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Abstract

A study was conducted to investigate the feasibility of a combined treatment (i.e., ozonation and biodegradation)
to overcome the inherent bacterial bioavailability limitation, and hence bioremediation limitation, of polycyclic
aromatic hydrocarbons in soil. Ozonation was very efficient in the removal of naphthalene, fluorene, phenanthrene,
and anthracene, but not for pyrene, chrysene, and benzo(a)pyrene from soil freshly spiked with the hydrocarbons.
A similar result was obtained from coal tar-contaminated soil. Elimination of polycyclic aromatic hydrocarbons
increased appreciably in sand containing 0.03% organic carbon, indicating the adverse effect of organic carbon
on the efficiency of ozone treatment. In spiked and coal tar-contaminated soils, ozonation followed by biode-
gradation significantly increased the degradation of various polycyclic aromatic hydrocarbons including chrysene
and benzo(a)pyrene which were not degraded by the test bacterial consortium alone. In particular, the effect
of the combined treatment was more pronounced in coal tar-contaminated soil than in sterile soil spiked with
hydrocarbons, probably due to the augmented biological activity of the introduced consortium. The results suggest
that a combined treatment including ozonation and biodegradation may be a promising bioremediation technology
in soil contaminated with mixtures of polycyclic aromatic hydrocarbons such as former manufactured gas plant
sites.

Abbreviations: ANT, anthracene; BaP, benzo(a)pyrene; CHR, chrysene; FLU, fluorene; NAP, naphthalene; PAHs,
polycyclic aromatic hydrocarbons; PHE, phenanthrene; PYR, pyrene

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a major
class of environmental pollutants and the U.S. En-
vironmental Protection Agency has listed several of
these hydrocarbons as priority pollutants. They are of
particular concern because of their potential hazards
to human beings and to ecosystems. Biodegradation
has been successfully employed for remediation of
soils contaminated with low-molecular-weight PAHs.
However, bioremediation strategies often have limited
applicability when soils and aquifers are contamin-
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ated with mixtures of high-molecular-weight PAHs
(Madsen 1991; Macdonald and Kavanaugh 1994),
probably due to the tendency of these compounds to
sorb strongly to natural soil organic matter (Means et
al. 1980), the resonance energies and stabilities of their
structures, and their low water solubilities (Klevens
1950).

Ozone is a very strong oxidant (E0 = +2.07 V) that
has been used successfully in wastewater treatment for
the oxidation of organic contaminants (Stover et al.
1982; Peyton and Glaze 1988). Ozone oxidizes or-
ganic compounds either by direct oxidation or through
the generation of hydroxyl radicals, or both. Organic
compounds treated with ozone are transformed to oxy-
genated intermediates which are more soluble and
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hence more biodegradable (Legube et al. 1981; Gilbert
1983; Gilbert 1987). Unlike for wastewater treatment,
very few studies have been conducted using ozonation
to degrade organic contaminants in soil. In their study
on ozonation of phenanthrene, pyrene, and chrysene,
Yao and Masten (1992) found that phenanthrene was
the most sensitive to treatment in unsaturated soil,
and the reactivity of ozone decreased as the number
of fused benzene rings increased. Masten and Dav-
ies (1997) showed that gaseous ozone can be readily
delivered through columns packed with soil, sand,
or aquifer material, suggesting thatin situ ozona-
tion may be a feasible means for the remediation of
contaminated soil.

The use of ozone is likely to facilitate the oxidation
of high-molecular-weightPAHs, and thus enhance wa-
ter solubility of the hydrocarbons. In addition, when
used with biodegradation, the combined treatment
might overcome the inherent bioavailability limita-
tion of high-molecular-weight PAHs. A combined
approach using ozone and biodegradation has been
successfully demonstrated in the destruction of pesti-
cides (Leeson et al. 1993; Hapeman et al. 1995) and
chlorinated benzenes and phenols (Stockinger et al.
1995; Adams et al. 1997) in wastewater treatment.
A recent field study suggested thatin situ ozona-
tion may be a promising bioremediation technology
(Leahy et al. 1997). This study was thus conducted
to investigate a means for enhancing the biodegrad-
ation of PAHs in soil by combining ozonation and
biodegradation. A prairie soil to which seven PAHs
(i.e., naphthalene, fluorene, phenanthrene, anthracene,
pyrene, chrysene, and benzo(a)pyrene) were freshly
added, as well as coal tar-contaminated soil collected
from a former manufactured gas plant site were used
as model systems.

Materials and methods

Soil samples and chemicals

Quakertown silt loam was collected from a depth of
0 to 15 cm below the surface at the Snyder farm of
Rutgers University (Pittstown, NJ). The soil has never
been exposed to anthropogenic input of PAH com-
pounds. The soil was air-dried, passed through a 2-mm
sieve, and sterilized by gamma irradiation (2.5 Mrad)
from a 60Co source (Ward laboratory, Cornell Uni-
versity, Ithaca, NY). The soil consisted of 36% sand,
54% silt, and 10% clay. It contained 2.94% organic

Table 1. Physical and chemical properties of PAHs used in this
studya

Chemicals Number Solubility Log Vapor

of rings in water KOW
c pressure

(mg/l)b (at 20◦C)

Naphthalene 2 32 3.37 4.9× 10−2

Fluorene 3 1.9 4.18 1.3× 10−2

Phenanthrene 3 1.0 4.46 6.8× 10−4

Anthracene 3 0.07 4.45 1.9× 10−4

Pyrene 4 0.16 5.32 6.8× 10−7

Chrysene 4 0.006 5.61 6.3× 10−7

Benzo(a)pyrene 5 0.0038 6.04 5.0× 10−7

aData from Sims and Overcash (1983) and Lee et al. (1992).
bCrystal solubility at 25◦C.
cLogarithm of the octanol:water partition coefficient.

carbon and had a pH of 5.9 in water (1 : 1). Sand
(0.03% organic carbon) was purchased from Sigma
Chemical Company (St. Louis, MO). It was suspen-
ded in 0.1 M HCl solution and autoclaved for 2 h to
remove surface alkali. The acid-treated sand was then
washed thoroughly with distilled water until the pH
of the sand suspension reached about 6 to 7. Coal
tar-contaminated soil was collected from a former
manufactured gas plant site in Newark, NJ. The soil
was classified as loamy sand, consisting of 78% sand,
11% silt, and 11% clay.

Seven PAHs including naphthalene (NAP), fluorene
(FLU), phenanthrene (PHE), anthracene (ANT),
pyrene (PYR), chrysene (CHR), benzo(a)pyrene
(BaP), and radiolabeled [7-14C]BaP (specific activ-
ity, 26.6 mCi/mmol; purity,>95%) were used for
this study. All chemicals were purchased from Sigma
Chemical Company. Ten milliliters of stock solution
were made in an 20-ml amber vial with a Teflon-lined
cap by dissolving 10 mg each of NAP, FLU, PHE,
ANT, and PYR and 5 mg each of CHR and BaP in 1
ml of dichloromethane. For artificial contamination of
PAHs, 10 g of Quakertown silt loam were placed in a
125-ml flask and spiked with 100µl of the stock solu-
tion. The solvent was allowed to evaporate in a fume
hood. This gave a total PAHs concentration of 600
µg gram−1 of soil. The physical and chemical prop-
erties of the PAHs used for this study are presented in
Table 1.

Ozone treatment

Ozone was generated from ambient air by a portable
ozone generator (Model 165; Thermo Environmental
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Instruments Inc., Franklin, MA). Ambient air was
passed through Drierite and activated carbon to re-
move moisture before entering the ozone generator.
The concentration of ozone was determined by a UV
photometric ozone analyzer (Model 49; Thermo En-
vironmental Instruments Inc., Franklin, MA) and was
1500 ppb in air flow, which was equivalent to a de-
livery of approximately 12 mg of ozone day−1. Air
flow containing ozone was introduced into the bot-
tom of a 125-ml flask through Teflon tubing. The
flask contained either 10 g of PAHs-spiked soil or
coal tar-contaminated soil and 20 ml of distilled water
containing 0.02% of HgCl2. To ensure good contact
between the ozone and PAHs the flask was mixed
on a rotary shaker (200 rpm), and the treatment was
continued for up to four days at room temperature.

Inoculum and biodegradation

A consortium capable of degrading various PAHs was
obtained from Dr. C. Peters (Princeton University,
Princeton, NJ). The consortium was maintained and
grown in 50 ml of inorganic salts solution (0.10 g
CaCl2 · 2H2O, 0.01 g FeCl3, 0.10 g MgSO4 · 7H2O,
0.10 g NH4NO3, 0.20 g KH2PO4, and 0.80 g K2HPO4
l−1 of dH2O; pH 7.0) containing NAP, FLU, PHE, and
PYR as carbon sources. One milligram each of the
hydrocarbons was dissolved in 1 ml of methanol, and
500µl of the PAHs-methanol solution were added to
50 ml of inorganic salts solution. After 7 days of in-
cubation at 30◦C with shaking (200 rpm), the culture
was centrifuged at 7600× g for 10 min. The cells were
washed twice with the inorganic salts solution and an
inoculum of more than 108 cells was used for biode-
gradation. The number of viable cells was determined
by plate counting on Trypticase Soy Agar (TSA).

For biodegradation of PAHs either before or after
ozonation, 10 g each of PAHs-spiked or coal tar-
contaminated soil were suspended in 20 ml of inor-
ganic salts solution, inoculated with more than 108

cells gram−1 of soil, and then incubated at room tem-
perature with shaking (150 rpm) for 30 days. In one
experiment, mineralization of ozonated BaP was de-
termined in inorganic salts solution. BaP amended
with 105 dpm of 14C-labeled BaP (20µg of BaP in
total) in dichloromethane was applied to a 125-ml
flask, and the solvent was allowed to evaporate in a
fume hood. Inorganic salts solution (20 ml) was then
added to the flask and shaken at 30◦C for one day.
More than 108 cells were inoculated to the solution
after treating it with ozone for 24 or 48 h at the con-

centration of 750 and 1500 ppb, respectively. The flask
was sealed with a Teflon-wrapped silicone stopper
through which was placed an 18-gauge hypodermic
needle and a 16-gauge steel cannula. From the cannula
was suspended a small vial containing 1.0 ml of 0.5N

NaOH to trap14CO2 released by mineralization. The
flask was then incubated at 30◦C with shaking (150
rpm) and14CO2 formation was determined for 25 days
by periodically removing the NaOH and replacing it
with fresh solution. The radioactivity was measured by
liquid scintillation counting (LS 5000 TD; Beckman
Instruments, Inc., Fullerton, CA).

Extraction and determination of PAHs

The soil slurry used for either biodegradation or ozon-
ation, or both, was transferred to a 50-ml Teflon
centrifuge tube and centrifuged at 18,600× g for 15
min. After removing the supernatant, 10 ml each of
dichloromethane and acetone were added to the soil
and the soil-solvent suspension was shaken (200 rpm)
for 48 h at 30◦C for the extraction of PAHs. The
tube was then centrifuged at 18,600× g for 15 min
and the solvent mixture was transferred to a 50-ml test
tube. After removing excess water (upper layer; ca.
2 ml) by pipetting, 4 g of anhydrous sodium sulfate
were mixed with the PAHs-containing solvent to re-
move water completely. The concentration of PAHs
in the water layer was less than the detection limit of
this study. The extract was then concentrated to 1 to
2 ml using an evaporator (Büchi Rotavapor; Buchler
Instruments Inc., Fort Lee, NJ) for further analysis.
By this procedure, 100% of the PAHs freshly spiked
to Quakertown silt loam were recovered.

The extract was passed through a 0.45-µm PTFE
syringe filter to remove any particulates present and
analyzed by a gas chromatograph (GC) equipped with
a flame ionization detector (Varian Star 3500; Varian
Chromatograph Systems, Walnut, CA). The GC was
installed with a Rtx-5 silica column crossbonded with
5% diphenyl and 95% dimethylpolysiloxane (30 m×
0.53 mm inner diameter; Restek Corporation, Belle-
fonte, PA). The oven temperature was programmed at
40 ◦C for 6 min, followed by a linear increase of 10
◦C per minute to 300◦C, and then the temperature
was held for 15 min. Injector and detector temperat-
ures were maintained at 300◦C. Two microliters of
the extract were injected and nitrogen was used as a
carrier gas.
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Data calculation

Precautions were taken to correct for differences in
extractability and volatilization of PAHs that occurred
during the four-week treatment intervals of our study.
Since the extractability of organic compounds de-
creases as the residence of the compounds in soil
increases (Hatzinger and Alexander 1995) we have
determined the time dependency of the efficiency of
the extraction method used for this study with PAHs-
spiked soil samples. A decreased extractability was
observed, especially with CHR and BaP. Extractab-
ility of the two hydrocarbons was about 70 to 80%
of their initial concentrations after 7 days of incuba-
tion. To correct for this, separate sets of soil samples
spiked with PAHs were made in parallel with soil
samples for treatments, and run as controls during the
incubation period of each treatment. Values presented
in the tables and figures represent the percentages of
the amounts of PAHs recovered from each control of
corresponding incubation period. All values are the
means of triplicate independent experiments unless
explained otherwise.

Results and discussion

Mineralization of BaP after ozonation

To test whether ozone-treated hydrocarbons were
more available to the microorganisms used for this
study, BaP was treated with ozone and the amount
of 14CO2 evolved was determined using radiolabeled
BaP (Figure 1). In samples which were not treated
with ozone, less than 1% of BaP was mineralized dur-
ing the 23 days of incubation, however about 3% of
BaP was mineralized by the 24-h ozonation at 750 ppb
(ca. 6 mg of ozone). An appreciable increase in the
extent of mineralization was observed by an increased
ozone dosage. After 48 h of ozonation at 1500 ppb
(ca. 24 mg of ozone), more than 16% of BaP was
mineralized during the same incubation period.

It has been previously shown that ozonation of or-
ganic compounds produces oxygenated intermediates
that are more biodegradable (Gilbert 1983; Legube et
al. 1981). In this study, increased mineralization of
BaP was obvious after ozonation of the hydrocarbon,
suggesting that ozonated BaP is more water-soluble
and hence more biodegradable to the test micro-
bial consortium. A few studies have identified ozon-
ated byproducts of BaP including BaP quinones and

Figure 1. Biodegradation of ozone-treated and non-treated
benzo(a)pyrene by consortium P in an inorganic salts solution. The
error bars represent the standard deviations of triplicate independent
experiments.

carboxylic acids (Koeber et al. 1997) and highly car-
cinogenic BaP-4,5-epoxide (Pitts et al. 1980). This is
of toxicological significance because oxidation of aro-
matic hydrocarbons can result in hydroxylated and ep-
oxidated intermediates, which are biologically active
and more toxic than the parent compounds (Pelkonen
and Nebert 1982; Aryton et al. 1990). Upham et al.
(1994) showed that ozonation by-products of PYR and
BaP inhibited intracellular communication of rat liver
epithelial cells more than the parent compounds did.
However, more extensive ozone treatment further re-
moved the inhibition in PYR (Upham et al. 1995).
It is also worthwhile mentioning that these inhibitory
components, which are polar compounds, may be fur-
ther degraded by microbial attack when the treatment
process also includes biodegradation.

Ozone treatment of PAHs-spiked soil

Hydrocarbons such as NAP and FLU are volatile and
thus they are also removed from soil during the treat-
ment. In addition, since each PAH has a different
vapor pressure the amount of each compound volat-
ilized during the treatment needs to be accounted for
separately. Thus, parallel samples were run as controls
to correct for the amounts of PAHs volatilized during
the treatment. Values in the Tables showing the effect
of ozonation do not include the amount of each PAH
removed by ‘spontaneous’ volatilization. However,
since ozone is delivered through an air stream some
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Table 2. Recovery of PAHs spiked to silt loam and sand after
ozonationa

Chemicals % of control remaining in soil

Silt loam Sand

1 day 2 day 3 day 4 day 2 day

Naphthalene 9.3 ndb nd nd nd

Fluorene 45.8A 30.1B 14.3cC 4.9D 26.5B

Phenanthrene 80.4A 65.2B 31.3C 5.8D 30.6C

Anthracene 91.0A 90.8A 65.5B 40.3C 56.3B

Pyrene 92.7A 96.7A 81.2B 89.7AB 53.5C

Chrysene 95.8A 97.4A 86.9AB 83.2B 66.6C

Benzo(a)pyrene 92.1A 88.8ABC 82.0B 84.3BC 67.6D

aAll values are the means of triplicate independent experiments.
Values in a row followed by the same letter are not significantly
different (p < 0.05).
bNot detected.
cDetected from only one sample.

volatilization is inevitable. These amounts could not
be separated from the net effect of ozone molecules in
the present study, and thus they were considered as an
effect of ozonation.

The effect of ozonation on the removal of PAHs
was determined following the treatment of PAHs-
spiked Quakertown silt loam or sand with gaseous
ozone at the concentration of 12 mg day−1 (Table 2).
In silt loam containing 2.94% organic carbon, NAP
was immediately removed from the soil and not de-
tected after 2 days of treatment. Although three-ring
compounds FLU and PHE did not disappear quickly,
extensive degradation was observed with prolonged
ozonation; only 4.9 and 5.8% were detected after 4
days of ozonation, respectively. Another three-ring hy-
drocarbon, ANT, was quite resistant and only about
10% was removed by 2 days of ozonation. However,
more destruction was evident after 3 days and 40.3%
remained in soil after a 4-day treatment. Four- and
five-ring compounds including PYR, CHR, and BaP
were very resistant to ozone treatment. Less than 10%
was removed in 1 day and an additional 3 to 12%
transformation was achieved after 4 days of ozonation.

To test whether the efficiency of ozonation was
affected by the amount of organic carbon present in
soil, sand containing 0.03% organic carbon was spiked
with the seven PAHs at the equivalent concentrations
(600 ppm in total), followed by treatment with ozone.
After 2 days of treatment, significant increases were
obtained in the removal of all PAHs tested in the
sand compared to the silt loam. For PHE, ANT, PYR,
CHR, and BaP, an additional 20 to 40% elimination

was achieved for the same period of ozonation. In
particular, the amounts of high-molecular-weight hy-
drocarbons (i.e., PYR, CHR, and BaP) remaining in
the sand after a 2-day ozonation treatment were signi-
ficantly lower than for the same hydrocarbons detected
from the silt loam after a 4-day ozonation treatment.

The results described above suggest that ozonation
can be an effective means to remove PAHs present as
a mixture in soil, especially for two- and three-ring
hydrocarbons. Given the fact that these compounds
are more volatile than high-molecular-weight PAHs
(Table 1), it is likely that the air stream deliver-
ing ozone volatilized some of the hydrocarbons. The
efficiency of ozonation in removing high-molecular-
weight PAHs was not significant. Likely explanations
for this are that the amount of molecular ozone de-
livered was insufficient for appreciable elimination of
the hydrocarbons, or that the concentration of PAHs
(600 ppm) exceeded the oxidizing capacity of the
ozone provided, or both. Yao and Masten (1992) ob-
served that a mixture of PAHs required a greater than
arithmetic sum increase in ozone dosage to achieve the
same levels of removal as that obtained when hydro-
carbons were present singly in soil. It is also possible
that ozone reacted with soil organic carbon as well,
which reduced the efficiency of ozonation. A decrease
in the reaction rate between NAP and ozone was pre-
viously observed in the presence of humic materials
(Yao and Masten 1992).

It is apparent that the reactivity of ozone decreases
as the number of fused benzene rings increases. This is
contrary to what would be expected based on consider-
ation of bond localization energies of PAHs, inasmuch
as ozone molecules more easily attack organic com-
pounds having lower bond localization energy. For ex-
ample, ANT and PYR are known to be more reactive
to ozonation than NAP and PHE (Bailey 1982). Con-
sidering that the reactivities of PAHs were measured
from experiments with an organic solvent containing
a single target hydrocarbon, one possible explana-
tion for the inconsistency observed here could relate
to the sorption properties of these high-molecular-
weight PAHs. Since they sorb to soil very strongly
it is likely that a higher ozone dosage is required to
destroy the compounds than the hydrocarbons with
a reduced tendency to sorb, such as NAP, FLU, and
PHE. Another reason could be attributed to the gen-
eration of hydroxyl radicals from ozone. Ozone is
most stable in water at pH of about 3.5 to 4.0 and
self-decomposition of ozone is slowest at this pH.
At higher pH more ozone molecules spontaneously
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Table 3. Degradation of PAHs spiked to silt loam by the
combined treatment of biodegradation and ozonationa

Chemicals % of control remaining in soil

Biode.→ Ozone Ozone→ Biode.

Naphthalene ndb nd

Fluorene nd nd

Phenanthrene 53.5A 28.4B

Anthracene 76.8A 26.5B

Pyrene 89.5A 59.2B

Chrysene 79.5A 58.1B

Benzo(a)pyrene 82.9A 87.3A

aBiodegradation was performed for 4 weeks at room temper-
ature and ozonation for 2 days. All values are the means of
triplicate independent experiments. Values in a row followed
by the same letter are not significantly different (p < 0.05).
bNot determined.

decompose to hydroxyl radicals. The pH of the ozon-
ation system used in this study was about 6.0 to 7.0,
which probably facilitated the generation of hydroxyl
radicals from ozone. Based on this consideration, it
is plausible that hydroxyl radicals would have been
scavenged more preferentially by soil organic matter
present in the system since hydroxyl radicals tend to
be more nonselective than ozone.

Combined treatment in a silt loam

Combined treatments were performed to determine
which combination of biodegradation and ozonation
was more effective in the removal of PAHs in an
artificially contaminated soil (Table 3). Biodegrada-
tion was performed for 4 weeks and ozonation for
2 days for the combined treatment. In the case of
a sequential treatment in which ozonation followed
biodegradation, NAP and FLU were completely re-
moved. For the other hydrocarbons including PHE,
ANT, PYR, CHR, and BaP, an additional decrease of
5.9 to 17.9% was obtained compared to a 2-day ozon-
ation treatment alone. When ozonation was followed
by biodegradation, all of NAP and FLU were elim-
inated and only 28.4 and 26.5% of PHE and ANT,
respectively, remained in the soil. Moreover, a sig-
nificant amount of reduction was observed for PYR
and CHR; an additional 37.5 and 39.3% removal was
achieved, respectively, compared to the other combin-
ation. However, the level of BaP was not significantly
affected by the treatment sequence order.

The combined treatment appreciably increased the
degradation of three- and four-ring hydrocarbons com-
pared to ozonation alone. Also, when comparing the

two possible sequences for the combined treatment,
ozonation followed by biodegradation was more effi-
cient in transformation of PAHs than was biodegrad-
ation followed by ozonation. These results can be
explained by the fact that ozonation generates more
water-soluble and oxygenated metabolites, which are
more biodegradable. Although production of such
oxygenated intermediates is advantageous from the
perspective of ultimate biodegradation, there is poten-
tial concern in that oxygenated intermediates of some
organic compounds are more toxic than the parent
compound. Upham et al. (1994) reported that, in some
instances, ozonation of PAHs resulted in the form-
ation of intermediates which were more toxic than
the parent compounds. This implies that simple trans-
formation of parent compounds from a site does not
necessarily mean that the site no longer poses haz-
ards. In addition, it is still unclear whether ozonation
mineralizes organic compounds completely or not. In
this regard, the treatment sequence of ozonation fol-
lowed by biodegradationseems to be beneficial since it
provides more chances for the complete degradation of
PAHs. Degradation of BaP hardly increased by either
treatment, possibly due to its strong binding tendency
to soil. This is further supported by the observation
that the efficiency of ozonation alone, as well as the
efficiency of ozonation followed by biotreatment, in
the degradation of PAHs decreased as the number of
benzene rings increased, and thus the octanol-water
partitioning coefficient (KOW) increased. An inverse
relationship between the rates of biodegradation and
the number of benzene rings present in PAHs has been
reported previously (Heitkamp and Cerniglia 1987;
Grosser et al. 1995). Our results suggest that a similar
trend exits even after ozone treatment in soil.

For this study, we used a mixture of PAHs as soil
contaminants since PAHs are commonly present as
complex mixtures in the environment. Such complex-
ity, in some instances, may alter the biodegradability
of PAHs, compared to when they are present as single
soil contaminants. Meuller et al. (1989) reported that
four-ring hydrocarbons are utilized only after degrad-
ation of more labile hydrocarbons. In contrast, the
degradation of five- and seven-ring PAHs has been
shown to improve in the presence of low-molecular-
weight hydrocarbons (Juhasz et al. 1996). Although a
body of evidence exits that BaP can be degraded and
mineralized via cometabolism (Grosser et al. 1991;
Kanaly et al. 1997; Aitken et al. 1998) when low
molecular weight PAHs are also present, in our exper-
imental system the presence of low molecular weight
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Table 4. Extraction of PAHs from a coal tar-contaminated soila

Chemicals Initial conc. % of control remaining

(µg/g soil) after 2-day ozonation

Naphthalene 1205 (103) 7.4 (2.1)

Fluorene 252 (24) 37.0 (3.5)

Phenanthrene 921 (85) 12.4 (1.7)

Pyrene 524 (22) 93.2 (4.8)

Chrysene 454 (57) 94.0 (3.9)

Benzo(a)pyrene 366 (49) 95.7 (9.6)

aValues are the means of triplicate independent experiments
and values in the parentheses are standard deviations.

PAHs apeared not to improve the biodegradation of
high molecular weight PAHs.

Combined treatment in a coal tar-contaminated soil

Organic contaminants were extracted from coal tar-
contaminated soil by solvent extraction, and approx-
imately 100 compounds were detected. The concentra-
tions of PAHs including NAP, FLU, PHE, PYR, CHR,
and BaP were determined by gas chromatography
(Table 4). For this soil, ANT was not considered be-
cause the hydrocarbon was not always detected and
the corresponding peak was not discernible. The soil
was treated with ozone for two days, and decreases in
the concentrations of the PAHs were determined. For
NAP, only 7.4% remained after the treatment, which
was consistent with the result found for spiked soil
(above). PHE was more readily removed than FLU
in coal tar-contaminated soil while FLU was more
vulnerable than PHE in spiked soil. For four- and five-
ring hydrocarbons, less than 10% was eliminated by a
2-day ozonation treatment.

The results from the spiked soil indicated that
ozonation followed by biodegradation was more ef-
fective in the removal of PAHs from soil. Thus,
this treatment sequence was used for the degrada-
tion of PAHs in coal tar-contaminated soil. More than
108 cells of the test consortium were inoculated into
coal tar-contaminated soil to initiate biodegradation of
PAHs. After four weeks of biodegradation, only about
5% each of NAP, FLU, and PHE were recovered from
the soil whereas the same consortium did not signi-
ficantly degrade PYR, CHR, and BaP, which is signi-
ficantly different atp < 0.05 (Figure 2). However,
when two days of ozonation preceded biodegradation,
appreciable amounts of four-ring hydrocarbons were
degraded, leaving about 35% each of PYR and CHR in
the soil. Also, about 17% of BaP was removed by the

Figure 2. The effect of combined treatment on the transformation
of PAHs in coal tar-contaminated soil. The unshaded bar repres-
ents soil incubated in an inorganic salts solution for 4 weeks. The
speckled bar represents biodegradation for 4 weeks. The solid bar
represents a 2-day ozonation followed by a 4-week biodegrada-
tion treatment. The error bars represent the standard deviations of
triplicate independent experiments.

same treatment (Figure 2). Combined ozonation and
biodegradation successfully transformed PAHs con-
taining two- to four-benzene rings, but the treatment
was not as efficient for the degradation of BaP, a five-
ring hydrocarbon. A previous field study indicated that
up to 80% of BaP was removed by four days of ozon-
ation in an aquifer (Leahy et al. 1997). In this study,
ozone was generated from pure oxygen and its con-
centration was 5% of the oxygen stream, which was
much higher than the concentration of ozone attained
with our system. This difference in ozone delivery
concentration probably accounts for the difference in
the transformation of BaP between the two studies.

When coal tar-contaminated soil was incubated
with an inorganic salts solution alone for four weeks,
concentrations of NAP and PHE decreased by about
94 and 13%, respectively, when compared to the
soil incubated with distilled water containing 0.02%
HgCl2 (Figure 2). Clearly, this did not result from vo-
latilization of the compounds since the soil samples
containing HgCl2 which were used as controls to in-
hibit any microbial activity also allowed us to account
for the amounts of volatilization of each PAH from
the samples. When only distilled water was used, re-
moval of PAHs was not significant (data not shown
in Figure 2). The results suggest that the soil needed
inorganic nutrients for successful biodegradation, and
that the indigenous microorganisms in the soil were
capable of degrading low-molecular-weight PAHs. A
similar result has been reported for NAP and PHE in
a former manufactured gas plant site (Madsen et al.
1991).
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Although the concentration of PAHs was much
higher in the coal tar-contaminated soil than in the
sterile soil spiked with PAHs, transformation of the
hydrocarbons was more appreciable in the coal tar-
contaminated soil. This result suggests that the intro-
duced consortium may have enhanced the total biolo-
gical activity of the contaminated soil. This process,
which has been termed “bioaugmentation”, has also
been demonstrated in aquifer materials (Munakata-
Marr et al. 1996).

Conclusions

Ozone treatment alone was successful in the removal
of PAHs containing two- and three-benzene rings, but
was not as effective for four- and five-ring hydrocar-
bons. By use of a sequential treatment process con-
sisting of ozonation and biodegradation, about 95%
each of NAP, FLU, and PHE, and about 65% each of
PYR and CHR were degraded in a former manufac-
tured gas plant soil. Although transformation of BaP
was not as pronounced as for the other PAHs in the
soil, about 17% destruction was achieved through the
combined treatment process. In addition, when BaP
was treated with ozone, the test consortium, which was
not capable of degrading the compound alone, readily
mineralized the hydrocarbon. Our results suggest that
a combined treatment protocol of chemical oxidation
and biological degradation may be a successful tech-
nology in the remediation of soils contaminated with
recalcitrant PAHs.
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