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Chapter 10
A Comprehensive Review
on the Bioremediation of Oil Spills

Mahsa Baniasadi and Seyyed Mohammad Mousavi

Abstract Oil spills are probable accidents occurring mostly during transportation
and processing of oil that can contaminate marine, soil, sediments, and other envi-
ronments. Oil spill is a special challenge to be remediated due to its several environ-
mental, economic, and social threats. Several physical (mechanical), chemical, and
biological methods are available as response to the oil spills. Among them bioreme-
diation proved to be a promising technique for treatment of oil spills especially after
being applied successfully for Exxon Valdez oil spill. Bioremediation is a greener
approach in comparison with physicochemical methods, which is more cost-
effective with less disruptive effect on the environments. In this method the natural
or genetically manipulated microorganisms are applied to the polluted site and/or
the polluted environment is enriched with nutrients, which are called bioaugmenta-
tion and biostimulation, respectively. These methods have been examined by
researchers for treatments of oil spills mostly in laboratory scale and in less extent
in real fields. One novel approach in this area of the research is focused on the novel
material addition to the polluted environment for biostimulation of the treatment
process. Novel materials include organic sources to provide nitrogen and phospho-
rus for the medium such as compost, biowastes, biofuel, etc. Biosurfactant addition
is another promising method that improves the bioremediation by reducing the sur-
face tension. Some polymeric materials can be added for improving the immobiliza-
tion of microorganisms and consequently enhancing the degradation rate. Novel
bioaugmentation approaches are conducted by manipulating microorganisms with
the aim of modification of enzymatic characteristic, metabolic pathway design,
expansion of substrate rate, enhancing the genes resistance toward catabolic activi-
ties, etc. However, still there are several resistances toward the application of these
microorganisms to the real field, due to the environmental concerns. Another novel
approach is the integration of electrochemical methods and biological routes.
Several achievements were reported by researchers for the remediation of oil spills
by using bioelectrochemical systems (BES). Microbial fuel cells are another
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technique to convert chemical energy into electricity concurrent with contaminant
degradation. The future research on the oil spill bioremediation must be focused on
these new aspects of the process and finally pave the way for application of biore-
mediation in real field to obtain promising pollutants degradation results.

10.1 Introduction

Oil spills occur when large quantities of petroleum hydrocarbons leak in the envi-
ronment from storage tanks, pipelines, drilling process, non-suitable waste disposal
practices, leaching from landfills, etc. (Pontes et al. 2013; Li et al. 2017). These can
be originated from cleaning process of the equipment and unit or residues in con-
tainers and outdated chemicals and accidents during transportation (Helmy et al.
2015). Majorly, petroleum hydrocarbon spillage accident occurs during shipping,
offshore and onshore exploration and production, and transportation (Atlas 1995).

Oil spills can occur in marine and terrestrial environments and threat the ecosys-
tem and human health (Cheng et al. 2017). This environmental contamination can
pollute the drinking water, cause fire and risk of explosion, ruin the water and air
quality, destroy the recreational areas, waste the nonrenewable resources, and have
huge economic costs. Oil spill’s negative impacts have different economic, environ-
mental, and social aspects. The consequence of oil spills on the ecosystem and natu-
ral resources are widespread and long term. Therefore, there is a need for a supportive
logistic and trained workforce who can take the suitable responses in a short time
after the occurrence of oil spills (Marzan et al. 2017).

Studies on oil spills treatment and removal strategies are usually considered in
different mediums. Occurrence of oil spills in the sea and shoreline is the most com-
mon, since the petroleum is usually transported through marine transportation. The
costs of these environmental disasters such as Exxon Valdez and Deepwater Horizon
are incalculable and can influence the whole wildelife and human health. The carci-
nogenic and mutagenic effects of the oil spills in the sea have been proved. The
marine oil spills, once occur, prevent light diffusion and oxygen penetration in the
bottom layers of the sea (Bovio et al. 2017). Oily layer on the water surface threat-
ens the existing marine flora and fauna (Jain et al. 2011). Destroying widelife,
contamination of sea food, and reduction of tourism industry are all consequences
of oil spills in the sea (Ng et al. 2015).

Some accidents have polluted the shorelines such as Amoco Cadiz spill which
happened in Brittany shoreline (Atlas 1995). Shoreline contamination can occur
due to the tidal and wave actions as well and adherence of the oil spillages to the soil
(Lim et al. 2016).

The heavy components of the oil may sink to the sediments in the sea and form
a tarry layer or get buried (Martin et al. 2015). The buried oil treatment is a totally
different process than superficial oil. In the case of superficial spills, the treatment
process is applied directly to the layers of the oil. These methods are not effective
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for the treatment of buried oil, since the materials used for treatment may not reach
the polluted layer in bottom of the sea (Pontes et al. 2013).

When the oil spill occurs in soil, the contaminants are attached to the soil physi-
cally or chemically or trapped in the soil matrix. The severity of the problem of oil
spills depends on the oil type. Heavy oil spreads slower in the soil and can reach the
lower layers of the soil. Therefore, the faster the response to the oil spills is per-
formed, there is more chance for stopping the contamination (Helmy et al. 2015).
An indicator to quantify the contamination in the soil is total petroleum hydrocar-
bon (TPH) concentration, which in the case of oil spills can reach 20-50 g kg™! in
the soil. This level of contamination can threat human health and environment (Xu
et al. 2017). Soil contamination occurs most of all in the petrol stations and refiner-
ies, where the soil is exposed to the small but constant leakage of petroleum
(Rhykerd et al. 1995).

Several guidelines, regulations, and directives are available to take care of oil
spill prevention, preparedness, management, and compensation. However, acciden-
tal oil spill are inevitable, and therefore the governments should be prepared to
perform the best response in case of spill. Development of federal government’s
blueprint (National Contingency Plan (NCP) which is for responding to oil spills
and release of hazardous substance), assigning a competent (national) authority, and
response capability are among the duties of governments (Walker 2017). Oil spill
prevention and preparedness are among the top priorities of United States
Environmental Protection Agency (US EPA 2013). Several physical, chemical, and
biological methods are available for remediation of oil spills; among them bioreme-
diation is the most promising method, which is the scope of this chapter.

10.2 Qil Spill Accidents in History

The first oil spill happened in the year 1907 and 7400 tons of paraffin oil entered to
the sea and coastline of United Kingdom as a consequence. After that, about 140
large spills occurred, and in total seven million tons of oil have entered freely in to
the environment. However, more than 90% of the oil pollutions are either natural
such as runoff from land-based sources or has anthropogenic sources (not necessar-
ily accidents) such as normal ship operation and deballasting and tank washing
(Mapelli et al. 2017).

The largest oil spills in the history occurred in the sea such as Gulf War,
Deepwater Horizon, Ixtoc 1 oil well, Amoco Cadiz, and other famous oil spills (Lim
et al. 2016).

Amoco Cadiz accident happened in 1978 and released 227,000 tons of crude oil
and bunkers in marine and contaminated 320 km of the shoreline length up to as
deep as 20 inches (Lim et al. 2016).

Ashland oil spill occurred in 1988 when a four million gallon tank containing
diesel oil collapsed and the oil dumped into the Monongahela River (Miklaucic and
Saseen 1989). In 1989, Exxon Valdez oil spill occurred when a tanker crashed a reef
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Fig. 10.1 Image of Exxon Valdez oil spill 1989 (“The Exxon Valdez Oil Spill: 25 Years Ago
Today — The Atlantic” n.d.)

in Alaska, which spilled thousands of tons of oil into the sea (Jain et al. 2011). The
sea and shoreline contamination, caused sever localized ecological damage to
nearby community (Atlas 1995). It was reported that more than 250 thousand sea-
birds were killed due to this spill (Mapelli et al. 2017). Figure 10.1 is a photo of
Exxon Valdez oil spill, where bioremediation was applied effectively as a strategy.

The largest inland oil spill happened in 1992 in Fergana Valley Uzbekistan, when
88 million gallons of oil released from an oil well into land. The ground absorbed
this spill, and no cleaning was possible (“10 Largest Oil Spills in History —
Telegraph” n.d.).

Prestige accident occurred in 2002 by the sinking of tanker and affected kilome-
ters of the coastline with loosing up to 66% of the species richness in the region as
a consequence (Bovio et al. 2017).

One of the most famous oil spills was the Deepwater Horizon (DWH) accident
which occurred in the year 2010 in Gulf of Mexico during the drilling rig explosion.
During this disaster, more than 700 thousand tons of crude oil was released into
Gulf of Mexico (Mapelli et al. 2017). This accident decreased the biodiversity of the
vertebrates and metazoan meiofauna. The cleaning cost of that spill was estimated
to be 10 billion USD (Alessandrello et al. 2017). This accident can be called the
worst oil accident in the history (Ng et al. 2015).
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10.3 Qil Spills Removal Strategies

The faster response to the spill leads to more chance to prevent and stop contamina-
tion (Helmy et al. 2015). The aim of oil spill responds is mitigating the adverse
impacts of the oil spill rather than monitoring the contaminants and allowing its
natural attenuation. The first aim of a respond to oil spill is controlling the source
and preventing the oil spread. The respond could be any strategy, method, technol-
ogy, or equipment to control the spill and remediate its negative consequences. In
addition to the fast response, stewardship is necessary to monitor and foresee the
movement of oil. Use of mechanical equipment for spill removal such as skimmers,
booms, barriers and sorbents, dispersants, and controlled in situ burning are among
the response strategies (Walker 2017).

The aim of environmental treatments and remediation methods is to degrade and
transform the contaminants into less harmful and even harmless compounds; when
not possible, treatments is done by reduction of contaminants mobility and migra-
tion to prevent their spreading into uncontaminated areas. With this approach, the
contaminant toxicity does not change, but the probability of their further distribu-
tion to the environment is reduced. Several treatments and responses to the oil spills
are available which include physical, chemical, and biological methods (Jain et al.
2011).

The common mechanical strategy used for marine oil spills is controlling the oil
from spreading and reaching shorelines with the application of barriers and then
concentrating the oil into thick layer by booms to facilitate the oil removal by dif-
ferent types of skimmers like suction skimmers oleophilic and weir. Natural or syn-
thetic polymers are used as sorbent for small spills (Mapelli et al. 2017). After in
situ burning, toxicity assessments must be performed on burned residues. This
approach was applied in the case of Deepwater Horizon accident (Mapelli et al.
2017).

Solvents and dispersants can be applied to reduce the size of spill into small
droplets (Mapelli et al. 2017). The use of dispersant is a strategy to reduce the size
of oil droplets to make it consumable by microorganisms more easily. For this strat-
egy, the consumption of 830,000 gallons of chemical dispersant in both below and
above sea surface is needed. The bacterial growth is also enhanced by the use of
dispersant (Martin et al. 2015). In order to be effective, the dispersants must be
added immediately after spill, before volatilization of light hydrocarbons. The func-
tion of dispersants is affected by salinity of water, water temperature, and wave
action. Size reduction of oil droplets increases the surface area and reduces the
interfacial water-oil tension and accelerates the biodegradation (Mapelli et al. 2017).

Another factor that limits the hydrocarbon degradation rate is the solubility of
hydrocarbons. Surfactants are used to modify the hydrophobicity of cell membrane
and modulate the bioavailability. In order to make this approach more sustainable,
the nontoxic biosurfactants are currently replacing chemical surfactants (Mapelli
et al. 2017).
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The choice of the best cleanup technique is quite complex and is based on several
factors including type of oil, location and size of spill, and local regulations and
standards. For selecting the best methods, various criteria including efficiency, time,
cost, reliability, effect on oil characteristic, and necessity of the post-remediation
treatment of the applied method must be considered (Marzan et al. 2017).

Oil spill removal in the sea is done conventionally by using booms, skimmers,
and big sponges as sorbents, skimming and mechanical removal using sorbents,
vacuuming, in situ burning, and chemical dispersants (Marzan et al. 2017; Ng et al.
2015). However, all these methods have harmful environmental effects and endan-
ger the ecosystem. The limitation of adsorbents application is the possibility of the
erosion by the moving wave and lack of knowledge about its effectiveness (Helmy
etal. 2015; Ng et al. 2015). Using dispersant as an oil spill removal method does not
degrade the pollutants but just transforms it to another phase, which has still diffi-
culty to be removed (Bovio et al. 2017).

Considering the case of soil, the available methods are solvent extraction, chemi-
cal oxidation, electrokinetic movement of contaminants, thermal desorption, flota-
tion, washing with cosolvents or surfactants, using chemical agents for
oxidation-reduction, physical removal such as ultrasonication, excavation of soil
and sediment or groundwater pumping, and biological methods (Lim et al. 2016;
Balba et al. 1998).

For remediation of sediments, different physicochemical methods are available
such as ozonation, dredging, and electrochemical degradation. These methods have
aggressive nature and are expensive and energy intensive (Li et al. 2017).

The conventional physical and chemical treatment methods are proved to be
effective for removal of oil spills, but they produce several hazardous compounds
which are still immunotoxicant and carcinogenic (Jain et al. 2011). Necessity of
addition of chemicals for better removal makes chemical and physical treatment
processes more costly (Marzan et al. 2017). Biologic methods detoxify hazardous
substances, while physical methods usually transfer the hazardous substances to
another environment. In addition, biological methods are less disruptive than exca-
vation methods to the environment in the case of soil (Helmy et al. 2015).

10.4 Bioremediation of Qil Spills

Among the available methods, bioremediation is the most benign method which
aims at enhancing the microbial metabolic activity and consequently stimulates the
oxidation-reduction of the contaminants. During bioremediation, microorganisms
degrade the organic contaminants (as their carbon and energy source) (Balba et al.
1998). However, the capability of microorganisms in degrading petroleum hydrocar-
bons is highly dependent on available chemical compounds and the conditions of the
environment (Jain et al. 2011). This method has been developed in 1940s and became
popular after Exxon Valdez oil spill in 1980s (Lim et al. 2016). Bioremediation is a
quite slow process which requires weeks or months for effective cleanup. Although
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detailed economic analysis of this process is not performed yet, properly done biore-
mediation is a cost-effective method (Jafarinejad 2017). Not having significant
adverse effects such as production of secondary contaminants (Cheng et al. 2017),
minimal physical disruption of the site, effectiveness in removing toxic compounds,
simpler mechanical technologies, and less economical cost are other advantages of
this process. Necessity of the specific approach for each polluted site and each spill
type is a disadvantage of this process. Bioremediation is a less effective treatment
strategy in the sea (Jafarinejad 2017), and the available knowledge is still rough and
mainly focused on the application of prokaryotic organisms (Bovio et al. 2017).

Microorganisms use enzymes and oxygen and break down the structure of hydro-
carbons. They use the petroleum hydrocarbons as substrates to produce biomass and
decompose pollutants into water (Martin et al. 2015), carbon dioxides, and other
harmless compounds (Atlas and Barsa 1992) such as fatty acids (Marzan et al. 2017).
When considering bioremediation as a treatment to the oil spills, the aim is addition
of materials to the contaminated environment to accelerate the natural biodegrada-
tion process. As an example, the addition of nutrients enhances indigenous organ-
ism’s growth and activity. Another approach is exposure of the polluted environment
to nonindigenous microorganisms with enhanced ability for hydrocarbon degrada-
tion. Bioremediation is considered as a complementary treatment after conventional
cleanup (Jafarinejad 2017). Auxiliary treatments such as aeration and temperature
adjustment can improve the bioremediation process (Lim et al. 2016). During biore-
mediation, petroleum hydrocarbons are used either as growth medium or as co-
metabolism. This means that the contaminants can be considered as carbon and
energy sources and be totally degraded and mineralized or be used as extra nutrition
source in combination of growth substrate (Lahel et al. 2016). However, long period
is needed for an effective bioremediation, and in the case of highly polluted environ-
ment, the process is less effective (Soleimani et al. 2013).

When considering bioremediation for treatment of buried oil, one must ensure
that the added materials (microorganism and nutrients) can reach the polluted envi-
ronment (Pontes et al. 2013). In the case of shoreline, such as oil spill in Brittany
coastline, bioremediation was reported to be fast and effective method. The reason
for that could be the adaptation of the indigenous microorganism of that region to
the release from ballast water tanks, constant aeration with wave action, and pres-
ence of nitrogen and phosphorus nutrients from the agricultural runoff. However,
the formation of emulsion which is resistant to biodegradation can prevent the pro-
cess, since the microorganisms may colonize on the surface of emulsion but cannot
reach within the mass of emulsion (Atlas 1995). Limiting factors for bioremediation
in marine environment are usually nonbiologic factors (e.g., oxygen, phosphate, and
nitrogen concentration) (Atlas 1995). For soil bioremediation, the limiting factors
are aging of the spill, ambiguity of the soil matrix type, and nature of the contami-
nants (Xu et al. 2017).

Research on the bioremediation of oil spills must consider all different aspects
such as effects of environmental parameters, metabolic pathways, basis of
hydrocarbon breakdown as substrate (dissimilation) from genetic point of view, and
effects of hydrocarbon contaminants on microorganism. The basis of this study



230 M. Baniasadi and S. M. Mousavi

originated from monitoring the fate of hydrocarbon contaminants in the environ-
ment and search for the methods to accelerate the natural degrading process by
overcoming the rate-limiting factors (Jain et al. 2011). Accelerating methods include
addition of microbes with higher oil-degrading capacity or nutrients such as nitro-
gen and phosphorous (Marzan et al. 2017). For an effective bioremediation process,
the presence of microorganism with desirable physiological characteristic and enzy-
matic capabilities, proper growth and activity conditions, and bioavailability of
active microbial consortia play an important role (Lahel et al. 2016).

As already mentioned, several parameters can influence the bioremediation.
Physical parameters (temperature, pressure, contaminant surface area) and chemi-
cal parameters (nutrient and oxygen availability, acidity, salinity, and contaminant
nature and composition) have major effects on bioremediation. Among them most
of the factors can be manipulated to accelerate natural biodegradation, while factors
such as salinity are not adjustable in real field (Jafarinejad 2017). Among the bio-
logical factors metabolic parameters, mass transfer parameters in cell membrane
and bioavailability must be considered (Gonzalez and Sanchez 2011).

Temperature can impact viscosity and consequently the toxicity; since at higher
viscosity, the toxic light hydrocarbons are less volatile. The solubility of petroleum
hydrocarbons changes with temperature as well. At low temperatures, alkanes with
shorter chains are more soluble, while higher temperatures are favorable for solubil-
ity of several light aromatics. In all ranges of the normal seawater temperature
(2-35 °C), biodegradation can take place. However, the rate decreases with decrease
of temperature. The optimum temperature for biodegradation is 30-40 °C in soil
and 20-30 °C in freshwater. For marine environment, it is reported to be
15-20 °C. Temperature has significant impact also on the microbial growth and
activity. Dissolved oxygen is required for degradation and oxidization of the pollut-
ants. Usually there is no oxygen limitation on superficial water in the sea and fresh-
water. However, oxygen may be limited in some subsurface sediments such as
anoxic zones in water columns. Dense marine shorelines, tidal flats, coastal salt
marshes, freshwater wetlands, and bottom layer of soil are other examples of the
environment with lack of oxygen. The availability of oxygen also depends on water
and wave turbulence, oil physical state, and availability of substrate. However, it
was reported that anaerobic degradation of certain pollutants can occur in negligible
extent as well (Rastegar et al. 2017; Nasirpour et al. 2015). Systems such as upflow
anaerobic sludge blanket (UASB) are some bioreactor systems used for ex-situ bio-
remediation of petroleum hydrocarbons pollutants in wastewater obtained from a
refinery. The advantages of anaerobic system over aerobic system is utilization of
less space and no energy requirements (Rastegar et al. 2011).

Pressure can impact the rate of bioremediation. At higher pressure such as in the
deep ocean, the rate of biodegradation decreases. The surface area of the contami-
nants can impact the interface of oil and water. Biodegradation rate improves with
increase of surface area. In marine, turbulence of the sea surface can affect the pro-
cess by influencing dispersion. This causes dilution of the available nutrients and
spread of the oil (Jafarinejad 2017). Also the degree of spreading can affect the sur-
face area. In aquatic system, oil normally spread and form a thin slick (Atlas 1991).
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At higher pH, the rate of hydrocarbon degradation increases. Marine environ-
ments usually have alkaline conditions. The pH in salt marshes is lower (around 5),
and pH in freshwater and soil is very variable (Jafarinejad 2017).

The presence of nutrients including nitrogen and phosphorous is a more limiting
factor than oxygen. The nutrients are consumed not only by pollutant degrading
microorganism but also other microorganism such as phytoplankton. Precipitation
of phosphorus may also compete with oil-degrading microorganism (Jafarinejad
2017).

The adaptation skills of the microorganisms and their resistance to extreme envi-
ronmental pollutions are an important factor as well (Bovio et al. 2017). However,
even adapted microorganisms are not effective for biodegradation of extremely high
amount of pollution. For instance, earthworms could not survive in the soil in which
oil content contamination is more than 3%. At oil content of 1%, almost 100% inhi-
bition of bacterial activity was observed (Lim et al. 2016). During oil spills, the
concentration of petroleum hydrocarbons is far excess of tolerable limits (Atlas
1991).

Bioremediation in cold environments such as Alaska, northern Russia, and
Canada need more studies and considerations. Between 1996 and 1999, 407 spills
on average occurred annually in Alaska. Even higher risk of pipeline damage and
petroleum hydrocarbon pollution is available there, in comparison with moderate
climates. In cold zones, the oil spill impacts the microbial population, freeze-thaw
processes, thermal and moisture regimes, as well as oxygen availability and pH of
the soil. Environmental impact of the oil spill is harsher in the cold environments,
since the cold ecosystems are more sensitive. Furthermore, low temperature results
in higher viscosity, lower volatile evaporation rate, and higher water solubility of
the oil which can delay the biodegradation process. However, successful bioreme-
diation of oil spill was achieved in several cases such as arctic and subarctic regions
(Montagnolli et al. 2015).

Bioremediation of pollutants in highly salinated areas is also particular due to the
effect of salinity on microbial population (Si-Zhong et al. 2009).

Different microorganisms including bacteria, fungi, yeast, and microalgae are
able to degrade petroleum hydrocarbons. The bioremediation can be performed in
situ or ex situ (Lahel et al. 2016). In ex situ process, the contaminated matrix is
extracted elsewhere to be treated, while during in situ treatment, the treatment
occurs in the place of contamination (Balba et al. 1998). The bioremediation of soil
was conducted effectively both with in situ and ex situ approaches (Lim et al. 2016).
However, in situ approach is more cost-effective and safer than ex situ with less
disruption of the polluted environment (Lahel et al. 2016).

Another common approach is supplying electron donors to stimulate the reduc-
tion reactions and degradation of halogenated compounds, or electron acceptors to
stimulate the oxidation reactions and degradation of non-halogenated compounds
(Balba et al. 1998).

Recently novel approaches have emerged that integrate physicochemical meth-
ods with biological approaches (Balba et al. 1998), which will be discussed thor-
oughly later on this chapter.
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10.5 Microorganisms for Bioremediation of Qil Spills

It was reported that more than 200 different species of bacteria, fungi, and yeasts are
able to degrade petroleum hydrocarbons. These microorganisms can be found natu-
rally in marine, freshwater, and soil. The biodegradable hydrocarbon compounds
range from methane to C,, compounds. To classify, almost 79 bacterial, 9 cyanobac-
terial genera, 103 fungi, 14 algae, and 56 yeasts are able to degrade the hydrocarbon
pollutants (Jafarinejad 2017; Gonzalez and Sanchez 2011).

Different groups of indigenous soil bacteria can degrade different compounds of
petroleum hydrocarbons. These bacteria include Pseudomonas strains isolated from
soil and aquifers to degrade polycyclic aromatic hydrocarbons (PAHs) (Atlas 1995).
Other microorganisms with the ability to degrade petroleum hydrocarbons are
Yokenella sp., Alcaligenes sp., Alcanivorax sp., Microbulbifer sp., Sphingomonas
sp., Micrococcus sp., Cellulomonus sp., Dietzia sp., Roseomonas sp.,
Stenotrophomonas sp., Gordonia sp., Acinetobacter sp., Corynebacterium sp.,
Flavobacter sp., Streptococcus sp., Providencia sp., Sphingobacterium sp.,
Capnocytophaga sp., Bacillus sp., Enterobacter sp., and Moraxella sp. (Jain et al.
2011).

Alcanivorax sp. bacteria and Cycloclasticus sp. can use aliphatic and aromatic
hydrocarbons, as their carbon source, respectively. Some bacteria can help to pro-
duce biosurfactants which can enhance the bioremediation by reducing surface ten-
sion and increase of crude oil uptake. However, factors such as availability of
nutrients and nature of oil contaminants are influential in degrading the petroleum
hydrocarbons (Bovio et al. 2017).

Some fungi are also capable of degrading petroleum hydrocarbons. However,
they need longer time for effective degradation. Fungus belonging to Aspergillus
sp., Amorphoteca sp., Penicillium sp., Graphium sp., Neosartorya sp., Fusarium
sp., Paecilomyces sp., and Talaromyces sp. are among the microorganisms with the
ability to degrade petroleum hydrocarbons. White rot fungi are reported to be able
to degrade compounds such as polychlorinated biphenyls (PCBs) and PAHs
(Baniasadi et al. 2018). Some yeasts including Candida sp., Pichia sp., and Yarrowia
sp. also reported to have the potential to degrade the compounds available in oil
contaminants (Jain et al. 2011). Some researchers suggests that in some specific
circumstances, fungi can degrade petroleum better than bacteria. However, there is
not much information available for fungal bioremediation of marine contaminated
sites (Bovio et al. 2017).

Marzan et al. isolated bacteria for bioremediation from Shela River which was
polluted with an oil spill in the year 2014 for their oil-degrading potential. They
have isolated seven distinct bacterial colonies to degrade the furnace oil. Among the
isolated bacteria, the top three with the oil-degrading capabilities were assessed to
be Pseudomonas aeruginosa, Bacillus sp., and Serratia sp. (Marzan et al. 2017).

Using indigenous microorganisms available in the polluted site is suggested to be
a promising method for bioremediation of petroleum hydrocarbon contaminants,
since these native microorganisms are adapted to the available conditions. However,
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microorganisms with enzymatic ability for pollutant degradation may be absent
which leads to very long process. For example, Bacillus subtilis, Pseudomonas
aeruginosa, and some other microorganisms are isolated from soil contaminated
with petroleum hydrocarbons (Gonzalez and Sanchez 2011).

In the work of Bovio et al., fungal community capable of degrading oil spills
were isolated from Mediterranean marine (67 strains) and sediments (17 strains).
The fungal growth was stimulated by crude oil which was the carbon source. Among
them A. terreus, T. harzianum, and P. citreonigrum yileded the highest dichloriza-
tion percentage, and A. terreus reported the highest yield in decreasing hydrocarbon
compounds (Bovio et al. 2017).

When microorganism communities are exposed to contaminants (hydrocarbons),
they adapt gradually and undergo selective genetic enrichment. After adaptation, the
population of the bacteria capable of degrading hydrocarbons and plasmids of the
bacterial cells that encode hydrocarbon catabolic genes is increased (Lahel et al.
2016). The increase in population of oil degrader microorganisms has been observed
for Alcanivorax sp. and Cycloclasticus pugetii (Gonzalez and Sanchez 2011).

When the existing microbial population of the environment is not capable or suf-
ficient for degradation of the pollution, the addition of oil-degrading microorgan-
isms to the contaminated area is conducted. This approach is called bioaugmentation
and is explained further in the next section (Jafarinejad 2017). Recently, the
researchers are searching to manipulate the microorganisms genetically to enhance
their oil-degrading ability (Martin et al. 2015).

Bioaugmentation is the method in which microorganisms with high oil-degrading
ability are added to a contaminated environment as adjunct for the indigenous
microbial population to achieve the effective biodegradation. It was reported that
petroleum biodegradation is performed better in the presence of consortium of
microorganism in comparison to monospecies activities (Jain et al. 2011). Singh
et al. have used consortia of different bacterial strains (mixture of Micrococcus sp.
GS2-22, Flavobacterium sp. DS5-73, Corynebacterium sp. GS5-66, Bacillus sp.
DS6-86, and Pseudomonas sp. DS10-129) to perform bioremediation of petroleum
hydrocarbon contaminated soil. In their work, oil degradation rate of 78% was
achieved after 20 days (Singh et al. 2012).

10.6 Mechanism of Bioremediation of Oil Spills

Petroleum oil spill is complex mixture of different compounds. More than 17,000
chemical components have been identified in crude petroleum that contains large
amounts of aliphatic, branched, and aromatic hydrocarbons. The majority of nonpo-
lar fraction is composed of saturated and aromatic hydrocarbons. Petroleum hydro-
carbons also contain halogenated hydrocarbons (Jain et al. 2011; Balba et al. 1998).
The oil spill composition includes alkanes (both linear and branched), aromatics,
and cycloalkanes and some NSO (nitrogen, sulfur, and oxygen)-containing com-
pounds such as thiophene, phenol, and indole (Gonzalez and Sanchez 2011).
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More methyl-branched compounds and/or condensed aromatic rings content
make oil spill nature more complex and lead to slower degradation rate and possibil-
ity of accumulating of partially oxidized intermediary metabolites (Atlas 1995).

The enzymatic capability of microorganism enables them to degrade petroleum
hydrocarbons. Some types of microorganisms are alkanes (linear, branched, and
cyclic paraffins) degrader, and some are aromatics degrader and some both. The
degradation of normal alkanes (C1-C26) is the easiest and fastest one. However,
degradation of toxic light aromatics (like benzene, toluene, and xylene) by marine
microorganisms is fast and easy as well (Ronald M. Atlas 1995). Low water solubil-
ity as well as high sorption capacity makes degradation of PAHs more difficult
especially in cold climates (Si-Zhong et al. 2009).

The highest biodegradation rates are for saturates and then light aromatics. The
order of petroleum hydrocarbon component degradation is normal alkanes followed
by branched alkanes and alkenes, light n-alkyl aromatics, single aromatics, cyclic
alkanes, polycyclic aromatic hydrocarbon, asphaltenes, and resins (Jafarinejad
2017; Si-Zhong et al. 2009).

Benzene, toluene, ethyl benzene, and xylene and in general aromatic hydrocar-
bons can be degraded by microorganisms such as Pseudomonas, Rhodococcus, and
Ralstonia. The microorganisms suitable for degradation of polyaromatic hydrocar-
bons are Pseudomonas for naphthalene, Pseudomonas and Haemophilus for phen-
anthrene, Rhodococcus for anthracene, Haemophilus and Mycobacterium for
pyrene, and Rhodococcus and Mycobacterium for benzo[a]pyrene (Gonzalez and
Sanchez 2011).

It must be noted that the composition of oil spill may be changed by evaporation
and dissolve of light aromatics and alkanes which are further metabolized by micro-
organisms. As a consequence, heavier components may remain (Jafarinejad 2017).

Crude oil never biodegrades completely. It was reported that in some days and
weeks, more than half of the heavy oil can be degraded and a black complex residue
is always left after biodegradation, mostly containing asphaltic compounds.
However, bioremediation is still considered effective, since this residue is not toxic
and has low bioavailability, and inasmuch as coating and suffocation of the polluted
area do not occur, it can be considered environmentally inert (Helmy et al. 2015).

The bioremediation of petroleum oil can be conducted under aerobic as well as
anaerobic conditions. During aerobic metabolism, oxygen-oxidizing enzymes
which convert the O, to reduced substrate are needed. The lack of contact with
water-insoluble hydrocarbons is a problem that bacteria can solve by two general
strategies. The contact is enhanced by a particular adhesion mechanism in which
emulsifying agents are produced extracellularly (Jain et al. 2011).

The mechanism of oil spill degradation is usually studied by using different
model petroleum hydrocarbons. However, generally the biodegradation of petroleum
hydrocarbons occurs via several sequential reactions initiating by attack of microor-
ganism on petroleum structure and formation of intermediate substances. The inter-
mediate compounds are utilized by different microorganisms and lead to further
degradation (Jafarinejad 2017).
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In the first step of degradation pathway, the hydroxyl group is added to the end
of alkane chain. This group can be added on the unsaturated ring of PAH and form
alcohol as well. The length of the chain is then reduced by oxidation of compound
to aldehyde and later carboxylic acid. Finally, CO,, H,O, and biomass are formed.
Oxygen addition to hydrocarbons makes them more polar and water soluble, with
more biodegradable and less toxic structure (Jafarinejad 2017).

During the degradation of aliphatic hydrocarbons such as n-alkanes, firstly alco-
hols are produced, which is sequentially oxidized and dehydrogenated to form pri-
mary alcohols and aldehydes and a monocarboxylic acid consequently. The
carboxylic acids then undergo p-oxidation (Jain et al. 2011) and form fatty acids and
acetyl coenzyme and release carbon dioxide. The limiting step is the addition of
oxygen to the hydrocarbon, and once carboxylic acid is formed, it can be metabo-
lized rapidly. In the case of branched isoprenoid alkanes such as pristine, the hydro-
carbon undergoes oxidation and forms dicarboxylic acids. The presence of methyl
branches increases the resistance of hydrocarbons to microbial attack (Atlas and
Barsa 1992).

The degradation pathway for aromatic and PAHs is through hydroxylation of the
ring by enzymes which are mono- or dioxygenase. Consequently, diol is formed,
and the ring is cleaved and undergoes further degradation (Jain et al. 2011).

10.7 Biostimulation and Bioaugmentation

As mentioned, physicochemical conditions (temperature, pressure, pollutant sur-
face area, oxygen content, nutrient availability, pH, salinity, oil composition, etc.)
influence the natural bioremediation process. When applying bioremediation as a
response to the oil spill, two main approaches are available which are biostimulation
(enhancing the nutrients availability — mostly nitrogen and phosphorus — to initiate
the growth and accelerate the biodegradation) and bioaugmentation (inoculation of
microorganisms with enhanced ability to degrade petroleum hydrocarbons in order
to facilitate the process). However, a novel approach is also available, which is bio-
augmentation with genetically engineered microorganisms (bioaugmentation with
GEMs) (Jafarinejad 2017) (Lahel et al. 2016). It was reported that the effects of
bioaugmentation can be observed much faster than biostimulation (Pontes et al.
2013). However, the most promising approach is combination of biostimulation and
bioaugmentation with addition of biosurfactants (Gonzalez and Sanchez 2011).

10.7.1 Biostimulation

Biostimulation is a nutrient-enhanced bioremediation process to improve the indig-
enous biodegradation rate of petroleum hydrocarbons especially organic pollutants
by providing the limiting nutrient material to the polluted medium (Soleimani et al.
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2013). The nutrients include carbon, nitrogen, and phosphorus and some other
growth-limiting cosubstrates. Modification of the conditions including temperature
and aeration can be also done during the biostimulation. All these activities are per-
formed with the aim of acceleration of oil degrader’s growth and activity. This
approach can be called fertilization or nutrient enrichment. (Jafarinejad 2017).

The microbial metabolic activity is improved due to nutrient supply. Electron
acceptors and donors can be also added to stimulate the oxidation and reduction
mechanism. However, their addition must be under control. The provided nutri-
ents must be available and be in contact with the microorganisms (Balba et al.
1998). The conditions for enhancing natural biodegradation can be adjusted by
manipulating of different parameters such as application of fertilizers, nutrients,
biosurfactants, and biopolymers. Manipulation of all these parameters with the
aim of improving natural bioremediation can be considered as biostimulation
(Lim et al. 2016).

Another practice that is used for improving the conditions especially aeration is
bioventilation process which is application of oxygen to soil porous with the aim of
enhancing microorganisms growth and metabolism of organic matter by providing
aerobic conditions. It was observed that using bioventilation the rate of bioremedia-
tion increases to 85% from 64% in natural attenuation process (Lim et al. 2016).

In marine environment or generally open systems, addition of N and P is quite
difficult. Therefore, uric acid is added instead, which is the waste product of animals
(birds, reptiles, insects, etc.). Uric acid by low water solubility can attach to the
petroleum hydrocarbons and can be used by bacteria as nitrogen source or both
nitrogen and carbon source (Gonzalez and Sanchez 2011). It was observed that for
light crude oil degradation, addition of nitrate is more effective than ammonia in
seawater, while in the salt-marsh soil, addition of ammonia is more effective than
nitrate. Fortunately, no adverse impact, such as algal blooms was observed by nitro-
gen addition (Jafarinejad 2017).

Good results have been obtained by using this approach on sediments of the cost
contaminated after Exxon Valdez spill in Alaska, and the rate of biodegradation
increased three to five times by addition of fertilizers, such as iron, phosphorus, and
nitrogen (Martin et al. 2015).

10.7.2 Bioaugmentation

Bioaugmentation is an approach which is used when the native microbial popula-
tions are inadequate for degrading the pollutant mixtures such as petroleum. This is
done when the population of hydrocarbon-degrading microorganism is low or there
is a need to degrade particular hydrocarbon which cannot be degraded by indige-
nous microbes. As an example, polynuclear aromatic hydrocarbons are usually hard
to be degraded (Jafarinejad 2017).

In this approach, microorganisms with enhanced biodegradation ability are
added to the polluted environment to supplement the naturally available microbes.
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Different methods are available for this approach. Commonly the nonindigenous
microbes from other polluted environments are used to be added to the target site
(Jafarinejad 2017). Alternatively, microbes from the target site are separated and
mass cultured under laboratory conditions in bioreactors and are used as inoculum
to the target site. This method is called autochthonous bioaugmentation and is
referred to the cases where the bioaugmentation is done by the native microbes of
the contaminated site after enrichment to be reapplied to the site (Lim et al. 2016).
Seeding of microorganisms to the contaminated site can reduce the lag period to
start the biodegradation. When the seeding is done by the enhanced indigenous
organisms taken from the target site, the adaptation problem is avoided (Jafarinejad
2017). The criteria for selection of the added microbes are based on their physiology
and metabolic ability (Lim et al. 2016).

Bioaugmentation was done successfully in bench scale under controlled condi-
tions. However, it must be considered that conditions in real fields may be uncon-
trollable (Jafarinejad 2017). It has been suggested that primary laboratory tests for
microorganism selection before in situ application of the microorganism can
increase the chance of successful bioremediation. In the work of Szulc et al., the
most effective consortium (Pseudomonas fluorescens and Pseudomonas putida
mixed with Aeromonas hydrophila and Alcaligenes xylosoxidans, in addition to
Xanthomonas sp., Gordonia sp., Stenotrophomonas maltophilia, and Rhodococcus
equi) for bioaugmentation was selected in the laboratory based on the quantity of
CO, and dehydrogenase activity (Szulc et al. 2014). Kim et al. proposed a gene-
based diagnostic technique that can reduce the needed time for microorganism
selection. The DNA diagnostic method via oligonucleotide microarray method was
applied to detect and observe genes with desirable ability to degrade aliphatic and
aromatic hydrocarbons. In this work, the bioremediation of contaminated site was
performed in field tests by bioslurping (Kim et al. 2014).

Researchers claim that the commercial bacterial blends can be produced with
customized properties for each specific site and type of pollution in spill, consider-
ing the specific nutritional needs and limitations. Large quantities of the microbial
blend can be produced in laboratory and be stored for emergency cases for up to
3 years (Jafarinejad 2017).

10.8 Novel Approaches for Bioremediation of Qil Spills

Current research in bioremediation of oil spills is mostly focused on novel material
addition for biostimulation, using genetically modified microorganisms for bioaug-
mentation and integration of different physicochemical and biological approaches
for treatment of oil spills. The novel approaches in bioremediation of oil spills are
explained in following.
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10.8.1 Novel Material Addition

As mentioned earlier, bioremediation is done normally with the addition of fertil-
izers and nitrogen and phosphorus materials. In novel approaches biowastes, inor-
ganic materials, polymeric materials, etc. are added to enhance the bioremediation.
Biosurfactant addition is another material that recently gained attention in the stud-
ies on bioremediation of oil spills.

Biosurfactants are produced extracellularly or as part of the cell membrane by
different microorganisms including yeasts, bacteria, and filamentous fungi.
Microorganism activity in the case of biosurfactant is due to the production of extra-
cellular biosurfactant (e.g., trehalose lipids produced by Rhodococcus species) or
cellular biosurfactants (e.g., mycolic acids) which cause the microbial cells to be
attached to hydrophobic phases. Wide structural diversity of biosurfactants is avail-
able, including lipopeptides, glycolipids, fatty acids, lipoproteins, phospholipids,
neutral lipids, and polymeric biosurfactants (Ayed et al. 2015).

Two groups of biosurfactants are available, which are low-molecular-weight sur-
face active materials with the ability to lower the tension (both surface and interfa-
cial) efficiently and polymers with high molecular weight (bioemulsifiers) that are
used for stabilization of emulsions (Bezza et al. 2015).

Biosurfactants in comparison with chemical surfactants have less toxicity, biode-
gradability, and ecological acceptability. Biosurfactants act more effective in differ-
ent pH, temperature, and salinity in comparison to chemical ones (Bezza et al.
2015). The biosurfactant-producing microorganisms are interesting for bioremedia-
tion especially for biodegradation of hydrophobic compounds. Recently, the appli-
cation of biosurfactant microorganisms gained attention in the research due to
offering superior biodegradability and being environmentally friendly in compari-
son with synthetic surfactants (Szulc et al. 2014).

Most of petroleum hydrocarbons are insoluble in water. Considering the case of oil
spill in aqueous environments, the petroleum oil droplets are dispersed naturally by
wave action in water column. Emulsification agents can be used for emulsification of
diverse oil components. The ratio of surface to volume is an influential factor in biore-
mediation since the biodegradation process occurs at the hydrocarbon-water interface.
Biosurfactant role is reducing the interfacial tension available between oil and water
and enhancing the droplets dispersion in water column (Montagnolli et al. 2015).

Surface active materials by increasing the solubility remove hydrophobic com-
pounds from soil and contribute to their biodegradation. Hydrophobic and hydro-
philic moieties available in amphiphilic molecules can interact with interfaces that
have different polarities. This leads to reduction of interfacial and surface tension
and increase of bioavailability, transfer rate, and solubility of hydrophobic and
insoluble organic compounds (Bezza et al. 2015). Generally, biosurfactant role in
bioremediation is reduction of surface tension, increasing the solubility of hydro-
carbons and making them available to microorganism. The hydrophobicity of the
bacterial cell surface can be also of influence, and this allows substrates which are
hydrophobic to be more in contact with bacterial cells (Ayed et al. 2015).
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Low-molecular-weight surface active materials include glycolipids, lipopep-
tides, and phospholipids. The most common surfactant is lipopeptides which con-
tain both fatty acid moiety (hydrophobic) and peptide moiety (hydrophilic). The
critical micelle concentration (CMC), proper emulsification properties, powerful
surface activities, and outstanding foaming characteristics are among the character-
istics of low-molecular-weight surface active materials. Lipopeptide’s physico-
chemical properties make them stable at diverse temperatures and pH levels. Famous
biosurfactant-producing bacteria are Pseudomonas, Bacillus, Acinetobacter, and
Mpycobacterium (Bezza et al. 2015). Rhamnolipids is one common surface active
compound of microbial origin since the congeners-constituents of this bioemulsifier
are well described and investigated for efficient application during soil flushing and
mobilization of resistant contaminants. These qualities make rhamnolipids a poten-
tial agent for improving bioremediation of polluted terrestrial environments.
However, in the work of Szulc et al., no significant change was observed in the treat-
ment process (both non-bio- and bioaugmented treatment) of diesel-contaminated
soil by addition of rhamnolipids in real field (Szulc et al. 2014).

Another novel biosurfactant was produced by Paenibacillus dendritiformis that
was isolated from the soil of the plant contaminated with creosote. This biosurfac-
tant was identified as lipopeptide. The produced biosurfactant was analyzed and
showed an amino acid (Cys-Gly-Ala-Gly-Ile-Asn-Leu as sequence) with long chain
fatty acid (522 Da molecular mass). With hexane this biosurfactant showed 74%
emulsification index and with cyclohexane 82%. High pH, thermal and saline stabil-
ity was observed as well. The ability of this biosurfactant was tested in the work of
Bezza and Chirwa in batch experiments for enhancing the bioremediation of PAHs
from heavy oil-contaminated sands (Bezza et al. 2015).

Bacillus amyloliquefaciens was also reported to be a strong biosurfactant-
producing bacteria in Landy medium (semisynthetic medium). The surface tension
decreased to less than 30 from 72 mN/m by this biosurfactant and has CMC of
100 mg/L. The biosurfactant showed better solubilization efficiency toward diesel
oil than SDS and Tween 80. Ayed et al. have investigated the ability of biosurfactant
that was produced by Bacillus amyloliquefaciens in lowering the surface tension,
improving solubility, and enhancing biodegradation (Ben Ayed et al. 2015).

In the work of Montagnolli et al. biosurfactant produced by Bacillus subtilis was
investigated for biodegradation of simulated wastewater contaminated with crude
oil, diesel, and kerosene. Mathematical models were used for demonstrating and
predicting the effect of biosurfactant on kinetics of biodegradation process. Higher
yield of CO, output was observed in the assays containing biosurfactants
(Montagnolli et al. 2015).

The work of Herndndez-Espriu et al. addressed the application of biosurfactants
obtained from plants including locust bean, guar, and mesquite seed gums for the
bioremediation of the soil that was contaminated with diesel after a pipeline acci-
dental spill. Natural gums can be used in variety of industrial applications for their
emulsifying, microencapsulating, thickening, and stabilizing properties. The results
showed that natural gums are promising biosurfactant in bioremediation of oil con-
taminated soil. The obtained efficiencies were 54.38% and 53.46% for Guar gum
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and locust bean gum respectively which is higher than the efficiencies obtained by
ionic and non-ionic surfactants. The best removal rate (82% for diesel) was obtained
by application of a small amount of gum concentration (2 ppm) (Herndndez-Esprit
et al. 2013).

Compost addition can be considered as a method to supply nutrients to the
medium. Therefore, several researchers added compost for improving the bioreme-
diation (Gomez and Sartaj 2013; Bastida et al. 2016; Dadrasnia and Agamuthu
2014).

Bastida et al. conducted the bioremediation of hydrocarbon polluted soil in semi-
arid areas where the soil nutrients and organic matter are poor. This makes the
microbial development of soil problematic. The results showed enhanced (88%)
removal of PAHs and alkanes after 50 days with compost, while the biodegradation
without compost was not significant. Bioremediation in the presence of compost
was conducted by Sphingomonadales and uncultured bacteria and led to secretion
of catabolic enzymes such as 2-hydroxymuconic semialdehyde, cis-dihydrodiol
dehydrogenase, and catechol 2,3-dioxygenases (Bastida et al. 2016).

Gomez and Sartaj performed combined biostimulation and bioaugmentation by
inoculation of microbial consortia and addition of mature organic compost in cold
environment. The bioremediation results were the best, having both consortia and
compost in comparison with their individual use (Gomez and Sartaj 2013).

Besides application of nutrients and fertilizer to biostimulate the bioremediation
process, some researchers suggested to use agricultural biowaste for biostimulation
with organic matter. Rice husk, chicken manure, and other biowastes were used for
this purpose (Dadrasnia and Agamuthu 2014; Adams et al. 2017). Manure addition
have advantages including soil alteration, improving organic matter, increase of
water holding capacity and advantageous biota (Adams et al. 2017). The application
of biowaste in the soil-contaminated with diesel fuel showed enrichment value of
63C in treatments amended with organic waste (Dadrasnia and Agamuthu 2014).

In the work of Horel et al., the addition of organic nutrients plant material and
fish tissue (Spartina alterniflora and Chloroscombrus chrysurus, respectively) was
investigated for bioremediation of sandy beach sediments available in coastal region
of Alabama, and the results were compared with the cases where inorganic nitrogen
and phosphorus were added. The highest degradation rate was obtained by fish tis-
sue which led to 104% increase of degradation rate. Inorganic nutrients addition
increased the degradation rate 57%. Plant material only improved the degradation
rate in low extent (7%) (Horel et al. 2015).

Dias et al. (2012) have compared the results obtained for bioremediation of soil
with addition of different organic and inorganic materials. In their study, they have
studied samples with inorganic salt, chemical surfactant (Brij700), fish meal, and a
special commercial product. The inorganic salt was used as an example of compo-
nent with solubility in water. Fish meal was a slow release source of N and P, and
the used commercial product was OSEII (Oil Spill Eater International, Corp.) which
is an oleophilic rich in nitrogen and phosphorus that can delay the washing process
as reported. This commercial product is mentioned in EPA’s National Contingency
Plan for Oil Spills as a supplementary material that contains phosphorus, nitrogen,
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carbon and some vitamins which are helpful for fast colonization of natural bacte-
ria. Although the fish meal enhanced the bacterial growth and activity, it did not help
the hydrocarbon removal. Organic salts evidence no significant decrease in the pol-
lutant, while, commercial products caused around 50% increase in hydrocarbon
removal after 45 days.

Ng et al. (2015) investigated the biodegradation of petrodiesel by using biodiesel
obtained from Jatropha, soybean, and palm as an additive for biostimulation.
Biodiesel addition enhanced the biodegradation rate of the mixture, respectively,
12.8%, 19.4%, and 17.5% (from different biomass sources). The efficiency of bio-
degradation was evaluated by CO, evaluation test. The enhancement was reported
to be mostly related to co-metabolism and solvation. The co-metabolism effect of
biodiesel is its potential to act as nutrient source with providing the energy for
microorganisms that consume hydrocarbon and consequently increasing microbial
activity. The solvation effect is due to increased exposure area that is caused by
solubilizing effect that biodiesels has on petrodiesel. Petrodiesel when mixed with
biodiesel enhances solvating and ease of dispersion which prevent the pollutants
from integration into sediments and facilitates recovery.

Immobilization of the microorganisms used for bioaugmentation on a career is
another effective method for enhancing biodegradation. The most common immo-
bilization technique is formation of biofilm or entrapment and encapsulation of
microorganisms using polymeric gels. Microbial immobilization in oil sorbents can
produce series of synergetic sorption-biodegradation reaction. Alessandrello et al.
immobilized coculture of Pseudomonas monteilii P26 and Gordonia sp. HI19 on
polyurethane foam and further used the immobilized cell for the removal of petro-
leum oil from artificial seawater. Polyurethane foam was selected as a carrier for
being economic and readily available and presenting good buoyancy and oleophilic
properties. In this work, different temperatures have been tested. The best oil
removal was achieved at 30 °C with immobilized mixed biofilm on polyurethane
foam after 7 days. The oil removal was due to both biological activity and sorption
on the biofilm/carrier system. The immobilized cell can be also stored. Their storage
at 4 °C enhanced oil bioremoval at low temperature even though bacterial viability
of P. monteilii P26 in the biofilm decreased. They have concluded that bacterial
acclimatization occurred during the storage improving their metabolic activity at
low temperature (Alessandrello et al. 2017).

10.8.2 Genetically Modified Microorganisms

The first genetically engineered microorganism (GEM) was built in 1970 which got
the name of “superbug” and was able to degrade oil. This was done with plasmid
transfer to utilize some toxic hydrocarbons including hexane, octane, toluene,
xylene, camphor, and naphthalene (Kulshreshtha 2013).

The development of GEMs became more important in the early 1980s after
improvement of genetic engineering methods and thorough research on metabolic
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capabilities of microorganisms. It was in 1981 that the first two strains which were
modified genetically were patented. These two strains are Pseudomonas aeruginosa
(NRRL B-5472) and Pseudomonas putida (NRRL B-5473) containing genes that
give them the ability to degrade naphthalene, salicylate, and camphor. Two operons
available in these strains (xylUWCMABN and xylXYZLTEGFJQKIHSR) are
responsible for metabolism of toluene, m-ethyltoluene, and m- and paraxylene
(Wasilkowski et al. 2012).

The limitation of natural microorganisms for bioremediation of contaminants is
the slow degradation rate. Another limitation of natural attenuation is toxicity of
some of organic pollutants for microorganisms in combination of complexity caused
by diversity of pollutants. This is more severe about new man-made contaminants
released into nature, since the microorganisms have not evolved the proper catabolic
pathway for their degradation in such a short time (Chai et al. 2015). This is the
main focus of genetic engineering and manipulation of microorganism for bioaug-
mentation with GEMs process. Recent advances in molecular biology promoted
this area of research in the field of engineering microorganisms for specific biore-
mediation. During genetic modification, microorganisms are supplemented with
new genetic properties to be capable of biodegradation of specific pollutants that are
not degraded by natural microorganism proper and fast enough. Microbiological
information in addition to knowledge on ecological and biochemical mechanisms
are needed for combining various desirable metabolic characteristics of organisms
and manipulation of important genetic parameters (Jafari et al. 2013). In order to
develop genetically manipulated bacteria, there is a need for understanding the way
that bacteria break down petroleum compound molecules for removal of the oil
spills. For proper design of GEMs, information about interaction of microbes and
contaminants, the genetic basis of the interactions, biochemical paths, operon
arrangement, and molecular biology must be considered (Kulshreshtha 2013).

Researchers at the University of Texas, Austin, have revealed the genetic code of
petroleum hydrocarbon degradation during the Deepwater Horizon oil spill. They
have revealed that the ability of some bacteria for oil degradation is far greater than
what was expected especially for aromatic hydrocarbon (as an example Alcanivorax
was formerly considered to be incapable of oil degradation). In this research they
have sequenced the DNA of the microbes that have oil degradation ability to uncover
genetic characteristic of several bacterial species. The gene sequencing also revealed
the method that the genetic potential of the microbial consortia increased
(Dombrowski et al. 2016).

The construction of GEMs with enhanced ability for biodegradation of organic
compounds is possible since the degradative mechanism, the enzymes, and the rel-
evant genes are understood and biochemical reactions are explained thoroughly
(Wasilkowski et al. 2012). The limitation of this method is on one hand the survival
of GEMs in the environment and public acceptance on the other hand, which hinder
their wide application (Jafarinejad 2017).

For the purpose of bioremediation, different genetic engineering methods are
available including improving specificity and affinity of enzyme, metabolic path-
way design, and its regulation, expansion of the range of substrate for existing path-
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way, preventing the production of toxic intermediates which inhibit the path by
redirection of carbon flux, enhancing of genetic stability of catabolic activities,
identification of genetically modified bacteria in polluted environment by marker
gene, and utilization of biosensor for monitoring specific chemical compound. The
most common method for creation of GEMs is engineering of one gene or operons
and construction of pathways and modification of the existing genetic sequence. For
GEM construction, the first step is identification of microorganisms for modifica-
tion with relevant genes (Kulshreshtha 2013; Chai et al. 2015). By genetic manipu-
lation, rate-limiting steps in metabolic pathways are modified to increase the
degradation rate. Incorporation of totally new metabolic pathways into bacterial
strains is also possible. Genetic engineering can help for elaborating strategies to
monitor, control, and assess the toxicity (Sayler and Ripp 2000). As an example,
microbes are limited to aerobic catabolic and co-metabolic biodegradation pathway,
and there are limitations for their application in anaerobic environments. By insert-
ing oxygenase genes, this microorganism can undergo anaerobic pathways as well
(Kulshreshtha 2013).

For multiplying or expressing specific genes, there is a need for a cloning vector
which is commonly plasmids. Vectors are genetic molecules using for transfer of
target genetic information to cell to be modified. In the new cell, they can replicate
their chromosomal DNA independently. Vectors contain a set of diverse gene such
as antibiotic resistance genes. Transposons are other type of genetic elements that
act as vectors. Currently, the artificial plasmid vectors are used as well for construc-
tion of GEMs. Expression plasmids are also used widely since they facilitate pro-
duction of desired protein in large quantity very quickly. Another genetic engineering
tool for cut-and-paste techniques is enzymes including restriction endonuclease by
cleaving DNA in a specific site and DNA ligases which facilitates the joining of
DNA strands together and formation phosphodiester as backbone of DNA
(Wasilkowski et al. 2012).

The object of genetic manipulation is mostly bacteria especially from genus
Pseudomonas. These bacteria are available in most of environments and are potent
degraders of toxic contaminants. They carry genes for metabolism of contaminants
both in their chromosome and plasmids. This makes these microorganisms the main
source for obtaining catabolic genes for genetic manipulation (Wasilkowski et al.
2012).

For construction of a proper GEM, there is a need to have a bank of genetic
groups and encoding the properties to generate microorganism with improved deg-
radation capabilities. One strategy for doing so is the logical integration of catabolic
segments obtained from diverse organisms within one target strain (Jafari et al.
2013). The single constructed GEM has the capability of different microbial com-
munity due to insertion of different genes in it and can improve the efficiency and
efficacy of the metabolic pathway (Wasilkowski et al. 2012). A successful example
was used for bioremediation of a plant which was contaminated with polychlori-
nated biphenyls. In this case genetic engineering methods were applied to change
biphenyl dioxygenase enzyme available in Pseudomonas alcaligenes KF707 and
Pseudomonas sp. LB400 by modifying their substrate specificity. The substrate
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range of these microorganisms were combined, and various biphenyl dioxygenase
were created that can oxidize double ortho- and double para-substituted PCBs
(Jafari et al. 2013).

Another strategy is protein engineering that is utilized for improving the stability
of the enzyme specificity of substrate and the kinetic properties. This is done through
site-directed mutagenesis or oligonucleotide-directed mutagenesis. For this molec-
ular biology method, study of the molecule structure-function relationships and 3D
structure of the enzyme or any other protein in protein family is needed to model the
structure of the protein (Jafari et al. 2013). Different steps of metabolic pathway are
triggered by translation and transcription of genes that lead to enzyme production.
Therefore, hybrid gene clusters of GEMs change their enzymatic activity and
enzyme substrate specifications (Kulshreshtha 2013).

The major limitation of protein design is that only the structure of few numbers
of degradative enzymes is elucidated. By phenotypic selection, unconventional nat-
ural or induced mutants can happen. If not possible more efficient approaches are
needed. The exchange of subunits or subunit sequences is a method to combine the
best attributes of different enzymes. Production of hybrid genes is done by technol-
ogy of recombinant DNA and in vitro mutagenesis (in which a mutation is gener-
ated in a part of cloned DNA). The hybrid genes then encode fusion proteins having
improved properties and provide promoters for transcription and translational start
sites to induce expression of enzyme (Jafari et al. 2013; Chai et al. 2015). Shuffling
DNA sequences is another recently developed approach for obtaining novel proteins
which is the random fragmentation and random reassembly. This leads to creation
of a broad range of fusion proteins suitable for bioremediation applications (Jafari
et al. 2013). Gene transfer encoding homologous (dissimilar) subunits, site-directed
mutagenesis (SDM) of important amino acids, and DNA shuffling are among these
methods (Chai et al. 2015).

The recombinant bacteria for metabolizing toxic pollutants are obtained in labo-
ratory scale by transformation. Genetic transfer is the mechanism that is used for
DNA transformation from a donor to recipient. The gene transfer is obtained by
receive of free naked fragments of DNA from environment by the cell of recipient
bacteria. The first step is insertion of DNA fragment into a vector and its introduction
to the host cell. This is followed by production of multiple copies of a single gene
and selection of recombinant DNA. DNA screening for desired biological proper-
ties is the final step. Another possibility is conjugation in which genetic material are
transferred to another cell by direct contact. This process is done only in one direc-
tion (Wasilkowski et al. 2012).

Some modern molecular techniques are used for selection and identification of
genetically modified microorganisms which are through detection of specific
DNA or RNA sequences. These methods include fluorescent in situ hybridization
(FISH, techniques to identify the positions of genes on chromosomes), poly-
merase chain reaction (PCR, laboratory technique to make billions copies of spe-
cific part of DNA), denaturing gradient gel electrophoresis (DGGE, applying a
DNA or RNA sample to an electrophoresis gel containing denaturing agent), and
terminal restriction fragment length polymorphism (T-RFLP, a technique for
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describing microbial communities on the basis of the position of a restriction site)
and amplified rDNA restriction analysis (ARDRA, extension of RFLP technique)
(Wasilkowski et al. 2012).

Several efforts have been done to conduct genetic manipulation on microbes to
enhance their oil chewing ability both on land and sea (Martin et al. 2015). The aim
is creating microorganism that are more efficient than natural ones in degrading
petroleum fractions. Some multiplasmid P. putida strain with the simultaneous abil-
ity to degrade light alkanes and aromatics has been created by genetic modification
(Jafarinejad 2017).

The breakdown of crude oil components was tested with GEMs known as
“metagenomic clones” to treat simulated seawater. Genetically modified microor-
ganisms have DNA fragments cloned from the DNA of microbes extracted from
oil-contaminated environments. Among them three metagenomic clones combined
the metabolic pathways in a way that can be found in nature. They used metabolic
machinery derived aerobic and anaerobic bacteria simultaneously. The results
obtained for biodegradation of petroleum hydrocarbons by genetically modified
bacteria were compared with the results obtained by bacterial strains isolated from
reservoir-derived. For saturated hydrocarbons, 31% and 47% were obtained by two
metagenomic clones and 99% with natural bacteria. For aromatic hydrocarbon, the
degradation was more with metagenomic clones (94%) in comparison with natural
strains (63-99%) (Dellagnezze et al. 2014).

Kim et al. have developed a DNA diagnostic method that enables the selection of
contaminated sites which are suitable for bioremediation. In this work they have
used an oligonucleotide microarray method and identified the genes that are suitable
for degradation of aliphatic and aromatics. After that the bioremediation of the con-
taminated site was performed by applying bioslurping in the field. Bioslurping is an
enhanced dewatering technology that is used for the bioremediation of soil and
water. The advantages of this system include minimization of discharge of ground-
water and soil (Kim et al. 2014).

Das et al. (2015) performed the genome sequence analysis for a strain with
high contaminate degradation ability (Pseudomonas aeruginosa N002) isolated
from the soil contaminated with crude oil. In this work gene sequencing was per-
formed by shotgun sequencing. The catabolic genes encoding the enzymes con-
tributing to hydrocarbon degradation pathways and expression include alkane
monooxygenase of Pseudomonas putida, alkM from Acinetobacter sp. strain,
alkane monooxygenase from Rhodococcus sp., catechol 2,3-dioxygenase of P.
putida, naphthalene dioxygenase of P. putida, and pyrene dioxygenase from
Mycobacterium sp. strain PYR-1.

Limitations of application of GEMs in the environment are due to the species
classification ambiguities, probable gene transfer to other microorganisms and co-
release of antibiotic resistance markers. The concerns about environment and public
health safety limit the research with application of GEMs in real fields. Some regu-
lation and limitation were established by US Environmental Protection Agency to
control the release of GEMs in the environment (Sayler and Ripp 2000).
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The investigation of GEMs application for bioremediation was done mostly in
the laboratory experiments. However, for understanding the real effect of GEMs,
long-term bioremediation in real field must be done. This is necessary for determin-
ing the overall effectiveness and their potential risk to ecosystem (Sayler and Ripp
2000). The survival of GEMs depends strongly on the environmental condition of
the field such as clay content, pH, moisture, presence of competing microorganism,
etc. (Urgun-Demirtas et al. 2006).

Pseudomonas fluorescens HK44 was the first GMM that was approved to be
used for bioremediation in real field. This study was done with the aim of long-
term bioremediation of naphthalene-contaminated soil. The used GEMs con-
tained plasmid pUTK21 which made by inserting transposon Tn4431 into NAH7
plasmid obtained from P. fluorescens SR. Simultaneous degradation of naphtha-
lene and luminescent signal was due to the genes which promote pathway for
naphthalene decomposition and gene cassette (lux) (Wasilkowski et al. 2012).
The parental strain from which NK44 strain was derived was a strain isolated
from gas plant facility that was severely polluted with PAHs. In this work a sys-
tem was developed in which an environmental pollutant was sensed and the
proper response was made through an easily detectable signal (bioluminescence)
(Sayler and Ripp 2000).

Several authorities are reluctant to accept the release of genetically modified
microorganisms due to their adverse environmental impact such as gene transfer.
However, it must be noted that GEMs do not add new genes to the environment
and are taken from another microorganisms, and usually the introduced engi-
neered microorganism will not survive for a long time after exhaust of its spe-
cific substrate. On the other hand, transfer of gene materials among native
organism is a common phenomenon. In addition, several methods are available
for mitigation of the potential risk of genetically modified organisms (Jafari
et al. 2013; Chai et al. 2015).

In general, a successful application of GEMs for bioremediation is based on
establishment of capable microorganism for biodegradation and appropriate mecha-
nism for their removal afterward (Kuhad and Singh 2013).

Some methods are available to reduce the potential risk of GEMs in the real field
environments. One method is using some genetic barriers that restrict the recombi-
nant bacteria survival and gene transfer in the environment. The restriction can be
achieved by kind of transposons which are free from transposase gene or by elimi-
nation of conjugation gens from plasmid (Wasilkowski et al. 2012).

A novel strategy is construction of suicidal GEMs that can be achieved by
addiction system with antisense RNA and proteic plasmid and application of
degradative operons of bacteria. This novel GEMs makes microbes susceptible
to death after finishing the degradation of contaminants and reduce their risk to
human and environment. In the future, by having more information on microor-
ganism, genomes, and biochemical mechanism, the development of suicidal
GEMs would be the most efficient method of using GEMs in real fields
(Kulshreshtha 2013).
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10.8.3 Integrated Methods for Bioremediation of Oil Spills

As mentioned earlier the strategies to remediate the oil spills are based on physico-
chemical or biological technologies. These methods could be used individually or in
integrated approach. Supplying electron donors and acceptors is a common approach
that can enhance the bioremediation of petroleum hydrocarbons. This is mostly
helpful for the degradation of halogenated compounds. Supplying electron accep-
tors stimulates the biodegradation of non-halogenated compounds. Common elec-
tron acceptors are hydrogen and acetate that are delivered directly or through passive
dissolution by hollow fiber membranes. Organic substrates such as butyric, lactic,
and humic acids as well as ethanol can be used for indirect supply of hydrogen.
However, there is challenge in this approach which is the rapid consumption of
reagents and their migration from the contaminated area. Therefore, there is need for
constant reagent supplement, which is costly and problematic (Daghio et al. 2017).

In bioelectrochemical systems (BES) which is the integration of electrochemical
and biological techniques, an electrical current is used both as electron donor and
electron acceptor in bioremediation of oil spill by active bacteria (called also exo-
electrogens, electricigens, or anode respiring) while they oxidize the substrates
anaerobically (Balba et al. 1998; Lu et al. 2014). This technique is controllable and
enables the real-time monitoring of the degradation process. Controlling the supply
of electron donors is also helpful to avoid unwanted side reactions. For effective
BES process, especially in the field applications, several aspects of system design,
material selection, and radius of influence must be considered. Mode of action and
operational parameters must be assigned effectively. For this process, the knowl-
edge about the microbial process is limited in comparison with the knowledge about
the mechanism of electron transfer. The effect that environmental parameters can
have on the activity of pollutant-degrading microorganism is another limitation for
real-field applications (Daghio et al. 2017; Mapelli et al. 2017). Knowing the micro-
bial mechanism is helpful for understanding the two simultaneous activities taking
place in the bioremediation which are the natural attenuation process with native
electron acceptors in the environment, and exoelectrogen bacterial consortia that
take advantages of the electrodes (Lu et al. 2014).

Having non-exhaustible electron acceptors and donors, this method does not
consume large amount of energy and chemicals which makes the remediation pro-
cess economical for long runs (Lu et al. 2014). In this process the microorganisms
catalyze the oxidation reduction reactions near or on the surface of the electrodes.
The system includes an anode and a cathode divided by a matrix. The microorgan-
ism can exchange electrons with the electrodes directly or indirectly by using a
chemical compound as an electron shuttle. The chemical compound is secreted by
the microorganisms such as Pseudomonas or added exogenously. The anode col-
lects the electrons produced from the oxidation of organic compounds. In the ben-
thic sediments or contaminated aquifer, the anode is buried and is electrically
connected to a cathode which is located in the water. The collected electrons are
transferred to the cathode via electrical connection and can be used to reduce the
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oxygen in anaerobic water environment. Compounds available in oil spills such as
alkanes and aromatic hydrocarbons could be removed by BES system effectively
(Daghio et al. 2017). The biocatalyzing of oxidation reactions of highly concen-
trated organic compounds is reported to be thermodynamics favor reaction and
leads to double benefits which are pollutants degradation and electricity production
(H. Li et al. 2017).

The lack of electron acceptor is an important problem in the case of bioremedia-
tion of underwater sediments; therefore, application of BES is a promising alterna-
tive for the conventional remediation process to be applied to benthic microbial
electrochemical system (Li et al. 2017). However, this method can be applied effec-
tively for bioremediation of oil spills in soil and water too (Balba et al. 1998). The
bottleneck of the process under anaerobic conditions such as benthic environments
is the initiation of the degradation process. In aerobic conditions, the process is
started by catalyzing the addition of hydroxyl groups by an oxygenase, which is a
less efficient process in anaerobic conditions. In such cases, the anode apart from
being electron acceptor contributes in initiation of the process by production of
oxygen and modifying the pH. This ability depends on salinity, ion species and
concentration, pH, temperature, and electrode properties. The reduction reactions at
the cathodes are exploited for the reduction of oxidized compounds (Daghio et al.
2017). Inefficient mass transfer is another limitation of the BES techniques (Li et al.
2015). In the subsurface environment, usually graphite is used as electron acceptor
in BES (Viggi et al. 2015).

This approach can be applied in a microbial fuel cell that is an electrochemical
device to convert chemical energy into electricity using exoelectrogenic bacteria as
biocatalysts. This approach was firstly applied for the wastewater treatment and fur-
ther developed for recalcitrant compounds removal such as petroleum hydrocarbons
(Adelaja et al. 2015). Simultaneous pollutant biodegradation (due to secondary reac-
tions) and energy production can be achieved in this method. In microbial fuel cells,
the electrons obtained by exoelectrogenic bacteria are transferred through external
circuit from anode to cathode for oxygen reduction (Wang et al. 2012; Chandrasekhar
and Venkata Mohan 2012). In this approach, non-exhaustible electron acceptors are
used, and the necessity of aeration in the subsurface is eliminated. However, a semi-
aerobic metabolic pathway on the cathode is sustained (Lu et al. 2014).

In the recent approaches, the application of electrodes colonized with mixed con-
sortia has been used for their better stability and performance both in degradation
and electricity generation (Venkidusamy et al. 2016).

For the microbial fuel cell application in the real field, there is a need to study the
robustness of the system in different operating conditions. Temperature is effective,
since low temperature inhibits the methanogenic bacteria growth. However, at low
temperature electrogenesis is promoted, while high temperature improves the ther-
modynamics of the system and rate of substrate utilization and increase biokinetics
by improving mass transfer and activation energy. The use of exogenous redox
mediators enhances the electron transfer rate and improves the electrochemical per-
formance of the system. The influencing parameters are toxicity of the redox media-
tor, the ratio of redox potential of the mediator to the redox potential of the substrate,
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and permeability characteristics of the cell membrane for the molecules of redox
mediator (Adelaja et al. 2015). However, the application of this system in real field
has not been tested yet, and there are several facts to be verified according to differ-
ent conditions and the actual scalability (Daghio et al. 2017).

A novel bioelectrochemical approach is a simpler approach called “Oil-Spill
Snorkel” used for bioremediation of soil and sediments contaminated with petro-
leum hydrocarbons. This system is composed of a snorkel (which is the electrode
made of conductive material) placed for providing electrochemical connection. The
snorkel is the electrode (acting as both anode and cathode) which is a conductive
rod which makes a bridge between aerobic and the anaerobic zones. However, in
this method, the electricity cannot be harvested or monitored. The electrons derived
from oxidation of contaminants are accepted by an anode electrode buried in sedi-
ments. These electrons are transferred through snorkel to the cathode where aerobic
conditions are available. There, the reduction of oxygen is occurs to form water
(Daghio et al. 2017; Viggi et al. 2015).

The snorkel provides link to connect an anoxic zone (polluted sediments) and the
oxic zone (top oxygen-containing water). The bottom part of the snorkel buried in the
target sediment is the anode acceptor. In this system the electric resistance available
in conventional BES and microbial fuel cells resulting from the separate electrodes
is eliminated. This way the bacterial community in the sediments can access the high
redox potential electron acceptor (oxygen). This method was used by Viggi et al. for
bioremediation of marine sediments contaminated with petroleum hydrocarbons
(Viggi et al. 2015). The schematic figure of oil spill snorkel can be seen in Fig. 10.2.
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Fig. 10.2 Tllustration of oil spill snorkel (Viggi et al. 2015)
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For the electricity production, the type and amount of the contaminants can influ-
ence the potential current and power density produced (Li et al. 2017). The anodic
solution conductivity was higher in more salinity condition. The internal resistance
of microbial fuel cell was also decreased. However, the microbial activity and
growth can be affected adversely by high salinity (Adelaja et al. 2015).

In the work of Cheng et al., the microbial fuel cell for bioremediation of oil spill
in soil was used. In this work, the voltage of 190 mV and 24% total petroleum
hydrocarbon removal was achieved in 66 days. The scanning electron microscopy
images on the anode electrodes (carbon fibers) revealed the formation of biofilm
which build the link between carbon fibers and can improve electron transmission
(Cheng et al. 2017).

Li et al. used microbial fuel cell, for bioremediation of sediments contaminated
by hydrocarbons. Sand was mixed with the contaminated soil to enlarge the pore
size of soil in order to accelerate the ion and substrate transfer. Electricity genera-
tion and degradation rate were improved using this method (Li et al. 2015).

Bioelectrochemical remediation system in the work of Venkidusamy et al. was
performed with pre-cultured anodes. The performance of enriched biofilm anodes
was compared with the performance of freshly inoculated anode. It was reported
that enrichment of anode had significant effects on the results obtained from micro-
bial fuel cell both for contaminant removal and current generation (Venkidusamy
et al. 2016).

The future studies in the field of BES must be focused on the physicochemical
conditions that can lead the effective real-field application of this system. As an
example, pH of the field can affect not only microbial activity but also the availabil-
ity of the alternative electron acceptors which can affect the bioelectrochemical
anode reduction reactions (Daghio et al. 2017).

A pilot-scale benthic microbial electrochemical system was built by Li et al. for
bioremediation of polluted river sediments. The anode in this system was carbon
mesh with honeycomb structure supports as anode, and the cathode was activated
carbon. The river water was simulated with wastewater. Removal of polycyclic aro-
matic hydrocarbons reached 74%, and a maximum power density of 63 =3 mW m?
was achieved. The power density decreased to 42 + 2 mW m? due to cathode degra-
dation and at the end of the operation reduced to 30 + 3 mW m? due to substrate
limitation (Li et al. 2017).

The effects of temperature, salinity, presence of redox mediators, and fed-batch
system on the degradation efficiency and electrochemical functionalities were stud-
ied in the work of Adelaja et al. for bioremediation of mixture of petroleum hydro-
carbon in a microbial fuel cell. The optimum condition was salinity of 2.5%w/v and
temperature of 40 °C (Adelaja et al. 2015).
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10.9 Conclusion

Oil spill occurrence is not a new problem and has been the issue for more than a
century. This problem whether occurring in water or soil is a huge threat for ecosys-
tem, fauna and flora. Bioremediation as an economical and environmentally friendly
approach is based on microorganism’s capabilities to degrade petroleum hydrocar-
bons. This method aims at biostimulation and bioaugmentation of the natural atten-
uation of the contaminants with indigenous microorganisms. In comparison with
physicochemical methods (application of skimmers, booms, barriers and sorbents,
dispersants, and controlled in situ burning), bioremediation is a more effective
approach without disrupting the polluted environments. Although several aspects of
this approach had been studied by different researchers and quite high hydrocarbon
removal rate were reported specially in laboratory scale, the real-field applications
are not developed thoroughly. Novel approaches for bioremediation including addi-
tion of novel materials, using GEMs, and integration of electrochemical strategies
with biological methods are new fields of research for bioremediation of oil spills.
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