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ABSTRACT 
 

This thesis consists of a summary of the subject “Treatment trains for the remediation of 

aquifers polluted with MTBE and other xenobiotic compounds” along with 5 papers 

describing the work carried out during this Ph.D. project. 

 

Contaminated aquifers often present challenges (complex contaminant mixtures, high 

contaminant levels, hydrogeological heterogeneities) that complicate the remediation 

process and result in very high remediation costs, if stringent clean-up goals need to be 

met. Combining different technologies in an integrated strategy can help overcome the 

limitations of individual technologies and lead to cost-efficient remediation. Such 

combinations are also known as “treatment trains”. This thesis has focused on 

investigating the combination of in situ chemical oxidation (ISCO) and bioremediation.  

 

ISCO is a popular remediation technology that involves the injection of chemical agents 

in the subsurface for the removal of organic contaminants from soil and groundwater. 

This project has focused on persulfate, the newest oxidant used for ISCO. Persulfate has 

shown promising results but knowledge and documentation of field applications are still 

sparse. 

 

A critical review of the existing scientific literature on the use of persulfate for ISCO 

was carried out. It was established that persulfate can be effective towards many of the 

commonly targeted organic contaminants, such as gasoline components, chlorinated 

solvents, creosote compounds and others. The efficiency of ISCO with persulfate 

depends on the competition kinetics between contaminants, activation aids and reactive 

species in the soil and groundwater system. The reviewed literature suggests that heat 

activation is the most effective activation technology, but when upscaling, heating the 

aquifer can be a challenge. It was identified that more research should be directed on the 

interactions of persulfate with soil and groundwater components and on upscaling issues 

in order to design more successful ISCO systems.  

 

Experimental work investigated the effectiveness of persulfate towards MTBE, 

Trichloroethylene (TCE) and 1,1,1-Trichloroethane (TCA) and a comparison of 

different activation methods (heat and iron) in both aqueous and soil-water systems. 

Heat-activated persulfate oxidation at 40 
o
C was the most effective method and 

achieved 98.6% removal of MTBE, and 89.9% of TCE in the soil-water systems within 

24 hours. The ability of activated persulfate to degrade TCA was also confirmed. Heat 

activation was also the only method to achieve full mineralization of MTBE. A 

supplementary experiment in finding the optimal activation temperature for persulfate 
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showed that there is a threshold value, above which increasing temperature leads to 

unproductive contaminant decomposition without additional contaminant destruction.  

The effectiveness of ISCO can be limited by the lack of contact between the oxidant and 

the contaminated zone; cost efficiency also decreases at lower concentrations. It can 

therefore be advisable to apply ISCO in highly contaminated zones and follow up with 

natural or engineered bioremediation for removing the residual contamination. ISCO 

can also be applied for multi-component contaminations to remove compounds that are 

resistant to biodegradation under the prevailing aquifer conditions, and followed by 

bioremediation for removing the biodegradable part of the contamination.  

 

This work investigated the combination of ISCO and bioremediation, with main focus 

on the use of activated persulfate for ISCO followed by intrinsic bioremediation.  

 

Challenges related to the coupling of ISCO and bioremediation result from the oxidants’ 

toxicity on microorganisms and ISCO induced environmental changes that inhibit 

microbial processes. The effects of heat-activated persulfate on indigenous 

microorganisms and microcosms augmented with Pseudomonas putida KT2440 were 

studied in laboratory batch reactors with aquifer material. Microscopic enumeration was 

used to measure the changes in cell density and acetate consumption was used to 

evaluate metabolic activity after exposure to activated persulfate. The cell enumerations 

showed that persulfate concentrations up to 10 g/L did not affect the indigenous 

microorganisms but were detrimental to P.putida survival. Acetate consumption was 

inhibited at the highest persulfate dose (10 g/L). These results emphasize the necessity 

of using multiple toxicity assays and indigenous cultures in order to realistically assess 

the potential effects of ISCO on soil microorganisms.  

 

The combination of ISCO with heat activated persulfate and bioremediation was also 

studied in a column reactor laboratory set up. In these experiments, the contamination 

comprised of a mixture of creosote contaminants and MTBE. It was found that 

preexisting natural biodegradation processes persisted after treatment with persulfate 

concentrations of up to 30 g/L. Moreover these experiments highlighted the advantages 

of treatment trains, as MTBE, which was resistant to the natural biodegradation 

processes, was successfully removed by heat activated persulfate. 

 

A comparison to other studies investigating the coupling of ISCO and bioremediation 

suggested that ISCO is more compatible with aerobic biodegradation processes, partly 

due to the generation of oxidized conditions. Also, the effects of activated persulfate on 

soil microorganisms are less damaging than those of Fenton’s reagent and hydrogen 

peroxide.  

 



 ix

To conclude, combining ISCO and bioremediation is a viable option for dealing with 

complex contaminant mixtures, and high contaminant concentrations where 

bioremediation alone would not be effective and ISCO alone would not be cost-

efficient. In order to optimize the design of such treatment trains further research is 

needed on a) the effects of different oxidants on aquifer microorganisms under realistic 

conditions, b) whether the effects of ISCO on aquifer microbial communities favor 

specific degraders, and c) the duration of the changes in redox conditions and other 

environmental factors after ISCO.  
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DANSK SAMMENFATNING 
 

Denne afhandling består af en sammenfatning af emnet ”Sekventiel oprensning af 

grundvandsmagasiner forurenet med MTBE og andre miljøfremmede stoffer” samt 5 

artikler, der dækker arbejdet udført under ph.d. projektet. 

 

Komplekse forureningsblandinger og feltforhold kan vanskeliggøre en økonomisk 

forsvarlig oprensning, hvis stramme grundvandskvalitetkriterier skal overholdes. 

Kombination af forskellige oprensningsmetoder i en integreret sekventiel 

oprensningsstrategi, også kaldt ”treatment trains”, kan imødekomme disse 

vanskeligheder. Denne afhandling har fokuseret på kombinationen af in situ kemisk 

oxidation (ISCO) og in situ biologisk nedbrydning. 

 

ISCO er en populær afværgeteknologi, der omfatter injektion af forskellige 

oxidationsmidler i undergrunden, hvor de kan fjerne forureningskomponenter. Dette 

arbejde har fokuseret på persulfat, som er det nyeste oxidationsmiddel for ISCO. 

Persulfat har vist lovende resultater, men viden og dokumentation af felterfaringer er 

endnu begrænsede. 

 

En kritisk gennemgang af den videnskabelige litteratur om persulfat er blevet udført 

som del af dette projekt. Det viste sig at persulfat kan være effektiv overfor mange 

almindelige forureningsstoffer som benzin-relaterede stoffer, tjære-komponenter, 

klorerede opløsningsmidler, osv. Effektiviteten afhænger af konkurrerende reaktioner 

mellem persulfat og forureningen, de aktiverende stoffer og jordens komponenter. Den 

eksisterende litteratur tyder på at varme-aktivering er den mest effektive 

aktiveringsmetode af persulfat, selvom denne kan være vanskelig at udføre i felten.  Det 

er blevet konstateret at mere forskning bør rettes mod interaktioner mellem persulfat og 

jord- og grundvandskomponenter samt opskaleringsproblemstillinger for at forbedre 

planlægning og implementering af feltanvendelser.    

 

Forsøgsarbejde udført under ph.d. projektet havde til formål at undersøge persulfats 

effektivitet mod MTBE, TCE og TCA i vand og i jord- og vand-systemer ved brug af 

forskellige aktiveringsmetoder (varme og jern). Varme-aktiveret persulfat var det mest 

effektive metode og kunne fjerne 98.6% af MTBE og 89.9% af TCE i jord- og 

vandsystemet indenfor 24 timer. Det blev også bekræftet at persulfat kan nedbryde 

TCA. Varme-aktivering var den eneste metode der resulterede i komplet mineralisering 

af MTBE. Supplerende forsøg blev udført for at finde den optimale 

aktiveringstemperatur. Konklusionen var at forøgelse af temperaturen til over 45-50 
o
C 

resulterer i kraftigere nedbrydning af persulfat uden at det sker højere fjernelse af 

forureningsstoffer.  
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ISCO-effektivitet er ofte begrænset af manglende kontakt mellem oxidationsmidlet og 

forureningen; og metoden bliver mindre omkostningseffektiv ved lave koncentrationer. 

Det kunne derfor være hensigtsmæssigt at kombinere kemisk oxidation med 

efterfølgende naturlig eller stimuleret biologisk nedbrydning. ISCO kan i dette tilfælde 

blive brugt til at fjerne den mest resistente del af komplekse forureningsblandinger, der 

ikke kan fjernes biologisk under de eksisterede feltforhold, hvorefter bioremediering 

kan anvendes til fjernelse af biologisk nedbrydelige komponenter.  

 

Dette ph.d. projekt har undersøgt kombinationen af ISCO og bioremediering. Fokus har 

ligget på anvendelsen af aktiveret persulfat efterfulgt af naturlig biologisk nedbrydning.  

  

Kombination af ISCO og bioremediering kan blive mindre effektiv pga. 

oxidationsmidlernes toksicitet på mikroorganismer og de ændringer, ISCO medfører i 

akviferen (f.eks. iltning, pH sænkning), der kan være hæmmende for biologiske 

processer. Forsøgsarbejdet under projektet undersøgte effekten af varme-aktiveret 

persulfat på naturlige jordbakterier og laboratorie-dyrkede Pseudomonas putida 
KT2440 kulturer i laboratorie-mikrokosmer. Ændringer i antal af levende og døde 

bakterier blev målt ved mikroskopisk tælling og bakteriernes evne at forbruge acetat 

blev brugt til at evaluere deres aktivitet efter de var blevet udsat for forskellige 

koncentrationer af varme-aktiveret persufat. Persulfat koncentrationer op til 10 g/L 

reducerede ikke antallet af levende jordbakterier, men var hæmmende for P.putida. 

Acetat forbrug var også hæmmet i begge typer mikrokosmer. Disse resultater 

understreger at oxidationsmidlernes toksicitet bør undersøges i forhold til både antal og 

aktivitet af naturligt forekommende bakterier i stedet for ensartede undersøgelser.  

 
Kombinationen af ISCO med varme-aktiveret persulfat og bioremediering blev 

undersøgt i kolonneforsøg. I disse forsøg, bestod forureningen af en blanding af MTBE 

og tjærestoffer. Tjærestofferne kunne fjernes ved naturlig biologisk nedbrydning før 

kemisk oxidation. Denne biologiske nedbrydning kunne forsætte også efter jorden var 

blevet behandlet med en høj dosis af persulfat 30 g/L. MTBE var i høj grad resistent 

overfor biologisk medbrydning men stoffet blev fjernet ved brug af persulfat. Dette 

understreger fordelen ved at kombinere oprensningsmetoder for at fjerne komplekse 

forureningsblandinger. 

 

En sammenligning med andre studier om kombinationen af ISCO og bioremediering 

tyder på at ISCO er mest kompatibel med aerob bionedbrydning, delvist pga. de iltede 

forhold der opstår efter ISCO. Sammenligningen har også vist at persulfat virker mindre 

skadende på bakterier end Fentons reagens og hydrogen peroxid. 
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Konklusionen er at ISCO og bioremediering med fordel kan kombineres for at oprense 

komplekse eller kraftige forureninger i tilfælde hvor bioremediering alene ikke vil være 

effektiv, og ISCO alene ikke ville være økonomisk forsvarligt. Med hensyn til videre 

udvikling og feltanvendelse af sekventiel oprensning med ISCO og bioremediering er 

det tilrådeligt at undersøge følgende: a) effekter af de forskellige oxidationsmidler på 

jordbakterier under realistiske (akvifer-lignende) forhold, b) om ISCO medfører nogle 

ændringer i bakteriernes diversitet der kan være til fordel for specifikke 

bionedbrydningsprocesser, c) varighed af de geokemiske ændringer, som ISCO 

medfører i akviferen (f.eks. iltning, pH sænkning). 
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1.  INTRODUCTION 
 
Groundwater is a vital natural resource with a high ecological and economical value 

because it provides recharge to surface water bodies, and is a source of clean water for 

drinking, agricultural and industrial uses. Contamination from natural and 

anthropogenic sources threatens the quality of this resource. A variety of human 

activities can result in groundwater pollution. For example, gaswork sites where 

creosote is used for the production of fuel gas often result in groundwater 

contamination. Creosote is a mixture of hundreds of chemicals some of which are 

considered genotoxic or mutagenic [1]. Another common groundwater contaminant 

MTBE (Methyl-tertiary-butyl ether) that has been used as an antiknocking agent to 

petrol since the late 1970’s in USA, and since 1985 in the European Union [2]. MTBE 

contamination mainly stems from gasoline releases. MTBE is the second most common 

contaminant in urban groundwater in USA [3] and poses a threat to groundwater quality 

primarily due to its strong odor and taste threshold. 

 

In order to re-establish groundwater quality at already contaminated sites, engineers are 

implementing remediation efforts. Groundwater remediation technologies are a 

developing field, and new technologies or modifications of old technologies emerge 

continuously. In the last 10 years, in situ technologies where the contaminated 

groundwater is treated in the aquifer have gained popularity, due to their high 

performance compared to traditional pump and treat systems [4]. Contaminated sites 

can range from a “simple” case of a limited gasoline release, to mega-sites where large 

areas are contaminated to a variable extent with several different contaminants.  Such 

conditions complicate the remediation process and can result in very high remediation 

costs, if stringent clean-up goals need to be met.  

 

Combining different technologies in an integrated strategy can help overcome the 

limitations of individual technologies and lead to cost-efficient remediation. Such 

combinations are also known as “treatment trains” [5]. Treatment trains can include the 

following types: a) different remediation technologies targeting different contaminants, 

b) a fast and aggressive remediation technology is used to remove the main volume of 

the contamination, whereafter a low maintenance, cheaper and long term technology 

deals with the remaining pollution in the same contaminated zone. In this manner, a 

smaller area is treated by the most expensive technology. The first technology can often 

pave the way for the following through creating more favorable site conditions. Reuse 

of equipment can also lead to further cost reduction.  

 

In situ chemical oxidation (ISCO) is a popular remediation technology that involves the 

injection of chemical agents (oxidants) in the subsurface for the removal of organic 
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contaminants. ISCO is suitable for a wide spectrum of contaminants even at high 

concentrations. Common oxidants include catalyzed hydrogen peroxide (Fenton’s 

reagent), ozone and permanganate. Persulfate (S2O8
2-

) is the newest ISCO oxidant to 

receive wide use [6] and has generally shown promising results [7,8]. However, 

knowledge and experience is still sparse compared to more established oxidants such as 

potassium permanganate, ozone, and catalyzed hydrogen peroxide.  

 

The effectiveness of ISCO can be limited by the lack of contact between the oxidant and 

the contaminated zone; cost-efficiency also decreases at lower concentrations. It can 

therefore be advisable to apply ISCO in highly contaminated zones and follow up with a 

subsequent natural or engineered bioremediation step for removing the residual 

contamination. ISCO can also be applied for multi-component contaminations to 

remove compounds that may be resistant to biodegradation under the prevailing aquifer 

conditions, and followed by bioremediation for removing the biodegradable part of the 

contamination. However, the compatibility of ISCO with bioremediation is under 

question, because oxidants can also act as disinfectants. ISCO results in an increase of 

dissolved oxygen and redox potential in the aquifer. These conditions are favorable for 

aerobic biodegradation processes but may inhibit anaerobic degradation processes.  

Recent studies on the effects of ISCO on subsequent bioremediation efforts have 

produced conflicting results [9] and showed that the effects on different biodegradation 

processes can vary based on oxidant, contaminant, and the nature of the process. The 

effects of Fenton’s and permanganate have been studied by several researchers [10-16], 

while little is known on the effects of persulfate. Most studies have investigated the 

combination of ISCO and bioremediation in soil systems [10,11,12,17,18]. The few 

studies in groundwater systems have focused on the inhibitory effects of ISCO an 

anaerobic biodegradation processes [15,16,19] but very little work has been carried out 

in groundwater systems.  

 

This PhD study investigates the compatibility of the combination of in situ chemical 

oxidation and bioremediation in groundwater. The focus is on the use of activated 

persulfate for ISCO followed by intrinsic aerobic bioremediation. Specific objectives of 

the PhD study were: 

1. To evaluate the current knowledge and experiences with the use of persulfate in 

ISCO through a literature review. 

2. To investigate the potential of using activated persulfate against common 

contaminants and get a better understanding of the different activation methods 

through laboratory experiments. 

3. To identify the impact of heat-activated persulfate on soil microorganisms in terms 

of microbial density and activity in an aquifer-representative laboratory set-up. 
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4. To investigate the performance of a treatment train consisting of ISCO with heat-

activated persulfate and bioremediation in an aquifer-representative column 

reactor laboratory set-up in terms of i) contaminant removal for each treatment 

step, ii) the ability of natural biodegradation processes to resume after persulfate 

oxidation, and (iii) the effects of persulfate treatment on the abundance and 

diversity of specific degrading microorganisms using molecular microbiology 

tools. 

5. To compare the effects of persulfate oxidation and bioremediation to that of other 

oxidants. 

 

The summary part of this thesis provides an overview of in situ remediation 

technologies for common groundwater contaminants. The principal experimental work 

of this project evaluated the performance of ISCO and bioremediation against a 

contaminant mixture of MTBE and creosote components. In order to better understand 

the results of these experiments, MTBE and creosote pollution and remediation are 

discussed in detail in the summary. A combination of these contaminants may be 

uncommon at contaminated sites, but the choice was based on the following criteria: a) 

both MTBE and creosote are widespread contaminants, b) these compounds can be 

degraded aerobically, which is the expected state after ISCO, and c) the different 

compounds have very different mobility and susceptibility to natural biodegradation 

processes, which reflects the conditions at sites with complex contaminant mixtures. 

The summary also discusses ISCO and bioremediation in detail, and the combined use 

of these technologies in a treatment train for groundwater remediation. Experiences 

from soil remediation studies have been included in order to supply the limited 

knowledge from groundwater systems. Finally, conclusions and recommendations for 

future research are provided. 
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2.  GROUNDWATER CONTAMINATION 
 

This chapter gives a general brief introduction to groundwater contamination, defining 

the extent and manifold nature of the problem. Contamination by MTBE and creosote is 

discussed in detail, in order to give insight to the contaminants used in this project’s 

experimental work.  

 

2.1.  Introduction to groundwater contamination 
Groundwater is a vital natural resource. It acts as a reservoir from which good quality 

water can be abstracted for drinking and for use in industry and agriculture. It is also 

valuable in maintaining wetlands and river flows, acting as a buffer through dry periods. 

Groundwater accounts for over 95% of the earth's useable fresh-water resources; it is 

estimated that more than 2 billion people are directly dependant on aquifers for drinking 

water [20]. Over 75% of the European drinking water supply is obtained from 

groundwater [20].   

Figure 2.1. Sources and mechanisms of groundwater contamination. Reprinted from 

Bedient et al., 1997 [21]. 

 

Contamination from natural and anthropogenic sources threatens the quality of 

groundwater resources. A variety of human activities can result in groundwater 

pollution (Figure 2.1). They include accidental spills or deliberate disposals at industrial 

sites, leachates from landfills and surface waste ponds, leakages from 
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above/underground storage tanks and pipelines, etc. [21]. Diffuse sources such as 

pesticides and fertilizers from agriculture pose a threat at a regional scale. At local scale, 

point source pollution can be an intense threat to aquifer quality.  

 

Groundwater contamination is often related to soil contamination of the overlying soil 

body. According to the European Environmental Agency (EEA) approximately 0.5 

million sites in EEA member countries require clean-up and this number will rise by 

50% by 2025.  Organic xenobiotic compounds such as oil and gasoline compounds 

comprise the majority of the commonly found contaminants in soil and groundwater 

(Figure 2.2).  

 

Figure 2.2. Main contaminants affecting soil and groundwater. Percentage of 
contaminated industrial or commercial sites by country. Data for Belgium refer to the 

Flanders Region only. Data for Italy refer to the Piemonte Region only. Copyright EEA, 

Copenhagen, 2006:  http://dataservice.eea.europa.eu/atlas/viewdata/viewpub.asp?id=2323. 

 

Today, great attention is devoted to the preservation of groundwater, also reflected in 

the introduction of the 2006/118/EC directive on the protection of groundwater against 

pollution and deterioration. However, it may take decades and significant capital to 
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clean up a legacy of contaminating activities in order to secure usability of the 

groundwater resources. 

 

2.2.  MTBE in groundwater 
2.2.1. History and abundance 
MTBE (Methyl-tertiary-butyl ether) has been used as an antiknocking agent to petrol 

since the late 1970’s in USA, and since 1985 in the European Union [2]. MTBE in 

groundwater is typically found in connection with underground storage tanks and 

pipeline leakages of gasoline. MTBE is the second most common contaminant in urban 

groundwater in USA [3], and it has been detected in both shallow and deeper aquifers in 

Denmark [2].   

 
2.2.2. Fate and transport 
MTBE is a volatile, colorless liquid (at 20 

o
C, 1 atm) with a strong turpentine-like odor 

[22]. The most important physicochemical properties are summarized in Table 2.1 and 

the molecular structure is shown in Figure 2.3. 

 
Table 2.1. Physicochemical properties of MTBE. This table is based on information from 

[22]. 

Property Value 
Chemical formula C5H12O 

CAS Number 1634-04-4

Molecular weight (g/mole) 88.15 

Melting temperature (
o
C) -108 

Boiling temperature (
o
C) 55.2-55.3 

Density (g/cm
3
)  0.741 

Vapor pressure (mmHg) @ 20 
o
C 245 

logKow  1.06 

Water solubility (mg/L) @ 25 
o
C 42000 

  

The main release source of MTBE in the groundwater is gasoline spills. As gasoline 

moves towards the groundwater table, a fraction of MTBE may evaporate and form a 

gaseous plume. Due to its relatively low Henry’s constant and high water solubility, 

MTBE can easily transfer from air to water or directly from gasoline to water. These 

properties combined with the low tendency to sorb to soil particles (logKow=1.06), 

makes MTBE a particularly mobile compound in the subsurface. Once it reaches the 

groundwater table, MTBE is mixed with the groundwater and migrates at the same rate, 

contrary to other benzene components, which are retarded by sorption to the soil [2]. 

 

Under normal aquifer conditions MTBE is generally resistant to biodegradation, 

although some bacterial communities seem to be adapting [23]. Several naturally 
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occurring microorganisms have been shown to directly or cometabolically degrade 

MTBE in laboratory experiments [24]. Under anaerobic conditions, MTBE degradation 

has been observed to a limited extent, at very slow removal rates [24]. 

 
2.2.3. Risks related to MTBE in groundwater 
At typical environmentally relevant oral exposures, MTBE does not cause adverse 

health effects to humans with regards to neurological system, reproduction and 

development [25]. Classification of the carcinogenicity of MTBE is a continuous 

controversy. The substance has produced borderline results as there were indications of 

carcinogenicity in two animal species [26]. USEPA has classified MTBE as a potential 

human carcinogen [27] but EU considers MTBE unclassifiable [26]. MTBE is 

considered to express low ecotoxicity to freshwater and marine organisms with acute or 

chronic effects first arising at concentrations above 26 mg/L [28,29]. However, recent 

studies have shown that chronic exposure to low concentrations of MTBE (0.11mg/L) 

can cause reproductive dysfunctions in zebrafish [30] and some soil microorganisms  

e.g. Streptomyces spp. [31]. Still, the main risk from MTBE in groundwater is odor and 

taste nuisances, as individuals can detect MTBE at concentrations as low as 10 μg/L.  

Neither the EU, nor the USA have set drinking water thresholds for MTBE in 

groundwater yet. A threshold value of 5 μg/L in drinking water has been set by the 

environmental ministry in Denmark [32]. This value ensures the protection of the 

population from potential health effects and is also below the odor and taste detection 

limit.  

 

 

Figure 2.3. Molecular structure of the groundwater contaminants studied in this work. 
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2.3.  Creosote compounds in groundwater 
2.3.1. History and abundance 
Coal tar creosote is a byproduct of the gasification process, where fuel gas is produced 

from coal in gaswork plants. At small gaswork sites, creosote was considered a waste 

product. At large gas plants it was stored and subsequently sold to the industry, where it 

could be used as a component of asphalt, fungicides and pesticides [33]. Through 

careless disposal, spills and leaking storage facilities, contamination of the soil and 

groundwater with creosote near gasworks has occurred. Subsurface pollution with 

creosote is considered a widespread problem in industrialized countries [34]. 

 

Creosote is a mixture of several hundred chemicals but only 20% of those are present in 

concentrations higher than 1%.  The  major classes of compounds are mono- and 

polyaromatic hydrocarbons, phenolics compounds, aromatic amines and NSO 

heterocyclic compounds [1,35]. Dyreborg [35] reviewed the composition of 5 different 

creosotes and found that the PAHs fraction comprises 50-90%, the MAHs 3%,  and 

NSO compounds contribute approximately 15%.  

 

Table 2.2. Physicochemical properties of the selected creosote compounds. From [1,36,37] 

 

2.3.2. Fate and transport  
Creosote spills behave as DNAPL [34,38]. The spill can be trapped in the pores of the 

vadose zone from where the volatile constituents can evaporate and the soluble 

compounds leach with infiltrating water towards the water table. The rate of dissolution 

is controlled by the effective solubility of the individual compounds. Groundwater 

contamination near gaswork sites is generally comprised of the water soluble fraction of 

creosote, i.e. MAHs, 2-3 ring PAHs, phenols and certain NSO compounds [33,38,39]. 

The molecular structure of selected creosote compounds that have been used in this 

work is shown in Figure 2.3. The physicochemical properties of these compounds are 

presented in Table 2.2. Biodegradation is an important mechanism for removing soluble 

Name Toluene Orthocresol Benzothiophene Naphthalene Dibenzofuran Carbazole
Chemical Formula C7H8 C7H8O C8H6S C10H8 C12H8O C12H9N

CAS number 108-88-3 95-48-7 95-15-8 91-20-3 132-64-9 86-74-8

Molecular weight 

(g/mole)

92.15 108.15 134 128.18 168.2 167.22

Melting point (
o
C) -95 32-33.5 29-32 81-83 81-83 240

Boiling point (
o
C) 110.6 191 221 217.7 285 355

Density (g/cm
3
) 0.86 1.048 1.149 1.15 1.086 1.1

Vapor pressure 

(mmHg @ 25 
o
C)

28.7 0.25 0.238 0.03 <0.01 <0.01

logKow 2.69 1.99 3.11 3.35 4.74 3.29

Solubility in water 

(mg/L) @ 25 
o
C

515 26000 130 31 3.1 1.2
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creosote contaminants from groundwater. The degradation of BTEX, phenols, and 

naphthalene in sandstone aquifers has been documented [40]. The biodegradation of 

creosote is dependant on mixture related interactions. While most of the soluble 

creosote compounds are considered biodegradable, inhibitory effects due to competition 

and toxicity. For example, the presence of NSO compounds can have inhibitory effects 

on the aerobic degradation of toluene, xylene, benzene and naphthalene [41,42]. Typical 

NSO compounds such as benzothiophene, thiophene and benzofuran can be degraded 

cometabolically under aerobic conditions [35]. By contrast, many NSO compounds 

were found persistent under anaerobic conditions, that are typical in most aquifers [43].  

 

2.3.3. Risks related to creosote in groundwater 
As discussed above, the natural attenuation of the individual contaminants may be 

inhibited by the complex interactions in creosote mixtures and/or oxygen limitations in 

aquifers. The toxic effects of many creosote compounds intensify this risk, and have 

brought focus on creosote remediation. According to the USEPA, coal tar creosote is a 

probable human carcinogen. The World Health Organization states that creosote 

expresses high genotoxicity and certain components are mutagenic. Degradation 

products of creosote components e.g. S-compounds can also be mutagenic [38]. 

Furthermore, creosote has a high ecotoxicity on aquatic organisms [1,38]. The 

toxicological effects of individual creosote compounds and their metabolites have not 

yet been evaluated in detail.  
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3.  IN SITU REMEDIATION TECHNOLOGIES 
 
3.1.  Brief overview of in situ remediation technologies 
To protect and preserve groundwater resources, scientists and engineers have devised 

many technologies to remediate contaminated aquifers. The main remediation strategies 

include: a) the physical removal of the contamination source (i.e. removal of leaking 

tanks, and other waste deposits by excavation), b) the containment of the source or 

plume by use of physical or hydraulic barriers, and c) mass reduction of the 

contamination using physical, chemical or biological treatment, in situ, on site or ex 
situ.  

 

This chapter will focus on in situ mass reduction technologies for the remediation of 

groundwater. These technologies emerged around 1993, once it was documented that 

traditional, pump and treat systems (where groundwater was pumped out and treated on 
site or ex situ) failed to clean up groundwater to acceptable water quality levels [21]. 

This was the result of complicated site conditions, such as the presence of NAPL, or 

preferential flow pathways. There is a continuously increasing trend for choosing in situ 

over ex situ technologies in the last 20 years, especially in USA as illustrated in Figure 

3.1 [4]. However, on the European market, despite an increasing effort to develop in situ 

remediation technologies, very few technologies receive recognition, and the vast 

majority of sites are treated with pump and treat, containment, or excavation [44]. 

Figure 3.1. The increase in application of in situ technologies in groundwater remediation 
projects in the USA from 1986 to 2005. Redrawn from [4]. 
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Table 3.1. Overview of in situ remediation technologies.  
Technology Description [4] Unless other is noted Removal mechanism  
In situ physical remediation technologies 
Air sparging Air or oxygen is injected into the aquifer to 

create a strip that removes VOCs towards the 

unsaturated zone from which they are extracted 

through soil vapor extraction (see below). 

Mass transfer  

through volatilization 

Electrical separation A low density current is applied to mobilize 

contaminants in the form of charged species. 

Removal occurs by pumping near the 

electrode, or attachment of the contaminants to 

the electrodes. 

Electrokinetics 

Multiphase extraction Uses a vacuum system to remove vapors and 

lower the water table. Contaminants in the 

newly exposed vadose zone are then accessible 

to vapor extraction. Once above ground, the 

extracted vapors or liquid-phase organics and 

groundwater are separated and treated. 

Volatilization, 

vacuuming,  

sorption  

Vapor extraction A high vacuum is applied to remove vapors. Volatilization, 

vacuuming 

Thermal Treatment 
(Conductive heating 

Electrical resistant heating 

Steam injection) 

The use of heat to facilitate extraction of VOCs 

through volatilization. Often combined with 

soil vapor extraction from the vadose zone. 

Volatilization, 

increase of solubility 

Phytoremediation The use of plants to remove contaminants 

through uptake and bioaccumulation in plants. 

Sorption/plant uptake 

In situ flushing Surfactants or cosolvents are induced in the 

subsurface to increase the mobility of the 

contaminants. 

Desorption, co-solubility 

Permeable reactive barriers Placement of a barrier on the contaminant path 

which allows water to flow through but retains 

or destroys the contaminant by employing 

physical, biological or chemical treatment.  

Sorption, chemical 

oxidation/reduction, 

bacterial metabolism 

In situ biological technologies 
Intrinsic bioremediation Involves the detailed investigation and 

monitoring of natural biodegradation processes 

that lead to contaminant removal [45].  

Metabolic processes of 

indigenous bacteria 

Biostimulation 
(aeration, nutrient injection, 

oxygen addition through air 

sparging (bioventing) or 

hydrogen peroxide, addition of 

electron acceptor/donors) 

Includes an engineered change of conditions to 

stimulate microbial growth. Can involve 

addition of oxygen, addition of a substrate, 

addition of nutrients, and controlling the 

temperature or the pH.  

Stimulated metabolic 

processes of indigenous 

bacteria  

Bioaugmentation 
(Microbial injection) 

 

Includes the addition of specific 

microorganisms that are known to degrade the 

contaminants and have been adapted to such 

contamination.  

Metabolic processes of 

injected bacteria 

Phytoremediation The use of plants to remove contaminants 

through enhanced rhizosphere biodegradation, 

uptake and metabolization in plants. 

Bacterial/plant 

metabolism 

In situ chemical remediation technologies 
Chemical oxidation Application of strong oxidizing agents in the 

subsurface that react with the contaminants.  

Chemical destruction 

through redox reactions  

Chemical reduction Application  of reducing agents (e.g. zero 

valent iron in permeable reactive barriers) in 

the subsurface that react with the contaminants  

Chemical destruction 

through redox reactions  
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In situ remediation technologies can be divided in 3 major categories, based on the 

primary mechanism of removal/mass reduction.  

1. Physical remediation technologies use the physical properties of the 

contaminant or the medium to separate or immobilize the contamination. 

2. Biological remediation technologies convert the contaminants to less 

hazardous compounds through biological transformations aided by the 

stimulation of microorganism growth or the addition of exogenous 

microorganisms or plants. Natural biological processes are also included in this 

category.  

3. Chemical remediation technologies convert the contaminants to less hazardous 

compounds through chemical transformations aided by the addition of a 

chemical reagent. 

Table 3.1 provides an overview of specific mass reduction technologies included in the 

above categories with a brief explanation of the mechanism behind each technology. 

Containment or stabilization technologies have not been reviewed. Phytoremediation is 

presented twice because it employs both physical and biological removal mechanisms.  

 

Monitored natural attenuation (MNA) is a remediation approach that relies on natural 

attenuation processes to effectively reduce contaminants in the groundwater to clean-up 

target levels in a time frame comparable to that which could be achieved through active 

restoration [46]. These processes can be physical, chemical and biological and they 

include biodegradation, abiotic degradation, stabilization, volatilization, sorption, 

dispersion and dilution.  For organic contaminants, biodegradation is the only natural 

process that has the potential of leading to complete site remediation [45]. In this thesis, 

the term intrinsic bioremediation is used to refer to natural attenuation via biological 

processes. 

 

3.2.  In situ remediation technologies for common groundwater 
 contaminants 
The technologies discussed in Section 3.1 can address a variety of common 

groundwater contaminants in a variety of settings, including PAHs, BTEX, halogenated 

and non-halogenated VOCs, and pesticides. To illustrate the versatility of the 

technologies, the extent to which different technologies have been used for each 

contaminant group in the projects initiated by the USEPA is shown in Figure 3.2. 
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Figure 3.2. Contaminant groups treated by the most common in situ technologies in USA 
from 1985 to 2005. Redrawn from [4]. 
 
3.2.1. In situ remediation technologies applicable to MTBE 
The most common in situ remediation technologies used for the remediation of MTBE 

contaminated groundwater are air sparging, phytoremediation, ISCO, in situ 

bioremediation, and monitored natural attenuation [47]. Air sparging is a popular 

technology for MTBE removal as it both results in volatilization and enhances the 

potential for aerobic biodegradation of MTBE through the addition of oxygen. In a 

review of air sparging systems [48] contaminant removal was above 97% in all three 

completed field cases with MTBE and BTEX contamination that were investigated. The 

potential of phytoremediation has been demonstrated in lab and field studies with hybrid 

poplar trees [49,50]. In this case MTBE removal occurs through uptake in the plant and 

volatilization [51]. ISCO is also a popular technology for MTBE removal. The ability of 

various oxidants to destroy MTBE has been demonstrated in numerous laboratory 

studies [27,52-55,Tsitonaki et al., I]. Finally, successful bioremediation of MTBE has 

been applied at many field sites through a variety of specific enhancements [56]. These 

include stimulation with oxygen [57,58] or oxygen releasing compounds [59,60], and 

bioaugmentation with MTBE degrading cultures [61]. Natural attenuation of MTBE 

through aerobic biodegradation has also been observed [62] and it may become more 

widespread in the future, if natural populations adapt to MTBE [23,63].  

 
3.2.2. In situ remediation technologies applicable to creosote  
Remediation of creosote contaminated sites is a challenging task due to the complexity 

of creosote mixtures and the variable properties of creosote components. Conventional 
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pump and treat systems are not effective, as creosote components include heavy PAHs 

and NAPL phases. In order to enhance remediation efficiency, cosolvent or surfactant 

flushing can be applied prior to another remediation technology [64]. An electric current 

can also be applied in order to enhance the dissolution of the contaminants to the 

surfactants [65]. The combination of electrokinetics and chemical oxidation was tested 

in laboratory experiments [66]. The results showed no remarkable improvement 

compared to oxidation alone, but further optimization of voltage and dosage may lead to 

enhanced treatment efficiency.  In situ chemical oxidation is an effective remedy for 

creosote sites, as it can address both the immobile and the water soluble fraction. It has 

been used successfully on several occasions [12,67-71]. Bioremediation  can also be a 

viable alternative if contaminant concentrations and site conditions allow it [1,34,35]. 

Intrinsic bioremediation alone is unlikely to successfully address all the components of 

creosote, as the biodegradation processes may stall once electron acceptors and the most 

available substrates are depleted. 
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4.  IN SITU CHEMICAL OXIDATION  
 

In this chapter, an overview of ISCO as a remediation technology is provided. Large 

sections are focused on activated persulfate which has been the oxidant studied in this 

thesis. ISCO of MTBE and creosote is discussed in more detail. 

 
4.1.  Oxidation chemistry and technology overview 
In Situ Chemical Oxidation is a remedial process where strong oxidants are introduced 

into the subsurface to react with the contaminants of concern [72]. Oxidation of organic 

compounds may include oxygen addition, hydrogen removal and the withdrawal of 

electrons. When oxidation is complete, the contaminants are oxidized into carbon 

dioxide, water and remaining ions (e.g. Cl
-
) (Eq. 4.1).  Figure 4.1 displays a conceptual 

application of ISCO, where the oxidant is delivered in the subsurface by probe injection 

and activated by the use of heat. 

 

Figure 4.1 Example of an ISCO application in the field. Sodium persulfate (Na2S2O8) is used 

as an oxidant and heat is used as an activation aid. 

 

4.1.1. Oxidants 
The most commonly oxidants used for in situ chemical oxidation are:  

� Hydrogen peroxide and catalyzed hydrogen peroxide (CHP) also referred to as 

modified Fenton’s reagent 

� Ozone 

� Permanganate 

� Persulfate and activated persulfate 

Oxidants can generally be grouped to radical and non-radical oxidants depending on 

whether they propagate the formation of free radicals. Persulfate and hydrogen peroxide 
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can function both directly and through radical formation. Ozone is primarily used in the 

unsaturated zone. A brief overview of the properties and reactions of the oxidants that 

are commonly used for groundwater remediation is given below.  

 

             Table 4.1. Oxidant strengths Modified from [73] 

Oxidizing species Standard oxidation 
potential  (Volts) 

Hydroxyl radical  2.8 

Sulfate radical 2.6.  

Ozone   2.1 

Sodium persulfate    2.0  

Hydrogen peroxide   1.8  

Permanganate    1.7  

 

Table 4.1 shows the standard oxidation potential for common oxidants and the most 

important radical species generated from oxidants. While these values can be used as a 

general reference for ranking different oxidants, they are of little value for predicting 

how different oxidants will perform in ISCO applications, where many other variables 

(e.g. stoichiometry, kinetics, thermodynamics, natural oxidant demand, site conditions, 

oxidant delivery) play a significant role [73].  

 

Catalyzed Hydrogen Peroxide (CHP) 
For in situ applications, peroxide is mostly used along with iron salts, to yield hydroxyl 

radicals (OH
�
 or HO

�
) in a reaction that is commonly known as Fenton oxidation. 

Pignatello et al. [74] have reviewed Fenton chemistry in detail.   

Fenton oxidation is a sequence of reactions proposed to proceed as shown in Eqs. 4.1-

4.7 [75-77].   

 

Fe(II) + H2O2 � Fe(III) + OH
-
 +OH•    (4.1) 

Fe(III) + H2O2 � Fe(II) + H
+
 +HO2•    (4.2) 

OH• + H2O2 � H2O +HO2•    (4.3) 

Fe(II) + OH• � Fe(III) + OH
-    (4.4) 

Fe(III) + HO2• � Fe(II) + O2H
+
     (4.5) 

Fe(II) + HO2•  + H
+

 � Fe(II) + O2H
+
     (4.6) 

2HO2•   � H2O2 + O2      (4.7) 

 

This sequence is produced under acidic conditions. The hydroxyl radical, which is the 

desired oxidant for contaminant degradation is produced in the first reaction but it can 

be scavenged in reactions 4.3 and 4.5. For in situ applications of Fenton oxidation, new 

methods of iron activation have been developed which do not require acidification of 

the aquifer (see Section 4.1.3). The hydroxyl radical is a very versatile agent that reacts 
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with organic compounds by attacking the C-H, N-H, or O-H and C=C bonds, (Eqs. 4.8-

9) or by adding to aromatic rings (Eq. 4.10) [74].  

 

OH• + R-H  � H2O + R•       (4.8)  

 OH• + C=C � HO-C-C
 •      (4.9)  

 

 

                    (4.10) 

 

 

 

In the field, concentrated solutions of hydrogen peroxide (4-20% w/w) are injected in 

the subsurface followed by ferrous iron solutions. In order to avoid the reaction between 

Fe(II) and H2O2 before the solution is in contact with the contaminant, it is important 

that peroxide and iron are injected separately.  

 

The use of permanganate (MnO4
-
) for in situ remediation surfaced around the mid 

1990s [78]. Potassium and sodium permanganate are the two common forms of 

permanganate (MnO4
-
) used for in situ treatment of contaminated sites [6]. The 

oxidation process strictly involves direct electron transfer, rather than the free radical 

processes that characterize the other oxidants [72]. Permanganate is applicable over a 

wide pH range with the process following three primary redox reactions according to 

the pH (Eq. 4.11-4.13) [6,72]. 

 

MnO4
-
 + 8 H

+
 + 5 e

-
 � Mn

2+
 + 4 H2O     at pH < 3.5  (4.11) 

MnO4
-
 + 2 H2O + 3 e

-
 � MnO2(s) + 4 OH

- 
at 3.5 < pH < 12

  
(4.12) 

MnO4
-
 + e

-
 � MnO4

2-                         
at pH > 12

      
(4.13) 

 

KMnO4 is a crystalline solid from which aqueous MnO4
- 
solutions up to 4% w/w can be 

prepared on site, whereas NaMnO4 is supplied as a concentrated liquid (40%) that is 

diluted on site and applied at lower concentrations [6,72]. In either case, a permanganate 

solution is injected on site through injection wells or probes. 

 
Persulfate – Activated persulfate  
The use of persulfate for in situ chemical oxidation emerged around 2000. The use of 

persulfate for ISCO has been reviewed in detail by Tsitonaki et al. [III]. Persulfate 

usually occurs in the form of sodium, potassium or ammonium salts. The preferred form 

used in ISCO in groundwater is sodium persulfate because it has the highest water 

solubility. Persulfate salts dissociate in water to the persulfate anion, which is a strong 

but relatively stable oxidant (Eq. 4.14).  

H OH 

Further reactions OH•  +  
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 −−− →+ 2
4

2
82 SO2e2OS      (4.14) 

 

If activated by UV, heat (40-60 
o
C), or low-valent metals, persulfate can initiate a free 

radical pathway through the formation of the sulfate radical (Eqs. 4.15-4.17). 

 

−•− ⎯⎯⎯ →⎯ 4
UV/heat2

82 SO2OS      (4.15) 

1n2
44

n2
82 MSOSOMOS +−−•+− ++→+     (4.16) 

1n2
4

n
4 MSOMSO +−+−• +→+                 (4.17) 

 

The term ‘activated persulfate’ refers to the reactive intermediates that are generated by 

the use of an activation aid, while ‘non-activated persulfate’ refers to the use of 

persulfate ion alone without any aid. Note that during metal activation, the metal 

initiator is involved in both radical generation and radical scavenging. Once the sulfate 

radical is generated it can propagate a series of reactions (Eq. 4.18-4.23) involving the 

formation of other radicals and hydrogen peroxide [79]. The formation of hydroxyl 

radicals can be advantageous and lead to higher contaminant destruction. Furthermore, 

hydrogen peroxide can further activate the remaining persulfate and restart the initiation 

chain.  

 

+−•−• ++⇔+ HSOHOOHSO 2
424     (4.18) 

−−• → 2
824 OSSO2                                                                                         (4.19) 

54 HSOHOSO →+ •−•      (4.20) 

22OHHO2 →•      (4.21) 

2222 O½OHOH +→      (4.22) 

2
2
4

2
8222 OSO2H2OSOH ++→+ −+−     (4.23) 

 

Sulfate radicals are highly reactive species with a half-life of several seconds [80], 

which can oxidize a variety of organic compounds, much like the hydroxyl radicals, 

although the mechanism for the reaction can be significantly different. For instance the 

sulfate radicals preferably remove electrons from an organic molecule (Eq. 4.24) 

whereas the hydroxyl radicals add to C=C bonds or abstract hydrogen from the C-H 

bond (see Eqs. 4.9-4.10).  

 

−•−•− +→+ 2
423423 SOCOCHSOCOCH     (4.24) 

The sulfate radical is an electrophilic reagent, which means that it has a higher reactivity 

with sites of high electron density. Therefore, electron donating groups such as amino (-
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NH2), hydroxyl (-OH) or alkoxy (-OR) increase the rate of the reaction whereas electron 

withdrawing groups such as nitro (-NO2) or carbonyl (C=O) substitutes decrease the 

rate of the reaction [67,81]. 

 

In the field, persulfate is applied similarly to Fenton’s, where a solution of persulfate is 

injected in the subsurface followed by the addition of an activating solution (often some 

form of ferrous iron). Another practice is to raise the temperature of the aquifer material 

to above 35 
o
C after the persulfate injection. Non-activated persulfate can persist in the 

subsurface for some weeks and this will allow it to reach the contaminated zones. Heat 

activation could then be used to initiate radical generation in contact with the 

contaminant.   

 
Oxidant combinations 
Oxidants can be used simultaneously in order to stimulate the generation of reactive 

species, or sequentially to reduce treatment costs related to natural oxidant demand.  

The most common combinations are: 

1. Hydrogen peroxide and persulfate, where H2O2 can stimulate the generation of 

sulfate radicals, thereby activating persulfate.  This combination is the most 

common applied technology for persulfate field applications to date [Tsitonaki et al., 

III]. It has been shown effective for the removal of chlorinated ethenes, 

dichloromethane and BTEX [82-84]. Similarly, H2O2
 
can be used in combination 

with ozone to generate OH• [6].  
2. Hydrogen peroxide and permanganate, where the contaminated zone is pre-treated 

with H2O2 before the application of MnO4
-
. This aims at reducing the total treatment 

costs as H2O2 is a lot cheaper than MnO4
-
, and its reaction with the aquifer materials 

and contaminants could lower the oxidant demand for permanganate [6].  
3. Permanganate and persulfate have also been sequentially or simultaneously applied 

in some field cases [85,86]. It is suggested that persulfate can target the natural 

oxidant demand, and permanganate the organic contaminants [87]. This approach 

assumes that both oxidants react with the same naturally present reduced material, 

which has not been confirmed yet [Tsitonaki et al., III]. 
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4.1.2. Activation by heat 
Sodium persulfate is the only oxidant for which heat activation is applied in situ. The 

aim is to generate sulfate radicals. For field applications, temperatures between 35-60 
o
C are sufficient.  

 

As part of this work, the oxidation of MTBE by heat-activated persulfate was studied in 

aqueous systems in a laboratory batch test. A range of different activation temperatures 

was used. The initial concentrations in the aqueous phase were 1 mg/L MTBE and 4 g/L 

Na2S2O8. The reaction was monitored for 48 hours. Significant removal of MTBE was 

observed at all temperatures above 35 
o
C (see Figure 4.2). However, the degradation 

product tert-butyl alcohol (TBA) was detected at 35
 o

C, while no intermediates were 

found after oxidation at 40, 45 and 50 
o
C. 

 

 

Figure 4.2. Removal of MTBE by heat-activated persulfate oxidation after 48 hrs in 
laboratory aqueous batch experiments. (Unpublished work) 
 

Persulfate consumption increased and proceeded faster with increasing temperature 

(Figure 4.3) indicating that the level of activation was higher with increasing 

temperature. However, this did not result in higher MTBE destruction. It was concluded 

that the optimal temperature range for the MTBE degradation was 40 to 45 
o
C. 

  

This result is in accordance with other studies [55,Tsitonaki et al., I] that have shown 

that there is a temperature threshold above which decomposition of persulfate does not 

lead to higher contaminant destruction. This is due to the faster, unproductive persulfate 

depletion at high temperatures. The reactions of persulfate/radicals with potential 

scavengers (Cl
-
) also accelerate at elevated temperatures [88,89]. The reactivity of 

persulfate at different temperatures obeys the Arrhenius Equation [55,90,91] and thus 

the degree of impact on the rate of oxidation for each target organic compound depends 

on thermodynamic properties unique to each compound [Tsitonaki et al., III]. Since 
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persulfate ISCO involves many competing reactions between numerous organic 

compounds and inorganic species in the subsurface, an ‘optimal’ activation temperature 

may be unique to each system and crucial for successful remediation [Tsitonaki et al., 

III].  

Figure 4.3. Remaining persulfate in laboratory aqueous batch experiments after 2 days 
with activation at different temperatures. (Unpublished work) 
 

Several thermal treatment technologies can be used to thermally activate persulfate in 
situ. Electrical resistance heating and radio frequency heating seem to be the most 

appropriate for achieving soil temperatures within the 35-60 
o
C range.  

 

4.1.3. Activation by other means 
Persulfate and peroxide are often activated by ferrous ion in order to produce sulfate and 

hydroxyl radicals (see reactions 4.16-4.17). There is an optimal ratio of oxidant to 

available ferrous ion for generating reactive radicals at a rate appropriate for 

contaminant destruction. If there is an excess of iron it is likely that a large amount of 

radical species will be generated very fast. As radical to radical reactions and radical to 

iron reactions proceed faster than radical to contaminant reactions, an ineffective 

consumption of the radicals may occur. Treatability studies are necessary in order to 

determine an appropriate oxidant/iron ratio. Gradual addition of iron is a way of 

controlling the rate of the reaction [85,92]. At in situ applications the major challenge is 

to achieve the oxidant-Fe(II) reaction when the oxidant is in contact with the 

contaminants. The transport of Fe(II) in the subsurface is also limited by its reactivity 

(complexation, oxidation and precipitation). To maintain Fe(II) in solution, ligands and 

chelators are often employed. An excess of chelate is necessary for controlling Fe(II) 

availability [93,94].   

 

Another interesting approach to achieve in situ iron activation would rely on naturally 

occurring iron, which is often abundant in soil and groundwater systems. Iron minerals 
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such as goethite, hematite and magnetite should be able to initiate radical generating 

reactions [74], but these reactions are a lot slower than those with soluble iron [95]. 

Given the fast decomposition of peroxide, activation by naturally occurring iron will 

most likely not be cost-efficient. By contrast, the stability of persulfate makes this type 

of activation more likely to succeed. Laboratory experiments [90,92] and field studies 

[85] have indicated that this type of activation has a promising potential.  

 

pH manipulation can be used to aid chemical oxidation with CHP or persulfate. In 

particular, acidic conditions will improve the efficiency of the Fe(II)-H2O2 combination, 

because Fe(II) will remain soluble and the decomposition of H2O2 will decrease [74]. 

However, acidification of an aquifer is difficult to achieve due to the buffering capacity 

of the soil, and it may result in unwanted mobilization of heavy metals. Manipulation of 

the pH to alkaline values (pH > 10) is a novel activation aid for persulfate [96]. The 

activation mechanisms behind this method are unclear but it is likely that both the 

sulfate and the hydroxyl radical are involved in contaminant destruction (Eqs. 4.25-

4.27) [Tsitonaki et al., III]. 

 

+−•−• ++→+ HSOOHOHSO 2
424     (4.25) 

−•−• +→+ 2
44 SOOHOHSO     (4.26) 

22OHOH2 →•      (4.27) 

 

Tsitonaki et al. [III] reported that alkaline activation has been used with mixed results 

in the field. 

 

Table 4.2 presents a list of treatability and field studies where different activation aids 

were compared. In most of these comparative studies, heat and peroxide activation were 

found more effective than iron or alkaline activation. For example, Tsitonaki et al. [I] 

tested the removal of MTBE, TCE and TCA with non-activated, heat-, and iron-

activated persulfate (with chelate or thiosulfate). At the same persulfate dose, heat was 

the only treatment that could fully mineralize MTBE in aqueous systems within a few 

hours. Crimi and Taylor [94] found that chelated iron-activated persulfate was more 

effective than alkaline or peroxide persulfate in the systems they evaluated. The 

diversity of these findings highlights the need for treatability studies when choosing an 

appropriate activation aid for a specific site [Tsitonaki et al., III]. 

 

 

 

 



 

 25

Table 4.2. Laboratory and field studies comparing different methods for persulfate. 
Modified from Tsitonaki et al. [III]. 
Set up Target 

Contaminants 
Parameters 
assessed 

Results 
(method with highest removal) 

Reference 

Alkaline  

Peroxide 

Chelated Fe(II)  

soil slurries 

 

BTEX Persulfate/Activator 

/Chelator ratios 

Porous media types 

 

Up to 99% removal but Generation  

of by-products from the oxidation 

reactions 

(chelated Fe(II)) 

Crimi and 

Taylor, 

2007 [94] 

Alkaline, 

peroxide chelated  

Fe(II)/Fe (III) 

Aq & soil 

  

1,1,1 TCA 

MTBE,  CT 

Benzene,  TCE 

 

Comparison of 

activation aids 

Benzene and TCE > 90% for all 

methods 

max MTBE removal >40 % (heat, 

peroxide and alkaline) 

Block and 

Schreier, 

2004 [97] 

Non activated 

Heat  35 oC 

Fe(III) EDTA  

Fe(III) EDTA at 

35 oC 

Soil slurries 

1,1,1- TCA 

DCA 

DCE 

Comparisons of 

activation aids 

 

Non activated effective only for 

DCE. Heat: 85% removal of TCA 

and 100% for DCA and DCE 

Fe(III) EDTA:  0% TCA, DCA, 

100% for DCE  

Iron EDTA + heat: TCE 68% (Heat) 

 

Cho et al., 

2002 [98] 

Heat 40oC 

Fe(II): 

Pulse 

Chelated  

Thiosulfate 

Aq. & Soil 

 

MTBE 

TCE 

TCA 

pH  

activation aids 

soil 

Non activated persulfate was only 

effective in aqueous systems, 43-98 

% in soil water systems, 66-99% in 

aq. Systems. Heat was the only 

method that fully mineralise MTBE 

(Heat) 

Tsitonaki et 

al., 2006 [I] 

Peroxide Fe(II) 

Soil slurries 

Benzene 

TCE,  PCE 

DCE, DCA 

Diesel organic 

compounds 

Oxidant stability 

 

All COC s were oxidised within 14 

days but not completely. Hydrogen 

peroxide was consumed in 24 hrs 

while persulfate lasted for about 7 

days 

 

Abranovic 

et al., 2006 

[99] 

Heat 40oC 

Fe(III)-EDTA 

Aqueous  

TNT  

RDX 

HMX 

pH influence on 

Fe(III) EDTA 

persulfate dose 

activation efficiency 

80% destruction with heat  

Fe(III)-EDTA caused a 4 unit pH 

drop. Persulfate degradation 

increased at low pH. Almost no 

removal with Fe III EDTA (Heat) 

  

Waisner and 

Hoag, 2006 

[100] 

Non activated 

Fe(II)/Fe(II) 

EDTA 

Soil 

Natural oxidant 

demand 

Oxidant demand for 

inoganics  

foc 

 

Persulfate reacts mostly with the 

inorganics in the soil,  

SOD7days 0.98-2.2 g/kg soil 

(Fe(II)-EDTA had the lowest SOD) 

 

Brown and 

Robinson, 

2004 [101] 

Fe(II)-Chelate 

Peroxide 

Alkaline 

Aq. & Soil 

 

Chlorinated  

BTEX, MTBE 

PCBs, PAHs 

Dioxane 

 

Comparison of 

activation aids 

 

BTEX: non-activated 

MTBE, chloroethenes, 

chlorobenzenes: Fe(II). 

 Cl-(m)ethanes: (Heat, alkaline, 

peroxide) 
 

Block et al., 

2004 [97] 

 

4.1.4. Reaction kinetics 
Knowledge of reaction kinetics is critical for designing an ISCO application in the field. 

Here, oxidants will react with the targeted contaminants which most often will be more 

than one as well as with non-target compounds from the sediment [Tsitonaki et al., III]. 

Such competitive interactions may mean that an increased oxidant concentration is 

necessary. Contaminants that exhibit fast reaction rates with the oxidants will be 
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depleted first. By contrast, slow reacting contaminants will remain as residual 

contamination, if the oxidant is depleted through non-target reactions before it reacts 

with the contaminants [Tsitonaki et al., I]. 

 

In general, oxidation and contaminant reactions follow first order kinetics regarding the 

consumption of oxidant and contaminant [55,79,102,103]. The overall oxidant-

contaminant reaction can be described by a second order rate expression (Eq. 4.29) 

 

d[contaminant]/d[t] = -k2[contaminant] [oxidant]      (4.29), 

 

If we assume that the concentration of the oxidant remains stable throughout the 

reaction, because a significant surplus of oxidant is added, [oxidant] >> [contaminant], 

the reaction can be described by a pseudo first order reaction rate (Eq. 4.30).  

 

d[contaminant]/d[t] = -k´1[contaminant]       (4.30), 

 

where k’1 is the pseudo first order reaction rate defined as: k´1 = k2[oxidant]initial oxidant 

and contaminant concentrations are expressed in mol/L [102]. 

 

For oxidants that can involve more than one active species (e.g. activated persulfate and 

CHP), the consumption of the contaminant is adequately described by a pseudo first 

order oxidation rate (Eq. 4.30). This rate is presumed to be the sum of the second order 

rates for the reactions between the contaminant and each oxidant species (see Eq. 4.31 

for activated persulfate) [55,79]. 

´´
otherOH4SO1 k´´k´´kk ++= ••−     (4.31), 

where k´´ represents the second-order rate constants for the reaction of the contaminant 

with each reactive intermediate. In most cases one of the above species will be 

dominating the reaction. The role of the individual species in system kinetics has not yet 

been investigated [79]. 

 
4.2.  Contaminants amenable to chemical oxidation 
In situ chemical oxidation is a very versatile technology that has been used for a variety 

of contaminants [4,6,73]. The reaction mechanisms between contaminants and oxidants 

proceed through various pathways. The initial mode of attack depends largely on the 

active oxidant species and is often a defining factor for contaminant amenability to 

different oxidants. In particular, the permanganate ion generally attacks C=C bonds 

through direct electron transfer [104,103]. This renders permanganate suitable for the 

remediation of ethene contamination, including chlorinated ethenes. In contrast, 

compounds that have no readily available electron pairs such as alkanes and 
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chloroethanes are not very reactive to permanganate [105]. Similarly, the stability of the 

bonds of aromatic compounds results in increased resistance to oxidation, which 

explains the mediocre performance of permanganate towards PAHs and benzene [6], 

while substituted carbon atoms increase reactivity; hence, methyl toluene or 

chlorobenzenes are more amenable to permanganate than benzene [105].  

 

As aforementioned, activated persulfate and catalyzed hydrogen peroxide reactions 

occur through radical species, mainly the sulfate and hydroxyl radical. These radicals 

can attack C-H, N-H, or O-H and C=C bonds or add to aromatic rings which makes 

them effective towards a wider range of contaminants than permanganate. Other active 

species that are generated from peroxide and persulfate include the superoxide and the 

perhydroxyl radical. These radicals are nucleophiles, and thus more reactive with sites 

of lower electron density. This means that these oxidants may be applicable for 

contaminants such as chlorinated alkanes or nitro-substituted compounds (e.g. 

nitrobenzene) [6,105,106]. Manipulating the generation of specific active species 

through adjustment of the activation method would increase the versatility of ISCO but 

this aspect of the technology has not been developed yet. 

 
4.2.1. Chemical oxidation of MTBE 
The ability of various oxidants to destroy MTBE has been demonstrated in numerous 

laboratory studies. Both CHP [27,52-54], persulfate [Tsitonaki et al., I], and activated 

persulfate [55,Tsitonaki et al., I, III, IV] can oxidize MTBE rapidly. The rates of 

MTBE oxidation with permanganate are very slow [107], thus permanganate is 

unsuitable for in situ applications.  

 
Figure 4.4. Suggested pathways for the oxidation of MTBE by radical oxidants. Drawn 
based on information from [53,55]. Dashed arrows mean that there may be more than one 

reaction involved.  
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Oxidation of MTBE by the hydroxyl or the sulfate radical is a complex process that 

involves several intermediates including acetic acids and formadehydes [108,109], the 

most dominant of  which are TBA, TBF, acetone and methyl acetate [53,55]. A 

suggested pathway for the oxidation of MTBE by the hydroxyl or the sulfate radical is 

shown in Figure 4.4. 

 
4.2.2. Chemical oxidation of creosote  
Creosote is a mixture of compounds that have varying degrees of reactivity with 

different oxidants. For example, permanganate is very reactive towards PAHs 

(naphthalene, phenanthrene, pyrene) [67,110] but not towards benzene, dibenzofuran 

and biphenyl [67]. Fenton’s and modified Fenton’s are effective for many of the PAHs 

found in creosote [12,68]. Iron-activated persulfate has also been used successfully 

against creosote compounds such as PAHs [67,69,70] phenolic compounds 

[67,Tsitonaki et al., IV],  BTEX [70,71], and the water soluble fraction of heterocyclics 

[Tsitonaki et al., IV]. ISCO can also enhance the availability and dissolution of the 

sorbed fraction of creosote [10,11]. However, there is a tendency that the low molecular 

weight compounds are oxidized more extensively, leaving the less biodegradable 

compounds as a residue [111-113]. 

 

Depending on the oxidant and the specific compounds, a variety of chemical pathways 

are involved in the oxidation of creosote compounds. To date, these pathways are not 

studied in detail, but there is evidence that when oxidizing complex contaminant 

mixtures a number of intermediates are generated [7,94]. As many PAH and NSO 

intermediates can be undesirable in the groundwater, ISCO applications should be 

designed to account for complete mineralization of all products.  

 

4.3.  Challenges and limitations of ISCO 
4.3.1. Natural oxidant demand 
Natural oxidant demand is an expression of how much oxidant can be consumed by 

non-target species at a treatment site. Both natural organic (e.g. humic acids) and 

inorganic matter (oxidizable metals and minerals, radical scavengers) can exert an 

oxidant demand. Natural oxidant demand is a key issue for dimensioning ISCO 

applications and affects oxidant stability. NOD is primarily an issue for stable oxidants 

such as permanganate and non-activated persulfate. CHP and activated persulfate 

decompose and react at such fast rates that oxidant transport is mainly controlled by 

their decomposition rather than their reaction with the sediment [6,8]. Most of our 

knowledge on NOD reactions comes from the study of permanganate, as very few have 

looked into the NOD for persulfate [Tsitonaki et al., III]. Persulfate NOD values for 

sandy till soil at ambient temperatures range from 0.08-0.24 g S2O8
2-

/kg sediment [114] 

to 1 g S2O8
2-

/kg [101] for 10 and 7 days respectively. These values are significantly 
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lower than the NOD of permanganate for sandy till (1-8 g MnO4
-
/kg) [115]. Brown and 

Robinson [101] suggested that persulfate reacts primarily with the inorganic 

constituents of the sediment, as opposed to permanganate which reacts primarily with 

the organic matter. 

 
4.3.2. Physical site characteristics 
Hydrogeological conditions, especially permeability, hydraulic conductivity, and 

heterogeneities control oxidant distribution and transport capacity in the subsurface and 

consequently the efficiency of the treatment. The effects of complicated physical site 

conditions were outside the scope of this work. ISCO in dual porosity media and effects 

of heterogeneities have been studied by others [116,117].  
 
4.3.3. Chemical site characteristics 
The chemistry of the aquifer material and groundwater can have a major impact in 

ISCO. Site pH can determine the success of CHP or iron activated persulfate as it 

controls the solubility of ferrous ion. Moreover, the presence of natural iron in the 

sediment can act as a natural activator [85,90,92] or as radical sink for CHP and 

persulfate. The natural groundwater temperature can also be important for treatment 

costs, if heat-activated oxidation is selected for ISCO. Radical oxidants are very reactive 

with many of the naturally present ions in soils and groundwater including chloride, 

bicarbonate and carbonate ions, which can exert non-target oxidant consumption 

[55,79,88,91].  

 

4.3.4. Hydrogeological, geochemical and biological changes after ISCO 
Chemical oxidation can cause changes in permeability either through a geochemical 

process such as cation exchange of Na or K salts with the calcium of clay minerals, or 

through the generation of gases (CO2) and precipitates (e.g. MnO2 from MnO4
-
) from 

the oxidation reactions [6].  

 

Certain oxidants, such as persulfate, can cause a decrease in pH as shown in both 

aqueous [7,92] and soil slurry laboratory systems [Tsitonaki et al., I, II, IV]. In aquifers 

with a low buffering capacity, this may be a concern that can also lead to mobilization 

of heavy metals. Mobilization of reduced metals (especially Cr
3+

) from the porous 

media is a concern when oxidants are applied in situ. Fortunately, this mobilization 

seems to be temporary, as such small increases of metal concentrations are expected to 

be attenuated in situ through natural geochemical stabilization processes 

[72,118,Tsitonaki et al III].  

 

Finally, it is anticipated that ISCO can cause a change in redox conditions to a more 

oxidized level, and possibly to the abundant electron acceptors such as sulfate from 
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persulfate [Tsitonaki et al., IV],  or addition of oxygen through activated persulfate or 

CHP.  

 
4.3.5. Rebound, reaction intermediates and excess oxidants 
Failure to deliver the adequate amount of oxidant to the contaminated zones, and 

challenges connected to permeability reductions can lead to rebounds in contaminant 

concentrations. Contaminant-oxidant reactions can often terminate at other organic 

intermediates [7,53,94] instead of the aimed transformation to harmless products. 

Evaluation of the risk that possible by-products pose to the groundwater and nearby 

recipients along with supplying sufficient amounts of oxidant can in most situations 

resolve the problem. Finally, excess amounts of oxidants can pose a risk to sensitive 

recipients. All these limitations can necessitate further treatment of the contaminated 

area, possibly by a different remediation technology.  
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5.  INTRINSIC AND ENGINEERED BIOREMEDIATION  
 
Bioremediation is the remediation technology in which microorganisms are employed to 

transform hazardous contaminants to harmless compounds [119]. Bioremediation takes 

advantage of the microbial degradation processes through which microorganisms can 

obtain carbon and energy by decomposing organic contaminants. As presented in Table 

3.1 (Chapter 3) bioremediation can involve intrinsic biological processes, the 

manipulation of environmental conditions, and/or the addition of microorganisms in 

order to achieve a satisfactory rate and extent of contaminant decomposition.  

 

5.1.  Contaminants amenable to bioremediation 
Bioremediation applications for contaminated groundwater have been extensively 

studied and applied. Today, bioremediation can be engineered to address a variety of 

organic contaminants, as shown in Table 5.1, provided that the conditions favour the 

desired microbial processes. In general, the rate and extent of biodegradation is related 

to contaminant structure and concentration and a variety of environmental factors that 

affect microbial growth and activity.  

 

5.1.1. Bioremediation of MTBE 
Bioremediation is a relevant remediation option for MTBE contamination. MTBE-

degrading organisms have been found in some contaminated sites but the populations 

are often too slow-growing and too small to sustain intrinsic biodegradation of MTBE at 

acceptable rates for remediation goals [120].  

 

The primary and fastest pathway for MTBE degradation occurs under aerobic 

conditions [23]. There are a few species and consortia [121] that can use MTBE as their 

sole carbon and energy source in the presence of oxygen [23]. Table 5.2 shows 

examples of bacteria that can degrade MTBE. Several genera are represented in this 

table, which means that there is a diversity of microorganisms that can potentially adapt 

to using MTBE. Anaerobic degradation of MTBE has been observed [122,123] at very 

slow rates. MTBE degradation via cometabolism has been documented with various 

substrates including alkanes and ETBE [124]. The presence of co-contaminants such as 

BTEX at gasoline sites can be inhibitory for MTBE degradation as BTEX is 

preferentially degraded, often resulting in oxygen limitations [24,60]. A simplified 

pathway of MTBE biodegradation is shown in Figure 5.1. 

 

The intrinsic bioremediation of MTBE was studied in a long term pilot study for a 

contamination consisting of gasoline and MTBE [139]. MTBE degradation was slower 

than BTEX, but only 3% of the initial MTBE mass remained after 6 years. Further 
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investigations of site microorganisms showed that the presence of MTBE-degrading 

microorganisms at the site was sporadic, and the factors controlling it could not be 

identified [140].  

 

Table 5.1. Biodegradation of common organic groundwater contaminants.  

Contaminants Redox conditions Remarks 
Aliphatic 

hydrocarbons 

Preferably aerobic but also possible under  

anaerobic [125] and methanogenic [126]. 

Highly branched compounds are 

more resistant to biodegradation 

[127]. 
 

BTEX Preferably aerobic [128]. Also possible 

under anaerobic, but observations of 

recalcitrance have been reported. [129,130] 

Benzene and ethylbenzene are 

more resistant than toluene and 

xylenes.  
 

Polyaromatic 

hydrocarbons 

Preferably aerobic. Possible under 

anaerobic conditions at low rates 

[131,132]. 

Biodegradation rates decrease with 

increasing number of rings [133].  
 

Heterocyclic 

hydrocarbons 

NSO compounds can be degraded 

cometabolically under aerobic conditions 

[35] but are typically persistent under 

anaerobic conditions [43]. 
 

N heterocyclics are more 

biodegradable than S or O 

heterocyclics [33]. 

Gasoline additives  Mainly aerobic. Some strains can degrade 

under anaerobic conditions at very slow 

rates [120] 
 

The degradation of MTBE and 

other oxygenates happens through 

similar pathways [120]. 

Chlorinated 

aliphatics 

Aerobically mostly through cometabolic 

processes. The main biodegradation 

mechanisms is reductive dehalogenation 

which occurs either cometabolically or as 

dehalorespiration. Only Dehaloccocooides 
Ethenogenes strain 195 can dechlorinate 

chlorinated ethanes to ethane [134].  
 

Aerobic biodegradation activity 

declines with the increasing 

number of chlorides and chain 

length . Ethenes are more 

biodegradable than ethanes [135]. 

Polychlorinated 

biphenyls (PCBs) 

Degrade under both aerobic and anaerobic 

conditions. In most cases the end products 

are chlorobenzoates [136]. 

Biodegradability  increases with 

increasing number of chlorides 

under anaerobic conditions and 

decreases under aerobic [137]. 
 

Chlorinated 

benzenes 

Aerobic degradation occurs similarly to 

benzene while anaerobic pathway is 

reductive dechlorination [136]. 
 

 

Pesticides/ 

herbicides 

Degradability varies greatly depending on 

the specific compound [138]. 
 

 

 

Because most field studies have shown that the intrinsic biodegradation potential of 

MTBE is little or too slow [56], field applications of bioremediation for MTBE involve 

the addition of MTBE-degrading cultures to the aquifer, and/or the manipulation of site 

conditions to enhance the growth of MTBE degrading microorganisms. Field 

applications of bioremediation in the USA have shown concentration reductions of up to 

99% [120]. One of the most common amendments is oxygen addition [60,142,143] by 

injection of oxygen or an oxygen releasing compound. Supply of a co-substrate such as 

propane or cyclohexane has also been successful [23]. Finally, bioaugmentation with an 
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MTBE degrading strain or culture has been successfully applied in some sites [144] 

usually combined with stimulation of site conditions to favor the survival and growth of 

the added microorganisms [56,120].   

 
Table 5.2. Examples of microorganisms that can degrade MTBE under aerobic conditions. 
This table is composed using information from [124].  

Microorganism Primary substrate 
Rhodococcus Ruber IFP 2001 ETBE 

Rhodococcus zopfii IFP 2005 ETBE 

Mycobacterium sp. IFP 2009 ETBE 

Pseudomonas putida CAM ATCC 17453 camphor 

Pseudomonas putida GPo1 octane 

Pseudomonas putida KR1 n-alkanes 

Mycobacterium vaccae JOB 5 n-alkanes 

Methylibium petroleiphilum PM1 MTBE 

Hydrogenophaga flava ENV 735 MTBE 

Mycobacterium austroafricanum IFP 2012 MTBE 

 

Figure 5.1. Pathway for MTBE degradation under aerobic conditions as proposed by 
Schmidt et al. [141].  
 

 



 

 34

5.1.2. Bioremediation of creosote 
As creosote is a complicated mixture of many organic contaminants, the extent of its 

microbial degradation can vary greatly from site to site. Still, the use bioremediation is 

possible. Laboratory evidence suggests that creosote compounds are biodegraded even 

in complex mixtures [1,34,35], although lag periods and half-lives can vary greatly. 

Field applications of bioremediation have included the addition of nutrients, surfactants, 

electron acceptors and adapted microorganisms [1]. Intrinsic bioremediation has been 

studied at Borden aquifer [145], biotransformation of several creosote compounds 

including carbazole and phenol was observed. The authors concluded that natural 

attenuation is a removal mechanism to be considered during risk management, as the 

process may take several years.  

 

Due to the complex nature of creosote, a great variety of strains can be involved in 

biodegradation. Table 5.3 shows examples of strains that can degrade the creosote 

compounds used in this study. Degradation pathways are also variable but a common 

first step is the cleavage the aromatic ring by a mono- or dioxygenase enzyme. The 

biodegradation pathways of many creosote compounds, such as phenols, converge at 

protocatechuate which is subsequently transformed to acetyl Coenzyme and succinyl 

Coenzyme permitting entry into the Krebs cycle [146], a key step of cell respiration for 

aerobic bacteria. Therefore, the genes encoding for the degradation of protocatechuate 

are appropriate molecular markers for estimating the density of several aromatic 

degraders [146, Tsitonaki et al., V].  

 

Table 5.3. Examples of microorganisms that can degrade the creosote compounds used in 
the experiments of Tsitonaki et al. [IV]. 

Compound Microorganism Reference 
Benzothiophene Pseudomonas putida [147] 

 Pseudomonas aeroginosa PRG -1 [33] 

Carbazole Pseudomonas spp. Ca06 & Ca10 [148] 

 Pseudomonas sp. HL7B [149] 

Dibenzofuran Sphingomonas Rw1 [150] 

 Pseudomonas sp. HL7B [149] 

Napthalene Pseudomonas sp. HL7B [149] 

 Pseudomonas putida C18 [151] 

 Pseudomonas fluoresense [152] 

O-cresol soil fungi: Aspergillus, Cladosporium, Fusarium, 
Monicillium, Penicillium and Phanerochaete 

[153] 

 Arthrobacter MTCC 1553 [154] 

 Penicillium frequentans Bi 7/2 (ATCC 96048)  [155] 

 Pseudomonas sp. CP4 [156] 

Toluene Pseudomonas putida X18 [151] 

 Pseudomonas putida F1 [157] 
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5.2.  Limitations of bioremediation 
The success of bioremediation applications is highly dependant on environmental 

conditions. Microbial processes are affected by aquifer temperature, pH, availability of 

electron acceptors and nutrients. Biostimulation or bioaugmentation applications often 

manipulate the environmental conditions in order to favor the desired microbial 

processes. Also, intrinsic biodegradation processes are dependant on environmental 

conditions and may be sensitive to changes in those.  

  

In contaminated aquifers, biodegradation can be limited by hydrogeological 

heterogeneities and free phase of contaminants, as well as other unfavorable conditions 

such as: a) too high concentrations of contaminants that can be toxic for 

microorganisms, b) competition or preferential degradation of some contaminants 

leading to the depletion of nutrients or electron acceptors, c) unsuitable redox conditions 

for the specific contaminants d) lack of specific degraders e) lack of nutrients or 

electron donors, and f) non-biodegradable contaminants. 
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6.  TREATMENT TRAINS 
 
6.1.  Definition and concepts 
The “treatment train” remediation approach is defined as the sequential or combined use 

of individual remediation technologies in order to clean up the same volume of 

contaminated soil and groundwater [5]. The concept of treatment trains is a result of the 

realization that no remediation technology is a silver bullet. Treatment trains aim to 

address the following problems: 

 

1. Complex contaminant mixtures that include many different compounds with 

diverse physicochemical properties and amenability to degradation. A 

combination of technologies is necessary in order to address the different 

contaminants.  For example, industrial landfill sites may be contaminated with a 

combination of chlorinated solvents and non-chlorinated hydrocarbons (BTEX, 

PAHs, etc), which degrade under different redox conditions. A combination of 

sequential anaerobic and aerobic bioremediation can be applied in these cases 

(see Figure 6.1). This combination can also address the fact that some 

compounds degrade through an anaerobic pathway to form aerobically 

degradable daughter products, e.g. the reductive dechlorination of PCE to vinyl 

chloride.   

 

2. Sites with significant heterogeneities in contaminant distribution.  In 

general, hot spot contamination is not amenable to biological remediation 

technologies, due to the very high contaminant concentrations that and the 

possible presence of free phase. ISCO and thermal remediation technologies are 

examples of powerful remediation methods that are effective at hot spots. 

However, efficiency falls with decreasing contaminant concentrations. As 

thermal and chemical technologies are generally more costly than biological, it 

is preferable to use these technologies to remove the major part of the 

contaminant mass at the hot spots and combine them with a cheaper treatment 

step for treating the adjacent area and the plume. 
 
3. Remaining contaminant mass after the first remediation technology. 

Although present remediation technologies are capable of removing significant 

contaminant mass, some contamination usually remains trapped in parts of 

porous media where treatment did not reach. Treatment train approaches can 

account for rebound events through the implementation of a low cost and low 

maintenance polishing step. This approach increases the cost-efficiency of the 

initial treatment method, if that is designed to accept a higher contaminant 
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concentration as endpoint (see previous comment on cost-efficiency vs. 

contaminant concentration). 

 
4. Unfavorable site conditions for a specific remediation effort. A treatment 

train approach can be used in order to prime the site for a subsequent 

remediation technology. For example, at low permeability media, hydraulic or 

pneumatic fracturing could be used to enhance the delivery of subsequent 

treatment agents (oxidants, surfactants, nutrient, bacteria) [158]. Another 

common example is the active enhancement of the contaminants’ mobility and 

bioavailability. Zoller et al. [159,160] showed that surfactant flushing enhanced 

mobilization of a NAPL phase,  which, in turn, enhanced biodegradation. 

Thermal and chemical pretreatment can also be used to enhance bioavailability 

of sorbed or entrapped contaminant phases [161,162].  

 

Figure 6.1. Treatment train combinations for soil and groundwater treatment from 42 
laboratory and field studies.  Redrawn from [5] excluding ex-situ applications. 

 
In order to further increase cost-efficiency, system components for treatment trains (e.g. 

injection wells) can be designed to function for all applied technologies [5]. Information 

on treatment trains for the remediation of soil and groundwater from 48 case studies was 

collected in a recent report conducted for USEPA [5]. Figure 6.1 shows the distribution 

of the different combinations. Although it is not possible to define trends from so few 

cases, it is clear that in many cases, bioremediation is chosen as the second (usually 

final) treatment step. This sets focus on the compatibility of different remediation 

technologies with bioremediation. 
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6.2.  Challenges with combining aggressive mass removal technologies 
  and bioremediation 
The compatibility of different remediation technologies is called into question [5]. It has 

been suggested that aggressive mass removal technologies can have detrimental effects 

on microorganisms either due to direct toxicity of the reagents on the soil biota, or due 

to the changes they cause on environmental conditions. Table 6.1 summarizes the 

effects that two common treatment technologies can have on subsequent microbial 

processes. The coupling of ISCO and bioremediation will be discussed in detail in the 

next chapter. Most remediation technologies lead to changes in dissolved oxygen and 

redox conditions. The importance of these changes depends on whether the subsequent 

biodegradation is intended to proceed through aerobic or anaerobic conditions. Recent 

studies on treatment trains show that the inhibitory effects of most treatments are often 

temporary [19,163,164], but recovery times for microbial activity can vary from several 

months to a few years. Depending on the clean-up target, and the time frame, the 

suitability of a specific treatment train can be evaluated.  

 

Table 6.1. Effects of remediation technologies that can influence microbial degradation 
processes. 

Treatment Effects on redox conditions Other effects 
Surfactant/cosolvent 

flushing 

may decrease dissolved 

oxygen and redox potential 

[165] 

May remove or add electron donors leading 

to preferable degradation of remaining 

surfactants rather than the target contaminants 

[166]. Surfactants and solvents can have toxic 

effects on bacteria [167].  

 

Thermal treatment little effect on redox 

conditions [168] 

Increased organic matter availability[168]. 

High temperatures  have adverse effects on 

microorganisms, but microbial activity can 

recover after 8-14 months [169,163]. 
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7.  COUPLING ISCO AND BIOREMEDIATION 
 

Treatment trains where ISCO is used prior to in situ bioremediation (ISB) are a viable 

treatment approach for many contaminated sites. There are three primary reasons for the 

use of an ISCO-ISB treatment train: 

 

1. ISCO is used as a pretreatment in order to increase the bioavailability of 

immobile, persistent contaminants, such as heavy PAHs from creosote. Table 

7.1 presents a list of laboratory- and field-scale studies where chemical oxidants 

were used to increase contaminant bioavailability. The majority of these studies 

have been carried out in soil systems. There are cases in which the compounds 

that result from contaminant oxidation are not biodegradable, or in which 

chemical oxidation removes only the most bioavailable contaminant fraction, 

and the persistent, non-biodegradable contaminants still remain [112].  

2. ISCO is used as a first step that can prepare the site for a subsequent 

bioremediation effort by a) removing non biodegradable contaminants, b) 

removing high contaminant concentrations that are toxic for microorganisms and 

c) creating aerobic conditions that favor aerobic biodegradation [Tsitonaki et al., 

IV]. 

3. In order to reduce the total treatment cost, ISCO is only applied to reduce 

contaminant mass to a certain target point, after which ISB is used as a polishing 

step [Tsitonaki et al., IV,16]. 

 

Two or all of the above reasons can often coincide as the motivation for using an ISCO-

ISB treatment train.  

 

Coupling an aggressive technology such as ISCO with bioremediation can present 

several challenges. Oxidants can exert a direct toxicity on microorganisms, which will 

particularly inhibit intrinsic biodegradation processes. ISCO also causes a variety of 

environmental changes that can affect the success of bioremediation. 

 

7.1.  Toxic effects of oxidants on microorganisms 
Oxidation stress has been thoroughly studied at the cellular level [9]. It has been found 

that it can cause DNA destruction [170-172], as well as damage  proteins and lipid 

membranes [173]. Especially free radicals species (such as the hydroxyl, the superoxide 

and the sulfate radical) can have detrimental effects on cells. It is, however, important to 

differentiate between the effects from in vivo and in vitro exposure to free radicals. 

While radicals generated inside microbial cells are very destructive, exposure to the 

same radicals in vitro is less damaging. The short life span of the radicals may prevent 

them from diffusing into the lipid bilayer of the microorganisms [174]. Some 
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microorganisms have developed mechanisms to overcome oxidative stress, particularly 

from hydroxyl radicals [9], e.g. by as the production of catalase enzymes [173]. 

 

Table 7.1. Laboratory and field studies where chemical oxidation has been used as a 
pretreatment for increasing contaminant bioavailability. 
Oxidant  Scale Contaminant Result Ref. 
CHP Lab-

groundwater 

Monochlorobenzene MCB was degraded to more bioavailable 

products. 

 

[162] 

CHP Lab – soil Creosote PAHs Creosote compounds were oxidized to more 

bioavailable forms. 

 

[11] 

CHP Lab – soil 3-4 ring PAHs Generated more water-soluble and 

biodegradable PAHs in sand.  

 

[12] 

CHP Lab-slurry TCDD TCDD was oxidized to more biodegradable 

byproducts. 

 

[17] 

CHP Lab 

groundwater 

Anthracene 

Benzo(a)pyrene 

 

Enhanced biodegradation. [18] 

CHP Lab – soil Benz(a)anthracene Enhanced the biodegradability of BAA 

through transforming it to more biodegradable 

intermediates. 

 

[175] 

CHP Lab – soil Creosote PAHs Enhanced biodegradation of 4-5 ring PAHs, 

inhibition of 2-3 ring PAH degradation. 

 

[68] 

Permanganate 

peroxide, 

MgO2 

Lab – soil/ 

groundwater 

Jet fuel hydrocarbons Consumption of the available substrates by the 

strong oxidants led to inhibition of 

biodegradation. 

 

[112] 

Permanganate Field-

groundwater 

 Moderate amounts of permanganate may have 

enhanced biomass (by increasing 

bioavailability and organic matter). 

 

[176] 

Ozone Lab - soil Benzo(a)pyrene Ozonation produced oxygenated intermediates 

that were more biodegradable. 

 

[177] 

Ozone Lab - soil Phenanthrene The products of ozonation were not 

biodegradable.  

 

[178] 

Ozone Lab - soil PAHs Indications that ozonation produced more 

biodegradable intermediates. 

[179] 

 
In the context of ISCO, specific circumstances can mitigate the damaging effects of 

oxidants on the aquifer microorganisms. These are: 

� Exposure to radicals and oxidants happens in vitro, which is less damaging than 

when hydroxyl and superoxide radicals or H2O2 are produced inside the cells as 

byproducts of respiration [180]. 

� Diverse aquifer communities are likely to be less sensitive to oxidant toxicity 

compared to pure strain laboratory cultures. This was also demonstrated by 

Tsitonaki et al. [II], who found increased toxicity of heat-activated persulfate on the 

laboratory strain Pseudomonas putida KT2440, compared to indigenous soil 

microorganisms (see Figure 7.1). 
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� Microbial communities in aquifers are in stationary phase. Thus, they have lower 

vulnerability to oxidative and heat stress than the exponentially growing cultures 

that are often tested in laboratory experiments [173,181,182]. 

� The physical shelter provided by the sediment particles can protect from oxidant 

exposure. 

�  The introduction of new microorganisms from incoming groundwater can help the 

recovery of the microbial community after oxidant exposure.  

Figure 7.1. Effect of a 2-day exposure to heat-activated persulfate on indigenous 
microcosms (left) and microcosms spiked with laboratory strain P.putida (right). Day 3 

shows measurements immediately after a 2-day exposure to heat activated persulfate at 40 oC, 

day 14 shows measurements 11 days after the termination of the exposure. This figure has been 

modified from Tsitonaki et al. [II]. 
 

It is difficult to predict the effects of ISCO based on the plethora of oxidant toxicity 

studies conducted with pure strains in aqueous solutions. Table 7.2 presents a list of 

studies that were performed under aquifer relevant conditions. To allow a comparison 

across different oxidants, the oxidant doses are expressed in terms of electron 

equivalents. The data in Table 7.2 suggest that modified Fenton’s reagent and hydrogen 

peroxide are more damaging to microorganisms than activated persulfate and 

permanganate. One explanation of why activated persulfate would be less toxic than 

Fenton’s and hydrogen peroxide is that the sulfate radicals produced from the persulfate 
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reaction are less able to diffuse into the cell membranes due to their larger molecular 

size.   

 

Another apparent observation from Table 7.2 is that higher oxidant doses result in larger 

biomass decreases. This implies that low oxidant doses are preferable for ISCO, if ISB 

will be the subsequent treatment. Lower oxidant doses will also result in less extensive 

environmental changes. 

 

The effects of oxidants on microorganisms can also be different depending on whether 

biomass or activity indicators are used in the assessment. For example, in the 

experiments of Tsitonaki et al. [II], although persulfate concentrations of 10 g/L did not 

affect the number of live cells in indigenous microcosms, a dramatic inhibition of 

acetate consumption occurred at that concentration (see Table 7.2). A similar tendency 

was observed for modified Fenton’s reagent (see Table 7.2). This highlights the need for 

multi-parameter assessment of the effects of chemical oxidants on indigenous 

communities, as one-sided analyses may yield biased results. 

 

It would be expected that less aggressive oxidants such as permanganate or persulfate 

would be less toxic than radical generating oxidants. This is partly true; however for 

ISCO application, the duration of exposure may be critical for the survival of 

microorganisms [16]. Persulfate and permanganate are more stable in the subsurface 

and this can have adverse effects in microorganisms. In the study of Tsitonaki et al. [II], 
it was found that although 10 g/L heat-activated persulfate had no immediate effects on 

biomass density, a significant decrease was observed 14 days later. This could be due to 

the toxicity of the remaining non-activated persulfate in the microcosms. Macbeth et al. 

[176] studied the impacts of ISCO with permanganate on indigenous microbial 

communities and found that both biomass and diversity were negatively affected.  
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7.2.  Environmental changes from ISCO that affect biological processes  
In situ chemical oxidation can also affect biological processes indirectly, because it 

changes the environmental conditions that control these processes. Several studies that 

have studied the coupling of ISCO and bioremediation have reported on those changes 

and the results they had on the desired biodegradation processes. Environmental factors 

that are affected by ISCO and are important for bioremediation are: pH, temperature, 

redox conditions and electron donors. 

 

7.2.1. Changes in water chemistry 
ISCO can cause a decrease in pH [Tsitonaki et al., II,IV] which may be inhibitory for 

biodegradation processes. Acidification may cause the solubilization of heavy metals 

that may be toxic for microorganisms. Atagana et al. [183] studied the influence of 

different pH values on the biodegradation of creosote compounds. The microorganisms 

involved could utilize creosote at pH 5.5 to 8 and kept reproducing but maximum 

activity was observed at neutral pH 6.5-7.  

 

Chemical oxidation often results in an increase in dissolved oxygen and the redox 

potential of the aquifer [19,165]. Particularly when ISB is used as a polishing step after 

ISCO, the redox conditions can be very important for the establishment of the desired 

microbial processes as they control the availability of different electron acceptors. The 

application of persulfate has been observed to cause increased sulfate levels in both 

field and laboratory scale experiments ([86,Tsitonaki et al., IV]. 

  

ISCO is also likely to release organic matter bound to soil minerals [184], which can act 

as an electron donor for some processes. Nutrients associated to soil minerals may also 

be released. So far, there are no studies investigating these changes from ISCO and what 

effects they could have on bioremediation.   

 

7.2.2. Changes in temperature 
ISCO with CHP or activated persulfate may cause increases in temperature because 

oxidation reactions are exothermic. Heat-activated persulfate employs heating to 

enhance the efficiency of oxidation. Microbial degradation processes are sensitive to 

temperature changes. Many of the biodegrading bacteria belong in the mesophilic 

group, with an optimal growth temperature between 20 and 40 
o
C.  Thus, elevating the 

aquifer temperature from 15 to 40 
o
C, as is the case with ISCO, could enhance 

biodegradation, as observed in studies of reductive dechlorination [185]. The increased 

temperatures also enhance the bioavailability of the contaminants by increasing their 

solubility. Kosegi et al. [186] studied the effect of temperature on DNAPL 

biodegradation using modeling software. Their results showed that by increasing the 

temperature from 15 to 35 
o
C the amount of DNAPL removal increased by 94% and 
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biomass counts showed a 70% rise, but the calculated biodegradation rate dropped 

dramatically above 35 
o
C. By contrast, incubation of microcosms at temperatures from 

15-50 
o
C in another laboratory batch experiment did not affect biomass density or 

microbial activity as measured by acetate consumption [Tsitonaki et al., II]. 

 

7.3.  Effects of ISCO on specific biodegradation processes 
The nature and extent of the effects that ISCO can have on biodegradation depends 

strongly on the nature of these processes. Specifically, aerobic processes will benefit 

from the oxidized conditions, while anaerobic processes will most likely be inhibited.  

 

Most of the existing work on coupling ISCO and bioremediation has been conducted in 

soil systems, where ISCO was used as a pretreatment to aerobic bioremediation of 

primarily PAHs (Table 7.1). Very few have looked into the combination of ISCO and 

aerobic bioremediation in an aquifer environment. Bittkau et al. [187] found that the 

application of Fenton’s reagent provided oxygen, which enhanced the microbial 

degradation of monochlorobenzene. 

 

Tsitonaki et al. [IV] investigated the potential of combining with heat-activated 

persulfate oxidation with intrinsic aerobic bioremediation in an aquifer-representative 

set- up in laboratory column reactors. The target contaminants were MTBE (9 mg/L) 

and creosote components Heat-activated persulfate was applied at 30 g/L. In the 

preoxidation phase, MTBE was persistent, but then completely removed by the repeated 

injections of heat activated persulfate (data shown in Appendix IV). Figure 7.2 shows 

the concentration profiles for the creosote compounds. In the pre-oxidation phase both 

carbazole and orthocresol were only partly removed by intrinsic biodegradation 

processes, while the rest of the contaminants were removed to below detection levels. 

The persistence of orthocresol is attributed to the high feeding concentrations. Chemical 

oxidation by persulfate resulted in complete removal of all creosote compounds. In the 

post-oxidation phase the columns were flushed with low concentrations of a creosote 

mixture (~10mg/L) in order to simulate rebound of contamination in a potential field 

application. All of the PAHs were removed in the post-oxidation phase. Hence, 

persulfate oxidation clearly did not destroy the biodegradation potential of the aquifer 

material. On the contrary, the removal of the high orthocresol concentrations by 

persulfate oxidation may have enhanced the potential for carbazole biodegradation.  The 

application of persulfate caused temporary changes in water chemistry (reduction of the 

pH and increased sulfate concentration) but levels returned to normal after flushing with 

sterile groundwater medium. This reflects the effects incoming groundwater would have 

in an in situ application. The presence of degrading microorganisms in the post 

oxidation phase was confirmed by PCR for the pcah gene [Tsitonaki et al., V], which 

encodes for a critical part of the aromatic degradation pathway [146].   
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Figure 7.2.  Profiles of creosote compounds for a sequential treatment of chemical 
oxidation with persulfate and intrinsic bioremediation in laboratory column reactors. 
Modified from Tsitonaki et al. [IV].  
 
Other studies on the coupling of ISCO and bioremediation in groundwater systems have 

focused on the negative impacts ISCO can have on anaerobic biodegradation. Hrapovic 

et al. [15] showed that after treatment with permanganate in laboratory soil packed 

reactors, re-establishment of reduced conditions was necessary for TCE degradation to 

occur, even though the soil was amended with a dechlorinating culture. They 

recommended that bioaugmentation should be applied after reduced conditions are re-

established to avoid impairment of the dechlorinating culture by oxidized conditions. 

Sahl et al. [16] observed that PCE dechlorination was inhibited following permanganate 

oxidation, but it rebounded after flushing with sterile nutrient medium. In an in situ 

application of Fenton’s reagent [19], the efficiency of dechlorination was decreased as 

the redox conditions shifted from sulfate- to iron-reducing in the source zone. However, 

dechlorination did not cease, and it rebounded once the aquifer returned to its original 

state (<6 months). It seems that despite the initial inhibition of anaerobic biodegradation 

processes, these processes can rebound once the aquifer conditions returned to reduced. 

  

The above findings show that ISCO and bioremediation are compatible. If this 

combination is part of an integrated treatment train, certain measures can be taken in 

order to ensure the success of the treatment: 
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1. The selection of oxidant should be considered. The effects of ISCO on 

biodegradation processes are oxidant specific and certain oxidants seem to exert 

higher toxicity than others [Tsitonaki et al., II]. 

2. The selection of oxidant dose is critical. There is general consensus on the use of 

lower dose for more cost-efficient use of the oxidant. Higher oxidant doses will 

cause a higher inhibition on the microbial community and longer lasting 

environmental changes. 

3. If anaerobic bioremediation is desired after ISCO treatment, the recovery time may 

be longer than for aerobic. Certain amendments such as carbon substrates can 

stimulate anaerobic conditions. Bioaugmentation with anaerobic cultures is 

recommended only after the site conditions have returned to reduced. 

4. It is preferable to combine ISCO with aerobic bioremediation in order to take 

advantage of the elevated dissolved oxygen levels and redox potential after ISCO.  
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8.  CONCLUSION  
 

Soil and groundwater contamination is a widespread problem that occupies 

environmental engineers, politicians and the public, as we are increasingly concerned 

about the quality and suffice of drinking water resources and the protection of sensitive 

ecosystems.  

 

Combining individual remediation technologies in an integrated strategy can help 

overcome the limitations of individual technologies and lead to cost-efficient 

remediation. Such combinations are also known as “treatment trains”.  This work 

investigated the compatibility of in situ chemical oxidation and in situ bioremediation 

for treating a complex contamination consisting of MTBE and a mixture of creosote 

compounds. Particular focus was on persulfate, the newest agent for ISCO. The main 

findings from the reviewed literature and the conducted experiments are: 

 

Regarding ISCO with persulfate 
� In situ chemical oxidation with persulfate can be effective towards many of the 

commonly targeted organic contaminants in soil and groundwater systems. 

These include: BTEX, chlorinated solvents, chlorinated benzenes, PAHs, and 

MTBE.  

� Heat activation is the most effective activation technology. However, when 

upscaling, heating the aquifer can be a challenge. Heat activation can allow 

persulfate to transport/diffuse into the contaminated zone and then activated 

when in contact with the contaminant, achieving maximum oxidant efficiency. 

Other feasible means of activating persulfate, once it is in contact with the 

contaminant, can be probe injections of other activators (peroxide, base or iron). 

When choosing an activation aid, contaminant type, environmental conditions, 

availability of equipment, and costs, must be taken into consideration. 

� Moderate heating to 40 
o
C is recommended in order to achieve high contaminant 

destruction and limit unproductive persulfate decomposition. 

� Information regarding the interactions of persulfate with soil and groundwater 

components is limited, as only few types of aquifer material have been studied.  

� There is also very little information on upscaling persulfate oxidation to field 

scale.  

 
Regarding the combination ISCO with persulfate and bioremediation 

� In this work, indigenous aquifer microorganisms showed a high robustness to 

persulfate in terms of cellular integrity, but substrate utilization ability was 

negatively affected at high dosage. This highlights the need for multi-parameter 

assessment of the effects of chemical oxidants on indigenous communities. 
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� Early findings suggest that persulfate may be less damaging to microorganisms 

than catalyzed hydrogen peroxide. In this work, natural biodegradation 

processes persisted after treatment with persulfate concentrations of up to 30 

g/L.  
 

Regarding the combination of ISCO and ISB 
� There are very few studies where the coupling of ISCO and bioremediation has 

been investigated using microbial populations that were actually exposed to the 

oxidative treatment. In most of the existing studies, microorganisms were added 

after ISCO was completed. Furthermore, studies in soil systems are dominating, 

very few have looked into the coupling of ISCO and ISB in groundwater. 

� Challenges related to the coupling of ISCO and bioremediation result from the 

oxidants’ toxicity on microorganisms and ISCO-induced environmental changes 

that inhibit microbial processes. To avoid the inhibition of biodegradation 

processes, the oxidant dose should be carefully chosen instead of the common 

practice of overdosing. 
� The effects of ISCO agents on soil and groundwater microorganisms can be very 

diverse depending on the applied oxidant and the exposed microorganisms. 

Dramatic decreases in bacterial abundance are often observed immediately after 

ISCO, but the microbial density usually recovers with time.  
� The toxicity of oxidants on pure-strain microorganisms in laboratory 

experiments seems to overestimate the effects that ISCO would have on 

indigenous populations in an aquifer. 

� Combining ISCO and bioremediation is a viable alternative for dealing with 

complex contaminant mixtures, and high contaminant concentrations where 

bioremediation alone would not be effective. 

� ISCO is more compatible with aerobic biodegradation processes, partly due to 

the generation of oxidized conditions. However, studies suggest that anaerobic 

activity can resume after ISCO, if reduced conditions are re-established.  
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9.  SUGGESTIONS FOR FUTURE RESEARCH 
 

This work investigated the compatibility of in situ chemical oxidation with persulfate 

with in situ bioremediation (ISB). In order to further develop the use of this 

combination for in situ applications further research is necessary on improving 

persulfate technology and on issues associated with the coupling of ISCO and ISB.  

 

Regarding persulfate there is a need further research on: 
� Activation methods for persulfate, including activation by naturally occurring iron. 

More research is needed in terms of which types of iron and iron minerals persulfate 

reacts with.  

� The interactions of persulfate with the porous media in relation to interactions with 

the contaminants and the consumption of persulfate due to activation. Further study 

of persulfate application in different soil types of variable clay and organic carbon 

content, inorganic composition, and redox status is needed.  

� Field/pilot scale applications of ISCO with persulfate that are well-documented and 

shed light into upscaling issues, such as effective oxidant distribution, and achieving 

high and timely activation efficiency.  

 

Regarding the combination of ISCO and bioremediation 
This work has contributed with information on the effects of persulfate on 

microorganisms and biodegradation processes in a laboratory set-up. Further research is 

suggested on the following: 

� The compatibility of different persulfate activation methods with bioremediation.  

� Further study on the effects of aquifer heating on subsequent bioremediation efforts 

is also of interest, including the duration of the elevated temperatures in an aquifer 

set up. 

� The effects of different oxidants on indigenous microorganisms under aquifer 

representative conditions or in field scale. Molecular microbiology tools could be 

used to assess the changes ISCO causes on the composition of microbial aquifer 

communities and whether it favors specific degraders. 

� The effects of ISCO on subsequent biodegradation processes are also likely to be 

media specific. Further research in different aquifer materials (clay, chalk, dual 

porosity media) is required for optimizing the ISCO-ISB treatment approach. 

� Well documented pilot and field scale applications of ISCO-ISB that investigate a) 

the effects of oxidants on microorganisms b) the duration of the changes in redox 

conditions and other environmental factors after ISCO. Such investigations could 

create the foundation for a decision-support tool for the design and implementation 

of effective and cost-efficient treatment trains.   
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