
heat in the previous subsection: volatilize and desorb low molecular weight hydro-
carbons and decrease viscosity.

Radio-frequency heating (RFH) or radio-wave heating (RWH) is a first technol-
ogy that can be placed in this subsection, since it is based on the application of 
electric current to soil through the use of electrodes (which simultaneously act as 
extraction wells). It is classified as a dielectric heating method, being more efficient 
than microwave heating. RFH was first developed to enhance oil recovery in shale 
and tar sands in the 1970s [6]. In soils, radio frequencies are transformed into heat, 
with an efficiency of more than 90% [12, 13], by acting on electric dipoles (unbal-
anced charges in soil, contaminants and water). Heat is thus transferred on a molec-
ular level, being very effective in the case of water molecules, which suggests that 
soil moisture contributes positively to decontamination. The different dielectric 
properties of soil, water and organic matter have to be considered in the calculations 
prior to remediation. Amendments such as carbon fiber and nanoparticles have been 
proven to modify the dielectric heating properties of soil [6]. Since both, dry and 
wet soils, can be treated by this technique, final soil temperatures can be as high as 
400 °C, which adds flexibility to this technology. For the treatment of large contami-
nated soil areas, radio waves with wavelengths and penetration depths in the meter 
range and frequencies of 1–50 MHz are used [14]. In situ RFH (ISRFH) is espe-
cially well suited for the treatment of highly contaminated source areas, or remedia-
tion near or under buildings. The energy is transferred to selected depths in order to 
remediate the soil in a defined manner.

RFH is often applied in situ (Fig. 2). Heat is supplied by electrodes and antennae 
powered by a radio-frequency generator. Several days are required to treat a pol-
luted soil, but this varies according to the specifications of each case study. RFH can 
be applied as a stand-alone technology to remediate low molecular weight hydro-
carbons. Cost ranges from $400 to $7500 per metric ton [6]. This cost is similar or 
higher to that of vitrification and incineration. In situ oxidation is feasible in RFH 
when catalysts are directly placed within the electrode.
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Mimicking the more common and better established electrochemical water treat-
ment, the main idea when electrochemistry is employed to treat a solid or semisolid 
is to convert such medium in an electrochemical/electrolytic cell by inserting at 
least two electrodes (i.e., an anode and a cathode). This is in contrast to RFH, an 
electrical/thermal rather than electrochemical process because individual electrodes 
are employed instead of anode-cathode pairs. Two types of pure electrochemically- 
assisted ISTR technologies can be distinguished: direct current (DC) and alternating 
current (AC). By comparison with RFH, they are classified as resistive heating 
methods because they rely on the electrical conductivity of soil. A certain water 
content in the soil is required to enable heating at sufficiently high voltages. 
However, this condition limits resistive heating to 100 °C as maximum in practice, 
unlike dielectric methods.

The fundamental idea of DC and AC methods is that the application of an electric 
field (in the form of current or voltage) causes an increase of the temperature of 
subsurface soil and fluids (i.e., Joule effect), especially in the zone near the elec-
trodes [15]. Such heating arises from soil resistance to current flow anode to cathode 
(thus so-called ohmic heating). In other words, electric charge in soil, in the form of 
hydrated positive and negative ions (cations and anions, respectively), cannot be 
transported as easily as through water as occurs in conventional electrochemistry. 
This difficulty is much higher as the soil to be treated is or becomes drier. Therefore, 
it is evident that electrical conductivity (σ, also known as subsurface electrical con-
ductivity) or its inverse, the electrical resistance (R) of subsurface soil is a key 
parameter that determines the performance of these methods, since the increase in 
temperature is proportional to the intensity of the current that flows externally 

Fig. 2 In situ RFH uses heating antennae to heat the subsurface. Off-gases are collected for reuse 
or disposal. (Reproduced with permission from [6]. Copyright 2016 Elsevier)
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between the anodes and cathodes (I) and the soil resistance. Based on this, the 
amount of thermal energy that can be produced is the resistive heating power (U or 
P) (i.e., power dissipated by resistive heating, or Joule heat), which can be defined 
as a function of the voltage or the current (in absolute value) as: P = σV2 or P = RI2. 
Since σ and V vary in time and space, numerical simulation is needed to determine 
the electric potential distribution and electric field intensity (Sect. 2).

Since temperature is the critical parameter that defines the performance in these 
treatments, it must be accurately monitored, which is easy through thermocouple 
bundles. The temperature rise affects the desorption and transport properties of the 
volatile compounds [3]. As mentioned above, the maximum heat-up that can be 
attained is limited by the boiling point of water. If water boils off, liquid water is 
converted into steam, σ tends to zero and heating ceases, which means that it is 
important sometimes to add water at each electrode well to prevent total drying [16].

Soil remediation employing mild DC power is known as electrokinetic remedia-
tion (EKR) or treatment (EKT), or even electrokinetic soil remediation (EKSR). 
Usually, they cause a smaller temperature variation than AC techniques. In EKR, 
current or voltage is thus applied between at least one pair of electrodes, namely 
cathode and anode, which are in the subsurface or partially inserted into the soil 
[17]. Several charge transport (i.e., electrokinetic) phenomena are stimulated, acting 
the soil humidity as hydraulic and ion conductor. In addition, chemical (precipita-
tion, dissolution, etc.), electrochemical (electrolytic, i.e., redox processes of water 
or chemicals at the electrode surface) and physical (viscosity change, temperature 
rise, etc.) phenomena are concomitantly induced. EKR is convenient to treat hetero-
geneous soils with low permeability [4], such as clayey soil, for which conventional 
techniques are not effective to move the underground water retained [18].

EKR allows the removal of heavy metals and organic pollutants like hydrocar-
bons, as demonstrated in studies at laboratory, pilot and field scale described in 
other chapters of this book. The former ones are mobilized throughout the soil 
thanks to the generation of an acidic front appearing in the anodes that dissolves and 
transports the metal ions toward the cathode wells under the effect of the applied 
electric field, further being extracted. The organic pollutants are mobilized via elec-
troosmosis, electromigration and electrophoresis [2], and their removal percentages 
(from 20% to 90%) are strongly dependent on several factors, such as the type of 
electrodes and their configuration, the inter-electrode distance and the magnitude of 
the applied electric field. The major advantages of EKR are [19]: (a) unique appli-
cability to low permeability soils, which tend to adsorb pollutants, thus becoming 
resistant to standard non-electrochemical ISTR technologies; (b) high degree of 
control and direction; (c) wide range of pollutants that can be treated; and (d) rela-
tively low electric power consumption.

An interesting alternative to well-known EKR, aimed at enhancing the pollutant 
removal degree and even at shortening the treatment, consists in its integration with 
chemical oxidation. The implementation of chemical oxidation gives rise to an in 
situ chemical oxidation (ISCO) process [20]. These are beneficial for in situ soil 
remediation because permit that a certain percentage of transformation of the tar-
geted pollutants is reached, avoiding their simple transfer from subsurface to 
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surface. Among the most powerful oxidants known (hydrogen peroxide, Fenton’s 
reagent, permanganate, ozone, etc.), the persulfate anion (S2O8

2−) is the most widely 
employed in EKR due to its chemical stability and fast reaction, high aqueous solu-
bility, relatively low cost and eco-friendliness because innocuous products are 
released. When activated, S2O8

2− acts as a much stronger oxidant due to its decom-
position into sulfate radicals (SO4

•), which have a high redox potential and show 
high kinetic rate constants that confer them the possibility to break-up the organic 
contaminants into non-toxic aliphatic organic fragments [21]. The activation of 
S2O8

2− can be made via different routes, being thermal heating one of them, thereby 
originating the so-called electrokinetic thermal activated persulfate (EK-TAP) pro-
cess [22]. From this, it is evident that among the several factors that have to be 
considered to ensure the large effectiveness of EKR/S2O8

2−, the temperature value 
attained upon application of DC power is the most relevant one (~40 °C is consid-
ered a high temperature) [23]. Worth highlighting, the electric field has an addi-
tional role as transporter of S2O8

2− into the contaminated region. EK-TAP is currently 
undergoing field testing at a number of locations in Europe and the USA.

Amongst the AC techniques, electrical resistance heating (ERH) is the most 
widely applied [24]. ERH was developed by Battelle Northwest Laboratories in the 
early 1990s for the Office of Science and Technology of the US Department of 
Energy (DOE). It became commercially available for use as stand-alone technology 
in 1997. The technology was first field-tested at the DOE Handford in Washington. 
Initially, ERH was devised by the petroleum industry to improve subsurface oil 
recovery and, nowadays, it is recognized as a reliable and cost-effective remedia-
tion tool.

As in the case of EKR, the electrodes are installed in recovery wells (to collect 
steam and contaminant vapors that are further treated in specialized units) through-
out the contaminated soil and groundwater volume. The electrode array, typically in 
a triangular or hexagonal pattern, is connected to a power supply (i.e., power control 
unit) that uses (unlike EKR) standard three-phase power from the grid [25] or a six- 
phase AC voltage source [24]. Three-phase heating is generally more applicable for 
full-scale treatment and six-phase heating is generally more applicable to the pilot 
scale (note that six-phase heating was a more widespread term than ERH in the 
beginning, before field tests became popular). In both cases, electromagnetic effects 
can be neglected because ERH typically operates at low frequency (60 Hz), yielding 
quasi-static electric fields. Current then flows between the electrodes through mois-
ture, causing the increase in soil temperature (i.e., subsurface heating). This mainly 
favors the generation of a vapor phase containing volatile organic compounds (other 
effects of heating are discussed in Sect. 2) and, in some cases, degradation products. 
This vapor can be extracted through the electrode wells and through soil (with pro-
duced steam acting as carrier gas), cooled down and treated. In some setups, ERH 
is combined with air stripping to enhance the recovery of the volatile contaminants; 
for example, Buettner and Daily (1995) presented the first engineering-scale (89 m3) 
system to decrease the concentration of trichloroethylene in soil from 140 to 5 ppm 
using 6 electrodes for 25 days, thanks to a temperature rise from 16 to 38 °C [26].

Regarding the operation temperatures, ERH can be carried out either at boiling 
or sub-boiling temperature, usually between 80 and 110 °C [7].
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Since the ERH heat source is stationary, boiling temperatures may be reached 
near the electrodes, although significant infrastructure is needed. If current flow 
through soil warms the soil moisture to the maximum, steam is produced. This in 
situ steam generation occurs in all soil types as well as in fractured or porous rock. 
The ability of ERH to produce steam in situ represents its most significant advan-
tage over other subsurface heating techniques [25]. Also typical ERH for DNAPL 
remediation raises the subsurface temperature to the boiling point of water. In this 
case, the primary removal mechanisms involve volatilization and/or steam strip-
ping, being the contaminant vapors and fluids collected and treated. As subsurface 
temperatures begin to rise, contaminant vapor pressure and the corresponding rate 
of contaminant extraction, typically increases by a factor of about 30 [7].

Nonetheless, the high temperatures can result in unfavorable conditions for other 
important remediation processes, such as bioremediation. Operating ERH at sub- 
boiling temperatures may address these issues, since lower temperatures require 
less power (i.e., lower cost) and infrastructure and may enhance microbial and/or 
abiotic degradation.

Worth highlighting, even subsurface heating is not easy to reach in ERH, regard-
less of the operation temperature. Soils around the electrodes receive more heat, 
because the spatial electric power density decreases from the electrode as the inverse 
of the distance raised to the second power.

So far, ERH has successfully permitted the cleanup of highly contaminated sites 
that were impossible to treat adequately by using other technologies like ISTR 
dependent on advective flow. Examples include DNAPL sources, soils with hetero-
geneous lithologies, and low permeability soil (silts, clay). In fact, vendors claim 
that ERH is particularly well suited for low permeability soils, as electricity is con-
ducted primarily through water in porous clays. However, slower heating and addi-
tional design and operational changes needed in those sites result in higher time, 
energy and cost. Luckily, ERH operates indistinctly regardless of the soil permea-
bility and heterogeneity. Few remediation technologies can offer equal levels of 
DNAPL cleanup in the same timespan at an equivalent price as that of ERH.

Some advantages of ERH are [16]:

 (a) Excellent heat transfer when purpose-made electrodes are employed, since their 
output is higher and the resulting heating is easier and more effective via real- 
time computerized power control;

 (b) Convective energy delivery is feasible in permeable soils, being possible to 
inject hot air or steam (see Sect. 1) for additional heating;

 (c) The technology can be employed around and under operating buildings, roads, 
and public premises with limited impact on daily activities and usage.

As in the case of EKR, ISCO is also feasible in ERH. Again, the most suitable 
oxidant to be thermally activated is S2O8

2−, owing to its high stability in subsurface 
and ability to produce sulfate radicals [27]. ERH/S2O8

2− is effective for the treat-
ment of soil-sorbed hydrophobic organic contaminants and DNAPL. However, the 
treatment performance is more limited than equivalent treatments in water matrices 
because of the slow transport of the organic contaminants to the aqueous phase, 
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where the oxidation occurs. The high temperatures that can be reached in ERH are 
favorable, as compared to EKR/S2O8

2−, because they facilitate the desorption/dis-
solution of organic compounds and activation of persulfate. However, excessive 
heating should be avoided to minimize the exponential decomposition of persulfate 
at high temperature. Based on this, low temperature (lower than typical sub-boiling) 
ERH is preferred in this version of the electrothermal process.

Li et al. (2020) developed a combo ISCO system capable of S2O8
2− recirculation 

as the ERH was applied, aiming to promote even volumetric heating [27]. The injec-
tion of chemicals with a recirculation system is typical in ISCO to ensure their 
homogeneous delivery and dispersion through soil. Moreover, recirculation of such 
synthetic solutions promotes forced convective heat transfer, enhancing the heat 
distribution. An additional benefit comes from the rise in conductivity as persulfate 
salts enter into the soil. The system consisted of three injection/recirculation- 
electrode wells and one extraction-electrode well, and three-phase electric power 
was supplied. The electrodes were arranged in a star (Y) or the delta (Δ) configura-
tion. In the former (Fig. 3), each injection/recirculation-electrode wells was con-
nected to a hot wire, whereas the extraction-electrode well was connected to the 
neutral wire. In the delta configuration, the three injection/recirculation-electrode 
wells were connected as before, but the extraction-electrode only worked as an 
extraction well. The authors demonstrated that simultaneous S2O8

2− recirculation 
and ERH can achieve an even volumetric heating, eventually improving the degra-
dation of contaminants.

Another important AC technique with wide implantation at field scale, very 
closely related to ERH, is the electro-thermal dynamic stripping process (ET-DSP), 
developed in the mid-nineties [28]. Similarly to technologies previously discussed, 
ET-DSP has been primarily employed to remove VOCs, as well as non-volatile 
organic matter, from contaminated soils. Three-phase line power supply and water 
injection at electrode wells placed following a pattern are required for in situ soil 
heating. As mentioned in ERH, the heating tends to dry the soil, thus producing 
steam, which results in an increase in the permeability and dynamic stripping of the 
soil [28, 29]. Numerical results of the temperature distribution during extraction and 
electrical heating operations were shown in that study, but additional information on 
this will be given in Sect. 2.

ET-DSP combines the features of conventional ERH (i.e., ERH without water 
injection) with heat transfer by convection upon water addition into the ends of the 
electrode where the power density is most intense. The injected water carries heat 
away from the electrode into the soil. Convective heat transfer favors a rapid and 
uniform heating. A limiting feature of ET-DSP is the large number of electrode and 
extraction wells needed (spaced approximately 16 m apart, which results in 18 elec-
trodes and 8 extraction wells per ~4000 m2) [30]. On the other hand, the principal 
benefit is its high recovery factor within a short period of time.

In 2004, E-T Energy was created to develop and implement the ET-DSP process 
to extract bitumen. The company led a proof-of-concept pilot-scale project in 2006 
and 2007. In the case of oil sands, the conducting path that the electrical current 
follows is through water that envelops the sand particles. Electrical energy is thus 
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converted to heat, which is transferred to the oil and sand particles by conduction. 
Due to the large contact area between the water film, the oil and the sand particles, 
heat transfers quickly.

A last comment to end this section refers to the potential use of electro-thermal 
ISTR technologies for biosolids dewatering (i.e., electro-dewatering, ED) [31]. The 
application of an electric field to mechanically dewatered biosolids removes 35 wt% 
water content, using less than 25% of the energy required for thermal drying. During 
ED, two main phenomena contribute to the drying process: electroosmosis and 
Joule heating, similarly to EKR. High temperatures may facilitate dewatering by 
reducing the water viscosity and enhancing evaporation.

2  Additional Fundamentals of Electrothermal Techniques 
Reviewed and Mathematical Considerations

As stated in Sect. 1, the background of the electro-thermal technologies under con-
sideration is the promotion of Joule heating effect, reason why these methods are 
also classified within the so-called Joule heating soil remediation.

Fig. 3 Conceptual operation scheme of the combo system. (Reproduced with permission from 
[27]. Copyright 2020 Elsevier)
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The resistivity and heat transfer characteristics of different types of soil have 
been assessed by many researchers [32]. The relationship between soil texture and 
its thermal characteristics has also been considered. Within this context, it has been 
reported that the soil resistivity decreases when temperature increases above 0 °C, 
but the tendency is the opposite above 50 °C. The enhanced water evaporation grad-
ually dries the soil, having a negative impact on ion conductivity. As a result, an 
exponential increase in soil resistivity is observed. Soil composition plays an impor-
tant role, since it is accepted that soil volume heat capacity is determined by soil 
bulk density and moisture content. Moreover, the soil thermal conductivity is mainly 
determined by volumetric water content and clay content.

On the other hand, water properties are also seriously affected by temperature 
changes. The behavior of fluid density (ρ) and viscosity (η) is well understood, and 
equations describing those effects are available. In general, a temperature rise 
causes a decrease in both, fluid ρ and η, leading to faster buoyant groundwater flow. 
Note that the buoyancy phenomenon, so-called free convection, is promoted by ρ 
changes linked to temperature variation. Convective water flow has been detected in 
regions of high permeability, as a result of ρ variation caused by geothermal heating 
[33]. Consequently, this has impact on mass transport of contaminants. However, 
when these nonlinear effects (i.e., fluid flow and mass transport) are coupled during 
flow through porous media like soil, the implications for flow and transport are not 
so evident [25]. Temperature-dependent ρ and η should be included in computa-
tional models to accurately model heat transport, particularly when temperature 
differences are above 15 °C [34].

Some authors agree to criticize that there is a gap between field applications of 
electrochemical ISTR and the set of supporting equations, system design and pro-
cess optimization. In response, several scholars have attempted the mathematical 
modelling of in situ electro-thermal technologies, with predominance of EKR and 
ERH, to simulate and predict the impact of Joule heating on both, temperature and 
the hydrodynamic velocity profiles of the system. This is certainly required to unveil 
a rigorous up-scaling and technology design. Unfortunately, few studies have simu-
lated the hydraulics associated with heated soil and groundwater.

Mathematical studies available in the literature for DC techniques refer to some 
EKR applications. Laboratory-scale experiments and models developed for EKR 
generally assumed isothermal conditions at room temperature, since the applied 
current density (j) tends to be lower than 5 mA/cm2 and the trials are short enough 
to neglect thermal effects. However, even small temperature changes can affect con-
ductivities, ion mobilities (i.e., electromigration), water transport (i.e., electroosmo-
sis), and sorption processes, eventually accelerating or delaying the removal of 
pollutants.

Baraud et  al. [19] investigated the effect of temperature on the transport of a 
model cation and anion present in the pore solution when an electric field was 
applied through a kaolinite soil (a low permeability soil). The experiments were run 
at 20 and 40 °C. Ion diffusion, which results when concentration gradients exist or 
appear, was neglected, as well as hydraulic transport (so called advective flow). 
Both mechanisms were considered much less relevant than electromigration, 
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resulting from the electrical potential gradient, and electroosmosis. The correspond-
ing migration velocity of a species in the pore solution is known as electrokinetic 
velocity, which depends on the mobility and the electric field. The electroosmotic 
velocity was also established and hence, the total velocity of a given ion was the 
sum of both terms. It was observed that a rise in temperature mainly caused an 
increase of the electrokinetic velocities, for the two ions. The primary effect of tem-
perature is through the change of the fluid viscosity, which can be approximated as 
2% per degree centigrade. Since the ion mobility is inversely proportional to viscos-
ity according to Eq. (1), where zi is the charge of the species, e0 is the elementary 
charge and ri is the Stokes radius, then an increase of 2% per degree centigrade is 
observed in electromigration velocity.
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Regarding the electroosmotic flow (and velocity), the influence of temperature is 
not so well known, since many parameters appear according to the Helmholtz- 
Smoluchowski theory. Some authors report that this flow increases with tempera-
ture, but actually the effect cannot be precisely predicted.

In conclusion, this simplified theoretical analysis predicted the simultaneous 
increase of electromigration and electroosmosis with temperature rising. For the 
cation, these two mechanisms are additive, meaning that the removal of cationic 
species should be enhanced upon temperature rise. For the anion, the temperature 
effect would depend on the relative contribution of each mechanisms, as the trans-
port of anionic species is delayed due to the opposite electroosmotic flow.

Oyanader and Arce [35] also dedicated some efforts to Joule heating modelling 
for EKR. Temperature changes and Joule effect were studied in the zone near a 
cylindrical electrode (i.e., inside the boundary layer), aiming to provide a numerical 
solution. The temperature difference between the wall surface of the electrode and 
the fluid outside the boundary layer region yielded a ρ gradient. This caused 
buoyancy- driven flows to occur as a thin boundary layer moving tangential to the 
vertical cylinder. A key idea in this and other works is that the Joule heating can 
modify the hydrodynamics of the system. In this particular example, hydrodynam-
ics varied inside the boundary layer, near the cylindrical electrode wall.

Energy (heat) transfer and mass transport (addressed on the basis of hydrody-
namic models) equations were coupled. Regarding the former, the heat transfer 
model was considered, by including a heat generation term associated to the Joule 
heating effect (Q) in the energy conservation equation, as follows:

 
�C

DT

Dt
k T Qp � � �� � �

 
(2)

where D accounts for the convective derivative (so-called advective derivative, 
taken with respect to a moving coordinate system), Cp is the specific heat (or heat 
capacity of the soil), and k is the bulk thermal conductivity of the fluid. Subsequently, 
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the expression was converted to dimensionless variables, reaching a non- dimensional 
differential equation for the energy balance.

In conclusion, temperature profiles were modelled and the Joule heating was 
responsible for an increase in axial velocity.

In a more recent work, Torres et al. simulated the effect of Joule heating on heat 
transfer and hydrodynamics (i.e., on temperature and hydrodynamic profiles, 
respectively) [36]. The model, applied to a rectangular capillary (soils can be con-
sidered porous media and can be modelled as a set of capillaries), assumes the pres-
ence of different Nusselt numbers along the walls of the capillary in order to 
investigate the role of the non-uniform heat transfer properties. This allowed deter-
mining the temperature profiles upon variation of the heat transfer parameters, as 
suggested by different Nusselt numbers. In the end, a range of heat transfer 
“regimes” were identified, which had influence on the flow regimes appearing 
within the capillary (each with a characteristic velocity profile).

Some important considerations must also be made on the AC techniques. The 
overall heating pattern in ERH is said to be remarkably even throughout the treated 
volume [24]. However, the electricity takes preferential pathways (of lower resis-
tance) when moving between electrodes, and heating is slightly faster in such path-
ways. Cases with low resistance pathways in the subsurface include silt or clay 
lenses and areas of higher free ion content. A simple way to ensure more uniform 
heating consists in the injection of water in the electrode wells to promote convection.

A remarkable work was made by Krol et al. to model the effect of temperature 
on flow and contaminant transport in ERH, with the intention to unravel the domi-
nant mechanisms affecting subsurface flow and transport [25]. The effects of sub- 
boiling heating (temperatures reaching 50 °C) were assessed in a series of 2D tank 
experiments. The great interest of this investigation is that the authors developed a 
fully coupled 2D finite difference electro-thermal model, which means that it 
included the temperature-dependent fluid flow and mass transport arising from cur-
rent supply. Temperature-dependent equations for ρ, η, diffusion coefficient (D) and 
electrical conductivity of the medium were employed in order to characterize the 
nonisothermal processes that prevail in the subsurface. In addition, the model was 
validated with laboratory-scale experiments, which is an uncommon but very 
important feature. Images of the tracer (Rhodamine WT) were captured using a 
Nikon D90 camera interfaced to a computer for time-lapse image capture.

As a reminder, the Joule effect is based on the accomplishment of Ohm’s law, 
which relates j to the electric voltage (V) and σ, as:

 j V� ��  (3)

On the one hand, note that σ is an important parameter in ERH. It depends on the 
fluid electrical conductivity, indirectly depending on mineral composition, tempera-
ture and dissolved ions. It can vary in time and space. The effective conductivity in 
nonconductive media can be approximated by:
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where σw is the electrical conductivity of the pore water, Sw is the water saturation, 
m is the cementation exponent, a is the tortuosity factor, n is the saturation exponent 
and f(T,T0) is a function for temperature (T) increase from initial temperature (T0). 
This equation describes the temperature dependence of σ.

Regarding the electric voltage, it is time-dependent because alternating current is 
employed in ERH, giving rise to a phase-shifted potential distribution:

 V V t� �� �0 cos � �  (5)

where V0 is the voltage amplitude, ω is the angular frequency, and ϕ is the 
phase angle.

The energy (heat) transfer equation yields the subsurface temperature 
distribution:
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which is analogous to Eq. (2) used for heat transfer in EKR, but more detailed. Here, 
ρw is the water density, φ is soil porosity, ρb is the bulk density of the soil, c is the 
heat capacity of the soil, 



q is the Darcy velocity vector and U accounts for the Joule 
heating. The Darcy’s law was further modified taking into account the varying 
density.

The decrease of liquid viscosity with increased temperature was considered from 
the Andrade equation, whereas the concomitant decrease of liquid density was 
approximated by polynomial interpolation of a linear relationship. Heat and flow 
equations were coupled through the temperature dependence of water properties.

Figure 4a, b show the experimental and modelled temperature distribution, 
respectively, for the small tank 1.5 h after injecting the tracer (this corresponds to 
3.5 h of heating). The simulated temperatures in the heated zone show good corre-
spondence with the experimental results. The largest disagreement between mea-
sured and simulated temperature values was seen in the upper part of the tank, 
where the model underestimated the temperatures by approximately 9 °C.

Two additional main conclusions were drawn from this accurate study: (a) 
Temperature-induced buoyant flow and contaminant transport in the subsurface can 
be certainly significant in ERH, even at 50 °C (water ρ changes by 1.3%); and (b) 
the dependence of σ on temperature change has a direct impact on ERH power 
consumption.

Another remarkable consideration that has been exposed by some authors during 
ERH trials refers to gas production and transport [37]. Sometimes, as in the case of 
VOCs, gas release is the predominant mechanism of removal and hence, successful 
capture of gas produced (i.e., vaporized molecules) is mandatory. In such cases of 
volatile pollutants, inefficient gas production or removal from subsurface may end 
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in poor soil remediation performance. A typical failure occurs when lateral gas 
migration is feasible due to the presence of low permeability soil layers and, as a 
result, contaminant vapor is transported and condensed to form a DNAPL zone 
outside from the treatment area [38]. Nevertheless, problems may also arise in per-
meable soils. The quick groundwater flux may cause convection heat loss out of the 
treatment volume and, as a result, it becomes complicated to attain water boiling 
temperature [39]. This is especially easy in areas far from the electrodes, where gas 
condensation and further pollutant redissolution can occur.

In the event of gas production, gas bubbles nucleate and grow and, ideally, they 
give rise to a connected gas phase that can be extracted to be treated ex situ [15]. 
Numerical models have shown that the highest subsurface resistive heating (i.e., 
Joule effect) resulting in gas production occurs in the vicinity of the electrodes, 
which must be monitored to avoid soil dry-out and reduction in σ. Loss of electrical 
continuity between electrodes long before sufficient heating of the far-electrode soil 
region has been achieved is a serious consequence. The electrode geometry, dimen-
sions and arrangement and the magnitude of the applied voltage have a major impact 
on the excessive heating in specific zones. It has been reported that conductive and 
advective (convective) heat transfer, as well as the superposition of electric fields 

Fig. 4 Comparison of experimental and predicted temperature distributions: (a) experiment in the 
small ERH tank, after 1.5 h; (b) model, 1.5 h. Red circles indicate electrode positions. (Reproduced 
with permission from [25]. Copyright 2011 Wiley)
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from multiple electrodes, mitigates this effect and ensures a more uniform subsur-
face temperature distribution in space and time.

As mentioned above in this section, water can be injected in the wells to avoid 
dry-out, thus enhancing convection. However, the typically low permeability of the 
Joule heating target layer, such as clay, makes it very difficult to mitigate such 
effects by simply pumping water into the wells. Within this context, a different 
alternative to solve non-uniform heating of soil layers near the electrodes has been 
proposed by some authors [40]. It consists in the incorporation of electroosmotic 
infusion of groundwater (or an ad hoc electrolyte) to enhance, maintain, or restore 
the value of the electrical conductivity of the soil. This can be particularly effective 
for low permeability soil. In brief, electroosmotic infusion is requires the incorpora-
tion of one or more electrodes adjacent the heating electrodes and applying a dis-
tinctive DC voltage between two or more electrodes. Depending on the polarities of 
the electrodes, the induced flow will be directed toward the heating electrodes or 
away from them. Additionally, these extra electrodes may be located throughout the 
target area to modify the conductivity of the whole area. Periodic polarity reversal 
prevents large pH changes at the electrodes.

Finally, specific information on heat (and mass) transfer found in ES-TDP appli-
cations was evaluated through numerical simulations, showing temperature distri-
bution maps [30].

3  Applications and Setups

Based on examples given in the literature, ERH is the process in which the influence 
of thermal heating is more evident among pure in situ electro-thermal technologies. 
The first subsection below is thus dedicated to the description of some selected 
experimental trials, with emphasis on the quantification of removal performance.

Important considerations on the scale-up of electrothermal technologies are 
addressed in the second subsection. In particular, it will be shown that, at large 
scale, the predominant factor that determines the mechanisms for pollutant removal 
is the temperature change (i.e., heating). This means that, in electrochemical 
thermal- based soil remediation technology, size (of the experimental setup) really 
matters, as has been especially evidenced in EKR.
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3.1  Selected Applications Showing the Impact 
of Electro-Thermal Effect

Indeed, ERH stands out as one of the most prominent methods amongst those 
addressed in this chapter, as reflected by the fact that it accounts for over half of the 
ISTR applications reviewed by Tripplett Kingston to remediate DNAPL source 
zones [7].

For example, Hegele and Mumford investigated the gas production and transport 
during ERH treatment of a mixture of water and trichloroethene (TCE) [37]. When 
a polluted sited contains volatile and semi-volatile compounds, temperature must be 
high enough to vaporize them and allow gas transport toward extraction wells. In 
such situations, subsurface temperature must be increased to the boiling point of 
groundwater, resulting in the appearance of steam conduits. In that work, the authors 
employed a bench-scale system in which water was boiled alone or co-boiled with 
pooled DNAPL TCE in silica sand. Note that azeotropic mixtures are typically 
formed when such mixtures occur, allowing boiling at temperatures below the boil-
ing points of the single components. The boiling points of most common VOCs in 
air are either below or just slightly above the boiling point of water (100  °C). 
However, when a VOC is immersed or dissolved in water, its boiling point is 
depressed, as described by Dalton’s law of partial pressures. For instance, perchlo-
roethylene has a boiling point in air of 121 °C, which decreases to 88 °C in contact 
with water or moist soil. In the TCE/water trials, co-boiling gave rise to growth of 
gas phase and its discontinuous transport above the DNAPL pool. It was then con-
cluded that the subsurface should be heated to water boiling temperatures to facili-
tate gas transport following continuous pathways from DNAPL location to 
extraction points.

The performance of ERH to treat DNAPL sources areas at different scales has 
been carefully elsewhere, emphasizing the decontamination degree as compared to 
that reached via other ISTR technologies [7]. In a successive work, the same 
Mumford’s group studied the gas production during DNAPL remediation, using 
TCE and chloroform DNAPL pools in silica sand. The spatial and temporal tem-
perature distribution was determined, also employing image capture to evaluate the 
gas production [38]. In earlier sections of our chapter, the benefits derived from 
water addition to the electrode wells have been explained on the basis of conductiv-
ity increase and convection promotion. Conversely, in this specific study it was 
shown that high natural groundwater flow rates limit the subsurface heating rate. 
This can be accounted for by the transport of warm water away from the target 
heated zone, in concomitance with cool water arrival. This suggests that accurate 
control of hydraulics and electrical power supply is mandatory [8].

The progression of the experiment with the TCE/water mixture is shown in 
Fig. 5, with particular attention to DNAPL removal (Fig. 5a–c), gas accumulation in 
the coarse sand layer (Fig. 5d–f), and temperature increase (Fig. 5g–i).
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Later, aiming at completing this series of focused studies, the same Mumford’s 
group addressed the gas production upon clay heating during ERH. They studied 
the threshold pressure above which a connected gas pathway was formed [15].

Another interesting example concerns the application of ERH to 1,4-dioxane 
removal [41]. This chemical is highly soluble in water and has a low Henry’s law 
constant, which complicates its removal from soils. Worth noting, 1,4-dioxane con-
centration reductions as high as 99.8% (from average initial content of 25,000 μg/L) 
have been observed in field tests after 186 days of operation, thanks to effective 
steam stripping. The wells also contained TCE and 1,1,1-trichloroethane. The 
authors estimated that the treatment cost would be between $150 and $300 per cubic 
yard, depending on the size and geometry of the site and the degree of cleanup 
required. For comparison, the cost to treat a common site by ERH typically ranges 
from $150 to $250 per cubic yard.

Fig. 5 Results obtained upon ERH treatment of a TCE DNAPL pool for (a, d, g) 6.33 h, (b, e, h) 
11.40 h and (c, f, i) 14.78 h after starting the heating. (a–c) Digital images of the flow cell’s front 
face; (d–f) processed images showing higher gas saturations or decreased DNAPL saturations as 
darker shaded pixels; and (g–i) temperature distributions based on measurements at each of the 31 
thermocouple locations. (Reproduced with permission from [38]. Copyright 2016 Elsevier)
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The ability of ERH to remove 16 common PAHs from soil at laboratory scale has 
also been investigated, further comparing the results with those from contact heat-
ing (CH) tests in which a quartz tube furnace was employed [42]. As expected, 
moisture and salinity were key factors, since they affect the electrical conductivity. 
The PAHs removal efficiency achieved in ERH was higher than that observed in 
CH, owing to the higher water evaporation and co-boiling of the pollutants with 
water (proven to be the main mechanism). In ERH, the removal was greater than 
40% at 90 min.

On the other hand, the performance of the more advanced ERH/S2O8
2− technol-

ogy was assessed by treating phenanthrene (PHE) in soil [27]. The recirculation of 
S2O8

2− was very favorable, as demonstrated by the exponential volumetric heating 
rate. This was mainly due to the inherently higher conductivity resulting from the 
presence of the added anions. Thus, the temperature difference between two selected 
points was 7.2 °C in the absence of recirculation after 2 h, but it was reduced to only 
0.4 °C at a recirculation rate of 30 mL/min. In terms of decontamination, in the 
absence of recirculation, the residual PHE percentage at the sampling points at a 
3.5 cm layer was 23.7–35.1% after 7 days, which increased to 49.1–60.9% at the 
8.5  cm layer. The implementation of recirculation yielded residual contents of 
19.3–24.2% and 33.2–38.1%, respectively, which confirms the enhancement. Worth 
highlighting, the application of the more efficient ERH/S2O8

2− process allows 
diminishing the temperatures below the boiling point of water, which eventually 
reduces the complexity of the setup and the treatment cost.

As explained in Sect. 1, S2O8
2− also has a positive contribution in EKR [21, 23]. 

This method was first employed to treat 50 mg/kg tetrachlorobiphenyl in kaolin and 
glacial till soil. The authors saw that the presence of S2O8

2− was beneficial to reme-
diate contaminated kaolin, but the effect in the glacial till was insignificant. These 
results were justified by the pH evolution (final pH of 1.0 and 7.0  in kaolin and 
glacial till, respectively, due to the high buffering capacity of the latter). Therefore, 
in kaolin, a double activation route was available for S2O8

2−: high temperature and 
low pH. As a result, the pollutant removal was 77.9% at 7th day, whereas it only 
reached 14.4% in glacial till. On the other hand, low permeability clayey soils were 
also investigated, finding that the optimal Na2S2O8 dosage is around 30%.

Finally, ERH/S2O8
2− and EKR/S2O8

2− methods have been combined in a single 
lab-scale unit by some authors to remove chlorinated solvents from low permeabil-
ity soil [43]. The idea is to use EKR to deliver S2O8

2, followed by ERH for heat 
activation, employing the same pair of electrodes. The time course of persulfate 
concentration and temperature, as well as the contents of sulfate and the chlorinated 
pollutant during the 91 days is shown in Fig. 6.

ERH could effectively sustained the target temperature to activate the persulfate 
As a result, the pollutant concentrations clearly decreased to below detection limit 
within some few weeks (Fig.  6d). Moreover, it was found that the activation at 
∼36 °C resulted in a larger removal as compared to the activation at >41 °C.
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3.2  Observation of the Scale Effect

In previous sections, the occurrence of the Joule heating in the electro-thermal sys-
tems under review has been mathematically demonstrated, and its effect on the pro-
cess performance has been directly assumed or, in some cases, determined through 
temperature measurements. However, the impact of the Joule effect in the afore-
mentioned technologies upon gradual scale-up has not been quantified, which con-
stitutes a serious gap because the largest increases of temperature during applications 

Fig. 6 Time course of (a) aqueous persulfate concentration, (b) measured temperatures, (c) sulfate 
concentrations, and (d) PCE concentrations at different locations. The “blue boxes” represent the 
EKR/S2O8

2− step, whereas the “orange boxes” represent the ERH/S2O8
2−. The region bounded 

between vertical green lines represent the different temperature regimes (TG1 to TG5) from left to 
right. (Reproduced with permission from [43]. Copyright 2017 American Chemical Society)
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based on electric current or potential supply have been reported for pilot- or field- 
scale experiments [44].

The considerations and corrections that are necessary to be implemented to cor-
rectly operate full-size setups being based on models made or measurements 
obtained from small-scale systems give rise to the so-called scale effect. This sub-
section addresses those studies, most of which have been based on EKR trials, being 
especially highlighting the unrivalled leap ahead by Professors Rodrigo and Sáez 
from the Universidad de Castilla-La-Mancha in Spain. Their great engineering 
efforts allow obtaining quantitative data and drawing sound conclusions on the real 
impact of the electrothermal phenomena.

Temperature change was been barely observed at small scale. For example, 
Vieira dos Santos et al. [45] investigated the removal of four pesticides spiked into 
3 kg of soil, by EK soil flushing (similar to EKR described above, but injecting a 
flushing fluid near the anodes to make collection near the cathodes). They employed 
a bench-scale setup operated at 1.0 V/cm. After 15 days, more than 80% pesticide 
removal was observed. Temperature remained almost constant at room T and hence, 
volatilization observed was simply due to a natural phenomenon rather than to Joule 
heating.

Similarly, Risco et al. [46] assessed the removal of oxyfluorfen by EK soil flush-
ing. They simulated a spill in a soil mockup (silty loam soil, 175 L), using a row of 
anodes facing a row of cathodes, and studied the change of different parameters for 
34 days upon the application of a constant electric field (i.e., voltage gradient) of 
1.0 V/cm (total cell voltage of 38 V). According to the post-mortem soil analysis, a 
3D map of pollutant distribution showed that removal was due to: (a) transport 
toward the anode and cathode wells, (b) gravity fluxes, and (c) natural volatilization. 
As in the previous study, heating was insignificant because temperature was almost 
constant never exceeding the ambient temperature. It can thus be deduced that, at 
such small scale, water acts as a cooling agent since it can either absorb the gener-
ated heat.

In contrast, temperature increased quite significantly at pilot scale and caused 
volatilization during EKR far beyond the natural phenomenon [47]. The group of 
Rodrigo and Sáez employed an unprecedented reactor of 32 m3 (2 m in height and 
a square plant of 4 m × 4 m), also used in another parallel study [48]. The engineer-
ing and technological parameters when up-scaling to such dimensions must be care-
fully controlled and, to this aim, an analogous reactor of 16 m3 with two linear rows 
of cathodes and anodes facing each other had been previously employed for EKR 
[49]. Based on the experience gained with that reactor, in the 32-m3 reactor several 
graphite cylinders (15 cm in diameter, 100 cm in length) were positioned as elec-
trodes in semipermeable perforated cylindrical electrolyte wells (31.5 cm in diam-
eter, 140  cm in length), distributed in an hexagonal arrangement. This electrode 
configuration corresponds to an EK fence composed of six alternating electrodes 
(i.e., three cathodes and three anodes). Thermocouples were located in different 
positions to monitor the temperature during the test. Within the context of this chap-
ter, the most relevant finding was the huge temperature increase determined at the 
end of the test: threefold for soil and fourfold in the wells, starting the experiment at 
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10 °C. Electric soil heating was thus confirmed. As evidenced in 2D temperature 
profiles, the more active areas were in the vicinity of the electrodes, not finding any 
difference between anodes and cathodes. Since the electrode wells were connected 
to a gas extraction system, pesticide volatilization was a major route for soil reme-
diation in the prototype.

When comparing the thermal data of this work [47] to those obtained by Risco 
et al. at the smaller scales [46], it can be observed that the average temperature using 
the 32-m3 prototype was 29.4 °C, being more than 10 °C above the average tempera-
ture typically measured in the 175-L setup (i.e., 18.2 °C for the oxyfluorfen tests). 
The scarce Joule effect (P = IR2) at small scale was partly explained by the lower 
current density (i.e., lower I, in the range of 10–20 mA), but also by the smaller 
inter-electrode distance, which decreased the ohmic losses (i.e., lower R). Therefore, 
any possible heating was immediately counterbalanced by evaporative (water) cool-
ing and heat exchange (convection) with the surroundings. In addition, the research-
ers also appreciated a different temperature distribution map when comparing both 
scales. In the mockup, the temperature of the soil near the electrodes (i.e., the elec-
trokinetic zone) was almost 4 °C higher than that farther away. However, such tem-
perature gradient was insufficient to force the pollutant volatilization. Conversely, 
in the prototype, a lower the temperature was found in the near-electrode area. A 
clear explanation was not offered, but it is worth noting that despite the analogous 
heat transfer and mass transport principles supposed at both scales, their effect in 
practice is quite different. Obviously, the dissimilar temperature distribution in the 
prototype is expected to have influence on the pesticide distribution, specially tak-
ing into account the high volatility of oxyfluorfen. Figure 7 compares the contribu-
tion of electrokinetic and volatilization mechanisms for the removal of this pesticide, 
as well for 2,4-dichlorophenoxyacetic acid (2,4-D) that was also tested. The 

Fig. 7 Contribution of different mechanisms (EK and volatilization) to pesticide removal (in %) 
in EKR trials carried out at three different scales. (Reproduced with permission from [47]. 
Copyright 2017 Elsevier)
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performance of the prototype, the mockup and a lab-scale cell (1 L) is shown. The 
main conclusion is that a larger scale promotes the volatilization over the EK, mech-
anism, as a consequence of the higher temperature derived from Joule heating.

In a similar comparison between small and large scales, a 25% rise in electric 
heating was determined when up-scaling the EKR from the 175-L system to the 
16-m3 EKR reactor [49]. In other words, the temperature increase observed at small 
scale was 2 °C, whereas at pilot scale it was 8 °C. Furthermore, it must be taken into 
account that the pilot was exposed to the open atmosphere, at outside temperature 
of 11.2 °C, which cooled down the pilot to some extent. Otherwise, a larger differ-
ence in Joule heating could probably have been found. From a practical point of 
view, such a significant temperature increase in the pilot can cause shrinkage cracks 
on the soil surface, thus altering the expected evolution of the measured parameters 
during the EKR trial.

In a subsequent study [18], the same research group used the 32-m3 reactor 
(Fig. 8a) but modified to couple a biological treatment in situ. The central well, 
designed for the initial herbicide discharge in the previous EK flushing trial, was 
replaced by a well housing a biobarrier (see BB in Fig. 8b). In fact, the central posi-
tion contained concentrated activated sludge, aiming to stimulate the electro- 
bioremediation (EBR) of a mixture of oxyfluorfen and 2,4-D pesticides. Volatilization 
was identified as the main remediation mechanism. As expected from the above-
mentioned EKR test with a closely related prototype, temperature increased as a 
consequence of the ohmic soil heating, reaching a steady-state value. Nonetheless, 
an important observation was that heating was greater at the cathodes (see Fig. 8c), 
despite the higher conductivity of the liquid contained in cathodic wells. This could 
be accounted for the passivating carbonate layer formed on the electrode surface, 
increasing the electric resistance.

The scale effect was also observed by other groups. For instance, Da Silva et al. 
applied the EKR to the remediation of petroleum-contaminated soil at a 2.55-L 
scale [50]. Graphite electrodes were employed for 360 h. The authors reported that 
the increase in scale directly influenced the amount of energy supplied to the soil, 
resulting in a more intense electric heating as compared to a previous study at a 
smaller-scale. However, no specific measurements were made.

Finally, one of the largest EKR setups reported in scientific journals was 
employed to remove As, Cu and Pb from paddy rice field soil using a hexagonal 
electrode configuration at field scale (17 m in width, 12.2 m in length, 1.6 m in 
depth) [51]. The arrangement, however, differed from the ones shown and described 
above because the anode was located at the center of the hexagon, whereas six cath-
odes were installed at the apex of the hexagon. The inter-electrode gap (either 
anode–cathode or cathode–cathode) was 2 m, and the total number of anodes and 
cathodes was 24 and 48, respectively. A constant voltage of 100 V was applied (i.e., 
electric field of 0.5  V/cm). The variation in the soil temperature was monitored 
through four thermometers placed at a soil depth of 50 cm. The removal was 44.4% 
for As, 40.3% for Cu, and 46.6% for Pb after 24 weeks of operation. Surprisingly, 
the energy consumption was very low when compared to that found at a small scale 
because, according to the authors, there was less energy consumption due to Joule 
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heating. Further discussion was not made. We believe that this finding could arise 
from the small depth at which temperature was measured, especially taking into 
account the large length of the electrodes. In fact, the pattern of soil temperature was 
very similar to that of the atmosphere.

In general, based on most of these studies, we can conclude that it is a good idea 
to include capillary barriers or an impermeable tarp on the soil surface if 

Fig. 8 (a) Picture of the 32-m3 EBR prototype, (b) scheme of the location of electrode wells and 
the main instrumentation (BB, biobarrier), and (c) 2D maps showing changes soil and well tem-
perature over time. (Reproduced with permission from [18]. Copyright 2018 Elsevier)
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volatilization has to be minimized. This will maximize the moisture content in the 
atmosphere right above the soil, significantly reducing further evaporation.

4  Real Case Studies and Companies in the Sector

In previous sections, most of the examples discussed to highlight the particularities 
and performance of the electro-thermal processes were referred to trials carried out 
either at laboratory or pilot scale. Now, the aim is to show the operation at real con-
taminated sites and results achieved. As could be presumed, this kind of studies 
have been mainly undertaken by companies, some of which have acquired great 
expertise in recent years and have made reality the expectations that were born as 
the initially smaller setups were successfully tested by a reduced group of pioneers.

TerraTherm, Inc. [16], a subsidiary of Cascade Environmental [52], is the world-
wide leader in the development and implementation of ISTR of contaminated soil 
and groundwater. In 2016, the company acquired the recognized ISTR technology 
provider Current Environmental Solutions (CES, founded in 1997 by Battelle 
Memorial Institute (BMI) and Terra Vac as the first private company to commercial-
ize ERH), which nowadays remains as the most experienced ERH vendor in the 
world. Nocon Remediation BV, licensed by CES, is the thermal remediation con-
tractor with the longest track record in Europe [53]. Since 1997, Nocon has per-
formed many successful projects in conjunction with different partners and clients. 
Since 1999, they have been applying ERH and, in 2002, they initiated the first ERH 
project in Europe.

One of the first Nocon’s projects was made in collaboration with Terra Vac UK 
in a 2-ha site in Sheffield (UK). At that time, it was a densely populated residential 
area with two main contamination hotspots rich in chlorinated hydrocarbons like 
TCE. The target volume to be treated was ~3500 m3, extending to 7 m below grade 
surface (bgs), which had a major impact on groundwater quality (630  m3). Six- 
phase ERH was applied, causing water boiling that produced steam, which could 
then evacuate the volatile pollutants. The three-phase electricity distributed by the 
national grid was split into six phases by means of sophisticated electrical hardware. 
As stated by the company, the six-phase current is suitable to operate in hexagonal 
electrode arrays because it distributes proportionately more electric power and pro-
vides good geometric coverage. Final reductions of adsorbed and dissolved TCE 
concentrations were greater than 98% and 99% respectively, after 20 weeks.

In another project in France, Nocon tested the ERH/S2O8
2− technology. The 

results showed tremendous VOCs reduction in a highly polluted aquifer.
Another big and experienced competitor of the previous companies is Thermal 

Remediation Services, Inc. (TRS Group, Inc.), one of the leaders in ERH applica-
tions [24, 54, 55]. TRS has completed more than 160 projects in the USA and has 
joint ventures in Brazil, China and Europe. In 1993, ERH was used at the Department 
of Defense Savannah River (South Carolina) facility to clean tetrachloroethene 
from a 10-ft-thick clay lens located 30 ft below the surface. This application was 
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part of an integrated demonstration to remove VOCs in non-arid soils. More than 
99% of the contaminants in the treatment area were removed within 25 days. In 
1996, ERH was deployed at the US Air Force Reserve’s Niagara Falls International 
Airport. In 3 months, ERH removed four times the mass of TCE initially estimated 
to be present in the area.

TRS addressed another case study on TCE remediation in low permeability soil 
(silty clay) in Illinois [55]. The groundwater table was approximately 20-ft bgs and 
the combined target volume was ~382 m3. TRS was able to achieve a 99.9999% 
reduction in TCE concentration after 56 days, being 100,000 times lower than the 
required standards.

In this 2006, TRS worked with Shaw Environmental & Infrastructure to develop 
a site remediation program to remove chlorinated solvents in Annapolis (Maryland) 
[56]. A release of 1,1,2,2-tetrachloroethane (TeCA) had occurred in the 1940s from 
a small landfill. The site was composed of dense fine sand with silt layers, which 
extended to 40 ft bgs, where it became cemented. The remediation area had an ellip-
tical shape and measured ~790 m2 (target volume ~10,000 m3). As the ERH treat-
ment was run, the released chloride ions increased the conductivity, resulting in 
slightly faster heating. After 125 days, VOCs concentrations had been reduced 
by 99.9%.

More recently, TRS has been involved in a quite new ISCO-ERH application, in 
which zero-valent iron (ZVI) was employed instead of S2O8

2− as chemical [57]. 
Initial groundwater TCE concentration was 3800 μg/L, accompanied by 20% of 
1,2-dichloroethene. The field test was carried out for 345 days. Increased degrada-
tion of the pollutant was observed as temperature became higher (always up to 
moderate values lower than 50 °C), with minimal TCE volatilization. The results 
suggest that ZVI-based treatments can be certainly enhanced if operated with elec-
trothermal methods.

Alternative Restoration Technology Team (ARTT), a US Naval Facilities 
Engineering Command (NAVFAC) workgroup, was established in 1842 to promote 
innovative technologies like ERH within the Navy Installation Restoration program. 
According to their report in spring 2006 [58], studies funded by ARTT Navy were 
conducted to study the performance of ERH at several US Navy and NASA sites. 
They concluded that drying around the electrodes, depression of the water table, and 
inefficient heating are key factors that make heating difficult in low permeability 
sites. In those places, the performance can be enhanced by: (a) including a higher 
electrode density, (b) installing deeper electrodes, (c) implementing a slower heat-
ing to allow recharge and prevent drying, (d) using ground rods to distribute heat 
and (e) adding water to the electrode wells. Preferably, temperatures should reach 
the boiling point of water, which is not easy with increasing depth because of the 
higher pressure and the presence of non-volatile solutes (ions). They also suggested 
that ERH design is better made considering the volume of aquifer to treat, not the 
VOC mass.

All these studies allow concluding that, at sites where ERH is applicable, the 
time spent in remediation is typically reduced from years to months when compared 
with other ISTR methods. Larger ERH sites are cleaned within 6–12 months and 
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smaller sites can be cleaned in half that time. For large sites, the cost of ERH is 
about half that of excavation and disposal [55].

5  Conclusions

A nice set of technologies is currently at clients’ disposal to ensure the effective 
removal of soil contaminants. Considering the case of volatile pollutants, ISTR 
methods are particularly suitable because temperature has a direct impact on soil 
and water physical properties. In turn, this causes many simultaneous or consecu-
tive phenomena to such organic chemicals, including desorption, dissolution, trans-
port or volatilization. An interesting feature of the dominant electrothermal 
technologies like EKR (using DC) and ERH (using AC) is that they have been 
already deployed at full scale by strong companies, once the theoretical fundamen-
tals and mathematical basis have been appropriately addressed in past years. Note 
that the intrinsic aim of EKR is not heating-up soil and water, but this is rather a 
collateral effect that arises from the Joule effect. In contrast, in ERH, the actual goal 
is heating the subsurface soil and water, reaching sub-boiling or boiling 
temperatures.

Nowadays, numerical simulations make it possible to have temperature distribu-
tion maps throughout the target contaminated volume, which gives information on 
heat transfer efficiency. When establishing performance objectives for the ISTR 
technologies reviewed, it is not always necessary to reach total cleanup standards as 
the electro-thermal treatment finishes. Instead, remediation may be completed via 
enhanced bioremediation and natural attenuation, depending on the urgency to 
occupy or use the remediated soil. It is important to include off-gas collection and 
treatment units combined with the electrothermal systems, especially in terms of 
environment conservation. To our knowledge, there is still a lack of studies that 
rigorously address the sizing of such collectors and the energy and water require-
ments of the different technologies.

Similarly, the alteration of soil properties as part of the electro-thermal remedia-
tion, potentially leading to changes in soil fertility and ecosystem dynamics, has not 
been investigated in detail. In addition, most of the thermal-based technologies 
cause soil desiccation, which requires post-treatment with water. Based on these 
considerations, the lowest effective treatment temperature should be employed. 
This is also important to keep energy usage and associated costs low. As a corollary, 
high temperatures should be only considered to treat highly refractory pollutants.

A final remark on ISTR is that the injection of potentially hazardous chemicals 
is unnecessary. However, it has been demonstrated that some chemicals like S2O8

2− 
and ZVI may have a positive impact, giving rise to highly effective electrochemical 
ISCO-ISTR processes. The exploration of non-toxic and/or biodegradable com-
pounds that can be thermally activated may be an interesting approach in this regard.
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Electrochemically Assisted Dewatering

Maria Villen-Guzman and Jose M. Rodriguez-Maroto

1  Introduction

Electrochemically assisted dewatering, also called electro-dewatering (EDW), elec-
trokinetic dewatering (EKD) and field-assisted dewatering is a technology widely 
used in soil engineering. Under the application of an electrical potential across a soil 
sample, species positively charged are transported toward the cathode and those 
negatively charged toward the anode. This movement entails the transport of water, 
usually, toward the cathode. However, the direction of this net flow depends on the 
sign of zeta potential on soil particles. This flow is known as electro-osmosis and 
depends mainly on the coefficient of electro-osmotic hydraulic conductivity (ke) and 
the voltage gradient [1, 2].

EDW is usually applied to porous matrices with low hydraulic conductivity since 
the application of an electrical current has been widely demonstrated to be more 
efficient to produce water transport in fine-grained than hydraulic gradient. It has 
been proved that the grain size influences directly on hydraulic conductivity but not 
on the electro-osmotic permeability. Jones et al. estimated that electro-osmotic flow 
rates are 100–10,000 times greater than hydraulic conductivity in fine-grained mate-
rials [3].

The technology presented in this chapter has been largely used for the consolida-
tion and strengthening of soils due to the influence of the pore water content on the 
stability of soils. Reduction of the pore water pressure as a consequence of the 
application of electric current entails the improvement of the soil behavior [4]. 
Comparing with conventional techniques, the consolidation of the soil by electro- 
osmosis allows accelerating the transport of water. The technique has been applied 
not only to soil stabilization but also to remediation for porous matrices, 
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stabilization of mine tailings, and many other geotechnical engineering applications 
[5]. The application of an electric current entails, in addition to water movement, 
drawing other species such as contaminant. For this reason, a large number of stud-
ies using electro-osmosis as a remediation technology have been reported.

The EDW applied to consolidate soft silty clays dated back to 1930s [6] and 
several patents on the removal of water from soil were issued before World War II 
[7]. The starting development of the technology was significantly due to a continu-
ous research carried out by L. Casagrande. The EDW is especially suitable for proj-
ects requiring a rapid treatment to improve soils. Bjerrum et al. applied successfully 
the technique to a quick clay soil in Ås, a municipality located about 30 km south of 
Oslo, Norway in 1967 [8]. Also in 1967, the technique was investigated to stabilize 
a dam located on Mahoning River in Northeastern Ohio, USA.  After feasibility 
studies carried out by L. Casagrande, it was decided to stabilize the dam by electro- 
osmotic process. Thereafter, other successful studies which will be discussed in this 
chapter has been carried out [9–14].

This chapter will cover the fundamental principles of electro-osmotic transport 
and the influence of operational conditions on the efficiency of EDW. Several appli-
cations are reviewed through the discussion of real cases, from traditional applica-
tion to consolidation of soils to new approaches of dewatering of wastewater sludge.

2  Discussion

2.1  Electrochemical Transport Processes

Upon electric field application, the transport mechanism of contaminants through 
the porous media are electromigration, electro-osmosis and electrophoresis. 
Electromigration is the movement of ions under an applied electric field toward the 
electrodes. It is the predominant transport mechanism for ionic metals, ionic 
micelles, polar organic molecules and colloidal electrolytes [15]. Electro-osmosis is 
the movement of liquid containing dissolved ionic and non-ionic species induced 
under electric gradient. This mechanism is the most important for organic and inor-
ganic non-ionic contaminants that are dissolved, suspended, emulsified or such 
similar forms. A more detailed discussion about this mechanism will be presented 
in the follow section. Finally, electrophoresis is the transport of colloids or charged 
species under an electric field. For soils with low hydraulic permeability, mass 
transport by this mechanism is negligible [16].

In addition to these transport processes, electrolysis reactions occur at the elec-
trodes under an electric potential gradient, as follows:

 
Anode oxidation H O O 2H 2eg� � � � �� �

� �: ‰2 2  
(1)

 
Cathode reduction 2H O 2e H 2OHg� � � � ��

� �
�: 2 2  

(2)
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The decomposition of water at the electrodes generates an acidic medium at the 
anode and an alkaline medium at the cathode [15]. The influence of these reactions 
on transport, transformation and degradation processes of contaminants is of great 
importance as can be concluded from Sect. 2.3.

2.2  Principles of Electro-osmosis

The application of a direct current to generate flow of water through clayey soil was 
firstly reported by Reuss in 1809 [17], with his classical experiment reproducing the 
study carried out by Nicholson and Carlisle in 1800. The test consisted on the 
decomposition of water by an electric current. The experimental system, schemati-
cally presented in Fig. 1, consisted of a U-tube filled with water in which the powder 
was placed at the bottom, capillarity tubes connected with the U-tube and two plati-
num wires acting as electrodes. After applying an electrical potential, the water 
level in the arm containing the negative electrode increase significantly. Thus, Reuss 
found that under an electrical current application movement of water through a 
porous media occurs from the anode to the cathode against gravity.

The first quantitative measurement of the electro-osmosis phenomenon dated 
from 1852 to 1856 performed by Wiedemann. He observed two important facts: (a) 
the hydraulic pressure difference between the two sides of the plug was not only 
proportional to the electrical potential applied across the plug but also independent 

Fig. 1 Reuss experiment 
about electro-osmosis
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of the plug dimensions; (b) maintaining the same liquid level on both arms of 
U-tube, the flow of liquid was proportional to the electric current applied and not 
dependent on the plug dimension [18]. Until research carried out in 1861 by 
Quincke, it was supposed that the flow liquid during electro-osmosis would be 
always from the anode to the cathode as the electric current induced. Quincke intro-
duced the concept of electrical double layer (EDL), discussed in detail in Sect. 2.2.1 
[19]. This idea was fundamental for the model of electro-osmotic phenomena devel-
oped by Helmholtz in 1879, which assumed the EDL as a simple capacitor. 
Smoluchowski later modified this theory in 1921 to be also applied to electropho-
retic velocity. This theory will be discussed in the next section.

The electro-osmotic volume flow rate for unidirectional flow can be described as:

 
Q k

V

x
Ae e� �

�
�  

(3)

where ke (m2 V−1 s−1) is the electro-osmotic permeability, δV/δx (V m−1) is the gradi-
ent of the electrical potential at distance x (m) to the cathode and A (m2) is the area 
perpendicular to the direction of the flow (x). Determining the flow rate of water 
through a soil of length and cross section known under an applied electrical gradient 
allows measuring the electro-osmotic permeability ke.

On the other hand, the flow of water associated with the hydraulic gradient in 
saturated soils according to the Darcy’s law is:
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where kh (m s−1) is the hydraulic permeability and δH/ δx (–) is the hydraulic gradi-
ent along the direction of flow. This flow contribution is relevant for permeable 
soils, such as sand. However, it is negligible for soils characterized by a low hydrau-
lic conductivity, such as clay.

For applying equations to hydrodynamic consolidation, the drainage conditions 
should be considered. The setup configuration for dewatering consists of an anode 
closed and the drainage open at the cathode. Thus, the coupling of both transport 
phenomena, hydraulic and electrical, should be considered. The water flow is 
obtained as a sum of the contributions associated with electro-osmotic and hydrau-
lic gradient flows, as following:
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where u = δH/ δV is the increment of interstitial pressure due to the electrical gradi-
ent applied.

The ratio of the coefficients of hydraulic conductivity to electro-osmotic perme-
ability (kh/ke) is an indicative of the relative importance of hydraulic flow versus 
electro-osmotic flow. The smallest the ratio, the more important is the 
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electro-osmotic flow. The dewatering technology is more efficient for soils with kh 
equal or smaller than ke, such as the clayey soils. Values of this coefficient obtained 
from experimental test are given in Table 1.

2.2.1  Double Diffuse Layer

The electric double layer (EDL) term refers to the interface between a solid surface 
and an electrolyte solution. These interfaces are common in soil or clay suspensions 
due to the presence of negative charge in the solid surface attracting cations. The 
understanding of the processes taking place in the EDL is essential for the applica-
tion of electro-osmotic phenomena to consolidate soils or remediate polluted soils, 
among other EDW applications. In this section, the most important models describ-
ing quantitatively the EDL concept will be discussed. The earliest model was devel-
oped by Helmholtz in 1879 which has been completed by Gouy [20], Chapman [21] 
and Stern [22]. The most applied theory for the description of EDL was the pro-
posed by Gouy [20] and Chapman [21]. The electrochemical potential distribution 
for the different models described is presented in Fig. 2 in which: ψ represents the 
total potential and x distance.

The simplest theory describing the EDL is probably the proposed by Helmholtz. 
As discussed in the next section, the theory considers the EDL as a simple capacitor. 
The negative charge is considered to be distributed over the surface and the counter-
charge is concentrated in a plane parallel to the surface located at a very small dis-
tance (x), called the outer Helmholtz plane [23]. This distribution results in a linear 
potential drop as presented in Fig. 2a. The theory described by Gouy and Chapman 
(GC) was pioneer in describing the behavior of double layer at low ionic concentra-
tion. They considered, as Helmholtz theory, the negative charge distributed over the 

Table 1 Values for the coefficient of hydraulic and electro-osmotic permeability [2]

Material
Water content 
(%)

ke × 105 
(cm2 s−1 V−1)

kh × 108 
(cm s−1)

kh/ke × 103 
(V cm−1)

London clay 52.3 5.8 1 0.2
Boston blue clay 50.8 5.1 1 0.2
kaolin 67.7 5.7 10 1.8
Clayey silt 31.7 5.0 100 20
Rock flour 27.2 4.5 10 2.2
Mica powder 49.7 6.9 103 145
Fine sand 26.0 4.1 104 2439
Quartz powder 23.5 4.3 104 2326
Ås quick clay 31.0 2.5 2.0 0.1
Bootlegger Cove clay 30.0 2.4–5.0 2.0 0.4–0.8
Silty clay, West Branch 
Dam

32.0 3.0–6.0 1.2–6.5 0.2–2.2

Clayey silt, Ontario 26.0 1.5 1.2 –6.5 0.8–4.3

Electrochemically Assisted Dewatering



406

surface. However, the counterions are supposed to be dispersed in the liquid layer. 
According to this model, the electric potential is maximum at the solid surface and 
decreases exponentially with distance being electrically neutral in bulk solution 
(Fig. 2b). The GC theory assumed the hydrated ions as point charges [23]. Results 
obtained from the GC theory shows some differences from experimental results. 
According to Stern [22], the modeling chemical species as dimensionless points 
was not valid at the immediate vicinities of the charged surfaces. He corrected this 
effect by taking into consideration the influence of ionic dimension. The layer of 
surface charge is defined in a similar way to that of previous theories. However, the 
layer in the liquid adjacent to the surface is divided as a compact layer close to the 
colloidal surface, known as Stern layer and with a thickness approximately equal to 
the radius of one hydrated ion and a diffuse layer. The theory called Gouy-Chapman- 
Stern (GCS) describes the potential distribution in the EDL as a combination of a 
linear (Helmholtz) and exponential (Gouy-Chapman) contributions (Fig. 2c) [23].

The GCS model still presents some limitations. Regarding the interaction of 
electrode/electrolyte, the assumption of the electrode as a perfect conductor neglects 
the oxide formation on the metal surface [24, 25] which has been proved to have an 
important influence on the potential distribution. Thus, researchers are currently 
dealing with new approaches to the EDL description. Paz-Garcia et al. proposed a 
model to reproduce the transient formation of an EDL between an electrolyte 
assuming chemical equilibrium and a chemically active flat surface (Fig. 3). A rate- 
controlled complexation model was used to describe the reactivity of the flat sur-
face. The protonation/deprotonation reactions make uncharged actives sites, XH, 
form XH2

+ or X−, respectively. The thickness of the diffuse layer is characterized by 
the Debye length (κ–1/2, m). Comparing a thin compact layer with the diffuse layer, 
the surface potential, ϕs, is approximate by the potential at the shear plane (zeta 
potential, ζ) in many cases. This model assumes that only surface species exist and 
the potential at the Helmholtz plane (ϕd) is equal to the potential at the surface (ϕs). 
With the aim of computing the EDL distribution in complex systems, authors pro-
posed an unsaturated solution of CaCO3 in equilibrium with atmospheric CO2 (g).

Fig. 2 Electrochemical drop potential distribution in an EDL according to (a) Helmholtz, (b) 
Gouy-Chapman and (c) Gouy-Chapman-Stern models
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Instantaneous local chemical equilibrium for the aqueous reaction was assumed 
while chemical kinetics for the heterogeneous surface reactions were considered. It 
is worth to point out that the proposed model has not limit to any range of surface 
potential and can be applied to different chemical system in presence of different 
electrolytes, surface interactions and geometries [26].

2.2.2  Theory of Helmholtz–Smoluchowski

The Helmholtz–Smoluchowski model assumed, as shown in Fig. 4, a liquid-filled 
capillary as an electrical condenser containing co-ions close to or on the surface and 
mobile ions of opposite sign, counterions, at a very small distance from surface [18].

The theory supposed that the layer thickness of charged fluid next to the pore 
wall, where the counterions are concentrated, is negligible comparing with the 
diameter of pores in the medium. This layer is known as aforementioned: electrical 
double layer (EDL). For surfaces negatively charged, cations in the liquid constitute 
the mobile phase. The charge on the soil in contact with an aqueous solution depends 
on several effects, such as, chemical and physical adsorption and lattice imperfec-
tions [27]. Under electrical field, the mobile cation phase is transported toward the 

Fig. 3 Modeled system of EDL considering chemical reaction effects [26]
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cathode dragging the surrounding fluid molecules. This movement is controlled by 
the equilibrium of the electrical and frictional forces between liquid and solid 
phases. Assuming that the average velocity of the mobile phase is υeo (m s−1), the 
distance between the mobile phase and the solid surface is ∂ (m) and the flow veloc-
ity at the surface is zero, the gradient is υeo/∂ (s−1). At equilibrium, the frictional and 
electrical forces per unit area are equalled:
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�

�eo � �
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where σ (C m−2) is the surface charge density, ΔE/ ΔL (V m−1) is the electric field 
applied, η (Ns m−2) is the liquid viscosity and the negative sign represents that the 
electrical force on mobile phase are acting in the direction of decreasing electrical 
potential. Defining εs as permittivity of the pore fluid (F m−1), the difference between 
electrical potential (V) in the liquid ϕ0 and at the surface ϕs and could be written as:
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Assuming the potential in the liquid as zero potential, the potential in the surface 
is zeta potential, ζ (V). Combining Eqs. (6) and (7):
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Fig. 4 Model of Helmholtz–Smoluchowski [18]
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Generally, the value of the zeta potential for soils is negative if the mobile phase 
ions are cations and the net particle surface charge is negative, consequently, the 
electro-osmotic flow direction is from anode toward cathode. The potential zeta is 
dependent on many parameters, such as, solution pH, ionic concentration of the 
pore fluid, the electric field and temperature [27]. Thus, the sign and magnitude of ζ 
potential is highly influenced on pore fluid chemistry. This parameter plays an 
important role in the application of EDW. Regarding the dependence of potential 
zeta on the pH, Lorenz et al. evaluated in 1969 this relationship for sodium kaolinite 
[28]. The data obtained from this study was regressed by Eykholt and Daniel [29] 
which is presented in Fig. 5.

The concentration of H+ and OH− has a significant effect on the soil zeta poten-
tial. Decreasing in pH values entails an increment of zeta potential, in other words, 
the zeta potential become less negative reaching positive values at low enough pH 
values. The pH value at which the net total particle charge of soil is zero is known 
as point of zero charge (PCZ), one of the most important parameters used to describe 
the variation of charges in surfaces [30]. If the pH of a soil is above its PZC, the soil 
surface will have a net negative charge and the direction of electro-osmotic flow 
would be from anode toward the cathode. The soil will mainly retain electrostati-
cally anions if its pH is below its PZC changing the direction of electro-osmotic 
flow [1, 15].

According to Yeung, normal values of zeta potential are ranged from −50 to 
50 mV, associating the highest values with high salt concentration in the liquid [18]. 
When values of zeta potential are between 0 and −50 mV, for most cases in soils, 
the charge of the mobile phase is positive, and the direction of electro-osmotic flow 
is the same as those of decreasing electrical potential. The concentration and type of 
salt in the pore fluid directly affects the zeta potential of porous media matrices such 
as clay minerals [31–34]. Yukselen et al. determined the main factors affecting the 
zeta potential of kaolinite using electrophoretic mobility as function of pH and con-
centration. The presence of salts, such as NaCl and LiCl, modified the values of zeta 
potential compared to water. The zeta potential of kaolinite in presence of NaCl and 
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CaCl2 at different concentrations experimentally obtained by Yukselen et  al. are 
presented in Fig. 6.

Comparing values of zeta potential for monovalent cations and water, the more 
negative value obtained were related to the presence of monovalent cations. This 
fact was associated with the exchange of these cations with H+ present in the system 
entailing the increase in zeta potential value. According to the Gouy-Chapman 
model, the higher cation valence, as for CaCl2, the lower the thickness of diffuse 
electrical double layer entailing a more positive zeta potential. The same study also 
evaluated the zeta potential in presence of CoCl2, Pb(NO3)2 and CuCl2 solutions 
with different concentrations. The dependence of pH and zeta potential values was 
similar in presence of heavy metals: the higher concentration of ions, the more posi-
tive zeta potential values at acidic or neutral pH values. However, two apparent 
PCZs were observed in the evaluation of zeta potential values, as observed in Fig. 7 
for CoCl2. As mineral can only give one PZC, the precipitation of heavy metals as 
hydroxides at higher pH values explained the presence of the second PZC. As indi-
cated in Fig. 7, the PZC of kaolinite appeared near to neutral pH value [31].

Hunters et al. also demonstrated that the presence of hydrolyzed metal cations 
could cause reversals for kaolinite. They observed that the higher the metal ion con-
centration, the more positive becomes potential zeta at low pH. This fact was related 
to the accumulation of a large positive charge in the electrical double layer com-
pared with those present on the solid surface [33].

The soil properties also influence on the relationship between pH and zeta poten-
tial values. Vane et al. carried out electrophoresis experiments to evaluate the effect 
of soil type on zeta potential using kaolinite, bentonite and silty-clay soil [34]. From 
experimental results, presented in Fig. 8, the stronger dependence of zeta potential 
value on pH was observed for kaolinite. Changes in pH did not alter significantly the 
zeta potential of bentonite, which had a more negative value than that of kaolinite. 
Regarding the silty-clay soil under study, the zeta potential value was more sensitive 
to pH changes at lower pH values than the other materials.

Fig. 6 Zeta potential values of kaolinite in presence of dissolutions of NaCl and CaCl2 at different 
pH values obtained by Yukselen et al. [31]
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Regarding methods to determine the point zero charge in soils, the potentiomet-
ric titration has been widely used. This method estimates changes in surface poten-
tial from changes in the activities of H+ and OH− [35–37]. Other methods, such as 
non-specific ion adsorption, based on electrostatic adsorption of a cation and anion 
caused by changes in the activities of H+ and OH−, has been also applied to soils.

In addition to Helmholtz–Smoluchowski theory, others have been developed 
with the same aim of describing electro-osmosis. The most known are: Schmid 
theory, Spiegler friction model and ion hydration approach. Schmid theory consid-
ered the extension of the counterion layer into the pore as opposed to Helmholtz–
Smoluchowski theory, which is considered a large-pore theory. The presence of 
excess of ions over the balance charge was also considered in this theory. According 
to the mathematical developed of this theory, the ke depend on the squared pore size 

Fig. 7 Zeta potential values of kaolinite in presence of solutions of CoCl2 of different concentra-
tions obtained by Yukselen et al. [31]
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whereas according to Helmholtz–Smoluchowski theory (Eq. 8) the coefficient was 
not dependent on pore size. When both theories are applied to soils, better results 
are obtained by the Helmholtz–Smoluchowski. This better approach could be asso-
ciated with presence of particles characterized by large pores in clay soils [2]. The 
model developed for Spiegler suggested a new description of the interaction among 
the mobile phases and with pore walls and, finally, the ion hydration model consid-
ered the use of transport numbers to describe the transport of water in a direct cur-
rent electric field.

2.3  Electro-osmosis Setup in Field Applications

The electro-osmosis system for field applications (Fig. 9) is based on the application 
of a DC electric field between a set of anode and cathode electrodes inserted into the 
porous matrix. Consequently, the liquid present in the porous is transported toward 
one set of electrodes, typically, as aforementioned, the cathodes. With the aim of 
improving electro-osmosis effects in the porous matrix, some purge solution can be 
used into the soil during the treatment. The addition of chemical solutions pursues 
washing, treating and also preventing cracks formation in soil [38, 39]. The effluent 
is then removed by means of pumping or siphoning to a proper disposal. The use of 
electro-osmotic for the stabilization of porous matrix entails also the installation of 
drainage in the cathode together with a sealed anode to obtain a porous matrix with 
a lower water content, higher shear strength and lower compressibility [40]. To 
prevent possible short circuiting as a consequence of water presence in the ground 
surface, the upper part of the electrodes is usually insulated with a dielectric coating 
[41]. The power distribution system consists usually of several units connected in 
series or in parallel to obtain the target power output. The operation of power system 
could be under constant voltage or current in continuous or pulsed mode. Changes 

Fig. 9 Schematic of a field system of electro-osmosis remediation [38]
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in physical and chemical properties of the soil along the treatment time entail varia-
tion of soil resistance, the major electrical resistance of the system [16].

The electrode material is a crucial aspect in the application of electro-osmotic 
technology with high influence on their efficiency, corrosion and lifespan [42]. 
Extensive research has been carried out dealing with the study of the used electrode 
materials. In 1983, Lockhart et al. evaluated the comparison of the most used elec-
trodes materials: mild steel, copper, graphite and aluminum. Experiments carried 
out for Cu kaolinite showed a better performance of copper electrodes than mild 
steel and carbon electrodes [43]. However, these differences were not observed in 
previous works using Na kaolinite [44]. The best performance of copper electrode 
for Cu kaolinite was associated with the reversible electrochemical half reaction Cu/
Cu2+–kaolinite–Cu2+/Cu together with the cathode reaction Cu2+ + 2e– → Cu. The 
most appropriate option for field application should be evaluated taking into account 
not only the treatment efficiency but also the cost of electrodes. Wu et al. studied the 
electro-osmosis treatment of a sodium bentonite with electrodes of different materi-
als: copper, iron, graphite and stainless steel. The use of reactive electrodes (copper 
and iron) resulted in a better improvement effect in the porous matrix than the inert 
electrodes (graphite and stainless) [45]. However, the metallic electrodes tend to be 
corroded by the acidic conditions generated at the anode because of water electroly-
sis. It is an important limitation for the field application of the EDW since the elec-
trode corrosion entails poor electrical contact between electrodes and the porous 
media, difficulties in removing gasses and high cost of electrodes [46]. With the aim 
of mitigating corrosion problems, novel electrodes have been proposed. Jones et al. 
introduced the concept of electrically conducting geosynthetics materials (EKG) 
consisting of conducting elements coated by a corrosion-resistant material incorpo-
rated into a geosynthetic material. These materials do not only provide filtration, 
drainage and reinforcement as conventional geosynthetics but also can be improved 
by electrokinetic techniques to obtain an effective transport of water and chemical 
species within fine-grained low permeability soils. In 1996, Jones et al. evaluated 
the use of electrodes made of conductive geotextiles concluding that the behavior of 
this materials was similar to those observed for a conventional copper electrode 
[47]. Although these materials avoid the problems associated with electrode degra-
dation and enhanced electro-osmotic effects, further studies should be carried out 
[48]. The use of metal or carbon inserted into prefabricated vertical drains (PVD) 
[49] and electrical vertical drains (EVD) [14] has been also reported as an alterna-
tive to conventional metal electrodes.

In addition to material, other operation parameters related to the electrode as 
configuration and spacing between electrodes plays an important role in the applica-
tion of the technology [42]. According to Casagrande, the optimal spacing between 
electrode sets of the same polarity should be much less than spacing of the opposite 
polarity which typically ranged from 1 to 3 m [6].
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2.3.1  Experimental Operation Conditions

Geochemical processes with high influence on the solid/liquid interface are of great 
relevance for the feasibility of EDW technology. The generation of pH gradient 
modifies the physical and chemical properties of soil. Thus, understanding pH- 
buffering processes is of maximum importance to control, among other aspects, the 
direction of electro-osmotic flow, the processes of sorption and desorption of con-
taminants onto the soil surface, the mechanisms of complexes formation and the 
oxidation-reduction reactions.

The change in direction of electro-osmotic flow could be controlled by the addi-
tion of enhancements agents. Yeung et al. studied the influence of chemistry in elec-
trolyte solutions on the direction of electro-osmotic flow. An experiment was carried 
out on a Milwhite kaolinite specimen adding different agents into the anode or cath-
ode compartments in eight stages. Details of the experimental conditions and results 
are presented in Fig. 10. During the first step, NaHCO3 solution (pH = 9) was added 
into the anode compartment with the aim of producing an electro-osmotic flow from 
the anode toward the cathode (positive electro-osmotic volume flow rate). In the 
second stage, the NaHCO3 solution was replaced by deionized water entailing 
reverse electro-osmotic flow (negative electro-osmotic volume flow rate) after more 
than 73  h. This result was associated with the required time to the transport of 
hydrogen ions produced by electrolysis toward the vicinity of anode. In stage 4, 
after 43 h of reverse electro-osmotic flow (stage 3), NaHCO3 solution was intro-
duced again into the anode compartment to change the direction of electro-osmotic 
flow from anode to cathode without success. These results indicate that the addition 

Fig. 10 Study of the electro-osmotic flow direction through Milwhite kaolinite under the influ-
ence of several chemistry of reservoir fluids carried out by Yeung [50]
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of a high pH solution to the anode is not a good procedure to change the electro- 
osmotic flow from reverse to forward. After the addition of NaHCO3 into the cath-
ode compartment in stage 5, the flow direction was change to the forward direction 
for 42 h (stage 6). With the aim of evaluating the impact of soil pH on flow direction, 
the anode solution was replaced by acetic acid in stage 7. As can be observed, the 
flow direction changes immediately. During the last stage, a NaHCO3 solution was 
added to the anode compartment causing the change of flow direction to forward. It 
should be noted that during stage 8 the soil pH was higher than for stage 4 in which 
the NaHCO3 solution was not able to change the reverse electro-osmotic flow to 
forward. These results corroborate the importance of soil pH to control the direction 
of electro-osmotic flow. Authors concluded that the change of electro-osmotic flow 
direction from reverse to forward takes higher time due to the difficulty of the high 
pH solution transport from the cathode toward the anode. In practice, it has been 
observed that the direction of electro-osmotic flow is mainly determined by the pH 
soil close to the anode compartment [50].

The ionic migration of electrolysis products entails important changes not only 
in the electro-osmosis flow direction but also in the chemistry of the solid matrix 
[16]. The precipitation of contaminants represents a problem for the recovery by 
electro-osmosis. The products generated at the anode migrate toward the cathode 
and the hydroxides ions produced at the cathode migrate toward the anode. The 
transport of these ions through the soil affects the contaminant migration and the 
removal during the remediation treatment. Thus, the reagent addition is the most 
typical approach to control the pH and, subsequently, to avoid the entrance of the 
basic front generated in the cathode compartment into the soil. From electrokinetic 
remediation studies, Reddy et al. in 2004 found that the recovery of heavy metals 
from a glacial till soil contaminated with Cr, Ni and Cd, was not achieved due to 
their precipitation under high pH conditions. They proposed the addition of differ-
ent reagents to the electrolyte, such as EDTA, citric acid and acetic acid, to avoid the 
precipitation and to promote the formation of soluble metal complexes. Results 
showed that an adequate selection of the enhancements agents results beneficial 
and, even, necessary for soils with high buffering capacity [51]. Interesting studies 
using different acids solutions to enhance the technique has been reported [52–55]. 
Villen et al. compared the use of strong and weak acids for a real contaminated soil 
observing larger removal yield when a weak acid, as acetic acid, was added to the 
cathode. These results were associated with differences in the fraction of the electric 
current carried out by ions traveling from the anode to the cathode [56]. Surfactants 
and complexing agents have been also widely studied to enhance the mobility of 
contaminants. Surfactants are usually used to deal with organic contaminants [57, 
58]. For soils contaminated with heavy metals, the use of chelating agents contain-
ing ligands to form complexes has been also reported [59–63]. Chelating agents 
have been proved to be excellent solubilizing agents for many metals such as Pb 
[64, 65].

The EDW to improve the mechanical properties of soils is also enhanced by the 
injection of chemical solutions. Some works demonstrated that the use of calcium 
chloride solution before the injection of sodium silicate solution during the 
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treatment can entail the soil cementation close to the electrode compartments [66]. 
Ou et al. studied the effects of electro-osmosis with injection of saline solutions on 
a silty clay. The saline solutions, consisting of solutions of KCl, NaCl and CaCl2 
with different concentration, were injected in the anode compartment. The treat-
ment time was a 40% lower for the experiment with the use of the CaCl2 solution 
comparing with experiments without solution injection. The average undrained 
shear strength for experiments with the injection of the solutions of higher valence, 
such as CaCl2, was also improved in five times with respect to the untreated soil 
(Fig. 11). The improvement of the soil properties depended also on the distance 
from anode [67, 68].

With the aim of verifying the suitable operation process at larger scales, Chien 
et al. carried out tests at field scale applying electro-osmotic chemical treatments. 
The injection of calcium chloride solution followed by the injection of sodium sili-
cate solution allowed the current decreased and the decrease of the drainage from 
the cathode. From results, it was confirmed the applicability of the electro-osmosis 
technique enhanced with chemical treatments for further field tests [69].

2.4  Applications

This section reviews real cases of EDW application pursuing different goals. 
Successful application reported soil stabilization, recovery of contaminant soils, 
dewatering of numerous matrixes such as soil, sludge and mine tailing.

Fig. 11 Influence of saline solution injection in soil stabilization experiments carried out by Ou 
et al. [67]
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2.4.1  Consolidation of Fine-Grained Matrices

The consolidation of saturated soils applying electro-osmosis is reached because of 
lower soil water content entails higher shear strength and lower compressibility. The 
changes in physical and chemical properties of the soil have also a direct influence 
on the soil stabilization. After first applications of the electro-osmosis by Casagrande, 
many successful trials applied to soils requiring an effective and rapid improvement 
have been reported over the years. This section reviews some of the most interesting 
field application whose main characteristics are summarized in Table 2.

The stabilization of an excavation in Norway carried out by Bjerrum et al. in the 
1960s is one of the first reported successful cases. The electro-osmosis consolida-
tion of the excavation was the most appropriate technique due to security reasons. 
The treatment was applied during 120 days with a total energy consumption of 
30,000 kWh. The electrode installation consisted of reinforcing steel bars of 19 mm 
diameter and 10 m long covering a total area of 200 m2. The electrodes suffered an 
important process of degradation with a 37% of steel anode corroded. The soil after 
treatment presented a higher plasticity due to changes in their mineralogy. Also, the 
addition of iron ions from the anode electrode entailed the formation of iron- 
saturated clay with higher plasticity [8].

The slope stabilization in southern British Columbia, Canada, is other historical 
example of electro-osmosis application. The treatment lasted 9 months during 
1972–1973 with a volume of soil treated of 400,000 m3. For safety reasons, an exca-
vation of the slope was required to increase the soil stability. Before the sloped were 
excavated, it was decided to apply electro-osmosis technique to increase the shear 
strength and to reduce the water content in soil pore. A sequential application of the 
electro-osmosis treatment was carried out dividing the slope in several zones, as 
schematically presented in Fig. 12.

Once the higher part of the slope was treated, the zone was excavated until the 
next level with the aim of installing the electrodes and pumping wells. This method 

Table 2 Summary of real cases of electrochemically assisted dewatering to consolidate soils.

Case Reference
Treatment 
time

Treated 
zone

Power 
consumption

Stabilization of an excavation 
in As, Norway

Bjerrum et al. [8] 120 days 1765 m3 17 kWh m−3 of 
soil

Stabilization of a slope in 
British Columbia, Canada

Wade [11] 9 months 400,000 m3 6.7 kWh m−3 of 
soil

Stabilization of an embankment 
in Singapore

Chappell and 
Burton [10]

9 days 2400 m3 0.5 kWh m−3 of 
soil

Strengthening of soft sensitive 
clay

Lo et al. [12, 41] 32 days 1205 m2 2136 kWh

Stabilization of a marine clay 
in Singapore

Chew et al. [70] 13 days 2500 m2 1.8 kWh m−3 of 
soil

Stabilization of a clay silt in 
Malaysia

Rittirong et al. 
[71]

14 days 2240 m2 0.7 kWh m−3 of 
soil
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was applied to the bottom of the slope. During the treatment, no slope movements 
were registered. Results put forward the success of electro-osmosis technology to 
consolidate the soil [11].

Chappel and Burton also applied electro-osmosis technology to the consolida-
tion of an unstable embankment in Singapore in 1975. The soil causing the instabil-
ity was mainly silt slurry, characterized by low permeability. Before deciding to 
apply electro-osmosis treatment, other attempts of stabilizing the embankment had 
not success. The effectiveness of the technique was proved with a reduction of the 
movement of the embankment from 1 m day−1 to 1 cm day−1 after only 9 days of 
treatment. The energy consumption was 0.7 kWh m−3 of soil, significantly lower 
than other historical cases (Table 2). This fact was associated with the higher electri-
cal conductivity of the soil in this zone as a consequence of higher contents of 
salts [10].

The historical case of strengthening of soft sensitive clay carried out in Ottawa 
Valley, Canada, in 1989, is characterized by the application of pioneering opera-
tional conditions. The perforated copper electrodes were designed to allow the 
transport of water into the cathode and out toward the surface by electro-osmosis 
without pumping. The electrode designed for the field test (Fig. 13) consisted of a 
cone-shaped steel shoe to ease pushing the electrode into the ground. With the aim 
of avoiding short circuiting of the system, the electrode part in contact with high 
conductivity layers, such as crush, fine sand and silt, was insulated with several lay-
ers of varnish. The purpose of the weep holes below the top of electrode was allow-
ing water flow out of the pipe.

During the application of electro-osmosis, the polarity was changed after 17 days 
of treatment. Then, the treatment continued for a further 15 days. This polarity 
reversed was proved to achieve some improvement in the soil, such as an increment 
of shear strength, comparing with other real cases. The total energy consumption 
was low, about 1% of the total cost of the treatment. Tests carried out after treatment 
verified that the improvements observed in soil were permanent [12].

Fig. 12 Sequential excavation for the slope stabilization carried out by Wade in Canada (1976) 
[11, 40]
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In a more recent studied, Chew et al. [70] carried out tests to probe the efficiency 
of electro-osmosis applied to a marine clay in Singapore at laboratory and field 
scales. As metal electrodes are expensive when applying the technique to marine 
clay due to anode corrosion, a patented electrically conducting polymer drain was 
used in this research. They used EVDs and PVDs as electrode and vertical drains, 
respectively. The polarity reversal was also applied to this study case. The total 
energy consumption was ranged from 14 to 28.8 kWh m−3 of soil for laboratory 
scale application while the electrical used was of 1.8 kWh m−3 for field scale. The 
field trial was carried out in an area of 2500 m2 for 314.8 h. The polarity reversal 
started after the first 25  h and it was applied at time intervals of 7–10  h. From 
results, it was concluded that the application of electro-osmosis was effective using 
EVD even when the soft clay to treat was under 18  m of sand fill. Conditions 
required for a success application were: high conductivity of the EVD installed, 
good insulation of the metallic shoe and reversed polarity. Studies of pore pressure 
response suggested the improvement of shear strength in both scales. The used of 
electro-osmosis was proved to be about ten times faster than conventional prefabri-
cated vertical drains (PVD) only using hydraulic gradient by external loading [70].

Fig. 13 Copper electrode designed for the field test of electro-osmotic strengthening of soft sensi-
tive clay [12, 40]
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Rittirong et al. [71] applied electro-osmosis technology using EVDs to two natu-
ral soils at laboratory and field scale. This work aimed at a better knowledge about 
the improvement in soils using EVDs. They found that even when the electro- 
osmosis flow stopped, the soil strength increased. Therefore, the improvement of 
soil was not only associated with the electro-osmotic consolidation but also with 
electrochemical effects. From results, it was concluded that the use of EVDs was 
highly efficient to soil consolidation [71].

2.4.2  Removal of Contaminants

The recovery of contaminated soil using electro-osmosis technology has been 
widely studied over the years. This is a feasible alternative for heterogeneous satu-
rated porous media such as soils characterized by low hydraulic permeability. The 
EDW is focus on contaminants contained in the porous liquid, such as organic spe-
cies. For ionic species, the electromigration transport can contribute to the recovery 
of contaminants.

The removal of organic contaminants by electro-osmosis requires their solubili-
zation in the pore fluid. Therefore, the adsorptive properties of the porous matrix, 
such as distribution coefficient, solubility and octanol/water partition coefficient, 
play an important role. The organic pollutant can be classified according to their 
solubility in water. Thus, it could be distinguished insoluble organics, such as heavy 
hydrocarbons and soluble organics, such as benzene, toluene, xylene, chlorinate 
solvents and phenolic compounds [27]. Since the hydrophobic organic compounds 
remain adsorbed onto the organic matter in the soil and the soil particles, the use of 
solubilizing agents is required in this case. To promote the dissolution/solubilization 
of organic compounds, it has been widely used surfactants, bio-surfactants, co- 
solvents and cyclodextrins [72].

This section will report some practical cases of soil decontamination by electro- 
osmosis technology paying special attention to the technique evolution. With this 
aim, earliest experimental studies using spiked model soils were designed to a better 
understanding of the fundamentals of the technique. However, as it is widely 
accepted, researches with real soils are also needed for the prediction of the electro- 
osmosis performance at larger scales.

Clifford et al. studied the application of electro-osmosis technology with the aim 
of removing hydrocarbons from a fine-grained soil in 1992. They evaluated the 
mobilization of dissolved benzene, toluene, m-xylene, hexane, isooctane and tri-
chloroethlylene (TCE) from a spiked clay soil. Experiments were carried out in soil 
columns under an electrical gradient of 0.4 V cm−1 of soil length at laboratory scale. 
The higher degree of mobility was obtained for the organic compounds with higher 
water solubility, as can be observed in Table 3. The estimation of distribution coef-
ficient value was found to be a potential tool for studying the mobility of organic 
contaminants by electro-osmosis. From experimental results obtained in laboratory 
test, field predictions suggested the electro-osmosis technology as a viable tool to 
remediate fine-grained soils containing gasoline hydrocarbons and chlorinated 
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solvents. However, further studies at bench-scale were needed to a better under-
standing of the feasibility of the technique at larger scales [73].

In the same year, 1992, Acar et  al. evaluated the recovery of phenol from a 
kaolinite applying an external electric field. First, adsorption tests were carried out 
to evaluate the adsorption kinetic of phenol onto the kaolinite. Results suggested 
that the organic compound was adsorbed onto the porous matrix in a short period. 
The generation of an acid front at the anode as result of water electrolysis was found 
to be an improvement for the contaminant desorption. This work evaluated ener-
getic aspects finding that the energy consumed for removal the phenol was from 18 
to 39 kWh m–3 of soil. Authors also highlighted the need of pilot-scales studies to 
develop the process at real scale [74].

Shapiro et  al. carried out other relevant work about the feasibility of using 
electro- osmosis to recover soils contaminated with organic species in 1993. 
Experimental results were compared with those obtained from a theoretical model. 
The soil sample treated at two different scales was a kaolinite spiked with a known 
concentration of phenol or acetic. The tests at small scale were designed to allow the 
identification of potential limitations obtained at large scale. An efficient decon-
tamination rate was obtained after applying electro-osmosis. These results were 
associated with the capacity of controlling the flow direction and uniformity when 
electro-osmosis technology was applied to a fine-grained soil. The important depen-
dence of the electro-osmotic flow on the soil pH values was also evaluated. After 
analyzing results, it was clear that even for simplified cases, as the experiments car-
ried out with spiked soils, the correlation between transport mechanisms should be 
considered to a better understanding [38].

Ribeiro et al. studied the atrazine behavior in soils when an electric field was 
applied. A one-dimensional mathematical model was developed not only to describe 
the behavior of the contaminant-soil system, but also to predict the generalized 
removal of other uncharged pollutants from soils. This model considered the 
reversed electro-osmosis, from cathode toward the anode, due to the low pH of the 
soil. From results, the mobilization of atrazine was mainly associated with the 
reversed electro-osmosis for natural and spiked soils studied [75]. Other mathemati-
cal model for the removal of organic compounds, molinate and bentazone, in soils 
was developed in 2011. Experimental results were obtained from the application of 
electrokinetic technique to three real soils from Portugal. From comparison of 
experimental and theoretical results, the high dependence of electro-osmotic flow 
on the soil pH was proved. From varying the intensity conditions, the importance of 

Table 3 Experimental results obtained by Clifford et al. [73]

Pollutant
Treatment time 
(day)

Contaminant removal 
(%)

Aqueous solubility at 20 °C 
(mg L−1)

Benzene 5 27 1780
TCE 5 25 1100
m-Xylene 5 19 146
Isooctane 25 7 2.4
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electromigration versus electro-osmostic transports was compared. The application 
of higher current intensity entailed the mobilization of bentazone toward the anode 
because of the electromigration transport of enolate, counteracting the expected 
electro-osmotic transport of bentazone toward the cathode. For lower intensity con-
ditions, the opposite movements took place. This fact was associated with the higher 
dependence of electromigration flow on the current intensity comparing with 
electro- osmotic transport [76].

Cameselle and Reddy carried out the evaluation of the influence of some impor-
tant variables on electro-osmotic flow, such as soil composition. The soils used in 
this study were kaolin and glacial till. As a low permeability soil with a negligible 
organic matter content and a low buffering capacity and cation exchange capacity 
(CEC), kaolin was selected. Glacial was used as a low permeability soil with low 
organic content, high pH and a cation exchange capacity higher than kaolin. The 
contaminants added artificially in the laboratory were heavy metals (Mn, Ni, Cr, Hg 
and Cd) and a hydrophobic organic pollutant, phenanthrene. With the aim of pro-
moting the contaminant dissolution, different chemical solutions were added. To 
evaluate the influence of the chemical reagents, a wide variety of solutions were 
tested: acid and alkaline agents (H2SO4, NaOH), complexing agents (citric acid, 
EDTA, oxalic acid, potassium iodide), surfactants (Tween 80, Igepal CA-720, Witco 
207 and Witconol 2722), co-solvent (ethanol and butylamine) and cyclodextrins 
(hydroxypropy-β-cyclodextrin). The experimental setup used in this research is 
schematically presented in Fig. 14.

Although the removal of heavy metals was mainly associated with electromigra-
tion of charged species, electro-osmosis was proved to have a direct influence on the 
behavior of these contaminants. Depending on the transport direction of contami-
nants, electro-osmosis enhanced or impeded the removal. It is worth mentioning 
that the soil composition played an important role in the heavy metal recovery. For 
glacial till containing heavy metals, the pH changes associated with high content of 

Fig. 14 Experimental setup used for the study of the enhancement of electro-osmotic flow for 
removal of pollutants from soils [72]
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carbonates and organic matter during the treatment entailed important changes in 
the direction and magnitude of electro-osmosis flow. In addition, the use of enhanced 
agents, such as citric acid, influences over the value of zeta potential resulting in a 
higher electro-osmotic flow. Regarding soil polluted with phenanthrene, the capac-
ity of the enhanced agent (surfactants and co-solvents) to solubilize the contami-
nants was a key point to the soil recovery. Although the high acid buffering capacity 
of glacial till promoted a higher electro-osmotic flow, the phenanthrene was more 
difficult to remove from this soil than from kaolin. These results were related to the 
strong association of phenanthrene with the organic matter in glacial till. Authors 
concluded that the electro-osmotic flow was highly affected by experimental condi-
tions, such as pH changes in soil, ionic strength, electric field intensity and soil type. 
They recommended the development of theoretical models for electro-osmosis 
together with laboratory studies as an approach to optimize experimental conditions 
for field scale [72].

The use of a wide variety of soil types in the application of electrokinetic reme-
diation studies has proved that the mineralogical composition of soil and the pres-
ence of natural substances play an important role in the application of the technique 
at field scale [62, 77, 78]. So, although early studies on electrokinetic remediation 
performed at lab scale were aimed at a better understanding of the fundamentals of 
the processes involved, the extrapolation of results obtained in this studies to real 
soils is not possible to predict the feasibility technique at larger scale [79]. López- 
Vizcaíno et al. (2014) studied the electrokinetic treatment of a real soil contami-
nated with phenanthrene at a pilot plant [58]. As aforementioned, the high persistence 
of phenanthrene in soils entails the necessity of using special solutions of surfac-
tants and co-solvents. Authors based on previous washing assessment studies 
selected the sodium dodecyl sulfate as the flushing fluid [80]. Although the removal 
mechanism of phenanthrene desorption as a consequence of electric heating was 
insignificant in laboratory experiments, this phenomenon became relevant when 
experiments were performed at pilot scale. Thus, the main mechanism involved in 
the removal of phenanthrene was not only the electro-osmosis and electrophoresis 
but also the desorption produced by electric heating of the soil. The experimental 
setup at pilot scale was open to atmosphere, as shown in Fig. 15, which entailed an 
evaporation fluxes during the treatment. Contrary to results obtained from labora-
tory scale, the gravity and evaporation fluxes were demonstrated more important 
even than electrokinetic fluxes at pilot scale.

The main advantage of using EDW for the environmental prevention of soil pol-
lution is its suitability for in situ treatment of polluted soils with low hydraulic 
conductivity, which cannot be treated by other conventional techniques. Other 
important advantages of EDW are the treatment of inaccessible areas, the control of 
the water flow and contaminants and the treatment of soil containing multiple con-
taminants. Regarding limitations of the technique, the most important are the prob-
lems due to electrode corrosion together with the possible soil heating. In this point, 
it is worth noting that new studies in EDW are dealing with these limitations.
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2.4.3  Other Matrices

The EDW has been also successfully applied to other porous matrices different 
from soils, such as sludge sewage, mine tailing, oily sludge and marine clay. In 
general, EDW has been proved suitable for materials that are not treatable by con-
ventional methods for the water reduction. The dewatering of wastewater sludge is 
considered the major difficulty in the sludge disposal [81]. The problems associated 
with this process are related to the very fine particles of this matrix. Therefore, 
improvements in the conventional mechanical dewatering processes for sludge are 
needed [82]. To a better understanding of the sludge dewatering applying an electric 
field, Vesiling et al. differentiate four categories of water in sludge, from more to 
less mobilizable: free water not linked to particles, interstitial water trapped within 
the flocs, surface water adsorbed or adhered on the surface solid particle and inter-
cellular and chemically bound water [83]. The quantities magnitude of each differ-
ent water fractions results essential to the performance of the dewatering systems 
[84]. The water associated with free and interstitial phases is easily removed using 
conventional processes. However, the water adsorbed on the surface solid particle, 
consisted of layered and ordered water molecules, is not removed mechanically 
[85]. Thus, electro-dewatering is a useful tool when sludge is not sufficiently dewa-
tered using mechanical techniques. The most used electro-dewatering technique is 
known as pressurized electro-dewatering [86].

Concerning the electro-osmosis phenomenon, the understanding of processes 
taking place in EDL is essential, as described in detail in Sect. 2.2. The sludge 

Fig. 15 Electrokinetic remediation pilot plant for a soil polluted with phenantrene [58]
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particles are characterized by large surface area negatively charged, which facili-
tates the water adsorption. The water contained in the EDL is associated with inter-
stitial water and surface water adsorbed [87]. Successful experiences for electrical 
treatment of sludge has been reported. Smollen and Kafaar [87] carried out experi-
ments of sludge dewatering assisted with electro-osmosis in a pilot plant. Based on 
previous laboratory studies, they designed a pilot plant characterized by incorporat-
ing electro-osmosis technology into filter-best press. With this study, they pretended 
not only to develop a further complete pilot plant but also to contribute with relevant 
results about difficult problems typically found in sludge dewatering. The experi-
mental setup was divided into: a feed box, horizontal belt for gravity dewater and 
electro-osmotic section. The electro-osmostic section consisted of two belts made 
of an electrically conductive material for squeezing the sludge and connected to the 
anode and cathode electrodes. Thus, the water contained in the sludge would be 
transported toward the cathode while the negatively charged species in the sludge 
would move toward the anode electrode. The experimental tests were carried out in 
two stages passing the sludge two times through the system; the dewatering in the 
first stage was carried out by gravity and belt pressing and in the second stage apply-
ing electro-osmotic technology. With the aim of comparing the current efficiency 
and energy requirements, experiments were run at different voltage. It should be 
noted that studies were carried out applying the direct current maintaining constant 
the voltage or the electric current. Results demonstrated that decreasing in current 
intensity was observed when experiments were carried out at constant voltage. 
These results are related to the increase of electric resistance because of lower water 
content. The addition of polyelectrolyte did not influence significantly on the 
electro- osmotic processes. The use of electro-osmosis technology for sludge dewa-
tering resulted in an important improvement, specially, for gelatinous and fine par-
ticles sludge. The use of electro-dewatering demonstrated important advantages in 
a wide recognized drawback of processes filtration processes: the blinding of the 
filter media [87].

The application of a low electric field to the wastewater sludge is not only used 
to improve the liquid-solid separation but also to remove contaminants. This reme-
diation is desired for reusing of waste sludge as composting, fertilizer or even incin-
eration and disposal to landfill [88]. Hwang et al. demonstrated that the combination 
of mechanical and electro-osmosis processes improved the dewatering of sludge 
and reduced the pollutants. They associated the reduction concentration of heavy 
metals with the accelerated removal of water because of electro-osmotic flow. In 
addition, the cake heating value, a relevant parameter for incineration disposal, was 
proved higher for sludge treated with electro-osmotic technique. Thus, the required 
fuel for incineration would be reduced from two to three times. Authors also high-
lighted that the application of a low electric field facilitates the control of proper 
water content of sludge, depending on the reuse proposal, by controlling the current 
density [89].

The development of efficient dewatering processes also results essential to treat 
mine wastes with high contents of water, which entails high risks of instability. The 
most used approach for in-situ dewatering consists of the installation of 
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prefabricated vertical drains. The US Bureau of Mines was pioneer in the applica-
tion of electro-dewatering of mine tailing in the 1960s. Shang et  al. studied the 
electro-dewatering of a phosphate clay in an experimental program. The experimen-
tal setup designed for the electrokinetic experiments (Fig. 16) consisting of horizon-
tal electrodes allowed controlling the drainage at the bottom of the cell.

The sedimentation velocity was directly associated with the current density. In 
addition, the polarity reversal and the application of intermittent current improved 
the dewatering process due to not only the reduction of power consumption but also 
the neutralization of adverse effects of electrode reactions [42]. The energy con-
sumption for the dewatering application to mine tailing reported in [90] varies from 
0.6 to 880 kWh dry_tonne−1. Fourie et al. proposed the use of electrokinetic geosyn-
thetics (EKG) not only to optimize costs but also to avoid problems associated with 
the anode corrosion, as reported in Sect. 2.3. The application of a low voltage gradi-
ent together with the optimization of other operational conditions allowed obtaining 
an energy consumption rate of 0.9 kWh dry_tonne–1. Regarding the use of EKGs 
electrodes, no corrosion was detected after 2 months of use in an outdoor experi-
ment. The application of this technique to different tailing materials should be pre-
viously evaluated due to the important role of the mine tailing properties on the 
electro-osmosis processes [90].

Semi-continuous and continuous electrokinetic dewatering processes have been 
designed with the aim of being applied to the reduction of water content of phos-
phate clay suspensions. Kong et al. proposed the semi-continuous system schemati-
cally presented in Fig. 17a as a previous prototype of a fully continuous process. 
The dilute particulate suspension was continuously fed while the supernatant liquid 
was continuously removed. The effect of electric field over the fine particles moving 
toward the anode causes the formation of a cake. The solid was accumulated at the 
tank bottom by gravity generating a solids-rich suspension. The experiments were 

Fig. 16 Electrokinetic treatment system used for phosphate clay dewatering [42]
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finished once the accumulated solid volume exceeded the capacity of the store tank. 
From results, authors concluded that fully continuous separation should provide 
better results not only by obtaining a steady stream of low-turbidity water but also 
by improving the efficiency of the process [91]. The design of a fully continuous 
prototype combined the idea of previously designed systems for water and solids 
recovery. The system schematically represented in Fig. 17b, consisted of two parts: 
the horizontal part where the cake is formed and the angled part where the cake is 
dewatered. The electrodes configuration was parallel in each zone. The electro- 
osmosis was proved the major transport mechanism in the angled zone, knowing 
this region of the experimental system as the cake-dewatering zone. The final solid 
content obtained was of 35% under an applied electric field of 1 V cm−1 with an 
energy consumption of 4.7  Wh/kg of solid. Compared with static electrokinetic 
separation, the fully continuous prototype was proved to consume significantly less 
energy and to improve solid content [92]. Among other limitations associated with 
a poor contact in the cake-dewatering zone and the difficulty of collecting the low- 
turbidity supernatant water, further studies about the clay cake microstructure are 
desirable to a better understanding of the electrokinetic process [93].

In addition to the matrices aforementioned, the electro-dewatering process could 
be applied to oily sludge, one of the most significant solid wastes generated in the 

Fig. 17 Schematic representation of (a) semi-continuous and (b) fully continuous systems for 
electro-dewatering of phosphatic clay suspension designed by Kong et al. [91, 92]
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petroleum industry. The oily sludge consists of emulsion of various petroleum 
hydrocarbons, water, heavy metals and solid particles. The application of a low- 
intensity direct current to this matrix has successfully allowed the separation of 
water and oil phases because of electro-osmosis transport [94, 95].

3  Conclusion

The application of EDW requires a well understanding of the coupling phenomena 
transport. Thus, the combination of mechanisms taking place under an electric field, 
such as electromigration, electrophoresis, diffusion and electro-osmosis, plays an 
essential role in the effectiveness of the technique. The understanding of some theo-
retical concepts, such as zeta potential, electrical double layer and point of zero 
charge, assists the design of experimental setup for different applications. From 
theoretical and experimental studies, the use of enhancement methods to optimize 
the technology has been discussed. In this chapter, from the report of numerous real 
cases of EDW application, it has been highlighted the importance of operational 
conditions paying especial attention to the porous matrix properties. From a wide 
range of applications, the main factors affecting the efficiency of technology have 
been presented. This chapter has not only discussed the traditional applications of 
EDW, the civil engineering applications, but also others such as recovery of pollut-
ant solid matrices. An especial attention has been paid to the recovery of contami-
nated soils through the study of the most important properties affecting the 
electro-osmotic transport. Currently, the development of promising experimental 
setups from studies dealing with traditional and novel applications reflects the ver-
satility of the EDW to solve important environmental problems. Further experimen-
tal and theoretical studies will allow the optimization of economic and operational 
aspects required to be widely applied at field scale.
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1  Introduction

In the last decades, much of the works focussed on electrochemically assisted soil 
remediation processes were limited to research conducted on laboratory [1–9], in 
which hermetically sealed cylindrical or prismatic cells were used as electrokinetic 
reactors. Working at this scale the soil is isolated from the surrounding environment, 
greatly reducing the variables that must be controlled during processing. This reduce 
size facilitates the analysis of the different electrokinetic and electrochemical pro-
cesses that occur in the soil as well as the estimation of the most relevant variables. 
Nevertheless, although the use of these small and well-controlled units is very use-
ful to obtain high accuracy value data [10], they do not reproduce accurately the 
behaviour of the full application due to the experimental working conditions are far 
from resembling the real field.

The idea of   going from a laboratory scale to a full application directly is very 
tempting from the point of view economic and time-consuming. However, follow-
ing this direct path requires either an information fund that is often inaccessible or 
a series of technical evaluations beyond what is normally considered possible or 
desirable. In this way, it is necessary to go through a path that includes going through 
one or more intermediate scales before achieving the final objective. However, it is 
necessary to verify that the hypotheses obtained through the first experiments in the 
laboratory continue to be valid as one moves from one scale to another.

In this point, it is worth to point out that in disciplines such as chemical and 
environmental engineering scaling-up involves a deeper understanding of the pro-
cess. This entails to pay attention to the basis and fundamentals of remediation 
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process and, even more important, to the control mechanisms. In the case of soil 
remediation, three electrical drive processes (electrokinetic, electrochemical, and 
electrical heating processes) coexist. Additionally, other chemical processes, such 
as precipitation or exchange reactions, and physical processes, such as hydraulic 
flux or evaporation, may occur simultaneously. Any one of these mechanisms is 
more ubiquitous than others and may result in the performance of the technology 
being very different. If the results of the small scale are intended to be fully inferred 
[10, 11], it is worth evaluating how the size of the experimental device affects these 
mechanisms.

From the technological viewpoint, few research groups have focussed their 
works on the scale-up of electroremediation process [10, 12–17]. In contrast, many 
companies have the experience and know-how in conducting large-scale research 
but generally they are not interested in sharing it. Among these companies, there are 
R + D sections of big chemical or environmental companies (such as DuPont or 
Monsanto) and also small spin-off companies (such as the relevant geokinetics or its 
actual matrix company Hak Milieutechniek BV). This limits markedly the knowl-
edge because they are not interested in spreading their knowledge, but in applying 
it in the remediation of particular polluted sites: (1) the company Electrokinetics 
developed soil remediation processes based on the use of perforated electrodes 
through which water retained in the soil is mobilized, or through which improving 
fluids are introduced into the in-treatment soil; (2) the company Geokinetics 
International, Inc. worked on an electroremediation process patent in which the 
main claim was the use of ion-permeable electrolyte compartments (wells) inside 
which the electrodes are placed (both anodes and cathodes); (3) the company Hak 
Milieutechniek BV developed a process in which the electrodes heat the ground to 
favour the volatilization of organic species and the fuel movement; (4) the company 
Isotron Corporation developed, together with the Department of Energy of the 
United States, electrochemical decontamination processes for soils and groundwa-
ter polluted with heavy metal, especially radionuclides, being particularly interested 
on the development of special electrode materials that promote removal processes 
such as adsorption or ionic exchange [18]; (5) the company SRI International in 
collaboration with USAF created an electrochemical reactor to treat groundwater by 
means of advanced oxidation techniques; (6) a consortium of companies such as 
Monsanto, E.I. du Pont de Nemours and Company (DuPont) and General Electric 
(GE) designed the Lasagna process, that combines electroosmosis together with 
reactive permeable barriers [12].

The larger numbers of processes involved in the electrochemically assisted soil 
remediation processes, and the strong interactions of parameters in those processes, 
makes every application a unique case from which a direct application to other case 
cannot be expected but from which important lessons can be learned and applied to 
many other cases. In this context, this chapter reports information about the scaling-
 up of electrochemically assisted soil remediation processes, trying to highlight the 
lessons learned on this field and the main inputs that should be accounted for a 
proper scale-up study.
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2  From Lab Scale to Full Application: Main Aims 
and Cell Design

In the field of environmental and chemical engineering, the scaling-up of any process 
is, generally, classified into five levels or scales: laboratory, bench or semi- pilot, pilot, 
prototype or semi-industrial and industrial. In each step, the size increases and the 
magnitudes which marks the type of scale used are the size and/or the volume. 
However, in terms of engineering, this concept is too basic, and a multitude of factors, 
some more important than others, must be evaluated. But if a criterion must be estab-
lished to discern between the different scales, it could be said that they can be sort 
based on the purpose for which they were created. Therefore, each scale provides the 
information to be used in the design of the next scale, and all this information must be 
collected to establish a successful strategy and achieve the ultimate goal of scaling-up: 
to obtain comprehensive knowledge of the remediation process. Finally, developed 
technologies should be validated in a relevant environment.

Laboratory scale. The purpose of this scale is to verify that the theory is fulfilled, 
as well as to constitute a source of obtaining data for the formulation of theoretical 
models. Thus, it allows confirming or rejecting the hypotheses obtained from prior 
knowledge and from the literature and it is also a fundamental piece for obtaining of 
the systematized information that will form the basis for higher scales. Additionally, 
this scale allows to evaluate in the most efficient way the effects that the different 
disturbance variables have on the process.

In soil remediation, the laboratory scale trials are carried out in hermetically 
sealed systems that are easy to operate and reproduce. These trials require limited 
economic and time investment, and, thus, they can be easily replicate. However, as 
these systems are isolated, the information obtained cannot be used directly to per-
form any kind of inference, as all processes are studied under extremely controlled 
conditions. On contrary, this extreme isolation from external agents is useful to 
estimate the thermodynamic, transport and chemical kinetic parameters.

Figure 1 shows a schematic representation of a typical lab-scale cell, proposed by 
Sandu et al. [9]. This lab-scale cell has a capacity of 150 mL (within the typical range, 
from 50 to 200 mL) and is divided into three compartments: two electrode compart-
ments and a central one where the soil is placed. These compartments are generally 
separated using cellulose filters or plastic meshes. Carbonaceous or metallic fine bars 
are used as electrodes which are connected to a power supply to maintain a constant 
DC. The electrode chambers are filled with the selected processing fluid that is recir-
culated with a pump. Additionally, electrolytes are transferred to collector flask.

Bench or semi-pilot scale. This scale has more technical characteristics. Contrary 
to the first, the scale already has equipment whose geometry is more comparable to 
industrial scale and requires a higher level of instrumentation and control. 
 Bench- scale trials allow to have a complete preliminary understanding of the per-
formance of the process and pay attention to other aspects related to safety, waste 
generation, and control and instrument requirements. In addition, this scale mainly 

Fundamentals of the Scale-Up of the Electrochemically Assisted Soil Remediation…



440

confirms the mathematical model obtained in the laboratory stage and specifies and 
expands the information obtained from the laboratory. However, the information 
obtained is still related to the main direction of change (one-dimensional) and the 
extrapolation to the full range is still very questionable. In any case, results obtained 
at this scale will have an impact on the decision to carry out the next highest scale 
(pilot scale) or not.

Figure 2 shows a schematic representation of a bench-scale electrokinetic reactor 
used in literature [19] and a picture of the bench-scale cell used by Vieira do Santos 
et al. [7]. Generally, this type of bench-scale cell has a capacity ranging from 0.2 to 
2 L g of soil and it is divided into three compartments, as in lab-scale cells, and 
where electrode compartment are not immersed in the soil but located in the extreme 
of the cell (immersed in electrolyte compartments). In this case, bars (with 2–3 cm 
of diameter and 4–5  m of length) or plates (with dimensions around 
10.0 cm × 10.0 cm × 1.0 cm) of carbonaceous or metallic materials are generally 
used as electrodes. As before, electrolytes are recirculated by means of a pump and 
collected in reservoir tanks.

Pilot scale. The operation at this scale is more expensive than the previous ones, 
but its use is crucial by the level of information obtained to size the industrial unit. 
Thus, the pilot scale is recognized as a key issue in scaling-up that requires the 
information of the previous stages (research and development). With this previous 
information, the purpose of the pilot scale is the verification of the results in a three- 

Fig. 1 Experimental set-up for the simulated bench-scale in situ experiments: (1) anode, (2) cath-
ode, (3) electroosmotic flow reservoir, (4) soil sample, (5) auxiliary electrodes, (6) power supply, 
(7) data acquisition system [9]
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dimension (3D) configuration. Therefore, this entails changes in the design of cells 
at pilot scale, with the use of open systems with a capacity ranging around 150–300 L 
generalized. That is, prismatic cells open to atmosphere where electrodes can be 
directly inserted in the soil or immersed in electrolyte wells are used. At this size, 
the auxiliary service and maintenance requirements can be estimated, as well as a 
first evaluation of the typical operational problems.

Figure 3 shows pictures of different pilot-scale electrokinetic reactors reported in 
literature [20, 21]. The reactor proposed by Risco et al. [21] consists of a methacry-
late prism with a soil capacity of 175 L (70 × 50 × 50 cm3). The electrodes used for 
both the anodes and the cathodes are graphite rods with dimensions of 1 × 1 × 10 cm3 
and positioned in semipermeable electrolyte wells of 100 cm3 of capacity. On the 
other hand, the pilot-scale equipment proposed by Kim et al. [20] consists of a cell 
of 50 L of capacity (50 × 50 × 20 cm3), with anode and cathode compartments with 
dimensions of 50 × 50 × 12 cm3 and 50 × 50 × 15 cm3, respectively. In this case, a 
mixed metal oxide (50 × 50 cm) is used as anode and titanium as cathode.

The large volume of soil treated at this scale and its typical heterogeneous make 
important to control soil conditions to reproduce conditions similar to field, to 
ensure the homogeneity of the soil between tests and to avoid the formation of pref-
erential flow paths. This is a relevant point (that is critical in the next level, proto-
type) due to the macroscopic structure of the soil becomes altered during extraction, 
transport, and/or storage before the experiment. Therefore, to use soils with hydro- 
mechanical properties analogous to those in the field, some authors [10, 22] inform 
about the necessity of the reestablishment of initial properties. To do this, it is pro-
posed the installation of a granular material (double layer of gravel and sand) that 

Fig. 2 (a) Schematic of bench-scale electrokinetic reactor: (1) DC power supply; (2) soil cell; (3) 
anode; (4) cathode; (5) peristaltic pump; (6) cellulose filters; (7) anode chamber; (8) cathode cham-
ber; (9) anolyte reservoir; (10) catholyte reservoir; (11) anolyte receiving reservoir; (12) catholyte 
receiving reservoir; (S1) non-contaminated soil S1; (S2/S3) contaminated soils. (Adapted from 
[19]), (b) Picture of bench-scale electrokinetic reactor used by [7]

Fundamentals of the Scale-Up of the Electrochemically Assisted Soil Remediation…



442

acts as a drain support (Fig. 4). Then, the soil, with controlled humidity conditions, 
is deposited into the reactor by compaction of layers of controlled height. Finally, 
the installation of a layer of sand is deposited on the top to act as a capillary barrier 
to minimize evaporation losses. The compaction necessary depend on soil proper-
ties and the optimal compaction energy must be evaluated in each case [10, 22].

Unlike previous scales, its higher size makes possible the evaluation of different 
electrodic configuration. In fact, the position of the electrodes placed in the soil is a 
key parameter in the efficiency of the remediation, because this determines the 
direction and magnitude of the electrokinetic processes, and consequently, the sig-
nificance of the transport of pollutants. The number of the electrodes and the 

Fig. 3 Pilot electrokinetic reactors reported in literature: (a) 175 L [21], (b) 50 L [20]

Fig. 4 Pictures and scheme of the drain support recommended by Lopez-Vizcaíno et al. [10] for 
pilot scale
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electrode spacing used has to be directly related to the mass of treated soil, and their 
configuration depends on the aim of the treatment. From a viewpoint of transport of 
pollutant, the electrode configuration more effective is the use of facing rows of 
electrodes or the use of a group of anodes surrounding a central cathode or vice 
versa, depending on the transport characteristic of the pollutant. On the other hand, 
to minimize the pollution dispersion an electrokinetic fence is recommended. It 
consists of a sequence of alternate electrodes facing the groundwater plume with the 
aim to capture pollutants contained in the soil and avoid their dispersion by diffu-
sion or advention. Figure 5a shows a scheme of some of electrode configuration 
used in literature.

Prototype or full-scale. The purpose of this scale is to reproduce a real application 
using cells built with the same concept but with soil-treatment capacities in the 
range of few cubic meter. Trials carried out at this scale contribute to attain the com-
plete understanding of involved remediation processes and coupled phenomena. 
They also take into consideration the interaction between the system and the 
 surrounding environment, in terms of lateral flow and atmospheric interaction pro-
cesses, which is not relevant in downsizing scales. In addition, prototype trials give 
information to overcome practical problems and to establish protocols for waste 
management and control and instrumentation. As negative aspects, the execution of 
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these trials implicate a large consumption of time and financial resources, and this 
has limited the number of works carried out at this scale.

Figure 6 shows prototype electrokinetic reactors used in literature, ranging from 
3.3 to 90 m3 of capacity. As can be observed, they consist of high size prismatic 
cells. The prototype proposes by Ochoa et al. [23] has a capacity of 3.3 m3 and is 
built with a circular arrangement of electrodes: a central Ti cathode and six IrO2- 
Ta2O5 Ti surrounding anodes. Each electrode has a diameter of 24 cm and is 0.6 m 
in length, buried only 0.5 m into the ground, and the distance between the electrodes 
is 117 cm (Fig. 6a). In the prototype of 4 m3 (Fig. 6b) [24] a pair of machined cast 
iron electrodes (20 cm long and 1 cm in diameter) are centred and inserted vertically 
into sand wells (using fine acid washed sand, to facilitate drainage of water and 
prevent sample desiccation) at the edges of the soil mass in each container at an 
electrode separation of 16 cm. In prototypes shown in Fig. 6c [17] and Fig. 6d [16], 
electrodes are positioned in semipermeable electrolyte wells and separated between 
1.5 and 2 m, depending on the electrode configuration: facing rows in Fig. 6c and 
circular with alternate anodes and cathodes in Fig. 6d. In this case, the electrodes 
used are cylinders of graphite (15 cm in diameter and 100 cm in length) and the 
wells used are PVC cylinders with lateral perforations (31.5 cm in diameter and 
140 cm in depth) to facilitate the flow and transport of electrolytes. The prototype 
shown in Fig. 6e [25] has a total capacity of 90 m3. It is equipped with steel bars in 
polyvinyl chloride (PVC) casings as anodes and hollow stainless steel as cathode. It 
allows different electrode configuration: parallel (24 m2), square (20 m2), and hex-
agonal (16 m2).

As a differentiating element of previous scales, the design of electrolyte wells 
and the size and geometry of electrodes play an important role at this point, and, as 
shown in Fig. 6, different alternatives are reported. Figure 7 shows the schematic 
design of electrolyte well used by Woo-Seung et al. [26]. In this work, authors pro-
pose the use of perforated cathodes that consist of a hollow stainless steel with many 
holes to facilitate the transport of electrolytes, while the anodes are a steel bars 
located in PVC casings with many holes.

On the other hand, at this scale the instrumentation of the system is crucial to 
monitor the different parameters during the test. Generally, positioning thermocou-
ples, tensiometers water and pressure sensors conveniently distributed into the soil 
is recommended. Moreover, micro-boreholes can dispose into the soil for sampling 
and to monitor the pH, electrical conductivity, pressure and temperature of the pore. 
Figure 8 shows the location of the instrumentation used for the operation of the 
16 m3 prototype operated by Lopez-Vizcaíno et al. [10]. In this work, authors also 
propose the use of a level-control system coupled to the electrolyte wells and con-
nected to a feed tank to regulate the volume of electrolyte added to the soil. All these 
variables can be remotely controlled and monitored using a supervisory control and 
data acquisition (SCADA) software package.

As will be shown later, at this scale soil heating becomes very relevant and this 
has an important consequence in the overall design of the system: the need to imple-
ment gas treatment system. In this point, some authors have proposed the imple-
mentation of granular activated carbon beds or scrubber to retain volatilized 
compounds carried out by gas flow [16, 17].
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Fig. 6 Prototype electrokinetic reactors. (a) 3.3 m3 [23], (b) 4 m3 [24], (c) 16 m3 [17], (d) 32 m3 
[16], (e) 90 m3 [26]

Industrial scale. The design and dimensions of the electrochemically assisted soil 
remediation system to be deployed at a site are based on and derived from the data 
collected during the foregoing scales. The objective of the field demonstration is to 
evaluate the electrochemically assisted soil remediation in a relevant environment, 
and to identify, collect, and verify the economic, operational, and performance data 
that would be used to validate and transfer this technology to potential users. 
Engineering and technological considerations (electrode material, well design, 
instrumentation, auxiliary systems, etc.) are like those proposed at prototype level.

3  Technological Outcomes

As mentioned before, the electrochemically assisted soil remediation processes are 
the sum of many contributing processes started by the application of an electric field 
between electrodes placed in the polluted soil: electrokinetic (electroosmosis, elec-
trophoresis, electromigration), electrochemical (water oxidation and reduction), 
chemical (ionic exchange, precipitation) and physical (heating). From a technical 
point of view, the most important scale-up effect is related to the significance of 
these processes and to the controlling transport mechanism [10, 17]. This 
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information can be discerned from the analysis of the main operation parameters 
and of the main output variables, such as current intensity, pH, soil temperature and 
electrokinetic flows.

Unfortunately, very few works have evaluated the comparison at different scales 
of the same electrochemically assisted soil remediation process, and the informa-
tion available in the literature corresponds, mainly, to non-connected works where 
the mineralogical composition and geochemical properties of the soil, the electrode 
material and electrode configurations and the target pollutant vary from one to the 
other. In addition, there is a lack of coherence on how to report data on voltage dis-
tribution and transport rates, which complicate the comparison of studies [27]. Such 
varied conditions lead to varied information whose lack of uniformity hinder the 
delivery of very valuable data. Hence, the formulation of general conclusions and 
recommendations is only possible.

One of the key parameters of electrochemically assisted soil remediation is the 
current intensity which results for the electric field applied between the electrode. In 
this point, it is important to remember that electrokinetic system generally operates 
in potentiostatic mode and that the resulting current intensity depends on the elec-
tric potential but also on the ionic resistance of the soil sited between electrodes. In 
soil remediation, the reference parameter is the electric potential gradient (Ez, 

Anode Cathode

Solution inlet Electric cable

Solution outlet

Solution inlet

Solution outlet
Electric cable  

Ground
level

Bottom
cup

PVC 
pipe 
(15A, 
1500)

Inside
Cell

Outside
Cell

1,
50

0

Ground
level

Cell 
(SUS)

Bottom cup – con type

1,
70

0

Fig. 7 Schematic diagram of electrode system proposed by Woo-Seung et al. [26]

C. Sáez



447

V cm−1). This means that the applied electric potential required to reach the desired 
Ez increases with the interelectrode distance. Therefore, the electric potential is 
affected by the scale due to the distance between anode and cathode increases from 
few centimetres (4–6 cm) at lab scale to 40–50 cm at pilot scale or to 200–300 cm 
at prototype. So, assuming a typical Ez of 1 V cm−1, the applied voltage can vary 
from 4 V at lab scale to 300 V at prototype. This high electric potential at prototype 
requires the use of high-performance power source but, more importantly, can 
implicate the promotion of non electrokinetic processes because the energy sup-
plied is used in electrode reaction and generation of electric field to transport con-
taminants through soil, but also part of this energy might be used to heat the soil.

Regarding the resulting current intensity, it may differ between trials carried out 
at the same scale and electric potential, due to the effect of other factors such as the 
ionic conductivity of the flushing fluid used, soil moisture or ionic species contained 
in the soil. To illustrate it, Fig. 9 shows the relation between electric potential and 

Fig. 8 Schematic of the instrumentation distribution in 16 m3 prototype [10]: (red circle) thermo-
couples (1 m from soil surface), (yellow circle) thermocouples (0.1 m from soil surface), (green 
circle) moisture sensors (1 m from soil surface), (orange circle) conductimeters (0.1 m from soil 
surface), (gray circle) tensiometers (0.1 m from soil surface), (blue circle) pH meters (0.1 m from 
soil surface)

Fundamentals of the Scale-Up of the Electrochemically Assisted Soil Remediation…



448

electric current using acetic acid and nitric acid as flushing fluids during the opera-
tion of a pilot-scale to remediate a radioactive soil [19].

Independently of the initial value, the current intensity generally varies during 
the first stages of the remediation process and it stabilizes in few hours of operation. 
Typically, this rise is related to changes in the conductivity of the electrolyte as 
consequence of the generation of OH− and H+ from water electrolysis. Then, these 
ions are moved through the soil by electromigration and this can favour the precipi-
tation or redissolution of chemical species, and the fixation or liberation of species 
by ionic exchange. The processes affecting inorganic species generally occur very 
rapid and the operation parameters stabilize in few days or in few hours (in the case 
of pH). The magnitude of these chemical processes depends on the nature of the 
pollutant and on the composition of the soil, and this could explain the fluctuation 
observed in the current intensity in some cases. However, the scale used does not 
seem to be the key factor of these changes.

As mentioned before, the electric current is the driving force of electrochemical 
and electrokinetic processes, but also of the electrical heating caused by ohmic 
losses. These ohmic losses are initiated by the large ionic resistances of the soil, that 
depend not only on the soil ionic conductivity but also on the interelectrode distance. 
Therefore, the higher electric current applied at high size scale together with the 
higher interelectrode distance promote the electrical heating, and thus the increase of 
soil temperature. At this respect, Lopez-Vizcaíno et al. [17] have reported that tem-
perature at the end of the prototype trial multiplies by three or four the initial value 
in the soil and wells, respectively. Additionally, this rise is not homogeneous, and it 
generates a clear profile of temperatures in the soil, with hot areas in the nearness of 
the electrodes (both anodes and cathodes). Part b of Fig. 9 shows the 2D maps of soil 
temperature registered before and after electroremediation trial carried out at proto-
type [17]. On the other hand, comparing temperature profiles at different scales [10], 
no significant changes are observed over the lab-scale tests due to, in this case, the 
very low resulting current intensity does not lead to relevant heating. In addition, this 
small temperature rise can be compensated by the evaporative cooling and also by 
the exchange of energy with the environment, because of the high relationship sur-
face/volume of the lab-scale cell. On contrary, the average temperature during pilot 
scale trials increases, although this increment is less relevant than at prototype, due 
to the lower ohmic losses associated to the closer position between electrodes in the 
pilot scale. Therefore, the observed discrepancies between scales lead to reasonable 
doubts regarding the validity of making predictions about the effectiveness of a pro-
cess using results obtained from reduced-scale tests. Part a of Fig. 9 illustrates the 
changes in the average temperature during electrochemically assisted remediation 
trials performed at the pilot scale and prototype [17].

The main effect of temperature rise is related to the transport mechanisms and 
the mobility of species during electroremediation treatment. Additionally, it can 
also favour the intensification of various processes, such as the evaporation of soil 
water or the desorption of volatile or semivolatile species. Among them, the evapo-
ration of water is of great importance in the development of electrokinetic remedia-
tion because it can cause contraction defects on the surface of the soil, which 
considerable disturb the development of electrokinetic processes. Nevertheless, this 
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evaporation can be minimized including capillary barriers and/or impermeable 
cover on the surface of the soil [10]. Regarding desorption of volatile compounds, 
this is not observed in lab scale due to the lower electric current applied and also to 
the peculiarities of the lab system (hermetically sealed cell). However, the scaling-
 up (higher size and higher electric current) and the use of open to atmosphere sys-
tem highlight the relevance of volatilization transport mechanisms, mainly in the 
treatment of hydrocarbon polluted soils (Fig. 10). To illustrate this, Table 1 shows 
overall remediation percentage attained in different prototype trials and Fig.  11 
shows the percentages of pesticide remaining in soil and removed by electrokinetic 
and desorption after tests carried out at three different scales.

Therefore, from a technical point of view, the most important scale effect does 
not seem to be related to the mechanisms involved in the electrochemically assisted 
soil remediation processes (they are the same in the different scales) but to the their 
relevance and magnitude. Table 2 summarizes the main outcomes of each scale.

4  Conclusions

In the scaling of an electrochemically assisted soil remediation, each scale contrib-
utes with relevant and non-overlapping information. All scales are useful and the 
missing of some of them can lead to misinterpretation of the process and can diffi-
cult the design of the real application. Laboratory and bench scales contribute to the 
assess the technical feasibility of the process, while pilot and prototype contribute 
information of use in the operation of the process. The mechanisms of transport are 
the same in the different scales but the higher the scale, the lower is the magnitude 
of the electrokinetic processes and the higher is the relevance of the volatilization. 
This outcome is related to the higher temperature reached in the larger scale facili-
ties, which in turn is related to the higher ohmic losses in energy.

Fig. 9 Relation between 
electric potential and 
electric current with acetic 
acid and nitric acid (as 
flushing fluids) in the 
pilot-scale electrokinetic 
remediation of a 
radioactive soil. 
Interelectrode distance: 
20 cm. Anode: metal 
mixed oxide. Cathode: 
titanium [20]
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Fig. 10 (a) Changes in the average temperature of soil during pilot scale (filled square) and pro-
totype (open square) trials. (b) Initial and final 2D maps of temperature in soil during prototype 
trial. Ez: 1 V cm−1. Pilot scale: 173 dm3. Prototype: 32 m3 [16]

Table 1 Some results of electrochemically assisted soil remediation processes carried out at 
prototype

Pollutant
Concentration, 
mg kg−1

Soil 
capacity, 
m3

Ez,         
V cm−1

Duration, 
days

Percentage 
removal, % Reference

Gasoline 1126 3.3 1 21 80 23
As/Cu/Pb 55/80/170 4 m2 

(surface)
1 30 39.8/17.2/19.4 26

2,4-D/
oxyfluorfen

20/20 32 1 30 90/85 17
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Table 2 Summary of the role of the scale on the relevance of remediation processes

Scale Main outcomes

Laboratory Electrokinetic processes are predominant. No other side transport processes are 
observed. The extreme isolation from external agents is useful to estimate 
electroosmotic flux, diffusivity and electromigration parameters, or the ion 
exchange capacity of the soil and its chemical and electrochemical reactivity.

Bench Reduction in the relative importance of electrokinetic and reactive processes, 
although they are still the main process. Very valuable information about the 
electroosmotic flux and the acidic and basic fronts is obtained, but extrapolation to 
the full range is still not accurate.

Pilot The size of the device is large enough to begin to show the important difference 
between the electrokinetic and reaction processes and the soil heating suffered by 
the soil. The higher resistance associated with the larger distance between the 
electrodes begins to indicate that the thermal process is not negligible, but a key 
process in electrochemically assisted soil remediation processes.

Prototype The observations related to the main mechanisms in the pilot plant became more 
important in the prototype: the electrokinetic processes became almost negligible 
compared with soil heating. This has an important consequence in the design of the 
system: the need to implement gas treatment system.
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Electrochemical Technologies 
for Petroleum Contaminated Soils

Sibel Pamukcu

1  Introduction and Background

Contamination of soils and sediments with petroleum liquids is a major challenge to 
groundwater resources [1–3]. The filtration and retention properties of the soil often 
dictate the extent of contamination by petroleum liquids in subsurface. When the 
contaminants, particularly the immiscible liquids, are adsorbed onto soil compo-
nents (i.e., iron-oxide surfaces, soil colloids and organic matter), or retained in clay 
interstices and pore fluid in the form of immobile products, the available technolo-
gies may not be able to treat the entire site effectively. Electrokinetic remediation 
may decrease the petroleum liquids contamination by transporting and/or trans-
forming these contaminants. Electrokinetic processing is a resource recovery 
method as it may recover trapped oils and petroleum, which may not be extractable 
feasibly by other means from porous media. In these regards, electrokinetically 
assisted in situ processes has been most viable for low permeability clayey deposits 
containing compounds difficult to treat [3–18].

Originally used for consolidating clays [19], electrokinetic remediation was 
mostly studied and applied in pilot-scale tests between 1980s and early 2000s. 
These studies and applications included extracting heavy metals [20–44], extracting 
and treating some organic compounds [45–52], and dewatering of hazardous slur-
ries [53–56]. The field-scale applications of electrokinetic remediation methods 
have increased since 1980s [57–64]. Currently, electrokinetic processing has been 
shown to successfully treat soils containing radioactive materials [25, 65–67] and a 
variety of organic and mixed compounds [68–76], and wastewater sludges and bio-
mass [77–83]. In many applications, electrokinetics have been used to infiltrate 
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active agents to enhance solubilization, desorption, transport, transformation or 
degradation of the contaminants [84–97]. Electrokinetics have also been shown to 
aid in stripping and transporting non-polar compounds including heavy oils, from 
soils and sediments [98–100]. Furthermore, electrokinetics have been used in tan-
dem with other in situ techniques, including bioremediation [101–110], phytoreme-
diation [111–113], nano-scale zero valent iron (nZVI) treatment [87–92, 114–116], 
oxidation-reduction and Fenton-like methods [117–121], permeable reactive barri-
ers or electric fences [122–127] and electrodialysis that manage electrode products 
[6, 7, 43, 74, 80, 128–131]. The technology still faces engineering challenges in the 
field due to process generated or site-specific side effects [9, 11, 17, 132–135]. For 
example, temporally and spatially changing process parameters, such as the voltage 
gradients, pore water pressures (PWPs), and migrating fronts of ion concentrations 
can influence the transport and/or recovery process [136, 137].

Some innovative applications of electrokinetics technology in geological media 
include use of pulsed/sinusoidal electric field [138, 139], DC/AC coupled electric 
field [64], photovoltaic solar panels [140], and oil recovery by mass displacement in 
sediment and rock formations [98–100]. Electrokinetics has been demonstrated to 
enhance transformation reactions through double layer polarization of the clay sur-
faces leading to Faradaic processes under the applied DC electric field [4, 141, 142]. 
The low direct current applied during electrokinetics was shown to aid in separation 
and demulsification processes in oily sediments [77, 78, 143]. Furthermore, electro-
kinetic treatment of TCE contaminated soils were shown to result in electrochemi-
cal degradation of chlorinated solvents near the electrodes [144–146].

This chapter provides an overview of the use of electrokinetics in environmental 
mitigation of mainly petroleum contaminated soils, for the purpose of extracting/
recovering or transforming the petroleum hydrocarbons.

2  Electrokinetic Extraction and Recovery

In electrokinetic extraction, the contaminant is extracted from the soil by advective 
flow of water toward the negative electrode site. Additionally, compounds that 
remain ionic under changing pH and redox conditions within the electric field elec-
tromigrate toward the oppositely charged electrode site. As the ions separate, the 
electro-neutrality is maintained by the hydrogen and the hydroxide ions produced 
by the electrode reactions. The extraction of organic compounds, unless they are 
driven by colloidal transport (i.e., sorbed onto electrophoretically moving colloids), 
and/or maintain a surface charge, depends on the advective action of electroosmo-
sis. In most cases, surface tension reducing agents (i.e., surfactants) are used to 
make the organic compounds available for electroosmotic transport.

Several selected laboratory experiments using field retrieved soil samples are 
described in the following sections to exemplify the variety of electrokinetic extrac-
tion and separation processes applicable to petroleum hydrocarbon contami-
nated soils.
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2.1  Extraction/Treatment of VOCs, PAHs, and Organic Acids

Despite recent advances, there is still much work to be done in investigation of elec-
trokinetic transport of NAPLs in contaminated subsurface. Early examples of work 
include those by Bruell et al. [45] who showed transport of TCE and several gaso-
line hydrocarbons by electroosmosis, and Acar et al. [147] who showed transport of 
phenol by electroosmosis and electromigration. Ho et al. [59–61] conducted field 
experiments demonstrating that the dissolved fraction of TCE could be transported 
by electroosmosis, through the Lasagna™ 1 process. The horizontally layered con-
figuration of treatment zones had inspired its name for this process. In their work, 
horizontal treatment zones containing zero valent iron were installed in the subsur-
face along with electrodes to generate electroosmotic flow of the TCE into these 
zones. The materials used for the electrodes and the treatment zones were compat-
ible with the environment and designed to be left in place at the completion of the 
project. In these field experiments, the layered configuration of the treatment zones 
allowed for sequential de-chlorination of TCE and its daughter products (i.e., cis- 
dichloroethylene, vinyl chloride) into non-toxic compounds (i.e., ethylene and eth-
ane) using zero valent iron.

In 1994, Pamukcu [48] conducted extensive laboratory treatments of field 
retrieved specimens of coal tar contaminated soil from a manufactured gas plant 
(MGP) site in Champaign-Urbana, Illinois. The coal tar compounds evaluated were: 
naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, 
fluoranthene, pyrene, chrysene, benz(a)anthracene, benzo(b)fluoranthene, benzo(k)
fluoranthene, benzo(a)pyrene, dibenzo(a,h)anthracene, benzo(g,h,i)perylene, and 
indeno(1,2,3-c,d)pyrene. The results indicated that the water-soluble PAH com-
pounds with lower molecular weight (i.e., naphthalene) could be transported elec-
troosmotically in the absence of surface tension reducing agents. The posttreatment 
average distributions of the total PAHs are shown in Fig.  1. The electroosmotic 
advection, referred to as “EO,” transported the PAHs from the anode toward the 
cathode side of the test sample, but did not completely remove them from the soil. 
The PAHs were accumulated adjacent to the cathode electrode interface at near 
original concentration. When an anionic surfactant (sodium dodecyl sulfate (SDS)) 
and a co-surfactant (butanol) was injected into the system while along with electro-
osmosis, the soil PAH mass was reduced significantly, to below 20% the original in 
the case of surfactant only.

In 1998, Pamukcu and Pervizpour [148], conducted laboratory treatments of 
field retrieved specimens of TCE (trichloroethylene) contaminated soil from a DOE 
site in California. Due to possible loss of the residing TCE by volatilization during 
sampling, the retrieved specimens were re-injected with TCE solution below its 
solubility limit. The TCE injection was accomplished by electroosmotic advection 
of the solution from the anode (influent chamber) to the cathode (effluent chamber), 
while keeping constant the concentration of the solution in the anode chamber. The 

1 www.terrancorp.com/remediation/electro.htm.
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resulting breakthrough of TCE into the cathode chamber is shown in Fig. 2. The 
breakthrough at cathode occurred at about 15,000 min of EO flow, which corre-
sponded to approximately 1.5 pore volumes. The hydraulic conductivity of the core 
was measured as kh = 10−8 cm/s, and its electroosmotic conductivity was determined 
to be keo = 2 × 10−6 cm2/s V. The equivalent hydraulic conductivity, described as 
keh = keo · ieo, is plotted with time in Fig. 2. The keh decreased initially but attained an 
average constant value of 5 × 10−6 cm/s in time. The breakthrough curve indicates 
retardation of TCE on the solid phase as expected. The results showed that the sol-
uble fraction of TCE could be transported by electroosmosis, in agreement with the 
earlier Lasagna™ experiments in field [59–61].

Samples of drilling mud fluid containing potassium formate (i.e., potassium salt 
of formic acid) was treated electrokinetically to extract the potassium content of the 
mixture for recycling [149]. In this process, potassium was intended to separate 
from the formic acid as shown in the conceptual schemes in the single and double- 
cell test configurations shown in Fig. 3. The potassium formate solution was con-
tained in the center or the anode chambers, with soil packs acting as filters in 
between. In either case, potassium was expected to filter through the soil into the 
oppositely charged electrode chamber. Figure 4 shows the temporal distribution of 
potassium and formic acid in the electrode chambers of a single cell unit during 
electrokinetic treatment. In all the experiments, the potassium concentration 
increased at the cathode, while it decreased at the anode and the center chambers. 
Formic acid decreased in the anode chamber also, indicating diffusion of the com-
pound into the soil filter. The potassium separation and recovery appeared to be 
most successful in the single cell test, as majority of the potassium (~80%) moved 
into the cathode chamber and its concentration was reduced to almost zero in the 
anode chamber, as shown in Fig. 4.

Fig. 1 Post-EK distribution of the normalized concentration of total PAHs in coal tar contami-
nated specimens from an MGP site in Illinois [48]
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Fig. 2 Cumulative mass transport of TCE from anode to cathode electrode chamber by EO in soil 
samples from LLNL DOE Complex site [148]

Fig. 3 Single and 
double-cell EK test 
configurations and photo 
of a test cell for extracting 
K+ from drilling mud [149]
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2.2  Extraction of Crude Oil

In early 1960s, researchers in petroleum engineering field found that direct electric 
current application enhanced the flow rate of oil and water in rock formations over 
that of water flooding only (i.e., by up to 34-fold). Additionally, the effective perme-
ability of the entrapped water in formation pores containing kerosene increased by 
50% with direct current application [150–152]. Referred to as Electrically Enhanced 
Oil Recovery (EEOR), pilot-scale tests of the method in heavy oil fields in the Santa 
Maria (California) basin and the Eastern Alberta plains showed direct current appli-
cation to be more efficient than conventional heavy oil recovery methods [153, 
154]. In recent studies of mobilizing trapped oil by core-flooding it was reported 
that application of direct current along with water flooding recovered up to 4% more 
oil and reduced the water requirement by 22% [155, 156]. Furthermore, subsequent 
direct current application on water swept cores recovered up to 9% additional oil. 
All tests showed upto 30% increase in core permeability, potentially due to colloid 
dislodgement by electrophoretic transport [99, 157].

Similarly, a series of electrokinetic oil extractability tests on oil-bearing rock 
cores from a shallow oil formation in Kentucky showed marked change in the rock- 
core permeability upon direct current application [158]. The physical properties of 
the rock cores and of the natural oil and surrogate formation water for the tests are 
given in Tables 1 and 2. A current density of 1 A/m2, similar to that achievable in 
field applications (1.0–1.5 A/m2), was applied to the cores for about 120 h. Most of 
the oil recovered was produced at the catholyte, in the range of 5–11% by mass of 
the initial oil content of the cores. The results suggested a direct relation between 
the initial oil content and the achieved oil recovery. Modeling studies of two-phase 

Fig. 4 Evolution of potassium and formic acid concentrations in the electrode sites in single cell 
EK test [149]
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EO flow showed that the oil production decreased when water saturation was above 
50% and the oil saturation dropped below 50% [158, 159].

Electrokinetic oil extractability tests on oil-bearing sandstone cores from a deep 
oil formation in Pennsylvania were conducted. These cores were spiked with oil of 
a known composition (API 47; Dynamic viscosity = 38.7 cP) and formation water 
prior to testing. The cores were impregnated to a desired initial oil-water saturation 
using a high-pressure injection pump. They were tested under a constant current 
density of 1 A/m2 for 130 h. Table 3 presents the properties and the test results of the 
four Pennsylvania cores. Once again, most of the oil recovered was produced at the 
catholyte, in the range of 0.5–6% by mass of the initial oil content of the cores. The 
highest oil recovery was achieved in those cores with the highest initial oil content 
and highest hydraulic permeability.

Cumulative oil and water production were monitored during an EEOR applica-
tion in the Pennsylvania field for 180 days. In addition to oil and water, paraffin was 
also observed in the production well. It was postulated that during EEOR, as pH and 
dissolved minerals (e.g., calcite) concentration increase at the production well 
(cathode), it sets the ideal conditions for a portion of the oil to transform into paraf-
fin. Figure 5 presents the cumulative production of the three fluids over time. The 
cumulative oil was about 5% of the water by volume, while the cumulative paraffin 
was about 4% of the oil by volume. There were several power-off and power-on 
cycles during the treatment. It was observed that the oil production was not affected 
during the power-off cycles. The continuity of the oil production was attributed to 
the initial build-up of the electroosmotic seepage and suction pressures, which 
would require time to dissipate and adjust in low permeability formations when the 
driving gradient suddenly subsides [136]. The paraffin production increased with 
power and temperature, and ceased with reversal of current, as shown in Fig.  6. 
Since reversal of current would decrease the pH and oil production, these conditions 

Table 1 Physical properties and oil recovery in the natural sand stone cores from Kentucky [158]

Core
Porosity 
(%)

Bulk 
density 
(g/cm3)

Permeability 
(mD)

Residual 
oil (%)

Residual 
water 
(%)

Recovered 
oil at the 
anolyte 
(ml)

Recovered 
oil at 
catholyte 
(ml)

Total 
recovered 
oil (%)

KY1 10.2 2.48 2.67 12.9 61 0.000 0.021 5.1
KY2 13.6 2.39 11.59 28.1 43.9 0.005 0.104 9.9
KY3 14.7 2.37 41.88 30.2 33.9 0.002 0.157 11.4

Table 2 Physical properties of the Kentucky formation oil and surrogate water samples [158]

Fluid Properties

Natural formation oil API 22; Dynamic viscosity = 66.5 cP
Specific gravity = 0.92 at 20 °C

Electrolyte solution (Surrogate formation 
water)

Salinity = 33,000 ppm; Electrical 
conductivity = 45,000 μS
pH = 7.50; Major elements: Na, Cl, Mg, S, K, Ca, Br
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would also decrease paraffin production. It is also noted from Fig. 6 that at times of 
increased paraffin production, the oil production did not follow the trend. This inci-
dence may be attributed to increased availability of dissolved minerals at elevated 
temperature for paraffin production.

2.3  Laboratory Evidence of Crude Oil Transport by 
Water Displacement

Electroosmotic advection can assist mass transport of immiscible hydrocarbon 
compounds in natural porous media. The moving water and its ionic constituents 
can drag the nearby hydrocarbon compounds and their micelles along. Viscous cou-
pling between the two liquid phases (i.e., pore water and oil) and the resulting drag 
action is one of the mechanisms that can transport hydrocarbon compounds in 

Table 3 Physical properties and oil recovery in the oil impregnated cores from Pennsylvania [158]

Core
Porosity 
(%)

Bulk 
density 
(g/cm3)

Perme-
ability 
(mD)

Oil 
saturation 
(%)

Water 
saturation 
(%)

Recovered 
oil at the 
anode side 
(ml)

Recovered 
oil at 
cathode 
side (ml)

Total 
recovered 
oil (%)

PA1 14.5 2.49 3.6 42 58 0.0056 0.0457 1.1
PA2 12.8 2.43 2.3 48 52 0.014 0.23 3.8
PA3 14.4 2.47 8.3 53 47 0.020 0.377 6.3
PA4 11.5 2.45 0.5 40 60 0.0024 0.0198 0.6

Fig. 5 Water, oil, and paraffin production (Pennsylvania field) [158]
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water-wet porous media. The other mechanism stem from electrochemical reactions 
that can reduce the viscosity of the oil and the interfacial tension between water and 
oil, making the oil more mobile. It is possible that both mechanisms occur simulta-
neously leading to increased mobility of oil by electroosmotic advection. The reduc-
tion in interfacial tension occur as a result of the reactions between electrolysis 
products of formation water (hydroxyl ions) and the acid impurities of oil (carbox-
ylic acids) [160]. The reaction products are low solubility surface-active carboxyl-
ates, analogous to a surfactant [161]. The magnitude of interfacial tension reduction 
is reported to be proportional to the applied electric potential [162].

The viscous dragging of oil requires coupling of the oil mass with the water 
through an interface, similar to the diffuse double layer (DDL) of clay that gives rise 
to electrokinetic potential. A similar interface and potential arise between two adja-
cent immiscible liquids (i.e., oil and water) based on the degree of their polarity, the 
of salinity of the water, and the presence of functional groups and acidic impurities 
(i.e., O, N, S compounds, carboxylic acids, amides) in the oil [163]. When one liq-
uid is notably more conductive than the other, and the dipolar coupling force 
between them is weak [164], the interface does not develop and viscous coupling 
may not take place. Instead, when put into motion by electroosmosis, the conductive 
liquid (i.e., pore water) flows pass-by the non-conductive mass (i.e., oil ganglion), 
as long as the pore space is open for flow. In compact clay sediments where the pore 
space is tight and water connectivity is poor, and/or the chemistry of the two liquids 
do not support dispersion or dissolution of one in the other, the net result of a strong 
electroosmotic (EO) drive may be the separation of two liquids by “displacement” 
of one with the other. In other words, when water rushes into a confined space (i.e., 
tight pores of clay sediments) with a high EO driver (i.e., high electric field) and 

Fig. 6 Oil and paraffin production (Pennsylvania field) [158]
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potentially with high seepage pressure [136], it can displace and force the oil mass 
to move in the opposite direction rather than dragging it forward in the direction of 
flow. Water moving forward in the direction of the electric field can progressively 
displace the oil mass toward the opposite direction, causing it to accumulate into an 
“oil bank” within the porous medium. This phenomenon of aided oil transport in a 
confined water-wet pore space is referred to as electrically induced displacement, 
particularly relevant for nonpolar and non-conductive oil phases [100].

The electrically induced displacement of non-conducting non-polar oil phase in 
saline sediments was examined in floor-scale experiments [100]. Figure 7 shows the 
visuals of post-test accumulation of clay colloids and oil ganglion at various posi-
tions along the test soil core. The “clay bank” is the light tan colored zone of fine 
material at the anode end of the soil core, while the “oil bank” is the dark colored 
zone across interval E4-E5, particularly under port P3 in Fig. 7. Clay bank forma-
tion results from accumulation of colloidal constituents in pore space where electro-
phoretic transport deposit them at locations where the enabling electrical gradient is 
weakened and the permeability is reduced by progressive accumulation [100, 136]. 
Oil bank forms when the pore space is occupied with agglomerated oil ganglia and/
or oily micelles that may become too large in size to permeate through the soil 
pores. Water flow restriction at the regions of “oil banks” would give rise in pore 
water pressure (PWP) when the EO drive or the electric field is high. This behavior 
is observed in Fig. 7 from the voltage and PWP distribution at port P3, which is 
unlike the trends observed at P1, P2, and P4 where flow is not restricted.

The post-test distribution of normalized volumetric oil and water fractions along 
the specimen ports of P1 through P4 are shown in Fig. 8 [100]. The graph also shows 
the distribution of volumetric ratio of oil/water (O/W). The O/W ratio is up by about 
50% over the anode side half of the core, while it is down by about 30% over the 
cathode side half of the core. The largest increase in O/W appears at P3 location, 
where potentially EO flow was restricted due to formation of an oil bank there. The 
increase in voltage and PWP at P3 also confirms restriction of flow. The significant 
increase in O/W at this location is attributed to increase in oil content since the water 
content change was only within standard deviation. Potential “displacement” of the 
resident oil by electroosmotically advanced water volume toward cathode explains 
the substantial decrease in O/W ratio over the cathode side half of the core. In the 
absence of potential viscous coupling between non-polar oil phase and the saline 
pore water, electrically induced displacement emerges as the most plausible mecha-
nism for the observed transport and separation of the immiscible fluids.

3  Electrokinetically Enhanced Transformations

In situ transformation of the soil contaminants through beneficial electrochemical 
reactions have been explored. Electrochemical transformations do take place in 
natural systems either through intervention of redox active compounds or by micro-
bial activity [165, 166]. Most of the electrochemical transformations take place in 
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the bulk fluid, and the clay DDL contribute to the process in ion-exchange and sorp-
tion reactions.

Diffuse double layer (DDL) processes of clay have been suggested to influence 
in situ conversion of soil contaminants when a direct current is applied to contami-
nated clay-electrolyte system [4, 141, 142]. In the event of lowered pH and/or 
increased ionic concentration in the pore fluid, DDL shrinks due to accumulation of 
charges, reducing the electrokinetic potential (i.e., zeta potential) of the clay- 
electrolyte system [167]. Therefore, as the electrokinetic potential changes under 
varying pH or ionic concentration, the clay-electrolyte interface may become prone 

Fig. 7 Transient distribution of Pore Water Pressure (PWP) and corresponding Voltage at four 
measurement ports (intervals) of test cell P1: (E1-E2); P2: (E2-E3); P3: (E4-E5); P4: (E6-E7) and 
Photograph of the test cell at the end of 90 days; note oil bank formation between E4-E5 [100]
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to spontaneous Faradaic reactions as it tries to restore the charge equilibrium. In 
electrokinetic treatment of clays, the transient acid front from anode to cathode can 
set the stage for triggering Faradaic reactions resulting in transformation of the 
compounds in the vicinity of the DDL interfaces.

A charged electrode surface, where the oxidants with a positive charge diffuse 
toward the negative electrode is analogous to surface of a clay particle with fully 
developed electric double layer (DDL), as shown in Figs. 9 and 10, respectively. 
Considering the inner and outer Helmholtz planes of IHP and OHP, the oxidants 
accept electrons from the electrode at the OHP interface, become the reductants and 
diffuse back toward the bulk solution. The equivalent circuit model parameters in 
Fig. 9 can be mapped to the clay model as Cddl depicts the double layer capacitor, Rp 
the polarization resistor between IHP-OHP, ZW diffusion-controlled impedance of 
the diffused layer, and Rb is the bulk solution resistance [168]. Therefore, active 
interfaces of clay particles (i.e., IHP and OHP) can be considered to “act” similar to 
electrode interfaces when an external electric field is supplied to them [115].

In a clay-electrolyte system, two layers of electrical conductivity can be identified. 
These layers are: (1) the DDL of clay particles with low conductivity (σs), and (2) the 
surrounding pore fluid with high conductivity (σb). Given the incompatibility between 
the conductivity of these two conducting layers, a large electrical potential develops 
across the DDL under an external electric field. As a result, DDL compresses, render-
ing the DDL a “capacitor” with higher charge density [169]. The compression of 
DDL causes the electric potential distribution shift backward (i.e., toward the solid), 

Fig. 8 Normalized Oil and Water saturation and Oil/Water ratio by volume distribution post 
90-day test (normalized to initial values) [100]
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Fig. 9 Schematic of a DDL interface of an electrode surface with equivalent circuit representation 
in the usual Grahame notation: Cddl; Rp; ZW; Rb [168]

Fig. 10 The concept of Faradaic current development in GCSG (Gouy-Chapman-Stern-Grahme) 
model of clay DDL [115, 142]
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lowering the electrokinetic potential at the shear plane (ς, zeta potential). The poten-
tial distribution shift results in increased electric field intensity within IHP-OHP 
interval, and decreased capacitance of the DDL. Furthermore, the capacitance of the 
double layer is directly related to the bulk electrolyte concentration and the electro-
kinetic potential, and reaches a minimum at the point of zero charge (PZC →pH 
where electrokinetic potential is zero). The reduction in capacitance can trigger elec-
tron transfer across the diffuse layer toward the solution, giving rise to a Faradaic 
cathodic current that restore electrical equilibrium, as shown in Fig. 10.

3.1  Evidence of Transformation of Inorganic Compounds

Brosky and Pamukcu [141] investigated apparent current discharge with compres-
sion of the DDL through measurements of nonspontaneous changes in the oxidation- 
reduction potential (Eh) of clay-electrolyte mixtures. In experiments of electrically 
enhanced reduction of Cu(II) by Fe(II) using clay slurries, they showed a upshift of 
the measured Eh values with increasing clay concentration, as shown in Fig. 11. The 
data indicated that, with other parameters remaining constant, increased clay concen-
trations enhanced the electrochemical reduction of Cu2+ to Cu+ or Cu0 in the system. 
During an electrokinetic processing, as the matrix pH dips below the “apparent” 
PZC, the clay surface potential can switch sign from negative to positive [167]. The 
PZC for the kaolinite-Cu(II)-Fe(II) test slurries were reached at pH 2.4, as shown in 
Fig. 12. At PZC, the DDL capacitor stores the maximum charge and therefore has 
reached its minimum capacitance, or maximum redox potential, Eh. In Fig. 11, at the 
time when the shift from base Eh is maximized (in between 5 and 6 h of treatment) 
the corresponding pH of the system was about 2.4, consistent with the PZC measured.

Fig. 11 Temporal variation and shift of Eh with direct current in Cu(II)-Fe(II) mixtures of clay 
where maximum Eh shift up is 0.50 V [141]
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In laboratory experiments Cr(VI) containing kaolinite clay was injected with 
Fe(II) using electrokinetic advection to promote reduction of Cr(VI) to Cr(III) [4]. 
Capacitive changes on the clay surfaces manifested by a positive upshift of the clay- 
electrolyte ORP (i.e., Eh) from the standard ORP showed that the applied electric 
field may have caused an additional “cathodic current” that drive forth the transfor-
mation reactions [6]. The ORP measurements are plotted against the reaction quo-
tient of the Nernst relation in common pH range groups in Fig. 13. The low pH 
range (pH range 2→3) test data agreed best with the average linear fit to all data, 
which was shifted 0.37 V from the Nernst relation line of the aqueous system. At 
low pH, the DDL is compressed possessing higher ion concentration, higher electric 
field [167], hence higher degree of polarization, and lowered capacitance. At higher 
pH, the DDL is expanded with reduced degree of polarization, consequently higher 
capacitance. The ions in an expanded DDL are less restricted to move, therefore 
discernable fluctuations are likely to occur in the potential development across the 
diffuse layer. Therefore, the relative scatter of the data at higher pH ranges is attrib-
uted to poor polarization of the electric layer.

3.2  Evidence of Transformation of Crude Oil

The ambient pH and redox conditions influence the interactions between the pore 
electrolyte and the soil solids naturally. The pH and redox conditions change upon 
application of a DC electric field, which can drive electrochemical reactions. The 
electrochemical reactions may transform heavy molecular structure of crude oil into 
its lighter components with lower viscosity [153, 154]. Considering such a process 

Fig. 12 Zeta Potential with pH in Cu(II)-Fe(II) mixtures of clay [141]
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on the four functional group fractions of the crude oil, SARA (i.e., Saturates, 
Aromatics, Resins, and Asphaltenes), it is expected that the asphaltene and resin 
content of the oil decrease and the aromatic content increase, as the viscosity of the 
oil decrease. Reduction in the oil viscosity under applied electric field has been 
reported in the literature [153, 154, 161, 162]. The less viscous oil has higher mobil-
ity in soil or rock formation pores, hence easier to extract.

Synthetic oil formation cores of 100 cm long and 16.2 cm diameter were tested 
to investigate heavy oil transformation to its lighter components under an applied 
DC electric field, as shown in Fig. 14 [158]. Three of the cores were subjected to 
constant low current density of about 0.1 A/m2, and three of them to high current 
density of about 1.0  A/m2. Three control cells were run with no electric field. 
Prepared with titanium electrodes, ion-exchange resin packs and hydraulic gradient 
controls, the cells were designed to minimize the pH front and electroosmotic water 
flow through the cores. Samples were retrieved through the corked ports on the cell 
walls. The solids composition of the cores simulated the formation characteristics of 
an oil field in Kern County, California, which included 52% sand (Dmean = 0.23 mm), 
40% silt (Dmean = 0.025 mm), and 8% kaolinite clay (Dmean = 0.0011 mm), by mass. 
The mix water used to prepare the cores simulated the electrolyte type and content 
of groundwater at the same oil field. Three different crude oils representing a range 
of dynamic viscosities were used in preparation of the cores. The crude oils were 
labeled as Pennsylvania (ARG field—low viscosity), California (E&B field—
medium viscosity) and Canada (Wilkie field—high viscosity) field oils. The proper-
ties of these oils are presented in Table  4. The initial porosity, water, and oil 

Fig. 13 Measured and predicted redox potential variation with reaction quotient of species con-
centration in Nernst relation (average redox potential shift = 0.37 V) [4]
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saturation of the three different oil-type synthetic cores were determined to be 30%, 
46%, and 48%, respectively. The average core permeability was 510  mD 
(millidarcy),2 placing them at the high end of the permeability spectrum for oil 
formations.

The DC electric field was applied for 107 days. Voltage, current, and ORP were 
measured at eight different sections along the center line ports of the cells. Figure 15 
shows the voltage gradient and current density traces recorded for one of the cores. 
Vacuum extracted samples were taken for gravimetric, UV and Fourier transfer 
infrared (FTIR) analysis following any marked changes observed in the ORP. At the 
end of 107  days of treatment, the cells were dismantled and formation oil was 

2 1 Darcy permits a flow of 1 cm³/s of a fluid with viscosity 1 cP (1 mPa s) under a pressure gradient 
of 1 atm/cm acting across an area of 1 cm2.

Fig. 14 Floor-scale surrogate crude oil core test set-up [158]

Table 4 Physical properties of the formation oils and surrogate water [158]

Fluid Properties

PA field oil API 47; Dynamic viscosity = 38.7 cP
Specific gravity = 0.79 at 20 °C

CA field oil API 17.4; Dynamic viscosity = 2782 cP
Specific gravity = 0.95 at 20 °C

Canadian field oil API 13; Dynamic viscosity = 52,000 cP
Specific gravity = 0.98 at 20 °C

Electrolyte solution 
(Surrogate formation water)

Salinity = 33,000 ppm; Electrical conductivity = 45,000 μS 
pH = 7.50; Major elements: Na, Cl, Mg, S, K, Ca, Br
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extracted from the sampling locations to run the FTIR, SARA, and viscosity 
analysis.

Figures 16 and 17 present the post-test distributions of the viscosity of the oil 
specimens extracted from ARG and Wilkie oil cores run at high current density. 
While they all show marked reductions from the control values, the 35% and the 
69% drop in viscosity at the anode sections of the cores is noteworthy. Figures 18 
and 19 show the post-test distributions of the SARA content in E&B and Wilkie oil 
cores run at high current density. The Wilkie specimens extracted from the anode 
and cathode regions showed marked decrease in the asphaltene content, and marked 
increase in the saturate content. The post-test viscosity and SARA content results of 
the Wilkie oil core are complimentary and consistent, supporting the transformation 
effect of the applied DC field on the heavy crude oil. Conversely, the SARA analysis 
of the E&B oil showed a decrease in saturates and aromatics, while a substantial 
increase of asphaltenes took place in the anode region. These changes were in con-
cert with post-test viscosity increase for the E&B oil in general.

The temporal and spatial distributions of ORP (in color-coded regions) and the 
pH (in labeled line contours) for the high current density (1 A/m2) tests of the three 
different viscosity oil cells are shown in Fig. 20a–c. A constant pH of about 6 was 
maintained within the formations for about 30 days after which the ion-exchange 
resins were depleted and had to be replaced. This process introduced a sharp change 

Fig. 15 The voltage gradient and current density evolution of Wilkie field oil core (Canada) run at 
1 A/cm2 [158]
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in the pH of the formations close to the anode and cathode but did not propagate 
deep into the formations for the next 60 days of treatment. The pH of the central 
sections of the cores remained constant at about 6 at all times. After the initial 
60 days, the ORP at regions close to the anode (X/L = 0 to X/L = 0.2) reached oxida-
tive state and remained at that state for the test duration. The ORP values did not 
change appreciably in the middle regions (X/L = 0.2 to X/L = 0.80), but fluctuated 
within the reductive state. The ORP values shifted to reductive state close to the 
cathode region (X/L = 0.80 to X/L = 1.0) early on and remained there for the test 
duration. Overall, the reductive trend prevailed over time in larger portions of 
the cells.

Fig. 16 The post-test viscosity distribution of ARG field oil core (Pennsylvania) compared to its 
control [158]

Fig. 17 The post-test viscosity distribution of Wilkie field oil core (Canada) compared to its con-
trol [158]
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As discussed earlier, the general composition of crude oils can be classified in 
terms of Saturates, Aromatics, Resins, and Asphaltenes (SARA). Saturates are iso- 
and cyclo-paraffins, while aromatics, resins, and asphaltenes form a continuum of 
molecules with increasing molecular weight, aromaticity, and heteroatom contents. 
The aromatics are the single ring or condensed ring compounds (C6H5)n; and 
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Fig. 18 The post-test viscosity distribution of E&B field oil core (California) compared to its 
control [158]
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Fig. 19 The post-test SARA distribution of Wilkie field oil core (Canada) compared to its con-
trol [158]
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Fig. 20 Evolution of ORP and pH distribution for three oil field cores during high current density 
EK test [158]. (a) ORP and pH for ARG field oil core at 1 A/m2. (b) ORP and pH for E&B field oil 
core at 1 A/m2. (c) ORP and pH for at Wilkie field oil core at 1 A/m2

asphaltenes consist primarily of nitrogen, oxygen, and sulfur containing com-
pounds. Resins are similar to asphaltenes. In FTIR, increase or decrease of the 
asphaltene content can be determined by the heteroatoms (i.e., N, O, S). Increase in 
those elements shows rise in polarity of the compounds. In the FTIR analysis, per-
cent change of absorbance of C-O, C=O, OH, C-N functional groups were consid-
ered to determine the change in the asphaltene content compared to the baseline 
FTIR spectra of the particular virgin oil. Complete FTIR analysis was conducted 
only on the 1 A/m2 run core samples since the low current density cores showed 
very little or no change in their FTIR spectra and ORP distribution over time.

Oil samples were extracted from the three regions (i.e., anode, central, and cath-
ode) of the test and control cores at time intervals of 10, 30, 45, 75, and 107 days for 
the ORP and FTIR analysis. The normalized ORP and the average normalized FTIR 
absorbance (i.e., normalized to their respective initial values) at the center region of 
each core are plotted for all three oils in Fig. 21. The change in these values were 
examined at the center of the cores where pH remained constant at about 6, there-
fore allowed to rule out pH as a factor for potential changes in ORP and FTIR 
absorbance. As observed, those samples for which ORP increased above the initial, 
the asphaltene content increased also. The asphaltene content decreased when the 
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ORP decreased below the initial value. Consequently, at constant pH conditions, a 
reductive environment promoted a drop in asphaltene content while an oxidative 
environment helped to increase it. The same is not observed with aromatics, as their 
trend appeared to be less dependent on the state of ORP. The ORP versus the nor-
malized FTIR absorbance for all specimens (i.e., all regions) are shown in Fig. 22. 
There are three discernible regions on the graph. The first is the cathode region in 
which ORP is negative and the FTIR absorbance of the asphaltenes has reduced 
compared to their initial value. The second is the central region where the ORP is 
positive and the FTIR absorbance appears to be constant compared to initial value, 
yet it remains a transition region. The third is the anode region where ORP is posi-
tive and well above the initial and the FTIR absorptions are all above the initial 
values. The aromatic contents are almost all above the original for all ORP distribu-
tion, showing no discernible relation between the two parameters.

The data presented in Figs. 16, 17, 18, 19, 20, 21, and 22 shows clearly that elec-
trochemical reactions do take place which affect the transformation of heavy crude 
oil into its different components by passage of current through the formation. This 
process appeared to take place in the central regions of the cores where pH remained 
constant independent of the sharp changes at the electrode sites. As the lighter com-
ponents (aromatics) of the oil increased and the heavier components (asphaltenes) 
decreased, and the viscosity of the oil decreased. As the lighter components (aro-
matics) of the oil increase and the heavier components (asphaltenes) decrease, the 
viscosity of the oil is found to decrease as well. These changes are also signaled by 
a drop in ORP at neutral or slightly alkaline conditions. The process ultimately 

Fig. 21 Normalized ORP and FTIR absorbance for asphaltenes and aromatics at the center region 
of all cores [158]
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increases the mobility of the crude oil as a result of reduced surface tension between 
the oil and water.

The post-test changes in the Carbon fractions from low to high Carbon Numbers 
in the three oils were compared with respect to their controls. In the Pennsylvania 
(ARG) and Canada (Wilkie) oils, there was an increase (“+” positive change from 
control) in the smaller Carbon numbers, where there was a decrease (“−” negative 
change from control) in the higher numbers. This indicated increase in light compo-
nents of oil (i.e., gasoline) and decrease in heavier components. There appeared an 
opposite trend in the California (E&B) oil regarding the lower C number compo-
nents. All showed a substantial decrease in the higher carbon number (C100+) frac-
tion at the cathode section as presented in Fig. 23. The reduction in C100+ appears 
to be more prevalent in higher viscosity crude oil (i.e., Wilkie) than the lower vis-
cosity crude oil (i.e., ARG). The E&B oil, with mid-level viscosity among the three, 
represents an average behavior with significant reduction of C100+ in the middle 
section of the core as well.

Although the tests were not designed to monitor and measure oil production at 
the anode and cathode water reservoirs, some oil flow was observed in the cells. In 
the Pennsylvania oil case (ARG cells), oil was visually observed to seep into the 
anode and cathode reservoirs. This was attributed to low viscosity of the ARG oil, 
and higher tendency for it to be transported. In the California oil case (E&B cells) 
with 1.0 A/m2 current density application, oil transport into the cathode side water 
reservoir occurred at about 45 days. No visual oil transport was observed to either 
of the water reservoirs in the Canada oil case (Wilkie cells) which were attributed to 

Fig. 22 Regional distribution of ORP versus FTIR absorbance for asphaltenes and aromatics for 
all cores [158]
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the high viscosity of the Wilkie oil. Despite the visual transport and diffusion of oil 
in some of the cells, the measured oil and water contents did not change appreciably 
throughout the entire test period. Figure 24 shows the variation of the oil and water 
content over time for the Pennsylvania (ARG) oil core. This was the core for which 
the highest oil diffusion and transport was observed. As a result, slight reduction of 
oil and slight increase of water had occurred, but the overall oil and water 

Fig. 24 Oil-water content measured in ARG field oil core at 1.0 A/m2 [158]

Fig. 23 Spatial distribution of post-test C100+ fraction change in all core oils compared to con-
trols [158]
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distribution remained uniform in the core throughout the test period. Similar trends 
were observed in the other cores’ oil and water content distributions.

Finally, for low current density (i.e., 0.1 mA/m2) cells, most of the measurements 
including the FTIR absorbance values and the ORP measurements indicated negli-
gible changes in the formation. This observation indicated that the current density 
had to be above a threshold level in order for electrochemical reactions to be effec-
tive in oil transformation.

4  Summary and Conclusions

Electrochemical technologies have been shown to transport, recover or transform 
inorganic, organic and mixed substances that reside in wet soils, sediments or slud-
ges. Electrokinetics particularly is a versatile technology that can be applied alone 
or in tandem with other technologies to accomplish in situ soil remediation and/or 
recover resources, such as oil. The various results presented in this chapter provide 
evidence that a well-engineered electrokinetic system may serve well the goals of a 
remediation/recovery project in a petroleum contaminated field or an oil formation.
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1  Introduction

As discussed in previous chapters, various electrochemical approaches can be used 
in order to achieve the remediation of soils contaminated by numerous kinds of pol-
lutants. It is important to highlight that, in many cases, electrochemically assisted 
soil remediation processes, like electrokinetic or electroheating ones, are likely to 
generate gaseous effluents that need to be properly collected and treated. The com-
position of gaseous stream depends on the nature of soil or groundwater contami-
nants and on the adopted remediation process. As an example, in electrokinetic 
processes, the gas obtained at the electrodes can be contaminated by chlorine or 
ammonia while various kinds of volatile pollutants can be present in gas collected 
in the frame of electroheating. The choice of the treatment of gaseous effluents, 
produced during electrochemically assisted soil remediation processes, depends 
mainly on the nature and the concentration of the pollutant in gaseous stream. When 
the pollutants present a high solubility in water (or in water solution), absorption 
processes can be evaluated. For volatile organic compounds (VOCs), that present a 
poor solubility in aqueous media, thermal or catalytic oxidation can be used. 
However, if the concentrations of VOCs are rather low, adsorption processes are 
often preferred. Furthermore, adsorption processes can be used also for many other 
pollutants.

In this chapter, some examples of generation of gaseous effluents by electro-
chemically assisted soil remediation processes will be briefly presented. After, 
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various kinds of conventional and innovative processes for the treatment of gaseous 
effluents will be described more in detail.

2  Generation of Gaseous Effluents by Electrochemically 
Assisted Soil Remediation Processes

In electrokinetic remediation processes, the application of a direct electric current 
via electrodes immersed in a moisture-saturated soil results in water oxidation at the 
anode with production of oxygen gas and H+ (Eq. 1), and in water reduction at the 
cathode with hydrogen gas and hydroxyl anions formation (Eq. 2).

 2 4 42 2H O O g H→ ( ) + ++ −e  (1)

 2 2 22 2H O OH H g+ → + ( )− −e  (2)

Gas produced by electrode reactions is extracted by vents from cathode and 
anode compartments in order to limit the increase of the resistance at the electrodes 
due to the low conductivity of gas bubbles attached to the electrodes and in order to 
prevent gas accumulation, which may lead to a pressure in opposition to the electro-
osmotic flow [1]. From reduction and oxidation process of contaminants present in 
saturated soil, gas compounds can be generated or volatile compounds can be 
extracted from venting. If the gaseous stream contains pollutants that need to be 
treated, suitable abatement processes have to be selected. As an example, in electro-
kinetic processes, highly soluble ionized inorganic species, like chlorides, nitrates, 
and phosphates, are transported to the electrodes of opposite charge [2, 3], and some 
of them can react forming gaseous products. In particular, chlorides are expected to 
be oxidized at the anode [3, 4] with formation of gaseous chlorine (Eq. 3).

 2 22Cl Cl g− −→ ( ) + e  (3)

The liberation of chlorine from an aqueous solution would be impossible on a 
pure thermodynamic basis all over the pH range, since the oxygen evolution is ther-
modynamically preferred (Fig. 1). However, chlorides oxidation can take place in 
acidic conditions, because oxygen evolution is reduced at low pH and it shows a 
much higher overpotential [5] at various electrodes including graphite and DSA 
ones (Fig. 1), often used in electrokinetic processes. In particular, chlorine evolution 
is helped by the fact that oxygen evolution gives rise to local acidification of the 
solution (Eq. 1) with consequent shift of this reaction to more anodic potential.

In the presence of nitrate, at the cathode the evolution of nitrogen and, in limited 
amounts, the formation of ammonia (Eq. 4) may take place.

 NO H NH H O3 3 29 8 3− + −+ + ↔ +e  (4)
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As an example, Chew and coauthors [6] found that a part of nitrate was converted 
to ammonia at graphite cathodes in the case of a nitrate-contaminated soils by elec-
trokinetic process assisted by iron walls. Hence, in this case, gas produced at the 
cathode can contain hydrogen, nitrogen, and ammonia that needs to be treated.

Hydrogen sulfide evolution was also found in cathode wells by some authors [7, 
8] and it was attributed to the presence of metal sulfides in the soil [8]. According to 
some authors [8], H2S may be generated as the hydrogen ion front (generated at the 
anolyte) solubilizes iron sulfides in the soil as it moves from the anode to the cath-
ode array (Eq. 5).

 
2 12 6 42 3 2

2Fe S H H S Feg+ → ++
( )

+

 
(5)

Furthermore, the heat produced during electrokinetic processes can allow to 
volatilize some of the contaminants from the water that are pumped out near the 
electrodes. Volatile and semi-volatile organics from soil can be removed by various 
assisted electrochemical approaches. As an example, since soil is not a good electric 
conductor, the passage of an electric current generates heat. In electrokinetic reme-
diation, a continuous electric current is used because the objective is to transport 
ionic and nonionic contaminants out of the soil. In the case of electroheating, the 
electric field is often used as a source of energy that is transformed from electric 
energy into heat. That is why in electroheating the continuous electric field can be 
substituted by an alternate current that supplies the energy but does not induce 
transportation. In all cases, when organic compounds are generated, the gaseous 
effluents need to be captured and treated. As an example, Lageman and coauthors 
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Fig. 1 Electrode potential-pH diagram for oxygen and chlorine reactions in acidic solutions: (–) 
Thermodynamic equilibrium conditions; (---) kinetic conditions of anodic gas evolution at 
1 mA cm−2. The pH dependence is based on the form of the overall reaction in both cases [5]
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[9] used a combination of in situ techniques: heating of soil and groundwater in the 
source areas, combined with soil vapor extraction to remove various organics like 
perchloroethylene (PCE) and trichloroethylene (TCE) and their volatile degradation 
products cis-1,2-dichloroethene (C-DCE) and vinyl chloride.

3  Treatment of Gaseous Effluents Generated by Soil 
Remediation Processes

3.1  Adsorption

In the adsorption process, gas pollutants are retained on a solid surface that prefers 
specific compounds to others removing them from gaseous effluents. When the sur-
face is saturated, in most of cases the adsorbent is regenerated while in few cases it 
is disposed and replaced. When desorbed, the contaminants are present at high con-
centration and they can be either recovered if they present an economic value or 
disposed.

Adsorption is traditionally used for treating off-gases containing VOCs and 
BTEX compounds both in industrial processes and soil remediation applications.

Major types of adsorption systems are:

• fixed-bed adsorption
• fluidized-bed adsorption
• continuous moving-bed adsorption
• pressure swing adsorption (PSA)

The process is exothermic and favored by low temperatures and high pressures 
(which are not usually necessary). The pollutant is often physically adsorbed and, 
usually, it can be desorbed relatively easily by heat at relatively low temperatures 
and/or vacuum processes. However, in various cases a chemical adsorption is 
needed often to convert the pollutant in a less toxic substance. Table 1 reports vari-
ous examples of abatement efficiencies reported in literature for the treatment of 
some pollutants.

The most used adsorbent for the treatment of off-gas from soil remediation is 
activated carbon, but also other adsorbents such as aluminum-silicate zeolites and 
synthetic polymers are adopted. In adsorption, the pollutant is collected on internal 
and external surface of adsorbent. The adsorption is described from a thermody-
namic point of view by adsorption isotherms. Adsorption isotherms allow to select 
the adsorbents that give the best performances from a thermodynamic point of view. 
As an example, it is possible to consider the case of a gas containing toluene and 
water. Adsorption isotherms show that activated carbon presents low adsorption of 
water for low humidity and high adsorptions of toluene also for low partial pres-
sures of toluene. Hence, activated carbon can be selected for this specific case.
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The conventional adsorption process is quite simple: The gas containing the con-
taminants flows through a packed bed of the adsorbing material and the pollutants 
are adsorbed onto its surface; the process is stopped when the concentration of the 
pollutants in the gas that goes out from the bed exceeds acceptable levels. As an 
example, when the humidity content of the gas is low, activated carbon can sorb 
10–20% of its weight, due to its hydrophobic character; on the other hand, when 
relative humidity is high (as an example, above 50%), the capacity is inevitably 
reduced by sorption of water.

Adsorption materials such as activated carbons are often regenerated once they 
have reached their adsorption capacity. In regenerable systems, when the adsorption 
material is saturated by pollutants, it is treated to remove the adsorbed chemicals in 
order to be used again. Regeneration is performed by increasing the temperature 
using hot air or steam and/or decreasing the partial pressure. In some cases, two 
beds are used in parallel in order to have in the same time both the adsorption and 
the desorption stages (Fig. 2).

After the regeneration step, a small part of contaminants can be still adsorbed, 
thus resulting in a lower adsorption capacity of the adsorbent in the next cycle. After 
a certain number of cycles, the adsorption capacity becomes too low and the adsor-
bent requires replacement [14]. Adsorption systems with activated carbons are 
largely used since they are effective for most volatile organic compounds and chlo-
rinated VOC and when the concentration of pollutants changes rapidly, although 
some organics such as vinyl chloride, methanol, and formaldehyde are not adsorbed 
in an adequate way. Furthermore, activated carbons are often added/impregnated 
with various compounds to enhance the removal of other contaminants, such as 
H2S, Hg, and NH3.

Adsorption with activated carbon is rather effective, flexible and present rela-
tively low costs. However, the replacement of the adsorbent or its regeneration leads 
to relatively high operative costs in the presence of high concentrations of pollutants.

Adsorption Desorption

Gas + I Water separation

Water

Clean gas

Steam

Separation of
water and I

IWater

Boiler

Air

Fig. 2 Scheme of process with two beds that work in parallel in adsorption and desorption (I 
indicates the pollutant)
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3.2  Thermal and Catalytic Oxidation Processes

Oxidation systems are used to treat gas containing volatile organic compounds gen-
erated from soil and groundwater remediation systems and from gas streams pro-
duced from many industrial sources. In 1997, approximately 6000 oxidation systems 
were active in the world and about 20% of them were used for remediation [14]. 
Oxidation systems are often used for organic compounds, but they can be poten-
tially involved also for some inorganic substances (see as an example, Table 2).

In a complete oxidation reaction, organics are oxidized to carbon dioxide and 
water. Oxidation can be used to treat many kinds of volatile organic compounds in 
a large range of concentrations with abatement removals often higher than 99%. 
Examples of compounds easily oxidized include alcohols, aliphatics, aromatics, 
esters, and ketones.

If halogenated compounds are present, the resulting combustion products can 
include acid gases (i.e., hydrochloric acid) and further treatments with a scrubber 
are needed (see Sect. 3.3). An oxidation unit usually consists of a combustion unit 
(reaction chamber) with one or more burners and a heat exchanger and, if necessary, 
a post-oxidation treatment (Fig. 3).

For small concentrations of volatile organic compounds, an auxiliary fuel must 
be added (like natural gas) to sustain the combustion process. On the other hand, if 
the concentrations of VOC are very high, thus leading to safety problems, ambient 
air must be added to the gaseous effluents to dilute them. In order to remove VOC 
emissions, two kinds of systems can be used:

• thermal oxidation (with direct-flame or flameless thermal oxidizers)
• catalytic oxidization

Many kinds of catalyst can be used, involving both metals and metal oxides. 
Palladium, platinum, rhodium, chromium, nickel, cobalt, and manganese are often 
adopted. In most of cases, ceramic or metal supports are used to decrease the amount 
of precious catalyst and to increase the mechanical resistance. Platinum-based cata-
lysts can be effectively adopted for the oxidation of a large number of VOCs, but 
they are deactivated in short times if the effluents contain chlorine or chlorinated 
compounds. In this case, cobalt oxide, chromia/alumina, and copper oxide/manga-
nese oxide are often adopted. Most of catalysts work usually between 300 and 
700 °C, but some of them can work even at lower temperatures (200–250 °C) [10].

Table 2 Examples of 
oxidation reactions

Compound Oxidation reaction

C7H8 (Toluene) C7H8 + 9O2→7CO2 + 4H2O
CH3OH CH3OH + 1.5O2→CO2 + 2H2O
C3H6O (acetone) C3H6O + 4O2→3CO2 + 3H2O
C4H8O2 (ethyl acetate) C4H8O2 + 5O2→4CO2 + 4H2O
NH3 NH3 + 0.75O2→0.5N2 + 1.5H2O
H2S H2S + 1.5O2→SO2 + H2O
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The selection of the oxidation system depends on many parameters including the 
abatement required for the VOC present in the effluents, their nature and concentra-
tion, the gas extraction flow rate, and the presence of other substances that can affect 
the performances of the process and of the catalyst. For high concentrations of vola-
tile organic compounds, a high energy content is produced during their combustion, 
and thermal oxidation systems can be used; on the other hand, for low VOC concen-
trations, catalytic systems are often used to decrease the amount of auxiliary fuel 
necessary to sustain the oxidation at the required temperature, and operative costs 
are often reduced with respect to thermal processes.

However, catalytic systems require more maintenance than thermal ones and 
they are vulnerable to chemicals (“poisons”) that can react with the catalysts and/or 
to particulate matter that can cover their surface. Poisons for catalysts include met-
als halides and phosphorus-, silicon- and sulfur-containing compounds. Catalysts 
can also be deactivated if the gas becomes too hot, altering the structure of the cata-
lyst. Deactivated catalysts in some cases can be regenerated while in other cases 
they must be disposed and replaced.

Thermal and catalytic oxidation are consolidated technologies that have been 
effectively implemented in many sites. Relevant disadvantages of such methods are 
the high capital costs and the high cost for energy necessary to heat the gas when the 
concentrations of organic pollutants are not sufficiently high. For example, the cost 
of auxiliary fuel can often exceed the cost of active carbon replacement, making 
oxidation processes less convenient than adsorption ones. Furthermore, oxidation 
processes usually require more training of personnel and more maintenance with 
respect to adsorption ones. Hence, oxidation processes are often used when the 
concentration of organics is sufficiently high, thus limiting the operating costs for 
oxidation processes and increasing that of adsorption, or when organic pollutants 
contained in the off-gas are effectively destroyed by oxidation but not adequately 
removed by adsorption.

Reaction
chamber

Heat
exchanger

Gas + I

Air

Auxilary fuel

Post-
oxidation
treatment

Clean Gas

Fig. 3 Generalized flow diagram of thermal oxidation system (I indicates the pollutant)
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3.3  Absorption

Gas absorption technologies involve processes in which pollutants previously pres-
ent in the gas phase are dissolved in a liquid solution. In some cases, the pollutant is 
simply physically dissolved (physical absorption) while in other cases it chemically 
reacts with a component of the solution (chemical absorption). If the solubility is 
sufficiently high, no chemical reactions are necessary. On the other hand, if the pol-
lutant presents a low solubility, a component can be added to the solvent to react 
with the pollutant in order to increase its solubility and to reduce the volume of the 
absorption solution and of the scrubber. The process is exothermic and favored by 
low temperatures and high pressures. In few cases, the solution containing the pol-
lutant has an economical value while in most of cases it has no value; in these last 
cases, the solvent can be separated by the pollutant and recirculated to the absorp-
tion tower, limiting the generation of liquid effluents and the need to replace the 
absorption solution. Figure  4 reports an example of an absorption scheme that 
involves two towers that work in parallel: The first tower is devoted to the absorp-
tion while the second allows a continuous regeneration of the solvent obtained by an 
increase of the temperature and/or by the utilization of vacuum.

Several aqueous solutions can be used including the following [10, 15].

• Water to remove substances that present a high solubility as HCl or NH3.
• Oxidizing solutions.
• Alkaline solutions (containing chemicals such as sodium hydroxide and sodium 

carbonate) to remove acidic substances like hydrogen halides, phenols, sulfur 
dioxide, hydrogen sulfide, and chlorine. In most of cases, a pH between 8.5 and 

Fig. 4 Absorption/desorption system
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9.5 is used. However, the alkalinity of the solution depends on the nature of the 
pollutant and, as an example, a higher pH is used for H2S.

• Alkaline solutions containing oxidants such as H2O2, NaOCl, O3, or ClO2.
• NaHSO3 solutions used mainly to remove odorous compounds such as aldehydes.
• Acidic solutions used to absorb alkaline pollutants such as NH3, esters, and 

amines. Usually, a pH between 3 and 6 is used. H2SO4 is often involved for its 
relatively low cost, even if other acids such as HNO3 can be used for specific 
applications.

• Solutions containing monoethanolamine and diethanolamine, often used for H2S.

Various kinds of scrubbers are used as [10, 14, 16] jet rotation, venturi, dry tower, 
spray and packed tower scrubbers.

The most adopted absorption solvent is water, which is suitable for polar com-
pounds. Non-polar organic solvents can be used for apolar pollutants. As an exam-
ple, organic solvents can be used for the treatment of small volatile organic 
compounds such as butanes and pentanes.

In the case of the treatment of HCl, the absorption solution is strongly acidic (pH 
0–1) due to acid presence. In the case of chlorine, absorption is usually carried out 
using solutions of NaOH. The absorption takes place with the formation of HOCl 
(Eqs. 6 and 7) that is enhanced in the presence of high pH [17]. Furthermore, at high 
pH the reaction (Eq. 8) takes place.

 Cl H O HOCl H Cl2 2+ ↔ + ++ −
 (6)

or

 Cl OH HOCl Cl2 + ↔ +− −
 (7)

 HOCl OH OCl H O+ ↔ +− −
2  (8)

3.4  Other Processes

Various other processes have been proposed in literature including bioprocesses like 
biofiltration and bioscrubbing, photo/UV oxidation, condensation, membrane sepa-
ration, non-thermal plasma treatment [10, 14].

In particular, in biofiltration, the waste gas stream passes through a bed of organic 
material (like peat, heather, compost, root wood, tree bark, compost, softwood, and 
different kinds of combinations) or some inert material (like clay, activated carbon, 
and polyurethane), where it is biologically oxidized by microorganisms into carbon 
dioxide, water, inorganic salts, and biomass, while bioscrubbing combines absorp-
tion and biodegradation; the scrubbing water contains a population of microorgan-
isms suspended in water and suitable to oxidize gaseous compounds. Biofiltration 
can be used to treat rather dilute VOC concentrations.
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If optimum conditions are maintained, a properly designed biofilter may achieve 
greater than 90% and sometimes greater than 95% abatements. Specific classes of 
compounds readily biodegradable by biofilters include mono-aromatic hydrocar-
bons, alcohols, aldehydes, and ketones.

4  Comparison Between Treatment Processes 
and Final Considerations

Table 3 reports the process often used for the treatment of some pollutants [10]. It 
can be seen that in some cases, various alternative processes can be used. Hence, in 
these cases costs and operative considerations have to be used to choose the 
best option.

Adsorption with activated carbons and thermal or catalytic oxidation are the 
most common technologies used for assisted soil vapor extraction off-gas treatment. 
These two technologies are robust and mature vapor treatment methods that can 
address a variety of contaminants and concentrations [14]. According to 
EPA-542-R-05-028 [14], the general rule for selecting thermal/catalytic oxidation 
or carbon adsorption is that dilute off-gases are more cost-effectively treated by 
carbon adsorption, while thermal/catalytic oxidation becomes more cost-effective 
for off-gases that contain greater concentrations of vapor contaminants. Some sites 
have both thermal oxidation and adsorption systems. Thermal or catalytic oxidation 
systems have been used to treat higher initial concentrations and are replaced by 
adsorption systems once concentrations have decreased. A limited number of biofil-
tration systems are currently being used for soil vapor extraction applications. One 

Table 3 Examples of the waste gas treatment techniques with respect to the pollutants to be 
abated (♦ = the primary goal of the technique is the removal of specific pollutant; + = the primary 
goal of the technique is not the removal of specific pollutants, but these pollutants are also, in some 
cases partially, removed using the technique)

Process
Pollutants
VOC H2S NH3 HCl Cl2

Thermal oxidation ♦
Catalytic oxidation ♦
Adsorption (general) +
• Active coal ♦ ♦
• Zeolites ♦ ♦
• Polymeric ♦
Absorption (general) ♦ ♦ ♦
• Acid ♦ ♦
• Alkaline ♦ ♦ ♦
Bioprocess ♦ + ♦
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operative limitation is that this technology is rather sensitive to variations in operat-
ing parameters, like moisture content, temperature, pH, and nutrient levels.

Absorption processes are routinely used for the treatment of gases involving 
polar compounds, like HCl, chlorine, or ammonia, that are rather soluble in water 
solutions.

As an example, a gaseous pollutant produced by electrochemically assisted soil 
remediation processes is chlorine that is usually treated by chemical absorption in 
water solution by formation of HOCl and/or ClO−, usually carried out in alkaline 
solutions.
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1  Introduction

Throughout the preceding chapters of this book, different authors have shown us the 
basics and the conceptual and mathematical models of electrokinetic remediation 
processes. In addition, we have seen major possibilities and applications at soil 
decontamination, both applied individually as well as establishing synergies when 
in combination with other remediation technologies.

In this chapter, the possibilities of electroremediation (ERem) technology will be 
discussed; either used individually or combined with other remediation technolo-
gies, using a source of renewable energy such as solar photovoltaic. However, in 
order to provide the reader with the necessary judgement tools, the operation of a 
photovoltaic (PV) panel will be explained as well as the main peculiarities and char-
acteristics of the power supply of electrochemical systems using a solar PV plant, 
emphasizing the current knowledge status regarding ERem processes supplied with 
PV modules.

A reflection on the different available options to power ERem processes—cou-
pled or not to other remediation technologies— by means of a PV solar plant will 
be presented. The aim is to speculate— theorize about how it would affect to engage 
a solar plant in an ERem process and its influence on the efficiencies obtained in the 
treatment. Various thoughts will also be shared on:

• Characteristics of the solar plant of choice: use of batteries, direct connection, 
use of DC-DC converters, etc.
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• The need of solar plant modifications based on variations of experimental param-
eters such as pH, the soil resistance, etc. during the treatment.

• The need of solar plant modifications based on the number and disposition of 
electrodes (linear, hexagonal, etc.). We can speculate on how we could change 
the solar field configuration based on the electrode restructuration during the 
treatment.

• The influence of the use of PV modules on operating parameters that can be 
conditioned by significant decreases in irradiation or night periods, for example, 
soil pH control etc.

2  Basic Principles and Main Characteristics 
of the Electroremediation

Electrokinetic remediation is a soil decontamination technology, which has been 
proven useful in the elimination of a wide range of both organic and inorganic con-
taminants. In a very simple approach, we can say that this technology is based on 
the application of a continuous electric field across the soil to decontaminate using 
electrodes placed on the ground [1, 2]. The transport of the pollutants in the soil 
under the influx of a continuous electric field is mainly produced by three phe-
nomena [3]:

• Electroosmosis, which involves the movement of the fluid present in the soil 
altogether with the pollutants dissolved in it.

• Electromigration, where the ions in the solution and electrically charged com-
plexes move due to the action of the electric field towards the oppositely charged 
electrode.

• Electrophoresis, which relies on the advective transport of colloids, small parti-
cles, bacteria, etc., all of them electrically charged. Similarly, to the case of the 
electromigration, these species move towards the oppositely charged electrode.

The transport of contaminants in the soil is a very complex process. In addition 
to the physicochemical properties intrinsic to the ground—such as composition, 
porosity, etc.—and environmental—humidity, temperature, etc.—which determine 
the strategy and the success rate of the ERem treatment [4], there are a large number 
of different phenomena that can occur simultaneously during the treatment, such as 
pH gradient occurrence, desiccation due to the Joule’s effect generated heat, salt 
precipitation, etc. These phenomena can change the extraction process dynamics, 
enhancing or inhibiting the extractability of pollutants.

Once contaminants have migrated to the proximity of the electrodes, there are 
different options for disposal. Among the most common are the electrodeposition in 
the case of metals, precipitation, adsorption using ion-exchange resins and the elec-
trode reservoir solutions treatment.
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The main operational parameters that must be defined when designing an experi-
mental installation of ERem treatment are [3]:

• The manufacture material of the electrodes, their geometry and their relation 
with the immediate subsurface environment concerning the dissolution exchange. 
Electrodes with high electrical conductivity, chemically inert, low cost, easy to 
install in the field and those, which provide a good subsurface electrical contact, 
are pursued.

• The geometrical configuration of the electrode assembly to achieve the most 
efficient and effective elimination results based on the applied electric field. 
Zones without active electric field should be minimised.

• The use of enhancement techniques, among which we can highlight the addition 
of chemicals (surfactants, complexing agents, etc.) and the conditioning of elec-
trode reservoir solutions. The first one allows increasing the solubility and mobil-
ity of pollutants and in the second case is used to prevent the negative impact of 
the electrode reactions in the treatment.

An application of the ERem on the rise in recent years is its joint implementation 
with other remediation technologies [5, 6] looking for a synergistic effect, in such a 
way that the results of the coordinated implementation exceed those obtained on an 
individual basis with each technology. The most studied combinations include the 
use of the ERem with:

• Fenton process [7]. This is an advanced oxidation technology based on the cata-
lysed oxidation using hydrogen peroxide and Fe2+ ions. The oxidation of Fe2+ to 
Fe3+ together with the decomposition of H2O2 and the generation of highly oxi-
dizing hydroxyl radicals occur in a first stage. Then, organic pollutants are oxi-
dised by the OH radicals.

• Permeable reactive barriers (PRBs) [1]. These are areas of ‘in situ’ treatment 
established in the passage of an underground-polluted fluid plume and are able to 
degrade the contaminants it contains. The most common case is the use of zero- 
valent iron granules (ZVI) mixed with soil.

• On the engaging of the electrokinetic remediation with the use of PRBs is not 
necessarily a natural advective transport of groundwater caused by a hydraulic 
gradient. The applied electric field provides the necessary driving force to trans-
port the pollutants.

• Bioremediation [8]. This technology is based on the use of microorganisms with 
the ability to break down dangerous pollutants, which may be considered their 
‘nourishment’. This is a complex technology, where the success of its application 
depends on the transport of microorganisms, electron acceptor compounds and 
essential nutrients for the microorganisms to the polluted subsoil area. In a pro-
cess of bioremediation coupled with ERem, the role of the latter is to force the 
transport of species: pollutants towards microorganisms or vice versa.

Solar-Powered Electrokinetic Remediation for Treatment to Soil Polluted with Organic…



504

3  Use of Photovoltaic Panels in Electrochemical Processes

3.1  Performance of a Photovoltaic Panel

In normal conditions, the V-I curve of an electrochemical reactor resembles quite 
well to a straight line, where the voltage and intensity are proportional. In order to 
power supply an electrochemical system, it normally used a conventional power 
supply connected to the electrical grid. This configuration is the simplest because a 
power supply is characterized by maximum values of voltage (V) and current inten-
sity (I) that are adjustable. If the experiment is conducted under controlled voltage, 
the operation mode is called potentiostatic. If the parameter that we control is the 
electric current that is applied to the electrodes, the mode of operation is called 
galvanostatic.

The figure below depicts the V-I characteristic curves of an electrochemical reac-
tor—for this example, we have chosen a global system resistance of 11 Ω—and 
maximum power from a power supply with 80 V–5 A.

 

The figure also shows several working points of the system according to different 
applied voltage or intensity values. Thus, we can see how the system cannot reach a 
voltage value above 55  V, given that at this value, it has reached the maximum 
power supply’s current, 5 A (point A). Other possible working points of the system 
are the couples 40 V–3.64 A and 22 V–2 A (points B and C of the graph, respec-
tively). These pairs of V-I values are obtained irrespective of mode of operation—
potentiostatic or galvanostatic—which only indicates what variable—voltage or 
intensity—is being controlled.
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In the previous paragraphs, we have seen the electrical characteristics of an elec-
trochemical system powered by a conventional power supply. Next, we will explain 
the workings of an electrochemical system powered by a PV solar plant.

The PV solar energy is one of the most widely used renewable sources of energy. 
In essence, a PV solar cell transforms solar energy directly into electrical energy. 
Among the main advantages of this technology, we can list that it is not polluting, 
noiseless, decentralized and modular (i.e. that we can have it in small increments), 
abundant and renewable. In addition, PV panels contain a series of solar cells and 
have no moving parts. They are manufactured in corrosion-resistant watertight 
structures, so its maintenance is minimal, and its lifespan is very long.

A PV cell consists of two or more thin layers of semiconductor material, typi-
cally silicon. When it is exposed to the light, electric charges are generated (elec-
trons and holes), which travel to metal collectors arranged on the material’s surface 
and lead to an external electric circuit. Low-voltage direct current (DC) is provided, 
so in practice arrays of PV cells are grouped and connected in series and parallel and 
encapsulated between glass covers in order to put together PV panels.

The characteristic curve of a solar PV panel—also known as current-voltage 
curve (abbreviated to V-I curve)—represents the values of voltage and current mea-
sured experimentally for a PV panel under certain consistent conditions of irradi-
ance (G, W/m) and temperature (Tpanel, °C) [9].

 

The shaded areas represent the power provided by the PV modules for different 
external charge (resistances R1 and R2). The parameters that define a PV module are:

• The short-circuit current (Isc), which is the current intensity (A), which provides 
the PV module when the voltage between the terminals is zero. Its value depends 
mainly on solar irradiance.

• The open-circuit voltage (Voc) is the maximum voltage value of the PV module, 
and it’s obtained when it is not connected to an external charge.
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• The maximum power (Pm) is the maximum electrical power that the PV module 
provides for a given irradiance and panel temperature conditions.

In the figure, we can see how at low and intermediate values of output voltage the 
V-I curve presents a plateau, where the current gently decreases when the voltage is 
increased. This behaviour remains until output voltage values approach to the maxi-
mum power point, where a sudden decrease in the intensity happens until it reaches 
zero at the open-circuit voltage.

The figure displays that a very important characteristic of the operation of a PV 
panel is that for an external electrical resistance (R, Ohm) connected to the terminals 
of the panel, the operating point of the system—the power provided by the PV mod-
ule—is given by the intersection of the line I = (1/R)V and the characteristic V-I 
curve of the PV module. It is of utmost importance to highlight that for the power 
(W) provided by the PV module, both the value of voltage and current are set 
(W = VI).

As we can see in the figure below, at a given electrical resistance of the electro-
chemical reactor, the main parameters that influence the operation point are the 
solar irradiance and the temperature of the panel, as they are the experimental 
parameters that modify the shape of the PV module’s V-I characteristic curve in a 
more pronounced way. Judging by its practical application, this means that the volt-
age and intensity provided by the PV module will greatly vary throughout the day 
because of the daily solar irradiance curve. Another common cause of sudden 
changes in the values of provided power is due to the attenuation of solar irradiance 
that occurs when a cloud blocks the solar disk.

 

A PV panel has a curve similar to those of a conventional power supply. 
Differences are on the one hand that fixed voltage, and current areas in a PV panel 
are not as pronounced as in a conventional power supply. On the other hand, the 
maximum current provided by a PV panel depends on the solar irradiance that the 
panel receives.
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In order to supply an electrochemical system with solar panels, one should bear 
in mind that the solar irradiance highly varies during the day. The figure below 
explains the operation of an electrochemical system connected directly to a PV 
generator throughout a day. In the figure, we can see the represented typical irradi-
ance evolution on a sunny day (red curve), along with the voltage and current varia-
tion (curves in the colours green and blue, respectively) provided by a solar PV 
plant connected to an electrochemical system. In order to simplify the figure, the 
electrical resistance of the electrochemical system (black line) has been considered 
constant. To clarify the explanation, the figure also shows the characteristic V-I 
curves of the PV solar plant (curves in grey). Figure shows as the irradiance increases 
during the morning (point G1) up to the maximum towards the solar noon (point 
G2), to finally decrease during the afternoon. The curve shows how the clouds 
blocking the solar disk make the irradiance decrease very abruptly (point G3). This 
sharp decrease of irradiance is also reflected in the working current and voltage 
curves. For each irradiance value, there is a PV plant V-I curve. The intersection 
between the PV plant V-I curves and the electrochemical reactor I = (1/R)V lines 
leads to the working points of the PV plant (VI1, VI2 and VI3 points).

In the morning and in the evening, the working point of the PV plant is located 
in the area of the V-I curve, where the current intensity is approximately constant. 
Therefore, the irradiance curve is similar to the current intensity one. In the middle 
of the day, where the irradiance is greater (point VI2), the figure shows how the 
system operates in the area, where the PV plant’s current intensity strongly decreases 
with voltage, and so the irradiance and current intensity curves differ. In addition, it 
can be seen how in this time interval there is a plateau in the current curve.

 

In the event of the electrochemical reactor needing more power than the provided 
by a single solar panel, several PV modules forming a solar plant are used. In this 
plant, the PV panels are grouped by series or parallel connections.
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When an array of identical PV panels is connected in series, the characteristic 
curve of the generator changes, increasing the value of the open-circuit voltage (Voc 

array) in proportion to the number of panels connected in series. Thus, we can state 
that Voc array ≅ nVoc, where n is the number of panels connected in series. The electri-
cal power of a PV generator consisting of panels connected in series can be calcu-
lated using the expression Parray = (nVmp)Imp, where Vmp and Imp are the voltage and 
current corresponding to the maximum power point for a single panel on the same 
irradiance and temperature conditions.

Similarly, when a group of identical panels are connected in parallel, the short- 
circuit current (Isc array) increases with the number of panels connected in parallel, 
being approximately Isc array ≅ mIsc, where m is the number of connected panels in 
parallel, and Isc is the current of short circuit for a single panel. The electrical power 
of a PV generator consisting of panels in series will come in this case, given by the 
expression Parray = (mImp)Vmp.

The following figure shows the characteristic V-I curves of various configura-
tions of PV generators consisting of four PV modules (equal to those described 
previously) connected in parallel, four PV modules connected in series and two 
parallel lines of two PV panels connected in series for each line.

 

3.2  Use of Photovoltaic Panels in Electrochemical Processes

A series of studies focused on the use of PV modules for power supplying different 
electrochemical systems have emerged in the last two decades. The most frequent 
case are studies at laboratory scale, where only the electrochemical reactor is pow-
ered by one or several PV modules, either directly or through the use of batteries. In 
these works, the PV modules (pumps, sensors, etc.) do not power the rest of the 
equipment of the experimental system.
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In this context, the works carried out by the Group of Applied Electrochemistry 
and Electrocatalysis at the University of Alicante deserve special mention. This 
research group has carried out a series of Industrial Pilot plant scale studies focused 
on the direct powering of different electrochemical technologies using PV plants.

Electrochemical technologies have been proved useful for the treatment of 
wastewater. In order to enhance their green characteristics, it seems interesting to 
use a green electric energy source such as PV cells.

In the first of these works [10], the use of an electrooxidation system (EO), 
directly powered by a PV plant for the treatment of a dye-containing solution, was 
carried out. An electrochemical filter press reactor of 0.33 m2 of geometric electrode 
area and a 40-module PV array were used. The work proved that the PV array con-
figuration has a strong influence on the efficiency of the use of the electric energy 
generated. Thus, the optimum PV array configuration depends on the solar irradia-
tion, solution conductivity and the concentration of pollutant in the wastewater.

Electrodialysis (ED) is an electrochemical technology widely used for the desali-
nation of brackish water coming from groundwater [9, 11, 12]. The desalination of 
brackish water by ED is a useful method for obtaining low-cost drinking water. PV 
energy can be used to power the ED system in remote areas in a reliable and autono-
mous way. Furthermore, the PV plant can be connected directly—without batter-
ies—to the electrodialyzer. Throughout several works, the feasibility of the 
desalination of brackish water from aquifers (total dissolved sol-
ids = 2300–5100 g m−3) by means of an ED system supplied directly with PV solar 
panels was shown. In addition, a mathematical model for the coupled electrodialysis- 
photovoltaic (ED-PV) system was developed. This model enables predicting the 
behaviour of the ED-PV system under different operational and weather conditions 
and the time required to reach a given final concentration. Lastly, the cost of ED-PV 
systems for reduced-scale applications in isolated locations off the grid has been 
estimated.

Finally, a last example of PV coupled with electrochemical wastewater treatment 
technologies in the treatment of wastewater generated in the Almond Manufacture 
Sector is presented. The approach used was the application of different electro-
chemical processes in an orderly manner to reuse water obtained from the wastewa-
ter treatment. This work was compiled by Valero on his doctoral thesis. Valero’s 
work demonstrates that electrochemical processes: electrocoagulation (EC) [13] 
and EO [14] are able to be coupled with direct solar PV energy (without batteries) 
in order to carry out the electrochemical treatment of wastewater from the almond 
manufacture industry.
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3.3  State of the Art of Photovoltaic Solar 
Powered Electroremediation

The features of the ERem technology make it and ideal candidate to be powered by a 
solar field, both for technical reasons as for logistical and operational reasons [15]. Like 
the rest of electrochemical technologies, the ERem works using DC as the PV modules 
provide. However, a great advantage of ERem is the simplicity both from a point of view 
of its control as well as its required equipment, not existing or being minimal the need 
of other auxiliary systems, which require to be supplied with electricity (either by DC or 
alternate current (AC)). Otherwise happens, for example, with EC. The latter technol-
ogy works in a continuous mode of operation in a single step, requiring reagents addi-
tion to adjust pH and/or conductivity, solution pumping, filtering systems, etc. The 
simplicity of ERem systems avoids the use of DC-AC converters to supply the auxiliary 
systems, improves energy efficiency, reduces investment costs and minimizes the com-
plexity of control systems, making it much more appealing for its application as an off-
grid system. Furthermore, contaminated soils are often found in remote locations 
disconnected from the grid, which makes, particularly, interesting the use of a solar plant.

The use of PV modules in ERem processes is very recent, and most of the studies 
were performed at laboratory scale and in synthetic soils. Yuan [16] published the 
first work in this area, where a PV module directly connected to two electrodes was 
used to carry out the electrokinetic remediation of a cadmium-contaminated soil. 
Among the main conclusions of the work, the authors cited that the voltage pro-
vided by the module depended on weather conditions and confirmed that the 
removal efficiency was comparable to that obtained with a conventional power sup-
ply. Mohamed Elhassan [17] studied the feasibility at laboratory scale of ERem 
powered directly by solar panels for application as an electrokinetic barrier. The 
case under study prevented the contamination of a clayey soil by a hydraulic flow of 
cadmium from a raft of mine tailings. Solar panels provided energy and kept the Cd 
within the exclusion zone, even considering that the electrokinetic barrier worked 
only during periods of sunlight. Other examples of ERem-PV in similar works at 
laboratory scale are found by Zhou [18], Zhang [19], Hassan [20] and Jeon [21], 
who displayed the removal of fluorides, Cr(VI), copper and arsenic, respectively.

Souza and co-workers [22] carried out the removal of a model pesticide 
(2,4-Dichlorophenoxyacetic acid, 2,4-D) at pilot plant scale using electrokinetic 
soil flushing (EKSF) powered either by a DC power supply or by solar panels. The 
results in the last case showed changes in operating conditions during the solar test, 
which can be clearly related to the day-night cycle. The fluctuations in the current 
intensity supplied to the electrokinetic system led to softer pH and conductivity 
profiles between anode and cathode in the case of the PV-powered system. At the 
end of the tests, the authors observed that the PV-powered ERem was a less efficient 
system, and much higher amount of charge was required to remove an equal amount 
of pollutants in the soil. This fact was related to the significantly lower electroos-
motic flux observed during the operation of the PV-powered system.

In the previous paragraphs, we have seen how works on ERem powered with PV 
solar panels are relatively recent and few in numbers. In this sense, if we focus on 
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ERem systems in combination with other soil decontamination technologies, we 
find that these are even scarcer.

Godschalk and colleague [23] worked on electrokinetic biofence at a chemical 
laundry in Netherlands, where the soil was polluted with volatile chlorinated hydro-
carbons (VOCs). The fence-alternated electrodes in a row separated 5 m. Upstream 
of the electrodes infiltration wells for the addition of nutrients were installed. The 
aim of the work was to enhance the biodegradation of the VOCs in the groundwater 
by electrokinetic dispersion of the dissolved nutrients in the groundwater. The sys-
tems were operated for 2 years and the authors reported that: (a) the concentration 
of nutrients increased, (b) the chloride index decreased and (c) VOCs were dechlo-
rinated by bioactivity. Electrical energy was supplied by solar panels on sunny days. 
However, both at night and on cloudy days, the electricity was taken from the grid.

Hassan et  al. [24] carry out an electrokinetic bioremediation treatment on a 
phenanthrene- contaminated soil. Mycobacterium pallens was the microorganism 
selected to degrade the pollutant. The study reports result on the efficacy of this 
microorganism in the degradation of phenanthrene, the influence of electrokinetics 
for delivering nutrients and microorganisms to contaminated soil and the use of PV 
modules. The results showed that solar panels generated sufficient power for elec-
trokinetic bioremediation and that the use of solar power with electrokinetic biore-
mediation provided a cost-effective approach to these technologies.

In the studies of ERem systems directly powered by PV modules shown so far, 
the authors concluded in all cases that the contaminated soil treatment using this 
combination of technologies (ERem-PV) was viable. On the other hand, its main 
features were the great daily variations in both the current intensity and the voltage 
gradient. These variations were due to the intrinsic performance of the PV modules 
and dependence of their power and characteristic V-I curves with the daily solar 
irradiance curve. Logically, no system with direct connection could work at night or 
on cloudy days. The other parameter that affects the characteristic V-I curve of the 
PV panel is the temperature of the panel. However, against the variations caused by 
solar irradiance, the influence of the former is less relevant.

The studies published so far were performed on laboratory-scale systems. These 
systems were of reduced size and required little power for its operation, so their 
supply could be performed with a single commercial PV panel. Likewise, authors 
focused their study on power supplying the electrodes, not dealing with in any case 
with any other of the auxiliary systems supply, such as the solution pumping system.

4  Design of a Real Electroremediation System Supplied 
with Photovoltaic Panels

4.1  General Considerations

The rest of this chapter consists in the exposing and developing of different connec-
tion options of a solar plant to an ERem system at field scale. At this point, we must 
define the characteristics—mainly the contaminated area to be treated and the power 
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supply requirements—of the ERem system that we will use as a reference to carry 
out the dissertation. ERem systems that work in the field scale and can be found in 
literature can decontaminate surfaces from 10 to 100 m2. All systems are multi- 
electrode, which can be structured in different geometric distributions—mainly 
square, rectangular or hexagonal—with an electrode separation that varies between 
0.5 and 2 m. The most common potential gradient used in these systems is 1 V/cm. 
The power needed to feed these systems can vary between 1 and 10 kW, which 
enables working under hundreds of DC volts and tens of current amps.

It is necessary to highlight the interest of focusing our argument on the develop-
ment of ERem-PV systems at a field scale. Thus, López Vizcaíno et al. [25, 26] 
analysed the effect of the scale up of electrokinetic remediation processes in natural 
soils. These authors proposed a procedure to prepare soils in order to obtain similar 
moisture content and density as real soils. The study was carried out in two facilities 
at different scales: a pilot scale (0.175 m3) and a field-scale application (16 m3). The 
authors demonstrated the influence of the work scale in electroosmotic and electro-
migration flows and electric heating.

On the other hand, the work behind the design of an ERem-PV system on field 
scale is also justified on the information that can be provided by the scale factor. To 
supply a field-scale ERem-PV system, the size of the solar plant must be increased, 
which enriches the discussion of the system’s design. As we will see, we can con-
sider different optimization strategies regarding the electrical power that must be 
generated in solar plants of a given power. These strategies are based on reconfigu-
rations of the solar plant, the use of DC/DC converters and maximum power point 
monitoring systems, etc. Such strategies are meaningless in lab bench systems that 
use a single PV module to power supply the ERem system. On the other hand, in 
field-scale systems, we can consider extending the PV power supply to auxiliary 
systems such as the electrode solutions pumping, reagents addition, etc.

Regarding the main modalities of application of ERem technology and its differ-
ent variants in field-scale systems, the most common situations are the followings 
[27, 28]:

• In situ remediation, where the electrodes are directly placed on the contaminated 
terrain and the pollutants are eliminated with minimum alterations on the envi-
ronment. Within this type, we can find examples in remote places without grid 
access, as well as applications in urban areas or farms, where a conventional grid 
is available.

• Batch treatment, where the polluted soil is extracted and transported to a treat-
ment facility, where it is decontaminated ex situ. In this case, the grid availability 
is not an issue.

The use of a solar plant powering system (ERem-PV) presents no interest in 
cases where conventional electricity grid is available, both for in situ and ex situ 
treatments. The limitations that we have previously seen regarding ERem-PV sys-
tems, together with the installation cost of a PV plant, make them only viable and 
interesting for the treatment of contaminated soils in isolated areas without access 
to the grid.
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The next consideration to focus the ERem-PV system design refers to the use of 
support battery racks. Generally, a PV system using batteries consists of PV mod-
ules, the rack of batteries, a regulator or controller, an inverter (DC-AC) and loads 
(charges). The solar radiation incident on the surface of the PV array is transformed 
into electric energy (DC) by the PV modules. The generated electricity is passed to 
the regulator, which protects the batteries from overcharging or an excessive dis-
charge. The batteries store energy that can be used as electrical back up during 
periods of low solar radiation, for example, during rainy, cloudy weather or at night. 
The inverter transforms the DC into AC for those devices that work with the latter.

An ERem-PV system with a support battery rack features a simple design, since 
it can work as an ERem system supplied with a conventional power supply. The 
configuration of the PV plant acquires much less relevance than in the case of being 
directly supplied, since all the energy generated by the solar plant passes through 
the rack of batteries, from where it is then provided to the ERem system. Regarding 
the sizing of the supply system—PV modules and batteries—this will depend on the 
number of effective working hours per day of the ERem system.

However, the use of the electrical energy supply by the PV array to the ERem 
system directly from the PV modules would substantially decrease the cost of 
investment and maintenance of these systems due to the high price of batteries, the 
short lifespan of the battery and to the higher maintenance costs compared to solar 
panels. Likewise, the environmental problems arising from the management of bat-
teries waste by products after life cycle would be eliminated, increasing, therefore, 
the sustainability of the process. A particular case is the ERem systems that must 
work the whole day, as is the case of the electrokinetic barriers.

4.1.1  Electroremediation System Directly Supplied with a Photovoltaic 
Solar Plant

At this point, the objective that we set ourselves is the design of an electrokinetic 
remediation system powered directly with a PV solar plant. In a first approach will 
address the simplest design: considering a direct connection between the PV mod-
ules’ terminals and the ERem system electrodes. This has been the way used in all 
the papers published so far in this field, being the most intuitive in order to under-
stand the interactions between the solar plant and the ERem system.

To support us in the process of design of the solar power plant, we will take as a 
guide a process of a real ERem of reference, where a treatment with conventional 
means takes place. Kim et al. [29, 30] have carried out a series of works focused on 
the in situ real-scale electrokinetic remediation of multi-metals contaminated paddy 
soil, which, by its nature, can be very useful as a reference. In these works, the 
authors evaluated the influence of electrode configuration on in situ electrokinetic 
remediation of As, Cu and Pb contaminated soil. The site used in the study was a 
rice field near a zinc refinery plant located at South Korea.

Among the features of these works, which make them interesting for our study, 
we can highlight: (a) they are a field-scale work with actual contaminated soil, (b) 
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the duration of the experiments was very high, between 3 and 6 months, (c) the 
electrokinetic setup involves multi-electrode systems with different configurations, 
(d) parameters studied include the voltage gradient, (e) systems incorporate both the 
conditioning of electrolyte solutions and the addition of soil conditioning solutions 
to improve the extraction of pollutants and (f) during the experiments the authors 
performed a thorough monitoring of parameters such as current intensity and the 
temperature of the soil.

Electrokinetic Set-up. The most important component of an ERem system is 
related to the number and arrangement of the electrodes in the contaminated soil to 
be treated. Thus, defining the solar plant necessary to supply the electrokinetic elec-
trode setup is the first step when sizing the global solar plant. This electrokinetic 
setup is characterized by the separation between the electrodes of the same and 
opposite sign, along with the geometry of the electrode array—usually square, tri-
angular, rectangular or hexagonal.

In the work of Kim et al. [29], the author installed four different electrode con-
figurations that can be seen in the next figure. The anode-cathode separation was 
1 m in A1, A2 y A4, and 2 m in A3. On the other hand, the separation between the 
electrodes with the same polarity was 0.5 m in A1, A2 y A3, and 1 m in A4. The area 
covered by electrode system of A1 and A2 was 4 m2, but the area for A3 and A4 was 
8 m2. The potential gradients were 1 V/cm—most frequently voltage value used in 
processes of ERem—and 0.5 V/cm.

 

As we saw, when the performance of a PV panel was described, an ERem system 
V-I curve resembles a straight line, where voltage and intensity are proportional. 
When using a power supply in potentiostatic mode, we impose the voltage applied 
between electrodes, and the ERem process initial current is given by the electrical 
resistance of the system—basically the ohmic resistance of the soil. The power sup-
ply is selected in such a way that it can provide the voltage to be applied (100 V in 
the example of the work of Kim et al.), and its maximum current intensity value is 
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widely superior to the working current of the ERem process. In fact, the current 
intensity is not a relevant experimental parameter in the ERem processes.

In the experiments conducted by Kim et al., the current intensity was different 
for each experiment, mainly depending on the number and arrangement of the elec-
trodes as well as the applied voltage. Also, important variations of current intensity 
along the experiments were detected due to changes in the temperature of the soil 
and the pore conductivity. In all the experiments, the current increased at the begin-
ning to a maximum around the 500 h of operation. Then, the intensity went down in 
all cases to reach values between 0.5 and 1.0 A around 1500 h. The experiment, 
where the highest current was registered, was A2 experiment with a maximum of 
approximately 10 A.

Given the peculiarities of the functioning of a solar PV generator, when design-
ing a solar plant to a direct connection supply of the ERem system, we should mark 
as requirement that the operating point of the ERem-PV system within the charac-
teristic V-I curve of the system takes place in voltage values slightly higher than 
those of the maximum power. It is important emphasize that the direct connection 
of the solar PV plant implies the supply of the electrodes connecting them directly 
to the PV modules’ terminals, without any electronic instrumentation involved, 
such as converters, etc.

As we saw previously, the voltage that we can obtain from the solar plant is regu-
lated based on the number of PV modules arranged in series. We have also seen that 
the characteristic V-I curve of a PV generator changes throughout the day, at the 
same time that the daily curve of incident solar irradiance does. Thus, we saw how 
the position of the working point of the system past the point of maximum power of 
the V-I curve minimizes the effect of daily variations of solar irradiance on the 
potential applied to the ERem system.

If the PV solar plant is designed in such a way that the ERem-PV system opera-
tion point was located in the current plateau area of the characteristic V-I curve, the 
irradiance variations would cause a large displacement of the position of the operat-
ing point at its voltage-current coordinates. This translates into some severe changes 
in the experimental working conditions, and their impact on the results obtained in 
the soil decontamination should be considered.

A greater number of PV modules arranged in parallel connection allows increas-
ing the current provided by the solar plant. As the number of PV modules arranged 
in parallel increases, we minimize the effect of the daily variation in solar irradi-
ance—both by the effect of the daily irradiance Gaussian distribution and sudden 
decreases of irradiance because of clouds. In practice, an increase in the number of 
PV modules placed in parallel translates into a greater number of daily work hours 
of the ERem-PV system. This happens because the solar plant is capable of provid-
ing the working voltage and current of the ERem system with lower values of solar 
irradiance (given at dawn and dusk of the day). Logically, the increase in daily 
working hours requires a greater economic investment in equipment.

We have seen an approximation to the sizing of the solar plant, which has allowed 
us to initially and simply define the settings to supply a real ERem system. There are 
a series of thoughts and interesting considerations that we must bear in mind to 
delve into the design and performance of the solar plant.
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Thus, for example, it is very important to emphasize the great influence that the 
electrical conductivity of the soil has in the installed power of the solar plant used 
to supply the ERem. Operational lines with a high slope will characterize soils with 
high electrical conductivity due to factors such as a large amount of dissolved salts, 
high porosity, soils with a high degree of humidity, etc. This causes that in order to 
apply a standard potential gradient of 1 V/cm, the working point of the system lays 
at high current values, which are attained increasing the number of series of PV 
modules arrayed in parallel, involving high investment cost towards the treatment of 
a low conductivity soil.

On the other hand, we must consider that the PV array sizing has been carried out 
using the initial ERem system’s line I = (1/R)V. However, although we can say in 
general that ERem processes are slow processes with slight experimental variations, 
several factors can influence the value of the electrical resistance of the soil during 
the treatment. These variations cause changes in the slope of the ERem operational 
line and its intersection with the characteristic V-I curve, to the point of making 
necessary a reconfiguration of the solar plant.

In order to a better understanding of the effect of these phenomena, we should 
explain that the electrical resistance of conductor (in our case, the soil to be decon-
taminated) is given by:

 
R

l

S
= ρ ,

 

where R is the electrical resistance (Ω), which is the slope of the working function 
of the ERem system, l (m) is the distance between the electrodes and S (m2) is the 
soil section perpendicular to the electric field. The parameter ρ is the electrical 
resistivity (Ωm), and its value depends on the nature and concentration of the con-
ductive species, as well as temperature.

• Significant variations on the soil change the conductivity of the solutions that are 
located in the soil’s pores, changing the operational line’s slope of the ERem 
process. Thus, for example, in the cited works of Kim et al., the system worked 
in the range of 10–65 °C. This pronounced variation was due to the change of 
season, as every experiment lasted for several months, as well as Joule’s effect 
during operation.

• In this latter sense is very possible that we find qualitative differences between 
the behaviour of ERem-PV systems and conventional ERem systems about the 
soil temperature variation. Using a solar plant, the system workload is intermit-
tent, and the electricity flows only during several hours per day when the solar 
irradiance is enough to supply the system. It is expected then that every day the 
heat generated by Joule’s effect during the ERem-PV system’s operating is dis-
sipated during the night, so the soil attains temperature values comparable to its 
environment.
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• Addition of chemical agents (surfactants, complexing agents, pH adjusters) 
with different purposes, for example, to improve the solubility and mobility of 
pollutants. If the added solutions have a high electrical conductivity, they will 
increase the electrical conductivity of the soil and the slope of the operational 
line of the ERem system. The working point will move to positions within the 
current plateau, characterized by lower voltage values (decrease of the applied 
voltage gradient), higher current and a greater variability against solar 
irradiance.

• In any case, it is accepted that contaminated soils improve their efficiencies of 
treatment by ERem when they present relatively low concentrations of dissolved 
ions [2, 3]. High concentrations of these disrupt electroosmosis phenomena and 
consume a disproportionate amount of power supply regarding the transport of 
pollutant ions. This reasoning applies, especially H+ and OH− ions, due to their 
high ionic mobility.

It must be taken into account that we are just analysing the expected influence of 
experimental parameters on the position of the working point of the ERem-PV sys-
tem in the characteristic V-I curve. Due to the complexity of the electromigration 
and electroosmosis processes and how changes in the latter affect removal efficien-
cies of different pollutants in soils in ERem processes, in any case, the above dis-
sertation aims to extract conclusions about the influence of variations in the soil 
conductivity regarding pollutant removal efficiency.

From the reasoning explained in this section, we can outline some strategies 
to improve the use of the energy generated by the solar plant. In this sense, an 
interesting situation occurs in the initial period of the day when the solar irradi-
ance is still not enough energetic to supply the ERem system, and the energy 
generated by the solar plant is not used. If we carry out the electrical connec-
tions between the solar plant and the electrodes setup in a sectioned way—so 
that only a part of the electrodes are connected in these periods of low irradi-
ance—we could perform the treatment of a part of the terrain. The decrease of 
the terrain area to be treated increases the value of the total ERem system elec-
trical resistance. This happens because anode-cathode electrodes arrays are con-
nected in parallel. By eliminating part of the electrode groupings, we are 
decreasing the floor section available for the electric current to flow in (conduc-
tive medium section), with a consequent increase of R. In the characteristic V-I 
curve of an ERem-PV system, this originates a decrease of the ERem system’s 
operational line slope, so the operational intersection point occurs at lower cur-
rent values, which can be provided by the solar plant with lower irradiance 
values. This reasoning can be repeated analogously in the latest hours of the day 
when the irradiance energy cannot supply the ERem system.

Another different solar plant optimization strategy regarding low solar irradi-
ance periods is based on the transitory decrease of the operating voltage gradi-
ent—that is, decreasing the usual value from 1 to 0.5 V/cm. To achieve this new 
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operational voltage gradient value, we could reconfigure the solar plant as it 
follows: halving the PV modules connected in series and doubling those con-
nected in parallel. The result is a solar plant with the same number of PV panels, 
but with double the Isc and half the Voc value. When the irradiance is energetic 
enough for the ERem-PV system to work at 1 V/cm voltage gradient conditions, 
the solar plant is reconfigured to its initial setup.

Electrode Assembly. It is of utmost importance when designing a power supply 
with PV panels, where there are several aspects to take into account. With regard 
to the manufacturing material and its geometry electrodes with good electrical 
conductivity, chemically inert, low cost and easy to install on the ground are 
wanted. These features are independent of the power supply and are not influ-
enced by the use of a solar plant.

It is relevant to study the specific relation of the electrode with the immediate 
subsurface environment concerning the exchange of dissolution. In its simplest 
configuration, the electrodes are directly introduced in the soil. This is the sim-
plest case from the point of view of a solar plant supply, since the electrode is 
the only element involved.

However, in the majority of real applications, electrodes are immersed in 
more or less sophisticated wells containing an electrolyte solution. The reasons 
for choosing this arrangement are several and depend on the process and spe-
cific pollutants to eliminate. Sometimes, these solutions can be pumped 
between the electrode wells of the same polarity—to homogenize solutions—
or opposite polarity—to neutralize H+ and OH− generated in electrode reac-
tions and avoid pH gradients in the soil. On other occasions, the electrode wells 
are used as injection point for additive pumping to improve the efficiency of 
the process. Examples of this operational strategy are the injection of surfac-
tants, co-solvents, pH regulators, etc., depending on whether the decontamina-
tion process involves heavy metals, PAHs, petroleum by-products, etc. In the 
case of treatments for decontamination of heavy metals, sometimes electrode 
solutions—normally the catholyte—that accumulate extracted metals are 
pumped out to be treated externally.

In the works of Kim et  al. taken as reference, electrolyte conditioning was 
carried out to enhance the removal of heavy metals. Authors used NaOH as an 
anolyte conditioning agent and EDTA as a catholyte processing fluid. A hollow 
stainless steel with many holes to facilitate the transport of electrolytes was used 
as cathode, and a steel bar into PVC casings with many holes was used as anode 
(see next figure). Anolyte was supplied through the bottom of the casing, and the 
overflowed anolyte was transported to the next anode. The electrodes were 
wrapped with a Gore-Tex and filtering textiles to prevent the leakage of electro-
lyte in anode and cathode.
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In many occasions, the ERem system incorporates a solution pumping system. 
The features of the pumping systems—pump power, flow rate, pressure, power on 
and off patterns, etc.—will be very different, involving different number of pumps 
with different functions (reagent addition, recirculation or extraction of solutions). 
Given that the solar plant’s energy supply is discontinuous and can decrease dra-
matically in a very short time span—the clouds’ shadow effect on irradiance is a 
clear example—it is important to evaluate the impact of the shutdown of every 
pumping system on parameters, such as decontamination efficiency or element sta-
bility, in order to define ERem-PV system’s work strategies.

Fortunately, one of the advantages of the ERem, when it comes to be supplied 
directly with a solar plant, derives from the fact that they are very slow processes 
with large inertia. This fact, coupled with the absence of items particularly sensitive 
to sudden changes in their operating conditions—solutions’ flow, applied current, 
etc., makes this technology sturdy against sudden changes in the solar irradiance.

Regarding the porous or semi-porous membranes used in electrode compart-
ments, they have not been found studies about their behaviour in ERem-PV sys-
tems. Generally, problems related to system operation shutdowns during the night 
are not expected. However, in certain cases—for example, in case of heavy metals 
presence—it should not be dismissed the possibility of contamination by precipita-
tion of very insoluble heavy metal salts or hydroxides during the overnight stops.

The simplest approach for the design of the solution pumping system’s solar sub- 
plant power supply is to consider that all pumps used are DC and set a configura-
tion type.
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This ERem system would need three pumps for the solution recirculation and 
reagent addition processes, for example. The circuit set in the previous figure con-
sists of a solar plant that supplies a current IS and voltage VS to the DC/DC converter, 
which converts the variable voltage generated by the solar field VS into the required 
voltage for the pumps to operate Vpump. In the circuit shown in the picture, three 
pumps are connected in parallel with switches that enable independent connections. 
The DC/DC converter ensures that the bombs are not damaged if the voltage in the 
solar plants increases. In addition, each pump must have fuses built-in in order to 
prevent the motor from burning down. The flow provided by the pumps will then be 
proportional to the current, Ipump, parameter that is given by the expression:

 
I

I V

Vpump
S S

pump

≤
×

 

Ipump depends on the solar irradiance through the IS and VS supplied to the DC/DC 
converter. The DC/DC converter supplies the pumps the current required to work 
under open flow (as long as the irradiance is high enough). When more energy than 
required is generated (for example, when only one pump is working), this excess 
energy is wasted.

At this point, we must formulate the strategies to connect the solar plant designed 
to supply the electrokinetic setup with the solar plant required to supply the pump-
ing systems. This can be achieved by applying the following design strategies.

In a first approximation, we can consider a system where the energy excess in the 
pumping system can be used by the ERem system. To achieve this goal, we have to 
work with a single solar plant according to the scheme shown in the following figure:
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The pumping system takes the energy that it requires throughout the DC/DC 
converter, and the ERem process consumes the rest of the energy generated by the 
solar plant. The problem of this configuration is that changing the solar plant’s con-
figuration is a complex matter. It would require of a highly sophisticated DC/DC 
converter, losing this optimization prospect. It should be assessed if the energy 
obtained through the pumping is enough to compensate for the use of a DC/DC 
converter that enables the reconfiguration of the solar plant.

A more sophisticated modification implies that the system can work near the 
maximum power point at any time. As previously seen, at work voltages in the volt-
age drop zone of the characteristic V-I curve, the ERem system is less sensitive to 
irradiance variations. To do this, a configuration aimed to improve the solar plant is 
presented in the figure below:
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In this stage, a DC/DC converter is proposed in order to control the energy used 
to supply the ERem process. The circuit shown in the previous figure is designed so 
that the pumping system only consumes the required energy from the solar plant. 
The rest of the available energy would be used by the ERem system as it follows:

The solar plant configuration is fixed as in the first option, but in this case, elec-
tronic equipment is placed between the solar plant and the ERem system. This con-
verter takes in the energy coming from the panels and converts it into the fixed 
voltage previously chosen for the ERem system (normally for a voltage gradient of 
1 V/cm). The DC/DC converter modifies the voltage and current of the solar plant 
into the maximum power point. At the converter’s output, the voltage and current 
are increased as high as possible regarding the available energy. Depending on the 
design, this allows to increase the voltage in the ERem in reasonable range or con-
necting more or less electrodes depending on the available power at each moment.

The automation and control of the ERem system must include the ERem process 
itself, as well as the electrode solution recirculation and reagent addition. As we will 
see, this automation should include the required actions on ERem’s work conditions 
so they lead to an optimal solar plant energy exploiting. Regarding the automation 
and control of the solar plant that supplies the ERem system, the final objective is to 
design an ERem-PV prototype that should: (a) connect automatically each morning 
when the solar irradiance is enough to supply the pumping system and the electrodes, 
(b) carry out the soil decontamination and (c) shut down automatically when the solar 
irradiance at the end of the day is not enough to sustain a correct performance.

4.2  Design Choices for ERem-PV Systems. Examples Based 
on a Real Case

In this section, we will carry out the detailed design of several ERem systems sup-
plied with a solar PV plant. Each design will be applied to a given conventional 
ERem system found in literature and which has been broadly described in the 
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previous section: the works by Kim et al. on ERem treatment of heavy metal pol-
luted rice crop fields due to a zinc processing plant located in South Korea. Among 
the experiments conducted by Kim et al., we will choose A2 experiment, character-
ized by a 100 V constant voltage with a 1 V/m gradient. The area covered by the 
system was 4 m2, ten cathodes and four anodes were used in an electrode setup 
arranged in a square geometry and with a same polarity electrode separation of 
0.5 m and an anode-cathode separation of 1 m.

4.2.1  ERem-PV System Without Batteries

The first step towards the design is the required solar plant sizing in order to supply 
the electrode setup and the pumping system. We should impose the following crite-
ria. The first required data is the latitude of the location in which the plant will be 
installed. The longitude is not required as it has no effect on the solar time in the 
zone. In this case, the location is Janghang in South Korea, approximately 36°N.

The tilt and orientation of the solar plant are basic parameters to achieve the best 
performance of the PV generator. Since the Sun changes its position and height 
regarding the horizon, it is of utmost importance that the PV generator is oriented 
and tilted in the most appropriate way. In the temperate region of the Northern 
Hemisphere, solar PV modules are oriented to the south. With respect to inclination, 
the following design decision to make is to delimit the degree of seasonality in the 
energy production [31], that is, in which period of the year we want to achieve the 
maximum energy provided by the plant, that is, constant all the year, more in sum-
mer than in winter or vice versa, etc. Logically, this is a decision that is greatly 
influenced by the system’s planned schedule. Usually the duration of treatment for 
ERem of a given contaminated soil does not cover a full year, so the seasonal nature 
of the production will take place in each case depending on the dates in which the 
treatment is going to be performed on and the estimated duration of it. Seasonality 
allows us to select the inclination of the field of panels with respect to the horizontal 
plane. For simplicity, in this example, we will consider that the power required is the 
same throughout the year. For these facilities the criteria is tilting the panels 10° 
more than the latitude value. This makes the power production not to drop in winter 
as much as it would otherwise. This choice sets the inclination of the panels plant to 
solar array tilt = 46°.

There are many types and models of PV panel available in the market. For this 
application, where moving the solar camp to another location from time to time 
could be required, high performance panels should be used; for this reason, the 
choice should be made seeking the highest peak power vs. area ratio possible. In this 
application, we will use monocrystalline silicon or either high efficiency polycrys-
talline silicon.

Next, we must estimate the power requirements of the facility. To do this, the list 
of elements that consume power in the system must be made, establishing their 
periods and daily use particularities. The consumed power, the number of daily 
working hours and the simultaneity in their use must be identified for each element. 
In this sense, we can distinguish between daily workload—as it is the case with the 
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electrodes—or workload, which can be shifted hours—the case of the cathodic and 
anodic solutions’ pumping—or even days—in cases where there is a periodical 
addition of some additive. An approach regarding the example that we are discussing:

• Electrode Assembly. In Kim et al. work, we can see that the system will work at 
100 V of applied voltage. The initial current was 5 A. In this case, the nominal 
power would be 500 W.

• Normally, when the design of an ERem system is being studied, the current 
intensity data is not available. In these cases, there exist several options in order 
to estimate this parameter, which include from estimating or making experimen-
tal measurements of electrical resistance of the soil to be decontaminated, to 
conduct a laboratory scale ERem study (this procedure is recommended before 
implementing a real-scale system).

• In cases where it is expected that the electrical resistance of the soil may increase 
considerably during the ERem treatment—that is, seasonal changes that make 
the soil temperature decrease heavily, insoluble compounds precipitation pro-
cesses, etc.—an estimate of the required power should be provided on the basis 
of the most unfavourable expected results.

• Regarding the number of hours of daily operation, this is an ‘arbitrary’ design 
parameter, which is directly related to the treatment capacity of the system and 
the required economic investment. The higher the number of daily operating 
hours, the faster the treatment of the contaminated soil will be and the greater the 
energy required. This implies a higher installed power of the PV generator and 
an increase in the associated investment. In this case, we can consider the exam-
ple of the operation of the system during the five central hours of the day.

• Cathode and Anode Solution Pumping. Direct current pumps, which can be sup-
plied directly from the PV generator with the lowest possible power, should be 
used. It is important to bear in mind that the pressure drop in the system is low 
and the pumping only purpose is the recirculation and homogenization of solu-
tions. In this system two pumps would be required—for both catholyte and ano-
lyte—and we could use pumps with an individual power of 100 W (24 V, 4 A).

• Given that ERem processes are very slow, it is not necessary that the pumps are 
operating permanently. Hence, in order to minimize the energy consumed by the 
pumping system, we set daily use patterns for this system. A feasible example 
would be the non-simultaneous operation of the pumps for a total period of 1 h a 
day, distributed in 5–10  min periods throughout the central hour of the day. 
Given that the pumps operating would not be simultaneous, the required installed 
power would be 100 W.

In order to decide the PV array power required, the criteria applied is that the sys-
tem—during the worst day scenario (the winter solstice)—must have enough energy to:

 1. Generate 100 V/5 A at least 5 h a day, so 500 W are required along the central 
5 h of the day.
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 2. Recirculate the anolyte and catholyte solutions for 1 h per day while the soil is 
being treated with 100  V/5  A, so 600  W are required in the central hour of 
the day.

To find out which power criteria are more restrictive, the winter solstice regis-
tered irradiation curve is used. Ideally, the data should be registered in the place, 
where the solar plant will be installed. However, in this case, we do not have data of 
the zone, where the solar plant is intended to be installed, so a registered irradiation 
curve for a location in similar latitude (38°N) in Spain is used, and following the 
same criteria, the solar panel plant tilt is set. In this figure, the irradiance during 
central 5 h of that day—between 10:30 and 15:30—is shown.

 

The figure shows that:

• The maximum irradiance was 862 W/m2. The irradiance 1 h time around the 
maximum point was always higher than 842 W/m2, and the minimum require-
ment is at least 600 W at that time zone.

• The irradiance 5 h around the maximum was always higher than 626 W/m2 and 
the required is 500 W around that time range.

Therefore, the generation criterion of 500 W for 5 h a day is more demanding 
than the 600 W 1 h a day, as the power demand-irradiance ratio is higher. If we 
consider 15% losses in the DC/DC converter and cabling, then the output power of 
the panel plant is:

 
P

P

Rpanels
Load=
−1

,
 

where:

• Ppanels is the power generated by the solar panels.
• PLoad is the available power for consume.
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• R is the power loss on cabling and converters. In this case 0.15 as men-
tioned before.

Therefore, the power generated in the panels under 626 W/m2 of irradiance is 
588 W. Nonetheless, PV panels’ manufacturers provide their information on power 
production under 1000 W/m2. Since the power generated by the PV panels is linear 
with the irradiation, the necessary solar field would be:

 
P

P

Ip
panels

h

=
1000

5

•
,
 

where:

• Pp is the required panels’ peak power. The peak power is the power that the pan-
els provide when the irradiance reaches 1000 W/m2 and will be the value used to 
obtain the number of panels required.

• Ppanels is the power generated by the PV panels.
• I5h is the irradiance in the plane of the panels 2.5 h before and after the point at 

which the irradiance reaches its maximum value.

By applying the previous formula, we find that we need to install a PV plant of 
940 Wp and an optimal tilt angle of 46°. This PV generator ensures at least 5 h of 
operation on sunny days.

Of course, the system allows the incorporation of all the energy exploiting strate-
gies when the irradiance is not enough to supply the entire system, and which have 
been discussed throughout the chapter. For example, working only with part of the 
electrode setup or diminishing the voltage gradient. Similarly, in the days where the 
output is greater than the system’s requirement and given that it cannot be stored, a 
possible solution involves making the system work under voltage gradients higher 
than 1 V/cm.

4.2.2  ERem-PV System with a Battery Pack

An ERem system powered by solar panels has the inconvenience of shutting down 
when the irradiance is lower than the required minimum. This occurs at cloudy days 
and at night. In order to solve this problem, a battery pack can be added to the sys-
tem so it stores energy excess during daytime to use it on cloudy days and/or at 
night. Within this design strategy, the system can be sized according to the degree 
of reinforcement that we want the battery pack to provide. For example, using bat-
teries only to avoid operation shutdown caused by clouds, but avoid their use at 
night. Another option is to extend the daily use of the system. Consequently, the 
more the number of daily operation hours of the ERem system—including periods 
without enough irradiance—the more the size of battery racks and the solar plant 
required. The electrical diagram of this configuration of ERem-PV system is shown 
in the following figure:
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The scheme is similar to the one shown in the previous example, but two new 
elements have been incorporated: the charge controller and the battery. ERem-PV 
systems with battery racks use fixed output voltage DC/DC converters. They do not 
require configuration depending on the panels’ power point since their supply is 
provided by a battery whose voltage is constant.

In this case, the PV plant supplies energy to the charge controller. This device is 
responsible for charging the battery and supply power to the rest of the system. Its 
functions are on the one hand to disconnect the panel plant if the battery reaches its 
maximum charge status. On the other hand, if the battery is discharged to its mini-
mum charge status, it shuts down the ERem system.

A third function of the charge controller is to keep the PV modules at their maxi-
mum power point making use of maximum power point tracking (MPPT) techniques.

In this example, we will design an ERem-PV system capable of working 24 h a 
day. In addition, in case that several cloudy days happen consecutively, the setup 
will allow the battery to store enough energy to continue working without interrup-
tion for 3 days. This design strategy is particularly interesting in the case of electro-
kinetic barriers.

In the market, there are several rechargeable batteries technologies available, 
whose main features we can see in the following table:

Pb-acid Ni-Cd Ni-MH Li-ion

Cell voltage (V) 2 1.2 1.2 3.6
Energetic density (Wh/kg) 30–50 50–80 60–120 110–160
Self-discharge (%/month) <5 20 20 6
N° cycles Medium High Medium Medium
Capacities (Ah) 5–3000 <6 Medium Low
Approximate cost (12 V, 100 Ah) 250–600 2500 1200 4500

The ERem-PV system requires a high storage capacity to work several days with 
low irradiance. On the other hand, unlike start-stop applications that require high 
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power but low energy, an ERem-PV system will operate with medium or low dis-
charge currents and deep-discharge conditions. Based on the above table, good 
choices are valve-regulated lead-acid batteries (VRLA batteries), specifically a gel 
battery. These are lead-acid batteries with a gelified electrolyte. They are relatively 
economic and easier than liquid electrolyte batteries to maintain. On the other hand, 
this type of battery copes well with the adverse operation conditions in isolated PV 
facilities: variable operation rate, high temperatures, deep-cycle discharge and 
insufficient charge stages.

In this case, the design of the installation is performed following the conven-
tional methodology in the design of grid isolated PV systems [31]. The first step to 
design the generation system is to calculate the energy requirements of the equip-
ment to be supplied. In this case, it is decided that the ERem system will require, as 
in the previous case, 500 W to supply the electrodes with 100 V/5 A continuously 
for 24 h. Since the system must work 24 h a day, we will consider, in this case, a 
100 W pumping system operating for 2 h per day. Making the total energy:

 
E P T P Tload ER ER PUMP PUMP= +• • ,  

where:

• Eload is the energy that the whole system requires.
• PER is the power required to carry out the ERem, which is 500 W.
• PPUMP is power the pumping system requires, that is, 100 W.
• TER is the time that the ERem system must be operative each day, which is 24 h.
• TPUMP is the time the pumping system should be active each day, 2 h.

Therefore, we will need 12.2 kWh/day to power the system.
The battery capacity is given by:

 
C

A L

PD20 =
•

• •
P

DC BATmax

,
η η  

where:

• C20 is the capacity of the battery in Ah if the discharge lasts 20 h.
• A is the desired battery autonomy in days. In this case 3 days.
• LP is the daily intake in Ah.
• PDmax is the maximum battery discharge status. In lead-acid batteries, this 

value is 0.5.
• ηDC is the energetic efficiency of the DC/DC converter. This parameter’s value for 

this kind of equipment is 0.9.
• ηBAT is the energetic efficiency of the battery and its charging equipment. This 

parameter’s value for this kind of equipment is 0.75.

In order to calculate the battery capacity, the only missing parameter is LP. To 
obtain this value, the following expression is used:
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L

E

VP
load

BAT

= ,
 

where:

• LP is the daily intake in Ah.
• Eload is the energy that the whole system requires, 12.2 kWh/day as seen before.
• VBAT is the battery’s nominal voltage. In this case, 48 V batteries are used.

Therefore, the battery that the systems require is:

• Type: lead-acid.
• C20 = 2259 Ah.
• VBAT = 48 V.

The energy provided by the PV panels would be Eload if the battery, the charge 
regulator and the cabling were ideal. Unfortunately, it is not the case. Hence, the PV 
plant should provide daily energy following the next equation:

 
E

L
min ,= load

w DC BATη η η• •  

where:

• Emin is the energy that the PV plant should generate in a worst day scenario.
• ηw is the energetic efficiency of the electric cabling. A typical value would be 0.9.
• ηDC is the energetic efficiency of the DC/DC converters. A efficiency value for 

this equipment is 0.9.
• ηBAT is the energetic efficiency of the battery and its charging equipment. A effi-

ciency value for this type of equipment is 0.75.
• Lload is the energy that the ERem system requires to operate for a day, 12.2 kWh/

day as seen before.

Then, the PV plant should supply at least 20 kWh/day.
In order to design the system, we must obtain the irradiance on the panel’s plane 

in the worst case scenario. The system is designed to provide the required power 
during the least productive day of the least productive month, December. To calcu-
late the average irradiance in December on the panel’s plane, we use experimental 
tables of average irradiance values around the world for each month of the year. In 
our case, in December at Janghang, South Korea, the average irradiance value is 
1.94 kWh/m2/day. Therefore, the panels are tilted in such a way that the production 
is increased in winter, the least productive month due to low irradiance. The panel 
plant tilt is then set 10° higher than the latitude.

Using the calculated tilt of the panels, a series of experimental data tables that 
relate the solar plant’s tilt with the irradiance gain due to tilt is checked. In this case, 
in December and with a tilt 10° greater than the latitude, the irradiance is 1.7 times 
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greater than the irradiance in the horizontal plane, which is 1.94 kWh/m2/day as we 
calculated previously. Therefore, the average irradiance in the panel’s plane is 
3.3 kWh/m2/day.

With this data and the generated energy required per day, we can calculate the 
power of the panels to be installed.

 
P

E

EP
PLANE

= min ,
 

where:

• PP is the power of the panels that should be installed (kWp).
• Emin is the energy that the PV plant should generate in a worst case day, which is 

20 kWh/day as it was calculated before.
• EPLANE is the daily energy that reaches the plane, where the panels have been 

placed. It is 3.3 kWh/m2/day as it was calculated before.

Therefore, 6 kWp of panels are required at least to supply the system.
As a summary, the installation consists of:

• Panels: 6000 Wp power in a south orientation tilted 10° more than local latitude 
regarding the horizontal.

• 48 V and 2259 Ah 20 h discharge time battery.

This system could work non-stop all the year. Even in cloudy periods, the stops 
will be moderate as it can work 3 days in total darkness. Therefore, it could work 
normally during moderately cloudy periods.

It has to be taken in consideration which strategies can be followed in order to 
take advantage of the excess energy in months with highest irradiance. The exploita-
tion strategy would be focused in the charge status of the battery. As the battery 
discharges, the pumping will decrease, reduce the number of the operating elec-
trodes and/or lower the voltage of the electrodes. As the charge of the batteries 
reaches the maximum, the pumping would be increased, connect more electrodes 
and/or increase the ERem voltage within the possible values. Moreover, it would be 
very advisable that the control system could have access to the forecast of the area, 
so it could use strategies that are more aggressive if the several sunny days are to 
come, or on the contrary, save energy if it is cloudy.

As a summary, it is shown in the following table a comparison between the cal-
culus methods for ERem systems with and without batteries.
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Electroremediation without batteries Electroremediation with batteries

• Setting the power requirements in W. •  Establishing the necessary energy in Wh 
for a day.

•  Obtaining the irradiation curve in the zone for the 
worst day of the period in which the operation will 
take place.

•  Sizing the batteries so they work as long 
as required without supply from the 
panel plant.

•  Establishing the power of the panels necessary to 
supply the system in the worst day intersecting the 
power needed with the irradiation curve for this day.

•  Obtaining statistical data of how much 
energy is normally gathered during the 
period in which the soil will be treated.

•  Correcting this latter data with energy 
gathered if the panel was horizontal in 
order to take into account the panel’s tilt.

•  Sizing the panel plant in order to obtain 
enough energy even in the worst month.

4.2.3  Comparison Between ERem-PV Systems Without and with a Pack 
of Batteries

The decision whether to incorporate or not batteries depends largely on the costs 
and expectations of the system. In reality, there are two very different system types.

A system without batteries is small, portable and almost does not require main-
tenance. It can be transported to the place and left unattended until the treatment of 
the soil is completed. Once finished, the process can be removed, transported and 
installed in another location quickly. The system previously designed needs a plant 
consisting of 940 W panels, which occupies a panel area of 5 m2. This type of sys-
tem is appropriate to treat small soils spaced among themselves.

Systems with battery racks are much more expensive and voluminous system, 
but it operates much faster. For example, the previously designed system uses a 
plant consisting of 6000 Wp panels, which covers an area of 30 m2 and includes a 
heavy battery rack that requires maintenance. This system may be more appropriate 
for treating larger areas, where the electrode assembly moves as small portions of 
contaminated soil are treated, while the solar field and the battery rack are fixed in 
one location.
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1  Introduction

Currently, it is necessary to investigate the technical and economic feasibility of 
alternatives for the remediation of soils polluted by organic and inorganic com-
pounds [1–4]. Since the industrial revolution, different chemical products derived 
from petroleum, agriculture, and other chemical activities have contaminated the 
environment in innumerable ways. Different technologies for soil remediation, 
including electrokinetic remediation (EKR) [5–9], have been investigated. As dis-
cussed in previous chapters, EKR has the potential to remove pollutants, sediments, 
and solid wastes from the contaminated soil when a gradient electric potential is 
applied between a set of electrodes [1].

Owing to the promising laboratory- and pilot-scale studies, EKR has attracted 
increased attention in the last decade [10–17]. These studies have shown that pollut-
ants are transported direct or indirectly via electrolysis, electromigration, electroos-
mosis, electrophoresis, and electrical heating in EKR. During the electrolysis, water 
is oxidized and reduced at the anode and cathode, respectively. As a result, a high 
pH gradient is generated in the cathodic region, thereby resulting in the electrode-
position of metals. In electromigration, ions in the soil water move toward 
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electrodes depending on their charge, i.e., anions move toward the anode and cat-
ions move toward the cathode. Electroosmosis involves the transportation of water 
in the soil from the anode to the cathode in the presence of an electrical field. 
Electrophoresis involves the movement of charged particles in the soil under the 
influence of an electrical field. During pilot-scale studies, another important phe-
nomenon that was observed is the significant increase in temperature near elec-
trodes due to electrical heating. This can be attributed to the Joule–Thompson effect. 
The increase in temperature is proportional to the applied current intensity, distance 
between the anode and cathode, and soil resistance [1, 18–20].

In addition, the material and distribution of electrodes influence the performance 
of EKR [21]. Characteristics such as the corrosion resistance, chemical stability, 
current density, and mechanical stability are considered while choosing the elec-
trode material [9, 21]. However, due to the variation of the soil pH, it is important to 
use inert electrodes, such as graphite, platinum, gold, and silver [1]. In contrast, in 
pilot studies, reliable and economically cheaper titanium, stainless steel, or plastic 
electrodes were used. In the case of inert electrodes, H+ ions and oxygen gas are 
produced at the anode, whereas OH− ions and hydrogen gas are produced at the 
cathode. As a result, if the pH is not controlled, an acid front propagates into the soil 
pores from the anode, whereas the base front moves out from the cathode [22]. 
Moreover, electrodes can be placed either in the electrolyte or in direct contact with 
the soil [14, 20, 23].

Furthermore, the efficiency of removing soil contaminants using EKR also 
depends on the type, chemical properties, pH, and conductivity of the soil. EKR 
technology is found to be most suitable for remediation of low-conductive or fine- 
grained soil, which cannot be readily drained [15, 24, 25]. Moreover, sorption and 
buffering capacities are also affected by soil pH. Recent studies have shown that the 
soil pH should be maintained low to promote the dissolution of contaminants [25]. 
However, the removal of insoluble organic contaminants in the presence of an elec-
tric field is limited by their movement out of the soil. This can be achieved either 
using electroosmotic purging with surfactant that solubilizes the compounds [26].

Furthermore, heavy metals and solid wastes can be removed from soils under 
acidic conditions [15, 27]. In an acidic environment, heavy metals are extracted 
from the solid matrix and dissolved in the solution as cations, which migrate toward 
the cathode under the application of an electric field. In contrast, organic pollutants 
that are ionizable under prevailing soil conditions are transported by electroosmosis 
and electromigration [8, 28–30]. This chapter presents an overview of EKR, its 
fundamental applications, and the current research activities. Furthermore, the 
advantages and disadvantages of EKR when applied in the laboratory- and pilot- 
scale studies, as well as some recommendations and directions for future research, 
are discussed.
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2  Factors Affecting EKR Technology

2.1  Soil Condition

The soil composition and its classification influence the EKR treatment process. For 
example, EKR is more effective on clay soils with particle sizes less than 2 μm and 
moderate plasticity, such as kaolinite. However, this method is not effective for soils 
containing high carbonate buffers, which results in high buffering capacity. Another 
important parameter to be considered is the soil water contents. This is because the 
soil moisture contributes to the conductivity required to promote electromigration 
[1]. To improve the removal efficiency of contaminants in EKR, different methods 
are often used to control the soil pH [5, 25, 31]. This is because variations in the soil 
pH affect the zeta potential, which in turn influences the surface charge of soils, 
thereby changing the direction of electroosmotic flow [18]. Therefore, a more nega-
tive soil surface zeta potential contributes more effectively to the electroosmotic 
flow. Full-scale studies have shown that electroosmotic flow is highly dependent on 
on-site geochemistry [20].

Moreover, the pH changes may also affect the soil chemistry. As a result, differ-
ent chemical reactions, mainly precipitation or dissolution of salts and soil minerals, 
can occur. In EKR, the low pH near the anode causes the desorption and solubility 
of cationic metals, whereas the high pH near the cathode promotes the adsorption or 
precipitation of metals [15]. Meanwhile, the electroosmotic flow toward the cathode 
contributes to the improved elimination of cationic species either by precipitation or 
co-precipitation. In contrast, the high pH near the cathode promotes soil heating, 
especially near electrodes. This increase in temperature affects the transportation of 
pollutants through the volatilization of organic compounds [25].

2.2  Designing the Electrokinetic System

The design and implementation of an electrokinetic process to decontaminate soils 
is a complex task. Therefore, it is necessary to characterize interactions between the 
physical, chemical, and electrochemical processes that occur simultaneously, 
thereby simplifying the scalability of EKR technology [17, 18, 32].

Voltage and current The voltage and current intensities between two points in the 
medium are key parameters that influence the mobilization of pollutants in EKR. The 
electric field intensity across a contaminated site depends on system characteristics, 
such as the salt content, humidity, soil composition, and porosity. The applied volt-
age difference causes different oxidation and reduction reactions to occur at the 
anode and cathode, respectively. Despite providing the driving force for the trans-
portation of pollutants, the electric field intensity also generates heat (Q) inside the 
soil owing to the Joule heating effect [1, 14, 23].
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Nature of electrodes As described in the literature, electrodes can either be placed 
directly in contact with the soil to be treated or in compartments containing water or 
chemical agents (electrolytes and surfactants) [33]. When electrolytes are used to 
remediate the soil, the resistance between electrodes is decreased. Linear and radial 
electrode configurations with the active area located at the central region and extend-
ing to edges have been investigated [10].

2.3  Advantages and Disadvantages of EKR Technology

The electrokinetic process has shown to be highly efficient in the remediation of 
inorganic, organic, and metalloid pollutants especially from the low-permeability 
soil [2, 24]. Compared to conventional soil remediation technologies, advantages of 
EKR technology are associated with the use of direct electric current to transport 
pollutants in fine-grained soils. Furthermore, during batch- and full-scale tests, 
EKR has been shown to generate excessive heat near electrodes. This induces higher 
volatilization of the organics present in the soil. Moreover, gases are generated at 
electrodes as a result of the electrolysis of water [19].

The electrodes can be designed to produce either a vertically uniform or non- 
uniform electric field, which facilitates horizontal or vertical migration of contami-
nants. Electrode configuration involving vertical nonuniform electric field, pollutants 
are transported upward to the surface of the treated soil [10]. A major disadvantage 
of EKR is the acidification that modifies the soil constituents, thereby affecting its 
zeta potential and decreasing the electroosmotic flow. Advantages and disadvan-
tages are summarized in Table 1.

Table 1 Summary of the main advantages and limitations of soil electrokinetic process [2, 10, 19]

Advantages Limitations

• One of the most effective in situ or ex 
situ approaches for removing pollutants 
from the soil, mainly in low-permeability 
soil.

• The solubility of pollutants in the aqueous phase is 
limited if the concentration of contaminants is low. 
Furthermore, the desorption of pollutants from the 
soil matrix is also limited.

• The applied electric field contributes to 
the transportation and transformation of 
species through the soil toward the 
electrode wells.

• In full-scale studies, excessive heat is generated in 
the electrode vicinities, thereby causing desiccation 
or cracking in the soil.

• Metal species, polar organic molecules, 
ionic micelles, and colloidal electrolytes 
can be transported using this treatment 
method.

• Generates some undesirable products, such as 
chlorine gas, as a result of electrolytic 
decomposition (redox reactions) of water.

• Do not require robust equipment, 
excavation, or installation of large plants, 
thereby reducing its implementation cost.

• Cannot apply high voltages because its efficiency 
is decreased due to the increase in temperature.
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2.4  Electrokinetic Removal of Heavy Metals 
in Field-Scale Tests

Several bench-scale studies have demonstrated the enhancement of removal effi-
ciency for heavy metals using various electrolytes, pH control, complex agents, 
pulsating direct and alternating currents in EKR [11, 12]. Environmental disasters, 
such as the breakdown of a dam in Brazil that discharged 43 million cubic meters of 
mineral sludge, have occurred due to the soil contamination. However, only a few 
studies have evaluated the EKR efficiency of soils contaminated with heavy metals 
under a full-scale environment [34–41] and the results are listed in Table 2.

Kim et al. [42] investigated the influence of four different electrode configura-
tions as illustrated in Fig. 1 toward the removal of Cu, Pb, and As in real time. The 
four-electrode configurations (A1, A2, A3, and A4) were built by varying the spac-
ing between the anode and cathode as well as the spacing between the same polarity 

Table 2 Electrokinetic remediation of heavy metals from soils

Pollutant/type of soil/
concentration

Process fluid Reactor 
volume

Observations and best 
results Ref.Anode Cathode

As/real soil/219 mg kg−1 Tap water 0.1 M 
oxalic 
acid

1 m3 DC-powered system 
removed 32% and 
solar-powered removed 
27%

[35]

As, Cu and Pb/real 
soil/184; 220, 
505 mg kg−1

0.5 M 
NaOH

0.5 M 
EDTA

12 m3 As (40% removal) [37]
Cu (17% removal)
Pb (19% removal) during 
14 weeks

As, Cu and Pb/real 
soil/55, 86 and 
170 mg kg−1

0.5 M 
NaOH

0.5 M 
EDTA

8 m3 As (61% removal) [34]
Cu (11% removal)
Pb (1% removal)

Cu/real soil/173 mg kg−1 50 mM 
citric acid

Water 20 m3 Cu (85% removal) [36]

As, Cu, and Pb/real 
soil/11, 17 and 
39 mg kg−1

0.01 M 
NaOH

Tap water 26 m3 As (43% removal) [39]
Cu (18% removal)
Pb (81% removal)

Cr/real 
soil/180–1100 mg kg−1

Tap water Citric 
acid

64 m3 Cr (78% removal) [38]

Cd/real 
soil/5–20 mg kg−1

Cd (70% removal)

As, Cu, and Pb/real 
soil/107, 191 and 
325 mg kg−1

0.1 M 
EDTA

Tap water 268 m3 As (48.7% removal) [41]
Cu (48.9% removal)
Pb (54.5% removal)

As, Cu and Pb/real 
soil/25, 150 and 
300 mg kg−1

Tap water 0.1 M 
EDTA

331 m3 As (49% removal) [40]
Cu (49% removal)
Pb (54% removal) during 
24 weeks
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electrodes. A constant voltage of 100 V was applied across all electrode configura-
tions. Subsequently, the voltage gradient across A1, A2, and A4 were 1 V cm−1, 
whereas it was 0.5 V cm−1 for A3. The area covered by A1 and A2 were 4 m2, and 
that covered by A3 and A4 were 8 m2. In addition, an anolyte (0.5 M NaOH) and 
catholyte (0.5 M EDTA) were used. The lower removal efficiency of As, Cu, and Pb 
was observed across A1–A4 because of the soil heterogeneity. Among them, the 
best removal efficiency of 40%, 17%, and 19%, for As, Cu, and Pb, respectively, 
was observed in the A4 configuration after 4 weeks. Furthermore, the observed effi-
ciencies for As, Cu, and Pb removal after 14 weeks of treatment were 21%, 12%, 
and 24%, respectively.

Chung et al. [36], investigated the removal of Cu (173 mg kg−1) from spiked real 
soil by coupling electrokinetics with a permeable reactive barrier (PRB). They 
examined the performance of iron powder, zeolite, slag powder, and tire chips as 
reactive materials and observed the Cu sorption reactive rates of 68%, 93%, 75%, 
and 88%, respectively. In addition, they observed that the Cu migrated from the 
anode toward the cathode due to electroosmotic flow and electromigration.

EKR has shown improved soil remediation through electromigration and electro-
osmosis as a result of the mobilization of heavy metals. Furthermore, several 
researchers have shown that employing a suitable extraction agent contributes to the 
elimination of soil contaminants from soil by ion exchange, the redissolution of 
precipitates, or complexation reactions [1].

Jeon et al. [35] investigated the removal of As from the polluted soil (volume of 
1 m3) using a normal- and solar-powered systems. They demonstrated the As removal 
efficiency of 32% and 27% for DC- and solar-powered systems, respectively, after 
5  weeks of treatment. In addition, the energy expenditure of the solar- powered 

Fig. 1 Schematic diagram of electrokinetic remediation on based different electrode configura-
tions. (Reprinted with permission from [42])
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system was 50% less than that of the DC-powered system. Therefore, the solar-pow-
ered system owing to its renewable energy source and environmental compatibility 
has shown high potential for remediation of soils contaminated with heavy metals.

2.5  Electrokinetic Remediation of Organic Pollutants 
from Contaminated Soils

A few review articles on the EKR of soils contaminated with organic compounds, 
such as pesticides [1], polycyclic aromatic hydrocarbons (PAHs) [41], organochlo-
rinated hydrocarbons [18], and total petroleum hydrocarbon (TPH) [3] have been 
published. The volatile and/or soluble organic pollutants were relatively easier to 
remove using EKR when compared to other simpler organic compounds. However, 
it is imperative to understand the phenomena that affect the EKR treatment efficien-
cies. Table 3 lists the EKR performance for soils contaminated with different pollut-
ants obtained from various pre-pilot and pilot-scale studies.

Table 3 Electrokinetic remediation of organic pollutants from soils

Pollutant/type of soil/
concentration

Process fluid Reactor 
volume

Observations and best 
results Ref.Anode Cathode

PHE/
kaolinite/600 mg kg−1

Tap 
water

0.07 M SDSa 
Concentrated

0.175 m3 PHE (80% removal) [43]

OXY/
kaolinite/30 mg kg−1

Tap 
water

Tap water 0.175 m3 OXY (94% removal) [26]

PNPb/real 
soil/370 mg kg−1

Tap 
water

Tap water 0.453 m3 PNP (98% removal) [17]

Atrazine/
kaolinite/2 mg kg−1

Tap 
water

Tap water 0.551 m3 Atrazine (60% 
removal)

[44]

Gasoline/real 
Vertisol/1126 mg kg−1

0.7 μM 
NaOH

0.7 μM NaOH 3.3 m3 Gasoline (80% 
removal)

[45]

TCEc/real 
soil/1500 mg kg−1

Tap 
water

Tap water 4.73 m3 TCE (99% removal) [46]
The removal efficiency 
influenced by electric 
heating of soil

OXY and 2,4-d/
kaolinite/

Tap 
water

Tap water 32 m3 OXY (92.9% removal) [47]

5 and 6 mg kg−1 2,4-d (90.78% 
removal)

TCE/real 
soil/507 mg kg−1

Tap 
water

Tap water 159 m3 TCE (98% removal) [18]

TCE/real 
soil/507 mg kg−1

Tap 
water

Tap water 806 m3 TCE (99% removal) [32]

aSodium dodecyl sulfate
bPNP
cTCE
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Surfactants have shown to enhance soil remediation and produce a stable con-
taminant in water, thereby favoring the emulsion generation. Lopez-Vizcaíno et al. 
[43] investigated the applicability of the electrokinetic soil flushing processes 
toward the removal of phenanthrene (PHE) from the polluted soil using an anionic 
surfactant (sodium dodecyl sulfate). The primary transport mechanisms of PHE 
removal were desorption, dragging, and electrophoresis occurring due to the electri-
cal heating of soil, electroosmotic flow in cathodic wells, and surfactant interactions 
in anodic wells, respectively. They demonstrated 25% PHE removal and approxi-
mately 350  mg  m−2  day−1 of PHE volatilization. However, after remediation, 
600 mg kg−1 of surfactant was observed in the soil. This can be related to the high 
surfactant concentration used for soil flushing.

Meanwhile, electro-bioremediation of soils contaminated with pesticides was 
investigated by Barba et al. [47]. They demonstrated the remediation of nonpolar 
(oxyfluorfen) and polar (2,4-dichlorophenoxyacetic acid) pesticides with a soil- 
treatment capacity of 32 m3. However, no significant difference in the removal of 
these pesticides was observed using both bioremediation and electro- bioremediation. 
About 9% and 7% of oxyfluorfen and 2,4-d, respectively, remained in the soil after 
30  days of EKR treatment. These values were similar to those obtained using a 
nonbiological EKR fence process (13% of oxyfluorfen and 10% of 2,4-d). The 
mechanism responsible for removing both pesticides was found to be the 
volatilization.

Maini et al. [41] investigated the removal of PAHs, benzene, toluene, ethylben-
zene, xylenes (BTEX), Pb, Zn, Mn, Cu, and As using EKR by performing bench 
and pre-pilot tests for 23 days and 112 days, respectively. The study compared the 
scale and distribution of electrodes using six electrode feeding systems, which were 
eventually replaced with a platinized titanium rod inserted directly into the carbon 
felt. In the bench tests performed using planar electrodes, Zn and Pb moved toward 
the soil at the cathode, whereas PAH next to the cathode was decreased by 94% after 
23 days of treatment. A larger scale test was developed using a hexagonal array of 
tubular anodes surrounded by a central tubular cathode. The movement of organic 
compounds and heavy metals due to electroosmotic flow in the direction of the 
cathode was observed. After 22 days, PAH and BTEX compounds were reduced 
from 720 to 5 mg kg−1. Moreover, granular activated carbon (GAC) columns were 
used to recover all the organic compounds.

3  Integrated Remediation Technologies

Electrokinetic technology has been effectively used in the remediation of organic 
and inorganic compounds, particularly in the removal of polar organic contami-
nants, such as diesel, petroleum, TCE, pesticides, and phenol [18, 43, 45]. 
Nevertheless, the removal of hydrophobic organic contaminants from subsurface 
environments with conventional EKR is difficult owing to their low solubility and 
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slow desorption rates. Soil remediation in complex sites can be achieved using inno-
vative and hybrid remediation techniques.

Though the soil remediation has mainly been investigated using EKR technol-
ogy, EKR integrated with physical, chemical, or biological technologies has also 
been developed [8, 9, 19, 24, 25]. Recently, Popescu et al. reported the combination 
of soil flushing and simultaneous degradation of organic compounds present in the 
soil using EK–Fenton treatment [48]. They investigated the influence of hydrogen 
peroxide dosage, Fe concentration, and porosity of the soil contaminated with 
Rhodamine B and found that the higher the hydrogen peroxide dosage (7–10%), the 
faster the color removal rate. Moreover, the study confirmed that the addition of 
citric acid contributes to the Fenton catalyst availability and electroosmotic trans-
port of active species. Furthermore, they showed that the removal efficiency of die-
sel fuel was approximately 78% using EKR, as opposed to 87% obtained using the 
EK–Fenton method.

Paixão et al. [9] studied the elimination of petroleum from kaolinite using Fe 
electrodes and different electrolytes (tap water, H2O2, and citric acid) based on the 
EK–Fenton technology. They observed that Fe2+ ions generated by magnetite 
(Fe3O4) electrodes reacted with H2O2 to produce hydroxyl radicals, thereby result-
ing in the TPH removal of 89% in the presence of citric acid. However, when the pH 
was not controlled, only 27% of the hydrocarbons were removed after 15 days of 
treatment. This can be attributed to the precipitation of Fe ions into Fe(OH)2 and 
Fe(OH)3.

The EKR approach has shown to improve the soil washing results through the 
electrically induced mobilization of metal species present in the soil. Several 
research groups have observed that suitable extraction agents can help eliminate 
pollutants from the soil by promoting ion exchange, redissolution of precipitates, or 
dragging pollutants through complexation reactions [48]. As a result, the contami-
nation is transferred from the soil to the pore water, thereby creating a wastewater 
treatment problem.

Another soil remediation process is in situ chemical oxidation (ISCO), wherein 
chemical oxidants, such as hydrogen peroxide, permanganate, and ozone are widely 
used. However, their practical application is limited because chemical oxidants have 
low stability (hydrogen peroxide and ozone) and high affinity for natural soil organ-
ics (permanganate) [49]. On the other hand, though persulfate has received increased 
interest in soil remediation over the last decade, its transportation in low- permeability 
soil is limited. This results in the lower degradation efficiency of soil pollutants. 
Therefore, EKR could promote the transportation of persulfate in low-permeability 
soil, and different activation methods using zerovalent Fe, citric-chelated Fe2+, Fe 
electrode, alkaline pH, and peroxide have been evaluated. The activity of persulfate 
delivered during EKR is described in Eqs. (1)–(4) [49].

 S O SO
Heat

2 8
2

42− −→ •
 (1)

 Mn S O Mn SO SO+ − + − −+ → + +2 8
2 1

4 4
2• •

 (2)
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 SO OH SO OH4 4
2• • •− −+ → +  (4)

Fan et al. [49] explored an electrokinetic approach coupled with persulfate to 
remediate polychlorinated biphenyls (PCBs) using the above-mentioned activation 
methods. They showed that the removal efficiency of PCBs from the soil followed 
the activation order of alkaline (40%) > peroxide (35%) > citric acid chelated Fe2+ 
(34%) > zerovalent Fe (32%) > without activation (31%) > Fe electrode (30%). 
Furthermore, the activation was highly dependent on the ratio of activating agent to 
persulfate concentrations.

Electrokinetics coupled with PRB (EK–PRB) could represent the most sustain-
able approach for removal of pesticides from contaminated soils [50]. Advantages 
of this coupling method over conventional pump-and-treat methods include (1) deg-
radation or immobilization of pollutants can occur in situ without bringing them up 
to the surface, thereby avoiding potential cross-media contamination, (2) no need 
for transportation, storage, or disposal; (3) does not require continuous input energy, 
(4) degradation of contaminants is achieved along with a change in phase, (5) does 
not require the discharge of effluent, which eliminates the related technical and 
regulatory problems, and (6) relatively low cost. However, due to the lack of long- 
term data, its cost-effectiveness has not yet been proven [64].

Barba et al. [51] reported an 85% removal efficiency of 2,4-d after 10 days of 
EK–PRB treatment using activated sludge (biological barrier) and synthetic ground-
water as electrolytes. Authors demonstrated the electro-bioremediation process in 
two stages. First, a fixed-bed biofilm reactor was used to biodegrade 2,4-d in waste-
water. Second, the biofilm was added to the contaminated soil and used as a biologi-
cal barrier. They obtained a 25% removal efficiency, which proved that the EK 
transport mechanism increases the contact between contaminants and microorgan-
isms during bioremediation.

The elimination method of organic and/or inorganic compounds from contami-
nated soil using the combination of plants and electrokinetics has been developed. 
This integrated technology is appealing because of its low cost and energy require-
ments, ease of field implementation, and enhancement of soil properties. Acosta- 
Santoyo et al. [3] demonstrated the removal of hydrocarbons from the spiked real 
soil by coupling electrokinetic and phytoremediation technologies under laboratory, 
pilot, and field environments. The seed germination and growth of maize (Zea mays 
L.) were measured using a 2D circular arrangement of electrodes (IrO2- 
Ta2O5|Ti||Ti) Fig. 2.

Laboratory scale They observed that at 0.2 V cm−1 the seed germination reached 
83% and 100% on Days 5 and 6, respectively. However, seeds did not germinate 
after the fifth day of treatment at 0.8 V cm−1.

Pilot-scale The seed germination rate was measured at 90% and 32% in clean and 
hydrocarbon-contaminated soils, respectively. When electro-phytoremediation 
technology was employed with the treatment occurring at 0.2 V cm−1 for 4 h a day, 
the seed germination rate was 63%.
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Field-scale Electrokinetic treatment was performed at an oil refinery in Guanajuato, 
Mexico for 30 days. The hydrocarbon removal rate after the EKR treatment was 
60%, whereas 90% of hydrocarbons were removed after the application of inte-
grated electro-phytoremediation technology.

4  Research and Directions for Future Research 
on Electrokinetic Remediation

In the last few decades, the performance of EKR for removing inorganic and organic 
compounds has been successfully demonstrated in bench-, field-, and pilot-scale 
tests. From this chapter, it is clear that some of the discussed laboratory and pilot 
applications have potential technical effectiveness toward real-time environmental 
remediation applications [1]. The key points are summarized below.

• Most of the studies focused on strengthening and improving the mechanical and 
engineering characteristics of low conductivity soil. From a soil remediation 

Fig. 2 Schematic systems of laboratory (a) and pilot-scale (b) for electro-culture of maize seeds. 
(Reprinted with permission from [3])
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 perspective, it is important to study how the complex microstructural behavior of 
different soil and chemical species influence the environmental properties of 
contaminants. This is because the soil properties limit the integration of chemi-
cal, hydraulic, and electrical gradients.

• Therefore, future research can focus on the development and testing of new mod-
els that predict the modification of the chemical, physical, and mechanical prop-
erties of the soil.

• The effect of different enhancement agents toward the removal of insoluble 
organic compounds and heavy metals needs to be investigated. Furthermore, fur-
ther research that investigates the effect of soil composition, pH, nature and spac-
ing of electrodes, voltage and current levels, processing time, and system design 
needs to be carried out.

• In addition, it is important to understand the transport mechanisms involved in 
removing the soil contaminants.

Several studies have reported that the application of EKR alone is not effective 
for the removal of some hydrophobic organic compounds; therefore, it is necessary 
to use integrated technologies. Silva et al. [7] combined a two-stage electrokinetic 
process and demonstrated enhanced electrolyte (to favor the transportation of the 
dye from the soil) and electrochemical oxidation of the wastewater without the 
addition of external oxidants.

Another question that often arises is when should the electric field be applied 
between electrodes to promote the removal of contaminants from the soil. As elec-
tricity is required for the transportation of pollutants, the use of renewable energy as 
an alternative source can reduce the cost of EKR treatment and make it environment 
friendly. Furthermore, the use of renewable energies is more sustainable, as it would 
involve minimum water and carbon footprints. Rodrigo’s group [52, 53] investi-
gated the application of EKR powered by standalone/off-grid PV modules for the 
treatment of pesticide-contaminated soils in a laboratory- and pre-pilot set-
tings Fig. 3.

Fig. 3 Electrokinetic remediation coupled with other technologies
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EK–PRB technology has a wide range of applications and is more beneficial 
because of its high economic benefits and less secondary contamination. 
Furthermore, compared to conventional technologies, the major advantages of EK–
PRB are its potential application toward remediation of low-permeability soil and in 
situ remediation. Though effective at a laboratory scale, its applicability in full scale 
has to be evaluated. Furthermore, it is necessary to understand the position of reac-
tive barriers using a mathematical model.

Electro-phytoremediation has been attractive because of its effective remediation 
of both heavy metals and organic compounds [8, 44]. The advantage includes the 
mobilization of contaminants and nutrients, which favors the growth of plants and 
remediation efficiency. However, it is important to investigate the influence of the 
electric field intensity and chemical nature of electrodes in scaled-up testing 
environments.

5  Conclusion

EKR technology has a wide range of applications toward the remediation of differ-
ent contaminants present in soils. As discussed in this chapter, it is important to 
consider the possibility of coupling EKR with other processes. Furthermore, for the 
selection of suitable soil remediation technology, understanding the influence of 
soil pollutants, pH, water content, electrode materials, electric field, types of organic 
contaminants, and their solubility is important. In the case of highly contaminated 
soil, it is not recommended to use alone biodegradation technology. However, EKR 
coupled with soil flushing can be employed. Finally, additional studies are neces-
sary to understand the importance of the involved transport mechanisms and to 
develop specific methods for contaminants present at the remediation site.
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