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Abstract Nowadays pollution control and abatement are critical issues faced by
environmental scientists due to rapid industrialization. Petroleum industry is one of
the major industries which release hydrocarbon pollutants in environment.
Polycyclic aromatic hydrocarbons (PAHs) are the priority pollutants which are
released into the environment by exploration activities of petroleum industries. The
indiscriminate accumulation of petroleum hydrocarbon pollutants can be hazardous
to the human life and aquatic biota. Due to toxicity of these pollutants, establishing
efficient and environment-friendly method to degrade and detoxify these pollutants
is an important research challenge. Various physiochemical methods are applied all
over the world to remediate of petroleum hydrocarbon pollutants. Bioremediation
technique has been developed for treatment of crude oil pollutants using biological
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agents like bacteria, fungi, algae, and plants. Applications of certain microorgan-
isms have gained importance in the field of applied environmental microbiology.
The application of microbes to degrade pollutants is getting attention due to its
environmental and economic benefits. They can be used to change bioavailability
and toxicity of petroleum hydrocarbons present in polluted soil and aqueous
environment. This paper explores hydrocarbons present in petroleum crude. The
effect of petroleum hydrocarbon pollutants on human health and environment is
also discussed. This chapter also explains microbial degradation of these pollutants.

Keywords Biodegradation � Petroleum hydrocarbons � Environment pollution
Polyaromatic hydrocarbons (PAHs)

1 Introduction

Polyaromatic hydrocarbons (PAHs) are chemical compounds that contain more
than one fused benzene ring (Bisht et al. 2010; Nikitha et al. 2017) which consists
of numerous carbon atoms joined together to form multiple rings. More than 10,000
different PAH compounds exist in environment (Rubailo and Oberenko 2008;
Abdel-Shafy and Mansour 2016). They are commonly found in petroleum fuels,
coal products, and tar (Rubailo and Oberenko 2008; Varjani and Upasani 2016c).
Different types of anthropogenic activities are the sources of PAHs present in
environment (Samanta et al. 2002; Varjani and Upasani 2017c) such as fuel
combustion, pyrolytic processes, spillage of petroleum products, waste incinerators,
and domestic heaters (Bamforth and Singleton 2005). Mostly, PAHs are formed
from the incomplete combustion of plant or animal matter, or carbon fuels, such as
coal or petroleum (Varjani and Upasani 2017b). PAHs such as naphthalene,
anthracene, phenanthrene, fluoranthene, and pyrene having four or more fused ring
structure are typically recalcitrant to biodegradation (Haritash and Kaushik 2009;
Varjani 2017a).

They are also called polynuclear aromatic hydrocarbons (Stogiannidis and Laane
2015). Other activities that release PAHs include driving, agricultural burning,
roofing or working with coal tar products, sound- and water-proofing, coating pipes,
steel making, and paving with asphalt (Choi et al. 2010). PAHs are persistent
organic pollutants (POPs) which are toxic, carcinogenic, and mutagenic so their
presence in environment is the harmful effect on human health (Haritash and
Kaushik 2009; Gupte et al. 2016; Varjani and Upasani 2017a). Chemical, physical,
and biological processes are used in remediation of PAHs (Ukiwe et al. 2013;
Varjani 2017b). Among all these techniques, biological processes by application of
microorganisms for bioremediation of pollutants are preferred as they are eco-
nomically viable and environment-friendly (Varjani and Upasani 2016c). In this
chapter sources, applications, types, characteristics and properties, and toxicity of
PAHs are discussed. It also includes the recent literature available for degradation
of PAHs by bacteria and fungi.
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2 Source and Uses of PAHs

Different industrial, agricultural, and medical activities are involved in releasing
large quantity of hazardous hydrocarbon substances in the environment and create
pollution problems (Kim et al. 2013; Sarria-Villa et al. 2015; Varjani and Upasani
2016b). PAHs are the product of incomplete combustion of organic compounds.
PAHs are formed as a result of incomplete combustion of organic compound at
high temperature (500–800 °C) to low temperature (100–300 °C) for long duration
(Stogiannidis and Laane 2015; Sarria-Villa et al. 2015). They are also known as
polyarenes or polynuclear aromatic hydrocarbons (Haritash and Kaushik 2009;
Ganesh et al. 2014). They are organic compound which is toxic and persistent for
the environment (Varjani et al. 2015; Ghosal et al. 2016) which are released from
different natural and anthropogenic activities.

Natural sources include forest and grass fires, oil seeps, volcanoes, chloro-
phyllous plants, fungi, and bacteria. Anthropogenic sources of PAHs include:
(a) Petroleum, combustion of fossil fuel—including motor vehicle emission and
power generation, (b) Effluent from industries and wastewater treatment plant,
(c) Electric power generation, (d) Refuse incineration, (e) Home heating,
(f) Production of coke, carbon black, coal tar, asphalt roads, roofing tar, (g) Internal
combustion engines, (h) Smoked foods (meat, fish, etc), (i) Cigarette and tobacco
smoke, (j) Wood burning (Freeman and Cattell 1990), and (k) Hazardous waste
sites, coal gasification sites, chimneys of industries as well as aluminum production
industrial units (Rubailo and Oberenko 2008; Abdel-Shafy and Mansour 2016;
Nikitha et al. 2017).

2.1 Characteristics and Properties of PAHs

Many PAHs have toxic, mutagenic, and carcinogenic properties. Polycyclic aro-
matic hydrocarbons are lipophilic, nonpolar molecules (Lundstedt et al. 2003; Bojes
and Pope 2007). PAHs are not very soluble in water hence they persist in the
environment. PAHs are highly lipid soluble and thus readily absorbed from gas-
trointestinal tract of mammals (Choi et al. 2010; Bisht et al. 2010). Polycyclic
aromatic hydrocarbons (PAHs) are organic compounds that are mostly colorless,
white, or pale-yellow solids (Lundstedt et al. 2003; Bojes and Pope 2007). In PAHs
structure mainly carbon and hydrogen are present. But it also contains N, S, and O
atoms which are heteroatoms. It is also considered to be known as PAH (Clemente
et al. 2014; Varjani et al. 2015). Generally, their molecular weight ranges from 166
to 328 (Chiou et al. 1998). It generally depends on number of carbon it possesses as
well as the position of fused rings and elements present in its structure. They are
group of several hundred chemically related compounds (Haritash and Kaushik
2009; Choi et al. 2010). They have toxic effects on organisms through various ways
(Arulazhagan and Vasudevan 2011; Varjani and Upasani 2016c). PAHs enter in the
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environment through various routes and are usually found as a mixture containing
two or more of PAHs. According to genotoxicity and abundance, US
Environmental Protection Agency (USEPA) have listed 16 PAH compounds as
priority pollutants (Lundstedt et al. 2003; Bojes and Pope 2007).

2.2 Types of PAHs

Chemically PAHs are comprised of two or more benzene rings. Polycyclic aromatic
hydrocarbons have two or more single or fused aromatic rings with a pair of carbon
atoms shared between rings in their molecules. According to their arrangements,
they are defined as linear, cluster, or angular (Rubailo and Oberenko 2008;
Sarria-Villa et al. 2015). Types of PAH according to ring arrangement are sum-
marized in Table 1. Commonly there are two types of categories small PAHs
having six or less than six fused aromatic rings and large PAHs having more than
six aromatic rings in their structure (Mohsen et al. 2009; Ghosal et al. 2016).

2.3 Uses of PAHs

Apart from industrial emissions or effluents, PAHs can be released in the envi-
ronment through incomplete combustion of organic material, viz., coal, oil, and
wood. PAHs are used as intermediates in thermosetting plastics, lubricating
materials, and other chemical industries (Rubailo and Oberenko 2008; Gupte et al.
2016). PAHs are present in asphalt, which is used for roads construction (Nikitha
et al. 2017). Precise PAHs and specific refined products are also used in the field of
electronics, functional plastics, and liquid crystals. Table 2 represents industrial
application(s) of some polyaromatic hydrocarbons (PAHs).

3 Toxicity of PAHs

Different types of petroleum components are directly and indirectly more or less
harmful for living organisms and surrounding environment (USEPA 2012; Varjani
2017a) as they are reported as potential carcinogens. Some are mutagenic and
teratogenetic. The most dangerous PAHs are benzo[a]pyrene, benz[a]anthracene,
and dibenz[a,h]anthracene (ATSDR 1995; USEPA 2012; Lammel et al. 2015;
Varjani and Upasani 2017a). These compounds also appear to be less bioavailable
(Varjani and Upasani 2017b). There solubility rate in water is very low (Samanta
et al. 2002; Nikitha et al. 2017). In a study, benzo[a]pyrene was estimated to be
responsible for 48–52% of the added risk of sediment and for 44–54% sediment in
another. Benzo[a]pyrene is responsible for DNA binding, sister chromatid
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exchange, chromosomal aberrations, point mutation, and transformations in mam-
malian cell cultures (Bamforth and Singleton 2005). When concentrated benz[a]
anthracene and dibenz[a,h]anthracene were included 90% of the added risk could
be estimated. According to this estimation, these compounds are very easily
combined with environmental factors. Several attempts have been made to classify
PAHs, and one of this is called as toxicological equivalent factor (TEF). Benzo[a]
pyrene is often assumed to be the most harmful PAH (Kim et al. 2013; Sarria-Villa
et al. 2015).

Generally, that PAHs compounds have more toxicity which contain more
number of benzene rings. PAHs toxicity is measured by using LD50 values
(Bamforth and Singleton 2005). In toxicological studies, it is also important to
consider the possible toxic metabolites of PAHs. The first step in degradation of
aromatic hydrocarbons in eukaryotes is formation of trans-dihydrodiol (Das and
Chandran 2011; Gupte et al. 2016). These trans-dihydrodiols are in balance with
trans-diol epoxides. The dihydrodiols are converted to catechols. Catechol is then
converted into to intermediates of tricarboxylic acid cycle (ATSDR 1995). Toxic
metabolites affect DNA which leads to DNA damage. These effects are shown in
animals very slowly. The reactive species formed, quinones and trans-diol epox-
ides, can also cause DNA scission (Bamforth and Singleton 2005; Varjani and
Upasani 2017a).

Table 2 General uses of some polyaromatic hydrocarbons (PAHs)

No. Name of
PAHs

Application References

1. Acenaphthene Manufacture of dyes, plastics,
pigments, pharmaceuticals, and
pesticides

Abdel-Shafy and Mansour
(2016)

2. Anthracene Manufacture of dyes and
pigments; diluents for wood
preservatives

Nikitha et al. (2017)

3. Fluoranthene Manufacture of dyes,
pharmaceuticals, and
agrochemicals

ATSDR (1995), Abdel-Shafy
and Mansour (2016)

4. Fluorene Manufacture of dyes, pigments,
pesticides, thermoset plastic, and
pharmaceuticals

Abdel-Shafy and Mansour
(2016), Nikitha et al. (2017)

5. Phenanthrene Manufacture of pesticides and
resins

ATSDR (1995), Nikitha et al.
(2017)

6. Pyrene Manufacture of pigments ATSDR (1995), Abdel-Shafy
and Mansour (2016), Nikitha
et al. (2017)
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4 Effect of PAHs on Human Health and Environment

Petroleum hydrocarbon pollutants are mostly known as carcinogens (Nikitha et al.
2017). They can also damage other body parts of human beings. They are reported
to be harmful for either short term or long term (Varjani et al. 2015; Varjani 2017a).
They can lead to genetic and immunotoxic effects.

Short-term effects of petroleum hydrocarbon pollutants are symptoms such as
eye irritation, nausea, skin irritation, vomiting, diarrhea, and inflammation (Kim
et al. 2013; Yan et al. 2015; NHHS 2017; Varjani and Upasani 2017a). Anthracene,
benzo(a)pyrene, and naphthalene are known as direct skin irritants. Anthracene and
benzo(a)pyrene are reported as skin sensitizers means they can cause an allergic
skin response in animals and humans (Oluwaseun et al. 2017).

Long-term effects persist for long time period and slowly damage body parts.
The symptoms are categorized as chronic effect such as decreased immune func-
tion, cataracts, kidney and liver damage (e.g., jaundice), breathing problems,
asthma-like symptoms, and lung function abnormalities. Repeated contact of PAHs
with skin may induce redness and skin inflammation (ATSDR 1995; Ghosal et al.
2016). Naphthalene is responsible for red blood cells’ breakdown if inhaled or
ingested in large amounts (Bisht et al. 2010; Olajire and Essien 2014).

Genotoxic effect causes genetic damage in living beings. Mainly PAHs are not
genotoxic by themselves. But they need to be metabolized to diol epoxides. Diol
epoxides react with DNA, thus inducing genotoxic damage (Bamforth and
Singleton 2005).

Mostly PAHs are organic compound which are playing role as carcinogenic
compounds. Epoxides and dihydrodiols of some PAHs bind with cellular proteins
and DNA. Because of this activity cell is damaged. It causes mutations, develop-
mental malformations, tumors, and cancer (NAHH 2017). It also has increased risk
of mostly skin, lung, bladder, gastrointestinal cancers, and stomach cancer, etc.
PAHs are directly or indirectly connected in food, skin contacts, and respiration,
etc. Hence it causes lung cancer by inhalation, stomach cancer by ingesting PAHs
in food, and skin cancer by skin contact (Haritash and Kaushik 2009).

Different sources of PAHs and their effect(s) on human health are shown in
Fig. 1. PAHs cause harmful effect on male or female fertility organs. Embryo-toxic
effects occur due to benzo(a)anthracene, benzo(a)pyrene, and naphthalene. High
amount of benzo(a)pyrene during pregnancy is responsible for birth defects and
decreased body weight in the offspring in mice (ATSDR 1995; Digg et al. 2012). It
is not known that this type of effect particularly occurs in humans or not. The effects
of PAHs in living organisms are low birth weight, premature delivery and heart
malformations, lower intelligence quotient at age three, increased behavioral
problems at age six and eight, and childhood asthma (ATSDR 1995; Kim et al.
2013; Yan et al. 2015). Presence of PAHs is suppressing immune reaction in
rodents. The defined mechanisms of PAH-induced immunotoxicity are still not
clear; however, it appears that immunosuppressant which may be involved in
mechanism by which PAH induces cancer (Kim et al. 2013).
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5 Remediation of PAHs or Degradation of PAHs

Crude oil is a mixture of hydrocarbons composed of mainly heteroatomic and
non-heteroatomic hydrocarbons (Arulazhagan and Vasudevan 2011; Kostka et al.
2011; Varjani and Upasani 2017a). PAHs typically enter in the environment
through various natural and anthropogenic activities. Petroleum industry is one of
them (Das and Chandran 2011; Lammel et al. 2015; Varjani and Upasani 2016a, b).
PAHs are found in soil and river sediment near industrial sites (Wilson and Jones
1993; Yan et al. 2015). Oil spills, creosote, coal mining dust, and other fossil fuel
sources also include pollution of PAHs in the environment (Okparanma et al. 2011
Varjani 2017b). Two- and three-ring PAHs can spread widely while dissolved in
water or as gases in the atmosphere (Leahy et al. 1990; Sakari 2012). PAHs have
higher molecular weight as compared to alkanes hence they can disperse locally or
regionally, adhere to particulate matter that is suspended in air or water until the
particles land or settle out of the water column (Bamforth and Singleton 2005;
Haritash and Kaushik 2009). PAHs have a strong attraction for organic carbon, and

Fig. 1 Different sources of PAHs and their effect(s) on human health (Dudhagara et al. 2016)
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thus highly organic sediments in rivers, lakes, and ocean can be a substantial sink
for PAHs (Yan et al. 2015; Azab et al. 2016; Varjani 2017a).

Chemical, physical, and biological processes are used in degradation of PAHs
(Chaillan et al. 2004; Ukiwe et al. 2013). All techniques are involved to decrease
the level of hydrocarbon pollutants in the environment (Varjani and Upasani
2017a). Biological processes mainly apply living organisms for remediation of
pollutants (Varjani and Upasani 2016c). In this process, plants are used which is
known as phytoremediation (Ukiwe et al. 2013; Yan et al. 2015; Varjani and
Upasani 2017b).

Biodegradation is one of the best suitable techniques for treating soil, water, or
sediments contaminated with PAHs, which is used to degrade or detoxify envi-
ronmental pollutants. It can be aerobic and/or anaerobic (Chaillan et al. 2004;
Varjani 2017a). Biodegradation is considered as a clean up method that presents
possibility to eliminate organic contaminants with help of natural biological activity
available in substrate (Qi et al. 2017; Varjani et al. 2015). In this process, indige-
nous microorganisms are used to remove pollutants from the polluted site
(Okparanma et al. 2011; Varjani and Upasani 2016c). Biodegradation leads com-
plete mineralization of pollutants which is affected by different factors such as soil
type, temperature, soil pH, type of pollutant(s), oxygen level of soil, nutrient
content of soil (Zohair et al. 2006; Yan et al. 2015; Varjani 2017a). These factors
are capable to degrade pollutants and show effect on microbial growth
(Arulazhagan and Vasudevan 2011; Lammel et al. 2015; Varjani and Upasani
2017a).

There are number of bacteria living in environment which play role in degra-
dation of PAHs. Some bacteria can utilize low molecular weight (LMW) PAHs as
their carbon source. The main mechanism requires the presence of molecular
oxygen which initiates enzymatic attack of PAHs ring (Butler and Mason 1997). In
the starting phase, oxidation of arenes and catalyzed dioxygenase takes place in
aerobic bacterial system. In this system, cis-dihydrodiols are the primary
by-products by a multicomponent enzyme system (Shuttleworth and Cerniglia
1995). These dihydrodiols are replaced by intradiol or extradiol ring cleaving
dioxygenases through either a meta-cleavage or an ortho-cleavage pathway. It plays
an important role as center intermediates such as protocatechuate and catechols.
These are converted into tricarboxylic acid (TCA) intermediates for further process
(Shuttleworth and Cerniglia 1995; Gibson and Parales 2000). The bacterial naph-
thalene dioxygenase system is useful in oxidizing bi- and tri-cyclic PAH substrates,
i.e., LMW PAHs such as naphthalene, anthracene, and phenanthrene. (Gibson and
Parales 2000). High molecular weight (HMW) PAHs exhibit more persistence in
contaminated environment and genotoxicity due to increased molecular weight.
HMW PAHs contain more benzene ring, so these PAHs take more time period for
degradation as compared with LMW PAHs, e.g., half-life of 3-ring molecule
phenanthrene in soil and sediment range is 16–126 days, while half-life of 5-ring
molecule benzo[a]pyrene range is 229–1400 days (Shuttleworth and Cerniglia
1995; Vasconcelos et al. 2011).
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Schematic degradation pathway of PAHs by bacteria and fungi is shown in
Fig. 2. The principal mechanism for aerobic bacterial metabolism of PAHs is the
first oxidation of benzene ring by the action of dioxygenase enzymes and made cis-
dihydrodiols (Rubailo and Oberenko 2008). Dihydrodiols are metabolized by series
of enzymes converted to catechol to carbon dioxide and water. In the fungal
degradation, it is categorized as two types of remediation (a) Lignolytic and
(b) non-lignolytic fungi. Lignolytic fungi (white-rot fungi) produce lignin peroxi-
dase enzymes. PAHs are converted into PAH-QUINONES by ring fission and
release the CO2 in the environment (Fig. 2). Non-lignolytic fungi (Chrysosporium
pannorum, Cunninghamella elegans) produce endo-oxygenase enzymes which take
part in oxidation of PAH compounds and covert into ARENE OXIDE. It is then
converted into phenol and trans-dihydrodiol (Fig. 2). Organisms from the genus
Pseudomonas, Sphingomonas, Acinetobacter, and Rhodococcus can oxidize
naphthalene and other PAHs using dioxygenase enzymes (Okparanma et al. 2011;
Varjani 2017a). Addition of straw, wood chips, and other lignin-rich substrates help
in enhanced degradation of these pollutants by fungi. Methanotrophs also have
ability to degrade PAHs via action of methane monooxygenase gene
(Okparanmaet al. 2011; Lammel et al. 2015). Species of genera Arthrobacter,
Thiobacter, Bacillus, Stenotrophomonas, Escherichia, and Alcaligenes are reported
as anthracene and phenanthrene degraders (Gupte et al. 2016; Varjani 2017a). Some
microorganisms from genera Pseudomonas and Mycobacterium are capable to
transforming and degrading PAHs under aerobic conditions. It is also noted that

Fig. 2 Degradation pathway of PAHs by bacteria and fungi (source Bamforth and Singleton
2005; Gupte et al. 2016)
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anthracene could be completely mineralized by Sphingomonas, Nocardia,
Beijerinckia, Paracoccus, and Rhodococcus with dihydrodiol as initial oxygenated
intermediate (Chaillan et al. 2004; Ukiwe et al. 2013).

The main purpose of remediation is not only to remove of pollutant(s) but also to
maintain a quality of the environment. Bioavailability is an important factor for
degradation process (Chaillan et al. 2004; Kim et al. 2013; Varjani and Upasani
2017a). Bioavailability of PAHs depends on biotic and abiotic factors interaction.
Other living organisms are also used to remove and reduce the level of this type of
pollutant in environment. Algae and some invertebrates such as protozoans, mol-
lusks, and many polychaetes have limited ability to metabolize PAHs and
bio-accumulate unequal concentrations of PAHs in their tissues. However, PAH
metabolism can vary substantially across invertebrate species (Wilson and Jones
1993; Yan et al. 2015). Most vertebrates metabolize and excrete PAHs relatively
quickly.

PAHs transform slowly to a wide range of degradation products. Biological
degradation by microbes is a dominant form of PAH transformation in the envi-
ronment. Soil-consuming invertebrates such as earthworms speedup PAH degra-
dation, either through direct metabolism or by improving conditions for microbial
transformations (Lundstedt et al. 2003; Stankovic et al. 2014). Abiotic degradation
in atmosphere and top layers of surface waters can produce nitrogenated, halo-
genated, hydroxylated, and oxygenated PAHs; some of these compounds can be
more toxic, water-soluble, and mobile than their parent PAHs (Sarria-Villa et al.
2015; Stankovic et al. 2014).

6 Conclusion

Polycyclic aromatic hydrocarbons (PAHs) are a group of compounds known as
polycyclic organic matters (POMs) possessing potential health hazards. They play a
vital role in environmental pollution and related problems. Besides other approa-
ches, de-aromatization of these pollutants might be a good option to target and curb
PAH pollution. It is a difficult task to remove these pollutants totally from the
environment, but it is possible to reduce their quantity in the environment. Using
living organisms to degrade PAHs and mineralize or transfer them into CO2 and
H2O is nowadays considered as the safe option for their remediation. Voluminous
research groups have been evolved to work for different bioremediation tools in the
form of efficient bacteria and fungi as potential degraders. It is a big challenge for
scientists working in the field of bioremediation to achieve complete bioremediation
of PAH polluted site(s). More detailed research is necessary to determine exactly
what is going on with PAHs in polluted environment. There are still various aspects
of bioremediation of these persistent pollutants that remain unknown or otherwise
have insufficient information, which requires future attention. The development and
newer approaches focus to target specific PAHs. Development of precise, effective,
and composite technology to treat complex mixtures is still a thrust area of research.
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