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ABSTRACT: Crudeoil, refined petroleum products, as well as polycyclic aromatic hydrocarbons
are ubiquitous in various environmental compartments. They can bioaccumulatein food chains
where they disrupt biochemical or physiological activities of many organisms, thus causing
carcinogenesis of some organs, mutagenesis in the genetic material, impairment in reproductive
capacity and/ or causing hemorrhagein exposed population. The cause/ effect of ail pollutant are
usually quantified by using biol ogical end point parametersreferred to asbiomarkers. Contamination
of sail arising from spillsisoneof themogt limiting factorsto sail fertility and hence crop productivity.
These deleterious effectsmakeit mandatory to have a counter measurefor the petroleum hydrocarbon
pollutant in the environment. Bioremediation of petroleum hydrocarbon-contaminated environment
is a potentially important application of Environmental Biotechnology. In this approach
microorganismsare utilized under some specified conditionsto ameliorate the negative effectsin a
cost-effective and environmental ly friendly approach. The main strategiesin bioremediation of oil
spills, which include bio-gtimulation, nutrient application, bio-augmentation, seeding with competent
or adapted hydrocarbono-cl astic bacteriaor their consortium, and genetically engineered microbes,
are reviewed. Although the promise of bioremediation is yet to be realized, innovative areas in
Environmental Biotechnology for ail spill clean up arehighlighted.
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INTRODUCTION

The shift in economic base of coal to crude
oil and petroleum products, more especially after
the World War 11, greatly increased the volume of
these commodities being transported across the
high seas. The above, coupled with their storage
underground, involvehigh environmental risks. For
example the wreck of the “ Torrey Canyon “ off
the coast of England in 1967 produced worldwide
concern about the consegquences of massive oil
spills in the marine environment. Short, et al.
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(2002) reported that thirteen years after the Exxon
Valdez ail spill in Prince William Sound, thetoxic
effects are still being felt due to the remaining
bulk of the less-weathered subsurface oil. A
random sampling of underground fud storagetanks
conducted by U.S. Environmental Protection
Agency (USEPA) in the United States revealed
about 35% leaks in these tanks (United Press
International, 1986). Themajor concernwith crude
oil spill has beenits contamination of ground water,



Onwurah, I. N. E., et al.

and the subsequent clean up. With the stimulated
research into the environmental fate and biological
effects of spilled ail inthe 1970s and to date, many
advances have been recorded in the field of
Environmental Biatechnol ogy, with respect to crude
oil pollution control and clean-up operations. Due
toalot of factors, oil pallution has continued to be
of great concern to the entire world. Some of the
difficulties include the fact that crude oil and
petroleum are very complex mixtures of several
thousands of hydrocarbons and other indeterminate
structures and additives. The complexity of some
ecosystems do not make for easy accessibility to
determinethe spilled oil condition at the moment of
spill and thereefter. Qil spill clean-up operationsmay
cause more harm to a fragile coastal marsh
environment than the oil itsdf. One of the major
fates of spilled petroleum oil in the coastal
environment is its incorporation into the sediments
(Alexander and Webb, 1987). Also the
physiochemical properties of the spilled oil are not
much known, with respect to the ecosystem
involved. Problems associated with the study and
remediation of the polluted ecosystem can be very
expensive. Also the chemical processes (oxidation,
photolysis) involved in degradation are not fully
known. Thelegal problemsrdated to compensation
in terms of assigning monetary reward may bring
serious controversy.

The above not withstanding, there is need to
have some knowledge about the chemical processes
involved in crude oil-ecosystem interactions, the
public and environmental health issues associated
with ail spills, engineering technologiesinvolvedin
theclean-up and thegovernment regulationstheren.
Thiswill go aalong way in mitigating the adverse
effects of ail pollution of the environment. To this
end, multidisciplinary approach will be needed and
will involve different fidds of Biology, Chemistry,
Engineering, Economics, Education, etc. This
review will address the innovative technologies in
this multidisciplinary field of Environmental
Biotechnology and other issuesrdating to crudeail
pallution of the environmert.

General composition of crude oil

Crude ail and petroleum are complex mixtures
of several polycyclic aromatic compounds and other
hydrocarbons (Domask, 1984). The major
hydrocarbon classes found in diesd fud (Mackay
et al., 1985) are the normal alkanes (rapidly

degraded), branched alkanes and cycloalkanes
(difficult toidentify), theisoprenoids (very resistant
to biodegradation), thearomatics, (fairly identified
and much more soluble than other hydrocarbons),
andfinally thepolar ones containing mainly sulphur,
oxygen and / or nitrogen compounds. Typical
composition of crude oil based on distillation
properties isillustrated in Tablela while Table 1b
shows some examples and agqueous solubility of
hydrocarbon compounds commonly analyzed in
crude oil (Adams and Jackson, 1996). Non-
hydrocarbon compounds may also befoundin crude
oil and they include porphyrinsand their derivatives
(Callot and Ocampo, 2000). Metals that could be
found in crude oil via their association with
porphyrins include nickel, vanadium, iron, zinc,
cobalt, titaniumand copper (Chicardli, etal., 1990.)
Some priority contaminant of petroleum
hydrocarbons and crude oil include benzene,
heptanes, hexane, isobutene, isopentane, PAHS
such as benzo[a] anthracene, benzo[b] pyrene etc.

Sources in the environment

Diversecomponents of crudeoil and petroleum
such as polycyclic aromatic hydrocarbons (PAHS)
havebeenfound inwaterwaysasaresult of pallution
fromindustrial efluents and petrochemical products
(Beckles, et al., 1998).

Table 1 (a). Some distillation components of
Nigerian Brass crude oil

Distillation fraction Com([(),z;ltlon Eﬁzglill:
Gasoline 11.2 C4Cro
Naphtha 18.1 Cs-Cuo
Kerosene 16.9 Cio—Coo
Gas oil 15.7 Ci5-Cao

Cypand
Heavy ges 258 above

Table 1 (b). Solubility (in water) of some common
components easily analysed in crude oil

Solubility
Components Examples (mg/L)
28 +2°C
Alkanes n-butane 101.00
n-decane 0.05
Branched alkanes 2-methylpentane 78
Cycloalkanes Cyclohexane 55
Olefins 1-pentene 148
M onoaromatics Benzene 1,760
Toluene 470
Ethyl benzene 140
Polyaromatics Naphthalene 30
Phenols Phenol 82,000
2,6. dimethyl phenol 4,600
2,4,6- trimethyl phenol 14,000

*Adapted from Adams and Jackson, 1996.
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Petroleum hydrocarbon pollution of theenvironment
may arisefromoail wdl drilling production operations,
transportation and storagein theupstream industry,
and refining, transportation, and marketing in the
downstream industry. Petroleum hydrocarbon
pollution of the environment may arisefromoil well
drilling production operations, transportation and
storage in the upstream industry, and refining,
transportation, and marketing in the downstream
industry. Petroleum hydrocarbon pollution could also
be from anthropogenic sources (Oberdorster and
Cheek, 2000). Some non combusted hydrocarbons
escape into the environment during the process of
gasflaring. Until recently, thebulk of theassociated
gas produced during drilling in Nigeria, wasflared.

Sources of petroleum and its products in the
environment will also include accidental spills and
fromruptured ail pipdines. Today theinternational
oil and gas-pipdines span several million kilometers
and this is growing yearly. Just like any other
technical appliance, pipelines are subject to *'tear
and wear”, thus can fail with time (Bdler, et al.,
1996). Spilled petroleum hydrocarbons in the
environment are usually drawn into the soil dueto
gravity until an impervious horizon is met, for
example bedrock, watertight clay or an aquifer.
Poor miscibility of crude oil accounts for
accumulation of free oil on the surface of ground
water and this may migrate laterally over a wide
distanceto pollute other zones very far away from
the point of pollution. Industrial and municipal
discharges as well as urban run-offs, atmospheric
deposition and natural seeps also account for
petroleum hydrocarbon pollution of the
environment. Table 2 (Baker, 1983) isa summary
of some sources and estimated quantity of crude
oil released into some named ecosystem. It is
worthy of notethat groundwater is one of the many
media by which human beings, plantsand animals
come into contact with petroleum hydrocarbon
pollution.

Table 2. Sources and estimates of crude oil or its
products released into the marine environment

(Baker,1983)
Sources Quantities (K. tones)
Transportation accidents 390
Tanker operations (washings) 710
Atmospheric/fuel combustion 300

Municipal, industria and

surface run-offs 1,400

Natural seeps/ erosion 300

Effect of petroleum hydrocarbon contaminants
in the environment

Crude ail, a mixture of many thousands of
organic compounds, can vary in composition from
one source to another. This suggests that the
effects of crude oil spill will vary from source to
source. However details of the potential biological
damage will depend on the ecosystem where the
spill occurred.

The aquatic ecosystem, particularly the
marines are the most vulnerable (Cairns and
Buikema, 1984). Sources of crude oil into some
marine ecosystem are listed in Table 2. Oil spills
in the marine environment may affect organisms
found therein by direct toxicity or by physical
smothering (Perry, 1980). Oil spillsgenerally, can
cause various damages to the marsh vegetations.
It was found to reduce growth, photosynthetic
rate, stem height, density, and above ground
biomass of Spartina alterniflora and S. Patens
and may cause their death (Krebs and Tamer,
1981). Crude ail spill at seaforms a surface slick
whose components can follow many pathways.
Some may pass into the mass of seawater and
evidence suggests they may persist for along time
beforetheir degradation by microorganismsinthe
water. The dick usually becomes more viscous
and forms water-in-oil emulsion. Oil in water
causes depletion of dissolved oxygen due to
transformation of the organic component into
inorganic compounds, loss of biodiversity through
adecreaseinamphipod population that isimportant
in food chain, and eutrophication. Short-term
toxicity infishesincludeslymphocytosis, epidermal
hyperplasia, hemorrhagic septicemia (Beeby,
1993). In mammals it possesses an anticoagulant
potency (Onwurah, 2002a). It was estimated that
some tens of thousands of seabirds werekilled as
aresult of spilled ail in sea(Dunnet, 1982). Dying
mangrove tress, tarred beaches and declining fish
catches, all seemtobethreatstolong termyviability
of some ecosystem such as the Niger Delta areas
of Nigeria after. Apart from inherent toxicity of
spilled ail in seas, enhanced toxicity has been
reported dueto ultraviolet (U.V) radiation. This
isreferred to as photo enhanced toxicity (Barron,
et al., 2003). Pdltier, et al. (1997) observed that
un-weathered Prudhoe Bay crude oil was one
hundred times more toxic to shrimps and bivalve
embryos after exposureto U.V light. The photo -
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enhanced toxicity in fish and aquatic invertebrates
appears to occur through activation of chemical
residues that bioaccumulate in these organisms
(Calfeg, etal., 1999). Generally, crudeail istoxic
to aquatic organisms, due to the presence of PAH
(Heintz et al., 1999). This is because, PAHs
exposed to solar UV radiation can generate O,
via photosensitization (Babu, et al., 2002) whereby
toxic PAH quinones are produced (Fig. 1). Crude
oil as a result of it's PAH content; disrupt the
devel opment, immunity, reproduction, growth and
survival of aquatic organisms (Brown, et al.,
1996). Oil spill in theenvironment could lead to an
increased exposure of by-products of PAHS to a
given human population. This may increase risk
of mortality from infectious disease (Hall, et al.,
2006) and the reproductive capacity of that
population (Tiido, et al., 2006). However, the
carcinogenic pathway of acrude mixtureof PAHs
may be less than the sum total of anticipated
carcinogenicity when the potency of the known
PAHs (carcinogen) in the crude mixture is
considered (Falk, et al., 1964). This suggests that
PAHSs in crude oil may interact in such a way as
to reduce the tumorigenic risk.

On land, crude oil spills have caused great
negativeimpact on food productivity. For example,
a good percentage of oil spills that occurred on
the dry land between 1978 and 1979 in Nigeria,
affected farm-lands in which crops such asrice,
maize, yams, cassava plantain were cultivated
(Onyefulu and Awobajo, 1979). Crude oil affects
germination and growth of some plants (Onwurah
1999a). It also affects soil fertility but the scale of
impact depends on the quantity and type of ail
spilled. Severecrudeoil spill in Cross-River state,
Nigeria, has forced some farmers to migrate out
of their traditional home, especially those that
depend solely on agriculture. This is because
petroleum hydrocarbons ‘ sterilize "the soil and
prevent crop growth and yield for along period of
time. Theyidd of steroidal sapogenin from tuber
tissues of Dioscorea deltoidea is adversely
affected by some hydrocarbons (Hardman and
Brain, 1977). The negative impact of oil spillages
remains the major cause of depletion of the Niger
Delta of Nigeria vegetative cover and the
mangrove ecosystem (Odu, 1987). Crude oil
contamination of land affects certain soil
parameters such as the mineral and organic matter
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content, the cation exchange capacity, redox
properties and pH value. As crude oil creates
anaerobic condition in the soil, coupled to water
logging and acidic metabolites, the result is high
accumulation of aluminum and manganese ions,
which are toxic to plant growth.

It is conceivable to say that there is a link
between environmental health and human health.
While human healthisadeep field of sciencefrom
time of old, the concept of ‘environmental health
"can be viewed as a modern science, which is
measured as the viability of the inhabitants of a
given ecosystem as affected by ambient
environmental factors (Shields, 1990). Practically,
environmental health involves the assessment of
the health of the individual organisms and
correlating observed changes in health with
changes in environmental conditions. Some
diseases have been diagnosed to be the
consequences of crude oil pollution. The health
problems associated with oil spill may bethrough
any or combinations of the following routes:
contaminated food and / or water, emission and /
or vapors. Toxic componentsin oil may exert their
effects on man through inhibition of protein
synthesis, nerve synapse function, and disruption
in membrane transport system and damage to
plasma membrane (Prescott, et al., 1996). Crude
oil hydrocarbons can affect genetic integrity of
many organisms, resulting in carcinogenesis,
mutagenesis and impairment of reproductive
capacity (Short and Heintz, 1997). The risk of
drinking water contaminated by crude oil can be
extrapolated from its effect on rats that developed
hemorrhagic tendencies after exposure to water-
soluble components of crudeail (Onwurah, 2002).
\olatile components of crude oil after a spill have
been implicated in the aggravation of asthma,
bronchitis and accderating aging of the lungs
(Kaladumo, 1996). Other possible health effects
of ail spill can be extrapolated from rats exposed
to contaminated sites and these include increased
liver, kidney and spleen weights as well as lipid
per-oxidation and protein oxidation (Anozie and
Onwurah, 2001).

Environmental biotechnology for crude oil
clean up

Biotechnology is defined as a set of scientific
techniquesthat utilizeliving organismsor parts of
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Fig. 1. Formation of ROS during photosensitization of PAHs ( Babu, et al., 2002)

organisms to make, modify or improve products
(which could be plants or animals). It is also the
development of specific organisms for specific
application or purpose and may include the use of
novd technologies such as recombinant DNA, cell
fusion and other new bioprocesses (Anon, 1991.)
It is also that aspect of biotechnology, which
specifically addresses issues in environmental
pollution control and remediation (Onwurah, 2000).
This goes to say that it involves many disciplines
in biology, agriculture, engineering, health care,
economics,mathematics, and education. It is
regarded today as fundamentally an engineering
application of microbial ecology (Rittman et al.,
1990) and process design. The engineering aspect
of environmental biotechnology involvesthe design
/construction and design of special machines or
equipment referred to as reactors or bioreactors.
Environmental biotechnology also encompasses
guantitative mathematical modeling whereby
understanding and control of many inter-related
processes become possible. Mathematical
maodeling technology transcends the boundary of
single traditional scientific disciplines and
technologies, whereby a logical framework
resolves related problems (Ziegler 2005; Onwurah
2002b). They are tools utilized economically for
explaining the cost and effectiveness of different
options of clean-up technology and control
(Onwurah and Alumanah 2005; Ziegler 2005).

One of the greatest challenges to humanity
today is the endangering of biota as a result of
environmental pollutionfromcrudeail. To estimate
thebiological danger of oil after aspill, knowledge
of the harmful effects of the components is
necessary. |n other to obtain or ascertain the

effects of such polluting substance, every living
being and lifefunction can be considered a potential
biomarker or bio-indicator.

A biomarker isan organismor part of it, which
is used in soliciting the possible harmful effect of
a pollutant on the environment or the biota.
Biomonitoring or biological monitoring is a
promising, reliable means of quantifying the
negative effect of an environmental contaminant.
In abroad sense, biological markers (biomarkers)
are measurement in any biological specimens that
will ducidate the reationship between exposure
and effect such that adverse effects could be
prevented (NRC., 1992). It should be instituted
whenever a waste discharge or oil spill has a
possible significant harm on the receiving
ecosystem. It is preferred to chemical monitoring
because the latter does not take into account
factors of biological significance such as the
combined effects of the contaminants on DNA,
protein or membrane. Some of the advantages of
biomonitoring include the provision of natural
integrating functions in dynamic media such as
water and air, possible bioaccumulation of pollutant
from 10° to 10° over the ambient value and / or
providing early warning signal to the human
population over animpending danger dueto atoxic
substance. Microorganisms can be used as an
indicator organism for toxicity assay or in risk
assessment. Tests performed with bacteria are
considered to be most reproducible, sensitive,
simple, economical and rapid (Mathews, 1980).
Some examples include the ‘rec-assay’ which
utilizes Bacillus subtilis for detecting hydrophaobic
substances (hydrocarbons) that are toxic to DNA
(Matsui, 1989), Nitrobacter sp, which is based
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on the effect of crude oil on oxidation of nitriteto
nitrate (Okpokwasili and Odukuma, 1994), and
Azotobacter sp, used in evaluating the effect of
oil spill in aguatic environment (Onwurah, 1998).
Multiplebioassaysthat utilizeavariety of species
can be applied to gain a better understanding of
toxicity at a given trophic level and under field
condition. Several criteria exist for selecting
biomarkers of plant and animal origin. Biomarkers,
asfingerprintsfor identifying mystery oil spills, are
now in use and they include steranes, phytanes,
and hopanes. Thennormal hexadecane, an n-alkane
found in crude ail is often used because of its low
volatility and high hydrophobicity (Foght, et al.,
1990). These markers are integral part of crude
oil and are not affected or degraded easily by any
biological process. Hence they remain as
“skeleton” of the crude oil even after a natural
degradation has taken place. Steranes in crude oil
arederived from thealgae or the plant fromwhich
the source rock originated, while hopanes are
derived from the hopenetetrol present in bacteria
(Peters and Moldowan, 1993). Hopanes can be
used to determine the nature of the source rock
that generated a crude ail.

Biosensor is atechnology that promisesto be
important in generating future standards regarding
both bioavailability and toxicity of any pollutant
being released into the environment. Biosensors
are usually photo detector systems, which operate
on the genes that control luminescence (King et
al., 1990). Most of the biosensor tests are not
quantitative, but rather can detect the potential
activity or presence of an environmental toxicant.
Examplesinclude the Petro-Risk Soil Tests System
(DTSC, 1996) used in detecting total petroleum
hydrocarbonsin a given soil after an oil spill. The
test kit uses enzyme-linked immunosorbent assay
(ELISA) technology. It involves an antibody with
affinity to certain petroleum hydrocarbons. The
antibody that does not react with the methanolic
extract of the petroleum hydrocarbons or crude
oil inthe soil sampleis detected by a color reaction.
The color intensity developed decreases as the
hydrocarbon concentration increases. A
differential photometer is usually incorporated.
Other examples include the Microtox, which
utilizes the luminescent bacteria, Vibro fischeri
(Photobacterium phosphoreum), in monitoring
toxicity of petroleum hydrocarbon. Thebacterium,

Vibro fisheri utilizes about 10% of its metabolic
energy for bioluminescent activity. The
luminescent pathways are linked to cellular
respiration whose disruption will change the light
output (Ross, 1993), or on the structure-activity
relationship of the individual compounds in the
crudeail or petroleum (Cronin, and Schultz, 1998).

Bioremediation technologies for crude oil
contaminated sites

Bioremediation is a technology that exploits
the abilities of microorganisms and other natural
habitat of the biosphere to improve environmental
quality for all species, including man. The
development of innovative bioremediation
technology asafunctional tool in clean-up of crude
oil polluted environment has depended so much
on the basic knowledge of the physiology and
ecology of thenatural bacterial populationsfound
in such polluted sites. Many advances in
biochemistry and molecular biology are now
applied in various bioremediation efforts (Olson
and Tsai, 1992; Bouwer, 1992). According to some
investigators (Barbee, et al., 1996; Ritter and
Scarborough, 1995), bioremediation does not
always result in complete mineralization of organic
compounds. Many of these compounds are
naturally transformed to metabolites of unknown
persistence and toxicity. Therefore some basic
steps that may be necessary for a successful
bioremediation project will include compliance
analysis, site characterization, method sdlection /
feasibility studies, remediation proper and end for
project analysis (Bonaventura, et al., 1995).
Compliance analysis requires examination of the
contaminated site in the light of the governing
regulation and the action plan. Examination of the
site will lead to its characterization and thisis a
very challenging and difficult aspect of a
bioremediation efforts. Knowledge of soil
parameters such as cation exchange capacity,
relevant nutrient availability, acidity (soil pH),
aeration or oxygen leve, hydraulic properties etc
are paramount and this requires the assistance of
specialists in these areas. The last stage of any
bioremediation project should include bioassay of
the treated site. This confirms complete or near
complete removal of the PHC contaminant.
According to Lovey (2003), combining models
(including mathematical models) that can predict
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the activity of microorganisms involved in
bioremediation with existing geochemical and
hydrological models should transform
bioremediation technology.

Some necessary process variables involved
in bioremediation of petroleum hydrocarbon
polluted environments that need to be known
include the characteristics of the polluting crude
oil, its biodegradability and the characteristics of
the polluted site (physical and chemical) Logistic
problemswithrespect to accessibility to the polluted
site (e.g. swamps) must be known, together with
theimpact of theclean-up operation. Thelast point
isvery important becauseit is known from several
studies that in some natural detoxification
processes, cdlular mechanisms of hydrocarbon
compound metabolism can create compounds or
metabolites that are more toxic than the parent
hydrocarbons, especially when the end products
are not only carbon dioxide and water. The
situation is even complicated by the fact that
biochemical reactions rarely proceed by a single
pathway. Hence one of the greatest difficultiesin
assessing the success of bioremediation of crude
oil-contaminated environment is having knowledge
of the fate of the metabolites after uncontained in
situ treatment (Jenkin and Sanders, 1992).

In full-scale bioremediation technologies of
crude ail polluted ecosystems, many rate-limiting
factorsareknown (Atlas, 1991; Prince, 1992), and
they include presence of other toxic compounds
other than crude il pollutant, thelevel of available
oxygen and nutrients (particularly nitrogen and
phosphorus), temperature and pH. Other factors
are moisture content or water availability,
biodiversity of hydrocarbonoclastic and
cometabolising bacteriaat thesite. Theadsorptive
capacity of the hydrocarbons to the soil and
sediment, and rate of mixing and mass transfer
arealsoimportant factors. Interrestrial ecosystem,
spilled ail adsorbs to the soil particles, forming a
cohesive, toxic mixture that is deeterious to the
indigenous microorganisms. These events or soil
characteristics reduce or increase the
biocavailability of petroleum hydrocarbons, the
inherent toxicity and hence biodegradability. These
factors are responsible for the long delays in the
mineralization of the petroleum hydrocarbons
(PHC) by the indigenous or applied microbial
populations. Effective metabolism of crude ail

requires adequate oxygen supply as electron
acceptor. Under low oxygen tension as in the
mangrove ecosystem, the use of biologically active
absorbent (Gregorio, 1996) tofix theoil and effect
medium term biodegradation is desired. It should
be noted that the extent of crude oil impact on the
soil equally depends on the concentration spilled,
ease of dissociation from the soil matrix, particle
size of the soil, porosity, or permeability. To
facilitate bioremediation requires methods that can
dissociatethe PHC and create conditions for mass
transfer process (Onwurah, 2000).

Bioremediation of crude oil contaminated
environment may require some engineering
process, so as to facilitate recovery efforts.
Engineering may include construction of booms,
trenches, and barriers for contaminant
containment, boreholes, bio-cells and using
engineered microbial systems. Increasing
bioavailability of the PHC can be achieved by
physically processing the crude oil-polluted soil or
sediment by excavation, pulverising and mixing
.The above processes maximize aeration and
surface area for microbial activity. Some specific
bioremediation processes that may require
engineering are summarized below.

The simplest method of bioremediation of ail-
polluted soil is in situ land treatment. This
technology utilizes standard farming procedures
such as plugging the ail-polluted soil with atractor,
periodical irrigation and aeration. Thistechnology
embraces the use of aerobic microorganisms to
degrade the PHC and other derivatives to carbon
dioxideand water, or other lesstoxic intermediates.
Experience has shown that when land-farming
technology is properly executed for PHC
contaminated soil, non-volatile components of
petroleum and other related products are rapidly
immobilized, so may not be leached out. This
technology may involve nutrient enrichment in the
formof fertilizer application or further manipulation
of siteconditions such asinoculationswith selected
or adopted microbial population, mixing and
aeration of the soil surface, pH adjustment and
irrigation. Using this technology an enhancement
in the decontamination of 50cm topsoil of an area
previously polluted with crude oil was achieved
(Compeau, et al., 1991). Possible enhanced soil
fertility recovery for such oil polluted agriculture
soil has been demonstrated in soil microcosm
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experiments where germination and growth of
sorghum grains were improved after treatment
with adapted Azotobacter inoculum (Onwurah,
1999).

Composting technol ogy isbecoming important
in the treatment of oil polluted coastal area. It
involves the mechanized mixing of contaminated
soil or sediment with compost-containing
hydrocarbonoclastic bacteria, under aerobic and
warm conditions. Through the addition of corn
dlash (post harvest leaves and stems), microbial
nitrogen fixation has been co-optimized with
petroleum hydrocarbon degradation (Paerl, et al.,
1996).

A bioreactor is essentially an engineered
system in which biochemical transformation of
materialsis promoted by optimizing the activity of
microorganisms, or by “in vitro” cellular
components of the microbial cells (enzymes).
Bioreactorsfor theremediation of oil-polluted soil
utilize an aqueous slurry phase system. Slurry
bioreactor is considered as one of the fastest
bi oremediation technol ogies because contaminants
can beeffectively transported to the microbial cdls
(Mueller et al., 1991). Some limiting factors
affecting the slurry phase bioreactor process
during decontamination of oil-contaminated soil
and how they can be controlled are listed in Table
3. Anattractiveaternativetotheslurry bioreactors
for treating oil-contaminated soils aretherotating
drum bioreactors since they can handle soils with
high concentrations of petroleum hydrocarbons
(Gray et al., 1994; Banerjee et al., 1995). The
fluid phase enhances transport of nutrients and
“solublized” or dispersed PHC contaminants to
the degrading bacteria. With a bioreactor,
temperature, pH and other parameters are
optimized for degradation. The rotating drum
bioreactor incorporated with bladeimpdlersinside
was demonstrated to be effective in
decontaminating hydrocarbon-polluted soil (Hupe
et al., 1995). The contaminated soil must be
excavated, mixed with water and introduced into
the reactor. Generally the rate-limiting factors in
any bioreactor system used for crude oil
degradation are, the degree of PCH solubilisation
through bio-surfactant production and thelevel or
concentration of active biomass of
hydrocarbonoclastic bacteria maintained in the
system (Stroo, 1992). Degradation products in
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bioreactors are easily monitored and input
regulated. Bioreactors are however intrinsically
more expensive than in situ or land treatment
technologies because they are specialized.

Biodegradation, especially by microbes, isone
of the primary mechanisms of ultimate removal
of petroleum hydrocarbons from polluted
environments (Atlas, 1988; NRC, 1985). The
acceleration of thisnatural processisthe objective
of bioremediation efforts. Seeding acontaminated
environment with strains of bacteria that are
tolerant and capable of degrading a high
percentage of the contaminating petroleum
hydrocarbons, and thus supplementing the natural
resident microbial population has proven to be
useful in bioremediation. The reative success of
such adapted (oxotic) bacteria when added to
crude oil polluted site will depend on a number of
factorsincluding competitiveinteractions with the
native bacteria, their rate of growth in the system
aswel as their tolerance to the physico-chemical
environment (Leahy and Colwell, 1990). Table 4
shows some novel microbial systems that have
been applied in PHC degradation. Some of these
cultures have been developed as proprietary
productsthrough selection of genetically able (not
engineered) microorganisms from mixed cultures
that are found in a natural contaminated
environment as opposed to the genetically
engineered strains of microorganism. Assessment
of theutility of inoculation or seeding oil spill sites
with sdected or adapted microorganisms has, thus
far, beeninconclusive (Pritchard and Costa, 1991).
However, seeding with high density of the
microbial cells increases the success of the
operation (Onwurah and Nwuke 2004). The utility
of adapted micrabial consortium and nutrients in
bioremediation of oil-polluted environment has
been demonstrated (Adams and Jackson, 1996).

Apart from using adapted organisms,
genetically engineered microorganisms arein use.
Novel oil degrading “super bugs” has been
engineered by inserting into them plasmids from
bacterial species with different bio-degradative
capabilities (Chakrabarty, 1982). The advent of
high-throughput methods for DNA sequencing and
analysis of genomes as well as modeling of
microbial processes have revolutionized
environmental biotechnology (Lovely, 2003).
Genetically altered or engineered microorganisms
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Table 3. Some factors that limit the slurry phase process in petroleum hydrocarbon degradation and how to
minimize it in bioreactors,(Excerpt from Bonaventura, et al., 1995 with modification)

Limiting factors

Reasons for impact

Action to minimize impact

Water solubility

Non-optimal conditions (pH,
temperature)

Nutrients

Poor electron acceptors,
particularly oxygen for aerobic
processes

Poor mixing

Cell density/mixed culture

Low solubility resultsin
availability of oil contaminants

Reduced microbial (enzyme)
activity/inhibition of activity

Lack of essential nutrients for
growth and metabolism eg
nitrogen and phosphorus

Creates rate-limiting steps.

Reduces contact between PHC,
nutrients and microorganisms
Low density resultsin poor
degradation rate

Addition of surfactant or
emulsifiers or biosurfactant
producing micro-organisms
Adjustment of pH (addition of
buffers) and temperature to
optimal value

Monitoring and adjustment of
carbon, nitrogen and phosphorus
levels and ratios

Electron acceptor level (eg
oxygen) monitoring and
adjustment and cell recycling
Optimisation of mixing
characteristics of the reactor
Addition of adapted culture
strains

Table 4. Successfully used microbial system or strains in bioremediation of oil polluted environment

Microbial system or strain

Remediation mechanism

Reference

Pseudomonas aeruginosa (UG2)
crude oil

Pseudomonas sp/ Azotobacter
vinlandii consortium

DBCRS (IBS blend of
hydrocarbon-degrading microbes)

*Rhodococcus *Acinobacter
*Mycobacteria

Production of biosurfactant that emulsifies

Optimization of nitrogen fixation for crude
oil metabolism and co-metabolism

Adapted microbial consortium that degrades
many components of crude oil

Adapted / tolerant to petroleum hydrocarbon

Scheibenbogen et al 1994

Onwurah , 1999b
Onwurah, and Nwuke, , 2004

Adams and Jackson 1996

*Balba, 1993

have greater potential in bioremediation of the
polluted environment because they have been
tailored to perform such a function. There is
however a great concern that the use of GEMs
may adversely affect biodiversity. There is this
theory that an engineered microbe specifically
designed to mineralize spilled crude oil may wreck
havoc on stored fud supplies and eventotheextent
of depleting crude oil reserves or deposits if not
contained. Owing to the great uncertainty and
regulation, the full bioremediation prospect of
GEMSs remains un-quantified.

Phytoremediation

This is an approach in which plants are used
in clean up of contaminated environments. Itisan
emerging technology that promises effective,
inexpensive, and less intrusive clean up and
restoration of oil-contaminated environments
(Stomp, et al., 1993; Schnoor, et al., 1995).
Phytoremediation involves plant that aid in the

restoration of contaminated ecosystem
(Cunningham and Berti, 1993). A green plant isa
solar-driven, pumping, and effective filtering
system endowed with measurable loading
degradative and fouling capacities (Salt, et al.,
1995). Salt marsh plants are able to take up
hydrocarbons from oil-contaminated sediment and
increase the hydrocarbon or total lipid fraction of
theaerial portionsof plants (Lytleand Lytle, 1987).
There arethree established mechanisms by which
plants decontaminate il polluted sites and these
are direct uptake of petroleum hydrocarbons into
thair tissues; release of enzymes and exudates that
stimulate the activity of hydrocarbonoclastic
microbes and direct biochemical transformation
(enzymes) of petroleum hydrocarbons;
enhancement in the degradation of the
contaminantsin the rhizosphere dueto mycorrhizal
fungi and the activity of soil microbial consortia
(Schnaor et al., 1995). Plantsthat areresistant to
crudeail toxicity such asblack poplar and willows,
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aswel as miscanthus grass (el ephant grass) have
been found to be effective in the remediation of
oil polluted soil (Shank and McEwan, 1998). In
the marsh environment Spartina patens,
Sagittaria lancifolia, Spartina alterniflora and
Juncus roemeriannus are considered ecologically
and economically important in phytoremediation
(Lytle and Lytle, 1987). Dioscorea sp can
metabolise petroleum hydrocarbons such as n-
hexadecane (Hardman and Brain, 1977).
Cytochrome P450 and peroxidases found in the
plant Dioscorea composta are involved in the
biotransformation of this hydrocarbon (Vega-
Jarquin et al., 2001). One major set back in
phytoremediation is that the plants tend to be
competing with the hydrocarbonoclastic microbial
population for available fixed nitrogen and
phosphorus. However, phytoremediation can
acceleratethe reduction of oil concentration in both
surface and deep soil, and thus restore crop
sustaining potential and reducing marsh erosion
after a spill.

Ecological consideration of bioremediation
Effective bioremediation of crude ail polluted
environment will require aconsortium of microbial
communities. An ecological balance of the key
microbesrequired in all aspects of bioremediation
of crude oil polluted ecosystem, including
cometabolising bacteria, is very important. Table
5 shows some key areas of research in this
approach (Ritmann, 1992.). For PHC degradation
in treatment plants, it is essential that selected
bacteria are those that can floc together, without
becoming ‘filamentous’ (Rittmann, 1987). Another
community structure, whichisbeing harnessed, is
the possible co-existence of heterotrophic and
autotrophic bacteria. Competition between this
group, particularly the aerobic heterotrophs and
nitrifying bacteria has been stressed (Rittmann,
1987). However, someworkers have co-optimized
biological nitrogen fixation (Paerl et al. 1996) or
microbial nitrogen fixation (Onwurah, 1999b) with
biodegradation of petroleum hydrocarbons in the
coastal environment and soil systems respectively.
The capability of simultaneous existence of
heterotrophic and adapted autotrophic bacteria,
(Pseudomonas sp and A. vinelandii) within oil-
polluted environment has been demonstrated
(Onwurah, 1999b). Also very important istheuse
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of high inoculum of adapted microbial population
in bioremediation of oil-polluted environment.
When adapted microbial strains taken from
contaminated soil are introduced into a new oil
spill location at high cell density, they can alter the
genetic capabilities of the different bacteriain this
new environment (Smets et al., 1990). This was
demonstrated when A. vinelandii was isolated
from a previously oil contaminated site and
introduced into a newly oil polluted site, whereby
nitrogen fixation and co-metabolism contributed
in enhanced bioremediation (Onwurah, 1999b).
Gene distribution within strains could provide a
level of community structurethat can superimpose
onthenatural ecological structurefromthemixed
adapted inoculate populations.

Table S. Possible area of research interest in
environmental biotechnology with respect to
microbial community structure

Research areas Advantages

(i) Use of floc-forming
bacteria against filamentous
heterotrophs

(ii) Use of adapted
mutualistic consortium of
heterotrophs such as
hydrocarbonoclastic /
diazotrophic bacteria

Easier cell- recycling and
rapid mixing

Nitrogen enriching
bioprocess and enhanced
degradation through co-
metabolism.

Superimposition of
biodegradation capability
on the natural microbial
strain

(i) Use of gene-containing
microbial system against
gene-free microbial system.

CONCLUSIONS

Environmental biotechnology is an embodiment
of several areas of research that is driven by
service and regulation. The extensive utilization
of crude oil as a major source of energy has
increased the risks of accidental spills and hence
pollution of the environment. Today, the need to
reduce the negative impacts of PHC pollution due
to spills is motivating many researchers into
innovations in various aspects of environmental
biotechnology that will usher in sustainable
development and sustainable environment. The
integration of several of these technological
advances for amdiorating the negative effects of
oil spillsin the environment will be most expedient
and this review is aimed at highlighting many of
these advances. Having a good knowledge or
understanding of the various biotechnological
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advances so far made in clean-up of PHC
contaminated ecosystems will further equip
bioremediation engineers in designing programs
for a more effective and comprehensive clean-up
operations. The need for nitrogen compound
during any bioremediation of environment
contaminated by crude oil is well documented.
Hencemicrobial consortium involving diazotrophic
bacteria and hydrocarbonoclastic bacteria should
be designed or engineered for bioremediation of
crude oil polluted sites. Results obtained from
preliminary researches in this area are promising
and there is room for improvement. The ecology
of such bacteria consortium is a new research
areathat may present a significant scientific break-
through. Clean up of hydrocarbon contaminated
ecosystem should be approached in a cost-
effective and environmentally friendly manner.
Bioremediation is still the most acceptable
technology that can meet up with the regulations
that govern clean up of ail-polluted sites. However,
all aspects of bioremediation should be integrated
with respect to the site in question for rapid and
effective remediation efforts, and monitoring
should be anintegral aspect of any bioremediation

program.
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