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Abstract

This chapter discusses the use of bioremediation and phytoremediation coupled with elec-
trokinetics and presents the elements contributing to the success of the remediation process.
A deep discussion and an overview of the current advancement in the biotechnologies are
outlined in details. Innovative solutions for challenges facing the field application of the new
technology are presented and new directions are proposed. A careful review for contami-
nated site conditions including pH, temperature, and other factors influencing the behavior
of microbial community are presented. Great deal of discussion is around overcoming the
adverse effect of electrolysis reactions, which is a by-product of electrokinetics. The discus-
sion includes prolonging the survival of the indigenous bacteria, increase of microbial
enzyme secretion, improvement of the indigenous bacteria metabolism, and exploration of
metagenomics resources from soil biota. The challenges facing the field application of
bioremediation and phytoremediation including the delivery of the electron donors and/or
acceptors and nutrients to microorganisms involved in the biodegradation, particularly in
clay soils, which has very low hydraulic conductivity, is discussed. The use of electrokinetics
in biostimulation application to enhanced degradation of organic pollutant is reviewed. The
implementation of bioaugmentation in bioremediation coupled with electrokinetics to
enhance the outcome of bioremediation is presented.

Keywords: bioremediation, phytoremediation, electrokinetic, biostimulation,
bioaugmentation

1. Introduction

In the last decade, different approaches have been used to mitigate soil contamination, however,

many factors can affect the success of any remediation method including soil heterogeneity and
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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the contaminant type. Researches and environmental engineers believe that there is no single

remediation method that is suitable for every contaminated site; rather, an effective remediation

programmay involve the collective implementation of two or more methods [1]. Bioremediation

is one of the most cost-effective remediation methods for contaminated soils [2]. Various biore-

mediation techniques have been used, with different degrees of success, to degrade pollutants at

contaminated sites. Bioremediation types include biopile technique, landfarming approach,

phytoremediation method, bioslurry, and bioventing.

Bioremediation employs microorganisms that have the ability to metabolize organic com-

pounds including contaminants as food source in the soil. The traditional way to remediate

contaminated sites typically depend on the type of soil and invariably involves “in situ”

techniques like landfarming with occasional plowing or “ex situ” techniques such as wind-

rows and biopile systems. In the former technique, the remediation process more or less relies

on natural attenuation with minimal human input while in the latter cases, a great deal of

human input and engineering is required to boost natural attenuation and accelerate remedi-

ation with minimal VOC emissions in the case of biopile systems. The literature covers a wide

spectrum of approaches to soil remediation studies depending upon the discipline of the

researchers: the treatment evaluation can be based on simple soil analysis for TPH, TOC (bulk

parameters), or more sophisticated involving measurement of soil respiration rates and

detailed chemical analysis of residual hydrocarbons in addition to the traditional bulk param-

eters. Indeed, recent studies indicate that relying on bulk parameters for the evaluation of the

treatment process may still lead to highly hazardous residual petroleum hydrocarbon compo-

nents [2, 3].

The success of a bioremediation process at specific site is mainly depend on the type of soil at

the contaminated site, impermeable soil can exchange very little amount of oxygen and

nutrients with the surrounding environment, therefore results on very slow remediation pro-

cess. Microbiology area of research including microbial genomics, enzyme secretion, metabo-

lism, and catalyst can be used to advance the knowledge in electrokinetic bioremediation.

Bioremediation field applications are faced by obstacles such as the delivering of oxygen and

nutrients to indigenous bacteria, particularly in soils with low hydraulic conductivity.

Electrokinetic remediation can be defined as the application of a low level direct current (DC)

between a row of positively charged electrodes (anode) and negatively charged electrodes

(cathode) placed at the edges of the soil under treatment [4]. The electric field incites three

transport mechanisms, namely electroosmosis, electromigration, and electrophoresis, plus an

electrolysis reaction at the electrodes. Electroosmotic flow is defined as the movement of water

in the soil pores from anode to cathode under an applied electrical field. Electroosmotic flow

(flow rate, qA (m3/s)) can be calculated using an empirical formula similar to Darcy’s law of

hydraulic flow rate:

qA ¼ keE A (1)

where ke (m
2/s V) is coefficient of electroosmosis permeability, E (V/m) is the electric field

intensity �
∆E
∆L

� �

, and cross-section area, A (m2).
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Electromigration is the transport of ions in the pores fluid toward the oppositely charged

electrode. The migrational flux Jmð Þ (the ionic movement toward the oppositely charged

electrode in soil pore fluid) can be calculated by Acar and Alshawabkeh [4].

Jm ¼ cjuj∆ �Eð Þ (2)

where effective ion mobility, uj (m
2/s V), which is defined as the velocity of the ion in the soil

under influence of a unit electric field gradient and can be evaluated as follows:

uj ¼
DjzjF

RT
τn (3)

where Dj (m
2/s) is the diffusion coefficient of ion species j in dilute solution, z is the valence of

ion species j, F (96,487 C/mol) is the Faraday’s constant, R (8.314 J/mol∙K) is the universal gas

constant, T (K) is the absolute temperature, τ is the tortuosity factor, and n is the porosity of the

soil.

Electrophoresis is the movement of charged colloids under an applied electrical field. Electrol-

ysis reactions produce hydrogen ions at the anode and hydroxyl ions at the cathode [5]. The

hydrogen ions lower the soil pH near the anode and form an acid front, while the hydroxyl

ions increase the pH at the cathode vicinity generating a base front. The acid front travels from

the anode to the cathode, whereas the base front moves from the cathode to the anode.

Oxidation reaction at the anode:

2H2O� 4e� ! 4Hþ þO2 (4)

Reduction reaction at the cathode:

2H2Oþ 4e� ! 2OH� þH2 (5)

Electrokinetic remediation is a timely technology that can significantly enhance nutrients

delivery to indigenous bacteria, thereby providing a tremendous potential for cleaning con-

taminated soils including fine-grained soils, which are usually difficult to cleanup using

conventional methods [6–8]. Many studies have investigated the use of electrokinetics to

improve the outcome of bioremediation [3]. The combination of electrochemical technology

with bioremediation may promote the removal of metal ions that are often inhibitory to

bacterial activity, thereby enabling complete remediation of the soil [9]. Unlike pressure-driven

flows in which channeling of the fluid through the largest pores is inevitable, electrokinetics

permits a more uniform flow distribution and a high degree of control over the direction of the

flow [10, 11]. Transport phenomena associated with electrokinetics can be utilized to effec-

tively deliver nutrients to indigenous bacteria in the soils, and to enhance bioavailability

(electroosmotic flow can enhance desorption).

Figure 1 shows the conceptual model where upon a release of petroleum hydrocarbon part of

the contaminant evaporates and part moves through soil to contaminate subsurface. Depending

on the site environmental conditions, indigenous microorganisms start to adapt and degrade
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contaminant. In most cases, the biodegradation rate is slow. Electrokinetics can be used to

enhance the degradation rate by using the transport mechanisms associated with electrokinetics

to deliver nutrients and/or to introduce new bacteria if the indigenous microorganisms are not

capable of degrading the contaminant. However, the development of an acidic medium near the

anode and an alkaline environment near the cathode by electrolysis reactions can create unfa-

vorable condition for bacteria [7, 12, 13].

It is known that the application of the electric current during electrokinetic bioremediation

increases the contaminated soil’s temperature to high level which has an adverse effect on

the survival of the indigenous bacteria. A recent study showed that the cost of electric

power need for electrokinetic is a major part on the overall cost of electrokinetic remedia-

tion process. On the other hand, electricity power line may not be available in remotely

located contaminated sites. Therefore, the energy consumption can increase the cost of the

bioremediation process and result in restricting wide field applications of the electrokinetic

bioremediation. Application of electrokinetic bioremediation can be divided into two main

aspects:

• Microorganism-related factors, mainly how the environment at contaminated site can

affect the degradation process.

• Electrokinetic processes; the phenomena associated with electrokinetic such as electrolysis

reactions and the effect of other factors including the application of electric current, pH,

soil temperature, and the availability alternatives concerning power source. In the follow-

ing sections, each of the above-mentioned categories will be discussed.

Figure 1. Conceptual model (after [43]).
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2. Microorganisms-related factors

The environment conditions at contaminated site directly affect electrokinetic bioremediation

process through supporting the existence of microorganisms, or enhancing bacterial viability

and persistence in contaminated soil. The subsurface conditions and the characteristics of

indigenous bacteria are the main factors affecting electrokinetic bioremediation process. Sev-

eral factors can contribute to persistence of bacteria in the soil environment including pH,

nutrients, electron acceptors, osmotic stress, and temperature [14, 15]. In addition to soil

environment, the characteristics of the indigenous bacteria play a significant role in their

existence, for example, some bacteria form biofilms which protects themselves from external

stresses [16, 17]. Another mechanism for bacteria to survive is to produce spores [18]. In the

event of severe weather and nutrient deprivation, bacteria will die eventually producing

endospores which have a very hard shell that protects them [19]. Typically, under extremely

poor living conditions, endospores are in a state of dormancy (sleeping condition); once the

environmental conditions improve, the spore will germinate and outgrow [20]. The following

techniques can be used to enhance bioremediation:

1. Genetic engineering can be used to enhance the outcome of bioremediation through

changing or rewiring of microorganism metabolic pathways so as to enhance the ability

of bacteria in degrading the targeted contaminant [21, 22]. Also, modifying bacterial genes

and regulatory networks to make them tougher to survive and tolerate high contaminant

concentration in soils [23].

2. Enhancing bioremediation using a commercially available enzyme which is currently very

expensive, but the expected reduction in enzyme prices as the technology continues to

improve can significantly reduce the initial cost [24, 25]. Previous studies showed that the

use of enzyme in bioremediation is not feasible because of the existence of heavy metals

and other compounds which can denature the enzymes. It was concluded that the use of

enzyme in bioremediation is not recommended because the enzyme will be denature

under the field conditions and will not last long. An alternative way would be the use of

microbial genetics to clone/overexpress and introduce exogenous gene/gene clusters using

as a host bacterial cell that will produce the required enzyme. The other challenge will be

the delivery of the enzyme expressed in bacteria to the contaminated zone in order to

degrade the pollutant [26]. A recent study showed that the use of genetically modified

bacterial secretion system can enhance the bioremediation [27].

3. Exploring metagenomics to enhance electrokinetic bioremediation [28]. It is known that

only 5% of the microorganisms in nature are culturable in the laboratories and can be

studied. Microorganisms in nature can produce enzymes that are capable of degrading

contaminants. The total genomic DNA can be collected from contaminated soil, then using

the available technologies to slice the DNA into pieces, and clone it into a vector to in order

to form a library called 3D metagenomics DNA library. This library can be augmented into

a selected bacterium that can be used to degrade contaminates providing that this library

contains specific genes that can produce enzyme needed for the degradation process [29].
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4. Characterizing the bacterial metabolism. It is very important to study the bacteria well

before using the bacteria in the bioremediation process. In the contaminant degradation,

knowing the degradation pathways are essential because some bacteria can produce

secondary by-products/metabolites that are not in favor of the process. The knowledge of

bacterial metabolism and the degradation pathways well can use to enhance the degrada-

tion by change/rewire bacterial metabolism to make them produce less/nontoxic products.

More research is required in this area using the advancement in genetic engineering to

eliminate/reduce the harmful by-products. Bacteria consortia at environmental sites com-

municate and coordinate behaviors and functionalities at community level using chemicals

such as acyl homoserine lactones (AHLs), which is also described as bacterial quorum

sensing (QS). In nature, QS may help bacteria for better and enhanced bioremediation.

However, very few studies have investigated the role of QS in bioremediation [30–32].

3. Biostimulation and bioaugmentation

In bioremediation, there are three techniques that can be used at contaminated sites: (a) natural

bioattenuation in which the pollutant is degraded by bacteria to nontoxic product, the process

involve minimal to no human intervention; (b) biostimulation is defined as the introduction of

supplements including nutrients, water, electron acceptors/donors to enhance the degradation

process; and (c) bioaugmentation, which involves the use of large numbers of the bacterial

strains that are capable of degrading the contaminant [33]. The following sections present the

application of electrokinetics in biostimulation and bioaugmentation.

3.1. Biostimulation

In bioremediation, bacteria is employed to degrade contaminants into nontoxic products, the

success of the degradation process is mainly dependent on the growth and reproduction of

bacteria. The growth and metabolisms of microorganisms are affected by the available amount

of nutrients, electron acceptors/donors, and oxygen. Electroosmotic can be used to deliver

nutrients and oxygen to indigenous bacteria in the contaminated zone. Moreover, electrokinet-

ics can increase the opportunities of contact between bacteria and contaminants therefore,

enhancing bioavailability. Previous studies discussed the use of electrokinetics in delivering

nutrients are presented in Table 1. In a previous study, electrokinetics was used to deliver

nutrients to contaminated zone under controlled pH conditions [34]. In this study, polarity

exchange technique was used to control the soil pH. The result showed that high amount of

contaminant was degraded under controlled pH conditions. Nitrate and ammonium were

delivered to contaminated zone under uncontrolled pH conditions. The results showed that

nitrate can be delivered successfully/precisely to the contaminated area near the anode while

low amount of ammonium was transported to the cathode. More importantly, it has been

observed that the nutrients were distributed evenly in the soil under controlled pH using the

exchange polarity technique [35]. The results from electrokinetic bioremediation studies have

shown that electrokinetics is successful in delivering nutrients to indigenous bacteria.
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However, excessive amounts of nutrients in soil exploit the growth and increase the intensity

of microorganisms and consequently result in clogging the soil pores causing biofouling [34].

Therefore, it is important to study and carefully plan for the addition of nutrients. A recent

study explored the possibility of providing oxygen to polluted soils by electrokinetics for

aerobic bioremediation treatments of the soils. Oxygen ions, produced from the electrolysis

reaction at the anode, are dissolved in water and transported by electroosmotic flow (see

Eq. (1)). Due to the high porosity of the silty and sandy soils, the oxygen ions were transported

inside the soil. It was observed that the dissolved oxygen concentrations were high (between 4

and 9 mg/L) in the contaminated zone. The presence of oxygen ions is essential for aerobic

biodegradation processes. On the other hand, the transport was not possible in the clay soil.

3.2. Bioaugmentation

Bioaugmentation can be defined as the use of microorganisms which are capable of degrading

contamination at specific site. There are two types of bioaugmentation: the first scenario is to

the increase the number of bacteria at contaminated site by introducing high number of colony

forming units. In this case, the indigenous bacteria is capable of degrading the contaminant,

however, the intensity of bacteria is low. In the second scenario, bacterial strain with superior

capabilities is introduced to the contaminated site to enhance the degradation process because

the indigenous bacterium is not capable of degrading the contaminant. Electroosmotic flow

can be used to transport microorganism through contaminated soil to the contaminated zone

[11]. For instance, the transport of bacteria in clay and sand by electroosmotic flow and

electrophoresis was investigated. The results showed that 20% of bacteria were transported

by electrophoresis. A more recent study showed that microorganisms can be transported by

electrokinetics in sand via electrophoresis and the microorganisms remained active and viable

after the transport process [36]. Another study showed that by adding bacteria in the anode

and cathode compartment, bacteria was transported via electroosmotic flow in clay soil.

However, in general, bioaugmentation studies have not been successful. The lack of success

has been attributed to the formation of antibiotics by indigenous bacteria, predation and

adaptability of new bacteria to the contaminated soil. For instance, Pseudomonas sp. LB400

bacteria were found to be capable of degrading 4-chlorobiphenyl in sterilized soil, but a

Soil Voltage/current Nutrient concentration Highlights/main outcome Reference

Clay loam 1 V/cm 2 g/L NH4NO3

2 g/L KH2PO4

Nitrate transport rate 19 cm/d/v

Phosphate results is not presented

[35]

Coarse sand 0.25 V/cm 1 g/L NaNO3 Nitrate transported 0.6 cm/h [41]

Clayey silt 0.5 V/cm 2 g/L NH4NO3

5 g/L KH2PO4

Nitrate transport rate 5 cm/d/v

Phosphate was not transported

[42]

Lean clay 0.85 V/cm 3.2 g/L NH4OH

0.48 H2SO4

400 mg/kg NH4OH

200 mg/kg H2SO4

[34]

Fine sand 15 μA/cm2 Nitrate transported 250 mg/L [1]

Kaolinite 123 μA/cm2 Nitrate transported 250 mg/L [1]

Table 1. Electrokinetic injections of nutrients.
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decrease in their viability was observed when non-sterilized soil was used. In many cases,

there is a need for the use of more than one bacterial strain to be able to degrade contamination

at specific contaminated site. Microbial consortia can degrade contamination with high effi-

ciency, however, bacteria tend to compete with one another. There an urgent need for a new

technique that can minimize/eliminate the competition between the bacterial strains. In elec-

trokinetic bioremediation, the application of electric current disrupts bacteria membrane by

changing the orientation of membrane lipids. High current can be used to deactivate/kill

bacterial strains that have negative impact in the degradation process. Application of high

voltages in the range of 25 kV cm�1 per 40 μs pulse duration can kill bacteria. The effect of

direct current application on different strains of bacteria in liquid and slurries has been

investigated. Further research in this area is required to explore the use of electrokinetics as

tool to kill the unfavorable bacteria.

Enzymes can be used in bioremediation, instead of microorganism, to avoid the competition

between the bacterial strains in the microbial consortia. The new technologies can be used to

produce enzymes with high quality and increase the shelf time for the enzymes. Enzymes are

simple to use in the bioremediation process and there is no unfavorable produce when using

enzymes in the remediation process. The only down side of using enzyme is the high cost

associated with the use of enzyme. The delivery of enzymes using electroosmotic flow has not

yet been investigated.

4. Electrokinetic processes

Application of electric field in electrokinetic remediation results in electrolysis reactions at the

electrodes, electroosmotic flow from anode to cathode, electromigration of ions to the oppo-

sitely charged electrode, and electrophoresis. Aforementioned processes can change the

physiochemical properties of the soil and subsurface conditions at the contaminated site.

Electrolysis reaction results in acidic conditions near the anode and basic environment near

the cathode. Application of electric current develops voltage gradients and forms zones with

different current intensity. Soil temperature increases due to application of electric current.

Contaminants attached to the soil matrix can be desorbed by the effect of electroosmotic flow

and contribute to the bioavailability.

4.1. pH gradient

In electrokinetic processes, application of electric current results in occurrence of electrolysis

reactions of water (redox) at the electrodes. Oxidation occurs at the positively charged elec-

trode generating hydrogen ions and liberates oxygen gas. Reduction takes at the negatively

charged electrode producing hydroxyl ions and hydrogen gas. The hydrogen ions (i.e. H+)

form an acid front that travels toward the cathode by the effect of three mechanisms including:

electroosmotic flow, diffusion, and electromigration. The acid front reduces the pH of the soil

creating acidic environment. The hydroxide ions form a base front that travels toward the

anode by electromigration and diffusion and elevate the pH of the soil in the vicinity of the
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cathode. The base front is slower than the acid front because the base front moves in a direction

that is against the electroosmotic flow and the hydroxyl ions (OH) are heavier in weight than

hydrogen ions (H+). Therefore the acid front and base front meets at a point closer to the

cathode. The acidic environment near the anode and alkaline conditions at the vicinity of the

cathode play a very important role in the electrokinetic processes. For example, the low pH

conditions increase desorption of heavy metals from contaminated site. High and low pH

environments have a crucial effect on the survival of bacteria at contaminated site. Heavy

metals are soluble at low pH < 6 and precipitate at a pH > 7. In electrokinetic remediation, the

soil pH is in around 2–3.5 near the anode and between 8 and 11 at the cathode. For instance,

cobalt and copper are tend to dissolve into solutions at pH around 4.5–6.5, and form insoluble

hydroxides at pH greater than 7.5. The low pH near the anode contributes positively to the

dissolution of heavy metals and enhances the removal process. On the other hand, high pH

increases the precipitation of heavy metals in the vicinity of the cathode, and decreases the

efficiency of the technique in removing contaminants. In electrokinetic bioremediation, the soil

pH plays a dominant role in the success of the process. Bacterial survival and optimum

degradation efficiency are directly related to the pH conditions. Bacteria can survive at a pH

between 6 and 8. Some bacterial strains can tolerate very high and very low pH values.

Bacteria have the capability of controlling the exchange of hydrogen ions through the cell wall

to adapt the intracellular pH. However, is has been found that the high pH gradient across cell

membrane has a detrimental effect on the growth and metabolism of bacteria.

Researches and engineers have developed many techniques to control pH during electroki-

netic remediation; these techniques can be divided into two approaches including conven-

tional and innovative techniques. The conventional techniques include the ion selective

membrane technique in which a cation-exchange membrane is introduced to cease the move-

ment of the hydroxide ions from the cathode to the soil as shown in Figure 2; continuous

changing/removing of the solution in the electrode compartments; and addition of chemical

compounds such as ethylenediaminetetraacetic (EDTA), acetic acid, and nitric acid. On the

other hand, innovative techniques include a stepwise moving anode, polarity exchange, circu-

lation of an electrolyte (anolyte and catholyte) solution in the electrode compartments (see

Figure 3), and the two anodes technique (TAT) (see Figure 4) which have investigated the

control of the advancement of the acid and the base fronts [37]. There are many factors that can

Figure 2. Electrokinetic remediation with ion selective membrane (after [43]).
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affect the soil pH including the soil type and the soil buffer capacity. The soil puffer capacity is

directly influenced by the presence of anions, carbonates, hydrocarbonates, hydroxides,

borates, phosphates, silicates, and organic acids anions. These factors should be taken into

consideration before selecting the suitable technique to control the soil pH.

Many researchers have investigated the effect of pH on electrokinetic bioremediation using

conventional methods. For instance, the use of electrokinetic bioremediation to mitigate

Figure 3. Electrokinetic remediation cell with electrolyte solution circulation technique (after [43]).

Figure 4. Two anode technique (TAT) (after [43]).
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creosote-polluted clay soil was investigated. In this study, the soil pH was controlled by

continuous substitution of the solutions used at the water compartments. The downside of

using this technique is the amount of work involved in the process (removing/changing the

solution) and the cost of the process plus this technique is not suitable for field applications.

Moreover, in this technique it is required to treat the electrode solution (removed from the

electrode compartment) before disposing it. The technique that involves the use of chemical

compound is not recommended due to the possibility of generation of chemical reaction that

has a negative impact in the remediation process. The addition of acids, such as hydrochloric

acid and nitric acid, to reduce the pH near the cathode can result in acidic condition, which it is

extremity difficult (if not impossible) to reverse it is effect to the original condition [37]. The

innovative techniques, that are available to control pH at contaminated sites, are expensive

and in some cases are not applicable in field applications. For example, the step moving anode

technique required labor work and involve the mobilization of the anode along the distance

between the electrodes. Also, this technique is not suitable for electrokinetic bioremediation as

it results in lowering the soil pH and that is not in the favor of the process. This technique is

suitable for desorption and mobilization of heavy metals as the moving electrode (anode)

generate hydrogen ions which result in lowering the soil pH (pH ≤ 4.5). The low pH environ-

ment is suitable for desorption of heavy metals from soil, while it affects bacterial survival in

bioremediation processes.

In electrokinetic bioremediation, the low pH condition has adverse effect on indigenous

bacteria. The measurement of pH during the polarity exchange technique is crucial for the

success of the process. In a research study of phenol-contaminated soil, the polarity reversal

technique was used to control the soil pH and water content. This technique can be suitable

for electrokinetic bioremediation; however, continuous pH monitoring is required which is

challenging and increases the overall cost of the process. In another research study, Kim

et al. [34], developed and used a technique involves the circulation of electrolyte solution

between the electrode compartments during the process as illustrated in Figure 2. This

circulation of electrolyte solution can be used to control the pH during electrokinetic biore-

mediation; however, the issue will be the running cost and the need for maintenance in the

field. The circulation of electrolyte solutions can be a challenging and very difficult for

implementation in the field application. In electrokinetic bioremediation applications, the

control of field conditions, especially pH, is very important for the survival of indigenous

bacteria and contributes positively to the success of the process. Many techniques have been

developed and implement to control pH during electrokinetics application. However, more

research is required to enhance the outcome of the existing techniques. Also, there is a need

for development of new techniques to control the pH during electrokinetic bioremediation

application.

Recently, the authors of this chapter have investigated an innovative technique that can be

used not only to stabilize pH but also to distribute nutrients uniformly inside the contaminated

soil during electrokinetic bioremediation [37]. In the innovative technique, two electrodes are

placed in each water compartment one serves as an anode and the other as a cathode to form

two electric circuits that connected to a power supply. At each compartment, the anode will

produce hydrogen ions and the cathode will produce hydroxyl ions, the coexistence of these
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ions in the same compartment will result in neutralizing each other. As shown in Eqs. (4) and

(5), the innovative configuration is supposed to forms the same numbers of hydrogen ions and

hydroxide ions with all the ions reacting to form water. The innovative technique provides

solutions for challenges facing other techniques; there is no need for continuous pumping or

addition of chemical compounds.

4.2. Electric current density and voltage gradient

During electrokinetic bioremediation, microorganisms at contaminated site are subject to

stress due to application of electric current. The electric current has direct and/or indirect

effects on indigenous microorganisms. For instance, application of high voltage can cause a

rupture in the cell membrane. Also, application of electric current can be a companied with

chemical reactions that produce by-products which are harmful to the microorganisms. In the

food industry, the electric current is used for disinfection purposes (killing bacteria). Studies

showed that, the use of DC current causes the death/inactivation of living organisms. Over the

last decade, researchers have investigated the influence of electric current on electrokinetic

bioremediation treatment.

Microorganisms survival and transport during, electrokinetic remediation, is greatly affected

by the application of electric current. Table 2 presents data from previous studies that investi-

gated the effect of electrical current on the indigenous bacteria. In a research study, the effect of

Medium Current intensity or voltage

gradient used

Highlights/main outcome Reference

Liquid 20 mA/cm2 High cell density survive [43]

Soil

(kaolinite)

0.31, 0.63, 1.88, 3.13 mA/cm2 Optimum current 0.63 mA/cm2 [43]

Liquid 0.04, 4, 8, 12, 14 mA/cm2 Optimum electric field density 100 kJ/L [41]

Liquid 10.2 mA/cm2 No effect on cell activity [43]

Glass beads 1.8 mA/cm2 Low level DC has no effect of cell viability [43]

Clay and silt 0.314 mA/cm2 pH changes near the anode is major factor affecting the

microbial communities

[8]

Soil 1.0 mA/cm2 No negative effect on indigenes bacteria [43]

Hide-soak

liquors

2 A Deactivated bacteria [3]

Activated

sludge

0.5–1.5 mA/cm2 pH or direct contact caused bacterial inhibition [43]

Fine-grained

soil

2 V/cm The population of bacteria increased near the cathode [43]

Sandy loam 0.46 V/cm Rate of transport is 0.11 cm/h

Microorganisms are active after the transport process

[3]

Tap water 0.28–1.4 V/cm Optimum voltage intensity is between 0.28 and 1.4 V/cm [8]

Table 2. Effects of electrical current.
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electric current on the intensity of indigenous bacteria was investigated. It was concluded that

the application of electric current is harmful on the microbial community with low cell densi-

ties; however, the electric current was minimal in microbial communities with high cell densities.

Recent study, showed that the optimum degradation of an organic compounds (pentadecane in

kaolinite soil) that the optimum pollutant removal was achieved using an intermediate electric

current density occurs when using electric current intensity of 0.63 mA/cm2 compared with the

higher and lower current densities of 3.13 and 1.88 mA/cm2, respectively. Another study

showed that selecting electric current intensity is essential not only in obtaining optimum

degradation but also in retaining the indigenous microorganisms. This study showed that

37% of total petroleum hydrocarbons were degraded in the vicinity of the anode with an

optimum electric field of 2 V/cm.

Previous studies showed that the use of electroosmotic and electromigration (electric field) to

transport microorganisms did not reduce the capability of microorganism in degrading

organic matter [36]. Very few studies investigated the effect of the electrode materials on the

electrokinetic bioremediation. For instance, the results of an experimental study showed that

indigenous microbial community is adversely affected by the products of the electrochemical

reactions between the electrode material and the soil medium. The chemical reactions between

the electrode material and the soil medium depend on many factors and it is very difficult to

predict the by-products. It has been observed that not only the electric current intensity affects

the microbial survival, but more importantly the combined effect of applied current intensity

and duration is the crucial factor affecting living organisms. The use of steel, copper, and

carbon as electrodes with different combination (anode-cathode) in electrokinetic remediation

was investigated. The results showed that the efficiency of the remediation process is signifi-

cantly affected by the selection of the electrode material and which material to be used in the

anode and in the cathode. More research is needed in this area to investigate the effect of

electrode materials in electrokinetic bioremediation.

4.3. Temperature

It is known that microorganisms can survive in various environmental conditions including a

wide range of temperature. For instance, thermophile can tolerate temperature between 45 and

120�C, mesophile can live in temperature between 20 and 45�C, and psychrophile survive at

low temperatures between �20 and 10�C. In general, microorganisms’ growth rate is directly

proportional to the temperature between 25 and 34�C, also the increase in temperature results

in increase of metabolism and the highest degradation occurs at temperature between 27 and

42�C. The increase in temperature during electrokinetic processes is reported in the available

literature. For example, a recent study showed that application of electric current resulted in an

increase in the soil temperature between 5 and 20�C, the maximum increase was observed in

the vicinity of the anode. Another study showed that the temperature increased up to 90�C

during field application and intermittent current was used to interrupt the electric current so as

to reduce the temperature. Although, the increase in temperature during electrokinetic reme-

diation is known and well documented, yet, very few reports in the current literature

discussed the effect of temperature on electrokinetic bioremediation. Researchers tend to
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attribute the increase in biodegradation to nutrient delivery by electrokinetic and over looked

other factors that contribute positively to the process (i.e. temperature). In the current literature

there are very few reports that studied the implication temperature in the electrokinetic

bioremediation. In a previous study, electrokinetic was used to deliver nutrients and oxygen

to microorganisms in the contaminated zone. It was concluded that the increase in soil tem-

perature, resulted from application of electric current, enhanced the degradation process. The

continuous application of electric current using high applied voltage for long period of time

can increase the temperature inside the soil being treated. No doubt, the elevated temperature

has a negative impact on the viability of indigenous bacteria. Intermittent current can be used

to eliminate the effect of continuous current in increasing the soil temperature. The use of

current intermittence can control the increase in temperature, and also can contribute posi-

tively to the outcome of the remediation process.

4.4. Bioavailability

Bioavailability can be measured by the amount of colony forming unit (CFU) of bacterial

strains that capable of degrading the contaminants, the CFU must be available in soil liquid

(pore fluid) at a given time. Bioavailability is also can be defined as the portion of contaminants

that is available (ready) to be consumed by microorganisms without the need for desorption

process (Table 3). When the contaminant come in contact with the soil, sorption of the pollut-

ants by the soil will take place and the sorption rate is depending on environmental conditions

including pH, temperature, etc. After sorption took place, the bioavailability of the contami-

nant will mainly be dependent on the back-diffusion process. Therefore, back-diffusion plays a

dominant role in controlling the bioavailability of contaminants. The main two schools of

thought concerning bioavailability are: (1) bacteria can degrade a contaminant regardless to

the sorption and desorption process, even if it is attached to the soil matrix; (2) desorption of

contaminants from soil is a prerequisite for the degradation process to occur (desorption of

pollutants should take place first before microorganisms can degrade it). In electrokinetic

remediation, electroosmotic flow creates flow net to the soil solids (within the double layer)

therefore, electroosmotic flow can promote desorption of contaminants from soil matrix. In a

previous study, the authors have compared the efficacy of electroosmotic flow and hydraulic

Medium Contaminant Contaminant concentration

(mg/kg)

Highlights/Main

outcome

Reference

Fine soil (from a

contaminated site)

Petroleum

hydrocarbon

78,600 37% reduction [43]

Sand Diesel 6800 60% reduction [35]

Clayey soil Phenanthrene 200 65% removal [35]

Coarse sand/sand Creosote 50, 200, 500, 900, 6800 50, 68, 80% reduction [8]

Sandy loam Phenol 180 58% reduction [8]

Clay Creosote 1300 35% reduction [43]

Kaolinite Pentadecane 1000, 5000, 10,000, 20,000 77.6% reduction [34]

Table 3. Laboratory tests using different contaminants.
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flow in promoting desorption of phenanthrene from clay soil [38]. The results showed that the

concentration of phenanthrene in the effluents from the test conducted using electroosmotic

flow are three to four times higher than the concentration in desorption test using hydraulic

flow. Also, it was found that the energy consumed during the hydraulic flow tests was three

orders of magnitude higher than the energy used during the electroosmotic flow tests.

4.5. Available power sources for electrokinetics

Electrokinetic remediation requires electric power to apply voltage gradient between the

electrodes, the energy consumption is consider as the factor number one that contribute to the

total cost of the process. Therefore, the increase in energy cost results in an increase of the

overall cost of the remediation process. No doubt the cost is one of the major factors affecting

the selection of suitable remediation technique, thus high cost of a remediation process can be

a major obstacle restricting wide field applications of this technology. Previous studies showed

that the cost of energy represents 30% of the total cost of an electrokinetic remediation process;

however, very few studies have discussed an alternative economical source of power that can

reduce the cost of energy. Power generated by solar panels is renewable energy and has no

negative impact on the environment.

Recently, the environmental awareness increases and the solar energy has become the center

for the interest of scientists and the public as environmentally friendly source of power. Recent

report from Solar Buzz showed that more than 70% of the photovoltaic (PV) resources have

been installed in northern hemisphere including countries such as Germany, Japan, USA, and

Canada. Previous studies showed that the efficiency of the solar panel increased during the

winter because of the cold weather. Although, power generated by solar panels can be an

excellent candidate for power supply in electrokinetics, yet there are very few reports that have

investigated the use of solar power as a source of power in electrokinetic bioremediation. The

effect the off power period, during the night, on the remediation process is not presented in the

literature. Some of the advantages of using solar panels to generate power for electrokinetic

remediation are the elimination of the cost of electricity transmission and the reduction of

power losses in the transmission lines. Solar panels produce direct current (DC) field that can

be used in electrokinetic remediation without the need for a transformer. In the near future, it

is expected that the solar cell prices will decrease and as the technology continues to improve

that can significantly increase the efficiency of the solar panels. The power generated by solar

panel fluctuates during the day (starts from zero before sun rise and increases until noon time

and decreases to zero by the sun set) and it is directly dependent the weather conditions

(sunny, cloudy, rainy, etc.). This can cause disruption in the power supply during the day and

intervals of zero voltage at night, especially in the northern latitudes with little day light

during winter.

The application electric field during electrokinetic remediation results in ions orientation in the

pore fluid that resists electric current. The ions orientation reduce the efficiency of the remedi-

ation process, however, the interruption of the electric field allows the restoration of original

ions orientation, which can enhance the remediation process. The non-stabilized electric cur-

rent generated by solar panels can stimulate the remediation process by the effect of restora-

tion of ions orientation as explained earlier. Many studies have proven that the use of current
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intermittence can enhanced the outcome of an electrokinetic remediation. In a previous study,

the authors have investigated the use of solar panels to generate power for the electrokinetic

remediation to remediate soil contaminated with copper [39]. Three solar panels were used to

generate electric field across the contaminated soil 41, 27 and 13.5 V. The results showed that

the power generated by the solar panels was enough for mitigation of soil contaminated with

heavy metals. In recent work, the authors used solar panels to generate power for the electro-

kinetic bioremediation to mitigate clay soil contaminated with phenanthrene. The results

showed that solar panels can be used successfully to produce enough power for electrokinetic

bioremediation of petroleum hydrocarbons. Moreover, the intervals of zero voltage at night

can decrease soil temperature in field applications, which is a benefit.

5. Electrokinetic-enhanced phytoremediation of contaminated soils

Pollutants are released to the environment from anthropogenic activities and natural

weathering processes. Human activities such as mining, industrial, and agricultural activities

typically lead to contamination of soils by heavy metals and organic pollutants. Some heavy

metals and PAH compounds have been identified as mutagenic, carcinogenic, and/or terato-

genic contaminants.

Phytoremediation is a green and sustainable process in which plant species are used to

remove, degrade, or sequester pollutants from soil or groundwater. Phytoremediation has

been shown to be efficient and economically feasible for the treatment of large areas with low

contaminant concentrations as compared to other remediation treatments. Both organic and

inorganic contaminants can be removed or degraded by the growing plants by several mech-

anisms, namely; phytodegradation, rhizofiltration, phytoaccumulation, rhizodegradation, and

phytostabilization. Phytodegradation is the breakdown of the absorbed organic chemicals by

plant metabolic processes or by compounds produced by the plant. Phytodegradation of

petroleum hydrocarbons was achieved in a soil that was also contaminated with heavy metals.

Rhizofiltration is the removal of contaminants such as heavy metals and radionuclides in the

soil by the root membranes [40]. Phytoaccumulation is the incorporation of inorganic

chemicals such as heavy metals in plant tissues. Rhizodegradation is the degradation of

organic contaminants near the root mass by bacteria and fungi stimulated by the root exudes

and enzymes released by the plant. Recent study showed that phytoremediation withMirabilis

Jalapa L. removed 63% of total petroleum hydrocarbon from a contaminated soil in 127 days.

Another study showed that Medicago sativa Linn and Fire Phoenix had removed 80–100% of

eight PAH compounds from contaminated soils in 150 days. Phytostabilization is achieved by

induced chemical changes to specific heavy metal contaminants causing the metal to become

less bioavailable. For example, deep rooting plants could reduce the highly toxic Cr(VI) to

Cr(III), which is much less soluble, that is, less bioavailable.

In the decade, the combination of phytoremediation and electrokinetic remediation has been

proposed in an attempt to avoid the limitations of phytoremediation. Electrokinetic-enhanced

phytoremediation technology consists of the application of a low intensity electric field to the

contaminated soil in the close vicinity of growing plants. In this hybrid technology, the removal or
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degradation of the contaminants is performed by the plant, whereas the electric field enhances

the plant activity by increasing the bioavailability of the contaminants by desorption and trans-

port of the contaminants. In recent research studies, electrokinetic phytoremediation technology

with electric field applied between 8 and 24 h/day has shown promising results for the restoration

of heavy metal contaminated soils. The use of electrokinetic-assisted phytoremediation for soils

with hydrocarbon contaminants has not been reported in the literature.

6. Conclusion

Electrokinetic remediation has received more attention in recent years as a well-developed

technique for in situ soil decontamination. The principles of electrokinetics have been recently

explored to enhance bioremediation and phytoremediation treatment of contaminated sites.

Electrokinetics requires low-level electric current which makes solar energy by lower end solar

panels an excellent source of power for the technology. Solar energy is an innovative power

alternative for electrokinetic-enhanced bioremediation/phytoremediation and can be econom-

ically viable, in particular for remote sites with no active power lines.

The electrokinetic bioremediation is a promising technique that can be used to mitigate contam-

ination with organic and inorganic compounds. The main challenges facing the application of

electrokinetic are the process cost and the pH gradient. The application of electric current results

in high energy consumption that increases the overall cost of the remediation process. This is

considered one of the major factors restricting the field application of the technology. Very few

studies in the current literature have addressed the cost of energy in electrokinetic bioremedia-

tion. Research to date has shown that electrokinetic bioremediation can be used to mitigate

contaminated soil, however, the results showed a low to moderate percentage of contaminant

degradation. Future research is needed to address the optimization and the removal efficiency of

the electrokinetic bioremediation. Researchers and engineers address the pH issue using two

different approaches conventional and innovative techniques. The conventional techniques

involve the addition of chemical compounds to control the pH. The innovative techniques

involve circulation/mixing of the electrolyte solution at the anode and cathode compartment to

neutralize the pH. Both conventional and innovative techniques can result in a further increase in

the overall cost of remediation process. Moreover, the effect of the increase in temperature

associated with electrokinetic bioremediation has not been fully investigated.

The recent advancement in biotechnology and bioengineering provides incredible opportuni-

ties for enhancing electrokinetic bioremediation and phytoremediation. The application of

electrokinetic bioremediation/phytoremediation involves various microorganisms aspects

including the challenges facing the microbes survival in contaminated sites; isolation and

characterization of bacterial strains with superior degradation capabilities in bioremediation;

the improvement of the metabolism of microorganisms through manipulation using genetic

engineering; identifying powerful degrading enzymes using metagenomics; and exploring

new engineering ways to enhance bioremediation.

It is anticipated that, with intense research effort, the promising potential of the hybrid elec-

trokinetic bioremediation/phytoremediation technology will encourage further research in
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order to optimize the efficiency and expedite the transfer of the technology for in situ applica-

tions. Carefully designed, simulated and monitored laboratory and field studies are necessary

to explore the fundamental and practical aspects of the technology. It is important to simulate

and test different electrode configurations and identify hyperaccumulator plants of heavy

metals and PAH compounds. It is also necessary to understand the influence of electric field

in the physiology of the plant and soil microflora as well as the geobiochemistry involved in

the degradation of organics in the rhizosphere.
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