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Abstract

The ability of acclimatized mixed culture from sewage waste sludge was tested to biodegrade (PAHs):
naphthalene and phenanthrene each with a concentration of 300 mg/L. Sewage sludge was selected as an
inexpensive source of mixed culture of microorganisms, usually available in large quantities in wastewater treatment
plants. Two types of reactors were employed in the investigation: shake flask and roller bioreactors. Complete
biodegradation of naphthalene and phenanthrene was achieved in the shake flask bioreactor after 13 and 14 days of
treatment, respectively. The corresponding durations in the roller bioreactor were 11 and 12 days. The obtained
results show that the said culture is capable of consuming PAHs as energy and carbon source and have a promising
application in bioremediation of PAH contaminated environments. The biodegradation of naphthalene was enhanced
when using the roller bioreactor compared to its biodegradation in the shake flask bioreactor. The microorganisms’
specific growth rate was raised from 0.014 to 0.022 h-1 due to the enhanced mixing in the roller bioreactor. No
enhancement was observed for phenanthrene biodegradation when using the roller bioreactor: the microorganisms’
specific growth rate was equal to 0.016 h-1 for the shake flask bioreactor compared to 0.012 h-1 for the roller
bioreactor. Logistic models were employed for the description of the microorganisms’ growth and the PAHs
degradation in both shake flask and roller bioreactor. Additionally, second order inhibition model was used to
describe the possible inhibitions. The results obtained from the models well-matched the biodegradation
experimental data with R2 of more than 97%.
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Introduction
PAHs are a diverse group of over 100 organic compounds

containing two or more benzene rings joined in linear, angular or
cluster orientations. The structural characteristics of PAHs such as
number of rings, angularity, their low solubility and high
hydrophobicity make them recalcitrant and persistent in the
environment. They are thermodynamically stable and possess high
melting and boiling points together with low water solubilities and
vapor pressures [1].

PAHs pose a serious threat to the environment, especially on sites
related to the processing of oil and gas.

Exposure to PAHs has a significant health risk and many of these
compounds are listed as majored pollutants by both the US EPA and
the European Union due to their toxic, mutagenic, or carcinogenic
properties. PAH exposure can occur via inhalation, ingestion, or
dermal contact. The degree of toxicity is related to the molecular
weight of the PAH, higher molecular weight compounds often
exhibiting greater toxicity, although the route of exposure and presence
of other toxic substances will influence the toxicological effects [2,3]

Conventional chemical or physical technologies have been used for
PAHs abatement. The disadvantages of conventional techniques are
operational cost and difficulties as well as the resulting pollutants [4].

Biodegradation presents a promising approach for the removal of
PAHs. It involves the use of naturally occurring microorganisms, e.g.,
bacteria of the genera Burkholderia, Sphingomonas, Acinetobacter,
Pseudomonas, Mycobacterium and Rhodococcus. These have
successfully mineralized low and high molecular weight PAHs [5,6].

Romero et al. [7] isolated Pseudomonas aeruginosa from a heavily
polluted effluent stream from a petroleum refinery. This species was
found to be growing actively over high concentrations of
phenanthrene; totally removing the pollutant in duration of 30 days.

Although pure cultures of several bacteria species can readily
consume PAHs as a carbon source, a mixed culture may enhance
degradation [8].

Combined metabolism of mixed culture of microorganisms may
result in enhanced PAH degradation because intermediate
biotransformation products from one microorganism may be utilized
for metabolism by others [9,10].

Sewage waste sludge is an example of a mixed bacterial culture. It
results from wastewater treatment plants and contains fungi, yeast,
protozoa, in addition to numerous bacterial species.

The key factor influencing the biodegradation rate is the
bioavailability of PAHs to the microorganisms. Stirred tank bioreactors
are advantageous regarding solid-liquid mass transfer, since the rate of
dissolution can be enhanced by the application of a suitable mixing
protocol. However, an inherent aspect of these bioreactors is the
clinging of solid hydrophobic particles to their walls and agitation
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mechanisms, preventing the efficient biodegradation of solid PAHs.
The use of a roller bioreactor partially overrides such a problem
[11,12].

In this study sewage waste sludge was investigated as a mixed
bacterial culture for the biodegradation of naphthalene and
phenanthrene which are commonly used as model compounds for
PAH biodegradation with two system types: shake flask and roller
slurry bioreactors. All the experimental data were fitted to logistic and
second order inhibition models, in order to better characterize the
biodegradation process.

Material and Methods

Materials
In the present study, the used naphthalene and phenanthrene, are of

analytical grade (CDH India). The mineral salt medium (MSM) is of
analytical grade also (CDH and Merck, India). The nutrient broth was
purchased from HIMEDIA India.

Nutrients
For microorganisms’ growth, McKinney’s modified medium

mineral salt medium (MSM) was employed. Tables 1 and 2 show
composition and trace elements in one liter of MSM, respectively.
Preparation of the medium involved the mixing of inorganic chemicals
with distilled water to make a buffered solution of pH of 6.5-6.7.

Substance Mass or Volume

Trace element, ml 1

Fe(NH4)2SO4, mg 10

MgSO4, mg 30

CaCl2, mg 30

NaCl, mg 30

(NH4)2SO4, mg 237

K2HPO4, mg 375

KH2PO4, mg 420

Table 1: Modified McKinney’s medium in 1 liter of distilled water.

Substance Mass (mg)

CuCl2 10

NiCl2 20

Na2MoO4 30

MnCl2 30

ZnSO4.7H2O 100

CoCl3 200

H3BO3 300

Table 2: Trace elements composition in 1 liter of distilled water.

Nutrient broth was used in isolation and acclimatization
experiments, it consisted of yeast extract 1.5 g/L, beef extract 1.5 g/L,
sodium chloride 5 g/L, and animal tissues 5 g/L with final pH=7.4 at
25°C.

Microorganisms culture
The used sewage waste sludge was collected from the drying beds of

a local wastewater treatment plant (Al-Rustamiyah).

Physical characteristic (dry dead biomass)

Particle diameter, mm 0.775

Surface area (m2/g) 94.53

Actual density (kg/m3) 1741.6

Bulk density (kg/m3) 609.9

Particle porosity 0.584

T.S (mg/l) 153950

V.S(mg/l) 78126

Chemical characteristic (dry dead biomass)

pH 5.5-6.3

CEC(meq/100 g) 51.2

Lead, mg/l 0. 02

Chromium, mg/l 0.01

Cadmium, mg/l 0.02

Biological characteristic (live biomass)

Bacteria  

Aeromonas species (CFU/ml) 222000

E. coli (CFU/ ml) 430000

Pseudomonas aeruginosa(CFU/ml) 703500

Klebsiella species (CFU/ ml) 210000

Clostridium (CFU/ml) 370000

Staphylococcus sp. (CFU/ml) 210000

Streptococcus sp. (CFU/ml) 490000

Salmonella sp (CFU/ml) 190000

Shiglladysente (CFU/ml) 410000

Fungi  

Penicillium sp. (CFU/ml) 180000

Yeast  

Candida albicans (CFU/ml) 460000

Protozoa  

Entamoeba species (CFU/ml) 16000
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Giardia lambihia (CFU/ml) 90000

Table 3: Physical, chemical and biological characteristic of sewage
sludge.

The physical, chemical and biological characteristics of the sewage
sludge are shown in Table 3. The prevailing bacteria in the microbial
consortium was identified to be Pseudomonas aeruginosa. The
measurements were carried out using API instrument (Biomerieux,
France) in the Biotechnology Center, Al-Nahrain University, Baghdad,
Iraq.

To isolate the mixed culture from the obtained sludge, initially 10 ml
of sludge was mixed with 250 ml of the aforementioned broth. The
resulting solution was subsequently put in a rotary shaker, 150 rpm, for
about one week at 37°C. Then 10 ml of the week-long shaken solution
was mixed with another 250 ml of nutrient broth and put again in the
rotary shaker for about a week at 37°C. The above procedure was
repeated four times to ensure proper isolation of microbial mixed
culture which took an overall duration of six weeks.

For acclimatization of the mixed culture to the relevant PAHs, 10 ml
of isolated culture was added and mixed with 250 ml of nutrient broth.
To this solution, 2 g of glucose and 0.1 g of either naphthalene or
phenanthrene were added. The resultant solution was subsequently put
in the rotary shaker for one week at 37°C. This protocol was repeated
with a gradual increase and decrease of the PAH and glucose
concentrations, respectively. It took a period of more than eight weeks
to obtain a final well acclimatized mixed culture grown in naphthalene
or phenanthrene.

Apparatus and experimental procedures
Naphthalene or phenanthrenes with concentrations of 300 mg/L

were used with either the shake flask or the roller bioreactor. For the
shake flask experiments, 400 ml of MSM was introduced into a 1000
ml Erlenmeyer flask, autoclaved and mixed with 10 ml (2.5%) of
acclimatized mixed culture. Then a fixed amount of naphthalene or
phenanthrene was added to maintain the required concentration. The
mixture was then put in the rotary shaker at 150 rpm and 37°C. To
ensure aeration and VOCs minimization, all flasks were sealed with
cotton stoppers. Collection and analysis of samples were conducted at
regular intervals to determine PAH and microorganism
concentrations.

The roller bioreactor used in this study (shown in Figure 1) was
fabricated in the local market. It consists of 5 L narrow mouthed glass
bottle (0.15 m inside diameter and 0.3 m length), rotated on a roller
arrangement at a speed of 50 rpm. The roller arrangement is a variable
speed devise (0-100 rpm) containing two roller bars and run by a
heavy-duty motor. Simultaneous rotation of the two bars is achieved by
pulleys and a drive-belt. This bioreactor has a working volume of one
liter and was operated at room temperature (~25°C). The reactor’s glass
bottle was supplied with a Teflon cap with two openings; one opening
equipped with stainless steel tubing, allowing continuous injection of
air into the bioreactor, and the second opening was used as a vent. Air
flow at a rate of 3.5 L/min was supplied to the bioreactor by an air
pump (Rs-610 Zhongshan Risheng Electrical Products Co., China) to
transfer the necessary oxygen for the biodegradation process.

One liter of autoclaved MSM was placed in the roller bioreactor’s
glass bottle, mixed with 25 ml (2.5%) of acclimatized mixed culture.
Then 300 mg of naphthalene or phenanthrene was added. The Teflon

cap was fixed at the bottle mouth and the air allowed passing through
the stainless steel tube to supply O2 for the biodegradation process.

Figure 1: Schematic diagram of the roller bioreactor.

The bottle was placed horizontally on the roller bioreactor and
allowed to rotate at 50 rpm. Samples were taken at regular intervals for
analysis by stopping the rotation of the bottle and withdrawing a 5 ml
sample. Rotation was then resumed. All experiments were carried out
in duplicates, and the values shown in the figures relate to mean values
with a standard deviation lower than 15%.

PAHs concentration measurements
Concentration of naphthalene or phenanthrene during

biodegradation experiments were determined by taking a 5 mL well-
shaken sample every day, to which 10 ml of ethanol was added in order
to dissolve the PAH and suppress bacteria. Subsequently, the sample
was shaken for one minute (vortex mixer), centrifuged to separate the
biomass, and filtered to eliminate any particles including biomass (0.22
µm nylon filter). The sample was then injected into High Performance
Liquid Chromatography (HPLC), PerkinElmer series 200, USA. The
stationary phase is C18 column (25 cm × 4.6 mm, 5 µm particle size)
Discovery, from Supelco. A mixture of acetonitrile and water (65:35)
constituted the mobile phase. Peaks were detected with a UV detector
at 275 nm for naphthalene and 252 nm for phenanthrene. The HPLC
reading was multiplied by 3 to obtain the PAH’s concentration before
dilution.

Biomass concentration measurements
A 5 ml well-mixed sample was taken daily to measure the biomass

concentration during biodegradation experiments. Measurement of
the optical density (OD) was done using UV-V spectrophotometer
(Model T80 from PG Instrument Ltd, England). In order to exclude
the effect of bubbles and naphthalene particles on the OD value, the
sample was filtered through coarse paper (Whatman Grade 41) into a
cuvette. Supernatant absorbance was then measured at 600 nm, and
the obtained-values were converted to grams of cell dry weight per liter
using a calibration curve.

The calibration curve was developed by determining the biomass
concentration using a dry-weight method. 200 ml of bacteria broth
(1000 mg/ L glucose as growth substrate) was grown to a maximum
biomass concentration (3 days at 30°C in shaker incubator). 100 ml of
this broth was then transferred to centrifuge tubes and centrifuged at
10000 rpm for 15 minutes to allow the biomass to precipitate at the
bottom of the tubes. A few drops of distilled water were introduced
into the tubes to rinse their walls, followed by mixing using a vortex
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mixer. The procedures of centrifuging, decanting and rinsing were
repeated three times. Finally, this biomass suspension was transferred
to pre-weighed aluminum boats and dried at 105°C for 24 hours. The
original broth was also subjected to a series of dilutions and analyzed
for OD. These dilutions provided a range of known concentrations
with measured ODs and were used to plot the dry-weight calibration
curve.

The relation: (Biomass concentration (g/L)=0.9 × OD) consequently
from the previous procedure.

Results and Discussion

Biodegradation of naphthalene and phenanthrene in shake
flask bioreactor
The effect of using acclimatized mix culture of microorganisms for

the biodegradation of PAHs using shake flask bioreactor were
investigated in these experiments. Figure 2 shows that the PAHs
concentrations decreased continuously with time until depletion,
indicating that the acclimatized mixed culture from sewage waste
sludge could effectively degrade these compounds. Naphthalene was
degraded completely after 13 days while phenanthrene was degraded
completely after 14 days. The proximity of the biodegradation of these
two compounds in spite of their significantly different chemical
structures (two benzene rings in naphthalene vs. three fused rings in
phenanthrene) and water solubilities (32 mg/L for naphthalene vs. 1.6
mg/L for phenanthrene at 25°C) is not eworthly. It may be due to the
fact that the microorganisms were efficiently acclimatized on PAHs
although phenanthrene was thought to be the more difficult compound
to biodegrade.

Figure 2: PAH biodegradation in shake flask bioreactor.

Romero et al. [7] isolated Pseudomonas aeruginosa from a stream
heavily polluted by a petroleum refinery. Complete removal of high
dosages of phenanthrene (200 mg/L) in a period of 30 days was found.

Nasrollahzadeh et al. [10] studied the biodegradation of
phenanthrene using mixed consortia of microorganisms from the
effluents of a local industrial zone. The biodegradation data of
phenanthrene indicate about 100%, 100% and 85% degradation at
concentrations of 20, 50 and 100 mg/L, respectively within 6 days.

Also, Janbandhu and Fulekar [8] reported that the biodegradation
data of phenanthrene indicated to about 100%, 56.9% and 25.8%
degradation at concentrations of 100, 250 and 500 mg/L, respectively

within 14 days by using adapted microbial consortium from an old
petrochemical refinery field.

The results obtained in the present research, in which high dosage of
phenanthrene (300 mg/L) was completely degraded after 14 days, are
in line with previous results. This indicates that the microbial
consortium from sewage waste sludge have a promising application in
bioremediation of PAH contaminated environments.

Figure 2 shows the variation of biomass concentration with time.
Biomass concentration increases with time which indicates that the
microbes utilized the PAHs as energy and carbon source. An
adaptation lag phase of one day for both naphthalene and
phenanthrene was observed through these experiments. During this
phase, cell mass may increase a little, without an increase in cell
number density [13]. After the lag phase a period of an active.

After the exponential growth phase, a death phase was observed. A
sharp decline in microbial growth for naphthalene and a gradual
decline for phenanthrene were observed. The sharp decline in
microbial growth indicates severe microorganisms’ starvation due to
naphthalene depletion. While the gradual decline in phenanthrene
may be due to the slow dissolution of phenanthrene into the liquid
phase up to exhaustion. This observation was also mentioned by
Nasrollahzadeh et al. [10] in their research.

Cell growth kinetics in a batch reactor can be represented by
Malthus law (1):���� = ��(1)

Where X is the biomass concentration (g/L) at time t, μ is the
specific growth rate (h−1) and t is the incubation time (h).

The specific growth rate for naphthalene and phenanthrene were
determined from the slope of Ln(X/X0) against time, during the
exponential growth phase as shown in Figure 3. X0 represents the
initial biomass concentration.

Figure 3: Rate of cell growth in shake flask bioreactor.

The results show that the specific growth for naphthalene is 0.014 h
−1 while that for phenanthrene is 0.016 h−1. The specific growth seems
to be equal for the two compounds in spite of their different chemical
composition and solubility.

Nasrollahzadeh et al. [10] reported that a specific growth rate of
0.022, 0.023 and 0.023 h-1 were obtained for phenanthrene
concentrations of 20, 50 and 100 mg/l, respectively.
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Romero et al. [7] reported that the specific growth rates for
Pseudomonas aeruginosa isolated from a contaminated stream were
equal to 0.041 and 0.037 h-1 for phenanthrene concentrations of 100
and 200 mg/L, respectively. Also, Lei et al. [14] found that the specific
growth rate of Pseudomonas mendocina was equal to 0.033 h-1 for 100
mg/L phenanthrene.

In the present research the specific growth of phenanthrene is equal
to 0.016 h-1 only, which is less than the corresponding values
mentioned previously by other workers. This may be due to the
relatively high concentration of phenanthrene (300 mg/L) which
inhibits the microorganisms’ growth.

Various models have been proposed to represent microbial growth.
An example of such models is the Logistic equation (2), which predicts
the lag phase, the exponential growth rate and the stationary cell
population (Xm) [11,12,15].� = ��

1 + � ln ���0 − 1 − �� (2)
where X is the biomass concentration (g/L) at time t (h), X0 and Xm

are the initial and stationary biomass concentrations (g/L), and μ is the
specific growth rate (h-1).

Also, the second order inhibition model (3) was used to describe
possible inhibitions as stated by Najafpour [16]. This equation has the
potential to predict the inhibition which results from intermediates
competing with PAH consumption:

� = �0����1− �0�� 2 ���+ �� 1− �(�+ ��)� (3)
K is the decline or promotion constant (h-1).

Table 4 gives the models parameters with their values. It can be seen
that the parameters defining the growth models for naphthalene and
phenanthrene have R2 of more than 0.98%.

Biomass (logistic model) parameters

 
naphthalene phenanthrene

shake flask roller shake flask roller

Xm (g/L) 0.525 0.47 0.903 0.592

Xo (g/L) 0.029 0.002 0.044 0.049

µm (h-1) 0.019 0.047 0.02 0.016

R2 0.998 0.99 0.997 0.996

Biomass (second order inhibition model) parameters

naphthalene phenanthrene

 shake flask roller shake flask roller

Xm (g/L) 0.25 0.1 0.35 0.43

Xo (g/L) 0.07 0.01 0.038 0.045

µm (h-1) 0.01 0.02 0.023 0.016

K (h-1) 0.1 0.02 0.017 0.022

R2 0.986 0.99 0.995 0.949

Degradation parameters

naphthalene phenanthrene

 shake flask roller shake flask roller

Dm (%) 100 92 94 91

Do (%) 6.311 12.712 12.836 10.961

µD (h-1) 0.014 0.048 0.025 0.034

R2 0.992 0.97 0.96 0.971

Table 4: Growth and PAHs biodegradation kinetic parameters for
shaker and roller bioreactor systems.

Figure 4: Simulated cell concentration for PAH fitted with Logistic
model in shake flask bioreactor.

Figure 5: Simulated cell concentrations for PAH fitted second order
inhibition model in shake flask bioreactor.

Figures 4 and 5 show the comparison between the experimental
data with logistic and second order inhibition models. The theoretical
growth curves fit quite well the experimental data.

The results for the biodegradation of naphthalene and phenanthrene
in the shake flask bioreactor were fitted to the Logistic equation (4)
[11,12].
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� = �max
1 + � ln �max�0 − 1 − ��� (4)

D is the naphthalene or phenanthrene removal efficiency (%) at
time t, D0 and Dmax are the initial and maximum PAHs removal
efficiencies (%), and μD is the specific degradation rate (h-1).

The model parameters with their values are shown in Table 4. Figure
6 shows a successful fitting between the theoretical and the
experimental results.

Figure 6: Simulated PAH removal efficiency fitted with Logistic
model in shake and roller bioreactors.

Biodegradation of naphthalene and phenanthrene in roller
bioreactor
The bioavailability of PAHs to the microorganisms is the key factor

influencing the biodegradation rate. In this sense a roller bioreactor
was used to improve the performance of the biodegradation process by
supplying efficient mixing for better PAHs particle dissolution to the
liquid phase.

Figure 7: PAH biodegradation in roller bioreactor.

From Figure 7, it can be seen that a rapid biodegradation rate exists
for both naphthalene and phenanthrene at an early stage of the
experiment and then a slower biodegradation rate was observed.

Naphthalene degraded completely after 11 days while phenanthrene
degraded completely after 12 days with a slightly slower rate.

It was obvious that the biodegradation rate of naphthalene was
enhanced when using the roller bioreactor due to its increased
solubility which making it more bioavailable to the microorganisms
[17]. No enhancement in the degradation rate of phenanthrene was
observed when using the roller bioreactor. Phenanthrene solubility was
only 1.6 mg/L; to enhance this low solubility efficient mixing is not
enough. Different surfactants may be required as reported by many
authors [11,12,18-21]. Moscoso et al. [11,12] reported that
phenanthrene degradation values of 90% was achieved in flask scale
and 100% in bioreactor scale after 3 days of operation when using
Tween 80 surfactant (1% w/v).

From Figure 7, it can be seen that the biomass concentration
increases with time indicating that the microbes consumed the
naphthalene and the phenanthrene as energy and carbon source. A lag
phase of 1 day for both naphthalene and phenanthrene was observed,
as in the shake flask bioreactor. After the lag phase a period of
exponential growth phase was observed. The maximum biomass
concentration reached in the present experiments can be observed to
be 0.34 g/L after 6 days for naphthalene and 0.23 g/L after 5 days for
phenanthrene. The low solubility of phenanthrene may cause a limited
cell growth.

Following the exponential growth, a death phase was observed
indicating the depletion of PAHs.

From Figure 8 the specific growth rate for naphthalene was 0.022 h
−1. In the shake flask bioreactor this specific growth rate was 0.014 h−1,
indicating that the roller bioreactor is more efficient in the
biodegradation treatment of naphthalene. For phenanthrene the
specific growth rate was 0.012 h−1 compared to 0.016 h−1 for the shake
flask bioreactor. This confirms that no enhancement in the
biodegradation treatment of phenanthrene was obtained in the roller
bioreactor. As pointed out previously, for very low PAHs solubilities,
enhancement may be achieved by adding different surfactants.

Figure 8: Rate of cell growth in roller bioreactor.

Figures 9 and 10, show the comparison between the experimental
data with the results of logistic model and second order inhibition
model for both naphthalene and phenanthrene.
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Figure 9: Simulated cell concentration for PAH fitted with Logistic
model in roller bioreactor.

Figure 10: Simulated cell concentrations for PAH fitted second
order inhibition model in roller bioreactor.

It was observed that the experimental data were well represented by
the proposed models. The parameters defining the logistic models and
second order inhibition model for the roller bioreactor are presented in
Table 3, with R2 of more than 97%. The results for the biodegradation
of naphthalene and phenanthrene in the roller bioreactor were fitted to
the Logistic equation (4). A fair fitting was obtained as shown in Figure
6. The model parameters with their values are shown in Table 4, with
R2 of 97%.

Conclusion
The biodegradation of naphthalene and phenanthrene by an

acclimatized mixed culture from sewage waste sludge was investigated
in two types of reactors: shake flask and roller bioreactors. The results
show that complete biodegradation of naphthalene and phenanthrene
was achieved after 13 and 14 days, respectively in the shake flask
bioreactor. While in the roller bioreactor complete biodegradation was
achieved after 11 and 12 days, respectively. The specific growth rate
was observed to be 0.014 and 0.016 h-1 for naphthalene and
phenanthrene, respectively, in the shake flask bioreactor while the
corresponding values were 0.022 and 0.012 h-1 in the roller bioreactor.

The results indicate that the roller bioreactor enhanced the
biodegradation of naphthalene due to its efficient mixing which
enhanced the dissolution of naphthalene particles to the aqueous phase
making it more bioavailable to the microorganisms. The roller
bioreactor didn’t show any enhancement to the biodegradation of
phenanthrene, this may be due to the very low solubility of this
polyaromatic compound in water and the need to use a surfactant to
enhance its solubility.

Logistic model and the second order inhibition model were used to
describe the microorganisms’ growth and the PAHs degradation. A
good fitting was obtained between the models and the experimental
results.
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