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Abstract 

Due to extensive industrial applications, chlorinated solvents are among the most prevalent 

groundwater contaminants found at hazardous sites. Given their recalcitrant nature and 

adverse health effects upon exposure, effective remediation technologies are needed to treat 

sites impacted by chlorinated solvents. In-situ chemical oxidation (ISCO) has shown 

success; however, its performance is often hindered in low-permeability media due to the 

transport of oxidants in such soils being limited. This field-scale study investigated the 

novel approach of applying electrokinetics (EK) to enhance the delivery of persulfate and 

electrical resistance heating (ERH) to activate the delivered persulfate for low-permeability 

soil remediation. Results demonstrated that EK has the potential to enhance delivery, where 

the overall mass of persulfate that was observed to be delivered into the chlorinated solvent-

impacted clay formation of the field site being a factor of both EK and advection. The 

application of ERH to activate the delivered persulfate was found to be precluded by 

catalytic reactions involving naturally occurring iron. Significant chlorinated solvent 

reduction was observed in groundwater (>80%) resulting from chemical oxidation and 

dilution from advective flux. To the authors’ knowledge, this was the first literature study 

to investigate EK and ERH for persulfate delivery and activation for low-permeability soil 

remediation at the field-scale.  

 

Keywords 

Electrokinetics, in-situ chemical oxidation, persulfate, activation, soil and groundwater 

remediation, chlorinated solvents, low-permeability soil  
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Chapter 1 

1 Introduction  

1.1 Background 

Chlorinated solvents are used in numerous commercial and industrial applications and can 

be found in many household and consumer products (Moran et al., 2007). Although their 

usage has declined since the mid-late 1970s due to growing environmental concerns 

(McCarty, 2010), chlorinated solvents still find their way into the environment by spills, 

improper disposals, usage, transfers, and or leaks from drums and underground storage 

tanks (Pankow and Cherry, 1996). Some of the most prevalent solvents include 

dichloromethane (DCM), tetrachloroethene (PCE), 1,1,1-trichloroethane (1,1,1-TCA), and 

trichloroethene (TCE) (Kueper et al., 2014; Moran et al., 2007). During 1998-2001, the 

U.S. Environmental Protection Agency (USEPA) reported that total on-and off-site 

releases of DCM, PCE 1,1,1-TCA, and TCE amounted to approximately 33 million 

pounds, 4 million pounds, 0.5 million pounds, and 11 million pounds, respectively (Moran 

et al., 2007). Once released into the environment, chlorinated solvents have a tendency to 

contaminate groundwater due to their unique set of physiochemical properties (Pankow 

and Cherry, 1996). With a large population of North America depending on groundwater 

as a source of drinking water, the contamination of groundwater poses a serious risk to 

public health where exposure to many of these solvents can cause acute to chronic health 

ailments (e.g., kidney effects, liver damage, cancer, etc) (Brautbar and Williams II, 2002). 

Due to the recalcitrant nature of chlorinated solvents, groundwater sources could remain 

contaminated for centuries. This had led to a call for the remediation of contaminated 

groundwater sources and the development of various in-situ source zone remediation 

techniques, such as thermal desorption (e.g., electrical resistance heating, thermal 

conduction, steam injection, etc), enhanced in-situ bioremediation (EISB), surfactant 

flushing, air sparging, in-situ chemical reduction (ISCR), and in-situ chemical oxidation 

(ISCO) (Krembs et al., 2010). 
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ISCO has garnered much attention over recent decades (Siegrest et al., 2011). This is due 

to the many advantages of applying ISCO, including rapid and effective treatment, 

compatibility with a large spectrum of contaminants, innocuous end products, moderate 

cost, suitability for source zones, and acceptance by most regulatory agencies (Siegrest et 

al., 2011). ISCO is most commonly applied at contaminated sites by hydraulic injection, 

with hydrogen peroxide, ozone, permanganate, and persulfate being the most typical 

oxidants that are applied (Krembs et al., 2010). Although promising results have been 

shown at homogeneous, highly permeable sites, the performance of ISCO at impermeable 

and or heterogeneous sites is often poor (Krembs et al., 2010; NRC, 2005). This is due to 

the delivery of oxidants into low-permeability media being limited to diffusion-controlled 

rates that are often inefficient for remediation (Struse et al., 2002). Therefore, there is a 

need in industry for the development of more efficient techniques to deliver oxidants into 

low-permeability media.  

 

Electrokinetics (EK) is an emerging remediation technology that has successfully 

demonstrated the capability of enhancing the transport of oxidants in low-permeability 

media at the bench-scale (Chowdhury et al., 2017; Fan et al., 2016; Fan et al., 2014; Isosaari 

et al., 2007; Reynolds et al., 2008; Roach and Reddy, 2006; Yukselen-Aksoy and Reddy, 

2012). Although EK has the potential to enhance the transport of oxidants, the appropriate 

oxidant should be selected for such applications. Given its high stability in the presence of 

aquifer materials and ability to degrade a wide spectrum of chlorinated solvents upon 

activation, persulfate has shown to be an ideal oxidant for chlorinated solvent-impacted 

low-permeability soils (Huling and Pivetz, 2006; Krembs et al., 2010; Watts and Teel, 

2006; Sra et al., 2010). Several activation methods have been developed (e.g., heat, 

chelated or unchelated transition metals, alkaline solution, hydrogen peroxide, etc); 

however, thermal activation is believed to be advantageous in low-permeability media as 

it is not dependent on intrinsic permeability (Petri et al., 2011; Matzek and Carter, 2016; 

Tsitonaki et al., 2010). Electrokinetically-enhanced thermally activated persulfate (EK-

TAP) has demonstrated the ability of treating chlorinated solvent-impacted low-

permeability soil at the bench-scale but has received limited investigation at the field-scale 
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(Chowdhury et al., 2017; Yukselen-Aksoy and Reddy, 2012). All emerging technologies 

require pilot field-scale testing prior to being accepted for site treatment.  
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1.2 Research Objectives 

The overall objective of the study was to evaluate the performance of EK-TAP at the field-

scale. Specific objectives of this study include the following:  

i)  Investigate the ability of EK to enhance the delivery of persulfate through 

relatively homogeneous clay soil using a dipole electrode design and direct 

current (DC) in a field pilot test. 

ii) Evaluate the performance of electrical resistance heating (ERH) to thermally 

activate persulfate in the field pilot test using existing electrodes from EK 

operations and an alternating current (AC). 

iii) In the field pilot test, assess the capability of EK-TAP to degrade chlorinated 

solvents, including a mix of chlorinated ethanes and chlorinated ethenes (i.e., 

TCE, PCE, 1,2-DCA, 1,1,2-TCA, VC). 
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1.3 Thesis Outline 

This thesis is written in integrated article format. A brief description of each chapter is 

listed below.  

 

Chapter 1: Topic introduction and research objectives. 

 

Chapter 2: Provides a review of the relevant literature. Specific topics include persulfate 

oxidation, thermal and iron activation of persulfate, and the use of EK to enhance the 

delivery of persulfate in low-permeability media. 

 

Chapter 3: Is an integrated article summarizing the research.  This includes a detailed 

description of the materials and methodologies used; including EK-TAP field installation 

and operation, soil and groundwater sampling procedures, laboratory analyses, and 

hydrogeologic testing. Results and discussion for each objective are presented and 

discussed, providing insight into the field application of EK-TAP for the remediation of a 

chlorinated solvent-impacted low-permeable soil.  

 

Chapter 4: Summarizes conclusions for each objective and provides recommendations for 

future work.  
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Chapter 2 

2 Background Literature 

2.1 Introduction 

Chlorinated solvents were first produced in the 1900s and began widespread use in the 

manufacturing industries by the mid-late 1900s (Pankow and Cherry, 1996). Solvents such 

as tetrachloroethene (PCE), trichloroethene (TCE), carbon tetrachloride (CT) and 

trichloroethane (1,1,1 TCA) have been commonly used in industry as degreasing agents, 

chemical intermediates, dyes, heat-transfer fluids, adhesives, paint stripping, and dry-

cleaning fluids (Kueper et al., 2014). In the United States (U.S.), production of chlorinated 

solvents peaked in the 1970s at several hundred million pounds (Kueper et al., 2014; 

McCarty, 2010). During large scale production and use, solvents were consistently released 

into the environment by spills, disposals, usage, transfers, and or leaks from drums and 

underground storage tanks (Pankow and Cherry, 1996). Estimates in 1994 suggested there 

were approximately 30,000-50,000 contaminated sites in the U.S., where 48% of these sites 

where contaminated with solvents such as PCE, TCE, and CT (Kavanaugh et al., 2003). 

Once released into the environment, solvents have a tendency for widespread groundwater 

contamination due to their unique combination of physiochemical properties (e.g., density, 

solubility in water, viscosity, vapor pressure). The contamination of groundwater poses a 

serious risk to public health, where in 2010 approximately 47% of the U.S. population 

depended on groundwater for domestic use (includes drinking water) (Maupin et al., 2014). 

Human exposure to these solvents have been associated with both acute and chronic 

human-health ailments including liver damage and possible kidney effects, spontaneous 

abortions, reduced fertility, cancer, and childhood leukemia (Moran et al., 2007). 

Following the 1970s, production of chlorinated solvents in the U.S. declined because of 

growing environmental concerns (McCarty, 2010). Although, it was not until the mid-

1980s where chlorinated solvents were officially recognized in the U.S. as soil and 

groundwater contaminants by regulators, industry, and researchers, following the 

discovery that many groundwater supplies were contaminated with such solvents (Pankow 

and Cherry, 1996).  
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Due to the recalcitrant nature of chlorinated solvents, soil and groundwater can remain 

contaminated for centuries (Pankow and Cherry, 1996). This led to large-scale efforts to 

remediate chlorinated solvent-impacted sites. In the 1990s, it was estimated that 

remediation costs in the U.S. would amount to $750 billion USD over the next three 

decades (Soesilo and Wilson, 1997). As a result, the development of effective but cost-

efficient remediation technologies were required. Early treatment strategies focused around 

pump-and-treat, although limited success was achieved due its impractically and required 

duration of operations for many sites (i.e., years-decades). Since the 1990s, research has 

focused on the development of in-situ technologies for source zone remediation. Common 

in-situ technologies that have been applied include in-situ chemical oxidation (ISCO), in-

situ chemical reduction (ISCR), enhanced in-situ bioremediation (EISB), and thermal 

desorption (e.g., electrical resistance heating, steam injection, thermal conduction, etc) 

(Krembs et al., 2010). Although many of these technologies have removed considerable 

contaminant mass, removing enough to achieve typical concentration-based cleanup goals 

in soil and groundwater remains technically challenging at many sites (Kueper et al., 2014; 

Kavanaugh et al., 2013; NRC, 2005; Stroo et al., 2012).  

 

ISCO has been a rapidly growing field for the remediation of contaminated soils and 

groundwater (Krembs et al., 2010). Common oxidants that have been applied for 

remediation include hydrogen peroxide, ozone, permanganate, and persulfate. Although 

success has been shown at the laboratory-scale and field-scale, the effectiveness of ISCO 

in clayey soils and or heterogeneous subsurface conditions is often limited (e.g., clay lenses 

within sand formation) (Krembs et al., 2010; NRC, 2005; Reddy, 2010).  This is due the 

technical challenges of delivering oxidants into clayey and or heterogeneous soil.  

 

Organic contaminants have shown the ability to penetrate low-permeability materials such 

as clay aquitards at diffusion-control rates (Ball et al., 1997a; Barone et al., 1992; Johnson 

et al., 1989; Liu and Ball, 1998). Although oxidants can also penetrate such materials at 

diffusion-control rates, contaminants have often had years-decades to diffuse into low-

permeable media. With diffusion being a relatively slow transport process, the time 
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required for oxidants to penetrate contaminated low-permeability materials can be 

ineffective for remediation (Sale et al., 2013; Struse et al., 2002). This is especially true for 

oxidants such as ozone and hydrogen peroxide that have low stabilities in the subsurface 

(i.e., hours-days) (Huling and Pivetz, 2006; Watts and Teel, 2006). Although oxidants like 

persulfate and permanganate that have higher stabilities (i.e., months-years) to allow for 

diffusion transport processes to potentially occur (Huling and Pivetz, 2006; Sra et al., 2010; 

Struse et al., 2002; Watts and Teel, 2006), injected oxidants into a heterogeneous 

subsurface tend to flow preferentially around lower permeable zones and into higher 

permeable zones (Honning et al., 2007; Chowdhury et al., 2017). This has shown to create 

a concentration gradient, where contaminants have been degraded in higher permeable 

zones but left untreated in lower permeable zones. This gradient results in the slow and 

steady release of contaminants from the less permeable zones by a process known as back-

diffusion. At 72 sites where ISCO has been applied, 62% observed back-diffusion of 

contaminants (Krembs et al., 2010). Back-diffusion can persist for years-centuries 

following remediation attempts, resulting in maximum concentration limits (MCLs) not 

being achieved at sites where remediation activities have been completed (Chapman et al., 

2005; Liu and Ball, 2002; Parker et al., 2008, Seyedabbasi et al., 2012; Yang et al., 2014).  

 

Given the difficulty of remediating and delivering oxidants into clayey soils and or 

heterogeneous subsurface conditions, the use of electrokinetics (EK) has been proposed 

(Virkutyte et al., 2002; Lima et al., 2017). Recent bench-scale testing has demonstrated 

that EK can successfully enhance the delivery of oxidants into low-permeable zones 

(Chowdhury et al., 2017; Fan et al., 2016; Fan et al., 2014; Isosaari et al., 2007; Reynolds 

et al., 2008; Roach and Reddy, 2006; Yukselen-Aksoy and Reddy, 2012). Therefore, the 

coupling of EK with ISCO technology can be used to enhance the delivery of oxidants into 

low-permeability soils in order to prevent the rebounding of contaminants caused by back-

diffusion. Although EK can enhance the delivery of oxidants, the appropriate oxidant 

should be selected for such applications. Persulfate and permanganate provide the highest 

chance of success in low-permeability media due to their higher stabilities (i.e., months-

years), allowing them to be delivered more efficiently (Huling and Pivetz, 2006; Krembs 
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et al., 2010; Watts and Teel, 2006; Sra et al., 2010). For low-permeability soils 

contaminated with a mix of chlorinated solvents (i.e., chlorinated ethenes and ethanes), the 

use of persulfate is advantageous over permanganate due to its higher reactivity with such 

contaminants (Watts and Teel, 2006).  

 

2.2 Physiochemical Properties and Uses of Persulfate 

Persulfate is a strong oxidizing agent with the chemical formula S2O8
2−. Persulfate is most 

commonly supplied as a salt (e.g., Na2S2O8) and has a solubility of 46 wt. % at 25°C (Petri 

et al., 2011). In water, persulfate salts dissociate into persulfate anions: 

Na2S2O8 → 2Na
+ + S2O8

2−                                                                                                       (2.1) 

S2O8
2− + 2e− → 2S04

2−                                                                                                                    (2.2) 

S2O8
2−

△ or hv
→    2SO4

⦁−                                                                                                                         (2.3)       

S2O8
2− + Mn+ → SO4

⦁− + SO4
2− +Mn+1                                                                                      (2.4) 

SO4
•− + OH− → SO4

2− +• OH                                                                                              (2.5) 

 Persulfate anions can react by direct-electron transfer via self-decomposition Eq. (2.2), 

where the standard reduction potential is 2.01 V (House et al., 1962). Under neutral pH and 

ambient temperature, persulfate anions are quite stable in aqueous solution (i.e., kinetically 

slow) (House et al., 1962; Tsitonaki et al., 2010). Therefore, most applications of persulfate 

require the introduction of a catalyst (or activator) to increase reactivity by producing free 

radicals (Osgerby, 2006). Sulfate free radicals (SO4
⦁−) and hydroxyl radicals (OH⦁) are most 

commonly produced following catalytic reactions (or activation) (Eq. 2.3, 2.4, and 2.5), 

which can initiate a set of chain reactions that may include other free radicals (House et al., 

1962; Petri et al., 2011; Tsitonaki et al., 2010). The production of free radicals is preferred 

due their stronger reactivity, where the standard reduction potential of sulfate and hydroxyl 

radicals are 2.6 V and 2.7 V, respectively (Liang et al., 2003). Persulfate has been widely 

used in the chemical process industry for tasks including initiators in polymerization, 
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polymetric concrete, coatings, oxidants in metals cleaning/plating, cleaning/activation of 

adsorbents such as graphite and carbon, and in organic synthesis (Osgerby, 2006). 

Persulfate has also been commonly used in academia for laboratory analyses involving 

total and dissolved organic carbon (Doyle et al., 2004; Koprivnjak et al., 1995; Mikutta et 

al., 2005; Osgerby, 2006; Peyton et al., 1993).  

 

Persulfate has also been used in environmental remediation, being the most recent oxidant 

introduced to ISCO. The application of persulfate first began in the late 1990s, and by 2007 

approximately 10-15 field applications were recorded (Krembs, 2011). These field 

applications were conducted in highly permeable homogeneous and or heterogeneous sites 

contaminated with chlorinated ethanes, chlorinated ethenes, BTEX, and methyl tert-butyl 

ether (MTBE). Aqueous bench-scale testing has suggested that persulfate can be effective 

on a wide array of contaminants if implemented with the appropriate catalyst (or activator); 

these contaminants include BTEX, chlorinated ethenes, chlorinated ethanes, chlorinated 

benzenes, energetics, MTBE, polychlorinated biphenyls (PCBs), and 1,4-dioxane (Block 

at al., 2004; Huang et al., 2005; Tsitonaki et al., 2010). Currently, most of the research 

regarding persulfate has focused on catalysts and the activation of persulfate at the bench-

scale, as well as its compatibility with various contaminants. The use of persulfate can be 

advantageous over other commonly used oxidants (i.e., hydrogen peroxide, ozone, and 

permanganate) due to its high stability in the subsurface and strong reactivity (i.e., high 

standard reduction potential) (Huling and Pivetz, 2006; Krembs et al., 2010; Liang et al., 

200;3 Petri et al., 2011; Tsitonaki et al., 2010; Watts and Teel, 2006) (Table 2.1).  
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Table 2.1: Properties of Common Oxidants Used for Environmental Remediation 

(Huling and Pivetz, 2006) 

Oxidant Chemical 

Formula 

Reactive Species Form Stability Standard 

Reduction 

Potential 

Catalyzed 

Hydrogen 

Peroxide 

H2O2 OH⦁, O2
⦁−, HO2

⦁ , HO2
− 

 

Liquid Minutes-days 2.7 V 

Persulfate Na2S2O8 S2O8
2− Salt Weeks-months 2.01 V 

Catalyzed 

Persulfate 

Na2S2O8 SO4
⦁−, OH⦁ Salt Days-months 2.7 V 

Ozone O3 O3, OH
⦁ Gas Minutes-days 2.07 V 

Permanganate KMnO4 

NaMnO4 

MnO4
− Salt 

Liquid 

Months-years 1.68 V 

 

2.3 Persulfate Oxidation of Organic Contaminants   

2.3.1 Direct Oxidation  

The high standard reduction potential of Eq. (2.2) indicates that persulfate is a strong 

aqueous oxidizing agent, making oxidation reactions thermodynamically favorable (Petri 

et al., 2011). However, it has been observed by House (1962) that many direct reactions 

(i.e., two-electron transfer) involving persulfate anions are kinetically slow and could be 

unfavorable for subsurface remediation involving organic contaminants. Liang et al. (2003) 

completed an aqueous batch-scale study examining persulfate oxidation of TCE and 1,1,1-

TCA at ambient temperature (20°C) and neutral pH with oxidant to contaminant molar 

ratios of 10:1. Pseudo-first order reaction rates of 0.0018 and 0.0127 hr-1 were observed for 

TCE and 1,1,1-TCA with respect to persulfate. At these rates, limited degradation (i.e., 

<5%) was observed for both TCE and 1,1,1-TCA systems during the entire length of the 
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experiment (6-hours). Huang et al. (2005) investigated the treatability of 59 volatile organic 

compounds (VOCs) with 1 g L-1 of persulfate at ambient temperature and neutral pH in 

aqueous reaction vials with persulfate to contaminant molar ratios of 8,633-2,590:1. Out 

of the 59 VOCs tested, 26 registered decreases below 20% after a reaction time of 72-

hours. No degradation of any compound registered above 67% at the end of the experiment, 

where an average 21.1% reduction was observed. Reaction rates obtained in Huang et al. 

(2005) were found to be in correlation with Liang et al. (2003), where first-order rate 

constants ranged from 0.004 to 0.009 hr-1 for common chlorinated ethenes and BTEX 

compounds in the presence of persulfate. These studies suggest that although persulfate 

can react directly with common organic contaminants and provide some degradation at 

high persulfate to contaminant molar ratios, direct oxidation is likely inefficient for 

remediation.   

 

2.3.2 Free Radical Oxidation 

While direct oxidation of organic contaminants by persulfate anions may not be sufficient 

for remediation, free radicals produced from catalyzed persulfate have shown strong 

potential. The production of these radicals, typically sulfate and hydroxyl radicals, from 

persulfate is termed activation (House et al., 1962; Johnson et al., 2008; Matzek and Carter, 

2016; Petri et al., 2011; Tsitonaki et al., 2010). Hydroxyl radicals can react by several 

mechanisms including direct-electron transfer, hydrogen abstraction, and addition to 

multiple bonds (Bossmann et al., 1998; Liang et al., 2003). Reactions involving hydroxyl 

radicals can occur at near diffusion-controlled rates of 106-1011 M-1 s-1 (Buxton et al., 1988). 

Sulfate radicals react primarily by direct-electron transfer (Liang et al., 2003). Reactions 

involving sulfate radicals also occur at near diffusion-controlled rates of 105-109 M-1 S-1 

(Neta et al., 1977; Tsitonaki et al., 2010). Several activation methods have been applied for 

subsurface remediation, such as heat, chelated or unchelated transition metals (i.e., Fe2+, 

Mn2+, Cu2+, etc), hydrogen peroxide, and alkaline solution (pH >10) (Matzek and Carter, 

2016; Petri et al., 2011; Tsitonaki et al., 2010). Revisiting the aqueous batch study 

completed by Huang et al. (2005), the treatability of 59 VOCs increased substantially with 

heat activation (at 40ºC), where the average degradation increased from 21.1% to 51.5%. 
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Pseudo-first order rate constants between persulfate and common chlorinated ethene and 

BTEX contaminants increased by 1 order of magnitude (OoM) when increasing 

temperature from 20 ºC to 40 ºC. In the 6-hour aqueous batch study completed by Liang et 

al. (2003), the degradation of TCE and 1,1,1-TCA increased from <5% to 100% when 

increasing the temperature from 20°C to 60°C. Pseudo-first order reaction rates were 

observed to increase by 1 and 3 OoM for 1,1,1-TCA and TCE, respectively. Overall, 

literature provides strong evidence that the effectiveness of persulfate oxidation can be 

greatly enhanced by activation when applied for subsurface remediation (Bougie and Dube, 

2007; Chowdhury et al., 2017; Costanza et al., 2010; Dahmani et al., 2006; Huang et al., 

2002; Liang et al., 2004; Tsitonaki, 2008; Waldemer et al., 2007; Zhao et al., 2013). For 

the purpose of this study, a detailed discussion of heat and iron activation is provided in 

the subsequent sections.  

 

2.4 Persulfate Activation Methods 

2.4.1 Iron Activation 

The production of sulfate free radicals by persulfate-ferrous iron (Fe2+) catalyzed reactions 

typically occur by a one-electron transfer (Eq. 2.6) (Kolthoff et al., 1951):  

Fe2+ + S2O8
2− → Fe3+ + SO4

•− + SO4
2−                                                                              (2.6) 

SO4
•− + Fe2+ → Fe3+ + SO4

2−                                                                                          (2.7) 

2Fe2+ + S2O8
2− → 2Fe3+ + 2SO4

2−                                                                                  (2.8) 

The reaction coefficient of Eq. (2.6) is reported to be 27 M−1s−1. If Fe2+ is not depleted in 

solution following the reaction shown in Eq. (2.6), SO4
•− will subsequently oxidize 

remaining Fe2+ to ferric iron (Fe3+) (Eq. 2.7). The reaction coefficient of Eq. (2.7) is 

reported to be 3 x 108M−1s−1. The overall stoichiometric reaction between S2O8
2− and 

Fe2+ is shown in Eq. (2.8) (Xu and Li, 2010; Wood et al., 1963). The reaction coefficient 

of Eq. (2.8) is reported to be 1 x109M−1s−1 (Heckel et al., 1966; Neta et al., 1988). The 

rate of reaction between S2O8
2− and Fe2+ is dependent on the concentration of each reactant. 
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Although Eq. (2.8) shows a Fe2+ to S2O8
2− molar ratio of 2:1, the rate determining step is 

the oxidation of Fe2+ by S2O8
2− to form SO4

•− (Eq. 2.6) (Liang et al., 2004). The reaction 

between SO4
•− and excess Fe2+ of Eq. (2.2) occurs rapidly (Balabenova and Markevich, 

1966; Liang et al., 2004). Once the reaction of Eq. (2.7) is gone to completion, there is no 

SO4
•− remaining in solution. Therefore, the concentration of dissolved Fe2+ in the activating 

solution and subsurface is of concern. If Fe2+ is in excess within the subsurface, low 

efficiencies of contaminant degradation can occur due to Fe2+ and contaminants competing 

for sulfate free radicals. Persulfate will also be consumed within short distances of injection 

wells. Therefore, to optimize Fe2+ activated persulfate for the degradation of contaminants, 

it is important to delay the reaction of Eq. (2.7) and or control the ratio of Fe2+to S2O8
2− in 

the system (Dahmani et al., 2006; Liang et al., 2004). 

  

A soil slurry batch-scale study completed by Yen et al. (2011) evaluated the impact of 

S2O8
2− to Fe2+ molar ratios of a solution on the degradation of diesel (5 mg kg-1), where 

ratios of 10:1 and 100:1 were evaluated. An additional batch using the same soil containing 

50,030 mg kg-1 of Fetotal was also performed without the addition of Fe2+. Within 40 days, 

diesel removal efficiencies in the soil slurry batches using S2O8
2− to Fe2+ molar ratios of 

10:1 and 100:1 were 55% and 40%, respectively. In the soil slurry batch without the 

addition of Fe2+, 25% diesel removal was observed. The study indicates that a higher S2O8
2− 

to Fe2+ molar ratio (>100:1) can negatively impact contaminant degradation, likely due to 

insufficient Fe2+ for activation. Furthermore, it was shown that naturally occurring iron in 

soil can potentially activate persulfate, although additional injection of Fe2+ into the 

subsurface is likely needed for field-scale applications. An aqueous batch-scale study 

completed by Chen et al. (2009) showed that MTBE could be completely degraded within 

78-hours when S2O8
2−:Fe2+:MBTE molar ratios of 300-50:31:1 were used. This suggests 

that high S2O8
2−:Fe2+ molar ratios may not be required for complete degradation. In an 

additional batch, no MTBE degradation was observed after 250-hours when a molar ratio 

of 10:31:1 was used; this is assumed to be due to sulfate free radicals being scavenged by 

excess Fe2+ in solution.  An aqueous batch-scale study completed by Long et al. (2014) 

showed the following percent degradation of toluene after 1-hour at S2O8
2−:Fe2+:TCE 
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molar ratios of 20:5:1 (>60%), 20:10:1 (>50%), 20:2:1 (>30%), and 20:0:1 (<20%).  A 

similar aqueous batch study completed by Liang et al. (2004) showed the following percent 

degradation of TCE at S2O8
2−:Fe2+:TCE molar ratios of 30:10:1 (64%), 20:10:1 (57%), 

15:10:1 (55%), 10:10:1 (29%), 5:10:1 (9%). These studies suggest that the molar ratio of 

S2O8
2− to Fe2+ has a direct impact on the efficiency of persulfate activation and contaminant 

degradation. Likely specific to the type and amount of contaminant present, an ideal S2O8
2− 

to Fe2+ molar ratio should be determined prior to field applications.  

 

It is established in the literature that dissolved Fe2+ can activate persulfate; however, the 

role of other forms of iron such as dissolved Fe3+ and iron minerals is still under 

investigation. An aqueous batch-scale study completed by Ahmad et al. (2010) evaluated 

the ability of three common subsurface iron minerals, surface soil, iron-only soil fraction, 

and a mineral-only soil fraction to activate persulfate. The tested iron minerals were 

goethite, hematite, and ferrihydrate. Results demonstrated that although high masses of 

goethite can activate persulfate, the mineral and iron-only soil fractions did not promote 

measurable activation of persulfate. The findings suggest that crystalline iron oxide 

contents usually found in soils are not sufficient to promote persulfate activation during 

ISCO applications and that aqueous Fe2+ injection would be required. Teel et al. (2011) 

evaluated 13 common subsurface minerals for their potential to activate persulfate by 

means of aqueous batch tests (Figure 2.1). Only four of the 13 minerals (cobaltite, ilmenite, 

pyrite, and siderite) were capable of decomposing persulfate at rates greater than the 

persulfate-water control system. Out of these four, three were iron-based minerals 

(ilmenite, pyrite, and siderite). Reaction-specific probe compounds including anisole, 

nitrobenzene, and hexachloroethane were used to measure sulfate and hydroxyl radicals. 

Pyrite was the most capable of activating persulfate (i.e., producing sulfate and hydroxyl 

radicals). The other three iron-based minerals produced sulfate and hydroxyl radicals at 

rates slower than pyrite and in some cases the persulfate-water control system.  
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Figure 2.1: Aqueous decomposition of persulfate in the presence of 13 trace minerals. 

Reactors contained 5 mL of 0.5 M persulfate and 2 g of mineral; T= 25°C (Teel et al., 

2011). 

 

Do et al. (2010) also investigated the ability of common iron oxide soil minerals to activate 

persulfate. Iron oxides including goethite, hematite, and magnetite were individually added 

to diesel contaminated sand batches with a stand-alone persulfate solution or a mixed 

solution containing a S2O8
2−: Fe2+ molar ratio of 100:1. The results indicated that iron 

oxides could activate persulfate to a small degree without the presence of aqueous Fe2+. 

The degradation of diesel was highest in all cases with the addition of metal oxides and 

Fe2+ solution (Figure 2.2).  
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Figure 2.2: The effects of metal oxides on the reactivity of persulfate with and without 

dissolved Fe2+ to degrade diesel-contaminated sand (Do et al., 2010). 

 

The role of aqueous Fe3+ on persulfate activation is much less clear. Liang et al. (2004) 

completed an aqueous batch study with a S2O8
2−: Fe2+:TCE molar ratio of 20:5:1. TCE was 

observed to be degraded up to 47%, stalling once Fe2+ completely reacted with S2O8
2−. 

After the degradation of TCE had stalled, 1 mL of thiosulfate (S2O3
2−) (i.e., reductant) was 

added to the batches resulting in a S2O8
2−: S2O3

2−: Fe2+:TCE molar ratio of 20:10:5:1. 

Thiosulfate was observed to reduce the accumulated Fe3+ to Fe2+. This resulted in TCE 

being degraded up to 92%. These results suggested that the addition of thiosulfate could 

enhance TCE degradation after the halt of Fe2+ activated persulfate, indicating the limited 

involvement of Fe3+. One possibility explored by Petri et al. (2010) is that Fe3+ could be 

indirectly activating persulfate by a Haber-Weiss like catalytic system where Fe2+ and Fe3+ 

are being continuously cycled until the oxidant has been consumed. This is supported by 

the aqueous decomposition of persulfate in dilute acid (House, 1962), and the 

decomposition of hydrogen peroxide by Fe3+ (De Laat and Gallard, 1999):  
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S2O8
2− + H2O → 2HSO4

1− + H2O2                                                                                         (2.9) 

Fe3+ + H2O2 ↔ Fe(OH2)
2+ + H+                                                                                   (2.10) 

Fe(OH2)
2+ → Fe2+ + HO2

•                                                                                               (2.11) 

Fe3+ + HO2
• → Fe2+ + O2 + H

+                                                                                     (2.12) 

Although these series of reactions can produce Fe2+ that could be available for persulfate 

activation, the likelihood of this being an effective method for persulfate-oxidation of 

contaminants is limited. Based on first-order kinetics, House (1962) determined a 

persulfate half-life of 80 days in an acidic solution at ambient temperature (Petri et al., 

2010). Thus, Eq. (2.9) might be too slow of a reaction for efficient contaminant degradation 

to occur. Furthermore, House (1962) determined that at neutral and alkaline pH, oxygen 

was produced as opposed to hydrogen peroxide. Alternatively, Liu et al. (2016) has 

suggested that a direct redox cycle could occur between persulfate and iron:  

S2O8
2− + Fe2+ → SO4

⦁− + SO4
2− + Fe3+                                                                            (2.13) 

S2O8
2− + Fe3+ → S2O8

⦁− + Fe2+                                                                                      (2.14) 

although limited evidence exists to suggest this would be an effective process for 

subsurface remediation. 

 

2.4.2 Heat Activation  

Thermally activated persulfate involves the production of two sulfate radicals from the 

uncatalyzed decomposition of a persulfate anion by thermolysis (House, 1962): 

𝑆2𝑂8
2−

ℎ𝑒𝑎𝑡
→  2𝑆𝑂4

•−                                                                                                             (2.15) 

where higher temperatures can significantly increase the rate of sulfate radical production 

(Johnson et al., 2008). Heat activation has been extensively studied at the bench-scale 

between temperatures of 30-60℃ (Chowdhury et al., 2017; Huang et al., 2002; Huang et 

al., 2005; Johnson et al., 2008; Liang et al., 2003; Liang et al., 2007; Liang et al., 2010; 

Waldemer et al., 2007; Zhao et al., 2013). 
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The relationship between temperature and rate of persulfate decomposition has been well 

investigated by aqueous and soil slurry batch experiments completed by Johnson et al. 

(2008). Results for the aqueous experiments followed pseudo-first order kinetics: 

 −
𝑑[S2O8

2−]

𝑑𝑡
= 𝑘1[S2O8

2−]                                                                                                   (2.16) 

The observed 𝑘0 (h
−1) values were 0.094, 0.0062, and 0.00023 at 70℃, 50℃, and 30 ℃, 

respectively (Figure 2.3). These values correspond with other aqueous batch studies 

investigating the relationship between the rate of persulfate decomposition and temperature 

(House, 1962; Goulden and Anthony, 1978; Kolthoff and Miller, 1951; Singh and 

Venkatarao, 1976). Increased rate constants due to rising temperatures have been found to 

typically obey the relationship shown in the Arrhenius equation (Petri et al., 2011; 

Tsitonaki et al., 2010):    

lnk = −
Ea

R

1

T
+ lnA                                                                                                                     (2.17) 

where k is the rate constant, 𝐸𝑎 is the activation energy (kJ mol−1), R is the ideal gas 

constant (8.314 J K−1mol−1), T is the absolute temperature (kelvin), and A is the 

frequency factor (units of k). The aqueous batch experiments completed by Johnson et al. 

(2008) yielded the following Arrhenius equation (see Figure 2.3): 

lnk1 = (36.6 ± 0.8) −
134±2

RT
                                                                                            (2.18) 
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Figure 2.3: Thermal decomposition of persulfate in aqueous (circles) and soil slurry 

(squares) batch experiments fitted to Arrhenius plots. The constants 

𝒌𝟎, 𝒌𝟏, 𝒌𝟐, 𝐚𝐧𝐝 𝒌𝟑 refer to neutral, acidic, and basic-initiated pathways. Open circles 

are first-order rate constants (i.e., 𝒌𝟎 𝐚𝐧𝐝 𝒌𝟏) , while filled circles are second-order 

rate constants (i.e., 𝒌𝟐 and 𝒌𝟑) (Johnson et al., 2008). 

 

Examining the soil slurry batch experiments completed by Johnson et al. (2008), 𝑘0 (h
−1) 

values (0.566, 0.055, 0.002 for 70℃, 50℃, and 30℃, respectively) increased by 6-10 times 

in comparison to the aqueous batch experiments (Figure 2.3). The experiments were 

reported to follow second-order kinetics until the natural oxidant demand (NOD) was met, 

where first-order kinetics by thermolysis continued until persulfate was completely 

consumed:  

d[S2O8
2−]

dt
= − k2[S2O8

2−][NOD] − k1[S2O8
2−]                                                                    (2.19) 
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The soil slurry batch experiments yielded the following Arrhenius equation:  

lnk0 = (33.6 ± 2.6) −
120±7

RT
                                                                                            (2.20) 

It should be noted that the 𝐸𝑎 value is only slighty less in Eq. (2.20) compared to Eq. (2.18). 

The more significant difference between datasets arises from the pre-exponential term that 

is dictated by the uncatalyzed decomposition of persulfate in water, pH of the system, and 

porous medium. Liang et al. (2010) also investigated the impact of aquifer solids on the 

rate of persulfate decomposition during thermal activation. Rates of persulfate 

decomposition of 0.0792, 0.0737, and 0.0311hr−1 were observed at 1.608, 1.092, and 

0.316 soil 𝑓𝑜𝑐 (%) in TCE soil slurry systems heated to 50℃. Therefore, an increase in the 

rate of persulfate decomposition is expected with aquifer solids containing a higher organic 

content. Translating these experimental batch studies to in-situ applications at the field 

scale, the literature suggests that the NOD of the subsurface should be considered when 

determining the rate of persulfate decomposition by heat (Johnson et al., 2008; Liang et al., 

2008). Based on the literature, it is recommended that persulfate is delivered into the 

subsurface prior to heating, as the rate of decomposition by heat coupled with NOD could 

limit the transport of persulfate from injection wells. Overall, increasing the temperature 

of an aqueous persulfate system has shown a positive correlation with the rate of 

contaminant degradation (Costanza et al., 2010; Gu et al., 2011; Huang et al., 2002; Huang 

et al., 2005; Liang et al., 2003; Liang et al., 2007; Liang et al., 2010; Waldemer et al., 2007; 

Zhao et al., 2013). In a 6-hour aqueous batch-scale study completed by Liang et al. (2010), 

TCE and 1,1,1-TCA degradation increased from 0% to 100% when temperature was 

increased from 20℃ to 60℃ with persulfate to contaminant molar ratios of 10:1. Huang et 

al. (2005) tested the treatability of 59 VOCs in 72-hour aqueous batch systems at various 

temperatures using persulfate to contaminant molar ratios of 8,633-2,590:1. Percent 

degradation was observed to  increase with temperature, where the average degradation of 

all tested VOCs at 20℃ and 40℃ was 21.1% and 51.5%, respectively. Although increasing 

the temperature of a persulfate system will likely result in an increase in the rate of 

contaminant degradation, significant energy inputs into a system to achieve a high 

temperature may not be required for some contaminants and could result in unnecessary 

costs in the field. For instance, the temperatures shown in Table 2.2 were suitable to achieve 
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>90% degradation for common contaminants in 72-hour aqueous persulfate batch systems 

(Block et al., 2004). It should be noted that the dosing of persulfate also plays an important 

role in contaminant degradation in these experiments. Increasing the persulfate 

concentration of a system will likely result in an increase in contaminant degradation 

(Liang et al., 2008). Based on the literature, determining the appropriate persulfate dosing 

and temperature for effective thermal activation and degradation is likely site specific to 

the type and mass of contaminants present, as well as the NOD of the aquifer solids.  

 

Table 2.2: Activation Temperature Required to Achieve >90% Degradation of 

Common Contaminants (Block et al., 2004) 

20℃ 35℃ 45℃ 

Toluene Benzene 1,1,1-TCA 

Ethylbenzene Chlorobenzene Chloroform 

Xylene 1,2-DCE Methyl Chloride 

1,1-DCE PCE  

1,2-Dichlorobenzene TCE  

1,3-Dichlorobenzene 1,1-DCA  

1,2,4-Trichlorobenzene 1,2-DCA  

 Vinyl Chloride  

 MTBE  

 Carbon Tetrachloride  

 

2.5 Factors Affecting Efficiency and Effectiveness of 

Persulfate Oxidation 

2.5.1 Porous Media 

Due to persulfate reaction chemistry being non-selective, interactions with non-target 

subsurface material will occur. These interactions are important to quantify to determine 

appropriate loading requirements for subsurface remediation. These interactions are termed 

NOD. Although still currently under investigation, NOD with respect to ISCO is typically 

related to the total organic carbon (TOC) and dissolved or mineral based Fe2+/Mn2+ content 
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of a soil (Dahmani et al., 2006; Haselow et al., 2003; Mumford et al., 2005; Petri et al., 

2011; Siegrist et al., 2010; Sra et al., 2010; Tsitonaki et al., 2010). Outside of ISCO, 

persulfate is commonly used as a wet oxidation method tool to measure TOC in water 

samples due to its reactivity towards organic matter (Doyle et al., 2004; Koprivnjak et al., 

1995; Mikutta et al., 2005; Peyton et al., 1993). However, these analytical applications are 

generally completed in vigorous reaction conditions (i.e., high temperatures, acidic pH, 

UV) and therefore are not entirely representative of natural subsurface conditions. Even 

under such aggressive conditions, Koprivniak et al. (1995) reported that significant TOC 

content may remain in solution, indicating that persulfate might not be reactive towards all 

types of organic content. In a soil slurry batch study, Sra et al. (2010) tested the NOD of 

seven different soils in respect to persulfate. Soils with the highest TOC content possessed 

the highest NOD; however, this was confounded by a high total iron (Fetotal) content in the 

soils. Reaction rates of TOC and amorphous Fetotal with respect to persulfate were found to 

be on the same order of magnitude. Overall, a positive correlation was found between 

NOD, TOC, and amorphous Fetotal content of a soil. This is supported by soil slurry batch 

studies completed by Dahmani et al. (2006) and Liang et al. (2010). In comparison to 

permanganate, Brown and Robinson (2006) reported that persulfate was not significantly 

reactive towards natural organic matter (NOM), although was more reactive towards 

reduced inorganic species (i.e., FeS, Fe2+, Mn2+, etc). It was reported that soil mineralogy 

(or inorganic content) would not play a major role in NOD unless above 0.1%. Liu et al. 

(2014) reported a higher mineral content of >2% to have a significant impact on NOD. In 

most batch studies, the introduction of a porous medium has led to decreases in 

contaminant degradation (Costanza et al., 2010; Crimi and Taylor, 2007; Liang et al., 

2010). However, like hydrogen peroxide, the mineral content of a porous medium can 

potentially act as a catalysis to produce free radicals that could be beneficial for 

contaminant degradation (Do et al., 2010; Kwan and Voelker, 2003; Liu et al., 2014; Sperry 

et al., 2002; Teel et al., 2007; Teel et al., 2010; Watts and Teel et al., 2006). Pseudo-first 

order rate constants have been reported for persulfate decomposition in the presence of a 

porous medium (Crimi and Taylor, 2007; Liang et al., 2003; Liang et al., 2004). Currently, 

it is uncertain in literature if persulfate acts similar to hydrogen peroxide or permanganate 

in the presence of a porous medium. Hydrogen peroxide experiences an infinite NOD, 
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while permanganate experiences a finite NOD (Gates-Anderson et al., 2001; Haselow et 

al., 2003; Mumford et al., 2005; Sra et al., 2010; Xu and Thomson, 2010; Xu and Thomson, 

2009, Xu and Thomson, 2008). The half-life of persulfate has been measured to range from 

2 to 600 days depending on the TOC and mineral content of a soil (Liu et al., 2014; Sra et 

al., 2010). 

 

2.5.2 Free Radical Scavengers and pH 

Outside of porous media, competing side reactions with various species in groundwater 

other than target contaminants can occur where free radicals are scavenged. Species that 

have been reported to cause the most competition for free radicals are chloride and 

bicarbonate. Their reactions and rate constants are (Buxton et al., 1999; Liang et al., 2006; 

Yu and Baker, 2003):  

SO4
•− + Cl− → SO4

2− + Cl•, k = 4.7 x 108 M-1 s-1                                                                                            (2.21) 

SO4
•− + HCO3

− → SO4
2− + HCO3

• , k = (1.6±0.2) x 106 M-1 s-1                                           (2.22) 

An aqueous batch-scale study with a persulfate to TCE molar ratio of 50: 1 was completed 

at neutral pH and 20°C by Liang et al. (2006). It was found that the rate of TCE oxidation 

decreased once concentrations of chloride and bicarbonate were raised above 0.2 M and 

9.2 mM, respectively. Huang et al. (2002) completed a similar study with persulfate to 

MTBE ratios of 394:1 at neutral pH and 40°C. It was found that increasing the 

concentration of NaCl from 0.001 M to 0.416 M in the aqueous batches resulted in a 

decrease in MTBE degradation. A similar relationship was observed when increasing pH 

from 2.5 to 11 in the batch systems. An additional aqueous batch study with a persulfate to 

TCE molar ratio of 50:1 was completed at 20°C under various pH levels by Liang et al. 

(2007). The largest TCE degradation was observed at neutral pH, while increasing or 

decreasing pH of the system resulted in a decrease in TCE degradation. Johnson et al. 

(2008) observed in their aqueous and soil slurry batch experiments that pH had little 

influence on thermal activation of persulfate between pH levels of 3-12. Although 

persulfate reaction chemistry in batch-scale reactor studies typically result in a drop in pH, 
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a change in pH of <4 or >10 is unlikely at the field-scale due to the natural buffering 

capacity of most natural soils (Sra et al., 2010).  

 

More research is needed on the impact of pH and radical scavengers on the efficiency of 

persulfate activation and contaminant degradation. A recent study completed by Bennedsen 

et al. (2012) tested the degradation of p-nitrosodimethylaniline (RNO) under various 

activation methods of persulfate (i.e., heat, alkaline solution, chelated Fe2+). It was found 

that adding increasing concentrations of chloride (1-400 mM) and bicarbonate (10-

100mM) had either no effect (i.e., heat and chelated Fe2+ activation systems) or increased 

contaminant degradation (i.e., alkaline activation system). It is noted that reactions between 

free radicals and chloride or bicarbonate ions can produce radical intermediates, although 

it is uncertain in the literature if they would be significantly reactive towards contaminants. 

 

2.6 Electrokinetics  

EK is the mechanical motion of charged particles and fluids under the influence of an 

electric field when a direct current (DC) is applied between two oppositely charged 

electrodes (i.e., cathode and anode) (Acar et al., 1997; Acar and Alshawabkeh, 1993). 

Charged particles and fluids can be transported by three EK mechanisms: electrophoresis 

(EP), electromigration (EM), and electroosmosis (EO) (Figure 2.4) (Virkutyte et al., 2002). 

EK transport mechanisms have been shown not to be significantly influenced by the 

hydraulic conductivity of a porous medium, making it advantageous for subsurface 

applications where low-permeability soils pose a challenge (Acar and Alshawabkeh, 1993; 

Chowdhury et al., 2017; Reynolds et al., 2008). EK was first used at the beginning of the 

last century for dewatering, desalination, and stabilizing clays (Lima et al., 2017; Yeung, 

2011). In the 1990s, EK was studied for environmental remediation applications that 

included the removal of heavy metals, radionuclides, and other inorganic species in soils 

(Acar et al., 1995; Chung and Kang, 1999; Lageman, 1993; Lima et al., 2017; Pamukcu 

and Wittle, 1992). More recently, EK has been tested for the removal organic contaminants 

(Lima et al., 2017; Lima et al., 2011; Maturi and Reddy, 2006; Kim et al., 2010; Ribeiro et 
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al., 2005). Current focus involves the coupling of EK with various remediants (e.g., 

oxidants, reductants, biostimulants, etc) to enhance their delivery in low-permeability 

media that is often diffusion dominated (Chowdhury et al., 2012, Chowdhury et al., 2017; 

Gill et al., 2014; Lima et al., 2017). Although promising results have been shown, the use 

of EK for subsurface remediation has yet to achieve commercial status. To date, most of 

the work completed has been at the laboratory-scale with few field-scale applications.  

 

 

Figure 2.4: Electrokinetic transport processes including electromigration, 

electroosmosis, and electrophoresis. 

 

Some common difficulties that have occurred from applying EK for subsurface 

remediation include the alteration of natural pH levels and redox conditions at the 

electrodes due to electrolytic reactions. At the cathode, reduction occurs, and hydroxide 

ions are produced. At the anode, oxidation occurs, and hydrogen ions are produced (Acar 

and Alshawabkeh, 1993).  

2H2O + 2e
− → 2OH− + H2                                                                                                (2.23) 

2H2O → 4H
+ + O2 + 4e

−                                                                                            (2.24) 

The pH between anode and cathode electrodes has shown to vary between 2-12 depending 

on the buffering capacity of the soil (Acar and Alshawabkeh 1996; Chung and Kang 1999; 

Yukselen-Aksoy and Reddy, 2012; Zhou et al., 2005). Oxidative and reductive conditions 

have been observed to increase and decrease the oxidation-reduction potential (ORP) at the 
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anode and cathode electrodes, respectively. Along with variations in ionic strength between 

electrodes, the non-linear complexities in pH and redox that arise during EK have shown 

to create complications for the mass flux of any given species (Hodges et al., 2011). 

Typically, electrodes are submersed in buffer solution to help stabilize geochemical 

conditions between electrodes. Other complications that could arise during applied EK is 

the enhanced weathering of porous media during long term applications and the production 

of hydrogen and chlorine gas at the electrodes (Lima et al., 2017).  

 

2.6.1 Electroosmosis-Induced Transport  

EO is the movement of an electrolyte solution in a diffuse stationary double layer across a 

mineral surface (Saichek and Reddy, 2005). The positively charged ions (i.e., counter ions) 

in the diffuse double layer adjacent to the negatively charged mineral surface move towards 

the cathode when an external electric field is applied. The counter ions, while migrating, 

transfer the momentum to the surrounding fluid resulting in electroosmotic flow (EOF) 

(Acar et al., 1995). This results in the transport of both dissolved ionic and non-ionic 

species (Figure 2.4). The Helmoltz-Smoluchowski theory for EO is the most commonly 

accepted theory for pore fluid transport under electric fields (Al-Hamdan and Reddy 2005; 

Reynolds et al., 2008), despite the number of assumptions involved (Saichek and Reddy 

2005). The following relation gives the electroosmotic flow rate in one dimension (Al-

Hamdan and Reddy 2005): 

𝑞𝐸𝑂 = 𝑘𝑒
𝑑∅𝑒

𝑑𝑥
=
𝜀𝜀ₒϚ

η
𝑛                                                                                                        (2.25) 

where, 𝑘𝑒 is electroosmotic permeability (m2 V-1 s-1), 
𝑑∅𝑒

𝑑𝑥
 is the electrical gradient (V m-1), 

𝜀 is the permittivity of the medium (farad 𝑚−1), 𝜀𝑜 is the permittivity of the vacuum (8.854 

x 10−12 C V-1 m-1), ζ  is the zeta potential (V),  η  is the viscosity (kg s 𝑚−2), and n is the 

porosity (𝑚3𝑚−3). EO is greatly dependent on zeta potential, which can be defined as the 

potential existing between the rigid and movable parts of the double layer (Eykholt and 

Daniel et al., 1994). Due to zeta potential being negative in most cases for water saturated 

silts and clays, EOF typically occurs towards the cathode. Zeta potential can be positive in 
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some instances depending on pH and electrolyte concentrations, which could cause flow 

in the reverse direction (Acar and Alshawabkeh, 1993). Increasing the electrolyte 

concentration and decreasing pH typically reduces 𝑘𝑒 (Acar and Alshawabkeh, 1993). 

Reported values of 𝑘𝑒 range from 8.6 x 10-6 to 8.6 x 10-4 m2 V-1 day-1 for most soils 

(Chowdhury et al., 2017; Eykholt and Daniel, 1994; Mitchell and Soga, 2005; Shapiro and 

Probstein, 1993; Shariatmadari et al., 2009; Weng et al., 2003). Under a standard voltage 

gradient of 1 V cm-1, EOF rates typically range from 0.1 and 10 cm day-1 at the bench-scale 

(Alshawabkeh, 2009). 

 

2.6.2 Electromigration-Induced Transport  

EM is the movement of ions in a fluid due to an applied potential field. Ions in solution are 

attracted to the electrode of opposite charge (Acar et al., 1994). For instance, cations are 

attracted to a cathode electrode and anions are attracted to an anode electrode (Figure 2.4). 

EM occurs if there is a connected hydraulic pathway, where the rate is proportional to the 

voltage gradient of the applied field (Acar et al., 1994). Under several assumptions, EM-

induced flow rate can be estimated by (Acar and Alshawabkeh, 1993):  

𝑞𝐸𝑀 = 𝑢𝑖
∗𝑖𝑒 =

𝐷ₒ𝜏𝑛𝑧𝑖𝐹

𝑅𝑇
𝑖𝑒                                                                                                    (2.26) 

where 𝑢𝑖
∗ is effective ionic mobility of species (m2 V-1s-1), 𝑖𝑒 is voltage gradient (V m-1), 

𝐷ₒ is diffusion at infinite dilution (m2 s-1) , 𝜏 is soil tortuosity, which  varies from 0.01 to 

0.84 for most soils (Shackelford and Daniel, 1991) , 𝑛 is porosity, which varies from 0.1 

to 0.7 for fine grained soils (Acar and Alshawabkeh, 1993), 𝑧𝑖 is valence of ionic species, 

𝐹 is Faraday’s constant (96,485 C mol-1) , 𝑅 is universal gas constant (8.314 J mol-1 K), 

and 𝑇 is temperature (K). Under identical conditions, the EM flow rate of an individual 

species in an electrolytic solution is dependent on its effective ionic mobility (𝑢𝑖
∗), which 

is directly proportional to its diffusion coefficient in free solution at infinite dilution (Dₒ) 

(Acar and Alshawabkeh, 1993). The values of these parameters for selected ions are given 

in Table 2.3 (Chowdhury et al., 2017). 
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Table 2.3: Diffusion Coefficient and Effective Ionic Mobility for Common Ions  

(Lide, 2005) 

Ions Diffusion Coefficient at 

Infinite Dilution 

(Dₒ, cm2 sec-1) 

Effective Ionic Mobility 

(𝒖𝒊
∗, m2 V-1 day-1) 

HCO3
− 1.19 x 10-5 5.82 x 10-4 

CO3
2− 1.0 x 10-6 1.34 x 10-4 

Na+ 1.33 x 10-5 6.55 x 10-4 

Fe2+ 7.19 x 10-6 7.06 x 10-4 

Cl- 2.03 x 10-5 9.98 x 10-4 

H+ 9.31 x 10-5 4.57 x 10-3 

OH- 5.27 x 10-5 2.59 x 10-3 

SO4
2− 1.07 x 10-5 1.05 x 10-3 

Permanganate 1.63 x 10-5 8.01 x 10-4  

Persulfate 1.15 x 10-5 1.12 x 10-3 

 Assuming: 𝜏 = 0.35; T =298 K; F = 96,485 C mol-1; 𝑛 = 0.41 

 

Eq. 26 can be used to calculate theoretical EM transport rates from known Dₒ values. Using 

the effective ionic mobilities in Table 2.3 and a standard voltage gradient of 1 V cm-1, 

common oxidants used in site remediation such as persulfate and permanganate would 

posses theoretical EM transport velocities of 8.0 and 11.3 cm day-1 in clay soil, respectively. 

EM velocity is typically 1 OoM larger than EO velocity and 1-4 OoM larger than advective 

velocity in clay soils (Alshawabkeh, 2009; Chowdhury et al., 2017).  

 

2.6.3 Electrokinetically-Enhanced Persulfate Oxidation 

Both EK and persulfate have gained much interest in recent years regarding environmental 

remediation. Currently, only a handful of studies have investigated EK-enhanced persulfate 

oxidation (Chowdhury et al., 2017; Isosaari et al., 2007; Yang and Yeh, 2011; Yukselen-

Aksoy and Reddy, 2012; Cang et al., 2012; Fan et al., 2014; Robertson, 2009). Chowdhury 

et al. (2017) added at separate times, 10 g L-1 and 40 g L-1 of persulfate, to the cathode 
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reservoir of a PCE-silt packed EK cell. EM transport rates of ~2 cm day-1 were observed 

under a constant DC of 25 mA. In both instances, persulfate was effectively delivered 

across the entire cell within 30 days. A maximum breakthrough of 60% and 29% was 

observed during 10 g L and 40 g L-1 persulfate injection, respectively.  Robertson (2009) 

obtained similar results, where persulfate was observed to migrate from the cathode to the 

anode compartment of a clay-packed cell at an EM-induced rate of 1.5 cm day-1 under 3.7 

V cm-1 voltage gradient. At the end of the 27-day experiment, a breakthrough concentration 

of 20% was observed from an input of 4 g L-1 at the cathode. Increasing the voltage gradient 

beyond 3.7 V cm-1 resulted in a 30% increase in breakthrough concentration of persulfate 

at the anode. Fan et al. (2014) investigated persulfate transport induced by EM and EO 

through a 12 cm long column packed with clayey silt. To test for EO-driven transport, 200 

g L-1 of persulfate was added to the anode reservoir. In a separate test run, EM transport 

was tested by adding 200 g L-1 of persulfate to the cathode reservoir. Persulfate was 

observed to only travel through the entire length of the column under EM-enhancement, 

with a breakthrough concentration of 8.45% at the end of the 15-day experiment. Under a 

1 V cm-1 voltage gradient, EM induced transport was observed to be approximately 2 cm 

day-1. Although persulfate only reached through 66% of the column under EO, a higher 

maximum concentration of persulfate was delivered into the soil column (i.e., 127 g L-1) 

when compared to EM (i.e., 44.9 gL-1).  

 

Although EK has shown the ability to enhance the delivery of persulfate into low-

permeability and or heterogeneous soils, there is also the added complication of activating 

persulfate once it has been distributed across a target treatment zone in-situ. Few studies 

have examined EK-enhanced delivery and activation of persulfate (Chowdhury et al., 2017; 

Fan et al., 2016; Yukselen-Aksoy and Reddy, 2012; Yang and Yeh, 2011). Fan et al. (2016) 

tested activation methods including alkaline solution, zero-valent iron, iron electrodes, 

citric acid chelated Fe2+, and hydrogen peroxide in a clayey silt-packed EK cell 

contaminated with PCBs. Persulfate and activators were loaded in the anode compartment. 

EOF and mass transfer of persulfate followed the order of: alkaline solution > zero-valent 

iron > without activation > citric acid chelated Fe2+ > hydrogen peroxide > iron electrodes. 
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Alkaline and zero-valent iron activation methods were observed to increase EOF due to 

increasing the ionic density and current. Activators including citric acid chelated Fe2+ and 

hydrogen peroxide decreased the EOF as it resulted in complete persulfate decomposition 

and production of acidic-by products (i.e., H+ and HSO4
−). It was hypothesized that the 

large decrease in pH caused an unfavourable soil surface zeta potential for EOF. A decrease 

in EOF was also observed for iron electrode activation resulting from a low electric current. 

The removal efficiency of PCBs in the EK cell followed the order of: alkaline solution 

(40.5%) > hydrogen peroxide (35.6%) > citric acid chelated Fe2+ (34.1%) > zero-valent 

iron (32.4%) > without activation (30.8%) > iron electrodes (30.5%). Although these 

activation methods were found to be effective, their deployment can be difficult as their 

success is dependent on implementing a correct molar ratio of oxidant to activator, location 

and method of injection, and complete contact with the oxidant. Regardless of EK-

enhancement, these activation methods can be difficult to apply in low-permeability soils.   

 

Heat activation has been investigated as a preferred alternative as it does not depend on 

intrinsic permeability. Yukselen-Aksoy and Reddy (2012) investigated the ability of 

electrokinetically-enhanced thermally activated persulfate (EK-TAP) to treat 3.7 cm inner 

diameter x 13.2 cm length PCB contaminated kaolin and glacial till packed cells. Persulfate 

(30%) was delivered from the anode compartment by EO under a DC voltage gradient of 

1 V cm-1 and thermally activated at 45°C by silicone heating tape. Following the 10-day 

experiments, 77.9% and 14.4% PCB degradation was observed in the kaolin and glacial till 

cells, respectively. The limited PCB degradation observed in the glacial till packed cell is 

hypothesized to be a factor of a high soil NOD resulting from a high mineral and organic 

content. Although EK-TAP showed strong potential in the kaolin packed cell, the method 

of heating used in the study (i.e., silicone heating tape) cannot be applied in the field. 

Chowdhury et al. (2017) investigated a novel approach to EK-TAP. In a 36 cm x 15 cm x 

10 cm PCE silt-packed cell, persulfate was delivered from the cathode department by EM 

under a DC of 25 mA and thermally activated using the same electrodes by electrical 

resistance heating (ERH) from applying an alternating current (AC). More specifically, the 

bench-scale experiment consisted of two primary phases: i) 10 g L-1 persulfate injection 
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and 50°C thermal activation, and ii) 40 g L-1 persulfate injection and 35°C thermal 

activation. Although significant, PCE degradation during phase i) was observed to be less 

efficient than phase ii). It was hypothesized that producing sulfate free radicals at a slower 

rate from a lower activation temperature would promote more ideal conditions for free 

radical oxidation of contaminants to occur. This is confounded, however, by the higher 

persulfate to PCE ratio obtained during phase ii). To the authors’ knowledge, Chowdhury 

et al. (2017) has been the first published literature study to investigate EK-TAP with ERH 

as a method for field-scale application. Although it should be noted that this novel approach 

to EK-TAP is a patented technology by Geosyntec consultants (#9,004,816, issued April 

14, 2015) that has received some testing both at the bench-scale and field-scale.  

 

2.7 Summary 

Due to extensive production, industrial use, and improper management practices, 

chlorinated solvents are among the most prevalent groundwater contaminants found at 

hazardous waste sites. Over the past decade, persulfate has been established in both 

academia and industry as an effective oxidant for in-situ remediation of organic 

contaminants such as chlorinated solvents. For persulfate to be effective, activation is 

generally required for most contaminants. Several activation methods have been developed 

(e.g., alkaline solution, chelated or unchelated Fe2+, heat, and hydrogen peroxide), with 

heat and iron activation being the most researched. For heat activation, the type of 

contaminants present on site will dictate the temperature required for effective persulfate 

activation. Typically, higher temperatures applied in persulfate systems will result in more 

aggressive oxidative conditions being created and increased contaminant degradation rates. 

For iron activation, bench-scale testing suggests that persulfate to dissolved Fe2+ molar 

ratios should be pre-determined before field-scale applications to maximize contaminant 

degradation and to prevent the scavenging of free radicals from excess Fe2+ in solution. 

Although common iron minerals found in natural soils could potentially aid in the 

activation of persulfate, injection of aqueous Fe2+ is likely required for most contaminated 

sites. The use of persulfate can be advantageous over other common oxidants for ISCO due 
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to its higher stability and standard reduction potential (i.e., reactivity). Although persulfate 

can be relatively stable in the presence of aquifer materials, common organic and inorganic 

species found in soils can be detrimental to persulfate reaction chemistry (i.e., NOD). The 

interactions between persulfate and aquifer materials requires more investigation. 

Currently, ISCO has shown to be ineffective at remediating sites containing low-

permeability media due to limited oxidant delivery in such soils by conventional methods 

(e.g., hydraulic injection). At the bench-scale, EK has demonstrated the ability to enhance 

the transport of persulfate in low-permeability media. Coupling EK with ERH has shown 

to be advantageous in that similar infrastructure (i.e., electrodes) can be used for both 

processes, where persulfate can experience enhanced transport and thermal activation. Heat 

activation is preferred in low-permeability media as it is not significantly affected by 

intrinsic permeability. EK-TAP has shown success at the bench-scale in treating low-

permeability media contaminated with organic contaminants; however, limited research 

has been completed at the field-scale. Further investigation is warranted.  
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Chapter 3 

3 Field Test of Electrokinetically-Delivered Thermally 

Activated Persulfate (EK-TAP) for Remediation of Chlorinated 

Solvents in Clay 

3.1 Introduction 

The application of in-situ chemical oxidation (ISCO) for the remediation of organic 

contaminants in soils has gained much interest over the last decade. This is because ISCO 

has proven to be rapid, aggressive, cost effective, and can be easily applied in-situ avoiding 

the need for expensive and destructive excavation procedures (ITRC, 2005; Tsitonaki et 

al., 2010; Watts and Teel, 2006). Common oxidants that have been implemented are 

permanganate, hydrogen peroxide, and ozone. The effectiveness of these oxidants is often 

hindered due to their low stability in the subsurface (i.e., hydrogen peroxide and ozone) 

and high affinity for natural soil organics (i.e., permanganate) (Gates-Anderson et al., 2001; 

Li and Schwartz, 2004; Navalon et al., 2014; Tsai et al., 2008; Yukselen-Aksoy and Reddy, 

2012).  

 

Persulfate (S2O8
2−), a strong oxidant (E°= 2.01 V), has been proposed due to its higher 

relative stability (Fan et al., 2015). This allows persulfate to be more persistent in the 

subsurface and to be transported greater distances, resulting in more contaminant 

degradation. The half-life of persulfate in the presence of aquifer materials ranges between 

15 and 600 days, which is approximately 1-2 OoM longer than hydrogen peroxide and 

permanganate in the same soil (Brown and Robinson, 2004; Liu et al., 2014). The half-life 

has been found to be negatively correlated with the amount of reduced iron and manganese 

in a soil as well as the total organic carbon (TOC), all of which form the natural oxidant 

demand (NOD) (Dahmani et al., 2007; Sra et al., 2010). Although a higher iron and 

manganese content can be detrimental to persulfate transport due to enhanced 

decomposition, the by-products (i.e., free radicals) can potentially benefit contaminant 
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degradation (Ahmad et al., 2010; Do et al., 2010; Liang et al., 2010; Liu et al., 2014; Oh et 

al., 2011; Teel et al., 2011).  

 

Despite being kinetically slow, inactivated persulfate can react with organic contaminants 

by direct-electron transfer via self-decomposition; however, persulfate activation is 

typically preferred (Huang et al., 2005; Liang et al.,2010). Activation consists of the 

homolytic cleavage of the oxygen-oxygen bond of the persulfate anion, resulting in the 

production of free radicals (Johnson et al., 2008; Tsitonaki et al., 2010). These free radicals, 

predominantly sulfate and hydroxyl radicals, are more aggressive oxidants (SO4
•−, E°= 2.6 

V; •OH, E°= 2.7 V) with quicker reaction kinetics (House et al., 1962). Several activation 

methods have been tested, including heat (Eq. 3.1), chelated or unchelated Fe2+ (Eq. 3.2), 

hydrogen peroxide (Eq. 3.3), and strong alkaline solution (Eq. 3.4) and are, respectively, 

described (Matzek et al., 2016; Petri et al., 2011; Tsitonaki et al., 2010): 

S2O8
2−

heat
→  2SO4

•−                                                                                                                (3.1) 

Fe2+ + S2O8
2− → Fe3+ + SO4

•− + SO4
2−                                                                             (3.2) 

S2O8
2− +• OH → SO4

2− + SO4
•− +

1

2
O2 + H

+                                                                      (3.3) 

SO4
•− + OH− → SO4

2− +• OH                                                                                              (3.4) 

During remediation activities, persulfate, like other oxidants, is typically delivered to a 

target treatment zone in-situ via hydraulic injection relying primarily on advective 

transport. This has proven to be successful in high-permeability soils.  However, the 

delivery of an oxidant by hydraulic injection into low-permeability and or heterogeneous 

soil is usually limited by diffusion-controlled rates, which are often insufficient for 

remediation (Cavanagh et al., 2014; Krembs et al., 2011). Electrokinetics (EK) has been 

recently investigated as a solution to these challenges associated with oxidant delivery 

(Chowdhury et al., 2017; Isosaari et al., 2007; Ren et al., 2014; Reynolds et al., 2008; Roach 

and Reddy, 2006; Wu et al., 2012). EK is the application of a low-voltage direct-current 

(DC) across two or more electrodes (i.e., negatively charged cathode and positively 

charged anode), utilizing two dominant transport mechanisms: electroosmosis (EO) and 
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electromigration (EM). EO is the movement of bulk fluid (i.e., pore water), including 

dissolved ionic and non-ionic species, from the anode to the cathode. EM is the transport 

of charged aqueous ions and species towards the oppositely charged electrode where anions 

migrate towards the anode and cations migrate towards the cathode (Alshawabkeh, 1993).  

 

EK-enhanced persulfate transport has been examined in laboratory-scale studies 

(Chowdhury et al., 2017; Isosaari et al., 2007; Yang and Yeh, 2011; Yukselen-Aksoy and 

Reddy, 2011; Cang et al., 2012; Fan et al., 2014; Robertson, 2009). Chowdhury et al. 

(2017) reported an EM-induced transport rate of ~2 cm day-1 at a voltage gradient of 1 V 

cm-1 when adding persulfate (10-40 g L-1) to the cathode reservoir of a silt-packed EK cell. 

Robertson (2009) obtained similar results, where persulfate (4 g L-1) was observed to 

migrate through a clay-packed EK cell at an EM induced rate of 1.5 cm day-1 under a 3.7 

V cm-1 gradient. Fan et al. (2014) investigated persulfate (200 g L-1) transport induced by 

EM and EO through a clayey silt packed column under a 1 V cm-1 gradient. EM transport 

was tested by injecting persulfate into the cathode compartment, while EO transport was 

tested in a separate run by injecting persulfate into the anode compartment. Persulfate was 

observed to travel through the entire length of the column only under EM induced transport 

(~2 cm day-1). Under EO, persulfate travelled through 66% of the column at a similar rate 

as EM (i.e., ~ 2 cm day -1); however, a higher maximum concentration of persulfate was 

delivered into the soil column by EO (i.e., 127 g L-1) than by EM (i.e., 44.9 g L-1).  

 

Although these studies suggest that EK can be used to deliver persulfate into low-

permeability soils, there is the added complication of activating persulfate in-situ. Few 

bench-scale studies have examined EK-enhanced delivery and activation of persulfate. Fan 

et al. (2016) tested several activation methods including alkaline solution, zero-valent iron, 

iron electrodes, citric acid chelated Fe2+, and hydrogen peroxide in a clayey silt-packed EK 

cell loaded with polychlorinated biphenyls (PCBs). All activators enhanced the 

decomposition (i.e., activation) of persulfate with the exception iron electrodes, where PCB 

removal efficiencies followed the order: alkaline solution > hydrogen peroxide > citric acid 

chelated Fe2+ > zero-valent iron > without activation > iron electrodes. Yukselen-Aksoy 
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and Reddy (2012) investigated thermal activation by heating glacial till and kaolin packed 

EK cells to 45°C using a silicone heating tape. PCB degradation resulting from thermally 

activated persulfate was found to be significant in kaolin (i.e., 77.9%), while limited 

degradation of PCB was observed in glacial till. This was due to the glacial till soil 

containing a higher NOD (Yukselen-Aksoy and Reddy, 2012). Although heat activation 

was found to be effective in kaolin, this method of heating used cannot be implemented in 

the field.  

 

Chowdhury et al. (2017) investigated a novel approach: EK-enhanced thermally activated 

persulfate (EK-TAP). In a tetrachloroethene (PCE) contaminated silt-packed EK cell, 

persulfate was delivered by EM-induced transport by applying a DC current and then 

thermally activated by applying an AC current for low-temperature electrical resistance 

heating (ERH) using the same electrodes. Significant heat propagation and PCE 

degradation were observed in the bench top experiment. Thermally activated persulfate has 

also been shown in laboratory-scale studies to be effective on a wide array of contaminants 

including chloroethanes, chlorothenes, and chloromethanes (Block and Brown, 2004; 

Huang et al., 2005; Huang et al., 2002; Liang et al., 2003; Tsitonaki et al., 2004; Waldemer 

et al., 2007).  To the authors’ knowledge, no published literature studies have investigated 

EK-TAP at the field-scale. Although it is to be noted that EK-TAP is a patented technology 

(#9,004,816, issued April 14th, 2015) by Geosyntec Consultants that has received some 

field-scale testing with limited success. Further research and development is needed. 

 

This work presents an 8-month EK-TAP field pilot test that was conducted in a chlorinated 

solvent-contaminated clay aquitard beneath a former chemical manufacturing facility.  1,2-

dichloroethane (1,2-DCA) was the primary contaminant of concern. The specific 

objectives of this study are: i) investigate EK-enhanced persulfate transport in relatively 

homogeneous clay soil, ii) evaluate the ability of ERH to thermally activate persulfate, and 

iii) quantify the ability of thermally activated persulfate to degrade chlorinated solvents. 

This field-scale study provides a basis for the further optimization of the EK-TAP 
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technology with the potential for wide-scale applicability for the remediation of low-

permeability sites contaminated with chlorinated solvents. 

 

3.2 Site Description  

The EK-TAP field test was conducted in southwestern Ontario, Canada from 2016-2017 

under a former drum storage area that was adjacent to a vinyl chloride production facility 

(Figure D1, Appendix D). The top 2.4 m below ground surface (bgs) of the site consists of 

heterogeneous fill material (i.e., gravel and clayey sand) followed by 15 m of glacial till 

(i.e., St. Joseph Till geological unit), composed of 40-60% clay, 30-40% silt, 5-10% sand, 

and <5% gravel (Hanna et al., 1966; Husain et al., 1998; Soderman and Kim, 1970). The 

upper 4-7 m of the St. Joseph Till unit, labelled as brown clay, is highly weathered and 

oxidized. The remaining lower portion of the St. Joseph Till, identified as grey clay, is 

unweathered and nearly impervious clay (Figure 3.1). The water table is ~2.5 m (bgs), 

although it is susceptible to seasonal and spatial variability (Figure 3.1). The ambient 

hydraulic gradient across the site ranges from 0.004-0.008 (Figure D2, Appendix D), with 

a hydraulic conductivity (𝑘ℎ) of 8.6x10-4 m day-1 within the St. Joseph Till unit (Husain et 

al., 1998). The ambient groundwater velocity is estimated to be 1.4x10-5 m day-1 in the test 

area, flowing in a northwestern direction (Husain et al., 1998). 

 

3.3 Materials and Methodology  

3.3.1 Well Installation and Field Test Design  

The EK-TAP field test consisted of two transects: EK-TAP and Control (Figure 3.2). The 

Control transect employed no EK. In the EK-TAP transect, persulfate was added to supply 

wells in the presence of a DC and then thermally activated by low-temperature ERH. EK-

TAP was equipped with a cathode well (CW), two sets of nested monitoring wells (MW1 

and MW2), and one anode well (AW). The CW and AW (i.e., electrode wells) were spaced 

3 m apart and screened from 2.4-4.9 m (bgs) (Figure 3.1). Nested monitoring wells, MW1 



51 
 

 
 

and MW2, were located 0.7 m and 2.3 m away from the CW. Nested monitoring wells 

consisted of two separate adjacent wells that were screened from 3.1-3.7 m (bgs) (MW1A 

and MW2A) and 3.7-4.3 m (bgs) (MW1B and MW2B) (Figure 3.1). Additionally, the EK-

TAP transect contained two supply wells, SW1 and SW2, located 0.3 m and 1.5 m away 

from the CW, respectively. Both supply wells were screened from 2.4-4.9 m (bgs) (Figure 

3.1). The Control transect consisted of two adjacent monitoring wells, MW1A and MW1B, 

that were screened from 3.1-3.7 m (bgs) and 3.7-4.3 m (bgs), respectively.  

 

 

Figure 3.1: Cross-section of EK-TAP displaying site geology, water table, wells, and 

boreholes. Green and pink regions represent well screens and electrodes, respectively. 

Open circles are soil sampling locations. Open circles with dashes are thermocouple 

locations. Natural groundwater flow occurs from the AW to the CW. 
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Figure 3.2: Plan view of test area displaying EK-TAP and Control transects including 

well and borehole locations. 

 

3.3.2 Electrokinetic-Enhancement 

In EK-TAP, a DC current was applied to provide EK-enhanced persulfate transport.  The 

CW and AW were connected to a central AC/DC power supply (SL Series 1 Programmable 

DC Power Supply, Magna-Power Electronics). Both the CW and AW contained two 

electrodes that were hung from 2.4-3.1 m (bgs) and 3.7-4.3 m (bgs) (Figure 3.1). All 

electrodes were composed of a titanium tube (61 cm x 2.54 cm diameter) with WS-30 IrO2 

coating, connected with #12 AWG 7 stranded copper wire (Water Star Inc., OH, USA). 

DC was applied for 57 days (September 28th to November 24th, 2016), where applied 

current was slowly increased from an initial 1.1 A to a target of 9 A over 12 days (Figure 
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D3, Appendix D). It is noted there were isolated power reductions as well as system shut 

downs for maintenance. The target amperage was achieved for 22 days (Figure D3, 

Appendix D). As the system operated in parallel, applied current was split four ways (i.e., 

EK-TAP and three other EK transects that are not discussed in this study). The system was 

designed such that ~1.1 A was applied to the EK-TAP shallow (i.e., 2.4-3.1 m bgs) and 

deep (i.e., 3.7-4.6 m bgs) electrodes, assuming similar resistance in all EK transects, when 

target amperage was achieved. Individual handheld current readings were taken from deep 

and shallow electrodes of the CW and AW of EK-TAP during applied DC (i.e., day 1, 8, 

20, and 28) (all days referenced from the start of injection) (Table A1, Appendix A). 

Readings taken on day 20 and 28 when target amperage of 9A was applied to the EK 

transects suggest that ~1.1 A was indeed being applied to the shallow and deep electrodes.  

 

To measure the applied voltage and impedance of circuits in-situ, voltage probes were 

installed at 3.2 m and 4.1 m (bgs) in SW1 and SW2 of EK-TAP. The probes were composed 

of grade 304 stainless steel cables, with a diameter of 0.48 mm and a vinyl coating. 

Additionally, two mixed metal oxide voltage probes (Titanium Electrode Products Inc., 

Texas, USA) with a 0.3 cm diameter and 15 cm length were attached at identical depths. 

Similar to supply wells, monitoring wells in EK-TAP were equipped with stainless steel 

voltage probes at 3.2 m and 4.1 m (bgs).  

 

3.3.3 Persulfate and Buffer Injection  

925 L of 40 g L-1 sodium persulfate was delivered to the formation continuously at SW1 

and SW2 over 57 days while DC current was applied (September 28th to November 24th, 

2016). Due to subsurface heterogeneities, unequal amounts of persulfate may have been 

delivered to SW1 and SW2. A constant head was maintained in each supply well at 0.61 

m (bgs) with the use of a float switch. Persulfate solution was delivered from a 1000 L 

storage tank using FLEXFLO peristaltic pumps (A-100NX, Blue-White Industries Ltd.) 

and 0.64 cm high-density polyethylene (HDPE) tubing. Additionally, a pH buffer solution 

composed of 4 g L-1 mono-sodium phosphate and 4 g L-1 di-sodium phosphate was 
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recirculated through all electrode wells at 13 mL min-1 from a 1000 L storage tank by 

FLEXFLO peristaltic pumps (A-100NX, Blue-White Industries Ltd.) and 0.64 cm HDPE 

tubing.  

 

3.3.4 Electrical Resistance Heating for Thermal Activation 

To thermally activate the injected persulfate by ERH, applied DC was switched to AC on 

day 57 (November 24th, 2016) and controlled using a variable AC power output controller 

(i.e., Variac) (3PN2210B Variable Transformer, Staco Energy Products Co.) for which the 

output was set at ~56% of 120 V constant input voltage (Figure A1, Appendix A). Applied 

AC to EK-TAP was measured using a handheld AC/DC clamp meter (DCM269, 

Velleman). Graphite was added to the CW on day 121 to increase thermal and electrical 

conductance. The target temperature was ~40℃ for effective persulfate activation and 

subsequent contaminant oxidation (Brown and Block, 2004; Chowdhury et al., 2017; 

Huang et al., 2005; Liang et al., 2003). To monitor temperature, in-situ thermocouples (KT-

21412, Kelvin Technologies) were installed at 3.7 m (bgs) in each of the SWs. 

Thermocouples (K-Type, Omega Engineering, Inc., USA.) were also installed at 2.7 m, 3.4 

m and 4.0 m (bgs) in two boreholes completed within EK-TAP (i.e., SC1-1 and SC2-1) on 

day 127 (February 2nd, 2017) (Figure 3.1). A borehole was also completed 10 m east of the 

EK-TAP transect in a similar manner to serve as a control; quantifying natural subsurface 

temperatures.  

 

3.3.5 Soil Coring and Analysis 

Three rounds of soil coring were performed in the EK-TAP and Control transects. The first 

coring round (i.e., background) was completed from day -32 to -52 (August 8th to 27th, 

2016) using a hollow-stem auger and split spoon samplers. The borehole locations included 

all existing electrode wells, supply wells, and monitoring wells of EK-TAP and Control. 

The second coring round was completed during applied ERH on day 125 (January 30th, 

2017) using a geoprobe (direct-push) and hollow-core samplers. The borehole locations 



55 
 

 
 

included T-SC1-1 and C-SC1-1 (Figure 3.2). The third coring round was completed post-

ERH on day 286 (July 11th, 2017) also using a geoprobe and hollow-core samplers. The 

borehole locations included T-SC1-2 and C-SC1-2 (Figure 3.2). Soil samples were taken 

from all boreholes at depths ranging from 2.4-4.9 m (bgs). Soil samples collected for iron 

and sulfur were stored in unpreserved soil jars. Soil samples collected for chlorinated 

organic compounds (COCs) (~10 g) were placed in 40 mL volatile organic analysis (VOA) 

vials preserved with 10 mL of methanol.  

 

Iron and sulfur soil concentrations were measured using inductively coupled plasma optical 

emission spectrometry (ICP-OES) (Varian Vista-Pro Axial, Agilent, Santa Clara, CA) after 

microwave-assisted digestion following U.S. Environmental Protection Agency (USEPA) 

method 3051A (MARS 239/60, CEM Co.) (Element, 2007). Soil COC concentrations were 

quantified following a modified EPA 8021 method using an Agilent 7890 GC with an 

electron capture detector (ECD). Lesser COCs were analyzed on the Agilent GC by taking 

headspace samples and using a flame ionization detector (FID). Measured COCs by ECD 

and FID are listed in Table D1, Appendix D. 

 

Additional analyses were completed on borehole T-SC1-2 of EK-TAP to further determine 

the iron content of the site soil, where the fraction of Fe2+ to Fetotal was determined. Sub-

cores were sectioned from the T-SC1-2 soil core during field collection between depths 

3.7-4.2 m (bgs). To prevent oxidation from ambient air, sectioned sub-cores were retained 

in the plastic soil core liner and were capped. Due to the nature of the clay soil and minimal 

voids observed in the sub-cores, nitrogen flushing, and pressurization was deemed 

unnecessary for preservation. All sub-cores were placed on dry ice after collection and 

transported to The University of Western Ontario, where they were kept frozen until 

analysis. The Fe2+ content of the sub-cores was measured by the ferrozine method 

developed by Lovley and Phillips (1987) using a 0.5 M HCl extraction (Method D1, 

Appendix D). This method has shown the ability to extract ion-exchangeable Fe2+, FeS, 

and FeCO3 species (Heron et al., 1994).  
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3.3.6 Groundwater Sampling and Analysis 

Groundwater samples were collected from all monitoring wells of EK-TAP and Control on 

a near weekly basis during injection and applied EK from day 0 to 62 (September 28th, 

2016 to November 29th, 2017). Additional sampling events took place during and post-

ERH, including days 196, 264, and 391 (January 26th, April 12th, June 19th, and October 

24th, 2017). Samples were collected following low-flow groundwater sampling procedures 

(Puls and Barcelona, 1996), using a peristaltic pump (i.e., flow rate 150-200 mL min-1) and 

low-density polyethylene tubing (LDPE) extraction lines installed in all wells. Collected 

samples were analyzed for iron, sulfur, sodium, persulfate, chloride, sulfate, COCs, and 

geochemical parameters (i.e., pH, electrical conductance, and oxidation-reduction 

potential). Samples for iron, sulfur, sodium, persulfate, sulfate, and chloride analysis were 

collected in HDPE bottles, while COCs were collected in 40 mL VOA vials with no 

headspace and preserved with 0.2 g sodium bisulfate. Groundwater geochemical 

parameters were measured during sampling with a multiparameter field probe (YSI 556 

MPS, Yellow Springs, OH). All monitoring wells were purged 7 days prior to sampling 

due to low groundwater recovery rates of the site. 

 

Anions, including chloride and sulfate, were analyzed using high-pressure liquid 

chromatography (HPLC) equipped with a conductivity detector (Model 432, Water, 

Milford, MA), 4.6 x 50 cm IC-OAK Anion column (#Wat007355) and 12% acetonitrile 

eluent. Persulfate was analyzed using the UV colorimetric spectrometer method developed 

by Liang et al.  (2008). Iron, sodium, and sulfur were analyzed by ICP-OES (Varian Vista-

Pro Axial, Agilent, Santa Clara, CA). COCs were quantified identically to that of COCs in 

soil (Section 3.3.5).    

 

3.3.7 Falling Head Tests  

Falling head tests were completed on May 29th, 2018 for all monitoring wells of EK-TAP 

to quantify the formation hydraulic properties in the vicinity of these wells. These tests 

were intentionally scheduled after the EK-TAP experiment was complete so as not to 
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interfere.  The tests were performed by adding approximately 2 L of distilled water to each 

monitoring well and recording the water level over time (i.e., until static water level was 

approached). To avoid potential interferences, falling head tests were completed on 

monitoring wells MW1A and MW2A prior to MW1B and MW2B.  Hydraulic conductivity 

was measured for each monitoring well using the Hvorslev method (1951).  

 

3.4 Results and Discussion  

3.4.1 Electrokinetically-Enhanced Subsurface Transport of 

Persulfate 

During applied DC (i.e., EK-enhanced persulfate injection), voltage was observed to 

increase at all measuring locations in EK-TAP until day 33, where voltage decreased and 

fluctuated until day 41 (Figure A2, Appendix A). Following this time, voltage appeared to 

stabilize and increase until the end of applied DC. The period of voltage fluctuation is 

hypothesized to be due to an increase in stoppages of applied current and or a decrease in 

electrical conductivity (Figure D3, Appendix D). Due to EK operations, cations and anions 

are expected to migrate towards the electrodes by EM and accumulate over time resulting 

in a decrease in electrical conductivity in the middle of the cell (Acar and Alshawabkeh et 

al., 1993; Virkutyte et al., 2002; Wang et al., 2016).  This decrease in electrical conductivity 

would increase resistance and therefore voltage would decrease. Within EK-TAP, voltage 

decreased from the AW to the CW (Figure A2, Appendix A) with average voltage gradients 

applied between shallow (i.e., 2.4-3.1 m bgs) and deep electrodes (3.7-4.3 m bgs) of 0.012 

V cm-1 and 0.015 V cm-1, respectively (Table A2, Appendix A; Figure A3, Appendix A). 

Throughout applied DC, the voltage gradient was higher in the deeper electrodes than the 

shallower electrodes, although these differences are not considered to be large enough to 

cause significant variations in EK-enhanced transport rates with depth (Calc. A1, Appendix 

A; Table A2, Appendix A). The applied current readings measured directly from deep and 

shallow electrodes of the CW and AW are shown in Table A1, Appendix A. During applied 

DC, the current density of shallow and deep electrodes ranged from 0.11-0.72 A m-2 and 

0.22-0.56 A m-2, respectively (Table A1, Appendix A). These current densities are in line 
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with the target current density of 0.5 A m-2 (D. Reynolds, personal communication, May 

23, 2018) 

 

Persulfate subsurface fate and transport was monitored by quantifying persulfate, sulfate 

(i.e., self-decomposition product), and total sulfur (i.e., constituent) concentrations. 

Increases in sulfur concentrations (i.e., 1.7 mmol L-1) were first observed in MW1A of EK-

TAP on day 29 and reached a maximum, 36 mmol L-1 or 10.4% of the source concentration 

(i.e., persulfate injection at SW1; 330 mmol sulfur L-1), on day 43 (Figure 3.3). Maximum 

persulfate concentration was also observed on day 43, 5.2 mmol L-1 or 3.1% of source 

concentration (i.e., persulfate injection at SW1 and SW2; 165 mmol L-1). Sulfur and sulfate 

concentrations on day 29 and 36 were similar, suggesting that the source of sulfur during 

these times was from sulfate. Because sulfate is a by-product of persulfate decomposition, 

this suggests that persulfate had entirely decomposed during transport. On day 43, at the 

maximum observed sulfur concentration, 29% and 71% of sulfur was from persulfate and 

sulfate, respectively. This could either suggest that following day 43, persulfate was not 

entirely decomposed or that persulfate was traveling at a rate faster than the rate of self-

decomposition.  It is noted that maximum sulfur breakthrough occurred before the end of 

applied DC current (i.e., day 57).  This is likely because the maximum voltage measured 

across EK-TAP (i.e., day 33) occurred much before the end of applied DC current. As 

noted, voltage varied considerably after day 33. Small increases in sulfur beyond 

background concentrations (i.e., 1.5 mmol L-1) were observed at MW1B of EK-TAP 

starting from day 22, with maximum sulfur breakthrough (i.e., 4 mmol L-1) also occurring 

on day 43 (Figure 3.3). On day 43, 1.2 x 10-3 mmol L-1 of persulfate (i.e., 0.15 % of injection 

concentration) was observed at MW1B (Figure 3.3). No increases in sulfur, persulfate, or 

sulfate concentrations were observed during applied DC at MW2A and MW2B of EK-TAP 

(Figure 3.3). As expected, sulfur and sulfate did not increase in MW1A or MW1B of 

Control over the course of the field test (Figure C1 and C2, Appendix C). 
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Figure 3.3: Groundwater concentration of sulfur, sulfate, and persulfate (mmol L-1) 

in all monitoring wells of EK-TAP over the entire field test. The red vertical dashed 

line shows the end of EK and the beginning of ERH.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
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It is hypothesized that the soil’s NOD was responsible for the considerable conversion of 

persulfate to sulfate between SW1 and MW1 in the EK-TAP transect.  6-31 g kg-1 

concentrations of Fetotal were measured in the EK-TAP transect (i.e., at depths of 2.9-4.7 m 

bgs) (Figure A4, Appendix A). Additionally, 0.95±0.44 g kg-1 of Fe2+ (i.e., ion-

exchangeable Fe2+, FeS, and FeCO3 species) was quantified from borehole T-SC1-2 (3.7-

4.2 m bgs), which may have been the key constituent of the NOD.  Reduced iron and 

manganese species as well as TOC have been reported to be the major contributors to NOD 

during ISCO applications (Brown and Robinson, 2004; Dahmani et al., 2006; Haselow et 

al., 2003; Mumford et al., 2005; Petri et al., 2011; Siegrist et al., 2010; Sra et al., 2010; 

Tsitonaki et al., 2010; Watts et al., 2006). It is reported that dissolved Fe2+ and FeS species 

can cause persulfate demands of 1.7 and 9.8 mg oxidant mg species-1, respectively (Brown 

and Robinson, 2004; Liang et al., 2008; Tsitonaki et al., 2010). A batch-scale study 

completed by Sra et al. (2010) tested the NOD of persulfate from seven different soils and 

found a range of 1-5.5 g oxidant kg solids-1 demand for soils with a similar Fetotal content 

(i.e., 0.9-63.8 g kg-1) to that of EK-TAP.  A similar batch reactor study completed by 

Dahmani et al. (2006) found an NOD of 0.1-0.3 g oxidant kg solids-1 using a soil with ~20 

g kg-1 of Fetotal. Although Fetotal was found to be in excess compared to TOC and Mntotal in 

the tested soils of these studies, the NOD results are confounded by these constituents as 

well the reduced nature of the soils. Soil TOC and Mn were not measured in this study. 

Nonetheless, it is apparent that a high soil Fetotal content, such as that measured here, can 

result in considerable persulfate demand. Given that the Fe2+ content of T-SC1-2 was solely 

in the ion-exchangeable form and that uniform concentrations existed between SW1 and 

MW1, approximately 13% of the injected mass of persulfate at SW1 is calculated to have 

been consumed by Fe2+ (Calc. A2, Appendix A).    

 

Several laboratory and field systems have reported a decrease in pH due to by-products 

created from the self-decomposition of persulfate and oxidative reactions with 

contaminants and porous media (Block et al., 2004; Constanza et al., 2006; Liang et al., 

2006; Sperry et al., 2002; Sra et al., 2010; Waisner et al., 2008). In EK-TAP, pH remained 

circumneutral in MW1A over the field test (Figure A5, Appendix A).  This fact contradicts 
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the inferred persulfate degradation discussed above. However, it is to be noted that H+ ions 

would be transported by EM towards the CW within the electric field, making it difficult 

to use pH as an indicator of persulfate decomposition. Moreover, the soil would have a pH 

buffering capacity. 

 

The transport of persulfate to monitoring wells MW1A and MW1B could have occurred 

by two possible mechanisms: (i) EM resulting from EK application, and (ii) advection 

(Figure A6, Appendix A). Considering the first mechanism, bench-scale testing has 

reported a persulfate EM transport rate on the order of ~2 cm day-1 (Chowdhury et al., 

2017; Fan et al., 2014). Assuming an EM transport rate of 2 cm day-1 in the field, persulfate 

could have been transported to MW1A and MW1B by day 20, which is within the applied 

DC period. The assumed rate of 2 cm day-1 corresponds with the appearance of sulfur-

based compounds in MW1A and MW1B (i.e., days 20 and 29, respectively) (Figure A7, 

Appendix A). However, the bench-scale tests were performed with a voltage gradient and 

current density of 1 V cm-1 and ~1.5-5 A m2, respectively, while the averaged measured 

values were ~0.016 V cm-1 and ~0.61 A m-2 in this field study when target DC was applied. 

Theory suggests that the lower applied voltage gradient in the field would have resulted in 

a significantly lower persulfate EM transport rate (Eq. 2.26), assuming all other conditions 

are similar. Practice, however, suggests that field EM transport rates are often similar to 

those in the laboratory with similar current density despite much lower voltage gradients 

applied (D. Gent, personal communication, May 23, 2018). Considering the applied current 

density in EK-TAP, a similar EM transport rate could have been achieved in respect to 

bench-scale studies.  Furthermore, it is possible that the electric fields from the shallow and 

deep electrodes were overlapping (Figure A8, Appendix A), resulting in double the current 

density (i.e., ~1.2 A m-2) than measured at the electrodes being applied at that depth.  

Considering the depth in which the fields potentially overlapped, this could help explain 

the larger mass transport in MW1A in comparison to MW1B (Figure A8, Appendix A) 

(Figure 3.3).  
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Note that it is assumed that EO did not deliver persulfate from SW2 to MW1A and MW1B 

within the duration of applied DC. This is due to the distance of SW2 to MW1A and MW1B 

(i.e., 80 cm), and observed EO rates in bench-scale tests (i.e., 2 cm day-1) (Fan et al., 2014; 

Fan et al., 2016).  It is also likely that the rate of EM transport was not sufficient to deliver 

persulfate from SW2 to MW2A and MW2B within the duration of applied DC. This is 

based upon the observed EM transport rate of persulfate in bench-tests (i.e., 2 cm day-1), 

distance of SW2 to MW2A and MW2B (i.e., 80 cm), and duration of applied DC at target 

amperage (i.e., ~22 days).  

 

The second mechanism that likely played a role in the transport of persulfate to monitoring 

wells MW1A and MW1B is advection. Typically, advection is negligible in clay systems; 

however, it needs to be considered in cases such as this where clay permeability is 

sufficiently high, engineered injection gradients are large, and transport distances are small.  

Based on the falling head tests, local hydraulic conductivities were 1.8 x 10-5 cm s-1 and 

2.6 x 10-6 cm s-1 at MW1A and MW1B, respectively (Figure A9, Appendix A). Based on 

the head maintained in SW1 during injection (i.e., 0.61 m bgs), the hydraulic gradient 

applied during injection was ~1.1.  Moreover, the transport distance from SW1 to MW1A 

and MW1B was 40 cm.  Darcy’s law calculations based on these estimates suggests 

advective groundwater velocities near MW1A and MW1B were on the order of magnitude 

of 4 cm day-1 and 0.6 cm day-1, respectively (Table A3, Appendix A).  For MW1A, this is 

similar to the estimated EM transport rate (~2 cm day-1) and is consistent with observed 

sulfur transport rates (~ 1.4 cm day-1); this suggests advection could play a role in 

delivering persulfate to MW1A (Figure A10, Appendix A). The potential role of advective 

flux in MW1A is further supported by the substantial increase in water level during applied 

DC and injection (Figure 11, Appendix A). For MW1B, the calculated rate of advection 

could not be responsible for the appearance of persulfate within the applied DC period (i.e., 

by day 66) (Table A3, Appendix A). No considerable increase in water level was observed 

in MW1B during applied DC and injection (Figure 11, Appendix A). 
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To further investigate the role of advective flux on persulfate transport in MW1A, sodium 

transport is considered.  Because sodium is a cation, it would migrate from SW2 to MW1A 

due to EK mechanisms (i.e., EO and EM) (Figure A6, Appendix A). However, it is unlikely 

sodium appearance in MW1A is due to EK processes, because (a) the large relative distance 

of SW2 to MW1A and (b) the low relative ionic mobility of sodium (Table 2.3). Thus, the 

appearance of sodium in MW1A is likely due to advective transport. Increases in sodium 

beyond background concentrations (i.e., 8.5 mmol L-1) were first observed in MW1A on 

day 29 and the maximum concentration (28.7 mmol L-1) equalling 6.1% of the source 

concentration occurred on day 54 (Figure A12, Appendix A). It should be noted that EM 

and EO transport of sodium from SW1 to CW could have impacted the overall 

breakthrough in sodium at MW1A during applied DC; however, these transport processes 

are assumed to have been negligible. During applied DC, the maximum breakthrough of 

sodium and sulfur in MW1A amounted to 6.1% and 10.4%, respectively (Figure A13, 

Appendix A). Due to this difference, it is estimated that the sulfur mass delivered to MW1A 

– one core persulfate constituent – is approximately 40% due to EM and 60% to advection.  

 

3.4.2 Electrical Resistance Heating for Thermal Activation  

Temperature increased at 0.8⁰C day-1 and 0.2⁰C day-1, at SW1 and SW2, respectively, at 

3.7 m (bgs) from ERH initiation (day 57) through day 104 (Figure 3.4). After day 104, the 

temperature at SW2 was approximately constant at ~22°C (Figure 3.4). Temperature at 

SW1 also stabilized (~47℃) following day 104 apart from large decreases in temperature 

on day 121 and 166 (Figure 3.4). Given that temperatures reached steady state after day 

104, graphite was added on day 121 to the CW to increase electrical and thermal 

conductance.  The addition of graphite did not appear to have a substantial impact, with 

temperatures stabilized at ~49℃ and ~23℃ from day 140 to 170 at SW1 and SW2, 

respectively.  On day 173, temperatures decreased due to an unexpected decrease in 

applied current (Figure A14, Appendix A). Voltage (i.e., 115.2 V; 96% Variac output) was 

increased on day 189 to increase applied current (Figure A1, Appendix A). This appeared 

to increase the temperature, although ERH was stopped shortly thereafter on day 
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196. Additional thermocouples were installed inside (i.e., SC1-1 and SC2-1) and outside 

(i.e., Control) of the EK-TAP transect at depths of 2.7 m, 3.4 m, and 4 m (bgs) on day 127 

(Figure 3.1). Average temperature recordings of all measured depths from day 123 to the 

end of ERH at locations SC1-1, SC2-1, and Control were relatively stable at ~22°C, ~17°C, 

and ~7°C, respectively (Figure 3.4). No large differences in temperature with depth (i.e., 

2.7 m to 4 m bgs) were observed at any location, regardless of differences in applied current 

with depth (Figure A14, Appendix A). Applied current at deeper electrodes was measured 

to be ~10.2 A from day 57 to 152, while shallow electrodes exhibited an output of ~2.9 A 

during this time (Figure A14, Appendix A). The larger applied current with depth could be 

due to an increase in electrical conductivity, although this was not directly measured. 

 

Figure 3.4: Temperature profile of EK-TAP during applied ERH. For SW1 and SW2, 

temperature measurements were taken from thermocouples installed at 3.7 m bgs. 

For SC1-1 and SC2-1, average temperature measurements were taken from 

thermocouples installed at 2.7 m, 3.4 m, and 4.0 m bgs. For Control, average 

temperature measurements were taken from thermocouples installed at 2.7 m and 4.0 

m bgs. The axis break shows the end of EK (i.e., 57 days after injection) and the start 

of ERH.  



65 
 

 
 

Temperature was greater near the CW compared to the AW (Figure 3.4) (Figure A15, 

Appendix A) potentially due to the dipole design and single-phase heating applied.  This, 

however, requires more investigation. ERH applications typically use 3-phase or 6-phase 

heating for remediation applications (Baker et al., 2006; Wolf et al., 2009). Temperature at 

all measured locations in EK-TAP (i.e., SW1, SW2, SC1-1, and SC2-1) were above 

ambient in-situ temperatures measured at the Control (Figure 3.4).  Moreover, temperatures 

between the CW and SW1 were within the targeted range for efficient persulfate activation 

and contaminant degradation (i.e., ~40°C) (Brown and Block, 2004; Chowdhury et al., 

2017; Huang et al., 2005; Liang et al., 2003), while temperatures at locations beyond SC1-

1, towards AW, were below the targeted range.  

 

3.4.3 Persulfate Oxidation of Chlorinated Organic 

Compounds  

Out of the 16 COCs measured from background groundwater samples, 14 were greater than 

regulatory limits of Table 3 of O.Reg 153/04 non-potable groundwater (Table A4, 

Appendix A). In background soil samples, seven of the compounds were greater than 

regulatory limits of O.Reg 153/04 industrial, commercial, and community property use soil 

standards (Table A5, Appendix A). A cross-section of background contaminant (1,2-DCA) 

distribution in EK-TAP is shown in Figure A16, Appendix A. The concentrations of target 

contaminants varying with depth are shown in Figures A17 to A21, Appendix A. 

 

Boreholes SC1-1 (completed day 124; during ERH) and SC1-2 (completed day 286; post-

ERH) of EK-TAP were compared at six depths; 2.9 m, 3.4 m, 3.7 m, 4 m, 4.3 m, and 4.7 

m (bgs) to investigate any changes in COC concentrations (Figure 3.5). Total moles of 

COCs appeared to decrease by 7-32% at depths ranging from 3.7-4.7 m (bgs), respectively, 

potentially due to EK-TAP application. No decreases in total moles were observed at 

depths of 2.9 m and 3.4 m (bgs) (Figure 3.5). Due to the variability in the soil data set with 

depth of EK-TAP, boreholes SC1-1 (completed day 124; during ERH) and SC1-2 (day 
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286; post-ERH) of Control were compared at similar depths (Figure C3, Appendix C). No 

decreases in total moles were observed at any depths when comparing SC1-1 and SC1-2 

of Control; however, concentration of COCs were observed to be higher with depth at SC1-

2, suggesting strong heterogeneity in soil COCs. Although a decrease in COCs is suspected 

from boreholes SC1-1 to SC1-2 of EK-TAP, no sulfur breakthrough was observed at any 

depths of SC1-1 or SC1-2 (Figure A22, Appendix A; Calc. A3, Appendix A).  

 

 

Figure 3.5: Soil concentration of total COCs (mmoles kg-1) with depth at SC1-1 and 

SC1-2 of EK-TAP. SC1-1 was completed on day 124, during the ERH-phase. SC1-2 

was completed on day 286, post-ERH. Both boreholes are located 1.1 m away from 

the CW. The red vertical dashed line represents the screening depth of the supply 

wells. The black vertical lines represent the depth of the electrodes. 
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Note that boreholes SC1-1 and SC1-2 of EK-TAP were not compared to background 

boreholes (i.e., MW1, MW2, SW1, SW2, CW, and AW) in terms of COCs for two reasons.  

The first reason is that the background soil coring was completed by hollow-stem augering 

and sampled using split spoon samplers, while boreholes SC1-1 and SC1-2 were cored by 

direct-push and sampled using hollow-core samplers. The two-different soil coring and 

sampling techniques would have had different impacts on COC concentrations. The second 

reason is the locations of the boreholes and large site heterogeneity in COC concentrations. 

Boreholes SC1-1 and SC1-2 of EK-TAP were specifically designed to compare 

concentration of COCs pre- and post-ERH and thus were located in close proximity to each 

other. The background boreholes were located at such a distance from SC1-1 and SC1-2 

that site heterogeneities could have had significant impact on concentration of COCs.  

 

At MW1A, the total moles of COCs decreased by 82% on day 43 when compared to 

averaged background cocentrations (i.e., days -19 to 0) (Figure 3.6). COCs did not decrease 

in any other monitoring wells of EK-TAP during applied DC. ERH commenced on day 57 

and after this, total COCs decreased by 93% on day 120 when compared to averaged 

background concentrations (i.e., day -19 to 0) at MW1A of EK-TAP. The concentration of 

COCs did not decrease at other monitoring wells during the heating period. No decreases 

in COCs were observed at MW1A and MW1B of the Control transect throughout the field 

test (Figure C4, Appendix C).  
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Figure 3.6: Groundwater concentration of COCs (mmoles L-1) in all monitoring wells 

of EK-TAP over the entire field test.  

 

The decreases in COCs observed at MW1A of EK-TAP during applied DC (i.e., day 43) 

can likely be attributed to two processes: chemical oxidation and dilution.  Several lines of 

evidence support the active role of chemical oxidation. For example, the maximum 

concentration of sulfur in MW1A (i.e., day 43) is correlated with the observed decreases 

in COCs on day 43 (Figure A23, Appendix A). Furthermore, at day 43, 29% and 71% of 

the sulfur was in the form of persulfate and sulfate, respectively (Figure 3.3). The presence 

of persulfate in MW1A on day 43 suggests an environment existed where chemical 

oxidation could have occurred, while the presence of sulfate (by-product of oxidation) 

supports that oxidative reactions were occurring. Bench-scale testing has suggested that 

persulfate anions could have reacted directly with chlorinated ethenes to some degree as 

they are susceptible to oxidation (Dahmani et al., 2006; Huang et al., 2005; Liang et al., 
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2007; Petri et al., 2011). However, chlorinated ethanes have shown to be particularly 

resistant to oxidation and require persulfate to be activated for oxidation to occur (Gu et 

al., 2011; Huang et al., 2005; Liang et al., 2003; Petri et al., 2011). Considering that 

significant decreases in chlorinated ethanes and ethenes occurred during applied DC, 

persulfate is assumed to have been activated during transport by reduced Fe2+ species as 

discussed in Section 3.4.1, resulting in some of the observed COC reductions.   

 

Several lines of evidence also support that dilution, resulting from the injected persulfate 

solution, contributed to the observed decreases in COCs at MW1A on day 43. For example, 

as discussed in Section 3.4.1, advection transported amendment solution from SW1 to 

MW1A; if this solution remained uncontaminated, it could have resulted in some degree 

of concentration decreases in COCs due to dilution (see injection volume radius of 

influence Calc. A4, Appendix A). It is noted, however, that there is extensive soil phase 

COC contamination in this part of the cell; as such, it is unlikely that a pristine amendment 

injection solution would reach MW1A. It is noted that the distribution of chlorinated 

ethanes and ethenes remained relatively unchanged following the decreases in COCs on 

day 43, supporting COC concentration decreases due to dilution (Figures A24 and A25, 

Appendix A). Additionally, a release of chloride ions in solution (i.e., by-product) is 

expected if COCs are being oxidized (Costanza et al., 2010; Liang et al., 2003; Tsitonaki 

et al., 2010). Assuming all decreases in COCs on day 43 were a factor of chemical 

oxidation, an increase in chloride of 1,048 mg L-1 beyond background levels (i.e., 911 mg 

L-1) would be expected at MW1A (Calc. A5, Appendix A). On day 43, chloride in MW1A 

decreased by 74% when normalized to background concentrations (Figure A26, Appendix 

A). This decrease in chloride at MW1A coincides with the observed decrease in total COCs 

on day 43 (i.e., ~82%).  Considering only chloride, this suggests that chemical oxidation 

and dilution is contributing ~10% and ~90% to the decreases in total COCs, respectively. 

However, the decrease in chloride could be related to the applied current, with chloride 

ions migrating by EM towards the AW. Yet, chloride concentrations at all other monitoring 

wells in EK-TAP remain relatively stable throughout applied DC, suggesting the decrease 

in MW1A is a unique event (Figure A27, Appendix A). Another way to estimate the 
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relative influence of the two processes is using the breakthrough of sodium at MW1A.  

Sodium breakthrough of ~6% was observed in MW1A during applied DC due to advective 

flux. This is under the assumption that EM and EO transport of sodium from SW1 to CW 

was negligible during applied DC and did not impact sodium breakthrough by advective 

flux.  The maximum sodium breakthrough of ~6% suggests that chemical oxidation and 

dilution would have contributed ~94% and ~6% to the observed decreases in total COCs, 

respectively.  

 

An additional method used to estimate the proportion of dilution and chemical oxidation 

contributing to the observed decreases in COCs on day 43 at MW1A of EK-TAP is sulfate 

breakthrough. Sulfate is a by-product of persulfate oxidation, and therefore can be used to 

determine the amount of persulfate that was reactive.  Assuming the observed decreases in 

COCs was solely due to persulfate oxidation, a sulfate breakthrough of ~0.15 mol L-1 would 

have been expected (Calc. A5, Appendix A). Based on the observed sulfate breakthrough 

in MW1A on day 43 (i.e., 0.026 mol L-1) (Figure 3.3), ~20% and ~80% of the decreases in 

COCs can be attributed to chemical oxidation and dilution, respectively. It should be noted 

that some degree of sulfate breakthrough could have originated from side reactions 

involving persulfate and NOD. Furthermore, some of the decreases in COCs could have 

also resulted from other processes such as sorption.  

 

Once ERH was initiated (i.e., heating period), a second decrease in total COCs was 

observed on day 120 in MW1A. These decreases could not be due to dilution, since 

injection and therefore advection were terminated, and thus are most likely due to heat-

activated persulfate oxidation. Temperature at MW1A is estimated to have reached the 

target of ~35-40℃ for approximately 30 days within the period of decreases in total COCs 

during the heating period (i.e., days 57 to 120). Based on the estimated time in which target 

temperature was achieved at MW1A during times of decreases in total COCs, 

approximately 85% of any remaining mass of persulfate between SW1 and MW1A would 

have been activated (Figure A28, Appendix A). Although, the target temperature (i.e., ~35-

40℃) was likely achieved between SW1 and MW1A for effective thermal activation to 
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have occurred, it is uncertain whether sufficient mass of persulfate remained in the 

formation following applied DC. Only trace concentrations of persulfate, 0.29 mmol L-1 

(i.e., 0.18% of injected persulfate concentration at SW1 and SW2; 165 mmol L-1), were 

detected in MW1A at the beginning of ERH (i.e., day 62), dropping below the detection 

limit for the remainder of the heating period (Figure 3.3). Much of the injected mass of 

persulfate was likely iron-activated and or depleted by NOD prior to the start of ERH. If 

sufficient persulfate mass remained in the formation, laboratory-scale studies suggest that 

the temperatures achieved between SW1 and MW1A could have resulted in decreases of 

COCs (Chowdhury et al., 2017; Huang et al. 2005; Liang et al., 2003; Liang et al., 2008; 

Waldemer et al., 2007).  

 

However, there is evidence suggesting that chemical oxidation may not have had a 

substantial role in the decrease in COCs observed at MW1A on day 120. Like the decreases 

in COCs at MW1A during applied DC, the distribution of COCs (i.e., chlorinated ethanes 

and ethenes) remained unchanged (Figure A25, Appendix A). This contradicts laboratory-

scale testing, where the distribution of chlorinated ethanes of total COCs should increase 

following oxidation in comparison to chlorinated ethenes (Block et al., 2004; Cho et al., 

2002; Jazdanian et al., 2004; Huang et al., 2005; Liang et al., 2003; Liang et al., 2010; Petri 

et al., 2011; Tsitonaki et al., 2006). Additionally, the concentration of chloride in MW1A 

decreased by 78% from background on day 120 (Figure A26, Appendix A). Chloride 

concentrations would be expected to increase resulting from chemical oxidation 

(Chowdhury et al., 2017; Liang et al., 2010; Tsitonaki et al., 2010). Since advection and 

dilution were not active, and with conflicting lines of evidence about chemical oxidation, 

the specific causes of the COC decrease at MW1A in this period are uncertain. 

 

3.5 Environmental Implications  

The application of ISCO for the remediation of organic contaminants in soils has gained 

much interest over the last decade. ISCO is rapid, aggressive, cost effective, and easy to 

apply, but its application in lower-permeability soils is limited due to the ineffective 
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delivery of oxidants. The current study has shown that EK has the potential to help 

circumvent this issue. Under EK-enhancement, additional mass of persulfate was observed 

to be delivered to the clay formation of EK-TAP on top of advection. More specifically, it 

is estimated that ~40% of the persulfate delivered to MW1A of EK-TAP was a function of 

EM under certain assumptions. Given longer EK operations, it is likely that a higher mass 

delivery of persulfate would have occurred with greater transport distances. The 

incorporation of low-temperature ERH into the EK-TAP design showed promise for 

thermal activation of persulfate. Subsurface temperatures from the CW to SW1 were 

observed to reach target temperatures of ~35-40°C for effective persulfate activation. 

However, non-uniform heat distribution is expected with the current EK-TAP design, 

where subsurface temperatures beyond SW2 towards the AW were consistently below 

target temperatures. Limited thermal activation of persulfate is assumed to have occurred 

in EK-TAP due to persulfate decomposition resulting from a substantial NOD. As a part 

of the NOD, the iron content of EK-TAP is believed to have played a significant role in 

persulfate reaction chemistry. An estimated persulfate to Fe2+ molar ratio of 5:1 was 

measured between SW1 and MW1. This is based on the assumed mass of persulfate 

injected at SW1 (i.e., ~14.8 kg) and estimated mass of  Fe2+ present between SW1 and 

MW1 at depths of injection (i.e., 1.1 kg) (Calculation A2, Appendix A).  Aqueous batch-

scale testing suggests that persulfate to Fe2+ molar ratios of 1:1 or greater could result in 

effective persulfate activation (Section 2.4.1). However, molar ratios below 1:1 may result 

in excess Fe2+
 and free radical scavenging (Section 2.4.1). The naturally occurring iron 

content of a soil should be considered for future EK-TAP applications. 

 

Substantial decrease in total COCs (i.e., 82%) was observed at MW1A of EK-TAP during 

applied DC. The decrease in total COCs included various chlorinated ethenes (i.e., VC, 

TCE, PCE, etc) and ethanes (i.e., 1,2 DCA, 1,1,2-TCA, 1,1-DCA, etc). The decrease in 

total COCs in groundwater is suspected to be due to both chemical oxidation and dilution 

from advective flux. The percent contribution of each process to the observed decrease 

proved challenging to determine.  Two estimation methods (sulfate, chloride) suggested 

that dilution and chemical oxidation contributed ~80-90% and ~10-20% to the observed 
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decreases of COCs, respectively. However, a third method (sodium) suggests ~6% was due 

to dilution and ~94% was due to oxidation. Regardless of the role of advective flux on 

persulfate transport and dilution of COCs, it is concluded that EK-TAP has shown potential 

at the field-scale to produce conditions necessary for persulfate transport in low-

permeability media and chemical oxidation of COCs.   
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4 Conclusions and Recommendations 

4.1 Summary and Conclusions 

This thesis evaluated electrokinetically-enhanced thermally activated persulfate (EK-

TAP), a novel technology, to remediate a chlorinated solvent impacted low-permeability 

field site. To implement EK, a dipole electrode design was used along with a direct current 

(DC). Using the same infrastructure as EK, low-temperature electrical resistance heating 

(ERH) was also tested to provide heat activation of the injected persulfate. The overall 

ability of EK-TAP to treat a mix of chlorinated ethanes and ethenes in clay soil was also 

determined. To the authors’ knowledge, published literature study has investigated EK-

TAP at the field-scale.  

 

The major conclusions from this field study are the following:  

❖ Field operations suggest that EK has shown the potential to enhance the delivery of 

persulfate into a low permeability soil by means of a constant DC. 

❖ Infrastructure (i.e., electrodes) used for EK can also be used to implement low-

temperature ERH by applying an alternating current (AC). Soil temperatures were 

observed to increase in certain areas of EK-TAP to the targeted range for effective 

heat activation (i.e., ~35-40°C). However, non-uniform heat distribution is 

expected with the current EK-TAP design. 

❖ Naturally occurring iron found in the native clay soil likely impacted persulfate 

reaction chemistry both positively and negatively. Naturally occurring iron was 

likely a major contributor to the NOD, impacting persulfate transport. However, 

persulfate likely experienced some degree of iron activation helpful for the 

degradation of contaminants. 

❖ Significant decreases (i.e., ~70-90%;) were observed for all measured chlorinated 

organic compounds (COCs) in groundwater in areas were persulfate had been 

delivered (i.e., MW1A). It is assumed that chemical oxidation resulting from iron 

and heat activation played a measurable role in the observed decreases. Dilution 
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resulting from advective flux of injected persulfate solution is assumed to have had 

a major role in the observed decreases.  

 

4.2 Recommendations 

❖ EK migration phase should be run for a greater period of time in future studies to 

better examine the extent of EK transport. 

❖ Method in which persulfate (or amendments) are delivered (i.e., elevated head) into 

the subsurface should be taken under consideration for future studies to reduce the 

potential impact of advective flux that could confound EK transport results 

❖ Development of an EK transport model could be useful in better understanding and 

or predicting the extent of persulfate (or amendment) transport under various EK 

parameters (e.g., applied DC, voltage gradient, electrode spacing, electrode 

configuration, etc). 

❖ Different EK electrode configurations could be more effective in delivering 

persulfate or amendments in comparison to the tested single electric dipole design. 

Further field testing is warranted. 

❖ Using 3-phase or 6-phase heating during applied ERH may result in better heat 

distribution than single-phase heating. 

❖ Further research is required on the role of naturally occurring iron on persulfate 

reaction chemistry. 

❖ Advanced soil analysis (i.e., reduced iron, manganese, and organic matter species) 

is recommended prior to future EK-TAP field applications. 

❖ NOD and EK column testing is advised prior to EK-TAP field applications to 

identify factors that may impact performance.  

❖ Consistent procedures (e.g., soil sampling) should be followed from baseline to 

project end so that data is optimally comparable.  
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Appendix A: EK-TAP 
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Table A1: Applied DC and Current Density of Shallow and Deep Electrodes of    

EK-TAP 

Days Since 

Injection 

Well ID DC Amps Current Density (A m-2) 

Shallow 

Electrode 

Deep 

Electrode 

Shallow 

Electrode 

Deep 

Electrode 

1 CW -0.2 -0.2 0.111 0.111 

AW 0.2 0.2 

8 CW -0.3 -0.4 0.222 0.167 

AW 0.4 0.3 

20 CW -1.0 -1.0 0.667 0.556 

AW 1.2 1.0 

28 CW -1.1 -1.0 0.722 0.5 

AW 1.3 0.9 

 

 

Figure A1: Constant voltage output to EK-TAP during ERH operations. Variac was 

used to control the voltage output from a 120 V source. The black vertical dashed line 

shown on day 57 represents the end of EK and the start of ERH.  
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Figure A2: Voltage readings during EK operations (i.e., day 0-57) at SW1, MW1, 

SW2, and MW2 of the EK-TAP transect. Readings were taken from voltage probes 

installed at 3.05 m and 3.96 m (bgs) at each location. Voltage readings from MW1 and 

MW2 at 3.05 m (bgs) are representative of MW1A and MW2A, respectively, screened 

from 3.05-3.66 m (bgs). Voltage readings from MW1 and MW2 at 3.96 m (bgs) are 

representative of MW1B and MW2B, respectively, screened from 3.66-4.27 m (bgs).  
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Table A2: Voltage Gradient Between Shallow and Deep Electrodes of EK-TAP 

During EK  

Days Since Injection Voltage Gradient Shallow 

Electrodes (V m-1) 

Voltage Gradient Deep 

Electrodes (V m-1) 

2 0.154 0.195 

5 0.782 0.724 

6 0.136 0.0623 

9 0.659 0.641 

13 0.936 0.823 

14 0.925 0.834 

16 1.25 1.05 

19 2.07 1.69 

20 1.97 1.66 

24 2.22 1.77 

26 2.38 1.88 

27 2.41 1.94 

33 2.36 1.89 

34 2.30 1.61 

35 1.03 0.714 

36 1.11 0.814 

37 2.36 1.70 

40 1.06 0.756 

41 1.97 1.32 

42 1.77 1.32 

47 0.353 0.795 

48 2.32 1.59 

49 1.64 1.71 

50 2.12 1.66 

51 1.6682 1.74 
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Figure A3: Voltage gradient between the AW and CW of EK-TAP during EK 

operations. Blue data series represent voltage readings taken at 3.96 m (bgs) (i.e., 

depth of deep electrodes). Orange data series represent voltage readings taken at 3.05 

m (bgs) (i.e., depth of shallow electrodes). Readings were taken from MW1 (0.7 m), 

SW1 (1.5 m), SW2 (2.3 m), and MW2 (2.7 m). Each line represents an individual time-

step during EK operations.  
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Calculation A1: Theoretical EM and EO transport rates in EK-TAP. 

 

qEO = kEOie     (Acar and Alshawabkeh, 1993) 

qEM = ui
∗ie      (Acar and Alshawabkeh, 1993) 

 

Where:  

qEO= Electroosmotic velocity (m day-1) 

qEM = Electromigration velocity (m day-1) 

kEO = Electroosmostic permeability (m2 V day-1) = 8.6 x 10-6  to 8.6 x 10-4 m2 V day-1 (most 

soil types) (Chowdhury et al., 2017; Eykholt and Daniel, 1994; Mitchell and Soga, 2005) 

ie = voltage gradient (V m-1) = 1.24 V m-1 or 1.52 V m-1; average voltage gradients 

measured from deep and shallow electrodes during EK operations, respectively 

ui
∗ = effective ionic mobility of persulfate (m2 V day-1) = 1.12 x 10-3 m2 V day-1 

(Chowdhury et al., 2017; Lide et al., 2005) 

 

qEO = (8.6 x 10-6 m2 V day-1, 8.6 x 10-4 m2 V day-1) x (1.24 V m-1, 1.52 V m-1)  

        = 1.06 x 10-5 m day-1 to 1.31 x 10-3 m day-1  

 

qEM = (1.12 x 10-3 m2 V day-1) x (1.24 V m-1, 1.52 V m-1) 

        = 1.70 x 10-4 m day-1 to 1.39 x 10-3 m day-1 
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Figure A4: Soil concentration of iron (g kg-1) with depth of boreholes MW1, MW2, 

SC1-1, SC2-1, and SC1-2 in EK-TAP. The red vertical lines represent the depths of 

shallow (i.e., 2.44-3.05 m bgs) and deep (3.66-4.27 m bgs) electrodes. The black 

vertical dashed line represents the screening depth of the supply wells (i.e., 2.44-4.88 

m bgs). 
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Calculation A2: Persulfate consumption (or activation) by naturally occurring iron from 

SW1 to MW1 in EK-TAP. 

 

Assumptions: 

Control volume (electric field) = 0.72 m3 

Soil bulk density = 1,600 kg m-3  

Amorphous/soluble Fe2+= 0.945 g kg-1  

Molar mass of Fe2+ = 55.8 g mol-1 

Molar mass of S2O8
2- = 192 g mol-1 

Mass of injected persulfate (SW1) = 14,800 g   

Persulfate is uniformly distributed across control volume 

 

    Fe2+ + S2O8
2− → Fe3+ + SO4

⦁− + SO4
2− (half-reaction) 

    Fe2+ + SO4
⦁− → Fe3+ + SO4

2−   (half-reaction) 

    2Fe2+ + S2O8
2− → 2Fe3+ + 2SO4

2−    (full reaction) 

 

Mass of soil in control volume = 0.72 m3 x 1,600 kg m-3 

                                                                           = 1,152 kg 

 Mass of amorphous/soluble Fe2+ in control volume = 0.945 g kg-1 x 1,152 kg  

                                                                                   = 1,089 g  

Moles of amorphous/soluble Fe2+ in control volume = 1,089 g / 55.8 g mol-1     

                                                                                    = 19.4 moles                                                                                   

Moles of persulfate consumed = 19.4 moles /2 

                                                 = 9.7 moles  

Mass of persulfate consumed = 9.7 moles x 192 g mol-1 

                                                = 1,863 g                                          

  Percent consumption (or activation) of persulfate in control volume = 1,863 g / 14,800 g 

                                                                                                               = 12.6% 
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Figure A5: Groundwater pH in all monitoring wells of EK-TAP over the entire field 

test.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A6: Transport mechanisms of persulfate and sodium from SW1 and SW2. 
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Figure A7: Observed EM transport rate of persulfate in bench-scale studies in respect 

to the average observed sulfur transport rate in MW1A and MW1B of EK-TAP (Fan 

et al., 2014; Fan et al., 2016).  
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Figure A8: Estimated coverage area of electric fields applied from shallow (2.44-3.05 

m bgs) and deep (3.66-4.27 m bgs) electrodes (D. Gent, personal communication, May 

23, 2018).  

 

Height of electric field = 2 x length of electrodes  

                                     = 2 x 0.61 m 

                                     = 1.2 m  

 

Width of electric field = 0.5 x distance from the CW and AW 

                                     = 0.5 x 3 m   

                                     = 1.5 m  

 

Length of electric field = distance from the CW and AW  

                                      = 3 m 

 

*Upper/lower extent of shallow electric field = 2.1 m (bgs), 3.4 m (bgs)  

 

*Upper/lower extent of deep electric field = 3.4 m (bgs), 4.6 m (bgs) 
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Figure A9: Falling head tests completed in a) MW1A, b) MW1B, c) MW2A, and d) 

MW2B of EK-TAP. Tests were completed on May 29th, 2018.  

 

 

Figure A10: Observed groundwater velocity in MW1A of EK-TAP during injection 

in respect to the natural groundwater velocity measured on site and observed sulfur 

transport rate.  
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Table A3:  Hydraulic Conductivity and Groundwater Velocity in MW1A, MW1B, 

MW2A, and MW2B of EK-TAP 

Monitoring Well Hydraulic Conductivity  

(cm s-1) 

Groundwater Velocity 

(cm day-1) 

MW1A 1.79 x 10-5 4.24 

MW1B 2.59 x 10-6 0.613 

MW2A 1.26 x 10-7 0.0196 

MW2B 7.59 x10-7 0.118 
 

Hydraulic conductivity determined from falling head tests (Figure A7, Appendix A) and 

Hvorslev (1951): 

𝐾 =
𝑟2l𝑛(

𝐿
𝑅)

2𝐿𝑇𝐿
 

Where, hydraulic conductivity (K), radius of well (r), length of well screen (L), radius of 

well and sand pack (R), and time lag (TL) 

 

Hydraulic gradient calculated using the equation below:  

𝑖 =
𝑑ℎ

𝐿
 

Where, hydraulic gradient (𝑖), change in hydraulic head (𝑑ℎ), and distance (L) 

 

Groundwater velocity calculated using:  

𝑉 =
𝐾𝑖

𝑛
 

Where, groundwater velocity (V), hydraulic conductivity (K), hydraulic gradient (𝑖), and 

effective porosity (𝑛) 

  

*For MW1A and MW1B, the hydraulic gradient was calculated from SW1. For MW2A 

and MW2B, the hydraulic gradient was calculated from SW2. Water levels used in MW1A, 

MW1B, MW2A, and MW2B to calculate the hydraulic gradient were from day 639 (Figure 

A25, Appendix A). Water levels used for SW1 and SW2 to calculate hydraulic gradients 

was 184.2 masl (i.e., depth of float switch during persulfate injection). Effective porosity 

assumed to be 0.4 for clay soils.  
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Figure A11: Water levels in all monitoring wells of EK-TAP over the entire field test.  

 

 

Figure A12: Groundwater concentration of sodium (mmol L-1) in all monitoring wells 

of EK-TAP over the course of EK operations (i.e., day 0-57). 
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Figure A13: Percent breakthrough of sodium and sulfur in MW1A of EK-TAP during 

EK operations (i.e., day 0-57) from injected sodium persulfate at SW1.  

 

 

Figure A14: AC applied to EK-TAP during ERH operations (i.e., day 57-196), 

measured from shallow (i.e., 2.44-3.05 m bgs) and deep (i.e., 3.66-4.27 m bgs) 

electrodes of the CW and AW.  
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Figure A15: Cross-section of heat distribution in EK-TAP on day 138 of ERH 

operations (i.e., day 57-196). Pink regions are electrodes, grey regions are well screens 

and conduits, black regions are PVC well piping, circles are soil sampling locations, 

and circles with dashes are locations of thermocouples.  
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Table A4: Background Groundwater Concentration (mg L-1) of COCs in EK-TAP 

 

 

 

 

 

 

 

 

 

 

Compound 

 

EK-TAP O. Reg 153/04 

Table 3 (Ind/Comm) 

MW1A MW1B 

 

MW2A MW2B 

Vinyl Chloride 75.24 75.67 106.21 72.63 0.0017 

Chloroethane 1.87 1.13 1.08 0.67 N/A 

1,1-Dichloroethene 1.60 1.77 2.00 1.81 0.017 

Dichloromethane 0.25 0.00 0.25 0.12 N/A 

trans-1,2-Dichloroethene 0.43 0.18 0.31 0.18 0.017 

1,1-Dichloroethane 232.85 248.27 315.46 265.56 3.1 

cis-1,2-Dichloroethene 11.81 2.51 6.12 2.18 0.017 

Chloroform 1.21 1.09 1.41 1.14 0.022 

1,1,1-Trichloroethane 0.82 1.18 1.30 1.14 6.7 

Carbon tetrachloride 0.00 0.00 0.00 0.00 0.0084 

1,2-Dichloroethane 1133.24 1090.35 1583.14 1360.04 0.012 

Trichloroethene 59.80 40.75 62.61 48.47 0.017 

Tetrachloroethene 3.46 8.43 4.65 6.83 0.017 

1,1,2-Trichloroethane 121.34 65.38 122.07 80.93 0.03 

1,1,1,2-Tetrachloroethane 0.21 0.72 0.47 0.57 N/A 
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Table A5: Background Soil Concentration (mg kg-1) of COCs in EK-TAP 

 

 

 

 

 

 

Compound MW1 MW2 O. Reg 153/04 

Table 3      

(Ind/Comm) 

3.05            

m (bgs)  

3.35               

m (bgs)  

3.96        

m (bgs) 

4.27 

m (bgs) 

3.05 

m (bgs) 

3.35 

m (bgs) 

3.96 

m (bgs) 

4.27 

m (bgs) 

 

Vinyl Chloride 5.42 8.77 12.50 12.60 7.85 8.93 13.99 13.05 0.25 

Chloroethane 0.26 0.30 0.10 0.09 0.21 0.20 0.10 0.09 N/A 

1,1- 

Dichloroethene 

0.21 0.52 0.40 0.57 0.41 0.47 0.46 0.60 0.48 

Dichloromethane 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 N/A 

trans-1,2-

Dichloroethene 

0.10 0.19 0.08 0.07 0.17 0.17 0.11 0.06 9.3 

1,1- 

Dichloroethane 

29.55 62.76 80.89 76.40 50.66 63.75 91.01 85.66 21 

cis-1,2-

Dichloroethene 

2.41 5.32 0.76 0.18 3.87 3.59 0.58 0.20 37 

Chloroform 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.51 0.18 

1,1,1- 

Trichloroethane 

0.00 0.00 0.25 0.76 0.00 0,00 0,00 0.70 12 

Carbon 

tetrachloride 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.5 

1,2- 

Dichloroethane 

212.35 377.40 403.84 424.85 342.99 403.55 488.06 473.06 0.05 

Trichloroethene 18.24 67.87 39.69 51.73 58.76 69.35 55.74 65.46 0.61 

Tetrachloroethene 1.55 8.56 35.95 38.58 22.68 16.80 34.90 36.58 21 

1,1,2- 

Trichloroethane 

28.43 79.36 43.04 42.15 68.14 82.85 54.47 57.53 0.11 

1,1,1,2-

Tetrachloroethane 

0.00 0.00 1.65 1.79 0.00 0.00 1.07 1.42 N/A 

1,1,2,2-

Tetrachloroethane 

4.29 15.72 0.84 0.00 21.86 21.22 1.76 0.23 N/A 
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Figure A16: Interpolated background distribution of 1,2-DCA (mg kg-1) in EK-TAP. 

Open circles are soil sampling locations, grey regions are well screens and conduits, 

and black regions are solid PVC piping. 

 

 

Figure A17: VC soil concentration (mg kg-1) with depth of boreholes MW1, SW2, 

MW2, T-SC1-1, T-SC2-1, and T-SC1-2. Sampling depths include 3.35 m, 3.96 m, and 

4.27 m (bgs). Black markers are boreholes completed before EK (i.e., MW1 and SW2), 

blue markers are boreholes (i.e., T-SC1-1 and TSC2-1) completed on day 125 during 

ERH, and red markers represent a borehole (i.e., T-SC1-2) completed on day 286 

post-ERH.
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Figure A18: 1,2-DCA soil concentration (mg kg-1) with depth of boreholes MW1, 

SW2, MW2, T-SC1-1, T-SC2-1, and T-SC1-2. Sampling depths include 3.35 m, 3.96 

m, and 4.27 m (bgs). Black markers are boreholes completed before EK (i.e., MW1 

and SW2), blue markers are boreholes (i.e., T-SC1-1 and TSC2-1) completed on day 

125 during ERH, and red markers represent a borehole (i.e., T-SC1-2) completed on 

day 286 post-ERH. 

 

 

Figure A19: TCE soil concentration (mg kg-1) with depth of boreholes MW1, SW2, 

MW2, T-SC1-1, T-SC2-1, and T-SC1-2. Sampling depths include 3.35 m, 3.96 m, and 

4.27 m (bgs). Black markers are boreholes completed before EK (i.e., MW1 and SW2), 

blue markers are boreholes (i.e., T-SC1-1 and TSC2-1) completed on day 125 during 

ERH, and red markers represent a borehole (i.e., T-SC1-2) completed on day 286 

post-ERH.
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Figure A20: 1,1,2-TCA soil concentration (mg kg-1) with depth of boreholes MW1, 

SW2, MW2, T-SC1-1, T-SC2-1, and T-SC1-2. Sampling depths include 3.35 m, 3.96 

m, and 4.27 m (bgs). Black markers are boreholes completed before EK (i.e., MW1 

and SW2), blue markers are boreholes (i.e., T-SC1-1 and TSC2-1) completed on day 

125 during ERH, and red markers represent a borehole (i.e., T-SC1-2) completed on 

day 286 post-ERH.

 

 

Figure A21: 1,1-DCA soil concentration (mg kg-1) with depth of boreholes MW1, 

SW2, MW2, T-SC1-1, T-SC2-1, and T-SC1-2. Sampling depths include 3.35 m, 3.96 

m, and 4.27 m (bgs). Black markers are boreholes completed before EK (i.e., MW1 

and SW2), blue markers are boreholes (i.e., T-SC1-1 and TSC2-1) completed on day 

125 during ERH, and red markers represent a borehole (i.e., T-SC1-2) completed on 

day 286 post-ERH. 
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Figure A22: Soil concentration of sulfur (g kg-1) with depth of boreholes MW1, SC1-

1, SC1-2, MW2, and SC2-1 of EK-TAP. The first panel shows sulfur (g kg-1) measured 

from background boreholes MW1 and MW2. The second panel displays a 

comparison of sulfur (g kg-1) between background and post-injection boreholes MW1, 

SC1-1, and SC1-2 due to their proximity. The third panel compares sulfur (g kg-1) 

between background and post-injection boreholes MW2 and SC2-1 due to their 

proximity. Boreholes SC1-1 and SC2-1 were completed on day 125 during ERH 

operations (i.e., day 57-196). Borehole SC1-2 was completed on day 286 post-ERH. 

The red vertical lines represent the depth of shallow (i.e., 2.44-3.05 m bgs) and deep 

(i.e., 3.66 m to 4.27 m bgs) electrodes. The black vertical dashed line represents the 

screening interval of the supply wells (i.e., 2.44-4.88 m bgs). 
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Calculation A3: Expected sulfur breakthrough at SC1-2 and SC1-1 from injected 

persulfate at SW1. 

 

Volume of persulfate injected at SW1 = 462.5 L  

Concentration of persulfate injected at SW1 = 32 g L-1 

Mass of injected persulfate at SW1 = 14,800 g 

Mass of injected sulfur at SW1 = 2,470 g 

 

Control volume (electric field) = width of electric field x height of electric field x distance 

of SW1 to SC1-2 and SC1-1 

                                                  = 1.5 m x 1.2 m x 1.1 m  

                                                  = 2 m3 

 

Mass of soil in control volume = control volume x soil bulk density  

                                                  = 2 m3 x 1,600 kg m-3 

                                                                           = 3,200 kg   

 

Expected concentration of sulfur in control volume = 2,470 g / 3,200 kg  

                                                                                   = 0.77 g kg-1 

 

*If all of the injected persulfate at SW1 was uniformly delivered into the control volume, 

an increase of 0.77 g kg-1 would be expected at boreholes SC1-1 and SC1-2.  
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Calculation A4: Radius of influence of injected persulfate at SW1.  

 

Volume of persulfate injected at SW1 = 0.463 m3 

Height of SW1 screen (h) = 2.44 m  

Porosity of porous media = 0.4 

Volume of porous media occupied with injected persulfate (V) = 0.463 m3 / 0.4  

                                                                                                     = 1.16 m3 

Radius of influence from injected persulfate (𝑟): 

 

V = π𝑟2ℎ 

1.16 m3 = πr2(2.44 m) 

𝑟 = 0.39 𝑚 

 

*Assumptions include homogeneous porous media and that the porosity of the clay soil is 

0.4. 
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Figure A23: Groundwater concentration of persulfate, sulfate, and total COCs in 

MW1A of EK-TAP over the course of the field test. Black vertical dashed line shows 

the end of applied EK. 

 

 

Figure A24: Normalized groundwater concentration of COCs and chloride to 

background (i.e., day 0) in MW1A of EK-TAP over the entire field test.  
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Figure A25: Normalized groundwater concentrations of total chloroethanes and 

chloroethenes in MW1A of EK-TAP over the course of the field test. Black vertical 

dashed line shows the end of applied EK. 

 

 

Figure 26: Normalized groundwater concentrations of chloride and total COCs in 

MW1A of EK-TAP over the course of the field test. Black vertical dashed line shows 

the end of applied EK.
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Calculation A5: Required concentration of persulfate to account for the decreases in COCs 

at MW1A of EK-TAP on day 43. 

 

Full reaction (TCE): C2HCl3 + 3S2O8
2− + 4H2O → 2CO2 + 9H

+ + 3 Cl− + 6 SO4
2− 

Full reaction (VC): C2H3Cl + 5S2O8
2− + 4H2O → 2CO2 + 11H

+ +  Cl− + 5 SO4
2− 

Full reaction (1,1,2 TCA): C2H3Cl3 + 4S2O8
2− + 4H2O → 2CO2 + 11H

+ + 3Cl− + 5 SO4
2− 

Full reaction (1,2/1,1-DCA): C2H4Cl2 + 5S2O8
2− + 4H2O → 2CO2 + 12H

+ + 2 Cl− + 10 SO4
2− 

 

Molar mass of persulfate = 192 g mol-1 

Molar mass of chloride = 35.4 g mol-1 

 

Compound Conc., 

(M) 

Day 29  

Conc., 

(M) 

Day 43  

Total 

Loss (M) 

Required 

Molar 

Ratio of 

PS:COC 

Required 

Conc. 

Persulfate 

(M)  

Molar 

Ratio of 

Cl-::COC 

Conc. of 

Chloride 

(M)  

TCE 0.00065 0.0001 0.00054 3 0.00162 3 0.00162 

VC 0.00099 0.00032 0.00067 5 0.00335 1 0.00067 

1,1,2-TCA 0.00103 0.0001 0.000093 4 0.000372 3 0.000279 

1,1-DCA 0.00232 0.00043 0.00189 5 0.00945 2 0.00378 

1,2-DCA 0.0132 0.00159 0.0116 5 0.0578 2 0.0232 

Total 0.0181 0.00254 0.0148  0.0726  0.0295 

 

*Breakthrough concentration of persulfate required to account for the total losses of 

COCs in MW1A of EK-TAP on day 43 is 13.9 g L-1.  

 

*Total concentration of chloride produced in MW1A of EK-TAP on day 43 if COCs 

were completely oxidized by persulfate is 1,048 mg L-1
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Figure A27: Groundwater concentration of chloride (mmol L-1) in all monitoring 

wells of EK-TAP over the entire field test.  

 

 

Figure A28: Normalized persulfate decomposition at 35°C with time. At 30 days, 

~85% persulfate decomposition would be expected.  
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Figure A29: Correlation (mmol L-1) of persulfate and sulfate in relation to sulfur in 

MW1A of EK-TAP over the entire field test. 

 

 

Figure A30: Groundwater electrical conductivity in all monitoring wells of EK-TAP 

over the entire field test. 
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Figure A31: Groundwater oxidation-reduction potential in all monitoring wells of 

EK-TAP over the entire field test. 
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Appendix B: EK-Control 
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Results and Discussion B1: Short-Circuiting Between EK-TAP and EK-Control 

Sulfur and sulfate was observed to increase in MW1A of EK-Control starting on day 29 

and 43, respectively. Maximum concentration of sulfur and sulfate occurred on day 54 and 

was measured to be 11.0 mmol L-1 and 9.19 mmol L-1, respectively (Figure B1 and B2, 

Appendix B). Due to the high concentrations of sulfur and sulfate as well as the proximity 

of EK-TAP to EK-Control, it is likely that short-circuiting occurred between transects 

during persulfate injection (Figure B3, Appendix B). No increases in sulfur and sulfate 

were observed in MW1B, MW2A, and MW2B of EK-Control (Figure B1 and B2, 

Appendix B). Maximum concentration of sulfur observed in MW1A amounted to 3.35% 

of injected concentration of sulfur in SW1 and SW2 of EK-TAP. Based on the time of 

appearance of sulfur in MW1A of EK-Control and distance to SW1 or SW2 of EK-TAP, 

the minimum required transport velocity of persulfate would have been ~20.7 cm day-1. 

This rate is outside of the range of EM and EO persulfate velocities observed in bench-

scale testing (~2 cm day-1), meaning that the short-circuit is likely caused by site 

heterogeneities (i.e., geology) than EK-enhancement (Chowhdury et al., 2017; Fan et al., 

2014; Fan et al., 2016). Examining boreholes SW1 and SW2 of EK-TAP, T-EK-SC1-2, T-

EK-SC2-2, T-EK-SC3-2, and MW1A of EK-Control (Figure B3, Appendix B), the fill and 

brown clay interface between these transects resided between 2.1-2.9 m (bgs). Based on 

the screening interval of the supply wells in EK-TAP (2.4-4.9 m bgs), it is hypothesized 

that persulfate traveled along the geological interface from EK-TAP to EK-Control. Due 

to the presence of persulfate in EK-Control, it was no longer used as a control (EK without 

persulfate injection).  
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Figure B1: Groundwater concentration of sulfur (mmol L-1) in all monitoring wells of 

EK-Control over the entire field test. 

 

 

Figure B2: Groundwater concentration of sulfate (mmol L-1) in all monitoring wells 

of EK-Control over the entire field test. 
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Figure B3: Plan view of test area displaying EK-TAP, EK-Control, and Control 

transects along with well (electrode wells, supply wells, monitoring wells) and 

borehole locations. 
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Table B1: Background Groundwater Concentration (mg L-1) of COCs in EK-

Control 

 

 

 

 

 

 

Compound 

 

EK-Control O. Reg 153/04 

Table 3 (Ind/Comm) 

MW1A MW1B MW2A MW2B 

Vinyl Chloride 62.63 85.50 136.40 95.07 0.0017 

Chloroethane 1.74 1.80 4.19 1.59 N/A 

1,1-Dichloroethene 0.97 1.12 2.76 1.10 0.017 

Dichloromethane 0.25 0.24 0.33 0.25 N/A 

trans-1,2-Dichloroethene 0.29 0.29 0.73 0.29 0.017 

1,1-Dichloroethane 164.66 168.78 328.06 178.53 3.1 

cis-1,2-Dichloroethene 6.04 4.15 13.42 3.59 0.017 

Chloroform 0.74 0.73 1.40 0.71 0.022 

1,1,1-Trichloroethane 0.12 0.10 0.53 0.14 6.7 

Carbon tetrachloride 0.00 0.00 0.00 0.00 0.0084 

1,2-Dichloroethane 502.45 485.28 1210.66 544.01 0.012 

Trichloroethene 20.24 13.90 73.51 14.99 0.017 

Tetrachloroethene 0.18 0.05 1.49 0.11 0.017 

1,1,2-Trichloroethane 70.91 59.26 138.75 50.45 0.03 

1,1,1,2-Tetrachloroethane 0.00 0.00 0.00 0.00 N/A 
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Figure B4: Voltage readings during EK operations (i.e., day 0-70) at MW1 and MW2 

of EK-Control. Readings were taken from voltage probes installed at 3.05 m and 3.96 

m (bgs) at each location. Voltage readings from MW1 and MW2 at 3.05 m (bgs) are 

representative of MW1A and MW2A, respectively, screened from 3.05-3.66 m (bgs). 

Voltage readings from MW1 and MW2 at 3.96 m (bgs) are representative of MW1B 

and MW2B, respectively, screened from 3.66-4.27 m (bgs). 
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Figure B5: Soil concentration of sulfur (g kg-1) with depth of boreholes MW1, MW2, 

AW, CW, SC1-1 and SC2-1 of EK-Control. The first panel shows sulfur (g kg-1) 

measured from background boreholes MW1, MW2, AW, and CW. The second panel 

displays a comparison of sulfur (g kg-1) between background and post-EK boreholes 

MW1, SC1-1, and SC1-2 due to their proximity. The third panel compares sulfur (g 

kg-1) between background and post-EK boreholes MW2 and SC2-1 due to their 

proximity. Boreholes SC1-1 and SC2-1 were completed on day 125 post-EK 

operations (i.e., day 57-196). Borehole SC1-2 was completed on day 286 post-EK. The 

red vertical lines represent the depths of shallow (i.e., 2.44-3.05 m bgs) and deep (i.e., 

3.66-4.27 m bgs) electrodes. The black vertical dashed line represents the screening 

depth of the supply wells (i.e., 2.44-4.88 m bgs). 
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Figure B6: 1,2-DCA soil concentration (mg kg-1) with depth of boreholes MW1, SW2, 

MW2, EKC-SC1-1, EKC-SC2-1, and EKC-SC1-2. Sampling depths include 2.9 m, 

3.05 m, 3.35 m, 3.66 m, 3.96 m, and 4.27 m (bgs). Black markers are boreholes 

completed before EK (i.e., MW1 and MW2), blue markers are boreholes completed 

post-EK (i.e., EKC-SC1-1 and EKC-SC2-1) on day 125, and red markers is a borehole 

completed post-EK (i.e., EKC-SC1-2) on day 286. 

 

Figure B7: VC soil concentration (mg kg-1) with depth of boreholes MW1, SW2, 

MW2, EKC-SC1-1, EKC-SC2-1, and EKC-SC1-2. Sampling depths include 2.9 m, 

3.05 m, 3.35 m, 3.66 m, 3.96 m, and 4.27 m (bgs). Black markers are boreholes 

completed before EK (i.e., MW1 and MW2), blue markers are boreholes completed 

post-EK (i.e., EKC-SC1-1 and EKC-SC2-1) on day 125, and red markers is a 

borehole completed post-EK (i.e., EKC-SC1-2) on day 286. 
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Figure B8: 1,1-DCA soil concentration (mg kg-1) with depth of boreholes MW1, SW2, 

MW2, EKC-SC1-1, EKC-SC2-1, and EKC-SC1-2. Sampling depths include 2.9 m, 

3.05 m, 3.35 m, 3.66 m, 3.96 m, and 4.27 m (bgs). Black markers are boreholes 

completed before EK (i.e., MW1 and MW2), blue markers are boreholes completed 

post-EK (i.e., EKC-SC1-1 and EKC-SC2-1) on day 125, and red markers is a borehole 

completed post-EK (i.e., EKC-SC1-2) on day 286. 

 

 

Figure B9: TCE soil concentration (mg kg-1) with depth of boreholes MW1, SW2, 

MW2, EKC-SC1-1, EKC-SC2-1, and EKC-SC1-2. Sampling depths include 2.9 m, 

3.05 m, 3.35 m, 3.66 m, 3.96 m, and 4.27 m (bgs). Black markers are boreholes 

completed before EK (i.e., MW1 and MW2), blue markers are boreholes completed 

post-EK (i.e., EKC-SC1-1 and EKC-SC2-1) on day 125, and red markers is a borehole 

completed post-EK (i.e., EKC-SC1-2) on day 286. 
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Figure B10:  1,1,2-TCA soil concentration (mg kg-1) with depth of boreholes MW1, 

SW2, MW2, EKC-SC1-1, EKC-SC2-1, and EKC-SC1-2. Sampling depths include 2.9 

m, 3.05 m, 3.35 m, 3.66 m, 3.96 m, and 4.27 m (bgs). Black markers are boreholes 

completed before EK (i.e., MW1 and MW2), blue markers are boreholes completed 

post-EK (i.e., EKC-SC1-1 and EKC-SC2-1) on day 125, and red markers is a borehole 

completed post-EK (i.e., EKC-SC1-2) on day 286.  

 

  

Figure B11: Groundwater concentration of COCs (mmoles L-1) in all monitoring wells 

of EK-Control over the entire field test.  
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Figure B12: Groundwater concentration of chloride (mmol L-1) in all monitoring 

wells of EK-Control over the entire field test. 

                                    

 

Figure B13: Normalized groundwater concentration of COCs and chloride to 

background (i.e., day 0) in MW1A of EK-Control over the entire field test.
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Figure B14: Water levels in all monitoring wells of EK-Control over the entire field 

test.  

 

 

B15: Groundwater pH in all monitoring wells of EK-Control over the entire field test. 
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B16: Groundwater electrical conductivity in all monitoring wells of EK-Control over 

the entire field test. 

                                         

 

B17: Groundwater oxidation-reduction potential in all monitoring wells of EK-

Control over the entire field test. 
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Appendix C: Control 
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Figure C1: Groundwater concentration of sulfur (mmol L-1) in all monitoring wells 

of Control over the entire field test. 

 

 

Figure C2: Groundwater concentration of sulfate (mmol L-1) in all monitoring wells 

of Control over the entire field test. 
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Figure C3: Soil concentration of COCs (total mmoles kg-1) with depth at SC1-1 and 

SC1-2 of Control. SC1-1 was completed on day 124 following EK operations. SC1-2 

was completed on day 286 following EK operations.  

 

 

Figure C4: Groundwater concentration of COCs (mmoles L-1) in all monitoring wells 

of Control over the entire field test. 
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Table C1: Background Groundwater Concentration (mg L-1) of COCs in Control 

 

 

 

 

 

 

 

 

 

 

 

 

Compound 

 

Control O. Reg 153/04 

Table 3 (Ind/Comm) 

MW1A MW1B 

Vinyl Chloride 71.099 78.450 0.0017 

Chloroethane 1.280 1.452 N/A 

1,1-Dichloroethene 0.768 0.897 0.017 

Dichloromethane 0.00 0.00 N/A 

trans-1,2-Dichloroethene 0.209 0.228 0.017 

1,1-Dichloroethane 127.47 138.68 3.1 

cis-1,2-Dichloroethene 3.259 3.787 0.017 

Chloroform 0.444 0.462 0.022 

1,1,1-Trichloroethane 0.044 0.041 6.7 

Carbon tetrachloride 0.00 0.00 0.0084 

1,2-Dichloroethane 288.87 289.52 0.012 

Trichloroethene 10.157 9.178 0.017 

Tetrachloroethene 0.010 0.005 0.017 

1,1,2-Trichloroethane 30.509 35.020 0.03 

1,1,1,2-Tetrachloroethane 0.005 0.003 N/A 
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Figure C5: Soil concentration of sulfur (g kg-1) with depth of boreholes MW1, SC1-1, 

and SC1-2 in the Control transect.  

 

 

Figure C6: 1,2-DCA soil concentration (mg kg-1) with depth of boreholes MW1, C-

SC1-1, and C-SC1-2. Sampling depths include 2.74 m, 3.35 m, 3.66 m, 3.96 m, 4.27 m, 

and 4.72 m (bgs). Black markers is a borehole completed before EK (i.e., MW1), blue 

markers is a borehole (i.e., C-SC1-1) completed on day 125 post-EK, and red markers 

is a borehole (i.e., C-SC1-2) completed on day 286 post-EK.  
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Figure C7: VC soil concentration (mg kg-1) with depth of boreholes MW1, C-SC1-1, 

and C-SC1-2. Sampling depths include 2.74 m, 3.35 m, 3.66 m, 3.96 m, 4.27 m, and 

4.72 m (bgs). Black markers is a borehole completed before EK (i.e., MW1), blue 

markers is a borehole (i.e., C-SC1-1) completed on day 125 post-EK, and red markers 

is a borehole (i.e., C-SC1-2) completed on day 286 post-EK. 

 

 

Figure C8: 1,1-DCA soil concentration (mg kg-1) with depth of boreholes MW1, C-

SC1-1, and C-SC1-2. Sampling depths include 2.74 m, 3.35 m, 3.66 m, 3.96 m, 4.27 m, 

and 4.72 m (bgs). Black markers is a borehole completed before EK (i.e., MW1), blue 

markers is a borehole (i.e., C-SC1-1) completed on day 125 post-EK, and red markers 

is a borehole (i.e., C-SC1-2) completed on day 286 post-EK. 
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Figure C9: TCE soil concentration (mg kg-1) with depth of boreholes MW1, C-SC1-

1, and C-SC1-2. Sampling depths include 2.74 m, 3.35 m, 3.66 m, 3.96 m, 4.27 m, and 

4.72 m (bgs). Black markers is a borehole completed before EK (i.e., MW1), blue 

markers is a borehole (i.e., C-SC1-1) completed on day 125 post-EK, and red markers 

is a borehole (i.e., C-SC1-2) completed on day 286 post-EK. 

 

 

Figure C10: 1,1,2-TCA soil concentration (mg kg-1) with depth of boreholes MW1, C-

SC1-1, and C-SC1-2. Sampling depths include 2.74 m, 3.35 m, 3.66 m, 3.96 m, 4.27 m, 

and 4.72 m (bgs). Black markers is a borehole completed before EK (i.e., MW1), blue 

markers is a borehole (i.e.,C-SC1-1) completed on day 125 post-EK, and red markers 

is a borehole (i.e., C-SC1-2) completed on day 286 post-EK. 
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Figure C11: Groundwater concentration of chloride (mmol L-1) in all monitoring 

wells of Control over the entire field test. 

 

 

Figure C12: Water levels in all monitoring wells of Control over the entire field test.  
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Figure C13: Groundwater oxidation-reduction potential in all monitoring wells of 

Control over the entire field test. 

 

 

Figure C14: Groundwater electrical conductivity in all monitoring wells of Control 

over the entire field test. 
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Figure C15: Groundwater pH in all monitoring wells of Control over the entire field 

test.  
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Appendix D: Supplementary Information 
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Figure D1: Right-hand image shows a plan view of the field site in 2006. Left-hand 

image shows a superficial map of the concentration of COCs at the field site. COCs 

were measured using a Gore-Sorber screening survey. Black boxes represent the 

location of the test area. 

 

 

 

Figure D2: Contour map of the hydraulic gradient observed at the field site. The 

yellow box is the location of the test area.  
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Figure D3: Constant DC applied to EK-TAP and EK-Control during EK operations. 

The red vertical dashed line represents the end of EK and start of ERH in EK-TAP. 

 

Table D1: List of Analyzed COCs in EK-TAP, EK-Control, and Control Transects 

Measured Chlorinated Organic Compounds 

Chlorinated Ethenes Chlorinated Ethanes Chlorinated 

Methanes 

Vinyl Chloride* Chloroethane* Dichloromethane* 

1,1-Dichloroethene* 1,1-Dichloroethane* Chloroform  

trans-1,2-Dichloroethene* 1,2-Dichloroethane  Carbon Tetrachloride  

cis-1,2-Dichloroethene* 1,1,1-Trichloroethane   

Trichloroethene  1,1,2-Trichloroethane   

Tetrachloroethene  1,1,2,2-Tetrachloroethane   

 1,1,1,2-Tetrachloroethane   

Compounds measured by FID are noted by *. All other compounds are measured by ECD 
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Method D1: Analysis of Fe2+ Content of borehole SC1-2 in EK-TAP 

The Fe2+ content of borehole SC1-2 in EK-TAP was measured by the ferrozine method 

developed by Lovley and Phillips (1987). Approximately 0.1 g of wet sediment samples 

were taken from sectioned sub-cores of SC1-2 (i.e., at depths of 3.7-4.2 m bgs). The 

collected samples were then transferred to 5 mL of 0.5 M HCl in glass scintillation vials 

with a known weight. The sediments and acid were mixed with gentle swirling for about 

30 seconds. The weight of the added sediments was determined. After 1-hour at ambient 

temperature, 0.1 mL samples of the extracts were added to 5 mL of 1 g L-1 ferrozine in 50 

mM HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid) buffer at a pH of 7. 

After being mixed for 15 seconds, the mixtures were passed through 25 mm syringe filters 

with 0.45 µm polyethersulfone membranes. The amount of Fe2+ was determined by 

measuring A562 of the filtrates. The extraction method has shown not to oxidize Fe2+ to Fe3+ 

and has been determined to be effective on ion-exchangeable Fe2+, FeS, and FeCO3 species 

(Heron et al., 1994; Lovley and Phillips, 1986). All described procedures were completed 

in an anaerobic glove box to prevent oxidation of the samples. It should also be noted that 

sub-cores were sieved to <25 mm and homogenized using a cone-quartering method.  
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Figure D4: Soil concentration of sulfur (g kg-1) with depth of boreholes T-EK-SC1-2, 

T-EK-SC2-2, and T-EK-SC3-2 completed between EK-TAP and EK-Control.  

 

 

Figure D5: Voltage (V), resistance (Ω), and constant DC (A) measured in EK-TAP 

during EK operations. Voltage was averaged from all readings taken at 3.05 and 3.96 

m (bgs) from MW1, SW1, SW2, and MW2. Constant DC is what was applied from 

the site power supply (SL Series 1 Programmable DC Power Supply, Magna-Power 

Electronics) to EK-TAP and three additional EK cells. Resistance was calculated 

from the average voltage in EK-TAP and applied constant DC using Ohm’s law (i.e., 

V=IR).  
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