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a b s t r a c t

Estimation of PAHs degradation potential of indigenous consortia is essential for remediation of polluted
soils. In this study, the biodegradation of a mixture of 11 PAHs was compared using a long-term PAH-
contaminated soil (CS) and an unpolluted agricultural soil (AS) as inocula in a two-liquid-phase bioreactor
(TLPB). In the TLPB, silicone oil was used as the organic phase to increase the PAHs bioavailability. The
microbial numbers were also determined during the biodegradation. The results demonstrated that naph-
thalene, fluorene, phenanthrene, anthracene, fluoranthene and pyrene could be completely biodegraded
in both soils within 4–50 days. With the exception of dibenzo(a,h)anthrancene, the other PAHs including
benzo(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene and benzo(k)fluoranthene were degraded
ndigenous consortia

icrobial activity
equential utilization
wo-liquid-phase bioreactor

to different extents in both soils at the end of 170 days. Complete biodegradation of benzo(a)anthracene
and benzo(b)fluoranthene only occurred in CS. During the process, microbial growth was highly cor-
related to the biodegradation of PAHs. Sequential utilization of PAHs showed a competitive-inhibition
in the multi-substrate system. The half-life times of PAHs obtained here were much shorter than those
reported previously in soils, indicating that indigenous microbes in both soils had high PAHs degradation
potential, facilitated by TLPB.
. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a group of persis-
ent organic pollutants that are widespread in the ecosphere [1].
hey are usually produced from natural and anthropogenic sources,
uch as forest fire, coke and petroleum refining industries, acci-
ental spills and leakages, and incomplete incineration of fossil
uels [2,3]. Some of them have raised public concern due to their
otential deleterious effects on human health [4–6].

Microbial biodegradation is a friendly and effective means to
emove PAHs from the environment [7,8] and has been exten-
ively used [9–12]. However, poor bioavailability of PAHs is due
o both their low solubility in water and their strong sorption to
oil or sediment matrix, which limits the bioremediation of sites
olluted with PAHs. Therefore, increasing mass transfer from the
olid or solid-bound phase to aqueous phase plays an important

ole in PAHs degradation [13]. Two-liquid-phase system (TLPS) or
ioreactor (TLPB) is highly effective in increasing the bioavailabil-

ty of poorly soluble compounds in aqueous phase. It consists of an
queous phase and a water immiscible, non-volatile organic phase,

∗ Corresponding author. Tel.: +86 25 8688 1195; fax: +86 25 8688 1000.
E-mail address: jiangxin@issas.ac.cn (X. Jiang).

304-3894/$ – see front matter © 2009 Published by Elsevier B.V.
oi:10.1016/j.jhazmat.2009.10.123
© 2009 Published by Elsevier B.V.

which is biocompatible with microbes. The organic phase acts as
a carrier for hydrophobic compounds to diffuse from the organic
phase to the aqueous phase, then the microbes can metabolize the
compounds at the interface of the two phases and/or in the aqueous
phase [14]. Additionally, the organic phase usually exhibits a higher
affinity for oxygen than pure water, thus larger amounts of oxygen
can be transferred to TLPB, which facilitates the aerobic treat-
ment of pollutants [15]. So far the TLPB has been widely employed
in biodegradation of organic compounds such as styrene [16,17],
chlorobenzenes [18] and PAHs [19–21], and silicone oil is most fre-
quently selected as the organic phase [14,22,23]. Such applications
achieved high efficiency in eliminating hydrophobic compounds
when suitable microorganisms were introduced [22,24–26].

It has been accepted that in bioremediation, indigenous
microorganisms screened from polluted soils are more effective in
metabolizing pollutants than organisms obtained from elsewhere
[27]. However, clean agricultural soils without prior exposure to
pollutants raise a large population of indigenous organisms too, and
their ability of utilization of hydrocarbons has been reported in lim-

ited literature [28]. It is unknown to what extents the microbes in
clean agricultural soils are able to degrade PAHs. Additionally, the
biodegradation in TLPB – without limitation of mass transfer – was
much different from that in soils. Therefore, it is necessary to inves-
tigate the biodegradation of PAHs in clean agricultural soils in order

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jiangxin@issas.ac.cn
dx.doi.org/10.1016/j.jhazmat.2009.10.123
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Table 1
Physico-chemical properties of the soils (AS: soil from an agricultural site, CS: soil from a contaminated site).
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Soil TOC (g kg−1) Total N (g kg−1) P2O5 (mg kg−1) T

AS 23.05 1.32 11.37 1
CS 27.52 1.20 17.68 1

o further comprehend their indigenous decontamination ability.
his is beneficial in remedying sites in cases of accidental pollution
nd also contributes to better assessments of soil environmental
isks and bioremediation strategies.

. Materials and methods

.1. Soil materials

Soil samples from the suburb of Nanjing, China were used in
he experiment. One was a clean agricultural soil without prior
AHs contamination (AS) and the other was a long-term PAH-
ontaminated soil sampled near a steel-manufacturing factory (CS).
hey were silt loams, classified as Luvisol according to WRB (World
eference Base for soil resources). Soils were sampled from the
pper 20 cm, sieved (<2 mm) and stored at 4 ◦C. Before starting
he laboratory experiments, the soil samples were equilibrated for
week at 28 ◦C with 60% of the water holding capacity. Selected

hysico-chemical properties of the soils and PAHs concentrations
n the soils are listed in Tables 1 and 2, respectively.

.2. Chemicals and culture medium

The PAHs standards (naphthalene, fluorene, phenan-
hrene, anthracene, fluoranthene, pyrene, benzo(a)anthracene,
enzo(a)pyrene, benzo(b)fluoranthene, benzo(k)fluoranthene and
ibenzo(a,h)anthrancene) were obtained from Supelco Corpora-
ion (USA). Silicone oil: polydimethylsiloxane, fluid type; molecular
eight, 2000; viscosity, 50 centistokes; density, 0.96 g/cm3 was
urchased from Sinopharm Chemical Reagent Company in China.
ll the other chemicals and solvents were of analytical purity and
ere purchased from Nanjing reagent Company (China).

Mineral medium (MM, per liter) consisted of 8.8 g
a2HPO4·2H2O, 3.0 g KH2PO4, 1.0 g NH4Cl, 0.5 g NaCl, 1.0 mL 1 M
gSO4, and 2.5 mL of a slightly modified trace element solution

[per liter] 23 mg MnCl2·2H2O, 31 mg H3BO3, 36 mg CoCl2·6H2O,
0 mg CuCl2·2H2O, 20 mg NiCl2·6H2O, 30 mg Na2MoO4·2H2O and
0 mg ZnCl2) (pH 7) [29].

.3. Contaminated silicone oil preparation

The purchased silicone oil was treated with activated carbon to
et rid of unpleasant smell. To prepare the contaminated silicone
il, certain amounts of each PAH were mixed homogenously with
he treated silicone oil by stirring with a Teflon-coated magnetic
tir bars in a beaker. After that, the contaminated silicone oil was
ltered through a 0.22 �m membrane to eliminate impurities and
icroorganisms. The final concentrations of PAHs in spiked silicone

il are listed in Table 2.

.4. Degradation of PAHs in TLPB

The degradation of PAHs was conducted in a simulated TLPB
s follows: 5 g equilibrated soil (AS or CS, dry weight equivalent)

as transferred into a 250 mL flask containing 95 mL of sterilized
M and then 40 g contaminated silicone oil was added to the flask.

he treatments were labeled as T-AS and T-CS, respectively. The
biotic controls for AS (T-ASs) and for CS (T-CSs) were conducted
y adding solid HgCl2 to the bioreactor to obtain a final concen-
(g kg−1) CEC (cmol kg−1) Clay (%) Silt (%) Sand (%)

11.80 16.47 52.23 31.30
14.80 23.82 57.05 19.13

tration of 1000 mg/L. The blank control T-CK constituted of 100 mL
MM and 40 g contaminated silicone oil and HgCl2 (1000 mg/L) but
without any soil. All the treatments were performed in triplicates
and were incubated at 28 ◦C on a rotary shaker at 160 rpm in dark.
Silicone oil and soil suspension were sampled periodically for PAH
determination and cell counting.

2.5. Soil microbes enumeration

The enumeration of microorganisms in TLPB was performed
using the dilution plate-counting technique. One mL of soil suspen-
sion was sampled and diluted with sterilized MM. Nutrient broth
(NB) and PDA agar media were prepared for culturing bacteria and
fungi separately. Colony-forming units (CFU) were counted after
incubating at 28 ◦C for 4 days.

2.6. Determination of PAHs concentrations

The PAHs in silicone oil were determined according to the proce-
dure reported by Villemur et al. [30]: 0.5 mL silicone oil sample was
vortexed with 1 mL of N,N-dimethyl formamide (DMF) for 2 min
and centrifuged at 1150 × g for 1 min to separate the two phases. A
volume of 0.5 mL of the upper phase (DMF) was then mixed with
0.5 mL of acetonitrile containing 0.1% acetic acid. The mixture was
finally analyzed by a Shimadzu HPLC (LC-20A, Japan) with a fluores-
cence detector and a Supelco (USA) PAHs special chromatographic
column according to the program as described by Yin et al. [31].

2.7. Data analysis

SigmaPlot (Version 10.0) was used for both data analysis and
plotting graphs.

3. Results and discussion

3.1. The biodegradation of PAHs in TLPB

The biodegradation of 11 PAHs in TLPB was followed for a period
of 170 days (Figs. 1 and 2). The HgCl2-sterilized treatments with and
without soils were compared. Apparently the sterile soil did not
adsorb the PAHs as the fact that the lack of difference between the
two samples in terms of concentrations of the PAHs was observed.
Indeed, at the end of the experiment, the concentrations in the soils
were measured and found to be less than 10% of those in oil phase
(data not shown). This is similar to the ratio at the beginning of the
experiment (Table 2).

With the exception of DBahA, all other compounds exhibited
significant degradation in T-CS, and most PAHs showed a steep dis-
appearance at the early stage of incubation followed by a slow fall
during the later phase. No obvious lag periods were observed in the
degradation of NAP, FLR, ANT, PHE, PYR and FLN (Fig. 1). Among
these PAHs, NAP was degraded fastest, decreasing from the ini-
tial concentration of 7.9 mg L−1 to the detection limits in 4 days. It
took 10, 13, and 23 days for PHE, FLN and PYR, respectively, to be

degraded from approximately 11 mg L−1 to their detection limits.
FLR and ANT, reaching the detection limits at about the 34th and
52nd day, respectively, showed much slower degradation.

Although degradation was also observed for BaA and larger
molecular weight PAHs including BaP, BbF and BkF, they however
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exhibited lag phases (Fig. 2). The lag phases were about 23 and
34 days for BaA and BaP, respectively. For BbF and BkF, the lag
period was around 52 days. It seemed that the biodegradation
of DBahA was just initiated at about 140 days in T-CS. After the
initial lag period, fast biodegradation was initiated and complete
disappearance of BaA and BbF was observed. This showed that
the biodegradation of the LMW PAHs was easier than that of the
HMW PAHs (Figs. 1 and 2). Moreover, the rates and extents of
PAHs biodegradation decreased with the condensation of benzene
rings [5,33]. As Phale et al. [34] pointed out, the microorganisms
would prefer the simple carbohydrates first and leave the complex
substrates for latter use.

It was notable that significant biodegradation of most PAHs
was also observed in T-AS (Figs. 1 and 2). In addition to complete
degradation of PAHs from 2-ring NAP to 4-ring FLN, some HMW
PAHs involving BaA, BaP, BbF and BkF, which are generally recalci-
trant to microbial attack, showed a significant degradation after a
long period of lag phase (Fig. 2). It revealed that the non-polluted
soil did contain microbial communities able to degrade both LMW
and HMW PAHs. Andreoni et al. [35] succeeded in enriching a
phenanthrene-degrading mixed culture from a clean agricultural
soil without exposing it to PAHs. Dong et al. [36] isolated six
phenol-degrading bacteria from a natural soil without exposing it
to phenol, and demonstrated that most of the strains could tolerate
the phenol concentration up to 6 mM or more. The results indi-
cated that the microorganisms might contain the PAH-degrading
enzymes even if they did not undergo a long-term adaptation. That
was the possible reason why no lag phases were observed in the
biodegradation of 2-ring NAP to 4-ring FLN in T-AS, as well as in
T-CS (Fig. 1). So it could be concluded that the microbes capable
of degrading hydrocarbons might be widespread in natural soils
[37,38], and that they could be playing an important role in the nat-
ural dissipation of the PAHs from the environment. These results
are especially important as they indicate that in the case of unex-
pected incidents of pollution (PAHs) in natural soils e.g. oil spills, it
can be expected that such PAHs could be degraded without further
remediation. Furthermore, it is beneficial in that it leads to better
evaluation of the proper bioremediation potential of the natural
soils.

As shown in Figs. 1 and 2, with the exception of the simplest
carbon source of NAP, the rates and extents of PAHs biodegra-
dation in T-CS were higher than those in T-AS. The differences
between the two treatments were more remarkable with increas-
ing rings of PAHs. This indicated that the indigenous microflora in
contaminated soils were more effective in degrading PAHs than
microorganisms in the agricultural soil. This phenomenon can eas-
ily be explained by the fact that microbes in contaminated sites
have been exposed to pollutants (PAHs) for a long period and have
consequently adapted to the PAHs-polluted environment. These
adapted degraders are therefore more effective and efficient in
metabolizing pollutants [27,39].

During the whole incubation period, the sequential utilization
of the PAHs was quite apparent in both soils. As showed in Fig. 3A,
the initial degradation of 3-ring (PHE, FLR and ANT) and some 4-
ring PAHs (PYR and FLN) was observed in the 4th day after the
complete disappearance of 2-ring PAHs (NAP) was achieved. Then
the degradation of BaA was initiated on the 23rd day and reached
a maximum degradation rate when FLN disappeared, followed by
the metabolism of total 5-ring PAHs (BbF, BkF and BaP) on the
52nd day. The pattern of sequential utilization of PAHs in con-
taminated soil T-CS (Fig. 3B) was similar to and more clear than

that in T-AS. The sequential utilization of these carbon sources
was attributed to the interaction of competitive-inhibition among
the substrates during the metabolism, which often occurred in a
multi-substrate system [40,41]. Consequently, facile degradation
of a more soluble PAH could repress enzymes for HMW PAHs,
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Fig. 1. The biodegradation of naphthalene (NAP), fluorene (FLR), anthracene (ANT

iving rise to a lag phase [42]. As aforementioned, different lag
eriods were observed before the biodegradation of HMW PAHs

ccurred.

Co-metabolism could have played a dominant role in BaA and
-ring PAHs degradation, given that no degradation of HMW PAH
uch as BaA or BbF was observed in TLPB with contaminated soil

ig. 2. The biodegradation of benzo(a)anthracene (BaA), benzo(b)fluoranthene (BbF
ene(DBahA) in TLPB with obvious lag phase.
nanthrene (PHE), pyrene (PYR) and fluoranthene (FLN)in TLPB without lag phase.

within the 170 days incubation period, when they were used as sole
carbon and energy source separately (data not shown). In contrast,

they were degraded in 170 days when they were in a PAHs mix-
ture (Fig. 2). HMW PAHs might be co-metabolized by the enzymes
induced through LMW PAHs or some metabolites such as salicylate
in the degradation process [43].

), benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP) and dibenzo(a,h)anthran-
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.2. Microbial growth in TLPB

Microbial biomass is usually used as an index to study the
ynamics of pollutants biodegradation. It is determined by the
ptical density of the liquid culture at a certain wavelength [44]
r the protein content [45]. However, the two methods could not
e employed easily in the present study because of the soil-water
lurry in the TLPB. So the number of microbes including bacteria
nd fungi was determined. As presented in Fig. 4, the increase in the
umber of bacteria and fungi in the TLPB showed similar dynamics
Fig. 4A and B). Moreover, the fluctuation of the microbial num-
er in both treatments of T-AS and T-CS corresponded highly to
he degradation of PAHs (Fig. 4C and D). At the beginning of the
ncubation, the number of fungi in T-CS (2.3 × 103 CFU mL−1) was

uch higher than that in T-AS (9.8 × 102 CFU mL−1). In contrast,
he bacterial number in the T-CS (1.4 × 106 CFU mL−1) was lower
han that in T-AS (1.8 × 106 CFU mL−1). The number of fungi in both
reatments increased quickly accompanied with the rapid utiliza-
ion of 2-ring NAP at the initial days. It continued to increase and
eached the 1st peak of 5.0 × 103 and 3.5 × 103 CFU mL−1 in T-AS
nd T-CS, respectively, in 16 days when 3- to 4-ring PAHs were
egraded intensively. Then the number decreased steeply within
0 days and then kept nearly constant till the end of the incubation.

acterial numbers also showed a fast increase followed by a quick
ecrease within 30 days of incubation. In contrast to the fungi, the
acterial numbers started to increase again and reached the 2nd
eak in 52 days when BaA showed about 20% degradation rate in
-AS, while more than 60% degradation rate was observed in T-CS.

able 3
verview of half-life values of PAHs in our study and previous studies.

PAHs Regression equation r2

AS CS AS CS

NAP C = 7.92e−0.73t Y = 7.92e−0.69t 0.99 0.99
FLR C = 12.72e−0.061t Y = 12.44e−0.089t 0.95 0.97
ANT C = 11.84e−0.059t Y = 11.53e−0.084t 0.92 0.90
PHE C = 12.67e−0.13t Y = 12.15e−0.15t 0.83 0.88
PYR C = 13.09e−0.081t Y = 12.93e−0.11t 0.87 0.85
FLN C = 13.05e−0.10t Y = 12.86e−0.14t 0.86 0.89
BaA C = 11.86e−0.0093t Y = 12.55e−0.0204t 0.97 0.98
BbF C = 9.19e−0.0020t Y = 11.01e−0.011t 0.77 0.82
BkF C = 8.69e−0.0023t Y = 8.89e−0.0034t 0.71 0.89
BaP C = 11.09e−0.0048t Y = 11.44e−0.0072t 0.84 0.96
DBahA C = 12.82e−0.0010t Y = 12.14e−0.0013t 0.37 0.65

, weeks [47]; b, days [50]; c, years [51]; d, days [52].
cultural soil (A) and contaminated soil (B) during the incubation.

Accordingly, the increase of bacterial number in T-AS was smaller
than that in T-CS. The 3rd peak of bacterial numbers appeared on
days 113 and 140 for T-AS and T-CS, respectively, which contributed
to strong microbial utilization of BaA and total 5-ring PAHs (BbF,
BkF and BaP). This showed that the biodegradation of 2- to 4-ring
PAHs was the result of collaboration of bacteria and fungi, while the
metabolism of HMW PAHs could be primarily attributed to bacte-
ria. Although the bacterial numbers in T-AS was always higher than
that in T-CS, the degradation in the former was weaker than that
in the latter. This indicated that the removal of pollutants depends
more on the quality of the organisms rather than on their quan-
tity.

3.3. Half-life of PAHs in TLPB

When PAHs residuals were plotted against incubation time, an
exponential decay curve was found. So a first-order reaction model
was used to describe the biodegradation behaviour of PAHs in TLPB
[46]:

C = C0e−kt

where C is the concentration of PAH, t is time (day) of incubation,
C0 is the initial concentration of PAH, k is the rate constant of the

change of PAHs concentrations in TLPB (day−1). Then half-life time
(t1/2) of PAHs is calculated as below:

t1/2 = ln 2
k

t1/2 (d) Half-life values in references

AS CS a b c d

1.0 1.0 0.2–110 15 <2 2.1–2.2
11.4 7.8 1.4–262 28 >3.2 nr
11.7 8.3 2.1–280 48 7.9 50–134

5.3 4.6 1.3–255 14 5.7 16–35
8.6 6.3 25–1840 51 8.5 199–260
6.9 5.0 8.9–432 16 7.8 268–377

74.5 34.0 40–2450 84 8.1 162–387
346.6 63.0 127–845 334 9.0 211–294
301.4 201.9 98–2220 55 8.7 nr
144.4 96.3 163–910 112 8.2 229–309
693.1 533.2 33–915 nr nr 361–420



46 C. Wang et al. / Journal of Hazardous Materials 176 (2010) 41–47

F conta
P -CS (T

P
v

a
r
m
i
m
t
A
i
T
t
t
F
a
v
t
a
t
l
o
c
d
s

u
t
s
i
c
a
m
o
i

ig. 4. The population of bacteria and fungi in TLPB with agricultural soil (A) and
AHs as function of incubation period in T-AS (TLPB with agricultural soil) (C) and T

The nonlinear regression equation and the half-life values of
AHs in T-AS and T-CS are shown in Table 3. Generally, a larger
alue of r2 suggested better fit for T-CS than T-AS.

The half-lives of PAHs ranged from 1 day for NAP to 693 days,
nd to 553 days for DBahA, in the treatments of T-AS and T-CS,
espectively. However, longer half-life times than predicted by this
odel could have occurred, given the low values of r2 for DBahA

n both of T-AS and T-CS. The half-life values obtained in the treat-
ent of T-AS were generally larger than those of T-CS, indicating

hat the biodegradation of PAHs in the T-CS was faster than that in T-
S, as aforementioned. The expected increase in half-life time with

ncreasing molecular weight of PAHs was observed. As shown in
able 3, the half-life values of 5-ring PAHs were 10-fold higher than
hose of 2- to 4-ring PAHs. The half-lives for the LMW PAHs were in
he order of NAP < PHE < FLN < PYR < FLR < ANT, showing that 3-ring
LR and ANT were more persistent than PHE, with 3 aromatic rings,
s well as even 4-ring PYR and FLN. This is in line with results of pre-
ious studies in soils [47,48]. Thiele-Bruhn and Brümmer [47] found
he highest residues to be those of ANT during the biodegradation of
mixture of 15 PAHs in soil. Bossert and Bartha [48] demonstrated

hat ANT was removed more slowly than PHE in soil due to the
ower aqueous solubility of ANT. The relatively slow biodegradation
f FLR could be explained by the fact that its molecular structure
ontains a nonaromatic ring structure, which resulted in slower
egradation than in compounds with purely benzoid structures of
imilar molecular weight [49].

To our knowledge, this is the first report of the half-life val-
es for so many PAHs in TLPB. So the half-lives of the PAHs in
he present study were compared with other values in previous
tudies on soils (Table 3). Most half-life values of PAHs obtained
n the TLPB were much lower than those reported in soils, which

ould be attributed to the improved mass transfer and bioavail-
bility of PAHs by TLPB. It indicated that TLPB could optimize the
icroenvironment for microbes to make them maintain high levels

f activity [20]. Thus, the microbes exhibited their utmost potential
n degrading pollutants.
minated soil (B) and their correspondence to the degradation rates of 2- to 5-ring
LPB with contaminated soil) (D).

4. Conclusions

The biodegradation of most of the studied PAHs involving 2-
to 5-rings occurred in TLPB with both soils, but the rates and
extents of biodegradation in the contaminated soil were higher
than those in the agricultural soil. The results indicated that the
PAH-degrading bacteria might be ubiquitous in the environment
and that biodegradability of the adapted microorganisms was bet-
ter than that of unadapted ones. The sequential utilization of
PAHs was observed suggesting a competitive-inhibition in a multi-
substrate system, with microbial growth showing high correlation
to the biodegradation of PAHs.

The shorter half-lives of PAHs in the TLPB relative to those
reported for soils in literature, indicates that the microbial con-
sortia in both contaminated soil and clean agricultural soil have a
high potential and efficacy for the removal of PAHs—facilitated by
TLPB. The results indicate that the natural capability of agricultural
soils for remediation, and biological factors such as biodegradation
potential, should be considered in soil pollution risk assessment.
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