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KEYWORDS Abstract Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental pollutants
Polycyclic aromatic hydro- generated primarily during the incomplete combustion of organic materials (e.g. coal, oil, petrol,
carbons (PAHs); and wood). Emissions from anthropogenic activities predominate; nevertheless, some PAHs in
Sources of PAHs; the environment originate from natural sources such as open burning, natural losses or seepage
Effect on human health; of petroleum or coal deposits, and volcanic activities. Major anthropogenic sources of PAHs
Environmental risk; include residential heating, coal gasification and liquefying plants, carbon black, coal-tar pitch
Removal of PAHs and asphalt production, coke and aluminum production, catalytic cracking towers and related

activities in petroleum refineries as well as and motor vehicle exhaust. PAHs are found in the
ambient air in gas-phase and as sorbet to aerosols. Atmospheric partitioning of PAH compounds
between the particulate and the gaseous phases strongly influences their fate and transport in the
atmosphere and the way they enter into the human body. The removal of PAHs from the
atmosphere by dry and wet deposition processes are strongly influenced by their gas/particle
partitioning. Atmospheric deposition is a major source for PAHs in soil.

Many PAHs have toxic, mutagenic and/or carcinogenic properties. PAHs are highly lipid soluble
and thus readily absorbed from the gastrointestinal tract of mammals. They are rapidly distributed
in a wide variety of tissues with a marked tendency for localization in body fat. Metabolism of
PAHSs occurs via the cytochrome P450-mediated mixed function oxidase system with oxidation
or hydroxylation as the first step.

Several different remediation technologies have been tested in efforts to remove these environ-
mental contaminants. Among them, bioremediation is showing particular promise as a safe and
cost-effective option. In spite of their xenobiotic properties, a variety of genera of gram-positive
and -negative bacteria, fungi and algae have been isolated and characterized for their ability to
utilize PAHs.
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The aim of this review is to discuss PAHs impact on the environmental and the magnitude of the
human health risks posed by such substances. They also contain important information on concen-
trations, burdens and fate of polycyclic aromatic hydrocarbons (PAHs) in the atmosphere. The
main anthropogenic sources of PAHs and their effect on the concentrations of these compounds
in air are discussed. The fate of PAHs in the air, their persistence and the main mechanisms of their
losses are presented. Health hazards associated with PAH air pollution are stressed.

© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are organic com-
pounds that are mostly colorless, white, or pale yellow
solids. They are a ubiquitous group of several hundred
chemically related compounds, environmentally persistent
with various structures and varied toxicity. They have toxic
effects on organisms through various actions. Generally,
PAHs enter the environment through various routes and
are usually found as a mixture containing two or more of
these compounds, e.g. soot. Some PAHs are manufactured
in the industry. The mechanism of toxicity is considered to
be interference with the function of cellular membranes as
well as with enzyme systems which are associated with the
membrane. It has been proved that PAHs can cause carcino-
genic and mutagenic effects and are potent immune-
suppressants. Effects have been documented on immune
system development, humoral immunity and on host
resistance [1,2]. PAHs can be formed both during biological
processes and as products of incomplete combustion from
either natural combustion sources (forest and brush fires)
or man-made combustion sources (automobile emissions
and cigarette smoke). Thus, PAHs are commonly detected
in air, soil, and water. Therefore, PAHs are considered
ubiquitous in the environment [3,4]. The ubiquitous nature
of PAHs in the environment has been well summarized by
Menzie et al. [5].

The term “PAH” refers to compounds consisting of only
carbon and hydrogen atoms. Chemically the PAHs are com-
prised of two or more benzene rings bonded in linear, cluster,
or angular arrangements [6,7]. Such molecular arrangements
are illustrated in (Fig. 1). Although there are many PAHs,
most regulations, analyses, and data reporting focus on only
a limited number of PAHs, typically between 14 and 20 indi-
vidual PAH compounds.

Polycyclic aromatic hydrocarbons have two or more single
or fused aromatic rings with a pair of carbon atoms shared
between rings in their molecules. PAHs containing up to six
fused aromatic rings are often known as ‘“‘small” PAHs, and
those containing more than six aromatic rings are called
“large” PAHs. The majority of research on PAHs has been
conducted on small PAHs due to the availability of samples
of various small PAHs. The simplest PAHs, as defined by
the International Agency for Research on Cancer [8], are
phenanthrene and anthracene, which both contain three fused
aromatic rings. On the other hand, smaller molecules, such as
benzene, are not PAHs. Naphthalene, which consists of two
coplanar six-membered rings sharing an edge, is another aro-
matic hydrocarbon. Therefore, it is not a true PAH, though
is referred to as a bicyclic aromatic hydrocarbon. The most

extensively studied PAHs are 7, 12-dimethylbenzo anthracene
(DMBA) and benzo(a)pyrene (BaP) [2]. The most commonly
analyzed PAHs are given in (Fig. 2).

The general characteristics of PAHs are high melting and
boiling points (therefore they are solid), low vapor pressure,
and very low aqueous solubility [10]. The latter two character-
istics tend to decrease with increasing molecular weight, on the
contrary, resistance to oxidation and reduction increases [10].
Aqueous solubility of PAHs decreases for each additional ring
[11]. Meanwhile, PAHs are very soluble in organic solvents
because they are highly lipophilic. PAHs also manifest various
functions such as light sensitivity, heat resistance, conductivity;
emit ability, corrosion resistance, and physiological action [12].

PAHSs possess very characteristic UV absorbance spectra.
Each ring structure has a unique UV spectrum, thus each iso-
mer has a different UV absorbance spectrum. This is especially
useful in the identification of PAHs. Most PAHs are also flu-
orescent, emitting characteristic wavelengths of light when
they are excited (when the molecules absorb light).

The major source of PAHs is the incomplete combustion of
organic material such as coal, oil and wood. PAHs are not
synthesized chemically for industrial purposes. Nevertheless,
there are a few commercial uses for many PAHs. They are
mostly used as intermediaries in pharmaceuticals, agricultural
products, photographic products, thermosetting plastics, lubri-
cating materials, and other chemical industries [13]. However,
the general uses of some PAHs are:

o Acenaphthene: manufacture of pigments, dyes, plastics, pes-
ticides and pharmaceuticals.

e Anthracene: diluent for wood preservatives and manufac-
ture of dyes and pigments.

e Fluoranthene: manufacture of agrochemicals, dyes and
pharmaceuticals.

e Fluorene: manufacture of pharmaceuticals, pigments, dyes,
pesticides and thermoset plastic.

e Phenanthrene: manufacture of resins and pesticides.

e Pyrene: manufacture of pigments.

Other PAHs may be contained in asphalt used for the
construction of roads, in addition to roofing tar. Further-
more, specific refined products, of precise PAHs, are used
also in the field of electronics, functional plastics, and liquid
crystals.

2. Source of polycyclic aromatic hydrocarbons (PAHs)

The following three types: pyrogenic, petrogenic, and biologi-
cal are the major PAH sources to the environment. In a
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Figure 1 Molecular arrangement of the polycyclic aromatic
hydrocarbons (PAHs) [6,7].

Example: Pyrene

process called pyrolysis, Pyrogenic PAHs are formed when-
ever organic substances are exposed to high temperatures
under low oxygen or no oxygen conditions. The destructive
distillation of coal into coke and coal tar, or the thermal
cracking of petroleum residuals into lighter hydrocarbons
are Pyrolytic processes that occur intentionally. Meanwhile,
other unintentionally processes occur during the incomplete
combustion of motor fuels in cars and trucks, the incomplete
combustion of wood in forest fires and fireplaces, and the
incomplete combustion of fuel oils in heating systems. The
temperatures at which the pyrogenic processes occur are
ranging from about (350 °C to more than 1200 °C). Pyro-
genic PAHs are generally found in greater concentrations
in urban areas and in locations close to major sources of
PAHSs. In addition, PAHs can also be formed at lower tem-
peratures. It is worth mentioning that crude oils contain
PAHs that formed over millions of years at temperatures
as low as (100-150 °C).

In this respect, PAHs formed during crude oil maturation
and similar processes are called petrogenic. Such petrogenic
PAHs are common due to the widespread transportation, stor-
age, and use of crude oil and crude oil products. Some of the
major sources of petrogenic PAHs include oceanic and fresh-
water 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. It is well-known that PAHs can be formed dur-
ing the incomplete combustion of organic substances. PAHs
are also found in petroleum products.

On the other hand, it is not well-known that PAHs can be
produced biologically. For example, they can be synthesized by
certain plants and bacteria or formed during the degradation
of vegetative matter. The mode of PAHs formation can be
either natural or anthropogenic. (Fig. 3) illustrate such mode
of PAHs formation [14-17].

Examples of natural sources of PAHs formation include:
forest and brush fires, volcanoes, bacterial and algal synthesis,
petroleum seeps, erosion of sedimentary rocks containing

petroleum hydrocarbons, and decomposition of vegetative liter
fall. Examples of anthropogenic sources of PAHs range from:

e Large point sources include incomplete combustion (such
as incinerators and some industrial processes.

e Smaller point sources include , dispersed sources (such as
automotive emissions, smoke from wood-burning stoves,
jet aircraft exhausts, cigarette and cigar smoke, and back-
yard barbecues).

e Other anthropogenic sources of PAHs include petroleum
product spills, sewage sludge, and tarry or creosote waste
materials.

It is important to mention that the incomplete combustion,
either naturally or anthropogenically derived, has been identi-
fied as the single largest contributor of PAHs to the environ-
ment [18].

Sources of PAHs to the environment are numerous and
generally well-known. The identification of the PAH content
is based mainly on real environmental samples. Chemical fin-
gerprinting includes several techniques which can help distin-
guish between groups of PAH sources. Such groups include
coal-based, wood-based, or oil-based sources. This can be
done by examining specific chemical indicators that contained
in many samples. As such, source identification techniques
often compliment studies involved in the establishment of gen-
eral “background” ranges of PAHs in the environment. Chem-
ical fingerprinting can also help identify and allocate non-point
sources of PAHs to the environment in both industrial and res-
idential areas [19].

As previously mentioned, the temperature of formation can
provide one key to identifying PAH sources because higher
temperatures of formation tend to produce PAHs with fewer
alkylated chains than PAHs formed under lower temperature
processes. For instant, PAHs in a power plant stack effluent,
which are formed rapidly at very high temperatures will have
a different pattern of PAHs than the PAH distribution found
at a crude oil spill site. The later PAHs were, generally, formed
at lower temperatures over millions of years [20].

Another method used to distinguish pyrogenic PAHs from
petrogenic PAHs is to examine the number of five-member
hydrocarbon rings in the PAHs. Five-member rings are more
abundant in petroleum hydrocarbons than in pyrogenic sub-
stances, because the extensive time of petroleum hydrocarbon
formation favors the marshaling of the rings. For materials
formed pyrolytically the source material is rapidly converted
into more stable six-member rings [21]. Thus, although the
sources of PAHs to the environment are many, advances have
been and continue to be made in the identification of these
sources, and the distinction between pyrogenic PAHs and those
not derived from pyrolytic sources [22].

3. Transport and Fate of PAHs in the environment

Fig. 4 illustrates PAHs dispersion through air and move
through terrestrial and aquatic environments as a result of var-
ious processes. Fig. 4 shows some of these processes in broad
form and shows how PAHs are added, dispersed, and
degraded in the environment. It also illustrates how people
can be exposed to PAHs through inhalation, ingestion, or
direct dermal contact.



110

H.I. Abdel-Shafy, M.S.M. Mansour

Naphthalene'

O)

Source: Bjorseth, 1983

Phenanthrene

@ O9e®

2-Methynaphthalene 1 Anthracene1 Benzo(k)fluoranthene1.2
Q0" oo OO0
1-Methylnaphthalene Fluoranthene! Benzo(a)pyrene’.2

oo ©

o &5 o’ D
Ac1 Benz{a)anthracene! 2 Dibenz(a hjanthracene' 2
00  ood ©©©<§g

Notes: 'PAHs are on the EPA RBC List (EPA, 1999z).
2PAHs identified as probable human carcinogens by the EPA (shown in bold).

Benzo(b)fiuoranthene' 2

O ©

o5

Figure 2 The most commonly analyzed polycyclic aromatic hydrocarbons (PAHs) [9].

3.1. Atmospheric emission and deposition of PAHs

The atmosphere is the most important means of PAH disper-
sal, it receives the bulk of the PAH environmental load
resulting in PAHs being ubiquitous in the environment.
PAHs are emitted to the atmosphere primarily from the
incomplete combustion of organic matter. The combustion
sources can be either natural or anthropogenic. The natural
sources include volcanoes and forest fires. While the anthro-
pogenic sources are vehicle exhaust, agricultural fires, power

plants, coke plants, steel plants, foundries and other indus-
trial sources. PAHs tend to be found in greater concentra-
tions in urban environments than in rural environments
because most PAH sources are located in or near urban cen-
ters. Once released to the atmosphere, PAHs are found in
two separate phases, a vapor phase and a solid phase in
which the PAHs are sorbet onto particulate matter
[24,25,18]. Hydrophobic organic chemicals with low vapor
pressures, such as PAHs, are sorbet to atmospheric particu-
lates more readily than chemicals with higher vapor
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pressures, such as benzene. The variability in vapor pressures
of different PAH compounds cause the individual PAHs to
distribute in different concentrations in the vapor [26] and
other sorbet phases [27].

Relationship between vapor pressure and molecular
weight for typical PAHs is given in (Fig. 5) [29]. As shown
in this figure, benzo(a)pyrene has the lowest vapor pressure
and naphthalene has the highest vapor pressure. In addition,
the correlation between vapor pressure and molecular weight
is quite good with a correlation coefficient of 0.9017 [28].
PAHs with lower vapor pressures (e.g., benzo(a)pyrene) will
tend to be sorbet to particles, while PAHs with higher vapor

pressures (e.g., naphthalene) will tend to be associated with
the vapor phase. As a result, the relative distribution of
PAHs in the two phases will be different, for an air sample.

It was stated by “Electric Power Research Institute
(EPRI)” [29] for air samples collected from Portland, Oregon,
that there are two differences between the PAH concentrations
in the vapor and particulate phases. First, the total PAH con-
centration for the vapor phase (741 ng/m?) is much higher than
that of the particulate phase (12 ng/m?). Second, the lower
molecular weight, higher vapor pressure PAHs are detected
in the vapor phase whereas the higher molecular weight, lower
vapor pressure PAHs is not. In contrast, the vapor phase has

l PAH Sources

|

Natural Petroleum
Vegetative Decay
Rare Minerals
Plant Synthesis
'Flres

'Vok:anlc Eruptions

Incomplete |

Combustion

Anthropogenic

Petroleum Spills
Pesticide Formulations
Sewage Sludge
PAH-contaminated Media
pes e e s me S aea s ————
: Road Dust
! Vehicles (internal combustion)
-Jer Aircraft
\incineration
| Wood Burning
|Cigarette Smoke
|Coking Plants
lOlher Industries/Pr
thscellaneous Burning

Figure 3  Natural and anthropogenic sources of polycyclic aromatic hydrocarbons (PAHs).

Proyss /4 7
ory Wet Depasiion
r:cpuI.:r l

Aquatic

Ingestion
Vegetables- Roots
Leaves
Dry Depostion: ; i
Inhalation ::: Grised
Actve Smoking Fried
1 Passive Smcking . Satie
ar
Retention
in the Body|
Ot Spes

Wastes
Caonoentratony Urine

Leaching Symreds Blodegradaton
Sod Bactera
G'nuﬂ:’wa’rv
o & =.
Source: Suess, 1976

Feces

Figure 4 Dispersion of PAHs through the air, the terrestrial and aquatic environments [23].



112

H.I. Abdel-Shafy, M.S.M. Mansour

10.5

8s

85

75

-Log of Vapor Pressure at 25°C (Atm)

55

45
Naphthalene

Bmuoti)nm.

y=0.0484x - 1.7158

b
pe-geg ey Benz(a)anthracene

120 140 160 180

Molecular Weight (amu)

Source: Schwarzenbach et al.. 1993

200 220 280

Figure 5

much lower concentrations of the higher molecular weight
PAHSs than the particulate phase [29]. A significant correlation
was also found between the amounts of dust in the air and
PAH concentrations in the particulate phase [27]. Hence, the
concentrations of PAHs in the gas phase increase in summer
or in general in tropical regions, whereas particulate phase
PAHs are dominant during winter or in general in Arctic
regions [30,31]. Meanwhile, humidity has an effect on the
adsorption of PAHs onto particulate phases [32]. Moreover,
PAH adsorption also depends on the types of suspended
particulates (e.g., soot, dust, fly-ash, pyrogenic metal oxides,
pollens, etc.) [18].

PAHs are to be collected on filter or sorbent followed by
extraction that is normally carried out by a number of organic
solvents using Soxhlet or ultrasonication treatments. Such
solvent-based methods are successfully used for a wide range
of PAHs. Detection of PAHs and their derivatives can be
achieved using GC-MS method. It is reliable and accurate to
determine the concentrations of PAHs and their derivatives
[33].

3.2. PAHs in surface soils

Atmospheric PAHs are continuously deposited to the earth by
dry or wet deposition processes. Some of these PAHs are from
nearby sources, such as automotive exhaust from adjacent
roadways. Other PAHs are from more distant sources and
have been carried various distances through the air. In the
mean time, PAHs can be added to soils if fill materials contain
PAHs. When PAHs are deposited onto the earth’s surface,

Relationship between vapor pressure and molecular weight for typical PAHs [28].

they can become mobile. Since the majority of PAHs in the soil
will be bound to soil particles [16,34], the most important fac-
tors influencing PAH mobility of particulates in the subsurface
will be sorbent particle size and the pore throat size of the soils.
Such pore throat can be defined as the smallest opening found
between individual grains of soil [35]. If particles to which
PAHs are sorbet cannot move through the soil then the move-
ment of PAHs will be limited because they tend to remain sor-
bet to particles.

The tendency of PAHs to be sorbet to soil depend on both
the properties of the PAH and the soil. Therefore, PAH sorp-
tion is one of the processes that govern the soil mobility of
individual PAHs. Numerous studies of the correlation of the
partition coefficient with soil properties have found that the
organic carbon content (f) usually yields the most significant
correlation [29].

The octanol-water partitioning coefficient of PAHs is also
important in determining the sorption of PAHs to soils. The
octanol-water partitioning coefficient (K,,,) is related to the
solubility of an organic compound in water [28]. As the K,
increases, the aqueous solubility decreases and the tendency
for sorption to a particular soil increases. Nevertheless, the
K, and solubility can affect PAH mobility in soil. Other fac-
tors such as soil conductivity also have a significant influence
on PAH movement.

A simplified solvent extraction and GC/MS/MS is
employed for a rapid determination of 18 polycyclic aromatic
hydrocarbons (PAHs) in soil. The GC/MS/MS is to be oper-
ated in pseudo multiple reactions monitoring mode (PMRM)
[36].
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3.3. PAHs in sediments

PAHs are deposited to the sedimentary environment by similar
processes that govern the deposition to surface soils. In rural
areas, the PAHs sorbet to atmospheric particles can settle on
the surface of lakes, streams, and oceans by dry or wet depo-
sition. There they are dispersed by currents and eventually
become integrated with the sediment. On the other hand, sed-
iments near urban centers are influenced by atmospheric depo-
sition of PAHs. They also receive inputs of PAHs from storm
and sanitary sewer effluents as well as roadway runoff. Even-
tually, some of the PAHs will be sorbet to particles, settle,
and become part of the sedimentary record. This record has
been used by several authors by examining the depositional
history in sediment cores to identify trends of PAH input into
the environment. These cores are usually taken in anoxic sed-
iment, where there is no oxygen in the water [29,37].

Once PAHs are incorporated into sediments they are some-
what immobile because their non-polar structures inhibit them
from dissolving in water. Nevertheless, PAHs are not com-
pletely insoluble, particularly the lower molecular weight
PAHs. Thus, small amounts of PAHs do dissolve and become
included in the pore water where they are bioavailable. The
presence of pore water organic colloids can increase the con-
centrations of PAHs beyond their aqueous solubility because
PAHs will be sorbet onto these organic colloids. These in turn
are easily transported through the pore spaces of the sediment.
Thus, the sorption to colloids can increase the mobility and
bioavailability of PAHs in sediments [38].

3.4. Ecotoxic effects of PAHs

The toxicity of PAHs to aquatic organisms is affected by meta-
bolism and photo-oxidation. They are generally more toxic in
the presence of ultraviolet light. PAHs have moderate to high
acute toxicity to aquatic life and birds. PAHs in soil are unlikely
to exert toxic effects on terrestrial invertebrates, except when the
soil is highly contaminated. Adverse effects on these organisms
include tumors, reproduction, development, and immunity.

Mammals can absorb PAHs by various routes e.g. inhala-
tion, dermal contact, and ingestion [38-40]. On the other hand,
plants can absorb PAHs from soils through their roots and
translocate them to other plant parts. Uptake rates are gener-
ally governed by concentration, water solubility, and their
physicochemical state as well as soil type. PAH-induced phyto-
toxic effects are rare. Full information and the database on this
are still limited. Certain plants contain substances that can
protect against PAH effects. Other plants can synthesize PAHs
that act as growth hormones [40].

PAHs are moderately persistent in the environment, and
can be bio-accumulated. The concentrations of PAHs found
in fish and shellfish are expected to be much higher than in
the environment from which they were taken. Bioaccumula-
tion has been also shown in terrestrial invertebrates. Neverthe-
less, metabolism of PAHs is sufficient to prevent
biomagnifications [41,42].

4. Occurrence of PAH in foods

Raw foods should usually not contain high levels of PAH. In
areas remote from urban or industrial activities, levels of

PAH found in unprocessed foods reflect the background con-
tamination. Such PAH usually originates from long distance
airborne transportation of contaminated particles as well as
natural emissions from volcanoes and forest fires. In the
neighborhood of industrial areas or along highways, the con-
tamination of vegetation can be ten-fold higher than in rural
areas. Processing of food (such as drying and smoking) and
cooking of foods at high temperatures (grilling, roasting, fry-
ing) are major sources generating PAH [43,44]. Levels as
high as 200 pg/kg of PAH have been found in smoked fish
and meat. In barbecued meat, 130 pg/kg of PAH has been
reported (Standing Committee on Foodstuffs, 2001). Gener-
ally, the average background values are in the range of
0.01-1 pg/kg in uncooked foods. Contamination of vegetable
oils (including olive residue oils) with PAH usually occurs
during technological processes like direct fire drying. In this
respect, the combustion products may come into contact
with the oil seeds or oil [45,46].

The occurrence of PAH in foods is governed mainly by
the same physicochemical factors that determine their absorp-
tion and distribution in man. These factors are the relative
solubility of PAH in water and organic solvents. Such solu-
bility determines their capacity for transport and distribution
between different environmental compartments and their
uptake and accumulation by living organisms. The trans-
portation of PAH in the atmosphere is influenced by their
volatility. The chemical reactivity of PAH influences adsorp-
tion to organic material or degradation in the environment.
All these factors determine the persistence and capacity of
PAH to be bio-accumulated in the food chain [47,48]. PAH
are lipophilic and generally have a very poor aqueous solubil-
ity. On the contrary, PAH accumulate in lipid tissue of plants
and animals. On the other hand, PAH will not tend to accu-
mulate in plant tissues with a high water content and limited
transfer from the soil to root vegetables will occur. The rate
of transfer varies widely and is also influenced by soil charac-
teristics, the plant and the presence of co-pollutants. PAH is
strongly adsorbed to the organic fraction of soils and do not
penetrate deeply into most soils, therefore limiting both
leaching to groundwater and availability for uptake by
plants. Some PAH are semi volatile but most of them tend
to adsorb on organic particulate matter.

Heavier PAH preferentially associate with particulate
matter so atmospheric fall out is a principal route of contam-
ination [49]. PAH with 5 or more aromatic rings are found
predominantly on particulates, (usually on small (<2.5 pum)
particles such as fly ash and soot). PAH with 2 or 3 rings
are almost entirely in the vapor phase. PAH with 4 rings is
in an intermediate position. Consequently, vegetables with
large leafs, grazing cattle and poultry which may ingest par-
ticulate matter from soil are susceptible to contamination by
PAH adsorbed to particles. The waxy surface of vegetables
and fruits can concentrate low molecular mass of PAH
mainly through surface adsorption. PAH concentrations are
generally greater on plant surface (peel, outer leaves) than
on internal tissue. Careful washing may remove up to 50%
of the total PAH. Particle bound PAH are easily washed
off the surface whereas those in the waxy layer are less effi-
ciently removed. Washing may alter the apparent high to low
molecular mass PAH profile. When particulates fall out into
surface water, they are transported in suspension and sur-
face. The adsorbed PAH finally end up in fresh water or
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marine sediments. PAH are strongly bound to these sedi-
ments which constitute a potential pollution reservoir for
PAH release under specific conditions. Thus, sediment-
dwelling and filtering organisms are most susceptible to con-
tamination. Most organisms have a high bio-transformation
potential for PAH resulting in no significant Dbio-
magnification in the aquatic food chain. Nevertheless, filter-
feeding bivalves (e.g. mussels and oysters) filter large volumes
of water and have a low metabolic capacity for PAH. They
may accumulate PAH. The water-soluble low molecular mass
PAHs are rapidly degraded in water. However, the continu-
ous release of PAH by wastewater, which is discharged to the
marine environment, can result in elevated concentrations in
bivalves grown close to industrialized areas. The accumula-
tion of sediment-adsorbed PAH depends on the characteris-
tics of the contaminant [50]. The main route of human
exposure to sedimentary PAHs is through marine lives which
make up part of the human diet. PAHs contained in sedi-
ments and pore water are taken in by benthic organisms such
as lobsters, muscles, and clams which are either consumed
directly by humans or are consumed by higher predators
which also are a part of the human diet, such as squid and
fish [51].

Processing procedures, such as smoking and drying, and
cooking of food is commonly thought to be the major source
of contamination by PAH. Depending on a number of
parameters including time, type of fuel, distance from the
heat source and drainage of fat, type (grilling, frying, roast-
ing), cooking number of compounds including PAH are
formed in the food.

A comparison of PAH levels in duck breast steaks, under-
going various processing and cooking treatments for 0.5-1.5 h,
showed that charcoal grilled samples without skin contained
the highest amount of total PAH (320 pg/kg), followed by
charcoal grilling with skin (300 pg/kg), smoking (210 pg/kg),
roasting (130 pg/kg), steaming (8.6 pg/kg) and liquid smoke
flavoring (0.3 pg/kg). For PAH that are classified as carcino-
genic (IARC class 1 or 2 A and B), the trend was the same with
the exception that smoked samples contained the highest
amount (35 pg/kg). In addition, the highest amounts of total
and carcinogenic PAH were observed after smoking of duck
breast samples for 3 h (53 pg/kg) [52].

Contamination of water may lead to intake of PAH
through drinking water and cooked foods. The levels are usu-
ally below 1 ng/L in drinking water. However, the level can be
higher when asphalt or coal tar coating of storage tanks and
water distribution pipes are used.

5. Effect on human health

17 PAHs have been identified as being of greatest concern with
regard to potential exposure and adverse health effects on
humans and are thus considered as a group. Biological monitor-
ing of exposure to PAHs is of primary interest, due to the wide-
spread diffusion of these compounds and to their toxicological
relevance. However, the health effects of individual PAHs are
not exactly alike. In fact, the International Agency for Research
on Cancer [8] classifies some PAHs as known, possibly, or prob-
ably carcinogenic to humans (Group 1, 2A or 2B). Among these
are benzo[a]pyrene (Group 1), naphthalene, chrysene, benz[q]
anthracene, benzo[k]fluoranthene and benzo[b]fluoranthene

(Group 2B) [8]. Some PAHs are well known as carcinogens,
mutagens, and teratogens and therefore pose a serious threat
to the health and the well-being of humans. The most significant
health effect to be expected from inhalation exposure to PAHs is
an excess risk of lung cancer [53].

5.1. Routes of exposure

The major route of exposure to PAHs in the general popula-
tion is from breathing ambient and indoor air, eating food
containing PAHs, smoking cigarettes, or breathing smoke
from open fireplaces [54]. Tobacco smoke contains a variety
of PAHs, such as benzo(a)pyrene, and more than 40 known
or suspected human carcinogens [55]. Some crops, such as
wheat, rye, and lentils, may synthesize PAHs or absorb them
via water, air, or soil. Water can also contain certain
amounts of PAHs since those chemicals can leach from the
soil into water or they can enter water from industrial efflu-
ents and marine accidental spills during oil shipment. Soil
also contains PAHs, primarily from airborne fallout [56].
Therefore, PAH exposure occurs on a regular basis for most
people.

Routes of exposure include ingestion, inhalation, and der-
mal contact in both occupational and non-occupational set-
tings. Occupational exposure may also occur in workers
breathing exhaust fumes, such as mechanics, street vendors,
motor vehicle drivers, including workers in mining, metal
working, or oil refining. Some exposures may involve more
than one route simultaneously, affecting the total absorbed
dose (such as dermal and inhalation exposures from contami-
nated air) [57,1,58]. People can be exposed to PAHs in the air
and surface soil by direct inhalation, ingestion or dermal
contact.

5.2. Metabolism

Exposure to PAHs is never to single PAHs. Understanding
what differences may occur in mixtures of PAHs gives an accu-
rate assessment of the dangers of PAHs. Therefore, under-
standing the dynamics of single metabolism of PAHs and
possible toxic effects is a necessary. This will guide to under-
stand the accurately impact of PAHs and will guide to a well
remediation strategies.

Studies were carried out comparing the metabolism of the
PAHs Phenanthrene (PHE), Flouranthene (FLA) and Benzo
(a)pyrene (BAP) in single, binary, and ternary mixtures by
monitoring the disappearance of the parent compound. It
was observed that PAH metabolism in the single PAH exper-
iment differed from metabolism in both binary and ternary
mixtures. Enzyme competition was evident in the metabolism
of mixtures, changing significantly the metabolism patterns
of individual PAHs. PAH structure was also seen to affect
metabolism in mixtures and the possible creation of toxicity
effects during mixture metabolism. PAH concentration chan-
ged over time with faster change during single PAH metabo-
lism followed by ternary mixture metabolism and finally
binary metabolism [59,60].

Due to the high lipophilicity of this class of compounds,
their bioavailability after ingestion and inhalation is signifi-
cant. Scientific investigations have shown that detectable levels
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of PAH occur in almost all internal organs, particularly in
organs that are rich in adipose tissue. These organs can serve
as storage depots from which the hydrocarbons can be gradu-
ally released. Once the PAHSs enter the organism they require a
multistep metabolic activation by specific enzymes. The
enzyme system that is primarily responsible for PAH metabo-
lism is the mixed-function oxidase system. The first reaction is
an epoxidation. PAH epoxides can then be conjugated with
glutathione and this is regarded as a true detoxification reac-
tion. The epoxides that are not conjugated with glutathione
are converted into phenols and diols. Such PAH metabolites,
nevertheless, are sometimes not sufficiently polar to be
excreted. Therefore, they have to be conjugated with glu-
curonic or sulfuric acids to enable excretion. Most metabolites
of PAH are excreted in feces and urine [61].

5.3. Short-term health effects (acute)

The impact of PAHs on human health depend mainly on the
length and route of exposure, the amount or concentration
of PAHs one is exposed to, as well as the relative toxicity of
the PAHs [54]. A variety of other factors can also affect health
impacts including subjective factors such as pre-existing health
status and age. The ability of PAHs to induce short-term
health effects in humans is not clear. Occupational exposures
to high levels of pollutant mixtures containing PAHs have
resulted in symptoms such as eye irritation, nausea, vomiting,
diarrhoea and confusion [62]. Nevertheless, it is not known
which components of the mixture were responsible for these
effects and other compounds commonly found with PAHs
may be the cause of these symptoms. Mixtures of PAHs are
also known to cause skin irritation and inflammation. Anthra-
cene, benzo(a)pyrene and naphthalene are direct skin irritants.
But, anthracene and benzo(a)pyrene are reported to be skin
sensitizers, i.e. cause an allergic reaction in skin in animals
and humans [63].

5.4. Long-term health effects (chronic)

Health effects from long-term or chronic exposure to PAHs
may include decreased immune function, cataracts, kidney
and liver damage (e.g. jaundice), breathing problems,
asthma-like symptoms, and lung function abnormalities.
Meanwhile, repeated contact with skin may induce redness
and skin inflammation. Naphthalene, a specific PAH, can
cause the breakdown of red blood cells if inhaled or ingested
in large amounts. If Man is exposed to PAHs, the harmful
effects that may occur largely depend on the way of exposure
[64-66].

5.5. Carcinogenicity

Although unmetabolized PAHs can have toxic effects, a
major concern is the ability of the reactive metabolites, such
as epoxides and dihydrodiols, of some PAHs to bind to cel-
lular proteins and DNA [1]. Biochemical disruptions and cell
damage occurrence lead to mutations, developmental malfor-
mations, tumors, and cancer. Evidence indicates that mix-
tures of PAHs are carcinogenic to humans. The evidence
comes primarily from occupational studies of workers

exposed to mixtures containing PAHs. Such long-term
studies have shown an increased risk of predominantly skin
and lung as well as bladder and gastrointestinal cancers.
Nevertheless, it is not clear from these studies whether expo-
sure to PAHs was the main cause as workers were simultane-
ously exposed to other cancer-causing agents (e.g. aromatic
amines) [64].

In laboratory studies, animals exposed to levels of some
PAHs over long periods have developed lung cancer from
inhalation, stomach cancer from ingesting PAHs in food,
and skin cancer from skin contact [67]. Benzo(a)pyrene is nota-
ble for being the first chemical carcinogen to be discovered. In
addition, it is the most common PAH to cause cancer in ani-
mals. Based on the available evidence, a number of PAHs
are classified as carcinogenic to animals [67]. Meanwhile, some
PAH-rich mixtures are also classified as carcinogenic to
humans [68]. The EPA has classified the following seven
PAH compounds: benz(a)anthracene, benzo(a)pyrene, benzo
(b)fluoranthene, benzo(k)fluoranthene, chrysene, dibenz(ah)
anthracene, and indeno(1,2,3-cd) pyrene as probable human
carcinogens [67].

5.6. Effects of PAH on the immune system

It has been reported that the PAHs induce suppress immune
reaction in rodents [63]. The precise mechanisms of PAH-
induced immune-toxicity are still not clear. It was concluded
that the immune-suppression may be involved in the mecha-
nisms by which PAH induce cancer. The immune-toxic
effects of PAH have been investigated for many years. What-
ever the route of exposure, the resulting effects have been
considered mostly at the systemic level. However, very few
studies have looked for alterations of the local gut immune
system. Immuno-suppression is associated with an increased
susceptibility of the exposed individuals to the development
of cancers or of infectious diseases. It was sated that the
immune-potentiation results in an increased secretion of
cytokines by immune cells, that leads to inflammation. Under
specific circumstances, this may facilitate tumor development,
expression of hypersensitivity (allergy, contact hypersensitiv-
ity) or auto immunity. Depending on various parameters in
the design of the protocol such as route of exposure, end
point, high or low level of dosage, model used, immune-
suppression or immune-potentiation can be observed [68].
Nevertheless, the published reports indicate that the
immune-suppression is the most frequent effect reported after
exposure to PAH [68]. In addition, the literature stated that
the immune-potentiation is reported to occur after either
atmospheric or topic exposure, or by using in vitro systems
[68]. In term of the route of exposure, most of literature have
used either subcutaneous and intra-peritoneal injection or
inhalation [68-70]. Experimental studies were conducted on
the immuno-toxicity that resulted from ingestion of PAH
in contaminated food after oral intake of a diet contami-
nated with PAH.

Furthermore, it has been reported that some PAH when
taken into the diet may induce DNA adducts in the lungs. In
addition, translocations from one organ to another may result
in “‘at distance” effects. It is worth mentioning that most of the
immune-toxic effects that are reported for PAH are not
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thought to be due to parent compounds but it refers to their
reactive epoxide metabolites [68,69].

5.7. Genotoxicity of PAH

Geno-toxic effects for some PAH have been demonstrated
both in rodents and in vitro tests using mammalian (including
human) cell lines. Most of the PAHs are not geno-toxic by
themselves and they need to be metabolised to the diol epox-
ides which react with DNA, thus inducing geno-toxic damage.
Geno-toxicity plays important role in the carcinogenicity pro-
cess and could be also in some forms of developmental toxicity
[71,72].

PAHs undergo multiple metabolic transformations which
may lead to the formation of electrophilic derivatives (e.g.
diolepoxides, quinones, conjugated hydroxyalkyl derivatives)
capable of covalent interaction with nucleophilic centers of
macromolecules. The mechanism of mutagenicity of PAH
has been mainly investigated using benzo[a]pyrene and ben
zo[a]pyrene-7,8-diol-9,10-epoxide (BaPDE) as model com-
pounds [73,74]. Binding of benzo[a]pyrene and BaPDE to
nucleic acids mainly occurs at exocyclic amino groups of
purines. The mutational spectrum induced by BaPDE in
bacteria shows a prevalence of G > T transversions
[73,74]. A similar spectrum of base-pair substitutions is
induced by BaPDE in mammalian cells in vitro [75], and
by benzo[a]pyrene in vivo in transgenic mice [76] and in
the Ha-ras oncogene in mouse skin tumours [77,78]. Molec-
ular analysis of pS53 mutations in lung cancers of smokers
shows a similar prevalence of G > T transversions [79], pos-
sibly reflecting the contribution of PAH to tobacco smoke
carcinogenesis. In addition to base pair substitutions, bulky
adducts of PAH to DNA bases can induce frameshift muta-
tions, deletions, S-phase arrest, strand breakage and a vari-
ety of chromosomal alterations [80,81].

5.8. Teratogenicity

Embryotoxic effects of PAHs have been described in exper-
imental animals exposed to PAH such as benzo(a)an-
thracene, benzo(a)pyrene, and  naphthalene [82].
Laboratory studies conducted on mice have demonstrated
that ingestion of high levels of benzo(a)pyrene during preg-
nancy resulted in birth defects and decreased body weight
in the offspring [83]. It is not known whether these effects
can occur in humans. Nevertheless, it was reported and
demonstrated that exposure to PAH pollution during preg-
nancy is related to adverse birth outcomes including low
birth weight, premature delivery, and heart malformations
[84]. High prenatal exposure to PAH is also associated with
lower IQ at age three, increased behavior problems at ages
six and eight, and childhood asthma. Cord blood of
exposed babies shows DNA damage that has been linked
to cancer [85,86].

6. Removal of polycyclic aromatic hydrocarbon

PAHs are removed from the environment by several methods,
including: biodegradation [87,88] and photochemical degrada-
tion. On the other hand, removal of PAHs from Atmosphere
was also reported [89-91].

6.1. PAH degradation

Degradation of PAHs in the environment includes:
biodegradation, photooxidation, and chemical oxidation
adsorption to soil particles, leaching, bioaccumulation [92].
Each of these processes affects individual PAHs in a differ-
ent manner. This is mainly due to the fact that each PAH
has a unique structure and a set of physical, chemical, and
biological properties. The majority of the articles examined
for this literature study discussed biodegradation by either
anaerobic or aerobic microorganisms. Few articles studied
other modes of PAH degradation, such as photolysis or
oxidation.

6.1.1. PAH biodegradation

Biodegradation of PAHs was the most frequently studied
degradation process described in the literature. The first
PAH biodegradation studies focused on aerobic degradation.
Nevertheless, anaerobic degradation has been demonstrated,
more recently, under denitrifying conditions [93,94]. In order
for bacteria to degrade any given PAH, it must be made avail-
able for uptake by the bacteria [95-97]. PAHs become
bioavailable when they are in either the dissolved or the vapor
phase. PAHs sorbet onto soil particles cannot be readily
degraded by bacteria because the PAHs are separated from
the enzymes that are used by bacteria to break them down
[98-101]. However, the bioavailability of a given PAH is com-
plicated. For example, the age of PAHs in the soil has been
shown to affect how rapidly they will be desorbed from the soil
[102]. PAHs will also desorb at different rates over time.

Hatzinger and Martin [98] demonstrated that fresh C-14
labeled phenanthrene and chrysene desorbed rapidly. On the
other hand, phenanthrene and chrysene that had been exposed
to soil for a long period of time desorbed more slowly. Ini-
tially, PAHs are desorbed rapidly followed by a period of
slower desorption [103]. Such a change in desorption rate is
caused mainly by decreases in the concentration gradient as
the PAHs desorbed. As the concentrations of the individual
PAHs reach the aqueous solubility levels, the rate of desorp-
tion will decrease because the concentration gradients between
the sorbet and aqueous phases have decreased. The important
factor in the PAHs bioavailability is their solubility character.
The aqueous solubility of PAHs is strongly dependent on their
molecular weights [104,105]. For example, angular carbon ring
arrangements are thermodynamically the most stable configu-
ration, but the open areas (referred to as bay regions) formed
between the angled benzene rings are subject to attack by
enzymes. This makes these angular structures more biodegrad-
able than the linear or clustered structures. PAH degradation
also can be impacted by competitive inhibition.

On the other hand, the rate of PAH degradation can be
reduced if the bacteria involved in degrading PAHs find a
chemical that is utilized more easily as a food source. Compet-
itive inhibition occurs when the active sites of enzymes used by
bacteria to break down PAHs as a carbon source are non-
specific. 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
[106]. It is also evident that anthracene could be completely
mineralized by Sphingomonas, Nocardia, Beijerinckia,
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Paracoccus, and Rhodococcus with dihydriol as the initial
oxygenated intermediate [107].

6.1.2. Photolysis degradation

Photolysis is defined as the destruction of a compound from
reactions initiated by the absorption of light [108]. These reac-
tions occur when light absorbed by PAHs excites the electrons
within the molecules. This excitation creates an unstable struc-
tural arrangement. Consequently, such unstable structural
arrangement allows several physical and chemical processes
to act on the compound [28]. Photolysis reactions involving
PAHs are similar to biodegradation reactions (i.e. the PAHs
degrade more effectively when they are in the vapor or aque-
ous phases) [109]. Little photo-degradation occurs when PAHs
are sorbet to particles in the atmosphere or soil. These reac-
tions occur more effectively with increasing particle surface
area. Photolysis reactions are also greater on light colored par-
ticles, such as silica gel or alumina, than on darker particles,
such as carbon black. For example, anthracene has a half-
life of 0.5 h on alumina and 310 h on carbon black [110].

As in microbial degradation, photodegradation reactions
depend heavily on the structure of the PAH being degraded.
In general, linear, 2-ring, and some clustered PAHs degrade
rapidly under direct light. Angular PAHs (e.g., phenanthrene
and dibenz(a,h)anthracene) is the slowest in degradation.
This is mainly because they are the most structurally stable
molecules [111]. Furthermore, photolysis tends to be more
effective for low molecular weight compounds, such as naph-
thalene, because these compounds are more bioavailable and
will have longer exposure times to sunlight [111]. Finally,
PAH molecules, when they are sorbet to fly ash particles,
may be 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 reac-
tions from occurring [112]. Other methods of PAH degrada-
tion appear less frequently in the scientific literature than
microbial degradation and photolysis. Often chemical oxida-
tion is included as a subsection of articles on biodegradation
and photolysis.

6.1.3. Chemical degradation

Chemical oxidation appears to be a minor PAH degradation
mechanism under most environmental conditions. In the case
of chemical oxidation, either naturally or as part of treat-
ment technologies [113], the rates of PAH oxidation depend
on several properties of the system. The molecular weight
and structure of the compound, its physical state, tempera-
ture, and the strength of the oxidizing agent all impact the
outcome. It was reported that chemical treatment and/or
physical treatment could remove PAHs efficiently from sur-
face water [114]. Alebic-Juretic et al. reported that fluoran-
thene was the most stable of the PAHs tested for oxidation
by ozone [115]. This could be one reason why fluoranthene
is often present in high concentrations in the soil data
reviewed. Zhang et al. also reported that the synergistic effect
of UV irradiation and TiO, or ZnO catalysis was efficient for
degradation of PAHs in contaminated soil [116,117]. Iron
oxides and oxalic acid can set up a photo-Fenton-like system
without additional H,O, in solid phase to enhance the

photodegradation of pyrene under UV irradiation [118]. On
the other hand, sono-chemical degradation of PAHs
using high frequency of ultrasound was also investigated
[119,120].

6.2. Removal of PAHs from atmosphere

PAHs are removed from the atmosphere either by dry deposi-
tion or wet deposition, as well as degradation by various path-
ways [89-91].

6.2.1. Dry deposition

Dry deposition occurs when PAHs sorbet to atmospheric
particles settle to earth in the absence of precipitation as shown
in Fig. 6 [108,121-123]. Dry deposition rates vary depending
on the specific properties of the PAH, sorbent particle, and
atmospheric conditions. For example, large particles will tend
to settle faster than small particles because large particles tend
to be heavier than smaller particles. Such heavier particles
require stronger atmospheric currents to keep them suspended
as compared to small particles. Therefore, atmospheric
condition is the most important factor affecting the rate of
dry deposition. Moreover, particles will settle faster in a more
placid atmosphere than in an unstable one because the wind
and atmospheric currents in an unstable atmosphere have
enough energy to prevent particles from settling.

On the other hand, temperature will also affect the rate
at which PAHs are deposited from the atmosphere. For
example, higher temperatures will cause a greater fraction
of the total PAHs to be in the vapor phase and lower tem-
peratures will increase sorption of PAHs [124,125]. This phe-
nomenon can be seen in the particle/vapor PAH
distributions from winter to summer displayed in Fig. 7
[126]. In this figure, the PAH compounds are shown so that
the vapor pressures decrease from left to right on the x-axis.
In addition, the y-axis is in terms of percentage of each indi-
vidual PAH, rather than concentration, with the sum of the
vapor and particulate phases for each PAH compound add-
ing up to 100%. Fig. 7 clearly demonstrates the effects of
vapor pressure and temperature on the vapor/particle phase
distribution of some PAHs. For example, about 93% of
naphthalene was found in the vapor phase in air sampled
in summer while only about 53% of naphthalene was in
the vapor phase in air sampled during winter (Harrison
et al., 1996). Nevertheless, for PAHs with very low vapor
pressures, such as benzo(a)pyrene and dibenz(a,h)anthracene,
there were no significant differences between the vapor and
particulate phase distributions in either summer or winter.
Therefore, temperature will have a significant impact on
the concentrations and distribution of PAHs in the vapor
and particulate phases [127,128].

6.2.2. Wet deposition

Wet deposition is illustrated in Fig. 6 according to US.EPA
(2000). Wet deposition is defined as the scrubbing of contam-
inants sorbed onto particulates out of the atmosphere by pre-
cipitation, as well as the dissolution of vapor phase
contaminants into precipitation [129,130]. The amounts of
PAHSs removed from the atmosphere by wet deposition vary
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Figure 6 Removal of PAHs from atmosphere by either dry deposition or wet deposition [121].

depending on the phase. Generally, sorbed PAHs are more
easily removed from the atmosphere than vapor phase
PAHs. It was reported by Dickhut and Gustafson that very
little of the total phenanthrene in the atmosphere was asso-
ciated with particulates. Nevertheless, a considerable amount
of the total phenanthrene removed from the atmosphere dur-
ing a precipitation event as particle-based phenanthrene. This
finding suggests that precipitation is more effective in remov-
ing the sorbed rather than the vapor phase PAHs [131]. In
general, vapor phase PAHs are more efficiently removed
from the atmosphere under cold conditions as compared to
warm conditions [132,133]. Therefore, more vapor phase
PAHs should be removed from cold climates and higher lat-
itudes than from warmer areas. This, potentially, results in
the enrichment of lower molecular weight PAHs (i.e., those
with higher vapor pressures) in the soils of cold climate
areas. According to Gustafson and Dickhut, PAHs are more
efficiently removed from the air in the spring and summer
than in the winter and fall. Therefore, PAH concentrations
in the soil of cold climate areas may be greater than in warm
climate areas. This finding appears to contradict the finding
of Gustafson and Dickhut which indicated that particulates
are more readily removed in the warmer seasons than in
the colder seasons [134]. This difference may be attributed
to PAHs being associated with larger particles in the warmer
months, which are more easily removed from the atmo-
sphere. Nevertheless, another study showed that snow is
about two orders of magnitude more effective at removing
atmospheric particles than rain [135]. Based on the results
from different scientific studies, it can be seen that more
work needs for better characterizing the patterns of PAH
removal from the atmosphere so that these processes can
be better understood.

7. Controlling the PAHs concentration in the environment

e U.S. government agencies have regulated standards that are
relevant to PAHs exposures in the workplace and the envi-
ronment. U.S. government agencies have also established a
standard relating to PAH in the workplace as well as a stan-
dard for PAH in drinking water.

e The Occupational Safety and Health Administration
(OSHA) [136] have established standards that are rele-
vant to PAHs exposures under OSHA’s Air Contami-
nants Standard for substances termed coal tar pitch
volatiles (CTPVs) and coke oven emissions. Employees
exposed to CTPVs in the coke oven industry should
be covered by the coke oven emissions standard. This
OSHA standard requires employers to control employee
exposure to coke oven emissions. It requires that the
employers should use engineering controls and work
practices for employee protection. The employer through
the engineering and work practice controls shall,
nonetheless, supply the employee with respiratory protec-
tion to reduce exposures to or below the permissible
exposure limit. The OSHA standard also includes ele-
ments of medical surveillance for workers exposed to
coke oven emissions.

e The OSHA PEL (permissible exposure levels) for PAHs in
the workplace is 0.2 mg/m® for 8-h TWA (time-weighted
average).

e The National Institute for Occupational Safety and Health
(NIOSH) [137] has recommended that the workplace expo-
sure limit for PAHs be set at the lowest detectable concen-
tration, which was 0.1 mg/m® (REL = recommended
exposure limit) for coal tar pitch volatile agents for a 10-h
workday, 40-h workweek.
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Figure 7

e In 2000, EPA [121] has established ambient water quality
criteria to protect human health from the carcinogenic
effects of PAH exposure. The goal of these criteria was to
set a non-detectable level (zero concentration for carcino-
genic PAHs in ambient water). The EPA developed a max-
imum contaminant level (MCL) for benzo(a)pyrene at
0.2 ppb. It is well known that benzo(a)pyrene (BaP) is the
most carcinogenic PAH.

WHO guidance (2003) [15] set the unit risk of lung cancer of
BaP at 87 x 10~ ng m~3 for lifetime exposure. According
to many member states of WHO, the guideline values for
BaP is between 0.1 and 1.3 ngm™>

According to the European Commission [138], the target
annual average concentration is not to be exceeded in the
PMI0 fraction in 1 ng m~—>. It is reported in recent data that
this target has been exceeded in many locations around
Europe, particularly in the east countries.

According to the Egyptian Environmental Association
Affairs (EEAA) [139] the Water Quality Standards and
Guidelines limits the benzo(a)pyrene (BaP) at 0.7 ng/L.

| I

o e

0BA

BAA CHR (53 IND GPE

M Vapor ] Particle

Illustration of the particle/vapor PAH distributions from winter to summer [126].

8. Conclusion

e PAHs are subset of a set of compounds known as polycyclic
organic matters (POM). They are, originally, organic com-
pounds primarily that are formed from the incomplete com-
bustion of organic materials or pyrolysis of organic material.
These compounds are related to the use of oil, gas, coal and
wood in energy production. Other contributors to ambient
air levels include indoor smoking and heating.

Polycyclic aromatic hydrocarbons (PAHs) are transported
in the atmosphere in gas and/or particle phases and they
are deposited by wet and dry deposition.

Particulate matters play significant and continuous role in
the chemistry of the atmosphere. They also play significant
role in human health.

Daily exposures to particulate matter associated with
increased incidences of premature death, chronic asthma
and increased hospital admissions as well as respiratory
problems in children.
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e The occurrence of PAHs in foods is due both: deposition
from the air on the surface of plants, and the pollution
resulting from manufacture processes such as drying, roast-
ing, or smoking. Moreover, the presence of PAHs in baby
foods results in health risk to the infant, since they are more
sensitive than adults to such contaminants.

e Many PAHs compounds are classified as probable human
carcinogens.

e PAHs constitute a major class of chemical carcinogens pre-

sent in the environment.

Several PAHs and their epoxides are highly toxic, muta-

genic and/or carcinogenic to microorganisms as well as to

higher systems including humans.

The polycyclic aromatic hydrocarbons compounds (PAHs)

require activation to electrophilic metabolites to exert their

mutagenic or carcinogenic effects.

Exposure to PAHs always involves complex mixtures that

may induce synergistic or antagonistic effects on the geno-

toxic properties that make risk assessment more difficult.

e The PAH-degrading microorganism includes algae, bacte-
ria, and fungi. It involves the breakdown of organic com-
pounds through biotransformation into less complex
metabolites, and through mineralization into inorganic
minerals, H,O, CO, (aerobic) or CH4 (anaerobic).

e Polycyclic aromatic hydrocarbons compounds (PAHs) may
undergo adsorption, volatilization, photolysis, and chemi-
cal degradation. However, microbial degradation is the
major degradation process.
Bioremediation is the tool to transform such compounds to
less hazardous/nonhazardous forms with less input of
chemicals, energy, and time. Polycyclic aromatic hydrocar-
bons degradation depends on several factors including: the
environmental conditions, number and type of the microor-
ganisms, nature and chemical structure of the chemical
compound being degraded.

9. Recommendations for the protection of human health and the
environment

e Assessment of exposure to PAHs is important due to the

widespread presence of PAHs in the environment and

their toxicological relevance. Particular assessment of

exposure to PAHs should be given to workers (e.g.

involved in production of metallurgic coke, aluminum,

or carbon electrodes, asphalt workers) and for the general
population.

The biological impact in terms of the total PAHs intake into

the body via respiratory, dermal, and gastrointestinal routes

should be monitored precisely.

Owing to their proven immune-toxic effects, coal-tar sham-

poos should be used for anti-dandruff therapy only if no

other treatment is available.

e Due to the immune-toxic and carcinogenic effects of PAH
in coke-oven workers, exposure to PAH in occupational
settings should be eliminated or minimized. This could be
done by reducing emissions to the maximum extent. If this
not possible, then at least an effective personal protection
should be provided.

e Public awareness and education about the sources and
health effects of exposure to PAH should be improved.

e In many countries, the use of unvented indoor fires should
be avoided. They should be replaced by more efficient, well-
vented combustion devices.

e Protection of non-smoker as well as the risk of exposure to
PAH from passive smoking should be stressed. Besides,
measures should be taken to avoid it.

e Urban air pollution should be monitored all year round and
not only seasonally.

e Filtration of industrial emissions should be taken.

e Treatment of industrial effluents must be carried out
strictly, particularly in the developing countries.

e The use of catalytic converters and particle traps on motor
vehicles should strictly be taken.
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