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Abstract

This review provides a general overview of petroleum characteristics and bioremediation strate-
gies applications in oceanic environments contaminated with petroleum hydrocarbons during ex-
ploration and transportation processes offshore. The vast oil reserves in the offshore fields have
been explored for the production of light and heavy oil. The hydrocarbons exhibit very different
physicochemical characteristics including those of hydrophobicity, molecular weight, melting and
boiling points, toxicity and recalcitrance. This review is to highlight the basic oil characteristics,
and to reveal the manner in which accidents can occur resulting in oil spills in the sea. We focus on
hydrocarbon degradation through the application of bioremediation techniques, because this is
considered more advantageous economically compared with the physical or chemical remediation
techniques, as well as being more effective in contaminant removal. This study provides know-
ledge about strategies that can be applied in accidents involving oil spill on the ocean and thus
boosts oil spill cleanup technology and lowers the environmental risks of offshore management of
activities with petroleum.
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1. Characteristics and Properties of Petroleum

Petroleum, occurring as deposits in sedimentary rocks across the world, is made up of a mixture of solid, liquid
and gaseous compounds. From the chemical perspective, oil is a complex combination of hydrocarbons, com-
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posed of hydrogen and carbon atoms [1] [2]. Besides hydrocarbons, satisfactorily small amounts of nitrogen
compounds, oxygen and sulfur, as well as traces of certain metals can also be found [3].

Normally, the thousands of chemicals found in the crude oil are separated out by fractional distillation to
produce different by-products that are important in industrial use.

As petroleum fuels meet nearly half the global energy demands [2], oil is one of the most important and
widely used substances in human activities. Modern societies have, therefore, for many decades, until today,
rated it highly, a state of affairs that is likely to continue for several more years, until alternative energy re-
sources become economically viable [4] [5].

Several theories have been proposed for the presence of oil on the planet. The most accepted theory supposes
that oil is formed from the deposits of organic waste, chiefly plankton, at the bottom of lakes and seas, through
chemical and physical transformations over thousands of years [6]-[8]. Most of the petroleum currently available
originated through diagenesis, a process involving the subjection of organic material to a wide range of physical
and chemical changes under temperature ranges between 50°C and 60°C, and the catagen phase, in which the
organic substance undergoes thermal changed between 175°C and 200°C [9] [10].

1.1. Physical Chemistry Composition

Petroleum comprises thousands of hydrocarbons, containing chains of carbon and hydrogen molecules, in solid,
liquid or gaseous forms. Under conditions of ambient temperature and pressure, petroleum generally occurs in
the liquid form [3]. A small percentage of nitrogen, sulfur and oxygen molecules, besides organometallic com-
pounds, are also found [2] [11].

The nonpolar hydrophobic hydrocarbon compounds [12] constitute the oil, as well as plants and animals [13].
A wide range of combinations of the molecules of carbon and hydrogen oil with different molecule sizes and
structural conformations result in different molecular weights [1].

At ambient temperature and pressure, molecules containing up to four carbon atoms can exist in the gaseous
state; molecules having between five and fifteen carbon atoms are found in the liquid state, while the heavier
molecules with more than eighteen carbon atoms occur as solids [1] [14].

The hydrocarbons are classified into three types, viz., aliphatic, cycloaliphatic and aromatic [15] [16]. Table 1
lists some examples of hydrocarbons and their characteristics [17] [18]. As shown, the molecular structure of the
hydrocarbons may range from single-strand chains to the more complex forms, revealing branched chains or
cyclic structures [3]. In terms of toxicity the aromatic hydrocarbons rank first, followed by the cycloaliphatic
olefins and then the aliphatic ones.

The oil composition, according to Zilio and Pinto (2002) [19], can be defined by content, as given below:
¢ Saturated hydrocarbons include straight chains and branched alkanes (paraffin compounds) and cycloalkanes

(naphthenic compounds);
* Aromatic hydrocarbons are composed of pure aromatic molecules, aromatic cycloalkane (naphthene-aro-
matic compounds) and occasionally, cyclic sulfur compounds;

Table 1. Characteristics and examples of the major hydrocarbon classes.

Hydrocarbons Characteristics Examples

Methane, propane, butane
(gas at room temperature);
hexane, octane, hexadecane
(liquidat room temperature);
Eicosane, Triacontane
and Pentacontane
(solid at room temperature).

Less dense than water;

Aliphatic Molecule size is inversely proportional to its volatility and water solubility.

Cyclohexane, methyl cyclohexane,
methylcyclopentane,
1,2-dimethylcyclopentane.

Cvcloalinhatic Contain up to 6 carbon atoms in a ring;
Y p Fairly resistant to microbial degradation.

*  Very volatile and relatively water-soluble;

Aromatic * Havebenzenering;

* Some are resistant to microbial degradation.

Benzene, naphthalene,
toluene, xylene and phenanthrene.

(Adapted from Morrison, 1985) [17].
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* Resins and asphaltenes, which cover the polycyclic compounds, include nitrogen, sulfur and oxygen and
have high molecular weight.

Crude oil dissolves in most petroleum solvents; however, this property can vary with the type and quantity of
the hydrocarbons occurring as impurities [3].

The American Petroleum Institute has classified crude oil and its derivatives based on their densities, on a hy-
drometric scale and expressed as API gravity.

On this scale, the oils are categorized as follows:
* Light Oil: API shows a higher degree of 31.1° (density less than 870 kg/m®);
* Medium Oil: It shows API gravity between 22.3° and 31.1° (density ranging between 870 and 920 kg/m”);
 Heavy Oil: It reveals API gravity between 10.0° and 22.3° (density ranging between 920 and 1.000 kg/m’);
* Ultra Heavy Oil: It shows API gravity below 10.0° (density greater than 1.000 kg/m”).

1.2. Contamination of Marine Environment by Crude Oil

For example, as the Brazilian operation takes place principally in deep water, the chances of oil spills occurring
on small and large scales increase in the production regions, as well as in the transport sea routes [11] [20]. In-
cidents involving spillage during shipping, as oil or even from the urban runoff platforms are common occur-
rences. Such incidents are, however, perceived as occasional spills and they inhibit the local biota, as well as the
vicinity of the regions thus affected [21].

The new offshore oil fields discovered off the Brazil coastline, endanger a greater number of coastal ecosys-
tems, which could face possible impacts due to oil spills [11]. Several islands and oceanic islands that support
endemic plant and animal species and probably microorganisms too, as well as offer assistance points for many
migratory birds, mammals and sea turtles [22] can be under threat. Therefore, oil spills of any intensity can re-
sult in grave environmental repercussions.

When oil spreads on the water surface during an oil spill, it forms a few millimeter-thick layer [23], causing a
sharp decrease in the marine life in the affected area, during the initial days [24].

Volatile and low in molecular weight, these substances include the most toxic of the petroleum components
[11] [25]. Factors like light, temperature, sea movements and local flora, besides others, directly influence the
evaporation capacity of these light and volatile fractions. By photolysis, the sun’s ultraviolet radiation oxidizes
some of the hydrocarbons in the oil, producing acids and phenolic compounds, which may be more toxic than
the hydrocarbons initially acted upon [22] [26] [27].

Some water soluble hydrocarbons dissolve in the sea, in particular, those with low molecular weight [11] [28]
[29]. Despite being the most toxic components, only about 1% of these spilled oil constituents undergoes solubi-
lization. Also, these compounds are easily degraded by microorganisms [22].

The heavier oil fractions descend to the ocean floor, especially after adsorption by the particulate matter
available in the water column. This process typically takes place in small quantities and, in some instances, the
oil may be rapidly metabolized by the benthic organisms [22], while in others it can remain for long time pe-
riods in the ocean sediment [24].

Under certain oceanic conditions, the oil and sea water may form an emulsion. However, this occurs only
when water droplets, less than 0.1 mm in diameter, get mixed with the floating oil [22]. This emulsion, a viscous
substance called ‘mousse’, may contain 20% to 90% sea water [30]-[32].

The mousse training and stability are dependent on the type of spilled oil [31]. The mousse can be formed
even under calm sea conditions; however, during moderate sea conditions, more rapid mousse formation occurs,
rendering it more stable, viscous and with a higher percentage of water. The spill persistence, as well as the
mousse density and viscosity, increases proportionately in line with the sea water agitation and the percentage of
high molecular weight oil constituents, like the asphaltenes and resins [31] [33]. Low ambient temperatures en-
sure a more stable emulsion [32]. Mousse density is also influenced by the salinity of the sea water. The greater
the salt concentration, the denser the mousse and this increases the possibility of going down the water column
and reaching the benthos region [30].

A spill occurring far from the shore permits a significant quantity of the hydrocarbons to evaporate and dis-
perse in the ocean, affecting the coastal life to a lesser degree. Nevertheless, the sea conditions can facilitate
mousse formation, which when it reaches the coast, damages the local biota. Due to its chronic toxicity, the
mousse, which coats the plant and animal bodies, results in mass mortality in the environment thus affected [34].
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2. Biodegradability and Toxicity

The microbial biodegradation of hydrocarbons occurring in the natural environments depends upon the physical,
chemical and biological means. The degradation rates vary based on the composition, oil density and hydrocar-
bon concentration, as well as the dispersion and emulsification. Among the most important variable factors are
temperature, oxygen concentration and nutrients. Salinity and pressure also affect the biodegradation rates in the
aquatic environments. Algae, archaea, bacteria and fungi, primarily degrade the hydrocarbons utilizing them as
carbon and energy sources [35]-[38].

The complex chemical structure of the hydrocarbons is inversely related to their capacity for biodegradation
by the microorganisms. Low molecular weight aromatic hydrocarbon components like benzene, toluene and xy-
lene impose immediate toxic effects on the affected environment, but are easily degraded by the environmental
microorganisms [37]-[40]. While the molecules with two or more fused aromatic rings or branches pose greater
difficulty for degradation, with correspondingly fewer number of microorganisms endowed with such capability,
compared with the simpler molecules, the yareless toxic. However, they are more persistent in the environment
and leave longer lasting effects, termed ‘chronic toxic effects’ [34] [41].

2.1. Biodegradation

Hydrocarbons degrading microorganisms are distributed widely across the marine ecosystems, limnological en-
vironments and soils [42]. This is one of the chief mechanisms by which oil and its derivatives are eliminated
from contaminated environments [43]. Several biotic and abiotic factors, involved in hydrocarbon degradation,
continue to spur the scientific community’s interest in research [36] [42] [44]-[47].

As the hydrocarbons possess different conformations and molecular weight, they have distinct susceptibilities
to biodegradation; biodegradation of the hydrocarbon present in the oil normally drops, depending upon the
complexity of the molecules. Microorganisms find the n-alkanes the easiest to degrade, followed by the
branched chain alkanes, branched alkanes, n-alkyl branched low molecular weight, monoaromatic, cyclic al-
kanes, polycyclic aromatic hydrocarbons (PAHs), and finally, the asphaltenes, which are the most difficult [27].
Biodegradation involves hydrocarbon catabolism, to produce less complex molecules which, after complete di-
gestion, are converted into water and carbon dioxide under aerobic conditions, or to methane in anaerobic condi-
tions [37].

The formation of emulsions to produce and release biosurfactants by the microbial populations plays a vital
role in the oil uptake by bacteria and fungi [48]-[50]. Although protozoa and algae are important members of the
microbial community in aquatic environments, little is known about their role in hydrocarbon biodegradation
[S1].

Biodegradation of the naturally occurring petroleum hydrocarbons in the environments is influenced by the
indigenous microorganisms which can physiologically degrade them. Various abiotic factors also influence the
growth and activity of these microorganisms [36] [37] [41]. The persistence depends on the do pant quantita-
tively and qualitatively, as the hydrocarbons can linger on indefinitely, while in others, due to the influence of
different physical and chemical factors, they can be rapidly degraded by the local microbiota [38] [43].

Temperature affects oil degradation as it interferes with the aspects of oil viscosity and solubility, including
fluidity. It also influences the metabolism of the microorganisms and the composition of the microbial commun-
ities. At low temperatures, the oil viscosity increases, and the volatilization of the toxic components and micro-
bial activity decrease [52] [53]. However, biodegradation of the hydrocarbons at low temperatures has been re-
ported [54], between 0°C [55] and 60°C [56] [57].

Another limiting factor is oxygen, as it promotes the oxygenase enzymes to oxidize the aliphatic, cyclic and
aromatic hydrocarbons. In the water column of the marine environments, oxygen is not normally a limiting fac-
tor, particularly in the coastal areas [43] [58]. Due to the complexity of the substrates present in the oil, the
co-oxidation of the hydrocarbons by the microorganisms can still occur. In many environments contaminated
with oil the branched and cyclic hydrocarbons are removed via co-oxidation [58]-[60].

When an environment becomes contaminated with hydrocarbons, the carbon and nitrogen as well as carbon
and phosphorus ratios are very large. This is contraindicative to microbial growth [61]. In such situations, the
nitrogen and phosphorus become the limiting factors for biodegradation and an adjustment in the ratios of car-
bon and nitrogen and phosphorus becomes necessary, by the addition of nitrogenous compounds and inorganic
phosphate to facilitate microbial growth and, consequently, the hydrocarbons become the carbon source [62]
[63].
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For biodegradation in deep water, pressure appears to play a significant role. Colwell and Walker (1977) [43]
purported that the oil which reaches the sea bed is subjected to high pressures and microbial degradation occurs
very slowly. This results in the recalcitrant oil fractions remaining in the environment for several years.

Various microbial genera have been described for their ability to degrade the petroleum hydrocarbons. Of
these, some like Pseudomonas, Vibrio, Acinetobacter, Flavobacterium, Rhodococcus, Achromobacter and Co-
rynebacteria are well known for their ability to use the hydrocarbons in water [37] [42] [64]-[67]. Some micro-
organisms utilize only the aromatic compounds, while others use only the alkanes; however, there are some
which can use both types of hydrocarbons [39] [42] [43].

In marine environments with no reported oil contamination by humans, hydrocarbon-consuming microorgan-
isms form less than 0.1% of the total microbial community; however, in oil-polluted environments, they can
represent up to 100% of the viable microorganisms [39]. To adapt to the new environmental conditions, the mi-
crobial community undergoes physiological and genetic changes, involving mainly the horizontal transfer of
genes contained in the mobile genetic elements concerned with the metabolism of the contaminants [68].

2.2. Toxic Effects of Petroleum Hydrocarbons

The marine environment, among the world’s biomes, receives the most waste and contaminants as products of
human activity. Estuaries, which form one of the most biologically productive habitats on the earth, are often
threatened by human activities, oil spills and its derivatives being significant contributors [69].

The scientific community and society recognize the difficulties and immediate effects that result from direct
contact with oil spills in the environment. They can be easily observed in the form of a scale on the rocks, sand,
animals and plants, besides as the imbalance caused in the microbial communities [34] [37] [70]. Apart from
these immediate effects, chronic and sublethal effects are experienced by the biota medium for prolonged time
periods which are harder to identify [34] [41] [69] [71].

The prevalence of acute or chronic toxicity in the environment depends chiefly upon the type of oil spilled.
High density oil leaves a predominant effect of physical coating, whereas the low density oil reveals the chemi-
cal effect as the prominent one. As the most toxic compounds are more soluble and volatile, chemical toxicity is
felt during the very first days and weeks after the oil spill. The abiotic and biodegradation performed by the mi-
croorganisms enables the removal of these components from the environment [72]. Alkanes, also termed paraf-
fins, represent the majority of the crude oil and can induce anesthetic and narcotic effects. The bodies of the ma-
rine organisms in contact with toxic oil fractions, of low and high molecular weights, may result in death by
poisoning; this phenomenon is associated with the aromatics, in particular [2] [73].

Of the hydrocarbons that exert chronic toxic effects on biota, the Polycyclic Aromatic Hydrocarbons (PAHs)
are the most widespread contaminants in the environment. Their toxic effects have been the subject of several
studies [73]-[77].

While the alkanes are easily degraded by the microorganisms, those with five to ten carbon atoms can inhibit
the degradation process as they can destroy the bacterial cytoplasmic membrane [78]. The low molecular weight
hydrocarbons have an acute toxic effect, because of their high solubility in water and consequent bioavailability
[72].

Once they enter the marine environment, chiefly in the coastal areas, the PAHs quickly get associated with
suspended particulate matter, due to their low water solubility and high hydrophobicity [77] [79]. They are con-
sequently deposited in the sediment. The pellet thus becomes a reservoir containing the contaminants in the ma-
rine biota exerting their ecotoxicological effects for long periods of time. The low solubility in water, the volati-
lization and difficulty in increasing the persistence of the recalcitrant properties, as well as the likelihood of
these compounds getting accumulated in the environment [77] [80]. Some PAHs can damage the DNA, thus in-
ducing mutations and exerting carcinogenic effects [73] [76]. Some studies reported that the PAHs are the main
mutagenic agents formed from the sediment cores [74]. A positive relationship between mutagenesis and conta-
mination with PAH has been established [75].

Apart from genetic damage, oil spills can affect organisms by the inhibition of the growth rates and reproduc-
tive success, increased sensitivity to pathogens and irreversible impairment of the immune system [69] [81].

2.3. Impacts of the Hydrocarbons on the Biota

To assess the impacts induced by environmental disasters due to oil spill, as well as the risks to the current and
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future generations of the members of the local biota, the evaluation of several factors is mandatory, along with
the application of different models with several environmental variables, as well as monitoring some of them
[71]. The literature includes some research related to the impacts of oil on the natural environments [11] [82]-
[85].

The unforgettable accident of the Exxon Valdez on March 24, 1989, in Alaska, was of such immense magni-
tude that it has since then been the subject of research [84]. In that spill, 42 million liters of crude oil poured into
the ocean, contaminating 1.990 km of coastline, impairing the “Prince William” cove the most. Negatively af-
fecting the algal growth, due to the high toxicity of the hydrocarbons, the consequent result was a huge imbal-
ance throughout the entire food chain. The abundance of fish fauna, crabs, starfish, sea and invertebrates
dropped alarmingly, as did the amphipods sensitive to the toxic oil components. However, some invertebrate
communities, especially the oligochaetes and polychaetes revealed a spurt in abundance, which probably was
not only due to the increased number of hydrocarbon degrading bacteria, but also to the decrease in their preda-
tors [83]. Further studies, Carls et al. (2001) [82] found that six years after the disaster there continued to be
persistent plumes and oil-contaminated sediment, which in turn became a source of contamination for the local
species.

Birds, turtles and marine mammals frequently require contact with the water surface to breathe. When, the oil
covering the water surface prevents these animals from surfacing, there is a rapid decline in their population [84].
Lubricating feathers and animal hair, the oil causes them to lose their insulation powers, inducing death from
hypothermia, suffocation, drowning and sometimes mortality by contact and ingestion of the toxic hydrocarbons
[85]. The oil adhering to the body surface causes thermal stress to the sea otters and polar bears, resulting in de-
creased body temperature and increased metabolic rate [86].

3. Remedial Environmental Strategies for Oil Removal in Marine Environments

To clean up oil spills and their derivatives the remediation alternatives available include the physical, chemical
and biological treatments. These treatments often cause the pollutant dispersion as part of its effective removal,
limiting its effectiveness, besides running up high costs. However, removal through remediation using microor-
ganisms, involves low cost, high efficiency and eliminates secondary pollution, when compared with other me-
thods [63] [87]. Therefore, this method offers a competitive alternative in mitigating the impacts caused by the
petroleum hydrocarbon contamination. Of the prevalent remediation technologies, none provide such a high ef-
ficiency of contaminant removal. However, the effectiveness of pollutant removal from contaminated environ-
ments can be enhanced when the remediation methods are used together [88] [89].

When introduced into the marine environments, the oil and its derivatives undergo a several changes due to
the physical, chemical and biological conditions, including evaporation, dissolution, dispersion, photo-oxidation,
emulsification, adsorption onto particulate and sedimentary materials, and biodegradation [41] [90]. As these
processes take place simultaneously, they cause some changes in the physical and chemical properties of the
pollutant, which in turn directly affect the hydrocarbons during the time they remain in the environment [37].

3.1. Physics and Chemistry Remediation

In order to help recover and disperse/solubilize the oil spilled in marine environments different types of physical
and chemical remediation techniques are employed in which equipment or chemicals are introduced into the
contaminated sites. From a biological point of view, the chemicals used in the treatment may themselves be
highly toxic, posing of an ecological risk [91]. When in contact with the aquatic organisms, these compounds
can interfere in embryogenesis, larval growth and survival and result in morphological changes in the local biota.
During the early stages of life, a body is more sensitive to disturbances compared with the adult stages; therefore,
species with a fast lifecycle are more likely to suffer from the toxic effects [92] [93].

Beiras et al. (1999) [93] demonstrated that a higher concentration of total petroleum hydrocarbons (TPH) is
dispersed in the water column when are used dispersants at sea. As an alternative to dispersion of the burned oil
on the sea surface, Gundersen ef al. (1996) [94] demonstrated that the water soluble fraction of partially burnt
oil is ten times less than that of crude oil; however, the soluble fraction that gets retained in the water column
has greater potential for acute toxicity to some of the biota. However, burning the oil has been demonstrated to
have less or no toxic effect on the water, increasing the probability that marine organisms in contact with the
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dopant, either by airways, diffusion through the skin and power, increases the problem of bioaccumulation in
living tissue [70] [95].

To restrict the oil spill, containment booms can be used to block and redirect the slick to places where the
clean-up operation is easier, as well as to prevent the pollution from reaching areas of ecological/socio-eco-
nomic interest. Equipment like skimmers and absorbent granules are used in this technique [96] [97]. Oil ga-
thering is dependent on the weather, tide and the physicochemical properties of the oil. Although it does not
disturb the environment, the collection of oil using such barriers is quite inefficient because the environment
fractions are dissolved in the water, as well as those adsorbed on particulate material go down to the benthic en-
vironment [37] [80] [98]. Washing the oil stuck on rocks and sand in the coastal regions is another commonly
used alternative. In light of the situation, various strategies are performed by utilizing cold or hot water, and low
or high pressure [99].

Sometimes, chemical agents termed “demulsifiers” are used to reduce the oil dispersed in water, to prevent
the formation of emulsions of oil in water. Gelling agents may be used to increase the polymerization of the oil
to stabilize and minimize the stain from spreading. This will facilitate easy and effective physical removal oper-
ations. Further, certain chemicals can be applied to the substrates in coastal areas, to prevent the oil from adher-
ing to the rocks and sediments, thus enabling a more effective clean-up than the procedure of washing with high
pressure [99].

Aircraft or ships can be used to spray chemical dispersants on the slick, to accelerate the oil dispersion, as
well as ease the solubility and enhance the degradation by microorganisms. The surfactants act like a detergent.
They have a lipophilic portion and a hydrophilic one, which enables affinity both with water and with oil. Thus,
when applied to a thin oil layer, the surfactant diffuses in the water/oil interface; the lipophilic fraction binds to
the oil, while the hydrophilic molecule binds to the water, thus reducing the interfacial tension between the two
phases [100]. This results in the formation of micelles of the surfactant with the aggregated oil particles, making
the oil soluble and more accessible to the microorganisms for degradation. However, evaluation of the oil type,
climatic conditions as well as size and location of the site must be done, because when high density oil is to be
cleaned up, the efficiency is low; also, sea agitation on the surfactant promotes micelle formation [97].

Although surfactants have proved useful in oil solubility to minimize the impacts caused by the oil spill in
marine and coastal environment, there is a pressing need for the removal of the contaminants remaining in the
water. This is because the amounts of pollutants remaining in the environment can result in an ecological “silent”
disaster, chronically intoxicating the biota of the contaminated ecosystem [34] [70].

3.2. Bioremediation

Utilization of microorganisms for decontamination of the environments in several ecosystems appears promising
and effective. Although the microorganisms capable of degrading oil are ubiquitous, they usually occur in small
proportions in the microbial communities. Hundreds of species, including bacteria, archaea and fungi have the
ability to degrade the hydrocarbons present in oil [39] [42] [67] [101].

The bioremediation of contaminated sites is dependent upon the metabolic pathways in the microorganisms to
convert the pollutant organic compounds are nontoxic or at least less harmful to the environment [102] [103].

Several petroleum hydrocarbons can be biodegraded aerobically, whereas some compounds likes resins, polar
molecules and asphaltene can hardly be catabolized by them. Light-density oils contain a large percentage of
hydrocarbons of simple molecules with low molecular weight, and they are more easily metabolized by the de-
grading microorganisms; higher density oils with larger hydrocarbon molecules and higher molecular weight are
recalcitrant. The PAHs usually occur in low concentrations in crude oil; however, they are highly toxic and dif-
ficult to remove from the contaminated sites [101]. Bacteria can convert the PAHs completely into carbon dio-
xide and water in the presence of oxygen, by the action of enzyme dioxygenase [38]. Some microorganisms can
also degrade hydrocarbons under anaerobic conditions, although it is less energetically advantageous when
compared to those done under the aerobic conditions [101] [104].

The bioremediation techniques may be classified as ex sifu and in situ. In the ex situ type, the contaminant is
removed from the environment and treated elsewhere. The in sifu technology appears to have several advantages
because it does not require the removal and transportation of the contaminated material. Remediation processes
in situ utilized in the field are differentiated into natural attenuation, bioaugmentation and biostimulation [105].
Table 2 lists some results from studies that have utilized the bioremediation strategies in situ.
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Table 2. Studies on the bioremediation strategies in marine environments.

Strategy Characteristics Results Reference

97% removal of fluorene and 99%

i Mangrove sediment (4
Natural attenuation & (4e) of phenanthrene after 14 days.

contaminated with fluorene,
phenanthrene and pyrene

(400 mg cada) in 40 mL 97% removal after 14 days
Bioaugmentation of artificial seawater. of fluorene and 97% removal
after 28 days of phenanthrene. [104]
Mangrove sediment (4 g)
contaminated with fluorene, 97% removal of fluorene,
Biostimulation phenanthrene and pyrene phenanthrene and pyrene
(400 mg each) in 40 mL of after 28 days.

Mineral Salt Medium (MSM).

Seawater contaminated with 24.6% removal of

Biostimulation diesel + NaNO; + KH,PO, . [106]
(ratio N: P equal to 10:1) diesel after 32 days.
Seawater contaminated with light o
R crude oil (1 g/L), using KNO; + K;HPO, 53.4% removal of total
Biostimulation .S ’ petroleum hydrocarbons
(ratio N: P equal to 10:1) +
. after 28 days.
chemical surfactant
[107]
Seawater contaminated with crude
. . co . oil (1 g/L) + chemical surfactant + N
Biaugmentation + biostimulation NH.NO; + K,HPO, 85.35% removal of n-alkanes.
(ratio N: P equal to 10:1)
Seawater contaminated with
crude oil (0.5% w/v); KNO; + K,HPO, o
Bioaugmentation + biostimulation (ratio C: N: P equal to 100:10:1) 99% removal of -alkanes [108]

+ rhamnolipid + pre-culture (Cr4-Css) in 15 days.

adapted microorganisms

3.2.1. Natural Attenuation

The natural attenuation method involves decreasing the concentration of the contaminants from the environment
by the natural degradation processes. This technology requires modeling the evolution of pollutant disposal.
Therefore, characterization of the areas affected, sampling at specific locations and chemical analysis need to be
checked for contaminant degradation in the natural environment over time [105]. Under certain conditions, nat-
ural attenuation was normally employed in the coastal areas, or even to monitor groundwater, because technolo-
gically and economically, such bioremediation appears to be a feasible method. Invasive cleaning methods are
not preferred as they can prove harmful to the local biota [109] [110].

Oil concentrations in the coastal areas decrease by natural attenuation, through evaporation governed by fac-
tors like temperature and wave movement. The dissolved oxygen present in abundance no longer acts as a limit-
ing factor for microbial growth, although phosphorus and nitrogen in low concentrations behave as limiting fac-
tors in the process [42] [111][112].

In the water column or on the benthic region, microorganism-mediated degradation is slower because the
electron acceptors, the oxygen in particular, are not available in sufficiently large quantities for the oxidation of
the hydrocarbons. Also, some nutrient deficiency due to the lack of minerals and low temperatures could be a
reason. Some bacteria can accomplish the hydrocarbon biodegradation limiting their activity to spots near the
center of the oil patch, where the degradation occurs at a slower pace [113] [114].

In 2002, an accident which resulted in a heavy oil spill a few hundred miles off the Spanish coast, from where
it reached right up to the coast, was studied by Gallego ef al. (2006) [115]. One year after the accident, without
any intervention to the environment, it was discovered that about 100% of the linear low-molecular weight al-
kanes and 35% of the aromatic hydrocarbons, like pyrene, were no longer reported in the environment. Via mi-
croscopy imaging, metabolically active microbial consortia were observed to degrade the hydrocarbons. After
the oil spill the subsequent emulsification and evaporation processes besides other photochemical oxidation
processes are very effective in the removal of the oil fractions [99].
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3.2.2. Bioaugmentation

Bioaugmentation is a bioremediation strategy. To apply this method, one must begin with the premise that the
indigenous microbial community has a metabolic capacity insufficient to catabolize the pollutants, and that, to
increase the genetic diversity in the middle, the cleaning process needs to be optimized, for higher efficiency of
the biodegradation process. Bioaugmentation is defined as the strategy for improving the ability of a contami-
nated environment to eliminate or mitigate the effects of the pollution by the introducing specific strains or mi-
crobial consortia capable of catabolizing the polluting compounds [42] [43] [102] [116].

McKew et al. (2007) [116] reported that bioaugmentation, tested in microcosm, was a good strategy to acce-
lerate the degradation of components like n-alkanes, branched alkanes and PAHs during the first five days after
contamination. Baoetal (2012) [87] also noted that, while applying a microbial consortium to degrade the crude
oil, the highest rate of oil biodegradation occurred in the early phases just after contamination.

The success of any bioremediation strategy, including bioaugmentation, is dependent upon the environmental
conditions of the contaminated site. As bioaugmentation necessitates the quick adaptation of the microorganisms
introduced into the environment, this factor becomes relevant. The methods implemented when applying the
bioaugmentation strategy are as follows: addition of pre-adapted inbred lines, pre-addition of suitable microbial
consortia, introduction of genetically modified bacteria having a gene set relevant to the biodegradation required
and which in combination may be transmitted to the autochthonous microorganisms [102].

From an applied perspective, utilization of a microbial consortium is more advantageous than the use of a
pure culture, due to its greater metabolic diversity and increased ability to adapt to the field conditions [117]-
[119]. Thus, the use of microbial consortia is a good alternative to clean up the oil-contaminated sites, and even
when the sites are co-infected by another pollutant. Specifically, in the case of crude oil-contaminated sites, due
to the diversity of hydrocarbons present, the application of a consortium of microorganisms can optimize the
process. This is because the degradation product of one microorganism can become the foundation of another.
Further, in particular, when co-contamination occurs, the metabolic activity of some microorganisms can be-
come inhibited by any one environmental contaminant. Thus, when a consortium is used, other microorganisms
that have adapted to those conditions can degrade it and facilitate the establishment of other populations before
they are inhibited, thus ensuring the success of the bioremediation process [120].

From the ecological angle, some barriers to the success of bioaugmentation have been identified. Factors, like
the relationship between the microorganisms inoculated with new biotic and abiotic factors, will interfere with
the survival and metabolic activity of the inoculum. Among the biotic factors, predation by protozoa and compe-
tition with native organisms for nutrients and electron acceptors are the negative elements for the success of
bioaugmentation [121] [122]. In the marine environments, the main factors include the adaptation to salinity,
oxygen concentration and water movement. The stress conditions that the microorganisms face that occur after
their transfer from the culture medium to the contaminated environment typically result in a decrease in the
populations of the inoculated microorganisms. Variable factors like temperature fluctuations, pH, nutrient con-
centrations and contaminant toxicity may account for the low process efficiency [42] [123]. Goldstein et al. (1985)
[124] showed that microorganisms capable of degrading organic pollutants failed when the cultures were intro-
duced into the natural environments. Although still unsure of the reasons, the possibility for the failure to adapt
could be substrate failure, competition with indigenous microorganisms, preference for another organic substrate
and protozoan predation.

Another technique can be employed when the microbial community of the contaminated environment begins
to degrade the pollutant; however, it is not feasible to wait until those microorganisms achieve high densities. In
such instances, bioaugmentation can be employed using pure cultures or microbial consortia of the indigenous
microorganisms, which have proven to be effective in the bioremediation processes, particularly in accidents
involving oil spills in the marine environment [108]. Apparently, the indigenous microorganisms selected prior
are more likely survive and spread in the environment after release, when compared with those microorganisms
isolated from other sites [125] [126].

Despite some disadvantages, bioaugmentation indicates that it can be an efficient method for the removal of
environmental pollutants. The suitability of the processes involved, as well as the continuous search for micro-
organisms that can find use as degraders in contaminated environments, indicate that bioaugmentation may
emerge as one of the few environmentally friendly techniques to clean up contaminated sites [63] [102] [108].

3.2.3. Biostimulation
In the aquatic environments bioremediation is limited by the availability of nitrogen and phosphorus, the two
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components essential for microbial growth [126]. In cases involving oil spills, there is a high probability that
bacteria in the contaminated water are capable of metabolizing the hydrocarbons [42] [67] [125] [127]. Despite
the presence of microorganisms with such capacities in the contaminated water, their growth will be limited by
the high ratios of C:N and C:P [20] [128]. The addition of nitrogen and phosphorus as fertilizers is, therefore,
considered an effective method of stimulating microbial growth and activity, and thereby enabling catabolism of
the oil [101]. This technique of adding nutrients, as well as electron acceptors and other compounds to maintain
the conditions that will stimulate microbial growth, is termed biostimulation.

Besides the addition of compounds for microbial metabolism, modifications in the environmental conditions
can also optimize the rate of oil biodegradation, for example, the when compounds to modify the pH of the me-
dium are added to stimulate microbial metabolism [39]. Compared with terrestrial environments, biostimulation
processes in marine environments should be used with great caution and further study is warranted [63]. The
most important factor is that when the bio-stimulants are added they should come into contact with the microor-
ganisms near the oil spill; also, they should not have high solubility in water, as they may get dispersed in the
ocean and achievement of the desired effect will be unsuccessful. When applied to sites where the dispersion is
slower, care must be taken to avoid eutrophication of the environment so that the accelerated algal growth may
reduce the concentration of oxygen dissolved in the water [129]. Temperature is a critical factor in the degrada-
tion processes, but unfortunately it cannot be controlled in sifu applications. Temperature variations exert dif-
ferent effects on the petroleum biodegradation process; first, the oil viscosity is affected, its own solubility in
water, chemical composition, and its influence on the metabolic rates of the microbial community [34] [39] [42].

From the accident involving the Deepwater Horizon spill in 2010 an estimated 780 million liters of oil was
released into the Gulf of Mexico, affecting an area of 75,000 km®. After seven months of cleaning-up activities it
was revealed that approximately 41% of the evaporated oil was dissolved or dispersed in the water by natural
conditions, while 33% was chemically removed, dispersed via surfactant action, burnt or removed by remedia-
tion processes; however, the remaining 26% posed a potential threat to the local biota [130]. In such cases, the
fertilizer was applied only in swampy regions where dispersion did not pose a problem [131]. In areas quite far
from the Gulf of Mexico coast, because of the oligotrophic nature of the water, bacterial activity studies in the
oil stain area showed an increased rate of microbial respiration after the addition of the inorganic nutrients.
Phosphate was identified as a limiting nutrient in the oil biodegradation rate. Laboratory studies have shown that
the use of fertilized clay mineral flakes, the principle being that nutrients are limiting in offshore water, and
could be used to increase the biodegradation and thus restricting the oil from spreading [132].

One of the detriments for the implementation of biostimulation in ocean waters is the high solubility of the
compounds which reduce its effectiveness when added outdoors. Atlas and Bartha [61] worked on the effec-
tiveness of various nitrogenous compounds having different oleophilic the C: N ratios. After the oil spill during
the Exxon Valdez accident, one oleophilic fertilizer (EAP Inipol 22) was used in the coastal regions [36] [133],
but some reported [134] [135] that the effectiveness of the process was not proven [136].

Uric acid, a compound rich in nitrogen but with low solubility in water was used in the experiments of Koren
et al. (2003) [137] as a nitrogen fertilizer. The results indicated that it was a nitrogen source for the bacteria that
degrade the hydrocarbons. As it binds to the crude oil, it proves to be a potentially useful fertilizer and can be
applied in the oil bioremediation process in open systems, because its molecules can remain adsorbed on the oil.

4. Conclusions

The use of remediation strategies in oil spills has been the object of significant investment in terms of research
and development for recent decades. Despite the contribution of several researchers emanating from the field of
application, no definitive application has evolved into an everyday real-life one.

Despite the bioremediation processes are a great alternative, the effectiveness of pollutant removal from con-
taminated environments can be enhanced when the remediation methods are used together [88]. The use of N
and P sources of the compounds used with the biosurfactants enables the naturally occurring microorganisms
present in the environment to better identify and more rapidly degrade the contaminant.

Other possible combinations include the employment of bioaugmentation, biostimulation and the addition of
biosurfactants, depending on the contaminant’s biotic and abiotic characteristics [138]. The development of au-
tochthonous microorganisms post the addition of the biostimulants in a contaminated environment is a slow
process [108]. Therefore, considering the limitations of the individual application of both bioaugmentation and
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biostimulation, it is interesting to note that the complementarity among them makes the decontamination process
more effective. Due to the complexity of each method of standardization, a single bioremediation method is not
possible. Therefore, microorganisms of interest are selected for each site, which is possibly the best option [86].
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