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Abstract 
Soil that is heavily contaminated with polycyclic aromatic hydrocarbons (PAHs) is often found 
at the sites of former gasworks and wood-impregnation plants. Since PAHs are toxic these 
sites represent a hazard to human health and the environment, and therefore they need to be 
treated, preferably by a method that destroys the contaminants, and thus eliminates the 
problem permanently. However, during biological and chemical degradation of PAHs other 
toxic compounds may be formed. If these transformation products are sufficiently persistent 
they could potentially accumulate during remedial processes. 

In the work underlying this thesis the degradation and transformation of PAHs were studied in 
three remedial processes: viz. a pilot-scale bioslurry reactor, microcosms with wood-rotting 
fungi and lab-scale treatments with Fenton’s reagent. A group of transformation products 
referred to as oxygenated-PAHs (oxy-PAHs) was found to be particularly important, as these 
compounds are toxic and were shown to be relatively persistent in the environment. The oxy-
PAHs were, for instance, found at significant concentrations in the gasworks soil used in most 
of the studies. This soil was highly weathered and had therefore been depleted of the more 
readily degradable compounds. In addition, experiments in which earthworms were exposed to 
the gasworks soil showed that the oxy-PAHs were more easily taken up in living organisms 
than PAHs. 

To facilitate the studies, new extraction and fractionation methods were developed. For 
instance, pressurized liquid extraction (PLE) was investigated for its reliability and efficiency to 
extract PAHs and oxy-PAHs from soil. Furthermore, a selective PLE-method was developed 
that can simultaneously extract and separate the PAHs and oxy-PAHs into two different 
fractions. This was accomplished by adding a chromatographic material (silica or Florisil) to 
the extraction cell. 

Under certain conditions all three remedial processes resulted in increasing amounts of oxy-
PAHs in the soil. For example, 1-acenaphthenone and 4-oxapyrene-5-one accumulated in the 
bioslurry reactor. Similarly, in the soil inoculated with a white-rot fungus 9-fluorenone, 
benzo[a]anthracene-7,12-dione, 4-hydroxy-9-fluorenone and 4-oxapyrene-5-one accumulated. 
Finally, in an ethanol-Fenton treatment the concentration of some PAH-quinones increased in 
the soil.  

The results show that it might be necessary to monitor oxy-PAHs as well as PAHs during the 
remediation of PAH-contaminated sites. Otherwise, the soil may be considered detoxified too 
early in the process. In the long term it would be desirable to include analyses with sufficient 
marker compounds to follow the possible production and elimination of the oxy-PAHs. 
However, until such compounds can be identified it is suggested that contaminated soil should 
be screened for oxy-PAHs in general. The selective PLE-method presented in this thesis could 
be a useful tool for this.  
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soil, gasworks, remediation, bioremediation, bioslurry, wood-rotting fungi, Fenton’s reagent, availability, 
bioavailability, chemical analysis, extraction, pressurized liquid extraction, PLE, accelerated solvent 
extraction, ASE 
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1. Introduction 

According to the Swedish Environmental Protection Agency there are at 
least 38 000 contaminated sites in Sweden, most of which are associated with 
past or present industrial activities. The contamination mainly originates from 
the time before 1970 – before the days of widespread environmental concern 
and before strict environmental regulations were established. However, at 
many sites the contaminant levels remain high. People living in the vicinity may 
be exposed and the contaminants may spread to the surroundings. 
Consequently, contaminated soil and groundwater constitute a major 
environmental problem that needs to be resolved. 

The term ‘soil remediation’ refers to actions designed to eliminate or 
minimize the risk associated with contaminated soil. This goal may be achieved 
in several different ways and the selected method depends on factors such as 
the contaminants present, the site conditions and the cost. The most common 
method in Sweden is, still, to excavate the contaminated soil and transport it to 
a landfill that is considered to be safe from an environmental point of view. 
However, for organic contaminants this is not the preferred solution. Instead, 
an environmentally sustainable policy should ideally be based on methods that 
permanently destroy the contaminants, i.e. destruction methods.  

The most effective and reliable method to destroy organic contaminants in 
soil is incineration. However, this method is expensive, it makes the soil sterile 
and depletes it of all organic matter. Hence, other methods have been 
developed. Biological and chemical remediation methods utilize 
microorganisms and reactive chemicals, respectively, to accomplish the 
degradation. These methods also have the potential to degrade a wide variety 
of soil contaminants, but they usually need careful optimization. 

The ultimate goal of any degradation process is complete mineralization of 
the organic contaminants, resulting in carbon dioxide, water and other 
inorganic compounds. However, during biological and chemical degradation 
processes partial transformation may lead to the formation of other organic 
compounds. This may cause problems if the transformation products are also 
hazardous and persistent. In the worst case it could lead to increased toxicity, 
even if the original contaminants have been degraded. This potential problem 
is seldom considered during remedial monitoring programs, in which only the 
original contaminants are usually analyzed. 
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In the work described in this thesis the transformations of polycyclic 
aromatic hydrocarbons (PAHs) in contaminated soil have been studied. New 
analytical methods have been developed for improved chemical analysis of 
PAHs and related compounds, including transformation products (of which 
oxygenated PAHs were found to be particularly interesting). For the purpose 
of our studies, a soil from an old gasworks site was chosen. It has been 
thoroughly characterized with respect to PAHs and related compounds, and 
the bioavailability of the contaminants has been studied by exposing 
earthworms to the soil. Moreover, the analytical methods have been used to 
monitor PAHs and their transformation products in three different remedial 
processes: a pilot-scale bioslurry with adapted bacteria, a microcosm with 
wood-rotting fungi, and finally a lab-scale Fenton degradation.  
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2. Polycyclic Aromatic Hydrocarbons 

Polycyclic aromatic hydrocarbons (PAHs) comprise a large and 
heterogeneous group of organic contaminants that are formed and emitted as a 
result of the incomplete combustion of organic material. Anthropogenic 
sources, e.g. road traffic and combustion of fossil fuels, predominate but there 
are also natural sources, e.g. volcanic eruptions and forest fires. PAHs consist 
of fused benzene rings in linear, angular or clustered arrangements (Figure 1), 
and contain by definition only carbon and hydrogen atoms. However, nitrogen, 
sulfur and oxygen atoms may readily substitute in the benzene rings to form 
heterocyclic aromatic compounds, which are commonly grouped with the 
PAHs. Furthermore, PAHs substituted with alkyl groups are normally found 
together with the PAHs in the environment. The whole group of PAHs and 
related compounds are sometimes referred to as polycyclic aromatic 
compounds (PACs). PAHs have been thoroughly studied due to their toxicity, 
persistency and environmental prevalence [1,2]. Such studies are often limited 
to 16 PAHs, designated as priority pollutants by the United States 
Environmental Protection Agency (US-EPA). 

Figure 1. Structures of the 16 US-EPA PAHs and selected alkyl-PAHs and 
heterocyclic compounds. 

CH3 CH3

CH3

O

N

S

Naphthalene Acenaphthene Acenaphthylene Fluorene Phenanthrene

1-Methylanthracene

Pyrene Fluoranthene Benzo[a]anthracene Chrysene Benzo[k]fluoranthene

Benzo[b]fluoranthene Benzo[a]pyrene Dibenz[a,h]anthracene Indeno[1,2,3-cd]pyrene Benzo[ghi]perylene

7,12-Dimethylbenzo[a]anthracene

Phenanthridine

Anthracene

Benzo[b]naphtho[2,3-d]thiopheneDibenzofuran



 Polycyclic Aromatic Hydrocarbons 

 4 

2.1 Properties and environmental fate 
Generally, PAHs are lipophilic compounds that show high affinity for 

organic matter. However, individual PAHs differ substantially in their physico-
chemical properties. As shown in Table 1, properties such as aqueous solubility 
and vapor pressure range in five and twelve orders of magnitude, respectively, 
moving from two to six benzene rings in the PAH-molecule. Thus, low 
molecular weight (LMW) PAHs are much more water soluble and volatile than 
their high molecular weight (HMW) relatives, while the HMW PAHs show 
higher hydrophobicity than the LMW compounds [3]. The difference in 
hydrophobicity is also reflected by the octanol-water partitioning coefficient 
(KOW) shown in Table 1. These physico-chemical properties largely determine 
the environmental behavior of PAHs, and indicate that transfer and turnover 
will be more rapid for LMW PAHs than for the heavier PAHs [4]. The semi-
volatile nature of the LMW PAHs means that they exist in the atmosphere 
partly as vapors and are therefore highly susceptible to atmospheric 
degradation processes. Similarly, in aqueous environments, the LMW PAHs 
are partly dissolved, making them highly available for various degradation 
processes. The HMW PAHs, on the other hand, are primarily associated with 
particles in the atmosphere and water, and are therefore less available for 
degradation. Furthermore, PAHs adsorbed to particles may be transported 
over long distances in the atmosphere and are therefore ubiquitous in the 
environment [1,5].  

Table 1. Properties of the 16 US-EPA PAHs, from Mackay et al. 1992 [3]. 
 Number 

of rings 
Molecular 
weight 

Aqueous  
solubility (mg/l) 

Vapor 
press. (Pa) 

Log 
Kow 

Naphthalene 2 128 31 1.0x102 3.37 
Acenaphthylene 3 152 16 9.0x10-1 4.00 
Acenaphthene 3 154 3.8 3.0x10-1 3.92 
Fluorene 3 166 1.9 9.0x10-2 4.18 
Phenanthrene 3 178 1.1 2.0x10-2 4.57 
Anthracene 3 178 0.045 1.0x10-3 4.54 
Pyrene  4 202 0.13 6.0x10-4 5.18 
Fluoranthene 4 202 0.26 1.2x10-3 5.22 
Benzo[a]anthracene 4 228 0.011 2.8x10-5 5.91 
Chrysene 4 228 0.006 5.7x10-7 5.91 
Benzo[b]fluoranthene 5 252 0.0015 - 5.80 
Benzo[k]fluoranthene 5 252 0.0008 5.2x10-8 6.00 
Benzo[a]pyrene 5 252 0.0038 7.0x10-7 5.91 
Dibenzo[a,h]anthracene 6 278 0.0006 3.7x10-10 6.75 
Indeno[1,2,3-cd]pyrene 6 276 0.00019 - 6.50 
Benzo[ghi]perylene 6 276 0.00026 1.4x10-8 6.50 
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PAHs in soil 
In soil most PAHs are strongly sorbed to the organic matter, making them 

relatively unavailable for degradation processes [4]. PAHs can therefore remain 
in the soil for many centuries, posing a long-term threat to the environment 
[1], although LMW PAHs are partly lost through degradation processes, 
volatilization and leaching [4-6]. The effect of sorption generally increases as 
the number of benzene rings in the PAH-molecule increases [7,8], since this 
implies higher lipophilicity. Furthermore, it has been shown that the 
degradability and extractability of organic compounds in soil decreases with the 
time they have been in contact with the soil: a phenomenon referred to as 
‘aging’ or ‘weathering’ [9-12]. Aging is mainly a result of slow diffusion into the 
soil organic matter, but other mechanisms involved include the formation of 
bound residues and physical entrapment within soil micro pores [13-15]. The 
processes of sorption and aging limit, on one hand, the degradability of the 
contaminants. On the other hand, these processes reduce the toxicity of the 
soil contaminants, by lowering the fraction available for uptake by living 
organisms [11,13].  

2.2 Contaminated sites 
Although PAHs are ubiquitous environmental pollutants, concentrations 

are generally higher near the emission sources. Thus, elevated concentrations 
have been found in urban soils [16] and roadside soils [17], while very high 
concentrations (>10 000 mg/kg soil) have been reported for contaminated 
sites [Paper IV; 5,18,19]. The activities at these sites have usually involved 
production or use of fossil fuels or products derived from fossil fuels, such as 
coal tar and creosote. They include the following industrial activities [4,5]: 

• Gasification/liquification of fossil fuels (gasworks) 
• Coke production 
• Coal-tar production 
• Wood-treatment processes 
• Wood-preservative production 
• Asphalt production 
• Fuel processing 

Gasworks sites 
The PAH-contamination at old gasworks sites (Chapter 5), or 

manufactured gas plants (MGPs) as they are also called, mainly originates from 
coal tar, which was a byproduct during the production of town gas from coal. 
In this process, combustible gases were drawn off from coal under pyrolytic 
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conditions, at temperatures higher than 1000°C [20]. Coal tar and other 
impurities, e.g. ammonia, cyanides and hydrogen sulfide, were separated from 
the gas before it was delivered to the cities. There was initially no use for the 
coal tar, which was therefore dumped at the sites, often directly on the ground 
or in neighboring watercourses. However, gradually a market was developed 
for several by-products derived from coal tar, which were obtained through 
distillation of the tar. One of the fractions was creosote, constituting about 
10% of the original coal tar. Creosote has been used as a wood preservative 
domestically and industrially for many years [1]. Consequently, numerous 
wood-impregnation sites are also highly contaminated with PAHs [21].  

Coal-tar and creosote 
Coal tar is a complex mixture of hydrocarbons, phenols and heterocyclic 

compounds. Its composition is mainly a function of the temperature of the 
gasification process used and, to a lesser extent, of the nature of the coal used 
as feedstock [20]. More than 400 compounds have been identified in coal tars, 
although as many as several thousands may actually be present [22]. Most of 
the extractable organic compounds are PAHs [18], and the proportion of 
HMW compounds is higher than in creosote [1]. Creosote is, thus, primarily a 
distillate of the LMW PAHs in coal tar. It contains more than 200 compounds, 
of which approximately 85% are PAHs. The other components in creosote are 
N-, S-, and O-heteocyclics (5%) and phenolic compounds (10%) [21].  

2.3 PAH toxicity 
A wide range of PAH-induced ecotoxicological effects in a diverse suite of 

biota, including microorganisms, terrestrial plants, aquatic biota, amphibians, 
reptiles, birds and terrestrial mammals have been reported [23]. Effects have 
been documented on survival, growth, metabolism and tumor formation, i.e. 
acute toxicity, developmental and reproductive toxicity, cytotoxicity, 
genotoxicity and carcinogenicity. However, the primary focus of the 
toxicological research on PAHs has been on genotoxicity and carcinogenicity.  

In these studies, several PAHs have been shown to damage DNA and 
cause mutations, which in some cases may result in cancer. However, for the 
unsubstituted PAHs it is not the original compound that reacts with DNA. 
The PAHs require metabolic activation and conversion to display their 
genotoxic and carcinogenic properties [24]. This happens as the PAHs are 
metabolized in higher organisms. PAHs do not accumulate in the same manner 
as some other lipophilic organic compounds, e.g. PCBs. Instead, they are 
converted to more water-soluble forms, which facilitates their subsequent 
excretion from the organism. Unfortunately, this may also lead to the 
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formation of reactive intermediates that may react with DNA to form adducts, 
preventing the gene involved from functioning normally. The DNA-damage 
may be repaired, but if the repair fails a mutation, i.e. an irreparable genetic 
damage, will have occurred. Mutations may affect many different functions of 
a cell, but above all they may induce cancer [25]. 

In Figure 2 the metabolic activation of benzo[a]pyrene is shown. This 
compound is probably the most thoroughly studied PAH, and is also one of 
the most carcinogenic compounds known. The initial step in the metabolism 
of PAHs involves the multifunctional P-450 enzyme system forming different 
epoxides through the addition of one atom of oxygen across a double bond. 
The epoxides are short-lived compounds and may rearrange spontaneously to 
phenols or undergo hydrolysis to dihydrodiols. These products may then be 
conjugated with glutathione, glucuronic acid or sulfuric acid, to form products 
that can be excreted by the organism. This conjugation process is, thus, 
regarded as the true detoxification and excretion process. However, the 
dihydrodiols may also act as a substrate for cytochrome P-450 once again to 
form new dihydrodiol epoxides, e.g. trans-7,8-dihydroxy-7,8-dihydro-
benzo[a]pyrene-9,10-oxide, which unfortunately are poor substrates for further 
hydrolysis. These dihydrodiol epoxides may instead react with proteins, RNA 
and, most seriously, DNA, thus causing mutations and possibly cancer [24,25].  

 
Figure 2. Metabolic activation of benzo[a]pyrene, from IARC 1983 [25]. 
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PAHs may also interact in other steps of the carcinogenic process. For 
example, they may promote cellular proliferation [23]. As a group, PAHs show 
varying ability to induce cancer and it is difficult to identify the structural 
features associated with their carcinogenic activity. However, for unsubstituted 
PAHs, it seems that a minimum of four benzene rings is required for 
carcinogenic activity [24], but that does not mean that all PAHs with four 
benzene rings are carcinogenic. Some are very weak in this respect while others 
are among the most carcinogenic compounds known, e.g. benzo[a]pyrene. 
Structure-activity relationships become even more complex when substitution 
of the molecular structure occurs. For example, although benz[a]anthracene is 
a fairly weak carcinogen, 7,12-dimethylbenz[a]anthracene is a very potent 
carcinogen [24]. Furthermore, some environmental transformation products of 
PAHs may react directly with DNA, causing mutations and possibly cancer, 
without the need for metabolic activation [26,27]. This is further discussed in 
chapter 3. 
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3. Degradation of PAHs 

Degradation of PAHs in the environment occurs through biological, 
chemical and photochemical processes. These processes may also be utilized 
for remedial purposes. However, the degradation may result in a variety of 
transformation products some of which could potentially accumulate. In this 
chapter the degradation of PAHs will be discussed. Furthermore, the reasons 
why the oxygenated PAHs were considered to be the most important group of 
transformation products to study will be explained. 

3.1 Biological degradation 
Biological degradation appears to be the main process responsible for the 

removal of PAHs in soil [5,8]. Microorganisms, such as bacteria and fungi, may 
transform the PAHs to other organic compounds or to inorganic end products 
such as carbon dioxide and water [28-30]. The latter process has been referred 
to as mineralization. Some PAH-degrading microorganisms, primarily bacteria, 
are capable to use the PAHs as a carbon and energy source, and may thus 
transform the contaminants into molecules that can enter the organisms’ 
central metabolic pathways [28,29]. Other microorganisms have the capacity to 
degrade PAHs, while living on a widely available substrate. Such cometabolism 
does not always result in growth of the microorganism, and sometime the 
cosubstrate, i.e. the PAH, is only transformed into another compound without 
any apparent benefit for the organism. This may lead to partial degradation, if 
no enzyme capable of transforming the metabolite is available [30]. For PAHs, 
the contribution of the cometabolic degradation processes increases as the 
number of rings in the PAH-molecule increases, since far fewer 
microorganisms are capable of using the HMW PAHs as carbon and energy 
sources [29,31,32].  

Microbial degradation pathways 
PAH-degrading bacteria generally use the PAHs as a carbon and energy 

source while fungi metabolize the PAHs to more water-soluble compounds, 
thereby facilitating their subsequent excretion. Bacteria and fungi therefore 
have different metabolic pathways (Figure 4) [28,29]. The general fungal 
pathway is quite similar to the transformation pathways found in humans and 
other mammals. Thus, as can be seen in Figure 4, fungi oxidize PAHs via the 
cytochrome P-450 enzyme system to form phenols and trans-dihydrodiols, 
which can be conjugated and excreted from the organism. The bacterial 
degradation of PAHs generally begins with a dioxygenase attack on one of the 
aromatic rings to form a cis-dihydrodiol, which is subsequently dehydrated to 
catechol (Figure 4). Catechol is a key intermediate from which ring cleavage 
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can occur. The aromatic ring is cleaved between the hydroxyl groups (ortho 
fission) or adjacent to one of the hydroxyl groups (meta fission). Successive ring 
degradation may then occur, so that the structure is ultimately degraded to 
molecules that can enter the central metabolic pathways of the bacteria [28,29]. 

 

Figure 4. General pathways for the microbial degradation of PAHs, based on 
Cerniglia 1992 [29]. 
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Figure 5. Proposed pathways for the fungal metabolism of pyrene, by Penicillium glabrum 
strain TW 9424, based on Wunder et al. 1997 [35]. 

Figure 6. Proposed pathways for the bacterial metabolism of pyrene, by Mycobacterium 
sp. PYR-1, based on Cerniglia 1992 [29]. 
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Wood-rotting fungi 
One group of fungi, referred to as wood-rotting fungi, has the ability to 

degrade PAHs by alternative pathways [29]. These fungi excrete extracellular 
enzymes capable of degrading lignin in wood. However, the enzymes are not 
very specific and can also transform organic pollutants, such as PAHs [38]. In 
this process, the PAHs are transformed to quinones via aryl cation radicals 
[33]. Some wood-rotting fungi may then cleave the rings and continue the 
degradation to carbon dioxide and water [39,40]. However, for other fungi the 
quinones appear to be dead-end products [Paper III; 41]. In Figure 7 the 
oxidation pathways of selected PAHs by wood-rotting fungi is presented. 

 
Figure 7. Oxidation of PAHs by wood-rotting fungi, from Cerniglia 1997 [33] 
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reactions are the most important in this context, although photochemical 
reactions may contribute significantly to the degradation on the surface of soils 
[42,43]. In addition, most of the oxidants that commonly initiate the oxidation 
reactions in the environment, i.e. singlet oxygen (1O2), organic peroxides, 
hydrogen peroxide, ozone and radicals such as alkoxy radicals (RO•), peroxy 
radicals (RO2•) and hydroxyl radicals (HO•), are directly or indirectly generated 
through photochemical processes [44]. However, some can also be produced 
from inorganic salts and oxides, especially those of iron and manganese [42].  

Chemical oxidation reactions involving hydroxyl radicals, generated from 
hydrogen peroxide, and ozone, have been most widely studied. Hydroxyl 
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radicals are strong, relatively unspecific oxidants that react with aromatic 
compounds, such as PAHs, at near diffusion-controlled rates (i.e., kOH*> 
109 M-1s-1) [45] by abstracting hydrogen atoms or by addition to double bonds 
[46]. The ozone molecule may attack double bonds directly, but it can also 
form reactive hydroxyl radicals by decomposing water [47-49]. The reaction 
pathways that follow are very complex, and numerous intermediates are 
formed. The final reaction products include, for both oxidants, a mixture of 
ketones, quinones, aldehydes, phenols and carboxylic acids [42,48-53]. 

Photochemical degradation of PAHs often involves the same oxidative 
species that are produced during the pure chemical oxidation of PAHs, i.e. 
oxygen, hydroxyl radicals and other radicals. Consequently, the reaction 
products include similar complex mixtures of ketones, quinones, aldehydes, 
phenols and carboxylic acids [42,51,54-56].  

Reactivity of PAHs 
During chemical reactions, PAHs are largely transformed into other PACs, 

i.e. they do not lose their aromatic character. The aromaticity is conserved since 
the non-aromatic hydrocarbons are much richer in energy. Thus, considerable 
amounts of energy are required to change an aromatic compound into a non-
aromatic. 

The electron distribution over the PAH molecule determines the positions 
of the molecule that are most reactive. For addition reactions, Whelands’s 
concept [57] of localization energy has proven useful. The localization energy 
(Lu) is the energy required to isolate a π-electron at the center of u of a PAH 
from the remaining π-system. In this process, the attacking species may be a 
nucleophile, an electrophile or a radical. A number of reactivity indices have 
been developed that reflect the localization energy, one of which is Dewar’s 
reactivity number, Nu [58]. The magnitude of Nu reflects the localization energy 
and the reactivity at a certain position of an aromatic compound. The smaller 
the value of Nu the lower the activation energy and the greater the reaction rate 
of an addition at the center of u. Nu values for a number of aromatic 
compounds are given in Figure 8. The values shown in this figure indicate that 
benzene should be the least reactive species. For naphthalene, higher reactivity 
is expected for the 1-position than the 2-position. Similarly, anthracene and 
phenanthrene should preferably react at the 9,10-positions, although the 
reactivity of phenanthrene should be markedly lower than that of anthracene. 
Thus, the localization energy concept may be helpful in clarifying the 
mechanisms of PAH-degradation and PAH-derivative formation.  



 Degradation of PAHs 

 14 

 
Figure 8. Electron localization energies for benzene and selected PAHs, based on the 
work of Zander 1979 [59].  

3.3 Transformation products of PAHs 
The ultimate result of a degradation process is total mineralization of the 

organic contaminants, resulting in carbon dioxide, water and other inorganic 
compounds. However, as shown above for PAHs, both biological and 
chemical degradation processes may produce a variety of other compounds 
that may include temporary intermediates and compounds that are resistant to 
further degradation. Such dead-end products could potentially accumulate 
during a remedial process if no mechanism is available for their further 
degradation. This may happen if, for instance, the original contaminant has 
been transformed co-metabolically, and no microorganisms is present that 
could metabolize the transformation product, or if a chemical oxidizing agent 
has been added in insufficient quantity or strength [60].  

From the literature and pathways described above, the dead-end products 
appear to be primarily carbonyl compounds, such as ketones, quinones, 
dicarboxylic acid anhydrides and coumarins, while carboxylic acids and phenols 
seems to be more easily degraded or transformed. The higher stability of the 
carbonyl compounds is also indicated by the fact that these compounds are 
found more frequently than the hydroxylated and carboxylated compounds in 
environmental samples, including contaminated soil [Papers II, IV-VI; 61-68]. 
This could be due in some cases to restriction in the analytical methods used, 
since the hydroxylated and carboxylated compounds are more polar and more 
difficult to analyze. However, similar results have been obtained with methods 
carefully developed for all these classes of compounds [69,70]. Consequently, 
the studies this thesis is based upon focused on the carbonylic PAH-
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derivatives, which will be referred to as oxygenated PAHs (oxy-PAHs) in the 
following sections. 

Another motive for studying the oxy-PAHs is that many of these 
compounds are toxic and mutagenic [26,27,71-74]. Some are even more toxic 
than their parent PAHs [71-73]. For example, anthracene-9,10-dione and 
phenanthrene-9,10-dione have been shown to inhibit the growth of duckweed, 
Lemna gibba, and the marine bacterium Photobacterium phosphoreum [72,73]. 
Furthermore, 7H-benz[de]anthracen-7-one, 4-oxapyren-5-one and several 
benzofluorenones, benzo[a]pyrene quinones and pyrene quinones have all 
shown mutagenic activities in biological assays, such as the Ames test 
[26,27,75]. In contrast to the unsubstituted PAHs some of these oxy-PAHs do 
not require metabolic activation to exhibit their mutagenic properties, but may 
react with DNA directly (cf. section 2.3). Further, oxy-PAHs have also been 
identified as the predominant class of compounds in the most mutagenic 
fractions obtained during bioassay-based chemical fractionation of various 
environmental samples [62,65,68].  
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4. Analysis of PAHs and oxy-PAHs in soil 

As shown in the previous chapter it may be relevant to monitor oxy-PAHs 
as well as the unsubstituted PAHs during the assessment and remediation of 
contaminated soil. This will give more information about the soil 
contamination and the levels of toxicity than an ordinary PAH analysis. 
However, it also makes further demands on the analytical methods used, since 
the transformation products are often present in lower concentrations than the 
parent PAHs and they may be difficult to identify in the complex mixtures 
found in these samples. It is therefore essential to use powerful analytical tools 
to fractionate, separate and identify the analytes in the samples. Furthermore, 
analysis of organic contaminants in soil always requires powerful extraction 
techniques to release the strongly sorbed contaminants from the soil material.  

In the work underlying this thesis the analytical development has focused 
on the extraction and fractionation procedures, since these are the most time-
consuming and labor-intensive steps during environmental analysis. However, 
in the following sections all the procedures used are discussed. The steps in the 
analytical chain may be summarized as follows: 

*Pretreatment, which is performed to increase the homogeneity of the soil 
and to increase the extractability of the analytes in the soil. 

*Extraction, which is performed to release the contaminants from the solid 
matrix and quantitatively transfer them to another medium, usually an organic 
solvent. 

*Clean up, which is performed to remove co-extracted compounds that could 
interfere during the subsequent analysis, and to separate different classes of 
analytes prior to analysis. 

*Instrumental analysis, which is performed to separate, identify and quantify 
the individual analytes in the sample. 

4.1 Sample pretreatment 
The sample pretreatment included sieving, air-drying and grinding. In some 

studies [Paper III] the soil was also acidified prior to extraction to improve the 
extractability of acidic transformation products [76]. Samples were sieved to 
remove the larger particles, partly because they reduce the homogeneity of the 
soil and partly because the contaminants are primarily associated with the 
smaller particles in the soil [15]. Furthermore, the use of a specific particle 
fraction facilitates comparison with other soil samples. The drying was 
performed to facilitate the subsequent grinding and to increase the contact 
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between the soil and the organic solvent used for extraction. Drying at elevated 
temperatures was avoided since this may result in losses of volatile analytes, e.g. 
naphthalene. The samples were ground to further increase the homogeneity of 
the samples and to increase the extractability of the analytes, by increasing the 
exposed surface area in the soil.  

In the studies described in Papers I, II and V, a rather large particle 
fraction (< 5mm) of the original soils were used. This fraction was 
homogenized in a ball mill so that representative sub-samples could be taken 
for the subsequent extractions. In other cases [Papers III, IV and VI] a finer 
particle fraction of the original soil was used (2.5, 2.3 and 2.0 mm respectively), 
from which it was easier to take representative samples directly. The selected 
samples were still ground in a mortar prior to extraction, to improve the 
extraction efficiency. However, a recent study by Bergknut et al. 2003 [77] 
shows that this may not have been necessary with this particular soil. In the 
cited study, grinding had no effect on the extractability of the PAHs and oxy-
PAHs, showing that the contaminants were not physically trapped in the solid 
material. 

4.2 Pressurized liquid extraction 
The soil samples were extracted by pressurized liquid extraction (PLE). 

This relatively new technique utilizes organic solvent at elevated temperature 
and pressure, which dramatically accelerates the extraction process compared 
to traditional techniques, such as Soxhlet and ultrasonic extraction. The 
theoretical basis of this method is described in more detail in Paper I and in a 
paper by Richter et al. 1996 [78], who first introduced the PLE-technique. Since 
then, a number of studies have shown the PLE-technique to be equally or even 
more effective than Soxhlet and ultrasonic extraction for extracting many 
compounds from soil samples [Paper I; 79-81]. The PLE-technique also has 
the advantages of being less time consuming and labor intensive than Soxhlet 
and ultrasonic extraction, and it uses lower amounts of organic solvent.   

A schematic diagram of the PLE-system is presented in Figure 9. The 
sample is loaded into the extraction cell, which then is placed into the oven of 
the extraction system. Solvent is pumped from the solvent bottle into the cell, 
which is pressurized and heated. The extraction sequence starts with a dynamic 
phase during which temperature and pressure are equilibrated. A certain 
amount of solvent is then passing through the cell while the pump, which fills 
the cell, and the valve, which releases solvent from the cell, control the 
pressure. The dynamic phase is followed by one or more static phases, during 
which the same portion of solvent is held pressurized inside the cell. When 
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these phases are concluded the solvent is allowed to flow to the collection vial 
and the sample is flushed with fresh solvent. Finally, the sample is purged with 
a suitable gas (e.g. N2) to recover the last solvent residues. All the solvent that 
passes through the cell is collected in the collection vial. 

 
Figure 9. Schematic diagram of the pressurized liquid extraction (PLE) system. 

Method optimization 
In Paper I the reliability and efficiency of the PLE technique for extracting 

PAHs from contaminated soil were investigated. The influence of several 
variables, including sample load, pressure, temperature, extraction time, choice 
of solvents, ratio of binary solvents, and solvent volume, were studied using 
experimental design. The experimental design approach maximizes the 
information obtained from a minimum number of experiments by 
systematically varying more than one variable between different experiments 
[82]. The study showed that PLE is a robust, reliable and exhaustive technique 
for extracting PAHs from contaminated soil. The extraction pressure and 
extraction time had no influence on the extraction efficiency in the studied 
intervals (7-19 MPa and 2-20 min respectively), and there was only a slight 
indication that temperatures below 100°C might affect the extraction result for 
some PAHs. Furthermore, the choice of extraction solvent was not critical for 
the extraction result, provided that the solvent volume/sample load ratio was 
sufficiently high, i.e. by using two static extraction cycles followed by a rinse 
with a whole cell volume. This may explain the previously observed benefit 
gained by using two short extraction cycles compared to one longer cycle [83], 
since the former results in a larger volume of solvent. It was thus concluded 
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that PLE could be successfully used for rapid and exhaustive extraction of 
PAHs in contaminated soil with relatively low solvent consumption. 

The PLE-cell as a chromatographic column 
The influence of the sample load and solvent volume was discovered 

during the screening experiment in Paper I. In these experiments, the internal 
standard (IS) was added on top of the soil samples in the extraction cells, 
which considerably affected the final results. For instance, the recovery of the 
HMW compounds in the internal standard was much higher in experiments 
with a sample load of 1g than in experiments with a sample load of 5 g. 
Figure 10 illustrates this, by comparing the recoveries of two IS-compound, 
d12-chrysene, which was strongly affected by the sample load, and 
d10-acenaphthene, which was affected much less strongly. Furthermore, the 
HMW-compounds appeared to be recovered to a larger extent when the 
samples were extracted with a toluene-rich solvent. However, the LMW 
compounds in the IS and the native analytes were not affected to the same 
extent. This is because the PLE-cell resembles a chromatographic column, 
with the soil as the stationary phase, which retains the HMW PAHs more 
strongly than the LMW compounds. Furthermore, the IS added on top of the 
soil must travel through the whole soil layer before reaching the collection vial, 
while the native compounds, distributed evenly throughout the soil bed, have a 
shorter average distance to travel. Toluene seems to be better suited than 
hexane to elute the PAHs through the soil bed, which explains why toluene has 
shown higher extraction efficiency than other solvents in some previous 
studies [81]. The negative effect of n-hexane has also been observed previously 
[84], and is attributed to its very low polarity. However, the subsequent 
experiments presented in Paper I showed that the negative effect of a weaker 
solvent could be compensated by using a higher solvent volume/sample load 
ratio.  
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Figure 10. Recovery of d10--acenaphthene and d12-chrysene (internal standards) during 
PLE-extraction of different amounts of contaminated gasworks soil [Paper I]. 

The optimized method 
Based on the results in Paper I, a PLE-method was suggested for 

extracting PAHs from contaminated soil. The method includes the following 
parameters: 1g soil, hexane/acetone (50:50, v/v), 14 MPa, 150°C, two static 
extraction cycles of 5 min each and one cell volume for rinsing. In addition, it 
is suggested that the sample should be mixed thoroughly with anhydrous 
sodium sulfate or another inert bulk material prior to loading. This increases 
the solvent penetration of the sample and prevents channeling. The suggested 
method differs somewhat from the PLE-method proposed by the US-EPA, i.e. 
Method 3545 [85], which recommends a temperature of 100°C and one static 
extraction cycle. We chose a higher temperature [Paper I], because some of the 
results indicated that the extraction efficiency of the LMW PAHs would be 
improved. This unexpected effect has also been observed by Saim et al. 1998 
[84]. The suggested PLE-method was used in the subsequent studies in this 
thesis, to extract both PAHs and oxy-PAHs from the soils. In further studies 
[Paper IV and V] the extraction was repeated with methanol/acetic acid (99:1, 
v/v), to increase the recovery of the more polar transformation products 
[76,86]. However, this was later seen to be unnecessary for the compounds 
discussed in this thesis (data not shown). 
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4.3 Clean up 
Clean up techniques may be divided into pre-separation techniques, which 

are used to remove the bulk of the co-extracted (biogenic) material, and 
fractionation techniques, which are used to separate the target analytes in 
different fractions, and to remove similar anthropogenic compounds. 
However, for samples that have low organic contents, the pre-separation and 
fractionation steps are often combined into a single fractionation step. The 
fractionation of PAHs and PAH-transformation products may be performed 
by adsorption chromatography, using open column chromatography [87-89], 
solid phase extraction (SPE) [63,69,70,76] or high performance liquid 
chromatography (HPLC) [64,67,90,91]. The HPLC-techniques have the 
greatest resolution and reproducibility, and they may be coupled to sensitive 
instruments for analyte detection. However, the other techniques are simpler 
to use, less costly and have higher sample capacity than HPLC, and are 
therefore widely used in environmental analysis [92]. The stationary phases 
most commonly used for organic contaminants are silica gel, alumina and 
Florisil [92]. These are highly active adsorbents, which are often deactivated 
with water prior to use. This reduces their adsorption capacity and improves 
their reproducibility. The analytes are eluted from the columns with organic 
solvents of increasing polarity.  

Silica gel fractionation 
The clean up procedures used in our studies mainly involved open column 

chromatography with silica gel packed columns. Pre-studies with activated 
silica showed that many PAHs were insufficiently recovered from this 
adsorbent (data not shown), and some more polar oxidation products could 
not be eluted at all. Consequently, the silica was deactivated with 10% water 
prior to use. The columns were initially packed with 10 g silica [Paper I and II], 
but later 5 g was used [Paper III-VI]. The amount of silica was reduced to 
speed up the procedure and to save solvent. The elution scheme used for the 
open-column fractionations remained similar, but some modifications were 
made during the course of the investigations (Table 2). In pre-studies to 
Paper I, no pre-fraction was collected and discarded prior to the analyte 
fractions. Instead, all the eluted solvent was collected and pooled. However, it 
was discovered that sample components, probably aliphatic compounds, 
eluting from the silica column before the PAHs interfered during the 
subsequent gas chromatographic analysis of the PAHs, as shown in Figure 11. 
Therefore, a pre-PAH fraction was collected and discarded in all experiments 
described in the papers included in this thesis (Table 2). Initially [Papers I and 
II], the PAHs were eluted with hexane and a mixture of hexane/dichloro-
methane. However, in Paper II, the volume of the second solvent was 
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increased to recover some oxy-PAH and heterocyclic compounds as well. The 
fractions were at this stage not separated but were analyzed together. The 
procedure was then refined [Paper III] so that the PAHs were eluted with a 
small volume of the hexane/dichloromethane mixture, followed by a separate 
oxy-PAH fraction eluted with pure dichloromethane. This elution scheme was 
then used in the subsequent studies [Papers IV-VI], except that the volume of 
the PAH-fraction was reduced still further to prevent the least strongly 
retained oxy-PAHs eluting in the PAH-fraction. 

 

Figure 11. Chromatogram of PAHs in a gasworks soil extract, showing interfering 
compounds in the middle. 

Table 2. Elution schemes for the silica gel columns used for fractionation of the soil 
extracts [Papers I-VI]. In all studies the silica gel was deactivated with 10% water prior 
to use. 
 Paper I Paper II Paper III Paper IV-VI 
Silica gel 10 g 10 g 5 g 5 g 
Pre-fraction 10 ml hx 10 ml hx 5 ml hx 5 ml hx 
PAH-fraction 30 ml hx + 

30 ml hx/DCM 20 ml hx/DCM 15 ml hx/DCM 

Oxy-PAH 
fraction 

 

30 ml hx + 
130 ml hx/DCM 30 ml DCM 30 ml DCM 

Hx=hexane, DCM=dichloromethane, Hx/DCM is a 3:1 mixture (v/v) 
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4.4 Selective extraction of PAHs and oxy-PAHs 
To meet the continual demands for ever faster and less solvent-consuming 

analytical procedures, a combined extraction and fractionation procedure was 
developed and described in Paper V. Here, pressurized liquid extraction with 
adsorbent-packed extraction cells was used to selectively extract PAHs and 
oxy-PAHs present in the gasworks soil in two separate fractions. A similar 
approach has been used previously to retain fat during the extraction of PCBs 
in adipose tissue [93-96]. Paper V reports the results of tests of the ability of 
three different adsorbents, i.e. silica gel, alumina and Florisil, to accomplish 
separate these compounds. The adsorbents and the soil were packed in the 
cells according to Figure 12, and the samples were then sequentially extracted 
with solvents of increasing polarity. Quantitative extraction and successful 
separation of the two compound classes was finally obtained by using 
extraction cells packed either with 2%-deactivated silica or with activated 
Florisil. These were extracted with hexane followed by hexane/dichloro-
methane (1:1) and hexane/dichloromethane (3:1) followed by dichloro-
methane/acetone (3:1), respectively. Only small amounts (mostly less than 1%) 
of PAHs and oxy-PAHs were extracted in the “wrong” fractions using these 
procedures. These amounts was considered acceptable for a screening method 
like this, which has several other advantages since it is fast while having less 
labor and solvent requirements than traditional methods. It may also be 
difficult to avoid a certain degree of co-elution between the PAHs and the oxy-
PAHs with this experimental setup, since the extracted compounds are 
transferred to the chromatographic material without refocusing. The reliability 
of the fractionation could, however, be checked in each individual sample by 
analyzing selected compounds in both fractions. 

The method involving silica-packed extraction cells was preferred to the 
alternative with Florisil-packed cells, because the former produced much purer 
extracts due to the lower polarity solvents used. These extracts could be 
analyzed directly without further clean up. This method was later successfully 
applied [Paper VI] as a rapid method for the concurrent analysis of PAHs and 
oxy-PAHs in contaminated soil. 
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Figure 12. Schematic diagram of the adsorbent-packed PLE-cell used for selective 
extraction of PAHs and oxy-PAHs from contaminated soil. 

4.5 Instrumental analysis 
The samples have been exclusively analyzed by gas chromatography with 

mass spectrometric detection (GC/MS). A standard set of PAHs could have 
been analyzed by GC with flame ionization detection (FID) or HPLC with 
UV- or fluorescence detection [92], but for a more thorough characterization 
of the contaminants present in soil, including individual oxy-PAHs, higher 
resolution and sensitivity is needed. GC/MS fulfils these requirements and 
facilitates the identification and quantification of a large number of compounds 
in the soil, as shown in Paper IV and Chapter 5. The GC can separate 
compounds with very similar properties, and many compounds may be 
identified solely by their GC-retention times in comparison with reference 
compounds and literature data. In Paper IV, retention indices were calculated 
for each compound in the chromatogram, according to Lee et al. [97], to 
facilitate this identification. However, for more reliable identification, the 
retention time data have been complemented with mass spectral data obtained 
from the MS. By using an electron-impact MS in the full scan mode, a 
relatively unique spectrum is provided for each compound in the chromato-
gram [92,98]. These spectra could be compared with library spectra or with 
spectra obtained from reference compounds, which often results in very 
confident identifications. In Figure 13 the mass spectra for three oxy-PAHs 
identified in Paper III are shown.  
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Figure 13. Mass spectra of a) 4-hydroxy-9-fluorenone, b) 4-hydroxyperinaphthenone 
and c) 4-oxapyrene-5-one, identified in Paper III. 

In the studies underlying this thesis, the identified compounds were 
quantified by comparing their peak areas in samples and reference standards 
using the internal standard technique [99]. In selected ion monitoring (SIM) 
mode the MS provides high sensitivity and selectivity, which facilitates accurate 
quantification of the analytes. MS-detection also allows the use of isotope 
labeled internal standards, which further improves the quantification 
procedure. The internal standards may be added prior to extraction or 
fractionation, and can then be used to compensate for the losses of analytes 
incurred during the analytical procedure [92,99]. In our studies, perdeuterated 
internal standards have been used. However, they have only been available for 
the PAHs. Thus, the determined oxy-PAH concentrations have not been 
compensated for losses caused by the analytical procedure. On the other hand, 
these determinations show relatively low variability [Papers IV-VI], and in 
most of the studies the differences between samples (remediated and 
unremediated soil, for instance) have been considered more important than the 
absolute concentrations in the individual samples. Furthermore, some oxy-
PAHs were quantified by using the response factor for other oxy-PAHs 
[Papers V and VI], since authentic reference compounds were only available 
for a limited number of oxy-PAHs. 

Derivatisation 
Although this thesis focuses on the carbonyl-containing transformation 

products, hydroxylated PAHs have been analyzed in some cases. Paper III 
considered the formation of hydroxy-PAHs during the degradation of PAHs in 
an artificially contaminated soil. The possible presence of hydroxy-PAHs in the 
gasworks soil (chapter 5) has also been studied, but the results are not included 
in any of the papers, because no such compounds were identified in the soil. In 
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these studies, the hydroxy-PAHs were converted to trimethylsilyl derivatives 
through a reaction with N,O-bis(trimethylsilyl)trifluoroacetamide/trimethyl-
chlorosilane (BSTFA/TMCS, 99:1) prior to GC-analysis. This is because 
hydroxylated compounds are often poorly suited to direct GC-analysis, due to 
their polarity, thermal instability and tendency to form hydrogen bonds [100]. 
However, by converting them into less reactive and more volatile derivatives 
their GC-properties may be improved. The silylation method used in the 
presented studies is described in Paper III. The efficiency of the method was 
tested in a pre-study, in which five hydroxy-PAHs (1-naphthol, 1-
acenaphthenol, 9-fluorenol, 9-phenantrol and 9-pyrenol) were completely 
converted to their silyl-derivatives in less than an hour at room temperature. 
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5. The gasworks site at Husarviken 

In five of the six papers included in this thesis the soil discussed came from 
a gasworks site at Husarviken in Stockholm, Sweden. At this site, gas was 
produced from coal throughout the period 1893-1972. Today, the subsurface 
of the site consists of a mixed fill (sandy soil, ash and demolition debris), 
contaminated with coal tar and its distillation products, heavy metals and 
cyanide. The contaminants are heterogeneously distributed, but are found 
throughout the area. The site conditions are typical of old gasworks sites 
[101,102]. In Paper IV, soil from this site was characterized with respect to 
PAHs and related compounds, and in other experiments the bioavailability of 
the contaminants was studied by exposing earthworms to the soil [Paper II]. 

5.1 Characterization 
More than one hundred compounds were identified in the gasworks soil, 

including PAHs, alkyl-PAHs, heterocyclic compounds and oxy-PAHs, as 
shown in Table 3 [Paper IV]. The concentrations of the compounds were 
similar to levels found at other gasworks sites [18,88], although concentrations 
in these soils vary considerably [5,19]. Large variations in the PAH-levels have 
also been recorded at the site at Husarviken (data not shown). Nevertheless, 
the quantified compounds, shown in Table 3, show that the PAHs with four, 
five, and six fused rings predominate in the soil, confirming that the 
contamination is old. Environmental processes, such as volatilization, leaching 
and biodegradation have changed the contaminant profile in the soil, so that 
the proportion of HMW PAHs has increased over time. Fresh coal tar contains 
larger relative amounts of the LMW PAHs [18,103], but these compounds are 
also more easily degraded and removed from the soil [6,101,104]. In Figure 14, 
a chromatogram obtained from an extract of the gasworks soil is compared 
against that obtained from an extract of fresh coal tar. Although this particular 
coal tar was not produced at the Husarviken site, this example indicates how 
the contaminant profile has changed over time, in favor of the HMW 
compounds (eluting late in the chromatogram). The predominance of HMW 
was seen not only among the PAHs; the heterocyclic compounds in the soil 
showed similar trends [Paper IV]. Furthermore, enrichment of alkylated PAHs 
probably also occurs over time, since the unsubstituted PAHs are generally 
more easily degraded than the alkylated PAHs [29,105]. However, this could 
not be verified in the soil from Husarviken.   
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Table 3. PAHs and related compounds identified in the gasworks soil from 
Husarviken. Concentrations are given for the quantified compounds. 
PAHs and alkyl-PAHs  Soil conc.  

(ug/g, d.w.) 
PAHs and alkyl-PAHs (continued) Soil conc. 

(ug/g, d.w.) 
Naphthalene 17 Dibenzo[b,k]fluoranthene  
2-Methylnaphthalene 7.9 Naphtho[2,3-k]fluoranthene  
1-Methylnaphthalene 5.2 Coronene 23 
Biphenyl 2.6 Dibenzo[a,e]pyrene/Dibenzo[e,l]pyrene  
2,6-Dimethylnaphthalene 7.0 
C2-naphthalenes (4 peaks)  

Naphtho[2,1-a]pyrene/ Benzo[b]perylene/  
Dibenzo[2,3-a]pyrene/Dibenzo[a,i]pyrene 

 

Acenaphthylene 29 Dibenzo[a,h]pyrene  
Acenaphthene 2.4   
Methylbiphenyls (2 peaks)  Soil conc. 
C3-naphthalenes (4 peaks)  Heterocyclic PACs (ug/g, d.w.) 
2,3,5-Trimethylnaphthalene 2.0 Benzothiophene 27 
Fluorene 44 Dibenzofuran 42 
C2-biphenyls (4 peaks)  Methyldibenzofurans (3 peaks)  
2-Methylfluorene  Dibenzothiophene 28 
1-Methylfluorene  Benzoquinoline  
Methylfluorene  Phenanthridine  
C3-Biphenyls (10 peaks)  Carbazole 32 
Phenanthrene 330 Methylacridine/phenantridine  
Anthracene 70 Methyldibenzothiophenes (2 peaks)  
1-Phenylnaphthalene  Methylcarbazoles (4 peaks)  
3-Methylphenanthrene  Azapyrenes/Azafluoranthenes (6 peaks)  
2-Methylphenanthrene  Phenanthro[4,5-bcd]thiophene  
2-Methylanthracene  Benzonaphthofurans (3 peaks)  
4H-Cyclopenta[def]phenanthrene 29 Benzo[kl]xanthene  
4-/9-Methylphenanthrene  Benzo[def]carbazole  
1-Methylphenanthrene 16 Benzo[b]naphtho[2,1-d]thiophene  
2-Phenylnaphthalene  Benzo[b]naphtho[1,2-d]thiophene  
C2-phenanthrenes/anthracenes (7 peaks)  Benzo[b]naphtho[2,3-d]thiophene  
Fluoranthene 420 Benzoacridine/Azachrysene (2 peaks)  
Acephenanthrylene 25 Benzocarbazoles (3 peaks)  
Pyrene 290 Methylbenzoacridine  
Benzo[a]fluorene  Dinaphthofurans (5 peaks)  
Benzo[b]fluorene  Dibenzo[B,def]carbazole  
Methylpyrenes/fluoranthenes (4 peaks)  Dibenzoacridines (3 peaks)  
1-Methylpyrene  Dinaphthothiophenes (5 peaks)  
Benzo[ghi]fluoranthene  Dibenzocarbazole and isomers  (7 peaks)  
Benzo[c]phenanthrene    
Cyclopenta[cd]pyrene 4.3 Soil conc. 
Benz[a]anthracene 190 Oxy-PAHs (ug/g, d.w.) 
Chrysene 180 1-Indanone 0.65 
Methylbenz[a]anthracenes/chrysenes (9 peaks)  1-Acenaphthenone  
Binaphthalenes (3 peaks)  9-Fluorenone 26 
C2-benz[a]anthracenes/chrysenes (4 peaks)  Methyl-9-fluorenones (4 peaks)  
Benzo[b]fluoranthene 160 Acenaphthylene-1,2-dione  
Benzo[k]fluoranthene 130 4-hydroxy-9-fluorenone  
Benzo[a]fluoranthene  Xanthone  
Benzo[e]pyrene 110 Anthracene-9,10-dione 24 
Benzo[a]pyrene 120 Naphthalic anhydride  
Perylene 38 4H-Cyclopenta[def]phenathren-4-one  
Methyl-M252 (7 peaks)  1-Methylanthracenedione  
Indeno[7,1,2,3-cdef]chrysene  2-Methylanthracenedione 5.5 
Dibenz[a,j]anthracene  C2-anthracenedione  
Indeno[1,2,3-cd]pyrene 100 4-oxapyrene-5-one  
Dibenz[a,h]anthracene 28 Benzofluorenones (3 peaks)  
Pentaphene  Methylbenzofluorenones (7 peaks)  
Benzo[b]chrysene  7H-Benz[de]anthracen-7-one 18 
Picene 20 Benz[a]anthracene-7,12-dione 4.3 
Benzo[ghi]perylene 84 Naphthacene-5,12-dione 4.5 
Anthanthrene 19 Benzo[cd]pyrenones and isomers (4 peaks)  
Methyl-M278 (6 peaks)  Chryseno[4,5-bcd]pyranone and isomers (2 peaks)  
Methyl-M276 (2 peaks)  Dibenzofluorenones and isomers (6 peaks)  
Dibenzo[b,e]fluoranthene  cyclopentaperylenone and isomers  
Naphtho[1,2-k]fluoranthene  Indenopyrenone and isomers (4 peaks)  
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Figure 14. Chromatograms of the PAHs in (a) a gasworks soil extract and (b) a coal 
tar extract (SRM 1597, NIST, MD USA), showing their different PAH-profile. 

The compounds identified in the gasworks soil included a number of oxy-
PAHs (Table 3) [Paper IV]. Ketones, such as 9-fluorenone, and quinones, such 
as anthracene-9,10-dione, were most common, but coumarins, such as 
xanthone and 4-oxapyren-5-one were also identified. Many of these oxy-PAHs 
have previously been found in other environmental samples, including, diesel 
exhaust [27,87,91], fly ash [61], airborne particulate matter [65,70,90], sewage 
sludge [63], sediments [68,106] and also some in contaminated soils [64,66,69]. 
The oxy-PAHs may have reached the soil at the same time as the PAHs, or 
may have been formed through oxidation of PAHs in the soil. Saturated 
carbons in the aromatic rings are especially susceptible to non-enzymatic 
oxidation [91], explaining the wide spectrum of ketones found in the soil. 
Accordingly, ketones of PAHs with saturated carbons in a five-membered ring, 
e.g. 9-fluorenone and 4H-cyclopenta[def]phenanthren-4-one, were found at 
approximately equal concentrations in the soil as the parent compounds. PAHs 
with a saturated carbon in a six-membered ring, e.g. 7H-benz[de]anthracene, 
are even more rapidly oxidized. Consequently, the corresponding ketones, but 
not the parent PAHs, were found in the soil. Furthermore, the quinones found 
in the soil have been formed from linear and other fairly reactive PAHs [107-
109] (cf. PAH-reactivity, section 3.2). Large linear PAHs are especially reactive 
[108,109], explaining why napthacene-5,12-dione was detected in the soil, but 
not naphthacene. The smaller linear compounds anthracene and anthracene-
9,10-dione were found at approximately equal concentrations in the soil.  

5.2 Availability of the contaminants 
The soil at former gasworks sites is often highly weathered, and the 

contaminants therein are strongly sorbed since they have been subject to aging. 
Besides the interactions with the natural organic matter, the contaminants are 
associated with particles of coal tar that are present in these soils [101,104]. 
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The contaminants therefore have low availability for degradation processes and 
for uptake by living organisms.  

The availability of the contaminants in the soil from Husarviken was 
demonstrated in experiments reported in Paper II, where earthworms were 
exposed to the soil. The worms accumulated the PAHs to a lower extent than 
levels observed in earlier studies with earthworms exposed to PAHs in soil. 
This was probably because the PAHs in the gasworks soil were less 
bioavailable than the PAHs in the other soils, since earthworms mainly 
accumulate contaminants from the fraction dissolved in the interstitial pore-
water, i.e. the bioavailable fraction [110,111]. This theory is supported by 
findings that the LMW compounds in the soil [Paper II] were taken up faster 
than the HMW compounds, and that the oxy-PAHs were taken up faster in the 
earthworms than their parent PAHs. Thus, the more water-soluble the 
contaminants are, the more readily they accumulate in the earthworms. The 
higher polarity of the oxy-PAHs implies that they generally are more water-
soluble than their parent PAHs.  

In Figure 15, the accumulation of benzo[a]anthracene and benzo[a]anthra-
cene-7,12-dione in the earthworms [Paper II] is compared. It is evident that the 
biota to soil accumulation factor is much higher for the oxidation product than 
for the parent PAH. However, after the rapid increase, the concentration of 
benzo[a]anthracene-7,12-dione decreased in the worms. Similar results, yielding 
peak-shaped accumulation curves, were also observed for the other oxy-PAH, 
LMW PAHs, and heterocyclic compounds analyzed in Paper III, and have also 
been reported in previous studies [112,113]. It has been suggested [112] that 
the worms stimulate the microbial degradation of the compounds in the pore-
water, thereby lowering the bioavailable fraction of the contaminants during 
the course of the exposure and eventually reducing the concentrations in the 
worms. Replenishment of contaminants from the soil particles is delayed by 
the very slow desorption processes. 

The low availability of the contaminants in the gasworks soil was also 
observed during the degradation studies included in this thesis. The PAHs 
were thus difficult to degrade with either biological or chemical remediation 
methods [Papers IV and VI], as further discussed in chapter 6. The 
contaminants were also seen to desorb very slowly from the soil to the 
surrounding water in these studies [Papers IV and VI]. The PAH-levels in the 
water were, for instance, far lower than the aqueous saturation concentrations 
of the compounds, after the soil had been shaken with water for 24 hours at 
25°C [Paper VI]. 
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Figure 15. Uptake of benzo[a]anthracene ( ) and benzo[a]anthracene-7,12-dione 
( ) in earthworms from the gasworks soil [Paper II], plotted as the ratio of their 
concentrations in worm lipids (Cworms) to those in soil organic matter (Csoil) against 
time of exposure. 
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6. Degradation and formation in remedial processes 

Although the natural degradation of PAHs in soil is slow, these processes 
could be enhanced and utilized for remedial purposes. Thus, both biological 
and chemical degradation methods have been used to treat PAH-contaminated 
soil [60,114]. Several methods have proven successful in reducing the PAH-
levels in soil, but the fate of the contaminants has seldom been investigated. 
Consequently, it has rarely been clear whether the PAHs were completely 
mineralized or if persistent transformation products were accumulated during 
the process. 

The degradation of PAHs and the formation of oxy-PAHs have been 
studied in three remedial processes: a bioslurry treatment [Paper IV], treatment 
with wood-rotting fungi [Paper III] and treatment with Fenton’s reagent 
[Paper VI]. All three techniques have been applied to the gasworks soil from 
Husarviken, but in Paper III only the results obtained from an artificially 
contaminated soil were included. However, in the following summary all the 
results are discussed.  

6.1 Bioremediation 
The biological degradation processes in soil (cf. section 3.1) may be 

enhanced by changing its chemical or physical conditions, such as texture, pH, 
moisture content, temperature and aeration, and nutrient status. The addition 
of specifically adapted microorganisms may also enhance the process 
[5,21,104,115]. Many different bioremediation methods have been applied or 
proposed, but they all involve stimulating the growth of microorganisms that 
degrade a certain contaminant. They may be classified in the following groups 
[5,104,116]: 

• In situ methods: The contaminated soil is not excavated but is treated in situ 
by the addition of nutrients, oxygen (usually hydrogen peroxide), and 
sometimes specifically adapted microorganisms. 

• Landfarming: The soil is excavated and spread in a thin layer across a large 
area. Water, nutrients and sometimes also microorganisms are added. The 
soil is aerated by mixing, often by standard agricultural equipment. 

• Biopiles/Composting: The soil is excavated and placed in piles or vessels and 
may be mixed with organic bulk materials, such as straw or wood chips. 
The treatment bed is managed to enhance the degradation processes, by 
controlled addition of nutrients, water and oxygen, together with 
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temperature adjustment. The beds are also designed to minimize 
contaminant leakage. 

• Bioreactors: This is the most controlled form of bioremediation. Usually, the 
soil is slurried with water and is treated in a specifically designed reactor, 
where the conditions for biodegradation are optimized. 

Data summarized by Wilson & Jones 1993 [5] show that most PAHs in 
contaminated soil are poorly degraded with in situ methods. Landfarming and 
biopile/composting methods have also shown limited capacities to degrade 
PAHs in soil within a reasonable time, although LMW compounds may be 
degraded adequately with these methods. For the HMW PAHs, the 
degradation conditions need to be better optimized, and therefore bioreactors 
seem to be the only option. However, even this technology has to be carefully 
optimized to successfully manage this task, and even then some persistent 
PAHs are difficult to degrade [Paper IV]. The limiting factor is primarily the 
low aqueous solubility of PAHs and their strong adsorption to the soil 
material, i.e. their low bioavailability [117,118]. In order to be taken up and 
metabolized by a microorganism, the PAHs first need to be transferred from 
the soil to the water phase. This process is often the rate-limiting step in the 
biological degradation of organic contaminants in soil [14,115]. In bioreactors 
the mass transfer is accelerated by rigorous mixing of the soil and breaking up 
of the larger soil particles. The high water content in bioreactors also increases 
the dissolved fraction of PAHs. However, the bioavailable fraction of the 
HMW PAHs still appears to be limited in many cases [Paper IV]. 

The bioavailability of sorbed contaminants may be improved by the 
addition of surfactants, organic solvents or vegetable oil, which enhance the 
desorption and solubilisation of the contaminants [119-121]. However, the 
concentration of the additive used is important. High concentrations may 
inhibit microbial activity, or the additive may be preferentially degraded instead 
of the contaminant [5]. Furthermore, provision of high additive concentrations 
is expensive.  

The problem of low bioavailability is perhaps less pronounced when wood-
rooting fungi are used to degrade organic contaminants in soil [Paper III; 41]. 
The extracellular enzymes excreted by these fungi may have the ability to 
degrade even sorbed contaminants. However, one major problem that has to 
be solved before these fungi could be used in large-scale applications is their 
colonization of the soil. In order to efficiently degrade the soil contaminants 
the mycelium of these fungi has to penetrate all the soil material. This presents 
a challenge since wood-rotting fungi normally grow on dead wood [122]. 
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Bioslurry [Paper IV] 
As described in Paper IV, the gasworks soil was treated in a pilot-scale 

bioslurry reactor for 29 days. Even though bioslurry treatment is considered an 
effective biological remediation method, the overall degradation result in this 
study was relatively poor (the total PAH-amount were reduced by 
approximately 40%). Most bi- and tri-cyclic PAHs were degraded, but of the 
PAHs with four fused rings half of the initial amount remained after the 
treatment. Furthermore, the PAHs with five and six fused rings were virtually 
unaffected by the treatment. These results are consistent with other bioslurry 
treatments of aged gasworks soil [19,88,123], although better degradation 
results have been obtained for less weathered soils [124]. It is generally 
accepted that the main reason for the poor degradation of weathered soils is 
the low bioavailability of the contaminants in such soils, due to aging effects 
[9,11,13]. The results in Paper IV support this theory since the dissolved 
fraction of most contaminants in the slurry decreased faster than the total 
concentration in the soil, indicating that the mass-transfer from the soil to the 
aqueous phase was the rate-limiting step for these compounds. On the other 
hand, for the PAHs with five and six fused rings the low initial concentrations 
in the water remained constant during the treatment, indicating that the poor 
degradation of these compounds was not due solely to their slow release from 
the soil, but other factors were also involved. One such factor might be the 
lack of microorganisms capable of degrading the HMW compounds.  

No new oxy-PAHs, i.e. oxy-PAHs that were not present in the untreated 
soil, were detected in the soil following the bioslurry treatment. However, two 
of the initially present oxy-PAHs, 1-acenaphthenone and 4-oxapyrene-5-one, 
showed significantly higher concentrations at the end of the treatment than at 
the beginning (Figure 16). Consequently, these two compounds must have 
been formed to a greater extent than they were degraded. Further, as shown in 
Figure 16, the other oxy-PAHs in Paper IV were generally degraded more 
slowly than their parent compounds, indicating that these oxy-PAHs were also 
formed during the treatment, or alternatively that they were more persistent 
than the PAHs. However, since oxy-PAHs are generally more available to 
degradation than PAHs, as discussed in Chapter 5, they were probably formed 
in the bioslurry reactor. The temporary initial accumulation observed for some 
PAHs (Figure 16), provides further indications that these compounds really 
were formed during the treatment. However, the slow removal rates of the 
oxy-PAHs were not due solely to extensive formation. They also showed 
relatively high persistency. For example, naphthacene-5,12-dione and 
7H-benz[de]anthracen-7-one, which were found at relatively constant 
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concentrations throughout the treatment, were probably formed to a minor 
extent. This is because their parent PAHs were not present in the original soil. 

 

Figure 16. Degradation of PAHs and oxy-PAHs during bioslurry treatment of the 
gasworks soil described in Paper IV, showing relative concentrations of (a) PAHs 
with three fused rings ( ), oxy-PAHs with three fused rings except 1-
acenaphthenone ( ) and 1-acenaphthenone ( ), and (b) PAHs with four fused 
rings ( ), oxy-PAHs with four fused rings except 4-oxapyrene-5-one ( ), and 
4-oxapyrene-5-one ( ). 

Wood-rotting fungi [Paper III] 
The ability of wood-rotting fungi to enhance the degradation of PAHs in 

soil was investigated in Paper III. A soil artificially contaminated with fluorene, 
phenanthrene, pyrene and benzo[a]anthracene was inoculated with the wood- 
rotting fungi Pleurotus ostreatus and Antrodia vaillantii for 12 weeks. Both fungi 
enhanced the PAH-degradation, compared to a control soil without added 
fungi. The white-rot fungus, Pleurotus ostreatus, accelerated the degradation rate 
significantly during the first weeks, while the effect of the brown-rot fungus, 
Antrodia vaillantii, was more pronounced in later stages of the study. However, 
the final PAH-concentrations in the two fungal treatments were quite similar, 
although the least water soluble PAH in this study, benzo[a]anthracene, was 
more extensively degraded by the white-rot fungus than by the brown-rot 
fungus, indicating that the former fungus is more capable of degrading 
compounds with low bioavailability.  

The same experimental setup was also applied to samples of the gasworks 
soil. However, in this soil no significant degradation was observed 
(unpublished data). The PAHs in the gasworks soil were apparently not 
available for the extracellular enzymes excreted by the fungi. This might be due 
to the contact between the enzymes and the PAHs being limited because the 
fungal mycelia had limited ability to penetrate the soil particles. 
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Figure 17. Degradation of PAHs and accumulation of transformation products in soil 
inoculated with P. ostreatus. (a) Degradation of fluorene ( ) and accumulation of 
9-hydroxyfluorene ( ), 9-fluorenone ( ) and 4-hydroxy-9-fluorenone ( ). 
(b) Degradation of benz(a)anthracene ( ) and accumulation of benz(a)anthracene-
7,12-dione ( ). 

In the artificially contaminated soil the accelerated degradation caused by 
the white-rot fungus was accompanied by an accumulation of oxy-PAHs. 
Thus, 9-fluorenone, benzo[a]anthracene-7,12-dione, 4-hydroxy-9-fluorenone 
and 4-oxapyrene-5-one were found to accumulate as the PAHs were degraded. 
Figure 17 shows the transformation products resulting from the degradation of 
fluorene and benzo[a]anthracene. In addition, low levels of 9-hydroxyfluorene 
(Figure 17a) and 4-hydroxyperinaphthenone (Figure 13) were found in the soil. 
All of these compounds were only found at low concentrations in the soil 
inoculated with the brown-rot fungus and in the control soils, and none of 
them were found to accumulate in these treatments. The white-rot fungus also 
had a strong inhibitory effect on the indigenous soil bacteria, as shown by the 
microbial analysis in Paper III. This probably explains why the oxy-PAHs 
accumulated in this soil, since the soil bacteria might be necessary for complete 
degradation of the PAHs, which probably occurs through a sequential fungal-
bacterial degradation process [41,125,126]. 

6.2 Chemical remediation methods 
Oxidative chemical reactions can destroy or convert organic contaminants, 

such as PAHs, to non-toxic or less hazardous compounds, or to intermediates 
that can be further degraded by microorganisms (cf. section 3.2) [114]. The 
oxidation agents that are most commonly utilized for remedial purposes are 
ozone and hydrogen peroxide, often in combination with UV-light, which has 
proven to accelerate many chemical oxidation processes [60,114]. In addition, 
hydrogen peroxide is often used in combination with ferrous iron (Fe2+), which 
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produces hydroxyl radicals (OH•) in a reaction commonly known as Fenton’s 
reaction [127; Paper VI]: 

H2O2  +  Fe2+   → OH•  +  OH-  +  Fe3+ 

Chemical remediation methods have a major advantage over biological 
methods in that they don’t need the contaminant to be taken up through a cell 
membrane prior to degradation. In addition, the chemical methods are faster 
and easier to control, since no biological factors have to be taken into 
consideration. However, pH and temperature must often be regulated to 
ensure that the reaction goes to completion [60]. The chemical oxidation 
methods are non-selective, which means that any oxidizable material will react 
with the oxidizing agent. Consequently, large amounts of the reagents may be 
consumed when soil is treated. For successful degradation, the oxidation agent 
must be thoroughly mixed with the contaminants, implying that slurry-reactors 
are best suited for chemical oxidation treatments [60]. However, in situ 
chemical oxidation methods have also been employed [128]. 

Even the chemical oxidation methods have limited capacity to degrade 
PAHs in highly weathered soils, where the contaminants have diffused deeply 
into the organic material [Paper VI; 129,130]. This is because such compounds 
are no longer available for the oxidation reactions, which mainly occur in the 
water phase. To be oxidized, the PAHs must be in close contact with the 
water, or preferably dissolved in it. The availability of the contaminants may, 
however, be enhanced in similar ways to the approaches used during bio-
remediation. Thus, solvent [Paper VI; 131], vegetable oil [129] and surfactants 
[132] have been added to the soil prior to Fenton’s reagent to enhance the 
desorption of PAHs. Furthermore, large excesses of reagent have been used to 
disrupt the soil matrix and facilitate more rapid desorption [133].  

Fenton’s reagent, [Paper VI] 
The gasworks soil was also treated with Fenton’s reagent. However, since 

the oxidation of PAHs in highly weathered soils has been unsatisfactory in 
traditional Fenton reaction approaches, in which the soil is slurried in water at 
ambient temperature, some modifications were tested. For instance, the soil 
was pretreated with ethanol prior to addition of Fenton’s reagent [Paper VI]. 
This was done to enhance the desorption of the PAHs from the soil. In 
another (unpublished) study, elevated temperatures and aggressive oxidation 
conditions were used for the same purpose. 
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Aggressive Fenton oxidation (unpublished) 
In these experiments the reactions were carried out at 70°C and with 

relatively large additions of 30% hydrogen peroxide. The tested soil was also 
ground in a ball mill prior to the treatment in order to increase the contact 
between the soil particles and the reagent. The total PAH-concentration in the 
soil was reduced by 60% using this Fenton treatment (Figure 18a), and the 
reduction was almost as large for the HMW-PAHs as for the LMW-PAHs. 
Some of these losses can be explained by volatilization and dissolution of the 
compounds into the water, since the blank treatment, with hot water but no 
oxidative reagents, reduced the PAH-levels in the soil by 20%. Nevertheless, 
most of the PAH-loss was due to the Fenton-oxidation. 

With this Fenton treatment, the concentration of the oxy-PAHs also 
decreased in the soil (Figure 18b). However, the decline in these compounds 
was even greater in the blank-slurry (hot water), indicating that the oxy-PAHs 
were easily dissolved in the hot water and that oxy-PAHs were formed in the 
Fenton treatment. This resulted in higher final oxy-PAH-levels in the Fenton-
treated soil than in the blank treated soil. Unfortunately, the water phases of 
the slurries were not analyzed in this study, making it impossible to distinguish 
between the losses caused by oxidation and dissolution in this case. 

Ethanol–Fenton treatment [Paper VI] 
The ethanol pretreatment described in Paper VI extracted the PAHs from 

the soil, thereby increasing their availability for Fenton-oxidation. However, 
the PAH-degradation was less strongly enhanced than in the experiments with 
aggressive oxidation conditions, and 75% of the PAHs remained in the soil 
after the ethanol-Fenton treatment. The LMW-compounds were generally 
degraded to a greater extent than the HMW-compounds. However, there were 

Figure 18. Removal of PAHs (a) and oxy-PAHs (b) from the gasworks soil using aggressive 
Fenton oxidation. The results obtained by the blank treatment, with hot water but no 
oxidative reagent, are also shown. 
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notable exceptions to this general rule. For instance, anthracene, 
benzo[a]pyrene and perylene were much more efficiently removed form the 
soil than other PAHs with equal numbers of fused rings. This is probably 
because PAHs differ in their chemical reactivity, as discussed in section 3.2. 
The result is in agreement with previous studies [50,134], which have found 
Fenton’s reagent to react more efficiently with some PAHs than with others. 
However, when comparing the results of these studies it appears as if the 
reaction rates of individual PAHs are influenced to different degrees by the 
presence of ethanol. As shown in Paper VI, anthracene and the methyl 
anthracenes were among the most efficiently oxidized compounds, while 
phenanthrene and the methyl phenanthrenes were much less oxidized. This is 
consistent with the higher reactivity of anthracene, but on the other hand 
phenanthrene has higher aqueous solubility and should therefore be more 
readily available to the degradation processes. The latter fact explains why 
phenanthrene is normally more easily biodegraded than anthracene [Paper IV; 
134]. 

The enhanced degradation observed in the ethanol-pretreated soil was 
accompanied by increasing concentrations of some oxy-PAHs. For instance, 
anthracene-9,10-dione, 1-methylanthracenedione, 2-methylanthracenedione, 
benzo[a]anthracene-7,12-dione and 4-hydroxy-9-fluorenone were found at 
higher concentrations in the soil after the treatment than before the treatment. 
These compounds were also found in considerable amounts in the liquid phase 
after the treatment. Analysis of the liquid phase also revealed that the total 
amounts of 1-indanone and 1,8-naphthalic anhydride had increased during the 
treatment, and that a second isomer of hydroxy-9-fluorenone had been 
formed. The increased concentrations of the anthracenediones are consistent 
with the high removal rates of the anthracenes. Similarly, benzo[a]anthracene-
7,12-dione, 1,8-naphthalic anhydride and the hydroxy-9-fluorenones were 
probably formed through the oxidation of benzo[a]anthracene, acenaphthene/ 
acenaphthylene and fluorene, respectively. Previous studies have shown that 
quinones are important intermediates during Fenton-oxidation of PAHs [50]. 
The studies presented here verify these findings since quinones were found to 
be the main compounds to accumulate. 

6.3 Oxy-PAHs in remedial processes 
The potential accumulation of oxy-PAHs and other oxidation products of 

PAHs are often ignored during soil remediation programs. Although many 
studies have shown that these compounds are formed during the biological 
and chemical degradation of PAHs (as shown in Chapter 3), there have been 
few studies on their possible accumulation during soil remediation processes 
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[41,66,88,135-138]. In the present investigation, the oxy-PAHs found after the 
treatments were primarily those that were detected in the untreated gasworks 
soil. The exceptions were the 9-hydroxyfluoren and 4-hydroxyperinaphthenone 
found in small amounts in the PAH-spiked soil after the fungal treatment 
[Paper III], and the hydroxy-9-fluorenone found (again in small quantities) in 
the slurry liquid of the gasworks soil after the ethanol-Fenton treatment 
[Paper VI]. 

Many of the oxy-PAHs that were seen to accumulate were probably 
temporary intermediates, and their abundance in the soil might decrease if a 
longer process time was applied, or larger amounts of reagents. However, since 
most of them were present in the untreated gasworks soil and are also found in 
other environmental samples (Table 4) they are probably relatively persistent 
and may remain in the soil after a remedial treatment. Similar compounds have 
also been found to accumulate in other studies where PAH-contaminated soils 
have been treated in different remedial processes (Table 4). It might therefore 
be concluded that most of the oxy-PAHs that are frequently found in 
environmental samples, could potentially accumulate during the remediation of 
PAH-contaminated soil. 
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Table 4. Oxy-PAHs that were found to accumulated in our investigations and similar 
studies. Reports of their occurrence in different environmental samples are also listed. 
All of these compounds were identified in the gasworks soil from Husarviken. 
Oxy-PAH Molecular 

structure 
Reports of accumulation Occurrence in other 

environmental samples 
1-Indanone 

 

Paper VI  

1-Acenaphthenone 

 

Paper IV Air particulate matter [90] 

9-Fluorenone 

 

Paper III  
Eriksson et al. 2000 [66] 
Meyer & Steinhart 2001 [137] 
Wischmann et al. 1997 [138] 

Contaminated soil [64,66,69] 
Diesel and gasoline exhaust [62,87,91] 
Fly ash [61,91] 
Air particulate matter [65,70,90,91] 
Sediment [67,89] 
Sewage sludge [63] 

1,2-Acenaphthenedione 

 

Meyer et al. 2001 [137]  

4-Hydroxy-9-fluorenone  
and isomers 

 

Paper III and VI 
Eriksson et al. 2000 [66] 
Meyer & Steinhart 2001 [137] 

Contaminated soil [66] 
Air particulate matter [70] 

Anthracene-9,10-dione  Paper VI 
Andersson et al. 1996 [41] 
Saponaro et al. 2002 [88] 
Wischmann et al. 1997 [138] 
Lee et al. 1998 [135] 

Contaminated soil [66] 
Diesel and gasoline exhaust [87]  
Fly ash [61]  
Air particulate matter [65,70]  
Sediment [67] 
Sewage sludge [63] 

1,8-Naphthalic anhydride 

 

Paper VI 
Meyer & Steinhart 2001 [137] 

Fly ash [61] 
Air particulate matter [65,90]  
Sediment [67,89] 

4H-Cyclopenta[def]phenthrenone 

 

Eriksson et al. 2000 [66] 
 

Contaminated soil [64,66] 
Diesel and gasoline exhaust [62,87,91] 
Fly ash [61,91] 
Air particulate matter [65,70,91] 
Sediment [67,89] 

1-Methylanthracenedione 

 

Paper VI Diesel and gasoline exhaust [87] 
Sewage sludge [63] 

2-Methylanthracenedione 

 

Paper VI 
Wischmann et al. 1997 [138] 

Diesel and gasoline exhaust [87] 
Air particulate matter [70] 
Sewage sludge [63] 

4-Oxapyrene-5-one 

 

Paper III and IV Diesel and gasoline exhaust [27] 
Fly ash [61] 
Air particulate matter [65] 

7H-Benz[de]anthracen-7-one  
and isomers 

 

Saponaro et al. 2002 [88] 
 

Contaminated soil [64,69] 
Diesel and gasoline exhaust [62,87,91] 
Fly ash [61,91] 
Air particulate matter [65,70,90,91] 
Sediment [67,89] 

Benzo[a]anthracene-7,12-dione 

 

Paper III and VI 
Wischmann et al. 1997 [138]  
Lee et al. 2001 [136] 

Contaminated soil [69] 
Diesel and gasoline exhaust [87] 
Fly ash [61] 
Air particulate matter [65,70] 
Sediment [67] 

Eriksson et al. 2000: Static biotreatment of aged gasworks soil; Meyer & Steinhart 2001: Composting of PAH-spiked soil; Wishmann et al. 
1996: Composting of coal tar spiked soil; Andersson et al. 1996: Wood-rotting fungi in spiked soil; Saponaro et al. 2002: Bioslurry 
treatment of a gasworks soil; Lee et al. 1998 and 2001: Ethanol-Fenton treatment of artificially contaminated soil . 
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7. Concluding remarks and future perspectives 

In this thesis it is shown that not only PAHs but also oxy-PAHs should be 
taken into account during risk assessment and remediation of PAH-
contaminated soils. This is because as well as being toxic and mutagenic, oxy-
PAHs are also relatively persistent in the environment [Paper IV]. The oxy-
PAHs may also be formed during degradation of PAHs, and they could 
therefore potentially accumulate during remedial processes [Papers III, IV and 
VI]. Furthermore, exposure to the oxy-PAHs may pose a greater risk to health 
and the environment than exposure to the PAHs, since the former compounds 
are more available for uptake in living organisms [Paper II].  

New extraction and fractionation methods have been developed to 
facilitate the concurrent analysis of PAHs and oxy-PAHs in soil. The PLE-
technique was investigated for its reliability and efficiency to extract these 
compounds from soil [Paper I], and it was shown to be rapid and efficient. A 
selective PLE-method was also developed, exploiting the functional similarity 
between the PLE-cell and a chromatographic column [Paper V]. With 
chromatographic material packed in the extraction cell it was possible to 
selectively extract the PAHs and oxy-PAHs into two different fractions. This 
method is much faster than a traditional method, and it uses considerably less 
solvent. 

The persistency of oxy-PAHs was indicated by their presence in the 
gasworks soil analyzed in most of the studies [Paper IV]. This soil was highly 
weathered and had been subject to various environmental degradation 
processes, which had changed the contaminant profile in the soil in favor of 
the more recalcitrant compounds. Nevertheless, oxy-PAHs were relatively 
abundant. This is noteworthy since oxy-PAHs have higher aqueous solubility 
and are therefore generally believed to be more available to degradation and 
leaching than the PAHs. 

The assumption that oxy-PAHs could accumulate during soil remediation 
was supported by the findings from tests of three different remediation 
methods. In a bioslurry treatment the formation of oxy-PAHs lead to increased 
amounts of two oxy-PAHs (1-acenaphthenone and 4-oxapyrene-5-one) and an 
unexpectedly slow removal of other oxy-PAHs [Paper IV]. In soil inoculated 
with white-rot fungus the enhanced PAH-degradation was accompanied by the 
accumulation of 9-fluorenone, benzo[a]anthracene-7,12-dione, 4-hydroxy-9-
fluorenone and 4-oxapyrene-5-one [Paper III]. In the ethanol-Fenton 
treatment, the extensive oxidation of some specific PAHs, e.g. anthracene, led 
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to increased amounts of oxy-PAHs, which mainly originated from these PAHs 
[Paper VI]. 

The gasworks soil examined in the present studies was highly weathered 
and the contaminants therein had been subject to prolonged aging. This 
explains why the availability of the PAHs to the biological and chemical 
degradation processes was poor [Papers IV & VI], resulting in insufficient 
degradation, and why the uptake in earthworms was low [Paper II]. 
Consequently, to remediate a site such as Husarviken, where this soil was 
collected, a robust remediation method will be needed.  

Future perspectives 
At present, it is difficult to predict when the formation and accumulation 

of specific oxy-PAHs will occur. To avoid increasing levels of these 
compounds during soil remediation the conditions that promote their 
formation must be further elucidated.  

It may be necessary to ensure that the amounts of oxy-PAHs do not 
increase in the soil. Therefore, it is suggested that PAH-contaminated soil 
should be screened for oxy-PAHs as well as PAHs during the course of 
remedial monitoring programs. The selective PLE-method could be used to 
simplify the inclusion of oxy-PAHs in such programs. 

Monitoring oxy-PAHs would be much easier if adequate marker 
compounds were available. Such marker compounds should be easy to analyze 
together with the PAHs, and should give information about the status of all 
other oxy-PAHs in the soil. However, a justified selection of marker 
compounds cannot be made until sufficient knowledge about the formation of 
oxy-PAHs in different remedial processes has been obtained. 

If biological or chemical remediation methods are to be used at 
Husarviken, pretreatment of the soil will be needed to facilitate desorption and 
degradation. Probably, a better option for this particular soil would be to use 
an extraction method that separates the contaminants from the soil into an 
organic solvent, e.g. ethanol, or hot pressurized water, before subjecting them 
to destructive treatments. 
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