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Comparative study of PAH removal efficiency
under absence of molecular oxygen: effect of
electron acceptor and hydrodynamic conditions

Alberto Uribe-Jongbloed and Paul L. Bishop

Abstract: A series of experiments were made in order to compare the removal efficiency of a mixture of four PAHs
(naphthalene, phenanthrene, pyrene, and benzo[a]pyrene), under different electron acceptor (NO3

−, SO4
−2) and hydrody-

namic conditions (stagnation and high shear). In all cases naphthalene showed the highest removal efficiency (from 69%
up to 100%) as compared with the other PAHs. The fastest rate was obtained for the denitrifying-high shear condition
followed by denitrification-no shear, sulfate-reduction-high shear and the lowest for sulfate reduction-no shear. However,
most of the perceived removal of the heavier PAHs could be due to aging. No lag time was observed for the denitrifying
experiments, and the denitrification rate was the same regardless of the hydrodynamic condition. A lag time of 64 d
was observed under conditions of sulfate reduction and high shear. Sulfate reduction did not commence under no shear
conditions. No toxic effect was observed for the four PAH mixture under all the conditions tested.
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Résumé : Des essais ont été effectués pour comparer l’efficacité d’élimination d’un mélange de quatre HAP (naphtalène,
phénanthrène, pyrène et benzo[a]pyrène) sous différentes conditions d’accepteur d’électrons (NO3

−, SO4
−2) et hydrodyna-

miques (stagnation et fort cisaillement). Dans tous les cas, le naphtalène montrait la meilleure efficacité d’élimination (de
69 % à 100 %) par rapport aux autres HAP. Le taux le plus rapide a été obtenu pour la condition de dénitrification à fort
cisaillement, suivie par la dénitrification sans cisaillement, la sulfatoréduction à fort cisaillement et, le plus lent, pour la
sulfatoréduction sans cisaillement. Cependant, la plus grande part de l’élimination détectée des HAP les plus lourds pour-
rait être causée par le vieillissement. Aucun temps mort n’a été observé lors des expériences de dénitrification et le taux
de dénitrification était le même, peu importe la condition hydrodynamique. Un temps mort de 64 jours a été remarqué en
conditions de sulfatoréduction avec fort cisaillement. La sulfatoréduction doit présenter des conditions de cisaillement pour
être effective. Aucun effet toxique n’a été observé pour le mélange des quatre HAP sous toutes les conditions d’essais.

Mots-clés : systèmes anaérobies, biodégradation, dénitrification, conditions hydrodynamiques, HAP, sulfatoréduction.

[Traduit par la Rédaction]

Introduction

Polycyclic aromatic hydrocarbons (PAH) are byproducts of
incomplete combustion, petroleum distillation, and coal gasi-
fication (Bishop 2000; LaGrega 2001; Watts 1998). They have
been found underground (Hatzinger and Alexander 1995;
Kilbane-II 1998), in river sediments (Chang et al. 2001; Johnson
and Ghosh 1998; Quantin et al. 2005), and in marine sediments
(Coates et al. 1997; Galushko et al. 1999; Hayes et al. 1999;
MacRae and Hall 1998; Rockne et al. 1998), and their impor-
tance as hazardous materials has been made evident by their
toxicity (Bispo et al. 1999; Randerath et al. 1999; White 2002).
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Anaerobic or anoxic biodegradation has been shown to be
a viable, inexpensive alternative remediation procedure. Sev-
eral studies made under anoxic conditions have shown signifi-
cant PAH removals, mostly for naphthalene and sometimes for
phenanthrene (Chang et al. 2001; Eriksson et al. 2003; Mc-
Nally et al. 1999; Mihelcic and Luthy 1988; Quantin et al.
2005; Rockne et al. 2000; Schmitt et al. 1996). Others have
tried sulfate reducing conditions and found them to be capable
of removing even heavier PAHs (Bedessem et al. 1997; Coates
et al. 1996; Meckenstock et al. 2000; Rothermich et al. 2002;
Zhang et al. 2000). However, there are also studies that have not
reported such positive results, most of them arguing that lack
of bioavailability is the main problem for anaerobic or anoxic
biodegradation (Grosser et al. 2000; Lei et al. 2005; Tabak et
al. 2003). It has also been shown that PAHs can be strongly
adsorbed onto solid organic matter, and, as time goes by, their
extraction becomes harder. This phenomenon is known as ag-
ing (Hatzinger and Alexander 1995). The aim of this study was
to compare the removal efficiency of a mixture of four dif-
ferent PAHs under two different electron acceptor conditions,
subjected to two different hydrodynamic conditions. The PAHs
were the only source of organic carbon present, other than the
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Table 1. Initial amounts of PAH coated on the crushed pumice.

Component Initial amount Denitrifying
series (mg/kg dry pumice)

Initial amount Sulfate-Red.
series (mg/kg dry pumice)

Initial amount CBRs (NO3
− &

SO4
−2) (mg/kg dry pumice)

Naphthalene 484 490 417
Phenanthrene 450 450 405
Pyrene 480 500 350
Benzo[a]pyrene 350 350 327

Table 2. Composition of anaerobic medium.

Component Initial concentration mg/L Component Concentration mg/L

MgCla6H2O 1000 NaHCO3 4200
CaCl

a
2H2O 143 NaCl 1000

KCl 1200 NaNO3 2740
a

KH2PO4 205 Na2S
a

9H2O 340b

Na2SO4 2840 Rezasurin ∼1
NH4Cl 270 Trace nutrients (See Table 3) 1 mL/L

aSulfate reducing medium did not contain nitrates
bReducing agent

Table 3. Composition of trace nutrients in the stock solution.

Component Initial conc. mg/L Component Initial conc. mg/L

C6H9NO6 3500 CuCl2·6H2O 130
H3BO3 62 ZnCl2 68
MnCl2·4H2O 98 Na2MoO4·2H2O 24
FeCl2·4H2O 1500 Beef Extract 1000
CoCl2·6H2O 120 NiCl2·6H2O 240

biomass itself, and there was no previous exposure to the PAHs
of either the biomass or the solid phase in order to evaluate the
aging process.

Materials and methods

Zero shear experiments (serum bottles)
For the stagnant hydrodynamic condition, two series of 32

serum bottles were prepared (120 mL, amber borosilicate glass,
Supelco Co.). Each series consisted of: sample (8 bottles), repli-
cate (8 bottles), dead control (8 bottles), and non-seeded con-
trol (8 bottles). The four PAHs (naphthalene, phenanthrene,
pyrene, and benzo[a]pyrene) were all reagent grade and sup-
plied by Supelco (a division of Sigma-Aldrich Co, St Louis,
MO, USA). Crushed pumice stone with a diameter of 0.14 mm
(Hess Pumice Inc., Malad City, ID, USA) was used as the solid
phase. The seed came from an anaerobic digester with an av-
erage sludge age of 20 d, TVSS = 15 g/L, TKN = 1 g/L, and
dissolved COD (CODd) = 2 g/L. The PAHs were coated onto
the surface of the pumice stone by pouring a dichloromethane
(DCM) solution of the PAHs over it and letting the solvent evap-
orate. Table 1 shows the proportions of each PAH for all the
experiments. The anaerobic medium used in the experiments
has been described previously (Zhang and Young 1997) and its
composition is shown in Table 2. For all bottles, approximately

20 g of coated pumice and 60 mL of the anaerobic medium
were added. For the sample and replicate group, 10 mL of the
seed sludge was added. For the dead control, 10 mL of auto-
claved sludge was added. No sludge addition was made for the
no-seed control. All bottles were capped and maintained inside
an anaerobic chamber under N2 atmosphere at 36 ◦C.

In every sampling event, four bottles were taken from the
chamber (1 sample, 1 replicate, 1 dead control, and 1 no-seed
control). Aliquots of the liquid phase were taken from each bot-
tle, filtered through a 0.45 µm filter and used for the determi-
nation of dissolved COD, electron acceptor, and PAH concen-
trations. After the removal of the excess liquid, aliquots of the
solid phase were taken from each bottle and used to determine
water content (of the wet solid) and COD. The remaining solid
was left inside the bottle and was extracted for PAH analysis.

High shear experiments (closed batch ractors, CBR)
For the experiments using continuous mixing conditions,

three 8 L reactor vessels were established; one to work un-
der denitrifying conditions, one under sulfidogenesis, and one
as a control (no seed). The reactors were designed to work in
parallel as shown in Fig. 1. Each reactor was comprised of 1 kg
of coated pumice (see Table 1), 7 L of anaerobic media (see
Table 2) and, for the case of CBR NO3

− and CBR SO4
−2, 1 L

of seed sludge with the same characteristics as that used for the
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Fig. 1. Schematic of the CBR set up.

Fig. 2. Recovered PAH concentrations for the serum bottles experiment. (a) Denitrifying condition, (b) Sulfate reducing condition. All
PAH amounts are referred to dry weight of the pumice, expressed in mg/kg, and normalized against initial amount. The data points
indicate the average of two measurements (sample and replicate), and the bars indicate the range between them.

zero shear experiment. The control reactor was not seeded. The
mixing was provided by a pair of plastic paddles attached to
a stainless steel shaft that was driven magnetically by a com-

pressed air rotor.All three reactors were sealed and kept at 36 ◦C
inside a temperature-controlled chamber. A fourth reactor was
set as an anaerobic digester that provided enough biogas to keep
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Fig. 3. Concentration of naphthalene in aqueous phase for the serum bottles experiment. (a) Denitrifying condition. (b) Sulfate reducing
condition. The data points indicate the average of two measurements (sample and replicate), and the bars indicate the range between
them.

the other reactors under anaerobic conditions; the biogas was
transported to the CBRs by plastic tubing. Each CBR was con-
nected to a tip meter that served both for gas measurement and
as a hydraulic seal.

For every sampling event, approximately 10 mL of the sus-
pension were drawn from each reactor. The samples were trans-
ferred to a previously weighted 10 mL glass vial and cen-
trifuged, and aliquots from the liquid were taken, filtered through
a 0.45 µm filter and used for the determination of dissolved
COD, electron acceptor concentration, and PAH in solution.
From the remaining wet solid, an aliquot was taken for deter-
mination of solid phase COD, and the weight of the residual
solid and vial was then recorded. This residual (approx. 1 g)

solid was extracted to determine PAH removal. After extrac-
tion, the solids were dried and their weight recorded in order to
determine water content.

Analytical methods
Liquid phase
Dissolved COD

Two millilitres of filtered sample were added to a 10 mL di-
gestion vial containing 4 mL of COD digestion solution. The
COD was determined spectrophotometrically using the HACH
HR Closed Reflux Method, which is equivalent to method
No. 5220D of the Standard Methods for the Examination of
Water and Wastewater (AWWA et al. 1995)
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Fig. 4. Evolution of the electron acceptors for the serum bottles experiment. (a) Denitrifying conditon. (b) Sulfate reducing condition.
The data points indicate the average of two measurements (sample and replicate), and the bars indicate the range between them.

Electron acceptor concentration
All samples taken to determine electron acceptor concen-

tration were filtered and diluted 50 times. One millilitre of the
diluted sample was drawn from the dilution flask and its concen-
tration determined by ion chromatography (Dionex DX-120)
following method No. 4110 of the Standard Methods for the
Examination of Water and Wastewater (AWWA et al. 1995)

PAH concentrations
Two millilitres aliquots of the filtered samples were taken

to determine the aqueous concentrations of PAH by means of
a liquid–liquid extraction, with hexane as the extraction sol-
vent in a 2:1 solvent to water ratio. Before the addition of sol-
vent, a known amount of 2-fluorobiphenyl was added as surro-
gate. The samples were tumbled for 36 h and an aliquot of the
solvent phase was taken for analysis by gas chromatography
with a flame ionization detector (GC-FID; GC Agilent 6890,
Supelco column DB5 L = 30 m, To = 50 ◦C, 10 ◦C/min,
Tf = 300 ◦C, hold 4 min.). The recovery of the surrogate after

extraction was always within the acceptable range (70–120 %).
o-dichlorobenzene was utilized for all cases as the internal stan-
dard; the GC was calibrated using a series of solutions for all
four PAHs simultaneously. The response factors were all within
the acceptable range.

Solid phase
Solid COD

The solid COD was determined in a similar way as the dis-
solved COD. A small amount of solid was weighted and in-
troduced into the digestion vial. Two millilitres of deionized
water were added (to complete the required volume) and mixed
thoroughly. After that, the same procedure as for the dissolved
COD was followed.

PAH amount

After weighing the wet sample, a known amount of
2-fluorobiphenyl surrogate was added to the wet solid. Two
millilitres of acetone were then added and mixed thoroughly
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Fig. 5. Recovered PAH concentrations for the CBR experiment. (a) Denitrifying condition. (b) Sulfate reducing condition.

Fig. 6. Evolution of dissolved naphthalene. CBR experiment.
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Fig. 7. Electron acceptor utilization observed for the CBR experiment. Concentrations normalized against initial condition.

Fig. 8. Picture showing the accumulation of PAHs on the glass wall of CBRs.

in order to trap the water, and 4 mL of hexane were added as
the extraction solvent; the solvent to solid ratio was close to
4:1. The samples were tumbled for 36 h and an aliquot of the
hexane was taken for PAH determination using GC-FID in the
same way as for the liquid phase.

Results and discussion

Figures 2a and 2b show the recovery of the four PAHs ob-
tained with stagnant conditions under denitrifying and sulfate
reducing conditions, respectively. It can be seen that naphtha-
lene is the only PAH to show a different behavior as compared to
the others. Naphthalene had a removal efficiency of 82% under
denitrifying conditions. It showed an efficiency of 69% removal
in the sulfate reducing experiment, but sulfate reduction did not
start during the length of the experiment. The tendency to re-
cover lesser amounts of PAH as time goes by (all other PAH
were removed from 55 to 60%) can be explained by a strong

adsorption onto the organic matter present, also known as aging
(Hatzinger and Alexander 1995; Quantin et al. 2005).

The difference in the recovery for naphthalene can be ex-
plained by the fact that it is the only PAH of the group with a
significant water solubility (∼30 mg/L) and the highest Henry’s
constant (4.5 atm L mol−1), implying a significantly higher
mass transfer potential between solid to liquid phase and from
the liquid phase into the headspace of the bottle until equilib-
rium is reached. However, under denitrifying conditions, this
phenomenon not only happened faster, but also to a larger ex-
tent. Comparing the concentrations of naphthalene in solution
for both cases, it can be observed that under denitrification the
dissolved naphthalene concentration is always less than that
measured for the sulfate reducing experiment (Figs. 3a and
3b). Utilization of naphthalene as a source of carbon by the
denitrifiers seems like a plausible explanation.

Figures 4a and 4b show the amount of electron acceptor uti-
lization for denitrification and sulfate reduction experiments,

© 2007 NRC Canada



374 J. Environ. Eng. Sci. Vol. 6, 2007

Fig. 9. Evolution of the dissolved and solid COD for the CBR experiment. (a) Denitrifying condition. (b) Sulfate reduction condition.

respectively. In the case of denitrification, it can be observed
that around one fourth of the nitrate consumed was converted
into nitrite. An increase in sulfate concentration would have in-
dicated the presence of sulfur utilizing denitrifiers (Flere and
Zhang 1999; Koenig and Liu 2001; Lampe and Zhang 1996),
however, no increase in the concentration of sulfate can be ob-
served; therefore, sulfide dependent autotrophic denitrification
can be ruled out as the main nitrate consumption process. Hy-
drogenotrophic denitrification might also be occurring (Chang
et al. 1999), but cannot explain all the nitrate consumption.

Figures 5a and 5b show the normalized recovered concen-
tration of the four PAHs from the CBR experiments under den-
itrifying and sulfate reducing conditions, respectively. In this
experiment, as with the serum bottles, naphthalene shows a sig-
nificantly different behavior as compared with the other PAHs;
moreover, under denitrifying conditions, naphthalene is shown
to be removed completely after 85 d, whereas under sulfate

reducing conditions naphthalene is still present (removal effi-
ciency = 91%) and removal is slowly decreasing, with the data
closely correlated with a first order decay (r2 = 0.85) and a
rate constant value k = 9.8 × 10−3 d−1 with respect to the
solids concentration. In a similar way as for the serum bottles
case, (see Fig. 6), naphthalene was the only PAH found in so-
lution, although, for this case, the initial concentrations were
very similar between the two conditions. Under denitrification,
naphthalene could no longer be detected after 70 d, whereas
under sulfate reducing conditions the concentrations remained
more or less stable until day 64 where sulfidogenesis began (see
Fig. 7). From that point on, naphthalene showed a steady reduc-
tion in concentration (k = 1.06 × 10−2 d−1, r2 = 0.80, with
respect to liquid concentration). A point worth noting is that the
denitrification rate is identical regardless of the hydrodynamic
condition, corroborating the idea of endogenous decay under
denitrification. It is interesting to point out that, under denitri-
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fication, phenanthrene shows a slight tendency for removal as
compared with the heavier compounds, k = 4.3 × 10−3 d−1,
with respect to solids concentration, whereas the other com-
pounds show no discernable tendency at all.

It is also important to note that the recovered concentrations
for the PAHs are below 50% of the initial amount. A plausible
explanation can be drawn from the fact that the PAHs were only
coated on the surface of the pumice; in the CBRs, the solids were
subjected to high shear, thus producing a lot of abrasion between
the particles. This abrasion could have easily knocked the PAH
crystals off the surface, and given their high hydrophobicity,
they could have gone into suspension and accumulated on the
glass surface of the reactor within the small headspace, making
a sort of cake just above the liquid surface (See Fig. 8).

Figures 9a and 9b show the evolution of the COD, both
dissolved and solid phase, under denitrification and sulfate re-
duction, respectively. A distinctive fermentation phase was ob-
served for the sulfate reducing reactor. The increase, and later
consumption, of the dissolved COD correlates very well with
the electron acceptor utilization.

Conclusions

As a general conclusion, it can be said that most of the re-
moval of the PAHs was probably caused by adsorption onto the
organic matter (biomass) and subsequent aging, and that only
naphthalene showed a significant difference as compared with
the other three (85% and 69% removal efficiency for denitrifi-
cation and sulfate reduction, respectively, under no shear; and
100% and 91% for denitrification and sulfate reduction, respec-
tively, under high shear, as compared with 55 to 60% removed
for all the others under all conditions). Biological activity could
be responsible for the difference, especially in the CBRs.

The mixture of PAHs did not show any toxic effect on the
biomass, either for denitrifiers or sulfate reducers. However the
PAHs were not used as their main carbon source either.

The hydrodynamic condition had a significant impact on the
development of the systems, and its effects were much more
pronounced in the case of sulfate reduction. The hydrodynamic
condition was shown to be significant in terms of PAH recovery
also, given the effect of abrasion between the pumice particles
and the fate of the PAH within the CBR reactor vessels.

Acknowledgements

This research was supported by a grant from the National
Institute of Environmental Health Sciences (NIEHS), under
the Superfund Basic Research Program (SBRP) (Grant num-
ber P42ES04908–14/Project 5).

References

AWWA, APHA, and WEF. 1995. Standard methods for the exami-
nation of water and wastewater. 19th ed. American Public Health
Association, Washington D.C.

Bedessem, M.E., Swoboda-Colberg, N.G., and Colberg, P.J.S. 1997.
Naphthalene mineralization coupled to sulfate reduction in aquifer-
derived enrichments. FEMS Microbiol. Lett. 152: 213–218.

Bishop, P.L. 2000. Pollution prevention: fundamentals and practice.
McGraw-Hill, New York, N.Y.

Bispo,A., Jourdain, M.J., and Jauzein, M. 1999. Toxicity and genotoxi-
city of industrial soils polluted by polycyclic aromatic hydrocarbons
(PAHs). Org. Geochem. 30: 947–952.

Chang, C.C., Tseng, S.K., and Huang, H.K. 1999. Hydrogenotrophic
denitrification with immobilizedAlcaligenes eutrophus for drinking
water treatment. Bioresour. Technol. 69(1): 53–58.

Chang, B.V., Chang, J.S., andYuan, S.Y. 2001. Degradation of phenan-
threne in river sediment under nitrate-reducing conditions. Bull.
Environ. Contam. Toxicol. 67: 898–905.

Coates, J.D., Anderson, R.T., and Lovley, D.R. 1996. Oxidation of
polycyclic aromatic hydrocarbons under sulfate-reducing condi-
tions. Appl. Environ. Microbiol. 62(3): 1099–1101.

Coates, J.D., Woodward, J., Allen, J., Philp, P., and Lovley, D.R. 1997.
Anaerobic degradation of polycyclic aromatic hydrocarbons and
alkanes in petroleum-contaminated marine harbor sediments. Appl.
Environ. Microbiol. 63(9): 3589–3593.

Eriksson, M., Sodersten, E., Yu, Z., Dalhammar, G., and Mohn, W.W.
2003. Degradation of polycyclic aromatic hydrocarbons at low tem-
perature under aerobic and nitrate-reducing conditions in enrich-
ment cultures from northern soils. Appl. Environ. Microbiol. 69(1):
275–284.

Flere, J.M., and Zhang, T.C. 1999. Nitrate removal with sulfur-
limestone autotrophic denitrification processes. J. Environ. Eng.
125(8): 721–729.

Galushko, A., Minz, D., Schink, B., and Widdel, F. 1999. Anaero-
bic degradation of naphthalene by a pure culture of a novel type
of marine sulphate-reducing bacterium. Environ. Microbiol. 1(5):
415–420.

Grosser, R.J., Friederich, M., Ward, D.M., and Inskeep, W.P. 2000.
Effect of model sorptive phases on phenanthrene biodegradation:
different enrichment conditions influence bioavailability and selec-
tion of phenanthrene-degrading isolates. Appl. Environ. Microbiol.
66(7): 2695–2702.

Hatzinger, P.B., and Alexander, M. 1995. Effect of aging of chemicals
in soil on their biodegradability and extractability. Environ. Sci.
Technol. 29(2): 537–545.

Hayes, L.A., Nevin, K.P., and Lovley, D.R. 1999. Role of prior expo-
sure on anaerobic degradation of naphthalene and phenanthrene in
marine harbor sediments. Org. Geochem. 30: 937–945.

Johnson, K., and Ghosh, S. 1998. Feasibility of anaerobic biodegrada-
tion of PAHs in dredged river sediments. Water Sci. Technol. 38(7):
41–48.

Kilbane, J.J., II. 1998. Extractability and subsequent biodegradation of
PAHs from contaminated soil. Water Air Soil Pollut. 104: 285–304.

Koenig, A., and Liu, L.H. 2001. Kinetic model of autotrophic denitrifi-
cation in sulphur packed-bed reactors. Water Res. 35(8) 1969–1978.

LaGrega, M.D. 2001. Hazardous waste management. McGraw-Hill,
Boston, Mass.

Lampe, D.G., and Zhang, T.C. 1996. Evaluation of sulfur-based au-
totrophic denitrification. HSRC/WERC Joint Conference on the En-
vironment, Albuquerque, N.M., 21–23 May 1996.

Lei, L., Khodadoust, A.P., Suidan, M.T., and Tabak, H.H. 2005.
Biodegradation of sediment-bound PAHs in field contaminated sed-
iment. Water Res. 39(2–3): 349–361.

© 2007 NRC Canada



376 J. Environ. Eng. Sci. Vol. 6, 2007

MacRae, J.D., and Hall, K.J. 1998. Biodegradation of polycyclic aro-
matic hydrocarbons (PAH) in marine sediment under denitrifying
conditions. Water Sci. Technol. 38(11): 177–185.

McNally, D.L., Mihelcic, J.R., and Lueking, D.R. 1999. Biodegrada-
tion of mixtures of polycyclic aromatic hydrocarbons under aerobic
and nitrate-reducing conditions. Chemosphere, 38(6): 1313–1321.

Meckenstock, R.U., Annweiler, E., Michaelis, W., Richnow, H.H., and
Schink, B. 2000. Anaerobic naphthalene degradation by sulfate-
reducing enrichment culture. Appl. Environ. Microbiol. 66(7):
2743–2747.

Mihelcic, J.R., and Luthy, R.G. 1988. Microbial degradation of ace-
naphthene and naphthalene under denitrification conditions in soil-
water systems. Appl. Environ. Microbiol. 54(5): 1188–1198.

Quantin, C., Joner, E.J., Portal, J.M., and Berthelin, J. 2005. PAH
dissipation in a contaminated river sediment under oxic and anoxic
conditions. Environ. Poll. 134(2): 315–322.

Randerath, K., Randerath, E., Zhou, G.D., Supunpong, N., He, L.Y.,
McDonald, T.J., and Donnelly, K.C. 1999. Genotoxicity of com-
plex PAH mixtures recovered from contaminated lake sediments as
assessed by three different methods. Environ. Mol. Mutagen. 33:
303–312.

Rockne, K.J., Stensel, H.D., Herwig, R.P., and Strand, S.E. 1998. PAH
degradation and bioaugmentation by a marine mathanotrophic en-
richment. Bioremediation J. 3: 209–222.

Rockne, K.J., Chee-Sanford, J.C., Sanford, R.A., Hedlund, B.P., Sta-
ley, J.T., and Strand, S.E. 2000. Anaerobic naphthalene degradation
by microbial pure cultures under nitrate-reducing conditions. Appl.
Environ. Microbiol. 66(4): 1595–1601.

Rothermich, M.M., Hayes, L.A., and Lovley, D.R. 2002. Anaerobic,
sulfate-dependent degradation of polycyclic aromatic hydrocarbons
in petroleum contaminated harbor sediment. Environ. Sci. Technol.
36(22): 4811–4817.

Schmitt, R., Langguth, H.R., Püttmann, W., Rohns, H.P., Eckert, P.,
and Schubert, J. 1996. Biodegradation of aromatic hydrocarbons
under anoxic conditions in a shallow sand and gravel aquifer of the
lower Rhine Valley, Germany. Org. Geochem. 25(1/2): 41–50.

Tabak, H.H., Lazorchak, J.M., Lei, L., Khodadoust, A.P., Antia,
J.E., Bagchi, R., and Suidan, M.T. 2003. Studies on bioremedia-
tion of polycyclic aromatic hydrocarbon-contaminated sediments:
bioavailability, biodegradability, and toxicity issues. Environ. Tox-
icol. Chem. 22(3): 473–482.

Watts, R.J. 1998. Hazardous wastes: sources, pathways, receptors. Wi-
ley, New York, N.Y., USA.

White, P.A. 2002. The genotoxicity of priority polycyclic aromatic
hydrocarbons in complex mixtures. Generic Toxicol. Environ. Mu-
tagen. 515: 85–98.

Zhang, X., and Young, L.Y. 1997. Carboxylation as an initial reac-
tion in the anaerobic metabolism of naphthalene and phenanthrene
by sulidogenic consortia. Appl. Environ. Microbiol. 63(12): 4759–
4764.

Zhang, X., Sullivan, E.R., and Young, L.Y. 2000. Evidence for aro-
matic ring reduction in the biodegradation pathway of carboxylated
naphthalene by a sulfate reducing consortium. Biodegradation, 11:
117–124.

© 2007 NRC Canada


