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NOTE TO THE READER

The term ‘carcinogenic risk’ in the JARC Monographs series is taken to mean the probability
that exposure to the chemical will lead to cancer in humans.

Inclusion of a chemical in the monographs does not imply that it is a carcinogen, only that
_ the published data have been examined. Equally, the fact that a chemical has not yet been
evaluated in a monograph does not mean that it is not carcinogenic.

Anyone who is aware of published data that may alter the evaluation of the carcinogenic
risk of a chemical to humans is encouraged to make this information available to the Unit of
Carcinogen Identification and Evaluation, International Agency for Research on Cancer, 150
cours Albert Thomas, 69372 Lyon Cedex 08, France, in order that the chemical may be
considered for re-evaluation by a future Working Group.

Although every effort is made to prepare the monographs as accurately as possible,
mistakes may occur. Readers are requested to communicate any errors to the Unit of
Carcinogen Identification and Evaluation, so that corrections can be reported in future volumes.
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IARC MONOGRAPH PROGRAMME ON THE EVALUATION OF THE
CARCINOGENIC RISK OF CHEMICALS TO HUMANS'

PREAMBLE

1. BACKGROUND

In 1969, the International Agency for Research on Cancer (IARC) initiated a programme to
evaluate the carcinogenic risk of chemicals to humans and to produce monographs on
individual chemicals. Following the recommendations of an ad-hoc Working Group, which met
in Lyon in 1979 to prepare criteria to select chemicals for IARC Monographs (1), the
Monographs programme was expanded to include consideration of exposures to complex
mixtures which occur, for example, in many occupations.

The criteria established in 1971 to evaluate carcinogenic risk to humans were adopted by
all the working groups whose deliberations resulted in the first 16 volumes of the JARC
Monographs series. This preamble reflects subsequent re-evaluation of those criteria by
working groups which met in 1977(2), 1978(3), 1982(4) and 1983(5).

2. OBJECTIVE AND SCOPE

The objective of the programme is to elaborate and publish in the form of monographs
critical reviews of data on carcinogenicity for chemicals, groups of chemicals and industrial
processes to which humans are known to be exposed, to evaluate the data in terms of human
risk with the help of international working groups of experts, and to indicate where additional
research efforts are needed. These evaluations are intended to assist national and internatio-
nal authorities in formulating decisions concerning preventive measures. No recommendation
is given concerning legislation, since this depends on risk-benefit evaluations, which seem best
made by individual governments and/or other international agencies.

The IARC Monographs are recognized as an authoritative source of information on the
carcinogenicity of environmental and other chemicals. A users’ survey, made in 1984, indicated
that the monographs are consulted by various agencies in 45 countries. As of June 1984, 34
volumes of the Monographs had been published or were in press. Four supplements have been
published: two summaries of evaluations of chemicals associated with human cancer, an
evaluation of screening assays for carcinogens, and a cross index of synonyms and trade
names of chemicals evaluated in the series (6).

'"This project is supported by PHS Grant No. 1 UO01 CA33193-02 awarded by the US National Cancer Institute,
Department of Health and Human Services.
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3. SELECTION OF CHEMICALS AND COMPLEX EXPOSURES FOR MONOGRAPHS

The chemicals (natural and synthetic, including those which occur as mixtures and in
manufacturing processes) and complex exposures are selected for evaluation on the basis of
two main criteria: (a) there is evidence of human exposure, and (b) there is some experimental
evidence of carcinogenicity and/or there is some evidence or suspicion of a risk to humans.
In certain instances, chemical analogues are also considered. The scientific literature is
surveyed for published data relevant to the Monographs programme; and the IARC Survey of
Chemicals Being Tested for Carcinogenicity (7) often indicates those chemicals that may be
scheduled for future meetings.

As new data on chemicals for which monographs have already been prepared become
available, re-evaluations are made at subsequent meetings, and revised monographs are
published.

4. WORKING PROCEDURES

Approximately one year in advance of a meeting of a working group, a list of the substances
or complex exposures to be considered is prepared by IARC staff in consultation with other
experts. Subsequently, all relevant biological data are collected by IARC; recognized sources
of information on chemical carcinogenesis and systems such as CANCERLINE, MEDLINE and
TOXLINE are used in conjunction with US Public Health Service Publication No. 149(8). The
major collection of data and the preparation of first drafts for the sections on chemical and
physical properties, on production and use, on occurrence, and on analysis are carried out by
SRIi International, Menlo Park, CA, USA, under a separate contract with the US National
Cancer Institute. Most of the data so obtained refer to the USA and Japan; IARC supplements
this information with that from other sources in Europe. Representatives from industrial
associations may assist in the preparation of sections describing industrial processes.
Bibliographical sources for data on mutagenicity and teratogenicity are the Environmental
Mutagen Information Center and the Environmental Teratology Information Center, both
located at the Oak Ridge National Laboratory, TN, USA.

Six months before the meeting, reprints of articles containing relevant biological data are
sent to an expert(s), or are used by IARC staff, to prepare first drafts of monographs. These
drafts are then compiled by IARC staff and sent, prior to the meeting, to all participants of
the Working Group for their comments.

The Working Group then meets in Lyon for seven to eight days to discuss and finalize the
texts of the monographs and to formulate the evaluations. After the meeting, the master copy
of each monograph is verified by consulting the original literature, then edited by a professional
editor and prepared for reproduction. The aim is to publish monographs within nine months of
the Working Group meeting. Each volume of monographs is printed in 4000 copies for
distribution to governments, regulatory agencies and interested scientists. The monographs
are also available via the WHO Distribution and Sales Service.

5. DATA FOR EVALUATIONS

With regard to biological data, only reports that have been published or accepted for
publication are reviewed by the working groups, although a few exceptions have been made:
in certain instances, reports from government agencies that have undergone peer review and
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are widely available are considered. The monographs do not cite all of the literature on a
particular chemical or complex exposure: only those data considered by the Working Group
to be relevant to the evaluation of carcinogenic risk to humans are included.

Anyone who is aware of data that have been published or are in press which are relevant
to the evaluations of the carcinogenic risk to humans of chemicals or complex exposures for
which monographs have appeared is asked to make them available to the Unit of Carcinogen
Identification and Evaluation, Division of Environmental Carcinogenesis, International Agency
for Research on Cancer, Lyon, France.

6. THE WORKING GROUP

The tasks of the Working Group are five-fold: (a) to ascertain that all data have been
collected; (b) to select the data relevant for evaluation:; (c) to ensure that the summaries of
the data enable the reader to follow the reasoning of the Working Group; (d) to judge the
significance of the results of experimental and epidemiological studies; and (e) to make an
evaluation of the carcinogenicity of the chemical or complex exposure.

Working Group participants who contributed to the consideration and evaluation of
chemicals or complex exposures within a particular volume are listed, with their addresses, at
the beginning of each publication. Each member serves as an individual scientist and not as
a representative of any organization or government. In addition, observers are often invited
from national and international agencies and industrial associations.

7. GENERAL PRINCIPLES APPLIED BY THE WORKING GROUP IN EVALUATING CARCINO-
GENIC RISK OF CHEMICALS OR COMPLEX MIXTURES

The widely accepted meaning of the term ‘chemical carcinogenesis’, and that used in these
monographs, is the induction by chemicals (or complex mixtures of chemicals) of neoplasms
that are not usually observed, the earlier induction of neoplasms that are commonly observed,
and/or the induction of more neoplasms than are usually found - although fundamentally
different mechanisms may be involved in these three situations. Etymologically, the term
‘carcinogenesis’ means the induction of cancer, that is, of malignant neoplasms; however, the
commonly accepted meaning is the induction of various types of neoplasms or of a
combination of malignant and benign tumours. In the monographs, the words ‘tumour’ and
‘neoplasm’ are used interchangeably. (In the scientific literature, the terms ‘tumorigen’, ‘oncogen’
and ‘blastomogen’ have all been used synonymously with ‘carcinogen’, although occasionally
‘tumorigen’ has been used specifically to denote a substance that induces benign tumours.)

(a) Experimental Evidence

(i) Evidence for carcinogenicity in experimental animals

The Working Group considers various aspects of the experimental evidence reported in the
literature and formulates an evaluation of that evidence.
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Qualitative aspects: Both the interpretation and evaluation of a particular study as well as
the overall assessment of the carcinogenic activity of a chemical (or complex mixture) involve
several considerations of qualitative importance, including: (a) the experimental parameters
under which the chemical was tested, including route of administration and exposure, species,
strain, sex, age, etc.; (b) the consistency with which the chemical has been shown to be
carcinogenic, e.g., in how many species and at which target organ(s); (c) the spectrum of
- neoplastic response, from benign neoplasm to multiple malignant tumours; (d) the stage of
tumour formation in which a chemical may be involved: some chemicals act as complete
carcinogens and have initiating and promoting activity, while others may have promoting
activity only; and (e) the possible role of modifying factors.

There are problems not only of differential survival but of differential toxicity, which may
be manifested by unequal growth and weight gain in treated and control animals. These
complexities are also considered in the interpretation of data.

Many chemicals induce both benign and malignant tumours. Among chemicals that have
been studied extensively, there are few instances in which the neoplasms induced are only
benign. Benign tumours may represent a stage in the evolution of a malignant neoplasm or
they may be ‘end-points’ that do not readily undergo transition to malignancy. If a substance
is found to induce only benign tumours in experimental animals, it should nevertheless be
suspected of being a carcinogen, and it requires further investigation.

Hormonal carcinogenesis: Hormonal carcinogenesis presents certain distinctive features:
the chemicals involved occur both endogenously and exogenously; in many instances, long
exposure is required; and tumours occur in the target tissue in association with a stimulation
of non-neoplastic growth, although in some cases hormones promote the proliferation of
tumour cells in a target organ. For hormones that occur in excessive amounts, for
hormone-mimetic agents and for agents that cause hyperactivity or imbalance in the endocrine
system, evaluative methods comparable with those used to identify chemical carcinogens may
be required; particular emphasis must be laid on quantitative aspects and duration of exposure.
Some chemical carcinogens have significant side effects on the endocrine system, which may
also result in hormonal carcinogenesis. Synthetic hormones and anti-hormones can be
expected to possess other pharmacological and toxicological actions in addition to those on
the endocrine system, and in this respect they must be treated like any other chemical with
regard to intrinsic carcinogenic potential.

Complex mixtures: There is an increasing amount of data from long-term carcinogenicity
studies on complex mixtures and on crude materials obtained by sampling in an occupational
environment. The representativity of such samples must be considered carefully.

Quantitative aspects: Dose-response studies are important in the evaluation of carcinoge-
nesis: the confidence with which a carcinogenic effect can be established is strengthened by
the observation of an increasing incidence of neoplasms with increasing exposure.

The assessment of carcinogenicity in animals is frequently complicated by recognized
differences among the test animals (species, strain, sex, age) and route and schedule of
administration; often, the target organs at which a cancer occurs and its histological type may
vary with these parameters. Nevertheless, indices of carcinogenic potency in particular
experimental systems (for instance, the dose-rate required under continuous exposure to halve
the probability of the animals remaining tumourless (9)) have been formulated in the hope that,
at least among categories of fairly similar agents, such indices may be of some predictive
value in other species, including humans.
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Chemical carcinogens share many common biological properties, which include metabolism
to reactive (electrophilic (10-11)) intermediates capable of interacting with DNA. However, they
may differ widely in the dose required to produce a given level of tumour induction. The reason
for this variation in dose-response is not understood, but it may be due to differences in
metabolic activation and detoxification processes, in different DNA repair capacities among
various organs and species or to the operation of qualitatively distinct mechanisms.

Statistical analysis of animal studies: It is possible that an animal may die prematurely from
unrelated causes, so that tumours that would have arisen had the animal lived longer may not
be observed; this possibility must be allowed for. Various analytical techniques have been
developed which use the assumption of independence of competing risks to allow for the
effects of intercurrent mortality on the final numbers of tumour-bearing animals in particular
treatment groups.

For externally visible tumours and for neoplasms that cause death, methods such as
Kaplan-Meier (i.e., ‘life-table’, ‘product-limit’ or ‘actuarial’) estimates (9), with associated
significance tests (12,13), have been recommended. For internal neoplasms that are discovered
incidentally’ (12) at autopsy but that did not cause the death of the host, different
estimates (14) and significance tests (12,13) may be necessary for the unbiased study of the
numbers of tumour-bearing animals.

The design and statistical analysis of long-term carcinogenicity experiments were reviewed
in Supplement 2 to the Monographs series (15). That review outlined the way in which the
context of observation of a given tumour (fatal or incidental) could be included in an analysis
yielding a single combined result. This method requires information on time to death for each
animal and is therefore comparable to only a limited extent with analyses which include global
proportions of tumour-bearing animals. ‘

Evaluation of carcinogenicity studies in experimental animals: The evidence of carcinogeni-
city in experimental animals is assessed by the Working Group and judged to fall into one of
four groups, defined as follows:

(1) Sufficient evidence of carcinogenicity is provided when there is an increased incidence
of malignant tumours: (a) in multiple species or strains; or (b) in multiple experiments
(preferably with different routes of administration or using different dose levels); or
(c) to an unusual degree with regard to incidence, site or type of tumour, or age at
onset. Additional evidence may be provided by data on dose-respanse effects.

(2) Limited evidence of carcinogenicity is available when the data suggest a carcinogenic
effect but are limited because: (a) the studies involve a single species, strain or
experiment; or (b) the experiments are restricted by inadequate dosage levels,
inadequate duration of exposure to the agent, inadequate period of follow-up, poor
survival, too few animals, or inadequate reporting; or (c) the neoplasms produced
often occur spontaneously and, in the past, have been difficult to classify as malignant
by histological criteria alone (e.g., lung adenomas and adenocarcinomas and liver
tumours in certain strains of mice).

(3) Inadequate evidence is available when, because of major qualitative or quantitative
limitations, the studies cannot be interpreted as showing either the presence or
absence of a carcinogenic effect.

(4) No evidence applies when several adequate studies are available which show that,
within the limits of the tests used, the chemical or complex mixture is not
carcinogenic. '
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It should be noted that the categories sufficient evidence and limited evidence refer only to
the strength of the experimental evidence that these chemicals or complex mixtures are
carcinogenic and not to the extent of their carcinogenic activity nor to the mechanism involved.
The classification of any chemical may change as new information becomes available.

(i) Evidence for activity in short-term tests?

Many short-term tests bearing on postulated mechanisms of carcinogenesis or on the
properties of known carcinogens have been developed in recent years. The induction of cancer
is thought to proceed by a series of steps, some of which have been distinguished
experimentally (16-20). The first step - initiation - is thought to involve damage to DNA,
resulting in heritable alterations in or rearrangements of genetic information. Most short-term
tests in common use today are designed to evaluate the genetic activity of a substance. Data
from these assays are useful for identifying potential carcinogenic hazards, in identifying active
metabolites of known carcinogens in human or animal body fluids, and in helping to elucidate
mechanisms of carcinogenesis. Short-term tests to detect agents with tumour-promoting
activity are, at this time, insufficiently developed.

Because of the large number of short-term tests, it is difficult to establish rigid criteria for
adequacy that would be applicable to all studies. General considerations relevant to all tests,
however, include (a) that the test system be valid with respect to known animal carcinogens
and noncarcinogens; (b) that the experimental parameters under which the chemical (or
complex mixture) is tested include a sufficiently wide dose range and duration of exposure to
the agent and an appropriate metabolic system; (c) that appropriate controls be used; and (d)
that the purity of the compound or, in the case of complex mixtures, that the source and
representativity of the sample being tested be specified. Confidence in positive results is
increased if a dose-response relationship is demonstrated and if this effect has been reported
in two or more independent studies.

Most established short-term tests employ as end-points well-defined genetic markers in
prokaryotes and lower eukaryotes and in mammalian cell lines. The tests can be grouped
according to the end-point detected: '

Tests of DNA damagé. These include tests for covalent binding to DNA, induction of
DNA breakage or repair, induction of prophage in bacteria and differential survival of
DNA repair-proficient/-deficient strains of bacteria.

Tests of mutation (measurement of heritable alterations in phenotype and/or genotype).
These include tests for detection of the loss or alteration of a gene product, and
change of function through forward or reverse mutation, recombination and gene
conversion; they may involve the nuclear genome, the mitochondrial genome and
resident viral or plasmid genomes.

Tests of chromosomal effects. These include tests for detection of changes in
chromosome number (aneuploidy), structural chromosomal aberrations, sister chroma-
tid exchanges, micronuclei and dominant-lethal events. This classification does not
imply that some chromosomal effects are not mutational events.

Tests for cell transformation, which monitor the production of preneoplastic or neoplastic
cells in culture, are also of importance because they attempt to simulate essential steps in

'Based on the recommendations of a working group which-met in 1983 (5)
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cellular carcinogenesis. These assays are not grouped with those listed above since the
mechanisms by which chemicals induce cell transformation may not necessarily be the result
of genetic change.

The selection of specific tests and end-points for consideration remains flexible and should
reflect the most advanced state of knowledge in this field.

The data from short-term tests are summarized by the Working Group and the test results
tabulated according to the end-points detected and the biological complexities of the test
systems. The format of the table used is shown below. In these tables, a ‘+’ indicates that
the compound was judged by the Working Group to be significantly positive in one or more
assays for the specific end-point and level of biological complexity; ‘-’ indicates that it was
judged to be negative in one or more assays; and ‘?’ indicates that there were contradictory
results from different laboratories or in different biological systems, or that the result was
judged w0 be equivocal. These judgements reflect the assessment by the Working Group of
the quality of the data (including such factors as the purity of the test compound, problems
of metapolic activation and appropriateness of the test system) and the relative significance
of the component tests.

Overall assessment of data from short-term tests

Genetic activity

DNA damage Mutation Chromosomal Cell
effects transformation

Prokaryotes

Fungi/
Green plants

Insects

Mammalian cells
(in vitro)

Mammals
(in vivo)

Humans
(in vivo)

An overall assessment of the evidence for genetic activity is then made on the basis of
the entries in the table, and the evidence is judged to fall into one of four categories, defined
as follows:

(i) Sufficient evidence is provided by at least three positive entries, one of which must
involve mammalian cells in vitro or in vivo and which must include at least two of
three end-points - DNA damage, mutation and chromosomal effects.
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(i) Limited evidence is provided by at least two positive entries.

(i) Inadequate evidence is available when there is only one positive entry or when there
are too few data to permit an evaluation of an absence of genetic activity or when
there are unexplained, inconsistent findings in different test systems.

(iv) No evidence applies when there are only negative entries; these must include entries
for at least two end-points and two levels of biological complexity, one of which must
involve mammalian cells in vitro or in vivo.

It is emphasized that the above definitions are operational, and that the assignment of a
chemical or complex mixture into one of these categories is thus arbitrary.

In general, emphasis is placed on positive results; however, in view of the limitations of
. current knowledge about mechanisms of carcinogenesis, certain cautions should be respected:
(i) At present, short-term tests should not be used by themselves to conclude whether or not
an agent is carcinogenic, nor can they predict reliably the relative potencies of compounds as
carcinogens in intact animals. (ii) Since the currently available tests do not detect all classes
of agents that are active in the carcinogenic process (e.g., hormones), one must be cautious
in utilizing these tests as the sole criterion for setting priorities in carcinogenesis research and
in selecting compounds for animal bioassays. (iii) Negative results from short-term tests cannot
be considered as evidence to rule out carcinogenicity, nor does lack of demonstrable genetic
activity attribute an epigenetic or any other property to a substance (5).

(b) Evaluation of Carcinogenicity in Humans

Evidence of carcinogenicity can be derived from case reports, descriptive epidemiological
studies and analytical epidemiological studies.

An analytical study that shows a positive association between an exposure and a cancer
may be interpreted as implying causality to a greater or lesser extent, on the basis of the
following criteria: (a) There is no identifiable positive bias. (By ‘positive bias’ is meant the
operation of factors in study design or execution that lead erroneously to a more strongly
positive association between an exposure and disease than in fact exists. Examples of positive
bias include, in case-control studies, better documentation of the exposure for cases than for
controls, and, in cohort studies, the use of better means of detecting cancer in exposed
individuals than in individuals not exposed.) (b) The possibility of positive confounding has been
considered. (By ‘positive confounding’ is meant a situation in which the relationship between
an exposure and a disease is rendered more strongly positive than it truly is as a resuit of an
association between that exposure and another exposure which either causes or prevents the
disease. An example of positive confounding is the association between coffee consumption
and lung cancer, which results from their joint association with cigarette smoking.) (c) The
association is unlikely to be due to chance alone. (d) The association is strong. (e) There is a
dose-response relationship.

In some instances, a single epidemiological study may be strongly indicative of a
cause-effect relationship; however, the most convincing evidence of causality comes when
several independent studies done under different circumstances result in ‘positive’ findings.
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Analytical epidemiological studies that show no association between an exposure and a
cancer (‘negative’ studies) should be interpreted according to criteria analogous to those listed
above: (a) there is no identifiable negative bias; (b) the possibility of negative confounding has
been considered; and (c) the possible effects of misclassification of exposure or outcome have
been weighed. In addition, it must be recognized that the probability that a given study can
detect a certain effect is limited by its size. This can be perceived from the confidence limits
around the estimate of association or relative risk. In a study regarded as ‘negative’, the upper
confidence limit may indicate a relative risk substantially greater than unity; in that case, the
study excludes only relative risks that are above the upper limit. This usually means that a
‘negative’ study must be large to be convincing. Confidence in a ‘negative’ result is increased
when several independent studies carried out under different circumstances are in agreement.
Finally, a ‘negative’ study may be considered to be relevant only to dose levels within or below
the range of those observed in the study and is pertinent only if sufficient time has elapsed
since first human exposure to the agent. Experience with human cancers of known etiology
suggests that the period from first exposure to a chemical carcinogen to development of
clinically observed cancer is usually measured in decades and may be in excess of 30 years.

The evidence for carcinogenicity from studies in humans is assessed by the Working Group
and judged to fall into one of four groups, defined as follows:

1. Sufficient evidence of carcinogenicity indicates that there is a causal relationship
between the exposure and human cancer.

2. Limited evidence of carcinogenicity indicates that a causal interpretation is credible,
but that alternative explanations, such as chance, bias or confounding, could not
adequately be excluded.

3. Inadequate evidence, which applies to both positive and negative evidence, indicates
that one of two conditions prevailed: (a) there are few pertinent data; or (b) the
available studies, while showing evidence of association, do not exclude chance, bias
or confounding.

4. No evidence applies when several adequate studies are available which do not show
evidence of carcinogenicity.

(c) Relevance of Experimental Data to the Evaluation of Carcinogenic Risk to Humans

Information compiled from the first 29 volumes of the IARC Monographs (4,21,22) shows
that, of the chemicals or groups of chemicals now generally accepted to cause or probably to
Cause cancer in humans, all (with the possible exception of arsenic) of those that have been
tested appropriately produce cancer in at least one animal species. For several of the
chemicals (e.g., aflatoxins, 4-aminobiphenyl, diethylstilboestrol, melphalan, mustard gas and
vinyl chioride), evidence of carcinogenicity in experimental animals preceded evidence obtained
from epidemiological studies or case reports.

For many of the chemicals (or complex mixtures) evaluated in the IARC Monographs for
which there is sufficient evidence of carcinogenicity in animals, data relating to carcinogenicity
for humans are either insufficient or nonexistent. In the absence of adequate data on
humans, it is reasonable, for practical purposes, to regard chemicals for which there is
sufficient evidence of carcinogenicity in animals as if they presented a carcinogenic risk
to humans. The use of the expressions ‘for practical purposes’ and ‘as if they presented a
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carcinogenic risk’ indicates that, at the present time, a correlation between carcinogenicity in
animals and possible human risk cannot be made on a purely scientific basis, but only
pragmatically. Such a pragmatical correlation may be useful to regulatory agencies in making
decisions related to the primary prevention of cancer.

In the present state of knowledge, it would be difficult to define a predictable relationship
between the dose (mg/kg bw per day) of a particular chemical required to produce cancer in
test animals and the dose that would produce a similar incidence of cancer in humans. Some
data, however, suggest that such a relationship may exist (23,24), at least for certain classes
of carcinogenic chemicals, although no acceptable method is currently available for quantifying
the possible errors that may be involved in such an extrapolation procedure.

8. EXPLANATORY NOTES ON THE CONTENTS OF MONOGRAPHS ON OCCUPATIONAL
EXPOSURES TO COMPLEX MIXTURES

(a) Historical Perspectives (Section 1)

The origins and development of the industry are described. The number of plants, the
number of workers employed in the industry and production figures are given when available.
Since cancer is a delayed toxic effect, changes over time in processes or in the chemicals
used which may have been significant with respect to the development of cancer are indicated.

(b) Description of the Industry (Section 2)

Processes used within the industry that are considered to be representative of those
prevalent in the majority of plants are described; important variations are also outlined. It
should not be inferred, however, that these are the only processes used. Processes during
which exposures to solvents, fumes and dusts may occur are noted in particular.

(c) Exposures in the Workplace (Section 3)

Measurements of exposures in the workplace, as determined by area or personal sampling,
are reported. When few published data are available to the Working Group, unpublished reports
that are deemed to be appropriate may be included. Cross references are given to previous
monographs on particular chemicals identified in the industry.

(d) Biological Data Relevant to the Evaluation of Carcinogenic Risk to Humans
(Section 4)

The studies of carcinogenicity and mutagenicity summarized in section 4 include only those
performed on samples of complex mixtures taken from the industry. In general, the data
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recorded in section 4 are summarized as given by the author; however, comments made by
the Working Group on certain shortcomings of reporting, of statistical analysis or of
experimental design are given in square brackets.

(i) Carcinogenicity studies in animals

The monographs are not intended to cover all reported studies. Some studies are purposely
omitted (a) because they are inadequate, as judged from previously described criteria (25-28)
(e.g., too short a duration, too few animals, poor survival); (b) because they only confirm
findings that have already been fully described; or (c) because they are judged irrelevant for
the purpose of the evaluation. In certain cases, however, such studies are mentioned briefly,
particularly when the information is considered to be a useful supplement to other reports or
when it is the only data available. Their inclusion does not, however, imply acceptance of the
adequacy of their experimental design or of the analysis and interpretation of their results.

Mention is made of all routes of administration by which the test material has been
adequately tested and of all species in which relevant tests have been done (28). In most
cases, animal strains are given. Quantitative data are given to indicate the order of magnitude
of the effective carcinogenic doses. In general, the doses and schedules are indicated as they
appear in the original; sometimes units have been converted for easier comparison.

(ii) Other relevant biological data

Data on toxicity, on effects on reproduction, on teratogenicity and embryo- and fetotoxicity
and on placental transfer, from studies in experimental animals and from observations in
humans, are included when considered relevant.

Data from short-term tests are also included. In addition to the tests for genetic activity
and cell transformation described previously (see pages 16-18), data from studies of related
effects, but for which the relevance to the carcinogenic process is less well established, may
also be mentioned.

The criteria used for considering short-term tests and for evaluating their results have been
described (see pages 16-18). In general, the authors’ results are given as reported. An
assessment of the data by the Working Group which differs from that of the authors, and
comments concerning aspects of the study that might affect its interpretation are given in
square brackets. Reports of studies in which few or no experimental details are given, or in
which the data on which a reported positive or negative result is based are not available for
examination, are cited, but are identified as ‘abstract’ or ‘details not given' and are not
considered in the summary tables or in making the overall assessment of genetic activity.

For several recent reviews on short-term tests, see IARC (28), Montesano et al. (29), de
Serres and Ashby (30), Sugimura et al. (31), Bartsch et al. (32) and Hollstein et al. (33).

(iii) Case reports and epidemiological studies of carcinogenicity to humans

Observations in humans are summarized in this section. These include case reports,
descriptive epidemiological studies (which correlate cancer incidence in space or time to an
exposure) and analytical epidemiological studies of the case-control or cohort type. In principle,
a comprehensive coverage is made of observations in humans; however, reports are excluded
when judged to be clearly not pertinent. This applies in particular to case reports, in which
either the clinico-pathological description of the tumours or the exposure history, or both, are
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poorly described; and to published routine statistics, for example, of cancer mortality by
occupational category, when the categories are so broadly defined as to contribute virtually
no specific information on the possible relation between cancer occurrence and a given
exposure. Results of studies are assessed on the basis of the data and analyses that are
presented in the published papers. Some additional analyses of the published data may be
performed by the Working Group to gain better insight into the relation between cancer
occurrence and the exposure under consideration. The Working Group may use these analyses
in its assessment of the evidence or may actually include them in the text to summarize a
study; in such cases, the results of the supplementary analyses are given in square brackets.
Any comments by the Working Group are also reported in square brackets; however, these
are kept to a minimum, being restricted to those instances in which it is felt that an important
aspect of a study, directly impinging on its interpretation, should be brought to the attention
of the reader.

(d) Summary of Data Reported and Evaluation (Section 5)

Section 5 summarizes the relevant data from animals and humans and gives the critical
views of the Working Group on those data.

(i) Exposures

A very brief description of the industry is given, and exposures that are considered pertinent
to an assessment of human carcinogenicity are cited.

(i) Experimental data

Data relevant to the evaluation of the carcinogenicity of the test material in animals are
summarized in this section. The animal species mentioned are those in which the carcinogeni-
city of the substance was clearly demonstrated. Tumour sites are also indicated. If the
substance has produced tumours after prenatal exposure or in single-dose experiments, this
is indicated. Dose-response data are given when available. :

Significant findings on effects on reproduction and prenatal toxicity, and results from -
short-term tests for genetic activity and cell transformation assays are summarized, and the
latter are presented in tables. An overall assessment of the degree of evidence for genetic
activity in short-term tests is made.

(iit) Human data

Case reports and epidemiological studies that are considered to be pertinent to an
assessment of human carcinogenicity are described. Other biological data that are considered
to be relevant are also mentioned. '

(iv) Evaluation

This section comprises the overall evaluation by the Working Group of the carcinogenic risk
of the occupational exposure to humans. All of the data in the monograph, and particularly
the summarized information on human and experimental carcinogenicity, are considered in
order to make the evaluation. This section should be read in conjunction with pages 15 and
19 of this Preamble for definitions of degrees of evidence.
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GENERAL REMARKS ON THE INDUSTRIAL EXPOSURES CONSIDERED

This thirty-fourth volume of IARC Monographs is the third on industrial exposures:
monographs were prepared previously on occupational exposures as they occur in the wood,
leather and associated manufacturing industries (IARC, 1981) and the rubber manufacturing
industry (IARC, 1982).

1. Choice of industries and scope of coverage

The present volume considers some industries in which exposure to polynuclear aromatic
compounds (PACs) may occur - aluminium production, coal gasification, coke production, and
iron and steel founding, and is the third in a series of four volumes dealing with PACs. Volume
32 (IARC, 1983) of the Monographs considered chemical, environmental and experimental data
on 48 individual PACs which occur in complex mixtures resulting from the combustion and
pyrolysis of fossil fuels or products derived from them. In Volume 33 (IARC, 1984),
experimental and epidemiological data on carbon blacks, mineral oils and some nitroarenes
were considered.

The four industries considered in the present volume were chosen on the basis of known
exposures to PACs from coal- and petroleum-derived substances used in these industries and
the availability of epidemiological studies suggesting a potential cancer hazard. An additional
consideration was the fact that, worldwide, these industries employ more than two million
people. Environmental exposures that occur outside the workplace are not considered in these
monographs.

The monograph on aluminium production covers only the electrolytic reduction of alumina
to aluminium and the casting of aluminium into ingots and thus does not include bauxite
mining, alumina extraction or founding and aluminium processing works.

In the epidemiological studies reported in the early literature on coal carbonization, data on
health effects from the process of coal gasification could not be distinguished from those from
coke production; consequently, these early studies are evaluated separately. Most of the later
epidemiological data, however, distinguish between workers employed in the production of
town gas and workers employed at coke-oven plants in steel works where coke is the primary
end product and where the gas, produced as a by-product, is used within the plant or locally.
These studies are dealt with in the monographs on coal gasification and coke production,
respectively.

Gasification entails either the destructive distillation of coal or the treatment of coal in a
reducing atmosphere (produced by partial oxidation of coal with oxygen, air and steam) to
yield a combustible gaseous product. Data on working conditions and health effects in the
newer processes, such as Lurgi gasifiers, are fragmentary. Coal fiquefaction processes, to
produce liquid hydrocarbons by hydrogenation, are not considered.
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The monograph on coke production is confined principally to slot-oven coke batteries and,
therefore, is not representative of all processes, nor does it include data on all the possible
products, by-products, and emissions from coal conversion.

The iron and steel founding industry is defined here as starting with the melting of alloys
and ending with the fettling of castings. Shaped castings manufactured in the foundries are
distinguished from the ingots and other cast forms that are produced in iron and steel works
outside the founding industry. The founding industry as defined comprises the following basic
operations: patternmaking, moulding, core-making, melting and pouring, shake-out and fettling.

A glossary of terms used in the four industries considered is provided at the end of this
volume.

Carcinogenicity studies in animals and studies on mutagenicity and related effects reported
in these monographs include only those on samples of complex mixtures taken from the
industry. Studies pertaining to crude coal-tars, as they might occur at the workplaces in
question, have also been included. The tars were obtained from either gas retort houses or
coke-oven plants, and the studies are reported in the relevant monograph.

Epidemiological data on tar distillery workers have not been summarized, since such data,
together with all epidemiological and experimental data on pharmaceutical coal-tars and
coal-tar distillation products such as creosotes and coal-tar pitches will be considered by a
Working Group convening in February 1984. That meeting will be the fourth in the series
related to PACs and will also cover bitumens (asphalts), shale oils and chimney soots from
domestic and institutional sources.

2. Evolution of industries over time

About 40 countries produce aluminium, all using basically the same electrolytic reduction
method but various processes. Since the development of electrolytic reduction, the production
of aluminium has been increasing steadily, and no change in this trend is expected in the near
future, although the technology has continued to evolve.

Town gas was produced widely by the destructive distillation of coal from the latter part of
the nineteenth century until the 1960s, and it is still manufactured in that way in a number of
countries. Since the 1920s, a number of other coal gasification technologies have been
developed. Currently, there are several types of modern coal-gasification plants and experi-
mental gasifiers in operation throughout the world..

The production of coke and coke-oven gas was widespread throughout the nineteenth and
twentieth centuries. At the beginning of this century, most coke was produced in ‘beehive’
ovens. As the demand for coke increased and a commercial use for coke-oven gas was
developed, the slot-oven, in which volatiles are collected, became used more widely. With the
decline in the use of coke-oven gas for non-industrial purposes and its increased production
from slot-ovens, the numbers of workers and coke batteries have decreased throughout the
world. However, the manufacture of coke is a necessary process in the metallurgical industry,
and its production is expected to remain constant in the future.
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The iron and steel founding industry is spread throughout industrialized countries. The
output of this industry remained constant for many years. Recent changes in the industry
would suggest that, although the number of workers engaged in iron and steel founding may
not increase in the future, owing to higher productivity, continuing technological developments
may change the exposures of the workers, with the introduction of new chemicals, particularly
in the moulding department. The founding industry, and the working conditions therein, have
changed technologically, with wide variation within and between countries, and methods
ranging from manual to fully automated processes continue to be in operation.

3. Problems in determining the relation between exposure and disease

The search for carcinogenic agents that could account for an excess of a common tumour
such as lung cancer in these complex industries is a much more difficult task than that in
situations in which an excess of a rare type of cancer has been noted, e.g., liver
haemangiosarcomas and vinyl chloride. In addition to the large number of agents to which
workers may be exposed in the industries concerned, there are other variables that make it
difficult to assess the exposure. The changes over time in the chemicals used and the
processes employed may change the exposure spectrum, making it even more difficult to
interpret exposure-effect relationships. In addition, there is a lack of environmental monitoring
data, particularly from earlier years, and epidemiological studies rarely describe the process
employed. Epidemiological studies have had to rely primarily on occupational classifications
which do not take into account exposures. These titles are usually poorly defined in relation
to exposure in industrial settings, and individual workers may change their jobs and even
industries throughout their working life.

In view of the complexity of the airborne contaminants in the industries being considered,
it is not clear which of the components of the tars are the most important to measure in order
to protect the health of employees. Some environmental criteria are based on analysis of
benzene-soluble fractions (pitch volatiles), which contain PACs and azaarenes. However,
because the method is non-specific and any material soluble in benzene or cyclohexane is
measured (Walker, 1977; McEachen et al., 1978), the approach has recently come under
scrutiny.

In some studies, a single PAC (usually benzo[a]pyrene) has been measured as an index of
PAC exposure. As analytical procedures have improved, the additive total of individual PACs
has also been used as an index of such exposure. This approach has the advantages of
specifically including PACs in the analysis (rather than benzene- or cyclohexane-soluble
substances in general) and of measuring more than one PAC. However, it may be limited by
the analytical methodology available, by costs and by the weighting it gives to individual PACs.
As more is learned about PAC profiles for different operations and about the relative toxicities
of individual PACs, more selective analytical procedures may evolve. However, at present, the
relationship of any of these approaches for assessing PAC exposures to actual cancer risk
for exposed workers is uncertain other than as a relative indicator of high versus low PAC
exposure.

Occupational exposure limits for PACs are shown in Table 1.
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Table 1. Occupational exposure limits for coal-tar pitch volatiles (CTPV, as the
benzene-soluble fraction of total particulate matter) and for benzo[a]pyrene (B[a]P) in
different countries

Country Substance Exposure limit (ng/m3)
Australiaa CTPV 200
Beigiuma CTPV 200
Fintandb BlaJP 10
ltalya CTPV 200
The Netherlandsa CTPV 200
Swedenc Bla]P 5
Switzerianda BfalP 200
USA

NIOSHd CTPV 100
OSHAe CTPV 150
ACGIH¢ CTPV 200
USSRa BfalP 0.15
Yugoslaviaa CTPV 200

ainternational Labour Office (1980}

®National Finnish Board of Occupational Safety and Health (1981)
°National Swedish Board of Occupational Safety and Health (1981)
9National Institute for Occupational Safety and Health (1977)

*US Occupational Safety and Health Administration (1976)
‘American Conference of Governmental Industrial Hygienists (1983)

4. Problems in evaluating experimental results

The variability of the chemical composition of the emissions of tarry products in each of
the four industries considered presents a major difficulty in making a general evaluation of the
studies of experimental carcinogenicity and mutagenicity in relation to the whole industry. The
Working Group stressed, therefore, that the results of such experiments are valid only for the
samples tested; it should not be implied that the results from a single sample would be valid
for all samples taken from other parts of the industry or from the same location but at a later
date. However, experimental carcinogenicity studies are important and have been instrumental
in differentiating the relative carcinogenicity of various fractions of tars originating from coal
(Berenblum & Schoental, 1947). '

In addition to environmental monitoring, biological monitoring has been used to measure
exposure, e.g., mutagenic activity as well as levels of individual PACs or their metabolites have
been determined in workers’ urine. However, there continue to be difficulties in interpreting
such results.

5. Problems in interpreting epidemiological studies

Specific limitations to the epidemiological data used to assess industries are common to
all of the industries reviewed in this volume and to occupational studies in general.
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(@) Types of epidemiological studies

As is true in any assessment of carcinogenesis, the design of the epidemiological studies
used may vary, but, in assessing occupational effects, this variation may be more of a problem
because there are so many other variables associated with industrial exposures. In the
descriptive studies, the distribution of occupations on the death certificates of cancer patients
is compared to the occupational data from a census, and these two sources of data have
been shown to be inconsistent. in case-control studies, relatives usually cannot precisely define
the job of a deceased patient.

The proportional mortality ratio (PMR; the proportion of all deaths due to a specific cause)
cannot be equated with an estimate of risk. Biases may occur in such analyses because the
total number of deaths in a population is often not included; and the measure itself is
misleading, since an increase or decrease in the proportion of one cause of death has a direct
influence, in the opposite direction, on the proportion of other causes of death.

Even the cohort studies are often difficult to evaluate when they are limited in number,
contain overlapping populations or show differences in risk estimates depending on the
population of industrial workers selected and the comparison group.

Most epidemiological studies referred to in this volume focus only on mortality; since there
were no morbidity studies, cancers, such as skin cancers, which might be a problem in
industries with coal-tar exposures, could not be assessed epidemiologically. Industrial groups
who receive good medical care may actually have prolonged survival from cancers, such as
those of the bladder, making it possible to underestimate the cancer risk if only mortality data
are considered.

(b) Assessment of exposure

Jobs are the only indicator of exposure available in most epidemiological studies. However,
workers change jobs within the industry and it is difficult to determine how to ‘sum’ an individual
exposure. There has been variability between studies and even different methods used within
a study with different results. Exposure may be counted as ‘ever’ worked in a suspect area,
worked in the area for a set duration of time, e.g., five years or more, or worked in the area
at a calendar point in time. In addition, the division of study groups into individual job
classifications may result in numbers of cause-specific deaths that are too small to assess
adequately. '

(c) Confounding factors

In many of these studies, lung cancer has been the observed risk and yet no information
on smoking is available. If the risk is high, the lack of data on smoking may be irrelevant.
However, when the risk is borderline or changes from study to study, information on smoking
is needed. Ethnicity and socioeconomic factors may also be important variables, especially in
workers with digestive-tract cancers. Attempts to correct for these factors through internal
comparisons may limit the extent of some of these problems.
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ALUMINIUM PRODUCTION

The aluminium production industry as referred to in this monograph includes those
processes involved in the electrolytic reduction of alumina to aluminium and the casting of
aluminium into ingots. The mining of bauxite, production of alumina from bauxite, alloying and
fabrication of sheet metal, wire, foil and other such products are not considered.

1. Historical Perspectives

This subject has been reviewed by Pearson (1955) and the Aluminum Company of Canada
(ALCAN) (1976, 1978).

Although the element aluminium was discovered by Sir Humphrey Davy in 1808, it was not
until 1825 that Oersted produced a tiny quantity of the metal. The key development that led
to the modern commercial production of aluminium took place in 1886 as the result of work
undertaken independently by Hall in the USA and Héroult in France, who developed a process
for the electrolytic reduction of alumina (Al,0;) to produce aluminium (Taylor, 1978). As alumina
has a melting-point close to 2000°C, the problem was how to render alumina into a molten
state such that an electrolytic method could be used. This was accomplished by dissolving
alumina in molten cryolite (Na,AlF,) at a temperature below 1000°C; cryolite, which melts at
a temperature below 1000°C, can dissolve approximately 8% of alumina. In the electrolysis,
aluminium migrates to the cathode, and oxygen is released at the anode. This same process
is used today and is referred to as the Hall-Héroult process.

Aluminium was first produced on a commercial scale in 1888 in France, Switzerland and
the USA (ALCAN, 1978). By 1896, aluminium was being produced in Scotland (Taylor, 1978)
and, by 1901, in Canada (ALCAN, 1976). During the First World War, world output increased
from 70 800 tonnes in 1914 to 132 500 tonnes in 1919. Production was again stimulated at
the start of the Second World War. Between 1939 and 1943, worldwide production of
aluminium increased from 704 000 to 1 950 000 tonnes (ALCAN, 1978). Aluminium is currently
produced in over 40 countries (see Table 1). In 1982, world production exceeded 13.5 million
tonnes, down from over 15.5 in 1981, with the major producers being (production in million
tonnes): the USA (3.3), the USSR (2.4), Canada (1.1), the Federal Republic of Germany (0.7),
Norway (0.6), Australia (0.4), France (0.4), Japan (0.4), the People’s Republic of China (0.4)and
Spain (0.4) (American Bureau of Metal Statistics, 1983).

The uses of aluminium are dictated by its chemical and physical properties, which include
low specific gravity, high tensile strength, ductility, malleability, corrosion resistance and high
electrical conductivity. It is used widely, alone or in alloys, in construction (e.g., window frames,
doors, building facings); transportation (e.g., automobiles, aeroplanes, trains, ships); transmis-
sion of electricity (e.g., transmission lines); machinery and equipment (e.g., cranes, scaffolding);
and packaging (e.g., kitchen foils).

—37 —
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Table 1. Countries producing primary aluminium?

Country Total 1982 production (thousand tonnes)
USA 3248
USSR 2381
Canada 1056
Federal Republic of Germany 720
Norway 632
France 387
Spain 362
Australia 359
Japan 348
People’s Republic of China 347
Brazil 270
The Netherlands 249
United Kingdom 239
ltaly 230
Romania 228
India 215
Venezuela 180
Yugoslavia 180
Ghana 173
Bahrain 170
New Zealand 163
Egypt 142
Argentina 136
Greece 134
Dubai 106
Republic cf South Africa 99
Austria 94
United Republic of Cameroon 78
Swedeno 77
Iceland 75
Hungary 74
Switzerland 75
Poland 66
German Democratic Republic 60
Surinamc 60
Mexico 41
Czechoslovakia 37
Turkey 32
Iran 23
Republic of Korea 15
Democratic People’'s Republic of Korea 10
Taiwan 10

aFrom American Bureau of Metal Statistics (1983)

bincludes alloys
°Exports



ALUMINIUM PRODUCTION 39

2. Description of the Industry

Descriptions of aluminium production processes are given by Pearson (1955), Hughes
(1977), the International Primary Aluminium Institute (1982) and Sheehy (1983)2.

2.1 Introduction

Aluminium is the third most common element and accounts for about 7.45% of the
lithosphere. It does not occur in the free state in nature but is found in combination with
oxygen, silicon and fluorine in minerals making up igneous, metamorphic and sedimentary
rocks. The main industrial raw material from which aluminium is extracted is bauxite, a mixture
of hydrated aluminium oxides together with small amounts of oxides of iron, silicon and
titanium. Other materials used in the production of aluminium are cryolite, which is mined (in
Greenland only) or manufactured synthetically, aluminium fluoride, which comes from various
sources, pitches (coal- or petroleum-based) and petroleum coke.

The basic steps in aluminium production are the electrolytic reduction of alumina and
casting. The process is shown diagramatically in Figure 1.

Fig. 1. Schematic diagram of the aluminium production process (from ALCAN, 1978)
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2.2 Primary aluminium production processes

(@) Electrolytic reduction

The process of transforming alumina into aluminium is normally referred to as the reduction
process and is carried out in electrolytic cells (pots). In an aluminium reduction plant, rows of

#This document became available to the Secretariat subsequent to the meeting of the Working Group and hence data
contained therein have not been cited in this monograph.
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pots are connected in series in a potroom. A pot operating at a current of 150 000 A is common
today and will yield a little over one tonne of aluminium per day. A plant might have 250 pots
of this size, producing 100 000 tonnes of aluminium per year (Ravier, 1977).

There are two basic types of pot in use, prebake and Soderberg, but within each category
there may be some differences in pot design. A plant may operate more than one type of pot.
The basic principle is that alumina is dissolved in an electrolyte (cryolite) at a temperature of
950-970°C at a low voltage (approximately 4-6 volts), but high current is applied to the melt.
The alumina is reduced to aluminium, which sinks to the bottom of the electrolytic cell and is
then removed by siphoning. The oxygen from the alumina passes to the carbon anodes, where
it reacts to form carbon dioxide and monoxide. The lining of the pot serves as the cathode.

(i) Prebake anode cells

Typical prebake pots are shown in Figures 2a and 2b.

Fabrication of anodes. For prebake pots, the anodes are fabricated in a carbon plant which
is separate from the potrooms. In the green-carbon section, coke (usually calcined petroleum
coke) is ground to a specific mesh size and blended with a binder of hot pitch to form a

Fig. 2. Types of electrolytic cell used in alumina reduction (from Ravier, 1977)
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semi-solid mixture, which is then pressure moulded. At some plants this process is largely
automated, while at others employees can be exposed to the dust generated in the grinding
and mixing operations and to pitch volatiles. Exposure to oil mists from lubricants may occur
during the anode-block pressing operation (International Primary Aluminium Institute, 1982).

The green-carbon anode is packed in ground coke and baked for several days in furnaces
at approximately 1100°C. The volatiles released are either contained under negative pressure
in the ovens where they are burned as fuel (International Primary Aluminium Institute, 1982),
or removed and passed to scrubbers. Employees working here may be exposed to sulphur
dioxide, pitch volatiles and particulates, carbon monoxide, carbon dust, dust from refractories
and sometimes fluorides, if reclaimed anode butts constitute a portion of the green-carbon
mixture. However, except for coke dust, occupational exposures in the carbon-baking area
are minimal under normal conditions.

After baking, these carbon-anode blocks are moved to the anode rodding section, where
they are fitted on rods. The rods are mated with the anode using cast iron poured into a hole
in the anode. This can involve exposure of the operator to iron oxide fumes. In some plants,
the anode blocks are coated with sprayed aluminium. Rods from used anodes are recondi-
tioned in this section. This involves removal of the rod from the spent anode, straightening
and cleaning. Operators may be exposed to dust and fluorides.

Operation of prebake pots. There are two designs of prebake cell. In centre-break cells
(see Figure 2a), the alumina is fed into the cell either continuously or at intervals of three to
six hours. A hard crust, which forms on the melt, is broken in the middle of the cell, and the
hood need not be opened. In the side-break type (see Figure 2b) the alumina is added, at
intervals of three to six hours, between the anodes and the wall of the cell, and the hood
must be opened for crust breaking. The equipment used in some plants since the early 1950s
permits the worker to perform this operation at a distance from the pot, reducing exposure to
heat and fluoride fumes.

When the carbon anodes in a prebake pot are almost completely burnt out, they are
replaced by a new anode assembly. Between 10 and 30 assemblies may be installed in a
single pot, each lasting 20-30 days (Ravier, 1977). The anodes are replaced by a carbon setting
crew. The work of the carbon setters and pot operators (‘potmen’) may vary from plant to plant,
depending on the extent to which the process is automated, and can include the manual
lowering of the anodes, adjustments of pot voltages and addition of alumina and fluoride
compounds as required. Molten aluminium is siphoned from the pot under vacuum into a large
crucible by a tapping crew and transported by overhead cranes to holding furnaces in the
casting area.

(i) Séderberg anode cells

Typical Soderberg anode cells are shown in Figure 2¢ and 2d. These differ from the prebake
cells in that the anode is baked in situ.

Séderberg anode paste production. The crushing, sizing, weighing and mixing of the
carbonaceous raw materials are done very much as it is for prebaked anode block production.
However, the proportion and softening point of the pitch used and the temperature at which
the mixers are operated is different. The warm paste discharged from the mixers may be taken
directly to the Sdderberg potrooms or formed into briquettes, cooled and distributed to the
pots when needed. :
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Operation of Séderberg pots. The mixture of coke and pitch enters an anode casing above
the pot, and the anode is baked by the heat produced by the passage of the electric current.
In one design, studs (pins) are inserted vertically into the anode and the current enters by
these studs. These pots are known as vertical-stud Soderberg pots and have only one large
anode. The gases pass to the side of the anode under a skirt and are burnt off (see Figure
2c). It has been estimated that, in the best cases, 5% and, in the worst cases, 40% of the
fumes, pass into the potroom. Secondary hoods can be used to improve the efficiency of fume
collection to 90-95% (Ravier, 1977). In another design (horizontal-stud Soéderberg cells), the
studs in the anode enter at the side. The fumes are removed by a hood over the whole cell
(see Figure 2d). Collection efficiencies of up to 95% are obtainable today.

The potmen perform duties similar to their counterparts working on prebake pots. The crust
is broken using an air hammer (crustbreaker) transported on a dolly. The tapping crew siphons
the molten metal in the same way as in the prebake plant.

As the anode is consumed and lowered, the studs embedded in the anode must be removed
and relocated before they make contact with the molten bath. Most of the other personnel
(such as rod raisers and stud pullers) who work in the Sdoderberg potrooms are concerned with
this task. The vertical-stud design requires that workers (stud setters) stand on a catwalk on
top of the anode while adjusting bolts which attach the studs to the overhead buss bar. They
can be exposed to fluorides, pitch volatiles, sulphur dioxide and possibly some carbon
monoxide. For pots of the horizontal-stud design, workers (stud pullers) operate at floor level
using dollies that are equipped to insert and remove the studs. Other workers in the potrooms
of a horizontal-stud Séderberg facility include anode men, who install and remove the metal
forms that fit around the studs and adjust the anode height.

Work around pots involves exposure to heat, and potroom workers do not work continuously
in the potroom but retire to cooler areas between periods of work on the pots. Exposures are
therefore intermittent.

(iii) Pot-lining

When the cathodes in the various cell types have served their useful lives (approximately
3-5 years), the pots are relined. The old cathode and crusts of solidified bath are removed
using pneumatic hammers. The new cathode is made using a paste which is the same as or
similar to that used to make the anodes and is made in a variety of shapes to line the bottom
of the pots. The cathode may be rebuilt in situ or the old material removed and the pot relined
in a special work area.

Potential exposures during the removal of the used cathode and slag materials include:
dusts, if crusts are broken out dry using pneumatic drills; ammonia from nitrides in the cathode,
if water is used to reduce dust production; asbestos when asbestos back-up blocks are used
in pot construction; alumina, silica or other abrasives used in cleaning the pot; fumes
associated with mild-steel welding; and fluorides resulting from the welding of cracks in shell
repair (International Primary Aluminium Institute, 1982).

Exposures during the rebuilding of the cathode depend on the method used. When the
cathode is reconstructed using a ramming paste (a mixture of sized anthracite and
approximately 13% of coal-tar pitch or petroleum-pitch binder), the mixture is heated to
approximately 135°C and rammed or vibrated into place in the pot. The cathode is converted
to carbon in the potroom by putting it into the circuit, resulting in the emission of some
volatiles. When prebaked carbon blocks are used, they are joined together with a warm, liquid
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pitch paste, resulting in some exposure of workers to pitch volatiles. In some instances
solvents rather than heat, are used to make the paste workable (International Primary
Aluminium Institute, 1982).

(iv) Potroom maintenance

Other workers are involved in operations in the reduction plant. These include: electricians;
stud cleaners who recondition anode studs; mechanical maintenance crews who keep the
crust-breaking, rod-raising and crane equipment, as well as the ventilation and exhaust
systems, in working order; and crane operators, who transport the large crucibles containing
the siphoned aluminium to the casting area.

Maintenance employees working in the operating area are exposed not only to the same
contaminants as operating employees, but may also be exposed to higher concentrations as
well as to other contaminants associated with their trades. Conducting bars of aluminium or
copper are often cleaned, which may give rise to metal dusts and fumes. Gas-metal
arc-welding of aluminium gives rise to ozone, among other contaminants. Employees who clean
ducts may be exposed to dusts (fluorides, alumina), gases (carbon monoxide, sulphur dioxide)
and pitch volatiles (International Primary Aluminium Institute, 1982).

(b) Casting

Aluminium from the pots is carried in large crucibles by an overhead crane to holding
furnaces and then poured into moulds to produce aluminium ingots. Although this process is
relatively simple, a number of other activities can be involved, such as alloying (in which several
metals can be used), fluxing and skimming. The quality of the aluminium in the holding
furnaces is checked by analysis prior to being cast into ingots. The molten metal transfer
troughs and insert liners for the casting units, pouring tables and floats used to control metal
flow are often made at the plant; and the furnaces must be relined periodically.

3. Exposures in the Workplace

3.1 Introduction

It should be noted that, in this section, broad generalizations are made. In practice, the
level of exposure of a worker to a given contaminant is likely to vary widely between different
plants, even when they operate the same types of cell.

In this description of exposures, the areas considered to be of particular interest are those
associated with the aluminium reduction process, and emphasis is placed on the qualitative
and quantitative exposures of workers engaged in potroom and anode preparation work.
However, some potroom employees may spend some of their working life in non-potroom
operations, which may also involve exposure to a wide variety of chemical and physical agents.
In some plants where secondary industries (e.g., fabrication) are located on the same site,
there is potential for other exposures.

The nature and level of contaminants and other agents in the potroom may be influenced
by the type of pot (prebake or Soderberg) and design (vertical- or horizontal-stud Séderberg);
hooding and hood exhaust rate; building ventilation; size of operation; and electrical current
used (cell amperage). The actual exposure of a worker also depends on work practices. In
recent years, much has been and is still being done to reduce exposures to dusts and fluoride
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through design of new equipment to, e.g., break crusts and siphon aluminium, and by use of
respirators, air-supplied hoods, etc. Today, in some countries, major attention is given to
employee protection through improved cell exhaust systems, use of microenvironments (e.g.,

air-purified mobile enclosures) and compulsory use of personal protective equipment.

Some of the substances that employees might work with or be exposed to in an aluminium
production plant are listed in Table 2. While there may be skin contact with various materials,
the main route of exposure is by inhalation.

Workers are also exposed to physical stresses, such as heat, noise and electric and
magnetic fields; some may also be exposed to vibration during use of pneumatic tools.

Table 2. Airborne substances (and classes of substances) found in aluminium reduction

plantsa

Material?

Principal uses or sources of emission

Common airborne contaminants
Alumina (Al,O4, aluminium oxide)
Aluminium fluoride

Aluminium metal

Carbon monoxide

Chiorine and hydrogen chloride
Coke and calcined coke
Cryolite

Fluorides*

Hydrogen fluoride

Oil mists*

Pitch - coal-tar, petroleum
Polynuclear aromatic compounds*

Sulphur dioxide
Less common airborne contaminants
Ammonia

Asbestos*

Copper and copper oxide

Cyanides

QOzone

Phosphine

Silica

Sodium hydroxide
Welding fumes

Potroom operations and raw materials handling
Potroom operations and raw materials handling

Dust generated during sanding and cutting of buss bars and spray
coating of anodes to prevent anode burn

By-product of aluminium reduction processes, furnaces, internal com-
bustion engines

Fluxing in casting operations
Green-carbon production, raw materials handling
Potroom operations, pot relining, dross recovery

Potroom operations, pot repair, fluxes in casting metal treatment,
welding fluxes, dross recovery

Electrolytic cells
Lubricating oils
Electrode production

Present in binders for electrodes, potrooms, carbon and paste plants,
pot relining

Oxidation of coke, coal, anodes, oil and gas containing sulphur

Lov;/ levels may be generated by reaction of water with dross or spent
potlining.

May be present in electrical insulators between pot anodes and
cathodes or ground, thermocouple wire, asbestos cement board, spa-
cers in casting furnaces

Anode rods and flux, electrical connectors, metal alloying, brazing,
sanding rods and connectors

Potrooms, electrode production, pot soaking, cryolite recovery
Welding

Gaseous by-product of dross and water

Clay refractories, sand blasting

Pot soaking, siphon cleaning

Maintenance activities, particularly pot repair

*This fist includes chemicals or classes of chemicals used in or formed during aluminium refining and the processes
during which they are used or formed or during which exposures are most likely to occur. It was compiled from information
collected during the preparation of this monograph and cannot pretend to be exhaustive.

°In some operations, exposures may also occur to alloying agents, such as beryllium*, cadmium*, copper, manganese
and silicon.

*Chemicals (and classes of chemicals) indicated by an asterisk have been considered previously in the IARC
Monographs series and are listed in the Appendix together with the evaiuation of their carcinogenicity.
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3.2 Workplace measurements

Adamiak-Ziemba et al. (1977) measured the concentrations of various contaminants in two
Soderberg potrooms (Table 3a). In plant A the anode pins were attached to the top of the
anode (vertical-stud Soderberg), and in plant B the anode pins were attached to the sides
(horizontal-stud Soderberg). The cells in both plants were enclosed, but only in plant A was
there a general ventilation system. Differences were found between the concentrations
determined by area sampling and personal sampling. It was also evident that the exposure of
the crane operator working in the potroom and exposed to contaminants from the pots was
considerably higher in the plant without a general ventilation system (Table 3b).

Table 3a. Concentrations of contaminants (mg/m3, unless otherwise indicated) in two
Séderberg potrooms®

Area samples Personal samples
Substance Plant AP Plant Bv Plant Ac Plant Bd
Hydrogen fluoride 0.36 0.32 (1.4-2.5)¢ --
Particulate fluoride (as HF) 0.5 0.5 (1.3-1.6) -
'Aerosols’ 6.4 2.1 38 45
Alumina 5.7 1.3 2 6.1
Pitch volatiles 0.49 0.65 18 18

Benzo[alpyrene 1.85 (ng/md) 3.7 (ng/md) 38 (ng/m3) 36 (ng/md)
Carbon monoxide - - (100-250) -

aFrom Adamiak-Ziemba et al. (1977)

*Descriptions of the plants are given in the text; geometric mean concentrations are given.
cJobs (Plant A): tapping, potmen

4Jobs (Plant'B): ‘carbon [stud] setters’, potmen

eWhere the number of samples was small, ranges are given in brackéts.

Table 3b. Concentrations of contaminants (mg/m3, unless otherwise indicated) in two
Sdderberg potrooms (personal sampling, crane operators)?

Substance Plant A Plant B
‘Aerosols’ . 17 62-255

Alumina 1 6.5-148

Pitch volatiles 52 34-107
Benzo[alpyrene 13 (rg/md) 180-800 {pg/m?3)

2From Adamiak-Ziemba et al. (1977)

(@) Respirable dust, alumina and aluminium

Tedder and Chaschin (1975) noted that the size distribution of the alumina used in the
electrolytic process influenced the measured concentration of particulates in potroom air.
Casula et al. (1981) provided information supporting such size distribution differences in the
potroom. They reported total dust concentrations of 0.22-2.03 mg/m? in the side corridors of
potrooms and 2.35-6.95 mg/m?® between pots. Respirable dust concentrations for the same
areas ranged from not detectable to 1.12 mg/m® and not detectable to 1.76 mg/m3,
respectively. The total aluminium concentration (based on total dust) ranged from not
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detectable to 1.7 mg/m3 and not detectable to 2.85 mg/ms3, respectively. In one recent study
(Sjogren et al, 1983), it was shown that the concentrations of aluminium in the blood of
workers in the electrolytic production of aluminium were not higher than those of non-exposed
referents. Concentrations of aluminium in urine (up to 25 pg/l) were significantly higher than
those of the referents (median, 4 pg/l).

(b) Fluorides
(i) Emissions

Ravier (1977) summarized the data on emissions (kg/tonne of aluminium produced) from
various types of pots. Daily fluoride emissions from a 140-kA pot (yielding about 1 tonne of
aluminium per day) were 18, 14 and 8 kg of gaseous fluoride (hydrogen fluoride) per tonne of
aluminium (i.e,. per day) produced for vertical-stud SOderberg, horizontal-stud Soderberg and
prebake pots, respectively. Emissions of particulate fluoride were 2, 6 and 8 kg per tonne (i.e.,
per day), respectively.

(ii) Concentrations in the workplace

Some historical data on exposures to fluoride are available, and concentrations in
occupational environments were summarized by the 1ARC (1982). Permissible levels, as
fluorine, of 1-2.5 mg/m3 have been established in many countries (International Labour Office,
1980). Kaltreider et al. (1972) reported 8-hour, time-weighted average exposures to fluoride
for pot tenders of 2.4-3.0 mg/ms; for tapper-carbon changers, 3.0-4.0 mg/m3; and for crane
operators, 4.0-6.0 mg/m? in a prebake plant in Niagara Falls, USA, from 1945-1946. The cells
were not hooded. The percentages of fluoride in the gaseous state ranged from 36 in pot
tending to 50 in the other two operations. Reported airborne fluoride levels in various prebake
plants ranged from 0.05-0.3 mg/m3 (Johnson et al., 1973; Jahr et al., 1 974; Dinman et al.,
1976a,b,c,d), and those in Soderberg plants ranged from 0.1-3.4 mg/m? (Agate et al., 1949;
Jahr et al., 1974; Gylseth & Jahr, 1975).

(iii) Fluorides in urine

Fluoride exposure in the aluminium industry, as expressed by urinary excretion, has been
studied extensively in recent years. One summary is given by the IARC (1982). Dinman et al.
(1976¢) reported a study of over 52 000 urinary fluoride determinations over a five-year period.
It was found that pre-shift urinary fluoride concentrations increased over the long term,
suggesting that there is a slow uptake of fluoride by osseous tissues. The post-shift analyses
correlated with changes in work practice and exposure. Pre-shift urinary concentrations in the
period 1971-1974 ranged from 1-3 mg/l among anode changers, with post-shift concentrations
of 3-11 mg/l. Dinman et al. (1976a) pointed out that because the particle size distribution of
fluorides was important, the level of fluoride intake might vary with the source of alumina (on
which hydrogen fluoride adsorbs) and might differ between the Séderberg plants and between
the prebake plants that they were studying.

(¢) Polynuclear aromatic compounds

In this section an attempt is made to provide some estimate of the tar and polynuclear
aromatic hydrocarbon (PAH) exposures. of employees as reported in the literature (for
concentrations of benzo[a]pyrene, see Table 4). The composition of the airborne contaminants
is complex. About 100 polynuclear aromatic compounds (PACs) have been identified by gas
chromatography-mass spectrometry in an aluminium production plant (Bjerseth & Ekiund,
1979). This complexity has caused problems in evaluating the industrial hygiene of aluminium
production plants (see below). :
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Table 4. Concentrations of airborne benzo[a]pyrene in aluminium reduction plants

Reference

Occupation or site

Concentration
(rg/md)

Comments

Kreyberg (1959) Norway Aluminium production (S6derberg)

Konstantinov & Kuz'mi- Electrolytic shop, overhead current supply
(vertical-study Soderberg), cooled anodes

nykh (1971) USSR

Shuler & Bierbaum
(1974) USA

Adamiak-Ziemba et al.
(1977) Poland

Bjorseth et al. (1978)
Norway

Lindstedt & Sollenberg
(1982) Sweden

- aisles

- pot operator during pot processing

0.18

0.6-2.2
9.1-10.4

- anode operator during 'butt [stud] repla- 28.2-230

cement’
- crane operator

Electrolytic shop, overhead current supply
(vertical-study Soderberg), uncooled

anodes
- aisles

- pot operator during pot processing
- anode operator during ‘butt [stud] repla-

cement’
- crane operator

Electrolytic shop, lateral current supply

(horizontal-stud Séderberg)
- aisles

- pot operator during pot processing
- anode operator during ‘butt [stud] repla-

cement’
- crane operator
Electrolytic shop, prebaked anodes
- aisles

- pot operator during pot processing

- crane operator

Séderberg potroom
- tapping craneman
- pin setter

- tapper

- pin craneman

- other

Prebake potroom

Soderberg potrooms
Potroom A

Potroom B

Potroom workers (plant A)
Potroom workers (plant B)
Crane operators 2plant A)
Crane operators (plant B)
Anode making

Anode plant

Anode makers

Potroom (vertical-stud Soderberg)
Potroom workers (vertical-stud
Soéderberg)

Potroom ?prebake anodes)

Potroom (Séderberg)
Pin setters

Flex raisers

Anode service
Cathode repair

3.6-19.1

2.4-94
17.9-29.4
221-975

10.9-73

29.2-56
445245
89-111

42.5-148

Not detected
Not detected
Not detected

3.1

53.0
0.2-0.3
28.6
0.02-0.7

0.03-0.1

1.55-2.2 (GM? 1.85)
3.2-43 (GM 3.7)
13-116 (GM 38)
7-184 (GM 36)
5.6-30 (GM 13)
180-800

0.19-5.2

1.8-5.3

23-51
4-22
2-17

1 sample, 7 polynuclear
aromatic hydrocarbons
quantitated in air

124 stationary samples

12 samples, 15 polynu-
clear aromatic com-
pounds quantitated in
air

182 stationary samples,
38 personal samples

21 stationary samples, 7
personal samples, 34
polynuclear aromatic
compounds quantitated
in air

aGM, geometric mean
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Kreyberg (1959), in an early study of the content of airborne contaminants in industrial
settings, reported the following analyses of airborne samples of tars from an aluminium smelter
(Soderberg process; ug/md): fluoranthene, 1.0; benz[alanthracene, 0.80; phenanthrene, 0.27;
benzo[a]pyrene, 0.18; benzo[e]pyrene, 0.10; pyrene, 0.69; benzo[ghilperylene, 0.05; anthra-
cene, ‘present’; and trace amounts of anthanthrene and coronene.

Konstantinov and Kuz'minykh (1971) studied the concentrations of tarry substances and of
benzo[a]pyrene (using fluorescent analytical methods for both) in four aluminium production
facilities. In general, the concentrations of benzo[a]pyrene in the prebake potrooms were found
to be lower than in the Séderberg potrooms. In potrooms containing Séderberg pots with an
overhead current supply (presumably vertical-stud) with cooled or uncooled anodes, the highest
levels for the operator were found during ‘butt [stud] replacement’. In a facility with potroom’s
with lateral current supply pots (presumably horizontal-stud), general potroom worksite
benzo[alpyrene concentrations were higher, although levels during ‘butt [stud] replacement’
appeared to be slightly lower than at the other two facilities. At the facility using ‘preburned
electrodes’ (presumably prebake), benzo[alpyrene concentrations were below the level &f
detection. In general, the concentrations of tarry substances at these facilities paralleled the
benzo[a]pyrene levels. ‘

Shuler and Bierbaum (1974) reported pitch-volatile concentrations (benzene soluble) at three
aluminium production facilities. Limited analyses for some individual PACs were also conduc-
ted. in general, the results of this study are consistent with the results of Konstantinov and
Kuz'minykh (1971). The highest pitch-volatile levels were found in potrooms with horizontal-stud
Soderberg pots, followed closely by the concentrations in potrooms where vertical-stud
Soderberg pots were used (Table 5). The lowest concentrations were found in prebake
potrooms. Pitch-volatile concentrations were generally lower in carbon plant areas than in the

Table 5. Pitch-volatile concentrations (benzene soluble) at aluminium reduction facilities2

No. of samples Pitch volatile TWA® (mg/m3)
levels, range
(mg/m?3)®
Prebake potroom _
All workers 8 ND-2.1 0.4
Vertical-stud S6derberg potroom
Potman 10 ND-6.8 22
Tapper 5 1.0-63.4 12.0
Head stud setter 3 11.3-19.0 7.5
Other workers 12 ND-8.1 26
Horizontal-stud Séderberg potroom
Potman 4 4.6-8.7 4.5
Tapper 2 3.0-3.6 20
Stud driver 4 8.3-26.9 12.0
Other workers 15 2.2-60.0 7.2

Carbon plant
Prebake anode-block production

All workers - 17 ND-16.7 27

Carbon plant
Prebake anode-paste production

All workers 10 ND-12.6 3.4

aCompiled from Shuler and Bierbaum (1974)
°ND, not detected
¢TWA, mean time-weighted concentration for the job group
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Séderberg potrooms. This may reflect the relatively lower temperatures at which the pitch was
usually handled. A limited analysis for PACs at one facility (vertical-stud Séderberg potroom)
demonstrated the presence of several individual PACs in some of the personal samples with
higher pitch-volatile concentrations. The PAHs most commonly found included chrysene (not
detected-82.7 ng/m?); benzo[blfluoranthene (not detected-58.2 pg/m?3); benzo[alpyrene (0.03-53.0
1g/m?3); and benz[a]anthracene (not detected-42.1 png/ma).

Steinegger (1981), in a study in progress, reported levels of cyclohexane-soluble matter from
workplace samples taken in aluminium production facilities. Concentrations were highest in
the paste plant (0.12-0.33 mg/m3) and potrooms (0.16-0.24 mg/m3). Levels of 0.07-0.1 mg/m?3
were found in baking areas.

Bjerseth et al. (1978) reported on the profile of PACs in Soderberg and prebake potrooms
(closed anode) (Table 6). Gas chromatographic analyses were conducted on particulate matter
collected on a filter and on vapours absorbed into ethanol cooled by dry ice. It is clear that
the concentrations of PACs were considerably less in prebake than in Séderberg operations,
especially as the prebake samples analysed were those with sufficient quantities to analyse
and thus reflected higher than average concentrations. The Soderberg plant also showed a
different PAC profile than the prebake plant. A significantly higher fraction of the PACs in the
Soderberg samples belonged to the higher-boiling PAC compounds than in the prebake anode
facility. This difference reflects the differences in the two aluminium reduction processes.

Table 6. Levels of polynuclear aromatic compounds (ng/m?3) in the atmospheres of areas
of an aluminium production plant® ‘

Polynuclear aromatic compound Vertical-stud Soderberg plant Prebake plant (range of 6 samples)
(range of 10 samples) .
Particulate Gaseous Particulate Gaseous

Naphthalene ND-4.0 0.72-311.3 - ND-12.04
Methylnaphthalene ND-0.12 1.22-123.5 -- ND-22.3
Biphenyl ND-0.42 5.38-381.0 -- ND-14.48
Dibenzofuran ND-0.46 2.09-61.0 -- ND-3.57
Fluorene* ) ND-0.53 6.31-135.2 - ND-8.85
9-Methyifluorene ND-0.1 0.12-11.0 -- ND-0.28
2-Methylfluorene ND-0.34 0.85-13.0 -- ND-0.86
1-Methylfluorene ND-0.23 0.27-13.0 -- ND-1.1
Dibenzothiophene 0.2-1.2 3.46-58.0 - ND-5.2
Phenanthrene* ND-12.0 39.9-446 ND-0.16 1.91-49.0
Anthracene* ND-1.8 2.98-32.6 - ND-5.27
Carbazole* ND-2.8 ND-1.4 -- ND-0.20
Methyiphenanthrenée*

and methylanthracene ND-3.2 0.17-15.3 -- ND-1.5
Fluoranthene* 5.5-30.0 14.1-162 ?0.14-0.66 0.88-134
Dihydrobenzo[a]- and

dihydrobenzo[blfluorene ND-0.91 ND-1.8 - ND-0.20
Pyrene* 3.7-24.8 8.03-91.1 0.08-0.37 0.40-7.84
Benzo{alfluorene* 1.4-9.1 ND-7.5 -- ND-0.70
Benzo[blfluorene* 0957 ND-2.3 - ND-0.15
1-Methylpyrene 0.3-3.0 ND-0.18 -- -
Benzo[c]phenanthrene* 0.4-7.9 - ND-0.36 - -
Benz[alanthracene 1.0-15.0 ND-0.21 0.05-0.26 -

Chrysene/triphenylene* : 2.1-30.1 ND-0.44 0.07-0.36 -
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Polynuclear aromatic compound Vertical-stud Sdderberg piant Prebake plant (range of 6 samples)

(range of 10 samples)

Particulate Gaseous Particulate Gaseous
Benzo[b}- and benzo[k]fluoranthene* 1.1-26.9 v - ND-0.28 --
Benzole]pyrene* 0.8-12.2 - ND-0.09 -
Benzofalpyrene 0.7-9.0 - ND-0.05 -
Perylene* ND-2.4 -- - --
o-Phenylenepyrene 0.4-5.3 - ND-0.16 --
Benzo[ghilperyiene* 0.4-58 - ND-0.32 -
Anthanthrene” ND-0.32 -~ -- -
Coronene” ND-1.2 - -- --
Dibenzopyrene® ND-1.2 - -- --
Total polynuclear 19.7-202 86.0-1564.1 0.56-1.7 4.56-123.95

aromatic compounds

2From Bjerseth et al. (1978). Compounds marked with an asterisk (*) were considered in Volume 32 of the Monographs
(IARE, 1983). ND, not detected.

It is also interesting to note that the PAC profile of air samples taken from the topside of
a coke oven was similar to that for the Soderberg plant (Bjorseth & Eklund, 1979). This
similarity reflects the similar operating temperatures of the two processes.

Bjorseth et al. (1978) also sampled in an anode fabrication plant (carbon plant). Total PAC
concentrations in that facility ranged from 3.4 to 73.3 pg/m?3 on particulates and 10.5 to 262.0
ug/md in the gaseous phase (five samples). The PAC profile of the baking section of the anode
plant was similar to that of the prebake plant, reflecting the similar materials and processes.
The results of personal sampling in all three facilities are shown in Table 7 (particulates only).
There was considerable variation in exposure even among persons doing the same job, and
levels determined by personal monitoring differed substantially from those determined by
stationary sampling.

Table 7. Typical combined total concentrations of approximately 40 polynuclear aromatic
compounds determined by personal sampling?

Site and occupation Concentration (p.g/m3)
Anode plant _

Coke packer 36.84
Pitch-bin worker 3737
Operator 10.58
Pitch-dust sweeper 10.82
Prebake plant

Tapper 0.87
‘Coke puller’ [Carbon setter] 2.0
‘Coke puller’ [Carbon setter] 0.87
Crust breaker 0.52
Séderberg plant

Tapper 377
Pin [stud] puller 2790.5
Pin [stud] puller 926.8

a Summarized from Bjarseth ef al. (1978). The sampling period varied from approximately 2-6 hours
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Bjerseth et al. (1981) also provided a more detailed analysis of individual PACs associated
with various jobs (sampling for PACs adsorbed on particulates). These results confirmed his
previous finding that stud-pullers had the highest exposures in Soderberg plants. The results
also demonstrated significant variability in individual exposures even within the same job type.
However, in all personal samples, total PAC exposures were greater than 40 pug/ms.

Recently Becher and Bjerseth (1983) evaluated PAH exposure by an analysis of the
metabolites and aromatic hydrocarbons found in urine. Among non-smokers, the average
urinary PAH levels were approximately six times higher in the exposed group than in the
non-exposed group. No significant difference in PAH levels was found among exposed and
non-exposed smokers. In the non-exposed group, smokers had significantly higher PAH levels
than non-smokers, but no significant effect from smoking was found in the exposed group.
The authors also noted the small amounts of PAHs found in the urine of aluminium workers
(1-9 ng per mmol of creatinine), even though the workers were exposed to 1000 times the PAH
levels in the urban atmosphere.

4. Biological Data Relevant to the Evaluation
of Carcinogenic Risk to Humans

The studies of carcinogenicity and mutagenicity reported in this section include only those
on samples of complex mixtures taken from the industry.

4.1 Carcinogenicity studies in experimental animals

Skin application

Mouse: Samples of airborne particulate polynuclear organic matter collected from two sites
in an aluminium production plant, one being the air-control system of an anode-paste plant
and the other air in an unspecified area collected on electrostatic precipitator plates, were
tested for carcinogenicity by topical applications of 50 mg in toluene (1:1) twice weekly to the
skin of C3H mice. Control groups were treated with benzo[a]pyrene in toluene or with toluene
alone. Tumours of the skin were produced by the first sample in toluene (containing 0.11%
benzo[alpyrene) in 17/18 mice and were malignant in 15; the second sample in toluene
(containing 0.62% benzo[alpyrene) produced malignant skin tumours in 15/17 mice. The
average time to appearance of the first tumours was 24 weeks for the first sample and 18
weeks for the second sample. No tumour was produced in toluene-treated controls. Positive
controls developed papillomas and carcinomas of the skin. Malignant tumours of the skin
occurred in 9/16, 24/39 and 14/16 mice treated with 0.06%, 0.1% or 0.3% benzo[a]pyrene in
toluene, with average times to appearance of the first tumours of 38, 32 and 25 weeks,
respectively (Bingham et al., 1979).

4.2 Other relevant biological data

(a) Experimental systems

No data were available to the Working Group on toxic or reproductive effects.
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Tests for genetic and related effects in experimental systems

Emission samples taken from the air in an aluminium smelting facility (two production plants
using Soderberg electrodes and an anode-paste plant) were collected at 40-50°C on glass-fibre
filters and an XAD-2 adsorbant and tested for mutagenicity in Salmonella typhimurium strain
TA100 in the presence and in strain TA98 in the presence and absence of an Aroclor-induced
rat-liver metabolic system (S9). Smelting plant 1 was an older plant with horizontal studs, and
smelting plant 2 used vertical studs. All of the samples taken from the two smelting plants
were mutagenic to strains TA98 and TA100 in the presence of S9; some samples were also
mutagenic to strain TA98 in the absence of S9. Air samples taken at the mixer and pitch
melter in the anode paste plant were mutagenic to strains TA98 and TA100 only in the
presence of metabolic activation. The samples from plant 1 included the ventilation air from
one potroom and emissions from the pot gas collected after the air had passed through four
scrubbers. The samples from plant 2 included separate samples of ventilation air collected
after passing through either wood grid or floating bed scrubbers. The ventilation-air samples
from plant 2 were taken from potrooms using electrodes containing a normal pitch content
and from potrooms using electrodes containing 40% less pitch. A substantial reduction
(62-85%) in the mutagenic activity of the air (after scrubbing) was observed when the
normal-pitch paste was replaced with low-pitch paste (Alfheim & Wikstrom, 1984).

Air particle samples (cyclohexane extracted) taken with filters in an aluminium Séderberg
production facility in the anode-paste plant and potroom were both mutagenic to S. typhimu-
rium strain TA98 in the presence and absence of metabolic activation with S9 and to strain
TA100 with S9 (Krakje et al., 1984a).

(b) Effects in humans (other than cancer)
Toxic effects

Respiratory effects. According to a review by Dinmam (1977), the occurrence of bronchial
asthma in potroom workers was first reported in Norway by Frostad (1936). Evang (1938) found
that 18 of 190 potroom workers suffered from bronchial asthma compared with 32 patients in
a local population of about 3800. Subsequently, bronchial asthma as well as dyspnoea,
wheezing and coughing have been observed in potroom workers in various countries
(Bruusgaard, 1960; Midttun, 1960; Field & Milne, 1975; van Voorhout, 1977; Saric et al., 1979;
Maestrelli et al., 1981; Vale, 1981). Smith (1977) also observed bronchial asthma and other
persistent respiratory symptoms among workers in prebake potrooms.

For men with 20 years’ employment in the prebake process, the standardized mortality ratio -
(SMR) for asthma was 260.2, based on seven observed deaths (p < 0.01). Potroom workers
and carbon plant workers in the Séderberg process had excess mortality from emphysema
(SMR, 194.0, p < 0.05; and SMR, 267.1, p < 0.05, respectively) (Rockette & Arena, 1983).

Complex mixtures found in potrooms can include compounds that have been reported
individually to cause damage or irritation to the respiratory tract: hydrogen fluoride gas (Machle
et al., 1934, Dieffenbacher & Thompson, 1962; Mayer & Guelich, 1963; Ricca, 1966, 1970) and
sulphur dioxide (Charan et al., 1979).

Mylius and Gulivag (1984) found a significant increase in the number of macrophages in
sputum expectorates from 84 potroom workers over that in 36 controls (teachers and
students). Similar results were obtained at a second facility, where workers in the potrooms
(smokers) showed higher macrophage counts than control- smokers. A more than additive
effect of smoking and exposure was observed.
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Chronic pulmonary disease. In a historical prospective (cohort) study of 2103 workers in a
prebake aluminium smelter, an increased number of cases of emphysema was observed (SMR,
204) (Mitham, 1979).

Clonfero et al. (1978) examined 197 potroom workers in areas where the mean values of
dust and fluoride were below the threshold limit value of 2.5 mg/m3. Chronic bronchitis was
graded by questionnaire into three categories: there was an increasing prevalence of each
grade with years of exposure. Respiratory function tests showed that forced expiratory volume,
as a percentage of the predicted value, diminished with length of exposure, an effect that was
unrelated to cigarette smoking.

Discher and Breitenstein (1976) studied chronic pulmonary disease in 457 male potroom
workers and former workers who were employed during one year at either of two plants using
a prebake process (274 workers) or at one plant using the Séderberg process (183 workers),
compared with 228 skilled workers not currently exposed to similar occupational risks. The
controls were matched to potroom workers by age and smoking history. A questionnaire on
occupational history, smoking habits and respiratory symptoms was administered and
spirometry was performed; there was no response for 29% of cases and 14% of controls.
Chronic respiratory disease was defined as a combination of one or more major symptoms
(coughing, wheezing and shortness of breath) given in the questionnaire, plus abnormal
spirometry. No significant difference between the exposed workers and the controls was
observed. However, this was a survivor population with a high turnover - of 85 new hires in
one year, 36% were no longer in the potrooms one year later, and, of these, 75% were under
36 years of age. The authors suggested possible self-selection out of the potroom because
of respiratory problems.

Fluorosis. Inhalation of fluoride poses a potential hazard in workers in primary afuminium
production, but the majority of workers are clinically unaffected. Clinical fluorosis, which is
rare, commences with stiffness in the lower back followed by pain and then limitation of
rotation of the trunk. Later, the spine becomes rigid and stiff, with restriction of chest
movement and of the large joints, particularly the hip, that is accompanied by osteosclerosis.

Fluorosis was reported first by Maller and Gudjonsson (1932) and investigated by Roholm
(1937). Later, Hodge and Smith (1977) reviewed the literature on occupational fluoride
exposure, and their main conclusion was that osteosclerosis develops when air fluoride
concentrations are above 2.5 mg/m? and urinary fluorides levels exceed 9 mg/! for prolonged
periods.

Dermatological and vascular effects. Bazyka et al. (1977) studied workers in the electrolysis
shop of an aluminium plant and noted vascular changes in the skin (telangiectasia). The
incidence of these changes increased with duration of exposure. Capillary changes were also
seen in the conjunctiva. Thériault et al. (1980) studied aluminium workers in a primary smelter
and found that the number of telangiectatic lesions increased in size and dispersion with time
of exposure. There was no significant variation in numbers of skin lesions in men who did not
work in the potroom.

Dermatitis has been observed in potroom workers (Midttun, 1960).

Cardiovascular effects. An SMR of 160.1 (p < 0.05) for the category ‘all other heart disease’
was observed among white workers in a plant using the Séderberg process. The excess in
this non-specific remainder category is difficult to interpret. The SMR for heart disease was
1191 (p < 0.01) and both whites and non-whites showed the excess (SMR, 118.9, p < 0.01;
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SMR, 124.5, respectively). Among several subcategories, the only statistically significant
excess was for ischaemic heart disease for both whites and non-whites (SMR, 125.5, p <
0.01, and 217.0, p < 0.01, respectively) (Rockette & Arena, 1983).

Mutagenicity and chromosomal effects

Sputum samples from aluminium refinery (S6derberg process) workers in the potrooms and
the anode-paste plant were taken and divided according to smoking habits. The pooled sputum
samples from potroom workers were assayed in Salmonella typhimurium strains TA98 and
TA100 with metabolic activation at only one dose. Sputum from potroom workers, both
smokers and non-smokers, was mutagenic, and the number of net revertants was reported to
be significantly higher in the potroom smokers, while sputum samples from the controls
(non-exposed) were negative whether they were smokers or non-smokers (Krekje et al.,
1984b). [The significance of the comparative mutagenicity of the exposed smokers and
non-smokers is difficult to evaluate in the absence of dose-reponse data.]

Haugen et al. (1983) reported, in an abstract, that there was no significant increase of sister
chromatid exchange in peripheral lymphocytes in exposed workers [number not specified] at
an aluminium plant [process not specified] as compared with matched controls, who were office
workers. Smokers in both groups had a significantly higher rate of sister chromatid exchange
than non-smokers. The total amount of polynuclear aromatic hydrocarbons (PAHs) in the
working atmosphere varied from 52 to 268 ug/m?, with a mean of 126 pg/m?.

4.3 Case reports and epidemiological studies of carcinogenicity in humans

Konstantinov and Kuz'minykh (1971) compared cancer mortality rates in two aluminium
production plants in the USSR, one using the Soderberg process, the other prebake anodes.
Expected figures were computed from regional rates. Excesses of all cancers and of lung
cancer were claimed for the Séderberg-process workers over the ten-year period 1956-1966;
an increased incidence of skin cancer was reported also, particularly in young workers. [No
raw data were given.]

Konstantinov et al. (1974) investigated mortality from cancer among potroom workers in
three aluminium plants, two using the Séderberg process and the other using prebake anodes.
Mortality from cancer in the plants was compared with that of the general population of the
cities and provinces in which the aluminium plants were located. Elevated ratios were reported
for lung cancer in the two plants using the S6derberg process and for skin cancer in one. [The
absence of information both on the study population and the reference population precludes
evaluation of these results. It was not possible to establish whether any of the factories
included in the present study had already been surveyed in the earlier report by the same
author.]

Milham (1976) noted an elevated proportionate mortality ratio (PMR) in aluminium workers
in Washington State, USA, for the period 1950-1971 for all neoplasms, and for cancer of the
pancreas (PMR, 204) and for lymphoma (PMR, 250) among potroom workers.

Mitham (1979) used a historical prospective (cohort) study to estimate standardized mortality
ratio (SMR) for all causes of death in 2103 aluminium production workers in a prebake plant.
The cohort consisted of all men who had worked in the plant for three or more years, including
at least one year between 1946 and 1962. Expected figures were computed on the basis of
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national rates. Smoking histories were not obtained. The SMRs were 117 for lung cancer
(based on 35 cases), 180 for pancreatic cancer (based on nine cases) and 184 for lymphatic
and haematopoietic cancer (based on 17 cases, p < 0.05). The group was divided into exposed
and non-exposed workers: exposure was defined as occurring in carbon plants, rodding,
potlining, potrooms and quality control; ‘unexposed’ workers were mechanics, maintenance
workers, electrical workers, yard workers, metal products workers, guards, janitors, storeroom
workers, south plant workers, exempt workers, welders, carpenters, pipe shop workers, and
masons. There was a SMR of 643 for lymphosarcomaj/reticulosarcoma among ‘exposed’
workers. A SMR of 391 for fatal benign tumour of the brain was based on five cases in
‘unexposed’ workers.

Gibbs and Horowitz (1979) studied mortality from lung cancer in 5406 men (Cohort 1) and
485 men (Cohort 2) employed in aluminium production in Canada. Both plants used the
Séderberg process. Cohort 1 was followed for 24 years from 1950-1973, Cohort 2 for 23 years
from 1951-1973. More than 99% of the men in Cohort 1 and just less than 98% in Cohort 2
were traced. There were 84 deaths from lung cancer in Cohort 1 and 11 in Cohort 2. For each
man and each year of follow-up, three exposure variables were defined: the number of years
of exposure to ‘tars’ [these were probably pitch fumes], the number of years since first
exposure to tars, and an index of the degree of exposure, expressed in ‘tar years’, calculated
as: 0.25 x the number of years of ‘some’ tar exposure + the number of years of ‘definite’ tar
exposure. Time worked in prebake operations was classified as ‘no tar exposure’. Expected
deaths were computed from regional age- and sex-specific death rates. SMRs were not
different whether the men had ever been exposed to tars or not. A dose-response relationship
was seen between lung cancer mortality and both years of exposure (more pronounced for 21
years or more) and tar-years for the combined cohorts. The overall risk for lung cancer among
the workers in Cohort 1 was significantly greater than that for the general population. {Smoking
histories were not available. Because of the small size of Cohort 2, equivalent conclusions
could not be drawn.]

Simonato (1981) reanalysed the data and noted that the excess of lung cancer deaths was
highly significant in the subgroup with the longest exposure, the longest period since first
exposure and the heaviest exposure to tar. The tar-year index appears to be the most
sensitive exposure index related to excess lung cancer deaths.

In a further analysis of the same cohort, Gibbs (1983) examined the incidences of
neoplasms other than those of the lung. Although the number of cases was small (10), a clear
relationship emerged between years of exposure and incidence of carcinoma of the bladder,
with SMRs of 36.7, 53.4, 166.8 and 919.1 in the groups of workers exposed for 0, < 1-10,
11-20 and more than 20 tar-years, respectively.

Giovanazzi and D'Andrea (1981) examined the mortality of 494 workers in a primary
aluminium production plant, using mainly the Sdderberg process, during the period 1965-1979.
Among the 212 potroom workers there were 40 deaths (2115 person-years), whereas among
the 282 workers in other departments there were 13 deaths (3191 person-years). Expected
figures were computed on the basis of national mortality data and municipal data. There were
significantly more observed deaths in potroom workers from all tumours than expected (14
observed, 8 expected; SMR, 175; p < 0.05) and for liver cirrhosis (7 observed, 1.8 expected;
SMR, 389; p < 0.01); a statistically non-significant excess of lung cancer (SMR, 174, based
on only four cases) was also observed.

Andersen et al. (1982) studied cancer incidence and mortality in 7410 male employees in
primary aluminium production in Norway during the period 1953-1979. For cancer incidence,
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expected figures were computed on the basis of five-year, age-specific regional incidence; for
mortality, national rates were used. The observed number of cases exceeded that expected
for cancers of the lung, kidney, larynx, bladder and for leukaemia. Only for cancer of the lung
was the excess statistically significant, with 57 cases observed compared to 36 expected, in
the local population; however, when an expected number of 54 was computed on the basis
of national rates, the significance vanished. A large excess risk was seen in those workers in
the processing department of older plants (started around 1915) with more than 25 years of
employment, observed cases being 2.4 times the expected; however, in process workers in
new plants (started around 1950) with employment of between 1.5 and 4 years, the observed
number of cases was 2.9 times that expected. [Information concerning previous occupational
history was incomplete and no information on smoking habits was available. It was impossible
to distinguish between those who had worked with the Soderberg and those with the prebake
system, because many had worked with both.]

Wigle (1977) reported a high incidence of bladder cancer in the Chicoutimi census division
of Quebec, Canada where there is aluminium production. During the five years 1969-1973, in
a population of 163 350 (1971), 81 newly diagnosed cases of bladder cancer were recorded;
51 were expected on the basis of incidence rates for the Province of Quebec.

The hypothesis that this finding was related to the presence there of the aluminium
production industry, which is mainly based on the Soderberg process, was tested in a
case-control study (Thériault et al., 1981). In the Chicoutimi census division, 96 cases of
bladder cancer were diagnosed between 1970 and 1975 and identified from records of the
Province Tumor Registry and the Regional Hospital. The investigation was restricted to the 81
males in the group, who were matched by age and sex with neighbours as controls. This
compared to 48.5 cases expected on the basis of age-specific incidence rates for bladder
cancer estimated from the Province Tumor Registry. There was no difference between cases
and controls with regard to previous urinary tract disease (22:19), alcohol intake (45:46) or
coffee drinking (61:60); years of regular intake of coffee and weekly intake of coffee also
showed no significant difference. When smoking habits were compared, there was no
significant difference between cases and controls, except in the mean number of years of
smoking. The relative risk for men working in the aluminium production plant who did not
smoke was 1.9, but those who smoked cigarettes had a relative risk of 5.7. [The tumours
were classified only on the basis of provincial and hospital records.]

Rockette and Arena (1983) studied mortality patterns of 21 829 workers with five or more
years of employment between 1946 and 1977 in 14 aluminium production plants in the USA.
Three types of process were used in the plants: prebake (7 plants), vertical-stud Séderberg (1
plant) and horizontal-stud Séderberg (5 plants). In addition to studying overall mortality patterns
for selected causes. of death, a more detailed analysis was done for individual processes
relative to years of cumulative employment. SMRs were used to compare cause-specific
mortality of the workers with that of the US male population. Data from one plant (plant 3)
were analysed separately, since all three processes were used, and in most cases no indication
was given in the job history of the process in which a man worked. There was no statistically
significant excess for lung cancer in any subgroup. A significant excess was noted for lung
cancer among white workers at plant 5 where the horizontal-stud Soderberg process was used
(SMR, 162.0, based on 25 observed deaths), but, if county rates were used instead of the
total US rate, the resultant SMR was 86.2. A statistically significant SMR of 365.9 for lung
cancer (p < 0.05) (with 6 observed and 1.64 expected deaths) was seen in men with 25 or
more years of employment in plant 3. Further investigation showed that this excess occurred
among men employed in the carbon bake department. For men employed in the potroom or
carbon department of the Séderberg plants for five or more years, the SMR for bladder cancer
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was found to be 236.2 (95% confidence intervals, 45.9, 273.0), based on six observed deaths.
This excess occurred in whites, for whom the SMR was 408 (p < 0.05). Among the 94 deaths
from haematolymphopoietic cancers, 22 were from lymphosarcoma and reticulosarcoma, and
13 of these occurred in plants 1 and 11 (prebake) where the SMRs were 176.5 and 282.3,
respectively, but were not statistically significant. For those men in plant 11 with employment
in the potroom or carbon department, the SMR was 340.3 (p < 0.05). [The same phenomenon
was noted by Milham (1979)]. The largest SMR in the haematolymphopoietic category was for
leukaemia and aleukaemia (127.9) based on 43 observed deaths. For men with less than 15
years of cumulative employment in the potroom or carbon department in plants using the
SoOderberg process, there was a statistically significant excess (SMR, 274.7; p < 0.05).
Although it was not statistically significant, there was a more than 20% excess of stomach
cancer in white workers in both the prebake and Soderberg processes. Of the 55 observed
deaths in the cohort, 22 occurred in plant 1 (prebake) (SMR, 173.9; p < 0.05). This excess
occurred in men with potroom exposure and time since first employment of at least 30 years
(SMR, 295.1; p < 0.01). Examination of the work histories revealed no common factor that
might explain the excess. Men employed for 15 or more years in the prebake and
horizontal-stud Sdderberg process and in plant 3 had an increased risk of pancreatic cancer
(SMR, 222.2; p < 0.05; 271.3; p < 0.03; 168.1, respectively). Because an estimated 16% of
the cohort from plant 11 (prebake) was missing, it was not included in the analysis that was
based on duration of employment. However, an excess of pancreatic cancer was also seen in
the potrooms in this plant (SMR, 197.4), as noted by Milham in a different cohort from the
same plant.

5. Summary of Data Reported and Evaluation

5.1 Exposures

Primary aluminium production plants are located in about 40 countries. The two main
methods used for aluminium production are Soéderberg and prebake, which encompass a
number of processes and job categories. Substantial exposures to airborne polynuclear
aromatic compounds have been measured in certain occupational settings in this industry.
Exposures have been higher in potrooms of plants using the Séderberg process than in those
using the prebake process; some workers may have been exposed to both processes.
Exposures to fluorides and a variety of other contaminants also occur in potrooms.

5.2 Experimental data

Two incompletely characterized samples of airborne particulate polynuclear organic matter
from an aluminium production plant were tested for carcinogenicity by skin application to mice,
resulting in a high incidence and early appearance of papillomas and carcinomas of the skin.

Air samples from various locations in two aluminium production facilities were mutagenic
to Salmonella typhimurium. No data on cell transformation were available.
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Overall assessment of data from short-term tests on samples from aluminium production
plants?

Genetic activity Cell transformation

DNA damage Mutation Chromosomal effects

Prokaryotes +b

Fungi/
Green plants

Insects

Mammalian cells
{(in vitro)

Mammais
(in vivo)

Humans
(in vivo)

Degree of evidence in Cell transformation:
short-term tests for genetic No data
activity: Inadequate

2The groups into which the table is divided and ‘+’, ‘=’ and ‘?' are defined on pp. 16-17 of the Preamble; the degrees
of evidence are defined on pp. 17-18.

®Ventilation air from Sdderberg potrooms and samples from anode-paste plants

5.3 Human data

Asthma, chronic pulmonary disease and skin lesions occur in potroom workers. Fluorosis
has occurred in workers in the aluminium production industry.

The lung has been the most common site identified for excess cancer in populations of
aluminium production workers. Overall, there was a borderline excess in relative risk, with
some studies showing a doubling of risk and some showing no excess. No smoking history
was given in any of these studies. In one study in which populations in the industry were
compared on the basis of their exposures to pitch volatiles, there was a relationship between
incidence of lung cancer and length of exposure, and a significant excess of cancer among
workers who had worked for 21 years or more.

In three studies in the same aluminium-producing area, an increased risk of bladder cancer
was associated with work in aluminium production in plants where primarily the Séderberg
process was used. In one study in which smoking was controlled for, while there was a
borderline excess in risk for non-smokers, the risk for smokers was markedly increased.

An excess of lymphosarcoma/reticulosarcoma was noted only in two cohort studies which
covered partially the same population.

Statistically significant excess risks of pancreatic cancer and leukaemia were noted as
isolated findings in two studies and in one study, respectively.
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5.4 Evaluation’

The available epidemiological studies provide limited evidence that certain exposures in the
aluminium production industry are carcinogenic to humans, giving rise to cancer of the lung
and bladder. A possible causative agent is pitch fume. There is inadequate evidence that
occupational exposures in the aluminium production industry result in haematolymphopoietic
and pancreatic cancer.

There is sufficient evidence that samples of particulate polynuclear organic matter from one
aluminium production plant were carcinogenic to experimental animals. However, because of
the incomplete characterization of the samples tested, no evaluation of the carcinogenicity to
experimental animals of complex mixtures that occur in the aluminium production industry
could be made.

A number of individual polynuclear aromatic compounds for which there is sufficient
evidence of carcinogenicity in experimental animals have been measured at high levels in air
samples taken from certain areas in aluminium production plants.2

Taken together, the available evidence indicates that certain exposures in the aluminium
production industry are probably carcinogenic to humans.
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COAL GASIFICATION

1. Historical Perspectives

This subject has been reviewed by Vorres (1979), Huebler and Janka (1980) and Williams
(1981).

Coal has been mined and used as a fuel since the beginning of history. When and by whom
it was discovered that a combustible gas could be produced if coal was heated in a closed
retort is not recorded.

In 1709, Abraham Darby discovered a way of smelting iron ore with coke (Perch, 1979).
This was the birth of modern iron and steel production. The industry developed with the growth
of the coking industry. The possibilities of coal gas as a source of illumination superior to oil
and candles were soon realized, but large-scale use had to wait until the next century. The
initiative came from France, where Philippe Lebon had been studying the generation of gas
by the destructive distillation of wood and other combustible material. In 1801, he took out a
patent for the method.

In 1802, a foundry in Birmingham, UK, was lit by two gas flares and, later, the firm Boulton
& Watt obtained a contract to light a cotton mill. The gas was made in six cast-iron retorts
and stored in iron, water-sealed holders. The installation was of importance as it also
demonstrated the practicability of transmitting gas for district use and was the precursor of
the gas industry. In 1812, the Gas Light & Coke Company came formally into existence to
supply the cities of London and Westminster and the London Borough of Southwark. By the
middle of the nineteenth century, there were few large towns and cities in Europe and North
America that did not have gas-works and a system for distributing gas. For a time, factories
and large institutions continued to make their own gas but distribution systems soon grew,
town became linked with town, and production stations grew bigger, with pipelines transmitting
gas over wide areas, in large quantities and at high pressures. :

A variation of coal-derived gas appeared in the late 1800s when water-gas generators were
introduced. Air and steam were blown over hot coke in a cyclic manner, to produce carbon
monoxide and hydrogen. Although of low calorific value, this mixture, water gas, was used for
heating or power generation. In a refinement of this process, the waste heat from the air-blow
phase could be used to crack gas oil thermally. The resulting decomposition products increased
the calorific value of the gas. The gas was called ‘carburetted water gas’.

Producer-gas reactors, which appeared at about the same time, also converted essentially
all the coke to gas. Producer gas contained about two-thirds nitrogen (from the air) and
one-third carbon monoxide (Williams, 1981).

Until about 1960, large amounts of coal were carbonized for the production of town gas in
countries where natural gas was not available.

The gas- and coke-production industries progressed independently. The latter specialized
in producing metallurgical coke; the coal gas was a by-product and was used to heat the oven.

— 65—
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It was not until the twentieth century that surplus coke-oven gas was used to augment town
gas supplies.

A refined process of coal gasification used oxygen instead of air and was operated under
pressure. The first full-scale Lurgi gasifier was introduced in 1936 (Parekh, 1982). The Lurgi
gasifiers produced a gas of medium-calorific value, which could be used for town-gas
production or as a synthesis gas in the chemical industry. After catalytic methanation the
product had a composition similar to natural gas. Currently, there are in the order of 100 Lurgi
gasifiers (Huebler & Janka, 1980) and other new gasification processes in commercial
operation.

In the older gas-making processes, gas and tars were produced by the destructive
distillation of coal in a hypoxic environment. In the more modern gasification processes, air or
oxygen is introduced in sub-stoichiometric amounts resulting in partial combustion of the coal.
This provides heat, which breaks down the rest of the coal, which then reacts with steam to
form gas. Coke is not produced as a by-product by the modern gasifiers.

Estimate of the current number of gasification workers

Coal is a major world commodity. In 1976, coke production amounted to more than 367
million tonnes (Perch, 1979), and the current world output of crude coal-tars is estimated at
about 18 million tonnes (McNeil, 1983). In the USA, about 15% of the mined coal is used for
gasification and coke production (Vorres, 1979). Some coke-oven gas is also consumed as
town gas. The production rate of gas-works is difficult to estimate because the number of
small units is large and most plants are rapidly switching to natural gas or oil.

In 1936, about 3800 mechanical and 1000 hand-fed producers were installed in the USA;
about 2000 mechanical and 600 hand-fed machines were in continuous or periodic use (van
der Hoeven, 1945).

The Electric Power Research Institute (EPRI) (1983) has attempted to prepare a partial list
of modern coal-gasification plants. Their listed plants use a total of about 60 000 tonnes of
coal per day. About 2000 workers in the USA have been engaged in pilot-plant gasifiers in
the recent past.

The Working Group considered both the older gas-works and the newer coal-gasification
systems. While some epidemiological data exist for exposures associated with the older retorts
producing town gas, detailed chemical characterization and short-term toxicological test data
are available only for the newer systems.

2. Description of the Processes

2.1 Town-gas retorts

(a) Coal distillation

The original gasifiers were retorts of two types - horizontal and vertical. The horizontal was
the older of the two and operated on a batch basis. For town-gas production, typical horizontal
retorts were refractory structures about 6 m long and shaped like an inverted ‘U’, with a flat
base 0.6 m wide by 0.4 m high. They were closed at both ends with a-cast-iron door and set
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horizontally in groups of 8 or 10 on either side of a combustion chamber in which hot producer
gas was burnt. Each retort held about two-thirds of a tonne of coal, which was heated to
1000-1200°C for 8-10 hours. The evolved gases and vapours were drawn off. On completion,
the residual coke was forced out with a ram and the retort was recharged. If the demand for
gas was low, the retorts could be left uncharged. During charging and discharging, dusts and
fumes were evolved. Retorts were later built vertically, which allowed the discharge to take
place by gravity and simplified the charging machinery.

A more efficient process for town-gas and coke production resulted from the introduction
of continuous vertical retorts (Williams, 1981). These retorts are about 8 m high and rectangular
in shape, about 2.5 m by 0.25 m at the top and slightly wider at the bottom, and they are
usually arranged in rows. Coal is fed into the retort by a valve or lock from hoppers over the
top, and coke is extracted from the bottom. The process is continuous, and manual labour is
needed only occasionally when charges stick and have to be removed by rodding. Steam can
be injected into the retort to improve the thermal efficiency, and oil can also be injected to
raise the calorific value. ’

(b) Gas purification

The gas produced by carbonization in a retort was a brown smoky vapour known as ‘foul
gas’. The first step in its purification was to condense out the higher boiling fractions in
condensers that were often little more than towers in which the gas flow was slowed and
cooled and brought into contact with baffle plates. Later, more efficient electrostatic
precipitators were used. The next step was to wash the gas with water to remove the
ammonia. Finally, sulphur, present mainly as hydrogen sulphide, had to be removed. Originally,
this was done with lime, resulting in calcium sulphide piles with an offensive smell. This was
superceded by the use of a granular type of iron oxide known as ‘bog oxide’, which could be
partially regenerated by exposure to air and which, when the oxide was finally spent, could
be used to make sulphuric acid. '

Although the coal gas could be used directly, it was usually mixed with other gases, because
of the necessity of maintaining calorific value and burning characteristics within a fairly narrow
range. The most common additive was ‘water gas’, a mixture of carbon monoxide and hydrogen
made by passing steam over red-hot coke. This process was endothermic and cyclic. When
the coke began to cool, the steam was shut off and air. was admitted to the coke. As the
coke burned, the temperature was raised until it was sufficiently hot to allow steam to be
passed over it again. In a refinement of the process, the hot gases from the burning coke
were used to heat an open brickwork onto which gas oil (a petroleum oil) was sprayed to be
thermally cracked, making carburetted water gas. Producer gas, a mixture of hydrogen, carbon
monoxide, carbon dioxide and nitrogen gases, made by burning coke in a restricted air supply
with an injection of steam, was oOccasionally used as an additive but owing to its low calorific
value tended to dilute rather than enrich the gas. Mixtures of butane or propane and air were
often added and, when available, suitable stack gases from refineries and chemical works -
were also used. The resulting gas was distributed as town gas.

2.2 Modern coal-gasification processes

(@) Introduction

This subject was reviewed by Lowry (1945, 1963) and by Braunstein et al. (1977).



68 IARC MONOGRAPHS VOLUME 34

Coals are ranked by the amount of volatile matter obtained upon heating and range from
anthracites, through bituminous to lignite coals. The amount of volatile matter in anthracites
varies from 3-14% by weight on a dry, ash-free basis; that in bituminous coals varies from
14% to over 30%; lower-rank coals are classified by their calorific value. The carbon content
of coals varies from over 90% by mass for anthracite to about 70% for lignite coals.

All coals are contaminated with minerals, trace metals and compounds containing sulphur,
nitrogen and oxygen. Sulphur is commonly found in pyrite inclusions in coal, as well as in
thiophenic-like structures in the organic portion of the coal itself. Nitrogen can be present in
pyridine, quinoline, amine and pyrrole-like organic structures in the coal. Most coal will contain
5-20% mineral matter by weight. This includes layered alumino-silicates, calcium, iron and
magnesium carbonates, silica, pyrite, pyrrhotite and other iron sulphides, and sulphates. These
contaminants are also found in the by-products from the gasification processes (described
below).

Coal consists mainly of carbon and hydrogen and can be regarded as a highly complex
polynuclear compound with sulphur-, nitrogen- and oxygen-containing radicals. It is deficient
in hydrogen and, for total gasification, steam is necessary to provide the hydrogen to make
up this deficiency.

In modern coal gasification, air or oxygen and steam are reacted with coal under various
conditions of temperature, flow and residence time to oxidize partially the coal and produce
combustible gases, in which the major fuel constituents are carbon monoxide, hydrogen and
methane. The coal is completely consumed in modern processes, i.e., no coke is produced.
The major chemical reactions that occur in a coal gasifier are as follows (Ondich, 1983):

C + H,O + heat — CO + H,
C + CO, + heat — 2CO (gasification)
C + 2H, —» CH, + heat :

2C + O, — 2CO + heat

C + 0, CO, + heat (combustion)

When an air-steam mixture is used to gasify the coal, the product gas is of low calorific
value, containing nitrogen as a major component. This gas is suitable for use as a fuel near
its point of generation but it is not economical for long-distance transmission. Gas of medium
calorific value (which contains a minor amount of nitrogen) is obtained when oxygen and steam
are used to gasify the coal. This gas can be used either as an energy source or as a synthesis
gas for the production of chemicals or liquid fuels.

Gas of medium calorific value can be further processed to produce a synthetic pipeline gas
of high calorific value, which contains over 90% methane and is very similar to natural gas.
Production of methane requires a ratio of hydrogen to carbon monoxide of 3:1. To obtain this
ratio, the gases are shifted by reaction carbon monoxide and water:

CO + H,0— CO, + H, (water-gas shift reaction)

and, in the presence of catalysts, hydrogen is then reacted with carbon monoxide to form
methane:
3H, + CO — CH, + H,0.

The first stage in total gasification is the destruction of the molecular structure of the coal
by heat: the coal swells and becomes plastic, and any volatile compounds formed evaporate.
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According to the conditions in the chamber, a proportion of these are swept out unchanged
as tar and oils with the process gas. The remainder, which is mainly carbon, is partially
oxidized, providing most of the heat by which the reaction continues. The reactions taking
place within the chamber are extremely complex, and those shown above represent ideal
reactions leading to the desired state. Higher temperatures in the chamber favour these ideal
reactions, but practical considerations limit the temperatures that can be used.

The by-products generated in various coal-gasification processes are of three types: gases
such as hydrogen sulphide, carbonyl sulphide, ammonia and hydrogen cyanide; hydrocarbon
gases, aerosols and residues, including polynuclear aromatic ’dbmpqundg; and mineral
particulates and wastes. Most of the sulphur and nitrogen in the coal are released as reduced
gases, principally hydrogen sulphide and ammonia. Coal-gasification products are usually
subjected to one of a number of processes to remove the hydrogen sulphide.

The production of tars and gases during gasification is, to a great extent, determined by
the conditions and dynamics of the gasification process. In general, high-temperature,
entrained-bed, co-current processes (in which coal and gas flow are in the same direction)
produce little heavy hydrocarbon (tar) by-products, while fixed-bed, counter-current processes
(in which coal and gas flow are in opposite directions) may produce tar by-products.

When coal is fed counter-current to gas flow, as in a fixed-bed gasifier, the preheat zone
or the region at the top of the coal bed evolves hydrocarbon gases, oils and tars through the
release and decomposition of volatile organic matter from the coal. The persistence or
decomposition of heavier hydrocarbons is dependent on a number of factors, including type
of coal, gasifier design and operating temperature, pressure and residence time of the tar in
various gasifier regions (van der Hoeven, 1945; von Fredersdorff & Elliott, 1963). Fixed-bed
gasifiers may produce 4 to 40 litres of tar per tonne of coal gasified (von Fredersdorff & Elliott,
1963).

(b) Commercial gasifiers (Parekh, 1982)

For the most part, modern coal gasifiers may be assigned to three general types of process:
fixed-bed, fluidized-bed and entrained-bed (Huffstetler & Rickert, 1977). Fixed-bed gasification
typically produces much greater quantities of tars than fluidized-bed or entrained-bed
gasificataon.

Other factors that have a major influence on the gasification process are pressure (1-30
atmospheres), oxidant (air or oxygen), and désign and operational control of process
temperatures, which (in the case of fixed-bed and fluidized-bed processes) determine whether
or not released mineral matter is slagged (melted).

A diversity of downstream processing operations may be used with the gasifier. Their
selection is based on the characteristics of the gas leaving the gasifier, environmental
constraints, and the quality of end product required. The gas has been used or may be used
for: industrial and town gas; synthesis of gas of high-calorific value (synthetic natural gas);
indirect liquefaction (Fischer-Tropsch liquefaction) (Huffstetler & Rickert, 1977); methanol
synthesis; ammonia production; or combined-cycle electrical power generation (Electric Power
Research Institute, 1983). k

A few examples of gasification systems were selected for review by the Working Group on
the basis of their commercial use or their use in subsequently described studies of process
characterization or industrial hygiene. A complete Lurgi gasification system is described below.
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However, it is emphasized that there is wide variation in the general design and the
specifications of the unit operations both within and among different gasification systems.
Selection of a system depends on a number of parameters, including the type and end use
of the gas produced; e.g., methane, methanol, combined-cycle power generation.

(i) Fixed-bed gasifier - Lurgi (National Institute for Occupational Safety & Health, 1978;
Young et al., 1978; Young & Evans, 1979)

The Lurgi gasifier (shown in Fig. 1) is a fixed-bed gasifier, pressurized (to about 30

atmospheres) and fed with coal (screened to a lump size of 0.5-5.0 cm), oxygen and steam.
Since 1936, approximately 100 such gasifiers have been deployed.

Fig. 1. Lurgi gasifier (from Huffstetler & Rickert, 1977)
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A complete Lurgi coal-gasification system for the production of synthetic pipeline gas
comprises the following operations: coal handling and preparation, coal feeding, coal
gasification, ash removal, gas quenching and cooling, shift conversion, gas purification,
methanation, sulphur removal, gas-liquor separation, phenol and ammonia recovery, and
by-product storage and cleanup (shift conversion and methanation are needed only for the
final processing to produce synthetic pipeline gas). A generalized scheme for the production
of a gas of high-calorific value is presented in Figure 2, and the operations are described
below. Some of the steps that might result in hazardous exposures owing to fugitive (leaking)
emissions or to the nature of the handling processes are reviewed here. Five operations: coal
preparation, injection, gasification, quenching and methanation are of particular concern for
health (Young & Evans, 1979).

Fig. 2. Coal gasification operations for the production of synthetic pipeline gas (from
Young et al., 1978)

Coal Pipeline gas
— —>
v
Coal Dehydra:jtion
an
storage compression
4
y
Drying Coal Gasificati Quenching Shift Gas Methanation
and feed s Ny [ . e >
grinding injection system conversion purification
y y
Ash or char Sulphur
disposal recovery
. |

Coal handling and preparation: Coal is delivered from the mine to the plant’s unloading
hopper, from which it is transferred by feeders and conveyors to crushers. The preparatory
steps also include cleaning, drying, pulverizing and stockpiling operations.

Coal feeding: After preparation, the coal is fed from the gasifier's coal bunker to the
lockhopper by gravity. If the gasification is performed under pressure, the lockhopper is first
charged with coal, pressurized, then opened to discharge the coal into the gasifier, closed,
depressurized and recharged. It is conceivable that raw gas could be released into the work
environment through leakage or malfunctioning equipment at this point.

Gasifier operation: Lurgi operation is typical of fixed-bed gasifier operations in that coal is
fed to the top of a slowly descending bed, while oxidant gas and steam are. introduced into
the bottom of the gasifier. At the top of the gasifier coal bed, coal is distilled by rising hot
gases from below. This releases tars and hot oils into the product gas stream in amounts of
the order of 45 kg for each tonne of (bituminous) coal consumed (Parekh, 1982). Beneath the
zone of pyrolysis in the bed, the carbon in the residue is gasified at 650-815°C by the hot
gases and steam rising from below. At the bottom of the bed, the remaining carbon is oxidized
at 980-1370°C, providing the hot gases for the reactions in the higher zones.



72 IARC MONOGRAPHS VOLUME 34

Ash removal: Ash (mineral residue from the coal) from the gasifier is continuously removed
by a rotating grate and collected in a pressurized lockhopper from which it is discharged. At
the end of the ash-discharge cycle, the lockhopper is depressurized. The mineral composition
of typical coal ash, in this case from a Lurgi gasifier, is given in Table 1.

Table 1. Concentrations of trace elements in lllinois coal and in the unquenched gasifier
ash obtained from it after Lurgi gasification®

Element Concentration (mg/kg)

In coal (lllinois No. 5) In ash
Antimony , 0.1 19
Arsenic 1.9 0.3
Barium - 490
Beryllium 20 19.8
Boron 307 673
Bromine 6.6 -
Cadmium <0.3 <0.3
Cerium - 41
Cesium - 11
Chromium 15 592
Cobalt 3.8 38
Copper 10 273
Fluorine 55 4.6
Iron 1.3 15b
Lanthanum 36 42
Lead 28.1 200
Lithium 55 54
Manganese 23 305
Mercury 017 0.016
Molybdenum 7 8
Nickel 32 462
Potassium 1.3¢ 14¢
Scandium 1.6 -
Selenium 9 ' -
Silver 0.3 3.0
Sodium 2.8 29d
Tantalum - 1.3
Vanadium 21 181
Ytterbium - 11
Zinc 2.44 16d

aFrom Braunstein et al. {(1977)
bConcentration x 104
cConcentration x 103
dConcentration x 102

Gas quenching and cooling: Raw gas from the gasifier is quenched with recycled gas liquor
(described below) in a wash cooler. The quenched gas then undergoes primary cooling in
waste-heat boilers and is further cooled in a series of indirect coolers. Moisture, tars, oils and
phenols are condensed as the raw gas passes through the wash cooler and primary and
secondary coolers. The resulting condensate, termed gas liquor, is sent to the gas-liquor
separation unit. Also present are water-soluble components from the raw gases, including
ammonia and hydrogen cyanide, and dust scrubbed from the raw gases.
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Gas-liquor separation: The gas-liquor separation unit consists of a series of coolers,
depressurization vessels and gravity separators. At low pressure, the gases absorbed in liquids
come out of solution. Tars and oils are separated from the aqueous phase of the gas liquor
and recovered as by-products. The tar-oil component is either fractionated for sale as a refined
product or burned for its calorific value. The tars may either be returned to the gasifier for
further cracking or used for coal-tar production. The gas-liquor fraction is processed to recover
phenol and ammonia.

Phenol and ammonia recovery (Dailey, 1977): Phenol recovery utilizes an organic solvent
such as isopropyl ether or n-butylacetate to remove phenolic compounds from the gas-liquor
stream. Phenols are recovered from the solvent by steam stripping and are either stored or
further refined for subsequent sale. The phenol-free gas liquor is steam stripped to remove
acid gases. The same liquor is then steam stripped at a higher temperature to remove
ammonia, which is condensed for sale.

Gas purification: Ammonia has usually been removed from the gas stream by water
quenching and scrubbing before the gas reaches this stage. A number of purification processes
for hydrogen sulphide have been developed and deployed extensively in commercial opera-
tions, using organic solvents, amines, glycols, aqueous salt solutions or fixed-bed absorbants.
The removed hydrogen sulphide is processed further to recover the sulphur as dilute sulphuric
acid or elemental sulphur.

Hydrogen sulphide disposal: The conventional technique for disposal of the hydrogen
sulphide stream from' the purification unit is the Claus process. One-third of the hydrogen
sulphide gas is burned to sulphur dioxide and recombined, in the presence of bauxite, with
hydrogen sulphide to form sulphur and water. From the reactor, the hot gases flow into the
condenser, where they are cooled and the liquid sulphur is removed.

Water-gas shift conversion: Prior to methanation (described below), the ratio of hydrogen
to carbon monoxide must be adjusted to approximately 3:1. This is done by passing a portion
of the gas through the shift-conversion unit, where carbon monoxide reacts with steam at
400°C to form carbon dioxide and hydrogen in the presence of commercial catalysts, which
contain either iron-chromium oxides or cobalt-molybdenum oxides on an aluminium base. In
addition, desulphurization and hydrogenation of organic compounds may occur.

Methanation: Methane synthesis is accomplished with a nickel catalyst, by the reaction of
carbon monoxide with hydrogen to produce methane and water. The catalyst contains 25-77%
nickel on a porous refractory support, such as alumina or kieselguhr and it has to be replaced
after two to three years of use. '

(it Fluidized-bed gasifier - Winkler (Huffstetler & Rickert, 1977; Parekh, 1982)

This fluidized-bed gasifier has seen wide deployment in past decades for the production of
synthesis gas and ammonia. Since its development in 1926, some 60 gasifiers have been
installed, of which about 30 were still in service in 1980.

Air or oxygen is blown up from-the bottom of the coal bed at a velocity great enough to
entrain or ‘fluidize’ partially the bed of coal. Feed coal is crushed to permit fluidization at
reasonable gas velocities. The thorough mixing results in bed temperatures of near 1090°C
and in the gasification of most of the tars distilled from the coal. It produces a gas of low
calorific value. : ' ‘ '
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(i) Entrained-bed gasifier - Koppers-Totzek (Huffstetler & Rickert, 1977; Huebler &
Janka, 1980)

Since 1950, over 50 Koppers-Totzek gasification plants have been constructed or are under
construction in Europe, Africa, Asia and South America (Huebler & Janka, 1980).

Pulverized coal is reacted with co-currently flowing oxygen, and a temperature of about
1900°C is reached. Because of the fine size of the coal particles, as well as the co-current,
high-temperature flow, essentially complete gasification of the coal-distilled tars is possible.

(iv) Underground coal gasification (Huffstetler & Rickert, 1977)

Underground gasification is used on an industrial scale in the USSR, and has been the
subject of research and development in the USA.

Coal may be gasified underground by drilling to the coal seam and providing sufficient air
for partial combustion of the coal, thereby producing heat for endothermic gasification
reactions. Products of gasification are drawn off through separate bore-holes. The basic
chemical processes involved are the same as for conventional coal gasification.

Different designs may be used to inject air or oxygen and to extract the gasification product.
The coal in the seam may be reduced to a rubble, followed by injection and extraction of
gases by separate bore-holes into the rubble pile. Alternatively, the seam may be left intact
with bore-holes drilled into it some distance apart. With some level of permeability of the seam
to gas, the fire and gasification zone may be established at either the air inlet or at the
product-gas outlet. In the former case, until large channels burn through, the intact coal seam
may act, to some extent, as a filter and absorber for particulates and condensable materials
in the product gas. In the latter case, those materials may be carried to the product-gas outlet,
so that the product may, in general, resemble the gas produced from fixed-bed gasification.

(¢) Experimental gasifiers
(i) Fixed-bed gasifier - METC-stirred bed

The US Department of Energy-Morgantown Energy Technology Center (METC) operates a
pilot-scale, fixed bed, pressurized, dry bottom-ash gasifier utilizing a modified Lurgi process
(with a coal feed of approximately 20 tonnes/day). Its major features are a stirring arm, to
permit the use of any caking coal as fuel, and a versatile, gas clean-up system which is used
to test various hot or wet clean-up methods. This pilot plant has been used to characterize
tar aerosols produced during gasification and for toxicology studies (Lamey et al., 1981, Royer
et al., 1983). :

(i) Fixed-bed gasifier - Stoic

The Stoic gasifier is a Foster-Wheeler, two-stage, fixed bed, air-blown gasifier. One used
for heating at the University of Minnesota, USA, has been used also for chemical and
toxicological characterizations; it provides a gas of low calorific value (Griest & Clark, 1982).

(iii) Fluidized-bed hydro-gasifier - HYGAS

The HYGAS process is a three-stage, fluidized bed hydro-gasifier, producing a gas of
high-calorific value on a pilot scale, which is used by the US Institute of Gas Technology and
the Argonne National Laboratory for technology development and testing. In the top stage of
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the gasifier, hydrogasification is carried out using the hot fuel gas generated in the low stages.
This top-stage, low-temperature reactor produces significant amounts of heavy hydrocarbon
compounds compared to single-stage, fluidized-bed gasification using air or oxygen. These
materials are condensed out for use in a recycled oil, which is used to prepare the coal as a
slurry for feeding to the hydrogasifier. The chemical composition and toxicology of these tars
have been studied (Stamoudis et al., 1981). :

3. Exposures in the Workplace

Some of the materials to which workers in the coal-gasification industry may be exposed
are listed in Table 2.

Table 2. Airborne substances (and classes of substances) found in the coal gasification

industry2

Material

Principal uses or sources of emission

Common airborne contaminants

Alcohols

Aldehydes, aliphatic and aromatic
Amines, aliphatic and aromatic*

Ammonia
Bauxite
Carbon

Carbon dioxide
Carbon disulphide
Carbon mono;(ide
Carbonyl sulphide
Carboxylic acids
Hydrocarbons®, aliphatic,
cyclic and aromatic
Hydrogen cyanide
Hydrogen sulphide
Mercaptans

Nitrogen heterocyclics

Nitrogen oxides
Oxygen heterocyclics
Phenols”

Polynuclear aromatic hydrocarbons*

Gasifier operations, gas purification, scrubber solvents
Coke-oven and gasifier operations

Gasifier operations, ammonia recovery, gas purification, sulphur remo-
val, scrubber solvents

Gasifier operations, ammonia recovery and storage
Shift conversion, catalysts

Coal storage, transport, preparation and feeding, coke quenching and
handling, ash and soot removal

Gasifier operations, gas quenching and cooling, shift conversion, gas
purification and methanation

Gasifier operations, gas quenching and cooling, shift conversion, gas
purification, sulphur removal

Gasifier operations, gas quenching and cooling, shift conversion, gas
purification and methanation

Gasifier operations, gas quenching and cooling, shift conversion, gas
purification, sulphur removal

Gasifier operations, gas quenching and cooling, gas-liquor separation

Gasifier operations, gas quenching and cooling, gas-liquor separation,
oil and tar storage, shift conversion, gas purification, sulphur removal,
gas and by-product handling

Gasifier operations, gas quenching and cooling, shift conversion, gas
purification

Gasifier operations, gas quenching and cooling, shift conversion, gas
purification, sulphur removal '

Gasifier operations, gas quenching and cooling, shift conversion, gas
purification

Gasifier operations, gas quenching and cooling, gas-liquor separation,
ammonia recovery

Gasifier operations -

Gasifier operations, gas-quenching and cooling, gas-liquor separation
Gasifier operations, gas quenching and cooling, gas-liquor separation,
phenol recovery, oil and tar storage N

Gasifier operations, gas quenching and cooling, gas-liquor separation,
oil and tar storage
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Material Prihcipal uses or sources of emission

Silica Coal storage, transport, preparation and feeding, ash removal, refrac-
tory materials

Sulphur dioxide Gasifier operations, gas purification, sulphur removal

Sulphur heterocyclics Gasifier operations, gas quenching and cooling, gas-liquor separation,
sulphur removal

Sulphuric acid Gas purification, ammonia recovery, scrubber chemicals

Thiocyanates Gasifier operations, gas quenching and coéling, shift conversion, gas

purification, sulphur removal
Other contaminants

Arsenic, oxides and salts* Gasifier operations, ash removal, gas purification, sulphur removal,
scrubber chemicals

Asbestos* Thermal insulation, clothing

Cadmium and cadmium oxides* Ash removal

Glycols Gas purification, sulphur removal, scrubber chemicals

Lead and lead oxides® Ash removal

Nicke!, metal and oxides* Methanation, catalysts

Nickel carbonyl* Methanation

Vanadium, oxides and salts Ash removal, gas purification, sulphur removal, scrubber chemicals

*This list includes chemicals or classes of chemicals used in or formed during coal gasification, and the processes
during which they are used or formed or during which exposures are most likely to occur. It was compiled from information
collected during the preparation of this monograph and cannot pretend to be exhaustive.

“Chemicals (and classes of chemicals) indicated by an asterisk have been considered previously in the IARC
Monographs series and are listed in the Appendix, together with the evaluation of their carcinogenicity.

(@) Town-gas retorts

Lawther et al. (1965) measured benzo[alpyrene levels in the air in gas-works retort houses.
A mean concentration of 4.8 ng/m? was found in a horizontal-retort house as against 1.4 and
2.7 pg/m? in two different vertical-retort houses. It was estimated that the concentration of
benzo[a]pyrene to which men working in retort houses were exposed was 100 times that found
in urban air (the City of London). The mean concentration of benzo[a]pyrene in a retort house
was about 3 pg/m3, but the top man (the man working directly above the retort) in a
horizontal-retort house could be exposed to 200 pg/m3. Table 3 presents the concentrations

Table 3. Mean concentrations of suspended matter and polynuclear aromatic
hydrocarbons in the retort-house air of gas-works in the UK (long-period samples)?

Material Concentration (png/m8 of air)
Rochester Brighton (Portslade) Birmingham (Windsor

Street)

Suspended matter® 1000 925 1100

Benzo[elpyrene 25 0.9 1.4

Coronene 0.5 0.7 04

Benzo[ghilperylene 25 24 1.6

Benzo[a]pyrene 4.8 14 2.7

2From Lawther et al. (1965)
*Consisting of tars with some coal dust
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of suspended matter and polynuclear aromatic hydrocarbons found in air samples from
gas-works retort houses. Table 4 presents the amounts of some polynuclear aromatic
hydrocarbons extracted from face masks. [The results reported in Table 4 can be used as
approximate exposure indices for the various polynuclear aromatic compounds. Other
hydrocarbons were detected qualitatively, but the methods of analysis used did not permit
more than four of them to be reliably determined, i.e., benzo[e]pyrene, coronene, benzo[ghilpe-
rylene and benzo[alpyrene.]

Table 4. Mean shift exposure to polynuciear aromatic hydrocarbons in retort houses in
the UK (mask samples)2

Polynuciear Exposure per eight-hour shift (ug)?

aromatic — -

hydrocarbon Rochester Birmingham Bristol Leeds
(Saltley)

Benzo[elpyrene 495 27 (23-35) 16 (5-25) 1 {0-6)

Coronene 83 8 (4-18) 4 (0-7) 0

Benzo[ghiJperylene 557 : 33 (29-36) 21 (4-36) 1 (0-5)

Benzofalpyrene 1136 56 (42-84) 37 (13-61) 3 (0-12)

2From Lawther et al. (1965)

®The numbers of masks analysed at each site were as follows: Rochester, 1; Birmingham (Saltley), 4; Bristol, 3; Leeds,
8. The figures in parentheses refer to the range of concentrations found.

Table 5. The content of polynuclear aromatic compounds in the air (ng/100 md) in two
gas-works in Norway, compared to that in general town air in the UK

Compound Source of sample

Industrial plants? General town air®

Oslo gas-works Bergen gas- Liverpool! Wrexham Llangefni

works :

Anthanthrene 80 60 - - -
Anthracene 100 Trace - - -
Benz[alanthracene 1400 ‘ 280 - - -
Benzo[ghilperylene 210 200 16.6 5.1 ' 0.5
Benzo[a]pyrene 730 200 6.8 2.0 0.4
Benzole]pyrene 150 130 - - -
Coronene 20 30 - - -
Fluoranthene 1300 240 6.7 2.0 04
Fluorene 20 Trace - - -
Naphthalene NDe¢ ND - - -
Phenanthrene ND 8 - - -
Pyrene 870 240 5.0 1.8 0.3

aFrom Kreyberg (1959)

From Commins (1958); the measured amount of fluoranthene may include some benz[alanthracene, as the two
absorption peaks are very. close together

°ND, not detected
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Battye (1966) sampled retort-house air for amines using a Soxhlet-extractor technique and
demonstrated the presence of 1- and 2-naphthylamines. He estimated that they were present
at a concentration of 0.002 pg/mé. A sample taken outside the retort house showed a
concentration of 0.0003 pg/m3. [The Working Group noted that the two samples were taken
and analysed by semi-quantitative methods.]

Kreyberg (1959) determined concentrations of several polynuclear aromatic compounds in
two gas-works in Norway, as shown in Table 5. This table additionally contains concentrations
found in the general air in three towns in the UK, for comparison (Commins, 1958). It is notable
that the concentrations of 4-, 5- and 6-ring compounds were found to be high in relation to
the concentrations of 2- and 3-ring compounds. Lindstedt and Sollenberg (1982) reported an
average airborne concentration of benzo[alpyrene of 4.3 pg/m? at the top of the retorts in a
town gas-works. This was based on 134 one-hour measurements made in 1964. The maximum
concentration measured was 33 pg/ms3. At a distance of 25 m from the retorts the concentration
was 0.15 pg/md.

(b) Exposures from modern gasification systems

Pilot-scale coal gasifiers representative of each of the three generic types of gasification
were studied recently (Cubit & Tanita, 1982). The study stressed respirable exposures to toxic
gases and to polynuclear aromatic compounds (PACs), excluding amines. Area and personal
sampling were performed for PACs, using silver membrane filters and Chromosorb cas-
settes. Adsorbed and subsequently eluted PACs were analysed using gas chromatography
with mass spectrometry with additional analyses by capillary column gas chromatography or
high-performance liquid chromatography, as required. Material eluted from the samplers was
analysed for 27 PACs.

Total PAC vapour or aerosol concentrations measured in various operation areas for each
site are presented in Table 6. PAC concentrations were much greater for the fixed-bed site
than for the other two; and the levels were somewhat higher for the fluidized-bed gasifier than
for the entrained-bed gasifier. In 1981, no airborne PAC of greater than two-ring structure was
found associated with fluidized-bed gasification, and only a small percentage of the PACs at
the fixed-bed and entrained-bed locations were of greater than three-ring structure.

Table 6. Total concentrations of polynuclear aromatic compounds for area samples of
coal-gasification plants?

Plant Area sampled® Ne GMd GSD*®
(rg/md)

A (entrained-bed) : Gasifier combustor 4 0.4 49
Gasifier reductor 1 0.4 NAf
Gas duct 2 <0.19 <0.1
Induced-‘draft’ fan 2 0.3 6.1
Sludge thickener 1 <0.1 NA
Cyclone scrubber 1 0.2 NA
Control room 2 0.2 3.5
Total in-plant : 13 ' 0.2 3.2

Plant perimeter 2 0.3 4.7
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Plant Area sampled® Ne Gmd GSD®
(ng/m3)

B {fixed-bed) Top of gasifier 3 227 15
Poke hole 3 17.3 27
Detarrer/deoiler 4 18.1 2.4
Oil/liquior separator 1 74.2 NA
Ash pan 1 421 NA
Day tar/oil tank 2 20.6 2.2
Tar pump 2 724 1.1
Gas compressor 1 63.6 NA
Control room 2 205 1.8
Total in-plant 19 26.8 22
Plant perimeter 2 1.8 4.7

C (fluidized-bed) Gasifier - 5th level 3 0.6 26
Gasifier - 6th level 4 5.4 7.6
Gas compressor® 4 1.7 3.0
Filter/strainer® 2 09 2.4
Control room 4 29 37
Total in-plant 17 2.0 4.3
Plant perimeter 3 11 2.6

2From Cubit and Tanita (1982)
®For precise definitions of the locations see Cubit and Tanita (1982)

°N, Number of samples coliected

9GM, Geometric mean of concentrations

¢GSD, Geometric standard deviation

NA, not applicable

9<, indicates value below detection limit

"Samples taken where contamination with coal dust possible

Personal samples from various categories of workers showed that levels associated with
fixed-bed gasification were greater than those with the other two (Table 7). The only exception
to this was the exposure of a maintenance worker in the fluidized-bed gasification plant. Most

exposures were to two- or three-ring PACs

Table 7. Total concentrations of polynuclear aromatic compounds in personal samples
taken at coal-gasification plants2

Ptant Personnel sampled - NP GM° (ng/m3) GSD¢
A (entrained-bed) Equipment operators 8 26 36
Maintenance personnel
Welder/boilermaker 4 6.8 1.9
Pipefitter 2 6.5 3.4
Labourer, 2 0.4 77
Total maintenance 8 34 51
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Plant Personnel sampled NP GMe (ng/md) GSDd
Chemical technician 2 04 7.4
instrument technician 1 19 NAe

B (fixed-bed) Operators 4 19.3 1.5
Maintenance personnel
Millwright 2 58.0 25
Utility helper 2 15.3 1.1
Maintenance 2 88.5 1.3
Electrician 1 389.4 NA
Foreman 1 35.1 NA

Total maintenance

8 551 3.0

C (fluidized-bed) Lower-level technician 7 4.2 1.3
Upper-level technician 5 5.3 11.3

Maintenance personnel 1 60.4 NA

aFrom Cubit and Tanita (1982)

°N, Number of samples collected

°GM, Geometric mean of concentrations
9GSD, Geometric standard deviation
eNA, not applicable

Wipe sampling at the three sites qualitatively indicated the potential for dermal exposure to
four- and five-ring compounds.

(c) Tars produced by gasifiers

A number of polynuclear aromatic compounds (PACs) have been identified in tar by-products
of coal gasification. Table 8 provides a comparison between tars from a vertical retort, a Lurgi
gasifier, a low-temperature gasifier and coke-ovens for several tar fractions or specific PACs
(McNeil, 1983). ’

Quantitative measurements of six polynuclear aromatic hydrocarbons (PAHs) have been
made for tar and oil by-products of the commercial-scale Lurgi-gasification facility in Kosovo,
Yugoslavia (Ondich, 1983); benzo[a]pyrene was found at a concentration of 240 mg/kg in heavy
tar, and 68 mg/kg in medium oil.

Over 20 PACs were found in each of the neutral, basic and acidic fractions of gas-stream
tar from the METC-stirred bed experimental fixed-bed gasifier, with most being found in the
neutral fraction (Lamey et al., 1981). In another study of the same gasifier, a gas-stream tar
was- separated into 13 fractions or sub-fractions; 32 PACs were identified from two of the
several sub-fractions; 33 PACs were identified in a mutagenic, basic sub-fraction (Royer et al.,
1983).

Approximately 40 types of PAC were identified qualitatively in low-temperature reactor
product or recycle oil from the HYGAS experimental gasifier. They included PAHs and
nitrogen-, oxygen- and sulphur-substituted PACs (Stamoudis et al., 1981).
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Table 8. Constituents of coal-tars (average % by weight of dry tars)>

Component Source of tars
Coke-oven Vertical Low-tempera- Lurgi gasifier,
retort, ture gasifier, UK
UK FRG USA UK UK

Acenaphthene 0.96 0.3 1.05 0.66 0.19 0.57
Anthracene 1.00 1.8 0.75 0.26 0.06 0.32
Benzene 0.25 04 0.12 0.22 0.01 0.02
Carbazole 1.33 15 0.60 0.89 1.29 0.22
o-Cresol 0.32 0.2 0.25 1.33 1.48 114
m-Cresol 0.45 0.4 0.45 1.01 0.98 1.83
p-Cresol 0.27 0.2 0.27 0.86 0.87 1.51
Diphenylene oxide 1.50 14 - 0.68 0.19 0.57
Ethylbenzene 0.02 - 0.02 0.03 0.02 0.04
Fluorene 0.88 2.0 0.64 0.51 0.13 0.62
High-boiling tar acids 0.91 - 0.83 8.09 12.89 11.95
Medium-soft pitch 59.8 54.4 63.5 437 26.0 33.1
a-Methylnaphthalene 0.72 0.5 0.65 0.54 0.23 0.63
B-Methylnaphthalene 1.32 1.5 1.23 0.68 0.19 1.05
Naphtha 1.18 - 0.97 3.21 3.63 3.02
Naphthalene 8.94 10.0 8.80 3.18 0.65 2.01
Phenanthrene 6.30 57 2.66 1.75 1.60 0.28
Phenol 0.57 0.5 0.61 0.99 1.44 0.97
Styrene 0.04 - 0.02 0.04 0.01 0.01
Tar bases 1.77 0.73 2.08 2.09 2.09 2.50
Toluene 0.22 0.3 0.25 0.22 0.12 0.05
o-Xylene 0.04 - 0.04 0.06 0.05 0.05
m-Xylene 0.1 ' 0.2 0.07 0.13 0.10 0.07
p-Xylene 0.04 - 0.03 0.05 ' 0.04 0.03
Xylenols 0.48 T 0.36 3.08 6.36 5.55

aFrom McNeil (1983)

Concentrations of PACs, including polynuclear aromatic amines, were determined for tars
produced in the Stoic fixed-bed gasifier at the University of Minnesota, USA (see Table 9)
(Griest & Clark, 1982). '

Tar from a liquid condensate produced by underground coal gasification was fractionated
into neutral, acidic and basic fractions, and compounds or types of compounds from the basic
fraction were identified. Substituted pyridines accounted for about 47% of the total basic
fraction, anilines for 13% and quinolines for 9% (Huffstetler & Rickert, 1977). ‘ -

Laboratory studies of coal distillation have demonstrated the effect of temperature,
residence time at temperature, pressure, coal type, coal-particle heating rate, and the gaseous
environment on the quantities, chemical distribution and properties of tars distilled under some
simulated process conditions. After their distillation, the survival or cracking of the tars is
dependent-in large part on the nature of the gas flows in the specific process (Fillo et al.,
1983). _ o '
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Table 9. Concentrations of polynuclear aromatic amines and hydrocarbons measured in
the top of the Stoic fixed-bed gasifier at the University of Minnesota, USA=

Substance Concentration (ng/g)
Polynuclear aromatic amines

1-Aminonaphthalene 9
2-Aminonaphthalene 30
C,-Aminonaphthaleness 4-24¢
C,-Aminonaphthalenes® 7-10d
Cs-Aminonaphthalene® 7
Aminofluorene 9
1-Aminoanthracene 13
2-Aminoanthracene 2
C,-Aminoanthracenes 1
Acridine 26
Polynuclear aromatic hydrocarbons

Fluoranthene 180
Pyrene 110
Benzo{alfluorene 150
Benzo[b]fluorene 100
3-Methylpyrene 90
Benz[alanthracene 140
Chrysene/triphenylene : 90
Benzo[b]-+-[flfluoranthenes 140
Benzo[a]lpyrene 80
Perylene’ 110

aFrom Griest and Clark (1982)

®Alkylated compound, e.g., C, means dimethyl or ethyl; C; means trimethyl, methyl ethy! or propy!
°Range of results for five separate isomers

“Range of results for three separate isomers

4. Biological Data Relevant to the Evaluation of
Carcinogenic Risk to Humans

The studies of carcinogenicity and mutagenicity reported in thIS section mclude only those
on samples of complex mixtures taken from the industry. '

4.1 Carcinogenicity studies in animals

The literature dealing with the carcinogenicity of the components of tars is extenswe but - -
investigations on the carcinogenicity of tars themselves are rather limited.
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Skin application’

As early as 1913, a series of experiments on coal-tars [principally from gas-works] using
rabbits was carried out, but no tumour was produced (Haga, 1913).

Mouse: Deelman (1923) showed that tar from horizontal retorts for gas production produced
skin cancers in mice more rapidly than from vertical retorts. This difference was investigated
by Kennaway (1925), who obtained three tars made from Durham Holmside coal heated at
450°C, 560°C, and 1250°C [the last of these figures would correspond to gas-works
temperature]. These were painted on the dorsal skin of mice twice weekly and, by the 230th
day of the experiment, skin tumours were found at the site of application in 10 of 20 surviving
mice treated with tar from coal heated to 1250°C and in 10 of 29 surviving mice treated with
tar from coal heated to 560°C, while only two of 49 surviving mice treated with tar from coal
heated to 450°C developed tumours. Mortality was high subsequent to this date, and the
experiment was terminated at day 373. :

Because crude tars obtained from gas-works were usually toxic to mice when applied
topically and led to the early death of most of the test group, Hieger (1929) investigated lower
concentrations, to see if they would be equally effective in producing tumours. He prepared
an ether extract of a gas-works tar and applied it twice weekly to the skin of three groups of
50 mice, either undiluted or as a 10% or a 1% solution in benzene. Average survival was 328,
341 and 512 days for the three groups, respectively. The incidence of skin tumours (most of
which were carcinomas) was 22/50, 28/50 and 7/50, respectively, and the first tumours
appeared at 63, 142 and 307 days.

Woglom and Herly (1929) studied the carcinogenic activity of a tar from a horizontal retort
of a plant producing household gas, distilled at a temperature of about 1000°C. It was applied
undiluted or as a 75%, a 50% or a 25% solution in glycerine topically to groups of 50 mice
every second day on the interscapular region. When tar was applied in the undiluted form, the
first skin carcinoma occurred after 163 days: 15 mice had survived until this day, and 10 of
these developed skin tumours. With the 75%, 50% and 25% concentrations, 31, 27 and 30
mice, respectively, survived until the first appearance of the skin tumours at 138, 156 and 149
days. Among survivors, the numbers developing skin carcinomas were 10/31, 9/27 and 15/31,
respectively.

The hypothesis that coal-tars contain several carcinogenic agents apart from benzo[a]py-
rene was developed from the work of Berenblum (1945). Thus a horizontal-retort tar was
obtained from the City of Leeds Gas Department (Berenblum & Schoental, 1947) and tested
by topical application once weekly as a 5% solution in benzene on the skin of 20 mice. Of
the 16 mice surviving for the 18-week duration of the experiment, eight developed skin
tumours. The same tar was fractionated by chromategraphy on an aluminium oxide column.
The benzene eluate produced skin tumours in 14/20 mice (14 mice had survived the 18 weeks
of the experiment) but the adsorbates eluted with acetone or with a mixture of chioroform and
acetic acid had no carcinogenic activity when tested in the same way. Chromatography of the
benzene eluate with benzene and light petroleum yielded three fractions, which were tested
in groups of 10 mice: a weakly adsorbed fraction produced skin tumours in 6/10 mice (nine
surviving after 14 weeks of painting); a moderately adsorbed fraction gave skin tumours in
5/10 mice; and a strongly adsorbed fraction produced skin tumours in 1/10 mice. Chromatogra-

"The Working Group was aware of a study in progress to test the carcinogenicity of a coal-gasifier tar by skin
application in mice (IARC, 1982).
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phy of tar with a mixture of benzene and light petroleum yielded four fractions, which were
also tested in groups of 10 mice. The first fraction consisted of material eluted after anthracene
but before benzo[alpyrene. When it was painted on the skin of mice once weekly for 16 weeks,
three of 10 surviving mice developed skin tumours. The second fraction, containing benzo[a]py-
rene, produced skin tumours in five of 10 surviving mice; while the two other fractions, eluted
after benzo[a]pyrene, produced skin tumours in 6/10 (eight survivors) and 4/10 (seven
survivors) mice, respectively, when applied in the same way. The tar was also extracted with
light petroleum, and the soluble fraction, tested in a group of 10 mice, was found to induce
skin tumours in 5/10 surviving mice after 15 weeks of treatment, while the insoluble fraction
was inactive. The soluble fraction was chromatographed on an aluminium oxide column, and
the subfractions were tested in groups of 20 mice. The first subfraction, eluted after
anthracene but before benzo[a]pyrene, did not produce any skin tumours when painted on
mice for 16 weeks. The second subfraction, containing benzo[alpyrene, produced skin tumours
in 10/20 mice (14 surviving), while the next fraction produced skin tumours in 5/20 (10
surviving). Two other subfractions were tested on the skin of mice but produced no skin
tumours. The light-petroleum extract was chromatographed after acid/alkali treatment. The
first fraction, obtained after anthracene but before benzo[a]pyrene, did not produce any skin
tumours when tested on the skin of 11 mice for 28 weeks. The next fraction, which contained
benzo[a]pyrene, produced skin tumours in seven of 10 mice tested (eight surviving) when
tested for 20 weeks; while the fraction after this produced skin tumours in three of 10 mice
tested (three surviving) when tested for 28 weeks. The strongly adsorbed residue did not
produce skin tumours. The tar was also fractionated by vacuum distillation at different
temperatures, from 120-180°C, and these fractions were tested in groups of varying numbers
of mice. The first fraction was negative. The fraction that distilled at 140-160°C produced a
skin tumour in one of 11 mice treated for 28 weeks (two surviving mice). The fractions obtained
between 160-180°C and 180-200°C produced skin tumours in 4/10 (eight surviving) and 6/20
(four surviving) mice treated for 30 weeks. These last two fractions (weighing 80 g and 39 g)
contained 50 mg and 240 mg of benzo[alpyrene, respectively.

Crude tar obtained from a gas-coke works that used Pechora coal was tested for
carcinogenicity after mixing with 14% benzene in order to soften its texture. The softened
material was smeared on the interscapular skin of 13 strain A male mice three times weekly
for six months (80 applications), and the animals were observed until they died. Seven mice
survived to the first appearance of skin tumours. All surviving mice developed skin papillomas,
and four developed carcinomas. In another experiment, 18 C;H mice were treated with the
tar mixed with 25% sunflower oil. Most of the mice died early on in the experiment from the
toxic effect of the tar, and only five mice survived to the appearance of the first skin tumour.
Two of these developed papillomas, and one developed a carcinoma. No carcinoma developed
in 30 control mice of each strain (Grigorev, 1960).

Rabbit: Samples of a horizontal-retort tar obtained from the city of Leeds gas-works and
fractions obtained from it, which were the same as those utilized in the experiment in mice
(Berenblum & Schoental, 1947), were tested on rabbits twice weekly by repeated painting.
Topical application of 5% tar in benzene produced skin tumours in six out of seven surviving
rabbits after 14 weeks of treatment. The benzene eluate produced skin tumours in all six
surviving rabbits treated for 14 weeks, but the adsorbates eluted with acetone or with a
mixture of chloroform and acetic acid were inactive. The first-and second fractions obtained
from chromatography of the benzene eluate produced skin tumours in two of five surviving
rabbits treated for 11 weeks; the third fraction produced no skin tumour. The first fraction
obtained from the chromatographic separation of the tar in a mixture of benzene and light
petroleum produced skin tumours in two of five rabbits (two surviving). The second fraction,
containing benzo[alpyrene, produced skin tumours in two of five rabbits (three surviving) after
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15 weeks. The third and fourth fractions produced tumours in four of five (four surviving) and
one of five (two surviving) rabbits, respectively. The soluble fraction of the light-petroleum
extract of tar produced skin tumours in all five surviving rabbits treated for 14 weeks. The
first subfraction produced skin tumours in four of five surviving rabbits treated for 16 weeks.
The second subfraction (containing benzo[a]pyrene) produced skin tumours in three of five
surviving rabbits treated for 16 weeks. The next three subfractions produced tumours in three
of five, three of five and two of five surviving rabbits, respectively. The first fraction of the
light-petroleum extract treated with acid and alkali produced skin tumours in all five surviving
rabbits after 17 weeks of treatment. The same results were obtained with the second fraction
(containing alkali- and acid-treated benzo[a]pyrene). The fraction after this produced skin
tumours in four of five rabbits (four surviving rabbits), while the strongly adsorbed residue was
inactive. The first vacuum-distilled fraction (120-140°C) was inactive; the second (140-160°C)
produced skin tumours in two out of five (four surviving) rabbits; the third (160-180°C) and
fourth (180-200°C) fractions each produced skin tumours in all five surviving rabbits (Berenblum
& Schoental, 1947).

Five rabbits were treated with crude tar from a gas-coke works using Pechora coal, diluted
in 14% benzene, three times weekly for six months (80 applications). All survived to the
appearance of the first skin tomour; all developed papillomas, and four developed skin cancer.
Ten rabbits were treated in the same way with tar mixed with 25% sunflower oil. All animals
survived to the appearance of the first tumour; all developed papillomas, and one rabbit
developed a carcinoma (Grigorev, 1960).

4.2 Other relevant biological data

(a) Experimental systems

Studies in this section refer to complex mixtures derived from modern gasification
processes. No data were available on complex mixtures from older gas-works.

Toxic and reproductive effects

A number of toxicological and reproductive studies have been conducted on the residual
ash and ash leachates (aqueous extracts) from the newer gasifiers, since these materials will
be the major waste by-products requiring disposal and therefore represent a potential human
and environmental health hazard. '

Following Lurgi and similar coal-gasification processes, hot ash residue is removed at the
bottom of the gasifier by a rotating grate. Several studies have examined the effects of ash
added to the diet of rats (Blanusa et al., 1979; Kostial et al., 1979; Rabar et al., 1979; Kostial
et al., 1980). Feeding of a diet containing 5% ash reduced body weight (Rabar et al., 1979)
and significantly reduced bone density (Blanusa et al., 1979). This effect of ash on the bone
was not potentiated by the presence of toxic metals in the drinking-water (cadmium, 100
mg/kg; manganese, 2000 mg/kg; or mercury, 50 mg/kg). These same investigators demonstra-
ted that dietary treatment with ash (5%) had no effect on intestinal absorption or toxicity
(measured by determining the LD,,) of these same toxic metals in suckling and aduilt albino
rats (Kostial et al., 1979).

Feeding of diets containing 0.5%, 1% and 5% ash for 16 weeks did not significantly affect
urinary protein excretion, haematological parameters or iron, zinc and manganese concentra-
tions in the kidneys, liver and testicles of albino rats (Kostial et al., 1980).
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Administration of E-effluent (water used for the quenching of ash) from a coal-gasification
plant to albino rats as the drinking-water for nine months did not affect mortality rate,
haematological parameters or concentrations of zinc, iron and manganese in the kidneys, liver,
testicles and femur of rats. Femur composition and morphometry, gross pathology and organ
histology were also unaffected (Kostial et al., 1981). These same parameters were likewise
unaffected by administration of a leachate (supernatant of ash) from a Lurgi gasifier, extracted
in water for 24 hours and given to albino rats as the drinking-water for nine months (Kostial
et al., 1982).

Tar collected from a coal gasifier producing gas of a low calorific value, subfractions of the
tar and some individual components were tested for cytotoxic activity in cultured dog alveolar
macrophages in vitro. A subfraction, which contained phenols and neutral nitrogen heterocy-
clics, was the major contributor to the cytotoxicity of the tar sample (Hill et al., 1983).

The effect of ash on reproduction in rats was reported by Rabar (1980). When both male
and female rats were fed a diet containing 5% ash in a three-generation study, there was no
effect on number of pregnancies or number of animals per litter. However, newborns had a
slightly reduced body weight when compared with controls. A diet containing 1% ash had no
effect on reproduction. No morphological or histopathological change was observed in
newborns in response to maternal and paternal dietary treatment with ash.

Groups of four-month-old female and male albino rats (F, generation) were mated and
exposed to gasifier-ash leachates as drinking-water ad flibitum. Two subsequent generations
of animals (F, and F,) were also exposed to the same gasifier-ash leachates. Adequate control
groups, which received tap water ad libitum, were also available. The experiment was
terminated when the third generation litters were 14 days old. The numbers of pregnancies in
the three successive generations of females exposed to ash leachates were slightly higher
than in controls. No difference in the numbers of pups per litter or in the body weights of pups
treated with ash leachates was observed when compared with the respective controls. No
morphological or histopathological change was observed in the animals exposed to ash
leachates. Concentrations of zinc, iron and manganese were measured in the carcasses of
14-day-old animals from the first and second experiments only. No difference between treated
and control animals was observed (Kostial et al., 1 982). [The Working Group noted the
incomplete reporting of this study.] The same parameters had been unaffected by administra-
tion of E-effluent in a three-generation study in rats (Kostial et al., 1981).

Embryos of Xenopus laevis were exposed for 96 hours in aqueous extracts of tar from a
coal gasifier (Schultz et al., 1982). Mortality of the embryos increased with increasing
concentrations of the tar extract. While the developmental stage of normal embryos was not
affected by exposure to increasing concentrations of the extract, there was a reduction in
embryo growth as a result of the exposure. Motility and pigmentation were both reduced.
Various malformations were observed in the treatment groups, the severity of which was
directly related to the concentration of tar extract to which the embryos were exposed.

Tests for genetic and related effects in experimental systems

No data from short-term genetic tests were available for tars or other samples taken from
the older coal-gasification processes that were used to produce town gas. The following
studies all utilized samples from new, in some cases experimental, gasification processes. In
all studies, the metabolic activation system (S9) was derived from the livers of Aroclor-induced
rats. : .
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Process stream and waste by-product samples from several experimental coal gasifiers
have been tested for mutagenicity in Salmonella typhimurium. An aqueous condensate (0.9%
solids) from an experimental coal gasifier was mutagenic to strains TA98 and TA100 in the
presence of S9 [no data were reported on activity in the absence of S9]. Extraction and
fractionation of this condensate showed that most of the mutagenic activity for strain TA98
(with §9) was in the acidic and basic fractions (Epler et al., 1978).

Samples from a pilot-scale, pressurized, fixed-bed gasifier (METC-stirred bed) have also
been tested for mutagenicity in S. typhimurium. A tar from the disengagement chamber, tested
at one dose, 250 ug, was mutagenic to strains TA1537, TA1538 and TA98 only in the presence
of S9; some fractions of this tar were also mutagenic in the absence of S9 (Hobbs et al.,
1979). All the process-stream samples (raw gas, before Venturi scrubber, after Venturi
scrubber, cleaned gas) were mutagenic to strains TA98 and TA100 with metabolic activation
(Benson et al, 1982a). The tar collected from the hot gas stream in a tar trap located
immediately after an ash removal cyclone, was tested both as the whole tar and after
fractionation in strain TA98 with and without metabolic activation. The unfractionated tar and
most (10/12) of the fractions were found to be mutagenic to strain TA98 with metabolic
activation. Most of the mutagenic activity was found in the polynuclear aromatic basic and
neutral/phenolic fractions. No mutagenic activity was detected in the absence of S9 (Royer et
al., 1983).

Waste by-products (cyclone ash, bottom ash and scrubber water) from this same gasifier
have also been tested for mutagenicity in S. typhimurium strain TA98. The ash samples were
tested after extraction with dichloromethane (0.3% extractable). Six cyclone ash extracts were
mutagenic to strain TA98 in the presence of S9. The bottom-ash extracts were very low in
extractable organic compounds (0.01%) and were not mutagenic when tested at up to 100 ug
per plate. The extract of water from the Venturi scrubber outlet (0.17% extractable) was
mutagenic to strain TA98 in the presence of S9, and this mutagenicity was associated with
the basic and neutral subfractions. The tar-trap tar was also mutagenic to strain TA98 but
only with S9, and this mutagenicity was primarily in the fractions containing polynuclear
aromatic hydrocarbons and their alkylated derivatives and in the fractions containing polar
polynuclear compounds (Benson et al., 1982b).

Process-stream samples from six locations in a coal-gasification pilot plant producing gas
of a high-calorific value (the HYGAS, three-stage, fluidized-bed hydrogasification system; see
Stamoudis et al., 1981) were tested for mutagenicity in S. typhimurium strain TA98 in the
presence and absence of S9. All of the process-stream samples, except the quench water
from the pretreater, were mutagenic in the presence of S9 (Reilly et al., 1981).

Three coal gasification by-products (a tar, cyclone dust and bottom ash) [from an
unspecified type of gasifier] were tested in S. typhimurium strains TA1535, TA1538, TA98 and
TA100. When suspended in dimethylsulphoxide (DMSO) and filtered prior to assay, only the
gasification tar was mutagenic to TA1538, TA98 and TA100 and then only in the presence of
S9. The tar was reported as negative in strain TA1535 [data not given]. The gasification
particulate and ash were also reported to have no activity in strains TA98 and TA100; however,
they were extracted only with DMSO and distilled water (pH 3-10) and were reported to be
very insoluble. The gasification tar was extracted sequentially with a series of organic solvents;
all of the extracts were mutagenic to S. typhimurium strain TA98 in the presence of S9
(Schoeny et al., 1981a,b).

Crude tars collected from an experimental fixed-bed coal gasifier were mutagenic to S.
typhimurium strain TA98 only in the presence of S9. The polynuclear aromatic, basic and polar
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neutral fractions isolated from the gasifier tar were all mutagenic to strain TA98 (in the
presence of S9) when two different coals were used in the gasifier (Hughes et al., 1983).

Environmental effluents from underground coal-gasification systems have been tested for
mutagenicity in S. typhimurium. Two gasification sites were studied, one using air and the
other oxygen to produce steam for injection into the gasifier. Dichloromethane extracts from
groundwater, obtained from a network of sampling wells, were fractionated; both the neutral
and basic. fractions were mutagenic to strains TA98 and TA100 in the presence of S9. Further
fractionation showed that most of the mutagenic activity was in the fraction containing aniline-
and quinoline-related compounds. Tar condensed from the product-gas stream from these two
underground gasifiers was mutagenic to strains TA98 and TA100 in the presence of S9.
Fractionation of the tar showed that both the basic and neutral fractions were mutagenic to
strains TA98 and TA100 in the presence of S9; however, most of the mutagenic activity was
in the neutral fraction (Timourian et al., 1982).

The basic fraction of tar condensed from the product-gas stream in an underground
coal-gasification experiment induced mutations to thioguanine resistance and azaadenine
resistance in a DNA repair-deficient cell line (UV-5) of Chinese hamster ovary (CHO) cells with
metabolic activation from Aroclor-induced hamster-liver microsomes. The basic tar fraction also
induced sister chromatid exchange in the CHO cells. At the same concentration range, neither
the induction of chromosomal aberrations nor the induction of micronuclei was significantly
increased (Timourian et al., 1982). The authors also reported that the neutral fraction of the
tar induced mutations, as measured by both types of drug resistance in the CHO cells in the
presence of a microsomal supernatant of rat liver.

Different samples from the process stream (e.g., raw product gas, quench water) from the
HYGAS coal-gasification pilot plant (see above) were reported to induce sister chromatid
exchange in mouse myeloma cells (Reilly et al., 1981). [No statistical evaluation of the data
is presented.]

(b) Effects in humans (other than cancer)

The data on toxic effects in humans refer to workers in old town-gas plants.

Toxic effects

Doll et al. (1965) studied mortality from different causes in 11 499 gas workers over an
eight-year period starting from September 1953 (see section 4.3). Occupational exposure was
classified as high, intermittent or low. The differences were largely accounted for by bronchitis
and lung cancer; death rates were highest in those most heavily exposed in the retorts and
lowest in those with no exposure. Retort-house workers did not smoke more than other
workers.

Doll et al. (1972) extended this study by a further four-year follow-up and concluded that
the additional data offered only limited support to the view that bronchitis is a specific
occupational hazard of gasworkers. The large excess of deaths from bronchitis observed
earlier among retort-house workers was probably attributable to the working conditions
prevalent in the 1940s.
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4.3 Case reports and epidemiological studies of carcinogenicity in humans

(@) Epidemiological studies on the destructive distillation of coal

For .over 200 years, skin cancers have been recognized to be associated with occupational
exposure to tars and pitches related to the destructive distillation of coal. Studies from the
early twentieth century drew attention to additional cancer sites, but they often did not
distinguish the specific industry from which cases originated. It therefore seemed prudent to
consider the early studies together.

Early authors alluded to case reports of scrotal cancer in previous work. O’'Donovan (1920)
reviewed the findings of Butlin (1892) and indicated that 34 of the 39 scrotal cancer cases
admitted to St Bartholomew’s Hospital, London, UK, were of industrial origin. The author
described 16 additional skin cancers from exposure to tars and pitches. After the enactment
in the UK of the Workmen's Compensation Act of 1907, 46 cases of scrotal cancer and
‘epitheliomatous ulceration’ were reported in 1907-1911 and 64 cases in 1914-1918. Of the
latter cases, 44 were from two factories (O’'Donovan, 1928). The later paper described the
cases from the combined studies and found that, of the 33 cases for which a job was identified,
nine were in tar workers.

Henry (1947) analysed 3753 cases of skin tumours that were reported to the Factory
Inspectorate in the UK between 1920-1945. He attributed 2229 cases (59.4%) to tar and/or
pitch exposure. The industries included tar distillery, patent fuel, as well as gas-works, coke
ovens and coal carbonization. Scrotal lesions represented 21.3% of sites reported. The author
noted that the time from first exposure to the time of diagnosis of a skin tumour was shorter
for the tar and pitch products (20 years) than for oil exposures (50 years). [Compensation
practices would have influenced the representation of various jobs and industries among the
cases.]

Ross (1948) noted that in the UK the reported number of compensation cases of
‘epitheliomatous ulceration’ rose during 1920-1945 from 89 in the first five-year period to 449
in the last five years. The deaths, however, which initially were 15, had risen to 62 in 1931-1935
and fallen to nine in 1941-1945. The author pointed out that it is difficult to know whether
these changes were due to variation in reporting practices or to a true increase in disease.
Ross also reported the frequency of lesions by three-year periods from 1936-1947 in an
average of 170 personnel employed in the manufacture of carbon products. The frequency of
epithelioma ranged from 1.2-4.7% and that of papilloma from 10.6-23.5% with total numbers
over the whole period of 16 and 102, respectively.

Henry et al. (1931) collected death certificates relating to 13 965 bladder and prostate
cancer deaths in England and Wales for the period 1921-1928 and compared the observed
distribution of occupations recorded on these certificates to those expected on the basis of
the occupational groupings in the 1921 census. Although 11 429 male deaths from either
cancer were included, the numbers of deaths among many of the individual job categories
were few. [The consistency of the finding of elevated standardized mortality ratios (SMRs) for
bladder cancer in nine of eleven occupational groups with exposure to coal gas, tars and
pitches is noteworthy.] Patent-fuel labourers, tar-distillery workers and most job classifications
from the gas-works had SMRs between 117 and 400. Only chimney sweeps and gas-works
inspectors had ratios below 100. The SMR for bladder cancer in coke-oven workers was 122.
The combined SMR can be calculated from the data provided by the authors: for these
selected occupations with exposures to tars and pitches, the SMR is 144 (63/43.8), which is
significant. There was no apparent association with a risk of prostate cancer in the same
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occupational groups in which a risk of bladder cancer occurred. A special study was made of
50 cases of bladder cancer with enquiry made of the work histories by interviews with work
mates, spouses and employers; 44 were traced, and in 41 the occupational categorization was
considered to be accurate.

Kennaway and Kennaway (1936, 1947) reported two studies using a similar method of
analysis to that used by Henry et al. (1931), but selecting deaths from lung and laryngeal
cancer in England and Wales and examining the distribution of occupations from the 1931
census. The deaths among males aged 20 years or more included 23 549 fung cancers and
14 869 laryngeal cancers in the total period 1921-1938. The number of lung cancer cases
increased by 58% between the first 12-year period and the last six-year period, which would
represent a real increase of 116%. The number of deaths from laryngeal cancer decreased
slightly during this period. In both papers, the authors examined the developing epidemic of
lung cancer in that period, in an attempt to relate that event to occupation. The investigation
identified several occupations with exposure to tars and pitches which were associated with
high mortality ratios (SMRs). The lung cancer SMRs were high for patent-fuel workers (571),
gas stokers and coke-oven chargers (284), and several other occupations associated with gas
or gas production, such as gas-works engine drivers, gas-works foremen, gas producers and
gas fitters (138-202). The category of ‘tar distillery and coke-oven workers’ had a very low
SMR (52), despite a risk of bladder cancer common to several of these groups. SMRs for
laryngeal cancer were not high in the same occupational groups. Gas stokers and coke-oven
chargers who had high mortality SMRs for lung cancer also had high SMRs for laryngeal
cancer (213), but, among the occupational groups exposed in the gas-works, only engine
drivers had a SMR for laryngeal cancer above 110 (227).

[The studies presented in the three papers above have common problems: even with deaths
accumulated over an 18-year period, single categories of deaths were often so small that few
deaths could have occurred from a specific cancer. Also, comparison is made between
occupation stated on a death certificate and census data. The accuracy of diagnosis on a
death certificate could be questioned, and no information is available on length or type of
occupational exposure.]

(b) Epidemiological studies on coal gasification workers

Bruusgaard (1959) reported on 125 autopsies on ‘gas workers’, finding 12 tumours of the
respiratory tract, five of the bladder, three of the oesophagus and 21 at other sites. He noted
that the number of cancers of the respiratory tract was ‘significantly higher than expected and
so was the percentage of these cancers of the total number of cancers detected’. [Detailed
justification for this statement is not apparent in this short report.]

The epidemiological reports available were limited to three analytical studies using data
from the British gas industry (Doll, 1952; Doll et al., 1965, 1972). The first study of one large
gas company is expanded in the later studies to include additional years of exposure for four
‘area boards’ (companies). In the final report, attempts are made to establish work histories
for the cancer cases. Comparisons are made between various levels of exposure to
coal-gasification by-products within the industry and also to the mortality experience of
England and Wales. Age-, class- and area-standardized rates are computed.

The 1952 investigation was restricted to a study of pensioned, non-salaried, male
employees of a large London gas company. Pensions were available to men over 55 years of
age, and the study included all those in receipt of a pension on 1 January 1939 or within 10
years of that date. Between 1939 and 1948, 840 deaths were registered for 11 162 man-years
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of study. Expected deaths were calculated for two external control groups: one from the age-,
sex- and year-specific rates for England and Wales and the other from London rates. The
figures for observed compared to expected cases were 840/831.5 for all causes and 25/10.4
for lung cancer (p < 0.001). The numbers of skin and bladder tumours were considered to be
too small for reliable computation. Weighting by London rates lowered the ratio for lung cancer
slightly (25/13.8; p < 0.01). When the population was divided into those who were employed
inside the works and those who worked outside (as fitters, repair men and inspectors), lung
cancer ratios were 17/8.6 (p < 0.02) and 8/5.2, respectively.

The second study (Doll et al., 1965) was an eight-year follow-up of 11 499 men employed
by four area gas boards from 1 September 1953. Criteria for inclusion in the study were at
least five years of employment, age at entry into the study of 40-65 years, and having worked
in the coal-carbonization plant. All but 50 men were traced (0.4% untraced). The 34
occupational categories were merged into four classes: coal-carbonization process worker (A),
intermittent exposures in a coal-carbonization plant (B), by-product exposure (C,), and no
exposure (C,). Comparison was made with the rates for England and Wales, as in the previous
study. The SMRs for lung cancer were A, 169; B, 112; C, and C, combined (C), 100. For
bladder tumours, the SMR for class A was 221 (5 cases; 14 cases for all classes combined);
there was one scrotal tumour in class A. The ratios were statistically significant for trend across
the three classes and elevated for each board in comparison with those for the relevant
conurbation. An analysis by type of retort house showed an excess mortality from lung cancer
among workers in horizontal-retort houses compared with those in vertical-retort houses
(SMRs, 182/127 when expected numbers were based on the experience of other gas-workers).
There was no evidence of an effect of smoking on the basis of a 10% sample of smoking
habits in living workers; this was reinforced by the finding that bronchitis rates were similar in
the two groups.

The latest report in Doll's studies of gas workers (Doll et al., 1972) added four more years
of follow-up to the previous study for classes A and C, and data from four additional gas
boards for seven to eight years with 4687 men, all successfully traced. Nine new deaths were
noted that should have been included in the previous study. The SMR for all causes for the
four old boards, for the whole period 1953-1965, was 114 for class A and 80 for class C,. For
lung cancer, the SMRs were for A, 179 (p < 0.001) and for C,, 75. The SMRs for bladder
cancer were 235 (p = 0.03) for A and 76 for C,. Three cases of scrotal cancer were also noted
in class A. For the new boards added in this study, SMRs for class A were 134 for lung (not
significant) and 153 for bladder (based on two cases). A case-control mortality study of
retort-house workers only showed that all three dead workers with scrotal cancer and all 12
dead workers with bladder cancer had worked for longer periods as retort-house men,
especially as top men or hydraulic-mains attendants. For lung cancer, there were 13 cases in
top men or hydraulic mains attendants compared with eight who had worked elsewhere in the
retort house.

Two additional points are worth noting. A contemporary environmental monitoring investiga-
tion by Lawther et al. (1965) noted a mean long-term concentration of benzo[alpyrene of 3
pg/ms, and samples taken above an old horizontal-retort house had concentrations as high as
216 pg/ms. Concentrations of polynuclear aromatic hydrocarbons were usually higher in
horizontal-retort houses than in vertical-retort houses. A study of gas-retort houses of a type
similar to those in Doll's studies (Battye, 1966) showed the presence of 2-naphthylamine at a
concentration of 2 ng/m3 in the air and 5.6 mg/kg in the crude-gas initial tar condensate.
Lawther and Waller (1980) concluded that smoking was not a sufficient explanation for the
increased risk of lung cancer. -
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Manz (1980) reported on the mortality experience of a cohort of seven occupational groups
at gas and water municipal plants and at a private coking plant in Hamburg. The proportion
of deaths from lung or bladder cancer among all deaths was reported to be higher in those
groups exposed to coal, coke and tars compared with occupational groups without such
exposure (office workers). [The Working Group noted the inadequate reporting and analysis
of the results.]

5. Summary of Data Reported and Evaluation

5.1 Exposures

Town gas and industrial gases derived from the destructive distillation of coal are produced
in thousands of plants throughout the world. The processes are based on several gasifier
designs. Substantial exposures to airborne polynuclear aromatic compounds, together with
concomitant exposure to a variety of other contaminants, have been measured in retort
houses. Polynuclear aromatic compounds were also measured in airborne samples and
identified in surface samples from newer gasification plants.

5.2 Experimental data

Crude coal-tars from several older gas-works have been tested for carcinogenicity by skin
application in mice and rabbits. All tars produced a high yield of skin papillomas and
carcinomas. Various experiments have shown that the carcinogenicity of such tars cannot be
attributed solely to their content of benzo[a]pyrene.

Two studies suggested that tar from horizontal retorts was more active in producing skin
tumours in mice than tar from vertical retorts.

All process-stream and waste by-product samples tested which contained newer gasifier
tars were mutagenic to Salmonella typhimurium. Sampies of bottom ash from gasification
systems did not show mutagenic activity. Several studies showed that mutagenic activity is
found not only in fractions containing polynuclear aromatic compounds, but also in the more
polar neutral, basic and total neutral fractions. The basic fraction of tar from one underground
coal-gasification process was mutagenic and induced sister chromatid exchange in mammalian
cells in vitro. No data on cell transformation were available.

5.3 Human data

Chronic bronchitis was reported to have occurred among employees in older gas-works.

Case reports of tumours of the skin (including the scrotum), bladder and respiratory tract
in association with employment in industries involving the destructive distillation of coal
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Overall assessment of short-term tests on tars and tar fractions from experimental
gasifiers®

Genetic activity

DNA damage Mutation Chromosomal Cell transformation

effects

Prokaryotes +be

Fungi/
Green plants

Insects

Mammalian cells
(in vitro) +0 +b

Mammals
(in vivo)

Humans
(in vivo)

Degree of evidence in short-term Cell transforma-
tests for genetic activity: Sufficient tion: No data
for underground gasification tars
Inadequate for other tars

The groups into which the table is divided and ‘+', ‘~' and '?' are defined on pp. 16-17 of the Preamble; the degrees
of evidence are defined on pp. 17-18.

*The basic fraction of a tar from an underground coal-gasification system
°All tar samples were positive (bottom ash and bottom-ash leachate samples were negative)

suggested a link between that industry and human cancer. Despite their methodological
shortcomings, the descriptive epidemiological studies based on death certificates corroborated
these early suggestions.

A series of detailed analytical epidemiological studies of the British gas industry add further
weight to the hypothesis that work in such coal gasification plants carries a risk of tumours
of the lung, bladder and scrotum. Notwithstanding the limited details available on the work
histories of the gas workers, there appeared to be a relationship between elevated relative
risk of tumours and work in retort houses, part|cularly when the job entailed exposure to fume
emanating from the retorts.

5.4 Evaluation?

There is sufficient evidence from observations made in the first half of this century that
exposures to coal-tar from the destructive distillation of coal give rise to skin cancer in humans.

The available epidemiological studies provide sufficient evidence that certain exposures in
the retort houses of the older coal-gasification processes are carcinogenic to humans, giving
rise to lung cancer. The likely causative agent is coal-tar fume. There is limited evidence that
such occupational exposures produce bladder cancer.

'For definitions of the italicized terms, see Preamble, pp. 15 and 19.
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There is sufficient evidence that topical application of coal-tars from several older gas-works
on the skin of experimental animals produced a high yield of skin cancers.

A number of individual polynuclear aromatic compounds for which there is sufficient
evidence of carcinogenicity in experimental animals have been measured at high levels in air
and tar samples taken from certain areas in coal-gasification plants2.

The available evidence indicates that certain exposures in retort houses of older
coal-gasification processes are carcinogenic to humans. No data on carcinogenicity in
experimental animals or in humans from exposures during the newer processes were available
to the Working Group.
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COKE PRODUCTION

Coke production, as described in this monograph, is confined principally to slot-oven coke
batteries, and includes all steps from coal handling to the sizing of the finished coke.

1. Historical Perspectives

Much of the information in this section was obtained from McGannon (1971).

It has not been definitely determined when man first learned to produce iron from its various
ores. There have been suggestions that this could have been accomplished as early as 2000
BC. However, it is generally believed that the reduction of iron ore and the resultant production
of iron became a widespread practice between 1350 and 1100 BC. A process used for many
centuries was one in which iron ore, embedded into burning charcoal, produced metallic iron.
The charcoal served as both the source of heat and the reducing agent for the iron oxide.
The charcoal also protected the reduced iron from being reoxidized by oxygen from the air,
and the carbon was absorbed by the hot, reduced iron to form various iron-carbon alloys.

Charcoal was used as both the fuel and reducing agent until the 1700s. Coke, which is the
residue from the destructive distillation of coal, was first used as a blast-furnace fuel in England
in 1619, but its use was not adopted generally until the mid-1700s. Coke was produced in two
types of oven. The first oven constructed was the ‘beehive’, a term which accurately describes
its shape. The coal was charged into the top of the oven from a hopper on wheels, or larry
car, and then levelled either by hand or machine. The door on the side of the oven was then
completely bricked. After the coal was coked, the brickwork was removed and the coke was
sprayed with water to cool it and then removed by machine or hand. In this type of oven, the
volatiles were not collected and the emissions were allowed to escape into the atmosphere.

The second type of oven is the by-product, or slot oven. In this type of oven, the volatilized
products are recovered. The development of the by-product oven began in the early 1800s
when gas was made from coal. By the 1850s a coke oven had been developed that could
produce coke and recover the volatiles. Refinements were made to the heating system during
the next few decades. In 1895, by-product ovens were installed for the first time in a US steel
plant for the production of coke. Today, the vast majority of coke is produced in this type of
oven. '

2. Description of the Industry

This subject was reviewed by McGannon (1 971) and the US Occupational Safety and Health
Administration (1976).

2.1 Coal characteristics

Bituminous coal is used in the coking process. High-volatile bituminous coal is usually
blended with low-volatile and/or medium-volatile coal. This blending of the different coals
provides a coke of sufficient quality and strength. The coals should also contain minimal

—101—



102

IARC MONOGRAPHS VOLUME 34

Table 1. Mean analytical values for 101 bituminous coals?

Constitutent Mean Minimum Maximum
Arsenic 14.02 mg/kg 0.50 93.00
Boron 102.21 mg/kg 5.00 224.00
Beryllium 1.61 mg/kg 0.20 4.00
Bromine 15.42 mg/kg 4.00 52.060
Cadmium 2.52 mg/kg 0.10 65.00
Cobalt 9.57 mg/kg 1.00 43.00
Chromium 13.75 mg/kg 4.00 54.00
Copper 15.16 mg/kg 5.00 61.00
Fluorine 60.94 mg/kg 25.00 143.00
Gallium 3.12 mg/kg 1.10 7.50
Germanium 6.59 mg/kg 1.00 43.00
Mercury 0.20 mg/kg 0.02 1.60
Manganese 49.40 mg/kg 6.00 181.00
Molybdenum 7.54 mg/kg 1.00 30.00
Nickel 21.07 mg/kg 3.00 80.00
Palladium 71.10 mg/kg 5.00 400.00
Lead 34.78 mg/kg 4.00 218.00
Antimony 1.26 mg/kg 0.20 8.90
Selenium 2.08 mg/kg 0.45 7.70
Tin 4.79 mg/kg 1.00 51.00
Vanadium 32.71 mg/kg 11.00 78.00
Zinc 272.29 mg/kg 6.00 5350.00
Zirconium 72.46 mg/kg 8.00 133.00
Aluminium 1.29 % 0.43 3.04
Calcium 0.77 % 0.05 2.67
Chlorine 0.14 % 0.01 0.54
fron 1.92 % 0.34 4.32
Potassium 0.16 % 0.02 0.43
Magnesium 0.05 % 0.01 0.25
Sodium 0.05 % 0.00 0.20
Silicon 2.49 % 0.58 6.09
Titanium 0.07 % 0.02 0.15
Organic sulphur 1.41 % 0.31 3.09
Pyritic sulphur 1.76 % 0.06 3.78
Sulphate suiphur 0.10 % 0.01 1.06
Total sulphur 3.27 % 0.42 6.47
Moisture 9.05 % 0.01 20.70
Volatile matter 39.70 % 18.90 52.70
Fixed carbon 48.82 % 34.60 65.40
Ash 11.44 % 2.20 25.80
Carbon 70.28 % 55.23 80.14
Hydrogen 4.95 % 4.03 5.79
Nitrogen 1.30 % 0.78 1.84
Oxygen 8.68 % 415 16.03
High-temperature ash 11.41 % 3.28 25.85
Low-temperature ash 15.28 % 3.82 31.70

aFrom National Insitute for Occupational Safety and Health (1978)
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amounts of both sulphur and ash, as these remain in the coke and, in the blast furnace,
increase the volume of slag produced, increase coke use, decrease the production of iron, and
make it more difficult to control the furnace. The chemical and structural properties, size,
strength to withstand breakage and abrasion, bulk density, and combustibility are the most
important features of good quality metallurgical coke. Table 1 gives the mean analytical values
for 101 bituminous coals.

In the USA, the primary product recovered from the coking process is coke, while in Europe,
the recovery of gas is as important as the coke. This has led to slight differences in the
operation of the two processes. In the USA, the coal has a lower moisture content, the volatile
matter is greater, and higher temperatures and faster coking rates are used. in Europe, the
coal is crushed to a greater degree, the bulk density is lower, and the coke yields are higher,
but the yields of tars and light oils are lower (Doherty & De Carlo, 1967). However, the structure
and function of the ovens are the same.

2.2 Structure of coke ovens

A by-product coke battery usually consists of 10-100 ovens arranged in parallel rows. A
coke plant comprises from 1-12 batteries and also includes the coal-unloading station, a
system of conveyors to transfer the coal to a storage bunker; a coke-quenching station, where
the coke is cooled; a coke wharf, where the quenched coke is stored; a coke-screening station,
where the coke is sized; and, finally, a car-loading station (Fig. 1).

Fig. 1. View of a typical coke production plant
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The individual by-product or slot oven is basically composed of the coking chamber, heating
flues and a regenerative chamber. The heating flues and coking chambers alternate such that
a heating chamber is located on each side of a coking chamber. The regenerative chamber
is located beneath the other two. The coking chamber is the place in which the coal is
destructively distilled into coke, the heating flues or combustion chambers are where the fuel
gas is burned, and the regenerative chambers contain the regenerators that permit separate
control of the flow of preheated air for combustion to the individual, vertical heating-flue walis.
The arrangement of individual regenerators allows for the close individual control of the heating
of each oven. There are doors on both ends of the refractory-bricked coking chamber. The
ends are designated as the ‘push side’, where the pushing ram enters to force the coked coal
out of the oven, and the ‘coke side’. The most common oven is 3-6 m in height, 11-15 m in
length, and 42.5-50 cm in width. The newer ovens are larger; their dimensions are
approximately 7 m in height, 15 m in length, and 45 cm in width.

2.3 Operating characteristics

The coking cycle begins when the coal is charged or dropped into the coking chamber
through holes on top of the oven. A larry car or mechanical device, which has hoppers for the
coal and travels on rails, brings the coal to the charging holes. There are usually three or four
charging holes per oven. Before the ovens are charged, the lids that cover the charging holes
are removed, and the oven is then placed on steam aspiration to prevent the escape of gases
into the atmosphere. After the coal charge has been dropped into the oven, the lids are
replaced and luted, if necessary. Luting is a process in which the seal of the lid to the hole
is coated with refractory material, a procedure which helps to prevent the escape of emissions
into the atmosphere. The aspiration system is also shut off.

The coking time is a function of the condition and design of the heating system, the nature
of the coals to be coked, the width of the oven, and the end use of the coke. Foundry coke
has a longer coking time than blast-furnace coke because coke of greater purity is needed.
On average, the coking time for foundry coke is 25-34 hours at a temperature range of
1000-1150°C and, for blast-furnace coke, 16-20 hours at 1400°C. The coking process starts
at the walls and proceeds to the centre of the oven.

When the coal has been coked, the doors on both sides of the oven are removed and a
ram, located on the pusher machine, pushes the coke out of the oven through a coke guide,
which is a movable framework the function of which is to prevent the spillage of coke as it is
pushed into the quench car. The quench car collects the coke and conveys it to the quenching
station where the coke is cooled to stop any further combustion. There are two methods of
doing this - wet quenching and dry quenching. In wet quenching, which is by far the most
common method, water is sprayed over the hot coke. In dry quenching, which is used in the
USSR, the hot coke is dumped into a closed system where the circulation of inert gas conducts
the heat away from the coke. This heat is used for the production of steam for general plant
use. When the coke has reached a temperature that is below its ignition point in air, it is
discharged for screening and loading. At the screening station, the coke is sized and sent to
the loading station. When the doors of the oven are replaced, the coking cycle is ready to be
repeated.

Theoretically, the by-product process collects all volatile material given off during the coking
process. However, this is not the case during the actual operation of a coke plant. The reasons
that emissions escape include lack of engineering controls, structural defects in the battery, .
such as buckling of the support steel which precludes proper sealing of the doors and charging
lids, improper use of the installed engineering controls, and improper work practices.
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2.4 Operational controls

The proper operation of a coke battery will significantly reduce the amount of emissions.
Included in a proper operation are: (1) heating for a sufficient period of time and temperature
to ensure that all the coal is coked; (2) correct charging of the oven as to method and volume
of coal; and (3) inspection, repair, adjustment and cleaning of all operating and structural
systems of the battery, including the heating, charging, pushing, quenching, door and lid
sealing, and gas collector systems.

2.5 Major by-products

There are three basic changes that occur in coal as it is being coked, which correspond
roughly to the following temperatures (US Occupational Safety & Health Administration, 1976):

(1) less than 700°C - breakdown products of coal are water, carbon monoxide, carbon
dioxide, hydrogen sulphide, olefins, paraffins, hydroaromatics, phenolic compounds
and nitrogen-containing compounds;

(2) at 700°C - thermal reactions of the primary products resulting in formation of aromatic
hydrocarbons and methane, evolution of large amounts of hydrogen and decomposi-
tion of the nitrogen-containing compounds to hydrogen cyanide, ammonia and
nitrogen;

(3) more than 700°C - production of hard coke by the removal of hydrogen.

It has been estimated that 20-35% of the initial coal charge is evolved as vapours and
gases, which are collected in by-product coke production. Therefore, one tonne of coal would
yield: blast-furnace coke, 545-635 kg; coke breeze (large coke particulates), 45-90 kg;
coke-oven gas tar, 27.5-34 I; ammonium sulphate, 7-9 kg; ammonia liquor, 55-135 I; and light
oil, 8-12.5 .

Coke-oven gas, which is used as a fuel, consists mainly of hydrogen, methane, ethane,
carbon monoxide, carbon dioxide, ethylene, propylene, butylene, acetylene, hydrogen sulphide,
ammonia, oxygen and nitrogen. In some countries, coke-oven gas is used for town-gas
production. Coke-oven gas tar, which condenses from the gas in the collector mains, consists
of pyridine, tar acids, naphthalene, creosote oil and coal-tar pitch. The light oil consists of
benzene, toluene, xylene and solvent naphthas.

2.6 Personnel

The number of workers assigned to operate and maintain a coke battery depends upon
‘the size and operational characteristics of the battery and the provisions of the labour
agreements. The average coke battery will have approximately 20-30 operating, maintenance
and supervisory personnel assigned to a crew per work shift. A coke battery is in operation
24 hours a day. The number of ovens pushed per shift is dependent upon the coking cycle
and the size of the battery. On average, approximately 30 ovens are pushed per shift.

The work crew of the battery is divided by area. The areas are topside and benchside; the
latter is further divided into the push and coke sides. Job classifications on the topside include
larry-car operator, lidman, luterman (topside), relief, and tar chaser, who is responsible for
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verifying that no condensed tar clogs the collecting main. On the push side of the bench are
the pusher-machine operator, benchmen (who clean the doors), oven patchers, lutermen
(bench) and relief. Coke-side job classifications are door-machine operator, quench-car
operator, door cleaners and relief. The job duties of heater and supervisory personnel require
that they move through all the areas of the battery (Fannick et al., 1972; National Institute for

Occupational Safety and Health, 1973).

3. Exposures in the Workplace

Some of the materials that employees might work with or be exposed to in a
coke-production plant are given in Table 2.

Table 2. Airborne substances (and classes of substances) found in the coke-production

industry?

Material

Principal uses or sources of emission

Aldehydes, aliphatic and aromatic*
Amines, aliphatic and aromatic*
Ammonia

Arsenic, oxides and salts (occurs
infrequently)*

Asbestos (occurs infrequently)*
Carbon

Carbon dioxide
Carbon disulphide
Carbon monoxide
Carbonyl sulphide
Carboxylic acids

Hydrocarbons, aliphatic, cyclic and
aromatic*

Hydrogen cyanide

Hydrogen sulphide

Mercaptans

Nitrogen heterocyclics

Oxygen heterocyclics

Phenols

Polynuclear aromatic hydrocarbons*
Silica

Sulphur dioxide
Sulphur heterocyclics
Thiocyanates

Coke-oven operations
Coke-oven operations
Coke-oven operations
Coke-oven operations

Thermal insulation, clothing

Coal storage, transport, preparation and feeding, coke quenching and
handling, soot removal

Coke-oven operations
Coke-oven operations
Coke-oven operations
Coke-oven operations
Coke-oven operations
Coke-oven operations

Coke-oven operations
Coke-oven operations
Coke-oven operations
Coke-oven operations
Coke-oven operations
Coke-oven operations
Coke-oven operdtions

and by-product handling

Coal storage, transport, preparation and feeding, ash removal, refractory

materials

Coke-oven operations
Coke-oven operations
Coke-oven operations

2This list includes chemicals or classes of chemicals used in or formed during coke production, and the processes
during which they are used or formed or during which exposures are most likely to occur. It was compiled from information
coliected during the preparation of this monograph and cannot pretend to be exhaustive.

*Chemicals (and classes of chemicals) indicated by an asterisk have been considered previously in the /ARC
Monographs series and are listed in the Appendix together with the evaluation of their carcinogenicity.
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3.1 Polynuclear aromatic compounds

As outlined previously, coke-oven emissions are complex mixtures of dusts, vapours and
gases. Masek (1979, 1980) determined that emissions from the wet quenching of coke
include anthracene, benz[alanthracene, benzo[a]pyrene, benzo[blfluoranthene, benzodipheny-
lene oxide, carbazole, chrysene, diphenylene oxide, fluoranthene, fluorene, methylnaphthalene,
methylphenanthrene, naphthalene, perylene, phenanthrene and pyrene. Another analysis of
the air emissions from the quench tower of a coke plant identified 63 organic compounds
including benzolajpyrene, 3-methylcholanthrene, benz[aJanthracene, phenanthrene, phenol,
cresol and quinoline (Buonicore, 1979). Additionally, Bjerseth and Ekiund (1979) have identified
many more polynuclear aromatic compounds in the particulate matter of atmospheric samples
taken from a coke plant.

Eisenhut et al. (1982) estimated a maximum emission of 200 mg of benzo[a]pyrene per
tonne of coke produced. The concentration range of benzo[a]pyrene in suspended particulate
samples was 1.5-3.14 pg/m® in a Japanese coke plant (Tanimura, 1968). Masek (1 978) found
that the average content of benzo[alpyrene was 276 ug/g in airborne dust collected near the
coking of bituminous coal and 989 ng/g near coke ovens producing pitch. Air samples from a
coke plant contained a geometric mean of 63 pg/ms (Szyja, 1977). Reported concentrations of
airborne benzo[a]pyrene in coke-oven operations are shown in Table 3.

Table 3. Concentrations of airborne benzo[a]pyrene in coke-oven operations

Reference Occupation or site Range of results Comments
(ng/md)

Yanysheva et al. Top section of coke battery 1.27-27.4 3 Plants
(1962) Top section of pitch-coke 184-277
USSR battery

Within 500-m zone 0.054-0.6
Tanimura Steelworks coke plant 18 Samples (3 places
(1968) - coke-oven side 1.50-3.14 at each site)
Japan - coke conveyor-belt side 0.49-0.55
Masek Pitch battery 765 Samples
1971) - midpoint above the floor 10-127
Czechoslovakia) - at pitch tank discharge 0.18-61

- pitch pumping station 0.22-296

- outdoors next to station 0.02-24

- dosing reservoir 0.53-37

- between the reactors 0.19-3.3

- at ramp crew station 0.30-4.5

Coal battery

- midpoint above the floor 1.14-18.3

- 100 m from battery centre 0-2.8

- 400 m from battery centre 0-1.9

Steelworks coke oven 412 Samples

- above battery floor ; 3.0-33

- charging machine 1.2-18

- coke-guide car 0.22-4.03

- discharging machine 0.30-4.73

- ammonia plant 0.05-0.20

- administration building 0.06-0.27

Coking plant 451 Samples
- discharge side 0.9 : ,
- midpoint above floor 1.0
- machinery side 2.2
- inside charging machine . 0.7
- 400 m from batteries 0.0
- 900 m from batteries 0.0
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Reference

Occupation or site

Range of results
(ng/m3)

Comments

Ironworks pitch-coke oven

- at ascension pipes 3.86-130
- machinery side 4.36-128
- discharge side 4.06-159
- on the battery platform 1.30-43
- at the dosing reservoirs 1.36-61
- at pitch pumping station 0.31-15
- at tar-distillation 1.06-9.2
pumping station

- at light oil tank 0.81-8.4
- administration building 0.05-4.1

Ironworks coal-tar coke oven

- normal charging
- smokeless charging

- modified smokeless charging

303 Samples

168 Samples, 2 sites at
the charging machine

Kapitulsky et al. Coke oven 12 Samples
(1974) - smokeless charging and dry
USSR quenching 0.8-21
Jackson et al. Coke-oven battery 45 Samples
(1974) - battery roof 1.20-15.9 (av. 6.72
USA - larry car 1.80-10.3 (av. 6.33;
- pusher 0.17-1.98 (av. 0.96)
- pump house 0.02-1.18 (av. 0.26)
- brick shed 0.13-0.54 (av. 0.38)
- ‘cortez van’ 0.03-0.36 (av. 0.15)
Szyja Pitch-coke battery 63 Geometric mean of
(1977) 56 samples
Poland
Bjorseth ef al. Coke plant 23 Stationary samples,
(1978) - battery top 8-135 6 mobile samples,
Norway - larry-car operator 12-43 30 personal samples,
- coke-car operator 0.5-5.8 39 polynuclear aromatic
- jamb cleaner 6.1-20.2 hydrocarbons (PAHs)
- door cleaner 1.2-2.0 quantitated in air,
- wharfman 1.0-4.4 98% of the PAHs were
- sweeper 21. respirable
- quench-car operator 8.8

Braszczynska et al. Coke plant 98 Samples from 5 old
(1978) - battery roof (old plant) 20-383 (av. 112) plants, 49 samples from
Poland - battery roof (old piant : 2 modernized plants,
after modernization) 0-6.8 (av. 1.6) 43 samples from a
- battery roof (modern modern
plant) 0-27 (av. 5.7) plant
Blome (1981} Battery roof 1.36 1 Stationary sample,
Federal Republic Coke-oven operators 0.16-33 10 personal samples,
of Germany 11 polynuclear aromatic
' hydrocarbons quantita-
ted
Eisenhut et al. (1982)Coke works 18 Stationary samples
Federal Republic - battery top 5-15
of Germany - platforms at pusher and 0.04-3.3
coke sides
Lindstedt & Sol- Oven top 9.4-13.5 Means of samples from
lenberg Larry driver 4.717 two coke works
(1982)
Sweden

Historically, most personal samples collected were analysed for the benzene-soluble fraction
of coal-tar pitch volatiles (CTPV). The US Department of Labor established an occupational
exposure standard for coke-oven emissions (US Occupational Safety and Health Administra-
tion, 1976), which were defined as the benzene-soluble fraction of total particulate matter
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present during the production of coke. The sampling method and analytical technique for both
CTPV and coke-oven emissions are the same today, except that the extraction method from
the sampling media for coke-oven emissions is ultrasonic and that for CTPV is a Soxhlet
extraction. The results, whether they are designated CTPV or cokeoven emissions, are
comparable. Fannick et al. (1972) analysed 319 samples collected in the workers’ breathing
zone, and the results are summarized in Table 4.

Table 4. Exposure to the benzene-soluble fraction of coke-oven particulates according
to job title2

Job title Number of Concentration (mg/m?3)

samples -

Average Median Range

Coke-side benchman 18 1.08 0.77 0.09-2.74
Door-machine operator 25 2.11 1.70 0.04-6.51
Heater 39 1.07 0.82 NDP-2.98
Larry-car operator 39 3.05 2.73 0.28-8.78
Lidman 61 3.22 2.30 0.42-17.89
Luterman 18 2.57 2.30 0.25-4.82
Miscellaneous 18 0.93 0.95 0.18-2.76
Pusher-machine operator 23 0.39 0.33 : ND-0.93
Pusher-side benchman 28 2.03 1.17 ) ND-14.59
Quench-car operator 23 0.94 0.43 ND-7.20
Tar chaser 27 3.14 2.37 0.04-14.70

319 2.08 1.42 ND-17.89

(total) {mean) (mean) (total range)

aFrom Fannick et al. (1972)
®ND, none detected

The National Institute for Occupational Safety and Health (1 975) in the USA performed
sampling to determine the effectiveness of coke-side sheds for controlling emissions. The
mean exposure to CTPV under a coke-side shed was 1.65 mg/m? for the door-machine
operator and 0.39 mg/m? for the quench-car operator. Exposure to CTPV on a battery where
there was no coke-side shed was 1.36 mg/m?3 for the door-machine operator and 0.19 mg/m?3
for the quench-car operator.

Gillies (1983) reported that the mean personal exposures to CTPV for bench workers ranged
from 0.7-1.2 mg/m3. :

Bjerseth et al. (1978) conducted both area and personal sampling for individual polynuclear
aromatic compounds (PACs) at a coke plant. The results from area sampling for both
particulate and gaseous PACs are presented in Table 5. The presence of 41 PACs was.
detected in this study. Personal sampling (particulate phase only) in various coke-oven
occupations demonstrated the following exposure ranges for total PACs (ng/m3): larry-car
operator, 168.20-1044.92; coke-car operator, 4.82-72.83; jamb cleaner, 62.06-243.75; door
cleaner, 9.11-17.27; push-car operator, 9.41-62.44; sweeper, 110.92; quench-car operator,
5.75; and wharf man, 362.97. The authors noted that this PAC profile (relative distribution of
individual PACs) was quite similar to that found in samples taken from a Soderberg
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vertical-stud aluminium reduction facility but different from that of an anode-paste plant. The
latter difference probably reflects the lower operating temperature at the anode-paste plant.

Bjorseth and Eklund (1979) confirmed the similarities in PAH profiles in air samples from a coke
oven and from a Soderberg vertical-stud aluminium reduction facility in a subsequent study, ana-

Table 5. Concentrations of polynuclear aromatic compounds (PACs) (ug/m?) in the
atmosphere of a coke plant; stationary sampling at the battery top, 19762

PAC Range

Particulates Gaseous
Naphthaiene 0-4.4 278-1151
2-Methylnaphthalene 0-3.0 43-186
1-Methyinaphthalene 0-0.08 0-86
Biphenyi 0-0.39 0-34
Acenaphthailene 0-30 0-251
Acenaphthene 0-17 6.0-104
Dibenzofuran 0-60 19-81
Fluorene 0-58 23-125
9-Methylfluorene 0-70 0.7-1231
2-Methylfluorene 4.6-20 2.0-10
1-Methylfluorene 0.7-2.0 0-10
Dibenzothiophene 0-76 1.2-49
Phenanthrene 27-891 6.7-276
Anthracene 9.6-314 6.0-91
Carbazole 3.0-19 0-11
2-Methylanthracene 2.8-23 <0.7-16
1-Methylphenanthrene 2.7-21 0-7.0
9-Methylanthracene 3.2-17 0.8-16
Fluoranthene 45-427 0-24
Dihydrobenzo[a]- and dihydrobenzo[b]fluorene  9.2-115 0-2.8
Pyrene 35-319 0-14
Benzo{alfluorene 9.7-90 0-6.8
Benzo[blfluorene 3.1-61 0-0.3
4-Methylpyrene 0-3 -
1-Methylpyrene 2.5-24 0-0.2
Benzo[clphenanthrene 2.6-49 -
Benz[alanthracene 5.4-156 <0.4-1.6
Chrysene triphenylene 26-189 0-1.8
Benzo[blfluoranthene 5.5-67 0-0.7
Benzo[j}- and benzolkjfluoranthene 0-35 0-0.7
Benzo[e]pyrene 8-73 0-0.2
Benzolalpyrene ' 14-135 0-1.5
Perylene 3.3-19 ) 0-0.1
o-Phenylenepyrene 6.3-74 0-1.2
Benzo[ghilperylene 8.7-45 -
Anthanthrene 2.6-62 ) -
Dibenzola,/lpyrene 3.6-24 -
Coronene 1.0-19 -

2From Bjorseth et al. (1978)
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lysing the air samples using a glass capillary gas chromatography-mass spectrometer-computer
system with a higher separation efficiency than the earlier analytical technique. This study also
found a variety of other polynuclear aromatic compounds containing nitrogen, oxygen and
sulphur in the atmospheres of the coke plant.

3.2 Other exposures

Formaldehyde, acrolein and aliphatic aldehydes have been detected at various locations
throughout a coke plant. The concentrations, which were highest on the topside of the battery,
were for formaldehyde, 184 ug/m3; acrolein, 140 ug/m3; and the aliphatic aldhehydes, 380 pg/m?
(Masek, 1972a). Arsenic, cadmium, mercury and hydrogen cyanide may also occur in low
concentrations (Masek, 1972b, 1974, 1979, 1980). Asbestos, which is used as insulation, may
be present on a coke battery (Selikoff & Hammond, 1971).

Amangeldin (1982) measured the concentrations of several contaminants in workplace air
during coal charging, door removing and quenching operations. The means of 10-44 samples
taken from each operation in a coke plant ranged as follows (mg/m?3): ammonia, 0.33-7.78;
naphthalene, 0.48-11.86; carbon monoxide, 7.48-18.20; nitrogen oxides, 1.32-3.60; and phenol,
0.12-0.32.

Masek and Neiser (1973) found high concentrations of pyridine and its homologues in 18
locations in three coking plants. About 60% of the homologues was composed of 2-picoline.
The results ranged as follows (ug/m?): pyridine, 8-2980; 2-picoline, 35-8256; 3-picoline,
10-837; 4-picoline, 15-1017; 2,6-lutidine, 4-903; 2,5-lutidine, 11-847; 2,4-lutidine, 2,3-lutidine,
2,4,6-kollidine and 2,3,6-kollidine, 15-618.

4. Biological Data Relevant to the Evaluation of
Carcinogenic Risk to Humans

The studies of carcinogenicity and mutagenicity reported in this section include only those
on samples of complex mixtures taken from the industry.

4.1 Carcinogenicity studies in animals
(&) Skin application

Mouse: The carcinogenicity of coke-oven emissions (topside and main)' was investigated
in SENCAR mice and reported in two sequential papers (Nesnow et al., 1982, 1983).

'The topside sample represented a mixture of the environmental particle emissions <1.7 pm that occurred during all
the coking operations in addition to background ambient air particulate matter. The coke-oven main sample represented
a sample of the vapours and other by-products normally recovered in the by-product gas collector during the charging
operation (Albert et al., 1983). )
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The two coke-oven samples were collected from a modern coke oven and included a topside
air particulate sample collected by means of two massive air volume samplers placed on top
of the coke-oven battery, and a coke-oven main sample collected from a separator located
between the gas collector main and primary coolers (Lewtas et al., 1981; Albert et al., 1983).
The coke-oven topside sample was extracted with dichloromethane and the extract was then
evaporated to dryness under nitrogen; this extract was found to contain benzola]pyrene at a
level of 478 mg/kg. The coke-oven main sample was applied topically to groups of 40 male
and 40 female SENCAR mice at 0.1, 0.5, 1.0, 2.0 and 4.0 mg per mouse on a weekly basis,
except for the highest dose (4.0 mg), which was applied twice weekly at 2.0 mg per application,
for 50-52 weeks (Nesnow et al., 1983). Control groups were treated with acetone (negative
control) or benzo[a]pyrene (positive control) once weekly for 50-52 weeks. The incidence of
skin carcinomas, as shown in Table 6, ranged from 5% to 98%.

Table 6. Skin carcinomas observed following repeated administration to SENCAR mice
of samples of coke-oven main for 50-52 weeks?

Sample Dose (mg/mouse per week) Sex Carcinomas (% incidence)
Acetone - M 0
- F 0
Benzolalpyrene 0.0051 M 93
0.0051 F 98
Coke-oven main 0.1 M 5
' 0.1 F 5
0.5 M 36
0.5 F 30
1 M 48
1 F 60
2 M 82
2 F 78
4 M 98
4 F 75

aFrom Nesnow et al. (1983)

The tumour-initiating activity of both samples was studied using the two-stage model
(Nesnow et al., 1982). Groups of 40 male and 40 female SENCAR mice per treatment group
were painted onee only with 0.1, 0.5, 1.0, 2.0 or 10 mg of each sample dissolved in 0.2 ml
acetone. The 10-mg dose was administered in divided doses of 2.0 mg each for 5 days.
Commencing one week later, 2 pg of 12-O-tetradecanoylphorbol-13-acetate (TPA) were
administered topically twice weekly. Negative controls (treated with TPA only) and positive
controls (treated with a single dose of benzo[alpyrene followed by TPA) were included. The
incidences of papillomas and of carcinomas were reported at six months and one year,
respectively, after treatment with the coke-oven samples. Between 37-40 animals survived per
group. Results are shown in Table 7. Both the topside and main samples produced
dose-related increases in both papillomas and carcinomas (Nesnow et al., 1982, 1983). For the
topside sample, the papilloma incidence ranged from 10-100% and carcinomas ranged from
0-20%, while for the coke-oven main sample, papilloma incidence ranged from 31-100% and
carcinomas from 10-65%.
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Table 7. Skin tumours observed following administration of a single dose of benzofalpy-
rene (B[a]P), topside coke-oven extract, and coke-oven main extract to SENCAR mice
followed by repeated administrations of 12-O-tetradecanoylphorbol-13-acetate (TPA)
twice weekly?

Sample Dose Sex Mice with Mean no. of Mice with
mg/mouse papillomasP papillomas per carcinomas®
(%) mouse® (%)
TPA alone 0 M 8 0.08 5
0 F 5 0.05 0
Bfa]P 0.1 M 95 10.2 30
0.1 F 97 7.9 25
Topside coke oven 0.1 M 13 0.13 0
0.1 F 10 0.20 8
0.5 M 73 1.6 5
0.5 F 70 1.8 15
1 M 95 2.6 15
1 F 72 2.0 3
2 M 95 4.0 13
2 F 90 3.5 10
10 M 100 7.1 13
10 F 100 7.7 20
Coke-oven main 0.1 M 50 0.63 10
0.1 F 31 0.38 25
0.5 M 90 37 54
0.5 F 92 2.2 54
1 M 87 3.3 53
1 F 90 3.1 48
2 M 78 3.1 48
2 F 100 53 45
10 M 100 8.9 55
10 F 100 8.1 65

aFrom Nesnow et al. (1982, 1983)
*Scored six months after initiation
°Cumulative score one year after initiation

The sample from the coke-oven main was also tested by repeated weekly skin applications
of 0.1, 0.5, 1.0,-2.0 and 4.0 mg for 34 weeks to animals pre-treated (one week earlier) with
50.5 pg benzo[a]pyrene. Control groups were treated with a single dose of 50.5 ug benzo[alpy-
rene alone or followed by twice-weekly applications of 2 pg TPA for 34 weeks. Papilloma
incidence was reported to increase from 3% to 100% over the dose range of coke-oven main
sample tested. The group receiving a single benzo[ajpyrene treatment had no papilloma, and
the group receiving benzo[alpyrene treatment followed by TPA had 86% and 97% papillomas
(Nesnow et al., 1983).

The water effiuent from a coking plant, suspected to contain carcinogens, was passed
through an activated carbon filter and the condensate was extracted by benzene and painted
twice weekly [amount unspecified] for 22 months on the skin at the nape of the neck of 25
male and 25 female C57 black mice. None of these mice developed skin tumours (Hueper &
Payne, 1960). :

(b) Inhalation

Mouse: The carcinogenicity of coke-oven tar (from a US by-product coke oven) was
investigated in C3H mice that had been exposed to formaldehyde vapour. This tar sample was
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selected by the authors because it had been shown to be carcinogenic to mouse skin by
topical application in an earlier experiment. [The information available on the skin carcinoge-
nesis experiment of this tar was insufficient for evaluation by the Working Group.] Four groups
of mice were used. The first group was an untreated control group, and all mice survived for
the 71 weeks’ duration of the experiment. A second group of 33 mice was exposed to a
coal-tar aerosol administered at a rate of 300 mg/m? for two hours daily three times weekly
in weeks 35-68 of the experiment. Two squamous-cell tumours of the lung, one of which was
malignant as well as a pulmonary adenoma occurred in this group. in 10 surviving mice treated
until week 71, three squamous-cell tumours of the lung were seen. A third group of 60 mice
was exposed to formaldehyde vapour at 100 mg/m? for one hour daily three times weekly for
35 weeks, at which time 26 mice were still alive. They were then exposed to the coal-tar
aerosol at a concentration of 300 mg/m® for two hours daily three times weekly; one
squamous-cell tumour and one pulmonary adenoma were found in the lung of a mouse that
died between weeks 47-58. All mice had died by week 68. No lung tumour occurred in mice
exposed to formaldehyde at 50 mg/m® for 35 weeks and then at 150 mg/m3 for up to 68
* weeks (Horton et al., 1963).

In another experiment, the tar from the same source as that in the previous paper (Tar 1)
and another tar (Tar 2) were separated into phenolic (P-Tar) and non-phenolic (N-Tar) fractions.
Both tars were derived from US by-product coke ovens. Aerosols were produced from these
fractions and were administered singly or in combination at levels of 120-200 mg/m3 three
times weekly for 55 weeks. Six groups of 50 male C3H/HeJ mice were treated with air only
or with aerosols of Tar 1, N-Tar 1, N-Tar 1 plus P-Tar 1 re-added, N-Tar 1 plus P-Tar 2 or
N-Tar 2 plus P-Tar 1. The experiment was terminated at 55 weeks, but some animals died
during the experiment. Attention was given only to lung tumours in animals that died between
46-55 weeks and in those that were killed at termination of the experiment. No lung tumour
was observed in the animals exposed to air only. In the 13 mice exposed to Tar 1 that survived
beyond 46 weeks, 15 tumours were found; 12 of these were adenomas and three were
adenocarcinomas. In addition, five animals with squamous metaplasias in the trachea were
also found. In the 20 mice that were exposed to N-Tar 1 and had survived beyond 46 weeks,
16 pulmonary adenomas and two squamous metaplasias were found. In the 19 surviving mice
that were exposed to N-Tar 1 plus P-Tar 1 re-added, 14 had pulmonary adenomas, one a
pulmonary adenocarcinoma and five, squamous metaplasias. In the 25 surviving mice exposed
to N-Tar 1 plus P-Tar 2, 14 had pulmonary adenomas, one had a pulmonary adenocarcinoma
and seven had squamous metaplasias. In the 23 mice exposed to N-Tar 2 plus P-Tar 1, 14
had pulmonary adenomas and four had squamous metaplasias (Tye & Stemmer, 1967).

Groups of 75 CAF,-JAX and an equal number of ICR-CF, female mice were exposed
continuously for 90 days to concentrations of coal-tar aerosol of 0.2, 2.0 and 10 mg/m?, and
were observed for a further 21 weeks. Controls of each strain of mice were available. The
coal-tar used to generate the aerosol consisted of a composite mixture collected from the
effluents of several different coke ovens in the area of Pittsburgh, PA, USA. The éffluents
were trapped in air-collection devices using a chilled water spray. After settling and separation
of the liquid phase, the various coal-tar samples were blended together with 20% by volume
of the benzene, toluene, xylene (BTA) fraction of the coke-oven distillate. The aerosol was
generated from this blend; a minimum of 99% of the droplets were 5 pm or less in size. Data
are available only with regard to skin tumour response: the numbers observed were 1/61, 14/75
and 44/55, respectively, in the treated ICR-CF, mice, and 3/225 for the controls. For CAF,-JAX
mice, the numbers of skin tumours were 0/75, 3/65 and 18/43 in the exposed groups,
respectively, and 0/225 in the controls (MacEwen et al., 1976). [No solvent control was
reported.] ' S '
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A group of 75 female ICR-CF, mice and a group of 50 female CAF,-JAX mice were exposed
to the coal-tar aerosol described in the previous study at a concentration of 10 mg/m? for six
hours per day, five days per week for a total of 18 months; 75 ICR-CF, and 50 CAF,-JAX
controls were available. Alveologenic carcinomas were produced in 26/61 ICR-CF, mice, and
in 27/50 CAF,-JAX mice examined. The numbers of these tumours in the ICR-CF; and the
CAF;-JAX control mice were 3/68 and 8/48, respectively. The exposed and control groups did
not differ in the incidence of other types of tumours. Skin tumours were produced in 5/61
treated ICR-CF; mice and 2/50 treated CAF,-JAX mice examined and in 3/68 and 1/48
respective controls. All tumours were examined microscopically (MacEwen et al., 1976).

Rat: A group of 40 male and a group of 40 female CFE strain Sprague-Dawley weanling
rats were exposed to the same aerosol as the mice at a concentration of 10 mg/m? for six
hours each day, five days per week, for 18 months. An equal number of male and female
control rats was available. Among treated rats, all 38 males and 31 of 38 females examined
histologically developed squamous-cell carcinomas of the lung. In addition, eight unspecified
tumours were reported in the male rats and three mammary fibroadenomas and two
unspecified tumours in the female rats. In the control group, no tumour was found in 36 males
examined; five tumours (one sebaceous-cell carcinoma, one intra-abdominal carcinoma, one
mammary fibroadenoma, one mammary adenocarcinoma and one other tumour) occurred in
37 females examined (MacEwen et al., 1976).

4.2 Other relevant biological data

(a) Experimental sytems

-No data were available to the Working Group on toxic or reproductive effects.

Tests for genetic and related effects in experimental systems

Two coke-oven samples collected both on the topside of a modern coke-oven battery and
from the gas-collector main (Lewtas et al., 1981; Albert et al., 1983), already referred to in
section 4.1(a), were also studied in a series of short-term genetic and cell transformation tests,
as described below.

The topside coke-oven sample was mutagenic to Salmonella typhimurium strains TA98 and
TA100 both with and without an exogenous metabolic system (Claxton, 1981). A series of
other topside coke-oven samples taken from the same coke battery were also reported to be
mutagenic to strain TA98 with and without metabolic activation. The mutagenicity of these
samples was not affected by the electric charge on the electrostatic precipitation in the air
sampler (Jungers et al., 1981). Another coke-oven main sample was also mutagenic to strain
TA98 both with and without the metabolic system; both coke-oven main and topside samples
demonstrated increased mutagenicity in the presence of metabolic activation in strain TA98
(Albert et al., 1983). Evaluation of the mutagenicity of fractions from the coke-oven main
sample showed that the basic and polar (cyclohexane insoluble) fractions were significantly
more mutagenic in the presence of the metabolic system as compared to other fractions
(including the fraction containing unsubstituted polynuclear aromatic hydrocarbons (Austin et
al., 1984). : : .
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The topside coke-oven sample did not induce mitotic recombination in Saccharomyces
cerevisiae D3 (concentrations tested, 100-1000 pg) with or without metabolic activation (Mitchell
et al., 1980, 1981).

The topside coke-oven sample (125 and 250 ug/ml) induced DNA strand breakage in primary
Syrian hamster embryo (SHE) cell cultures, as determined by sedimentation in alkaline sucrose
gradients (Casto et al., 1980, 1981).

Both topside and main coke-oven samples tested at five to seven concentrations (1-160
pg/mi) were mutagenic to L5178Y mouse lymphoma cells (TK*-); the activity was significantly
increased in the presence of an exogenous metabolic system (Mitchell et al., 1980, 1981;
Albert et al., 1983). The topside coke-oven sample also induced mutations to 6-thioguanine
resistance in Chinese hamster ovary cells (50-200 pg/ml) (Casto et al., 1980, 1981), and to
ouabain resistance in BALB/c 3T3 cells (10-1000 pg/ml) (Curren et al., 1980, 1981).

Both topside and main coke-oven samples induced sister chromatid exchange in Chinese
hamster ovary cells with and without metabolic activation (Mitchell et al., 1980, 1981: Albert
et al., 1983).

The topside coke-oven sample caused enhancement of viral transformation of SHE cells
(31.2-500 pg/mi) (Casto et al., 1980, 1981) and induced morphological transformation of BALB/c
3T3 cells (Curren et al., 1980, 1981).

(b) Effects in humans (other than cancer)
Toxic effects

Walker et al.,, (1971) studied 881 men in two coking plants in the UK. Among 169 men,
148 of whom were smokers, there was evidence, by questionnaire and lung function test, of
bronchitis; 80 of 334 oven men had bronchitis, compared with 89 of 547 other coke workers.
Cigarette smoking alone and in combination with dusty work appear to be causative factors
for bronchitis in coke-production workers.

Nilsen et al. (1984) found a significantly increased number of macrophages in the
expectorates of 43 exposed coke-oven workers compared with 36 controls [occupations not
specified]. A more than additive effect of smoking and exposure was observed.

Mutagenicity in urine

Urine samples from 12 non-smoking coke-plant workers who worked on or along the coke
batteries were found to have significantly higher mutagenic activity in Salmonella typhimurium
~strain TA1538 in the presence of a liver metabolic system than did samples from a control
group of 35 office and laboratory workers who were non-smokers. No significant difference
was found in studies using strain TA100 (Kriebel et al., 1983). '

XAD-2 resin extracts of urine samples collected from coke-plant workers (seven battery
workers, ten truck drivers and three shift foremen) both before and after work were tested for
mutagenic activity in S. typhimurium strain TA98 in the presence of an Aroclor-induced rat-liver
metabolic system. The mutagenic activity of extracts from exposed workers did not differ
significantly from that of extracts from non-exposed workers [jobs not specified]. The
mutagenic activity of urine extracts from smokers was significantly higher than that from
non-smokers (Mgller & Dybing, 1980). [The Working Group noted that only seven coke-oven
battery workers may have been heavily exposed.]
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4.3 Case reports and epidemiological studies of carcinogenicity in humans

(a) Epidemiological studies on the destructive distillation of coal

For over 200 years, skin cancers have been recognized to be associated with occupational
exposure to tars and pitches related to the destructive distillation of coal. Studies from the
early twentieth century drew attention to additional cancer sites, but they often did not
distinguish the specific industry from which cases originated. It therefore seemed prudent to
consider the early studies together.

Early authors alluded to case reports of scrotal cancer in previous work. O’'Donovan (1920)
reviewed the findings of Butlin (1892) and indicated that 34 of the 39 scrotal cancer cases
admitted to St Bartholomew's Hospital, London, UK, were of industrial origin. The author
described 16 additional skin cancers from exposure to tars and pitches. After the enactment
in the UK of the Workmen's Compensation Act of 1907, 46 cases of scrotal cancer and
‘epitheliomatous ulceration’ were reported in 1907-1911 and 64 cases in 1914-1918. Of the
latter cases, 44 were from two factories (O’'Donovan, 1928). The later paper described the
cases from the combined studies and found that, of the 33 cases for which a job was identified,
nine were in tar workers.

Henry (1947) analysed 3753 cases of skin tumours that were reported to the Factory
Inspectorate in the UK between 1920-1945. He attributed 2229 cases (59.4%) to tar and/or
pitch exposure. The industries included tar distillery, patent fuel, as well as gas-works, coke
ovens and coal carbonization. Scrotal lesions represented 21.3% of sites reported. The author
noted that the time from first exposure to the time of diagnosis of a skin tumour was shorter
for the tar and pitch products (20 years) than for oil exposures (50 years). [Compensation
practices would have influenced the representation of various jobs and industries among the
cases.] ‘

Ross (1948) noted that in the UK the reported number of compensation cases of
‘epitheliomatous ulcerations’ rose during 1920-1945 from 89 in the first five-year period to 449
in the last five years. The deaths, however, which initially were 15, had risen to 62 in 1931-1935
and fallen to nine in 1941-1945. The author pointed out that it is difficult to know whether
these changes were due to variation in reporting practices or to a true increase in disease.
Ross also reported the frequency of lesions by three-year periods from 1936-1947 in an
average of 170 personnel employed in the manufacture of carbon products. The frequency of
epithelioma ranged from 1.2-4.7% and that of papilloma from 10.6-23.5% with total numbers
over the whole period of 16 and 102, respectively.

Henry et al. (1931) collected death certificates relating to 13 965 bladder and prostate
cancer deaths in England and Wales for the period 1921-1928 and compared the observed
distribution of occupations recorded on these certificates to those expected on the basis of
the occupational groupings in the 1921 census. Although 11 429 male deaths from either
cancer were included, the numbers of deaths among many of the individual job categories
were few. [The consistency of the finding of elevated standardized mortality ratios (SMRs) for
bladder cancer in nine of eleven occupational groups with exposure to coal gas, tars and
pitches is noteworthy.] Patent-fuel labourers, tar-distillery workers and most job classifications
from the gas-works had SMRs between 117 and 400. Only chimney sweeps and gas-works
inspectors had ratios below 100. The SMR for bladder cancer in coke-oven workers was 122.
The combined SMR can be calculated from the data provided by the authors: for these
selected occupations with exposures to tars and pitches, the SMR is 144 (63/43.8), which is
significant. There was no apparent association with a risk of prostate cancer in the same
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occupational groups in which a risk of bladder cancer occurred. A special study was made of
50 cases of bladder cancer with enquiry made of the work histories by interviews with work
mates, spouses and employers; 44 were traced, and in 41 the occupational categorization was
considered to be accurate.

Kennaway and Kennaway (1936, 1947) reported two studies using a similar method of
analysis to that used by Henry et al. (1931), but selecting deaths from lung and laryngeal
cancer in England and Wales and examining the distribution of occupations from the 1931
census. The deaths among males aged 20 years or more included 23 549 lung cancers and
14 869 laryngeal cancers in the total period 1921-1938. The number of lung cancer cases
increased by 58% between the first 12-year period and the last six-year period, which would
represent a real increase of 116%. The number of deaths from laryngeal cancer decreased
slightly during this period. In both papers, the authors examined the developing epidemic of
lung cancer in that period, in an attempt to relate that event to occupation. The investigation
identified several occupations with exposure to tars and pitches which were associated with
high mortality ratios (SMRs). The lung cancer SMRs were high for patent-fuel workers (571),
gas stokers and coke-oven chargers (284), and several other occupations associated with gas
or gas production, such as gas-works engine drivers, gas-works foremen, gas producers and
gas fitters (138-202). The category of ‘tar distillery and coke-oven workers’ had a very low
SMR (52), despite a risk of bladder cancer common to several of these groups. SMRs for
laryngeal cancer were not high in the same occupational groups. Gas stokers and coke-oven
chargers who had high SMRs for lung cancer also had high ratios for laryngeal cancer (213),
but, among the occupational groups exposed in the gas-works, only engine drivers had a SMR
for laryngeal cancer above 110 (227).

[The studies presented in the three papers above have common problems: even with deaths
accumulated over an 18-year period, single categories of deaths were often so small that few
deaths could have occurred from a specific cancer. Also, comparison is made between
occupation stated on a death certificate and census data. The accuracy of diagnosis on a
death certificate could be questioned, and no information is available on length or type of
occupational exposure.]

(b) Epidemiological studies of coke-oven workers

Kuroda (1937) reported the first epidemiological study of lung cancer related to employment
in a gas-generator plant of a coking operation of a steel company in Japan. His cross-sectional
study of current workers identified 61 malignancies in the period 1931-1935, of which 12
occurred in the lung. The most remarkable observation was that all lung cancers occurred in
workers in the gas-generator works. A crude distribution of cancers by site for this section of
the plant compared to the rest of the plant indicates that 80% (12/15) were lung cancer, 13%
(2/15) stomach cancer, and 7% (1/15) liver cancer. Comparable figures for the rest of the plant
were no lung cancer, 65% (30/46) stomach cancer, 24% (11/46) liver cancer and 11% (5/46)
other cancers. Workers with lung cancer had been exposed in the gas-generating plant for an
average of 15.6 years. [Statements in the table of morbidity rates are unclear with regard to
the total number of workers in whom these cancers appeared. Five-year incidence in the 22 867
workers was calculated to be 0.53 per 1000 for lung cancer and 2.67 per 1000 for all cancers.]

Kawai et al. (1961) described an additional six lung cancer cases that occurred in 1946-1953
in workers in the same gas-works and four more cases in 1954-1960 after the plant was closed
in 1953. These cases, added to the 21 originally reported in 1933-1937 (Kawahata, 1938),
resulted in a total of 31 lung cancer cases among the workers from the gas-works, with no



COKE PRODUCTION 119

reported cases during the eight-year war period. A subsequent paper by Kawai et al. (1967)
followed through 1965 the cohort of 504 men who were working in the gas-generating plant
at the time of its closure in 1953. Deaths were identified for all workers through plant records
until the age of retirement at 55 years. The cancer rates were compared with those of the
remaining 25 760 workers in the steel plant. For men over the age of 46 years, the risk of
lung cancer was 44 times higher than that expected on the basis of the rates in the remaining
plant workers. No case occurred in men under the age of 45 years. The risk increased with
length of time worked in the gas-generator plant, with a risk ratio of 18 for those with
employment of less than 10 years, 32 for those with 10-19 years and 136 for those with 20
years or more. There was a significant increase in risk of lung cancer deaths between those
in the two longest employment classes, 10-19 years and 20 years or more. The cancers for
which histological information was available were few and did not reveal major differences in
cell type between the lung cancers in former gas-works employees and those of other workers.
Cigarette smoking was not controlled for in this study but had not affected the risk estimates
in the previous analysis of Kawai et al. (1961). There was no excess of cancer of the stomach,
prostate or liver. [The risks reported in this study may underestimate the true risk to those
exposed because no follow-up was done beyond the age of 55 years, the age of retirement,
despite the fact that observed risk increased with increasing age. The authors also indicated
that no risk was observed for workers under the age of 45 years; since the expected number
of deaths was very low (0.04), it is impossible to be sure that there was not an undetected
risk in this young age group.]

Reid and Buck (1956) published a report of cancers based on deaths during 1949-1954
among current and retired workers at coking plants in England. A population of 8000 current
workers, for whom information on age and current job was available, was identified from a
plant census in 1952. Complete job histories were obtained on a 10% sample. A total of 337
deaths occurred among current workers. Information was available on the deaths of 214 retired
workers. For workers still employed in the study period, standardized mortality ratios (SMRs)
were determined using a ‘large industrial population’ for comparison. The SMR for lung cancers
for those presently working in a coke-oven area was 80 and for all cancers was 150. For those
who had ‘ever’ worked in coke ovens, based on an estimate from a 10% sample, the SMR
was 140 for lung cancer in coke-oven workers and 125 for all cancers. The proportion of lung
cancers among all cancer deaths for retired workers was 30% (15/51) compared to 25% (3/12)
for coke-oven workers. The authors concluded that there was no increase in risk of cancer
associated with work at the coke ovens. [The design of this study would seriously
underestimate risks, since the SMRs refer to workers active in 1949 who then had only six
years of follow-up during which death might have occurred. The proportional death rates in
retired workers are difficult to evaluate because they are not age adjusted. The eligibility for
retirement could influence the distribution of causes of death among retired workers.]

Lloyd and Ciocco (1969), in the first of a series of papers on a large occupational study of
the steel industry in the Pittsburgh area (Allegheny County, PA, USA), described a historical
cohort study of 59 072 employees of seven plants in three steel companies. The population
study was initiated in 1953 and comprised all current employees at that time, all of whom were
followed, with 99.8% ascertainment of vital status, through 1961. Using 53 categories, Lloyd
et al. (1970) classified each individual in the population of steel workers by work area at the
time of the start of follow-up in 1953 and according to those areas in which he was employed
for a minimum of five years between start of employment and the end of follow-up in 1961.
For work areas in which the SMR for all causes of mortality was significantly higher than 100,
further SMRs were calculated for broad categories of disease, including malignant neoplasms.
For males who had worked in the coke plant for five years or more, the SMR for all causes
was 99 for whites and 122 (p < 0.05) for non-whites, the SMR for malignant neoplasms was
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102 for whites and 204 (p < 0.01) for non-whites. All the cancer excess in non-whites was
due to malignant neoplasms of the respiratory system (SMR, 342; 25 observed).

A more detailed review of the risk in the coke plant by Lloyd (1971) indicated that a total
of 3530 employees had worked in that area, 2048 at the ovens and 1482 in non-oven areas,
employed in 1953 or prior years. The SMR for respiratory cancers among coke-oven workers
was 248 (33 deaths) compared to an SMR of 47 (4 deaths) in non-oven workers employed in
the coke plant. Most of the risk occurred in non-white workers (SMR, 298 in non-white
compared to 160 in white coke-oven workers). Jobs were reclassified on the basis of exposure
to the ovens as well as the location of the job in the working environment in relation to
effluents from the oven. Data were reported for workers who had worked for five years or
more in the coke plant. If the workers had worked five years or more full-time on the top of
the oven (‘topside’, the site of coal loading), the highest SMR was for lung cancer (1000, based
on 15 deaths). There was a significant excess of intestinal cancer excluding rectum (SMR,
316) among coke-plant workers who had never worked at the ovens. The numbers of cancers
at any other site among those employees who worked topside were too few to produce
meaningful results. Two kidney cancers occurred in those who had worked at any time topside
on the ovens, compared to an expected number of 0.6. Two lymphomas occurred in the same
group, compared to 0.4 expected. The author has suggested a possible relationship between
the excess risk of lung cancer in tar-exposed populations and the temperature of the process
at which the tar is produced.

Redmond et al. (1972) expanded the initial study of steelworkers and included for analysis
not only coke-oven workers at two of the original plants of Lloyd but also 10 additional plants
from various parts of the USA or Canada. The coke-oven workers in the added population
had worked between 1951-1955. For the two original plants, all non-oven workers were used
as controls. For the additional plants, two non-oven workers of the same sex, race and
calendar time of hire were selected as controls for each oven worker in this matched design.
The total populations of coke-oven workers (4661) and non-exposed workers (25 011) were
followed through 1966 - about 13 years. [Unlike those in previous analyses of studies of
steelworkers, the relative risks in this analysis were weighted by a ‘precision’ factor for each
plant, a procedure which increased the SMR over that calculated directly.] The population in
this study had a significant excess relative risk for lung cancer of 2.85 (69 observed, 41.5
expected) with excess risks for both white (2.08; 17/10.8) and non-white males (3.35; 52/30.7).
Genito-urinary cancers also occurred at a significantly high relative risk of 2.05 (21/13.3). For
non-white workers who had worked topside of the ovens throughout their work history, the
relative risk for lung cancer was 7.68, which is significant. For white workers, the relative risk
was 4.49, based on only three deaths. There was a gradient of response, which might be
expected on the basis of exposure, with men who had worked full-time topside having a
relative risk of 7.24 (35 observed/10.4 expected), topside at some time, 2.14 (7/3.7) and those
who had always worked at side ovens, 1.73 (27/19.4). The relative risk for those with
employment of five years or more on the topside was 6.87 (25/7.4). The relative risk of kidney
cancer was 7.49 (8/2.6; significant) in total oven workers. The numbers were too small for
further subdivision, but all the cases appeared in coke-oven workers, regardless of position in
relation to the ovens. There was no elevated risk of bladder or skin cancer. There was a
non-significant excess risk of prostatic cancer in those who had worked five years or more in
the coke oven: relative risk of 1.83 (11/7.4). The only excess of digestive-system cancers
(relative risk not statistically significant, 1.37) that was observed in this population occurred
among side-oven employees who had worked five years or more but had never worked topside.

Redmond et al. (1976) examined workers at the seven steel plants included in the Lloyd
study, who were exposed in the by-product coke plant, subdivided into coke-oven and
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non-oven (coal handling, by-products and other non-oven) areas according to their job
assignment. A statistically significant five-fold increase in deaths from kidney cancer was found
for the combined population of coke-oven and non-oven workers compared with controls.
There were significantly elevated relative risks for non-oven workers for buccal and pharyngeal
cancers (3.87). For employees who had worked for five years or more in the coke plant, the
non-oven workers had a significant excess of cancers of the digestive organs (1.62), and oven
workers had a non-significant excess of prostate cancer (1.42). The excess of kidney cancer
was statistically significant for all the coke-plant workers (4.50; 6/1.6); four deaths were seen
among coke-oven workers, and two among non-oven workers. The excess in digestive cancers
in non-oven workers was attributed to high relative risks for large intestinal (2.93) and
pancreatic cancer (4.55), both of which were significant. The numbers were too small to
determine whether these risks occurred in by-products, coal handling or other non-oven jobs.
The intestinal cancer risk was significantly higher for foreign-born, total non-oven white workers
(4.40); that for the native-born workers was also raised.

In an attempt to relate specific agents to the lung cancer mortality of coke-oven workers,
Mazumdar et al. (1975) tested the levels of benzene-soluble particulates in ten plants included
in the expanded population of coke-oven workers described by Redmond et al. (1972). The
particulates were measured for each job by exposure area. These levels by job were then
totalled for the three exposure areas - topside oven, side ovens and other locations - and then
averaged. An individual was assigned this average dose cumulated over the months worked.
The averages were significantly different for different work sites; topside, 3.15 mg/m3; sidemen
who worked near the ovens, 1.99 mg/m?3; and sidemen who worked away from the ovens, 0.88
mg/m?3 (see also pp 00 of this monograph). There was no association between mortality from
lung cancer and dose in white workers, but there were only 62 workers in the highest exposure
category. For the non-whites, the relative risk of lung cancer between those with the highest
and lowest cumulated dose level was 13.65 (54.6/1000 to 4.0/1000). No increased risk of lung
cancer was seen for individuals with cumulative doses below or equal to 199 mg/m3-months.

Lioyd (1980) presented results from the updated study of the coke-oven population of his
earlier study (Lloyd, 1971) through 1975. With 30.9% of the original population from Allegheny
County plants deceased, the relative risk for lung cancer in men employed for five years or
more in 1953 and working fulltime topside was 6.94, which was significant and based on 25
deaths instead of 15 in 1961. [The accumulation of additional cases appears to be low, since
15 cases were identified in the first nine years of study and 10 cases in the last 14 years, as
the population continued to age. This may suggest a decreasing risk in more recent periods.]
Lloyd also pointed out the possible underestimation of relative risk that could result from the
use of internal controls, since a high risk of lung cancer has been demonstrated in many other
work areas in steel mills compared to rates in the general population.

Detailed results from the most recent follow-up of the workers studied by Redmond and
her colleagues, extending the observation period for mortality through 1975, have been
reported (Redmond et al., 1981). Findings of significant excess risks of cancers of the lung
and of the genito-urinary organs, especially kidney, among coke-oven workers were consistent
with earlier reports. For the two Allegheny County coke plants (the largest two of the 12 coke
plants), the excess risks for workers employed at the coke ovens for five or more years for
lung cancer and kidney cancer were 2.63 (63/28.3) and 3.55 (6/1.8), respectively. Excesses of
. deaths from cancers of the large intestine and pancreas were seen in white workers only in
coal-handling and all other non-oven areas, the relative risks being 2.11 (p < 0.05) and 2.44
(p < 0.05). Redmond et al. (1976) had previously reported excess risks at these sites among
white by-product workers.
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Radford (1976) studied the distribution of deaths among active and retired union employees
of a large US steel company not included in the Lioyd study. Certificates for 74% of the known
deaths in one year (1973-1974) were examined, making a total of 649 deaths. The data were
analysed by proportional mortality ratios, using the distribution of specific cancer deaths from
a nearby large metropolitan area for 1969-1972. The proportions of specific cancers in the
‘other cancer’ category of deaths were estimated for 1973 from previous US rates and time
trends. When the age-adjusted proportional mortality ratios (PMRs) were calculated for
common cancers but not for rare sites, they were found to be elevated for lung (149),
oesophageal (169) and other cancers (220) for both races and for leukaemia in blacks (179).
Lung cancer and ‘other cancers’ were the only groups that included more than 10 deaths.
Statistically significant crude PMRs in white male workers in the basic steel plant were
elevated for bladder and kidney cancers, being 5.3 and 2.5 times the municipal ratios. No
detailed information was given on worksites for these cancer deaths. [PMRs frequently
misrepresent the true risk of death by cause in a population. The situation could be
aggravated, as in this case, by under-identification of deaths, loss of terminated workers, and
lack of age corrections. It is difficult to assess how the reported excesses relate to coke-oven
workers.]

A report by Sakabe et al. (1975) included a review of cancer cases among retired coke-oven
workers from 11 companies, four iron and steel works, four city gas companies and three coke
manufacturing chemical companies in Japan. The historical cohort study included 2201 retired
workers who had left the companies between 1947-1973. The SMR for lung cancer was 128
(based on 15 cases among 2178 retired workers between 1949-1 973). Work in coke ovens in
the iron and steel industry carried a significantly elevated relative risk (2.37), but there was no
excess risk of lung cancer in gas-company coke-oven workers. Ten of the 12 patients for
whom a history was available were smokers. The report included a study from the iron and
steel industry in which retired workers in a steel plant had 1.9 times the risk of lung cancer
compared to the general population (6 observed, 3.16 expected).

Davies (1977) studied the coke-oven workers in two steel plants in South Wales. The
historical cohort study included all workers from 1954 through 1965 and compared mortality
experience to that of England and Wales. The total population of coke-oven workers was 610.
The author reported no excess of lung cancer but an elevated SMR for colorectal cancer (192;
five deaths) and bladder and kidney cancers (252; three deaths). [The numbers were small in
this study, and there was a significantly reduced level of cardiovascular disease, which may
represent a selection factor. In addition, the plants differed in overall mortality, which could
suggest a problem in death ascertainment. The number of person-years is higher than would
be expected on the basis of the size of the population and the number of total years of
follow-up, suggesting that this study might require further evaluation.]

Axelson et al. (1979) studied 263 men who were employed at a Swedish coke-oven plant
for at least three months during 1960 or later. The observation period was 1961-1976 with a
98.1% follow-up. A total of 20 tumours were noted, with three in the lung. There was one case
of lung cancer among those with high exposure. The two cases of lung cancer in the
sub-cohort with medium exposure represent a significant excess. [No information on smoking
history was available.]

Hurley et al. (1983) reported on the mortality of 2842 (2753 traced) male coke-oven workers
employed continuously at 14 steel plants in England, Scotland and Wales between 1 January
1966 and 31 July 1967, who had been employed for 19 months or more at the time of
enrolment. A second population of 3925 (3855 traced) men employed on 1 January 1967 at
13 coking works in England and Wales was chosen. The workers in the two populations have
been followed for 12 and 13 years, respectively. The SMR for lung cancer for all coke-oven
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workers was 117 (167 deaths) using the total population of Scotland and of regions of England
and Wales for comparison and 105 if male semi-skilled labourers in the 1970-1972 census
were used for comparison. A comparison between oven workers, by job, using the total group
as comparison resulted in a higher ratio for part-time oven than for full-time oven workers, but
the difference is not statistically significant. The ratios for lung cancer were low for those
employed less than five years in ovens and high for all after five to nine years, with no sign
of increasing ratios with increasing time worked after five years in the steel plants. An excess
of bladder cancer was found among the coke workers (SMR, 161; 12 deaths), as well as of
cancer of the buccal cavity and pharynx (SMR, 144), but the numbers were small. An excess
of stomach cancer was seen among the coke workers in the non-oven group (SMR, 136; 19
cases). In the coke group, maintenance workers were removed from those included in part-time
oven work, but the results did not change. Limited data on smoking histories were available
but did not account for the differences. Variability in ratios by plant was marked. [The Working
Group noted the short duration of follow-up.]

A general population study of lung cancer was reported by Menck and Henderson (1976)
for Los Angeles County, USA, for the period 1968-1973. Deceased cases were included for
the period 1968-1970, and incident cases identified from the cancer registry were included for
1972-1973. Mortality and incidence ratios were calculated and combined into a single value
(SMR) for each occupation and each industry. The expected distribution of occupation and
industry in the population was estimated from a sample of 31 216 white males aged 20-64
years from the 1970 census. The jobs of cases were determined from death certificates or
hospital records. There were 24 occupations and 13 industrial occupations associated with
significantly high SMRs; several were thought to have involved exposure to polynuclear
aromatic compounds: the SMRs were 496 for roofers, 279 for workers in the steel industry
and 160 for those working with petroleum and coal products. Despite the large number of
cases (3938), occupation was not recorded for 17.5% and industry was not given for 31.0%.
[Subdivision into occupations or industries does not provide sufficient numbers or precision in
classification of jobs to characterize many exposures in this type of study. The sources of
information on occupation differ for the numerator and denominator of the ratio.]

A recent community case-control study in Eastern Pennsylvania, USA (Blot et al., 1983)
reported the job and personal histories of 360 cases of lung cancer and of controls ascertained
from death certificates in 1974-1977 (the analyses were based on 335 cases and 332 controls).
The geographical location for study was selected because of the risk of employment in the
steel industry. The matched-pair design controlled for age, race, sex, county of residence and
year of death. The authors were able to adjust for confounding variables such as smoking,
education and employment in multiple industries, but evaluation of the risks within a single
industry was limited with this design. The risk of lung cancer from employment in the steel
industry was 2.2 times higher than expected on the basis of numbers in controls, and this was
significant. The risks were significantly high for those employed in the industry before 1935
(2.7) and for 20 years or more (2.2). The excess did not disappear when corrected for smoking.
When cases were classified by job longest held, there was no excess risk for coke-oven
workers (1.2) but there was for foundry (7.1) and steel-plant furnace workers (2.6). When these
ratios were adjusted for all variables, using linear logistic analyses, there was a relative risk
of 1.9 for usual employment in steel as compared to all other jobs. The risk was common to
all cell types of lung cancer but was highest in association with small (oat)-cell cancers. In the
selected study area, longest employment in the steel and zinc industry accounted for 28% of
the cases. [Data on work history obtained from next-of-kin, as in this study, may result in
imprecise work histories. The coke-oven risk in other US steel plants was associated with
exposure of non-whites, since so few whites worked at the ovens in other steel studies in the
USA. This population did not include non-whites and so the coke-oven risk may not be
apparent for that reason.]
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5. Summary of Data Reported and Evaluation

5.1 Exposures

The vast majority of coke is produced in by-product (slot) coke ovens. Substantial airborne
exposures to polynuclear aromatic hydrocarbons have been measured in occupations in the
production of coke. The highest exposures have been reported for workers on the topside of
the coke-oven battery. The presence of other substances (including aromatic heteronuclear
and substituted aromatic compounds) in the workplace air has been reported.

5.2 Experimental data

A sample from a coke-oven main was tested for carcinogenicity in mice by topical
application and produced skin carcinomas. Samples obtained either from the topside or main
of a coke oven showed initiating activity in a mouse-skin two-stage model. Samples of tar
from coke ovens were also tested by inhalation in mice and rats, producing benign and
malignant tumours of the lung; in one of these inhalation studies in mice, skin tumours were
produced.

A sample from the topside of a coke oven was mutagenic to Salmonella typhimurium and
in several mammalian cell systems (L5178Y mouse lymphoma, Chinese hamster ovary and
BALB/c 3T3); it also induced DNA damage in Syrian hamster embryo cells and induced sister
chromatid exchange in Chinese hamster ovary cells. The sample caused morphological
transformation in BALB/c 3T3 cells and enhanced viral transformation of Syrian hamster

Overall assessment of data from short-term tests on a topside sample from a coke oven
and a sample from a gas-collector main®

Genetic activit
Y Cell transformation

DNA damage Mutation Chromosomal effects

Prokaryotes +

Fungi/
Green plants

Insects

Mammalian cells +b + +
{(in vitro)

Mammals
{in vivo)

Humans
(in vivo)

Degree of evidence in short-term tests for genetic activity: Sufficient for both samples .
Cell transformation:
Positive

aThe groups into which the table is divided and ‘+', ‘=" and ‘?" are defined on pp. 16-17 of the Preamble; the degrees
of evidence are defined on pp. 17-18.

®Coke-oven topside sample only
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embryo cells. A coke-oven sample taken from the gas-collector main was also mutagenic to
Salmonella typhimurium and in mammalian cells (L5178Y mouse lymphoma) and induced sister
chromatid exchange (in Chinese hamster ovary cells).

5.3 Human data

Chronic bronchitis occurs among coke-production workers, particularly in those who smoke.

Case reports of tumours of the skin (including the scrotum), bladder and respiratory tract
in association with employment in industries involving the destructive distillation of coal
suggested a link between that industry and human cancer. Despite their methodological
shortcomings, the descriptive epidemiological studies based on death certificates corroborated
these early suggestions.

The site at which excess cancer rates have been identified most commonly among workers
in coke production is the lung. All but two of the relevant analytical epidemiologicat cohort
studies provide evidence that work in coke production carries a significantly elevated risk of
lung cancer. The two studies showing no excess suffered from serious methodological
limitations. The risk for workers in the coke-oven area varied from three- to seven-fold, the
highest risk being for men employed for five years or more and working fulltime on the topside
of the coke oven. Few of the studies corrected for smoking.

Excess risk for kidney cancer has been associated with work in coke plants. In one study,
a seven-fold increase in risk was seen for all workers employed for five years or more at coke
ovens.

In single studies, excess risks were reported for cancers of the large intestine and pancreas.

5.4 Evaluation?

There is sufficient evidence from observations made in the first half of this century that
exposures to coal-tar from the destructive distillation of coal give rise to skin cancer in humans.

The available epidemiological studies provide sufficient evidence that certain exposures in
the coke-production industry are carcinogenic to humans, giving rise to lung cancer. A possible
causative agent is coal-tar fume. There is limited evidence that such occupational exposures
produce cancer of the kidney, and inadequate evidence that they result in intestinal and
pancreatic cancers.

There is sufficient evidence that samples of tars taken from coke ovens are carcinogenic
to experimental animals, producing lung and skin tumours.

A number of individual polynuclear aromatic compounds for which there is sufficient
evidence of carcinogenicity in experimental animals have been measured at high levels in air
samples taken from certain areas in coke production plants.2

The available evidence indicates that certain exposures in the coke production industry are
carcinogenic to humans.

'For definitions of the italicized terms, see the Preamble, pp. 15 and 19.
2See the Appendix, Table 2.
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IRON AND STEEL FOUNDING

The iron and steel founding industry, as referred to in this monograph, begins with the
melting of alloys for the purposes of casting and ends with the fettling of castings.

1. Historical Perspectives

This subject was reviewed by Beeley (1972).

Metal founding is one of the oldest of all industries, both ancient and mediaeval history
offering examples of the manufacture and use of castings. From simple axeheads poured from
copper in open moulds some 5000 years ago, founding in the pre-Christian world developed
to a point at which elaborate bronze statuary could be produced in two-piece and cored
moulds. By the end of the mediaeval period, decorated bronze and pewter castings had begun
to be used in European churches and for domestic purposes, while cast iron made its first
appearance in the shapes of cannon shot and grave siabs. Moulding boxes and sand were in
use by the sixteenth century.

In the seventeenth century, interest arose in the structure of cast iron and in factors
influencing the production of white, grey and mottled irons. The widespread adoption of cast
iron as an engineering material awaited the success of smelting iron in coke blast furnaces in
1709 by Abraham Darby. This enabled the massive use of cast iron in construction. Bulk
supplies of steel became available for the foundry industry after development of the Bessemer
converter in 1856.

Historically, metal casting was looked upon as an art, a view which persisted until well into
the present century. The foundry industry grew around the skills of the moulder and the
patternmaker who were able to produce complex forms in various sizes. However, it was the
mechanization of production methods that permitted the development of the modern foundry
industry. Earlier it was common practice for the moulder to receive the pattern, determine the
casting method and carry out his own sand preparation, moulding and pouring; he might even
melt the alloy and fettle his own castings. During the last decades, sand mixers, belt
conveyors, automatic moulding lines and mechanized fettling processes have replaced most
of the older operations.

While silica sands and clays have been the principal moulding constituents in which metals
have been cast from early history, little was written on the subject until the beginning of the
twentieth century. At that time, two mixtures were in use: the moulding sand, bonded solely
by natural clay, and the core sand, which was coarser in texture and contained binders in
addition to clay. Molasses, starch, flour and linseed oil were dry binders used in the early
bonding of sand (Woodliff, 1971). The addition of coal powder to foundry sand has been
practised for over a century (Radia, 1977). The carbonaceous additives, whose volatile matter
was distilled off by the heat of the casting metal, included pitch, sea-coal, rosin, gilsonite and
various fuel oils (Woodliff, 1971).

—133—
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With the advent of synthetic binder materials, cores were decreasingly bonded with linseed
oil; drying oils derived from coal or petroleum distillation were substituted. Iron oxide used
directly in the sand mixture prevented veining and penetration of the cast metal. In about
1940, wood flour was introduced to mouiding and core sands in order to control collapsibility.
Other cellulosic materials - ground straw, oat hulls and corn flour - were soon available for
thermal expansion cushioning in moulding sands. Mould paints and blackings such as graphite,
coal or zircon were used for treating sand surfaces before casting (Woodliff, 1971).

Foundry sands have traditionally contained organic binders, as mentioned above. The
shortage of resins and oils created by the Second World War stimulated investigation of other
materials. In 1948, a British patent covering a process for producing cores and moulds with
sodium silicate was published. Solidification of the sand mixture was accomplished by gassing
with carbon dioxide. The carbon dioxide process was the first in which cores were produced
without heat (Woodiiff, 1971).

The shell-moulding process was developed in Germany by Johannes Croning in the 1940s.
Large-scale use of shell moulding began in about 1950, and since that time there has been a
rapid increase in its use. The early processes utilized modified phenol formaldehyde resins. In
the late 1950s, urea resins combined with furfuryl alcohol were used in the first self-setting,
no-bake core process (Woodliff, 1971).

In 1965, an alkyd-isocyanate, no-bake process was introduced. Usage of these isocyanate
binders has grown steadily so that from their introduction up to 1980 over 200 000 tonnes of
urethane binders have been consumed by the US foundry industry, with an equal amount being
used elsewhere in the world (Toeniskoetter, 1981). Overall, the use of chemically bonded sand
has increased from less than 100 000 tonnes in 1958 to over 3 million tonnes in 1978 (Goss,
1980).

Substitutes for silica sand were first introduced in a Norwegian steel foundry in 1927, where
crushed olivine was used as a moulding sand. In the USA, commercial production of steel
castings in olivine moulds began in 1953. Thereafter, a large number of foundries in many
countries were using olivine, zircon or chromite sand for limited or special applications (Tubich,
1964). For example, in 1975, ferrous foundries in the USA used 10 million tonnes of silica
sand, 80 000 tonnes of chromite sand, 50 000 tonnes of zircon sand and 45 000 tonnes of
olivine sand (Rassenfoss, 1977).

Other recent changes include increased mechanization and automation of foundries and
the introduction of a wide range of new chemical binders and new alloys used for casting.
Cast iron may contain some manganese and 2.5-4.5% carbon, whereas steel also sometimes
contains significant amounts of chromium and nickel but much less carbon (0.5%) (National
Institute for Occupational Safety & Health, 1978).

In 1981, world production of iron and steel castings exceeded 77 milion tonnes (Table 1).
There are about 10 000 foundries worldwide, employing approximately 2 million workers, as
estimated from various sources and on the basis of production figures (Table 2). The USA and
the USSR together account for about one half of the production of ferrous castings. Iron and
steel castings are mainly used in construction and engineering applications, such as machine
and motor parts, process equipment, pipes, pumps and valves.

Many foundries are incorporated in other metal industries that include castings in their own
finished products. Although most foundries base their activities on a limited range of alloys,
e.g., cast iron or steel, copper or aluminium alloys, others make use of several of these
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Table 1. Summary of world production of castings in 1981 (1000 tonnes)?

Country Iron castings  Nodular iron Steel castings  Malleable iron Total
castings castings
Argentina (1980) 172.7 252 18.4 8.4 224.7
Australiab 415.0 63.0 72.0 16.0 566.0
Austria 1194 39.0 31.9 13.5 203.8
Belgium 127.8 7.3 729 - 208.0
Brazil 900.7 272.8 140.5 46.9 1 360.9
Canada 521.7 210.2 154.1 15.1 901.1
Chile (1977) 30.0 0.8 13.0 - 43.8
Czechoslovakia 1 069.1 23.9 363.6 32.1 1488.7
Denmark® 65.0 6.0 6.0 5.0 82.0
Egypt 59.4 - 59 - 65.3
Federal Republic of Ger- 2 509.1 746.5 280.7 147.2 3 683.5
many
Finland 79.9 19.0 19.3 2.0 120.2
France 12571 770.4 201.6 58.6 22877
German Democratic Repu- 976.6 80.8 233.2 37.2 1 327.8
blic (1980)
Hungary 256.9 1.0 54.7 7.3 319.9
India 240.0 7.4 74.0 19.0 3404
Israel 21.0 1.5 7.5 3.0 33.0
ltaly 1404.8 177.4 115.3 50.1 17476
Japan 3 949.0 1548.5 682.7 299.3 6 479.5
Luxembourg (1980) 39.0 23.8 - - - 623
Mexico (1980) 737.9 431 77.2 11.0 869.2
The Netherlands 233.7 241 43 8.8 270.9
New Zealand (1980) 21.6 - - - 21.6
Norway 71.5 16.5 5.6 12.3 105.9
People’s Republic of China 3 971.0 242.0 683.0 263.0 5 159.0
Peru {(1979) 25.0 5.0 40.0 3.0 73.0
Philippines 65.0¢ - 37.0 - 102.0
Poland (1978) 1 946.0¢ - 355.0 - 2 301.0
Portugalb 46.0 12.0 12.0 14.0 84.0
Republic of Korea 410.0 94.0 88.0 28.0 620.0
Roumania 11825 32.1 357.2 114 1 583.2
Singapore (1979) 24.0¢ - 6.0 ' - 30.0
South Africa 297.7 27.0 141.7 33.9 500.3
Spain (1980) 550.0 140.0 95.0 36.0 821.0
Sweden 223.0 37.0 13.0 7.0 280.0
Switzeriand 237.4¢ - 8.6 0.1 246.1
Taiwan 354.5 27.3 30.4 33.1 4453
Turkey 225.0 8.2 45.0 6.5 284.7
United Kingdom 1268.8 244.3 150.0 131.7 17948
USA 8 826.3 1997.0 1589.7 381.9 12 794.9
USSR (1980) 17 959.0 328.0 7 745.0 899.0 26 931.0
Yugoslavia(1979) 472.5 34.2 70.3 30.2 607.2
Zambia 1.0 . - 27.6 - 28.6
Total 53 363.6 7 335.8 14 128.9 26716 77 499.9
aFrom Comité des Associations Européennes de Fonderie ¢Includes nodular and malleable iron castings

bEstimated . 9All nodular iron castings
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Table 2. Employment in iron and steel foundries?

Country No. of foundries Approximate no. Year
of workers
Austria 55 8 9020 1982
Belgium 98 6 407 1981
Brazil® 268 62 223 1974
Denmark 23 2 757 1979
Federal Republic of Germany 537 83 482 1982
Finland 38 3762 1982
France 344 57 490 1982
italy 537 43 920 1982
Japand 1225 76 610 1980
The Netherlands 50 3 858 1982
Norway 23 2 516 1982
Portugal 123¢ 7 131e 1982
Sweden 80 6 700 1982
Switzerland 38 6 218 1982
United Kingdom 563 56 976 1982
USA 1971 307 200 1975
USSR9 - 484 000 1973

aFrom Comité des Associations Européennes de Fonderie (1983), unless otherwise indicated
bincludes non-ferrous metal castings

cEstimated

9Schneider (1976)

eStandke & Buchen (1982)

‘Shestopal (1976)

sNational Institute for Occupational Safety & Health (1978)

materials side by side. The temporal development of the foundry industry has been uneven,
and in most countries all technological stages from manual floor moulding to fully automated
production are still in operation.

During recent years, there has been a trend toward fewer but larger foundries with high
productivity in tonnes/employee; but most foundries still employ fewer than 50 workers. In
1975, about 45% of foundry employees in the USA produced iron castings, 16% produced
steel castings and 39% produced non-ferrous castings (National Institute for Occupational
Safety & Health, 1978). About one half of the employees worked in foundries employing more
than 250 people. These large foundries produce most of the castings, and in them workers
have a single job assignment; approximately one-third of the workers are moulders and
coremakers, one-third are fettlers, and the remainder furnacemen, crane drivers, supervisors,
patternmakers, maintenance workers and others. In small shops, a single worker may be
responsible for several tasks.
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2. Description of the Industry

This subject was reviewed by Beeley (1972).

2.1 Introduction

Foundries produce shaped castings from remelted metal ingots and scrap. Shaped castings
are distinguished from ingots and other cast forms which are produced in iron and steel works
outside the foundry industry. Although founding work is assumed to start from the remelting
of ingots and scrap and to end with the fettling of castings, the industry is often so integrated
that the division is less obvious. Machine shops are not normally a part of castings production
areas; however, simple and accessory machining may be carried out, and they may be part
of foundry operations in small operations.

Iron and steel foundries generally comprise the following basic sections (see Fig. 1):

- patternmaking - coremaking - shake-out
- moulding - melting and pouring - fettling.

Fig. 1. Iron foundry processes, indicating emission sources?
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Figure 2 illustrates the flow of operations in a sand cast foundry. In old or small foundries
different processes may be carried out simultaneously or consecutively in the same workshop.

Fig. 2. Typical flow sheet of operations in a sand-cast foundry=
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2.2 Foundry operations

(@) Patternmaking

Pattern materials and designs depend upon the method of casting production and the
shapes desired. Patterns can range from simple wooden objects, intended for a single use, to
elaborate metal assemblies, complete with gating and feeding systems and suitable for mass
production by automatic moulding lines. A pattern shop is usually located in a separate
department at some distance from the foundry because it is necessary to keep the machinery
free from sand dust. Wood- and metal-working machines, saws, planes and lathes are to be
found in the pattern shop, in addition to carpenters’ benches at which hand tools are used.
Instead of wood, patterns can be manufactured from reinforced epoxy or polyurethane plastics.
Glues, paints and various solvents are frequently used. Occupational exposures of patternma-
kers clearly differ from those of other workers in iron and steel foundries.

Expendable patterns are made from fusible or destructible material as a part of the
production sequence for each casting. In the lost wax process, patterns are produced by
gravity pouring or by pressure injection. Natural or synthetic waxes melt within the range of
95-90°C in the moulds, which are then ready for high-precision or investment casting.
Polystyrene foam patterns, which vapourize during casting, are sometimes employed for mass
produced components (Heine, 1977).

(b) Moulding and coremaking

Foundry sand passes through several production stages, namely preparation and distribu-
tion, mould and core production, casting, shake-out and reclamation. The requirements of the
materials are determined by the moulding and casting conditions. Strength, flowability,
refractoriness, durability and collapsibility (‘knock-out’ properties) are the most important
qualities.

(i) Sand and binder materials

Moulding sands fall into two broad categories according to the type of base sand employed.
Naturally bonded sands are those in which the refractory grains are associated in their deposits
with the clay needed for moulding. Such sands often develop sufficient properties with the
addition of water alone, but their high clay content may reduce refractoriness and gas
permeability. Synthetic sands are based mainly on silica sands or crushed stone containing no
binder in the natural state, the strength properties being achieved by separate additions. The
critical characteristics of the base sand are its chemical composition, mechanical grading and
grain shape.

Most moulding sands are based upon the mineral quartz, which is both geologically
abundant and refractory to about 1700°C. Phase transformations to cristobalite or tridymite
may occur at lower temperatures (Gerhardsson, 1976). For maximum refractoriness, the quartz
sand should not contain fusible minerals, notably the feldspars, mica or alkali fluxes. In the
production of heavy steel castings, silica sand may be replaced by still more stable materials
such as zircon, olivine or high-alumina chamotte (a synthetic alumino-silicate). Grain sizes of
foundry sands fall mainly within the range of 0.1-1.0 mm. Grain shape and surface texture are
determined by the geological origin, rounded grains being associated with natural sands,
whereas angular shapes are formed from crushed stone (Beeley, 1972).

The function of the binder is to produce cohesion between the refractory grains in the green
or dried state. Many substances possess bonding qualities: clays, organic oils and resins,
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cereals and water-glass silicates may be used singly or in combination. Clay-bonded sands
are distinguished by the fact that they can be recirculated in closed systems and the bond
regenerated by necessary additions. The action of most other binders is irreversible, and the
moulding material is discarded after a single production cycle. Adequate strength can be
derived ‘with contents as low as 3-5%. Most ferrous castings are produced in green-sand
moulds. The term green sand implies that the binders include clay.

Green-sand moulds also contain organic additives such as cereal, dextrin, starch, wood
flour, pitch or pulverized coal dust. These agents are present in amounts of up to 6% in the
sand and provide a reducing atmosphere inside the mould during casting. As the metal is
poured, these materials partially decompose, and hydrogen, carbon monoxide, carbon dioxide,
water vapour and volatile hydrocarbons are driven off into the foundry atmosphere. A graphitic
layer of lustrous carbon is formed on the surface of sand grains, preventing sand-metal
reactions. Coal-dust replacements are sold as pure or clay-blended mixtures as well as in liquid
form. These products are based mainly on the following substances, used singly or in
combination (Radia, 1977):

Synthetic polymers: polystyrene, polyethylene, polypropylene and polymeric petroleum
products in solid form or in aqueous dispersions

Oils: products of coal or petroleum distillation, which comprise complex mixtures of heavy
hydrocarbons, aromatic compounds and naphthenes

Asphalts: natural asphalts such as gilsonite or synthetic asphalts (bitumens), which are
produced in petroleum refining

Pitches and bitumens: coal-tar pitch and petroleum bitumen in pulverized or pellieted form
Some of the principal core binders are listed in Table 3 (Emory et al., 1978). These are

broadly categorized with regard to the method of curing - by oven baking, by heating inside
the core box, by gassing or by addition of a polymerization catalyst.

Table 3. Some types of organic sand binders

Oils
Core oils
Oil-oxygen no-bake
Hot box
Urea-formaldehyde
Phenol-formaldehyde
Furan
Modified furan
Urea-formaldehyde/furfuryl alcohol
Phenol-formaldehyde/furfuryl alcohol
Phenol-formaldehyde/urea-formaldehyde
Urethane no-bake
Alkyd isocyanate
Phenolic isocyanate
Polyester urethane
Acid no-bake
Furan with:
Phosphoric acid
Toluenesulphonic acid
Benzenesulphonic acid
Phenoi-formaldehyde

aAdapted from Emory et al. (1978).
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The oleoresinous binders are combinations of vegetable oils, petroleum polymers and
organic solvents. The resins polymerize in the presence of oxygen to produce a compound of
high molecular weight which acts as a sand binder.

Urea-formaldehyde (UF) resins represent a second type of baked core binder. They are
usually blended with oleoresinous or phenol-formaldehyde (PF) resins to obtain the desired hot
strength, knock-out properties and curing times. Phenol-formaldehyde resins are currently in
use in the oven baking processes as well as in shell and hot-box processes. Hot-box binders
are those resins that polymerize rapidly in the presence of acidic chemicals and heat. The
original hot-box binders were developed by modifying urea-formaldehyde resins with the
addition of 20-45% furfuryl alcohol (FA). This mixture was commonly referred to as a furan
resin. The furan resins were then modified with phenol to produce UF/FA, PF/FA and PF/UF
resins. The shell-moulding process uses premixed sands which contain 3-6% of phenolic resin,
hexamethylenetetramine as a catalyst, and silicones or stearates as parting compounds
(Tubich et al., 1960). :

The polyurethane cold-box processes employ two component resins. In the presence of an
amine catalyst, the hydroxyl groups of the liquid phenolic resin combine with the isocyanate
groups of the pre-polymerized 4,4'-methylenediphenyl diisocyanate (MDI) resin to form a solid
polyurethane. Cold-setting binders are also commonly based on phenolic or furan resins in
which the setting reaction is catalysed by the addition of phosphoric, toluenesulphonic or
benzenesulphonic acid at the time of mixing. The rate of hardening is high and can be
controlled by the amount of the acid accelerator. A more recent development of the
cold-setting furan method involves the use of sulphur dioxide and methylethylketone peroxide
as hardening agents (Gardziella, 1982).

Organic binders decompose with the heat during casting. The total emission of gases and
vapours is lower in comparison to those from conventional green sand, but their composition
is highly dependent on the type of resin system. Heating beyond the curing temperature
produces charring followed by complete oxidation and burnout. Urea-formaldehyde resins
possess the lowest breakdown temperatures, usually in the range 180-230°C. Linseed oil
breaks down rapidly at 450-500°C and phenol-formaldehyde, hot-box and cold-box resins at
a slightly lower temperature (Beeley, 1972).

An inorganic binder of importance is sodium silicate, which is hardened by gassing with
carbon dioxide. Passage of carbon dioxide through the sodium silicate-impregnated sand
produces colloidal silica gel, which hardens and forms a bond between the sand grains. The
method can be applied to both moulding and core sands. Sodium silicate and ethyl silicate are
used with other chemical hardening agents as a cold-setting binder (Beeley, 1972).

The use of cement as a binder forms the basis of a distinctive form of moulding practice.
Silica sand containing 11% Portland cement and 6% water exhibits low strength initially, but
develops high dry strength during drying and setting. Either hand or machine moulding can be
employed and the process has found application in both ferrous and non-ferrous founding
(Beeley, 1972).

The need to provide reasonable gas permeability combined with low porosity and a smooth
mould surface is resolved in many cases by the use of refractory mould dressings or blackings.
A coating may be applied either as a liquid wash by brush or spray gun, or as dry solids by
dusting. Typical refractories include graphite, coke, silica, alumina, magnesia, chromite, zircon,
talc, mica, sillimanite, kyanite and chamotte (Beeley, 1972; Lukacek & Heine, 1982).
Carbonaceous dressings are widely favoured in iron founding, but other parting materials are
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also essential for permanent mould and die casting. The liquid carrier may contain water,
alcohols or chlorinated hydrocarbons. As a fast evaporating medium, 1,1,1-trichloroethane is
sometimes used. However, isopropanol is most commonly used because it can be burned off
easily.

(i) Moulding operations

The plant for sand preparation is normally provided with facilities for storing, mixing and
transporting new and reclaimed sand, bonding materials and special additives. Batch mixers
with rotating rollers, ploughs or paddies are used in smaller and older foundries. The most
primitive system is based upon hand mixing with a shovel. At intervals the sand heap is
reconditioned with additions of new sand and water. In contrast to such simple methods are
the fully integrated sand-processing plants with sand reclamation, screening and aerating.
Processes of pneumatic or wet scrubbing and separation are employed in removing clay, but
thermal reclamation, involving high-temperature oxidation, is needed for complete elimination
of carbonaceous residues in resin sands. In modern plants, closely controlled mixtures are
produced from new and reclaimed sand, binders and additives. Bulk materials are fed directly
into the mixers and mills in measured quantities without intermediate handling, and, thereafter,
delivered by skips or belt conveyors to the moulding stations. Moulding machines and
sandslingers are served by feed hoppers. After casting, sand from shake-out is returned to
the sand plant. Sand systems of this type can be highly automated with centralized control
of the entire process.

Two main operations are carried out in the foundry per se: sand moulding and casting of
the metal. In many foundries, the cores and patterns are made in separate workrooms. The
moulders make the moulds on a bench if the castings are small and on the foundry floor or
in a pit when the castings are medium or large. The object of moulding is to produce accurate
parts able to withstand lifting and handling and to contain the ferrostatic pressures in casting.
Mould strength depends partly on effective sand compaction, reinforcements and mechanical
support derived from the moulding box or flask. The general aim in compaction is to bring the
bulk density of the sand from its loose value of about 0.6-0.8 g/cm? to a density of 1.6-1.8
glcm® when fully packed (Beeley, 1972). Hand ramming is usually adopted for jobbing
production where small quantity requirements or unsuitable size preclude the use of moulding
machines. Vibration produced by pneumatic tools aids the manual ramming.

Machine moulding enables moulds to be made in large quantities. In most machines, the
table carrying the pattern assembly is repeatedly jolted against a stop at the time that the
moulding box is being filled with sand from a sandslinger. Jolting produces a mould density
which can be increased further by squeezing. Although moulding machines are commonly
operated under manual control, automation is provided on modern equipment with preset
timing of production sequences. Such machines are followed in varying degrees by automatic
coring, closing and handling through the casting and shake-out stages. The systems are based
on either the rotatory or in-line principle.

Some moulds are dried before closing and casting. Stoving is most commonly carried out
at 200-400°C, above which loss of combined water is detrimental to clay binders. Drying
equipment includes fuel-fired stoves and gas torches. Electric or microwave mould driers are
also available.

(iify Coremaking operations

Cores are used as inserts in moulds to form casting features such as cavities and holes.
Sand cores are compacted by hand ramming, jolting and squeezing operations analogous to
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those in moulding. The most distinctive technique is, however, the use of coreblowers, which
blow the sand into the core box at high velocity and produce small and medium size cores at
high rate.

Thermal curing of linseed oil or synthetic baked resins requires heating. Core-stoves are
operated at 180-250°C; in addition, air circulation is needed to supply oxygen to the core
surfaces and to eliminate moisture and fumes generated in baking (Beeley, 1972). Some of
the resin binders are hardened by chemical additives in shell-moulding, hot-box, cold-box and
carbon dioxide processes. Although they were originally conceived as coremaking processes,
most of the techniques are also used in mould production. The hot-box and shell processes
use heated core boxes made of metal. The core is blown in a machine, and curing proceeds
at a rate sufficient for ejection within a few seconds. The curing is completed by residual heat
in the core sand.

(¢) Melting and pouring

Most of the cast iron produced in foundries is melted in cupolas. When the cupola is charged
at the top of the shaft with pig iron, scrap, coke, limestone and fluxes, combustion of the
coke melts the alloy. The cupola can be further equipped to provide hot blasting, oxygen
enrichment and water cooling. During the melting process, combustion gases rise through the
full stack, the molten metal descends through the coke bed and is tapped out at the bottom
of the furnace.

Electric-induction furnaces are increasingly used for melting iron and steel. They allow
flexible control of alloy temperature and composition. In the absence of fuel combustion,
electric furnaces do not evolve much gaseous emissions, except when oxygen is occasionally
lanced into the melt for carbon removal. High-frequency induction furnaces are refractory-lined
structures with a capacity of several tonnes. Vacuum melting, which may be applied to
induction furnaces extracts dissolved gases from the alloy and thus prevents the spread of
fumes into the work environment.

Electric arc furnaces are predominant in steel founding. Their capacities range from a few
tonnes to about 200 tonnes. Melting of the charge is produced by an electric arc of over
3000°C generated by carbon electrodes through which current is passed. Fuel-fired hearth
furnaces, including rotary and tilting reverberatory furnaces, are sometimes used for cast-iron
production. The cupola-converter combination and the open-hearth furnace account for a
proportion of steel-castings production, especially when a foundry is connected with an
adjacent steel works. In 1975, there were 1405 cupolas, 4688 electric furnaces, 49 open
hearths and 1746 reverberatory furnaces in the USA and Canada. About 80% of cast iron was
produced in cupolas (Miske, 1978).

In general, foundry melting is carried out on a batch basis, the exception being the
continuous cupola process. In some cases, the duplex practice is used, which involves
separate furnaces for successive stages. A holding furnace provides a reservoir of molten
metal at the pouring temperature.

The furnace charge may consist of ingots, alloys and scrap from the fettling and machine
shops or outside sources. Melting materials are customarily stored in piles and heaps in the
foundry yard. To reduce scrap to sizes suitable for the furnace, flame cutting or mechanical
breaking may be applied before charging. Alloy additions are purchased as lumps of pure metal
or ferroalloys such as ferromanganese, ferrochromium, ferrosilicon and ferrophosphorus.
Calcium compounds - caicium silicide, calcium carbide, calcium fluoride and calcium carbonate
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- are also used for melt treatment. Magnesium metal is added to cast iron in the production
of nodular iron. The scrap may contain lead, zinc, cadmium and other undesirable metal
constituents. During melting they are evaporated, together with pyrolysis products of any oil,
grease, plastics or rubber present in the charge (Bates & Scheel, 1974).

The final stage of melting often includes purification, deoxidation, degassing, inoculation or
grain refinement of the alloy. In such treatments the reagents are added into the furnace or
ladie by plunging, injection or similar techniques. The appropriate tapping temperature depends
on the expected rate of cooling in the ladle relative to the timing of casting operations. Cast
irons are poured at about 1400°C and high-alloy steels at somewhat higher temperatures.

The molten metal is transported to the casting area in ladles which are of the lip type or
are fitted with a nozzle and stopper for bottom pouring. During production of heavy castings,
the ladles are supported by cranes, while smaller quantities can be dispensed from underslung
hoists or hand shanks. The organization of pouring is regarded as the crucial step in founding,
since little time is available for casting operations, and an error in pouring rate or temperature
may deteriorate the mould and casting. The layout of the casting floor is based on a fixed
point to which moulds are fed by a roller conveyer, or moulds are laid out on the floor. A
necessary adjunct is a ladle preheating system that ensures that the repaired refractory lining
is thoroughly dried out and minimizes the temperature drop of the metal from furnace to ladle.
Various ancillary tasks during and after pouring include addition of insulating material, feeding
of exothermic materials, removal of relief cores and lighting of gas evolving from the hot mould.
The shake-out section is provided with various mechanical aids: pneumatic tools, hammers,
punchout rams, vibratory tables and grids. Equipment for sand collection and dust exhaust is
also located in this section of the foundry.

(d) Fettling

After shake-out, the remaining work in producing the finished casting is carried out in the
fettling shop. Basic operations are initial cleaning for removing adherent sand residues,
separation of feeder heads and runners (excess metal), and final dressing. Other operations
often integrated with these processes are inspection, rectification, heat treatment and primer
painting.

The rough cleaning is first done manually or mechanically with crowbars or pneumatic picks
to loosen residual sand. In abrasive blasting, individual castings or batch loads of smaller
pieces are cleaned by jets of abrasive particles. The abrasives are energized either by
compressed air or by centrifugal impeller. Quartz sand, steel shot, cut wire or slag pellets are
commonly used. Heavy castings are normally processed in a fixed chamber, the shot nozzle
being manipulated directly by the operator, clad in a protective suit, or remotely controlled
from outside. Smaller castings are abrasive-blasted in a glove box. In hydraulic cleaning
systems, the castings are exposed to high-pressure water jets, a method which eliminates
dust. Other methods of cleaning include barrel tumbling and wire brushing.

Many alternative operations are used for the removal of feeders, risers, gates and sprues
from the casting. These extend from simple knocking off or prizing away, through sawing,
grinding or other machining methods to flame cutting. The oxyacetylene cutting torch is
capable of sufficient penetration through carbon and low-alloy steels, but iron powder
dispensed into the flame may be needed for stainless-steels and for cutting through large
sections. Another process involves use of an electric arc combined with a compressed-air jet
to cut the metal. Grinding operations are carried out on -swing-frame, pedestal or portable
machines. The first of these is suitable for heavy-duty grinding on large castings. Pedestal or
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bench grinders are used when castings can be lifted manually. The most universal tool for
general dressing is the portable grinder. The disc grinders are powered either electrically or
by compressed air and may be axially mounted wheels or angled shafts. The abrasives are
often made of silicon carbide and alumina bonded with ceramics or synthetic resins.

Castings cannot be produced regularty without defects. Rectification or minor repairs may
be needed for the restoration of standard properties or for the improvement of appearance.
Fine cracks are detected by means of colour penetrant, X-ray or ultrasonics. Gas and arc
welding are most commonly used for repairs. The defects are first removed by grinding,
chiselling, flame cutting or arc gouging, and then the cavity is filled by fusion welding.

3. Exposures in the Workplace

3.1 Introduction

A wide variety of occupational health hazards is present in iron and steel foundries: airborne
crystalline silica is virtually ubiquitous in foundries that use quartz sand for moulding and
coremaking; metallic fumes are present during melting, pouring, welding and flame-cutting
processes; and metal dusts are associated with abrasive grinding operations. The cupola and
casting operations may emit carbon monoxide into the working environment. Phenol,
formaldehyde, furfuryl alcohol, isocyanates and amines are used as ingredients of organic
binders in mould and core sands. Furthermore, several carbonaceous materials are in contact
with molten metal during pouring and thus various pyrolysis products, including polynuclear
aromatic compounds, are formed. These exposures may occur simultaneously with physical
hazards, including noise, vibration, heat and radiation.

The main airborne contaminants to which workers may be exposed are given in Table 4.

Table 4. Airborne substances (and classes of substances) found in iron and steel
foundries

Material Principal uses or sources of emission

Common airborne contaminants

Amines, aliphatic and aromatic* Urethane binders, amine gassing of urethane resins, thermal

(e.g.. hexamethylenetetramine triethylamine; decomposition of urea, urethane or shell binders

dimethylethylamine, aniline*)

Ammonia Thermal decomposition of hexamethylenetetramine in shell
moulding, decomposition of urea or urethane binders

Bentonite Foundry sand, refractory materials

Carbon Coal powder, graphite and soot in foundry sand, coke in

cupola melting, core and mouid coatings, constituent of
ferrous alloys, electrodes in arc melting and gouging

Carbon dioxide Combustion of carbonaceous materials in foundry sand, cupola
melting, fuel combustion in furnaces, ovens, heaters and
em];ines, carbon dioxide gassing of silicate binders, inert gas
welding
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Material

Principal uses or sources of emission

Carbon monoxide

Chromite*
Chromium and chromium oxides”

Chlorinated hydrocarbons* (e.g.,
1,1,1-trichloroethane®)
Cristobalite

Fluorides™
Formaldehyde”

Furfuryl alcohol

Hydrocarbons, aliphatic and
aromatic (e.g., benzene, toluene, xylene,
naphthalene%;

Hydrogen sulphide

lron and iron oxides*

Isocyanates® (e.g., 4,4'-methylenediphenyl
diisocyanate®)

Lead and lead oxides”
Magnesium and magnesium oxide
Manganese and manganese oxides

Nickel and nickel oxides*
Nitrogen oxides

Olivine
Phenols (e.g., cresol, phenol,
xylenol)

Polynuclear aromatic hydrocarbons*

Silica, quartz
Sulphur dioxide

Tridymite

Vanadium and vanadium oxides
Zinc and zinc oxides

Zircon

Other airborne contaminants
Acrolein®

Alcohols, aliphatic (e.g., isopropanol)
Asbestos*

Cadmium and cadmium oxide*

Calc_ium carbide, calcium carbonate,
calcium silicide, calcium oxide

Carbon disulphide

Carbonyl disulphide

Copper and copper oxides
Cyanides (e.g., hydrogen cyanide)

Combustion of carbonaceous materials in foundry sand, cupola

melting, fuel combustion in furnaces, ovens, heaters and
engines, flame cutting and welding

Foundry sand, refractory materials

Steel alioys, melting, pouring, cutting, grinding and welding
operations '

Solvents

Refractory materials, high-temperature transformation of silicon
dioxide

Melting, slagging and welding

Urea, phenol and furan resins, thermal decomposition of orga-
nic materials in core baking and casting

Furan resins

Solvents for binders and paints, pattern resins and glues, core
and mould dressings, metal primers, petroleum fuels, thermal
decomposition of organic materials in foundry sand

Water quenching of furnace slag, thermal decomposition of
sulphur compounds in foundry sand

Ferrous alloys, melting, pouring, cutting, grinding and welding

Urethane resins, thermal decomposition of urethane binders in
foundry sands

Scrap melting, spray painting operations
inoculation process in production of nodular iron

Ferrous alloys, melting, pouring, cutting, grinding and welding
operations

Steel alloys, melting, pouring, cutting, grinding and welding
operations

Thermal decomposition of urea or urethane binders in foundry
sand, flame cutting and welding, internal combustion engines

Foundry sand, refractory materials

Phenolic binders, thermal decomposition of organic materials
in foundry sand

Coal-tar pitch, thermal decomposition of carbonaceous mate-
rials in foundry sand, fuel combustion in furnaces, ovens,
heaters and engines

Foundry sand, refractory materials, sand blasting

Combustion of sulphurous fuels, sulphur-dioxide gassing and
decomposition of furan resins

Refractory materials, high-temperature, phase transformation of
quartz

Steel alloying
Scrap melting
Foundry sand, refractory materials

Thermal decomposition of vegetable oils in core baking and
casting

Solvents for binders and paints, carriers for core and mould
dressings, components of urethane resins

T_hermal or electrical insulation in furnaces.and ovens; cove-
rings, troughs and clothing in pouring areas

Scrap melting
Melting, alloying and slagging

Decomposition of furan resins with sulphonic acid catalysts
Decomposition of furan resins with sulphonic acid catalysts
Scrap melting, arc gouging with coated carbon electrodes

Thermal decomposition of urea or urethane binders, heat
treatment of special castings
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Material

Principal uses or sources of emission

Esters (e.g. glycerof diacetate, butyl acetate)
Ethyl silicate

Ferrochromium, ferrgmanganese, ferro-
molybdenum, ferrosilicon, ferrovanadium

Methyiethylketone peroxide
Nitrogen heterocyclics (e.g., pyridine)

Nitrosamines* (e.g., N-nitrosodimethylamine*,

N-nitrosodiethylamine*)

Oxygen heterocyclics
(e.g., furan, methylfuran)

Ozone
Phosphine

Phosphoric acid
Radon

Sulphonic acids
(e.g., toluene/sulphonic acid)

Sulphur heterocyclics

Ester-silicate process, foundry solvents
Silicate binders
Melting and alloying

Sulphur-dioxide gassing process

Coal-tar pitch, thermal decomposition of carbonaceous mate-
rials in foundry sand

Reaction of nitrogen oxides with amines in foundry sand
Furan resins

Inert gas welding

Reaction of water with phosphides in ferroalloys, decomposi-
tion of furan binder, furan resins catalysed with phosphoric
acid :

Catalyst for furan resins

Zircon sands

Catalyst for furan resins

Decomposition of furan resins

147

(e.g., thiophene)
Talc Core and mould dressings

*This list includes chemicals (or classes of chemicals) used in or formed in iron and steel founding operations, and the
processes during which they are used or formed or during which exposures are most likely to occur. It was compiled
from information collected during the preparation of the monograph and cannot pretend to be exhaustive.

*Chemicals (and classes of chemicals) indicated by an asterisk have been considered previously in the IARC
Monographs series and are listed in the Appendix together with the evaluation of carcinogenicity.

3.2 Silica and other mineral dusts

Nearly all production workers in iron and steel foundries are exposed to silica dust and
other mineral constituents of foundry sand. Numerous studies on dust exposure have been
carried out; however, only the major studies relevant to current work conditions are referred
to here.

In 1968-1971, a nationwide survey of exposure to silica was conducted in Sweden. The
results are summarized in Table 5 for iron foundries and in Table 6 for steel foundries. The
average exposure of the workers was 19.5 mg/m3 and 10.6 mg/m?, respectively. Respirable
dust contained 12-13% quartz when silica sand was used and about 5% when olivine sand
only was used in moulding. In the latter case, the source of quartz dust was mainly the
blackings and other siliceous materials used in steel foundries. In 1974, about two-thirds of
Swedish steel castings were cast in olivine sand. The heaviest exposure to dust in the iron
foundries was during furnace and ladle repair. In sand preparation in iron foundries, exposure
to total dust was 16.5, 19.6 and 16.2 mg/m? in manual, mechanized and automated operations,
respectively. Manual methods such as shovelling, carried out in the proper way, created less
dust than the mechanized systems. However, the number of exposed workers is decreased
in automated sand plants in which the tasks of the operator are reduced to supervision and
maintenance. It was evident from the study that the dust exposure of individual workers was
most severe in the automated plants. Moulding sands often contain 50-98% quartz and have
a low content of feldspar. Exposure to dust from sandslingers and moulding machines
fluctuates widely according to. the moisture content of the sand used. In a steel foundry with
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a wetted floor, the dust concentration was 0.8 mg/ms3, while in two foundries with dry waste
sand around the moulds, dust concentrations were 34 and 58 mg/m3, respectively. Dust
evolved during the use of a sandslinger was usually about 5 mg/m3. At coremaking areas in
iron foundries, dust concentrations averaged 4.4 mg/m3 in stationary samples and 6.2 mg/m?3
in personal sampling. In a series of measurements in 74 iron foundries, average dust exposures
of fettlers grinding with portable and stationary machines were 20.8 mg/m® and 17.2 mg/ma,
respectively. The fettling method that gave the highest exposure was unshielded sand blasting
with a jet of quartz particles; in small foundries, an average of 126.9 mg/m3 was recorded. In
many cases blasting was done without safety equipment. The average exposure to dust during
the repair of furnace and ladle linings in iron foundries was 68.3 mg/m?3. The dust contained
an average of 22% quartz and 2% cristobalite. In extreme cases, the quartz content of lining

Table 5. Dust exposure in Swedish iro; foundries in 1968-19712

Task Mean exposure to Particles < 5 um Quartz in respirable
total dust (mg/m3) (% by weight) fraction (%)
Work with furnaces and ladles 68.3 28 22
Preparing sand 16.2 30 7
Moulding 8.4 33 10
Coremaking 6.2 33 10
General foundry work 13.2 , 27 16
Shaking-out moulds 16.3 : 23 9
Shaking-out cores 13.7 23 11
Cleaning castings 17.2 26 13
Cleaning premises 28.4 26 11
Odd jobs 13.6 30 7
Mean of all samples 19.5 27 12

2From Gerhardsson (1976); 821 personal samples were collected in 74 foundries.

Table 6. Dust exposure in Swedish steel foundries in 1968-19712

Task Mean exposure to Particles < 5 um Quartz in respirable
total dust (mg/m3) (% by weight) fraction (%)

Preparing sand

quartz sand 6.4 36 10

olivine sand 30.3 25 5
Moulding

quartz sand 42 3 14

olivine sand 49 24 5
Shake-out

quartz sand 7.6 29 17

olivine sand 8.3 29 6
Cleaning .

quartz sand 10.6 23 i

olivine sand 10.8 15 5
Mean of all samples

quartz sand . 8.8 26 12

olivine sand 124 21 5

2From Gerhardsson (1976); 92 personal samples were collected in 13 foundries.
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dust ranged from 75-90%. In all other operations the concentration of quartz in respirable dust
varied from 7-16% in iron foundries and from 5-17% in steel foundries (Gerhardsson et al.,
1974; Gerhardsson, 1976).

Similar results were found in a Finnish study of 51 iron and nine steel foundries (Siltanen
et al,, 1976). The gravimetric concentrations of total dust and respirable quartz are shown in
Table 7. Sampling was undertaken in the working environments of 3794 foundry workers (2241
in iron foundries and 1553 in steel foundries). About 30% of them were moulders and
coremakers, 25% were fettlers, 15% were melters and pourers, and the rest were crane
drivers, plant cleaners, maintenance workers and others. About 70% of the employees
engaged in sand preparation, shake-out and fettling were exposed to a respirable quartz
concentration exceeding the Finnish exposure standard of 0.2 mg/m3 (National Finnish Board
of Occupational Safety & Health, 1981), and 92% of the samples collected during cupola,
furnace and ladle repair operations exceeded this value in steel foundries. The content of
respirable dust-in the samples was about 30-60% (containing 7-13% quartz) and was similar
for most of the foundry operations. Cristobalite or tridymite was found in only a few samples
taken from meiting departments. Olivine or chromite sand was used in some of the steel
foundries, and the content of quartz in respirable dust was found to be lower in these
foundries: olivine sand, 1.5% quartz in respirable dust; chromite sand, 2.7%; sea-bottom sand,
5.8-7.8%; and crushed quartzite, 15.1%.

The dust concentrations of different work phases were further analysed with respect to
foundry size (Koponen et al., 1976). Dust exposure increased in sand preparation (from 13 to
33 mg/m®) and melting (from 7 to 16 mg/m?), decreased in shake-out (from 33 to 10 mg/m3)
and fettling (from 33 to 13 mg/m3) and was similar in other operations (from 4 to 10 mg/m?3)
as plant size increased from small foundries with fewer than 25 employees to larger foundries
with over 100 employees. The division also roughly corresponded to the degree of mechaniza-
tion within the foundries. It was concluded that automated processes allow efficient use of
ventilation for some operations. However, with automation, workers may be confined to the
same work phase; therefore, in evaluating long-term exposure on the basis of working time

Table 7. Mean concentrations (mg/m3) of total dust and respirable quartz (particle size,
<5 pm) in Finnish iron and steel foundries in 1972-1974>

Iron foundriesb Steel foundries®
Total dust Respirable quartz  Total dust Respirable quartz
Sand preparation 21 0.78 13 0.55
Moulding 8.6 0.31 5.8 0.27
Coremaking 52 0.24 46 0.24
Melting 8.4 0.35 5.0 0.19 -
Furnace repair 34 2.25 27 5.26
Pouring 8.5 0.19 8.2 0.24
Shake-out 19 0.53 8.6 0.42
Cleaning 18 0.74 21 0.45

Other 9.7 0.41 ' 9.7 041

aFrom Siltanen et al. (1976)
®51 Iron foundries; 1073 samples, 1140 area samples
°9 Steel foundries; 342 personal samples, 392 area samples



150 IARC MONOGRAPHS VOLUME 34

and dust concentration, the extreme cases were found in larger foundries. In small foundries,
workers often have a cycle of various consecutive tasks.

Recent surveys of ltalian, Dutch and US foundries also report substantial exposures to
silica in foundries (Meyer, 1973; Capodaglio et al., 1976; Zimmerman & Barry, 1976; Bolt,
Beranek & Newman, Inc., 1978, as cited in Oudiz et al., 1983; Oudiz et al., 1983).

In an electron microscopic study of nine sands used in foundries, chrysotile asbestos fibres
were found in both olivine and chromite sands. These fibres typically had a diameter of less
than 0.3 pm; the aspect ratio was 10:1 or greater. Amphibole fibres were also detected in the
chromite sand and were somewhat thicker (Stettler et al, 1981). The total concentration of
airborne fibres ranged from 0.01 to 0.33 fibres/cm?® in dust samples collected from five
foundries, and the concentration of asbestos ranged from 0.0001 to 0.0033 fibres/cm?3
(Gullickson & Doninger, 1980). In general, the use of asbestos materials has been limited to
asbestos textiles in fireproof gloves and aprons or asbestos boards for insulation in melting
departments.

Radioactive dust may be inhaled during the use of zircon sand. Its natural radioactivity
(from radium 226) was measured as 90 pCi/g (3.33 Bg/g). Radon emanation from zircon sand
was estimated to be 2 pCi/m? (0.074 Bg/m?) (Boothe et al., 1980). The main concern regarding
radioactivity has been the disposal of waste moulds and sands.

3.3 Metal fumes and dusts

Metal fumes are formed by the evaporation, condensation and oxidation of metals in air.
Furnace tenders, melters, casters, ladlemen, pourers and crane drivers are exposed to fumes
from molten metal; fettlers are exposed to metal fumes and dusts from grinding, welding and
flame-cutting operations.

In 1973-1974, a survey of metal fumes was made in 15 iron foundries and 10 steel foundries
in Finland (Tossavainen, 1976). Table 8 gives the average composition of various, melting
fumes, and Table 9 lists the exposures of furnacemen and casters in foundries with cupola,
electric induction or arc melting. The composition of fumes varied with the kind of metal, the
quality of scrap and the type of melting process. Altogether, 46 elements were detected by
spark-source mass spectrometry. The major compounds were iron oxides (Fe,O; and Fez0,),
manganese oxide and zinc oxide. High concentrations of iron, lead and zinc were occasionally
found in the workplace air at iron and steel melting areas. The ferroalloys and fluxes added
into the charge as well as the constituents of moulding sand contributed to the metal
concentration in airborne dusts in melting departments.

Mosher (1980) analysed airborne dust samples taken in 22 US foundries which, at the time
of sampling, poured alloys containing less than 2% of chromium and/or nickel. The ferrous
foundries melted steel, grey or ductile iron. At least two casting plants were included in each
category, and three job titles or locations were chosen for the study: furnace tending, transport
and pouring of molten metal and cleaning-room operations, excluding any welding or flame
cutting. The results of 94 breathing-zone samples are shown in Table 10. Chromium (0.3-114
ug/m3) and nickel (0.4-190 pg/m?3) were found in all segments of the industry owing to melting,
casting and other operations.
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Table 8. Composition of metal fumes by furnace type; average concentration of elements
in samples collected in the work areas of furnacemen=

Element Average concentration (%)

Steel foundry, elec- Steel foundry, iron foundry, Iron foundry, cupola

tric-induction electric-arc furnace electric-induction

furnace furnace
Antimony <0.1 <0.1 <0.1 <0.1
Barium <0.5 <0.5 <0.5 <0.5
Cadmium 0.006 0.019 0.004 0.002
Calciumb 35 11.2 3.0 1.4
Chromium 1.4 0.30 0.19 0.029
Chromium?® 0.13 0.082 0.043 0.013
Cobalt <0.02 <0.02 <0.02 <0.02
Copper 0.097 0.10
lron 10.2 15.5 20.5 11.3
Lead 1.2 1.7 0.78 0.70
Manganese 1.7 26 2.1 0.50
Molybdenum <0.03 0.15 <0.03 <0.03
Nickel 0.15 0.045 0.038 0.013
Phosphorus 0.29 0.52 0.18 0.33
Potassium 1.0 1.7 0.7 2.0
Silicon 20 15 20 30
Silver <0.01 <0.01 <0.01 <0.01
Strontium 0.01 0.02 <0.01 <0.01
Sulphur 0.11 0.22 A 0.57 0.63
Tin <0.05 <0.05 <0.05 <0.05
Titanium 0.098 0.060 ' 0.092 0.25
Zinc 2.0 7.8 4.1 0.84
Zirconium 21 0.57 0.35 0.11

éFrom Tossavainen (1976); 232 area samples were collected in 28 foundries. bAcid-soluble

Table 9. Metal concentrations and total dust levels in the air during melting and casting=

Exposure Average concentration (j.g/m3)
iron foundry, lron foundry, Steel foundry, Steel foundry,
cupola electric-induction electric-induction electric-arc furnace
furnace furnace
Cadmium <2 <2 <2 <2
Calciume 140 230 150 710
Chromiump 4 3 5 6
Cobalt <5 <5 <5 - <5
Copper 9 8 8 6
lron 860 1 590 1050 620
Lead 15 41 50 49
Manganese 32 130 80 190
Nickel <5 <5 11 2
Zinc 47 220 110 220

Total dust concentration 10 000 8 600 5 100 6 100

2From Tossavainen (1976); 112 personal samples were collected in 27 foundries. . PAcid-soluble
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Table 10. Exposure to chromium and nickel in foundries casting alloys with low or trace
ievels of chromium (Cr) and nickel (Ni)2

Operation Average concentration (ng/mS)
Grey iron Ductile iron Steel
Cr Ni Cr Ni Cr Ni
Furnace tending 3.5 0.4 0.5 0.6 71 1.6
Molten metal 0.8 0.7 0.3 0.5 54 2.1
handling
Fettling room 8.0 6.8 0.9 1.7 113.8 190.7

aAdapted from Mosher (1980); 94 personal samples were collected.

Lead concentrations were measured in several grey-iron foundries in the USA that used
crushed engine blocks in their charge (Pompeii, 1983). Personal sampling showed lead
exposure of the cupola tender to be 80 ug/m3; ladle operator, 110 pg/m?, iron pourer, 60 ng/ms;
and cupola charger, 50 pg/ms3. In electric-induction melting, the lead exposure was even higher:
furnace operator, 1440 pg/m3, ladle operator, 220 pg/m?; iron pourer, 330 pg/m?; and furnace
charger, 1140 pg/ms. The source of lead was identified as residues of leaded gasoline in the
scrap engines.

Abundant metal fumes are released in the production of ductile iron by the inoculation
process that involves the use of Fe-Si-Mg-Mischmetal' alloy to ‘transform’ carbon into nodular
form. The concentration of metals (detected by neutron activation analysis) in 1971 in the
workplace air in one Belgian foundry varied as follows: iron, 112-9700 pg/m3, magnesium,
32-3400 pg/m3; manganese, 2-60 pg/m?3; chromium, 0.4-4.6 pg/m?3; nickel, 0.2-10 pg/m?; and zinc
1.7-60 pg/m3. Concentrations of 27 other elements were also reported. Blood samples, while
indicating some exposure to lead, were within the limits of analytical errors (Vanhoorne et al.,
1972).

In a study of 10 exposed iron foundry workers, the total burden of iron in the lung was
estimated by magnetic measurements (Kalliomaki et al., 1979). The amount varied from 30-600
mg among men who had worked for several years as casters, moulders, coremakers or fettlers.
In the same study, airborne dust particles examined by electron microscopy were found to be
spherical and to form agglomerates and short chains. The single particles averaged about 0.1
um in diameter. In fettling operations, the airborne particles were irregularly shaped and about
1 pm in size.

Grinding, welding, flame cutting and other fettling operations in iron and steel foundries are
similar to those in other metal industries. Because these processes are not especially
characteristic of foundry work, although significantly contributing to the overall exposure of
the workers, the relevant studies are discussed here only briefly.

The metal concentrations (mg/m3) in 1972-1974 in the breathing zone of welders and flame
cutters in six steel foundries were as follows: in manual arc welding (11 personal samples),
iron, 14.0; manganese, 1.38; chromium, 0.21; nickel, 0.09; copper, 0.14; lead, 0.10; in flame

Mischmetal contains: 50-55% cerium, 4.5-5.5% praseodymium, 15-17% neodymium, 0.1% samarium and europium;
the balance is made up of lanthanum and other rare earth metals.
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cutting (22 personal samples), iron, 12.9; manganese, 0.44; chromium, 0.10; nickel, 0.42;
copper, 0.05; lead, 0.11. In this study, the copper resulted from the coating of the carbon
electrodes. The source of lead was other fettling operations in the vicinity (Virtamo et al.,
1975).

Exposure to chromium and nickel among welders working with stainless-steel may be
severe. Biological monitoring of urinary chromium showed levels of 11-152 pg/g creatinine in
six such welders who were exposed daily to hexavalent chromium concentrations of 0.001-0.52
mg/m3 in air. Most of the airborne chromium was water soluble and hexavalent (Tola et al.,
1977; Tossavainen et al., 1980). A urinary chromium concentration of 40-50 pg/l measured
immediately after the work shift corresponds to a level of soluble hexavalent chromium in air
of 0.05 mg/m® (Gylseth et al.,, 1977). In a study that included 86 test sites in 18 machine
shops, in arc welding of stainless-steel the concentration of chromium in air averaged, with
and without local exhaust equipment, 0.06 and 0.2 mg/m® as CrQO;, respectively. The nickel
concentration was usually less than 0.1 mg/m? (Ulfvarson, 1981).

3.4 Carbon monoxide

Carbon monoxide (CO) is given off whenever there is incomplete combustion of
carbonaceous material. In the foundry environment, it is mainly produced by cupola melting
and casting operations. Other sources are oil burners used for charge and ladle preheating,
furnaces for annealing and carburizing, transport equipment powered by internal combustion
engines and fettling operations such as welding and flame cutting.

Workers in the furnace area may be exposed to gases leaking from the charging and bottom
levels of the cupolas. About 20-30% of the gas emmitted is CO. Typical CO concentrations
in the cupola locations were reported as follows (ml/m3): charging deck, 10-600; iron and slag
spout, 15-200; and fioor level, 10-300 (Tubich, 1981). Around the cupolas in six iron foundries,
a concentration of 50 ml/m3 was exceeded in 76% of the samples, the average being 240
mi/m3. Electric furnaces do not evolve much gaseous emission, except during oxygen lancing
when the effluents may contain in excess of 80% CO. However, spreading of flue gases was
limited when exhaust ventilation was applied directly to the furnace shell. In steel foundries,
the CO concentrations were less than 20 mi/m® in the areas around the electric furnaces
(Virtamo & Tossavainen, 1976a).

Most ferrous castings are produced in green-sand moulds. During pouring, the pyrolysis of
carbonaceous material produces gaseous emissions such as carbon monoxide, carbon dioxide,
hydrogen, methane and other hydrocarbons. Table 11 lists the composition of effluent gases
from a moulding sand containing 6% bentonite, 1% cereal, 3% seacoal and 3.8% water. The
experimental design in the laboratory excluded any dilution of the gaseous constituents. The
CO concentration averaged about 20%; hydrogen, 58%; carbon dioxide, 6%; and methane,
10%. Ammonia, sulphur dioxide and hydrogen cyanide were found in minor amounts. CO was
produced mainly by the reaction of carbon with water to give CO and hydrogen, and
experiments have shown that most of the oxygen required for CO synthesis is supplied by
sand moisture and not by ambient air. The gas volume increased linearly with the casting
weight, i.e., as a function of sand-to-metal ratio. The volume of emitted CO also increased as
the content of various carbonaceous additives was increased (Gwin et al., 1976; Scott et al.,
1976). Coal-powder replacements may also be used in green-sand moulds, which reduces CO
emissions during casting (Hespers, 1972). [However, other contaminants may arise from the
pyrolysis of these substitutes.]
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Table 11. Composition of gaseous effluents from green sande

Compound Average concentration
Hydrogen 58 %
Carbon monoxide 20 %
Carbon dioxide 6 %
Methane 10 %
Ethane 0.6 %
Ethylene 1.5 %
Acetylene 0.3 %
Ammonia 4 pg/l
Hydrogen cyanide 90 pg/l
Sulphur dioxide 20 g/l
Hydrogen sulphide 20 ng/t
Formaldehyde 6 ug/l

(Balance: nitrogen, oxygen and water)

2From Gwin et al. (1976)

The workroom concentration of CO rises rapidly during the first few minutes after pouring
and then gradually diminishes. A second peak in CO emission occurs during shake-out when
hot sand comes into contact with the ambient air (Scott et al., 1976). Near a mechanized
shell-moulding line, exposure of workers to CO ranged from 10-50 mi/m3: peak concentrations
reached 600-700 mi/m® in a number of plants where resin sands were used in stationary
pouring operations. Measurements taken at the breathing zone of operators making shell cores
were (ml/m?): CO, 10-60; ammonia, 7-25; aldehydes, 2-4; and phenols, <1 (Tubich et al., 1960).
CO levels of 25-600 mi/m? during the pouring of green-sand moulds, 25-400 mi/m? during the
pouring of resin-bonded moulds and 10-75 ml/m? during shell-core moulding were also reported
(Tubich, 1981). :

In the Finnish study of 52 iron foundries, the concentration of CO averaged 110 mi/m?3 in
casting areas during and shortly after pouring. The level of 50 mi/m?® was exceeded in 72%
of 909 short-term samples. In personal sampling of iron casters, the average CO exposure
was 85 mi/m®, with 67% of the two-hour samples exceeding 50 ml/m3. In steel casting areas,
the mean CO concentration was 18 ml/m3, which was notably lower than that in iron foundries.
The blood carboxyhaemoglobin levels of 145 workers (cupola tenders, casters and crane
operators) from six iron foundries after the completion of a work shift exceeded 6% in 26%
of non-smokers and in 71% of smokers (Virtamo & Tossavainen, 1976a).

3.5 Binder compounds

Organic binder materials for cores and moulds include furan, phenol-formaldehyde,
urea-formaldehyde and urethane resins as well as oleoresinous oils. The ingredients may
volatilize into the workplace air during mixing, blowing, ramming, drying or baking operations.
Curing reactions and thermal decomposition create additional compounds which are driven off
in pouring and shake-out. When organic binders are subjected to high temperatures,
thermo-oxidative pyrolysis produces gases and smoke aerosols. Only a few of the components
have been identified: aliphatic components include methane, ethane, ethylene, acetylene, and
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lesser amounts of compounds of high molecular weight; and aromatic compounds include
benzene, toluene, xylenes, naphthalenes and a variety of polynuclear aromatic compounds,
present in lower concentrations. Nitrogen compounds such as ammonia, cyanides and amines
may be produced from nitrogen in the urea, ammonium salts and hexamethylenetetramine
used as binder chemicals. Urethane resins may emit free isocyanates under moulding and
pouring conditions. No-bake catalysts, based on arylsulphonic acids, may produce sulphur
dioxide and hydrogen sulphide by thermal processes. If phosphoric acid is used as a catalyst,
phosphine can be formed in the extremely reducing atmosphere of the hot emissions. In air,
phosphine rapidly oxidizes to phosphorus oxide. Furan binders contain free furfuryl alcohol
which can volatilize during mixing, moulding or coremaking. Similarly, furan and phenolic resins
may emit formaldehyde, phenol and other derivatives by volatilization or thermal decomposi-
tion. Core oils and alkyd isocyanate resins are partly composed of natural drying oils, and
heating of these materials gives rise to acrolein, various aldehydes, ketones, acids and esters
as well as aliphatic hydrocarbons. When organic solvents are used in sand binders, the vapours
may add to the exposure of workers (Toeniskoetter & Schafer, 1977).

Laboratory experiments have indicated the presence of numerous compounds in mould
effluents of iron casting. Table 12 shows the results of tests of 12 binder systems, extrapolated
to provide an indication of the actual concentrations to be expected at the workplace. The
concentrations of contaminant measured from each binder system have been normalized to a
carbon monoxide level of 50 mi/m?® (Scott et al., 1977). The data on nitrogen-containing
compounds in mould emissions were reported separately (Table 13). The measured concentra-
tions of nitrogen oxides, ammonia and hydrogen cyanide in mould effluents do not represent
workplace conditions but these can be extrapolated by applying a dilution factor of about 30. Low
concentrations of aromatic and aliphatic nitrogen-containing compounds such as aniline, mor-
pholine, dimethylformamide, dimethylacetamide, dimethylaniline, triethylamine, ortho-toluidine,
2,4-xylidine, ortho-anisidine, para-anisidine and mesidine were also identified in the effluent by
gas chromatography (Emory et al., 1978).

In a laboratory study of binder materials, the following were measured (ml/m?3) in undiluted
pouring effluents: carbon monoxide, 215-290; hydrogen cyanide, 1-2; ammonia, <1-17; phenol,
<1-7; and 4,4-methylenedipheny! diisocyanate (MDI), <0.001-0.2 (Toeniskoetter & Schafer,
1977). Ammonia and hydrogen cyanide emissions were associated with urea-modified binders
and with shell moulding; airborne MDI was detected in the tests of urethane resins.

In the 1970s, workplace measurements were made for MDI and methylene bisaniline (MBA)
in 29 iron and steel foundries. MBA was determined simultaneously because urethane resins
emit aromatic amines along with free isocyanates during pouring, cooling and shake-out. Of
a total of about 200 samples, 18 had MDI levels in excess of 0.005 mi/m? and two had MBA
levels in excess of 0.1 mi/m3. Exposure to phenol and formaldehyde was also measured at
the mixing stations in 18 foundries utilizing phenolic urethane no-bake resins. The concentra-
tion of phenol ranged from 1-5 mi/m? in five of the 90 samples collected; formaldehyde was
seldom in excess of 3 mi/m3. When triethylamine or dimethylethylamine was used as a gassing
agent in the urethane process, about 12% of the amine samples showed levels of >25 mi/m?3
with an additional 25% of the samples in the range of 10-25 mi/m3. High amine exposure at
a phenolic urethane core-making station was usually the result of leaking fittings, inadequate
core-box seals or excessive use of the amine catalyst (Toeniskoetter, 1981). Exposure to
solvent vapours was low: 0.2-4 mi/m? for aromatic hydrocarbons as measured by personal
sampling (Toeniskoetter & Schafer, 1977). Rosenberg and Pfaffli (1982) measured free MDI
concentrations in a foundry by high-performance liquid chromatographic and colorimetric
methods; they found levels of 0.002-0.009 mg/m?3 in core-making and 0.003-0.040 mg/m3 in
casting. :



Table 12. Constituent concentrations of mould effluents normalized to a carbon monoxide level of 50 mi/m?3a

Effluents Binder system
Green Dry Sodium  Core oil  Alkyd Phenolic Phenolic Low N, Medium Furan Phenolic Shell
sand sand silicate iso- urethane no-bake furan- furan- hot-box  hot-box- (phenolic)
ester cyanate HPO,s  TSAd
(Dilution factor) (32.0) (42.2) (28.4) (61.0) (21.8) (14.0) (19.0)  (42.0) (20.2) (30.2) (28.8) (58.4)
Carbon monoxidet 50 50 i) 50 50 50 50 50 50 50 50 50
{30 min) :
Carbon dioxidet 100 110 40 50 150 130 50 35 145 80 85 75
(30 min)
Total hydrocarbont 27 8 13 15 68 58 20 7 32 10 9 5
(30 min)
Cazg%onyl )sulphidef - 0.11 <0.01 <0.01 0.14 0.33 0.14 0.02 0.42 0.28 0.06 0.01
min)
Hy(cégoggn)sulphide* - 0.69 0.07 0.03 0.08 0.01 0.95 0.19 1.04 0.04 0.01 0.01
min .
Su(lspohur. d)ioxideT - 0.97 0.03 0.02 0.04 0.02 2.00 0.29 - 0.02 0.02 0.02
min
Sulphur dioxide 0.38 1.21 0.09 0.04 0.05 0.10 16.32 0.36 5.94 0.09 0.04 0.51
Hydrogen sulphide 1.23 0.69 0.07 0.02 0.01 0.09 1.58 0.24 0.59 0.06 0.01 0.01
Phenols 0.19 0.09 0.10 0.02 0.14 6.36 1.05 0.01 0.12 0.02 0.23 0.36
Benzene 0.91 0.69 0.53 0.80 6.70 8.71 12.11 0.38 5.54 0.56 1.15 0.98
Toluene 0.09 0.19 0.11 0.16 1.93 1.36 0.68 0.07 10.79 0.03 0.21 0.41
meta-Xylene 0.01 0.09 0.04 0.08 3.16 0.71 0.10 1.31 0.30 0.03 0.14 0.08
ortho-Xylene 0.01 0.05 0.03 0.10 4.82 0.21 0.04 0.43 0.05 0.01 0.03 0.01
Naphthalene 0.02 0.02 0.01 0.01 0.05 0.01 0.02 0.02 0.05 0.02 0.02 0.01
Formaldehyde 0.01 0.01 0.06 0.03 0.13 0.04 0.01 0.16 0.08 0.01 0.01 0.01
Acrolein 0.01 0.02 0.01 0.03 0.11 0.05 0.01 0.02 0.02 0.01 0.01 0.01
To(tgl éld)ehydes 0.01 0.19 0.49 0.26 2.7 0.20 3.32 0.14 20.79 0.13 0.31 0.06
Nitrozgea oxides 0.83 0.12 0.01 0.03 0.44 0.07 0.03 0.01 0.38 0.43 0.73 0.15
Hydrogen cyanide 0.18 0.05 0.07 0.03 0.22 1.71 0.03 0.22 0.74 3.64 1.35 1.54
Ammonia 0.10 0.31 0.01 0.01 0.05 0.14 0.04 0.02 0.25 20.53 12.50 0.56
Total aromatic 0.01 0.07 0.02 0.03 0.03 0.57 0.02 0.05 0.45 3.18 1.46 0.34
amines

2From Scott et al. (1977)

*Concentrations measured in mg/mé except for those indicated by T which were measured in ml/m?

°Phosphoric acid
“Toluenesulphonic acid
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Table 13. Nitrogen compounds in undiluted mould emissions?

Binder system Concentration (mg/m3)
Nitrogen oxides Ammonia Hydrogen cyanide
Alkyd isocyanate 9.7 1.2 24.7
Phenolic urethane 3.1 2.4 24.5
Shell 8.5 33.0 90.0
Phenolic no-bake 0.6 1.0 0.6
Nitrogen-free furan 0.3 0.5 0.8
no-bake
Furan no-bake 7.7 5.0 15.0

aFrom Emory et al. (1978)

Levels of furfuryl alcohol, formaldehyde, phenol and phosphoric acid were measured in
several iron and steel foundries using furan resins. In the air of core-making areas, mean
furfuryl alcohol and formaldehyde concentrations were 4.3 mi/m3® and 2.7 ml/m3, respectively.
Furfuryl alcohol concentration exceeded 5 mi/m® in 22% of the samples, and formaldehyde
concentration exceeded 2 mi/m? in 38%. The highest phenol concentration was 0.35 mi/m3,
and all phosphoric acid samples contained less than 0.1 mg/m? (Virtamo & Tossavainen,
1976b).

In another study of furan resins, 75 measurements were made in the mixing areas of 20
foundries (Eftax et al., 1977). All breathing-zone concentrations of furfuryl alcohol were less
than 50 mi/m3, with 80% less than 10 ml/m?3 and 65% less than 5 mi/m3. Most formaldehyde
concentrations were between 0.3-1 mi/m3. In pouring areas, sulphur dioxide and furfuryl alcohol
were found in low concentrations in adequately ventilated areas.

Hexamethylenetetramine is used as an accelerator in shell moulding. The level of its
decomposition product, ammonia, has been determined in the breathing zone of machine
operators in various studies: 7-25 mi/m?® (range) (Tubich et al, 1960); 15 mg/m® (mean)
(Drasche, 1976); and 35 ml/m® (mean) (Virtamo et al., 1975). Drasche (1976) also reported the
following measurements (mg/m3) in the shake-out operations of a shell-moulding foundry:
phenol, 11; formaldehyde, 0.2; cresols, 11; and benzene, 6.

3.6 Polynuclear aromatic compounds

Polynuclear aromatic compounds (PACs) are formed during thermal decomposition of
carbonaceous ingredients in foundry sand. During casting, PACs are synthesized and partly
vaporized under the extremely hot and reducing conditions at the mould-metal interface.
Thereafter, PACs are adsorbed onto soot, fume or sand particles and spread throughout the
workplace during shake-out and other dusty operations. Although the mechanism of PAC
formation is complex and variable, the reactions evidently proceed by free-radical pathways.
Various radical species containing carbon atoms combine in rapid fashion at the temperature
range of 500-800°C. This pyrosynthesis is affected by many variables, such as, the
composition of the gaseous atmosphere and the chemical structure of the carbonaceous
material. Organic binders, coal powder and other carbonaceous additives are the predominant
sources of PACs in iron and-steel foundries. In some cases, exhaust gases from engines,
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furnaces and ovens may increase the exposure of workers to these compounds. The total
PAC exposure is composed of numerous compounds that occur concurrently and combine with
other air contaminants. As indices of PAC exposure, the airborne concentration of a single com-
pound such as benzo[a]pyrene, a sum of specified or unspecified PACs or a benzene-soluble
fraction of particulate matter have been used.

(@) Laboratory experiments

Experimental studies on the formation of PAC from sand mixtures have been reported (Gwin
et al., 1976; Novelli & Rinaldi, 1977; Southern Research Institute, 1979; Schimberg et al.,
1981a). These studies (described below) employed gas chromatography combined with mass
spectrometry as an analytical method; however, the quantitative results are comparable only
within the test series in question, owing to experimental differences such as the sand-to-metal
weight ratio, interface area and sampling techniques.

In a study in ltaly, 13 green-sand additives were pyrolysed at 1000°C in a laboratory oven;
measurements of the PACs emitted are shown in Table 14. It should be noted that the
emission of the compounds varied about 1000-fold as expressed in mg/kg of additive. The
highest value was from coal-tar pitch and the lowest was from vegetable products. The test
atmosphere - air or nitrogen - did not affect PAC formation. In further experiments performed
in a foundry, 22 kg of grey iron were cast in 50 kg of a sand mixture which contained 89%
silica sand, 6.3% bentonite, 3.6% moisture and 0.9% either coal-tar pitch, polymeric resin or
maize starch as carbonaceous additive. Each mould thus contained 450 g of the additive to
be tested: Emissions were collected in benzene scrubbers. Benzo[a]pyrene concentrations
measured were 0.230, 0.037 and 0.030 mg/m® of gas volume, respectively, for the three
additives, corresponding to calculated values of benzo[alpyrene of 32, 6 and 7 mg/m? if
normalized to a carbon monoxide level of 50 ml/m3 in ambient air (Novelli & Rinaldi, 1977,
1979).

A total of 50 compounds, identified as PACs, were found in air samples from a pilot-plant
foundry and in airborne particulate matter from six iron foundries in Finland (Schimberg
et al., 1978, 1980; Schimberg, 1981). These included anthracene, benzo[bjchrysene,

Table 14. Formation of four polynuclear aromatic compounds emitted from sand additives
in air at 1000°C=

Additive Concentration (mg/kg of additive)
Fluoranthene Pyrene Benzo-fluoranthene Benzo[alpyrene

Maize starch 16 26 3 2
Resin 1482 992 1152 22
Coal-tar pitch 2886 3008 3040 3080
Wood flour 179 29 106 6
Pre-gelled starch 71 128 60 35
Petroleum pitch 650 1216 533 336
Polystyrene 2184 1104 3720 1000
Gilsonite 585 960 600 360
Seacoal 187 205 100 134
Seacoal in emulsion 312 416 127 49

Seacoal in oil 234 384 144 14

aFrom Novelli & Rinaldi (1977)



IRON AND STEEL FOUNDING 159

benzo[b]-, -[j]- and -[k]fluoranthenes, benzo[a]fluorene, benzo[ghilperylene, benzo[c]phenan-
threne, benzo[a]pyrene, benzo[elpyrene, dibenzanthracenes, fluoranthene, fluorene, ortho-
phenylenepyrene, perylene, phenanthrene and pyrene and the heterocyclic, benzo[blnaphtho-
[2,1-d]thiophene. The gas chromatograms of all benzene-soluble matter and particulate
material retained on a glass-fibre filter indicated that PACs with molecular weights below 200
were not entirely collected and those with molecular weights above 275 could not be
completely extracted and analysed by gas chromatography.

Four coal powders, three coal-tar pitches, three polymers and four materials of vegetable
origin were compared as sources of benzo[alpyrene emissions in casting tests in a
laboratory-scale iron foundry (see Table 15) (Schimberg et al, 1981a; Tossavainen &
Schimberg, 1981). Moulding sand was made of silica sand mixed with 5% bentonite, 4% water
and 0.5-6% of the carbonaceous additive in question. The volume of emitted gases from the
600-g test mould ranged from 3-10 | and was directly proportional to the percentage of additive.
The average gas composition was as follows: carbon monoxide, 19%; carbon dioxide, 6%;
nitrogen, 9%; oxygen, 2%; methane, 10%; and hydrogen, 54%. The type and quantity of the
particulate pyrolysis products were dependent on the additive. Before casting, the concentra-
tions of benzo[a]pyrene in various formulations of moulding sand were <0.05 mg/g of sand,
except for the coal-tar pitch formulation in which the concentration was 20-90 ng/g. Most of
the benzofa]pyrene present was synthesized during the casting test, in quantities ranging from
1 pg (polymer additives) to 4500 pg (coal products). The emission of benzo[a]pyrene from the
different formulations decreased in the following order: coal-tar pitch, coal powder, wood flour,
peat, tall oil, starch and synthetic polymers. Results from profile analyses of nine PACs were
similar within categories of additives - coal-tar pitches, coal powders and products of vegetable
origin. The proportion of benzo[a]pyrene ranged from 1-17% of the total amount of anthracene,
benzolk]fluoranthene, benzo[ejpyrene, chrysene, fluoranthene, perylene, phenanthrene and
pyrene. Only minor quantities of polynuclear aromatic hydrocarbons were detected from the
decomposition of synthetic polymers. Cyclohexane-soluble matter was not further analysed,
but the fraction by weight was highest for polymers, coal powders, coal-tar pitch and tall oil.
The above tests were all made with new sand mixtures. Similar moulds prepared from old
foundry sand emitted an average of 1240 mg of cyclohexane-soluble materials and 44 pug of
benzo[a]pyrene.

Table 15. Emissions of benzo[a]pyrene and total cyclohexane-soluble matter from 600 g
of moulding sand in casting experiments?

Additive Proportion in moulding  Total cyclohexane- Benzofa]pyrene {ng)°
sand (%) soluble matter (mg)°

Coal-tar pitches 0.5-4 460 1630
Coal powders 1-6 850 590
Wood flour 1-4 320 24
Peat 2-4 240 23
Tall-oil pitch 0.5-1.5 1900 10
Starch 1-3 30 3
Petroleum resin 0.5-15 980 <1
Polystyrene 0.5-1.5 890 <1
Polyethylene 0.5-15 890 <1

aFrom Schimberg et al. (1981a)
®Mean values calculated by the Working Group
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Among over 100 compounds observed in condensable emissions from green-sand moulds
were benzo[alpyrene, benzo[e]pyrene and perylene (Gwin et al., 1976).

In a study in the USA, grey-iron castings were poured at 1450°C into sand moulds prepared
from 12 commercial formulations of selected foundry binders. After pouring, each mould was
covered with an exhaust hood and effluent samples were taken. The total relative weights of
particulate matter, benzene-soluble materials and benzo[a]pyrene are listed in Table 16. The
results were calculated by assuming a carbon monoxide dilution of 50 mi/m3: Levels of
benzola]pyrene of 0.184, 0.322 and 0.026 ug/ms3 corresponded to that level of carbon monoxide
for green sand, dry sand and core oil, respectively. These were the highest levels reported,
and it should be noted that the above formulations contained seacoal or cereal in addition to
resin binders (Southern Research Institute, 1979). (The gaseous products of the resin binders
were reported by Scott et al., 1977 and are described on p. 155 of this monograph.)

Table 16. Relative total weights of particulate matter, benzene-soluble materials and
benzo[a]pyrene recovered from emissions from approximately equal amounts of binder
sands?

Binder system Particulates (mg) Benzene-soluble Benzo[alpyrene (mg)P
materials (mg)
Green sand 1652 1021 1.2
Dry sand 430 405 25
Sodium silicate ester 17 13 0.01
Core oil 472 355 0.30
Alkyd isocyanate 74 21 0.02
Phenolic urethane 23 7 0.007
Phenolic no-bake 66 61 0.002
Zero-nitrogen furan 359 125 0.016
Medium-nitroge n furan 50 10 0.012
Furan hot box 211 181 0.002
Phenolic hot box 195 75 0.006
Shell phenolic 157 107 0.21

2From Southern Research Institute (1979)

*Amounts of benzofa]pyrene analysed are very small, and there could be a 20% error in analysis. They were calculated
by assuming a carbon monoxide difution of 50 ml/m3.

Most of the PAHs and other organic compounds can be extracted from particulate matter
with cyclohexane. The soluble portion varied from 16-36% of total particulate emission from
furan, urethane, shell and green-sand moulds (Palmer et al., 1981). The major part of the
insoluble fraction consisted of carbon particles. The water-insoluble fraction of the four
effluents from the furan, urethane, shell and green-sand moulds, was 10-15%, 1-2%, 50% and
20-25%, respectively. The only PACs detected in the water phase were acridine in the furan,
green-sand and urethane effluents and phenanthrene in the shell and green-sand samples.
Otherwise, the measured PACs were found in the cyclohexane extracts. Phenols were
associated entirely with the water-soluble fraction, and their concentrations varied, as shown
in Table 17.
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Table 17. Concentrations of phenols in water-soluble fractions of total particulate
emissions from various types of moulds?

Phenol Concentration (p.g/g)

Furan Urethane Shell Green-sand
Phenol 2 000 50 000 1600 1000
Pentachlorophenol 3 <2 <2 <2
4-Nitrophenol 48 420 1 800 <2
2-Nitrophenol <2 <2 2 300 <2
2,4-Dimethylphenol <2 21 60 <2

2From Palmer et al. (1981)

(b) Workplace measurements

The first measurements of benzo[alpyrene in the foundry environment were reported by
ZdraZil and Picha (1963, 1965). Before casting, airborne levels of benzola]pyrene were
0.03-0.12 pg/m? in sand preparation, moulding, shake-out, fettling and sand-blasting operations;
after casting, levels were 0.08 pg/md in machine moulding, 0.13-0.47 pg/m? in shake-out and
0.38 ug/m?3 in fettling operations. When coal-tar pitch was used in moulding sand, levels were
substantially increased.

In 1976-1977, a preliminary survey in a Canadian steel foundry found concentrations of
benzo[a]pyrene of 0.024-0.295 ng/m? benzo[alpyrene in addition to other PACs (Gibson et al.,
1977). The environmental study was later completed by personal and area sampling in 10
ferrous and non-ferrous foundries. The results for benzo[a]pyrene, benzo[a]anthracene/chry-
sene and dibenz[a,h]anthracene are shown in Table 18, as classified by occupational category.
The study included three iron foundries and three steel foundries in which benzo[a]pyrene
concentrations averaged 0.94 and 0.43 pg/m?, respectively. The values were much higher than
those measured in non-ferrous foundries (Verma et al., 1982).

The concentrations of benzo[a]pyrene measured in the workplace air of six Finnish iron
foundries during melting, moulding, shake-out and fettling operations are given in Table 19.
Two of the foundries used coal-tar pitch and four used coal powder as the moulding-sand
additive. Otherwise the process and hygienic conditions in the foundries were similar, as
confirmed by measurements of total dust concentrations. Coal-tar pitch produced an average
concentration of benzo[a]pyrene of 5.1 ug/m3, which was about 60 times higher than the mean
of 0.08 ng/m3 measured in foundries using coal powder. In the former category of foundries,
a mean level of benzo[a]pyrene of 1 ug/m3 was exceeded in moulding, casting, shake-out and
transport operations, while in the latter category none of 76 samples was in excess of that
level. One exceptionally high concentration. of benzo[ajpyrene (72 pg/m3) was found close to
a defective conveyor in a sand plant in an iron foundry using coal-tar pitch. In the six foundries
the proportion of benzo[alpyrene comprised about one third of all PACs measured, i.e.,
benzolk]fluoranthene, benzo[e]pyrene, benzo[a]pyrene and perylene (Schimberg et al., 1980).
More than 80% of the benzo[alpyrene was associated with dust particles below 5 pum in size
(Schimberg, 1981).



Table 18. Mean and maximum contentrations of polynuclear aromatic hydrocarbons in 10 Canadian foundries?

9t

Occupation Number of TSPP (mg/m?) Total PAH (% of TSP) B[a]A%/chrysene Bla]P? (ng/m?3) DBfa,h]A® (ng/m?3)
observations (g/m3)
Mean Maximum Mean Maximum Mean Maximum Mean Maximum Mean Maximum
Mixer 8 9.64 34.81 0.02 0.07 0.46 1.27 0.42 2.01 0.28 0.74
Moulder 17 4.36 8.38 0.14 0.76 1.72 9.39 0.67 2.74 0.74 414
Pourer 9 4.96 9.96 0.16 0.45 1.37 2.99 0.87 3.44 1.92 12.54
Shake-out 10 6.07 16.48 0.15 0.99 1.80 6.45 1.18 8.15 0.62 3.69
Meltman 12 6.08 16.88 0.10 0.57 1.35 5.08 0.64 5.49 0.49 2.23
Finishing 11 7.64 14.48 0.01 0.06 0.14 0.59 0.09 0.52 0.09 0.61
Corem'aker 16 5.38 42.56 0.10 0.69 0.76 5.00 0.17 0.81 0.09 0.81
Craneman 9 3.63 5.78 0.18 0.49 1.69 5.19 0.44 1.64 0.58 3.13
Area sample 10 7.97 52.17 0.52 4.10 2.90 22.10 1.78 12.06 1.29 9.48

aFrom Verma et al. (1982)

PTSP, total suspended particulate
°Bla]A, benzo[alanthracene
9B[a}P, benzo[alpyrene
eDB[a,h]A, dibenz[a,hlanthracene
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Table 19. Concentrations of benzo[a]pyrene in workplace air in iron foundries using
coal-tar pitch or coal powder as a moulding sand additive®

Operation Mean concentration of benzolalpyrene (rg/m?3)
Two foundries using coal-tar  Four foundries using coal
pitch powder

Melting 0.2 0.01

Moulding 2.2 0.04

Casting 2.1 0.09

Shake-out 12.6 0.10

Fettling 0.5 0.11

Transport and others 14 0.04

Mean concentration 5.1 pg/md 0.08 pg/m?®

of benzo[alpyrene
Mean concentration 10.2 mg/m3 7.8 mg/m?3

of total dust

#From Schimberg et al. (1980)

4. Biological Data Relevant to the Evaluation of
Carcinogenic Risk to Humans

The studies of carcinogenicity and mutagenicity reported in this section include only those
on samples of complex mixtures taken from the industry.

4.1 Carcinogenicity studies in animals

No data were available to the Working Group.

4.2 Other relevant biological data
(@) Experimental systems
No data were available to the Working Group on toxic and reproductive effects.

Tests for genetic and related effects in experimental systems

Extracts of particulate samples collected at several sites in a steel foundry were tested for
mutagenicity in Salmonella typhimurium. The air samples were collected on glass-fibre filters,
and Soxhlet methanol extracts (redissolved in dimethylsulphoxide) were prepared for testing.
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Air samples collected in the breathing zone at the pouring-floor level were mutagenic to strain
TA98 both in the presence and absence of an Aroclor-induced rat-liver metabolic system (S9).
The aqueous, basic, acid and neutral fractions of these samples were all mutagenic to strain
TA98 (Kaiser et al., 1980). An additional 16 air samples taken in the breathing zone at the
floor level of the same foundry were mutagenic to strain TA98 with and without S9; no
mutagenic activity was observed in strain TA100 (Kaiser et al., 1981).

A series of samples were taken from locations chosen to correspond generally with the
work areas identified by Gibson et al. (1977) in their epidemiological study. The air samples
included areas on the overhead crane runways over the core making, moulding, pouring and
finishing areas and in the floor breathing zone. The samples were all mutagenic to strain TA98,
both with and without S9, and the authors report that an analysis of variance shows the
differences between these work sites to be significant [statistics not presented]. Samples
taken over the core-making and moulding sites were more mutagenic than samples from the
finishing and furnace areas. All of the air samples taken from various sites within the foundry
were more mutagenic than the air outside the foundry (Kaiser et al., 1981; Bryant & McCalla,
1982).

Soxhlet cyclohexane extracts of airborne particulates collected on glass-fibre filters from
the breathing zone of workers in two iron foundries using coal-tar pitch as an additive in the
moulding sand were mutagenic to S. typhimurium strains TA98 and TA100 in the presence of
a rat-liver metabolic system. In only one of the foundries was the concentration of
benzo[alpyrene highly correlated (correlation coefficients 0.78 and 0.87) with the mutagenic
activity (Skytta et al., 1980).

(b) Effects in humans (other than cancer)
Toxic effects

Silicosis. Ruttner (1954) described pneumoconiosis in 21 autopsies on foundry workers in
Zurich; nine were complicated by tuberculosis. The severity of the pneumoconiosis was
proportional to length of exposure. Riittner claimed that, microscopically, the basic lesion of
the pneumoconiosis of foundry workers is the anthracosilicotic nodule.

McLaughlin and Harding (1956) collected 149 cases of pneumoconiosis in foundry workers.
The first series comprised 64 cases, which were those referred to Pneumoconiosis Medical
Panels, and the second series comprised 85 cases, all foundry workers who died in the
Sheffield area (UK) between 1949 and 1954 and on whom an autopsy was performed. Silicosis
or mixed-dust fibrosis was seen in all cases in the first series and in 89% of those in the
second; 43.6% of all cases had tuberculosis in some degree of severity. Of the total of 149
cases, 16 (10.8%) had carcinoma of the bronchus. Occupation within the foundry showed an
influence on mortality: there was a serious risk of silicosis and early death in steel fettlers,
but steel moulding appeared to be one of the least hazardous occupations in the foundry
industry. Sand and shot blasters, in particular, had a high incidence of silicosis and a shortened
life span.

McLaughlin (1957) reviewed pneumoconiosis in 2767 foundry workers in the UK. The group
was classified into three broad sub-groups: moulding, fettling and others; in all three
sub-groups, steel workers showed the highest incidence of abnormal X-ray changes, with the
highest incidence among fettlers. In all types of foundries, the highest incidence of X-ray
abnormalities was found in the fettling shops.
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MacBain et al. (1962), in a larger survey on foundries, found some chest abnormality in
307 of 2163 (14.2%) men working in iron foundries: 96 cases were regarded as pneumoco-
niosis. Of 1462 men who had not previously been employed in coal or other mines, 55 (3.8%)
showed pneumoconiosis. [The films were read by only one reader, but random sampling and
re-reading at a later date indicated consistency in interpretation.]

Gregory (1970) surveyed a single steel foundry in Sheffield, UK, between the years 1950
and 1960. X-rays, taken in mobile units, were read by two radiologists and classified according
to the International Labour Office classification. Of a total of 3708 workers, 877 were employed
in the main foundry and fettling and welding shops. Among these, there were 90 cases of
pneumoconiosis, considered to comprise 60 with silicosis, 18 with siderosis, six with coal
workers’ pneumoconiosis and six with mixed dust changes. There were 25 cases of
progressive massive fibrosis.

The prevalence of pneumoconiosis, chronic bronchitis and lung function was studied among
a sample of 931 men with the longest exposure time who responded to a survey of 15 401
Finnish foundry workers employed during 1950-1972 (Hernberg, 1976; Hernberg et al., 1976).
The mean exposure time was 17 years (minimum exposure time, 4.2 years; standard deviation,
9 years). The prevalence of pneumoconiosis was estimated to be 3.8%, increasing to 5.4%
for exposure longer than ten years (Karava et al., 1976).

Chronic bronchitis. The prevalence of chronic bronchitis among foundry workers in Finland
increased with cigarette smoking, being 11% for non-smokers, 24% for ex-smokers and 61%
for smokers (Karava et al., 1976). Chronic bronchitis was highest in smokers with high dust
exposure.

Occupational asthma. Occupational asthma has been described in foundry workers,
particularly since the introduction of new binders for sand moulding. For example, Cockcroft
et al. (1980) described severe asthma in a 50-year-old moulder a few weeks after he had
commenced work with a furan binder.

Siderosis. Non-fibrotic pneumoconiosis may develop from the inhalation of metallic dusts
and fumes present in foundry environments. Exposure to iron compounds, for example, may
Cause siderosis, a non-symptomatic lung disease. Siderosis is detectable as radiographic
changes (opacities) in the lung. The opacities represent deposits of iron oxide on alveolar,
septal and perivascular walls of the lung (Morgan & Seaton, 1975). If fibrogenic dusts (e.g.,
silica) are inhaled with the iron compounds, a fibrotic lung response may result from this ‘mixed
dust’ exposure.

Dermatitis. Dahlquist (1981) reported contact dermatitis in a woman employed at a cast-iron
foundry to mend sand cores with a product containing colophony resin and a small amount of
formaldehyde. Patch testing showed contact allergy to these two substances. The dermatitis
disappeared completely when the woman was absent from work because of a fracture, and
recurred one week after she resumed work. .

Mutagenicity in urine

‘Mutagenic activity in S. typhimurium strain TA98 in the presence of a rat-liver activation
system was measured in urine samples from eight smoking and four non-smoking workers in
an iron foundry. Mutagenicity was found in all samples, and the activity was related neither
to the benzo[a]pyrene concentration in air nor to the total dust concentration in air (Schimberg
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et al., 1981b). [The Working Group noted the small number of samples and the lack of
non-exposed smoking and non-smoking controls which make this study difficult to interpret.]

In a similar study, it was found that the mutagenic activity in urine from 10 smokers and
10 non-smokers in iron foundries was lower after a four-week holiday than in samples collected
at the end of the work shift (Falck, 1982).

4.3 Case reports and epidemiological studies of carcinogenicity in humans

For reviews, see Tola (1980) and Palmer and Scott (1981).
(a) Case reports

MclLaughlin and Harding (1956) reported clinical and pathological observations in 85 cases
of iron and steel foundry workers, collected in 1956, irrespective of the suspicion of
pneumoconiosis, who died in the Sheffield, UK, area between 1949 and 1954, and on whom
autopsy could be obtained, and in 64 cases collected in 1950 among those referred to the
Pneumoconiosis Medical Panels with a view to compensation. They found carcinomas of the
bronchus in 16/149 (10.8%): 13/85 (15.3%) in the 1950 series and 3/64 (4.7%) in the 1950
series. The authors claimed that these percentages [10.8 and 15.3] ‘are notably higher than in
the general population of similar age’. [An occupational history was obtained for each case,
but the small number of cases prevented any meaningful comparison across specific
occupational categories.]

(b) Surveys on mortality statistics (see Table 20)

All cancer deaths occurring among males over 14 years of age in the city of Sheffield, UK,
during the period 1926-1935 were investigated by Turner and Grace (1938). Cause of death,
age at death and occupation were obtained from the official data sheets returned to the
Medical Officer of Health by the local registrars, and the numbers of workers in various
occupational groups in the Sheffield area were supplied by the Registrar General; 3816 cancer
deaths in 14 occupational groups were investigated. Expected deaths from different cancer
sites within each group were calculated from the age-specific death rates of business and
professional men, and clerks. The occupational group ‘iron and steel foundry workers, furnace
workers, smiths, etc.’ showed the greatest excess from the following causes of death: all
cancers (observed, 758; expected, 402); cancer of larynx, lung and bronchi and mediastinum
(126/54); cancer of the buccal cavity and pharynx (115/33); cancer of the alimentary tract
(346/214), with 162 deaths from stomach cancer compared to 81 expected; cancer of the skin
(30/4). There was a lower than expected mortality from liver and gall-bladder cancer (23/27),
and mortality from cancer of the pancreas was equal to expectations (11/11). The occupational
group ‘engineers, machinists, cutlers, toolmakers, turners, etc.” among iron and steel works
experienced very similar mortality patterns; workers in this group had the second highest
mortality for the cancer sites considered. Moreover, they experienced the highest mortality
from cancer of the liver and gall-bladder and of the prostate and pancreas. [Some of the cancer
mortality excess observed in the study may be accounted for by differences in socioeconomic
grouping between the study and comparison groups.]

Swantson (1950) surveyed data from the Registrar General's Decennial Supplement for
England and Wales, 1930-1932, with special attention to the mortality experience of iron and
steel workers (287 229 males aged 20-65 years). The occupational group ‘furnacemen, rollers
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and skilled assistants’ showed excesses of cancers of all sites (ratio of observed to expected
deaths x 100 (SMR), 154), of cancer of buccal cavity and pharynx (250), of cancer of the lung
(160, based on 16 deaths observed), and of cancer of the oesophagus and stomach (153).
The group ‘metal moulders and die-casters’ had an excess of all cancers (130), lung cancer
(193) and cancer of the oesophagus and stomach (125). Among ‘iron foundry furnacemen and
labourers’, the SMR for all cancers was 150; for cancer of the buccal cavity and pharynx, 200;
and for oesophageal and stomach cancer, 140: 15 deaths from lung cancer were observed,
yielding a ratio of 188. These occupational groups also experienced an excess of deaths from
all causes (121, 112, 132, respectively). Expected deaths for each group were calculated on
the basis of the age- and cause-specific mortality rates for all males aged 25-64 years,
obtained from the census. Mortality from specific cancer sites exhibited a gradient according
to socioeconomic grouping, except that the lung cancer distribution appeared to be fairly
homogeneous across the groupings.

Morrison (1957) reported data on mortality by occupation from the Registrar General for
Scotland, 1956. Only those causes of death for which a minimum of 50 cases were observed
were included in the report. Expected deaths within specific occupations were calculated from
the age-specific death rates for all males aged 15-64 years. ‘Moulders’ showed a SMR of 162
for lung cancer, ranking third among the occupational groups considered. ‘Foundry labourers,
etc.’ had a ratio of 161 for lung cancer, which was the fifth highest.

The occupational mortality tables for England and Wales, based on the 1961 census, were
reviewed by Adelstein (1972). Mortality from different cancer sites among ‘occupied’ and retired
males aged 15-74 years was classified into 27 occupation orders. Expected deaths within
specific occupations were calculated from the age-specific proportion of deaths from a given
Cause, out of all causes, for all men (standardized proportionate mortality ratio, PMR).
Occupation order V (‘furnace, forge, foundry and rolling mill workers’) showed significantly
elevated PMRs for lung cancer (123, third highest among the 27 orders) and for all cancers
(110, fourth highest).

Other descriptive data regarding cancer mortality and occupations, based upon the
decennial analysis of the Registrar General of England and Wales, are reported by Logan
(1982). Expected deaths were obtained from age-specific death rates of all men in the period
surveyed. From 1960-1962, the SMR for lung cancer in the occupation order V was 140 (third
highest); also elevated and among the highest were the ratios for all cancers (125), and for
rectal (133) and pancreatic cancer (131). During the period 1970-1972, the SMRs were further
standardized taking into account differences of socioeconomic grouping. Occupation order V
had, in this review, the highest excesses for lung cancer (155) and for leukaemia (154), and
the second highest for all cancers (135). [It is worth noting that while this occupation order
ranked first with regard to mortality from lung cancer, it ranked only fifth according to the
smoking score attributed to each order (Office of Population Censuses & Surveys, 1978).]

The Registrar General's Decennial Supplement for England and Wales 1970-1972 (Office
of Population Censuses & Surveys, 1978) reported a more detailed analysis by occupation.
‘Moulders and coremakers’ exhibited a SMR of 130 for all causes and of 184 for lung cancer
(based on 155 observed deaths). ‘Fettlers’ had a ratio of 110 from all causes, of 129 from lung
cancer, and of 161 from stomach cancer. Finally, ‘metal furnacemen’ showed a ratio of 113
for all causes and of 155 for lung cancer.

Mortality tables prepared by the US National Vital Statistics Division for the year 1950 were
the basis of the analysis of mortality from lung cancer by occupation carried out by Enterline
and McKiever (1963). Only deaths among males aged 20-64 years were considered. Expected



Table 20. Epidemiological studies of iron and steel foundry workers: Mortality statistics

Reference Source of data Industry Occupation Cause of death Deaths SMRe Comments
Observed Expected
Turner & Medical Officer of lron and steel Foundry workers, All cancers 758 402 189  All cancer deaths of
Grace Health, Sheffield, works furnace workers, Respiratory system 126 54 233 males over 14 years
(1938) UK, and Registrar smiths, etc. Buccal cavity and 115 33 348  of age in the city of
General’'s 1931 pharynx Sheffield in the
census Alimentary tract 346 214 162  period 1926-1935
Stomach 162 81 200  were surveyed;
Rectum 62 44 141 expected deaths
Liver, gallbladder 23 27 85  obtained from mor-
Skin 30 4 750  tality of professional
and business men
and clerks
Swantson Registrar lron and Furnace men, All causes 121 For males aged
(1950) General's steel industry rollers and All cancers 154  20-65 years
Decennial assistants Lung 16 10 160
Supplement, Buccal cavity 250
England and Wales and pharynx
1930-1932
Metal moulders All causes 112
and die-casters All cancers 130
Oesophagus and 125
stomach
Lung 193
Iron foundry All causes 132
furnacemen and All cancers 150
fabourers Buccal cavity 200
and pharynx
Oesophagus and 140
stomach
Lung cancer 15 8 188
Morrison Registrar General Occupations Moulders Malignant neoplasm 162  For males aged
(1957) for Scotland 1956 coded according of respiratory 15-64 years; only
to General Register system SMRs based on 50
1951 Foundry workers Malignant neoplasm 161 or more deaths were
of respiratory reported
system
Adelstein Registrar Generai's Furnace, forge, All cancers 110"  PMR®
(1972) Decennial foundry, Lung cancer 123*
Supplement, rolling-mill
England and Wales workers

1960-1962

891
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Logan
(1982)

Office of Popula-
tion Censuses
and Surveys
(1978)

Enterline &
McKiever
(1963)

Milham
(19764a,b)

Petersen &
Milham
(1980)

Registrar General’s
Decennial
Supplements
England and Wales
1960-1962 and
1970-1972

Registrar
General's Decen-
nial Supplement.
Occupational Mor-
tality 1970-1972

Foundry workers

US vital statistics
1950

Washington State
death records
1950-1971

California State
death records

Furnace , forge,
foundry,
rolling-mill
workers

Moulders

Fettlers

Metal furnace-
men

Metal moulders

Metal moulders

Metal moulders

All causes (1961
All causes (1971
All cancers (1961)
All cancers (1971)
Oesophagus 21961
Oesophagus (1971
Stomach 51961)
Stomach (1971)
Rectum 51961)
Rectum (1971)

Lung §1961)

Lung (1971) 515¢
Bladder (1961)

Bladder (1971)

Leukaemia (1961)
Leukaemia (1971)

All causes

Lung cancer 155
All causes

Lung cancer

Stomach cancer

All causes

Lung cancer

Lung cancer 34
Lung cancer 34
All cancers 72
Stomach 11
Respiratory system 21
Lung cancer 10

67
16

106
122
125
135
127
120
121
144
133
141

140
155
129
133

87
154

130
184~
110
129
161

113
155

227
170

108
166
135

186

For 1971 standar-
dized
by social class

Second highest of
27 occupation
orders

Third highest

Highest

Highest

PMR

PMR

PMR

aSMR, unless otherwise _specified; SMRs indicated by an asterisk (*) are statistically significant.
°PMR, proportionate mortality ratio
°From Office of Population Censuses and Surveys (1978)
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deaths were calculated both from the age-specific death rates (SMR analysis) and from the
proportion of lung cancer deaths, out of all deaths, in the same population (PMR analysis).
Since PMRs are based only on death certificates, they were thought useful in order to avoid
differences in reports of occupations between census schedules and death records. Among
‘metal moulders’ (62 905 estimated population), 34 deaths from lung cancer were observed,
yielding a SMR of 227 and a PMR of 170, both statistically significant.

Death records for males aged 20 years or more during the period 1950-1971 in Washington
State, USA, were analysed by Milham (1976a,b). Some 300 000 death certificates were
considered from which occupations were obtained. A standardized proportionate mortality
analysis was carried out. Among 'metal moulders’, 72 cancers were observed compared to 67
expected; 11 deaths were from stomach cancer compared to seven expected; 21 deaths were
from cancer of the respiratory system compared to 16 expected.

Petersen and Milham (1980) carried out a similar analysis for the period 1959-1961 in the
State of California and they found among ‘metal moulders’ 10 lung cancer deaths compared
to five expected. Further analysis of the Washington State death records in the same period
yielded 13 deaths from lung cancer observed compared to eight expected.

[Surveys of mortality statistics suffer from many limitations. For instance, analysis is
cross-sectional, since the number of deaths is related to denominators drawn from the census
with no follow-up of exposed subjects. Information sources for numerators and denominators
are independent (except when PMRs are calculated); information on causes of death in a given
occupation is, in fact, obtained from death certificates, while information on persons in the
same occupation is based upon census figures. Occupation recorded on death certificates may
correspond to the last occupation. Occupational categories identified have poor specificity and
are often much broader than desired.]

(c) Cohort mortality studies (See Tables 21 and 22)

In 1962, an extensive mortality study on steel workers in seven US steel plants was initiated
by the US Public Health Service and the University of Pittsburgh, Graduate School of Public
Health (Lloyd & Ciocco, 1969). All men employed in 1953 in any of the seven plants were
admitted to the study, and their vital status was ascertained as of 31 December 1961.
Information on employment and vital status was obtained for 99.8% of the men in the cohort.
Complete work histories from the beginning of employment through 1961 were obtained from
plant personnel records for each individual in the study; all causes of death included in the
study were confirmed by death certificates. Lloyd et al. (1970) examined the relationship
between mortality from all causes and specified work areas. Calculation of expected deaths
within each work area was based on the mortality experience of the total steelworker
population under study. Among the 1143 men employed in 1953 in the foundry area, 90 deaths
from all causes were observed whereas 101.1 were expected. The foundry turned out to be
one of the 28 work areas exhibiting a mortality lower than expected; in 25 remaining areas,
mortality from all causes was greater than expected. In a later report (Lerer et al., 1974),
updated results of the study, extended so as to cover the period 1953-1966, were presented.
The paper was concerned mainly with the mortality patterns among crane operators; however,
a few data regarding the foundry area were given. There were 1962 white men ever employed
in the foundry area of the seven plants under study during the period 1953-1966, and, among
them, 326 deaths from all causes were observed compared to 326.5 expected. As regards
lung cancer, 23 deaths occurred while 20.9 would have been expected. [No analysis by
duration of employment, length of follow-up, latency, etc., was carried out among foundry
workers. The occupational classification ‘foundry workers’ appears to be too broad.]



Table 21. Epidemiological studies of iron and steel foundry workers: Cohort studies

Reference Study subjects Comparison Period of Cause of Occupation/  pooihe
population follow-up  death exposure

Observed Expected SMR® Comments

Lloyd et al. 1143 foundrymen  Total group of steel 1953-1962  All causes Steel foundry 90 101.1 89
(1970)° employed in 1953 workers in the
at seven steel same plants
plants (58 128)
Lerer et al. 1962 foundry men Total steel-worker 1953-1966 All causes Steel foundry 326 326.5 1.00 RR
(1974)0 ever employed population Lung cancer Steel foundry 23 20.9 1.1
in seven steel
. plants.
Breslin (1979)0 2167 foundrymen  Total steelworker  1953-1970 All causes Cohort A 218 225.5 0.96 RR
in steel plants population in the Cohort B 461 461.4 1.00 A, first job in 1953
same plants Cohort C 271 271.8 1.00 was in the foundry;
All cancers Cohort A 62 48.3 1.32* B, ever employed
Cohort B 104 98.2 1.07 in the foundry
Cohort C 69 58.3 1.21  through 1953;
Lung cancer Cohort A 19 14.4 1.34 C, employed in the
Cohort B 28 291 0.96 foundry for >5
Cohort C 21 17.3 1.28 years through 1953
Genito-urinary Cohort A 12 57 2.24*
cancer Cohort B 17 11.5 1.53
Cohort C 14 7.4 2.01*
Redmond et al. Foundry workers  1953-1975 All cancers  Cohort A 1.27* RR
(1981) Cohort B 1.12
Cohort C 1.27
Lung cancer Cohort A 1.39
Cohort B 0.99
Cohort C 1.30
Genito-urinary Cohort A 1.99*
cancer Cohort B 1.81*
Cohort C 2.40*
Prostatic Cohort A 2.16"
cancer Cohort B 1.91*
Cohort C 2.20
Kidney cancer Cohort A -
Cohort B 2.55*
Cohort C 3.68"
Koskela et al. 3876 foundry Finnish male 1950-1973 All causes Iron, steel 224 249.4 90 Overall mortality
{1976) workers with at population, and shifted toward
least 3 months’ 1967 non-ferrous younger ages

exposure foundry
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Table 21 (contd)

Reference

Study subjects

Comparison
population

Period of
follow-up

Cause of
death

Occupation/
exposure

Deaths

Observed Expected SMR?

Comments

Tola et al. (1979)

Gibson et al.
(1977)

3425 foundrymen
with at least 1
year's employment
between 1918 and
1972

1542 foundrymen

aged >45 years in Toronto population

1967

Finnish male popu- 1953-1976

lation

Metropolitan

1967-1976

Lung cancer

Lung cancer

Lung cancer

Lung cancer

Lung cancer

Lung cancer

All causes

All cancers

Iron, steet and 21
non-ferrous
foundry

Iron, steel 21
and

non-ferrous
foundry

Iron foundries 10

Steel foundries 0

Non-ferrous 1
foundries

High dust 8
>5 years

Slight dust 9
<5 years
Moulders, 6
coremakers
Casters, 5
furnacemen
Fettlers 3
Labourers 5

Iron foundry 51

Steel casting 95
division

Cranes 9
Finishing 30
Moulding 15

Coremaking 14

Steel casting 37
division

Cranes 6
Finishing 12
Moulding 7

Coremaking 4

13.9 151
12.1*
3.7 270"
1.5
0.7
2.9*
5.3
2.6
2.1
2.7
3.6
35.3"
105,9 90
7.5 121
26.9 115
19.2 78
12.0 116
26.7 138
1.8 324
7.0 171
5.0 141
3.1 130

Higher SMR for
workers exposed
>5 years than <5
years

PMR

Only workers
exposed for at
least 5 years

PMR

¢l
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Decouflé & Wood
(1979)

Egan et al. (1979)

Egan-Baum
et al. (1981)

2861 foundrymen
employed for at
least 1 month

Subcohort of
workers with at
least 5 years’
employment prior
to 1938

3013 members of
moulders’ unions;
death benefits were
paid between 1971
and 1975

3013 members of
moulders’ unions,
as Egan et al.
(1979)

US male
population
(whites)

US male population
(non-whites)

US male population

1938-1967

US male population,1971-1975

1973

US male population,1 971-1975

1973

Lung cancer

All causes
All cancers

Respiratory
cancer

Digestive
cancer

All causes
All cancers

Respiratory
cancer

Digestive
cancer

Digestive
cancer

Respiratory
cancer

All cancers

Lung cancer

Cancer of
buccal cavity

Bladder
cancer

All cancers

Steel casting 21
division

Cranes 4
Finishing 7
Moulding 4
Coremaking 2
Grey iron
foundry
>1 month 247
>5 years 100
>1 month 55
>5 years 23
>1 month 17
>5 years 5
>1 month 16
>5 years 9
>1 month 182
>5 years 82
>1 month 35
>5 years 18
>1 month 12
>5 years 7
>1 month 14
>5 years 8
14
8
Foundry 501
workers
Foundry 208
workers
Foundry 11
workers
Foundry 32
workers
lron, steel,
non-ferrous
foundries

8.4

0.6
2.2
1.6
1.0

301.3
125.0

49.4
20.4

12.6
4.9

18.0
7.8

315.9
125.4

39.6
17.2

10.5
4.5

15.2
6.7

7.4*

4.0

453.7

141.6

7.0

27.6

250*

714>
314
255
208

0.82*
0.80*

1.1
1.13

0.58"
0.85*

0.88
1.05

110"

147*
158

116

Suggestion of a
dose-response
relationship for
lung cancer

PMR; death certifi-
cates available for
2734 (92%) sub-
jects

PMR; updating of
Egan et al. (1979)
study (death certi-
ficates obtained for
99.2%)
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Table 21 (contd)

1ZA}

Reference "Study subjects Comparison Period of Cause of Occupation/ Deaths
o _population follow-up  death exposure

Observed Expected SMR2 Comments

Whites 545 497.6 110*

Blacks 86 69.3 124*
Lung cancer Whites 224 155.2 144*
Blacks 39 221 176*
Cancer of Whites 11 7.6 144
buccal cavity gjacks 0 13
Bladder Whites 39 30.3 129
cancer Blacks 4 2.4

Fletcher & Ades 10 250 foundry England and Wales 1946-1978 All causes Steel foundry 1850 1756

(1984) ¥g‘;’{;ﬂga§T$';’g§? population Or1980 Al cancers  Steel foundry 507 4465
who started work Lung cancer Steel foundry 253 184.7
» ?g(tsvgeen 1946 and All causes Foundry 815 766.2 106

per se
Fettling shop 392 354.9 110.5
Others 643 634.4 101.4

All cancers Foundry 244 195.1 125*
per se
Fettling shop 109 92.1 118
Others 154 159.3 97

Lung cancer Foundry 115 80.8 142*
per se
Fettling shop 66 38.2 173*
Others 72 65.7 110

Lung cancer Furnace 19 9.4 203"
repairmen
Labourers 41 29.6 139
Fettlers 32 16.4 195*
Heat treatment 8 2.3 356"
workers
Maintenance 17 7.6 225"

fitter's mates

- ¥€ INNTOA SHAVHOONOW DHVI

aSMRs indicated by an asterisk (*) are statistically significant.
cContinuations of the study initiated by Lioyd and Ciocco (1969)



Table 22. Epidemiological studies of iron and steel foundry workers: Case-control studies

Reference Cases Controls Period of Relevant results Comments
case
inception
Tola et al. 51 lung cancer deaths (1) Workers in the cohort  1953-1976 (1) and (2) Occupations (1) and (2) Differences not
(1979)2 in a.cohort of 3425 deceased but not from can- more common among statistically significant
iron foundry workers cer or accidents (3 controls cases: floor moulders, core-
for each case) makers, casters and fettlers.
(2) Same, but control alive Heavy exposure to polynu-
at the time the case died clear aromatic hydrocar-
(1 control for each case) bons more frequent among
cases than among controls
(3) 1303 live workers in the (8) Observed frequencies of (3) Unusual approach, not
cohort casters and floor moutders classical case-control
among cases significantly
higher than expected from
control occupational distri-
bution
Egen-Baum et a/. 249 deaths from the same 1971-1976 62% of the cases had Only 65% response rate for

(1981)a

Blot et al. (1983)

Neuberger et al.
(1982)

113 Iunc?; cancer deaths
among foundrymen of 19
local branches of union

335 lung cancer cases
in an industrialized
area

1248 dust-exposed
workers born
before 1911

pranches not due to cancer
or nonmalignant respiratory
disease

332 deaths from causes 1974-1977
other than respiratory can-

cer and disease and suicide

1160 controls 1950-1960

worked in iron foundries
compared to 50% of the
controls

ORP for iron versus steel
and non-ferrous, 2.36 (CLS,
1.01-5.53)¢ OR for iron
versus non-ferrous, 2.67
OR for steel versus
non-ferrous, 1.25

OR for exposure in steel
foundry, 7.1 (CL, 1.2-42.3)

Lung cancer: 175 exposed,
130 controls

working history

ORs for foundry workers
who died before the age of
65 years. No relevant diffe-
rences for those of older
age

Population-based
case-control study. ORs
exceeded 1.0 in each steel
industry job category, the
one for foundry being the
highest

aCarried out within the data base of proportionate mortality studies

POR, odds ratio

¢CL., confidence limits

dStatistically significant
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This population of steel foundry workers was further studied by Breslin (1979). The follow-up
covered the period 1953-1970, and vital status information became available for -each man in
the original cohort of 58 828. According to the complete set of work histories obtained, 2167
men had worked at some time in the foundry department as of the end of 1953. Three cohorts
of white foundry workers were defined (not mutually exclusive): (A) employees whose first job
in 1953 was in the foundry; (B) employees who had ever worked in the foundry through 1953;
(C) employees with five years or more experience in a foundry job through 1953. Underlying
causes of death were obtained from death certificates. Expected deaths were computed on
the basis of the mortality rates of the total steelworker population under study. The number
of deaths among non-white workers was too small, and results are not presented. In the three
cohorts A, B and C, the overall mortality was slightly lower than expected. In cohort A, deaths
due to cancer exhibited a statistically significant excess (62 observed; 48.3 expected); also in
cohorts B and C, more cancer deaths were observed than expected (104/98.2 and 69/58.3,
respectively). In cohort A, 19 deaths from lung cancer were observed compared to 14.4
expected. In cohort B, lung cancer deaths were fewer than expected (28/29.1), while in cohort
C, they were slightly in excess (21/17.3). A significant excess of deaths from cancers of the
genito-urinary system was observed in cohorts A (12/5.7) and C (14/7.4), and an excess was
also present in cohort B (17/11.5). Most of the excess can be attributed to prostatic cancer,
but consistent although non-significant excesses were also observed for bladder and for kidney
cancers. In cohorts B and C, a slight excess of mortality from lymphatic and haematopoietic
neoplasms (11/8.4 and 6/4.7, respectively) was observed. Although 10 occupational groups
were identified within the foundries, the numbers of subjects were too small to allow
statements about the relation of specific jobs to cancer risks.

When the mortality of this population was followed up to 1975 (Redmond et al., 1981), a
significant excess of deaths from all cancers was seen in white workers of cohorts A and C
of Breslin (1979) (relative risk, 1.27; p < 0.05); and the excess of cancer of the genito-urinary
system continued to be significant in all of the three cohorts defined by Breslin (1979), with
relative risks of 1.99 (p < 0.05), 1.81 (p < 0.01) and 2.40 (p < 0.01), respectively. The relative
risks for cancer of the prostate were 2.16 (p < 0.05), 1.91 (p < 0.05) and 2.20 (p < 0.05),
respectively. In addition, the excess of deaths from cancer of the kidney among white workers
became significant in cohorts B and C (relative risks, 2.55, p < 0.05, and 3.68, p < 0.01). The
relative risks for lung cancer were similar to those seen previously: A, 1.39; B, 0.99; C, 1.30,
none of which was significant.

In Finland, a comprehensive study regarding the work environment and health status of
employees in steel, iron and non-ferrous foundries was carried out between 1972-1975. A
mortality study, the methods and results of which are given by Koskela et al. (1976), was part
of this project. Of the 15 401 men employed between 1 January 1950 and 31 December 1972
in 20 selected foundries, all of the 1233 men exposed for at least five years were admitted
to the study. In addition, samples of foundry workers with shorter lengths of employment were
included in the study: all of the 629 workers with a working history of three to five years; 1042
workers sampled from those exposed-for one to three years; and 972 from those exposed for
three months to one year. The number of workers in the study thus became 3876. The study
covered the period 1950-1973 inclusive. Individual work histories were collected from the
employers’ records. Workers were grouped into four occupation categories: casters and
furnacemen, fettlers, moulders and coremakers, and unskilled labourers. The vital status of
each worker was ascertained through the Population Data Register of the Social Insurance
Institution, which includes the entire Finnish population. When, on a death certificate, cancer
was mentioned as the underlying cause of death, more detailed information was obtained from
the Finnish Cancer Registry; 98.7% of the workers in the cohort were traced in this way. The
mortality of the cohort was compared with that of the general Finnish male population for the
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year 1967. This year was selected because most of the deaths occurred at the end of the
1960s. The overall mortality of the cohort of foundry workers was lower than expected (SMR,
90). The ratio remained lower than 100 when people with less than and those with more than
five years of exposure were analysed separately: the results did not change when only workers
who had entered the cohort between 1950-1960 were considered. The overall mortality failed
to exhibit particular trends when analysed by duration of exposure. No remarkable’ difference
regarding mortality from all causes was observed when comparing different types of foundry
(iron, steel, non-ferrous). Among the entire cohort, 21 deaths from lung cancer occurred while
13.9 would have been expected (SMR, 151). Workers were also classified according to length
of exposure, as obtained from personnel records. For those exposed for less than five years,
10 lung cancer deaths were observed compared to 7.9 expected based on mortality rates of
the Finnish population; for those exposed for more than five years, 11 lung cancer deaths
were observed compared to 5.9 expected. Among the latter group of workers, when only
‘typical’ foundry occupations were taken into account (excluding patternmakers, inspectors,
maintenance, etc.), the ratio became higher, 10/4.8. Lung cancer deaths that occurred among
workers with at least five years of exposure were also analysed according to the type of
foundry; 10 of the 11 lung cancer deaths had occurred among workers in iron foundries while
only 3.7 were expected (the excess was statistically significant; confidence limits, 130-497).
Workers were also classified according to the ‘dustiness’ of their job. Among those exposed
for at least five years in ‘high dust’ occupations, lung cancer was more frequent (observed
deaths, 8; expected, 2.9; statistically significant) than among workers employed in ‘slight dust’
occupations for less than five years (9/5.3). Finally, an analysis of lung cancer deaths was
carried out by occupational group, using a direct standardization method. The following results
were found: ‘moulders and coremakers’, 6/2.6; ‘casters and furnacemen’, 5/2.1; fettlers’, 3/2.7;
‘labourers’, 5/3.6. The detailed occupational histories of the 10 flung cancer cases with more
than five years of exposure were compared with those of an equal number of controls matched
by age. There were significantly more moulders among cases (5/10) than among controls
"(0/10). According to the authors, smoking seemed an unlikely explanation for the findings,
since, according to data collected from questionnaires, the smoking habits of the current
foundry workers did not differ remarkably from those of the Finnish population.

Lung cancer risk among male workers in 13 Finnish iron foundries was investigated more
closely in a proportionate mortality study (Tola et al., 1979). All male workers employed for at
least one year between 1918-1972 in one of the iron foundries were included in the cohort.
These criteria were met by 3425 workers, 1389 of whom had already been included in the
previous study. Mortality was examined for the period 1953-1976 and causes of death
ascertained through death certificates. Numbers expected were calculated from the age- and
period-specific proportions of lung cancer deaths in the Finnish male population; 51 deaths
from lung cancer were observed compared to 35.3 expected, a statistically significant excess.
A case-control study was set up in order to investigate thoroughly the relationship between
lung cancer deaths and occupational history. Controls for the 51 cases were selected from
workers in the iron foundries under study according to two different approaches: (1) three dead
controls matched for age and (2) one control of the same age as the case, alive at the time
of death of the case and who had entered the foundry within the same year. Another approach
was attempted in which the distribution of occupations among cases was compared with an
‘expected’ distribution calculated from a group of 1303 foundry workers (3). Information on
occupation and exposures was collected by means of questionnaires sent to next-of-kin and
then checked at the workplaces, and polynuclear aromatic hydrocarbons (PAHs) were
measured in the work environment. ‘Casters, knockoutmen, moulders’ were classified as having
‘heavy’ PAH exposure; ‘coremakers’ as having ‘some’ exposure; ‘fettlers’ as having ‘low’
exposure; for other occupations the exposure was considered as ‘miscellaneous or undefined’.
Comparisons between different jobs and levels of exposure revealed no significant difference,
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except that using approach (3), where the number of lung cancer eases in which employment
had been ‘floor moulder’ or ‘caster’ was significantly higher than expected. This finding could
not be explained by differences in smoking habits or socioeconomic grouping.

In Canada, Gibson et al. (1977) studied lung cancer mortality in a cohort of foundry workers
in an integrated steel mill. All plant employees and retired workers alive in 1967 and aged 45
years or more were identified. Of the 1542 individuals who met the above criteria, 439 were
classified as ‘foundry men’ who had worked for at least five years in the foundry during their
employment prior to 1967; 1103 workers, with at least five years of employment, but less than
five years in the foundry, were classified as ‘non-foundry’. Mortality was investigated during
the period 1967-1976 inclusive. Vital status was ascertained for all but six workers. Among
the workers in the original cohort, 95 deaths occurred in the foundry group (37 from cancer)
and 200 in the ‘non-foundry’ group (49 from cancer). The total number of lung cancer deaths
was 21 in the foundry group and 11 in the ‘non-foundry’ group. Lung cancer deaths were
significantly more frequent among foundry workers than among ‘non-foundry” workers in the
age groups 45-54 years and 55-64 years but not among those aged 65 years or more. For
foundry workers of all ages, the authors estimated a relative risk of 5.01 for lung cancer in
comparison to ‘non-foundry’ workers. Expected deaths were calculated on the basis of the
1971 metropolitan Toronto mortality rates. There was a significant excess of deaths from lung
cancer for all foundry workers (21 observed, 8.4 expected), while among ‘non-foundry’ workers
observed deaths were fewer than expected. Analysis by job category showed a statistically
significant excess of deaths from lung cancer for crane operators (4/0.6); a non-significant
excess was observed among workers in the finishing, moulding and coremaking departments.
Analysis according to length of employment showed a significant excess of deaths from lung
cancer among foundry workers with exposure of 20 years or more (11/4.2) and among foundry
employees whose initial exposure occurred more than 20 years prior to commencement of the
study (17/7.5). A preliminary industrial hygiene survey of current levels of particulates,
benzene-soluble fraction of total suspended particulates, and metals was carried out during
1976-1977. Benzo[k]fluoranthene, benz[alanthracene and pyrene were each present in
measurable quantities (>0.001 ug/m?). Nickel and chromium exposure levels were all less than
25 pg/md, and exposure levels for other materials were well below their current threshold limit
values. It was considered difficult to relate any of the current levels of known carcinogens to
the excess of lung cancer found in the foundry, however, levels of such compounds may have
been considerably higher in the past. It was considered that exposure to pyrolysis products of
the organic binder compounds was more likely to have occurred for crane operators, moulders
and coremakers. No difference in smoking habits was observed between foundry and
‘non-foundry’ workers. [The Working Group noted that the definition of workers with less than
five years of work in the foundry as ‘non-foundry’ workers was inappropriate.]

Decouflé and Wood (1979) examined the long-term mortality experience of workers in a
grey-iron foundry in the USA. Of 23 698 ‘blue-collar’ workers employed for at least one year
in a large industrial plant between 1938-1967, 2861 subjects, who had worked for at least one
month in the foundry department before 1 January 1968, were included in the study. Cause-
and age-specific mortality rates for the general US male population (whites and non-whites
separately) were used to compute expected numbers of deaths. The study covered the period
1 January 1938 to 31 December 1967. Less than 2% of the white workers could not be traced,
and about 4% of non-whites were lost to follow-up. Overall mortality was less than expected
among both whites and non-whites. Mortality from all cancers was slightly in excess among
whites. Analysis by detailed cancer sites failed to show any significantly increased risk. When
analysis was confined to foundry workers with at least five years of employment prior to 1938,
there was a statistically significant increase in the ratio of observed to expected numbers of
deaths from digestive cancer (14/7.4), and a two-fold non-significant increase of deaths from
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respiratory cancer (8/4.0). [The rather small number of workers in this group limited the
interpretation of the findings. No qualitative or quantitative information concerning exposures
in the foundry was available to the authors, and no further subdivision of workers into specific
jobs was therefore possible.]

Another study of foundry men in the USA was carried out by Egan et al. (1979) on 3013
deaths among male members of the International Molders and Allied Workers Union for whom
death benefits were paid between 1971-1975. Every deceased worker had been a union
member for at least 11 years (which did not necessarily correspond to the length of
employment). At the time the study was published, 8% of death certificates had not yet been
located. Expected deaths were calculated on the basis of the proportionate mortality of the
US male population (30 years old or more) in 1973. Workers could not be classified according
to type of foundry; however, more than 50% of the foundries organized by the Union were
ferrous foundries. There was a statistically significant excess of deaths from all cancers (501
observed, 453.7 expected) and of deaths from lung, tracheal and bronchial cancer (208/141.6).
These results, according to the authors, should be interpreted with caution, since about 30%
of the Union members dropped out of the benefit programme for non-payment of dues. [No
information on smoking habits was available.]

The above study was later updated (Egan-Baum et al., 1981) when 99.2% of the death
certificates of the 3013 deceased Union members had become available. The study confirmed
the results obtained previously: statistically significant excesses were seen for both black and
white workers for deaths from all cancers (for whites, 545 observed, 498 expected; for blacks,
86/69) and from lung, tracheal and bronchial cancer (whites, 224/155; blacks, 39/22). A
case-referent study was carried out within the data base of the mortality study to identify
whether differential lung cancer risk existed for iron foundry men compared with other foundry
workers. From local branches of the Union in which at least four lung cancer deaths had
occurred, 113 white male cases of lung cancer were selected; 249 controls were selected
among all other deaths which had occurred in the same branches from causes other than
cancer and non-malignant respiratory diseases. They were matched for date of birth and date
of death. Information about employment was obtained by questionnaires sent to the branches
and supplemented by information on death certificates. This procedure, however, provided
information on foundry type for only 65% of the 362 subjects in the study (60% of the cases
and 67% of the controls). The results showed that a higher proportion of cases (62%) than
controls (50%) had worked in iron foundries. When comparing lung cancer risk in the iron
foundry group with that in the steel and non-ferrous foundry group, an odds ratio of 2.36 (95%
confidence limits, 1.01-5.53) was obtained in the age range 42-64 years. The lung cancer risk
in the older age group was not significantly elevated. [Inadequate employment information
precluded analysis by type of job, employment dates, etc. Smoking histories were not
available, but smoking was considered to be an unlikely explanation of the findings.]

Fletcher (1983) and Fletcher and Ades (1984) studied the mortality experience of workers
in the nine British steel foundries which, of the Steel Castings Research and Trade Association
member foundries, had appropriate records and had agreed to cooperate. From plant personnel
records, details were taken of all male workers who had had at least one year of employment
in the foundry and who had started work sometime between 1946 and 1965. According to the
given criteria, 10 250 workers were admitted to the study. Their mortality experience was
examined up to the end of 1978. The tracing was successful for all but 231 (2.2%) workers,
and a further 173 had left the country. The analyses by length of employment and length of
follow-up made use of mortality up to December 1980, by which time 2105 of the cohort
members had died and the proportion untraced had fallen to 1.8%. Observed and expected
deaths occurring in 1979 and 1980 included in the analysis by length of employment were
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restricted to those who had already left. In 14 cases, cause of death could not be ascertained.
According to the descriptions obtained by personnel officers and supervisors, 25 occupational
categories were identified and grouped into three major work areas, i.e., foundry, fettling shop,
pattern/machine/maintenance. Each worker was assigned to the category occupied for the
longest time. Expected deaths were calculated on the basis of death rates in England and
Wales. In the whole cohort, 1850 deaths had occurred during the study period and 1756 were
expected. Excesses were observed for deaths from all cancers (507 observed; 446.5 expected)
and from lung cancer (253/184.7). A great inter-foundry variation was observed. Overall
mortality by work area did not show remarkable deviations from expectations. In the foundry
as a whole, statistically significant excesses of deaths were seen for all cancers (244/195.1),
lung cancer (115/80.8) and stomach cancer (standardized mortality ratio (SMR), 188). In the
fettling shop, there was a significant excess of lung cancer deaths (66/38.2). When lung cancer
mortality was analysed by specific occupational groups, the results were as follows. In the
foundry area, statistically significant results were obtained for the furnace repair men (19/9.4).
In the fettling area, a significant increase of lung cancer mortality was observed among fettlers
and grinders (32/16.4) and heat-treatment workers (8/2.3). In the remaining work area, lung
cancer mortality was high among machinists (19/12.0) and significantly higher than expected
among maintenance fitters’ mates (17/7.6). It is worth noting that in this third group of
occupations, the fitters and their mates are the only workers who spent a varying but large
amount of their time in the foundry and fettling areas. When mortality was looked at by date
of entry, the SMR for lung cancer deaths appears to be independent of the date of starting
work in the foundry, in spite of the shorter period of follow-up for later entrants. When lung
cancer mortality was analysed according to length of employment, there were suggestions of
an increasing risk with length of employment, but the increase was not steady. Smoking, region
and social class were taken into account, but none was considered to be a satisfactory
explanation of the findings.

Blot et al. (1983) examined lung cancer mortality among steel workers in a case-control
study conducted in two industrialized counties of eastern Pennsylvania, USA. From vital
statistics records, 360 primary lung cancer deaths occurring in the period 1974-1977 among
white male residents aged 30-79 years were identified; 360 decedents from causes other than
respiratory cancer, chronic respiratory disease or suicide, matched for sex, age, race, county
and year of death, were selected randomly as controls. Confirmation of cause of death and
interviews with next-of-kin were obtained for 335 cases and 332 controls. Each individual in
the study was assigned to a ‘usual’ industrial category, defined as the one in which he had
spent at least 15 years; the job category within the industrial category was the one held for
the greatest number of years. Among workers in the steel industry as a whole there was a
significant odds ratio of 2.2; when adjusted for smoking it was 1.8. The highest odds ratio for
lung cancer was obtained for ‘foundry workers and mould makers’, based on six cases and
one control (odds ratio, 7.1; confidence limits, 1.2-42.3). The odds ratio, however, exceeded
1.0 in each of the job categories in the steel industry. [Although lung cancer odds ratios
adjusted for age, education, smoking and employment in other industries were calculated,
these figures were available only for workers in the steel mdustry as a whole and not for
workers employed in specific departments.]

Neuberger et al. (1982) extracted 1630 medical records of male workers with a history of
prolonged occupational dust exposure from 20 000 records collected between 1950-1960
during a preventive medical survey in Vienna, Austria. All were born before 1911, and those-
with dust exposure were matched by age, sex, domicile and smoking habits with 1630 controls
for whom occupational exposure to dust ‘could be excluded'. Of 3250 subjects traced to the
end of 1980, 1248 exposed workers and 1160 controls had died. For lung cancer the numbers
were 175 in exposed and 130 in controls - a statistically significant difference most notable in
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the group over 60 years of age. Iron-foundry workers formed the largest dust-exposed group;
their relative risk for lung cancer was much the same as that for other dust workers.

[Considerable interest has been expressed recently in the possible relationship between
exposure to silica dust and cancer of the respiratory tract (Goldsmith et al., 1982). This issue
was not addressed directly in any of the studies reviewed by the Working Group.]

5. Summary of Data Reported and Evaluation

5.1 Exposures

The iron and steel foundry industry employs approximately two million workers. This industry
is diverse in terms of materials and processes, resulting in occupational exposures to a variety
of substances. Substantial exposures to silica and carbon monoxide continue to occur in many
foundries. Occupational exposures to airborne polynuclear aromatic compounds have also
been found, resulting mainly from the thermal decomposition of carbonaceous ingredients
commonly added to foundry sand. in addition, some steel foundry workers (e.g., fettlers) are
exposed to airborne chromium and nickel compounds. The introduction of new organic binder
materials (beginning in the late 1950s) has resulted in new exposures of foundry workers to
chemicals, including phenol, formaldehyde, isocyanates and various amines.

5.2 Experimental data

No data on the carcinogenicity to experimental animals of complex mixtures found in the
iron and steel founding industry were available.

Overall assessment of data from short-term tests on iron and steel foundry air samples?

Genetic aétivity Cell transformation

DNA damage - Mutation Chromosomal effects

Prokaryotes +

Fungi/
Green piants

Insects

Mammalian cells
(in vitro)

Mammals
{in vivo)

Humans
(in vivo)

Degree of evidence in short-term tests for genetic activity: Inadequate Cell transformation:
No data

#The groups into which the ‘table is divided and ‘+’, ‘=’ and ‘?' are defined on pp. 16-17 of the Preamble; the degrées
of evidence are defined on pp. 17-18. -
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Numerous samples taken from the air in various locations in one steel two iron foundries
were mutagenic to Salmonella typhimurium. No data on cell transformation were available.

5.3 Human data

Chronic respiratory effects such as silicosis, other pneumoconioses and chronic bronchitis
occur among foundry workers. Occupational asthma and dermatitis have also been described
following the introduction of new chemical binders.

Data derived from reports of mortality statistics in the USA and the UK indicate excess
mortality from lung cancer for ‘foundry workers’, but the definition of this occupational category
included many occupational groups. Cancers of the digestive tract sometimes occurred in
higher ratios than in the total population.

Analytical cohort epidemiological studies of foundry workers were carried out in a number
of countries. Elevated risks of lung cancer (between about 1.5- and 2.5-fold), some of which
were statistically significant, were observed in foundry workers when compared to the general
population. In two study populations, comparison with other steel workers did not consistently
reveal an elevated rate.

The proportion of lung cancers among all deaths was evaluated in some studies, and found
to be about 1.5- to 1.8-fold higher than this proportion in the general population; however,
there are difficulties associated with the interpretation of proportionate mortality ratios.

None of the cohort studies explicitly controlled for the potentially confounding smoking
habits of foundry workers, although in some studies in which questionnaire data were used,
the smoking habits of current workers were not significantly different from those of the general
population. Other potential biases in these studies could have arisen from the lmpreC|se
classification of jobs.

An association between foundry work and lung cancer was observed in one case-control
study.

In two studies, in which site-specific cancer deaths among iron and steel-foundry workers
were compared with the corresponding rates for the general population, significantly increased
risks for cancer of the digestive system were observed: in one, the elevated risk was in the
‘digestive system’, in the other, it was in ‘stomach cancer’.

Results from studies of a single cohort of steel-foundry workers in the USA showed a
significantly elevated risk of ‘cancer of the genito-urinary system’ when compared with the
entire steel-worker population under study, the risk being significantly elevated also for some
specific sites (prostate and kidney). '

5.4 Evaluation?

The available epidemiological studies provide limited evidence that certain exposures in iron
and steel founding are carcinogenic to humans, giving rise to lung cancer. There is inadequate
evidence that such exposures result in cancers of the digestive system and genito- urlnary
system.

For definitions of the italicized terms, see the Preamble, pp. 15 and 19.
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A number of individual compounds for which there is sufficient evidence of carcinogenicity
have been measured at high levels in air samples taken from certain areas in iron and steel
foundries?.

Taken together, the available evidence indicates that occupational exposures occur in iron
and steel founding which are probably carcinogenic to humans.
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Table 1. Chemicals used or produced in the industries considered in this volume which
have been previously evaluated in the /JARC Monographs

Chemical

Industry

Evaluation of carcinogenicity

Acrolein

Amines, aliphatic and aromatic

Arsenic, oxides and salts

Asbestos

Cadmium and cadmium oxides

Chlorinated hydrocarbons
{1,1,1-trichioroethane)

Chromium and chromium oxides

Ferrochromium,
ferromanganese,
ferromolybdenum,
ferrosilicon,
ferrovanadium

Fluorides

Formaldehyde

Hydrocarbons
aliphatic, cyclic and
aromatic (benzene)

Isocyanates (e.g.,
4,4'-methylenediphenyl
diisocyanate)

Lead and lead oxides

Oil mists (mineral
oils)

Nickel, metal and oxides

Nickel carbony!
Nitrosamines

Polynuclear aromatic
hydrocarbons

Foundry

Coal gasification
Coke production
Foundry

Coal gasification
Coke production

Coal gasification
Coke production
Foundry
Aluminium

Coal gasification
Foundry

Foundry

Foundry

Foundry

Foundry
Aluminium

Foundry
Coke production

Coke production
Foundry

Foundry

Coal gasification
Foundry

Aluminium

Coal gasification
Foundry

Coal gasification
Foundry

Coal gasification
Coke production
Foundry
Aluminium

No data on humans; inadequate data on
animals (Vol. 19, pp. 479-494, 1979)

Aromatic amines evaluated in volumes 4
{(1974), 16 (1978) and 27 (1982)

Carcinogenic in humans (Vol. 23, pp.
39-141, 1980; Suppl. 1, pp. 22-23, 1979;
Suppl. 4, pp. 50-52, 1982?

Carcinogenic in humans (Vol. 14, 1977;
Supp;l. 1, p. 23, 1979; Suppl. 4, pp. 52-53,
1982

Cadmium and certain cadmium com-
pounds are probably carcinogenic in
humans; sufficient evidence in animals
(Vol. 2, pp. 39-74, 1973; Suppl. 1, pp.
27-28, 1979; Suppl. 4, pp. 71-73, 1982)

No data on humans; no evaluation in ani-
mals (Vol. 20, pp. 515-531, 1979)

Chromium and certain chromium com-
pounds: carcinogenic in humans; suffi-
cient evidence in animals (Vol. 23, pp.
205-233, 1980; Suppl. 1, pp. 29-30, 1979;
Suppl. 4, pp. 91-93, 19823)

Ferrochromium (see chromium)

inorganic fluorides: no evidence of carci-
nogenicity in humans; inadequate data on
animals (Vol. 27, pp. 237-303, 1982)

Inadequate data in humans; sufficient evi-
dence in animals (Vol. 29, pp. 345-389,
1982; Suppl. 4, pp. 131-132, 1982)

Carcinogenic in humans (Vol. 29, pp.
93-148, 391-398, 1982; Suppl. 1, p. 24,
1979; Suppl. 4, pp. 56-57, 1982)

No data on humans or animals (Vol. 19,
pp. 314-320, 1979)

Inadequate data on humans and animals
{Vol. 23, pp. 325-415, 1980; Suppl. 4, pp.
149-150, 1982)

Sufficient evidence in humans (Vol. 33,
pp. 87-168, 1984)

Probably carcinogenic in humans;
sufficient evidence in animals (Vol. 2, pp.
126-149, 1973; Vol. 11, pp. 75-112, 1976;
Suppl. 1, p. 38, 1979; Suppl. 4, pp.
167-170, 1982)

(See nickel)
Nitrosamines evaluated in Vol. 17 (1978)

No data on humans; evaluations of carci-
nogenicity in animals are given in General
Remarks, Vol. 32 (1983)
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Table 2. Chemicals evaluated by an IARC working group in February 1983 (Vol. 32 of the
IARC Monographs)

Chemicals E,V'S,%ﬂfaeéor carcinogenicity Evidence for activity in short-term tests
Anthanthrene Limited inadequate
Anthracene No evidence No evidence
Benz[alacridine Inadequate Inadequate
Benz[clacridine Limited Inadequate
Benz[alanthracene Sufficient Sufficient
Benzo[blfluoranthene Sufficient Inadequate
Benzoljlfluoranthene Sufficient Inadequate
Benzo[k]fluoranthene Sufficient Inadequate
Benzo[ghilfluoranthene Inadequate Inadequate
Benzolalfluorene inadequate Inadequate
Benzo[b]fluorene Inadequate Inadequate
Benzo[c]fluorene Inadequate Inadequate
Benzolghilperylene Inadequate Inadequate
Benzo[clphenanthrene Inadequate Inadequate
Benzofa]pyrene Sufficient Sufficient
Benzo[elpyrene Inadequate Limited
Carbazole Limited Inadequate
Chrysene Limited Limited
Coronene inadequate Inadequate
Cyclopenta[cdpyrene Limited Sufficient
Dibenz{a,hlacridine Sufficient Inadequate
Dibenz[a,jlacridine Sufficient Inadequate
Dibenz{a,clanthracene Limited Sufficient
Dibenz[a,h]anthracene Sufficient Sufficient
Dibenz{a,jlanthracene Limited Inadequate
Dibenzo[c,glcarbazole Sufficient Inadequate
Dibenzol[a,elfluoranthene Limited No data
Dibenzofa,e]pyrene Sufficient Inadequate
Dibenzofa,hlpyrene Sufficient Inadequate
Dibenzofa,ilpyrene Sufficient Inadequate
Dibenzo{a,/lpyrene Sufficient No data
1,4-Dimethylphenanthrene Inadequate Limited
Fluoranthene No evidence Limited
Fluorene Inadequate Inadequate
Indeno[1,2,3-cd]pyrene Sufficient Inadequate
1-Methyichrysene Inadequate Inadequate
2-, 3-, 4- and 6-Methylchrysenes Limited Inadequate
5-Methyichrysene Sufficient Limited
2-Methylfluoranthene Limited Inadequate
3-Methylifluoranthene Inadequate Inadequate
1-Methylphenanthrene Inadequate Sufficient
Perylene Inadequate Inadequate
Phenanthrene Inadequate Limited
Pyrene No evidence Limited

Triphenylene Inadequate Inadequate




GLOSSARY

As the exact definition of the following terms (in particular job titles) may vary with plant,
company, locality and country, this glossary is provided for general guidance, and it is
encumbent upon the reader to verify the precise usage of the terms for specific locations
under consideration. ,

Anode-paste plant - the area in a primary aluminium production plant where the paste for
Soéderberg anodes is prepared

Anode rodding - the process in a primary aluminium production plant using prebake cells, in
which rods are removed from spent anodes, reconditioned and mated with new anodes

Beehive oven - a type of coking oven that was used in the earlier part of this century. Its
shape was in the form of a beehive, and the volatiles were not collected

Benchman - a worker who cleans the coke-oven door and jambs; he also removes the spilled
hot coke from the bench floor

Buss bar - the conducting bar through which electrical current is fed to the anode in primary
aluminium production

Butt - the spent anode from a prebake primary aluminium production process

Carbon plant - the area in (adjacent to or remote from) a primary aluminium production plant
where prebake anodes are fabricated

Carbon setter - a member of a crew replacing anodes on prebake cells for primary aluminium
production

Coke-oven main - a collecting pipe for volatiles located on the topside of a coke-oven battery

Core-box - a moulding box in which a core is made for a casting

Cores - a formed bonded sand insert used inside sand moulds for the production of internal
cavities in castings

Crust breaker - the equipment (pneumatic hammer) used to break the crust that forms over
the molten electrolyte in the cells used in primary aluminium production

Cyclone - a separator in which particles or droplets are separated from gases or water by
centrifugal force

Dross - metallic oxides that rise to the surface of the molten electrolyte in primary aluminium
production

Fettling (also referred to as dressing) - a term for the cleaning and tidying of iron and steel
castings after shake-out and shotblast. It may involve removal of excess metal (runners,
risers, sprues and gates; see diagram) and metal flash as well as rectifying defects such
as metal penetration and fins by grinding chipping, etc. '

Flex raiser (Rod raiser) - a person removing the bolts holding the electrical connectors to the
studs and raising the connectors to the next horizontal row of studs in horizontal-stud
Séderberg cells for primary aluminium production
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Green carbon - a mixture of coke (usually caicined petroleum pitch) blended with a binder of
pitch to form a paste which is pressure moulded to form green anode blocks. These
blocks are subsequently baked to form prebake carbon anodes for primary aluminium
production

Larry car - a mechanical device that runs on tracks drawing hoppers for the delivery of coal
to the charging holes in the top of a coke oven

Luterman - a worker responsible for the sealing of coke-oven doors with a refractory material;
in some cases also responsible for sealing of lids and other sources of emissions on the
top side

Potman (pot tender) - a person responsibie for adding materials to electrolytic cells (pots) used
in primary aluminium production and for ensuring their continued operation

Potroom - a structure housing a series of electrolytic cells (pots) for primary aluminium
production

Pot - an electrolytic cell used in primary aluminium production for the reduction of alumina to
aluminium

Prebake anode - the carbon anode (prepared from green carbon) used in prebake cells for
primary aluminium production

Prebake cell (prebake pot) - an electrolytic cell used in primary aluminium production in which
the carbon anode has been baked in an oven prior to use in the electrolytic process

Pusher machine operator - a worker who controls the pusher machinery which is located on
the side of a coke-oven battery. The pusher machine has a bar that levels the coal
charge in the oven door removing apparatus, and a ram for pushing the coke out of the
oven

Quench car operator - a worker who drives the quench car, which contains hot coke, to the
quenching (cooling) tower and then deposits the cooled coke onto the coke wharf

Sandslinger - a mechanical device used in iron and steel founding for dispersing sand into the
moulding box; it may incorporate transportation of the sand from the storage hopper and
mixing of the sand with a binder

Shake-out - a process in which a casting is removed from the sand mould, using a vibratory
grid or other mechanical or manual methods

Slot oven - the type of coke oven that is in use today. These tall, narrow ovens are arranged
in rows to form a battery. The volatiles are collected

Séderberg pot - an electrolytic cell for primary aluminium production in which the anode
consists of a mixture of coke and pitch which is baked in situ by passage of an electric
current and heat from the electrolyte. There are two types: vertical stud and horizontal
stud. In the vertical-stud type, the studs through which current enters the anode are set
vertically in the top of the anode. In the horizontal-stud type, the studs through which
the current enters the anode are set into the sides of the anode

Stud (pin) - a headless metal bolt that is inserted into the anodes of an electrolytic cell for
primary aluminium production and that serves to carry the electric current into the anode

Stud puller - a person involved in the removal of studs from a Soderberg pot (normally using
a pneumatic press)

Stud setter - a person who inserts studs (pins) into the anode in a Séderberg pot for primary
aluminium production

Tapping crew - persons who carry out the siphoning of molten aluminium from the pot into a
crucible

Tar chaser - a worker who loosens tar accumulations by means of a rod with a spoon-type
end in the collecting main

Utility man - a worker on a coke-oven battery who substitutes for the regular operators during
their breaks; also termed a spellsman or reliefman ‘

Venturi scrubber - a gas-cleaning device, in which water is injected into a stream of dust-laden
gas flowing at high velocity, thus transferring the dust particles to the water droplets,
which are subsequently removed



SUPPLEMENTARY CORRIGENDA TO VOLUMES 1-33

Corrigenda covering volumes 1-6 appeared in volume 7; others appeared in volumes 8,
10-13 and 15-33.

Volume 10

p. 32 Section 2.2, first line replace fungi

' by actinomycetes
Volume 26

p. 349 Molecular formula replace C,sHgN,04.H,SO,
Volume 31

p. 199 Section (b), third line replace mycotoxin A

by ochratoxin A

Volume 32

p. 291 Line 20 replace 27/28

by 27% of 28
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CUMULATIVE INDEX TO IARC MONOGRAPHS
ON THE EVALUATION OF THE CARCINOGENIC RISK
OF CHEMICALS TO HUMANS

Numbers in italics indicate volume, and other numbers indicate page. References to
corrigenda are given in parentheses. Compounds marked with an asterisk(*) were conside-
red by the working groups in the year indicated, but monographs were not prepared becaused
adequate data on carcinogenicity were not available.

A
Acetaldehyde formyimethylhydrazone 31, 163
Acetamide ‘ 7, 197
Acetylsalicyclic acid (1976)*
Acridine orange 16, 145
Acriflavinium chloride 13, 31
Acrolein 19, 479
Acrylic acid 19, 47
Acrylic fibres 19, 86
Acrylonitrile 19, 73
Suppl. 4, 25
Acrylonitrile-butadiene-styrene 19, 91
copolymers
Actinomycins 10, 29 (corr. 29, 399; 34, 197)
Suppl. 4, 27
Adipic acid (1978)~
Adriamycin 10, 43
Suppl. 4, 29
AF-2 31, 47
Aflatoxins 1,145 (corr. 7, 319)
(corr. 8, 349)
10, 51
Suppl. 4, 31
Agaritine 31, 63
Aldrin 5,25
Suppl. 4, 35
Aluminium production 34, 37
Amaranth 8, 41
5-Aminoacenaphthene 16, 243
2-Aminoanthraquinone 27, 191
para-Aminoazobenzene 8, 53
ortho-Aminoazotoluene 8, 61 (corr. 11, 295)
para-Aminobenzoic acid 16, 249
4-Aminobipheny! 1, 74 (corr. 10, 343)
Suppl. 4, 37
3-Amino-1,4-dimethyl-5H-pyrido-{4,3-b] —
indole and its acetate 31, 247
1-Amino-2-methylanthraquinone 27, 199
3-Amino-1-methyl-5H-pyrido-[4,3-b] —
indole and its acetate 31, 255
2-Amino-5-(5-nitro-2-furyl)-1,3,4-thiadiazole 7,143

— 199 —
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4-Amino-2-nitrophenol
2-Amino-4-nitrophenol (1977)*
2-Amino-5-nitrophenol (1977)*
2-Amino-5-nitrothiazole
6-Aminopenicillanic acid (1975)*
Amitrole

Amobarbital sodium (1976)*
Anaesthetics, volatile

Aniline

Aniline hydrochloride

ortho-Anisidine and its hydrochloride
para-Anisidine and its hydrochloride
Anthanthrene

Anthracene

Anthranilic acid

Apholate

Aramite®

Arsenic and arsenic compounds

Arsanilic acid

Arsenic pentoxide

Arsenic sulphide

Arsenic trioxide

Arsine

Calcium arsenate

Dimethylarsinic acid

Lead arsenate

Methanearsonic acid, disodium salt

Methanearsonic acid, monosodium salt

Potassium arsenate

Potassium arsenite

Sodium arsenate

Sodium arsenite

Sodium cacodylate
Asbestos

Actinolite

Amosite

Anthophyllite

Chrysotile

Crocidolite

Tremolite
Asiaticoside (1975)*
Auramine

16, 43

31, 71

7, 31
Suppl. 4, 38

11, 285
Suppl. 4, 41
4, 27 (corr. 7, 320)
27,39
Suppl. 4, 49
27,40

27, 63

27, 65

32, 95
32,105

16, 265

9, 31

5, 39

1, 41

2,48

23, 39
Suppl. 4, 50

2,17 (corr. 7, 319)

14 (corr. 15, 341)
(corr. 17, 351)

Suppl. 4, 52

1, 69 (corr. 7, 319)

Suppl. 4, 53 (corr. 33, 223)



Aurothioglucose
5-Azacytidine
Azaserine
Azathioprine

Aziridine
2-(1-Aziridinyl)ethanol
Aziridyl benzoquinone
Azobenzene

B
Benz{a] acridine
Benz{clacridine

Benzal chloride
Benz[alanthracene

Benzene
Benzidine and its salts

Benzo[b]fluoranthene
Benzoljlfluoranthene

Benzo [k]fluoranthene
Benzo[ghilfluoranthene
Benzola]fluorene
Benzo[bjfluorene
Benzo[c]fluorene
Benzo[ghilperylene
Benzo[c]phenanthrene
Benzo[a]pyrene

Benzole]pyrene

para-Benzoquinone dioxime

Benzotrichloride
Benzoyl chloride

-Benzyl chloride

Benzyl violet 4B

CUMULATIVE INDEX

13, 39

26, 37

10, 73 (corr. 12, 271)
26, 47 .

Suppl. 4, 55

9, 37

9, 47

9, 51

8,75

32,123

3, 241
32,129

29, 65
Suppl. 4, 84
3, 45
32,135

7, 203 (corr. 11, 295)
29, 93, 391
Suppl. 4, 56
1,80

29, 149, 391
Suppl. 4, 57
3, 69

32, 147

3, 82

32, 155

32, 163
32,171
32,177
32,183

32, 189
32,195

32, 205

3, 91

Suppl. 4, 227
32, 211
3,137

32, 225

29, 185
29,73

Suppl. 4, 84
29, 83

Suppl. 4, 84
11, 217 (corr. 13, 243)
29, 49 (corr. 30, 407)
Suppl. 4, 84
16, 153
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Beryllium and beryllium compounds

Bertrandite

Beryllium acetate

Beryllium acetate, basic

Beryllium-aluminium alioy

Beryllium carbonate

Beryllium chloride

Beryllium-copper alloy

Beryllium-copper-cobalt alioy

Beryllium fluoride

Beryllium hydroxide

Beryllium-nickel alloy

Beryllium oxide

Beryllium phosphate

Beryllium silicate

Beryllium sulphate and its tetrahydrate

Beryl ore

Zinc beryllium silicate
Bis(1-aziridinyl)morpholinophosphine sulphide
Bis(2-chloroethyl)ether
N,N-Bis(2-chloroethyl)-2-naphthylamine (chlornaphazine)

Bischloroethyl nitrosourea (BCNU)

Bis-(2-chloroisopropyl)ether (1976)*
1,2-Bis(chloromethoxy)ethane
1,4-Bis(chloromethoxymethyl)benzene
Bis(chloromethyl)ether

Bleomycins

Blue VRS
Boot and shoe manufacture and repair

Brilliant blue FCF diammonium and disodium salts
1,4-Butanediol dimethanesulphonate (Myleran)

Butyl benzyl phthalate
Butyl-cis-9,10-epoxystearate (1976)*
B-Butyrolactone

y-Butyrolactone

C
Cadmium and cadmium compounds

Cadmium acetate
Cadmium chloride
Cadmium oxide
Cadmium sulphate
Cadmium sulphide

1,17
23, 143 (corr. 25, 392)
Suppl. 4, 60

9, 55

9, 117

4, 119 (corr. 30, 407)
Suppl. 4, 62

26, 79

Suppl. 4, 63

15, 31

15,37

4, 231 (corr. 13, 243)
Suppl. 4, 64

- 26, 97

Suppl. 4, 66

16, 163

25, 249

Suppl. 4, 138

16, 171 (corr. 30, 407)
4, 247

Suppl. 4, 68

29, 194 (corr. 32, 455)

11, 225
11, 231

2,74
11,39 (corr. 27, 320)
Suppl. 4, 71 ‘
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Calcium cyclamate
Calcium saccharin
Cantharidin
Caprolactam

Captan

Carbary!

Carbazole

Carbon blacks
Carbon tetrachloride
Carmoisine
Carpentry and joinery
Carrageenans (native)
Catechol

Chloramben (1982)*
Chlorambucil

Chloramphenicol
Chlordane
Chlordecone (Kepone)
Chiordimeform

Chlorinated dibenzodioxins

Chlormadinone acetate

Chlorobenzilate
1-(2-Chloroethyl)-3-cyclohexyl-1-nitrosourea (CCNU)

Chloroform

Chloromethyl methyl ether

4-Chloro-ortho-phenylenediamine
4-Chloro-meta-phenylenediamine
Chiloroprene

Chloropropham

Chloroquine

Chlorothalonil -
para-Chloro-ortho-toluidine and its hydrochloride

22, 58 (corr. 25, 391)
Suppl. 4, 97

22, 120 (corr. 25, 391)
Suppl. 4, 225

10, 79

19, 115 (corr. 31, 293)
30, 295

12, 37

32, 239

3, 22

33, 35

1,53

20, 371

Suppl. 4, 74

8, 83

25, 139

Suppl. 4, 139

10, 181 (corr. 11, 295)
31,79

15, 155

9, 125

26, 115
Suppl. 4, 77
10, 85
Suppl. 4, 79
20, 45 (corr. 25, 391)
Suppl. 4, 80
20, 67

30, 61

15, 41
Suppl. 4, 211, 238
6, 149

21, 365
Suppl. 4, 192
5,75

30, 73

26, 137
Suppl. 4, 83
1, 61

20, 401
Suppl. 4, 87
4,239
Suppl. 4, 64
27, 81

27, 82

19, 131
Suppl. 4, 89
12, 55

13, 47

30, 319

16, 277

30, 61°
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5-Chloro-ortho-toluidine (1977)*

Chlorotrianisené
Chlorpromazine (1976)"
Cholesterol

Chromium and chromium compounds

Barium chromate
Basic chromic sulphate
Calcium chromate
Chromic acetate
Chromic chiloride
Chromic oxide
Chromic phosphate
Chromite ore
Chromium carbonyl

Chromium potassium sulphate

Chromium sulphate
Chromium trioxide
Cobalt-chromium alloy
Ferrochromium
Lead chromate
Lead chromate oxide
Potassium chromate
Potassium dichromate
Sodium chromate
Sodium dichromate
Strontium chromate
Zinc chromate
Zinc chromate hydroxide
Zinc potassium chromate
Zinc yellow

Chrysene

Chrysoidine
C.l. Disperse Yellow 3
Cinnamyl anthranilate

Cisplatin

Citrus Red No. 2
Clofibrate

Clomiphene and its citrate

Coal gasification
Coke production
Conjugated cestrogens

Copper 8-hydroxyquinoline
Coronene
Coumarin

IARC MONOGRAPHS VOLUME 34

21,139

10, 99
31,95
2,100

23, 205
Suppl. 4, 91

3,159

32, 247

8, I

8, 97

16, 287
31,133

26, 151
Suppl. 4, 93
8, 101 (corr. 19, 495)
24, 39

Suppl. 4, 95
21, 551
Suppl. 4, 96
34, 65

34, 101

21, 147
Suppl. 4, 179
15,103

32, 263

10, 113



CUMULATIVE INDEX

meta-Cresidine
para-Cresidine
Cycasin

Cyclamic acid
Cyclochlorotine
Cyclohexylamine

Cyclopenta[cd]pyrene
Cyclophosphamide

D
2,4-D and esters

Dacarbazine

D and C Red No. 9
Dapsone’

Daunomycin
DDT and associated substances

DDD (TDE)

DDE
Diacetylaminoazotoluene
N,N’-Diacetylbenzidine
Diallate

2,4-Diaminoanisole and its sulphate

2,5-Diaminoanisole (1977)*
4,4'-Diaminodiphenyi ether

1,2-Diamino-4-nitrobenzene
1,4-Diamino-2-nitrobenzene
2,4-Diaminotoluene .
2,5-Diaminotoluene and its sulphate
Diazepam

Diazomethane

Dibenz[a, h]acridine

Dibenz[a,jlacridine

Dibenz|a,clanthracene
Dibenz|a,h]anthracene

Dibenz|a, jlanthracene
7H-Dibenzo[c,g]carbazole

Dibenzofa,elfluoranthene

27,91

27,92

1, 157 (corr. 7, 319)
10, 121

22, 55 (corr. 25, 391)
10, 139

22, 59 (corr. 25, 391)
Suppl. 4, 97

32, 269

9, 135

26, 165

Suppl. 4, 99

15, 111

Suppl. 4,101, 211
26, 203

Suppl. 4, 103

8, 107

24, 59

Suppl. 4, 104

10, 145

5, 83 (corr. 7, 320)
Suppl. 4, 105

8 113
16, 293
12, 69
30, 235
16, 51
27,103

16, 301
29, 203
16, 63
16,73
16, 83
16, 97
13, 57
7,223

3, 247
32, 277
3, 254
32,283 -
32, 289 (corr. 34, 197)
3,178
32, 299
32, 309
3, 260
32, 315
32, 321
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Dibenzolh,rstlpentaphene
Dibenzofa,elpyrene

Dibenzo[a, hlpyrene
Dibenzola,ilpyrene
Dibenzo[a,/Jpyrene
1,2-Dibromo-3-chloropropane

ortho-Dichlorobenzene
para-Dichlorobenzene
3,3'-Dichlorobenzidine and its dihydrochloride

trans-1,4-Dichlorobutene
3,3"-Dichloro-4,4'-diaminodiphenyl ether
1,2-Dichloroethane

Dichloromethane

Dichlorvos

Dicofol
Dicyclohexylamine
Dieldrin

Dienoestrol

Diepoxybutane
Di-(2-ethylhexyl) adipate
Di-(2-ethylhexyl) phthalate
1,2-Diethylhydrazine
Diethylstilboestrol

Diethylstilboestrol dipropionate
Diethyl sulphate

Diglycidy! resorcinol ether
Dihydrosafrole

Dihydroxybenzenes
Dihydroxymethylfuratrizine
Dimethisterone

Dimethoate (1977)*
Dimethoxane

3,197

3, 201

32, 327

3, 207

32, 331

3, 215

32, 337
3,224

32, 343
15,139

20, 83

7, 231
29,213
Suppl. 4, 108
7, 231

29, 215
Suppl. 4, 108
4, 49

29, 239
Suppl. 4, 110
15, 149

16, 309

20, 429

20, 449
Suppl. 4, 111
20, 97

30, 87

22, 60 (corr. 25, 391)
5,125
Suppl. 4, 112
21, 161
Suppl. 4, 183
11, 115 (corr. 12, 271)
29, 257

29, 269.(corr. 32, 455)
4,153

6, 55

21, 173 (corr. 23, 417)
Suppl. 4, 184
21,175

4, 277

Suppl. 4, 115
11, 125
1,170

10, 233

15, 155
24,77

6, 167
21,377
Suppl. 4, 193

15,177



CUMULATIVE INDEX

3,3"-Dimethoxybenzidine (ortho-Dianisidine)

para-Dimethylaminoazobenzene

para-Dimethylaminobenzenediazo sodium sulphonate

trans-2[(Dimethylamino)methylimino]-5-[2-(5-nitro-2-
furyl)vinyl}-1,3,4-oxadiazole

3,3'-Dimethylbenzidine (ortho-Tolidine)

Dimethylcarbamoyl chloride

1,1-Dimethylhydrazine
1,2-Dimethylhydrazine
1,4-Dimethylphenanthrene
Dimethyl suiphate

Dimethylterephthalate (1978)*
1,8-Dinitropyrene
Dinitrosopentamethylenetetramine
1,4-Dioxane

2,4’-Diphenyldiamine
Diphenylithiohydantoin (1976)*
Direct Black 38

Direct Blue 6
Direct Brown 95

Disulfiram
Dithranol
Dulcin

E

Endrin

Enflurane (1976)*

Eosin and its disodium salt
Epichlorohydrin

1-Epoxyethyl-3,4-epoxycyclohexane

3,4-Epoxy-6-methylcyclohexylmethyl-3,4-epoxy-6-
methyl-cyclohexane carboxylate

cis-9,10-Epoxystearic acid

Ethinyloestradiol

Ethionamide

Ethyl acrylate
Ethylene

Ethylene dibromide

4, 41

Suppl. 4, 116

8, 125 (corr. 31, 293)
8, 147

7, 147 (corr. 30, 407)

1, 87

12,77

Suppl. 4,118
4,137

4, 145 (corr. 7, 320)
32, 349

4, 271

Suppl. 4, 119

33, 171
11, 241
11, 247
Suppl. 4, 121
16, 313

29, 295 (corr. 32, 455)
Suppl. 4, 59

29, 311

Suppl. 4, 59

29, 321

Suppl. 4, 59

12, 85

13,75

12, 97

5, 157

15, 183

11, 131 (corr. 18, 125)
(corr. 26, 387)

Suppl. 4,122

(corr. 33, 223)

11, 141 '

11, 147

11, 153

6, 77

21, 233
Suppl. 4, 186
13, 83

19, 57

19, 157
15,195
Suppl. 4, 124

207



208 IARC MONOGRAPHS VOLUME 34

Ethylene oxide

Ethylene sulphide
Ethylenethiourea

Ethyl methanesulphonate
Ethyl selenac

Ethyl tellurac

Ethynodiol diacetate

Evans blue

F

Fast green FCF

Ferbam

Fluometuron

Fluoranthene

Fluorene _
Fluorescein and its disodium salt (1977)*

Fluorides (inorganic, used in drinking-water and dental

preparations)

Fluorspar

Fluosilicic acid

Sodium fluoride

Sodium monofluorophosphate

Sodium silicofluoride

Stannous fluoride
5:Fluorouracil

Formaldehyde

2-(2-Formylhydrazino)-4-(5-nitro-2-furyl)thiazole-

Furazolidone
The furniture and cabinet-making industry

2-(2-Furyl)-3-(5-nitro-2-furyl)acrylamide
Fusarenon-X

G

L-Glutamic acid-542-(4-Hydroxymethyl)
phenylhydrazide)

Glycidaldehyde

Glycidyl oleate

Glycidyl stearate

Griseofulvin

Guinea green B

Gyromitrin

11,157
Suppl. 4, 126
11, 257

7,45

Suppl. 4, 128
7, 245
12,107

12, 115
6,173

21, 387
Suppl. 4, 194
8, 151

16, 187
12, 121 (corr. 13, 243)
30, 245
32, 355
32, 365

27,237

26, 217
Suppl. 4, 130
29, 345
Suppl. 4, 131
7,161 (corr. 11, 295)
31, 141
25,99

Suppl. 4, 140
31, 47

11, 169
31,153

31, 63

11,175
11,183
11,187
10, 153
16, 199
31, 163
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H
Haematite

Haematoxylin (1977)*
Hair dyes, epidemiology of

Halothane (1976)*
Heptachlor and its epoxide

Hexachlorobenzene

Hexachlorobutadiene

Hexachlorocyclohexane (a-,8-,5-,¢-,technical HCH and
lindane)

Hexachloroethane
Hexachilorophene
Hexamethylenediamine (1978)*
Hexamethylphosphoramide
Hycanthone and its mesylate
Hydralazine and its hydrochloride

Hydrazine

Hydroquinone
4-Hydroxyazobenzene
17a-Hydroxyprogesterone caproate

8-Hydroxyquinoline
Hydroxysenkirkine

I
Indeno[1,2,3-cd]pyrene

Iron and steel founding
Iron-dextran complex

Iron-dextrin complex

Iron oxide

Iron sorbitol-citric acid complex
Isatidine

Isofiurane (1976)*

Isonicotinic acid hydrazide

Isophosphamide
Isoprene (1978)*
Isopropyl alcohol
Isopropyl oils

Isosafrole

1,29
Suppl. 4, 254

16, 29
27, 307

5,173

20, 129
Suppl. 4, 80
20, 155
20,179

5 47

20, 195 (corr. 32, 455)

Suppl. 4, 133
20, 467
20, 241

15, 211

13, 91

24, 85
Suppl. 4, 135
4,127
Suppl. 4, 136
15, 155

8, 157

21, 399 (corr. 31, 293)

Suppl. 4, 195
13, 101
10, 265

3, 229

32, 373

34, 133
2,161

Suppl. 4, 145

2,161 (corr. 7, 319)

1,29
2, 161
10, 269

4, 159
Suppl. 4, 146
26, 237

15, 223
Suppl. 4, 151
15, 223
Suppl. 4, 151
1, 169

10, 232
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J
Jacobine

K
Kaempferol

L
Lasiocarpine
Lead and lead compounds

Lead acetate and its trihydrate
Lead carbonate
Lead chloride
Lead naphthenate
Lead nitrate
Lead oxide
Lead phosphate
Lead subacetate
Lead tetroxide
Tetraethyllead
Tetramethyllead
The leather goods manufacturing industry (other than
boot and shoe manufacture and tanning)

The leather tanning and processing industries

Ledate
Light green SF
Lindane

The lumber and sawmill industries (including logging)
Luteoskyrin

Lynoestrenol

Lysergide (1976)*

M
Magenta

Malathion

Maleic hydrazide

Maneb

Mannomustine and its dihydrochloride
MCPA

Medphalan

10, 275

31, 171

10, 281

1, 40 (corr. 7, 319)
2, 52 (corr. 8, 349)
2,150

23, 39, 205, 325
Suppl. 4, 149

25,279

Suppl. 4, 142
25, 201
Suppl. 4, 142
12, 131

16, 209

5, 47

20, 196

25, 49

Suppl. 4, 143
10, 163

21, 407
Suppl. 4, 195

4, 57 (corr. 7, 320)
Suppl. 4, 152
30, 103

4, 173 (corr. 18, 125)

12,137

9, 157
Suppl. 4, 211
30, 255

9, 168
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Medroxyprogesterone acetate

Megestrol acetate
Melphalan
6-Mercaptopurine

Merphalan
Mestranol

Methacrylic acid (1978)*
Methallenoestril (1978)*
Methotrexate

Methoxsalen
Methoxychlor

Methoxyflurane (1976)*
Methylacrylate
2-Methylaziridine
Methylazoxymethanol
Methylazoxymethanol acetate

Methy! bromide (1978)*

Methyl carbamate

1-,2-,3-,4-,5-and 6-Methylchrysenes
N-Methyl-N,4-dinitrosoaniline
4,4'-Methylene bis(2-chloroaniline)
4,4'-Methylene bis(N,N-dimethyl)benzenamine
4,4'-Methylene bis(2-methylaniline)
4,4'-Methylenedianiline
4,4'-Methylenedipheny! diisocyanate
2-and 3-Methylfluoranthenes

Methy! iodide

Methyl methacrylate

Methyl methanesulphonate
2-Methyl-1-nitroanthraquinone
N-Methyl-N"nitro-N-nitrosoguanidine
Methyl parathion
1-Methylphenanthrene

Methyl protoanemonin (1975)*
Methyl red :

Methyl selenac

Methylthiouracil

Metronidazole

Mineral oils

6, 157

21; 417 (corr. 25, 391)
Suppl. 4, 196

21, 431

Suppl. 4, 198

9,167

Suppl. 4, 154

26, 249

Suppl. 4, 155

9, 169

6, 87

21, 257 (corr. 25, 391)
Suppl. 4, 188

26, 267
Suppl. 4, 157
24,101
Suppl. 4, 158
5,193

20, 259

19, 52
9, 61

10, 121
1, 164
10, 131

12, 151

32, 379

1, 141

4, 65 (corr. 7, 320)
27,119

4,73

4, 79 (corr. 7, 320)
19, 314

32, 399

15, 245

19, 187

7,253

27, 205

4,183

30, 131

32, 405

8, 161

12, 161

7,53

13, 113
Suppl. 4, 160
3, 30

Suppl. 4, 227
33, 87
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Mirex

Miristicin (1982)*
Mitomycin C
Modacrylic fibres
Monocrotaline
Monuron

9-(Morpholinomethyl)-3-{(5-nitrofurfurylidene)amino]-2-

oxazolidinone
Mustard gas

N

Nafenopin
1,5-Naphthalenediamine
1,5-Naphthalene diisocyanate
1-Naphthylamine

2-Naphthylamine

1-Naphthyithiourea (ANTU)
Nickel and nickel compounds

Nickel acetate and its tetrahydrate
Nickel ammonium sulphate
Nickel carbonate
Nickel carbonyl
Nickel chloride
Nickel-gallium alloy
Nickel hydroxide
Nickelocene
Nickel oxide
Nickel subsulphide
Nickel sulphate
Nihydrazone (1982)*
Niridazole
Nithiazide
5-Nitroacenaphthene
5-Nitro-ortho-anisidine
9-Nitroanthracene
6-Nitrobenzo[a]pyrene
4-Nitrobiphenyl
6-Nitrochrysene
Nitrofen
3-Nitrofluoranthene _
5-Nitro-2-furaldehyde semicarbazone

1{(5-Nitrofurfurylidene)amino]-2-imidazolidinone
N-{4-(5-Nitro-2-furyl)-2-thiazolyllacetamide

5, 203
20, 283 (corr. 30, 407)

10, 171
19, 86
10, 291
12, 167
7, 161

9, 181 (corr. 13, 243)
Suppl. 4, 163

24,125

27,127

19, 311

4, 87 (corr. 8, 349)
(corr. 22, 187)

Suppl. 4, 164

4, 97

Suppl. 4, 166

30, 347

2,126 (corr. 7, 319)

11,75

Suppl. 4, 167

13, 123
31,179
16, 319
27,133
33,179
33, 187
4,113
33, 195
30, 271
33, 201
7,171
7, 181
1,181
7,185



CUMULATIVE INDEX

Nitrogen mustard and its hydrochloride

Nitrogen mustard N-oxide and its hydrochioride
- 2-Nitropropane

1-Nitropyrene

N-Nitrosatable drugs

N-Nitrosatable pesticides
N-Nitrosodi-n-butylamine

N-Nitrosodiethanolamine
N-Nitrosodiethylamine

N-Nitrosodimethylamine

N-Nitrosodiphenylamine
para-Nitrosodiphenylamine
N-Nitrosodi-n-propylamine
N-Nitroso-N-ethylurea

N-Nitrosofolic acid
N-Nitrosohydroxyproline
N-Nitrosomethylethylamine
N-Nitroso-N-methylurea

N-Nitroso-N-methylurethane
N-Nitrosomethylvinylamine
N-Nitrosomorpholine
N-Nitrosonornicotine
N-Nitrosopiperidine
N-Nitrosoproline
N-Nitrosopyrrolidine
N-Nitrososarcosine
N-Nitrososarcosine ethyl ester (1977)*
Nitrovin

Nitroxolne (1976)*

Nivalenol (1976)*
Norethisterone and its acetate

Norethynodrel

Norgestrel

Nylon 6
Nylon 6/6 (1978)*

0]
Ochratoxin A

213

9, 193

Suppl. 4,170

9, 209

29, 331

33, 209

24, 297 (corr. 30, 407)
30, 359

4, 197

17, 51

17,77

1, 107 (corr. 11, 295)
17, 83 (corr. 23, 417)
1, 95

17, 125 (corr. 25, 391)
27,213

27, 227 (corr. 31, 293)
17,177

1, 135

17, 191

17, 217

17, 304

17, 221

1, 125

17, 227

4, 211

17, 257

17, 263

17, 281

17, 287

17, 303

17, 313

17, 327

31, 185

6, 179

21, 441

Suppl. 4, 199

6, 191

21, 461 (corr. 25, 391)
Suppl. 4, 201

6, 201

21, 479

Suppl. 4, 202

19, 120

10, 191
31, 191 (corr. 34, 197)
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Oestradiol-17p

Oestradiol 3-benzoate
Oestradiol dipropionate
Oestradiol mustard
Oestradiol-17p-valerate
Oestriol

Oestrone

Oestrone benzoate

Oil Orange SS
Orange |
Orange G
Oxazepam
Oxymetholone

Oxyphenbutazone

P

Panfuran S (Dihydroxymethylfuratrizine)
Parasorbic acid

Parathion

Patulin

Penicillic acid

Pentachlorophenol

Pentobarbital sodium (1976)*
Perylene

Petasitenine

Phenacetin

Phenanthrene

Phenazopyridine [2,6-Diamino-3-(phenylazo)pyridine]

and its hydrochloride

Phenelzine and its sulphate

Phenicarbazide
Phenobarbital and its sodium sait

Phenoxybenzamine and its hydrochloride

Phenylbutazone

ortho-Phenylenediamine (1977)*

6, 99
21,279
Suppl. 4, 190
21, 281

21, 283

9, 217

21, 284

6, 117

21, 327

6, 123

21, 343 (corr. 25, 391)
Suppl. 4, 191
21, 345
Suppl. 4, 191
8,165
8,173

8, 181

13, 58

13, 131
Suppl. 4, 203
13, 185

24,77

10, 199 (corr. 12, 271)
30, 153

10, 205

10, 211

20, 303

Suppl. 4, 88, 205

32, 411

31, 207

13, 141
24,135
Suppl. 4, 47
32,419

8 117

24, 163 (corr. 29, 399)
Suppl. 4, 207
24,175
Suppl. 4, 207
12,177

13, 157
Suppl. 4, 208
9, 223
24,185

13, 183
Suppl. 4, 212
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meta-Phenylenediamine and its hydrochloride
para-Phenylenediamine and its hydrochloride
N-Phenyl-2-naphthylamine

ortho-Phenylphenol and its sodium salt
N-Phenyl-para-phenylenediamine (1977)*
Phenytoin and its sodium salt

Piperazine oestrone sulphate
Piperonyl butoxide
Polyacrylic acid
Polybrominated biphenyls
Polychlorinated biphenyis

Polychloroprene

Polyethylene (low-density and high-density)
Polyethylene terephthalate (1978)*
Polyisoprene (1978)*

Polymethylene polyphenyl isocyanate
Polymethyl methacrylate
Polyoestradiol phosphate
Polypropylene

Polystyrene

Polytetrafiuoroethylene

Polyurethane foams (flexible and rigid)
Polyvinyl acetate

Polyvinyl alcohol

Polyvinyl chloride

Polyvinylidene fluoride (1978)*

Polyvinyl pyrrolidone

Ponceau MX

Ponceau 3R

Ponceau SX

Potassium bis (2-hydroxyethyl)dithiocarbamate
Prednisone

Procarbazine hydrochloride

Proflavine and its salts
Progesterone

Pronetalol hydrochloride
1,3-Propane sultone

Propham
B-Propiolactone
n-Propyl carbamate
Propylene
Propylene oxide

215

16, 111

16, 125

16, 325 (corr. 25, 391)
Suppl. 4, 213

30, 329

13, 201
Suppl. 4, 215
21, 148

30, 183

19, 62

18, 107

7, 261

18, 43
Suppl. 4, 217
19, 141

19, 164

19, 314
19, 195
21, 286
19, 218
19, 245
19, 288
19, 320
19, 346
19, 351
7, 306

19, 402

19, 463

8,189

8, 199

8, 207

12, 183

26, 293

Suppl. 4, 219

26, 311

Suppl. 4, 220

24,195

6, 135

21, 491 (corr. 25, 391)

Suppl. 4, 202

13, 227 (corr. 16, 387)

4, 253 (corr. 13, 243)
(corr. 20, 591)

12, 189

4, 259 (corr. 15, 341)

12, 201

19, 213

11, 191
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Propylthiouracil
The pulp and paper industry

Pyrazinamide (1976)*
Pyrene
Pyrimethamine
Pyrrolizidine alkaloids

Q

Quercitin

Quinoestradol (1978)*

Quinoestrol (1978)*

para-Quinone

Quintozene (Pentachloronitrobenzene)

R
Reserpine

Resorcinol
Retrorsine
Rhodamine B
Rhodamine 6G
Riddelliine
Rifampicin
Rotenone (1982)*
The rubber industry

Rugulosin (1975)*

S
Saccharated iron oxide
Saccharin

Safrole

Scarlet red
Selenium and selenium compounds

Semicarbazide hydrochloride
Seneciphylline
Senkirkine

Simazine (1982)*
Sodium cyclamate

Sodium diethyldithiocarbamate
Sodium equilin sulphate

7, 67

Suppl. 4, 222
25, 157
Suppl. 4, 144

32, 431
13, 233
10, 333

31, 213

15, 255
5,211

10, 217

24, 211 (corr. 26, 387)
(corr. 30, 407)

Suppl. 4, 222

15, 155

10, 303

16, 221

16, 233

10, 313

24, 243

28 (corr. 30, 407)
Suppl. 4, 144

2, 161

22,111 (corr. 25, 391)

Suppl. 4, 224

1,169

10, 231

8, 217

9, 245 (corr. 12, 271)
(corr. 30, 407)

12, 209 (corr. 16, 387)

10, 319

10, 327

31, 231

22, 56 (corr. 25, 391)
Suppl. 4, 97 -

12, 217

21,148
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Sodium oestrone sulphate
Sodium saccharin

Soot and tars
Spironolactone
Sterigmatocystin
Streptozotocin
Styrene

Styrene-acrylonitrile copolymers
Styrene-butadiene copolymers
Styrene oxide

Succinic anhydride

Sudan |

Sudan !l

Sudan tii

Sudan brown RR

Sudan red 7B

Sulfafurazole (Sulphisoxazole)

Sulfallate
Sulfamethoxazole

Sulphamethazine (1982)*
Sunset yellow FCF
Symphytine

T
2,4,5-T and esters

Tannic acid

Tannins

Terephthalic acid (1978)*

Terpene polychlorinates (Strobaner)
Testosterone

Testosterone oenanthate

Testosterone propionate
2,2',5,5'-Tetrachlorobenzidine
Tetrachlorodibenzo-para-dioxin (TCDD)

1,1,2,2-Tetrachloroethane
Tetrachioroethylene

Tetrachlorvinphos

217

21, 147

22, 113 (corr. 25, 391)
Suppl. 4, 224
3, 22

Suppl. 4, 227
24, 259
Suppl. 4, 229
1, 175

10, 245

4, 221

17, 337

19, 231
Suppl. 4, 229
19, 97

19, 252

11, 201

19, 275
Suppl. 4, 229
15, 265

8, 225

8, 233

8, 241

8, 249

8, 253

24, 275
Suppl. 4, 233
30, 283

24, 285
Suppl. 4, 234

8, 257
31, 239

15, 273

Suppl. 4, 211, 235

10, 253 (corr. 16, 387)
10, 254

5,219

6, 209

21, 519

21, 521
21,522

27, 141

15, 41

Suppl. 4, 211, 238
20, 477

20, 491
Suppl. 4, 243
30,197
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Tetrafluoroethylene
Thioacetamide
4,4'-Thiodianiline

Thiouracil

Thiourea

Thiram

2,4-Toluene diisocyanate
2,6-Toluene diisocyanate
ortho-Toluenesuiphonamide

ortho-Toluidine and its hydrochloride

Toxaphene (Polychiorinated camphenes)
Treosulphan

Trichlorphon
1,1,1-Trichloroethane
1,1,2-Trichloroethane
Trichloroethylene

2,4,5-and 2,4,6-Trichlorophenols

Trichlorotriethylamine hydrochloride
Trichlorphon

T,-Trichothecene

Triethylene glycol diglycidyl ether
Trifluralin (1982)*

2,4,5-Trimethylaniline and its hydrochloride
2,4,6-Trimethylaniline and its hydrochloride

Triphenylene

Tris(aziridinyl)-para-benzoquinone (Triaziquone)

Tris(1-aziridinyl)phosphine oxide

Tris(1-aziridinyl)phosphine sulphide (Thiotepa)

2,4,6-Tris(1-aziridinyl)-s-triazine
1,2,3-Tris(chloromethoxy)propane
Tris(2,3-dibromopropyl)phosphate
Tris(2-methyl-1-aziridinyl)phosphine oxide
Trp-P-1

Trp-P-2

Trypan blue

U
Uracil mustard

Urethane

19, 285

7,77

16, 343
27,147

7, 85

7,95

12, 225

19, 303

19, 303
22,121
Suppl. 4, 224
16, 349

27, 155
Suppl. 4, 245
20, 327

26, 341
Suppl. 4, 246
30, 207

20, 515

20, 533

11, 263

20, 545
Suppl. 4, 247
20, 349
Suppl. 4, 88, 249
9, 229

30, 207

31, 265

11, 209

27,177
27,178

32, 447

9, 67

Suppl. 4, 251
9,75

9, 85

Suppl. 4, 252
9, 95

15, 301

20, 575

9, 107

31, 247

31, 255

8, 267

9, 235
Suppl. 4, 256
7, 111
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\
Vinblastine sulphate

Vincristine sulphate

Vinyl acetate
Vinyl bromide
Vinyl chloride

Vinyl chloride-viny! acetate copolymers

4-Vinylcyclohexene
Vinylidene chloride

Vinylidene chloride-vinylchloride copolymers
Vinylidene fluoride (1978)*
N-Vinyl-2-pyrrolidone

X

2,4-Xylidine and its hydrochloride
2,5-Xylidine and its hydrochloride
2,6-Xylidine (1977)*

Y
Yellow AB
Yeliow OB

Z
Zearalenone
Zectran
Zineb

Ziram

219

26, 349 (corr. 34, 197)
Suppl. 4, 257

26, 365

Suppl. 4, 259

19, 341

19, 367

7, 291

19, 377

Suppl. 4, 260

7, 311

19, 412

11, 277

19, 439

Suppl. 4, 262 (corr. 31, 293)
19, 448

19, 461

16, 367
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