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a b s t r a c t

Mixed bacteria were enriched from soil samples contaminated with polycyclic aromatic hydrocarbons
(PAHs). The anaerobic degradation characteristics by the enriched bacteria with different initial naph-
thalene concentrations were investigated under nitrate reducing conditions. The results showed that the
mixed bacteria could degrade nearly all the naphthalene over the incubations of 25 days when the ini-
vailable online 9 October 2008

eywords:
olycyclic aromatic hydrocarbons (PAHs)
aphthalene
itrate reduction

tial naphthalene concentration was below 30 mg/L. The degradation rates of naphthalene increased with
increasing initial concentrations. A high naphthalene concentration of 30 mg/L did not inhibit neither on
the bacterial growth nor on the naphthalene degradation ability. The accumulation of nitrite was occurred
during the reduction of nitrate, and a nitrite concentration of 50 mg/L had no inhibition effect on the degra-
dation of naphthalene. The calculation of electron balances revealed that most of the naphthalene was
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. Introduction

Polycyclic aromatic hydrocarbons (PAHs) originating from coal
nd petroleum are organic compounds containing two or more
romatic rings, which are known to have toxic, mutagenic and car-
inogenic properties [1]. The US Environmental Protection Agency
USEPA) has listed 16 typical PAHs as priority pollutants [2]. Many
ndustrial areas have been highly contaminated by PAHs due to acci-
ental leakage of jet fuel and spillage during the transportation, and
AHs have become widespread environmental pollutants [3]. The
ate of PAHs in soils and sediments is of a great environmental con-
ern in recent years. Biodegradation is expected to be an economical
nd energy efficient approach in comparison to other remediation
rocesses such as chemical or physical ones. At the same time, the
fficacy of bioremediation still remains a critical point [4].

Under aerobic conditions, PAHs degradation has been studied
xtensively. Numerous aerobic bacteria that use PAHs as sources of
arbon and energy in the presence of oxygen have been isolated, and
he associated degradation pathway has been elucidated [5–10].

n general, aerobic biodegradation is considered as much faster
han anaerobic processes, especially for unsubstituted PAHs, such
s naphthalene [11]. However, aerobic processes are not universally
pplicable because the contaminated sites are frequently rendered

∗ Corresponding author. Tel.: +86 10 58802739; fax: +86 10 58802739.
E-mail address: doujf@bnu.edu.cn (J. Dou).
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rtion was used for cell synthesis.
© 2008 Elsevier B.V. All rights reserved.

naerobic as a result of indigenous microorganisms consuming the
vailable molecular oxygen faster than it can be replenished. There-
ore, in these sites anaerobic degradation of aromatic hydrocarbons

ay be the determining mechanism and depends on the activity of
acteria capable of metabolizing hydrocarbons [12].

Until the late 1980s, it was assumed that the microorganisms
equired molecular oxygen to degrade PAHs, and that PAHs in
naerobic conditions were recalcitrant to biodegradation. Since
hen, significant advances have been made towards understand-
ng the bacterial characteristic and biochemical bases of anaerobic
AHs degradation under nitrate, Fe3+, and sulfate reducing condi-
ions [13–17]. Mihelcic and co-workers were the first researchers
hat have shown the degradation of lower molecular weight PAHs
nder nitrate reducing conditions, and they observed that naph-
halene could be reduced from 3 mg/L to non-detectable levels
y the enriched microorganisms [18–20]. Then several laborato-
ies have documented the biodegradation of naphthalene under
itrate reducing conditions [21,22]. Recently, several anaerobic
aphthalene degrading cultures have been purified and many
atabolic pathways have been elucidated with nitrate or sulfate
s the electron acceptor [23–28]. Zhang and Young first reported
he biochemical pathway for anaerobic naphthalene degradation

hich involved an initial carboxylation step to 2-naphthoic acid

2-NA) [29], then 2-NA was sequentially reduced starting at the
nsubstituted ring through a series of five hydrogenation reactions
25,30]. Safinowski and Meckenstock proposed the methylation as

novel general mechanism of activation reactions in anaerobic

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:doujf@bnu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.10.002
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egradation of unsubstituted aromatic hydrocarbons [28]. Safi-
owski and Meckenstock reported the cometabolic transformation
f different PAHs by the naphthalene degrading culture of N47 [27].
n addition, a number of pure cultures able to metabolize fluo-
anthene [6,31,32] and pyrene [6,33,34] have also been reported.
oth Eriksson et al. and Hayes et al. found that anaerobic PAHs
egraders could be enriched from the environments without PAHs
ontamination [35,36]. In addition, McNally et al. drew an attract-
ng conclusion that anaerobic degradation rates under denitrifying
onditions were nearly equal to aerobic degradation rates when cell
ensities were similar [37].

To develop anaerobic bioremediation technologies, systematic
tudies are required for understanding the degradation perfor-
ance of PAHs under anaerobic conditions. The rate and extent

f PAHs biodegradation are affected by physical, chemical, bio-
ogical or environmental factors [38,39]. Higher concentrations
f PAHs would limit the degradation of the substrates, and
he bacterial growth became limited with an increase in PAHs
oncentrations [40,41]. Al-Bashir et al. found that substrate-
ependent kinetics were dominant once the aqueous phase
oncentration of PAHs dropped below the saturation level [42].
owever, information regarding the rates and effectiveness of

he substrate for remediation of PAHs contaminated sites is
till essential. In the present study, naphthalene is selected as

target compound, which is composed of two fused aromatic
ings, has long been used in enrichment cultures to isolate
AHs catabolizing bacteria from contaminated soils. The aim
f this study was to investigate the degradation performance
f naphthalene under nitrate reducing conditions in the pres-
nce of the mixed bacteria enriched from gasoline contaminated
oil.

. Materials and methods

.1. Chemicals and materials

Naphthalene was obtained from Sigma –Aldrich with a spec-
fied purity of 99%. Deionized water from a Milli-Q purification
ystem (Millipore, USA) was used in preparing samples. The poly-
er resins of Amberlite-XAD2 (Sigma–Aldrich Co., USA) were
ashed with deionized water several times to remove inorganic

mpurities, followed by acetone to remove organic impurities, and
hen acetone was thoroughly evaporated at 70 ◦C. The mineral
alts medium using in this study contained the following con-
tituents: NaNO3 (2.0 g/L), NH4Cl (1 g/L), KH2PO4 (1 g/L), MgCl2
0.1 g/L) and CaCl2·2H2O (0.05 mg/L). The medium was supple-

ented with 0.1% of Na2S·9H2O, vitamin solution (1% [vol/vol]) and
race elements solution (1% [vol/vol]). Each liter of trace elements
olution contained 30 mg of CoCl2·6H2O, 0.15 mg of CuCl2, 5.7 mg
f H3BO3, 20 mg of MnCl2·4H2O, 2.5 mg of Na2MoO4·2H2O, 1.5 mg
f NiCl2·2H2O, and 2.1 mg of ZnCl2 [43]. Each liter of the vitamin
olution contained 20 mg of biotin, 20 mg of folic acid, 50 mg of
iboflavin, 50 mg of thiamine, 50 mg of nicotinic acid, 50 mg of pan-
othenic acid, 1 mg of cyanocobalamin, 50 mg of p-aminobenzoic
cid, and 50 mg of thiotic acid [29]. The pH of the medium was
etween 6.8 and 7.2. The gasoline contaminated soil used as the
aterial for enriching the mixed bacteria was collected from the

ihe riverbed in Shandong Province, PR China. This site has been
eavily contaminated with PAHs and other components of gasoline

or more than 30 years [44].

Anaerobic biodegradation experiments were performed using

0-ml serum bottles, and the bottles were sealed with Teflon coated
ubber stoppers (Alltech Associates, Inc.) and aluminum caps. All
he experiments were conducted in an anaerobic glovebox which
as filled with pure nitrogen gas.

e
r
f
w

aterials 165 (2009) 325–331

.2. Mixed bacteria isolating conditions

For enrichment of anaerobic naphthalene degrading bacteria,
20 g soils were initially mixed with 100 ml of the mineral medium.
n addition, approximately 20 mg naphthalene was added to the

edium as solid crystals. The incubation was performed at 20 ◦C
or 10 months in the soil container that contained pure nitrogen
as.

Naphthalene was added to 150-ml glass bottle with a syringe as
0.1% solution in acetone (8 ml per bottle). Time was given for the
cetone to evaporate completely to avoid toxicity or utilization of
cetone as the carbon source. 80 ml mineral medium and 0.6 g of
mberlite-XAD2 were added to the 150-ml glass bottle. Then 0.5 g
f the incubated soil was added. After 20–25 days, transfers were
one by adding 10 ml of the soil solutions to 90 ml of the fresh
edium amendment with naphthalene and 0.6 g of Amberlite-
AD2. After it was transferred four times, 10 ml of soil solutions was
dded to 90 ml of the fresh medium amendment with naphthalene
nly. After it was transferred three times again, the mixed bac-
erial consortia capable of anaerobic oxidizing naphthalene were
btained.

.3. Experimental set-up

A series of microcosms were prepared to investigate the ability
f the enriched bacteria to degrade naphthalene. Six different ini-
ial concentrations of approximately 5, 10, 15, 20, 25 and 30 mg/L
ere designed. Due to the evaporation of naphthalene, there was

quilibrium between the naphthalene in gas and liquid phase. Actu-
lly, the initial concentrations were 3.7, 9.1, 12.8, 18.4, 23.2 and
8.7 mg/L, respectively. In order to account for abiotic naphthalene
egradation, control experiments with naphthalene concentration
f 15 mg/L containing no electron acceptor or no microorganisms
ere run in parallel. At the same time, the sterile treatments were

onducted. The sterile samples were established by autoclaving
t 121 ◦C for 3 h, followed by the addition of mercuric chloride
400 mg/L). In addition, microcosms with electron acceptor and

icroorganisms but without naphthalene were also prepared.
To prepare the microcosms, naphthalene was initially coated

nto the insides of the serum bottles by acetone delivery. Aliquots
f the acetone/naphthalene mixtures were added to the serum bot-
les and distributed evenly around the bottom and sides of the
ottles. The volume of the aliquots was varied depending on the
arget naphthalene concentration as the experimental design. The
cetone was allowed to evaporate completely, leaving naphtha-
ene adsorbed on the insides of the bottles. 33 ml of the minimal

edium was poured in serum bottle. The compositions of minimal
edium were the same to those used for enriching experiments

xcept for the nitrate concentration of about 400 mg/L. The min-
ral medium was purged for 3.5 h using pure nitrogen gas. Then
ml of the enriched mixed bacteria solutions were added to the

erum bottles to get the initial cell densities of 1 × 107 cells/ml.
The microcosms were incubated at 20 ◦C in darkness. Samples

ere periodically collected to measure the concentrations of naph-
halene, nitrate and nitrite. All the experiments were conducted in
riplicate. Each data represented the mean of three measurements,
nd the standard deviation was less than 10%.

.4. Chemical and microbiological analysis
Naphthalene was analyzed using a Shimadzu LC-10AD HPLC
quipped with a UV–visible detector. A 20 �l injection was sepa-
ated on a 250 × 4.8 Aichrom C18 column. The wavelength used
or detection was 254 nm. The mobile phase was a mixture of
ater/methanol (15:85, v/v), with a flow rate of 1.0 ml/min [45].
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Nitrate and nitrite were analyzed by ion chromatography
Dionex DX100, Sunnyvale, CA, USA), using an Iopac ASI4
4 mm × 250 mm) analytical column, the eluent was Na2CO3–
aHCO3 (3.5 mmol/L and 1.0 mmol/L), and the flow rate was
.2 ml/min [46].

The total cell counts were analyzed by DNA intercalating
ye 4′,6-diamidine-2′-phenylindol-dihydrochloride (DAPI, Sigma)
taining [47]. For that, suspensions of the samples were concen-
rated onto 0.2 �m pore-size black polycarbonate membrane filters
Nucleopore, Whatman, USA). Filters were washed with sterilized
eionized water and air-dried in the dark. In order to fix the cells,
he filters were dipped into a 4% formaldehyde solution for 2–3 h.
hen filters were stained with DAPI dye (1 �g/ml) for 15 min in the
ark. DAPI-stained cells were identified and enumerated under an
pifluorescent microscope equipped with ultraviolet (UV) excita-
ion filter set (Nikon UV-2A, UV excitation at 330–500 nm, dichroic

irror 400 nm, longpass >420 nm, Kawasaki, Japan). The proce-
ure was performed by DAPI staining in at least three independent
xperiments.

. Results and discussion

.1. Anaerobic degradation of naphthalene in control experiments

The disappearance of naphthalene under different conditions of
ithout electron acceptor, without microorganisms, with microor-

anisms and nitrate, and the sterile treatments was shown in Fig. 1.
s can be seen from Fig. 1, when naphthalene was added at 15 mg/L

nitially, the naphthalene concentration was detected at about
3 mg/L at day 0. This loss was probably because part of naphtha-
ene was irreversibly bound to the inside walls of the serum bottles
r the stoppers. Another reason may be that part of naphthalene
as evaporated into headspace of the bottle due to the evaporation
f naphthalene. It could also be observed that naphthalene concen-
ration decreased from 13 to below 0.1 mg/L with the simultaneous

resence of nitrate and the enriched bacteria after 20 days incuba-
ion. However, under the condition of without microorganisms or
ithout electron acceptor or the sterile treatments, there was no

ignificant change in the naphthalene levels and the concentration
f naphthalene was stable at 13 mg/L over the whole incubations

Fig. 1. The disappearance of naphthalene under different conditions.

c
t
o
3
d
i

F
t

ig. 2. Anaerobic degradation profiles of different naphthalene initial concentra-
ions.

f 65 days. All the results of the control experiments indicated that
o significant loss of naphthalene occurred due to abiotic process,
nd the disappearance of naphthalene with the enriched bacteria
nd nitrate was due to biological process.

.2. Anaerobic naphthalene degradation characteristics with
arious initial concentrations

Naphthalene degradation by the enriched mixed bacteria was
valuated in microcosms with different initial naphthalene concen-
rations. The results of these anaerobic degradation experiments
ere presented in Fig. 2.

The data in Fig. 2 demonstrated that the enriched mixed bacteria
ould degrade naphthalene without a lag upon inoculating. Naph-
halene could be decreased to non-detectable levels within a period

f 25 days incubation when the initial concentration was below
0 mg/L, which implied that naphthalene could serve as electron
onor and carbon source for the enriched bacteria. Although signif-

cant naphthalene removal was observed for all the different initial

ig. 3. Relationship between biodegradation rates and naphthalene initial concen-
rations.
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oncentrations, naphthalene degradation rates were different. The
iodegradation rates at each initial substrate concentration were
alculated according to the variation of naphthalene concentra-
ion between starting concentration and the end of approximately
.5 mg/L, and the results were shown in Fig. 3.

From the profile of Fig. 3, it could be observed that naphtha-
ene degradation rates were increased from 0.5 to 1.8 mg/L/d, and
here was seemingly no toxic inhibition effect on the enriched bac-
eria when the concentration of naphthalene was below 30 mg/L.
ne possible explanation for the higher degradation rates with
igher initial concentrations is that naphthalene could act as a
arbon and energy source and thereby higher initial naphtha-
ene concentrations could promote the growth of the enriched
acteria, which resulted in faster naphthalene degradation. Mihel-
ic and Luthy obtained the naphthalene degradation rates of
.12–0.20 mg/L/d under nitrate reducing conditions in soil–water
ystems [19]. Al-Bashir et al. observed the naphthalene degrada-
ion rate of 1.8 mg/L/d in flooded soil under denitrifying conditions,

his value was nearly the same to the maximum rate obtained in
his study [21]. While Bregnard et al. demonstrated that anaerobic
egradation rate of naphthalene was very low under nitrate reduc-

ng conditions, and it was only 0.01 mg/L/d [48]. Thus, it can be
onsidered that the enriched mixed bacteria obtained in this study

w
l
b
a
a

ig. 4. Variation curve of nitrate and nitrite during degradation of different initial concentr
f 9.1 mg/L, (c) initial concentration of 12.8 mg/L, (d) initial concentration of 18.4 mg/L, (e
aterials 165 (2009) 325–331

ere more efficient to degrade naphthalene under nitrate reduc-
ng conditions, and could potentially remediate a site contaminated

ith naphthalene using nitrate as terminal electron acceptors.

.3. Variation curve of nitrate and nitrite concentrations during
ncubation

Monitoring the loss of nitrate could provide direct information
hat naphthalene biodegradation was dependent on the presence
f nitrate, and could also demonstrate the relationship between
aphthalene biodegradation and nitrate reduction. Fig. 4 showed
he loss of nitrate and the accumulation of nitrite under various
nitial naphthalene concentrations.

Fig. 4 showed that the nitrate concentration decreased over
ime in experiments of simultaneous amended with the enriched

ixed bacteria and naphthalene. As can be seen from Fig. 4, nitrite
as accumulated during the reduction of nitrate. Because nitrite
as a product of denitrification, the presence of nitrite coupled

ith the loss of nitrate supported the conclusion that naphtha-

ene degradation was coupled to nitrate reduction. The enriched
acteria could utilize naphthalene without a significant lag phase,
s also indicated by decreasing nitrate concentrations immediately
fter inoculating. Compared between Figs. 2 and 4, it could be safely

ations of naphthalene: (a) initial concentration of 3.7 mg/L, (b) initial concentration
) initial concentration of 23.2 mg/L and (f) initial concentration of 28.7 mg/L.
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Table 1
The measured ratios between nitrate and naphthalene consumption.

Initial naphthalene
concentration (mg/L)

Measured ratios between nitrate
and naphthalene consumption

Cell numbers
(×107 cell /ml)

3.7 11.53 ± 0.63 1.3 ± 0.1
9.1 10.71 ± 0.72 1.9 ± 0.1
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2.8 11.22 ± 0.78 2.1 ± 0.2
18.4 12.02 ± 0.59 2.9 ± 0.2
3.2 11.41 ± 0.81 3.2 ± 0.2
8.7 11.17 ± 0.62 4.1 ± 0.3

oncluded that nitrate reduction went hand-in-hand with naphtha-
ene degradation, which indicated that naphthalene degradation
as coupled to nitrate reduction and was due to biological process.
n the contrary, under the condition of not adding the enriched
ultures or not amending naphthalene substrate, neither the loss
f nitrate nor the accumulation of nitrite was observed over the
hole incubations, which was due to the fact that the reduction of
itrate could not be occurred when there was no the biodegrada-
ion bacteria or the carbon source. It was interesting to find that
he accumulation of nitrite did not inhibit the degradation of naph-
halene even if the concentration of nitrite was over 50 mg/L. The
eason may be that the isolating procedure helped the mixed bacte-
ia adapt themselves to the higher nitrite concentration conditions
hen they were enriched from the contaminated soils. Rocken and

trand found that nitrite was only detected transiently, but the
roduction of N2O was observed in their experiments [49].

.4. Stoichiometry between nitrate consumption and
aphthalene degradation

The half reaction for complete anaerobic oxidation of naphtha-
ene to carbon dioxide with nitrate as the electron acceptors could
e stated as following:

10H8 + 20H2O → 10CO2 + 48H+ + 48e− (1)

O3
− + 6H+ + 5e− → 0.5N2 + 6H2O (2)
O3
− + 2H+ + 2e− → NO2

− + H2O (3)

Based on Eqs. (1) and (2), the theoretical molar ratio of nitrate
onsumption to naphthalene degradation was 9.6. According to Eqs.
1) and (3), the theoretical molar ratio of nitrate consumption to

c
c

u
m

able 2
lectron balance of naphthalene consumption and nitrate reduction.

nitial naphthalene
oncentration
mg/L)

Amount of
naphthalene
consumed (�mol)

Amount of electrons produced
from naphthalene consumed
(�mol)

Amou
reduc
(�mo

3.7 0.98 47.25 4.34
9.1 2.46 118.12 10.12
2.8 3.47 166.69 14.00

18.4 5.00 240.19 20.85
3.2 6.32 303.19 26.86
8.7 7.82 375.38 32.64

able 3
omparison of the mass of microbes grown between the measured and expected values.

nitial naphthalene
oncentration
mg/L)

Mass of total
naphthalene
used (�g)

Measured mass
of microbes
grown (�g)

Microbial
yield

3.7 126.0 18.1 ± 6.0 0.14
9.1 315.0 54.2 ± 6.0 0.17
2.8 444.5 66.2 ± 12.0 0.15

18.4 640.5 114.4 ± 12.0 0.18
3.2 808.5 132.4 ± 12.0 0.16
8.7 1001.0 186.6 ± 18.1 0.19
aterials 165 (2009) 325–331 329

aphthalene degradation was 24. The measured ratios could be
alculated based on the variation of nitrate and naphthalene over
he whole incubations, and the calculated results according to the
xperimental data were illustrated in Table 1.

From Table 1 it could be observed that 10.71–12.02 mol nitrate
as consumed when 1 mol of naphthalene was degraded, which
as higher than the theoretical value of 9.6 that was expected

ssuming the complete reduction of nitrate to nitrogen gas with
omplete naphthalene mineralization, but was lower than the the-
retical value of 24 that was calculated according to the assumption
hat nitrate was only reduced to nitrite. The reason for this phe-
omenon was that nitrate was reduced to nitrite, but only part of
he nitrite was further reduced to nitrogen gas. From Fig. 4 it could
lso be observed that the accumulation of nitrite was lower than
he consumption of nitrate, which supported the fact that only part
f the nitrite was reduced to nitrogen gas.

According to Eqs. (1)–(3), it could be found that the reduction
mol of NO3

− to NO2
− needs 2 mol electrons, and the reduction

mol of NO3
− to N2 needs 5 mol electrons, while the complete

xidation of 1 mol of naphthalene to carbon dioxide yields 48 mol
lectrons. The electron balances of naphthalene consumption and
itrate reduction were shown in Table 2. As can be seen from
able 2, the amount of electrons consumed for nitrate reduced
o nitrite or nitrogen gas was 88.3–92.5% of that expected based
n theoretical calculations using the amount of naphthalene con-
umed for the complete oxidation to carbon dioxide. This deviation
rom theory may be due to partial utilization of the naphthalene
or cell synthesis, and/or due to a lack of complete naphthalene

ineralization.

.5. Variation of bacterial densities during incubation

The numbers of DAPI-stained cells at the end of the incuba-
ion were shown in Table 1. From Table 1 it could be observed
hat cell numbers of the enriched bacteria rose significantly at the
nd of incubation, and increased with increasing the initial con-

entrations, which implied that the growth of the mixed bacteria
oincided with the loss of naphthalene.

Bacterial cell counts were converted to total biomass weight
sing a factor of 1.72 × 10−10 mg/bacterial cell [50]. The mass of
icrobes grown can be obtained subtracting the initial value from

nt of NO3
−

ed to NO2
−

l)

Amount of NO3
−

reduced to N2

(�mol)

Amount of electrons
consumed by NO3

−

reduction (�mol)

Ratio of electrons
consumed to
produced (%)

7.01 43.72 92.5
16.81 104.28 88.3
24.95 152.76 91.6
34.70 215.20 89.6
44.95 278.46 91.8
53.79 334.21 89.0

Mass of naphthalene
used for microbes
grown (�g)

Expected mass of
microbes grown
(�g)

Relative error between
measured and expected
mass of microbes (%)

9.40 16.6 8.6
36.9 65.2 −18.4
37.2 65.6 0.9
66.6 117.6 −2.8
66.0 116.5 12.8

109.7 193.7 −3.7
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he final value, and the results were listed in Table 3. The micro-
ial yield was calculated based on the mass of microbes grown
nd the mass of the naphthalene utilized, and the results were also
hown in Table 3. The microbial yield was between 0.14 and 0.19,
hich suggested that the enriched mixed bacteria could growth
ell using naphthalene as carbon source under nitrate reducing

onditions.
As stated in the above section, if there was no bacterial growth

nd all the naphthalene was oxidized to CO2 and H2O, the elec-
ron balances could not be gained, and the amount of electrons
onsumed was only 88.3–92.5% of the amount of electrons theo-
etically produced. Therefore, the value of approximately 7.5–11.7%
f the naphthalene was used for bacterial growth which could be
ypothesized. In addition, since naphthalene was the only avail-
ble carbon source in the microcosms, according to McCarty [51],
he stoichiometric reaction for cell synthesis could be stated as the
ollowing equation:

10H8 + . . . → 2C5H7O2N + . . . (4)

here, C5H7O2N was the composition of biomass. Based on Eq. (4),
he biomass production could be evaluated using the hypothetical
mount of naphthalene used for cell synthesis, and the results were
isted in Table 3. Based on the data in Table 3, it could be observed
hat there was no significant difference between the actual and
xpected mass of microbes, which showed that the hypothesis
f about 7.5–11.7% of the naphthalene used for bacterial growth
eemed reasonable. Therefore, it could be concluded that approxi-
ately 88.3–92.5% of naphthalene was completely mineralized to

O2, which was just as shown in Eq. (1).

. Conclusions

The enriched mixed bacteria were capable of biodegrading
aphthalene efficiently and without a lag phase under nitrate
educing conditions. The naphthalene biodegradation ability of
he enriched bacteria was not inhibited by a high concentration
f 30 mg/L. The enriched mixed bacteria could growth well using
aphthalene as carbon source, and about 7.5–11.7% of the naphtha-

ene was used for bacterial growth. The amount of electrons derived
rom naphthalene consumed for denitrification was nearly equal to
he amount of electrons required for nitrate reduced to nitrite or
itrogen gas. The results obtained in the present study suggested
hat anaerobic degradation of naphthalene by the enriched mixed
acteria appeared to be a feasible method to remediate naphtha-

ene contaminated sites. Further study on the feasibility of the
nriched bacteria under field conditions is required to promote
he remediation of PAHs contaminated soil under nitrate reducing
onditions.
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