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Abstract 
 

Significant challenges remain in the remediation of low-permeability porous media (e.g. 

clays, silts) contaminated with dissolved and sorbed organic contaminants.  Current 

remediation technologies, such as in situ chemical oxidation (ISCO), are often ineffective 

and the treatment region is limited by very slow rates of groundwater flow (advection) or 

molecular diffusion.  Recent laboratory-scale studies have highlighted the potential for 

utilising electrokinetic transport, as induced by the application of an electric field, to deliver 

a remediation compound (e.g. permanganate, persulfate) within heterogeneous and low-

permeability sediments for ISCO (termed EK-ISCO).  The underlying understanding of 

EK-ISCO is much newer than other electrokinetic and remediation technologies, and there 

is still a poor understanding of the relative importance of the system parameters and 

processes in EK-ISCO remediation, and the ways in which to optimize the technology. 

 

Process-based numerical modelling of the coupled flow, transport and reaction processes 

can provide important insights into the prevailing controls and feedback mechanisms and 

therefore guide the optimisation of EK-ISCO remediation efficacy.  In this study, a 

numerical model was developed that simulates groundwater flow and multi-species reactive 

transport under both hydraulic and electrical gradients.  Coupled into an existing, 

previously verified reactive transport model, the PHT3D-EK model was verified against 

analytical solutions and data from experimental studies.  Application of the model showed 

that ISCO amendment injection resulted in the voltage gradient adjacent to the cathode 

decreasing below a linear gradient, producing a lower achievable concentration of the 

amendment in the medium.  Even with lower achievable concentrations, analysis showed 

that EK-ISCO remediation is still feasible due to its ability to deliver a sufficient mass flux 

in low-permeability media. 

 

Numerical modelling was conducted to investigate the sensitivity of electrokinetic, 

hydraulic and engineering parameters as well as the influence of aquifer heterogeneity on 

the technology.  While all investigated parameters affected the remediation process to some 

extent, the duration and energy required for remediation was most dependent upon the 

applied voltage gradient and the natural oxidant demand.  Oxidant penetration rates under 

EK were retarded due to the oxidant consumption of competing natural reductants, 

however, high rates of contaminant degradation can be achieved by locating injection wells 

between the electrodes. 
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The newly-developed model was used to identify and evaluate alternative configurations 

and implementation approaches of the EK-ISCO treatment process.  Investigated variants 

of treatment configurations included several alternative locations for oxidant injection and 

a series of one- and two-dimensional electrode configuration numerical experiments.  For 

linear configurations of vertical electrodes, the same-polarity spacing is recommended to 

not be less than one-third to one-quarter of the anode-cathode spacing, and greater oxidant 

coverage could be achieved by locating additional oxidant injection wells at the divergence 

points of the electric field.  Horizontal electrodes allowed greater contact between the 

injected permanganate and contaminant and have the potential to result in faster 

degradation than vertical electrodes.  Investigated implementation approaches of periodic 

oxidant injection, closer electrode spacing and electric field reversal also resulted in faster 

EK-ISCO remediation. 

 

The developed numerical model and the findings presented in this thesis have important 

implications for the deployment of EK-ISCO remediation.  This study is also relevant to 

other electrokinetic applications that depend on the contact between the amendment and 

the contaminant (e.g. electrokinetic-bioremediation). 
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Chapter 1  

Introduction 

1.1 Background and Motivation 

The significance of chemical contamination of groundwater and the associated adverse 

health effects have been recognised since the 1970s.  In the U.S. alone, there are 30,000 to 

50,000 sites with contaminated groundwater, of which 80% are contaminated with organic 

chemicals (Pankow and Cherry 1996; Kavanaugh et al. 2003).  The properties and stability 

of these compounds can result in high contaminant concentrations over a long time frame.  

The life-cycle remediation cost for a relatively small contaminated site is estimated to be in 

the order of $5 million dollars (Dr D.A. Reynolds, 2011, pers. comm., 1 Nov.). 

 

The effective remediation of low-permeability porous media (i.e. hydraulic conductivity of 

less than 10-5 m/s) contaminated with dissolved and sorbed organic contaminants is 

probably the most significant remaining challenge in the environmental restoration of 

highly contaminated sites.  In a contaminant plume, the concentration gradient between 

high- and low-permeability media will result in the gradual migration and accumulation of 

contaminants in less permeable areas.  These accumulations may become a substantial 

component of the residual, post-cleanup contaminant mass and act as a long-term 

secondary source by diffusing back (known as “back-diffusion”) to the surrounding aquifer 

(e.g. Reynolds and Kueper 2002; Chapman and Parker 2005; McGuire et al. 2006). 

 

In low-permeability sediments the currently applied remediation methods, such as pump-

and-treat and in situ chemical oxidation (ISCO) technology, are often ineffective.  ISCO is 

an in situ technology, in which the contaminant source zone and downgradient plume is 

flushed with chemical oxidants to directly degrade the contaminant mass (ITRC 2005).  

However, the oxidant penetration in low-permeability media is limited by the slow, 

diffusion-dominated transport rate and high organic matter content.  Furthermore, the 

oxidant migrates more readily through the higher permeability zones, effectively by-passing 

the low-permeability zones.  The delivery of the amendment can be enhanced through 

injection under sufficient pressure or velocity to fracture the low-permeability media.  

However, the fracture geometry may increase the mobility or distribution of the 

contaminant (ITRC 2005; Christiansen et al. 2010).  The ineffectiveness of ISCO in this 
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type of setting is demonstrated in a survey by Krembs et al. (2011), in which six of eight 

low-permeability, heterogeneous sites suffered concentration rebounds of the contaminant 

after ISCO treatment. 

 

In electrokinetic (EK) remediation, a low electric potential or current is applied to 

electrodes installed in wells throughout the contaminated zone.  EK is significantly more 

effective than technologies that rely on a hydraulic potential in driving fluid and chemical 

species fluxes in low-permeability sediments and has significant potential for environmental 

remediation (Alshawabkeh et al. 1999; Yeung 2006).  Traditionally the EK method has 

been used to directly transport contaminants to either the anode or cathode, where they 

can be extracted (e.g. Eykholt 1992; Acar and Alshawabkeh 1993; Shapiro and Probstein 

1993).  However, more recent studies have investigated the coupling of EK transport with 

other remediation technologies, such as bioremediation or ISCO, in which suitable 

amendments are injected into the subsurface under a low hydraulic gradient or without 

injection pressure and driven into the contaminated zone (including low-permeability 

zones) under an electric gradient.  

 

Two types of oxidants are used in ISCO – oxidants that undergo catalysis to produce more 

reactive free radicals (Fenton reagent, persulfate), and oxidants that react through direct 

electron transfer (permanganate).  This thesis focused predominantly on the use of 

persulfate and permanganate in EK-ISCO applications, of which knowledge and research 

is at a relatively early stage compared to other environmental applications of EK.   

 

To date, investigations into EK-ISCO have mainly comprised bench-scale experimental 

studies that demonstrated the feasibility of the process (e.g. Yang and Long 1999; Isosaari 

et al. 2007; Reynolds et al. 2008).  Although several studies have demonstrated the EK 

transport of permanganate in clay (Thepsithar and Roberts 2006; Reynolds et al. 2008; 

Hodges 2010), other research found limited permanganate migration that was likely due to 

in situ conditions (Gent et al. 2002; Roach and Reddy 2006).  An understanding of the 

relative effects of hydraulic, engineering and EK parameters and heterogeneity on the 

technology is still lacking.  Furthermore, it is currently unknown if the field approaches 

developed for contaminant removal and enhanced biodegradation by EK are also directly 

applicable to EK-ISCO. 

 

The research to date has demonstrated the significant potential for EK-ISCO in the 

remediation of contaminated low-permeability sites.  This study aims to expand the current 
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knowledge and optimise the efficacy of electrokinetic remediation, by utilising a numerical 

modelling approach that is highly beneficial for studying and isolating key controls.  The 

research examined the impacts of the fundamental controls and parameters of the 

EK-ISCO remediation process and optimal approaches for field implementation. 

1.2 Objectives of Research Project 

The broad objective of the research project was to investigate the efficacy of the EK-ISCO 

technology in the remediation of contaminated low-permeability sites.  In addition, an 

understanding of the underlying processes and necessary conditions is essential for 

successful remediation.  A numerical modeling approach was utilized to address these 

issues, with the research project focusing on the following detailed aims: 

 Develop and validate a three-dimensional, coupled hydraulic and electrokinetic 

flow and reactive solute transport numerical model, 

 Investigate the impact of the voltage gradient on the mass influx of oxidant, 

 Evaluate the effects and relative importance of hydraulic and electrokinetic 

properties and heterogeneity on key remediation measures, and  

 Assess optimal approaches and electrode configurations for a field-scale 

implementation. 

1.3 Thesis Structure 

This thesis is presented as a series of scientific papers that resulted from this study.  The 

chapters of the thesis comprise an introduction, literature review, three main chapters (for 

each of the three scientific papers), and conclusion.  The chapters of the scientific papers 

can either be read separately or as part of the whole thesis.  Each of these chapters contain 

an independent introduction and background, methods, results and discussion sections, 

although some overlap was unavoidable as each chapter is concerned with a related 

research aim. 

 

In the current chapter, the context for this study is established.  It also presents the scope 

and aims of the research.  Chapter 2 presents the background literature review relevant to 

the research, including key definitions and concepts referred to throughout this study. 

 

Chapter 3 describes the development and validation of the comprehensive reactive 

electrokinetic remediation model PHT3D-EK, which was used throughout this research.  

The model was utilised to investigate how the fate of the injected amendment is affected by 
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the changing voltage gradient.  Based on this knowledge, an analytical method is presented 

to predict the achievable amendment concentration under EK transport conditions. 

 

In Chapter 4, the numerical model is utilised in a sensitivity analysis of a range of EK, 

hydraulic and engineering parameters on the performance of EK-ISCO remediation.  The 

study also examined the efficacy of the EK transport of an oxidant in constructed, 

heterogeneous aquifer systems. 

 

Chapter 5 discusses optimal approaches and electrode configurations for the 

implementation of EK-ISCO at the field scale.  Using numerical two-dimensional models 

that incorporate the changing voltage field, implementation approaches were assessed 

including the electrode spacing and polarity reversal.  The numerical investigation included 

linear and radial electrode configurations and the placement of oxidant injection wells.   

 

The sixth chapter is the closing discussion, providing a summary of the main findings of 

this thesis and its significance.  It also discusses recommendations for future research 

arising from this study.  
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Chapter 2  

Literature Review 

2.1 Introduction 

This chapter is a review of the literature relevant to this study.  The topics include the 

implementation and reactions involved with in situ chemical oxidation and the investigated 

oxidants of persulfate and permanganate.  The processes, field implementation and 

numerical modelling of electrokinetic remediation are also discussed, as is previous research 

on the combined electrokinetic in situ chemical oxidation process. 

2.2 In Situ Chemical Oxidation 

Multiple ex situ and in situ treatment technologies have been developed to treat 

contaminated groundwater, including containment, pump-and-treat, cosolvent and 

surfactant flushing, air injection, in situ thermal technologies, biodegradation and chemical 

degradation (Kavanaugh et al. 2003; Stroo and Ward 2010).  The selection of a technology 

depends on the remediation goals and timeframe for a contaminated site.  The advantages 

of utilising biological or chemical processes are the removal and destruction of organic 

contaminants, and for in situ chemical oxidation (ISCO), include low reagent costs and 

potentially rapid treatment. 

 

ISCO involves the flushing of the contaminant source zone and downgradient plume with 

chemical oxidants to directly degrade the contaminant mass (ITRC 2005).  Contaminants 

amenable to the treatment include organic pesticides, chlorinated solvents and petroleum 

products.  Hydrogen peroxide, persulfate and permanganate are the oxidants utilised in 

both the hydraulic and EK applications of ISCO.  Hydrogen peroxide and persulfate 

undergo catalysis to produce more reactive free radicals, in contrast to permanganate which 

reacts through direct electron transfer (ITRC 2005).  The following sections describe 

oxidant delivery methods, and the reactions and behaviour of the two oxidants investigated 

in this study, persulfate and permanganate. 
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2.2.1 Oxidant Injection Methods 

The oxidant can be injected into the subsurface environment through several methods, 

such as injection probes or wells (with injection at ambient or high pressures), fracturing, 

physical mixing and treatment wells (Stroo and Ward 2010; Simpkin et al. 2011).  These 

methods rely on advective and diffusive processes to distribute the oxidant in the 

subsurface.  However, the oxidant penetration in low-permeability media is limited by the 

slow diffusion-dominated transport rate and high organic matter content.  The current 

approaches generally result in poor uniformity of oxidant delivery and the oxidant is only 

able to treat a small part of the total contaminated volume (Siegrist et al. 2001; Stroo and 

Ward 2010).  As effective ISCO treatment requires contact between the oxidant and 

contaminant, the technology is ineffective in low-permeability or high heterogeneity media. 

 

Strategies developed for low-permeability media include soil mixing and fracturing 

methods (including that caused by pressurised injection).  However, these are aggressive 

techniques that result in site disturbance and in the case of fracturing, the fracture geometry 

may create preferential flow paths for the oxidant or contaminant (Walden 1997; 

Christiansen et al. 2010).  Direct injection is only effective with a high-density delivery 

system, in which probe injections are made within 0.6 to 1.2 m of each other (Siegrist et al. 

2001). 

2.2.2 Persulfate 

Persulfate is commonly applied as a sodium salt in environmental applications.  Persulfate 

anions (S2O8
2-) are relatively stable oxidants that have a relatively slow reaction with organic 

contaminants, although it can be activated to produce stronger oxidants of sulfate free 

radicals (SO4
•-) (ITRC 2005; Stroo and Ward 2010).  Activation may occur through the 

application of heat, UV radiation and transition metal catalysts including ferrous iron 

(Fe(II)) salts (Waldemer et al. 2007): 

 S2O82- + initiator → SO4•- + (SO4•- or SO42-) (2.1) 

 S2O82- + Mn+ → SO4•- + SO42- + Mn+1  (2.2) 

where Mn+ represents low-valent metals.  Persulfate is also highly reactive in acidic (pH<3) 

and alkaline (pH>10) conditions.  Reactions involving the sulfate free radical may result in 

the formation of additional reactive radicals, including hydroxyl and organic radicals (ITRC 

2005; Waldemer et al. 2007). 
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Persulfate decomposition is the most significant non-beneficial reaction (Stroo and Ward 

2010).  Persulfate will also react with reduced metals but not appreciably with natural 

organic matter.  Chloride, carbonate and bicarbonate ions may act as scavengers for the 

persulfate free radical and reduce the effectiveness of the oxidant (ITRC 2005). 

2.2.3 Permanganate 

Commonly applied as sodium or potassium salts, permanganate (MnO4
-) is more selective 

than other oxidants and has a slower rate of reaction that facilitates its delivery and 

transport in the subsurface (Waldemer et al. 2007).  Possessing a high aqueous solubility, 

the reactivity is a function of pH (Siegrist et al. 2001):   

pH < 3.5 MnO4- + 8H+ + 5e- → Mn2+ + 4H2O (2.3) 

3.5 < pH < 12 MnO4- + 2H2O + 3e- → MnO2(s) + 4OH- (2.4) 

pH > 12 MnO4- + e- ↔ MnO42- (2.5) 

 

Permanganate has a unique affinity for oxidizing organic compounds containing carbon-

carbon double bonds, aldehyde groups, or hydroxyl groups (ITRC 2005).  The 

stoichiometry and kinetics of permanganate oxidation at contaminated sites may be 

complex due to the numerous reactions in which manganese could participate due to 

multiple valence states and mineral forms (Siegrist et al. 2001).  The typical end products in 

reactions with organic contaminants are carbon dioxide, chloride and water. 

 

The degradation scenario considered in this study was the oxidation of tetrachloroethene 

(PCE) by permanganate.  PCE is a chlorinated solvent, and is one of the most widely used 

cleaning and degreasing solvents in the U.S.  Present in pure form as a dense non-aqueous 

phase liquid (NAPL), PCE is the fourth most commonly found organic contaminant at 

U.S. Superfund hazardous waste sites (Stroo and Ward 2010).  This and other chlorinated 

ethenes are effectively treated by permanganate as the reaction cleaves the double bond 

between the carbon atoms.  The oxidation of PCE by permanganate is represented as 

(Siegrist et al. 2001): 

 C2Cl4 (aq) + 4/3MnO4- + 4/3H2O  2CO2 + 4Cl- + 4/3MnO2(s) + 8/3H+ (2.6) 

Published experimental second-order reaction rates are shown in Table 2.1. 
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Table 2.1 Published second-order rates for PCE oxidation by permanganate. 

Reaction rate (M-1s-1) Reference 

0.045 (± 0.03) Yan and Schwartz (1999) 

0.041 (± 0.011) Hood et al. (2000) 

0.035 (± 0.004) Huang et al. (2002) 

0.028 (± 0.001) Dai and Reitsma (2004) 

0.043 Waldemer and Tratnyek (2006) 

0.027 to 0.036 Hønning et al. (2007) 

 

The chemical reaction produces manganese dioxide (MnO2), an insoluble precipitate that 

may reduce the soil permeability and limit contact with the contaminant (Stroo and Ward 

2010).  The effect of the MnO2 precipitate is dependent on the concentration of the 

contaminant, and the injection rate and concentration of permanganate. 

 

The reaction product carbon dioxide (CO2) is a weak acid and is present predominantly as 

dissolved CO2 at low pH values.  At neutral and high pH values, the dominant species are 

bicarbonate (HCO3-) and carbonate (CO3
2-) respectively (Appelo and Postma 2007).  

Generation of sufficient quantities of CO2 gas may alter mass transfer pathways, 

particularly due to flow bypassing gas-saturated areas, and mobilise NAPL.  However, this 

issue was only significant at high concentrations of oxidant or organic contaminant, or at 

low flow velocities (Hønning 2007; Petri et al. 2008).  Extensive permeability reduction has 

been observed due to MnO2 precipitation and CO2 production in some laboratory studies, 

however permeability reductions has not occurred to the same extent in field applications 

(though it is possible in the vicinity of NAPL zones) (Siegrist et al. 2001; Hønning 2007). 

 

The main non-beneficial consumption of permanganate is with immobile, sediment-bound 

reductants, including organic aquifer matter (Section 2.2.4).  Permanganate can react with 

water and auto-decompose at very slow rates (Rees 1987; Stroo and Ward 2010): 

 4MnO4- + 2H2O  4MnO2(s) + 3O2 + 4OH- (2.7) 

The presence of MnO2 will catalyse the decomposition of permanganate, though it is not 

known to what extent. 

2.2.4 Natural Oxidant Demand 

Natural oxidant demand (NOD) is defined as the reaction of permanganate with immobile, 

sediment-bound reductants such as sediment-bound organic matter (OAM) or reduced 

minerals such as pyrite (FeS2) and siderite (FeCO3) (e.g. Hartog et al. 2004; Mumford et al. 
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2005; Descourvières et al. 2010).  Of the oxidants used in ISCO, permanganate is unique in 

that it reacts readily and substantially with OAM.  The reaction between permanganate and 

OAM can be described by (Mumford et al. 2005): 

 3CH2O + 4MnO4-  3CO2 + 4MnO2(s) + H2O + 4OH- (2.8) 

 

Various process-based model approaches exist for the consideration of the oxidant 

consumptions induced by the minerals (e.g. Herold et al. 2011) and other species 

comprising the NOD.  Studies have shown the reaction between OAM and permanganate 

occurs with different degrees of reactivity and a reasonably simple, while still realistic 

approach to capture the variations in the reactivity of OAM (while neglecting other 

reductants) is to define two distinct rates to represent both faster and more slowly 

degradable organic matter (e.g. Mumford et al. 2005; Xu and Thomson 2009).  Published 

second-order rate constants for a bulk soil medium from laboratory experiments are shown 

in Table 2.2.  The main factors controlling the reaction rate are the permanganate to aquifer 

solids mass loading ratio, initial permanganate concentration and nature and quantity of 

reduced aquifer material species (Xu and Thomson 2009). 

 

Table 2.2 Published second-order rates for reaction between permanganate and reduced 

constituents of aquifer materials. 

Second-order reaction 
rate (M-1s-1) 

Soil type Reference 

450 Fine-grained sand Zhang and Schwartz (2000) 

6 x 10-1 to 5 x 10-2 (fast); 

3.1 x 10-4 (slow) 

Fine to coarse sand 
(includes loamy sand) 

Jones (2007); Xu and 
Thomson (2009) 

3 x 10-3 to 3 x 10-5 Clay Hood and Thomson (2004, 
in Mundle 2006) 

3 x 10-2 to 3 x 10-5 Low organic carbon 
aquifer 

Mumford (2002, in Mundle 
2006) 

3 x 10-2 to 8 x 10-6 Clayey till Hønning et al. (2007) 

 

The NOD is an important factor in determining the required oxidant dosage (Stroo and 

Ward 2010).  However, measurements may vary greatly depending on the duration of 

exposure and permanganate loading (Table 2.3). 

 

 

 

 



 12 

Table 2.3 NOD from published laboratory studies. 

NOD (g MnO4
-/kg 

of soil) 
Soil type Reference 

0.15-1.2 Sandy material Mumford et al. (2005) 

2-100 Sand; silty sand Xu and Thomson (2009) 

0.5-2 Glacial meltwater sand Hønning et al. (2007) 

1-8 Sandy till Hønning et al. (2007) 

5-20 Clayey till Hønning et al. (2007) 

11 Silty clay soil Struse et al. (2002) 

2.5-5.6 Aerobic sediment Greenburg et al. (2004, 
in Hønning et al. 2007) 

 

2.3 Electrokinetic Processes 

EK remediation involves the application of a low electric potential or current from 

electrodes installed in wells throughout the contaminated zone (Alshawabkeh 2001).  The 

electric field induces the transport mechanisms of electroosmosis, electromigration and 

electrophoresis (Figure 2.1), which describe the movement of the liquid, and charged 

dissolved chemical species and solid phases respectively (Yeung 2006).  Electroosmosis and 

electromigration are described in the following sections.  Electrophoresis is generally 

ineffective in fine-textured or low-permeability compacted soils (Probstein and Hicks 

1993), and was not considered in this study.  Studies have shown that inorganic, organic 

and radioactive compounds can be transported by EK phenomena as long as the substance 

exists as a mobile phase within the soil matrix (Alshawabkeh 2001; Yeung 2006).  The main 

advantage of EK remediation is the similar transport rates for solute species in varying 

sediments including low-permeability media, unlike remediation methods that rely on a 

hydraulic gradient.  

2.3.1 Flow and Transport Processes in an Electrokinetic System 

Groundwater flow occurs due to the background hydraulic gradient, and results in 

hydraulic advective transport,  diffusion, and dispersion of dissolved chemical species.  In 

an electrokinetic system, additional transport mechanisms of electroosmosis and 

electromigration are induced by the electric field with the pore fluid and charged dissolved 

species migrating along the electric field lines defined by the placement of electrodes 

(Probstein and Hicks 1993).  The geochemistry is also important, as electrolysis reactions at 

the electrodes result in the generation and migration of acid and base fronts from the 
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anode and cathode respectively (Figure 2.1).  These processes are discussed in the 

following sections. 

 

 

Figure 2.1 Electrokinetic processes (arrows) of (1) electroosmosis and (2) electromigration.  

Acid and base front migration also shown (modified from Yeung 2006).   

2.3.1.1 Hydraulic Flow and Advection 

Darcy's law describes the flow rate of water through a porous medium, based on the 

gradient of hydraulic head (Fetter 2001):   

         (2.9) 

where Kh is the hydraulic conductivity (m/d), A is the cross-sectional area (m2) and h is the 

potentiometric head (m).  Advective transport describes the transport of solutes due to the 

hydraulic flow, with the average linear velocity vx (m/d) being the flux rate of water across a 

unit cross-sectional area of pore space in the x direction (Fetter 2001):  

 
   

  

 
   (2.10) 

where n is the porosity of the soil.  The amount of solute transported by advection is a 

function of the concentration in groundwater and the quantity of flowing groundwater.  

During EK treatment, advection of solutes is caused by the background hydraulic gradient, 

as well as electroosmosis (described below).  Advective transport generally dominates 

(relative to diffusion) in field applications in hydraulic flow (Fetter 1999; Zheng and Wang 

1999), and in EK applications (combined with electromigration) (e.g. Acar et al. 1997; 

Hodges 2010).  
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2.3.1.2 Diffusion and Dispersion 

Molecular diffusion occurs where a concentration gradient exists, with the solute moving 

from an area of greater concentration to an area with lower concentration (Fetter 1999).  

Diffusion is slower in porous media than in water due to the longer flowpaths around soil 

grains, and is described using the effective diffusion coefficient Di* (m2/d) for a chemical 

species i: 

 Di* = nDi (2.11) 

where Di is the diffusion coefficient in free solution (m2/d).  Under a hydraulic gradient, 

molecular diffusion is the primary transport mechanism occurring in low-permeability 

sediments, (e.g. clay deposits) due to the very low groundwater flow, however under most 

groundwater flow conditions, there is sufficient flow that diffusion is insignificant (Fetter 

1999; Zheng and Bennett 2002).  In EK applications in soils including low-permeability 

sediments, electroosmosis increases the advective transport, and combined with 

electromigration, result in diffusion being generally insignificant (e.g. Acar et al. 1997; 

Hodges 2010). 

 

Mechanical dispersion describes the mixing and spreading of the solute along the flowpath 

due to the solute-containing water travelling at different velocities (Zheng and Bennett 

2002).  This is caused by the fluid moving faster in the centre of pores than at the edges, 

some of the fluid particles travelling longer flowpaths, and faster flow through some pores 

that are larger.  The dispersion is expressed along the longitudinal and transverse 

components of the flowpath by: 

 Mechanical dispersion coefficient = αxvx (2.12) 

where αx is the dynamic dispersivity in the x direction (m). 

 

The hydrodynamic dispersion coefficient Dx (m
2/d) is a pragmatic approach that is often 

used to describe the combined effect of molecular diffusion and mechanical dispersion, as 

the two processes are not separable in flowing groundwater (Fetter 1999; Zheng and Wang 

1999).  The coefficient is represented as, for either the longitudinal and transverse 

directions of the flowpath: 

 Dx   αxvx + Di* (2.13) 

2.3.1.3 Electroosmosis 

In the pore fluid, counterions or ions with opposite charge to the soil mineral surface are 

held tightly to the surface by strong electrostatic forces to maintain charge neutrality within 
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the porous medium (Probstein and Hicks 1993).  Additional counterions diffuse away from 

the particle due to the concentration gradient, although the escaping tendency is 

counteracted by the electrical attraction of the mineral surface.  This mobile layer of 

counterions in the vicinity of the surface of the soil particle is called the diffuse double 

layer.  Imposing an electrical gradient drives the migration of the mobile counterion shell to 

the oppositely charged electrode, transferring momentum to surrounding fluid molecules 

via viscous forces.  The resulting flow of the pore fluid is known as electroosmosis (Yeung 

2006). 

 

Dissolved and immiscible species migrate with the electroosmotic flow of the pore fluid.  

Studies have shown electroosmotic flow is the main transport mechanism for molecular 

substances, including uncharged and weakly dissociated organic contaminants (e.g. phenol) 

(Shapiro and Probstein 1993; Wittle and Pamukcu 1993). 

 

Of the various models put forward to describe electroosmotic flow, the Helmholtz-

Smoluchowski theory is the most widely accepted model and reasonably predicts 

electroosmotic flow for most soils (Page and Page 2002; Mitchell and Soga 2005).  This 

equation represents the soil as a collection of parallel plates or straight capillaries of 

uniform interfacial potential.  The Helmholtz-Smoluchowski theory defines the 

electroosmotic conductivity Keo (m
2/Vd) as: 

 
     

   

 
 (2.14) 

where  is the permittivity of pore fluid between the hypothetical plates (C/Vm), is the 

zeta potential (V), and  is the viscosity of the pore fluid (kg/d.m).  The permittivity relates 

the displacement of electrons within a molecule (polarization)  to the applied electric field 

(Inan and Inan 1999), and the zeta potential is the electric potential at the shear plane 

within the diffuse double layer and parallel to the surface of the soil particle that divides the 

fixed and mobile ion regions (Saichek and Reddy 2005).  Based on available experimental 

and field data, the electroosmotic conductivity is generally within 10-9 to 10-8 m2/Vs and is 

relatively independent of soil type (Yeung 2006).  Higher values are attributed to soils with 

high water contents, low electrolyte concentrations, and low activities (soil activity 

describes soil plasticity, or the degree of clay-like behaviour when wetted) (Acar et al. 

1994).  The direction of flow is determined by the zeta potential, with flow generally 

towards the cathode due to the normally negative zeta potential of soils.  The zeta 

potential, and therefore the electroosmotic conductivity, may vary over time as the zeta 
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potential is dependent on the pore fluid pH, ionic strength and types of ionic species, 

temperature and types of clay minerals (Vane and Zang 1997). 

 

Analogous to Darcy’s law for hydraulic flow, the electroosmotic flow rate Q can be 

described based on the imposed electrical gradient V (Page and Page 2002).  

 Q = KeoAV (2.15) 

where A is the total cross-sectional area perpendicular to the flow direction (m2).  The 

electroosmotic advection is dependent on the soil mineralogy and pore fluid chemistry, and 

is strongly influenced by porosity and zeta potential, but not the pore size distribution 

(Acar and Alshawabkeh 1993; Wittle and Pamukcu 1993). 

2.3.1.4 Electromigration 

Electromigration is the transport of charged ions in the pore fluid towards the electrode of 

opposite polarity (Alshawabkeh 2001).  Cationic and anionic species will accumulate at the 

cathode and anode respectively.  It is the dominant transport mechanism for dissolved 

charged species, such as heavy metal ionic species and dissociated organic compounds, 

where the zeta potential of the soil is absent or small (Denisov et al. 1996).  The main 

factors influencing electromigration include the applied electric field strength, ionic 

concentration, the charge of the present ionic species and the ionic mobility ui
0. 

 

Assuming that the Nernst-Townsend-Einstein relationship between the diffusion 

coefficient Di and ui
0 is applicable to ions in the pore fluid, the effective ionic mobility ui* 

can be theoretically estimated as (Alshawabkeh 2001): 

 
  

    
    

  
      

   
 (2.16) 

where is the tortuosity of the medium, Rg is the universal gas constant (8.3145 J/K.mol), 

T is the temperature (K), zi is the valence of ion i, and F is the Faraday constant 

(96,500 C/mol).  The effective ionic mobility in saturated fine-grained soils is generally 

within the range of 3 x 10-9 to 1 x 10-8 m2/Vs (Yeung 2006).  It is important to note that the 

ionic mobility as defined above may result in overestimation of the electromigration rate, 

because individual ion mobilities are reduced as the ionic strength increases (Mattson et al. 

2002a). 
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2.3.1.5 Electrolysis Reactions 

Electrolysis reactions that occur at the electrodes during EK can have an important 

influence on the transport phenomena.  The prevailing reaction is the electrolysis of water 

(shown below), although some secondary reactions may be favoured at the cathode at later 

stages (Alshawabkeh 2001): 

 2H2O - 4e- → O2(g) + 4H+  (anode) (2.17) 

 4H2O + 4e- → 2H2(g) + 4OH-  (cathode) (2.18) 

 

The acid and base generated at each electrode migrates into the soil towards the electrode 

of opposite polarity by electroosmosis and electromigration (Alshawabkeh 2001).  

However, the migration of the acid front is much faster, due to the greater ionic mobility of 

the hydrogen ions (H+) and the electroosmotic counterflow retarding migration of the base 

front.  Depending on the acid buffer capacity of the soil, most of the soil volume may 

become acidic after some time except in the region adjacent to the cathode.  However, the 

acid and base formation at the electrodes can be mitigated using conditioning techniques 

such as buffering agents and ion exchange membranes (Yeung and Gu 2011). 

2.3.2 Governing Equations 

The governing equation for flow is derived based on the law of mass conservation in a 

small representative elementary volume of a porous medium, and incorporates the 

hydraulic flow and electroosmosis (Shapiro and Probstein 1993; Alshawabkeh and Acar 

1996): 

 
  

  

  
     

2 +     
2  (2.19) 

where SS is the specific storage (m-1) and t is time (d). 

 

Similarly, the governing equation for reactive solute transport is based on the conservation 

of mass of solute flux in a saturated porous medium.  The total mass transport of a 

chemical species i under combined hydraulic, electrical and chemical concentration 

gradients is described by (Alshawabkeh 1994): 

    

  
     

2           
 +       +       +        

 (2.20) 

where Dxy is the hydrodynamic dispersion coefficient (m2/d), Ci is the aqueous 

concentration of species i (mol/L), and rreac,i is a source/sink rate due to a chemical reaction 

(mol/L.d). 
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As previously discussed, in EK applications electromigration and advective transport due 

to the underlying hydraulic gradient and electroosmosis will dominate (relative to 

diffusion).  Electroosmotic flow and hydraulic flow (if in the same direction) towards the 

cathode will alternately enhance and retard the electromigration of cations and anions 

respectively.  The relative contribution of electroosmosis and electromigration is dependent 

on the soil type, water content, types of species present, pore fluid chemistry and the 

electrode conditions (Acar and Alshawabkeh 1993). 

 

The electric potential distribution across the soil is described due to diffusional and 

migrational charge fluxes (Alshawabkeh and Acar 1996): 

 
  

  

  
         

2  +        

 

   

 (2.21) 

where Cp is the electrical capacitance per unit volume (farad/m3) and N is the total number 

of species.  The effective electrical conductivity, σ*, of the porous medium due to charge 

flux is given by: 

 
         

   

 

   

 (2.22) 

In deriving these equations (Alshawabkeh and Acar 1996), it was assumed that the soil pore 

fluid has a relatively high ionic strength such that the contribution of the free pore fluid is 

more significant than other charge transport mechanisms (i.e., the contribution of soil 

particles and diffuse double layer ions to charge transport is negligible).  The soil is also 

assumed to have zero electrical capacitance (Alshawabkeh 1994). 

2.4 Electrokinetic Remediation 

2.4.1 Electrokinetic Applications 

Electroosmosis has been used in the past by geotechnical engineers to dewater soils and 

sludges and stabilise embankments (e.g. Casagrande 1949; Esrig 1968).  Since the mid-

1980s, EK has been used in environmental applications to remove and concentrate 

dissolved heavy metals and hydrocarbons from contaminated soil (Yeung 2011). 

 

EK removal alone is often insufficient to achieve the required levels of remediation, and 

there has been research into enhancing the process by coupling with other remediation 

technologies (Yeung and Gu 2011).  For example, EK processes may be utilised to 

transport amendments to low-permeability soils to aid biological or chemical degradation 
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of contaminants.  Electrokinetic in situ chemical oxidation (EK-ISCO) remediation is based 

on this principle, utilising hydrogen peroxide, persulfate and permanganate oxidants. 

2.4.2 Electrokinetic-ISCO Remediation 

Investigations into EK-ISCO have focused on bench-scale studies that demonstrated the 

feasibility of the process and established the basic necessary conditions for EK transport 

(e.g. Isosaari et al. 2007; Reynolds et al. 2008).  Most studies have focused on 

permanganate, although Isosaari et al. (2007) and Robertson (2009) investigated the use of 

persulfate.   

 

With permanganate, several studies have demonstrated that the electromigration of the 

oxidant in clay was significantly faster than diffusion or hydraulic advection (Thepsithar 

and Roberts 2006; Reynolds et al. 2008; Hodges 2010).  Thepsithar and Roberts (2006) 

found that EK combined with permanganate increased the degradation of phenol to over 

90% in a contaminated clay core, although the combined electroosmotic flow of the phenol 

and electromigration of permanganate resulted in the main reaction zone being at the 

cathodic end.  Fernandez (2010) showed that permanganate injection from a central well in 

bench-scale experiments combined with daily polarity reversal resulted in higher mass 

influx of the oxidant, although some of the oxidant migrated back into the well after each 

reversal. 

 

However, other research found limited permanganate migration that was likely caused by in 

situ conditions (Gent et al. 2002; Roach and Reddy 2006; Hodges 2010).  Some of the 

potential reasons for the ineffective transport are common to hydraulic ISCO applications, 

including excess iron and soil oxidant demand, and MnO2 precipitation (Gent et al. 2002; 

Roach and Reddy 2006).  Conditions encountered due to the applied electric field are also 

important, such as the reduction of permanganate at the cathode (Thepsithar and Roberts 

2006).  Hodges (2010) found that the formation of acidic conditions in the soil due to 

electrolysis at the electrodes stalled the permanganate migration. 

 

For persulfate, Robertson (2009) found the EK mass flux of the unactivated anion in  

bench-scale kaolinite and peat cores were up to an order of magnitude greater than the 

diffusive flux.  Conducted in the absence of a contaminant, most of the persulfate 

degradation was due to the natural oxidant demand of the medium rather than pH and self-

decomposition.  Robertson (2009) also observed faster decomposition of 1,2-

dichloroethane in peat under EK-ISCO than by diffusion.  Isosaari et al. (2007) reported 
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that the EK-ISCO method using persulfate resulted in greater degradation of creosote than 

either EK or persulfate alone.  However as the oxidation occurred within a limited area and 

only 30% of creosote was destroyed, the persulfate, iron catalyst and creosote likely failed 

to come into sufficient, right-time contact to react with each other. 

2.4.3 Field Electrokinetic Implementation 

Alshawabkeh et al. (1999a; 1999b) compared electrode configurations through an analytical 

study of the inactive areas of the electric field and the time for a chemical species to be 

transported under EK (aimed at the physical transport and removal of a contaminant).  

They investigated one-dimensional (1D) configurations of rows of vertical anodes and 

cathodes, and two-dimensional (2D) configurations of outer anodes located equidistant 

from a central cathode.  They found that the electrode spacing in a 1D configuration had 

to be optimised to reduce the inactive electric field between electrodes, however the 

inactive area was smaller in 2D radial configurations due to the 2D, non-linear nature of 

the electric field.   

 

Several studies have found parallel plate electrodes to be beneficial, for example, Turer and 

Genc (2005) found this increased the removal efficiency for several heavy metals compared 

to a radial layout of eight outer anode rods and one central cathode.  This was attributed to 

both the inactive areas in the radial layout and the more acidic conditions with the plate 

electrodes that enhanced the metal removal.  Athmer and Ho (2009) reported that vertical 

planar steel plate electrodes resulted in more uniform current distribution and heating than 

cylindrical well-based electrodes. 

 

Instead of static electrode arrays, several EK-biodegradation studies found the process was 

enhanced by the reversal or rotation of electrodes.  Key benefits included minimising the 

inactive area in the electric field (Fan et al. 2006), less change in the soil pH and moisture 

content, and a more uniform distribution of injected nutrients (Luo et al. 2005; Harbottle et 

al. 2009; Xu et al. 2010).  The 2D nature of the electric field is also important, with 

Fan et al. (2007) finding that there was greater biodegradation from the periodic reversal of 

a radial electrode configuration rather than rotating a single electrode pair.  In terms of 

EK-ISCO, Fernandez (2010) showed that daily polarity reversal resulted in higher mass 

influx of the permanganate oxidant, although some of the oxidant migrated back into the 

injection well after each reversal. 
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Several studies have investigated the use of horizontal electrodes (generating a vertical 

electric field) in the removal of contaminants by EK, and found comparable removal 

efficiencies with vertical electrodes.  In laboratory experiments by Wang et al. (2006; 2007), 

heavy metals and organic contaminants were transported upwards by electroosmotic flow 

and concentrated near a surficial cathode, where the contaminants were easily removed.  

Kim et al. (2009) combined the method with complexing agents in the removal of 

radionuclides.  In comparing the use of horizontal and vertical electrodes, Zhang et al. 

(2010) found a combined system of horizontal and vertical electrodes prevented the 

downward migration of chromium (under a vertical hydraulic gradient) in addition to 

removing the chromium from the soil.  The use of horizontal electrodes was demonstrated 

in small- and large-scale field tests by Roulier et al. (2000), who used hydraulic fracturing to 

install granular electrode material in horizontal layers of 6 to 9 m in diameter.  The 

horizontal electrode layers allowed application at a greater depth, as well as the ability to 

combine the downward hydraulic gradient and electroosmotic flow.  Coupled with zero-

valent iron or biological treatment zones between the electrodes (called the ‘Lasagna’ 

method), the technology achieved decreases in trichloroethene concentrations at a test site 

(Roulier et al. 2000). 

2.5 Electrokinetic Numerical Models 

Analytical and numerical methods have been used in EK studies to determine the feasibility 

and optimisation of the removal of contaminants and to understand key factors controlling 

the EK process, such as the pH, geochemistry, and changes in the electrical gradient.  The 

use of analytical methods include the estimation of the pH fronts and ion migration, and 

demonstrate the theoretical feasibility of injecting sufficient amendment concentrations 

into the subsurface (e.g. Acar et al. 1990; Baraud et al. 1997; Thevanayagam and Rishindran 

1998).  However, the effects of individual processes on EK remediation are often not easily 

distinguishable due to the complex set of interrelated system parameters and processes, 

particularly for contaminant degradation.  Therefore a numerical modelling approach is 

highly beneficial in studying and isolating key controls, and ultimately optimising the 

efficacy of EK remediation.  The following sections describe significant developments in 

the theoretical formulation and numerical modelling of EK reactive transport. 

2.5.1 Theoretical Formulation 

Numerical models have been developed that simulate the complex multi-component 

species transport under coupled hydraulic, chemical and electric gradients and incorporate 
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key chemical reactions.  Modelling studies have focussed on the EK removal from 

contaminated soils of ionic salts (e.g. Mitchell and Yeung 1990; McKinley and Savvidou 

1997), heavy metals (e.g. Hicks and Tondorf 1994; Haran et al. 1997; Shiba et al. 2005), 

radionuclides (Yu and Neretnieks 1997) and organic compounds such as phenol and TCE 

(e.g. Shapiro and Probstein 1993; Chang et al. 2006).  No modelling studies to date have 

investigated the transport of oxidants or reductants used in biological or chemical 

degradation. 

 

Most EK modeling studies used similar governing equations (Equations (2.19) to (2.22)) 

that describe species transport under hydraulic, chemical and electrical gradients (e.g. Acar 

et al. 1990; Shapiro and Probstein 1993; Alshawabkeh and Acar 1996).  Based on the 

continuum approach and derived for an incompressible medium, the theoretical 

formulations described the coupled transport, electroosmotic consolidation, and the 

change in the electric field.  The models incorporated key geochemical processes, including 

electrolysis at the electrodes, sorption, and metal speciation.  Simplifying conditions were 

often adopted to reduce the computational demand and varied for each study.  Examples 

of these conditions include constant-in-time electroosmotic flux and a linear electric field 

distribution.  The modelling studies generally had reasonable agreement with bench-scale 

laboratory experiments (e.g. Shapiro and Probstein 1993; Alshawabkeh and Acar 1996). 

 

The following studies derived alternative governing equations.  Mitchell and Yeung (1990) 

derived a coupled flow theory based on the principles of irreversible thermodynamics.  

Yeung and Datla (1995) extended the model to include geochemical reactions such as pH 

changes and adsorption, although it neglected complex formation and precipitation.  The 

model was validated with an earlier study, but the discrepancy between the computed and 

measured values increased over time.  An alternative formulation for electroosmosis was 

presented by Paillat et al. (2000) that incorporated both the electroosmosis and streaming 

potential phenomena.  The model did not accurately reproduce EK behaviour in cases with 

chemical reactions occurring in the pore fluid and soil (Paillat et al. 2000).  The formulation 

used in most previous EK modeling studies (e.g. Alshawabkeh and Acar 1996) did not 

include a streaming potential as it was considered to be incorporated in the measured bulk 

soil hydraulic conductivity (Alshawabkeh 1997). 

 

One-dimensional models have mostly been used to predict the response of the system to 

the electrical field.  There is a need to address spatial heterogeneities in soil properties and 

pore water solution chemistry, and field applications involve additional degrees of freedom 
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that may change the solution in ways not easily extrapolated from a 1D model (Jacobs and 

Probstein 1996).  For example, the current density will vary with the geometry of the 

electrode array.  Jacobs and Probstein (1996), Liu and Lui (1997) and Vereda-Alonso et al. 

(2004) used 2D models to understand the factors influencing EK removal of heavy metals 

and phenol, and to optimise operating conditions through electrolyte neutralisation.  

Similarly, Mattson et al. (2002b) used a three-dimensional (3D) model to address spatial 

heterogeneities in moisture content during EK remediation. 

2.5.2 Electrokinetics and Geochemical Modelling  

This section describes the range of geochemistry that has been adopted in published EK 

modelling studies.  In early EK models, the geochemical modelling comprised mainly 

equilibrium-type equations describing key contaminant speciation and pH changes in the 

pore fluid (e.g. Shapiro and Probstein 1993; Alshawabkeh and Acar 1996).  Among the 

reactions included were water autoionisation, aqueous complexation, sorption, precipitation 

and dissolution of metals.  Sorption of key species was represented using empirical linear 

sorption isotherms. 

 

The accuracy of recent models has been improved by simulating the changes in the pore 

fluid pH and soil properties and the corresponding effects on the EK processes and target 

contaminants.  Based on experimental data, Kim et al. (2003) adopted an empirical 

relationship between the electroosmotic conductivity and the soil pH in their numerical 

simulations.  Airoldi et al. (2009) showed that proper representation of calcite dissolution 

and precipitation in a natural moderately carbonatic clay resulted in reasonable simulation 

of the soil property changes during EK, including the pH, void ratio and electrical 

conductivity.  In several modelling studies, metal adsorption and pH buffering were 

simulated through surface complexation reactions (Mascia et al. 2007; Al-Hamdan and 

Reddy 2008; Yeung et al. 2011).  Incorporating the physically based equations improved 

the predictive capability of these models, for example, Mascia et al. (2007) reported less 

than 5% difference between experimental and simulated profiles in the EK removal of 

cadmium. 

 

The main limitation of the models discussed above were that they were drastically 

simplified by incorporating a limited set of geochemical reactions that were only relevant to 

the specific contaminants (e.g. Eykholt 1992; Alshawabkeh and Acar 1996; Yu and 

Neretnieks 1996).  A more generalised modelling approach is still lacking that is sufficiently 



 24 

flexible to simulate a broader range of EK problems in combination with complex 

biogeochemical reactions. 

2.6 Summary 

In establishing the context for this project, the overview of the past research highlights the 

potential of the electrokinetic in situ chemical oxidation technology in the remediation of 

low-permeability contaminated soil.  However, several deficiencies were established in the 

current body of knowledge.  Firstly, an EK reactive transport numerical model is lacking 

that is capable of simulating a broad range of coupled EK and biogeochemical scenarios 

including EK-ISCO remediation.  There is also a need for further research into the 

fundamental processes and controls, including the influence of the system parameters and 

aquifer heterogeneity on the efficacy of the remediation technology.  In addition, the 

identification and evaluation of optimum electrode configurations and approaches is 

required as the overall design and engineering of the EK-ISCO system is important for its 

success.  The following work in this thesis is aimed at closing these gaps in knowledge. 

2.7 References 

Acar, YB and Alshawabkeh, AN 1993, 'Principles of electrokinetic remediation', 

Environmental Science and Technology, vol. 27, no. 13, pp. 2638-2647. 

Acar, YB, Gale, RJ, Putnam, GA, Hamed, J and Wong, RL 1990, 'Electrochemical 

processing of soils: Theory of pH gradient development by diffusion, migration 

and linear convection', Journal of Environmental Science and Health Part A Toxic-

Hazardous Substances & Environmental Engineering, vol. 25, no. 6, pp. 687-714. 

Acar, YB, Hamed, JT, Alshawabkeh, AN and Gale, RJ 1994, 'Cd(II) removal from 

saturated kaolinite by application of electrical current', Géotechnique, vol. 44, no. 3, 

pp. 239-254. 

Acar, YB, Rabbi, MF and Ozsu, EE 1997, 'Electrokinetic injection of ammonium and 

sulfate ions into sand and kaolinite beds', Journal of Geotechnical and Geoenvironmental 

Engineering, vol. 123, no. 3, pp. 239-249. 

Airoldi, F, Jommi, C, Musso, G and Paglino, E 2009, 'Influence of calcite on the 

electrokinetic treatment of a natural clay', Journal of Applied Electrochemistry, vol. 39, 

no. 11, pp. 2227-2237. 

Al-Hamdan, AZ and Reddy, KR 2008, 'Electrokinetic remediation modeling incorporating 

geochemical effects', Journal of Geotechnical and Geoenvironmental Engineering, vol. 134, 

no. 1, pp. 91-105. 



 25 

Alshawabkeh, A 1994, Theoretical and experimental modeling of removing contaminants 

from soils by an electric field, PhD dissertation, Louisana State University. 

Alshawabkeh, A 1997, 'Electrokinetic remediation. II: Theoretical model: Reply', Journal of 

Geotechnical and Geoenvironmental Engineering, vol. 123, no. 11, pp. 1080-1081. 

Alshawabkeh, A, Gale, RJ, Ozsu-Acar, E and Bricka, RM 1999a, 'Optimization of 2-D 

Electrode Configuration for Electrokinetic Remediation', Journal of Soil 

Contamination, vol. 8, no. 6, pp. 617-635. 

Alshawabkeh, A, Yeung, AT and Bricka, MR 1999b, 'Practical aspects of in-situ 

electrokinetic extraction', Journal of Environmental Engineering, vol. 125, no. 1, pp. 27-

35. 

Alshawabkeh, AN 2001, Basics and applications of electrokinetic remediation (short course notes), 

Northeastern University, Boston. 

Alshawabkeh, AN and Acar, YB 1996, 'Electrokinetic remediation. II: Theoretical model', 

Journal of Geotechnical Engineering, vol. 122, no. 3, pp. 186-196. 

Appelo, CAJ and Postma, D 2007, Geochemistry, groundwater and pollution, 2nd edn, A.A. 

Balkema Publishers, Leiden. 

Athmer, CJ and Ho, SV 2009, 'Field studies: organic-contaminated soil remediation with 

Lasagna technology', in Electrochemical remediation technolgies for polluted soils, sediments 

and groundwater, eds KR Reddy and C Cameselle, John Wiley and Sons, New Jersey. 

Baraud, F, Tellier, S and Astruc, M 1997, 'Ion velocity in soil solution during electrokinetic 

remediation', Journal of Hazardous Materials, vol. 56, no. 3, pp. 315-332. 

Casagrande, L 1949, 'Electro-osmosis in Soils', Geotechnique, vol. 1, no. 3, pp. 159-177. 

Chang, J-H, Qiang, Z and Huang, C-P 2006, 'Remediation and stimulation of selected 

chlorinated organic solvents in unsaturated soil by a specific enhanced 

electrokinetics', Colloids and Surfaces A: Physicochemical and Engineering Aspects, vol. 287, 

no. 1-3, pp. 86-93. 

Christiansen, CM, Damgaard, I, Broholm, M, Kessler, T, Klint, KE, Nilsson, B and Bjerg, 

PL 2010, 'Comparison of Delivery Methods for Enhanced In Situ Remediation in 

Clay Till', Ground Water Monitoring and Remediation, vol. 30, no. 4, pp. 107-122. 

Dai, Q and Reitsma, S 2004, 'Kinetic study of permanganate oxidation of 

tetrachloroethylene at a high pH under acidic conditions', Remediation Journal, vol. 

14, no. 4, pp. 67-79. 

Denisov, G, Hicks, RE and Probstein, RF 1996, 'On the kinetics of charged contaminant 

removal from soils using electric fields', Journal of Colloid and Interface Science, vol. 178, 

no. 1, pp. 309-323. 



 26 

Descourvières, C, Hartog, N, Patterson, BM, Oldham, C and Prommer, H 2010, 

'Geochemical controls on sediment reactivity and buffering processes in a 

heterogeneous aquifer', Applied Geochemistry, vol. 25, no. 2, pp. 261-275. 

Esrig, MI 1968, 'Pore pressures, consolidation and electrokinetics', Journal of the Soil 

Mechanics and Foundations Division, vol. 94, no. SM4, pp. 899-921. 

Eykholt, GR 1992, Driving and complicating features of the electrokinetic treatment of 

contaminated soils, PhD dissertation, The University of Texas at Austin. 

Fan, X, Wang, H and Luo, Q 2006, 'Optimization of electrode matrix for electrokinetic 

bioremediation', China Environmental Science, vol. 26, no. 1, pp. 34-38. 

Fan, X, Wang, H, Luo, Q, Ma, J and Zhang, X 2007, 'The use of 2D non-uniform electric 

field to enhance in situ bioremediation of 2,4-dichlorophenol-contaminated soil', 

Journal of Hazardous Materials, vol. 148, no. 1-2, pp. 29-37. 

Fernandez, A 2010, Optimisation of Electrokinetic in situ chemical oxidation, BE 

dissertation, University of Western Australia. 

Fetter, CW 1999, Contaminant Hydrogeology, 2nd edn, Prentice-Hall, New Jersey. 

Fetter, CW 2001, Applied Hydrogeology, 4th edn, Prentice-Hall, New Jersey. 

Gent, DB, Larson, SL, Marsh, C, Alshawabkeh, AN and Wu, X 2002, In-situ remediation using 

Electrokinetics mixing, injection, and transport: Draft final report, Strategic Environmental 

Research and Development Program, Arlington. 

Haran, BS, Popov, BN, Zheng, G and White, RE 1997, 'Mathematical modeling of 

hexavalent chromium decontamination from low surface charged soils', Journal of 

Hazardous Materials, vol. 55, no. 1-3, pp. 93-107. 

Harbottle, MJ, Lear, G, Sills, GC and Thompson, IP 2009, 'Enhanced biodegradation of 

pentachlorophenol in unsaturated soil using reversed field electrokinetics', Journal of 

Environmental Management, vol. 90, no. 5, pp. 1893-1900. 

Hartog, N, van Bergen, PF, de Leeuw, JW and Griffioen, J 2004, 'Reactivity of organic 

matter in aquifer sediments: geological and geochemical controls', Geochimica et 

Cosmochimica Acta, vol. 68, no. 6, pp. 1281-1292. 

Herold, M, Greskowiak, J, Ptak, T and Prommer, H 2011, 'Modelling of an enhanced PAH 

attenuation experiment and associated biogeochemical changes at a former 

gasworks site in southern Germany', Journal of Contaminant Hydrology, vol. 119, no. 1-

4, pp. 99-112. 

Hicks, RE and Tondorf, S 1994, 'Electrorestoration of metal contaminated soils', 

Environmental Science and Technology, vol. 28, no. 12, pp. 2203-2210. 

Hodges, D 2010, Permanganate electromigration in low permeability media, MEngSc 

dissertation, University of Western Australia. 



 27 

Hønning, J 2007, Use of in situ chemical oxidation with permanganate in PCE-

contaminated clayey till with sand lenses, PhD Thesis, Technical University of 

Denmark. 

Hønning, J, Broholm, MM and Bjerg, PL 2007, 'Quantification of potassium permanganate 

consumption and PCE oxidation in subsurface materials', Journal of Contaminant 

Hydrology, vol. 90, no. 3-4, pp. 221-239. 

Hood, ED, Thomson, NR, Grossi, D and Farquhar, GJ 2000, 'Experimental determination 

of the kinetic rate law for the oxidation of perchloroethylene by potassium 

permanganate', Chemosphere, vol. 40, no. 12, pp. 1383-1388. 

Huang, K-C, Hoag, GE, Chheda, P, Woody, BA and Dobbs, GM 2002, 'Kinetics and 

mechanism of oxidation of tetrachloroethylene with permanganate', Chemosphere, 

vol. 46, pp. 815-825. 

Inan, US and Inan, AS 1999, Engineering electromagnetics, Addison Wesley Longman, 

California. 

Isosaari, P, Piskonen, R, Ojala, P, Voipio, S, Eilola, K, Lehmus, E and Itavaara, M 2007, 

'Integration of electrokinetics and chemical oxidation for the remediation of 

creosote-contaminated clay', Journal of Hazardous Materials, vol. 144, no. 1-2, pp. 538-

548. 

ITRC 2005, Technical and regulatory guidance for In Situ Chemical Oxidation of contaminated soil and 

groundwater, In Situ Chemical Oxidation Team, Interstate Technology & Regulatory 

Council (ITRC), Washington, D.C. 

Jacobs, RA and Probstein, RF 1996, 'Two-dimensional modelling of  electroremediation', 

AIChE Journal, vol. 42, no. 6, pp. 1685-1696. 

Jones, LJ 2007, The Impact of NOD Reaction Kinetics on Treatment Efficiency, MAppSc 

dissertation, University of Waterloo. 

Kavanaugh, MC, Rao, PSC, Abriola, L, Cherry, J, Destouni, G, Falta, R, Major, D, Mercer, 

J, Newell, C, Sale, T, Shoemaker, S, Siegrist, RL, Teutsch, G and Udell, K 2003, The 

DNAPL remediation challenge: Is there a case for source depletion?, U.S. EPA/600/R-031–

143, U.S EPA National Risk Management Research Laboratory, Oklahoma. 

Kim, G-N, Yang, B-I, Moon, J-K and Lee, K-W 2009, 'Vertical Electrokinetic-Flushing 

Remediation', Separation Science and Technology, vol. 44, no. 10, pp. 2354 - 2370. 

Kim, SO, Kim, JJ, Yun, ST and Kim, KW 2003, 'Numerical and experimental studies on 

Cadmium (II) transport in kaolinite clay under electrical fields', Water, Air, and Soil 

Pollution, vol. 150, no. 1-4, pp. 135-162. 

Liu, B and Lui, R 1997, 'Electrokinetic remediation of contaminated soil', Nonlinear Analysis, 

vol. 30, no. 6, pp. 3391-3398. 



 28 

Luo, Q, Zhang, X, Wang, H and Qian, Y 2005, 'The use of non-uniform electrokinetics to 

enhance in situ bioremediation of phenol-contaminated soil', Journal of Hazardous 

Materials, vol. 121, no. 1-3, pp. 187-194. 

Mascia, M, Palmas, S, Polcaro, AM, Vacca, A and Muntoni, A 2007, 'Experimental study 

and mathematical model on remediation of Cd spiked kaolinite by electrokinetics', 

Electrochimica Acta, vol. 52, no. 10, pp. 3360-3365. 

Mattson, ED, Bowman, RS and Lindgren, ER 2002a, 'Electrokinetic ion transport through 

unsaturated soil: 1. Theory, model development, and testing', Journal of Contaminant 

Hydrology, vol. 54, no. 1-2, pp. 99-120. 

Mattson, ED, Bowman, RS and Lindgren, ER 2002b, 'Electrokinetic ion transport through 

unsaturated soil: 2. Application to a heterogeneous field site', Journal of Contaminant 

Hydrology, vol. 54, no. 1-2, pp. 121-140. 

McKinley, JD and Savvidou, C 1997, Numerical modelling of the electrokinetic remediation of heavy 

metal contaminated soil, TR-292, University of Cambridge, Cambridge. 

Mitchell, JK and Soga, K 2005, Fundamentals of soil behavior, 3rd edn, John Wiley and Sons, 

Hoboken. 

Mitchell, JK and Yeung, AT 1990, 'Electrokinetic Flow Barriers in Compacted Clay', 

Transportation Research Record, vol. 1288, pp. 1-9. 

Mumford, KG, Thomson, NR and Allen-King, RM 2005, 'Bench-Scale Investigation of 

Permanganate Natural Oxidant Demand Kinetics', Environmental Science and 

Technology, vol. 39, no. 8, pp. 2835-2840. 

Mundle, K 2006, Concentration Rebound Following In situ Chemical Oxidation in 

Fractured Clay, MSc(Eng) dissertation, Queen's University. 

Page, MM and Page, CL 2002, 'Electroremediation of contaminated soils', Journal of 

Environmental Engineering, vol. 128, no. 3, pp. 208-219. 

Paillat, T, Moreau, E, Grimaud, PO and Touchard, G 2000, 'Electrokinetic phenomena in 

porous media applied to soil decontamination', IEEE Transactions on Dielectrics and 

Electrical Insulation, vol. 7, no. 5, pp. 693-704. 

Petri, BG, Siegrist, RL and Crimi, ML 2008, 'Effects of Groundwater Velocity and 

Permanganate Concentration on DNAPL Mass Depletion Rates during In Situ 

Oxidation', Journal of Environmental Engineering, vol. 134, no. 1, pp. 1-13. 

Probstein, RF and Hicks, RE 1993, 'Removal of contaminants from soils by electric fields', 

Science, vol. 260, no. 5107, pp. 498-503. 

Rees, T 1987, 'The stability of potassium permanganate solutions', Journal of Chemical 

Education, vol. 64, no. 12, p. 1058. 



 29 

Reynolds, DA, Jones, EH, Gillen, M, Yusoff, I and Thomas, DG 2008, 'Electrokinetic 

migration of permanganate through low permeability porous media', Ground Water, 

vol. 46, no. 4, pp. 629-637. 

Roach, N and Reddy, KR 2006, 'Electrokinetic delivery of permanganate into low-

permeability soils', International Journal of Environment and Waste Management, vol. 1, 

no. 1, pp. 4-19. 

Robertson, TJ 2009, Electrokinetic transport of persulfate under voltage gradients, ME 

dissertation, University of Technology Sydney. 

Roulier, M, Kemper, M, Al-Abed, S, Murdoch, L, Cluxton, P, Chen, J-L and Davis-

Hoover, W 2000, 'Feasibility of electrokinetic soil remediation in horizontal 

Lasagna(TM) cells', Journal of Hazardous Materials, vol. 77, no. 1-3, pp. 161-176. 

Saichek, R, E.  and Reddy, K, R. 2005, 'Electrokinetically enhanced remediation of 

hydrophobic organic compounds in soils: a review', Critical Reviews in Environmental 

Science and Technology, vol. 35, no. 2, pp. 115-192. 

Shapiro, AP and Probstein, RF 1993, 'Removal of contaminants from saturated clay by 

electroosmosis', Environmental Science and Technology, vol. 27, no. 2, pp. 283-291. 

Shiba, S, Hirata, Y and Seno, T 2005, 'Mathematical model for hydraulically aided 

electrokinetic remediation of aquifer and removal of nonanionic copper', Engineering 

Geology, vol. 77, no. 3-4, pp. 305-315. 

Siegrist, RL, Urynowicz, MA, West, OR, Crimi, ML and Lowe, KS 2001, Principles and 

practices of in situ chemical oxidation using permanganate, Batelle Press, Columbus. 

Simpkin, TJ, Palaia, T, Petri, B and Smith, BA 2011, 'Oxidant delivery approaches and 

contingency planning', in In situ chemical oxidation for groundwater remediation, eds RL 

Siegrist, ML Crimi and TJ Simpkin, Springer, New York. 

Stroo, H and Ward, CH 2010, In situ remediation of chlorinated solvent plumes, Springer, 

Dordrecht. 

Struse, AM, Siegrist, RL, Dawson, HE and Urynowicz, MA 2002, 'Diffusive transport of 

permanganate during in situ oxidation', Journal of Environmental Engineering, vol. 128, 

no. 4, pp. 327-334. 

Thepsithar, P and Roberts, EPL 2006, 'Removal of phenol from contaminated kaolin using 

Electrokinetically enhanced in situ chemical oxidation', Environmental Science and 

Technology, vol. 40, no. 19, pp. 6098-6103. 

Thevanayagam, S and Rishindran, T 1998, 'Injection of nutrients and TEAs in clayey soils 

using electrokinetics', Journal of Geotechnical and Geoenvironmental Engineering, vol. 124, 

no. 4, pp. 330-338. 



 30 

Turer, D and Genc, A 2005, 'Assessing effect of electrode configuration on the efficiency 

of electrokinetic remediation by sequential extraction analysis', Journal of Hazardous 

Materials, vol. B119, pp. 167-174. 

Vane, LM and Zang, GM 1997, 'Effect of aqueous phase properties on clay particle zeta 

potential and electro-osmotic permeability: Implications for electro-kinetic soil 

remediation processes', Journal of Hazardous Materials, vol. 55, no. 1-3, pp. 1-22. 

Vereda-Alonso, C, Rodriguez-Maroto, JM, Garcia-Delgado, RA, Gomez-Lahoz, C and 

Garcia-Herruzo, F 2004, 'Two-dimensional model for soil electrokinetic 

remediation of heavy metals: Application to a copper spiked kaolin', Chemosphere, 

vol. 54, no. 7, pp. 895-903. 

Waldemer, RH and Tratnyek, PG 2006, 'Kinetics of Contaminant Degradation by 

Permanganate', Environmental Science and Technology, vol. 40, no. 3, pp. 1055-1061. 

Waldemer, RH, Tratnyek, PG, Johnson, RL and Nurmi, JT 2007, 'Oxidation of chlorinated 

ethenes by heat-activated persulfate: Kinetics and products', Environmental Science and 

Technology, vol. 41, no. 3, pp. 1010-1015. 

Walden, T 1997, 'Summary of Processes, Human Exposures, and Technologies Applicable 

to Low-Permeability Soils', Ground Water Monitoring and Remediation, vol. 17, no. 1, 

pp. 63-69. 

Wang, J-Y, Huang, X-J, Kao, JCM and Stabnikova, O 2006, 'Removal of heavy metals from 

kaolin using an upward electrokinetic soil remedial (UESR) technology', Journal of 

Hazardous Materials, vol. 136, no. 3, pp. 532-541. 

Wang, J-Y, Huang, X-J, Kao, JCM and Stabnikova, O 2007, 'Simultaneous removal of 

organic contaminants and heavy metals from kaolin using an upward electrokinetic 

soil remediation process', Journal of Hazardous Materials, vol. 144, no. 1-2, pp. 292-

299. 

Wittle, JK and Pamukcu, S 1993, Electrokinetic treatment of contaminated soils, sludges, and lagoons: 

Final Report, Contract No. 02112406, DOE/CH-9206, Argonne National 

Laboratory, Chicago. 

Xu, W, Wang, C, Liu, H, Zhang, Z and Sun, H 2010, 'A laboratory feasibility study on a 

new electrokinetic nutrient injection pattern and bioremediation of phenanthrene in 

a clayey soil', Journal of Hazardous Materials, vol. 184, no. 1-3, pp. 798-804. 

Xu, X and Thomson, NR 2009, 'A long-term bench-scale investigation of permanganate 

consumption by aquifer materials', Journal of Contaminant Hydrology, vol. 110, no. 3-4, 

pp. 73-86. 



 31 

Yan, YE and Schwartz, FW 1999, 'Oxidative degradation and kinetics of chlorinated 

ethylenes by potassium permanganate', Journal of Contaminant Hydrology, vol. 37, no. 

3-4, pp. 343-365. 

Yeung, A, Hsu, C-n and Menon, R 2011, 'Electrokinetic extraction of lead from kaolinites: 

I. Numerical modeling', The Environmentalist, vol. 31, no. 1, pp. 26-32. 

Yeung, AT 2006, 'Contaminant extractability by electrokinetics', Environmental Engineering 

Science, vol. 23, no. 1, pp. 202-224. 

Yeung, AT 2011, 'Milestone developments, myths, and future directions of electrokinetic 

remediation', Separation and Purification Technology, vol. 79, no. 2, pp. 124-132. 

Yeung, AT and Datla, S 1995, 'Fundamental formulation of electro-kinetic extraction of 

contaminants from soil', Canadian Geotechnical Journal, vol. 32, no. 4, pp. 569-583. 

Yeung, AT and Gu, Y-Y 2011, 'A review on techniques to enhance electrochemical 

remediation of contaminated soils', Journal of Hazardous Materials, vol. 195, pp. 11-

29. 

Yu, J-W and Neretnieks, I 1996, 'Modelling of transport and reaction processes in a porous 

medium in an electrical field', Chemical Engineering Science, vol. 51, no. 19, pp. 4355-

4368. 

Yu, J-W and Neretnieks, I 1997, 'Theoretical evaluation of a technique for electrokinetic 

decontamination of soils', Journal of Contaminant Hydrology, vol. 26, no. 1-4, pp. 291-

299. 

Zhang, H and Schwartz, FW 2000, 'Simulating the in situ oxidative treatment of 

chlorinated ethylenes by potassium permanganate', Water Resources Research, vol. 36, 

no. 10, pp. 3031-3042. 

Zhang, P, Jin, C, Zhao, Z and Tian, G 2010, '2D crossed electric field for electrokinetic 

remediation of chromium contaminated soil', Journal of Hazardous Materials, vol. 177, 

no. 1-3, pp. 1126-1133. 

Zheng, C and Bennett, GD 2002, Applied contaminant transport modeling, 2nd edn, Wiley 

Interscience, New York. 

Zheng, C and Wang, PP 1999, MT3DMS: a modular three-dimensional multispecies transport model 

for simulation of advection, dispersion, and chemical reactions of contaminants in groundwater 

systems. Documentation and User’s Guide, U.S. Army Corps of Engineers, Washington, 

DC. 

 

 

  



 32 

 

 



33 

Chapter 3  

Numerical model and evaluation of voltage 
gradient constraints on electrokinetic 
injection of amendments 

3.1 Abstract 

A new numerical model is presented that simulates groundwater flow and multi-species 

reactive transport under hydraulic and electrical gradients.  Coupled into the existing, 

reactive transport model PHT3D, the model was verified against published analytical and 

experimental studies, and has applications in remediation cases where the geochemistry 

plays an important role. 

 

A promising method for remediation of low-permeability aquifers is the electrokinetic 

transport of amendments for in situ chemical oxidation.  Numerical modelling showed that 

amendment injection resulted in the voltage gradient adjacent to the cathode decreasing 

below a linear gradient, producing a lower achievable concentration of the amendment in 

the medium.  An analytical method is derived to estimate the achievable amendment 

concentration based on the inlet concentration.  Even with low achievable concentrations, 

analysis showed that electrokinetic remediation is feasible due to its ability to deliver a 

significantly higher mass flux in low-permeability media than under a hydraulic gradient.  

3.2 Introduction 

The effective remediation of low-permeability porous media (clays, silts) contaminated with 

dissolved and sorbed organic contaminants is an unresolved challenge of groundwater 

research.  In this type of setting common remediation methods, such as oxidant flooding 

or bioremediation, are often ineffective and the treatment effectiveness is often limited by 

very slow rates of molecular diffusion.  The long-term “back-diffusion” of contaminants 

from contaminated low-permeability media to the surrounding aquifer (e.g. Reynolds and 

Kueper 2002; Chapman and Parker 2005; McGuire et al. 2006) is probably the most 

significant remaining challenge in environmental restoration of highly contaminated sites. 
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Electrokinetic (EK) remediation has significant potential for remediating low-permeability 

sediments (Alshawabkeh et al. 1999; Yeung 2006).  EK relies on the emplacement of 

electrodes into the contaminated subsurface and application of a low electric potential or 

current, which induces several solute transport mechanisms.  First, electroosmotic flow of 

the pore fluid and non-ionic species is produced when counterions in the diffuse double 

layer adjacent to the mineral surface migrate to the oppositely charged electrode, 

transferring momentum to surrounding fluid molecules via viscous forces (Saichek and 

Reddy 2005).  This mechanism is of primary interest in soils such as clays, and is far less 

prevalent in sandy soils.  Secondly, electromigration also occurs, in which charged ions in 

the pore fluid move in the direction of the electrode of opposite charge (Acar and 

Alshawabkeh 1993).  This is the primary mechanism for migration in sandy soils. 

 

Traditionally the EK method has been used to directly transport contaminants to either the 

anode or cathode, where they can be extracted (e.g. Eykholt 1992; Acar and Alshawabkeh 

1993; Shapiro and Probstein 1993).  However, more recent studies have also investigated 

combining electrokinetic transport with other remediation technologies, such as 

bioremediation or in situ chemical oxidation (ISCO), in which suitable amendments are 

injected into the subsurface and driven into the contaminated zone under an electric 

gradient.  EK-ISCO involves the use of an oxidant such as permanganate (MnO4
-) or 

persulfate (S2O8
2-) to access and directly react with the contaminant. 

 

To date, demonstrating the feasibility of the coupled EK technologies has mostly been 

limited to the laboratory-scale, with previous and ongoing research focusing on 

determining the parameters and properties that control the remediation progress such as 

the applied voltage, injected concentration, and soil type (Roach and Reddy 2006; Isosaari 

et al. 2007; Reynolds et al. 2008; Hodges et al. 2011; Jones et al. 2011).  These studies also 

identified possible limitations to the method, with several studies finding that EK transport 

resulted in lower than expected amendment concentrations in the porous media (e.g. 

ammonium (Elektorowicz and Boeva 1996), nitrate (Thevanayagam and Rishindran 1998)), 

or even a stalling of the amendment transport (e.g. permanganate (Roach and Reddy 2006; 

Hodges 2010)).  Secondary or competing biogeochemical reactions that caused, for 

example, a high natural oxidant demand, or affected the stability of oxidants under the pH 

and redox conditions in EK remediation were assumed to be the main reasons for the lack 

of remediation efficiency.  Thevanayagam and Rishindran (1998) suggested that the 

achievable amendment concentration may also be affected by the electrokinetic process, 

particularly the voltage gradients across the inlet solution and the soil.  They derived an 
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analytical equation for the achievable concentration based on the electrical conductivities of 

the pore fluid and the inlet solution.  However the solution accounted only for 

electromigration. 

 

The effects of individual processes on EK remediation are in many cases not easily 

distinguishable due to the complex set of interrelated system parameters and processes.  

Therefore a numerical modelling approach is highly beneficial for studying and isolating 

key controls, and ultimately optimising the efficacy of electrokinetic remediation.  Previous 

numerical models that included the description of electrokinetic processes were generally 

developed for highly specific problems, often involving the remediation of heavy metals.  

Consequently, these models were drastically simplified by incorporating a limited set of 

geochemical reactions that were only relevant to the specific contaminant (e.g. Eykholt 

1992; Alshawabkeh and Acar 1996; Yu and Neretnieks 1996).  Among the reactions 

included were water autoionisation, aqueous complexation, sorption, precipitation and 

dissolution of metals.  However, while more recent studies have also incorporated more 

complex geochemical reactions such as pH-dependent surface complexation of several 

heavy metals (Al-Hamdan and Reddy 2008), a more generalised modelling approach that is 

sufficiently flexible to simulate a broader range of electrokinetic problems in combination 

with complex biogeochemical reactions is still lacking. 

 

The present work is aimed at closing this gap.  Here we describe the development and 

applications of a comprehensive reactive electrokinetic remediation model (PHT3D-EK).  

Enhancing and modifying the previously existing reactive multi-component transport code 

PHT3D, the new model integrates the process-based description of reactive multi-species 

transport under hydraulic and electrical potential gradients while representing changes in 

the electric potential field.  The new numerical model is applicable to a wide range of 

coupled geochemical problems involving both equilibrium- and kinetic-type reactions such 

as mineral dissolution and precipitation. 

 

The second aim of this paper was to illustrate the model’s use to understand how the fate 

of the injected amendment is affected by the changing voltage gradient.  While a range of 

experimental studies have shown that changes in the electrical conductivity of the aquifer 

cause voltage gradients to become non-linear over time (Acar and Alshawabkeh 1996; 

Alshawabkeh et al. 2004), many previous electrokinetic modelling studies ignored these 

non-linearities and were based on the assumption of a prevailing linear voltage gradient (e.g 

Yeung and Datla 1995; Haran et al. 1997; Al-Hamdan and Reddy 2008).  On the other 
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hand, those modelling studies that incorporated a varying voltage gradient did not address 

enhanced contaminant degradation through amendments (e.g. Eykholt 1992; Shapiro and 

Probstein 1993; Alshawabkeh and Acar 1996; Yu and Neretnieks 1996).  In our model 

application we expand the work of Thevanayagam and Rishindran (1998) by investigating 

the injection of ions of different valence for two different soil types and analyse and 

describe the underlying mechanisms that control the migration and fate of the amendments 

in the selected porous medium.  Based on this analysis we derive an alternative, more 

comprehensive analytical method to predict the achievable amendment concentration 

under EK transport conditions and verify it against our numerical model. 

3.3 Model Description 

3.3.1 General Description 

The development of PHT3D-EK and the incorporation of its capabilities to simulate 

electrokinetic processes relied on a modified version (Post and Prommer 2007) of the 

previously validated reactive multi-component transport model PHT3D (Prommer et al. 

2003).  The modified version of PHT3D couples the two existing USGS codes, the 

variable-density groundwater flow and (non-reactive) transport model SEAWAT-2000 

(Langevin et al. 2003), and the geochemical reaction model PHREEQC-2 (Parkhurst and 

Appelo 1999).  SEAWAT-2000 is a combination of the groundwater flow model 

MODFLOW-2000 (Harbaugh et al. 2000) and multi-species solute transport model 

MT3DMS (Zheng and Wang 1999).  While the sequential iteration between flow and 

transport solution, on which SEAWAT relies, was crucial for incorporating electrokinetic 

transport, for the present paper the EK functionality is still limited to aqueous solutions of 

constant density, i.e., density-driven flow cannot be considered simultaneously. 

 

PHT3D-EK uses a sequential non-iterative split-operator technique (Post and Prommer 

2007) to numerically solve flow, multi-species solute transport, geochemical processes and 

the electric potential.  As previously discussed in Barry et al. (2002), the key advantage of 

such an operator splitting is that well-tested, existing models for different physical and 

chemical processes can be combined relatively easily and in a computationally efficient 

manner.  Split-operator errors are minimised or effectively eliminated by refining the 

temporal discretisation (Post and Prommer 2007). 
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3.3.2 Governing Equations and Model Structure 

The groundwater flow component of the code, MODFLOW-2000, was modified to 

simulate both hydraulic and electroosmotic flow (Shapiro and Probstein 1993; 

Alshawabkeh and Acar 1996):  

 
  

  

  
     

2 +     
2  (3.1) 

where h is the potentiometric head (m), V is the electric potential (V), SS is the specific 

storage (m-1), Kh is the hydraulic conductivity (m/d), and t is time (d).  The electroosmotic 

conductivity Keo (m
2/Vd) is defined by the Helmholtz-Smoluchowski equation :  

 
     

   

 
 (3.2) 

where n is the porosity,  is the permittivity of the pore fluid (C/Vm), and  is the viscosity 

of the pore fluid (kg/m.d).  The zeta potential  (V) is dependent on the ionic composition, 

ionic strength and pH of the pore fluid, temperature and soil type (Vane and Zang 1997).  

In the model, the value of the zeta potential can be considered as being constant for each 

soil type, or soil-specific constitutive relationships between the zeta potential and pH can 

be utilized. 

 

The multi-species solute transport module, MT3DMS, was adapted to incorporate 

electroosmosis and electromigration transport by modifying the groundwater velocity term: 
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where Ci is the aqueous concentration of species i (mol/L), Dxy is the hydrodynamic 

dispersion coefficient tensor (m2/d), and rreac,i is a source/sink rate due to a chemical 

reaction (mol/L.d).  The effective ionic mobility ui* (m2/Vd) is estimated based on (Acar 

and Alshawabkeh 1993): 

   
    

    (3.4) 

where ui
0 is the ionic mobility of species i at infinite dilution (m2/Vd), and  is an empirical 

coefficient describing the tortuosity of the porous medium.  A retardation factor, R, can be 

applied to simulate the additional time required for transport of a species due to sorption, 

with a linear factor representing the sorbed concentration being directly proportional to the 

dissolved concentration. 

 

An additional module simulates the electric potential distribution across the soil due to 

diffusional and migrational charge fluxes (Alshawabkeh and Acar 1996): 
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where Cp is the electrical capacitance per unit volume (farad/m3), zi is the valence of ion i, F 

is the Faraday constant (96,485 C/mol) and N is the total number of species.  The effective 

electrical conductivity, σ*, of the porous medium due to charge flux is given by: 

 
         

   

 

   

 (3.6) 

The conservation of charge equation (Equation (3.5)) neglects the contribution of the soil 

particles and diffuse double layer ions to charge transport, and it is assumed that there is 

zero electrical capacitance of the soil (Alshawabkeh 1994).  All of the applied voltage is 

assumed to be effective in fluid and charge transport, and a linear voltage gradient is 

adopted as an initial condition. 

 

The structure of PHT3D-EK is shown in Figure 3.1.  As in PHT3D, a user-defined 

timestep discretisation for the flow solution is adapted automatically in order to satisfy 

accuracy and stability criteria (Courant number) for the advective-dispersive transport 

solution.  The flow and transport equations are solved for every transport timestep, as in 

the original version of SEAWAT (Langevin et al. 2003).  At the end of each flow timestep, 

the geochemical reaction and electric potential field equations are solved. 
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Figure 3.1 Schematic model structure used for the electrokinetic version of PHT3D.  

Modifications to the original code are indicated via parentheses. 

3.3.3 Electrical Neutrality 

The numerical model PHT3D-EK requires global electrical neutrality of the ionic pore 

solution to be maintained, in particular for the calculation of the voltage profile.  The 

preservation of electrical neutrality is complicated by the fact that in EK applications 

electromigration of ionic species occurs in opposite directions, whereas hydraulic flow 

causes all solutes to advect in the same direction.  In previous studies addressing 

electrokinetic migration of heavy metals and their remediation (in which metal cations were 

transported), typically a conservative anion such as Cl- was used to maintain charge balance 

of the simulated aqueous solutions (e.g. Alshawabkeh and Acar 1996; Kim et al. 2003).  

This approach is sufficient for studies that are mainly focused on the cations in the aqueous 

solution, however in other scenarios anions may be the focus of attention.  In other models 

and applications (e.g. Yeung and Datla 1995; McKinley and Savvidou 1997) electrical 

neutrality was enforced by adjusting H+ or OH- concentrations.  In these cases water 

autoprotolysis was assumed to supply enough ions to dissipate the local charge imbalance, 

an approach that is sufficiently accurate as long as the concentrations of other ions is low 

relative to the H+ or OH- concentrations (McKinley and Savvidou 1997). 

 

In contrast, the approach followed in PHT3D-EK was to include ions and other species 

that are directly involved in the electrokinetic remediation process (e.g. K+, MnO4
-), 
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together with the major chemical constituents of the ambient water compositions (e.g. Na+, 

Cl-, H+, OH-).  Prior to the calculation of the voltage gradient, the aqueous solution is 

modified by adjusting the concentrations of inert cations or anions (such as Na+ or Cl-) 

until local charge balance is achieved.  This accounts for relatively minor ions in the pore 

fluid that are not simulated but maintain the charge balance in real solutions.  After the 

voltage profile calculation, the concentration of the inert ion is reset to its correct 

concentration.  This approach is not expected to greatly influence the results of the 

simulations as the voltage profiles appear to only vary by an average of 4% across a change 

of 50% in electrical conductivity for a 0.5 g/L NaCl solution in a scenario of persulfate 

injection in sand. 

3.3.4 Geochemical Reactions 

Geochemical reactions within PHT3D are computed by PHREEQC-2 (Prommer et al. 

2003), while the transport simulator MT3DMS is used to compute advective-dispersive 

transport of total aqueous component concentrations (Yeh and Tripathi 1989).  In 

contrast, the simulation of electromigration requires separately solving the advective-

dispersive transport of each individual charged species.  To accommodate this requirement 

all geochemical processes were formulated as a set of kinetically controlled reactions.  

Using this approach a wide range of reactive processes can be simulated, including aqueous 

speciation reactions, mineral precipitation and dissolution, surface complexation, and ion 

exchange reactions (Zysset et al. 1994; Stumm and Morgan 1996).  Typically fast reactions 

that are normally approximated as reversible equilibrium reactions can be approximated in 

a fully kinetic framework by a superposition of a fast forward and backward reaction.  For 

example, reversible reactions, such as aqueous speciations, of the form: 

   +  2    
 (3.7) 

are described using a rate expression for C1 or C2 with forward and backward reaction 

constants (Zysset et al. 1994; Stumm and Morgan 1996): 

    

  
       2 +     

 (3.8) 

 

The ratio of the backward and forward reaction rates is the thermodynamic equilibrium 

constant (i.e. Kf/Kb = Keq) (Stumm and Morgan 1996).  The rate coefficients have to be set 

large enough to effectively achieve equilibrium within the reaction time step (typically two 

orders of magnitude less than the reaction time step) but not too large to end up with a 

numerically ‘stiff’ problem (MacQuarrie and Sudicky 2001; Matott and Rabideau 2010), 

which is computationally expensive to solve. 
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3.4 Model Verification 

To verify PHT3D-EK, previously published analytical and experimental studies were used 

as benchmark problems for the evaluation of the different components and functionalities 

of the newly developed model.  The most critical benchmark problems are described 

briefly in the following.  Calibration of the model, where appropriate and required, was 

performed through a trial and error process.  The simulations were conducted on a 3 GHz 

Intel dual-core computer with 4 GB of RAM. 

3.4.1 Test 1: Evaluation of Electroosmosis 

The electroosmosis component of the model was evaluated by comparing the PHT3D-EK 

results with the analytical solution for 1D electroosmotic consolidation presented by Esrig 

(1968).  The equation describing the temporal change in pore pressure Pr due to 

electroosmotic flow towards the cathode is: 
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where ρw is the density of water (kg/m3) and Vm is the anodic voltage (V).  The Terzaghi 

coefficient of consolidation, cv, is described by: 

 
   

  

    

 
(3.10) 

where mv is the coefficient of volume compressibility (m2/N).  This analytical solution was 

derived based on a system with a sealed anode (i.e. no flow boundary) and an open, free 

draining cathode (i.e. constant-head boundary).  The values of relevant model parameters 

used in the simulation are listed in Table 3.1. 

 

Table 3.1 Model parameters of the benchmark example by Esrig (1968) 

Parameter Value 

Length (L) 0.24 m 

Voltage gradient 100 V/m 

Hydraulic conductivity (Kh) 1 x 10-8 m/s 

Electroosmotic conductivity (Keo) 5 x 10-10 m2/Vs 

Terzaghi coefficient of consolidation (cv) 50 x 10-8 m2/s 

 

The numerical simulation achieved a satisfactory agreement with the analytical solution 

(Figure 3.2), accurately predicting the head change due to electroosmotic flow.  Mean and 

maximum errors were 9% and 23% respectively at very small decreases in pore water 
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pressure of 0 to 5 cm, but mean and maximum errors were 1% and 9% respectively at 

pressure decreases greater than 5 cm, indicating very good overall agreement.  The model 

run-time was up to 1 min. 

 

Figure 3.2 Comparison of pore pressure due to electroosmotic consolidation between Esrig’s 

(1968) analytical solution and PHT3D-EK. 

3.4.2 Test 2: Modelling of Electrokinetic Transport 

The electrokinetic transport of permanganate through a 1D core-scale apparatus (Hodges 

2010; Hodges et al. 2011) was simulated to verify the electromigration and electroosmosis 

of solute species in the model.  The experimental apparatus is shown in Figure 3.3 and the 

methodology is described in full detail in Hodges et al. (2011).  Consisting of three clay 

cores separated by four working solution reservoirs, electrodes were placed in the outer 

reservoirs and potassium permanganate (KMnO4) solution introduced at the source 

reservoir (reservoir 3).  Under the electric gradient, permanganate migrates towards the 

anode, and the concentration at the target reservoir (reservoir 2) was monitored.  The 

reservoir fluid in the outer reservoirs was recirculated to maintain a near-neutral pH and to 

ensure the stability of the permanganate ion.  A commercial kaolinitic pottery clay and a 

background solution of 1 mS/cm fluid was used (Hodges et al. 2011).  The voltage was 

measured within the central core through the use of monitoring ports. 
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Figure 3.3 1D core-scale experimental apparatus (Hodges 2010). 

 

A model grid consisting of 20 cells represented core 2, and the model parameters employed 

in the simulations are shown in Table 3.2.  An average voltage gradient of 0.21 V/cm was 

measured across core 2, which remained relatively linear (Hodges 2010).  This was 

approximated in the model by a constant linear voltage gradient.  A constant 

electroosmotic conductivity of 1.85 x 10-4 m2/Vd was adopted based on pH-zeta potential 

measurements by Hodges (2010) and the measured hydraulic conductivity was 

4.3 x 10-4 m/d (Thiele 2008).  A time-variable constant-concentration boundary 

represented the measured permanganate concentration in the source reservoir, and a flux 

boundary was utilised at the target reservoir.  A negligible hydraulic gradient prevailed 

during the experiment, and constant-head boundaries were set at the reservoirs to maintain 

the measured heads there.  The only reaction involved was permanganate reacting with 

organic matter in the clay, retarding the transport of the permanganate.  A delaying factor 

(calibrated value of 2.2), similar to the linear retardation factor in the solute transport 

equation, was used to represent the additional time required for transport.  The calibrated 

value for the tortuosity was 0.2.  The tortuosity value adopted is within the range of 0.07 to 

0.5 published for saturated clay (Shackelford and Daniel 1991). 
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Table 3.2 Model parameters of the benchmark example 

Parameter Value 

Length (L) 0.1 m 

Diameter 0.104 m 

Hydraulic conductivity (Kh) 4.3 x 10-4 m/d 

Porosity (n) 0.3 

Tortuosity (τ) 0.2 

Electroosmotic conductivity (Keo) 1.85 x 10-4 m2/Vd 

Retardation factor (R) 2.2 

Voltage gradient 0.21 V/cm 

Effective ionic mobility (ui* (MnO4
-)) 3.29 x 10-4 m2/Vd 

Diffusion (D (MnO4
-)) 1.73 x 10-4 m2/d 

 

The simulated data compared well to the measured permanganate concentration in the 

target reservoir up to about 7.5 d (Figure 3.4).  After 7.5 d, the simulated concentration in 

the target reservoir was greater than the observed concentration.  This may be due to the 

assumption of a closed reservoir (zero mass flux out) (i.e. only MnO4
- influx from core 2 is 

allowed).  In the actual experiment, the reservoir was located between clay cores 1 and 2 

and it is likely that there was some permanganate flux to the adjacent core 1 from the target 

reservoir.  This is supported by the voltage gradients that were measured in cores 1 and 2 

(Figure 3.4) which showed that after 7.5 d the voltage gradient in core 1 was at least 70% of 

that in core 2.  In a modified simulation that assumed that 70% of the permanganate flux 

that entered the target reservoir 2 migrated to core 1 from 7.5 d on, the simulated 

permanganate concentration closely matches the measured values in the target reservoir 

(Figure 3.4).  The simulation run-time was 25 s. 
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Figure 3.4 (a) Measured (squares) and simulated (lines) permanganate concentration in target 

reservoir 2 over time.  Dashed and solid line represent the scenarios of no MnO4
- outwards 

flux to core 1, and outwards flux to core 1 respectively.  (b) Average measured voltage 

gradients of core 1 (triangles) and core 2 (diamonds) over time (left axis).  Ratio of the voltage 

gradients of core 1 to core 2 (line) over time (right axis).  Measured data from Hodges (2010). 

3.4.3 Test 3: Evaluation of Reactive Electrokinetic Transport 

The reactive electrokinetic transport component of the model was verified by simulating 

the electrokinetic transport and buffering of acid and base fronts in a clay in a 1D core-

scale experiment (Hodges 2010; Cigulev 2011).  A key feature of electrokinetic experiments 

is the electrolysis of water at the electrodes, resulting in the generation of acid and base at 

the anode and cathode respectively (Acar and Alshawabkeh 1993; Shapiro and Probstein 

1993): 

 2H2O - 4e- → O2(g) + 4H+    (anode) (3.11) 

 4H2O + 4e- → 2H2(g) + 4OH-    (cathode) (3.12) 

The acid and base subsequently migrate into the porous medium due to the electric 

gradient. 
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The experimental apparatus comprised of only two reservoirs and a single clay core, but 

was otherwise similar to that described in Section 3.4.2.  However, unlike Section 3.4.2, the 

reservoir fluid was not recirculated and electrolysis was allowed to occur at the electrodes.  

Experiments were conducted for 1, 2 and 4 d duration, then stopped and the pH profile in 

the clay was measured. 

 

The model grid was selected to represent the clay core, and the model grid and parameters 

from Section 3.4.2 were used.  The average measured voltage gradient within the clay core 

was 0.65, 0.6 and 0.7 V/cm for the 1, 2 and 4 d duration experiments respectively, and 

these were adopted for the anodic voltage boundary.  The modelled reaction network 

included the dissolved species Na+, Cl-, H+ and OH-.  Constant-concentration boundaries 

were adopted to represent the appropriate concentrations of Na+ and Cl- contained in the 

0.5g/L NaCl solution in the reservoirs.  The constant-concentration boundaries for H+ and 

OH- were based on the measured pH at the respective ends of the clay core.  A constitutive 

relationship that was based on zeta potential measurements conducted at different pH 

values in a slurry of the clay (Hodges 2010) was used in the model to calculate the 

electroosmotic conductivity: 

 ζ  m     -3.7ln(pH) - 3.1  (3.13) 

 

Furthermore the water autoionisation reaction: 

 H2O ↔ H+ + OH- (3.14) 

was incorporated.  The acid buffering capacity of the clay was measured using batch 

titration tests (Hodges 2010) and is shown in Figure 3.5.  Additional, more detailed 

investigations would be required to define the exact geochemical reaction responsible for 

buffering in the clay used (e.g. Appelo et al. 1990; Al-Hamdan and Reddy 2008; Altheide et 

al. 2010).  However, for the purpose of the present model evaluation the incorporation of a 

generalised buffering reaction was considered sufficient.  This was achieved via the surface 

complexation reaction: 

 >SOH + H+ ↔ >SOH2+ (3.15) 

where >SOH represents a surface site for proton adsorption and >SOH2+ is the sorbed 

proton species, whereby the reaction rate was calibrated.  Base buffering is of less 

importance for the electrokinetic remediation process due to the lower ionic mobility of 

OH- relative to H+.  This behaviour was incorporated using a linear OH- retardation factor 

of 95, which was estimated from migration rates of base fronts in other electrokinetic 
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experiments (Hodges et al. 2011).  Equations (3.14) and (3.15) comprise the complete 

geochemical reaction network for this simulation. 

 

 

Figure 3.5 Experimental (symbols) and simulated (line) acid buffering capacity of clay. 

 

The simulated and experimental soil pH profiles show reasonable agreement, and are 

shown in Figure 3.6.  The trial-and-error calibrated tortuosity value of 0.15 was slightly 

lower than the value used in Section 3.4.2. 

 

 

Figure 3.6 Comparison of measured (symbols) and simulated (lines) soil pH profile. 

 

The simulated electric potential profile, shown in Figure 3.7, shows a gradual decrease in 

the voltage gradient in the region adjacent to the anode, following a similar trend reported 

for other published experimental voltage gradients (Acar et al. 1990; e.g. Alshawabkeh 

1994).  This is caused by a relative increase in electrical conductivity in this region as the 

acid migrates into the clay.  The slight decrease in the voltage gradient adjacent to the 

cathode between 2 and 4 d is likely due to the increase in the electrical conductivity from 

0 1 2 3 4 5 6
0

2

4

6

8

Sulfuric acid (H
2
SO

4

- ) added (mmol/L)

p
H

 

 

Measured values

Simulated profile

0 0.2 0.4 0.6 0.8 1
0

2

4

6

8

10

12

14

Normalised distance from cathode

p
H

 

 
1 day s (Measured)

1 day s (Simulated)

2 day s (Measured)

2 day s (Simulated)

4 day s (Measured)

4 day s (Simulated)



 48 

the higher pH next to the cathode at 4 d.  The run-time for a single model simulation was 

~5 mins. 

 

 

Figure 3.7 Simulated voltage profiles during acid-base migration. 

3.5 Effect of Voltage Gradient on Amendment Concentration 

3.5.1 Model Application 

Published studies (e.g. Elektorowicz and Boeva 1996; Thevanayagam and Rishindran 1998; 

Hodges 2010) and preliminary simulations indicated that the concentrations of the 

amendments that facilitate contaminant degradation significantly decrease during EK 

transport between the injection points and the target locations.  The numerical model was 

used to investigate the underlying mechanisms for this behaviour and the contribution that 

individual factors such as the inlet concentration, background electrical conductivity and 

electrode spacing may have. 

 

For these investigations, a representative 1D scenario was defined, in which the cathodic 

reservoir contains persulfate that was kept at a constant concentration.  Under the 

application of a voltage gradient, the amendment migrates into the homogeneous soil and 

towards the anode.  Assuming there is no accumulation or loss due to reactions, the 

amendment concentrations reach a steady-state within the soil after a certain time. 

 

All simulations were conducted for two sets of parameters, one representing sand and the 

other set representing clays (Table 3.3).  Although electrokinetic-based remediation is not 

likely to be applied in a purely sandy environment, the technique is thought to perform well 

in highly heterogeneous aquifer settings where hydraulic access to the interfaces with clays 

is possible via sand lenses, with electrokinetics subsequently driving the amendments into 
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the lower permeability regions (Chapter 4).  The size of the 1D domain was varied (1 m, 

10 m and 25 m) but in each case discretised into 100 grid cells with an extent of 0.1 m x 

0.1 m in the directions perpendicular to the flow direction.  The species included in the 

simulations comprised K+, S2O8
2-, Na+, Cl-, H+ and OH-.  Dirichlet boundaries for K2S2O8 

were adopted at the cathode.  The inlet concentrations were varied between 0.00315 and 

0.064 mol/L.  Constant-head and constant-concentration boundaries were defined for both 

ends to represent background conditions, i.e., 0.5 g/L NaCl and a pH of 7.  An initial linear 

voltage gradient of 1 V/cm was applied.  Simulation run-times for these examples varied 

between 2 and 10 minutes. 

 

Table 3.3 Parameters of the models assessing voltage gradient effects 

Parameter Sand Clay 

Porosity (n) 0.35 0.45 

Tortuosity (τ) 0.44 0.44 

Hydraulic conductivity (Kh) 10 m/d 1 x 10-5 m/d 

Electroosmotic conductivity (Keo) 1 x 10-4 m2/Vd 4.32 x 10-4 m2/Vd 

3.5.2 Concentration Profiles of the Oxidant 

Under a constant linear voltage gradient, the concentration of the oxidant approaches a 

steady-state concentration that is the same as the injected concentration (C0) (Figure 3.8).  

The behaviour of the oxidant is in this case similar to that for purely advective transport.  

However, once the voltage gradient is allowed to change (no longer forced to a fixed 

gradient along the column during the simulation) the voltage profile drops below the linear 

profile.  The decrease in the voltage profile is caused by an increased electrical conductivity 

(decreased resistivity) due to an increased concentration of the oxidant (Figure 3.8).  This 

model-predicted decrease in the voltage profile below a linear profile has been previously 

observed in experiments in which a nitrate amendment at the cathode was transported 

across a sandy soil under an electric gradient (Lohner et al. 2008).  The voltage gradient 

decrease adjacent to the cathode results in amendment concentrations under steady state 

conditions being lower than at the inlet.  At higher inlet concentrations, there is a larger 

decrease in the voltage gradient next to the cathode and thus the amendment concentration 

distribution within the soil decreases further relative to the inlet concentration.  These 

results clearly indicate that for some remediation scenarios, the achievable amendment 

concentration at large distances from the electrodes may only be a fraction of the injection 

concentration. 
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Figure 3.8 (a) Voltage profile and (b) voltage gradient in 1 m length grid with sand 

properties.  (c) Corresponding steady-state normalised S2O8
2- concentration versus distance 

profiles. 

 

The decrease in the voltage gradient adjacent to the cathode is dependent on the porosity, 

tortuosity, electroosmotic conductivity, electrical conductivity and electrode spacing.  The 

percentage decrease in the voltage gradient is shown for two soil types (sand and clay) in 

Figure 3.9 as a function of the inlet electrical conductivity (estimated using Equation (3.6)), 

which was used as a proxy for concentration as it accounted for the different valency of the 

oxidants.  The same reduction in the voltage gradient adjacent to the cathode was found 

for different applied voltages.  For example, in simulating the injection of 0.0126 mol/L 

S2O8
2- under applied voltage gradients of 0.3, 1 or 2 V/cm (10 m long domain), there was a 

65% reduction in the voltage gradient adjacent to the cathode in all cases. 
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Figure 3.9 (a) Sand and (b) clay profiles for voltage gradient decrease versus electrical 

conductivity in the region adjacent to the cathode.  Voltage gradient decreases are shown for 

S2O8
2- at electrode spacings of 1 (squares), 10 (circles) and 25 m (triangles). 

 

The background electrical conductivity of the pore fluid also affected the voltage gradient 

adjacent to the cathode (Figure 3.10).  Background concentrations of 0.25, 0.5 and 

0.75 g/L NaCl were adopted (electrical conductivities of approximately 0.5, 1 and 

1.5 mS/cm) in a 10 m long domain with an S2O8
2- amendment injected.  Higher 

background electrical conductivities result in a less pronounced decrease in amendment 

concentrations at distance from the electrode.  A higher background electrical conductivity 

resulted in a downward shift of the voltage gradient reduction curve, such that a smaller 

percentage decrease in voltage gradient occurs for the same inlet electrical conductivity. 

 

 

Figure 3.10 Reduction in voltage gradient versus electrical conductivity adjacent to the 

cathode, at the background electrical conductivities of 0.25 (circles), 0.5 (squares) and 0.75 g/L 

NaCl (triangles).  Simulation conducted for S2O8
2- amendment in a 10m length grid, in sand 

(black) and clay (grey). 
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In Figure 3.11 the normalised achievable amendment concentration is shown as a function 

of the input concentration.  At higher input amendment concentrations the voltage 

gradient decreases in the region adjacent to the cathode and the opposing hydraulic 

gradient increases (caused by higher electroosmotic flow from the corresponding changes 

in the overall voltage profile).  This results in a lower achievable amendment concentration 

in the medium relative to the inlet concentration.  This effect is more pronounced for 

larger electrode spacings.  The difference seen in the behaviours of the amendments in 

sands versus clays is primarily a function of the lack of electroosmosis as a significant 

mechanism in sandy soils.  Additional simulations were also conducted for permanganate 

as an alternative amendment, thus ensuring that the behaviour observed for persulfate is 

also characteristic for other common oxidants. 

 

 

Figure 3.11 (a) Sand and (b) clay profiles for normalised achievable amendment 

concentration versus input concentration (C0).  Concentrations shown for S2O8
2- (dark), at 

electrode spacings of 1 (squares), 10 (circles) and 25 m (triangles). 

 

For the EK injection scenarios the modelling indicated that for a 1 m spacing between 

electrodes, a wide range of injected concentrations could be used, albeit the increase in 

achievable concentration is progressively smaller at higher inlet concentrations.  At larger 

electrode spacings of 10 and 25 m, adopting an injected oxidant concentration in the 

middle of the dosage range (in the order of 2 to 5 g/L) is likely to be more effective.  At 

these larger electrode spacings, a higher inlet concentration results in a negligible increase 

and in some cases a decrease in the achievable concentration. 

 

The range of dose concentrations that simulations demonstrated were most effective at 

larger electrode spacings of 10 and 25 m (i.e. 2 to 5 g/L) are at the lower end of the 
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persulfate dosage range used in ISCO applications.  Published concentrations for persulfate 

are mainly limited to those obtained from laboratory experiments as the technology and its 

underlying science is much newer than permanganate.  Concentrations published to date 

range from about 0.02 to 5 g/L (e.g. Dahmani et al. 2006; Nadim et al. 2006; Liang et al. 

2008).  Persulfate dosages of up to 40 g/L have been reported for several field trials 

(Tsitonaki et al. 2010). 

 

Overall, however, even if induced amendment concentrations remain relatively low, EK 

transport of amendments appears still to be a feasible method for groundwater 

remediation.  The main advantages of this EK method are that the transport rate and mass 

flux of amendments in low-permeability media is significantly higher under an electric 

gradient compared to what is achievable by realistic hydraulic gradients, meaning that the 

amendment can much more easily penetrate low-permeability zones.  As an example, the 

oxidant mass influx in clay (based on the parameters in Table 3.3) was calculated using: 

 Mass influx = (qelectromigration ± qelectroosmosis ± qhydraulic)AC0 

     
      

  

  
   

  

  
     

(3.16) 

where q is the Darcy flux (m/d) and A is the cross-sectional area (e.g. 1 m2) for an injected 

concentration of 5 g/L S2O8
2- by hydraulic and EK application.  For a hydraulic gradient of 

0.002, the oxidant mass influx is 1 x 10-4 g/d S2O8
2-.  Assuming there is no groundwater 

level change and with an approximate 50% decrease in the voltage gradient adjacent to the 

cathode, the estimated oxidant mass influx under an applied voltage gradient of 1 V/cm is 

several orders of magnitude higher, i.e., ~1 g/d S2O8
2-. 

 

In addition, laboratory experiments involving the EK injection of nitrate (Lohner et al. 

2008) indicated a delay of 29.5 hours before the voltage gradient adjacent to the cathode 

decreased from the initial applied gradient to a lower gradient.  This suggests that the 

electrical conductivity of the pore fluid may need to increase above a threshold level before 

the voltage profile will change, allowing relatively higher transport rates and achievable 

concentrations for the amendment for an initial period at the start of EK treatment. 

 

This study demonstrates that the assumption of a linear voltage gradient in electrokinetic 

modelling may not be sufficient if there is a relatively large increase in the electrical 

conductivity due to the injected amendment.  The results suggest that there is a need to 

both monitor the voltage gradient in future field trial applications and adjust the 

amendment concentration or application method.  Additional research is needed into 
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alternative methods of amendment injection in EK remediation to overcome potential 

limitations resulting from reduced voltage gradients occurring near the points of 

amendment injection.  While the study focused on anionic oxidants introduced at the 

cathode, for cationic amendments injected at the anode a similar effect is likely from the 

local increase in electrical conductivity. 

3.5.3 Predicting the Achievable Concentration Profiles of the Amendment 

The achievable amendment concentrations can be predicted analytically for a 1D electrode 

configuration, based on a system with two electrode wells and excluding chemical 

reactions.  Assuming a constant-concentration amendment source boundary at the cathode, 

the amendment is transported until it reaches and accumulates in the anodic well.  At this 

time, the anodic outflux rate becomes equal to the cathodic influx rate.  The steady-state 

mass in the domain can be estimated by multiplying (1) the mass influx rate and (2) the 

time required until the amendment starts exiting from the domain. 

 

The mass influx rate at the cathodic boundary can be calculated using Equation (3.16), 

using the hydraulic and voltage gradients adjacent to the cathode.  The decrease in voltage 

gradient next to the cathode is estimated from Figure 3.9.  The time before the solute starts 

exiting the domain is approximated by dividing the domain length by the average linear 

velocity.  The average linear velocity (m/d) is calculated using the overall voltage and 

hydraulic gradients: 

 
         

  
     

 

  

  
+

  

 

  

  
 (3.17) 

 

The achievable steady-state concentration in the domain is then estimated by dividing the 

mass by the volume of the domain.  A reasonable estimate of the steady-state 

concentration can be found using this method, with Figure 3.12 showing the simulated and 

analytical concentrations for the simulations shown in Figure 3.11.  Differences between 

the simulated and analytical values are due to slight fluctuations with time in the 

concentration and voltage profiles in the numerical simulations. 
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Figure 3.12 Simulated versus analytical achievable concentrations for MnO4
- (red circles) and 

S2O8
2- (black squares), in sand (filled symbols) and clay (outlined symbols).  Results shown 

are for the simulations shown in Figure 3.11. 

3.6 Conclusions 

A new numerical model was developed to incorporate EK transport in porous media by 

modifying the reactive transport model PHT3D.  Simulating reactive transport under 

hydraulic and electrical gradients, the model was verified using several benchmark 

problems.  The model was shown to allow simulation of a wide range of EK problems that 

involve various geochemical reactions. 

 

Simulations with the PHT3D-EK model demonstrate that, for the electrokinetic injection 

of an anionic amendment at the cathode, the voltage profile adjacent to the cathode 

decreases below a linear gradient, resulting in a decrease in the amendment concentration 

in the zone targeted for remediation.  The main advantages of the EK-induced amendment 

injection lies in the ability to more rapidly transport amendments into low-permeability 

zones, and to achieve a significantly higher mass influx of amendments than achievable 

under realistic hydraulic gradients.  Although the amendment concentrations that can be 

induced further away from the inlet may be relatively low, the concentrations will still have 

an appreciable effect on the degradation of the contaminant.  As a result, EK injection is 

likely to be a highly feasible remediation method.  An analytical method is presented to 

predict the maximum achievable amendment concentration in relation to the concentration 

supplied at the inlet. 

 

The voltage gradient at the electrode where the amendment is added is shown to be an 

important control on the success of electrokinetic injection.  The simulation results suggest 

that there is a need to monitor the voltage gradient in future field trial applications and 
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adjust the injected concentration accordingly or even possibly the method of injection.  

Although we investigated the transport behaviour of only two anionic oxidants used in 

EK-ISCO, the results are likely to be applicable to other amendments. 
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Chapter 4  

Assessment of Parameter Sensitivities and 
the Influence of Aquifer Heterogeneity on 
Remediation Efficiency 

4.1 Abstract 

A newly developed groundwater and electrokinetic (EK) flow and reactive transport 

numerical model was applied to simulate electrokinetic in situ chemical oxidation 

(EK-ISCO) remediation.  Scenario simulations that considered the oxidation of a typical 

organic contaminant (tetrachloroethene) by permanganate were used to gain a better 

understanding of the key processes and parameters that control remediation efficiency.  In 

a first step a sensitivity analysis was carried out to investigate a range of EK, hydraulic and 

engineering parameters on the performance of EK-ISCO.  While all investigated 

parameters affected the remediation process to some extent, the duration and energy 

required for remediation were shown to be most dependent upon the applied voltage 

gradient, the natural oxidant demand and the concentration of the injected oxidant. 

 

Secondly, the efficacy of EK-induced oxidant transport was further examined for a 

heterogeneous aquifer system with random permeability fields.  Oxidant migration under 

EK was slower in low-permeability media due to the increased oxidant consumption of 

competing reductants.  Instead of injecting oxidant only at the cathode, locating injection 

wells between the electrodes greatly increased the contaminant degradation by decreasing 

the distance the amendment had to migrate before reaching the contaminant. 

4.2 Introduction 

The effective remediation of dissolved and sorbed organic contamination in low-

permeability porous media is a significant challenge due to the long-term contamination 

risk from back-diffusion of contaminants from these sediments (Reynolds and Kueper 

2002; Chapman and Parker 2005).  Remediation technologies targeting the degradation of 

these organic contaminants, such as in situ chemical oxidation (ISCO), require the effective 

delivery and distribution of oxidants such as permanganate (MnO4
-) in the subsurface.  



 62 

However, at most contaminated sites the penetration of the oxidants into low-permeability 

media is slow and in many cases incomplete (Struse et al. 2002; Hønning et al. 2007b). 

 

Electrokinetic (EK) remediation coupled with technologies such as ISCO (EK-ISCO) has 

been demonstrated in laboratory studies to greatly accelerate penetration of amendments 

into low-permeability media (e.g. Roach and Reddy 2006; Isosaari et al. 2007; Reynolds et 

al. 2008).  EK is the application of a low electric potential or direct current to electrodes 

inserted into the soil, inducing electroosmotic (EO) flow of the pore fluid and the 

electromigration of charged ions towards the electrode of opposite charge (Acar and 

Alshawabkeh 1993).  Under these circumstances amendments such as charged oxidants can 

be injected under a low hydraulic gradient or without injection pressure and be more 

efficiently transported to the treatment zone and through the low-permeability zones, 

compared to conditions relying solely on transport by hydraulic gradients. 

 

To date, demonstrating the feasibility of the coupled EK technologies has mostly been 

limited to the laboratory-scale.  Research efforts focused on a limited number of key 

parameters and properties that control the remediation progress such as the applied 

voltage, injected concentration, and soil type (e.g. Acar et al. 1997; Thevanayagam and 

Rishindran 1998; Gent et al. 2001).  Furthermore, in experimental studies the implications 

of heterogeneity on EK transport behaviour remained limited to relatively simple ‘block’ 

representations of clay lenses (e.g. Reynolds et al. 2008). 

 

Scarcity of data, particularly for the EK parameters and at the field scale, and the related 

uncertainties in these parameters will affect the robustness of model-based predictions and 

designs of EK implementations.  As the acquisition of data in the field is expensive, it is 

therefore critical to identify which processes and system parameters ultimately determine 

the success of the remediation strategy.  However, to date, there has been no 

comprehensive study that quantifies the effects of a comprehensive range of model 

parameters on the efficiency of EK-ISCO or other EK-combined technologies. 

 

The aim of this study was to conduct a rigorous parameter sensitivity analysis to investigate 

the effects of EK, hydraulic and engineering parameters on the performance of EK-ISCO.  

For this purpose we defined a numerical experiment that involved the oxidation of 

tetrachloroethene (PCE) by permanganate.  Investigated model parameters were chosen 

based on a careful analysis of the underlying processes that potentially affect the complex 

system behaviour in an EK-ISCO application.  Additionally we examined the efficacy of 
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the EK-induced oxidant transport in physically heterogeneous aquifers.  Finally we derived 

enhanced implementation strategies under such heterogeneous conditions.  

4.3 Methods 

4.3.1 Modelling Framework 

All simulations were conducted with the numerical model PHT3D-EK (Chapter 3), which 

simulates coupled flow and reactive multi-species solute transport under both hydraulic and 

electrical potential gradients and changing electric potential fields.  The model incorporates 

the governing equations for electrokinetics into the variable density version of the PHT3D 

code (Prommer et al. 2003; Bauer-Gottwein et al. 2007; Post and Prommer 2007).  As in 

Chapter 3, the EK functionality is limited to aqueous solutions of constant density as the 

relatively low concentration of the oxidant likely to be used in EK-ISCO is unlikely to 

result in density effects.  This version of PHT3D combines the two existing USGS codes, 

the variable-density groundwater flow and (non-reactive) transport model SEAWAT-2000 

(Langevin et al. 2003), and the geochemical reaction model PHREEQC-2 (Parkhurst and 

Appelo 1999).  PHT3D-EK was verified against published analytical and experimental 

studies (Section 3.4).  The governing equations of PHT3D-EK are provided in full detail in 

Sections 2.3.2 and 3.3 and are therefore only summarised here.  

 

The transport equation for each dissolved solute incorporates both electroosmosis and 

electromigration transport as part of the groundwater velocity term (Acar and Alshawabkeh 

1993):  

    

  
     

            
 +       +       +         (4.1) 

where Ci is the concentration of species i (mol/L); Dxy is the hydrodynamic dispersion 

coefficient tensor (m2/d); Keo is the electroosmotic conductivity (m2/Vd); Kh is the hydraulic 

conductivity (m/d); V is the electric potential (V); h is the potentiometric head (m); t is the 

time (d); and rreac,i is the chemical reaction rate (mol/L.d).  The effective ionic mobility ui* 

(m2/Vd) is estimated based on: 

   
    

    (4.2) 

where ui
0 is the ionic mobility of species i at infinite dilution (m2/Vd), n is the porosity; and 

τ is the tortuosity. 
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The electric potential distribution across the soil depends on both diffusional and 

migrational charge fluxes (Alshawabkeh and Acar 1996): 

 
  

  

  
         

2  +        

 

   

 (4.3) 

where Cp is the electrical capacitance per unit volume (farad/m3); zi is the valence of ion i; 

and F is the Faraday constant (96,485 C/mol).  The effective electrical conductivity, σ*, of 

the soil pore fluid is given by: 

 
         

   

 

   

 (4.4) 

 

4.3.2 Simulated Reaction Network 

PCE is a chlorinated hydrocarbon and is the fourth most commonly found organic 

contaminant at U.S. Superfund hazardous waste sites (Stroo and Ward 2010).  This and 

other chlorinated ethenes are effectively treated by permanganate as the reaction cleaves 

the double bond between the carbon atoms.  The oxidation of PCE by permanganate is 

represented as (Siegrist et al. 2001): 

 C2Cl4 (aq) + 4/3MnO-4 + 4/3H2O  2CO2 + 4Cl- + 4/3MnO2(s) + 8/3H+ (4.5) 

 

Following Henderson (2009) a second-order kinetic reaction equation was selected to 

describe the redox reaction of the oxidant (permanganate) with the reductant PCE:  

 
            2             

   
  2        

    
  +   2        

  (4.6) 

The employed degradation rate constants were taken from published laboratory batch 

experiments, ranging between 0.027 and 0.045 /M/s (Yan and Schwartz 1999; Huang et al. 

2002; Dai and Reitsma 2004; Waldemer and Tratnyek 2006; Hønning et al. 2007b).  PCE 

sorption was modelled using a linear sorption isotherm based on the organic carbon 

partition coefficient (Koc) and the fraction of organic carbon (foc) (Fetter 1999): 

          
  

 
          

   

  

  
       

 

(4.7) 

where Ci* is the mass of solute sorbed per unit weight of solid (mg/kg), ρb is the soil bulk 

density (kg/m3) and k1 and k2 are the forward and backward rate constants respectively.  

Typical foc values for clay sediments range between 0.001 and 0.01 (Johnson et al. 1989). 
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Natural oxidant demand (NOD) is defined as the reaction of oxidants (here permanganate) 

with immobile, sediment-bound reductants such as sediment-bound organic matter (OAM) 

or reduced minerals such as pyrite (FeS2) and siderite (FeCO3) (e.g. Hartog et al. 2004; 

Mumford et al. 2005; Descourvières et al. 2010).  For example the reaction between 

permanganate and OAM is (Mumford et al. 2005):  

 3CH2O + 4MnO-4  3CO2 + 4MnO2(s) + H2O + 4OH- (4.8) 

Various process-based model approaches exist for the consideration of the oxidant 

consumptions induced by the minerals (e.g. Herold et al. 2011) and other species 

comprising the NOD.  A reasonably simple, while still realistic approach to capture the 

variations in the reactivity of OAM (while neglecting other reductants) is to define two 

distinct rates to represent both faster and more slowly degradable organic matter (e.g. 

Mumford et al. 2005; Xu and Thomson 2009).  Published second-order rate constants 

derived from the analysis of laboratory experiments of bulk soil mediums vary and range at 

least between 0.6 and 8 x 10-6 /M/s (Hønning et al. 2007a; Jones 2007; Xu and Thomson 

2009). 

 

The reaction kinetics employed for the reaction between permanganate and either more 

reactive (CH2O(r)) or more stable (CH2O(s)) fractions of OAM was adopted from 

Henderson et al. (2009): 

 

   2      2 
     

   
   2 

   2   

 

2
 

 
(4.9) 

where kCH2O is either the fast or slower reaction rate (s-1) of the reactive and stable fractions 

respectively; and φ and φ0 represent the current and initial volume fractions of OAM. 

4.3.3 Sensitivity Analysis: Small-Scale Models 

The sensitivity analysis simulations were conducted for a small-scale, 2D sand system 

containing one central clay block (Figure 4.1).  A small-scale domain was utilised as it 

would provide sufficient detail yet have a relatively low computational demand.  The 

domain of 2.5 m length and 1 m height was discretised into 100 and 40 cells in the 

horizontal and vertical directions respectively, leading to a constant horizontal and vertical 

grid spacing of 0.025 m.  The zone representing the clay lens comprises 60 and 20 cells in 

the horizontal and vertical directions respectively. 
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Figure 4.1 Model domain of small-scale models, showing the initial PCE concentration 

profile (in mol/L). 

 

The parameters used in the base case simulation are shown in Table 4.1.  The simulated 

reaction network included dissolved PCE, K+, MnO4
-, Na+, Cl-, H+ and OH-.  The initial 

concentration distribution for dissolved PCE (as if downstream of a contaminant source 

zone) was established by flooding the domain with dissolved PCE at the aqueous solubility 

limit before subsequently flushing it with water until most of the remaining dissolved PCE 

was confined to the clay lens.  At that stage the concentration still persisted close to the 

aqueous solubility of PCE, which therefore may be considered as a worst-case scenario 

(Figure 4.1).  Permanganate was injected at the cathodic (upstream) boundary via a 

Dirichlet boundary condition, in effect maintaining a constant permanganate concentration 

at the well and letting it migrate due to the background hydraulic and electrical gradients.  

Constant-head and constant-concentration boundaries were adopted at the upgradient and 

downgradient ends to represent background conditions of 0.5 g/L NaCl and pH of 7.  

Also, a small hydraulic gradient was induced towards the anode.  The two simulated 

electrodes were placed at opposite ends of the model domain. 
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Table 4.1 Input parameters for the small-scale base case. 

Parameter Sand Clay Units 

Voltage gradient (V) 1 V/cm 

Electroosmotic conductivity (Keo) 1.0 x 10-4 4.32 x 10-4 m2/Vd 

Hydraulic conductivity (Kh) 10 1 x 10-5 m/d 

Porosity (n) 0.35 0.45  

Tortuosity (τ) 0.44  

Longitudinal dispersivity (αL) 0.25 m 

Ratio of transverse to longitudinal dispersivity 0.1  

Diffusion (D*) 5.53 x 10-5 m2/d 

Fraction of organic carbon (foc) in clay - 0.003 kg/kg 

Background electric conductivity (EC) 856 μS/cm 

Hydraulic gradient (h)   0.0018  

MnO4
- dosage (CMnO4,0) 10 g/L 

Organic carbon partition coefficient (Koc) 364 L/kg 

Bulk density (ρb) 1600 kg/m3 

PCE reaction rate (kPCE) 0.08 /M/s 

OAM reactive reaction rate (kCH2O,r) 4 x 10-4 /s 

OAM stable reaction rate (kCH2O,s) 1 x 10-5 /s 

 

The simulated OAM was equally distributed between two distinct OAM fractions 

representing more reactive and more stable fractions and accordingly varying reaction rates 

were defined for the model zones occupied by clay. 

 

The analysis of the sensitivities of electrokinetic, hydrogeological and engineering 

parameters was conducted via a standard parameter perturbation method (e.g. Zheng and 

Bennett 2002; Mundle et al. 2007; Greskowiak et al. 2010).  For each parameter the level of 

perturbation was based on the range of previously published values (Table 4.2).  For 

simplicity the same dispersivity coefficients were assumed for hydraulic and electrokinetic 

transport, as adopted in previous electrokinetic modelling studies (e.g. Alshawabkeh and 

Acar 1996; Haran et al. 1997).  To focus on the direct effect of changing porosity on 

electrokinetic transport, several simulations incorporated varying porosities, and the same 

mass of PCE and OAM as the base case was maintained by adjusting the initial 

concentrations.  The OAM rate simulations investigated the effect of the reaction rate 

between OAM and permanganate by adopting a single reaction rate for the whole OAM 

mass (i.e., both the stable and reactive fractions in the base case). 
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Table 4.2 Parameters used in sensitivity analysis.  Overall changes indicate changes to both 

the sand and clay zones. 

Parameter Decreased value Increased value Units 

Electrokinetic parameters  

Voltage gradient (V) 0.1; 0.5 1.5 V/cm 

Electroosmotic conductivity: 
overall (Keo,all) 

0.85 x 10-4 (sand), 

3.67 x 10-4 (clay) 

2.0 x 10-4 (sand), 

8.64 x 10-4 (clay) 

m2/Vd 

Electroosmotic conductivity: 
clay only (Keo,clay) 

2.16 x 10-4 (clay) 6.48 x 10-4 (clay) m2/Vd 

Hydraulic parameters   

Hydraulic conductivity: 
overall (Kh,all) 

1 (sand), 

1 x 10-6 (clay) 

100 (sand), 

1 x 10-4 (clay) 

m/d 

Hydraulic conductivity: clay 
only (Kh, clay) 

1 x 10-6 (clay) 1 x 10-4 (clay) m/d 

Porosity: overall  (nall) 0.28 (sand), 

0.36 (clay) 

0.42 (sand), 

0.54 (clay) 

 

Tortuosity: overall (τall) 0.22 0.6  

Tortuosity: sand only (τsand) 0.22 (sand) -  

Longitudinal dispersivity (αL) 0.125 0.375 m 

Transverse dispersivity (αT) 0.0125 0.0375 m 

Diffusion (D*) 3.87 x 10-5 7.19 x 10-5 m2/d 

Fraction of organic carbon in 
clay (foc) 

0.0015 0.0045 kg/kg 

Single OAM reaction rate 
(kCH2O) 

1 x 10-5 (stable) 4 x 10-4 (reactive) /s 

Fraction of organic carbon  in 
sand (OAM - sand) 

0.0002 (sand), 0.003 (clay) kg/kg 

Background electric 
conductivity (EC) 

428 1284 μS/cm 

Engineering parameters  

Hydraulic gradient (h) 0.0009 0.0026  

MnO4
- dosage (CMnO4,0) 0.1; 2.5 - g/L 

 

Several state variables were used as measures of the remediation efficiency.  This comprised 

the mass flux of contaminant out of the domain, and the treatment duration and energy 

expenditure required to destroy 80% (selected as an arbitrary, realistic target) of the initial 

PCE contaminant mass.  The metrics were scaled to allow comparison among various 

simulations.  The fraction of the degraded mass of PCE is defined as the mass of degraded 

PCE divided by the total initial mass of PCE.  
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The energy consumption of the EK treatment was estimated using the following equations.  

The average electric current I (A) between the electrodes was calculated based on the 

applied voltage and changing average electrical conductivity (Schultz 1997; Alshawabkeh et 

al. 1999): 

 I    /R   σ*  /l (4.10) 

where R is the resistance (Ω); A is the cross-sectional area (m2); and l is the length (m).  

The energy consumption E (W.hr/m3) to treat a unit volume of contaminated soil is 

estimated by (Han et al. 2010): 

 
   /     /         (4.11) 

where P is the power (W.hr) and vol is the soil volume (m3). 

4.3.4 Heterogeneity and EK-ISCO: Large-Scale Models 

For the second part of this study simulations were conducted for a larger model domain 

that reflects more closely field-scale conditions.  The investigated 2D domain represents a 

heterogeneous aquifer of 25 m length and 10 m height.  The simulations were conducted 

for two different correlated random permeability fields (referred to as K-field ‘A’ and ‘B’; 

Figure 4.2) to provide some indication of the repeatability of the results.  A full Monte 

Carlo analysis was not performed.  Large correlated random permeability fields were 

generated by a Fourier transform method using the values in Table 4.3, then sampled to 

obtain domains with lenses of clays and silts.  Although the mean and variance were not 

preserved in the truncated domains, the difference in the mean and variance of the large 

fields were similar to the differences in the truncated fields and the overall results are 

expected to be similar.  A high variance ensured that the hydraulic conductivity varied 

widely from a medium gravel (104 m/d) to an unweathered clay (10-9 m/d).  The horizontal 

and vertical correlation lengths were 15 and 2 m respectively.  The domain was discretised 

into 100 and 40 cells in the horizontal and vertical directions respectively, resulting in a 

nodal spacing of 0.25 m.  Similar boundary conditions to the small-scale models were 

adopted, with permanganate injected at one or more injection wells (described below).  The 

initial dissolved PCE concentrations (as if downstream of a PCE source zone) were 

established by the same procedure as described for the smaller-scale models, with the 

flooding durations altered so that maximum concentrations reached ~40% of the aqueous 

PCE solubility within the low-permeability zones (similar to conditions expected at field 

sites). 
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Figure 4.2 (a) K-field ‘A’ and (b) K-field ‘B’ large-scale model domains.  Hydraulic 

conductivity (left; m/d) and initial PCE concentration (mol/L) profiles (right). 

 

The parameters and boundary conditions adopted for the base case were the same as those 

used in the base case of the small-scale numerical experiment, except for those shown in 

Table 4.3.  The values adopted for Keo and foc varied with Kh.  Due to the significant zeta 

potential in clays, electroosmotic flow is typically more prevalent in clays than sandy soils.  

The Keo adopted for clay and sand varied by half an order of magnitude (Yeung 1990), and, 

Keo was scaled linearly with the logarithm of Kh for Kh values between that of a clay and a 

sand (i.e., 5 x 10-4 ≤ Kh ≤ 5 x 10-2 m/d).  This Keo-Kh relationship is not expected to 

significantly affect the modelling as the minimum and maximum Keo varied only by half an 

order of magnitude, which is within the range of the published values for Keo across a 

number of different soils. 

 

 

 

 

 

 

 

 

 

 

 



 71 

Table 4.3 Input parameters for the large-scale base case (K-fields ‘A’ and ‘B’).  Unlisted 

parameters are the same as the small-scale base case in Table 4.1. 

Parameter Value Units 

Electroosmotic conductivity (Keo)* 1.0 x 10-4 (sand) 

to 4.32 x 10-4 (clay) 

m2/Vd 

Mean porous media intrinsic permeability 1.14 x 10-11 m2 

Variance of permeability 7  

Porosity (n) 0.35  

Longitudinal dispersivity (αL) 2.5 m 

Fraction of organic carbon (foc)* 0.0001 (sand), 

0.0005 (Kh 
between sand and 
clay), 0.001 (clay) 

kg/kg 

PCE reaction rate (kPCE) 0.045 /M/s 

OAM reaction rate (kCH2O) 3 x 10-5 /M/s 

Note: * Kh limits used for sand and clay were ≥ 5 x 10-2 m/d and ≤ 5 x 10-4 m/d 

respectively. 

 

For simplicity OAM was represented by a single OAM fraction, which followed the 

simplified reaction kinetics: 

    2      2 
     

     2   (4.12) 

The simulated foc and OAM concentrations represented an approximate NOD of 

3 g MnO4
-/kg aquifer material, within the range amenable to ISCO treatment with 

permanganate (Siegrist et al. 2001; Hønning et al. 2007a; Xu and Thomson 2009).  The 

decomposition of permanganate in water is represented as (Rees 1987): 

 4MnO4- + 2H2O  4MnO2(s) + 3O2 + 4OH- (4.13) 

The large-scale models incorporated a first-order decay reaction for the auto-

decomposition of permanganate: 

      
       

     
   (4.14) 

with a decay rate, kMnO4, of 1 x 10-8 /s (Siegrist et al. 2001; Henderson et al. 2009). 

 

Several EK-ISCO scenarios were investigated for the heterogeneous domains, thereby 

assessing the effect of 0 to 4 inner oxidant injection wells, the duration of EK treatment (1 

to 12 months) and varying the oxidant concentration and voltage, as well as a comparative 

simulation without EK (ISCO only).  Table 4.4 summarises the parameters used for the 

simulations with a standard parameter perturbation method used.  Unless otherwise stated 

in Table 4.4, all simulations consisted of three stages: (i) a permanganate flooding phase of 
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10 days under a natural hydraulic gradient, (ii) an EK and permanganate flooding phase of 

3 months, and (iii) a natural hydraulic gradient phase of 30 years.  To distinguish between 

the effects of cathodic and inner oxidant injection in the EK simulations, permanganate 

was injected from the cathode and a number of inner injection wells (4 inner injection wells 

unless otherwise noted in Table 4.4) in stage (i) and at the cathode in stage (ii).  The 

location of the inner injection wells are shown in Figure 4.2. 

 

Table 4.4 Overview of simulations for heterogeneous domain (4 inner wells and 3 month 

duration of EK treatment unless otherwise noted).  Inner injection well locations are shown 

in Figure 4.2.  

Scenario Simulations 

ISCO (no EK) MnO4
- injection at upgradient boundary and 4 inner 

injection wells (A to D locations) for 12 months 

Number of inner injection wells  

(and location) 

0 (cathode injection only) 

1 (cathode and C) 

2 (cathode, B and D) 

4 (cathode, and A to D) 

Duration of EK treatment 1 month 

3 months 

6 months 

12 months 

Oxidant concentration and 
voltage 

 

Low voltage (0.5 V/cm) 

Low concentration (5 g/L KMnO4) 

Low voltage (0.5 V/cm) and concentration 
(5 g/L KMnO4) 

 

Similar state variables as for the small-scale models were used to compare the remediation 

efficiency.  This comprised the percentage mass of PCE destroyed and the energy 

expenditure required, as well as the outflux of dissolved PCE from the model domain 30 

years after treatment. 
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4.4 Results and Discussion 

4.4.1 Sensitivity Analysis 

4.4.1.1 Remediation Duration 

The sensitivity of the investigated model parameters is first discussed with respect to the 

required time to achieve the defined remediation objective.  For each of the parameters the 

time required to destroy 80% of the initial PCE mass is therefore shown as the deviation 

from the small-scale base case, with this target chosen to allow comparison between the 

investigated parameters (Figure 4.3(a)).  To normalise the level of perturbation, the 

differences in remediation time was scaled to a perturbation of 50%, as shown in Figure 

4.3(b).  Note that the scaled values need to be seen as indicative rather than precise 

measures.  This is due to the fact that the response to parameter perturbations may not be 

linear and in some cases may be highly non-linear.  Generally similar results were found for 

both the actual and scaled remediation times.  These results indicate that the remediation 

time was mostly sensitive to the voltage gradient V, the initial OAM concentration and 

its reactivity (or reaction rate constant) and the permanganate input concentration CMnO4,0.  

In contrast the tortuosity τ, porosity n, dispersivity αL and αT, electroosmotic conductivity 

Keo and background electrical conductivity EC showed to be less sensitive model 

parameters.  Among all investigated parameters those associated with the smallest 

sensitivities were the hydraulic gradient h, hydraulic conductivity Kh and diffusion D*.  In 

the following discussion, we will focus on the underlying processes of the major parameter 

sensitivities. 
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Figure 4.3 Remediation time for 80% destruction of PCE, shown as (a) the percentage 

difference and (b) scaled percentage difference from the base case.  Grey and black bars refer 

to a decrease and increase in the input parameters respectively.  Negative sign denotes a 

negative difference (i.e., shorter time than base case).  

4.4.1.2 Voltage Gradient, Tortuosity, Porosity, Electroosmotic Conductivity, and 
Dispersivity 

A positive correlation exists between the remediation time and the V, τ, n, Keo and 

dispersivity (higher values of these parameters resulted in faster remediation).  A higher τ 

and n increased the electromigration of permanganate through the clay.  An increased Keo 

increased the electroosmosis flow of PCE towards the cathodic injection well, although this 

was partly offset by a decreased net electrokinetic transport rate for permanganate.  In a 

similar manner, a higher V increased the net electrokinetic transport rates for 
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permanganate and PCE, increasing contact between permanganate and PCE.  Increases in 

αL and αT reduced the remediation time by increasing the spreading of the permanganate 

plume in the longitudinal or transverse directions.  

4.4.1.3 Organic Content 

An increase in the organic carbon fraction foc and the presence of OAM in the sand zone 

increased the time required for remediation, mainly because of the greater consumption of 

permanganate by OAM and increased sorption of PCE to OAM.  The presence of OAM 

in the sand zone also resulted in a decreased PCE mass destruction, due to the increased 

transport time for permanganate during which more PCE was flushed from the domain.  

 

On the contrary, if a lower OAM reactivity was assumed (i.e., KCH2O,s = 1 x 10-5 /s) the 

remediation time is significantly reduced as the decreased competition for oxidation 

capacity allowed more permanganate to react with the PCE.  

4.4.1.4 Injected Permanganate Concentration and Background Electrical Conductivity 

Increases in the permanganate concentration (CMnO4,0) and background EC, respectively, 

resulted in shorter remediation times.  At a higher background EC, the relative increase in 

EC associated with the oxidant injection at the cathode is lower.  This resulted in a higher 

voltage gradient adjacent to the cathode and therefore an increase in the permanganate 

mass influx.  There is likely to be an upper limit to the effect of the background EC.  As 

the oxidant concentration decreases relative to the total electrolyte concentration, the 

fraction of the applied current carried by the oxidant is less and the oxidant transport 

becomes less efficient (Acar and Alshawabkeh 1993).  

4.4.1.5 Energy Expenditure 

The unscaled sensitivity of the energy expenditure with respect to the various model 

parameters is illustrated in Figure 4.4.  The energy consumption was most sensitive to V, 

the OAM concentration and the reaction rate constant kCH2O and Kh,all.  The higher 

sensitivity of these parameters was due to either a higher applied voltage gradient or longer 

remediation time, and for Kh,all, a higher level of parameter perturbation.  In contrast the 

model parameters Keo, τ, CMnO4,0, dispersivity and EC showed moderate sensitivity and the 

model parameters Kh,clay, n and D* yielded the least sensitivity.  The degree of sensitivity for 

these parameters was attributable to the relative effect on the average current (e.g. CMnO4,0) 

and/or remediation time (e.g. n or Keo). 
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Figure 4.4 Sensitivity of energy consumption to 80% destruction of PCE for small-scale 

models, shown as a percentage difference from the base case.  Grey and black bars refer to a 

decrease and increase in the input parameters respectively.  A negative sign indicates a 

negative difference (i.e., lower energy consumption compared to the base run).  

4.4.1.6 Indicators for Remediation Duration 

The sensitivity of the remediation duration with respect to variations of the oxidant and/or 

reactant concentrations is relatively straightforward to predict.  For other parameters, the 

sensitivity can be summarised as a function of the following factors, the average horizontal 

velocity of the permanganate and PCE at the cathodic end of the clay zone, and the 

permanganate mass influx (Figure 4.5).  The electrokinetic and hydraulic velocities are 

shown for the main horizontal flow direction, and are calculated by: 

             
        +      (4.15) 

 

The mass influx of the oxidant may be reduced by the parameter change (e.g. if τ or n is 

reduced) and by a reduction in the voltage gradient adjacent to the cathode.  Figure 4.5 

shows that a reduction in remediation time was achieved by parameters that resulted in 

higher values for these three factors.  The PCE velocity had a bigger impact than the 

permanganate velocity, likely due to OAM also competing for the permanganate.  These 

three factors could potentially be used in applications to provide a rough indication of the 

time required for remediation. 
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Figure 4.5 Remediation time percentage difference (colours; right colourbar), as a function of 

PCE (left horizontal axis) and permanganate (right horizontal axis) velocity in clay and 

permanganate mass influx (vertical axis).  Percentage difference refers to difference from 

base case (for destruction of 80% of PCE mass).  The horizontal hydraulic and electrokinetic 

velocities at the cathodic end of the clay zone are shown.  Simulations with varied reactant or 

oxidant concentrations (foc, KCH2O, OAM-sand and CMnO4,0) and outliers are not shown.  

4.4.1.7 Operating Conditions: Applied Voltage Gradient and Permanganate Dosage 

The sensitivity analysis provided useful guidelines for the application of V and CMnO4,0.  

The remediation time and energy consumption (as the percentage difference from the base 

run) for these parameters are shown in Figure 4.6.  Applying a higher V resulted in a 

relatively lower increase in remediation time; however, the energy expenditure was 

progressively higher.  On this basis, the applied voltage gradient should be of the order of 

about 1 V/cm as there is a large cost consequence, with little ancillary benefit in applying a 

much higher voltage gradient for most potential applications. 

 

Figure 4.6 shows that a lower CMnO4,0 was beneficial with respect to remediation time and 

energy consumption.  The estimated optimum CMnO4,0 range for the small-scale simulations 

was between 2 and 8 g/L approximately.  The remediation time decreased with increasing 

CMnO4,0, however the total energy consumption to achieve 80% destruction was lowest at a 

CMnO4,0 of 2.5 g/L due to the lower electrical conductivity (and current).  The energy 

consumption was higher at 0.1 g/L (longer remediation time) and 10 g/L (higher electrical 

conductivity).  Note that the optimum ranges suggested in Figure 4.6 are for the base case 

NOD, with the maximum possible permanganate consumption by the NOD and PCE of 
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20.1 kg.  If the NOD is greater, it is expected that the optimum range for permanganate 

concentration would likely be higher.  It is however unclear from the limited number of 

simulations if the trends in remediation time and energy expenditure for the voltage 

gradients would remain the same and result in a similar optimal range of voltage gradients. 

 

 

Figure 4.6 Remediation time difference (diamonds; left axis) and energy expenditure 

difference (squares; right axis), for the applied voltage gradient V (top graph) and injected 

MnO4
- concentration CMnO4,0 (bottom graph) simulations.  Percentage differences refer to the 

difference from the small-scale base case.  Indicated optimum ranges are for the base case 

NOD, with a maximum possible permanganate consumption of 20.1 kg (from NOD and 

PCE). 

4.4.2 Heterogeneity and EK-ISCO 

4.4.2.1 Location of Oxidant Injection 

Figure 4.7 shows the concentration profiles of permanganate, PCE and MnO2 (from the 

PCE and permanganate reaction) in the large-scale domain after 90 d of EK treatment.  

Heterogeneity affected the EK delivery of the amendment in that the oxidant migrated 

slower in the low-permeability sediments, although the migration was much faster than 
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advection under a natural hydraulic gradient.  The difference in the delivery rates between 

media of different permeability was caused by the spatial change in Keo (affecting the 

opposing EO flow) and the higher OAM associated with clay.  Although parameters such 

as n and τ were not varied spatially in these simulations, they are generally lower in high-

permeability sediments such as sands (i.e., slower EK migration of permanganate).  Overall, 

a slightly longer EK duration was required to treat low-permeability media, however the 

oxidant coverage increased as the OAM is consumed. 

 

 

Figure 4.7 (a) No inner injection and (b) four inner injection wells simulation profiles of 

MnO4
- and dissolved PCE concentrations (mol/L), and MnO2 mass (g; produced by PCE-

MnO4
- reaction).  All profiles shown are after 90 days of EK treatment in K-field ‘A’. 

 

Injecting the oxidant at the cathode resulted in gradual degradation of the PCE (Figure 

4.7).  The EO transport of PCE towards the cathode meant that PCE was mainly 

destroyed by permanganate in the region near the cathode with the reaction product MnO2 

being precipitated and successively concentrated in this region.  In EK experiments with 

permanganate and phenol contaminant, Thepsithar and Roberts (2006) also observed that 

the cathodic end was the main reaction zone.  In the scenarios considered with dissolved 

PCE, the total amount of MnO2 that precipitated during the simulations was estimated to 

be low (<0.1% of soil pore volume) and thus unlikely to result in the blockage of pores and 

impede the contact between the oxidant and PCE.  This may not be the case in other 

situations, for example in the presence of non-aqueous phase liquid (NAPL) where much 
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larger mass and volume of precipitation would be expected.  Further investigation is 

required to evaluate this scenario. 

 

  

Figure 4.8 (a) Percentage mass of PCE destroyed, (b) energy expenditure at end of ISCO and 

EK-ISCO treatment, and (c) PCE outflux 30 years after treatment.  Simulations shown are 

varied inner injection wells for K-fields ‘A’ (solid lines; black symbols or bars) and ‘B’ 

(dashed lines; white symbols or bars).  In part (b), the energy expenditure is the percentage 

difference from the EK simulation with no inner injection wells (i.e., oxidant injection only 

at cathode). 

 

In contrast, locating the oxidant injection wells within the contaminated, low-permeability 

region greatly increased the PCE degradation at the start of the EK stage (Figure 4.8).  

When EK is applied, the increased penetration of permanganate into the clay and its closer 

proximity to the PCE produced a large, initial increase in destroyed PCE, which increased 
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with the number of inner injection wells.  During the later part of the EK stage when 

oxidant was injected only at the cathode, the remaining PCE was destroyed at a slower rate 

due to the oxidant having to travel further to reach the PCE and also the OAM competing 

for the oxidant.  In locating the oxidant injection wells between the electrodes, MnO2 from 

the permanganate degradation of PCE is more evenly spread throughout the contaminated 

zone, reducing the likelihood of blockage of pores (Figure 4.7).  This is caused by the 

oxidant coming into contact with the PCE before the PCE is mobilised by EO flow.  As 

shown in Figure 4.8, the PCE outflux rate 30 years after EK remediation is decreased by up 

to an order of magnitude compared to ISCO only treatment (no EK; oxidant injection at 

cathode and four inner wells).  The ultimate PCE outflux after EK treatment is lower with 

more inner injection wells, corresponding to the greater amount of PCE destroyed. 

 

For a given EK duration, the energy consumption increased slightly with the number of 

injection wells, due to a slight increase in the electrical conductivity (and thus current) 

associated with more oxidant injection wells (i.e., more oxidant injected) countered by the 

oxidant being consumed quickly at the start of the EK stage.  There would be a greater 

change in energy consumption with the number of injection wells if continuous injection 

occurred from the inner wells during the EK stage (greater oxidant concentration for 

longer). 

 

The spatial discretisation was varied to examine its effect on the simulations.  Using a 

coarser (cells halved), medium (existing grid) and finer grid (cells doubled at the clay lens), 

the remediation behaviour and trends were similar and the amount of destroyed PCE only 

varied by up to approximately 10% of the initial PCE mass.  
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4.4.2.2 Duration of EK Treatment 

  

Figure 4.9 (a) Percentage mass of PCE destroyed, (b) energy expenditure at end of EK-ISCO 

treatment and (c) PCE outflux 30 years after treatment.  Simulations shown are varied 

durations of EK treatment for K-fields ‘A’ (solid lines; black symbols or bars) and ‘B’ (dashed 

lines; white symbols or bars).  In part (a), arrows denote EK duration and in part (b), the 

energy expenditure is the percentage difference from 1 month of EK treatment simulation. 

 

As shown in Figure 4.9, there was only a slight increase (about 10%) in the destroyed mass 

of PCE by increasing the EK treatment and cathodic injection from 1 to 12 months (for 

the scenario with 4 inner injection wells), as the increased duration extended the later 

period of slower PCE degradation from permanganate injected from the cathode.  The 

increase in destroyed PCE resulted in a greater decrease in the PCE outflux (by several 

orders of magnitude) 30 years after treatment.  However, the linear increase in energy 
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consumption with EK duration resulted in significantly higher energy requirements of 

approximately 1200% from 1 to 12 months duration.  

4.4.2.3 Oxidant Concentration and Applied Voltage 

  

 Figure 4.10 (a) Percentage mass of PCE destroyed, (b) energy expenditure at end of EK-ISCO 

treatment and (c) PCE outflux 30 years after treatment.  Simulations shown are varied oxidant 

concentration and voltages for K-fields ‘A’ (solid lines; black symbols or bars) and ‘B’ 

(dashed lines; white symbols or bars).  The base case refers to the simulation with 4 inner 

injection wells and in part (b), the energy expenditure is the percentage difference from the 

base case. 

 

Halving either the oxidant concentration or applied voltage decreased the degraded PCE 

mass by up to about 10%, due to a decrease in the oxidant mass influx (Figure 4.10).  
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Compared to the scenario with the base case concentration and voltage, the energy 

consumption was significantly lower for a lower applied voltage.  As shown in Figure 4.10, 

the disadvantage to decreasing the applied voltage or oxidant dosage is a higher steady-state 

mass flux rate of PCE of about half an order of magnitude (30 years after treatment).  

4.5 Conclusions 

The use of EK-ISCO remediation in the subsurface contains many uncertainties, in a large 

part due to poor understanding of the natural variations in parameters and geologic 

heterogeneity.  The results from this study provide guidance on the relative effects of the 

investigated parameters, with all investigated parameters affecting the EK-ISCO 

remediation to some extent.  The effects of changes in a parameter on the treatment 

duration or energy expenditure are generally non-linear, meaning that a detailed 

characterisation is required to understand the impacts from parameter changes at a 

particular site.  Parameters with the greatest impact on remediation duration and energy 

consumption were the voltage gradient V and the OAM concentration and reaction rate.  

Remediation duration was also sensitive to the injected concentration of permanganate 

CMnO4,0 while energy consumption was also sensitive to the hydraulic conductivity Kh,all. 

 

A voltage gradient of between 0.5 and 1.5 V/cm and a permanganate dosage of 2 to 

10 g/L are suggested to be the optimal operating conditions, though this is only indicative 

as it is based on the results of limited modelling simulations.  The optimal conditions were 

derived for scenarios with the maximum possible permanganate consumption by the NOD 

and PCE of 20.1 kg.  If the NOD is greater, a higher range for permanganate dosage can 

be expected, however it is unclear if the optimal range for the voltage gradient would 

remain the same.  The high relative sensitivity with respect to OAM reinforces the 

importance of adequate characterisation of NOD for effective design of EK-ISCO 

applications. 

 

Compared to the oxidant dosage and applied voltage, the number of inner oxidant 

injection wells was the most important criteria in reducing the remediation duration.  By 

locating the oxidant injection wells between the electrodes instead of only at the cathode, 

the contaminant degradation rate was greatly increased as a result of decreasing the distance 

the amendment had to migrate before reaching the contaminant.  This approach may be 

relevant to other applications of EK that depend on the contact between the amendment 

and the contaminant (e.g. EK-bioremediation). 
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Important limitations of this study relate to the investigation of only a single type of 

oxidant (permanganate) and contaminant (dissolved PCE), and the relatively limited 

modelling simulations for the investigated scenarios.  Despite this, the study is useful in 

providing guidance to the key processes and parameters that control the remediation 

efficiency of EK-ISCO.  Further research is required to investigate if similar findings occur 

for other types of oxidants and contaminants that are amenable to ISCO remediation.  

Although the model results were similar using two different heterogeneous domains, the 

remediation efficiency should be investigated in soils containing different thicknesses of 

low-permeability layers to see if trends are prevalent.  Validation of the study findings 

through field-scale experiments will be an important next step. 

 

The treatment efficiencies reported in this study applied to a two-dimensional domain and 

may vary in a three-dimensional setting, with the remediation success depending on the 

electrode configurations that are utilised.  Sets of anodes and cathodes will likely be 

required to remediate a given area, and these may be positioned in linear, bi-directional or 

radial configurations to optimise the remediation efficiency and minimise flow stagnation 

zones.  Optimal electrode configurations for EK-ISCO applications have been investigated 

in Chapter 5. 
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Chapter 5  

Optimal Field Approaches 

5.1 Abstract 

Numerical simulations were utilised to identify and evaluate optimum electrode 

configurations and approaches for electrokinetic in situ chemical oxidation (EK-ISCO) 

remediation of low-permeability sediments.  A newly developed groundwater and 

electrokinetic flow and reactive transport numerical model was used to conduct two-

dimensional scenario simulations of the coverage of an injected oxidant, permanganate, and 

the oxidation of a typical organic contaminant (tetrachloroethene).  For linear 

configurations of vertical electrodes, the spacing of same-polarity electrodes is 

recommended to be about one-third to one-quarter of the anode-cathode spacing.  Greater 

coverage could also be achieved by locating additional oxidant injection wells at the 

divergence of the electric field in linear electrode configurations.  Horizontal electrodes 

allowed greater contact between the injected permanganate and PCE and resulted in faster 

degradation of PCE compared to vertical electrodes.  Pulsed oxidant injection, closer 

electrode spacing and electric field reversal also resulted in faster EK-ISCO remediation.   

5.2 Introduction 

Electrokinetic (EK) remediation is the application of a low electric potential or direct 

current to electrodes inserted into the soil, inducing electroosmotic (EO) flow of the pore 

fluid and the electromigration of charged ions towards the electrode of opposite charge 

(Acar and Alshawabkeh 1993).  Coupled with technologies such as in situ chemical 

oxidation (ISCO), amendments (such as charged oxidants) are transported through the 

subsurface at faster rates by EK than under a natural hydraulic gradient through low-

permeability systems.  Technologies targeting the mass destruction of contaminants, 

including ISCO, require the effective delivery and distribution of oxidants such as 

permanganate (MnO4
-) in the subsurface.  However, at most contaminated sites, 

penetration of the oxidants into low-permeability media is slow and limited (Struse et al. 

2002; Hønning et al. 2007b).  The coupled EK-ISCO technology has been demonstrated in 

laboratory studies to greatly increase the coverage area of amendments (such as charged 
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oxidants) in low-permeability media (e.g. Roach and Reddy 2006; Isosaari et al. 2007; 

Reynolds et al. 2008). 

 

The overall design and engineering of the EK system is important for its success.  

Alshawabkeh et al. (1999a; 1999b) determined optimum 1D and 2D configurations and 

spacing for vertical electrodes based on analytical studies of the inactive areas of the electric 

field and the time for a chemical species to be transported under EK.  While this approach 

is suited to EK applications involving the physical transport and removal of a contaminant, 

the studies did not account for the reactive degradation of the contaminant. 

 

Several EK-biodegradation studies found the process was enhanced by the reversal or 

rotation of the cathodes and anodes.  Key benefits included minimising of the inactive area 

in the electric field (Fan et al. 2006), less change in the soil pH and moisture content, and a 

more uniform distribution of injected nutrients (Luo et al. 2005; Harbottle et al. 2009; Xu 

et al. 2010).  The 2D nature of the electric field is also important, with Fan et al. (2007) 

finding that there was greater biodegradation from the periodic reversal of a radial 

electrode configuration rather than rotating a single electrode pair. 

 

Several EK remediation studies have investigated the use of horizontal electrodes 

(generating a vertical electric field) in the removal of contaminants, and found comparable 

removal efficiencies with the more traditional vertical electrode approach.  Horizontal 

electrodes were used by Wang et al. (2006; 2007) to concentrate heavy metals and organic 

contaminants near a surficial cathode to allow for easy removal, while Zhang et al. (2010) 

combined horizontal and vertical electrodes to prevent the downward migration of 

chromium (under a vertical hydraulic gradient) and remove the chromium from the soil.  

Hydraulic fracturing was demonstrated by Roulier et al. (2000) as a feasible method of 

installing granular electrode material in horizontal layers with a diameter of 6 to 9 m, and 

combined with zero-valent iron or biological treatment zones between the electrodes.  This 

‘Lasagna’ method decreased trichloroethene concentrations at field test sites. 

 

Optimal electrode configurations for EK-ISCO applications have so far not been assessed 

in a systematic manner.  EK-ISCO remediation is not only dependent on the transport of 

the injected oxidant, but also reactive processes such as the degradation of the target 

contaminant, competition for the oxidant from other reactants and pH fronts (e.g. Roach 

and Reddy 2006; Waldemer and Tratnyek 2006; Hodges 2010).  There is a need to identify 
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and evaluate optimum electrode configurations and approaches for the operation of an 

EK-ISCO system at the field scale. 

 

The first aim of this study was to assess factors that would achieve optimal coverage of the 

oxidant, including configurations of vertical electrodes, placement of oxidant injection 

wells and the suitability of horizontal electrodes.  Secondly, the impact on remediation 

success of various EK strategies involving vertical electrodes was also investigated such as 

repeated applications of oxidant, electrode spacing and reversal of the electric field.   

5.3 Methods 

5.3.1 Modelling Framework 

All simulations were conducted with the numerical model PHT3D-EK (Section 3.3), that 

simulates coupled flow and reactive multi-species solute transport under hydraulic and 

electrical potential gradients, and changing electric potential fields.  The model incorporates 

electrokinetic transport into the variable density version of PHT3D, though the EK 

functionality is limited to aqueous solutions of constant density due to the relatively low 

concentrations of injected oxidant likely to be used in EK-ISCO treatment (Prommer et al. 

2003; Bauer-Gottwein et al. 2007; Post and Prommer 2007).  The model was verified 

against published analytical and experimental studies (Section 3.4).  The governing 

equations of PHT3D-EK are provided in full detail in Sections 2.3.2 and 3.3 and are 

therefore only summarised here.  The transport of each dissolved solute includes both 

electroosmosis and electromigration transport (Acar and Alshawabkeh 1993):  

    

  
     

            
   +       +       +         (5.1) 

where Ci is the concentration of species i (mol/L); Dxy is the hydrodynamic dispersion 

coefficient tensor (m2/d); ui
0 is ionic mobility (m2/Vd); n is porosity; τ is tortuosity; Keo is 

the electroosmotic conductivity (m2/Vd); Kh is the hydraulic conductivity (m/d); V is 

electric potential (V); h is potentiometric head (m); t is time (d); and rreac,i is the chemical 

reaction rate (mol/L.d). 

 

The electric potential distribution across the soil is defined as (Alshawabkeh and Acar 

1996): 
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where Cp is the electrical capacitance per unit volume (farad/m3); zi is the valence of ion i; 

σ* is the effective electrical conductivity (S/m), and F is the Faraday constant 

(96,485 C/mol). 

 

Several environmental performance metrics were used as measures of the remediation 

efficiency: 

1) The fraction degraded mass of PCE is defined as the mass of degraded PCE 

divided by the total initial mass of PCE.   

2) The oxidant coverage is the percentage of the domain (measured in plan view 

in two dimensions) with an oxidant concentration greater than 10% of the 

injected concentration.   

3) The energy consumption, E (kW.hr/m3), to treat a unit volume of 

contaminated soil. 

 

The energy is estimated by (Han et al. 2010): 

 
   /     /         (5.3) 

where P is power (kW.hr), I is current (A) and vol is the soil volume (m3).  The energy 

expenditure over time was estimated based on the average voltage and current during each 

model timestep.  For an anode-cathode pair (1D configuration), the equation for energy 

expenditure is simplified to (Schultz 1997): 

 
  

     

  
 (5.4) 

where L is the anode-cathode spacing (m).  In a radial electrode configuration, the current 

per unit depth I (A/m) is estimated as (Alshawabkeh et al. 1999a): 

 
   2     

  

  
 (5.5) 

where r is the radius (m).  Substituting the current into Equation (5.3), the required energy 

for a radial configuration is given by: 

 
  

      

    
 (5.6) 

where Vmax is the total applied voltage (V); and area is the remediated area (m2). 

5.3.2 Simulated Reaction Network 

Adopted as the representative organic contaminant in this study, tetrachloroethene (PCE) 

is the fourth most commonly found organic contaminant at U.S. Superfund hazardous 

waste sites (Stroo and Ward 2010).  Permanganate effectively destroys this and other 



 95 

chlorinated ethenes by cleaving the double carbon bond.  The oxidation of PCE by 

permanganate is represented as (Siegrist et al. 2001): 

 C2Cl4 (aq) + 4/3MnO-4 + 4/3H2O  2CO2 + 4Cl- + 4/3MnO2(s) + 8/3H+ (5.7) 

 

The redox reaction was incorporated as a second-order kinetic reaction equation 

(Henderson 2009): 

 
            2             

   
  2        

    
  +   2        

  (5.8) 

A kinetic rate constant, kPCE, of 0.045 /M/s was adopted based on published laboratory 

batch experiments (Yan and Schwartz 1999; Waldemer and Tratnyek 2006).  PCE sorption 

and desorption was modelled using a linear sorption isotherm based on the product of the 

organic carbon partition coefficient (Koc) and the fraction of organic carbon (foc) (Fetter 

1999): 

          
  

 
          

   

  

  
       

 

(5.9) 

where Ci* is the mass of solute sorbed per unit weight of solid (mg/kg), ρb is the soil bulk 

density (kg/m3) and k1 and k2 are the forward and backward rate constants respectively.  

Clay sediments typically have foc values between 0.001 and 0.01 (Johnson et al. 1989).  

During EK treatment, acid and base is generated at the anode and cathode respectively, 

and may subsequently migrate into the soil.  It is assumed in this study that pH buffering 

measures are used at the electrodes to prevent the generation of acid and base during the 

EK-ISCO treatment and prevent changes in the pH that may affect the stability of the 

permanganate and stalling of its migration (Siegrist et al. 2001; Hodges 2010). 

 

Natural oxidant demand (NOD) is the reaction of permanganate with immobile, sediment-

bound reductants such as sediment-bound organic matter (OAM) or reduced minerals such 

as pyrite (FeS2) and siderite (FeCO3) (e.g. Hartog et al. 2004; Mumford et al. 2005; 

Descourvières et al. 2010).  The reactions occur with different degrees of reactivity, with 

published second-order rate constants involving bulk soil mediums in laboratory 

experiments ranging between 0.6 to 8 x 10-6 /M/s (Hønning et al. 2007a; Jones 2007; Xu 

and Thomson 2009).  For example, the reaction between permanganate and OAM can be 

described by (Mumford et al. 2005): 

 3CH2O + 4MnO-4  3CO2 + 4MnO2(s) + H2O + 4OH- (5.10) 
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The reaction between OAM and permanganate was incorporated in the model as: 

    2      2 
     

     2   (5.11) 

with a reaction rate kCH2O of 3 x 10-5 /M/s.  The simulated foc and OAM reaction rate 

represented an approximate NOD of 3 g MnO4
-/kg aquifer material, in line with published 

literature values (Hønning et al. 2007a; Xu and Thomson 2009).  Permanganate can react 

with water and auto-decompose(Rees 1987): 

 4MnO4- + 2H2O  4MnO2(s) + 3O2 + 4OH- (5.12) 

A first-order decay reaction for permanganate accounted for the decomposition of 

permanganate in water, which is enhanced in the presence of manganese oxides (Siegrist et 

al. 2001): 

      
       

     
   (5.13) 

with a decay rate, kMnO4, of 1 x 10-8 /s (Henderson et al. 2009). 

5.3.3 Model Domains and Properties 

This study comprised three main components: vertical electrode array configuration 

assessment, horizontal electrode comparisons, and optimisation of electrode 

implementation approaches.  Each component had a separate simulation set or model 

domain, comprising either a horizontal or vertical 2D domain.  The complexity of the 

simulation sets ranged from homogeneous clay domains to random permeability fields as 

determined by the requirements of each study component.  The model domains and 

adopted properties are described in the following sections.  

5.3.3.1 Simulated Set 1: Vertical Electrode Array Configurations 

Horizontal 2D models were used to investigate the efficacy of various electrode array 

configurations.  The domains had a width and length of 25 m and were discretised into 100 

cells in each horizontal direction.  The main focus of the coverage simulations was the 

effect of the electrode array on the amount of mass and coverage of the injected oxidant in 

the domain, and as such simulations did not incorporate the reaction network (except for 

the large radial configuration with inner injection wells discussed below, with simulations 

incorporating PCE degradation used to confirmed the oxidant coverage trends). 

 

The properties of the homogeneous clay domain are shown in Table 5.1.  The simulated 

species comprised dissolved PCE, K+, MnO4
-, and the background species Na+, Cl-, H+ and 

OH-.  Constant-head and constant-concentration boundaries were adopted at the 

electrodes and model boundaries to represent background conditions of 0.5 g/L NaCl and 
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pH of 7.  Potassium permanganate was injected at the cathodes and injection wells using 

Dirichlet boundaries.  The coverage simulations that incorporated the reaction network had 

an initial PCE concentration of 30% of the aqueous PCE solubility.  The adopted voltage 

gradient was 1 V/cm, except for some simulations as noted which had 0.5 V/cm.  

 

Table 5.1 Input parameters for Simulation Set 1 domains (Fetter 2001; Mitchell and Soga 

2005). 

Parameter Value Units 

Electroosmotic conductivity (Keo) 4.32 x 10-4 m2/Vd 

Hydraulic conductivity (Kh) 1.0 x 10-5 m/d 

Porosity (n) 0.45  

Tortuosity (τ) 0.44  

Longitudinal dispersivity (αL) 2.5 m 

Ratio of transverse to longitudinal dispersivity 0.1  

Diffusion (D*) 5.53 x 10-5 m2/d 

Background electric conductivity (EC) 856 μS/cm 

Fraction of organic carbon (foc)
1 0.001 kg/kg 

Organic carbon partition coefficient (Koc)
1 364 L/kg 

Bulk density (ρb)
1 1600 kg/m3 

MnO4
- dosage (CMnO4,0) 10 g/L 

Note: 1 Simulations incorporating the reaction network 

 

Linear and radial electrode configurations were investigated, that had been adopted in other 

EK remediation methods (e.g. removal of heavy metals) and were most likely to be utilised 

in EK-ISCO applications (Figure 5.1).  Electrodes were located at the edges of a central 

area of 15 m by 15 m (referred to as the ‘electrode area’) within the larger domain.  The 

uni-directional (UD) and bi-directional (BD) linear arrays comprised of one and two rows 

of anodes respectively, and consisted of between 1 and 4 electrode pairs.  Two simulated 

radial configurations were investigated, comprising a small array of one central cathode 

surrounded by four outer anodes, and a large array of alternating anodes and cathodes.  In 

the inner injection well scenarios, injection wells were placed halfway between the anodes 

and cathodes in the UD linear and large radial configurations as shown in Figure 5.1.  The 

oxidant coverage was calculated for the electrode area to exclude boundary effects, and the 

accuracy of this approach was confirmed for selected simulations in Simulation Set 4 

(which had a similar but larger domain). 
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Figure 5.1 Examples of investigated electrode configurations: (a) 1 electrode pair (UD 

configuration), (b) 3 pairs (UD), (c) 3 pairs (BD), (d) 2 pairs (BD) with inner injection wells, 

and radial (e) small and large configurations (f) without and (g) with inner injection wells.  

The electrode area is shown as the dashed lines. 

5.3.3.2 Simulated Set 2: Comparison of Horizontal and Vertical Electrodes 

A 2D vertical model domain of a sand system with one central clay block was utilised to 

investigate the use of horizontal electrodes compared to vertical electrodes (Figure 5.2).  

The domain of 25 m width and 10 m height was discretised into 100 and 40 cells in the 

horizontal and vertical directions respectively, resulting in a nodal spacing of 0.25 m.  The 

zone representing the clay lens comprises 60 and 20 cells in the horizontal and vertical 

directions respectively. 

 

 

Figure 5.2 Model domain for Simulation Set 2, showing the initial PCE concentration profile 

(in mol/L) and electrode locations (denoted by letters). 
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The adopted properties for Simulation Set 2 are shown in Table 5.2.  Simulating the same 

chemical species as the Simulation Set 1 models (Section 5.3.3.1), constant-head and 

constant-concentration boundaries were adopted at the upgradient and downgradient ends 

and electrodes to represent background conditions of 0.5 g/L NaCl and pH of 7.  A small 

hydraulic gradient was induced as shown in Figure 5.2.  The initial dissolved PCE 

concentrations (as if downstream of a PCE source zone) were established by flooding the 

domain with PCE, then flushing it with water until the maximum concentration in the low-

permeability zone was ~40% of the aqueous solubility of PCE (similar to conditions 

expected at field sites) (Figure 5.2). 

 
Table 5.2 Input parameters for Simulation Set 2 (Fetter 2001; Mitchell and Soga 2005). 

Parameter Sand Clay Units 

Electroosmotic conductivity (Keo) 1.0 x 10-4 4.32 x 10-4 m2/Vd 

Hydraulic conductivity (Kh) 10 1.0 x 10-5 m/d 

Porosity (n) 0.35  

Tortuosity (τ) 0.44  

Longitudinal dispersivity (αL) 2.5 m 

Ratio of transverse to longitudinal dispersivity 0.1  

Diffusion (D*) 5.53 x 10-5 m2/d 

Hydraulic gradient (h) 0.0018  

Background electric conductivity (EC) 856 μS/cm 

Fraction of organic carbon (foc)
1 0.0001 0.001 kg/kg 

Organic carbon partition coefficient (Koc) 364 L/kg 

Bulk density (ρb) 1600 kg/m3 

Voltage gradient (V) 1 V/cm 

MnO4
- dosage (CMnO4,0) 10 g/L 

Note: 1 Johnson et al. (1989) 

 

Table 5.3 summarises the simulations for Simulation Set 2, with the location of the 

electrodes shown in Figure 5.2.  Three comparative vertical and horizontal electrode 

scenarios were investigated, comprising a base case (locations A or D for the vertical and 

horizontal electrodes respectively), shorter electrodes (B or E), and electrodes more distant 

from the clay block (C or F).  In each comparative scenario (e.g. base case), the horizontal 

and vertical electrodes were the same length and located the same distance from the clay 

lens.  In the vertical electrode scenarios, the cathode was located at the upgradient end.  

For each horizontal electrode scenario, two simulations were conducted with the cathode 



 100 

located at the top or bottom of the anode-cathode pair.  An additional simulation of 

permanganate flooding under a natural hydraulic gradient (ISCO treatment with no EK) 

was also used for comparative purposes.  All simulations comprised two stages: (i) an initial 

permanganate flooding stage under a natural hydraulic gradient for 10 days, then (ii) an EK 

and permanganate flooding phase of 3 months.  Permanganate was injected as a Dirichlet 

boundary from an injection well at the upgradient boundary in stage (i), then at the cathode 

in stage (ii). 

 

Table 5.3 Outline of simulations for Simulation Set 2 (locations correspond to those shown 

in Figure 5.2). 

Scenario 

 

Electrode locations 

Vertical electrodes Horizontal electrodes 

Base case A D 

Shorter electrodes B E 

Distant electrodes C F 

 

5.3.3.3 Simulated Set 3: Electrode Implementation Approaches 

Two 2D vertical model domains were used to compare approaches for vertical electrodes 

in EK-ISCO implementation.  Random permeability fields were incorporated, as the 

implications of heterogeneity on EK transport behaviour involving vertical electrodes in 

previous studies remained limited to relatively simple ‘block’ representations of clay lenses 

(e.g. Reynolds et al. 2008).  The model domains are described in detail in Section 4.3.4, with 

the main features summarised below.  The size and discretisation of the domains were the 

same as Simulation Set 2.  Two different correlated random permeability fields (referred to 

as K-field ‘A’ and ‘B’; Figure 5.3 where a darker shade represents lower permeability) were 

used to provide some indication of the repeatability of the results, though a full stochastic 

analysis was not performed.  Large correlated random permeability fields were generated 

using the values in Table 5.4 and the Fourier transform method, then sampled to obtain the 

simulated domains.  A high variance ensured the hydraulic conductivity varied widely from 

a medium gravel (104 m/d) to an unweathered clay (10-9 m/d), and low-permeability lenses 

were generated using horizontal and vertical correlation lengths of 15 and 2 m respectively. 
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Figure 5.3 (a) K-field ‘A’ and (b) K-field ‘B’ vertical model domains for Simulation Set 3.  

Hydraulic conductivity (m/d; left) and initial PCE concentration (mol/L) profiles (right). 

 

The simulated chemical species and boundary conditions were the same as Simulation 

Set 2, with the initial dissolved PCE field also established using the same method (Figure 

5.3).  The adopted parameters for the heterogeneous domains are shown in Table 5.4.  The 

values adopted for Keo and foc varied with Kh, such that sand (Kh  ≥ 5 x 10-2 m/d) and clay 

(Kh ≤ 5 x 10-4 m/d) had the respective Keo and foc values shown in Table 5.4 (Fetter 2001; 

Mitchell and Soga 2005).  For Kh values between that of a clay and a sand (i.e. 5 x 10-4 ≤ Kh 

≤ 5 x 10-2 m/d), an intermediate foc was assigned.  The Keo is however dependent on the zeta 

potential, which is influenced by the ionic composition, ionic strength and pH of the pore 

fluid, temperature and soil type (Vane and Zang 1997).  The variation in Keo with soil type is 

not well defined in the literature (Yeung 1990; Mitchell and Soga 2005), and so we have 

adopted a linear decrease in Keo with the logarithm of Kh values between that of a clay and 

sand.  This Keo-Kh relationship is not expected to significantly affect the modelling as the 

minimum and maximum Keo varied only by half an order of magnitude, which is within the 

range of the published values for Keo across a number of different soils. 
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Table 5.4 Input parameters for Simulation Set 3 domains (K-fields ‘A’ and ‘B’). 

Parameter Value Units 

Electroosmotic conductivity (Keo)
1 1.0 x 10-4 (sand) 

to 4.32 x 10-4 (clay) 

m2/Vd 

Mean porous media intrinsic permeability 1.14 x 10-11 m2 

Variance of permeability 7  

Porosity (n) 0.35  

Tortuosity (τ) 0.44  

Longitudinal dispersivity (αL) 2.5 m 

Ratio of transverse to longitudinal dispersivity 0.1  

Diffusion (D*) 5.53 x 10-5 m2/d 

Hydraulic gradient (h) 0.0018  

Background electric conductivity (EC) 856 μS/cm 

Fraction of organic carbon (foc)
1 0.0001 (sand), 

0.0005 (Kh between 
sand and clay), 

0.001 (clay) 

kg/kg 

Organic carbon partition coefficient (Koc) 364 L/kg 

Bulk density (ρb) 1600 kg/m3 

Voltage gradient (V) 1 V/cm 

MnO4
- dosage (CMnO4,0) 10 g/L 

Note: 1 Kh limits used for sand and clay were ≥ 5 x 10-2 m/d and ≤ 5 x 10-4 m/d 

respectively. 

 

Table 5.5 summarises the simulations for Simulation Set 3.  Three scenarios were 

investigated, comprising the pulsed injection of oxidant, reversal of the electric field, and 

electrode spacing.  All simulations consisted of two stages: (i) an initial permanganate 

flooding stage under a natural hydraulic gradient for 10 d, then (ii) an EK and 

permanganate flooding phase of 3 months.  Permanganate was injected from the cathode 

and injection wells in stages (i) and (ii), except for the pulsed injection scenario (explained 

below).  The location of the electrodes and injection wells are shown in Figure 5.3 and 

described in Table 5.5. 

 

The pulsed injection scenario investigated the repeated application of oxidant at the inner 

injection well during the EK stage (stage (ii)).  Oxidant injection during this time occurred 

continuously at the cathode and monthly at the inner injection wells, to distinguish between 

the effects of cathodic and inner oxidant injection.  The electrode spacing simulations 
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investigated the performance of average electrode distances of 5, 12.5 and 25 m (by varying 

the number of electrodes) in remediating the same contaminated area. 

 

In the scenario with the reversal of the electric field or polarity, the electrodes (i.e. anode 

and cathode) were switched every 30 d during stage (ii).  This has the effect of changing the 

direction of the EK transport, and for the scenarios with oxidant injection at the cathode, 

also altering the location of the oxidant injection (as the cathode is moved to the opposite 

end of the domain).  In comparison to laboratory EK bioremediation studies (e.g. Luo et 

al. 2005; Harbottle et al. 2009), a longer period of electrode reversal was adopted to ensure 

sufficient time for the permanganate to be transported to the contaminated region. 

 

Table 5.5 Outline of simulations for Simulation Set 3 (locations correspond to those shown 

in Figure 5.3). 

Scenario Simulations 

Pulsed injection  

(cathode at A; anode at F) 

1 inner injection well (D) 

1 alternating, inner injection well (D then C) 

4 inner injection wells (B to E) 

Reversal of electric field 

(cathode at A and anode at 
F initially) 

Injection at cathode 

Injection at 1 inner injection well (D)* 

Injection at cathode and 1 inner injection well (D) 

Electrode spacing  

(average; cathodic injection 
only) 

5 m (cathodes at A, C, E; anodes at B, D, F) 

12.5 m (cathode at D; anodes at A, F) 

25 m (cathode at A; anode at F) 

* No oxidant injection at cathode. 

5.4 Results and Discussion 

5.4.1 Vertical Electrode Array Configurations 

5.4.1.1 Electric Field Profiles 

Selected simulated electric field profiles of the investigated electrode array configurations 

are shown in Figure 5.4.  The simulated profiles are similar to previously published 

simulated and experimental profiles (e.g. Segall and Bruell 1992; Jacobs 1995; Liu and Lui 

1997), with the relatively large voltage gradient at the electrodes similar to the experimental 

profiles in Jacobs (1995).  Overall, the electric potential field distribution is similar to a 

hydraulic potential field distribution from a system of injection and extraction wells. The 
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injected oxidant dispersed along the electric field lines, and resulted in inactive areas with 

relatively little or no oxidant concentration (discussed further in the next section).  The 

oxidant was at a lower concentration adjacent to the anode due to the relatively steeper 

voltage gradient (increasing permanganate transport).  During oxidant injection, the voltage 

gradient gradually decreased adjacent to the cathode as the electrical conductivity increased.  

This had the effect of reducing the oxidant mass influx over time (Section 3.5). 

 

 

Figure 5.4 Electric field profiles and equipotential lines at 180 days for (a) 1 and (b) 4 

electrode pairs (UD configuration), and (c) radial electrode configuration (4 perimeter 

anodes, 1 central cathode).  The electrodes are indicated by the dots.  

5.4.1.2 Oxidant Coverage 

Unless otherwise noted, the simulations in Section 5.4.1 only assessed the relative injected 

mass and coverage of oxidant in the system.  Although PCE degradation was not directly 

simulated, the oxidant mass and coverage correlate to the level of PCE oxidation, and are 

shown for UD and BD electrode configurations in Figure 5.5.  The one electrode pair 

scenario (UD configuration) had up to 10% higher steady-state oxidant coverage and mass 

than the two electrode pair scenario, due to the placement of the two electrode pairs at the 

edges of the electrode area.  Otherwise, in general more electrode pairs increased the 

oxidant coverage and mass in the UD configurations, by decreasing the inactive area of the 

electric field.  This increase occurred up to four electrode pairs, which had a similar steady-

state coverage but slightly higher mass (5%) than three pairs.  This suggests that the same-

polarity spacing (i.e., anode to anode) should be about one-third to one-quarter of the 

anode-cathode spacing.  Applying a lower voltage gradient of 0.5 V/cm for one and four 

electrode pairs decreased both the steady-state oxidant coverage and mass, though the 

decrease was lower in the case of four pairs. 
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Figure 5.5 (a) Oxidant coverage and (b) mass for UD electrode configurations.  (c) Oxidant 

coverage and (d) mass in electrode area for UD and BD configurations.  Numbers in legend 

indicate the number of cathodes.  Coverage shown is the percentage of the electrode area 

with ≥ 10% of the injected concentration.  Simulations were conducted with 1 V/cm voltage 

gradient unless otherwise noted. 

 

The BD electrode configurations consistently resulted in higher oxidant coverage and mass 

than UD configurations with the same number of cathodes (Figure 5.5).  The BD 

configuration with three cathodes and the radial configuration both had the highest oxidant 

coverage of about 85%, though the radial configuration resulted in a lower oxidant mass 

(by about 20%) than the BD three cathodes' configuration. 

 

In summary, BD and radial configurations of electrodes resulted in greater coverage and 

mass of the injected oxidant.  For the UD and BD configurations, increasing the number 

of electrode pairs increased the coverage and mass.  There is likely to be an upper limit to 

this relationship, with the simulation results suggesting this to be three to four cathodes for 

both configurations. 
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5.4.1.3 Energy Expenditure 

 

Figure 5.6 (a) Time and (b) energy expenditure to achieve 50% oxidant coverage, shown as 

percentage difference from the UD configuration with one electrode pair (n=1).  n is the 

number of cathodes for the UD and BD linear configurations, or the number of anodes for 

the radial configurations. 

 

The investigated electrode configurations showed a similar trend in the oxidant coverage 

and mass until at least 50% of oxidant coverage, and so this was used as the target level of 

remediation to compare the various configurations.  The time and energy expenditure 

required for each configuration to achieve the target 50% of oxidant coverage is shown in 

Figure 5.6 as a percentage difference from the UD configuration with one electrode pair.  

The required time and number of electrodes are two important factors in determining the 

energy expenditure.  The required duration for three and four cathodes or electrode pairs 

(UD configuration) was 50% to 62% less than one electrode pair, although the increase in 

electrodes resulted in a greater energy consumption of about 85%.  The BD linear 

configurations with two and three cathodes required less time (approximately 63% 

decrease) and energy (about 27% to 32% respectively) than the UD configuration with the 

same number of cathodes.  For four anodes, the radial configuration required a similar 

amount of time as a UD configuration to achieve the target coverage, but consumed less 

energy by 54%.  This demonstrated that the increase in energy consumption with more 

electrodes was generally countered by the corresponding increase in oxidant coverage. 

 

In summary, the lowest energy consumption of the investigated configurations was 

achieved by the UD configuration incorporating one cathode, the BD configuration with 

three cathodes and the radial configuration. 
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5.4.1.4 Inner Injection Wells 

Incorporating oxidant injection wells between the electrodes increased the oxidant 

coverage (Figure 5.7) for several UD and radial configurations.  The coverage generally 

increased with the number of injection wells, with the placement of the injection well 

important for more than one electrode pair.  For one electrode pair with a central injection 

well, a similar oxidant coverage was achieved if the injection well was placed along the 

anode-cathode axis or to the side (a distance of half the anode-cathode spacing laterally).  

For two electrode pairs, however, greater oxidant coverage (by about 25%) occurred with 

an injection well located between the electrode pairs (where the electric field lines diverge) 

compared to two injection wells (each along the anode-cathode axis).  However, for the 

large radial configuration, using four injection wells equidistant between the electrodes (i.e. 

at the divergence of electric field lines) resulted in only an 8% increase in coverage.  

Incorporating PCE oxidation in the simulations provided similar results, with an even 

smaller increase in the amount of oxidized PCE.  Moving the injection wells 2.8 m closer to 

the central cathode (slightly away from the field line divergence) also resulted in a similar 

coverage.  Thus, inner injection wells located at the divergence of the electric field lines 

could be used to target inactive areas, but this is more effective for a linear than a radial 

electrode configuration.  Its effectiveness is also likely dependent on the electrode 

configuration and spacing. 
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Figure 5.7 Oxidant coverage of electrode area for (a) 1 and (b) 2 electrode pairs (UD 

configuration) and (c) large radial configurations with varying number of inner oxidant 

injection wells.  (d) Percentage of degraded PCE mass for large radial configuration with 0 

and 4 inner injection wells.  

5.4.2 Comparison of Horizontal and Vertical Electrodes 

Depending on the relative placement of the horizontal anode and cathode, oxidant was 

transported either above or below the cathodic injection zone and through the low-

permeability zone.  In all scenarios investigated the horizontal electrodes resulted in faster 

degradation of the PCE contaminant than with vertical electrodes (Figure 5.8), due to the 

alignment of the horizontal electrodes with the planar face of the low-permeability 

contaminated zone allowing greater contact between the injected permanganate and PCE.  

Using vertical electrodes, however, required the injected permanganate to be transported 

the length of the low-permeability zone, and therefore the oxidant had to migrate further 

to react with a similar mass of PCE (while OAM is also competing for the permanganate).  

The short horizontal electrodes also resulted in faster PCE degradation within the first 

100 d compared to the short vertical electrodes.  Although the electric field for both the 

short horizontal and vertical electrodes resulted in the radial spread of permanganate 

outside of the electrode zone, the horizontal electrode configuration resulted in more 
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oxidant penetrating the low-permeability lens.  For all investigated scenarios of horizontal 

electrodes, placing the cathode at either the top or bottom of the anode-cathode pair 

resulted in no significant difference in the PCE degradation.  This is caused by the low 

vertical hydraulic conductivity (1.0 x 10-5 m/d), resulting in the relatively low downwards 

hydraulic flow in the low-permeability media not significantly enhancing or retarding the 

dominant electroosmosis and electromigration transport, as well as the relatively low 

concentration of the injected oxidant not resulting in density effects. 

 

 

Figure 5.8 Percentage mass of PCE degraded during ISCO treatment under a natural 

hydraulic gradient, and EK with vertical and horizontal electrodes.  

 

Similar PCE degradation occurred for the base and distant scenarios of vertical electrodes, 

with the slower degradation of PCE in the initial 100 d of EK for the distant electrodes 

attributed to the oxidant having to travel slightly further before reaching the contaminated 

clay zone.  This effect was less pronounced for the equivalent horizontal electrode 

scenarios although the distant horizontal electrodes resulted in greater  PCE degradation at 

the end of the EK treatment.  This was due to the electrodes being further away from the 

contaminated zone, resulting in less PCE flushed by electroosmotic flow to the electrodes.  

As with short vertical electrodes, short horizontal electrodes resulted in slower degradation 

of the PCE compared to longer electrodes as a smaller area was remediated, with the 

shorter and base horizontal electrode scenarios requiring 165 and 25 d respectively to 

destroy 75% of PCE.  To achieve 75% destruction of PCE, the base and distant horizontal 

electrode scenarios required about 70% to 77% less energy than the vertical electrodes’ 

base case due to the much shorter treatment time (Figure 5.9).  The longer duration but 

lower electrical conductivity associated with the shorter vertical and horizontal electrode 

scenarios resulted in a similar amount of energy consumed as the base case for the vertical 

electrodes. 
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Figure 5.9 Energy expenditure difference, as the percentage difference from the ‘vertical 

electrode base case’ scenario, to achieve 75% of degraded PCE. 

 

The modelled 2D scenarios demonstrated that remediation can be enhanced by aligning the 

electrodes with the main planar face of the low-permeability region, and a similar effect is 

expected if the low-permeability lens was positioned differently (e.g. 45o).  If the width of 

the low-permeability zone was similar to the length, multiple sets of horizontal electrodes, a 

combination of vertical and horizontal electrodes or more injection wells may be required 

to achieve the target level of remediation. 

5.4.3 Electrode Implementation Approaches 

5.4.3.1 Pulsed Oxidant Injection 

Additional injections of oxidant during treatment increased the mass of degraded PCE 

(Figure 5.10).  The simulation with four inner wells was stopped after the second inner 

injection cycle as all of the available PCE was degraded (the rest of the PCE was flushed 

out of the domain).  A progressively smaller increase in the amount of degraded PCE was 

noted for each subsequent injection event after the initial event, due to decreasing PCE 

mass near the injection wells.  Successive oxidant injections at the same location as the 

initial inner injection or 5 m upstream (referred to as the alternate position in Figure 5.10) 

resulted in a similar amount of degraded PCE, likely due to the electroosmotic transport of 

the PCE towards the injected oxidant.  Additional inner injection resulted in slightly higher 

energy expenditure of up to 2% and 7% for the one and four inner well simulations 

respectively for a treatment duration of 60 d.  This was due to slight increases in electrical 

conductivity and current from the greater oxidant mass. 
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Figure 5.10 Percentage mass of PCE degraded during treatment with pulsed injection and EK.  

Shaded and outlined symbols indicate simulations with and without pulsed injection and 

EK respectively.  Black symbols (solid line) and grey symbols (dashed line) denote K-field 

‘A’ and ‘B’ simulations respectively.  The simulation with 4 inner wells was stopped after the 

second inner injection cycle as all of the available PCE was degraded (rest of the PCE was 

flushed out of the domain). 

5.4.3.2 Reversal of Electric Field 

The impact of reversing the electric field (at 40, 70 and 100 d) for several injection 

scenarios is compared to the ‘no reversal’ scenario for cathodic injection in Figure 5.11.  

The effect of each reversal was that the oxidant was transported into a different part of the 

contaminated area, resulting in an overall greater degraded mass of PCE for the electric 

field reversal scenarios.  Degradation of the PCE occurred mainly adjacent to the 

electrodes and injection well, and was aided by electroosmosis of the aqueous PCE towards 

the oxidant.  However, subsequent reversals resulted in progressively smaller increases in 

the degraded PCE.  This is because remaining PCE was mostly located between the 

alternate locations where oxidant was injected.  As the PCE mass decreased during 

subsequent reversals, the injected permanganate came into contact with less PCE during 

each reversal.  A lower target of 65% degradation of the initial PCE mass was used to 

compare the permanganate and energy requirements as this was the minimum degraded 

amount in the polarity reversal scenarios after 100 d of EK.  In the scenario without 

reversal of the electric field (cathodic injection only), 120 d was required to reach the target 

remediation.  The scenarios with electric field reversal required shorter treatment durations, 

with approximately 25, 65 to 80 and 80 d for the scenarios with injection at the cathode 

and inner well, inner well only, and cathode only respectively. 
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Figure 5.11 (a) Percentage mass of degraded PCE for electric field reversal scenarios.  Shaded 

and outlined symbols indicate simulations with and without electrode reversal respectively.  

Black symbols (solid line) and grey symbols (dashed line) denote K-field ‘A’ and ‘B’ 

simulations respectively.  (b) Permanganate fate and (c) energy expenditure difference to 

achieve 65% of degraded PCE.  Left and right bars represent K-field ‘A’ and ‘B’ respectively.  

The energy expenditure difference is the percentage difference from the ‘cathode (no 

reversal)’ scenario.  

 

The ‘cathode and inner well’ scenario achieved the target degradation of the PCE before 

the first electrode reversal, but is included in Figure 5.11 for comparative purposes.  The 

target remediation level was achieved using similar amounts of permanganate with and 

without reversal of the electric field (Figure 5.11(b)).  The energy expenditures (Figure 

5.11(c)) were proportional to the respective treatment durations for each scenario, with the 

reversal scenarios requiring less energy.  This differs from Luo et al. (2005), who found that 
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reversing the electric field increased the energy consumption.  However, they reversed the 

electrodes at very short frequencies of 1.5 to 12 hours, and they did not account for the 

decrease in required remediation time with polarity reversal. 

5.4.3.3 Electrode Spacing 

Decreasing the spacing between electrodes aligned in a line (i.e. more electrodes in a given 

2D vertical model domain) resulted in faster PCE degradation (Figure 5.12(a)).  

Approximate treatment durations of 25, 90 and 180 d were required to destroy 80% of the 

initial PCE mass using average electrode spacings of 5, 12.5 and 25 m respectively.  

However, smaller electrode spacing from 25 to 5 m results in a greater utilisation of 

permanganate by a factor of 1.4 to 2 (Figure 5.12(b)), through increasing the permanganate 

mass that was flushed or consumed non-productively by OAM.  There was not a 

consistent trend in the flushed permanganate mass across the simulated electrode spacings, 

likely due to the electrodes being placed near high-permeability zones in some simulations. 
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 Figure 5.12 (a) Percentage mass of degraded PCE for electrode spacing scenarios.  Black 

symbols (solid line) and grey symbols (dashed line) denote K-field ‘A’ and ‘B’ simulations 

respectively.  (b) Permanganate fate and (c) energy expenditure difference to achieve 80% of 

degraded PCE.  Left and right bars represent K-field ‘A’ and ‘B’ respectively.  The energy 

expenditure difference is the percentage difference from the 25 m spacing scenario. 

 

To achieve 80% destruction of PCE, the 12.5 m electrode spacing scenario required about 

30% to 40% more energy than the 25 m spacing due to the greater electrical conductivity 

(from the larger oxidant influx).  The 5 m spacing, however, required a lower energy 

expenditure (within 10% of the 25 m spacing) due to the much shorter duration required.  

To remediate a similarly-sized area, the overall energy consumption at smaller electrode 

distances is only lower if the energy decrease from the shorter remediation duration is 

greater than the increase from more electrodes.  This result differs from Alshawabkeh et al. 

(1999a; 1999b), who found that both the energy expenditure and remediation time 
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increased for greater electrode spacings.  Their analytical approach was based on the time 

for a contaminant to be transported the distance between the electrodes (i.e. physical 

removal of the contaminant), however did not account for changes in electrical 

conductivity nor reactive degradation of the contaminant. 

5.5 Conclusions 

This study investigated electrode configurations and approaches for EK-ISCO 

remediation.  However, the findings are also relevant to other EK coupled technologies 

that rely on the reactive degradation of the contaminant and the injection of an 

amendment.  The remediation metrics often varied dramatically for different investigated 

design factors and from previous EK studies of the non-reactive transport of species, 

indicating the importance of considering reactive processes when evaluating EK-ISCO 

remediation scenarios. 

 

The horizontal 2D simulations of linear and radial configurations showed that the injected 

oxidant is distributed along the electric field lines, which result in inactive areas.  The 

coverage of the oxidant could be increased by increasing the number of electrode pairs or 

incorporating oxidant injection wells between the electrodes.  For linear electrode 

configurations, modelling of the oxidant coverage showed that the same-polarity spacing 

should be about one-third to one-quarter of the anode-cathode spacing.  Oxidant injection 

wells in linear electrode configurations should be located at the divergence of the electric 

field, though this is less useful for radial configurations.  Horizontal electrodes allowed 

greater contact between the injected permanganate and PCE, and regardless of whether the 

cathode was located at either the top or bottom of the anode-cathode pair, resulted in 

faster degradation of PCE compared to vertical electrodes. 

 

The results of the modelling indicates that, if reduced time for remediation is the primary 

objective, then this can best be achieved by an increased number of electrodes, adopting bi-

directional and radial electrode configurations, incorporating oxidant injection wells and 

pulsed injection of oxidant. This will come at the cost of increased capital expenditure and 

in some cases, increased oxidant or energy use.  If low cost remediation is the objective 

then the electrodes should be located further apart or fewer electrodes used.  In both cases, 

periodic reversal of the electric field (e.g. switching the anode and cathode) resulted in 

reduced remediation time and energy usage.  The often non-linear response in remediation 
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time and energy consumption (to degrade a target level of contaminant) indicates the need 

to optimise each approach for a particular site. 
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Chapter 6  

Conclusions 

6.1 Closing Discussion 

The focus of this study was to further the underlying understanding of EK-ISCO 

remediation.  The thesis has shown insight into the main research objectives.  Through the 

use of a developed numerical model, the study has increased our fundamental 

understanding of several key controls of the remediation process, focusing on the voltage 

gradient, key parameters and aquifer heterogeneity.  Implementation at the field scale has 

also been investigated with the use of different electrode configurations and approaches. 

 

The developed numerical model PHT3D-EK (Chapter 3) simulates groundwater flow and 

multi-species reactive transport under hydraulic and electrical gradients, while representing 

changes in the electrical field.  The verified model was used throughout the rest of this 

study.  The model fills the current gap in the literature of a robust EK numerical model 

that is able to simulate a wide range of geochemical problems including redox reactions, 

mineral dissolution and precipitation.  As such, PHT3D-EK has applications in other 

scenarios of EK remediation where the biogeochemistry plays an important role (e.g. EK-

bioremediation). 

 

Expanding on the work by Thevanayagam and Rishindran (1998), the numerical 

simulations in Section 3.5 established that the EK injection of amendments, such as 

oxidants, resulted in a local decrease in the voltage profile below a linear gradient. The 

resulting reduction in the mass influx of the amendment and its achievable concentration 

within the soil is an important factor in the design of an EK system.  The study showed, 

through a systematic analysis, the effects of the soil type, electrode spacing and background 

electrical conductivity on the achievable concentration of persulfate.  A similar behaviour is 

also expected for other amendments.  A comprehensive analytical method was developed 

from the theoretical understanding to predict the achievable amendment concentration 

under EK transport, and it should become an important tool to simply assess the optimum 

oxidant dosage.  The most effective persulfate dosages identified in this section of the 

study were in the range of 2 to 5 g/L.  Eventhough the achievable amendment 

concentration is lower than the intended dosage, Section 3.5.2 showed that the injected 
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amendment will still have an appreciable effect on the degradation of a contaminant due to 

the significantly higher mass influx of amendments in low-permeability media compared to 

what is achievable by natural hydraulic gradients.  

 

The analysis of parameter sensitivities (Chapter 4) were important in understanding its 

importance on the performance of EK-ISCO remediation, with this study conducting the 

first comparison, as far as is known, of a broad range of EK, hydraulic and engineering 

parameters using a numerical experiment that involved the oxidation of PCE by 

permanganate.  All investigated parameters affected to some extent the remediation metrics 

of the required duration and electrical energy to degrade a specific amount of contaminant.  

The most sensitive parameters were the applied voltage gradient, the natural oxidant 

demand and the concentration of the injected oxidant.  This highlights the need to consider 

these parameters in the design of the EK-ISCO application, particularly the adequate 

characterisation of the natural oxidant demand.  From the sensitivity analysis, it was 

determined that the optimal operating conditions are a voltage gradient in the range of 0.5 

to 1.5 V/cm and a permanganate dosage of 2 to 10 g/L, though this is only indicative as it 

is based on the results of limited modelling simulations.  The sensitivity analysis showed 

that the effects of changes in a parameter on the treatment duration or energy expenditure 

are generally non-linear, and so a detailed characterisation is required to understand the 

impacts from parameter changes at a particular site. 

 

The simulations of EK-ISCO remediation in heterogeneous aquifer systems using random 

permeability fields (Section 4.4.2) was important in establishing that non-uniform transport 

of the injected oxidant was likely in such settings.  The oxidant penetration was retarded 

within the low-permeability media primarily due to the oxidant consumption of competing 

natural oxidants.  The extent of this influence of the heterogeneity will depend on the 

natural oxidant demand, again highlighting its large impact on the remediation efficiency.  

The study showed that the retarded penetration within the low-permeability media could 

be partially overcome by locating additional oxidant injection wells between the electrodes.  

This has the effect of decreasing the distance the oxidant had to migrate before reaching 

the contaminant.  The number of inner oxidant injection wells will be an important factor 

in the design of an EK system, with this being more dominant than either the oxidant 

dosage or applied voltage in reducing the remediation duration. 

 

In Chapter 5, the optimal electrode configurations and approaches for field implementation 

were identified and discussed.  These findings are also relevant to other EK coupled 
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technologies that rely on the reactive degradation of the contaminant and the injection of 

an amendment.  It is important to note that in the design of a remediation system for a 

particular site, the system should be optimised based on the characteristics of that site and 

may require the utilisation of more than one approach that was investigated in this study.  

Modelling determined the optimal same-polarity spacing in linear electrode configurations 

should be approximately one-third to one-quarter of the anode-cathode spacing.  The 

increase in electrodes can result in a decrease in remediation time and energy consumption, 

although Sections 5.4.1.3 and 5.4.3.3 indicated that this relationship is non-linear.  

Additional oxidant injection wells, previously identified in Section 4.4.2 to increase the 

contaminant degradation, should be located at the divergence of the electric field to 

optimise the oxidant coverage. 

 

Section 5.4.2 established that aligning the electrodes with the planar face of the low-

permeability zone (e.g. horizontal electrodes for a horizontal low-permeability lens) resulted 

in faster degradation of PCE than vertical electrodes.  The alignment of the horizontal 

electrodes allowed greater contact between the injected permanganate and PCE within the 

horizontal clay lens.  Similar degradation was achieved with the cathode located at either 

the top or bottom of the anode-cathode pair due to the low vertical hydraulic gradient 

within the low-permeability lens.  Horizontal electrodes have not been used as widely as 

vertical electrodes, but the results of this study suggest that electrodes aligned with the 

planar face of the low-permeability lens should be considered. 

 

As in other applications of EK, electric field reversal resulted in faster remediation.  This 

study established that to allow for sufficient transport, the reversal of the electric field in 

EK-ISCO likely needs to be at a longer frequency than that used in EK-bioremediation 

applications.  Periodic oxidant injection also resulted in faster remediation. 

 

The implementation strategies identified in Chapters 4 and 5 to result in faster remediation 

can be described as different approaches that increase the rate of contact between the 

oxidant and contaminant.  This is ultimately a key factor in determining the success of the 

remediation effort.  The other main factors will be the capital cost of the installation of the 

electrodes, and the operating cost from the oxidant and energy expenditure. 

 

Overall, this study has advanced the knowledge of the fundamental processes and controls 

in EK-ISCO remediation, as well as key implementation strategies for field deployment.  

This study has utilised the developed numerical model to provide a significant and novel 
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contribution to our understanding of EK-ISCO remediation.  Although the study focused 

on EK-ISCO remediation, the findings are relevant to other EK approaches involving the 

reactive degradation of the contaminant.  It is hoped that the numerical model PHT3D-EK 

and the contribution to understanding from this study will be integrated into the body of 

knowledge of groundwater remediation and be applied to real-world contaminated sites. 

6.2 Recommendations for Future Research 

Several possible avenues for future research arose from this study, and these are outlined 

below. 

 

Firstly, the obvious limitation is that this study was reliant on numerical modelling.  The 

study findings would be further strengthened by physical data, such as laboratory- and 

pilot-scale testing that incorporated both the oxidant and contaminants and or under a 

wider range of conditions than has already been studied. This would help to identify 

whether there are additional processes, other than that modelled, that may impact on the 

remediation process. 

 

The numerical model PHT3D-EK could be further refined to improve the representation 

of aquifer systems.  For example, it may be more valid to incorporate the ionic strength in 

the calculation of specific parameters.  This was demonstrated by Pamukcu (1997), who 

modified Kohlrausch’s law to account for variations in the conductivity based on a finite 

concentration of ions, and by Mattson et al. (2002a; 2002b), who estimated the ionic 

mobility using the chemical activity coefficient as calculated by the Davies Equation. 

 

It should be investigated whether EK treatment alters the impact of remediation by-

products, such as the MnO2 precipitate, on the remediation system function and 

performance.  MnO2 is either present in particulate or colloidal form, with the particle size 

and stability dependent on reaction matrix conditions (e.g. pH, Eh) that may change during 

EK treatment (Siegrist et al. 2001; Crimi and Siegrist 2005).  The coating of soil particles by 

MnO2 may affect the zeta potential and the electroosmotic flow, and the MnO2 particles 

may be transported by electroosmosis in sand.  However, the ISCO degradation of 

dissolved organic contaminants is not expected to significantly reduce the porosity. 

 

Finally, this study has focused on the EK delivery of amendments in the remediation of 

contaminated low-permeability soils.  However, the use of EK as a delivery method may 
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also be beneficial in other environmental and mining problems, such as the leaching of 

target minerals.  Similar to the approach taken to develop EK-ISCO remediation, a 

numerical modelling approach in combination with a laboratory-scale testing program 

should be used to establish the preliminary feasibility of other applications. 
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