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Staffan Lundstedt, Paul A. White, Christine L. Lemieux, Krista D. Lynes, Iain B. Lambert, Lars Öberg,
Peter Haglund and Mats Tysklind

Sources, Fate, and Toxic Hazards of
Oxygenated Polycyclic Aromatic
Hydrocarbons (PAHs) at PAH-
contaminated Sites

In this paper we show that oxygenated polycyclic
aromatic hydrocarbons (oxy-PAHs) are important cocon-
taminants that should be taken into account during risk
assessment and remediation of sites with high levels of
PAHs. The presented data, which have been collected
both from our own research and the published literature,
demonstrate that oxy-PAHs are abundant but neglected
contaminants at these sites. The oxy-PAHs show rela-
tively high persistency and because they are formed
through transformation of PAHs, their concentrations in
the environment may even increase as the sites are
remediated by methods that promote PAH degradation.
Furthermore, we show that oxy-PAHs are toxic to both
humans and the environment, although the toxicity
seems to be manifested through other effects than those
known to be important for polycyclic aromatic compounds
in general, that is, mutagenicity and carcinogenicity.
Finally, we present data that support the hypothesis that
oxy-PAHs are more mobile in the environment than
PAHs, due to their polarity, and thus have a higher
tendency to spread from contaminated sites via surface
water and groundwater. We believe that oxy-PAHs
should be included in monitoring programs at PAH-
contaminated sites, even if a number of other toxicolog-
ically relevant compounds that may also be present, such
as nitro-PAHs and azaarenes, are not monitored. This is
because oxy-PAH levels are difficult to predict from the
PAH levels, because their environmental behavior differs
substantially from that of PAHs, and oxy-PAHs may be
formed as PAHs are degraded.

INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are a group of
contaminants commonly found at contaminated sites. In many
cases, these compounds originate from coal tar formed as a by-
product at gasworks (i.e., coal gas manufacturing) and coke
production sites or from creosote used as a preservative to
impregnate wood at wood preservation sites (1). The sites are of
environmental concern because PAHs are known to be toxic,
mutagenic, and carcinogenic (2, 3), and during risk assessment
of the sites a small subset of 16 PAHs, often referred to as the
‘‘priority PAHs,’’ are generally monitored. However, it has been
recognized that the priority PAHs are not the only contami-
nants present at these sites, and that other classes of polycyclic
aromatic compounds (PACs) also may contribute significantly
to the load of toxic contaminants and thus the risk the sites pose
to the environment (1, 4).

Contaminants that may be relevant in this context are the
oxygenated PAHs (oxy-PAHs). These compounds are defined
as PAHs with one or more carbonylic oxygen(s) attached to the

aromatic ring structure, and in some cases they also contain
other chemical groups, such as alkyl groups and hydroxyl
groups (Figure 1). Oxygenated PAHs are emitted from the same
sources as PAHs, because they are both products of incomplete
combustion (5–8). However, oxy-PAHs may also be formed
through postemission oxidation of PAHs in the environment.
This may occur through chemical oxidation, photooxidation, or
biological transformation (9–11).

The chemical oxidation pathways generally involve oxidants,
such as singlet oxygen, peroxides, peroxyl radicals, and
hydroxyl radicals, which are primarily formed through photo-
chemical processes (10, 12). However, the PAHs themselves
may also absorb light and undergo direct photooxidation
through reactions with ground state oxygen (11, 13). Biological
transformations of PAHs in the environment are generally
catalyzed by enzymatic systems of microorganisms, such as
bacteria and fungi, which are involved in various intra- or
extracellular processes (9, 14). Some microorganisms are
capable of using PAHs as a carbon and energy source and
may thus transform the contaminants into molecules that can
enter the organisms’ central metabolic pathways. Other
microorganisms simply transform PAHs into nontoxic excret-
able products. Polycyclic aromatic hydrocarbons may also be
transformed through cometabolism, in which the microorgan-
isms transform the PAHs coincidentally while living on another
available substrate (15, 16).

In all these environmental processes, a wide variety of
transformation products are formed, including oxygenated and
hydroxylated PAHs, as well as ring cleavage products, such as
aldehydes and carboxylic acids (9–11, 13, 15), raising questions
about whether (and if so why) the oxy-PAHs should be
considered more important to study than other compounds.
One reason is that the oxy-PAHs seem to be more persistent
than other transformation products, which often appear as
ephemeral intermediates. Oxygenated PAHs have thus been
proposed to be ‘‘dead-end products’’ of many biological and
chemical degradation pathways (9, 10, 15, 17–20) and could
potentially accumulate as PAHs are degraded (4, 21, 22). This is
of particular concern when degradation processes are used for
remediation purposes, which has become increasingly popular
for contaminated soil and water systems (23, 24). In the worst
cases, such treatments may lead to the formation of new, even
more toxic contaminants in the remediated material. Another
indication of the persistency of oxy-PAHs is their widespread
occurrence in the environment. Indeed, many oxy-PAHs have
been found at significant levels in diesel and gasoline exhaust
(25–28), flue gases from various combustion processes (29, 30),
fly ash (31), urban aerosols (5–8, 26, 32–39), sediments (40–43),
river and coastal waters (44, 45), sewage sludge (46), industrial
waste (47), and soil (4, 22, 48–53).

Another reason to study oxy-PAHs is that they seem to be
considerably toxic. Although the available literature data are
limited and the effects are far from fully understood, there is
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substantial evidence indicating that oxy-PAHs are hazardous
for both humans and the environment (see below). A third
reason to study oxy-PAHs is their supposed mobility in the soil
environment (11, 51, 54–56). The carbonyl groups added to the
PAH molecules make oxy-PAHs relatively polar and more
water soluble than the PAHs themselves. This increases their
tendency to spread to the surroundings and hence the risk of
adverse environmental effects.

In this paper, we discuss the relevance of oxy-PAHs as
cocontaminants at sites previously highlighted for PAH
contamination. We present data on the occurrence of oxy-
PAHs at contaminated sites, their possible formation during
remediation processes, their toxicity, and finally their mobility
in soil. However, first we provide a brief summary of the
methods used to analyze oxy-PAHs in soil. The data presented
include a review of the published literature, as well as recent
results from our own research.

ANALYSIS OF OXYGENATED POLYCYCLIC

AROMATIC HYDROCARBONS IN SOIL

Analysis of oxy-PAHs in soil generally involves exhaustive
extraction techniques, such as Soxhlet (51), pressurized liquid
extraction (4, 57), and ultrasonic extraction (56), in combina-
tion with solvent mixtures of different polarities, which will
release both PAHs and oxy-PAHs from the soil matrix. After
that, the oxy-PAHs are separated from the PAHs and other
interfering compounds by open-column adsorption chromatog-
raphy or solid-phase extraction using silica or alumina as the
chromatographic material (4, 51, 52, 56). The semipolar
fraction, containing the oxy-PAHs, may then be accurately

analyzed using methods based on either liquid chromatography
(LC) (51, 58) or gas chromatography (GC) (4, 51, 52, 56, 57),
usually coupled with mass spectrometry (MS). Gas chromatog-
raphy mass spectrometry is most commonly used and has the
advantages of being sensitive and producing unique mass
spectra for several oxy-PAHs (generally more unique than the
spectra obtained from PAHs). However, some oxy-PAHs are
less successfully analyzed by GC/MS, probably because they are
thermally labile, their volatility is too low, or their carbonyl
groups interact too strongly with the stationary phase in the GC
column (58). In those cases, LC/MS may be more useful.

An alternative method to be used prior to the GC or LC
analysis is a combined extraction and separation method that
was recently developed by our group (50). This method is based
on pressurized liquid extraction with silica-packed extraction
cells. The soil is placed on top of the silica gel in the cell, and the
PAHs and oxy-PAHs can then be selectively extracted into 2
separate fractions using solvents of increasing polarity.

A limitation in today’s analyses of oxy-PAHs is the shortage
of authentic reference compounds. Not all oxy-PAHs that have
been found in the environment are thus commercially available
as pure compounds, which mean that they have to be
determined by other means. Usually these oxy-PAHs are
identified by their mass spectra and subsequently quantified
against a similar oxy-PAH in the standard mixture (22, 50). This
procedure will, of course, reduce the certainty of the results but
is currently the only way to go for these compounds.

OCCURRENCE OF OXYGENATED POLYCYCLIC
AROMATIC HYDROCARBONS (PAH) IN PAH-
CONTAMINATED SOILS

Oxygenated PAHs have only been included among the
compounds analyzed at contaminated sites in a few cases.
However, existing literature data, including data we have
published, indicate that these compounds are relatively abun-
dant in the soil at many sites. In our most recent study (50), we
quantified oxy-PAHs in soils from 7 different PAH-contami-
nated sites (Table 1): a gasworks site, a coke production site,
and 4 wood preservation sites in Sweden and a Superfund site in
the US (CRM 103–100, RTC, Laramie, WY). In all these soils,
the oxy-PAH levels were comparable to the PAH levels. In 6 of
the 7 soils, the total concentration of 17 oxy-PAHs varied
between 10% and 30 % of the total concentration of the 16 US
Environmental Protection Agency PAHs (Table 1). In the
seventh soil, from the wood preservation site in Boden, the oxy-
PAH load was even higher and 66% of the PAH concentration.
However, in this case the PAH concentrations were much lower,
and it is possible that a significant fraction of the contamination
at this site originated from atmospheric deposition instead of
direct inputs of creosote. Atmospheric input may lead to higher
proportions of oxy-PAHs, because PAHs in the atmosphere are
more susceptible to photochemical transformation than PAHs
in soil (43). It should also be noted that whereas all compounds
listed in Table 1 were analyzed by GC/MS, not all of them were
quantified using authentic reference compounds; some had to
be quantified against other compounds due to lack of authentic
standards, such as, 4H-cyclopenta[def]phenanthrenone, which
constituted one of the major oxy-PAH-peaks in all chromato-
grams. Nevertheless, the oxy-PAH levels were too high to be
neglected in any of the soils. In some cases the concentrations of
individual oxy-PAHs were even higher than the concentrations
of the PAHs from which they most likely originated, that is, the
parent PAH. For example, this was the case for 9-fluorenone/
fluorene in the soils from Husarviken, Boden, and Luleå.

The gasworks soil from Husarviken has also been analyzed
for oxy-PAHs in 2 other studies by our group (4, 22), which
were carried out prior to remedial treatments of the soil (see

Figure 1. Structures of selected oxygenated polycyclic aromatic
hydrocarbons.
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below). The relative proportions of PAHs and oxy-PAHs were
similar in these samples compared with the sample used in the
aforementioned study (50), although the soils sampled for
remedial treatments contained somewhat lower concentrations
of both PAHs and oxy-PAHs. On the other hand, we detected
some additional oxy-PAHs in these studies compared with the
study from which Table 1 is taken, such as acenaphthylene-1,2-
dione, 1,8-naphthalic anhydride, 1-methylanthracenedione, 4-
hydroxy-9-fluorenone, and dibenzanthracenone.

Other researchers have also quantified oxy-PAHs in con-
taminated soil. In fact, Eriksson et al. (49) have even analyzed
such compounds in the soil at the aforementioned gasworks site
at Husarviken, which they conducted prior to a biodegradation
study. Although the samples examined in their study were less
contaminated and the overall concentrations they found were
lower than the concentrations we found, the relative propor-
tions of PAHs and oxy-PAHs were similar. However, it should
be noted that Eriksson et al. only quantified 4 oxy-PAHs in the
soil, vis-a-vis 9-fluorenone (28 lg g�1), 4H-cyclopenta[def]phe-
nathrenone (35 lg g�1), 4-hydroxy-9-fluorenone (15 lg g�1),
and 9,10-phenanthrenedione (17 lg g�1), 2 of which we did not
analyze in the study from which the data in Table 1 are taken.
Furthermore, while validating a new fractionation protocol for
PACs, Meyer et al. (51) quantified 4 oxy-PAHs (9-fluorenone,
anthracene-9,10-dione, 7H-benz[de]anthracen-7-one, and benz-
[a]anthracene-7,12-dione) in 2 different creosote-contaminated
soils from wood preservation sites in Germany. The oxy-PAH
levels found in that study were in the same range as the levels we
found in the soils listed in Table 1, with similar PAH-levels, that
is, between 1.3 and 20 lg g�1 of the individual oxy-PAHs in soils
with total PAH concentrations of 1200–1400 lg g�1.

In addition to these quantitative determinations, oxy-PAHs
have been identified in PAH-contaminated soil in at least 2 other
studies, both of which were conducted prior to biodegradation
experiments. In the first, by Brooks et al. (48), 9-fluorenone,
anthracene-9,10-dione, 7H-benz[de]anthracen-7-one, and 4H-
cyclopenta[def]phenathrenone were identified in a creosote-
contaminated soil from a Superfund site in Minnesota, while
in the second, by Saponaro et al. (53), anthracene-9,10-dione
and 2 isomers of benzanthracenone were identified in a soil from
a former gasworks site in Italy. The oxy-PAHs in these studies
were all tentatively identified only by their mass spectra, which
to some degree reduces the certainty of the identification. On the
other hand, this fact supports the hypothesis that oxy-PAHs are
relatively abundant in these types of soils, because relatively high
concentrations of sample components are required for mass
spectral identification in such complex mixtures.

In summary, we can conclude that oxy-PAHs are indeed
relatively abundant in soil at PAH-contaminated sites, and
considering their toxic hazards, that in some cases can be
greater than those of PAHs, it is reasonable to assume that oxy-
PAHs make a significant contribution to the total hazard of
toxic compounds at these sites.

FORMATION OF OXYGENATED POLYCYCLIC
AROMATIC HYDROCARBONS (PAH) DURING
REMEDIAL DEGRADATION OF PAHS

As mentioned above, oxy-PAHs may be formed as stable
intermediates and persistent dead-end products during both
biological and chemical degradation processes in the environ-
ment (9, 10, 15, 17–20). Analogously, they may also conceivably

Table 1. Concentrations (lg g�1 dry soil) of polycyclic aromatic hydrocarbons (PAHs) and oxygenated PAHs (oxy-PAHs) in soil samples
collected from PAH-contaminated gasworks, coke production, and wood preservation sites in Sweden and from a Superfund site in the US
(CRM 103-100). Data from Lundstedt et al. (50).

Gasworks
site

(Husarviken)

Coke
production

site

Wood
preservation

site 1
(Holmsund)

Wood
preservation

site 2
(Boden)

Wood
preservation

site 3
(Forsmo)

Wood
preservation

site 4
(Hässleholm)

Superfund
site (CRM
103–100)

PAHs

Naphthalene 12 7.1 2.7 0.075 0.54 0.64 20
Acenaphthylene 28 2.9 2.2 0.26 1.3 3.8 16
Acenaphthene 2.8 10 28 0.020 11 38 630
Fluorene 38 17 20 0.079 26 26 370
Phenanthrene 410 71 29 0.17 12 5.0 1770
Anthracene 74 12 38 0.95 53 48 420
Fluoranthene 530 57 665 1.6 697 563 1270
Pyrene 370 37 391 1.2 536 298 1070
Benzo[a]anthracene 240 24 96 0.54 125 130 250
Chrysene 230 26 113 0.76 135 139 320
Benzo[b]fluoranthene 270 34 58 3.7 73 82 140
Benzo[k]fluoranthene 110 11 21 0.89 30 29 51
Benzo[a]pyrene 160 18 16 1.0 37 39 96
Dibenz[a,h]anthracene 44 3.8 2.4 0.35 4.4 4.2 12
Indeno[cd]pyrene 140 15 7.9 1.6 15 15 31
Benzo[ghi]perylene 120 13 5.7 1.3 12 11 30

Oxy-PAHs

1-indanone 0.46 0.11 0.38 0.074 0.65 0.45 0.42
1-acenaphthenonea 2.3 0.30 1.8 0.49 1.0 1.7 11
9-fluorenone 83 48 16 0.70 6.5 5.3 340
Methyl-9-fluorenone (R 4 peaks)a 13 23 6.4 0.085 8.5 2.2 110
Anthracene-9,10-dione 51 6.4 15 2.1 15 3.8 250
4H-cyclopenta[def]-phenanthrenonea 78 5.3 134 1.3 139 75 180
2-methylanthracenedione 6.8 0.75 4.9 0.34 9.9 1.7 44
4-oxapyrene-5-onea 3.3 0.18 2.7 0.30 3.5 5.6 3.7
Benzofluorenone (R 2 peaks)a 84 10 21 0.31 28 18 120
7H-benz[de]anthracen-7-one 22 2.8 4.1 0.049 0.95 1.7 5.5
Benz[a]anthracene-7,12-dione 6.3 0.71 7.6 0.64 9.0 4.7 15
Naphthacene-5,12-dione 9.5 0.41 17 0.55 29 11 52
Benzo[cd]pyrenonea 67 8.8 22 2.4 26 21 51

a Authentic reference compounds were not available for these compounds. 1-acenaphthenone, methyl-9-fluorenone, and 4H-vyclopenta[def]phenanthren-4-one were quantified using the
response factor of 9-fluorenone, 4-oxapyrene-5-one, and benzofluorenone using the response factor of 7H-benz[de]anthracen-7-one and benzo[cd]pyrenone using the response factor of
benz[a]anthracene-7,12-dione.
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accumulate during remediation processes that promote PAH
degradation, particularly because bottlenecks in the degrada-
tion pathways may become even more pronounced during the
course of such treatments.

Accumulation of oxy-PAHs has indeed been demonstrated
in several soil remediation studies. For example, Andersson and
Henrysson (59) showed that anthracene-9,10-dione accumulat-
ed during treatment of an artificially PAH-contaminated soil
with various white-rot fungi. Under certain conditions in their
study, almost all of the anthracene in the soil was converted to
anthracene-9,10-dione, which accumulated during the process.
In another study, by Wischmann and Steinhart (56), 4 oxy-
PAHs (9-fluorenone, anthracene-9,10-dione, 2-methylanthra-
cene-9,10-dione, and benz[a]anthracene-7,12-dione) were found
to accumulate during biodegradation of PAHs in an artificially
contaminated soil. In a soil with no additives, the oxy-PAH
concentrations increased steadily as the PAHs were degraded,
although none of the oxy-PAHs reached levels higher than 5.7%
of the original levels of their parent PAHs. In contrast, in a
compost-amended soil, some oxy-PAHs reached levels up to
35% of the original PAH levels, but here the accumulation was

only temporary, and by the end of the study the oxy-PAHs had
also been degraded. Furthermore, Lee et al. (60) and Lee and
Hosomi (61) found anthracene-9,10-dione and benz[a]anthra-
cene-7,12-dione to accumulate during ethanol-Fenton treatment
of soils artificially contaminated with anthracene and benz-
[a]anthracene, respectively. More than 97% of the PAHs were
removed in these studies, but 68% and 39% respectively, were
just converted to their corresponding oxy-PAHs. In a study by
Meyer and Steinhart (62), accumulation of 1,2-acenaphthene-
dione, 1,8-naphthalic anhydride, 4-hydroxy-9-fluorenone, and
9-fluorenone was demonstrated during biodegradation of PAHs
in an artificially PAH-contaminated soil amended with com-
post. Although none of the oxy-PAHs reached levels higher
than 10% of the original PAH levels during the time the PAHs
were depleted, some oxy-PAH concentrations were still
increasing at the end of the study. In the aforementioned study
by Eriksson et al. (49), the 4 oxy-PAHs identified in the
gasworks soil were found to accumulate as the soil was
biotreated under various conditions. In most cases the
accumulation was low, but under some conditions the
concentration of 4-hydroxy-9-fluorenone increased up to
550% of its initial concentration. Finally, Saponaro et al. (53)
reported that concentrations of the oxy-PAHs they identified in
the soil increased as it was treated biologically in slurry reactors
for 91 days. However, they did not report the magnitude of the
increase.

In our own studies, we have demonstrated oxy-PAH
accumulation during 3 different remedial processes: a bioslurry
treatment (4), treatment with wood-rotting fungi (21), and
treatment with a combination of ethanol and Fenton’s reagent
(22). In the first process, a soil from the aforementioned
Swedish gasworks site at Husarviken was treated in a pilot-scale
(;1 m3) bioslurry reactor for 29 days. Although the overall
PAH removal in this study was relatively poor (;40%), oxy-
PAHs were found to accumulate in the process (Fig. 2a). The
accumulated compounds, 1-acenaphthenone and 4-oxapyrene-
5-one, were also present in the untreated soil, but their
concentrations were significantly higher at the end of the
treatment than before it. Consequently, these 2 compounds
must have been formed to a greater extent than they were
degraded. Furthermore, as shown in Figure 2a, other oxy-PAHs
were generally depleted more slowly than PAHs with the same
number of fused rings (including their parent compounds),
indicating a continuous formation of these oxy-PAHs during
the treatment. Some of these compounds were also seen to
accumulate temporarily during the first days of the process.
Other oxy-PAHs that were probably formed to a minor extent,
because of a lack of parent PAHs, showed remarkable
persistency. For example, naphthacene-5,12-dione was found
at a relatively constant concentration throughout the treatment.

In the second study (21), a soil artificially contaminated with
fluorene, phenanthrene, pyrene, and benzo[a]anthracene was
inoculated with wood-rotting fungi. These fungi excrete
extracellular enzymes that degrade lignin in wood. However,
the enzymes are also capable of breaking up the aromatic
structures of organic contaminants. Two fungi were examined
in this study, and the one that enhanced the degradation rate
the most caused concentrations of oxy-PAHs in the soil to
increase. Thus, 9-fluorenone, 4-hydroxy-9-fluorenone, ben-
zo[a]anthracene-7,12-dione, and 4-oxa-5-pyrenone were found
to accumulate as the PAHs were degraded. Figure 3 shows time
courses of the accumulation of benzo[a]anthracene-7,12-dione
and the degradation of benzo[a]anthracene. The accumulation
of 9-fluorenone showed similar trends, although its parent
compound, fluorene, was almost completely depleted during the
process. However, the other 2 oxy-PAHs accumulated to lesser
degrees. The other fungus examined was less effective in

Figure 2. Changes in concentrations of polycyclic aromatic hydro-
carbons (PAHs), oxygenated PAHs, and Salmonella mutagenicity
during bioslurry treatment of a gasworks soil, from Lundstedt et al.
(4) and Lynes (76). (a) Relative concentrations of PAHs with 3 fused
rings (&), oxy-PAHs with 3 fused rings (*), 1-acenaphthenone (n),
PAHs with 4 fused rings (&), oxy-PAHs with 4 fused rings (�), and 4-
oxapyrene-5-one (m). (b) Mutagenic potencies of the semipolar (oxy-
PAH containing) fraction measured by the Salmonella reverse
mutation assay using the strains TA98 (&) and YG1041 (&) in the
presence of exogenous metabolic activation (þS9). Figure 2a is
reprinted with permission. Copyright 2003, SETAC, Environmental
Toxicology and Chemistry.
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enhancing PAH degradation, but on the other hand, no oxy-
PAHs were accumulating during this treatment. The accumu-
lation of oxy-PAHs during the first treatment was probably due
to an inhibition of indigenous soil bacteria by the fungus
examined. These bacteria may be necessary for complete
degradation of the PAHs, which probably occurs through a
sequential process involving both bacteria and fungi.

In the third study (22), soil from the Husarviken gasworks
site (i.e., the soil used in the bioslurry study) was chemically
treated in slurries with a combination of ethanol and Fenton’s
reagent. The latter consists of hydrogen peroxide catalytically
decomposed by ferrous iron (Fe2þ), producing hydroxyl radicals
capable of oxidizing organic compounds. Ethanol was added to
increase the dissolution and thus the chemical availability of the
PAHs. The combined ethanol and Fenton’s reagent treatment
was found to deplete the PAHs in the soil more than similar
treatments with water only and traditional Fenton conditions,
that is, without ethanol. However, the increased PAH removal
was accompanied by the accumulation of oxy-PAHs. For
instance, anthracene-9,10-dione, 1-methylanthracene-9,10-
dione, 2-methylanthracene-9,10-dione, 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 (Fig. 4). 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 hydroxyl-9-
fluorenone had been formed.

All these studies show that many oxy-PAHs have the
potential to accumulate during degradation of PAHs in soil,
which may lead to new environmental threats even if the
original contaminants are eliminated. Some of the oxy-PAHs
that were seen to accumulate in the aforementioned studies may
well be ephemeral, and their abundance in the soil might
decrease if, for instance, the process time was extended.
However, because most of the compounds are also found in
untreated soils (4, 50) and other environmental matrices (8, 26,
30, 31, 40, 44, 46, 47), they can be considered to be relatively
persistent and may therefore remain in the soil a long time after
remedial treatment ends.

TOXIC EFFECTS OF OXYGENATED POLYCYCLIC
AROMATIC HYDROCARBONS

The toxic effects of PAHs have been the subject of many
studies; however, less is known about the toxicity of oxy-PAHs.

Nevertheless, several studies have demonstrated that they can
adversely affect a variety of organisms in the environment
(Table 2a and 2b), even if the nature of the effects, such as those
associated with PAHs, vary from compound to compound. For
example, several studies have shown that a number of oxy-
PAHs are acutely toxic to the marine bacterium Vibrio fischeri
(45, 55, 63), the aquatic invertebrate Daphnia magna (64, 65),
various microalgae (63, 66), and the aquatic and terrestrial
plants Lemna gibba (54, 55) and Brassica napus (67). Oxygen-
ated PAHs have also been shown to induce oxidative stress
(68–70), endocrine system disruptions (42, 45), and cytotoxic
effects (71) in mammalian cell systems. In addition, several oxy-
PAHs have been shown to elicit mutagenic effects (29, 63,
72–78), which are generally considered to be the most alarming
effect elicited by PACs in general. The mutagenic activity has
usually been assessed through bacterial assays systems, such as
the Salmonella reverse mutation assay or similar tests. However,
mutagenic activity of oxy-PAHs has also been observed in
mammalian cells (73).

The mechanisms underlying the toxicity of oxy-PAHs are
complex and far from fully understood. Some oxy-PAHs, such
as the quinones, may be converted to electrophilic intermediates
that may form adducts with essential macromolecules, such as
proteins and DNA. This may lead to genotoxic effects through
DNA adduct formation and possibly also cytotoxic effects via
the depletion of reduced glutathione (79). In addition, quinones
may undergo enzymatic (i.e., P450/P450-reductase) and nonen-
zymatic redox cycling with their corresponding semiquinone
radicals and as a result generate reactive oxygen species in target
cell populations. Production of reactive oxygen species is
responsible for severe oxidative stress within cells through the
formation of oxidized macromolecules, including lipids, pro-
teins, and DNA. Furthermore, reactive oxygen species can
activate a number of signaling pathways and cellular events that
may be involved in or responsible for several of the toxic effects
associated with oxy-PAHs (79).

The potencies of oxy-PAHs vary from compound to
compound and with the toxicological end point studied.
However, in many cases the oxidation products are more toxic
than their parent compounds (Table 2). For example, there are
several studies showing that photolytic oxygenation of PAHs
leads to transformation products with increased toxicity to
aquatic and terrestrial plants (54, 55, 67, 80, 81), marine
bacteria (55, 63), and aquatic invertebrates (45, 64, 65). There
are also studies showing that some oxy-PAHs may have higher

Figure 4. Relative concentrations of selected polycyclic aromatic
hydrocarbons (PAHs) and oxygenated PAHs before (&) and after
(&) combined ethanol-Fenton’s reagent treatment of a gasworks
soil, from Lundstedt et al. (22). Percentage values are relative to the
initial concentration found in the soil.

Figure 3. Degradation of benzo[a]anthracene (m) and accumulation
of benzo[a]anthracene-7,12-dione (&) in soil inoculated with the
white-rot fungus Pleurotus osteratus from Andersson et al. (21),
reprinted with permission. Copyright 2003, SETAC, Environmental
Toxicology and Chemistry.
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estrogenic activity than their parent compounds (42, 45).
However, in terms of mutagenic activity, oxy-PAHs are
generally less potent than the unsubstituted PAHs (29, 73,
75–77), although there are some studies showing that oxy-PAHs
are more potent (63, 78). It should also be noted that oxy-PAHs
do not always require exogenous mammalian metabolic
activation to manifest their mutagenicity in bacterial systems
but appear to react with DNA and other biomolecules directly
(29, 63, 76–78). Although mammalian metabolic processes may
enhance the mutagenic activity of oxy-PAHs, such metabolism
is always required for the induction of a mutagenic response for
unsubstituted PAHs (3, 11).

In our own work, we have observed Salmonella mutagenic
activity for some pure oxy-PAHs, although the responses have
been fairly weak (75). We have also seen strong indications that
mixtures of oxy-PAHs contribute significantly to the total
mutagenic activity of PAH-contaminated soil samples (82).
During these studies, in which chemical separation methods
were combined with biological tests for toxicity assessment (i.e.,

effect directed chemical fractionation), we found the semipolar
(oxy-PAH containing) fraction to be almost as mutagenic as the
PAH-containing fraction (Fig. 5). Further fractionation of the
semipolar fraction, from one of the soils, revealed that several
groups of PAH derivatives probably contributed to the
mutagenic activity (Fig. 6). The subfractions containing oxy-
PAHs, nitro-PAHs, and azaarenes all contributed to the total
genotoxicity of the semipolar fraction. Nevertheless, the oxy-
PAH–enriched subfraction (subfraction 3 in Fig. 6) contributed
at least as much as the other fractions (Lundstedt and Lemieux,
unpublished data). Other researchers who have used effect-
directed chemical fractionation to investigate complex environ-
mental matrices have come to the same conclusion about oxy-
PAHs, that is, that they predominate in the most toxic fractions
of samples containing PACs (25, 34–36, 40).

Furthermore, the formation of oxy-PAHs may be responsible
for the increase in toxicity that has been seen during remedial
treatments of some PAH-contaminated soils (48, 83–86),
including our bioslurry treatment of the Husarviken gasworks

Table 2a. Compilation of the published data on the toxicity of oxygenated polycyclic aromatic hydrocarbons (PAHs). Data for some PAHs are
also included for comparison. The footnotes indicate the sources of the data. Please see Table 2b for definitions of footnotes.

Acute toxic
effects

Aq.
Invertebrates

Daphnia magna,
EC50 (lg L�1)

Aq. Plants
Lemna

gibba, EC50
(lg L�1)

Algae
EC50

(lg L�1)

Mammalian
cells

survival (%)

Oxidative
stress

Endocrine
disruption

Bacteria
Vibrio fisheri,
EC50 (lg L�1)

Mammalian
cells EC50

(lg L�1)

Mammalian
and yeast
cells EC50

(lg L�1)

Phenalen-1-one nvg 24h

Naphthalene-1,2-dione 777j

Naphthalene-1,4-dione 1781j

1,8-napthalic anhydride 92h

2-hydroxy-9-fluorenone 186c1

9,10-phenanthrene-9,10-dione 102a 358d 530a 0h 349j

358e nvk

nvl

Anthracene-9,10-dione 231d 500f 750b 90h 6177j ndc

nvk 7.7 3 10�7 m1

Anthracene-1,4-dione 3.7b 28d

1- hydroxyanthracene-9,10-dione ndd 2400f 47c2

2- hydroxyanthracene-9,10-dione ndd 50f 119c1

1,2-dihydroxyanthracene-9,10-dione 2928d 2800f 2620c1

59c2

1,3-dihydroxyanthracene-9,10-dione 2500f

1,4-dihydroxyanthracene-9,10-dione 29.5d 6500f ndc

1,5-dihydroxyanthracene-9,10-dione .10 000f ndc

1,8-dihydroxyanthracene-9,10-dione 192d 2500f nvk ndc

2,6-dihydroxyanthracene-9,10-dione .10 000f 427c1

1,2,4-trihydroxyanthracene-9,10-dione 2340c 50.4d 6000f ndc

1,2,5,8-tetrahydroxyanthracene-9,10-dione 186d 9500f

9(10H)-anthracenone nvk

10-hydroxy-9-anthracenone nvb

4H-cyclopenta[def]-phenanthrenone 69h

7H-benz[de]anthracen-7-one 68h 1.0 3 10�4 m2

3.0 3 10�6 m1

Benz[a]anthracene-7,12-dione 3.82d 73h 1.8 3 10�3 m2

1.4 3 10�6 m1

Naphthacene-5,12-dione ndd 71h

Chrysene-1,4-dione
Benzo[a]pyrene-1,6-dione 1.94d 26h

6i

Benzo[a]pyrene-3,6-dione 2.90d 25h

80i

Benzo[a]pyrene-4,5-dione 55h

Benzo[a]pyrene-6,12-dione 75i

Benzo[a]pyrene-7,8-dione 78i

6H-benzo[cd]pyren-6-one 74h

Cyclopenta[c,d]pyren-3(4H)-one 23h

7H-dibenz[de,j]anthracen-7-one 54h

Anthanthrenequinone 90h

Phenanthrene 530a 698d .5000a 5504j

949e

Anthracene 19.6d 800f 4324j ndc

Benz[a]anthracene 1.48d 0.109m2

7.9 3 10�7 m1

Benzo[a]pyrene 1.62d 95i

480 Ambio Vol. 36, No. 6, September 2007� Royal Swedish Academy of Sciences 2007
http://www.ambio.kva.se

Downloaded From: https://bioone.org/journals/AMBIO:-A-Journal-of-the-Human-Environment on 19 Nov 2019
Terms of Use: https://bioone.org/terms-of-use	Access provided by Universidade de Sao Paulo (USP)



soil (4, 75). In that study, the net Salmonella mutagenic activity

(i.e., final minus initial) increased during the course of the

treatment, although the results were somewhat ambiguous and

the response was not very well correlated with the accumulation

and elimination of analyzed oxy-PAHs (Fig. 2).

All these toxicological data support the hypothesis that oxy-

PAHs make a significant contribution to the toxic hazards of

complex environmental matrices contaminated with PACs,

including PAH-contaminated land. Consequently, exclusive

monitoring of priority PAHs at contaminated sites may result

Table 2b. Compilation of the published data on the genotoxicity of oxygenated polycyclic aromatic hydrocarbons (PAHs). Data for some PAHs
are also included for comparison. The footnotes indicate the source of the data.

Bacterial tests
(Salmonella

typhimurium)

Ames test
TA98 þS9,

potency
(rev lg�1)

Ames test
TA98 -S9,
potency

(rev lg�1)

Ames test
TA100 þS9,

potency
(rev lg�1)

Ames test
TA100 -S9,

potency
(rev lg�1)

Ames test
TA97 þS9,

potency
(rev lg�1)

Ames test
TA97 -S9,
potency

(rev lg�1)

Other
strain,

potency
(rev lg�1)

Human
cells

umuC test
TA1535/
pSK1002

EC1.5 (mgL�1)

h1A1v2
cells, relative

mutational
activity

Phenalen-1-one nvt 0.0018h

1,8-napthalic anhydride ndh

9,10-phenanthrenequinone nvu ndh

2-methylanthracenedione 0.45r1

0.49r2

1-hydroxyanthracene-9,10-dione 15.7b

1,4-dihydroxyanthracene-9,10-dione 3.95b

9H-anthrone nd8 0.48 ,0.28 ,0.28

0.4q ,0.2q ,0.2q

Anthracene-9,10-dione nds nds nds nds nds nds ndh

2-methylanthracenedione nds nds nds nds nds nds

4H-cyclopenta[def]-phenanthrenone ndh

Benzo(a)fluorenone ndq ndq ndq ndq

Benzo(c)fluorenone ,0.38 ,0.28 2.08 nd8

,0.3q ,0.2q 2.0q

Benzo(b)fluorenone 1.08 0.58 0.38 0.18

1.0q 0.5q 0.3q 0.1q

7H-benz[de]anthracen-7-one ,0.38 ,0.28 3.08 nd8 0.0039h

,0.3q ,0.2q 3.0q

6H-benzo[cd]pyren-6-one ,0.68 nd8 nvq ndq 0.32h

nvq ndq

7H-dibenz[de,j]anthracen-7-one nvq ndq nvq ndq

4-oxapyrene-5-one 3.7p 4.7p

1,6-pyrenequinone 7.0q ndq nds nds 275s 302s nvu

nds nds

1,8-pyrenequinone nds nds nds nds 236s 260s nvu

13H-dibenzo[c,g]fluoren-13-one nvq ndq nvq ndq

7H-dibenzo[c,g]fluoren-7-one 7.0q ndq 22q ndq

Naphthacene-5,12-dione 7.8r ndh

Chrysene-1,4-dione ndh

Benz[a]anthracene-7,12-dione 1.4r3 ndh

Benzo[a]pyrene-1,6-dione nvu ndh

Benzo[a]pyrene-3,6-dione nvu ndh

Benzo[a]pyrene-4,5-dione ndh

Benzo[a]pyrene-6,12-dione nvu

Cyclopenta[c,d]pyren-3(4H)-one 0.0050h

Anthanthrenequinone 0.018h

Pyrene 315s nds ndh

Benzo[a]anthracene 32r 0.08r3 0.082h

0.31r1

0.36r2

Cyclopenta[cd]pyrene 6.9h

Benzo[a]pyrene 1258 nd8 2508 nd8 1031s nds 1.0h

700p ndp 208q ndq

74q ndq

nd¼ tested but no detected effect. nv¼observed effect but no value. a McConkey et al. (55). Inhibition of the luminescence of the marine bacterium Vibrio fisheri (Photobacterium phosphoreum)
and the growth of the aquatic plant Lemna gibba. b Brack et al. (63). Inhibition of the luminescence of the marine bacterium Vibrio fisheri and the reproduction of the green alga Scenedesmus
vacuolatus. Mutagenic effects measured by the umuC test using the Salmonella typhimurium strain TA1535/pSK1002. Mutagenicity expressed as EC1.5, that is, the concentration at which an
induction factor of 1.5 was obtained. c Kurihara et al. (45). Inhibition of the luminescence of the marine bacterium Vibrio fisheri. Estrogenic activity in a yeast 2-hybrid assay. c1 Agonist-
concentration at which the chemiluminescence is 10 times the controls. c2 Antagonistic EC50 inhibition of the chemiluminescent signal of 17b-estradiol. d Lampi et al. (64). Inhibition of the
mobility of the cladoceran Daphnia magna under visible light for the oxy-PAHs and visibleþUVA light for the PAHs. e Xie et al. (65). Inhibition of the mobility of the cladoceran Daphnia magna.
f Mallakin et al. (54). Growth inhibition of the aquatic plant Lemna gibba. g Winters et al. (66). Various acute toxic effects on blue-green and green algae. h Durant et al. (73). Mutagenic activity
relative to benzo[a]pyrene determined in a forward mutation assay based on human lymphoblastoid cells (h1A1v2). Cytotoxicity was also measured during the test, here presented as survival of
the cultured cells. i Zhu et al. (71). Survival of bone marrow stromal cells from DBA/2 mice. j Shimada et al. (70). Inhibition of the stereoselective reduction of 4-benzoylpyridine to S(-)-a-phenyl-4-
pyrodylmethanol. EC50 was determined for phenanthrene-9,10-dione. The other EC50 values were calculated from their relative inhibition at the 10-lM level. k Kubatova et al. (68). Depletion of
glutathione in murine macrophages (RAW 264.7). No values presented, only positive or negative response. l Kumagai et al. (69). Oxidation of protein sulfhydryls and the potential generation of
harmful oxidants. No values presented. m Machala et al. (42). Estrogenic and aryl hydrocarbon receptor (AhR)-mediated activities. m1 Estrogenic potency expressed as induction equivalency
factors (IEFs), that is, the ratio between the EC25 of 17b-estradiol and an oxy-PAH concentration giving equal levels of luciferase activity. m2 AhR-mediated potency expressed as IEFs, that is,
the ratio between the EC25 of 2,3,7,8-tetrachlorodibenzo-p-dioxin and an oxy-PAH concentration giving equal levels of luciferase activity. 8 Ramdahl (29). Mutagenic activity determined by the
Ames Salmonella/microsome assay, using the strains TA98 and TA100, with (þS9) and without (-S9) exogenous metabolic activation. Potencies expressed as revertants lg�1. p Pitts et al. (77).
Mutagenic activity determined by the Ames Salmonella/microsome assay, using the strain TA98, with (þS9) and without (-S9) exogenous metabolic activation. Potencies expressed as revertants
lg�1. q Moller et al. (76). Mutagenic activity determined by the Ames Salmonella/microsome assay, using the strains TA98 and TA100, with (þS9) and without (-S9) exogenous metabolic
activation. Potencies expressed as revertants lg�1. r Lynes (75); Mutagenic activity determined by the Ames Salmonella/microsome assay, using the strains TA100, YG1041, CFT509, and
CFA509 with (þS9) and without (-S9) exogenous metabolic activation. Potencies expressed as revertants lg�1; r1 CFT509, r2 CFA509, r3 YG1041, all –S9. s Sakai et al. (78). Mutagenic activity
determined by the Ames Salmonella/microsome assay, using the strain TA97, with (þS9) and without (-S9) exogenous metabolic activation. Potencies expressed as revertants lg�1. t Leary et
al. (74). Mutagenic activity determined in Salmonella typhimurium, strain TM677, using 8-azaguanine resistance as the genetic end point. No potency values were presented. u Chesis et al. (72).
Mutagenic activity determined by the Ames Salmonella/microsome assay, using the strain TA104 in the presence of exogenous metabolic activation. Potencies expressed as revertants lg�1.

Ambio Vol. 36, No. 6, September 2007 481� Royal Swedish Academy of Sciences 2007
http://www.ambio.kva.se

Downloaded From: https://bioone.org/journals/AMBIO:-A-Journal-of-the-Human-Environment on 19 Nov 2019
Terms of Use: https://bioone.org/terms-of-use	Access provided by Universidade de Sao Paulo (USP)



in underestimations of actual hazard and risk, and this
underestimation may be particularly acute during and after
remedial treatments.

MOBILITY OF OXYGENATED POLYCYCLIC
AROMATIC HYDROCARBONS IN SOIL

Because oxy-PAHs contain oxygen atoms, they are more polar
than unsubstituted PAHs that contain only carbon and
hydrogen atoms. A direct consequence of this structural
difference is that the oxy-PAHs are more water soluble and
less lipophilic than the PAHs with the same number of aromatic
rings (Table 3). Thus, oxy-PAHs should theoretically have
higher mobility in the environment than PAHs, because they are
more likely to be transported in aqueous phases. This has been
postulated in several studies (11, 51, 54–56) but only recently
demonstrated. In a study in our laboratory, we compared the
leachability of oxy-PAHs and PAHs from a contaminated soil
using column experiments (Lundstedt and Karlsson, in prep.).
Soil samples from the wood impregnation site in Holmsund,
Umeå, Sweden (Table 1), were packed in glass columns (36 cm
3 2.5 cm internal diameter) and percolated with water at 0.13
mL min�1 for 19 d. The effluent was collected and analyzed for
PAHs and oxy-PAHs after leaching periods of 42 hr and 5, 12,
and 19 d, corresponding to liquid/solid ratios (L/S) of
approximately 1, 3, 7, and 11, respectively. The results showed

that the oxy-PAHs leached to a much higher degree than the
corresponding PAHs. Figure 7 compares the accumulated
leached fraction of PAHs and oxy-PAHs containing 3 fused
rings. The data clearly show that the oxy-PAHs leach much
more readily than the PAHs. After 19 d, that is, at L/S 11,
almost 2% of the oxy-PAHs had leached from the soil while less
than 0.5% of the corresponding PAHs were found in the
leachate. The pattern was similar for other groups of PAHs and
oxy-PAHs, although lighter compounds, on the whole, tended
to leach to a greater extent than heavier compounds.

The differences in leachability can also be seen when
comparing the soil organic carbon-water partitioning coeffi-
cients (Koc) determined during the study (Table 3). The Koc

values were generally lower for the oxy-PAHs than for the
corresponding PAHs, meaning that the oxy-PAHs were
distributed in the water phase to a higher degree than the
PAHs. The biggest difference was seen for anthracene and
anthracene-9,10-dione, for which the Koc values differed almost
an order of magnitude. Furthermore, the study showed that the
PAHs were bound to small particles in the leachate to a greater
extent than the oxy-PAHs. When the leachate, which already
had been filtered through a 1.2-lm filter at the outlet of the
columns, was centrifuged, a larger fraction of the PAHs than of
the oxy-PAHs was lost with the fine particles.

The results strongly indicate that oxy-PAHs have higher
mobility in soil compared with unsubstituted PAHs. Due to
their higher water solubility and lower lipophilicity (expressed
as octanol water partitioning coefficients, Kow, in Table 3), the
oxy-PAHs tend to be distributed in the water phase to a greater
extent than the PAHs. Although this may not be unexpected, it
emphasizes the significance of oxy-PAHs as a class of
compounds that should be taken into account during risk
assessments of contaminated sites.

CONCLUSIONS

The data reviewed in this paper show that oxy-PAHs are
important cocontaminants at PAH-contaminated sites. They
are present in the soil at levels that are not far below the PAH
levels, and there is ample evidence showing that they are
considerably toxic to both humans and the environment. The
levels of oxy-PAHs are maintained partly because of their

Figure 5. Mutagenic potencies measured in (a) the nonpolar
(polycyclic aromatic hydrocarbon [PAH]) fraction and (b) the semi-
polar (oxygenated PAH) fraction of extracts of soil from various
PAH-contaminated sites in Sweden. The mutagenicity was mea-
sured by the Salmonella reverse mutation assay using the strains
TA98 (&) and YG1041 (&) in the presence of exogenous metabolic
activation (þS9). Data from Lemieux et al. (82).

Figure 6. Mutagenic potencies measured in the nonpolar (polycyclic
aromatic hydrocarbon [PAH]) fraction, semipolar (oxygenated PAH)
fraction, and high-performance liquid chromatography subfractions
of the semipolar fraction of an extract of soil sampled at a wood
preservation site (Holmsund, Sweden). Mutagenicity was measured
by the Salmonella reverse mutation assay using the strains TA98 (&)
and YG1041 (&) in the presence of exogenous metabolic activation
(þS9). Subfraction 1 contains mononitro-PAHs and carbazole-type
azaarenes; subfraction 2, dinitro-PAHs and early eluting oxy-PAHs;
subfraction 3, the bulk of oxy-PAHs and oxy-nitro-PAHs; and
subfraction 4, acridine-type azaarenes.
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relatively high persistence in environmental matrices and partly

through continuous inputs of newly oxidized PAHs. There is

also convincing evidence to suggest that the enhanced PAH

transformation occurring during certain remediation activities

may lead to increasing concentrations of oxy-PAHs in the

treated material and thus increase the risks posed by contam-

inants at the site. This is partly due to the toxicity of the oxy-

PAHs and partly due to their increased mobility in soil
compared with the PAHs from which they are formed, which
is expected to have an impact on bioavailability and exposure.

To avoid misapprehension of the actual risks posed by PAH-
contaminated sites, we believe that further investigations to
characterize the contribution of oxy-PAHs are essential.
Moreover, once the culpable oxy-PAHs have been positively
identified, using such techniques as effect-directed chemical
fractionation, it will be necessary to include these compounds in
the list of priority substances commonly monitored at sites
undergoing risk assessment or remediation. Although there may
be other toxicologically relevant compounds present at these
sites (e.g., nitro-PAHs, azaarenes), the evidence accumulated to
date indicates that oxy-PAHs may be one of the more important
compound classes to include in programs monitoring contam-
inated sites.
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CAS
number

Molecular
weight

Aqueous
solubility
(mg L�1) Log Kow

Log Koc

(measured)

Naphthalene 91-20-3 128 31 3.30 -
Acenaphthylene 208-96-8 152 16 3.94 4.52
Acenaphthene 83-32-9 154 3.9 3.92 4.08
Fluorene 86-73-7 166 1.69 4.18 4.43
Phenanthrene 85-01-8 178 1.15 4.46 4.96
Anthracene 120-12-7 178 0.043 4.45 5.17
Fluoranthene 206-44-0 202 0.26 5.16 5.53
Pyrene 129-00-0 202 0.135 4.88 5.63
Benzo[a]anthracene 56-55-3 228 0.0094 5.76 6.34
Chrysene 218-01-9 228 0.002 5.81 6.61
Benzo[b]fluoranthene 205-99-2 252 0.0015 5.78 6.76
Benzo[k]fluoranthene 207-08-9 252 0.0008 6.11 6.49
Benzo[a]pyrene 50-32-8 252 0.00162 6.13 6.74
Dibenz[a,h]anthracene 53-70-3 278 0.00249 6.75 6.55
Indeno[1,2,3-c,d]pyrene 193-39-5 276 0.00019 6.70b 6.72
Benzo[g,h,i]perylene 191-24-2 276 0.00026 6.63 6.63
1-indanone 83-33-0 132 1427a 2.11b 3.81
1-acenaphthenone 2235-15-6 168 20a 2.79b 3.89
1,2-acenaphthylenedione 82-86-0 182 90a 1.95
1,8-naphthalic anhydride 81-84-5 198 5.9a 3.24b

9-fluorenone 486-25-9 180 3.7a 3.58 4.59
2-methyl-9-fluorenone 2840-51-9 194 1.2a 4.10b

4-hydroxy-9-fluorenone 1986-00-1 196 32a 3.07b

Anthracene-9,10-dione 84-65-1 208 1.4 3.39 4.19
2-methylanthracenedione 84-54-8 222 1.2a 3.89b 4.66
4H-cyclopenta[def]phenanthrenone 5737-13-3 204 0.94a 4.14b 4.85
4-oxapyrene-5-one 220 — — 4.76
7H-benz[de]anthracen-7-one 82-05-3 230 0.18a 4.81 5.45
Benzo[a]fluorenone 479-79-8 230 0.22a 4.73b 5.76
Benz[a]anthracene-7,12-dione 2498-66-0 258 0.29a 4.40 5.94
Naphthacene-5,12-dione 1090-13-7 258 0.23a 4.52b 5.74
6H-benzo[cd]pyren-6-one 3074-00-8 254 0.050a 5.31b 6.43
9H-dibenz[b,de]anthracen-9-one 86854-05-9 280 0.011a 5.90b

a Estimated value using WSKOW v1.67; b estimated value using KOWWIN v1.67.

Figure 7. Accumulated leached fraction of polycyclic aromatic
hydrocarbons (PAHs) (&) and oxygenated PAHs (&) containing 3
fused rings during column leaching of soil from a wood preservation
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Lundstedt and Karlsson (in prep.).

Ambio Vol. 36, No. 6, September 2007 483� Royal Swedish Academy of Sciences 2007
http://www.ambio.kva.se

Downloaded From: https://bioone.org/journals/AMBIO:-A-Journal-of-the-Human-Environment on 19 Nov 2019
Terms of Use: https://bioone.org/terms-of-use	Access provided by Universidade de Sao Paulo (USP)



7. Nicol, S., Dugay, J. and Hennion, M.C. 2001. Determination of oxygenated polycyclic
aromatic compounds in airborne particulate organic matter using gas chromatography
tandem mass spectrometry. Chromatographia 53, S464–S469.

8. Sienra, M.D. 2006. Oxygenated polycyclic aromatic hydrocarbons in urban air
particulate matter. Atmos. Environ. 40, 2374–2384.

9. Cerniglia, C.E. 1992. Biodegradation of polycyclic aromatic hydrocarbons. Biodegra-
dation 3, 351–368.

10. Kochany, J. and Maguire, R.J. 1994. Abiotic transformations of polynuclear aromatic
hydrocarbons and polynuclear aromatic nitrogen heterocycles in aquatic environments.
Sci. Total Environ. 144, 17–31.

11. Yu, H. 2002. Environmental carcinogenic polycyclic aromatic hydrocarbons: photo-
chemistry and phototoxicity. J. Environ. Sci. Health C20, 149–183.

12. Kotzias, D. and Brussol, C. 1999. Fate of polycyclic aromatic hydrocarbons (PAHs) in
ambient air. Fresenius Environ. Bull. 8, 518–522.

13. Mallakin, A., Dixon, D.G. and Greenberg, B.M. 2000. Pathway of anthracene
modification under simulated solar radiation. Chemosphere 40, 1435–1441.

14. Sutherland, J.B., Rafii, F., Khan, A.A. and Cerniglia, C.E. 1995. Mechanisms of
polycyclic aromatic hydrocarbon degradation. In: Series in Ecological and Applied
Microbiology: Microbial Transformation and Degradation of Toxic Organic Chemicals.
Young, L.Y. and Cerniglia, C.E. (eds). Wiley-Liss Inc, New York, pp. 269–306.

15. Cerniglia, C.E. 1997. Fungal metabolism of polycyclic aromatic hydrocarbons: past,
present and future applications in bioremediation. J. Ind. Microbiol. Biotechnol. 19,
324–333.

16. Kanaly, R.A. and Harayama, S. 2000. Biodegradation of high-molecular-weight
polycyclic aromatic hydrocarbons by bacteria. J. Bacteriol. 182, 2059–2067.

17. Koeber, R., Bayona, J.M. and Niessner, R. 1997. Analysis of ozonolysis products of
benzo[a]pyrene with capillary gas chromatography mass spectrometry and liquid
chromatography mass spectrometry. Int. J. Environ. Anal. Chem. 66, 313–325.

18. Wunder, T., Marr, J., Kremer, S., Sterner, O. and Anke, H. 1997. 1-methoxypyrene and
1,6-dimethoxypyrene: two novel metabolites in fungal metabolism of polycyclic aromatic
hydrocarbons. Arch. Microbiol. 167, 310–316.

19. Yao, J.J., Huang, Z.H. and Masten, S.J. 1998. The ozonation of benz[a]anthracene:
pathway and product identification. Water Res. 32, 3235–3244.

20. Yao, J.J., Huang, Z.H. and Masten, S.J. 1998. The ozonation of pyrene: pathway and
product identification. Water Res. 32, 3001–3012.

21. Andersson, B.E., Lundstedt, S., Tornberg, K., Schnurer, Y., Öberg, L.G. and
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