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ABSTRACT 

 

As the demand for liquid petroleum increases, the need 

for reliable and efficient oil spill clean-up techniques is 

inevitable. Bioremediation is considered one of the most 

sustainable clean-up techniques but the potential has not 

been fully exploited in the field because it is too slow to 

meet the immediate demands of the environment. This 

study reviews the challenges to managing oil spills in 

terrestrial and marine environments to identify areas 

that require further research. Current challenges 

associated with bioremediation of spilled petroleum 

include resistance of asphalthenes to biodegradation; 

delay of heavy or high molar mass polycyclic aromatic 

hydrocarbon (PAH) biodegradation, eutrophication 

caused by biostimulation, unsustainability of bio-

augmentation in the field, poor bioavailability of spilled 

petroleum, inefficiency of biodegradation in anoxic 

environments and failure of successful bioremediation 

laboratory studies in the field. Recommendations 

offered include encouraging asphalthene biodegradation 

by combining heat application (80°C), biosurfactant 

(thermophilic emulsifier) and bioagumentation (using a 

consortium containing Bacillus lentus and Pleurotus 

tuberregium as members) but as a temporary measure, 

adopting the use of ‘booms and skimmers’ and ‘organic 

sorbents’ for water and land clean-up, respectively. 

Heavy PAHs may be rapidly degraded by applying 

nutrients (biostimulation) and biosurfactants to sites that 

are oleophilic microbe-rich. Oleophilic nutrients may be 

the most effective strategy to reduce eutrophication in 

marine environments whilst on land, slow-release 
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nutrient application or organic-inorganic nutrient 

rotation may help prevent soil hardening and infertility. 

The use of encapsulating agents and genetically-

engineered microbes (GEMs) may increase the 

efficiency of bioaugmentation in the field, but 

temporarily, indigenous oleophilic microbes may be 

employed in the field. Poor bioavailability of crude oil 

may be eliminated by the use of biosurfactants. In 

terrestrial anoxic sites, bioslurping-biosparging 

technology could be used whilst the marine anoxic site 

requires more research on how to transport nutrients and 

biosurfactants to oleophilic anaerobes residing in the 

ocean beds. The involvement of both governmental and 

non-governmental environmental institutions in 

sponsoring field studies in order to improve the 

reliability of bioremediation research. Further studies to 

test the practicability and cost of these recommend-

ations in the field are needed. 

 

Keywords: Crude oil bioremediation, land oil spill 

control, marine oil spill control, biostimulation, 

bioaugmentation, microbial remediation and 
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1. INTRODUCTION 

 

1.1. Background to the Study 

 

Human activity has led to the release of liquid 

petroleum hydrocarbon (also known as crude oil) into 

the environment, causing the pollution of marine/coastal 

waters, shorelines and land as well. Liquid petroleum 

hydrocarbons are a naturally-occurring fossil fuel, 

formed from dead organic materials in the earth's crust 

[1]. They is used to synthesize plastics, fertilizers, 

pesticides and other petrochemical products. In addition, 

they are refined to form fuels to run internal combustion 

engines of cars and vehicles as well as heavy plants and 

machinery used by a wide range of industries around the 

world.  The domestic utilization of petroleum products 

in households for heating, cooking, lighting and 

electricity generation, has increased the demand for 

these liquid hydrocarbons.  

In 2008, the volume of petroleum demanded 

globally was 85.62 million barrels per day [2]. 

However, liquid petroleum has become one of the most 

prevalent pollutants in industrialised and developing 

countries [3]. Its transportation and global usage has 

increased the tendency to pollute the environment [4]. 

The source of the pollution is usually accidental spills, 

uncontrolled landfills, leaking underground storage 
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tanks or improper storage of crude oil [5]. Oil spills 

pose serious environmental challenges due to the 

possibility of air, water and soil pollution [6]. Large oil 

spills threaten both terrestrial and marine ecosystems; 

hence, attention has been drawn towards identifying 

eco-friendly and cost-effective clean-up methods [7]. 

 

1.2. Justification for the Study 

 
It is imperative to note that the increasing demand for 

liquid petroleum may likely not reduce the number of 

oil spill occurrences. Therefore, oil spill accidents are 

prone to occur considering the enormous pressure on oil 

companies/drilling firms to make the petroleum product 

readily available for global consumption. Whenever 

there is an oil spill, shorelines, marine waters, 

groundwater, soils (including farmlands), lakes, rivers 

and creeks, stand the risk of being severely polluted, 

and if not controlled within a short time frame, may lead 

to long-term ecological devastation. Several oil spill 

remediation techniques for the clean-up of polluted 

terrestrial and marine environments have been 

established. However, most of them have been proven 

to be cost-ineffective and environmentally-unfriendly 

and hence unsustainable. As a result, a control measure 

that will be swift, efficient and sustainable is a 

necessity. This study is a review of one of the most 

sustainable methods of oil spill control. 

One of the methods of cleaning up oil spills that has 

been explored is the use of “oil-eating” or “oil-loving” 

(oleophilic) microbes [8], a process known as 

Bioremediation. Bioremediation employs living 

organisms such as bacteria and fungi to degrade 

complex chemical compounds (which are often harmful 

to the environment) into simpler compounds (which are 

harmless to the environment). Bioremediation may be in 

situ – if the oil is treated at the contaminated site – or ex 

situ – if the oil is carried away from the contaminated 

site to a treatment facility.  

Naturally-occurring bioremediation is also known 

as bioattenuation [9] or natural attenuation but it is 

usually too slow to meet the immediate need of the 

environment after an oil spill. Therefore, attempts have 

been made to increase the efficiency of the process 

through various enhanced techniques. These techniques, 

also referred to as biorestoration in some old 

publications [10-12] include landfarming, composting, 

use of bioreactors [13], bioventing/biosparging, pump 

and treat strategies, bioslurping, biostimulation, and 

bioaugmentation [14].   

Many authors [4,6,15-17] consider bioremediation 

to be a cost-effective (involves the use of ubiquitous 

oleophilic microbes) and eco-friendly (which breaks 

down crude oil into non-toxic products and 

intermediates) clean-up method compared to other oil 

spill control techniques. However, other authors [14,18-

20] have pointed out that bioremediation is ineffective 

in cleaning up heavy components of crude oil and is 

often limited by abiotic factors such as nutrient 

availability, temperature and oxygen concentration.  

Therefore, this study is intended to identify the 

main challenges associated with the use of bioremedia-

tion to clean-up crude oil pollution in both terrestrial 

and marine environments, and also to develop 

recommendations, which are likely to form the basis for 

new lines of research on how to overcome these 

challenges. 

 

 

2. SPILLED PETROLEUM HYDROCARBONS 

 

2.1. The chemical Composition and Nature of Spilled 

Petroleum Hydrocarbons 
 

The rate of biodegradation of petroleum hydrocarbons 

varies depending on the composition and chemical 

nature of the constituent parts. Crude oil is a liquid 

petroleum containing thousands of hydrocarbon 

components. Each component has a unique chemical 

behavior that makes it either easily biodegradable, quite 

difficult to digest or not degradable at all [21].  

Petroleum hydrocarbon molecules can be grouped 

into four broad categories: saturates (branched, 

unbranched and cyclic alkanes), aromatics – ringed 

hydrocarbon molecules such as monocyclic aromatic 

hydrocarbons (MAHs) and polycyclic aromatic hydro-

carbons (PAHs), resins (polar oil-surface structures 

dissolved in saturates and aromatics) [22], and 

asphalthenes (dark-brown amorphous solids colloidally 

dispersed in saturates and aromatics) [21-23]. In the 

structural arrangement of the four main hydrocarbon 

components of crude oil, saturates make up the 

outermost layer of the oil whilst asphalthenes constitute 

the innermost portion of the oil due to their greater 

molar masses. 

According to van Hamme et al. [24], the 

susceptibility of crude oil components to microbial 

degradation are in the following order: alkanes > light 

aromatics (MAHs) > cycloalkanes > heavy aromatics 

(PAHs) > asphalthenes. Resins are easily degraded 

naturally because they are light polar molecules [25].  

PAHs contain more than one benzene ring and 

those that are made up of two or three cyclic rings such 

as naphthalene (two-ringed), phenanthrene (three-
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ringed) and anthracene (three-ringed) with molecular 

weights of 128, 178 and 178 g/mol, respectively, are 

referred to as low molecular weight or light PAHs [26]. 

PAHs made up of four rings and above such as pyrene 

(four-ringed), chrysenes (four-ringed), fluorenthene 

(five-ringed), benzo[a]pyrene (five-ringed) and coro-

nenes (seven-ringed) with molar masses of 202, 228, 

202, 252 and 300 g/mol, respectively, are referred to as 

high molar masses or heavy PAHs [26-30]. 

PAHs are common petroleum contaminants in the 

environment that are considered to be potentially 

mutagenic and carcinogenic [31,32]. The Breast Cancer 

Fund [33] reported that heavy PAHs such as 

benzo[a]pyrene damage the DNA of living organisms 

(i.e. they are genotoxic) and are implicated in human 

breast cancer. This accounts for a large number of 

studies on the biodegradation of PAHs in order to 

safeguard the environment and biodiversity from severe 

long-term ecological and medical damage by oil spills. 

However, the focus has been on the biodegradation of 

light PAHs whilst very little research has been carried 

out on the biodegradation of heavy PAHs that have been 

found to be of medical importance.  

Asphalthenes are considered to be highly resistant 

to biodegradation due to their heavy, viscous nature 

[21]. Asphalthenes are very complex chemical struct-

ures made up of sulfur (0.3 - 10.3%), nitrogen (0.6 - 

3.3%), oxygen (0.3 - 4.8%) and trace amounts of metals 

such as iron, nickel and vanadium [34]. In addition, 

asphalthenes have the highest molar mass of all 

hydrocarbon compounds in crude oil with values 

ranging from 600 to 3 x 10
5
 g/mol and from 1000 to 

2x10
6
 g/mol [26,35,36]. This chemical complexity has 

rendered asphalthenes resistant to microbial attack and 

unfortunately few studies have been carried out to 

enhance the potential of biodegradation of asphalthenes. 

  

2.2. The Fate of Spilled Petroleum Hydrocarbons 

 

Fundamental variation exists in the manner in which 

crude oil behaves when spilled on land and water. Oil 

spilled on the sea surface undergoes various weathering 

processes simultaneously, such as spreading – 

influenced by wind, turbulence and the presence of ice 

on the water surface [37], evaporation, emulsification, 

photo-oxidation, dispersion, sinking, resurfacing, tar 

ball formation, and biodegradation – which makes oil 

spill control very difficult [20]. Hence, the extent of the 

damage caused by the spill and the ease of clean-up 

depends on how quickly the clean-up response takes 

effect. The kinetics of these processes depends largely 

on sea conditions and the meteorological environment 

[38]. 

In the marine environment, evaporation generally 

accounts for 30-50% of spilled petroleum. About 100% 

of volatile hydrocarbons (e.g., alkanes), 75% of heavier 

hydrocarbons (e.g., aromatic hydrocarbons) and 10% of 

the non-volatile hydrocarbons (e.g., asphalthenes) are 

lost due to evaporation [37, 39]. The remainder after 

most of the evaporation and solubilisation of lighter 

fractions have taken place form a stable and gelatinous 

water-in-oil emulsion (contains 70-80% of water) 

known as ‘mousse’. It is in the mousse form that most 

oil that has been spilled offshore actually impacts 

shorelines and beaches. Further weathering of mousse 

by biological and photo-oxidation produces lumps of a 

very dense, semi-solid, asphaltic residuum, known as 

‘tar balls’ [40]. As a result of the various natural 

weathering processes that crude oil spilled in water is 

subjected to, the fate and behavior of the spill remains 

largely unpredictable [41,42]. On the other hand, the 

fate and behaviour of oil spills on land have a higher 

level of predictability mainly because the terrestrial 

habitat is more confined; therefore, spilled oil travel is 

limited. Land surface is rarely smooth so the thickness 

of oil layers varies considerably and the oil may collect, 

forming pools in depressions [43]. There is a high 

tendency of spilled oil on land to flow downhill and 

empty into ditches, streams, creeks and rivers. The rate 

of downhill movement depends on oil viscosity, 

topography and atmospheric/ground temperature.  

In addition, the rate of natural weathering of the 

spilled oil on land largely depends on the exposed 

surface area of the spill and slows down over time 

compared to water oil spills where crude oil thins to a 

thickness of a few millimetres [43] as it spreads 

extensively. Light crude oil components (such as 

alkanes) leach into the soil depending on the soil 

porosity and permeability or may evaporate rapidly 

based on favorable atmospheric conditions [43]. Heavy 

crude oil components (such as asphalthenes), on the 

other hand, tend to be retained at the surface due to their 

higher viscosity and thickness [43]. Oil spill stability is 

usually a land phenomenon and it occurs within a short 

period of time with the gradual stoppage of further 

weathering. This rarely occurs in marine oil spills [43], 

probably as a result of the dynamic nature of the marine 

environment. 

 

2.3. Ecological Impacts of Spilled Petroleum 

Hydrocarbons 

 

Both land and marine ecosystems suffer from the impact 

of oil spills in similar ways. The impact on living 
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organisms could either be direct, indirect or acute 

(short-term) and chronic (long-term). Direct impacts 

include suffocation (clogging of the lungs, nasal 

passages or oxygen-exchange sites), anoxia (thick oil 

slicks on the surface inhibit oxygen from dissolving in 

ocean waters), and inhibition of movement of animals 

within the soil, river or ocean due to the viscous nature 

of crude oil. Indirect impacts, on the other hand, include 

stunted growth (in both plant and animal forms), 

reproductive and morphological deformities and trophic 

cascades [44].  

The short-term impacts include acute narcosis 

mortality (a state of unconsciousness that leads to 

death), acute exposure of feathers and fur causing 

hypothermia (a condition in which the core body 

temperature drops below the optimum required for 

normal metabolism), smothering, drowning and 

ingestion of toxic compounds during preening, whilst 

the long-term impacts include exposure of embryos to 

weathered oil, ingestion of contaminated prey or 

foraging in polluted sedimentary pools, and the 

disruption of important social functions (such as care-

giving) in gregarious species [44]. Marine environments 

suffer a greater ecological damage compared to 

terrestrial environments mainly as a result of the greater 

difficulty of controlling the spill.  

It is vital to note that the size of a spill does not 

necessarily tell much about its potential to cause 

damage, because a small spill can wreak havoc in an 

ecologically-sensitive environment [40]. A few tons of 

petroleum spilled in the wrong place at the wrong time 

may have the potential to kill most living species at the 

spill site [1]. For example, a small operational discharge 

of oily bilge washings from a tanker killed an estimated 

30,000 seabirds near Norway in 1981 because it 

occurred at a location where they were seasonally 

abundant [37].   

Similarly, the Exxon Valdez oil spill in 1989 

released about 245,000 barrels of crude oil which led to 

the death of 250,000 birds, mostly black guillemots, 

which are also known as murres  [45]; but the Braer oil 

spill in 1993 released about 595,000 barrels of crude oil, 

which killed only 1,500 birds despite its much larger 

spill size [46]. According to Kingston [1], this variation 

in the response of biodiversity to oil spills may have 

been caused by factors, such as breeding season, which 

either reduces or increases the resultant effect of the 

spill in the polluted area. In other words, a few barrels 

of oil spilled during the reproductive season of living 

organisms could lead to the complete extinction of 

already threatened species.  

Oil spills in marine habitats affect mostly marine 

birds (diving birds in particular) and fish, rendering 

them vulnerable to the adverse effect of petroleum 

pollutants [20]. However, the chemical dispersants used 

to control the spill have been found to be very harmful 

and, in some cases, kill shellfish [20]. The environment 

near a petroleum refinery or a tanker terminal can be 

freely exposed to chronic oil pollution from frequent 

spills, and from the continuous discharge of 

contaminated process water [40]. In some cases, a high 

frequency of both cancerous and non-cancerous disease 

of fish and shellfish has been detected in severely 

polluted sites [47].  

Experimental studies by Freedman [40] showed 

that vegetation with meristematic tissues that were not 

totally damaged by an oil spill had a remarkable post-

pollution regeneration. However, lower plants such as 

lichens and bryophytes that were predisposed to the 

experimental oiling of tundra and boreal forest 

vegetation had no resistance during the first few post-

oiling years and almost died completely [40]. There are 

cases when recovery appeared to be almost impossible 

or may take decades to be achieved. For example, the 

Amoco Cadiz oil spill killed the population of small 

sand hopper (amphipod, Ampelisca), which dominated 

the polluted community. The high sensitivity of the 

amphipod species to oil pollutants prolonged the 

recovery of the species, as it took over 10 years for the 

species to re-populate the area [1]. 

Oil spills in third-world countries often have a 

much larger impact on the environment and human lives 

compared to oil spills in the developed countries, 

probably due to the insufficient infrastructure or 

technologies for controlling oil spills. Other factors 

include the higher number of uneducated citizens who 

are not enlightened about the potential impacts of oil 

spills and the weak environmental laws in third-world 

countries, which if strengthened, would control the 

activities of oil drilling firms. For example, in the Bodo 

community and the Ogoni land of the Niger Delta 

region of Nigeria, Shell Petroleum massively spilled 

several million barrels of oil in 2009, polluting 

farmlands and groundwater via land pits or wells [48]. 

The crude oil in groundwater ended up in nearby rivers, 

killing aquatic life and disrupting fishing activities, the 

only means of livelihood in the rural area. 

This massive spill also prevented the fetching of 

clean water from streams for domestic use by the 

inhabitants of the rural community. Some of the 

villagers still go to the polluted rivers to fetch water,  as 

they are ignorant of the consequences of their actions, 

thereby increasing the impact on human health [49] via 

ingestion, inhalation and contact with the skin [50]. 
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Post-spill ecological impacts are more severe when 

oil spill clean-up measures are not executed on time, 

compared to the impact during a spill. Ba-Akdah [51] 

and Kingston [1] expressed concern about the 

possibility of the concentration of pollutants in living 

tissues, which is known as bioaccumulation. This could 

be taken up by other animals through ingestion, leading 

to the transfer of toxic hydrocarbon compounds up the 

food chain. It is a consequence of long-term pollution 

from crude oil [52-53]. For example, in the marine 

environment the pollutant could be carried by a mussel 

(a bivalve gastropod), to an amphipod (sand hopper) 

and finally to a fish. Bioaccumulation can also occur in 

plants when they are grown on oil polluted farmlands, 

which leads to the translocation of hydrocarbon 

contaminants from the root system to the plant tissues 

[50] as observed in lichens and mosses in Alaska 

[53,54]. 

More recent reports by Achenbach [55] and 

Thomas and Rahman [56] highlight the dangers of long-

term oil spills in marine environments using the 

consequences of ecological damage of the Gulf of 

Mexico as a reference. The authors discovered that the 

continued pollution of the Gulf of Mexico for over two 

decades has led to the creation of a hypoxic dead zone 

characterised by insufficient oxygen, which is 

detrimental to aerobic organisms resident in that area. 

This dead zone runs east-west along the Texas-

Louisiana coastline and keeps expanding in size as oil 

spill incidents increase. The hypoxic Gulf sites have 

been found to have Atlantic croakers suffering from 

impairment of reproductive output. The Atlantic 

croakers at the site had a disproportionate sex ratio of 

61% males to 39% females compared to the sex ratio 

(52% males to 48% females) of Atlantic croakers in 

non-polluted sites.  

Also, a report by NSF [57] revealed that the corals 

that live at a depth of 4,300 feet in the Gulf of Mexico 

were observed to possess brown spots on their body 

surface, which were shown to be hydrocarbon residues 

from the deepwater Macondo oil well. Further research 

on the possible medical effect of the brown spots to the 

corals was suggested. However, Al-Dahash and 

Mahmoud [58] reported that two species of corals 

(Acropora clathrata and Porites compressa) in the 

Arabian Gulf (Qaro and Umm Al-Maradim Islands 

south of Kuwait) appeared healthy despite living in an 

oil-polluted environment. The authors discovered that 

the corals invulnerability to petroleum pollutant was as 

a result of some oil-degrading bacteria groups 

(Gammaproteobacteria, Actinobacteria and Firmicutes) 

living in the tissues and mucus of the corals. 

 

3. CRUDE OIL BIOREMEDIATION STRATEGIES 

 

Several bioremediation strategies have been explored 

but most of them are designed for land oil spill control. 

The bioremediation strategies include landfarming, 

composting, use of bioreactors, bioventing/biosparging, 

bioslurping, pump and treat strategy, biostimulation and 

bioaugmentation. These strategies were briefly 

described in the introduction, but the details on how 

they are applied and their potential success will be 

discussed in detail below. 

 

3.1. Landfarming 

 

Landfarming is a soil bioremediation technique that 

involves mixing of the hydrocarbon-contaminated soil. 

It also involves relying on the biological, physical and 

chemical processes within the soil for biodegradation. 

The technology has been employed since the 1980s due 

to its simplicity and cost-effectiveness [59]. It is a ‘low-

tech’ oil spill control method specialized for the clean-

up of oil-polluted uppermost soil surfaces [60]. It can be 

carried out in situ or ex situ, but the latter method is 

more common.  

The contaminated soil is often transferred to a 

treatment site where it is spread over a prepared soil 

surface and tilled periodically for aerobic microbial 

degradation to occur [61]. However, this simple 

technology is riddled with inherent challenges such as 

the inhalation of hydrocarbon volatiles by humans and 

the risk of other hydrocarbon contaminants leaching 

through the soil profile to the groundwater region [62]. 

This challenge has been managed in recent times by 

providing the treatment site with a layered polythene 

material about 250 µm in thickness, which is laid at the 

bottom of the topsoil in order to prevent the leachates 

from seeping to the groundwater zone [62]. Also, the 

dispersed hydrocarbon volatiles have been controlled by 

building a greenhouse to confine the extent of diffusion 

[61,62].  

Land farming has been successful in degrading a 

number of hydrocarbon compounds since most 

oleophilic microbes are confined to the superficial layer 

of soils, 15-30cm deep [61]. The major challenges 

associated with landfarming are that it is a very slow 

biodegradation process and has been unsuccessful in 

degrading high molar mass PAHs. However, a number 

of successes have been recorded as regards the 

biodegradation of light PAHs. For example, Picado et 

al. [63] reported a 63% reduction of mostly low molar 

mass PAHs after three months of landfarming; Bossert 
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and Bartha [64] recorded an 80-90% reduction of low 

molar mass PAHs after three years. Although the latter 

report is quite dated compared to the former, it still 

reveals the fact that landfarming is indeed a very slow 

bioremediation process. 

The slow nature of landfarming has been attributed 

to the unavailability of petroleum hydrocarbons to the 

oleophilic soil biota [62]. Therefore, it has been 

suggested that the use of surfactants such as detergents 

can help improve bioavailability. On the other hand, 

adsorbents such as straws can help mop up the non-

biodegradable heavy hydrocarbon residues from the soil 

[62]. However, surfactants are chemical-based 

substances and therefore potentially toxic to the 

environment. Maila and Cleote [62] also suggested that 

incorporating biostimulation (i.e., supplying the 

oleophilic soil biota with nutrients) with landfarming 

may reduce the hydrocarbon-contaminated soil 

biodegradation time. 

 

3.2. Composting 
 

Composting is a simple ex situ bioremediation 

technology that utilizes biological agents in organic 

amendments (such as manure, plant residue, sewage 

sludge and other biowastes) to aerobically degrade 

spilled pollutants [65]. Composting is also referred to as 

the solid-phase treatment [17], which involves the 

mixing of hydrocarbon contaminants with fresh organic 

amendments to produce a rich microbial consortia that 

are heat-loving (mainly thermophiles). The process is 

characterised by an increased temperature of up to 

50°C, high nutrient content, optimum oxygen concen-

tration and a neutral pH [61]. Organic amendments are 

also known as a bulking agents [66].  

The elevated temperatures of compost stimulates 

hydrocarbon degradation and enhances the bioavailabil-

ity of the hydrocarbon pollutant [67]. If the organic 

amendment is not fresh, the thermophilic phase will not 

develop and this will reduce the efficiency of the 

process. For example, van Gestel et al. [65] reported 

that 85% of diesel fuel was degraded under thermophilic 

composting generated by fresh biowaste but recorded 

only 35% reduction when mature compost was utilized. 

The type of organic amendment used may influence the 

rate of biodegradation as Namkoong et al. [68] reported 

that a biopile (a pile of biowaste ready for composting) 

of sewage sludge degraded more hydrocarbon compared 

to that of plant residues, probably as a result of the 

microbial richness of sewage sludge; and van Gentel et 

al. [65] buttressed this view by stating that the number 

of oelophilic microbes in a biopile depends mainly on 

the total number of microbes present in the biopile. 

The higher oleophilic microbial population (derived 

from the organic amendments) and elevated temperature 

makes composting a more promising bioremediation 

process compared to landfarming, which relies solely on 

oleophilic soil biota. In addition, composting also 

produces an end-product of mature compost that is 

useful for agricultural purposes [65]. The only 

disadvantage of this method is the longer treatment time 

when compared to other ex situ bioremediation pro-

cesses [61]. If the process could be accelerated it would 

be more cost-effective. 

 

3.3. Use of bioreactors 

 

A bioreactor comprises a reaction chamber equipped 

with a mixing mechanism, a system that supplies 

oxygen and nutrients and influent and effluent pumps. It 

is an ex situ bioremediation technology that offers the 

direct control of environmental/nutritional factors (such 

as oxygen, moisture, nutrients, pH and even microbial 

population) that influence biodegradation [61]. 

Hydrocarbon-polluted soils are added to the bioreactor 

chamber and mixed together with the periodic input of 

oxygen and nutrients to accelerate biodegradation. This 

makes the technology more reliable than most in situ 

bioremediation technologies in which the factors that 

influence bioremediation at the spill site are not easy to 

control.   

There are about six types of bioreactors, namely 

fluidized bed, plug flow, submerged fixed-film, 

sequencing batch, slurry phase and vapor phase 

bioreactor [61]. The last two are the most commonest 

types.  

In slurry phase bioreactors the reaction chamber is 

filled with excavated hydrocarbon-polluted soil mixed 

with liquid waste saturated with microbes to form a 

slurry and then mechanically agitated to encourage 

aerobic biodegradation [66]. The manipulation of 

environmental/nutritional parameters is also possible 

with this type of bioreactor system. The vapor phase 

bioreactor, also known as biofiltration [61], is specially 

designed for the containment of volatile organic 

compounds (VOCs) or polluted air emissions.  

The reactor chamber is packaged with the biogenic 

material (such as compost) containing the microbial 

population. The gas to be treated is released into the 

chamber containing the biogenic material where it 

comes in contact with the micro-organisms causing the 

hydrocarbon pollutant to be “stripped off” the gas, 

hence, the term air stripping [14]. There are two main 

types of biofilters: the treatment bed biofilters and the 
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soil filters [61]. The mechanism of operation is the same 

for the two biofilter types.  

Zhang et al. [69] reported that the hydraulic loading 

rate (HLR, also referred to as the substrate addition rate 

by Daugulis [70]), of the polluted material to be treated 

has an effect on the pollutant-removal efficiency of 

biofilters. Daugulis [70] revealed that if the substrate 

concentration is too high in the bioreactor chamber, it 

may kill the micro-organisms, whereas if added too 

slowly it may lead to the starvation of the microbes, 

consequently reducing the biofilter’s optimum effici-

ency. This view was corroborated by Zhang et al. [69] 

that at an optimum HLR of 3.0 m/h, the semi-volatile 

organic compounds (SVOCs) such as di-n-butyl 

phthalate and bis-2-ethylhexyl phthalate, were reduced 

by 71.2% and 84.4%, respectively, while at an increased 

HLR a remarkable decrease in SVOCs-removal 

efficiency was observed. 

The prospects of bioreactors (biofilter or air 

stripping) as a highly efficient bioremediation strategy 

have been proven in a number of studies. For example, 

Liu and Liu [71] reported the efficiency of a sequencing 

batch bioreactor (aerated and pH-regulated) in 

decontaminating diesel-polluted soils. After two weeks 

it was observed that 90% of 35,000 ppm/volume of  

diesel oil was degraded in a bioreactor enriched with the 

oleophilic microbe Rhodococcus erythropolis (NTU-1 

strain).  

In addition, PAHs such as phenanthrene and 

naphthalene were degraded successfully in a bioreactor 

with the addition of organic solvents (such as decane, 

silicone oil and oleyl alcohol), to facilitate the 

bioavailability of the hydrocarbon substrate [70, 72, 73]. 

However, the use of bioreactors has its underlying 

challenges, such as the excavation of polluted soils or 

pumping of contaminated groundwater to the treatment 

site that is cost-ineffective and the production of toxic 

sludge as a by-product of the bioreactor and therefore 

requires further treatment, consequently increasing the 

operational cost [61]. 

 

3.4. Bioventing/Biosparging 

 

Bioventing is an in situ bioremediation technology 

designed for the decontamination of soils at the vadose 

or unsaturated zone. The technology relies solely on the 

indigenous oleophilic microbes occupying the 

unsaturated zone to aerobically break down the spilled 

petroleum in the soil. These microbes are supplied with 

nutrients (if required) and oxygen (under low pressure) 

via an injection well [74]. Bulman et al. [75] reported 

that after six months the total hydrocarbon 

concentration treated with bioventing technology 

reduced by 10 to 30% in 3 m deep soil. After adding 

nutrients, a further 30% reduction in total hydrocarbon 

concentration was observed after another six months at 

a depth of 3.5 m. 

Bioventing is of two types: active and passive. In 

passive bioventing, the oxygen in the injection wells is 

supplied through atmospheric pressure but in active 

bioventing, the oxygen is forced through by a blower or 

pump [61]. Bioventing technology does not 

decontaminate the capillary fringe and groundwater that 

are located in the saturated zone; this is where 

biosparging becomes of importance.  

Biosparging  is also an in situ bioremediation 

strategy but it is targeted directly at the saturated zone 

(the region below the water table). The indigenous 

oleophilic microbes in the saturated zone are similarly 

provided with nutrients (if required) and oxygen (under 

high pressure so that it can get to the saturated zone) 

[61] to facilitate aerobic biodegradation below the water 

table. Kao et al. [76] reported that 70% of BTEX 

(benzene, toluene, ethylbenzene and xylene) were 

biodegraded in 10 months using biosparging technology 

at an average groundwater temperature of 18°C.  

The two bioremediation technologies are some-

times combined with the SVE if volatile hydrocarbons 

are present in the soil [74]. The main advantage of these 

strategies is that they are easy to set up and cost-

effective [61]; however, they have shown to be too slow 

in degrading heavy petroleum hydrocarbons such as 

heavy PAHs even when oxygen and nutrients are 

supplied [74]. This is probably as a result of the absence 

of other natural processes of oil-degradation (such as 

evaporation) in the vadose and saturated zones that 

could have offered support. 

 

3.5. Bioslurping 

 

Bioslurping is a relatively new in situ bioremediation 

strategy that combines bioventing with a free-product 

recovery system. This method of remediation achieves 

two aims simultaneously – aerobic microbial 

biodegradation of the vadose zone through air injection 

and SVE and the removal of the light non-aqueous 

phase liquid saturates (NAPLS –free-phase petroleum 

pollutants) from the capillary fringe and water table via 

dual-pumps (through gravity-gradient, the first pump 

forces the flow of petroleum from the vadose zone into 

the well and the second pump skims off the petroleum 

to the surface) [77]. Kittel et al. [77] suggested the use 

of vacuum-enhanced pumps to speed up the petroleum 

recovery rate.  
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A modernized bioslurping technology described by 

Khan et al. [78] replaced the dual pumps with a 

vacuum-enhanced pump (known as a slurp tube) as well 

as the incorporation of the bioventing and SVE systems 

that helped to increase the recovery rate of both vapor-

phase and free-phase petroleum products from the 

vadose zone and the water table. The pumped mixture 

(vapor-phase oil product, free-phase oil product and 

some groundwater) in the slurp tube is separated into 

oil-water and vapor-liquid compartments by an above-

ground bioslurping system. Gidarakos and Aivalioti 

[79] reported that the application of the bioslurping 

technology in cleaning up petroleum spills at a Greek 

petroleum site was relatively successful. The recovered 

petroleum hydrocarbons include toluene, xylene, 

paraffins, naphthalenes and olefins. However, the 

authors noted that some petroleum residues in 

groundwater were not recovered due to the fact that 

bioslurping technology does not directly treat the 

saturated zone.  

 

3.6. Pump and Treat Strategy 

 

This is an ex situ bioremediation strategy that is 

specially designed to address groundwater pollution. It 

involves the pumping of polluted groundwater to the 

surface, treatment at a remediation facility and the 

injection of the treated groundwater back to the initially 

polluted site [14]. It is a challenging process that entails 

location of the groundwater contaminant plume, 

designing a capture mechanism and installing extraction 

and injection wells [80]. The construction of the 

extraction well or trench equipped with pumps helps to 

lower the water table, thereby improving the suction of 

water through the pump and also aerating the enlarged 

vadose zone, encouraging biodegradation of contam-

inants in the unsaturated zone [81].  

The extracted groundwater is cleaned through 

aerobic biodegradation, although other non-microbial 

cleaning processes could also be used, including: phase 

separation, air stripping and liquid-phase granular 

activated carbon adsorption [82]. Despite the effective 

groundwater clean-up offered by the pump and treat 

bioremediation method, building of the withdrawal and 

injection wells and the treatment of the groundwater 

have been found to be very expensive [17] when 

compared to other bioremediation strategies. 

 

3.7. Biostimulation 
 

Biostimulation is an in situ bioremediation strategy that 

involves the supply of nutrients (mainly nitrogen and 

phosphorus) to hydrocarbon-polluted sites in order to 

“stimulate” the indigenous micro-organisms to break 

down more crude oil [84]. The justification for the use 

of this bioremediation strategy is that hydrocarbon 

metabolism is limited by nutrient availability; therefore, 

by supplying the required nutrients microbial 

degradation of hydrocarbon is expected to increase. This 

strategy is compatible with land [85] and the aquatic 

environments [86]. The nutrients supplied could be from 

organic or inorganic sources. Joshi and Pandey [3] 

reported the success of organic nutrient (cow dung) 

application, while the success of inorganic nutrient 

(sodium nitrate and dihydrogen phosphate) was 

recorded by Roling et al. [87].  

Biostimulation has been widely accepted to degrade 

alkanes [88], BTEX [3] and PAHs [89,90] and also is 

regarded as cost-effective [4] because it does not require 

the excavation of polluted soils or the transfer of 

polluted water to a treatment facility. However, high 

concentrations of nutrients applied to the environment 

may lead to eutrophication (the response of the 

ecosystem to the introduction of foreign substances) 

[88,91] usually in aquatic environments. Eutrophication 

has been reported to cause algal bloom, oxygen 

depletion or may even induce toxic responses in humans 

and the marine ecosystem [88,92]. This has led to the 

need to test the safety levels of nutrients applied in 

bioremediation.  

As a result, licensing was developed in the United 

Kingdom and methodology testing is being used in 

Canada [93] and the United States [94] to limit the 

indiscriminate use of nutrients. In reality, the 

establishment of these laws might not be sufficient 

enough to curtail the excessive use of nutrients; 

therefore, it is important for researchers to strategise 

novel nutrient application methods that would help to 

limit eutrophication. 

In addition, the success of biostimulation has been 

suggested to depend largely on the geography, water-

body, habitation and other environmental-specificity of 

the contaminated site [53]. As a result, biostimulation 

investigations in the laboratory are not as reliable as in 

situ investigations carried out at the contaminated site. 

For example, a study by Gallego et al. [95] 

demonstrated that biostimulation when carried out in the 

laboratory degraded 90% of diesel oil. In contrast, 

Seklemova et al. [96] and Bento et al. [97] both reported 

the failure of biostimulation in managing diesel spill at a 

contaminated site. Bento et al. [97] suggested that the 

poor performance could have been caused by low 

bioavailability of the nutrients and oil (i.e., the poor 

solubility of the nutrient and oil in soil or water, which 
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makes them inaccessible to oleophilic microbes). 

Consequently, “one of the difficulties of developing 

bioremediation strategies lies in achieving as good or 

better results in the field as in the laboratory” [98]. 

 

3.8. Bioaugmentation 

 

Biostimulation is an in situ bioremediation technology 

that involves the introduction of indigenous (obtained 

from the contaminated site) or exogenous (obtained 

elsewhere) oleophilic microbial cultures to a polluted 

site in order to “augment” microbial degradation at the 

site [61]. It is a technology used for both soil and 

aquatic oil spill clean-up. To facilitate the breakdown of 

a wider range of hydrocarbon compounds, Ledin [99] 

proposed that a multi-component strategy be employed 

(which entails the introduction of a microbial 

consortium) rather than the single-component approach. 

Since individual oleophilic microbes are hydrocarbon-

specific, a microbial consortium will provide the 

metabolic diversity needed in the field [100]. 

However, there is an ongoing debate over the 

efficiency of bioaugmentation, as few successes have 

been recorded. This is because the introduced 

exogenous microbes often fail to compete favorably 

with the indigenous microbes at the polluted site [53, 

61] probably due to the site condition and ecological-

specificity of the polluted area. For example, Bento et 

al. [97] reported that the addition of a microbial 

consortium to diesel-contaminated soil (Long Beach soil 

sample), degraded 58% of the pollutant weekly, but in 

the Hong Kong soil sample, natural attenuation was 

more successful as a result of the poor adaptability of 

the introduced microbes, probably due to the nature of 

the soil.  

An alternative approach is to harvest oil-degrading 

indigenous microbes from the polluted site and culture 

them for re-introduction. The success of this method in 

degrading a wide-range of hydrocarbon compounds has 

been reported by Devinny and Chang [101], Alisi et al. 

[102] and Li et al. [103], but the sustainability of this 

method has been questioned by many authors. 

 

 

4. THE CHALLENGES OF OIL SPILL 

BIOREMEDIATION 

 

4.1. Understanding How Oleophilic Microbes Can Be 

Supported in Breaking down Recalcitrant 

Asphalthenes Both on Land and Water 

 

It has been established in the literature that crude oil 

components such as saturates (n-alkanes), MAHs 

(BTEX) and PAHs are generally biodegradable whilst 

asphalthenes have been reported by many authors to be 

highly resistant to biodegradation.   

There are different models of asphalthene structure; 

however, Speight and Moschopedis [35] modelled the 

asphalthene structure as a system of 6 to 20 or more 

condensed aromatic structures linked by alkyl chains. 

The chemical complexity of asphalthenes have rendered 

them resistant to microbial attacks [104, 105], leading to 

their accumulation in the environment [26]. As a result 

of the complexity, the metabolic route for asphalthene 

biodegradation is yet to be fully understood [34, 106,]. 

Although Flores and Mestahoward [26] reported 

the natural biodegradation of asphalthenes, they added 

that it is an extremely slow process, achieving an 

estimated maximum reduction of 5-35% (duration not 

estimated). The authors also suggested that asphalthene 

breakdown can be relatively faster if a physical process, 

such as photo-oxidation, is first applied to degrade the 

asphalthene into three parts – alkanes, light PAHs and 

heavy PAHs – each of which is susceptible to microbial 

degradation after the maximum of seven days (for 100% 

degradation), 200 days (for 100% degradation) and 990 

days (for 70-91% degradation), respectively. However, 

this is still too slow to meet the immediate demand of 

the environment in the face of asphalthene 

contamination.  

In the event of an oil spill, resin, which solubilizes 

asphalthene in crude oil, is lost through natural 

processes (such as evaporation). This leads to 

precipitation of asphalthene molecules in saturates and 

aromatics. The free asphalthenes in terrestrial 

environments may block the interstitial spaces of soils, 

thereby, inhibiting water and nutrient uptake by plant 

roots. In marine environments on the other hand, free 

asphalthenes may clog the nasal cavity or breathing 

apparatus of aquatic animals, causing suffocation. Also, 

the body of aquatic animals may be smeared with 

asphalthene preventing their free movement in water. 

The aforementioned ecological impacts of asphalthenes 

make a fast and efficient clean-up strategy to be of 

immediate concern. 

As a result, a combination of physical and chemical 

methods has been employed in order to achieve faster 

results in cleaning-up asphalthenes. However, these 

methods are expensive and challenging [34], while 

some others are potentially toxic. The need for a cost-

effective and ecologically-safe technique for the clean-

up of asphalthenes has made researchers and oil-

companies initiate the move for a biological approach.  

Ogbo and Okhuoya [107] reported that after 17 
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days of incubation, asphalthenes had a low 

biodegradation rate (39%) using a white rot fungus, 

Pleurotus tuberregium. However, a recent study by 

Tavassoli et al. [34] involving 25 species of microbes 

isolated from oil-polluted soil and oil samples obtained 

from the Dorood oil field in the south of Iran, showed 

that five pure culture isolates (Pseudomonas, Bacillus 

licheniformis, B. lentus, B. cereus and B. firmus) and a 

mixed culture (of the five isolates) degraded 

asphalthenes to a higher significant level than earlier 

recorded. Of the five pure culture isolates investigated, 

B. lentus degraded the highest amount of asphalthene 

(46%) incubated for 60 days at 28°C but in the mixed 

culture, the record amount of 48% asphalthene 

reduction was observed when incubated for 60 days at 

40°C. This result is in agreement with Flores et al. 

[108], who reported that a bacterial consortium 

(containing isolates such as Corynebacterium, Bacillus, 

Brevibacillus and Staphylococcus species) is capable of 

utilizing asphalthene as their sole carbon source.  

 

4.1.1. Discussion  

 

The level of success recorded by Tavassoli et al. [34] is 

relatively low compared to the biodegradation rates of 

other hydrocarbon compounds and too slow to meet the 

demands of the environment. Microbial consortia have 

more of a promising potential to breakdown 

asphalthenes than microbial isolates. Therefore, there is 

a need to carry out further research into identifying the 

functions of the individual microbes in the asphalthene-

degrading consortium and finding out if new microbes 

can be added to facilitate greater asphalthene 

biodegradation. This knowledge may be helpful in 

determining the factors or elements that can be 

manipulated in order to increase asphalthene reduction 

levels to about 60% in the nearest future. Also, the 

record amount of 48% reduction of asphalthene was 

achieved at a temperature (40°C) higher than the 

average ambient temperature in most parts of the world. 

Therefore, a heating system may be required to achieve 

in the field a similar success recorded in the laboratory. 

It appears that high temperature plays a significant role 

in asphalthene susceptibility to microbial degradation. 

The white rot fungus Pleurotus tuberregium 

showed a promising potential to degrade asphalthene 

(39% degraded in 17 days). The white rot fungus is 

known to be the agent of wood decay. Therefore, its 

promising potential for recalcitrant asphalthene 

biodegradation may be attributed to its metabolic 

affinity for complex polysaccharides such as lignin (a 

hydrocarbon compound in wood). However, the 

combination of B. lentus and P. Tuberregium may 

produce a more rapid biodegradation following the 

proposed thermal decomposition of asphalthenes. 

 

4.2. Investigating How the Delay in Heavy PAH 

Biodegradation Can Be Reduced 

 

Light PAHs have two to three benzene rings whilst 

heavy PAHs have four rings and above. The 

biodegradation of light PAHs (such as naphthalene and 

phenanthrene) is easier and faster than heavy PAHs 

(such as pyrene and fluoranthrene) [109]. However, a 

lot of research has been carried out to speed up the rate 

of biodegradation of light PAHs. Up to about 80% 

reduction level in seven days is reported by Othman et 

al. [110], but very little has been done to achieve a 

similar feat with heavy PAHs [24]. 

Heitkamp et al. [111] described the aerobic 

biochemical pathway involved in pyrene (four-ringed 

hydrocarbon) biodegradation. The authors added that 

the enzymes di-oxygenase and mono-oxygenase 

released by oleophilic microbes help to open up the first 

benzene ring in the pyrene structure at the ortho 

position. The enzymes go further to break off other 

rings until a monocyclic compound known as cathecol 

is left, which then enters the Kreb’s cycle [111] to 

complete pyrene metabolism. Similarly, Schneider et al. 

[112] reported that benzo[a]pyrene (five-ringed 

hydrocarbon) is biodegraded following the same 

metabolic route but the first benzene ring in the 

structure is opened up at the meta position.  

Pyrene was reported to be biodegradable up to a 

level of 60% reduction achieved by soil-polluted 

microbes in about four days at 24°C [111]. Mueller et 

al. [113] also reported that a seven-member bacterial 

consortium (the identity of the isolates used was 

withheld) degraded fluoranthrene (5-ringed 

hydrocarbon) to levels below detection after three days 

of incubation. They also added that other PAHs were 

broken down after prolonged incubation. This result is 

in agreement with the findings of Tam et al. [114], who 

stated that a microbial consortium will degrade heavy 

PAHs more efficiently than individual isolates or pure 

cultures. In addition, Kazunga and Aitken [115] 

reported that some bacteria such as Mycobacterium, 

Sphingomonas yanoikuyae and Pseudomonas 

saccharophila, have the potential to mineralise pyrene 

into intermediate products (metabolites) that are easily 

biodegradable. For example, Mohandass et al. [116] 

reported that 58.98% of benzo[a]pyrene was degraded 

by a mixed culture of Bacillus cereus and B. vireti after 

35 days of incubation with the production of cis-4-(7-
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hydroxypyren-8-yl)-2-oxobut-3-enoic acid, which can 

be easily biodegraded. 

A more recent study by Mao et al. [32] involving 

the bioremediation of PAH-contaminated soils 

(containing 90.6% four- and five-ringed PAHs) using a 

microbial consortium, showed that bioaugmentation – 

the introduction of 10% and 20% exogenous bacterial 

suspension – helped removing 20.2% and 35.8% of total 

PAHs from the soil, respectively, after 56 days of 

incubation. However, it was observed that the 

introduced exogenous microbes later declined in growth 

probably as a result of the difficulty to adapt to the new 

environment [117]. This is in agreement with Vinas et 

al. [118] who observed that inoculated exogenous 

microbes could not compete favourably with indigenous 

microbes at the polluted site. It has also been suggested 

that the soil chemical, physical and biological 

specificity could have prevented the inoculum from 

further establishing a niche [119]. Therefore, it was 

proposed by Gogoi et al. [120] that the application of 

sufficient nutrients (biostimulation) may improve the 

bioremediation of heavy PAH-contaminated sites. 

 

4.2.1. Discussion 

 

Biostimulation may help hasten the biodegradation of 

heavy PAHs if applied to the polluted sites that are 

oleophilic microbe-rich. In addition, the possibility of 

harvesting indigenous microbes from the contaminated 

site, culturing and re-introducing them to the site may 

probably solve the problem of environmental 

intolerance by exogenous microbes. Based on the 

literature reports, an indigenous microbial consortium 

containing mixed isolates that can mineralise and utilize 

heavy PAHs is expected to achieve higher 

biodegradation rates of heavy PAHs within a shorter 

time frame due to their synergistic metabolism. For 

example, Alcanivorax borkumensis cannot directly 

degrade PAHs but produces PAH-mineralizing 

biosurfactant, but can be combined with a PAH-

degrading microbe such as Cycloclasticus to breakdown 

recalcitrant PAHs. This is in agreement with the 

suggestion made by McKew et al. [86].  

 

4.3. The Method(s) that Can be Employed to Reduce 

the Effect of Eutrophication Caused by 

Biostimulation 

 

It has been established in the literature that 

biostimulation, the application of nutrients to an oil-

polluted site in order to increase the metabolic rate of 

oleophilic microbes, may cause eutrophication. 

Eutrophication is the ecological response to the 

excessive inputs of foreign substances into the 

environment, thereby causing a population imbalance in 

the ecosystem and it is common in aquatic 

environments. According to Roling et al. [1], when 

nutrients are added in low quantity it will result in sub-

optimal biodegradation of oil, and when added in high 

concentrations may lead to eutrophication. Therefore, 

there is a need to regulate the rate of nutrient 

application. Although laws have been established to 

curtail the excessive use of nutrients in some developed 

countries, it is expected that novel methods of nutrient 

application should be developed in order to limit the 

excessive release of nutrients.  

The source of nutrient (usually nitrogen and 

phosphorus) could be organic or inorganic. Inorganic 

nutrient sources such as NPK, (NH4)2SO4, K2HPO4, 

NO3-N, have been reported to be successful in cleaning-

up crude oil both on land and water by stimulating the 

growth of remediating microbes [1,85,121,122]. 

However, in the treatment of oil-contaminated soils, 

inorganic nutrients have been found to cause soil 

hardening (i.e., the hardening of soil layers, disallowing 

the free movement of nutrients, water and oxygen 

within the soil) and decline in soil fertility [107]. 

Inorganic nutrients have the tendency to be released 

rapidly into the environment (probably as a result of 

their availability in the free state), and therefore, have a 

higher potential to cause eutrophication. Therefore, 

some scientists have considered using organic nutrients 

as a result of their slow-release rate and consequently, 

lower potential to cause eutrophication. 

Joshi and Pandey [3], Amadi and De Bari [123], 

Obire and Akinde [124] and Akiakwo et al. [125] have 

all investigated the potential of organic fertilizers as an 

ecologically-safe source of nutrient since the release of 

nutrient is slower, although may be too slow to 

accelerate biodegradation. However, Ogbo and 

Okhuoya [107] stated that an organic nutrient source 

(poultry litter) was more effective in accelerating 

biodegradation in oil-contaminated soils than the 

application of inorganic fertilizers (NPK).  

The right amount of nutrient needed for crude oil 

biodegradation to occur at an optimum rate without 

causing eutrophication depends on a number of factors 

such as the geology of the polluted site, type of crude oil 

and the type of nutrient applied [126]. In addition is the 

action of tides and waves which makes the stable 

release of nutrients in aquatic environments (mainly 

marine environments) very difficult [127,128]. 

Therefore, the authors suggested that adding the nutrient 

to the oil-water interface may be a reasonable means of 
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reducing nutrient washouts due to tidal and wave 

actions, improving nutrient bioavailability and 

consequently reducing eutrophication. 

However, a recent study by Nikolopoulou and 

Kalogerakis [126] reported three nutrient application 

strategies (water-soluble inorganic nutrients, slow-

release fertilizers and oleophilic biostimulants) designed 

for the clean-up of oil-polluted marine environments. 

Water-soluble inorganic nutrients such as KNO3 and 

NaNO3 are applied in the field by spraying aqueous 

formulations or spreading dry granules. Successful field 

trials have been recorded [129] but there is still the 

problem of nutrient washouts by tides and waves which 

could lead to eutrophication. There is also the problem 

of quick dilution which might make the nutrients far 

from the reach of microbes and potentially causing 

eutrophication. 

The slow-release fertilizers such as customblen 

(composed of ammonium nitrate, calcium phosphate 

and ammonium phosphate) were developed to overcome 

the washout problems of water-soluble inorganic 

nutrients. These are inorganic nutrients such as calcium 

phosphate and ammonium nitrate coated with a 

hydrophobic layer such as paraffin or vegetable oil [88]. 

The slow-release fertilizers helped to solve the problem 

of multiple nutrient application in the field [126] and 

release the nutrients slowly such that it becomes 

unaffected by tidal and wave actions. Despite the 

promising potential of this strategy, the nutrient release 

rate has shown to be too slow to meet the demands of 

optimum biodegradation. If released too quickly, it will 

not be sustained over a long period, and if released too 

slowly, will be insufficient to achieve optimum 

biodegradation rates. Therefore, maintaining the release 

rate at prolonged optimum levels is a problem that is yet 

to be solved [126].  

Oleophilic biostimulants such as Inipol EAP 22 

(composed of oleic acid, trilaureth-4-phosphate, 2-

butoxyethanol, urea and water) are fertilizers containing 

oleic acid, which is the reason for their hydrophobic 

nature. These oleophilic fertilizers are considered to be 

the most effective of all nutrient types because they are 

available in the oil-water interphase, thereby reducing 

wastage, enhancing biodegradation rates [130] and 

consequently limiting eutrophication. This nutrient 

application strategy has been noted to be successful in 

cleaning-up the oil spill at the shorelines of Prince 

William Sound in Canada [129,131]. However, 

oleophilic fertilizers appear to be very expensive to 

employ [126]. 

 

 

4.3.1. Discussion 

 

The literature shows that each nutrient application 

strategy has its pros and cons. The choice of nutrient 

application method employed may be site-specific. For 

example, in marine environments where tidal and wave 

action is very low, the water-soluble inorganic nutrients 

can be applied. If the release rates of water-soluble 

inorganic nutrients are maintained at an optimum level, 

the probability of causing eutrophication will be 

reduced. On the other hand, in marine environments 

where the tides are high, oleophilic fertilizers can be 

employed but they are expensive. The slow-release 

fertilizers may also serve as viable alternatives if there 

is the possibility of maintaining a prolonged optimum 

nutrient release. These measures may help to solve the 

problem of eutrophication.  

Although eutrophication is not common on land, 

the problem of soil hardening and loss of soil fertility 

caused by the application of inorganic nutrients may be 

solved by strictly using organic nutrients (manures) as 

nutrient sources for land oil spill clean-up (this has been 

proven to be more productive as it will not only provide 

nutrients to microbes, but will enrich the soil as well). It 

has been found that inorganic nutrients are more 

expensive than organic nutrients; however, it may be 

challenging to produce organic nutrients in commercial 

quantities, which may explain why the use of inorganic 

nutrients has persisted. 

 

4.4. Suggesting Novel Methods by Which 

Bioaugmentation Can be Improved 

 

Many authors [132-134] have argued that 

bioaugmentation, the introduction of hydrocarbon-

degrading microbes to oil-polluted sites, is ineffective in 

cleaning-up oil spills on land and water. However, more 

recent reports have shown that bioaugmentation is 

effective in degrading petroleum hydrocarbons For 

example, Mckew et al. [135] reported the bio-

degradation of n-alkanes, branched alkanes and PAHs 

using A. borkumensis. However, Thouand et al. [136] 

reported that natural inocula (indigenous microbes) 

degraded more crude oil (25% reduction) than 

commercial inocula (exogenous microbes – 18% 

reduction), which is in agreement with the findings of 

Alisi et al. [102] and Li et al. [103]. 

A bioremediation experiment by Trindade et al. [6] 

on the biodegradation of recently contaminated soil 

(RCS) and weathered contaminated soils (WCS, which 

had been pre-exposed to oil for four years) showed that 

there was approximately 15 days adaptation period for 
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the native microbes in the RCS before biodegradation 

began. This was not observed in the native microbes in 

the WCS. The authors suggested that the reason is 

because of the previous exposure of the soil to crude oil 

which had made the native microbes well-adapted to 

hydrocarbon pollutants, in agreement with Alexander 

[137] and Zouboulis and Moussas [61]. However, when 

exogenous microbes and nutrients (phosphorus) were 

introduced to the RCS, the adaptation phase was 

eliminated. The reason for the loss of the adaptation 

phase was attributed to the introduction of exogenous 

microbes in agreement with Davis and Madsen 

[137,138]. 

However, Tyagi et al. [4] and Gentry et al. [139] 

pointed out that, in reality, the introduction of 

exogenous microbes to a contaminated site initially 

causes a decrease in the population due to one or more 

of the following: fluctuating temperatures, water 

content, pH, nutrient depletion and toxic levels of 

pollutants. Bouchez et al. [140] reported that the 

challenge of using bioaugmentation technology in the 

field lies in the potential competition that may take 

place between exogenous and indigenous oleophilic 

microbes (which often does not benefit exogenous 

microbes) or the predation-tendency of protozoans 

living in the oil-polluted site. However, the use of 

carrier materials such as agar, agarose, alginate, 

polyurethrane and polyvinyl alcohol gel [141] has 

provide protection and physical support for introduced 

exogenous microbes – a process known as 

encapsulation [142] or immobilization [143]. This 

process extends the survival rate of introduced 

exogenous microbes by making accessible the 

following: nutrients, moisture, oxygen [144] and 

protecting the microbial cells from the toxicity of 

petroleum pollutants and from predation and 

competition [4]. The success of this process has been 

recorded by Liu et al. [145].  

A recent study by Nikolopoulou and Kalogerakis 

[126] reports that it is important to carry out a feasibility 

study at the oil-polluted site before deciding whether to 

apply the bioaugmentation technique because the 

addition of oleophilic microbes to a nutrient-limited site 

has been shown to have no effect on biodegradation. 

The authors added that native oleophilic microbes in a 

contaminated site are capable of degrading hydrocarbon 

pollutants as long as limiting-nutrients are provided. 

Microbial geneticists and biotechnologists have 

considered employing genetic engineering in settling the 

dispute over the potential of bioaugmentation. As a 

result, attempts have been made to genetically-engineer 

non-oleophilic microbes by developing hydrocarbon-

degrading metabolic pathways for them (incorporating 

genes that express such a metabolic ability) and then 

releasing them to the polluted site [146]. This 

hydrocarbon-degrading ability is then transferred to 

other non-oleophilic microbes at the polluted site via a 

reproductive process known as conjugation that occurs 

through horizontal gene transfer (HGT) demonstrated in 

the laboratory by Ma et al. [147]. 

Sayler and Ripp [148] reported the success of 

genetically-engineered microbes (GEMs) (using 

Pseudomonas fluorescens) in the field which is in 

contrast with the report of Lenski [149] who stated that 

GEMs suffered from competitive-fitness in the field due 

to the energy-demand imposed on them by the new 

genetic material in their genome.  

Paul et al. [146] and Giddings [150] reported that 

the use of GEMs is likely to cause proliferation. 

However, Keasling and Bang [151] suggested the need 

to design a self-destructive system in GEMs such as a 

suicide gene mechanism which can be activated when 

required to control their population. Ensley and DeFlaun 

[152] pointed out that the use of suicide genes might 

lead to greater ecological risks if the genes are 

transferred to non-target organisms via HGT. The cost 

implication and the stringent laws in place for the use of 

GEMs makes their application in crude oil 

bioremediation very challenging [148]. 

 

4.4.1. Discussion 

 

A feasibility study may be required to find out whether 

bioaugmentation is needed at a contaminated site in 

order not to waste resources and time. Oil-polluted sites 

containing sufficient amounts of oleophilic native 

microbes may require other bioremediation techniques 

such as biostimulation to encourage biodegradation, 

rather than introducing more microbes to the site, which 

has been reported to have no effect on crude oil 

remediation.  Exogenous microbes that have been pre-

exposed to crude oil may gain competitive-fitness in the 

field.  

Also, the multi-component microbial consortium 

selected for bioaugmentation should not have 

antagonistic oleophilic microbes, such as 

Thalassolituus, as part of the consortium as this would 

threaten the microbial diversity of the system and this 

may affect the potency of the approach. Encapsulation 

or immobilization agents have had limited field 

applications, therefore more field trials are required to 

confirm their practicability. 

GEM application has been controversial partly as a 

result of the negative perception from the public. This 
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may have led to the limited research carried out on 

GEM application in bioremediation. The success of 

GEMs in the field is unpredictable, which may be 

attributed to the geology of the contaminated site, type 

of GEM applied and the petroleum type. The problem of 

HGT which may cause the death of non-target 

organisms can be solved by designing a near-perfect 

containment system in the field which is currently a 

more theoretical concept than a practical one. If the 

challenges of HGT, regulation and cost can be 

effectively managed, GEMs may have the potential of 

achieving higher biodegradation rates compared to 

naturally-occurring oleophilic microbes. 

 

4.5. How the Problem of Bioavailability of Liquid 

Hydrocarbon both on Land and Water Can be 

Addressed 

 

Spilled petroleum has been found to have low bio-

availability, the inaccessibility of oleophilic microbes to 

spilled crude oil, thus delaying biodegradation. This is 

because crude oil is a hydrophobic material and 

therefore has low water solubility [135]. Nikolopoulou 

and Kalogerakis [7] reported that microbial degradation 

of spilled petroleum takes place at the oil-water 

interphase; therefore, the dispersion or solubility of the 

oil at the interface either by chemical or biological 

means is expected to enhance biodegradation due to the 

increased surface area of the oil available for microbial 

degradation. The chemical agents used to achieve oil 

spill bioremediation mostly in marine environments are 

surfactants but are potentially toxic to the environment; 

therefore, attention has been diverted to the use of 

biological products because they are less toxic, cheaper 

[153] and more effective [154,155].  

The biological products are amphiphilic compounds 

(having both hydrophilic and hydrophobic terminals) of 

microbial origin [156] and are referred to as 

biosurfactants [153] or bioemulsifiers [157]. The most 

common biosurfactant, rhamnolipid, is produced by the 

bacterium Pseudomonas aeruginosa [158]. The 

laboratory success of rhamnolipid in assisting marine oil 

spill bioremediation was reported by Nikolopoulou and 

Kalogerakis [7]. Heat-tolerant biosurfactants such as 

thermophilic emulsifiers (produced by Bacillus 

stearothermophilus) [158], have been recommended in 

case bioremediation is to be achieved under high 

temperature conditions [159]. 

The problem of bioavailability of crude oil is not 

confined to the marine environment as it also occurs 

during land oil spills where spilled petroleum becomes 

unavailable to native oleophilic soil microbes [160, 161] 

The laboratory success of a biosurfactant, alasan 

(produced by Acinetobacter radioresistens), in assisting 

terrestrial oil spill bioremediation was reported by 

Barkay et al. [162]. Biosurfactants have been shown to 

increase the water-retention capacity of oil-polluted 

sandy soil, which is expected to enhance the 

bioavailability of the spilled petroleum to the native 

oleophilic soil organisms [157] and have also been 

suggested to displace the oil contaminant from sticky 

soil particles such as clay [163]. Calvo et al. [157] also 

stated that the use of biosurfactants may help reduce the 

adaptation time of microbes at a contaminated site.  

However, it has been reported that the commercial 

production of biosurfactants is very expensive to 

achieve [126]. Moreover, their potency in the field 

needs to be tested beyond reasonable doubt. This has led 

to the continuous study of the potentials of 

biosurfactants in crude oil bioremediation [164]. Calvo 

et al. [157] proposed the genetic development of hyper-

producer microbial strains capable of multiplying 

biosurfactant production yields. 

 

4.5.1. Discussion 

 

The compatibility of biosurfactant with land and water 

oil spill bioremediation technologies makes it a 

promising approaches capable of enhancing the 

biodegradation of even recalcitrant hydrocarbon 

compounds in the environment. For example, 

Nikolopoulou and Kalogerakis [7] reported the 

enhanced effectiveness of biodegradation by combining 

oleophilic fertilizers with biosurfactants. However, the 

limited trials of biosurfactants in the field may have 

been caused by the high cost of synthesizing the amphi-

philic compounds commercially. Also, the promising 

potential of hyper-producer strains is likely to be faced 

with the problem of regulation and field-constraints.  

 

4.6. Suggestions for Employing Bioremediation 

Strategies Where Anoxic Conditions Exist 

 

Bioremediation is well-suited for fresh oil spills [165]. 

If the process is not enhanced on time, prolonged crude 

oil exposure in the environment may cause the 

hydrocarbon compounds to accumulate as fragmented 

oil particles below land or water surfaces where 

biodegradation rates are very low. The literature has 

shown that oxygen concentration is a limiting factor for 

the microbial degradation of crude oil. Therefore, the 

rate of biodegradation in anoxic environments (oxygen-

deficient sites) such as the soil subsurface (unsaturated 

and saturated zones), permafrost in the polar region 
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(such as the Arctic) and ocean and marsh 

sediments/substrata is expected to be very slow.  

In terrestrial anoxic environments, injection wells 

(through which oxygen is transferred to the soil 

subsurface and groundwater) are constructed to enhance 

biodegradation as seen in land bioremediation 

technologies such as bioventing, biosparging and 

bioslurping, although the efficiency of these methods 

can still be improved upon. On the other hand, the 

construction of oxygen-delivering technologies in 

marine anoxic environments has been considered to be 

very difficult [126] mostly due to the enormous depth of 

marine waters.  

Atlas [165] reported the existence of subsurface oil 

residues at Prince William Sound in Canada, buried in 

the beach substratum containing fine sediments and the 

efficiency of biodegradation was questioned due to the 

anaerobic condition of the site. Venosa et al. [166] 

showed through a laboratory experiment that by 

agitating a polluted marine site, the oil may be displaced 

from the subsurface. They proposed that the addition of 

NO3
-
 might help increase the porosity of the sediments 

which might help oxygenated water reach the 

sequestered oil. However, Atlas and Braggs [167] 

argued that mere agitation or chemical addition to 

polluted marine sites may not be feasible in the field. 

Nikolopoulou and Kalogerakis [126] suggested that 

substratum tilling may be useful in aerating marine 

areas of shallow-depth (for example the shorelines) 

whilst the provision of oxygen to deep marine waters 

remains a problem to be solved.  

Wolicka and Borkowski [168] reported the 

possibility of PAH breakdown via carboxylation (an 

anaerobic process) using an anaerobic bacterium 

Dechloromonas, which utilize senergy acceptors other 

than oxygen. Earlier reports by Zhang and Young [169] 

stated that naphthalene and phenanthrene were broken 

down completely by indigenous sulfidogenic microbial 

consortia (sulphate-reducing microbes) after 150 days 

through the process of carboxylation, a key step in the 

anaerobic biodegradation of hydrocarbons which leads 

to the final production of CO2. However, the research on 

oleophilic anaerobes in the literature appears to be 

sparse. 

Yang et al. [53] stated that oxygen-deficiency in 

permafrost soils is a limiting factor of biodegradation in 

the cold region, however methods by which oxygen 

(and other limiting factors) can be safely delivered to 

the native oleophilic aerobes in permafrost soils in order 

to increase the efficiency of biodegradation is still under 

investigation. 

 

4.6.1. Discussion 

 

Most hydrocarbon-degrading microbes are aerobes and 

this may be the reason they are the biological agents 

employed by most researchers. As a result, little is 

known about the biochemical pathways for hydrocarbon 

metabolism by oleophilic anaerobes. Not all anaerobes 

possess the metabolic pathway to break down 

hydrocarbon compounds; therefore, the possibility of 

genetically-engineering non-oleophilic anaerobes may 

need to be investigated as this may be helpful in 

cleaning-up oil spills in anoxic sites. However, the 

safety levels of this process need to be considered as 

well in order to gain public acceptance. 

In permafrost soils, the use of an oxygen-delivering 

system may be impracticable due to the thick layer of 

ice covering the soil. According to Yang et al. [53], in 

permafrost soils anaerobes are higher in population than 

aerobes; therefore, the use of an oxygen-delivering 

system may not be necessary. These anaerobes may 

require certain nutrients to degrade oil; the oleophilic 

formulation of such nutrients may be more effective in 

such an environment where the availability of liquid 

water is very low. However, the freeze-thaw seasonal 

cycles might interfere with the bioavailability of the 

nutrient and the spilled oil. In the case of a low number 

of native oleophilic anaerobes at the contaminated-

permafrost site, the native microbes can be harvested, 

cultured (and pre-exposed to petroleum hydrocarbon) 

and re-introduced. However, harvesting oleophilic 

anaerobes from the contaminated-permafrost site may 

be very difficult. 

In deep marine waters anaerobes are expected to be 

present, yet a lot of questions remain unanswered. For 

example, if nutrients are applied at the water surface, 

what mechanism will be in place to ensure that the 

nutrient gets to the ocean substratum without 

dispersing? Also, what proportion of oleophilic 

anaerobes inhabit the ocean beds and how can they be 

harvested? These questions make the biodegradation of 

oil-polluted ocean beds to be very difficult and in need 

of further research.  

In terrestrial anoxic environments, a number of 

underground strategies and oxygen-delivering 

technologies have been designed; however, there is the 

need for better bioremediation technology that would 

enhance biodegradation and lower the clean-up cost. 
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4.7. Reasons Why Field Experiments Rather Than 

Laboratory-Based Experiments Need to be 

Encouraged 
 

Many researchers [17,86,170] discovered that 

bioremediation strategies (whether for terrestrial or 

marine environments) have been more successful in the 

laboratory than in the field. For example, Head et al. 

[177] reported the failure of bioaugmentation in the 

field whilst Bento et al. [96] also reported the failure of 

biostimulation in the field.  

Rosenberg et al. [172] understood the discrepancies 

that occur between laboratory studies and field trials and 

therefore carried out bioaugmentation and 

biostimulation trials both in the laboratory and in the 

field so as to obtain a more reliable result. In addition, 

Gallego et al. [173] carried out an in situ bioremediation 

of spilled petroleum so as to predict correctly the 

behavior of nutrients, surfactants and other bio-

remediation amendments in the field.  

However, the reason for the failure of laboratory 

studies in the field has been highlighted as follows: 

nutrient dilution and dispersion; introduced microbe not 

adapting to the new site; procedure used in releasing the 

bioremediation agent to the polluted site; predation by 

protozoa; type and quantity of spilled petroleum and 

geology/ecological-specificity of the polluted site 

[4,86,170] 

 

4.7.1. Discussion 

 

Real-life conditions cannot be perfectly mimicked in the 

laboratory. For example, most laboratory experiments 

on bioremediation do not put into consideration the 

presence of predators and antagonistic microbes that are 

capable of limiting the effectiveness of such processes 

in the field. Moreover, the quantity and rate of 

dispersion of spilled petroleum in the field may be very 

difficult to simulate in the laboratory. In addition is the 

application of GEM in bioremediation, which cannot be 

reliably achieved without successful field trials. Also, 

the effect of low production yield of biosurfactants 

could not have been discovered in the laboratory 

without field trials. 

The dynamic nature of the environment may have 

discouraged researchers from setting up field 

experiments and also the challenge of monitoring 

individual environmental indices in the midst of 

external factors that tend to influence the environmental 

parameter under study and the high cost of sponsoring 

field studies. However, relying on laboratory studies 

due to the ease of factor-manipulation does not translate 

to a successful result in the field; thus, there is a need to 

encourage in situ bioremediation experiments in order 

to close the gap that exists between laboratory studies 

and field trials. 

 

 

5. RECOMMENDATIONS AND CONCLUSIONS 

 

5.1. Recommendations 

 

5.1.1. Due to the complexity of asphalthenes, it may be 

very difficult for microbes to degrade the recalcitrant 

compounds within a short time frame unaided. A 

considerable level (48%) of asphathene biodegradation 

was achieved at a temperature of 40°C. Therefore, given 

the availability of thermo-tolerant microbes, it might be 

valuable to investigate if further increase in temperature 

will accelerate asphalthene biodegradation. A heat 

supply system will be needed to achieve this in the field.  

Combining heat application with thermophilic 

emulsifiers may further enhance microbial degradation 

of asphalthenes. The large surface slicks of asphalthenes 

when spilled on land and water may likely be 

fragmented under the application of heat through the 

process of cracking or thermal decomposition as 

demonstrated by Zhao and Yu [174], thereby increasing 

the surface area available to microbial attack. The 

thermophilic emulsifier, a heat-tolerant biosurfactant, 

may help to eliminate the asphalthenic oil-water 

interface, thereby rendering the asphalthene more 

susceptible to rapid microbial degradation. However, 

the setting up of a heat supply system in the field 

(especially in aquatic environments) may be expensive 

and challenging. Also, the maximum temperature 

required to achieve asphalthene fragmentation needs to 

be investigated. Wolicka and Borkowski [168] stated 

that most microbes cannot survive temperatures higher 

than 90°C; therefore, a field trial of 80°C is 

recommended since Thermus [175], Geobacillus and 

Bacillus [176] species have been found to survive the 

temperatures of 83°C, 80°C and 80°C, respectively. 

However, more research needs to be carried out to 

determine the distribution and thermal-threshold of 

oleophilic thermophiles (heat-loving hydrocarbon-

utilizing microbes).  

5.1.2. However, there is the immediate need to 

provide a temporary means of meeting the challenge of 

asphalthene biodegradation as further research is carried 

out. It might be necessary to adopt physical remediation 

methods on water and land in the meantime. Due to 

their non-volatile nature asphalthenes, float on the 

surface of water as mousse during water oil spills and 
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settle on the soil surface (due to their thickness) during 

land oil spills. Therefore, the use of physical techniques 

such as ‘booms and skimmers’ and ‘organic sorbents’ 

(such as date palms), may be a temporary option for 

cleaning-up asphalthenes on water and land, 

respectively. These physical techniques are suggested to 

be expensive, which makes further studies on 

asphalthene biodegradation imperative. 

5.1.3. A microbial consortium with Bacillus lentus 

and Pleurotus tuberregium as members may be potent 

for asphalthene biodegradation. However, more 

research needs to be carried out to aid our understanding 

of the microbial biochemical pathway utiltized for 

asphalthene metabolism. 

5.1.4. The rapid biodegradation of heavy PAHs 

may be achieved by applying biosurfactants and 

nutrients (biostimulation) to oil-polluted sites that are 

oleophilic microbe-rich. The biosurfactants will increase 

the bioavailability of the hydrocarbon and the nutrient 

will encourage aggressive biodegradation. 

5.1.5. It has been suggested in the literature that 

oleophilic fertilizers may be the most effective nutrient 

type to be applied in marine environments in order to 

prevent eutrophication. However, the ways in which the 

production cost of oleophilic nutrients can be reduced 

should be investigated. In terrestrial environments, soil 

hardening and loss of soil fertility caused by the 

excessive use of inorganic nutrients may be managed 

effectively by using the slow-release nutrient 

application strategy. Therefore, a regulatory system that 

will maintain the prolonged nutrient supply at optimum 

levels should be in place in order to prevent the possible 

under-supply of nutrients to oil-polluted soils. As an 

alternative, the combination of both organic and 

inorganic nutrients can be applied using a nutrient-

rotation strategy. The rotation strategy will help reduce 

the effect of the toxicity and high cost of inorganic 

nutrients as well as augment the low commercial 

production of organic nutrients. 

5.1.6 Microbial encapsulation is relatively new with 

limited field applications, but has been suggested to be 

effective in protecting introduced oleophilic microbial 

consortia from the limiting factors in the field. 

However, the safety levels of encapsulating agents as 

well as the practicability of the process in the field 

should be investigated as this would mean that both 

exogenous and indigenous oleophilic microbes can be 

freely employed as bioaugmentation agents. As a 

temporary option until more research is carried out on 

encapsulation, native oleophilic microbes should be 

employed as they are better adapted to the polluted site 

than exogenous oleophilic microbes. In addition, more 

genetic research needs to be carried out to determine 

how suicide genes can be confined within the genome 

of target microbes and carefully monitored to prevent 

horizontal gene transfer to non-target organisms. The 

public also needs to be convinced with reliable evidence 

that the process can be carried out safely in the field. 

5.1.7. Biosurfactants are suggested to be very 

efficient in solubilising crude oil hydrocarbons and also 

appear to be compatible with most bioremediation 

strategies. Therefore, more field trials should be carried 

out as well as investigating ways in which they can be 

produced in industrial quantities at minimum cost. One 

method of producing biosurfactants in commercial 

quantities that should be investigated is the 

biotechnology of hyper-producer microbial strains. The 

cost, practicability and safety of this genetic approach 

should be researched. 

5.1.8 It has been suggested that oleophilic 

anaerobes are abundant in permafrost soils. However, 

oleophilic nutrients will be most effective in stimulating 

anaerobic biodegradation of crude oil in permafrost 

soils. It is paramount to first identify the location of the 

oil plume in the permafrost before applying the nutrients 

as there is no mobile medium (free-water) available to 

circulate the nutrients.  

In terrestrial anoxic environments, a novel approach 

can be applied for a more effective clean-up of the soil 

subsurface. Bioslurping and biosparging are 

bioremediation technologies specially designed to 

clean-up the saturated (groundwater) and unsaturated 

(vadose) zones independently. However, a novel 

approach is to combine both strategies, a method 

referred to as, ‘bioslurping-biosparging technology’ (see 

Figure 1) in order to obtain enhanced biodegradation of 

the unsaturated and saturated zones of permeable soils 

simultaneously.  

This proposed combined technology has the 

potential to extract insoluble light hydrocarbons 

(NAPLS) through a slurp tube from the water table to be 

separated above-ground and transporting vapor-phase 

hydrocarbons (also known as VOCs) to an SVE 

chamber for treatment, as well as the release of a three-

component product (oxygen, biosurfactant and nutrient) 

through an injection tube to the groundwater zone to 

facilitate the aerobic biodegradation of heavy 

hydrocarbon compounds in the saturated zone.  

Water-soluble nutrient is the preferred nutrient 

choice for this technology because it will dissolve in the 

groundwater and encourage the biodegradation of 

soluble hydrocarbons found in the saturated zone. The 

problem of nutrient dispersion is expected to be low 

since groundwater is quite stable. 



 

 

 

Macaulay BM & Rees D, Annals of Environmental Science / 2014, Vol 8, 9-37 

www.aes.northeastern.edu, ISSN 1939-2621 26 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 The proposed bioslurping-biosparging technology 
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Figure 2: A simplified flowchart depicting the recommended clean-up pathway for land oil spill control 
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Figure 3: A simplified flowchart depicting the recommended clean-up pathway for water oil spill control 
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The bioslurping-biosparging system is a less 

sophisticated strategy and may be relatively cheap to set 

up when compared to the use of bioreactors and the 

pump and treat strategy. However, the bioslurping-

biosparging technology is theoretical and thus requires 

cost analysis and field trials to prove its efficiency and 

sustainability 

5.1.9. More research needs to be carried out to 

determine the distribution and process of harvesting 

oleophilic anaerobes. Also, the means by which 

nutrients can be transported safely to deep marine 

soluble hydrocarbons found in the saturated zone. The 

problem of nutrient dispersion is expected to be low 

since groundwater is quite stable. The bioslurping-

biosparging system is a less sophisticated strategy and 

may be relatively cheap to set up when compared to the 

use of bioreactors and the pump and treat strategy. 

However, the bioslurping-biosparging technology is 

theoretical and thus requires cost analysis and field trials 

to prove its efficiency and sustainability anoxic sites 

such as the ocean beds without being dispersed should 

be investigated. 

5.1.10. Impermeable soils such as clay soils retain 

petroleum pollutants at the soil surface. However, 

‘enhanced in situ landfarming’ may be an effective way 

to clean-up land surface spills. This novel strategy 

involves the mechanical agitation of the polluted land 

surface followed by the addition of oleophilic nutrients 

and biosurfactants in order to improve crude oil 

bioavailability and encourage rapid biodegradation of 

all crude oil components except asphalthenes. Although 

impermeable soils may likely prevent the leaching of 

the pollutant to the groundwater zone, a greenhouse 

may be constructed over the polluted site in order to 

prevent VOCs from contaminating the atmosphere. 

5.1.11. Oil spill bioremediation researchers should 

be encouraged to carry out field bioremediation trials. 

Research institutes, oil firms, government/environ-

mental agencies and NGOs may help provide research 

funds for field studies as this would produce more 

reliable scientific reports on the potentials of the 

proposed bioremediation strategies and consequently 

improve oil spill management techniques for terrestrial 

and aquatic environments. 

The above recommendations have been 

incorporated into simplified flowcharts (showing the 

relevant sections) combining the expected fate of spilled 

crude oil on land and water with the proposed 

bioremediation strategies that may be feasible for 

cleaning up oil spills, including the temporary measures 

that can be adopted until further research is carried out 

(see Figures 2 and 3). 

5.2. Conclusions 

 

The challenges associated with the bioremediation of oil 

spills have been investigated. The recent strategies 

developed to meet the challenges are also generally 

limited by one or more of the following: inadequate 

field trials (in the case of encapsulation, HGT, 

biosurfactants and oleophilic anaerobes), stringent 

regulations and negative public perceptions (in the case 

of GEM application), high cost of production (in the 

case of oleophilic nutrient and biosurfactant 

production). Therefore, when both governmental and 

non-governmental institutions sponsor field studies, it 

will enable researchers to compare the efficiency of the 

existing bioremediation technologies and devise eco-

friendly ways in which they can be improved/enhanced 

with minimum cost.  

Safety is the major concern with GEM application; 

therefore, until all necessary checks have been carried 

out to ensure that environmentally-damaging elements 

can be managed efficiently in the field, it might be 

important to limit GEM application to laboratory trials. 

Governments can register genetic research institutes 

such that the members of registered institutes will have 

the legal permit to utilize GEMs or genetically-related 

elements in their research work. Such institutes may 

need to renew their licenses yearly in order for their 

activities to be properly checked. If the institutes are 

registered, it might help eliminate the tortuous process 

currently experienced by GEM researchers to secure a 

legal permit. This is important because the application 

of GEM to oil spill bioremediation has the potential to 

greatly accelerate the biodegradation of spilled 

petroleum if it can be safely applied.  

A single bioremediation approach may be incapable 

of breaking down all crude oil components (saturates, 

aromatics, resins and asphalthenes) within a reasonable 

time-frame at a minimum cost. Therefore, it may be 

necessary to employ integrated remediation 

technologies (such as the proposed bioslurping-

biosparging technology, enhanced in situ landfarming, 

organic-inorganic nutrient rotation strategy and the heat 

application preceding asphalthene biodegradation) in 

order to create an aggressive synergistic approach which 

has the potential to be more effective. However, 

integrated remediation technologies may attract a high 

cost of utilization, therefore, the means by which the 

cost can be reduced to the barest minimum needs to be 

investigated as this would go a long way to improving 

oil spill management globally.  

 

 



 

 

 

Macaulay BM & Rees D, Annals of Environmental Science / 2014, Vol 8, 9-37 

www.aes.northeastern.edu, ISSN 1939-2621 30 

REFERENCES 

 

[1] Kingston P. Long-term environmental impact of 

oil spills. Spill Sci. Technol. Bull., 2002, 7: 53-61. 

[2] OPEC. Annual report 2008. OPEC. OK Ibrahim 

(Ed.), 2008. 

http://www.opec.org/opec_web/static_files_proje

ct/media/downloads/publications/AR2008.pdf. 

Accessed 4
th

 March, 2013. 

[3] Joshi PA, Pandey GB. Screening of petroleum 

degrading bacteria from cow dung. Res. J. 

Agric.Sci., 2011, 2: 69-71. 

[4] Tyagi M, Da Fonseca MMR, De Carvalho CCCR. 

Bioaugmentation and biostimulation strategies to 

improve the effectiveness of bioremediation 

processes. Biodegradation, 2011, 22: 231-241. 

[5] Plohl K, Leskovovsek H, Briceilj M . Biological 

degradation of motor oil in water. Acta Chim. 

Slov., 2002, 49: 279-289. 

[6] Trindade PVO, Sobral LG, Rizzo ACL, Leite 

SGF, Soriano AU. Bioremediation of a weathered 

and a recently oil-contaminated soil from Brazil: 

A comparison study. Chemosphere, 2005, 58: 

515-522. 

[7] Nikolopoulou M, Kalogerakis N. Enhanced 

bioremediation of crude oil utilizing lipophilic 

fertilizers combined with biosurfactants and 

molasses. Marine Poll. Bull., 2008, 56: 1855-

1861. 

[8] Biotechnology Online School Resource. Oil-

eating bacteria. Biotechnology Online: student 

worksheet. Gene Technology Information 

Service, Australia. The Commonwealth Scientific 

and Industrial Research Organisation (CSIRO), 

2008. 

http://www.biotechnologyonline.gov.au/pdf/envir

o/oileating_bacteria.pdf. Accessed 20
th

 Feburary, 

2013. 

[9] Mrozik A, Piotrowska-Seget Z. Bioaugmentation 

as a strategy for cleaning up of soils contaminated 

with aromatic compounds. Microbiol. Res., 2010, 

165: 363-375. 

[10] Wilson JT, Leach LE, Henson M, Jones, JN. In 

situ biorestoration as a groundwater remediation 

technique. Groundwater Monitor. Remed., 1986, 

6: 56-64. 

[11] Staps JJM. International evaluation of in situ 

biorestoration of contaminated soil and 

groundwater. National Institute for Public Health 

and the Environment. Ministry of Health, Welfare 

and Sport, United States. 1990. Web-based 

Archive of RIVM Publications. Accessed 8
th

 

April, 2013. 

[12] Testa SM, Winegardner DL. Aquifer restoration 

and soil remediation alternatives. In Restoration 

of petroleum contaminated aquifers. Michigan: 

Lewis publishers. 1991, 153-190. 

[13] Zouboulis AI, Moussas PA. Groundwater and soil 

pollution: Bioremediation. Encyclopaedia of 

Environmental Health. JO Nriagu (Ed.). 

Amsterdam; London: Elsevier Science, 2011, 

1037-1044. 

[14] Boopathy R. Factors limiting bioremediation 

technologies. Bioresource  Technol., 2000, 74: 

63-67. 

[15] Pieper DH, Reineke W. Engineering bacteria for 

bioremediation. Curr. Opin. Biotechnol., 2000, 

11: 262-270. 

[16] Furukawa K. Super bugs for bioremediation. 

Trends in Biotechnol, 2003, 21: 187-190. 

[17] Okoh AI, Trejo-Hernandez MR. Remediation of 

petroleum hydrocarbon polluted systems: 

Exploiting the bioremediation strategies. African 

J. Biotechnol., 2006, 5: 2520-2525.  

[18] Smith JW. The control of oil pollution. Graham 

and Trotman publishers, London, United 

Kingdom, 1983: 157-171. 

[19] Atlas RM. Petroleum biodegradation and oil spill 

bioremediation. Marine Poll. Bull., 1995, 31: 

178-182.  

[20] Al-Majed AA, Adebayo AR, Hossain ME. A 

sustainable approach to controlling oil spills. J. 

Environ. Manage., 2012, 113: 213-227. 

[21] The American Academy of Microbiology. 

Microbes and oil spills. FAQ series. 2011, 

http://www.dfo-

mpo.gc.ca/science/publications/microbes/pdf/mic

robes-eng.pdf. Accessed 20
th

 Feburary, 2013. 

[22] Speight JG. The chemical and physical structure 

of petroleum: effects on recovery operations. J. 

Petrol. Sci. Engineer., 1999, 22: 3-15. 

[23] Balba MT, Al-Awadhi N, Al-Daher R. 

Bioremediation of oil-contaminated soil: 

Microbiological methods for feasibility 

assessment and field evaluation. J. Microbiol. 

Methods, 1998, 32: 155-164. 

[24] van Hamme JD, Singh A, Ward OP. Recent 

advances in petroleum microbiology. Microbiol. 

Mol. Biol. Rev., 2003, 67: 503. 

[25] Spiecker PM, Gawrys KL, Trail CB, Kilpatrick 

PK. Effects of petroleum resins on asphalthene 

aggregation and water-in-oil emulsion formation. 

Coll. Surf. A: Physicochem. Engineer. Aspects, 

2003, 220: 9-27. 



 

 

 

Macaulay BM & Rees D, Annals of Environmental Science / 2014, Vol 8, 9-37 

www.aes.northeastern.edu, ISSN 1939-2621 31

[26] Flores GP, Mestahoward A. Petroleum 

asphalthenes: generated problematic and possible 

biodegradation mechanisms. Rev. Latin-American 

Microbiol., 2001, 43:143-150. 

[27] Niederer M, Maschka-Selig A, Hohl C. 

Monitoring polycyclic aromatic hydrocarbons 

(PAHs) and heavy metals in urban soil, compost 

and vegetation. Environ. Sci. Poll. Res., 1995, 2: 

84. 

[28] Kanaly RA, Harayama S. Biodegradation of high-

molecular-weight polycyclic aromatic 

hydrocarbons by bacteria. J. Bacteriol., 2000, 

182: 2059-2067. 

[29] Schulz CM, Ruthenschor A, Fritz H, Kuipers J, 

Oostdijk J, Erwine M. Different stationary phases 

for PAH analysis. Food Quality and Safety. 2012. 

http://www.foodquality.com/details/article/14801

61/different_stationary_phases_for_PAH_Analysi

s.html?tzcheck=1. Uploaded Feburary/March 

2012. Accessed 27
th

 July, 2013.  

[30] MOE. PAHs and their characteristics. Ministry of 

Environment (MOE), British Columbia, Canada. 

2013. 

http://www.env.gov.bc.ca/wat/wq/BCguidelines/p

ahs/pahs-01.htm. Accessed 27
th

 July, 2013. 

[31] Boonchan S, Britz ML, Stanley GA. Degradation 

and mineralisation of high-molecular-weight 

polycyclic aromatic hydrocarbons by defined 

fungal-bacterial cocultures. Appl. Environ. 

Microbiol., 2000, 66: 1007-1019. 

[32] Mao J, Luo Y, Teng Y, Li Z. Bioremediation of 

polycyclic aromatic hydrocarbon-contaminated 

soil by a bacterial consortium and associated 

microbial community changes. Int. Biodeterior. 

Biodegrad., 2012, 70: 141-147. 

[33] BCF. Polycyclic aromatic hydrocarbons (PAHs). 

Breast Cancer Fund (BCF). 2013. 

http://www.breastcancerfund.org/clear-

sience/chemicals-glossary/polycyclic-aromatic-

hydrocarbons.html. Accessed 4
th

 July, 2013. 

[34] Tavassoli T, Mousavi SM, Shojaosadati SA, 

Salehizadeh H. Asphalthene biodegradation using 

micro-organisms isolated from oil samples. Fuel, 

2012, 93: 142-148. 

[35] Speight JG, Moschopedis SE. On the molecular 

nature petroleum asphalthenes. In Chemistry of 

asphalthenes. JW Bunger and NC Li (Eds.). Am. 

Chem. Soc., 1981, 1-15. 

[36] Kawanaka S, Leontaritis KJ, Park SJ, Mansoori 

GA. Thermodynamics and colloidal models of 

asphalthene flocculation. In ACS symposium 

series, oil field chemistry enhanced recovery and 

production stimulation. Washington DC: ACS, 

1989, 450-458. 

[37] Kornberg H. Royal Commission on 

Environmental Pollution. 8
th

 Rep. H.M Stationery 

office, London, United Kingdom, 1981. 

[38] Kapoor S, Rawat HS. Indian West coast spills: A 

remedial preparedness. Paper Number SPE 

27157. Presented at the Society of Petroleum 

Engineering Health, Safety and Environment in 

Oil and Gas Exploration and Production 

Conference, Jakarta, Indonesia. January 25-27, 

1994. 

[39] Clark RC, MacLoed WD. Inputs, transport 

mechanisms and observed concentrations of 

petroleum in the marine environment. In Effects 

of petroleum on Arctic and Subarctic marine 

environments and organisms. DC Malins (Ed.), 

New York: Academic Press, 1977, volume 1: 91-

224. 

[40] Freedman B. Environmental Ecology: The 

impacts of pollution and other stresses on 

ecosystem structure and function. San Diego, 

California: Academic Press, 1989, 138-158. 

[41] Galt JA. The integration of trajectory models and 

analysis into spill response information systems. 

Proceedings of second international oil spill 

research and development forum. London: 

International Maritime Organisation, 1995, 499-

507. 

[42] Lehr WJ, Galt J, Overstreet R. Handling 

uncertainty in oil spill modelling. Proceedings 

18
th

 Arctic and marine oil spill programme 

(AMOP). Technical seminar, Environment 

Canada, Edmonton, Alberta, Canada, 1995, 759-

767. 

[43] Owens EH. Response to spills on land. 

www.interspill.com/previous-events/2000/30-

Nov/pdf/owens.pdf. Updated 30
th

 November, 

2000. Accessed 4
th

 March, 2013. 

[44] Peterson HC, Rice SD, Short JW, Esler D, 

Bodkin JL, Ballachey BE, Irons DB. Long-term 

ecosystem response to the Exxon Valdez oil spill. 

Science, 2003, 302: 2082.  

[45] Piatt JF, Ford RG. How many seabirds were 

killed by the Exxon Valdez oil spill? Ame. Fish. 

Soc. Sym., 1996, 18: 712-719. 

[46] Heubeck M. The direct effect of the Braer oil spill 

on seabird populations and an assessment of the 

role of the Wildlife Response Centre. In The 

impact of an oil spill in turbulent waters: The 

Braer. JM Davies, G Topping (Eds.). Proceeding 

of a symposium held at the Royal Society of 



 

 

 

Macaulay BM & Rees D, Annals of Environmental Science / 2014, Vol 8, 9-37 

www.aes.northeastern.edu, ISSN 1939-2621 32 

Edinburgh, United Kingdom. Held 7
th

 - 8
th

 

September, 1995. The Stationery Office, 1997, 

73-90. 

[47] Fabacher DL, Schmitt CJ, Besser JM, Baumann 

PC, Mac MJ. Great lakes fish – neoplasia 

investigations. Toxicol. and Chem. Aqua. Life: 

Res. Manage.,1986, 1: 87. 

[48] Tregaskis S. Curse of the black gold: 50 years of 

oil in the Niger Delta. The Guardian. 2010. 

http://www.guardian.co.uk/environment/gallery/2

010/mar/05/curse-black-gold-nigeria. Accessed 

10
th

 June, 2013. 

[49] The Guardian. Niger Delta oil spills clean-up will 

take 30 years, says UN. Environment section, 

Thursday, 4
th

 August, J Vidal (Ed.). 2011. 

http://www.guardian.co.uk/environment/2011/aug

/04/niger-delta-oil-spill-clean-up-un. Accessed 

20
th

 February, 2013. 

[50] Su YH and Zhu YG. Uptake of selected PAHs 

from contaminated soils by rice seedlings (Oryza 

sativa) and influence of rhizosphere on PAH 

distribution. Environ. Poll., 2007, 155: 359-336. 

[51] Ba-Akdah M. Patterns in the uptake, release, 

distribution and transfer of petroleum 

hydrocarbons in marine organisms. PhD thesis. 

Heriot-Watt University, Edinburgh, United 

Kingdom. 1996. 

[52] Samanta KS, Singh  OV, Jain RK. Polycyclic 

aromatic hydrocarbon: environmental pollution 

and bioremediation. Trends in Biotechnol., 2002, 

20: 243-248. 

[53] Yang SZ, Jin H, Wei Z. Bioremediation of oil 

spills in cold environments: A review. 

Pedosphere, 2009, 19: 371-381. 

[54] Jenkins TF, Johnson LA, Collins CM, McFadden 

TT. The physical, chemical and biological effects 

of crude oil spills on black spruce forest, interior 

Alaska. Arctic, 1978, 31: 305-323. 

[55] Achenbach J. A dead zone in the Gulf of Mexico: 

Scientists say area that cannot support some 

marine life is near record size. The Washington 

Post. 2008. http://www.washingtonpost.com/wp-

dyn/content/story/2008/07/31/ST2008073100349.

html Uploaded 31
st
 July, 2008. Accessed 27

th
 

February, 2013. 

[56] Thomas P, Rahman Md S. Extensive reproductive 

disruption ovarian masculinization and aromatase 

suppression in Atlantic croaker in the Northern 

Gulf of Mexico hypoxic zone. Proceedings of the 

Royal Soc. B – Biol. Sci., 2012, 279: 28-38. 

[57] NSF. Gulf of Mexico oil spill’s effect on deep-

water corals. National Science Foundation (NSF). 

http://www.nsf.gov/news/news_summ.jsp?cntn_i

d=123555. Press release 12-057, uploaded 26
th

 

March, 2012. Accessed 3
rd

 March, 2013. 

[58] Al-Dahash LM, Mahmoud HM. Harbouring oil-

degrading bacteria: A potential mechanism of 

adaptation and survival in corals inhabiting oil-

contaminated reefs. Marine Pollution Bulletin, 

2012, 72: 364-374. 

[59] American Petroleum Institute. Land treatment 

practice in the petroleum industry. Report 

prepared by Environmental Research and 

Technology, Washington DC., United States, 

1983. 

[60] Genou G, de Naeyer F, van Meenen P, van der 

Wert H, de Nijis W, Verstraete W. Degradation of 

oil sludge by landfarming – a case study at Ghent 

Harbour. Biodegradation, 1994, 5: 37-46. 

[61] Zouboulis AI, Moussas PA. Groundwater and soil 

pollution: Bioremediation. In: Encyclopaedia of 

Environmental Health. JO Nriagu (Ed.). 

Amsterdam; London: Elsevier Science, 2011: 

1037-1044. 

[62] Maila MP, Cloete TE. Bioremediation of 

petroleum hydrocarbons through landfarming: 

Are simplicity and cost-effectiveness the only 

advantages? Rev. Environ. Sci. Biotechnol., 2004, 

3: 349-360. 

[63] Picado A, Nogueira A, Baeta-Hall L, Mendonca 

E, de Fatima RM, do Ceu Saagua M, Martins A, 

Anselmo AM. Landfarming in a PAH-

contaminated soil. J. Environ. Sci. Health, 2001, 

A36: 1579-1588. 

[64] Bossert ID, Bartha, R. Structure and 

biodegradability relationships of polycyclic 

aromatic hydrocarbons in soil. Bull. Environ. 

Cont. Toxicol., 1986, 37: 490-497. 

[65] van Gestel K, Mergaert J, Swings J, Coosemans J, 

Ryckeboer J. Bioremediation of diesel oil-

contaminated soil by composting with biowaste. 

Environ. Poll., 2003, 125, 361-368. 

[66] Jorgensen KS, Puustinen, J, Suortti A-M. 

Bioremediation of petroleum hydrocarbon-

contaminated soil by composting in biopiles. 

Environ. Poll., 2000, 107: 245-254.  

[67] Pignatello JJ, Xing B. Mechanisms of slow 

sorption of organic chemicals to natural particles. 

Environ. Sci. and Technol., 1996, 30, 1-11. 

[68] Namkoong W, Hwang E-Y, Park J-S, Choi J-Y. 

Bioremediation of diesel-contaminated soil with 

composting. Environ. Poll., 2002, 119: 23-31. 

[69] Zhang X-X, Zhang Z-Y, Ma L-P, Liu N, Wu B, 

Zhang Y, Li A-M, Cheng S-P. Influences of 



 

 

 

Macaulay BM & Rees D, Annals of Environmental Science / 2014, Vol 8, 9-37 

www.aes.northeastern.edu, ISSN 1939-2621 33

hydraulic loading rate on SVOC removal and 

microbial community structure in drinking water 

treatment biofilters. J. Hazard. Mat., 2010, 178: 

652-657. 

[70] Daugulis AJ. Two-phase partitioning bioreactors: 

a new technology platform for destroying 

xenobiotics. Trends in Biotechnol., 2001, 19: 457-

462. 

[71] Liu C-W, Liu H-S. Rhodococcus erythropolis 

strain NTU-1 efficiently degrades and traps diesel 

and crude oil in batch and fed-batch bioreactors. 

Process Biochem., 2011, 46, 202-209. 

[72] Kohler A, Schuttoff M, Bryniok D, Knackmub H-

J. Enhanced biodegradation of phenanthrene in a 

biphasic culture system. Biodegradation, 1994, 5: 

93-103. 

[73] Gamerdinger AP, Achin RS, Traxler RW. Effects 

of aliphatic non-aqueous phase liquids on 

naphthalene biodegradation in multiphase systems. 

J. Environ. Quality, 1995, 24: 1150-1156. 

[74] WSBR. In-situ remediation methods. Water and 

soil bio-remediation (WSBR). 2013. 

http://waterandsoilbioremediation.com/index.php/i

n-situ-remediation-methods. Accessed 16
th

 June, 

2013. 

[75] Bulman TL, Newland M, Wester A. In situ 

bioventing of a diesel fuel spill. Hydro. Sci. J., 

1993, 38: 297-308. 

[76] Kao CM, Chen CY, Chen SC, Chein HY, Chen 

YL. Application of in situ biosparging to 

remediate a petroleum-hydrocarbon spill site: 

Field and microbial evaluation. Chemosphere, 

2008, 70: 1492-1499. 

[77] Kittel JA, Hinchee RE, Hoeppel R and Miller R. 

Bioslurping – Vacuum-enhanced free-product 

recovery coupled with bioventing: A case study. 

1994. 

http://info.ngwa.org/gwol/pdf/940160817.pdf. 

Accessed 10
th

 April, 2013.  

[78] Khan FI, Husain T, Hejazi R. An overview and 

Analysis of site remediation technologies. J. 

Environ. Manage., 2004, 71: 95-122. 

[79] Gidarakos E, Aivalioti M. Large scale and long 

term application of bioslurping: The case of a 

Greek petroleum refinery site. J. Hazard. Mat., 

2007, 149: 574-581. 

[80] Cheremisinoff NP. Pump and treat remediation 

technology. In Groundwater remediation and 

treatment technologies. William Andrew Applied 

Science Publishers, 1998: 203-258. 

[81] Khaitan S, Kalainesan S, Erickson LE, Kulakow 

P, Martin S, Karthikeyan R, Hutchinson SLL, 

Davis LC, Illangasekare TH, Ng’oma C. 

Remediation of sites contaminated by oil refinery 

operations. Environmental Progress and 

Sustainable Energy, 2006, 25: 20-31.  

[82] Erickson LE, Kulakow PA, Davis LC. 

Phytoremediation of petroleum contaminated soil. 

In Vadose zone science and technology solutions. 

BB Looney, RW Falta (Eds.), Battelle Press, 

Columbus, New York, United States, 2000, 2: 

1234-1237. 

[83] Okoh AI, Trejo-Hernandez MR. Remediation of 

petroleum hydrocarbon polluted systems: 

Exploiting the bioremediation strategies. African 

J. Biotechnol., 2006, 5: 2520-2525.  

[84] Delille D, Coulon F, Pelletier E. Effects of 

temperature warming during a bioremediation 

study of natural and nutrient-amended 

hydrocarbon-contaminated Sub-Antarctic soils. 

Cold Region Sci. Technol., 2004, 40: 61-70. 

[85] Evans FF, Rosando AS, Sebastian GV, Casella R, 

Machado PLOA, Holmstrom C, Kjelleberg S, van 

Elsas JD, Seldin L. Impact of oil contamination 

and biostimulation on the diversity of indigenous 

bacterial communities in soil microcosms. FEMS 

Microbiol. Ecol., 2004, 49: 295-305.  

[86] McKew BA, Coulon F, Osborn AM, Timmis KN, 

McGenity TJ. Determining the identity and roles 

of oil-metabolising marine bacteria from the 

Thames Estuary, UK. Environ. Microbiol., 2007, 

9: 165-176. 

[87] Roling WFM, Milner MG, Jones DM, Lee K, 

Daniel F, Swannell RJP, Head IM. Robust 

hydrocarbon degradation and dynamics of 

bacterial communities during nutrient-enhanced 

oil spill bioremediation. Appl. Environ. 

Microbiol., 2002, 68: 5537. 

[88] Nikolopoulou M, Kalogerakis N. Biostimulation 

strategies for fresh and chronically polluted 

marine environments with petroleum 

hydrocarbons. J. Chem. Technol. Biotechnol., 

2009, 84: 802-807. 

[89] Mueller JG, Chapman PJ, Pritchard PH. Isolation 

and characterization of fluoranthene utilizing 

strain of Pseudomonas paucimobilis. J. Appl. 

Environ. Microbiol., 1990, 56: 1079-1086. 

[90] Hamdi H, Benzarti S, Manusadzianas L, Aoyama 

I, Jedidi N. Bioaugmentation and biostimulation 

effects on PAH dissipation and soil ecotoxicology 

under controlled conditions. Soil Biol. Biochem., 

2007, 39: 1926-1935.  

[91] Smith VH, Graham DW, Cleland DD. Application 

of resource-ratio theory to hydrocarbon 



 

 

 

Macaulay BM & Rees D, Annals of Environmental Science / 2014, Vol 8, 9-37 

www.aes.northeastern.edu, ISSN 1939-2621 34 

biodegradation. Environ. Sci. Technol., 1998, 32: 

3386-3395. 

[92] Lee K, Merlin FX, Swannell RPJ, Reilly T, Sveum 

P, Oudot J, Guillerme M, Ducreux J, Chaumery C. 

A protocol for experimental assessments of 

bioremediation strategies on shorelines. In: 

Proceedings of the 1995 International Oil spill 

Conference, American Petroleum Institute, 

Washington DC, United States, 1995: 901-902.  

[93] Blenkinsopp S, Sergy G, Wang Z, Fingas MF, 

Foght J, Westlake DWS. Oil spill bioremediation 

agents – Canadian efficacy test protocols. In: 

Proceedings of the 1995 International oil spill 

conference. American Petroleum Institute, 

Washington DC, United States, 1995: 91-96. 

[94] Venosa AD, Kadkhodayan M, King DW, Wrenn 

BA, Haines JR, Herrington T, Strohmeier K, 

Suidan MT. Testing the efficiency of oil spill 

bioremediation products. In: Proceedings of the 

1993 International oil spill Conference. American 

Petroleum Institute, Washington DC, United 

States, 1993: 487-494.  

[95] Gallego JR, Loredo J, Llamas JF, Vazquez F, 

Sanchez J. Bioremediation of diesel-contaminated 

soils: Evaluation of potential in situ techniques by 

study of bacterial degradation. Biodegradation, 

2001, 12: 325-335. 

[96] Seklemova E, Pavlova A, Kovacheva K. 

Biostimulation-based bioremediation of diesel 

fuel: field demonstration. Biodegradation, 2001, 

12: 311-316. 

[97] Bento FM, Camargo FAO, Okeke BC, 

Frankenberger WT. Comparative bioremediation 

of soils contaminated with diesel oil by natural 

attenuation, biostimulation and bioaugmentation. 

Biores. Technol., 2005, 96: 1049-1055. 

[98] Juhasz A, Stanley GA, Britz ML. Degradation of 

high molecular weight PAHs in contaminated soil 

by a bacterial consortium: Effects on microtox and 

mutagenicity bioassays. Bioremed. J., 2000, 4: 

271-283. 

[99] Ledin M. Accumulation of metals by micro-

organisms – Processes and importance for soil 

systems. Earth Sci. Rev., 2000, 51: 1-31. 

[100] Nyer EK, Payne F, Suthersan S. Environment vs. 

bacteria or let’s play ‘name that bacteria’. 

Groundwater Monitor. Remed., 2002, 23: 36-45.   

[101] Devinny J, Chang SH. Bioaugmentation for soil 

bioremediation. DL Wise, DJ Trantolo (Eds.). 

Bioremediation of contaminated soils, New York: 

Marcel Dekker Press. 2000, pp. 465-488. 

[102] Alisi C, Musella R, Tasso F, Ubaldi C, Manzo S, 

Cremisini C, Sprocati AR. Bioremediation of 

diesel oil in a co-contaminated soil by 

bioaugmentation with a microbial formula tailored 

with native strains selected for heavy metals 

resistance. Sci. Total Environ., 2009, 407: 3024-

3032. 

[103] Li XJ, Lin X, Li PJ, Liu W, Wang L, Ma F, 

Chukwuka KS. Biodegradation of the low 

concentration of polycyclic aromatic hydrocarbons 

in soil by microbial consortium during incubation. 

J. Hazard. Mat., 2009, 172: 601-605. 

[104] Atlas RM. Microbial degradation of petroleum 

hydrocarbons: an environmental perspective. 

Microbiol. Rev., 1981, 45: 180-209. 

[105] Guiliano M, Boukir A, Doumenq P, Mile G. Super 

critical fluid extraction of BAL 150 crude oil 

asphalthenes. Energy Fuels, 2000, 14: 89-94. 

[106] Venosa AD, Zhu X. Biodegradation of crude oil 

contaminating marine shorelines and freshwater 

wetlands. Spill Sci. Technol. Bull., 2003, 8: 163-

178.  

[107] Ogbo EM and Okhuoya JA. Biodegradation of 

aliphatic, aromatic, resinic and asphaltic fractions 

of crude oil contaminated soils by Pleurotus tuber-

regium Fr.Singer - a white rot fungus. Africa J. 

Biotechnol., 2008, 7: 4291-4297.   

[108] Flores GP, Bollarguello G, Mestahoward A. A 

microbial mixed culture isolated from a crude oil 

sample that uses asphalthene as a carbon and 

energy source. Biodegradation, 2004, 15: 145-

151. 

[109] Nam K, Rodriguez W, Kukor JJ. Enhanced 

degradation of polycyclic aromatic hydrocarbons 

by biodegradation combined with a modified 

fenton reaction. Chemosphere, 2001, 45: 11-20. 

[110] Othman N, Irwan JM, Hussain N, Abdul-Talib S. 

Bioremediation  a potential approach for soil 

contaminated with polycyclic aromatic 

hydrocarbons: An overview. Int. J. Sustain. Const. 

Engineer. Technol., 2011, 2: 48-53. 

[111] Heitkamp MA, Freeman JP, Miller DW, Cerniglia 

EA. Pyrene degradation by Mycobacterium sp.: 

Identification of ring oxidation and ring fission 

products. Appl. Environ. Microbiol., 1988, 54: 

2556-2565. 

[112] Schneider J, Grosser R, Jayasimhulu K, Xue W, 

Warshawsky D. Degradation of pyrene, benzo [a] 

anthracene and benzo [a] pyrene by 

Mycobacterium sp. strain RJGII-135, isolated 

from a former coal gasification site. Appl. 

Environ. Microbiol., 1996, 26: 13-19.  

[113] Mueller JG, Chapman PJ, Pritchard PH. Action of 



 

 

 

Macaulay BM & Rees D, Annals of Environmental Science / 2014, Vol 8, 9-37 

www.aes.northeastern.edu, ISSN 1939-2621 35

a fluoranthene-utilizing bacterial community on 

polycyclic aromatic hydrocarbon components of 

creosote. Appl. Environ. Microbiol., 1989, 55: 

3085-3090. 

[114] Tam NF, Guo CL, Yau C, Ke L, Wong YS. 

Biodegradation of polycyclic aromatic 

hydrocarbons (PAHs) by microbial consortia 

enriched from mangrove sediments, Water Sci. 

Technol., 2003, 48: 177-183. 

[115] Kazunga CH, Aitken DM. Products from the 

incomplete metabolism of pyrene by polycyclic 

aromatic hydrocarbon-degrading bacteria. Appl. 

Environ. Microbiol., 2000, 66: 1919-1922. 

[116] Mohandass R, Rout P, Jiwal S, Sasikala C. 

Biodegradation of benzo [a] pyrene by the mixed 

culture of Bacillus cereus and Bacillus vireti 

isolated from the petrochemical industry. J. 

Environ. Biol., 2012, 33: 985-989.  

[117] Ho CH, Banks MK. Degradation of polycyclic 

aromatic hydrocarbons by biodegradation 

combined with a modified fenton reaction. 

Chemosphere, 2006, 45: 11-20. 

[118] Vinas, M., Sabate J, Espuny MJ, Solanas AM. 

Bacterial community dynamics and polycyclic 

aromatic hydrocarbon degradation during 

bioremediation of heavily creosote-contaminated 

soil. Appl. Environ. Microbiol., 2005, 71: 7008-

7018. 

[119] Veen JA, Overbeek LS, Elsas JD. Fate and activity 

of micro-organisms introduced into soil. 

Microbiol. Mol. Biol. Rev., 1997, 61: 121-135. 

[120] Gogoi BK, Dutta NN, Goswami P, Krishna MTR. 

A case study of bioremediation of petroleum-

hydrocarbon contaminated soil at a crude oil spill 

site. Adv. Environ. Res., 2003, 7: 767-782. 

[121] Trindade PVO. Evaluation of techniques for 

bioaugmentation and biostimulation treatment of 

hydrocarbon contaminated soil from oil. M.Sc. 

thesis, Universidade Federal do Rio de Janeiro, 

Escola de Quimica, do Rio de Janeiro, Brazil. 

2002. 

[122] Xia W-X, Li J-C, Song Z-W, Sun Y-J. Effects of 

nitrate concentration in interstitial water on the 

bioremediation of simulated oil-polluted 

shorelines. J. Environ. Sci., 2007, 19: 1491-1495. 

[123] Amadi A, De Bari Y. Use of poultry manure for 

amendment of oil polluted soils in relation to 

growth of maize (Zea mays L.). Environ. 

International, 1992, 18: 521-527. 

[124] Obire O, Akinde SB. Poultry manure amendment 

of oil polluted soils for sustainable development in 

the Niger-Delta. J. Niger Environ. Soc., 2004, 2: 

138-143. 

[125] Akiakwo MOG, Akinde SB, Dollah SA. Synopsis 

of available technologies for the cleanup of oil 

spill in a terrestrial environment. J. Environ. 

Manage. Edu., 2005, 2: 56-61. 

[126] Nikolopoulou M, Kalogerakis N. Petroleum spill 

control with biological means. In Comprehensive 

Biotechnology (Second Edition). M Moo-Young 

(Ed.). Elsevier B.V. Publishers, 2011: 263-274.  

[127] Bragg JR, Prince RC, Harner EJ, Atlas RM. 

Effectiveness of bioremediation for the Exxon 

Valdez oil spill. Nature, 1994, 368: 413-418. 

[128] Venosa AD, Suidan MT, Wrenn BA, Strohmeier  

KL, Haines JR, Eberhart BL, King D, Holder E. 

Bioremediation of an experimental oil spill on the 

shoreline of Delaware Bay. Environ. Sci. Technol., 

1996, 30: 1764-1775. 

[129] Swannell RPJ, Lee K, McDonagh M. Field 

evaluations of marine oil spill bioremediation. 

Microbiol. Rev., 1996, 60: 342-365. 

[130] Santas R, Santas P. Effects of wave action on the 

bioremediation of crude oil saturated 

hydrocarbons. Marine Poll. Bull., 2000, 40: 434-

439. 

[131] Zhu X, Venosa AD, Suidan MT, Lee K. 

Guidelines for the bioremediation of marine 

shorelines and freshwater Wetlands. US 

Environmental Protection Agency (US EPA). 

Office of Research and Development, National 

Risk Management Research Laboratory, Land 

Remediation and Pollution Control Division, 

Cincinnati, Ohio, United States, 2001. 

[132] Tagger S, Bianchi A, Julliard M, Le Petit J, Roux 

B. Effect of microbial seeding of crude oil in 

seawater in a model system. Marine Biol., 1983, 

78: 13-20. 

[133] Venosa AD, Suidan MT, Wrenn BA, Strohmeier 

KL, Haines JR, Eberhart BL, King D, Holder E. 

Bioremediation of an experimental oil spill on the 

shoreline of Delaware Bay. Environ. Sci. Technol., 

1996, 30: 1764-1775. 

[134] MacNaughton SJ, Stephen JR, Venosa AD, Davis 

GA, Chang YJ, White DC. Microbial population 

changes during bioremediation of an experimental 

oil spill. Appl. Environ. Microbiol., 1999, 65: 

3566-3574. 

[135] McKew BA, Coulon F, Yakimov MM, Denaro R, 

Genovese M, Smith CJ, Osborn AM, Timmis KN, 

McGenity TJ. Efficacy of intervention strategies 

for bioremediation of crude oil in marine systems 

and effects on indigenous hydrocarbonoclastic 

bacteria. Environ. Microbiol., 2007, 9: 1562-1571. 



 

 

 

Macaulay BM & Rees D, Annals of Environmental Science / 2014, Vol 8, 9-37 

www.aes.northeastern.edu, ISSN 1939-2621 36 

[136] Thouand G, Bauda P, Oudot J, Kirsch G, Sutton C 

and Vidalie JF. Laboratory evaluation of crude oil 

biodegradation with commercial or natural 

microbial inocula. Can. J. Microbiol., 1999, 45: 

106-115. 

[137] Alexander M. Biodegradation and bioremediation. 

2
nd

 Edition. San Diego, California: Academic 

Press. 1999, 453. 

[138] Davis JW, Madsen S. Factors affecting the 

biodegradation of toluene in soil. Chemosphere, 

1996, 33: 107-130. 

[139] Gentry TJ, Rensing C, Pepper TL. New 

approaches for bioaugmentation as a remediation 

technology. Critical Rev. Environ. Sci. Technol., 

2004, 34: 447-494. 

[140] Bouchez T, Patureau D, Dabert P, Juretschko S, 

Dore J, Delgenes P, Moletta R, Wagner M. 

Ecological study of a bioaugmentation failure. 

Environ. Microbiol., 2000, 2: 179-190.  

[141] Cassidy MB, Lee H, Trevors JT. Environmental 

applications of immobilised microbial cells: A 

review. J. Ind. Microbiol., 1996, 16: 79-101. 

[142] Moslemy P, Neufeld RJ, Guiot SR. 

Biodegradation of gasoline by gellan gum-

encapsulated bacterial cells. Biotechnol. 

Bioengineer., 2002, 80: 175-184. 

[143] Obuekwe CO, Al-Muttawa EM. Self-immobilised 

bacterial cultures with potential for application as 

ready-to-use seeds for petroleum bioremediation. 

Biotechnol. letters, 2001, 23: 1025-1032. 

[144] Mishra S, Jyot J, Kuhad RC, Lal B. In situ 

bioremediation potential of an oily sludge-

degrading bacterial consortium. Curr. Microbiol., 

2001, 43: 328-335. 

[145] Li XJ, Lin X, Li PJ, Liu W, Wang L, Ma F, 

Chukwuka KS. Biodegradation of the low 

concentration of polycyclic aromatic hydrocarbons 

in soil by microbial consortium during incubation. 

J. Hazard. Mat., 2009, 172: 601-605 

[146] Paul D, Pandey G, Pandey J, Jain RK. Assessing 

microbial diversity for bioremediation and 

environmental restoration. Trends in Biotechnol., 

2005, 23: 135-142. 

[147] Ma Y, Wang L, Shao Z. Pseudomonas, the 

dominant polycyclic aromatic hydrocarbon-

degrading bacteria isolated from Antartic soils and 

the role of large plasmids in horizontal gene 

transfer. Environ. Microbiol., 2006, 8: 455-465. 

[148] Sayler GS, Ripp S. Field applications of 

genetically engineered micro-organisms for 

bioremediation processes. Curr. Opin. Biotechnol., 

2000, 11: 286-289. 

[149] Lenski RE. Evaluating the fate of genetically 

modified micro-organisms in the environment: 

Are they inherently less fit? Experentia, 1993, 49: 

201-209. 

[150] Giddings G. The release of genetically-engineered 

micro-organisms and viruses into the environment. 

New Phytol., 1998, 140: 173-184. 

[151] Keasling JD, Bang SW. Recombinant DNA 

techniques for bioremediation and 

environmentally-friendly synthesis. Curr. Opin. 

Biotechnol., 1998, 9: 135-140. 

[152] Ensley BD, DeFlaun MF. Hazardous chemicals 

and biotechnology: Past successes and future 

promise. In Microbial transformation and 

degradation of toxic organic chemicals. LY Yang, 

CE Cerniglia (Eds.). New York: Wiley-Liss 

publication. 1995. 

[153] Ron EZ, Rosenberg E. Biosurfactants and oil 

bioremediation. Curr. Opin. Biotechnol., 2002, 13: 

249-252. 

[154] Cybulski Z, Dziurla E, Kaczorek E, Olszanowski 

A. The influence of emulsifiers on hydrocarbon 

biodegradation by Pseudomondacea and 

Bacillacea strains. Spill Sci. Technol. Bull., 8: 503-

507. 

[155] Wong JWC, Fang M, Zhao Z, Xing B. Effect of 

surfactants on solubilisation and degradation of 

phenanthrene under thermophilic conditions. J. 

Environ. Quality, 2004, 33: 2015-2025. 

[156] Banat IM, Makkar RS, Cameotra SS. Cameotra 

potential commercial applications of microbial 

surfactants. Appl. Microbiol. Biotechnol., 2000, 

53: 495-508. 

[157] Calvo C, Manzanera M, Silva-Castro GA, Uad I, 

Gonzalez-Lopez J. Application of bioemulsifiers 

in soil oil bioremediation processes: Future 

prospects. Sci. Total Environ., 2009, 407: 3634-

3640. 

[158] Calvo C, Toledo FL, Pozo C, Martinez-Toledo 

MV, Gonzalez-Lopez J. Biotechnology of 

bioemulsifiers produced by micro-organisms. 

Journal of Food Agriculture and Environment, 

2004, 2: 238-243. 

[159] Feitkenhauer H, Muller R, Mark H. Degradation 

of polycyclic aromatic hydrocarbons and long 

chain n-alkanes at 60-70°C Thermus and Bacillus 

sp. Biodegradation, 2003, 14: 367-372. 

[160] Kosaric N. Biosurfactants and their application for 

soil bioremediation. Food Technol. Biotechnol., 

2001, 39: 295-304. 

[161] Christofi N and Ivshina IB. Microbial surfactants 

and their use in field studies in soil remediation: A 



 

 

 

Macaulay BM & Rees D, Annals of Environmental Science / 2014, Vol 8, 9-37 

www.aes.northeastern.edu, ISSN 1939-2621 37

review. J. Appl. Microbiol., 2002, 93: 915-929. 

[162] Barkay T, Navon-Venezia S, Ron E, Rosenberg E. 

Enhancement of solubilisation and biodegradation 

of polyaromatic hydrocarbons by the emulsifier 

alasan. Applied Environ. Microbiol., 1999, 65: 

2697-2702. 

[163] Lebkowska M, Zborowska E, Miaskiewicz-Peska 

E, Muszynski A, Tabernacka A, Naumczyk A, 

Jeczalik M. Bioremediation of soil polluted with 

fuels by sequential multiple injection of native 

micro-organisms: Field-scale processes in Poland. 

Ecol. Engineer., 2011, 37: 1895-1900.  

[164] Mulligan CN. Environmental applications for 

biosurfactants. Environ. Poll., 2005, 133: 183-198. 

[165] Atlas RM. Oil biodegradation and bioremediation: 

A tale of the two worst spills in US history. 

Environ. Sci. Technol., 2011, 45: 6709-6715. 

[166] Venosa AD, Campo P, Suidan MT. 

Biodegradability of lingering crude oil 19 years 

after the Exxon Valdez oil spill. Environ. Sci. 

Technol., 2010, 44: 7613-7621.  

[167] Atlas RM, Bragg JR. Bioremediation of marine oil 

spills: When and when not – the Exxon Valdez 

experience. Microbial Biotechnol., 2009, 2: 213-

221. 

[168] Wolicka D, Borkowski A. Micro-organisms and 

crude oil. In introduction to enhanced oil recovery 

(EOR) processes and bioremediation of oil-

contaminated sites. L Romero-Zeron (Eds.). 

Croatia: Intech, Rijeka. 2012, 113-142. 

[169] Zhang X, Young LY. Carboxylation as an initial 

reaction in the anaerobic metabolism of 

naphthalene and phenanthrene by sulfidogenic 

consortia. Appl. Environ. Microbiol., 1997, 63: 

4759-4764. 

[170] Goldstein RM, Mallory LM, Alexander M. 

Reasons for possible failure of inoculation to 

enhance biodegradation. Appl. Environ. 

Microbiol., 1985, 50: 977-983. 

[171] Mueller JG, Resnick SM, Shelton ME, Pritchard 

PH. Effect of inoculation on the biodegradation of 

weathered Prudhoe Bay crude oil. J. Ind. 

Microbiol., 1992, 10: 95-102. 

[172] Rosenberg E, Legmann R, Kushmaro A, Taube R, 

Adler E, Ron EZ. Petroleum bioremediation – a 

multiphase problem. Biodegradation, 1992, 3: 

337-350. 

[173] Gallego JR, Fernandez JR, Diez-Sanz F, Ordonez 

S, Sastre H, Gonzalez-Rojas E, Pelaez AI, 

Sanchez J. Bioremediation for shoreline clean-up: 

In situ vs on-site treatment. Environ. Engineer. 

Sci., 2007, 24: 493-504. 

[174] Zhao Y, Yu Y. Kinetics of asphalthene thermal 

cracking and catalytic hydrocracking. Fuel 

Processing Technology, 2011, 92 (5): 977-982. 

[175] Hao R, Lu A, Wang G. Crude-oil degrading 

thermophilic bacterium isolated from an oil field. 

Can. J. Microbiol., 2004, 50: 175-82. 

[176] Meintanis C, Chalkou KI, Kormas KA, 

Karagouni AD. Biodegradation of crude oil by 

thermophilic bacteria isolated from a volcano 

Island. Biodegradation, 2006, 17: 3-9. 

[177] Head IM, Jones DM, Roling WFM. Marine 

micro-organisms make a meal of oil. Nature Rev. 

Microbiol., 2006, 4: 173-182.  

 

AES 131120(1146) 

 

© Northeastern University, 2014 

 

 


