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1. Introduction

Polycyclic aromatic hydrocarbons (PAH) are ubiquitous
pollutants that predominantly occur at manufactured gas
plant sites, steel works and wood preserving stations, but
they also occur as diffuse pollution over large areas of land
at lower concentrations. They are high risk contaminants as
some of them are proved to cause cancer or are at least under
suspect to be carcinogenic (CAVALIERI and ROGAN, 1992;
SHAW and CONNELL, 1994).

Thus, over the last decades several innovative remediation
techniques have been developed and applied to PAH con-
taminated sites with different successes. Among these, var-
ious bioremediation efforts have shown promising results
for the clean-up of soils contaminated with organic pollu-

tants (WINNINGHAM et al., 1999; CONOLLY et al., 1999). In
spite of this, long remediation periods as well as high resid-
ual pollutant concentrations particularly for high-ring PAH
have restricted such clean-up measures to a few full-scale
applications only. Contaminant sequestration and inherent
recalcitrance have been discussed to be responsible for a lim-
ited biodegradation of organic pollutants in soil (HUESE-
MANN, 1997). However, in the last years many authors have
demonstrated considerable biodegradation even for high
molecular weight PAH under optimized conditions in the
absence of soil or soil like matrices (SMITH, 1990; BOUCHEZ
et al., 1995; WARSHAWSKY, 1995; Li et al., 1996; SCHNEI-
DER et al., 1996; YE et al., 1996). Thus, various studies have
focused on the sequestration of contaminants in soil as the
major obstacle for microbial attack. The processes involved

Zusammenfassung

Der Einfluf des Gehaltes an organischer Substanz im Boden (SOM) auf die Bioverfiigbarkeit von Polyzyklischen Aro-
matischen Kohlenwasserstoffen (PAH) wurde untersucht. Dazu wurden mikrobielle Abbauexperimente durchgefiihrt
und die Ergebnisse mit den Daten einer Sequentiellen Superkritischen Fluid Extraktion (SSFE) verglichen. Zwei
Modellbsden mit unterschiedlichem Gehalt an organischer Substanz (Boden 1: 2.1 %, Boden 2: 8 %) wurden mit
Anthracend! kontaminiert, welches Fluoranthen als Hauptkomponente enthilt. Nach der Kontamination wurden die
Boden tiber 135 Tage gelagert, um den Einfluf§ der Alterung auf die biologische Abbaubarkeit sowie die Extrahierbar-
keit von Fluoranthen zu bestimmen. Weiters wurden Experimente mit einem Industrieboden durchgefiihrt, der bereits
vor Jahrzehnten kontaminiert wurde. Fiir nicht gealterte Proben wurde verstirkter Abbau in Boden 2 (hherer Gehalt
an organischer Substanz) festgestellt. Fiir gealterte Proben jedoch, war der mikrobielle Abbau in Boden 2 geringer, was
auf stirkere Sorption von Fluoranthen in humusreichen Béden zuriickzuftihren sein diirfte. Zur Beurteilung des Riick-
haltevermégens bzw. Freisetzungsverhaltens von PAH im Boden wurde eine SSFE-Methode, bestehend aus acht auf-
einanderfolgenden Extraktionsschritten, entwickelt. Fiir gealterte kontaminierte Modellbéden wurden geringe Extrak-
tionsausbeuten bei hohen Gehalten an organischer Substanz festgestellt. Diese Daten stimmen mit den Ergebnissen der
mikrobiellen Abbauversuche iiberein. Jedoch konnten fiir nicht gealterte Proben mit verschiedenen Humusgehalten
keine unterschiedlichen Extraktionsausbeuten erzielt werden. Fiir Industrieboden wurde ein umgekehrt proportiona-
ler Zusammenhang zwischen der Extraktionsausbeute und dem Molekulargewicht der PAH beobachret.

Schlagworte: PAH, PAK, Fluoranthen, mikrobieller Schadstoffabbau, Bioverfiigbarkeit, Boden, Superkritische
Fluid Extraktion, organische Substanz im Boden, Humus.
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Summary

The influence of soil organic matter (SOM) content on the bioavailability of polycyclic aromatic hydrocarbons (PAH)
was investigated by performing biodegradation experiments and comparing these data to results from a sequential
supercritical fluid extraction (SSFE) method. Two model soils with different SOM (soil 1: 2.1 %, soil 2: 8 %) were
contaminated using anthracene oil containing fluoranthene as the major high molecular weight PAH. After spiking,
soils were stored for 135 days in order to assess the influence of aging on the biodegradation and extractability of flu-
oranthene. Moreover, experiments were also performed on an industrial soil, which was already contaminated sever-
al decades ago. For non-aged samples, advanced degradation was achieved in soil 2 (higher in SOM). However, for
aged samples, degradation was lower in soil 2 indicating that sequestration was more pronounced in the high organ-
ic matter soil. To evaluate the retention/release behavior of PAH in soil as an important factor influencing their
bioavailability, a SSFE method was developed comprising eight subsequent extraction steps. For aged spiked soils
extraction data indicate a reduced recovery when high in SOM. These findings are in line with the respective micro-
bial degradation results. However, for non-aged samples no difference in extraction recovery could be observed for
both, low and high organic matter soils. Finally, for industrially contaminated soil an inverse relationship between the
molecular weight of PAH and their extraction recovery was observed.

Key words: PAH, fluoranthene, biodegradation, bioavailability, soil, supercritical fluid extraction, soil organic matter.

are described to be diffusion into nanopores and sorption
(adsorption and partitioning) to organic matter (PIGNATEL-
LO and XING, 1996; XING and PIGNATELLO, 1997; LUTHY
et al,, 1997; NaM and ALEXANDER, 1998; GILLETTE et al.,
1999). In-depth studies investigating phenomena such as
aging, soil organic matter content (SOM), competitive
sorption, pollutant concentration, water content, and tem-
perature, etc. which affect sequestration were carried out by
WEISSENFELS et al. (1992), CHUNG and ALEXANDER
(1998), CHUNG and ALEXANDER (1999), HATZINGER and
ALEXANDER (1997), NaM et al. (1998), XING and PiG-
NATELLO (1998), WHITE et al. (1998a), WHITE et al.
(1998b) and BONTEN et al. (1999). In addition, the micro-
bial formation of bound residues of PAH may change the
bioavailability of the pollutants in soil. However, bound
residues (as described by ESCHENBACH et al., 1998) are
already a consequence of microbial attack and their pro-
duction requires bioavailable contaminants. Therefore, the
current work is focussing on the bioavailability of native
PAH, exclusively.

Various methods, which include desorption (BONTEN et
al., 1999), persulfate oxidation (CYPERS et al., 1999), appli-
cation of surfactants (VOLKERING et al., 1998), extraction
using alcohols or alcohol-water mixtures (TANG et al.,
1999) as well as supercritical carbon dioxide (LOIBNER et
al., 1997; LOIBNER et al., 1998) have been developed to
determine the extent of sequestration and thus allowing an
estimate of the bioavailable fraction of organic contami-
nants in soil.
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The present study describes a novel and rapid sequential
supercritical fluid extraction (SSFE) method which allows
the assessment of the bioavailability of PAH in soil. The
developed method was applied to two spiked (non-aged
and aged) and one industrial soil from a former manufac-
tured gas plant site. Supercritical fluid extraction data were
finally compared to biodegradation results from microcosm
experiments.

2. Materials and methods
2.1 Preparation of Soils

Initial experiments for the development of the SSFE
method have been conducted using two model soils (soil 1,
soil 2) different in organic matter content and texture
(Table 1). Soils have been spiked with anthracene oil
(VOEST Alpine Stahl; Linz, Austria) to achieve a total PAH
concentration of 500 mg/kg dry soil. The main compounds
present in anthracene oil are given in Table 2, all other US-
EPA PAH are present in trace amounts only. Prior to spik-
ing, soil samples have been sterilized using a tyndallization
procedure (1h autoclaving at 100°C followed by 24 h incu-
bation at 37° C, 3 repetitions). For spiking, anthracene oil
was dissolved in dichloromethane (p.a., ].T. Baker; Deven-
ter, Holland) and added to soil at a ratio of 1:6 (mL per g
dry soil). After thorough mixing, the solvent was evapora-
ted in a sterile laminar flow box over night. Aging was
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Table 3: PAH concentrations of industrial soil (soil A)
Tabelle 3: PAH-Konzentrationen des Industriebodens (soil A)

Table 1:  Parameters of model and industrial soils
Tabelle 1: Bodenparameter fiir Modell- und Industriebsden
Model Soils Industrial Soil
Parameter / Soil Soil 1 Soil 2 Soil A
Type Sandy Loam Silty Loam Siley Sand
SOM (%) 2.1 8.0 3.1
pH 7.5 7.6 7.1
Total PAH (mg/kg)® 500 500 368

@ Calculated from eight main PAH compounds, details are given in
Table 2.

Table 2: PAH concentrations {major compounds) of anthracene oil
used for spiking of model soils

Tabelle 2: PAH-Konzentrationen (Hauptkomponenten) von Anthra-
cendl, welches den Modellbsden zugesetzt wurde

PAH Concentration Abundance

Compound (mg/g) (%)
Naphthalene (NAP) 60.0 13.2
Acenaphthene (ACN) 45.5 10.0
Fluorene (FLU) 47.3 10.4
Phenanthrene (PHE) 142 31.3
Fluoranthene (FLT) 92.4 20.3
Pyrene (PYR) 52.9 11.6
Benz[a]anthracene (Bfa]A) 9.3 2.0
Chrysene (CHR) 5.6 12
Total PAH 455 100

PAH Concen- | Abundance

Compound tration {mg/kg) (%)
Naphthalene (INAP) 2.6 0.7
Acenaphrylene (ACY) 5.3 1.4
Acenaphtene (ACN) 4.1 1.1
Fluorene (FLU) 14.2 3.9
Phenanthrene (PHE) 30.3 8.2
Anthracene (ANT) 32.2 8.8
Fluoranthene (FLT) 80.2 21.8
Pyrene (PYR) 61.7 16.8
Benz[a]anthracene (B[a]A) 32.6 8.9
Chrysene (CHR) 23.9 6.5
Benzo[b]fluoranthene (B[b]F) 25.7 7.0
Benzo[k]fluoranthene (B[k]F) 12.4 3.4
Benzo[a]pyrene (B{a]P) 23.7 6.4
Ideno[1,2,3-c,d]pyrene (I[1,2,3]P) 11.5 3.1
Dibenz[a,h]anthracene (D[a,h]A) 7.7 2.1
Benzo[g,h,i]perylene (B[g,h,i]P) 0.03 0.01
Total PAH 368 100

accomplished in teflon sealed glass vessels covered with alu-
minum foil at 4° C for 135 days.

In addition, an industrial soil (soil A) obtained from a for-
mer manufactured gas plant site was used for degradation
and extraction experiments. Soil parameters and PAH con-
centrations are given in Table 1 and Table 3, respectively.
The age of the spill is not exactly known, however, it can be
assumed that the contamination of the soil occurred sever-
al dozens of years ago.

2.2 Biodegradation experiment

Sterilized and spiked soils as well as samples from the for-
mer manufactured gas plant site have been inoculated using
an enrichment culture obtained from activated sludge cul-
tivated on anthracene oil as single carbon source. Nutrients
in form of KH,PO,/K,HPO, (p.a., Merck; Darmstads,
Germany) and NH,NO; (p.a., LOBA Feinchemie; Fischa-
mend, Austria) were added sufficiently at a ratio of C:N:P
= 100:5:1. Amounts of nutrients added were calculated
from the carbon content of the soil with the highest organ-
ic matter content (soil 2). Water content was adjusted to
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60 % of the maximum water holding capacity and soil sam-
ples (60 g DM) were incubated in glass beakers covered
with aluminum foil at 20° C. For aeration, the soil was
stirred every second day and consumed and evaporated
water was replenished by weight. Sampling was accom-
plished at days 0, 2, 4, 8, 17, 31, 48 and 80 for spiked soils
(non-aged and aged) and at days 0, 7, 14, 29, 60 and 88 for
the industrial soil.

2.3 Extraction of PAH

For soil samples from the biodegradation experiment,
extraction of PAH was carried out using a Soxhlet appara-
tus (GFL; Burgwedel, Germany) and dichloromethane
(p-a., J. T. Baker; Deventer, Holland) as solvent (70 mL).
Soil samples (5 g DM) were mixed thoroughly with the
same amount of anhydrous Na,SO, (p-a.; Fluka; Buchs,
Switzerland) prior to extraction. Soxhlet extraction was per-
formed over 20 hours.

2.4 Analysis of PAH

PAH were analyzed using HPLC (1050, Hewlett Packard;
Waldbronn, Germany) equipped with a fluorescence detec-
tor (1046 A, Hewlett Packard; Waldbronn, Germany) and
adiode array detector (1050, Hewlett Packard; Waldbronn,
Germany) for non-fluorescent compounds. Chromato-
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graphic separation of PAH was achieved using a reversed
phase column (201TP54, 250 mm, 4.6 mm id., 5 pm,
VYDAC; Hesperia, CA, USA). A gradient starting with a
60:40 (v:v) ratio of acetonitrile:water with increasing ace-
tonitrile to 100 % within 20 minutes was applied. Chro-
matograms were analyzed using Chemstation A.04.02
(Hewlett Packard; Waldbronn, Germany). All solvents
(ultra gradient HPLC grade) were purchased from J. T.
Baker; Deventer, Holland. PAH-standards were purchased
from SUPELCO, Deisenhofen, Germany.

2.5 Sequential Supercritical Fluid Extraction (SSFE)

A stepwise extraction method using supercritical carbon
dioxide (SFC TP, AGA; Vienna, Austria) as extraction fluid
was developed to investigate the time dependent release of
PAH from contaminated soil. Prior to extraction, soil sam-
ples were air dried for 16 hours at 20° C. Three to four
grams of dried soil were introduced into an extraction thim-
ble (7 mL) with a glass fiber filter (0.7 pm, Osmonics; Min-
netonka, MN, USA) on the bottom. To keep the void
volume of the thimble constant, sea sand (p.a., acid puri-
fied, 40—200 mesh, Fluka; Buchs, Switzerland) was added
to a total amount of 6 grams. Finally, the sand was covered
with a second glass fiber filter to prevent clogging of tubings
from fine particles.

Eight subsequent extraction steps comprising moderate
extraction conditions (Table 4) were applied to contami-
nated soils using the SFE System HP 7680T (Hewlett
Packard; Wilmington, DE, USA). A final extraction step
using harsh extraction conditions with addition of 3 %
methanol (J. T. Baker; Deventer, Holland) as a modifier
was applied in order to remove residual contaminants from
the matrix. Extracted PAH were trapped on an octadecyl-
silane (ODS, Hewlett Packard; Wilmington, DE, USA)
and after each extraction step, the respective fractions were
rinsed from the trap using a 1:1 (v:v) mixture of acetoni-
trile and tetrahydrofuran (ultra gradient HPLC grade, J. T.
Baker; Deventer, Holland) and collected in individual
vials. For the sequential extraction method four parallels
were carried out and a coefficient of variance of 3 % was
obtained for fluoranthene. Recoveries were expressed as the
percentage of the respective PAH extracted under mild
conditions (extraction steps 1 to 8) related to total amount
of pollutant extracted under mild and harsh conditions
(extraction steps 1 to 9).
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Table 4:  Supercritical fluid extraction conditions
Tabelle 4: Finsazbedingungen der Superkritischen Fluid Extrakrion

Method inirial steps final step
No. of steps 8 1
Staric extraction (min/step) 1 1
Dynamic extraction (min/step) 0.7 25
Density of CO, (g/mL) 0.45 0.5
Temperature (°C) 100 130
Flow in thimble (mL/min) 3.2 3.8
Methanol added (%) 0 3
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3. Results and discussion

When assuming that sequestration involves abiotic process-
es like diffusion and sorption, the bioavailable fraction of
the contaminant should be predictable by the application
of mild extractants (KELSEY et al., 1997). Moreover, sequen-
tial extraction procedures using supercritical fluids were
applied to soil for the characterization of the sorption/des-
orption behavior of PCB (BJORKLUND et al., 1999
HAWTHORNE et al., 1999).

In this study two spiked model soils, both non-aged and
aged as well as an industrial soil from a former manufac-
tured gas plant site were selected to investigate the influence
of the soil composition (in particular, the soil organic mat-
ter content) and the residence time of PAH in soil on the
biodegradation performance. Moreover, a sequential ex-
traction method was developed to evaluate the time depen-
dent release of PAH from these soils, thus delivering infor-
mation on the extractability of these contaminants
sequestered in soil. Biodegradation data were compared to
sequential extraction results. The aim of the study was to
develop a fast, reliable, and cost efficient method for the
prediction of the bioavailability of PAH in soil. As a model
PAH, fluoranthene was chosen as it was the most abundant
high molecular weight PAH in both, the anthracene oil as
well as the industrial soil. Not only the abundance of this
pollutant at PAH contaminated sites, but also its ability to
cause DNA damaging effects when applying the Mutatox®
test (JOHNSON, 1998) resulted in the selection of this cont-
aminant.

3.1 Biodegradation results

When comparing biodegradation in spiked non-aged soils,
a lower residual fluoranthene concentration was achieved in
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soil 2 containing a higher amount of organic matter. Figure
1 indicates a 50 % reduction of fluoranthene in soil 1
(organic matter of 2.1 %) whereas an increased degradation
of the contaminant (reduction of 78 %) in soil 2 (organic
matter of 8 %) was observed. This indicates that no signi-
ficant sequestration of PAH by SOM occurred due to
immediate biodegradation right after spiking with
anthracene oil. Thus, the availability of fluoranthene to
degrading microorganisms was assumed to be roughly the
same for both non-aged spiked model soils. The even
enhanced biodegradation in soil 2 may be explained by the
fact thar the higher organic matter content provides opti-
mum conditions for microbial growth. However, for aged
soil 2 the biodegradation (80 days) of fluoranthene was dra-
matically reduced to 3 % (135 days of aging) compared to
78 % when non-aged. For aged soil 1 (low organic matter
content) no effect of aging on the biodegradation could be
observed (Figure 2) which supports the assumption that
SOM significantly contributes to sequestration processes of
hydrophobic pollutants in soil.

For the industrially contaminated soil (soil A), the micro-
bial reduction of the fluoranthene concentration (23 %)
was rather low compared to spiked soils. Results indicate a
decreased bioavailability of the respective contaminant for
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Figure 1: Biodegradation of fluoranthene (FLT) in non-aged spiked
soils (soil 1, soil 2) and industrial soil (soil A); highest
reduction of the fluoranthene concentration by biodegra-
dation means was achieved for non-aged soil 2 containing
8 % of organic matter
Abbildung 1: Mikrobieller Abbau von Fluoranthen (FLT) in nichr geal-
terten kontaminiercen Modellbéden (soil 1, soil 2) sowie
in Industrieboden (soil A); héchste Fluoranthen-Abbau-
rate wurde fiir nicht gealterten Boden 2 (soil 2) erzielt,
welcher 8 % an organischer Substanz enthile
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Figure 2: Biodegradation of fluoranthene (FLT) in spiked soils prior

to (0 d) and after aging (135 d); aging reduced the per-
centage degraded from 78 to 3 % for soil 2 whereas no
distinct change could be noticed for soil 1

Abbildung 2: Mikrobieller Abbau von Fluoranthen in kontaminierten
Modeltbdden bevor (0 d) und nach Alterung (135 d); fiir
Boden 2 (soil 2) wurde durch Alterung der Abbaugrad von
78 % auf 3 % reduzierr. Kein Unterschied konnte fiir
Boden 1 (soil 1) beobachtet werden

soils where aging has occurred for several decades (Figure 1).
Only for aged soil 2, less fluoranthene was degraded when
compared to the industrial soil. This might be due to the
high organic matter content of the model soil which favors
sequestration even at comparatively short aging periods

(NaM et al., 1998).

3.2 Sequential Supercritical Fluid Extraction (SSFE)

Subsequent extraction steps were applied to contaminated
soil samples in order to obtain information on the reten-
tion/release behavior of PAH in different types of soil prior
to and after aging. Figure 3 shows the stepwise extraction of
fluoranthene from the two spiked model soils aged for 135
days as well as from the industrial soil. For the aged soil 2,
a reduced recovery of fluoranthene (9 % after eight steps)
compared to soil 1 can be observed indicating stronger
retention of the contaminant by the soil higher in organic
matter soil. These findings correspond well to the results
discussed in the previous paragraph, where degradation of
fluoranthene was also reduced by the high organic matter
soil after aging. For the industrial soil (soil A) the
extractability was even lower than for aged soil 2, which
does not exactly match the results obtained from the
biodegradation experiment where soil 2 showed the lowest
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degradability. However, in general, a high organic marter
content and a long residence time of pollutants in soil will
reduce the availability of the pollutants (NAM et al., 1998).

No conspicuous difference in extraction behavior could be
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Figure 3: SSFE of fluoranthene (FLT) from aged spiked model soils
(soil 1, soil 2) and industrial soil (soil A); reduced recovery
of fluoranthene for soils with increased SOM contentand
extended aging period, respectively

Abbildung 3: SSFE von Fluoranthen (FLT) von kontaminierten
Modellbsden (soil 1, soil 2) sowie Industrieboden (soil
A); reduzierte Wiederfindung von Fluoranthen wurde fiir
Boden mit hoherem Gehalc an organischer Substanz bzw.
bei sehr langer Alterung beobachtet
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Figure 4: Subsequent release of PAH from industrial soil (soil A) by

the application of SSFE; decreasing recovery for com-
pounds with increasing molecular weight; full names of
PAH abbreviations are given in Table 3

Abbildung 4: Zeitlicher Verlauf der Freiserzung von PAH aus Indus-

wieboden (soil A) erzielt durch den Einsatz von SSFE;
abnehmende Wiederfindung fiir Komponenten mit stei-
gendem Molekulargewichr. Vollstindige Namen der
PAH sind in Tabelle 3 angegeben
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seen for non-aged spiked model soils and soil 1 (low organ-
ic matter content) after aging. However, for soil 2, aging
caused a reduction of the total fluoranthene recovery of
11 % after the last step (step 8) of the sequential extraction
(moderate conditions).

Figure 4 deals with the stepwise extraction of 11 of the 16
US-EPA PAH from the industrial soil (soil A). With
increasing molecular weight of PAH, the extraction effi-
ciency is diminished in terms of a reduction of the recovery
within the eight extraction steps applied. These data are in
line with the concept that PAH with increasing molecular
weight (increasing hydrophobicity) will be sorbed more
effectively in/to soil organic matter.

When comparing biodegradation performance to extrac-
tion efficiency, the same trend was observed. Figure 5 rep-
resents the results achieved for the most abundant PAH in
soil A that showed biodegradation. For compounds higher
in ring number, no distinct biodegradation could be
noticed within the course of the experiment.

Although microbial decay was very low for the industrial
soil and the recovery after eight extraction steps applied
(total extraction time of 13.6 min) was more than twice as
high as the amount degraded, recovery and degradation
exhibit good correlation with a reduced release and accessi-
bility of PAH with increasing molecular weight. Besides
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Figure 5: Comparison of biodegradation (degraded) and SSFE
recovery for industrial soil; ex-time 13.6 reflects the amo-
unt of PAH recovered after a total extraction time (mode-
rate conditions) of 13.6 min, ex-time 4.0 gives calculated
dara for an extraction time of four minutes; full names of
PAH abbreviations are given in Table 3
Abbildung 5: Vergleich von biologischem Abbau (degraded) und SSFE-

Wiederfindung fiir Industrieboden; ‘ex-time 13.6° gibt
die Menge an PAH an, die nach der Gesamtextraktions-
zeit von 13.6 min (milde Bedingungen) gefunden wurde,
‘ex-time 4.0 gibt kalkulierte Werte fiir eine Extrakrions-
zeit von 4 min an; vollstindige Namen der PAH sind in
Tabelle 3 angegeben
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extraction recovery of PAH after 13.6 min (eight steps) and
their reduction due to biodegradation, Figure 5 shows the
amount of PAH extracted after four minutes (interpolated
data). The results indicate thar after an extraction time of
four minutes, an equivalent amount of contaminants was
extracted when compared to the quantity degraded.

4, Conclusions

From the results achieved for biodegradation experiments
on spiked and industrially PAH contaminated soils, two
main conclusions may be drawn. The phenomenon of
aging caused by an increased residence time of pollutants in
soil reduces the bioavailability in terms of the percentage
biodegraded. Moreover, the content of organic matter
affects the degradation of PAH in soil inversely. A high
organic matter content shows low degradation yields,
which could be seen for aged spiked soil samples only (Fig-
ure 2). However, for non-aged samples, biodegradation was
more pronounced in the soil containing high organic mat-
ter (8 % SOM). This is most probably due to an increased
microbial activity in soils rich in humic matter (Figure 1).
When applying SSFE, the content of organic matter
influences the release of PAH from soil as well. Lower
extraction yields expressed by the cumulative percentage of
PAH extracted within the application of eight subsequent
extraction steps under moderate extraction conditions were
achieved for the spiked soil with high organic matter (Fig-
ure 3). This was true for aged spiked soils but could not be
seen for non-aged samples. Moreover, by means of aging, a
recovery reduction of 11 % was achieved for the high organ-
ic matter soil (8 % SOM) but could not be observed for the
other model soil (2.1 % SOM). In addition to the soil com-
position, the chemical structure of the pollutants influences
the retention/release behavior of PAH from industrial soil
(Figure 4). Contaminants with high molecular weight
exhibited reduced recoveries when applying SSFE, which
might be explained by their chemical properties (in general
decreasing polarity and ascending Ky, -coefficients).
Bioavailability of PAH as the predominant requirement
for a successful bioremediation was estimated by relating
SSFE recoveries to microbial degradation results for indus-
trial soil (Figure 5). Although the extent of microbiological
break-down was not as pronounced as the amount extrac-
ted, a comparable partern of biodegradation success and
extraction yield (recovery) could be observed. The percent-
age degraded was reflected more accurately by the amount
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extracted after a distinct time of four minutes, indicating
that further development of the SSFE by relating super-
critical fluid conditions to desorption and transfer process-
es may result in an extraction procedure for a precise assess-
ment of the bioavailable fraction.
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