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Abstract. Petroleum-based products are the major sources of energy
for industry and daily life. The world production of crude oil is more
than three billion tons per year, and about the half of this is
transported by sea. Oil spill accidents result in significant
contamination of the ocean and shoreline environment. Annually,
more than one million tons of petroleum are estimated to end up in the
sea.

In this study, a strain of Pseudomonas alkanolytica had been
examined to degrade oil spill in surface water. Such strain which is
isolated from petroleum hydrocarbon contaminated soil has the ability
to utilize a variety of hydrocarbons substrates. Experiments were
carried out in lab scale and the growth of microorganisms were
investigated directly and indirectly. Results showed an extent of
biodegradation more than 90% can be achieved within 10 days using
this strain.

1. Introduction

Petroleum oils can cause environmental pollution during various stages
of production, transportation, refining and use. Oil pollution from
industrial sources and other activities at the harbor area pose great hazard
to terrestrial and marine ecosystems. Petroleum hydrocarbons pollutions,
ranging from soil, ground water to marine environment, become an
inevitable problem in the modern life.

Although accidental releases account for only a small percentage of
the oil released into the marine environment, large oil spills pose a great
threat to terrestrial and marine ecosystems and hence, attract much public
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attention. The National Research Council in Greece has recently updated
its classic “oil in the sea” and now estimates that the total input of
petroleum into the sea from all sources is approximately 1.3 Million
ton/year out of which almost 50% comes from natural seeps and less than
9% emanates from catastrophic releases. Consumption, principally due to
non-tanker operational discharges and urban run-off, is responsible for
almost 40% of the input ',

At present, a number of different technologies exist for oil spill
removal, such as chemical precipitation, adsorption, and solvent
extraction 1%, However, these methods have several disadvantages, such
as incomplete oil removal, expensive equipment and monitoring system
requirements, high reagent or energy requirements and generation of
toxic sludge or other waste products that require disposal 1!,

Although physical collection of the oil with booms, skimmers and
adsorbents is generally the first priority of responders it is not very
effective after a large spill ' and current mechanical methods typically
recover no more than 10—15% of the oil after a major spill according to
the Office of Technology Assessment /.

The need for alternative and additional responses led to
bioremediation that has emerged as one of the most promising secondary
treatment options for oil removal since its successful application after the
1989 Exxon Valdez oil spill P!, Bioremediation can offer a less
ecologically damaging alternative by taking advantage of the oil
degrading microbes ¥ and by establishing and maintaining the physical,
chemical and biological conditions that favor enhanced oil
biodegradation rates in the contaminated environment .

The use of bioremediation methods for oil contamination treatment
can overcome some of limitations of physical and chemical treatments
and provides a means for cost-effective removal. Such method is recently
receiving favorable publicity as promising environmentally friendly
treatment technologies for the remediation of hydrocarbons [5]. For this
reason, bioremediation has been considered a potentiallaf useful tool in

the cleaning of oil spill and the treatment of oil residues ',

Many soil microorganisms transform oil hydrocarbons into non-
toxic compounds or mineralize them to inorganic compounds .
Hydrocarbons are degraded in soil mainly by bacteria (0.13—50% of the
total of heterotrophic soil microorganisms) and fungi (6-82%) ! and '*!.
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This natural microbiological activity is applied in bioremediation to
reduce the concentration and/or toxicity of various pollutants, including
petroleum products ). These processes take place in the natural
environment, and their end-products are carbon dioxide and water '

It has been observed that the saturated components of crude oil
(alkanes and cycloalkanes) and particularly the n-alkanes of intermediate
lengths (C0-Cy) are biodegraded more readily. Alkanes of shorter chain
length are more toxic, while those of larger chain length (Cy0-Cy4g) are
hydrophobic solids difficult to degrade due their low bioavailability and
aqueous solubility "' Polyaromatic compounds especially those of high
molecular mass, are degraded slowly and with low efficiency, probably
because of their low solubility and the high resonance of their structures ">\

The speedy removal of some n-alkanes or branched-alkanes by
Rhodococcus erythropolis was reported by C.W. Liu et al. '*!. This strain
was tested under saline conditions, as well as in pure sea water. At an
initial NaCl concentration 1.2% and 2.4%, 80 - 90% removal of alkane
was achieved within 56 h and 65% removal at 3.6% NaCl concentration
within 68 h. Addition of 0.24 g/L nutrient broth (NB) in the medium
would further promote the biodegradation rate and cell aggregation
phenomenon during the process and more than 80-95% removal of
alkane was achieved within 56 - 68 h. In the case of seawater, alkane
removal was about 50% after 140 h and 65% with NB addition. The
results suggest that strain NTU-1 has considerable ability for the
bioremediation processes of n-hexadecane in a marine environment.

Pseudomonas species are often isolated from hydrocarbon
contaminated sites and hydrocarbon degrading cultures. Members of this
genus have broad affinity for hydrocarbon and can degrade selected
alkanes, alycyclics, thiophenes and aromatics !'*'*!,

It was reported that R. erythropolis tolerates both water-miscible,
such as ethanol and butanol up to 50% v/v, and water-immiscible
solvents such as dodecane and toluene (5% v/v) 9. Tolerance
mechanisms to the hydrocarbons involve the adoption of the cell surface
to the environment ' | e.g. more mycolic acids or fatty acids in the cell
surface making the cells hydrophobic attack oil pollutants and the direct
contact between cells and oil pollutants improves the biodegradation rate ',

In the present study, the main objective is to investigate the extent
of biodegradability of petroleum hydrocarbons spilled into natural water.
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A strain Pseudomonas alkanolytica was used for its ability to utilize a
variety of hydrocarbon substrates.

2. Materials and Methods

2.1 Microorganisms

The bacterial strain Pseudomonas alkanolytica ATCC 21034 was
used throughout this study for its ability to adherence to hydrocarbons
and to degrade variety of hydrocarbons as it is isolated from soil
contaminated with petroleum components in Manali. Pseudomonas
alkanolytica is a gram-positive bacterium that exhibited the following
physiological characteristics: yellow colored colonies on nutrient agar,
presence of motility and spore formation and producing coenzyme A
utilizing hydrocarbons """,

2.2 Hydrocarbon

Dodecane (Ci2Hzs) commercialized by Fluka was chosen as the
sole carbon source to simplify the study, as the assimilation of a mixture
of hydrocarbons is difficult with respect to pure hydrocarbon. Moreover,
Dodecane represents 42% of the petroleum pollutants as shown Table 1.

Table 1. Mass percentage of alkanes in some petroleum products.

No. of Carbon atoms 10 11 12 13 14 15 16 17 18 19 20
% n-alkanes in Kerosene 6 39 42 13 trace - - - - - -
% n-alkanes in gasoil - trace trace 4 28029 22 12 4 1 -
% n-alkanes in paraffins - - 1 2 3 5 8 14 21 19 13

2.3 Culture Medium

A mineral medium salt proposed by Goswami and Singh was used
as the aqueous phase; its composition is shown in Table 2.

Table 2. Composition of the mineral medium salt.

Compound Quantity

(NH,)SO, 2¢g

Na,HPO, 36lg
KH,PO, 1.75g
MgS0,.7H,0 02¢g
CaCl, 50 mg
FCSO4.7H20 1 mg
CUSO4.5H20 50 mg
H3BO3 10 mg
MnS0,.7H,0O 10 mg
ZnS0,.7H,0 70 mg

(NH4)6M07024.4H20 10 mg
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Ammonium phosphate commercialized by Fluka was used as the
source of nitrogen. pH of such solution was adjusted at 7.4 before
sterilization, with a solution of NaOH (IN). The sterilization time at
121°C was 15 minutes for volumes lower than 2 liters and 30 minutes for
higher volumes.

2.4 Growth Conditions

Microorganisms were cultivated in a mineral medium containing
different percentage (v/v) of dodecane as a sole carbon and energy
source. To minimize the adoption phase of growth, reactivation of
biomass was necessary which was done in two successive steps as
follows:

Inoculum of microorganisms from Petri dish was cultivated in 250
ml Erlenmeyer containing 100 ml of the aqueous phase with 2% (v/v)
dodecane over a period of 5 days.

One milliliter of such was introduced in another Erlenmeyer
containing 100 ml of the aqueous phase with 2% (v/v) dodecane over a
period of 2 days.

The cultivation was carried out at 30°C in a rotary shaker incubator
with 250 rpm.

2.5 Experimental Design

An open cylindrical tank is used in this study, made of Pyrex glass
with 22 cm diameter and 10 cm depth, thus a working volume of 3.8
liters was used. The reactor was fed with 3.5 liter of mineral salt *! with
different concentrations of dodecane (2, 4, 6, 10, 15% v/v). Volume of
inoculum was determined by calculation in order to have a concentration
of biomass in the range of 0.01g/l at the beginning. Growth of
microorganisms is realized at 30°C (the optimum temperature for growth
of the chosen bacterial strain) for a period of 12 days.

The same procedures were carried out with pre-aerated culture
medium. For that purpose, two cylindrical open tanks (Fig. 1) with the
same dimensions were used.

The biodegradation process was carried out in the first tank while
the other was used for aeration of mineral salt solution which is recycled
to the first tank at a rate of 1 ml/s with the aid of peristaltic pump to a
hydraulic residence time of 1 hr. The same pump was used to maintain
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the effluent flow at the same rate. From the resulting data of dodecane
layer thickness measurements, substrate consumption rate could be
predicted.

1- Dodecane Layer 4- Peristaltic Pump
2- Biomass ] 5- Air Diffuser
3- Salt Solution

Fig. 1. Schematic diagram of the Apparatus.

3. Analytical Methods

The extent of oil removal was monitored by three different
methods:

3.1 Hydrocarbon Consumption (Direct Method)

The proposed system used to quantify biofilm thickness is
illustrated in Fig. 2. The technique of measurement was carried out in
two successive steps:

In the first step, the probe (1) was mounted on a manual
micromanipulator, it was introduced from the top of the reactor
perpendicular to the biofilm, Location of the probe tip in the layer of
hydrocarbon was monitored with the help of binocular microscope.
Electrical conductivity was measured through the dodecane layer while
the probe (2) is immersed in the medium salt.

A sudden change in the value of electrical conductivity is observed
when the probe (1) touches the biofilm [point "b"], then the interface
dodecane-biofilm can be identified and the thickness of the hydrocarbon
layer can be determined (Step 1).
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Step 1 Step 2

1, 2 - Electrodes (propes) [a] Air — Dodecane interface

3 — Micrometer [b] Dodecane — biofilm interface
4- Conductivity meter [c] Biofilm — salt solution interface

Fig. 2. Proposed technique used for hydrocarbon quantification.

In the second step, the probe (1) is immersed in the salt medium
and probe (2) was mounted on the micromanipulator and introduced from
the salt medium perpendicular to the bottom of the biofilm. An abrupt
decrease in the value of electrical conductivity is observed when the
probe (2) reaches the salt medium - biofilm interface [point "c"], which
was slowly moved up into the biofilm and then the dodecane layer till the
dodecane-air interface which can be identified with the help of a
binocular microscope (Step 2). The first step determines thickness of
hydrocarbon layer and the second determines thickness of biofilm and
hydrocarbon layer, then biofilm thickness can be calculated as the
difference between the two values.

3.2 Dry Mass Technique (Indirect)

The hydrocarbon consumption by the microorganisms was also
followed by determination of biomass dry weight (cell dry weight).
However, such technique is considered an indirect method for estimation
of the biodegradation of dodecane. For that purpose, a series of
experiments were carried out in which biodegradation was allowed to
proceed for a certain period (1, 2, 3,... and 14 days). Dry weight of
biomass was determined according to the following technique: Samples
were centrifuged for 10 min at 20,000 rpm at ambient temperature, the
resulting supernatant was composed of the aqueous phase and a top
viscous layer consisting of dodecane, cells and polymer. The aqueous
phase was separated while the pellet and the top layer were treated with
15 ml of a solvent mixture (acetone & petroleum ether; 3: 1 v/v). The
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pellet was suspended in osmosed water and filtered through pre-dried
cellulose acetate filters (0.2 Pm pore size) in a vacuum filtration
apparatus. The filters were dried to a constant weight in a vacuum oven
at 70 °C. for 24 h.

3.3 Nitrogen Consumption (Indirect)

Determination of the consumption of nitrogen substrate is also a
useful method for estimation of the process of biodegradation of
dodecane. Since microorganisms consume nitrogen during their growth
as it is one of the essential components of their cells (14%) and the only
source of nitrogen in the culture media was (NH4),SO4. The
performance of the microorganisms can be observed through the
determination of the residual content of this substrate. The nitrogen
consumption could be estimated by the subtraction of the amount
remaining in the aqueous phase of the biphasic media after centrifugation
from the initial amount of the ammonium sulfate. One of the most
common techniques for determination of mineral nitrogen content is
Nessler method in accordance with the standard method *'1.

4. Results and Discussion

The present study was initiated to examine the ability of the strain
Pseudomonas alkanolytica to degrade petroleum hydrocarbons. As
bacteria adhere to and grow on interfaces, the growth of biomass in this
work was in the form of biofilm, which was observed at hydrocarbon —
salt solution interface (Fig. 3).

Fig. 3. Formation of bacterial biofilm at hydrocarbon/salt solution interface.
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Results of measurements, interpreted and calculated according to
the above procedures, are presented in Fig. 4 for both aerated and non
aerated medium. Dodecane - biofilm interface is marked as a sudden
change in electrical conductivity during the movement of the probe 1
down, while the biofilm — salt medium interface is marked as a sudden
decrease in electrical conductivity when the probe 2 reaches the biofilm.
Calculated values of hydrocarbon layer thickness, thus its volume during
14 days are illustrated in Fig. 4. These values represent an average of 5
measurements (£ 10 ym) at different locations. The value of electrical
conductivity through the hydrocarbon layer was the same as that of air,
while marked increase in this value was observed when the sensor
touches the biofilm and it is still lower than that of the salt medium. This
can be explained by the high percentage water content of biofilm (more
than 90%).

A critical value of substrate consumption was observed in the two
cases in a period of 10 days, it can be explained by the decrease in
substrate transfer rate through the biofilm which leads to suppress cell
growth and hence formation of extracellular polymer. Such critical value
was higher in case of pre-aerated medium than in the other case. Hence,
it can be concluded that aerated medium results in increasing of substrate
consumption. It can be explained by the fact that, limitation of oxygen in
non-aerated system leads to a decrease in the biological reaction rate.

As can be seen from Fig. 4, percentage hydrocarbon removal of
about 90 and 68% of the initial amount of hydrocarbon for pre-aerated
and non-aerated medium respectively were achieved. These percentages
correspond to an average value of consumed dodecane which was 0.168
ml/cm?® of the oil spill surface area in 240 h with a rate of 6.8x10™
ml/cm®.h for pre-aerated medium and 0.12 ml/cm? in 240 h with a rate of
5x10™* mg/cm®.h for non-aerated medium.

After 240 h the rate of hydrocarbon consumption was almost zero,
at the same time an excess of dodecane was measured, this ensure that
dodecane is not limiting factor as it was not completely consumed, it
gives an impression about the limitation phenomena. The most probably
explanation of these phenomena is the difficulty of biomass to get its
substrate requirements from two different phases as the thickness of
biofilm increases.
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Fig. 4. Effect of aeration on the substrate uptake (dodecane concentration of 2%).

To ensure the accuracy of dry weight method in determination of
substrate consumption, three samples were withdrawn and tested in
parallel to each other. Figure 5 shows the typical growth of biomass. A
lag phase of 24 h, where no increase in biomass was observed. The peak
value of dry weight was 140 mg/cm? for aerated medium and 80 mg/cm’
for non-aerated medium. After 240 h, a stationary phase is achieved, thus
no growth occurs.
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Fig. 5. Effect of aeration on the growth of microorganisms (dodecane concentration of 2%).

Sp. dry mass of microorganisms

40 -
20 -

# Non Aerated Medium
. ® Aerated Medium

50 100 150 200 250
Time (hr)

300

350




Biological Treatment of Hydrocarbon Contaminants... 49

For estimation of the biomass activity, consumption of mineral
nitrogen was also studied. Since microorganisms consume nitrogen
during their growth as it is one of the essential components (14%) of their
cells and the only source of nitrogen in the culture media was (NH4),SOs.

As can be seen from Fig. 6, the average value of consumed
nitrogen was 400 mg/l in 240 h with a rate of 1.67 mg/l.h for pre-aerated
medium and 340 mg/l in 240 h with a rate of 1.4 mg/l.h for non-aerated
medium. These values represent 95 and 81% of the initial amount of
nitrogen in the biphasic for pre-aerated and non-aerated medium
respectively. After 240 h the rate of nitrogen consumption was almost
zero, at the same time an excess of nitrogen was measured, this ensure
that nitrogen is not a limiting factor. Since the nitrogen substrate was not
completely consumed, it gives an impression about the limitation
phenomena. The most probable explanation of these phenomena is the
difficulty of mass transfer through the biofilm.

The extent of dodecane degradation and the time required for
degradation varied as a function of the initial dodecane concentration in
the pre-aerated medium as shown in Fig. 7.

An increase in biodegradation time was observed as the initial
concentration was increased. For higher concentrations, a little reduction
in dodecane degradation was observed. This behavior is probably due to
the complexity of the biofilm mechanism formed at the hydrocarbon-
saline solution which inhibits microbial growth.
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Fig. 6. Consumption of nitrogen as a function of time (dodecane concentration of 2%).
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Fig. 7. Effect of hydrocarbon initial concentration on the percentage removal.

5. Conclusions and Recommendations

From the results of the present laboratory scale investigations, the
following conclusions can be drawn:

e Direct quantification of dodecane degradation shows that, the
extent of removal up to 91% can be achieved after 240 h at a rate of
6.8x10™ ml/cm”.h for pre-aerated medium. This rate has been declined to
5x10™ mg/cm®.h for non-aerated medium.

e In dry weight method, a growth of biomass with a rate of 0.6
mg/cm>h for pre-aerated medium and 0.36 mg/cm”.h for non-aerated
medium can be achieved after 240 h.

e The average value of consumed nitrogen was 400 mg/l in 240 h
for pre-aerated medium and 340 mg/l in 240 h for non-aerated medium.
These values represent 95 and 81% of the initial amount of nitrogen in
the biphasic for pre-aerated and non-aerated medium respectively.

e The results indicate the high ability of the strain Pseudomonas
alkanolytica to degrade hydrocarbon, hence, it can be very useful for
environmental protection from oil spill risks.
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e More investigations are required about the biofilm formed at the
hydrocarbon — saline solution interface in order to achieve 100%
hydrocarbon biodegradation.
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