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Abstract In the present paper, the degradation of phenan-
threne, a model polycyclic aromatic hydrocarbon com-
pound, by the Mycobacterium strain 6PY1 was optimized
in a biphasic culture medium. The optimization and
modeling were performed using the design of experiments
methodology. The temperature, the silicone oil/mineral salts
medium volume ratio, and the initial cell concentration,
were used as the central composite design parameters. In all
experiments, the phenanthrene was degraded to undetect-
able levels. Response surface methodology was successful-
ly employed to derive an empirical model describing the
rate and time of degradation and to deduce the optimal
degradation conditions. As a result of the optimization

processes, the optimal responses for the degradation rate,
the volumetric degradation rate, and the 90% degradation
time were estimated to be 0.172 mg h−1, 22 mg l−1 h−1, and
18 h, respectively.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are environmental-
ly ubiquitous and recalcitrant organic contaminants produced
naturally or as a result of incomplete combustion of organic
materials. The persistence of PAHs is an environmental
concern and has attracted much attention because many of
these compounds have been reported to be carcinogenic and
mutagenic (Cerniglia 1992; Cerniglia 1993). Many
approaches have been proposed to destroy or render this
type of contaminant, such as landfilling, solvent extraction,
high-temperature incineration, and various types of chemical
decomposition (Jonker and Koelmans 2002; Ledakowicz et
al. 1999; Yip et al. 2006). However, bioremediation has been
considered as a promising potential option for PAH elimina-
tion in comparison to the previously conventional practices.
As such, it uses relatively low-cost, low-technology tech-
niques, which generally have a high public acceptance and
can often be carried out on-site (Vidali 2001). In this context,
many review articles have described the ability of numerous
soil microorganisms to biotransform and mineralize PAHs
(Prabhu and Phale 2003; Kim et al. 2005). Among them,
mycobacteria oxidize the greatest variety of PAHs (Boldrin
et al. 1993; Miyata et al. 2004; Churchill et al. 1999;
Cerniglia 2003; Guerin and Jones 1988). Improving this
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microbial-based technique consists mainly of exploring the
influential process factors (Wong et al. 2002; Zaidi and
Imam 1999; Kastner et al. 1998; Mac-Leod and Daugulis
2005). One of the key factors recently investigated was the
use of a non-aqueous-phase liquid (NAPL), which was
considered promising because it overcomes the low solubil-
ity of PAHs and, hence, enhances their bioavailability
(Ascon-Cabrera and Lebeault 1993). However, very little
work has been performed to integrate the process factors in
an optimization study of PAH degradation (Martin and
Sivagurunathan 2003).

The aim of the present work was to model and optimize
the degradation of phenanthrene, a model PAH compound,
by a Mycobacterium strain (6PY1) in agitated biphasic
cultures. The impacts of different parameters were explored
via response-surface methodology (RSM). The factors
investigated were the incubation temperature, the NAPL
(silicone oil) to mineral salts medium (MSM) dispersed
volume ratio, and the initial cell concentration. The
optimization responses selected were the degradation rate
(mg h−1), the volumetric degradation rate (mg l−1 h−1), and
the time required for 90% of degradation. Elucidation of the
optimal phenanthrene degradation conditions will provide
information for future scaling-up projects.

Materials and methods

Chemicals

Phenanthrene (98% purity) was purchased from Sigma-
Aldrich-Chemie, Lyon, France. Acetonitrile (99.5%) was
purchased from Acros Organics, Noisy le Grand, France.
Silicon oil 47V20 with a density of 0.95 was obtained from
Chemie-Plus, France. Aquasil was purchased from Pierce,
PER-BIO, Brebières, France. All other chemicals were
commercial products of the highest purity available.

Bacterial strain and culture conditions

Mycobacterium strain 6PY1, which has previously been
described (Krivobok et al. 2003), was isolated from PAH-
contaminated soil by successive cultures, with pyrene as the
sole source of carbon. Initially, successive precultures were
grown in 100-ml sterile plastic pots (diameter: 4.5 cm, depth:
7.5 cm) pretreated with Aquasil and containing 50 ml MSM
and 12 ml silicone oil. The organic phase was the
phenanthrene-containing medium, where it was dissolved
by heating at a concentration of 0.5 g l−1. The MSM was
used as the aqueous phase and contained, per liter, 1.6 g
K2HPO4, 0.4 g KH2PO4, 1 g KNO3, 0.2 g MgSO4.7H2O,
0.1 g CaCl2.2H2O, 0.1 g NaCl, 0.01 g FeCl3.6H2O, and
0.02 g yeast extract; the pH was adjusted to 7.1 (Walter et al.

1991). The precultures were incubated in the dark at 30 °C in
a rotary shaker (Bottimengen TR-150, Infors) at 150 rpm.
Once a phenanthrene-adapted preculture was obtained, it was
used to inoculate the cultures of the central composite design
(CCD).

Phenanthrene extraction analytical procedure

Silicone oil samples were periodically withdrawn under
sterile conditions and then centrifuged at 12,000×g for
5 min to separate the emulsified liquid phases. One hundred
microliters of the upper layer was extracted with 1 ml
acetonitrile by shaking for 120 s, utilizing a vortex (top-mix
11118, Bioblock). The amount of phenanthrene in the
diluted acetonitrile extracts was quantified by measuring
the absorbance at 250 nm in a UV spectrophotometer (UV
mini 1240, Shimadzu).

Protein analysis

The initial inoculum concentration was determined by
protein analysis using the Lowry method.

Experimental design and statistical analysis

To ensure that the experiments were maximally informa-
tive, a CCD was applied using the Design-Expert statistical
software (version 7.1.1) for regression and graphical
analysis. The incubation temperature (20, 25, 30 °C), the
organic to aqueous phase fraction (0.1, 0.25, 0.4), and the
initial cell concentrations (0.06, 4.45, 9 μg protein/ml
MSM) were chosen as the design parameters and designat-
ed as A, B, and C, respectively. Each parameter had three
levels: the maximum value corresponds to +1, the mini-
mum one to −1, and the center point to 0, as shown in
Table 1. The optimization responses selected were the time
for 90% of phenanthrene consumption (Y3) and two
expressions for the phenanthrene biodegradation rate as
follows: the phenanthrene biodegradation rate in mg.h-1

(Y1) and the phenanthrene volumetric biodegradation rate in
mg.h-1.l-1 (Y2). The CCD cultures were inoculated with
three different cell concentrations. They contained different

Table 1 Experimental values of coded parameters chosen in the CCD

Coded values Temp
(°C) (A)

Silicone
oil/MSM
(v/v) (B)

Initial cell
concentration
(μg protein/ml) (C)

−1 20 0.1 0.06
0 25 0.25 4.53
+1 30 0.4 9
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organic to aqueous phase fractions and were incubated in
the respective temperatures according to the statistical
design. All cultures were agitated at 150 rpm.

Results

Developing and checking the adequacy of the models

The actual design of the experiments and the results are
shown in Table 2. After running all the trials (20 runs), a
model was computed from which unacceptable measure-
ments were excluded. The optimum levels of the selected
variables were obtained by solving the regression equation
and by analyzing the response surface contour and surface
plots. The statistical significance of the results was deter-
mined through analysis of variance (ANOVA for response
surface) at the 95% confidence level (p<0.05) unless
parameters were considered as insignificant.

The present study was undertaken to investigate the
combined effect of a set of factors, namely, incubation
temperature (A), silicone oil/MSM ratio (B), and initial cell
concentration (C). The reduced empirical models from the 20
runs of the CCD and after excluding all the insignificant
terms are as follows:

ln Y1ð Þ ¼ �2:62þ 0:69Aþ 0:081Bþ 0:28C

þ 0:27AB� 0:072AC � 0:20BC � 0:26A2 ð1Þ

ln Y2ð Þ ¼ 1:76þ 0:69A� 0:61Bþ 0:28C þ 0:27AB

� 0:20BC � 0:27A2 þ 0:24B2 ð2Þ

ln Y3ð Þ ¼ 4:44� 0:63Aþ 0:51B� 0:36C � 0:15AB

þ 0:25BC ð3Þ

The adequacy of these quadratic models at the 95% con-
fidence level was examined using the statistics summarized in
Table 3. The three models were significant and navigate the
design space, as was evident from the F test with a very low
probability value for each model. A further adequacy test
was conducted by running a confirmation experiment within
the design range but not included in the CCD to examine the
validity of the model. The experiment coordinates were
30 °C, 0.1, and 0.74 μg/ml MSM for temperature, silicone
oil /MSM ratio, and initial cell concentration, respectively.
The actual results of the three responses Y1, Y2, and Y3 were
0.055 mg h−1, 10.5 mg l−1 h−1, and 44 h, respectively, and
were in good agreement with responses deduced mathemat-
ically (0.053 mg h−1, 10.54 mg l−1 h−1, 52 h).

Optimum degradation rate

By virtue of the response surface plots fitted by the models
previously mentioned and generated by the Design Expert,
the main interaction effects were identified. Figure 1 shows
the interaction effect of incubation temperature and oil/

Table 2 Experiments and
responses of the CCD for
phenanthrene degradation by
Mycobacterium sp. 6PY1

Y1 = mg biodegraded phenan-
threne.h−1 , Y2 = mg biode-
graded phenanthrene l−1 h−1 ,
Y3 = time (h) for 90% biode-
graded phenanthrene

Trial no. Temp
(°C) (A)

Silicone oil/MSM
ratio (v/v) (B)

Initial cell concentration
(μg protein/ml) (C)

Y1
(mg h−1)

Y2
(mg h−1 l−1)

Y3 (h)

1 30 0.1 0.06 0.055 11.0 62.10
2 25 0.1 4.53 0.067 13.4 45.54
3 25 0.4 4.53 0.080 4.00 141.9
4 25 0.25 4.53 0.073 5.84 81.70
5 25 0.25 4.53 0.073 5.84 81.70
6 25 0.25 4.53 0.073 5.84 81.70
7 20 0.1 0.06 0.018 3.60 173.7
8 20 0.1 9.00 0.067 13.4 42.30
9 25 0.25 9.00 0.086 6.88 76.05
10 20 0.4 0.06 0.022 1.10 333.9
11 20 0.4 9.00 0.026 1.30 286.7
12 25 0.25 4.53 0.073 5.84 81.70
13 30 0.25 4.53 0.119 9.52 41.00
14 25 0.25 0.06 0.059 4.72 108.0
15 30 0.1 9.00 0.110 22.0 18.00
16 20 0.25 4.53 0.025 2.00 164.1
17 25 0.25 4.53 0.073 5.84 81.70
18 25 0.25 4.53 0.073 5.84 81.70
19 30 0.4 9.00 0.172 8.60 52.33
20 30 0.4 0.06 0.139 6.95 84.82
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MSM ratio on the phenanthrene degradation rate, where the
initial cell concentration was kept at level +1. It was evident
from the response surface that the phenanthrene degrada-
tion rate increased with the incubation temperature (20–
30 °C) and oil/MSM fraction (0.1–0.4v/v), reaching a
maximum of 0.172 mg h−1 at 30 °C and 0.4 v/v. Figure 2
illustrates the fact that increasing both the inoculum
concentration and the silicone oil/MSM ratio increased the
degradation rate (Prokop et al. 1972). The maximum
degradation rate was observed at an initial cell concentra-
tion of 9 μg protein/ml and the highest level of silicone oil
volume ratio of 40%. Interestingly, the rise in the
degradation rate with the initial inoculum concentration
was obvious at low silicone oil ratios but became less
marked as the ratio increased (Fig. 2).

Optimum volumetric degradation rate

From an economic point of view, the use of a 40% silicone
oil/MSM ratio is not really cost-effective for scaling-up

purposes. Hence, the volumetric biodegradation rate ex-
pression was included in the analysis in an effort to find out
if a high volumetric degradation rate was attainable using
low silicone oil ratios. Figure 3 represents the volumetric
biodegradation rate (based on the organic volume) plotted
against the initial cell concentration and the silicone oil/
MSM ratio. The volumetric biodegradation rate increased in
parallel with the initial cell concentration but decreased
proportionally with the silicone oil/MSM ratio. Thus,
the optimum response of 22 mg l−1 h−1 was attained at the
maximum initial cell concentration (9 μg/ml) and the
minimum silicone oil/MSM ratio (0.1) of the design
(experiment 15). The dependence of the volumetric degra-
dation rate on the temperature and initial cell concentration is
depicted in Fig. 4. The optimum temperature in the design
range was 30 °C.

Optimum 90% degradation time

The model describing the time of degradation suggests that
the response is dependent on all three design parameters.
Figure 5 describes the variation of the 90% degradation
time with the silicone oil/MSM ratio and the initial cell
concentration. It is obvious that the time of degradation
decreases as the initial cell concentration increases. On the
other side, an oil/MSM ratio of 0.1 and a temperature of
30 °C gave the minimum time of degradation, which was
about 18 h (Fig. 6).

Table 3 Statistics used to test the adequacy of the reduced models

Response F
value

R2 p value Adequate precision
(ratio>4)

Y1 106.51 0.9801 <0.0001 34.240
Y2 129.98 0.9870 <0.0001 46.608
Y3 137.53 0.9800 <0.0001 49.143

Fig. 1 Response surface for
phenanthrene degradation rate
(Y1) vs incubation temperature
and silicone oil/MSM ratio
depicted as a 3-D graph. Factor
C was kept at level +1
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Discussion

The microbial PAH degradation has been intensively
reported in the literature. However, there is little informa-
tion, especially pertaining to the optimization of PAHs
degradation. Therefore, the present work was initiated to fill
a part of this void by optimizing the phenanthrene removal

conditions via the response surface methodology. A similar
methodology has been successfully applied to optimize
other microbial PAHs degradation (Launen et al. 1999).

The principal approach to enhance the degradation rate is
by favoring the substrate mass-transfer, which is mainly
governed by the size of the interfacial area. An optimal
interfacial area is often accomplished by increasing the

Fig. 2 Response surface for
phenanthrene degradation rate
(Y1) vs initial cell concentration
and silicone oil/MSM ratio
depicted as a 3-D graph. Factor
A was kept at level +1

Fig. 3 Response surface for
phenanthrene volumetric degra-
dation rate (Y2) vs initial cell
concentration and silicone oil/
MSM ratio depicted as a 3-D
graph. Factor A was kept at
level +1
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dispersed organic volume fraction. The volumetric liquid–
liquid interfacial area, a (m2 m−3), can be calculated as
Bailey & Ollis (1986):

a ¼ 6Φ=dsm ð4Þ
where dsm (m3.m−2) is the Sauter mean (surface averaged)
droplet diameter and Φ corresponds to the dispersed phase
volume fraction, which is the ratio of the NAPL volume to
the total liquid volume (phase ratio). This equation reveals

that the interfacial area increases with a decrease in the mean
drop size and with an increased phase ratio. However, it is
also known that drop diameters have a tendency to increase
with an increase in the phase ratio (Prokop et al. 1972;
Prokop and Erikson 1972; Gutierrez and Erikson 1977).
Ascon-Cabrera and Lebeault (1995) have studied the effect
of variations of the organic phase volume (8.3–83% v/v
silicone oil) on the interfacial area and observed maximal
values between 20% and 40%. The optimal fraction of the

Fig. 5 Response surface for
90% degradation time (Y3) vs
the initial cell concentration and
silicone oil/MSM ratio depicted
as a 3-D graph. Factor A was
kept at level +1

Fig. 4 Response surface for
phenanthrene volumetric degra-
dation rate (Y2) vs incubation
temperature and initial cell con-
centration depicted as a 3-D
graph. Factor B was kept at
level −1
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silicone oil concords with the 40% optimal value obtained in
this work to get the maximum degradation rate (Y1). On the
other hand, the optimal volumetric degradation rate (Y2) was
recorded at a silicon oil volume ratio of 0.1. This result is not
contradictory to the previously discussed finding because the
response (Y2) did not take into account the whole organic
volume; hence, the interfacial area variations were excluded.
The optimal volumetric degradation rate recorded in this study
(22 mg l−1 h−1) is similar to that reported by Munoz et al.
(2003) but much higher than the rates obtained by Guieysse
et al. (2001), Tian et al. (2002), and Doddamani and
Ninnekar (2000), which were 2.8, 5.0, and 7.0 mg l−1 h−1,
respectively.

It is also important to highlight that there was a clear
positive correlation between the inocculum amount and the
two phenenthrene removal rates (Y1) and (Y2). However,
this direct relashionship became less marked as the oil/
MSM proportion increased. It is hypothesized that increas-
ing the cell concentration enhances the interfacial area by
increasing biosurfactants secretion (Ascon-Cabrera and
Lebeault 1995; Hommel 1990; Oberbremer and Müller-
Hurtig 1989; Allen et al. 1992). This hypothesis could be
supported by the fact that emulsions were observed at the
biphasic interface. Furthermore, the lag period in phenan-
threne degradation was shortened as the initial cell
concentration increased (results not shown). However, high
silicone oil volume ratios hinder the effect of the cell
concentration parameter by diluting the concentration of
biosurfactant secreted by the cells. This result concords
with the observations of Munoz et al. (2003), who found
that at a silicone oil/MSM ratio of 0.25 the inoculum

concentration had no significant effect on the maximum
degradation rate.

The degradation tests performed in this study also
showed that the time for 90% degradation (Y3) was
shortened as the inoculum size increased. As noted earlier,
the influence of the initial cell concentration may be related
to biosurfactant excretion, which increases phenanthrene
bioavailability and thereby shortens the lag time and
reduces the whole time required for degradation. On the
other side, the minimum time for 90% degradation (Y3) was
obtained using the minimum silicone oil/MSM fraction.
The effect of the silicon oil/MSM fraction was expected
because lower silicone oil volumes contained lower quantity
of phenanthrene, so shorter time was required to degrade
the whole quantity. Finally, the concluded models and
optimum conditions will cater for phenanthrene degradation
scaling up in a two-phase partitioning bioreactor.

In conclusion, the CCD selected as a response surface
methodology was successfully applied to perform the
complete set of optimized variables values for the biodeg-
radation of phenanthrene in biphasic medium. The maxi-
mum degradation rate of phenanthrene was 0.172 mg h−1 at
a combination of the highest levels of initial cell concen-
tration, temperature, and silicone oil/MSM ratio in the
experimental design, which were 9 μg/ml protein, 30 °C,
and 40% (v/v), respectively. Unlike the first response (Y1),
the maximum volumetric degradation rate (22 mg l−1 h−1)
was attained at a 10% silicone oil/MSM ratio. Therefore, it
was considered economically more feasible. The optimum
(minimum) time for 90% of degradation was attained at a
temperature of 30 °C and a silicone oil/MSM ratio of 10%.

Fig. 6 Response surface for
90% degradation time (Y3) vs
incubation temperature and sili-
cone oil/MSM ratio depicted as
a 3-D graph. Factor C was kept
at level +1
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