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Foreword

International concern in scientiﬁc, industrial, and governmental communities over traces of xenobiotics in foods and in both abiotic and biotic environments has justiﬁed the present triumvirate of specialized publications in
this ﬁeld: comprehensive reviews, rapidly published research papers and
progress reports, and archival documentations. These three international
publications are integrated and scheduled to provide the coherency essential for nonduplicative and current progress in a ﬁeld as dynamic and
complex as environmental contamination and toxicology. This series is
reserved exclusively for the diversiﬁed literature on “toxic” chemicals in
our food, our feeds, our homes, recreational and working surroundings, our
domestic animals, our wildlife and ourselves. Tremendous efforts worldwide
have been mobilized to evaluate the nature, presence, magnitude, fate, and
toxicology of the chemicals loosed upon the earth. Among the sequelae of
this broad new emphasis is an undeniable need for an articulated set of
authoritative publications, where one can ﬁnd the latest important world
literature produced by these emerging areas of science together with documentation of pertinent ancillary legislation.
Research directors and legislative or administrative advisers do not have
the time to scan the escalating number of technical publications that may
contain articles important to current responsibility. Rather, these individuals need the background provided by detailed reviews and the assurance
that the latest information is made available to them, all with minimal
literature searching. Similarly, the scientist assigned or attracted to a new
problem is required to glean all literature pertinent to the task, to publish
new developments or important new experimental details quickly, to inform
others of ﬁndings that might alter their own efforts, and eventually to
publish all his/her supporting data and conclusions for archival purposes.
In the ﬁelds of environmental contamination and toxicology, the sum of
these concerns and responsibilities is decisively addressed by the uniform,
encompassing, and timely publication format of the Springer triumvirate:
Reviews of Environmental Contamination and Toxicology [Vol. 1 through
97 (1962–1986) as Residue Reviews] for detailed review articles
concerned with any aspects of chemical contaminants, including pesticides, in the total environment with toxicological considerations and
consequences.
Bulletin of Environmental Contamination and Toxicology (Vol. 1 in 1966)
for rapid publication of short reports of signiﬁcant advances and
v
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discoveries in the ﬁelds of air, soil, water, and food contamination and
pollution as well as methodology and other disciplines concerned
with the introduction, presence, and effects of toxicants in the total
environment.
Archives of Environmental Contamination and Toxicology (Vol. 1 in 1973)
for important complete articles emphasizing and describing original
experimental or theoretical research work pertaining to the scientiﬁc
aspects of chemical contaminants in the environment.
Manuscripts for Reviews and the Archives are in identical formats and
are peer reviewed by scientists in the ﬁeld for adequacy and value; manuscripts for the Bulletin are also reviewed, but are published by photo-offset
from camera-ready copy to provide the latest results with minimum delay.
The individual editors of these three publications comprise the joint Coordinating Board of Editors with referral within the Board of manuscripts
submitted to one publication but deemed by major emphasis or length more
suitable for one of the others.
Coordinating Board of Editors

Preface

The role of Reviews is to publish detailed scientiﬁc review articles on all
aspects of environmental contamination and associated toxicological consequences. Such articles facilitate the often-complex task of accessing and
interpreting cogent scientiﬁc data within the conﬁnes of one or more closely
related research ﬁelds.
In the nearly 50 years since Reviews of Environmental Contamination
and Toxicology (formerly Residue Reviews) was ﬁrst published, the number,
scope and complexity of environmental pollution incidents have grown
unabated. During this entire period, the emphasis has been on publishing
articles that address the presence and toxicity of environmental contaminants. New research is published each year on a myriad of environmental
pollution issues facing peoples worldwide. This fact, and the routine discovery and reporting of new environmental contamination cases, creates an
increasingly important function for Reviews.
The staggering volume of scientiﬁc literature demands remedy by which
data can be synthesized and made available to readers in an abridged form.
Reviews addresses this need and provides detailed reviews worldwide to
key scientists and science or policy administrators, whether employed by
government, universities or the private sector.
There is a panoply of environmental issues and concerns on which
many scientists have focused their research in past years. The scope of this
list is quite broad, encompassing environmental events globally that affect
marine and terrestrial ecosystems; biotic and abiotic environments; impacts
on plants, humans and wildlife; and pollutants, both chemical and radioactive; as well as the ravages of environmental disease in virtually all
environmental media (soil, water, air). New or enhanced safety and
environmental concerns have emerged in the last decade to be added to
incidents covered by the media, studied by scientists, and addressed by
governmental and private institutions. Among these are events so striking
that they are creating a paradigm shift. Two in particular are at the center
of ever-increasing media as well as scientiﬁc attention: bioterrorism
and global warming. Unfortunately, these very worrisome issues are now
super-imposed on the already extensive list of ongoing environmental
challenges.
The ultimate role of publishing scientiﬁc research is to enhance understanding of the environment in ways that allow the public to be better
informed, The term “informed public” as used by Thomas Jefferson in the
vii
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age of enlightenment conveyed the thought of soundness and good judgment. In the modern sense, being “well informed” has the narrower meaning
of having access to sufﬁcient information. Because the public still gets most
of its information on science and technology from TV news and reports, the
role for scientists as interpreters and brokers of scientiﬁc information to
the public will grow rather than diminish.
Environmentalism is the newest global political force, resulting in the
emergence of multi-national consortia to control pollution and the evolution of the environmental ethic. Will the new politics of the 21st century
involve a consortium of technologists and environmentalists, or a progressive confrontation? These matters are of genuine concern to governmental
agencies and legislative bodies around the world.
For those who make the decisions about how our planet is managed,
there is an ongoing need for continual surveillance and intelligent controls, to avoid endangering the environment, public health, and wildlife.
Ensuring safety-in-use of the many chemicals involved in our highly industrialized culture is a dynamic challenge, for the old, established materials
are continually being displaced by newly developed molecules more acceptable to federal and state regulatory agencies, public health ofﬁcials, and
environmentalists.
Reviews publishes synoptic articles designed to treat the presence,
fate, and, if possible, the safety of xenobiotics in any segment of the environment. These reviews can either be general or speciﬁc, but properly lie
in the domains of analytical chemistry and its methodology, biochemistry,
human and animal medicine, legislation, pharmacology, physiology, toxicology and regulation. Certain affairs in food technology concerned speciﬁcally with pesticide and other food-additive problems may also be
appropriate.
Because manuscripts are published in the order in which they are
received in ﬁnal form, it may seem that some important aspects have been
neglected at times. However, these apparent omissions are recognized,
and pertinent manuscripts are likely in preparation or planned. The ﬁeld is
so very large and the interests in it are so varied that the Editor and
the Editorial Board earnestly solicit authors and suggestions of underrepresented topics to make this international book series yet more useful
and worthwhile.
Justiﬁcation for the preparation of any review for this book series is that
it deals with some aspect of the many real problems arising from the presence of foreign chemicals in our surroundings. Thus, manuscripts may
encompass case studies from any country. Food additives, including pesticides, or their metabolites that may persist into human food and animal
feeds are within this scope. Additionally, chemical contamination in any
manner of air, water, soil, or plant or animal life is within these objectives
and their purview.
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Manuscripts are often contributed by invitation. However, nominations
for new topics or topics in areas that are rapidly advancing are welcome.
Preliminary communication with the Editor is recommended before volunteered review manuscripts are submitted.
Summerﬁeld, North Carolina

D.M.W.
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I. Introduction
Coal is a complex heterogeneous mixture of organic and inorganic constituents of allothigenic or authigenic origin. Besides major (>1%) and
minor (0.1%–1%) elements in coal, elements such as As, Se, and Hg occur
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commonly as trace elements (<1,000 ppm) associated with both organic
(e.g., polyaromatic hydrocarbons, PAhs) and inorganic matter (Swaine 2000;
Liu et al. 1999; Finkelman 1995). PAHs in coal are the major source of
organic pollution and may become easily accessible during combustion,
coking, pyrolysis, and other coal preparation processes to make the coal
consistent in quality and suitable for selling.
Coal is primarily used as a solid fuel to produce heat through combustion. World coal consumption is about 5,800 million short tons annually,
of which about 75% is used for electricity production, and while the remainder is used mainly for heating and indoor cooking. China is the largest
coal producer and consumer in the world (Liu et al. 1999). It has been
estimated that more than 75% of the energy production in China is
based on coal (Chen BH et al. 2004), and more than 400 million people in
China rely on coal for their domestic energy needs, such as heating and
daily cooking. Because of the limited petroleum and natural gas reserves,
and the signiﬁcant coal reserves (1,000 billion t), in China, it is likely
that this coal-based, relatively cheap energy structure will continue for
the foreseeable future (Ni 2000; Xu et al. 2000; Zhong and Wang 2000;
Liu et al. 2004a,b).
Because of incomplete combustion, large amounts of PAHs are formed
and emitted during coal usage. The main pathways for PAHs to enter
human bodies are by breathing polluted air or through the food chain.
Various forms of PAHs in coal or from coal combustion may affect humans,
especially indoor coal combustion. Additionally, PAHs in raw coal can
reduce or even poison the activity of catalysts in the reﬁnery, making the
stockpile of liquid product unstable, such as allochromatic or color change
or odor (Chen et al. 2005; Liu and Zheng 2007). Ezatti et al. (2002) estimated that, in 2000, global mortality from indoor air pollution from solid
fuels (such as wood, charcoal, crop residues, but mainly coal), was more
than 1.6 million persons. This rate of severe global mortality together
with combustion-induced diseases such as pneumoconiosis, dermatosis, and
other relevant diseases indicate an urgent need to take immediate action
against indoor air pollution, especially in developing regions.
Many studies on PAHs extraction and measurement, distribution, species,
and emission from coal use, especially for burning, have intensiﬁed in
recent years, because of a growing awareness of the potential effects of
PAHs on the environment, and also as advanced analytical techniques
have been developed. In China, there is considerable concern about carbonaceous aerosol emissions from coal combustion because of the potential inﬂuence on climate change (Jacobson 2002) and adverse effects on
human health (Lighty et al. 2000; Liu and Zheng 2007; Chuang et al.
1992; Chen et al. 2005). Therefore, roughly one-fourth of the global
anthropogenic carbonaceous emissions is believed to originate in China,
of which about 70% is the result of coal burning (Cooke et al. 1999;
Liu et al. 2000).
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II. Species of PAHs
The U.S. Environmental Protection Agency (EPA) has identiﬁed 1408 hazardous waste sites as the most serious in the nation. These sites make up
the National Priorities List (NPL) and are the sites targeted for long-term
federal cleanup activities. PAHs have been found in at least 600 of the sites
on the NPL. However, the number of NPL sites evaluated for PAHs is not
known (USEPA 1997). As EPA evaluates more sites, the number of sites at
which PAHs are found may increase. This information is important because
exposure to PAHs may cause harmful health effects and because these sites
are potential or actual sources of human exposure to PAHs.
Although there is no deﬁnitive legislation concerning PAH abatement,
the EPA has listed 16 PAHs as priority pollutants, the latest being effective
from 1997 (USEPA 1997): these compounds are naphthalene, acenaphthylene, acenaphthene, ﬂuorene, phenanthrene, anthracene, ﬂuoranthene,
pyrene,chrysene,benzo[a]anthracene,benzo[b]ﬂuoranthene,benzo[k]ﬂuoranthene, benzo[a]pyrene, indeno(1,2,3-c,d)pyrene, benzo(g,h,i)perylene, and
dibenzo(a,h)anthracene. It is expected that air quality would be improved
soon if the emission of these PAHs was controlled.
These 16 PAHs were chosen to be included in this proﬁle because (1)
more information is available on these than on the others; (2) they are suspected to be more harmful than some of the others and they exhibit harmful
effects that are representative of the PAHs; (3) there is a greater chance
that humans will be exposed to these PAHs than to the others; and (4) of
all the PAHs analyzed, these were the PAHs identiﬁed at the highest concentrations at NPL hazardous waste sites. In China, 9 PAHs, including
benzo[a]pyrene, were deﬁned as priority PAHs by the State Environmental
Protection Administration (Yue et al. 2003).

III. PAH Extraction and Measurement
A. Extraction
Various difﬁculties exisit in extracting PAH species from coal and coal
combustion products. Extraction methods have used traditional methods
(Purushothama et al. 1998; Claessens et al. 1991; Chen et al. 1996; Stephens
et al. 1994; Leonhardt and stahl 1998; Yu et al. 1995; Hageman et al. 1996;
Xue et al. 2007; Lee et al. 1981) such as ultrasonic, soxhlet, and other more
recent extraction methods (e.g., supercritical ﬂuid extraction and microwave extraction). Soxhlet extraction is the most common method, using
benzene, benzene-methanol, benzene-hexane, methylene chloride, ether,
toluene and toluene-methanol. For example, Purushothama et al. (1998)
carried out an extraction for analysis of PAHs in coal ash. Their work compared various extraction and quantitation techniques for the determination
of adsorbed PAHs in coal ash. Aliquots of ﬂy ash from coal combustion
spiked with four PAHs were extracted, using three solvents, three methods,
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and three gas chromatography/mass spectrometry (GC/MS) methods.
The results show the solvents that exert the greatest primary effect are
CH2Cl2 > toluene > > o-xylene. Highest recoveries were obtained using
the reﬂux slurry extraction procedure with CH2Cl2 and a relatively fast
(20°/min) temperature ramp to 310°. With both CH2Cl2 and toluene solvents, ultrasonic-assisted extraction affords the best repeatability.
Chen et al. (1996) used batch, soxhlet, and sonication extraction techniques to evaluate the concentration of PAHs in four soils contaminated
with coal tar. They concluded that no consistent differences were observed
among the three extraction methods or between the two different chromatographic detection systems. The batch extraction technique was considered the least labor intensive and most cost effective method. The use of
GC/ﬂame ionization detection (FID) with certiﬁed calibration standards
was also found to be adequate for routine analysis of known organic
compounds. Stephens et al. (1994) obtained higher recoveries in soxhlet
extraction for coal stack ash. However, when soxhlet and ultrasonic
extractions were compared for urban atmospheric particulates, they performed the ultrasonic extraction and soxhlet extraction with methanol
to analyze recovery of PAHs from coal stack ash and used anthracene,
anthracene-9,10-dione, benz(a)anthracene, and benz(a)anthracene-7,12dione as adsorbates. Soxhlet extraction yielded consistently higher
recoveries of these compounds than ultrasonic extraction from a relatively highcarbon ash (6.17% C). Electron microscopy and bulk carbon
analyses revealed signiﬁcant fragmentation of the carbonaceous particles
(notorious for strong afﬁnities for PAH) upon sonication. The freshly
exposed surfaces of the carbonaceous particles are thought to adsorb
solution-phase PAH during the extraction process, thereby yielding lower
recoveries of PAH.
Hageman et al. (1996) used water extraction and conventional extractions. They carried out subcritical (hot/liquid) water extraction by simply
placing the sample in an extraction cell, ﬁlling the cell with water, and
heating the system in an oven. After a 15- to 60-mm extraction, the cell was
cooled, the water was removed from the extraction cell, and the solubilized
organics analyzed using solid-phase microextraction. Quantitative determinations (recoveries typically ranging from ∼60% to 140% compared to
conventional solvent extraction) of PAHs from soil and air particulate
matter were achieved using a 250°C extraction step and isotopically labeled
PAHs as internal standards.
The factors impacting extraction, such as time between 6 and 48 hr
(Gohda et al. 1993; Naikwadi et al. 1990) have been reported. To analyze
the inﬂuence of these factors on extraction of PAHs from coal samples, our
lab (Xue et al. 2007; Zhang et al. 2005a,b) carried out experiments for
investigating the impacts on the 16 USEPA priority PAHs extracted from
raw coal from the Huaibei Mine, China. These were performed with differ-
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ent times, different solvents, and different methods. Major effort was focused
on ﬁnding proper extraction conditions of PAHs from raw coal that would
help in the development of clean coal technologies. In this study, we concluded that extraction time, solvents, and methods will affect the Quantities
of PAHs extracted from coal samples. The results showed the following
factors: (1) The total amount of EPA priority PAHs varies from low to high
with increasing extraction time with ultrasonic-assisted extraction. Thirty
minutes should be a suitable extraction time because colloids formed as
time passed. Extracts within 24 and 48 hr contain the identical amount of
priority PAHs using the soxhlet extraction method. The value at 72 hr is
higher. Possibly some basic framework was broken and micropores of the
coal enlarged with prolonged immersion. This extraction condition is diffcult to achieve as the solvent is mainly water in the environment. It can be
concluded that 24 hr is a suitable extraction time for PAHs from raw coal
using the soxhlet extraction method. (2) CS2 is best for extracting low
molecular weight PAHs whereas CH2Cl2 is better for extracting high molecular weight PAHs. Both are excellent extraction solvents compared to
C6H14. CH2Cl2 was found to be a suitable extraction solvent when the toxicity equivalence factor (TEF) was used to characterize the toxic properties
of PAHs. (3) Both soxhlet and ultrasonic-assisted extraction results give
similar PAH proﬁles; however, the ultrasound-assisted results are lower,
indicating less efﬁcient extraction.

B. Measurement
In earlier studies, analysis of the extracts was performed by column chromatography using a UV detector. Techniques such as packed gas chromatography columns using dexsil and poly(dimethylsiloxane) were used
(Hanson et al. 1979; Hauser and Pattison 1972; Colier et al. 1995; Wise
et al. 1995). Hauser and Pattison (1972) used the method to analyze the
aliphatic fraction of air particulate matter. This method, coupled with aerometric data, enables the ﬁrst direct determination of n-alkanes in air
particulate matter and extends analytical capability to the C15–C36 range.
They also used this method to examine ambient air samples for particulate
matter emanating from coal burning. Colier et al. (1995) studied the exhaust
from a direct-injection light-duty diesel engine, which was sampled for
PAHs at three constant speeds and at ﬁve load settings for each speed, using
a total-exhaust solvent-stripping apparatus.
In the 1990s, analytical methods changed signiﬁcantly. UV/visible absorption spectrometry was utilized as a general technique for analysis of organic
particle material in ambient samples (Kister et al. 1996). At the same time,
ﬂuorescence spectrometry was developed for PAH sample analysis (Nie
et al. 1993). Its main advantage over absorption methods of UV/visible was
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its high sensitivity by a factor of 102–103 (Guilbault 1990); its main disadvantage was the interference by trace ﬂuorescent compounds. Qian and Hsu
(1992) studied molecular transformation in hydrotreating processes by online liquid chromatography/mass spectrometry. Manoli and Samara (1996)
and Wise et al. (1995) performed a modiﬁed solid-phase extraction technique using sonication of the adsorbent material instead of the elution
normally applied and compared with two conventional liquid-liquid extraction procedures for the determination of the 16 EPA PAHs in municipal
waste waters by means of HPLC coupled with ﬂuorescence detection. The
best results were obtained by use of acetonitrile.
Cleanup of sewage sludge extracts was not found necessary for accurate
quantiﬁcation of the major PAH components with ﬂuorescence detection.
The precision of the whole analytical procedure from extraction to the ﬁnal
determination of PAHs was satisfactory for both wastewater and sewage
sludge samples. Murayama and Das Gupta (1996) used liquid chromatography-electrochemical detection (LC-ED) to determine nitro-substituted
polynuclear aromatic hydrocarbons that occur in ambient suspended particulate matter. They proposed a sensitive liquid chromatographic method
with an unique selectivity: an electrochemical detector operating in the
reductive mode is followed by a ﬂuorescence detector. When the NO2 group
is reduced to the NH2 group, there is a major increase in ﬂuorescence; nitroPAH compounds are essentially nonﬂuorescent. A different ﬂuorescence
signal or a different chromatoﬂuorogram is generated by subtracting the
chromatogram obtained with the electrochemical detector off from that
obtained with the electrochemical detector on. Applications to diesel engine
exhaust samples are demonstrated.
Carcia et al. (1994) studied cloud point preconcentration and HPLC
determination of PAHs with ﬂuorescence detection. Heaton et al. (1994)
collected several environmental samples containing PAHs obtained from
various sources including soil, water, petrochemicals and coal, and all
samples were analyzed by supercritical ﬂuid chromatography (SFC) under
optimized conditions. Their conclusion showed that packed-column SFC is
shown to be an efﬁcient and promising method for the rapid monitoring of
environmental PAHs. Fourier transform infrared spectroscopy was used to
determine modiﬁcations induced by the preheating process in the distribution of families of PAHs in chloroform and pyridine extracts of two bituminous coals from Spain (Kister et al. 1996). Kovalenko et al. (1992) studied
microscopic organic analysis using two-step laser MS, and Chasey and Aczel
(1991) used high-resolution MS to determine PAH structure distributions.
The other techniques such as supercritical ﬂuid chromatography (Vayisoglu-Giray et al. 1998; Heaton et al. 1994) and capillary electrophoresis with
ﬂuorescence detection (Nie et al. 1993) were also used to determine PAHs.
Most recent studies use GC/MS to determine PAH species and concentratons (Chen YJ et al. 2004; Xue et al. 2006; Zhang et al. 2005a,b; Wang
et al. 1994).
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IV. Toxicology and Distribution of PAHs
A. Toxicology
PAHs are highly lipid soluble and are absorbed through the lungs, gut, and
skin of mammals. PAHs can easily be associated with ﬁne particles from
coal combustion, and the ﬁne ashes can be breathed into the lungs and gut,
along with skin exposure. Studies on lung retention of microcrystalline
PAHs or PAHs in solution after intratracheal instillation in female rats have
indicated that they are rapidly cleared from the respiratory tract (Tornquist
1985). Clearance of the PAHs from the lungs is best described as biphasic.
For radiolabeled anthracene, benz[a]anthracene, 1-nitropyrene, BaP, 6nitrobenzo[a]pyrene, and dibenzo[c,g]carbazole, more than 85% of the
initial dose was cleared with a half-time of less than 1 hr. The half-times for
clearance of the residual redioacivity (1%–15% of the dose) ranged from
26 to 63 hr (Wolff 1989; Weyand and Bevan 1986). However, inhaled PAHs
are predominantly adsorbed on soot particles (Chen et al. 2005). After
deposition in the airway, the particles can be eliminated by bronchial clearance. PAHs may be partly removed from the particles during transport on
the ciliated mucosa and may penetrate into the bronchial epithelium cells
(WHO 1987).
When PAHs are adsorbed on particles, the respiratory uptake rate is
lower because the partcles are retained for a long period in the respiratory
tract (Tornquist 1985). Sun et al. (1984) concluded that radiolabeled BaP
adsorbed on diesel engine exhaust particles was inhaled by rats, lung clearance of the inhaled particle-associated radioactivity occurred in two phases.
The initial rapid clearance had a half-time of less than 1 hr. The second,
long-term component had a half-time of 18 d and represented 50% of the
radioactivity that had initially been deposited in the lungs.
Some studies showed that PAHs are rapidly and widely distributed in
the organism because of high lipophilicity (Swartz et al. 1995). For example,
some authors (Foth et al. 1988; Modica et al. 1983) reported that the
pattern of distribution of BaP was found to be similar after subcutaneous,
intraveneous, and intratracheal administration to mice and rats, and
highest levels were found in the liver. Mammary and other fatty tissues are
signiﬁcant storage depots for PAHs, but owing to rapid metabolism no
signiﬁcant accumulation seems to take place. Schlede (1970) and Wiersma
and Roth (1983) reported that the gastrointestinal tract contains relatively
high levels of metabolites as the result of hepatobiliary excretion. Withey
et al. (1991, 1992) carried out experiments with mice and showed that
the distribution of pyrene in tissues was highest in the perirenal fat,
intermediate in the liver, kidneys, and lungs and lowest in the heart,
testes, spleen, and brain. Withey et al. (1993) and Neubert and Tapken
(1988) concluded that BaP can readily cross the placental barrier of
rats and mice, consistent with the fetal and developmental toxicity of
the substance.
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According to Van de Wiel et al. (1993) and Foth et al. (1988), following
metabolism, hepatobiliary excretion and elimination through the feces is
the major route by which BaP is removed from the body, independent of
the route of administration. Urine is the other major excretory route,
although it is quantitatively of minor importance compared to the bile.
Other studies (Hall et al. 1989; Glatt and Oesch 1987; Nebert et al. 1993;
Graslund and Jernstrom 1989; Bjelogrlic and Kirsi 1991) showed that the
enzyme system primarily responsible for PAH metabolism is the microsomal mixed-function oxidase (MFO) system, which converts the nonpolar
PAHs into polar hydroxyl and epoxy derivatives. Epoxides are reactive and
enzymatically metabolized to other compounds, such as dihydrodiols and
phenols. The enzyme systems that metabolize PAHs are widely distributed
in the cells and tissues of humans and animals. The highest metabolizing
capacity is present in the liver, followed by lung, intestinal mucosa, skin,
brain, hair follicles, erythrocytes, platelets, leukocytes, placenta, and uterus.
Animal and human fetal tissues have the capcity to metabolize PAHs, but
at a low rate compared to adult tissues.
Some studies (Graslund and Jernstrom 1989; Cavalieri and Rogan 1985;
Reddy et al. 1992; Shaw and Connell 1994; Ross et al. 1990, 1991) concluded
that PAHs exert their mutagenic and carcinogenic activity through biotransformation to chemically reactive intermediates that bind covalently to
cellular macromolecules. Other experiments (Shaw et al. 1994) were carried
out to explain the implication of covalent binding of PAHs to DNA for
carcinogenicity in the lung and other tissues of experimental animals.
B. Sources and Distribution of PAHs in the Environment
The sources of PAHs are original from combustion processing (Mitra and
Bonnie 1995). PAHs are a group of chemicals that are formed during the
incomplete burning of coal, oil, gas, wood, garbage, or other organic
substances, such as tobacco and charbroiled meat. PAHs generally occur as
complex mixtures (e.g., as part of combustion products such as soot), and
not as single compounds. PAHs usually occur naturally, but they can be
manufactured as individual compounds for research purposes; however, not
as the mixtures found in combustion products. As pure chemicals, PAHs
generally exist as colorless, white, or pale yellow-green solids. They can have
a faint, pleasant odor. A few PAHs are used in medicines and to make dyes,
plastics, and pesticides. Others are contained in asphalt used in road construction. They can also be found in substances such as crude oil, coal, coal
tar pitch, creosote, and rooﬁng tar. They are found throughout the environment in the air, water, and soil, and can occur in the air, either attached to
dust particles or as solids in soil or sediment.
PAHs are formed mainly as a result of pyrolytic processes, especially the
incomplete combustion of organic materials during industrial and other
human activities, such as processing of coal and crude oil, combustion of
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natural gas, including for heating, combustion of refuse, vehicle trafﬁc,
cooking, and tobacco smoking, as well as in natural processes such as carbonization. However, the main source of emission of PAHs into the air is
coal combustion. For example, in the Federal Republic of Germany in 1981,
the emissions of BaP were estimated to amount to 18 t: about 30% resulted
from coke production, 56% from heating with coal, 13% from motor vehicles, and less than 0.5% from the combustion of heating oil (WHO 1987). In
China, emission of PAHs consists of more than 70% from coal heating and
other processing. In many developed countries, PAHs enter the environment
mostly as releases to air from coal combustion (Baek et al. 1991).
Many PAHs, especially carcinogenic PAHs, are found in all surface soils.
Typical concentrations in forest soil range from 5 µg to 100 µg/kg. Substantial amounts of PAHs are transferred to forest soil from vegetation litter
because the compounds are adsorded from air on organic matter such as
leaves and needles. Rural soil contains carcinogenic PAHs at levels of 10–
100 µg/kg originating mainly from atmospheric fallout. For both forest and
rural soil, values as high as 1,000 µg/kg may occasionally be found. Metropolitan areas have higher PAH concentrations than forest and agricultural
areas because of the many sources of fossil fuel combustion. The majority
of urban soil concentrations fall in the 600–3,000 µg/kg range. Higher values
near areas of heavy transportation and industrialization are probable.
Values of the order of 1,000–3,000 µg/kg are regarded as being in the upper
range. However, levels of 8,000–336,000 µg/kg have been reported from
road dust (Menzie et al. 1992).
PAHs are found in substantial quantities in some foods, depending on
the mode of cooking, preservation, and storage, and are detected in a wide
range of meats, ﬁshes, vegetables, and fruits. A Dutch market basket study
of dietary components for 18-yr-old males involving determination of 17
different PAHs revealed that all these compounds were detected. The most
frequently occurring PAHs were benzo[b]ﬂuoranthene, ﬂuoranthene, and
benzo[k]ﬂuoranthene, in 59%, 48%, and 46% of the samples, respectively.
The highest concentration of a single PAH was found for chrysene, at
36 µg/kg in the commodity group sugar and sweets. The mean daily intake
of the total PAH fraction analyzed was between 5 and 17 µg/kg. The intake
of carcinogenic PAH fraction was roughly half these amounts. The largest
contribution to the daily PAH intake came from sugar and sweets, cereals,
oils, fats, and nuts (De Vos et al. 1990).
Several studies concluded that most of the above 16 PAHs come from
fossil fuel combustion and have high toxicity, and especially a carcinogenic
character. According to abundant data in the literature and from experimental results, the most signiﬁcant health effect to be expected from inhalation exposure to PAHs is an excess risk of lung, gut, and skin cancer,
especially lung cancer. In the past, chimney sweeps and tar workers were
dermally exposed to substantial amounts of PAHs. There is sufﬁcient evidence that skin cancer in many of these workers was caused by PAHs.

10

L. Guijian et al.

Epidemiological studies in coke oven workers, coal gas workers, and
employees in aluminum production plants provide sufﬁcient evidence of
the role of inhaled PAHs in the induction of lung cancer. An excessively
high rate of lung cancer mortality was found in coke oven workers
(Hemminki 1993). The studies showed that the increase in lung cancer cases
correlates closely with the time spent working on top of ovens where an
average BaP concentration of about 30 mg/m3 has been detected. It should
be noted that all these working environments include chemicals other than
PAHs that may also have contributed to the excesses of lung cancer.
The movement and distribution of PAHs in the environment depends
on properties such as how easily they dissolve in water and how easily they
evaporate into the air. PAHs in general do not easily dissolve in water and
have a relatively low solubility in water, but they are highly lipophilic. They
are present in air as vapors or attached to surfaces of small solid particles.
They can travel long distances before they return to earth in rainfall or by
particle settling. Some PAHs evaporate into the atmosphere from surface
waters, but most stick to solid particles and settle to the bottom of rivers or
lakes. In soils, PAHs are most likely to stick tightly to particles. Some PAHs
evaporate from surface soils to air. Certain PAHs in soils also contaminate
underground water. The PAH content of plants and animals living on the
land or in water can be many times higher than the content of PAHs in soil
or water. PAHs can break down to longer-lasting products by reacting with
sunlight and other chemicals in the air, generally over a period of days to
weeks. Breakdown in soil and water generally takes weeks to months and
is caused primarily by microorganisms.

V. Indoor PAHs and their Environmental Effects
During coal burning indoors, a large complex mixture of many components
including toxic gases and particulate matter is emitted, and particulate
matter is mostly ﬁne particles (“soot”) that are coated with a mixture of
various toxic chemicals including hazardous trace elements and PAHs (Liu
and Zheng 2007; Finlayson-Pitts and Pitts 1986). The ﬁne particles not only
cause visibility reduction, acid rain, and climate perturbations, but also
cause serious health problems by penetrating and delivering coated chemicals into the human respiratory system. It has been reported that the submicron airborne particles, not the organic chemicals adsorbed onto the
particles, are responsible for the tumor response, because the particles
overload the lung clearance system (Donaldson et al. 1996, 1998; Chuang
et al. 1992).
Smaller particles are considered to be more harmful as they remain in
the air for a longer period, while larger ones settle to the ground and are
less likely to be inhaled. Smaller particles penetrate into deeper portions
of the lungs, and clearing can take a long period of time, months or even
years. It has also been reported that most toxic elements are concentrated

