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ABSTRACT

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous pollu-
tants, some of which are on the US Environmental Protection Agency
priority pollutant list. Consequently, timely clean-up of contaminated
sites is important. The lower-mol-wt PAHs are amenable to biore-
mediation; however, higher-mol-wt PAHs seem to be recalcitrant to
microbial degradation. The rates of biodegradation of PAHs are highly
variable and are dependent not only on PAH structure, but also on
the physicochemical parameters of the site as well as the number and
types of microorganisms present. PAHs sorb to organic matter in soils
and sediments, and the rate of their desorption strongly influences
the rate at which microorganisms can degrade the pollutants. Much
of the current PAH research focuses on techniques to enhance the bio-
availability and, therefore, the degradation rates of PAHs at polluted
sites. Degradation products of PAHs are, however, not necessarily
less toxic than the parent compounds. Therefore, toxicity assays need
to be incorporated into the procedures used to monitor the effective-
ness of PAH bioremediation. In addition, this article highlights areas
of PAH research that require further investigation.

Index Entries: Polycyclic aromatic hydrocarbons; PAHs; bio-
degradation; bioavailability; water solubility; degradation kinetics;
toxicity.
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) (Fig. 1) are widely distrib-
uted in the environment and may persist for extended periods of time.
This has raised considerable concern because many of the high-mol-wt
PAHs have been shown to be potentially genotoxic and carcinogenic (1).
Human activity, including fossil fuel combustion and industrial process-
ing, is the primary source of PAH contamination, although PAHs are also
generated by natural phenomena, such as forest fires.

Microbial degradation of PAHs has been studied, and biochemical
pathways and mechanisms of action for the lower-mol-wt PAHs have
been elucidated (1). The majority of this work has emphasized metabolism
in pure cultures of bacteria, and although this research has proven to be
extremely valuable, research must continue in order to determine the
capacity of microorganisms to degrade the more genotoxic higher-mol-wt
PAHs, and to improve predictions of the fate and impact of PAHs in the
environment. The objective of this article is to focus on the environmental
aspects of PAH degradation. Special emphasis is given to incorporating
points on research needs and gaps in our knowledge with the available
information on PAH biodegradation.

PAH DEGRADATION RATES

PAHs in the environment are problematic not only because they are a
human health risk, but also because they may alter native ecological com-
munities. The general consensus is the predominant mechanism for PAH
removal from soil and aqueous systems is biological (1,2), although phys-
icochemical removal mechanisms can substantially reduce the concentra-
tions of some lower-mol-wt PAHs (3). The current foci of PAH biodegra-
dation research include (1) such factors as sorption and desorption, which
may control natural biodegradation rates, and (2) enhancing degradation
through various techniques, such as adding allochthonous microorganisms
or high concentrations of laboratory-grown autochthonous organisms,
adding inorganic nutrients, adding surfactants, and utilizing engineered
systems to aid in mass transfer and to optimize growth conditions.

The rates at which PAHs are reportedly degraded vary widely and are
contingent on factors that include:

1. The test culture system, i.e., one species vs a mixed culture;

2. The monitoring method, i.e., removal of parent compound vs
production of CO,,

3. The chemical structure(s) of the PAH(s) that are monitored; and

4. The optimization, or lack of optimization, for temperature, nutri-
ents, water activity, and other laboratory-controlled parameters.
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Representative examples of half-lives of PAHs in various systems are
given in Table 1. It is well known that the lower-mol-wt PAHs are more
easily degraded than the higher-mol-wt PAHs (1,2); but the degradation
rates for any given PAH are highly dependent on the test system. For ex-
ample reported half-lives for pyrene vary from a low of 19.4 d to a high of
90 wk (Table 1). In many cases, however, half-lives alone may not provide
sufficient information to determine the potential effectiveness of bioreme-
diation of PAHs, because degradation rates are frequently not linear. Initial
degradation rates, after any lag phase, are usually faster than later rates.
Degradation rates will decrease with time if any nutrient, such as oxygen,
becomes severely limiting. If inorganic nutrients are not limiting, how-
ever, then it is likely that degradation rates will decrease as the most bio-
available PAH substrates are utilized, leaving the recalcitrant fraction
behind. It is crucial to recognize that PAH biodegradability may be a func-
tion of soil history. In many cases, experiments are conducted with soils
or sediments that are not from actual polluted sites; rather, PAH amend-
ments are mixed into the soil just prior to starting degradation experiments.
Unless a spill has recently occurred at the site targeted for bioremedia-
tion, such laboratory experiments will probably overestimate degradation
potential in the field.

The length of contact time between PAHs and the soil can have a sig-
nificant effect on availability of PAHs (9). Apparently, obtaining a true
equilibrium between PAHs and soil matrices can be a slow process. What is
not yet fully understood is the mechanism(s) that causes PAHs to become
more recalcitrant with time. It is known that sorption of PAHs onto soil
organic matter is a critical factor in determining bioavailability, and recently,
predictive biodegradation models have been developed to account for the
diffusion and sorption of organic molecules in complex matrices (10-12).
One theory that may be applicable in a limited number of situations sug-
gests that PAHs may be incorporated into soil humic material via enzy-
matic polymerization (13).

Since PAHs have limited water solubility and can be strongly sorbed
onto soil organic matter, PAH degradation rates will often be controlled
by mass transfer, dissolution rates, and solubility, and, in conjunction,
the reported growth rates of bacteria cultivated on PAHs as sole carbon
and energy sources are uniformly low (Table 2). One example of mass-
transfer limitation is provided by Volkering et al. (14). They found that
growth of a Pseudomonas sp. on naphthalene was a function of the size of
naphthalene crystals added to the medium, with substantially faster growth
rates as crystal size decreased. Similarly, Keuth and Rehm (19) showed
that the growth rate of Arthrobacter polychromogenes increased as the phen-
anthrene concentration increased (Table 2). This is again probably a result
of mass transfer. Alternatively, it is possible, although unlikely, that their
observed degradation rates were determined by the microbial half-satura-
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Table 2
Kinetic Rates for Growth of Bacteria on PAHs#

PAH Concentration Microorganism(s) Growth rate Reference

Naphthalene Not given Mixed culture 0.3 h-1 (14)

Fluorene 1000 ppm  Pseudomonas 0.043 h-1b (15)

vesicularis

Fluorene 100 ppm Arthrobacer sp. 0.023 h-1b (16)

Phenanthrene Not given Mixed culture 0.03 h-1 (14)

Phenanthrene 500 ppm Mycobacterium sp.  0.069 h-1 (17)

Phenanthrene Not given Flavobacterium sp.  0.19 h~1 (18)

Phenanthrene =~ Not given  Beijerinckia sp. 0.23 h~1! (18)

Phenanthrene 1000 ppm Pseudomonas 0.058 h-1? (15)
paucimobilis

Phenanthrene 75 ppm Arthrobacter 0.079 h-1 (19)
polychromogenes

Phenanthrene 150 ppm Arthrobacter 0.092 h-1 (19)
polychromogenes

Phenanthrene 450 ppm Arthrobacter 0.117 h-! (19)
polychromogenes

Fluoranthene 500 ppm Mycobacterium sp.  0.040 h-1 (17)

Fluoranthene 1000 ppm Alcaligenes 0.020 h-1b (15)
denitrificans

Pyrene 500 ppm Mycobacterium sp.  0.056 h-1 (17)

Pyrene 500 ppm Rhodococcus sp. 0.023 h-1v (20)

Anthracene Not given Mixed culture 0.0003 h-1 (14)

2 All rates were determined in mineral salts media with the PAH as sole carbon and
energy source, and all were incubated between 28 and 30°C.

bThese values were calculated as the specific (instantaneous) growth rate constants, g,
based on the given generation times and s = (In2)/(tgen).

tion constant. If the inherent maximum degradation rate of a microorga-
nism is much slower than the mass-transfer rate, then the inherent micro-
bial kinetics, and not the dissolution or mass-transfer rates, will control
degradation rates. This apparently was the case for another Pseudomonas
sp. (21). Additionally, in natural soil systems where cell density and activity
can be substantially lower than in laboratory-controlled cultures, solubili-
zation of PAHs may play a less important role. In fact, Stucki and Alexander
(18) reported that in the early phase of growth of a Pseudomonas culture,
the dissolution rate of biphenyl was not limiting, but appeared to be limit-
ing toward the end of the growth curve. More recently, Volkering et al.
(22) did a definitive study using mathematical models in conjunction with
experimental data to evaluate the interrelationships between microbial
kinetics and dissolution rates of naphthalene, and they clearly demon-
strated growth of a Pseudomonas sp. was not limited by mass transfer
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when the cell numbers were very low, i.e., at the beginning of the growth
curve. The growth of the culture quickly became mass-transfer-limited,
however, as the cell number increased. Nonetheless, it has not been deter-
mined whether or not solubilization in the aqueous phase is always essen-
tial for biodegradation of PAHs, since the potential exists for attached
organisms to degrade insoluble substrates (23). Provisional support for
the importance of solid-phase degradation is provided by Aronstein et al.
(24). They reported, in unpublished data, that some bacteria were capable
of using sorbed hydrocarbons that were not detectable in the aqueous
phase. Similarly, Wyndham and Costerton (25) also reported that bacteria
colonized the surfaces of bitumen and suggested that this was the first
stage in the degradation of this insoluble substrate. This area of research
has not yet been adequately addressed and warrants further attention.

Another factor that is related to solubility and contributes to observed
biodegradation rates is the inherent capacity of the microorganisms to
transform very low concentrations of PAHs. Lewis and Gattie (26) suggest
that for substrate levels substantially below the levels needed for cellular
maintenance, degradation rates are likely to be very low, but also highly
dependent on the species of microorganisms present. Few data are cur-
rently available in this area, although preliminary results in our laboratory
suggest that mineralization of ppb concentrations of phenanthrene may
be rapid. However, at polluted sites, multiple carbon sources are available,
so even if one carbon source is below the concentration needed for main-
tenance level, the sum of carbon available probably will be above main-
tenance level. Furthermore, in low concentration, mixed-substrate situa-
tions, substrates are frequently used simultaneously (27). The extent to
which mixed-substrate utilization may enable bacteria to remove very low
concentrations of PAHs is not known, because most studies of bioremedi-
ation employ mixed cultures of organisms, and work is focused on utili-
zation of either a single PAH or a mixture of PAHs. Comparative studies
of the effects of multiple carbon sources vs one carbon source are rare;
however, Bauer and Capone (28) did show that the degradation rate for
anthracene in the presence of naphthalene in mixed-culture sediment
slurries was the same as the rate for anthracene degradation in the absence
of naphthalene. In contrast, Molina et al. (29) reported that pyrene miner-
alization could be inhibited by addition of other PAHs, although this inhi-
bition could have been related to toxicity as well as substrate utilization
patterns. In addition, pyrene metabolism by a Mycobacterium sp., which
was inoculated into a microcosm containing other bacteria, was inhibited
by the addition of 0.01% glucose plus 0.01% peptone, even though the
Mycobacterium sp. can only cometabolize pyrene (30). Clearly, this is an
area of research that could be explored further.

Various types of nutrients in addition to exogenous carbon sources
have also been used in attempts to enhance microbial degradation of

Applied Biochemistry and Biotechnology Vol. 54, 1995
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PAHs. As would be expected, the results of these studies are diverse
(30,31), since, for example, addition of phosphorus would be expected to
enhance PAH degradation in a phosphorus-limited system, but not in a
nitrogenor oxygen-limited system. Several studies on the addition of
exogenous organisms to enhance PAH degradation have also been con-
ducted. Mueller et al. (32) have had considerable success in removing a
complex mixture of PAHs in a pilot-scale bioreactor that was repeatedly
inoculated with specific microorganisms. Grosser et al. (33) were able to
enhance pyrene degradation in a soil by reintroducing very high concen-
trations (2 x 10° CFU/g) of a native pyrene degrader, although concentra-
tions as high as 108 CFU/g soil were ineffective in enhancing pyrene
removal in this soil, which already had a very active indigenous degrader
population.

BIOAVAILABILITY OF PAHs

Because bioavailability of PAHs is critical for effective bioremediation,
a great deal of research has been devoted to increasing the availability of
PAHs, particularly high-mol-wt PAHs that have a corresponding low
water solubility. The most often used technique to enhance bioavailability
has been addition of surfactants, but at this time, generalizations are not
warranted. Laha and Luthy (34) found that mineralization of phenanth-
rene in a mixed-culture system was inhibited by nonionic surfactant con-
centrations greater than the critical micelle concentration (cmc), and was
neither inhibited nor enhanced by concentrations below the ¢mc. Con-
centrations above the cmc did not, however, alter the degradation rates of
glucose in their systems, so the inhibition was apparently not related to
surfactant toxicity. Subsequent tests with more surfactants yielded similar
results (35). In contrast, Aronstein et al. (24) reported that low concentra-
tions of the nonionic surfactants, Alfonic 810-60 and Novel Il 1412-56, did
enhance mineralization of phenanthrene. Guerin and Jones (36) similarly
claimed that phenanthrene degradation with Mycobacterium sp. was en-
hanced by the presence of various Tweens, but control values (i.e., no
Tween) were not provided and therefore it is not clear whether or not the
Tweens truly had a significant effect in their system.

Another method for enhancing biocavailability and thereby biodegra-
dation rates involves the use of specially designed reactors, e.g., Liu et al.
(7) used a cyclone fermentor to maintain high concentrations of PAHs in
their system without resorting to addition of organic carrier solvents.
Even benzo[a]pyrene has been efficiently degraded biologically in contin-
uous stirred-tank reactors (37); unfortunately, the authors were only able
to monitor parent compound removal, and therefore, the nature and
quantity of metabolites are not known.

Applied Biochemistry and Biotechnology Vol. 54, 1995
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TOXICITY STUDIES

Increasingly, more researchers are incorporating toxicity assays into
their biodegradation studies. This is an extremely valuable contribution,
because the need for bioremediation is based on a need to decrease con-
centrations of toxic compounds at a site. Furthermore, bioavailability is a
controlling factor not only in biodegradation, but also in toxicity. If PAHs
are so tightly bound that they are not available for bioremediation, then
the potential toxic impact of the PAHs may be minimized. This idea is
supported by the work of Weissenfels et al. (38), who found that 62% of
PAHs in a contaminated soil from a wood impregnation plant were re-
moved, whereas there was no significant removal of PAHs from soil con-
taminated by a tar oil refinery. Nonetheless, in the Microtox assay, the tar
oil soil was significantly less toxic than the wood impregnation plant soil.
Although the wood impregnation plant soil had 1.8 times the PAH con-
tent of the tar oil soil (1815 and 1027 ppm, respectively), the former soil
was at least 40 times more toxic than the later. Further experiments showed
that this correlation was most likely attributable to stronger sorption of
PAHs on the tar oil soil than on the impregnation plant soil. A comparable
study by Erickson et al. (39) showed that PAH-contaminated (200-400
ppm) soils from a manufactured gas plant site were neither amenable to
bioremediation nor toxic based on the Microtox test. Regardless of the
recalcitrance of the PAHs at the site, the authors did find that exogenously
added PAHs readily disappeared from that soil. However, the absence of
abiotic controls meant that loss of exogenous PAHs may have been abiotic
as well as biotic.

Toxicity studies are essential not only because intimate association of
PAHs with the soil matrix may render the PAHs unavailable, but also
because metabolites have the potential to be more toxic than the parent
compound. In a set of carefully conducted studies, Mueller and his col-
leagues (32,40) have been using toxicity and teratogenicity assays to mon-
itor the effectiveness of their bioremediation operations. They used a two-
stage sequential bioreactor to remove PAHs from contaminated ground
water; the effluent from reactor 1 was the feed into reactor two, which
was necessary in order to achieve suitable removal efficiencies of the high-
mol-wt PAHs. The final effluent (from reactor 2) was much less toxic than
the feed as determined by the Microtox ECsp assay, two LCs assays, and a
teratogenicity assay. The final effluent was also less toxic than the effluent
from the first stage reactor based on the mysid LCsp assays and the terato-
genicity study, however, results from the Microtox assays and the Cerio-
daphnia LCs assay showed that the final effluent was slightly more toxic
than the effluent from the first stage reactor. Thus, it is prudent to conduct
several types of toxicity assays to determine if bioremediation has indeed
achieved the desired goals, since different toxicity assays can yield dif-
ferent results. Ideally, the toxicity assay should reflect the potential for
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PAHs to alter the actual ecosystem or community structure that would be
expected to survive at the site, although virtually any measure of toxicity
is better than solely monitoring disappearance of PAHs. However, even if
toxicity is reduced, as determined by tests on aqueous extracts of the sam-
ple, any remaining PAHs could still enter other compartments of the eco-
system directly via ingestion of soil/sediment particles by the macrofauna
or by uptake into plants. Apparently, there has not been much research
in the area of direct uptake into biota, although investigations on the
potential transfer of PAHs in this manner should be completed to determine
whether or not previously contaminated sites are truly decontaminated.

CONCLUSIONS

Monitoring the effectiveness of bioremediation of PAH-contaminated
sites can be problematic, because PAHs can be mineralized, transformed
into more or less toxic daughter compounds that are not substantially dif-
ferent from the parent compound, volatilized, sorbed, or leached out
from the system. Monitoring “CO, production provides the best evidence
for mineralization; however, it is unlikely that radiolabeled compounds
will be in true equilibrium with PAHs in aged soils, and in most cases only
a fraction of a compound is converted to CO, with the remainder, an
unknown percentage, becoming incorporated into biomass. In many cases,
radiolabeled PAHs are labeled only at one specific position and are, unfor-
tunately, not commercially available as uniformly labeled compounds.
This has the potential to skew the results of mineralization studies, since
some carbon atoms in a given compound will be more or less likely to be
converted to CO, than will other carbon atoms from the same molecule.
Provided that high recoveries can be obtained, this problem can be over-
come to a large extent by completing an accurate and detailed mass balance
for the total radiolabel added. Monitoring disappearance of parent com-
pound also does not give a completely accurate representation of biodegra-
dation, since disappearance of parent material may be the result of a minor
transformation, e.g., a hydroxylation, or abiotic changes. Additionally, many
PAH bioremediation studies have been completed without any abiotic
controls or without sufficient replication to allow for statistical analysis
between control and experimental sites, making it more difficult to assess
true biodegradation potential. Even under the best of circumstances,
actually proving biodegradation in field situations can be difficult, and a
comprehensive review on the subject is available (41). However, despite
some inherent inaccuracies in monitoring bioremediation of PAHs, overall
patterns of removal and reduction in toxicity have demonstrated that bio-
remediation can be a feasible treatment method for some sites. The most
successful and reproducible methods appear to be managed systems,
such as bioreactors.

Applied Biochemistry and Biotechnology Vol. 54, 1995
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