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ABSTRACT

Polycyclic aromatic hydrocarbons (PAHs) represent a group of persisting and prevalent environmental
pollutants that are harmful to the environment and humans due to their toxic, mutagenic and carcinogenic
potential. The emission of PAHs into the environment has increased with the increase in demand for petroleum
products. The incomplete combustion of organic products such as coal, fuel oil, fire wood etc. remains an
important contributor to emission of PAHSs; the other sources being forest fires, motor vehicles, volcanoes,
refineries and many more. Degradation of PAHs with chemical, photooxidative and biodegradative methods
helps to reduce their harmful effects on the environment. Relevant literature has reported biodegradation to be
the most cost-effective and environment-friendly method. This review presents the current information
regarding the sources, bioaccumulation, health hazards and degradation techniques of PAHSs.
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I. INTRODUCTION

One of the most persistent, prevalent and potent environmental pollutants are the polycyclic aromatic
hydrocarbons (PAH). The fused ring aromatic organic compounds are generated by anthropogenic as well as
natural sources. The benzene rings can be fused in linear, angular or cluster arrangements [1, 2, 3]. These are
colourless, white or pale yellow solid [4]. Natural sources include coal, coal tar, asphalt, few trees and grasses
etc and incomplete burning of all these compounds acts as anthropogenic source of PAHSs [5]. Even ill ventilated
kitchens can lead to built of PAH in the surroundings. The varied structure and toxicity can have deleterious
effects on environment and humans. These effects are mostly biological i.e. mutations, carcinogenicity and a
high level of toxicity [6, 7, 8]. Hence its presence in the environment and exposure to humans is of great
concern. With variations in the number of fused aromatic rings the physical and chemical properties of PAH
change. Usually these well known pollutants can be found in soil, air and water. They differ in their transport,
distribution and fate in the environment [3]. They do not degrade quickly and persist in nature for a long period
of time. In this residing period, wind distributes the pollutants over a large area in a global manner [9, 5].

These hydrophobic pervading compounds consist of carbon and hydrogen only. In spite of having many PAH
compounds, data lays emphasis only on a limited number of these. On the basis of their toxicity and abundance,
16 PAH compounds have been included in the US Environmental Protection Agency‘s list of priority pollutants
to be monitored in the effluents of industry [10, 11]: 1) Naphthalene (C10H8), 2) Phenanthrene (C14H10), 3)
Anthracene (C14H10), 4) Fluoranthene (C16H10), 5) Pyrene (C16H10), 6) Chrysene (C18H12), 7) Benzo
(a)anthracene (C18H12), 8) Benzo (b)fluoranthene (C20H12), 9) Benzo (k)fluoranthene (C20H12), 10) Benzo
(e)pyrene (C20H12), 11) Benzo (a)pyrene (C20H12), 12) Perylene (C20H12), 13) Benzo (ghi)perylene
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(C22H12), 14) Dibenzo (ah)anthracene (C22H14), 15) Indeno(cd)pyrene (C22H12), 16) Coronene (C24H12).
As the number of benzene rings increases so does the molecular weight of the compound. As the molecular
weight of these pollutants increases their reactivity, volatility and aqueous solubility decrease [3]. PAH with six
fused aromatic rings are said to be “small’ PAHs, whereas those containing more than six aromatic compounds
are called “large’” PAHSs [4].

PAHSs are very stable thermally and are resistant to degradation. These aromatic compounds have high melting
and boiling points. PAHs with lower molecular weight are generally water soluble and with each additional ring
the hydrophobicity and aqueous insolubility increases. These compounds have low vapour pressure [12]. Due to
their lipophilic nature these pollutants are quite soluble in organic solvents. Owing to peculiar UV absorbance
spectrum of each isomer of PAH and unique UV spectrum of each ring structure the identification becomes
easy. These aromatic pollutants are light sensitive, corrosion resistant, heat stable and can exert physiological
actions [13]. PAHs are important constituents of crude oil, creosote, asphalt and coal tar. These are mainly used
in pharmaceutical industries in the manufacturing of pesticides, certain dyes, and pigments also in agrochemical
production. These persistent pollutants are used in construction of roads and roofs. Furthermore, specific refined
products of certain PAHS, are used in electronics, functional plastics and liquid crystals [4].

I1. SOURCE

This ubiquitous group of compounds are widely distributed in the environment mainly in and around areas
where bush burning for agricultural farming is commonly practiced, as also in petroleum exploration and
refining operations [14]. Origin of these pollutants can be natural like grasses, forest fires, soil, sediments,
leakage of petroleum, eruption of volcanoes and many more. The anthropogenic sources are even more
unaccountable. It varies from a cigarette smoke to incinerators. Usually the human generated sources include
incomplete combustion of organic materials, fuel combustion, exhaust from automobiles and aeroplanes. High
concentrations are reported to be found near coal gasification sites and tar oil distillation plants [3, 15]. At times
even discharge from industries and accidental release of raw and refined products can lead to the build up of
PAH in the environment. Emissions from coal combustion for power generation are predominant in emerging
countries. Air pollution by PAHSs in industrialized nations mainly occurs from small combustion units in
households. Sediments from urban waterways have an “urban background” signature from a variety of nonpoint
sources of PAHs which may confound the interpretation of point sources of PAHSs to these waterways [11].
Common point sources of PAHSs include direct and indirect discharges from petroleum terminals, shipyards,
aluminium smelting, manufactured gas production plants, tar distillation plants, rail yards, loading/unloading
facilities, and spilled or seeped petroleum or coal or oil derived tars and their associated distillation products
[16].

The sources are broadly divided into three categories i.e. Pyrogenic, petrogenic and biological. Resembling to
the name of the source pyrogenic, PAHSs generated during pyrolysis belong to this category. During combustion;
destruction, distillation or cracking of heavy organic compounds into lighter hydrocarbon chains under very
high temperature (350°C to even greater than 1200 °C) and absence or low concentration of oxygen. These are
done intentionally, hence are voluntary processes. The other pyrogenic sources, which lead to the formation of
PAHSs, are unintentional or involuntary include incomplete combustion of motor fuels in vehicles, improper

combustion of wood in forest fires and fireplaces, and incomplete combustion of fuel oil in heating systems [4].
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PAHSs can even be released at low temperature (100°C to 150 °C) in the process of aromatisation but it is a slow
process and produces high concentrations of alkylated PAHSs.
Petrogenic sources involve formation of PAHs during crude oil maturation or similar processes. Due to the
dependence of human beings on petroleum products these sources are wide spread. PAHs are found on
petroleum products and can be released in the transportation, storage and use of crude oil and its products. Most
common sources of petrogenic PAHSs include marine and freshwater oil spills, underground and above ground
storage tank leaks, and the accumulation of vast numbers of small releases of gasoline, motor oil, and related
substances associated with transportation [11, 17]. The third category of source of PAHSs is not so well known.
Few PAHSs are produced biologically. For instance, they can be synthesized by certain plants and bacteria or

formed during the degradation of vegetative matter [4].

. EFFECTS ON HUMAN HEALTH

Apart from the environment, the PAHSs are also attributed significant importance on account of their toxicity to
humans. On exposure to PAHSs, humans suffer from various consequences (Table 1). Such an exposure can
occur through various portals of entry such as inhalation of polluted air or smoke (including cigarette smoking);
ingestion of foods contaminated with PAHs from water, soil or air; and dermal contact through occupational
exposure or otherwise [18]. The type and severity of toxicity that develops depends up on numerous factors such
as the relative toxicity of the chemical, the degree or amount of exposure, the duration and route of exposure,
the age and pre-existing health status [18]. For example, short-term exposure to PAHs has been reported to
cause impairment in pulmonary function in asthmatics and increased risk of thrombotic events in patients with
heart disease [18, 19].

Adverse effects due to short-term exposure Adverse effects due to long-term exposure
e Nausea e Cataracts
e Vomiting e Reduced immunity
e Loose motions ¢ Kidney damage
e Confusion e Liver damage *
e Eyeirritation e Haemolysis due to naphthalene
e Skin irritation e Breathing problems and asthma-like symptoms
e Pulmonary abnormalities
e Cancers — lung, skin, bladder, gastrointestinal tract

Table 1: Adverse effects on human health due to exposure to PAHs [20, 21, 22, 23, 24]
An important concern with PAHSs is their ability to cause mutagenesis and carcinogenesis. Various PAHs have
been identified and classified by the International Agency for Research on Cancer as carcinogens —
benzo[a]pyrene has been included in Group A (carcinogenic to humans) while benz[a]anthracene,
benzo[k]fluoranthene, benzo[b]fluoranthene, naphtahalene and chrysene are in Group 2B (Possibly carcinogenic
to humans) (http://monographs.iarc.fr/ENG/Classification/). Owing to their highly lipophilic nature, the PAHSs
tend to accumulate in the human body, especially in the adipose tissue. Several studies have reported an

increased risk of lung, skin, bladder and gastrointestinal cancers among populations exposed to PAHs [22].
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The mutagenesis due to PAHSs has been attributed to their electrophilic metabolites that interact covalently with
DNA and form adducts leading to base pair substitutions and frameshift mutations [25, 26, 27, 28, 29, 30]
Observational studies have also reported that exposure to high levels of PAH during pregnancy can lead to low
birth weight, premature delivery, cardiac malformations, childhood asthma, lower 1Q and increased behavioural
problems in later life in the offspring [4, 31, 32, 33].

V. BIOACCUMULATION

Bioaccumulation refers to accumulation of a substance in an organism. PAHs tend to accumulate in organisms
on account of their lipophilic nature wherein they dissolve within the adipose tissue of the organisms [34].
Various investigations have documented a higher level of PAHSs in plants following their administration that can
be attributed to bioaccumulation [35, 36]. This may lead to an increased toxicity to the organism, though
evidence for this is very limited. Moreover, PAHs also have the potential to undergo biomagnification as they
get transferred in the food chain from lower organisms to higher [37]; a phenomenon also referred to as ‘trophic

transfer’.

V. DEGRADATION TECHNIQUES

The removal of PAHs from environment can be by degradation by various means. Based on the chemical and
physical properties of PAHSs the degradation can be chemical degradation, photooxidation, and biodegradation.
Very few studies have reported degradation by photooxidation or chemical degradation. Most studies have
examined biodegradation by various microorganisms such as Ochrobactrum sp., Enterobactercloacae,
Stenotrophomonas maltophilia and many more [11].

5.1. Chemical degradation

PAHs being relatively stable and recalcitrant in soil are less easy to degrade than many other organic
compounds. Upon addition of chemicals PAHs undergo chemical reaction but are transformed in to other
polyaromatic hydrocarbons. Their aromaticity is conserved since a lot amount of energy is required to change an
aromatic compound into a non aromatic compound [5]. Degradation of PAHs by chemicals depends on many
factors like molecular weight, structure of the compound, its physical state, temperature and the strength of
oxidizing agent. If the chemical oxidant is added in insufficient quantity, the PAH could be metabolically
transferred into dead-end products which are resistant to further degradation [38]. This dead-end product could
build-up in the environment and become a source for further contamination. The efficiency of chemical
degradation of PAHSs is limited by their low aqueous solubility and vapour pressure [39]. Nonetheless,
surfactants have been reported to contain properties that overcome problems related to PAHs low aqueous
solubility. Surfactants enhance the solubility of hydrophobic compounds [40]. Several studies have stressed the
importance of surfactants to increase the solubility of PAHs by decreasing the interfacial surface tension
between PAH and the soil/water interphase [5, 41].

Some researchers have reported negative or negligible effects of adding surfactants to soil substrate [42].
Possible reasons for this include the competition for substrate utilization and toxicity of the surfactants towards
PAHs-degrading bacteria in the soil matrix [43]. Hence, PAHs-degradation process involving surfactant

utilization need to be optimized for each of the factors influencing degradation including, surfactant type and
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concentration, PAH specificity as well as presence of host bacteria [44, 5]. Zhang et al. also reported that the
synergistic effect of UV irradiation and TiO2 or ZnO catalysis was efficient for degradation of PAHSs in
contaminated soil [45, 46]. Iron oxides and oxalic acid can set up a photo-Fenton-like system without additional
H202 in solid phase to enhance the photodegradation of pyrene under UV irradiation [47]. Also, sono-chemical
degradation of PAHSs using high frequency of ultrasound was also investigated [4, 48, 49].
5.2. Photooxidation
Photo oxidation or photolysis is said to be the process under which destruction of a compound occurs from
reactions initiated by the absorption of light [50]. Such reactions take place when electrons in PAH compounds
get excited due to absorption of light leading to unstable structural arrangement. Degradation of PAH is less
when they are adsorbed on soil particles as compared to when they are in vapour or aqueous phase. The
degradation effectiveness increases with increase in particle surface area. Also, photolysis reactions are also
greater on light coloured particles, such as silica gel or alumina, than on darker particles, such as carbon black
[4, 51].
Photolysis mainly depends on molecular weight and structure of the compound. Due to the bioavailability of
compounds with low molecular weight and longer exposure time to sunlight, photolysis is more effective.
Linear, 2-ring, and some clustered PAHs degrade rapidly under direct light. Angular PAHSs (e.g., phenanthrene
and dibenz(a,h)anthracene) are the slowest in degradation. This is mainly because they are the most structurally
stable molecules [52]. Finally, PAH molecules, when they are adsorbed on fly ash particles, may get deposited
inside the fly ash pore structure. When this occurs, the portion of the PAHs in the pore structure becomes
shielded from sunlight which stops photolytic reactions from occurring [5, 53].
5.3. Biodegradation
Biodegradation is the promising technology for the treatment of contaminated soil, water or sediments
contaminated with organic compounds. It involves complete mineralization of organic contaminants into carbon
dioxide, water, inorganic compounds, and cell protein or transformation of complex organic contaminants to
other simpler organic compounds by biological agents like microorganisms. The products of complete
mineralization of the pollutant by biodegradation process include; CO2, H20 and cell biomass [54]. The
optimization of biodegradation process involves many factors such as the existence of a microbial consortium
capable of degrading the pollutant, the bioavailability of the contaminant to microbial attack and certain
environmental factors (soil type, temperature, soil pH, oxygen level of soil, electron acceptor agents, nutrient
content of soil) contributing to microbial growth [5, 54].
The rate of PAH degradation can be reduced if the bacteria involved in degrading PAHSs find a chemical that is
utilized more easily as a food source. Competitive inhibition occurs when the active sites of enzymes used by
bacteria to break down PAHs as a carbon source are nonspecific. These non-specific enzymes can attach
themselves to a number of different chemicals. If other chemicals are present that are more easily broken down,
the enzyme will degrade those chemicals as its carbon source and the PAHs will persist [55].
Evidence have been accumulating to suggest that certain microorganisms namely; Bacillus subtilis,
Pseudomonas aeruginosa and Torulopsis bombicola could produce bioremediation surfactants such as
surfactin, rhamolipid and sophorolipid capable of improving bioremediation by solubilising PAHs into the

aqueous medium and enhance their bioavailability for degradation [5, 56, 57].
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V1. CONCLUSION
Thus, PAHSs represent a great concern to environment and human health due to their toxic nature. Of all the

existing techniques of remediation, biodegradation remains the most cost effective and environment friendly.

Moreover, combining two or more degradation techniques can prove to be more effective than individual

methods. However, due to their recalcitrant nature, more research is required to determine better remediation

techniques. Accumulation of PAHs by plants needs further study and microbes and plants can be used together

for better remediation results. A thorough understanding of the source, physical and chemical properties and

their effects is indispensable for this purpose. Public awareness regarding sources and health effects of PAHSs

needs attention on a global scale due to their potential for long range transport.
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