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ABSTRACT 

health or an environmental risk, even in cases when a naturally occurring chemical is present at non-
natural levels. Organic contaminants can at least in principle be utilized by some organisms as sources 
of essential substances and/or energy. Chemical processes such as oxidation and hydrolysis also 
contribute to natural degradation. Because of this, the concentrations of some compounds, for 
example, petroleum products are reduced with time. Due to the uncertainty of the outcome, 
excavation of the contaminated land masses is still the common protocol for risk reduction. In light 
of topical pursuits for sustainability, this approach is increasingly questioned. By restoring the utility 
of the soil media and handling the wastes on site, excessive overland transportation and the resultant 
emissions can be avoided. In in situ remediation, the site is treated by maximizing the natural 
degradation processes by targeting the known bottlenecks. These include lack of moisture, 
insufficient temperature and depending on the compound, lack of electron acceptor/donor and low 
bioavailability.  

In this dissertation I study applications with which the efficiency and reliability of in situ remediation 
can be increased by utilizing a single installation for various different methods, by maximizing the 
benefits from the secondary mechanisms and by improving the distribution of remediation additives. 
In terms of the contaminant, this study focuses on gasoline, heating oil/ diesel and petroleum product 
additives appearing either individually or as mixtures. The topics are 1. electrokinetic biostimulation 
application for above and below ground water level oil contamination,  reaction based 
chemical oxidation and subsequent biological treatment with a soil inoculum, fertilizers, fast and slow 
release oxygen and a biosurfactant, 3. t
reaction based chemical oxidation, 4. direct current parallel circuit applied in situ in a two-part 
treatment of a mixed fuel contaminated site, first as a distributor of biostimulation additives and then 
for de-watering enabled removal of volatile compounds through soil vapor extraction.  

1. The electrokinetic biostimulation application for below ground water level contamination was less 
efficient than the application based on water injections for the vadose zone, as a result of differences 
in bottlenecks. 2. W drocarbons could be reduced in a significant 
manner, whereas the target level was only achieved when the secondary mechanism of soil mixing 
was enhanced by improving the biodegradation with a soil inoculum, oxygen and nutrients, and 
finally by addition of a surfactant. 3. C
removing MTBE from pore water even when soil pH was not optimal for the chemical reaction. In 
this case the role of the secondary mechanism, volatilization, was heightened. Likewise, for non-
volatile oil fractions, increased migration was observed, which could increase the risk level in situ. 4. 
The parallel DC circuit could be utilized in situ both to enhance biodegradation of the more 
biodegradable fuel compounds and to increase the efficiency of physical methods for volatile 
fractions. 

In the research, the benefits and hindrances of combined treatments and secondary mechanisms and 
the issues of site specificity were addressed. Successful outcomes were achieved with preliminary 
experiments in various scales and adjustments at the site.  

 

 

 



 
 

TIIVISTELMÄ 

Pilaantumalla tarkoitetaan kemikaaliesiintymää ympäristössä pitoisuutena, jolla se voi aiheuttaa 
terveys- tai ympäristöriskejä, silloinkin kun kyse on luonnostaan esiintyvistä kemikaaleista 
poikkeuksellisina pitoisuuksina. Orgaaniset pilaantuman aiheuttajat voivat teoriassa toimia 
organismeille välttämättömien ainesosien ja energian lähteinä. Luonnollinen hajoaminen voi tapahtua 
myös kemiallisten prosessien, kuten hapetuksen ja hydrolyysin, kautta.  Tämän vuoksi esimerkiksi 
polttoaineiden eri komponenttien pitoisuudet ympäristössä laskevat luonnollisten prosessien kautta. 
Prosesseihin liittyvien epävarmuuksien takia kemikaali kuitenkin usein käsitellään kaivamalla se ylös 
pilaantuneen materiaalin mukana. Kaivamista vaativa kunnostus on nykyisten kestävyysstrategioiden 
valossa silti epäsuotavaa. Maan käyttöarvon palauttaminen ja pilaantuman käsittely jo kohteessa 
vähentää tarvetta maamassojen liikuttelulle ja täten myös toimintaan liittyviä päästöjä. In situ -
kunnostuksessa pilaantunut alue puhdistaan tehostamalla luonnollisia hajoamisprosesseja erilaisiin 
tekijöihin vaikuttamalla. Näitä ovat kosteus, alhainen lämpötila, yhdisteestä riippuen joko elektronin 
luovuttaja tai vastaanottaja sekä alhainen biosaatavuus.  

Tässä väitöskirjassa tutkin sovelluksia, joilla in situ -kunnostuksen tehoa ja toimintavarmuutta 
voidaan parantaa käyttämällä eri menetelmien yhdistelmiä, maksimoimalla menetelmien 
toisarvoisten mekanismien hyötyjä ja tehostamalla apuaineiden syöttöä. Kohteena on kevyillä tai 
keskiraskailla polttoaineilla ja niiden lisäaineilla pilaantuneet tai sekapilaantuneet maat ja 
huokosvedet. Tutkittavat aiheet ovat 1. elektrokineettisesti tuettu biostimulaatio pohjaveden pinnan 
ylä- ja alapuolella sijaitsevalle öljypilaantumalle, 2. Fentonin reaktioon perustuva kemiallinen 
hapetus ja sitä seuraava biologinen käsittely maasiirteellä, ravinteilla, nopeasti tai hitaasti 
vapautuvalla hapella ja pinta-aktiivisella aineella, 3. toisarvoisen haihdutusmekanismin merkitys 
Fentonin reaktioon perustuvassa kemiallisessa hapetuksessa, 4. tasavirtakytkennän hyödyntäminen 
sekapilaantuneen maan kaksivaiheisessa in situ -kunnostuksessa biostimulaation tehostajana ja 
haihtumista edesauttavana tekijänä kuivaamisessa ja huokoskaasukäsittelyssä. 

1. Pohjaveden liikuttamiseen perustuva elektrokineettinen biostimulaatio oli tehottomampaa kuin 
nestesyöttöön perustuva sovellus saturoitumattomalle vyöhykkeelle eri pullonkaulatekijöistä johtuen. 
2. Fentonin reaktiolla pystyttiin vähentämään öljyhiilivetyjen määrää merkittävästi, mutta 
puhdistustavoite saavutettiin vasta hyödyntämällä käsittelyn sekoitusvaikutus. Maan ja öljyfaasin 
sekoittuminen hyödynnettiin turvaamalla biologinen hajoaminen maasiirteellä, hapella ja ravinteilla 
sekä lopuksi öljyjen biosaatavuutta lisäävällä pinta-aktiivisella aineella. 3. Fentonin reaktioon 
perustuva kemiallinen hapetus MTBE-pilaantuneen huokosveden kunnostuksessa oli tehokasta 
silloinkin, kun pH ei ollut reaktiolle suotuisa. Tällöin haihtumisen merkitys toisarvoisena 
mekanismina kasvoi. Vastaavasti keskiraskailla hiilivedyillä fyysinen vaikutus näkyi migraationa, 
joka voi lisätä riskejä kohteessa. 4. Rinnankytketty tasavirtaverkko toimi kentällä biostimulaation 
tehostajana johtaen keskiraskaiden hiilivetyjen biohajoamiseen, jonka jälkeen saman kytkennän 
avulla tehty kuivaus mahdollisti myös haihtuvien hiilivetyjen poiston huokoskaasuimulla.  

Kokeissa todettiin sekä yhdistelmämenetelmiin ja toisarvoisiin mekanismeihin liittyviä hyötyjä ja 
haasteita, että onnistumisedellytyksiin vaikuttavia kohdesidonnaisia tekijöitä. Hyvään 
puhdistustulokseen päästiin eri mittakaavojen alustavia ja täydentäviä kokeita hyödyntämällä sekä 
kentällä tehdyn menetelmien jatkuvan muokkaamisen avulla.  
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1. INTRODUCTION 

1.1. Soil contamination 

Environmental Pollution Centers defines pollution as the presence of chemicals in concentrations 

high enough to pose a health and/or an environmental risk, even when the chemicals are of a naturally 

occurring variety, but found at unnatural levels (EPC 2017b). The estimate by the International Soil 

Reference and Information Centre (ISRIC) and the United Nations Environment Programme (UNEP) 

made in the 1990s, of 22 million hectares of soil being affected by contamination globally, has later 

been reassessed as optimistic (Rodriguez Eugenio et al. 2018). According to the State Environmental 

Protection Administration (SEPA), the 2007 estimates from the Republic of China already add up to 

12 million hectares (WB 2017). Even in the current situation, data on sites either suspected to be 

contaminated or already declared as such, is mostly available from the developed countries 

(Blacksmith Institute 2006). For example, India and the former Soviet zone are identified as sources 

of severe historical contamination, whereas much of these areas fall outside current national or 

multinational level assessments (Payá Peréz & Rodrígues Eugenio 2018, Panagos et al. 2013, Saha 

et al. 2017). Another source of vagueness is the lack of a global consensus on the numerical values 

implying contamination. Part of this is rooted in the definition already, as with for example heavy 

metals, the natural levels can vary over three orders of magnitude (Rodriguez Eugenio et al. 2018).  

1.2. Contaminants and natural attenuation 

The contamination consists of subcategories for inorganic molecules such as metals/metalloids, 

cyanide and fertilizer nutrients, and organic compounds both synthetic and those naturally occurring 

(Rodriguez Eugenio et al. 2018). The levels of some of these compounds in the environment are 

potentially reduced via natural biological, chemical and physical processes, within varying 

timeframes (Peter et al. 2011). The most important of these processes are abiotic oxidation, 

biodegradation and hydrolysis (Kurola 2006, Gianfreda & Rao 2004). Concentrations of chemical 

elements per se cannot be reduced by methods other than physical removal. Their impacts on the 

environment are, however, largely related to the qualities of the substance they are part of, for 

example free metal ion availability, oxidation state/valence or the stability of the isotopes, all aspects 

that can alter within time and/or according to conditions (Rieuwerts et al. 1998, -

2016, Wilbur et al. 2012).  
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Organic contaminants can at least in principle hold nutrimental value for organisms as sources of 

energy, carbon or other essential elements. Increase in the molecular mass, and structural complexity 

such as the level of substitutions and number of aromatic rings all impact biodegradability of an 

organic compound in a negative manner (Suni 2006, Wang et al. 1998) While the aforementioned 

natural processes may detoxify the compound, transformations and generation of breakdown products 

can also result in heightened toxicity (Kurola 2006, Neilson 1996). 

1.2.1. Petroleum fuel product components  

Crude oil and petroleum products constitute the class of chemicals of a high environmental concern 

that are used in the largest quantities globally (Liedekerke et al. 2014, IEA 2019). They also include 

several different categories of organic compounds, varying significantly in their chemical properties. 

Since the most common mechanism through which fuel contamination occurs is low-profile, chronic 

spills at storage and distribution facilities, these areas may carry contamination from multiple sources, 

and in multiple media (Puolanne et al. 1994, EPC 2017a).  

Gasoline and diesel are refinery products of crude oil. In the refinery process different components 

are separated by vaporization and condensation, based on differences in their boiling temperatures 

(Solomon et al. 2018). Properties of different fuels are controlled by legislation and standards with 

slight regional variations (ITRC 2014). The composition of gasoline is 4 8% alkanes, 2 5% alkenes, 

25 40% iso-alkanes, 3 7% cycloalkanes, 1 4% cycloalkenes and 20 50% total aromatics (IARC 

1989), all hydrocarbons containing 2 12 carbon molecules with boiling points between 30 210oC. 

Due to the majority of the aliphatic compounds being in the C5 C8 range, some components of 

gasoline are volatile already in room temperature (ITRC 2014).  

Diesel refined from crude oil, simply petro-diesel, is produced by distillation between temperatures 

200oC and 350oC. It is a standardized refinery product of middle distillates, largely similar to heating 

oil. Diesel contains a multitude of compounds, mostly with 8 to 21 carbon atoms per molecule, 75 % 

of which are aliphatic (Demshemino et al. 2013, Date 2011). Both lighter and heavier hydrocarbons 

may be present and the latter are more common in mixtures for low-speed diesel engines (Song 2000). 

Additives present in minute quantities may contain nitrogen, sulfur, oxygen and metals (Bacha et al. 

2007). The exact composition of diesel fuels vary seasonally and regionally as the portions of the low 

boiling compounds are increased during the cold season and in cold areas. The composition of diesel 

has also changed as a result of regulations, which have for example reduced its sulfur content (Song 

2000).  
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In terms of the environmental risks, the main difference between the aliphatic compounds of the two 

fuel types is water solubility. Water soluble compounds are both mobile and more bioavailable. 

Gasoline distillates in the C5 C8 range are water soluble, whereas compounds heavier than C9 are 

not, and appear either as non-aqueous phase liquids (NAPL) or absorbed into the soil (ITRC 2014). 

Both fuel types also contain aromatic compounds, some of which are water soluble. The aromatic 

portion of gasoline mostly consists of these polar monoaromatic compounds commonly grouped as 

BTEX compounds (benzene, toluene, ethylbenzene and xylene) (Speight & Arjoon 2012). In some 

cases up to 20 35% of diesel can be of similar composition, with smaller amounts of diaromatics and 

polyaromatics also present (Song 2000).  

The ethers MTBE (methyl tetra butyl ether) and TAME (tertiary amyl methyl ether) are used as 

additives to increase the octane number of gasoline,  resulting in more efficient burning leading to 

reduced emissions. While low in toxicity, both are highly water soluble and mobile, and low in 

biodegradability. Even minute concentrations of these ethers in ground water affect the taste. Usage 

of these additives has not been restricted uniformly either in the EU region nor the USA where, 

however, individual state restrictions exist. (Tidenberg et al. 2009). The alcohols ethanol and 

methanol have also been used as additives for similar purposes (Gibbs et al. 2009). 

Since different fractions differ in their biodegradability, for example simple n-alkanes are degraded 

before branched alkanes or alkenes, followed by monoaromatics, cyclic alkanes and polyaromatics 

in the given order (Kolukirik et al. 2011, Hamme et al. 2003), the portion of the more recalcitrant 

fractions in the total concentration will increase with time. Since the composition of the original fuel 

may also be unknown, unless the exact date of the infiltration event can be detected, contamination 

scenarios are typically highly site specific (Song 2000).  

1.2.2. Environmental quality standards 

Environmental quality standards for contaminated sites are country specific, not only in terms of the 

actual numeric values but also how the different compounds are grouped, and what factors are taken 

into account when applying these values. For example, already in the Baltic Sea region, among the 

three countries taking part in the EU Interreg Central Baltic funded project INSURE (Innovative 

Sustainable Remediation, 2016 2019), Sweden and Finland have threshold values that are site use 

specific, whereas in Latvia standards are based on the soil type with no separate categories based on 

land use (SEPA 2002, Ministry of Environment 2007,  LEGMC 2017). Furthermore, in Latvia the 

effect of soil type on the numeric values is compound specific, for example standards for PAHs vary 

while those for other oil hydrocarbons do not.  
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The grouping of oil hydrocarbons also differs between countries. In Latvia the numbers are based on 

the total sum of oil hydrocarbons (LEGMC 2017). In Finland the threshold value describing the level 

requiring risk assessment is set for the total sum of fractions C10 C40 while the guideline values are 

set for categories C5 C10, C10 C21 and C21 C40 (Ministry of Environment 2007). Since the 

analysis is commonly based on standard method ISO 16703:2004, the total sums include both 

aliphatic and aromatic compounds. In Sweden aliphatic and aromatic compounds are further 

separated into their own categories, with several sub-categories based on the carbon chain lengths 

(SEPA 2002). BTEX and PAH compounds are treated more uniformly between the three countries. 

The different standard values in the three countries are listed in Table 1.  
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Table 1. Environmental quality standards for soil in Sweden, Finland and Latvia a separate value also 
listed for specific compounds, b value depends on the soil type c same value for TAME (SEPA 2002, 
Ministry of Environment 2007, LEGMC 2017)  

contaminant Sweden Finland Latvia 
(concentration in 
mg/kg) Sensitive 

land use 

Less 
sensitive land 

use 
Treshold 

value 

Lower 
guideline 

value 

Higher 
guideline 

value 
Target 
value 

Precautionary 
value 

Critical 
value   

Aliphatic C5 C8 25 150             

Aliphatic C8 C10 25 120             

Aliphatic C10 C12 100 500             

Aliphatic C12 C16 100 500             

Aliphatic C5 C16 100 500             

Aliphatic C16 C35 100 1000             

Aromatic C8 C10 10 50             

Aromatic C10 C16 3 15             

Aromatic C16 C35 10 30             

                  

C5 C10       100 500       

C10 C21       300 1000       

C21 C40       600 2000       

C10 C40     300           

C5 C40           1 500 5000 

                  

Benzene 0.012 0.04 0.02 0.2 1 0.01   0.1 

Toluene 10 40   5 25 0.01   130 

Ethylbenzene 10 50   10 50 0.03   50 

Xylene 10 50   10 50 0.1   25 

                  
PAHs w/ high 
molecular weight 1 10             
PAHs w/ medium 
molecular weight 3.5 20             
PAHs with low 
molecular weight 3 15             

PAHs     15a 30a 100a 1 1.5b 12 20b 40 

                  

MTBE 0.2 0.6 0.1c 5c 50c       
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1.2.3. From risk moderation to sustainable remediation 

If the natural degradation processes are considered to be too slow or to involve risks, the traditional 

approach of risk moderation is to excavate the polluted media for treatment on site, or to transfer 

elsewhere, ex situ, for storage or treatment. When treatment decisions are based on risk assessments 

alone, this approach is rarely challenged (Dahl et al. 2013). While alternative methods are still chosen 

over the traditional ones occasionally, it is mainly done for financial and/or practical reasons. The 

practice of excavation as the default option is now in question due to the broad application of concepts 

-  

on of decision making is broadened to 

include large scale resource management and conservatory aims and then further coupled with the 

-

more concrete approach to how environmental objectives should be met. The ideal zero-waste, 

cascading circular processes (Zwier et al. 2015) applied to soil remediation would mean that the utility 

of a polluted media is being restored, and with reduced need for transportation, waste and resources.  

1.2.4. Treatment selection 

The most modern decision-making tools for selecting treatment types are multi-metric sustainability 

assessments (Harbottle et al. 2008, Rosén et al. 2015, Brinkhoff 2011, Betrie et al. 2013). As with 

risk assessments, the remediation choices are estimated based on soil quality and the physicochemical 

and toxicological properties of the contaminants. In the multicriteria analysis, scores are given to the 

different criteria in the environmental, economic and social categories. For the multi-criteria analysis 

effects, tools such as PROMETHEE (Preference ranking organization for enrichment evaluation) and 

THE SCORE (Sustainable choice of remediation) are utilized to model possible outcomes of preset 

remediation alternatives using Monte-Carlo Simulation, and also to record and document the selection 

processes (Betrie et al. 2013, Rosén et al. 2015).  
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1.3. In situ remediation 

1.3.1. Natural attenuation 

When the contaminant is considered to degrade within reasonable timeframe and without 

unacceptable risks even without any active interventions and the process is sufficiently monitored, 

natural attenuation can in rare cases be considered a form of remediation (Dupont 2012, Penttinen 

2001). The inherent difficulty is that naturally occurring biological degradation is sufficiently fast 

only for bioavailable compounds, whereas the risks discouraging this type of treatment are also 

associated with bioavailability (Simpanen et al. 2016a). The primary risk associated with these 

situations is mobilization of the contaminant from soil to groundwater, often encouraging removal of 

the contaminated masses altogether. Volatilization and soil mobilization through erosion and/or 

leaching are also to be considered. Because of the risks, authorization for natural attenuation has 

traditionally been difficult and in some countries it does not qualify as a genuine remediation method 

(Tuomi & Vaajasaari 2004). Active measures may also be more financially sound than the high-

resolution monitoring of the different media often required (Penttinen 2001).  

1.3.2. Bottlenecks for biological degradation 

Biological degradation involves enzymatic reactions that are themselves often fast for a contaminant 

present at high concentrations (Jørgensen 2008, Tuomi & Vaajasaari 2004) These reactions are 

dependent on redox-conditions such as oxygen concentration and pH. Unfavorable soil conditions 

form bottlenecks for microbial activity that are slowing these processes down. The removal of these 

bottlenecks is hence the primary objective of in situ bioremediation. 

 

1.3.2.1. Moisture and heat 

Oil hydrocarbons are degraded biologically mainly by bacteria (Chaillan et al. 2006, Peltola et al. 

2006, Kauppi et al. 2011). More so, biological degradation of oil hydrocarbons has been associated 

with abundance of specific phyla, such as Proteobacteria and Bacteroidetes (Siles & Margesin 2018). 

Movement of bacteria, as well as that of ions, nutrients, gases and heat enabling their biological 

activity, require water (Standing & Killham 2007). In some cases circulation of water alone has been 

effective in reducing oil contamination levels (Khalladi et al. 2009). This aquatic carrier is also used 

in situ for water-soluble additives to be injected into the soil (Pyy 2009). 
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For average mesophilic bacteria, every 10oC increase from 0oC to 30 35oC will double the rate of the 

biochemical activity (Standing & Killham 2007). While especially in the boreal zone the average 

ambient temperatures are too low to support biological degradation of a reasonable efficiency, when 

working deep below the soil surface the question may be of a lesser relevance. Below ca. 8 10 m 

depth, the temperature remains at a relatively constant 10oC level thorough the year (Kalogirou & 

Florides 2004, Nakagawa & Koizumi 2016). When low temperature is a concern, water injected into 

the soil or the water already present in the saturated zone can be heated to promote biological activity 

(Davis 1997).  

 

1.3.2.2. Oxygen or alternative electron acceptors 

Micro-organisms utilize the organic contaminants as energy sources by catalyzing redox-reactions in 

which chemical bonds are broken down and electrons are transferred to an electron acceptor which is 

often introduced as part of the treatment (CISB 1993). When oxygen is not present, available ions 

will be used as the electron acceptor as ordered by their redox-potential. Nitrate is the second in order, 

followed by transition metals such as manganese and ferric iron and finally sulfate (Standing & 

Killham 2007). If alternative electron acceptors are present in soil in large quantities, anaerobic 

oxidation may be targeted (Saxena et. al 2012). Also the low water solubility of oxygen encourages 

the use of alternative electron acceptors such as nitrate and sulfate, both of higher water-solubility, 

but also of higher environmental concern (Cauwenberge & Roote 1998). When degradation requires 

dichlorination or removal of nitro groups, the contaminant itself is acting as the electron acceptor 

instead and reducing conditions are therefore required (Saxena et al. 2012). 

 

Aerobic conditions are considered more favorable for biodegradation of oil hydrocarbons than 

anaerobic, resulting in oxygen being the most important additive (Tarasov et al. 2004). When, 

however, sufficient periods of non-saturated conditions prevail in the soil between water injections, 

further oxygen is not necessarily required. Oxygen can be introduced as pure gas or air, or as the 

breakdown product of, for example, ozone or peroxide (Goi et al. 2009). The use of calcium peroxide 

allows for a slow release, low-maintenance type of oxidation in water saturated conditions, for as 

long as six months (Nykänen et al. 2012).  
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1.3.2.3. Nutrients 

The most important macronutrients associated with biodegradation are nitrogen in terrestrial systems 

and nitrogen and/or phosphorus in aqueous systems (Chapin III et al. 2012). Nitrogen is critical for 

synthesis of amino and nucleic acids. Phosphorus is used in synthesis of nucleic acids, cell walls and 

energy transfer compounds (Tapia-Torres et al. 2016). When carbon is present in excessive doses in 

the form of the contaminant itself, macronutrients are usually added to result in the theoretical organic 

carbon:nitrogen:phosphorus ratio of 100:10:1, where approximately half of the carbon will act as the 

energy source for the bacterial cells and the other half will form bacterial biomass with Corg:N:P ratio 

of 50:10:1 (Tuomi & Vaajasaari 2004, Hyman & Dupont 2001). Nutrients themselves are considered 

contaminants, which means that any additions should lead to a tight nutrient cycling with as little run-

off as possible. (Rodriguez Eugenio et al. 2018).  

 

The most popular nitrogen fertilizer is urea that is catalyzed by urease in urea hydrolysis to the end-

product of ammonia, or further to ammonium when water is present. Ammonium itself is a weak acid 

with pAk of 9.2. The latter reaction will also lead to the formation of hydroxyl ions, increasing pH 

and volatilization of ammonia in a fashion exponentially related to the increasing alkalinity (Jones et 

al. 2007). High nitrification rates of ammonium to nitrate will have a reverse effect on soil pH in the 

long run, also with negative implications on biodegradation (Shewfelt et al. 2005). This negative 

attribute can be reduced by providing pH buffers (Chaillan et al. 2006). 

 

Ammonium nitrogen is considered a more effective nitrogen source than nitrate, due to the more 

immediate and fast degradation (Shewfeldt et al. 2005). The choice of nitrate fertilizer, or ammonium 

nitrate mix can, however, prove more beneficial especially if nitrate is also to function as an electron 

acceptor in anaerobic conditions. Urea and ammonium may also be too reactive to be added in the 

theoretical optimal doses, as losses through volatilization and leaching and negative effects on soil 

micro-organisms are to be expected. The amount of organic carbon bioavailable at a particular 

moment is lower than the values calculated from loss on ignition, which is why the theoretical ratio 

will lead to excess load (Peltola et al. 2006). This problem can be sidestepped by introducing 

fertilizers in smaller doses which could, however, lead to a high maintenance type treatment.  
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Alternatively, the release of ammonium can be moderated by utilizing methylene urea as the nitrogen 

source. It is a condensation product of urea and formaldehyde, where the polymer length and the level 

of polymerization dictate the pace of the nitrogen release (Koivunen et al. 2004). Methylene urea is 

hydrolyzed and transformed to ammonium nitrogen in soil, but ammonia volatilization, nitrogen 

leaching and effects on soil pH are decreased considerably (Peltola et al. 2006). The product is not 

water soluble, which may set limits to its applicability in certain scenarios (Sartain 2015). Another 

slow release alternative, and one following the circular economy idea of utilizing waste streams, is 

meat and bone meal, a meat industry waste product. This material is capable of releasing nitrogen, 

phosphorus, potassium and other micronutrients in a controlled manner with only a moderate 

environmental effect (Liu et al. 2019).  

 

1.3.2.4. Bioavailability of oil - Surfactants 

Whereas lack of nutrients may hinder biodegradation, the efficiency of remediation is still primarily 

related to the contaminant as the carbon source itself (Chaillan et al. 2006). For hydrophobic 

compounds appearing as NAPLs or absorbed to the soil particles, bioavailability of the carbon may 

form the primary bottle neck (Martins et al. 2009). In these cases, surface active agents can be added 

with some consideration. Surfactants are molecules formed of hydrophilic and hydrophobic regions, 

working at the interfaces of phases of differing polarity to help overcome surface tension (Khalladi 

et al. 2009). Biosurfactants are generally less harmful to the environment than the synthetic brands 

(Martins et al. 2009). They are produced either microbially in metabolically active cells or 

enzymically with hydrolytic enzymes used as biological alternatives to conventional catalysts (Sen et 

al. 2012). For the former, in situ protocols may be based on biostimulation of the existing or 

inoculated surfactant producing bacteria instead of additions of a ready-made product (Sen et al. 

2012) 

The contaminant may be deliberately mobilized from the soil to the aqueous phase with high 

concentrations of detergents as a form of physical remediation, whereas the run-off will require 

collection and treatment, due to both the mobilized contaminant, and the surfactant itself, if those of 

non-biodegradable variety are used (Penttinen 2001). When surfactants themselves are 

biodegradable, in principle they can be utilized to enhance biostimulation efforts by releasing the 

contaminant in low enough doses to the aqueous phase for it to be biologically degraded before 

unwanted migration occurs (Simpanen et al. 2016b). 
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The five major categories of biosurfactants are glycolipids, phospholipids and fatty acids, 

lipopeptides and lipoproteins, polymeric biosurfactants and particulate biosurfactants (Randhawa & 

Rahman 2014). Rhamnolipids of the glycolipid category are the most popular surfactant used 

globally, due to the ecologically friendly production protocol and fate in the environment, low toxicity 

and low critical micelle concentration in comparison to the synthetic surfactants (Whang et al. 2009, 

Randhawa & Rahman 2014). They are produced by Pseudonomas aeruginosa, naturally occurring in 

gasoline contaminated soils. In addition to their influence on surface tension, rhamnolipids are 

considered to have the ability to extract the lipopolysaccharides of cell walls, leading to an 

increasingly hydrophobic coating and hence heightened interaction between the cells and the 

hydrophobic contaminant (Kaczorek et al. 2012). Rhamnolipid have been found to positively affect 

the degradation of gasoline and diesel residues both in water and soil matrix (Whang et al. 2009, Lai 

et al. 2009, Kaczorek et al. 2012), whereas occurrences of inhibition have also been recorded 

(Providenti et al. 1995, Deschênes et al. 1996). 

Cyclodextrins are oligosaccharides produced by cyclodextrin glucanotransferase from a raw material 

containing starch, forming complexes with many compounds in various states. Due to the non-polar 

C3 and C5 carbons and oxygen bonds inside the toroid-like shape of the molecule, a hydrophobic 

center is formed, in which the target hydrophobic compound will be attached by van der Waals 

interaction, forming a guest-host type complex. Due to the hydrophilic outer rim of the complex, 

chemical attributes such as water solubility are affected. The driving force in the complex formation 

is towards lower enthalpy (Del Valle 2004). The benefits of cyclodextrin may include shorter lag 

periods for bacterial digestion when bioavailability is the primary bottleneck, or a continued effect 

leading to lower end concentrations when biodegradation would otherwise already have come to a 

halt (Khalladi et al. 2009, Molnár et al. 2005). The degradation time for cyclodextrins is 0.5 1.5 

years, at least six times longer than rhamnolipids (Simpanen et al. 2016b, Szulc et al. 2013).  

Degradation time of the surfactant is crucial since high biodegradability may promote a situation in 

which the surfactant is being used by the bacteria as the primary carbon source, thus inhibiting the 

biodegradation of the contaminant (Sen et al. 2012). Bioavailability of the compounds therefore 

dictates the choice of a surfactant to a large extent, and varies greatly between non-disturbed site 

conditions and soil media used in the laboratory or pilot scale tests. In situ testing of these products 

is still rare, as the benefits of the increased bioavailability are so closely aligned with what is also 

perceived as the primary risk.  
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1.3.2.5. Lack of degradative pathway genes  Bioaugmentation and soil inoculums 

A large number of common bacterial species are capable of degrading oil hydrocarbons. Conditions 

therefore play a larger role in the bacterial activity than the choice of carbon source itself and 

biostimulation of the existing bacteria is hence the important step in in situ bioremediation strategies 

(Kauppi et al. 2011, Thomassin-Lacroix et al. 2002). For less biodegradable compounds, the low 

metabolic potential of the native bacteria may form a bottleneck if particular degradative genes are 

not present. For xenobiotic compounds metabolic pathways have not necessarily yet been developed 

or dispersed due to their novelty (Saxena et al. 2012). In these cases, specific bacterial strains can be 

imported into the contaminated zone in a method known as bioaugmentation. Commercial products 

applying this principle have entered the market in recent years (Simon et al. 2004). The composition 

of these products often fall within the category of enterprise secret, and demonstrations of the impacts 

are likewise often still only provided by the manufacturers themselves.  

In many cases adaptation of the imported cultivated strains in pure media is poor, as they will be 

superseded by the native bacteria better adapted to the prevailing conditions (Kauppi et al. 2011, 

Gentry et al. 2004, Thomassin-Lacroix et al. 2002). Even when that is the case, if the degradation 

capacity is located in a mobilizable position such as conjugative plasmid, it may be further distributed 

within the indigenous population (Sarand et al. 2000) 

The survival efficiency of the introduced strains can also be enhanced by using inoculant rather than 

pure cultured strains. In this approach, the natural microbial community of a particular environment 

is transferred in its entirety. Successfully treated soil with a similar type of contamination can be 

expected to carry the genes for the targeted degradation pathway, and this has proven a worthwhile 

strategy for herbicides (Sinkkonen et al. 2013), PAH (Koivula et al. 2004) and diesel oil (Kauppi et 

al. 2012). Since humus contains various complex hetero-aromatic compounds, it also often carries 

bacteria capable of utilizing these carbon sources (Koivula et al. 2004). Bioaugmentation with humus 

soil transplants have been found to lead to a successful adaptation of the imported populations in 

environments with contamination from both poly- and chloro-aromatic compounds (Kauppi et al. 

2011, Sinkkonen et al. 2013).  
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1.4. Chemical methods 

When the contaminant is low in biodegradability, it can be chemically transformed to a more 

biologically reactive compound or even completely chemically mineralized through chemical 

reactions. This happens with an oxidizing agent such as permanganate, peroxide or ozone, or reducing 

agent such as zero valence ion introduced into the treatable media (ITRC 2005). The compound is 

either partially or completely chemically transformed or optionally, in case of zero valence reactions, 

sequestered via reduction (Tratnyek et al. 2003).  

The most popular chemical oxidant is hydrogen peroxide, due to its low price and high efficiency 

(Innocenti et al. 2014). The oxidizing strength of the hydroxyl radical produced from the chemical 

breakdown of hydrogen peroxide is higher than that of hydrogen peroxide itself (Watts & Teel 2005, 

Petri et al. 2011). In the reaction catalyzed by ferrous iron or other transition metal, hydroxyl ions 

and hydroxide radicals are formed, leading to chain reactions where additional radicals such as super 

oxide (O2 -), per hydroxyl radical (HO2 2
-) are formed, depending on 

the prevailing chemical parameters (Petri et al. 2011, Pignatello et al. 2006, Siegrist et al. 2011). The 

benefits of chemical mineralization in comparison to biological treatment is that the reactions can be 

comparatively rapid, and lead to a successful reduction of the contaminant in mere hours. These 

reactions are however difficult to produce and burden the soil to a greater degree than biological 

methods. 

y pH dependent, and the radical producing pathway is only achieved in 

acidic conditions, due to the low water-solubility of the catalyst near neutral pH (Pignatello et al. 

2006, Garrido-Ramírez et al. 2010). Lowering the soil pH with acids, while difficult to achieve in 

soils with high buffering capacity, will increase the mobility of all metals causing further 

environmental concerns (Villa et al. 2008, Simpanen et al. 2016a). Without the catalyst dissolved into 

the aqueous phase, hydrogen peroxide will be non-productively consumed by the surface minerals, 

which is a higher concern with the clayey soil types (Pham et al. 2009). Also, as the reaction is non-

selective and occurs with all organic material, treatment of high organic matter content soils is not 

cost-efficient. The limitations of the technique set by the soil type alone should be assessed by testing 

the soil oxidant demand prior to the treatment, either in the laboratory, or as a rough estimate, on site 

(Haselow et al. 2003). In addition to both the hydrogen peroxide and the radicals being toxic to soil 

biota in high enough doses, oxygen can also be present in lethal concentrations. (Tarasov et al. 2004). 

To overcome the problem with pH limitation, the water solubility of the catalyst may be enhanced by 

engaging it in a chelated complex with agents such as citrate (Vicente et al. 2011, Watts et al. 2007, 

Lewis et al. 2009). 
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1.5. Physical methods  

1.5.1. Controlled mobilization 

Some methods are based on in situ physical transfer of the contaminant from undisturbed soil media. 

For example, when surfactants are used to flush otherwise non-soluble compounds from the soil for 

on-site/ex situ treatment of the aqueous phase, major excavation efforts can be avoided. Physical 

removal can also be based on volatilization of hydrocarbons from the aqueous zone, to the pore space 

by air sparging techniques. The vapors can then be collected from the gaseous phase with soil vapor 

extraction, and treated on site with, for example, activated carbon filtering or burning (Adams et al. 

boiling point below 250oC and vapor pressure above 67 Pa (Spencer et al. 1988), while also being 

highly site specific in terms of soil homogeneity, permeability and ground water level (Reddy & 

Adams 2001, Sellers 1999).  

1.5.2. Immobilization with sorbent materials 

Current advances in in situ remediation involve immobilization of contaminants with amendments of 

mineral (clay), natural organic (biochar) or synthetic origin (synthetic zeolite) (Yang et al. 2019, 

Bandura et al. 2017, Minato et al. 1999). While contaminant concentrations are not reduced, the 

associated risks are lowered with the decreasing bioavailability and reactivity. Nanomaterials increase 

the surface-to-volume ratio from other porous materials and can also involve chemical modification 

of the target compound through de-chlorination, reduction or oxidization (Guerra et al. 2018). High 

compound specificity can be achieved with material choices. The fact that both metal and 

hydrocarbon contamination can be targeted simultaneously, makes it the preferable method when 

both types of contaminants are present. The fate of these materials in soil is still largely unstudied. 

Contaminant rebounds and/or desorption from the aging sorbents and degradation of the materials to 

nanoparticles or colloids pose potential environmental consequences (Yang et al. 2019). Recovery 

and recycling of the sorbents is in principle also possible, but difficult to achieve in situ.   
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 1.6. Mixed mechanisms 

The effect of a treatment can rarely be traced back to a single mechanism. For example, several 

mechanisms are recognized for phytoremediation, remediation with plants, such as abiotic losses 

through physical and chemical processes, promoted microbial degradation and accumulation into 

plant tissue (Sarand et al. 1999, Sarand et al. 1998, Wang et al. 2011, Sheng et al. 2008, Gerhardt et 

al. 2009, Khan et al. 2013).  

Both chemical oxidation and air sparging are likely to increase the temperature in the aqueous phase 

and also result in heightened oxygen availability for soil microbes and thus promote biological 

degradation as a secondary contaminant removal mechanism (Covell & Thomas 1997, Goi et al. 

2006). While these mechanisms are likely to differ in temporal scales, in terms of the total 

contaminant reductions, primary and secondary mechanism may be difficult to differentiate (Davis 

et al. 2009). As chemical oxidation is observed to lead to increased concentrations of volatile 

compounds in the gaseous phase, it is worth suggesting that the method also involves a physical 

mechanism. The relative importance of this mechanism in relation to chemical mineralization or the 

secondary biological mechanism has not been tested (Petri et al. 2011).  

1.7. Low distribution efficiency  Electrokinetics 

Low permeability of the soil may hamper distribution of additives regardless of the method and the 

chemical state of the substance being added. For soils with low permeability, injections are slow and 

both water and gases may fail to enter the contaminated zone and rather exit the target area through 

underground channels or areas of higher permeability (Penttinen 2001). Also for coarse soil types, 

radius of impact may be limited, resulting in additives fed through vertical tubing entering the 

groundwater without having accessed the contaminated zone.  

 

With electric current, charged ions or compounds can be transported within a greater horizontal radius 

in the soil (Cauwenberghe 1997, Buehler et al. 1994, Reddy 2013). A parallel current is created by 

installing pairs of electrodes into the injection tubes, and connecting them to a direct current source. 

In electro-migration, charged particles travel towards the electrodes as dictated by their charges. 

Electro-migration is efficient for most soil types with a high enough moisture content, whereas in 

finer soils, the main transportation mechanism may be based on electro-osmosis instead (Suni & 

Romantschuk 2004, Cauwenberghe 1997, Penttinen 2001). 
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In electro-osmosis, a primary electromagnetic source field is created, resulting in induction of 

secondary magnetic and electric fields (Saksa 2017). Charged ions or compounds dissolved or 

attached to water via adhesion form an electrolyte. When in contact with the electrolyte, soil particles 

gain a surface charge, in turn attracting a layer of ions with the opposing charge. When this electric 

double layer is formed, the liquid starts moving due to viscosity. As the surfaces of most soil particles 

are negatively charged, the direction of the current, and hence the horizontal transportation route for 

the additives, is from anode towards cathode (Figure 1 a b). Electro-osmosis is less effective in the 

coarser soil types due to a weaker electric double layer (Suni & Romantschuk 2004, Cauwenberghe 

1997, Virkutyte et al. 2002).  

 

  

Figure 1 a b. a) The parallel circuit viewed from above, with the electro-osmotic movement of the 
aqueous phase shown with arrows. b) cut-view of the electro-osmosis mechanism in soil. (adapted 
from Cameselle et al. 2013)  

 

The electro-osmotic principle allows for applications based on injections of fluids, but also of variates 

where distribution of additives is achieved by the directed movement of the ground water. In addition 

to electron acceptors, nutrients and surfactants, bacteria can also be electro-kinetically distributed 

(Mao et al. 2012, Suni & Romantschuk 2004). Electro-kinetics can also be coupled with chemical 

oxidation in electro-Fenton, to help distribute the oxidant, pH adjusters or chelates in soil (Bocos et 

al. 2015).  
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For soluble contaminants, another alternative is to move the aqueous phase through reactive barriers. 

These can act, for example as hot spots of biological activity, through enhanced biostimulation with 

slow release electron acceptors and/or fertilizers, or by the presence of degrader bacteria in inoculums 

or phytoremediation zones. Electro-osmotic mobilization of the aqueous phase through concentrated 

treatment zones could also ease the recovery of sorbent materials and help overcome the radius of 

influence limitations of air sparging. The same basic installation can be utilized for different 

compounds and treatment types, and either performed simultaneously or consecutively. For example, 

when organic compounds appear alongside metal contamination, direct current application can both 

enhance the distribution of bioremediation additives, and help concentrate metals in a smaller area, 

thus reducing excavation costs (Virkutyte et al. 2002). 
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2. AIMS OF THE STUDY 

The general objective of this study was to evaluate benefits from multistep treatments utilizing the 

same basic installations, test the applicability of electro-kinetics for different reaction mechanisms 

and learn of potential remediation solutions for a mixed fuel contaminated environment. Tests 

providing information on these issues were performed in various scales in the laboratory, a lysimeter 

field station, and in situ. The specific aims were: 

1 To examine the use of electro-kinetics in biostimulation applications for above and below 

groundwater level conditions. Though lower efficiency could be suggested for the saturated zone, the 

aim was to study whether the treatment based on electro-osmotic movement of the ground water and 

low-solubility slow release compounds for oxygen and nutrients could compensate for the loss of 

efficiency by allowing for a low-cost, low-maintenance treatment type (Paper I).    

2 To perform in situ 

and bioremediation with an inoculum, biosurfactant and slow release fertilizer as the treatment for 

heating oil contaminated soil with low accessibility and with low water permeability. The objective 

was to study how the secondary mechanisms of the chemical treatment could be benefited from during 

a follow-up bioremediation procedure (Paper II). 

3 To study whether the secondary sparging effect of hydrogen peroxide breakdown lowers 

concentrations of volatile compounds in the aqueous phase to such a degree that it can be targeted as 

a form of treatment for VOC contaminated porewater in conditions unfavorable  for chemical 

mineralization, and what are then the rebound effects for volatile MTBE and non-volatile diesel, two 

contaminants often found in different phases at sites with fuel services (Paper III). 

4 To test a parallel circuit setup in a sequential treatment of mixed fuel contamination with electro-

osmotic biostimulation for the biodegradable oil hydrocarbons and a soil vapor extraction enabling 

de-watering for the volatile gasoline fractions. Primary objective of the study was to combine 

different mechanisms utilizing the same installation set-up with which different fuels could be treated 

in a mixed contamination environment (Paper IV).  
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3. MATERIALS AND METHODS  

3.1. Study sites and experimental set-ups 

Four field in situ treatments were performed with outcomes included in papers I, II and IV. In papers 

I IV different laboratory scale and lysimeter scale tests were performed to demonstrate different 

reaction mechanisms and/or verify the results achieved at the sites, with control treatments and a 

sufficient number of replica treatments enabling statistical analyses. For these tests, soil media as 

close to that found at the study sites were used, if the sites themselves did not allow for excavation to 

the needed extent. Diesel or heating oil contaminated sites were in these cases modelled with aged, 

contaminated soil found at alternative sites, or from previous field station experiments. For water 

soluble contaminants, freshly spiked media was utilized. When the movements of oil or water was 

studied in paper I, natural soil was replaced with quartz sand with pre-tested grain size distribution, 

allowing for monitoring of the movements. The summary of the experiments is presented in Table 2 

and summary of the analytical methods used in Table 3. Thorough descriptions of the experimental 

designs and analyses methods are included in the respective papers.   

 

3.2. Electrokinetic in situ biostimulation applications for oil contaminated soil above and 
below ground water level (I): 

Electro-osmotic biostimulation was tested at two sites with differing ground water conditions. At site 

Villähde in Finland (60.951, 25.806) heating oil contamination appearing in the vadose zone in depth 

7 10 m was treated by creating a 10.5 m2 direct current (DC) circuit, and stimulating the native 

bacteria with weekly additions of nitrogen amended water through vertical tubes in which the 

electrodes were placed (Paper 1 Figure 2a, Figure 3). Rows of three electrodes with 1.5 m intervals 

were installed 3.5 m from each other. For the purpose, a portable transformer was used (Input: AC 

380 V, 35 A, Output: DC maximum 200 V) set at 200 V for the entire treatment duration. An 

ammonium nitrate fertilizer (YaraBela Suomensalpietari) was injected weekly in a dosage of 10 kg 

/2000 L of water. The treatment was carried on for 4.5 months. The cathode side near the origin of 

the spill was sampled before and after the treatment for oil hydrocarbon content and currents were 

monitored weekly. 
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An alternative application for contamination appearing below groundwater level was tested at site 

Motala in Sweden (58.529, 15.037) with a similar set-up (Paper 1 Figure 2b). Movement of the 

groundwater was directed with a 16 m2 DC parallel circuit in the approximate depth 2.5 5 m. Two   

8 m rows with four electrodes each were installed 6 m from each other. Biostimulation was based on 

movement of the aqueous phase past a barrier of slow release additives CaO2 (ca 200 kg of Granular 

70CG from Solvay GBU), releasing oxygen in small quantities, and meat and bone meal (ca 300 kg 

with ca of 20 kg N) (Paper 1 Figure 4).  

Calcium nitrate (YaraLiva® Kalksalpeter) in a dosage of 25 kg /1000 L of water was added into the 

anode wells as an alternative electron acceptor ten months into the treatment. The voltage was 

increased from the initial 100 V in stepwise fashion by 50 V after three and six months. The total 

treatment time with active monitoring and with the electricity turned on was 15 months. The site was 

studied before, after, and twice within the treatment period (3 & 6 months after the initiation) for oil 

hydrocarbon and nitrogen concentrations, oxygen saturation, temperature and currents around 

electrodes. 

The phenomena observed at the site was further investigated with laboratory scale models, by 

following the movement of water and oil in soil with low porosity, with and without electricity. Diesel 

oil (NEXBASE® 2006 from Neste Oil, without additives) was dyed with Fluorescent Dye-Lite® All-

In- -3400, Traceline®) or with Sudan IV (Sigma-Aldrich) depending on the purpose and 

fluorescein (Sigma-Aldrich) was used to dye water. The effect of capillary forces on oil and water 

dispersal were tested with quartz sand mix (NC4X/NC4XF/Q4 Micro Range, 4:1:1) pressed between 

vertical glass plates (Paper 1 Figure 5a). Sand was saturated with a 2 mM phosphate buffer 

(K2HPO4+NaH2PO4, pH 7). The horizontal movement of both water and diesel was studied with 

similar saturated media in a U-shaped tube with and without electricity (Paper 1 Figure 5b). In the 

former, electrophoresis power supply was set at constant 300 V (ca 5 V/cm), creating a 4 6 mA 

current between electrodes at different ends. The volume of water gathered at the cathode side was 

measured. All experiments were photographed after 40 hours under ultra-violet light. 
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3.3. In situ  slow-
release additives and methyl- -cyclodextrin (II): 

In this test a low accessibility hotspot of heating oil contamination was treated at a site in Janakkala, 

Finland (60.922, 24.656) with a combination of in situ treatments (Paper 2 Figure 1). The 

contamination was due to a leaking oil tank at ca. 2 m depth, on a residential lot, in a clayey soil with 

low water permeability. The very tank that was leaking was used for slow infiltration of different 

additives during several treatment steps (Paper 2 Figure 3a&b). The site was first treated with 

W302600-

25KG-K sodium citrate dihydrate, Sigma-Aldrich) due to the high soil pH (6.7). Two rounds of 

chemical treatment were performed (1 m3 of 25% H2O2, diluted 50% solution from Bang & 

Bonsomer) within a month. The soil was sampled after each round from within the small holes drilled 

into the tank jacket (Paper 2 Figure 3a&b). 

The chemical treatment was followed by bioremediation starting with the introduction of bacteria 

with a 40 kg soil inoculum of diesel-contaminated soil from the published study of Liu et al. (2019). 

The inoculum consisted of a 1:1 mix of soils from the control treatment and the treatment with CaO2 

in dose 2%. Bioaugmentation was done presuming that the indigenous population had likely been 

negatively affected by the high doses of peroxide, radicals and/or oxygen (Tarasov et al. 2004, 

Büyüksönmez et al. 1998). The taxonomic composition of the bacterial community in the two soils 

was tested by sequence analysis of the 16S rRNA gene pool. A 10 kg dosage of Suomensalpietari 

Fertilizer (YaraBela) was added with the inoculum. Weekly 0.2 m3 doses of water helped to distribute 

additives deeper into the contaminated zone but also allowed for periods of aeration between the 

additions. The soil was sampled after 2.5, 4 and 10 months.  

Biostimulation was then continued by adding 20 kg of slow release fertilizer, meat and bone meal 

(50% protein content). H2O2 was added as an oxygen source in low concentrations (0.5 1% of the 

introduced volume). After 6 months, the soil was sampled. 
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It was assumed that the low bioavailability of the contaminant was hampering biodegradation and to 

continue the process a surfactant was selected based on two laboratory scale trials. Methods adding 

to the risk of contaminant mobilization could in this case be justified by the site characteristics: the 

site was not located within a groundwater area, nor was it connected to the neighbouring premises 

via drainages. Due to the low permeability of the site, the flushed contaminant could be expected to 

reside within the zone of optimized conditions for biodegradation, and hence to be degraded before 

migrating from the area. A biodegradable surfactant was to be used, allowing the aqueous phase to 

be left in the soil. 

A selection between methyl- -cyclodextrin (CD, CAVASOL® W7 M TL 50% Wacker Fine 

Chemicals) and pine soap (Havu, Henkel Norden), was based on determining if changes in biological 

activity could be related to decrease in oil hydrocarbons. Decrease in the hydrocarbon concentration 

in soil regardless of the mechanism as well as biological activity as measured from soil respiration, 

was studied in an experiment with gravel (3.5 L, ca. 7000 mg/kg C10 C40) and a recycled aqueous 

phase (1.5 L) (Paper 2 Figure 2). Either nutrients and/or surfactants were added to the recycled water 

phase in the following combinations, all as three replicates: (i) control without any additions, (ii) 

liquid pine soap, (iii) liquid pine soap plus nutrients, (iv) nutrients, (v) CD and (vi) CD plus nutrients. 

The surfactant concentration ca. 1% was used. Nitrogen was added as an ammonium-nitrate mix 

(nitrogen dose 12 mM) and phosphorus as a K2HPO4 + NaH2PO4 buffer (15 mM P). During the 13-

week trial, solutions were passed through the soil column 22 times. The soil was sampled four times, 

1 week, 3 weeks, 9 weeks and 13 weeks into the experiment. Oil hydrocarbon content and soil 

respiration were measured from each soil sample. The effect of treatment on each parameter was 

tested with a repeated measures ANOVA and regression analysis.  

The efficiency of CD to dissolve different hydrocarbon fractions was further tested with a clayey soil, 

closer to the one found at the site, with aged heating oil contamination. As risk assessments need to 

be conducted on hydrocarbon fraction-based analyses, this was a mandatory step for treatment 

authorization. In the experiment 200 g of soil (ca. 700 mg/kg C10-C40) was mixed with 300 ml of 

solution in Erlenmeyer flasks. CD was tested in doses of 5% and 1% and 0% (w:v), all as three 

replicates. During the first part of the treatment, the flasks were placed in a shaker (150 rpm, 30mm 

orbit) for 1-h sessions with phase separation between each run. The procedure was repeated five 

times. After sampling of the aqueous phase, a compensating solution volume was added and the 

protocol was repeated but with shaking runs lasting for 5 h. A 250 ml water sample was withdrawn 

after both of these steps.  
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All samples were analyzed for aliphatic fractions in the C10 C21, C21 C40 and C10 C40 ranges. A 

complete fragment analysis was performed on a single sample per treatment. The effect of treatment 

on oil concentrations in the aqueous phase and differences between groups was studied with a one-

way ANOVA and Student-Newman-Keuls post hoc test respectively. 

CD was then introduced on the site, in ca. 5% concentration estimated from the water volume in the 

tank. As the soil was now getting water saturated, 10 kg of CaO2 was added to the tank to provide 

oxygen. After 12 months, both soil and the water left in the tank was sampled and analyzed for oil 

concentration. Final investigations were performed on a larger area around the treated zone 

corresponding with the existing contamination data from prior to any active remediation pursuits 

(Paper 2 Figure 3a).  

 

3.4. Fenton's reaction-based chemical oxidation in suboptimal conditions can lead to 
mobilization of oil hydrocarbons but also contribute to the total removal of volatile 
compounds (III): 

reaction based chemical oxidation was tested at different scales. Sandy soil with low soil oxidant 

demand (86 mg permanganate/100 g soil) was used across all different scales.  

In a preliminary laboratory scale survey, the effects of iron concentration, iron oxidation state 

(Fe(III)sulphate (Fe2(SO4)3 · xH2O from Sigma-Aldrich, Fe(II)sulphate heptahydrate from 

Honeywell Fluka), presence of a citrate chelating agent (W302600-25KG-K sodium citrate dihydrate 

from Sigma-Aldrich) and hydrogen peroxide concentration (Bang & Bonsomer) on removal of 

MTBE (concentration 750 mg/L, Merck Schuchardt OHG) from the pore water were followed from 

the initial seconds after peroxide injection to 24+ hours as described in Paper 3 Table 1.  This allowed 

for a crude estimate of the effect of a large number of different variables with low expenses. The PID-

values were measured initially every 15 min but with lengthening intervals from 60 minutes onwards.  

General VOC levels were followed with a handheld photoionization detector (PID) meter (Microtip 

Photovac Mp-100) which were suggested to respond to the contamination level in the aqueous phase 

in the chosen scale. The effects of additives and their combinations on general VOC-levels were 

analysed using a three-way Kruskal-Wallis test. A pairwise comparison between effects of the 

different oxidation states of Fe was done by a yardstick method. The correlation between VOC levels 

and the soil pH with the respective doses of additives was also studied.  
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The effect of soil pH in the balance between chemical mineralization and volatilization as 

contaminant removal mechanisms was studied in a tenfold scale (10-L) and with lower MTBE 

concentration (15 mg/L). Three combinations were tested: 5 M H2O2, with and without 20 mM 

Fe(III)sulphate addition, and a water control. In this test, MTBE concentrations and putative 

breakdown products were analysed from both the gaseous and the aqueous phase. A 1.5-L sample 

from the gaseous phase was withdrawn (Anasorb 747, SKC 226-81A absorbent, Markes Acti-Voc 

pump) at three different time points, 15 min, 60 min and 240 min, each from a separate 10-L soil 

container. The aqueous phase was sampled 21 h after the peroxide addition.  

In the lysimeter scale experiment described in greater detail in Simpanen et al. 2016a it was tested 

whether MTBE contaminated pore water could be successfully treated in conditions known to be non-

-scale tests, and whether increased 

volatilization would occur in a larger scale. It was also studied in which manner the growing 

importance of the physical removal mechanism contributes to rebound concentrations both for 

MTBE, but also for non-volatile diesel fuel compounds, most of which reside absorbed into the soil 

rather than appearing in the aqueous phase. The test protocols for MTBE spiked pore water and aged 

diesel contaminated soil are described in Paper 3 Table 2 & 3 respectively. In both studies the effect 

of Fe(II) catalyst, and in the latter study, the effect of citrate chelate on contaminant removal and 

mobilization was also tested.  

In the MTBE test, water level remained below the soil surface at all times and water samples were 

withdrawn from the bottom valves. Soil temperature readings and PID measurements were performed 

in vertical holes drilled in the soil column. At the end of the experiment the soil column was sampled 

in four vertical sub-samples. In the diesel test the water level reached above the soil surface during 

the chemical reaction, and soil samples were hence withdrawn from the top soil only. Thorough 

vertical soil samples were withdrawn with an auger before and after the entire experiment. Aqueous 

phase was sampled for hydrocarbons both from the surface and from the bottom valves, depending 

on the effect of the H2O2 breakdown reaction on water availability and water table behaviour.  
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3.5. Soil vapor extraction of wet gasoline-contaminated soil made possible by electroosmotic 
dewatering-lab simulations applied at a field site (IV): 

For the in situ treatment of a former fuel station at Jalasjärvi Finland (N6235, E2283) a DC parallel 

circuit was formed on a 30m2 area, with fuel product contamination appearing in depth 1.2 6 m 

(Simpanen 2016) for a multistep treatment. At the site rows with four stainless steel electrodes with 

2 m intervals were installed 5 m apart from each other and connected to a portable transformer (Input: 

AC 460 V, 65 A, Output: DC maximum 270 V). This application first used to distribute 

biodegradation enhancing additives targeting the more biodegradable diesel-range fractions was re-

utilized for de-watering the soil, so that the efficiency of soil vapour extraction (SVE) of volatile 

gasoline fractions would be increased.  

The latter remediation step was modelled in a laboratory scale study, where the concentration of 

volatile compounds in the gaseous phase was followed over a moisture content gradient for a period 

of 9 weeks. Soil brought from the site was wetted to the saturation degrees of 0%, 40%, 70% and 

100% and incubated in 18oC. PID (Microtip Photovac Mp-100) values were recorded 32 times during 

the experiment, by first sealing the air-spaces of the vials for 60 min. C5 C10 hydrocarbons were 

test, for single day values on days 1, 3 and 10, and for cumulative values for periods 7 21 and 23 75 

with the values recorded ca. every 3 days. A comparison to a closed cap control study was performed 

only on the soil samples.  

For the de-watering of the site, the A 270 V input resulting in a 0.54 V/cm voltage was continued 

from the bioremediation stage, whereas fluid amendments were paused. Electricity consumption 

decreased from 7 A (1.9 kW) to below 0.5 A due to the drying. SVE was started after 2 months of 

de-watering. For this, a horizontal perforated 50 mm SVE tube was installed ca. 20 cm into the 

contaminated zone and connected to a sealed vacuum pump. The vapours were filtered with activated 

charcoal before release. In situ monitoring was done with a handheld PID and based on changes in 

these VOC levels, the known hotspots were sampled down to a depth of 5 m. SVE was performed for 

5 months.  

 
 
 
 
 
 
 
 



26 
  



27 
 



28 
 

4. RESULTS AND DISCUSSION 

4.1. Electrokinetic in situ biostimulation applications for oil contaminated soil above and 
below ground water level (I): 

In the experiment, electro-osmotic biostimulation was tested in different groundwater level 

conditions. At the Villähde site, two C10 C40 contamination hot spots located in the vadose zone 

were biologically degraded, and no concentrations above the threshold value (300 mg/kg) were 

observed in the final investigations (Paper 1 Figure 6). Each injection event was found to increase the 

current measured from the electrodes from 0.5 A to 3.6 A on average, waning to the initial level 

within ca. 24 hours. Based on this, electricity was applicable in distributing moisture and nitrogen 

within the zone and the chosen injection frequency appeared to be supportive for aerobic degradation. 

As the drillings were performed near the cathode wells, the full extent of the distributive efficiency 

on the contamination reduction could not be verified. Temperature within the soil was 17oC, at least 

ca. 3oC increase from the highest mean summer soil temperatures measured in Finland (Yli-Halla 

1998) which suggested a positive effect on biodegradation.    

At the Motala site, where contamination appeared below groundwater levels, 15 months of 

electrically assisted ground water movement past a barrier of slow release compounds did not result 

in a measurable decrease in oil hydrocarbons (Paper 1 Figure 7a). Since during the treatment aliphatic 

hydrocarbons concentrations in soil (C5 C35) were largely below LOQ (50 mg/kg), individual high 

values were heavily influential on the average values. Four out of six sample spots within the study 

square showed contamination above LOQ levels at specific depths both before and after the treatment. 

Higher values were measured in the surface water depth, where the levels surpassed 200 mg/kg only 

after electricity was turned on. These occurrences were apparent only in the four spots located at the 

cathode half of the study area. According to these results, oil appeared to be migrating as seen from 

the increase in concentrations at the water surface level and also to the direction of the electric field. 

This was likely caused by the ground water movement and the slight (1 3oC) increase in temperature. 

Oil hydrocarbons were not detected in water at concentrations above LOQ (2 µg/L for aromatics 

C16 C35, 10 µg/L for aliphatics C5 C8, C8 C10, C10 C12, C12 C16 and C16 C35 and aromatics 

C8 C10, C10 C16). Sampling of the groundwater was not possible at the cathode side due to 

corrosion of the electrodes preventing their removal from the vertical tubes. 
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This mechanism of mobilization could be verified in laboratory conditions: introduction of an 

electrode pair increased both the flow of the water in soil with low permeability and the mobility of 

the oil absorbed in the soil column resulting in a similar directed movement of the oil towards the 

cathode (Paper 1 Figure 8). Without electricity no water movement was detected and dispersal of the 

water dye was of similar range as in the capillary force study (Paper 1 Figure 9a&b).  

As such the heightened bioavailability of oils is beneficial for biological degradation as has been 

observed by Simpanen et al. (2016a). The results achieved at the site still indicated that the biological 

method itself was not efficient enough for a 15-month treatment period, at least with the chosen 

additives. In this scenario, oxygen appeared to be the limiting factor. Oxygen oversaturated (<30 

mg/L) conditions were detected in the anode wells, while in the center of the treatment area, oxygen 

levels were seen to be either of similar scale or lower to those in the control spots (<5 mg/L) (Paper 

1 Figure 7b). The oxidant demand of the meat and bone meal used as a slow release fertilizer was 

hence found to surpass the levels available through slow-release oxidation with CaO2.  

Addition of nitrate as an alternative electron acceptor before the final 5-month treatment period did 

not lead to a noticeable decrease in hydrocarbons. When the different nitrogen species were analyzed 

at the end of the monitoring period, as suspected, nitrate anions were detected at the anode side, and 

ammonium cations at the cathode side, both in concentrations far exceeding, for example, the 

guideline values for drinking water in Finland, 50 and 0.50 mg/L for nitrate and ammonium 

respectively (Paper 1 Figure 7c). 

In both of these remediation cases the likely bottlenecks were different. Electro-osmosis appeared to 

be an efficient mechanism for introduction and distribution of nutrient amended water in the non-

saturated zone, even with sandy soils typically unfavourable for electric double layer formation and 

of comparatively high water-permeability (Suni 2006, Virkutyte 2005). In the saturated zone, the 

primary bottleneck of oxygen/electron acceptor availability was not properly solved. With migration 

of the contaminant taking place, a reactive barrier application with sorbent materials could lead to 

better results, whilst the cost of the sorbent materials in relation to biostimulation additives would 

likely increase the total expenses to a non-feasible level.  
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4.2. In situ low-
release additives and methyl- -cyclodextrin (II): 

In the study, a combination of chemical and biological treatments was performed to avoid land 

excavation at a residential site with heating oil contamination from an oil tank located in the ground. 

Due to low permeability of the soil, previous in situ treatment efforts had failed, which could now be 

circumvented by accessing the zone of higher permeability and higher contamination levels by 

infiltrating the additives through the tank itself. Regardless of the clayey soil type with high pH (6.7) 

and high soil oxidant demand, the zone with highest contamination immediately below the tank jacket 

reacted favourably to the chemical treatment when H2O2 was injected together with citrate. The initial 

effect was ca. 3/4 drop in the initial average concentration of 25000 mg/kg (Paper 2 Table 2). Part of 

this effect was gained through dilution caused by soil mixing which could be verified by the fact that 

the effect could not be repeated with the second peroxide injection, but on the contrary, higher 

concentrations were measured after the second treatment. A total decrease in ca. 50 60% range was 

measured after the two peroxide additions. Also, 100 200 kg of soil was found being transferred into 

the tank via the infiltration holes during the reaction. The contamination level of this soil was 400 

mg/kg which means that soil mixing could be considered the sole mechanism only if the total mass 

of the contaminant in the soil was low. No other exit routes were identified during the reaction, and 

this movement of sludge was found to relocate soil mainly from the sides of the tank.   

In the inoculum used for bioaugmentation, the presence of Proteobacteria, namely the two 

Gammaproteobacterial families Pseudomonadaceae and Xanthomonadaceae, and Bacteroidetes, all 

associated with oil biodegradation, were confirmed (Paper 2 Appendix 1 Figure 9a&b, Table 5a&b, 

Siles & Margesin 2018, Palleroni et al. 2010, Chang & Zylstra. 2010). The biological treatment was 

found effective initially, as within the first four months the average C10 C40 concentrations were 

reduced to ca. 10% of the initial level. However, this effect was achieved through reductions only in 

the first 10 cm below the tank (Paper 2 Table 4).    

During the following 12 months, oil concentration remained at the already achieved 2000 mg/kg 

level. Due to the fast release mechanism of the fertilizer, ammonia was volatizing through the 

manhole of the tank, and it was hence replaced with meat and bone meal. As was seen from the slow 

infiltration, the soil was becoming water saturated and aeration may therefore have been insufficient. 

The meat and bone meal fertilizer may have consumed the H2O2 before significant diffusion of 

oxygen into the contaminated depth. Low bioavailability of the oil hydrocarbons was still the 

suggested reason for limited biodegradation as the decline in efficiency had already been encountered 

during the earlier stage when infiltration times were still in line with the early months of the treatment.  
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Due to problems encountered with the oxygen consumption of other organic additives used in situ, 

the surfactants pine soap and methyl- -cyclodextrin (CD) were tested in laboratory conditions. In 

these tests it was found that due to the high biodegradability of pine soap, even when heightened 

biological activity could be verified as enhanced respiration, this was not connected to positive 

changes in the contamination reduction rates (Paper 2 Table 2, Figure 6, Figure 7). By introducing a 

readily available carbon source in pine soap, the reduction rates compared unfavourably to the control 

treatment. CD was not found to increase the level of respiration but the addition did lead to a higher 

removal efficiency. According to the result, the effect was may have been achieved partially by 

physical flushing of the contaminant, whereas addition of nutrients still resulted in even higher 

reduction rates (Paper 2 Figure 7). The soil used in the test was coarser than that found at the site, and 

also, unlike at the site, nitrogen availability was the likely bottleneck. The factors affecting 

biodegradation efficiency were therefore different. According to the results, it could still be verified 

that pine soap could not be utilized in any scenario due to its inhibitory effect.  

The effect of CD on solubilization of different hydrocarbon fractions was tested with a similar clayey 

soil type as the one found at the site, from where the most readily available hydrocarbons had been 

removed by bioremediation. The solubility of all aliphatic and aromatic hydrocarbons was positively 

affected by the addition, and the concentration of CD. (Paper 2 Table 3). Highest solubility (total 

91%) was achieved with compounds in the aromatic C16 C21 range, despite the low initial 

concentration (Paper 2 Table 3).  

A similar amount of C10 C40 fractions were solubilized per CD dose during the first stage (32 mg/g 

of CD). A continued effect for both middle and heavy fractions was observed during the second part 

of the test but with an obvious decline in efficiency, now only 8 and 16 mg of C10 C40 /g of CD for 

the 5% and 1% treatments respectively. This would mean that the removal efficiency was not strictly 

related to the total amount of CD molecules added as the efficiency of the 1% CD treatment would 

not in that case have been negatively affected until a certain threshold. According to the result, 

injection of a single large dose would hence be more cost effective. In terms of the in situ treatment, 

this choice would likely affect whether the dissolved contaminant would be biodegraded in time 

before unwanted mobilization from the target area as has been suggested for PAHs by Simpanen et 

al. (2016b).  
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During the last stage of the site treatment, CD was added into the tank, and CaO2 was added as a slow 

release oxygen source as has been done in water and sediment oxidisation studies elsewhere 

(Nykänen et al. 2012). The average soil contamination remaining at the 2000 mg/kg level for the 

previous 12 months, was now reduced to 400 mg/kg during the similar duration, a 98% decrease from 

the initial level (Paper 2 Table 2). Only a low concentration of oil was detected from the water in the 

tank (0.7 mg/L) suggesting effective biodegradation. The aqueous phase was returned to the tank after 

soil sampling, because sufficient conditions for the remediation to continue could be expected to 

prevail. In the investigations on a larger area, the average C10 C40 concentrations at 2 3m depth 

were approximately 400 mg/kg, the high value being caused by an individual hot spot (2100 mg/kg, 

B5 in Paper 2 Figure 2a). Based on the fact that individual contamination hot spots could still be 

found outside the treated area, the whole contaminated zone had not been covered. Since this was 

prevented by the low soil permeability, it is also unlikely that local hot spots were caused by treatment 

associated mobilization of the contaminant. Based on the results and the risk assessment performed 

by an independent investigator (Vahanen oy, Finland), the site was found to no longer pose 

environmental or health risks requiring further actions. 

 

4.3. Fenton's reaction-based chemical oxidation in suboptimal conditions can lead to 
mobilization of oil hydrocarbons but also contribute to the total removal of volatile 
compounds (III): 

The effect of catalytic ferric iron addition, citrate chelate and H2O2 dose on concentration of VOC 

(MTBE and/or its putative breakdown products) was studied from the gaseous phase, first with a hand 

held PID device measuring general VOC-levels, for a crude estimate. In the 1-L scale the 

concentrations in the gaseous phase were suggested to reflect those in the aqueous phase. The 

differences between oxidation states of Fe were also tested.  

The results indicated a statistically significant positive effect on contamination reductions for H2O2 

concentration from 120 min onwards and for the use of additional Fe(III) catalyst from 15 min 

onwards (Paper 3 Table 4). Citrate chelate negatively affected the reaction intensity during the follow-

up period until 180 min, and had no statistically significant effect after that. When the test with the 

highest catalyst dose was performed with Fe(II) instead of Fe(III), the oxidation state of the catalyst 

did not appear to have a significant role. Without the additional catalyst, addition of chelate resulted 

in heightened correlation between peroxide concentration and reduction rate, suggesting that 

dissolved iron was then the bottleneck in the reaction (Paper 3 Figure 2).  



33 
 

With high enough H2O2 concentration (5 M) 90% removal of VOCs was achieved in each case, also 

compensated for (Paper 3 Figure 1c). All changes in the reaction intensity were related to changes in 

soil pH caused by the additives. With the highest dose of Fe(III)sulfate, the pH was lowered to 3.2, a 

initial 5.9. (Paper 3 Figure 1, Pigantello et al. 

2006). H2O2 had a modest acidifying effect, and citrate addition alone increased pH to 6.6. With pH 

conditions taken into account, Fe(II) appeared to be the preferable oxidation state for the catalyst 

considering that similar effect was achieved closer to neutral pH. The soil used was of a coarse sandy 

type with a low buffering capacity, overemphasizing the effect of pH. Also since the Fe(III)sulfate 

and Fe(II)sulfate were compared in mole to mole basis, and the amount of Fe(II) ion was only half of 

the amount of Fe(III).   

When the composition of the gaseous phase was studied in detail in the 10-L scale, it was found that 

when high reduction rate was achieved through compensating the negative effects of pH and/or 

catalyst availability with higher H2O2 dosage, the amount of MTBE in the gaseous phase surpassed 

the levels in the control treatment (Paper 3 Table 5). This means that in this scale, some proportion 

of the reduction was achieved through the secondary physical mechanism rather than chemical 

mineralization. No volatilization was observed when H2O2 addition was coupled with addition of 

Fe(III) resulting in a lower soil pH. This at least verifies that in this case the relevance of volatilization 

in the total removal was lowered. Chemical mineralization was achieved also under unfavourable pH 

conditions as seen from the breakdown products TBH and acetone in the gaseous and aqueous phases, 

both of which appeared in lower concentrations than in the Fe(III) catalysed treatment. This is against 

the current knowledge, as more thorough mineralization, and hence lower breakdown product 

generation is achieved in acidic conditions (Khodadadi Darban et al. 2009). 

With the increased role of physical transportation in the non-supportive conditions, different fuels or 

fuel additives would react differently to the treatment depending on their volatility. To study the 

phenomenon, two lysimeter scale tests were performed with MTBE spiked porewater, and with aged 

diesel contaminated soil, two compounds found at different phases in mixed fuel contaminated 

environments. After two injections of H2O2, 95% reductions in MTBE concentrations from the 

control level had been achieved, resulting in a peroxide-to-contaminant mass relation of 230:1 (Paper 

3 Figure 3). Further reductions were achieved with the third injection, to a level of 99.3% of the same 

control value. Increased volatilization was observed in the field by PID measurements during the 

initial hours after the injections, which would suggest that the physical mechanism was adding to the 

removal efficiency (Paper 3 Figure 4a c). 
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With diesel, a peroxide-to-contaminant ratio of ca. 300:1 was achieved with two injections, 

amounting to only 12 15%  reductions from the initial level (Paper 3 Figure 6). The reductions were 

of similar scale both with and without additional catalyst or chelate. During the repeated reactions, 

fluctuating hydrocarbon concentrations were measured from the top soil due to the diesel being 

temporarily released into the aqueous phase. Rebound concentrations in soil would appear when gas 

was no longer forming and the water table was allowed to descend. For diesel contaminated soil, the 

sparging effect was hence seen to cause false negative results during the reaction, and rebound 

concentrations greater than reductions through chemical mineralization (Paper 3 Table 6). Rebounds 

were also measured for MTBE (Paper 3 Figure 3). As is common with the air sparging technique, 

which is based on a similar physical mechanism, with decreasing contamination level, the rebound 

from the gaseous phase increases in relation to the initially achieved reduction (Spencer et al. 1988, 

Krembs et al. 2010). In the experiment, the rebound in relation to early reduction grew up to 1100% 

after the third injection, which suggests that a certain threshold in final concentrations was being 

approached.  

reaction based chemical oxidation can be efficient in near neutral pH even without chelation or pH 

modification. In these cases however, volatilization appears to play a heightened role. Rebound 

effects from the gaseous phase could be lowered with sufficient soil vapor extraction techniques. For 

diesel, physical transportation is more problematic based on the generally much higher mass of the 

contaminant found at sites requiring treatment due to differences in the threshold values. Even when 

pH is adjusted in situ, some parts of the site may still be unsupportive for chemical mineralization 

and thus the aforementioned mechanisms can be of interest in most remediation cases. 

 

4.4. Soil vapor extraction of wet gasoline-contaminated soil made possible by electroosmotic 

dewatering-lab simulations applied at a field site (IV): 

At a site representative of a typical scenario where the soil has been contaminated over time with a 

mix of fuel products with differing characteristics, a multistep treatment was performed. The main 

challenge at the site involved less biodegradable C5 C10 fractions residing in the zone of lower water 

permeability. The particular compounds had shown very little response to either the initial soil vapor 

extraction or the following biostimulation. Concentrations as high as 10 000 mg/kg were still detected 

prior to dewatering.  
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When the benefits of dewatering on SVE efficiency were modeled at a laboratory scale, with 

saturation degrees 0%, 40%, 70% and 100% it was demonstrated that reductions through 

volatilization corresponded with a decrease in the moisture content, seen both from the higher PID 

values and the concentrations of BTEX compounds in soil (Paper 4 Figure 2, Figure S1). The 

cumulative PID values for the 40% and 70% experiments differed significantly from the other two 

treatments during the timeframe 3 21 days. The results from the aqueous phase for each treatment 

differed after 9 weeks, whereas for the 0% moisture content treatment, results close to the final 9-

week values were achieved already within 3 weeks.    

At the site, de-watering was done using 270 V with currents dropping from approximately 2.0 A to 

0.5 A. During six months of dewatering, the soil moisture content dropped from ca. 15% to 5 8%. 

SVE was re-introduced at this point, and after five months most of the previously identified 

contamination had been reduced to below the higher guideline value for industrial areas (500 mg/kg).  
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5. CONCLUSIONS 

Electro-osmotic migration of water was found to help distribute moisture and nutrients in the vadose 

zone, leading to enhanced biodegradation. However, in the saturated zone, the primary bottleneck of 

electron acceptor availability could not be successfully solved in a trial with slow release additives 

allowing for a low maintenance type treatment.  

in situ, but also the soil migration appearing as a secondary mechanism could be properly benefited 

from by biostimulation efforts. It is unlikely that a single method would have been considered 

efficient enough for it to be selected over the ex situ alternatives.   

Based on laboratory scale tests, the secondary 

oxidation could in some cases be recognized as broadening the applicability of the method. When 

soil, we found that with small total masses of a volatile contaminant, the type of treatment may still 

be worthwhile, and in these particular scenarios the role of the secondary physical mechanism 

increases in relevance. The same effect can lead to false positive results and unwanted mobilization 

of the non-volatile fractions. 

Even if two stand-alone methods are used sequentially without any additional cumulative joint effect, 

when installations form the majority of the expenses, they can be at times re-utilized for an added 

benefit. This was the case when a site with mixed fuel contamination was treated with a combination 

of electro-osmotic biostimulation targeting the biodegradable mid- to heavy-range oil fractions, and 

then with electro-kinetically assisted soil vapor extraction of volatile compounds of lower 

biodegradability. 

According to the results of this study, in several cases successful treatment of a contaminated site was 

performed by combining methods from different categories, and/or total effect was achieved by 

making full use of the secondary mechanisms in a deliberate manner. Also conversely, for example 

when the balance between mechanisms is unclear, the treatment associated risks may not be properly 

assessed.  
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