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NOTE TO READERS OF THE CRITERIA MONOGRAPHS

Every effort has been made to present information in the Criteria monographs
as accurately as possible without unduly delaying their publication. In the
interest of all users of the Environmental Health Criteria monographs, readers
arercquested to communicate any errars that may have occurred to the Director
ofthe International Programme on Chemical Safety, World Health Organization,
Geneva, Switzerland. in order that they may be included in corrigenda.

A detailed data profile and alegal file can be obtained from the International
Register of Potentially Toxic Chemicals, Case postale 356, 1219 Chételaine,
Geneva, Switzerland (Telephone No. 979 9111),

Funding and support for the preparation, review, and printing of this
monograph were provided by the German Federal Ministry of the Environment,
Nature Conservation, and Nuclear Safety, and the Netherlands Institute for
Public Health and the Environment (RIVM). The United Kingdem Department
of Health provided the funds for editing.
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Environmental Health Criteria
PREAMBLE
Objectives

The WHO Environmental Health Criteria Programme was initiated in
1973, with the following objectives:

(1) to assess information on the relationship between exposure to
environmental poilutants and human health and to provide
guidclines for setting exposure limits;

(ii) 1o identify new or potential pollutants;

(iif) 1o identify gaps in knowledge concerning the health effects of
pollutants;

(iv) to promote the harmonization of toxicological and epidemiological
methods in order to have internationally comparable results.

The first Environmental Health Criteria (EHC) monograph, on mercury,
was published in 1976; numcrous assessments of chemicals and of physical
effects have since been produced. Many EHC monographs have been devoted
to toxicological methods, e.g. for genetic, neurotoxic, teratogenic, and
nephrotoxic effects. Other publications have been concerned with e.g.
epidemiological guidelines, evaluation of short-term tests for carcinogens,
biomarkers, and cffects on the elderly.

Since the time of its inauguration, the EHC Programme has widened s
scope, and the importance of environmental effects has been increasingly
emphasized in the total evaluation of chemicals, 1 addition to their health
eftects,

The original impetus for the Programme came from resolutions of the
World Health Assembly and the recommendations of the 1972 United Nations
Conterence on the Human Environment. Subsequently, the work became an
integral part of the International Programme on Chemical Safety (IPCS}, a
cooperative programme of UNEP, 11.O, and WHO. In this manner, with the
strong support of the new partrers, ihe importance of occupational health and
environmental effects was fully recognized. The EHC monographs have
become widely established, used, and recognized throughout the world,

The recommendations of the 1992 United Nations Conference on
Environment and Development and the subsequent establishment of the
Intergovernmental Forum on Chemical Safety, with priorities for action in the
six programme areas of Chapter 19, Agenda 21, lend further weight to the need
for EHC assesstments of the risks of chemicals.
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Preamble

Scope

The Criteria monographs are intended to provide critical reviews of the
effect on human health and the environment of chemicals, combinations of
chemicais, and physical and biological agents. They include reviews of studies
that are of direct relevance for the evaluation and do not describe every study
that has been carried out. Data obtained worldwide are used, and results are
quoted from original studies. not from abstracts or reviews. Both published and
unpubtished reports are considered, and the authors are responsible for assessing
ail of the articles cited: however, preference is always given to published data,
and unpublished data arc used only when relevant published data are absent or
when the unpublished data are pivotal to the risk assessment. A detailed policy
statement is available that describes the procedures used for citing unpublished
proprictary data, so that this information can be used in the evaluation without
compromising its confidential nature (WHO, 1990).

In the evaluation of human health risks, sound data on humans, whenever
available, are prefcrred to data on experimental animals, Studies of animals and
in-vitro systems provide support and arc used mainly to supply evidence
missing from human studies. It is mandatory that research on human subjects
be conducted in full accord with ethical principles, including the provisions of
the Helsinki Declaration,

The EHC monographs are intended to assist national and international
authorities in making risk assessments and subsequent risk management
decisions. They represent a thorough cvaluation of risks and are not in any
sense recommendations for regulation or setting standards. The latter are the
exclusive purview of national and regional governments.

Content

The tayout of EHC monographs for chemicals is outlined below.

. Summary: a review of the salient facts and the risk evaluation of the
chemical

. Identity: physical and chemical properties, analytical methods

. Sources of exposure

. Envirenmental transport, distribution, and transformation

*  Environmental levels and human exposure

. Kinetics and metabolism in laboratory animals and humans

. Effects on laboratory mammals and in-vitro test systems

. Effects on humans

. Effects on other organisms in the laboratory and the field

= Evaluation of humnan health risks and effects on the cnvironment

*  Conclusions and recommendations for protection of human health
and the environment

Xvi
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. Further research

. Previous evaluations by international bodies, ¢.g. the Intcmational Agency
for Research on Cancer, the Joint FAQ/WHOExpert Committec on Food
Additives, and the Joint FAO/WHO Meccting on Pesticide Residucs

Selection of chemicals

Since the inception of the EHC Programme. the IPCS has organized
meetings of scientists to establish lists of chemicals that are of prority for
subsequent evaluation. Such meetings have been held in Ispra, Ttaly (1980);
Oxford, United Kingdom (1984); Berlin, Germany (1987); and North Carolina,
United Srates of America (1993). The selection of chemicals is based on the
following criteria: the existence of scientific evidence that the substance
presents a hazard to human health and/or the environment; the cxistence of
evidence that the possible use, persistence, accumulation, or degradation of the
substance involves significant human orenvironmental exposure; the existence
of evidence that the populations at risk (both human and other specics) and the
risks forthe environment are of asignificant size and nature; there isinternational
concern, i.¢. the substance is of major interest 1o scveral countries; adequate
data arc available on the hazards,

It it is proposed to write an EHC monograph on a chemical that is not on
the fist of prioritics, the IPCS Secretariat first consults with the cooperating
organizations and the participating institutions.

Procedures

The order of procedures thatresultin the publication of an EHC monograph
is shown in the following flow chart. A designated staff member of IPCS,
responsible for the scientific quality of the document, serves as Responsible
Officer {(RO). The IPCS Editor is responsible for the layout and language. The
firstdraft, prepared by consultants or, more usually, statt at an IPCS participating
institution 1s based initially on data provided from the International Register of
Potentially Toxic Chemicals and reference data bases such as Medline and
Toxline.

The draft document, when received by the RO, may require an initial
review by a small panel of experts to determine its scientific quality and
objectivity. Once the RO finds the first draft acceptabie, it is distributed in its
uncdited form to over 150 EHC contact points throughout the world for
comment on its completeness and accuracy and, where necessary, to provide
additional materiai. The contact points, usually designated by governments,
may be participating institutions, IPCS focal points, or individual scientists
known for their particular expertise. Generally, about four months are allowed
before the comments are considered by the RO and author{s). A second draft
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Preamble

incorperating the comments recetved and approved by the Dircctor, IPCS, 15
then distributed to Task Group members, who carry out a peer review at least
six weeks before their mecting.

The Task Group members serve as individual scientists, not as
representatives of any organization, government, or industry. Their functionis
to evaluate the accuracy, significance, and relevance of the information in the
document and to assess the risks to health and the environment from exposure
to the chemical. A summary and recommendations for further research and
improved safety are also drawn up. The composition of the Task Group is
dictated by the range of expertise required for the subject of the meeting and
by the need for a batanced geographical distribution.

The three cooperating organizations of the IPCS recognize the important
role played by nongovernmental organizations, so that representatives from
relevant national and international associations may be invited to join the Task
Group as observers. While observers may provide valuable contributions to the
process, they can speak only at the invitation of the Chairperson. Observers do
not participate in the final evaluation of the chemical, which is the sole
responsibility of the Task Group members. The Task Group may meet in
camera when it considers that to be appropriatc.

All individuals who participate in the preparation of an EHC menograph
as authors, consultants, or advisers must, in addition to serving in their personal
capacity as scientists, inform the RO 1if at any time aconflictof interest, whether
actual or potential, could be perceived in their work. They are required to sign
a statement to that effect. This procedure ensures the transparency and probity
of the process.

When the Task Group has completed its review and the RO is satisfied as
to the scientific correctness and completeness of the document, it is edited for
language, the references are checked, and camera-ready copy is preparcd. After
approval by the Dircctor, IPCS, the monograph is submitted to the WHO Oftice
of Publications for printing. At this time, a copy of the final draft is also sent
to the Chairperson and Rapporteur of the Task Group to check for any errors.

It is accepte that the following criteria should initiate the updating of an
EHC monograph: new data are available that would substantially change the
evaluation; there is public concern about health or environmental effects of the
agent because of greater exposure; an appreciable time has elapsed since the
last evaluation.

All participating institutions are informed, through the EHC progress
report, of the authors and institutions proposed for the drafting of the documents.
A comprchensive file of all comments received on drafts of each EHC
monograph is maintained and is available on request. The chairpersons of task
groups are briefed before each meeting on their role and responsibility in
ensuring that thesc rufes are followed.
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ENVIRONMENTAL HEALTH CRITERIA FOR SELECTED
NON-HETEROCYCLIC POLYCYCLIC AROMATIC
HYDROCARBONS

A WHO Task Group on Environmental Health Criteria for selected Non-
Heterocyclic Polycyclic Aromatic Hydrocarbons met at the Fraunhofer Institute
for Toxicology and Aerosol Research, Hanover, Germany, {rom 25 to 29
September 1995. Dr E. Smith, IPCS, welcomed the participants on behalf of
Dr M. Mercier, Director of the IPCS, and on behalf of the three IPCS
cooperating organizations {UNEP, [L.O, and WHO). The Group reviewed and
revised the draft and made an evaluation of the risks for human health and the
environment from exposurc to nonheterocyclic polycyclic aromatic
hydrocarbons (PAH).

The first and second drafts of the EHC on non-heterocyclic PAH were
prepared under the coordination of Dr R.F. Henel, Dr G. Rosner, and Dr J.
Kielhomn of the Fraunhofer Institute of Toxicology and Aerosol Research,
Hanover, Germany, by the authors Dr §. Artelt, Dr A. Boehncke, Dr O.
Creutzenberg, Dr I. Mangelisdorf of the samne Institute, in cooperation with Dr
E. Menichini, Italy and Dr P.L. Grover, United Kingdom, and Dr . Blok,
Netherlands. The Appendix on risk assessment methods for PAHs was prepared
by Dr P. Muller, Canada, and Dr R. Schoeny and Dr T.L. Mumford, USA.

Dr E.M. Smith of the IPCS Central Unit was responsible for the scientific
aspects of the monograph and Mrs E. Heseltine, Lajarthe, France, for the

editing.

The efforts of all who helped in the preparation and finalization of the
monograph are gratefully acknowledged.
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1.2

1. SUMMARY

Selection of compounds for this monograph

Polycyclic aromatic hydrocarbons (PAH) constitute a large class of
compounds, and hundreds of individual substances may be releascd during
incomplete combustion or pyrolysis of organic matter, an important source of
human expasure. Studies of various environmentally relevant matrices, such as
coal combustion effluents, motor vehicle exhaust, used motor lubricating oil.
and tobacco smoke, have shown that the PAH in these mixtures are mainly
responsible for their carcinogenic poientiai.

PAH occur almost always in mixtures. Because the composition of such
mixtures is complex and varics with the gencrating process, all mixtures
containing PAH could not possible be covered in detail in this monograph.
Thus, 33 individual compounds (31 parent PAH and two alkyl derivatives)
were selected for evaluation on the basis of the availability of relevant data on
toxicological end-points and/or exposure (Table 1). Since epidemiological
studies, which are esscntial for risk assessment, were available only for
mixtures, however, Sections § and 10 present the results of studies of mixtures
of PAH, in contrast to the rest of the monograph.

Numerous papers and reviews have been published on the occurrence,
distribution, and transformation of PAH in the environment and on their
ecotoxicological and toxicological cffects. Only references from the last
10-15 years are cited in this monograph, unless no other information was
available; reviews are cited for older studies and for further information.

Identity, physical and chemical properties, and analytical
methods

The term "polycyclic aromatic hydrocarbons” commonly refers to a large
class of organic compounds containing two or more fused aromatic rings made
up of carbon and hydrogen atoms. At ambient temperatures, PAH are solids.
The general characteristics commen to the class are high melting- and boiling-
points, low vapour pressure, and very low water solubility which tends to
decrecase with increasing molecular mass. PAH are soluble in many organic
sotvents and are highly lipophilic. They are chemically rather inert. Reactions
that are of interest with respect to their environmental fate and possible sources
of loss during atmospheric sampling are photodecomposition and reactions
with nitrogen oxides, nitric acid, sulfur oxides, sulfuric acid, ozone, and
hydroxyl radicals.
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1.3

Summary

Ambient air is sampled by collecting suspended particulate matter on
glass-fibre, polytetratluorcethylene, or quartz-fibre filtcrs by means of high-
volume or passive samplers. Vapour-phase PAH, which might volatilize from
filters during sampling, are commonly trapped by adsorption on pelyurethane
foam. The sampling step is by far the most important source of vartabitity in
results.

Airis sampled at the workplace at low flow rates; particles are collected on
glass-fibre or polytetrafluoroethylene filters and vapours on Amberlite
XAD-2 resin, Devices for sampling stack gases are composed of a glass-fibre
or quartz-fibre filter in front of a cooler to collect condensable matter and an
adsorbent (generally XAD-2) cartridge. Vehicle exhausts are sampled under
laboratory conditions, with standard driving cycles simulating on-road
conditions. Emissions are collected either undiluted or after dilution with
filtered cold air.

Many extraction and purification techniques have been described,
Depending on the matrix. PAH are extracted from samples with a Soxhlet
apparatus, ultrasonically, by liquid-liquid partition, or, after sample dissolution
or alkaline digestion, with a selective solvent. Supercritical fluid extraction
from various environmental solids has also been used. The efficiency of
extraction depends heavily on the solvent used, and many of the solvents
commonly used in the past were not appropriate, Extracted sampies arc usually
purified by column chromatography, particularly on alumina, silica gel, or
Sephadex LH-20 but also by thin-layer chromatography.

Identification and quantification are routinely performed by gas
chromatography with flame ionization detection or by high-performance
liquid chromatography (HPLC) with ultraviolet and fluorescence detection,
generally in series. In gas chromatography, fused silica capillary columns are
used, with polysiloxanes (SE-54 and SE-52) as stationary phases; silica-C18
columns are commonly used in HPLC. A mass spectrometric detector is often
coupied to a gas chromatograph in order to contirm the identily of peaks.

The choice of PAH to be determined depends on the purpose of the
measurement, ¢.g. for health-orientated or ecotoxicological studies or to
investigate sources. Testing for different sets of compounds may be required
or recommended at national and international levels.

Sources of human and environmental exposure

Little information is available on the production and processing of PAH,
butitis probable that only small amounts of PAH are released as a direct result
of these activities. The PAH found principally are used as intermediates in the
production of polyvinylchloride and plasticizers (naphthalene), pigments
(accnaphthene, pyrene), dyes (anthracene, fluoranthene), and pesticides
(phenanthrene).
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The largest cmissions of PAH result from incomplete combustion of
organic materials during industrial processes and other human activities,
including:

— processing of coal, crude oil, and natural gas, including coal coking,
coal conversion, petroleum refining, and production of carbon blacks,
creosote, coal-tar, and bitumen;

— aluminium, iron and steel production in plants and foundries;

— heating in power plants and residences and cooking;

— combustion of refuse;

— moter vehicle traffic; and

— ecnvironmental tobacco smokc.

PAH. especially these of higher molecular mass, entering the environment
via the atmosphere are adsorbed onto particulate matter. The hydrosphere and
gcosphere arc affected secondarily by wet and dry deposition. Creosote-
preserved woaod is another source of release of PAH into the hydrosphere, and
deposition of contaminated retuse, like sewage sludge and fly ash, contributes
to emissions of PAH into the geosphere. Little information is available about
the passage of PAH into the biosphere. PAH occur naturally in peat. lignite.
coal, and crude o1l. Most of the PAH in hard coals are tightly bound within the
coat structure and cannot be leached oul.

The release of PAH into the environment has been determined by
identification of a characteristic PAH concentration profile, but this has been
possibic in only a few cascs. Benzo[a]pyrene has frequently been used as an
indicator of PAH, especially in older studies. Generally, emissions of PAH are
only estimates based on more or less reliable data and give only a rough idea
of exposure.

The most important sources of PAH are as follows:

Coal coking: Airborne emissions of PAH from coal coking in Germany
have decreased significantly over the last 10 years as a resuit of technical
improvements to existing plants, closure of old plants, and reduced coke
production. Similar situations arc assumed to exist in western Europe, Japan,
and the USA, but no data were available.

Production of aluminium (mainly special coal anodes), iron, and steel and
the binding agents used in moulding sand in foundries: Little information is
available.

Domestic and residential hearing: Phenanthrene, fluoranthene, pyrene.
and chrysene are emitted as major components. The emissions from wood
stoves are 25—-1000 times higher than those from charcoal-fired stoves, and in
areas where wood burning predominates for domestic heating the major
portion of airborne PAH may be derived (rom this source, especially in winter.
The release of PAH during residential heating is thus assumed to be an
important source in developing countries where biomass is often burnt in
relatively simple stoves.
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Summary

Cooking: PAH may be emitted during incomplete combustion of fuels,
from cooking oil, and from food being cooked.

Motor vehicle traffic: The main compounds released from petrol-fuelied
vehicles are fluoranthene and pyrene, while naphthalene and acenaphthene are
abundant in the exhaust of diesel-fuelled vehicles. Although cyclopentafed)]-
pyrene is emifted at a high rate trom petrol-fuelled engines, its concentration
in diesel exhaust is onty just above the limit of detection. The emission rates,
which depend on the substance, the type of vehicle, its engine conditions, and
the test conditions, range from a fcw nanograms per kilometre to
> 1000 mg/km. PAH cmissions from vehicle engines are dramatically reduced
by fitting catalytic converter devices.

Forest fires: Incountries with large forest arcas, fires can make an imprtant
contribution to PAH emissions.

Coal-fired power plants: PAH released into the atmosphere from such
plants consist mainly of two- and three-ring compounds. In contaminated
areas, the PAH levels in ambient air may be higher thanthose in the stack gases.

Incineration of refuse: The PAH emissions in stack gases from this souce
in a number of countries were < 10 mg/m’.

Environmental transport, distribution, and transformation

Several distribution and transformalion processes determine the fate of
both individual PAH and mixtures, Partitioning between water and air,
between water and sediment, and between water and biota are the most
imponant of the distribution processes.

AsPAH are hydrophobic with low solubility in water, their affinity for the
aquatic phase is very low; however, in spite of the fact that most PAH are
released into the environment via the atmosphere, considerable concentrations
are also found in the hydrosphere because of their low Henry’s law constants.
As the affinity of PAH for organic phases is greater than that for water, their
partition coefficients between organtc solvents, such as octanol, and water are
high. Their affinity for organic fractions in sediment, soil, and biota is also
high, and PAH thus accumulate in organisms in water and sediments and in
their food. The relative importance of uptake from food and from water is not
clear. In Daphnia and moltuscs, accumulation of PAH from water is positively
correlated with the octanol: water partition coefficient (K.} In fish and algac
that can metabolize PAH, however, the internal concentrations of different
PAH are not correlated with the X

Biomagnification—the increase in the concentration of a substance in
animals in suceessive trophic levels of food chains—of PAH has not been
observed in aquatic systems and would not be expected to occur, because most
organisms have a high biotransformation potential for PAH, Organisms at
highertrophiclevels in food chains show the highest potential biotransformation,
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PAH arc degraded by photodegradation, biodegradationby microorganisms,
and metabolism in higher biota. Although the 1ast route of transformation is of
minor importance for the overall fate of PAH in the environment, it is an
important pathway for the biota, since carcinegenic metabolites may be
tormed. As PAH are chemically stable, with no reactive groups, hydrolysis
plays no role in their degradation. Few standard tests for the biodegradation of
PAH are available In general, they are biodegraded under aerobic conditions,
the biodegradation rate decreasing drastically with the number of aromatic
rings. Under anaerobic conditions, degradation is much slower.

PAH are photooxidized in air and water in the presence of sensitizing
radicals like OH, NO,, and Q,. Under laboratory conditions, the half-life of the
reaction with airhorne OH radicals is about one day, whereas reaclions with
NO, and O, usually have much lower velocity constants. The adsorption of
high-molecular-mass PAH onto carbonaceous particles in the environment
shouldstabilize the reaction with OH radicals. The reaction of two-to four-ring
PAH, which occur mainly in the vapour phase. with NO, leads to nitro-PAH,
which are known mutagens. The photooxidation of some PAH in water scems
to be more rapid than in air. Calculations based on physicochemical and
degradation parameters indicate that PAH with four or more aromatic rings
persist in the environment,

Environmental levels and human exposure

PAH are ubiguitous in the cnvironment, and various individual PAH have
been detected in different compartments in numerous studics.

Alr

The levels of individual PAH tend o be higher in winter than in summer
by at least one order of magnitude. The predominant source during winter is
residential heating, while that during summer is urban motor vehicle traffic.
Average concentrations of 1-30 ng/m’ ot individual PAH were detecied in the
ambient air of various urban areas. In large citics with heavy motor vehicle
traffic and cxtensive use of biomass fuel, such as Calcutta, levels of up to
200 ng/m’ of individual PAH werc found. Concentrations of 1-50 ng/m’® were
detected in road tunnels, Cyclopema[cd]pyrene and pyrene werc prescnt at
concentrations up o 100 ng/m*. In a subway station, PAH concentrations of up
10 20ng/m*were measured. Near industrial sources, the average concentrations
of individual PAH ranged from | to 10 ng/m*, Phenanthrene was present at up
to a maximum of about 310 ng/m*.

The background values of PAH ure at least one or two orders of magnitude
lower than thosg near sources like motor vehicle traffic. Forexample, the levels
a1 1100 m ranged from 0.004 10 0.03 ng/m’,
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Summary

Surface water and precipitation

Most of the PAH in water arc belicved to result from urban runotf, from
atmospheric fallout (smaller particles), and from asphalt abrasion (larger
particles). The major source of PAH varies, however, in a given body of water,
In general, most samples of surface water contain individual PAH at levels of
up to 30 ngflitre. but highly polluted rivers had concentrations of up to
6000 ng/litre. The PAH lcvels in groundwater are within the range
0.02-1.8 ng/litre, and drinking-water samples contain concentrations of the
same order of magnitude. Major sources of PAH in drinking-water are asphait-
lined storage tanks and delivery pipes.

The levels of individual PAH in rainwater ranged from 10 to 200 ng/litre,
whereas levels of up to 1000 ng/litre have been detected fn snow and fog.

Sediment

The concentrations of individual PAH in sediment were gencrally one order of
magnitude higher than those in precipitation.

Soil

The main sources of PAH in soil are atmospheric deposition, carbonization
of plant material, and deposition from sewage and particulatc waste. The extent
of pollution of soil depends on factors such as its cultivation. its porosity, and
its content of humic substances.

Near industrial sources, individual PAH levels of up to 1 g/kg soil have
been found. The concentrations in soil from other sources, such as automobile
exhaust, are in the range 2-5 mg/kg. In unpolluted areas, the PAH levels were
5-100 pg/kg soil.

Food

Raw food does not normally contain high levels of PAH, but they are
formed by processing, roasting, baking, or frying. Vegetables may be
contaminated by thedeposition of airborne particles orby growth in contaminated
soil. The levels of individual PAH in meat. fish, dairy products, vegetables and
fruits, cereals and their products, sweets, beverages, and animal and vegetable
fats and oils were within the range 0.01~10 pg/kg. Concentrations of over
100 pg/kg have been detected in smoked meat and up to 86 pg/kg in smoked
fish; smoked cereals contained up to 160 pg/kg. Coconut oil contained up to
460 ng/kg. The levels in human breast milk were 0.003-0.03 pg/kg.

Agquatic organisms

Marine organisms are known to adsorb and accumulate PAH from water.
The degree of contamination is related to the extent of industrial and urban

8
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development and shipping movements. PAH concentrations of up to 7 mg/kg
have been detected in aquatic organisms living near industrial effluents, and the
average levels of PAH in aquatic animals sampled at contaminated sites were
10-500 ug/kg, although levels of up to 5 mg/kg were also detected.

The average levels of PAH in aquatic animals sampled at various sites with
unspecilicd sources of PAH were 1-100 lg/kg, but concentrations of up to
I mg/kg were found, for example, in lobsters in Canada.

Terrestrial organisms

The concentrations of PAH in insects ranged from 730 to 5500 pg/kg. The
PAH content of earthworm facces depends significantl y on the location: those
inahighly industrialized region in eastern Germany contained benzo[a]pyrene
at concentrations up to 2 mg/kg.

General population

The main sources of nonoccupational exposure are; poliuted ambient air,
smoke from open fireplaces and cooking, environmental tobacco smoke,
contaminated food and drinking-water, and the use of PAH-contaminated
products. PAH can be found in indoor air as a result of residential heating and
environmental tobacco smoke at average concentrations of 1-100 ng/m*, with
a maximum of 2300 ng/m?®.

The intake of individual PAH from food has been estimated to be
0.10-10 pg/day per persen. The total daily intake of benzolalpyrene from
drinking-water was estimated to be 0.0002 pg/person. Cereals and cercal
products are the main contributors to the intake of PAH from tood because they
are a major cormponent of the total diet.

Occupational exposure

Near a coke-oven battery, the levels of benzo[alpyrene ranged from < (0.1
o 100-200 pg/m'. with a maximum of zbout 400 pg/m®. In modern coal
gasification systems, the concentration of PAH is usually < 1 gg/m® with a
maximum of 30 pg/m*. Personal samples laken from operators of petroleum
refinery cquipment showed exposure to 2.6-470 ug/m?, In samples of air taken
ncar bitumen processing plants at refineries, the total PAH levels were
0.004-50 pg/m?* Near road paving operations, the total PAH concentrations in
personal air samples were up to 190 pg/m?, and the mean value in area air
samples was (.13 pg/m*. The PAH levels in personal air samples taken at an
aluminium smelter were 0.05-9.6 pg/m?, but urine samples of workers at an
aluminium plant contained very low levels. Area air samples contained PAH
concentrations of up to 5 pug/m*in one German foundry, 3—40 g/m* at tron
mines and 4-33(ug/m’ at copper mines. The concentrations of PAH in cooking
fumes in a food factory ranged from 0.07 to 26 pg/m?,
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Summary

Kinetics and metabolism

PAH are absorbed through the pulmonary tract, the gastrointestinal tract,
and the skin, The rate of absorption from the fungs depends onthe type of PAH,
the size ol the particles on which they are absorbed, and the compesition of the
adsorbent. PAH adsorbed onto particulate matter are cleared from the lungs
more slowly than free hydrocarbons, Absorption from the gastrointestinal tract
occurs rapidly in rodents, but metabolites return to the intestine via biliary
excretion. Studies with *P-postlabelling of percutaneous absorption of mixtures
of PAH in rodents showed that components of the mixtures reach the lungs,
where they become bound 1o DNA, The rate of percutaneous absorption in
mice according to the compound.

PAH are widely distributed throughout the organism after administration
by any route and are found in almost all internal organs, but particularly those
rich in lipids. Intravenously injected PAH are cleared rapidly from the
bioodstream of rodents but can cross the placental barrier and have been
detected in fetal tissucs.

The metabolism of PAH is complex. in gencral, parent compounds are
converted via intermediate epoxides to phenols, diols, and tetrols, which can
themselves be conjugated with sulfuric or glucuronic acids or with glutathione.
Most metabolism results in detoxification, but some PAH are activated to
DNA-binding species, principally dio} epoxides, which can initiate tumours,
PAH metabolites and their conjugates are excreled via the urine and faeces, but
conjugates excreted in the bile can be hydrolysed by enzymes of the gut flora
and reabsorbed. It can be inferred from the available information on the total
human body burden that PAH do not persist in the body and that turnover is
rapid. This inference excludes those PAH moietics that become covalently
bound to tissue constituents, in particular nucleic acids, and are not removed
by repair.

Effects on laboratory mammals and in vitro

The acute toxicity of PAH appears to be moderate to low. The well-
characterized PAH, naphthalene, showed oral and intravenous LD, values of
100-500 mg/kg body weight (bw) in mice and a mean oral LD, of
2700 mg/kg bw inrats. The vatues forother PAH are similar. Single high doses
of naphthalene induced bronchiolar necrosis in mice, rats, and hamsters,

Short-term studies showed adverse haematologica! effects, expressed as
myelotoxicity with benzo[ alpyrene, haemolymphatic changes with dibenzfa,h]-
anthracene, and anaemia with naphthalene; however, in a seven-day study by
oral and intraperitoncal administration in mice, tolerance to the effect of
naphthalene was observed.

Systemic effects caused by long-term treatment with PAH have been
described only rarely, because the end-point of most studies has been

10
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carcinogenicity. Significant toxic cftects are manifested at doses a1 which
carcinogente responses arc also triggered.

In studics of adverse effects on the skin after dermal application, non- or
weakly carcinogenic PAH such as perylene, benzole}pyrene, phenanthrene,
pyrenc, anthracene, acenaphthalene, fluorene, and fluoranthene were inactive,
whereas carcinogenic compounds such as benz[glanthracene, dibenz(a,h]-
anthracene, and benzofalpyrene caused hyperkeratosis. Anthracene and
naphthalene vapours caused mild eye irritation. Benzo{a]pyrene induced
contact hypersensitivity in guinea-pigs and mice.

Benz[a]anthracene, benzolalpyrene, dibenzle,hlanthracene, and
naphthalene were embrotoxic to mice and rats. Benze[a]pyrene also had
teratogenic and reproductive effects. Intensive efforts have been made to
elucidate the genetic basis of the embryotoxic effect of benzo[a|pyrene. Fetal
death and malformations are observed only if the cytochrome P450 monooxy-
genase system is inducibie, either in the mother (with placental permigration)
or in the embryo. Not all of the effccts obscrved can be explained by genetic
predisposition, however: inmice and rabbits, benzo[a]pyrene had transplacental
carcinogenic activity, resulting in pulmonary adenomas and skin papillomas in
the progeny. Reduced fertility and oocyte destruction were also observed.

PAH have also heen studied extensively inassays for genotoxicity andcell
transformation; most of the 33 PAH covered in this monograph are genotoxic
or probably genotoxic. The only compounds for which negative results were
found in all assays were anthracene, fluorene, and naphrthalene. Owing to
inconsistent results, phenanthrene and pyrene could not be reliably classified
for genotoxicity.

Comprehensive work on the carcinogenicity ol PAH shows that 26 of the
33 studied are, or are suspected of being, carcinogenic (Table 2). The best-
characterized PAH is benzo[a]pyrene. which has been studied by all current
methods in seven species. PAH that have been the subject of 12 ormore studies
are anthanthrene, anthracene, benzjajanthracene, chrysenc, dibenz[a,h)-
anthracene, dibenzola,iJpyrene, S-methylchrysene, phenanthrene, and pyrene.
Special studies of the phototoxicity, immunotoxicity, and hepatotoxicity of
PAH are supplemented by reports on the ocular toxicity of naphthalenc.
Anthracene, benzolalpyrene, and some other PAH were phototoxic to
mammalian skin and in cell cultures in vitro when applicd with ultraviolet
radiation. PAH have generally been reported to have immunosuppressive
effects, After intraperitoneal treatment of mice with benzo[a]pyrene,
iminunological parameters were strongly suppressed in the progeny for up to
18 months. Increased liver regeneration and an increase in liver weight have
also been observed. The effect of naphthalene in inducing formation of
cataracts in the rodent cye has been attributed 10 the inducibility of the
cytochrome P450 system in studies in which genetically different mouse
strains were used.

"



1.8

Summary

Theoretical models to predict the carcinogenic potency of PAH from their
structures, based on a large amount of experimental work, were presented as
earty as the 1930s. The first model was based on the high chemical reactivity
of certain double bonds (the K-region theory). A later systematic approach was
based on the chemical synthesis of possible metabolites and their mutagenic
activity. This ‘bay region’ theory proposes that epoxides adjacent to a bay
region yield highly stabilized carbonium ions. Other theoreticat approaches are
the “di-region theory” and the ‘radical cation potential theory’,

Many individual PAH are carcinogenic to animals and may be carcinogenic
to humans, and exposure to several PAH-containing mixtures has been shown
to increase the incidence of cancer in human populations, There is concern that
those PAH found to be carcinogenic in experimental animals are likely to be
carcinogenic in humans. PAH produce tumours both at the site of contact and
at distant sites. The carcinogenic potency of PAH may vary with the route of
exposure. Various approaches to assessing the risk associated with exposure to
PAH,singly and in mixtures, have been proposed. No one approachis endorsed
inthis monograph; however, the data requirements, assumptions, applicability,
and other features of three quantitative risk assessment processes that have
been validated to some degree are described.

Effects on humans

Because of the complex profile of PAH in the environment and in
workplaces, human exposure to pure, individual PAH has been limited to
scientific experiments with volunteers, except in the case of naphthalene which
is used as a moth-repellant for clothing.

After dermal application, anthracene, fluoranthenc, and phenanthrenc
induced specific skin reactions, and benzo[a]pyrene induced reversible,
regressive verrucac which were classified as neoplastic proliferations. The
systemic effects of naphthalene are known from numerous cases of accidental
intake, particularly by children. The iethal oral dose is 5000-15 000 mg for
adults and 2000 mg taken over two days for a child. The typical effect after
dermal or oral exposure is acute haemolytic anaemia, which ¢an also affect
fetuses transplacentally.

Tobacco smoking is the most important single factor in the induction of
lung tumours and also for increased incidences of tumours of the urinary
bladder, renal pelvis, mouth, pharynx, larynx, and oesophagus. The contribution
of PAH in the diet to the development of human cancer is not considered to be
high. In highly industrialized areas, increased body burdens of PAH due to
polluted ambient air were detected. Psoriasis patients treated with coal-tar are
also exposed to PAH.

Occupational exposure to soot as a cause of scrotal cancer was noted for the
first time in 1775. Later, occupational exposure to tars and paraffins was

12
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Table 2. Summary of results of tests for genotoxicity and carcinogenicity

for the 33 pelycyclic aromatic hydrocarbons studied

Compound

Genotoxicity

Carcinogenicity

Acenaphthene
Acenaphthylene
Anthracene
Benz{a]anthracene
Benzo[alflucrene
Benzo[a]pyrene
Benzo[b]fluoranthene
Benzo[p]flucrene
Benzo[¢]phenanthrene
Benzo[elpyrene
Benzo[ghifluoranthene
Benzo[ghiperylene
Benzo[jfluoranthene
Benzo[Ajflucranthene
Chrysene

Coronene
Cyclopenta[cdlpyrene
Dibenzola,e]pyrene
Dibenz[a, hlanthracene
Dibenzo[a, hlpyrene
Dibenzo[a,pyrene
Dibenzo[a, pyrene
Fluoranthene

Fluorene
Indeno[1,2,3-cd]pyrene
1-Methylphenanthrene
5-Methylchrysene
Naphthalene

Perylene
Phenanthrene

Pyrene

Triphenylene
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+, positive; -, negative; 7, questionable
Parentheses, result derived from small database

reported Lo induce skin cancer. The lung is now the main site of PAH-induced
cancer. whereas skin tumours have become more rare because of betler

personal hygiene.
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Summary

Epidemiological studics have been conducted of workers exposed at coke
evensduring coal coking and coal gasification, at asphalt works, foundries, and
aluminium smelters, and 1o dicsel exhaust. Increased lung tumour rates due to
exposure to PAH have been found in coke-oven workers, asphalt workers, and
workers in Soderberg potrooms of aluminium reduction plants. The highest
tisk was found for coke-oven workers, with a standardized mortality ratio of
193, Dose-response relationships were found in several studies. In aluminium
plants, not only urinary bladder cancer but also asthma-like symptoms, lung
function abnormalities, and chronic bronchitis have been observed. Coke-oven
workers were found to have decreased serum immunoglobulin levels and
decreased immune function. Occupational exposure to naphthalene for five
years was reported to have caused cataract.

Several methods have been developed to assess internal exposure to PAH.
Inmost of the studies, PAH metabolites such as urinary thioethers, 1-naphthol,
[B-naphthylamine, hydroxyphenanthrenes, and I-hydroxypyrene were measured
in urine. The latter has been used widely as a biological index of exposure.

The genotoxic effects of PAH have been determined by testing for
mutagenicity in urine and faeces and for the prescnce of micronuclei,
chromosomal aberrations, and sister chromatid exchange in peripheral blood
lymphocytes. In addition, adducts of benzo[a]pyrene with DNA in peripheral
lymphocytes and other tissues and with proteins like albumin as well as
antibodies to DNA adducts have been measured.

L-Hydroxypyrenc in urine and DNA adducts in lymphocytes have been
investigated as markers in several studies. 1-Hydroxpyrene can be measured
more easily than DNA adducts, there is less variation between individuals, and
lower levels of exposure can be detected. Both markers have been used to
assess human exposure in various environments. Increased 1-hydroxpyrene
excretion or DNA adducts were found at various workplaces in coke plants,
aluminum manufacturing, wood impregnation plants, foundries, and asphalt
works. The highest cxposures were those of coke-oven workers and workers
impregnating wood with creosote, who took up 95% of Lotal of PAH through
the skin, in contrast to the general population in whom uptake via food and
tobacco smoking predominate.

Estimates of the risk associated with exposure to PAH and PAH mixtures
are based on estimates of exposure and the results of epidemiological studies,
Data for coke-oven workers resulted in a relative risk for lung cancer of 15.7.
Onthis basis, the risk of the general population for developing lung cancer over
alifetime has been calculated to be 10 to 10 % per ng of benzo[alpyrene per m®
air. In other words, about one person in 10 000 or 100 000 would be expected
to develop lung cancer in his or her lifetime as a result of exposure to
benzo[a]pyrene in air.
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Effects on other organisms in the laboratory and the field

PAH are acutely toxic to {ish and Daphnia magna in combination with
absorption of ultraviolet radiation and visibic light. Mctabolism and degradation
alter the toxicity of PAH. At low concentrations, PAH can stimulate the growth
of microorganisms and algae. The most toxic PAH for algae are benz[a]anthra-
cene (four-ring), the concentration at which given life parameters arc reduced
by 50% (EC_) being 1-29 ug/litre, and benzo[alpyrene (five-ring), with an
EC,, of 3-15 pgflitre. The EC,; values for algae for most three-ring PAH are
240940 pgfiitre. Naphthalene (two-ting) is the least toxic. with EC,, values of
2800-34 000 pgAitre.

No clear difference in sensitivity was found between different taxonomic
groups of invertcbrates like crustaceans, insects. molluscs, polychaetes, and
echinoderms. Naphthalenc is the least toxic, with 96-h LC ;) values of
100-2300 pg/itre. The 96-h LC, values for three-ring PAH range between < 1
and 3000 pg/litre. Anthracenc may be more toxic than the other three-ring
PAH, with 24-h LC, values between <1 and 260 pg/litre. The 96-h LC, values
for four-, five-, and six-ring PAH are 0.2-1200 pg/litre, Acute toxicity (LC,)
in fish was secn at concentrations of 110 to > 10 000 pg/litre of naphthalene,
304000 pglitre of three-ring PAH (anthracene, 2.8-360 pg/litre), and
(.7-26 pgflitre for four- or five-ring PAH.

Contamination of sediments with PAH at concentrations of 250 mg/kg was
associated with hepatic tumours in {ree-living fish. Tumours have also been
induced in fish exposed in the laboratory. Exposure of fish to certain PAH can
also cause physiological changes and affect their growth, reproduction,
swimming performance, and respiration,
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2.1

2.1.1

2, IDENTITY, PHYSICAL AND CHEMICAL
PROPERTIES, AND ANALYTICAL METHODS

Identity

The name "polycyclic aromatic hydrocarbons’ (PAH) commonly refers Lo
a large class of organic compounds containing two or more fused aromatic
rings, even though in a broad sense non-fused ring systems should be included.
In particular, the term ‘PAH’ refers to compounds containing only carbon and
hydrogen atoms (i.e. unsubstituted parent PAH and their alkyl-substituted
derivatives), whereas the more general term “polycyclic aromatic compounds’
also includes the functional derivatives (e.g. nitro- and hydroxy-PAH) and the
heterocyclic analogues, which contain one or more hetero atoms in the
aromatic structure (aza-, oxa-,andthia-arenes). Some authors refer Lo polycyelic
aromatic compounds as ‘polycyclic organic matter’, and the term ‘polynuclear’
is frequently used for *polycyclic’, as in ‘polynuclear aromatic compounds’.
More than 100 PAH have been identified in atmospheric particulate matter
(Laoctal., 1973; Lee et al., [976a) and in emissions trom coal-fired restdential
furnaces {Grimmer et al., 1985), and about 200 have been found in tobacco
smoke {Lee et al., 1976b, 1981).

The selectionof PAH evaluated in this monographisdiscussed in Section 1.
The nomenclature, common names, synonyms, and abbreviations used are
giveninTable I in that section, The structural formulae are shown in Figure 1.
Molecular formulae, relative molecular masses, and CAS Registry numbers
arc given in Table 3.

Technical products

Technical-grade naphthalene, also known as naphthaiin and tar camphor,
has a minimum purity of 95%. The impurities reported arc benzo[#]thiophene
(thianaphthene) whennaphthalenc is obtained from coal-tar and methylindenes
when it is derived from petroleum {Society of German Chemists, 1989).

Commercially available anthracene, also known by the trade name Tetra
Olive N2G (IARC, 1983}, has a purity of 90-95% (Hawley, 1987}. The
impurities reported are phenanthrene, chrysene, carbazole (Hawley, 1987),
tetracene, naphthacene (Budavari et al., 1989), and pyridine at a maximum of
0.2% (IARC, 1983). The following purities were reported for other technical-
grade products: acenaphthene, 95-99%; fluoranthene, > 95% (Griesbaum et
al., 1989); fluorene, about 95%; phenanthrene, 90%: and pyrene, about 95%
(Franck & Stadelhofer, 1987).

The other compounds are generally produced as chemical intermediates
and for research purposes (see also sections 3.2.2 and 3.2.3). Reference
materials certified to be of geater than 99% purity are available for 22 of the

17



identity, physical and chemical properties, and analytical methods

Table 3. Identity of polycyclic aromatic hydrocarbons coverad in this
volume ranked according to molecular mass

Compound Molecular Relative CAS
formula molecular Registry
mass No.

Naphthalene C,Ha 128.2 91-20-3
Acenaphthylene C,,H, 152.2 208-96-8
Acenaphthene C.H, 154.2 83-32-9
Fluorene C.H.e 166.2 86-73-7
Anthracene C.H, 178.2 120-12-7
Phenanthrene G.H, 178.2 85-01-8
1-Methylphenanthrene C.H, 192.3 832-69-2
Fluoranthene C.Hyo 202.3 206-44-0
Pyrene C,eHy, 202.3 129-00-0
Benzo[altiuorene C,H,, 216.3 238-84-6
Benzo[b]fluorene C.H,, 216.3 243-17-4
Benzo[ghilfluoranthene C.H, 226.3 203-12-3
Cyclopenta[cd]pyrene C,.H., 226.3 2720837-3
Benzfalanthracene C,H,, 228.3 56-55-3
Benzo[c]phenanthrene C.H. 228.3 195-19-7
Chrysene C,H,. 228.3 218-01-9
Triiphenylene C,H,, 228.3 217-59-4
5-Methyichrysene CH,, 2423 3697-24-3
Benzo[b]fluoranthene C.,H,, 252.3 205-99-2
Benzo[/lfluoranthene C,H., 252.3 2056-82-3
BenzofAlfluoranthene C,H,, 252.3 207-08-9
Benzo[a]pyrene C,H. 262.3 50-32-8
Benzo[g]pyrene C,H,, 252.3 192-97-2
Perylene C,.H,, 252.3 198-55-0
Anthanthrene C,H,, 276.3 191-26-4
Benzo[ghiperylene C,.H,, 276.3 191-24-2
Indeno[1,2,3-cdpyrene C,H,, 276.3 193-39-5
Dibenz[a,hlanthracene C,H., 278.4 53-70-3
Coronene C,.H, 300.4 191-07-1
Dibenzofa,elpyrene C,.H., 302.4 192-65-4
Dibenzo[a.h]pyrene C,H,. 302.4 189-64-0
Dibenzo[a./]pyrene C,H,. 302.4 189-65-9
Dibenzola,pyrene C,H.. 302.4 191-30-0

PAH considered (Community Bureau of Reference, 1992); the remaining
compounds are commercially available as chemical standards, with a purity of
99% or more.
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Figure 1. Structural formulae of polycyclic aromatic hydrocarbons covered in this
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Figure t {contd)
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Physical and chemical properties

Physical and chemical properties rclevant to the toxicological and
ecotoxicological evaluation of the PAH are summarized in Table 4. 11 should
be kept in mind that the values for any one parameter may be derived from
different sources, with different methods of measurement or calculation, so
that individual valucs cannot be compared directly unless the original sources
are consulted. In partticular, the vapour pressurcs reported in the literature for
the same PAH vary by up to several orders of magnitude (Mackay & Shiu,
1981 Lane. 1989). Variations are also seen in the reported solubility in water
of various PAH, although the values are generally within one order of
magnitude (National Research Council Canada, 1983). Flash-points were
available only for three compounds with high molecular mass (for napthalene,
78.9 °C by the open-cup method and 87.8 °C by the closed cup method;
anathrene, 121 °C by the closed-cup method; and phenanthrene, 171 °C by the
open cup method). Explosion limitswere avaialable only for naphthalene
{0.9-5.9 vol %) and ananthrene (0.6 vol %) (Lewis, 1992). Vapour density {(air
= 1ywas 4.42 for naphathalene (1ARC, 1973), 5.32 foracenaphthene, 6.15 for
anathrene (Lewis, 1992), 6.15 for phenanthrene, and 8.7 for benzolalpyrene
(National Institute for Qccupational Safety and Health and Occupational
Safety and Health Administration, 1981).

The physical and chemical properties are largely determined by the
conjugated o-clectron systems, which vary fairly regularly with the pumber of
rings and molecular mass, giving rise to a more or less wide range of values for
each parameter within the whole class. Al room temperature, all PAH are
solids. The general characteristics commeon to the class arc high melting- and
boiling-points, low vapour pressure, and very low solubility in water. PAH are
soluble in many organic solvents (JARC, 1983; Agency for Toxic Substances
and Discase Registry, 1990; Lide, 1991} and arc highly lipophilic,

Vapour pressure tends to decrease with increasing molecular mass, varying
by mere than 10 orders of magnitude. This characteristic affects the adsorption
of individual PAH onto particulate matter in the atmosphere and their retention
on particulate matter during sampling on (ilters (Thrane & Mikalsen, 1981).
Vapour pressure increases markedly with ambient ternperature (Murray et al.,
1974), which additionally affects the distribution coefficients between gascous
and particulate phases (Lane, 1989). Sclubility in water tends to decreases with
increasing molecular mass, For additional intormation, refer to section 4.1,

PAH are chemically inert compounds (see also section 4.4). When they
react, they underpo two types of reaction: electrophilic substitution and
addition. As the latier destroys the aromatic character of the benzene ring that
is affected, PAH tend to form derivatives by the former reaction; addition is
often followed by elimination, resulting in net substitution. The chemical and
photochemical reactions of PAH in the atmosphere have been reviewed
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2.3

24

2.4.1

24.1.1

EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

(Valerioetal., 1984; Lanc, 1989). After photodecomposition in the presence
of air and sunlight, a number of oxidative products are formed, including
quinones and endoperoxides. PAH have been shown experimentally to react
with nitrogen oxides and nitric acid to form the nitro derivatives of PAH, and
to react with sulfur oxides and sulfuric acid (in solution) to form sulfinic and
sulfonic acids. PAH may also be attacked by ozone and hydroxyl radicals
present in the atmosphere. The formation of nitro-PAH 1s particularly
important owing to their biological impact and mutagenic activity (IARC,
19844, 1989a). In general, the above reactions are of interest with regard to
the environmental fate of PAH, but the results of experimental studices are
difficult to interpret because of the complexity of interactions occurring in
environmental mixtures and the difficulty in eliminating artefacts during
analytical determinations. These rcactions are also censidered to be
responsible for possible losses of PAH during ambient atmospheric sampling
(sce section 2.4.1.1),

Conversion factors

Atmospheric concentrations of PAH are usually expressed as micrograms
or nanograms per cubic meter. At 25 °C and 101.3 kPa, the conversion
factors for a compound of given relative molecular mass are obtaincd as
follows;

ppb = pg/m® x 24.45/elative molecular mass

pg/m® = ppb x relative molecular mass/24.43,
For example, for benzo[alpyrene, 1 ppb = 103 pg/m* and 1 pg/m’ =
0.0969 ppb.

Analytical methods

Tablcs 5 and 6 present as examples a limiled number of methods that are
applied to ‘real” samples of different matrices. The methods and sources
were sclected, as far as possible, according to the following criteria:
accessibility of the bibliographic source, completeness of the description of
the procedure, practicability with common cquipment for this type of
analysis {evenif experienced personnel are required), recency. and whether
it i an official, validated, or recommended method.

Sampling
Ambient air

The physical state of PAH in the atmosphere must be considered when
selecting the sampling apparatus. Compounds with five or more rings are
almost exclusively adsorbed on suspended particulate matter, whereas
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Selected non-heterocyclic polycyclic aromatic hydrocarbons
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

lower-molecular-mass PAH are partially or totally presentin the vapour phasc
{Coutant et al., 1988). When ambicnt air is monitored, it is common practice
to menitor only particle-bound PAH (Menichini, 1992a), probably because of
the increased work involvedintrapping volatile compounds, bothin assembling
the sampling unit and in analysing samples. and also becausc lighter compounds
are of lesser toxicological interest. Of the PAH that are classified as *probably’
and “possibly’ carcinogenic to humans (IARC. [987), only henz{a]anthracene
is found at significant levels in the vapour phase (Van Vaeck et al,, 1984,
Coutant et al., 1988; Back et al., 1992).

Sampling is generally performed by cellecting total suspended particulate
matter for 24 h on glass-fibre filters by means ol high-volume samplers. Other
filters that have been used are quartz fibres (Hawthorne et al,, 1992),
polytetralluoroethylene (PTFE) membranes (Benner et al., 1989 Back et al.,
1992), and, in comparisens, PTFE-coated glass fibres (Lindskog et al., 1987,
De Raat et al., 1990). The effects of these materials ¢n the decompasition of
PAH during sampling have been compared (see section 2.2). Some studies
indicated that higher recoveries are obtained with PTFE and PTFE-coated
filters {(Lee etal., 1980a; Grosjean, 1983); however, morcrecent investigations
did not confirm this finding {Lindskog ct al., 1987 Ligecki & Pankow, 1989,
De Raat et al., 1990). Moreover. when cellulose acetate membrane filters were
compared with glass-fibre filters, they had similar efficiency for collecting
heavier PAH, but the former had greater efficiency for collecting three- and
four-ring compounds (Spitzer & Dannecker, 1983).

The most widely used method for trapping vapour-phase PAH is adsorption
on plugs of polyurcthane foam located behind the [ilter (Keller & Bidleman,
1984; Chuang et al.., 1987; De Raat et al.,, 1987a; Benner et al., 1989,
Hawthorne et al., 1992). This method is widely accepted. probably because of
the low pressure drop. the low hlanks, the jow cost. and ease of handling.
Among the other sorbents tested (see also reviews by Leinster & Evans, 1986,
Davis et al., [987), further polymeric materials have reccived particular
attention, including Amberlite XAD-2 resin, which is a valid alternative o
polyurcthane foam (Chuang et al., 1987), Porapak PS, which has been
successfully tested in combination with a silanized glass-fibre filter at a flow
rate of 2 m3%h (Jacob et al., 1990a), and Tenax® (Back et al., 1992).

The trapped vapours contain both the PAH that were initially presentin the
vapour phase and those already collected on the filter and volatilized during
sampling (the ‘blowing-off" effect) (Van Vaeck et al., 1984: Coutant et ai.,
1988). The amount of PAH found in the vapour phase increases with ambient
temperature (Yamasaki et al.. 1982). Samplers incorporating an annular
denuder, as well as afilter and back-up trap. have beenused to investigate phase
distribution and artefact formation (Coutant et al., 1988, 1992).

Sampling times are restricted to 24 b in order to avold sample degradation
and losses. Grimmer ¢t al. (1982) proposed a usetul mcthod for controlling
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losses due to chemical degradation and volatilization from filters which is
based on the invariability of PAH profiles (i.e. the ratio of all PAH to one
another) at different collection times. The adsorption of gas-phase PAH onto
aquartz-fibre filter has been investigated as a possible sampling artefact (Hart
& Pankow, 1994); the results suggested that overestimation of particle-
associated PAH can be avoided by replacing quartz-fibre filters with a PTFE
membrane filters, or can be corrected by using back-up quartz-fibre filters.

Elutriators and cascade impactors have been used to achieve particle size-
selective sampling of PAH (Menichini, 1992a). Instruments designed as
additions to high-volume samplers are available, including ‘PM10’ inlets,
which allow collection of aitborne particles with a 50% cutoff at the aerodynamic
diameter of 10 um (US Environmental Protection Agency, 1987a; Lioy et al.,
1988; Hawthorne et al., 1992), and cascade impactors (Van Vacck et al., 1984,
Catoggio et al., 1989).

When PAH are collected in indoor air, samplers operating at 20 or
200 litre/min are commonly used. The filter and sorbent materials are those
used for outdoor air (Wilson et al., 1991; see also Table 5).

The sampling step is by far the most important source of variability in the
results of atmospheric PAH determination. Most investigations are difficult to
compare because of ditferences in factors such as season, meteorological
conditions, time of day, number and characieristics of sampling sites, and
sampling parameters (Menichini, 19924). Passive biological sampling has
been investigated as an approach to long-term sampling of atmospheric PAH
(Jacob & Grimmer, 1992), and preliminary correlation factors have been
determined by comparing the PAH profiles in biological (plants, particularly)
and air samples. Of the matrices tested, spruce sprouts were found to be the
most suitable.

Workplace air

The general considerations described for ambient air are also valid for the
working environment. Less volatile PAH may be retained than in ambient air
because of the high temperatures that are often found at the workplace. In the
potroom of an aluminium plant where S¢derberg electrodes were used, 42% of
benz[a}anthracene was found in the vapour phase (Anderssonetal., 1983), and
in an iron foundry at a site where the temperature of the PAH source was
600-700 °C, four- to seven-ring PAH represented about 70% of the total in the
vapour phase (Knecht et al., 1986).

Glass-fibre or PTFE filters arc usually used to collect particle-bound PAH.
A number of back-up systems can be used to efficiently trap volatile PAH,
including liquid impingers and solid sorbents such as Tepax®-GC, Chiromosorb,
and XAD-2 (Bjgrseth & Becher, 1986; Davis et al., 1987). The latter seems to
be the most practical. The US National [nstitute for Occupational Safety and
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Health {19944a.b) recommended use of a PTFE-laminated membrane followed
by a tube containing two sections of XAD-2. For sampling in bright sunlight,
opaque or foil-wrapped filter cassettes can be used to prevent degradation.

The exposure of workers is estimated by taking air samples at various
locations in the workplace or by personal sampling, in which workplace air is
pumped through a filter attached to clothing close to the breathing zone for a
specified time. Both procedures provide an estimate and not a precisc
measurement of an individual’s exposure.

Combustion effluents

The validity of a collected sample, i.e. the degrec to which it reflects the
‘true” composition of the emission, is a crucial factor in the determination of
PAH inemissions. The problems associated with efficient collection of volatile
PAH are enhanced when sampling combustion efflucnts, such as stack gases
and vehicle exhausts, because of the elevated temperatures at sampling
positions.

A sampling device for stack gases is constituted by a glass- or quartz-fibre
filter, followed by a special unit which generally consists in a cooler for
collecting condensable matter and an adsorbent cartridge (Colmsjo et al.,
1986a; Funcke et al., 1988). Tenax® has been used as an adsorbent (Jones et
al., 1976), but XAD-2 scems 1o be more suitable (Warman, 1985) and is
generally preferred. Two sampling procedures have been described in detail by
the US Environmental Protection Agency (1986c). In the first ("Modified
method 5 sampling train’), the unit basically includes a glass- or quartz-fibre
filter kept at around 120 °C, a condenser coil that conditions the gas at a
maximum of 20 °C, and a bed of XAD-2 jacketed to maintain the internal gas
temperature al about 17 °C. The second {* Source assessment sampling system’)
is often used for stationary investigations (Warman, 1985). The apparatus
consists of a stainless-steel probe, which enters an aven containing the filter,
preceded by three cyclone separators in series, with cutoff diameters of 10, 3,
and 1 pm; the volatile organic compounds are cooled and trapped on XAD-2.
The sorbent is followed by a condensate collection trap and an impinger train.

Motor vehicle exhausts are sampled under laboratory conditions, by
chassis or engine dynamometer testing. Standard driving cycles are employed
to simulate on-road conditions (Stenberg, 1985; sec also section 3.2.7.2).

Two basic techniques have been used to collect, sample, and analyse
exhaust (Levsen, 1988; IARC, 1989a). In the firsi—raw gas sampling—the
exhaust pipe is connected dircctly to the sampling apparatus; undiluted
emissions are cooled in a condenser and then allowed to pass through a filter
for collection of particulates (Grimmer et al., 1979, 1988a; Society of German
Engineers, 1989). A second technique—dilution tube sampling—is now often
used, in which hot exhaust is diluted with filtered cold air in a tunnel, from
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which samples are collected isokinetically. This technique simulates the
process of dilution that occurs under real conditions on the road (US
Environmental Protection Agency, 1992a).

Particles are almost always collected on glass-fibre, glass-fibre with PTFE
binder, quartz-fibre filters, or PTFE membranes; the latter have been reported
to be particularly efficient and chemical inert {Lee & Schuetzle, 1983). Glass-
fibre filters impregnated with liquid paraffin arc also used (Grimmer et al.,
1979; Socicty of German Engincers, 1989). Vapour-phase PAH (Stenberg,
1985 may be collected by cryo-condensation (Stenberg et al., 1983) or on an
adsorbent trap with a polymeric material such as XAD-2 (Lce & Schuetzle,
1983).

Artefacts may be introduced during collection on filters as a result of
chemical conversion of PAH, particularly into nitro-PAH and oxidation
products (Lee & Schuctzle, 1983; Schuctzle, 1983; IARC, 198%a), These
effects have not been fully cvaluated.

Water

The concentrations of PAH in uncontaminated groundwater supplics and
in drinking-water are generally very low. at 0.1 and 1 ng/litre (see sections
5.1.2.1 and 5.1.2.2). This implies that serious crrors arising from adsorption
losses and contamination occur during collection and storage of samples or that
apreconcentration step may be needed to enrich the sample. [t is recommended
that sampling be performed on-site, directly in the extraction vessel (Smith et
al., 1981).

Various solid sorbents have been successfully used for preconcentration
(Smith ¢t al., 1981), including Tenax®-GC, prefiltered if necessary (Leoni et
al., 1975); XAD resins {Griest & Caton, 1983); open-pore polyurethane foam
(Basuetal., 1987); and prepacked disposahle cartridges of bonded-phase silica
gel (Chladek & Marano, 1984; Van Noort & Wondergem, 1985a). Solid
sorbents have limitations when the sample contains suspended material, since
adsorbed PAH may be lost by filtration (Yan Noort & Wondergem, 1985a).

Solid samples

Some foodstuffs (Liem et al., 1992), soil, sediment, tissues, and plants
usually require homogenization before a sample is cxtracted.

Preparation

As most environmental samples contain only small amounts of PAH,
sophisticated techniques are required for their detection and quantification.
Therefore, efficient extraction from the sample matrix is usually followed by
one or more purification steps, so that the sample to be analysed is as free as
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possible from impurities and interference. Many extraction and purification
tecbniques and combinations (‘isolation schemes’) have been described,
validated, and recommended, but no single scheme is commonly recognized as
‘the best” for a given matrix. The isolation schemes have been classified
according to groups of matrices (Jacob & Grimmer, 1979; Grimmer, 1983a},
as summarized briefly below.

PAH are extracted from a sample (Lee et al, 1981; Santodonato ct al.,
1981; Grimmer, 1983a; Griest & Caton, 1983) with:

— aSoxhletapparatus. from filters loaded with particulate matter. vehicle

exhausts, or sediments;

— directly by liquid-liquid partition, for watcr samples, or

— after complete dissolution (e.g. tats and vegetable and mineral oils) or

alkaline digestion of samples (e.g. meal products) by a selective
solvent such as N N-dimethylformamide (Natusch & Tomkins, 1978)
ordimethyl sulfoxide. Complete extraction of PAH from samples such
assootemitied by diesel engines. carbonblacks, and other carbonaceous
materials is particularly difficult.

Extractionof PAH from soil, sediment, sewage sludge, and vehicle exhaust
particulates by retluxing with various solvents has been investigated. In all
cases, toluene was found to be the most efficient solvent, especially for vehicle
exhaust (Jacob ct al., 1994},

As an alternative to Soxhlet extraction, ultrasonic extraction (Griest &
Caton. 1983) has advantages in terms of reduced time of extraction (minutes
versus hours) and superior recovery efficicncy and reproducibility, particularly
for solid samples and filicrs loaded with particulate matter. Comparisons of
lechnigues depend. however, on the matrix, solvent, and experimental conditions.
Supercritical fluid extraction (Langenfeld et al., 1993) has gained attention as
a rapid alternative to conventional liquid extraction from polyurethane foam
sorbents {Hawthome et al., 1989a), soil (Wenclawiak et al., 1992), and other
environmental solids such as urban dust, fly ash, and sediment (Hawthorne &
Miiler, 1987). This technigue can also be direetly coupled with on-column gas
chromatography (sec section 2.4.3.1); the extract is quantitatively transferred
onto the gas chromatographic column forarapid (< 1 ) analysis with maximal
sensitivity. This technique has been used for urban dust samples (Hawthorne
et al., 1989b).

Extracted samples are usually purificd from interfering substances by
adsorption column chromatography. The classical sorbents, alumina and silica
gel, are widely used. In addition, the hydrophobic Sephadex LH-20 has been
found to be suitable forisolating PAH from nonaromatic, nonpolar compounds,
which is important if the sample is analysed by gas chromatography (Grimmer
& Bohnke, 1979a); It has also been used in partition chromatography as a
carricrof the stationary phase, to separate PAH from alkyl derivatives (Grimmer
& Bohnke, 1979b). Chromatography on silica gel and Sephadex is often
combined (Jacob & Grimmer, 1979; Grimmer, 1983a),
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Clear-up has aiso been achieved by eluting extracted samples through
XAD-2(soil samples: Spitzer & Kuwatsuka, 1986}, XAD-2 and Sephadex LH-
201in series {foods: Vaessenetal., 1988), or Florisil (food, water, and sediment
samples: references given in Table 6).

Conventional chromatographic columns may be substituted by prepacked
commercial cartridges, which have advantages in terms of time and solvents
consumed and reproducibility. For example, silica cartridges have been used
to purify foodstuffs (Dennis et al., 1983), urinc (Becher & Bjprseth, 1983),
vehicle emissions {Benner ct al., 1989), mineral oil mist (Menichini et al.,
1990), and atmospheric samples (Baek et al., 1992); soil samples have been
cleaned up on Florisil cartridges (Jones et al., 1989a).

Preparative thin-layer chromatography is also used for, e.g. air particulates
(see Table 3) and vegetable oils (Menichini et al., 1991a).

Handling of samples in the abserce of ultraviolet radiationis recommended
at all stages in order to avoid photodecomposition of PAH (Society of German
Engincers, 1989; US Environmental Protection Agency, 1990; US National
Institute for Occupational Safety and Health, 1994a,b). It is also generally
recommended that possible sources of interference and contamination be
controlled, particularly from soi vents (US Environmental Peotection Agency,
1984a, 1986b, 1990}, and that samples be refrigerated until extraction (US
Environmental Protection Agency, 1984a; US National Institute for
Occupational Safety and Health, 1994a.b).

Analysis

PAH are now routinely identified and quantified by gas chromatography
or high-performance liquid chromatography (HPLC). Each technique has a
number of relative advantages. Both arc rather cxpensive, particularly HPLC,
and require qualified operating personnel; nevertheless, they are considered
necessary in order to analysc ‘real’ samples for a large number of PAH with
accuracy and precision.

Gas chromatography

Excellent separation (2 3000 plates per meter) is obtained by the use of
commercially available fused silica capillary columns, making it possible to
analysc very complex mixtures containing more than 100 PAH.

The most widely used stalionary phases are the methylpolylsiloxanes:
especially SE-54 (5% phenyl-, [ % vinyl-substituted) and SE-52 (5% phenyl-
substituted), but SE-30 and OV-101 (unsubstituted), OV-17 (50% phenyl-
substituted), Dexsil 300 (carborane-substituted) and their equivalent phases
are also used. Chemically bonded phases are used increasingly because they
canberinsed torestore column performance and undergo little “bleeding’ at the
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high temperatures of analysis (about 300 °C) that are required for detcrmining
high-boiling-point compounds.

Nematic liquid crystal phases (Bartle, 1985) have also been used to
separate some isomeric compounds that are poorly resolved by siloxane
phases, such as chrysene and triphenylene on N,N-bis(para-methoxy-
benzylidene)-c, o -bi-para-toluidine (Janini et ak., 1975) and NN “bis(para-
phenylbenzylidene)-ct, 0 ~bi-para-toluidine (Janini et al., 1976).

Splitless or on-column injection is necessary to gain sensitivily in trace
analysis, the latter being preferred as it allows better reproducibility. Flame
ionization detectors are almost always used because of the excellent linearity,
sensitivity, and reliahility of their response. Since the signal is related linearly
to the carbon mass of the compound, PAH are recorded in proportion to their
quantitics, and the chromatogram shows the quantitative composition of the
sample directly, Because flame ionization detectors are non-selective, samples
tor gas chromatography must be highly purified. Peak identification, which is
done routinely from data on retention, must be confirmed by analysing samples
onaditferent gas chromatographic column, by an independent technique, such
as HPLC, or by directly coupling a mass spectrometric detector to the gas
chromatograph {Lee et al., 1981; Olufsen & Bjgrseth, 1983; Bartle, 1985;
Hites, 1989).

Mass spectrometers have gained wide acceptance. They are powerful tools
for idensifying compounds, especially when commercially available libraries
of reference spectra arc used to match the spectra obtained and te control the
purity of a compound. As isomeric compounds often have indistinguishable
spectra, however, the final assignment must also be based on retention.

On-line coupling of liquid chromatography, capillary gas chromatography,
and quadrupole mass spectrometry has been used to determine PAH in
vegetable oils {(Vreuls et al., 1991).

High-performance liquid chromatography

The packing material considered most suitable for separating PAH consists
of silica particles chemically bonded to linear C18 hydrocarbon chains;
selection of the appropriate phase has been discussed in detail by Wise et al.
(1993). Typically, 25-cm columns packed with 5-im particles are used in the
gradient elution technique, and the mobile phase consists of mixtures of
acetonitrile and water or methanol and water (‘reversed-phase HPLC'). Asthe
efficiency of separation that can be achieved with HPLC columns is much
lower than that with capillary gas chromatography, HPLC is generally less
suitable for separating samples containing complex PAH mixtures.

The advantages of HPLC derive from the capabilitics of the detectors with
which it is used. Those most widely uscd for PAH are ultraviolet and
fluorescence detectors, generally arranged in series, with flow-cell photometers
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or spectrophotometers. Both, but especially the latter, are highly specific and
sensitive: the detection limits with fluorescence are at Icast one order of
magnitude lower than those with ultraviolet detection. The specificity of
fluorescence detectors allows the determination of individual PAH in the
presence of other nonfluorescing substances. In addition, since different PAH
have different absorptivity or different {Tuorescence spectral characteristics at
given wavclengths, the detectors can be optimized for maximal response to
specific compounds. This may prove advantageous in the identification of
unresolved components. in particular, wavelength-programmed fluorescence
detection, to measure changes in cxcitation and cmission wavelengths during
achromatographic run (Hansen et al., 1991a), is being used for the analysis of
environmental samples (Wiseetal., 1993}, HPLC is suitable to a limited degree
for lower-molecular-mass compounds like naphthalene, acenaphthene, and
acenaphthylene, for which the detection limits are relatively high (US
Environmental Protection Agency, 1984a).

Owing to the selcetivity of packing materials, various isomers that cannot
be separated efficiently on the usual capillary gas chromatographic columns
can be resolved at baseline and identified by HPLC. Such isomers include the
pairs chrysene-triphenylene and benzo}b]fluoranthene--benzofk]fluorathcne
(Wise et al., 1980). Coupling of a mass spectrometer to HPLC has also been
used n detecting PAH (c.g., Quilliam & Sim, 1988).

As much information on isomeric structure can be obtained from spectra
seen during the elution of chromatographic peaks. an ultraviolct diode-array
detector has been used to confirm peaks (Dong & Greenberg, 1988: Kicinski
et al., 1989). For applications of HPLC to determination of PAH, reference
should be made (o published reviews (Lee et al., 1981; Wise, [983. 1985).

Thin-fayer chromatography

Thin-layer chromatography is commonly used only for identifying
individual compounds, such as benzola]pyrene, during screening (TUPAC,
1987) or for identifying selected PAH, such as the six PAH that WHO (1971)
recommended be determined in drinking-water {Borneff & Kunte, 1979). It is
an inexpensive, quick analytical technique but has low separation efficiency.
The last parameter is improved by two-dimensional processes (sec, e.g.
Bornetf & Kunte, 1979). Quantification may be done by spectrophotometric or
spectrofluorimetric methods in solution after the scrubbed substance spot has
been extracted (Howard, 1979; Fazio, 1990) or in situ by scanning
spectrofluorimetry (Boreff & Kunte, 1979).

Acetylated cellulose is the adsorbent that has been used most widely for
one-step separation of PAH fractions, and mixed aluminium oxide and acetylated
cellulose have been used for two-dimensional development (Daisey, 1983).
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Other techniques

A number of unconventional instruments and techniques bascd on spectro-
scopic principles have been developed as possibic aliernatives Lo the
chromatographic methods for PAH. Most of them are, however, expensive,
require skilled personnel, and are not yet considered useful for the practising
analyst (Wehry, 1983; Vo-Dinh, 1989),

Low-temperature luminescence in {rozen solutions (*Shpol skii effcet’)
has been uscd for various environmental samples, particularly to identifly
methylated PAH isomers (Garrigues & Ewald, 1987; Saber et al., 1987}, This
technique was used widely in the countries of former Seviet Union (Dikun,
1967). Synchronous luminescence and raom temperatute phosphorimetry
have been reperted to be simple, cost-cttective techniques for screening PAR
(Vo-Dinh et al., 1984; Abbott et al.. 1986).

Infrared analysis, particularly Fourier Lransform infrared spectroscopy
coupled to gas chromatography (Stout & Mamantov, 198%), and capillary
supercritical fluid chromatography (Wright & Smith, 1989) have also been
used. Various environmental samples have been analysed by packed column
supercritical fluid chromatography. with rapid separation of PAH (Heaton et
al., 1994),

Choice of PAH to be quantified

The choice of PAH depends on the purpose of the measurement. For
example, carcinogenic PAH are of interest in studies of human health, but
other. more abundant PAH may be of interest in ccotoxicological studies.
Quantification of anumber of PAH is advantageous when the profiles are to be
correlated with sources and/or effects.

Table 7 lists the PAH that arc required or recommended to be determined
at national or international levels, According to an EEC (1980} Directive,
which followed a WHO (1971) recommendation, the concentrations of §ix
reference compounds (also known as “Borneff PAH") must be measured in
drinking-water in arder to check its compliance with the cumulative limit value
for the PAH class. The choice of thesc six PAH by WHO was not based on
toxicological considerations but on the fact that analytical investigations were
then largely confined to these relatively easily detected compounds (WHO,
1984).

The method reguired by the US Environmental Protection Agency (1984a)
for the analysis of municipal and industrial wastewater covers the determination
of 16 “priority pollutant PAH’ considered to be representative of the class.
Outside the USA. this list of compounds is oflen taken as areference list for the
analysis of various environmental matrices.
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Table 7. Some polycyclic aromatic hydrecarbons required or recommended for
determination by various authorities

Compound WHO/EEC* US EPA® European  ltaly! Norway®
(drinking- (waste  Aluminium {air) ——————
water) water)  Association® Health Environ-

ment

Acenaphthene X

Acenaphthylene X

Anthracene X X X

Anthanthrene X X

Benz[a]anthracene X X X X X

Benzo[ alflucrene X

Benzo[a]pyrene X X X X X

Benzo[blfluoranthene X X X X X X

Benzo[blflucrene X

Benzo[c]phenanthrene X X

Benzo[elpyrene X

Benzofghiperylene X X X X

Benzo[fIfluoranthene X X X X

Benzo[k]fiuoranthene X X X X X X

Chrysene X X X X

Cyclopenta[cd]pyrene X X

Dibenzo[a,ejpyrene X X X

Dibenz|a, hHjanthracene X X X X X

Dibenzo[a,h]pyrene X X X

Dibenzo[a,/]pyrene X X X

Dibenzo[a,/Jpyrene X X

Fluoranthene X X X X

Fluorene X

Indeno[1,2,3-¢cdlpyrene X X X X X X

Naphthalene X X

Phenanthrene X X X

Pyrene X X X

Triphenylene X

¢ Recommended by WHO (1971) and required by an EEC {1980) Directive

* Required by the US Environmental Protection Agency (1984a) for the analysis of
municipal and industrial wastewater

¢ Recommended by the European Aluminium Association, Environmental Health
and Safety Secretariat {1990)

4 Recommended by the [talian National Advisory Toxicological Committee for health-
related studies {Menichini, 1992b}

* Recommended at the International Workshop on polycyclic aromatic hydrocarbens
(State Pollution Control Authority and Norwegian Food Control Authority, 1992)
for studies of health and on the environment
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The European Aluminium Association (1990) recommended that 19 PAH
be determined in alt samples from operations in the aluminium industry. The
list is based on the PAH composition of emissions from aluminium smelters,
the TARC classification of carcinogenicily, and existing official lists. The
Italian National Advisory Toxicological Committee (Menichini, 1992b)
recommended inclusion of the determination of seven PAH in health-related
investigations on the basis of their ‘probable’ or ‘possible’ carcinogenicity to
humans (IARC, 1987) and their occurrencein the environment. AnIntemationat
Workshop on PAH (State Pollution Control Authority and Norwegian Food
Control Authority, 1992) recommendedthat 15 carcinogenic PAH be determined
instudies of health and another six abundant PAH in studies of the environment.
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Appraisal

Coal and crude oils contain polyeyclic aromatic hydrocarbons (PAH) in
considerable concentrations owing to diagenetic formation in fossil fuels. The
main PAH produced commercially are naphthalene, acenaphthene, anthracene,
phenanthrene, fluoranthene, and pyrene. The release of PAH during production
and processing, predominantly of plasticizers, dves, and pigments, is of only
minor imporiance, Most PAH enter the environment via the atmosphere from
incomplete combustion processes, such as:

— processing of coal and crude oil: ¢.g. refining, coal gasification, and

coking;

— heating: power plants and residential heating with wood, coal, and

mineral oil;

— fires: e.g. forest, straw, agriculture, and cooking;

—- vehicle traffic; and

— tobacco smoking.

Industrial processes such as coal coking, alwninium, iron and steel
production, and foundries make important contributions 1o the levels of PAH
in the environment. An importani indoor source of exposure 1o airborne PAH,
especially in developing countries, is cooking fumes (see section 5.2},

The hydrosphere and the geosphere are affected secondarily by wet and
dry deposition. PAH are released directly info the hydrosphere, for example
during wood preservation with creosotes, Deposition of contaminated refuse
like sewage sludge and fly ash may cause further emissions into the geosphere.

It is very difficult to identify a source on the basis of the ratio of the
measured concentrations of different individual PAH, and such studies are in
maost cases inconclusive.

Natural occurrence

In some geographical areas, forest fires and volcanoes are the main natural
sources of PAH in the environment (Baek et al., 1991), In Canada, about
2000 tonnes of airborne PAH per ycar are atributed to natural forest fires
(Environment Canada, 1994). On the basis of samples from volcanoes, Ilnitsky
etal. (1977) estimated that the worldwide release of benzola]pyrene from this
source was 1.2-14 t/year, no estimate was given of 1otal PAH emissions from
this source.

Coal is generally considered to be an aromatic material. Most of the PAH
in coal arc tightly bound in the structure and cannot be leached out, and the total
PAH concentrations tend to be higher in hard coal than in soft coals, like lignite
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and brown coal. Hydroaromatic structures represent 15-25% of the carbon in
coal. The PAH identified include benz{alanthracene, benzolalpyrene,
benzo[e]pyrenc, perylene, and phenanthrene (Neff, 1979, Anderson ¢t al.,
1986). Table 8 shows the typical contents of PAH in different crude oils, such
as those derived from coal conversion or from shale,

Two rare PAH minerals have been described: the greenish-yellow,
fluorescent curtisite from surface vents of hot springs at Skagg Springs,
Califernia, USA, and the bituminous mercury ore idrialite from Idria,
Yugoslavia, the two main components of which arc chrysene and dibenz{a, A]-
anthracene. These minerals are assumed to have been formed by the pyrolysis
of organic material at depths below that at which petroleum id generated (West
et al., 1986).

Anthropogenic sources
PAH in coal and petroleum products

Commercial processing of coal leads first to coal-tars, which are further
processedto yield pitch, asphalt, impregnating oils (creosoles for the preservation
of wood), and residue oils such as anthracene 0il (JARC, 1985). The.concentration
of PAH in coal-tars is generally < 1 %; naphthalcne and phenanthrene are by far
the most abundant compounds, occurring at concentrations of 5-10%.
Comparable levels were detected tn high-temperature coal-tar pitches. The
PAH content of soots is about one order of magnitude lower, and that of carbon
and furnace blacks ranges from about | to 500 mg/kg, pyrene being present at
the highest concentration (IARC, [1984a; Nishioka et al., 1986). The PAH
contents of some impregnating oils, bitumens, asphalts, and roof paints are
shown in Table 9. In bitumens, PAH constitute only a minor part of the total
content of polyaromatic compounds.

The concentrations of PAH in petrol and diesel fuels for vehicles and in
heating oils are several parts per million. Almost all compounds are present at
< 1 mg/kg; only phenanthrene, anthracene, and fluoranthene are sometimes
found at 2 10 mg/kg (Herlan, 1982). The PAH levels in unused engine
fubricating oils are of the same order of magnitude. During the use of petrol-
fuelled engine oils, the PAH content rises dramatically, by 30-500 times; in
comparison, the total PAH levels in used diesel-fuelled engine oils were only
1.4-6.1 times greater than that in an unused sampte. The major constituents of
used oils are pyrene and fluoranthene, although benzo[b]fluoranthene, benzof/]-
fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, and dibenz[a,i)anthracene
were also detected at considerable concentrations (IARC, 1984a; Carmichael
etal., 1990).

PAH have also been found in machine lubricating and cutting oils, which
isof interest for the estimation of exposure in the workplace. The concentrations
were <7 mg/kg, although phenanthrene may have been present at a higher level
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Table 8. Polycyclic aromatic hydrocarbon content of crude oils from various

sources
Compound PAH content (mg/kg) in crude oil from

Coal Petroleum Shale
Acenaphthene 1700/1800 147-348 147-903
Anthracene 4100 204-321 231-386
Anthanthrene Trace/< 800 NR ¢.3
Benz[alanthracene Trace/< 2200 1-7 1
Benzo[a]fluorene 2100/2500 11-22 53
Benzo[alpyrene < 500/« 1200 0.1-4 3-192
Benzao[b]fluorene < 1500/3400 <13 140
Benzo[c]phenanthrene < 600/< 2200 NR NR
Benzo{¢]pyrene < 1200/1300 0.5-29 1-19
Benzofluorenes® < 500/< 1300 23 NR
Benzofghilfluoranthene 3200 NR NR
Benzo[ghilperylene 4300/6600 ND-8 1-5

ND-5

Chrysene < 1500/2500 7-26 3-b2
Coronene NR 0.2 NR
Dibenz[a,Hlanthracene NR 0.4-0.7 1-5
Flucranthene < 1800/< 3700 2-326 6-400
Fluorene 5300/9900 108-220 104-381
1-Methylphenanthrene < 1200/< 5100 > 21 NR
Naphthalene 100/2800 402-900 203-1390
Perylene Trace/< 600 6-31 0.3-68
Phenanthrene 12 000/20 400 > 129-322 221-842
Pyrene 14 200/35 000 2-216 18-421
Triphenylene NR 3/13 0.5

From Guerin et al. (1978}, Weaver & Gibson (1979), Grimmer et al.
(1983a), Sporstel et al. (1983), IARC (1985, 1989b)
Ranges represent at least three values; NR, not reported; ND, not detected
2 Two crude oils from coal conversion; single measurements

¢ lsomers not specified

{Grimmer et al., 198 1a; Rimatori et al,, 1983; Menichini et al., 1990; Paschke

et al., 1992).

PAH were detected in colourcd printing oils, the concentrations of individual
compounds varying between < 0.0001 and 63 mg/kg (Tetzen, 1989). By far the
most abundant compounds were fluoranthene and pyrene (> 1 mg/kg);
benzo[ghi]fluoranthene, cyclopentalcd|pyrene, benz[a]anthracene. benzo[c]-
phenanthrene, chrysene, triphenylene, benzo[b+j+klfluoranthenes,
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Table 9. Polycyclic aromatic hydrocarbon content of impregnating oils,
bitumens, asphalts, and roof paints

Compound Concentration {mg/kg)

Impregnating Bitumens  Road tar {(asphalt, Roof

oifs (oil-derived) coal-derived) paint
Anthracene 1600-22 500 0.01-0.32  4170-14 400 2380
Anthranthrene NR Trace-1.8  NR NR
Benz[aglanthracene 16911700 0.14-35 6820-24100 8640
Benzofa]pyrene 45-3490 0.1-27 5110~10 400 5950
Benzo[b]fluoranthene  42-3630 5 4490-10 900 5420
Benzo[elpyrene 65-2020 0.03-52 3300-6750 3820
Benzo[ghiperylene 57-570 Trace-15  2390-2730 3270
Benzo[kjfluoranthene 24-2610 0.024-019 3170-7650 4470
Chirysene NR 0.04-34 NR
Chrysene + 779-12900 NR 6820~-26100 7700

triphenylene

Coronene NR 0.2-2.8 NR NR
Flugranthene 703-85900 0.15-5 23 500-61 900 12 100
Fluorene 8040-58 400 NR 6310-15 500 2220
indeno[1,2,3-cd]pyrene 57-273 Trace 3100-3530 3320
Perylene 66-744 0.08-39 1550-2300 1730
Phenanthrene 7070-159 300 0.32-7.3 20 300-52 500 8180
Pyrene 604-46 400 0.08-38 15100-42500 8960
Triphenylene NR 0.3-7.6 NR NR

From IARC (1885), Lehmann et al. (1986), Knecht & Woitowitz (1990);
NR, not reported, ranges represent at least three values

benzo[a]pyrene, benzo[e]lpyrene, anthanthrene, benzo[ghilperylene,
indenof [,2,3-cd]pyrene, dibenz[a,hlanthracene, and coronene were found at
concentrations of < 0.5 mg/kg.

Production levels and processes

Mostof the PAH considered in this monograph are formed unintentionally
during combustion and other processes. Only a few are produced commercially,
including naphthalene, acenaphthenc, fluorene, anthracene, phenanthrenc,
fluoranthene, and pyrene (Franck & Stadelhofer, 1987). The most important
industrial product is naphthalene (sce section 3.2.3). In 1987, about 220 kt of
this compound were produced in western Europe, 190 kt in eastern Europe,
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170 kt in Japan. and 110 kt in the USA (Fox ct al., 1988); in 1986, > 1 kt was
produced in Canada (Environment Canada, 1994). In 1983, about 2.5 kt of
acenaphthenc and 20 kt of anthracene were produced worldwide (Franck &
Stadelhofer, 1987). In 1986, 0.1-1 tanthracene and 1 ( fluorcne were produced
inCanada (Environment Canada, 1994). In 1993, amajor producer in Germany
produced < 5000 t anthracene, < 1000 t acenaphthene, < 300 t pyrene, < 50t
phenanthrenc, and < 50 t{fluoranthene { personal communication, Riltgers-V{T
AG, 1994).

The substances are not synthesized chemically for industria) purposes but
are isolated from products of coal processing, mainly hard coal-tar, The raw
matcrial is concentrated and the product purified by subsequent distillation and
crystailization, Only naphthatene is sometimes isolated from pyrolysis residue
oils, olefin fractions, and petroleum-derived fractions; it is also obtained by
distillation and crystallization (Collin & Héke, 1985; Franck & Stadelhofer,
1987 Griesbaumn et al., 1989; Coliin & Hoke, 1991), In the USA in 1970, the
disiribution of capacity was ahout 60% coal-tar- and 40% petroleum-derived
naphthalenc (Gaydos, 1981); more detailed data were not available. The purity
of the technical-grade products is 90-99% (Collin & Hoke, 1985; Franck &
Stadelhoter, 1987; Grieshaum et al., 1989; Collin & Hoke, 1991, see also
Section 2).

Uses of individual PAH

The uses of commercially produced PAH are as follows {(Collin & Hoke,
1985; Franck & Stadelhofer, 1987; Gricsbaum et al,, 1989; Collin & Hoke,
1991):

— naphthalene: mainuse: production of phthalic anhydride (intermediate
for polyvinyl chloride plasticizers); also, production of azo dyes,
surfactants and dispersants, tanning agents. carbaryl (insecticide),
alkylnaphthalene solvents (for carbonless copy paper), and use without
processing as a fumigant (moth repellent) (see Figure 2),

— acenaphthene: main use, production of naphthalic anhydride
(intermediate for pigments); also, for acenaphthylene (intermediate for
resing);

— fluorene: production of fluorcnone (mild oxidizing agent),

— anthracene: main use, production of anthraquinone (intermediate for
dyes); also, use without processing as a scintillant (for detection of
high-energy radiaticn);

— phenanthrene: main use, production of phenanthrenequinone
(intermediate for pesticides); also. for diphenic acid (intermediate for
resing)

— fluoranthene: production of tluorescent and vat dyes;

— pyrene: production of dyes (perinon pigments).
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3.24.1

3.24.2

3.2.5

Sources of human and environmental exposure

Figure 2. Industrial uses of naphthalene in western Europe, Japan, and the USA,
1985

20,
Japan Western Europe USA
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Tanning/wetting agents Dyes Phthalic acid anhydrid  Fumigants
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From Franck & Stadelhofer {1987)

Emissions during preduction and processing of PAH

The emissions of PAH during industrial production and processing in
devcloped countries are not thought to be important in comparison with the
release of PAH from incomplete combustion processes, since closed systems
and recycling procedures are usualty used. Few data were available.

Enussions to the atmosphere

No data were available.

Emissions to the hydrosphere

During the retining of aromatic hydrocarbons, and especially hard coal-tar,
80-190 t/year were estimated to be released to the hydrosphere in western
Germany until 1987. This quantity was reduced to 8—19 t/year by the installation
of new adsorption devices (sand filtration and adsorbent resin) by the two
German hard coal-tar refineries in 1989 and 1991 (Klassert, 1993).

Emissions during the use of individual PAH

Only naphtbalenc is used directly (as a moth repellent) without further
processing. On the assumption that afl naphthalene-containing moth repellent
is emitted into the aumosphere, the emissions would have been about
15 000 t'year in western Europe in 1986, about 4400 v/year in Japan in 1987,
and about 5500 t/year in the USA in 1987 (Fox et al., 1988).
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Emissions of PAH during processing and use of coal and petroleum products

Coat coking, coal conversion by gasification and liquefaction, petroleum
refining, and the production and use of carbon blacks, crecosote, coal-tar, and
bitumen from fossil fuels may produce signilicant quantities of PAH (Anderson
et al., 1986}, A great deal of information on emissions of PAH is available in
the literature; this monograph gives an overview of the most reliable values.
The cmission profile depends on the source, and specific emission profiles are
detectable only in the direct vicinity of the corresponding source. Generally,
emissions arc estimated on the basis of more or less reliable databases, which
are not identified in most publications. The values reported give only a rough
idea of the situation.

Emissions to the atmosphere
{a) Coal coking

During coal coking, PAH are relcased into the ambient air mainly when an
oven 1s loaded through the charging holes and new coal is suddenly brought
into contact with the hot oven, and from leaks arcund oven doors and battery-
top lids (Bjgrseth & Ramdahl, 1985, Slooff et al,, 1989). The specific emission
factor for both benzo| a]pyrenc and benzo[e]pyrene during coal coking was
0.2 mg/kg coal charged (Ahland et al., 1985). The emission factor for total
PAH was estimated Lo about 15 mg/kg coal charged (Bjgrseth & Ramdahl,
1985).

Stack gases were measured about 8 m away [rom the aperture through
which coke was discharged at a Bejgian coking battery. Although the effluent
may have been slightly diluted with ambient air, the following PAH
concentrations were detected: benz|alanthracene plus chrysenc, 580 ng/m?;
benzo[k]fluoranthene, 300 ng/m*; benzo[a]pyrene plus benzo[e]pyrene,
470 ng/m>; fluoranthene, 330 ng/m®; pyrenc, 180 ng/m® benzo[ghilperylene,
140 ng/m?; anthracene plus phenanthrene, 130 ng/m*; and perylene, 44 ng/m?*
(Broddin et al., 1977).

The releasc of total PAH in 1985 was estimated to about 630 t/year in the
USA, 18 tyear in Sweden, and 5.1 t/year in Norway (Bjgrseth & Ramdahl,
1985). The authors emphasized that their data are subject to uncertainty and
should be used only as anindication of the order of magnitude. In 1990, the total
PAH emission in Canada was estimated to be 13 t/year (Environment Canada,
1994). Further estimates of total annual emissions of individual PAH compounds
during the coking of coal are shown in Table 10.

The emission factors for benzo[alpyrene in the coking industry in the
North-Rhine Westphalia area of Germany have been assumed to have been
reduced to an average of about 60 mg/t coke. The newest plants have emission
factors of 40 mg/t coke (Eisenhut et al., 1990). The reduction in PAH discharge
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Table 10. Estimated annual emissions of polycyclic aromatic
hydrocarbons during coal coking in the Netherands and western
Germany

Compound Annual Year Reference
emission
(t'year)
Netherlands
Anthanthrene 0.5 Before 1989  Slooff et al. (1989)
Benz[a]anthracene 0.3 1988 Slooff et al. {1989)
Benzolalpyrene 01 Before 1989  Slooff et ai. (1989)
Benzofghilperylene 0.2 1988 Slooff et al. (1989)
Benzo[Ajfluoranthene 0.1 1988 Slooff et al. (1989)
Chrysene 0.2 1988 Slooff et al. (1989)
Flucranthene 1.1 1988 Slocif et al. (1989)
Indeno[1,2,3-cdlpyrene 0.1 1988 Slocff et al. (1989)
Naphthalene 1.3 1987 Slooff et al. (1988)
2.0 Before 1989 Slooff et al. (1989)
Phenanthrene 24 1988 Slooff et al. (1989}
Western Germany
Benzo[a]pyrene 1.1 1990 Ministers for the
Envircnment (1992);
1.7 Zimmermeyer et al.
(1991)
Naphthalene 10.0 1987 Society of German

Chemists (1989)

was brought about by technical improvements to existing plants, closure of old
plants and their partial replacement by new plants, and a reduction in coke
production (Zimmermeyer ct al., 1991). Decreasing trends in the annual
emissions of airborne PAH during coke production are also assumed to have
occurred in other industrialized countrics (western Europe, Japan, and the
USA), but no data were available.

(b} Coal conversion

PAH emission factors measured in the USA during gasification of coal at
the end of the 1970s ranged (rom about 1 pg/g burnt coal for chrysenc and
1500 ug/g burnt coal for naphthatenc. Three qualities of coal were analysed tor
naphthalene, accnaphthylene, [fuorcne, anthracene, phenanthrene, pyrene,
benz[a]anthracene, chrysene, benzo|b]fluoranthene, benzo[k)tluoranthene,
benzo[alpyreng, benzo[ghilperylene, indeno[].2,3-cd]pyrene, and
dibenzo[a.h]pyrenc (Nicholsctal., 1981). In 1981, the stack gas of one US pilot
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coal gasificatdon plant with an outdoor filter comained 0.2 and 2.1 pg/m?
naphthalene at two sampling times and 6.8 pg/m* phenanthrene (Osborn et al,,
1984). Accnaphthylene was detected at concentrations of (1.11-0.12 pg/m* in
the stack gases of 1wo Canadian pilot coal liquefaction plants {Leach et al.,
1987).

{c) Petroleum refining

The average profile of PAH compounds in petroleum refineries indicates
that at lcast 83% of the tolal concentration is made up of two-ring compounds
(naphthalene and its derivatives) and 94% of two- and three-ring compounds,
Compounds with five rings or mere contributed less than 0.1% at the catalytic
cracking unit. [n turn-round operations on reaction and fractionation towers,
naphthalenc and its methyi derivatives accounted for more than 999 of the total
PAH (IARC, 198%).

Little information is available on the concentrations of PAH in stack gases.
The levels in one French (Masclet et al., 1984} and two US petroleum refining
plants (Karlesky et al.,, 1987) are available (Table 11); no information was
given about the sampling site in the French facility, but sampling in the US
plants was at the distillation device and below the cracking tower. The results
depended on which fuel was burnt and the positioning and type of sampling
device in the stack.

Few data are available on the total release of PAH into the atmosphere
during petroleum refining. In western Germany, the emissions of naphthalene
during petroleum refining, including hard coal-tar processing. were estimated
1o be 11 Uyear {year not given; Society of German Chemists, 1989). In the
Netherlands, the release of total PAH in 1988 was estimated to be about
7 t/year; the burning of pitch contributed 6.6 t/year, regeneration of catalyst,
0.4 Vyear, andrefining, < 0.01-0.1 t/ycar (Slooff et al., 1989). In Canada, about
0.1 t total PAH were emiited inte the atmosphere in 1990 (Environment
Canada, 1994).

{d) Other processes

In a US oil-furnace carbon black plant, the following mean cmission
factors per kg carbon black produced were found for individual PAH in three
runs in the main vent gas: acenapbthylene, 800 ug; pyrene, 500 (tg; anthracene
plus phenanthrene, 70 pg; fluoranthene, 60 iLg; benzo[ghilfluoranthene, 40 Ug;
benzofb]fluoranthenc plus benzeljjflucranthene plus benzo[k]fluoranthene,
30 ug; benzolalpyrene plus benzol[elpyrene plus peryienc, 30 pg:
benzolghi lperylene plus anthanthrene, 23 pg: chrysene plus benz[a]anthracene,
9 ug; indeno| 1,2.3-cd]pyrene, < 2 pg; and benzo[c]phenanthrene, < 2 pg. The
release of PAH into ambient air cannot be estimated from these emission
factors, however, as an additional combustion device is fitted in most US
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Table 11. Polycyclic aromatic hydrocarbon concentrations in the stack
gases of petroleum refinery plants in France and the USA

Compound Concentration (ug/m?)

France USA
Acenaphthene NR 0.018-0.035
Acenaphthylene NR 0.013/0.019
Anthracene 3.9 0.003-0.041
Benz|alanthracene 1.6 0.051-0.801
Benzo[alpyrene 0.4 0.261-3.17
Benzo[]fluoranthene 1.3 0.323-0.616*
Benzo[elpyrene 2.8 NR
Benzo[ghilperylene 0.7 0.23/0.382
Benzo[Ajfluoranthene 0.5 NR
Chrysene 1.7 0.021-0.252
Coronene 1.0 NR
Cibenzo[a,hlanthracene NR 0177
Fluoranthene 2.3 (0.030-0.577
Fluorene 2.4 0.041-2.48
Indeno[1,2,3-cd]pyrene 1.2 0.25/0.538
Naphthafene NR 0.052-0.113
Perylene ND ND
Phenanthrene 7.9 0.040-9.13
Pyrene 4.3 0.016-3.56

From Masclet et al. (1984) and Karlesky et al. {1987)

NR, not reported; ND, not detected, limit of detection not stated; /, single
measurements

# Plus benzo[k]fluoranthene

carbon-black plants in which the process vent gases are burnt{Serth & Hughes,
1980).

Compounds with five or more rings (e.g. benzo[a]pyrene) contributed
about 0.3% 1o the total PAH released from the bitlumen processing unit of a
refinery (IARC, [989b}. The emissions of PAH from batch asphalt mixers are
assumed 1o be low and to occur mainly in combustion gases (LARC, 1984a),
although no experimental data were available.

Few estimates have been made of the annual emissions of PAH from
processes in which coal and coal products are used. The total relcase of PAH
to the atmosphere during asphalt production in 1985 was estimated to be about
4 tin the USA, 0.1 t in Norway, and 0.3 t in Sweden (Bjgrseth & Ramdahl,
1985). In Canada, the amount emitted in 1990 was estimated to be about 2.5 t
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(Environment Canada, 1994). The amount released during carbon-black
production and processing in 1985 was estimated to be about 3 tin the USA and
< 0.1 t in Sweden (Bjorscth & Ramdahl, 1985). {n the Netherlands in 1988,
about 3.3 ¢ of wtal PAH were emitted during the storage and transport of
anthracene oil, an intermediate in the processing of hard coal-tar (Slooff et al.,
1989).

(e} Use of impregnating oils (creosotes} in wood preservation

Estimates of the total input of PAH into the atmosphere from wood
preservation with creosotes were available only for the Netherlands for
unspecified years, at about 320 t/year (Slooff et al., 1989) and 840 tyear
{Berbee, 1992}, In 1988, the PAH input during storage of preserved materiat
was estimated by the same authors to be about 200 t naphthalcne, 110t
phenanthrene, 30 t flucranthene, 5 t anthracenc, 1.1 t benz|a]anthracene, and
(.02 t benzo[k]fluoranthene.

Emissions o the hydrosphere
fa) Coal coking

The concentrations of PAH reported in wastewater effluents are shown in
Table 12. The removal of PAH by biologica! oxidation in two US coal coking
plants was 93 (o > 99%. Higher-molecular-mass PAH, benzo[a]pyrene,
dibenz[«.Alanthracene, and benzo[ghi|perylene, comprised a greater fraction
{about 609 of the total PAH content in the effluent than in the input stream
{Walters & Luthy, 1984). The total concentration of PAH discharged into the
agueous environment from a Norwegian coking plant was estimated to be
about 23 kg/d (Berglind, 1982). On the basis of Dulch emission factors, the
release in western Europe in 1985 of fluoranthene was calculated to be about
5 tandthatof benzo[a]pyrenc aboul 0.7 t (Berbee, 1992), The total annual input
of PAH into the aqueous environment of the Netherlands was estimated to be
about 1.7 t {year not given; Stooff et al., 1989).

(h) Coal conversion

The PAH content of wastewater from coal and shale conversion was
< 0.5 mgfitre (Guerin, 1977). In raw, untreated wastewaters from a US pilot
coal tiquefaction plant, numerous PAH were found to emanate from the
liquefaction section, the untreated hydrogenation section, and the still bottoms
processing device when two kinds of coal were tested; for example,
benzo[alpyrene was found at a concentration of 0.3-52 pg/litre (Robbins et al.,
1981). Numerous PAH were found in raw waslewater samples from two US
pilot coal gasification plants (Walters & Luthy, 1981; AbbotL et al., 1986), the
maximum level of benzo[alpyrene being 5.0 pg/litre.
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Table 12. Polycyclic aromatic hydrocarbon concentrations {ug/litre) in
wastewater effluents from coal coking plants

Compound [1} [2] [3F [4] [5]
Acenapthene NR NR NR 0.009-2.5 NR
Acenaphthylene NR NR NR NR NR
Anthracene 0.31 NR NR 0.0-20 0.1
Anthanthrene ND NR 0.040/0.600 NR NR
Benzo[/+Kfluoranthene NR  NR NR NR NR
Benz[aglanthracene 20  t1.1  0.504/4.9 NR NR
Benzo[a]fluoranthene 08 NR NR NR NR
Benzo[a]pyrene NR 38 0.622/4.841 4.7-25 NR
Benzo[blffuoranthene NR NR NR NR NR
Benzo[a]fluorene 0.81 NR NR NR NR
Benzo[clphenanthrene ND NR 0.042/0.699 NR NR
Benzo[e]pyrene NR  NR 0.323/2.928 NR NR
Benzofluoranthenes® NR 6.9 1.010/8.741 NR NR
Benzo[ghilflucranthene ND  NR 0.042/0.663 NR NR
Benzo[ghilperylene 20 NR 0.445/2.835 0-9.0 NR
Chrysene NR 7.2 0.732/6.440 1.8-42 NR
Dibenz{a Alanthracene NR NR NR 0.06-3.0 NR
Fluoranthene 28 112 NR 1.3-10 NR
Fluorene NR NR NR 0.0-1.0 NR
Indeno[1,2,3-cdlpyrene  NR  NR (0.371/3.051 NR NR
1-Methylphenanthrene  ND  NR NR NR NR
Naphthalene NR NR NR 0-4.1 NR
Perylene ND NR 0.117/1.348 NR NR
Phenanthrene 04 NR NR 04523 0.5
Pyrene 40 129 NR NR 0.38-60

[1] Effluent channel water from one US coking plant (Griest, 1980},
[2] Effluent channel water from one US coking plant (Griest et al., 1981);

[3] Raw wastewater from two coking plants in western Germany
(Grimmer et al., 1981b), [4] Effluents from two US coking plants

downstream of company-owned biological oxidation device (Walters &
Luthy, 1984); [5] Finatl effiuent after biological oxidation; no further
information (Jockers et al., 1988)
When the water samples were filtered through solid sorbents, the results
may be underestimates of the actual content of polycyclic aromatic
hydrocarbons (see section 2.4.1.4)
ND, not detected, limit of detection not given; NR not reported

2 /, single measurements
® Isomers not specified
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No information was available about total PAH emissions into the agueous
environment from commercial coal conversion plants. In groundwater near a
US in-situ coal gasification site. naphthalene was found at a concentration of
2.7 pgflitre and acenaphthene and fluorene at < 0.1 pg/litre (Pellizzari et al.,
1979).

Untit 1988, the final effluent from the two hard coal-tar refineries in
western Germany contained an average of 50 mg/litre naphthalene, with a
maximum of 120 mg/litre. The annual emission of this compound was thus
calculated to be about 80 ¢. By 1991, the estimated rclease of naphthalenc had
been reduced to about 8 t/year by the addition of adsorption devices (Klassert,
1993).

{c) Petroleum refining and offshore otl-well drilling

PAH concentrations in wastewater effluents from these sources arc
summarized in Table 13. A refinery-activated sludge unit with a doal-media
filter removed about 95% of the five-ring PAH and 99% of the four-ring PAH
from the effluent of a petroleum refinery (Pancirov ct al., 1980). A similar
elimination efficiency was found for dissolved air flotation treatment of
refinery waslewater and subscquent removal by activated sludge. Air stripping
of the compounds in the sewage plant seemed to be of minor importance
{Snider & Manning, 1982}. The concentrations of PAH with more than three
rings were found to be < 0.05 pg/litre even in the input to a sewage device and
< 0.02 pgdlitre in the final effluent {(German Society for Mineral-oil and Coal
Chemistry, 1984). The authors stated that these levels were of the same order
of magnitude as the background concentrations in surface waters.

The discharge of total PAH from a Norwegian petroleum refinery was
about 0.26 kg/day (Berglind, 1982). The total concentration of PAH released
into the North Sea from offshore oil-well drilling activities was aboui 2.5 ¢/year
in 1987, comprising 2 t/vear from drill rinsing and 0.2 t/year from shipping
(Slooff ct al., 1989).

(d) Use of impregnating oils (creosotes) in wood preservation

PAH were detected at levels of milligrams per litre in groundwater under
a former wood preserving facility in Florida, USA, The concentrations of
lower-molecular-mass creosole constituents were smaller in the groundwater
than in an unweathered standard, probably because of greater mobility and
biodegradability (Mueller & Lantz, 1993; Middaugh et al., 1994),

Model experiments with fresh and scawater were carried out to determine
the release of PAH [rom marine pilings made rom southern pine and preserved
with creosote (Ingram ct al., 1982). The PAH levels per litre fresh water in the
leachate at 20 °C after immersion for threec days were: naphthalene,
200-350 p g acenaphthene, 190-230 ug; phenanthrene, 190-230ug; fluorenc,
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Table 13. Pelycyclic aramatic hydrocarbons in effluents after wastewater
treatment in petroleumn refineries (ug/litre)

Compound [1] 2] [3] [4] 8]
Acenaphthene NR 4.0 <0.1-6 NR NR
Acenaphthylene NR 1.8 <0.1—< 1 NR NR
Anthracene NR 1.2 <0.01-<2 0.26 NR
Benz[alanthracene NR 0.6 <0.02-<1 NR NR
Benzo[a]pyrene 0.57 04 0.1-2.9 0.11 NR
Benzojbjfluoranthene <01 02 < 0.06 NR NR
Benzo[clphenanthrene NR 0.2 NR NR NR
Benzo[e|pyrene 065 03 NR NR NR
Benzo[ghilfluoranthene <04 NR NR NR NR
Benzo[ghilperylene 0.36 NR <0.2—<1 NR NR
Benzo[jlfluoranthene <0.2 NR NR NR NR
BenzolAlflucranthene <02 04° <02 NR NR
Chrysene <0.03 1.4 <002-14 NR NR
Coronene <0.01 NR NR NR NR
Dibenz[a,hlanthracene NR NR <0.3—<1 NR NR
Flucranthene <02 160 <01-<10 026 NR
Fiuorene NR 3.4 <Q.1-<1 1.2 NR
Indeno[1,2,3-cdpyrene «<0.02 NR <1 NR NR
1-Methylphenanthrene NR 4,2 NR NR NR
Naphthalene NR 2.4 <0.1-<10 15 0.06-9
Perylene 0.14 NR NR NR NR
Phenanthrene NR 1110 <0.2-<05 7.1 0.02-1.2
Pyrene 0.07 161 <0.1-7 NR NR
Triphenylene <003 NR NR NR NR

[1] Final effluent from one US petroleum refinery (Pancirov et al., 1980);
[2] Effluent from one Norwegian petroleum refinery after treatment in oil-
separation devices, oil traps, and retention ponds (Berglind, 1982),

[3] Average results for final effiuent frorn 17 US petroleurn refineries
{Snider & Manning, 1982); [4] Final effluent from one Australian
petroleum refinery (Symons & Crick, 1983); [6] Average results for the
final effluent from six petroleum refineries in western Germany {(German
Society for Mineral-oil and Coal Chemistry, 1984)

When water samples were filtered through solid sorbents, the results
may be underestimates of the actual PAH content {see section 2.4.1.4).
NR, not reported

2With benzo[jlfluoranthene

b With triphenylene

120-150 pg; acenaphthylene, 5 1-88 pg: anthracene, 48-76 pug; fluoranthene,

27-30pg; pyrene, 12 ug; and benz[alanthracene, 1 1-191g. The concentrations
in seawater were three to four times lower. The amounts of PAH leached
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increased with increasing temperature. The concentrations in leachates from
pilings that had been in seawater for 12 years were of the same order of
magnitude. In contrast, rapidly decreasing PAH concentrations were found
three months after the start of the experiment in runoff rainwater from spruce
and pine pilings impregnated with hard coal-tar (van Dongen, 1987).

The total PAH emissions into water and soil in the Netherlands from
commercial wood preservalion were about 28 t/year (year not given). The
release of 10 PAH into water during the storage of creosote-preserved wood
was about 16 t/year; the PAH measured were paphthalene, anthracene,
phenanthrene, fluoranthene, benz[a]anthracene, benzo{a]pyrenc, benzo[ghi]-
perylene, and indeno[1.,2,3-cd]pyrene) (Slooft et al., 1989).

In Canada, the maximum release of PAH into water and soil from creosote-
treated wood products was estimated 1o be 2000 t/year, on the basis of the PAH
content of creosote, the velume of treated wood, the retention rates of the
substances for different wood species, and an estimated 20% loss of PAH
during the time the wood was in service, i.c. 40 years for pilings and 50 years
for railroad ties (Environment Canada, 1994).

(e) Other sources

PAH may be released into the hydrosphere during leaching of stocks of
coal by rain. In model leaching experiments, naphthalcne, acenaphthene,
fluorcne, phenanthrene, anthracenc, fluoranthene, pyrene, chrysene,
benz[a]anthracene, benzo[kffluoranthene, and benzo[a]pyrene were detected
at concentrations in the low microgram per litre range, with a maximum of
100 ug/litre; for example, benzolalpyrene was found at 0.6 pg/litre (Stahl et
al., 1984; Fendinger et al., 1989).

PAH were also found in sludge from US coke processing plants in the
following concentrations {(average of five samples): naphthalene, 430 mg/kg;
phenanthrene, 260 mg/kg; acenaphthene, 78 mg/kg; pyrene, 30 mg/kg; chrysene,
28 mg/kg; benzo|a|pyrene, 3.8 mwkyg; benzo[pfluoranthene, 3.8 mg/kg; and
benzo[ghilperylene, 0.9 mg/kg {Tucci, 1988).

PAH may also ieach into drinking-water from coal-tar or asphalt coatings
on storage tanks and water distribution pipes. Samples from a five-ycar-old
coal-tar-coated water tank in the USA contained 0.21 pg/litre phenanthrene
plus anthraccne, 0.081 pg/litre fluoranthene, 0.071 pg/litre pyrene,
0.025 pg/flitre naphthalene, and 0.021 pg/litre fluorene (Alben, 1980).
Measurements in numerous US drinking-water systems showed that PAH
accunulate in the water during transport in these pipes. The total concentration
of flucranthene, benzo[ j]fluoranthene, benzo[k]fluoranthenc, benzo{alpyrene,
indeno| 1,2,3-¢d]-pyrenc, and benzojghilperylene after transport was in the
low nanogram per litre range (Basu et al., 1987). In 1994, a PAH concentration
of 2.7 pg/litre was measured in accordance with the German Directive on
drinking-water (6.9 pg/litre measured in accordance with US regulations),
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which was due to transport through a tar-coated pipe in a central water
reservoir; phenanthrene was present at a concentration of 2.8 pgflitre and
pyrenc at 1.2 pg/litre (State Chemical Anaiysis Institute, Freiburg, 1995). The
release of PAH from this source cannot be estimated from the available data.

During offshore oil and gas production, PAH-containing drilling muds are
discharged directly into the sea. The PAH concentrations at some oil and gas
platforms in the Gulf of Mexico and the North Sea were found to be
1900 ng/litre for naphthalene and < 0.01 pg/litre each for chrysene, benzolb]fluo-
ranthene, and dibenz([a,Alanthracene (van Hattum et al., 1993).

The total PAH passing into the oceans from shipping have not been
estimated. The worldwide discharge of PAH into the oceans from refineries,
marine {ransportation, and industrial effluents of crude oil was estimated to be
about 6 t/year in 1973 and 4.6 t/year in the early 1980s (Suess, 1976), but the
basis for these estimates is unknown,

Emissions to the geosphere

The average PAH concentrations in soil from more than 20 former coking
sites in Germany were: naphthalene, 1000 mgfkg; phenanthrene, 500 mg/kg;
{luoranthene, 200 mg/kg; pyrene. 200 mg/ke; anthracene, 50 me/kg; and
benzolalpyrene, 3-5 mg/kg. During vertical leaching, the compounds are
distributed according to their mobility. PAH with high-boiling points and low
water solubility are present at the highest concentrations at the surface, and
more mobile compounds accumulate in deeper soil layers. Naphthalene is
usually lcached into groundwaler, in which it is relatively soluble (Hoffmann,
1993).

The sediment of an effluent channel at one US coking plant contained the
following concentrations of PAH (dry weight basis): fluoranthene, 31 mg/kg;
pyrene, 23 mg/kg; benzo[b+j+k|fluoranthenes, 23 mg/kg; benzopyrenes,
19 mg/kg; benz[ajanthracene, 15 mg/kg: chrysene plus triphenylene,
15 mg/kg; benzolghilperylene, 7.3 mg/kg; benzola]tluorene, 7.2 mg/kg;
anthracene, 6.7 mg/kg; perylene, 3.8 mg/kg; phenanthrene, 3.6 mg/kg;
bepzofb]fluorene, 3.2 mg/kg; benzo[ghilftuoranthene, 2,3 mg/kg; anthanthrene,
2.3 mg/kg; benzo[c]phenanthrene, 2.1 mg/kg; and 1-methylphenanthrene,
0.71 mg/kg. In the sediment of an effluent from one US petroleum tank farm,
anthracenc was detected at 3.4 mg/kg, benz[ajanthracene at 0.13 mg/kg, and
benzo[a]pyrene at < 0.049 mg/kg (Griest, 1980).

Oily sludge originating from a dissolved air flotation unit of the treatment
systemofa US petrochemical plant effluent was applied to sandy loam samples
seven times during a 920-day active disposa peried followed by a 36G-day
inactive ‘closure’ period, and the decreases in the concentrations of fluorene,
phenanthrene, anthracene, fluoranthene, pyrene, benz(ajanthracene, chrysene,
triphenylene, benzo[ghilfluoranthene, benzo[b|fluoranthene, benzo[/]fluoran-
thene, benzo[4]fluoranthene, perylene, benzo{alpyrene, benze[e|pyrene, and
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benzofghi]perylene in soil were determined The initial PAH levels ranged
from 0.9 mg/kg benzofj]fluoranthene to 270 mg/kg phenanthrene (dry weight
basis). After 1280 days, the three-ring compounds {fluorenc, phenanthrene,
anthracene) had almost completely disappeared, with 0.2-6.9% remaining, the
four-ring substances {fluoranthene, benz[a]anthracene, chrysene) had been
partly degraded, and the five-ring compounds remained at fairly high
concentrations (Bossert ¢t al., 1984),

PAH may be reteased into soi! from pelluted industrial sludges and during
commercial wood preservation; however, no estimates of the total PAH input
into this compartment were available.

Emissions inio the biosphere

Use of anti-dandruff shampoos containing hard coal-tar may lead to
increased body concentrations of PAH, as measured by urinary excretion of the
PAH metabolite 1-hydroxypyrene. One shampoo had a total PAH content of
2800 mg/kg, including 290 mg/keg pyrene and 36 mg/kg benzo[a]pyrene (no
further specification) (van Schooten ct ai., 1994). Application of a 2% crude
coal-tar solution in petrolatum led to significantly increased PAH levels in the
blood of five volunteers (Storer et al.. 1984; see also Section 8). Measurements
of hard coal-tar-containing shampoos in Gernmany showed concentrations of
7-61 mg/kg benzo[a|pyrene. In wood-tar-containing shampoos, benzo[a]pyrene
was detected at concentrations in the low microgram per Kilogram range, but
150 mg benzolalpyrene were found in one tar bath (Statc Chemical Analysis
Institute, Freiburg, 1995).

Emissions of PAH due to incomplete combustion

PAH notonly pre-existin fossil [ugls but more are formed during pyrolysis
by a radical mechanism (see Zander, 198(). The domestic activities that may
result in significant emissions of PAH emissions are vehicle traffic, tobacco
smoking, broiling and smoking of foods, and refuse burning. The industrial
activities that result in PAH release are aluminium production with use of
Soderberg clectrodes, iron and steel production. foundries, tyre production,
power plants, incinerators, and stubble burning (Anderson et al., 1986)

Industrial point sources
{a) Emissions to the atmosphere
{iy Power plants fired with coal, oil, and gas fossil fuels

PAH emitted into the atmosphere from coal-fired power plants consist
mainly {69-92%) of two- and three-ring compounds, i.¢. naphthalcne and
phenanthrene and their mono- and dimethy! derivatives. Naphthalene is by far
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the major componentof PAH fractions (31-35%), although high concentrations
of phenanthrene and fluorene are also observed (Bonfanti etal., 1988), Specific
emission factors of 0.02 g emitted per kg combusted were measured for
benzo[a]pyrene and 0.03 ng/kg tfor benzo[e]pyrene (Ahland et al., 1985).

The concentrations of PAH in stack gases from comparablc coal- and oil-
fired power plants are shown in Table 14. It is difftcult to find a characteristic
PAH profile for coal-fired plants. The concentrations were low during
undisturbed combustion (Guggenberger ct al., [981; Warman, 1985). Low-
molecular-mass PAH are found at higher concentrations than high-molecular-
mass compounds in coal combustion effluents (Warman, 1985); the low-
molecular-mass PAH phenanthrene, fluoranthene, and pyrene weredetected at
particularly high concentrations, whercas benzo[alpyrene was found at a level
typical of that in ambient air (Kanij, 1987). The specific emission factor for
benzo[a]pyrene was 3.5-230 ug/tburnt coal (Ahland & Mertens, 1980). As the
contribution of benzola]pyrene to the total release of PAH is small, it was
considered not to be a suitable indicator for this source (Guggenberger et al.,
1981). In contaminated areas, the PAH concentrations in ambient air may be
higher than those in the stack gases, which result from after-burning
(Guggenberger et al., 1981),

The inputs of PAH into the atmosphere from power plants were: about
0.001 t benzo|a]pyrene in western Germany in 1981 (Ahland et al., 1985) and
0.1 tin 1983 (Grimmer, 1983a); about 1 Uycar total PAH in the USA; 0.1 tin
Norway and 6.6tin Swedenin 1985 (Bjgrseth & Ramdahl, 1985); about 2 t total
PAH in the Netherlands in 1988 (Sitooff et al., 1989); and about 11 t total PAH
in Canada in 1990 (Environment Canada, 1994). These numbers may be
subject to uncertainty and should be used only as an indication of the order of
magnitude of c.g. the concentration in stack gases that is to be expected from
experimental values. Actual information on PAH cmissions from oil- and gas-
tired power plants was not available. PAH emissions from coal-fired power
plants have been claimed to be negligible in Germany due to the installation of
appropriate filter systems, despite the vast amount of stack gases produced
(Zimmermeyer et al., 1991; Ministers for the Environment, 1992).

(ii) [Incinerators

Numerous PAH ate formed under simulated incinerator conditions from
plastics such as polystyrene, polyethylene, polyvinyl chloride, and their
mixtures {Hawley-Fedder et al., 1984a,b,c, 1987). PAH were detected al the
following concentrations in the stack gases from a British municipal incinerator:
pyrene, 1.6 ug/m’; benz[alanthracene plus chrysene, (.72 ng/m’; fluorene,
0.58 pg/m? benzo(ghilperylene, 0.42 pg/m® benzo[blfluoranthene plus
benzo[j]fluoranthene plus benzo[k]fluoranthene, 0.32 pg/m?®; perylene,
0.18 pg/m?; indeno[1,2,3-cd]pyrene, 0.18 pug/m? coronene, 0.04 pg/m’; and
benzofalpyrene plus benzole]pyrene, 0.02 pg/m’(Davies et al., 1976). When
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PAH were sampled at a height of about 10 m above the ground in the 110-m
chimney of an incineration plant in Sweden, no measurable amounts of PAH,
at a limit of detection of 10 ng/m*, were found during normal operating
conditions or during start-up in the morning; however, inactivity over a
weckend resulted in detectable concentrations of individual PAH, covering
three orders of magnitude up to around 100 pg/m? (Colmsjo et al., 1986a).
Comparable results were obtained at a pilot incineration plant in Canada (Chiu
et al., 1991). Only phenanthrene plus anthracene was found in measurable
amounts in the stack gas (limit of detection not stated). The total release of PAH
from this plant was estimated to be 80-100 ng/m".

The concentrations of PAH emitied in the stack gases from an Itahian
municipal solid waste incinerator were: 0.1-1.9 pg/m*indenof{1,2,3-cd|pyrene,
0.63 ug/m’ acenaphthene, 0.57-2.5 ug/m' phenanthrene, 0.36-4.4 pg/m?
perylene, .35-0.55 ug/m*benzo[e]pyrene, 0.25-3.6 ug/m’ benz[a]anthracene,
0.23 pg/m?® benzol[k]fluoranthene, 0.22 ug/m® dibenz|a.klanthracene,
0.19 ug/m’ benzo[bJfluoranthene, 0.15-0.67 ug/m? pyrene, 0.15-0.73 pg/m’
acenaphthylene, (.11-0.23 pg/m* chrysene, 0.08 pg/m?® anthracene,
0.069 pg/m* fluorene, 0.068-1.3 pg/m® fluoranthene, 0.05-1.1 ug/m?
benzo[a]pyrene, and 0.014-0.47 pg/m’ benzo[ghilperylene, depending on the
firing conditions and the composition of the waste (Morselli & Zappoli, 1988).

The benzo[a]pyrene concentrations in stack gases from commercial waste
incinerators in western Germany were estimated to be 1-6 pg/m’ (Johnke,
1992).

Controlled incineration of automobile tyres for thermal and electric energy
has been estimated to resultin considerable release of PAH into the atmosphere.
Inlaboratory experiments, the following concentrations were found in flue gas
at an incineration temperature of 677 °C (per kg rubber): 930 mg pyrene,
760 mg fluoranthene, 390 mg phenanthrene, 290 mg anthracene, 220 mg
acenaphthylene, 120 mg chrysene. 84 mg benzo[b]fluoranthene plus
benzo[/]fluoranthene plus benzo[k]fluoranthene, 66 mg benz{a)anthracene,
18 mg benzole]pyrene, 11 mg benzo[alpyrene, 3.8 mg perylene, 3.3 mg
benzo[ghilfluoranthene, 2.0 mg dibenz|a,k]anthracene, 1.5 mg
benzo[ghi]perylene, 1.2 mg naphthalenc, and 0.5 mg indenof1,2,3-cd]pyrene
{Jacobs & Billings, 1985). On the basis of data from Hartung & Koch (1991)
on the number of tyres incinerated in western Germany in 1987, the annual
emissions from this source can be calculated as follows: 160 t pyrene, 130t
fluoranthene, 70 t phenanthrene, 50 t anthracene, 40 t acenaphthylene, 20 t
chrysene, 14 t benzo[ b]fluoranthene plus benzol[f]fluoranthene plus benzo|&]-
fluoranthene, 10 t benz[a]anthracene, 3 t benzo[e]pyrenc, 2 tbenzofalpyrene,
0.5 t benzo[ghi|fluoranthene, 0.3 t dibenz{a,hlanthracene, 0.3 t benzolghil-
perylene, 0.2 t naphthalene, and 0.1 t indeno[1,2,3-cd]pyrene,

The total PAH levels in stack gases from incinerators in different countries
were: ltaly, 0.0075-0.21 mg/m* Japan, 0.002-0.04 mg/m®, Sweden,
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0.001 mg/m?; and Canada, 0.00002-0.02 mg/m* (WHO, 1988). The results for
traditional incinerators could not be compared with those for plants with
additional abatement techniques on the basis of the available data. The total
PAH emissions 10 the atmosphere resulting from incineration of refuse were
about 0.001 t benzo[alpyrene in western Germany in 1989 (Ministers for the
Environment, 1992) and about 0.0003 tin 1991 (Johnke, 1992), about 50 t total
PAH in the USA, 0.3 t in Norway and 2.2 t in Sweden in 1985 (Bjgrseth &
Ramdahl, 1985); and about 2.4 ¢ total PAH ir Canada in 1990 (Environment
Canada, 1994).

In Germany, the contribution of stack gases from commercial incinerators
is estimated to be < 4% of the total stack gas volume from combustion
processes. One of the main confounders of and contributors to stack gases from
combustion is motor vehicle traffic (Johnke, 1992), indicating that PAH
released from incinerators are probably of minor importance.

{(iti) Aluminium production

The production of coal anodes, used in the electrolytic production of
aluminium, from pitch and petroleum coke may still be an important source of
PAH, but confirmatory data are not available. Estimates of PAH released
during the production of aluminium in the Netherlands in 1988 ranged from
about 0.3 t benzo[ ghi]perylenc to 24 t naphthalene (Slooff et al., 1989). The
estimated total aifborne PAH released in 1983 was about 1000 t in the USA,
160 tin Norway, and 35 tin Sweden (Bjgrseth & Ramdahl, 1985). In 1990, the
input of total PAH from this source into the atmosphere in Canada was 930 ¢
{(Environment Canada, 1994).

In horizontal and vertical Séderberg aluminium preduction processes in
Sweden, the emission factors per tonne of aluminium were 0.11 kg
benzola]pyrene and 4.4 kg total PAH for the horizontal process and 0.01 kg
benzo[a]pyrene and (.7 kg total PAH {or the vertical process {Alfheim &
Wikstrom, 1984). In a Norwegian vertical Soderberg aluminium production
plant, the emission factors were 0.005-0.015 kg/t aluminium forbenzo[a]pyrene
and 0.3-0.5 kg/t for total PAH (European Aluminium Association, 1990).

(iv} Iron and steel production

The total cmissions of PAH resulting from iron and steel production with
carbon electrodes containing tar and pitch in Norway was estimated to be about
34 tin 1985 (Bjgrseth & Ramdah! (1985), but the database for this estimate is
limited. The releasc of total PAH from metallurgical processes in Canada
where similar electrodes were used, including ferro-alloy smelters but excluding
aluminium production, was estimated to be 19 tin 1990 (Environment Canada,
1994).
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(v) Foundries

PAH are formed during casting by thermal decomposition of carbonaceous
ingredients in foundry mouiding sand, and they partly vaporize under the
extremely hot reducing conditions at the mould-metal interface. Thereafter, the
compounds are adsorbed onto soot, fume, or sand particles. Organic binders,
coal powder, and other carbonaceous additives arc the predominant sources of
PAH in iron and steel foundries (IARC, 1984b).

In pyrolysis cxperiments with green-sand additives, the highest PAH
levels were found in coal-tar pitch, with values per kilogram of additive of
3100 mg benzola]pyrene, 3000 mg benzo[b+j+k]fluoranthenes, 3000 mg
pyrene, and 2900 mg tluoranthene; the lowest levels were found in vegetable
praduct additives, such as maize starch: 26 myg pyrene, 16 mg fluoranthene,
3 mgbenzo[b+j+k}fluoranthenes, and 2 mg benzofa]pyrene (Novelli & Rinaldi,
1979). Less than (.002 mg/kg benzo[alp yrene was found in foundry moulding
sand when petrol resin, polystyrol, or polyethylene was used as the carrier and
7.5 mg/kg when hard coal was used as the carrier. The PAH content was
directly correlated with the amount of hydrocarbon carrier inthe sand {Schimberg
et al., 1981).

The following levels of PAH were found in the stack gases of one French
automobile foundry: fluoranthene, 980 ng/m?; benz[alanthracene, 830 ng/m?;
benzola]pyrene, 570 ng/m? benzo[b]fluoranthene, 460 ng/m?; indenof1,2,3-
edlpyrene, 370 ng/m'; anthracene, 250 ng/m% benzo[klfluoranthene,
220 ng/m?; perylene, 160 ng/m"; benzo[ghi]perylene, 130 ng/m"; chrysenc,
110 ng/m* coronenc, 28 ng/m*; and pyrene, 15 ng/m*. No further information
was given about the sampling site (Masclet et al., 1984). The total emission of
PAH into the atmosphere from iron foundries in the Netherlands was estimated
to be about 1.3 tin 1988 {Slooff et al., 1989).

{vl) Other industrial sources

The estimated release of 1) PAH intothe atmosphere inthe Netherlands in

1988 was about 1.3 t from sinter processes and 0.2 t/year {from phosphorus
production (Slooff et al., 1989).

(b} Emissions to the hydrosphere
(1) Alwminium production

PAH levelsin wastewater from aluminium production in Norwegian plants
are shownin Table 5. Atthe beginning of the 1970s, the release of anthracene
and phenanthrene into the aqueous environment from aluminium production in
western Europe was estimated to be 180 t/year (Palmork et al., 1973). About
0.6 t/year are released into water by the aluminium producing industry in the
Netheriands (Slooff et al., 1989).
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Table 15. Polycyclic aromatic hydrocarbon concentrations [ug/litre] in
wastewater from aiuminium producticn in Norway

Compound [1] [2] [3]
Acenaphthene NR NR 5
Acenaphthylene NR NR 1
Anthracene 1.1-2.8 0.9 10
Anthenthrene < i-3.2 NR NR
Benzo[b+&]flucranthenes 6.8-38.1 NR NR
Benzco[j+Afluoranthenes NR 10.5 5
Benz[alanthracene 2.5-5.6 14.6 11
Benzo[ajflucrene 1.5-3.4 82 13
Benzo[a]pyrene 1.3-74 13.5 4
Benzo[b]fluoranthene NR 21.2 9
Benzo[b]fluorene 1.3-3.0 7.2 2
Benzo[c]phenanthrene NR NR 3
Benzolelpyrene 26-16.4 17.0 5
Benzo[ghilperylene NR 8.3 2
Chrysene and triphenylene 5.8-16.0 27.3 17
Coronene <1-2.0 NR NR
Dibenz[a,hlanthracene NR NR 1
Fluoranthene 12.4-20.8 7.5 124
Fluorene NR NR 3
indeno[1,2,3-cd]pyrene NR 8.1 2
1-Methylphenanthrene NR 0.4 NR
Naphthalene NR NR 1
Perylene NR 3.2 1
Phenanthrene 14.0-231 1.8 34
Pyrene 5.6-15.3 6.4 76

[1] Two samples of wastewater with two runs each from one aluminium
production plant {Kadar et al., 1980); [2] Wastewater from one
aluminium production plant; no further information (Olufsen, 1980}

[3] Effluent from gas washers from one aluminium smelter (Berglind,
1982)

When the water samples were filtered through solid sorbents, the resuits
may be underestimates of the actual content (see section 2.4.1.4}.

NR, not reported

(i1) Other industrial sources

No recent data were available on PAH cmissions into the agueous
environment from coal- or oil-fired power plants. PAH were found in the final
effluent from a British municipal incinerator at concentrations ranging from
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< 0.01 pg/litre each for coronene and indeno| t,2,3-cd]pyrene to 0,62 pg/litre
fluoranthene. The calculated daily output of single compounds was in the low
milligram range, with a maximum of 16 mg/d. Actual data were not available
(Davies et al., 1976),

Numerous PAH were detected in the final efllucnt from a Norwegian ferro-
alloy smelter in which the wastewaler from gas scrubbers was treated by
chemical flocculation. The concentrations were 50 pg/litre phenanthrene,
45 pgflitre pyrene, 40 pg/litre fluoranthene, 39 pg/litre acenaphthylene,
27 ugflitre fluorene, 17 pg/litre acenaphthene, 13 pg/litre chrysene plus
triphenylene. 11 pgfitre anthracene, 10 pg/litre naphthalene, 10 pgfiitre
benz[alanthracene, 9 ug/litre benzo[ b]fluoranthene, 6 wg/litre benzo[f] fluoran-
thene plus benzo[k]fluoranthene, ¢ pg/litre benzo[elpyrene, 6 pgflitre
benzo[a]pyrene, 3 pg/litre benzo[c]phenanthrene, 3 pgllitre indeno[1,2,3-
cdlpyrenc, 3 pg/litre benzo[ghilperylene, 2 ug/litre benzo[a]fluorene,
2 pgflitre benzo[b]fluorcne, 2 pg/litee perylene, and [ wg/litre dibenz[a,hl-
anthracene. The PAH contents of wastewater from gas washers in one Norwegian
steel production plant were of the same order of magnitude (Berglind,
1982},

The releascof 10PAH into water from differentindustrics in the Netherlands
was cstimated 10 be 4 Uyear (Slooff et al., 1989},

(¢) Emissions to the geosphere

The levels of PAH in ash samples trom various incinerators are shown in
Table 16. The values given by Eiceman et al. (1979) were based on the gas
chromatographic responses of pyrene and benzo{alpyrene. The concentrations
of PAH in ashes from coal-fired power plants were of the same magnitude as
the background Ievels of these compounds in soil, but fly ash from municipal
waste incincrators may contain significantly higher levels (Guerin, 1977;
Kanij, 1987). The total PAH content of filter residues in incinerators was about
0.20-0.5 wg/g. The compounds are assumed to be tightty bound to particle
surfaces and not mobile in an agucous environment in the absence of orgaric
solvents (WHO, 1988). In a comparison of 26 incineration plants, combustion
conditions were shown to have a marked influence on PAH release (Wild et al.,
1992).

The material dredged from harbour areas may have a significant PAH
content (sce also sections 5.3.3 and 5.3.4). The annual load of naphthalene,
anthracene, phenanthrene, fluoranthene, benzlaJanthracene, chrysene, benzo[k]-
fluoranthene, benzo[u]pyrene, benzo[ ghilperylenc. and indeno[ 1,2,3-cd]pyrene
in material dredged from Rotterdam harbour was about 12 t (year not given).
The main PAH were fluoranthene and benz[alanthracene (Slooff et al.,
1989).
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Other diffuse sources
{a} Atmosphere
(i} Mobile sources

PAH are rcleased into the atmosphere by motor vehicle traffic. The profile
of the PAH released and the guantity of PAH in the exhaust arc fairly similar,
independently of the type of engine and the PAH content of the fuel, indicating
that the emitted compounds are formed predominantly during combustion
(Meyer & Grimmer, 1974; Janssen, 980; Stenberg, 1985; Williams et al.,
1989). PAH accumuiate in used engine oil, but the importance of the PAH
content of engine oil on emissions is still under discussion. Janssen (1980),
Pischinger & Lepperhoff (1980), and Stenberg (1985) assumed thal the PAH
content of the oil played only a minor role, but Williams et al. (1989) showed
in tests with diesel fuel that it may contribute considerably to the releasc of
particulate PAH. There is also doubt about whether PAH emissions arc
indepen-dent of the aromaticity of the fuel, Janssen (1980} stated that relcase
of PAH inio the atmosphere is not increased if the aromaticity docs not exceed
aconcentration of 30% volume (sec also Schuetzle & Frazier, 1986). According
to Sienberg (1985), the release of PAH by automobile traffic is dependent on
the;

— aromaticity of the fuel;

— starting temperature: Starting at —10 °C results in threefold higher
PAH emissions than a standardized cold start (+ 23 °C); the emission
factors measured by Larssen ( 1985 ) were signiticantly higher in winter
than in summer.

—— ambient temperature: Low ambient temperatures (3-7 °C) increase
PAH emissions from petrol-fuelled vehicles by five to 10 times,
depending on the engine used.

— test conditions: Three standardized test cycles are in general use: a test
devcioped by the Economic Commission for Europe of the United
Nations (ECE) in Europe; the Federal Test Procedure (FTP) in the
USA; and the Japanesc test cycle in Japan. Emissions at cold start may
be lower and those at hot start slightly higherinthe FTP than in the ECE
test, but overall agreement between the tests is good.

— air:fuel ratio (1): Small variations around 1 = 1, representing
stoichiometric levels of fuel and air, do not atfect PAH emissions
significantly; richer mixtures lead to increasing PAH emissions, and
bad ignition at 1 = 0.8 causes a sharp increase in PAH cmissions.

— type of fuel: Emissions of the sum of phenanthrene, fluoranthenc,
pyrene, benzo[ghilfluoranihene, cyclopentalcd|pyrene, benzlal-
anthracene, chrysene, benzo[h]fluoranthene, benzo[k]fiuoranthene,
benzo[elpyrene, benzolal-pyrene, indeno[1,2,3-cdlpyrene, benzo[ ghil-
perylene, and coronene decreased in the FTP cycle as follows: diesel
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(total PAH; 960 png/km) > petrel (170 pg/km) > petrol containing
methanol or ¢thanol (43-110 ug/km) > methanol = liquefied petro-
leum gas = catalyst-equipped petrol-fuelled vehicles (6-9 pg/km)
(Stenberg, 1985). In comparable measurements, similar results were
obtained but with a much lower average emission rate for diesel-
fuelled vehicles: 186 pg/km for total PAH. including fluoranthene,
pyrene, benz[glanthracene, chrysene, benzol b]-fluoranthene, benzo[e]-
pyrene, benzo[a]pyrene, perylene, indeno[ 1.2,3-cd]pyrene, benzo[ghil-
perylene, and coronene. It was not stated whether the difference in the
emission rates was duc to the numbers of PAH chosen for analysis
(Lies et al., 1986).

PAH emissions in the exhaust from spark-ignition automobile engines ¢an
be reduced by operation with lean air:fuel ratios, smaller quenching distances
in the combustion chamber, and increased cylinder wall temperatures in the
engine (Pischinger & Lepperhoff, 1980; Lepperhoff, 1981). Diesel-fuelled
cngines with low emissions of total unburnt gaseous hydrocarbons have low
rates of PAH emission. Control can therefore be achieved by using conventional
techniques for reducing unburnt gaseous hydrocarbons (Williams et al., 1989).

Fluoranthene and pyrene constitute 70-80% of total PAH emissions from
vehicles (Lies et al., 1986; Volkswagen AG, 1989; see also Table 17), whereas
the emissions from one dicsel-fuelled truck consisted mainly of naphthalenc
and acenaphthene (Nelson, 1989). Although cyclopentaled]pyrene is emitted
al a high rate from petrol-fuelled engincs, its concentration in diesel exhaust is
just above the limit of detection, probably because the oxidizing conditions in
diesel-fuelled engines decompose this relatively reactive compound (Lies et
al., 1986).

The amounts of PAH released from vehicles with three-way catalytic
converters are much Jower than those from vehicles without catalysts (Table 18).
The total amount of PAH was increased by a factor of about 40 between new
and used catalytic converters {Hagemann et al., 1982). PAH emissions from
diesel-fuelled vehicles can be reduced by > 90% by a combination of a catalytic
converter and a particulate trap, as shown by experiments with a heavy-duty
diesel-fuelled truck (Westerholm et al., 1989). Westerholm et al. (1991) found
benz[a]anthracene, benzo[b)fluoranthene, benzofk]fluoranthene, benzo[e]-
pyrene, benzofalpyrene, indeno( 1,2,3-cd]pyrene, benzo[ ghi)perylene, fluoran-
thene, pyrene, anthracene, and corenene in much lower amounts than other
investigators, while some other PAH that were not measured by other
investigators, especially phenanthrene and 1-methylphenanthrene, were detected
atquite high concentrations, These differences are possibly due to the driving
cycle used.

Measurements made on particulate matter in the exhausts of light- and
heavy-duty diesel-fuelled vehicles with different fuel qualities showed
concentrations of 1 mg/kg each of benz[a]anthracene, benzof{b|fluoranthene
plus benzo{j]fluoranthene, benzo[alpyrene plus benzo[e]pyrene, and
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benzo| ghilperylene and 290 mg/kg pyrenc. The results were strongly dependent
on the driving cycle and individual engine conditions (CONCAWE, 1992).

The PAH concentrations measured in the exhaust gases of different
vehicles are shown in Table 19. The differences in PAH emissions from petrol-
and diescl-fuelled vehicles are still under discussion. When the data of Behnet
al. (1985) are compared with those of Klingenberg et al. (1992), diescl-fuelled
vehicles emitted larger amounts of PAH than petrol-fuelled vehicles.
Benzo[a]pyrene was emitted at a rate of 6 pg/km from a petrol-luelled vehicle
without a catalyst and at 5 pg/km from a diesel-fuelled vehicle (Gibson, 1982).
When the PAH emissions from 10 petrol- and 20) diesel-engined vchicles were
measured under three urban cyclcs, the mean emission factors (pg/km) for
benzola]pyrene were 12 with petrol and 0.56 with diesel in a cold, low-speed
cycle, 0.50 with petrol and 0.37 with dicsel in a hot. low-speed cycle, and 0.37
with petrol and 0.24 with diesel in a hot, free-flow cycle (Combet et al., 1993}.
Considerably higher emission rates were found from four petrol-fuelled
passenger ears without catalysts, 11 with catalysts, and eight diesel-fuelled
passenger cars, two of which had oxidation catalysts, on a chassis dynamometer
at the USA FTP 75 cycle. The diesel-fuclled vehicles emitted about as much
benzola]pyrene as the petrol-fuelled vehicles without catalysts (5-25 pg/km),
while the petrol-fuclled vehicles with catalysts had emission rates significantly
below 2 pg/km. The diesel-fuclled vehicles with oxidation catatysts had
emissions of about 5 pg/km (Klingenberg et al., 1992).

The following emission factors were given for motorcycles and two-stroke
mopeds: 1000 wg/km naphthalene, < 32-650 pg/km phenanthrene,
< 11-170 pg/km anthracene, < 5-110 pg/km fluoranthene, < 2-11 pg/km
chrysene, < 2-11 pg/km indeno[1,2,3-cd]pyrene, < 1-1200 pg/km
benz|alanthracene. 0-63 pg/km benzo|ghilperylene, 0-16 pg/km
benzo[a]lpyrene, and 0-11 pg/km benzo[k]fluoranthene (SloofT et al., 1989).

Further PAH emissions may result from the abrasion of asphalt by vehicle
traffic, so that PAH in asphalt and bitumens (see section 3.2.1) may contribute
considerably to the total PAH emissions due to automoble traffic. The
abrasion caused by spiked tyres in winter was estimated to be 20-50 mg/km
(Lygren et al., 1984).

Another sourcc of PAH from motor vehicle traffic is clutch and break
linings, which are subject to considerable thermal stress, sometimes resulting
in pyrolytic decomposition of abraded particles. Numerous PAH were found
inthe abraded dust of brake and clutch linings in one study, but the values show
large standard deviations, duc, presumably, to the fact that the substances are
adsorbed onto asbestos fibres from which they are difficuit to scparate (Knecht
et al., 1987). Total PAH relcasc from clutch and brake linings cannot be
estimated from the available data,

Rubber vehicle tyres contain highly aromatic oils as softeners. These oils,
which can contain up to 20% PAH, are used at concentrations of 15-20% in
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Table 19. Polycyciic aromatic hydrocarbon concentrations (ug/m?) in the
exhaust gases of different vehicles

Compound M [2] [3]
Acenaphthene NR NR < 0.02-0.81
Acenaphthylene NR NR < 0.02-4.16
Anthracene NR NR < 0.02-6.45
Anthanthrene 0.02-0.07 0.11-0.12 NR
Benz[alanthracene 1.91-2.24 3.53-4.64 NR
Benzola]pyrene 0.46-0.76 2.03-2.33 < 0.02-4.97
Benzo{blflucranthene 1.53-2.04° 7.37-8.58° 0.06-6.63
Benzofblflucrene NR NR 0.11-12.7
Benzo[glpyrene 1.07-1.24 2.46-2.90 0.09-6.16
Benzo[ghilfluoranthene 0.46-0.59 4.81-7.19 NR
Benzo[ghilperylene 0.76-1.04 3.42-4.41 0.22-1.81
Benzo[Afflucranthene NR NR < 0.02-2.68
Chrysene 2.37-2497 7.37-8.58° 0.07-25.48
Coronene 0.26-0.30 1.82-2.32 < 0.02-1.80
Cyclopenia[cd]pyrene 1.86/2.26 5.80-6.09 NR
Dibenz{a, hlanthracene 0.04-0.07 0.32-0.35 < (.02-0.44
Fluoranthene 11.83-13.09 20.90-25.30 0.16-35.94
Fluorene NR NR 0.06-2.16
Indenc(1,2,3-cdlpyrene 0.30-0.41 2.89-4.06 < 0.02-0.80
Perylene 0.10-0.26 0.21-0.33 (0.13-5.55
Phenanthrene NR NR < 0.02-4.16
Pyrene 6.86-8.96 12.20-1520 0.06-21.3t

NR, not reported; /, single measurements; [1] One vehicle with spark-
ignition engine on chassis dynamometer at 75% of maximurn engine
performance (velocity, about 50 km/h) with varying test periods (Behn et
al., 1985); [2] Cne turbo-charged diesel-fuelled vehicle on chassis
dynamometer at75% of maximum engine perfornance (velocity, about
50 km/h) and a test period of 0.5 h; three tests for each component
(Behn et al., 1985); [3] Two diesel-fuelled truck engines at different
engine speeds (Moeriske et al., 1987)

2With benzo[/]fluoranthene

®With triphenylene

rubber blends (Duus et al., 1994), In Sweden, it was considered that the input
of PAH to the atmosphere from rubber particles was imporiant {National
Chemicals Inspectorate, 1994},

According to estimates for Belgium, western Germany, and the Netherlands
in 1985, the annual PAH inputinto the atmosphere from vehicle traffic ranges
from < 10 t/year for benzo[ghi|fluoranthene, benz|alanthracene, benzo[k]-
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flucranthene, benzo{a]pyrene, and indeno| 1.2,3-cd]pyrene, to < 10-20 t/year
for anthracenc, fluoranthene, and chrysene, to 10-70 t/year for phenanthrene,
to about 100—1000 t/ycar for naphthalene (Slooff et al., 1989). Values of the
same order of magnitude were reported for emissions of naphthalene in 1987
{Society of German Chemists, 1989) and benzolalpyrenc in 1989 in western
Germany (Ministers for the Environment, 1992) and for total PAH in 1985 in
Norway and Sweden (Bjerseth & Ramdahl, 1985}, The total annual PAH input
from vehicle traffic in the USA in 1985 was about 2200 t/vear (Bjgrseth &
Ramdahl, 1985). In Canada, the total PAH input was estimated to be about
200 tin 1990; 155t were assumed to be ¢lue to diesel-fuelled and 45 tto petrol-
fueiled vehicles (Environment Canada, 1994).

Measurements of PAH concentrations ina Belgian highway tunnel in 1991
were used to calculate emission factors of 2 pg/kin for indeno[ 1,2,3-ed]pyrene
and coronene and 32 pg/km for benzo[ ghi]perylene. The corresponding annual
PAH emissions in Belgiuvm were estimated to be 0.11 t/ycar for perylene and
anthanthrene and 1.3 t/year for benzo| ghi]perylene; the combined release of
pyrene, benzlalanthracene, chrysene, benzo[#|fivoranthenc, benzo[j]ffuoran-
thene, benzolkifluoranthene, benzo[alpyrenc. benzo[e]pyrene, perylene,
anthanthrene, benzofghi]peryiene, indeno[1.2.3-cd Ipyrene, dibenzo{a,clanthra-
cene, dibenzo[a,hjanthracene, and coronene wus 8.3 t/ycar (De Fré et al.,
1994).

The importance of PAH released by aircraftis also under discussion. While
Bigrseth & Ramdahl (1983) classified the maximum ernission in Norway and
Sweden in 1983 of 0.1 t/ycar as small, Stooff el al. (1989) estimated that the
release of naphthalene, anthraceve, phenanthrenc. fluoranthenc, benzial-
anthracene, chrysene, benzolk|fluoranthene, benzola]pyrene, benzol(ghil-
perylene, and indeno[1,2,3-cd]pyrene was 31 tyear in 1985, The following
concentration ranges were measured in the exhaust gases [rom two US by-pass
turbine cngines at various power settings: naphthalene, 0.77-4.7 pg/m?;
phenanthrene, 0.46-1.3 pg/m* pyrene, 0.15-0.61 ug/m’. fluoranthene,
0.13-0.51 pg/m’; acenaphthene, 0.03-0.21 pg/m* anthracene,
0.029-0.12 pg/m* benzofluoranthenes (unspecified). 0.028-0.096 wg/m’
(isomers not specilied); chrysene, 0.026-0,064 pg/m®, benzo|a]pyrene,
0.021-0,073 pg/m?; benz[a]anthracene, 0.019-0.16 pg/m® accnaphthylenc,
0.017-0.31 ug/m®; benzolelpyrene, 0.017-0.057 ug/m*, dibenz[a,h]anthracene,
0.011-0.064 pg/m?% indenofl,2,3-cdlpyrene, 0.011-0.054 pg/m"; and
benzo[ghilperylene,0.011-0.045 pg/m’. Cyclopental cd]pyrene was not detected
{limit of detection not stated} (Spicer et al., 1992).

(it) Domestic residential heating
The main PAH released by domestic slow-combustion furnaces and hard-

¢oal and brown-coal coal stoves were fluoranthene, pyrene, and chrysene,
which comprised 70-80% of the total PAH in model experiments (Ahland &
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Mertens. 1980). The speaific cmission factors tor various fuels used in
residenual heating are shown in Table 20 for coal stoves and Table 21 Tor wood
stoves (Bjerseth & Ramdahl, 1985).

Few dataareavailableon the release of PAH fromoil stoves. Benzofalpyrene
was detected ataconcentration of <Q.05pg/kg inone burner-boiler combrnation
(Mcyer et al., 1980), and 0.006 and 4 pg/kg henzolalpyrene and (102 and
15 ug/kg henzolepyrene were tound during testing of atomizer and vaporizer
ail heating techniques. respectively tAhland et al.. 19851 PAH emissions from
restdential oil heating seemto be about enc order of magnitude lower thanthose
frem coal stoves,

Numerous PAH. including acenaphthene. acenaphthylene, tluorenc,
phenanthrene, anthracene, [-methylphenanthrene, fluoranthene. pyrene,
benzo[a]tluorenc. benzo[ghi|fluoranthene. benzole|phenanthrene, cyclo-
pentaled|pyrene, benglalanthracene, chrysene plus triphenylene, henzolb]-
fluoranthene, benzolf|fluoranthene. benzoljjtfluoranthene, benzole [pyrene,
benzo[a|pyrene, perylence, indeno[1,2.3-cd]pyrene, benzolghiperylene, and
anthanthrene, were detected in atmospheric emissions from straw-burning
residential stoves, at concentrations mainly in the range of ) pg/kg o
19 mg/kg (Ramdahl & Maller, 1983),

The total PAH content of barbecue briguettes was 2.5-13 pg/g sample.
PAH were found 1n coal and charcoal hriguettes but not in lava stones or
pressed sawdust brigquettes (Kushwaha et al.. 19831

The PAH content of soot from domestic open fires was 3 240 mg/kg
benzolalpyrene, 2-190 mg/kp chrysene. 2-100 mg/kg benzla]anthracene,
1-77 mg/kg indeno[ 1,2 3-cd]pyrene. 2-39 mg/kg benzole|pyrene,
1--29 mg/kg benzolghilperyiene. 1-18 ma/kg coronene, - 4 mg/kg perylene,
and 1-12 mg/kg anthracene (Cretney et al.. [985)

The amounts of PAH emitted frem coal-fired domestic stoves seem to
depend on the quality of the coal used and on the firing technique. Generally.
hard coal has a higher energy content than other fuels: thus, less total PAH is
emitted per unit of gained energy. The lowest specilic emission factors for
benzolalpyrene and benzofe)pyrene were found with anthracite and the

Table 20. Specific polycyclic aromatic hydrocarbon emission factors
{mg/kg) for residential coal stoves

Compound (] 2] (3] 4] (5] 6]

Acenaphthene NR NR NR NR 65 NR
Acenaphthyiene NR NR NR 0.427 NR 7.74
Anthracene 0.0039 NR > 05956 2,113 26°"1.49
Anthanthreng NR NR 0.03-0.08 0.665 NR NR
Benz{alanthracene NR NR 1.04-3.68 7.181 NR (.61
Benzolglfluorene 0.0009 NR NR 1.366 NR NR
Benzo[alpyrene 0.0003 0.014-17.4 0.043-1.3 4303 5 NR
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Table 20 (contd)

Compound 1] (2] 3] 4] [5] 18]

Benzo[bifluoranthene  0.0002 NR 2.0284 6.102 NR NR
Benzo[bjfluorene 0.0007 NR NR 0.874 NR NR
Benzo[clphenanthrere NR NR 1.462¢° 2215 4 NR
Benzo[elpyrene 0.0005 0.09-16.2 0.40-1.70 3.994 NR NR
Benzofluoranthenes' NR NR 0.90-3.20 NR 8 NR
Benzo[ghilfluoranthene NR NR NR 3.323 NR 0.67
Benzo[ghiperylene 0.0001 NR 0.30-0.50 3.855 NR NR
Benzo[j]fluoranthene NR NR NR 6.782 NR NR
Benzo[Klflucranthene  NR NR 0.569 NR NR NR
Chrysene 0.001682NR 2.09 9571 6" 068

1.36-5.60¢

Coronene NR NR 0.081 1.898 NR NR
Cyclopenta[cd]pyrene  NR NR 0.145 3.580 NR NR
Dibenz[a,hlanthracene NR NR 0.113 NR 5 NR
Fluoranthene .016 NR 3.30-17.0 284 9* 3.47
Fiuorene NR NR < (.065 105 44 164
indeno[1.2,3-cdlpyrene 0.0002 0.20-0.6C 4.60 NR 4 NR
1-Methylphenanthrene NR NR NR 2.217 NR NR
Naphthalene NR NR NR NR 254 35.7
Perylene NR NR 0.20-0.50 1.134 NR NR

Phenanthrene 0.048 NR > 3.89 3.984 NR 7.42
Pyrene 0.020 NR 2.98-12.0 26,5838 3.38
Triphenylene NR NA 0.804 NR NR NR

NR, nct reported; [1] One new residential steve fuelled with charcoal
(Ramdahl et al., 1982); [2] Five coal types: hard-coal and brown-coal
priquettes and anthracite {Anland et al., 1985); [3] Burning of brown coal in
difterent domestic stoves: single values refer to one slow-combustion stove;
ranges refer to one slow-combustion stove and one permanent built-in
combustion steve at medium load (Grimmer et al., 1983a}; [4] One slow-
combusticn stove fuelled with hard- coal briquettes (Grimmer et al., 1985),
[8] One warm-air furnace and one hot-water boiler fuelled with three
different bituminous coals (Hughes & DeAngelis, 1982), [6] Samples from
chimney of a detached family house with brown-coal heating in Leipzig,
Germany (Engewald et at., 1993)

2In particulate phase

"With phenanthrene

<With benzo[elpyrene and perylene
dWith benzo(jfluoranthene

¢With benzo{ghiflucranthene
"lsomers not specified

JWith tniphenylene

"With benz[ alanthracene
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Table 21. Specific polycyctic aromatic hydrocarben emission factors
{mg/kg) for residential wood stoves

Compound [1] [2] [3]
Anthracene 0.119-1.859 10.4-146.3* 130/3600
Benz[a]anthracene 0.060-0.781 NR 55/740
Benzo[&]fluorene 0.018-0.845 NR NR
Benzola]pyrene 0.046-0.617 1.1-11.6° NR
Benzo[b]fluoranthene 0.108-1.016 NR NR
Benzo[bfluorene 0.011-0.393 NR NR
Benzo[c]phenanthrene NR 02-23 NR
Benzo[e]pyrene 0.035-0.350 NR NR
Benzofluoranthenes® NR 1.5-15.9 NR
Benzo[ghilfluoranthene NR 0.4-6.7 NR
Benzo[ghilperylene 0.034-0.544 1.1-9.9 NR
Chrysene 0.481-0.829°  1.3-37.1° 67/77(¢
Cyclopentalcdlpyrene 0.04-0.720 0.5-8.9 15/800
Fluoranthene 0.296-3.245 1.2-31.6 190/2300
Indeno[1,2,3-cdlpyrene 0.033-0.415 NR NR
1-Methylphenanthrene 0.141-2.213 NR NR
Perylene 0.023-0.274 NR NR
Phenanthrene 0.834-8.390 NR 480/7500
Pyrene 0.232-3.822 1.3-24.0 160/2100

NR, not reported; /, single measurements; [t] One small residential
wood stove burning spruce and birch; normal and slow burning of each
kind of wood (Ramdahi et al., 1982); [2] One zero-clearance fireplace
with heat circulation and two airtight wood stoves (baffled and non-
batfled) fuelled with red cak and yellow pine with different moisture
contents {Peters et al., 1981); [3] One wood-burning stove with and
without catalytic combustor (Tan et al,, 1992}

aWith phenanthrene

PWith benzo[e)lpyrene and perylene
¢lsomers not specified

dWith triphenylene

*With benz[a]anthracene

highest with gas coal and gas-flame coal (Ahland et al., 1985). Model
experiments with a slow-combustion stove showed that pitch-bound hard-coal
briquettes emitled about 10 times more PAH than bitumen-bound briguettes
(Ratajezak et al., 1984). The use of pitch-bound hard-coal briquettes for
domestic heating may thus be an important source of PAH in the atmosphere.
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Use of this fuel was restricicd by law to permanent combustion stoves in
western Germany in 1974, and since 1976 only bitumen-bound hard-coai
briquettes have been produced there {Ratajczak et al., 1984). There is no
comparable infermation for other countries. The levels of airborne PAH from
a permancnt combustion stove burning brown coal were two to four times
higher than those from a slow-combustion stove with a medium load (Grimmer
et al.. 1983a).

About 25-1000 times more PAH are produced from burning wood than
from the same mass of charcoal. Since the yield of energy per unit mass is
similar. burning wood also produces morc PAH per unit of energy. Burning
conditions arc apparently the major determinant of emission and are much
more important than the kind of wood (Ramdahl ct al.. 1982}, In arcas where
domestic heating is predominantiy by wood burning, most airborne PAH may
come from this source. especially in winter (e.g.Cooper, 1980). Using
benz[alpyrene as an indicator in extensive measurements in New Jersey, USA,
the amounts emitted were found to be more than 10 times higher during the
heating period than in seasons when heating is not required. An assessment of
combustion source alsc showed that residential combustion of wood was the
decisive factor (Harkov & Greenberg. 1985). About 43-47% of the total PAH
released in winter in Fairbanks, Alaska, came from residential wood stoves
(Guenther ct al.. 1988).

The PAH concentrations in gases in the chimney stacks of residential coal
and oi! furnaces are givenin Table 22. The highest levels were found during the
start of the burning process (Brockhaus & Tomingas. 1976). Measurcments
with five qualities of coal showed that Extrazit®, a specially treated coal,
emitted smaller quantitics of smoke and the lowest PAH levels, and anthracite
briquecttes emitted the highest levels. Presumably, the high PAH emissions
from anthracite briguettes are due to the binding agent, hard coal-tar. which has
an especially high PAH content. Furnaces with atomizer oil burners seemed Lo
emit less PAH than those with vaporizers. Measurements in a slow-combustion
stove and a tiled stove showed that the highest concentrations of PAH wcere
associated with dust of a particle size of < 2,1 pm. As for residential heating
with wood, in arcas where the predominant form of domestic heating 1s coal
burning. 4 major proportion of airborne PAH may come from this source,
especially in winter (Moriske et al.. 1987),

Estimates of annual PAH emissions due to residential heating arc available
for a few countries:

— I western Germany, the benzo{a]pyrene ermissions were about 10 tin
1981 {Ahland et al., 1985), 7 t in 1985, and 2.5 t in 1988, mainly
resulting from coal heating. The reduction in the release of PAH into
the atmosphere due to domestic heating resulting from increasing use
of oil and gas during the last 30-40 years was estimated 1o be 90-94%
(Zimmermeyer ct al., 1991),

87



Sources of human and environmental exposure

Table 22. Polycyclic aromatic hydrocarbon concentrations (ug/me) in

stack gases from residential coal and oil stoves

Compound Coal Gil
Benz{a]anthracene 0.0157-2630 0.2-0.6
Benzo[alpyrene 0.0016-1270 0.19-0.67
Benzo[bfluoranthene 0.0188-3270 0.004-0.68
Benzo[e]pyrene 0.0261-3430 0.4-6.9
Benzo[ghilperylene 0.010-1670 0.41-3.4
Benzo[4fluoranthene 0.0044-1250 0.18-0.36
Chrysene 0.0142-2590 0.1-0.5
Coronene 0.003-710 0.15-0.47
Dibenz[a,hlanthracene 0.002-410 NR
Fluoranthene 0.0393-6830 0.0134
Perylene 0.0015-2730 0.31-0.8
Pyrene 0.0066—-1650 0.1-0.9

From Brockhaus & Tomingas (1976); one permanent combustion stove
buming anthracite and brown-coal briquets and vaporizer and atomizer
oil bumers: NR, not reported

— In the Netherlands, the cstimated release in 1985 was < 1 t/year cach
forbenzo[k]fluoranthene and indeno(1,2,3-cdipyrene, < 10 t/yeareach
for anthracene, fluoranthene, benz[a]anthracene, chrysene, benzo|al-
pyrene, and benzo[ghi]perylene, and 48-70t/year each for naphthalene
andl phenanthrene, mainly resulting from wood heating (Slooff et al.,
1989).

— The total PAH input, mainly from coal and wood heating, was about
63 tinNorway, 130tin Sweden, and 720tinthe USA in 1985 {Bjarseth
& Ramdahl, 19835).

— In Canada in 1990, the total PAH released due to residential heating,
mainly wood burning, was about 500 t {Environment Canada, 1994).

(1) Open burning

PAH may be released to the atmosphere during forest and agricultural fires,
burning of accidentally spilled oil, disposal of road vehicles and especially
automobile tyres. open buming of ¢oal refuse and domestic and municipal
waste, and open fires. The release of PAH into the atmosphere from the burning
of wastes, including road vehicles, in the open is decreasing in industrialized
countries due to comprehensive regulations.

Laboratory experiments with pine needles gave the following specific
PAH cmission factors (per kg pine needle): 980-20 000 pg pyrene,
690-15 000 ug fluoranthene, 580-12 000 g anthracenc plus phenanthrene,
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540-29 000 pg chrysene plus benz[alanthracene, 4206200 pg benzo[ghil-
perylene, 170-4300 ug indeno[1,2,3-cd|pyrene, 140-8800 pg benzo[c]-
phenanthrene, 130-13 000 Lig benzofluoranthenes (isomers not specified), 61—
800 ug benzole]-pyrene, 38--3500 g benzo[ajpyrene, and 24-2100 g perylenc,
depending on the amount of needles, area, and type of fire. Fires moving with
the wind and low fuel loading resulted in significantly smaller amounts of PAH
than fires moving against the wind and high fuel loading (McMahon &
Tsoukalas, 1978}. The emission factor for acenaphthene was 230-1000 pg/kg
dry straw (Ramdahl & Mglier, 1983) and 660 [g/kg dry wood (Alfheim et al
1984).

In model experiments with crude oil spilled on water, numercus PAH were
found, including acenaphthene, accnaphthylene, phenanthrene, anthracene,
I-methylphenanthrene, fluoranthenc, pyrene, fluorene, benzo[a]fluorene,
benzo[b]fluorcne, benz[ajanthracene, chrysene plus triphenylene, benzo[f]-
fluoranthene, benzo[ghilfluoranthene, benzo[e]pyrenc, benzo[alpyrene,
perylene, indeno[l,2,3-cd]pyrene, benzo[ghi]lpcrylene, and coronene, at
concentrations of < 1000 mg/kg individual substance in both the soot and the
burn residuc (Benner et al., 1990). Even though the open burning of oil spiiled
on water results in a lower PAH content than in crude o0il (see Tabie 8), this
source may be of local importance, e.g. near tanker accidents.

Between the carly and the mid-1970s, the total relcase of PAH (including
nitrogen-containing analogues and quinone degradation products) into the
atmosphere in the USA due to open burning was estimated 10 be about
4000 t/year (Agency for Toxic Substances and Disease Registry, 1990). The
total PAH input from forest and agricultural fires in 1985 was estimated to be
13tinNorway, 1.3 tin Sweden, and 1000 tin the US A, and that from open fires
1o be 0.4 vin Norway and {00 t in the USA (Bjerseth & Ramdahl, 1985). The
release of all PAH into the atmosphere from the burning of scrap electrical
cable in 1988 was about 17 t {Slooff et al., 1989). In Canada in 1990, the total
PAH emissions from agricultural burning and open-air fires were estimated to
be abour 360 t and those from torest fires to be about 2000 t (Environment
Canada, 1994).

(iv) Other diffuse sources

The total PAH released into the atmosphere in the Netherlands from
roofing tar and asphaltin 1988 was estimated at 0.5 t/year (Slooff et al., 1989).

{¢) Emissions to the hydrosphere
(1)  Motor vehicle traffic

The main source of PAH in the aqueous environment as a result of motor
vehicle traffic is highway run-off, which contains asphalt and soot particles and
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is washed by rainfall and storm water or snow into surface waters and soil (see
also 3.2.7.2 (a) {i)). The available data are summarized in Table 23. Higher
PAH concentrations were found in highway run-off in winter than in summer;
this was attributed to the increased abrasion of the road surface due to use of
steel-studded tyres in winter (Berglind, 1982).

It was estimated that an average of < 10 pg/km per vehicle per day of total
PAH are transported via pavement runoff water, Most is transported to ncarby
surroundings as small particles of dust (see also section 3.2.7.2; Lygren et al.,
1984). In contrast, storm water runoff near a US highway was of considerabic
importance for adjacent water bodies. In the test arca, over 50% of the total
PAH input into a ncarby river came from highway runoft. The runoff loading
factor was given as 24 mg/km per vehicle (Hoffman et al., 1985),

(i) Sewage treatment

The concentrations of PAH in final effluents from municipal sewage
treatment facilities arc generally in the low microgram per litre range and are
almost always < 0.1 pg/litre (Nicholls et a1.. 1979; Youngetal., [983; van Luin
& van Starkenburg, 1984; Krober & Hickl, 1989). Maximum values of
29 ngilitre naphthalenc and 7 pg/litre acenaphthene were detected in one US
scwage treatment plant, and 8 pg/litre benzo[a]pyrene were found in one
German plant (Young et al., 1983; Kriber & Hickl, 1989), but no explanation
was given for these unusually high concentrations. [t was concluded that final
effluents contain PAH at a background level (van Luin & van Starkenburg,
1984).

Naphthalene was found at a concentration of 9.3 kgfyear in the final
effluent from one US municipal sewage plant (Heffman et ai., 1984). The
annual emissions of naphthalene, anthracene, phenanthrene, fluoranthene,
benz[a]anthracene, chrysene, benzo[k]fluoranthene, benzo[ajpyrene,
benza[ghiperylene, and indeno[ 1.2,3-cd]pyrenc from Dutch sewage treatment
plants into surface waters were estimated to be about 0.6 t. The amount of these
PAH transported into the Netherlands from other European countries via the
Rhine, Meuse, and Scheldt rivers was estimated 1o be 65 t/year {year and
database not given). The main compounds were fluoranthene (18 t/ycar) and
naphthalene (15 t/ycar) (Slooff et al., 1989).

(1ii} Other sources

PAH have been found in wastewaters from powcr stations, from garages
with car-wash devices, and from a German car-wash storage tank at the
following concentrations: fluoranthene, 1.3-7.7 pg/titre; pyrene,
3.5-28 pg/litre, benz|alanthracene, 0.49-1.9 pg/litre; chrysene,
1.2-6.0 pg/litre; benzo[e]lpyrene, 4.7-16 ug/litre; benzo[alpyrenc,
0.40-8.8 pg/litre; benzo[h]fluoranthene, 1.2-3.6 ugdlitre; and benzo[]-
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Table 23. Polycyclic aromatic hydrocarbon concentrations (ug/litre) in
highway runoft

Compound 11 [2] [3] (4] [5]
Acenaphthene 0.016/0.087 0.195/5.126 NR NR NR
Acenaphthyiene 0.045 0.557/16.804 NR NR NR
Anthracene 0.042-0.214 0.486/8.917 0379 0.165 0.246
Benzo[j+k]fluoranthene 0.089/0.277 NR NR NR 0.207
Benz[alanthracene 0.031-0.13% 0.341/0.863 0.677 0228 NR
Benzolalfluorene 0.018-0.170 0.587 NR 0.179 0.396
Benzo[a]pyrene 0.061-0.120 0.537/1.255 0.602 0.250 NR
Benzo[b]fluoranthene 0.129/0.157 NR NR 0.789 1.51
Benzo[bjfluorene 0.033/0.097 0.356/0.366 NR NR 0.192
Benzo[clphenanthrene  NR .250 NR NR NR
Benzo[e]pyrene 0.108/0.202 0.238/1.665 0.609 0.360 0.630
Benzoflucranthenes? 0.401/0.695 1.087/2.712 1.171 NR NR
Benzofa]perylene 0.100-0.298 NR 0.551 0.391 0.319
Chyrsene + triphenylene 0.194-0.433 1.472/2.752 1.147 0.665 1.070
Fiuoranthene 0.321-1.573 4.065/15.322 2.665 1.820 3.143
Flucrene 0.0088-0.564 0.432/11.093 0.096 0485 1.237
Indeno(t,2,3-cdlpyrene  0.061-0.154 0.344/0.666 NR NR NR
1-Methylphenanthrene  0.030-1.073 0.637/2.308 1.366 2117
Naphthalene NR 2.59 NR 0.123 0.195
Perylene 0.048 NR NR NR NR
Phenanthrene 0.068-2.668 3.297/38.10 1385 4.055 6.787
Pyrene 0.363-1.449 3.026/12.094 2.002 1.886 3.066

NR, not reported; /, single measurements; [1] Run-off samples from a
Norwegian highway north of Oslo in summer and winter 1980-82 {Berglind,
1982); [2] Snow 20 and 50 m from the same highway in February 1981
(Berglind, 1982); [3] Snow from a frozen Norwegian lake 50 m from a
highway with high traffic density in winter 1981-82 (Gjessing et al., 1984);
[4] Snow from a Norwegian highway south of Oslc with concrete pavement,
February 1972 (Lygren et al., 1984); [5] Snow from a Norwegian highway
south of Oslo with asphalt paverment, February 1972 (Lygren et al., 1984)

When the water samples were filtered through solid sorbents, the results may
be underestimates of the actual content (see section 2.4.1.4).

® |somers not specified

fluoranthene, 0.51-0.72 pg/litre (Baumung ct al., 1985). Wastewaters {rom
power stations could be an important local source of PAH.

Numerous PAH were detected in leachate plumes from refuse landfills in
western Germany and the USA (Grimmer et al., 1981b; Gotz, 1984, Reinhard
ct al., 1984). Concentrations < 0.1 pg/litre were detected of benzo[ghil-
fluoranthene, benz[a]anthracene, benzo[c]phenanthrene. chrysene,
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Sources of human and environmental exposure

benzollugranthenes Gsomers not spectficd . benzofalpyrene. henzo|e|pyrene.
perylenc. anthanihrene. hencolghifperylene, and indeno[1.2.3-cd]pyrene
(Grimmer et al.. 1981k, Naphthalene was found a1 a concentration
> 100 pgAitre. and acenaphthene, fluorene, anthracene. phenanthrene, and
pyrene were found at concentrations of 1-30 pg/flitre (Gotz. 1984; Reinhard et
al.. 1984). The impaortance ol this source for groundwater pollution cannot be
estimated trom the available data

te) Fmisstons ro the geasphere
(1) Motor vehicle traffic

PAN were deposited within 108 mof @ highway at a concentration of
100-200 pe/km per vehicle perday inwinteras small particles of dustresulting
from the abrasion of asphalt by steel-studded tyres (Lygren et al.. 1984).
Studies of adsorption on various soil types showed that most PAH in highway
runoff is retained on the soil surface (Gjessing et al., 1984),

(i) Open burning

Phenanthrene. (luoranthene. triphenylene, benzo[k]ilucranthene,
henzola|pyrene. benzo| ghiIperviene. indeno[ 1.2,3-cd|pyrence, and coronene
were determined in the seil of bumning sites in western Oregon, USA. Before
burning. the PAH concentrations in the top 2 ¢m of the soil layer ranged from
0.8 ng/g dry weight for benzolalpyrenc to 4.4 ng/g tor NMuorantbene and
triphenylene. One week after burning, the concentrations tanged trom
0.9 ng/y for benzo| k]{lueranthene o 19 ng/a for triphenylene. The finding that
the PAH levels did notincrease appreciably after burning indicates that the bulk
of the PAH were retained within the litter rather than passing into the soil
{Sullivan & Mix, J983).

{ist) Disposal of sewage studge and flv ash from incineration

When sewage sludge is applicd to seils, adsorbed PAH are added to the
geosphere. The PAH concentrations in municipal acrobic and anaerobic
sewage sludge ure given i Table 24,

In a detailed survey of the PAH concentrations in soil to which anaerobie
sludges had been applicd between 1942 and 1961 in the United Kingdom. the
total PAH content increased to over 125 mg/kg up to 1948 but had decreased
to about 29 mg/kg by 1961, The authors auributed the dechning levels to a
decrease in atmospheric PAH contamination from smeke emissions {Wild et
al., 1990). No seasonal variation in the content or protfile of PAH was detecled
in western Germany by Grimmer et al. (1980), but Siiss {1980y found the
highest PAH load in sewage sludge in January- Apritand the lowestin July and
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

October. Human faeces seemed to contribute little to the PAH content of
sewage sludge (Grimmer et al.. 1980). The most important ¢mission sources
could not be identificd, but Mclntyre et al. ([981) concluded that the PAH
content of scwage sludge originating from British treatment works with
significant flows of industrial effluent was higher than that in works dealing
with predominantly domestic effluents.

After application of compost over three years to an agricultural soil in
Spain, no accumulation of PAH was observed (Gonzalez-Vila et al., 1988). It
was shown, kowcver, that the extent of accumulation 15 dependent an the
duration, frequency, and concentration of application. After 10 ycars of sludge
spreading, constderable quantities of PAH were detected in both a sandy loam
and a clay soil (Diercxsens & Tarradelias, 1987). The annual addition of PAH
to seil from sewage sludge in the Netherlands was cstimated as follows: 0.1t
naphthalcne, 0.1 t anthracene, 1.5 t phenanthrene, 2.3 ¢ fluoranthene, 0.6 t
benzo|e]anthracene, 0.6 t chrysene, 0.4 t benzo[k]MNuoranthene, G.6 t
benz[alpyrene, 0.6 t benzo[ghi]-perviene, and 0.6 ¢ indeno| 1,2,3-cd|pyrene
(ycar and database not given; Slooff et al.. 1989).

The annual contribution of PAH to landfill in the United Kingdom from fly
ash from coal combustion (sec also Table 16) exceeded that from municipal
solid-waste incineration by a factor of about 10, with the exception of
naphthalene, the level of which was about 20 000-fold higher in fly ash from
coal combustion than in that from solid-waste incineration. The annual PAH
loads from solid-waste incineration were about 0.01 kg naphthalenc and 3.5 kg
benzo[ghilperylene, whercas those from coal combustion were about 15 kg
cach of anthracene, benzo[k]tluoranthenc, and dibenz[a,fijanthracenc and
1200 kg pyrenc (Wild et al,, 1992).

(iv) Waste dumping

Soil cores taken from a hazardous waste disposal site in Spain containing
petreleum tar residues and lubricating oils as the major organic wastes
contained 62 mg/kg 1-methylphenanthrene, 53 mg/kg naphthalene, 52 mg/kg
benzolalftuorcne, 30 mg/kg benzo[ghilfluoranthene, 235 mg/kg benzo[c]-
phenanthrene, 0.5-0.71 mg/kg acenaphthene, 0.2-48 mg/kg fluorenc,
0.2-390 mg/kg phenanthrene, 0.110 mg/kg anthanthrene, 0.1-210 mg/kg
pyrene, 0.1-200 mg/kg accnaphthylene, 0.1-140 mg/kg anthracene,
0.1-140 mg/kg benzolelpyrene, 0.1-145 mg/kg benzola]pyrene,
0.1-50 mg/kg benzoth]fluorene, 0.08—130 mg/kg chrysene plus triphenylene,
(.08-90 mg/kg indenof1.2,3-¢d|pyrene, 0.06—130 mg/kg benzfalanthracene,
0.05-290 mg/kg fluoranthene, 0.03-75 mg/kg benzo[ghiiperylene,
0.03-0.2mg/kg perylene, and 0.01-0.4 mg/kg dibenz{a,h)anthracene (Navarro
etal., 1991).

There can be appreciable movement of PAH into soil from waste dumping,
cspecially of hazardous refuse. The dumping conditions are decisive for the
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Sources of human and environmental exposure

amount of PAH released. Annual emissions of PAH in the Netherlands in 1987
due to the spreading of contaminated composts onto soils were estimated to be
1 thenz[alanthracene, 1 1 chrysene, | t benzo[k]fluoranthene, 0.5 t benzo| ghil-
perylene, 0.5 tindeno[ 1,2,3-cd]pyrene, and 0.4 tbenzo[ajpyrene (Slooff et al.,
1989).

(d} Biosphere

Perch (Perca fluviarilis) were not significantly contaminated after an oil
spill in Finland due to a tanker accident. The concentrations of acenaphthene,
acenaphthylene, fluorene, phenanthrene, anthracene, 1-methylphenanthrene,
fluoranthene, pyrene, benzo[a]fluorene, benzo[b]fluorene, chrysene, triphenyl-
ene, and benzofluoranthenes in both contaminated and control groups were
between £0.1 and 0.2 ug/kg each in muscle and < 0.1 and 16 pg/kg in bile. The
investigators concluded that the tish with the highest load would probably not
have survived and others had moved to less contaminated areas, Additionally,
the cold climate caused clumping of the spilled eil, which then drifted to the
coast (Lindstrom-Seppi et al., 1989; sec also sections 4.1.5.1 and 5.1.7.1).
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4. ENVIRONMENTAL TRANSPORT, DISTRIBUTION,
AND TRANSFORMATION

Appraisal

The transport and distribution of polycyclic aromatic hydrocarbons (PAH)
in the environment depend on their physicochemical properties of very low
solubility in water and low vapour pressure, and high parrition coefficients for
n-octanol:water (log K ) and organic carbon:water {log K ). PAH are stable
rowards hydrolysis as they have no reactive groups. In the gaseous phase, PAH
and particularly those of higher molecular mass, are mainly adsorbed to
particulate matter and reach the hydrosphere and geosphere by dry and wet
deposition. Litile is volatilized from water phases owing 1o theirlow Henry's
law constants. The log K values indicate strong adsorption to the organic
matter of soils, so that migration does not usually occur. The log K values
indicate high bioaccumulation.

Few experimental data are available on the biodegradation of PAH. In
general, they are biodegradable under aerobic conditions, and the
biodegradation rates decrease drastically with the number of aromatic rings.
Under anaerobic conditions, biodegradation appears to be very slow.

The bioconcentration factors measured in the water phase vary widely
according to the technigue used. High values are seen for some alpae,
crustaceans, and molluscs, but those for fish are much lower owing to rapid
biotransformation. The bicaccumulation factors for aquatic and terrestrial
organisms in sediment and sotl are generally very low, probably because of the
strong adsorption of PAH onto the organic matter of soils and sediments,
resulting in low bioavailability.

The photodegradation of PAH in air and water has been studied intensively.
The most important degradation process in both media is indirect photolysis
under the influence of radicals like OH, O, and NO . The measured degradation
rale constants vary widely according to the technique used. Under laboratory
conditions, the half-life of the reaction of PAH with airborne OH radicals is
about one day. Adsorption of high-molecular-mass PAH onto carbonaceous
particles in the environment has a stabilizing effect. Formation of nitro-PAH
has been reported from two- to four-ring PAH in the vapour phuse during
photooxidation with NO,. For some PAH, photodegradation in water seems to
be more rapid than in air.

According to model caleulations based on physicochemical and degradation
parameters, PAH with four or more aromatic rings persist in the environment.

87



4.1

4.1.1

4.1.2

Environmental transport, distribution, and transformation

Transport and distribution between media

Physicochemical parameters that determine environmental transport and
distribution

The transport and distribution of PAH in the environment are the result

of the following physicochcmical parameters:

— Agqueous solubility: PAH arc hydrophobic compounds with very low
solubility in water under environmental conditions: the maximum at
room temperature is 32 mg/litre for naphthalenc, and the minimurmn
i 0.14 pgfiitre for coronene (see Table 4),

— Vapour pressure; The vapour pressure of PAH under environmental
conditions is very low: the maximum at room temperature js 10,4 Pa
for naphthalene, and the calculated minimum is 3 x 10" Pa for
dibenzo[a,f]pyrene (sce Tabie 4),

— n-Octanol:water partition cocfficient (log X ): The affinity of PAH
to organic phases is much higher than that for water. The log K
values range from 3.4 for naphthalene to 7.3 for dibenzola,/Jpyrene
(sce Table 4), indicating that the potential for bioaccumulation is
high.

— Organic carbon:water partition coefficient (log K_): The sorption
coeflicients of PAH to the organic fraction of sediments and soils are
summarized in Table 25. The high values indicate that PAH sorb
strongly to these fractions. The wide variation in the results for
individual compounds are due to the very long cxposure necessary
to reach steady-state or equilibrium conditions, which can lead to
underestimation of sorption coefficients; furthermore, degradation
in the overlying aqueous phase can lead to overestimates of the
actual values.

Distribution and transport in the gaseous phase

PAH are emitted mainly to the atmosphere (see Section 3), where they
can be both transported in the vapour phase and adsorbed onto particulate
matter. The distribution between air and particulate matter under normal
atmospheric conditions depends on the lipophilicity, vapour pressure, and
aqueous solubility of the substance. Generally, PAH with few (two to four)
aromatic rings occur in the vapour phase and are adsorbed, whercas PAH
consisting of more aromatic rings exist mainly in the adsorbed state (Hoff &
Chan, 1987; McVeety & Hitcs, 1988; Baker & Eisenreich, 1990). PAH arc
usually adsorbed onto particles like fly ash and soot that are emitted during
combustion,

PAH are ubiquitous in the environment, probably because they are
distributed for long distances without significant degradation (Lunde, 1976;
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EHC 202
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4.1.4

4.1.5

EHC 202: Selected non-heterocyclic poiyecyclic aromatic hydrocarbons

De Wiest, 1978; Bjgrseth & Sortland Ofufsen, 1983; McVeery & Hites, 1988),
e.g. from the United Kingdom and the European continent to Norway and
Sweden during winter (Bjgrseth & Lunde, 1979). Washout ratios calculated
from measurements in rain and snow in the area of northern Lake Superior,
during onc year showed that aithorne PAH adsorbed onto particulate matter
result in elfective wet deposition, while gaseous PAH are removed to only a
minor degree {McVeety & Hites, 1988),

Volatilization

Henry’s law constant gives a rough estimate of the equilibrium distribution
ratio of concentrations in air and waler but cannot predict the rate at which
chemicals are transported between water and air. The constants for PAH are
very low, ranging from 49 Pa -m%mol! for naphthalenc to 0.000449 Pa -m¥/mol
fordibenzo[a,i]pyrenc (see Table 4). The rates of removal and volatilization of
PAH (Table 26) arc strongly dependent on environmenta! conditions such as
the depth and flow rate of water and wind velocity. Although PAH are released
into the environment mainly in air, considerably higher concentrations are
found in aqueous samples because of the low vapour pressure and Henry's law
constants of PAH.

The volatilization half-life for naphthalene from a 22.5-m water body was
found cxperimentally to be 6.3 h, whercas the calculated value was 2.1 h
{Kldptfer et al., 1982). Calculations based on a measured air: water partition
coetficient for river water 1 m deep with a water velocity of 0.5 m/s and a wind
velocity of 1 m/s gave a volatilization half-life of 16 h for naphthalcne
(Southworth, 1979). The value calculated for evaporative loss of naphthalene
from a [-m water layer at 25 °C was of the same order of magnitude (Mackay
& Leinonen, 1975). Naphthalene was volatilized from soil at a rate of 30% after
48 h, with neglible loss of PAH with three or more rings (Park et al., 1990).

Adsorption onto soils and sediments

PAH arc adsorbed strongly (o the organic fraction of soils and sediments
(see section 4.1.1 and Table 25). Some PAH may be degraded biologically in
the aerobic soil layer, but this process is slow, because sorption to the organic
carbon fraction of the soil reduces the bioavailability. For the same reason,
icaching of PAH trom the soil surface layer to groundwater is assumed to be
negligible, although detectable concentrations have been reported in
groundwater (see section 5.1.2.2).

Bioaccumulation

The ability of a substance to bioconcentrate in organisms in the aqueous
phase is expressed as the bioconcentration factor. For substances like PAH,
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4.1.5.1

Environmental transport, distribution, and transformation

with high n-octanol:water partition coefficients, long exposures are neccssary
to achieve equilibrium conditions, so that results obtained under non-equilibrium
conditions can result in underestimates of the bioconcentration factor.
Bioaccumulation may also vary with the metabolic capacity of the organism
(sce section 4,2.1,2).

Bioconcentration can also be calculated as the ratio between the rates of
uptake (k) and depuration (k,}. This method has the advantage that relatively
short exposures can be used. [t is therefore preferred for PAH, as constant
concentrations of compounds like benzo[a]pyrene are very difficult to maintain
over a long period,

Aguatic organisms

Aquatic organisms may accumulate PAH from water, sediments, and their
food. In general, PAH dissolved in pore water are aceumulated from sediment
(McElroy & Sisson, 1989), and digestion of sediment may play an important
roleinthe uptake of PAH by some species. Although organisms can accumulate
PAH from food, the relative importance of uptake from food and water is not
clear (Farrington, 1991).

The bioconcentration factors of PAH in different species arc shown in
Table 27, this is not a comprehensive presentation of all of the available data
but provides examples of the accurnulation of some PAH in different groups
of organisms. Species that metabolize PAH to little or no extent, like algae,
oligochaetes. molluscs, and the more primitive invertebrates (protozoans,
porifers, and cnidaria), accumulate high concentrations of PAH, as would be
expected from theirlog K values, whereas organisms that metabolize PAH to
agreatextent,like fishand higher invertebrates such as arthropods, echinoderms,
and annelids, accumulate little or no PAH (James, 1989). Remarkably high
bioconcentration factors have been measured for phenanthrene, anthracenc,
pyrene, benzo[alanthracene, and benzo[a]pyrenein the amphipod Pontoporeia
hovi, which has a 20-30% lipid content by wct weight and ne capacity 1o
biotransform PAH (Landrum, 1988).

The ratio of the concentration of an individual PAH in a bottom-dwelling
organism and in the sediment, the bioaccumulation factor, is usually < 1 when
cxpressed as wet weight. In a coastal area. the bioaccumulation factors for 16
PAH in polychacte species varied from 4.9 to 21.8 on a dry-weight basis
(Bayona et al., 1991). Measurements of the concentrations of PAH in P. hoyi
and in the sediment at three sites with different organic carbon contents gave
bicaccumulation factors close to 1 on a wei-weight basis, corrected for the
64-mm sieved fraction (Eadie et al., 1982). The lipid- and organic carbon-
based bivaccumulation factors in clams (Macoma baliica) for naphthalene and
chrysenc added to sediment were 0.78 and 0.16, respectively (Foster et al.,
1987). In a study in which clams were exposed for 28 days to six sediments
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Selected non-heterocyclic polycyclic aromatic hydrocarbons
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Selected non-heterocyclic polycyclic aromatic hydrocarbons

EHC 202

{g261) SN 81 uve 50E ) Ot
UOSIBPUY B HON SN 9EZ Utz 508 S D eresuno gibuey
(Li61) R8N SN 1L pe o4 S 219 ‘0w "ds esAld
SN 29 pe 1G9 S 5719 O SHNpe BaNSO
{1a61) SN 65 pe 159 S 79 'On SHNPa B3SO
e 1o Aoy SN 86 pe £'59 S 79 'O SHnpa goNsQ
{6961} wipue
gsuead W /628 P9Z—0LMY 9 - 4 oy Dijad SISKpY
SoSn)IOW
(o861) snueibuusy
TeladuRI YN 80 /£ P8MY £00 > 4 ol o™ SMUpoiAlS
salaeyoobio
{ggsl) wnupuey Sy 000 €L PYIMY 922000 S DL 'O Aoy Biaicdoiog
SN 0222 U e 0g°} S D1
SN 6S2 1 Uve 022 S Dn
SN 901 1 Utz 12e S o
SN £08 uvz 'S S Ot
(eg61} SN Gt vz 10 S Ont
18 18 000N | SN 8GY vz oAl s Dot xaind giuydeg
{pauo2) aualidlelozusg
pouad
(1uBiom 1om uoneindap {21367}
u) io1oe) /ayeldn ic 181EM Ul
uoieluaD alnsodxa uones  WosAs
aoualaey  adAl -uosoig jC uoleINg -usu0n 1591 sisAjeuy saladg

(p09) £z 81qe)

111



Environmental transport, distribution, and transformation

(E86+)

e epbup Inb3 (874 pPst 4 S ledg  sinue; sayjssina
Amwm: Zauaulip Snuyoosceil
g Aupeoow 1592 YOOI S 50 S DL ‘O siuoday
(eg6L) W 06¥ DL Ot snuyo0s2BW
les apeds S 006 ¥ Y oZ/ ¥ b S Dot siwoda]
SN s'zh yt DdH ‘On
(1861} SN oz ur Dot Snujyo0soBW
ew mmﬂm%.v_ R 00L ¥ Y by ¥ b s Dt siwoda]
861 Snuyo0IoBW
‘e 10 Zauswip /' 80Z € DDz L 4 uonselxas-9,, siwoda
ysi4
(gg6l}
81004 ¥ LNJpuUe] R 048 S PriMg - 4 0L ‘'Ds  BlRqUI BlUsbexaH
smerosejenbuinb
(£281) "|e 1@ M SN L ) ge s 019 'Dn suaydid X312
SN 391 O7dH 'Ow
{1861} ,SN 009 On snueadu
‘|8 J@ 9981987 W' 0.6 ygrueg L S Dnt SILIOUOHYD
sloasuy|
(p1u0D) aualAd[e]ozusg
pouad
(ybiam 10m uoleindap (2uq/Br)
ul} Jojoe) /axerdn o 191em u|
ucnenuas  ainsodxa uolel] walshs
soualejey  adAl -LUoo0cIg jo uotieing -uasuc) 181 sishleuy sanadg

{pIuo2) /2 B|qeL

112



lycyclic aromatic hydrocarbons

ic po

Sejected non-heterocycili

EHC 202

(,861)
AsBIy B palsmeN SN GZZ €L Dl T S OTdH eubew eluydeq
SUBSOBISNID
auayjuelon|pflozuag
{z961)
AsoIry g PRISMAN SN 882 82 Pl A 3 D1dH  Bwbew eiuydeg
SUBBOBISNID
auajfledfiyflozusg
(2861)
AsaiD 1 paisman SN 00Z 52 Pl 20 S DldH  eubew euydeq
SUBSIBISIIT
auaiAd[slozuay
(6961)
|e19 uBsuyor Py 02 U 96/U 8t | S Dot iefes owres
{8261) uosueD sspAw
B LUBYI9D) SN 026 POl 0 4 O1dH-09 snyouAyioaur
(p1u0o) auashdlelozuag
poled
(1yBram 19m uonesndsp (2n)/671)
ul) 40108} /eyeldn Jo 1a1em Ul
UONBIUBD ainsodxa uonell  wWeisAs
aouslaey  edA] -uoooig 10 uoneIng -Ua2uoy 1891 sisAeuy salnadg

{pw02) 22 21qel

113



Environmental transport, distribution, and transformation

(g861) snjouE(aw
e 1o Bepely SN ol pe 0s S On $np! snasioneg
ysi4
{2861)
Aseiny g poismeN SN 611 0S PL v0 S OldH  ewbew ejuydeg
SUB3OEISMID
(gg61)
‘e 1o Deysly SN 86€ 2 B 0s S On BISIY BlI9I0I4D
aeBy
asuacesyuely ‘elzuaqiq
(2861}
Asaln g umﬁuw%vﬁ SN 8809 Pl L0 S OdH eubew ewdeq
861
|8 18 puowises SN 005§ Y ot/ 8Y 8t s On eubiew ewydeq
SUBBOBISIUD
auasiiyn
pouad
{1uB1om 1am ucneindep {oay/Bri)
ut) 10)9E) jafeidn o 1a1em u)
uoneuad 8.ns0dxa uoiell  LWalsAs
CLIPETETET| adh] -ucaolg jO uoneing -Usouon 1891 sisAleuy sopadyg

(pluoo} /2 Blge ]

114



Selected non-heterocyclic polycyclic aromatic hydrocarbons
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EHC 202: Selected non-heterocyclic polycyciic aromatic hydrocarbons
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4.1.5.2

Environmental transport, distribution, and transformation

contaminated with ditferent concentrations of PAH (and other organic
pollutanis) and with an organic carbon content of 0.86-7.4%, the
bioaccumulation factors (normalized with respect to lipid content and organic
carbon content} ranged from (.15 te 0.85 (Ferraro et al., 1990).

Species that can biotranstorm PAH have internal concentrations well
below the concentration in the sediment. The average bicaccumulation factors
(normalized with respect to lipid content and organic carbon content) for eel,
pike, and roach attwolocations were Q.1 and 0.041 5. The lowest bioaccumulation
factor was found at the site with the highest PAH concentration {128 mg/kg,
organic carbon-based}, probably due to the inductive capability of the fish to
biotransform PAH. This was confirmed by the finding of increased hepatic
metabolic activity for PAH in the fish (Van der Qostet al,, 1991},

Terrestrial organisms
3

Little information is available on the accumulation of PAH in terrestrial
organisms, The bioaccumulation factors of 22 PAH in the earthworm Eisenia
Joetida at six sites varied from 0.23 to 0.6 on an ash-free dry-weight basis
(Rhett et al., 1988).

The half-life of labelled benzo[«]pyrene in crickets (Acheta domesticus)
was 13 h; after 48 h, 369% of the injected dose was unchanged benzo{a|pyrene.
After topical application of piperonyl butoxide, a known inhibitor of the
mixed-function oxidase system, the level of polar metabolites in the excreta
had decreased by approximately 75% within 8 h of injection of benzolalpyrene.
After articular application of benzo[a |pyrene at 0.29 ng/ul in hexane, some of
the dose accumulated internally, the highest level of polar metabolites was
found after 24 h (Kumi ct al., 1991).

The concentration of PAH in vegetation is generally considerably lower
than that in soil, the bioaccumulation factors ranging trom 0.0001-0.33 for
benzo[a]pyreneand from(.001-0.18 for 17 other PAH tested. It was concluded
that some terrestrial plants take up PAH through their roots and/or leaves and
translocate them to various other parts (Edwards, 1983).

When bush beans {Phaseolus vulgaris Pr.) were exposed to radiolabelled
anthracene in a nutrient solution for 30 days during flowering and seed
productien, more than 90% of the compound was metabolized. Of the total “C
radiolabel, 60% was found in the roots, 3% in the stems, 3% in the leaves, 0.1%
in the pods, and 17% in the nutrient solution; 16% was unaccounted for
(Edwards, 1986).

Biomagnification
Biomagnification, the increase in the concentration of a substance in

animals in successive traphic levels of food chains, has been determined in a
number of studies. When Daphnia pulex were exposed to water or algae
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contaminated with naphthalene, phenanthrene, benz[alanthracenc, or
benzo[alpyrene, naphthalene accumulated to the greatest extent from algal
food, (bioconcentration factor, 11 00(), whereas benz|ajanthracene and
benzo[a]pyrene accumulated more from water (bioconcentration factors, 1100
and 2700, respectively), It must be emphasized that because of the short
exposure (24 h), the last two compounds would not have reached equilibrium
{Trucco et al., 1983),

In a study of bivaccumulation and biomagpification in closed laboratory
model ecosystems, green algae {Qedogonium cardiacwm), D. magna, mosquito
larvae (Culex pipiens quinquefasciatus), snails (Physa sp.), and mosquito fish
{(Gambusia affinis) were cxposed for three days to 2 pg/litre of “C-
benzo[alpyrene. Of the radiolabel accumulated, 88% was atlached to parent
compound in snails, 22% in mosquito larvae, and none in fish. The parent
compound represented 46% of the total extractable radiolabel in mosquito
larvae and 90% in Daphnia. The bioconcentration factors were 5300 lor algac,
12 000 for mosquito larvae, 82 000 for snails, 140 000 for Daphnia, and 930
for fish. Despite the apparent absence of bioconcentrationin fish. accumulation
is assumed tobe due to food-chain transfer, as no accumulation of benzo[ afpyrenc
was found in a study of uptake from watcr. Biomagnification was alsc studied
in a terrestial-aquatic system, by adding '*C-benzola]pyrene to Sorghum
vulgare scedlings and allowing them to be eaten by fourth-instar salt-marsh
caterpillar larvae (Estigmene acrea); the labelled products entered the terrestrial
and aquatic phases as products such as faeces. The tood-chain organisms were
the same as in the mode! aquatic ecosystem. After a 33-day interaction period,
the concentrations of benzoja|pyrene were 0.01 pg/litre water and 36.1 pgikg
algae, with bioconcentration factors of 3600, 490, 2100, and 30. respectively.
Most of the radiolabel was found on polar products or as unextractable
radioactivity, which comprised 25% of the total in snails, 63% in fish, 67% in
mosquito larvae, and 79% in algac (Lu et al.. 1977).

Trophic transter of benzo[a]pyrene metabolites between benthic organisms
was studied by feeding Nereis virens “C-benzo[a]pyrene and harvesting them
five days later. The worm homogenate contained 14% parent compound, 7.2%
organic-soluble metabolites, 58% water-soluble metabolites, and 21% bound
material. Flounder (Pseudioplenronectes americanus) were then given doses
of 4.8-19 pg of either pure benzo[a]pyrene homogenized in unexposed Nereis
orthe worm-metabolite mixture by gavage and analysed after 24 hof incubation,
On the basis of the radiolabel recovered from the fish tissues, assuming
comparable accumulation cfficiency, flounder appear to have at least a limited
ability (o accumulate polar, conjugated, and bound metabolic products of
benzo[a]pyrene from the diet. The parent compound represented 5—15% of the
radiolabel in liver and 6-7% in intestinc; conjugated metabolitcs represented
40-60% of the label in liver and 60-70% in intesting; and bound metabolic
products represented 30% in liver and 10-20% inintestine (McElroy & Sisson,
1989).
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4.2

4.2.1

4.2.1.1

Environmental transport, distribution, and transformation

Transformation

On the basis of model calculations, Mackay et al. (1992) classified some
PAH according to their persistence in air, water, soil, and sediment {Table
28).

Table 28. Suggested half-life classes of polycyclic aromatic
hydrocarbons in various environmental compartments

Class  Half-life (h)

Mean Range

1 17 10-30¢

2 55 30-100

3 170 100-300

4 550 300-1000

5 1700 1000-3000

6 5500 3000-10 000

7 17 000 10 000-30 000

8 55 000 = 30 000
Compound Air Water  Soll Sediment
Acenaphthylene 2 4 8 7
Anthracene 2 4 5 7
Benz[alanthracene 3 5 7 8
Benzo[a]pyrene 3 5 7 8
Benzo[A]fluoranthene 3 5 7 8
Chrysene 3 5 7 8
Dibenz[a,hlanthracene 3 5 7 8
Fluoranthene 3 5 7 8
Fluorene 2 4 6 7
Naphthalene 1 3 5 6
Perylene 3 5 7 8
Phenanthrene 2 4 6 7
Pyrene 3 5 7 8

From Mackay et al. (1992)
Biotic transformation
Biodegradation

Information on the biodegradation of PAH in water and soil under
aerobic and anaerabic conditions is summarized in Table 29, The few results
available from standard tests for biodegradation in water show that PAH
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

with up to four arematic rings are biodegradable under aerobic conditions but
that the biodegradation rate of PAH with more aromatic rings is very low.
Biodegradation under anaerobic conditions is slow for all components (Neft,
1979). The reactions normally proceed by the introduction of two hydroxyl
groups into the aromatic nucleus, to form dihydrodiol intermediates. Bacterial
degradation produces cis-dihydrodiols (from adioxetane intermediate}, whercas
metabolism in fungal or mammalian systems produces trans-dihydrodiol
intermediates (from an arene oxide intermediate). The differences in the
metabolic pathways are due (o the presence of the cylochrome P450 enzyme
system in fungi and mammals. Algac have been reported to degrade
benzo[alpyrene to oxides, peroxides, and dihydroxydiols (se¢ below). Owing
to the high biotransformation rate (see also scction 4.2.1.2), the concentrations
of PAH in organisms and water are usually not in a steady state. Freely
dissolved PAH may be rapidly degraded under naturai cenditions if sufficient
biomass is available and the turnover raies are fairly high (see Table 29).

Biodegradation is the major mechanism for removal of PAH from soil.
PAH with fewer than four aromatic rings may also be removed by volatilization
and photelysis (see also sections 4.1.4 and 4.2.2.1). The rate of biodegradation
in soil depends on several factors, including the characteristics of the soil and
its microbial population and the properties of the PAH present. Temperature,
pH, oxygen content, soil type, nutrients, and the presence of other substances
that can act as co-metabolites are also important (Sims & Overcash, 1983).
Biodcgradation is further affected by the bioavailability of the PAH. Sorption
of PAH by soil organic matter may limil the biodegradation of compounds that
would normally undergo rapid degradation (Manilal & Alexander, 1991);
however, no significant difference was found in the biodegradation rate of
anthracenc in water with 10 and 1000 mg/litre suspended materiai (Leslie et al.,
1987). In Kidman sandy loam, the biodegradation rates varied between
(.23 b (or 5.5 d'') for naphthalene and 0.0018 d' for fluoranthene (see
Table 29}. In a study with sandy loams, forest soil, and roadside soil partially
loaded with sewage sludge from a municipal treatment plant, the following
half-lives (indays) were found: 1448 for naphthalene, 44--74 for acenaphthene
plus fluorene, 83-193 for phenanthrene, 48-210 for anthracene, 110-184 for
fluoranthene, 127-320 for pyrene, 106-3 13 for benz[alanthracene plus chrysene,
113-282 for benzo[b]fluoranthene, 143-359 for benzo[k}fluoranthene,
120-258 for benzofa]pyrene, 365--535 for benzo[ ghi)perylene, and 603-2030
for coronene (Wild & Jones, 1993).

After biodegradation of pyrene by a Mycobacterium sp., cis- and trans-4,5-
pyrene dihydrodiol and pyrenol were the initial ring oxidation products. The
main metabolite was 4-phenathroic acid. The ring fission products were 4-
hydroxyperinaphthenene and cinnamic and phthalic acids (Heitkamp ct al.,
1988).
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4.2.1.2

Environmental transport, distribution, and transformation

The pyrene-metabolizing Mycobacteriwm sp. can also use phenanthrenc
and fluoranthene as the sole source of carbon. Phenanthrene was degraded and
1-hydroxy-2-naphthoic acid, ortho-phthalate, and protocatechuate were detected
as metabolites, 1-Hydroxy-2-naphthoic acid did not accumulate, indicating
that it is further metabolized {Boldrin ct al., 1993).

A strain of Arthobacter sp. was 1solated that was capable of metabolizing
fluorene as a sole cnergy source: 483 nmol/ml were degraded completely
within 36 h, and four major metabolites were detected: 9-fluorenol, SH-
fluoren-9-one, 3.4-dihydrocoumarin, and an unidentified polar-substituted
aromatic compound. Fluorenol was not degraded further, suggesting thatit and
fluorenone are products of a separate metabolic pathway from that which
produces dihydrocoumarin, the polar compound, and the energy for cell
growth. The bacteria could also degrade phenanthrene {Grifoll et al.. 1992).

The degradation of PAH was studied in a culture made from activated
sludge, polychlorinated biphenyl-degrading bacteria, and chlorophenol-
degrading mixed cultures, adapted to naphthalene. The metabolites of
naphthalene were 2-hydroxybenzoic acid and 1-naphthalenol, those of
phenanthrene were 1 -phrenanthrenol and | -hydroxy-2-naphthalenecarboxylic
acid, and that of anthracene was 3-hydroxy-2-naphthalenecarboxylic acid. The
authors concluded that the biotransformation pathway proceeds via initial
hydroxylationto ringcleavage, to yield the ortfro or meta cicavage intermediates,
which are further metabotized via conventional metabolic pathways (Liu et al.,
1992).

The metabolism of PAH by fungi is similar to that by mammalian cells. For
example, Cunninghamella elegans in culture metabolizes benzo[a]pyrene to
the trans-7,8-diol, the rrans-9,10-diol. 3,6-guinone, 9-hydroxybenzo[a]pyrence,
3-hydroxybenzo[a]pyrene, and 7.8-dihydro-7,8-dihydroxybenzolalpyrenc
(Cerniglia, 1984). In a further experiment, C. elegans metabolized about 69%
of added fluorene after 24 h. The major ethyl acetate-soluble metabolites were
9-fluorenone (62%), 9-fluorenol, and 2-hydroxy-9-fluorenone {together, 7%).
The degradation pathway was similar to that in bacteria, with oxidation at the
C9 position of the five-member ring to form an alcohol and the corresponding
ketone. 2-Hydroxy-9-fluorenone had not been found as a metabolite previously
(Pothuluri et al., 1993).

Biotransformation

Biotransformation is often advanced as an explanation for the differences
in PAH profiles seen in aquatic organisms and in the medium to which they
were exposed. Furthermore, all of the metabolites of PAH may not have been
identified or quantified. This section addresses biotransformation in organisms
other than bacteria and fungi. which is discussed in section 4.2.1.1, above.

Theuprake of naphthalenc and benzo{ a]pyrene was studied in three species
of marine fish: the mudsucker or sand goby (Gillichthys mirabilis), the sculpin
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{Oligocottus maculosus), and the sand dab (Citharichthys stigmeens). In all
three species, biotransformation took place rapidly in the liver. The uptake of
naphthalenc was greater than that of benzo[a]pyrene. The major metabolite of
benzo[alpyrene appeared to be 7.8-dihydroxy-7,8-dihydroxy benzo[a|pyrene,
while the major metabolite of naphthalene was 1,2-dihydro-1,2-dihydroxy-
naphthalene. The gall-bladder was the major storage sitc for the PAH and their
metabolites. Naphthalene and its metabolites were removed at a higher rate
than benzo[a)pyrene and its metabolites (Lee et al., 1972).

Transformation of naphthalene and benzo[a]pyrene in the bluegill sunfish
Lepomis macrochirus took place very rapidly, benzo[alpyrene having the
highest rate {McCarthy & Jimencz, 1983). L. macrochirus were exposed In a
flow-through system to 4 nmel/litre benzo[a]pyrene for 48 h, followed by a
96-h depuration period, at 13 or 23 °C in the presence or absence of food. Both
polar and nonpelar metabolites were found. After 48 h, the polar metabolites
comprised 10% of the benzo[aipyrene metabolites in fed fish at 13 °C, 20% in
unfed fish at 23 °C, and 30% in fed fish at 23 °C {Jimenez et al., 1987). In
rainbow trout {Oncorhynchus mykiss) exposed to naphthalene at (.5 mg/litre
for 24 h, the bile contained 65-70% metabolites, the liver contained 5—10%.
and muscle < 1% (Melancon & Lech, 1978).

In L. macrochirus exposed to 8.9 & 2.1 pg/flitre acenaphthene for 28 days,
the half-life for mctabolism was less than one day. No information was given
on metabolites (Barrows et al., 1980).

Thedepuration of anthracene was investigated in (. mykiss during simulated
day and night cycles of 16 and 8 h, respectively. After a 96-h clearance period,
the metabolites contributed 2-3% of the depurated substance, hall of which
came from the bile. No specific metabolites were reported (Linder & Bergman,
1984). After L. macrochirus had been exposed to anthracene at 8.9 pg/fitre or
benzo[alpyrence at (.98 pg/litre for 4 h, the rates of biotransformation were 0.26
and 0.082 nmol/g perh, respectively. and 8% of the anthracene and 88% of the
benzo|alpyrene were metabolized (Spacie et al., 1983).

Benzola]pyrene is transformed in the Japanese medaka (Oryzias latipes)
and the guppy (Poecilia reticulata), the main metabelite being the 7,8-diol-
9,10-epoxide (Hawkins et al., 1988).

Two benthic organisms, the European fingernail clam ( Sphaeriunt corneum)
and larvac of the midge Chironomus riparius, both metabolized benzo[a]pyrene.
In the larvae, the main metabolite appeared to be 3-hydroxybenzo|aipyrene; a
quinone isomer was also found. Only a very small amount of 3-hydroxy-
benzo[ajpyrene was found in the clam. No diol metabolites were found in
either species (Borchert & Westendorf, 1994). After exposure of the benthic
oligochaete Stylodrilus heringianus to cither anthracenc and pyrene or
phenanthrene and benzo[a]pyrene, 2% degradation of cach PAH was reported
within 24 h (Frank et al., 1986),
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The half-lives for metabolism in D, magna were 0.5 h for 1.8 mg/litre
naphthalene, 9 h for 0.06 mg/litre phenanthrene, and 18 h for 0.023 mg/litre
chrysene (Eastmond et al., 1984}

Inamphipod Hyalella azteca was exposed to 0.043 nmol/ml anthracene for
8§ h, the rates of biotransformation were 2.2 + 0.5 nmol/g dry weight per h with
no substratum, 3.0+ 0.8 in the presence of washed sand from a local lake, and
1.0+0.15 inthe presence of sediment from the lake (Landrum & Scavia. 1983).

The amphipod Rhepoxynius abroniusmetabolizes benzol apyrene (Plesha
et al., 1988). When two marine amphipods were exposed to a sediment
containing 5.1 ng/mg of this compound, R. abronius metabolized 49% and
Eohaustorius washingtonianus metabolized 27% of the benzo[a]pyrene after
one day. The main metabolites appeared o be 7.8-dihydro-7,8-dihydroxy-
benzo[alpyrene, 9,10-dihydro-9,10-dihydroxybenzojalpyrene, 3-hydroxy-
benzo[alpyrene, and 9-hydroxybenzo[«]pyrenc. The ratio of 7 8-dihydro-7,8-
dihydroxybenzo[a]pyrene to 9,10-dihydro-9,10-dthydroxybenzo|a |pyrene in
normal-phase high-performance liquid chromatography was 1.2 for R. abronius
and 0.7 for E. washingtonianus (Reichert ct al., 1983).

No biotransformation of benzo[a]pyrene or phenanthrene was found in
mayflies (Hexagenia limbata) or in the amphipod Pontoreia hoyi (Landrum &
Poore, 1988).

In & study of the route of metabelism of benzola|pyrene in green algae
(Selenastrum capricornurum) exposed o 1.2 pg/litre for four days, with
simulated day and night periods, the major dihydrodiol metabolites identified
were the cis-4,5-diol (< 1 %), the ¢is-7,8-diol (13%), the 9,10-diol (369%), and
thecis-11,12-diol (50%), demonstrating the presence of a dioxygenase enzyme
for this type of algae (Lindquist & Warshawsky, 1985), as suggested by Cody
etal. (1984). Payne ({977} reported, however, that aryl hydrocarbon hydroxylase
was not present in Fucus and Ascophylium sp. of marine algac.

Benzo|a|pyrene was not biotransformed in periphyton after 0.25 or4 h. In
cladocerans (D. magna) exposed to 1.0 pg/lire benzolalpyrene, the
biotransformation ratc after exposure for 6 h was 1.07 £0.20amol/g dry weight
per h. Tn midge larvae (C. riparius) exposed to 0.6-1.5 pg/litee, the biotrans-
formation rate was 3.6 £ 0.7 nmol/g dry weight per h after cxposure for 1 h and
2.7+0.3after4h.InL. macrochirus exposced o 1.0 pg/litre, the biotransformation
rate was (.20 £ 0.03 nmol/g dry weight per h after 1 hand 0.37 +0.04 after 4 h,
In chironomids, 3-hydroxybenzo[a]pyrene was the major metabolite after 8 h,
representing 4.4% of the total water activity; smaller amounts of 7-hydroxy-
benzo[a]pyrene and the 9,10- and 7.8-dihydroxydiols of benzo|a|pyrene were
also found (Leversee et al., 1981).

After exposure of benthic species to benzofa]pyrene for one to four weeks,
the following percentages of metabolites were found: E. washingtonianus,
22% in the whole body; R. abronius, 74% in the whole body; clams {Macoma
nasuta), < 5% in the body and < 5 in the hepatopancreas; shrimp (Pandalus
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plaryceros), 94% in the hepatopancreas; and the English sole (Parophrys
vetulus), 94% in the body, 99% in the liver and > 999% in the bile (Varanasi et
al., 1985).

Mosquito larvae (C. pipens quinguefuscians) were exposed for three days
to 0.002 mg/litre benzo[a]pyrene in the presence or absence of the mixed-
function oxidase inhibitor piperonyl butoxide at 0.0025 mglitre. Parent
benzofalpyrene represented 22% of the excreted PAH in the absence of
pipcronyl butoxide and 86% in its presence. After three days’ exposure of
snails (Physa sp.)to the same concentration of benzo[a]pyrene with or without
piperonyl butoxide at 0.0025 mg/litre, parent benzo[alpyrene represented 88%
in the absence of the inhibitor and 85% in its presence. The authors suggested
that snails are deficient in micresomal oxidases. In mosquite fish (G. affinis)
cxposcd similarly, no parent benzo[a]pyrene was found in the absence of
pipcronyl butoxide but 21% in its presence (Lu et al., 1977).

In an aquatic ccosystem, plankton, green algae (Oedogonium cardiacum),
D. magna, mosquito larvae (C. pipiens quinguefasciatues), snails (Physa sp.),
and mosquito fish (G. affinis) were exposed to 0.002 mg/litre benzo| ¢ |pyrenc
for three days. Parent benzo|a|pyrene represented 83, 90, 46, 70, and 55% in
the four organisms, respectively. The substance was metabolized to unidentified
hydroxylated polar compounds. The tinding of 55% parcnt benzo[a]pyrene in
the fish was attributed to food-chain transfer, as none was found after direct
exposure. A terrestrial-aquatic ecosystem was also exposed Lo benzo|a]pyrenc
by applying 0.2 mg of radiolabelled compound to Serghwmn vuigare seedlings
to simulate atmospheric fall-out and allowing them to be consumed by fourth-
instar salt-marsh caterpillar larvae (f. acrea). Faecal products then entered the
terrestrial and aquatic ecosystem described above, which was left for 33 days.
The maximum radiolabel {0.005 ppm) was detected in the aquatic phase alter
14 days. Unmetabolized benzo[alpyrene accounted for 7.19% of the total
extractable radiolabel in fish, [9% in snails, 32% in algae, and 349% in
mosquitoes. Addition of the mixed-function oxidase inhibitor, piperonyl
butoxide, resulted in 12% parentbenzo|a]pyrene in fish, 34% in snails, 48% in
the algae, and no change in mosquitoes {(Lu et al., 1977).

The biotransformation of 19 PAH was studied in the food chain seston
(plankton)—blue mussel (Mvrifus edulis L.)y—common cider duck (Somateria
mollissimaL.) n the open, northern Baltic Sea. The concentrations of the PAH
in the eider duck showed the distribution gallbladder > adipose tissue > liver.
There was a high flux of the PAH in the food chain, but the concentration did
not increase with increasing trophic level. indicating that the PAH were
biotranstormedrapidly. There was little biotransformationin the plankton. The
distribution of the PAH in blue mussels was different from that in plankton,
perhaps due to metabolic activity in the mussel. Biotransformation of PAH
with a relative molecular mass of 252 was rapid in the ducks {Broman et al.,
1990).
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Environmental transport, distribution, and transformation

In beans (Phaseolus vulgaris L.) exposed to 15 pg anthracene per plant,
uptake via the roots was rapid, 90% being metabolized within 30 days
{(Edwards, 1986).

These investigations are summarized in Table 30. Asthe rate of metabolism
depends not only on the species but also on factors such as temperature, pH, and
other experimental conditions, the results are difficult to compare. Some
general conclusions can, however, be drawn:

— The biotransformation potential of aquatic organisms depends on the
activity of cytochrome P450-dependent mixed-function oxidases,
which are important for oxidation. the first step in the metabolism of
x¢nobiotics such as PAH (James, 1989).

— The tissues in which biotransformation mainly takes place are liver,
tung, kidney, placenta, intestinal tract, and skin (Cerniglia, 1984).

— The initial transformation step in invertebrates usually occurs more
slowly than in vertebrates (James, 1989). Monoxygenation of PAH is
fasterin higherinvertebrates like arthropods. echinoderms, and annelids
and slowest in more primitive invertebrates like protozoa, profina,
cnidaria, and molluscs (Neff, 1979).

— Ingeneral,invertebrates excrete PAH metabolites inefficiently (Jamcs,
1989).

— In higher organisms and algae, metabolites are usually produced by
moenoeoxygenase activity, resulting in the formation of epoxides, phenols,
diols, tetrols, quinones, and conjugates.

— Itisnotclear whether molluscs have cytochrome P450 activity (Moore
etal,, 1989).

— In crustaceans, biotransformation differs greatly between species and
for different PAH. Biotransformation of naphthalene, anthracene,
phenanthrence, and chrysene appears to occur rapidly, while that of
benzo[a]pyreneis generally slower. Only Reichert et al. {1985) reported
significant degradation in R. abronius (49%) and E. washingtonianus
(27%) within one day.

— Itis not ¢lear how rapidly biotransformation occurs in insects.

-— Too little information was available on algae, plants, and fungi for
conclusions to be drawn.

Abiotic degradation

Abiotic processes may account for the removal of 2-20% of two- and three-
ring PAH from soil (Park et al., 1990}. In soils partly amended with PAH-
containing sewage sludge, 24-100% was removed, and naphthalene was
eliminated almost completely by volatilization and photodegradation (Wild &
Jones, 1993).
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4.2.2,

—

EHC 202: Selected non-heteracyciic polycyclic aromatic hydrocarbons

Photodegradation in the environment

PAH canbe expected to be photodegraded in atr and water but to a very low
extent in soils and sediments, owing to low light intensity. [n natural waters,
photodegradation takes place onty in the upper few centimetres of the aquecous
phase. Information on the photodegradation of PAH in air and water is
summarized in Table 31; however, as the testing conditions varied widely,
genceral conclusions cannot be drawn.

PAH are photodegraded in air and water by two processes: direct photolysis
by light with a wavelength < 290 nm and indtrect photolysis by least one
oxidizing agent such as OH, O,, and NO, in air and ROO radicals in water. In
general, indirect photolysis—photooxidation—is the more important process.
The reaction rates of PAH with airborne OH radicals measured under standard
conditions are given in Table 32, which shows that most of the calculated half-
lives are one day or less. Under environmental conditions, PAH of higher
malecular mass, i.e. those with mere aromatic rings, arc almost completely
adsorbed onto fine particles (see section 4.1.2); this reduces the degradation
rate markedly.

Degradation half-lives of 3.7-30 days were reported for Lhe reaction with
NO_ of various PAH adsorbed onto soot. The degradation was much slower in
the absence of sunlight. PAH did not react significantly with SO, (Butler &
Crossley, 1981). PAH in wood smoke and gasoline exhaust did not degrade
significantly during winter in extreme northern and southern latitudes owing
to low temperatures and the low angle of the sun {Kamens et al., 1986a). In
summer, however, at a temperature of 20 °C, the half-lives of individual PAH
were in the range of 30-60 min (Kamens ¢t al., 1986b). The degradation rate
increased further with incrcasing humidity (Kamens et al., 1991),

In a study of the fate of 18 PAH on 15 types of tly ash, carbon black. silica
gel, and alumina, the PAH were stabilized. depending on the colour, which is
related to the carbon content: the higher the carbon content, the rmore stable the
PAH. The authors suggested that radiation energy is adsorbed by the organic
matter of particulates, and PAH therefore do not achieve the excited stale in
whichthey can be degraded (Behymer & Hites, 1988). The half-lives for direct
photolysis of various PAH adsorbed onw silica gel are in the range of hours
(Vu-Duc & Huynh, 1991).

A two-layer model has been proposed for the behaviour of naturalty
occurring PAH on airborne particulate matter, in which photooxidation takes
place in the outer fayer, and much slower, *dark’ oxidation takes place in the
inner layer (Valerio ct al., 1987). This model is in line with the resuits of
Kamens et al. (1991), who reported that PAH on highly loaded particles
degrade more slowly than those on particles with low loads. As PAH occur
mainly on particulate matter with a high carbon content. their degradationin the
atmosphere is slower than that of PAH in the vapour phase under laboratory
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4.3

Environmental transport, disiribution, and transformation

conditions or adsorbed on synthctic materials like alumina and silica gel that
have no or a low carbon content.

Formation of nitro-PAH was found froem the low-molecular-mass two- (o
four-ring PAH that occur in the atmosphere, predominantly in the vapour
phase. The rate constants range from 5.5 x 1072 cmVmolecule x s for
acenaphthylene to 3.6 x 107 cm¥Ymolecule x s for naphthalene, with
corresponding hall-lives ranging from 6 min to 1.5 years. The yields were 1%
or less (Atkinson et al., 1991; Atkinson & Arey, 1994),

The rate ot degradation of absorbed individual PAH seemsto be independent
of their physicochemical characteristics but dependent on their molecuiar
structure. Thus, activated carbon from graphite particles effectively stabilized
pyrene, phenanthene, fluoranthene, anthracene, and benze[alpyrene adsorbed
onto coal fly ash against photochemical decomposition, but no stabilization
was seen for fluorene, benzofaifluorene, benzo[b]fluorene, 9,10-dimethyl-
anthraceng, or 4-azafluorene. The authors suggested that PAH that contain
benzylic carbon atoms are less reactive than others (Hughes et al., 1980).

PAH with vinylic bridges appear to degrade by direct photolysis more
rapidly than those with only aromatic rings, both in air and in the aquatic
environment {Hites, 1981),

In measurements of the photodegradation of benz[«Janthracene and
bengo[afpyrene, addition of humic acids and purging of the solution with
nitrogen reduced the reaction rates significantly (Mill et al., 1981). The authors
concluded that light screening and quenching occurred with humic acids. The
reduction in rate with exclusion of oxygen was probably due to a decrease in
photooxidative processes. The first metabolites were mainly quinones.

Hydrolysis

PAH are chemically stable, with no functional groups thar result in
hydrolysis. Under environmental conditions, therefore, hydrolysis does not
contribute to the degradation of PAH (Howard et al., 1991).

Ultimate fate after use
The main sinks for PAH are sediment and soil. The available information

indicates that high-molecular-mass PAH are especially persistent in
groundwater, soil, and sedimnent under environmental conditions.
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5. ENVIRONMENTAL LEVELS AND HUMAN
EXPOSURE

Appraisal

Polycyclic aromatic hydrocarbons {PAH) occur in all environmenial
comparmments. Ambient air, residential heating, and vehicle traffic are the
main sources. The levels of individual substances vary over several orders of
magnitude but are generally in the range < 0.1-100 ng/m’.

Surface waters are contaminated by PAH mainly through atmospheric
deposition, urban runoff, and industrial activities such as coal coking and
alwminiwm production. Apart from highly industrial polluted rivers, the
concentrations of individual substances arve generally < 50 ng/litre. High
concentrations of PAH have been measured in rainwater and especially in
snow and fog. The concentrations of PAH in sediments are in the low
microgram per kilogram range.

PAH levels in soils near industrial sources {e.g. coal coking Yare especially
high, sometimes up to grams per kilogram. In contrast, soils contaminated by
atmospheric depasition or runoff have concentrations of 2-5 mg/kg of individual
PAH, and the concentrations in unpolluted areas are i the low microgram per
kilogram range.

PAH have been detected in vegetables but are mainly formed during food
processing, roasting, frving, or baking. The highest levels were detected tn
smoked meat and fish, at up to 200 pg/kg food for individual PAH.

Five-fold increases in the concenirations of PAH in soil have been
observed over a 150-vear period, although there are indications that the
concentrations of some PAH are decreasing. Similar findings have been
reported for sediments, perhaps because of measures to reduce emissions.

Agquatic animals are known to adsorb and accumulate PAH. Especially
high concentrations were found in aquatic organisms from highly polluted
rivers, at levels up to milligrams per kilogram. Of the tervestrial animals,
earthwormsarea good indicator of soil poliution with PAH. The benzofa]pyrene
concentrations in the faeces of earthworms living in a highly industrialized
region were in the low milligrams per kilogram range.

The main sources of exposure for the general population appear to be food
and air, The estimated intake of individual PAH in the diet is 0.1-8 pg/d. The
main contribution appears to be that of cereuls and cereal products, due to the
large amounts consumed. In ambient air, the main sources are residential
heating and environmental tobacco smoke; exposure to PAH from environ-
mental tobacco smoke in indoor air is estimated to e 6.4 yig/day.

Cecupational exposure to PAH occurs via the lung and skin. High
exposure occurs during the processing and use of coal and mineral oil
products, such as in coal coking, petroleum refining, road paving, asphalt
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Environmental levels and human exposure

roofing, and impregnation of wood with creosotes; high concentrations are
also found in the air of aluminium production plants and steel and iron
SJoundries. No measurements were available for the primary production and
processing of PAH.

Environmental levels
Atmosphere

Relevant data on the occurrence of PAH in ambicnt air arc compiled in
Tables 33-36. The concentrations were determined mainly by gas
chromatography and high-performance liquid chromatography, usually with
enrichment by filtration through a solid sorbent. The amount of particte-bound
PAH is therefore given. In studies in which vapour-phase PAH were also
sampled, the results for the vapour and particulate phases were combined {for
reviews, see Grimmer, 1979; Ministry of Environment, 1979; Grimmer,
1983b; Lee & Schuetzle, 1983; Daisey et al., 1986; Back et al., 1991;
Menichini, 1992a).

Source identification

Qualitative indications of different sources can be obtained by comparing
the PAH proftles, i.e. the ratio between the total PAH concentration and that of
a selected PAH, in air with those of samples representative of the emitting
sources or by determining PAH that arc emitted mainly from a specific source
(Menichini, 1992a). Quantitative assignments are difficult 10 make, however,
owing to the complexity of factors that affect the variability of PAH
concentrations and profiles.

Measurements were made at selected sources of PAH in the area of
Chicago, USA, in 1990-92, in order to identily them: Five samples were taken
100 m directly downwind of a coke plant in an area that was not affected by
steel-making facilities, four samples from diesel buses at a parking garage,
three samples from petrol vehicles under warm-engine operating conditions at
a public parking garage, five samples in heavily travelled tunnels during
evening rush hours, and two samples from the roof directly downwind of the
chimney of fireplaces burning seasoned oak. The authors give a source
distribution pattern in percent related to the total mass of 20 PAH. Naphthalene
made by far the largest contribution to petrol engine and coke oven emissions
(55 and 89%, respectively). The three-ring compounds acenaphthylene,
acenaphthene, fluorene, phenanthrene, anthracene, and retene were detected in
large amounts in dicsel motor emissions (56%) and in wood combustion
exhausts (69%). The four-ring fluoranthene, pyrene, benz[a]anthracenc,
chrysene, and triphenylene and the five-ring cyclopentafed]pyrene,
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EHC 202; Selected non-heterocyclic polycyclic aromatic hydrocarbons

benzo[b]fluoranthene, benzo[k]fluoranthene, benzol alpyrene. benzo[epyrene,
and dibenzofghi]perylenc together contributed 28% to diesel engine emissions,
25% o petrol engine emissions, and 20% to wood combustion emissions
(Khalili et al., 1995).

The winter levels of PAH are higher than the summerievels (Gordon, 1976;
Lahmann et al., 1984; Greenberg et al.,, 1985; Chakraborti et al., 1988;
Catoggio ¢t al., 1989), due to more intensive domestic heating and to
meteorological (Jower inversions during the winter) and physicochemical
factors {temperature-dependent partition between gaseous and particulate
phases). The ratios of benzola]pyrene:CO, in which CO was used as an ‘inert’
tracer of automotive emissions, in Los Angeles, USA, were higher at night
(0.18-0.34) than in the day (0.12-0.14), and substantially more so during
winter {(). 1 4-0.34) than in summer (0.12-0.18), consistent with daytime loss
of PAH by chemical degradation (Grosjean, 1983).

In stuglies of sources of PAH at commercial, industrial, and urban sampling
sites in Athens, Greece, the effects of wind velocity and thermal inversion were
studied. There seemed to be no direct correlation between benzo{a]pyrene and
lead levels, which would be expected if exhaust from cars run on leaded petrol
were the preponderant source of PAH (linear regression coefficient, 0.32—
0.38) (Viras et al., 1987).

Differences in the composition of profites of PAH from different sources
can also be standardized by giving the concentrations relative to that of a
specific PAH. For particle-bound PAH, benzo[ ¢]pyrene has often been used as
a reference compound, since it is photochemically stable and found mainly in
the particulate phase (Baek et al., 1991).

Cyclopentafed|pyrene is emitted particularly from petrol-fuelled
automobiles (Grimmeretal., 198 l¢). Fluoranthene, pyrene, benzo[ghi]perylene,
and coronene arc also found in higher concentrations in condensates of vehicle
exhausts (Baek et ai., 1991). The contribution of vehicles and domestic heating
has aiso been estimated as the ratio of indenof1,2,3-cd]pyrene to benzo[ghi]-
perylene concentrations. The ratio should be 0.37 for the PAH profile in traffic
exhaust and 0.90 for domestic beating (Lahmann et al., 1984; Jaklin &
Krenmayr, 1985). inacomparison of the PAH ratios determinedin New Jersey,
USA, with those reported in the literature for samples collected under similar
conditions in street tunnels, the ratios coronene:benzo[a]pyrene and
benzo[ghilperylene:benzo[a]pyrene indicated that vehicle traffic was the
major source of PAH during the summer (Harkov et al., 1984).

Measurements in ambient air in North Rhine Westphalia, Germany, in
1990 indicated that coronene is the most characteristic PAH for automobile
traffic. At a ratio of benzo[a]pyrenescoronene of < 3.5, vehicle traflic 15 the
dominant PAH source, whereas emissions with ratios > 3.5 are influenced by
other sources. The benzo[a]pyrene levels were 0.66-5.0 ng/m?®, and those of
coronene (0.57-2.5 ng/m* (Pfetfer, 1994).
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In a study of the PAH concentrations during weekdays and weekends in
South Kensington, London, United Kingdom, no distinct differcnces were
observed in winter, but the average concentrations were 1.5-2.5 times higher
during the week than during the weekends in summer, Likewisc, the diurnal
variations appcared to be less distinct during winter than summer (Back et al.,
19923

Measurements in streets with high traffic density in Stockholm, Sweden,
showed that the concentration of PAH decrcased by 25-309% during holidays
in comparison with weekdays. Benzo[alpyrene in street air was all particie-
bound, while chrysene and lighter PAH occurred both on partictes and in the
vapour phase (Ostman et al., 1991, 1992a,b).

In a study of 15 PAH in the air of various areas in an industrial city in
Germany with 700 000 inhabitants, the highest levels were detected in air
affected by a coke plant, where benzofa|pyrene was found at 1.4-400 ng/m?
and cyciopentafcd|pyrene at none detected to 120 ng/m?. The concentrations
measured in air affected by vehicle traffic were 11-110 ng/m® benzo[a]pyrenc
and 0.1-440 ng/m* cyclopentalcd]pyrene. Within 4 km, the average
concentration of 88 ng/m? cyclopentalcdpyrene had dropped to 1 .6 ng/m’. The
levels were lower in areas where hand-stoked residential coal heating
predominated (0.37 ug/m® benzo[alpyrene and none detected to 39 pg/m?
cyclopentalcd]pyrene) and where oil heating predominated (0.2-66 ng/m? and
none detected to 15 ng/m?, respectively). The concentration of PAH was three
to four times higher between 7:43 and 10:00 than between 10:00 and 15:46.
Benzo[c]phenanthrene, cyclopentaledlpyrene, benzo[ghilperylene, and
coronene dominated the PAH in areas with heavy traffic, whereas chrysene,
benzo[b|fluoranthene, and benzoe[alpyrene occurred at the highest
concentrations in an arca surrounding a coke plant (Grimmer ¢t al., 1981c).

The use of receptor-source apportionment modelling was cxamined,
despite its limited applicability to reactive species, for the PAH profiles of
cmissions from a variety of sources (Daisey et al., 1986; Pistikopoulos ct al.,
1990). In onc study, benzo[&|fluoranthene, benzol[k]fluoranthene,
benzo[a]pyrene, benzo[ght]perylenc, indeno[1,2.3-cd]pyrene, and coronene
were measured in the ambient air of the centre of Paris, France., The
concentrations of PAH varied from 42% in winter to 72% in summer for petrol-
fuelled vehicles, from 25 to 40% for diesel-fuelled vehicles, and from about 30
to 2% for domestic heating. The winter-summer differences were due mainly
to differcnt emission patterns and not to changes in the rate of decay of PAH
(Pistikopoulos ct al., 1990). In another study, the contributions of PAH from
five sources to ambient air were distinguished by usc of fuzzy clustering
analysis (Thrane & Wikstrom, 1984).

The informationon PAH levelsin ammbient air is discussed below according
to possible source: background and rural, industrial emissions, and diffuse
sources like automobile traffic and restdential heating. Attribution of different
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studies to these sections was difficult because the sources of PAH emissions are
often mixed. For example, Scifert et al. (1986) determined PAH in Dortmund
200 m from a coke plang; this study was deemed to relate 1o PAH levels
resulting from industrial emissions. The concentrations of PAH autributable to
mobile sources can be estimated by monitoring near arcas with heavy iratficin
the summer, but it is difficult to cstimate the contribution of home heating,
because in winter PAH in ambient air derive from both mobile socurces and
home heating, Furthermore, emissions from mobile sources may differ in
winter fromthose in the summerbecause of meteorological and physicochemical
factors (Greenberg et al., 1985; see also section 5.1.1.3).

Background and rural levels

The levels in ambient air of rural areas are summarized in Table 33.
Background levels were measured about 25 km from La Paz, Bolivia, at an
altitude of 5200 m (Cautreels & van Cauwenberghe, 1977) and on the island
of Mallorca, Spain, at an altitudeof 1100m (Simdeial., 1990). The concentrations
were generally 0.01-0.1 ng/m*. The average values in rural areas arc usually
0.1-1 ng/m’. Average concentrations of 0,34 and 0.27 ng/m*® benzofalpyrene
were measuredintwo rural areas inJapanin 1989, withamaximum concentration
of 1.1 ng/m*(Okita ¢t al., 1994).

Industrial sources

PAH levels in ambient air resulting mainly from industrial emissions are
summarized in Table 34. The average concentrations of individual PAH at
ground ievel were 1-10 ng/m*. In general, aluminium smelters and industrial
processes for the pyrolysis of coal, such as coking operations and stecl mills,
result in higher levels of PAH than most other peint industrial sources.
Furthermore, the levels ol PAH are much higher downwind {rom major sources
than upwind.

The highest levels of individual PAH werc measured near an aluminium
smelter in Hoyanger, Norway. with maximum concentrations of
10-100 ng/m*. Phenanthrene was present at very high levels in ambient air
contaminated by industrial emissions {Thrane, 1987). In Sundsvall, Sweden,
near an aluminium production facility, 310 ng/m* phenanthrene, 190 ng/m’
naphthalenc, 120 ng/m’ pyrene, and 84 ng/m’ fluorene were detected (Thrane
& Wikstrom, 1984).

The concentration of benzola)pyrene in ambient air near an oil processing
plant in Moscow was up to 13 ng/m* (Khesina, 1994). Benzo[a]pyrene was
detected at 15-120 ng/m? and perylene at 3-37 ng/m* at 39 measuring stations
in the heavily polluted area of Upper Silesia, Poland. The maximum values
were 950ng/m’* for benzolalpyrene and 270 ng/m* for perylene (Charazy et al,,
1994).
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Environmental levels and human exposure

In Ontario, Canada, up o 140 ng/m* benzo[4]fluoranthene, 110 ng/m®
perylene, 110 ng/m* benzo[alpyrene, 90 ng/m* benzo[ghilperylene, and
43 ng/m’ fluoranthene were found near a steel mill (Potvin et al., 1930}, The
benzo|a]pyrene concentrations near coke ovens in urban arcas of the US A were
more than double those in urban areas without coke ovens (Faoro & Manning,
1981). Thesc results are consistent with those of Grimmer et al. {1981¢), who
detected maximum levels of henzo[a|pyrenc, chrysene, benzo[b]fluoranthene,
benzo[jitfluoranthene, and benzo[k]fluoranthene in the area surrounding a coke
plant.

The PAH concentrations in ambient air 900 and 2500 m from a municipal
incineration plant were of the same order of magnitude, and no significant
contribution from the plant to the ambicnt PAH concentrations was observed
(Colmsjo et al., 1986a}.

The PAH levels in an industrial arca of Ahmedabad City, India, were
significantly higher than those in a residential area. The highest levels were
found during winter, and the rate of degradation of aicborne PAH was predicted
o be lowest in the monsoon season. The most striking finding was the high
concentration of dibenz|a,A]anthracene in urban air (5.3-23 ng/m*) (Raiyani ct
al., 1993a). The limited resolution of PAH may have resulted in overestimation:
for instance, the concentrations of benzo[ghi]perylene and indenof1.2,3-
ed]pyrene reported arc onc order of magnitude higher than that of
dibenz[a,Alanthracene.

Diffuse sources

A special situation of local importance was the pollution of ambient air in
Kuwait after the war in the Persian Gulf, due to burning of oil fietds. The mean
concentrations of benzo{a]pyrene at three sampling sites were 0.27-9.2 ng/m?,
and the maximum was 26 ng/m?* (Okita et al., 1994). These values are within
the range of those detected in urban areas (see betow).

{a) Motor vehicle traffic

The concentrations of PAH in the ambient air of various urban areas are
listed in Table 35. The average levels of individual PAH were 1-30 ng/m?,
Relatively high concentrations of benzolalpyrene, benzo{ghi]perylene,
phenanthrene, fluoranthene, and pyrene were measured.

Total PAH concentrations of 43640 ng/m* were measured in London,
United Kingdom, in 1991, nearly 80% of which consisted of phenanthrene,
fluorene, and fluoranthene; benzo[a]pyrene and benz[a]anthracene were present
at 1% or less (Clayton ct al., 1992),

In Delft, the Netherlands, benzo{alpyrene levels of up to 140 ng/m? were
measured on a foggy day with low wind velocity near a major road. High
concentrations of pyrene (220 ng/m®, benzo[ghi]perylene (130 ng/m?*), and
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

coronene (21 ng/m®) were also found. At border crossings betwcen the
Netherlands and Germany on days with heavy traffic, the maximum levels of
individual PAH werc 1-54 ng/m® (Brasser, 1980).

PAH concentrations were determined in the centre of Paris, France, at the
top of a 35-m tower and thus less likely than ground-level samples to be
affected by tratfic emissions and street dust; they can therefore be considered
to be homogeneous and representative. The maximum levels found were
98 ng/m’ benzo[ghilperylene, 60 ng/m?® indenol1,2,3-cd]pyrene, 34 ng/m?
coronene, 28 ng/m® benzo[f|fluoranthene, 13 ng/m* benzo[a]pyrene, and
13 ng/m® benzo[k]ftuoranthenc (Pistikopoulos et al., 1990).

The average concentration of individual PAH in particulate and vapour
phases during a nine-day photochemical pollution episode in California, USA,
in 1986 was | ng/m®. The maximum levels of acenaphthene, acenaphthylene,
fluorene, and phenanthrene ranged from 30 to 64 ng/m® (Arey et al., 1991),

In 1989, the average benzo[ a]pyrene concentrations in five Japanese citics
(Sapporo, Tokyo, Kawasaki, Nagoya, and Osaka) were 1.2-3.1 ng/m® A
maximum level of 15 ng/m* was detected in Tokyo (Okita et al., 1994). A
detailed examination was undertaken of the molecular composition of PAH in
street-dust samples collected from the Tokyo metropolitan area. Unsubstituted
ring systems (i.e. parent PAH) ranging from phenanthrene with three rings to
benzo[ghi]perylene with six rings were the primary components, three- and
four-ring PAH {i.c. phenanthrene, fluoranthene, and pyrene) predominating.
The concentrations of total PAH were of the order of a few micrograms per
gram of dust. On the basis of the PAH profile, it was suggested that PAH in the
dust of busy strects arose mainly from automobile exhausts, while residential
arcas received a greater contribution from stationary sources. In both types of
dust, asphalt was thought to contribute to only a minor extent (Takada et al.,
1990). Giger & Schaffner (1978) had come to the same conclusion some 20
years earlier.

Benzo[a]pyrene was detected inambient airin Moscow, Russian Federation,
at concentrations of 5.4 ng/m* at a regular traffic site and 20 ng/m>® at a
crossroads with heavy traffic (Khesina, 1994},

(b) Road tunnels

In road tunnels, the concentrations of individual PAH were usually
1-50 ng/m* (Table 36). Higher levels were reported in tunnels in western
Germany, with concentrations of 84 and 96 ng/m’cyclopentafcd]pyrene (Buck
(1983) and 76 ng/m* (Brasser, 1980} and 110 ng/m’ pyrene (Benner et al.,
1989).

PAH were found at levels of up to 4 ng/m? in an underground bus terminal
in Stockholm, Sweden; and 21 ng/m*® fluoranthene, 1 ng/m® pyrene, and
8.1 ng/m* phenanthrene were found in a subway station (Colmsjo et al.,
1986b).
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Environmental levels and human exposure

Very high concentrations of PAH were found in the air of the Craeybeckx
Highway Tunnel in Belgium, which was used daily by an average of 45 000
vehicles, of which 60% were petrol-fuelled passenger cars, 20% diesel-fuelled
cars, and 20% trucks. Of the cars, only 3% had three-way catalysts (De Fré et
al., 1994},

(¢} Residential heating

The PAH levels in ambient air resulting mainly from residential heating are
included in Tabie 35, as the source cannot be identified properly (sec section
5.1.1.1).

The use of wood and coal for heating was the source of high levels of
benzo[alpyrene in Calcutta, India (up to 120 ng/m?; Chakraborti et al., 1988).
The concentrations of individual PAH in Calcutta ranged from 1.3 to
200 ng/m?, the highest levels being those of benzofe]pyrene, benzo[ ghilperylene,
and benzo[b]fluoranthene, The average Icvels of individual PAH resulting
from domestic heating in Christchurch, New Zealand were 1-210 ng/m’,
benzo{ ghi]perylene and coronene showing the highest levels (Cretney et al.,
1985), and up to 43 ng/m* werc measured in Essen-Vogelheim, Germany
(Buck, 1983). High concentrations of individual PAH were determined in a
residential area heated primarily by coal, with levels of up to 260 ng/m?
chrysene, benz[alanthracene, and benzo[b]fluoranthene (Grimmer, 1980).

The following PAH levels were measured on a roof directly downwing of
the chimney of a fireplace burning seasoned oak in the Chicago area, USA:
1.8 pg/m® acenaphthylene, 0.40 ug/m* naphthalene, 0.35 pg/m?® anthracene,
0.22 pg/m?® phenanthrenc, 0.20 pg/m' benzo[alpyrene, 0.20 pg/m’
benzo[elpyrene, 0.13 pg/m® fluorcne, 0.10 pg/m* pyrene, (.096 pg/m’
fluoranthenc, 0.052 pg/m’ acenaphthenc, 0.045 pg/m' benzo[k]fluoranthene,
0.033 pg/m? chrysene, 0,030 pg/m® cyclopentalcd jpyrene, 0.023 pg/m’
benzo[b]fluoranthene, and 0.019 pg/m’ benz[alanthracene. The levels of
indeno[1,2,3-cd]pyrene, dibenz|a.hlanthracene, benzo[ghilperylene, and
coronene were below the limit of detection (Khalili et al., 1995).

In a comparison of the PAH concentrations in ambient air in eastern and
western Germany, the concentrations in rural areas were 3-12 times higher in
castern than in comparable western parts of the country. The PAH profiies were
slightly different: the concentrations of the lower-boiling-point PAH
fluoranthene and pyrenc were 110 and 68 ng/m® in eastern and 36 and
28 ng/m?®in western Germany. The differences may be due to the different types
of brown and hard coal burnt (Jacob et al., 1993a}.

In 1991, PAH were determined in the air of Berchtesgaden, a national park
in Germany, and of the Oberharz (Ministry of Environment, 1993). The
concentration of phenanthrene, fluoranthene, and pyrene (about 14 ng/m?) in
the Oberharz was twao to three times higher than in Berchtesgaden, due to the
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

use of brown coal for heating. The levels of ihe other PAH were of the same
order of magnitude: benz[a]anthracene and benzolb]fiuoranthene plus
benzo[j]fluoranthene plus benzo[k}fluoranthene, about 5 ng/m*; and
benzo| ghilfluoranthene, benzofciphenanthrene, benzofeipyrene, benzolal-
pyrene, indeno(1.2,3-cd)pyrene, dibenz[«.s)anthracene, benzo[ghilperylene,
anthanthrene, and coronene, < 1 ng/m*.

A model calculation for Germany showed that 5000 oil-heated houses
contributed to the pollution of ambicnt airby benzolalpyrene to the same extent
asone coal-heated house. It was assumed that one German houschold consumes
annually about 5000 litre of heating oil, producing a maximum of 3 mg of
benzo|alpyrene (about 1 ywg/litre combusted 0il). Onthe basis of a consumpiion
of a similar amount of hard coal, the same household would have an output of
25 g benzola]pyrene (about 5000 ng/kg combusted hard coal) annually
(J. Jacob, 1994, personal communication).

Hydrosphere

PAH are found in the hydrosphere (Borneft & Kunte, 1983; Miiller, 1987),
mostly as a result of urban runoff, with smatler particles from atmospheric
fallout and larger ones from asphalt abrasion (Hoffman et al., 1984). Long-
range atmospheric transpori of PAH has been well documented in different
countries (Lunde & Biarseth, 1977; sce also section 4.1.2). After PAH are
emitted into the atmosphere, for example in motor vehicle exhaust, they are
transferred into water by direct surface contact or as a result of rainfall (Grob
& Grob, 1974; Van Noort & Wondergem, 1985ab; Kawamura & Kaplan,
1986). The higher levels of PAH that are found during winter months reflect
increased emissions resulting from domestic heating (Quaghebeurctal., 1983,
Thomas, 1986; see also section 5.1.1.1); however, the major source of PAH
varies for each body of water.

Anthropogenic combustion and pyrolysis and urban runoft containing
atmospheric fallout, asphalt particles, tyre particles, automobile exhanst
condensate and particulates, and lubricating oils and greases were the major
sources of PAH in lakes in Switzerland {Wakeham et al., 1980a,b).

Comparisons between the levels of individual PAH in precipitation and
those in surface water showed that all of the precipitation samples were more
highly polluted with PAH, because they had been ‘washed out’ of the
atmosphere. Nearly all of the samples contained > 100 ng/litre of fluoranthene,
benzo[b]fluoranthene, pyrene. indene[l,2,3-cd]pyrene, phenanthrenc, and
naphthalene. The highest levels of PAH in rainwater were found in
Leidschendam, the Netherlands, where pyrene concentrations < 2000 ng/litre,
fluoranthene concentrations < 1700 ng/litre, and benzo[a]pyrene and
benzo[b]fluoranthene concentrations < 390 ng/litre were detected (van Noort
& Wondergem, 1985b).
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Most surface water samples contained concentrations of < 50 ng/litre of
individual PAH. The tevels in rainwater were 10-200 ng/litre, whereas those
in snow were < 1000 pg/kg, with a maximum of 6800 png/kg for an individual
PAH (Lygrenctal., 1984). Inone fog sample, benzo[a]pyrene was found at 880
ng/litre and fluoranthene at 3800 ng/litre { Schrimpff, 1983: secsection 5.1.2.4),

In sediment the levels of individual PAH were usually 1000-10 000 pg/kg
dry weight, which are one order of magnitude higher than those in precipitation.
Triphenylene was detected in samples of sediment from the Mediterranean Sea
(France) at 2-600 ng/kg (Milanoetal., 1985) andin samples from Lake Geneva
{Switzerland) at 25 pg/kg (Dreter et al.. 1983; see section 5.1.3),

Surface and coastal waters

The levels of individual PAH found in surface and coastal waters at various
locations are summarized in Table 37. Rivers in Germany contained some PAH
at concentrations of 1-30 ng/litre {Grimmer et al., 198 1b; Ernst et al., 1986;
Regional Office for Water and Waste Disposal, 1986; Krober & Hickl, 1989)
and fluoranthenc, pyrene, chrysenc, benzo[a]pyrene, and benzo|e]pyrene at
cencentrations < 100 ng/litre. The PAH levels in seawater from the German
coast varied over onc order of magnitude depending on the sampling site. In
open seawater, the concentrations of two- to four-ring PAH—naphthalene,
fluorene, phenanthrene, fluoranthene, and pyrene—were 0.1-5 ng/litre, and
thosc of five- to six-ring PAH ranged from < 0.01 to 0.2 ng/itre. Near the coast,
the concentration of five- to six-ring PAH increased with the content of
particles, to which they have greater affinity than two- to four-ring PAH
(German Federal Office for Sea Navigation and Hydrography, 1993).

The maximumlevels of PAH in the Rivers Thames and Trent in the United
Kingdom were > 130 ng/litre. The highest levels of individual PAH in the River
Thames were 360 ng/litre fluoranthenc. 350 ng/litre benzo[alpyrene,
210 ng/litre indeno[1,2,3-cdlpyrene, 160 ng/litre benzo[ghi|perylene,
140 ng/litre benzo[&]tluoranthene, and 130 ng/litre perylene (Acheson ct al.,
1976). More recent data were not available.

In Norway, the levels of most individual PAH were > 100 ng/litre. For
example, surface water from Bislet Creek near Oslo contained tluoranthene,
pyrene, phenanthrene, methylphenanthrene, naphthalene, acenaphthene,
acenaphthylene, and fluorene at concentrations > 1000 ng/litre (Berglind,
1982).

The highest concentrations of PAH in water in Canada were reported for
water samples from ditches next to utility and railway lines ncar Vancouver.
The highest mean concentrations were measured near utility poles treated with
creosote, with values of 2000 pg/litre for fluoranthene, 1600 pg/litre for
phenanthrene, and 490 pg/litre for naphthalenc (Environment Canada, 1994).
Four individual PAH were detected in seawater from Green Island, Australia.
Thehighest levels of PAH found were 53 ng/liire pyrene, 25 ng/litre anthracene,
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Selected non-heterocyclic polycyclic aromaiic hydrocarbons

EHC 202
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

16 ngflitre benzo|ghilperylenc, and 3 ng/litre phenanthrenc, (Smith et al.,
1987).

The total content of phenanthrene. anthracene, ‘fluoranthene. pyrene,
benzo[b)fluorene, and benz[«]anthracenc in the Yellow River. China, was
170 ng/litre (Wuctal., 1985; forindividual PAH concentrations, see Table 37).

The PAH levels found in the River Rhine in Germany and the Netherlands
and in somc of its tributarics are summarized in Tabice 38, Many investigators
havedetccted PAH intheRhine. Thelowest concentrations of benzo[a]pyrene,
< 10-20 ng/litre, were found in the Rhine at Lobith and Hagestein in Germany
and at Lek in the Netherlands in 198790 (Association of Rhine and Meuse
Walter Supply Companies, [987-90), when the levcls of flucranthene werc
70-140 ng/litre. In 1976-79, the Rhine at Lek and Waai contained
< 10-380 ng/litre of benzola]pyrenc (Association of Rhine and Meuse Water
Supply Companies, 1976-79), so that the levels had decreased by one order of
magnitude within 14 years. The sum of fluoranthene, benzolb]flucranthene,
benzo[£]fluoranthene, benzo[a|pyrene, berzo|ght]perylene, and indeno[1,2.3-
ed|pyrenc) was 9-40 ng/litre at ki 30 and 130-5700 ng/litre at km 8§53,
indicating that the level of pollution increased markedly between the source
and the estuary (Borneff & Kunte (1983). The average concentrations of
individual PAH were |-50 ng/litre, although individual PAH were found at
concentrations in the range 100-200 ng/litre near Mainz, an industrialized
town (Borneff & Kunte, 1964, 1963). In general, the PAH levels in the Rhine
decreased by a factor of 3 between {979 and 1989,

The Emscher and Ruhr waterways in Germany have been heavily polluted
(sec Table 38). In 1985, the Emscher River contained 6400 ng/litre fluoranthene,
6000 ngflitre pyrene. 2000 ng/livre benzla]anthracene, 1100 ng/litre
dibenz[a,k]anthracene, 910 ngditre benzola]pyrene, 880 ngdlitre chrysenc,
630 ng/litre indenol1.2,3-cd]pyrene, 310 ngflitre benzo[ghi |perylence,
270 ng/litre anthracene, 220 ng/litre perylene (Regional Office for Water and
Waste Disposal, 1986), but by 1989 the levels had decreased by about one order
of magnttude (Regional Office for Waterand Waste Disposal, 1990 ). The PAH
concentrations in the Emscher were three times higher than thosc in the Rhine
near Mainz. Between 1985 and 1989, the PAH levels inthe Emscher decreased
further by a factor of 15; however, the levels in the Ruhr remained about the
same or increased slightly between 1979 and 1985 {Regional Office for Water
and Waste Disposal, 1986, 1988, 1990),

The PAH Icvels in the main drainage channels of the River Elbe, Germany,
were one order of magnitude higher than in the river water (Grimmer et al.,
1981b}, owing to the high input of rainwater to the channels,

Groundwater

The PAH concentrations inuncontaminated groundwater in the Netherlands
generally didnotexceed .1 pg/litre, but levels of about 30 Lg/litre naphthalene,
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EHC 202: Seiected non-heterocyclic polycyclic aromatic hydrocarbons

10 pglitre fluoranthene, and 1 pg/litre benzo|alpyrene were reported in
contaminated groundwater (Luitjen & Piet, 1983).

Benzo[a]pyrene levels in groundwater in western Germany ranged from
0.1 t0 0.6 ng/litre and those of total PAH from 34 to 140 ng/litre (Andelman &
Suess, 1970). Benzo[a]pyrene was also detected at levels of 0.1-5.0 ng/litre in
groundwater (Woidich et al.,, 1976). More recent data were not available.

Groundwater in the USA contained maximum concentrations of
0.38-1.8 ng/litre naphthalene, 0.02-0.04 ng/litte acenaphthene, and
0.008-0.02 ngfitre tfluorene (Stuermer et al., 1982), Near a refinery at Pincher
Creek, Alberta, Canada, the pyrenc concentrations in groundwater showed a
maximum of 300 ug/litre (median, 30 pug/litre); the maximum concentration of
fluorene was 230 ugfiitre (median, 40 pg/litre). At Newcastle, New Brunswick,
Canada, naphthalene was detected at concentrations up to 2.8 ugflitre and
benzo[a]pyrene up to 0.32 pgilitre in groundwater near a wood-preserving
plant (Environment Canada, 1994).

Drinking-water and water supplies

PAH levels were determined in drinking-water in samples from Canada,
Scandinavia, and the USA up to 1982. The concentration of naphthalene was
1.2-8.8 ng/litre, that of benzo(alpyrene was 0.2-1.6 ng/litre, and that of the sum
of the six ‘standard WHO’ PAH (fluoranthene, benzo|b]fluoranthene,
benzo[k]fluoranthene, benzolalpyrene, benzofghilperylenc, and indeno[1,2,3-
cdlpyrene) was 0.6-24 ng/litre. The highest levels of naphthalene
(1300 ng/litre), benzolalpyrene (77 ng/litre), and the six WHO standard PAH
(660 ng/litre) were detected in raw water sources in the USA and in the Great
Lakes area of Canada (Miiller, 1987). More recent measurements are given in
Table 39. Most samples contained 0.38-16 ng/litre naphthalene and
< 0.04-2.0 ng/litre benzo[alpyrene. In one set of water samples from the
Netherlands, no PAH were detected, with a limit of detection for individual
PAH of 4 ng/litre (de Vos ct al,, 1990).

In a study of the changes in PAH concentrations after passage of water
through tar-coated major distribution pipes, the level increased from an initial
concentration of none detected-13 ng/flitre to none detected—62 ng/litre. The
finding that water in a few distribution lines had lower concentrations of PAH
may be due to sorption of PAH on the surfaces of distribution pipes, chemical
interaction with oxidants in water, or a dilution effect (Basu et al., 1987).

Of 101 German drinking-water samples analysed in 1994, four exceeded
the German drinking-water standard of 0.2 pug/litre for the sum of fluoranthene,
benzo(b]fluoranthene, benzo[k]fluoranthene, benzofalpyrene, benzo[ghil-
perylene, and indeno[1.2,3-cd]pyrene. Heavy contamination had occurred
after repairs to a pipeline coated with tar, and one drinking-water sample taken
in ahousehold contained 2.7 pg/litre of these PAH, in addition to phenanthrene
at 2.8 ugftitre and pyrene at 1.2 pg/litre (State Chemical Analysis Institute,

206



Environmental levels and human exposure

g1-9 g 8g-£9> S8l suseyjyden

€710 OS50 suaiyiueuaydAyisy-|

0S> ¢ge-40 Go> L 1=aN 210 £ 0-a0el]  sueshdpo-giz' L jouspu)
gl-t kel > =610 sualoni4

£29-6> 06+v¢e¢ +tc-9 ev—+PE Q0vE-£0 ¥c—850 > 8l-L'l G'9-G'¢ auayueIon|y
Al auadelyuely '2lzusqig

o 22 0801 29-12 auasAiyn
or-5> 20-10 £0-+0 6920 0L'0-200 8'0-2°0 ausyjueion|ybylozusg
<o PLO-£00 ausylueion|jflozusg

s> Ov+0 L0-t0 anN L'l—¢'0  6'0-£0 ausjAuad[iyflozusg
g9e0 susyiueion)yiyblozusg

b 0-L0> t—2'0 sualAd[a]ozusg

ge'0 S'1-60 susiyueuaydp]ozuag

1 >-t00 60 sualon|glozusg

=G > ¥i-1'0 ¥E'0-50°C Ov-¢2 E1-50 auayluelonjglozusg
05> 9120 £0-20 61-208l] 620-¥0°0> 020>  L0-L0 suslAd[e]ozusg
2S00 £e—10 ausyjuelon)jfelozusg

§i-eto SS+'0 6 aN suaoelyjuefe]zuag

20 suaiyjueyiuY

L'e-¢gl> /=50 [udseIYIUY

900 P+ 0 auajAyjydeusoy

i~ 0P-90 auayjydeusay

(6] fel (] k] (sl [¥] [el el (1] punodwodn

181em-Bunjuup u (auy1)/6u) suciieljusouos UGQUES0IPAY JljeWCIe 2110A04|0d "6E BB L

206



Selected non-heterocyclic polycyclic aromatic hydrocarbons

EHC 202

#7772 uooas aas)
JUBJLOD HY 4 IBNIDE 2yl 10 Ss1ewssiepun ag Aewl sjuadios piios Ybnoluy passilly alam sejdwes 1alem ydium ul saipnis
Jo synsai By "palels asimIaylo ssajun 'Aydeiborewoiys seb lo AydesBojewioya pinby eouewiopad-ybiy Aq pasAeuy

(¥661 ‘epeuRD JUBLWUOIALT) 06-L861

“Jarem-Buiyullp paleas; ‘epeue) (6] ((q'eR/6| ‘BUsXeS g NSEQ) UOLDBISP LUoNBZIUO) BWel) yum Audeiforewoiyo
pinbl—seb pue AydeiBorewciyd Jakel-uly) ‘poyiawl [eonAjeue i/ /—9/61 ‘'vsn 8]l {8261 ‘ucisniy)) Audesbolewolyo
seb pue AydeiBojwoiun pinby sousulcpad-ybly ‘pouylew eankieue (9761 ‘vs [£] HSL61 'simeT) 261 ‘ludunesil
18)JE sslonasal Jsjem wopbury payun [9] {1861 ‘uuAny g ong np) puepszymg 8] H(y2e1 'q01D B qoID) €261
‘puelezims 1] (2861 i 18 Uosaay) 18-0861 ‘Aemion (€] H(zgsL ‘puibieg) 08-8/61 ‘AemioN [g] (o681 "B 10
U2IPIOAN) UONBUILIZIEP B8OUBDSSION|) NYIS-UL ‘poylawW [eanAleue ewisny (1] siuswainseaw a1buis / ‘pajosiep 10u ‘aN

O%i0v ¢—0E0 > S-H'L LE-SL aualhd
0612 ¥9-¢2> 96’2 aualyjueusyd

20 zZo-eoml] aus|llad

8] (8] (2] fol (5] (¥} fel (2] (1) punodwo)

{pwo92) 6€ 8198 L

207



5.1.24

Environmental levels and human exposure

Freiburg, 1995). The report stated that abrasion of particles from tar-coated
drinking-water pipelines poses a hazard that is often difficult to judge since it
is often not known what material was used decades previously.

In Canada, the PAH conceatrations in drinking-water were usually below
or near the detection limits of 1-5 ngflitre, although concentrations of
5.0-21 ngflitre benzo[ghi]perylene, 1.0-12 ng/litre fluoranthene,
1.0-5.0 ng/litre benzofb]fluoranthene, 1.0-3.0 ng/titre benzo[4](luoranthene,
and 1.0-3.0ng/litre benzo|a]pyrenc were detected in some areas (Environment
Canada, 1994).

Precipitation
{a) Rain

The concentrations of PAH found in precipitation in 1979-91 are
summarized in Table 40. The levels of benzola]pyrene were < 1-390 ng/litre.
In an analysis of PAH in rainfall in Hanover, Germany, between July 1989 and
March 1990, fluoranthene was the dominant component, followed by pyrene,
The average concentration of all PAH increased from 351 ng/litre in summer
to 765 ng/litre in the autumn of 1989, while a slight decrease was observed in
the winter of 1989-90. These results indicate that the increase in the level of
PAH in precipitation in cold weather is due to anincrease in residential heating
and a slower rate of photochemical degradation (Levsen et al., 1991).

The concentrations of phenanthrene and fluoranthene in rainwater were
noticeably higher than those at 200 m when sampled simultaneously, but no
significant differences in the concentrations of benzo[k]flucranthene,
benzo[b]fluoranthene, benzofa]pyrene, dibenz[ o, hlanthracene, benzo[ghi]pery-
lene, or indeno[1,2,3-cd]pyrene were found. The authors suggested that
scavenging in and below clouds was responsible for the presence of PAH in
rainwater (Van Noort & Wondergem, 1985b).

The deposition rates of individual PAH in Cardiff, London, Manchester,
and Stevenage, United Kingdom, were 0.3-20 [g/m® per day. Anthracene
accounted for about 25% of the deposition in London, followed by pyrene
(16%),benzolb]luoranthenc (16%), and benz[a]anthracene (13%) (Clayton et
al., 1992).

The rate of precipitation containing PAH after gravitational deposition by
rain, snow, and particles was not affected by the type or structure of the
receiving surface. Precipitation in a beech and spruce stand contained
concentrations of 23-52 ng/litre fluoranthene, 8.9-30 ng/litre benzo[ghil-
perylene, 6.4-27 ng/litre indeno[l,2,3-cd]pyrene, and 2.0-8.4 ng/litre
benzo[ajpyrene. The deposition of PAH is in general higher under spruce
stands because the rates of interception are higher than those in beech stands,
Substantial amounts of PAH arc transferred to the soil by litterfall, indicating
adsorption of PAH on the surfaces of leaves and needles (Matzner, 1984).
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

(b} Snow

The concentrations of PAH in snow samples are summarized in Table 41.
A sample collccted in Hanover, Germany, contained fluoranthenc at
55 ng/litre, pyrene at 31 ng/litre, and other PAH at concentrations up to
9 ngflitre (Levsen et al., 1991). A sample of snow from Bavaria contained
200 ngflitre fluoranthene, 50 ngflitre benzo[ghilperylene, and 29 ngflitre
benzola|pyrene (Schrimpff et al., 1979,

In Norwegian snow samples, the average concentrations of individual
PAH were 10-100 ng/litre, but levels up to 6800 ng/liire were found of
phenanthrene, [-methylphenanthrene, fluoranthenc, benzo[#]fluoranthene, and
fluorene {Berglind, 1982: Gjessing ct al., 1984; Lygren ct al., 1984). Snow
taken near a stecl plant in Canada contained average levels of 50-500 ng/litre
of individual PAH but higher amounts ol phenanthrene, fluoranthene, and
pyrene {Boom & Marsalck, 1988},

te) Heail

The PAH levels in a hail sample collected in Hanover, Germany, were of
the same order of magnitude as those in rain samples: fluoranthenc,
170 ngflitre; pyrene, 98 ng/litre; benzo|bifluoranthene, 58 ng/litre: chrysenc,
47 ngilitre; benzolelpyrene, 40 ng/litre: indeno[1.2.3-cd]pyrenc, 29 ng/litre;
benzo[ghi]perylene, 27 ng/litre; benzo[ k| fluoranthence, 19 ng/litre: benzfalan-
thracene, 16 ng/litre; benzo[alpyrene, 12 ng/litre; and dibenzfa,hlanthracene.
3.3 ng/litre (Levsen et al., 1991).

{d} Fog

The concentrations of PAH in fog are higher than those in rain. A fog
sample collected in western Germany contained 360-3800 ng/litre tluoranthene
and 130-880 ng/litre benzolalpyrene (Schrimpft, 1983).,

In fog samples collected during the autumn of 1986 in Ziirich, Switzerland,
the average concentrations of PAH found were 4400 ng/litre fluoranthene,
2700 ng/litre benzo[b]fluoranthene, 2500 ng/litre pyrene, 2200 ng/hitre phenan-
threne, 2100 ng/litre benzof[elpyrene, 1400 ng/litre benz[a]anthracene,
1400 ng/litre indeno[1,2.3-cd]pyrence, 1200 ng/litre benzola]pyrene,
920 ng/litre anthraccne, 860 ng/litre -methylphenanthrenc, 750 ngflitre
benzofb]fluorene, 750 ng/litre perylene, 590 ng/litre benzo[k]fluoranthene,
540 ngflitre benzo[ ghilperylene. 340 ng/litre anthanthrene, 260 ng/litre Muorenc,
and 160 ng/litre benzojalfluorene (Capel et al., 1991),

Sediment

PAH levels in sediments from rivers, lakes, seas, estuarics, and harbours
are summarized in Tables 42—46.
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Environmental fevels and human exposure

Table 41. Polycyclic aromatic hydrocarbon concentrations (ng/litre) in snow

Compound (11 [ (3 (4] 15] 6]
Acenaphthene 10-13 <50-98
Acenaphthylene 19-47 <50-153
Anthracene 13-28 9-379 165-246
Benz[a]anthracene 26 21-47 15677 228
Benzo[a]flucranthene 13 178-396
Benzo[a]pyrene 29 3.0 23-77 54-602 250 <100-558
Benzo[blfluoranthene 9.2 739-1501  <100-647
Benzofbifluorene 11 192

Benzo[¢]pyrene 55 30-64 609 360-630
Benzo[ghilperylene 50 48 29-85 98-551 319-391 <100-466
Benzo[Afluoranthene 2.8 <100-990
Chrysene 6.2

Dibenz{a,Alanthracene <Q.5°

Fluoranthene 200 55 108-211 86-2665 1820-3143 <50-7020
Fluorene 13-85 96 485-1237 <50-237
Indeno[1,2,3-cd]pyrene <0.52 20-82 <100-498
1-Methylphenanthrene 1366-2117
Naphthalene 50-94 3667 123-1985

Perylene 12

Phenanthrene 119-276 45-1385 4055-6787 <50-3560
Pyrene 31 68-143 55-2002 <50-3750

Analysed by high-performance liquid chromatography or gas chromatography,
unless otherwise stated. The results of studies in which water samples were
filtered through solid sorbents may be underestimates of the actual PAH
content (see section 2.4.1.4).

? Detection limit for benzo[a]pyrene

[1] Bavaria, Germany, 1978; analylical method, high-performance thin-layer
chromatography and gas chromatography-mass spectroscopy (Schrimpff et
al, 1978); [2] Hanover, Germany, 1990 (Levsen et al.,1991); [3] Norway,
1979--81 (Berglind, 1982); [4] Norway, 1981-82 (Gjessing et al., 1984);

5] Norway (Lygren et al., 1984); [6] Near steel plant, Canada, 1986 (Boom &
Marsalek, 1988)

5.1.3.1 River sediment

The concentrations of individuat PAH in river sediments in 1987-91
(Table 42) varied over a wide range; the maximum values were in the high
nanogramt per gram range.
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5.1.3.2

EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

The levels of individual PAH in sediments from German rivers were about
4000 pg/kg for benzo[alpyrene, fluoranthene, and benzo[b](luoranthene and
about 1500 ug/kg for pyrene, indeno[ 1,2.3-cd|pyrene, and benz| alanthracene.
The levels of other PAH generally did not exceed 500 pg/kg (Kriber & Hackl,
1989; Regional Office for Water and Waste Disposal, 1984). PAH were
determined in many German river sediments. Table 42 gives data for three
rivers; the Rhine and Neckar rivers are highly polluted, whereas the Gersprenz
is relatively uncontaminated.

The concentrations of PAH in the sediments of rivers around Aachen,
Germany. were determined in ditferent size fractions. which allowed the
authors to locate where the sediment became contaminated (Lampe ct al..
1991).

The PAH concentrations in sediment from the River Elbe in Germany in
1991 were of the same order of magnitude as those in Lake Ploncr and Lake
Constance, but the river sediment contained more PAH with a low boiling-
point than the lake sediments. The ratio of flueranthene to benzo[e]pyrene,
taken as a marker of the emission of PAH from the combustion of brown coal,
was 2.8-3.1, similar to those found in the Elbe sediment. It was concluded that
the PAH in the sediment were due mainly to brown-coal combustion (German
Ministry of Environment, 1993).

The maximum levels of individual PAH in sedimenis in Czechoslovakia
were 4500 wgfkg fluoranthene, 2600 pg/kg naphthalene, 2500 pg/kg pyrene,
1500 ug/kg chrysene, 1000 pg/kg anthracene, 580 pg/kg benzo[ghilperylene,
260 pg/kg fluorene, 220 pg/kg phenanthrene, and 140 pg/kg acenaphthene
(Holoubek et af.. 1990).

The levels of individual PAH in sediments from some of the most polluted
areas in continental USA were summarized by Bieri et al. (1986). The levels
usually ranged from 1000 to 10 000 pg/kg, but that in sediment from the
Elizabeth River, Virginia, contained concentrations up to 42 000 pg/kg. Upto
39 000 ng/kg wet weight were found in the Detroit River (Falion & Horvath,
1985).

The concentrations of individual PAH in sediments from the Trenton
Channel of the Detroit River, a waterway in a highly industrialized arca,
connecting Lake St Clair with Lake Erie. varied [rom not detected (< 4 pgikg)
to 22 000 pg/kg in different locations. Sediments from the southwest shore of
Grosse lle had low levels of contamination, while those in the vicinity of
Monguagon Creek had high fevels (Furlong ct al., 1988).

Lake sediment

The concentrations of individual PAH found in lake sediments in 1984-91
(Table 43) ranged from 1 to about 30 000 pg/kg dry weight. The total PAH
concentrations in surface sediments from Lake Michigan, USA, were
200-6200 pg/kg dry weight (Helfrich & Armstrong, 1986).
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Environmental fevels and human exposure

Table 43. Polycyclic aromatic hydrocarbon concentrations (ug/kg} in lake
sediments

Compound [1] [2] (3] [4]
Anthracene 160 41-620
Benz[alanthracene ND 150-1700 41
Benzo[a]pyrene 180~-2000 45
Benzo[blflucranthene 200
Benzoleg]pyrene 80 140-1500 75
Benzo[ghilflucranthene 75 18-270
Benzo[ghilperylene 21-1600 107
Benzo[Afluoranthene 126
Chrysene 250 124
Coronene 1

Dibenz{a, Ajanthracene 70
Fluoranthene 66-248 390 3303900 103
Fluorene 5.9
Indeno[1,2,3-cd]pyrene 100 25-1500 279
Naphthatene ND

Perylene 50 47-540
Phenanthrene 70-180 100 300-6600 81
Pyrene 110-122 340 210-3500 80
Triphenylene 25

ND, not detected; [1] Lake Padderudvann, Norway; 1981-82; reference
weight not given (Gjessing et al., 1984); [2] Lake Geneva, Switzerdand
(Dreier et al., 1985); [3] Cayuga Lake, USA, 1978; concentrations are
given as ng/g deepwater (Heit, 1985); [4] Lake Superior, USA (Hamburg
Environment Office, 1993)

Analysed by high-performance liquid chromatography or gas chromatography;
concentration in micrograms per kilogram dry weight

Marine sediment

The concentrations of individual PAH in marine sediments in 1985-91
(Table 44) varied widely, with maximum values up to about 4000 png/kg.

Sediments near power-boat moorings at the coral reef around Green
[sland, Australia, were found to contain measurable amounts of several
PAH, strongly suggesting that they originated from fuel spillage or cxhaust
emissions (Smith et al.. 1987).

The benzo[aipyrene level was 10°~10° times higher in bottom sediments
from the Baltic Sea than in water al the same location. The bottom sediments
also contatned more individual PAH than the corresponding water samples
(Veldre & Itra. 1991).

216



tic hydrocarbons

IC aroma

Selected non-heterocyciic polycyci

EHC 202

ey-200> FLG—HL g6t 62-8'0 0051 suaiyueusyd
gi1—te 18] B 00ce-L auallad

PLO1-8L qac—} 9'8-4'0 00L—aN suseyyden

4] 8=y R 0028 aualAdipo-g 2’ L Jouspuy)

HN 2k 1e50 00+-aN aualon|y

gl-Lo> £L61-9€ 0oce oec—<t Le-10 0002+  6SH/AN susyjueion|4
uN vl 2¥-G0 00%—QN 12 sUsdRIUWE[Y BlZUSgI]

HN 6.-1 auasddiaBlozuaqig

N ge-t1 auau0io)

80-¥0'0 > gée-le 5918 2-0'L 94 suasfiyp
GZ-L000 > 0810} 009 00reE-aON  86-0% ausyluelonybylozueg
92100 > €29-0L> 00L  Gge-¢i 00F-QN auaifadiyblozueg
9'0-1'0> 96E—VC Spe—L2 GZL6  GL-9°0 81-8'S auaiAdlglozueg
HN BE-E suaion|qlozusg

6r—LG ootl 008E-AN 9zt auayluelonjfgiozusg

£¥-v000 > 09v-20 S9g-vL QOLL 0914  EL-¥0 00229  S2-9l auaiAdlelozuag
HN =2 ausayluelonjejozuag

0'9-100~> 05251 0S51-6 61-8°0 006-1 6E-S auaoeiylue{elzuag
HN vi—6¢ aualueyiuy

0'+-900 > g1e-5 -9 LZ-£0 0o8—¢€ auaseIyuy
dN ev-9'0 0002—AaN ausjAylydeuasy

HN 9-aN ausyydeuaay

(8] {21 9} sl [¥] (el [l (1] punodwos

sluswipas eas W (By/61) suogellusouos U0 ea0IpAY dlewole JIDADAI0d t o|qeL

217



tal levels and human exposure

virorumen

En

AydeiBorewonyo seb o AydeiBorewioays pinbi souswiopsd-ybiy Aq pasAleuy

(£861 "2 18 ypwS) £861 "BIRASHY ‘joay seuieg yeesn [g] H{sael e 1o aissew) 086t ‘wopbuiy

PalUN 'Bag YUON 4] ((Zes) ‘suee 3 ueedwos) 892861 [ISBOD DY} WO WX 0/ UARIM 'SPUBLAYISN '89S YHON 8]
(1661 ‘'uonebapq spuepaylen) 1961 ‘'SpuepayieN Ussunsiey [g] Hggss e 18 uepsan) Ary ‘eag ueunbi [b)

(9861 1B 12 wIwWodiBW) €861 'AlRY "eag oneupy (€] {sg6) 1 10 ourpn} 3ouely ‘Bes uesueusipaiy [Z] (1664 ‘Bl g
alpjaa) usab 1ou Wwblam souasslal 'vu0ls] ‘eag anjeq [1] ‘psuodal lou 'Y ‘sluawainseaw aifuis Y/ \peloslap 1ou ‘aN

HN 009-¢ auafusydu |

gl—tQ> 469108 SPl—-0F Q9L Q081§ 0918 auslhd
(8] V4| Ig] [e] (¥ (el fe] (1] punoduic)
(P02} ¥ ajqe L

218



5.1.34

EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Maximum levels of 460 ugl/kg benzo{a]pyrene and 400 pg/kg
benzo|e]pyrene were determined in northern North Sea sediments in the
vicinity of oil fields. The hydrocarbon concentrations were above the back ground
levels only in water and sediments within a 2-km radius ol platforms, where
diesel-coated drill cuttings were dumped, The contribution of five- and six-ring
compounds o the total PAH in sediments was uncxpectedly high in samples
unlikely to be contaminated by oil. Their source was probably windborne
combustion products (Massie et al., 1935).

The following background concentrations have been reported in North Sea
sediments: <0.01-20 pg/kg dry weighi benzo[a]pyrene, <30 pg/kg uoranthene,
< 6 ug/kg benzo(h)fluoranthene plus benzo(k)fluoranthene, < 5 pgikg
benzo|ghil-perylene, and < 3 pg/kg indenofl,2,3-cdlpyrene (Compaan &
Laane, 1992),

Fstuarine sedimenis

The concentrations ol individual PAH in estuarine sediments in 1981-92
(Table 45) varied widely, with maximum values in the high microgram per
gram range. Measurements in sediments from the Continental Shelf of the
Atlantic Ocean and the Gironde Estuary, France, showed relatively little
contamination with PAH when compared with sediments {rom more polluted
European estuaries (Garrigues et al., 1987). The levels of PAH in estuarine
sediments in the United Kingdom were 10-500 pg/kg. Higher amounts of
fluoranthene (10001900 pg/kg) and pyrene (790 pg/kg) were reported in
estuaries of the River Mersey and the River Tamar (Readman et al., 1986).

The wotal PAH coneentrations in sediments from the Penobscot Bay region
of the Gulf of Maine, USA, ranged from 290 to 8800 pg/kg, with a distinet
gradient that decreased seawards. The PAH composition was uniformthroughout
Penobscot Bay. Particulates of combustion products transported in the
atmosphere were suggested to be 4 major source of PAH contamination. The
levels in Penobscot Bay sediments were significantly higher than expected for
an area previously considered to be uncontaminated and fell within the range
found in industralized regions throughout the world (Johnson et al,, 1985),

The Saguenay Fjordis the major tributary thatemplies into the St Lawrence
River estuary, and the area is highly industrialized. The PAH concemrations
were maximal neat the aluminium smelting plants that dominate the industrial
sector and which were considered to be the major source of PAH, and the levels
decreased with distance from this industrial zone. The concentrations of
benzo[a]pyrene, benzole Jpyrene, fluoranthene, benzo] #]fluoranthene, benzolf]-
fluoranthene, benzo|k)fluoranthene, chrysene and triphenylene, pyrene,
indeno[ 1,2,3-cd]pyrene, benz[alanthracene, dibenz[« ilanthracene, perylenc.
benzo[ghi)perylenc. and dibenzo{a.e|pyrene in sediments from the Saguenay
Fjord ranged from 2000 to 3800 pg/ke (dry or wet weight basis not given)
(Martel et al., 1986).
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5.1.3.6

Environmental levels and human exposure

Harbour sediment

The levels of individual PAH found in harbour sediments (Table 46) were
higher than those in rivers, lakes, or oceans, concentrations £ 650 ug/g being
reported.

Time trends of PAH in sediment

The PAH levels in sediments taken at various depths indicate changes and
trends in the sources of PAH, c.g. from coal combustion to oil and gas heating.
Measurements in sediments from Pldner Lake, Germany, showed that the
concentration of PAH in samples {rom the northern part of the take, which is
ina populated region situated near arailway, had increased fivefold since 1920,
whereas those in the southern part bad remained constant. The increase in the
northern part was attributed to an increase in the number of PAH emitters. As
most of the PAH in the sediment originated from coal combustion, the
concentrations decreased when coal-fired railway engines were replaced in
this arca. The benzofa]pyrene levels ranged from 240 to 2400 pg/kg dry weight
(Grimmer & Bohnke, 1975). These findings are consistent with the results of
time-dependent analyses of sediments from Lake Constance (Miiller et al.,
1977).

A general trend in decreasing PAH concentrations from north to south was
found in bottom sediments from the main stem of Chesapeake Bay, USA.
thoughttobedue tothe higher human population density in the northern region.
Maost ol the compounds appeared to be derived from the combustion or high-
temperature pyrolysis of carbonaccous fuels rather than from crude or refined
oils. The Ievels of PAH remained relatively constant over the period 197986
at the locations examined. Naturally occurring PAH usually comprised less
than 20% of the total; the finding of higher proportions may reflect riverine
transport of older sediments to the area or scouring and removal of recently
deposited sediments. The benzo[a]pyrene concentrations were 12-150 ug/kg
dry weight (Huggett ct al., 1988). Similar results were reported for sediments
from Buzzard's Bay, USA (Hites et al., 1977).

[n a study of PAH in sediment samples from the lagoon of Venice, ltaly,
ahistorical reconstruction of the PAH depositions in a dated drilling core made
it possible to distinguish between natural and anthropogenic combustion and
between different PAH sources, including direct petroleum spills and
sedimentary diagenesis. The predominance of unsubstituted homologues and
the relative abundance of some individual components suggested combustion
as the predominant source. The lowest values determined in the deepest strata
were assumed Lo be background concentrations resulting {rom pre-industrial
pyrolytic sources, such as forest fires and wood burning. The benzo|a]pyrence
levels were 2.2-17 ug/kg dry weight (Pavoni et al., 1987).
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5.14.2

EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Soil

A rough distinction can be made between local sources of pollution (point
sources} and diffuse sources. Point sources can obviously give rise to significant
local contamination of seil, whereas diffuse sources usually affect more
widespread areas, though to a lesser extent. The main sources of PAH in soil
are:

-— atmosphericdeposition afterlocal emission, long-range transport, and
pollution from combustion gases emitted by industry, power plants,
domestic heating, and automotive exhausts (Hembrock-Heger & Konig,
1990; Kéniget al., 1991) and from natural combustion like forest fires
(Hites et al., 1980);

— deposition from sewage (sewage sludge and irrigation water) and
particulate waste products (compost) (Hembrock-Heger & Konig,
1990; Konig et al., 1991); and

— carbonization of plant material (Grimmer et al., 1972).

The extent of soil pollution by PAH also depends on factors such as the
cultivation and use of the soil, its porosity, its lipophilic surface cover, and its
content of humic substances (Windsor & Hites, 1978). There is a correlation
between the organic content of a soil and the PAH concentration; humus
contains more PAH than a soil with little humic content, such as sand (Grimmer
et al., 1972; Matzner et al., 1981; Grimmer, 1993).

This section addresses PAH in soil resulting mainly from industrial
sources, automobile exhaust, and other diffuse sources and gives background
values. Attribution of a study to a particular section was difficul, as the sources
of PAH emissions are oflen mixed.

Background values

Table 47 gives background levels of PAH in soil in rural arcas. In non-
polluted areas, PAH concentrations were usually in the range 5-50 pg/kg.

Industrial sources

The PAH levels in soil resulting mainly from industrial sources arc given
in Table 48.

The PAH levels were determined in soil near one American plant where
animal by-products and brewer’s yeast had been processed since 1957. The
operation had subsequently expanded to include the handling of solvents, flue
dust, chips, acids, cyanides, and a wide variety of industrial waste. Extremely
high PAH concentrations were found in the soil (Aldis et al., 1983).

PAH were detected in the soil at the sites of former coking plants in Canada
{Environment Canada, 1994}, For example in Lasalle, Quebec, the benzo[a]-
pyrenelevelsin 1983 ranged from nonc detected to 1300 pg/g dry weight. The

225



5143

Environmental levels and human exposure

Table 47. Polycyclic aromatic hydrocarbon concentrations (Lg/kg dry
weight} in soil of background and rural areas

Compound 1] [2} i3] [41
Acenzphthene 1.7 < 1-21

Acenaphthylene ND/3.0

Anthracene 1.2/4.2
Benzo[alpyrene 15 6-12 13/22 ND-4.0
Benze[b]flucranthene 14/25
Benzo[ghilperylene 49/28 ND-3.3
BenzoiAlfluoranthene 0.2-3.3
Fluoranthene 22 8-28 35/73 ND-28
Fluorene ND < 1-10

Indeno{t,2,3-cdipyrene 0.5-4.0
Naphthalene 46 13-60 3.8/11
Phenanthrene 30 17-21 18/39 ND-76
Pyrene 20 9-25 29/42

ND, not detected; /, single measurements; {1] Norway {depth, 0-10 cm},
reference weight not given (Vogt et al., 1987); [2] Norway (Aamot et al,,
1987); [3] Wales, United Kingdom (depth, 5 cm) (Jones et al., 1987);

[4] Green Mountain (depth, 0-5 cm), USA (Sullivan & Mix, 1985)

Analysed by high-performance liquid chromatography or gas
chromatography

facility closed in 1976, and by 1991 the benzola]pyrenc concentration was
helow 10000 pgskg. In Pincher Creek, Alberta, high levels of alkylated PAH
were measured after a relinery was dismantled. Maximum concentrations of
260 ugl/g dry weight each of fluoranibene and pyrene were measurcd,
benzo|¢]pyrene was not detected.

PAH profiles were found to depend on the depth of soil from which the
samples were taken. A comparison of soil samples from an area ol clean air and
from an industrialized area showed that the concentrations of PAH with lower
boiling-points (fluoranthene, chrysene, and pyrene) decreased with depth,
whereas those of PAH with higher boiling-points (indeno[1,2,3-cd]pyrene,
dibenzfa,f)anthracene. benzo{ghilperylenc, and coroncne) were relatively
grecater. The opposite would have been expected on the basis of the solubility
of these PAH (Jacob et al., 1993b).

Diffuse sources
{a} Motor vehicle and aircraft exhaust
The concentrations of individual PAH in soil resulting mainly from motor

vehicle exhaust (Table 49) usually range between | and 2000 pg/kg. The PAL
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Table 48. Polycyclic aromatic hydrecarbon concentrations {pug/kg dry
weight) in soif near industrial emissions

Compound 1] [2] [3] [4]
Acenaphthene 54 5090 000
Anthracene 144 000 1600 70
Benz{alanthracene 79000 200 000
Benzo[ajpyrene 38000 321 100
Benzo[b]fluoranthene 200
Benzo[e]pyrene 35 000

Benzo[ghilperylene 100
Benzo[k]fluoranthene 130 000 100
Chrysene 1210000
Fluoranthene 34000C 573 234 000 200
Fluorene 80 8 600 000
Indeno[1,2,3-cd|pyrene 100
Naphthaiene 48 5200 2.4
Perylene 12 000

Phenanthrene 506 000 353 20 000 000 40
Pyrene 208000 459 16 000 000 100

[1] Near coal gasification plant, Netherlands, concentrations in pg/kg wet
weight (de Leeuw et al., 19886); [2] Norway, reference weight not given
{Vogt et ai., 1987); [3] Near processing plant, USA, 1982; maximum
(Aldis et al., 1983); values, analytical method, and reference weight not
given; [4] Area of an abandoned coal gasification plant, USA; reference
weight not given (Dong & Greenberg, 1988}

Analysed by high-performance liquid chromatography or gas
chromatography

content of soil often decreased with increasing depth (Matzner et al., 1981,
Wang & Meresz, 1982; Butler et 1., 1984). Near a motorway in the Midlands,
United Kingdom, PAH were determined at depths of (0—4 ¢m and 4-8 cm.
Extremely high concentrations werce found in the surface layer, but soil at a
depth of 4-8 cm was two times less contaminated (Butler et al., 1984), The
pollution may have been a result of airborne transport or of microbial or
photochemical degradation (Hembrock-Heger & Konig, 1990). Comparably
high levels of PAH were found at Reykjavik Airport, Iceland (Grimmer et al..
1972; sec Table 49).

{h} Other diffuse sources

Table 50 gives the levels of PAH from unpecified sources in soil.
Benzo[a)pyrene levels of 800 pg/kg were found in humus, 100-800 ug/kg in
garden soil, 35 pg/kg in forest soil, and 0.8-10 pg/kg in sand (Fritz, 1971),
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Environmental levels and human exposure

Table 49. Polycyclic aromatic hydrocarbon concentrations (ug/kg dry
weight) in soil of areas predominantly polluted by vehicle exhaust

Compound ] 2] [3] 4] {5]
Acenaphthylene 71
Anthracene 0.2 13 11
Anthanthrene .4 149

Benzfalanthracene 23 430 169-3297 13
Benzo[a]pyrene 3.2 785 165-3196 38 24
Benzo[blflucranthene a1
Benzo[e]pyrene 45 870 1592293 28
Benzo[ghiperylene 7.4 1450 168 46
Benzo[kjfluoranthene 78
Chrysene 4.1 436 251-2703 39
Coronene 1.8 410 40-322 37
Dibenz{a,hlanthracene 1.1 351 2
Fluoranthene 6.5 1290 200-3703 9N 37
Flucrene 5
Indeno[1,2,3-cd]pyrene 36
Naphthalene 3
Perylene 0.6 157 6
Phenanthrene 17 1735 92 45
Pyrene 3.5 1610 1454515 72 61

[1] lceland (depth, 20 cm; reference weight not given) (Grimmer et al.,
1972); [2] Reykjavik Airpon, lceland (surface soil, reterence weight not
given) (Grimmer et al., 1972); {3] United Kingdom, surface soil near
maotorway; analytical method, adsorbance measurement, reference
weight not given) (Butler et al., 1984); [4] United Kingdom (urban soil;
depth, 5 cm) (Jones et al., 1987); [5] Brisbane, Australia (Pathirana et
al., 1994)

Analysed by high-performance liquid chromatography or gas
chromatography

The PAH concentrations of cultivated soil were slightly higher than those
in virgin soil. For cxample, the benzo[a]pyrene concentrations were
65-87 pg/kg in culiivated soil and 54 wg/kg in virgin soil (Wang & Meresz,
1982). The PAH levels in cultivated soils from German gardens at a maximum
depth of 25 cmdecreased from industrial areas (fluoranthene, 590-2500 pg/kg;
benzo[alpyrene, 220-1400 ug/kg) to rural areas (fluoranthene,
100-390 pg/kg; benzo[alpyrene, 30-150 pg/kg) and with seil depth
(benzofa)pyrene concentration, 280-3000 pg/kg at 0-30 cm, 604600 pg/kg
at 30-60 c¢m, and 10-7900 pg/kg at 60-100 cm). High PAH concentrations
were found at a depth of 100 c¢m in soil from an old industrial area and from an
areafilled with contaminated soil. In compost soil, benzo{a]pyrene was present
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

at a concentration of 0.10-2.5 mg/kg in 1986 and 0.02-1.3 mg/kg in 1987
(Crossmann & Wiistemann, 1992).

Fluoranthenc and pyrene werc measured in soil samples, from a wooded
arca in Maine, a marshy area of Scuth Carolina, a grassy, uncultivated meadow
in Nebraska, a mossy area with pine needles in Wyoming, and a sandy desert
area in Nevada, USA, and in dark brown, red clay, and light brown Joam from
Samoa. The highest levels of individual PAH (up to 80 pg/kg) were found in
the soil from the wooded area in Maine. The levels in the marshy and grassy
soils of South Carolina and Nebraska were 8.4-26 up/kg. The other soils
sampledl contained fluoranthene and pyrene at levels < 1 pg/kg (Hites et al,
1980).

In Iceland, the concentrations of individual PAH in lava soil at depths of
3 and 25 em were near the limit of detection. Similar levels were found in
vegetable soil at depths of 10 and 30 ¢m. but the concentrations at 10 cm were
twice as high as those at 30 cm (Grimmer ct al., 1972).

Higher levels of PAH were found in the humus layer of spruce and beech
forcst ecosystems than in the mineral soil, but the spruce stand contained and
stored more PAH than the beech stand (Matzner et al., 1981 ). Forest soils in
Germany contain many PAH in large amounts; Table 48 shows the PAH
concentrations in one forest brown soil. The first humic layer of the soil had
the highest PAH concentration, and the level decreased with depth to below the
limit of detcction in layers below 10 cm (Bachmann et al., 1994).

The concentrations of PAH were no higher in soil that had been treated
with sewage sludge than in untreated soil, indicating that sewage sludge is not
a major source of PAJI (Hembrock-Heger & Konig, 1990; Kénig etal., 1991).

Time trends of PAH in soil

Soilsamples collected [rom Rothamsted Experimental Station in southeast
England overa period of about 140 years (1846-1980) were analysed for PAH
{Jones ct al., 1987). All of the soils were collected from the plough layer
(0-3 cm) of an experimental plot for which atmospheric deposition was the
only source of PAH. The total PAH burden of the plough layer had increased
by approximately fivefold since 1846. The concentrations of most of the
individual PAH {anthracene, anthanthrene, fluorene, benzola]pyrene,
benzole]pyrene. fluoranthene, benzo(b]fluoranthene, benzo[k]fluoranthene,
chrysene, pyrene, indeno[1,2.3-cdjpyrenc, phenanthrene, and benzfal-
anthracene ) had increascd by about one order of magnitude. For example, the
benzolalpyrene level was 18 pg/kg in 1846 and 130 pg/kg in 1980, and the
anthracene level was 3.6 tg/kg in 1846 and 13 pg/kg in 1980, The levels of
coronene, acenaphihylene, acecnaphthene, perylene, and benzofghilperylene
remained approximately the same, whereas the naphthalene content decreased
from 39 ug/kg in 1846 to 23 ug/kg in 1930.
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5.1.5

5.1.5.1

Environmental levels and human exposure

Food

In the past, benzo[alpyrenc was the most common PAH determined in
foods and was used as an indicator of the presence of PAH (Tilgner, 1968). The
earliest measurements of PAH, in particular of benzo|ajpyrene, date to 1954;
these were reviewed by Lo & Sandi (1978) and by Howard & Fazio (1980}. The
levels of individual PAH in foods in more recent studics are summarized in
Tables 51-56.

Mear and meat products

The concentrations of individual PAH found in meat are shown in Table 51,
Inacomparison of home and commercially smoked meats in Iceland, very littic
benzo[a]pyrene was detected in smoked sausage and mutton, but considerable
amounts ol benzo[alpyrene and other PAH were found in home-smoked
mutton and Jamb, independently of whether they were covered with cellophane
or muslin. About 60-75% of the total benzo{a]lpyrene was detected in the
superficial (outer) layers of the meat (Thorsteinsson, 1969). These findings are
in agreement with those of Rhee & Bratzler (1970) for smoked bologna and
bacon and with those of Tilgner (1958) and Gorelova et al. (1960).

The amount of PAH formed during roasting, baking, and frying depends
markedly on the conditions (Lijinsky & Shubik, 1964). In an investigation of
the effect of the method of cooking meat, including broiling (grilling) on
electric or gas heat, charcoal broiling, and broiling over charcoal in a no-drip
pan, it was shown that the formation of PAH can be minimized by avoiding
contact of the food with flames, cooking meat at lower temperatures for a
longer time, and using meat with minimal fat (Lijinsky & Ross, 1967). The
mostlikely source of PAH is melted fat that drips onto the heat and is pyrolysed
(Lijinsky & Shubik, 1963). The exact chemical mechanism for the formation
of PAH is unknown.

In one study, the highest concentration of benzo[aJpyrene (130 ug/kg) in
cooked meat was found in fatty beef, and the concentration appeared to be
proportional to the fat content (Doremire et al., 1979). Levels of about
50 pg/kg were detected in a charcoal-grilled T-bone steak (Lijinsky & Ross,
1967), in heavily smoked ham (Toth & Blaas, 1972), and in various other
cooked meats (Potthast, 1980). Usually, benzo[ajpyrene levels up to 0.5 Lg/kg
have been found (Prinsen & Kennedy, 1977).

In meat, poultry, and fish in Canada, benzo[k]fluoranthene was detected at
concentrations up to 0.30 pg/kg and benzo[u«]pyrene up to 1.1 pg/kg
(Environment Canada, 1994).

Benzolalpyrene was found in some German meat products in 1994 at
concentrations generally < 1 ng/kg . The highest concentration, 9.2 pg/kg, was
found in a ham from the Black Forest (Staic Chemical Analysis Institute,
Freiburg, 1995).
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EHC 202: Selected non-heterocyclic polycyciic aromatic hydrocarbons

Fish and other marine foods

Renzo[a]pyrene was found at levels ranging from none detected to
18 pg/kg in smoked fish. The differences were probably duc to factors such as
the type of smoke generator, the temperature of combustion, and the degree of
smoking (Draudt, 1963). The highest concentration of benzo[a]pyrenc
(130 pg/kg) in seafood was found in mussels [rom the Bay of Naples (Bourcart
& Mallet, 1965), and alevel of abowt 60 Lg/kg was detected in stmoked eel skin.
Most of the fish analysed contained 0.1-1.5 pg/kg (Steinig, 1976).
Benzo[a]pyrenc was also detected at levels up to 3.3 pg/kg in 21 samples of
smoked fish, oysters, and mussels ol various origins (Prinsen & Kennedy,
1977). The levels of individual PAH are summarized in Table 32.

Dairy products: cheese, butier, cream, milk, and related products

PAH were detccted in considerakle amounts in smoked cheesc (Prinsen &
Kennedy, 1977; Lintas et al,, 1979; McGill et al., 1982; Osborne & Crosby,
1987a). The benzola]pyrene content of a smoked Italian Provelacheese was 1.3
we/keg (Lintas et al., 1979). Concentrations of 0.01-5.6 pg/kg fresh weight
fluoranthene, benz|«)anthracene, benzo[c]phenanthrene, benzolalpyrene,
benzo[ghilperylene, and indeno|1.2,3-cd]pyrene were found in a smoked
cheese sample and 0.01-0.06 pg/kg in unsmoked cheesc from the United
Kingdom (McGili et al., 1982). In other unsmoked cheese samples from the
United Kingdom, the individual PAH levels were between < 0.01 pg/kg for
dibenz[a,sr]anthracene and 1.5 pgfkg for pyrene. Similar concentrations of
PAH were found in British butter and cream samples (Dennis et al., 1991).

In Finnish butter samples, most of the measured PAH (phenanthrene,
|-methylphenanthrene. fluoranthene, pyrene, benzo[a]fluorene, benzof ghil-
fluoranthene, cyclopentalcd]pyrene, perylenc, anthanthrene, benzo[ghi |pyrene,
and indeno}l.2,3-cd]pyrene} occurred at levels < 0.1 pg/kg. The maximum
level was 1.4 ng/kg Aluoranthene (Hopia ct al., 1986).

The concentrations of fluoranthene, pyrene, benz[alanthracene, chrysene,
benzo[ b]fluoranthene, benzo| & |fluoranthene, benzolalpyrene, benzole|pyrene,
perylene, benzo[ ghi]pyrene.indeno(1,2,3-cd pyrene, and dibenz|a b Janthracene
were nieasured in mitk, milk powder, and other dairy products in Canada
{Lawrence & Weber, 1984}, the Netherlands {de Vos et al.. 1990}, and the
United Kingdom (Dennis ct al., 1983, 1991). The concentrations ranged from
< (101 pg/kg for benzo[k]fluoranthene and dibenz|a.kanthracene to 2.7 pg/kg
for pyrene.

Canadian infant formula was found to contain 8.0 wg/kg fluoranthene,
4.8 ugikg pyrene, 1.7 ng/kg benz[alanthracene, 0.7 g/kg benzo[ bflucranthene.
1.2 pg/kg benzofa|pyrene. 0.6 ng/kg perylene, 0.3 pg/kg anthanthrene, and
1.2 pg/kg indeno[ 1,2, 3-cdpyrene (Lawrence & Weber. 1984). Slightly lower
levels were detected in British samples in 1982-83 (Dennis et al., 1991).
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Table 52. Polycyclic aromatic hydrocarbon concentrations {(pug/kg) found in fish
and marine foods

Compound (] 12 (3] 4 (sl 8l
Acenaphthene

Anthracene 0.9 1.3-643 1.4-436

Benz{alanthracene 1.3 ND-11.2 ND-6.3 ND--86 Trace-0.09
Benzola]pyrene 1.4 ND-55 ND-54 0.10 ND-18 Trace-0.35
Benzo[b]fluoranthene 2.0 ND-39 ND-36 0.35
Benzo[c]phenanthrene ND-15 0.01-0.08
Benzo[e]pyrene ND-2.8 ND-3.0

Benzo[ghilperylene 0.9 ND-2.8 ND-1.8 43 ND-25 Trace-0.39
Benzo[A]fluoranthene 0.7 ND-6.7¢ ND-512 0.10

Chrysene 2.9 ND-13.0° ND-8.4¢

Dibenz[a,h]anthracene

Fluoranthene 1.8 1.4-79.9 1.7-48.4 24

Flucrene

Naphthalene

Indeno[1,2,3-cdlpyrene 1.6 ND-7.1 ND-24 2.7 ND-37 ND-0.33
Perylene ND-1.2 ND-1.0

Phenanthrene 3.5 5-330 10.4-277

Pyrene 1.3-678 2.1-38.4

ND, not detected; NR, not reperted; [1] Fish, Netherlands {de Vos et al., 1990);
[2] Herring, whitefish, mackerel, eel, salmon, salmon trout, various fillets; all
smoked; Sweden {Larsson, 1982); [3] Fish and fish products: sprats, herring,
rainbow trout, caviar, herring paste, salmon paste; all smeoked or canned; Sweden
{Larsson, 1982); [4] Kippers, United Kingdom (Crosby et al., 1981); [5] Fish
{smoked), United Kingdom, concentration in pg/kg wet weight (McGill et al., 1982);
[6] Fish, unsmoked, United Kingdom, concentration in ug/kg wet weight (McGill

et al., 1982)

PAH wercdetected atlevels of 0.003-0.03 pg/kg inhuman milk (Hecschen,
1985).

5154 Vegerables

The levels of PAH found in vegetables in recent studies are listed in
Table 53.

Fluoranthene, but no other PAH, was reported to have been found in
unspecified fruits and vegetables in Canada at levels of none detected to
1.8 ng/kg (Environment Canada, 1994). Kale was found to contain high
concentrations of fluoranthene (120 pg/kg), pyrenc {70 ngfkg), chrysenc
(62 ug/kg), and benz[alanthracene (15 pg/kg), and PAH concentrations up to
7 ng/kg were determined in other vegetables (Vacssen et al.,, 1984). The
differences in PAH content bave been attributed to variations in the ratio of
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Table 52 (contd)

Compound 81 [9] [10] [1] [12] [13] [14]
Acenaphthene < 2-513 2.22-22.3

Anthracene «2-784 ND-588 ND-06 ND-1.9 <0.05
Benz[alanthracene 014 16-75 <2 0.14-5.31 0.8-3.0 0.8-20.9
Benzo[alpyrene 013 t4.5 <2-763 ND-533 04-1.0 0.2-122 <0.004
Benzo[b]fluocranthene 0.13 0.13-5.77 4.5-12.2° 1.2-24.3
Benzo[elpyrene 0.12 24-6.3 07-76
Benzo[ghijperylene 0.12 0.17-30.9 04-0.8 0.3-57
Benzolklfluoranthene 0.04 NR NR < 0.002
Chrysene 0.65 <2 ND-159 3.2-8.8° 3.9-30.8° <0.03
Dibenz[a,hlanthracene 0.03 0.21-39.3 0.1-0.2¢ <0.1-0.5¢
Flucranthene 0.1 < 2-123.5 ND-32.7 5.1-17.5 4.5-18.7
Fluorene <2-185 ND-65.7

Naphthalene < 2-67.4 2.06-156.1

Indeno[1,2,3-cd]pyrene 0.28-286 03-06 02-64

Perylene 02-2.7 0.1-31 <0.05
Phenanthrene <2-100.8 5.84-87.2 21-42 1.9-196

Pyrene 0.79 < 2-144.9 ND-68.0 3.1-124 2.6-11.2 «0.03

ND, not detected; NR, not reported; [8] Fish, United Kingdom (Dennis et al., 1983);
[9] Fish, Nigeria (Emerole et al., 1982); [10] Fresh fish from the Arabian Gulf: andag,
sheim, gato, sheiry, faskar, chaniedah; alter an oil spill {Al-Yakoob et al., 1993);

[11] Fresh fish and shrimps, Kuwait, after Gulf war {Saeed et al., 1995); [12] Fresh
oysters, various origins, concentration in pg/kg wet weight {Speer et al., 1980);

f13] Canned or smoked oysters and mussels, various origins, cancentration in pg/kg
wet weight (Speer et al., 1920); [14] Clam, Australia; analytical method: fluorescence
spectrophotometry; concentration in pg/kg wet weight (Smith et at., 1987)

Analysed by high-performance fiquid chromatography or gas chromatograghy;
reference weight not given, unless otherwise stated

? In sum with benzo[jfluoranthene
* In sum with triphenylene

¢ Benzof b+ f+ Klflucranthenes

4 Dibenz[a, h+a,clanthracenes

surface area:weight, in location (rural or industrialized), and in growing
season. Washing (at 20 °C) vegetables contaminated by vehicle exhausts did
not reduce the PAH contamination (Grimmer & Hildebrandt, 1965).

In a comparison of the PAH contents of terrestrial plants grown in
chambers containing ‘clean air’ and in the open field, the contamination was
shown 10 be due almost exclusively to aithorne PAH, which were not
synthesized by the plants (Grimmer & Diivel, 1970) .
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5.1.5.6

EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

The benzofalpyrene levels in potatoes in eastern Germany were
0.2-400 pg/ke. The highest concentrations were detected in the pecl of
potatoes grown in soil containing 400 pg/kg benzo[alpyrene, 750 pelkg
benzole]pyrene, 1000 ug/kg benz[ajanthracene, 600 up/kg chrysene,
160 pe/kg dibenz[a,h)anthracene, 1000 pg/kg benzolb]fluoranthene,
2300 pg/kg phenanthrene, 1800 ug/kg pyrene, 220 pgfkg benzolk]fluoranthenc,
500 pg/kg indeno[1,2,3-cdlpyrene, 2500 pg/kg fluoranthene, and 120 pg/kg
anthracene (Fritz, 1971, 1972, 1983).

High concentrations of PAH were detected in lettuce grown close to a
highway; the levels of individual PAH decrcased with distance from the road.
Washing the vegetables reduced their content of high-molecular-mass PAH
but not of phenanthrene (Larsson & Sahiberg, 1982). In another study, the
profiles of PAH in letwuce were similar to those in ambient air, indicating that
deposition of airborne particles was the main source of contamination
(Wickstrom et al., 1986).

PAH concentrations were determined in fenugreck, spinach beet, spinach,
amaranthus, cabbage, onion, lettuce, radish, tomato, and wheat grown on sotl
that had been ircated with sewage sludge. The levels ol individual PAH in
lettuce leaves (Table 53) were one to two orders of magnitude lower than those
inthe sewage sludge and the soil on which the lettuce was grown (Lenin, 1994).

The PAH levels in carrots and beans grown near a German coking plant
were below 0.5 pg/kg wet weight. The levels of {luoranthene were
1.6-1.7 pg/kg and those of pyrenc 1.0-1.1 pgfkg. Vegetables with large, rough
leaf surfaces, such as spinach and lettuce, had PAH levels that were 10 times
higher, perhaps due to deposition frem ambient air (Crissmann & Wiistemann,
1692}

Fruits and confectionery {Table 54)

Higher concentrations of PAH were found in fresh fruit than in canned fruit
or juice. and especially high concentrations of phenanthrene (17 pg/kg) and
chrysenc (69 pg/kg) were found in nuts (de Vos et al., 1990). In 1982-83 in the
United Kingdom, high PAH levels were found in samples of puddings,
biscuits, and cakes, which were probably derived from vegetable oid. Similar
concentrations of individual PAH were detected in samples of British chocolate
{Dennis et al., 1991).

Cereals and dried foods

Wheat, corn, oats, and barley grown in arcas near industrics contained
higher levels of PAH than crops from more remote arcas. Drying with
combustion gases increased the contamination by three- to 10-fold; use of coke
as fuel resulted in much less contamination than oil (Bolling, 1964). Cereals
contained benzolalpyrene at levels of 0.2-4.1 pg/kg (Table 55). The highest
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5.1.5.7

5.1.3.8

Environmental levels and human exposure

concentrations, up to 160 pg/kg, were found in smoked cereals (Tuominen ¢t
al., 1988}.

The PAH concentration in rye grown ncar a highway with high traffic
density decreased slightly 7-25 m away from the road (Larsson, 1982).

Beverages

Benzola]pyrene was found at 0.8 pg/kg in coffee powder, 0.01 pg/litre in
brewed coffee, 9.51 pg/kg intealeaves, and 0.02 pg/litre in brewed tea (Lintas
etal., 1979). In 40 samples of tea leaves from India, China, and Morocco, the
concentration of benzo[alpyrene was generally 2.2-60 ng/kg, although
concentrations up to 110 pg/kg were found in smoked teas (Prinsen &
Kennedy, 1978).

In samples of whisky and beer, the concentrations of six of 11 PAH
(benzo[blfluoranthene, benzolk]fluoranthenc, benzolajpyrene, benzolghi]-
perylene, dibenz[a.fi]lanthracenc, and indeno[1,2,3-cd]pyrene) were below or
slightly above 0.01 pg/kg. The highest level determined (0.24 pg/kg) was that
of pyrene (Dennis et al., 1991). The PAH content of the water used in the
preparation of whisky and beer was not described.

Vegerable and animal futs and oils

The levels of PAH in oil products, butter, and margarine are listed in
Table 56. Vegetable oils are reported to be naturally free of PAH, and
contamination is due to technological processes like smoke drying of oil sceds
orenvironmental sources such as exhaust gases from traffic. The PAH content
of native olive oils was particularly high (Speerctal., 1990). The PAH content
of coconut, soya bean, maize, and rapesecd oil was radically reduced during
refining, particularly by treatment with activated charcoal (Larsson et al.,
1987}, This method is now widely used (Dennis et al., 1991).

Benzola]pyrene was detected in 30 vegetable oils from Italy and France in
1994, including 17 grapc-seed oils and one pumpkin-seed oil. The average
concentration was 59 pg/kg, and the maximum value was 140 pg/kg,
Benzo[b]fluoranthene, benzo[k]fluoranthene, dibenz[a,h]anthracene, and
indeno[1,2,3-cd]pyrene were also found in measurable amounts. The source of
these high fevels was the smoke in drying ovens (State Chemical Analysis
Institute, Freiburg, 1995).

Lard and dripping were found to contain levels of individual PAH ranging
from < 0.01 pgrkg dibenzlafilanthracene) to 6.9 pg/kg fluoranthene (Dennis
ctal, 1991). High PAH levels were found in margarine samples in studies in
Finland {Hopia et al., 1986), the Netherlands (Vaessen et al., 1988), New
Zealand (Thomson et al., 1996), and the United Kingdom (Dennis et al., 1991)
(sec Tahle 56).
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EHC 202.
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Plants

PAH with low molecular masses are more readily taken up by vegetation
than those with higher molecular masses (Wang & Meresz, 1982).

fn astudy of PAH levels in soil (see section 5. 1.4}, leaf litter, and soil fauna
(see section 5.1.7) from a roadside in Brisbane, Australia, vegetation height,
soil depth, and distance from the roadside were found to be important in the
distribution of PAH. The concentration of PAH in leaf littes declined
exponentially with distance from the roadway, few PAH being detectable 30 m
away., A decrease in PAH levels with height was found in the roadside
vegetation canopy. In leaf litter, fluorcne, phenanthrene, fluoranthenc, pyrene,
chrysene, benzofk]fluoranthene, and benzo[ghi]perylene were present at
concentrations of about 100 ug/kg wet weight. Naphthalene, benz|ajanthracene,
benzo[e]pyrene, benzo[a)pyrene, and indeno[ 1,2,3-cd|pyrene were present at
about 50 pg/kg wet weight, whereas anthracenc was present at concentrations
below 10 pgikg wet weight. Perylene and dibenzia hlanthracene were not
detectable. The tree Casuarina littorina contained high levels of pyrene and
chrysenc (100 pg/kg wet weight each) and benzofk|fluorantbene (72 jLg/kg wet
weight); the concentrations of fluoranthene, phenanthrene, and benzofghi}-
perylene were about 40 pg/kg wet weight. Perylene, indeno| 1,2,3-cd]pyrene,
dibenz[a, hlanthracene, benzo|ghilperylene, and coronene were not detectable
(Pathirana er al,, 1994).

The benzo|alpyrene levels in spruce sprouts {rom a rural area of Germany
(Bomhovede, Schleswig-Holstein) decreased from 2.6 pgifkg in 1991 10
1.3 ug/kg in 1993, The concentsations of PAH with low boiling-points
significantly decreased between 1991 and 1993: for example, thatof fluoranthene
decreased from 44 pg/kg in 1991 to 11 pg/kgin 1993, perhaps duc to adecrease
in coal burning. The levels of phenanthrene, fluoranthene, pyrene, and
benzolb)fluoranthene plus benzolj]fluoranthene plus benzolk]fluoranthene
were about 10 pg/kg; those of benzo[ghilflucranthene, benzo[clphenanthrene,
benz{a]anthracene, benzo(e)pysene, benzolajpyrene, indeno[1,2,3-cd]pyrene,
benzo[ghilperylene, and coronene were about 2 pg/kg; andthose of anthracene,
dibenz[a,hlanthracene, and anthanthrene were < 1 fg/kg, The PAH levels in
spruce sprouts from the Saarland, an industrial area in Germany, were about 10
times higher than those in the Bornbdveder area, although these levels also
decreased between 1991 and 1993: from 5.9 to 4.1 pg/kg for benzo[a]pyrene
and 97 to 58 pglkg for fluoranthene. the concentrations of pyrenc were
40-50 pg/ke, those of benzo[b]fluoranthene plus benzolj]{luoranthene plus
benzo[kifluoranthenc were 20 pg/kg, and those of benzo[ghilperylenc,
benzoc]phenanthrene, benz|alanthracene, henzofe]pyrene, benzofalpyrene,
indeno[1,2,3-cd|pyrene, dibenz[a,h)anthracene, benzo[ghi]perylene,
anthanthrene, and coronene were < 10 pg/kg (Jacob & Grimmer, 1994, 1995).
In 1994, the PAH levels had decreased further. Overall, a 25% decrease in the
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Environmental levels and human exposure

PAH levels in spruce sprouts was scen over the previous 10 years (Jacob &
Grimmer, 1995).

The PAH profiles in spruce sprouts and poplar leaves were reasonably
similar in arcas with clean air (Bavarian forests) and in industrialized areas
(Saarland) of Germany, indicating that one emission source is predominantly
responsible for air pollution by PAH. Hard-coal combustion resulied in a
charactenstic PAH profile (Jacob et al.. 1993a).

The concentrations of PAH in pine necdles from Ditbener Heide near
L eipzig {Saxony, Germany) were similar 1o those from the Bornhoveder area
{Schieswig-Holstein, Germany). with an average benzolalpyrene level of
2.3 pgfkg (Jacob & Grimmer, 1995).

Beech teaves fromthe Harz mountains in Germany contained fluoranthene
at a level of 3 ngfkg, whereas the concentrations of phenanthrene, pyrene,
benzojb|ftuoranthene plus benzofjfjfluoranthene plus benzok]fluoranthene,
anthracene, benz]alanthracene. benzofe)pyrene, benzo] a]pyrenc, indeno[ 1,2,3-
cd]pyrene, dibenzla.hjanthracenc, benzo[ghi]perylene, anthanthrene, and
coronene were all < 2 pg/kg. Beech sprouts in an industrial area in eastern
Germany contained 10~15 times higher levels of PAH. with fluoranthene at
about 60 png/kg, pyrene at about 30 g/kg, benzo[&]fluoranthene plus benzo{j)-
fluoranthene plus benzo|k]tfluoranthene at about 10 pg/kg, and anthracene,
benz[a]anthracene, benzofe]pyrenc, benzo[a]pyrene. indeno( 1.2,3-cd]pyrene,
benzo[ghilperylene, coronene, dibenz{w,st]anthracene, and anthanthrene at
< 2 pg/kg (Jacob & Grimmer, 1995).

Comparable results were obtained in poplarleaves;: those from the Saarland
analysed in 1989, 1991, and 1993 had 10 timnes lower concentrations of PAH
thanthose in Diibener Heide, The concentrations of phenanthrene, fluoranthene,
and pyrenc were about 20 lg/kg, those of benzolé]tluoranthene plus
benzo[/]fluoranthene plus benzofkflucranthene were about 10 pg/kg, and
those of anthracene, benz[«Janthracene, benzo[e]pyrene, benzo[a]pyrene,
indeno[1,2.3-cd]pyrene, dibenz[a.ft]anthracene, benzo[ghi|perylenc,
anthanthrene, and coronene were < 5 pwg/kg (Jacob & Grimmer, 1995).

Animals
Aquatic organisms

Aquatic invertebrates are known 1o adserb and accumulate PAH from
water {sce section 4.1.5). The concentrations of PAH in aquatic organisms
collected from various sites are listed in Tables 57-64. All of the sampling sites
listed in Tables 57-60 were contaminated with industrial effluents, the major
components of the PAH profile being benzo[#)fluoranthene, benz[alanthracene,
benzolalpyrene, benzolelpyrene, fluoranthene, pyrene, and phenanthrene.
The average levels of PAH in aquatic organisms from these sites ranged from
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EHC 202: Selected non-heterocyclic polycyciic aromatic hydrocarbons

1 10 100 pgrkg; the differences in levels generally corresponded to the degree
of industrial and urban development and shipping movements.

The levels in holothurians from urban sewage were 1-15 mg/kg (Milano
et al., 1986).

Concentrations of 1-3 mg/kg individual PAH were found in limpets
{Patella vulgatay in the North Sca (Knuizen & Sortland, 1982). The PAH
concentrations in two species of bivalves in Saudatjorden (Norway) near an
iron alloy smelter decreased rapidly with distance from the source, but the
compounds could still be detected more than 13 km away. High levels of
individual PAH were reportedin musscls (Modiolus modiols), withmaximum
levelsof 57 000 pg/kg benzo[bifluoranthene, 25000 Lg/k g benz[alanthracene,
23 000 pg/kg benzole]pyrene, 21 000 pg/ke benzojalpyrenc, 20 000 pg/kg
fluoranthene, 8200 pe/kg pyrene, 6000 pgfkg benzo[ghilperylene, 4000 ug/kg
perylene, 2900 peg/kg benzofalfluorene, 2300 pgikg benzo[blfluorene,
2200 pg/kg dibenz[a,hlanthracene, 2000 pg/kg benzolc]phenanthrene,
1100 pg/kg phenanthrene, 524 ug/kg anthracenc, and 360 jig/kg anthanthrene
(Bjgdrseth, 1979). A very high level of anthracene (243 pg/kg) was found in
mussels {Myrilus edulis L.) inthe North Seanear the Dutch coast (Boom. 1987).
Mussels in the USA frequently contained up to SO0 pg/kg of individual PAH
(Heit ct al., 1980; Mix & Schaffer, 1983).

The levels of PAH in pooled mussel samples in 1986, 1988, and 1990 in
Germany were about 10 pg/kg for fluoranthenc, pyrene, chrysene plus
triphenylene, benzo[b]fluoranthenc plus benzo{j]flucranthenc plus
benzol4)fluoranthenc, and benzole]pyrene and <4 pg/kg for benzo[ghiltluoran-
thene plus benzo[c]phenanthrene, benzla]anthracene, benzolalpyrene,
indenofl,2,3-cd]pyrene, dibenz[a,hlanthracene, benzo[ghi]perylene,
anthanthrene, and coronene. The levels were high in the winter months and low
in summer, with minima in June and April. The authors concluded that this
seasonal variation was due (o more intensive metabolic activity (Jacob &
Grimmer, 1994).

During 1978-79, the average total PAH concentrations in two
subpopulations of softshell clams were 535 pgfkg in the industrialized baytront
area of Coos Bay, Oregon, and 76 pg/kg in a more remote environment. During
1979-80, low-molecular-mass, readily water-soluble PAH were one or two
orders of magnitude more concentrated then high-molecular-mass, less water-
soluble PAH in mussels (M. edulis) (Mix & Schaffer, 1983).

Individual PAH levels of 1-20 mg/kg were found in the hepatopancreas of
lobsters (Homarus cmericanus) in the south arm of Sydney Harbour, Canada,
near a coking plant (Sirota et al., 1983), and levels of the same order of
magnitudle were foundin the digestive gland (Uthe & Musial, 1986). The levels
in digestive gland, tal} muscle, and hepatopancreas from lobsters from other
areas of Canadawere 100-1000pug/kg (Sirota& Uthe, 1981; Sirotactal., 1983;
Uthe & Musial, 1986).
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Table 57. Polycyclic aromatic hydrocarbon concentrations (ug/kg dry weight)
in bivalves and gastropods; main source, industrial emissions

Compound [ R =3 B S R O R 57 (6] [7]
Acenaphthene NO ND 7 2.1/8.8
Anthracene 9 9.0/25
Benz[alanthracene 172 203 3 5-41 25-229
Benzo[ajpyrene 12 21 1 g1 2-8 Trace—28 2.6/2.8
Benzo[p)fluoranthene 23 25 3-30 48-90
Benzo{e]pyrene 17 10 Trace-30 231-356
Benzo[ghiperylene ND 4 5

Benzo[jflucranthensa 1.3

Benzo[Ajfluoranthene 2.3

Chrysene 209 205

Corcnene 4

Dibenzola, elpyrene 2

Dibenzola.ipyrene 4

Dibenzo[a, jpyrene Trace

Fluoranthene 18 62 7 43-407 300-4992 26/6%
Fluorene 2 1.3/6.3
1-Methylphenanthrene 2,9

Naphthalene 15/3
Perylene 8

Phenanthrene 733 462 9 4.4 115-258 55-2542 66/194
Pyrene 85 131 4 32-204 141-3128 23/40
Triphenylene ND

ND, not detected; /, single measurement; [1] Whole cooked clam (Mya
areharia); oil-contaminated area (tanker accident), Canada, 1979;
concentration in pg/kg wet weight (Sirota & Uthe, 1981); [2] Whole cooked
mussel (Mytifus edufis); oil-contaminated area (tanker accident), Canada,
1879, concentration in ug/kg wet weight (Sirota & Uthe, 1981); [3] Whole
mussel (Mytilus galloprovincialis); Thermaikos Guif, Aegean Sea, Greece
{agricultural and industrial area); concentration in ug/kg wet weight (losifidou
et al., 1982), [4] Whole scallop (Amusium pleuronectes); Gulf of Thailand,
Thailand; reference weight not given (Hungspreugs et al., 1984); [5] Whole
penwinkle (Littorina littorea); moderately polluted parts of North Sea coast,
Norway, 1978-78 (Knutzen & Sortland, 1982); [6] Whole fimpet { Patelia
vulgata), moderately polluted parts of North Sea coast, Norway, 1978-79
{(Knutzen & Sortland, 1982); [7] Whole snails { Thais haemostoma),
Pensacola Bay, USA; creosote contaminated; concentration in pg/kg wet
weight (Rostad & Pereira, 1987)

High-performance liquid chromatography or gas chromatography
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EHC 202: Selected non-heterocyclic polyeyciic aromatic hydrocarbons

Table 58. Polycyclic aromatic hydrocarbon concentrations (ug/kg dry
weight) in algae and water pfants; main source, industrial emissions

Compound (11 2] 3 (4] (5] [6]
Benz| glanthracene 5 4 31-325 45-431 3-40
Benzo[a]pyrens 4 5 Trace-64 Trace—2 2-20
Benzo[b]ftuoranthene 4 5 7-76 6-12 5-31
Benzo[e]pyrene 7 14 Trace-100 Trace-8 8-50 410
Benzo[ghijperylene 4 79
Fluoranthene 45 32 40-412 15-900 <4-236
Phenanthrene 87 34 31-325 45-431 109-1486
Pyrene 36 20 28-286 15-388 <4-224 260

{1} Laminaria saccharina (whole), moderately pofluted parts of North Sea
coast, Norway, 1978-79 (Knutzen & Sortland, 1982); [2] Ceramium
rubrum (whole), moderately polluted parts of North Sea coast, Norway,
1978-79 (Knutzen & Sortland, 1982); [3] Bladder wrack {Fucus
vesiculosus, whole), moderately polluted parts of North Sea coast,
Norway, 1978-79 (Knutzen & Sortland, 1982}; [4] Knotted wrack
{Ascophyllum nodosum, whole}, moderately polluted parts of North Sea
coast, Norway, 1978-79 (Knutzen & Sortland, 1982}, [5] Toothed wrack
{Fucus serratus, whole), moderately polluted parts of North Sea coast,
Norway, 1978-79 (Knutzen & Sortland, 1982); [6] Wakame seaweed,
Japan (Obana et al., 1981a}

High-performance liquid chromategraphy or gas chromatography

High PAH levels were found in oysters (Crassestrea virginica) in
Chesapeake Bay, USA, with maximum levels of 650 pg/fkg pyrene, 450 png/kg
benzo| ejpyrene, 450 pg/kg fluoranthene, 290 pg/kg benzo[a]pyrenc,
130 pg/kg benz[a]anthracene, 130 pg/kg perylene, 73 pglkg benzolghi)-
perylene, 70 plg/kg benzo[c]phenanthrene, 48 pg/kg naphthalene, 45 pe/kg
phenanthrene, 40 pg/kg anthracene, and 20 pg/kg dibenz| a/tJanthracene. The
levels of PAH in clams (Rangia cuneata) from Chesapeake Bay were
170 pg/kg benzolalpyrene, 170 pg/kg pyrenc, 52 pg/kg fluoranthene,
15 pg/kg phenanthrene, 10 pg/kg perylene, 10 pg/kg benzo[ghi)perylene,
9 pg/kg benzojclphenanthrene, and 6 pg/kg benz[ajanthracene (Bender &
Huggett, 1988).

Phenanthrene was found at 15 mg/kg in lampreys {Pteromyzon sp.) in the
HerseyRiver, USA, which was potluted with creosote used for wood preservation
(Black et al., 1981).

The viviparous blenny (Zoarces viviparus) fish contained 0,06 pglkg
benzolalpyrene and 0.2-3.9 pg/kg phenanthrene and fluoranthene; the
concentrations of other PAH were below the detection limit (0.01 pg/kg). In
bream (Abramis brama) the levels were < 0.01-0.15 pgfkg benzola]pyrene
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EHC 202.
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Selected non-heterocyclic polycyclic aromatic hydracarbons

EHC 202
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Environmental levels and human exposure
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Selected non-heterocyclic polycyclic aromatic hydrocarbons

EHC 202
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Environmental levels and human exposure
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Selected non-heterocyclic polycyclic arematic hydrocarbons

EHC 202
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Environmental levels and human exposure
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5.1.7.2

EHC 202: Selectad non-heterocyclic polycyclic aromatic hydrocarbons

Table 63. Polycyclic aromatic hydrocarbon concentrations (ugfkg wet weight)
in crustacea (lobsters); background values

Compound M = K 14 )] 6l
Acenaphthene ND ND

Benz[alanthracene 655 179 5-38 Trace-133 6-79 617
Benzoalpyrene 18 38 0421 Trace2 1.6-8 ND-186
Benzo(blfluoranthene 17 28 3-6.5 Trace-5.3 7-16 ND-0.8
Benzofelpyrene ND 170 12-23  ND-22 15-28 ND-3.6

Benzolghiperylene 11 63 1.4-6.8 Trace-2.0 2.4-10 ND-0.8
Benzo[kifluoranthene 2 4.4  0.8-18 Trace-1.6 1.3-8 ND-08

Chrysene 140 113 2.5-12 ND-14 2-43 ND
Fluoranthene ND 147 46-407 55-12 90-162 ND-34
Fluorene ND 154

Indeno[1,2,3-cajpyrene 22 77 2.1-50 ND-3.7 Trace-5 ND-0.8
Phenanihrene ND 1197 20-345 ND-15

Pyrene ND 174 ND-187 ND-5 35-46 NO-22
Triphenylene ND 1373 ND-141 ND-Trace

ND, not detected; [1] Homarus arnericanus (digestive gland);, Port Hood,
Canada, 1979 (Sfrota & Uthe, 1981); [2] Homarus americanus (digestive
gland); Brown Bank {offshore), Canada. 1979 (Sirota & Uthe, 1981);

{31 Homarus americanus (hepatopancreas), Morien Bay and Mira Bay,
Canada {Sirota et al.,1983); {4] Homarus americanus (tail muscle), Morien
Bayand, Mira Bay, Canada (Sirota et &, 1983); [5] Homarus americanus
(digestive gland); Port Motien, Canada, 1982-84 (Uthe & Musial, 1986);

161 Homarus americanus {iail muscie), Port Morien, Canada, 198284 {Uthe
& Musial, 1986)

Analysed by high-perforance liguid chromatography or gas chromatography

and 1.3-15ug/ka phenanthrene. Mussels (Mytifus sp.) were shown to accumulate
PAH and were thus a better marker for PAH contamination (Jacob & Grimmer,
1994, 1995},

The concentrations of individual PAH in English sole (Paraphrys vetulus)
taken from near petroleun storage tanks were 1-5 mg/kg (Malins et at., 1985).

Terrestrial organisms

The liver of wild deer mice (Peromyscus maniculatus) trapped at a PAH-
contaminated site in South Carotina, USA (Whidbey Island Naval Air Station)
had levels of PAH ranging from 0.075 for benzo[fitlucranthene to 4.6 mgfkg
for benz{alanthracene. Acenaphthylene, acenaphthene, fluorene, benzlal-
anthracene, chrysene, benzolblfivoranthene, benzo[k]fluoranthene,
dibenz{a,hlanthracene, and indenof 1,2,3-cd]pyrene were detected. Liver from
Imice ar an uncontaminated reference stie contained measurable amounts of
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EHC 202: Selected non-heterocyciic polycyclic aromatic hydrocarbons
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Environmental levels and human exposure

onty benz[alanthracenc (0.55 mg/kg) and acenaphthylenc (2.2 mg/kg)
(Dickerson et al., 1994).

In a study of PAH levels in terrestrial organisms from a roadside in
Brisbane, Australia, 16 PAH were determined: naphthalene, fluorene,
phenanthrene, anthracene, (luoranthene, pyrenc, benz[alanthracene, chryscne,
benzolkHluoranthene, benzo[e|pyrene, benzo|alpyrene, perylene, indeno[ 1,2,3-
cd|pyrene, dibenz[a,hjanthracene, benzo[ ghi]perylenc, and corenene. In the
beetle Laxta granicollis, pyrenc and benzo[ghiperylene were present at the
highest levels, at 20 pg/kg wet weight each; phenanthrene and fluoranthene
were prescnt at about 10 pg/kg: and the concentrations of other PAH were
< 5 pg/kg. Naphthalene, anthracene. dibenz[ahlanthracene, and coronene
were not detected. Fluorene, ataconcentration of 11 pg/kg wet weight, was the
most abundant PAH in the beetle Platyzosteria nitida; the concentrations of
other PAH were < 5 [g/kg; whereas naphthalene, dibenz[a,k]anthracene, and
coronene were not detected. In millipedes (myriapods), benzo{k]fluoranthene
was the most abundant PAH (19 pg/kg wet weight); the pyrene concentration
was 12 wg/kg; those of other PAH were < 5 up/kg wet weight; and
dibenzia h]anthracene and coronene were not detected. Incentipedes {(Myriaod
sp.), no PAH were detected. In slugs (Arion ater), benzo[k]flueranthene
showed the highest concentration, at 19 pg/kg wet weight; the pyrene and
naphthalene levels were about 10 pg/kg; those of other PAH were < 5 ug/kg
wet weight; and anthracene, perylene, dibenz{a,ilanthracene, and coronene
were not detected. In carthworms (Lumbricus terrestris), benzolghi|perylene
wasthe most abundant PAH (28 pg/kg wet weight); phenanthrene, fluoranthene,
pyrenc, chrysene, benzolk]fluoranthenc, benzofe|pyrene, benzo[a]pyrene were
present at about 10 pg/kg; and naphthalenc and dibenz[a,k]anthracenc were
not detected (Pathirana et al., 1994).

The PAH concentrations in earthworms did not scem to be affected by the
location in which the worms lived, but those in the facces showed a significant
dependence onlocation. Inasurvey of carthworm faeces from the Bornhtveder
Lake district in 1988, the concentrations of phenanthrene, fluoranthenc,
pyrene, and benzo[f]fluoranthene plus benzo{j]fluoranthene plus
benzo[k]tluoranthene were inthe range of 45 pg/kg; those of benzialanthracene,
chrysene plus triphenylene, benzo(elpyrene, benzolalpyrene, indeno(1,2,3-
cd\pyrene, and benzo[ghiperylene were about 20p g/kg: and those of anthracene,
benzo[ghi]fluoranthene plus benzo[clphenanthrene, dibenz{a.i]anthracene,
anthanthrene, and coronene were < 5 g/kg. Earthworm faeces in the Saarland
contained 250-770 L g/kg benzo[a}pyrene, and Aliolobophora longa earthworm
facces from a highly industrialized region of castern Germany (Halle, Leipzig)
contained even higher concentrations: 37-2100 ug/kg benzola]pyrene and
36-1700 pg/kg benzolelpyrene. The faeces of the earthworm Lumbricus
terrestris contained 4.6-55 pg/kg benzola]lpyrene and 6.5-50 pg/kg
benzo[elpyrene (Jacob & Grimmer, 1995).
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5.2

5.2.1

EHC 202: Selected non-heferocyciic polycyciic aromatic hydrocarbons

In insects near the Hersey River, USA, the maximum concentrations of
PAH were 5500 ug/kg phenanthrene, 2900 ug/kg benez{alanthracene, and
730 uglkg benzofalpyrene (Black et al., 1981).

The lipid fraction of liver from hesring gulls (Larus argentaius) from
Pigeon Isiand and Kingston, Ontario, Canada, contained 0. 15 pg/kg anthracene,
0.082 pg/kg fluoranthene, 0.076 ug/kg pyrene. 0.05 pg/kg naphthalene,
0.044 pug/kg fluorene, 0.038 pg/kg acenaphthene, and 0.038 pg/kg
benzola]pyrene (Environment Canada, 1994). The concentrations of PAH in
pooled samples taken from the eggs of herring gulls (Larus argentatis) on the
German North Sca islands Mellum and Trischen during 1992-93 were below
the fimit of detection, except for that of phenanthrene, which was | ug/kg wet
weight (Jacob & Grimmer, 1994).

Exposure of the general population

Possible sources of nonoccupational exposure to PAH are:

— polluted ambient air (main emission sources: vehicle traffic, industrial
plants, and residential heating with wood, coal, mineral oil} (see
section 5.1.1);

— polluted indoor air (main emission sources: open stoves and
environmental tobacco smoke) (see Table 65);

— tobacco smoking {see Table 66},

— contaminated food and drinking-water (see scctions 5.1.5and 5.1.2.3)

— use of products containing PAH (coal-tar skin preparations and coal-
tar-containing hair shampoos),

— ingestion of house dust; and

-— dermal abserption from contaminated soil and water.

Indoor air, lobacco smoke, and environmental tobacco smoke

PAH are found in indoor air (Table 65) mainly as a result of tobacco
smoking and residential heating with wood, coal, or, in some developing
countries, rural biomass. The PAH levels in indoor air usually range from 1 to
50 ng/m’. The most abundant PAH were phenanthrene and naphthalene, with
tevels of up to 2300 ng/m’. Homes with gas heating systems had higher indoor
levels than those with electric heating systems (Chuang et al., 1991), and even
higher levels were detected in indoor air near open fireplaces (Altheim &
Ramdahl, 1984). Airtight residential wood-burning stoves seemed to have a
minor effect on the indoor air concentration of PAH {Alfheim & Ramdahl,
1984; Traynor et al., 1987), but in homes with non-airtight wood stoves, 2-46
times higher PAH concentrations werc found during heating periads than
during periods without heating (Daiscy et al., 1989).

Emissions from unvented kerosene heaters can significantly affect indoor
ait quality in mobile homes, with a maximim value for naphthatene of
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Environmental levels and human exposure

2300 ng/m’. Four of eight heaters investigated emitied PAH-containing particies
at levels that exceeded the USA ambient air standards for airborne particles,
with a 50% cutoff at the acrodynamic diameter of 10 pm. When the kerosene
heaters were in operation, the concentrations of carcinogenic PAH (with four
rings vr more) in the mobile homes were increased by 10-fold (Mumford et al,
1991}

Emissions from coal and wood combustion in open fires for cooking
purposes in unvented rooms in Xuan Wei County, China, contained extremely
high PAH concentrations (see also section 8). The highest concentration
(benzola]pyrene at 15 000 ng/m”) was measured in fumes from smoky coal
combustion. Coal combustion in open fires in Xuan Wel homes emitted
15 pg/m’ of carcinogenic PAH. while wood combustion emitted 3.1 pg/m’
(Mumford et al., 1987).

Cooking with rural biomass in open fires also led o high PAH levels in
indoor air, as measured in rural Indian households. Benzola]pyrene was
measured at a concentration of about 4 pg/m? during the cooking period, which
oceupied about 10% of the household activities over the year. The cooking
fuels included baval, neem, mango, ravan, and crop residues (Smith et al,,
1983). The total release of PAH ino indoor air from this source is unknown but
may be of major importance, especially in developing countries. Very low
PAH emissions were found when bquid petroleum gas was used as a fuel for
cooking (Raiyani et al., 1993b). In contrast, the PAH content of kitchen air in
Berlin, in the industriatized part of Germany, was similar to that encountered
in ambient ait (Seifert et al., 1983).

House dust may be another important source of indoor pollution with PAH,
In a study of the homes of fous smokers and four nonsmokers in Columbus,
Ohio, USA, the sum of the concentrations of naphthalene, acenaphthylene,
acenaphthene, fluorene, phenanthrene, anthracene, retene, fluoranthene, pyrene,
benz[ajanthracene, chrysene, cyclopenta[ed]pyrene, benzo{fb]fluoranthene,
benzolj]fluoranthene, benzo kJfluoranthene, benzolepyrene, benzoulpyrenc,
indeno{1,2,3-cdIpytene, dibenz[a,hlanthracenc, benzol[ghilperylene, and
coronene in house dust and in soil from the entryway, the pathway, and the
foundation of the houses was 16-580 mg/kg. The concentrations in house dust
correlated well with thase inthe entryway soil samples, and a weaker correlation
was found with the pathway soil samples, but the relationships were not
statistically significant {Chuang et al., 1995).

A special source of exposure 10 PAH is wood-heated saunas. The highest
concentrations were found in a smoke sauna, the sceond highestin a preheated
sauna where the flues were closed before use, and the lowest concentrations in
a sauna heated by continuous burning of wood. Pyrene, fluoranthene,
benzfaJanthracene, and phenanthrene were present at the highest tevels
(100-330 pg/m’ air); other PAH were present ag < 30 pg/m’. The concentrations
decreased from benzo[e ipyrene >benzo[alpyrene > benzolalfluorene > anthra-
cene > benzo[b)fluorene > fluorene {Hisidnen et al., 1983).
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

The protocol of a study of total human environmental exposure included
direct monitoring of exposure to benzo[a]pyrene by inhalation and ingestion
during three periods of 14 days. The range and magnitude of dietary exposure
(2-500 ngfday) was much greater than that by inhalation (10-50 ng/day). The
levels of benzofa]pyrene in indoor air were closely correlated with the ambient
levels in most homes (Waldman et al., 1991).

Indoor air concentrations of individual PAH due mainly to cigarelte smoke
are shown in Table 66, and the levels in mainstream and sidestream smoke of
cigarettes are listed in Table 67. The average PAH levels ranged from 1 to 30 ng
per cigarette, and the major components were phenanthrene, naphthalene,
benzo[alpyrene, benzo[e]pyrene, fluoranthene, and pyrene. Sidestream smoke
was found to contain 10 times more PAH than mainstream smoke. The levels
insidestream smoke were 42-2400 ng per cigarette (Grimmeret al,, 1987). The
PAH concentrations in the mainstream smoke from filter cigarettes increased
withincreasing puff volume (Funckeetal., 1986).Ina pilot study in Columbus,
Ohio, USA, naphthalene was the most abundant PAH; environmental tobacco
smoke appeared to be the most significant source of indoor pollution (Chuang
et al.,, 1991).

In studies in cight healthy maie smokers, aged 20-40 years, the
benzola]pyrene intake fromthe smoking of 20 cigarettes perday was calculated
to be 130-750 ng/d, assuming a deposition rate for particulate matler of 75%
(Scherer et al., [990).

The total concentrationof 14 PAH (fluoranthene, pyrene, benzo[a]ftuorene,
benz[alanthracene, chrysene, benzo[#)fluoranthene, benzo[j]fluoranthene,
benzo[kjfluoranthene, benzo[e|pyrenc, benzo[a]pyrene, perylene, dibenz[a,h|-
anthracene, benzo[ghi]perylene, and anthanthreng) measured in a 36-m® room
into which sidestream smoke from five German cigarettes was introduced
every hour, with one air change per hour, was 429 ng/m®. Assuming that the
daily inhalation volume for adults is 18 m* and that 20 h/d are spent indoors,
the volume of indoor air inhaled daily is 18 m* x 20/24 = 15 m®. Thus, passive
smokers are exposed daily to 15 x 429 = 6435 ng PAH, including 15 x 22 =
330 ng benzo[alpyrene (Ministry of Environment, 1979). An intake of 11 ng
benzola]pyrene was estimated in another study on the basis of an assumed
breath volume of 0.5 m%h, a deposition rate for particulate matter of 11%, and
an exposure time of § h, after monitoring in an unventilated, 45-m*, furnished
room (Scherer et al., 1990).

Food

Smoked and barbecued food in particular can contain PAH (Grimmer &
Diivel, 1970; McGill et al., 1982; de Vos et al., 1990; Menichini et al., 199tb;
seealso section5. 1.5 and Tables 51-56). Preparation of food with contaminated
drinking-water {see section 5.1.2.3) may also lead (0 exposure to PAH.
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Environmental levels and human exposure

Table 66. Polycyclic aromatic hydrocarban concentrations (ng/m?) in
indoor air; main source, environmental tobacca smoke

Compeund M 2] {31 [ (5] (6]
Acenaphthene 25 36

Acenaphthylene 14 177

Anthracene 28 25 1.5 <1

Anthanthrene 5 15 <1 25 3
Benz[alanthracene 1.3 {2 15 13

Benzo[a]fluorene 55 39
Benzo[alpyrene 18 7.3 14 45 0.04-016 22
Benzo[b]fluoranthene 0.06-0.08
Benzo[bifluorene 2.5

Benzo[e]pyrene 23 71 11 45 18
Benzo[ghilfluoranthene 43 18 8.5 14
Benzo[ghilperylene 25 58 7 2 0.09-0.36 17
Benzo[Alfluoranthene 0.02-0.06
Coronene 20 341

Fluoranthene 14 41 5 16 99
Indeno[1,2,3-cdlpyrene 23 58 1 1.5 0.13-0.45
t-Methylphenanthrene 6.6 38 <1 35

Perylene 05 08 4 25 11
Phenanthrene 38 168 3 1

Pyrene 13 32 6.3 21 66

[1] Office room (volume, 88 m? ventilation, 176 m3/h; background
sample after weekend, Finland, vapour and particulate phase (Salomaa
et al., 1988); [2] Office room (volume, 88 m?; ventilation, 176 m3h; 6 h;
96 cigarettes, American type, 10 different brands, both medium- and low
tar, Finland; vapour and particulate phase (Salomaa et al., 1988),

[3] House in a forest (room volume, 65 m?; air exchange, 2.0-2.3
turnovers/h);, background sample, Norway (Alfheim & Ramdahl, 1984),
[4] House in a forest (room velume, 65 m?; air exchange, 2.0-2.3
turnovers/h); with tobacco smoking, Norway (Alfheim & Ramdahl, 1984),
[5] House in a residential, wooded area of Truckee, USA (elevation,
1800 m); volume, 236 m?; no stove (Traynor et al., 1987); [6] Model
room (volume, 36 m®); one air exchange/h, smoking of five cigarettes/h
(Ministry of Environment, 1979)}

High-performance liquid chromatography or gas chromatography;
concentration of particulate phase, unless otherwise stated
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Table 67. Concentrations of seiected polycyclic aromatic hydrocarbons

in cigarette smoke

Compound Mainstream smoke  Sidestream smoke
{ug/100 cigarettes}  {ug/100 cigarettes)

Anthracene 2.3-23.5

Anthanthrene 0.2-2.2 39

Benz[alanthracene 0.4-7.6

Benzo[b]fluoranthene 0.4-22

Benzol[jlfluoranthene 0.6-2.1

Benzo[k]fluoranthene 0.6-1.2

Benzo[ghilfluoranthene 0.1-0.4

Benzol4lfluorene 4.1-18.4 75.0

Benzo[b]fluorene 2.0

Benzo[ghiperylene 0.3-3.9 9.8

Benzo[¢]phenanthrena Present

Benzo{a]pyrene 0.5-7.8 2.5-19.9

Benzo[e|pyrene 0225 13.5

Chrysene 0.6-0.6

Coronene 0.1

Dibenz[a,hlanthracene 0.4

Dibenzo[a,elpyrene Present

Dibenzo[a,hlpyrene Present

Dibenzo[a.qpyrene 0.17-0.32

Dibenzo[a./pyrene Present

Fluoranthene 1.0-27.2 126.0

Fluorene Present

Indeno[1,2,3-cd]pyrene 0.4-2.0

5-Methylcholanthrene 0.06

Perylene 0.3-0.5 3.9

Phenanthrene 8.5-62.4

Pyrene 5.0-27 39.0-101.0

Triphenylene Present

t-Methylphenanthrene 3.2

Adapted from International Agency for Research en Cancer {1985)

In 1989 and 1990, the levels of naphthalenc and alkylated derivatives,
acenaphthene, acenaphthylene, fluorene, phenanthrene, anthracene, fluoran-
thene, [-mcthylphenanthrene, pyrene. benz[alanthracene. chrysene,
benzo[h}fluoranthene, benzo[ Jfluoranthene, benzo[ elpyrene, benzo[alpyrene,
perylene, indenoll.2,3-cd]pyrene, dibenz[a.flanthracene, and benzo[ghi]-
perylene were measured in salmon, herring, cod, rock{ish, and halibut in the
area of the Gulf of Alaska where oil spilled from the tanker Exxon Valdez. As
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5.2.5

Environmental levels and human exposure

only the sums of the concentrations werc considered, there was no apparent
difference from those in fish samples taken from unpolluted control sites in
1989.In 1990, slightly elevated PAH concentrations were found at the polluted
sampling site. Nevcrtheless, the fish from the area were considered to be safe
for human consumption by these investigators (Saxton et al., 1993},

In another special exposure situation, the average daily PAH intake of the
inhabitants of Kuwait due to consumption of seafood after the war in the
Persian Gulf was calculated to be 0.23 pg/day on the basis of the concentrations
monitored in lecal fish and shrimps (Saed et al., 1995).

Other sources

Benzo[a|pyrene was detected in coai-tar-containing hair shampoos at
tevels of 7000-61 000 pg/ke, and a tar bath lotion contained 150 000 pg/kg
benzo[«]pyrene. No PAH were detected in hair shampoos made from wood tar
(State Chemical Anatysis Institute Freiburg, 1995). PAH are absorbed irom
coal-tar shampoos through the skin during hair washing. Exposurc during one
washing with this typc of shampoo, which contains benzo[a]pyrene at
56 mg/kg, for anti-dandruff therapy results in absorption of 0.45 ug/kg body
weight, assuming 20 g coal-tar, 70 kg body weight, and 3% dermal absorption
(van Schooten et al., 1994; see also section 8).

Intake of PAH by inhalation

Estimates of PAH intake from air are summarized in Tabie 68.

In an assessment of the risk for cancer duc to air pollution in Germany, the
average volume of air inhaled during heavy work was assumed to be 140 m* per
person per weck. The maximum intake of airborne benzo[a]pyrene per week
was thus estimated to be (.21 pg/week in rural areas, 0.84 g/ week in industrial
areas, and 7 pg/week near emission sources (State Committee {or Air Pollution
Control, 1992).

On the basis of an average inhalation of 15 m* air per day, exposure to
benzola]pyrene was calculated to be 0.05 pg/d. In industrial areas, the
exposure was calculated 1o be four times higher (0.19 pg/d) (Raiyani et al.,
1993a).

Intake of PAH from food and drinking-water

Estimates of PAH intake from food are shown in Tablc 69. The values for
benzola]pyrene range from 0.14-1.6 pg/d.

The total dietary intake of some PAH inthe United Kingdom was estimated
to be (ug/person per day): L.l for pyrene, 0.99 for {luoranthene, 0.50 for
chrysene, 0.25 for benzola]pyrene, 0.22 for benz|a]anthracene, (.21 for
benzo[ghi]perylene, 0.18 for benzofb]fluoranthene, 0.17 for benzo[e]pytene,
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0.06 for benzo[ k]flucranthene, and 0.03 for dibenz[a,h]anthracene. The major
coniributors of PAH Lo the total dictary intake appeared to be oils and fats, with
28% from butter, 20% from cheese, and 17% from margarine, in respective
dietary survey groups; cereals provided 56% [rom white bread and 12% from
flour. The oils and fats had the highestindividual PAH levels. Although cereals
did not contain high tevels of individual PAH, they were the main contributor
by weight to the total in the diet. Fruits and vegetables contributed most of the
restofthe PAH inthe diet, while milk and beverages were of minorimportance.
Smoked meat and smoked fish made very small contributions to the food
groups to which they belonged, which themseives were not major components
of the diet (Dennis ct al., 1983).

in Sweden, the annual intake per person of the sum of fluoranthene, pyrene,
benz[alanthracene, chrysene, triphenylene, benzo[b)flueranthene, benzo[j}-
fiuoranthene, benze[k]fluoranthene, benzo[e]pyrene, benzolalpyrene, and
indeno[ 1,2,3-¢dJpyrene was about 1 mg. Cereals again seemed to be the main
contributor (about 34%), followed by vegetables {about 18%) and oils and fats
(about 16%). Although smoked fish and meat products had the highest PAH
levels, they made amodest contribution since they are minor components of the
usual Swedish diet (Larsson, 1986).

Occupational exposure

PAH have been measurced in the airat various workplaces. Studies in which
measurements werc reported only as the benzene-soluble fraction or some
other summarizing parameter affected mainty by PAH are not covered because
they do not refer to individual substances. The presence of PAH metabolites in
biological samples {urine, blood) from workers has been used as a biomarker,
and 1-hydroxypyrene seems to be a suitable marker in some workplaces (sce
section 8.2,3), No data were available on occupational exposure during
production and use.

Occupational exposure to PAH occurs by hoth inhalation and dermal
absorption. In coke-oven workers, 75% of their cxposure to total pyrene and
31% of that to benzo[a]pyrene oceurs by cutancous transter (Van Rooij et al.,
1993a; sec also section 6). The exposure of workers due to deposition of
airborne pyrene on the skin, detected in wipe samples, can be summarized as
follows: in refineries, < 0.0045 pg/cm? (detection limit), 26 samples below
detection limit; in hot-mix asphalt facilities, < 0.0045 pg/cm?, 25 samples
below detection limit; during paving, <0.13-0.31 pg/cm? found in two of ninc
samples (assuming a body area of 1.8 m?, equivalent to 3600 [Lg/person per
day); in asphalt roofing manufacture, < 0.0045-0.0091 pg/em? found in t of
29 samples (assuming a body area of 1.8 m?, equivalent to 170 pg/person per
day); in application of asphalt roofing, < 0.0045 ugfcm?®, 10 samples below
detection limit; in a wood preserving plant, 47-1500 g pyrene per person per
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5.3.1.1

EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

day. These data indicate that skin penctration is an important factor in
estimating total body exposure to PAH.

Occupational exposure during processing and use of of coal and petroleum
products

The following section is based on data obtained up to the early 1980s which
were compiled by the TARC {1984b, 1985, 1989h). More recent studics are
presented in detail.

Coal coking

In studies of pollution of the atmosphere near coke-oven batteries, the
concentration of benzo[a]pyrene varied from < 0.1 in administrative buildings
and a pump house to 100-200 pg/m* on the machinery and discharge side of
a battery roof. At the top of a coke battery, the following concentrations of
particulate and gaseous PAH were measured by stationary sampling:
naphthalene, 0—4.4 (particulatc)/ 280-1200 (gaseous) pg/m?; acenaphthene,
0-17/6.0-100 pg/m*; fluorene, 0-58/23-130 ug/m*; phenanthrene, 27890/
6.7-280 pg/m?; anthracene, 9.6-310/6.0-91 pg/m? 1-methylphenanthrene,
2.7-21/0-7.0 pg/m?*;, fluoranthene, 45-430/0-24 pg/m? pyrene, 35-32(/
0-14 pg/m?*, benzofajfluorene, 9.7-90/0-6.8 pg/m?; benzo[b]lluorenc,
3.1-61/0-0.3 ug/m'; benzo[c|phenanthrene, 2.649 pg/m’ (particulate};
benz|alanthracene, 5.4-160/< 0.4-1.6 pg/m?, benzo[b]fluoranthene, 5.5-67/
0-0.7 ng/m?; benzo[f]fluoranthene plus benzo[k]fluoranthene, 0—~35/0-0.7 pg/
m’; benzo[ e]pyrene, 8-73/0-0.2 pg/m?; benzolalpyrene, 14-130/0-1 . 5pg/m?;
perylene,3.3-19/0-0.1 ug/m* benzo[ ghilperylene, 8. 7-45 ug/m* (particuiate};
anthanthrene, 2.6-62 ug/m’ (particulate); and coronene, 1.0-i9 pg/m?®
(particulate) (IARC, 1984b).

Ateight sites in a German coke plant in 1981, including the top of the oven
and the cabin of a lorry driver, the following PAH concentrations were
measured: 2.7 pg/m? {luoranthene, 1.9-170 pg/m® pyrene, 0.38-37 pg/m’
benzo[c]phenanthrene, 0.22-21 g/m’ cyclopentalcdjpyrene, 1.2-120 pg/m®
benz[a]anthracene, 0.71-79 pug/m’ benzolclpyrene, 0.88-89 ug/m?
benzo[a]pyrene, (.21-14 lig/m* perylene, 0.37-27 pg/m* benzo[ghi]perylene,
0.18-17 ug/m' anthanthrenc, and 0.93-6.5 pwg/m’® coronene. The authors
pointed out that the concentrations may have been inuch higher previously
(Manz et al.. 1983).

Measurements with personal air samplers in Germany and Sweden showed
benzolalpyrene concentrations varying from 0.16-33 ug/m® for coke-oven
operators to 4.7-17 pg/m?* for lorry drivers. The ranges of exposure to all PAH
atdifferent workplaces in the 1970s were: Jorry driver, 170-1000 ug/m*; coke-
car operator, 4.8~73 ug/m'. jamb cleaner, 62-240 Lig/m®; door cleaner,
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9.1-17 pg/m? push-car operator, 9.4-62 pg/m’; sweeper, 10 pg/m*; quench-
car operator, 5.7 pg/m’; and wharf man, 360 pg/m? (1ARC, 1984b).

Personal air samples taken from 56 Dutch coke-oven workers in 1986
showed pyrenelevelsof <0.6 pg/m’ (detection limit) to 9.8 pg/m? (Jongeneclen
etal., 1990). The results of more recent measurcments in personal air samples
are shown in Table 70.

Coal gasification and coal liquefaction

The levels of individual PAH in area air samples in Norwegian and British
coal gasification plants between the late 1940s and the mid 19505 were in the
low mi¢rogram per cubic millilitre range. In modern gasification systems, the
concentrations of total PAH are usually < 1 pg/m?, but in one of three plants
examined the total aerial PAH lead was about 30 pg/m’. Personal samples
taken in modern coal gasification plants showed similar PAH concentrations
(IARC, 1984b).

In apilot coal liquetaction plant in the United Kingdom, monitoring of five
operators for vapour-phase PAH gave following results: 1900-3300 ng/m’
phenanthrene, 340-670 ng/m’® pyrenc, 270-380 ng/m* fluoranthene,
29-130ng/m*anthracene, 22-1700 ng/m? fluorene, < 1—1800 ng/m®naphthalene,
< 1-1000 ng/m’ acenaphthene, and < 1-8 ng/m? acenaphthylene, The higher-
molecular-mass PAH werc not detected (limit of detection, 1 ng/m?*). Pyrene
was detected in the particulate phase at concentrations of 630-2900 ng/m*
(Quinlan ct al., 1995a).

Petroleum refining

Personal samples from operators of catalytic cracker units and reaction and
fractionation towers in a petroleum refinery showed total PAH levels of
2.6-470 pg/m?, During performance and turn-round operations on reaction and
fractionation towers, naphthalene and its methyl derivatives accounted for
more than 99% of the total PAH measured; exposure to anthracene, pyrene,
chrysene, and benzola]pyrene was < 1 ug/m’. Area monitoring for these PAH
during normal activities and during shut-down, leak-testing, and start-up
operations aflter turn-rounds gave total PAH concentrations up to 400 pg/m’,
most of the measurements being < 100 pg/m* (IARC, 1989b}.

The results of personal air sampling of workers at six jobs in seven
American refinerics in 1990-91 werc as follows (mean and range):
5.5 (< 0.25-10) pg/m* naphthalene, 3.3 (< 0.44-24) pg/m* acenaphthene,
3.3 (<0.19-26) ug/m’ acenaphthylene, .98 (< 0.085-7.9) pg/m’ fluoranthene,
0.82 (< 0.055-6.7) pg/m* phenanthrene, 0.78 (< 0.13-5.3) pg/m’
benzo[elpyrene, 0.65 (< 0.055-5.2) pg/m* benzo[blfluoranthene, 0.47
{«0.14-2.7) ug/m>fluorene, 0.29 (< 0.11-1.4) pg/m® indenof 1,2,3-cd]pyrene,

282



EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

St auasAd[pa-g g1 Jouapuy

14" 601 aualon|4

00vt e 124} T AWARTARY] auaylueIon|4

6l aualAdpoleadooAn

[ auduUQINYD

¢l LL'EL-800 auasiuyn

A7 auayuelon|bslozusg

vy aus|iadyblozuag

9 suayueicnyblozuag

L'y suasAdlelozuag

it sussueuaydplozusg

£ aualon|jlglozusg

00G1 [44 ausyuelonyiglozusg
k6822100

Q0EL €L 62-+0 8E  ZO'9F-60 E9CI-E0'0 SHIE-I00> auaiAdlelozusg

L'E 0L auaionyelozuag

g 96 BLEE-110 ausorlyue(rjzueg

V4 ausiylueyuy

91 GS auaselUuy

ge ausjAylydeusoy

8¢ auayydeuady

[l 9] (5] [¥] €] [l (1] punodwio)

saidwes Jie [euosiad Woiy pauiLisiep

“(;wyBr) sausnEqg UBA0-8X00 JO Bieydsowle ay) Ul suOQIBI0LPAY SNBWOIER D10A0AIcd 0] SBInsedxa@ Boe|dMIOM "0/ 2Ig. L

283



Environmental levels and human exposure

ss|dwes Jie [RUCSIad,
sg|dwes Jie ealy .

(2861 “|e 12 oY) Uano BY0D jo doj Woyy sajdwes ‘erpu| [2] {9861 e 18 uabne) siexIom UBA0-2%02 apisdot wodj sajdwes
‘'wsn [9] ({9861 “1e 18 saae) siueld 2| wouy sejdwes ‘wopbuiy payun [g] (€861 “'[e 18 uossispuy) ajdwes |eoidA]

auo uepamg [¥] {{ce61 e 19 luua)) doj Aaneq e saoe|dyiom aasy) wouy sejdwes :Aje [g] (ecesL e 18 OJRUUASSY)
SBOB(CHIOM XIS ‘Slayiom 69 woly soldwes ARt [Z] ((Se61L e 19 ppwayuelip) 06—8g6 1 'weld suo wouy sajdwes ‘pueuiy [1]

adel] L1 £9'86-9€'¢C aualid
6t G61 =£9'8-£0°0 sualyuRUSYd

g1 ausfreg

059 Srt—82 aualeyiydeN

e suasyiueuaydifylan-1

{z] sl gl [v] [e] [2] (1] punodwie)

(P1u0d) 02 8191

264



5314

EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

0.18 (< 0.085-0.69) ug/m* benz[alanthracene, 0.16 (< 0.11-< 0.59) pg/m?
benzolalpyrene, 0.063 (< 0.028-0.26) pg/m’ anthracene, <0.11-< 0.2 pg/m’
pyrene, <0.085—<0.15 pg/m*chrysene, <0.085—<0.15 gg/m*benzo[k] fluoran-
thene, < 0.11-< 0.2 pg/m’ benzo[ghilperylene, and < 0.11—< 0.2 pg/m’
dibenz[a,A]anthracene. Dermal wipe samples from the back of the hand or from
the forehead of workers showed PAH levels of <0.0011-0.29 pg/em?, with the
highest level for naphthalene and the lowest for anthracene (Radian Corp.,
19913,

Road paving

In early studies on road paving operations, the total PAH concentrations
reported in personal air samples were 4-190 ug/m’, and the mean in area air
samples was (.13 ug/m*. The benzola|pyrene concentration in stationary
samples was < 0.05-0.19 pg/m* (IARC, 1983).

The concentrations of individual PAH in fume condensates from paving
asphalt were generally < 2 mg/kg condensate, varying by about seven times
depending on the source of crude oil. The levels of benzo|a]pyrene, for
cxample, were between .09 and 2.0 mg/kg {Machado et al., 1993).

Fourteen stationary air samples from a road paving site in New Zealand in
1983 contained: 0.14-52 pg/m® benz[e]anthracene plus chrysene,
0.2-14 pg/m* benzo[blfluoranthene plus benzo[jifluoranthene plus
benzo[k]fluoranthene, 0.15-9.0 pg/m* benzola]pyrene, 0.31-5.4 pg/m?
benzo[e]pyrene, 0.039-2.2pg/m’ perylene, 0.24-5.4 pg/m*benzo[ghi]perylene,
and 0.03-6.3 pg/m?® indeno[l,2,3-cd]pyrene plus dibenz[a,hlanthracene
(Swallow & van Noort. 1985). The concentrations in 17 stationary air samples
from a road paving operation in New Zealand in another study (ycar not given)
were: 1.2-18 pg/m? benz{alanthracene plus chrysene, 1.1-11 pg/m®
benzo[b]fluoranthene plus benzo[j]fluoranthene plus benzo[k]fluoranthene,
0.9-9.0 pg/m* benzolalpyrene, 0.7-5.4 pg/m* benzo[e]pyrene, and
0.7-6.3 pg/m*indeno[1,2,3-cd|pyrene (Darby et al., 1986). Concentrations of
up to 1.3 pg/m* were found for acenaphthene, < 0.13 pg/m?* for anthracene, and
<0.54 pg/m? pyrene in road-paving operations. The workers, and especially the
machine driver, were exposed to a mixture of bitumen furnes and diesel exhaust
gases for 4-6 h per day (Monarca et al., 1987).

The PAH concentrations in personal air samples obtained from workers at
six jobs in six paving operations in the USA in 1990 were (mean and range):
6.5 (1.3-15) pg/m’ naphthalene, 2 (< 0.54-6.9) pg/m® acenaphthene,
2 (< 0.24-8.1) pg/m’ acenaphthylene, 0.58 (< 0.19-0.98) pug/m* fluorene,
0.55(<0.085-1.3) ug/m* phenanthrene, 0.26 (< (.11-0.37) pg/m* fluoranthene,
0.17 (< 0.13—<0.31) ug/m’ pyrene, 0.16 (< 0.1 3-0.27) pg/m’* benzofe pyrene,
0.13 (< 0.099—< 0.2) pg/m’ chrysene, 0.052 (< 0.034-0.11) pg/m’ anthracene,
< 0.099-< 0.12 ug/m® benz[a]anthracene, < 0.064—< 0,085 pg/m?
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benzo[b]fluoranthene, < .099-< (.12 pg/m’ benzolk]fluoranthene,
<(.13—< (.25 ug/m’benzo| alpyrene, < 0.13—<0.16 pg/m*benzo[ ghi [perylene,
< 0.13—< 0.16 pg/m®indeno[1,2,3-cdlpyrene, and < 0.13—< 0.16 pg/m?
dibenz[a,k]anthracene, Dermal wipe samples from the back of the hand and
from the forehead of workers contained PAH at < 0.00004-0.43 ug/em?, with
the highest level for naphthalene and the lowest for anthracene and pyrene
(Radian Corp., 1991).

Measurements in the air in France during road paving with different
bitumens and tars showed the highest benzo[alpyrene concentrations with
hard-coal tar (1-6 wg/m*) and the lowest with petroleum-based bitumen
(0.004-0.007 pg/m?). In general, the benzo[a)pyrene levels in the workplace
atmosphere were two to three orders of magnitude higher during paving
operations with tar products than with bitumen products (Barat, 1991).

Roofing

The concentrations of PAH measured during roofing and roofing
manufacture are shown in Table 71.

The concentrations of individual PAH in fume condensates {rom roofing
asphalt generated at 232 and 316 °C the werc usually < 10 mg/kg condensate,
with higher levels only tor naphthalene. They varied with the source of crude
oil: those for benzo|a]pyrene were between 0.6 and 2.8 mg/kg (Machadoetal.,
1993).

Acenaphthene was detected at concentrations of 1.4-2.1 lg/ni* in personal
samples from roofing workers at two US roofing sites in 1985 (Zey &
Stephenson, 1986); 0.8-22 ug/m’® phenanthrene were measured at onc US
roofing sitein 1981 (Reed. 1983). Pyrene was measured at < 190 pg/m? atthree
roofing sites in Canada (year not given) (Malaiyandi et al., 1986). Personal air
samples from 12 roofers at one US roofing site contained benzola]pyrene at
0.53-2.0 ug/m*in 1987 (Herbert ct al., 1990a). The workplacc concentrations
during bitumen and coal-tar pitch roofing, waterproofing, and flooring operations
were of the same order of magnitude (IARC, 1985).

Significant, 10-fold differences were found in the levels of anthracene,
fluoranthene, pyrene, benzlalanthracene, benzo|b]fluoranthene, benzolkl-
fluoranthene, benzo[alpyrene, and benzo[g b Jperylenc on skin wipes from the
forehead taken before and after a shift in 10 US roofers in 1987 (Wolff et al.,
1989a). Comparable results for benzo[a]pyrene levels were obtained for 12
roofers at another US roofing site {Herbert ct al., 1990a,b).

Dermal wipe samples from the back of the hand or the forehead of workers
at six asphalt rooting manufacturing sites in the USA showed PAH levels of
< 0.12-5.5ug/cm?, with the highest level for acenaphthylene and the lowest for
fluoranthene, benz[aanthracene, benzo[k]fluoranthene, and chrysene. Similar
samples [rom workers at six asphalt roofing sites in the USA in 1990-91
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showed PAH levels of < 0.0011-0.0045 pgicm?, with the highest levels for
pyrene, chrysene, and benzola]pyrene and the lowest for anthracene (Radian
Corp., 1991).

Impregnation of wood with creosotes

Concentrations of PAH ranging from 0.05 pg/m* benzola|pyrene to
650 wg/m* naphthalenc were detected during the handling of creosote-
impregnated wood for railread ties in Sweden. Naphthalene, fluorene and
phenanthrene were by far the most abundant compounds (> 100 pg/m?
{Andersson et al., 1983). Concentrations of 0.04-0.28 pg/m*® anthracene and
0.11-7.7 ug/m’ pyrene were found at workplaces in Finland where railroad ties
were manufactured (Korhonen & Mulari, 1983), and concentrations of
}-19 pg/m?anthracene, 6.5-61 pg/m’ phenanthrene, and 0.6-13 pg/m’ pyrene
were measured in one plant where railroad sleepers were impregnated and in
another where poles were preserved (year not given) (Heikkild et al., 1987).1n
measurcments of personal air samples from 10 workers in a Dutch plant for
impregnation of railroad sleepers in 1991, 0.3-1.3 pg pyrene/m? was measured
in the breathing zone and 47-1500 pg/d in pads placed on various areas of the
skin of the workers. Dermal exposurc was shown to be reduced by up to 90%
by the use of protective clothing {Van Rooij et al., 1993b).

Other exposures

In area air samples taken near the bitumen processing devices of refineries,
the total PAH levels varied from 0.004 to 50 pg/m® (IARC, 1985, 1989b),

The use of lubricating oils may result in exposure to PAH. At two Italian
glass manufacturing plants, phenanthrene, anthracenc, pyrene, and fluoranthene
were found in personal air samples at concentrations < 3 pg/m? (year not given)
(Menichinietal., 1990). The pyrene levels resulting from use of Jubricating oils
in Italian earthenware factories were 0.02-0.09 pg/m?*; the benzolalpyrene
concentration was below the limit of detection (Cenni etal., 1993). Measurable
concentrations of individual PAH were detected in indoor air above asphalt
floor tiles in e.g. warchouses, factories, and manufacturing piants. The
concentrations at six sampling sites in Germany were between < (.01 ng/m? for
benzo[ghi]perylene and 3.3 ng/m’ for chrysene. The concentrations of
phenanthrene, pyrene, fluoranthene, chrysene, and benzo[#]fluorene in particular
were higher than those in outdoor air (Luther et al,, 1990).

In two Swiss plants for the production of silicon carbide, personal air
samples from four and five workers, respectively, contained the following
PAH levels: 4-140 ng/m’ acenaphthyiene, 8-86 ng/m* acenaphthene,
11-500 ng/m’ fluorenc, 88—1400 ng/m’* phenanthrene, 3-250 ng/m? anthracene,
20-1100 ng/m’ fluoranthenc, 30-2500 ng/m* pyrene, 7-6400 ng/m* benz[a]-
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anthracene, 37-14 000 ng/m* chrysene, 11-3700 ng/m’ benzo[ b]fluoranthene
plus benzol[/[fluoranthene, 3470 ng/m’ benzo| kJfluoranthene, 18-3800 ng/m’
benzo[e]pyrene, 4-630 ng/m* benzolalpyrene, 2-250 ng/m’ indeno[1,2,3-
cd]pyrene, 2-520 ng/m* dibenz[a./ilanthracene, 4-550 ng/m’ benzo[ghi]-
perylene, and 4-34 ng/m? coronene (Petry ct al., 1994).

Occupational exposure resulting from incomplete combustion of mineral
oil, coal, and their products

Aluminium production

Early measurements of atmospheric benzo[a]pyrene at workplaces in the
aluminium industry showed concentrations of 0.02-970 pg/m? in personal air
samples and 0.03-5.3 pg/m? in area air samples. In the atmosphere of an
aluminium production plant, naphthalene. fluorene, phenanthrene, anthracene,
fluoranthene, pyrene, benzo[alfluorenc. benzo[b]fluorene, benzo[clphenan-
threne, benz[ajanthracene, chrysene, triphenylene, benzo[ #]fluoranthenc plus
benzo[k]fluoranthene, benzo[e|pyrene, benzol alpyrene, benzo[ghilperylene,
anthanthrene, and coronene were found at concentrations < 400 pg/m®. The
most abundant compounds were phenanthrene, naphthalene, fluorene,
fluoranthene, and pyrene. at concentrations = 100 pg/m? The other substances
occurred at concentrations < 10 ug/m’ (IARC, 1984b).

The tollowing concentrations of PAH were found in four stationary air
samples from an aluminium smelter in New Zealand in 1979: 0.37-9.6 pg/m?
benz{a]anthracene plus chrysene, 0.34-7.6 (ig/m? benzo[b+j+k]fluoranthenes,
0.12-2.6 pg/m® benzole]pyrene, 0.19-4.1 pg/m® benzo[a]pyrene, 0.05-1.5
pg/m? perylcne, 0.13-2.7 ug/m* indeno[l,2,3-cd]pyrene plus
dibenz[a,h]anthracene, and 0.12-3.3 yg/m’ benzo[ghi]perylene (Swallow &
van Noort, 1985).

Sinular levels were found in atypical personal air sample from a Séderberg
aluminium plant in Sweden (year not given) with, in addition, 27 pug/m?®
phenanthrene, 20 pg/m* fluoranthene, 2.8 pg/m’ fluorene, 2 .8 pg/m’ anthracene,
2.8 pg/m* benzola|tluorcne, and < 1.0 pg/m’ naphthalenc (Andersson et al.,
1983).

In personal air samples from 38 workers in the Soderberg potroom of an
aluminium smelter in the humid tropics (location not given), mean concentrations
of < 1.0-48 pg/m’ benzo[alpyrene and 3.5-130 pg/m’ pyrene were detected
(Ny et al., 1993).

The arithmetic mean concentrations of PAH in workplace air samples from
the Canadian aluminium industry were 1100 pg/m?® naphthalene, 130 pg/m?
acenaphthene, 45 pg/m’ fluorene, 30 pg/m* phenanthrene, 4.5 plg/m* anthracene,
1.1 pg/m® fluoranthene, and 0.58 pg/m® pyrene. The concentrations of
benz[aJanthracene, chrysene, benzo[a]pyrene, and benzo|elpyrene werc
< 0.01 pg/m? (Lesage et al., 1987).
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Personal air samples from 18 workers in a US plant producing anodes for
use in aluminium reduction (year not given) showed pyrene concentrations of
1.2-7.4 pug/m? (Tolos ct al., 1990).

Urine samples from 11 workers in Norwegian Soderberg aluminium plants
contained very low lcveis of unchanged PAH, although the concentrations in
the workplace air greatly exceeded the concentrations in urban air. The total
concentration of PAH metabolites in the samples was 1.5-6 greater than that
in a control group (Becher & Bjarseth, 1983).

The PAH concentrations in the air of aluminium plants is reduced
dramatically by the use of tempered anodes instead of Siderberg anodes.
Mecasurements of benzo|a]pyrene levels in French factories showed
1-36 pg/m* in potrooms with Séderberg arodes and 0.004-0.6 pg/m’® in
potrooms with tempered anodes (Barat, 1991).

Foundries

In personal air samples from workers in 10 Canadian foundries, mean
concentrations of 0.14-1.8 pg/m*® benzl[ajanthracene plus chrysene,
0.09-1.2 ug/m® benzo[a)pyrene, and 0.09-1.9 pg/m* dibenzf a klanthracene
were measured. The benzo[a]pyrene levels in stationary air samples from six
Finnish foundries were 3.01-13 ug/m®, depending on whether coal-tar pitch or
coal powder was used as the moulding sand additive (TARC, 1984b).

In another study, the highest individual PAH levels were found in coke
making, moulding, and furnaces (Gibson et al., 1977). Personal air samples
from 67 Finnish foundry workers in 1990-¢1 showed benzo[a]pyrenc
concentrations of 2-60 ng/m* with a mean of 8.6 ng/m’ {Perera et al., 1994),
Depending on the foundry process and sand binder, the mean benzo[a]pyrene
fevel in 29 French foundries varied from 3 to 2300 ng/m* (Lafontaine et al.,
1990).

Concentrations of PAH measured in foundries are shown in Table 72.

Other workplaces

Personal air samples from German chimney swecps (year not given;
115 samples) showed an average benzo[a]pyrenc level of 0.09 ug/m®, buteight
of the samples exceeded 2 pg/m*. With an inhaled air volume of 10 m* per
working day, the daily intake of benzofa]pyrene was cstimated to be
0.24-2.7 ug, with a median value of 1.3 ug (Knecht et al., 1989).

In an ltalian pyrite mine, pyrene levels of 0.03-0.21 pg/m® were measured
in personal and area air samples. The benzo[afpyrene concentrations were
below the limit of detection (Cenni ct al., 1993). Area air samples taken in
China showed total PAH levels of 3-40 pg/m® in two iron mines and
4-530 pg/my? in four copper mines. Individual compounds were not identificd,
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Table 72 . Exposure to polycyclic aromatic hydrocarbons (ug/m? in the
atmosphere of foundries

Compound 1] [2} [3)
Acenaphthene 0.03
Acenaphthylene ND
Anthracene 2.31 0.05
Anthanthrene 0.64
Benz[alanthracene 0.008-0.221 0.67 0.01
Benzo[alfluorene 0.48
Benzolalpyrene 0.049-0.152 0.47 0.02
Benzo[blfluoranthene 0.87° 0.003
Benzo[blfluorene 0.41
Benzofelpyrene 0.48
Benzo[ghifluoranthene 0.15
Benzolghilperylene 0.72 0.05
Benzo[klfluoranthene 0.037-0.458 0.02
Chrysene 0.g2° 0.02
Coronene 0.21

Dibenz[a hlanthracene 0.20 ND
Fluoranthene 1.66 0.13
Fluorene 0.08
indeno[1,2,3-cdjpyrene 0.81 ND
Naphthalene 2.68
Perylene 0.21
Phenanthrene 4.46 0.32
Pyrene 1.74 0.01

ND, not detected; /, single measurements; [1] Canada, steel foundry:
coke making, moulding, furnaces, finishing, and cranes (Gibson et al.,
1977); [2] Western Germany, one foundry, area air samples (Knecht et
al., 1986); [3] Denmark, 70 workers, personal air samples; melting,
machine moulding, casting, sand preparation (Omland et al., 1994}

2 In sum with benzo(j+k)flucranthene
b [n sum with triphenylene

but the main components were naphthalene and acenaphthene in the iron mines
and naphthalene, benz[a]anthracene, benzofb]fluoranthene, benzo[alpyrene,
benzo|elpyrene, and dibenz{a,hanthracene in the copper mines. The PAH
concentrations probably resulted from the drilling of holes with hydraulic or
pneumatic drills and by the transport of broken ore in diesel-powered scoops
(Wuetal,, 1992),

292



EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Area and personal air samples [rom workers in a raitway tunnel in ltaly
showed pyrenc levels of 0.04~0.30 1 p/m’. The benzo[a]pyrene concentrations
ranged from below the limit of detection to 0.04 pg/m? {Cenni et al., 1993).

In the air of fish and meat smokehouses in Denmark (year not given), the
maximum concentration of naphthalene tn stationary air samples was about
2900 pg/mv’. The most abundant compounds were naphthalene, phenanthrene,
pyrene, fluorene, anthracene, and fluoranthene (> 100 ug/m?) (Nordholmet al.,
1986). The minimal values were < 1 pg/m?, benzo[aJpyrenc being detected at
minimal levels of 0.08 pg/m® in meat smokehouses and 0.4 pg/m® in fish
smokehouscs (Hansen et al., 1991b), with a maximum concentration of
78 pg/m’ (Nordholm et al., 1986).

In a further study in nine Danish meat smokehouses, naphthalene was
detected at 21 pg/m’, fluorene at 6.9 pg/m* fluoranthene at 6.6 pg/ov,
phenanthrene at 5.6 ug/m’*, acenaphthene at 5.2 pg/m®, chrysene at 1.2 pg/m®,
anthracene at 1.1 pg/m’, pyrene at (.2 pg/m* and benzo[ghilperylene at
0.2 pg/m* (Hansen et al., 1992).

The concentrations of naphthalene, fluorenc, anthracene, phenanthrene,
pyrene, benzo[a]fluorene, chrysene, benzo[k]fluoranthene, benzo[a|pyrene,
benzole]pyrenc, benzo{ghilperylene, and dibenz[a,h]anthracene in cooking
fumes in a Finnish food factory, three restaurants, and one bakery (year not
given) during the frying of meat and during deep-frying ranged between
< 0.02 pg/m’ (the limit of detection) and 26 ug/m’. Naphthalene occurred at by
[ar the highest concentration. Stationary air was sampled as close as possible
to the active working area and the workers’ breathing zone (Vatniotalo &
Matveinen, 1993).
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6. KINETICS AND METABOLISM IN LABORATORY
MAMMALS AND HUMANS

Appraisal

Polyeyclic aromatic hydrocarbons (PAH) are lipophilic compounds and
can be absorbed through the lungs, the gastrointestinal tract, and the skin. [n
studies of the distribution of PAH in rodents, both the parent compounds and
their metabolites were found in almost all tissues and particularly those rich
inlipids. As a result of mucoctliary clearance and hepatobiliary excretion, they
were present, for example, in the gastroiniestinal tract even when administered
by other rouies.

The metabolism of PAH to more water-soluble derivatives, which is a
prevequisite for their excretion, is complex. Generally, the process involves
epoxidation of double bonds, a reaction catalysed by cytochrome P450-
dependent mono-oxygenases, rearrangement or hydration of the epoxides 1o
yield phenols or diols, respectively, and conjugation of the hydroxylated
derivatives. The reaction rates vary widely: interindividual variations of up to
75-fold have been observed, for example, with human macrophages, mammary
epithelial cells, and bronchial explants from different donors.

All aspects of the absorption, metabolism, activation, and excretion of

benzofajpyrene have been covered exhaustively in the published literature, but
there is a dearth of information on many of the other PAH considered in this
publication, particularly in humans. Thus, this overview sets out general
principles and describes pathways relevant to benzofalpyrene in greater
detail.
Most biotransformation leads to detoxification products that are conjugated
and excreted in the urine and faeces. The human body burden of PAH has not
been extensively studied, but tissue samples taken at autopsy were found in one
study to contain benzofaJpyrene at an average of 0.3 ug/100 g dry tissue; lung
contained 0.2 pg/100 g. In contrass, the pathways by which several PAH are
metabolized to reactive intermediates that bind covalently 1o nucleic acids
have been examined in great detail. Although the commonest mechanism in
animals and humans appears to involve the formation of diol epoxides, radical
cations and sulfate esters of hvdroxymethyl devivatives may also be important
in certain cases.

Absorption

PAH arelipophilic compounds, soluble in organic sol vents, thatare usually
devoid of ionizable or polar groups. Like many other xenobiotic substances,
they would be expected to dissolve readily in, and be transported through, the
external and internal lipoprotein membranes of mammalian cells. This is
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confirmed by the uptake of PAH in vitre from media in which cells are
maintained in culture and modified metabolically by enzyimes of the endoplasmic
reticulum. Furthermore, PAH are known to be able to cause biological effects
in vive in cells and tissues that are distant from their site of uplake by the
organism.

In humans, the major routes of uptake of PAH are thought to be through
(i) the lungs and the respiratory tract after inhalation of PAH-containing
aerosols or of particulates to which a PAH, in the solid state, has become
absorbed; (ii) the gastrointestinal tract after ingestion of contaminated food or
water; and {iii) the skin as a result of contact with PAH-bearing materials.

Absorption by inhalation

Investigations of the pulmonary absorption of PAH have frequently been
clouded by the existence of the mucociliary clearance mechanism, by which
hydrocarbons absorbed onto particulates that have beeninhaled are swept back
up the pulmonary tree and are swallowed, thus entering the organism through
the gastrointestinal tract. Use of isolated perfused rat lungs, however, provided
a clear demonstration that benzo[a]pyrene is absorbed directly through the
pulmonary epithelia. After intratracheal administration, both the hydrocarbon
and its metabolites were detected in effluent perfusion fluid (Vainio et al.,
1976). Other studies have shown that benzo[alpyrene administered in vive as
an aerosol is cleared from the lungs of rats by a biphasic process in which an
initial rapid phase (trachcal clearance) is followed by a much slower second
phase (alveolar clearance) (Mitchell, 1982). PAH absorbed onto particles may
take very much longer to be cleared from rodent lungs, however, than the [rec
hydrocarbons, and the factors that affect this clearance rate include the
structure of the hydrocarbon and the dimensions and chemical nature of the
particles onto which the PAH are absorbed (Henry & Kaufman, 1973; Creasia
etal., 1976, Nagel etal., 1976). Forexample, while 50% of the benzo[a]pyrene
coated onto carbon particles of 15-30 wm was cleared from hamster lungs
within 60 h, it took only 10 hto clear 50% of the benzo[a]pyrenc that had been
coated onto 0.5-1.0-pm carbon particles. In acomparable experiment, however,
when ferric oxide particles of either 0.5-10 or 15-20 m were used as carriers
for benzolalpyrene, 50% of the hydrocarbon was cleared in just over 2 h, and
carrier particle size did not affect the clearancerates (Henry & Kaufman, 1973).

Benzo[a]pyrene was metabolized by the epithelia lining the nasal cavities
of hamsters, dogs, and monkeys when "C-labelled hydrocarbon was instilled
as an aqueous suspension {Dahl ct al., 1985; Petridou-Fischer et al., 1988).
From their studies with hamsters, the authors concluded that when frequent
small doses of 650 ng at 10-min intervals were instilied into the nasal cavity,
$0 as to imitate inhalation, some 50% of the benzo[a]pyrene was metabolized,
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a large {raction of the metabolites could be recovered from the mucus on the
epithelial surfaces; and the nasal epithelia were comparable to those of the
trachea and lungs in their ability to metabolize benzo{alpyrene. Metabolites
produced nasally would be expected to be swallowed and then absorbed in the
gastrointestinal tract.

In humans, the concentrations of benzo[a]pyrene and pyrene present in
association with soot particles in the lungs were much lower than would have
been expected from the soot content. Thus, only a trace of benzo[a]pyrene was
foundinoneof 11 lungsamples examined, in which the expected benzo[a] pyrene
content ranged from 9 to 200 pg; in the other 10 samples, no benzo[alpyrene
was detected. Pyrene disappeared more slowly: all 11 lung samples contained
the compound, at levels of 0.9-4.9 pg, whereas 3-190 ng might have been
expected (Falk et al., 1958). The ability of pulmonary epithelial cells to
metabolize PAH such as chrysene and benzo[a]pyrene to a varicty of
hydroxylated derivatives (Jacob et al.. 1992) may facilitate the absorption and
clearance of PAH from the lungs.

Absorption in the gastrointestinal tract

Indirect evidence for the gastrointestinal absorption of PAH was provided
by Shay et al. (1949), who found that repeated intragastric instillation of
3-methylcholanthrene led to the development of mammary cancer. Mammary
turnours can also be induced in rats by intracolonic adminstration of 7,12-
dimethylbenz[a]anthracene (Huggins et al., 1961). (3-Methylcholanthrene
and 7,12-dimcthylbenzfalanthracene are synthctic PAH that are potent
carcinogens.) More direct investigations by Rees et al. (1971) showed rapid
absorption of intragastrically administered benzo[a]pyrene; the highest levels
of hydrocarbon were found in the thoracic lymph some 3—4 h after administration.
Inareport of studies of intactrats and intestinal sacs to examine the mechanisms
involved in benzo[a]pyrene absorption, Rees et al. (1971) proposed that two
sequential steps were involved, in which a phasc of absorption by the mucosa
is followed by diffuston through the intestinal lining. In a study with Sprague-
Dawlcy rats, the presence of bile was found to increase intestinal absorption of
PAH such as benzo[a]pyrene and 7,1 2-dimethylbenz[a]anthracene to a greater
degree than that of anthracene and pyrene. The effect may be related to
differences in the aqueous solubility of the PAH examined (Rahman et al.,
1986). The composition of the diet also affects intestinal absorption of co-
administered benzo{«]pyrene. Of the dietary components studied, soya bean
oilandtriolein gaverise to the highest levels of absorption of “C-henzo[alpyrene
givenorally at a dose of 8.7 jLg to Wistarrats, while celtulose, lignin, bread, rice
flake, and potato flake suppressed it {awamura et al., 1988).
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Absorption through skin

PAH andPAH-containing materials have been applied dermally in solution
in solvents such as acetonc and tetrahydrofuran. Dermal transfer without use
of a solvent was achieved by use of reconstituted vapour—particulate phases
emitted from coal-tar and bitumen (Genevois et al., 1995) and by appiication
in oil (Ingram et al., 1993).

Absorption of PAH through the skin was observed indirectly when it was
found that repeated topical application of 3-methylcholanthrene led to the
appearance of mammary tumours in mice (Maisin & Coolen, 1936; Englebreth-
Holm, 1941). The percutaneous mechanism of absorption is not universal,
however, since although almost all of a dose of "*C-benzo[a]pyrene applicd to
mouse skin appeared in the facces within two weeks, very little
dibenz[a,k]anthracene was absorbed in this way and most was lost through
epidermal sloughing (Heidelberger & Weiss, 1951). Benzo[a]pyrene has been
shown to be absorbed percutaneously in vitro, by absorption from soil into
human skin (Wester etal., 1990} and, after application as a solution in acetone,
into discs of human, mouse, marmoset, rat, rabbit, and guinea-pig skin (Kao et
al., 1985). In the latter experiments, marked interspecies differences were
noted: 10% ot the applied dose ( 10 ug/5 cm?) of “C-benzo[a]pyrene permeated
mousc skin, 3% crosscd human skin, and < 0.5% crossed guinea-pig skin
within 24 h. It was concluded that both diffusional and metabolic processes are
involved in the percutaneous absorption of benzo[a]pyrene.

In Wistar rats that received “C-pyrenc as a solution in acetone on arcas of
shaved dorsal skin, the rate of uptake was relatively rapid (half-life, 0.5-0.8 d).
The concentrations of pyrcne were highest in the liver, kidneys, and fat, but
those of pyrene metabolites were highestin the lungs. About 50% of an applied
doseof 2,6,0r 15 mg/kg bw was excreted in the urine and faeces during the first
six days after treatment (Withey et al., 1993).

In studies with *P-postlabelling for the detection of DNA adducts, when
complex mixtures of PAH, such as that present in used {ubricating oil from
petrolengines, in coal-tar, or in juniper-tar, were apphied directly 1o mouse skin,
appreciable, persistent levels of DNA adducts (50-750 amol/jg DNA
[l amol/ug DNA equivalent to 3.3 adducts/10'° nucleotides]) were formed in
the lungs (Schoket et al., 1989, 1990). The level of adducts in mouse skin was
inversely related to the viscosity of the oil applied (Ingram et al., 1995).

Evidence for percutaneous absorption of PAH has also been obtained in
humans in vivo. When 2% coal-tar in petroleum jelly was applied topically,
phenanthrene, anthracene, pyrene, and fluoranthene were detected in peripheral
blood sampies (Storer et al., 1984). In addition, volunteers treated topicatly
with creosote (100 pl) or pyrene (500 g, applied as a solution in toluene) and
a psoriasis patient who used a coal-tar shampoo excreted 1-hydroxypyrene in
their urine. In each case, maximal excretion occurred 10-15 h after treatment
(Viau & Vyskocil, 1995).
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Distribution

The whole-body distribution of PAH has been studied in rodents. The
levels found inindividual tissues depend on a number of factors, including the
PAH, the route of administration, the vehicle, the times after treatment at which
tissues are assayed, and the presence or absence of inducers or inhibitors of
hydrocarbon metabolism within the organism. The investigations have shown
that (i) detectable levels of PAH occur in almost all internal organs, {ii) organs
rich in adipose tissue can serve as storage depots from which the hydrocarbons
are gradually released, and {iii) the gastrointestinal tract contains high levels of
hydrocarbon and metabolites, even when PAH are administered by other
routes, as a result of mucociliary clearance and swallowing or hepatobiliary
excretion {Heidelberger & Jones, 1948; Heidelberger & Weiss, 1951; Kotinet
al., 1959; Bock & Dao, 1961; Takahashi & Yasuhira, 1973; Takahashi. 1978,
Mitchell, 1982). “C-Benzo[a]pyrenc injected intravenousty at 11 pg/rat was
cleared rapidly from the bloodstream, with a haif-lifc of < 1 min (Kotin et al.,
1959}, as confirmed by Schlede et al. (1970a,b). who also noted that the rate of
clearance was increased when animals were pretreated with 20 mg/kg bw non-
radicactive benzo[alpyrene or 37 mg/kg bw phenobarbital, both of which can
induce metabolism.

The distribution of 3-methylcholanthrene in mice and their fetuses was
studied by whole-body autoradiography. When 1 mg of “C-labelled hydrocarbon
isinjected intravenously, itis notonly widely distributed in maternal tissues but
also crosses the placenta and can be detected in the fetuses (Takahashi &
Yasuhira, 1973; Takahashi, 1978), in which it induces pulmonary tumours
(Tomatis, 1973; see also Section 7). The distribution of inhaled and
intragastrically or intravenously administered benzo[a]pyrene and 7,12-
dimethylbenz[a Janthracenc in rats and mice has also been studied, with similar
results (Shendrikova & Alcksandrov, 1974; Shendrikova et al.. 1973, 1974;
Neubert & Tapken, 1988; Withey et al.. 1992). Rapid transfer of radioactive
benzo[a|pyrenc across the placenta was confirmed inexperiments in which the
appearance of radivactivity in the umbilical vein of pregnant guinca-pigs was
measured (Kelman & Springer, 1982).

Samples of placenta, maternal blood, umbilical cord blood, and milk from
24 women in south India were examined for the presence of selected PAH.
Although umbilical cord blood and milk showed the highest levels
(benzofa]pyrene, 0.005-0.41 ppm: dibenz[a.c Janthracenc. 0.013-0.60 ppm;
chrysene, 0.002-2.8 ppm), only 50% of the samples examined contained
detectable levels. The authors concluded that developing fetuses and newborn
infants werc exposedtothese PAH, probably from the maternal diet (Madhavan
& Naidu, 1995).

Afterintratracheal administration to mice and rats, the distribution of PAH
was essentially similar to that found afterintravenous or subcutaneous injection
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{Kotin et al., 1959). except for the expected high pulmonary levels. Detailed
time-concentration curves for several organs have been obtained after inhalation
of *H-benzofalpyrene aerosols at 500 pg/litre of air (Mitchell, 1982}. For
example, 1 h after the end of administration, the highest levels were present in
the stomach and small intestine; as these declined, the amounts of radioactivity
in the large intestine and caecum increased. The elimination half-times in the
respiratory tract were 2-3 h for the initial rapid phase and 25-50 h for the
subsequent slow phase.

Metabolic transformation

The metabolism of PAH follows the general scheme of xenobiotic
metabolism originally outlined by Williams (1959). The hydrocarbons are first
oxidized 1o form phase-1 metabolites, including primary metabolites, such as
epoxides, phenols, and dihydrodiols, and then secondary metabolites, such as
diol epoxides, tetrahydrotetrols, and phenol epoxides. The phase-1 metabolites
are then conjugated with either glutathione, sulfate, or glucuronic acid to form
phase-IT metabolites, which are much more polar and water-soluble than the
parent hydrocarbons.

The metabolism of PAH has been studicd in virre, usually in microsomal
fractions prepared from rat liver, although many other tissue preparations have
also been used. Mectabolism in such systems might be expected to be simpler
than that in whole animals because the cnzymes and co-factors necessary for
sulfate, glutathione, or glucuronide conjugate formation may be removed,
depleted, or diluted during tissue fractionation. Use of these systems appears
to be justified, however, because the same types of phase-I metabolites are
formed when animals are treated with simple hydrocarbons such as naphthalene
as when the same hydrocarbon is incubated with hepatic microsomes or tissue
homogenaics (Boyland et al., 1964). The mctabolism of PAH has thus been
studied extensively incells and tissues in culture, which metabolize hydrocarbons
to both phase-I and phase-II metabolites and which probably better represent
the metabolism of PAH that occurs in vive (for reviews see Conney, 1982,
Cooperetal., 1983; Dipple et al., 1984; Hall & Grover, 1990; Shaw & Connell,
1994).

Particular attention has been paid to the metabolism of PAH in human
tissues that might be exposed to hydrocarbons present in food and in the
environment and which are, therefore, potential targets for the carcinogenic
action of PAH (Autrup & Harris, 1983). The cells and tissues examined include
the bronchus, the colon, mammary cell aggregates, keratinocytes, monocytes,
and lymphocytes. The metabolism of PAH by human pulimonary macrophages
has also received attention (Autrup et al., 1978a; Harris et al., 1978a; Marshall
et al., 1979) because it is conceivable that mctabolism by these cells might be
responsible, at least in part, for the high incidence of bronchial cancer in
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smokers {Wynder et al., 1970). Macrophages can engulf particuiate matter that
reaches the terminal airways of the lung and thus would be expected, especially
in smokers, to contain PAH (Hoffmann et al., 1978). The macrophages and
engulfed particulate matter can then be transported to the bronchi where
proximate and ultimate carcinogens, formed by metabolism in the macrophages,
could leave the macrophages and cnter the epithelial cells lining the bronchi
{Autrup et al., 1978a; Harris et al., 1978a). This is an attractive theoretical
mechanism which could account for the high incidence of respiratory tumours
at the junctions of the large bronchi and which is supported by experimental
cvidence.

Extracts of organic material from isolated perfused tung tissues of rabbits
that had been exposed intratracheally to benzo[a]pyrene with or without ferric
oxide were analysed for benzo[a]pyrene metabolites and for mutagenicity.
Extracts of lung tissue exposed to benzolalpyrenc only were mutagenic and
contained benzo[alpyrenc metabolites. When ferric oxide was co-administered,
only the macrophage extracts were mutagenic, owing 1o relatively large
amounts of unmetabolized benzo[a]pyrene. These experiments demonstrate
that ferric oxide particles enhance the uptake of benzoja|pyrene by lung
macrophages and slow its metabolism beyond the 3-h period during which
perfused lung systems can be maintained (Schoeny & Warshawsky, 1983).

Administration of particles in vitro enhances both the uptake and metabolism
of benzo{alpyrenc by hamster alveolar macrophages (Gricfe et al., 1988).
Metabolites were found in both the cells and the culture medium. Subscquent
studies showed that concurrent administration of benzo[a|pyrene and ferric
oxide particles resulted inincreased benzofa]pyrene metabolism and release of
superoxides (Greife & Warshawsky, 1993). In particular, the dihydrodiol
fraction was increased. These studies indicate that particulates may act in lung
cancer by changing the time frame for metabolism, shifting the site of
metabolism to macrophages and enhancing the production of metabolites that
are on the pathway to putative ultimaze carcinogenic forms. In this context, it
has been demonstrated that particles of various sorts exert different Loxic
ctfects on rat and hamster pulmonary macrophages én vitre: ferric oxide and
aluminium oxide particulates were loxic, while crystalline silica was not
(Warshawsky et al., 1994).

The conclusion that the macrophage is the principal metabolizing cell is
further supported by the studies of Ladics et al. (1992a,b), who demonstrated
that the macrophage population was the only one in murinc spleen that could
metabolize benzo[a]pyrene, while the other splenic cell types examined,
including B cells, T cells, polymorphonucleat cells, and the splenic capsule, did
not produce benzo[«]pyrene metabolites above the background level.

Although the same types of metabolite are formed from PAH in many of
the cell and tissue preparations examined in culture, the relative levels and the
rates of formation of these metabolites depend on the type of tissue or cell that
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is being studicd and on the species and strain of animal from which the
metabolizing systems are preparcd. With heterogeneous populations such as
kumans, the rate of metabolism depends on the individual from whom the
tissues or cells arc prepared. For example, a 75-fold variation in the extent of
hydrocarbon activation was rcported in studies of human bronchus (Harris et
al., 1976), and similar variations were observed among human mammary cell
aggregates {Grover et al., 1980; MacNicoll et al., 1980) and macrophages
{Autrup et al., 1978a). The pattern and role of metabelism can also be varied
by adding inhibitors of the enzymes that are responsible for metabolism or by
pretreating either cells in culture or the animals from which the metabolizing
systems are prepared with enzyme inducers.

Cytochromes P450 and metabolisin of PAH

The cytochromes P450 (CYP) are a superfamily of hacmoprotcins that
catalyse the oxidation of various endogenous molecules as well as xenobiotics,
including PAH. To date, about 25{} genes that encode these enzymes have been
identified in various organisms. For classification purposes, the CYP have
been organized into families and subfamilies according to their structural
homology (Nelsen et al., 1993).

Certain CYP belonging to families 1, 2, and 3 are expressed in mammalian
cells and are particularly important in xenobiotic metabolism, and one or more
member of cach family is capable of metabolizing one ormore PAH (Guengerich
& Shimada, 1991; Gonzalez & Gelboin, 1994). Most studies to compare the
catalytic propertics of different CYP have been carried out with model
compounds such as benzo[alpyrene. They show that the catalytic properties
(c.g.theV  Jofdifferent CYPinPAH metabolismcandiffer essentially (Shou
ct al., 1994).

In considering the contribution of a CYP enzyme to PAH metabolism in
vivg, two other parameters in addition to the catalytic properties should be
taken inte account: the mode of regulation and tissuc specificity in its
expression. Combinations of the three factors should give anidea of the relative
importance of an enzyme in PAH metabolism.

Individual cytochrome P450 enzymes that metabolize PAH

CYPJA: CYPIA appears to be the only enzyme with metabolic capability
towards a wide varicty of PAH molecules. It is expressed in various tissucs but
at a generally low constitutive level (Guengerich & Shimada, 1991). The
induction of CYPI A1 is controlled by the Ah (aryt hydrocarbon) receptor, a
transcription factor that can be activated by several ligands such as 2,3,7,8-
tetradichlorobenzo-para-dioxin (TCDD) and PAH, with variable potency
(Negishi et al., 1981). Thus, PAH and material containing PAH can regulate
their own metabolism by inducing CYPLA1. After induction, CYP1Al
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expression may reach high levels, e.g. in the placenta, lung, and peripheral
blood cells; however, inthe liver, the principal organ of xenobiotic metabolism,
the level of expression is low even after induction, and other CY P appear to be
more important, at least in the metabolism of benzo[a]pyrenc {Guengerich &
Shimada, 1991).

CYPIAZ: The other member of the CYPIA family, CYPIAZ2, also
metabolizes PAH; however, its capacity to metabolize benzo[a]pyrene to the
3-hydroxy metabolite, for example, is about one-fifth that of CYPLAL (Shou
et al., 1994). Human CYPIAZ2 is neverthcless very active in forming
benzo[a]pyrene 7,3-dihydrodiol (Bauer et al., 1995} and in forming diol
epoxides from the 7,8-dihydrodiol (Shou et al., 1994). There is also evidence
that CYP1A2 can activate 7,]12-dimethylbenzia]anthracene to mutagenic
species, albeil at a low rate (Aoyama et al., 1989).

The expression of CYP] A2 is also regulated hy the Ah receptor. but in not
exactly the same way as CYPIAL (Negishi et al., 1981). In the liver, for
example, the level of CYP1AZ expression is much higher than that of CYPLAL
(Guengerich & Shimada, 1991}. While the capacity of CYPLAZ2 to oxidize
various PAH is more limited than that of CYP1 AL, its role in reactions like diol
epoxide formation from benzo[a]pyrene in the liver could be important
because of its high level of expression.

CYPIB: The CYPIB subfamily was discovered only recently. Once the
enzyme had been isolated, it was found to be capable of metabolizing PAH.
Interestingly, its expression is also under the control of the Ah receptor. Only
limited information is available on its cxpression and catalytic properties in
differcnt tissues, but it seems to be cxpressed at least in mousc cmbryo
fibroblasts (Savas et al., 1994), rat adrenal glands (Bhattacharyyaetal., 1995),
and several human tissues {Sutter et al., 1994). A number of PAH may act as
substrates for this enzyme (Shen et al., 1994),

CYP2B: When recombinant gene technology was used to express human
CYP2B6 cDNA in a human lymphoblastoid cell line, this enzyme was shown
to be capable of metabolizing benzo[a]pyrene to 3- and 9-phenols and trans-
dihydrodiols (Shouetal., 1994). In addition, CYP2B enzymes may beinvolved
inthe metabolism of 7,1 2-dimethylbenz|a]anthracene (Morrisonctal., 1991a).

The constitutive levels of CYP2B enzymes are extremely low in human
liver, but they are strongly induced by phenobarbital and phenobarbital-type
inducers of CYP. Accordingly, immunological studies of inhibition have
shown that the CYP2B enzymes may play a significant role in the metabolism
of PAH, only when they are induced (Hall et al., 1989; Honkakoski & Lang,
1989).

CYP2C: The CYP2C subfamily contains several members, some of which
are expressed at high levels in human liver. More than one member of this
subfamily may be capable ol metabolizing PAH: thus, human CYP2C9 and, to
a lesser extent, CYP2C8 metabolize benzo{e|pyrene to 3- and 9-phenels and
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trans-dihydrodiols (Shou et al., 1994), In addition, CYP2C enzymes may play
an essential role in the metabolism of benzo|a]pyrene and 7,12-dimethyl-
benz[a]anthracene, particularly in phenobarbital-induced liver (Morrison et
al., 1991a,b; Todorovic et al., 1991). In view of the relative abundance of CYP
in humnan liver and their role in the metabolisi of PAH, it has been suggested
that some CYP2C enzymes play an cssential role in hepatic PAH metabolism
(Morrison et al., 1991b; Yun ct al., 1992),

CYP3A: CYP3A is one of the most abundant CYP enzymes in human liver,
and it can metabolize benzo[a]pyrene and some of its dihydrodiols to several
metabolic products (Shimada et al., 1989; Yun et al., 1992; Shou et al., 1994,
Bauer et al., 1993). In one study, human CYP3A4 was the most important
single enzyme in the hepatic 3-hydroxylation of benzo[alpyrene (Yun et al.,
1992).

Regulation of cytochrome P450 enzymes that metabolize PAH

All of the enzymes discussed above are inducible, and their level of
expression can be enhanced by external stimuli. CYP1A and CYPIB are under
the transcriptional control of the Ah receptor, which can be activated by
numerous PAH and other planar hydrocarbons, including dioxins (Negishi et
al., 1981; Guengerich & Shimada, 1991)

CYP2B enzymes can also be induced by foreign compounds but not
through the Ah receptor. The mechanism of induction of these enzymes 1s not
well understood, but their prototype inducer is phenobarbital; several other
drugs used clinically have similar effects (Gonzalez & Gelboin, 1994).

The regulation of CYP2C enzymes is complicated, and both endogenous
factors such as steroid hormones and exogenous factors such as phenobarbital
may be involved. Furthermore, different members of this subfamily are
regulated differently. The CYP3A are also regulated by endogenous and
exogenous factors; typical inducers of this subfamily are rifampicin,
dexamethasone, certain macrolide antibiotics, and steroid hormones
(Guengerich & Shimada, 1991),

Genetic polymorphisms of CYP1A1, CYPIAZ, and some CYP2C and
CYP3A enzymes have also been described. Some of the genetic defects leading
to the polymorphism have been identified and can be used 10 predict an
individual’scapacity to metabolize drugs, for example by the polymerase chain
reaction. Genetic polymorphism may lead to dramatic changes in the capacity
to metabolize PAH (Raunio & Pelkonen, 1994).

Studies with a few prototype compounds such as benzo[a]pyrene and its
metabolites and 7,12-dimethylbenz[alanthracene indicate that several CYP
are involved in PAH metabolism. As each has its own metabolic capacity,
mode of regulation, and tissue-specific expression, the one that plays akey role
in PAH metabolism in vive at any one time may vary and will depend on the
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compound being metabolized, pre-exposure to inducers of the CYP, the tissuc
and cell type where the metabolism is taking place, and the genotype of the
individual in cases of genetic polymorphism.

Many PAH that are metabolized by the CYP-dependent mono-ox ygenases
also induce the enzyme system. This ability of hydrocarbons 1o induce their
own metabolism usually results in lower tissue levels and more rapid excretion
of the hydrocarbon (Schlede et al., 1970b; Aitio, 1974). Although CYP1AT1 i3
mainly responsible for activation of PAH in the lung and CYP1 A2 in the liver.
most recent investigations have shown that other CYP isoforms may also
contribute o the metabolism of PAH in mammals (Jacob et al., 1996). Thus,
pretreatment of animals with inducers of mono-oxygenase systems is frequently
associated with adecreased tumourincidence (Wattenberg, 1978). Conversely,
studies with strains of mice that differ genetically in the capacity of their mono-
oxygenase systems to be induced by PAH indicate that inducibility may also
be associated with an increased tumorigenic or toxicological response (Nehert,
1980). Induction of the mono-oxygenase system by different types of inducers
can result in different profiles of hydrocarbon metabolites, although the extent
of the effect appears to be variable (Holder et al., 1974, Jacob et al., 1981a,b;
Schmoldtetal., [981). The metabolismof benzo[a]pyrene has beeninvestigated
in more detail than that of other hydrocarbons and is used here as an example.

Metabolism of benzofa]pyrene

[n early studies, the PAH metabolites isolated from or excreted by
experimental animals were shown to consist of hydroxylated derivatives,
commonly in the form of conjugates. Thus, the general scheme of xcnobiotic
metabolism outlined above applies to PAH. One of the principal interests in
hydrocarbon metabolismarose, however, from the realization that hydrocarbons,
like many other environmental carcinogens, are chemically unreactive and that
their adverse biological effects are probably mediated by electrophilic
melabolites capable of covalent interaction with critical macromolecules such
as DNA. Identification ot the biologically active metabolites of PAH, coupled
with advances in both the synthesis of known and potential hydrocarbon
metabolites andl the analysis of metabolites by high-performance liquid
chromatography, has led in the last two decades to a greatly enhanced
appreciation of the complexity of hydrocarbon metabolism. Most of these
metabolic interrelationships arc illustratedd for benzo[alpyrene in Figure 3; the
structures of some types of metabolites are given in Figure 4, The metabolism
of benzolalpyrene and other PAH has been reviewed (for example, Sims &
Grover, 1974, 1981; Conney, 1982; Cooper et al., 1983; Dipple et al., {984,
Hall & Grover, 1990).

Benzo[a]pyrene is metabolized initially by the microsomal CY P-dependent
moeno-oxygenase system to several epoxides (Figure 3). Once formed, these
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Figure 4. Structures of some types of metabolite of benzola)pyrene

ERE R ol spe [

epoxides (Sims & Graver, 1974) may spontaneously rearrange to phenols, be
hydrated to dihydrodiols in a reaction that is catalysed by epoxide hydrolase
(see review by Oesch 1973), or react covalently with glutathione, either
chemically or in a reaction catalysed by glutathione S-transferase (Chasseaud,
1979). 6-Hydroxybenzo{a]pyrene is further oxidized cither spontancously or
metabolically w the 1,6-, 3,6-, or 6,12-quinone, and this phenol is also a
presumed intermedliate in the oxidation of benzo[alpyrene to the threc quinones
that is catalysed by prostaglandin H synthase. Two additional phenols may
undergo further oxidati ve metabolism: 3-hydroxybenzo[a]pyrene is metabolized
to the 3,6-quinone, and 9-hydroxybenzolaipyrenc is oxidized to the K-region
4.5-oxide, which is hydrated to the corresponding 9-hydroxy 4,5-dihydrodiol
{Jernstrom et al., 1978; for a formula showing a K-region, scc Figure 11).
Phenols, quinones, and dihydrodiols can all be conjugated to yietd glucuronides
and sulfate esters, and the quinones may also form glutathione conjugates
(Figure 5).

In addition to being conjugated, dihydrodiols canundergo further oxidative
metabolism. The mono-oxygenase system metabolizes benzolalpyrene 4,5-
diol to a number of metabolites, while the 9,10-dihydrodiol is metabolized
predominantly to its - and 3-phenol derivatives, onty minor quantitics of a
9,10-diol-7,8-epoxide being formed. Incontrast to9,10-dihydrodiol metabolism,
the principal route of oxidative metabolism of benzo[a]pyrene 7,8-dihydrodiol
is to a 7.8-diol 9,10-¢poxide, and triol formation is a minor pathway. The diol
epoxides can themselves be further metabolized to triol epoxides and pentols
{Dock et al., 1986) and can become conjugated with glutathione either through
chemical reaction or viaa glutathione S-transferase-catalysed reaction (Cooper
ct al., 1980; Jernstrom et al., 1985; Robertson et al., 1986). They may also
spontaneousty hydrolyse to tetrols, although epoxide hydrolase does not
appear to catalyse this hydration. Further oxidative metabolism of
benzo[ajpyrene 7,8-diol can also be catalysed by prostaglandin H synihase
(Marnett ct al., 1978; Eling et al., [986; Eling & Curtis, 1992), by a
myeloperoxidase system (Mallettetal., 1991), or by lipoxygenases (Hughes et
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Figure 5. Structures of some benzo[a)pyrene conjugates
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al., 1989). These reactions may be of particular importance in situations in
which there are relatively low levels of CYP (i.e. inuninduced cells and tissucs)
or when chronic irritation and/or inflammation occurs, as during cigarette
smoking (Kensleretal., 1987; Ji & Marnctt, 1992). The products detected have
included diol epoxides {Mallet et al., 1991; Ji & Marnett, 1992) and tetrols
(Sivarajah et al., 1979). Taken together, these reactions illustrate that
benzofa]pyrene in particular, and PAH in general, can undergo a multitude of
simultaneous or scquential metabolic transformations; they also illustrate the
difficulty in determining which metabolites are responsible for the various
biological effects resulting from treatment with the parent PAH.

An additional complexity of hydrocarbon metabolism stems from the fact
that the compounds are metabolized to optically active products. Figure 6
illustrates the stereoselective metabolism of benzo[a]pyrene to the 7,8-diol-
9,10-epoxides, Four isomers may be generated, since each diastereomer canbe
resolved into two enantiomers. In rat liver microsomes, the (+) 7,8-epoxide of
benzo[a]pyrene is formed in excess refative Lo the (-) isomer, such that more
than 90% of the benzo[a]pyrene 7.8-oxide formed consists of the (+) enantiomer
(Levin et al., 1982). The epoxide is then metabolized stereospecifically by
cpoxide hydrolase to the (—) 7,8-dihydrodiol. This metabolically predominant
dihydrodiol is metabolized in turn, primarily to a single diol epoxide isomer,
the (+) anti-benzo[a]pyrene 7,8-diol-9,10-cpoxide. The biological significance
ofthe stereoselective formation of the 7,8-diol-9,10-epoxide isomers is that the
metabolically predominant isomer is also the isomer with the highest tumour-
inducing activity and that found predominantiy to be covalently boundto DNA
in a variety of mammalian cells and organs that have becn exposed to
benzo[a]pyrene.

Benzola]pyrene metabolism has been examined extensively in human
tissue preparations, including human cells, explant cultures, tissue homogenates,
and microsomal preparations. Table 73 lists some studies of the metabolism of
benzo[a]pyrene in human tissues that included metabolites soluble in organic
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solvents and water-soluble conjugates. The results show that the metabolites
produced by different human tissues are qualitatively similar and that the
metabolites detected are the same as those formed in a variety of animal tissues.
The metabolic profiles reported in human tissues are almost all identical to
those seen for other eukaryotes, indicating the involvement of similar enzyme
systems. The same types of reactive clectrophilic intermediates found in other
experimental systems also appear to be formed in human tissues (Autrup &
Harris, 1983). So far, no differences in the metabolism or activation of
benzo[alpyrenc have been reported that might account for differences in the
susceptibility of differentanimal and humantissues to its carcinogenic properties
(sec Section 7). Studies with cultured celis and other substrates such as
benz[ajanthracene, however, indicate that bioactivation of PAH is species-
dependent (Jacob, 1996).

Elimination and excretion

Most metabolites of PAH are excreted in faeces and urine. As complete
breakdown of the benzene rings of which unsubstituted PAH are composed
does not occur to any appreciable extent in higher organisms, very liitle of an
administered dose of an unsubstituted hydrocarbon would be expected to
appear as carbon dioxide in expired air.

The unnary excretion of PAH metabolites hasbeen studied more extensively
than faccal excretion, but the importance of the enterohepatic circulation of
metabolites has led to increased research on the latter. Detailed studies of the
metabolism and excretion of PAH in whole animals have been restricted
mainly to the simpler compounds. Because of the toxicity of the larger
hydrocarbons and the complexity of their metabolism, most studies on these
compounds have been carried out in hepatic homogenates and microsomat
preparations or with cultured cells (see above).

Metabolism and excretion in whole animals have been examined with
regard to naphthalene (Bourne & Young, 1934; Young, 1947, Booth &
Boyland, 1949, Corner & Young, 1954; Comer et al., 1954; Boyland & Sims,
1958; Sims, 1959}, anthracene (Boyland & Levi. 1935, 1936a,b; Sims, 1964),
phenanthrene (Boyland & Wolf, 1950; Sims, 1962; Boyland & Sims, 1962a,b,
Jacob et al., 1990b; Grimmer et al., 1991a), pyrene (Harper, 1957, 1958a;
Boyland & Sims, 1964a; Jacob et al., 1989, 1990b), benz|«]-anthracene
(Harper 1959a,b; Boyland & Sims, 1964b), and chrysenc (Grimmer et al.,
1988b, 1990). A limited number of studies have been published] on more
complex compounds such as benzo[a]pyrene (Berenblum & Schoental, 1943,
Weigert & Molttram, 1946; Harper, 1958b,c; Falk et al., 1962; Raha, 1972,
Jacob et al., 1990b), dibenz{a,k]anthracene (Dobriner et al., 1939; Boyland et
al., 1941;LaBudde & Heidclberger, 1958), and 3-methylcholanthrene (Harper,
1959a; Takahashi & Yasuhira, 1972; Takahashi, 1978). Much of the earlier

312



EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

qualitative work was reviewed by Boyland & Weigart (1947) and by Young
(1950). The absorption and excretion of different hydrocarbons in vivo can
differ. Forexample, while almost all of atopically applicd dosc of benzo[a]pyrene
appeared in mouse faeces (Heidelberger & Weiss, 1951), littie dibenz[a,k]-
anthracene was excreted by this route,

In rats given PAH either singly or as mixtures, the faecal climination of
chrysene (25% of the dose) was not affected by co-administration of
benz[alanthracene, but that of benz[aJanthracene was doubled, from 6to 13%
of the dose. when chrysene was given (Bartosek et al., 1984}, Such effects are
relevant 10 human pharmacokinetics, since exposure is almost always 1o
mixtures of PAH. In workers in a coke plant exposed to mixtures of PAH, the
amounts of phenanthrenc, pyrene, and benzo[e)pyrenc inhaled and the amounts
of their principal metabolites excreted in the urine were correlated (Grimmer
ct al.,, 1994).

In rats, the amount of benzol«]pyrene 7,8-diol excreted m the urine is
related to the susceptibility of individual animals to the carcinogenic effects of
benzo[alpyrene (Likhachev etal., 1992, Tyndyk et al.. 1994), In studies of the
disposition of benzo[a|pyrene in rats, hamsters, and guinea-pigs after
intratracheal administration, the distribution of the hydrocarbon was qualitatively
similar but quantitatively different. In Sprague-Dawley and Gunn rats and in
guinea-pigs, the rate of excretion was dependent on the dose administered, but
in hamsters the rate of excretion was independent of dose (0.16 or 350 pg *H-
benzo[a]pyrcne ) (Weyand & Bevan 1986, 1987a). Evidence for enterohepatic
circulation of henzo[a]pyrene metabolites was obtained in Sprague-Dawley
rats withbite-duct cannulae treated by intratracheal instillation with | pg/kgbw
‘H-benzo[alpyrene (Weyand & Bevan, 1986). The results of a study of the
pharmacokinetics and bioavailability of pyrene in rats strongly suggested that
enterohepatic recycling took place after oral or intravenous administration of
“C-labelled compound at 2-15 mg/kg bw (Withey et al., 1991).

Other studies on the enterohepatic circulation of PAH in rats and rabbits
have also shown thal the significant amounts of metabolites cxcreted in the bile
persist in vivo because of enterohcpatic circulation (Chipman et al., 1981;
Chipman, 1982; Boroujerdi et al., 1981). For example, while some 60% of an
intravenous dose of 3 wmol/kg bw "C-benzola]pyrene was excreted in bile,
only 3% appeared in urine within the first 6 h after injection (Chipman et al.,
1981). Biliary metabolites of xenobiotic compounds are usually polar and
nonreactive, but mutagenic or potentially mutagenic derivatives may be
cxcreted by this route into the intestine (for a review, sce Chipman, 1982),
Glucuronic acid conjugates of biliary metabolites can be hydrolysed by some
intestinal flora to potentially reactive species (Renwick & Drasar, 1976;
Chipman ct al,, 1981; Boroujerdi et al., 1981; Chipman, 1982). Thio-cther
conjugates of hydrocarbons may alse be involved in enterohepatic circutation
{Hiromctal., 1983; Bakke ctal., 1983). although there is no evidence that thesc
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representa mutagenic or carcinogenic hazard to the tissues through which they
pass.

In a controlled study in humans, a 100-250-fold increase in dietary
exposure to PAH, as measured by benzola]pyrene intake, resulted in a 4-12-
fold increase in urinary excretion of 1-hydroxypyrene. The authors concluded
that dietary exposure to PAH is as substantial as some occupational exposures
(Buckley & Lioy, 1992).

Retention and turnover

Very little is known about the retention and turnover of PAH in mammalian
species. It can be deduced from the few data available on hydrocarbon body
burdens (see below} that PAH themselves do not persist for long periods and
must therefore turn over reasonably rapidly. During metabolism, PAH moieties
become covalently bound to tissuc constituenis such as proteins and nucleic
acids. Protein-bound metabolites are tikely to persist, therefore, for periods that
do not exceed the normal lifetime of the protein itself. Nucleic acid adducts
formed from reactions of PAH metabolites can be expected to differ in their
persistence in the body according to whether they are RNA or DNA adducts.
Although most DNA adducts are removed relatively rapidly by repair, small
fractions can persist for long periods. The persistence of these adducts in tissues
such as mouse skin is of considerable interest since one of the basic features of
the two-stage mechanism of carcinogenesis {Berenblum & Shubik, 1947) is
that application of the tumour promoter can be delayed for many months
without markedly reducing the eventual tumour yield.

The persistence of adducts is also consistent with multistage theories of
carcinogenesis, in which multiple steps in neoplastic transformation are
dependent on the mutagenic and other actions of carcinogens.

Human body burdens of FAH

Since the effects of chemical carcinogens are likely to be related to botb the
dose and the duration of exposure, it is important to determine the human body
load of carcinogens during a lifetime. It has been estimated that the total intake
of PAH over a 70-year lifespan may amount to the equivalent of 300 mg of
benzo[a]pyrene (Lutz & Schlatter, 1992); however, inhabitants of conurbations
are likely to inhale additional amounts of PAH. Of course, much of the intake
of PAH is mctabolized and excreted. Thus, the pulmonary tissues of elderly
town dwellers in Russia contained 1000 times less benzo[alpyrene (< 0.1 pg
per individual) than might have been expected trom the estimated intake
figures alone (Shabad & Dikun, 1959). Some experiments with cows and
domestic fowl fed diets containing added benzo[a]pyrene tend to confirm this
finding, since the meat, milk, and eggs produced were, after a suitable delay,
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reported 1o be much less heavily contaminated than might have been expected
from the amounts of benzo[a]pyrene administered (Gorelova & Cherepanova,
197{0)). More recent data are not available.

The average benzo[alpyrene levels (measured by ultraviolet spectroscopy)
in tissues taken at autopsy from normal people of a wide age range were
0.32 ug/100 g dry tissue wetght in liver, spleen, kidney, heart, and skeletal
muscle and 0.2 pug/100 g in lung {Grdf, 1970; Grif et al., 1975).

When cancer-free liver and fat from six individuals were assaved for ninc
hydrocarbons by co-chromatography with authentic standards, pyrene,
anthracene, benzo{bjfluoranthene, benzol ghilperylene, benzo[ &]fluoranthene,
and benzo[a]pyrene were detected at average levels of 380 ppt {0.38 jLg/k g wet
weight)inliverand 1100 ppt (1.1 pg/kg wet weight) infat, Pyrene was the most
abundant PAH present (Ohana et al., 1981b).

Samples of 24 bronchial carcinomas, taken during surgery or at autopsy
from sniokers and nonsmokers with a variety of occupations, were analysed for
the presence of 12 PAH by thin-layer chromatography and fluorescence
spectroscopy. Benzo[a]pyrene, benzo|b]fluoranthene, fluoranthene, and
perylene were detected. Benzola]pyrenc was present, but the other three PAH
were found in only some of the samples. The average concentrations of
benzo{alpyrene were 3.5 ug/g in carcinomatissue and 0.09 pg/g in tumour-free
tissuc (Tomingas et al., 1976).

Reactions with tissue components

The reactions of metabolites of PAH with tissue constituents (Weinstein ct
al., 1978) are relevant because they may indicate the mechanisms by which the
hydrocarbons exert biological effects that include toxicity and carcinogenesis.

Reactions with proteins

Covalent interactions of PAH with protein in whole animals werc first
noted in 1951 (Mitler, 1951). [t was proposed that reactions with specific
proteins might be involved in the initiation of malignancy in liver (Miller &
Miller, 1953), skin (Abell & Heidclberger, 1962), and transformable cells in
culture (Kuroki & Heidelberger, 1972). These findings were supported by
evidence that hydrocarbon metabolites can react covalently with protein in
microsomal incubates (Grover & Sims, 1968), in preparations of nuclei
(Vaught & Bresnick, 1976; Pezzuto et al., 1976, 1977, Hemminki & Vainio,
1979), and in cells and tissues maintained in culture, including human tissues
(Harrisetal., 1978b; MacNicoll et al., 1980). Although hydrocarbon metabolites
often react at much greater rates with protein than with nuclcic acids in the same
biological system, relatively litle atention has been paid to the nature of the
hydrocarbon metabolites involved or to the specificity of these reactions, in
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terms of which proteins are most extensively modificdand where and the effect
that such modification might have on protein function. The evidence suggests,
however, that the reactive specics involved include diol epoxides. Thus, when
proteinisolated fromthe skin of mice that had been treated with benzofa]pyrene
was hydrolysed, tetrols were liberated, and the patterns of specific tetrols
indicated that both syn and anti isomers of the benzo[a]pyrene 7,8-diol 9,10-
oxides are involved in covalent reactions with protein (Koreeda et al., 1978).
Studics of the covalent interactions of diol epoxides with nuclear proteins show
that a varicty of histones and non-histone proteins are modified (Kootstra &
Slaga, 1979; Kootstra et al., 1979; Whitlock, 1979).

Reactions with nucleic acids

The covalent interactions of electrophilic metabolites of PAH with nucleic
acids have been studied in much greater detail than those with protein, partly
because characterization of the products might, in theory. be expected to be
simpler, partly because the cellular nucleic acids are, as nucleophiles, more
‘homogencous’ than proteins, but mainly becausc it has long been suspected
that nucleic acid modifications could lead w a permanent alteration of cell
phenotype.

The covalent binding of a PAH (dibenz[aslanthracene) to DNA jn vivo
was first reported by Heidelberger & Davenport in 1961, Subsequent studies
with naphthalene, dibenz{e,.clanthracene, dibenz[a.h]anthracene, benzola]-
pyrene, 3-methylcholanthrene, and 7,12-dimethylbenz{alanthracene showed
that the levels of DNA hinding in mouse skin are correlated with carcinogenic
potency, as measured by Iball’s index (Brookes & Lawley, 1964).

Analytical methods

Of the methods used for the detection of carcinogen—-DNA adducts
{Phillips, 1990; Strickland et al., 1993; Weston, 1993), one of the most widely
used is *2P-postlabelting, in which DNA is hydrolysed to nucleotides, modified
nucleotides (i.e. adducts) are labelled with *P-phosphate, and the post-labelled
adducts separated by thin-layer chromatography and/or high-performance
liquid chromatography (for reviews of the methoed, sce Phillips, 1991, and
Phillips et al., 1993). The main advantages of the **P-postlabelling assay are jts
high scasitivity and the fact that radiolabelled carcinogens and/or their
metabolites need not be synthesized beforehand.

A variety of physical methods have been described for the detection of
adducts, including fluorescence line narrowing spectroscopy, synchronous
fluorescence spectroscopy, and some specialized gas chromatography-mass
spectrometry procedures (Weston, 1993), The physical methods combine high
sensitivity with no requirement for prior radiolabelling of the carcinogens or
their adducts and may be nondestructive. Sensitive methods involving antisera
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specific for carcinogen-DINA adducts have also beendeveloped. These include
radioimmunecassays, enzyme-linked immunosorbent assays, and immuno-
affinity chromatography (Poirter, 1994).

Information on the pathways thought to be involved in the metabolic
activation of several PAH is given in Table 74, For PAH that have been
exiensively investigated, reviews are cited. In order to provide an overall view
of activation, the Table also includes data on PAH not covered elsewhercin this
monograph.

Most of the metabolites that have been found to react with nucleic acids are
vicinal diol cpoxides, and mes( of these are diol cpoxides of the ‘bay-regton’
type, although there are certain cxceptions {Table 74}, For example, activation
of benzof/]fluoranthene in mouse skin involves a diol epoxide that is not of the
bay-region type (Weyand et al., 19933, Additionally, methyl-substituted PAH
may become bound to hydroxymethyl derivatives which, when conjugated,
vield electrophilic sulfate esters {Surh et al., 1989, 1990a,b).

The sites of attack on nucleic acid bases are usually the extranuclear amino
groups of guanine and adenine. When the reactions of the syn and anti isomers
of benzola]pyrene 7,8-diol-9,10-oxide with RNA, DNA, and homopolymers
were examined in cxperiments in which the epoxide was incubated with the
nucleic acid in a predominantly aqueous solution, RNA, DNA, poly G, poly A,
poly C, poly (dG), poly (dA), and poly (dC) were maodified, but there was little
reaction with poly U, poty I, or poly (dT} (Weinstein et al., [976; Jennette et
al., 1977). Although many of the hydrocarbon-deoxyribonucleoside adducts
formed in human cells and tissues treated with PAH have not been completely
characterized, the available evidence, which is mostly chromatographic,
suggests that in human bronchial epithelium, colon, mammary cells in culture,
and skin the patterns of adducts formed are very similar to those formed in
corresponding rodent tissues (Autrup et al., 1978a,b; Harrisetal., 1979; Autrup
etal,, 1980; MacNicoll et al., 1980; Weston et al., 1983). The ratcs of reaction
of diol epoxides with nuclcic acids was in the general order: poly G > DNA >
poly A > poly C (Jennette ct al., 1977).

Diol cpoxides arc also strongly suspected to react frequently with the N7
position of guanine. This type of modification has not been detected more often
because N7-alkylated adducts are thought to have a relatively short half-life at
pH 7 and would therefore be lost during the isolation and hydrolysis of DNA.
In experiments in which care was taken to avoid adduct loss, reactions of
benzolalpyrene diol epoxide with both the N2 and N7 positions of guanine
residues in DNA werce detected (Osborne et al., 1978). N7 adducts were not,
however, detected in cells treated with anti-benzolalpyrene 7,8-diol-9,10-
oxide (King et al., 1979).

In studies of the role of radical cations in the activation of PAH in vitro,
adducts were formed in which the 6 position of benzo[a]pyrene was covalently
linked to the C8 and N7 positions of guanine and the N7 position of adenine,
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and the 7-methyl position of 7.12-dimethylbenz|a]anthracene was covalently
linked to the N7 positions of guanine and adenine (see Figure 7; Cavalierietal .
1993; Roganetal., 1993). All of these adducts are depurination adducts, which
may explain why they were not detected carlier i vive. The formation of
apurinic sites in DNA could lead to strand nicking {Gamper etal., 1977, 1980).
When the positions of the nicks produced as a result of modification by
benzo[a]pyrene 7.8-diol-9, 1 0-oxide were investigated with DNA of a defined
sequence, nicking appeared to betheresult of thelossof purines and pyrimidines
that had been modified at the N7 position of guanine or at the N3 position of
adenine and cytosine (Haseltine et al., 1980}

In studies of the distribution of covalently bound benzofa]pyrene moietics
inchromatin, more was bound to the inter-nucleosomal spacer regions of DNA
than to DNA in nucleosomes {lahn & Litman, 1977, 1979; Kootsira & Siaga,
[980}. One explanation for this finding may be that nucleosomal DNA is better
protected from modification by the presence of nucleoproteins; results consistent
with this suggestion have been obtained with mitochondrial DNA. Graffi
(1940a b ¢)suggested that lipophilic PAH accumulate in lipid-rich mitochonclria.
Allen & Coombs (1980) and Backer & Weinstein {1980} showed much higher
levels of modification of mitochondrial than nuclear DNA in cultured cells
treated with cither benzo[a]pyrene or the ann-benzolalpyrenc 7,8-diol-9,10-
oxide.

The molecular properties of adducts of benzo[alpyrene 7,8-dihydrodiol-
9,10-epoxides with DNA have been described (Geacintov 1988; Jernstrism &
Grislund, 1994). Although the biological effectiveness of all tvpes of
hydrocarbon-nucleic acid adducts has not been determined, il has been shown
that differences in the biological activitics of 7-ethyl- and 7-methylbenz[a)-
anthracene are not due to ditferences in the mutagenic potential of the adducts
formed (Glatt et al., 1989). Similar conclusions were drawn from work with a
series ol bay-region and fjord-region dicl epoxides (Phillips et al., 1991; sce
section 7,10 for a description of a fjord region). At present, therefore, all
hydrocarbon-deoxyribonucleoside adducts should be regarded as potentially
damaging to the organism.

The relationships between DNA adduct formation and tumour incidence
were examined by Poirier & Beland (1992) on the basis of datafromlong-term
studies in rodents administered carcinogens. The tumour incidence was
compared with adduct levels measured in target tissucs during the first two
months of exposure. [n most cascs, linear increases in DNA adduct levels with
dose were reflected in linear increases in tumour incidence, although there
were exceptions.

In a comparison of the incidence of lung adenomas in strain A/l mice
240 days after they had received a single intraperitoneal injection of
benzo[a)pyrene, dibenz[a,h]anthracene, benzol[b]fluoranthene, 5-methyl-
chrysene, or cyclopental cd]pyrene with the levels of DNA adducts detected in
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Figure 7. Benzo[alpyrene adducts in which the 6 position is covalently linked
to the C8 and N7 positions of guanine and the N7 position of adenine
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the lungs by *P-postlabeliing between days | and 21 after treatment, time-
integrated DNA adduct levels were calculated and plotted against lung adenoma
frequency. The slopes obtained were essentially similar for benzo[a|pyrene,
benzo[b]fluoranthene, 5-methylchrysene, and cyclopentalcd|pyrene but werc
different for dibenz[a.h]anthracene. The authors concluded that “essentially
identical induction of adenomas as a function of [time-integrated DNA adduct
levels) for these PAH suggests that the formation and persistence of DNA
adducts determines their carcinogenic potency’ (Ross et al., 1993).
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7. EFFECTS ON LABORATORY MAMMALS
AND IN VITRO

Appraisal

Single doses of polycyelic aromatic hydrocarbons (PAH) have moderate
1o low toxiciry, with LD  values generally > 100 mg/kg bw after intraperitoneal
or intravenous injection and > 500 mgrkg bw afrer oral administration.
Because most of the experimental studies have addressed the carcinogenicity
of PAH, the database on their short- and long-term toxicity is quite small. In
short-term studies, effects on the haematopotetic system were observed, e.g.
benzofapyrene caused myelotoxicity and dibenzfahlanthracene caused
haemolymphatic alterations inmice. Anaemia is a typical effect of naphthalene.
Values forano-observed-adverse-effect level (NOAEL) and a lowest-observed-
adverse-effect level (LOAEL] have been obiained in 90-duy studies by oral
administration. The NOAEL values based on haematological effects and
hepato- and nephrotoxicity were 75-1000 mgtkg bw per day for the
noncarcinogenic PAH acenaphthene, anthracene, fluoranthene, fluorene, and
pyrene.

Few studies have been conducted on dermal or ocular irvitation. PAH do,
however, have adverse effects after dermal administration, such as
hyperkeratosis, which are correlated with their carcinogenic potency.
Anthracene and naphthalene were reported to cause mild ocular irritation. The
ocular toxicity of naphthalene is characterized by cataract formation.
Benzof afpyrene caused skin hypersensitization. Anthracene and benzofalpyrene
have been shown lo have phototoxic potential and benzofalpyrene,
dibenz{a,hJanthracene, and fluoranthene to have immunotoxic potential.

PAH can cross the placenta and induce adverse effects on the embryo and
Setus. Benz{alanthracene, benzofajpyrene, dibenzfa,hJunthracene, and
naphthalene were found 1o be embryotoxic. Benzofajpyrene also reduced
Jemale fertility and had effects on oocytes and on postnatal development.
Studies on the effects of benzo[alpyrene in mice with different genorypes
demonstrated the importance of the genetic predisposition of animals or
embryos for the development of overt toxic effects. A crucial genetic property
is the presence or absence of the arylhvdrocarbon (Ah) receptor, which
induces the moncoxygenase system; organisms can thus be divided into Ah
responders and Ah non-respokiders.

Mutagenicity has been investigated intensively in a broad range of assays.
The only compounds that are clearly not mutagenic are naphthalene, fluovene,
and anthracene. The evidence for five PAH is considered 1o be questionable
because of a limited database, while the remaining 25 PAH are mutagenic (see
Table 87). Muzagenicity is strictly dependent on metabolic activation of parent
compounds. In bacteric and other cell systems that have no metabolizing

325



7.1

7.1.1

Effects on laboratory animals and in vitro

system, & 9000 x g microsomal preparation of liver (59 mix) must be added as
a metabolic activator.

Comprehensive work on the carcinogenicity of these compounds has
yielded negative results for fluorene, anthracene, [-methylphenanthrene,
pyrene, triphenylene, perylene, anthanthrene, and benzo[ghijperylene, some
of which have been shown to be mutagenic. The evidence for a further eight
PAH was classified as questionable, while the other 17 compounds were
carcinogenic. Generally, the site of tumour development depends on the route
ofadministration but is not restricted to those sites. Tissues such as the skin can
metabolize PAH 1o their ultimate metabolites, thus becoming larget organs
themselves, and metubolites formed in the liver can reach various sites of the
body via the bloodstream. The carcinogenic potency of PAH differs by three
orders of magnitude, and toxic equivalence factors have been used to rank
individual PAH (see Appendix I).

The various theories for the mechanism of the carcinogenicity of PAH take
into account chentical structure and ionization potential. The most prevalent
theories are those involving the bay region and radical cations. The bay-region
theory is bused on the assumption that diol epoxides of the parent compounds
are the ultimate carcinogens, which react with elecirophilic epoxide groups on
N atoms of DNA purines. The radical cation theory postulates the one-electron
oxidation of PAH to form strong electrophiles which then react with DNA
bases. These theories have been confirmed experimentally by derection of the
corresponding DNA adducts in the PAH that have been investigated.
Nevertheless, there is general agreement that any one theory cannot cover the
mechanisms of action of all PAH.

Toxicity after a single exposure

Few studies are available on the acute toxicity of PAH, except for
naphthalene. The LD, values (Table 75) indicate that the acute toxicity is
moderate to low. The results of all of these studies are summarized, even when
a study was old and followed a nop-systematic protocol, in the absence of
alternatives.

Benzofajpyrene

In young rats, a single intraperitoneal injection of 10 mg benzolalpyrenc
per animal caused an immediate, sustained reduction in the growth rate
(Haddow et al., 1937). In mice, a single intraperitoneal injection (dose not
specified) resulted in small spleens, marked cellular depletion, prominent
haemosiderosis, and follicles with large lymphocytes, leading to death (Shubik
& Della Porta, 1957). After a single application of 0.05 ml of a 1% solution in
acetone (o the interscapular area of hairless mice (hr/hr strain), the mitotic rate
of epidermal cells was increased (Elgjo, 1968).
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7.1.2

7.1.3

7.1.4

7.5

EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Chrysene

In young rats, singic intraperitoneal injections of 30 mg chrysene per
animal did not reduce growth {Haddow et al., 1937).

Dibenz{a hjanthracene

One or two intraperitoneal injections of 3-90 mg dibenz[ahlanthracene
per animal within two days led to a reduction in the growth rate of young rats
that persisted for at lcast 15 weeks (Haddow et al., 1937).

Fluoranthene

In young rats, a single intraperitoncal injection of 30 mg fluoranthene per
animal did not inhibit growth (Haddow et al., 1937).

Naphthalene

After oral administration of 14 g/kg bw naphthalene to dogs or 1-3 g/kg
bw to cats, diarrhoea was observed. Rabbits given 1-3 g/kg bw showed corneal
clouding (Flury & Zernik, 1935). After intravenous injection of 1-6 mg
napthalene to white male rabbits weighing 3—4 kg, no haemolytic effect was
seen (Mackell et al.. [931)

Inmice, Clara cells of the bronchiolar epithelium are the primary targets of
low doses of naphthalenc. Dose-dependent bronchiolar epitheliai cell necrosis
was detected after intraperitoneal injection of a single dose of 50, 100, or
200 mg/kg bw per day to mice (O’Brien et al., 1989). Severc bronchiolar
epithelial cell necrosis was also scen in mice within 2-4 h after intraperitoneal
injection of 200-375 mg/kg bw; hepatic and renal necrosis were not observed
(Warren et al,, 1982). Alterations in the morphology of Clara cells were
observed as early as 6 h after intraperitoneal injection of 64 mg/kg bw; ciliated
cells were also affected afier 24 and 48 h and at doses up to 256 mg/kg bw. After
a4-hinhalation of 1.0 mg/litre naphthalene, bronchiolar necrosis was detected
in mice but not in rats (Buckpitt & Franklin, [989; see also section 7.2.1).

Alfter single injections of 50-400 mg/kg bw to mice, 100800 mg/kg bw to
hamsters, and 200-1600 mg/kg bw to rats, Clara cells in mice showed the
effects described above; those of rats showed no significant effects, and minor
effects were observed in hamsters. The trachea and lobar bronchi showed
swelling and vacuolation of non-ciliated cells in mice, no effects in rats, and
cytotoxic changes in hamsters. In the nasal cavity, cytotoxieity to the olfactory
epithelium with necrosis was observed in mice and hamsters at 400 mg/kg bw
and in rats at 200 mg/kg bw (Plopper et al., 1992).

Micc injected intraperitoneally with 200-600 mg/kg bw naphthalene
showed dose-dependent abnormalities in the bronchial region (Clara cells) in
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studies in which the lungs were examined by scanring clectron micrography.
No pulmonary damage was detected at 100 mg/kg bw. Depletion of pulmonary
gluiathione, which protects against the toxicity of xenobiotics, was observed
within 6 h of naphthalene administration (Honda et al., 1990).

The doses and detailed findings of experiments with single doses of
naphthalene are summarized in Table 76.

Phenanthrene

After acute intraperitoneal injection to rats {dose not specified), liver
congestion with a distinct lobular patiern was observed as well as alterations
in some serum paramcters (Yoshikawa et al., 1987).

Pyrene

In young rats, single intraperitoneal injections of 10 mg pyrene per animal
did not lead to a reduction in growth raic (Haddow ct al,, 1937),

Short-term toxicity
Subacute toxicity

Acenaphthene

Four of five mice given 500 mg/kg bw perday acenaphthene intraperitoneally
for seven days survived (Gerarde, 1960).

Acenaphthylene

Nine of 10 mice given 300 mg/kg bw per day acenaphthylene for seven
days survived (Gerarde, 1960).

Anthracene

Nine of 10 mice given 500 mg/kg bw per day anthracenc for seven days
survived (Gerarde, 1960), Oral administration of 100 mg/kg bw per day to rats
for four days increased carboxylesterase activity in the intestinal mucosa by
13% (Nousiainen et al., 1984).

Benzo{a]pyrene

Death due to myelotoxicity was observed after daily oral administration of
benzo[alpyrene at 120 mg/kg bw to poor-affinity Ah receptor DBA/ZN mice
for one to four weeks, whereas high-aftinity C57 BI/6N mice survived with no
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myelotoxicity for at least six months under these conditions (Legraverend et
al., 1983).

Rats given 50 or 150 mg/kg bw per day of benzo[a]pyrene orally for four
days showed suppressed carboxylesterase activity in the intestinal mucosa.
The NOAEL with respect to gastric, hepatic, and renal effects was 150 mg/kg
bw per day (Nousiainen et al., 1984)

InFischer 344/Crl rats exposed by inhalation to 7.7 mg/m* of benzo[a]pyrene
dust for 2 h/day, five days per week for four weeks, no respiratory tract lesions
were abserved, as measured by lung lavage, clearance of tagged particles, and
histopathological findings (Wolff, R.K. et al., 1989).

Benzfalanthracene

When benz[a]anthracene was given orally to rats daily for four days, the
NOAEL with respect to gastric, hepatic, and renal effects was 150 mg/kg bw
per day. Carboxylesterasc activity in the intestinal mucosa was suppressed
(Noustainen et al., 1984).

Dibenzfahlanthracene

Adverse haemolymphatic changes, including the appearance of
extravascularerythrocytes inthe lymph spaces and large pigmented cells, were
reported after subcutaneous injection of male rats with 0.28 mg per animal on
five days per week for four weeks (Lasnitzki & Woodhouse, 1944).

Flyoranthene

All of 10 mice that received 500 mg/kg bw per day fluoranthene
intraperitoneally for seven days survived (Gerarde, 1960).

Naphthalene

Anacmia was induced in threc dogs by single oral doses of 3 0r 9 goratotal
dose of 10.5 g per animal given over seven days. All three animals showed
neurophysiological symptoms and slight to very severe changes in
hacmatological parameters. Full recovery was observed within 7-14 days
(Zuelzer & Apt, 1949),

No immunosuppressive effects were observed in anumber of test systems.
Tolerance tothe effects of naphthalene was reported in mice after intraperitoncal
injection for seven days. A sharp contrast between single and multiple doses
was observed in the effects on the morphology of the bronchiolar epithelium.
When naphthalene was given intraperitoneally at a dose of 50, 100, or
200 mg/kg bw per day as a single injection, dose-dependent bronchiolar
epithelial cell necrosis was detected; however, when these doses were given
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daily for seven days, no significant effects were observed. Addition of
300 mg/kg bw on day 8 had no effect, whereas recovered sensitivity was
observed with increasing time betwecn the last dose and the challenge dose. A
single dose of 300 mg/kg bw without pretreatment resulted in substantial
denudation of the bronchiolar epithelium. This pattern was attributed to a
reduction inmetabolic activation of naphthalene due to adecreasein cytochrome
P450 mono-oxygenase activity after multiple dosing. A rough correlation was
observed in mouse lung (but not liver microsomes) between induction of
tolerance and decreased metabolic formation of the 1R, 2S-epoxide enantiomer,
whichis responsible for tissue-selective toxicity. Suchtoxicity was demonstrated
inmice both in vive and in isolated perfused lung (Buckpitt & Franklin, 1989).
These studies are summarized in Table 77.

Phenanthrene

Oral administration of 100 mg/kg bw per day phenanthrene to rats for four
days induced a 30% increase in carboxyleslerase aclivity in the intestinal
mucosa (Nousiainen et al., 1984},

Pyrene

Four of five mice injected intraperitoneally with 500 mg/kg bw per day
pyrene for seven days survived (Gerarde, 1960},

Subchronic foxicity
Acenaphthene

Administration of 173 mg/kg bw per day acenaphthene to mice by gavage
for 90 days resulted in a NOAEL of 175 mg/kg bw per day and a LOAEL of
350 mg/kg bw per day for hepatotoxicity (US Environmental Protection
Agency, 1989a).

Anthracene

Four of five rats given 5 mg per animal anthracene subcutaneousiy tor four
months survived (Gerarde, 1960).

Anthracene was administercd to groups of 20 male and female CD-1 (ICR)
BR mice by gavage at a dose ot 0, 250, 500, or 1000 mg/kg bw per day for at
least 90 days. No treatment-related effects were noted on mortality, clinical
signs, body weights, food consumption, ophthalmological findings, the results
of haematology and clinical chemistry, organ weights, organ-to-body weight
ratios, and gross pathological and histopathological findings. The no-observed-
effect level (NOEL) was the highest dose tested, 1000 mg/kg bw per day (US
Environmental Protection Agency, 1989b).



Selected non-heterocyclic polycyclic aromatic hydrocarbons

EHC 202

ajewgy) ‘4 ‘alew ‘W

SHIAM Z—| UIYHM

{6¥861) Aaaooal 919|dw o ‘elLaeUR B19A8S AusA p/ ‘Aep
Wy g 1ezienz  ‘eixele ‘aladde jo yor| ‘SSauNBaMm ‘BaOULIEI] Jad mq By/6 zg'o IO (1) fioqg
(6£61) P 0OL
SUUM B BUUM s1Al| Aey ‘pabliejua iyimolb Jo uomqiyut Jo1p Byb 2 181q ey
(6861) |8 (1o15GM
18 ueug,o (6861) 8 Aep uo B/ pog 0} eouBIBiO} p 2 B/ -SSIMS)
uipiuelq g mdyong  ABojoydiow Bunj ul suoielale wesyiubls oN 00z pue ‘00l ‘DS |eauoluadeliy) ] asncy
goue.a|0} (1) siybiam uss|ds p 06 Moom
{rg61) aAlejal pasealoap Apueoyiubis Aloixo] /P 2 ‘mq By/Buw (1-go)
‘e 10 ddoyg -ounwiw 1o sjoeye Aeuowind snciAgqo oN £€1 PUe ‘gG ‘g'g [B10 IW ashop
{1) wyBram Bun| vl asealou
{(1) uss|ds jo JybBlem ul aseassp ueoyubis
‘{w) yBem snwAyl ul esealdsp %08 W)
wbiem Apog [BulLLg) pasealosp Ajueoiyubls
H(y) Anpenow 9%,01-5 :By/Bw £ 9z 'siosye
wesyubis ou :By/Bw g5 pue /g ‘parvaye jou Pl Moom
(P61 @suodsel sunww [eiowny ‘siapweled 2160 /9 £ 'mq Bx/6w (2L 1—0F) (L-ao)
e 19 ddoys olewsey ul suonelalje Wbis ‘sdnolb e uy /9Z pue ‘eg ‘/g IO 4N asSNoW
vonesis  (dnoub sed
-lujupe X98/°0U} (ureqs)
aousIseY 5109439 (Aund) esoq 10 8In0Y Xag  sswadg

ausjeyiydeu Jo s10syje 2U0YDGNS pUe BINOEQNG “// B|qEL

335



7.2.2.3

7.2.24

7.2.2.5

Effects on laboratory animals and in vitro

Benzofalpyrene

Male Syrian golden hamsters were exposed by inhalation to 9.8 or
44,8 mg/m* benzo[a|pyrene for4.5 hiday, five days per week for 16 weeks. No
neoplastic response was observed in the respiratory tract (Thyssenetal., 1980).

The growth of rats was inhibited by feeding a diet enriched with
benzo[ajpyrene at 1.1 grkg for more than 100 days (White & White, 1939).

Fluorene

Groups of 25 male and 25 female CD-1 mice were given 0, 125, 250, or
500 mg/kg bw per day fluorenc suspended in corn 0il by gavage for 13 weeks.
Increased salivation, hypoactivity, and abdomens wetted with urine were
observed in all treated males. The percentage of hypoactive mice was dose-
related. In mice exposed at 500 mg/kg bw per day, laboured respiration, ptosis
(droopingeyelids), and anunkempt appearance were also observed. A significant
decreaseinerythrocyte count and packed cell volume were observed in females
treated with 250 mg/kg bw per day fluorenc and in males and females treated
with 500 mg/kg bw per day. The latter also showed a decreased haemoglobin
concentration and an increased total serum bilirubin level. A dose-related
increase in relative liver weight was observed in treated mice, and a signilicant
increase in absolute liver weight was observed in the mice treated with 250 or
500 mg/kg bw perday. Significant increasesin absolute and relative spleen and
kidney weights were observed in males and females exposed to 500 mg/kg bw
per day and in males at 250 mg/kg bw per day. The increases in absolure and
relative liver and spleen weights in animals at the high dose were accompanied
by increases in the amounts of haemosiderin in the spleen and in Kupffer cells
of the liver. No other histopathological lesions were observed. The LOAEL for
haematological effects was 250 mg/kg bw per day, and the NOAEL was 125
mg/kg bw per day (US Environmenial Protection Agency, 1989¢).

In a similar study, fluorene at 35, 30, and 150 mg/kg bw increased the
weight of the liver by about 20% in a dose-dependent fashion and the mitotic
index of hepatocytes by sixfold after 48 h (Danz et al., 1991).

Fivoranthene

Groups of 20 male and 20 female CD-1 mice were given 0, 125, 250, or
500 mg/kg bw per day fluoranthene by gavage for 13 weeks. A fifth group of
30 male and 30 fernale mice was used to establish baseline levels inblood. Body
weight, food consumption, and haematological and serum parameters were
recorded regularly throughout the experiment. At the end of 13 weeks, the
animals were killed and autopsied; organs were weighed and a histological
evaluation was made. All treated mice had dose-dependent nephropathy,
increased salivation, and increased liver enzyme activities, but these effects
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were either not significant, not dose-related, or not considered adverse at
125 mg/kg bw per day. Mice exposed to 500 mg/kg bw per day had increased
food consumption and increased body weight. Mice exposed to the two higher
doses had statistically increased alanine aminotransferase activity and increased
absolute and relative liver weights, Treatment-related microscopic liver lesions
(indicated by pigmentation) were observed in 65% of mice at 250 mg/kg bw per
day and 88% of those at the highest dose. On the basis of the increased alanine
aminotransterase activity, pathological effects in the kidney and liver, and
clinical and haematological changes, the LOAEL was 250 mg/kg bw per day
and the NOAEL 125 mg/kg bw per day {US Environmental Protection Agency,
1988).

Naphthalene

In a 90-day study in mice, naphthalene at oral doses up to 133 mg/kg bw
caused neither mortality nor serious changes in organ weights (Shopp et al.,
1984). These authors did not observe haemolytic anaemia in CD-1 mice after
oral uptake, although this effect had been seen in human patients {Konar et al.,
1939; Zuelzer & Apt, 1949; see Section 8). It was suggested that glucose-6-
phosphate dehydrogenase deficiency in erythrocytes, a prerequisite of haemo-
lytic anaemia in adult humans, was not present in the mice (Shoppetal., 1984),

In rats that ingested 150 mg/kg bw per day naphthalene for the first three
weeks and 200-220 mg/kg bw per day for a further 11 weeks, reduced weight
gain and food intake were observed. Later, the liver was found to be enlarged,
with cell oedema and congestion of the liver parenchyma, and the kidneys
showed signs of inflammation (Kawai, 1979).

The presence of 1 g/kg naphthalene in the teed of rats and rabbits for
46-60 days led 10 cataracts (US Environmental Protection Agency, 1984b; see
also section 7.8).

Administration to rabbits of 0.fI-1 mg/kg bw per day naphthalene by
subcutaneous injection for 123 days resuited in severe vedema and a high
degree of vacuolar and collicular degeneration in the brain; necrosis of nerve
cells also occurred. The author suggested that hypoxaemia resulting from
haemolytic anaemia was responsible for this finding (Suja, 1967, cited by
Kawai, 1979).

Subacute and subchronic studics with naphthalene are summarized in
Table 77.

Pyrene

The growth of rats was inhibited by feeding a diet enriched with
benzofa]pyrene at 2 g/kg for more than 100 days. The livers were enlarged and
had a fatty appearance indicating hepatic injury (White & White, 1939).
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Groups of 20 male and 20 female CD-1 mice were given 0, 75, 125, or
250 mg/kg bw per day pyrene in corn oil by gavage for 13 weeks and then
examined for changes in body weight, food consumption, mortality, clinical
pathological manifestations in major organs and tissues, and changes in
haematology and serum chemistry. Nephropathy, characterized by the presence
of multiple foci of renal tubular regeneration, often accompanied by interstitial
lymphocytic infiltrates and/or foci of interstitial fibrosis, was present in four
male control mice, one at the low dose, one at the medium dose, and nine the
high dose. Similar lesions were seen in two, three, seven, and 10 female mice,
respectively. The renal lesions in all groups were described as minimal or mild.
Relative and absolute kidney weights were reduced in mice at the two higher
doses. On the basis of nephropathy and decreased kidney weights, the low dose
(75 mg/kg bw per day) was considered to be the NOAEL and 125 mg/kg bw
per day the LOAEL (US Environmental Protection Agency, 1989d).

Long-term toxicity

Almost all of the long-term studies reported were designed to assess the
carcinogenic potency of PAH and are therefore summarized in section 7.7.
Information about the non-carcinogenic effects, such as growth inhibition,
liver damage, and irritation, which occurred at concentrations that also caused
carcinogenic effects is presented here. General effects, such as on mortality,
body weight, and pathological findings at sacrifice, were not considered useful.

Anthracene

A group of 28 BD [ and BD HI rats received anthracene in the diet from the
age of about 100 days, at a daily dose of 5-15 mg per rat. The experiment was
terminated when atotal dose of 4.5 g per rat had been achieved, on day 550. The
rats were observed until they died; some lived for more than 1000 days. No
treatment-related effects on lifespan or on gross or histological appearance of
tissues were observed; haematological parameters were not measured (Schmihl,
1955).

After weekly subcutaneous injections of anthracene at 0.25 mg per animal
for 40 weeks, mice showed deposition of iron in lymph glands and a reduced
number of lymphoid cells (Hoch-Ligeti, 1941).

Benz[aJanthracene

Weekly subcutaneous injection of 0.25 mg per mouse for40 weeks resulted
in deposition of iron in lymph glands and a reduced number of lymphoid cells
(Hoch-Ligeti, 1941).
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Dibenz{a,h]anthracene

Mice given weekly subcutaneous injections of 0.25 mg per animal for
40 weeks had pale, soft, enlarged livers with signs of fatty degeneration. There
was deposition of iron in lymph glands, and the number of lymphoid cells was
reduced (Hoch-Ligeti, 1941).

Dermal and ocular irritation and dermal sensitization

The adverse dermatological effects observed in animals after acute and
subchronic dermal exposure to PAH included destruction of sebaceous glands,
dermal uiceration, hyperplasia, hyperkeratosis, and alterations in epidermal
cell growth. Perylene, benzo[e]pyrene, phenanthrene, pyrene, anthracene,
naphthalene, acenaphthalene, fluorene, and fluoranthene did not suppress the
sebaceous gland index; benz[a]anthracene, dibenz[a,h]anthracene, and
benzo[a]pyrene resulted in indices > 1 (Bock & Mund, 1958). In Swiss mice
treated daily for three days with solutions of benzo[a]pyrene in acetone, a
concentration of 0.1% destroyed less than half of the sebaceous glands,
whereas 0.2% destroyed more than 50% (Suntzeff et al., 1955).

Anthracene

Anthracene is a primary irritant, and its fumes can cause mild irritation of
the skin, eyes, mucous membranes, and respiratory tract. At a concentration of
4.7 mg/m?3, mild skin irritation was found in 50% of exposed mice (Montizaan
et al., 1989). The median value for dermal irritant activity (IDSO) in the mouse
ear was 6.6 x 1 0~* mmol or 118 g/ear; incomparison, the ID, forbenzo[a]pyrene
was 5.6 x 10~ mmol per ear (Brune et al., 1978). Anthracene increases the
sensitivity of skin to solar radiation (Gerarde, 1960). No contact sensitivity to
anthracene was observed (Old et al., 1963).

Benzo[ajpyrene

Four adult female guinea-pigs were injected with a total of 250 pg
benzo[a]pyrene in Freund’s adjuvant, and two to three weeks later were tested
for contact sensitivity with solutions of 0.001,0.01,0.1, or 1% benzo[a]pyrene
in acetone and olive oil. After 24 h, a slight to severe (0.001-1%) contact
hypersensitivity was observed (Old et al., 1963).

C3H mice were given an epicutaneous administration of 100 pg
benzola]pyrene in 0.1% acetone solution into the abdominal skin. Five days
later, contact hypersensitivity was elicited by applying 20 pg benzolalpyrene
to the dorsal aspect of the ear. The response was quantified by ear thickness,
which reaced a maximum three to five days after challenge. The LOAEL for
allergic contact sensitivity was thus 120 g (Klemme et al., 1987).
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The 1D, value for dermal irritant activity in the mouse ear was 5.6 x {0~
mmol per ear {Brune et al., 1978).

Naphthalene

A single dose of 100 mg naphthalene to the rabbit eye was slightly
irritating, whereas application of 495 mg to rabbit skin. without occlusion,
caused mild irritation (Sax & Lewis, 1984).

Phenanthrene

No contact sensitization to phenanthrene was observed (Old et al., 1963).

Reproductive effects, embryotoxicity, and teratogenicity

The mechanistic aspects of reproductive and embryotoxic effects are
presented in detail and the results summarized in Tables 78-80. The genotype
of mice 1s decisive for the manifestation of effects.

Studies have been reported on anthracene, benz[aanthracene, benzo[al-
pyrene, chrysene, dibenz{a,k]anthracene, and naphthalene. Embryotoxicity
was reported in response to benz[ajanthracene, benzo{a]pyrene, dibenz[a,k]-
anthracene, and naphthalene. Benzo[a]pyrene also had adverse effects on
femate fertility, reproduction, and postnatal development. In a study in young
mice, an NOEL of 150 mg/kg bw per day was obtained for benzofa]pyrene on
the basis of effects on fertility (sperm in lumen of testes, size of litters) and
embryotoxicity (malformations) (Rigdon & Neal, 1965)}.

Benzofalpyrene
Teratogenicity in mice of different genotvpes

Benzo[a]pyrene ts embryotoxic to mice, and the effect is partly dependent
on the genetically determined induction of the cytochrome P450 mono-
oxygenase receptor, Ah, of the mother and fetus by PAH (see also section 7.10).
In the case of an inducible mother (AR*/AR® and Ah%Ah?, B groups), the
genotype of the fetus is not crucial because the active metabolites formed inthe
mother appear to cross the placenta, causing fetal death or malformation. In
contrast, when the mother is non-inducible (A#%/Ah?, D group), the genotype of
the fetus is important; one litter may contain both inducible and non-inducible
fetuses. Another decisive factor is the route by which benzo[a]pyrene is given
to the mother. Three studies of the genetic expression of effects are summarized
below.

Intraperitoneal injection of benzo[a]pyrene at 50 or 300 mg/kg bw on day
7 or 10 of gestation was more toxic and teratogenic in utero in genetically
inducible C57B1/6 (Ah*/AA" thanin non-inducible AKR inbred mice (Ah¥/AR¢).
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In AKR x {C57BV/6XAKR)F and (C57BI/6)(AKR)F, x AKR back-crosses
(father x F, mother}, allelic differences at the Ak Jocus in the fetus correlated
with dysmorphogenesis. The inducible fctal AR%/AR!genotype results in more
stillborn and resorbed fetuses, decreased fetal weight, increased frequency of
congenital anomalies, and cnhanced P1-450-mediated covalent binding of
benzolalpyrene metabolites to fetal protein and DNA, when compared with
fetuses of the non-inducible AR/ARY genotype (not-inducible) from the same
uterus (see Table 78). In the case of an inducible mother (ARt/ARY, however,
these parameters do not differ in AR'/AR*and AR%/AR7individuals in the same
uterus, presumably because ihe increased benzola]pyrene metabolism in
maternal tissues and placenta cancels them out {Shum et al., 1979},

An inducible genotype is not the only factor involved in the reproductive
toxicity of benzo[alpyrene. In a study in which C57Bl/6 female mice (Ah
inducible) were mated with C537BL/6, DBA/2, or BDF male mice (B groups),
and DBA/2 females (non-inducible) were mated with C57BY6, DBA/Z, or
BDF, males (D groups} and received intraperitoneal injections of benzola)-
pyrene, fetal mortality increased dosc-dependently m all groups except the
DBA/2 x DBA/2. Fetal body weight was reduced dose-dependently in all
experimental groups, but the effect was more pronounced in I than B groups,
as was a dose-dependent increasc in the frequency of cervical ribs (for
experimental details, see Table 78). These results suggest that Ah-inducible
fetuses are more scnsitive to lethal events, whereas those of non-inducible
dams are more susceptible to a decrease in body weight and an increased
incidence of cervical ribs, The incidence of external malformations may,
however, differ in mice of different genotypes after treatment with benzola|-
pytene, even if both dams and fetuses are inducible (Hoshino et al., 1981).

The toxicity of benzolalpyrene in utero was investigated in pregnant AhY
Ahx ARYAR'E and ARY/AhTx Ah'/AH'F back-crossed mice fed benzo[a|pyrene
in the diet at 120 mg/kg daily on days 2-10 of gestation. Embryos of D females
(AhYAK genotype; non-inducible) showed more signs of toxicity and malforma-
tions than AAYAK? embryos. Fetuses of B females (Ah%Ah? genotype) did not
show these changes. The authors suggested that reduced benzola]pyrene
metabolism in the intestine had caused high concentrations in the embryos, and
more toxic metabolites (benzo[alpyrene-1,6- and -3,6-quinones) were detected
in the Ah%AR' embryos than in Ak%/Ah' embryos (Legraverend et al., 1984},
These results were in contrast to those reported after intraperitoneal injection
by Shum et al. (1979) and Hoshino et al. (1981). The route of administration
can thus affect the magnitude of the observed effects (see also section 7.8.2.2),

Reproductive toxicity
A single intraperitoneal injection of benzo[a]pyrene reduced fertility and

destroyed primordial cocytes of DBA/2N mice in a dose-dependent manncr
(Mattison et al., 1980; see also Table 79).

341



Effects on laboratory animals and in vitro

(801W sy iy JueubBaud ur usas Jou Joeyd) aolw

(jeocadioal)
S855010-%08q

iy ueuBald u soAque Y Uiim Aep Jad BY puB ‘r/eMY
(rg6l) je1e  paredwod solique Ly Ly Ul suoleutojew /B g 'uogelsab ‘N9/ILSD
puaiaaelba pue AJI21X0] suULSINEAUl pasealou ;' g j0 01-2 AeQ 121q 21-9 asnop
mq By/Buwi gg | lusa SSIMSG
(so61) leaN -I[9p 1nun uoyrISab Sy
» uopbiy suoljeLoyew ou = 4 j001 05 ABg 121Q 6 asnop
suaiAdfejozuag
(2261) {sjonuod U SUUN 2'Q > SA 21) mq By/Bw 09 Aameg-enbeidg
‘e 19 U219 1A Ul 8SEIAX0IPAY Jeg Jo uohonpul @' ‘uonelssb jo g Aeg abeaen 1By
g1 Aep o1 dn uondiosss pue yesp [ele) i 4 Aep Jad puue
(661 ) Uelig abeyuowary [elusor|deliul | Aeq 'ebey  /Bw g ‘uonelsab jo
9 3JI0M -1oweey jeuibea aloass izl pue gl Aeg °4  GL—L 1o ||| ABQ SnoBUEBINAGNS z By
ausoriuBlEjZzUBG
(sjonuoo Mmq
(ZZ61) UISHUN Z'0> sA 20 >) (010D yim paledwoo Bxy/Bw 09 -snbeidg
‘e 18 YDISAA 18Al] Ul 95B1AX0IPAY Jeg Jo uohonpul ou 4 ‘uonelsab jo g Aeg sbeaeg ey
susBIYIUY
uonelis
-luwpe dnoib  (ueys)
aouslajay sjoayg asop ‘uoleing joanoy JadoN  sawadg

SjeWIUE [BJuaWLadXe ul SUOQIEDCIPAY djewole d1j24oA0d Jo Ajaixololiqus 8/ s1qe |



Aep Jad [ewue
/Buw g ‘uoneisab
jogLJo L 1-| Aeqg

gl Aep o1 dn uondiosal pue ulesp eje; ' 4 abey
{6£61) -uowsaey |pluade|denu; | Aep ‘abeyuowsey

uefig 9 9jl0M [euBea asnjoid :Z| pue pt sheq :°4 snosueINogng ya ey

Aep Jad mq By/Bw

(1861) aumabuy Anoxol ou :'4 09l ‘OF ‘01 ‘uonElSeb 1-ao

B GIZUS OB Ajoxoy ou %4 10 9]1-2 Aeqg abeaen asnopw
(919250 x 9/19250)

SUCBULIOJRW pasealol :' 4 :By/Bw 0og {|eooidivay)

squ feo1AB0 $8S50J3-)2eq

10 Jaquinu pasesalsul Jybiam Apoq jels} peonpal pue ‘z//ga

(1861) HBundsyo z/veqa X 2/vaq ideoxe) Aljeliow Bx/6w ooe 10 0G4 ‘918280

‘|2 18 OUIYSOH |el3y) paseasaul :°4 mq By/Bw gog pue 0g1 ‘uonjelsab jo g Aeq  |esuoiuadelu) 0z asnow

(leooudioay)

$8SS0.10-40Eq

{so1 Kyiy U uBY 19250 mq B6y/Bw puE Y)Y

(6261)  weubard uliaybly pioj-) SuonewIOyEW 'SUCK  0OE-0S ‘UOIEISSD '9/18450

‘el wnys -diosal 'syuiqyus Ul esessoul i 4 mq B6x/6w 00z jo 21400l ‘2 Aeg  (esucluadelu]  og-g asnop

(D102} suauddiejozusg

343

Selected non-helerocyclic polycyclic aromatic hydrocarbons

EHC 202:

uolleljs
-uiwpe  dnoub (ureus)
8audle ey Sjo9lq asop ‘uoieing jo 8oy Jad oN  sei0adg

{puoo) 82 siqey



g1 Aep 01 dn uondiosai pue yieap [g1e} ' 4 Aep Jad jewue

(5e61) urig sbeyuowery [Bluaceidenu | Aep ‘abey /B g ‘uonelsab

2 SlOM -noweey [eulbea asnjoud :g| pue g} sAeq °4 jogi—Liog-| Aeq  shoauenagng el ey
Asimeq
{z/61) (s]04uaD Uil SHUN Z'0 > SA G1) mq By/Bw og -snbeidg
MR RV ETYY 1801 Ul aselAxolpAy deg Jo uononpul :'4  ‘uonelseb jo 81 Aeg aberen) ey
suaseiyiuefy elozusgig
Aaymeq
Zi61) {S]1021U0D Wl SHUN 20 > SA Q) mq By/Bw g -anbeidg
‘e 13 YO19p 19A1) Ul 9SEAX0IPAY Jed Jo uononpu i 4 ‘uonelsab jo gL Aeg abeaen 1Y
suasliyn
paonpal Wbiem |ela} Aep Jad mq Aameq
(og6l) ‘(uondiosas snid sesnia) pesp) ebejsem jBie) pue  By/Bw gg ‘uonelsab -anbeidg
e1eing suoudiosal Jo JequInu u aseasou) Jueolpubis ' Jo |L-gJi0g-9 Aeg  snosuendGNS S0} ey
As|meq
(2264) (sionuos Ul spun Z°Q > $A 02} ma By/Bw 09 -snbeidg
1€ 19 U919M Jan) uy esejAxolpAy-deg Jo uchonpur :'4  ‘uonelseb jo g1 Aeq abeaen) 1eHd
(piuoo) suaiAdfejozusg

uonens
-uiwpe  dnosb  (uless}
CRIEIETETS S198)3 asop ‘uoljeing 10 aInoy lad ‘oN  ss8108dS

Effects on laboratory animals and in vitro

~ (pluoeo) g/ siqel

344



lycyclic aromatic hydrocarbons

ic po

Selected non-heterocycli

EHC 202

L°1°G £ UOIJ08s 835 pasn sujel]s asnow ayl Jo sadAjouab 1oy

Aep 1ad by Asimeq
(1861) Apoixoyou 'y /Buw gae ‘uonerseb -anBeidg
‘| 19 upJeH Ayoixoy ou 4 0 G-} Aeqg [esuociuadenu] §L-0lL rey
Jaqy Jad suiogaal ul uononpad Juedubis o 4 Aep 1ad mq By
(£861) uref jyBiam ul uononpad eayubls  /Bu gog ‘ucnelsal 1-as
1B 18 Up/BH  ((DS/0 :|0Nu03 0g/0 | Ajljedow pasessaul “4 e g1-9 Aeg abeaen asnNow
suonew.o)ew ou Bundsyo
BAI[ JO JBQLINU Ul uononpad Juesyubis 1 4 Aep 1ad mq By
(5861} I uref Jybiam ui uononpa ueoyubls  /Bui gog 'uonelseb b-ao
19 Jai81sE|d ‘Ayrenow uy aseasoul 946 Luediubs ©°4 10 v1—2 Aeq abearn 0s asno
suseyyden
ucnesns
-juiupe dnoJb (uiens)
aousIRey s10849 asop 'uoneing jo 8oy Jed 'oN  salpadg

(poo) g2 siqe L

345



7.5.1.3

7.5.1.4

7.5.2
7.5.2.1

Effects on laboratory animals and in vitro

In experiments with B6 (AA-inducible) and D2 (non-inducible) mice,
primordial cocytes of Bé mice underwent more rapid destruction after treatment
with benzo[a]pyrene than those of D2 mice. This effect corresponded to a two-
to threefold increase in ovarian arylhydrocarbon hydroxylase {AHH) activity
in B6& mice after treatment. This correlation was not found in analogous
experiments with D2B6F, mice, in which AHH activity was increased by two-
to threefold, but the oocyte destruction was similar to that observed in D2 mice.
This demonstrates aninconsistent consequence of straindifferences in genoty pe
(Mattison & Nightingale, 1980: see also Table 79). The sum of activation,
detoxification, and repair seems to be decisive for the process of cocyte
destruction (Figure 8).

Benzo|ajpyrene and its three metabolites, benzo{a]pyrenc 7.8-oxide,
benzo[alpyrene 7,8-diol, and benzo[a/pyrene diol epoxide, were administered
by injeclionat asingle dose of 10yLg into theright ovary of B6, D2, and D2BOF
mice. Ovarian volume, weight, and follicle numbers were measured after two
weeks; various reductions were observed in all strains. There was also
compesatory hypertrophy of the left ovary (Mattison et al., 198%; see also
Tabie 79).

Effects on postnatal development

Three studies of the postnatal cffects of benzo[a]pyrene on mouse oftspring,
with administration dermally, iniraperitoneally, or orally, showed adverse
effects, including an increased incidence of tumours, immunological
suppression, and reduced fertility (sec also Table 80).

Immunological effects on pregnant rats and mice

Benzo[alpyrene given Lo pregnant rats on day 15 or 19 of gestation caused
alterations at the thymic glucocorticoid receptors in the offspring, suggesting
binding to the pre-encoded hormone receptors and interference with receptor
maturation {Csaba et al., 1991; Csaba & Inczefi-Gonda, 1992: see also section
7.8.2.6).

Strong suppression of immunotogical parameters was found in the progeny
of mice that had been treated intraperitoneally with benzo[a/pyrene at mid-
gestation {Urso & Johnson, 1987; see also section 7.8.2.6},

Naphthalene
Embryotoxicity

Naphthalenc was administered by gavage at 50, 150, or 450 mg/kg bw per
day to pregnant Sprague-Dawley rats on days 6-15 of gestation, 1.e. during the
main period of organogenesis. The dams showed signs of toxicity including
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7.5.2.2

1.6

EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

lethargy, slow breathing, prone body posture, and rooting, and these effects
persisted after the end of dosing with the high dose. The body-weight gain of
treated animals was reduced by 31 and 53% in the groups at the two higher
doses. Naphthalene did not induce fetotoxic or teratogenic effects, and the
numbers of corpora lutea per dam, implantation sites per litter, and live fetuses
per litter were within the range in controls. The maternal NOAEL was
< 50 mg/kg bw per day (Natiopal Toxicology Program, 1991).

In asecond study, doses of 0, 20, 80, or 120 mg/kg bw per day were given
to rabbits by gavage during days 6-19 of gestation. There were no signs of
maternal toxicity, fetotoxicity, or developmental toxicity {(National Toxicology
Program, 1992a).

Toxicity in cultured embryos

Mice injected intraperitoneally on day 2 of gestation with 14 or 56 mg/kg
bw naphthalene were sacrificed 36 h later, and embryos were cultured in vifro.
Materna} doses below the LD3 value inhibited the viability and implantation
capacity of the embryos, and attachment and embryonic growth in vitro were
markedly decreased (Iyer ct al., 1990).

In a subsequent study, three-day-old whole mouse embryos were collected
at the blastocyst stage, cultured in NCTC 109 medium, and exposed to
naphthalene at 0.16, 0.2, 0.39, or 0.78 mmol/litre for 1 h with and without 89.
They were then transferred to toxicant-frec medium, cultured for 72 h, and
evaluated microscopically. Naphthalene was not directly embryotoxic, but
growth and viability were decreased in the presence of 89, with 100%
embryolethality at doses > ( 2mmol/litre; furthermeore, hatching andattachment
rates were significantly decreased. The approximate LC in 89-supplemented
media was 0.18 mmol/litre (Lyer et al., 1991).

Mutagenicity and related end-points

Benzo[alpyrenc has been used extensively as a positive control in a variety
of short-term tests, Itis active in assays for the following end-points; bacterial
DNA repair, bacteriophage induction, and bacterial mutation; mutation in
Drosophila melanogaster, DNA binding, DNA repair, sister chromatid
exchange, chromosomal aberration, point mutation, and transformation in
mammalian cells in culture; and tests in mammals in vivo, including DNA
binding, sister chromatid exchange, chromosomal aberration, sperm
abnormalities, and somatic mutation at specific loci (Hollstein et al., 197%; De
Serres & Ashby, 1981). Positive effects were seen in most assays for the
mutagenicity of benzofalpyrene.

A selection of these studies is summarized in Tables 81-88. All of the data
available on the other PAH considered in this monograph were taken into
account, Because of the amount of data, the purities of the chemicals tested and
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7.7

Effects on laboratory animals and in vitro

details of the assay conditions are omitted from the tables, but they do show the
results obtained when S9 was used. Variations in the S9 metabolic activation
component of the assay system, e.g. the age, sex, and strain of the rats used as
a source of liver and any pretreatment with enzyrme inducers such as Aroclor,
3-methylcholanthrene, or phenobarbital, may markedly affect the results and
may account for apparent discrepancics.

DNA binding of benzo[a]pyrene was observed in various species. For
example, adducts were found in cells from hamsters, mice {Arce et al,, [987),
rats (Moore et al., 1982), and chickens (Liotti et al., 1988), in calf thymus DNA
(Cavalieri etal., 1988a), and in human cell systems {Moore et al., 1982; Harris
et al., 1984). Formation of DNA adducts was inhibited in the presence of
scavengers of active oxygen species like superoxide dismutase, catalase, and
citrate-chelated ferric tron, indicating that reactive oxygen species such as
superoxide, OH radicals, and singlet oxygen may be involved in DNA binding
(Bryla & Weyand, 1991). Benzo[alpyrene at a total dose of 10 mg/kg bw
induced gene mutations in mice, as seen in the coat-colour spot test (Davidson
& Dawson, 1976).

The results of tests for reverse mutation in Salmonella typhimurimum
(Ames test) and for forward mutation in S. typhimurimum strain TM677 are
presented in Table 81. Bacterial tests for DNA damage in vitro are shown in
Table 82. The results of tests for mutagenicity in yeasts and Drosophila
melanogaster, including host-mediated assays, are shown in Table §3. The
results of various assays carried out onmammalian cells in vitroare summarized
in Tables 82-86. The results of tests in vivo are shown in Tables 87 and 88.

The activity of PAH in short-term tests 1$ summarized in Table 89, which
gives the evaluations of TARC (1983; sec also Section 12} and the results of
studies reported after 1983. Only three of the 33 PAH considered, i.e.
anthracene, fluorene, and naphthalene were inactive in all short-term tests; 16
had mutagenic effects. Eight PAH showed a tendency for mutagenic activity,
but the data are still too sparse to permit a final judgement, The available
infermation onacenaphthene, acenaphthylene, benzol ¢lfluorene, and coronene
is still inadequate. As phenanthrene and pyrene showed inconsistent results in
various experiments, they could not be clearly classified as mutagenic.

Carcinogenicity

Most of the studies that have been conducted on PAH were designed to
assess their carcinogenicity. Studies on various environmentally relevant
matrices such as coal combustion effluents, vehicle exhaust, used motor
lubricating oil, and sidestream tobacco smoke showed that PAH are the agents
predominantly responsible for their carcinogenic potential (Grimmer et al.,
1991b). Because of the abundance of literature, only studies involving the
administration of single PAH have been taken into account in this monograph.
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EHGC 202: Selected non-heterocyelic polycyclic aromatic hydrocarbons

Table 81. Mutagenicity of polycyclic aromatic hydrocarbons to

Salmonella typhimurium

Compound Result with Reference
Strain metabolic
activation
Acenaphthene
TA98, TA100 - Florin et ai. (1980)
T™ME77 + Kaden et al. (1979)
TA98, TA100 + Epler et ai. (1979)
TA100 - Pahiman & Pelkcnen
(1987)
Acenaphthylene
TAS8, TA100 - Florin et al. (1980}
TM&77 + Kaden et al. {1979}
TA98, TA100 - Bos et al. (1988)
Anthanthrene
TAS8 + Hermann (1981}
TA100 + LaVoie et al. (1979);
Andrews et al. (1978)
TA98 - Tokiwa et al. (1977)
TME77 + Kaden et al. {(1979)
Anthracene
TA98, TA100 - Purchase et ai. (1976)
TA98, TA100 - Epler et al. (1979)
TA100 - LaVoie et al. (1979),
Gelboin & Ts'o (1978)
TA98, TA100, - McCann et ai. (1975a);
TA1535, TA1537, Salamone et al. (1979); Ho
TA1538 et al. (1981); Purchase et
al. (1976)
TA98, TA100 - Bridges et al. (1981)
TA98, TA100, - Simmon {1879)
TA1535, TA1536,
TA1537, TA1538
TME77 - Kaden et al. (1979)
TA97 + Sakai et al. (1985)
TA98, TA100 - Probst et al. (1981)
TA100 + Carver et al. (1986)
TA98, TA100 - LaVoie et al. (19683a (1985)

TA1535, TA1538

Rosenkranz & Poirier
(1979)
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Effects on laboratory animals and in vitro

Table 81 {contd)

Strain Result with Reference
metabolic
activation

Anthracene (contd)

TA100 - Pahlman & Pelkonen
(1987)

TA98, TA100 - Bos et al. {1988)

TA98, TA100 - Florin et al. (1980)

Benz{ajanthracene

TA100 + Epler et al. (1979); Bartsch
et al. (1980)

TA98, TA100 + McCann et al. (1875a);
Coombs et al. (1976),
Simmon (1979); Salamone
et al. (1979)

TA1535, TA1538 - Rosenkranz & Poirier
(1979}

TA100 + Pahiman & Pelkonen
{1987)

TA98, TA100 + Hermann {1981}; Carver et
al. (1986)

TA100 + Bartsch et al. (1980)

TME77 + Kaden et al. (1979)

TA100 + Baker et al. {1980)

TA98, TA100 + Bos et al. (1988)

TA98, TA100, + Probst et al. (1981)

TA1535, TA1537

TA98, TA100,

TA1537, TA1538 * Dunkel et al. (1984)

TA1535 - Dunkel et al. (1984)

TA98, TA100 + Florint et al. (1980)

TA1537, TA1538 - Teranishi et al. (1975)

TA98 + Tokiwa et al. (1977)

Benzofbjfluoranthene

TA98 + Hermann (1981)

TA100 + LaVoie et al. (1979}, Hecht
et al. (1980)

TA100 + Amin et al. (1985a)

TAQ8, TA100 - Mossanda et al. (1979)
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Table 81 {contd)

Strain Result with Reference
metabolic
aclivation

Benzofjjfiuoranthene

TA100 + LaVoie et al. (1980); Hecht
et al. (1980)

TM677 + Kaden et al. (1979)

Benzofkjfiuoranthene

TA100 + LaVoie et al. {1980); Hecht
et al. (1980)

TAS8 + Hermann et al. (1980)

Benzo[ghilfluoranthene

TA98 + Karcher et al. (1984)

TA100 + Karcher et al. (1984)

TAS8, TA10D + LaVoie et al. {1879)

Benzofajfiuorene

TA98, TA100, - Salamone et al. (1979)

TA1535, TA1537,

TA1538

TA100 + Epler et al. (1979)

TA100 - LaVoie et al. (1680}

TAS8, TA100 - Bos et al. (1988)

TA98 + Tokiwa et al. {1977}

Benzofbjfiuorene

TA98, TA100 - LaVoie et ai. (1980)

TA98, TA100, - Salamone et al. {1979)

TA1535, TA1537,

TA1538

T™877 + Kaden et al. (1979)

TA98, TA100 + Bos et al. (1988)

Benzo[ghijperylene

TAY8, TA1538 + Mossanda et al. (1979);
Tokiwa et al. (1977); Katz
et al, (1981)

TA100 + Andrews et al. {1978); Katz
et al, {1981); LaVoie et al.
(1979); Salamone et al.
{1979)

TA1537, TA1538 + Poncelet et al. (1978)
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Effects on laboratory animals and in vitro

Table 81 {contd}

Strain Result with Reference

metabolic
activation

Benzofghilperyiene (contd}

TME77 + Kaden et al. (1979}

TA97 + Sakai et al. {1985)

TA100 + Garver et al. (1986)

Benzo[c]phenanthrene

TAS8 + Salamone et al. (1979);
Wood et al. (1980)

TA1Q0 + Carver et al. (1986)

TA100 + Wood et al. (1980)

TA98, TA100 + Bos et al. (1988)

Benzofajpyrene

TA98 + Epler et al. (1979)

TA100 + Andrews et al. (1978}

TA98, TA100 + LaVoie et al. (1979}

TAg98, TA100, + McCann et al. 1975a,b}

TA1537, TA1538

T™M677 + Kaden et al. (1979)

TME77 + Rastetter et al. (1982)

TMB77 + Babson et al. (1986b)

TAS7, TA98, + Sakai et al. {1985)

TA100

TA98, TA100 + Prasanna et al. (1987));
Simmon (1979)), Glatt et al.
(1987)

TA1535, TA1538 + Rosenkranz & Poirier
(1979)

TA100 + Norpoth et al. (1984));
Alzieu et al. (1987)); Carver
et al. (1986)), Bos et al.
(1988); Hermann (1981);
Bruce & Heddle (1979);
Marino (1987); Alfheim &
Ramdahl (1984)

TA98 + Lee & Lin (1988)

TA100 + Pahiman & Pelkonen
(1987)

TA97, TA98,TA100 + Marino (1987)

TA97, TA98, TA100 + Sakai et al. (1985}
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Table 81 (contd)

Strain Result with Reference
metabolic
activation
Benzofajpyrene (contd)
TAS8, TA100 + Devanesan et al. (1990)
TME77 + Skopek & Thilly {1983)
TA98, TA100, + Dunkel et al. {1984)
TA1535, TA1537,
TA1538
TASS, TA100 + Léfroth et al. (1984)
TA98, TA100 + Florin et al. (1980)
TA98 + Tokiwa et al. (1977)
BenzofeJpyrene
TAS8 + LaVoie et al. {1979);
Hermann (1981)
TA100 + Salamone et al. (1979)
TA100 + Andrews et al. (1978);
- LaVoie et al.,1979)
TA100 t McCann et a. (1975a)
TA1535, TA1538 - Rosenkranz & Poirier
(1979}
T™ME77 + Kaden et al. (1979}
TA100 - Epler et al. (1979)
TA98, TA100, + Simmon (1979)
TA1538
TAQ7, TA100 + Sakai et al. (1985)
TA98, TA100, + Dunkel et al, (1984)
TA1535, TA1537,
TA1538
TA 100 + Carver et al. (1986)
TA100 - Pahlman & Pelkonen
(1987)
TA1537, TA1538 - Teranishi et al. (1975}
TAS8 + Tokiwa et al. (1977)
Chrysene
TA100 + McCann et al. {1975a);
LaVoie et al. (1979)
TA98 + McCann et al. (1975a)
TA100 + Wood et al. {1977)
TA100 + Epler et al. (1979); LaVoie

et al. (1979)
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Effects on laboratory animals and in vitro

Table 81 {contd)

Strain Result with Reference
metabolic
activation
Chrysene (contd)
TA100 + Salamone et al. (1979)
TA1535, TA1536, - Simmon (1979)
TA1537, TA1538
TAS8, TA100 + Bhatia et al. (1987)
TM677 + Kaden et al. (1979)
TA1535, TA1538 - Rosenkranz & Poirier
(1979)
TA97, TA100 + Sakai et al. (1985}
TA98, TA100 + Bos et al. (1988)
TA98 + Hermann (1981}
TA100 + Carver et al. (1986)
TA100 + Pahlman & Pelkonen
(1987)
TA100 + Florin et al. (1980)
TA98 + Tokiwa et al. (1977)
Coronene
TAS8 + Mossanda et al. (1979)
TA98 + Hermann (1981)
TAS8 t Salamone et al. (1979)
TA98 + Flerin et al. (1980)
TAS8, TA1537, + Poncelet et al. (1978)
TA1538
TAS7 + Sakai et al. (1985)
TM677 - Kaden et al. (1979)
Cyclopentafcd]pyrene
TA98 + Wood et al. {1980)
TAS8, TA100, + Eisenstadt & Gold (1878)
TA1537, TA1538
TME77 + Kaden et al. {1979),
Cavalieri et al. (1981a}
TA98 + Reed et al. (1988)

Dibenz{a,hjanthracene
TA100

TA100
TA98

Andrews et al. (1978);
Epler et al. {1979);
McCann et al. (1975a,b)
Salamone et al. (1979)
Baker et al. (1980}



EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Table 81 (contd}

Strain

Result with
metabolic
activation

Reference

Dibenzfa, hjanthracene {contd)
TAS8
TME77

TA100

TAS98, TA100, +

TA1537, TA1538

TA100 +

TA100

+

TA1537,TA1538 -

Dibenzofa,ejpyrene
TA100
TA1537,TA1538
TA98, TA100

Dibenzofa, hjpyrene
TA100

TAgQ8, TA100 +

Dibenzo(a,ijpyrene
TA100

TA100

TA98

TA98
TA1537,TA1538
Not specified

Dibenzofa, {jpyrene
TA98, TA100
TAG8

TA98, TA100

Fluoranthene
TA98

TAQ8

TA100
TA100

TA98, TA100,

4
+
TA100 +
+

+ 4+

H

+ + + + 4+ + 4+ + 4+

o+ o+ +

I+

I+

Hermann (1981)
Kaden et al. {1979)
Wood et al. (1978}
Pahlman & Peikcnen
(1987); Carver gt al,,
1986)

Probst et al. (1981)

Platt et al. {1990)
Lecoq et al. (1989}
Teranishi et al. (1975)

LaVoie et al. (1979}
Teranishi et al. {1975)
Devanesan et al. (1990)

LaVoie et al. (1979)
Wood et al. (1981)

LaVoie et al. {(1979);
McCann et al. (1975a)
Baker et al. {(1980)
Hermann (1981)
Wood et al. (1981)
Teranishi et al. (1975)
Sardella et al. (1981)

Karcher et al. {1984)
Hermann {1981}
Devanesan et al. (1990)

Hermann et al. {1980)
Epler et al. (1979)
LaVoie et al. (1979)
LaVoie et al. (1982a)
Salamone et al. (1979)
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Effects on laboratory animals and in vitro

Table 81 (contd)

Strain Result with Reference
metabolic
activation
Fluoranthene (contd)
TA1535, TA1537,
TA1538
TAg8, TA100 + Poncelet et al. (1978)
TAS8, TA100 + Mossanda et al. (1973)
TME77 + Kaden et al. {1379}
TMB77 + Rastetter et al. (1982)
TME77 + Babson et al. (1986b)
TAG7, TAGS, TA100 + Sakai et al. (1985)
TA98, TA100 + Bos et al. (1988)
TA100 + Carver et al. (1986);
Hermann (1981); LaVoie et
al., 1979)
TAG8, TA100 + Bos et al. {1987)
TA97, TA102, + Bos et al. (1987)
TA1537
TA1535 - Bos et al. (1987)
TA98, TA100 + Bhatia et al. {1987)
TA98, TA100 - Florin et al. (1980)
TA98 - Tokiwa et al. {1977)
Fluorene
TA38, TA100, - McCann et al. (1975a),
TA1535, TA1537 LaVoie et al. (1979, 1980,
1981a)
TME77 - Kaden et al. {19793}
TAgS7 - Sakai et al. (1985)
TAS8, TA100 - Bos et al. {(1988)
TA100 - Pahlman & Pelkonen
(1987)
indenof1,2,3-cdjpyrene
TA98 + Hermann et al. (1980}
TA100 + LaVoie et al. (1979)
TA100 + Rice et al. (1985)
5-Methyicholanthrene
TA100 + Coombs et al. (1976);
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Table 81 {contd)

Strain

Result with
metabolic
activation

Reference

5-Methyicholanthrene {contd)

TA100
TA100

1-Methylphenanthrene

TA100

T™877

TA97, TA98, TA100
TA98, TA100

Naphthalene
TAS8, TA100,
TA1535, TA1537
TA98, TA100,
TA1535, TA1537,
TA1538

TAS8, TA100,
TA1535, TA1538
TAS8

TM677

G46, E. coliKi2
TA98, TA100
TAS8, TA100
TA97, TA98, TA100
TA100

TA38, TA100

Perylene

TA98

TA100

TA98, TA100,
TA1535, TA1537,
TA1538

TA98

TAS8

TMB77

TA100
TA97, TA100
TA98, TA100
TA100

+
+

+ o+ o+ o+

+ +

CE o+ o+

Amin et al. (1979)
El-Bayoumy et al. (1986)

LaVoie et al. (1981b)
Kaden et al. (1979)
Sakai et al. (1985)
LaVoie et al. (1983b)

Florin et al. (1980}

McCann et al. (1975a)

Purchase et al. (1976)

Ho et al. (1981}
Kaden et al. {1979)
Kramer et al. (1974)
Epler et al. (1979)
Mamber et al. (1984)
Sakai et al. (1985)
Pahiman & Pelkonen
(1987)

Bos et al. (1988}

Ho et al. (1981)
LaVoie et al. (1979)
Sailamone et al. (1979)

Hermann (1981)
Florin et al. (1980)
Kaden et al. (1979);
Penman et al. (1980)
Carver et al. {1986)
Sakai et al. (1985)
Lofroth et al. (1984)
Pahlman & Pelkonen
(1987)
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Effects on laboratory animals and in vitro

Table 81 {contd)

Strain Result with Reference
metabolic
activaticn
Phenanthrene
TA100 + Oesch et al. (1981)
TA100 - Woeod et al. (1979)
TAS98 + Epler et al. (1979)
TA98 - LaVoie et al. (1979, 1980)
TA10C - LaVoie et al. (1981b)
TAS8, TA100 - Probst et al. (1981)
TA100 - LaVoie et al. (1979);
LaVoie et al. (1980},
Gelboin & Ts'o (1978);
McCann et al. (1975a)
TAS8, TA100, - McCann et al. (1975a)
TA1535, TA1537
TA100 + Carver et af. (1986)
TME77 - Kaden et al. (1979)
TA97 + Sakai et al. (1985)
TA98, TA100 + Bos et al. (1988)
TA1535, TA1538, - Simmon {1979)
TA1537, TA1538
TA1535, TA1538 ~ Rosenkranz & Poirier
(1979)
TA100 - Pahiman & Pelkonen
(1987)
TA98, TA100, - Dunkel et al. (1984)
TA1535, TA1537,
TA1538
TA98, TA100 - Florin et al. {1980}
Pyrene
TA98 - Ho et al. (1981); Rice et al.
(1988a)
TAS8, TA100, - McCann et al. (1975a);
LaVoie et al. (1979);
TA1535, TA1537 Ho et al. (1981)
TA1537 + Bridges et al. (1981}
TA98, TA100 - Salamone et al. (1979}
TA98, TA100 - Probst et al. (1981)
TA1537 + Epler et al. (1879)
TME77 + Kaden et al. (1979)
TAS7 + Sakai et al. (1985}
TA98, TA100 * Bos et al. (1988}
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EHC 202: Selected nan-heterocyclic polyeyclic aromalic hydrocarbons

Table 81 {contd)

Strain Resutt with Reference
metabolic
activation
Pyrene (contd}
TA100 - Carver et al. (1986);
Hermann (1981)
TA98, TA100 + Bhatia et al. (1987)
TAg8, TA100, - Dunkel et al. (1984}
TA1535, TA1537,
TA1538
TA100 - Pahiman & Pelkonen
{1987)
TA98, TA100 - Florin et al. {1980)
Triphenylene
TAg8 + Epler et al. {1979}
TASS8 + Tokiwa et al. (1977}
TA98, TA10Q + Mossanda et al. (1978);
Wood et al. {1980)
TAg8 + Hermann (1981)
TA98, TA100 + Poncelet et al. (1978)
TME77 + Kaden et al. (1879)
TA98, TAT00 + Bos et al. (1988
TA100 + Pahiman & Pelkonen

(1987)

TA, used to test reverse mutation to histidine non-auxotrophic mutants);
TM, used to test forward mutation to 8-azaguanine-resistant rutams
+, posilive); -, negative); *, inconclusive
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Sffacts on laboratory animais and in vitro

Table 82 DNA damage induced by polycyclic aromatic hydrocarhons

in vitro

Test system

Metabolic® Result” Reference

activation

Prokaryotes

Anthracene

E. coli pol A + Rosenkranz &
Poirier (1979}

E. coliWP2, E. coli WP1D0 + Mamber et al.
{1983)

E. coliWP2,E. cof WPET, +i~ Tweats (1981)

E. coli CM871

£, coli PQS37 +— Mersch-
Sundermann et
al. (1992)

E. coli WP2s(A) {lambda +f— Rossman et al.

prophage induction) (1991)

B. subtilis +/- Ashby & Kilby
{1981)

B. subtilis 4/ McCarroll et al.
(1981)

E. coli GY5027 (prophage + Mamber &t at.

induction ) (1984)

Anthranene

E. coli PQ3T7 +/- Mersch-
Sundermann et
al. {1992)

BenzfaJanthracene

E. coli pol A + Rosenkranz &
Poirier (1979)

E. coliWP2 uvrA + Dunkel et al.
(1984)

E. coliPQ37 +— Mersch-
Sundermann et
al, (1892}

Benzo[blfluoranthene

E. coli PQ37 +/- Mersch-
Sundermann et
al. (1892}

Benzo[ghijfluoranthene

E. coli PQ37 +/- Mersch-
Sundermanm et
al. (1992)
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Table 82 (contd)

Test system

End- Metabolic® Resuit® Reference

point activation

Benzofjjfiluoranthene
E. coli PQ37

Benzofajfluoranthene
E. coli PQ37

Benzofbjfluoranthene
E. coli PQ37

BenzofghiJperylene
E. coliPQ37

Benzofajpyrene
E. coliWP2, E. coli WP100

E. coli GY5027

E. coli pol A

E. coliWP2, E. coli WPE&7,
E. coli CMB71

E. coliWP2 uvrA

E. coliPQ37

B. subtilis

E. coliWP2s()) (lambda
prophage induction)

Benzofelpyrene
E. coli pol A

R +~
R +i—
R +/-
R +i—
R +
R +
R +
R +i—
R +
R +/-
R +f—
R +/-
R +

++

Mersch-
Sundermann et
al. (1992)

Mersch-
Sundermann et
al. (1992)

Mersch-
Sundermann et
al. (1992)

Mersch-
Sundermann et
al. {1992}

Mamber el al.
{(1983)

Mamber et al.
{1983)

Rosenkranz &
Poirier (1979)
Tweats (1981)

Dunkel et al.
(1984)

Mersch-
Sundermann et
al. (1992)
McCarroli et al.
(1981)
Rossman et al.
(1991)

Rosenkranz &
Poirier {1979)
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Effects on laboratory animals and in vitro

Table 82 (contd)

Test system End- Metabolic® Resultt Reference

point activation

Benzofejpyrene (contd)

E. coliWP2 uviA R + Dunkel et al.
{1984)

E. coliWP2s(}) (lambda R +— Rossman et al.

prophage induction} (1991)

E. coli PQ37 R +— Mersch-
Sundermann et
al. (1992)

Chrysene

E. coli pol A R + Rosenkranz &
Poirier (1379}

E. coli PQ37 R +/— Mersch-
Sundermann et
al. (1992)

Coronene

E. coli PQ37 R +/— Mersch-
Sundermann et
al. (1992)

Dibenz{a,hlanthracene

E. coli R +— Ichinotsubo et al.
(1977)

E. colf PQ37 R +i— Mersch-
Sundermann et
al. {(1992)

B. subtilis R +/— McCarroll et al.
(1981)

E. coli WP2s(A) (Jambda R +— Rossman et al.

prophage induction) (1991)

Dibenzofa,ilpyrene

E. coli R +— Ichinotsubo et al.
(1977)

E. coli PQ37 R +—- Mersch-
Sundermann et
al. (1992)

B. subtilis R +~ McCarroll et al.
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EHC 202: Selected non-heterocyclic polycycilic aromatic hydrocarbons

Table 82 (conid})

Test systemn

End- Metabolic®
point activation

Resuit® Reference

Dibenzofa,hlpyrene

£. coli PQ37

Dibenzofa,{jpyrene

E. cofi PQ37

Fluoranthene

£. coliWP2s(A) (lambda
prophage induction)

E. coli PQ37

Fluoranthene

E. cotiWP2, E. coli WP100

E. coli GY5027

E. coii PQ37

indenof1,2,3-cdjpyrene

E. coliPQ37

Naphthalene

E. coliWP2, E. coli WP100

E. coliGY5027

E. coif PQ37

Perylene
E. coli PQ37

B -
R -
R +/~
R -
R +
R +
R +~
R +—
R +
R +
R +/~
R +—

+ Mersch-
Sundermann et
al. (1992}

+ Mersch-
Sundermann et
al, (1992)

- Rossman et al,
{1991)

+ Mersch-
Sundermann et
al. (1992)

- Mamber et ai.
{1983)

- Mamber at al.
{1984)

- Mersch-
Sundermann et
al. (1992)

+ Mersch-
Sundermann et
al. (1992)

- Mamber et al.
(1983}

~ Mamber et al,
{1984)

- Mersch-
Sundermann et
al. (1992)

- Mersch-
Sundermann et
al, {1992}
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Effects on laboratory animals and in vitro

Table 82 {contd)

Test system End- Metabolic® Result® Reference
point activation

Phenanthrene

£, cafli pol A R + Rosenkranz &
Poirier (1979)

E. coli WP2 uvrA R + Dunketl et al.
(1984)

E. colf PQ37 3] +f— Mersch-
Sundermann et
al. (1992}

E. cof WP2s(A) (lambda R +- Rossman et ai.

prophage induction) (1991)

B. sublilis R +—- McCarroll et al.
(1981}

Pyrene R +—

E. coli Ashby & Kilbey
(1981; De Serres
& Ashby, 1981)

E. coliWP2, E. coliWP100 R + Mamber et al.
{1983)

£. cofl GY5027 R + Mamber et al.
(1984)

E. coliWP2 uvrA B + Dunkel et al.
(1984)

E. coliWP2, E. coli WPE7, R +/- Tweats (1981)

E. coli CM871

E. cofi PQ37 R +—~ Mersch-
Sundermann et
al. (1992)

B. subtilis R +~ Ashby & Kilbey
(1981)

B. subtilis R += McCarroll ef al.
{1981}

£ coliWP2s(h) (flambda R +i— Rossman et al.

prophage induction) {1991)

Triphenylene

E. coli PQ37 R +/— Mersch-
Sundermann &t
al. (1992)
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Table 82 (contd)

Test system End- Metabolicc Result” Reference
point activation

Eukaryotes

Acenaphthene

Rat liver or lung DA — - Beach & Gupta
(1991)

Anthracene

Primary rat hepatocytes ups - - Williams, 1977,
Probst et al.
(1981)

Primary rat hepatocytes R - - Tong et al.
(1983)

Hela cells Ups +/~— - Martin et al.
(1978; Martin &
McDermid
(1981)

Human skin fibraoblasts R - Milo et al. (1978)

Primary rat hepatocytes ubs - - Probst et al.
(1981)

Human peripheral blood bA - - Gupta et al.

lymphocytes (1988}

Benzfajanthracene

Primary rat hepatocytes ups - + Probst et al.
{1981)

Primary rat hepatocytes R - + Tong et al.
(1983)

Hela cells UDsS  +/- + Martin et ai.
(1978)

Rat or human mammary DS - + Mane et al.

epithelial cells (1990}

Hamster buccal pouch D8 - - Nagabhushan et

(epithelial cells (inhibition al, {1990)

of DNA synthesis)

Human peripheral blood DA - + Gupta et al.

lymphocytes (1988)

Benzo[b]fluoranthene

Rat buccal mucosa DA - + Autrup & Autrup

epithehal cells (1986)

Human teukocytes DA+ + Roggeband et al.

' {1994a)
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Effects on laboratory animals and in vitro

Table 82 (contd)

Test systern End- Metabolic® Result® Reference
point activation

Benzofjlfluocranthene

Rat buccal mucosa DA - + Autrup & Autrup

epithelial cells (1986}

Benzofkjfiuoranthene

Human leukocytes DA 4+ + Roggeband et al.
(1994a)

Benzofajpyrene

Primary rat hepatocytes ups - + Probst et al.
(1981)

Primary rat hepatocytes R - + Williams et al.
(1982)

C3H/10T1/2 mouse clone 8 - + Lubet et al.

(DNA breaks) (1983a)

Human leukocytes DA+ + Roggeband et al.
(1894a)

Hamster or rat trachea ba, - + Roggeband et al.

epithefial cells UDS (1994b)

Hela cells ubDs +/- + Martin et al.
{(1978)

Human skin fibroblasts R - + Milo et al. (1978)

Human mammary cells - + Leaden et al.

(oxidative DNA damage} (1988}

Human fibroblasts Ubs + + Agrelo & Amos
(1981)

Human fibroblasts WI-38  UDS  +/- + Robinson &
Mitchell {1981)

Rat or human mammary R - + Mane et al.

epithelial cells (1990}

Human bronchial cells DA - + Harris et al.
(1984)

Syrian hamster embryo ceflsR - + Casto (1979)

Hamster buccal pouch - + Nagabhushan et

epithelial cells {inhibitior of al, (1990}

DNA synthesis)

Rat buccal mucosa DA - + Autrup & Autrup

epithefial cells (1986)

Human peripheral DA - + Gupta et al.

lymphocytes (1988)

Primary rat hepatocytes DA - + Monteith &
Gupta (1992)
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EHC 202: Selected non-heterocyclic polycyelic aromatic hydrocarbons

Table 82 (contd)

Test system End- Metabolic® Result® Reference
point activation

Benzofa]pyrene (contd)

Primary human hepatocytes DA — + Monteith &
Gupta (1992)

Calf thymus DNA DA - + Bryla & Weyand
(1991)

Primary mouse epidermal DA, + Gill et al. (1991)

keratinocytes ubDs

Primary rat hepatocytes R - + Tong et al.

{SCE) {1983)

Benzofe]pyrene

Primary rat hepatocytes R - - Tong et al.

(SCE) (1983)

Hela cells (UDS) UDS +/- + Martin et al.
(1978)

Primary rat hepatocytes R - - Williams et al.
(1982)

Rat mammary epithelial - - Mane et al. celis

{DNA synthesis) {1990)

Syrian hamster embryo R - - Casto (1979)

cells

Human skin fibroblasts R - - Milo et al. (1978)

Chrysene

Primary rat hepatocytes R - - Tong et al.
(1983)

Human leukocytes DA+ + Roggeband et al.
(1994a)

Cyclopentafcdjpyrene

Rat liver or lung tissue DA - + Beach & Gupta
(1991)

Calf thymus DNA DA+ + Beach & Gupta
(1994)

Dibenz{a,hlanthracene

Primary human foreskin ups - + Lake et al,

epithelial celis (1978)

Hela cells UDS  +/- + Martin et al.
(1978}

Syrian hamster embryo R - - Casto {(1979)

cells
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Effects on laboratory animals and in vitro

Table 82 (contd)

Test system End-
point

Metabolic®
activation

Resuit* Reference

Dibenz{a,hjanthracene (contd)
Primary rat hepatocytes uDs

Mouse liver DNA DA
Human bronchiai celts DA

Hamster embryonic cells

C3H10T1/2 mouse clone DA
8 cells

Dibenzofa,ijpyrene
Primary rat hepatocytes uDs

Fluorene
Primary rat hepatocytes ubs

Humari leukocytes DA

§-Methyicholanthrene
Primary rat hepatocytes uDSs

1-Methylphenanthrene
Primary rat hepatocytes uDSs

Chinese hamster ovary cellsDA

Perylene

Human peripheral blood DA
lymphocytes

Syrian hamster embryo R
cells

Phenanthrene
Syrian hamster embryc R
cells
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Heidelberger
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Table 82 {conid}

Test system End- Metabolic® Result® Reference
point activation

Phenanthrene {contd)

Human foreskin epithelial  UDS - - Lake et al.

cells {1978}

Primary rat hepatocytes ups - - Probst et al.

{1981)

Hurman skin fibroblasts R - Milo et al. (1978)

Pyrene

Syrian hamster embryo R - - Casto (1979)

cells

Human foreskin epithelial  UDS - - Lake et al.

cells {1978)

Primary rat hepatocytes ups - - Prabst at al.
(1981)

Hela cells ups +/~ - Martin et al.
{1978)

Human fibroblast cell ine  UDS  +~ + Robinson &

Wwi38 Mitchell (1881}

Prirnary rat hepatocytes R - - Williams et al.
(1982)

Human skin fibroblasts R -~ pilo et al. (1978)

Human skin fibroblasts ubs + - Agrelc & Amos
(1981)

Primary rat hepatocytes R - - Tong et al.
(1983)

Human peripheral blood pA - - Gupta et al.

lymphocytes (1988}

Triphenylene

Human peripherat blood DA - + Gupta et al.

lymphocytes (1988)

R, DNA repair; DA, DNA adducts; UDS, unscheduled DNA synthesis;

SCE, sister chromatid exchange

= 4, tested with metabolic activation; -, tested without metabolic
activation; +/-, tested with and without metabolic activation

+, inconclusive; positive results

shown it positive only with activation

® Result: +, positive; -, negative;
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Effects on faboratory animals and in vitro

Table 83. Mutagenicity of polycyciic aromatic hydrocarbons in yeasts and other
eukaryotes, host-mediated mutagenicity, and mutagenicity in Drosophia

Test system End- Metabolic Result® HReference
point  activation®
Yeasts and other eukaryotes
Anthracene
Saccharomyces cerevisiae MGC  ~ - Sieben et al.
D4-RDM) (1981)
Saccharomyces cerevisiae MR - - De Serres &
Hoffman (1981)
Benzofalpyrene
Saccharomyces cerevisiae  MGC - - Siebett et al.
D4-RDil (1881}
Saccharomyces cerevisiae  NMR  — + De Serres &
Hoftmann (1981)
Paramecium tetraurefia + + Smith-Sonneborn
(survival) (1983}
Chrysene
Saccharomyces cerevisiae  MGC - ~ Siebert et al.
D4-RDH {1981)
Dibenzfa hjanthracene
Neurospora crassa - + Barratt & Tatum
(1958)
Saccharomyces cerevisiae  MGC - - Siebert et al.
D4-RDII (1981}
Naphthalene
Paramecium tetraurelia + - Smith-Sonneborn
(survival) {1983)
Phenanthrene
Saccharomyces cerevisiae  MGC  ~ ~ Siebert et al.
D4-RDY (1981)
Pyrene
Saccharomyces cerevisiae, NMR; - - De Serres &
S. pombe FM Hoffman (1981)
Host-mediated mutagenicity
Anthracene
Salmonelia typhimurium - % Simmeon et at.
TA1530, TA1535, TA1538 (1979)
Saccharomycescerevisiae  NMR - - Simmon et al.
{1979)
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Table 83 {contd)

Test system End- Metabolic Result® Reference
point  activation®
Benz{alanthracene
Salmonelia typhimurium - + Simmen et al.
TA1530, TA1535, TA1538 {1979)
Saccharomyces cerevisiae  NMR - - ~ Simmon et al.
(1979}
Benzofajpyrene
Salmanelia typhimurium - - Simmon et al,
. TA1530, TA1535, TA1538 (1979} Glatt et
al. {1985)
Saccharomyces cerevisiae NMR - - Simmon et al.
(1979)
Benzofe]pyrene
Salmonefia typhimurium - - Simmen et al.
TA1538 (1979)
Chrysene
Salmonella typhimurium - - Simmon et al.
TA1530, TA1535, TA1538 (1879)
Saccharomyces cerevisiae  NMB - — Simmon et al.
{1979)
Phenanthrene
Saimonelia typhimurium - - Sirnmon et al.
TA1530, TA1535 (1979)
Saccharomyces cerevisiae  NMR - - Simmon et al.
(1979)
Drosophila melanogasier
Anthracene 3] - Fujikawa et al.
(1993)
Benz{ajanthracene SLRL + Fahmy & Fahmy
(1973)
Somatic mutation - Fahmy & Fahmy
(1980)
SLAL - Zijlstra & Vogel
(1984}
SMART + Frolich & Wrgler
(1990}
R + Fujikawa et al.
{1993)
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Effects on laboratory animaijs and in vitro

Tabie 83 (contd)

Test system End- Metabalic Resultt Reference
point  activation®

Drosophila melanogaster {conid)

Benzofajpyrene SLRL + Voger et al. (1983)
Somatic mutation + Fahry & Fahmy
(19809
SLARL - Zijlstra & Vogel
{18684
SLAL - Valencia &
Houtchens {1981)
Somatic mutation + Batiste-Afentorn
et al. (1991)
SMART + Frolich & Wargler
(1990}
SLRL ~ Valencia &
Houtchens (1981}
R + Fujikawa &t al.
{1993)
Benzofe]pyrene R - Fujikawa et al.
(1993)
Fluorene R -~ Fujikawa et at.
{1983)
Pyrene R t Fujikawa et al.

(1993)

MGC, mitctic gene conversion, NMR, number of mitotic recombinants; MR,
mitotic recombination; SLAL, sex-linked recessive {ethal mutation; R, DNA
repair; FM, forward mutation; SMART, somatic mutation and recombination
lest

a +, tested with metabolic activation; -, tested without metabalic activation; +/-,
tested with and without metabaotic activation

® Result: +, positive; -, negative; +, inconclusive; positive results shown if
positive only with activation
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Table 84. Mutagenicity of polycyclic aromatic hydrocarbons in mammalian

cells in vitro

Test systam End- Metabofic Resultt Referance

point  activation®

Anthracene

Chinese hamster V79 HPRT  +/- Knaap et al.
{1981}

Mouse lymphoma L5178Y TK + Amacher &
Turner {1980);
Amacher et al.
{1980)

Human fymphoblastoid TKE  TK + Barfknecht et al.
{1981)

Fischer rat embryo OR + Mishra et al.
(1978)

Human epithelial EUE celis  DTR - Rocchi et al.
(1980)

Mouse fymphoma L5178Y TK - Myhr & Caspary
(1988)

Benz{alanthracene

Chinese hamster V78 HPRT + Krahn &
Heidelberger
{1977); Slaga et
al. (1978)

Chinese hamster V79 HPRT + Huberman
(1975)

Human lymphoblasts TK6 TK + Barfknecht et al.
(1982)

Human epithelial EUE cells DTR - Rocchi et al.
(1980)

Human keratinocytes HPRT - Allen—-Hoffmann
& Rheinwald
{1984}

Mouse lymphoma L5178Y TK + Amacher &
Turrier (1980).
macher et al.
{1980)

Mouse tymphoma L5178Y T - Amacher &

(+ hamster hepatocytes) Paillet (1983)

Mouse lymphoma L5178Y TK -~ Amacher &

(+ hamster hepatocytes) Paillet (1982)

Rat liver epithelial ARL18 HPRT - Tong et al.
(1981a)

Mouse lymphoma L5178Y K +f— Myhr & Caspary
{1968)
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Effects on laboratory animals and in vitro

Table 84 {contd}

Test system End- Metabolic Resultt Reference
point  activation®

Banzo[bjffuoranthene

Chinese hamster V79 HPRT + - Hubenman
{1975)

Benzofajpyrene

Chinese hamster V79 HPRT + + Arce et al.(1987);
Diamond st al.
19803); Huberman
{1975)

Chinese hamster V79 HPRT + + Krahn &
Heidelberger
(1977}

Mouse lymphoma L5 188Y TK - + Amacher &

(+ hamster hepatocyles) Paillet (1882)

Chinese hamster ovary HPRT  +/~ + Gupta & Singh
{1982

Fischer rat embryo OR -~ + Mishra et al.
{1978)

Mouse lymphoma L5178Y TK - + Amacher &

(+ hamster hepatecytes) Paillet (1983)

Mouse lymphoma L5178Y TK i + Clive et af.
[4979)

Mouse lymphoma L5178Y TK + + Amacher &
Turner (1980);
Amacher et al.
(1980); Arce et
al. (1987)

Mouse lymphoma {.5178Y ™ + + Wangenheirmn &
Baolestaldi (1988)

Human fymphoblasts AHH K - + Crespi & Thilly
(1984)

Human lymphoblasts K6 TK +— + Crespi et al.
(1985)

Human epithelial EUE cells DTR - + Rocchi et al.
(1980);
Barfknecht et al.
(1982}

Human fibroblasts H5172 DTR 4/ + Gupta &
Goidstein {(1981)

Human keratinocytes HPRT - + Alen-Hoffmann

Rat liver epithelial cells
ARL 18
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Table 84 {contd)

Test system End- Metabolic Result Reference
point  activation?

Benzofajpyrene (contd)

Chinese hamster ovary-AS52 + Oberly et al.

{chromosomal mutation} (1992)

Human epithelial teratoma HPRT - + Huberman et al.

P3 (cocultivated with human (1984)

carcinoma BJ cells)

Chinese hamster lung ceils  HPRT - + Baird et al.

V79 (1984)

Mouse lymphoma L5178Y TK +i— + Myhr & Caspary
(1988)

Mouse lymphoma L5178Y TR +/— + Rees et al.
(1989)

Mouse Balb/c-3T3 OR - + Lubet et al.
(1990}

Mouse lymphema L5178Y XK +— + Jotz & Mitchell
(1981)

Benzofejpyrene

Chinese hamster V79 HPRT + - Hubermann
(1978)

Rat liver epithelial ARL18 HPRT - - Tong et al.
(1981a)

Mouse C3H10T1/2 OR - - Gehly et al.
(1982)

Human epithelial teratoma P3 HPRT - - Huberman et al.
(1984)

Chinese hamster lung cells  HPRT - - Baird et al.

V79 (1984)

Fischer rat embryo cells OR + - Mishra et al.
(1978}

Mouse lymphoma L5178Y TK +f + Myhr & Caspary
(1988}

Mouse lymphoma L5178Y TK +— - Clive et al.
(1979}

Mouse Balb/c—-3T3 OR - - Lubet et al.
(1990}

Chrysene

Chinese hamster V79 HPRT + - Huberman &
Sachs (1976)

Human lymphoblasts TK6 TK + + Barfknecht et al.
(1982)

Human epithelial EUE DTR - - Rocchi et al.
(1980)
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Effects on laboratory animals and in vitro

Table 84 (contd}

Test systemn End-  Metabolic Result Reference
point  activation®

Chrysene {contd)

Human epithelial teratema P3 HPRT - + Huberman et al.

{(cocultivated with human (1984}

carcinoma BdJ cells)

Cyclopentalcd]pyrene

Human lymphoblasteid HH-4  HPRT  + + Skopek et al.
(1979)

Mouse lymphoma L5178Y TK +— + Gold et al. (1980)

Human lymphoblasts TK6 TK + + Barfknecht et al.
{1982)

Human lymphoblasts AHH! 7K - + Crespi & Thilly (
1984}

Chinese hamster V79 HPRT - + Raveh et al.

{+ hamster embryo fibroblasts) (1982)

Dibenz{a, hjanthracene

Chinese hamster V79 HPRT + + Huberman &
Sachs (1976);
Huberman
(1978)

Chinese hamster V79 HPRT + + Krahn &
Heidelberger
(1977)

Human epithelial EUE DTR - + Rocchi et
al.,1880)

Fluoranthene

Human lymphoblastoid HH-4 HPRT + + Thilly et al.
(1980)

Human lymphoblasts ABH1  TK - - Crespi & Thilly
{1984)

Human lymphoblasts TK6 TK + + Barfknecht et al.
(1982)

Fluorene

Mouse lymphoma L5178Y TK +H— + Wangenheim &
Bolcsfoldi (1988)

1-Methylphenanthrene

Human lymphoblasteid TKE  TK + + Barfknecht et al.
(1981)

Human lymphoblasts AHH1  TK - + Crespi & Thilly
(1984)
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EHC 202: Selected non-heterocycliic polycyclic aromatic hydrocarbons

Table 84 (contd)

Test system End- Metabolic Result Reference
point  activation?

Perylene

Human lymphoblasteid TK6  HPRT + - Penman et al.
(1980)

Phenanthrene

Chinese hamster V79 HPRT + - Huberman &
Sachs (1976)

Human lymphoblastoid TKE  TK + + Barfknecht et al.
{1981)

Fischer rat embryo OR + - Mishra et al.
(1978)

Pyrene

Mouse lymphoma L5178Y TK += + Jotz & Mitchell
(1981)

Fischer rat embryo OR + + Mishra et al.
(1978)

Chinese hamster V79 HPRT + - Huberman
(1975}

Mouse lymphoma L5178Y TK + - Amacher et al.
{1980)

Human lymphoblasts TK6 TK + - Barfknecht et al.
(1982)

Chinese hamster ovary HPRT +/— - Heflich et al.
{1990)

Human epithelial teratoma P3 HPRAT - - Huberman et al.
{1984)

Mouse lymphoma L5178Y TK +— + Myhr & Caspary
(1988)

Mouse lymphoma L5178Y TK +— + Wangenheim &
Bolesfoldi (1988)

Rat liver epitheliai ARL18 HPRT - - Tong et al.
(1981a)

Mouse Balb/c-3T3 OR - + Lubet et al.
(1990)

Triphenylene

Human tymphoblasts TK + + Barfknecht et al.
{1982)

HPRT, hypoxanthine-guanine phosphoribosyl transferase reversion; TK,
thymidine kinase reversion; OR, ouabain resistance; DTR, diphtheria toxin
resistance

24+, tested with metabolic activation; — , tested without metabolic activation,
+/—, tested with and without metabolic activation

® Result: +, positive; —, negative; +, inconclusive; positive results shown it
positive only with activation

381



Effects on laboratory animals and in vitro

Table 85. Chromosomal effects of polycyclic aromatic hydrocarbons in

mammalian cells in vifro

Test system End- Metabolic Result® Reference
point  activation®
Anthracene
Chinese hamster D6 CA, - - Abe & Sasaki
SCE (1977a)

Rat tiver epithelial ARL18 SCE - - Tong et al.
(1981b)

Rat liver RL1 cA - - Dean (1981)

BenzfaJanthracene

Chinese hamster ovary SCE - + Pal (1981)

Rat liver epithelial ARL18  SCE - * Tong et al.
(1981h)

Chinese hamster V79 SCE - + Mane et al.

{coincubation with rat (1990)

mammary epithelial cells)

Benzofajpyrene

Rat liver BL1 CA - + Dean (1981)

Chinese hamster V79-4 CA, - - Popescu et al.

(+ feeder cells) SCE (1977)

Chinese hamster lung CA +/— + Matsuoka et al.
(1979)

Mouse lymphoma L5178Y CA - + Arce et al, (1987)

(+ hamster embryo celis)

Human fibroblasts WI-38 COD +/— + Weinstein et al.
{1977)

Chinese hamster V79 SCE - + Arce et al.(1987);

(+ hamster embryo cells) Wojciechowski et
al. (1981)

Chinese hamster Don-6 SCE - + Abe et al.
{1983a)}

Chinese hamster ovary SCE  +/- + Husgafvel-
Pursiainen et al.,
1986)

Chinese hamster ovary SCE  +~ + Evans & Mitchell
(1981)

Rat pleural mesothelial SCE - + Achard et al.

cells (1987}

Rat liver epithelial ARL18  SCE - + Tong et al.
(1981b)

Rat hepatoma Reuber SCE - + Dean et al.

H4-II-E (1983a)
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Table 85 (contd)

Test system End- Metabolic Result® Reference
point activation®

Benzofa]pyrene (contd)

Rat oesophageal tumour  SCE - + Abe et al.

R1 {1983a)

Rat ascites hepatoma SCE - + Abe et al.

AHE6-B (1983a)

Human fibroblasts TIG-l SCE - + Huh et al. {1982}

Human hepatoma cells SCE + Huh et al. {1982)

Humarn hepatoma C-HC-4 SCE - + Abe et al.

and C-HC-20 {1983a,b)

Chinese hamster V78 SCE - + Mane et al.

{coincubation rat/human (1990)

mammary epithelial cells)

Primary mouse epidermal UDS - + Gill et al. (1991)

keratinocytes

Human hepatoma (strain  SCE, - + Natarajan &

Hep G2} MN Darroudi (1991)

Mouse spleen lymphocytes SCE - + Wielgosz et al.
(1991)

Mouse C3H/10T1/2 clone 8 SCE - + Krolewski et al.
(1986)

Human epitheliai teratoma SCE - + Murisen (1988)

P3 (coincubation with rat

hepatoma RL-12 cell line)

Chinese hamster epithelial SCE  — + DeSalvia et al.

liver (1988)

Human iymphocytes CD +i— + Rees et al.
(1989)

Benzpfe]pyrene

Rat liver epithelial ARL18  SCE - - Tong et al.
(1981b)

Mouse C3H 10T1/2 CA, - - Gehly et al.

SCE (1982)

Chinese hamster V79 cells SCE - - Mane et al.

(coincubation with rat (1990)

mammary epithelial cells)

Human epithelial teratoma SCE - - Murison (1988)

P3 (coincubation with human
breast carcinoma cells
BJ-015)
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Effects on laboratory animals and in vitro

Table 85 (contd)

Test system End- Metabolic Result® Reference
point  activation®

Cyclopentafcdlpyrene

Mouse C3H/10T1/2 cione 8 SCE - + Krolewski et al.
(1986)

Human epitheliat teratoma SCE - + Murison (1888)

P3 (coincubation with human

breast carcinoma cells BJ-015)

Dibenz{a, hlpyrene

Chinese hamster ovary SCE - + Pal (1981)

Fluoranthene

Chinese hamster CHO-1 SCE +/- + Palitti et al.
{1986)

Chinese hamster epithelial SCE - - DeSalvia et al.

liver (1988)

Fluorene

Chinese hamster lung CA +— + Matsucka et al.

CHL (1991)

Naphthalene

Mouse embryos {in vitro) CA + + Gollahon (1991);
Gollahen et al.
(1990)

Perylene

Chinese hamster V79 CA - + Popescu et al.
(1977)

Chinese hamster V79 SCE - - Popescu et al.
(1977)

Phenanthrene

Chingse hamster V79-4 SCE - - Popescu et al.

(+ hamster feeder cells} (1977)

Chinese hamster V79-4 CA - + Popescu et al.

(+ hamster feeder cells) {1977)

Chinese hamster Don CA, SCE - Abe & Sasaki
{(1977b}

Chinese hamster lung CA - Ishidate &

CHL Odashima
(1977)
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Table 85 (contd)

Test system End- Metabolic Result® Reference
point  activation®

Phenanthrene (contd)

Chinese hamster lung CA +- - Matsuoka et al.

CHL (1979)

Pyrene

Rat liver epithelial ARL18  SCE - - Tong et al.
(1981b)

Chinese hamster D6 CA, - - Abe & Sasaki

SCE (19773}

Chinese hamster ovary SCE +/- + Evans & Mitchell
(1981)

Chinese hamster ovary SCE  +/~ + Perry &
Thomson {1981}

Chinese hamster V79-4 CA - + Popescu et al.
(1977)

Chinese hamster V79-4 SCE - - Popescu et al.

(+ hamster feeder cells) (1977)

Rat liver RL1 CA - - Dean (1981)

Human fibroblasts WI-38  CD +— - Weinstein et al.
(1977)

Human hepatoma (strain ~ MN, - - Natarajan &

Hep G2) SCE Darroudi (1991)

Chinese hamster epithelial SCE - - DeSalvia et al.

liver (1988)

SCE, sister chromatid exchange; MN, micronucleus formation; CA,

chromosomal aberration; CD, chromesomal damage

& +, testad with metabolic activation; —, tested without metabolic
activation; +/—, tested with and without metabolic activation

b Result: +, positive; —, negative; +, inconclusive; positive results shown
if positive only with activation
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Effacts on laboratory animals andin vitro

Table 86.Morphological transformation of mammalian celt in vitro by

polycyclic aromatic hydrocarbons

Test system

Result* Reference

Anthracene
Balb/c3T3 mouse cells
Guinea-pig fetal cells

Neonatal Syrian golden hamster
kidney fibroblasts BHK21 C13
Syrian hamster embryo cells
Hamster BHK21 clone 13 cells
Syrian hamster embryo cells
Balb/3T3 mousecells

Balb/3T3 mousecells

Fischer rat embryo cells

Fischer rat embryo cells

{leukaemia virus-infected)

Fischer rat embryo cells

{Rauscher leukaemia virus-intected)
C3H/10T1/2 mouse clone 8

Benz{a]anthracene
Syrian hamster embryo cells

Mouse prostate C3HG23 cells
C3H/10T1/2 mouse celis

Hamster BHK21 clone 13 cells
Hamster embryo cells

Syrian hamster embryo cells
Syrian hamster lung cells FSHL
Mouse ventral prostate C3H
clone G23 cells

Balb/3T3 mouse clone 1-13 cells
Balb/3T3 mouse cells

Fischer rat embryo celis
{Rauscher leukaemia virus infected)
Fischer rat embryo cells
(leukaemia virus-infected)
Sytian hamster embryo cells
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I+ o+

+ +

I+

DiPaolo et al. (1972)
Evans & DiPaolo
(1975)

Purchase et al. (1976)

Pienta et al. (1977)
Greb et al. {1980)
Dunkel et al. {1981)
Dunkel et al. (1981)
Peterson et al. (1981);
Lubet et al. (1983a)
Mishra et al. (1978)
Dunkel et al. (1981)

Freeman et al. (1973}

Dunkel et al. (1988)

Pienta et al. (1977);
DiPaclo et al. {1969,
1971)

Marquardt &
Heidelberger (1972)
Nesnow &
Heidelberger (1976)
Greb et al. {1980)
Grover et al. (1971)
Dunkel et al. (1981)
Emura et al. (1980)
Marquardt et al.(1972);
Grover et al. (1871)
Rundell et al. (1983)
Dunkel et al, (1981)

Freeman et al. {(1973)
Dunkel et al. (1981)

DiPaolo et al. (1985)



EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Table 86 {contd)

Test system

Result® Reference

Benzofbjfluoranthene
Hamster BHK21 clone 13 cells
Syrian hamster lung FSHLcells

Benzofklfiuoranthene
Syrian hamster lung FSHLcells

Benzofghilperylene
Syrian hamster embryo cells

Benzofalpyrene

Golden hamster embryo cells
Hamster BHK21 clene 13 cells
Hamster embryo cells (SA7 virus-
transformed)

Syrian hamster embryo cells

Syrian hamster embryo cells
Syrian hamster embryo cells
Syrian hamster lung FSHL

Syrian hamster SHE {SA7 virus-
transformed)
C3H/10T1/2 mouse

Balb/3T3 mouse

Balb/3T3 mouse clone A31-1-1
Fischer rat embryo cells

Rat embryo cells {(SA7 virus-
transformed)

Fischer rat embryo cells

{Rauscher leukaemia virus-infected)

Fischer rat embryo cells
(leukaemia virus-infected}

Balb/c 3T3 mouse clone A31 cells
C3H/10T1/2 mouse clone 8 cells
C3H/10T1/2 mouse clone 8 cells
Balb/c3T3 mouse clone 1-13 cells

Benzofe]pyrene
C3H/M10T1/2 mouse cells
Fischer rat embryo cells

+ Greb et al. (1980)
+ Emura et al. (1980}

- Emura et al. {1980}

DiPaolo et al. {1985)

+ Mager et al. (1977)

+ Greb et al. (1980)

+ Casto et al. (1877)

+ DiPaolo et al. {1969,
1971)

+ Dunkel et al. (1881)

+ Casto et al. (1977)

+ Emura et al. (1980,
1987)

+ Arce et al. {(1887)

+ Arce et al. (1987);

Lubet et al. {1983b);
Peterson et al. (1981)
Dunkel et al. (1981}
Little & Vetrovs (1988)
Mishra et al. {1978)
DiPaclo & Casto
(1976)

Freeman et al. (1973)

+ 4+ + +

+

+

Dunkel et al. (1981}

Albini et al. (1991)
Dunkel et al. (1988}
Krolewski et al. (1986)
Rundeil et al, {1983}

+ + 4+ +

- Gehly et al. (1982)
- Mishra et al. (1978)
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Effects on laboratory animals and in vitro

Table 86 {contd)

Test system

Result* Reference

Benzofblfluoranthene

Syrian hamster embryo cells
Syrian hamster embryo cells
C3H/10T1/2 mouse clone 8 cells
Balb/c-3T3 mouse

Syrian hamster lung FSHLcells
Syrian hamster embryo cells
Balb/3T3 mouse

Hamster BHK21 clone 13 cells

Chrysene

Syrian hamster embryo cells
Mouse prostate C3HG23 cells
Hamster BHK21 clone 13 cells
Hamster epithelial lung

cell line M3E3/C3

Cyclopentafcdjpyrene
C3H10T1/2 mouse clone 8 cells
C3H/10T1/2 mouse clone 8 cells

Dibenzfa,hjanthracene
Syrian hamster embryo cells

C3H 10T1/2 mouse cells
C3H mouse prostate cells

C3HG23 mouse prostate cells
Hamster embryo cells
Fischer rat embryo cells

(Rauscher leukaemia virus-infected}

Hamster embryo cells {SA7 virus-
transformed}

Hamster BHK21 clone 13 cells
C3H/10T1/2 mouse clone 8 celis
Rat embryo cells (SA7 virus-
transformed)

C3H/10T1/2 mouse clone 8 cells
C3H/10T1/2 mouse clone 8 cells

Fluoranthene
Fischer rat embryo cells

(Rauscher leukaemia virus- infected)
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Pienta et al. (1977}
DiPaoclo et al. (1969}
Dunkel et al. {(1988)
Lubet et al. (1990)
Emura et al. {1980)
Dunkel et al. (1981}
Dunkel et al. {1981}
Greb et al. (1980)

o+ o+

1

+

Pienta et al. (1977}
Marquardt et ab. (1972)
Greb et al. (1980)
Jacob et al. (1993c);
Riebelmre et al. (1993}

+ 4+ 1+

+

Gold et al. {1980)
+ Krolewski et ai. (1986)

+ DiPaolo et al. (1969)
Pienta et al. (1977)

+ Reznikoff et at. (1973}

+ Chen & Heidelberger
(1969)

- Marquardt et al. (1972)

- Grover et al. (1971)

+ Freeman et al. (1973)

+

Casto {1973); Casto et
al. (1977)

Greb et al. (1980}
Lubet et al. {1983a,b)
DiPaolo & Casto
(1976)

Dunkel et al. (1988)
Nesnow et al. (1994}

+ O+ o+

+ W

- Freeman et al. {1973}



EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons

Table 86 {contd)

Test system Resultt Reference
Fluorene
Balb/c3T3 mouse cells x Tonelli et al, {1979}
Indenof1,2,3-cdjpyrene
Syrian hamster lung FSHLcells + Emura et al. (1980)
Naphthalene
Fischer rat embryo cells - Freeman et al. (1973)
(Rauscher leukaemia virus-infected)
Human lung WI-38 cells - Purchase et al. {(1976)
Syrian hamster kidney - Purchase et al. (1976)
BHK-21C13 cells
Balb/c mcuse mammary gland - Tonelli et al. (1979)
Balb/c-3T3 mouse cells - Rundell et al. (1983)
Perylene
Syrian hamster embryo cells - DiPaolo el al. (1985}
Syrian hamster embryo cells - Casto (1979)
Phenanthrene
Mouse prostate C3HG23 cells - Marquardt et al. (1972)
Syrian hamster embryo cells - Pienta et al. (1977}
Balb/3T3 mouse cells - Kakunaga (1973)
Fetal guinea-pig cells - Evans & DiPaolo

(1975)
Syrian hamster embryo cells - DiPaolo et al. (1969);

Dunkel et al. (1881)
Hamster BHK21 clone 13 cells - Greb el al. (1980)
Hamster embryo cells (SA7 - Caste et al. (1977)
virus-transformed)
C3H/10T1/2 mouse cells - Peterson et al. (1981)
C3H/10T1/2 mouse cells - Lubet et al. (1983b)
Balb/3T3 mouse cells - Dunkel et al. (1981)
Fischer rat embryo cells - Mishra et al. {1978}

+

Fischer rat embryo cells

(Rauscher leukaemia virus-infected)
Fischer rat embryo cells (leukaemia
virus-infected)

C3H/10T1/2 mouse clone 8 cells

Pyrene
Syrian hamster embryo cells

Freeman et al. (1973)
Dunkel et al. (1881)

Dunkei et al, (1988)

DiPaole et al. (1969);
Pienta et al. (1977);
Caste (1979)
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Tabie 86 (contd)

Test system

Result?

Reference

Pyrene (contd}
C3H mouse prostate cells

Balb/C-3T3 mouse cells
Fetal guinea pig celis

Fischer rat embryo cells
Hamster embryo cells (SA7
virus-transformed}

C3H/10T1/2 mouse clone 8 cells
Balb/c-3T3 mouse

I+

Chen & Heidelberger
(1969)

DiPaolo et al. {(1972);
Kakunaga (1973)
Evans & DiPaolo
(1975)

Mishra et al. (1978)
Casto et al. (1977)

Dunkel et al. (1988)
Lubet et al. {(1990)

2 Result; +, positive; +, inconclusive; —, negative
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Table 87. Chromosomal effects of polycyclic aromatic hydrocarbons in
mammalian cell systemsin vivo, including DNA binding and adducts and

sperm abnormalities

Test system

Result®

Reterence

Anthracene

Chinese hamster bone marrow:;

CA, SCE
Mouse bone marrow: MN

Mouse: sperm abnormalities
Chinese hamster V79 {mouse host-

mediated): SCE

Mouse peripheral biood : MN

Mocuse skin : DNA binding

Benzfa]anthracene

Chinese hamster bene marrow:

SCE

Chinese hamster bone marrow: CA

(1979)

Long-Evans rat bone marrow : CA
Chinese hamster bone marrow :

MN, CA

NMR1 mouse( in metaphase Il

oocytes): CA

Mouse gastrointestinal epithelial

cells: nuclear anomalies

Rat lung: DNA adducts, SCE, MN

Mouse skin: DNA binding

Rat bone marrow and spleen

cells: MN

Benzofbjfluoranthene

Chinese hamster bone marrow:

SCE

Chinese hamster bone marrow; CA

Mouse skin: DNA binding
Lung, liver and peripheral

lymphocytes of rats: DNA adducts
Rat lung, liver; peripheral blood
lymphocytes; whole blood cultures:

SCE

Mouse gastrointestinal epithelial

cells: nuclear anomalies

!

o+ o+

1

+

Roszinsky-Kécher et al.
{1979)

Salamone et al. (1981)
Topham (1980)

Sirianni & Huang (1978)

Oshiro et al. (1992)
Reddy et al. (1984)

Roszinsky-Kocher et al.
{1979)
Roszinsky-Kocher et al.

Sugiyama (1973}
Peter et al. (1979}

Peter et al. (1979}
Reddy et al. (1991)

Whong et al. {1992)
Reddy et al. {(1984)
Zhong et al. {1995)

Roszinsky-Kécher et al,
(1979)
Roszinsky-Kdécher et al.
(1979)

Weyand et al. {1987)
Ross et al. (1991); Ross
et al. (1992)

Ross et al. (1991); Ross
et al (1992)

Reddy et al. (1991)
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Table 87 {contd)

Test system

Refarence

Benzofbffluoranthene {contd)
Rat peripheral blood lymphocytes:

SCE, MN

Mouse gastrointestinal epitheiial

cells: nuclear anomalies
Mouse skin: DNA binding

Mouse skin: DNA adducts, MN, UDS +

Benzofjjfluoranthene

Mouse lung and liver cells:

DNA adducts

Mouse skin: DNA adducts

Benzofkjfluoranthene
Mouse skin: DNA binding

Mouse lung and liver cells:

DNA adducts

Benzofghilperylene
Mouse skin: DNA binding

Benzofalpyrene

Mouse: dominant lethal mutation
Mcuse: deminant lethal mutation

Mouse: spot test
Mouse: spot test

Rat hepatocytes: UDS
Mouse germ cells: UDS
Mouse skin: DNA binding

Chinese hamster bone-marrow

cells: CA, SCE

Chinese hamster bone-marrow

cells: CA, SCE

Mouse: CA; heritable translocations

Mouse bone marrow: MN
Mouse bone marrow: MN

Chinese hamster bone-marrow

cells: MN

Mouse: sperm abnormalities
Mouse: sperm abnormalities

392

+ o+ o+ +

+ +

Bryant et al. (1991)
Reddy et al. {1991}

Amin et al. {(1991a)
Winker et al. (1995)

Weyand & LaVoie {1988}

Weyand et al. (1993)

Weyand et al. (1987)
Weyand & LaVoie (1988}

Reddy et al. (1984)

Epstein (1968)
Generoso et al. (1982)
Russell (1977)
Davidson & Dawson
(1976)

Miralis et al. (1982)
Sega (1979)

Weyand et al. (1987);
Rice et al. (1984)
Roszinsky-Kdcher et al,
(1979)

Bayer (1978)

Generoso et al. (1982)
Salamene et al. {1981}
Bruce & Heddle (1979)
Bayer (1978}

Topham (1980}
Bruce & Heddle (1979}
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Table 87 (contd)}

Test system

Result* Reference

Chinese hamster V79
(mouse host-mediated): SCE

Mouse epidermal cells: DNA adducts

Mouse bone marrow: MN

Mouse keratinocytes: MN

Mouse lung and liver cells:

DNA adducts

Mouse liver, lung and stomach:
DNA adducts

Rat peripheral lymphocytes: SCE
Mouse bone marrow: MN

Mouse bone marrow: MN

Mouse bone marrow: MN

Mouse peripheral blood cells: MN
Mouse gastrointestinal epithelial
cells: nuclear anomalies

Mouse bone marrow: SCE

Rat peripheral blood lymphocytes:

SCE, DNA adducts
Rat liver cells; DNA adducis

Rat peripheral blood lymphocytes:

CA

Chinese hamster cells: CA
Mouse skin epithelial cells:
DNA binding

Human peripheral lymphocytes:
DNA adducts

Rat lung, liver and peripheral
lymphocytes: DNA adducts
Mouse bone marrow: MN
Mouse skin: DNA binding
Mouse skin: DNA adducts
Mouse and rat bone marrow: MN
Mouse bone marrow: CA

Benzofe]pyrene

Chinese hamster bone-marrow
cells: SCE

Chinese hamster bone-marrow
cells: CA

Mouse gastrointestinal epithelial
celis: nuclear anomalies

Mouse skin: DNA binding

+

+
+
+
+

++ 4+ + + 4+

+

+

+

+ o+ 4+ 4+ +

H

Sirianni & Huang (1978)

Albert et al. (1991a,b)
Shimada et al. (1991}
He & Baker {1991)
Weyand & LaVoie (1988)

Cummings et al. (1991)

Li et al. (1991)
Mavournin et al. (1880)
Kliesch et al. (1982}
Harper & Legator (1987)
Oshiro et al. (1992)
Reddy et al. {1991)

Wielgosz et al. {(1991)
Witlems et al. (1991)

Willems et al. (1991)
Willems et al. (1991}

Matsuoka et al. (1979)
Hughes & Phillips (1991)

Haugen et al. (1986)
Ross et al. {1991)

Awogi & Sato (1989)
Reddy et al. (1984)
Oueslati et al. (1992)
Shimada et al. {1992}
Adler & Ingwersen (1989}

Roszinsky-Kécher et al.
(1979)
Roszinsky-Kocher et al.
(1979)

Reddy et al. (1991)

Reddy et ai. (1984)
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Table 87 (contd)

Test system Result* Reference
Chrysene
Chinese hamster bone-marrow + Roszinsky-Kécher et al.

cells: SCE

Chinese hamster bone-marrow
cells: CA

NMRI mice: metaphase ! oocytes
Mouse keratinocytes: MN

Mouse skin: DNA binding

Dibenz{a,hjanthracene
Chinese hamster bone-marrow
cells: SCE

Chinese hamster bone-marrow
cells: CA

Rat peripheral blood lymphocytes:

SCE, MN

Mouse skin: DNA binding

Mouse skin: DNA binding

Rat bone-marrow and spleen
cells: MN

Rat lung: DNA adducts, MN, SCE
Mouse skin: DNA adducts, MN,
uDs

Dibenzofa,elpyrene
Mouse skin epithelial cells:
DNA binding

Dibenzofa,ilpyrene
Rat spleen cells: MN
Rat lung: DNA adducts, MN, SCE

Fluoranthene
Mouse bone-marrow cells: SCE

Indenof1,2,3-cdpyrene
Mouse skin: DNA binding
Mouse skin epithelial cells:
DNA binding

5-Methylcholanthrene
Mouse skin: DNA adducts

394

+

(1979)
Roszinsky-Kécher et al.
{1979)

Basfer et al. (1977}

He & Baker (1891)
Reddy et al. (1984)

Roszinsky-Kdcher et al.
(1979)
Roszinsky-Kdcher et al.
(1979)

Bryant et al. {1990)

Lecoq et al. (1991)
Reddy et al. (1984)
Zhong et al. (1995)

Whong et al. {1994)
Winker et al. (1995)

Hughes & Phillips (1991)

Zhong et al. {1995}
Whong et al. (1994)

Palitti et al. (1988)

Weyand et al. (1987)
Rice et al. {1990)

Amin et al. (1985a)
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Table 87 {contd)

Test system

Result* Reference

Naphthalene
Mouse bone-marrow celis: MN

Perylene
Mouse skin: DNA binding

Phenanthrene

Chinese hamster bone-marrow
cells: CA

Chinese hamster bone-marrow
cells: SCE

Chinese hamster bone-marrow
cells: MN

Pyrane

Mouse baone marrow cells: SCE
Mouse bone marrow: MN
Mouse bone marrow cells: MN

Chinese hamster V79
(mouse host-mediated). SCE
Mouse keratinocytes: MN

Mouse peripheral bicod cells: MN

Mouse gastrointestinal epithetial
cells: nuclear anomalies
Mouse: sperm abnormalities
Mouse skin: DNA binding

Harper et al. {1984)

Reddy et al. (1984)

Bayer (1978); Roszinsky-
Kécher et al. (1979)
Bayer (1978), Roszinsky-
Koécher et al. (1979)
Bayer (1978)

Paika et al. (1981)
Salamone et al. (1981)
Tsuchimoto & Matter
(1981)

Sirianni & Huang (1978)

He & Baker {1991)
Oshiro et al. (1992)
Reddy et al. (1991)

Topham {1980)
Reddy et al. (1984)

SCE, sister chromatid exchange; MN, micronucleus assay; CA,
chromosomal aberrations; UDS, unscheduled DNA synthesis
& Result: +, positive; £, inconclusive; —, negative
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Table 88. Effects of polycyclic aromatic hydrocarbons on morphological
transformation of mammalian cells in vivo

Test system ) Result* Reference
Anthracene

Mouse bone-marrow cells - Salamone et al. (1981)
Chinese hamster embryo cells - DiPaclo et al. {(1973)
Benzofghilperyviene

Hamster embryos, transplacental - Quarles et al. (1979)
exposure

BenzofaJpyrene

Hamster embryos, transplacental  + Quaries et al. (1979}
exposure

Phenanthrene

Hamster embryos, transplacental - Quarles et al. (1979)
exposure

® +, positive; £, inconclusive; —, negative
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Table 89. Overview of genotoxicity of polycyclic aromatic hydrocarbons

Compound Results

Acenaphthene Inconsistent, limited database
Acenaphthylene Inconsistent, limited database
Anthanthrene Positive, limited database
Anthracene Negative, with a few exceptions
Benz[ajanthracene Positive

Benzolb]fluoranthene Positive

Benzo[jjfluoranthene Positive

Benzo[k]flucranthene Positive

Benzo[ghfflucranthene
Benzo[a]fluorene
Benzo[blflucrene
Benzo[ghilperylene
Benzo[c]phenanthrene
Benzo[a]pyrene
Benzo[elpyrene
Chrysene

Coronene
Cyclopenta[cd]pyrene
Dibenz{a,hanthracene
Dibenzofa,e|pyrene
Dibenzo[a,hipyrene
Dibenzofa,Qpyrene
Dibenzo[a,/Jpyrene
Fluoranthene

Flucrene
Indeno[1,2,3-cd]pyrene
5-Methylchrysene
1-Methylphenanthrene
Naphthalene

Perylene
Phenanthrene

Pyrene

Triphenylene

Positive, limited database
Inconsistent, limited database
Inconsistent, limited database
Positive

Positive, limited database
Positive

Positive

Positive

Positive, limited database
Positive

Positive

Positive

Positive, limited database
Positive

Positive, limited database
Positive

Negative, with a few exceptions
Positive

Positive

Positive

Negative

Positive

Inconsistent

Inconsistent

Positive

Benzo[a/pyrene has been tested in a range of specics, including frogs,
toads, newts, trout, pigeons, rats, guinea-pigs, rabbits, ferrets, ground squirrels,
tree shrews, marmots, marmosets, and rhesus monkeys. Tumours have been
observed in all experiments with small animals, and the failure (o induce
neoplastic responses in large animals has been attributed to lack of information
on the appropriate route or dose and the inability to observe the animals for a
sufficient time (Osborne & Crosby, 1987a). In studies with other PAH,
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Effects on laboratory animals and in vitro

benzo[alpyrene was often used as a positive controt and theretore administered
at only one concentration. Benzo[a|pyrene has been shown to be carcinogenic
when givenby a variety of rotttes, including diet, gavage, inhalation, intratracheal
instillation, intraperitoneal, intravenous. subcutaneous, and intrapulmonary
injection, dermal application, and transplacental administration.

Assessment of the carcinogenic potency of the selected PAH is restricted
for various reasons: Many of the studies performed before about 1970 were
carried out without controls, without clearly defined, purified test substances,
orusing experimental designs and tacilities considered today to be inadequate.
Despite these shortcomings, all of the available studies were taken into
account, except for those on dibenz{a,h)anthracene and benzofa]pyrene. An
overview of the results, as reported by the authors, is given in Table 90. To
facilitate appraisal of the studics, the penultimate column gives a classification
of the substances as positive, negative, or questionably carcinogenic; indicates
whether the tumour incidence was evaluated statistically; and judges that a
study is valid or provides reasons suggesting that it is unreliable. The criteria
used to classify a study as valid were (i) an appropriate study protocol, i.e. usc
of concurrent controls (sham or vehicle), 20 or more animals per group, and
study duration at least six months; and (ii) sufficient documentation, including
detailed description of administration, results, and the survival of animals. As
the use of concurrent controls is important for making judgements, data for
these are given with the results for treated groups. If control data are not
mentioned, it is because they were not given in the original paper.

In experimenis by topical application, the lower, more volatile PAH
partially evaporate, and therefore their doses may have varied. The substances
may also decompose. Both features could lead to underestimations of
carcinogenic potency if they are not taken into account.

Table 91 shows the classification of the compounds as carcinogenic,
noncarcinogenic, or questionably carcinogenic. In order to make these
classifications, all of the studies were summarized according to species and
route of administration. In cases of doubt, the judgement was based on valid
studies only. For example, despite one positive but invalid result and two
questionable (one valid, one invalid) results from 17 studies, anthracene was
classified as negative; however, pyrenc, for which one positive, valid result and
three questionable, valid results were found in 15 studies, could not be
classified as negative and the compromise ‘questionable’ was chosen.

The PAH found not to be carcinogenic werc anthracene, benzo[ghi |perylene,
fluorene, benzol[ghi]fluoranthene, 1-methylphenanthrene, perylene, and
triphenylene. Questionable results were obtained for accnaphthene, benzo[al-
fluorene, benzo[b]fluorene, coronene, naphthalene, phenanthrene, and pyrene.
The remaining compounds were found to be carcinogenic.

The dermal route was the commonest mode of administration, followed by
subcutaneous and intramuscular injection. In most studies, the site of tumour
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Selected non-heterocyclic polycyclic aromatic hydrocarbons

EHC 202
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Selected non-heterocyclic polycyclic aromatic hydrocarbons

EHC 202
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Effects on laboratory animals andin vitro

ucpos(ul Aameq

(egg6l} |easou SINOWN] OU ;j0UCD x| ‘puelf Aewwew Arewwew -anBeidg
B 18 URIBARD u '$INOWIN] AJELIWBW ON $389M 02 YIS o Bw /'€ pue 1§'0 BAU| oz ] 'Y %66 <

SuRAg
{696 1)sulBbnH uj/ou SBWOo2IeS snoausjuods abe jo gz Aep uo x| ‘Bg -Buoq paylnd
2 eled u oU ;|oNJu0D 'SeWodies ON sAep 0/ puly olul [ewiueBw gz wrl 8 w 1By D11

afie Agmeq
(696i}suibbny  pljou JO 9G puB ‘g5 '06 Aep uo xg -enbeids payund
g eled u sinown) Atewwew oN  shep gg {BwBuw g(=) rwiuebu z A 82 } ‘Tey [eall
{co6)) |ea/ou SINOWN) OU  syjuowl UBLUZ}OH pazi|
ST R SET U [0JIUOD JUSAIOS (SELUOIIES ON ¥ =< X} ‘Tewue/Bu ggrL '8 gg w ey -eishiosy

SUOW § ' ,WD Z 18A0D O}

pi/ou syjuocw ymyxg e peddoip‘auciooe nluuoq

(5961) oyme u sinown} oN 8> uluonnos pajeunies  [euaq Gz w ‘Tey

Aajmeq

(zo61) Buey o)ujou  SABp Qg JOYE ¥9)/G ([ONUCD -anBeidg

9 suibbny UiS[BUWIUER pajest] ul SINoWn} ON  SABp 09 X1 Jeybw 0oz 210 oL } ey
(puoo) sueseniuefefzusg

AoYUOES
Tea /yleap e vonel; dnosb

7S uojeINp -S|UlWpE [/ X8§ uens

aoualayey §Nsey Jnown) jo adA) pue aouspiou) Apnis ebesog Joamed soN xo9g 'seloadg Aung

{pP02) 06 3|ge L

S

<+



EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons
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Effects on faboratory animals andin vitro
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Selected non-heterocyclic polycyclic aromatic hydrocarbons

EHC 202
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Effects on laboratory animals and in vitro
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons
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Effects on laboratory animals and in vitro
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons
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Effects on laboratory animals and
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons
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Effects on faboratory animals and in vitro
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Selected non-heterocyclic polycyclic aromatic hydrocarbons

EHC 202
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Selected non-heterocyclic polycyclic aromatic hydrocarbons
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Selected non-heterocyclic polycyclic aromatic hydrocarbons
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Effects on laboratory animals and in vitro
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EHC 202: Selected non-heterocyclic polycyclic aromatic hydrocarbons
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Effects on laboratory animals and in vitro
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Selected non-heterocyclic polyeyciic aromatic hydrocarbons
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Effects on laboratory animals and in vitro
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Selected non-heterocyclic polycyclic aromatic hydrocarbons

EHC 202

uap|ob
opou SELUOUIDIeD Jead | uoneynsul ueuAs
(LZ61) ow d pue sewoyided gayoel | ‘Noam/xg ‘lewue/bw gg o~ [BayoRl] ‘le|sweH

sjopred

(026)) reajou felyouoIg
‘B Jo upyse a sleouea Bunf yum L6/€9 fw g-£ -BlU| 16 ‘19)SWEH

QE/e 10 geg/i ‘sjonuod ‘dnolb
osop-tBiy L) eWOUBpE | pue
wse|dosu jreuliew ‘joel] uep|ob
JeA/ou Aloyendsal ur eiseld elsw a)l| ‘syeem z ABaa  [eayoel) UBLAG
(€861) Jonsuny b Yum 82/ pue 'LE/S '8ei 8y ‘Tewstue/Srl oF 10 02 'S -Bau| 0c  w ‘IsisweH
sinowm uspjob
(6/61) reajou ou :josuod ‘joel Acjendsal ul 3 eem/x|'lewiue/Bw | |eayoel) UBLAG
‘B 18 Jexiay d sInown) % L¢ pUe ‘99 ‘€8 'LE a4 10°G0 ‘620 's2i'0 -elu| 6 W 'ssweH
uapiob
{(gz61}  olou SHaam QZeam/xL  [eayoel] uelAg
‘218 nod d SINOWINY UM 9,80 pue /| Siesd 25 ‘lewiuefw 670 10 £0 -enu| ‘I9ISWeH
(ptun)) euasddfejozusg
aoylioes
‘rea /Ueap je uogely dnoib
/1S uoleinp -S|UJWpe  / X8s urens
8ouBleaY JNssy JNOwn) Jo 8dA) PUR a3UBpPIOU| Apmsg gbesog Joslnoy [ON xag ‘ss8i0adg Aung

(Poo) 06 BI1gEL

431



Effects on laboratory animais and in vitro

SHaOM Shjooosy 'S
55 (a) (ens 1oUio 18 yaNQ {q) ‘sndipeo
uj/ou s¥oeEM G UM UyBep (0)  syjuow B g1 uum uoelSIU /L i snumbeg (e)
(6961) svAoN b sinownj [e0o] yum g/ (B) g1 < () -Wpeod) xi ‘[ewue/Bu o1 o'§ L/lwg  sheyuop
auympoe|g
(Lz61) nBRYd  |eA/ou syjuow x| ‘Bybuwigso 1218| uBLRD)
B sopensEN u SBWOoIIES ON 62 Sywowg x| ‘Bybwse0 w Y yw 'sed
(L/61)neyd 1BAjou syuow x| ‘BB g 11| jun
g sojeljsl|eM u SBooJes oN 2l syuow g x| ‘Bybwgg Wi Ll W ‘Bid
uleMyos
(L281) neld  eajou syow x| ‘Bybul | g iagel -PUENIZRT LB
% soyelisi|ex u SELUCIIRS ON 21 syuow g x| ‘Bybw gy wry /L yw -1eny ‘Big
(z6614) SOy sjuejduw
puollWEl,  2ljou uym sBop g1/ 'suuow g sYlUoWw rewAys

» pleyuag d Jaye Jaoued [ewhyousied isig g < -aled Bog
(z661) uap|ob
puowuweH  oj/ou sjuedun ueuis
2 pleyusg d SI20URD [B00) UIM 94,06 < SABP 0G1 [e1youoig ‘1ajsueH

{piuoo) suasddiejozuag

anpIoes
TeA JUresp 1e uonel; dnosb

PRt uogesnp -SulWpe [ Xas uels

eoualeey  Ynsey Jnown) jo adA) pue aousaplou| Apnig afiesoq JjoeINoY yON Xeg ‘sewadg Aung

(pyuca) 06 3laBL

g



Selected non-heterocyclic polycyclic aromatic hydrocarbons

EHC 202

|eajou 958 1AJu0 Jojowold uaLpsdxe uonenul 1-ao psuund
(£/8]) J8uguog d ‘sewoy|ided yum 2,68 sHeem Sp x| ‘rewiuebw gz [euusg 02 }  ‘esnopy oL
BH/MHO!
(gogl) B |BAU $INOWN} OU :8oUBISgns uswadxa SSIMS
18 uainn( UeA b aind ‘sewoyided yum 0z/2 sieem +9 uoneul (x| ‘Bur | [euuag o2 1 'eshopy
(eese1L) uonaiy
uuelyoH  pou SBLWOLIZIED  Syjuow SSIMG
¥ JOPUAM b og/k ‘'sewolided 0z/2 54 I BJIl "HBBMXE "% |0 Euusq 0c J ‘asnop
ausiAdfejozuag
snyzuolq wolyy Buisue syoam 1snsSBI0
{(061) |eAjOU sewoulaied snocwenbs g/2 SHOOM £9 01 dn ‘(ap1xo o8y |[BBYSE)) oberen
‘|B 18 i9)20i0 d ‘eise|dejsll JejosaeoOUCIG 69—/9  umm) yaemx| ‘Bw gl-¢ -enuy| 27w Aaxuop
{payoads
{cgG 1) Jeqe1g aj/0u 2176 [[eainns sJesh 10U) UCNBNSIUILDE plHoM pIO
B Uoswepy u {PBAIBSQO SANOWN] ON gL> ajdiynw ‘Bx/6w gs—0g 'S L ‘Aauopw
(esel) Jagalg  of/ou snssesn ofges
B UOSLIEDY d SBWOCNESOI(IY (peyoads jou} x| ‘'S ‘Aayuopy
(poo) suaiddfelozueg
2o11I0BS
lEA /Uieep e uonesy dnoib
/es uoneINp -Sluiwpe /7 Xas urels
aoUalalRy  Jinsay Jnown) Jo adA) pue sousplou| Apnig afesog Jodnoy sON X8§ ‘Sepsdg Alung

{(Poo) o6 B|qeL

33

A



Effects on laboratory animals and in vitro

M v2io Wogmau

‘(WY £6/1 L:S104U00 ‘sinowny a0 Gl “aonen:ng

{(oB61) IeAjou ogeday yhm (1) 0g/0 (W)  sysem pue’'g ‘| skepuoBugo 181508 -SSIMG
Ie 18 Bupueng b og/zLio () g0 (wlse/iz 9929 $0'20N0Y0Z0L0 ‘d'l 0g/0E JW  ‘esnon %66

(1861 '0861) leaou %0 1:[0nuo2 uswuadxa ucnenul 1.ouag
‘1210 ebeig b aoyes isewo|ded s oL SHoaM G x| ‘rewlueBuw G0 rewisq 0 } ‘asnow 9GE <

sewo|ded WslULadxa

{0ggL) f(eAajou o4/ (|00 FDIYBA (SBW uchenRux | ‘[eulue 1-ado

‘1e 1@ Buiuang b -oided yym %yl Jo 'L 'Sy SHsam g2 /Buw gl 10°eg0'SE0 [ewliaq 0t } 'esnopy %66
seiuojided o,p | ‘SHSam 0
12 :|0J]LO0D Sj2IYaAISBLIOUIDIRD

(8261) |ea/OU  OU ‘syaam Ov Je ‘sewiojided seem  uawiadxa uoneqiul | 1-an
‘e 12 ebe|g b =61 'snoem Og 1e -asop Yy or—0€ ‘rewnueST 26z pue goL lewdsg 0g 4 ‘ssnoly %66 <

{(6/61) |BA/OU SEWIOUIDIBD %2 'SHSaM OF Je SHIBM syeem O¢ -0
e ebeig d ‘sewolded %89 'SIMOEN  OF—0E “foomxe ‘leusuebri ooy reuleg 0g ) ‘esnop %66 <

(9261)
IPIULISPIOD)  (Baj/ou SINowWIN} ou sAep g9¢ BH/Y0I payund
9 LAINNG UBA U :JONU0D peaI@sqo sInown) ON SAEp B9E ‘Noamxg ‘Tewuebr g [ewsaq 0% }  ‘eshopy AubBiH
(puo9) auasidfalozuag
aoyuoBs
TeA Jiesp e uonesy dnoib

res uoneInp -SIJIWpe /X3S uels

souslaley  Jnsey Inown) jo adA) pue souapioul Apnig ofesog Joenoy JON X35 ‘salvadg AlINg

{p1u09) 06 BlgeL



Selected non-heterocyclic polycyclic aromatic hydrocarbons

EHC 202

(gesl) proyou sAep Opy Jpazis
‘e 18 Aueg u SINOWN) ON  SABD Obt eeamyxz (aind) 058 g jeweq 02 asnol  -aYUAg,
8| "HIIMX g
(Ge61)  piou  sunown) ou {g) ‘Bwolsyuds sAED ‘Ie} @snow Ul %g 0 {q) 02 Aund
e jo Aueg u 00L/L pue ewojided oo L/ (B) POL = losuszuaq Ui %g 0 (B}  |[ewisg 00l asnol  [njAgnoQ
SHBOM (5
{pe61) HomL aj/ou sJnoung jJuey SYeOM 10 8/ MasmXS ‘piDE 218J0
w Aspucliod b -Biew gio | ‘uBluaggLio9 06208, o ugerdpinbiuieLg s [BULBQ asnopy payung
(¥261) 2'plou syjucw
AemeUUB) u sJnownl oN LS aURZUBG %406 Ul %1 fewlsg 00l asnoy
auasiiy
(1861} reassah sLjuow 18(12d ¥E Jayosig pezi
‘e 1@ Buiddo g u sinown} oN az x| ‘Bw | eayoest 0z } ey -jeisAioay
§j04UCY Ul Sinowin}
(egBL) e ou ‘By/Bw pg 1e ewounied SRR [apuspy
19 [9Zuepy  Jeasseh  ([Ro-snowenbs | Bybw 2y 01 /eul0gsQ
yasineg u e ewodles Areuownd | /LLL/2LL XL BYBWw c2ao gy ‘g0 windeju se-08 ey %L 66
(piuoo) auaiddfalozusg
ao)yuoes
‘eA Julesp e uciesy dnosb
/els uoneInp -sluupe  /xas uleils
gouareley jnsey JInownt jo adf pue asuapioy| Apnis sfesoq Joeonocy soN Xx8g ‘sanadg Ang

{puo2) 06 a1qeL

435



Effects on laboratory animals and in vitro

|eA/ou o e:Auo Jojowsold Wswusdxs -an pauyund
(£461) Jeuquog d 'sewolided Uim %E/ SHeem Gg  LONBRUL X} TewiueBuw | eunag 0E 1 ‘esnoW ol
0Z/L ‘'02/s BHMHDI
{og61) & feajou  :Auo Jojowold [sewournles Jusluyadxe SSIMG
12 ualnng Uep d ozse ‘sewoqded og/91 Sy8em 9 uoneniul ‘xy ‘Buw [euuag 02 }  ‘esnoly
{e656 1) 