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NOTE TO THE READER

The term 'carcinogenic risk' in the lAC Monographs series is taken to mean the proba-
bility that exposure to an agent wiilead to cancer in humans.

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

The evaluations of carcinogenic risk are made by international workig groups of inde-
pendent scientists and are qualitative in nature. No recommendation is given for regulation
or legislation.

Anyone who is aware of published data that may alter the evaluation of the carcinogenic
risk of an agent to humans is encouraged to make this inormation 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 agent may be con-
sidered for re-evaluation by a future Workig Group.

AIthough eveiy effort is made to prepare the monographs as accurately as possible, mis-
takes may ocur. Readers are requested to communièate any errors to the Unit of Carcino-
gen Identifcation and Evaluation, so that corrections can be reported in future volumes.

-7-





IARC WORKNG GROUP ON THE EVALUATION
OF CARCINOGENIC RISKS TO HUMAS:

SOME SOLVENTS, RESIN MONOMERS AND RELATED COMPOUNDS,
PIGMENTS AND OCCUPATIONAL EXPOSURES lN

PA/NT MAUFACTURE AND PAINTING

Lyon, 18-25 October 1988

LIST OF PARTielPANTS

Members

D. Anderson, The British Industrial Biological Research Association, Woodmansterne
Road, Carshalton, Surrey SM5 4DS, UK

R.B. Beems, Department of Biological Toxicology, TNO-CIVO Institutes, PO Box 360,3700
Al Zeist, The N etherlands

v: Beral, Diviion of Sexually Transmitted Diseases, Centers for Disease Control, Atlanta,

GA 30333, USA
M. Bignami, Higher Institute of Health, via Regina Elena 299, 00161 Rome, Italy
A. Brøgger, Department of Genetics, Institute for Cancer Research, Norwegian Radium

Hospital, Montebello, 0310 Oslo 3, Norway
M.R. Elwell, Toxicologic Pathology, Toxicology Research and Testing Program, National

Institute of Envionmental Health Sciences, PO Box 12233, Research Tringle Park,
NC 27709, USA

J. Fajen, National Institute for Occupational Safety and Health, Robert A. Tht
Laboratories, 4676 Columbia Parkway, Cincinnati, OH 45226, USA

L. Fishbein, Envion Corpration, Counsel in Health and Envionmenta Science, The
Flour Mil, 100 Potomac Street ~ Washington DC 207, USA

M. Géri, Department of Occupational and Envionmental Health, Faculty of Medicine,
University of Montréal, CP 6128, Station A, Montréal, Québec H3C 3J7, Canada

:P Grandjean, Institute of Community Medicine, Odense University, J.B. Winsowsvej 19,
50 Odense, Denmark

K. Hemminki, Institute of Occupational Health, Topeliuksenkatu 41 a A, 00250 Helsinki
Finland

-9-



10 !AC MONOGRAHS VOLUME 47

El: Henderson, State University Limburg, Postbox 616, 620 MD Maastricht, The
N etherlands

C. Hogstedt, National Institute of Occupational Health, 17184 Solna, Sweden (Chainn)
M. Ikeda, DepartmentofPublicHealth, Kyoto University, FacultyofMedicine, Konoe-cho,

Sakyo-ku, Kyoto 60, Japan (Viee-Chairman)

A.F. Karamysheva, Laboratoiy of Carcinogenic Substances, Ail-Union Cancer Research
Centre, Kashirskoye Shosse 24, 115478 Moscw, US SR

R.J. Kavlock, Developmental Toxicology Division, Health Effects Research Laboratoiy, US
Envionmental Protection Agency, MD-67, Research Tringle Park, NC 27711, USA

R. Laib, Institute for Worker Physiology of the Dortmund University, Ardeystrasse 67, 46
Dortmund 1, Federal Republic of Germany

L.S. Levy, Institute of Occupational Health, University of Biringham, PO Box 363,
Biringham BIS zn UK

G. Matanoski, Department of Epidemiology, School of Hygiene and Public Health, 615 N
Wolfe, Baltimore, MD 21205, USA

S. Skedvig, Department of Occupational and Envionmental Medicie, University
Hospital, 221 85 Lund, Sweden

Representatives/Observers

Representative of the National Cancer Insitute

J. Rice, NCI-Frederick Cancer Research Facilty, Building 538, Frederick, MD 21701, USA

Representative of Traeor Teehnlogy Resourees, Ine.

S. Olin, TracorTechnology Resources, Inc., 1601 Research Boulevard, Rockvle, MD 20850,
USA

Representatve of the Commsion of the European Commnities

H. Martin, Division of Industril Health and Hygiene, Health and Safety Directorate,
Commission of the European Communities, Bâtiment Jean Monnet, 2920
Luxembourg, Grand Duchyof Luxembourg

Chemieal Manfacturers' Association

N. Krvanek, E.1. du Pont de Nemours & Company, Haskell Laboratories, PO Box 50,
Newark, DE 19714, USA

CONCAWE

W. Glaap, German Exon Chemical GmbH, Dompropst-Ketzer-strasse 7-9, 50 Cologne
1, Federal Republic of Germany

European Chemieal Inustry Ec%gy an Toxie%gy Centre

M. WoOer, Rohm & Haas Co., European Operations, Chestenield House, Bloomsbuiy
Way, London WCIA 21 UK



PARTICIPAN 11

Bygghälsan

A. Englund, Bygghalsan, Box 94, 182 11 Dandeiyd, Sweden

Secretariat

A. Aitio, Unit of Carcinogen Identification and Evaluation (Offcer in Chage of the Pro-
gramme)

J. Cabral, Unit úf Mechanisms of Carciogenesis
E. Cardis, Unit of Biostatisties Research and Informatics
B.-H. Chen, International Programme on Chemical Safety, World Health Organiztion,

Geneva, Switzerland

J. Cheney, Editorial and Publishing Servces
M. Friesen, Unit of Envionmental Carcinogenesis and Host Factors
M.-J. Ghess, Unit of Carcinogen Identification and Evaluation
E. Heseltine, Lajarthe, 24290 Montignac, France
1: Kauppinen, Unit of Carcinogen Identifcation and Evaluation
J. Kaldor, Unit of Biostatistics Research and Informatics
M. Khlat, Unit of Descriptive Epidemiology
K. LAbbé, Unit of Analytical Epidemiology
C. Malaveile, Unit of Envionmental Carcinogenesis and Host Factors

D. Mietton, Unit of Carcinogen Identification and Evaluation
R. Montesano, Unit of Mechanisms of Carcinogenesis
1. O'Neil, Unit of Envionmental Carcinogenesis and Host Factors
C. Partensky, Unit of Carcinogen Identification and Evaluation
1. Peterschmitt, Unit of Carcinogen Identification and Evaluation, Geneva, Switzerland
R. Saracci, Unit of Analytical Epidemiology
D. Shuker, Unit of Envionmental Carcinogenesis and Host Factors
L. Shuker, Unit of Carcinogen Identification and Evaluation (Secretar)
L. Simonato, Unit of Analytical Epidemiology
L. Tomatis, Director
v: Thrusov, Director's Office
J. Wilbourn, Unit of Carcinogen Identification and Evaluation
H. Yamasaki, Unit of Mechanisms of Carcinogenesis



12

Secretariat assistance

J. Cazeaux

M. Lézère
M. Mainaud
S. Reynaud

!AC MONOGRAHS VOLUME 47



PREAMLE





IAC MONOGRAHS PROGRAMME ON THE EVALUATION
OF CAReINOGENIC RISKS TO HUMANS1

PREAMBLE

1. BACKGROUND
ln 1969, the International Agency for Research on Cancer (IARC) initiated a pro-

gramme to evaluate the carcinogenic rik of chemicals to humans and to produce mono-
graphs on individual chemicals. The Monographs programme has since been expanded to in-
clude consideration of expsures to complex mixures of chemicals (which ocur, for exam-
pie, in sorne ocupations and as a result of human habits) and of expsures to other agents,
such as radiation and vIses. With Supplement 6(1), the title of the series was modified from
!AC Monographs on the Evaluation of the Carcinogenic Risk of Chemicals to Huma to /AC
Monographs on the Evaluation of Carcinogenic Risks to Human, in order to reflect the wi-

dened scpe of the programme.
The criteria established in 1971 to evaluate carcinogenic rik to humans were adopted by

the workig groups whose deliberations resulted in the first 16 volumes of the lAC Mono-
graphs series. Those criteria were subsequently re-evaluated by workig groups which met in
1977(2), 1978(3), 1979(4), 1982(5) and 1983(6). The present preamble was prepared by two
workig groups which met in September 1986 and Januaiy 1987, prior to the preparation of
Supplement 7(7) to the Monographs.

2. OBJECTIV AND SCOPE

The objective of the programme is to prepare, with the help of international workig
groups of experts, and to publish in the form of monographs, critical reviews and evaluations
of evidence on the carcinogenicity of a wide range of agents to which humans are or may be
expsed. The Monograph may also indicate where additional research efforts are needed.

The Monographs represent the first step in carcinogenic rik assessment, which involves
examination of all relevant inormation in order to assess the strength of the available evi-

1 Th proje is supported by PHS Gran No. 5 UO 1 CA33193-07 awar by the US Nationa Cace Insitte, Dent of Heah and Huma

Servce, an with a subcntrac to Trao Technology Rerc, Ine. Sin 1986, thi programe ba al ben supprted by the Commion of the

Europe Communities.
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dence that, under certin conditions of expsure, an agent could alter the incidence of can-

cer in humans. The second step is quantitative risk estimation, which is not usually at-
tempted in the Monographs. Detailed, quantitative evaluations of epidemiological data may
be made in the Monographs, but without extrapolation beyond the range of the data available.
Quantitative extrapolation from experiental data to the human situation is not under-
taken.

These monographs may assist national and international authorities in makig rik
assessments and in formulating decisions concerning any necessaiy preventive measures.
The evaluations of IARC workig groups are scientific, qualitative judgements about the
degree of evidence for carcinogenicity provided by the available data. These evaluations
represent only one part of the boy of inormation on which regulatoiy measures may be
based. Other components of regulatoiy decisions may vaiy from one situation to another and
from countiy to countiy, responding to different soioeconomic and national priorities.
Therefore, no recommendation is given with regard to regulation or legislation, wmch are the res-
ponsibility ofindividual govemments and/or other interntional organzations.

The lAC Monographs are recognized as an authoritative source of inormation on the
carcinogenicity of chemicals and complex expsures. A users' survey, made in 1988, indi-
cated that the Monographs are consulted by various agencies in 57 countries. Each volume is
generally prited in 40 copies for distribution to governments, regulatoiy boies and inter-

ested scientists. The Monographs are also availble via the Distribution and Sales Servce of
the World Health Organiztion.

3. SELECTION OF TOPICS FOR MONOGRAHS

Topics are selected on the basis of two main criteri: (a) that they concern agents for

which there is evidence of human expsure, and (b) there is some evidence or suspicion of
carcinogenicity. The term agent is used to include individual chemical compounds, groups of
chemical compounds, physical agents (such as radiation), biological factors (such as vises)
and mixures of agents such as ocur in ocupational expsures and as a result of personal
and cultural habits (like smokig and dietaiy practices). Chemical analogues and com-
pounds with biological or physical characteritics similar to those of suspected carciogens
may also be considered, even in the absence of data on carciogenicity.

The scientifc literature is surveyed for published data relevant to an assessment of car-
cinogenicity; the IARC surveys of chemicals being tested for carciogenicity(8) and directo-

ries of on-going research in cancer epidemiology(9) often indicate those agents that may be
scheduled for future meetings. An ad-hoc workig group convened by IARC in 1984 gave
recommendations as to which chemicals and expsures to complex mixures should be eva-
luated in the /AC Monograph series(lO).

As significant new data on subjects on which monographs have already been prepared
become available, re-evaluations are made at subsequent meetings, and revied mono-
graphs are published.
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4. DATA FOR MONOGRAHS
The Monographs do not necessariy cite all the literature conceming the subject of an

evaluation. Only those data considered by the Workig Group to be relevant to makig the
evaluation are included.

With regard to biological and epidemiological data, only reports that have been pub-
lished or accepted for publication in the openly available scientific literature are reviewed by
the workig groups. ln certain instances, government agency reports that have undergone
peer review and are widely available are considered. Exceptions may be made on an ad-hoc
basis to include unpublished reports that are in their final form and publicly available, if their
inclusion is considered pertinent to makig a final evaluation (see p. 27 et seq.). ln the sec-
tions on chemical and physical properties and on production, use, ocurrence and analysis,
unpublished sources of inormation may be used.

5. THE WORKING GROUP

Reviews and evaluations are formulated by a workig group of experts. The tasks of this
group are five-fold: (i) to ascertain that all appropriate data have been collected; (ü) to select
the data relevant for the evaluation on the basis of scientific merit; (ii) to prepare accurate
summaries of the data to enable the reader to follow the reasoning uf the Workig Group;
(iv) to evaluate the results of experiental and epidemiological studies; and (v) to make an
overall evaluation of the carcinogenicity of the agent to humans.

Workig Group participants who contnbuted to the consideration and evaluation of the
agents within a particular volume are listed, with their addresses, at the beginning of each
publication. Each participant who is a member of a workig group serves as an individual
scientist and not as a representative of any organiztion, government or industiy. ln addi-
tion, representatives from national and international agencies and industrial associations are
invited as observers.

6. WORKING PROCEDURES

Approximately one year in advance of a meeting of a workig group, the topics of the
monographs are announced and participants are selected by IARC staff in consultation with
other experts. Subsequently, relevant biological and epidemiological data are collected by
IARC from recognized sources of inormation on carcinogenesis, including data storage and
retrieval systems such as CAS ONLINE, MEDLINE and TOXLINE, including EMIC and
ETIC for data on genetic and related effects and teratogenicity, respectively.

The major collection of data and the preparation of first drafts of the sections on chemi-
cal and physical properties, on production and use, on ocurrence, and on analysis are carred
out under a separate con tract funded by the US National Cancer Institute. Efforts are made
to supplement this inormation with data from other national and international sources.
Representatives from industrial assoiations may assist in the preparation of sections on pro-
duction and use.

Production and trade data are obtained from governmental and trade publications and,
in sorne cases, by direct contact with industries. Separate production data on some sub-
stances may not be available because their publication could disclose confidential inorma-



18 lAC MONOGRAHS VOLUME 47

tion. Information on uses is usually obtained from published sources but is often complem-
ented by direct contact with manufacturers.

Six months before the meeting, reference materil is sent to experts, or is used by IARC
staff, to prepare sections for the first drafts of monographs. The complete firt drafts are
compiled by IAC staf and sent, prior to the meeting, to all participants of the Workig
Group for review.

The Workig Group meets in Lyon for seven to eight days to disuss and finalize the
texts of the monographs and to formulate the evaluations. After the meeting, the master
copy of each monograph is veriied by consulting the originalliterature, edited and prepared
for publication. The aim is to publish monographs within nine months of the Workig Group
meeting.

7. EXPOSUR DATA

Sections that indicate the extent of past and present human expsure, the sources of
exposure, the persons most likely to be expsed and the factors that contnbute to expsure to
the subject of the monograph are included at the beginning of the monograph.

Most monographs on individual chemicals or complex mixures include sections on
chemical and physical data, and production, use, ocurrence and analysis. ln other mono-
graphs, for example on physical agents, biological factors, ocupational expsures and cul-
tural habits, other sections may be included, such as: historical persectives, description of
an industiy or habit, expsures in the work place or chemistiy of the complex miure.

The Chemical Abstracts Servces Regitiy Number, the latest Chemical Abstracts Pr-
maiy Name and the IUPAC Systematic Name are recorded. Other syonyms are given, but
the list is not necessariy comprehensive.

Information on chemical and physical properties and, in particular, data relevant to
identification, ocurrence and biological activity are included. A separate descption of
technical products gives relevant speciications and includes available inormation on com-
position and impurities and a list of trade names, which may not be comprehensive. Some of
the trade names may be those of mixures in which the substance being evaluated is onlyone
of the ingredients.

The dates of first sythesis and of first commercial production of a substance are pro-
vided; for those which do not ocur naturally, this inormation may allow a reasonable esti-
mate to be made of the date before which no human expsure could have ocurred. The
dates of first reported ocurrence of an expsure are also provided. ln addition, methods of
sythesis used in past and present commercial production and different methods of produc-
tion which may give rie to different impurities are descbed.

Data on production, foreign trade and uses are obtained for representative regions,
which usually include Europe, Japan and the USA. It should not, however, be inerred that

those areas or nations are necessariy the sole or major sources or users of the agent being
evaluated.

Some identified uses may not be current or major applications, and the coverage is not
necessariy comprehensive. ln the case of drugs, mention of their therapeutic uses does not
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necessariy represent current practice nor does it imply judgement as to their clical effi-

cacy.

Information on the ocrrence of an agent or mixure in the envionment is obtained
from data derived from the monitorig and surveilance of levels in ocpational envion-
ments, air, water, soil, foos and anial and human tisues. When available, data on the
generation, persistence and bioaccumulation of the agent are also included.

Statements concerning regulations and guidelies (e.g., pesticide registrations, max-
mallevels permitted in foos, ocpational expsure limits) are included for sorne countries
as indications of potential expsures, but they may not reflec the most recnt situation, since
such liits are continuously reviewed and modifed. The absence of inormation on regula-

toiy status for a countiy should not be taken to imply that that countiy does not have regula-
tions with regard to the agent.

The purpse of the section on analysis is to give the reader an overvew of CUITent meth-
ods cited in the literature, with emphasis on those widely used for reguatoiy purpses. No
crtical evaluation or recommendation of any of the methods is meat or implied. Methods
for monitorig human expsure are also given, when available. The IARC publishes a series
of volumes, Environmental Carcinogens: Selected Methods of Anys(ll), that descnbe vali-

dated methods for analysing a wide variety of agents.

8. BIOLOGICAL DATA RELEVANT TO THE EVALUATION OF
CARCINOGENICIT TO HUMANS

The term 'carcinogen' is used in these monographs to denote an agent that is capable of
increasing the incidence of malignant neoplasms; the induction of benign neoplasms May in
sorne circumstaces (see p. 21) contnbute to the judgement that an agent is carciogenic.
The terms 'neoplasm' and 'tumour' are used interchangeably.

Some epidemiological and experiental studies indicate that different agents may act
at different stages in the carcinogenic process, probably by fundamentally different mecha-
nims. ln the present state of knowledge, the aim of the Monograph is to evaluate evidence

of carcinogenicity at any stage in the carcinogenic process independently of the underlyig
mechanism involved. There is as yet insufficient inormation to implement classification ac-
cording to mechanisms of action(6).

Definitive evidence of carcinogenicity in humans can be provided only by epidemiolog-
ical studies. Evidence relevant to human carcinogenicity may also be provided by experien-
tal studies of carciogenicity in animais and by other biological data, particularly those rela-
ting to humans.

The available studies are summaried by the workig groups, with particular regard to
the qualitative aspects disussed below. ln general, numerical findings are indicated as they
appear in the origial report; units are converted when necssiy for easier comparin. The
Workig Group may conduct additional analyses of the published data and use them in their
assessment of the evidence and may include them in their summaiyof a study. the results of
such supplementaiy analyses are given in square brackets. Any comments are also made in
square brackets; however, these are kept to a minimum, being restricted to those instances in
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which it is felt that an importnt aspect of a study, directly impinging on its interpretation,
should be brought to the attention of the reader.

9. EVIDENCE FOR CARCINOGENICITY lN EXPERIMENTAL ANlMAS

For several agents (e.g., 4-aminobiphenyl, bis( chloromethyl)ether, diethylstilboestrol,
melphalan, 8-methoxysoralen (methoxslen) plus UV, mustard gas and viyl chloride),
evidence of carcinogenicity in exeriental animais preceded evidence obtained from epi-
demiological studies or case reports. Information compiled from the first 41 volumes of the
/AC Monographs(12) shows that, of the 44 agents for whieh there is suffcìent or limited ev-
dence of carcinogenicity to humans (see pp. 27-28), all 37 that have been tested adequately
experientally produce cancer in at least one animal species. Although this assoiation can-
not establish that all agents that cause cancer in experiental animais also cause cancer in
humans, nevertheless, in the absence of adequate data on human, it is biologically plausible an
prudent to regard agents for which there is suffcient evidence (see p. 28) of carcinogenicity in exr-
imental animaIs as ifthey presented a carcìnogenic risk to human.

The monographs are not intended to summarie all published studies. Those that are
inadequate (e.g., too short a duration, too few animais, por survval; see below) or are
judged irelevant to the evaluation are generally omitted. They may be mentioned briefly,
particularly when the inormation is considered to be a useful supplement to that of other
reports or when they provide the only data available. Their inclusion do es not, however, im-
ply acceptance of the adequacy of the experiental design or of the analysis and interpreta-
tion of their results. Guidelines for adequate long-term carciogenicity experients have
been outlined (e.g., 13).

The nature and extent of irpurities or contaminants present in the agent being eva-
luated are given when available. Mention is made of all routes of expsure by which the
agent has been adequately studied and of aU species in which relevant experients have
been pedormed. Animal strain, sex, numbers per group, age at start of treatment and survv-
al are reported.

Experients in which the agent was administered in conjunction with known carcio-
gens or factors that modif carcinogenic effects are also reported. Experients on the carci-
nogenicity of known metabolites and derivatives may be included.

(a) Qualitative aspects

The overaU assessment of the carciogenicity of an agent involves several consider-
ations of qualitative importance, including (i) the experiental conditions under which the
test was pedormed, including route and schedule of expsure, speces, strain, sex, age, dura-
tion of follow-up; (ü) the consistency with whieh the agent has been shown to be carciogen-
ic, e.g., in how many species and at which target organ(s); (il) the spectrum of neoplastic
response, froID benign tumours to malignant neoplasms; and (iv) the possible role of mocif-
ing factors.

Considerations of importnce to the Workig Group in the interpretation and evalua-
tion of a particular study include: (i) howclearly the agent was defined; (ü) whether the dose
was adequately monitored, particularly in inhalation exprients; (il) whether the doses
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used were approprite and whether the survval of treated animais was similar to that of con-
trois; (iv) whether there were adequate numbers of animais per group; (v) whether animais
ofboth sexes were used; (vi) whether animais were allocted randomly to groups; (vi) wheth-
er the duration of observation was adequate; and (vi) whether the data were adequately
reported. If available, recent data on the incidence of speciic tumours in historical controls,
as well as in concurrent controls, should be taken into accunt in the evaluation of tumour
respnse.

When benign tumours ocur together with and originate from the same cell tye in an
organ or tissue as malignant tumours in a particular study and appear to represent a stage in
the progression to malignancy, it may be valid to combine them in assessing tumour inci-
dence. The ocurrence of lesions presumed to be preneoplastie may in certin instances aid
in assessing the biological plausibilty of any neoplastic respnse observed.

Among the many agents that have been studied extensively, there are few instances in
which the only neoplasms induced were benign. Benign tumours in experiental animais

frequently represent a stage in the evolution of a malignant neoplasm, but they may be 'end-

points' that do not readily undergo transition to malignancy. However, if an agent is found to
induce only benign neoplasms, it should be suspected of being a carcinogen and it requires
further investigation.

(b) Quantitative aspects

The probabilty that tumours wil ocur may depend on the species and strain, the dose
of the carcinogen and the route and period of expsure. Evidence of an increased incidence
of neoplasms with increased expsure strengthens the inerence of a causal assoiation

between the expsure and the development of neoplasms.

The form of the dose-respnse relationship can vaiy widely, depending on the particu-
lar agent under study and the target organ. Since many chemicals require metabolic activa-
tion before being converted into their reactive intermediates, both metabolic and pharmaco-
kietic aspects are importnt in determining the dose-respnse pattern. Saturation of steps
such as absorption, activation, inactivation and elimation of the carciogen may produce
nonlinearity in the dose-respnse relationship, as could saturation of processes such as
DNA repair(14,15).

(c) Statistcal anysis oflong-term exriments in anma
Factors considered by the Workig Group include the adequacy of the inormation

given for each treatment group: (i) the number of animais studied and the number examined
histologically, (il) the number of anaIs with a given tumour tye and (ii) Iength of survvaL.
The statistical methods used should be clearly stated and should be the generallyaccepted
techniques refined for thi purpse(15, 16). When there is no difference in survval between
control and treatment groups, the Workig Group usually compares the proportions of ani-
maIs developing each tumour tye in each of the groups. Otherwe, consideration is given
as to whether or not approprite adjustments have been made for differences in survvaL.
These adjustments can include: comparins of the proportions of tumour-bearig aniais
among the 'effective number' of aniaIs alive at the time the first tumour is disvered, in

the case where most diferences in survval ocur before tumours appear; lie-table
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methods, when tumours are viible or when the y may be considered 'fatal' becuse mortlity
rapidly follows tumour development; and the Mantel-Haenszel test or logitic regression,
when ocult tumours do not affec the animais' rik of dyg but are 'incidental' findings at
autopsy.

ln practice, classifg tumours as fatal or incidental may be difficult. Several survval-

adjusted methods have been developed that do not require this distinction(15), although
they have not been fully evaluated.

10. OTHER RELEVAN DATA lN EXPERIMENTAL SYSTEMS AND HUMANS

(a) Structure-activity consderations

This section desces structure-activity correlations that are relevant to an evaluation
of the carciogenicity of an agent.

(b) Absorption, distbution, exretion an metabolis
Concise inormation is given on absorption, distnbution (including placental transfer)

and excretion. Kietic factors that mayaffect the dose-reponse relationship, such as satura-
tion of uptake, protein binding, metabolic activation, detoxiication and DNA-repair pro-
cesses, are mentioned. Studies that indicate the metabolic fate of the agent in experiental
animais and humans are summaried briefly, and comparins of data from animais and hu-
mans are made when possible. Comparative inormation on the relationship between exp-
sure and the dose that reaches the target site may be of particular importnce for extrapola-
tion between species.

(c) Toxicity

Data are given on acute and chronic toxic effects (other than cancer), such as organ toxi-
city, immunotoxicity, endoce effects and preneoplastic lesions. Effecs on reproduction,
teratogenicity, feto- and embiyotoxicity are also summared briefly.

(d) Genetic an related effects
Tests of genetic and related effects may indicate possible carciogenic activity. They can

also be used in detecting active metabolites of known carciogens in human or animal bo
fluids, in detecting active components in complex miures and in the elucidation of possible
mechanisms of carciogenesis.

The available data are interpreted crtically by phylogenetic group accrding to the end-
points detected, which may include DNA damage, gene mutation, sister chromatid ex-
change, micronuclei, chromosomal aberrtions, aneuploidy and cell transormtion. The

concentrations (doses) empIOyed are given and mention is made of whether an exogenous
metabolic system was required. When approprite, these data May be represented by bar

graphs (activity profiles), with correspnding summaiy tables and litings of test systems,
data and references. Detailed inormation on the prepartion of these profiles is given in an
appendix to those volumes in which they are use.

Positive results in tests using prokaotes, lower eukaotes, plants, ins and cutured
mammali cells suggest that genetic and related effecs (and therefore possibly cacio-
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genic effects) could ocur in mammals. Results from such tests mayalso give inormation
about the tyes of genetic effect produced by an agent and about the involvement of meta-
bolic activation. Sorne endpoints descbed are clearly genetic in nature (e.g., gene muta-
tions and chromosomal aberrations), others are to a greater or lesser degree assoiated with
genetic effects (e.g., unscheduled DNA sythesis). ln-vitro tests for tumour-promoting ac-
tivity and for cell transformation may detect changes that are not necessariy the result of
genetic alterations but that may have speciic relevance to the procss of carcinogenesis. A
crtical appraisl of these tests has been published(13).

Genetic or other activity detected in the systems mentioned above is not always mani-
fest in wholemammals. Positive indications of genetic effects in experiental mammals and
in humans are regarded as being of greater relevance than those in other organims. The
demonstration that an agent can induce gene and chromosomal mutations in whole mam-
mals indicates that it may have the potential for carcinogenic activity, although this activity
may not be detectably expressed in any or all species tested. The relative potency of agents in
tests for mutagenicity and related effects is not a reliable indicator of carciogenic potency.
Negative results in tests for mutagenicity in selected tissues from animais treated in vivo pro-
vide less weight, partly because they do not exclude the possibilty of an effect in tissues other
than those examined. Moreover, negative results in short-term tests with genetic endpoints
cannot be considered to provide evidence to rule out carcinogenicity of agents that act
through other mechanisms. Factors may arie in many tests that could give misleading re-
sults; these have been disussed in detail elsewhere(13).

The adequacy of epidemiological studies of reproductive outcomes and genetic and re-
lated effects in humans is evaluated by the same criteria as are applied to epidemiological
studies of cancer.

11. EVDENCE FOR CARCINOGENICITY lN HUMANS

(a) Types of studies considered

Three tyes of epidemiological studies of cancer contnbute data to the assessment of
carcinogenicity in humans - cohort studies, case-cntrol studies and correlation studies.
Rarely, results from randomized trials may be available. Case reports of cancer in humans
expsed to particular agents are also reviewed.

Cohort and case-cntrol studies relate individual expsures to the agent under study to
the ocurrence of cancer in individuals, and provide an estimate of relative rik (ratio of inci-
dence in those expsed to incidence in those not expsed) as the main measure of asso-

ciation.
ln correlation studies, the units of investigation are usually whole populations (e.g., in

particular geographical areas or at particular times), and cancer incidence is related to a sum-
maiy measure of the expsure of the population to the agent under study. Because individu-
al expsure is not documented, however, a causal relationship is less easy to iner from corre-
lation studies than from cohort and case-cntrol studies.

Case reports generally arise from a suspicion, based on clinical experience, that the con-
currence of two events - that is, expsure to a particular agent and ocurrence of a cancer _
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has happened rather more frequently than would be expected by chance. Case reports usu-
ally lack complete ascertinment of cases in any population, definition or enumeration of the
population at rik and estimation of the expected number of cases in the absence of expsure.

The uncertinties surrounding interpretation of case reports and correlation studies
make them inadequate, except in rare instances, to form the sole basis for inerrg a causal

relationship. Wh en taken together with case-cntrol and cohort studies, however, relevant

case reports or correlation studies may add materilly to the judgement that a causal rela-
tionship is present.

Epidemiological studies of benign neoplasms and presumed preneoplastic lesions are
also reviewed by workig groups. They may, in sorne instances, strengthen inerences drawn
from studies of cancer itself.

(b) Quality of studies consdered
It is necessaiy to take into accunt the possible roles ofbias, confounding and chance in

the interpretation of epidemiological studies. By 'bias' is meant the operation of factors in
study design or execution that lead erroneously to a stronger or weaker asstion between
an agent and disease than in fact exits. By 'confounding' is meant a situation in which the

relationship betweein¡jj agent and a disease is made to apper stronger or to appear weaker
than it truly is as a result of an assoation between the agent ànd another agent that is asso-
ciated with either an increase or decrease in the incidence of the disease. ln evaluating the
extent to which these factors have been minimized in an individual study, workig groups
consider a number of aspects of design and analysis as descbed in the report of the study.
Most of these considerations apply equally to case-cntrol, cohort and correlation studies.
Lack of clarity of any of these aspects in the reporting of a study can decrease its credibilty

and its consequent weighting in the final evaluation of the expsure.
Firstly, the study population, disease (or diseases) and exsure should have been weil

defined by the authors. Cases in the study population should have been identified in a way
that was independent of the expsure of interest, and expsure should have been assessed in
a way that was not related to disease status.

Secondly, the authors should have taken accunt in the study design and analysis of
other variables that can inuence the risk of disease and may have been related to the exp-
sure of interest. Potential confounding by such varibles should have been dealt with either
in the design of the study, such as by matching, or in the analysis, by statistical adjustment. ln
cohort studies, comparins with locl rates of disease may be more appropriate than those

with national rates. Internai comparins of disease frequency among individuals at differ-
ent levels of expsure should also have been made in the study.

Thirdly, the authors should have reported the basic data on whiCh the conclusions are

founded, even if sophisticated statistical analyses were employed. At the very least, they
should have given the numbers of expsed and unexsed caes and controls in a case-cn-
trol study and the numbers of cases observed and expected in a cohort study. Furthertabula-
tions by time since expsure began and other temporal factors are also importnt. ln a cohort
study, data on all cancer sites and all causes of death should have been given, to avoid the
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possibilty of reporting bia. ln a case-cntrol study, the effecs of investigated factors other

than the agent of interest should have been reported.
Finally, the statistical methods used to obta estimates of relative rik, absolute cacer

rates, confidence intervals and signifcace tests, and to adjust for confounding should have
been clearly stated by the authors. The methods use should preferably have been the
generally accpted technques that have been refined since the mid-I97Os. These methods
have been reviewed for case-cntrol studies(17) and for cohort studies(18).

(c) Quantitative consderatons

Detailed analyses of both relative and absolute riks in relation to age at firt expsure
and to temporal varbles, such as time since firt exsure, duration of expsure and time
since expsure cesed, are reviewed and summared when available. The analysis of tempo-
ral relationships can provide a useful guide in formulating models of carcinogenesis. ln par-
ticular, such analyses may suggest whether a caciogen acts ealy or late in the procss of

carciogenesis(6), although such speclative inerences cannot be used to draw fir conclu-

sions concerning the mechanism of action of the agent and hence the shape (liear or other-

wie) of the dose-respnse relationship below the range of observation.

(d) Criteria for causality

Mter the quality of individual epidemiological studies has been summaried and as-
sessed, a judgement is made concemig the strength of evidence that the agent in question is
carciogenic for humans. ln makig their judgement, the Workig Group considers several
crteri for causality. A strong assotion (Le., a large relative rik) is more likely to indicate
causality than a weak asstion, although it is recognized that relative riks of small magni-
tude do not imply lack of causality and may be importnt if the disease is common. Asso-
ations that are replicated in several studies of the same design or using different epidemio-
logical approaches or under different cicumstances of expsure are more likely to represent
a causal relationship than islated observations from single studies. If there are inconsistent
results among investigations, possible reasons are sought (such as differences in amount of
expsure), and results of studies judged to be of high quality are given more weight than
those from studies judged to be methodologically less sound. When suspicion of carcinoge-
nicity aries largely from a single study, these data are not combined with those from later
studies in any subsequent reassessment of the strength of the evidence.

If the rik of the disease in question increases with the amount of expsure, this is con-
sidered to be a strong indication of causality, although absence of a graded response is not
necessariy evidence against a causal relationship. Demonstration of a decline in rik after
cessation of or reduction in expsure in individuals or in whole populations also supports a
causal interpretation of the findings.

AIthough the same carcinogenic agent mayact upon more than one target, the specici-
ty of an assotion (Le., an increased ocence of cancer at one anatomical site or of one
morphological tye) adds plausibilty to a causal relationship, paricularly when excess can-
cer ocrrence is limited to one morphological tye withi the same organ.
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Although rarely available, results from randomized trils showig different rates
among exposed and unexpsed individuals provide particularly strong evidence for causality.

When several epidemiological studies show little or no indication of an assoiation
between an exposure and cancer, the judgement may be made that, in the aggregate, they
show evidence of lack of carcinogenicity. Such a judgement requires first of aU that the stu-
dies giving rise to it meet, to a sufficient degree, the standards of design and analysis de-
scribed above. Specifically, the possibilty that bias, confounding or mislassification of exp-
sure or outcome could explain the observed results should be considered and excluded with
reasonable certainty. ln addition, all studies that are judged to be methodologically sound
should be consistent with a relative risk of unity for any observed level of expsure to the
agent and, when considered together, should provide a poled estimate of relative rik which

is at or near unity and has a narrow confidence interval, due to sufficient population size.
Moreover, no individual study nor the poled results of aU the studies should show any con-
sistent tendency for relative rik of cancer to increase with increasing level of expsure to the
agent. It is important to note that evidence of lack of carcinogenicity obtained in this way

from several epidemiological studies can apply only to the tye(s) of cancer studied and to

dose levels of the agent and intervals between first expsure to it and observation of disease
that are the same as or less than those observed in aU the studies. Exerience with human
cancer indicates that, for some agents, the period from first expsure to the development of
clinical cancer is seldom less than 20 years; latent periods substantiaUy shorter than 30 years
cannot provide evidence for lack of carcinogenicity.

12. SUMMAY OF DATA REPORTED

ln this section, the relevant experiental and epidemiological data are summaried.
Only reports, other than in abstract form, that me et the criteri outlined on p. 17 are consid-

ered for evaluating carciogenicity. Inadequate studies are generaUy not summaried: such
studies are usually identified by a square-bracketed comment in the text.

(a) Exsures
Human exposure is summaried on the basis of elements such as production, use, ocr-

rence in the envionment and determinations in human tissues and bo fluids. Quantitative

data are given when available.

(b) Exrimental carcinogenicity ddJa

Data relevant to the evaluation of carcinogenicity of the agent in animais are summa-
ried. For each animal species and route of administration, it is stated whether an increase
incidence of neoplasms was observed, and the tumour sites are indicated. H the agent pro-
duced tumours after prenatal expsure or in single-dose experients, this is also indicated.
Dose-respnse and other quantitative data may be given when available. Negative findings
are also summaried.
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(c) Human carcinogenicity data
Results of epidemiological studies that are considered to be pertinent to an assessment

of human carciogenicity are summaried. Wh en relevant, case reports and correlation stu-
dies are also considered.

(d) Other relevan data

Structure-activity correlations are mentioned when relevant.
Toxicological inormation and data on kietics and metabolism in experiental animais

are given when considered relevant. The results of tests for genetic and related effects are
summaried for whole mammals, cultured mammalian cells and nonmammalian systems.

Data on other biological effects in humans of particular relevance are summaried.
These may include kietic and metabolic considerations and evidence of DNA binding, per-
sistence of DNA lesions or genetic damage in humans expsed to the agent.

Wh en available, comparins of such data for humans and for animais, and particularly
animais that have developed cancer, are descbed.

13. EVALUATION

Evaluations of the strength of the evidence for carcinogenicity ariing from human and
experiental animal data are made, using standard terms.

It is recognized that the criteri for these evaluations, descnbed below, cannot encom-
pass aU of the factors that may be relevant to an evaluation of the carcinogenicity of an agent.
ln considerig all of the relevant data, the Workig Group mayassign the agent to a higher or
lower categoiy than a strict interpretation of these criteri would indicate.

(a) Degrees of evidence for carcinogenicity in huma and in exrimenta/ animai and
supportng evdence

It should be noted that these categories refer only to the strength of the evidence that
these agents are caciogenic and not to the extent of their carciogenic activity (ptency)
nor to the mechanism involved. The classification of sorne agents may change as new inor-
mation becomes available.

(i) Huma carcinogenicity data
Theevidence relevant to carciogenicity from studies in humans is classified into one of

the followig categories:

Suffcien evdene of carcinogenicity: The Workig Group considers that a causal rela-
tionship has been establihed between expsure to the agent and human cancer. That is, a

positive relationship has been observed between the expsure to the agent and cancer in
studies in which chance, bias and confounding could be ruled out with reasonable confi-
dence.

Lited evdence ofcarcinogenicity: A positive astion has been observed between ex-
posure to the agent and cancer for which a causa interpretation is considered by the Workig
Group to be credible, but chance, bias or confounding could not be mled out with reasonable
confdence.
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Inadequate evidenceof carcinogenicity: The available studies are of insufficient quality,
consistency or statistical power to permit a conclusion regarding the presence or absence of a
causal association.

Evidence suggesting lack of carcinogenicity: There are several adequate studies coverig
the full range of doses to which human beings are known to be expsed, which are mutually
consistent in not showig a positive assoiation between expsure to the agent and any stu-
died cancer at any observed level of expsure. A conclusion of 'evidence suggesting lack of
carcinogenicity' is inevitably limited to the cancer sites, circumstances and doses of expsure
and length of observation covered by the available studies. ln addition, the possibilty of a
veiy small rik at the levels of expsure studied can never be exc1uded.

ln some instances, the above categories may be used to classif the degrce of evidence
for carcinogenicity of the agent for specific organs or tissues.

(n) Exprimental carcinogenicity data

The evidence relevant to carcinogenicity in experiental animais is classified into one
of the followig categories:

Suffcient evidence of carcinogenicity: The Workig Group considers that a causal rela-
tionship has been established between the agent and an increased incidence of malignant
neoplasms or of an approprite combination of benign and malignant neoplasms (as de-

scribed on p. 21) in (a) two or more species of animais or (b) in two or more independent
studies in one species carred out at different times or in different laboratories or under dif-
ferent protocls.

Exceptionally, a single study in one species might be considered to provide sufficient
evidence of carcinogenicity when malignant neoplasms ocr to an unusual degree with re-
gard to incidence, site, tye of tumour or age at onset.

ln the absence of adequate data on humans, it is biologically plausible and prudent to
regard agents for which there is suffcient evdence of carcinogenicity in experiental anaIs
as if they presented a carciogenic rik to humans.

limited evdence of carcinogenicity: The data suggest a carciogenic effect but are limited

for makig a definitive evaluation becuse, e.g., (a) the evidence of carciogenicity is re-
stricted to a single experient; or (b) there are unresoived questions regarding the adequacy
of the design, conduct or interpretation of the study; or (c) the agent increases the incidence
only of benign neopIasms or lesions of uncertin neoplastic potential, or of certin neo-

plasms which may ocur spntaneously in high incidences in certin strains.

Inaequate evidence of carcinogenicity: The studies cannot be interpreted as showig ei-

ther the presence or absence of a carciogenic effect becuse of major qualitative or quanti-
tative limitations.

Evidence suggsting lack of carcingecity Adequate studies invoivig at Ieat two sp-

cies are avaiable which show that, within the liits of the tests uSed, the agent is not cacio-
genic. A conclusion of evidence suggesting Iack of carciogenicity is inevitably liited to the

species, tumour sites and doses of expsure studied.
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(ii) Supporting evidence of carcinogenicity

The other relevant data judged to be of sufficient importance as to affect the makig of
the overall evaluation are indicated.

(b) Overall evaluation

Finally, the total bo of evidence is taken into accut; the agent is described accrding
to the wording of one of the followig categories, and the designated group is given. The
categorition of an agent is a matter of scientific judgement, reflecting the strength of the
evidence derived from studies in human and in experiental animais and from other rele-
vant data.

Group 1 - The agent is carcinogenic to human.

This categoiy is used only when there issuffcient evidence of carcinogenicity in humans.

Group 2

This categoiy includes agents for whieh, at one extreme, the degree of evidence of carci-
nogenicity in humans is almost sufficient, as well as those for which, at the other extreme,
there are no human data but for which there is experiental evidence of carcinogenicity.
Agents are assigned to either 2A (probably carcinogenic) or 2B (pssibly carcinogenic) on the

basis of epidemiological, experiental and other relevant data.

Group 2A - The agent is probably carcinogenic to human.

This categoiy is used when there is limited evidence of carcinogenicity in humans and
suffcient evidence of carcinogenicity in experiental animais. Exceptionally, an agent may be
classified into this categoiy solely on the basis of limited evidence of carcinogenicity in humans
or of suffcient evidence of carcinogenicity in experiental animais strengthened by support-
ing evidence from other relevant data.

Group 2B - The agent is possibly carcinogenic to humans.

This categoiy is generally used for agents for which there is limited evidence in humans in
the absence of suffcient evidence in experiental animais. It may also be used when there is
inadequate evidence of carcinogenicity in humans or when human data are nonexistent but
there is suffcient evidence of carcinogenicity in experiental animais. ln some instances, an
agent for which there is inadequate evidence or no data in humans but limited evidence of carci-
nogenicity in experiental animais together with supporting evidence from other relevant
data may be placed in this group.

Group 3 - The agent is not classifiable as to its carcinogenicity to human.

Agents are placed in this categoiy when they do not fall into any other group.

Group 4 - The agent is probably not carcinogenic to human.

This categoiy is used for agents for which there is evidence suggsting lack of carcino-

genicity in humans together with evidence suggsting lack of carcinogenicity in experiental

animais. ln sorne circumstances, agents for which there is inadequate evidence of or no data
on carcinogenicity in humans but evidence suggsting lack of carcinogenicity in experiental
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animais, consistently and strongly supported by a broad range of other relevant data, may be
classified in this group.
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This fort-seventh volume of the lAC Monographs compries six monographs on or-
ganic solvents, one on a solvent stabilizer, three on resin monomers and modifiers, two on
pigments and one on ocupational expsures in paint manufacture and painting.

Of the solvents, petroleum solvents, toluene and xylene are used priariy in paints.

Cyclohexanone is used priariy as an intermediate in the production of nylon, although it
may be used in sorne paint products. Dimethylformamide is a polymer and resin solvent, and
morpholine is used mainly as an intermediate in the production of rubber chemicals and as a
corrosion inhibitor. 1,2-Epoxyutane is used as a solvent stabilizer, particularly in trichlo-
roethylene. Of the resin monomers, bis(2,3-epoxycyclopentyl)ether was used as a resin mod-
ifier. Glycidyl ethers have been used similarly; bisphenol A diglycidyl ether is a basic compo-
nent of many epoxy paints, which polymeries when the uncured resin is mied with a curig

agent. Phenol was a common resin monomer used in paints and lacquers when phenolfor-
maldehyde resins were in wide use; such resins are stil used to glue plywoo and other woo
products, but other resins have replaced them for the most part in modern paint products.
Antimony trioxide is used mainlyin rire retardants; both antimony trioxide and antimony
trisulfide are used as paint pigments. Titanium dioxide is the most common white pigment
used in paints.

The monograph on ocupational expsures in paint manufacture and painting covers
four broad categories of industiy: manufacture of paints and related products; construction
painting; painting and related operations in the furniture industiy; and painting in the metal
industiy, inc1uding painting of cars and other vehicles. 'Painting' inc1udes lacquerig, var-
nishing and paint removal; preparation is also involved in painting activities. The few studies
on radium dial painting were excluded because this activity is not usually considered as one of
the painting trades. The carcinogenic riks of pait manufacture and of paiting have not
been evaluated previously; however, chemical agents to which employees workig in paint-
ing trades may be expsed have been, and the evaluations of these compounds are presented
in Thble 1.

Only limited inormation is available about the exent of expsure to the agents covered
by the present volume. The numbers of potentially expsed workers cited in the individual
monogrphs are estimations based on two field studies conducted by the National Institute
for Occpational Safety and Health (1974, 1983) in the USA These estimates depend on the
methods used in the two surveys and cannot be extrapolated to provide worldwide figures.

The monograph on petroleum solvents covers marketable hydrocrbn riures

derived from petroleum that are used mainly as solvents. It supplements three previous

-33-
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Table 1. Agents encountered in the painting trades that have been evaluated for
carcinogenicity in lAC Monographs Volumes 1-47

Agenta Degree of evidence for Overall IARC VoL.
carcinogenici tyb evaluationb (year)

Human Animal

Acryloni trile L S 2A 19 (1979)
An timony trioxide 1 S 2B 47 (1989)
Antimony trisulfide 1 L 3 47 (1989)
Arnic and arsnic compounds S L ie 23 (1980)
Asbestos S S 1 14 (1977)
Attapulgite 1 L 3 42 (1987)
Benzne S S 1 29 (1982)
Benzoyl peroxide 1 1 3 36 (1985)
Bisphenol A diglycidyl ether ND L 3 47 (1989)
Cadmium and cadmium compounds L S 2A 11 (1976)
Carbon blacks 1 1 3 33 (1984)

Carbon-black extracts S 2B
Carbon tetrachloride 1 S 2B 20 (1979)
Chlorophenols L 2B 41 (1981)

Pentachlorophenol 1 20 (1979)
Chromium, hexavalent compounds S S ie 23 (1980)
Coal-tars S S 1 35 (1983)
Cyclohexanone ND 1 3 47 (1989)
ortho- Dichlorobenzne 1 1 3 29 (1982)
l,2-Dichloroethane ND S 2B 20 (1979)
Dichloromethane 1 S 2B 41 (1981)
Di(2-ethylhexyl)phthala te ND S 2B 29 (1982)
Dimethylformamide L 1 2B 47 (1989)
Epichlorohydrin 1 S 2A 11 (1976)
1,2- Epoxybutane ND L 3 47 (1987)
Ethyl acrylate ND S 2B 39 (1986)
Formaldehyde L S 2A 29 (1982)
Gasoline 1 2B 45 (1989)
Unleaded automotive gasline L

Kerosne, straight-run and hydrotreated L 45 (1989)
Lead and lead compounds (inorganic) 1 S 2B 23 (1980)
Melamine ND 1 3 39 (1986)
4,4' -Methylenedianilne ND S 2B 39 (1986)
Methyl methacrylate ND 1 3 19 (1979)
Nickel and nickel compounds S S ie 11 (1976)
2-Nitropropane ND S 2B 2~ (1982)
Petroleum solvents 1 3 47 (1989)

High-boilding aromatic solvents 1

Speial boiling-range solvents ND
White spirits ND
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Table 1 (contd)

Agenta Degree of evidence for Overall IARC Vol.
carcinogenicityb evaluationb (year)

Human Animal

ND 1 3 16 (1978)
L S 2A 18 (1978)
ND VUS 3/2B/2A 32 (1983)
ND 1 3 19 (1979)
L S 2A 42 (1987)
1 L 2B 19 (1979)
ND ND 3 19 (1979)
ND S 2A 19 (1979)

42 (1987)
1 1 3
S 1 1

1 L 3 47 (1989)
1 1 3 47 (1989)
ND S 2B 39 (1986)
ND 1 3 20 (1979l
1 L 3 20 (1979)
ND 1 3 39 (1986)
1 1 3 47 (198?)

meta- Phenylenediamine
Polychlorinated biphenyls
Polycyclic aromatic hydrocrbons
Polyvnyl acetate
Silica, citallne
Styene
Styene-butadiene copol~e~
Styene oxide
1àlc

Not containing asbestiform fibres
Containing asbestiform fibres

Titanium dioxide
Toluene
Toluene diisoanates

1,1,1-llchloroethane
llchloroethylene
Vinyl acetate

Xylene

tlased on information provided in the monograph on paint manufacture and painting
bßsed on IARC Monographs Suppl. 7 (IARC, 1987) and Volumes 45-47 (IARC, 1989a,b,c); ND, no adequate data;
1, inadequate evidence; L, limited evidence; S, sufficient evidence. For definitions of the degrees of evidence and
overall evaluations, see Preamble, pp. 27-30.
l.e evaluation applies to the group of chemicals as a whole and not necessrily to ail individual chemicals within the

group.

!AC Monographs on petroleum products, which covered petroleum refining and petroleum
fuels (lARC, 1989a), bitumens (lARC, 1985a) and minerai oils (lARC, 1984). The mono-
graph on petroleum solvents excludes substances (e.g., toluene, xylenes, benzene andn-hex-
ane) that are not generally classified as hydrocrbn mixures, and it does not include hydro-
carbon mixures such as gasoline, jet fuel and kerosene, which were evaluated in 1988
(IARC, 1989a) and are used priariy as fuels and not as solvents.

The nomenclature and classification of petroleum solvents are not well defined and are
not standardized throughout the world. The grouping adopted in this volume is common in
Europe and is based on their boiling ranges and solvent strengths. However, the same prod-
uct may be referred to by many names, and the same name may be used to refer to two veiy
different products. Section 1 of the monograph on petroleum solvents lists commonly used
names and syonyms and provides basic physicohemical data that may be used in interpret-
ing the results of studies in other sections. ln the sections on experiental and human stu-
dies of petroleum solvents, the name of the solvent given by the authors has been used.
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Glycidyl ethers are used mainly as components and reactive modifers of epoxy resins.
Those considered in this volume were chosen on the basis that there is at least one study on
carcinogenicity available. Diglycidyl resorciol ether was evaluated previously (!C,

1985b). Glycidyl ethers that are produced in high or moderate quantities and for which data
on genetie or related effects were available were also considered. Bishenol A diglycidyl
ether is an epoxy compound that can be polymeried to a thermosetting resin and can there-
fore be considered an uncured epoxy resin. Concentrations ofbishenol Adiglycidyl ether in

epoxy products vaiy widely.

There was, in general, a paucity of studies of carcinogenicity in experiental animais for
sorne of the most commonly used solvents, which are some of the most widely used chemicals
worldwide. This problem is highlighted in the case of petroleum solvents: not a single publi-
cation on white spirts was available. A further difficulty was encountered in that the materi-
ais used in many investigations may have been commercial substances of varible composi-
tion.

Interpretation of epidemiological studies of carcinogenicity and of other toxic and
genetic effects for solvents is complicated by the fact that many ocupational groups (e.g.,
painters and lacquerers) are expsed not only to many solvents but also to other agents, as in
many other ocupations. Wh en the expsure of a population was estimated quantitatively
for a specific solvent, or when the agent was stated to be the main or one of the major sol-
vents to which the study population was expsed, the study was included in the monograph
on that agent. For sections on epidemiological studies of carcinogenicity in humans, studies
were also allocted to different monographs solely on the basis of whether the substance was
named as an exposure in the paper, regardless of the method of identifg the expsure or

analysing the data. Sorne studies (e.g., on painters) were used in more than one monograph,
and the same study often appears in many sections, givig the relevant outcomes of the same
individuals but associated with different expsures. These are identifed in the text. The
studies now summaried in the monographs on some petroleum solvents, toluene andxylene
are those in which the specific agents being considered are mentioned. They represent, how-
ever, selected studies in which details are given that suggest that expsure to more than one
solvent is usual and that it would be difficult to separate out the effects of any single agent.
Expsures that are specified in epidemiological studies of cancer have generally been esti-
mated by an industril hygienist on the basis of presumed expsures given in work histories or
as mentioned by the subjects; the latter gives rie to serious problems of recall bias.

The studies of cancers and other effects in the children of expsed parents present par-
ticular problems, since risk may be due to expsures of the mother or father ocurrg be-
fore, durig or after the pregnancy. Such timing is usually porly identified and varies be-

tween studies, makig comparison difficult.

The majority of the epidemiological studies inc1uded in the last monograph are on
'painters' described as such. Details of the length and extent of expsure and of the specific
tye of work done were rarely given or analysed separately. Data from cross-sectional stu-
dies of large numbers of deaths were used because painting is well identified as a trade; how-
ever, it should be noted that the ocupation as stated on a death certificate is not necessariy
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comparable to the census data that are used to derive expected numbers. ln many case-cn-
trol studies of speciic cancer sites, painting was one of a list of ocpational expsures con-
sidered; all studies in which findings in painters were mentioned have been included here,
but there is no way of knowig how many other studies enquired about painting but did not
present the resuIts. It should also be noted that reports of 'expsure to paint' may include
nonprofessional use of paints.
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SOME PETROLEUM SOLVENTSl

1. ehemical and Physical nata2

1.1 Synonyms

The petroleum solvents covered in this monograph are all complex mixures of hydro-
carbns produced from petroleum distilation fractions which have been further refined by
one or more process. U nlike petroleum fuels (lARC, 1989), these miures are not produced
by blending various refineiy procss streams but rather by further refining and distiling one

or two streams to make a product significantly different in chemical composition and much
narrower in boiling range (tyically 15-30°C) than its source streams.

Petroleum solvents are generally defined and differentiated by certain physical proper-
ties and by chemical composition. Among the properties of importnce, depending on the
intended end-use of the solvent, are boiling range, flash-point, solvent strength (solvency),
colour, odour, aromatic content and sulfur content. Some of these properties are interre-
lated; for example, increasing the aromatic content often increases solvency, but also in-
creases odour. ln addition, the same propert may be measured in different ways in different
industries or in different geographic regions; for example, kauri-butanol value (the amount
of petroleum solvent in mililtres required to cause cloudiness in a solution of kauri gum and
n-butanol) and aniline point (the minimal temperature for complete mixg of aniline with a
petroleum solvent) are both indicators of solvency but kauri-butanol value is more common-
ly used in Europe and aniline point more commonly in the USA.

It is not surpriing, then, that the same names may be used for solvents that are not
identical, and that different classification systems or names may be more common in one
industiy or geographic region than another. 'White spirts', for example, is a common term in
Europe but is seldom used in the USA. The followig paragraphs provide a brief overview of

lSaleable, petroleum-derived hydrocrbon mixures use principallyas solvents
2Much of the material presented in this setion and in setions 2.1 and 2.3 is taken from report prepared by

CONCAWE (the oil companies' Europen organiztion for environmental and health protection), in collabora-
tion with the European Chemical Industry Ecology and Toxicology Centre, and the American Petroleum Institute;
in these cas, no reference is given.
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the classification system adopted for this monograph. The vagaries in the names used for
petroleum solvents, however, make it important that some physical/chemical properties be
included in any discussion of their toxic effects.

The petroleum solvents covered in this monograph are grouped in three classes gener-
ally based on volatiity and aromatic content (which is related to solvency). These classes
(special boiling range solvents, white spirts and high-boiling aromatic solvents) are widely
adopted industrial categories. Figure 1 shows the general relationship among these three
broad categories of petroleum solvents, with respect to carbn number, boiling range and
solvency.

Common names for vanous products

Special boilng-range solvents: Benzine; canadol; essence; high-boiling petroleum
ether; lacquer diluent; light ligroin; ligroin; naphtha; naphtha 76; petroleum benzin; petro-
leum ether; refined solvent naphtha; rubber solvent; SBP; special boiling-point solvents;
special naphtholite; spezialbenzine; varnish makers' and painters' naphtha; VM & P naph-
tha (CAS No. 8030-30-6 (National Institute for Occupational Safety and Health); 8032-32-4
(American Conference of Govermental Industrial Hygienists))

White spirits: DAWS; dearomatized white spirts; 140 flash solvent; HAWS; high aro-
matic white spirts; krstalloel; lacquer petrol; LA WS; light petrol; low aromatic white spirts;
minerai solvent; minerai spirts; minerai turpentine; odourless minerai spirt; petroleum
spirts; solvent naphtha; Stoddard solvcnt (CAS No. 8052-41-3); terpentina; turpentine sub-
stitute

High-boilng aromatic solvents: Naphtha

1.2 Chemical and physical properties

Calculation of conversion factors for converting air concentrations expressed in parts
per milion to milligrams per cubic metre requires knowledge of the molecular weight of a
chemical. Since the molecuhir weights of complex and varible mixures such as petroleum
solvents cannot be specified, conversion factors have not been included in this monograph.
It is noted, however, that, for practical purpses, others have used average molecular
weights to generate approxiate conversion factors for certin well-defined petroleum sol-
vents (American Conference of Governmental Industril Hygienists, 1988).

Undated references in parentheses used in sections 1.2 and 1.3 are to national and in-
ternational speciications as follows: ASTM, American Socety for Testing and Materils;
BS, British Standards; DIN, Deutsche Industrie-Norm (German Industril Standard); iso;
International Standards Organiztion; NE National Formulaiy (USA).

(a) Special boiling-range solvents

Three main tyes of special boiling-range solvents may be distinguished with regard to
production processes:
Type 1 - hydrocesulfuried special boiling-range solvents, which can contain up to 20 wt%

aromatic compounds;
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Type 2 - hydrogenated special boiling-range solvents, in which the aromatic compounds
have been converted to alicyc1ic hydrocrbns and the aromatic content is less than
0.02 wt%; and

Type 3 - hydrogenated specil boiling-range solvents, to which aromatic compounds (often
toluene) are added and which may have an aromatic content of up to 50 wt%.

(i) Decription: Clear, colourless hydrocrbn solvent

(ü) Boilingrange: 30-160°C (AS1M DI078, ASTM D85O, ASTM D8682,
DIN 51751, NF M07-ü2)

(ii) Densty: 0.670-.760 at 15°C (ASTM D1298, ASTM D3505, ASTM
D4052-81, AS1M D891, ASTM D125O, DIN 51757, NF T60101)

(iv) Refractive index 1.37-1.42 at 2Q°C (ASTM DI218-82, DIN 53169)
(v) Solubility: Less than 0.1 wt% in water

(vi) Viscosity: 0.3-0.75 cps at 25°C (ASTM D445-83, DIN 51562, DIN 53015)
(vi) Volatility: 19-0.6; relative evaporation rate, n-butyl acetate = 1 (ASTM

D3539, DIN 53170)

(vi) Reactivity: Reacts with strong oxidizing agents

(ix) Kari-butanol value: 3036 (ASTM DU33)
(x) Anline point: 6O°C (ASTM 0611-82, DIN 51775, NF M07-021)

(xi) Rash-point: ~ 0-32°C (ASTM D56, ASTM D93-BO, DIN 51755)

(xi) Colour (with a Saybolt colorimeter): + 30 (ASTM Dl5682, DIN 51411)
(xi) Carbon numbr range: 4-11

(b) Whte spirits
The nomenclature of hydrocrbn solvents produced as distilates in the normal refin-

ing of petroleum and used, for example, in the coatings, paints and diy-cleaning industries, is
vague and confusing. Commercil names may not therefore indicate composition. ln Eu-
rope, the name encountered most often is 'white spirts', an alternative syonym being 'mi-
erai solvent'. ln the USA the name used most commonly for these solvents is 'minerai spir-
its'. 'Mieral spirts: tye 1 - regular', as specied by ASTM D235, is 'Stoddard solvent'

which is similar in composition to the product generally recognized in Europe as white spir-
its. The terms 'solvent naphtha' and 'turpentine substitute' are used to descbe the sarne
materials.

The solvent generally recgnized in Europe as white spirts, and that to which the gen-
eral public is most liely to be expsed in its applications as a paint thinner and brush cleaner,
is a petroleum distilate that boils tyically in the range 150205°C with a tyical arornatic
content of 15-25%. However, products of this composition in the UK are deemed to be 'low
aromatics', whereas in France a 'low aromatic white spirt' is one with an aromatic content of
5% or less. ln the USA the latter would be 'tye 3 - odourless miera spirts' (ASTM D235),
which has a maxal kauri-butanol value of 29 rather than a limit on aromatic content. Sorne
white spirts of even lower aromatic content (tyicaly less than 1%) are produce by treat-
ment with hydrogen (hydrogenation) in the presence of a catayst. 'High aromatic white spir-
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it', with a tyical aromatic content of 45%, is both specified (ISO 1250, BS 245) and commer-
cially available in Europe.

Three main tyes of white spirts may be distinguished with regard to production pro-
cesses:
Type 1 - hydrodesulfuried white spirts, which generally contain 15-25 wt% of aromatic

compounds but may contain up to 45 wt%; in the USA the aromatic content of
such solvents rarely exceeds 15-16% and is often much lower;

Type 2 - solvent-extracted hydrodesulfuried white spirts containing 3-5 wt% aromatic
compounds; and

Type 3 - hydrogenated white spirts, in which the aromatic hydrocrbns have been con-
verted to alicyclic hydrocrbns and which have an aromatic content of less than 1
wt%.

A further regulated group of products in the USA consists of a blend of the three tyes
of white spirts to meet a maxum of not more than 8 wt% aromatic compounds.

(i) Description: Clear, colourless hydrocrbn solvent

(ü) Boiling range: 130-220°C (ASlM D1078, ASlM D85O, ASlM D86, DIN
51751, NF M07-O2)

(ii) Density: 0.750-0.797 at l,5°C (ASlM D1298, ASTM D3505, ASlM
D4052, ASlM D891, ASlM DI250, DIN 51757, NF T60101)

(iv) Refractive index 1.41-1.44 at 200C (ASTM DI218-82, DIN 53169)
(v) Solubility: Less than 0.1 wt% in water

(vi) Viscosity: 0.74-1.65 cps at 25°C (ASlM D445-83, DIN 51562, DIN
53015)

(vi) Volatilty:O.5-.. 0.01; relative evaporation rate, n-butyl acetate = 1

(ASTM D3539, DIN 53170)
(vi) Reactivity: Reacts with strong oxidizing agents

(ix) Kauri-butanol value: 29-33 (ASlM DI13)
(x) Anilne point: 6O75°C (ASTM D61l-82, DIN 51775, NF M07-021)

(xi) Flash-point: 25-800C (ASlM D56, ASTM D93-80, DIN 51755)
(xi) Colour (with a Saybolt colorimeter): + 30 (ASlM DI5682, DIN 51411)
(xi) Carbon numbr range: 7-12

(c) High-boilng aromatic solvents

High-boiling aromatic solvents are complex mixures of aromatic hydrocrbns with
carbn numbers from 8 to 16 and boiling tyically in the range of 16030 ° C, with lower boil-
ing components in sorne formulations. The total concentration of aromatic compounds is
usually greater than 80% but can be as high as 99%, with the remaining constituents compri-
ing a mixure of aliphatics WIthin the same boiling range. Type 1 high-boiling aromatic sol-
vents are catalytically reformed, whereas Type 2 are processed by solvent extraction.

(i) Description: Clear, colourless hydrocrbn solvent

kajo
Rectangle
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(ii) Boilin~range: 16030°C (ASTM DI078, ASTM D850, ASlM D86, DIN
51751, NF M07-ü2)

(ii) Densty: 0.879-0.99 at 15°C (ASTM D1298, ASTM D3505, ASTM
D4052, ASTM D891, ASTM DI250, DIN 51757, NF T60101)

(iv) Refractive index 1.5-1.6 at 20°C (ASTM DI218-82, DIN 53169)
(v) Solubilty: Less than 0.1 wt% in water

(vi) Viscosity: 0.8-2.6 cps at 25°C (ASTM D445-83, DIN 51562, DIN 53015)
(vi) Volatility: 0.21-.: 0.01; relative evaporation rate, n-butyl acetate = 1

(ASTM D3539, DIN 53170)
(vi) Reactivity: Reacts with strong oxidizing agents

(ix)Kari-butanl value: 85-89 (ASTM DU33)

(x) Anline point: 12-15°C (ASTM D611-82, DIN 51775, NF M07-021)

(xi) Rash-pint: 45-1100C (ASTM D56, ASTM D93-BO, DIN 51755)

(xi) Colour (with a Saybolt colorimeter): + 30 (ASTM DI5682, DIN 51411)
(xi) Carbon number range: 8-16

1.3 Technical products and impurities

There are five major US producers of special boiling-range solvents, white spirts and
high-boiling aromatic solvents. Thble 1 presents technical data and 

specifications for repre-
sentative solvents from these sources. A similar range of products is available from produc-
ers in Europe, Japan and elsewhere.

Detailed analyses were reported for several samples of petroleum solvents used in tox-
icity studies in the USA (Carpenter et al., 1975a,b,c, 1977). The data are summaried in Thble
2.

(a) Special boiln~range solvents

Trade names: Clairsol; Exxsol DSP; Halpasol; Hydrosol; Indusol; Shellsol; Solfina
Some tyical technical grades available in Europe are (SBP is special boiling-point and

the numbers refer to boilg range): SBP 40/65, SBP BO/100, SBP 100/140, SBP 40/100, SBP

80/110, SBP 100/160, SBP 60/95, SBP 100/120, SBP 145/160. They may be 1)es 1, 2 or 3

special boiling range solvents, but the majority available todayare of Type 2 (hydrogenated).
ln the past 2030 years, there has been a pronounced move from nonhydrogenated grades
towards hydrogenated (Le., minimal aromatics) and low n-hexane (less than 5 wt%) grades.
Low n-hexane grades are produced by distilation and/or blending. Type 1 hydrodesulfuried
special boiling range solvents tyically contain less than 0.5 wt% benzene; hydrogenated
grades (Types 2 and 3) contain less than 0.002 wt% benzene.

Acrding to a large Japanese survey of petroleum distilate solvent samples collected
in various parts of the countiy, the average concentrations of n-hexane and benzene in low-
boiling samples (correspnding approxiately to special boiling-range solvents) were 5.1 %
v/v (range, 0.0-3%) and 0.8% v/v (range, 0.0-3.5%), respectively (Ksahara et al., 1987).
Petroleum ether tyically has a high concentration of hexanes containing mainly pentanes
and hexanes.



Table 1. Technical data and specifications for representative petroleum solvents from US producers4

Solvent Boilng range Flash-point Anilne point Kauri-butanol Compoition (vol%)
Cc) Cc) Cc) value

Paraffins Naphthenes Aromatics Olefins
(aliphatics) (alicyclics )

Speial boilni-range solvents

Petroleum ether 38-60 -i-18 61 26 81 17 2
Rubber solvent 40-135 - 60 35 66 33 2

42-137 -i-18 60 34 82 14 4 CI- 042-138 -i-18 57 35 65 31 4 0.2
~44-132 -i-18 55 32 84 14 2 -
"'64-114 -i-18 57 34 80 12 9 0.1

~VM & P naphtha 118-138 7 52 39 52 37 11 - 0118-149 10 56 56 69 15 15 -
S1118-144 10 61 36 79 12 9 -
~119-129 13 54 38 49 42 10 -

119-130 13 52 39 47 41 13 - CI0VM & P naphtha 119-137 11 67 32 57 41 2 0.3

~Special naphtholite 121-148 12 56 39 43 49 8 -
122-139 13 56 46 30 64 6 0.1 ~Low odour 127-142 18 62 35 42 58 -i 1

White spirits/minerai spirits

Mineral spirits 149-204 41 71 29 56 37 7
(low odour) 154-193 39 62 39 48 46 6

156-199 40 62 35 37 60 2
157-196 41 68 31 57 41 2 0.2
162-193 44 66 33 50 47 4
179-197 53 84 27 86 14 -i 1

~
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Table i (contd)

Solvent Boilng range Flash-point Anilne point Kauri-butanol Composition (vol%)

Cc) Cc) Cc) value

Paraffins Naphthenes Aromatics Olefins
(aliphatics) (alicyclics )

Stoddard solvent 144-196 35 55 37 42 47 11 0.2
149-204 38 63 32 67 20 13 -

~
153-198 42 56 37 48 37 15 -
157-196 41 60 36 54 36 10 0.3
164-195 44 45 43 23 56 21 - s=0166-191 46 59 35 46 40 14 - Z

Stoddard solvent 159-197 42 68 33 47 53 or 1
0- 0

(lowodour) 159-203 40 66 32 48 45 7 -
~

140 Flash !Olvent 182-210 59 73 28 75 19 5 - 0:
lZ183-199 60 71 31 60 37 3 0.3 -0186-208 61 64 33 38 60 3 - 0

187-209 60 63 33 55 39 7 - E
190-203 64 72 31 45 55 or 1 - s=

tT
High-boilng aromatic solvents ~
A-100 155-173 43 13 92 2 - 98

157-177 43 13 90 1 - 99

A-150 182-204 60 16 90 or 1 or 1 99
183-210 66 16 92 2 - 98

aprom National Paint and Coatings Asiation (1984)
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Table 2. Chemical composition of some petroleum solvents (in voi%)a

Compound Rubber VM&P Stoddard High-boilng
solventb naphthab solventC aromatic

solvent

Paraffins (aliphatics) 41.5 55.4 47.7 0.3d
C5 0.3 trace
Ca 17.8 0.3
C7 23.4 4.0
Ca 21.7 0.9
Cg 18.8 9.5
Cl0 9.1 20.6
Cii 1.5 13.3
C12 3.4

Naphthenes (alicyclics) 53.6 32.7 37.6 0.8e
Monoccloparaffins 53.6 30.3 26.0 0.2

Cs 23.2 0.5
C7 30.4 7.5 2.4
Cg 13.2 4.3
Cg 6.5 5.0
ClO 2.2 8.4
Cii 0.4 4.9
C12 1.0

Dicycloparaffins 2.4 11.6
Cg 1.3 2.7
Cl0 1.1 4.7
Cii 3.2
C12 1.0

Aromatics 4.9 11.9 14.7 98.9
Benzne 1.5 0.1 0.1
Alkylbenzenes 3.4 11.7 14.1 87.5

C7 3.3 1.6 0.4
Ce 0.1 5.9 1.4 0.7
Cg 3.7 7.6 11.7
Cl0 0.5 3.7 56.2
Cii 0.9 17.3
C12 0.1 1.5
C13 0.1

Naphthalenes 0.2
Indans and tetralIns 0.1 0.5 9.2

aprom Carpnter et al. (1975a,b,c, 1977)
bspeial boilng range solvents

CWite spirits
if to C13

eo.2% monocclic, 0.5% di- and tricyclic
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(b) White spirits

Trade names: B.A.S.; C.A.S.; Dilutine; Exxl D; Halpasol; Hydrosol; Indusol; Sanga-
jol; Shellsol D; Solfina; Solnap; Spirdane; Tetrasol; Varsol

Thble 3 lists sorne of the requirements of specifcations for white spirts in France, the
Federal Republic of Germany, the UK and the USA and of the International Standards Or-
ganiztion.

The US specification ASTM D235-83 lists the physical and chemical properties of four
tyes of 'minerai spirts'; that shown in the table corresponds to what is generally regarded in
Europe as 'white spirts'. Requirements for this grade are also detailed in US Federal Speci-
fication P-D-86, Type 1. It generally has a lower aromatic content (1-8%) than European
white spirts and less than 0.1 wt% benzene (upper limit). Type 2 (solvent extracted) white
spirts contain 3-5 wt% aromatic compounds and less than 0.02 wt% benzene (upper limit).
Type 3 (hydrogenated) white spirts must contain less than 0.002 wt% benzene (upper limit).
The Federal Republie of Germany's specification, DIN 51632, which also covers require-
ments for aviation gasoline and turbine fuels, does not specif the level of total aromatic
compounds but sets limits on specific aromatic compounds such as toluene and ethylben-
zene.

Accrding to a large Japanese survey of petroleum distilate solvent samples, the con-
centrations of n-hexane and benzene in solvents boiling in the range of white spirts were
both on average 0.01% v/v (range, 0-.1% v/v) (Kasahara et al., 1987).

Sulfur levels in all three tyes of white spirts are in generalless than 10 mg/kg (ASTM
DI26), although levels in Type 2 (solvent extracted) maybe up to approxiately 20 mg/kg
(depending on the degree of hydrodesulfurition).

ln general, three pricipal technical grades of each of the three tyes of white spirts

are available, as follows: 'low flash' grades (flash-point, 25-30 ° C; boiling range, 130160 ° C);
'regular flash' grades (flash-point, 4OsooC; boiling range, 150190°C); and 'high flash'
grades (flash-point, 6O70°C; boiling range, 190220°C). These grades are available
throughout Europe.

(c) High-boiling aromatic so/vents

Trade nas: A-l00; A-ISO; Caromax Hydrosol; Indusol; Shellsol; Solvantar; Solva-
rex; Solvesso

The three main technical grades ofhigh-boiling aromatic solvents that are available on
the western European market are fractions boiling at 160180°C, 18020°C and
220290°C. The sulfur content of these grades is generally less than 10 mg/kg, although the
sulfur content of Type 2 (solvent extracted) high-biling aromatic solvents may reach up to
several hundred miligrams per kiogrm. The benzene content is less than 0.02 wt% (upper
limt). The 1,3,5-triethylbenzene (mesitylene) content of a high-boiling aromatic solvent

boiling in the range of 160180 ° C can be up to 10 wt%.



Table 3. Specifications for white spirits in selected countries and internationally

Country, product and
specification reference

Distilation
IBPIFBpa (0C)

Aromatic
content

Flash-point
(0C)

Kauri-butanol
value (minI
max)

Sulfur
content
(wt%)

Colour
(Saybolt)

Gennany, Federal Repu blic of

Testbenzine (white spirits)
(DIN 51632)

130 minI

220 max

UK

Mineral solvents (white spirits, tye A)
(BS 245:1976)

Approx. 1301

220 max

Mineral solvents (white spirits, ty B)
(BS 245:1976)

Approx. 1301

220 max

USA

Mineral spirits ty 1 - regular

(Stoddard solution)
(ASTM D235-83)b

International standard

Mineral solvents for paint - white
spirits, etc.

(ISO 1250)

149 minI

208 max

21 min

Above 32

Above 32

38 min 29/45 _c

+ 20 max
(Hazen col our
number)

Not darker
than standard
colour solution

Not darker
than standard
colour solution

c: 25% v/v

25-50% v/v

(technically identical to BS 245:1976)

+ 25 min

aiBp' initial boiling-point; FBp, final boilng-point
bAlso includes specifications for high flash-point (60°C min), odourless (Kauri-butanol value, 29 max) and low dry-point (185 max) types of minerai spirits

93romine number, max 5

eno
a:
tT
~

~o
f;
c:
s:
en
o
~

~

VI
tH
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2.1 Production and use

(a) Production

Thble 4 presents US production of seven solvent products in 1985. Estimated produc-
tion of all special boiling-range solvents was 2.5 milion tonnes, of which 32200 tonnes were
used in paints and coatings. Thble 5 presents total sales and the quantities estimated to have
been used in the paints and coatings industiy for three major products. Approxiately 75%
of the aliphatic solvents used in paints and coatings are white spirts (SRI International,
1986).

Table 4. US production or seven solvent products in 1985
(thousands or tonnes)a

Solvent Production

Speial boiling-rnge soi vents

Rubber solvent
VM & P naphtha

White spirits

Odourles white spirits
White spirits (Stoddard solvent)
140 Flash solvent

High-boilng aromatic sovents

A-l00
A-ISO

54.0
151.2

236.0
324.0
362.1

118.4
171.5

aoata provided by 'Iacor Technology Resource, Inc.

(i) Special boiling-range solvents

ln general, special boiling-range solvents are produced in petroleum refineries. Figure
2 is a simplified flow scheme for the production of hydrogenated special boiling-range sol-
vents (Type 2). Naphtha fractions from the atmospheric distilation of crde oil (light and
full-range straight":run naphthas) are first subjected to hydrodesulfurition, defined as
mild treatment with hydrogen in the presence of a catalyst in order to remove sulfur, fol-
lowed by hydrogenation, which is treatment with hydrogen in the presence of a different cat-
alyst. Typically, pressures of 19.7-98.7 atm and temperatures of 20350°C are used in the
hydrogenation of these products.

The hydrogenation step converts most of the aromatic hydrocrbns into alicyclic hy-
drocrbons, leavig less than 0.02 wt% total aromatic content and less than 0.002 wt% ben-

zene. AIternatively, aromatics can be removed by solvent extraction. Mter hydrogenation,
the solvent stream undergoes fractional distilation Into narrow and wide boiling ranges,
such as SBP 40/65 and SBP 100/160. The sequence of hydrogenation and distilation can be
reversed. For the production of hydrodesulfuried specil boiling-range solvents (Type 1),
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Table 5. US sales and quantities _used in the paints and coatings
industry (pei) of three solvents (thousands of tonnes)a

Year Mineral spirits VM & P naphthas Lacquer diluents

Total PC Total PCI Pel lbtal

1973 1134 454 211 116 145 91
1974 1061 426 211 111 140 86
1975 1029 370 206 98 125 66
1976 943 372 197 98 126 68
1977 893 372 183 91 118 70
1978 862 374 177 88 116 70
1979 841 363 175 86 113 68
1980 771 331 150 70 91 54
1981 746 320 132 63 86 50
1982 701 302 116 54 68 39
1983 717 315 127 61 79 45
1984 721 320 134 63 79 45
1985 717 324 141 66 75 43

Ilrom SRI International (1986)

fractional distilation ocurs immediately after hydrodesulfurition, and no hydrogenation
step is pedormed. Type 3 special boiling-range solvents are produced by simple tank blend-
ing with an appropriate aromatic product.

(ii) Whte spirits
White spirts are also produced in petroleum refineries. Figure 2 includes a simplified

fIow scheme for the production of Type 1 (hydrodesulfuried) and Type 3 (hydrogenated)
white spirts. The heavy straight-run naphtha and straight-run kerosene fractions from the
atmospheric distilation of crde oil are first subjected to hydrodesulfurition, followed by
fractional distilation into the appropria te boiling ranges to produce Type 1 white spirts. The
sequence of hydrodesulfurition and distilation may be reversed. Type 1 white spirts are
hydrogenated to produce 1)e 3. Hydrogenation reduces the total aromatic hydrocrbon
content to less than 1 wt% and benzene to less than 0.002 wt%. The sequence of hydrogena-
tion and distilation may be reversed. ln the USA Type 3 'odourless' white spirts are usually
derived from alkylation procss streams and are pricipally isparaffins.

Type 2 white spirts are produced by extracting kerosene-range feedstock with sulfo-
lane, sulfur dioxide and N-methylpyrolldone, followed by fractional distilation; hydrode-
sulfurition may also be carred out.

(il) High-boilng aromaic solvents

High-boiling aromatic solvents are also produced in petroleum refineries (Fig. 2).
Heavy straight-run naphtha and straight-run kerosene fractions from the distilation of



Fig. 2. Simplified Dow scheme or the production or special boilng-range solvents, white spirits and high-boilng aromatic
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crude oil are first subjected to hydrodesulfurition, then the alicyclic molecules in the naph-
tha are converted into aromatic compounds in a catalytic reformer by treatment at high tem-
peratures and pressures, liberating hydrogen. Fractional distilation then results in the pro-
duction of different technical grades of Type 1 high-boiling aromatic solvents.

Type 2 products are produced by extracting middle distilate feedstock with sulfolane,
sulfur dioxide and N-methylpyrolldone followed by fractional distilation.

(b) Use

(i) Special boilng range solvents

Special boiling range solvents are used in a wide range of applications, the pricipal

ones being (approxiate percentage of consumption in western Europe): adhesives (34%);

paints, lacquers and varnishes (20%); polymerition reaction diluents (10%); rubber indus-
tiy (11 % ); and gravure inks and other misllaneous applications (25%). The aliphatic sol-
vents are used extensively in alkyd resin systems in paints and cotings, as well as for linseed

oil and oleoresin varnishes and in nonaqueous disrsion coating systems. These uses are
the pricipal ones worldwide, although the percentages used in the different applications
may vaiy somewhat with geographic region.

Thble 6 gives estimated consumption of special boiling range solvents in western Eu-
rope in 1972 and 1986. There has been a major shift from special boiling range solvents con-
taining aromatic compounds to those which have been hydrogenated and have a minimal
aromatic content, for technical reasons and as a result of concern about human health and
the envionment. There has also been a move away from products containing high levels of
n-hexane to those containing less than 5 wt%, also in relation to health effects (SRI Interna-
tional, 1986).

Table 6. Consumption of petroleum solvents in western Europe
(thousands of tonnes)

Solvent 1972 1986

Speial boilng'"range solvents

'l 1 and 3 (containing aromatics) 180 40
'l 2 (hydrogenated) 90 210
1òtal 270 250

White spirits

'l 1 (hydrodesulfuri) 670 540
'l 2 (solvent extracted) 30 40
'l 3 (hydrogenated) 50 120
1òtal 750 700

High-boilng armatic solvents

'l 1 (catalyically reformed) 160 264
'l 2 (solvent extracted) 40 66
1òtal 200 330
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(ü) Whte spirits
The pricipal uses for white spirts in western Europe (approxiate percentage of con-

sumption) are as follows: paints, lacquers and varnishes (60%); degreaing/industril clean-

ing (9%); woo treatment (4%); chemical procsses (3%); household, cosmeticand toiletries

(3%); and misllaneous (21%).
Thble 6 gives estimated consumption of white spirts in western Europe. There has

been a move towards the use of hydrogenated white spirts over the last decade, owig to
their reduced odour and for technical reasons. Hydrogenation faciities were first intro-
duced in the mid-l96s, and capacity has been increasing steadily since.

(ii) High-boilng aromaic solvents

High-boilg aromatic solvents are used pricipally in: paints, lacquers and vamishes
(58%); agrochemicals (16%); industril cleaning/degreasing (9%); chemical processes (3%);

and mISellaneous (inks, plastisls, lubricant additives, oil field chemicals) (14%). Thble 6
also gives estimated western Europen consumption of these solvents.

(c) Regulatory status an guidelines

The US Foo and Drug Administration (1988) permits the use of petroleum naphtha in
foos if it is a mixure of liquid hydrocrbns, essentially parafinic and naphthenic in nature,
obtained from petroleum and is refined to have a boiling range of 80150 0 C and a nonvolatile
residue content of 0.002 gllOO ml max and to meet speciied ultraviolet absorbance limits.

Examples of ocupational expsure limits for petroleum solvents in 12 countries are
presented in Thble 7.

Table 7. Occupational exposure limits for petroleum solventstl

Solventb Countiy Year Concentration InterpretationC

ppm mg/m3

Petroleum ether Switzrland 1985 500 200 1WA

Rubber solvent (naphtha) Belgium 1984 400 1600 1WA
Mexico 1985 400 1600 1WA
Netherlands 1986 400 1600 1WA
USA (ACGIH) 1988 400 1600 1WA
Venezuela 1985 400 1600 1WA

VM & P naphtha Mexico 1985 300 1350 1WA
(CAS No. 8032-32-) USA (ACGIH) 1988 300 1350 1WA

White spirits

Aromaci Boiúg range

..1% 60-90.C Finland 1987 350 1WA
450 S'L

..1% 80-1io.C 1200 1WA
160 Sl
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Table 7 (contd)

Solventb Countiy Year Concentration InterpretationC

ppm mg/m3

.01% ~ LLO.C Finland (contd) 900 1WA
1200 STEL

~20% ~ 1l0"C 770 1WA
1020 STL

100% ~ 1l0.C 240 1WA
360 STEL

Aromaticity

.010% Noiway 1981 200 1050 1WA
~ 10%, .0 20% 100 575 1WA

~20% 25 120 1WA
Sweden 1987 -85 500 1WA

-110 625 STEL
UK 1987 100 575 1WA

125 720 STEL (10-min)
USSR 1984 300 1WA

Stoddard solvent Belgium 1984 100 575 1WA
ChUe 1985 80 460 1WA
Mexico 1985 500 2950 1WA
NetherIands 1986 100 575 1WA
SwitzrIand 1984 100 580
USA (OS HA) 1985 500 2950 1WA

(NIOSH) 1986 350
1800 Ceiling (15-min)

(CAS No. 8052-41-3) (ACGIH) 1988 100 525 1WA
Venezuela 1985 100 575 1WA

150 720 Ceilng
Solvent naphtha USSR 1986 100 1WA
(as carbon)

tlrom Direktoratet for Areidstilsyet (1981); International Labour Office (1984); Areidsinspectie (1986); Insti-

tut National de Recherche et de Sécurité (1986); National Institute for Ocupational Safety and HeaIth (1986);
Cook (1987); HeaIth and Safety Executive (1987); National Swedish Bord of Ocupational Safety and HeaIth
(1987); iyõsuojeluhalltus (1987); American Conference of Governmental Hygienists (1988)
liSHA, Ocupational Safety and Hygiene Administration; NIOSH, National Insitute for Ocupational Safety and
HeaIth; ACGIH, American Conference of Governmental Hygienists
CJA, time-weighted average; SlEL, short-tenn expure Iimit

2.2 Occurrence

(a) Natural occurrence

Petroleum-derived sòlvents do not ocur naturally in the envionment, but only as

components of the crude oils from which they are derived (International Programme on
Chemical Safety, 1982).
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(b) Occupaiona exsure

On the basis of one National Occupational Hazrd Survey, the US National Institute
for Occupational Safety and Health (1974) has estimated that 350 workers were potentially
expsed to petroleum ether (as ligroin (CAS No. 8032-32-4); a specil boiling range solvent)
in the USA in 1972-74; 26 40 workers were potentially expsed to rubber solvent. Acrd-
ing to a National Occupational Exsure Survey (National Institute for Occupational Safety
and Health, 1983), 32700 workers were potentially expsed to varnish makers' and painters'
naphtha (a special boilg range solvent), 160 00 to white spirts and 521 80 to Stoddard
solvent in the USA in 1981-83.

Occupational expsure levels have been measured for a wide range of petroleum sol-
vents. The followig paragraphs present data available for the tyes of solvents covered in
this monograph.

ln a US plant that used a contact adhesive containing rubber solvent and toluene to

assemble rubber life rafts, personal time-weighted average (I A) expsures to rubber sol-
vent ranged from 5 to 12 ppm with an average of 9 ppm (Apl, 1981).

Levels of naphtha have been reported in a variety of US manufacturig plants. ln a
plant where baseball bats were manufactured, breathing zone levels were 13-190 ppm
(mean, 78 ppm; Rivera & Rostand, 1975). Durig the installation of plastic laminates to
kitchen and bathroom counter tops, levels of naphtha were 363-3158 mg/m3 (mean, 1113
mg/m3; Apol, 1980). ln the priting industiy, air levels of naphtha in persnal breathing sam-
pies from off-set priters were 94-258.4 mg/m3 (mean, 140.4 mg/m3; Gorman, 1982); levels

of varnish makers' and painters' naphtha to whieh lithographers were expsed were 58-242
mg/m3 (mean, 122.1 mg/m3; Chrostek et al., 1979). ln another study, levels of petroleum
naphtha in breathing zones and in the general air in the priting industiywere 18-106 (aver-
age, 53) mg/m3 (Gunter, 1986). Ambient indoor air area levels of naphtha in a large US Fed-
eral office building were 8.4-22.7 mg/m3 (Watanabe & Love, 1980). ln two shoe manufactur-
ing plants, TW A area concentrations of naphtha were 10-162 mg/m3 (mean, 59 mg/m3) and
those of aliphatic naphtha, 19-522 mg/m3 (mean, 305 mg/m3; Tharr et al., 1982). ln a plant
that used petroleum naphtha as a release agent in the manufacture of refrigerators, levels
were 15-147 mg/m3 (Markel & Shama, 1974), and in a plant where widow assemblies for
cars were manufactured, TW A levels of naphtha were 32-191 mg/m3 (mean, 79 mg/m3; Lu-
cas, 1981).

ln a US factoiy where white spirts were used to clean silk screens, air levels were
137-385 mg/m3 in personal samples and 149-336 mg/m3 in area samples (Geissert, 1975). ln
a US factoiy manufacturig naval catapults, expsure to white spirts ranged from ~ 1 to
2615 mg/m3, with an average of 208 mg/m3 (Giles, 1975). ln a US plant in which white spirts

were used to clean automobile starters and generators, the TWAin personal air samples was
43-594 mg/m3, with an average of 275 mg/m3; at the 'Kleen Abrader' (a vibrating machine
containing white spirts and abrasive stone pellets), a value of 3967 mg/m3 was found (Levy,
1975). At a US plant manufacturig viyl fIoor coverigs in which white spirts were used in
the solvent/wax solution, personal TW A levels in air were 0.3-8 ppm, with an average of 4.1
ppm (Belanger & Elesh, 1979). Ai concentrations of white spirts in the breathig zone of
telephone wie splicers, who used it to dissolve petroleum jelly for filing telephone cables,
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were 79-244 mg/m3, with an average of 144 mg/m3 (Gunter, 1980). At a US tool manufactur-

ing plant, the 8-h 1W A expsures of tool repair technicins in 1986 were 2095 mg/m3 in
persnal samples, with a mean of 55 mg/m3, and 58-26 mg/m3 (mean, 116 mg/m3) in process
air samples (Blade, 1987).

Personal expsures to Stoddard solvent in the press room of two US daily newspapers
were 13-319 mg/m3 (average, 83 mg/m3; Hollett et al., 1976) and 5-9 mg/m3 (average, 7 mg/
m3; Kronoveter 1977); those in a US priting faciity were 0.1-16 mg/m3 (Gunter, 1982).

Breathing wne samples taken at a commercil airlinc maintenance hanger showed concen-
trations of Stoddard solvent ranging from 363 to 88 mg/m3, with an average of 300 mg/m3

(Gunter, 1975a). A US manufacturer of ski bots reported levels of 345-51 mg/m3 Stod-
dard solvent in the bot finishing and polishing department (Gunter, 1975b). ln the diy-
c1eaning industiy, 8-h 1W A concentrations of Stoddard solvent were 15-35 ppm (Oberg,
196). Durig automobile washing in Finland, 1W A concentrations of Stoddard solvent

were 5-5 mg/m3 in persnal samples and 15-390 mg/m3 in area samples. For heavy ve-
hicles, the correspnding values werc 45-805 and 405 mg/m3, respectively (Niemelä et al.,
1987).

Exsure to petroleum solvents durig the manufacture and application of paint prod-
ucts is descbed in the monograph on ocupational expsures in paint manufacture and
painting (see p. 329).

(c) Air

Because of their low solubility in water and their relatively high volatilty, petroleum
solvents are found pricipally in the air after their release. They may undergo photodegra-
dation in the atmos¡here.

2.3 Analysis

For petroleum solvents with final boiling-points up to about 100 0 C, all of the hydrocr-
bon components present can be identified and quantified using high-resolution capilaiy col-
umn gas chromatography. For products with a higher final boiling-point, it is difficult to
identIf all of the components, and analysis is usually for total aliphatic, alicyclic and aromat-
ic hydrocrbns.

A multicolumn gas chromatograph has been designed to separate aromatic, alicyclic
and aliphatic compónents in hydrocrbn solvents that boil at up to 20 0 C. It consists of
three columns - a polar, a nonpolar and a molecular sieve. The firt is used to separate aro-
matic compounds from saturated compounds, the second is used to separate aromatic com-
pounds by boiling-point, and the third to separate alicyclic comounds from aliphatic com-
pounds by carbn number.

Ultraviolet spectrometiy can be used to estimate the total aromatic content (ASlM
D1019). Sulfur levels are determined by microculometiy (ASTM Dl26).

The total hydrocrbn concentration of various petroleum solvents can be determined

in air using a method based on charcoal tube sampling and gas chromatography with flame
ionition detection. The workig range is 10020 mg/m3 for a 5-1 air sample (Eller, 1984).
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3. Biological Data Relevant to the Evaluation of

earcinogenic Risk to Humans

3.1 Carcinogenicity studies in animais

Inhlation

Rat: Groups of 50 male and 50 female Wistar rats, eight to nine weeks of age, were
exposed by inhalation to 0 (con trois), 470 :l 29, 970 :l 70 or 1830 :l 130 mg/m3 of a high-boil-
ing aromatic solvent (high-flash aromatic naphtha; ASTM-3734; a 50:50 blend of Shellsol A
and Solvesso) containing 13 major components (predominantly Cg aromatic compounds)1.
Exposure was for 6 h per day on five days per week for up to 12 months. Ten males and ten
females from each group were kiled after six months, 25 males and 25 females from each
group after 12 months and the remaining animais four months after the end of expsure. A
single mammaiy adenocrcinoma was found in a female in the high-dose group kiled at six
months. ln rats kiled at 12 months, there was a glioblastoma in the brain in a low-dose male,
a splenic lymphoma in a high-dose male and a leiomyoma of the uterus in a high-dose female

(Clark & Bird, 1989). (Te Workig Group noted the short duration of the study, and the
absence of pathological examination of the survvig rats from each group kiled at 16

months.)

3.2 Other relevant data

(a) Exprimental systems

Absorption, distribution, exretion and metabolism

No data were available to the Workig Group.

Toxic effects

The toxicology of petroleum solvents has been reviewed (National Institute for Occu-
pational Safety and Health, 1977; International Programme on Chemical Safety, 1982). A
summaiy of the acute toxicities of mixures of aromatic and saturated hydrocrbns repre-
senting the tyes of commercil solvents is available (Bine & Zuidema, 1970).

lorto-Xylene, 2.27%; n-propylbenzne, 4.05%; 1-methyl-3-ethylbenzne, 7.14%; 1-methyl-4-ethylbenzne,

16.60%; 1,3,5-trimethylbenzne~ 9.35%; 1-methyl-2-ethylbenzne, 7.22%; 1,2,4-trimethylbenzne, 32.70%;

1,2,3-trimethylbenzne, 2.76%; 1-methyl-3-n-propylbenzne and 1,2-diethylbenzne, 6.54%; 1-ethyl
3,5-dimethylbenzne, 1.77%; no benzne detected; nonaromatic compounds,0.46%
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Acute oral and inhalation toxicities in rats and percutaneous toxicity in rabbits are
shown in Thble 8. Toxicity was more pronounced with samples containing higher levels of
aromatic compounds than with viually aromatic free products. The irtating potential of

the mixures for ski and eye (evaluated accrding to the method of Draize in albino rabbits)
ranged from minimally to moderately irtating (Hine & Zuidema, 1970).

(i) Special boilng range solvents

A hexane-cntaining and a heptane-cntaining petroleum solvent fraction had low
toxicity (Tble 8). Irtation of the ski was slight and eye irtation minimal, and there was
practically no percutaneous toxicity in rabbits (Hine & Zuidema, 1970).

Rats were expsed to either 20 or 50 ppm n-hexane or to petroleum benzine vapour

(assumed boiling range, 30-150°C) containing 20 or 50 ppm n-hexane for 12 h per day for
24 weeks. Peripheral nerve function was clearly impaired by 50 ppm n-hexane, slightly im-
paired by 20 ppm n-hexane and by petroleum benzine vapour containing 50 ppm n-hexane,
and impaired even less by petroleum benzine containing 20 ppm n-hexane. The authors
concluded that other components of petroleum benzine might inhibit the neurotoxicity of
n-hexane (Ono et al., 1982).

The inhalation toxicity of a rubber solvent (biling range, 76-111 °C; composition (in

vol % ): paraffins, 41; monoccloparaffins (naphthenes), 54; benzene, 1.5; alkyl benzenes, 3.4;
monoolefins, 0.1) was studied in mice, rats, cats and beagle dogs. Animais were expsed to
concentrations of 4803 () ppm. Acute expsure to high concentrations resuIted in loss of
motor cordination and central nervous system depression. Eye irtation was descnbed in
rats (at 96 ppm for 4 h), toxic stress in dogs (32020 ppm, 4 h) and respiratoiy rate de-
pression in mice (63 00 ppm). A 4-h LCso of 1500 ppm was estimated for rats. No signifi-
cant toxic effect was noted in rats or in beagle dogs expsed subacutely to up to 20 ppm
rubber solvent for 6 h per day on five days per week for 13 weeks (Carpenter et al., 1975c).

The inhalation toxicity of a varnish makers' and painters' naphtha (biling range,
118-150°C; composition (in vol % ): parains, 55; monoccloparafins, 30; dicycloparafins,
2.5; alkylbenzenes, 12; benzene, 0.1) was also studied in mice, rats, cats and beagle dogs.
Animais were expsed to concentrations of 281500 ppm. Acute expsure to high concen-
trations resulted in loss of motor cordination and central nervous system depression. Eye
irtation was descbed in rats (34 ppm, 4 h) and dogs (340 ppm, 2 h) and respiration rate

was decreased in mice ( ). 26 ppm, 1 min). A 4-h LCso of 340 ppm was estimated for rats.
No significant toxic effect was noted in rats or in begle dogs expsed subacutely to up to 120
ppm for 6 h per day on five days per week for 13 weeks (Carpenter et al., 1975a).

(ii) Whte spirits
The effects of a paint thinner (biling range, 140190°C) were reported in rats, guinea-

pigs, rabbits, beagle dogs and squirel monkeys. The samples were a complex mixure of
8086% saturated hydrocrbns, 1% olefins and 13-19% aromatic compounds. Anais
were expsed for 8 h a day on five days per week for 30 expsures or continuously (23.5 h per
dayon seven days per week) for 90 days. ln the continuous 9Oay experient (expsure
concentrations, 114-1270 mg/m3), increased mortlity ocrred onlyamong guinea-pigs ex-
posed to 363 mg/m3 or more. Gross examiation reveaed irtation and congestion of the



Table 8, Acute toxicities of mixtures of aromatic and saturated hydrocrbons representing the three types of commercial ~
solventsa

Solvent ty Prncipal components Oral LD6C Inhalation Aspiration Percutaneous 4-h
(boilng range; (mllkg bw; 4-h LC6C mortality LD50 (mglkg bw;

'c) rats)b (ppm; rats) (rats) rabbits)

Special boiling range solvents

65-75 Ce normal and isoparaffns (hexanes) ;: 25 73 680 ;: 5.0
and naphthenes (cyclohexane, methyl- (66310-79940)
cyclopentane)

91-104 C7 normal and isoparaffns (heptanes) ;: 25 14000-16000 ;: 5.0

~and naphthenes (methylcyclohexane,
dimethylcyclopentane) (j

s:
White spirits 0

156-180 Ce and Cio normal and isoparaffns and ;: 25 2000- 2600 ;: 5.0
Z0

naphthenes 0
187-212 CIl and Cl2 normal and isoparaffns and ;: 25 ;: 71 OC -5.0 ~

naphthenes ::~
174-216 Cl2 isoparaffins ;: 25 ;: 792C ;: 5.0 ~
195-260 Cl3 to Cie normal and isoparaffns and ;: 25 ;: 263c 5/10 ;: 5.0 0

naphthenes E
s:

High-boiling aromatic solvents tI
138-141 Ce aromatics (ortho-, meta- and para- 10.0 6350 -5.0 :e

xylene; ethyl benzene) (7.5-13.3) (4670-8640)
163-203 Ce, Cio and Cn aromatics 4.5 ;: 2450C -5.0

(3.0-6.8)
188-209 CiO and CIl aromatics 13.3 ;:580c -5.0

(7.5-23. 7)
196-264 CIl to Cl4 aromatics 12.3 ;: 553C 5/10 -5.0

(8.1-18.7)

llrom Hine & Zuidema (1970)

b¡oses above 25 mllkg bw not practical for testing
CMaxmum concentration attainable at 25°C
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lungs in all species, and the severity of lung irtation and the number of animais involved
appeared to be dose related. ln the 3O-ay experient, the only signs of toxicity were seen in
guinea-pigs expsed to the highest concentration (1353 mg/m3), which had lung irtation,

congestion and emphysema on histopathological examination (Rector et al., 196).
The inhalation toxicity of a Stoddard solvent (biling range, 153-194°C; composition

(in vol%): paraffins, 48; mono- and dicycloparaffins, 26 and 12; alkylbenzenes, 14; benzene,
0.1) was studied in mice, rats, cats and beagle dogs. Animais were expsed to 841700 ppm of
the solvent for up to 13 weeks. Marked tubular regeneration of the kidneys, which may be
indicative of solvent-induced kidney damage, was detected at sacriice in male rats exposed
to 190 or 330 ppm for 13 weeks. Eye irtation and bloo around the nostris was described in

rats expsed to 1400 ppm for 8 h. Central nervous system depression was se en in all species
at higher expsure concentrations. Depressed respiration rate was observed in mice exposed

to 1700 ppm (Carpenter et al., 1975b).

Rats were expsed for 4 h per day for four consecutive days to 214 mg/m3 (..45 ppm) of
white spirts containing mainly C9-C12 hydrocrbns and consisting of approxiately 61 %
paraffins, 20% naphthenes and 19% aromatics (biling range, 150195°C). Irrtation of the

upper respiratoiy tract (1oss of cilia, mucous and basal-cell hyperplasia, squamous metapla-
sia) was observed (Riley et al., 1984).

The subchronic inhalation toxicity of dearomatized white spirts (boiling range,
155-193°C; containing 58% paraffins, 42% naphthenes and cC 0.5% aromatics) and of a
C1O-C11 isoparaffin (biling range, 156176°C; 100% isoparaffins) was investigated in rats.
Animais were expsed for 6 h per day on five days per week for 12 weeks to concentrations of
about 5.6 (90 ppm) and 1.9 g/m3 (300 ppm) of the two solvents, respectively. The priaiy
effect of both solvents after four weeks of exposure was kidney toxicity in male rats (de-
scribed as mild tubular toxicity), the incidence and severity of which appeared to increase
with increasing expsure concentration and duration. No other significant toxic effect was
observed at the levels tested (Philips & Egan, 1984).

ln rats exposed by inhalation to industrial white spirts composed of a 99% C1O-C12 mix-
ture of branched-chain aliphatic hydrocrbns at to 650 mg/m3 for 8 h per day on five days
per week for 12 months, increased uriaiy activity of lactic dehydrogenase (a marker of distal
tubular damage) and reduced kidney function were seen (Viau et al., 1984).

(ii) High-boiling aromatic solvents

The inhalation toxicity of a high-boilng aromatic solvent (biling range, 184-2Q°C;
composition (in vol % ): alkylbenzenes, 87.5; naphthalenes, 2; indanes, 9; naphthenes, 0.8;
paraffins, 0.3) was studied in rats, cats and beagle dogs. No significant toxicity was observed
in any species after expsure to 380 mg/m3 (66 ppm) for 6 h per day on five days per week for
13 weeks. An 8-h exposure of rats to 8700 mg/m3 of an aerosol of the solvent resulted in early
nasal and ocular irtation followed by progressive loss of cordination and the death of 2/10

animais (Carpenter et al., 1977).

The inhalation toxicity of the high-boiling aromatic naphtha tested for carcinogenicity
(see section 3.1) was investigated in rats. The animais were expsed to 0,450,90 or 180
mg/m3 of the solvent for 6 h per day on five days per week for up to 12 months. Reductions in
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body weight gain were observed in males expsed to the highest dose over the first four
weeks and in female rats expsed to the two higher concentrations over the first four or 12
weeks. ln males expsed to the highest dose, liver and kidney weights were increased at six
and 12 months. Various statistically significant haematological changes were observed tran-
siently in male rats 'up to six months, but were not considered to be ofbiological relevance by
the authors. A preliminaiy 13-week inhalation study with Shellsol A resulted in increases in
liver and kidney weights in rats expsed to 740 and 3700 mg/m3, and in a low-grade anaemia
in rats at 740,3700 and 180 mg/m3 (Clark & Bird, 1989).

Effects on reproduction and prenatal toxicity

As reported in an abstract, female CD rats (number of animais unspecified) were ex-
posed by inhalation for 6 h per day to either commercial white spirts (100 or 300 ppm) or
CS-Cg isoparaffinic hydrocrbn solvents (40 or 120 ppm) on days 6-15 of gestation. No
maternai effect was reported. Fetuses were examined at term for viral and skeletal devel-

opment. Male fetuses expsed to 100 ppm white spirts were heavier than control fetuses,
and the incidence of skeletal varitions was significantly increased in the group expsed to
1200 ppm isoparaffin (phillips & Egan, 1981). (The Workig Group noted the lack of exper-
imental details available.)

As reported in an abstract, Wistar rats (number of animais unspecified) were expsed
by inhalation for 6 h per day to 237, 482 or 953 ppm white spirts on days 6-15 of gestation, or
to 950 ppm on days 3-20 of gestation. Maternai toxicity was reported in the high-expsure
groups. Fetuses were examined at term for visceral and skeletal development. No skeletal
or visceral anomaly was observed, but significant reductions in fetal weight, delays in skeletal
development and extra nbs were reported in the group treated on days 3-20 of gestation
(Jakobsen et aL., 1986). (Te Workig Group noted the lack of experiental details avail-
able.)

Genetic an related effects1

A rubber solvent induced chromosomal aberrations but not sister chromatid exchange
in human whole-bloo cultures (Altenburg et al., 1979).

As reported in an abstract, CS-Cg isoparafinic hydrocrbn solvents (at 40 and 120
ppm) did not induce dominant lethal mutations in CD rats expsed for 6 h per day on five
days per week for eight consecutive weeks prior to mating (philips & Egan, 1981).

Special boiling range spirt 100/140 (a mixure of paraffins and cycloparaffins in the
CS-C1O range) was not mutagenic to Salmonella typhimurium TA1535, TA1537, TA1538,
TA98 or TA100 or to Escherichia coli WP2 either in the presence or absence of an exogenous
metabolic system from Aroclor-induced rat liver. It did not induce mitotic gene conversion

1 Subsequent to the meeting, the Secretariat became aware of a study to investigate the effects ofhigh flash aromat-

ic naphtha in a Salmonella/mammalian microsme mutagenicity assy, a hypxanthine-guanine phosphoribol
transferase foi'Ward mutation assy in Chinese hamster CHO cells, in-vitro chromosmal aberration and sister
chromatid exchange assys in Chinese hamster CHO cells, and an in-vivo chromosmal aberration asy in rat

bone marrow (Schreiner et al., 1989).
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in Sacchaomyces cerevisiae strain ID 1 or chromosomal aberrtions in Chinese hamster ovary
ceI1s (Brooks et al., 1988).

A sample of white spirts (biling range, 160161°C; 85% aliphatic compounds, 15%
aromatic compounds) was not mutagenic to S. typhmurium TAI530, TA1535, TA1537,
TA1538, TA98 or TAloo either in the presence or absence of an exogenous metabolic system
frorn Aroclor-induced rat liver. It did not induce sister chromatid exchange in human lym-
phoces in vitro or chromosomal aberrtions in vivo in mouse bone-marrow cells (Gochet et
al., 1984). As reported in an abstract, white spirts (100 and 30 ppm) did not induce domi-
nant lethal mutations in CE rats expsed for 6 h per day on five days per week for eight con-
secutive weeks prior to mating (philips & Egan, 1981).

As reported in an abstract, Stoddard solvent did not induce mutation in S. typhimurium

(strain unspeciied) or in mouse lymphoma L5178Y TK + /- cells. N either did it induce chro-
mosomal aberrations in rat bone rnarrow in vivo (details not given) (Lebowitz et al., 1979).

(b) Huma

Absorption, disriution, exretion an metabolis

White spirts are absorbed through the lungs, and the uptake is enhanced byexercise-
induced increase in pulmonaiy ventilation. Fifteen healthy male volunteers were expsed to
1250 or 250 mg/m3 white spirts vapour (biling-point, 15020°C; containing 83% aliphatic
and 17% aromatie compounds) either at rest for 30 min (one to four times) or with exercise
up to 150 W. Bloo levels of n-decane and 1,2,4-triethylbenzene (taken to represent ali-
phatic and aromatic compounds, respectively) were detected after expsure. The exercise-
induced increase was more evident for aromatic compounds than for aliphatic compounds,
possibly due to different solubilties in bloo (Åstrand et al., 1975). ln other studies (Miling
Pedersen et al., 1984, 1987) in which volunteers were expsed to 10 ppm (60 mg/m3) white
spirts (99% alkanes (38.7% C11; 44.4% C12) and 1% cycloalkanes (mostly C1oD, solvent lev-
els were determined in suhcutaneous adipose tissue obtained by biopsy. After 468 h, about
50% of the initial concentration of the solvent had disppeared.

Toxic effects

fIe Workig Group noted that sorne of the inormation on the adverse effects of pe-
troleum solvents originates from studies of ocupational expsures, which generally involve
a complex mixure of various organic solvents and other cornpounds. Reasons for the vari-
able outcomes include differences in expsure, Le., tye of chemical, intensity and duration.
Also, selection bias may have ocurred, and the examination methods varied, sorne possibly
being inuenced by recent, rather than chronic expsures. Finally, the control groups may
not have been appropria te, so that the effect of confounders cannot be ruled out. The reader
is referred also to the monograph on ocupational expsures in paint manufacture and paint-
ing.)

Expsure of volunteers to 2700 mg/m3 of a Stoddard solvent caused eye irtation (Car-

penter et al., 1975b). Opacities in the lens of the eye have been recorded in car painters ex-
posed to a mixure of solvents, including white spirts (Elofsson et al., 1980). Stoddard sol-
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vent irtates the ski and may cause contact dermatitis (Nethercott et al., 1980), and petro-

leum ether applied to the ski mayalso induce severe irtation (Spruit et al., 1970). Solvents
with a high aromatic content are more irtant than those of paraffinic origin in the same
boiling range (Kauder & Bril, 1947).

Volunteer painters expsed to 100 ppm white spirts containing 17% aromatic com-
pounds complained of irtation in the upper airays (Cohr et al., 1980). Aspiration of petro-
leum distilates by fire eaters may induce chemical pneumonitis (Agrawal & Srivastava,
1986).

Petroleum solvents may affect the central nervous system. After acute, intense exp-
sure of 'sniffers', there is first an excitatoiy phase and later a depressive phase (Pockop,
1979). Volunteers exposed to white spirts at 100 ppm for 7 h reported headache, fatigue
and incordination, with dose-associated effects on equilibrium, reaction time, viuo-mo-
toric coordination and memoiy (Cohr et al., 1980). Expsure to 40 mg/m3 white spirts for
0.5 h affected reaction time and short-term memoiy (Gamberale et al., 1975). Nausea, a
sense of intoxication and dizziness have been reported in car painters expsed to white spirts

and other solvents (mainly toluene; Husman, 1980).

Subjective syptoms originating from the central nervous system, such as headache,
fatigue, por concentration, emotional instability, impaired memory and other intellectual
functions, and impaired psychomotor pedormance have been reported in a series of cross-
sectional studies of paint industiy workers, house painters, car painters, shipyard painters
and floorlayers, all of whom had been expsed to a mixure of solvents, including petroleum
solvents (Hänninen et al., 1976; Hane et al., 1977; Elofsson et al., 1980; Husman, 1980; An-
shelm Oison, 1982; Lindström & Wickström, 1983; Cherr et al., 1985; Ekberg et al., 1986).
Some of these are short- or mid-term effects, others are potentially persistent. ln some
studies, dose-response relationships were observed between syptoms and lifetime exp-
sure (duration and intensity) to solvents.

Effects on the peripheral nervous system have been se en in carpainters, house painters
and shipyard painters who were expsed to a mixure of various organic solvents, including
white spirts (Seppäläinen et al., 1978; Elofsson et al., 1980; Husman & Karli, 1980; Cherr et
al., 1985; Askergren et al., 1988). However, in house painters, no such effect was observed
after an average expsure to 40 cm3/m3 white spirts (Seppäläinen & Lindström, 1982).

ln workers expsed to a glue solvent (rubber solvent; CS-C7 aliphatic and alicyclic hy-
drocrbons), indications of slight renal tubular effects were reported (Franchiniet al., 1983).
ln another study of car painters expsed to low levels of white spirts and toluene, no such
effect was observed (Luweiys et al., 1985).

Conficting reports of adverse effects on bloo and bloo':forming organs were re-
ported in house and car painters expsed to white spirts and other solvents (Hane et al.,
1977; Elofsson et al., 1980; Angerer & Wulf, 1985). One case of aplastic anaemia was re-
ported followig expsure to Stoddard solvent (Pger & Peters, 1970).

Sorne indication of effects on muscles (raised serum creatine kiase) has been reported
after short-term expsure of volunteers to white spirts (Miling Pedersen & Cohr, 1984).
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Effects on fertility and pregnancy outcome

Holmberg (1979) reported a case-cntrol study of 120 children with congenital central
nervous system defects and an equal number of matched controls. The cases had been regis-
tered with the Finnish Register of Congenital Malformations between June 1976 and May
1978. Four mothers of the children with central nervous system defects, but no control
mother, reported havig worked with white spirts durig the first triester of pregnancy;
two of them had also been expsed to other solvents, such as toluene and xylene. One con-
trol mother had been expsed to 'mixed aromatic/aliphatic' solvents.

Holmberg et al. (1982) reported a case-cntrol study of 378 children with oral clefts and
an equal number of controls. The cases had been registered with the Finnish Register of
Congenital Malformations between December 1977 and May 1980. Ten mothers of children
with oral clefts and two control mothers reported havig worked with lacquer petrol (i.e.,
white spirts; 85% aliphatics, 15% aromatics) durig the first triester of pregnancy. Four of

these case mothers and one control had also been expsed to toluene, xylene, acetates, alco-
hols, acetone, ethylacetate, dichloromethane, turpentine and fluorotrichloromethane.

(Te Workig Group noted that in these two studies data on expsure were collected
retrospectively, after the malformation had been registered.)

Genetic and related effects

No data were available to the Workig Group.

3.3 Epidemiological studies of carciDogeDicity iD humaDs

The Workig Group chose to address only those papers that specifically reported exp-
sure to 'petroleum solvents', e.g., white spirts, and not those that reported only expsure to
'organic solvents' or to unspeciied solvents. Studies in which expsures to toluene, xylene
or phenol are mentioned are descbed in the monographs on those compounds.

Relationships between cancer excesses and expsure to solvents in the rubber industiy
have been investigated in a number of studies, sorne of which were evaluated previously
(lARC, 1982). Wilcosky et al. (1984) pedormed a case-cntrol study on cases of cancer at five
sites in a cohort of 6678 male, hourly-paid, active and retired rubber workers identified in
196 in the USA (McMichael et al., 1975). Detailed records of potential expsure to 25 spe-
ciic solvents (data are given for only 20 solvents; Wilcosky et al., 1984) were used to classif
jobs, and expsure was evaluated using a set of 70 ocpational titles that covered aIl jobs
entailing the same process and materils. These titles were then grouped into heavy, me-
dium and light expsure to solvents, accrding to asessments by industrial hygienists
(McMichael et al., 1975). ln white males, exsure to 'specilty naphthas' was assoated
with an increased relative rik (RR) for lymphosarcoma (1.4; 6 cases) and for lymphatic leu-
kaemia (2.8; 8 cases), and expsure to 'VM & P naphtha' with increased RRs for prostatic
cancer (1.6; 4 cases) and for lymphatic leukaemi (2.9; 3 cases). (Te Workig Group noted
that the number of cases in each category is small, multiple expsures were evaluated inde-
pendently of other expsures, and none of the asstions is significat.)

Olsson and Brandt (1980) intervewed 25 men aged 205 years admitted consecutively

to the Department of Oncology, University Hospital, Lund, Sweden, with a recent diagnosis
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of Hodgki's disease. Two controls for each case were selected from the computeried
Swedish population register and matched for sex and residence. The cases and controls were
intervewed using a questionnaire, and daily expsure to solvents for at least one year more
than ten years before diagnosis was recorded for all persons. Twelve of the 25 patients with
Hodgki's disease had been expsed ocpationally to organic solvents and six of the 50 con-
trois, givig a RR of 6.6 (95% confidence interval (CI), 1.8-23.8). Two of the cases and none
of the controls had been expsed to white spirts.

Hardell et al. (1984) pedormed a case-cntrol study on 102 deceased cases of priaiy
liver cancer in men aged 25-80 years in Sweden; 83 were hepatocellular carcinoma, 15 cho-
langiocrcinoma, three haemangiosarcomas and one an unspecified sarcoma. For each case,
two controls were drawn from the national population register and were matched for sex,
age, year of death and municipality. Information about various expsures was obtained by
wrttenquestionnaires from a close relative of each case and control. Expsure to organic
solvents for more than one month was stated by 22.4% of the cases with priaiy liver cancer

and by 13.5% of the controls (RR, 1.8; 95% CI, 0.99-3.4). The RR for cases with hepatocellu-
lar carcinoma was 2.1 (95% CI, 1.1-4.0). Most of the cases and controls had been expsed to
various tyes of organic solvents, inc1uding thinners, turpentine and white spirts. (Te

Workig Group noted that no stratified analyses were presented for alcohol consumption
and solvent expsure, although alcohol consumption was assoiated with high risk. i

A case-cntrol study of cancer at many sites was pedormed in Montréal, Canada, to
generate hyptheses on potential ocupational carcinogens (Siemiatycki et al., 1987a,b).
Abut 20 tyes of cancer were inc1uded, and, for each cancer site analysed, controls were
selected from among cases of cancer at other sites. Job histories and inormation on possible
confounders were obtained by intervew from 3726 men aged 35-70 years with cancer diag-
nosed at one of 19 participating hospitals between 1979 and 1985. The respnse rate was
82%. Each job was translated into a series of potential expsures by a team of chemists and
hygienists using a check-list of 30 of the most common ocpational expsures in MontréaL.
Cumulative indices of expsure were estimated for a number of ocupational expsures: ex-

posure below the median was considered to be 'nonsubstantial'and that above the median to
be 'substantial'. Riks assoted with expsure to petroleum-derived liquids were analysed
separtely. A tota of 739 men were classified as havig been potentially expsed to 'minerai

spirts'. The term 'minerai spirts' included white spirts, Stoddard solvent, VM & P naphtha,
rubber solvent, benzine and ligroin (3090% aliphatics, 1-20% aromatics). Those with long
( :; 20 yeas), substantial potential expsure were found to have a RR for squamous-cll can-
cer of the lung of 1.7(90% CI, 1.2-2.3), base on 44 cases, and a RR for prostatic cancer of 1.8

(90% CI, 1.3-2.6), based on 43 caes. Men with 'substntia' expure also had a RR for
Hodgki's lymphoma of 2.0 (90% CI, 1.0-.1), based on 12 cases. There was no increased rik
for cancers of the bladder (1.0; 0.8-1.2; 91 cases) or kidney (1.1; 0.8-1.4; 39 caes) or for non-
Hodgki's lymphoma (0.8; 0.6-1.1; 35 cases). The riks were adjusted for age, sooenomic
status, ethnic group, cigarette smokig and blue-/white-cllar job hitoiy, and for all poten-
tial confounders on which inormation was available. Of the 739 expsed men, 21 % had been
employed in the construction trade, mostly as painters.
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4. Summary of Data Reported and Evaluation

4.1 Exposures

Petroleum solvents are hydrocrbn mixures which can be grouped into three broad
categories on the basis of their boiling ranges and solvent strengths, as follows: special boil.
ing range solvents, boiling range, 3O160°C; white spirts, 130-220°C; and high-boiling aro-
matie solvents, 160300°C. Within these broad solvent categories, individual solvents (tyi-
cally boiling within narrower ranges of 15-30 ° C) are composed of aliphatic, alicyclic and aro-
matic hydrocrbns in vaiyg amounts, depending on refining process and end use. Al.
though the content ofbenzene in petroleum solvents is now generally less than 1 % in nonhy-
drogenated special boiling range solvents and less than 0.1% in other solvents, higher
amounts were commonly present in the pasto

Expsure to petroleum solvents is widespread in manyocupations, including painting,
priting, use of adhesives, rubber processing and degreasing. High expsure levels have
been measured in many of these ocupational envionments.

4.2 Expenmental carcinogenicity data

A single study in rats expsed by inhalation to a high-boiling aromatic solvent was of
insufficient duration to allow an evaluation of carcinogenicity.

4.3 Human carcinogenicity data

ln a single case-cntrol study of cancer at many sites, potentiallong, high exposure to
'minerai spirts' was associated with increased risks for squamous-celliung cancer and pros-
tatic cancer. ln two case-cntrol studies, one of priaiy liver cancer and one of Hodgki's
disease, an association with organic solvents, including white spirts, was seen. The results of

these studies could not be evaluated with regard to petroleum solvents themselves.

4.4 Other relevant data

ln humans, petroleum solvents cause nonallergic contact dermatitis and adverse ef-
fects on the central nervous system.

ln experiental animais, samples of petroleum solvents with a high aromatic content

had greater acute toxicity and were more irtating than those that were viually aromatic-
free. A special boiling range solvent containing n-hexane induced chronic toxicity in the
peripheral nervous system of experiental animais.

ln two studies of malformations in the children of women who had been expsed ta
petroleum solvents durig the first triester of pregnancy, the numbers of cases were small

and the mothers had also been exposed to other substances.
A rubber solvent (special boiling range solvent) induced chromosomal aberrations but

not sister chromatid exchange in cultured human cells. Another special boiling range sol-
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vent did not induce chromosomal aberrations in cultured mammalian cells, gene conversion
in yeast or mutation in bacteri. A sample of white spirts did not induce chromosomal aber-
rations in miee in vivo, sister chromatid exchange in human celIs or mutation in bacteri.
(See Appendix 1.)

4.5 Evaluation 1

There is inadequate evidence for the carcinogenicity of petroleum solvents in humans.
There is inadequate evidence for the carcinogenicity of high-boiling aromatic solvents in

experiental animais.

No data were available on the carcinogenicity of special boiling range solvents or white
spirts in experiental animaIs.

Overall evaluation

Petroleum solvents are not classifiable as to their carcinogenicity to human (Group 3).
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TOLUENE

1. ehemical and Physical Data

1.1 Synonyms

Chem. Abstr. Services Reg. No.: 108-88-3
Chem. Abstr. Name: Methylbenzene
IUP AC Systematic Name: Toluene

Synonym: Methylbenzol; NCI-C07272; phenylmethane; toluol

1.2 Structural and molecular formulae and molecular weight

C7Ha ó MoL. wt: 92.15

1.3 Chemical and physical properties of the pure substance

(a) Description: Clear, colourless, inammable liquid with benzene-like odour
(Sandmeyer, 1981; Windholz, 1983)

(b) Boiling-point: 1l0.6°C (Weast, 1985)

(c) Melting-point: -95°C (Weast, 1985)

(d) Density: 0.869 (20°/4 °C) (Weast, 1985)

(e) Spectroscopy data: Infrared, ultraviolet and nuclear magnetie resonance spectral

data have been reported (Sadtler Research Laboratories, 1980; Pouchert, 1981,

1983, 1985).

if Solubility: Soluble in ethanol, benzene, diethyl ether, acetone, chloroform, gla-

cial acetic acid and carbn disulfide; insoluble in water (Hawley, 1981;

Sandmeyer, 1981; Windholz, 1983; Weast, 1985)

(g) Volatility: Vapour pressure: 28.4 mm Hg at 25°C (Eller, 1984)

(h) Flash-point: 4.4°C (Sandmeyer, 1981)

(i) Reactivity: Quite stable in air (Clement Associates, 1977). Reacts photochemical-
ly with nitrogen oxides or halogens to form nitrotoluene, nitrobenzene and nitro-

-79-
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phenol and halogenated products, respectively (Merian & Zander, 1982; US En-
vironmental Protection Agency, 1983)

(¡) Octanol/water parition coeffcient: log P = 2.11-2.80 (Hansch & Leo, 1979)

(k) Conversion factor: mg/m3 = 3.77 x ppm1

1.4 Technical products and impunties

Trade Names: Antisal la; CP 25; Methacide
Toluene Is marketed pricipally as nitration and industrial grades, its purity being de-

pendent on the specific gravity and boiling range of the product (Hoff, 1983). Reagent-grade
toluene is available with a purity of greater than 99% (Aldrich Chemical Co., 1988). Techni-
cal grades (901200 C boiling range) are less pure and may con tain up to 25% benzene as well
as other hydrocrbons (Clement Associates, 1977; Fishbein, 1985).

2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

Toluene is produced durig petroleum refining operations, directly as a by-product of
styrene manufacture and indirectly as a by-product of coke-oven operations.

It is produced from petroleum as an aromatic mixure with benzene and xylene priari-
Iy by catalytic reforming and pyrolytic crackig. Catalytic reforming processes accunt for
about 87% of the total amount of toluene produced in the USA This process involves dehy-
drogenation of selected petroleum fractions containing abundant naphthenic hydrocrbns
to yield a mixure of aromaties and paraffins. Reforming processes are used to produce a
benzene-toluene-xylene reformate from which the individual aromatics are recovered by
distillation, washing with nitric acid and redistilation. Onlya small fraction of the reformate
is used for isolation of the toluene; the bulk of the unseparated toluene in the reformate is
used for gasoline blending.

The second largest source of toluene is from pyrolysis gasoline, formed as a by-product
durig pyrolytic crackig (steam crackig) of heavier hydrocrbns for the manufacture of
olefins. Toluene is isolated from pyrolysis gasoline by distilation, removal of olefins and di-
olefins and redistilation.

lCacuIated from: mglm3 = (molecIa weihU24.45) x ppm, asumi standard temprature (25'C) an presre (760 mm Hg)
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Toluene is also obtained as a by-product durig styene manufacture when ethylben-
zene is dehydrogenated. The toluene isolated from the by-product is used for gasoline
blending or as feed for benzene manufacture by the hydrodealkylation process. The produc-
tion of toluene from coke-oven operations is minimal (Hoff, 1983).

The amounts of isolated toluene (and of total toluene) produced in these different ways
in the USA in 1978 were as follows: from catalytic reformate, 3.6 (29.5) milion tonnes; from
pyrolysis gasoline, 376.8 (708) thousand tonnes; as a styene by-product, 99.8 (145) thousand
tonnes; and denved from coal, 65.8 (79.5) thousand tonnes. These quantities represent a
total of 4.2 (30) milion tonnes (Fishbein, 1985).

Western Europe and Japan are also major producers of this compound. ln 1980, over
85% of the toluene produced in the world was accunted for by the USA, western Europe
and Japan. ln Japan and western Europe, toluene is produced mainly from pyrolysis gaso-
line. ln all three areas, coke-oven light oil provided less than 10% of the toluene supply in
1980 (Fishbein, 1985).

Data on the production of toluene in the major producing countries are presented in
Thble 1. World production of toluene in 1980 was estimated at more than 5 million tonnes -

approxiately one-third of the amount of benzene produced. However, an additional 30

million tonnes of toluene are consumed annuallyas a constituent of motor fuel (Merian &
Zander, 1982).

Table 1. Annual production data for tolueneB (thousands of tonnes)

Country 1983 1984 1985 1986 1987

Canada 411 395 472 393 396

France 41 39 40 38 33

Germany, Federal Republic of 314 371 391 478 402
1 taly 299 313 348 233 178

Japan 831 784 803 805 882

Mexico 223 216 220 238 313

USA 2560b 2390b 2300b 2640 3050

aprom US International 1fade Commission (1984,1985, 1986); Anon. (1987a, 1988)
bpetroleum-derived, not including tar distilation and coke-oven derived toluene

(b) Use
The largest single use of islated toluene is in the production ofbenzene via the hydro-

demethylation process, in which toluene and hydrogen (a reformate by-procuct) are reacted
under high temperature and pressure to yield benzene and methane (Hoff, 1983). This pro-
cess has been used to balance the supply and demand for benzene (Mannsvle Chemical
Products Corp., 1981).

The second largest use of toluene is in solvent applications, especilly in the paint and
coating industiy. Significant amounts are also used in inks, adhesives, the leather industiy
(lARC, 1981), pharmaceuticals and other formulated products. Solvents accunted for 40%
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or more of the nonfuel use of toluene in Japan and western Europe in 1980. ln the USA in
1981, the use of toluene as a solvent was secnd only to its use in benzene production via
hydrodemethylation and accunted for about 26% of nonfuel consumption (Fishbein, 1985).

lsolated toluene is also used directly in several consumer products, such as sanitizing
agents, household aerosols, paints and varnishes, paint thinners and antirst preservatives

(Fishbein, 1985).

Most of the toluene in the benzene-toluene-xylene mixures, which is never islated
and remains in various refinery streams, is used in gasoline blending. Toluene has several
advantages as a blending agent in gasoline: a high octane number and low volatilty, and it
blends easily with other inexpensive materials such as n-butane, which is highly volatile
(Hoff, 1983). It is anticipated that the use of toluene in unleaded gasolie wil continue to
increase. ln 1985, 73-75% of the gasoline used in the USA was unleaded. By 199, this per-
centage is expected to rie to 95-100% (Mannsvle Chemical Products Corp., 1981). The
toluene concentrations in US gasolines are estimated to range from 5 to 22% (wt%; IARC,
1989).

Toluene is used as an intermediate in the production of toluene diianate for use in

polyurethane production, and of benzoic acid for use in the manufacture of benzoate and
benzyl esters and salts for foo preservatives and cosmetic articles such as soaps, penumes,
flavours, creams and lotions. Catalytic disroportionation of toluene has been used to pro-
duce benzene and paa-xylene, with little or no ethylbenzene or ortho- or meta-xylene. Vi-
nyl toluene, which is produced byalkylation of toluene with ethylene followed by dehydroge-
nation of ethyltoluene, is used as a modifier in unsaturated polyester resins. Other impor-
tant chemical products made from toluene include triitrotoluene and related explosives,
benzaldehyde (an important chemical intermediate) and sacchar (Hoff, 1983; US Envion-
mental Protecion Agency, 1983; Fishbein, 1985). Small amounts of toluene are used for the
manufacture of paa-cesol, which is used priariy for the manufacture of butylated hy-

droxyoluene (US Envionmental Protection Agency, 1983).
ln western Europe, phenol (see monograph, p. 263) is the most importnt derivative of

toluene, followed by toluene diianate and caprolactm. ln Japan, toluene is use pn-
mariy for benzene and paa-cesol production (Fishbein, 1985).

Of the estimated 3.3 milion tonnes of toluene produced in the USA in 1980, 44% was
used to make benzene, 34% to make gasoline, 10% in solvents, 6% to make toluene dnsa-
nate, and 6% for misllaneous use (Mannsvle Chemical Corp., 1981).

(c) Regulatory status an guideline

Occupational expsure limits for toluene in 34 countnes or regions are presented in
Thble 2.

2.2 Occurrence

(a) Natral occurrence

Toluene ocrs in nature in crde oil (US Envionmenta Protecion Agency, 1983),

natural gas deposits and the volatile emisions from volcaoes and forest fires (National Re-
search Counci, 1976).
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Table 2. Occupational exposure limits for toluenea

Country or region Year Concentrationb InterpretationC

( mg/m3)

Australia 1984 380 1WA
Austria 1985 750 1WA
Belgium 1985 375 1WA
Brazil 1985 S 290 1WA
Bulgaria 1984 50 1WA
Commission of the European 1986 375 1WA

Communities 1875 Maxmum
Chile 1985 S 300 1WA
China 1985 100 1WA
Czechoslovakia 1985 200 Average

100 Maxmum
Denmark 1988 S 190 1WA
Egyt 1985 375 (100 ppm 1WA

given)
Finland 1987 S 375 1WA

S 565 STEL (15 min)
France 1986 375 1WA

550 STEL (15 min)
German Democratie Republic 1985 200 1WA

600 STEL
Germany, Federal Republic of 1988 380 1WA
Hungary 1985 100 1WA

500 STEL
India 1985 S 375 1WA

S 560 STEL
Indonesia 1985 375 1WA
Italy 1985 S 300 1WA
Japan 1988 375 1WA
Korea, Republic of 1985 375 1WA

560 STEL
Mexico 1985 S 750 1WA
Netherlands 1986 S 375 1WA
Noiway 1981 280 1WA
Poland 1985 100 1WA
Romania 1985 300 Average

400 Maxmum
Sweden 1987 200 1WA

400 STEL
Switzrland 1985 S 380 1WA
'Tiwan 1985 S 375 1WA
UK 1987 S 375 1WA

S 560 STEL (10 min)
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Table 2 (contd)

ACGIH

Year Concentrationb InterpretationC

(mg/m3)

1988 430 1WA
1986 375 1WA

750 Ceilng
1988 375 1WA

560 STEL (15 min)
1986 50 Ceilng
1985 S 375 1WA

S 560 Ceilng
1985 200 1WA

Country or region

USAd
OSHA
NIOSH

USSR
Venezuela

Yugoslavia

tlrom Direktoratet for AridstiIset (1981); International Labour Office (1984); Arid-

sinspetie (1986); Commission of the European Communities (1986); Institut National de Re-
cherche et de Sécurité (1986); National Institute for Ocupational Safety and Health (1986);
Cok (1987); Health and Safety Executive (1987); National Swedish Bord of Ocupational
Safety and Health (1987); 1Yõsuojeluhalltus (1987); American Conference of Govemmental
Industrial Hygienists (1988); Arjdtilsyet (1988); Deutshe Forshungsgemeinschaft
(1988)
bS, skin notation
9WA, 8-h time-weighted average; STEL, short-term expure limit
tiSHA, Ocupational Safety and Health Administration; NIOSH, National Institute for Oc-
cupational Safety and Health; ACGIH, American Conference ofGovemmental Industrial Hy-
gienists

(b) Occupationa exsure

On the basis of a US National Occupational Expsure Survey, the National Institute
for Occupational Safety and Health (1983) estimated that 1278 () workers were potentially

exposed to toluene in the USA in 1981-83.
Levels of toluene measured in the air in work envionments are summaried in Thble 3.

ln the majority of these envionments, concurrent expsure to other solvents is likely to have
taken place.

Biological monitorig measurements have also been made. Expsures in the manufac-
ture of trapezoid belts resulted in uriaiy hippuric acid concentrations of 2.1 g/l in workers in
the belt department and 9 g/l in those in the weighing room (Capellini & AIessio, 1971).

Exposures to toluene on automatic spray finishing machines in a leather finishing operation
resulted in uriaiy hippuric acid levels ranging from 1.5 to 3.66 g/l, witii an average of 2.38 g/L.
Ali nine samples were taken: at the end of the work shift. Expsures in the washing and top-
ping department in the same plant resulted in uriaiy hippuric acid levels of 2.16-5.85 g/l,
with an average of 4.48 g/l. Concentrations of toluene in a rubber coating plant resulted in

post-shift uriaiy hippuric acid levels of 2.75-6.8 g/l (average, 3.66; Pagnoito & Lieberman,
1967). Post-shift results of biological monitorig of 35 toluene-expsed priting workers
ranged from 0.09 to 3.13 mg/l toluene in bloo (average, 1.55 mg/l), 0.33 to 11.6 g/l hippuric



Table 3 . Occupational exposures to toluene

Environment Sampling4 Concentratio in air Reference

Prinri.. plants

Rotogravure plant (Finland) 8-h 1WA persnal 7-112 ppm (26.4-422 mg/m3) Mäki- Paakkanen
et al. (1980)

Prnting plant (Japan) 8-h 1WA persnal 27.1-53.7 ppm (102-203 mg/m3) Thkunaga et al.

(1974)Prnting plant (Italy) 7-h 1WA persnal 37-229 mg/m3 De Ros et al.

(1985)Heliorotogavure printers (Belgium) Persnal Veulemans et al.
1st prin ter 102-66 7 mg/m3 (1979)
2nd prin ter 120-706 mg/m'

~Helper 81-680 mg/m3 0
Prnting plant (FRG) Area 13-49 ppm (48.9-185 mg/m3) Angerer (1979a)

~Prnting plant (FRG) Area 36-269 ppm (136-1014 ml/m3) Angerer (1985)

~Photogravure printing Area 4-240 ppm (15-905 mg/ml, Iked & Ohtsuji
factories (Japan) average) (1969)

Manufacre of trpezo bets (Italy) Capellni &
Belt department Air, persnal 125 ppm (471 mg/m3, avrage) Alesio (1971)
Weighing room Air 250 ppm (942 mg/ma, average)

Waste incinerato (USA) 8-h 1WA persnal Decker et al.
Incinerator workers 0.19 ppm (0.7 mg/m') (1983)
Laboratoiy technicians 0.09 ppm (0.3 mg/m')
Waste receivers 0.02 ppm (0.1 mg/m')
Unloading tank trucks 0.2 ppm (0.8 mg/m3)
Thnk entiy (outside) 15 ppm (57 mg/m3)
Thnk entiy (inside) 104 ppm (392 mg/ma)

Plastic processinl factor (FRG) 8-h 1WA persnal 191-309 ppm (720-1165 mg/m3, Konietzko et al.
mean) (1980)

00
VI



000\

Table 3 (contd)

Environment Samplinga Concentration in air Reference

Rubbe ty wlcanizati (USA) Area 0.75-1.5 ppm (2.83-5.66 mg/m3) Rappaport &
Fraser (1977)

ùath ßnihin (USA) Short-term area Pagnotto &
Automatic spray finishing 19-85 ppm (71-320 mg/m3) Lieberman (1967)
Wahing and topping 29-195 ppm (109-735 mg/m3)

Labo (USA) ~
Histolog Short-term area 8.9-12.6 ppm (33.6-47.5 mg/m3) Kilburn et al. n

(1985) a=

Histopathology 8-h 1WA personal 2.0-4.2 ppm (7.5-15.8 mg/m3) Roper (1980) 0
Z

Cyopatho!ogy 8-h TWA persona! 0.17-3.15 ppm (0.6-11.8 mg/m3) Roper (1980) 0
Uthpl (Poland)

0

~1968 ND-420 mg/m3 Moszcíski &
1969 ND-580 mg/m3 Lisiewicz (1985) ::v.
1972 ND-30 mg/m3 ~
1976 ND-81 mg/m3 0
1978 ND-93 mg/m3 E

Manufacture of photogaphie albums 1WA persna! 0.9-20.0 mg/m3 Baker & Fannick
a=
tI

(USA) (1983) .s'-
Manufacture of tarpaulins (Fin!and) 8-h 1WA persna! 20-200 ppm (75-750 mg/m3) Tähti et al. (1981)

Fibrus glaswoo plant (USA) 8-h 1WA persna! 22-66 mg/m3 Dement et al.

(1973)

Golf club and baseball bat 8-h 1WA persna! 3-8 ppm (11-30 mg/m3) Rivera & Rostand
manufacturini plant (USA) (1975)

Laminatini kitchen counler and 8-h 1WA persna! 36-253 mg/m3 Apol (1980)
bathroom tops (USA)

Rubbe coatini plant (USA) Short-term area 34-120 ppm (128-452 mg/m3) Pagnotto &

LIeberman (1967)



Table 3 (contd)

Environment SamplingQ Concentration in air Reference

R.b.. sh mamafacre (UK) 1WA persnal 3-280 ppm (11-1050 mg/m3)

Mean, 57 ppm (215 mg/m3)
Campbell et ai.

(1987)

Paet ßoo (FRG) 8-h 1WA persnal Mean, 86.7 mg/m3

(max 750 mg/m3)

15-200 ppm (57-754 mg/m3,

average)

Denkhaus et ai.

(1986)
Sbke (Japan) Matsushita et ai.

(1975)
arA, time-weighted average

i1D, not detected

i-o
E

~

00..
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acid in urie (average, 5.03 g/l), .; 0.1 to 10.6 mg/l ortho-cresol in urie (average, 3.11 mgll)
and 0.1 to 27.1 mg/l phenol in urie (average, 5.29 mg/l; Angerer, 1985). ln workers in a
factoiy in the UK that manufactured rubber sheets used in the priting industiy, bloo tolu-

ene levels were 10-18 llmol (0.9-1.6 mg)/l; pre- and post-shift levels of exhaled toluene
ranged from 320 to 542 nmol (30-50 llg)1l and uriaiy hippuric acid levels were 0.72-1.01
mmol (6693 mg)/mmol creatinine over four years (Campbell et al., 1987). The average con-
centration of toluene in the bloo of parquet fIoorers was 99 llg/l (max, 2550 .lg/l) (Denkhaus
et al., 1986).

Occupational expsure of painters and paint manufacturig workers to toluene is de-
scribed in the monograph on ocupational expsures in paint manufacture and painting (see
p. 329). Occupational expsures to toluene in petroleum refing and in the production and
use of petroleum fuels are described in Volume 45 of the Monographs (IARC, 1989).

(c) Air

Toluene is released into the envionment durig its production, processing (via distila-
tion vents), loading and handling and in transprtation and storage operations.

Merian (1982) estimated worldwide atmospheric emissions of toluene to be 6.2 million
tonnes. Contributions included losses from refineries (40%), automobile exhausts (32%),
solvents (16% ), petroleum losses to the sea (8% ), losses from the chemical industiy (2% ) and
gasoline evaporation (0.8%).

ln the USA, total annual emissions of toluene were estimated to be about 450 thousand
tonnes, 99.3% of whieh was released into the atmosphere and 0.7% into waste waterways

(Clement Assoiates, 1977). The US Envionmental Protection Agency (1983) estimated
that atmospheric emissions of toluene in the USA durig its production in 1979 were 3.0
tonnes/year from catalytic reforming, 0.5 tonnes/year from pyrolytic crackig, 0.1 tonnes/

year as a styene by-product and and 0.2 tonnes/year as a coke oven by-product. ln 1979, US
emissions were estimated to be about 1 milion tonnes, 90% of the loss being due to evapora-
tion of gasoline and automobile exhaust emissions (Fishbein, 1985). ln Japan, 250 and 60
thousand tonnes of toluene were lost to the environment in 1976 and 1974, respectively,

through its use as a solvent in paint and priting ink industries (Merlan & Zander, 1982).
Toluene is transprted rapidly from water (where it has low solubilty) into the atmo-

sphere. Its half-life in water (1 m deep) is about 5 h; that in the atmosphere is 13 h. It is
removed from the atmosphere priariy by reactions with atomic oxygen, aryl- or alkyl-per-
oxy or hydroxyl radicals, and ozone. Because of its rapid oxidation, toluene would not remain
long enough in the atmosphere to be inuenced by air-to-sudace transfer mechanisms (In-
ternational Programme on Chemical Safety, 1985r'

The tropospheric lifetime of toluene is four days, and average worldwide distribution is
approxiately 0.0075 mg/m3 air. Average atmospheric concentrations of 0.005-1.31 mg/
m3 have been measured, with the highest level being 5.5 mg/m3, in studies from Europe,
Canada and the USA, between 1971 and 1980. ln the viciity of ån automobile painting
plant, levels of 0.06.6 mg/m3 were reported 16.5-1.6 kmdowÌwid from the painting faci-
ity, compared with 0.00 mg/m3 upwid (International Programme for Chemical Safety,
1985). Concentrations of 42 mg/m3 were recorded in the air in the vicity of a chemical
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reclamation plant after residents had complained of odour and ilnesses (US Envionmental
Protection Agency, 1983).

Mean atmospheric concentrations of toluene in urban areas around the world in
1971-80 include (in mg/m3): 0.04 in Canada, 0.002-0.2 in the Federal Republic of Germany,
0.03 in Finland, 0.02 in Japan, 0.02-0.07 in the Netherlands, 0.03-0.05 in South Africa, 0.005
in Sweden, 0.04-0.06 in Switzerland and 0.02-0.06 in the UK (Merian & Zander, 1982; US
Envionmental Protection Agency, 1983). De Bortoli et al. (1984) reported 0.007-0.156 mg/
m3 toluene in 15 samples collected in outdoor air in northern Italy. ln the USA, measure-
ments were recorded between 1967 and 1978 for atmospheric concentrations in both urban
and rural sites in five major regions of the countiy. The highest mean concentration was
reported in the eastern region (0.15 mg/m3 in New York and New Jersey), followed by 0.14
mg/m3 in Los Angeles and urban Alabama. Values reported for other regions were much
lower (0.001 and 0.002 mg/m3 in urban Oklahoma and rural AIabama, respectively), and
none was detected in several midwestern states (US Envionmental Protection Agency,
1983). Toluene was also detected in the expired air of individuals from a US urban popula-
tion (mean, 0.0084 mg/m3; Krotoszyski et aL., 1979) and in the interior of cars before (0.5
mg/m3) and after drivig (1.0 mg/m3; Merian & Zander, 1982). A range of 0.02-0.412 mg/m3
was found in 48 samples collected at German traffic intersections (Seifert & Abraham,
1982). Levels of 0.00 mg/m3 toluene were measured in two rural areas in the USA between
1971 and 1978; .c 0.001 mg/m3 was measured in six others (Holzer et al., 1977; Merian &
Zander, 1982; US Envionmental Protection Agency, 1983). Levels of 97-891 mg/m3 were
measured in the smoke of forest fires (Merln & Zander, 1982).

De Bortoli et al. (1984) measured 0.017-0.378 mg/m3 toluene in 14 homes and in one
office building in northern ltaly. LevelsofO.I5-.9 mg/m3 toluene werefound in US homes
polluted with tobacc smoke (US Envionmental Protection Agency, 1983). Toluene has
been detected in tobacc smoke (IARC, 1986). Seifert and Abraham (1982) found an aver-
age concentration of 0.061 mg/m3 (range, 0.017-0.116 mg/m3) in kitchens and other rooms of
15 homes in West Berlin; just outside the walls of these dwellings, the measured concentra-
tions averaged 0.035 mg/m3 (range, 0.016-.06 mg/m3). Mølhave (1979) reported a peak lev-
el of 0.61 mg/m3, based on measurements in 14 rooms in homes in Denmark; and Mølhave
and Møller (1979) reported an average concentration in 39 homes of 0.09 mg/m3.

(d) Water

Drikig-water in Prague, Czechoslovakia, in 1973 contained .c 0.1 J.g/I toluene (Mer-
ian & Zander, 1982), whereas in Toronto, Canada, in 1980 drikig-water contained an aver-

age of 2 J.g/l (compared to .c 1 J.gll before treatment; Otson et al., 1982). Levels of 42-100
J.g/I were reported in well water in the viciity of landfil sites in the USA (US Envionmen-
tal Protection Agency, 1983). The concentration of toluene in rain water in the Federal Re-
public of Germany has been reported to be 0.13-0.70 J.gll (US Envionmental Protection
Agency, 1983; International Programme on Chemical Safety, 1985).

Toluene has been found at concentrations of 1-5 J.g/I in water samples from a number
of rivers in eastern and midwestern USA, with concentrations ranging up to 12 J.g/l in the
Mississippi River near New Orleans. Concentrations of 0.8 J.g/l have been reported inthe
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Rhine River in the Federal Republic of Germany and of 1.9 l.gll in Switzerland (Merin &
Zander, 1982).

Concentrations of 0.005-.376 l.gll (mean, 0.061 l.gll) were reported at several coastal
sites along the Gulf of Mexico (US Envionmental Protection Agency, 1983).

(e) Soit

Toluene exits in an adsorbed state in soil. ln assiciation with clay minerais, its adsorp-
tion is inversely proportional to the pH of the soil. Approxiately 4070% of toluene
applied to the sudace of sandy soils is volatilized. The biodegradation of toluene by mieroor-
ganisms in the soil ranged from 63-86% after 20 days (Wilson et aI., 1981; US Envionmental
Protection Agency, 1983; Wilson et al., 1983).

if Food
The US Envionmental Protection Agency (1983) reported toluene concentrations of

.c 1 mg/kg in 56 of 59 samples of fish tested; one fish had a level of 35 mg/kg toluene. rIt was
not clear to the Workig Group whether these concentrations were found in whole fish or
only in the edible part.)

Toluene was also detected at low concentrations (0.08-.11 mg/kg) in a few samples of
maple syp packaged in plastie containers (Hollifield et al., 1980).

2.3 Analysis

Methods for the analysis of toluene and its metabolites have recently been reviewed
and compiled (Fishbein & O'Neil, 1988) and are summaried in Thble 4. Colorietric detec-

tion systems have been developed for toluene in air (ENMET Corp., undated; Matheson
Gas Products, undated; Roxan, Inc., undated; The Foxbro Co., 1983; Sensidye, 1985; Na-
tional Draeger, Inc., 1987; SKC Inc., 1988).

3. Biological Data Relevant to the Evaluation of

earcinogenic Risk to Humans

3.1 CarciDogeDicity studies iD aDimals1

(a) Oral administration

Rat: Groups of 40 male and 40 female Sprague-Dawley rats, seven weeks old, were
administered 500 mg/kg bw toluene (purity, 98.34%)in olive oil by stomach tube on four to
five days per week for 104 weeks. Groups of 50 males and 50 females :eceived olive oil atone
and served as controls. Ali rats were maintained until death, and the study was terminated at

lThe Working Group was aware of a study in progress by inhalation in mice and rats (lARe, 1988).
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Table 4. Analytical methods for determining toluene and its metabolites iD various
matrices 

a 

Sample Sample Sample preparation Asy Detection Referencematri collection procure limits

Air Pasive sam- Desrb (carbn disul- GC 0.3 mg/m3 Seifert &
pler with fide); injet aliquot xh Abraham (1983)charcol using glas capilary

column

Charcol tube Desrb (carbn disul- GC-FID 0.01 mg/ Elier (1984,or paive fide); injet aliquot; sample 1987)
sampler analy on packed

column

Pasive sam- Desrb (carbn disul- GC-FID 0.2 ppm Otsn et al.
pler with fide); inject aliquot; (0.8 mg/m3) (1983)charcoal analy on packed

column

Water Exract with hexane; in- GC-FID 5 IJglI Otsn &
ject aliquot Willams (1981)

Heat in water bath at GC-MS 1 IJglI Otson et al.
25°C for 1 h; injet (1982)headspace aliquots

Foo Bulk Sparge 10 ml with ni- Headspace 10-275 IJglI Fazio & Sherma
(maple trogen; incuba te 2 h at GC; GC/MS (1987)syp) 90.C; inject 2 ml of ( confirm)

headspace vapours

Soil Wash with distiled wa- GC-FT-IR Not given Gurka &
ter; acidify, steam distil Betowski (1982)
with hexane; remove
hexane layer; dry and
reduce to 1 ml (nitro-
gen)

Automo- lènax GC Desorb thermally into GC-MS Not given Hampton et al.
bile exhaust polymer ad- liquid nitrogen-coled (1982)gas sorbant capilary trap

Alveolar Charcoal Desorb thermally; in- GC-MS Not given Apotoli et al.
air jet into glass column (1982)
Bloo Hepariniz Add redistiled ethyl GC-FID 0.05 IJg/g Oliver (1982)

benzne disslved in
methanol and water;
equilibrate at 60.C for
45 min; remove aliquot
headspace and inject

Hepariniz Purge (nitrogen) at GC-MS -c 1 IJglI Cramer et al.
room temperature; trap (1988)
(Inax TA); desorb
thermally; analy vola-
tiles on column
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Table 4 (contd)

Sam pie
matri

Sample
collection

Sample preparation Asy Detection Reference
procedure limits

Acidify and extract hip- TL-UV 6 J.g Bieniek et al.
puric acid with chloro- (1982)
fonn; separate on TL
(pra-dimethylamino-
benzldehyde for co-
lour development); ex-
tract azlactones with
ethanol; detennine UV
absorbancy

Add soium hydroxide GC-FID 2 J.g/g Miyaura & Isono
and olive oil with inter- (1985)
nal standard (ethylben-
zene); incuba te at 35°C
for 2.5 h; inject aliquot
of headspace vapour

Urine
(hippuric
acid)

Tissue Mince
(muscle,
liver)

aAbbreviations: GC, gas chromatography; FID, flame ioniztion detection; MS, mass spetrometry; Fr-IR,
Fourier transfonn/infrared spetrometry; TL, thin-Iayer chromatography; ~ ultraviolet spectrometry

week 141. At week 141, thymomas were reported in 1137 treated males and 2/40 treated fe-
males compared to 0/45 and 0/49 controls. Other haemolymphoreticular tumours were re-
ported in 2/37 treated males and 5/40 treated females compared to 3/45 and 1149 controls

(denominators are numbers of rats alive in each group at 58 weeks, when the first haemolym-
phoreticular tumour was observed). The authors reported an increase in the total numbers
of animais with malignant tumours (tyes unspecified) at 141 weeks: 18/40 treated males and
21140 treated females compared to 11/45 and 10/49 controls (denominators are numbers of
rats alive in each group at 33 weeks, when the first malignant tumour was observed; Maltoni
et al., 1983, 1985). (The Workig Group noted the incomplete reporting of tumour pathology
in this study and that combining different tyes of tumours is not usually the most appropri-
ate method for evaluating carcinogenicity (lARC, 1980; Montesano et al., 1986).)

(b) Inhalation

Rat: Groups of 120 male and 120 female Fischer 344 rats, about seven weeks of age,
were exposed by inhalation to 0, 30, 100 or 300 ppm (0, 113,377 or 1131 mg/m3) toluene (puri-

ty, ~ 99.98%) for 6 h per day on five days per week for up to 24 months. Interi kils were

made in all groups at six months (five rats), 12 months (five rats) and 18 months (20 rats). Ail
survvig rats were kiled at 24 months; these compried 71 male and 70 female control s, 73
males and 75 females given the low dose, 68 males and 76 females given the mid-dose, and 67
males and 75 females given thehigh dose. No increase in the incidence of tumours was re-

ported in the treated groups (Gibson & Hardisty, 1983). (Te Workig Group noted the
incomplete reporting of data on pathology and that the level of expsure was low.)
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(c) Skin application

Mouse: Toluene was tested as a vehicle control or in combination with various carcino-
gens in a number ofski painting studies in mice. No ski tumour attributable to toluene
alone was observed (poel, 1962; Frei & Kigsley, 1968; Lijinsky & Garcia, 1972; Doak et aL.,
1976; Weiss et al., 1986). (Te Workig Group noted either the small number of animais used
in these exprients and the short duration or incomplete reporting of the studies. J

A group of 50 male C3H/HeJ mice, six to ten weeks of age, received applications of 25
i.iJ (21.7 mg) toluene (purity unspecified) on clipped interscpular ski three tImes a week
until death. Mean survval time was 83 weeks. No ski tumour was reported at termination
of the study (unspecified), and complete histological examination revealed no treatment-re-
lated tumour at other sites (McKee & Lewi, 1987). ln a similar study with 50 C3H/HeJ mice
(mean survval time, 77 weeks), one ski papiloma was found (McKee et aL., 1986).

Seven groups of vehicle controls used for different experients, each consisting of 50

male C3H/HeJ mice, six to eight weeks old, received applications of 50 mg toluene on the
interscpular ski twice a week for 73-120 weeks. Ski tumours (by gross observation J oc-
curred in 3/350 mice (Blackburn et al., 1986).

3.2 Other relevant data

The toxicology of toluene has been reviewed (National Institute for Occupational Safe-
ty and Health, 1973; Cohr & Stokholm, 1979; Benignus, 1981a,b; World Health Organiz-
tion, 1981; International Programme on Chemical Safety, 1985; Anon., 1987b; Low et al.,
1988).

(a) Exrimental systems

(i) Absorption, distribution, exretion an metabolism
When dogs were expsed to 0.4-.6 J.g/ml toluene vapour, 91-94% was taken up in the

lungs (Egle & Gochberg, 1976). Absorption was Cömplete when toluene was given orally to
dogs (Koop & Gehrke, 1925); the bloo level in rats increased more slowly after oral admin-
istration than after inhalation (Pkkö et al., 1977). Absorption through the ski of mice in
vivo was 4.59 J.g/cm2 per hour (Turuta et al., 1987). Toluene penetrated rat ski excised

three days after clipping and depilation with cream at a rate one-tenth that of benzene and
ten times that of ortho-xylene (Turuta, 1982).

When 3H-toluene was given to rats either orally or by inhalation, radioactivity 2 h after
administration was highest in the adipose tissue, followed by the liver, kidneys and brain
(Pkkö et al., 1977). Similar results were obtained after intramusclar injection of (rig-Ia-
belled 14C)toluene to mice (Ogata et al., 1974) and after intraperitoneal injection of (meth-
yl-14C)toluene to mice (Koga, 1978). Levels in the cerebrum, cerebellum and spinal cord
were comparable to those in bloo of rats after intraperitoneal injecion (Savolainen, 1978).
Toluene levels in brain and bloo were linearly related to toluene levels in inhaled air after
rats were expsed to 50, 100, 50 or 100 ppm (189, 377, 1885 or 3770 mg/m3) toluene for 3 h

(Benignus et al., 1984). The toluene concentration was higher in brain than in bloo immedi-
ately after expsure. The decrease after termation of expsure was almost parallel in the
two tissues but slightly faster in brain than in bloo (Benignus et al., 1981). Less than 2%
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radioactivity was excreted in bile within 24 h after intraperitoneal injection of 50 mg/kg bw
(14C)toluene to rats (Abu-EI-Makarem et al., 1967).

When rabbits were given a single oral dose of 350 mg/kg bw toluene, 19% was exhaled
unchanged within 12 h (Smith et al., 1954). ln rats given 3H-toluene orally or by inhalation,
only 1% or less of the initial radioactivity was found in various tissues 24 h after dosing, ex-
cept for white adipose tissue which contained 3.5-5% (Pkkö et al., 1977). Similar results
were obtained in mice (Koga, 1978).

Toluene is excreted into the urie priariy as hippuric acid (after side-chain oxidation

followed by glycine conjugation) and, to a minute extent, as conjugated cresols (after aromat-
ic hydroxylation and sulfation/glucuronidation; International Programme on Chemical Safe-

ty, 1985). Of an orally administered dose of 0.3 g/kg bw given to rabbits, 74% was excreted in
urie as hippuric acid within 24 h (El Masiy et al., 1956). ln rats, 0.04.11 % and 0.4- 1.0% of
an oral dose of 100 mg/kg bw toluene were excreted in urie as ortho-cesol and paa-cresol,

respectively (Bake & Scheline, 1970); the ratio of ortho- and paa-cesol:hippuric acid var-
ied depending on expsure intensity and strain of rats (lnoue et al., 1984).

Intraperitoneal injection of 370 mg/kg bw toluene to rats resulted in decreased hepatic
glutathione levels and increased uriaiy thioether excretion, suggesting the formation of
mercapturic acid(s) as a minor metabolite(s) (van Doorn et al., 1980). Activation of toluene
to covalently binding metabolites has been reported. Wh en (methyI14C)-toluene was incu-
bated with rat liver microsomes in the presence of an NADPH-generating system, part of
the radioactivity remained in microsomal components after extensive extraction with various
solvents and trichloroacetic acid. Treatment with ribonuclease and protease indicated that
the radioactivity bound preferentially to proteins (Pthiratne et al., 1986).

Pregnant C57BI mice were expsed by inalation to 14C-toluene (theoretical concen-
tration, 20 ppm (754 mg/m3)) for 10 min on days 11, 14 or 17 of gestation, and distnbution
of the label was determined 0, 0.5, 1,4 and 24 h after expsure. The label quickly entered the
embiyo, but uptake was low relative to that in maternai tissues. Ail fetal activitywas extract-
able, indicating that no firly bound metabolite was present (Ghantous & Danielson, 1986).

(n) Toxic effects

The oral LD50 of toluene in rats has been reported to be about 5 g/kg bw (range, 2.6-7
g/kg bw) depending on age and strain (Wolf et al., 1956; Kiura et al., 1971; Withey & Hall,
1975). The intraperitoneal LDso was reprted to be about 1.6 g/kg bw in different strains of
rats (Ikeda & Ohtsuji, 1971; Lundbrg et al., 1986) and about 1.2 g/kg bw in mice (Schumacher
& Grandjean, 196). The LC50 in rats expsed for 6 h was 50 () mg/m3 (Cameron et al.,
1938), and that in mice exsed for 7 h was 19950 mg/m3 (Svielyet al., 1943). The estimated
dermal LDso in rabbits was about 12 mg/kg bw (Smyth et al., 1969). Toluene is only slightly to
moderately irtating for ski and eyes of rabbits (Wolf et al., 1956; International Programme
on Chemical Safety, 1985).

Minor weight loss was noted in rats exsed to 50 ppm (190 mg/m3) toluene for 7 h
per day on five days per week for five weeks and in mice exsed to 40 ppm (15 00 mg/m3)
toluene for 3 h per day for ten weeks (Benignus, 1981a).
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Acute inhalation of high concentrations of toluene resulted, depending on species, age
and concentration, in more or less pronounced central nervous system depression (Carpen-
ter et al., 1976). Inhalation of concentrations of 26 ppm (980 mg/m3) for several hours led
to signs of narcotic effects. Inhalation of 12 00 ppm (45 20 mg/m3) for 5 min produced
marked central nervous system depression in mice and rats (Bruckner & Peterson, 1981a,b).

ln rats, subchronic inhalation of toluene (100 ppm (3770 mg/m3), 12 h per day for 16
weeks) resulted in reversible reduction of mixed nerve conduction velocty (Ikeuchi et al.,
1981). Disturbance of circardian rhythm was seen with 40 ppm (1500 mg/m3) 4 h per day
for four weeks (Hisnaga & 1àkeuchi, 1983), and behavioural effects were seen with 40
ppm (1500 mg/m3), 2 h per day for 60 days (Ikeda & Miyake, 1978). Behavioural effects
have been reported at expsures as low as 150 ppm (56 mg/m3) for 30 min in rats (Geller et
al., 1979; Woo et aL., 1983) and 4 mg/m3 for ten days in mice (Horiguchi & Inoue, 1977).
N eurological signs have been recorded in cats expsed to 25 50 mg/m3 for 10 min per day for
40 days (Contreras et al., 1979). Expsure disturbed the turnover of neurotransmitters (do-
pamine, norepinephrie and 5-hydroxyiytamine) in the central nervous system of rats af-
ter expsure to 300375 mg/m3 for one or a few days (Fuxe et al., 1982; Rea et al., 1984).

No significant toxicity (as determined bybloo parameters, uriaiy parameters, organ
weights and histopathological examinations of major organs) was se en after oral administra-
tion of up to 590 mglkg bw toluene to female rats for periods of up to six months (Wolf et al.,
1956) or daily 6-8-h inhalation expsures to concentrations below 40 ppm (150 mg/m3) for
up to 24 months in rats (Jenkis et al., 1970; Gibson & Hardisty, 1983) or for up to 127 days in
dogs (Jenkis et al., 1970; Carpenter et al., 1976) or monkeys (Jenkis et al., 1970).

ln rats expsed to 80 mg/m3 toluene for 8 h per day on six days per week for seven
weeks, lung irtation but no systematic haematological change was noted. Signs of central
nervous system intoxication, incordination and paralysis of the hind legs, and congestive
changes in lung, liver, kidney, heart and spleen were seen in two dogs expsed to toluene
concentrations of 750 mg/m3 th en 10 00 mg/m3 for 8 h per day on six days per week for six
months; both animals.died after 180 days (Fabre et al., 1955).

An increase in the number of kidney casts was noted in rats expsed by inhalation to 750
mg/m3 toluene for 7 h per day on five days per week for five weeks (International Programme
on Chemical Safety, 1985). Hyperaemic glomeruli and albuminuria were reported in two
dogs expsed to 750 mg/m3 then 10 00 mg/m3 for 8 h per day on si days per week for six
months (Fabre et al., 1955).

Changes in the activity of drug-metabolizing enzyes in the liver were reported in rats
expsed to 50 ppm (1875 mg/m3) for 6 h per day for three days (foftgård et al., 1982) and
followig oral administration of 0.7 mllkg bw for two days (Mungikr & Pawar, 1976; Pykkö,
1980). Reduction in boy weight gain and increases in liver weight and in cyochrome P450
and cyochrome bs concentrations, but no toxicity-related specific ultrastructural change in
the liver, were observed in male rats expsed to toluene at 60 mg/m3 for 8 h per day for 

four
weeks and in male and female rats expsed to up to 350 mg/m3 for 8 h per day for six months

(Ungváiy et al., 1980).
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(ii) Effects on reproduction and prenaal toxicity

Toluene (5-100 J.mol (0.5-9.2 mg)/egg) was injected into the air sac of white Leghorn
SK 12 cruck embiyos on day 2 or 6 of incubation; control eggs received an injection of the
vehicle (olive oil). The LDso was reported to be in excess of 100 J.moll egg, although this dose
caused 100% mortlity when given on day 6 (Elovaara et al., 1979).

Toluene was injected into the yolk sac of fresh fertile chicken eggs prior to incubation.
Hatchabilty of the eggs was 85%, 25% and 0 with expsures of 4.3, 8.7 and 17.4 mg/ egg, re-
spectively (McLaughlin et al., 196).

As reported in an abstract, CD-l mice were expsed by gavage to 0.3 (0.27), 0.5 (0.45) or
1.0 ml (0.9 mg)lkg bw toluene in cottonseed oil on days 6-15 of gestation or to 1.0 ml/kg on
days 12-15. No maternai effect was observed in the groups expsed on days 6-15, but signifi-
cant embiyo lethality was se en at all dose levels, and fetal weight was reduced at 0.5 and 1.0
ml/kg hw. Cleft palates were seen at the highest expsure leveL. ln the groups expsed on
days 12-15, only maternai toxicity was se en (Nawrot & Staples, 1979).

ln a teratology sceening assay, two groups of 30 ICR/SIM mice recived 0 or 180 mg/
kg bw per day toluene by oral intubation on days 8-12 of gestation. Dams were allowed to
deliver, and the offsprig were evaluated for growth and vibility in the early neonatal peri-
od. No effect was observed in either the dams or the offsprig (Seidenberg et al., 1986; Sei-
denberg & Becker, 1987). Using the same basic protocl, CD-1 mice received 0 or 2350 mg/

kg bw per day (50 mice per group) or 0 and 300 mglkg bw per day (groups of 46 and 49 mice,
respectively) toluene by oral intubation on days 6-13 of gestation. ln the first experient,

expsure to toluene was lethal to one dam; no control died, and there was no other effect on
dams or offsprig. ln the second experient, 3/49 treated dams died; there was no death in

the control group, and no other sign of toxicity was observed in dams or their offsprig (Har-
din et aL., 1987).

ln four studies, mice were expsed by inhalation to up to 3770 mg/m3 du rig various

periods of gestation. Expsure to 150 mg/m3 resulted in maternai mortlity after continu-
ous (24 h/day) but not after intermittent (7 h/day) expsure. Fetal vibilty was not affected
in any study. Fetal growth retardation was noted in one study at 50 mg/m3 (24 h/day on days
6-13), but not in another at 150 mg/m3 (7 h/day on days 6-16). An increased incidence of
extra ribs was seen at 3770 mg/m3 (6 h/day on days 1-17) but a lower incidence was reported at
150 mg/m3 (7 h/day on days 6-16). No treatment-related malformation was seen in any
study. ln the two studies in which offsprig were followed postnatally after expsure at 3770
mg/m3 for 6 h per day on days 1-17, and 150 mg/m3 for 7 h per day on days 6-16, no effect on
postnatal growth or vibilty was observed (Hudák & Ungváiy, 1978; Shigeta et al., 1982;
Ungváiy & Tátrai, 1985; Courtney et al., 1986). (The Workig Group noted that, on the basis
of a non-dose-related increase in the frequency of enlarged renal pelvi and a decreased
variabilty in nb profile, Courtenay et al. (1986) concluded that toluene was teratogenic to
mice. )

CFY rats were expsed by inhalation to 150 mg/m3 toluene (analytical purity) for 24 h
per day on days 9-14 of gestation (19 rats), to 150mg/m3 on days 1-8 of gestation (nine rats)
or to 100 mg/m3 for 8 h per day on days 1-21 of gestation (ten rats). There were 26 control
females for expsure on days 9-14 and ten control females for the expsures starting on day 1
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of gestation. Expsure to 150 mg/m3 caused mortlity in 2/19 and 5/9 dams in the groups
expsed on days 9-14 and 1-8, respectively; no other maternai effect was reported. Absence
of the tail was reported in 2/213 fetuses expsed on days 9-14 as compared to 0/348 fetuses in
the control group. On skeletal examination of the group expsed on days 9-14, 7/102 treated
fetuses had fused sternebrae and 22/102 had extra ris; the incidences in the control group

were 2/169 and 0/169, respectively. High expsure levels early in development were accm-
panied by lower fetal bo weights at term but no abnormality; the only effect noted follow-
ing expsure to low levels throughout gestation (days 1-21) was an increased incidence of
signs of skeletal retardation (prly ossified sternebrae, bipartite vertebra centra and short-
ened 13th nb). No effect on feta vibilty was noted with any expsure regimen (Hudák &
Ungváiy, 1978).

ln a subsequent study, groups of 22 or 20 CFY rats were expsed by inhalation to air or
to 100 mg/m3 toluene for 24 h per day on days 7-14 of gestation. Animais were kiled on day
21 of pregnancy and the fetuses were examined by routine teratological techniques. No ma-
ternai toxicity was observed in the treated group; an increaed incidence of supernumerary
nbs was the only effect reported (p .( 0.10) in the fetuses (rátrai et al., 1980). (Te Workig
Group noted that it is not clear how the latter data were analysed; it appears that the individ-
ual fetus was used as the unit of comparison. i ln a further study, expsure by inhalation to 0
or 36 mg/m3 toluene (analytical purity) for 24 h per day on days 10-13 of gestation did not
appear to affect fetal development adversely although it did potentiate the maternai and
embiyonic toxic effects of acetylsalicylic acid (Ungváiy et al., 1983).

Groups of 12 female Nya:NYLAR mice were given 0, 16, 80 or 40 mg/l toluene in the
drikig-water from mating throughout gestation and lactation, and the offsprig continued
to receive toluene in the drikig-water from weaning unti the end of testing. Offsprig
were observed for vibility, sudace righting abilty at seven days of age, eye and ear opening
and startle respnse at 13-14 days of age, open field activity at 35 days of age and rotorod
pedormance at 45-55 days of age. No treatment-related effect was observed for fluid con-
sumption, growth, vibilty or apperance of developmentallandmarks. Mice expsed to 40
mg/l displayed decreased habituation in the open field apparatus; a non-dose-related im-
pairent of rotonxI pedormance was also observed (Kostas & Hotchin, 1981).

Rats of an inbred strain (rokai high avoiders) were expsed to 0, 100 or 50 ppm (0, 377
or 1885 mg/m3) toluene for 7 h per day from day 13 of gestation to postnatal day 48. Develop-
mental endpoints examined included age at pinna detachment, the presence of downy fur,
incisor eruption, eye opening, bo weight, a righting reflex and respnses in a rotorod test.
A learning test (Sidman avoidance) was conducted daily for ten days beginning on day 49, 100
or 150. There was no significant diference between the treated groups with respect to acqui-
sition of developmentallandmarks, but boy growth was greater in the group expsed to 100
ppm. Treated male offsprig in both expsure groups were deficient in acquisition of the
learning task at initial, but not later, ages; no consistent effect was noted in the learning be-
haviour of treated female offsprig (Shigeta et al., 1986).

Groups of New Zealand white rabbits were expsed to 0 (60 animais), 50 (ten rabbits)
or 100 (eight rabbits) mg/m3 toluene for 24 h per day on days 7-20 of gestation. Fetuses were
examined by routine teratological techniques on day 30 of gestation. Females that received
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the high dose either died, aborted or had no live fetuses at term. One female in the low-dose
group aborted, but no significant fetal effect was noted (Ungváiy & Tátrai, 1985). (The
Workig Group noted that this paper is a compendium of data on rats, miee and rabbits from
one laboratoiy and presents little detail on experiental results.)

(iv) Genetic and related effects
The genetic and related effects of toluene have been reviewed (Dean, 1978, 1985; Fish-

bein, 1985).

Toluene induced a permanent loss of initiation of DNA replication in Bacillus subtÜis
cells (Winston & Matsushita, 1975). It did not produce differential kiling in DNA repair-
proficient compared to repair-deficient strains of B. subtilis rec + 1- (McCarroll et aL., 1981a)
or Eschenchia coli (McCarroll et al., 1981b). Toluene did not induce SOS activity in Salmonel-
la typhimunum TAI535/pSKl002 (Nakamura et al., 1987) and was not mutagenic to S. typhi-
munum TA1535, TA1537, TA1538, TA98, TAlOO, UT8413 or UT8414 either in the pres-
ence or absence of an exogenous metabolic system from uninduced or Aroclor-induced rat
and Syran hamster livers (Lebowitz et al., 1979 (abstract); Nestmann et al., 1980; Bos et al.,
1981; Spanggord et al., 1982; Haworth et aL., 1983; Connor et al., 1985).

As reported in an abstract, toluene induced chromosomal anaphase alterations in Vicia
faba (Gomez-Aroyo & Vilalobos-Pietrii, 1981).

Toluene induced mitotic arrest (C-mitosis) in embiyos of the grasshopper, Melanoplus
sanguinipes (Liang et aL., 1983). It did not induce sex-linked recessive lethal mutations or
transloctions, but did induce sex-chromosome loss and nondisjunction in male Drosophila

melanogaster at a dose of 1-1.5% toluene administered in foo (Rodriguez Amaiz & Villalo-
bos-Pietrii, 1985a,b). As reported in an abstract, toluene did not induce recessive lethal

mutations in D. melanogaster expsed to 50 and 100 mg/kg for 24 h by feeding (Donner et
al., 1981).

Toluene induced DNA single-strand breaks (as measured by alkaline elution) in pria-
iy cultures of rat hepatoces (Sina et al., 1983), but did not cause DNA damage or repair, as
measured by the 'nick-translation' assay, in cultured human fibroblasts (Snyder & Mathe-
son, 1985). As reported in an abstract, toluene did not induce mutations in mouse lymphoma
L5178Y TK + /- cells in vitro or chromosomal aberrations in rat bone marrow in vivo (Lebo-
witz et al., 1979). It did not induce sister chromatid exchange or chromosomal aberrations in
cultured human lymphoces in vitro (Gerner-Smidt & Friedrich, 1978). (Te Workig
Group noted that the human lymphoces were tested without an exogenous metabolic sys-
tem.)

Toluene was reported to induce chromosomal aberrations in the bone-marrow cells of
male albino rats after chronic inhalation expsure to 5.4 or 50.7 mg/m3 on 4 h per day, five

days a week for four months (Arstovet al., 1981) or after subctaneous injection of 0.8 g/kg
bw (Dobrokhotov, 1972). Chromosomal aberrtions in bone-marrow cells were reported
followig suhcutaneous injection of 1 g/kg bw daily for 12 days to male albino rats (Lyapkalo,
1973). N either micronuclei nor chromosomal aberrations were observed in male and female
CD-l. mice administered two doses of 1720 mg/kg bw toluene (99% pure) at a 24-h interval
by oral gavage (Gad-EI-Kari et al., 1984). Increases in the frequency of IDicronuclei and of
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chromosomal aberrations in rat bone-marrow cells were reported after two intraperitoneal
injections of 217 mg/kg bw and 435 mglkg bw (Roh et al., 1987).

Toluene induced micronuclei in bone-marrow polychromatic eiyhroces of male

NMRI and B6C3Fl mice after two intraperitoneal doses of 0.12-0.5 ml/kg bw (0.1-0.44 mg/
kg) at a 24-h interval (Mohtashamipur et al., 1985). Pretreatment of male NMRI miee with
inducers (phenobarbital, Aroclor 1254, 3-methylcholanthrene) or inhibitors (metyapone,
a-naphthoflavone) of cyochrome P450 enhanced the frequency of micronuclei induced by
toluene, while simultaneous injections of toluene and inhibitors decreased the observed
clastogenic activities (Mohtashamipur et al., 1987).

Toluene and benzene administered concurrently were reported to have an additive ef-
fect on induction of chromosomal aberrations (Dobrokhotov, 1972; Dobrokhotov & En-
ikeev, 1977). Toluene reduced the number of sister chromatid exchanges induced by ben-
zene when both compounds were administered intraperitoneally to DBA/2 mice (fce et al.,
1982) and reduced the clastogenic activity of benzene when the two compounds were simul-
taneously administered orally to CD-1 mice (Gad-EI-Kari et al., 1984), intraperitoneally
to Sprague-Dawley rats (Roh et al., 1987) or subcutaneously to NMRI mice (Ilmek et al.,
1982).

As reported in an abstract, expsure of male rats by inhalation to 300 ppm (1130 mg/m3)
toluene for 6 h per day on five days per week for 15 weeks did not induce chromosomal aber-
rations in bone-marrow cells (Donner et al., 1981). As reported in an abstract, oral adminis-
tration of toluene did not induce chromosomal aberrtions in bone-marrow cells or domi-
nant lethal mutations in random-bred male SHR mice (Feldt et al., 1985).

As reported in an abstract, toluene did not inhibit intracellular communication (as
meaured by metabolic coperation) in Chinese hamster V79 cells (Awogi et al., 1986).

Toluene did not enhance morphological transformation of Syrn hamster embiyo cells
by the SA7 adenovis (Casto, 1981).

It did not induce sperm-head abnormalities in mice (fopham, 1980).

(b) Huma
(i) Absorption, distriution, exretion an metabolism

Inhalation is a major route of human expsure to toluene, although ski absorption
may ocur in ocpational settings. An average lung uptake of 53.3% was obtained durig

expsure of volunteers to 271-1177 mg/m3 toluene for 5 h (Srbvá & Teisinger, 1952). Simi-
lar results were obtained in later studies: e.g., 57-72% (Potrowski, 1967),53% (Nomiyama &
Nomiyama, 1974) and 3050% (Carlssn, 1982) lung uptake. When volunteers immersed
their hands in liquid toluene, ski penetration took place at a rate of 14-23 mg/cm2 per hour
(Dutkiewicz & Tyras, 196). (Te Workig Group noted that the absorbed amount of tolu-
ene was calculated as the difference between the applied and the remaining amount of tolu-
ene, and therefore, the absorption rate may be overestimated.) Immersion of one hand in
liquid toluene for 30 min resulted in a bloo level (taken from the unexpsed arm) of toluene
twce as high as that after inalation of 100 ppm (377 mg/m3) for 4 h (Sato & Nakajima, 1978),
indicating that both respirtoiy and percutaneous absorption are importnt. Toluene was
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detected in exhaled air after whole-boy ski expsure (with no inhalation) to 60 ppm (226
mg/m3) toluene for 3.5 h (Riiimäki & Pfåffli, 1978).

After expsure of volunteers to 100 ppm (377 mg/m3) toluene for 2 h, the fall in the
concentration of toluene in bloo paralleled that in exhaled air. The decay curve consisted of

three components with half -times of 1.7, 30 and 180 min (calculated by the Workig Group)
for the initiaiS min, 5-120 min and 180300 min, respectively (Sato & Fujiwara, 1972). The
biological half-time for the excretion of uriaiy metabolites among toluene workers was
about 7.5 h (fokunaga et al., 1974). A shorter half-time was observed after expsure of vol-
unteers (Baelum et al., 1987). The half -time of toluene in adipose tissue of expsed workers
was 0.5-2.7 days (Carlsson & Ljungquist, 1982). Toluene was present in the bloo of priters

several days after the end of expsure (Nise & 0rbaek, 1988).

Most (e.g., 68% (Ogata et al., 1970)) of the toluene absorbed undergoes side-chain oxi-
dation followed by glycine conjugation and is excreted in the urie as hippuric acid. ortho-,

meta- and para-Cresols were also identified as minor metabolites of toluene (Angerer, 1979;
Woiwode et al., 1979; Woiwode & Diysch, 1981). ortho-Cresollevels are about 1/100 of
hippuric acid levels in the urie of workers expsed to toluene (Hasegawa et al., 1983; Inoue
et al., 1986). The toluene level in bloo is closely related to the level in alveolar air; the con-
centration of metabolites in urie is correlated with both, but less closely (Brugnone et al.,
1976).

Levels of hippuric acid, and to a lesser extent ortho-cresol, in urie have been studied
intensively as indicators of expsure to (De Rosa et al., 1987), and their validity has been es-
tablished (Pgnotto & Lieberman, 1967; Ikeda & Ohtsuji, 1969; Capellini & AIessio, 1971;
Pfåffli et al., 1979; Bergert et al., 1980; AIessio et al., 1981; Hasegawa et al., 1983; De Rosa et
al., 1985, 1987). Metabolite levels in urie samples collected near the end of a workig day
shift (AIessio et al., 1981; Hasegawa et al., 1983; De Rosa et al., 1985) correlated best with the
time-weighted average expsure to toluene; toluene accumula tes in the boy towards the
end of a workig week (Konietzko et al., 1980) as a reflection of its biological half -time (Toku-
naga et al., 1974). Levels of toluene in the bloo have also been used since these are low
among nonexpsed subjects (Szadkowskiet al., 1973). The biological monitorig of expsure
to toluene has been reviewed (Luwerys, 1983).

No significant change in toluene metabolism is induced by expsure to toluene under
usual ocupational conditions (Wallért, 1986). Simultaneous expsure to other solvents,
such as benzene, is known to suppress toluene metabolism (lnoue et al., 1988). Toluene me-
tabolism may differ among populations (lnoue et al., 1986).

When a large dose of ethanol was taken in combination with expsure to toluene, tolu-
ene metabolim was inhibited due to metabolic competition between the two chemicals.
Bloo toluene levels were lower in workers who drank regularly, indicating induction of tol-
uene metabolism by continued ethanol intake-induce metabolism (Waldron et al., 1983). A
more rapid apparent clearance of toluene from the bloo was seen in smokers compared to
nonsmokers ocpationally expsed to toluene (Wallén, 1986).
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(ü) Toxic effects

Subjects who intentionally abuse toluene and workers expsed ocupationally (mainly
priters and painters) are generally also expsed to other organic solvents (International

Programme on Chemical Safety, 1985). Metabolic and toxic interactions between toluene
and other solvents may enhance or reduce any adverse effect (Swedish Criteria Group for
Occupational Standards, 1985).

Slight hypsmia has been noted in priters (Baelum et al., 1982). Moderate and tran-
sient effects on the eye (conjunctival irtation and corneal damage) ocurred in workers
splashed with liquid toluene (Grant, 1962). Eye and upper airay irtation ocurred after a

6.5-h expsure to an air level of 100 ppm (377 mg/m3) toluene (Baelum et aL., 1985), and
lachiyation was seen at 150 mg/m3 (International Programme on Chemical Safety, 1985).
An obstructive ventilatoiy pattern has been recorded in inhalation abusers of spray paint
containing toluene (Reyes de la Rocha et al., 1987). Prolonged expsure of the ski to tolu-

ene may cause contact dermatitis (Matsushita et al., 1975).
Volunteers expsed to 100 ppm (377 mg/m3) toluene for 6 h per day for four days suf-

fered from subjective complaints of headache, dizziness and a sensation of intoxication
(Andersen et al., 1983). ln subjects expsed to 750 mg/m3 for 8 h, fatigue, muscular weak-
ness, confusion, impaired cordination, enlarged pupils and accmmodation disturbances
were experienced; at about 30 mg/m3, severe fatigue, pronounced nausea, mental confu-
sion, considerable incordination with staggerig gait and strongly affected pupilaiy light
reflexes were observed. After expsure at the high level, muscular fatigue, nervousness and
insomnia lasted for several days (International Programme for Chemical Safety, 1985).
Heavy accidental exposure leads to coma (Longley et aL., 1967; Grifithset al., 1972; Bakison
& Jones, 1985).

Similar effects have been observed in cross-sectional studies of workers, including
painters (see also the monograph on ocupational expsures in paint manufacture and paint-
ing) exposed to corresponding or lower levels of toluene (Wilson, 1943; Matsushita et al.,
1975; Elofsson et al., 1980; Husman, 1980; Baelum et al., 1982; Winchester & Madjar, 1986).

(Te Working Group noted that there is probably confounding by other agents.)
Initial signs and syptoms of central nervous system effects with an excitatoiy stage,

followed by central nervous system depression, ataxa, depressed consciousness and coma
have also been observed in glue sniffers, who may be expsed to very high levels of toluene
(Streicher et al., 1981). Generally, these signs and syptoms are reversible (Benignus,
1981a); however, prolonged glue sniffing (two years or more) may result in permanent ence-
phalopathy (Malm & Lyig- Thnell, 1980; Kig et al., 1981; Schiker et al., 1982; Fornazzari et
al., 1983). ln particular, cerebellar signs have been reported (Fornazzariet al., 1983). Effects
on the peripheral nervous system have also been observed in 'sniffers' (Korobki et aL., 1975).

(The Workig Group noted that the relationship with toluene is severely confounded by con-
comitant exposure to other solvents (including alcohol) and drugs with known neurotoxicity
(e.g., sedatives and neuroleptics).)

ln volunteers exposed to 300 ppm (1130 mg/m3) toluene for a few hours, impairent of

simple reaction times was observed (Gamberale & Hultengren, 1972; Winneke, 1982),
whereas 300375 mg/m3 caused no such effect (Andersen et al., 1983; Dick et al., 1984;
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Anshelm Oison et al., 1985; Iregren, 1986). Disturbances of psychomotor pedormance have
been noted in cross-sectional studies of car and industrial painters expsed to a mixure of
solvents including toluene (Hänninen et aL., 1976; Elofsson et al., 1980; Biscldi et al., 1981;
Winchester & Madjar, 1986; see also the monograph on ocupational expsures in paint
manufacture and painting). Changes in short-term memoiy, in other intellectual functions
and in moo have also been reported in painters expsed to a mixure of solvents containing
toluene (Hänninen et al., 1976; Elofssn et al., 1980; Winchester & Madjar, 1986). However,
the data are not consistent: in one study of toluene-expsed factoiy workers, there was no
such effect (Cherr et al., 1985). Neurobehavioural effects have also been found in subjects
mostly expsed to toluene, such as in the priting industiy (lregren, 1986; Hänninen et al.,
1987), at levels of 300 mg/m3 (Iregren, 1986). However, in one study of priters, no such
effect was observed (Struwe & Wennberg, 1983). (Te Workig Group noted that tests have
usually been pedormed within 24 h after the last expsure, so it cannot be determined if the
effects are of short duration or may be prolonged).

After three days of intense expsure (in sorne cases to the point of unconsciousness) to
a mixure containing toluene, workers in a factoiy suffered memory disturbances that contin-
ued for months (Stolleiy & Flindt, 1988). ln one study, there were indications of dyschroma-
lopsia in priters expsed to a mixure of solvents, including toluene (Mergler et al., 1988).

Further indications of effects on the central and peripheral nervous systems, have been
reported in car and industril painters (Seppäläinen et al., 1978; Elofsson et al., 1980; Hus-
man & Karli, 1980) and other workers (friebig et al., 1983) expsed to mixures of solvents,
including toluene (see also the monograph on ocupational expsures in paint manufacture
and painting). ln a study of toluene workers (Cherr et al., 1985) and in priters expsed
almost exclusively to toluene (Struwe & Wennberg, 1983; Antti-Poik et al., 1985), no effect
on the peripheral nervous system was observed.

'Sniffers' (Bennett & Forman, 1980; Kroeger et al., 1980; Moss et al., 1980; Voigts &
Kaufman, 1983; Batlle et al., 1988) and workers expsed accidentally to toluene (Reisin et al.,
1975) have been reported to develop both renal tubular damage (e.g., acidosis) and signs of
glomerular damage, with haematuri, pyuri and proteinuri (Voigts & Kaufman, 1983).

However, severe toluene poisoning has been reported without kidney disease (Brugnone &
Perbellini, 1985), and, in a study of industril spray painters expsed to a mixure of solvents
containing toluene, there was no indication of kidney disease (Greenburg et al., 1942). Later
reports of workers (mostly painters but also a series of reports that included photogravure
workers) expsed to toluene have indicated slight adverse effects on the kidney (Askergren,
1981; Askergren et al., 1981a,b,c; Franchini et al., 1983), although another study showed no
effect (Luweiys et al., 1985; see also the monographs on sorne petroleum solvents and on
ocupational expsures in paint manufacture and painting).

Transient effects on the liver have been reported in a few 'sniffers' (Fomaziari et al.,
1983; Suzuki et al., 1983); however, no disernable effect was observed in two subjects in
coma followig acute toluene intoxication (Brugnone & Perbellini, 1985). Slight effects on
the liver have been noted in toluene-expsed workers (Greenburg et al., 1942), including
priting workers (Szadkowski et al., 1976) and workers using tolueì1e-based glues (Shiojima
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et al., 1983), but not among other priters and painters expsed to toluene (Kurppa &
Husman, 1982; Waldron et al., 1982; Lundberg & Håkansson, 1985; Boewer et al., 1988).

ln one proportionate mortlity study (Pganini-Hil et al., 1980) and in one cohort study
(Loyd et al., 1977) of priters, who may be expsed to toluene, there was an excess of liver
cirhosis. (Te Workig Group noted that the effect cannnot be ascbed with certinty to
toluene, since expsure to many other agents had ocurred.)

Some early studies (Wilson, 1943; Gattner & May, 1963; Klavis & Wile, 1967) related
major myelotoxic effects (leukopenia, anaemia, thromboopenia and bone-marrow
changes) to expsure to toluene, which were generally assoiated with benzene contamina-
tion of the toluene. Other cross-sectional studies (Bänfer, 1961; Tähti et al., 1981) have dis-
played no such effect. Sorne recent studies have shown slightly increased haemoglobin lev-
els (Elofsson et al., 1980) and thromOOopenia (Bevig et al., 1983, 1984) in car painters and
workers in paint manufacture expsed to toluene, among other chemicals. Minor changesin
white bloo cells have also been reported followig expsure to toluene (Fnborská, 1973;

Matsushita et al., 1975).

ln human volunteers expsed to 20 ppm (750 mg/m3) toluene for 6 h per day for two
days, the heart rate was increased significantly (Suzuki, 1973).

(ii) Effects on ferti/ty an on pregn outcome
ln the study of Holmberg (1979), descbed in the monograph on some petroleum sol-

vents, three mothers of children with central nervous system defects, but no control mother,
reported havig worked with toluene du rig the first triester of pregnancy. Two of the

mothers of cases had also been expsed to other solvents. ln the study of Holmberg et al.
(1982), described in the monograph on sorne petroleum solvents, three mothers of children
with oral clefts but no control mother reported havig worked with toluene durig the first
triester of pregnancy. Ail three had also been expsed to other solvents.

Ericson et al. (1984) linked records of female laboratoiy workers from the 1975 Swedish
census to maternity records for 1976. Among the 1161 birh records identified in the labora-
toiy workers, 44 (3.5%) of the children were either born dead or had a significant malforma-
tion. Among the 98354 deliveries in Sweden durig the same year, 250 (2.6%) had a similar
outcome. A case-cntrol study of 26 of the children who had died within seven days or who
had severe malformations and of 50 con trois chosen from among children of laboratory
workers was then pedormed. Expsure to toluene was similar in mothers of cases (8%) and
of con trois (8%); they had also been expsed to many solvents and other substances.

Axelsson et al. (1984) studied the outcome of pregnancy for 745 women born in 1935 and
later, who had been engaged in laboratoiy work at the University of Gothenberg, Sweden,
between 1968 and 1979. Data on outcome of pregnancy was obtained by postal survey and
from the Medical Birh Register and the Register of Congenital Malformations in Sweden;
data on expsure to specific substances were obtained by questionnaire. Toluene expsure
durg the first triester of pregnancy was reported by 140 women, 17 of whom (10.2%) had

had a spontaneous abortion. This compares with spontaneous ahortion rates of 11.5%
among women who had not worked in a laboratoiy durig the first triester and 9.0% among
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women who had worked in a laboratory but not with solvents durig the first triester.
Cases and con trois had been expsed to many solvents and other substances.

Thskien et al. (1986) studied the histoiy of spontaneous abortions in women employed
in eight Finnish pharmaceutical factories in 1973-80. The identity numbers of the women
were linked to the nationwide hospital discharge data for 1973-81; 1795 pregnancies were
thus identified, 142 of which were spontaneous abortions. A case-cntrol study was carred
out on women with spontaneous abortions who had been employed durig the first triester

and three age-matched controls. Toluene expsure durig the first triester was reported by
factoiy physicians for seven of 38 (18%) cases, compared with 14 of 119 (12%) controls. The
corresponding overall relative risk (RR) was 1.6 (95% confidence interval (CI), 0.6-.5); for

those exposed less than once a week, the RR was 1.2 (0.2-6.9), and for those expsed more
than once a week, the RR was 1.9 (0.6-.4). Cases and controls had had expsure to many
sol vents and other substances.

McDonald et al. (1987) compared the chemical expsures of 301 women who had given
birh to a child with a severe malformation to that of 301 controls, matched by hospital, gra-
vidity, educationallevel, maternai age and date of deliveiy. Cases and controls were re-
stricted to women who had given birh in Montréal in 1982-84 and who had worked for at
least 30 h per week durig the first 12 weeks of pregnancy. Chemical expsure was assessed
by visiting the workplace or by telephone intervew with the employer. Overall chemical
exposure was assessed to have been more frequent in cases (21%) than in controls (16%).
Wh en the solvents were divided into nine chemical categories and the malformation into six
anatomical sites, the strongest association was between aromatic solvents and uriaiy tract
abnormalities (nine expsed cases, six of which were hypspadias, versus no expsed control).
Six of the nine cases were assessed to have been expsed to toluene.

(iv) Genetic and related effects
No significant difference in the frequency of chromosomal changes was observed in

peripheral bloo lymphoces of 24 workers (aged 29-6) at a rotogravure plant in Italy who
were expsed to toluene (mean value, around 20 ppm (750 mg/m3)) for three to 15 years
compared with 24 controls matched for age and sex (Forni et al., 1971). (Te Workig Group
noted that smokig habits were not considered.)

An excess of chromosomal aberrations (chromatid and ishromatid breaks) was re-

ported in the lymphoces of 14 Swedish workers (aged 23-54) expsed only to toluene for
1.5-26 years (average level, 10020 ppm (377-750 mg/m3)) in a rotogravure priting factoiy
in comparison with 49 unexpsed workers (Funes-Cravioto et al., 1977). (Te Workig
Group noted that smokig habits were not considered, and details of controls were not giv-
en.)

No increase in the frequency of chromosomal aberrtions or sister chromatid exchange
was found in the peripheral bloo lymphoces of 32 rotogravure workers in Finland (aged
21-50) expsed to toluene (7-112 ppm) for three to 35 years compared to 15 unexpsed sub-
jects (Mäki-Pakknen et al., 1980). No increase in the frequency of sister chromatid ex-
changes was observed in seven workers in the Swedish paint industry expsed to various sol-
vents, including more than 100 mg/m3 toluene (Haglund et al., 1980; see also the monograph
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on ocupational expsures in paint manufacture and painting). (The Workig Group noted
the small number of workers studied.)

Increases in the frequency of sister chromatid exchange, chromatid breaks, chromatid
exchanges and gaps were reported in the peripherallymphoces of 20 workers (aged 32-6)
at a rotogravure plant in the Federal Republic of Germany who had been expsed to toluene
(20300 ppm (7501130 mg/m3)) for more than 16 years, compared to 24 matched con trois
(Bauchinger et al., 1982). ln an abstract, a syergistic effect of smokig and expsure to tolu-
ene on the frequency of sister chromatid exchange was also reported (Bauchinger et al.,
1983). ln the same plant, a higher incidence of chromatid-tye aberrations than in con trois
was observed up to two years after cessation of expsure to toluene; longer after expsure,

the aberration yields reached background level (Schmid et al., 1985).
The frequency of chromosomal aberrations in 20 employees at a rotogravure plant ex-

posed mainly to toluene in various priting inks was no different from that in 23 control
workers; an increased frequency was observed in smokers in both groups (pelclová et al.,
1987).

3.3 Epidemiological studies of carcinogenicity iD humans

ln each of the studies described below, expsures were mixed and overlapping, and
these studies are cited in several monographs.

Olsson and Brandt (1980) pedormed a study on solvent expsure among 25 cases of
Hodgki's disease and 50 controls in Sweden (see the monograph on some petroleum sol-
vents). Expsure to toluene was mentioned by six cases and three controls. Ail exposed
cases and con trois were expsed to other solvents.

Austin and Schnatter (1983) pedormed a case-cntrol study on 21 deceased brain tu-
mour patients and two control groups (80 employees in each) from a cohort of employees at a
US petrochemical plant, investigating 37 chemicals. Expsure to 12 of these chemicals was
more frequent among cases than controls, but toluene was not among the se.

Wilcosky et al. (1984) pedormed a case-cntrol study of rubber workers in the USA,
descbed in detail in the monograph on some petroleum solvents. Expsure to toluene was
assoiated with an increased rik for prostatic cancer (relative rik (RR), 2.6; three cases) and
lymphatic leukaemia (3.0; two cases). Exsure to 'solvent it (a proprietaiy mixure contain-

ing mostly toluene) was assoted with increased RRs for stomach cancer (1.4; 15 cases),
lymphosarcoma (2.6; six cases) and lymphatic leukaemia (2.8; seven cases). (The Workig
Group noted that the number of cases in each categoiy is small, multiple expsures were
evaluated independently of other expsures, and none of the assoiations is significant.)

Carpenter et al. (1988) evaluated the possible assotion with expure to 26 chemitals
or chemical groups in 89 cases of priaiy cancers of the central nervous system and 356

matched controls in cohorts of workers at two US nuclear faciities. Toluene, xylene (see
monograph,. p. 125) and methyl ethyl ketone were evaluated as one chemical group; the

matched RR was 2.0 (28 cases; 95% Ci, 0.7-5.5) in comparin with nonexpsed workers.
AImost all cases had had low expsure accrding to the classification used. The authors re-

ported that the RRs were adjusted for internai and external expsure to radiation. fle

kajo
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Workig Group noted that no separate analysis was reported for the three solvents, norwere
expsure levels quantified, and that there were many concurrent expsures. i

4. Summary of Data Reported and Evaluation

4.1 Exposures

Toluene is a major industril chemical derived mainly from petroleum refining. Major
uses of toluene are in the production of benzene and as a solvent in paints, inks and adhe-
sives. Toluene-cntaining petroleum distilates are extensively and increasingly used in gas-
oline blending. Toluene is ubiquitous in the envionment and is present at high levels in
many ocupational settings.

4.2 Experimental carcinogenicity data

Toluene was tested for carcinogenicity in one stra of rats by gastric intubation at one
dose level and in one strain of rats by inhalation. These studies were inadequate for evalua-
tion. Toluene was used as a vehicle control in a number of ski painting studies. Sorne of
the se studies were inadequate for evaluation; in others, repeated application of toluene to
the ski of mice did not result inan increased incidence of ski tumours.

4.3 "uman carcinogenicity data

Toluene was mentioned as an expsure in four case-cntrol studies involvig several
anatomical sites of cancer. The results could not be evaluated with regard to toluene itself.

4.4 Other relevant data

ln humans, prolonged ski contact with toluene may cause nonallergic contact derma-
titis. Exsure to toluene also causes nervous system syptoms and signs. Excessive exp-
sure to toluene may cause adverse effects on the kidney and liver.

Adverse effects on the nervous system have been observed in experiental animais.

ln the available studies on spntaneous abortion, periatal mortity and congenital
malformations in humans, the numbers of cases were small and the mothers had also been
expsed to other substances.

Embiyotoxicity has been seen in some studies in mire and rats but not in rabbits. Em-
biyotoxic effects generally ocrred concurrently with maternai toxicity.

Increased frequencies of sister chromatid exchange and chromosomal aberrations in
peripheral lymphoces were observec in one study of workers expse to toluene but not in
two studies of chromosomal aberrtions, one of sister chromatid exchange and one in which
both effects were investigated. These studies are inconclusive with regard to expsure to
toluene.
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Toluene induced chromosomal aberrtions in rats and micronuclei in mice and rats.
Sister chromatid exchange and chromosomal aberrations were not induced in cultured hu-
man lymphoces, in the absence of an exogenous metabolic system. Toluene did not induce
morphological transformation in cultured animal cells. Toluene induced DNA damage in
cultured animal cells. It did not induce mutation or chromosomal aberrations but-induced
aneuploidy in Drosophila. It did not induce DNA damage or mutation in bacteria. (See Ap-
pendix 1.)

4.5 Evaluation 1

There is inadequate evdence for the carcinogenicity of toluene in humans.
There is inadequate evidence for the carciogenicity of toluene in experiental animais.

Overall evaluation
Toluene is not classifiable as to its carcinogenicity to humans (Group 3).
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XYENE

1. ehemical and Physical Data

1.1 Synonyms

Chem. Abstr. Services Reg. Nos: 1330-20-7 (xylene)

95-47-6 (ortho-xylene)
108-38-3 (meta-xylene)
1062-3 (para-xylene)

Chem. Abstr. Names: 1,2-Dimethylbenzene
1,3-Dimethylbenzene
1,4- Dimethylbenzene

¡UPAC Systematic Name: Xylene (ortho-, meta-, para-)
Synonym: ortho-Xylene: ortho-Dimethylbenzene; ortho-methyltoluene; 2-methyl-
toluene; 1,2-xylene; ortho-xylol
meta-Xylene: meta-Dimethylbenzene; meta-methyltoluene; 3-methyltoluene; 1,3-xy-
lene; meta-xylol
para-Xylene: para-Dimethylbenzene, para-methyltoluene; 4-methyltoluene; 1,4-xy-
lene; para-xylol

1.2 Structural and molecular formulae and molecular weight

CaH10
&CH3 &

CH3

MoL. wt: 106.18

ortho-xylene meta-xylene

CH3

para-xylene

-125-
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1.3 Chemical and physical properties of the pure substances

Table 1. Chemical and physical properties of the pure isomers

Propert Referenceonho-Xylene meta-Xylene para-Xylene

Description

Boiling point
Cc)
Melting-point
Cc)
Density

Refractive index

Spectroscopy data

Solubility

Volatility (vapour
pressure, mm)

Flash-point Cc)

Octanol/water par-
tition coefficient
(log P)

Conversion factor

Reactivity

Clear, colorles Iiquid Crytallne solid

138.3
27.2 at 10 mm Hg

13.3

Windholz (1983)

Weast (1985)

Weast (1985)

0.8802 at 20. /4.C

1.5055 at 20'C

0.8642 at 20" /4.C

1.4972 at 20. C

0.8611 at 20" /4.C Weast (1985)

1.4958 at 20"C Weast (1985)

Sadtler Research
Laboratories (1980);

Pouchert (1981,
1983, 1985)

Weast (1985)

Sandmeyer (1981)

Sandmeyer (1981)

Hansch & Leo
(1979)

Hansh & Leo

(1979)

144.4
32 at 10 mm Hg

-25.2

139.1
28.1 at 10 mm Hg

-47.9

acalculated from mg/m3 = (molecular weight/24.45) X ppm, assuming standard temperature (25 . C) and pres-
sure (760 mm Hg)

Infrared, ultraviolet and nuclear magne tic resonance spetral
data have been reported

Soluble in ethanol, diethyl ether, acetone, benzne; insoluble in
water

6.8 at 25.C 8.3 at 25.C 8.9 at 25.C

1.4 Technical products and impurities

Trade Nam: Chromar; Dilan; Scintilar
Xylene is marketed pricipally as a mixure of ortho, meta and para isomers, generally

referred to as 'mixed xylenes'. The individual ismers are also available commercially. Most
mixed xylenes contain ethylbenzene, except for a small volume produced by toluene dispro-
portionation (Ransley, 1984). Commercial-grade (mixed) xylene tyically is composed of ap-
proxiately 20% ortho-xylene, 40% meta-xylene and 20% paa-xyle,e, with about 15%

ethylbenzene and smaller amounts of toluene, triethylbenzene (pseudocumene), phenol,
thiophene, pyrdine and non-aromatic hydrocrbns (National Institute for Occupational
Safety and Health, 1975; Clement Assoiates, 1977). A product of higher purity is reported
to contain a minimum of 97% xylene isomer with maxum impurities of 3% ethylbenzene,
0.1% benzene, 0.1% toluene and 0.01% water (Riedel-de Haën, 1984).

32

2.77-3.12

29

3.2

27

3.15

mg/m3 = 4.34 X ppma

Highly inflammable
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Typical para-xylene products (99.5% pure) contain 0.3% ethylbenzene, 0.1 % meta-xy-
lene and 0.1 % ortho-xylene (Rnsley, 1984). Ali three ismers are available at 99.9% mini-

mal high purity, spectrophotometric grade as well as in 'chemically pure' grades, as follows:
ortho-xylene, 98% pure; paa-xylene, 99%; and meta-xylene, 99% (Riedel-de Haen, 1984).

2. Production, Use, Occurrnce and Analysis

2.1 Production and use

(a) Production

Xylene ocurs in petroleum stock, but in veiy small quantities. It is produced priariy
by the catalytic reforming of naphtha streams, which are rich in alicyclic hydrocrbns. The
aromatic reformate fractions consist mainly of benzene, toluene and mixed xylenes, xylenes
representing the largest fraction. The xylene ismers are separated from the reformate by
extraction and distilation on the basis of differences in boiling-point. ortho- Xylene, which
has the highest boiling point, is separated as the bOttom distilate; paa-xylene is separated by
continuous ciystalliztion or adsorption from the mixed xylenes or isomeried from the
meta-xylene/paa-xylene distilate; and meta-xylene is obtained by selective ciystalliztion
or solvent extraction of meta-pra mixures (Mannsvle Chemical Products Corp., 1981;
Ransley, 1984).

Another source of mixed xylenes is pyrolysis gasoline, a by-product that results from
crackig of hydrocrbn feeds durig olefin manufacture (Fishbein, 1985). The mixed xylene

content of pyrolysis gasoline varies, depending upon the feed and the severity of the crackig
process. Pyolysis gasoline is a less efficient source for recoveiy of mixed xylene than catalyt-
ic reformate because it contains large amounts of ethylbenzene.

Mixed xylenes may also be produced from petroleum refining operations by the Toyo
Rayon.and Atlantic-Riehfield processes, in which toluene is transalkylated or disproportion-
ated. Benzene and toluene are the pricipal products (Fishbein, 1985). Xylenes obtained
from this source are 'ethylbenzene free', provided the transalkylationfeed stocks are limited
to toluene and (plymethyl)benzene (Ransley, 1984).

Less than 1 % of the mixed xylenes in the USA are derived from coal. Coal subjected to
high-pressure carbniztion (coke manufacture) yields crude light oil containing 3-6%
mixed xylenes. Eveiy tonne of coal yields 2-3 gallons (7.6-11.41) of crude light oil (Ransley,
1984), which may be used as a supplementaiy source of aromatic compounds in petroleum
refining, processed for recovery of light naphtha containing mixed xylenes and styene, or
burned as fueL.

The Mitsubishi Gas Chemical Company (MG CC) process is another commercial
method for separating the meta ismer from mixed xylenes using a hydrofluoric acid-boro-
fluoride separation technique. It is also a straightforward means of separating the other Ca
aromatic isomers (Ransley, 1984).

The total quantities of mixed xylenes (and the percentages isolated as xylene) produced
in the USA in 1978 in the ways descnbed above were as follows: catalytic reformate, 34.9
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million tonnes (10%); pyrolysis gasoline, 375 thousand tonnes (52%); toluene disproportion- 
ation, 90 thousand tonnes (54%); and coal-derived, 15 thousand tonnes (88%). Of the total 
35.44 million tonnes produced in 1978, about 11% was isolated (Fishbein, 1985). 

Mixed xylenes are also produced in large quantities in Europe and Japan. Data on pro- 
duction of xylenes in a number of areas are presented in Tmble 2. 

Table 2. Annual production of xylenes (thousands of tonnes)" 

Country or region 1981 

~ r a z i l ~  

Bulgaria 

Canada 

China 

Czechoslovakia 

France 

Germany, Federal Republic of 

Hungary 

India 

Italy 

Japan 

Korea, Republic of 

Mexico 

Portugal 

Romania 

Spain 

l3iwan 

Tbrkey 

USA 

USSR 

Yugoslavia 

"From US International Bade Commission (1982, 1983, 1984); Anon. (1985); US International Bade Com- 
mission (1985, 1986); Anon. (1987); US International Bade Commission (1987); Anon. (1988a,b) 
bortho-~ylene 
%A, not available 



XYLENE 129

(b) Use

Mixed xylenes recovered from all sources (petroleum refineries, pyrolysis gasoline,
coal-tar) are used in the chemical and solvent industries (Rnsley, 1984). AIthough islated
xylenes are also blended into gasoline to improve octane rating, the refoimate without isola-
tion of mixed xylenes or other aromatics is priariy used for gasoline blending. Unleaded
premium gasoline has been reported to contain 10-22% xylenes (Korte & Boedefeld, 1978;
Ikeda et al., 1984).

Mixed xylenes are also used in the manufacture of perfumes (Sittig, 1985), insecticides,
pharmaceuticals and adhesives and in painting, priting, rubber, plastics (Sandmeyer, 1981) .
and leather industries (IARC, 1981).

ln the USA most of the production of islated mixed xylenes is separated into the indi-
vidual ismers for use as chemical intermediates or as solvents (Mannsvile Chemical Prod-
ucts Corp., 1981). The approxiate distributions of the production of mixed xylenes in the
USA are as follows: paa-xylene, 50%; gasoline blending, 10-25%; ortho-xylene,
10-15%; solvents, 10%; ethylbenzene, 3%; andmeta-xylene, 1% (Ransley, 1984). para-Xy-
lene is used pricipally to manufacture terephthalic acid and dimethylterephthalate, used in
the production of saturated polyester resins and fibres (Mannsvile Chemical Products
Corp., 1981). The remaining small amount of para-xylene produced is used as a pharmaceu-
tical or pesticide intermediate and in solvents for adhesives and coatings (Hawley, 1981;
Anon., 1986). ortho-X ylene is used priariy as a feedstock for the manufacture of phthalic

anhydride: almost 60% of the ortho-xylene produced in the USA in 1978 was used in this way
(Fishbein, 1985). It is also used as a chemical intermediate in sythesis of dyes, pharmaceuti-
cals and insecticides (Hawley, 1981; Ransley, 1984). meta-Xylene is used in the manufacture
of isphthalic acid for polyester resins (Mannsvile Chemical Products Corp., 1981) and as a
chemical intermediate for dyes and insecticides (Hawley, 1981).

(c) Regulatory status and guidelines

Occupational expsure limits for xylenes in 32 countries or regions are presented in
Thble 3.

Table 3. Occupational exposure limits for xylenes (ail isomers)a

Country or region Year Concentrationb InterpretationC
( mg/m3)

Austria 1985 435 1WA
Belgium 1985 S 435 1WA
Brazl 1985 S 340 1WA
Bulgaria 1985 50 1WA
Commision of the Europen 1986 435 AverageCommunities 2175 Maxmum
Chile 1985 S 348 1WA
China 1985 100 1WA
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Table 3 (contd)

Country or region Year Concentrationb InterpretationC
(mg/m3)

Czechoslovakia 1985 200 Average
100 Mamum

Denmark 1988 S 217 1WA
Finland 1987 S 435 1WA

S 655 STEL
France 1986 435 1WA

650 STEL (15 min)
Gennan Democratie Republic 1985 200 1WA

600 STEL
Gennany, Federal Republic of 1988 440 1WA
Hungary 1985 50 1WA

100 STEL
India 1985 S 435 1WA

655 STEL
Indonesia 1985 435 1WA
Italy 1985 S400 STEL
Japan 1988 435 1WA
Korea, Republic of 1985 435 1WA

655 STEL
Mexico 1985 S 435 1WA
Netherlands 1986 S 435 1WA
Norway 1981 435 1WA
Poland 1985 100 1WA
Romania 1985 S 300 1WA

S 400 Maxmum
Sweden 1987 S 200 1WA

S 450 STEL (15 min)
Switzrland 1985 S 435 1WA
1àiwan 1985 435 1WA
UK 1987 S 435 1WA

S 650 STL(10 min)
USAd

OSHA 1988 200 1WA
300 Ceiling

NIOSH 1986 434 1WA
868 Ceilig (10 min)

ACGIH 1988 435 lWA
655 STL (15 min)

USSR 1985 50 Ceiling
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Table 3 (contd)

Country or region Year Concentrationb InterpretationC
( mg/m3)

Venezuela 1985 S 435 1WA
S 655 Ceilng

Yugoslavia 1985 50 1WA

tlrom Direktoratet for Aridstilsynet (1981); National Swedish Board of Ocupational Safety and

HeaIth (1984); Areidsinspectie (1986); Commission of the European Communities (1986); Institut Na-
tional de Recherche et de Sécurité (1986); National Institute for Ocupational Safety and HeaIth (1986);
Cook (1987); Health and Safety Executive (1987); i:õsuojeluhaIItus (1987); American Conference of
Govemmental Industrial Hygienists (1988); Arjdstilsyet (1988); Deutshe Forshungsgemeinschaft
(1988); US Ocupational Safety and Health Administration (1988)
iJ, skin notation
9WA, 8-h time-weighted average; STEL, short-tenn expure limit
"OSHA, Occupational Safety and HeaIth Administration; NIOSH, National Institute for Occupation-
al Safety and Health; ACGIH, American Conference of Govemmental Industrial Hygienists

2.2 Occurrence

(a) Naturaloccurrence

Mixed xylenes are present in coal-tar, petroleum stocks (Fishbein, 1985) and natural
gas (Hilard, 1980) in small quantities.

(h) Occupational expsure

On the basis of a US National Occupational Expsure Survey, the National Institute
for Occupational Safety and Health (1983) estimated that 1106 80 workers were potentially
expsed to xylene in the USA in 1981-83.

Levels of xylene to which workers have been expsed are summaried in Thble 4. Lev-
els determined durig the manufacture and application of paints are described in the mono-
graph on ocupational expsures in paint manufacture and painting (see p. 329). Levels of
expsure to xylene in petroleum refining and in the manufacture and use of petroleum fuels
are reported in Volume 45 of the Monographs (lARC, 1989).

Pre- and post-shift concentrations of methyl hippuric acid in the urie of workers in a

shipbuilding yard were 0.2-7.1 mg/mL. The workers were using a thinner in spray-painting
operations that contained 32.8% meta- or para-xylene (Ogata et aL., 1971). Mean uriaiy
concentrations of methyl hippuric acid in workers in a photograph album manufacturig
plant who used a c1eaning solvent (complex mixure of 90% C7-C9 aliphatic hydrocrbons,
5% toluene and 5% xylene) to rem ove excess glue were 0.07 g/g creatinine before a shift and
0.48 g/g creatinine afterwards (Baker & Fannick, 1983).

(c) Air

Mixed xylenes are emitted to the ambient air durig their production and use from

reactor, distilation and ciystalliztion vents. Emissions mayalso ocur durig storage, load-
ing and handling. Total emissions of mixed xylenes in the USA in 1978 were estimated to be
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4100 tonnes from catalytic reformate, 150 tonnes froID pyrolysis gasoline, 18 tonnes from
toluene disproportionation and 19 tonnes from coal-derived production. Emissions of total
individual isomers were estimated to be 1180 tonnes of ortho-xylene, 290 tonnes of paa-xy-
lene and 80 tonnes of meta-xylene (Fishbein, 1985). Merian (1982) reported that worldwide
losses of xylenes into air froID refineries, evaporation of gasoline, automobile exhaust and
solvent losses are approxiately 3 milion tonnes.

Table 4. Occupational exposure to xylene

Environment ReferenceSamplinga Concentration in airb

Laboratones

Histology laboratory (USA)

Histology laboratory (FRG)

Histology laboratory (USA)

Cyopathology laboratory
(USA)

Hospital laboratory (USA)

Chemical plant (Hungary)

Extraction plant proucing xylene
from gasoline (USSR)

Lithogaphy (Poland)
1968

1970
1971

1974
1977

1978

Manufacture of photogph
albums (USA)

Golf CLU band baseball bat

manufactunng plant (USA)

4-h persnal

8-h 1WA persnal

8-h 1WA persnal

8-h 1WA area

8-h 1WA persnal

8-h 1WA area

Point

Air

Persnal 1WA

8-h 1WA persnal

3.2-102 ppm
(14-443 mg/m3)

(m+p)-xylene, 56-68 ppm
(243-295 mg/m3)
o-xylene, 10-13 ppm
(43-56 mg/m3)

2.5-72.6 ppm
(11-315 mg/m3)
18.3-28.3.ppm
(79-123 mg/m3)

1.6-12.8 ppm
(7-55 mg/m3)
15-32 ppm
(65-139 mg/m3

0.6-400 ppm
(2.6-1700 mg/m3)

Mean, 47-56 mg/m3

75-200 mg/m3 in 35-40%
of samples

32-450 mg/m3;
rnean, 119 mg/m3
110-130 mg/rn3

ND-360 mg/rn3;
mean, 102 mg/m3
ND-150 mg/m3
15-30 mg/m3;
rnean, 17 mg/m3
10-506 mg/m3;
mean, 130 mg/m3

1-56 mg/m3

2-14 ppm
(9-61 mg/m3

Kilburn et al.
(1985)
Angerer &
Lehnert (1979)

Roper (1980)

Roper (1980)

Klaucke et al.
(1982)
Pap & Varga

(1987)

Sukhanova et al.
(1969)
Mosski &
Lisiewicz (1985)

Baker & Fannick

(1983)
Rivera &
Rostand (1975)

arA, time-weighted average

~D, not detected
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Mixed xylene are also lost durig use, as in the processing of chemicals and solvents,
evaporation durig transprttion, distnbution, storage and use of gasoline, in motor vehicle

emissions and from agricultural sprayig (Fishbein, 1985).

Atmospheric concentrations of total mixed xylenes have been determined at various
loctions around the world. Mean values and ranges measured between 1961 and 1980 are as

follows: (in mg/m3): France (0.003-0.01), Federal Republic of Germany (rural, 0.001-0.04;
urban, 0.15), Japan (0.06.39), the Netherlands (urban, 0.07), South Africa (0.02-0.03) and
Switzerland (urban, 0.02-0.05). ln the USA, mean concentrations of atmospheric xylene at
urban sites in California, Texas and New York/New Jersey in 1961-74 were 0.08-0.12,
0.04-0.07 and 0.15 mg/m3, respectively (Merln & Zander, 1982). Xylene levels of 116-84
mg/m3 have been reported in smoke from forest fires (Merln & Zander, 1982), and xylene
has been detected in cigarette smoke (Holzer et al., 1976). Concentrations of meta-xylene in
outdoor air in the USA have been reported to range from 0.016 to 0.061 ppm (0.069-0.265
mg/m3; Fishbein, 1985).

Xylene has been detected in indoor envionments as a consequence of cokig, fuel

burning and tobacc smokig. The mean concentrations of combined meta- and para-xy-
lenes in indoor air were 0.029, 0.021 and 0.014 mg/m3 in kitchens, other rooms and bedrooms,
respectively (Seifert & Abraham, 1982; Wallace et al., 1983). Holzer et al. (1976) found ap-
proxiately 50 ppb (0.2 mg/m3) meta- plus paa-xylene in nonventilated cigarette smoke-

filed room air and 18 ppb (0.08 mg/m3) in the air of a room where no cigarettes had been
smoked.

Outdoor air next to dwellings contained 0.00-0.028 mg/m3 combined meta- and para-

xylenes and that in backyards, 0.0011 mg/m3 (Seifert & Abraham, 1982; Wallace et aL., 1983);
0.002 mg/m3 ortho-xylene was measured in backyards (Wallace et al., 1983), and 0.1 mg/m3
meta- and paa-xylenes was measured at trafic intersections (Seifert & Abraham, 1982).

Krotoszyski. et al. (1979) reported mean levels of 0.001, 0.003 and 0.0031 mg/m3
ortho-, meta- and paa-xylene, respectively, in expired air of 54 normal, healthy volunteers
from an urban population in Chicago, IL, USA. Xylene was also found in breath samples
from urban residents of two New Jersey cities in the USA; mean values were 0.0034 mg/m3
for ortho-xylene and 0.00 mg/m3 for combined meta- and paa-xylene. Levels were higher
in persons who pumped their own gasoline or were expsed to auto and truck exhaust (Wal-
lace et al., 1984).

(d) Water

Xylenes have been identified in sudace and drikig-waters, for example in the river

Glatt, a tnbutaiy of the Rhine. ln the USA, levels of 2-8 ,.g/l were reported in sudace water
from the Florida Bay and 3-8 ,.g/l in drikig- and tap-water in New Orleans, LA (Merian &
Zander, 1982).

(e) Anma tissues
Ogata and Miyake (1973) measured mean concentrations of 21.7,30.1 and 25.0 mg/kg

meta-,para- and ortho-xylene in the muscles and 5.2, 26.6 and 6.1 mg/kg of the three ismers,
respectively, in the liver of eels (Agilla japonica) expsed to sea water containing 14.1 mg/kg
meta-xylene and 13.1 mg/kg ortho-xylene.
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2.3 Analysis

Selected methods for the analysis of xylene in various matrices are listed in Thble 5.
Methods for the analysis of xylene have recently been reviewed and compiled (Fishbein &
O'N eil, 1988).

Colorietric detection systems have been developed for xylenes in air (Te Foxboro
Co., 1983; Sensidyne, 1985; National Draeger, Inc., 1987; SKC, 1988; ENMET Corp., un-
dated; Matheson Gas Products, undated; Roxan, Inc., undated).

3. Biological Data Relevant to the Evaluation of

earcinogenic Risk to Humans

3.1 Carcinogenicity studies in animais

Oral administration

Mouse: Groups of 50 male and 50 female B6C3F1 mice, eight weeks of age, received 0,
500 or 100 mg/kg bw technical-grade xylene (comprising 60.2% meta-, 13.6% para- and
9.1 % ortho-xylene with 17% ethylbenzene; purity, 99.7% with 2.8 ppm (0.0028%) benzene
as contaminant) in corn oil by stomach tube on five days per week for 103 weeks. The animais
were kiled in weeks 104105. No significant difference in mean boy weights or survval was
observed between control and treated miee. Survval at termination of the experient was:
males - 27 controls, 35 low-dose and 36 high-dose; and females - 36 controls, 35 low-dose
and 31 high-dose. No treatment-related increase in the incidence of any tumourwas seen in
animais of either sex (National Toxicology Program, 1986; Huff et al., 1988).

Rat: Groups of 40 male and 40 female Sprague-Dawley rats, seven weeks of age, were
administered 50 mg/kg bw mixed xylenes (ortho-, meta- and para-; purities, :: 99% (source
and percentage composition unspecifiedD in olive oil by stomach tube on four to five days per
week for 104 weeks. A group of 50 males and 50 females received olive oil only. Rats were
maintained until natural death; all rats had died by week 141. At that time, thymomas were
reported in 1/34 treated males and 0/36 treated females, compared to 0/45 and 0/49 in the
control groups. Other haemolymphoreticular tumours (histology unspeciied) were re-
ported in 4/34 treated males and 3/36 treated females, compared to 3/45 and 1/49 controls.
(Te denominators are numbers of rats alive in each group at 58 weeks when the first haemo-
lymphoreticular tumour was observed.) The authors reported an increase in the total num-
ber of animais with malignant tumours (tye unspecified) at 141 weeks: in 14/38 treated
males and 22/40 treated females compared to 11/45 and 10/49 controls. (Te denominators
are the number of rats alive in each group at 33 weeks when the first malignant tumour was
observed.) (Maltoniet al., 1983, 1985). f1e Workig Group noted the incomplete reporting
of the composition of the test materil and of tumour pathology, and that combining differ-
ent tyes of tumours is not usually the most approprite method for evaluating carciogenic-
ity (lARC, 1980; Montesano et al., 1986). J
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Table 5. Analytical methods for the determiDatioD of xyleDe and its metabolites iD varions
matrices

Sample matri Sample collec- Sample preparation Asy Detection Reference
tion procdure limits

Air Passive sampler Desrb (carbn di- Ge 0.3 mg/m3 Seifert & Abra-
with charcoal sulfide); inject ali- perh ham (1983)

quot; analy using

glass capilaiy col-
umn

Charcoal tube Desorb (carbn di- Ge-FID 0.001-0.01 Elier (1984)
sulfide); injet alI- mg/sam pIe 

quot; analys on
packed column

Water Extract with hexane; Ge-FID S Ilgll Otsn & Wil-
inject aliquot liams (1981)

Heat samples in wa- Ge-MS 1 J.gll Otson et al.
ter bath at 2S-C for (1982)
1 h; inject head-
space aliquots

Automotive ex- Tenax GC poly- Desrb thennally GC-MS Not given Hampton et al.
haust gas mer adsorbant into liquid nitrogen- (1982)

cartridge cooled capilaiy trap

Breath (air) S pecially de- Diy cartridge over GC-MS Not given Wallace et al.
signed spirome- calcium sulfate; de- (1983, 1984,
ter containing sorb thennally in a 1986)
Tenax-GC car- fused silica capilaiy
tridge column

Bloo Hepariniz or Purge (nitrogen) at GC-MS 10 ppt Cramer et al.
antifoam emul- room temperature;

(J.gll ) (1988)
sion B trap (lnax TA); de-

sorb thennally; ana-

ly volatiles on col-
umn

TIssue (musle, Mince tissue Heat with ethanol Ge-FID Not given Ogata & Miy-
liver) and potassium hy- ake (1973,

droxide; extract with 1978)
n-hexane; apply ex-
tract to silca gel/-

aluminium trioxide
column; elute with
n-hexane; concen-

trate eluate; injet
aliquot into Ge

Urine (methyl- After alkaline hy- Ge-FID Not given Engstrõm &
hippuric acid) drolyis, extract with Riihimãki

diethyl ether at acid- (1988)
ic pH; silylate and
injet onto Ge

4Abbreviations Ge, ga chromatography; FID, flame-ionition detection; MS, mas spectrometry



136 lAC MONOGRAHS VOLUME 47

Groups of 50 male and 50 female Fisher 344/N rats, seven weeks of age, received 0,250
or 50 mg/kg bw technical-grade xylene (containing 60.2% meta-, 13.6% paa- and 9.1%
ortho-xylene with 17% ethylbenzene; purity, 99.7% with 2.8 ppm (0.0028%) benzene as con-
taminant) in corn oil by stomach tube on five days per week for 103 weeks. The animais were
kiled in weeks 104-105. High-dose males had lower mean bo weights from week 59 on-
wards; body weights of low-dose males and treated females were comparable to those of con-
trois. At termination of the experient, 36 male controls and 25 males at the low dose and 20

at the high dose were stil alive; the differences were due in part to accidental kiling of ani-
mais. Survval in control and treated females was similar at termination (38 controls, 3310w-
dose and 35 high-dose). The incidences of tumours in treated animais of either sex were not
significantly higher than that in the control group (National Toxicology Program, 1986; Huff
et al., 1988).

3.2 Other relevant data

The toxicology of xylenes has been reviewed (Riiimäki & Engström, 1979; World
Health Organiztion, 1981; Fishbein, 1985; European Chemical Industiy Ecology and Toxi-

cology Centre, 1986).

Ca) Exprimental systems

(i) Absorption, distribution, excretion and metabolism
ortho- Xylene was found to penetrate rat ski excised three days after clipping and depi-

lation with cream at a rate that was 1/10 that of toluene and 1/100 that ofbenzene (Iuruta,
1982).

ln rats expsed to 208 mg/m3 (methyl-14C)pa-xylene for 1 h, distnbution of radioac-
tivity immediately after termination of the expsure was highest in the kidneys, followed by
subcutaneous fat, ischiatic nerve, bloo, liver and lungs. Activity was 1/5 to 1/30 of these
levels 6 h after the end of expsure (Carlsson, 1981). -

Xylenes are metabolized both in the liver and lungs (Carlone & Fouts, 1974; Smith et
al., 1982; Toftgård et al., 1986), priariy at a side-chain, to form methylhippuric acid and
toluic acid (methylbenzoic acid) glucuronide as major metabolites and methylbenzyl mercap-
turic acid as a minor metabolite (Carlone & Fouts, 1974; Ogata et al., 1980; van Doorn et al.,
1980). They are metabolized to a lesser extent at the aromatic rig to form dimethylphenol
(e.g., Toftgård et al., 1986). The ratio among the metabolttes varies depending on the isomer
(Bray et al., 1949; Bakke & Scheline, 1970) and the species of animal (e.g., Ogata et al., 1980).

Most of the xylene that is absorbed is excreted rapidly into the urie as metabolites.

When rabbits were given oral doses of up to 1.8 g each of the three ismers, separately, well
over 50% of the radioactivity was recovered in urie within 24 h (Bray et al., 1949).

When 3 mmol/kg ortho-, meta- or paa-xylene were given intraperitoneally to rats, un-
naiy excretion of thiocmpounds was highest with ortho-xylene and much lower with meta-

xylene and para-xylene (van Doorn et al., 1980).
ln male rats expsed to meta-xylene vapour at concentrations of 20, 1700 or 320 mg/

m3 for 6 h per day on five days per week for two weeks, xylene concentrations in brain and
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perienal fat were increased durig the second week of expsure (Savolainen & pfåffli,
1980).

Pregnantmice were expsed by inhalation to 14C-paa-xylene (theoretical concentra-
tion, 20 ppm (8680 mg/m3)l for 10 min on days 11, 14 or 17 of gestation, and distnbution of
the label was determined 0, 0.5, 1 and 4 h after expsure. The label quickly entered the em-
biyo, but uptake was low relative to maternai tissues. Ali fetal activity was extractable, indi-
cating that no firly bound metabolite was present (Ghantous & Danielsson, 1986).

(ii) Toxic effects

Oral LDso values for ortho-xylene, meta-xylene, paa-xylene and the isomer mixure in
rats range between 360 and 580 mg/kg bw (Wolf et al., 1956; European Chemical Industiy
Ecology and Toxicology Centre, 1986). The intraperitoneal LDsos of the pure isomers in

male mice ranged from 1360 to 2100 mg/kg bw (Mohtashampur et al., 1985). An inhalation
LCso (4 h) for the isomer mixure in male rats has been determined as 6700 ppm (29078
mg/m3; Carpenter et al., 1975). The 6 h-inhalation LCsos of the pure isomers in female mIce
were 390-5300 ppm (17 0023 () mg/m3; Bonnet et al., 1979).

A 4-h percutaneous administration of 44 mg/kg bw of mixed xylenes to three male

rabbits resulted in the death of one rabbit on the fifth day after expsure. At dose levels of
1700 mg/kg bw, none of three rabbits died (Bine & Zuidema, 1970).

Ten to 20 applications of undiluted mixed xylenes on the ears or shaved abdomen of
rabbits for two or four weeks resulted in moderate to marked eiyhema and oedema, with
supedicial necrosis at both sites. Mter introduction of two drops of mixed xylenes into the
rabbit eye, slight conjunctival irtation and transient corneal injuiy were observed (Wolf et
al., 1956). Application of undiluted xylene to the eye caused corneallesions in cats (Schmid,
1956).

Rats were expsed by inhalation for 4 h to 250, 580, 12 00, 26 () and 43 () mg/m3
mixed xylenes. Ail rats at the highest concentration and 4/10 at 26 () mg/m3 died; xylene-
induced pneumonitis was noted in two of the rats that died. Prostration was noted with
43 00 and 12 () mg/m3 and poor cordination with 580 mg/m3; no such sign was observed

at the lowest expsure concentration. Expsure of four male cats to 4100 mg/m3 mixed
xylene vapour for 2 h resulted in ataxa, spasms and anaesthesia, followed by death (Carpen-
ter et al., 1975).

Expsure of rats by inhalation to meta-xylene at concentrations of 200, 1700 or 3200
mg/m3 for 6 h per day on five days per week for two weeks resulted in changes in the activities
of brain enzyes (NADPH-diaphorase, azoreductase and superoxide dismutase), which
were reversible two weeks after cessation of expsure (Savolainen & pfäffli, 1980). Changes
in open-field behaviour were observed in rats expsed by inhalation to 300 ppm (1300 mg/
m3) for 6 h per day for five to 18 weeks (Savolainen et al., 1979).

Intraperitoneal administration of 1 g/kg bw xylene resulted in an increase in serum or-
nithine carbamyl transferase activity and lipid accumulation in the liver of rabbits and gui-
nea-pigs, indicating liver damage (DiVincenzo & Krasavage, 1974). Similarly, increases in
liver enzye activities in the serum of rats expsed by inhalation to 150 ppm (6510 mg/m3)
para-xylene for 4 h (Patel et al., 1979) and to 40 ppm (1730 mg/m3) meta-xylene for 6 h per
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day on five days per week for two weeks (Elovaara, 1982) are indicative of xylene-induced
liver damage. Expsure of rats to 60 ppm (26 mg/m3) xylene durig the light period of the
day for four weeks (Toftgård et al., 1981) or to 20 ppm (8680 mg/m3) ortho-,paa- or meta-

xylene for 6 h per day for three days (Toftgård & Nielsen, 1982) induced microsomal cyoch-
rome P450. Repeated oral administration (1 g/kg per day) of ortho-, meta- or paa-xylene to
rats for three days (Pkkö, 1980) or intermittent expsure of rats by inhalation to 300 ppm
(1300 mg/m3) xylene on 6 h per day for two weeks (Savolainen et al., 1978) also increased the
activities of drug metabolizing enzyes in the liver and kidney. Inhalation expsure of
groups of rats to 300 mg/m3 paa-xylene on day 10 or on days 9 and 10 of gestation (daily
duration was presumably for 24 hl reduced concentrations of progesterone and 17ß-oestra-
diol in the maternai circulation (Ungváiy et al., 1981).

ln sorne rats expsed to 300 mg/m3 mixed xylenes for 8 h per day on six days per week
for 110-130 days, expsure resulted in paralysis of the hind legs, weight loss, a slight decrease
in leukoces, increases in bloo urea, uriaiy bloo and albumin, and hyperplasia of the

bone marrow. Slight congestion of kidney, liver, heart, adrenal, lung and spleen were ob-
served. Cellular desquamation of glomeruli and necrosis of the convoluted tubules were
also reported (Fabre et al., 196).

Rats, guinea-pigs, monkeys and dogs were expsed either to 780 ppm (3368 mg/m3)
ortho-xylene for 8 h per day on five days per week for six weeks or to 78 ppm (337 mg/m3)
continuously for 90 days. No significant change in boy weight or in haematological parame-
ters and no significant toxicity were observed after histopathological examination of all ma-
jor organs (Jenkis et al., 1970).

Groups of four male rats and four male dogs were expsed for 6 h per day on five days
per week for 13 weeks to 180, 46 or 810 ppm (770, 20 or 350 mg/m3) mixed xylenes. No
significant effect was reported on boy weight, haematology, bloo chemistiy, urie chemis-
tiy, organ weight or macroscpic and microscpic pathology at any concentration tested
(Carpenter et al., 1975).

Groups of 15 male rats were expsed by inhalation to 350 ppm (15 20 mg/m3) ortho-
xylene for 8 h per day for one or six weeks. Slight decreases in boy weight gain and increased
liver weight were observed in both groups (Tátrai & Ungváiy, 1980).

(ii) Effects on reproduction and prenatal toxicity

The teratogenic and developmental effects of xylene have been reviewed (Hoo &
Otley, 1985).

Groups of 30 Mallard eggs were expsed by immersion for 30 sec in a 1 or 10% aqueous
suspension of xylene on day 3 or 8 of incubation; control eggs were immersej in distiled
water. No significant effect was observed on the growth, survval or development of embiyos
examined at day 18 of incubation (Hoffman &Eastin, 1981).

ln one study reported in an abstract (Nawrot & Staples, 1980), expsure of CD-l mice
to 0.75 or 1.0 ml/kg bw of any of the three ismers on days 6-15 of gestation was reported to
cause maternai toxicity and fetal death; cleft palates were also reported in fetuses expsed to
the ortho- and paa-isomers. Wh en the experient was repeated with meta-xylene, a low

but statistically significant incidence of cleft palates ocurred after repeated expsures to 1.0
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ml/kg bw in the absence of overt maternai effects. (Te Workig Group noted that the doses
were incorrectly expressed as mg, rather than ml, in the abstract.) Marks et al. (1982) expsed
CD-l mice to ,0.52-4.13 g/kg bw mixed xylenes on days 6-15 of gestation. Ail dams and fe-
tuses at the highest dose died, and dams died at 3.1 g/kg bw. Fetal vibility was reduced at this
dose, and growth at 2.06 g/kg bw. Cleft palate and wavy nbs were seen with 2.06 g/kg bw and
above. (Te Workig Group noted an error in the paper in converting the dose from volume
per kiogram to mass per kiogram.) ln ICR/SIM mice given meta-xylene at 20 mg/kg bw
on days 8-12 of gestation, no significant effect was seen on maternai toxicity or postnatal
growth or on viatilty of the offsprig (Seidenberg et al., 1986).

ln one study reported as an abstract, ICR mice were expsed to 0,50, 100 and 20
ppm (2170, 4340 and 8680 mg/m3) xylene on days 6-12 of gestation. It was stated that fetal
growth was retarded at the two highest dose levels and that there was a dose-related increase
in the frequency of supernumeraiy nbs and delayed ossification of the sternebrae. At the
high dose, growth retardation persisted into the postnatal period (Shigeta et al., 1983). (Te
Workig Group noted that the reporting of the experiental design and results were insuffi-
cient to evaluate many of the parameters.) CFLP miee were expsed to 0, 50 or 100 mg/m3
xylene or to 50 mg/m3 ortho-, meta- or paa-xylene for 24 h per day on days 6-15 of gesta-
tion. Fetal growth and skeletal retardation were reported at the highest doses (Ungváiy &
Tátrai, 1985). (Te Workig Group noted that this paper is a compendium of data on rats,
mice and rabbits from one laboratoiy and presents few details of experiental results.)

ln CFY rats, fused sternebrae and extra ribs were observed in fetuses of dams expsed
to 100 mg/m3 xylene for 24 h per day on days 9-14 of pregnancy, in the absence of maternai
effects (Hudák & Ungváiy, 1978). ln another study in CFY rats using levels of 0,250, 190 or
340 mg/m3 xylene given on days 7-15 of gestation, it was stated that maternai effects were
moderate and dose-dependent; the highest dose resulted in decreased embiyonIc viability
and fetal growth as well as an increased incidence of extra ribs; skeletal retardation was seen
with all three doses (Ungváiy & Tátrai, 1985). (Te Workig Group had the same reserva-
tions about this paper as expressed above.) Mirkova et al. (1983) reported fetal growth retar-
dation followig expsure ofWistar rats to 50 and 50 mg/m3 xylene on days 1-21 of gesta-

tion; these effects were not seen with 10 mg/m3. The growth retardation persisted through
postnatal day 21. (Te Working Group noted that the reporting of the experiental design
and results were insufficient to evaluate many of the parameters.)

CFY rats were expsed via inhalation to ortho-, meta- or pdra-xylene (analytical purity)
at concentrations of 0, 150, 150 and 300 mg/m3 for 24 h per day on days 7-14 of gestation.
Foo consumption was reduced at the two higher concentrations of ortho-xylene and in the
groups expsed to the highest level of meta- and of para-xylene. Expsure to 300 mg/m3
meta-xylene kiled 4/30 dams and reduced weight gain in the survvig dams; 2/20 and 7/20 of

the females receivig the high doses of ortho- and para-xylene, respectively, resorbed their
entire litters. Increased maternalliverweightboy weight ratios were observed in all groups
expsed to ortho-xylene. Fetal boy weights were reduced by the two highest levels of ortho-

xylene and by the highest level of meta- and of para-xylene; fetal viabiltywas affected only by

the highest dose level of paa-xylene. There was no indication that anyxylene isomer caused
visceral abnormalities in fetuses in a dose-related manner, but skeletal development. was
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retarded by the high concentration of onho-xylene and by all concentrations of para-xylene.
Extra ribs were seen in significantly more fetuses in the groups expsed to the high doses of
meta- and para-xylene (látrai et al., 1979; Hudák et al., 1980; Ungváry et al., 1980). (Te
Workig Group noted that the analysis supporting this observation is based on data on fe-
tuses, rather than on data on litters, the customaiy unit of comparison.)

Groups of 25 Sprague-Dawley rats were expsed by inhalation to 0,350 or 700 mg/m3
para-xylene (purity, 99%) for 6 h per day on days 7-16 of gestation, and the offsprig were
evaluated for growth, viabilty and neurobehavioural development. The high dose level re-
duced maternai weight gain durig the expsure period, but growth, viabilty, locmotor ac-
tivity and the acoustic startle response of the offsprig were not affected (Ros en et al., 1986).

Groups of New Zealand white rabbits were expsed to 0 (60 animais in a poled control
group), 500 or 100 mg/m3 of onho-xylene, meta-xylene, para-xylene or xylene (composition
unspecified) for 24 h per day on days 7-20 of gestation. Fetuses were examined by routine
teratological techniques on day 30 of gestation. It was stated that for each solvent the high-
dose level produced mild maternai toxicity (no data were presented for the 100mg/m3
ortho- and meta-xylene group). Maternai death and abortion were noted with both xylene

andpara-xylene at 100 mg/m3. The boy weights of female fetuses expsed to 50 mg/m3
xylene were significantly reduced, but no other effect on fetuses was reported (Ungváiy &
Tátrai, 1985). fle Workig Group noted that this paper is a compendium of data on rats,
mice and rabbits from one laboratoiy and presents few details on experiental results.)

(iv) Genetic and related effects
The genetic and related effects of xylene have been reviewed (Dean, 1978, 1985; Fish-

bein, 1985).

Technical-grade xylene did not produce differential kiling in DNA repair-proficient
compared. to repair-deficient strains of Bacillus subtilis rec+ 1- (McCarroll et al., 1981a) or
Eschenchia coli (McCarroll et aL., 1981b). Xylene (grade unspecified) did not induce SOS
activity in Salmonella typhimurium TA1535/pSK 1002 (Nakamura et al., 1987). paa-Xylene
was not mutagenic to E. coli WP2uvr A in the presence or absence of an exogenous metabolic

system from Aroclor-induced rat liver (Shimizu et al., 1985). ortho-, meta- and paa-Xylene,
xylene (grade unspecified) andmixed xylenes were not mutagenic to S. typhmurium TA1535,
TA1537, TA1538, TA98, TA100, UT8413 or UT8414 in the presence or absence of an ex-
ogenous metabolic system from uninduced or Aroclor-induced rat and Syrn hamster livers

(Lebowitz et aL., 1979 (abstract); Bos et al., 1981; Haworth et al., 1983; Connor et aL., 1985;
Shimizu et al., 1985; Zeiger et al., 1987).

As reported in an abstract, expsure to technical-grade xylene (contaminated with
18.3% ethylbenzene), but not expsure to meta- or ortho-xylene, caused recessive lethal mu-
tations in Drosophila melanogaser (Donner et al., 1980).

As reported in an abstract, xylene (grade unspecified) did not induce mutation in
mouse lymphoma L5178Y TK+ 1- cells or chromoSomal aberrations in rat bone marrow (Le-
bowitz et al., 1979). Xylene (grade unspecied) did not inducesister chromatid exchange or
chromosomal aberrtions in human lymphoces in vitro (Gerner-Smidt & Friedrich, 1978).
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(The Workig Group noted that the study of human lymphoces was pedormed without an
exogenous metabolic system.)

None of the three ismers induced micronuclei in the bone marrow of male NMRI
mice after two intraperitoneal administrations of 0.12-0.75 ml!kg bw (0.11-0.65 mg/kg bw) at

a 24-h interval (Mohtashamipur et al., 1985); however, theyenhanced the induction of mi-
cronuclei by toluene (lohtashamipur et al., 1987).

As reported in an abstract, expsure of rats to mIxed ismers (300 ppm; 1300 mg/m3) for
6 h per day on five days per week for nine, 14 and 18 weeks did not induce chromosomal
aberrations in bone-marrow cells (Donner et al., 1980).

As reported in an abstract, xylene did not inhibit intercellular communication (as mea-
sured by metabolic coperation) in Chine se hamster V79 cells (Awogi et al., 1986).

Xylene (grade unspecified) did not enhance morphological transformation of Syran
hamster embiyo cells by the SA7 adenovis (Casto, 1981).

Rats injected intraperitoneally with 0.5 and 1.5 ml/kg bw (0.44 and 1.32 mg/kg bw)
ortho-xylene showed a significant increase in the percentage of abnormal sperm when
housed at temperatures of 24-30°C (control: 2.94::1.36; treated: 4.17:11.41) but not at
2O24°C (Washington et al., 1983). The authors interpreted this as a syergistic effect be-
tween xylene and temperature.

(h) Humans

(i) Absorption, distribution, exretion an metabolism
Most of the available inormation on xylene metabolism in humans deals withmeta-xy-

lene.
ln volunteers expsed by inhalation, lung retention was practically identical (64%) for

the three ismers (Šedivec & Flek, 1976a). ln other studies with volunteers, lung retention
of meta-xylene was about 60% (Riiimäki et al., 1979) to 75% (Senczuk & Or.1owski 1978).
When volunteers immersed their hands in liquid meta-xylene, it was absorbed at 2 Jlg/cm2
per min (Engström et al., 1977). A nine-fold interidiviual varition in ski absorption rate

was observed among volunteers (Luweiys et al., 1978). The amount of meta-xylene ab-
sorbed after whole-bo expsure of volunteers to 60 ppm (26 mg/m3) vapour, excluding

inhalation, for 3.5 h was equivalent to the amount absorbd after inhalation expsure to 20
ppm (87 mg/m3) for the same duration (Riiimäki & Pfåffli, 1978).

More than 70% of meta-xylene absorbed was excreted into the urie as metabolites
(Ogata et al., 1970; Engström et al., 1~84). A minor portion ("' 5%, apparently irespective of
the ismer) was exhaled unchanged (Sedivec & Flek, 1976a; Riiimäki et al., 1979; Astrand et
al., 1978).

Elimination of meta-xylene from the bo via excretion and inhalation is rapid, with a
biological half -time of 1 h for a rapid phase after 6-16 h of expsure and of about 20 h for a
slow phase (Riiimäki et al., 1979). Abut 72% of total uriaiy metabolites was excreted in
the urie within 24 h after termination of expsure to the three isomers (Sedivec & Flek,

1976a). Removal of irdustrial xylene froID subcutaneous adipose tissue, however, is slow
(Engström & Bjurström, 1978), with a half -time of 25-128 h for the meta ismer (Engström
& Riiimäki 1979).
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Xylenes are priariy metabolized in humans to the correspnding methylhippuric

acid (toluric acid); and glycine conjugation is considered to be a rate-limiting step (Riiimäki,
1979). Wh en volunteers were expsed to ortho-, meta- or paa-xylene vapour, more than
95% of the absorbed compound was excreted as methylhippuric acid, and onlya small por-
tion was excreted as dimethylphenol: 0.86% as 2,3-dimethylphenol and 3,4-dimethylphenol,
after expsure to ortho-xylene (the ratio between the two dimethylphenols varied depending
on individuals), 1.98% as 2,4-imethylphenol aftervexpsure to meta-xylene and 0.05% as
2,5-dimethylphenol after expsure to paa-xylene (Sedivec & Flek, 19700). ln other experi-
ments in which volunteers were expsed to meta-xylene, meta-methylhippuric acid in the
urie accunted for 72% (Ogata et al., 1970) to 97% (Engström et al., 1984) of the meta-xy-
lene absorbed, whereas 2,4-imethylphenol and 3-methylbenzyl alcohol accunted for 2.5

and 0.05%, respectively (Engström et al., 1984). Similar results were found for paa-xylene

(Ogata et al., 1970). ortho-Xylene was metabolized almost exclusively to ortho-methylhippu-
ricacid; only trace amounts of ortho-toluieacid (ortho-methylbenwicacid) glucuronide were
detected in the urie of volunteers expsed to ortho-xylene vapour (Ogata et al., 1980).

Methylhippuric acid has therefore been proposed as a marker uriaiy metabolite for

the biological monitorig of factory workers expsed to xylene, and urie collected in the
latte! half of a shift is recommended for analysis (Lundberg & Sollenberg, 1986; for reviews,
see Sedivec & Flek, 1976b; Riiimäki, 1979).

(n) Toxic effects

Sorne of the inormation on the adverse effects of xylene on the central and peripheral
nervous systems originates from studies of workers expsed ocupationally (mainly paint-
ers); such workers are generally also expsed to other organic solvents (Seppäläinen et aL.,
1978; Elofsson et aL., 1980; Ekberg et al., 1986). For further inormation, see the monograph
on ocupational expsures in paint manufacture and painting.

Most volunteer subjects expsed to 20 mg/m3 technical xylene for 15 min had eye
irtation (Carpenter et al., 1975); workers expsed to a mixure of solvents, inc1udingxylene,
displayed corneal vacuoles (Schmid, 1956). Similar effects have been descbed in spray
painters expsed to almost pure xylene as a lacquer-diluting agent (Matthäus, 196).

Exsure of volunteers to technical xylene by inhalation caused irtation of the airays
(Carpenter et al., 1975); veiy high accdental expsure caused pneumonitis (Morley et al.,
1970). Ingestion of xylene caused irtation of the gastrointestinal tract (Gosselin et al.,
1976).

Ski contact caused a burning sensation and reversible eiyhema (Lauweiys et al.,
1978). Prolonged expsure may cause contact dermatitis (European Chemical Industiy
Ecology and Toxicology Centre, 1986).

ln studies of volunteers expsed to 20 ppm (870 mg/m3) xylene fpr 8 h, simple reaction
time was slowed (Ogata & Nagao, 1970). Heavy accdental expsure may cause narcosis (Ba-
kison & Jones, 1985) and death (Morley et al., 1970). Goldie (196) suggested that ocpa-
tional expsure to xylene in paints provoked epileptic seizures in one case.

ln volunteers expsed to 390 mg/m3 or more technical xylene or meta-xylene, with or
without physical exercise, reaction time, manual cordination, bo equilibrium and
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electroencephalogram were affected (Gamberale et al., 1978; Savolainen & Linnavuo, 1979;
Savolainen, 1980; Savolainenet al., 198Oa,b; Savolainen & Riiimäki, 1981a,b; Seppäläinenet
al., 1981; Savolainen et al., 1984, 1985a,b). ln particular, concentration peaks affected per-
formance. Tolerance developed after expsure for a week and disappeared durig the week-
end.

Transient kidney damage has ocsionally been reported in cases of severe, acute xy-
lene poisoning (Morley et al., 1970; Bakison & Jones, 1985). Furthermore, indications of
slight adverse effects on the kidney (Askergren, 1981; Askergren et al., 1981a,b,c; Franchini
et al., 1983) have been reported in workers expsed mainly to xylene and toluene (see also the
monograph on ocupational expsures in paint manufacture and painting).

ln cases of severe, acute poisning, signs of liver damage have been reported (Morley et
aL., 1970; Bakison & Jones, 1985).

Aplastic anaemia was reported in one laboratoiy worker and decreased platelet counts

in 12/27 other laboratoiy workers expsed to technical xylene (containing 0.2% benzene).
Wh en expsure to xylene was interrpted, platelet counts returned to normal (Forde, 1973).
(The Workig Group noted several early reports of effects on bloo and bloo forming or-
gans, which might have been due to benzene contamination of xylene.)

(iii) Effects on fertility and on pregny outcome
ln their study of female pharmaceutical workers in Finland, Thskien et aL. (1986; see

the monograph on toluene) also assessed expsure to xylene. Expsure durig the first tri-
mester of pregnancy was reported by three of 38 (8%) women who had had a spontaneous
abortion compared to four of 199 (3% ) control women who had had live birhs. The corre-
sponding relative risk (RR) was 2.0 (95% confidence interval (Ci), 0.4-10.6). Cases and con-
trois had been expsed to many solvents and other substances.

ln the study of Swedish female laboratoiy workers (Axelsson et al., 1984; see the mono-
graph on toluene), 160 women reported havig worked in a laboratoiy with expsure to xy-
lene durig the first triester of pregnancy. The miscrrage rate of 10.3% compares with

that of 11.5% among women who had not worked in a laboratoiy durig the first triester

and that of 9.0% among women who had worked in a laboratoiy but not with solvents durig
the first triester. Cases and controls had been expsed to many solvents and other sub-

stances.
Ericson et al. (1984; see the monograph on toluene) reported that expsure to xylene

had been similar for Swedish laboratoiy workers who had given birh to children who died in
early infancy or were malformed (8%) and for women who had had normal birhs (8%).
Cases and controls were exposed to many solvents and other substances.

ln the study of Holmberg (1979; described in the monograph on some petroleum sol-
vents), the mother of one child with central nervous system d~fects and one control mother
reported havig worked with xylene durig the first triester of pregnancy. Both mothers
had also been expsed to other solvents. ln the study of Holmberg et al. (1982), described in
the monograph on some petroleum solvents, three mothers of children with oral clefts but
no control mother were reported to have worked with xylenes òurig the first triester of

pregnancy. The mothers had also been expsed to other solvents.
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(iv) Genetic and related effects
No increase in the frequency of sister chromatid exchange was observed in ten workers

in the Swedish paint industiy expsed to various solvents, including more than 100 mg/m3
xylene (Haglund et al., 1980; see also the monograph on ocupational expsures in paint
manufacture and painting). (Te Workig Group noted the small number of workers ob-
served.) No increase in sister chromatid exchange was observed in 46 workers at a Hungarin
chemical plant expsed to technical xylene (ortho-, meta- and paa-xylene, 6-15% ethylben-
zene) with an average expsure of nine years to an average of 50 mg/m3, compared with 34
clerical workers from the factoiy who were used as controls (Pp & Varga, 1987).

3.3 Epidemiological studies of carciDogeDicity iD humaDs

ln each of the studies described below, expsures were mixed and overlapping, and
these studies are cited in several monographs.

Olsson and Brandt (1980) pedormed a study on expsure to organic solvents among 25
cases of Hodgki's disease and 50 controls in Sweden (see the monograph on some petro-
leum solvents). Expsure to xylene was mentioned by four cases but no referent. Ali ex-
posed cases and referents were expsed to other solvents.

Wilcosky et al. (1984) pedormed a case-cntrol study of rubber workers in the USA (see
the monograph on some petroleum solvents). Expsure to xylene was assoiated with in-
creased risks for prostatic cancer (relative risk (RR), 1.5, eight cases), lymphosarcoma (3.7,
four cases) and lymphatic leukaemia (3.3, four cases). (Te Workig Group noted that the
number of cases in each categoiy is small and that multiple expsures were evaluated inde-
pendently of other expsures. Although the risk for lymphosarcoma in xylene-expsed
workers was significantly raised, four significant assotions were reported out of the 20 sub-
stances, and these assoiations are based on larger numbers of expsed cases. It was there-
fore impossible to determine whether a single substance was asiated with the rik.)

Carpenter et aL. (1988) evaluated the possible assoation with expure to 26 chemicals
or chemical groups in 89 cases of priaiy cancers of the central nervous system and 356
matched controls in cohorts of workers at two US nuclear faciities. Toluene (see mono-
graph, p. 79), xylene and methyl ethyl ketone were evaluated as one chemical group; the
matched RR was 2.0 (28 cases; 95% confidence interval, 0.7-5.5) in comparin with non ex-
posed workers. AImost all cases had had low expsure accrding to the classification used.
The authors reported that the RRs were adjusted for internai and external expsure to radi-
ation. (The Workig Group noted that no separate analysis was pedormed for the three
solvents, nor were expsure levels quantified, and that there were many concurrent exp-
sures. )
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4. Summary of Data Reported and Evaluation

4.1 Exposures

Xylene is a major industril chemical derived mainly from petroleum refining. It oc-
curs in three ismeric forms (ortho, meta and paa) and is produced and used both as 'mixed
xylenes' (usually containing 10-15% ethylbenzene) and as the individual Ismers. Xylene is
used as a solvent in paints, inks, adhesives and insecticides. Xylene-cntaining petroleum
distilat es are used extensively and increasingly in gasoline blending.

The individual ismers are used mainly as chemica intermedìates in the manufacture
of derivatives of phthalic anhydride (from ortho-xylene), isphthalic acid (from meta-xylene)
and terephthalic acid (from paa-xylene).

Xylene is ubiquitous in the envionment. Occupational expsure has been reported in
petroleum refining, in the production of xylene and in the use of xylene and its end products.

4.2 Experimental carcinogenicity data

Xylene (technical grade or mixed xylenes) was tested for carcinogenieity in one strain of
mice and in two strains of rats by gastric intubation. One study in rats with mixed xylenes was
considered inadequate for evaluation. No increase in the incidence of tumours was observed
in either mice or rats followig the administration of a technical-grade xylene.

No data were available on the individual isomers.

4.3 Human carcinogenicity data

Expsure to xylene has been assoiated with increased risks for haematopoietic malig-
nancies in two case-cntrol studìes, but the number of cases was limited and expsure was to
a variety of compounds.

4.4 Other relevant data

ln humans, expsure to xylene causes irtant and central nervous system effects. Ad-
verse effects have been observed on the kidney and liver in cases of accidental poisoning.
Similar effects have been se en in experiental animais after expsure to xylene at high lev-
els.

ln sorne studies of the reproductive outcome of women expsed to xylene durig the
first triester of pregnancy, small excess riks for spontaneous abortion and for congenital

malormation were reported. ln all of these studies, the numbers of cases were small and the
mothers had also been expsed to other substances.

Maternally toxic or near-toxic amounts of xylene have been assoiated with malforma-
tions in mice after oral administration and with embiyotoxicity in rabbits, rats and mice after
expsure by inhalation.
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Sister chromatid exchange was not induced in peripherallymphoces of workers in two
studies; however, expsure was to a variety of compounds.

N one of the three isomers of xylene induced mieronuclei in mice in vivo. Sister chroma-
tid exchange and chromosomal aberrations were not induced in cultured human lympho-
cyes, in the absence of an exogenous metabolic system. Xylene of unspecified grade did not
induce morphological transformation in cultured animal cells. None of the three isomers or

xylene, either alone or in combination, induced mutation in bacteria. Technical-grade xy-
lene did not induce DNA da mage in bacteria. (See Appendix 1.)

4.5 Evaluation 1

There is inadequate evidence for the carcinogenicity of xylene in humans.
There is inadequate evidence for the carcinogenicity of xylene in experiental animais.

Ove rail evaluation
Xylene is not classifiable as to its carcinogenicity to humans (Group 3).
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cyeLOHEXANONE

1. ehemical and Physical Data

1.1 Synonyms

Chem. Absií. Services Reg. No.: 108-94-1
Chem. Abstr. Name: Cyclohexanone

IUP AC Systematic Name: Cyclohexyl ketone

Synonym: Ketohexamethylene; pimelic ketone; pimelin ketone

1.2 Structural and molecular fonnulae and molecular weight

CsH1QO

o

Ó MoL. wt: 98.14

1.3 Chemical and physical properties of the pure substance

(a) Description: Colourless liquid with peppermint and acetone odour (Krasavage et

al., 1982; Windholz, 1983)

(b) Boilng-POint: 155.6°C; 47°C at 15 mm Hg (Weast, 1985)

(c) Melting-POint: -16.4°C (Weast, 1985)

(d) Density: 0.948 at 20°C/4°C (Weast, 1985)

(e) Spectroscopy data: N uclear magnetic resonance, inrared and ultraviolet spectral

data have been reported (Sadtler Research Laboratories, 1980; Pouchert, 1981,

1983, 1985).

(j Solubility: Miscible with most organic solvents. Soluble in ethanol, diethyl ether,.

benzene, chloroform and other common organic solvents; soluble in water (150
g/l at 10°C, 50 g/l at 30°C) (Kasavage et al., 1982; Windholz, 1983; Weast, 1985)

(g) Volatility: Vapour pressure: 5.2 mm Hg at 25°C (Kasavage et al., 1982)
(h) Refractive index 1.4507 at 20°C (Weast, 1985)

(i) Flash-point: 44°C (closed-cup; Krasavage et aL., 1982)

-157-
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(¡) Conversion factor: mg/m3 = 4.0 x ppm1

1.4 Technical products and impurities

Trade Names: Anon; Anone; Hexanon; Hytrol 0; Nadone; Sextone
Cyclohexanone is available in various grades of purity (98% min, ~ 99.8% ). Impunties

reported include formic acid (up to 0.05%) and water (up to 0.2%; Fisher & Van Peppen,
1979; Riedel-de Haën, 1984; Eastman Kodak Co., 1985; Aldrich Chemical Co., Inc., 1988).

2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

Cyclohexanone is produced commercially in several major ways. One widely used pro-
cess yields cyclohexanol and cyc1ohexanone by the cåtalytic oxidation of cyclohexane. The
cyclohexanol/cyclohexanone product mixure, also called KA oil, is further reacted to pro-
duce adipic acid and hexamethylene diamine, intermediates in the manufacture of nylon 66.
Pure cyc1ohexanone can be produced in high yields by this process either by distilation or by
catalytic dehydrogenation of the cyclohexanol (Considine, 1974).

Another important and veiy efficient process is based on the hydrogenation of phenoL.
The cyclohexanone produced is further reacted to produce cyclohexanone oxie, an inter-

mediate which then can undergo a Beckmann rearrangement to yield caprolactam (see
IARC, 1986; Considine, 1974; Fisher & Van Peppen, 1979), the importnt intermediate for .

nylon 6 (see IARC, 1979).

Cyclohexanone production and consumption are determined by the demand for raw
materials for nylon. Other uses are minor and have little effect on overall production.

ln 1979, approxiately 318 () tonnes of cyclohexanone were produced in the USA
(Mannsvile Chemical Products Corp., 1979). The US International Trade Commission
(1985, 1986, 1987) reported production of approxiately 360 00 tonnes each year in 1984 and
1985 and 40 () tonnes in 1986.

Production of cyclohexanone elsewhere in the world has not been documented.

(b) Use

Cyc1ohexanone is used predominantly (about 95% of production in the USA) for the
sythesis of raw materials used in the production of nylon. The remainder is used as a chemi-
cal intermediate in other processes, as an additive or as a high-boiling, slow-diyg solvent.

lCalculated from: mg/m3 = (molecular weightl24.45) x ppm, asuming standard temperature (25°C) and pres-

sure (760 mm Hg)
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Cyclohexanone is used as a solvent in insecticides, woo stains, paint and varnish removers,
spot removers, cellulosics, and natural and sythetic resins and lacquers. Additive uses in-
clude detergents, degreasing of metals, mould release agent for paints or varnishes, levelling
agent in dyeing and delusterig silk, and lube oil additive, especially for aircraft piston-tye
engines. Cyclohexanone is also used as a monomer in the sythesis of cyclohexanone resins,
polyvyl chloride and its copolymers (see IARC, 1979), and methacrylate ester polymers

(International Technical Information Institute, 1979; Hawley, 1981; Windholz, 1983; Sittig,

1985; American Chemical Society, 1987).

(c) Regulatory status and guidelines

Occupational expsure limits for cyclohexanone in 28 countries or regions are pres-
ented in Thble 1.

Table t. Occupational exposure limits for cyclohexanonea

Country or region Year Concentrationb InterpretationC
(mg/m3)

Australia 1984 200 1WA
Austria 1985 200 1WA
Belgium 1984 200 1WA
B\llgaria 1984 10 1WA
China 1985 50 1WA
Commission of the Europen 1986 200 1WA

Communities 100 Maxmum
Czehoslovakia 1985 200 Average

400 Maxmum
Denmark 1988 100 1WA
Finland 1987 200 1WA

250 STEL (15 min)
France 1986 100 1WA
Germany, Federal Republic of 1988 200 1WA
Hungary 1985 20 1WA

40 1WA
Indonesia 1985 200 1WA
1 taly 1984 200 1WA
Japan 1988 100 1WA
Mexico 1985 200 1WA
Netherlands 1986 200 1WA
Norway 1981 100 1WA
Poland 1984 20 1WA
Rumania 1984 100 Average

200 Maxmum
Sweden 1984 S 100 1WA

S 200 STEL (15 min)
Switzrland 1985 100 1WA
'Tiwan 1985 200 1WA
UK 1987 100 1WA

400 STEL (10 min)
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Table 1 (contd)

USAd
OSHA
NIOSH
ACGIH

USSR
Venezuela
Yugoslavia

Year Concentrationb InterpretationC
(mg/m3)

1983 200 1WA
1983 100 1WA
1988 S 100 1WA
1986 10 Ceiling
1985 200 1WA
1985 200 1WA

Country or region

llrom Direktoratet for Arbeidstilsyet (1981); US Occupational Safety and Health Administration

(1983); International Labour Office (1984); Areidsinspectie (1986); Commission of the Europen Com-
munities (1986); Institut National de Recherche et de Sécurité (1986); Cook (1987); Health and Safety
Executive (1987); National Swedish Bord of Ocupational Safety and Health (1987); -iõsuojeluhalltus
(1987); American Conference of Governmental Industrial Hygienists (1988); Arjdstilsyet (1988);
Deutsche Forshungsgemeinshaft (1988)
bS, skin notation
CTA, 8-h time-weighted average; STEL, short-term expure limit
dQSHA, Occupational Safety and Health Administration; NIOSH, National Institute for Ocupation-
al Safety and Health; ACGIH, American Conference of Governmental Industrial Hygienists

2.2 Occurrence

(a) lVaturaloccurrence

Cyclohexanone is not known to ocur as a natural product.

(b) Occupationa expsure

On the basis of a US National Occupational Expsure survey, the National Institute for
Occupational Safety and Health (1983) estimated that 336 20 workers were potentially ex-
posed to cyclohexanone in the USA in 1981-83.

Mean time-weighted average (I A) concentrations of 6-28 ppm (24112 mg/m3; per-

sonal samples) and 2.8-23.4 ppm (11-94 mg/m3; area samples) cyclohexanone were detected
in a screen-priting plant (Samimi, 1982). Personal8-h 1W A air concentrations of cyclohex-

anone ranging from 0.4 to 1.1 ppm (1.6-.4 mg/m3) with a mean of 0.7 ppm (2.8 mg/m3) and
area samples containing 0.1-2.0 ppm (0.4-8.0 mg/m3) were reported in a plant that produced
paper and viyl wall coverigs (Ordin et aL., 1986).

(c) Air

Few data are available on ambient air concentrations of cyclohexanone. Its presence
was reported in the air of one house near an offset priting offiCe, but the concentration was
not given (Verhoeff et al., 1987).
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2.3 ADalysis

Cyclohexanone is readily analysed by collecting vapours in air samples by adsorption on
chromosorb, desorption with carbn disulfide and determination by gas chromatography
with flame-ioniztion detection. The detection limit was 0.8 ng (equivalent to 0.05 ppm; 0.2

mg/m3) for a 10-1 sample (Elskamp, 1979). Another air sampling method involved extraction

of cyclohexanone in distiled water, condensation with fudural in an alkaline medium, acidi-
fication with sulfuric acid and colorietric determination at 550 nm (Domanski, 1977).

An electrometric or colorietric titration method, whieh can be used when no other
carbnyl compound is present, is based on the reaction of cyclohexanone with hydroxylamine
hydrochloride to form the oxie and hydrogen chloride (Fisher & Van Peppen, 1979).

3. Biological Data Relevant to the Evaluation of

earcinogenic Risk to Humans

3.1 CarciDogenicity studies iD animaIs

Oral administration

Mouse: Groups of 52, 52 and 47 male and 52, 50 and 50 female B6C3F 1 mice, seven to
eight weeks old, were given 0,650 or 13 () mgll (ppm) cyclohexanone (96% pure) in the
drikig-water for 104 weeks. A further group of 41 female mice received 25 () mg/l (max-

mum tolerated dose) cyclohexanone over the same period. Survval in the respective groups
was 88%, 90% and 70% in males and 86%, 85%,40% and 15% in females. The incidences of
liver-cell adenomas or carcinomas (only combined figures reported) were 16/52,25/51 and
13/46 in males and 3/52,6/50,3/50 and 2/41 in females, respectively. The incidence in low-
dose males was statistically significant (p = 0.041, adjusted for differences in mortality). ln
female mice, a statistically significant increase (p = 0.036; life-table method) in the inci-
dence of malignant lymphomas and leukaemia was observed in the low-dose group: 8/52
controls, 17/50 at 6500 ppm, 4/50 at 13 00 ppm and 0/41 at 25 () ppm (Lijinsky & Kovatch,
1986).

Rat: Groups of 52 male and 52 female Fischer 344 rats, seven to eight weeks old, re-
ceived 0, 3300 or 650 mg/l (ppm; maxmum tolerated dose) cyclohexanone (96% pure) in the
driking-water for 104 weeks. A slight decrease in survval was observed in high-dose fe-
males but was not statistically significant. Dose-related reductions in boy weight were ob-
served in treated groups. A signifiCant increase (p = 0.03) in the incidence of adrenal cortical
adenomas was observed in low-dose males (controls, 1/52; low-dose, 7/52; high-dose, 1/51).
The incidences of thyroid follcular-cell adenomas-crcinomas (reported in combination)
were 1/52, 0/51 and 6/51 (p = 0.053) in control, low-dose and high-dose males, respectively.
No difference in the incidence of liver tumours was observed between treated and control
groups (Lijinsky & Kovatch, 1986).
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3.2 Other relevant data

(a) Exprimental systems

(i) Absorption, distribution, exretion and metabolism
Cyc1ohexanone is metabolized in rats, rabbits and dogs to cyclohexanol, which is conju-

gated with glucuronic acid and excreted mainly in urie; veiy little cyclohexanone or free
cyclohexanol is found in urie (Ellott et al., 1959; Martis et al., 1980; Greener et al., 1982).
Cyc1ohexanone did not accumulate in the boy (Martis et al., 1980).

(ii) Toxic effects

The acute oral LDso for cyclohexanone has been reported to be 2.07 and 2.11 g/kg bw in
male and female mice, respectively, and 1.80 g/kg bw in male and female rats. The intraperi-

toneal LDso has been reported to be 1.23 g/kg bw in male mice, 1.13 g/kg bw in male rats, 1.54
g/kg bw in male rabbits and 0.93 g/kg bw in male guinea-pigs. Oral and intraperitoneal ad-

ministration of cyclohexanone caused narcosis, and death due to central nervous system de-
pression and respiratoiy arrest. Autopsy revealed peritoneal and intestinal congestion in
mice, suggesting an irtant effect (Gupta et al., 1979).

Cyclohexanone did not induce ski allergy in the guinea-pig maxiztion test (Broze
et al., 1988). Application of 0.2 ml undiluted cyclohexanone to the shaved back of rabbits for
24 h induced marked irtation, which totally disappeared only six days later. Instilation of
99, 80 or 40% cyclohexanone in cottonseed oil caused eye irtation in rabbits. No significant

difference was observed in the pentobarbital sleeping-time test in mice that received 120 or
250 mg/kg bw cyclohexanone intraperitoneally on three consecutive days, suggesting no ma-
jor effect of the compound on hepatic drug metabolizing enzyes (Gupta et al., 1979). These
enzyes were not induced by cyclohexanone in beagle dogs (Martis et al., 1980). .

Groups of miee received 407000 mgll (ppm) cyclohexanone in the drikig-water
for 13 weeks; one-third of the females and two-thirds of the males in the highest-dose group
died durig treatment. One male in the group receivig 34 00 mgll died; the other animais
had 15-24% depression of bo weight gain, depending on sex. With 47 00 mgll, foclliver
necrosis and hyperplasia in the thymus were observed in some animais. Pathological changes
at lower doses were minimal (Ljinsky & Kovatch, 1986).

Expsure of rabbits by inhalation to about 1200 mg/m3 cyclohexanone for 6 h per day

on five days per week for three weeks and to 120556 mg/m3 for ten weeks induced narco-
sis, loss of cordination and death (2/4 animais) only in the highest expsure group; slight
conjunctival irtation was seen at doses of 120300 mg/m3. No toxic effect was observed
with expsure to 750 mg/m3 (freon et al., 1943).

Intravenous administration of about 280 mg/kg bw per day cyclohexanone to beagle
dogs for 18-21 days produced a monbund condition and central nervous system effects and
liver and kidney toxicity. No significant change in bo weight was observed (Koeferl et ti.,
1981).

Intravenous administration of 50 or 100 mg/kg bw cyc1ohexanone to rats for 28 consecu-
tive days caused no significant ophthalmological or haematological toxicity or alterations in
clinical chemistiy, gross pathology or histopathology (Greener et al., 1982).



CYCLOHEXAONE 163

Guinea-pigs and rabbits were administered 0.5 or 5 mglkg bw cyclohexanone intrave-
nously or 0.5 ml percutaneously three times a week for three consecutive weeks; lenticular
alterations (anterior subcpsular vacuoles) were observed in all groups of guinea-pigs but
not in rabbits (Greener & Youkiis, 1984).

Electrophysiological and neuropathological examination of rats receivig intraperito-

neal injections of 20 mglkg bw cyclohexanone twice daily on five days per week for up to 13
weeks revealed no damage to the peripheral nervous system (perbellini et al., 1981).

(ii) Effects on reproduction an prenatal toxicity

Chick embiyos were expsed to cyclohexanone vapours (concentration unspecified) ei-
ther for 3 or 6 h prior to incubation or for 3, 6 or 12 h after 96 h of incubation. Growth retarda-
tion was noted in day-13 embiyos followig expsure for 3 or 6 h prior to or after incubation.
ln sorne hatchings expsed after incubation, an abnormal gait was se en (Griggs et al., 1971).

Dietaiy administration of 1 % cyclohexanone to TB or NMRI mice for several genera-
tions was reported to affect the vibilty and growth of firt-generation males and females.
No such effect was seen in animais of the second generation (Gondiy, 1972). (Te Workig
Group noted that the vibility of both control and treated animais was low.)

CFI mice received daily intraperitoneal injections of 50 mg/kg bw cyclohexanone for 28
days; beginning on the tenth day of treatment and throughout the expsure period, females
were housed with an untreated male. On the last day of treatment, females were kiled and
the uterus examined for dead, resorbed and vible fetuses. No adverse effect was noted in

the seven expsed litters (Hall et al., 1974).

CD-1 mice were expsed by oral intubation to 0 (25 mice) or 80 (24 mice) mg/kg bw
cyclohexanone per day on days 8-12 of gestation and the offsprig were evaluated for growth

and vibilty over the first three postnatal days. No treatment-related maternai or develop-
mental effect was observed in this teratology sceening assay (Chernoff & Kavlock, 1983),
nor were effects detected when the offsprig were observed until 250 days of age (Gray &
Kavlock, 1984; Gray et al., 1986).

ln a similar study, groups of 28 ICR miee were expsed by oral intubation to 0 or 2200
mg/kg bw cyclohexanone per day on days 8-12 of gestation. The treatment was lethal to 6/28
females, but no maternai mortality was observed in the control group. Maternai weight gain
durig the treatment period was significantly reduced in the treated group, and two females

had completely resorbed litters. Pup weight at birh and on postnatal day 3 was significantly
reduced in the treated group, but litter size and vibilty were normal (Seidenberg et aL., 1986)

(iv) Genetic an related effects
Cyclohexanone was not mutagenic to four strains (fA1535, TA1537, TA98 and TA1(0)

of Salmonella typhimurium in the presence or absence of an exogenous metabolic system in a
plate incorpration assay (Haworth et al., 1983).

It was reported in an abstract (Aaron et al., 1985) that expsure of Chinese hamster
ovaiy cells to cyclohexaone just as they were enterig the S-phase induced sister chromatid
exchange and gene mutation in the absence, but not in the presence of an exogenous meta-
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bolic system. Under these conditions, no chromosomal aberration was induced in the pres-
ence or absence of an exogenous metabolic system.

Cyclohexanone at 10-2, 10-3 and 10-4 M induced chromosomal aberrations in cultured
human leucoes (Collin, 1971; Lederer et aL., 1971). It also produced an increase in the
frequency of chromosomal damage in human lymphoces both in terms of ploidy and struc-
tural changes (Dshlovoi et al., 1981).

Chromosomal abnormalities were induced in bone-marrow cells of male rats (Rattus
norvegicus) 6, 24 and 48 h after subcutaneous injection of three doses each of 0.1,0.5 and 1.0
g/kg bw cyclohexanone (maxum tolerated dose). Abnormalities increased with dose and
decreased with time, and consisted of chromatid gaps, breaks, centric fusions, centromeric
attenuation, chromatid exchanges and polyploidy (de Hondt et al., 1983).

(b) Humans

(i) Absorption, distribution, exretion an metabolism
No data were available to the Workig Group.

(ü) Toxic effects

Allergic contact dermatitis to a cyclohexanone resin (composition unspecified) was re-
ported on patch testing of five patients with paint-related allergies (Bruze et al., 1988). Irr-
tation of the eyes, nose and throat was described in a review in volunteers expsed to cyclo-
hexanone (Krasavage et al., 1982).

ln 100 workers expsed by inhalation (3.7 mg/m3) and via ski contact (10-4 mg/cm2 on
the hands) durig the production of caprolactam to cyclohexanone, no difference in nervous

system function, bloo and respiration was reported relative to 49 controls. There was some
indication of liver disorders among a subgroup of workers, 30-39 years old, with more than
five years' expsure to cyclohexanone (Bereznyak, 1984).

(ii) Effects on fertilty and on pregnancy outcomes
No data were available to the Workig Group.

(iv) Genetic and related effects
No data were available to the Workig Group.

3.3 Epidemiological studies or carcinogeDicity to humaDs

No data were available to the Workig Group.

4. Summary of Data Reported and Evaluation

4.1 Exposures

Cyclohexanone is a sythetic organic liquid used priariy as an intermediate in the

production of nylon. Other minor applications are as an intermediate, additive and solvent
in a variety of products. Occupational expsure levels have been measured in some indus-
tries.
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4.2 Experimental carcinogenicity data

Cyclohexanone was tested for carcinogenicity by oral administration in the drikig-

water in one strain of mice and one strain of rats. ln mice, there was a slight increase in the
incidence of tumours that ocur commonly in this strain, only in animais given the low dose.
ln rats, a slight increase in the incidence of adrenal cortical adenomas ocurred in males
treated with the low dose.

4.3 Human carcinogenicity data

No data were available to the Workig Group.

4.4 Other relevant data

No significant systemie toxicity was reported in humans or experiental animaIs. No
significant prenatal toxicity was observed in mice.

Cyclohexanone induced chromosomal aberrations and ploidy changes in cultured hu-
man cells and in rats. It did not induce mutation in bacteri. (See Appendix 1.)

4.5 Evaluation 1

There is inadequate evidence for the carcinogenicity of cyclohexanone in experiental
animais.

No data were available from studies in humans on the carcinogenicity of cyclohexa-
none.

Overall evaluation

Cyclohexanone is not classìfiable as to its carcinogenicity to huma (Group 3).
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DIMETHYFORMAMIDE

1. ehemical and Physical Data

1.1 Synonyms

Chem. Ahstr. Services Reg. No.: 68-12-2
Chem. Ahstr. Name: N ,N-Dimethylformamide
Synonym: N,N-Dimethylmethanamide; DMF; DMFA; DMF (amide); N-formyldi-
methylamine

1.2 Structural and molecular fonnulae and molecular weight

H3C 0" -:N-C
H ~ "H3

C3H7NO MoL. wt: 73.1

1.3 Chemical and physical properties of the pure substance

From E.I. duPont de Nemours & Co. (1986) unless otherwe specified.

(a) Description: Clear, colourless hygroscpic liquid (Eberling, 1980) with slight

amine odour (Windholz, 1983)

(b) Boiling-POint: 153.0°C

(c) Freezing-POint: -61.0°C

(d) Flash-point: 67°C (open-cup); 58°C (c1osed-cup)

(e) Density: 0.949 g/ml at 20°C

if Viscosity: 0.802 cp at 25°C

(g) Spectroscopy data: Nuclear magnetic resonance and inrared spectral data have

been reported (Sadtler Research Laboratories, 1980; Pouchert, 1981, 1983, 1985)

(h) Solubility: Soluble in water, acetone, alcohols, benzene, chloroform, diethyl

ether, esters and chloriated and aromatic hydrocrbns; limted solubilty in ali-
phatic hydrocrbns

-171-
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(i) Refractive index: 1.428 at 25°C

(i) Volatility: Vapour pressure, 3.7 mm Hg at 25°C

(k) Stability: Photodegrades when expsed to ultraviolet radiation (or strong sun-
light), with formation of dimethylamine and formaldehyde (see IARC, 1987)

(/) Reactivity: Reacts violently when mIxed with oxidizing agents, such as perchlo-

rates, nitrates, permanganates, chromates, nitric acid, chromic acid, halogens and
sorne cleaning solutions; may cause fire or explosion when reacted with any halo-
genated hydrocrbn in the presence of metal; generates carbn monoxide va-
pours when heated to decomposition (E.l. DuPont de Nemours & Co., 1988a);
can attack copper, brass and other copper alloys (Eberling, 1980)

(m) Octanol/water partition coeffcient: log P = -1.01 (Hansch & Leo, 1979)
(n) Conversion factor: mg/m3 = 2.99 x ppm 1

1.4 Technical products and impurities

Dimethylformamide is available commercially with the following specifications: puri-
ty, approxiately 99.9%; water, 0.03-0.05% (max), tyically, 0.01%; N-methylformamide,
100 ppm (max); dimethylamine, 15-20 ppm (max), tyically, 6 ppm; iron, 0.05 ppm (max), tyi-
cally 0.01 ppm; methanol, 100 ppm (max); formic acid, 20 ppm (max), tyically, 7 ppm (Eberl-
ing, 1980; Ai Products and Chemicals, Inc., 1985; E.l. duPont de Nemours & Co., 1986).

2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

Dimethylformamide was first sythesized in 1893. ln a one-stage process, a solution of
dimethylamine in methanol reacts with carbn monoxide in the presence of soium methy-
late or with metal carbnyls at 1l0-150°C and pressures of 1.5-2.5 MPa (15-25 atm). ln the
two-stage process, methyl formate is first produced from carbn monoxide and methanol
under high pressure at 6O100°C in the presence of soium methylate. The methyl formate
is distiled and then reacts with dimethylamine at 80100 °C and low pressure. The procuct is
puriied by distilation (Eberling, 1980).

Worldwide production capacity was estimated to be about 22500 tonnes in 1979, ap-
proxiately half of which was locted in Europe (Eberling, 1980). By 1983, estimated world-

1 Calculated from: mg/m3 = (molecular weight/24.45) x ppm, assuming standard temperature (25°C) and pres-

sure (760 mm Hg)
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wide capacity had dropped to 181 60 tonnes and worldwide production was only about
100 00 tonnes. These decreases were a result of a dec1ine in consumer demand for 'wet-
look' fabrics. ln 1983, production capacity in North America was 54 40 tonnes. US con-
sumption was about 18100 tonnes in 1977-78 and decreased to 13 60 tonnes in 1983. US
production of dimethylformamide was estimated to be 23 0027 00 tonnes in 1987 (E.I.
DuPont de Nemours & Co., 1988b).

Mexico, Thiwan, Brazil and the Republic of Korea were estimated to have a combined
capacity for dimethylformamide production of 29503180 tonnes in 1983 (Anon., 1983).
Total production capacity for dimethylformamide in Japan was estimated in 1985 to be 41 00
tonnes per year; 60% was used for the production of polyurethane artifcialleather, 30% for

exprt to North America and south-east Asia and the rest used as solvents for fabric materi-
ais and resins (Anon., 1985).

(b) Use

(i) Polymer and resin solvent
Dimethylformamide is used as a solvent for many viyl-based polymers in the man-

ufacture of fims, fibres and coatings, and as a boster or cosolvent for both high molecular-
weight polyvyl chlorides and viyl chloride-viyl acetate copolymers in the manufacture of

protective coatings, fims, priting inks and adhesive formulations. Since it is a highly polar
solvent capable of hydrogen bonding, it is effective as a solvent for polar polymers with
strong intermolecular forces. Dimethylformamide is used as a solvent for makig polyure-
thane lacquers for clothing and accessories made of sythetic leather, and its use in leather
tanneries has been reported (Levin et aL., 1987). Dimethylformamide has been used as a
solvent for certain epoxy resin cu ring agents, such as dicyandiamide and meta-phenylenedia-
mine, and acts as a catalyst in accelerating cure at elevated temperatures. It has been widely
used as a solvent in the production of fibres and fims based on polyaciylonitrie (E.I. duPont
de Nemours & Co., 1986).

(ü) Separations

Dimethylformamide is used commercially as a selective solvent to recover high purity
acetylene from hydrocrbon feed streams. It is also used as a scrubbing solvent for the purii-
cation of ethylene and propylene, and has become a major solvent for extracting and separat-
ing butadiene from hydrocrbn streams (E.I. duPont de Nemours & Co., 1986).

(iü) Selective solvent extractions

Dimethylformamide is used in petroleum processing for the separation of non-paraf-
finic from paraffinic hydrocrbns and is the preferred solvent for extraction of condensed-
rig polycyclic aromatic compounds from wax. Aqueous dimethylformamide has been used
as a selective solvent for the separation of polycarbxylic acids, such as isophthalic from ter-
ephthalic acid, brassylic from azelaic acid and sebacic from adipic acid and fatty acid oxida-
tion products (E.I. duPont de Nemours & Co., 1986).

(iv) Miscellaneous
Dimethylformamide has been used as a reactant in many organic sythetic prepara-

tions, as a component in cold formulation industrial paint strippers and as a solve nt for elec-
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trolytes, particularly in high-voltage capacitors. Dimethylformamide is also used as a combi-
nation quench and solvent cleaner for hot-dipped tinned articles (E.1. duPont de Nemours &
Co., 1986).

(c) Regulatory status an guidelines

The US Foo and Drug Administration (1988) permits the use of dimethylformamide
as a component of adhesives used in articles intended for use in packaging, transprting or

holding foo.

Occupational expsure limits for dimethylformamide in 29 countries or regions are
presented in Thble 1.

Table 1. OccupationaI exposure Iimits for dimethylformamidea

Country Year Concentrationb InterpretationC
( mg/m3)

Australia 1984 S 30 1WA
Austria 1985 560 1WA
Belgium 1985 530 1WA
Brazil 1985 24 1WA
Bulgaria 1985 510 1WA
China 1985 S 10 1WA
Czeehoslovakia 1985 30 Average

60 Maximum
Denmark 1988 530 1WA
Finland 1987 530 1WA

560 STEL (15 min)
France 1986 530 1WA
German Democratie Republie 1985 510 1WA
Germany, Federal Republie of 1988 560 1WA
Hungary 1985 510 1WA

520 5TEL
Indonesia 1985 530 1WA
Italy 1985 530 1WA
Japan 1988 530 1WA
Mexico 1985 60 1WA
Netherlands 1986 530 1WA
Norway 1981 530 1WA
Poland 1985 10 1WA
Rumania 1985 S 20 Average

550 Maxmum
5weden 1987 530 1WA

545 5TEL (15 min)
5witzrland 1985 530 1WA
Thiwan 1985 530 . 1WA
UK 1987 530 1WA

560 5TEL(1O min)
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Table 1 (contd)

Country Year Concentrationb InterpretationC
(mg/m3)

USAd
OSHA 1987 30 1WA
ACGIH 1988 S 30 1WA

USSR 1986 10 Ceiling
Venezuela 1985 S 30 1WA

S 60 Ceiling
Yugoslavia 1985 S 10 1WA

aprom Direktoratet for Areidstilsyet (1981); International Labour Office (1984); Areidsin-

spetie (1986); Institut National de Recherche et de Séurité (1986); Cok (1987); Health and
Safety Exutive (1987); National Swedish Bord of Ocupational Safety and Health (1987);
1:õsuojeluhalltus (1987); US Ocupational Safety and Health Administration (1987); American
Conference of Governmental Industrial Hygienists (1988); Arejdstilsyet (1988); Deutsche For-

schungsgemeinschaft (1988)
hS, skin notation
CJA, 8-h time-weighted average; STEL, short-tenu expure limit
dQSHA, Ocupational Safety and Health Administration; ACGIH, American Conference of
Governmental Industrial Hygienists

2.2 Occurrence

(a) Natural occurrence

Dimethylformamide is not known to ocur as a natural product.

(b) Occupational exsure

On the basis of a US National Occupational Expsure Survey, the National Institute
for Occupational Safety and Health (1983) estimated that 94 00 workers were potentially
expsed to dimethylformamide in the USA in 1981-83. Levels of expsure to dimethylfor-
mamide are given in Thble 2.

(c) Environmental occurrence

No data were available to the Workig Group on the envionmental ocurrence of di-
methylformamide.

2.3 Analysis

Methods have been reported for the analysis of dimethylformamide in air and water,
and as its metabolite, methylformamide in biological media. Dimethylformamide has been
determined in air by drawig air samples through charcoal or silca gel adsorption tubes, de-
sorption with an appropriate solvent and analysis by gas chromatographywith fIame-ioniz-
tion detection or high-pressure liquid chromatography. Lower limits of detection for these
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Table 2. Occupational exposure to dimethylformamide

Environment Biological monitoringa Concentration in airb and Reference
(no. of sam pies) monitoring method

Solvent extraction in a chemical Analysed as MF in urine ND-200 ppm (600 mg/m3); Lyle et al.
plant .. 10 MIll (288) area samples by detector (1979)

~ 20 MIll (15) tube

54 lLILL (1)

62 MIll (1)

77 MIll (1)

Polyurethane surface-treatment 0.4-19.6 mg MF in urine/ ND-5.13 ppm (15 mg/m3); Yonemoto &
of synthetic leather day 8-h 1WA persnal sam pIes Suzuki (1980)

Arificialleather factory 0.4-7.1 mg/m3; mean, 1.5 1.1-20.9 mg/m3; mean, 5.3 Brugnone et
mg/m3 DMF in alveolar mg/m3; 8-h 1.A persnal al. (1980)
air samples

Polyurethane lacquering for 12 mgll MF in urine Mean, 28.4 mg/m3; 8-h Pozzoli et al.
textile substrate 1WA persnal samples (1981)

Polyurethane production plant Mean, 1.3-1.8 mg/m3; 8-h Rimatori &
1WA persnal samples CarelI (1982)
1.3 mg/m3; area samples

Textile dye manufacturing plant 0.83 mg/m3; 8-h 1WA Zey et al.
15.6 mg/m3; area sample (1987)

Synthetic fibre plant 8.9-13.2 Mgll MF in urine 3.4-3.6 mg/m3; 8-h 1WA DIxon et al.

(geometric mean) (geometric mean) (1983)

Acrylic fibre plant 10.3-63 mg MF/g crea- Mean, 1.0-46.6 mg/m3; 8-h Lauwery et
tine, daily means 1WA area samples al. (1980)

Amine processing plant mean, 12.3 mg/m3 Berger et al.

(1985)

tlF, methylfonnamide; DMF, dimethylfonnamide

hND, not detected

methods are in the range of 0.5-1.0 mg/m3 (Lipski, 1982; Rimatori & Carell, 1982; Eller,
1985; Guenier et al., 1986; Stránsky, 1986). Colorietric detection systems have been devel-
oped for dimethylformamide in air (Matheson Gas Products, undated; Roxan, Inc., undated;
The Foxboro Co., 1983; Sensidyne, 1985; National Draeger, Inc., 1987; SKC, 1988).

Gas chromatography with flame-ioniztion or mass spectrometric detection has been
used for the analysis of aqueous solutions of dimethylformamide by direct injection (Kubelka
et al., 1976).

A method has been reported for the direct analysis of dimethylformamide in breath
samples using a modified portable quadrupole mass spectrometer. The lower limit of detec-
tion was 0.5 mg/m3 (Wilson & Ottley, 1981). Personal expsures to dimethylformamide have
also been monitored by gas chromatographie analysis of urie for N-methylformamide
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(Harnes & Heniy, 1974). This compound has been shown, however, to originate mainly from
thermal degradation durig the analysis of N-hydroxyethyl-N-methylformamide, whieh is
the main metabolite present in urie (Scilteur & Lauweiys, 1984).

3. Biological Data Relevant to the Evaluation of

earcinogenic Risk to Humans

3.1 CarciDogeDicity studies iD aDimals1

(a) Oral administration

Rat: One group of 15 and one group of five BD rats (sex and age unspecified) were
given 75 or 150 mglkg bw dimethylformamide (purity unspecified) per day in the drikig-

water until a total dose of 38 g/kg bw had been gtven to both groups. The total experiental
period was 107 weeks (mean survval time, 76 weeks). No tumour was observed (Druckrey et
aL., 1967). (Te Workig Group noted the small number of animais used and the incomplete
reporting of the results.)

(b) Subcutaneous administration

Rat: Two groups of 12 BD rats (sexand ageunspecified) received weekly subcutaneous
injections of 20 or 40 mglkg bw dimethylformamide (purity unspecified) until total doses of
8 and 20 g/kg bw had been given, which was at 104 weeks for the low-dose group and 109
weeks for the high-dose group. No tumour was observed (Druckreyet al., 1967). (Te Work-
ing Group noted the small number of animais used and the incomplete reporting of the re-
sults. )

(c) Inraperitoneal administration

Rat: Groups of 20 male and 20 female MRC rats, 13-'14 weeks of age, received weekly
intraperitoneal injections of 0.1 ml dimethylformamide (distiled, gas chromatography
grade) for ten weeks (total dose, 1 ml (949 mg)). A group of 15 male and 15 female rats served
as untreated controls. Median survval times were 87 weeks for treated males and 96 weeks
for treated females, 92 weeks for control males and 100 weeks for control females. The ex-
perient was terminated at 115 weeks. ln the treated groups, 9/18 males and 11/19 females

had tumours at different sites; in the control groups, 4/14 males and 5/14 femáles had tu-
mours. A total of 13 tumours (three malignant) ocurred in treated males and 17 (nine ma-
lignant) in females; untreated males had four (benign) tumours and untreated females, eight

1The Working Group was aware of a study in progres in mice and rats by inhalation (lARe, 1988)
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(two malignant). Afew uncommon tumours were reported in treated animais: an embryo-
nal-cell carcinoma of the testis in one male, and two colon adenocrcinomas and a squa-
mous-cell carcinoma of the rectum in females (Kommineni, 1972). (The Workig Group
noted the small number of animais, the unequal group sizes, the short duration of treatment
and the incomplete description of sorne of the pathological results.)

3.2 Other relevant data

The toxicology of dimethylformamide has been reviewed (Kennedy, 1986; Lauweiys,
1986).

(a) Exprimental systems

(i) Absorption, distribution, exretion and metabolism
Dimethylformamide is readily absorbed by mammals followig its oral administration,

dermal contact or inhalation expsure (Massmann, 1956; KImerle & Eben, 1975a; Kenne-
dy, 1986). After rats were expsed for 4 h by inhalation, dimethylformamide and its main
metabolite were distnbuted uniformly throughout the tissues; almost all was removed within
two days (Lundberg et al., 1983).

The main metabolic pathway of dimethylformamide in rodents involves hydroxylation
of the methyl group to form N-hydroxyethyl-N-methylformamide (Bridley et al., 1983;
Scailteur & Lauweiys, 1984; Scilteur et al., 1984). Liver is the main organ in which metabo-
lism ocurs (Scailteur et al., 1984). Other metabolites excreted in rodent urie include N-
methylformamide (Scailteur & Lauweiys, 1984), monomethylamine and dimethylamine,
each of which constituted less than 5% of the administered dose (Kestell et al., 1987). Some
unmetabolized dimethylformamide is also excreted, to a greater extent in female rats than
males (Scailteur et al., 1984). When 14C-dimethylformamide (labelled in the formyl group)
was administered to mire, 83% of the dose was recovered in urie within 24 h. Of this

amount, 56% was excreted asN-hydroxyethyl-N-methylformamide and 5% as unmetabo-
lized dimethylformamide; 3% of the dose administered was excreted as N-(hydroxye-
thyl)formamide or formamide and 18% as unidentified metabolites (Bridley et al., 1983).
(Te Workig Group noted that, until recently, N-methylformamide was considered to be
the main metabolite; however, N-hydroxyethyl-N-methylformamide is broken down to
N-methylformamide durig gas chromatographic analysis.)

Dimethylformamide has been shown to cross the placenta after expsure of rats by in-
halation (Sheveleva et al., 1977).

(ü) Toxic effects

The oral LDso for dimethylformamide has been reported to be 3.8-.8 g/kg bw in mice,
2.0-7.6 g/kg bw in rats, 3.4 g/kg bw in guinea-pigs and 3-4 g/kg bw in gerbils. The intraperito-
neal LDso has been reported to be 1.1-6.2 g/kg bw in mire, 1.4-.8 g/kg bw in rats, 4 g/kg bw in
guinea-pigs, 3-4 g/kg bw in gerbils, 1 g/kg bw in rabbits and 0.3-0.5 g/kg bw in cats. The intra-
venous LDso was 2.5-.1 g/kg bw in mire, 2-3.0 g/kg bw in rats, 1.0 glkg bw in guinea-pigs,
1-1.8 g/kg bw in rabbits and 0.5 glkg bw in dogs. The subcutaneous LDso was 3.5-.5 g/kg bw
in mice, 3.5-5 glkg bw in rats, 2 g/kg bw in rabbits and 3-4 glkg bw in gerbils. An intramusc-
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lar LDso of 3.8-6.5 glkg bw has been reported in mice, and dermal LDsos of II and 1.5 g/kg bw
have been reported for rats and rabbits, respectively (Massmann, 1956; Davi & Jenner,
1959; Thiersch, 1962; Kutzche, 1965; Druckreyet al., 1967; Spinazzola et al., 1969; Kiura et
al., 1971; Llewellyn et al., 1974; Bartsch et al., 1976; Stula & Krauss, 1977; Kennedy, 1986). A
2-h inhalational LDso of 940 mg/m3 was reported in mice and a 4-h inhalation LDso of
:; 250 ppm (750 mg/m3) in rats (Clayton et al., 1963). Dimethylformamide was more toxic
in younger than in older rats, with oral LDsos of .c 1 g/kg bw in newborn, 1.4 g/kg bw in
14-day-old, 4.0 glkg bw in young adult and 6.8 g/kg bw in adult animais (Kura et aL., 1971).

Rats survved a single 4-h expsure to saturated vapours of dimethylformamide (dose
unspecifiedJ (Smyth & Carpenter, 1948); no mortality was observed when rats were expsed
to 250 ppm saturated vapours of dimethylformamide for 4 h, but deaths ocurred when the
period was extended to 6 h (Clayton et al., 1963).

Slight ski irtation was observed after ski applications of 2.5 g/kg bw dimethylforma-

mide to mice; no such irtation was found in rabbits similarly treated with 0.5 glkg (Wiles &
Narcisse, 1971). Moderate corneal injuiy and moderate to severe conjunctivitis were ob-
served after application of 0.01 ml dimethylformamide on the corneal sudace or of 50% in
the conjunctival sac of rabbits (Massmann, 1956; Wiliams et al., 1982).

Feeding of dimethylformamide to mice (160, 54, 1850 mg/kg) and to rats (215, 750,
250 mg/kg) in the diet for more than 100 days resulted in a slight increase in liver weights in
böth species but no evidence of histopathological damage in the liver or other tissues (Becci
et al., 1983). When dimethylformamide was given to gerbils at concentrations of 10 00,
1700,3400 and 66 00 mg/l in the drikig-water, mortality and severe liver toxicity (ne-
crotie foci) were observed in a dose-dependent fashion at the three higher dose levels
(Llewellyn et al., 1974).

ln seve rai experients, rats were expsed by inhalation to 100120 ppm dimethylfor-
mamide, for up to about 120days. Liver toxicity (as evaluated by clinical chemistiy and/or
gross pathological and histopathological examination) was seen after prolonged expsure
and al higher concentrations (Massman, 1956; Clayton et al., 1963; Thnaka, 1971; Craig et al.,
1984). Liver necrosis was also seen in mice given 150120 ppm (450360 mg/m3) dimethyl-
formamide (Craig et al., 1984); and toxicity was observed in guinea-pigs after several daily
intragastric administrations of 10 ml of the undiluted compound (Martell, 196). ln one
study, however, inhalation expsure of rats and cats to 100 ppm (300 mg/m3) for 6 h per day
for two months induced no toxic effect in liver (Hofmann, 196), and no macroscpie effect
was seen in the liver of rats expsed to 60 ppm (180 mg/m3) dimethylformamide (Schottek,
1970). After mice, rats, rabbits, guinea-pigs and dogs were exposed to 58 aerosolized doses of
23 ppm (69 mg/m3) dimethylformamide for 5.5 h and 426 ppm (1300 mg/m3) for a further 30
min, no adverse clinical sign was se en in rodents. One of four dogs had decreased systolic

bloo pressure, and all four had degenerative changes in heart muscle. Liver weights were
elevated in all species, except guinea-pigs, and liver fat content was increased in rats. No
other toxic change, as evaluated by haematology or tissue histopathology, was detected
(Clayton et aL., 1963).

Kidney toxicity was seen in gerbils given dimethylformamide in the drikig-water
(1700,3400 and 66 00 mg/l) for up to 80 days (Llewellyn et al., 1974) and in guinea-pigs
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given several daily oral administrations of 10 ml of the undiluted compound (Martell, 196).
Expsure of rats and cats to 100 ppm (300 mg/m3) dimethylformamide by inhalation for 6 h
per day for two months did not induce kidney toxicity (Hofmann, 196).

(ii) Effects on reproduction and prenaal toxicity

As reported in an abstract, intraperitoneal administration of 1.24 ml (1.2 g)/kg bw dime-
thylformamide to NMRI mice on days 6-15 of gestation had no teratogenic effect, although
monomethylformamide at a dose of 0.1 ml/kg induced a high incidence of fetal death and
malformation (Gleieh, 1974).

Groups of 12-30 AB Jena-Halle or C57BI mice were given intraperitoneal injections of
170-2100 mg/kg bw dimethylformamide on either one or several days of gestation, and the
fetuses were examined for growth, morphology and viabilty. Single injections of 2100 mg/kg
bw into J ena-Halle strain mice on day 3, 7 or 9 of gestation were reported to be embiyotoxic.

(Te Workig Group noted that no statistical analysis was included in the table of exper-
imental results and that it is not clear what the ~ffect was.) Treatment of AB J ena Halle mice
with 60 or 1080 mg/kg bw and of C57BI mice with 1080 mg/kg bw on days 1-14 of gestation
induced a high incidence of malformations in both strains. Defects included deficient ossifi-
cation of the ocipital and parietal bones, and open eyes (Scheufer & Freye, 1975).

Rats were expsed by inhalation to 0, 0.05 or 0.6 mg/m3 dimethylformamide for 4 h per
day on days 1-19 of gestation. No maternai effect was observed, butfetal growth was reduced
at the lower dose and growth retardation and postimplantation embiyonic death were seen
at the higher dose. The number of postnatal deaths was increased in the higher dose group
(Sheveleva & Osina, 1973).

Groups of 22-23 Long-Evans rats were expsed by inhalation to 0, 18 or 172 ppm (54 or
515 mg/m3) dimethylformamide for 6 h per day on days 6-15 of gestation, and the fetuses
were examined by routine teratological techniques. No clinical sign of systemic toxicity was
reported in the expsed females, and no effect on fetal viability or morphology was observed.
The growtli of fetuses in the high-dose group was retarded, but they showed normal skeletal
development (Kmerle & Machemer, 1975).

As reported in an abstract, Sprague-Dawley rats were expsed to 0, 32 or 301 ppm (96
or 90 mg/m3) dimethylformamide vapours for 6 h per day on days 6-15 of gestation. Slight
maternai toxicity and fetal growth retardation were reported at the highest dose level (Keller
& Lewis, 1981).

Dimethylformamide was one of several acetamides and formamides administered in a
teratology study by oral gavage to rabbits on days 6-18 of gestation. Doses were 0 (24 rabbits),
46.4 J.I (44 mg)/kg bw (12 rabbits), 68.1 J.I/kg (65 mg/kg) (18 rabbits) and 20 J.I/kg (190 mg/kg)

(11 rabbits). A dose-related increase in the incidence of internai hydrocephalus was noted in
fetuses. ln the high-dose group, maternai toxicity, abortion, retardation of fetal growth and
additional malformations (umbilcal hernia, eventratio simplex, exophthalmus, cleft palate
and abnormal positioning of limbs) were also observed (Merkle & Zeller, 1980).

Groups of three to nine Sprague-Dawley rats and four to five New Zealand white rab-
bits received dermal application of dimethylformamide (commercial grade with less that 2%
impurities). Rats were treated for severall-3-day periods durig the middle of gestation
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while rabbits were expsed on days 8-16. The administered dose was 20 mg/kg bw to rabbits
and 60240 mglkg bw to rats. It was reported that the test agent caused an increase in the
rate of embiyonic death in rats at a dose that also resulted in maternai mortlity. Subcta-
neous haemorrhages were observed in fetuses expsed durig days 12 and 13 or 11-13, but
the authors did not consider these to be toxicologically significant. No adverse effect was
noted in the few rabbits that were studied (Stula & Krauss, 1977).

(iv) Genetic an related effects

Dimethylformamide was one of 42 chemicals selected for study in the International
Collaborative Program for the Evaluation of Short-term Tests for Carciogens (de Serres &
Ashby, 1981), in which 30 assay systems were included and more than 50 laboratories contrib-

uted data. Dimethylformamide gave negative results in five studies for DN A repair in proka-

iyotes, 16 studies for mutation in bacteri, five studies for mutation or mitotic recombination
in yeast, three studies for DNA repair in cultured human cells, three studies for sister chro-
matid exchange in cultured animal cells, one study for mutation in cultured animal cells, one
study for mutation in cultured human cells, two studies for chromosomal aberrations in cul-
tured animal cells, one study for sex-linked recessive lethal mutation in Drosophila, one
study for sister chromatid exchange in bone marrow and liver of mice, three studies for mi-
cronuclei in mice, and one sperm morphology assay. ln most of the in-vitro studies, dime-
thylformamide was tested both in the presence and absence of an exogenous metabolic sys-
tem. Dimethylformamide gave inconclusive results in one study oflambda induction. It gave
positive results in one study of differential toxicity in yeast. It induced mutation in Salmonel-
la typhimurium TA1538 and TA98 in one test with metabolic activation. It induced DNA dam-
age in Sacchaomyces cerevisiae in one study and aneuploidy in S. cerevisiae D6 both in the
presence and absence of an exogenous metabolic system in a single study. Dimethylforma-
mide gave positive results in one study for mitotic recombination in yeast.

ln many other studies, dimethylformamide did not induce mutation in S. typhimurium
TA1530, TA1531, TA1532, TA1535, TA1537, TA1538, TA98, TAl00 or TAI96 either in the

presence or absence of an exogenous metabolic system (Green & Savage, 1978 (solvent con-
trol); Purchase et al., 1978; Antoine et al., 1983; Falck et al., 1985; Mortelmans et al., 1986).
Negative results were also obtained with Escherichia coli WP2uvrA in the presence of an ex-
ogenous metabolic system (Falck et al., 1985). Dimethylformamide enhanced the mutagenic-
ity of tiytophan-pyrolysate in S. typhimurium TA98 in the presence of an exogenous meta-
bolic system (Aroto et al., 1982).

Dimethylformamide induced a slight increase in unscheduled DNA sythesis in pria-
iy rat hepatoce cultures in one study (Wiliams, 1977) but not in two others (Wiliams &
Laspia, 1979; Ito, 1982). It gave negative respnses in the hepatoce priaiy culture/DNA
repair assay using mouse or hamster hepatoces (McQueen et al., 1983; Klaunig et al., 1984).

Dimethylformamide had no effect on the frequency of recessive chlorophyll and em-
biyonic lethal mutations in Arabidopsis thaian (Gichner & Velemínský, 1987). ln the same
system, dimethylformamide altered the mutagenic activity of known mutagens (Gichner &
Velemínský, 1986, 1987). It did not induce sex-linked recessive lethal mutations or somatic
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mutation in Drosophila (Fahmy & Fahmy, 1972, 1983). (The Workig Group noted that dime-
thylformamide was used as a solve nt control in these experients.)

Dimethylformamide was reported to induce a marginal mutagenic response in L5178Y
TK + 1- mouse lymphoma cells in the absence but not in the presence of an exogenous meta-
bolic system (McGregor et al., 1988); in similar studies, negative results were obtained
(Mitchell et al., 1988; Myhr & Caspaiy, 1988).

ln one study, dimethylformamide did not increase the incidence of chromosomal aber-
rations or of sister chromatid exchange in human peripheral bloo lymphoces in vitro (high-
est no-effect dose, 80 00 ¡.g/ml; Antoine et al., 1983). ln another study, chromosomal aber-
rations were reported in human peripherallymphoce cultures treated with dimethylforma-
mide (lowest effective dose, 0.007 ¡.g/ml; Koudela & Spazier, 1979).

ln Balb/c mice injected intraperitoneally with 0.2, 20 or 20 mg/kg bw dimethylforma-
mide, no increase in the frequency of mieronuclei in bone-marrow cells was observed (An-
toine et al., 1983), and no increase was se en in the frequency of sperm abnormalities after five
doses of 0.1- 1.5 mllkg bw (fopham, 1980) or after 0.2-20 mglkg bw (Antoine et al., 1983). It
induced micronuclei in the bone marrow of Kunming mice after single (1 mg/kg) or multiple
(3 X 1 mg/kg) intraperitoneal injections (Ye, 1987).

As reported in an abstract, no dominant lethal effect was observed in groups of ten
Sprague-Dawley rats expsed by inhalation to dimethylformamide for 6 h per day for five
consecutive days (Lewis, 1979).

Dimethylformamide did not induce morphological transformation in Syrn hamster
embiyo cells (Pienta et al., 1977), nor did it induce transformation of hamster embiyo cells
after transplacental expsure by intraperitoneal injection (Quarles et al., 1979). (The Work-
ing Group noted that since dimethylformamide was being used as a solvent control in these
experients, no other control was available and only one dose was tested.)

Dimethylformamide inhibited intercellular communication (as measured by metabolic
coperation) between Chinese hamster V79 hprt+l- cells (Chen et al., 1984).

(b) Human

(i) Absorption, distribution, excretion an metabolism
Dimethylformamide in liquid or vapour form is readily absorbed through the ski, by

inhalation or after oral expsure (Maxield et al., 1975). It is rapidly metabolized and ex-
creted in the urie in the form of N-hydroxyethyl-N-methylformamide and, to a small ex-
tent, N-methylformamide, N-hydroxyethylformamide and unmetabolized dimethylfor-
mamide (Scailteur & Lauweiys, 1984, 1987). ln volunteers expsed by inhalation, N-hydro-

xyethyl-N-methylformamide (measured as N-methylformamide) was deteced in urie 4
h after onset of expsure; almost complete elimination had taken place by 24 h (Kmerle &
Eben, 1975b). N-methylformamide, formed from N-hydroxyethyl-N-methylformamide
durig gas chromatographic analysis, has been measured. in the urie of expsed workers.

Uriaiy measurements showed a dose-relationship to aIrrne levels of dimethylformamide
after expsure by inhalation (Luweiys et al., 1980); however, extensive ski contact may
markedly inuence the dose absorbed. Other methods for assessing expsure can include
measurements of dimethylformamide in bloo or exhaled air (Luweiys, 1986).
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(ii) Toxic effects

Accidental dermal and inhalation expsure has been reported to cause liver injury, with

syptoms of abdominal pain, vomiting, hypertension and elevated levels of uriary bilirbin
and serum transaminases. Sorne dermal irtation and hyperaemia were seen. Mter the

disappearance of clinical signs, 11 days after expsure, a liver biopsy revealed septal fibrosis
and accumulation of mononuclear cells (potter, 1973, 1974). ln other cases of chronic exp-
sure in work place settings (to 14-6 mg/m3), irtation of the eyes, upper respiratoiy tract
and digestive tract were observed (Tomasini et al., 1983).

High expsures at various work places have been reported to cause nausea, vomiting,
colic (Reinl & Urban, 1965), gastrointestinal abnormalities, hepatopathy (AIdyreva et al.,
1980; Paoletti et al., 1982; RedIich et al., 1987), cardiovascular abnormalities and nervous sys-
tem disorders (AIdyreva et al., 1980). Of five persons expsed ocupationally (concentration
unspecifiedl, four had increased levels of serum amylase, suggesting pancreatitis (Chary,
1974).

Expsure to dimethylformamide through the ski in an aciylie fibre production plant
led to five cases of intoxication, with gastritis, gastroesophagitis and hepatic dysfunction.
These effects were reversible on removal from expsure (Guirguis, 1981).

ln a study of 100 workers expsed to dimethylforramide (determined as 22 mg/m3 by
8-h TW A personal sampling) in two factories producing artificial polyurethane leather
(mean period of expsure, five years), headache, dyspepsia and hepatic-tye digestive im-
pairent could be specifically associated with chronic expsure. Increased levels of )'-gluta-

myl transpeptidase demonstrated minimal hepatocellular damage (Cirla et aL., 1984). No
sign of liver function change was reported in other studies of persons expsed to up to 60 ppm

(180 mg/m3) dimethylformamide (Kennedy, 1986).
Polyaciylonitrie fibre production workers expsed to 30- ppm dimethylformamide

for three to five years complained of fatigue, weakness, numbness of the extremities and eye
and throat irtation (Kennedy, 1986). Ski sensitivity, allergic dermatitis, eczema and vitil-
go have also been reported (Bainova, 1975; Kennedy, 1986).

Occupational expsure to dimethylformamide followed by consumption of alcohol has
resulted in alcohol intolerance, dermal fIushing (especially of the face), severe headache and
dizziness (Reinl & Urban, 1965; Lyle et al., 1979; Tomasini et al., 1983).,

(ii) Effects on fertilty and pregn outcome
No data were available to the Workig Group.

(iv) Genetic an related effects
ln a study of 20 workers expsed to mono-, di- and triethylamines as well as dimethyl-

formamide in the German Democratic Republic, the mean workplace concentrations durig

one year before bloo samplig were: 12.3 mg/m3 (range, 5.6-26.4) dimethylformamide, 5.3

mg/m3 (range, 1.2-10.1) monomethylformamide and 0.63 mg/m3 (range, 0.01-3.3) dimethyl-
amine, which were within the maxal admissible range in the countiy. Eighteen unexpsed
employees from the same factoiy were used as con trois. Increases in the frequency of chro-
mosomal gaps and breaks were observed in 1.4% of the expsed group compared toO.4% of
controls (Berger et al., 1985). fle Workig Group noted the low number of chromosomal
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breaks observed in the controls, and that the possible effect of smokig was not accunted
for.)

Chromosomal aberrations in peripheral lymphoces were also reported in another
study of workers who had been expsed ocupationally to dimethylformamide with trace
quantities of methylethylketone, butyl acetate, toluene, cyclohexanone and xylene. Sam-
pling at two four-month intervals, when expsure was to an average of 180 and 150 mg/m3
dimethylformamide, respectively, showed an increase in the frequency of chromosomal ab-
errations; but subsequent sampling at three six-month intervals, when average expsures
were to 50, 40 and 35 mg/m3, showed no increase (Koudela & Spazier, 1981).

It was reported in an abstract that there was no evidence for an increased frequency of
chromosomal aberrations in peripherallymphoces of a group of workers expsed to dime-
thylformamide (details not given) (Šrám et al., 1985).

3.3 Epidemiological studies or carcinogenicity to humans

Ducatman et al. (1986) reported three cases of testicular germ-cell tumour in 1981-83
among 153 white men who repaired the exterior sudaces and electrical components of F4
Phan tom jet aircraft in the USA. This finding led to surveys of two other repair shops at
different geographicalloctions, in one of which the same tye of aircrat was repaired and in

another at which different tyes of aircraft were repaired. Four among 680 white male work-
ers in the same tye of repair shop had a histoiy of testicular germ-cll cancers (0.95 ex-

pected) ocurrg in 1970-83. No case of testicular germ-cll cancer was found among the

44 white men employed at the faciity where different tyes of aircraft were repaired. Of
the seven cases, five were seminomas and two were embiyonal-cell carcinomas. Ali seven
men had long work histories in aircrt repair. There were many common expsures to sol-
vents in the three faciities, but the only expsure identifed as unique to the F4 Phantom jet
aircraft repair facilties where the cases ocurred was to a solvent mixure containing 80%
dimethylformamide (20% unspeciied). Three of the cases had been expsed to thi mixure

with certainty and three cases had probably been expsed. Other cases of cancer were not
searched for, and cases were found through foremen and from filed death certifcates. The
authors suggested that underreporting was possible.

Levi et al. (1987), in a letter to the Editor, descbed three cases of embiyonal-cell
carcinoma of the testis in workers at one leather tanneiy in the USA, all of whom had worked
as swabbers on the spray lin es in leather finishing. Acrding to the authors, all the tanneries
they had surveyed used dimethylformamide, as well as a wide range of dyes and solvents.
(Te Workig Group noted that the number of workers from which these three cases arose
was not given and that other cancers were not looked for.)

Chen et al. (1988) studied cancer incidence among 2530 actively employed workers
with potential expsure to dimethylformamide in 195070 and 1329 employees with exsure
to dimethylformamide and acrlonitrie at an acrlic fire manufacturig plant in South Car-

olina, USA (O'Berg et al., 1985). Cancer incidence rates for the company (195684) and US
national rates (1973-77) were used to calculate exped numbers of cases. For all workers
expsed to dimethylformamide (alone or with acrlonitrie), the standardized incidence ratio
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(SIR) based on company rates for all cancers combined was 110 ((95% confidence interval
(CI), 88-136); 88 cases); the SIR based on national rates was 92. The SIR for cancer of the
buccl cavity and phary was 344 (( 172-615); 11 cases) based on company rates and 167 based

on US rates. More cancer Cases than expected from company rates (34 cases: SIR, 134;
(98-195)) were found among wage employees expsed to dimethylformamide alone, due
mainly to eight carcinomas of the buccl cavity or phary versus 1.0 expected (SIR, 80;
(345-1580)). An additional case ocurred in salaried employees expsed to dimethylforma-
mide alone (SIR, 167); four of these tumours were cancers of the lip. No such excess was
found among the workers expsed to both dimethylformamide and aciylonitrie (two ob-
served; SIR, 125, based on company rates). The authors reported no assoiation with intensi-

ty or duration of expsure: low and moderate expsure, SIR, 420 (five cases); high expsure,
SIR, 300 (six cases). 'Low' expsure was defined as no direct contact with liquids containing
any dimethylformamide, even with protective equipment, and workplace levels consistently
below 10 ppm (30 mg/m3) in air (no odour of dimethylformamide evident). 'Moderate' exp-
sure was defined as intermittent contact with liquids containing ~ 5% dimethylformamide,
and workplace levels sometimes ~ 10 ppm (more than once per week); dimethylformamide-
lad en materials handled but fumes contained the levels described above. 'High' expsure
was defined as frequent contact with liquids containing ~ 5% dimethylformamide, and
workplace levels often ~ 10 ppm, use of breathing protection often required for 15 min to
1 h; dimethylformamide vapour frequently ~ 10 ppm when handling pure dimethylforma-
mide or dimethylformamide-cntaining materials. (The Workig Group noted that the ex-
posure categories do not seem to be mutually exclusive.) One case of testicular cancer was
found among the 3859 workers expsed to dimethylformamide (aloneor with acrylonitrie),
with 1.7 expected based on company rates; no case of liver cancer wasseen. (Te Workig
Group noted that the company rates may be more relevant for comparison, as there were
only actively employed persons among the exposed and because the US rates are based on a
limited time period, 1973-77. No data on tobacc use, alcohol consumption or other ocupa-
tional exposures were given.)

Chen et aL. (1988b) analysed mortality in 195082 in the same cohort among both active
and pensioned employees. Expected numbers (adjusted for age and time period) were based
on company rates. For all workers expsed to dimethylformamide (alone or with acryloni-
trie), the standardized mortality ratio (SMR) for lung cancer was 124 (33 cases; (95% CI,
85-174)). An increased risk for lung cancer was found in the cohort expsed only to dime-
thylformamide (19 cases; SMR, 141; (84-219)) but not in that expsed to dimethylformamide
and aciylonitrie. There were three deaths from cancer of the buccl cavity and pharynx

(SIR, 188) in all persons expsed todimethylformamide (alone or with acrylonitrie). No
other excess cancer risk was reported. (The Workig Group noted that no inormation on
loss to follow-up or on death certificates is given in this report or whether these deaths were
included in the incidence study reported above.)
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4. Summary of Data Reported and Evaluation

4.1 Exposures

Dimethylformamide is a sythetie organic liquid used mainly as an industrial solvent in
the manufacture of films, fibres, coatings and adhesives, in the puriication of hydrocrbns
in petroleum refining and in other chemical processes. Exsure to dimethylformamide may
ocur through inhalation and dermal absorption. Ocupational expsure has been reported
durig manufacturig processes and durig use of products in which dimethylformamide is a

solvent.

4.2 Experimental carcinogenicity data

Dimethylformamide was tested for carcinogenicity by oral administration and subcuta-
neous injection in one strain of rats. ln a study in which dimethylformamide was adminis-
tered by intraperitoneal injection in another strain of rats, a small number of uncommon
tumours was observed in treated rats. Ail of these studies were inadequate for evaluation.

4.3 "uman carcinogenicity data

An excess risk for testicular germ-cell tumours was identified among workers involved
in aircraft repair who had been expsed to a solvent mixure containing 80% dimethylforma-
mide. An excess risk for cancer of the buccl cavity or phary and a nonsignificant excess of
lung cancer, but no excess risk for testieular cancer, were observed in workers expsed to
dimethylformamide at a plant manufacturig aciylic fibres. No adjustment was made for
possible confounding variables in either study.

4.4 Other relevant data

Liver toxicity and dermatitis have been observed in persons ocupationally expsed to
dimethylformamide. Dimethylformamide also induces liver toxicity in experiental ani-
mais.

Dimethylformamide induced malformations in mice followig intraperitoneal admin-
istration and in rabbits followig oral (but not dermal) expsure. Fetal growth retardation
but no malformation was seen followig expsure of rats by inhalation.

An increased frequency of chromosomal aberrations was observed in peripheral lym-
phoces of industrial workers expsed to dimethylformamide in one study. Another study
showed an increased frequency but was inconc1usive because the workers were also expsed
to other industrial chemicals.
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Dimethylformamide did not induce sister chromatid exchange or micronuclei in mice.
It did not induce DNA damage, mutation or sister chromatid exchange in cultured human
cells but gave equivocl results for chromosomal aberrtions. It did not induce chromosomal
aberrations, sister chromatid exchange, mutation or DNA damage in cultured anial cells.
It inhibited intercellular communication in cultured animal cells. It did not induce mutation
in Drosophila, plants or yeast nor mitotic recmbination in yeast. It induced DNA damage
and aneuploidy in yeast. Dimethylformamide did not induce mutation or DNA damage in
bacteri. (See Appendix 1.)

4.5 Evaluation 1

There is limited evidence for the carcinogenicity of dimethylformamide in humans.
There is inaequate evidence for the carcinogenicity of dimethylformamide in exper-

imental animais.

Overall evaluation

Dimethylformamide is possibly carcinogenic to huma (Group 2B).
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MORPHO LINE

1. ehemical and Physical Data

1.1 Synonyms

Chem. Abstr. Services Reg. No.: 110-91-8
Chem. Abstr. Name: Morpholine
Synonym: Diethylene imidoxide; diethylene oxiide; diethylenimide oxide;
l-oxa-4-azacyc1ohexane; tetrahydro-para-isxaine; tetrahydro-l,4-isoxazine; tetra-
hydro-l,4-oxazine; tetrahydro-(2H1,4-oxazine; tetrahydro-( 4H)1,4-xazine; te-
trahydro-para-oxazine

1.2 Structural and molecular rormulae and molecular weight

C4HeNO

H

1

eN)o MoL. wt: 87.12

1.3 Chemical and physical properties or the pure substance

(a) Description: Clear, colourless, hygroscpic Iiquid with ammonia-like odour
(Weast, 1985; Texaco Chemical Co., 1986)

(b) Boiling-point: 128.3°C, 24.8°C at 10 mm Hg (Weast, 1985)

(c) Freezing-point: -4.7°C (Weast, 1985); -4.9°C (fexaco Chemical Co., 1986)

(d) Viscosity: 2.23 cp at 20°C (fexaco Chemical Co., 1986)

(e) Rash-point: 35°C (closed cup) (Mjos, 1978; Texaco Chemical Co., 1986)

if Spectroscopy data: Nuclear magnetic resonance, inrared and mass spectral data

have been reported (Sadtler Research Laboratories, 1980; Pouchert, 1981, 1983;

Ohnishi, 1984; Hunt et ai., 1985; Pouchert, 1985).

(g) Solubility: Soluble in water, acetone, benzene, carbn tetrachloride, diethyl
ether, ethanol, methanol, n-heptane, propylene glycol methyl ether and ethylene
glycol (Weast, 1985; Dow Chemical Co., 1985; Texaco Chemical Co., 1986)

-199-
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(h) RefracÛve index: 1.4548 at 20°C (Weast, 1985); 1.4545 at 20°C (Texaco Chemical
Co., 1986)

(i) VolaÛlity: Vapour pressure, 7 mm Hg at 20°C (Texaco Chemical Co., 1986)

(¡) ReacÛvity: As a base (pKB, 5.64), reacts readily with most acids to form corre-
sponding salts; reacts with carbn dioxide under anhydrous conditions to form
carbamates and with carbn disulfide to form dithiocrbamates (Mjos, 1978; Dow
Chemical Co., 1985; Texaco Chemical Co., 1986). Nitrosation is known to ocur,
leading to the formation of N-nitrosomorpholine (see IARC, 1978).

(k) Specific gravity: 1.005 at 20°/4 °C (Weast, 1985); 1.002 at 20° /2O°C (Texaco

Chemical Co., 1986)

(l) Octanol/water parition coeffcient: log E -1.08 (Hansch & Leo, 1979)

(m) Conversion factor: mg/m3 = 3.56 X ppm1

1.4 Technical products and impurities

Trade names: BASF 238; Drewamine
Morpholine is generally marketed as a high-purity product with the followig specifi-

cations: assay (min), 99.0%; distillation range, 126.0-130.0°C; specific gravity (20° /200C),

1.001-1.004; water (max), 0.2-0.5% (Ai Products and Chemicals, Inc., 1985; Dow Chemical
Co., 1985; Texaco Chemical Co., 1986). It is also available in 40% and 88% solutions with
water.

2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

The major process for the production of morpholine until the early 1970s was the acid-
catalysed dehydration of diethanolamine. This process has largely been replaced by a pro-
cess based on the reaction of diethylene glycol with ammonia at high temperatures and pres-
sures, with or without a catalyst (Mannsvle Chemical Products Corp., 1981).

Typically, diethylene glycol and ammonIa are combined in the presence of hydrogen
and a catalyst at a temperature between 150-400°C and a pressure between 3-4 MPa
(30-400 atm). The hydrogenation catalyst may be any one of a number of metals. Excess
ammonia is stripped from the crude reaction mixure, and morpho line is obtained by frac-
tional distilation (Mjos, 1978).

lCalculated from: mg/m3 = (molecularweight/24.45) X ppm, asumingstandard temperature 

(25°q and pres-
sure (760 mmg Hg)
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Production of morpholine in the USA in 1981 was estimated to be in the range of 1300
tonnes - about 40% higher than output ten years earlier. Imports to the USA may have been
about 1100160 tonnes per year in the late 1970s; in 1981, they were reported to be in the
range of 700 tonnes. About 1400 tonnes per year are exprted from the USA (Mannsvile
Chemical Products Corp., 1981).

Data on production of morpholine elsewhere in the world were not available to the
Workig Group.

(b) Use

Morpholine is tyically used as follows: rubber chemicals, 40%; corrosion inhibitors,
30%; waxes and polishes, 5%; optical brighteners, 5%; and miscellaneous, 20% (Mannsvile
Chtmical Products Corp., 1981).

(i) Rubber chemicals
Morpholine is an important intermediate for rubber-processing chemicals, especially

in the production of delayed-action rubber accelerators, which are added durig the vulcani-
zation process to reduce the possibilty of prevulcaniztion durig the mixg stages of fabri-
cation. Morpholine-derived sulfur compounds give a high rate of cure durig vulcaniztion,

with a reduced tendency to overcure. These include morpholinium N,N-oxydiethylenedi-
thiocrbamate and 2-(N-morpholinothio )benzothiazole. Morpholine derivatives, such as
N,N' -dithiodimorpholine and N,N' -tetrathiodimorpholine, are also used to stabilize halo-
genated butyl rubber against heat-ageing effects (Mjos, 1978; Dow Chemical Co., 1985).

(ü) Corrosion control

Morpholineis used to control corrosion in steam condensate systems. It neutralizes
carbon dioxide and other corrosive acid components in steam and condensate, aids in main-
taining the proper pH throughout the system, has a suitable vapour pressure and aqueous
solubilty, and is stable at temperatures up to 288°C. Morpholine and its salts with fatty acids
from animal and vegetable oils may be used as corrosion inhibitors for steel or tin plate to be
used in contact with foo. Morpholine has been used as a corrosion inhibitor in the natural
gas and pipeline industiy (Dow Chemical Co., 1985).

(ii) Wax and polishes

Morpholine reacts readily with fatty acids, forming emulsifg agents, which are used
in the formulation of water-resistant waxes and polishes for automobiles, fIoors, leather and
furniture. As the fim of polish emulsion gradually dries, morpholine evaporates to form a
fim highly resistant to waterspotting and deterioration. An example of this tye of polish is a
carnauba wax formulation with the followig composition (in parts by weight): carnauba wax,
11.2; oleic acid, 2.4; morpholine, 2.2; water, 67.0. A tyical silcone automobile polish-clean-
er is composed as follows (in parts by weight): silcone fIuid, 4.0; oleic acid, 2.5; morpholine,
1.5; Stoddard solvent (see the monograph on sorne petroleum solvents, p. ), 19; kerosene
(deodouried), 2; water, 57; abrasive, 14. The followig formulation is representative of sil-
cone-cntaining furniture polishes (in parts by weight): silcone fIuid, 5.0; VM & P naphtha
(see the monograph on some petroleum solvents, p. 43) (high flash), 30.0; oleic acid, 2.5; mor-
pholine, 1.5; water, 60.6; water-soluble resin, 0.4 (Dow Chemical Co., 1985).
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(iv) Optical brighteners

Morpholine is an importnt intermediate in the manufacture of optical brighteners.
The diaminostilbene trizine tye brightener with morpholine as a substituent on one of the
triazine rigs is used in home laundiy detergents since it is stable to chlorie bleaches (Texa-
co Chemical Co., 1986).

(v) Miscellaneous

Morpholine and its salts have been reported to be used as components of protective
coatings applied on fruits and vegetables (Ohnishi, 1984; US Foo and Drug Administration,
1988).

The compound has been used in the preparation of pharmaceuticals, including such
diverse products as analgesics, locl anaesthetics, respiratoiy and circulatoiy stimulants, an-

tispasmodics and soluble sulfanilamides (Dow Chemical Co., 1985).

Morpholine derivatives have been used widely in the textile industiy, as softening
agents for cellulosic fibrès, ingredients of rayon spinning baths, sizing emulsifiers, textile lu-
bricants, whitening agents and dyes (Dow Chemical Co., 1985).

Cosme tic products that may incorpra te morpholine-based compounds include hair
conditioners, deodorants, shampos, mouthwashes and cosmetic creams. Stabilizers and an-
tioxidants for lubricating oils, soluble oils for cutting tools and carbn remover compounds
have been prepared from morpholine. This compound has a high selectivity and solvency for
aromaties and can be used to extract benzene (see IARC, 1982), toluene (see monograph,
p. 79) and xylene (see monograph, p. 125) economically from petroleum feedstock. Other
products sythesized from morpholine include ion-exchange resins, dyes for electrolytic re-
cording inks and photographic chemicals (Dow Chemical Co., 1985).

(c) Regulatory status an guidelines

Morpholine can be used as a compcment of foo, provided that: (i) it is used as the
salt(s) of one or more of the fatty acids meeting certin requirements, as a component of
protectivecoatings applied to fresh fruits and vegetables; and (ü) it is used at a level not in
excess of that reasonably required to produce its intended effect (US Foo and Drug Admi-
istration, 1988).

Morpholine is allowed as a boiler-water additive either alone or in combination with
other substances at up to 10 ppm (36 mg/m3) concentration in steam, when the steam may
contact foo, excluding milk or milk products. Morpholine and morpholine fatty acid salts
derived from animal or vegetable oils are allowed for use as corrosion inhibitors for steel and
tin plate. Additional regulations cover its use as a component of adhesives, as a defoaming
agent component for use in the manufacture of paper and paperbard and as a component of
animal glue (US Foo and Drug Administration, 1987).

Occupational expsure limits for morpholine in 18 countries are presented in Thble 1.
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Table 1. Occupational exposure limits for morpholine6

Country Year Concentrationb InterpretationC
( mg/m3)

Australia 1984 S 70 TWA
Austria 1985 70 TWA
Belgium 1985 S 70 TWA
Denmark 1988 S 70 TWA
Finland 1987 S 70 TWA

S 105 STEL (15 min)
France 1986 70 TWA

105 STEL (15 min)
Germany, Federal Republic of 1988 S 70 TWA
Indonesia 1985 S 70 TWA
Netherlands 1986 S 70 TWA
Noiway 1981 S 70 TWA
Romania 1985 S 40 Average

S 60 Maxmum
Sweden 1987 70 TWA

110 STEL (15 min)
Switzerland 1985 S 70 TWA
UK 1987 S 70 TWA

S 105 STEL (10 min)
USAd

OSHA 1987 70 TWA
ACGIH 1988 S 70 TWA

S 105 STEL (15 min)
USSR 1986 S 0.5 Ceiling
Venezuela 1985 S 70 TWA

S 105 STEL
Yugoslavia 1984 S 70 TWA

llrom Direktoratet for Arbeidstilsynet (1981); International Labour Office (1984); Arbeid-

sinspectie (1986); Institut National de Recherche et de Sécurité (1986); Cook (1987); Health
and Safety Executive (1987); National Swedish Board of Occupational Safety and Health

(1987); iyõsuojelahalltus (1987); US Occupational Safety and Health Administration (1987);
American Conference of Govemmental Industrial Hygienists (1988); Arbejdstilsynet (1988);
Deutsche Forshungsgemeinschaft (1988)
bS, skin notation
9WA, 8-h time-weighted average; STEL, short-term expure limit
dQSHA, Ocupational Safety and Health Administration; ACGIH, American Conference of
Govemmental Hygienists

2.2 Occurrence

(a) Natural occurrence

Morpholine is not known to ocur as a natural product.
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(b) Occupational exsure

On the basis of a US National Occupational Expsure Survey, the National Institute
for Occupational Safety and Health (1983) estimated that 11700 workers were potentially
expsed to morpholine in the USA in 1981-83.

Eight-hour time-weighted average personal expsures of up to 0.4 ppm (1.4 mg/m3)

morpholine were reported in a plant that manufactured a rubber accelerator, 4-morpholi-
nyl-2-benzothiazole disulfide (Tt & Stroman, 1979).

(c) Food and beerages

Morpholine has been detected in many samples of foostuffs. ln six fish samples, the
followig concentrations were determined (Jimol/lOO g) (mg/kg): tinned tuna, .c0.7 ( .c0.6);
frozen ocean perch, 10 (9); frozen co, .: 0.3 ( .: 0.3); sptted trout, 7 (6); srnall mouth bass,
.c0.8 (.c0. 7); salmon, 1.2 (1.0). Two meat samples also contained morpholine: baked harn, 0.6

iimolllOO g (0.5 mg/kg);; sausages, 0.5 iimol/lOO g (0.4 mg/kg). Six beverage samples had the
followig concentrations (iimolllOO g) (mg/kg): evaporated milk, 0.2 (0.2); coffee, 1 (1); tea,
.: 0.1 ( .: 0.1 ); tinned beer, 0.5 (0.4); bottled beer, .c0.3 (.c0.2); wie, .cO.8 ( .c0. 7) (Singer &
Lijinsky, 1976).

Morpholine was also detected at an average concentration of 0.2 mg/kg in five samples
of baked ham. None was detected (limit of detection, 0.01 mg/kg) in fish sausage, co roe,
spinach orfermented soya bean (Hama no et al., 1981). Morpholine was tentatively identified
by gas chromatographic retention time in an extract of coked bacon (Rounbehler & Fine,
1982).

The morpholine concentrations in paper and paperbard foo packages ranged from
0.10 to 0.84 mg/kg, with a mean of 0.38 mg/kg. Those materils that contained N-nitroso-
morpholine (see IARC, 1978) usually contained higher concentrations of morpholine. Mor-
pholine was detected at a concentration of 0.018 mg/kg in fIour packaged in a paper sack that
contained morpholine (Hotchkiss & Vecchio, 1983).

Residuallevels of morpholine in the rids of commercial citrus fruits ranged from un-
detectable ( .: 0.02 mg/kg) to 71.1 mg/kg. Levels in the fIesh of citrus fruits and in marmalade
were much lower, from undetectable to 0.7 mg/kg (Ohnishi, 1984).

2.3 Analysis

Singer and Lijinsky (1976) analysed foostuffs for naturally ocurrg secondaiy amines
by gas-liquid chromatography-mass spectrometiy of paa-toluenesulfonamide (tosylamide)
derivatives. Tosylamides were prepared by steam distilation of the homogenized sample,
extraction and reaction with paa-toluenesulfonyl chloride under alkaline conditions. The
lower quantifiable limit for morpholine in foos and beverages by this method, using dual
fIame-ioniztion/Coulson detectors, was approxiately 0.1-0.3 mg/kg.

Secondaiy amines in foos have also been quantifed by gas chromatography (GC) of
benzene sulfonamide derivatives. Derivatives were prepared by extraction of the homoge-
nized sample with acidified methanol, followed by a series of solve nt exchanges and reaction
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with benzenesulfonyl chloride under alkaline conditions. U sing this method, the detection
limit for morpholine, analysed by capilaiy GC with a flame photometric detector, was 0.01
mglkg (Hamano et al., 1981).

Morpholine has been detected (lower limit of detection, 0.02 mglkg) in citrus fruits by
steam distilation, column chromatography and GC analysis as the free amine with a flame-
ioniztion detector (FID). Identity of the GC peak was confired by mass spectrometry
(Ohnishi, 1984).

GC-FID, after a muIti-step extraction and solvent exchange procedure, has been used
to quantIf morpholine in bloo plasma, urie and biological tissues (fombropoulos, 1979).

The sensitivity and selectivity of the thermal energy analyser (fA) in the GC analysis
of nitrosamines has been used to advantage in the determination of N-nitrosomorpholine
and morpholine in foos and foo packaging materils. Morpholine itself has been deter-
mined by nitrosation of extracts or distilates prior to GC- TEA analysis (lower limit of detec-
tion, approxiately 0.003 mglkg). A modified 'fA, which converts any organic nitrogen to

the nitrosyl radical, has been used to analyse directly for morpholine in foos and beverages
(Rounbehler et al., 1980; Rounbehler & Fine, 1982).

3. Biological Data Relevant to the Evaluation of
earcinogenic Risk to Humans

3.1 CarciDogeDicity studies iD aDimals1,2

(a) Oral administration

Mouse: As part of a toxicity study to investigate the nitrosation of morpholine, groups
of 20 male and 20 female random-bred Swis mice, six to 11 weeks of age, were fed a diet
containing 6.33 glkg morpholine (puriied) for 28 weeks and observed for a further 12 weeks.
A group of 80 males and 80 females received no treatment. Survvig miee were kiled in

week 40. Lung adenomas were counted grossly, and the numbers of adenoma-bearig mice
and the total numbers of lung adenomas per mouse were comparable in the treated and un-
treated groups: 5/38 and 20/144 mice had five and 26 adenomas (bth sexes poled), respec-
tively. There was a significant increase in the incidence of extrapulmonaiy tumours in
treated mice (Greenblatt et al., 1971). (Te Workig Group noted the short duration of the
study.)

Groups of 50 male and 50 female B6C3Fl mice, six weeks old, received 0, 0.25 or 1.0%
morpholine oleic acid salt (purity unspecified) in the drikig-waterfor 96 weeks followed by

'Studies on the carcinogenicity of morpholine ¡n combination with nitnte and of N-nitrosmorpholine were eva-
luated previously, in Volume 17 of the IARC Monograph (1978); N-nitrosmorpholine is carcinogenic to expr-
¡mental animais.
2'e Working Group was aware of a study in progres ¡n rats by oral administration of morpholine (IARC, 1988).
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eight weeks on tap water. Survival was not affected, but boy weight was significantly re-
duced in high-dose males and in females ofboth treatment groups. No significant increase
in the incidence of any tumour ocurred in treated animais. The incidence of squamous epi-
thelial hyperplasia of the forestomach was increased in high-dose males (Shibata et al.,
1987a).

Rat: ln a long-term study to investigate the nitrosation of morpholine, groups of preg-
nant Sprague-Dawley rats and their offsprig, treated from conception, were fed reagent-
grade morpholine at 0 or 100 mg/kg of diet and an F 2 generation was treated similarly. Me-
dian survval was 117 weeks for treated and 109 weeks for control rats. ln the group of 104
rats treated with morpholine (Fi and F2 generations combined), three developed liver-cell
carcinomas, two lung angiosarcomas and two malignant brain gliomas. A group of 156 un-

treated con trois (Pl and F2 cornbined) did not develop these tumours. The diet was stated to
contain no detectable nitrite or N-nitrosomorpholine, and the rats were given only distiled
drinking-water. The authors noted that the Uver and lung tumours might be the result of the
interaction of morpholine with nit rite of unknown origin to form N-nitrosomorpholine
(Newberne & Shank, 1973; Shank & Newberne, 1976).

Hamster: ln a long-term study to investigate the nitrosation of morpho line, groups of
pregnant random-bred Syrian golden hamsters were treated from conception with reagent-
grade morpholine at 0 or 100 mg/kg of diet. Animais were kiled at 110 weeks of age. Me-
dian survival time was 72 weeks for controls and 68 weeks for animais treated with morpho-
line. One liver-cell tumour and four angiosarcomas were observed among 23 control ani-
mais, but none of these tumours were seen in 22 treated animais of both sexes combined
(Shank & Newberne, 1976). fTe Working Group noted the small number of animais used.)

(b) Inhalation

Rat: Groups of 70 male and 70 female Sprague-Dawley rats, approxiately nine weeks
of age, were expsed by inhalation to 0, 10, 50 or 150 ppm (0, 36, 178 or 534 mg/m3) morpho-
line (purity, 99.16%) for 6 h per day on five days per week for up to 104 weeks. Levels of
nitrates and nitrites in the drikig-water were reported to be .: 0.1 mg/l and 0.01 mg/l, re-
spectively. An interi kil of ten males and ten females per gmup at was done 53 weeks. The
experient was terminated in week 105. Survval at termination in control, low-, mid- and
high-dose groups was 40,44,33 and 32 males and 35, 27,32 and 35 females. Exsure to

morpholine was associated with dose-related increases in inammation of the cornea, in-
flammation and squamous metaplasia of the turbinate epithelium, and necrosis of the turbi-
nate bones in the nasal cavity in rats ofboth sexes. No significant increase in the incidence of
tumours was se en in rats of either sex (Harbison et al., 1989). (Te Workig Group noted
that only tissues from the respiratoiy tract and eyes were examined histologically for mid-
and low-dose groups.)
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3.2 Other relevant data

(a) Exprimental systems

(i) Absorption, distribution, excretion and metabolism
Morpholine is absorbed after oral, dermal and inhalation administration. ln rats, it was

distributed to all organs and was eliminated rapidly (Tnaka et al., 1978). ln mice, rats, ham-
sters, guinea-pigs and rabbits, almost all ingested or intravenously or intraperitoneally in-
jected morpholine was excreted unchanged in the urie (Tnaka et al., 1978; Van Stee et al.,
1981; Sohn et al., 1982). ln the urie of guinea-pigs, 20% of an administered dose was identi-
fied as N-methylmorpholine-N-oxide (Sohn et al., 1982). ln miee, rats and hamsters, N-ni-
trosomorpholine is formed followig concomitant administration of morpholine and nitrite
or nitrous oxide (e.g., IARC, 1978; Van Stee et al., 1983). N-Nitrosomorpholine was formed
when morpholine was added to human saliva (Wishnok & Thnnenbaum, 1977).

(ü) Toxic effects

The oral LD!5 for morpholine was reported to be 1.05 g/kg bw in rats (Smyth et al.,
1954); that for 1:4 aqueous dilutions was 1.6 g/kg bw in rats and 0.9 g/kg bw in guinea-pigs

(Shea, 1939). The ski penetration LD!5 for morpholine was reported to be 0.5 ml(g)/kg in
rabbits (Smyth et al., 1954). The maxmal expsure time without mortlity to concentrated
morpholine vapour by inhalation was estimated to be about 1 h, and 6/6 rats survved at least
14 days after an 8-h expsure to 80 ppm (28 50 mg/m3; Smyth et al., 1954). As reported in
an ábstract, acute inhalation studies have given LC!5 values of 2250 ppm (8010 mg/m3) in
male and 2150 ppm (7650 mg/m3) in female rats and of 1450 ppm (5160 mg/m3) in male and
190 ppm (6760 mg/m3) in female miee (Lm & Van Stee, 1978).

Morpholine is a strong ski and eye irtant in rabbits (Smyth et al., 1954) and guinea-

pigs; it caused ski necrosis after dermal application of 0.9 g/kg bw diluted or undiluted, un-
neutralized compound to rabbits and of 0.9 g/kg bw undiluted, unneutralized compound to
guinea-pigs (Shea, 1939).

Morpholine (undiluted, unneutralized) caused necrosis of the liver and tubular necro-
sis of the kidney in guinea-pigs after dermal application of 0.9 g/kg bw. Similar effects were
observed in rabbits followig dermal application of 0.9 g/kg bw dilute morpholine. A single
oral administration (0.1-10 glkg bw) of undiluted, unneutralized morpholine caused haem-
orrhages in the stomach and small intestine in guinea-pigs and rats; treatment of guinea-
pigs for up to 30 days (0.5 g/kg bw) caused necrosis of the liver and renal tubules. Liver and
kidney necrosis also ocurred after expsure of rats by inhalation to 12 00 or 18 00 ppm
(42 720 or 64 00 mg/m3) for up to 42 h (Shea, 1939).

Morpholine given to rats at a level of 1 g/kg in the diet caused fatty degeneration of the
liverafter 270 days (Sander & Bürkle, 1969). ln mice given 0.15-2.5% morpholine oleic acid
salt in the drikig-water for 13 weeks, a significant increase in urie specific gravity and

plasma urea nitrogen and an increase in the relative weights of the kidneys were observed in
males and females in the two highest dose groups. Slight cloudy swelling of the proxial
tubules of the kidneys was seen in animais of each sex given the highest dose (Shibata et al.,
1987b ).
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When rats were expsed by inhalation to 250 ppm (890 mg/m3) morpholine for 6 h per
day on five days per week, there were signs of an irtant effect after one week. ln sorne of the

animais kiled after seven weeks, and in almost all kiled after 13 weeks, there were focl
erosions and squamous metaplasia in the maxloturbinates. Similar effects were noted in a
few animais expsed to 100 ppm (356 mg/m3) for 13 weeks (Conaway et al., 1984a). It was
reported in an abstract that rats expsed by inhalation to 450 ppm (160 mg/m3) morpholine
for 6 h per day on five days per week for eight weeks developed changes in sensoiy areas
(eyes, nose), had decreased bo weight gains and had increased organ:boy weight ratios for
the lungs and kidneys (Lm & Van Stee, 1978).

After 33 expsures to 250 ppm (890 mg/m3) in air, rabbits displayed increased enzye
activities in alveolar macrophages, indicating airay damage (Tombropoulos et al., 1983).

(ii) Effects on reproduction and prenaal toxicity

No data were available to the Workig Group.

(iv) Genetic an related effects
Morpholine was not mutagenic to Salmonella typhimurium TA1535, TA1537, TA98 or

TAloo either in the presence or in the absence of an exogenous metabolic activation system
from Aroclor-induced rats (Haworth et al., 1983). A morpholine fatty acid salt was not muta-
genic to S. typhimurium TA1535, TA1537, TA92, TA94, TA98 or TAloo either in the presence
or in the absence of an exogenous metabolic activation system (lshidate et al., 1984). It did
not induce mutation in S. typhimurium TAI590 when used as indicator strain in a host-me-
diated assay in NMRI mice (Braun et al., 1977), or in S. tyhimurium TAI530 in CD-l mice
(Edwards et al., 1979).

Morpholine did not induce DNA repair in priaiy cultures of rat hepatoces (Con-
awayet al., 1984b).

Morpholine did not cause chromosomal aberrtions, micronuclei, morphological
transformation, or 8-azaguanine- or ouabain-resistant mutants in hamster embiyo cells fol-
lowig administration by stomach tube to mothers on day 11 or 12 of pregnancy (Inui et al.,
1979). A morpholine fatty acid salt did not induce chromosomal aberrations in Chinese ham-
ster fibroblasts (Ishidate et al., 1984).

ln an abstract, morpholine was reported to have a weak positive effect on the induction
of mutations in L5178 TK + 1- mouse lymphoma cells without metabolic activation. ln the
same abstract, an increase in the frequency of morphological transformation of Balb/3T3
cells was also reported (Conawayet al., 1982).

(b) Human

(i) Absorption, distribution, exretion an metabolism
No data were available to the Workig Group.

(n) Toxic effects

Lachiyation, rhinitis and lower airay irtation have been reported in humans ex-

posed to 'high levels' of morpholine in an industril setting. Corneal oedema with 'haz vi-
sion' and halo phenomena around lights have also been reported (National Research Coun-
cil, 1983; Grant, 1986).
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(ii) Effects on fertility and on pregnancy outcome
No data were available to the Workig Group.

(iv) Genetic and related effects
No data were available to the Workig Group.

3.3 Epidemiological studies of carcinogenicity to humans

No data were available to the Workig Group.

4. Summary of Data Reported and Evaluation

4.1 Exposures

Morpholine is a sythetic organic liquid used mainly as an intermediate in the produc-
tion of rubber chemicals and optical brighteners, as a corrosion inhibitor in steam condensate

systems, as an ingredient in waxes and polishes and as a component of protective coatings on
fresh fruits and vegetables. Occupational expsure may ocur durig the production of mor-
pholine and in its various uses, but data on expsure levels are sparse. It has been detected in
samples of foostuffs and beverages.

4.2 Experimental carcinogenicity data

Morpholine was tested for carcinogenicity by oral administration in two strains of mice,
one strain of rats and one strain of hamsters. The studies in one of the strains of mice and in
hamsters were considered inadequate for evaluation. ln the other strain of mice, no signifi-
cant increase in the incidence of tumours was seen in treated animais. ln the study in rats, a
few tumours of the liver and lung ocurred in treated animais. Morpholine was also tested by
inhalation expsure in rats; it did not increase the incidence of tumours over that in controls.

4.3 "uman carcinogenicity data

No data 'were available to the Workig Group.

4.4 Other relevant data

Morpholine is an irrtant in humans and experimental animais. It caused kidney dam-
age in experiental animais.

Morpholine did not induce micronuclei, chromosomal aberrations or mutation in ham-
sters. It did not induce morphological transformation, chromosomal aberrations or DNA
damage in cultured animal cells. It did not induce mutations in bacteri. (See Appendix 1.)
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4.5 Evaluation 1

There is inadequate evdence for the carciogenicity of morpholine in experiental ani-

mais.
No data were available from studies in humans on the carcinogenicity of morpholine.

Overall evaluation

Morpholine is not classifiable as to its carcinogenicity to huma (Group 3).
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1,2-EPOXYUTANE

1. ehemical and Physical Data

1.1 Synonyms

Chem. Abstr. Services Reg. No.: 106887
Chem. Abstr. Nam: Ethyloxiane
IUPAC Systematic Nam: 1,2-Butylene oxide
Synonym: 1-Butene oxide; 1,2-butene oxide; 1,2-butylene epoxide; Q-butylene
oxide; I-butylene oxide; epoxyutane; ethyl ethylene oxide; 2-ethyloxiane

1.2 Structural and molecular formulae and molecular weight

a/\
H2C_CHCH2CH3

C4HaO
MoL. wt: 72.12

1.3 Chemical and physical properties of the pure substance:

(a) Decription: Clear, colourless liquid with pungent odour (Dow Chemical Co.,
1988)

(b) Boiling-point: 63.3 °C (Weast, 1985)

(c) Melting-point: .: -6°C (Prmeggiani, 1983)
(d) Density: 0.8312 (20o/2Q°C) (Hawley, 1981); 0.837 (17°C/4°C) (Weast, 1985)

(e) Spectroscopy data: Nuclear magnetic resonance and Inrared spectral data have

been reported (Sadtler Research Laboratories, 1980; Pouchert, 1981, 1983, 1985).

if Solubility: Miscible with most organic solvents (National Toxicology Program,

1988); veiy soluble in ethanol and diethyl ether (Weast, 1985); soluble in water

(Hawley, 1981)

(g) Volatility: Vapour pressure, 140 mm Hg at 2Q°C (Dow Chemical Co., 1988)
(h) Refractive index: 1.3851 at 20°C (Weast, 1985)

-217-
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(i) Rash-point: -22°C (closed-cup) (Dow Chemical Co., 1988)

(¡) Reactivity: Extremely inammable; reacts with water and other source of labile
hydrogen, especially in the presence of acids, bases or other oxidizing substances.
Reactive monomer which can polymerie exothermically. Undergoes atmo-
spheric hydrolysis; atmospheric half -life for oxidation estimated to be six days
(Hine et al., 1981; National Toxicology Program, 1988; Dow Chemical Co., 1988)

(k) Conversion factor: mg/m3 = 2.95 X ppm 1

1.4 Technical products and impurities

1,2-Epoxybutane is available at a purity of 98%, 99% or :; 99%. 1,2-Butanediol has
been identified as an impurity ( ~ 0.2%) (Riedel-de Haen, 1984; Aldrich Chemical Co., Inc.,
1988; National Toxicology Program, 1988).

2. Production, Use, Occurrence and Analysis

2.1 Production and Use

(a) Production

1,2-Epoxybutane has been prepared by the chlorohydrin process from I-butene (~-bu-

tene) and chlorie in water. The butylene chlorohydri produced is dehydrochloriated with
calcium hydroxide to yield 1,2-epoxybutane, with calcium chloride as a byproduct (Consi-
dine, 1974; Hine et al., 1981). A newer process based on the catalysed reaction of olefins with
hydroperoxides produces high yields of epoxides and the corresponding alcohols. 1,2-Epoxy-
butane is reported to be produced commercially by the epoxidation of 1-butene with peroxy-
acetie acid (Considine, 1974; Hoff et al., 1978).

It has been reported that 3.6 thousand tonnes of 1,2-epoxybutane were produced in the
USA in 1978 (National Toxicology Program, 1988). Data on production elsewhere in the
world were not available.

(b) Use

1,2~Epoxybutane is widely used as a stabilizer for chloriated hydrocrbn solvents.
More than 75% of 1,2-epoxyutane produced commercially is added to chlorie-cntaining

materils such as trichloroethylene to act as an acid-scvenger (Bine et al., 1981; National
Toxicology Program, 1988).

1 
Calculated from:mg/m3 = (molecularweight/24.45) X ppm, assumingstandard temperature 

(25 
0c) 

and pres-

sure (760 mm Hg)
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This compound is also used as a chemical intermediate for the production ofbutylene
glycols and their derivatives (plybutylene glycols, mixed poly glycols and glycol ethers and
esters), butanol-amines, sudace-active agents, and other products such as gasoline additives

(Hine et aL., 1981; Parmeggiani, 1983). It has been reported to be used as a corrosion inhibit-
ing additive (at 0.25-.5%) durig the preparation of viyl chloride and its copolymer resins
(Hoff et al., 1978).

(c) Regulatory status and guidelines

Standards for 1,2-epoxybutane have not been established by any countiy in the form of
regulations or guidelines. However, US manufacturers have recommended a voluntaiy
standard of 40 ppm (118 mg/m3) for an 8-h time-weighted average threshold limit value (Na-

tional Toxicology Program, 1988).

2.2 Occurrence

(a) Natural occurrence

1,2-Epoxybutane is not known to ocur naturally.

(b) Occupational expsure

On the basis of a US National Occupational Expsure Survey, the National Institute
for Occupational Safety and Health (1983) estimated that 47 90 workers were potentially
expsed to 1,2-epoxybutane in the USA in 1981-83. No data on levels of expsure to
1,2-epoxybutane were available to the Workig Group.

2.3 Analysis

ln a general method for epoxides, 1,2-epoxybutane was determined spectrophotomet-
rically after adding a colour -forming reagent, 4-(pa-nitrobenzyl )pyrdine. Maxal absor-
bance is observed at 574 nm (Agarwal et al., 1979).

3. Biological Data Relevant to the Evaluation of
earcinogenic Risk to Humans

3.1 Carcinogenicity studies in animaIs

(a) Ination

Mouse: Groups of 50 male and 50 female B6C3Fl mice, seven to nine weeks old, were
expsed by inhalation to 0, 50 or 100 ppm (150 or 300 mg/m3) 1,2-epoxybutane (purity,

). 99% ) for 6 h per day on five days a week for 102 weeks. Survval was comparable in all
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groups of males (41/50, 45/50 and 33/50 mice kiled at termination) but was reduced in high-

dose females after week 86 (29/50,25/50 and 9/50 miee kiled at termination). A single squa-

mous-cell papiloma was found in the nasal cavity of a male receivig 100 ppm. Treatment-
related, non-neoplastic nasal changes included inammation, erosion, hyperplasia and
squamous metaplasia of the nasal epithelium and atrophy of the olfactoiy sensoiy epithe-
lium at both dose levels (Dunnick et al., 1988; National Toxicology Program, 1988).

Rat: Groups of 50 male and 50 female Fischer 344/N rats, seven to nine weeks old, were
exposed by inhalation to 0, 200 or 40 ppm (60 or 120 mg/m3) 1,2-epoxybutane (purity,
? 99%) for 6 h per day on five days a week for 103 weeks. Survival at termination of the
experient was 30/50, 18/50 and 23/50 for males and 32/50, 21/50 and 22/50 for females in the
control, low-dose and high-dose groups, respectively. The incidences of papilaiy adenomas
of the nasal cavity were 7/50 (p .: 0.05, adjusted for differences in mortlity) for high-dose
males and 2/50 for high-dose females. No such tumour ocurred in controls or in animais
receivig the low dose. The historical background incidence of nasal papilaiy adenomas was
2/1977 (0.1 %) in male rats. The incidences of alveolar/bronchiolar carcinomas were 0/50,
1/50 and 4/49 for males and 1/50,0/49 and 0/50 for females in the control, low-dose and high-
dose groups; and those of alveolar/bronchiolar adenomas was Oi50, 1/50 and 1/49 for males
and 1/50, 0/49 and 1/50 for females, respectively. 1àken together, the incidence of alveolarl

bronchiolar adenomas and carcinomas in high-dose males was statistically significantly in-
creased compared with that in con trois (p .: 0.05, adjusted for mortality); moreover, a signifi-
cant positive trend was found for the incidence of adenomas and carcinomas combined (p .(
0.02; Cochrane- Aritage test). The historical background incidence of pulmonary alveolar/
bronchiolar tumours in male rats of this strain was 0.7% (2% for chamber con trois in this
laboratoiy). The neoplasms of the nose and lungs did not cause early death of the animais.
Treatment-related, non-neoplastic changes in the nose included inammation, epithelial
hyperplasia and squamous metaplasia of the nasal epithelium and atrophy of the olfactory
sensoiy epithelium at both dose levels (Dunnick et al.,1988; National Toxicology Program,
1988).

(b) Sldn application

Mouse: A group of 30 female ICR/Ha mice, eight weeks old, received applications of
10% 1,2-epoxybutane(purity established by boiling-point: 62-6 °C) in acetone (reagent
grade) on shaved dorsa ski three times per week for 77 weeks. One control group of 40

female mice received applications of 100% acetone three times a week for 85 weeks, and 100

female mice served as untreated controls. Animais in both groups were kiled in week 85.

No visible ski reaction and rio tumour was observed in any of the groups (Van Duuren et al.,
1967).

(c) Combined exsure

Mouse: . Groups of 50 male and 50 female Swis ICR/Ha mice, five weeks of age, re-
ceived 2400 mg/kg bw (males) or 180 mg/kg bw (females) corn oil (control), 240 or 180
mg/kg bw trichloroethylene or 240 or 180 mg/kg hw tJjchloroethylene containing 0.8%
1,2-epoxybutane (97.8% pure; used as a stabilizer) up to week 35, and then half of this dose,
containing 0.4% 1,2-epoxybutane, in corn oil by gavage five times per week from week 40 to
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week 69. The experient was terminated at week 106. Survval was reduced in both treated
groups, but did not differ between the two groups; at week 106, six male and three female
controls, no trichloroethylene-treated animal and one male and one female mouse treated
with trichloroethylene plus 1,2-epoxyutane were stil alive. Squamous-cell carcinomas of
the forestomach ocurred in 3/49 males (p = 0.029, age-adjusted) and 1/48 females treated
with trichloroethylene plus 1,2-epoxybutane. No such tumour ocurred in animais treated
with trichloroethylene alone or with corn oil. Two of the tumours in males metastasized to
the lung, liver or abdominal cavity. Hyperkeratosis of the forestomach was observed in
groupstreated with trichloroethylene and with trichloroethylene plus 1,2-epoxybutane (in-
cidence and severity unspecified) (Henschler et al., 1984). (Te Workig Group noted the
two-fold reduction in dose to treated animais due to toxicity.)

3.2 Other relevant data

(a) Exprimental systems

(i) Absorption, distribution, excretion an metabolism
When a single dose of 1.9 mmol (137 mg)/kg bw 1,2-epoxybutane was administered by

gavage to rabbits or of 2.5 mmol (180 mg)/kg bw to rats, 4% and II % of the dose, respectively,
was excreted in the urie as 2-hydroxybutyl mercapturic acid (James et al., 1968).

(ii) Toxic effects

The oral LDso of 1,2-epoxybutane in rats has been reported to be 1.4 ml/kg bw (1.17
g/kg bw) and the dermal LDso, 2.1 ml/kg bw (1. 76 g/kg bw ) (Weil et aL., 1963). Acute expsure
of rats to 400 ppm (11 800 mg/m3) 1,2-epoxybutane by inhalation for 4 h resulted in the
death of one of six animais; concentrations of 80 ppm (23 60 mg/m3) resulted in 100%
mortality (Smyth et al., 1962).

When rats received a single 4-h expsure to 50550 ppm (1475-19 320 mg/m3)
1,2-epoxybutane by inhalation, all animais expsed to 6550 ppm died durig the expsure
period, but no death ocurred in the other groups. Ocular discharge and dyspnoea were ob-
served in males and females at 2050 and 6550 ppm (6050 and 19320 mg/m3) and eye irtation
at 1400 ppm (4130 mg/m3). Mice similarly exposed to 402050 ppm (120050 mg/m3)
1,2-epoxybutane exhibited the same toxic effects; all mice expsed to 2050 ppm, 4/5 males
and 4/5 females expsed to 1420 ppm and 1/5 males expsed to 40 ppm died during the

study. The 4 h-LCso for mice was calculated to be about 100 ppm (2950 mg/m3) (National
Toxicology Program, 1988).

Application of 1,2-epoxybutane to the eye of rabbits resulted in corneal injuiy (Weil et
aL., 1963).

Rats and mice were expsed by inhalation to 40, 80 or 160 ppm (1180, 2360 or 4720

mg/m3) 1,2-epoxybutane for 6 h per day on five days per week for two weeks. Ail mice in the
high-dose group had died by the third day of expsure; all rats exposed to this concentration
survved but had pronounced retardation of growth. Infammatoiy and degenerative
changes in the nasal mucosa, myeloid hyperplasia in bone marrow and elevated mean white
bloo-cell counts were found in high-dose male and female rats; focl corneal c10udiness
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was observed in high- and medium-dose rats. Similar toxic effects were observed in miee,
with the exception of haematological changes. ln a similar experient, expsure of miee and
rats to 75, 150 or 60 ppm (220, 44 or 1770 mg/m3) 1,2-epoxyutane for 13 weeks did not
result in treatment-related mortlity; slight growth retardation was observed in high-dose
female rats and mice. Infammatoiy and degenerative changes in the nasal mucosa were
observed in both species and myeloid hyperplasia in bone marrow in male rats only (Miler et
al., 1981). Similar toxic effects were observed in rats and mice expsed for 6 h on five days per
week to 40 ppm (11801890 mg/m3) 1,2-epoxyutane for two weeks or to 5080 ppm
(148-2360 mg/m3) for 13 weeks (National Toxicology Program, 1988).

1,2-Epoxybutane alkylated deoxyguanosine at the N-7 position (Hemminki et al.,
1980).

(ii) Effects on reproduction an prenaal toxicity
Groups of 38-45 Wistar rats were expsed by inhalation to 0, 250 or 100 ppm (738 or

2950 mg/m3) 1,2-epoxyutane (:; 99% pure) for 7 h per day on five days per week durig a
three-week pregestational period, or for 7 h per day on days 1-19 of gestion, or were expsed
durig the combined pregestational and gestational period. Fetuses were examined by rou-
tine teratological techniques on day 21 of gestation. Exsure to the high dose prior to and
durig gestation was lethal to one of 42 females, and maternai boy weight gain was de-
pressed in aU groups expsed to 100 ppm. Fetal growth and vibilty were not affected by
exposure to 1,2-epoxyutane, and there was no indication of dose-related malformations in
the offsprig (Sikov et al., 1981).

Groups of 24-9 New Zealand rabbits were expsed by inhalation to 0, 250 or 100 ppm
1,2-epoxybutane (:;99% pure) for 7 h per day on days 1-24 of gestion. Fetuses were ex-
amined by standard teratological techniques on day 30 of gestation. Expsure to 100 ppm
was lethal to 14/24 does and 250 ppm to 6/48 does; no effect on maternai boweight gain was
observed in survivors. An indication of decreased pregnancy rate at term was seen in the
high-dose group, but this may have been a result of differential toxicity in pregnant and non-
pregnant females. Litter size appeared to be reduced, and embiyonic mortlity was in-_
creased in the high-dose group. Of the eight survvig fetuses at this expsure level, one was
stunted and had a hypplastic tail and unilateral renal agenesis (Sikov et al., 1981).

(iv) Genetic and related effects
The genetic activity of 1,2-epoxyutane has been reviewed (Ehrenberg & Hussain,

1981). It is a directly acting alkylating agent.
1,2-Epoxybutane has been shown to induce SOS repair activity in Salmonella typhimu-

rium TA1525/pSK1002 (Nakamura et al., .1987) and to produce differential kiling wnes in
various pol and rec proficient and deficient strains of Eschericma coli (Rosenkranz & Poirer,
1979; McCarroll et al., 1981). It produced streptomycin-resistant mutants in Klebsiella pneu-
moniae (Voogd et al., 1981; Knaap et al., 1982).

It was shown to be mutagenic to E. coli WP2 uvr A - in one study (McMahon et al., 1979)
but not in others (Dunkel et al., 1984). It gave positive results only in S. typmmurium base-
pair substituting strains (fA1535 and TAl(0), although frameshift tester strains were also
tested both in the presence and absence of an exogenous metabolic system (Chen et al., 1975;
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Rosenkranz & Speck, 1975; McCann et al., 1975; Speck & Rosenkrnz, 1976; Henschler et al.,
1977; De Flora, 1979; McMahon et al., 1979; Rosenkrnz & Poirer, 1979; De Flora, 1981;
Weinstein et al., 1981; de Meester et al., 1982, abstract; De Flora et al., 1984; Gervasi et al.,
1985; Canter et al., 1986; Hughes et al., 1987, abstract; Rosman et al., 1987; National Toxicolo-
gy Program, 1988). Negative results have been reported from four laboratories in five strains
(Dunkel et al., 1984), and Simmon (1979a) reported negative results in six strains.

1,2-Epoxyutane induced forward mutation in Schizosacchaomyces pomb PI (Mi-
gliore et al., 1982) and mitotic recombination in Sacchaomyces cerevisiae D3 (Simmon,
1979b). It was weaky mutagenic at the adenine locus in Neurospora crassa (Kolmark & Giles,
1955).

1,2-Epoxyutane induced sex-linked recessive lethal mutations (Kaap et al., 1982;
National Toxicology Program, 1988) and transloctions (National Toxicology Program, 1988)
in Drosophila melangaser after either feeding or injection.

It produced no effect in the hepatoce rat priaiy culture/DNA repair test (Wiliams
et al., 1982) but did produce differential toxicity as measured by relative growth in repair-de-
ficient Chinese hamster ovaiy cells (Roy et al., 1984).

It was reported in an abstract that 1,2-epoxybutane induced mutation in L5178Y
TK + /- mouse lymphoma cells in the absence of an exogenous metabolic system (Myhr et aL.,
1981). ln the same system, Amacher et al. (1980) reported positive results with a dose-re-
ponse in the absence of an exogenous metabolic system; McGregor et al. (1987), the National
Toxicology Program (1988), Mitchell et al. (1988) and Myhr and Caspaiy (1988) reported posi-
tive results both in the'presence and absence of an exogenous metabolic system. 1,2-Epoxy-
butane also gave weakly positive results for the induction of 6-thioguanine-resistant muta-
tions in L5178Y mouse lymphoma cells (Kaap et al., 1982).

1,2-Epoxyutane induced chromosomal aberrations and sister chromatid exchange in
Chinese hamster ovaiy cells with and without an exogenous metabolic system (National Toxi-
cology Program, 1988).

It induced morphological transformation of Syrn hamster embiyo cells (Penta, 1980;
Dunkel et al., 1981) and increased transformation in Rauscher murie leukaemia vIs-in-
fected Fischer 344 rat embiyo cells (Pce & Mishra, 1980; Dunkel et aL., 1981). It did not
induce morphological transformation in Balb/3T3 ceUs (Dunkel et al., 1981).

(b) Huma
No data were available to the Workig Group.

3.3 Case reports and epidemiological studies of carcinogenicity to humans

No data were available to the Workig Group.
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4. Summary of Data Reported and Evaluation

4.1 Exposures

1,2-Epoxybutane is a sythetic organic liquid used priariy as a stabilizer for chlori-
nated hydrocrbon solvents. Other applications include its use as a chemical intermediate
and corrosion inhibitor. Measurements of ocupational expsure levels have not been re-
ported.

4.2 Experimental carcinogenicity data

1,2-Epoxyutane was tested for carcinogenicity by inhalation expsure in one study in
mice and in one study in rats, producing nasal papilaiy adenomas in rats of both sexes and
pulmonaiy alveolarlbronchiolar tumours in male rats. It did not induce ski tumours when
tested by ski application in one study in mice. Oral administration of trichloroethylene con-
taining 1,2-epoxybutane to mice induced squamous-cell carcinomas of the forestomach,
whereas administration of trichloroethylene alone did not.

4.3 Human carcinogenicity data

No data were available to the Workig Group.

4.4 Other relevant data

1,2-Epoxybutane caused inammatoiy and degenerative changes in the nasal mucosa
and myeloid hyperplasia in the bone marrow in rats and mice. It did not cause prenatal toxic-
ity in rats or rabbits.

1,2-Epoxybutane induced morphological transformation in cultured animal cells. It
induced sister chromatid exchange, chromosomal aberrations and mutation in cultured ani-
mal cells, but did not induce DNA damage. It induced sex-linked recessive lethal mutations
and transloctions in Drosophila, mitotic recombination in yeast and mutation in yeast and

fungi. 1,2-Epoxybutane induced DNA damage and mutation in bacteria. (See Appendix 1.)

4.5 Evaluation 1

There is limited evidence for the carcinogenicity of 1,2-epoxyutane in experiental
animais.

lFor definitions of the italiciz tenus, see Preamble, pp. 27-30.
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No data were available from studies in humans on the carcinogenicity of 1,2-epoxybu-
tane.

Overall evaluation

1,2-Epoxyutane is not classifiahle as to its carcinogenicity to human (Group 3).
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BIS(2,3-EPoXYcyeLO PENTY)ETHER

1. ehemical and Physical Data

1.1 Synonyms

Chem. Abstr. Services Reg. No.: 2386905
Chem. Abstr. Name: 2,2'-Oxbis(6-oxabicyCio(3.i.0)hexane)

1.2 Structural and molecular fonnulae and molecular weight

CioH1403

~oJ:
MoL. wt: 182.22

1.3 Chemical and physical properties of the pure substance

From Union Carbide Corp. (1985) unless otherwe noted

(a) Description: Homogeneous liquid at 43°C and above; mixure ofliquids and solids
at lower temperatures

(b) Boiling-point: 203°C at 100 mm Hg
(c) Freezing-point: 29.7°C

(d) Solubility: Miscible with acetone (Holland et al., 1979); .: 0.3% by weight at 300C

in water

(e) Volatility: Vapourpressure, 0.01 mg Hg at 20°C; evaporation rate, 0.0017 (n-butyl

acetate = 1.0)

(j Rash-point: 138°C (open-cup)

(g) Reactivity: Reacts with amines, bases, acids and alcohols

-231-
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(h) Conversion factor: mg/m3 = 7.45 X ppm1

1.4 Technical products and impurities

~Trade names: ERL 4205; W95

2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

This compound was produced in the USA from the mid-l96s until1985 but is not be-
lieved to have been produced commercially elsewhere. No data on production levels were
available.

(b) Uses

Bis(2,3-epoxycyclopentyl)ether was developed as a high-pedormance component and
modifier of epoxy resins (Bine et al., 1981).

(c) Regulatory status and guidelines

No data were available to the Workig Group.

2.2 Occurrence

Bis(2,3-epoxycyclopentyl)ether is not known to ocur as a natural product. No data on
its presence in the envionment or on ocupational expsure to this compound were avail-
able to the Workig Group.

2.3 Analysis

The identity and purity cif bis(2,3-epoxycyclopentyl)ether have been determined by in-
frared spectroscpyand nuclear magnetic resonance analysis (Rolland et al., 1979).

3. Biological Data Relevant to the Evaluation of

earcinogenic Risk to Humans

3.1 Carcinogenicity studies in animais

(a) Skin application

Mouse: A group of 30- C3H miee (number and sex unspeciied), 13 weeks old, re-
ceived applications of a 30% solution ofbis(2,3-epoxycyclopentyl)ether (purity and dose un-

lCalculated from: mg 1m3 = (molecular weightl24.45) X ppm, asuming standard temperature (25°C) and
pressure (760 mm Hg)
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specified) in acetone three times a week for up to 21 months. Ten miee survved to month 17.
No ski tumour ocurred (Weil et al., 1963). (The Workig Group noted the incomplete re-
porting of the results and that no untreated control was included.)

Groups of 40 male and 40 female C3H and 20 male and 20 female C57Bl/6 mice, ten to
12 weeks of age, received applications of 50 lLI (0, 15 or 75 mg per week for C3H mice and 0,
7.5 or 37.5 mg per week for C57Bl/6 mice) commercial-grade bis(2,3-epoxycyclopentyl)ether
(no impurity detected by nuc1ear magnetic resonance analysis) on the shaved dorsal ski

three times a week for 24 months. Survval of C3H mice at 24 months was 22, 25 and 22 for
males and 23, 18 and 15 for females in the control, low- and high-dose groups. ln the high-
dose males, one ski papiloma and one ski carcinoma and in high-dose females, one ski

papiloma and two ski carcinomas, were observed. No ski tumour ocurred in the low-

dose group of either sex, whereas a ski papiloma was found in a single control female. The
incidences of lung tumours (tye unspecified) were 2/22, 4/25 and 5/22 in males and 1/23,
3/18 and 9/15 in females of the control, low-dose and high-dose groups fp = 0.02 for positive
trend in females). Only grossly observed lung tumours were examined microscpically. Sur-
vival of C57BI/6 mice at 24 months was 20, 16 and 13 in males and 15, 17 and 16 in females of
the control, low- and high-dose groups. One papiloma and three carcinomas of the ski
were seen in high-dose males, and one carcinoma was observed in a high-dose female. No
ski tumour was seen in the control or low-dose groups (Rolland et al., 1979).

(b) Combined exsure

Mouse: Groups of 40 male and 40 female C3H mice and 20 male and 20 female C57Bl/6
mice, ten to 12 weeks of age, received 0, 15 or 75 mg per week of a mixure of equal parts of
bis(2,3-epoxycyclopentyl)ether and bisphenol A diglycidyl ether (see monograph, p. 237) in
acetone on the shaved back ski for 24 months. Survval of C3H miee at 24 months was 22, 20

and 23 for males and 23, 23 and 19 for females in the control, low- and high-dose groups.
Skin tumours ocurred in 1410w-dose males (four papilomas and ten carcinomas) and in 32
high-dose males (13 papilomas and 19 carcinomas), in five low-dose females (three papilo-
mas and two carcinomas) and in 19 high-dose females (12 papilomas and seven carcinomas).
One ski papiloma ocurred among control females and no ski tumour was observed in
control males. ln C57BI/6 mice, survval at 24months was2O, 15and four for males and 15, 14
and four for females in the respective dose groups. The difference between control and
high-dose groups was statistically significant (p cC 0.05). Ski tumours (mostly carcinomas)
were observed in one low-dose (carcinoma) and 17 high-dose (carcinomas) males and in two
low-dose (one papíloma, one carcioma) and 15 high-dose (two papilomas, 13 carcinomas)
females, but not in controls of either sex. Wh en tested alone at the same dose levels, each
substance revealed a much lower tumour response (see above and the monograph on bisphe-
nol A diglycidyl ether, p. 245), indicating a syergistic effect of the compounds when tested as
a mixure (Holland et al., 1979).
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3.2 Other relevant data

(a) Exprimental systems

(i) Absorption, distribution, exretion an metabolism
No data were available to the Workig Group.

(ü) Toxic effects

The single oral LDI5 of bis(2,3-epoxycyclopentyl)ether in rats has been reported to be
2.14 ml/kg bw and the single dermal penetration LDI5 for rabbits, ~ 5.0 ml/kg bw.
Bis(2,3-epoxycyclopentyl)ether has been reported to be only mildly irtant to rabbit ski and

to produce moderate corneal injuiy in rabbits; it was reported not to induce sensitiztion
reactions three weeks after eight intracutaneous injections of 0.1 ml diluted compound in
guinea-pigs (Weil et al., 1963).

Male and female C3H and C57Bl/6 mice received daily ski applications of 50 111 of a
50% solution ofbis(2,3-epoxycyclopentyl)ether in acetone on shaved back ski on five days
per week for two weeks. No mortlity or sign of toxicity was observed in C3H mice; 519

C57B1I6 mice died after four applications. Gross necropsy revealed pale, swollen liver and
kidney (Rolland et al., 1979).

(ii) Effects on reproduction and prenatal toxicity
No data were available to the Workig Group.

(iv) Genetic and related effects
Bis(2,3-epoxycyclopentyl)ether was mutagenie to Salmonella tyhimurium TA98 (de-

tails not given) and TAl00 in the presence and absence of an exogenous metabolic system. It
also increased the frequency of sister chromatid exchange in human lymphoces in vitro and
induced mieronuclei in mice in vivo (Xie & Dong, 1984).

(b) Humall

No data were available to the Workig Group.

3.3 Epidemiological studies of carcinogenicity to humans

No data were available to the Workig Group.

4. Summary of Data Reported and Evaluation

4.1 Exposùres

Bis(2,3-epoxycyclopentyl)ether is a sythetic organic liquid which has been used as a
component and modifier of epoxy resins. Measurements of ocupational expsure levels
have not been reported.
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4.2 Experimental cacinogenicity data

Bis(2,3-epoxycyclopentyl)ether was tested for carciogenicity by ski application in

one experient in two strains of mice, producig a small number of ski tumours in both
strains; an increased incidence of lung tumours was observed in females of one strain.
Another experient by ski application in mice was inadequate for evaluation.

4.3 Ruman carcinogenicity data

No data were available to the Workig Group.

4.4 Other relevant data

Bis(2,3-epoxycyclopentyl)ether induce sister chromatid exchange in cultured human
cells and micronuclei in mice. It was mutagenic to bacteri. (See Appendix 1.)

4.5 Evaluation 1

There is limited evidence for the carcinogenicity ofbis(2,3-epoxycyclopentyl)ether in ex-
periental animais.

No data were available from studies in humans on the carcinogenicity ofbis(2,3-epoxy-
cyclopentyl)ether.

Overall evaluation
Bis(2,3-epoxycyclopentyl)ether is not classifiable as to its carcinogenicity to humans

(Group 3).
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This monograph covers bisphenol A diglycidyl ether and phenyl glycidyl ether, for
which there were carcinogenicity studies in animais. Data on toxicity, genetic and related
effects, as well as basic chemical inormation, are also included for nine other glycidyl ethers
produced in moderate to high volumes.

1. ehemical and Physical Data

1.1 Synonyms

Bisphenol A diglycidyl ether
CH3

CH2-CH- CH2-0-Ql -Q0-CH2-CH-CH2"0/ 1 V
CH3C21H2404 MoL. wt: 340.42

Chem. Abstr. Services Reg. No.: 1675-54-3
Chem. Abstr. Name: 2,2' -r (I-Methylethylidene )bis( 4, I-phenyleneoxyethylene) )bis-(oxiane) .
IUPAC Systematic Name: 2,2'-r(1-Methylethylidene)bis(4,i-phenyleneoxyethyl-
ene) )bis( oxiane )

Synonym: 4,4' -Bis(2,3-epoxyropoxy)diphenyldimethylmethane; 2,2-bisfpara-(2,3-
epoxyropoxy)phenyl)propane; 2,2-bisr 4-(2,3-epoxyropoxy)phenyl)propane; bis( 4-
glycidyloxyhenyl)dimethylmethane; 2,2-bis(pa-glycidyloxyhenyl)propane; 2,2-bis
(4-glycidyloxyhenyl)propane; bis( 4-hydroxyhenyl)dimethylmethane diglycidyl ether
2,2-bis(para-hydroxyhenyl)propane diglycidyl ether; 2,2-bis( 4-hydroxyhenyl )pro-
pane diglycidyl ether; BPDGE; dian diglycidyl ether; diglycidyl bishenol A; diglycidyl
bisphenol A ether; diglycidyl diphenylolpropane ether; diglycidyl ether of 2,2-bis-
(para-hydroxyhenyl)propane; diglycidyl ether of 2,2-bis( 4-hydroxyhenyl)propane;
diglycidyl ether of bishenol A; diglycidyl ether of 4,4' -isopropylidenediphenol;

para,para' -dihydroxydiphenyldimethylmethane diglycidyl ether; 4,4' -dihydroxydi-

-237-
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phenyldimethylmethane diglycidyl ether; diomethane diglycidyl ether; 4,4' -ispro-
pylidenebis( 1-(2,3-epoxyropoxy)benzene); 4,4' -isopropylidenediphenol diglycidyl
ether; oligomer 340

Phenyl glycidyl ether

A- ~ Q-CH -CH-CH2 .. / 2
o

C9HlO02 MoL. wt: 150.18

Chem. Abstr. Services Reg. No.: 122-61
Chem. Abstr. Nam: (phenoxyethyl)oxine
IUPAC Systematic Name: (phenoxyethyl)oxiane

Synonym: 1,2-Epoxy-3-phenoxyropane; 2,3-epoxyropoxyenzene; 2,3-epoxyro-
pyl phenyl ether; glycidol phenyl ether; glycidyl phenyl ether; PGE; phenol glycidyl
ether; 1-phenoxy-2,3-epoxyropane; 3-phenoxy-l,2-epoxyropane; phenoxyropene
oxide; phenoxyropylene oxide; 'Y-phenoxyropylene oxide; 3-phenoxy-l,2-propylene
oxide; phenyl 2,3-epoxyropyl ether; 3-phenyloxy-1,2-epoxyropane

1.2 Chemical and physical properties of the pure substances

From National Institute for Occupational Safety and Health (1978) unless otherwe
noted

Bisphenol A diglycidyl ether

Bisphenol A diglycidyl ether is not produced as a pure monomer but as a mixure of
monomer, dimer, trier and tetramer; therefore, veiy few, if any, chemical/physical proper-
ties are reported for the pure substance.

(a) Spectroscopy data: Electron impact mass spectral data have been reported

(Brown & Creaser, 1980).
(b) Reactivity: Glycidyl ethers, as epoxide-cntaining chemicals, react readily with

acids, with water and with nucleophiles such as proteins and nucleic acids

(c) Conversion factor: mg/ma = 13.92 X ppm1

Phenyl glycidyl ether

(a) Description: Colourless liquid

(b) Boiling-point: 245°C

1 Calculated from: mg/m3 = (molecularweight/24.45) X ppm, asuming standard temperature (25 0c) and pres

sure (760 mm Hg)
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(e) Melting-point: 3.5°C

(d) Volatility: Vapour pressure, 0.01 mm Hg at 25°C; relative vapour density (air =

1),4.37 at 25°C

(e) Specifie gravity: 1.1092 at 20°C

if Refraetive index: 1.5314

(g) Speetroseopy data: Infrared, proton and carbn-13 nuclear magnetic resonance,
ultraviolet and electron impact mass spectral data have been reported (Ptterson,
1954; Shapiro, 1977; Brown & Creaser, 1980; Sadtler Research Laboratories,
1980; Pouchert, 1983, 1985).

(h) Solubility: Soluble in acetone and toluene; slightly soluble in octane (12.9%);

nearly insoluble in water (0.24%)

(i) Reactivity: Glycidyl ethers, as epoxide-cntaining chemicals, react readily with

acids, with water and with nucleophiles such as proteins and nucleic acids

(¡) Viseosity: 6 cP at 25°C (Urquhart et al., 1988)

(k) Conversion factor: mg/m3 = 6.14 X ppm 1

Other glycidyl ethers

Physical properties of selected other glycidyl ethers are given in Thble 1.

13 Technical products and impurities

Trade names: Araldite 605; Araldite~ GY 250; Araldite~ GY 6010; D.E.R.~ 331; Epi-

kote(! 815; Epikote~ 828; EPI-REZ~ 510; EPON~ 828; EPOTUF~ 37-140; Epoxide A
B isphenol A diglycidyl ether is available as a medium viscsity, unmodified liquid epoxy

resin with the following tyical properties: epoxy value, 0.52-0.55 equivalents/l00 g; equiva-

lent weight per epoxide, 182-192; viscsity (at 25°C), 120016 00 cP (Ciba-Geigy Corp.,
1984).

~Trade name: Heloxy WC-63
Phenyl glycidyl ether is available with the followig properties: specific gravity (at

25°C), 1.10-1.12; viscosity (at 25°C), 4-7 cP; equivalent weight per epoxide, 155-170 (Wil-
mington Chemical Corp., 1987).

lCalculated from: mg/m3 = (molecularweight/24.45) X ppm, asumingstandard temperature (25 0q and pres-

sure (760 mm Hg)



. aprom Ulbrich et al, (1964); National Institute for Occupational Safety and Health (1978); Hine et al, (1981)
lro fractions of straight-chain alcohols derived from reduction of fats, namely the Ce to Cio fraction and the C'2 to C'4 fraction, are converted to their

respective glycidyl ethers (epoxide 7 and epoxide 8),

'Forms a glass at about -100°C
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2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

The pricipal commercial market for glycidyl ethers is in epoxy resins, a large propor-
tion of which are based on bishenol A diglycidyl ether. These resins are produced by a com-
bination of the Thffy procss and the fusion process. ln the Thffy procss, epichlorohydri
(see IARC, 1987) and bisphenol A monomers are reacted in the presence of caustic soa to
produce a mixure ofbishenol A diglycidyl ether and its low molecular-weight oligomers-
priariy dimers, triers and tetramers. As the proportion of bisphenol A in the reactant

mixure is increased, the average molecular weight of the resultant epoxy resin increases. ln
the fusion process, low molecular-weight (liquid) bishenol A diglycidyl ether-based epoxy
resins are converted to higher molecular-weight (solid) resins by reaction with more bisphe-
nol A (Urquhart et aL., 1988).

Phenyl glycidyl ether is sythesized in a similar manner by adding phenol to epichloro-
hydri in the presence of a catalyst. The intermediate chlorohydri is not isolated and un-
dergoes dehydrochloriation to yield a glycidyl ether (National Institute for Occupational
Safety and Health, 1978).

Although specific worldwide figures are not available, relative production of the glyci-
dyl ethers covered in this monograph was reported to be 'ultra high' for bisphenol A diglyci-
dyl ether and 'medium' for phenyl glycidyl ether (Chemical Manufacturers' Assoiation,
1984). Production levels of other glycidyl ethers were classified as 'medium', except for tert-
butyl glycidyl ether, for which no data were available.

US production of unmodified epoxy resins increased from 81 250 tonnes in 1972 to
196 700 tonnes in 1986. The correspnding figures for modified epoxy resins (those to which
reactive viscsity modifiers (usuallyalso epoxy) have been added) were 1960 and 12540
tonnes. US production of these glycidyl ethers, reported separately from epoxy resins, was
1700 tonnes in 1984 and 28 tonnes in 1985 (US International Trade Commission, 1974,

1985, 1986, 1987). Approxiately 15% of US epoxy resin production in 1986 was exprted
(U rquhart et aL., 1988).

ln 1986, Japan produced approxiately 92 00 tonnes, exprted approxiately 24 00

tonnes and imported approxiately 10 00 tonnes of epoxy resins (Shikado, 1987).

(b) Use

Bisphenol A diglycidyl ether is the most common active component in epoxy resins,
although other glycidyl ethers are frequently incorprated into epoxy resin systems as reac-
tive modifiers. For most uses, liquid epoxy resins resulting from the reaction of epichlorohy-
dri and bisphenol A are too viscus, and modifiers, which are low viscsity liquids, are added
to improve flow characteristics. Modifers also decrease the tendency of curig agents in the
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resin formulation to volatilize prematurely, aid in the wetting of filers in the resin, enhance
penetration of the resin into castings, and frequently improve the mechanical properties of
the product (Urquhart et aL., 1988).

Phenyl glycidyl ether is a monofunctional reactive modifier referred to as a 'chain stop-
per' or reaction inhibitor. It reduces resin system functionality (by reacting with hydroxyl

groups, for example) and decreases system cross-linkig density (Urquhart et al., 1988).
The epoxy group of the glycidyl ethers reacts during the curig process, and glycidyl

ethers are therefore generally no longer present in completely cured products. Typical cur-
ing agents include aliphatic amines (e.g., diethylenetriamine, triethylenetetramine), aro-
matic amines (e.g., meta-phenylenediamine, methylenedianiline, diaminodiphenylsulfone),
catalytic curig agents (e.g., boron triuoride-ethylamine complex) and acid anhydrides
(e.g., dodecenylsuccinic anhydride, hexahydrophthalic anhydride; Harper, 1979).

Epoxy resins based on glycidyl ethers are used in a variety of applications, such as pro-
tective coatings and reinorced plastics, as well as bonding materils and adhesives, where
they exhibit exceptional properties, such as toughness, chemical resistance and superior
electrical properties. They are used in both decorative and protective coatings for automo-
biles, tins and closures, boats and ships, appliances, piping and misellaneous metal decora-
tion. They are also widely used in the electrical/electronic, structural/composite, adhesive
and aggregate applications as adhesives, lamina tes, encapsulants and grouting compounds
(Chemical Manufacturers' Assoiation, 1984; Urquhart et al., 1988). Thble 2 presents the use
pattern for epoxy resins produced in the USA (Urquhart et al., 1988).

Table 2. US consumption (thousands or tonnes) or epoxy resins by usea

Use 1981 1982 1983 1984 1985

Bonding and adhesives 8.2 6.8 6.8 9.1 7.7
F1ooring, paving and aggregates 9.1 8.2 8.6 8.1 7.7
Protective coatings 62.1 55.3 59.4 69.4 76.2
Fibre-reinforced laminates and compoites 29.9 26.3 33.6 39.5 31.3
Tooling, casting and moulding resins 13.2 10.9 12.7 14.1 10.4
AlI other uses 9.5 11.3 13.1 13.1 14.1
Exrts 18.6 17.7 15.9 18.6 19.1
Total 150.6 136.5 150.1 171.9 166.5

tlrom Urquhart et al. (1988)

An increase in the production of epoxy resins in Japan between 1985 and 1986 was due
chiefly to the recoveiy in demand for electrical products such as laminated boards and seal-
ing materils, which are major application fields in Japan and which accunted for 41 % of the
total epoxy resin demand (Shikdo, 1987).

(c) Regulatory status an guidelines

The US Foo and Drug Administration (1988) permits the use of epoxy resins as com-
ponents of coatings that may come into contact with foo.
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Occupational expsure limits for phenyl glycidyl ether in 14 countries are presented in
Thble 3. Expsure limits have also been set for other glycidyl ethers, including allyl (thresh-
old limit value, 22 mg/m3; short-term expsure limit, 44 mg/m3) and n-butyl (threshold limit
value, 135 mg/m3) glycidyl ethers (American Conference of Governmental Industril Hygie-
nists, 1988). No expsure limit has been set for bisphenol A diglycidyl ether.

Table 3. Occupational exposure limits for phenyl glycidyl ethersa

Substance and country Year Concentration InterpretationC
(mg/m3)1'

Australia 1984 60 1WA
Belgium 1984 60 1WA
Denmark 1988 5 1WA
Finland 1987 S 60 STL (15 min)
Germany, Federal Republic of 1988 S 6 1WA
Indonesia 1985 60 1WA
Mexico 1985 60 1WA
Netherlands 1986 6 1WA
NOlWay 1981 5 1WA
Romania 1984 75 1WA

100 STEL
Sweden 1987 S60 1WA

S 90 STEL
Switzerland 1984 6 1WA
USAd

OSHA 1987 60 1WA
NIOSH 1986 5 Ceilng (15 min)

ACGIH 1988 6 1WA
Yugoslavia 1984 60 1WA

llrom Direktoratet for Aridstilsyet (1981); International Labour Office (1984); Areidsinspectie

(1986); Cok (1987); National Swedish Bord of Ocupational Safety and HeaIth (1987); 1Yõsuojeluhall-
tus (1987); US Ocupational Safety ,and HeaIth Administration (1987); American Conference of Govem-
mental Industrial Hygienists (1988); Arejdstilsyet (1988); Deutshe Forshungsgemeinschaft (1988)
hs, skin notation
CJA, time-weighted average; STEL, short-term expure Ii mit
dQSHA, Ocupational Safety and HeaIth Administration; NIOSH, National Institute for Ocupational
Safety and HeaIth; ACGIH, American Conference of Governmental Hygienists

2.2 Occurrence

(a) Natural occurrence

Glycidyl ethers are not known to ocur as natural products.

(b) Occupational exsure

On the basis of a US National Occupational Hazrd Surveyof 1972-74 and a US Na-
tional Expsure Survey of 1981-83, the National Institute for Occupational Safety and
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Health (1974, 1983) estimated that 45 700 and 13 138 workers, respectively, were potentially

expsed to bishenol A diglycidyl ether in the USA. The corresponding figures for phenyl
glycidyl ether were 8554 and 1328.

Durig use of a powdered spray paint, levels of bisphenol A diglycidyl ether ranged
from 0.005 to 0.20 mg/m3 in personal samples and from 0.002 to 0.008 mg/m3 in area samples
(Herv et al., 1979). Personal time-weighted averages (I As) for industril designers at a
truck manufacturig plant were 0.002-0.00 mg/m3 bisphenol A diglycidyl ether (Boiano,
1981).

(c) Water

ln the late 1970s and early 198Os, a technique was developed for lining cast-iron water
pipes with epoxy resin to inhibit corrosion. ln the UK, where the technique has been used for
in-situ renovation of exiting water distribution systems, bisphenol A diglycidyl ether and its
dimer and trier have been detected (not quantified) in drikig-water samples. The epoxy
resin components were identified by high-pedormance liquid chromatography (HPLC) and
field desorption mass spectrometiy and were estimated to be present 'at the low microgram
per litre concentration range or less' (Crathorne et al., 1984).

2.3 Analysis

Methods have been reported for the analysis of various glycidyl ethers in air and water.
More volatie glycidyl ethers (e.g., phenyl glycidyl ether) have been collected by drawig air
samples through charcoal, silca gel or Tenax adsorption tubes, desorbed with an approprite

solvent and analysed by gas chromatography (Tylor, 1977, 1978; Guenier et al., 1986). Bis-
phenol A diglycidyl ether has been determined in air by collection on a glass fibre fiter (nom-
inal pore size, 1 J.m), extraction and analysis by HPLC (Tylor, 1980; Peltonen et al., 1986).
Bisphenol A diglycidyl ether has been quantified in water by adsorption on C18-bonded silca
and analysis by HPLC (Crathorne et al., 1986).

3. Biological Data Relevant to the Evaluation of

Carcinogenic Risk to Humans

3.1 CarciDogeDicity studies iD aDimals1

Bispheno A diglycidyl ether

(a) Oral administration

Mouse: Groups of 30 male Heston A strain mice (age unspecied) were fed a diet con-
taining 2% bishenol A diglycidyl ether (tye and quantity of impurities unspeciied) or a

lThe Working Group was aware of a study in proges on allyl glycidyl ether by inhalation in mice and rats (IAC,

1988).
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normal control diet. The study was terminated after 11 months. The incidences of piilmo-
naiy tumours in survvors were 12/23 in the epoxy resin-treated group and 15/29 in the un-
treated control group. No lung tumour was observed in mice that died durig the study. The

other organs were not examined for tumours (Bine et al., 1958). (Te Workig Group noted
the inadequate description of the test materil and that the study \Vas not designed to investi-

gate carcinogenicity in tissues other than the lungs.)

(b) Skin application

Mouse: Groups of 30 male C3H mice (16-18 g bw) received ski applications of 0.2 ml of
a 0.3% solution weekly or a 5% solution ofbisphenol A diglycidyl ether (tye and quantity of

impurities unspecified) in acetone once or three times weekly for 24 months. A control
group of 30 male mice received 0.2 ml acetone alone, and a positive control group was treated
weekly with a 0.3% solution of 2Omethylcholanthrene in acetone. No ski tumour ocurred
in any of the treated mice. The group treated with 2Omethylcholanthrene showed a high
incidence of malignant ski tumours (19/20) within six months (Bine et al., 1958). (Te
Workig Group noted the inadequate description of the test material.)

A group of about 40 C3H mice (exact number and sex unspecified), aged 13 weeks, re-
ceived ski applications of undiluted bisphenol A diglycidyl ether (purity and dose unspeci-
fied) on shaved back ski for life (mäxmum, 23 months). After 16 months of treatment, at
which time 32 mice were stil alive, a single ski papiloma ocurred; no other ski tumour
appeared durig the experient. The authors stated that in a second, similar experient, no
ski tumour was observed (details not given) (Weil et aL., 1963). (The Workig Group noted
that the amount of test substance per application was not given and that untreated con trois
were not included in the experient.)

Groups of 40 male and 40 female C3H and 20 male and 20 female C57Bl/6 mice, ten to
12 weeks of age, received applications of 0, 5 or 25 mg of commercial-grade bisphenol A
diglycidyl ether (containing 10% (w/w) of an epoxidized polyglycol (moL. wt, ~ 50) and small
amounts of phenyl glycidyl ether) in acetone on shaved back skin three times a week for 24
months. At that time, 18-23 C3H mice were stil alive, and no ski tumour was observed. ln
male C57Bl/6 mice, survival was 20, 17 and 15 control, low-dose and high-dose animais, re-
spectively, and survval in females was 15, 15 and 13, respectively. Ski tumours ocurred in
0, 1 (papiloma) and 6 (carcinomas) control, low-dose and high-dose males, and in 0,0 and 2

(1 papiloma and 1 carcinoma) control, low-dose and high-dose females (Rolland et al.,
1979).

Groups of 50 male and 50 female CFI mice, six weeks old, received applications of 0, 1
or 10% (equivalent to 2 and 20 mg) Araldite GY 250 (technical grade; main component, bis-
phenol A diglycidyl ether; containing 4.3 mg/kg epichlorohydri as a contaminant) in 0.2 ml
acetone on shaved back ski twice a week for two years. There was no effect on survval; no
ski tumour was observed at the site of application, and there was no significant difference in
the ocurrence of other tumours. A positive control group that received ski applications of
a 2% solution of ß-propiolactone showed high incidences of malignant ski tumours (Zako-
va et al., 1985).
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Groups of 50 male and 50 female CFI mice, six weeks of age, received applications of
0.2 ml of a 1% or 10% solution of pure (analytical grade) bishenol A diglycidyl ether or of
one of two technical grades of bishenol A diglycidyl ether (EPON 828, containing 29 mg/kg
epichlorohydri, or Epikote 828, containing 3 mg/kg epichlorohydri) in acetone on shaved
back ski twice a week for two years. Positive control groups of 50 males and 50 females

received applications of 2% ß-propiolactone in acetone; a control group of 100 male and 100
female miee was treated with acetone only. Survval was not affected by treatment with
epoxy resins, but was considerably decreased in the ß-propiolactone-treated group. ln ani-

mais treated with EPON 828, one ski carcinoma ocurred in high-dose males and one fibro-
sarcoma of the subcutis in high-dose females. ln Epikote 828treated mice, one squamous-
cell papiloma of the ski was observed in low-dose males and three basal-cell carcinomas, in
a low-dose and a high-dose male and a high-dose female. ln addition, one sebaceous-gland
adenoma was observed in a high-dose male. ln the animais treated with pure epoxy resin and
in the group of acetone controls, no epidermal tumour was observed. Two dermal tumours
(haemangiosarcomas) were seen in the high-dose males given the pure epoxy resin. A large
number of ski tumours was observed in the ß-propiolactone-treated groups - 132 in 30/50
males and 63 in 13/50 females - which were generally malignant epithelial tumours and, to a

lesser extent, mesenchymal tumours. The authors reported that no epidermal tumour was
se en in 20 females or 100 males used as con trois in that laboratory. The incidence of renal
and lymphoretieular/haematopoietic tumours was increased in the treated groups. Kidney
tumours, mainly carcinomas, were observed only in males: 6/99 (control), 8/50 (10% EPON
828; (p = 0.05)),0/50 (1% EPON), 6/50 (1% Epikote), 2/50 (10% Epikote), 5/50 (1% epoxy
resin) and 3/50 (10% epoxy resin). ln female mice, an increase in the incidence oflymphore-
tieular/haematopoietic tumours was observed in animais treated with 1 % epoxy resin (23/50)
and in those treated with 10% Epikote (24/50), compared to controls (27/100). ln the other
groups, the incidence of these tumours was comparable to that seen in control female mice
(Peritianis et al., 1988).

Rabbit: Each of 16 male albino rabbits (strain and age unspecified) received ski appli-
cations (site unspecified) of 0.5 ml acetone thrice weekly, a 0.3% solution in acetone once per
week, a 5% solution ofbishenol A diglycidyl ether (tye and quantity of impurities unspec-
fied) once or three times per week and a 0.3% solution of 2Omethylcholanthrene in ace-
tone. At 24 months, 13/16 rabbits were stil alive. Ski tumours were seen only at 2Omethyl-
cholanthrene treated sites (Bine et al., 1958). (Te Workig Group noted the inadequate
description of the test materi1.)

(c) Subcutaneous injection

Rat: Groups of 30 male Long-Evans rats (80100 g bw) were given three weekly subcu-
taneous injections ofbisphenol A diglycidyl ether (tye and quantity of impurities unspeci-
fied) dissolved in propylene glycol (50% solution; total dose, 2.58 g/kg bw). A negative con-
trol group was injected with propylene glycol alone, and a positive control group received
three injections of 1,2,5,6-ibenzanthracene. The experient was terminated after 24
mon th s, at which time survval was 17, 14 and four in the negative control, epoxy resin and
positive control groups, respectively. The numbers of malignant tumours at the site of injec-
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tion were 0, 4 (fibrosarcomas) and 17 (mainly fibrosarcomas or sarcomas), respectively (Rine
et al., 1958). (Te Workig Gruop noted the inadequate descption of the test materia1.)

(d) Combined exsure

Groups of 40 male and 40 female C3H mice and 20 male and 20 female C57Bl/6 mice,
ten to 12 weeks of age, received 0, 15 or 75 mg per week of a mixure of equal parts ofbishe-
nol A diglycidyl ether and bis(2,3-epoxycyclopentyl)ether (see monograph, p. 233) in acetone
on the shaved back ski for 24 months. Survval of C3H mice at 24 months was 22, 20 and 23

for males and 23, 23 and 19 for females in the control, low and high-dose groups. Ski tu-
mours ocurred in 1410w-dose males (four papilomas and ten carciomas) and 32 high-dose
males (13 papilomas and 19 carciomas), in five low-dose females (three papilomas and two
carcinomas) and in 19 high-dose females (12 papilomas and seven carcinomas). One ski
papiloma was observed in control females, and no ski tumour was seen in control males. ln
C57Bl/6 mice, survval at 24 months was 20, 15 and four for males and 15, 14 and four for
females in the respective dose groups. The difference between control and high-dose
groups was statistically significant (p -c 0.05). Ski tumours (mostly carcinomas) were ob-
served in one low-dose (carcinoma) and 17 high-dose (carciomas) males and in two low-
dose (one papiloma, one carcioma) and 15 high-dose (two papilomas, 13 carcinomas) fe-
males, but not in controls of either sex. Wh en tested alone at the same dose levels, each
substance revealed a much lower tumour respnse (see p. 245 above and the monograph on
bis(2,3-epoxycyclopentyl)ether, p. 233), indicating a syergistic effect of the compounds
when tested as a mixure (Rolland et al., 1979).

(e) Carcinogenicity ofmetabolites

Glycidaldehyde is carcinogenic to experiental animais (lARC, 1976, 1987).

Phenyl glycldyl ether

Inhlation

Rat: Groups of 100 male and 100 female Sprague-Dawley rats, six weeks old, were ex-
posed to 0, 1 or 12 ppm (6 or 73.5 mg/m3) phenyl glycidyl ether vapour (purity, 99.6% with
trace amounts of phenol and diglycidyl ether) by inhalation for 6 h per day, on five days per
week for 24 months. (No data were given on survval or bo weights.) Epidermoid carcino-
mas ocrred in the anterior parts of the nasal cavity in 1/89 male and 0/87 female controls, in
0/83 male and 0/88 female low-dose rats and in 9/85 male fp = 0.(07) and 4/89 fp = 0.06)
female high-dose rats. The first nasal tumour was observed in week 89. ln the group receiv-
ing 12 ppm, squamous metaplasia, rhinitis, epithelial desquamation, regeneration, hyperpla-
sia and dysplasia of the respiratoiy epithelium were also observed, especially in the anterior
parts of the nasal cavity. No such increase in non-neoplastic changes ocurred in the group
receivig i ppm (Lee et al., 1983).
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3.2 Other relevant data

(a) Exprimental systems

(i) Absorption, distribution, excretion and metabolism
When 14C-n-butyl glycidyl ether was administered orally to rats and rabbits, 91 and 80%

of the administered dose was recovered in urie within four days, and most of the radioactiv-
ity was excreted durig day 1 (Eadsforth et al., 1985a). The main uriaiy metabolite (23% of
total) in rats receivig an oral dose of 20 mg/kg bw was 3-butoxy-2-acetylaminopropionic
acid. Other metabolites were 3-butoxy-2-hydroxyropionic acid (9% ) and butoxyacetic acid
(10%). The same metabolites were found in rabbits, but the main metabolite (35%) was
3-butoxy-2-hydroxyropionic acid (Eadsforth et al., 1985a,b).

Wh en 14C-bisphenol A diglycidyl ether (56 mg/kg) was applied to the shaved skin of miee,
67% and 11 % of the radioactivity could be recovered from the application site after 24 h and
eight days, respectively. Uriaiy and faecal excretion continued at low levels for at least six
days followig application. After oral administration of 55 mglkg bw, 79% and 10% of the
radioactivity was eliminated in the faeces and urie, respectively, over eight days; most of the

excretion ocurred durig the first 24 h. Only 0.1 % of the administered dose remained in the
boy after eight days (Climie et al., 1981a).

Bisphenol A diglycidyl ether is rapidly metabolized in mice via the epoxide groups to
form the corresponding bis-dioL. Epoxide hydratase catalyses this reaction, but diols are also
formed via nonenzyatic hydrolysis. Further oxidation and dealkylation reactions take
place. The metabolites excreted in faeces and urie include conjugates (glucuronides and
sulfates) of the bis-diol and corresponding carbxylic acids. ln the dealkylation steps, glycer-
aldehyde and glycidaldehyde are putative intermediates (Climie et aL., 1981b).

Percutaneous absorption of phenyl glycidyl ether was high in rats and rabbits, with ab-
sorption rates of 13.5 and 4.2 mg/cm2 per h, respectively (Czajkowska & Stetkiewicz, 1972).

Phenyl glycidyl ether bound to glutathione in the presence of liver microsomes from dif-
ferent tyes of birds (Wit & Snel, 1968). Allyl glycidyl ether, butyl glycidyl ether, phenyl glycidyl
ether and bis phenol A diglycidyl ether (Epikote 828) bound nonenzyatically to the N-7 posi-
tion of guanosine in vitro (Hemminki et al., 1980).

(ü) Toxic effects

1,2-Epoxydodecane (C12 alkyl glycidyl ether) and epoxide 8 (C12-C14 alkyl glycidyl ether)
gave positive results in the guinea-pig ski maxiztion test (Torgeirsson et al., 1975;
Thorgeirsson, 1978).

The oral (intragastic) LDI5 for undiluted allyl glycidyl ether has been reported to be 0.4
g/kg bw in mice and 1.6 glkg bw in rats. Followig intragastric administration, foclliver

necrosis was observed in sorne animais and central nervous system depression. The percuta-
neous LDI5 has been reported to be 2.6 glkg bw for rabbits. A 4-h inhalation LCis of 270 ppm

(1270 mg/m3) was reported for mice and an 8-h inhalation LCI5 of 670 ppm (3150 mg/m3) for
rats (Hine et al., 1956).

ln rats recivig two courses of two intramusclar injections of 40 mglkg bw allyl glyci-
dyl ether, separated by a four-day recoveiy period, necropsy and histological examination on



SOME GLYCIDYL ETHERS 249

day 12 showed thymic atrophy or loss of lymphoid tissue, focl necrosis of the pancreas and
testis, and pneumonia (Kodama et al., 1961).

Rats were expsed by inhalation for 7 h per day on five days per week to 26 and 40
ppm (1214 and 1868 mg/m3) allyl glycidyl ether for 50 days and to 60 and 90 ppm (2802 and
4203 mg/m3) for 25 days. The 40ppm dose induced irtation of the eyes and respiratoiy
tract, reduced boy weight gain and increased relative kidney weight. With 60 and 90 ppm,
severe irtation of the eyes and respiratoiy tract, decreased respiratoiy rate and corneal

cloudiness were observed (Bine et al., 1956).

When mice were expsed by inhalation (head only) for 15 min to 1.9-8.6 ppm (8.9-4.4
mg/m3) allyl glycidyl ether, a 50% decrease in respiratoiy rate was seen at 5.7 ppm (26.8 mg/
m3). Expsure of mice by inhalation (whole bo) to 7.1 ppm (33.4 mg/m3) allyl glycidyl ether
for 6 h per day for four days caused necrosis of respiratoiy epithelium and complete erosion
of olfactoiy epithelium without pulmonaiy injuiy, whereas expsure to 2.5 ppm (11.8 mg/m3)
for 14 days caused no nasal or pulmonaiy injuiy (Gagnaire et al., 1987).

The oral LD~ for bisphenol A diglycidyl ether was reported to be 19.6 ml/kg bw in rats and
the dermal LD~ to be :; 20 ml/kg bw in rabbits. Intracutaneous injection of the compound to
guinea-pigs sensitized 19/20 animais (Weil et al., 1963). Bisphenol Adiglycidyl ether mono-
mer sensitized all animais in a guinea-pig ski maxiztion test and was classified by the
authors as an extreme allergen (Iorgeirsson & Fregert, 1977).

There was a dose-related increase in eiyhema, exfoliation/fissurig, haemorrhage
and oedema of the ski at the application site followig daily dermal application to rabbits of
100 or 300 mg/kg bw bisphenol A diglycidyl ether (Breslin et al., 1988).

The oral and dermal LD50s of l,4-butanediol diglycidyl ether in rats were 2.98 g/kg bw
and 1.13 g/kg bw, respectively; the compound caused ski and eye irtation in rabbits (Cor-
nish & Block, 1959). It gave positive results in the guinea-pig ski maxiztion test (Ior-

geirsson, 1978; Clemmensen, 1984).

The LD~s of n-butyl glycidyl ether by oral gavage were 1.5 and 2.3 g/kg bw in miee and
rats, respectively (Bine et al., 1956). ln another study, the oral and dermal LD50s in rats were
3.4 and 2.3 mg/kg bw, respectively; the compound caused ski and mild eye irtation in rab-
bits (Cornish & Block, 1959).

tert-Butylglycidyl ether gave negative results in the guinea-pig ski maxiztion test
(Rao et al., 1981).

The oral LD50 of cresl glycidyl ether in rats was 5.1 mg/kg hw, and that in mice was 1.7
g/kg bw. The LC~ in rats was 282 mg/m3, and necrosis of the renal epithelium was reported

(Kechkovski et al., 1985a). The sulxutaneous LD50 in mice was 980 mg/kg bw (Söllner &
Irrgang, 1965). Cresyl glycidyl ether caused sensitiztion in guinea-pigs previously sensitized
to Epoxide 8 (C12-C14 alkyl glycidyl ether) or butyl glycidyl ether (Torgeirsson et al., 1975).

Neopentlglycol diglycidyl ether gave positive results in the guinea-pig ski maxiztion
test (Torgeirson, 1978).

The single oral LD~ for phnyl glycidyl ether has been reported to be 4.3 ml/kg bw in rats
and the single ski pen~tration LD~ to be 1.5 ml/kg bw in rabbits (Weil et al., 1963). The LD~
by gavage was 1.4 g/kg bw in mice (Bine et al., 1956). Intrgastric and cutaneous LDl5 values
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in white rats were 2.6 and 2.1 g/kg bw, respectively (Czajkowska & Stetkiewicz, 1972). The
subcutaneous LD5Q in mice was 760 mg!kg bw (Söllner & Irrgang, 1965). Phenyl glycidyl
ether caused moderate ski irtation and corneal injury in rabbits; sensitiztion of guinea-
pigs after intracutaneous injection was low (Weil et al., 1963). Lol application of phenyl
glycidyl ether produced ski necrosis (Czajkowska & Stetkiewicz, 1972).

Rats and beagle dogs were expsed by inhalation to 1, 5 or 12 ppm (6, 31 or 74 mg/ma)
phenyl glycidyl ether for 6 h per day on five days per week for 90 days. The only significant
finding was bilateral hair loss in rats expsed to 5 or 12 ppm. Bloo and urie analysis and
histopathological examination of all major organs revealed no other treatment-related ef-
fect (ferrl & Lee, 1977).

(ii) Effects on reproduction and prenatal toxicity

Spermatogenic effects (decreased sperm motiity, abnormal sperm morphology, in-
creased numbers of tubules with desquamated epithelium) were seen in male rats, and em-
biyolethality (especially in the pre-implantation periods) in female rats, expsed by inhala-
tion to 0, 2.55 and 19.1 mg/ma cresyl glycidyl ether (Kechkovski et al., 1985b).

Groups of 26 pregnant New Zealand white rabbits received daily dermal applications of
0, 30, 100 or 300 mg/kg bw bis phenol A diglycidyl ether (purity, 99.1 %) on days 6-18 of gesta-
tion. The dose was prepared as a solution in propylene glycol 40 and applied under oclu-
sion to a shaved area on the back of the test animal at a rate of 1 ml!kg bw per day. Mter 6 h,
the oclusive bandage was removed; the treated area was not washed. Fetuses were ex-
amined by routine teratological techniques on day 28 of gestation. No treatment-related
effect was reported, except for dose-related dermatological effects in the mothers (Breslin
et al., 1988).

Four groups of eight male adult Sprague-Dawley rats were expsed by inhalation to 0,
1,5 or 12 ppm (6, 31 or 74 mg/ma)phenyl glycidyl ether (purity unspecified) for 6 h per day on 19

consecutive days. Mter the last expsure, the rats were shipped to another laboratoiy, where
their reproductive capabilties were assessed. Male fertilty was evaluated durig six-weekly
co-habitation periods with three untreated females, sorne of which were kiled on day 18 of
gestation and examined for corpra lutea, implantation sites and resorption sites. Other fe-
males were allowed to deliver, and the offsprig were followed through production of a sec-
ond generation. The percentage of females that became pregnant was significantly reduced
in the high-dose group in the first breeding week. Histological analysis of the testes indi-
cated atrophy in 1/8 males from each treatment group. (1e Workig Group noted that it
was not stated when the examination was pedormed.) No other treatment related effect was

reported(ferr et al., 1982).

ln a teratology study, four groups of 25 Sprague-Dawley rats were expsed by inhala-
tion to 0, l,Sor 12 ppm phenyl glycidyl ether (purity unspecied) for 6 h per day between days
4 and 15 of gestation. The fetuses were examined on day 20 of gestation for external, internaI
and skeletal abnormalities. No clinical sign of systemic toxicity was observed in the females,
and no effect on fetal vibilty, growth or morphological development was found (rerrl et
al., 1982).
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(iv) Genetic and related effects
Alkyl Ca-C14 glycidyl ethers

Octyl and decyl glycidyl ethers were weakly mutagenic to Salmonella typhimunum
TA1535 and TAl00 in the presence of an exogenous metabolic system but were reported not
to be mutagenic to TA1537, TA1538 or TA98 (details not given J. N either octyl nor decyl glyci-
dyl ethers induced unscheduled DNA sythesis in cultured human WI-38 cells. Decyl glyci-
dyl ether was reported to have a marginal effect and octyl glycidyl ether no effect in inducing
mutation in mou se lymphoma L5178Y TK + 1- cells in the absence of an exogenous metabolic

system (Tompson et al., 1981).
Dodecyl glycidyl ether was weakly mutagenic to S. typhimunum TA1535 and TAl00 in

the presence of an exogenous metabolic system but not to strains TA1537, TA1538 or TA98

(details not givenJ. Tetradecyl glycidyl ether was not mutagenic in any of the five strains
tested (details not given for TA1537, TA1538 or TA98J. N either dodecyl nor tetradecl glyci-
dyl ether induced unscheduled DNA sythesis in cultured human WI-38 cells or mutation in
mouse lymphoma L5178Y TK+I- cells (Tompson et al., 1981). As reported in an abstract,
alkyl (C12-C14) glycidyl ether did not induce dominant lethal mutations in B6D2Fl mice after
dermal application (pullin, 1978).

Allyl glycidyl ether was mutagenic to Eschenchia coli WP2 uvrA in the absence of an ex-
ogenous metabolic system (Hemminki et al., 1980). It was mutagenic to S. typhimunum
TA1535 and TAl00 in the presence and absence of an exogenous metabolic system but not to
TA1537 or TA98 (Wade et al., 1979; Canter et al., 1986). It induced sex-linked recessive lethal
mutations in Drosophila melanogaser when fed at 550 ppm (mg/kg) for three days (Yoon et
al., 1985).

Bisphenol A diglycidyl ether

As reported in an abstract, Epikote 828 (composed mainly of bisphenol A diglycidyl
ether) induced DNA repair in E. coli (Nishioka & Ohtani, 1978). It was mutagenic to E. coli
WP2 uvrA in the absence of an exogenous metabolic system (Hemminki et al., 1980). An
aqueous emulsion of Epikote 828 was mutagenic to S. typhimunum TAlOO and TA1535 in the
absence of an exogenous metabolic system; in TA1535 its mutagenicity was increased when it
was tested in the presence of an exogenous metabolic system (Andersen et al., 1978). Aral-
dite 605 and EPON 828 (composed mainly ofbisphenol A diglycidyl ether) induced muta-
tion in S. typhimunum in the presence and absence of an exogenous metabolic system (Ringo
et al., 1982) (details not given J. As reported in an abstract, Epikote 828 was mutagenic to S.
typhimunum TA 100 but not TA98 (Nishioka & Ohtani, 1978). ln one study, bisphenol A digly-
cidyl ether was mutagenic to S. tyhimunum TA100 and TA1535 but not TA98 or TA1537
(Canter et al., 1986); however, in another study, bisphenol A diglycidyl ether was not muta-
genic to S. typhimunum TA98 or TA100 (Wade et al., 1979).

1,4-Butnedio diglycidyl ether

1,4-Butanediol diglycidyl ether was mutagenic to S. typhimunum TA1535, TA98 and
TAl00 in the presence and absence of an exogenous metabolic system. Results in TA1537 in
the absence of an exogenous metabolic system and in the presence of Aroclor 1254-induced
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hamster liver were equivocl, but positive findings were obtained using Aroclor 1254in-
duced rat liver (Canter et al., 1986).

Butl glycidyl ethers

Butyl glycidyl ether (not further specified) was mutagenic to E. coli WP2 uvrA in the
absence of an exogenous metabolic system (Hemminki et al., 1980). n-Butyl glycidyl ether
was mutagenic to S. typhimurium TA97, TAl00 and TA1535 in the presence and absence of an
exogenous metabolic system, but not to TA1537, TA1538 or TA98 (Wade et al., 1979; Connor
et al., 198Oa; Canter et al., 1986). tert-Butyl glycidyl ether produced mutations in S. typhimu-
rium TA1535 and TAl00 in the presence and absence of an exogenous metabolic system
(Canter et al., 1986). As reported in an abstract, n-butyl and tert-butyl glycidyl etherinduced
dose-related DNA damage in cultured human lymphoces, as determined by sctilation

counting and autoradiography; tert-butyl glycidyl ether did not produce micronuclei or chro-
mosomal aberrations in mice treated in vivo (Connor et al., 198O). n-Butyl glycidyl ether did
not induce morphological transformation of BALBc/3T3 clone A31-1-13 cells. The urie of
mice that received oral and dermal administration at various doses and for various times of
n-butyl glycidyl etherwas not mutagenic to S. tyhimurium TA1535 or TA98. n-Butyl glycidyl
ether produced micronuclei in bone marrow of female BDF mice when administered intrap-
eritoneally (225-90 mg/kg bw) but not when administered orally (20 mglkg bw; Connor et
al., 198Oa). n-Butyl glycidyl ether was tested for its abilty to induce dominant lethal muta-
tions in BDF hybrid mice at doses of 0.375, 0.750 and 1.5 glkg bw by topical application. No
significant dose-related change in either pregnancy rates or in average number of implants
per pregnant female was observed, but a significant increase in fetal death rates ocurred at
the end of the first week of administration of the highest dose (Whorton et al., 1983).

tert-Butlphenyl glycidyl ether

tert-Butylphenyl glycidyl ether was mutagenic to S. typhimurium TA100 in the absence,
but not in the presence, of an exogenous metabolic system, but was not mutagenic to TA1535,
TA1537 or TA98 (Neau et al., 1982; Canter et al., 1986).

Cresyl glycidyl ether

ortho-Cresyl glycidyl ether was mutagenic to S. typhimurium TA1535 and TA100 in the
absence of an exogenous metabolic system, and paa-cresyl glycidyl ether was mutagenic to
the same strains in the presence and absence of an exogenous metabolic system. These com-
pounds were not mutagenic to TA1537 or TA98 (Canter et al., 1986). As reported in an ab-
stract, dermal application of ortho-cesyl glycidyl ether caused a significant reduction in the
meannumber of implants per pregnancy in a dominant lethal mutation assay in B6D2Fl
mice (pullin, 1978).

Neopentlglycol diglycidyl ether

Neopentylglycol diglycidyl ether was mutagenic to S. typhimurium TA1535, TA9 and
TA100, but not to TA98, in the presence and absence of an exogenous metabolic system
(Canter et al., 1986). As reported in an abstract, it significantly reduced the mean number of
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implants per pregnancy in a dominant lethal mutation assy in B6D2F1 mice after dermal
application (Pllin, 1978).

Phenyl glycidyl ether

As reported in an abstract, phenyl glycidyl ether gave positive results in assays for DN A
repai in E. coli (Nishioka & Ohtani, 1978). It was mutagenie to E. coli WP2 uvr A in the ab-

sence of an exogenous metabolic system (Hemminki et al., 1980). Phenyl glycidyl ether was
mutagenic to S. tymurium TA1535, TA97 and TA100 but not to TA1537, TA1538 or TA98 in

the presence and absence of an exogenous metabolic system (Greene et al., 1979; Ivie et al.,
1980; Seiler, 1984; Canter et al., 1986). At an oral dose of 250 mg/kg, it was active in the
host-mediated assay usig C57BI/6 X C3H mice and S. tymurium TA1535, in two out of
five animais tested. It did not induce 6-thioguanine-resistant ceUs in Chine se hamster ovaiy
ceUs with or without an exogenous metabolic system (Greene et al., 1979). Phenyl glycidyl
ether did not induce chromosomal aberrtions in Chinese hamster ovaiy ceUs (Seiler, 1984).
It induced morphological transformation in secndaiy Syrn hamster embiyo cells and en-
hanced transformation by SA7 vis in priaiy Syrn hamster embiyo cells (Greene et al.,
1979). It did not induce micronuclei in the bone marrow of ICR mice after oral administra-
tion of 40100 mg/kg bw (Seiler, 1984). No evidence of dominant lethal mutation was ob-
served in Sprague-Dawley rats followig inhalation of 2-11 ppm (12.3-67.5 mg/m3) phenyl
glycidyl ether, and chromosomal aberrtions were not induced in bone-marrow cells of ex-

posed animais (ferrl et al., 1982).

(b) Huma

(i) Absorption, distribution, exretion an metabolism
No data were available to the Workig Group.

(ü) Toxic effects

Butyl glycidyl ether was found to be a strong contact sensitizer in the ski maxiztion
test in humans (Kigman, 196).

Phenyl glycidyl ether has also been recognized as a contact allergen using a patch test in a
study of persons with dermatitis from ocupational contact with epoxy resins (Rudzki & Kra-
jewska, 1979; Rudzki et al., 1983). It was also an aUergen in a patch test on eight of 15 workers
in a cable production plant who developed dermatosis; phenyl glycidyl ether was present in
the plastic insulation material as a stabilizer (Zschunke & Behrbhm, 1965).

Thir-four workers with ocupational dermatitis on the hands, arms and ocsionally

on the face, aU of whom had worked with low molecular-weight epoxy resins in different
factories, were given a patch test with bisphenol A diglycidyl ether after syptoms had re-
gressed; all gave positive reactions (Fregert & Thorgeirsson, 1977).

Eleven workers handling epoxyresins based mainly on Epikote 815, containing bisphe-
nol A diglycidyl ether (89% w/w) and butyl glycidyl ether (11 %), in the production of trans-
formers for televiion sets developed a scleroderma-like dermatosis and other syptoms,
including muscle and joint disease and central nervous system and respiratoiy disturbances
(fomizwa et al., 1979).
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Epoxy dermatitis due to expsure to bisphenol A diglycidyl ether was reported among
insulation workers at an electric power station (Niiimäki & Hassi, 1983). AIlergic contact
dermatitis was also observed on the upper lip of a patient who had used a nasal oxygen cannu-
la made of epoxy resin; analysis indicated the presence of a chemical reported to be related to
bisphenol A (Wright & Fregert, 1983).

Out of 20 resin workers, 19 developed contact allergy to epoxy resins; three of them
reacted in a patch test to allyl glycidyl ether, two to n-butyl glycidyl ether and 14 to phenyl
glycidyl ether (Fregert & Rorsman, 196).

Three workers employed in a brush factoiy developed a contact allergy from a two-
component glue containing epoxy resin (37% w/w bishenol A diglycidyl ether). The reac-
tive diluents, allyl glycidyl ether, 1,4-butanediol diglycidyl ether, n-butyl glycidyl ether,
ortho-cresyl glycidyl ether, neopentylglycol diglycidyl ether and phenyl glycidyl ether, were
recognized as sensitizers in the patch test (Jolanki et al., 1987).

(ii) Effects on fertilty and on pregnancy outcome
No data were available to the Workig Group.

(iv) Genetic and related effects
Cytogenetie evaluation was pedormed in peripherallymphoces from 18 workers cur-

rently exposed to bisphenol A diglycidyl ether-tye epoxy resins. Nine workers had been
expsed to a low molecular-weight product (less than 90; main oligomer, MW340bisphe-
nol A diglycidyl ether) for five to 16 years (median, 6.5 years) and nine to high molecular-
weight (about 20) epoxy resins (for three to ten years; median, seven years). The results
were compared with those for an equal number of control individuals matched for sex and
age. There was no difference in the frequency of chromosomal aberrations between controls
and the groups expsed to epoxy resins (Mitelman et al., 1980).

Chromosomal aberrations were not more frequent in the peripherallymphoces of 22
employees in an epoxy resin plant than in those of ten persons from the medical department
at the manufacturig site, who were used as control subjects and matched for sex, age and

smokig habits. The workers had been expsed to epoxy resins (a mixure of bisphenol A
diglycidyl ether and its higher homologues), epichlorohydri, butyl glycidyl ether and cresyl
glycidyl ether for one to four years (11 men) or for than ten years (11 men). Expsure of
workers to epichlorohydri varied from 0.1 to 1.6 mg/m3; expsure to both butyl glycidyl
ether and cresyl glycidyl ether was below 0.07 mg/m3, and concentrations of a uriaiy metab-
olite of epoxy resin (the bis-diol of bisphenol A diglycidyl ether) were below the analytical
limit of detection of 0.1 J.g/ml (de Jong et al., 1988).

3.3 Epidemiological studies of carcinogenicity to humans

No data were available to the Workig Group.
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4. Summary of Data Reported and Evaluation

4.1 Exposures

Glycidyl ethers are basic components of epoxy resins which have been commercially
available since the late 194Os. Bisphenol A diglycidyl ether and its oligomers are major com-
ponents of epoxy resins. Other glycidyl ethers, including phenyl glycidyl ether, are frequent-
ly incorprated into epoxy resin systems as reactive modifiers. Epoxy resins based on bisphe-

nol A diglycidyl ether are widely used in protective coatings, including paints, in reinorced
plastie lamina tes and composites, in tooling, casting and moulding resins, in bonding materi-
ais and adhesives, and in floorigs and aggregates. Occupational expsure to bisphenol A
diglycidyl ether and phenyl glycidyl ether may ocur durig their production, durig the pro-

duction of epoxy products and durig various uses of epoxy products, but data on expsure
levels are sparse.

4.2 Experimental carcinogenicity data

Bisphenol A diglycidyl ether of various technical grades was tested by ski application
in mice in five studies. ln one of the studies, an increased incidence of epidermal tumours
was found in one of two strains tested. ln another study, a small increase in the incidence of
epidermal tumours and small increases in the incidences of kidney tumours in male miee and
of lymphoreticular/haematopoietic tumours in female mice were observed. No increase in
the incidence of ski tumours was observed in two further studies, and the other study was
inadequate for evaluation. Followig subcutaneous injection of technical-grade bisphenol
A diglycidyl ether to rats, a small number of locl fibrosarcomas was observed. Followig
application of technical-grade bisphenol A diglycidyl ether to the ski of rabbits, no ski tu-

mour was observed.
Pure bisphenol A diglycidyl ether was tested in one experient by ski application in

mice; no epidermal but a few dermal tumours were observed in males, and there was a small
increase in the incidence of lymphoreticular/haematopoietic tumours in females.

Pure phenyl glycidyl ether was tested for carciogenicity by inhalation expsure in male
and female rats of one strain, producing carciomas of the nasal cavity in animais of each sex.

4.3 Ruman data

No data were available to the Workig Group.

4.4 Other relevant data

Some glycidyl ethers have been shown to cause allergic contact dermatitis in humans.
Glycidyl ethers generally cause ski sensitiztion in experiental animais. Necrosis of the

mucous membranes of the nasal cavities was induced in mice expsed to allyl glycidyl ether.
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Prenatal toxicity was not induced in rats expsed by inhalation to phenyl glycidyl ether
or in rabbits expsed dermally to bisphenol A diglycidyl ether.

One study of workers expsed to bisphenol A diglycidyl ether showed no increase in the
incidence of chromosomal aberrations in peripherallymphoces. A study of workers with
mixed expsures was inconclusive with regard to the effects of specific glycidyl ethers. Phe-
nyl glycidyl ether, but not n-butyl glycidyl ether, induced morphological transformation in
mammalian cells in vitro. n-B utyl glycidyl ether induced micronuclei in mice in vivo followig
intraperitoneal but not oral administration. Phenyl glycidyl ether did not induce micronuclei
or chromosomal aberrtions in vivo or chromosomal aberrations in animal cells in vitro. Al-

kyl C12 or C14 glycidyl ether did not induce DNA damage in cultured human cells or mutation
in cultured animal cells. Allyl glycidyl ether induced mutation in Drosophila. The glycidyl
ethers were generally mutagenic to bacteri. (See Appendix 1.)

4.5 Evaluation 1

There issuffcient evidence for the carcinogenicity of phenyl glycidyl ether in experien-
tal animais.

There is limited evidence for the carcinogenicity ofbisphenol A diglycidyl ether in exper-
imental animais.

No data were available from studies in humans on the carcinogenicity of glycidyl ethers.

Overall evaluation
Phenyl glycidyl ether is possibly carcinogenic ta huma (Group 2B).

Bisphenol A diglycidyl ether is not classifiable as to its carcinogenicity to huma

(Group 3).
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1. ehemical and Physical Data

1.1 Synonyms

Chem. Abstr. Services Reg. No.: 108-95-2
Chem. Abstr. Name: Phenol
¡UPAC Systemic Name: Hydroxybenzene
Synonym: Carblic acid; monohydroxybenzene; oxybenzene; phenic acid; phenyl
alcohol; phenyl hydrate; phenyl hydroxide; phenylic alcohol; phenylic acid

1.2 Structural and molecular fonnulae and molecular weight

OH

ÓC6H60 MoL. wt: 94.11

1.3 Chemical and physical properties of the pure substance

(a) Description: White, ciystalline solid that liquefies on absorption of waterfrom air;
acrid odour; sharp burning taste (Hawley, 1981)

(b) Boiling-POint: 181.7°C at 760 mm Hg, 70.9°C at 10 mm Hg (Weast, 1985)

(c) Melting-POint: 43°C (Weast, 1985)

(d) Density: 1.06 at 20o/4°C (Weast, 1985)

(e) Spectroscopy data: Infrared, ultraviolet and nuclear magnetic resonance spectral

data have been reported (Sadtler Research Laboratories, 1980; Pouchert, 1981,

1983, 1985).

(j Refractive index: 1.5408 at 41°C (Weast, 1985)

(g) Solubility: Soluble in water (82 g/l at 15°C; Considine, 1974), acetone, benzene,

ethanol, diethyl ether, chloroform, glycerol, carbn disulfide and aqueous alka-
lies (Hawley, 1981; Windholz, 1983; Weast, 1985)

(h) Volatility: Vapour pressure: 0.357 mm Hg at 20°C (Dow Chemical Co., 1988)
(i) Flash-point: 80 ° C (closed cup); 85 °C (open cup ); mixure of air and 3-10% phenol

vapour is explosive (Deichmann & Keplinger, 1981)

-263-
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(¡) Reactivity: Hot phenol is incompatible with aluminium, magnesium, lead, and
zinc. Iron and copper catalyse disclouration. Contact with strong oxidizers and

calcium hyphlorite must be avoided (Dow Chemical Co., 1988).

(k) Octanol/water partition coeffcient: log P = 1.46 (Verschueren, 1983)

(/) Conversion factor: mg/m3 = 3.85 X ppm 1

1.4 Technical products and impurities

Trade name: ENT 1814
Phenol is available in commercial grades of 82-84%, 9092% (Considine, 1974) and

95%. Typical impurities from cumene-derived phenol include small amounts of acetol, ace-
tone, acetophenone, sec-butyl alcohol, cumene, cyclohexanol, o:,o:-dimethylphenyl carbi-
nol, isopropyl alcohol, mesityl oxide, 2-methylbenwfuran, o:-methylstyene and 2-phe-
nyl-2-butene (Dow Chemical Co., 1986).

2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

Phenol was first islated from coal-tar in the 1830s. A relatively small but steady supply

of phenol is recovered as a by-product of metallurgical coke manufacture. By-product coal-
tar is fractionally distiled and the phenolic fraction extracted with aqueous alkali. Coal-tar
was the only source of phenol until the First World War, when sulfonation of benzene and
hydrolysis of the sulfonate led to the production of the firt sythetic phenol (Considine,
1974; Thurman, 1982).

Other sythetic routes to phenol have involved the hydrolysis of chlorobenzene (diphe-
nyl ether and ortho- and para-hydroxydiphenyl ocur as by-products) and oxidation of tolu-
ene (see monograph, p. 79) to benzoic acid followed by oxydecarbxylation to phenol after
puriication. The chlorobenzene process and, to a lesser extent, the toluene-based process
have been of major importnce in phenol production in the past and are stil used in some
facilties (Iurman, 1982).

More than 98% of the phenol currently produced in the USA is derived from cumene
(isopropylbenzene). This method is also the most commonly used method worldwide due to

lCalculated from: mg/m3 = (molecular weight/24.45) X ppm, assuming standard temperature (25°C) and

pressure (760 mm Hg)
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its high yield and economy. ln this process, cumene is formed from benzene and propylene,
then oxidized to the hydroperoxide, which is cleaved with sulfuric acid to yield phenol and
acetone. Puriication is achieved by distilation or ion-exchange resin separation. The total
phenol yield from this process is about 93%, based on cumene and 84% based on benzene
(lurman, 1982).

Annual production of phenol by several countries is given in Thble 1.

Table 1. Annual production of phenol (in thousand tonnes)a

Country 1980 1981 1982 1983 1984 1985 1986

Brazil 87.1 72.9 91.5 95.8 99.6 NA NA
Czechoslovakia 43.9 42.1 45.9 45.3 43.6 42.6 46.3
Finland 1.0 2.9 29.9 NA NA NA NA
India 14.1 10.3 15.0 18.0 20.0 NA NA
Japan 215 214 211 271 272 262 260
Mexico 21.0 23.0 20.7 22.0 24.5 27.1 NA
Romania 65.7 66.0 71.7 88.4 99.6 87.9 NA
Spain 47.9 41.3 37.0 39.7 64.3 73.8 69.7
Swedenb 4.2 5.2 5.2 7.1 6.5 6.7 7.6
Thrkey 0.1 0.1 NA NA NA NA NA
UK NA 109.7 136.8 143.2 184.4 117.5 52.9
USAc 1164.8 1169.4 917.6 1196.6 1310.4 1288.7 1412.9
USSRd 496.0 497.0 459.0 484.0 511.0 502.0 515.0
Yugoslavia NA NA NA NA NA NA 2.3

'Prom Anon. (1984, 1987, 1988); US International 'fade Commission (1981, 1982, 1983, 1984, 1985,
1986, 1987, 1988); NA, not available
bphenol and phenol alcohols
c¡oe not include data froID coke ovens and gas retorts
dsynthetic and crytallizd froID coal

(b) Use

Phenol is the basic feedstock from which a number of commercially important materi-
ais are made, including phenolic resins, bisphenol A and caprolactam (see IARC, 1987) as
well as chlorophenols such as pentachlorophenol (see IARC, 1986). The products made in
largest volume are the phenolic resins, derived by condensation of phenol and substituted
phenols with aldehydes, particularly formaldehyde (see IARC, 1987). Phenolic resins are
used as adhesives in plywoo and partic1e board, as binders for fibreglass, minerai wool and
other insulating products, for impregnating and laminating woo and plastic agents, and as
moulding compounds and foundiy resins (Greek, 1983; Mannsvile Chemical Products
Corp., 1985).

Bisphenol A is the second most importnt product of phenoL. It is derived by reaction
of phenol with acetone and is used mainly in the manufacture of epoxy and polycarbnate
resins for plastic mouldings, protective coatings such as paints (see monograph on ocupa-
tional expsures in paint manufacture and painting) and adhesive applications (epoxy res-

ins), as well as in automotive, appliance, electronic, glazing and other tyes of applications.
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Bisphenol Amay also be used to produce phenoxy, polysulfone and polyester resins. Capro-
lactam, prepared from phenol via cyclohexanone as an intermediate, is used to make Ny-
lon-6 fibres, moulding resins and plastic film (Mannsvile Chemical Products Corp., 1985).

Phenol is also converted to alkyl phenols, which are used as sudace-active agents,
emulsifiers, antioxidants and lubricating oil additives (nonylphenols) and to make plastieiz-
ers, resins and sythetic lubricants (by conversion to adipic acid). ln 1982, a US chemical
company initiated the production of aniline from phenoL. Another phenol derivative, 2,6-xy-
lenol, is used to make polyphenylene oxide (Mannsvile Chemical Products Corp., 1985).

Phenol was widely used in the 180s as a wound treatment, antiseptic and locl anaes-

thetic; the medical uses of phenol today include incorpration into lotions, salves and oint-
ments. It is also used in the manufacture of disinectants and antiseptics, paint and vamish
removers, lacquers, paints, rubber, ink, iluminating gases, tanning dyes, pedumes, soaps
and toys (National Institute for Occupational Safety and Health, 1976; Deichmann & Ke-
plinger, 1981).

ln 1986, an estimated 45% of the phenol produced in the USA was used to make pheno-
lic resins, 25% to make bisphenol A, 15% to make caprolactam, 4% to make alkyl phenols,
4% for xylenols, and 7% for miscellaneous uses (Mannsvile Chemical Products Corp.,
1985).

(c) Regulatory status and guidelines

Occupation al exposure limits for phenol in 32 countries or regions are presented in
Thble 2.

Table 2. Occupational exposure limits for phenoia

Country or Year Concentration InterpretationC
region

(mg/m3)b

Australia 1984 S 19 1WA
Austria 1985 S 19 1WA
Belgium 1985 S 19 1WA
Brazil 1985 15 1WA
Bulgaria 1985 S 5 1WA
Commission of the European 1986 19 1WA

Communities 95 Maxmum
Chile 1985 S 15.2 1WA
China 1985 S 5 1WA
Czeehoslovakia 1985 20 Average

40 Maxmum
Denmark 1988 S 19 1WA
Finland 1987 S 19 1WA

S 38 STEL (15 min)
France 1986 S 19 1WA
Germany, Federal Republie of 1988 S 19 1WA
German Democratie Republie 1985 S 20 1WA
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Table 2 (contd)
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Country or

region
Year InterpretationCConcentration

(mg/m3)b

Hungary 1985

India 1985

S 5

S 10

S 19

S 38

S 19

8

S 19

S 19

S 19

S 19

S 10

S 10

S 15

S 4
S 8

S 19

S 19

S 19

S 38

Indonesia
1 taly

Japan
Mexico
Netherlands
NOlWay

Poland
Romania

1985
1985
1988
1985
1986
1981
1985
1985

Sweden 1987

Switzerland
Thiwan
UK

1985
1985
1987

USAd
OSHA
NIOSH

1985
1983

19
20
60

S 19

S 0.3
S 19

S 38

S 5

ACGIH
USSR
Venezuela

1988
1986
1985

Yugoslavia 1985

1WA
STEL
1WA
STEL
1WA
1WA
1WA
1WA
1WA
1WA
1WA
Average
Maxmum
1WA
STEL
1WA
1WA
1WA
Stel (10 min)

1WA
1WA
Ceiling (15 min)
1WA
Ceiling
1WA
Ceiling
1WA

"From Direktoratet for Areidstilsyet (1981); International Labour Office (1984); Areidsin-
spectie (1986); Commission of the Europen Communities (1986); Institut National de Re-
cherche et de Sécurité (1986); Cook (1987); Health and Safety Executive (1987); National Swed-
ish Bord of Ocupational Safety and Health (1987); 'lõsuojeluhalltus (1987); American Con-
ference of Governmental Industrial Hygienists (1988); Arejdstilsyet (1988); Deutshe For-

schungsgemeinschaft (1988)

hS, skin notation

C'A, time-weighted average; STEL, short-tenn expure limit

tlSHA, Ocupational Safety and Health Administration; NIOSH, National Institute for Ocu-
pational Safety and Health; ACGIH, American Conference of Governmental Hygienists
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2.2 Occurrence

(a) Natural occurrence

Phenol is a constituent of coal-tar and is formed durig the natural decomposition of
organic materils (Cleland & Kigsbuiy, 1977).

(b) Occupaional exsure

On the basis of a US National Occupational Expsure Survey, the National Institute
for Occupational Safety and Health (1983) estimated that 193 00 workers were potentially
exposed to phenol in the USA in 1981-83.

Airne phenol concentrations in area samples ranged from nondetected to 12.5 mg/
m3 in a bakelite factoiy in Japan (Ohtsuji & Ikeda,. 1972). Expsure levels of 5-88 mg/m3
have been reported for employees in the USSR who quenched coke with waste-water con-
taining 0.3-0.8 g/l phenol (petrov, 196). Occupational expsure to 5 ppm (19 mg/m3) in a
synthetic fibre plant in Japan corresponded to a uriaiy phenollevel of 251 mg/g creatinine
(Ogata et al., 1986). Ai levels of phenol were correlated with uriaiy excretion rates in work-
ers at five plants producing phenol, phenol resins and caprolactam in the USSR. The mean
personal air and uriaiy phenollevels at two phenol resin plants were 0.6 mg/m3 and 33.4

mg/l and 3.0 mg/m3 and 34.2 mg/l, respectively; those of workers in another plant, who man-
ufactured phenol from chlorobenzene, were 1.2 mg/m3 and 91.3 mg/L. ln a plant for the man-
ufacture of caprolactam, the mean uriaiy phenollevel in workers was 34.0 mg/l (air levels
were not determined); and mean persnal air and uriaiy phenollevels in workers in a plant
that produced phenol from cumene were 5.8 mg/m3 in air and 28.5 mg/l in urie (Mogilnicka
& Piotrowski 1974). Phenollevelsin the air of 19 Finnish plywoo plants ranged from .c 0.01
to 0.5 ppm ( .c 0.041.9 mg/m3; Kauppinen, 1986), and those at a plant in the USA that man-
ufactured fibrous glasswool were 0.01-0.35 ppm (0.05-1.3 mg/m3), with a mean of 0.11 ppm
(Dement et al., 1973).

(c) Air

Phenol was detected in urban air (0.55-1.01 ppb; 2-4 JLg/m3), in exhaust from cars
(0.233-0.320 ppm; 0.9-1.2 mg/m3) and in tobacc smoke (312-436 JLg/cigarette) collected in
Osaka, Japan (Kuwata et al., 1980).

(d) Water an sediment

Phenols may ocur in domestic and industril waste waters, natural waters and potable
water supplies. Chloriation of such waters may produce chlorophenols, givig the water an

objectionable smell and taste. Procsses for the removal of phenol include superchloria-
tion, chlorie dioxide or chloramine treatment, ownation, and activated carbn adsorption
(American Public Health Assotion-American Waterworks Astion-Water Pollution
Control Federation, 1985)~ Phenol was found at a level of 1 JLg/l in a domestic water supply in
the USA (Rmanathan, 1984). It has been detected in US riverwater at 0.02-0.15 mg/l (Vers-
chueren, 1983) and in industril waste waters at average concentrations of up to 95 mg/l (US
Envionmental Protecion Agency, 1983).
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(e) SoU and plans

ln studies of envionmental fate, phenol has been reported to biodegrade completely in
soil within two to five days (Baker & Mayfield, 1980; Vershueren, 1983). Wh en high soil
concentrations are produced by a spil, the compound may destroy the degrading bacterial
population and leach through to groundwater (Delfino & Dube, 1976; Baker & Mayfield,
1980; Ehrlich et al., 1982).

if Food

Phenol has been found to taint the taste of fish and other organisms when present at
concentrations of 1.0-25 mg/l in the marie envionment (Verschueren, 1983). It has been
detected in smoked summer sausage (7 mglkg) and in smoked pork beUy (28.6 mg/kg; US
Envionmental Protection Agency, 1980).

2.3 Analysis

ln the presence of other phenolic compounds, phenol is readily determined by conver-
sion to the corresponding bromophenol by reaction with bromine. The minimal detectable
amount of bromophenol by gas chromatography is about 0.01 ng (Hoshika & Muto, 1979).

Phenol present in polluted air (industrial emissions, automobile exhaust, tobacc
smoke) may be collected by drawig the air through a O.IM solution of soium hydroxide and
determined by reversed-phase high-pedormance liquid chromatography after derivatiz-
tion with para-nitrobenzene diawnium tetrafuoroborate, with a detection limit of 0.05 ppb
(0.2 J.g/m3) for 150 lof gas sample (Kuwata et al., 1980). Phenol collected similarly can also
be measured by gas chromatography with flame ioniztion detection. This method has been

validated in the range of 10-38 mg/m3 in 1001 samples (Eller, 1984). Ai samples can be
collected on a solid sorbent (e.g., resin; Cummins, 1981), and this method has been used to
determine phenol in industrial waste and in natural and potable waters (American Public
Health Assoiation-American Waterworks Assoiation-Water Pollution Control Federa-
tion, 1985).

Phenol can be determined in water samples by steam distilation followed by reaction
with 4-aminoantipyre in the presence of potassium ferrcyanide to form a coloured antipy-
rie dye, which is determined spectrophotometrically. The sensitivity of this method is 1 J.g/I

(American Public Health Assoiation-American Waterworks Assoiation-Water Pollution
Control Federation, 1985). It can also be detected at levels of approxiately 0.2 J.g/I by gas
chromatography with flame ioniztion and electron capture detection followig derivitiz-

tion with pentafuorobenzyl bromide (US Envionmental Protection Agency, 1980).
ln urie samples, phenol can be determined by acidification, diethyl ether extraction,

and analysis by gas chromatography with flame-ioniztion detection. The limit of detection

is estimated to be 0.5 J.g phenol/l urie (Eller, 1985).
Envionmental samples can also be analysed by gas chromatography/mass spectrome-

tiy using either packed or capilaiy columns. The practical quantitative limit is approxiate-
ly 1 mg/kg (wet weight) for soil/sediment samples, 1-20 mglkg for wast es and 10 J.g/I for
ground water samples (US Envionmental Protection Agency, 1986,c).
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Colorietric systems have been developed for detecting phenol in air (ENMET Corp.,
undated; Matheson Gas Products, undated; Roxan, Inc., undated; The Foxbro Co., 1983;
Sensidyne, 1985; National Draeger, Inc., 1987; SKC Inc., 1988).

3. Biological Data Relevant to the Evaluation of

earcinogenic Risk to Rumans

3.1 Carcinogenicity studies in animaIs

(a) Oral administration

Mouse: Groups of 50 male and 50 female B6C3Fl mice, five to six weeks old, were
administered drikig-water containing 0,250 or 50 ppm (mgll) phenol for 103 weeks,

and survvig animais were kiled at weeks 104-106. Three batches of phenol were used, one

with a purity of 98.47%, one with 1.36% impurities, and a homogeneous batch with one impu-
rity. Throughout most of the study period, there was a dose-related reduction in mean bo
weight in both males and females and treatment-related reduction in water consumption.
At weeks 104-106, 42/50 control, 45/50 low-dose and 48/50 high-dose males were stil alive;
at weeks 105-106, 41/50 control, 40/50 low-dose and 42/50 high-dose females survved. No
treatment-related increase in the incidence of tumours was observed in miee of either sex.
The incidence of uterie endometril polyps in females was 1/50 in control s, 0/48 at the low
dose and 5/48 at the high dose (National Toxicology Program, 1980).

Rat: Groups of 50 male and 50 female Fisher 344 rats, five to six weeks old, were ad-
ministered drikig-water containing 0, 250 or 50 ppm (mg/l) phenol (purity, see above)
for 103 weeks, and survvig animais were kiled at weeks 104105. After about 20 weeks of
study, there was a reduction in mean boy weight in both males and females which coincided
with a reduction in water consumption. At weeks 104105, 26/50 control, 22/50 low-dose and
30/50 high-dose males, and 38/50 control, 39/50 low-dose and 37/50 high-dose females were
stil alive. Low-dose males had increased incidences of phaeochromocomas of the adrenal
medulla (control, 13/50; low-dose, 22/50,p = 0.04; high-dose, 9/50), leukaemias or lympho-
mas (control, 18/50; low-dose 31/50,p = 0.08; high-dose, 22/50) and C-cell carcinomas of
the thyroid (control, 0/50; low-dose, 5/49; high-dose, 1/50; National Toxicology Program,
1980).

(h) Skin application

ln a wide range of studies using the two-stage mouse ski model, phenol wasinvesti-
gated as an initiator and a promoter with a number of polycyclic hydrocrbns. The followig
studies exemplif this approach.

Mouse: Three groups of 30 and one of 22 female albino mice (strain unspeciied), nine
weeks old, received single initiating applications of 75 J.g dimethylbenz(a)anthracene
(DMBA), given as 0.25 J.I of a 0.3% solution in benzene, followed by applications of 25 J.I
benzene twice a week (group 1); 25 J.I of a 5% solution of phenol (puriied reagent grade) in
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benzene twice a week (group 2); 25 J.I of a 10% solution of phenol in benzene twice a week
(group 3); or 25 J.I of a 0.5% solution of croton oil in benzene twice a week (group 4). A
further three groups of 30 mice received no DMBA treatment but applications of 25 J.I of the
5% phenol solution twice a week (group 5); 25 J.I of the 10% phenol solution twice a week

(group 6); or 25 J.I of the 0.5% croton oil solution twice a week (Group 7). Secondaiy treat-
ments continued for 51 weeks, at whieh time the study was terminated. At week 20, the aver-
age numbers of papilomas per mouse were 6.0, 3.3 and 0.25 in groups 4, 3 and 2, respectively.
Groups without DMBA pretreatment develope papilomas more slowly, and at week 36
there was a 25% incidence in groups 6 and 7 but only one mouse with papilomas in group 5.
No papiloma was seen in group 1, and no ski carcinoma was reported in mice of group 1 or
in those receivig 5 or 10% phenol alone (groups 5 and 6). There was a dose-related increase
in the incidence of ski carciomas in mice receivig DMBA and phenol (groups 2 and 3),
with an incidence of 47% at 40 weeks in group 3 (Boutwell & Bosch, 1959).

Groups of 30 female Swis (Milerton) mice, six weeks old, received either 75 J.g
DMBA in acetone (group 1); applications of a 5% puriied phenol solution in acetone three
times a week (group 2); applications of a 10% phenol solution in acetone three times a week

(group 3); applications of a 10% phenol solution in acetone three times a week (group 4); 75
J.g DMBA in acetone followed one week la ter by applications of the 5% phenol solution in
acetone three times a week (group 5); 75 J.g DMBA in acetone followed one week later by
applications of the 10% phenol solution in acetone twice a week (group 6); or 75 J.g DMBA in
acetone followed one week later by applications of the 10% phenol solution in acetone three
times a week (group 7). Treatment of groups 2-7 continued for 51 weeks, and the study was
terminated at 15 months. At this time, the percentages of miee with papilomas of the ski
were: group 1, 10; group 2, 0; group 3, 7; group 4, 3; group 5, 33; group 6, 87; and group 7, 80.
The percentages of those with ski carcinomas were: group 1, 7; group 2, 0; group 3, 3; group
4,0; group 5, 10; group 6, 70; and group 7, 47 (Wynder & Hoffmann, 1961).

Other, similar studies with similar results that were reviewed by the Workig Group
but are not summaried here are those of Salaman and Glendenning (1957), Van Duuren et
al. (196) and Van Duuren and Goldschmidt (1976).

(c) Administration with knwn carcinogens

Groups of female C57BI mice, 12-14 gin weight, received 20 instilations of 1 mg ben-
zo( a )pyrene in 0.1 ml triethyleneglycol twice a week by gavage simultaneously with a solution
of phenol in water (1 mg in 0.1 ml). An increased incidence of forestomach tumours, includ-
ing carcinomas was seen: 15/43 and 2/43 total tumours and carcinomas, respectively, in the
group receivig benzo( a )pyrene alone versus 16/22 and 6/22, respectively, in the group re-
ceivig combined treatment. A lower dose of phenol (0.02 mg) did not inuence the ben-
zo( a )pyrene-induced carcinogenesis of the forestomach (8/23 and 1/23 total tumours and
carcinomas, respectively). When administration of benw( a )pyrene was followed by phenol,
forestomach carcinogenesis was inhibited: 5/21 and 0/21 total tumours and carcinomas, re-

spectively. An inhibitoiy effect was also observed when phenol treatment preceded ben-
zo(a )pyrene: 6/24 and 0/24 total tumours and carcinomas, respectively (Yanysheva et al.,
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1988). (The Workig Group noted that the duration of the studyand survval were not speci-
fied.)

Three groups of 28-4 female Swiss (Milerton) mice, six weeks old, received ski appli-
cations of approxiately 5 I1g of a 0.005% solution of benzol a )pyrene (puriied) in acetone

three times a week; two of the groups also received applications of either a 5 or 10% solution
of phenol in acetone alternatively with benzol a )pyrene twice a week. Treatment was contin-
ued for 52 weeks, and animais were observed for 15 months. At 12 months, the percentages
of mice with ski papilomas were: benzor a )pyrene alone, 58; benzol a )pyrene plus 5% phe-
nol, 83; benzol a )pyrene plus 10% phenol, 80. The percentages of mice with ski carcinomas
were: benzo(a)pyrene alone, 47; benzo(a)pyrene plus 5% phenol, 77; benzo(a)pyrene plus
10% phenol, 70 (Wynder & Hoffmann, 1961).

Groups of 20 female ICR/Ha mice, six to eight weeks old, received ski applications of
0.1 ml acetone, 511g puriied benzo(a)pyrene in 0.1 ml acetone or 511g benzo(a)pyrene to-
gether with 3 mg puriied phenol in 0.1 ml acetone three tImes a week for 508, 46 or 46
days, respectively. No ski tumour was observed in the group that received acetone. ln the
benzol a )pyrene-treated group, 8/20 papilomas and 1/20 ski carcinomas developed, com-
pared to 3/20 papilomas and 1/20 ski carcinomas in the group treated with benzol a )pyrene
and phenol (Van Duuren et al., 1971).

Groups of 50 female ICR/Ha mice, seven weeks old, received ski applications of 0.1
ml acetone containing 511g puriied benzol a )pyrene, 511g benzol a )pyrene together with 3 mg
puriied phenol, 3 mg phenol or acetone alone three times a week for 52 weeks. At the end of

the treatment period, survval was 42/50 and 39150 in the benzo(a)pyrene-treated and ben-
zo(a)pyrene plus phenol-treated groups, respectively. ln the benzo(a)pyrene-treated

group, 13/50 papiloma-bearig mice had a total of 14 papilomas, and 10/50 miee had squa-
mous-cell carcinomas of the ski. ln the group treated with benzo(a)pyrene and phenol,

7 ISO papiloma-bearig mice had a total of nine papilomas and 3/50 mice had squamous-cell

carcinomas. ln the group treated with phenol alone, 1/50 papiloma-bearig mouse had one
papiloma; no tumour was reported at 63 weeks in the group given acetone alone (Van Duur-
en et al., 1973; Van Duuren & Goldschmidt, 1976).

3.2 Other relevant data

The toxicology of phenol has been reviewed (National Institute for Occupational Safe-
ty and Health, 1976; Bruce et al., 1987).

(a) Exprimental systems

(i) Absorption, distribution, exretion and metabolism
Phenol is absorbed through the lungs (Deichmann & Keplinger, 1981) and the alimen-

taiy tract in various species (Capel et aL., 1972). ln addition, phenol in solution was absorbed
through the clipped ski of rabbits (Freeman et al., 1951; Deichmann et aL., 1952) and through
excised clipped ski of rats at ~ rate directly related to the concentration of phenol up to 3%
(Roberts et al., 1974).

The concentration of phenol in the boy of rabbits 15 min after oral administration of a
5% aqueous solution was highest in the liver, followed by the kidneys, lungs, brain and spinal
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cord, and bloo (Deichmann, 1944). Followig oral administration of 207 mg/kg bw 14C-phe-

nol to rats, the highest concentration ratios between tissues and plasma were found in the
liver followed by the kidneys, spleen, adrenal glands, thyroid gland and lungs (Liao &
Oehme, 1981). Radioactivity was high in the lungs, kidneys and small intestines in autoradio-
grams of rats kiled 2 h after intravenous injection of 0.6 mg/kg bw 14C-phenol (Greenlee et
al., 1981).

Uriaiy excretion is generally rapid in various species; the percentage of radioactivity
excreted within 24 h after oral administration of 14C-phenol was highest in rats (95%) and
lowest in squirel monkeys (31 %) among 18 species of animais tested. While absorbed phe-
nol is excreted in the urie as conjugated phenol and a small fraction as conjugated quinol, a
marked species difference is observed in the ratio of sulfate to glucuronide. Among 18 spe-
cies of animais given 25 mg/kg bw 14C-phenol orally, cats excreted phenyl (87%) and quinol

(13% ) sulfates but no glucuronide, and pigs excreted only phenyl glucuronide and no sulfate,
whereas other species excreted substantial amounts of both phenyl and quinol sulfates and
glucuronides (Capel et al., 1972). ln a similar experient in which sheep, pigs and rats were
given 25 mg/kg bw 14C-phenol orally, glucuronides accunted for 49, 83 and 42% of the total
uriaiy metabolites in the three species, respectively, and sulfates accunted for 32, 1 and
55%. Less than 7% was excreted as quinol conjugates. Only in sheep, 12% of the uriaiy
metabolites were conjugated with phosphate (Kao et al., 1979). Phenyl sulfates (80%) and
quinol sulfate (20%) were detected in the urie of cats given 20 mg/kg bw 14C-phenol intrap-
eritoneally (Miler et al., 1976). The ratio between sulfation and glucuronidation is dose-de-
pendent; preferential formation of sulfate ocurs at lower doses (Wiliams, 1959; Ramli &
Wheldrake, 1981).

Phenol is metabolized in the liver and other tissues. ln an experient with an isolated
gut preparation, it was shown that phenol is transported from the intestinal lumen not in the
free form but c-Onjugated. Formation and uriaiy excretion of phenol conjugates ocur in

rats even after removal of the liver and gastrointestinal tract (powell et al., 1974). ln rats with
cannulae in the left jugular vein and left carotid arteiy, about 60% of 14C-phenol adminis-
tered via the venous cannula was extracted by the lungs on the first pass followig adminis-
tration (Cassidy & Houston, 1980). 14C-Phenol was extensively metabolized to phenyl sul-
fate and phenyl glucuronide in a whole rat-Iung preparation (Hogg et al., 1981). ln compari-
son, a study in which phenol was administered to rats via the duodenallumen and jugular and
hepatic portal veins showed that intestinal and hepatic conjugation are comparable at low
doses (~ 1 mg/kg bw), although the capacity of the hepatic enzye is readily saturated,
whereas intestinal conjugation far exceeds the contnbution of the hepatic and pulmonaiy
enzyes after high doses (~ 5 mg/kg bw; Cassidy & Houston, 1984).

14C-Phenol binds ireversibly to calf thymus DNA in the presence of horseradish per-
oxidase and hydrogen peroxide (Subrahmanyam & O'Brien, 1985a). One of the products
formed by the oxidation of phenol, ortho,ortho' -biphenol (but not para,para' -biphenol),
readily binds to DNA followig peroxidase-ctalysed oxidation (Subrahmanyam & O'Brien,
1985b ).

Phenol did not bind covalently to rat haemoglobin in vivo (Pereira & Chang, 1981) but
was associated with plasma protein in rats in vivo (Liao & Oehme, 1981) and with human
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serum in vitro, where the binding ocurred predominantly (48.7%) in the albumin fraction
(J udis, 1982).

(ii) Toxic effects

The majority of the LDso values for phenol in several speces fall within one order of
magnitude (except for dermal application), cats being the most sensitive and pigs the most
resistant species. This difference in sensitivity to the toxicity of phenol can be attributed to
quantitative and qualitative differences in phenol metabolism (glucuronidation versus sulfa-
tation) between species (Oehme & Davis, 1970 (abstract); Miler et al., 1973).

The oral LDso for phenol in male mice was about 300 mg/kg bw (von Oettingen &
Sharpless, 1946). The oral LDso in different strains of rats ranged from 34050 mg/kg bw
(Deichmann & Oesper, 1940; Deiehmann & Witherup, 1944; Flickiger, 1976). Dermal
LDsos of 140 mg/kg bw in rabbits (Vernot et al., 1977) and of 0.625 ml (66 mg)/kg bw in rats
(Conning & Hayes, 1970) have been described.

On the basis of mortality durig a 14-day post-expsure period, the single-dose LDso
for ski penetration in male albino rabbits was estimated to be 850 mg/kg bw. Phenol (50
mg) also produced necrosis after a maxal period of 24 h in the intact ski of expsed rab-

bits. Application of 100 mg phenol into the eyes of male albino rabbits resulted in inamed
conjunctiva and opaque corneas; 24 h after expsure, the eyes showed severe conjunctivitis,
corneal opacities and corneal ulcerations, with no improvement durig further observation
(Flickiger, 1976). Followig dermal application of phenol, rats developed severe ski le-
sions with oedema followed by necrosis (Conning & Hayes, 1970). Rats expsed to 90 mg/
m3 phenol-water aerosol for 8 h developed ocular and nasal irtation, loss of cordination,

tremors and prostration (Flickiger, 1976).

ln mice expsed to phenol vapour at concentrations of 5 ppm (19 mg/m3) for 8 h per day
on five days per week for 90 days, increased stress endurance but no significant difference in

any other parame ter studied (haematology, urie analysis, bloo chemistiy, kidney function,
rate ofweight gain, pathological examination) was observed. ln rats expsed to phenol va-
pour at concentrations of 5 ppm (19 mg/m3) for 8 h per day on five days per week for 90 days
and to 10020 mg/m3 for 7 h per day on five days per week for 53 days over 74 days, no change
in the same parameters was noted, except for a slight weight gain compared to controls.
Essentially the same results were obtained in monkeys exposed to phenol vapours at concen-
trations of 5 ppm (19 mg/m3) for 8 h per day on five days per week for 90 days. ln guinea-pigs
expsed to phenol vapours of 10020 mg/m3 for 7 h per day on five days per week, toxicologi-
cal changes observed included weight loss, respiratoiy difficulties and hind-quarter paraly-
sis. Histological examination revealed myocrdial necrosis, acute lobular pneumonia and
liver and kidney damage. Extensive mortlity (4/12) was found in guinea-pigs after 20 exp-
sures over 28 days. ln rabbits expsed similarly, damage was in generalless severe than that
found in guinea-pigs after 88 days (Deichmann et al., 1944; National Institute for Occupa-
tional Safety and Health, 1976).

Significant effects on the central nervous system (grasping reflex and vestibular func-
tion) in rats were observed after continuous expsure to 100 mg/m3 phenol for 15 days; activi-
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ties of serum liver enzyes were also increased, indicative ofliver damage (Dalin & Krtof-
fersson, 1974).

(ii) Effects on reproduction an prenatal toxicity
As reported in an abstract, groups of 23 CD rats were expsed by oral intubation to 0,

30, 60 or 120 mg/kg bw phenol per day on days 6-15 of gestation and the fetuses examined at
term for growth, vibilty and malformations. There was no evidence of maternai toxicity or
teratogenicity, but fetal growth was retarded at the highest dose (Pce et al., 1986).

As reported in an abstract, groups of CD-l miee were expsed by oral intubation to 0,
70, 140 and 280 mg/kg bw phenol per day on days 6-15 of gestation. Fetuses were examined
for growth, viability and malformations. Maternai and fetal toxicity but no significant evi-
dence of teratogenicity were observed. Greater maternai toxicity as well as cleft palates in
the fetus were reported at the high dose level (Pce et al., 1986).

Phenol was one of a series of chemicals used in a structure-activity developmental toxi-
col ogy study reported in an abstract. The chemicals were administered (route unspecified)
to groups of Sprague-Dawley rats on day 11 of gestation at four dose levels between 0 and
100 mg/kg or added to embiyos of the same developmental age in whole embiyo culture in
vitro. ln vivo, phenol induced hind-limb and tail defects. ln vitro, phenol was the least potent
of seven congeners tested; the activity, however, was increased following co-culture with
priaiy hepatoctes (Kavlock et al., 1987).

(iv) Genetic and related effects
Phenol was mutagenic to Eschenchia coli B/Sd-4 at highly toxic doses only (survvallev-

el, 0.5-1.7%; Demerecet aL., 1951). It did not induce fiamentation in the lon- mutant of E.
coli (Nagel et aL., 1982). It was not mutagenic to Salmonella typhimunum TA1535, TAIS37,
TA1538, TA98 or TA 100 in the presence or absence of an exogenous metabolic system from
Aroclor-induced rat and hamster livers (Cotruvo et al., 1977; Epier et al., 1979; Flori et aL.,
1980; Gilbert et al., 1980; Kioshita et al., 1981; Thompson & Melampy, 1981; Pool & Lin,
1982; Haworth et aL., 1983; Kazmer et al., 1983; Ludewig & Glatt, 1986 (abstractD. It was
mutagenic to S. typhimunum TA98 only in the presence of an exogenous metabolic system
when the assay was performed using a modified medium (ZLM) instead of the standard Vo-
gel-Bonner medium (Gocke et aL., 1981).

Phenol weakly induced mitotIc segregation inAspergillus nidulan (Crebell et al., 1987).
It induced C-mitosis in the root tips of Allium cepa but only rarely induced chromosomal
fragmentation (Levan & Tjio, 1948). It induced chromosomal aberrations in maize and
wheat (details not given) (Chebotar et al., 1975).

Phenol did not increase the frequency of recessive lethal mutations in Drosophila mela-
nogaster (Sturtevant, 1952). Feeding or injection of phenol did not induce sex-linked reces-
sive lethal mutations in meiotic or postmeiotic germ-cell stages of adult male DrosophUa
(Gocke et al., 1981; Wooruff et al., 1985).

Phenol did not induce DNA single-strand breaks in mouse lymphoma L5178YS cells
(Pellack-Walker & Blumer, 1986). It was reported in an abstract that phenol induced DNA
strand breaks in mouse lymphoma cells, as measured by the alkaline unwiding technique
followed by elution through hydroxylapatite (Garberg & Bolcsfoldi, 1985). It was reported in
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a further abstract that phenol did not induce strand breaks, as measured by the alkaline elu-
tion technique, in rat germ-cell DNA after either acute or subchronic treatment (Skare &
Schrotel, 1984).

Phenol induced mutations at the hprt locus of Chinese hamster V79 cells in the absence
of an exogenous metabolic system from thelivers of phenobarbital-induced mice (Paschin &
Bahitova, 1982).

Phenol was reported to inhibit DNA sythesis in HeLa cells (Dobashi, 1974; Painter &
Howard, 1982) and to inhibit repair of radiation-induced chromosomal breaks in human leu-

coes (Morioto et al., 1976). However, it only slightly inhibited DNA repair sythesis and
DNA replication sythesis in WI-38 human diploid fibroblasts (poirer et al., 1975). Phenol
induced sister chromatid exchange in human lymphoces (Morioto & Wolff, 1980a,b; Er-
exsn et al., 1985a,b); the nuinber of sister chromatid exchanges was further increased by the
presence of an exogenous metabolic system from rat livers (Morioto et al., 1983). ln anoth-
er study, phenol was reported to be incapable of inducig sister chromatid exchange in hu-
man lymphoces (Jansson et al., 1986).

Administration of phenol either intraperitoneally (two doses of 188 mglkg bw; Gocke et
al., 1981) or orally (250 mg/kg bw; Gad-el Kari et al., 1986) to female and male NMRI or
male CD-1 mice did not induce mieronuclei in bone marrow. However, phenol induced mi-
cronuclei in the bone marrow of pregnant CDIl mice after a single administration of 265
mg/kg bw by gastric intubation; micronuclei were not seen in the liver of fetuses (Cirnni et

al., 1988). As reported in abstract, phenol induced micronuclei in male and female mice at
doses of 150 and 20 mglkg bw (Sofuni et al., 1986). It was reported in another abstract that
phenol induced chromosomal aberrations in bone marrow of mice in vivo (details not given)

(Lowe et al., 1987). Phenol did not inhibit intercellular communication (as measured by met-
abolic coperation) in Chine se hamster V79 cells (Chen et al., 1984; Malcolm et al., 1985).

(b) Human

(i) Absorption, distribution, exretion an metabolism
Studies in human volunteers have shown that 70-80% of inhaled phenol vapour is re-

tained (Piotrowski, 1971) and that phenol is absorbed almost quantitatively through the ali-

mentaiy tract (Capel et al., 1972). Phenol in lotion, ointment (Rogers et al., 1978) and vapour
form (Piotrowski, 1971) can penetrate the ski. When absorbed, almost all of the dose is
excreted in the urie within one day (Potrowski, 1971; Capel et al., 1972). ln male volunteers
given 0.01 mg/kg bw 14C-phenol orally, 90% of the dose was excreted within 24 h, mainlyas
phenyl sulfate (77% of 24-h excretion) and phenyl glucuronide (16%), together with very
small amounts of quinol sulfate and glucuronide (Capel et al., 1972).

Expsure-dependent increases in the concentration of phenol in urie have been ob-
served among factoiy workers ocupationally expsed to phenol vapour (Ohtsuji & Ikeda,

1972; Knapik et al., 1980; Gspan et al., 1984). The increase was attnbutable entirely to conju-
gated phenol, and no significant change in the concentration of free phenol was observed,
regardless of the intensity of expsure to phenol vapour (up to 13 mg/m3 in workroom air;
Ohtsuji & Ikeda, 1972).
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(ü) Toxic effects

Phenol poisoning ocurs by ski absorption, vapour inhalation or ingestion. Phenol has
a marked corrosive effect on all tissues and, on contact with ski, causes whitenig of the
expsed area followed by severe chemical burns; long after cessation of contact, progressive
areas of depigmentation may develop (Prdoe et al., 1976).

Application of a bandage containing 2% phenol to the umbilcus of a newborn baby
resulted in death after 11 h. Another newbrn baby treated with 30% phenol:60% camphor
for a ski ulcer experienced circulatoiy failure, cerebral intoxication and methaemoglobi-
naemia but recovered after a bloo transfusion (Hinkel & Kitzel, 1968). An accidental spil

in industiy resulting in cutaneous absorption also caused death (Grifiths, 1973).
Mter an acute percutaneous intoxication of a chemical worker with phenol, locl ef-

fects on the ski were seen in conjunction with several effects due to systemic intoxication,
including massive intravascular haemolysis, tachycardia, respiratoiy depression, and renal
and liver damage. The latter was concluded from the increased activities of liver enzyes in
the serum (Schaper, 1981). Ingestion of 10-56 ml phenol caused severe irtation 'in the gas-
trointestinal tract, cardiovascular collapse, respiratoiy depression and seizures (Bennett et
al., 1950; Stajduhar-Caric, 1968).

As reported in a review, expsure by inhalation to low concentrations of phenol (0.004
ppm; 0.015 mg/m3) six times for 5 min produced increased sensitivity to light in three vol un-
teers adapted to the dark. Exsures to 0.00 ppm (0.02 mg/m3) phenol for 15 sec resulted in
the formation of conditioned electrocrtical reflexes in four volunteers (Bruce et al., 1987).

'Phenol marasmus', described as an ocupational hazard resulting from chronic expo-

sure to phenol, involves anorexia, weight loss, headache, vertigo, salivation and dark urie
(Merliss, 1972).

Repeated oral expsure for several weeks (estimated intake, 10-240 mg/day) due to
contamination of groundwater after an accidental spil of phenol resulted in mouth sores
(burning of the mouth), diarrhoea and dark urie. Examination six months after the expo-
sure revealed no residual effect (Baker et al., 1978).

(ii) Effects on fertility an on pregnancy outcome
No data were available to the Workig Group.

(iv) Genetic an related effects
As reported in an abstract, increased frequencies of chromosomal aberrtions were

found in peripherallymphoces of 50 workersocupationally expsed to formaldehyde, sty-
rene and phenol, as compared to 25 controls (Mierauskiené & Lekevicius, 1985).

3.3 Epidemiological studies of carciDogeDicity iD humaDs

Wilcosky et al. (1984) pedormed a case-cntrol study in a cohort of rubber workers (see
the monograph on some petroleum solvents, p. 69). Expsure to phenol was associated with
an increased risk for stomach cancer (relative risk, 1.4; six cases). (The W orkig Group noted
that the number of cases in each categoiy is small and multiple expsures were evaluated
independently of other expsures. J
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Kauppinen et al. (1986) conducted a case-cntrol study of 57 male cases of 'respira tory'
tumours, defined as cancers originating in organs in direct contact with chemical agents, such
as the tongue, mouth, phary, nose, sinuses, lary, epiglottis, trachea and lung; approxi-
mately 90% were of the lung and trachea. Three control subjects for each case (171 men)
were selected from the same cohort of 3805 men who had started workig in one of 19 Finn-
ish plywoo, particle-board, sawmil and formaldehyde glue plants in 1944-65, had worked
for at least one year and had been followed up from 1957 to 1981. Expsure histories were
assessed for each control until the month of diagnosis of his matched case. A job-expsure
matri was used to determine expsures, in which the emphasis was on woo dust expsure
and chlorophenols; other expsures were determined qualitatively (yes/no) and as a function
of exposure time. Smokig histories were obtained. The relative riks for expsure to phe-
nol, adjusted for smokig, were 4.0 (12 cases; p -c 0.05) and 2.9 with a requirement of ten
years' latency (seven cases, p ;: 0.05). The relative risks for 'phenol in woo dust' were also
increased but diminished after the requirement of ten years of latency time. Relative risks
for exposure to phenol did not increase with duration of expsure, and the authors noted
confounding by expsure to pesticides.

4. Summary of Data Reported and Evaluation

4.1 Exposures

Phenol is a basic feedstock for the production of phenolic resins, bisphenol A caprolac-
tam, chlorophenols and several alkylphenols and xylenols. Phenol is also used in disinec-
tants and antiseptics. Occupational expsure to phenol has been reported during its produc-
tion and use, as well as in the use of phenolic resins in the woo products industiy. It has also
been detected in automotive exhaust and tobacc smoke.

4.2 Experimental carcinogenicity data

Phenol was tested for carcinogenicity by oral administration in drikig-water in one
strain of mice and one strain of rats. No treatment-related increase in the incidence of tu-
mours was observed in mice or in female rats. ln male rats, an increase in the incidence of
leukaemia was observed at the lower dose but not at the higher dose. Phenol was tested
extensively in the two-stage mouse ski model and showed promoting activity.

4.3 "uman carcinogenicity data

ln one case-cntrol study of workers in various woo industries, an increased rik was

seen for tumours of the mouth and respiratoiy tract in assoiation with expsure to phenol;
however, the number of cases was small and confounding expsures were inadequately con-
trolled.

4.4 Other relevant data

ln humans, phenolpoisoning can ocur after skin absorption, inhalation of vapours or
ingestion. Acute locl effects are severe tissue irtation and necrosis. At high doses, the
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most prominent systemic effect is central nervous system depression. Phenol causes irta-
tion, dermatitis, central nervous system effects and liver and kidney toxicity in experiental
animais.

Phenol induced micronuclei in female mice and sister chromatid exchange in cultured
human cells. It did not inhibit intercellular communication in cultured animal cells. It in-
duced mutation but not DNA damage in cultured animal cells. It did not induce recessive
lethal mutation in Drosophila. It had a weak effect in inducing mitotic segregation in Asper-
gillus nidulan. Phenol did not induce mutation in bacteri. (See Appendix 1.)

4.5 Evaluation 1

There is inadequate evidence for the carcinogenicity of phenol in hUInans.
There is inadequate evidence for the carcinogenicity of phenol in experienta animais.

Ove rail evaluation

Phenol is not classìfiahle as to ifs carcinogenicity to human (Group 3).
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ANTIMONY TRIOXIDE AND ANTIMONY TRISULFIDE

1. ehemical and Physical Data

1.1 Synonyms

Anmony trxie

Chem. Abstr. Services Reg. No.: 130-6-4 - Antimony oxide
1317-98-2 - Valentinite
12412-52-1 - Senarmontite

Chem. Abstr. Name: Antimony oxide
IUP AC Systemic Name: Diantimony trioxide

Synonym: Antimonious oxide; antimony (III) oxide; antimony sesquioxide; antimo-
ny white; AP 50; flowers of antimony; CI 77052; CI Pigment White 11; senarmon-
tite; valentinite

Anmony trsulje

Chem. Abstr. Services Reg. No.: 1345- - Antimony sulfide

1317-868 - Stibnite
Chem. Abstr. Nam: Antimony sulfide
IUP AC Systematic Name: Diantimony triulfide

Synonym: Antimonous sulfide; antimony glance; antimony needles; antimony
orange; antimony sesquisulfide; antimony triulfide colloid; antimony vermilion;
black antimony; CI 7706; CI Pigment Red 107; crison antimony sulfide; needle
antimony; stibnite

1.2 Molecular rormulae and molecular weights

Sb203

Sb2S3

antimony trioxide - MoL. wt: 291.50

antimony triulfide - MoL. wt: 339.68

Antimony trioxide is a dimorphic cistalline solid existing in an orthorhombic configu-
ration as the minerai valentinite and in cubic form as senarmontite (Weast, 1985). Antimony
triulfide in its minera form, stihnite, is an orthorhombic-bipyramidal cistalline structure
(Roberts et al., 1974).

-291-



292 IAC MONOGRAHS VOLUME 47

1.3 Chemical and physical properties of the pure substance

Antimony trxie

(a) Description: White, odourless, ciystalline powder (Asrco, Inc., 1988a)

(b) Melting-point: 656°C (Weast, 1985)

(c) Boiling-point: Sublimes (Weast, 1985)

(d) Density: Valentinite, 5.7 g/cm3; senarmontite, 5.2 g/cm3 (Weast, 1985)

(e) Reactivity: Reacts with strong alkalis to form antimonates (Mannsvile Chemical
Products Corp., 1981)

if Solubility: Veiy slightly soluble in water; soluble in potassium hydroxide, hydro-

chloric acid and acetic acid (Weast, 1985); insoluble in organic solvents (Freedman
et al., 1978)

(g) Spectroscopy data: X-ray diffraction patterns for valentinite and senarmontite

have been reported (Roberts et al., 1974).

(h) Refractive index Valentinite: 2.18, 2.35, 2.35; senarmontite: 2.087 (Weast, 1985)

Antimony trsulfe

(a) Description: Puriied antimony trisulfide is usually a yellow-red amorphous pow-
der (Weast, 1985). ln its natural form (stibnite), antimony triulfide is commonly
found as well-formed ciystals, sometimes veiy large and solid and at other times
slender and fragile. The ciystals are often vertically strited, bent or twited.

They are pale to dark lead-grey, but may appear tarnished, irdescent, bluish or
blackih (Roberts et al., 1974).

(b) Density: amorphous, 4.12 g/cm3; stibnite, 4.64 g/cm3 (Weast, 1985)
(c) Solubility: Veiy slightly soluble in water; soluble in hydrochloric acid and ethanol

(Weast, 1985)

(d) Spectroscopy: The X-ray diffraction pattern for stibnite has been reported (Rob-
erts et al., 1974)

(e) Refractive index Stibnite: 3.194, 4.06, 4.303 (Weast, 1985)

1.4 Technical products and impurities

Anmony trxie

Trade nams: Amspec-KR; Anzon-lMS; Asrco antimony oxide (L'l Hf VH; A
1582; A 1588 LP; Blue Star; Dechlorane A-O; Extelite; Exrema; Laurel (formerly Chem-
tron) Fire Shield; Thermoguard B; Thermoguard S; Twikling Star; White Star

Antimony trioxide is available in several product grades of varyg particle and tint. Ail

are of at least 99.0% purity. Lead, arsenic and iron are common contaminants of the product
in quantities of ~2, ~0.5 and.: 0.01 wt%, respectively (Mansvle Chemical Products Corp.,
1985; Anzon, Inc., 1988; Asrco, Ine., 1988,b).



ANIMONY TRIOXIDE AN ANIMONY TRISULFDE 293

Anmony trulfde

Trade name: Lymphoscn
No data on technical-grade antimony trisulfide or its impurities were available to the

Workig Group.

2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

Antimony trioxide is tyically produced by roasting stibnite ores, which are reported to
contain 55% antimony. The production of antimony trioxide ocurs as a vapour-phase reac-
tion at temperatures in excess of 1550°C. The stoiehiometric addition of oxygen to the feed
ore produces the desired product. Tetra- and pentoxides produce precipitate from the va-
pour as white and yellow powders, respectively. Antimony trioxide has also been isolated for
many years as a by-product of lead smelting and production. Approxiately 10-15% of US
production ocurs via this route. Antimony trioxide can be puriied through seriai vapour
phase reciystalliztion (Freedman et al., 1978; Mannsvile Chemical Products Corp., 1981,
1985; Asrco, Inc., 1988a).

The following countries produce antimony trioxide: Belgium, Bolivia, China, France,
Guatemala, Mexico, South Africa, the UK, the USA and Yugoslavia. Total US production
has tripled since 196 (Mannsvile Chemical Products Corp., 1981, 1985; Palencia & Mishra,
1986) and was approxiately 19 00 tonnes in 1987 (Llewellyn & Isaac, 1988).

Antimony trisulfide pigment is prepared by the addition of soium thiosulfate solution
to a solution of antimony potassium tartrate (tartar emetic) and tartanc acid or to a solution
of another suitable antimony salt (LeSota, 1978).

(b) Use

The largest end use for antimony trioxide is as a fire retardant in plastics, rubbers, tex-
tiles, paper and paints (Mannsvile Chemical Products Corp., 1981). This application repre-
sents approxiately 6075% of total US consumption (Mannsvile Chemical Products

Corp., 1981, 1985; Llewellyn & Isaac, 1988).
Antimony trioxide by itself is not a fire retardant. It is used as a syergist, tyicallyat

2-10% by weight, with organochlorie and brominated compounds to diminish the inam-
mability of a wide range of plastics and textiles. Antimony trioxide also fiters ultraviolet radi-

ation which cause textile fibres to deteriorate (Drake, 1980; Lyons, 1980; Mannsvile Chemi-
cal Products Corp., 1981, 1985).

When added to ceramic products, antimony trioxide imparts opacity, hardness and acid
resistance, for instance, to sanitaiy ware and enamels. ln the preparation of optical and ruby
glass, antimony trioxide is used as a bubble remover. ln other glasses, it is incorporated as a
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colour stabilizer to protect against the weatherig effects of the sun. Hs use as a stabilizer
and as a catalyst accunted for an estimated 15% of total US consumption in 1980 (Manns-
vile Chemical Products Corp., 1981; Windholz, 1983).

Antimony trioxide is used as a catalyst in the production of polyester resins and in the
decomposition of hydrogen bromide. When used with tin dioxide at 480°C, antimony triox-
ide catalyses the partial oxidation of propylene (Samsonov, 1982).

Antimony triulfide is used as a prier in ammunition and smoke markers, in the pro-
duction of vermilon or yellow pigment and antimony salts such as antimony oxide and chlo-
ride, and in the manufacture of ruby glass (Mannsvle Chemical Products Corp., 1985; Pa-
lencia & Mishra, 1986; Hawley, 1981).

(c) Regulatory status and guideline

An ocupational expsure limit of 0.5 mg/m3 as an 8-h time-weighted average (I A)

has been set for antimony and its compounds (measured as antimony) in many countries (Di-
rektoratet for Areidstilsyet, 1981; Areidsinspectie, 1986; Institut National de Recherche

et de Sécurité, 1986; Health and Safety Directorate, 1987; National Swedish Board of Occu-
pational Safety and Health, 1987; Työsuojeluhalltus, 1987; US Occupational Safety and
Health Administration, 1987; American Conference of Governmental Industril Hygienists,
1988; Arejdstisyet, 1988; Deutsche Forschungsgemeinschaft, 1988). An expsure limit of

0.5 mg/m3 (8-h 1W A) has also been set specifically for the handling and use of antimony
trioxide (measured as antimony), in sorne cases with a carciogen or ski sensitivity notation

(International Labour Office, 1984; American Conference of Governmental Industrial Hy-
gienists,1988). Lower expsure limits (0.05 mg/m3, or no permissible expsure) have been
set for the production of antimony trioxide because these compounds are classified as carCI-
nogenic in several countries, e.g., Belgium, Finland, ltaly, Sweden and the USA (Interna-
tional Labour Office, 1984; National Swedish Board of Occupational Safety and Health,
1987; Työsuojeluhalltus, 1987; American Conference of Governmental Industril Hygie-
nists, 1988).

2.2 Occurrence

(a) Natural occurrence

Antimony trioxide ocurs in nature as the minerais valentinite and senarmontite. The
orthorhombic valentinite and cubic senarmontite are secondaiy minerais formed by the geo-
logic alteration of stibnite (Sb2S3) and other antimony minerais (Roberts et al., 1974).

Antimony triulfide ocurs in nature as the minerai stibnite. It is formed as a low tem-
perature deposit from hot solutions often assoiated with arsenic minerais and cinnabar.

Significant deposits ocur in AIgeria, Borneo, Canada, China, Czechoslovakia, the Federal
Republic of Germany, France, Italy, Japan, Mexico and Peru (pough, 196; Roberts et al.,
1974; Palencia & Mishra, 1986).
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(b) Occupaiona exsure

On the basis of US National Occupational Exsure Surveys, the National Institute for
Occupational Safety and Health (1974, 1983) estimated that 28 957 workers were potentially
expsed to antimony trioxide in the USA in 1972-74 and 85 650 in 1981-83.

ln a UK plant where antimony ore was procssed, levels of antimony oxide in the air of
work areas were reported to be highest durig the short periods when tapping operations

(purig molten metal) at the furnace were under way; the mean value at these times was 37
mg/m3. Ai levels in other areas of the plant were 0.53-5.3 mg/m3 (McCallum, 1963).

Personal ïW A expsure to antimony trioxide at a glass-producing factoiy in the Feder-
al Republic of Germany ranged from less than 50 jlg/m3 to 84 jlg/m3, with corresponding
bloo levels of 0.4-3.1 jlgll and a median of 1.0 jlgll (Lüdersdod et al., 1987).

A study of two major US antimony producing companies in which imported antimony
sulfide ore was roasted to produce antimony trioxide showed personal ïWA expsures to
range from 0.21 to 3.2 mg/m3 (mean, 1.32 mg/m3) and 2.7 to 8.7 mg/m3 (mean, 5.2 mg/m3;
Donaldson & Cassady, 1979).

At a smelting plant in Yugoslavi, concentrations of dust consisting of 36-90% antimo-
ny trioxide ranged from 16 to 248 mg/m3 (Krajovic et al., 196). At a plant in the USA where
antimony sulfide ore was smelted, persnal1W A airrne concentrations of antimony were
0.92-70.7 mg/m3; the author postulated a predominance of antimony trioxide (Renes, 1953).
At another US antimony smelting plant, workers were expsed to antimony ore dust contain-
ing priariy antimony trioxide at concentrations (area samples) ranging from 0.08 to 138

mg/m3 (Cooper et al., 1968). ln a plant in the USA manufacturig resinoid griding wheels,
ocupational expsures to antimony triulfide were reported to range from 0;6 to 5.5 mg/m3

(Brieger et al., 1954).

2.3 Analysis

No inormation was available to the Workig Group on standard methods for the quan-
titative determination of antimony trioxide or antimony trisulfide in envionmental samples.
Antimony can be quantified in envionmental matrices bya variety of methods, including
atomic absorption spectrophotometiy, inductively coupled plasma emission and X-ray
fluorescence spectrometiy, neutron activation analysis, anodic stripping voltammetry and
various titrietric and colorietric methods (Freedman et al., 1978; US Envionmental Pro-
tection Agency, 1983; Eller, 1985; US Envionmental Protection Agency, 1986; Loge,
1989).
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3. Biological Data Relevant to the Evaluation of

earcinogenic Risk to Humans

3.1 CarciDogeDicity studies iD aDimals1

Inhalation expsure

Rat: Groups of 49-51 female Fischer rats (CDF from Charles River), 19 weeks old,
were exposed by inhalation to 0, 1.6:f 1.5, or 4.2 :f 3.2 mg/m3 commercial grade antimony
trioxide (measured as antimony; purity, 99.4%; arsenie, 0.02%; particle size, 0.4 llm :f 2.13
(for the high concentration) and 0.44 llm:f 2.23 (for the lower concentration)) for 6 h per day
on five days per week for 13 months. Mean boy weights were increased in both treated
groups durig the exposure period but did not differ significantly from that of controls at the
end of the study. Groups of rats were sacriiced and examined histologically after three, six,
nine and 12 months of expsure and two months after the end of treatment (numbers of rats
sacriiced and numbers of early deaths for each period unspecified). At 12 months after the
end of treatment, 13 control, 17low-dose and 18 high-dose rats were sacriiced and selected
tissues were examined. Lung tumours loclized in the bronchioloalveolar region ocurred in
14/18 high-dose rats (three adenomas, nine scirhous carcinomas (p .c 0.01 (test unspeci-
fiedD and two squamous-cell carcinomas). One bronchioloalveolar adenoma ocurred in a
low-dose rat, and no lung tumour was observed in the control group at terminal sacriiee.
Scirhous carcinomas were also observed in 5/7 and 1/9 high-dose rats that died or were sac-
riieed between two months after the end of treatment and terminal sacriice or between the
end of treatment and two months after the end of treatment. One bronchioloalveolar adeno-
ma ocurred among six control rats that died or were sacriiced between two months after the
end of treatment and terminal sacriice. There was no significant difference in the number
of other tumours ocurrg in treated and control groups (Watt, 1983).

Groups of 90 male and 90 female Wistar rats, eight months old, were expsed by inhala-
tion to 0 or 45 mg/m3 (I A) antimony trioxide (purity, :;95%; arsenic, 0.00%; titanium,
.c 3% ) for 7 h per day on five days per week for 52 weeks. Five males and females were kiled
at six, nine and 12 months after exposure was initiated; the remainder of the animais were
kiled 18-20 weeks after the end of the expsure period. There was no significant difference
in survval between treated and control groups of either sex; 39 control and 31 treated fe-
males survved until terminal sacriice (estimated survval in males was 21 and 21). Non-neo-
plastic lesions (interstitial fibrosis, alveolar-cll hyperplasia and metaplasia) of the lung oc-
curred with similar frequency in male and female rats but were slightly less severe in males.
The first lung tumours were seen in two (one adenoma and one squamous-cell carcinoma )of

lThe Working Group was aware of a study in progr of intracheal administration of antimony trioxide to ham-

sters (IARC, 1988).
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five treated female rats sacriieed at 53 weeks; 19170 (27%) treated females survvig at the
time the first tumour was observed developed lung tumours. No lung tumour was seen in
treated males or in male or female controls. The lung tumours that were found in treated
females were nine squamous-cell carcinomas, five scirhous carcinomas and 11 bronchio-
loalveolar adenomas or carcinomas (numbers of benign and malignant bronchioloalveolar
tumours not specified). The incidence of other tumours was not different between treated
and control rats (Groth et al., 1986).

Groups of 90 male and 90 female Wistar rats, eight months old, were expsed by inhala-
tion to 0 or 36-4 mg/m3 (I A) antimony ore concentrate (containing 46% antimony, prici-
pally as antimony trisulfide; titanium, .c 4%; aluminium, 0.5%; tin, 0.2%; lead, 0.3%; iron,
0.3%; arsenic, 0.08% ) for 7 h per day on five days per week for up to 52 weeks. Five males and
five females were kiled six, nine and 12 months after expsure had been initiated; the re-
mainder of the animais were kiled 18-20 weeks after the end of the expsure period. There
was no significant difference in survval between treated and control groups of either sex; 39
control and 33 treated females survived untIl terminal sacriice (estimated survval in males
was 23 and 21). Non-neoplastic lesions (interstitial fibrosis, alveolar-cell hyperplasia and
metaplasia) of the lung ocurred at similar frequency in male and female rats but were slight-
ly less severe in males. The first lung tumour was seen in a treated female that died 41 weeks
after the beginning of treatment; 17/68 (25% ) treated females survvig at the tIme the first

tumour was observed developed lung tumours. No lung tumour was se en in treated males or
in male or female control rats, and there was no difference in the incidences of other tu-
mours between treated and control groups of either sex. The lung tumours that ocurred in
treated females were nine squamous-cell carcinomas, four scirhous carcinomas and six
bronchioloalveolar adenomas or carcinomas (numbers of benign and malignant bronchio-
loalveolar tumours not specified) (Groth et al., 1986).

3.2 Other relevant data

The toxicology of antimony compounds has been reviewed (National Institute for Oc-
cupational Safety and Health, 1978).

(a) Exrimental systems

(i) Absorption, distribution, exretion and metabolism
After administration of 2% antimony trioxide to rats in the diet for eight months, very

high levels were found in the thyroid, while retention was much lower (in decreasing order)
in the liver, spleen, kidney, heart and lungs (Gross et al., 1955a). After administration of 1 %
antimony trioxide to rats in the diet for 12 weeks, the highest antimony concentrations were
found (in decreasing order) in the bloo, spleen, lungs, kidneys, hair, liver and heart; 12
weeks after the end of treatment, levels in the bloo, lungs and kidneys had decreased to
about 50%, but the spleen stil contained about 75% of the concentration observed at termi-
nation of expsure (Hiroka, 1986).

ln rats expsed for two to 14 months by inhalation to 100125 mg/m3 antimony trioxide,
pulmonaiy retention increased with increasing length of expsure; followig cessation of

expsure, pulmonaiy levels declined slowly (Gross et al. 1955b).
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Expsure of rats by inhalation to 119 mg/m3 antimony trioxide dust (geometric mean
particle size, 1.3 J.m) for 80 h resulted in total uriaiy excretion of less than 40 J.g antimony
trioxide within four days (Gross et al., 1955a).

A single administration to rats by stomach tube of 0.2 g antimony trioxide suspended in
water resulted in total uriaiy excretion of 3.2% of the dose durig the subsequent eight
days. Faecal excretion was detected in rats for several weeks followig cessation of adminis-
tration of 2% antimony trioxide in the diet; after three weeks, faecal excretion was lower
than uriaiy excretion levels (Gross et aL., 1955a).

Exposure of female dogs by inhalation to about 5.5 mg/m3 animony tnsulfide dust from
a smelter (particle size, -c 2 J.m) for ten weeks resulted in uriaiy excretion of up to 16-18
mg/l antimony (Brieger et al., 1954).

(ü) Toxic effects

The oral LD~ for antimony tnoxide in rats is above 20 g/kg bw; however, reduced growth
and other nonspecific effects were seen with 1 glkg bw (Smyth & Carpenter, 1948). ln con-
trast, administration of 16 glkg bw antimony trioxide to rats by stomach tube resulted in no
apparent il effects within a 30-day observation period (Gross et al., 1955a). Reduced weight
gain, a slight reduction in absolute weight of the spleen and heart and a slight increase in
absolute and relative weight of the lungs were observed in rats given 1 % antimony trioxide in
the diet for 12 weeks (Hiraoka, 1986). Vomiting and gastrointestinal disturbances ocurred
in dogs after daily ingestion of approxiately 0.15 glkg bw antimony trioxide or more; vomit-
ing was induced by similar doses in a cat, and continued daily doses caused significant weight
loss (Fuiy, 1927).

Intratracheal instilation of 50 mg antimony trioxide-cntaining smelter dust to rats did
not result in lung fibrosis, although thin argyophilc fibres were seen (potkonjak & Vishn-
jich, 1983). No fibrosis was descnbed after long-term, repeated expsure of rats and rabbits
by inhalation to 100125 mg/m3 and 89 mg/m3 antimony trioxide (average particle size, 0.6
J.m), respectively. However, at these dose levels, rapid mortlity ocurred, particularly in

rabbits, due priariy to pneumonia (Gross et al., 1955b).
Increased lung weight, focl fibrosis, adenomatous hyperplasia, multinucleated giant

cells and pigmented macrophages were observed in female rats expsed to 1.6 and 4.2 mg/m3
antimony trioxide (commercial grade; average paricle size, 0.4 J.m) for one year by inhala-
tion. Similar doses caused no expsure-related change in miniature pigs (Watt, 1983). In-
creased death rates due to pneumonia were observed in guinea-pigs followig inhalation
expsure to antimony trioxide; cloudy swelling of the liver cells ocurred in almost half of the
animais expsed, but there was no other indication of systemic toxicity (Dernehl et aL., 1945).

Rats expsed to 3.1 mg/m3 antimony trîulfide by inhalation for six weeks developed
electrocrdiographic changes, notably with flattened T -waves; on autopsy, the heart was
found to be dilated, with signs of degenerative changes; focl haemorrhage and congestion in
the lungs were considered to be secondaiy to heart failure. Similar pathological effects were
seen in rabbits expsed to 5.6 mg/m3 for six weeks. Cardiotoxic changes were observed in two
dogs expsed to 5.6 mg/m3 for ten weeks, but not in two dogs expsed to 5.3 mg/m3 for seven
weeks (Brieger et al., 1954).
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Degenerative changes in the liver and in the tubular epithelium of the kidney were ob-
served in rabbits expsed to 27.8 mg/m3 antimony trisulfide for five days (Brieger et al., 1954).

(ii) Effects on reproduction an prenatal toxicity
Female rats were expsed by inhalation for 4 h per day for 1.5-2 months to 0 or 250

mg/m3 antimony trioxide. They were then mated, and expsures continued until days 3-5 be-
fore expected delivery. Pregnancy was obtained in 16/24 treated females and in 10110 con-

troIs. Litter size and weight of offsprig at birh and weaning were not altered by expsure to
antimony trioxid~ (Belyaeva, 1967).

Pregnant female rats (six to seven per group) were expsed by inhalation to 0,0.027,
0.082 or 0.27 mg/m3 antimony trioxide for 24 h per day for 21 days. Fetal growth and viabilty

were assessed at the end of gestation. Maternai boy weight gain was not affected by exp-
sure, but, at the high-dose level,increased pre- and postimplantation death of embiyos was
observed. At the mid-dose level, preimplantation loss and fetal growth retardation were
evident (Gri et al., 1987).

No data on antimony trisulfide were available to the Workig Group.

(iv) Genetic and related effects

Antimony trioxide produced differential kiling in DNA repair-proficient compared to
repair-deficient strains of Bacillus subtilis. ln a spot test, it was not mutagenic to Eschenchia
coli BIr WP2 or to Salmonella typhimurium TA1535, TA1537, TA1538, TA98 or TAUx) (details
not given) (Kanematsu et al., 1980).

No data on antimony trisulfide were available to the Working Group.

(b) Humans

(i) Absorption, distribution, exretion and metabolism
Three workers with pulmonaiy changes related to expsure to antimony trioxide ex-

creted 425, 480 and 680 I-g/l antimony in urie, while another patient with antimony pneu-
mocniosis had uriary levels of 55 and 281-g/i seven months and fouryears after retirement,
respectively (McCallum, 1963). High levels (not given separately) of antimony were de-
tected in the urie of workers exposed for several years to antimony trioxide; high excretion
levels were also found after one month's cessation of exposure (Klucík & Kemka, 196).
High excretion levels were also seen in antimony production workers examined by Cooper et
al. (1968). X-Ray spectrometiy has demonstrated that inhaled antimony dust may be re-
tained in the lung for long periods (McCallum, 1967; McCallum et al., 1971). The amount of
antimony retained in the lungs tended to rise with duration of employment at an antimony
smelter, suggesting that accumulation may take place (McCallum et al., 1971).

Among antimony trisulfide workers expsed to antimony levels generally higher than 3
mg/m3, uriaiy excretion of antimony was 0.8-9.6 mg/i (Brieger et al., 1954).

(ü) Toxic effects

Accidental oral intake of antimony trioxide leached from enamel or ceramic glaze into
acid beverages was reported to result in a burning sensation in the stomach, colic, nausea,
vomiting and, ocsionally, collapse (Monier-Wiliams, 1934). Complete recoveiy ocurs
after several days (Dunn, 1928).
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Smelter workers expsed to antimony trioxide frequently complained of syptoms re-
lated to mucous membrane irtation, such as rhinitis (with cases of septal pedoration and
loss of smell)J phaiygitis, laiygitis (sometimes with aphonia), gastroenteritis, bronchitis
and pneumonitis. Other syptoms, less often encountered, included weight loss, nausea,
vomiting, abdominal cramps and diarrhoea (Renes, 1953).

ln other studies, only ski irtation (Oliver, 1933) or no indication of systemic toxicity

(Potkonjak & Pavlovich, 1983) was found in sm el ter workers. Ski lesions ('antimony spts')

in workers exposed to antimony trioxide develop mainly in areas expsed to heat and where
sweating ocurs (Stevenson, 1965). Occsionally, positive patch tests with antimony trioxide
have been recorded (Pschoud, 196). Antimony triulfide has not been reported to cause
dermatitis (National Institute for Occupational Safety and Health, 1978).

Radiographic changes (rounded opacities) in smelter workers expsed to antimony
trioxide were first descnbed in 196 in Yugoslavi (Krajovic et al., 196). The smelter dust
contained antimony trioxide and some pentoxide, with low concentrations of silca and arse-
nic oxide. ln a follow-up study of these smelter workers, the earliest changes were seen only
after at least nine years of expsure, and no evidence was round of progression after cessa-
tion of expsure. Some evidence was found of mixed restrictive as well as obstructive
changes in bronchi and small airays (Potkonjak & Pavlovich, 1983).

McCallum (1963) also noted in the UK that sm el ter workers with pneumocniosis, a
condition he termed 'antimony pneumocniosis', were generally syptomless. The degree
of radiographic abnormalities was correlated with the amount of antimony retained in the
lungs and with duration of expsure; early changes were recorded in these workers after only
a fewyears of employment (McCallum et al., 1971). ln a cross-sectional study of 274 smelter
workers in 1965-, 26 new cases of antimony pneumocniosis were found and 18 were al-

ready under observation (McCallum, 1967). A subsequent study included 113 men, 46 of
whom had radiographic abnormalities; six had severe abnormalities (McCallum et al., 1971).
Additional cases of pneumocniosis with rounded opacities were se en in antimony smelter
workers in the USA; the radiographic abnormalities were not assoiated with changes in pul-
monaiy function (Cooper et al., 1968). Possible antimony pneumocniosis has also been re-
corded in two chemical workers expsed to antimony trioxide dust (Guzman et al., 1986).

Following several deaths, possibly related to heart disease, among workers expsed to
0.6-5.5 mg/m3 antimony triulfide, a study revealed electrocrdiographic changes, mainly in

T -waves, in 37/75 workers; after cessation of expsure, the changes persisted in 12/56 work-
ers who were re-examined. Gastrointestinal disturbances were also reported (Brieger et al.,
1954). Electrocrdiographic changes were also observed in smelter workers by Klucík and

Ulrich (196).

(ii) Effects on fertilty and on pregnancy outcome
Belyaeva (1967) described the reproductive outcomes or 318 women in the USSR work-

ing with dusts containing metallc antimony, antimony trioxide and antimony pentasulfide
and of 115 control women. The women expsed to antimony dusts more frequently had pre-
mature birhs (3.4% versus 1.2%, respectively) and spontaneous abortions (12.5% versus
4.1 %, respectively). The average birh weights of the 70 children of the expsed women were



ANMONY TRIOXIDE AN ANMONY TRISULDE 301

similar to those of the 20 children of the control women (336 g and 3350 g, respectively);
however, at one year of age, the children of the expsed women were significantly lighter
than the control chidren (896 g and 10050 g, respectively). (Te Workig Group noted that
the numbers of premature birhs and spntaneous abortions were not stated.)

(iv) Genetic an related effects
No data were available to the Workig Group.

3.3 Case report~ and epidemiological studies or carcinogenicity to humans

ln a report whieh quoted an unpublished statement isued in 1973 that ten cases of lung
cancer had ocurred among antimony process workers in the UK in 1969-71, with 8.0 ex-
pected, it was stated that no data were given on smokig nor on the methods used to calcu-
late expected rates (National Institute for Occupational Safety and Health, 1978).

4. Summary of Data Reported and Evaluation

4.1 Exposure data

Antimony trioxide is produced from stibnite ores (antimony triulfide) or as a by-prod-
uct of lead smelting and production. It is used mainly in fire-retardant formulations for plas-
tics, rubbers, textiles, paper and paints. It is also used as an additive in glass and ceramic
products and as a catalyst in the chemical industiy. Occupational expsure may ocur durig
mining, procssing and smelting of antimony ores, in glass and ceramics production, and dur-
ing the manufacture and use of products containing antimony trioxide.

Antimony triulfide is used in the production of explosives, pigments, antimony salts
and ruby glass. Occupational expsure may ocur durig these processes and also durig the
mining, processing and smelting of ores containing antimony trisulfide.

4.2 Experimental carcinogenicity data

Antimony trioxide was tested for carcinogenicity by inhalation expsure in male and
female rats of one strain and in female rats of another strain, producing a significant increase
in the incidence of lung tumours (scirhous and squamous-cell carcinomas and bronchioloal-
veolar tumours) in females in both studies. No lung tumour was se en in male rats.

Antimony ore concentrate (mainly antimony triulfde) was tested for carcinogenicity
by inhalation expsure in male and female rats of one strain, producing a significant increase
in the incidence of lung tumours (scirhous and squamous-cell carcinomas and bronchioloal-
veolar tumours) in females. No lung tumour was se en in males.

4.3 "uman carcinogenicity data

The available data were inconclusive.

kajo
Rectangle
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4.4 Other relevant data

Antimony trioxide causes pneumocniosis in humans. One study of women exposed to
dusts containing metallc antimony, antimony trioxide and antimony pentasulfide suggested
that they may have had an excess incidence of premature birhs and spontaneous abortions
and that their children's growth may have been retarded.

Antimony trioxide induced DNA da mage in bacteria. (See Appendix 1.)

4.5 Evaluation 1

There is inadequate evidence for the carcinogenicity of antimony trioxide and antimony
trisulfide in humans.

There is suffcient evidence for the carcinogenicity of antimony trioxide in experiental
animais.

There is limited evidence for the carcinogenicity of antimony trisulfide in experiental
animais.

Ove rail evaluations
Antimony trioxide is possibly carcinogenic to humans (Group 2E).
Antimony trisulfide is not classifiable as to its carcinogenicity to humans (Group 3).
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TITANIUM DioxinE

1. ehemical and Physical Data

1.1 Synonyms

Chem. Abstr. Services Reg. No.: 13463-67-7 - Titanium dioxide
1317-70- - Anatase titanium dioxide
1317-802 - Rutile titanium dioxide

Chem. Abstr. Nam: Titanium dioxide
IUP AC Systematic Name: Titanium dioxide

Synonym: CI 77891; E 171; NCI-C04240; Pigment White 6; titania; titanium (IV)
oxide

1.2 Molecular formula and molecular weight

Ti02 MoL. wt: 79.90

1.3 Chemical and physical properties of the pure substance

(a) Description: Fine white powder (Windholz, 1983); ciystal structure is tetragonal
with the titanium ion octahedrally bonded to six oxygen ions; position of octahe-
dra in the lattice and number of molecules per unit cell differ for anatase and ru-
tie forms: anatase titanium dioxide contains four molecules per unit cell, rutile
con tains only two (Schiek, 1982).

(b) Density: Anatase, 3.84 g/cm3; rutile, 4.26 glcm3 (Weast, 1985)

(c) Spectroscopy: X-ray diffraction patterns for anatase and rutile titanium dioxide
have been reported (Roberts et al., 1974).

(d) Refractive index: Anatase, 2.554, 2.493; rutie, 2.616, 2.903 (Weast, 1985)

(e) Solubility: Soluble in sulfuric acid and alkalis; insoluble in water (Weast, 1985)

1.4 Technical products and impurities

Trade names: A-Fil Cream; Atlas white titanium dioxide; Austiox; Bayertitan; Calco-
tone White T; Cosmetic White C47-5175; Cosmetic White C47-9623; C-Weiss 7; Flamenco;

-307-
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Hombitan; Horse Head A-410; Horse Head A-420; Horse Head R-71O; KR 360; Kronos
titanium dioxide; Levnox White RKB; Rayox; Runa RH2O; Rutile; Tichlor; Tiofine; Tiona
'fD.; Tioxide; Tipaque; Ti-Pure; Titafrance; Titandioxid; Titanox; Titanox 2010; Trioxide(s);

Tronox; Unitane products (various); 1700 White; Zopaque
The technical products that incorporate titanium dioxide require a component that is

essentially free from coloured impurities in order to produce the desired whitening and op-
acifying effect. International standards have been established for four tyes of titanium
dioxide pigments. Type 1 (minimum, 94% titanium dioxide) is an anatase, freely chalkig
pigment used in white interior and exterior hou 

se paints, chal kig being the formation of a
layer of loose pigment powder on the sudace of weathered paint film (Schurr, 1981). Type II

(minimum, 92% titanium dioxide) is a rutile pigment with medium chalkig resistance used
in vaiying amounts in aU tyes of interior paints, enamels and lacquers. Type III (minimum,
80% titanium dioxide) is also a rutile pigment with medium chalking resistance, used prici-
paUy in alkyd and emulsion flat wall paints. Type IV (minimum, 80% titanium dioxide) is
another rutile pigment, but with high chalking resistance; it is used in exterior paints and has
excellent durability and gloss retention (American Society for Testing and Materials, 1988).
Typical median particle sizes for anatase and rutie pigments range from 0.2-0.3 J.m (LeS ota,
1978; Schurr, 1981).

Aluminium, silicon and zinc oxides may be added to either form of the pigment to en-
hance specific properties such as increased dispersibility and ultraviolet light resistance. Ti-
tanium dioxide pigments must remain free of extenders such as barium sulfate, clay, magne-
sium silcate and calcium carbnate; however, the pigment may be extended by blending with
anhydrous calcium sulfate (Lowenheim & Moran, 1975; American Society for Testing and
Materials, 1988).

2. Production, Use, Occurrence and Analysis

2.1 Production and use

(a) Production

Titanium dioxide is the pricipal white pigment used commerciaUy, due to its high re-
fractive index, its ease of dispersion into a variety of matrices, and its inertness towardsthose
matrices durig processing and throughout product life (Considine, 1974).

Two main processes exist for makig titanium dioxide pigments: the sulfate process and

the chloride process. The sulfate process, the older of the two, was first used in Europe and
the USA around 1930 and was the priaiy process until the early 1950s, when the chloride
process was developed. By 1981, the chloride process accunted for approxiately 78% of
US production and by 1982 for 68% of world titanium dioxide pigment production (Consi-
dine, 1974; Lynd & Lefond, 1983).

ln the sulfate process, rutile or anatase titanium dioxide is produced by digesting ilme-
nite (iron titanate) or titanium slag with sulfuric acid. The major concern in selecting the
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starting material for use in the process is that it contain as little as possible of impurities such
as chromium, vanadium, manganese, niobium and phosphorus, which impair pigment prop-
erties. Ilmenite containing as little as 40% titanium dioxide can be used to produce pigment-
grade titanium dioxide. Titanium slag may also be used as the starting mate riaL. Slag is pro-
duced by smelting ilmenite in an electric furnace and tyically con tains about 70% titanium
dioxide, although concentrations may reach 85% (Considine, 1974; Lowenheim & Moran,
1975; Lynd & Lefond, 1983). Some tyical materils used for pigment production through-

out the world are shown in Thble 1.

The sulfate process is a batch process in whieh concentrated sulfuric acid is added to
ground ilmenite or titanium slag in proportions of 1.5: 1 (acid to ore). An organic floculent
or antimony oxide may be added to induce aggregation of suspended titanyl and Iron sulfates
into a solid porous cake. The cake is dissolved in a dilute acid solution to release the sulfate
agglomeration into solution. If necessaiy, scrap iron is added to reduce iron (III) to iron (II).
Also durig this step, small amounts of titanium (IV) are reduced to titanium (III) to prevent
later oxidation of iron (II). The solution is clariied by settling and filtration. The resulting
mother liquor is concentrated and subjected to steam for 6 h. Seed ciystals may be added to
aid nucleation. Abut 95% of the titanium in the mother liquor is hydrolysed to titanium
hydrate or metatitanic acid (H2 Ti03), which is collected on a filter and washed. The final
fiter cake is calcined at 90100°C to form titanium dioxide. The product is ground,
quenched and dispersed in water; the coarse particles are separated in the thickener, re-
ground and filtered; and the cake is dried in a rotaiy steam diyer and pulveried. The result-
ing product is anatase titanium dioxide. The rutile form is made by seeding the mother liquor
with rutile seed ciystals and conditioning the precipitated pigment with phosphates, potas-
sium, antimony, aluminium or zinc compounds prior to calcination. The recveiy of pig-

ment-grade titanium dioxide in sulfate process plants is approxiately 80% (Lwenheim &
Moran, 1975; Lynd & Lefond, 1983; Lynd, 1985).

The chloride process is a continuous procss that requires ores with a high content of
titanium dioxide or concentra tes such as natural or sythetic rutile. Natural rutile contains

approxiately 95% titanium dioxide; sythetic rutile or ilmenite (iron titanate) concentrates
must have a minimum titanium dioxide content of 60% to produce economical yields of pig-
ment in this process. The titanium dioxide content in ilmenite may be increased by reducing
iron to its elemental form, followed by chemical or physical separation. Another method of
enrichment is reducing iron (III) to iron (II) and chemically leaching it out of the mineraI. A
third method involves prior selective chloriation to remove iron and other impurities (Con-
sidine, 1974; Lowenheim & Moran, 1975; Lynd & Lefond, 1983).

ln the chloride process, ore is ground and mixed with coke in a fluidized or static bed
reactor and chloriated at temperatures of 850100°C. Titanium tetrachlorideis pro-
duced, along with chlorides of impurities present in the starting materil, which include chlo-
rides of iron, vanadium and silcon; these are removed chemically and through fractional
distilation.. Hydrogen chloride and carbn dioxide are present after chloriation and are
vented prior to fractional distilation. Conversion to titanium dioxide is accmplished by
burning titanium tetrachloride with air or oxygen at temperatures of 1201370°C. The re-
sulting fine-grained oxide is sometimes calcied at about 5O°C to remove any residual
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Table 1. Composition of typical commercial ilmenite concentrates and titaniferous slagQ (weight percent)

Material USA Australia Norway India Malaysia Canada South Africa
(AmangC) (Québec) (Richards

Bay slag)

New York Florida Company A Company B Quilon MK
deposit depoitb

TI02 (total) .46.1 64.00 54.4 55.4 45.0 60.6 54.2 53.1 70-74 85.0 (min)

~TI203 10-15 25.0 (max)
Fe203 6.7 28.48 19.0 11.1 12.5 24.2 14.2 8.7 s:
FeO 39.3 1.33 19.8 22.5 34.0 9.3 26.6 33.6 12-15 0

ZAl203 1.4 1.23 1.5 0.6 1.0 1.3 4-6 0
Si02 1.5 0.28 0.7 1.4 2.8 0.7 3.5-5 0
CaO 0.5 0.007 0.04 0.25 1.2 (max) 0.15 (max) ~
MgO 1.9 0.20 0.45 5.0 0.9 1.0 4.5-5.5 1.3 (max) ""

::Cr203 0.00 0.2 0.03 -= 0.076 0.12 0.07 0.005 0.25 0.3 (max) v.
V20e 0.05 0.12 0.13 0.16 0.15 0.16 0.02 0.5-0.6 0.6 (max) -i0zr02 0.01 0.9 0.8

ES 0.6 -= 0.01 -= 0.05 0.21 0.12 0.03-0.10 s:PzOe 0.008 0.12 0.02 -= 0.04 0.085 0.025 (max) t'
MnO 0.5 1.4 0.25 0.4 0.4 4.0 0.2-0.3 2.5 (max) :!
H20 (los on ignition) 1.3 0.4 2.0 0.3
Rare earths trace 0.12
C 0.22 -= 0.055 0.03-0.10

aprom Lynd & Lefond (1983)
11K, Manavalakwchi area
cAmang, a crude mixure of heavy minerais that must be treated further to recover ilmenite
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chlorie or hydrogen chloride. These gases are separated, and the chlorie is collected and
recirculated to the chloriator. Approxiately 90% of the chlorie may be recycled. Alu-
minium chloride is added to titanium tetrachloride to assure near-total conversion to rutile
titanium dioxide. A tyical yield from this process is 90% (Lowenheim & Moran, 1975; Lynd
& Lefond, 1983; Lynd, 1985).

CUITent worldwide demand for titanium dioxide is about 2.8 million tonnes (Anon.,
1988a,b,c). Production volumes in 1978-86 in seve rai countries are given in Thble 2.

Table 2. Titanium dioxide pigment production by country in 1978-86 (thousand tonnes)"

Country 1978 1979 1980 1981 1982 1983 1984 1985 1986

Brazil NA NA 29.9 32.8 30.9 45.3 45.0 NA NA

Czechoslavakia 19.1 18.8 16.6 16.7 20.0 21.0 20.4 NA NA

Finland NA 270.7 355.2 402.1 366.3 420.7 502.2 NA NA

India 9.9 NA NA NA NA NA NA NA NA

Italyb 60.0 59.0

Japan 171.4 185.4 172.8 176.2 184.0 195.9 204.7 217.7 222.9

Korea, Republic of 9.2 5.1 8.0 9.8 11.1 14.4 NA NA NA

Mexico 28.5 35.0 39.1 40.0 37.5 40.5 44.7 NA NA

Spain 53.9 66.1 51.4 66.6 67.5 64.9 70.0 74.7 NA

UK 205.3 192.9 186.7 169.6 172.3 193.9 206.0 219.1 230.0

USA 635.8 673.1 659.4 690.2 598.6 689.3 757.3 780 844.7

USSR 7.1 7.1 6.0 4.7 5.0 5.0 6.4 NA NA

Yugoslavia 19.2 19.6 19.6 21.9 21.4 25.6 21.7 NA NA

tlrom Anon. (1988d,e); NA, not availabIe
~ot produced after 1979

(b) Use

The pricipal use of titanium dioxide is as a whitening and opacifing agent in paints,
varnishes, lacquers, paper, plastics, ceramics, rubber and priting ink (Ible 3). These indus-
tries accunted for 93-95% of the titanium dioxide pigment used in the USA durig 1982-86
(Mannsville Chemical Products Corp., 1983; Lynd & Hough, 1986).

Titanium dioxide is the most common white synthetic pigment used in the paint indus-
tiy. Modern paint plants often handle titanium dioxide as a sluri for convenience and to
avoid airbrne particulates (SchuIT, 1981). ln the paper industiy, both anatase and rutile
titanium dioxides are used to improve opacity. The total amount of pigment varies with the
grade of paper but may comprise 2-40% of the final sheet, of which as much as 25% may be
titanium dioxide. The pigment is dispersed during the pulping process and retained in the
sheet during formation with organic polymers. The optical efficiency of titanium pigment is
improved by sythetic silcas and silcates (Baum et aL., 1981). Paper is waterproofed by coat-
ing the sheets with polyethylene resins whitened with titanium dioxide (Locker, 1982).
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Table 3. Percent distribution ortitanium dioxide pigment used within US indus-
tries, 1982-86a

Industiy 1982 1983 1984 1985 1986

Paint, vamish, lacquer 48.1 48.9 54.8 54.3 52.6

Paper 27.4 27.3 19.9 20.5 20.7

Plastics 12.7 13.2 15.4 16.2 15.8

Ceramics 1.2 1.0 1.0 0.7 2.2

Rubber 2.6 1.8 2.0 1.7 2.0

Prnting inks 1.0 1.1 1.2 1.0 1.4

Other 7.0 6.7 5.7 5.6 5.3

tlrom Lynd & Hough (1986)

Titanium oxide is incorprated into various plastic products to confer opacity and
whiteness, and also because it resists degradation by ultraviolet light and is chemically inert
(Lynd, 1985).

Commercial use of anatase titanium dioxide as an opacifier for ceramic and enamel
products began in 1946. Rutie pigments may also be used for this purpse (Friedberg, 1980;
Lynd, 1985).

Titanium dioxide is also incorprated into rubber tyes to make whitewall tyes (Lynd,
1985). ln priting inks, titanium dioxide is mixed with coloured pigments to add opacity or
lighten the hue. ln a tyical nitrocellulose ink formulation, titanium pigment is present at 35
wt%. An aciylic-based ink formulation contained 30 wt% titanium dioxide (Burachinsky et
al., 1981).

Other uses for titanium dioxide are as a catalyst in the production of alcohol fuels
(Klass, 1984), as a delusterant in a variety of sythetic fibres at up to 2 wt% (Davis & Hil,
1982), as a component of flame-retardant formulations for woo (Wegner et al., 1984), in
cosmetics as a physical sunscreening agent (Isacoff, 1979), as a component of gums, resins
and waxes used for makig dental impressions (Pfenbarger & Rupp, 1979), and as a pig-
ment in floor coverigs, leather products and soaps (Mannsvle Chemical Products Corp.,
1983).

(c) Regulatory status and guidelines

Occupational expsure limits for titanium dioxide in 13 countries or regions are pres-
ented in Thble 4.

Titanium dioxide may be used as a foo colour additive with the followig specifications

limiting impurities: antimony compounds, -: 100 mg/kg; zinc compounds, -: 50 mg/kg; solu-
ble barium compounds, -: 5 mg/kg; and hydrochloric acid-soluble compounds, -: 3.4 g/kg
(Commission of the European Communities, 1962).
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Table 4. Occupational exposure limits for titanium dioxide"

Country or region Year Concentrationb InterpretationC
(mg/m3)

8 1WA
6 1WA

10 1WA
5 1WA

10 STEL
6d 1WA

10 1WA
10 1WA
6 1WA

S 10 1WA

10 1WA
5 1WA

15 1WA
iot 1WA
10 1WA
20 Ceiling

Austria
Denmark
Finland
Gennan Democratie Republic

1985
1988
1987
1985

Gennany, Federal Republic of
Netherlands
Norway
Switzrland
Thiwan
UK

Thtal inhalable dust
Respirable dust

USAe
OSHA
ACGIH

USSR
Venezuela

1988
1986
1981
1985
1985
1987

1985
1988
1986
1985

aprom Direktoratet for Areidstilsynet (1981); Arbeidsinspectie (1986); Institut National de Re-
cherche et de Sécurité (1986); Cook (1987); Health and Safety Executive (1987); 1Yõsuojeluhall-
tus (1987); American Conference of Govemmental Industrial Hygienists (1988); Arejdstiisyet

(1988); Deutsche Forshungsgemeinschaft (1988)
hS, skin notation
crA, 8-h time-weighted average; STEL, short-tenn exposure limit

dJotal dust containing no asbestos and -: 1 % free silica
eoSHA, Occupational Safety and Health Administration; ACGIH, American Conference of Gov-
emmental Industrial Hygienists
-Measured as fine dust

2.2 Occurrence

313

(a) Natural occurrence

Titaniurndioxide ocurs naturally in three ciystalline forms: anatase, rutile and brook-
ite. Only anatase and rutie are of commercial importance. Rutile can be mined directly, but
anatase is obtained through the processing of ilmenite, a natural iron titanate (Lynd, 1985).

Rutile is a widespread accessoiy minerai found in high-grade metamorphic gneiss es
and schists anò in igneous rocks. It also ocurs in black sand deposits in many parts of the
world. Typically, the composition of rutile is 95% titanium dioxide, the remaining 5% being
silcon, chromium, vanadium, aluminium and iron oxides (Lynd & Lefond, 1983).

Ilmenite is a common accessoiy grain in igneous rocks such as anorthosites, gabbros
and basic lavas; it may also ocur as an intergrowth in magnetite and haematite. Weatherig
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and alterations along grain boundaries result in the removal of iron from the ilmenite lattiee,
producing leucoxene or pseudorutie. Ilmenite is also found in sand deposits (Lynd & Le-
fond, 1983).

The pricipal producing cou nt ries for rutie and ilmenite are Australia, Brazil, Canada,
China, Finland, India, Malaysia, Mexico, Norway, Sierra Leone, South Africa, Sri Lanka and
the USA (Lynd & Lefond, 1983).

(b) Occupational expsure

On the basis of a US National Occupational Expsure Survey, the National Institute
for Occupational Safety and Health (1983) estimated that 127000 workers were potentially
exposed to titanium dioxide in the USA in 1981-83.

Although it is apparent that ocupational expsure to titanium dioxide is extensive,
there are few data on levels and sources of expsure (Santodonato et al., 1985), and the data
available in the literature are reported as total dust or nuisance dust and not as titanium
dioxide. Concentrations ranged from 10 to 40 mg/m3 during the griding of titaium diox-

ide pigment, but documentation of these levels was not provided (Elo et al., 1972). Long-
term exposures to titanium dioxide dust in a titanium pigment production factoiy ocsional-
ly exceeded 10 mg/m3, and exposures greater than 10 mg/m3 were common during the repair
of production machineiy (Rode et al., 1981).

2.3 Analysis

No inormation was available to the Working Group on methods for the quantitative
determination of titanium dioxide in envionmental samples. Occupational expsures to ti-
tanium dioxide have been estimated gravietrically as total or respirable dust (Lee et al.,
1986).

3. Biological Data Relevant to the Evaluation of

earcinogenic Risk to Humans

3.1 Carcinogenicity studies in animais

(a) Oral administration

Mouse: Groups of 50 male and 50 female B6C3F1 mice, five weeks old, were fed diets
containing 0, 2.5% or 5.0% titanium dioxide (anatase; purity, ::98%) daily for 103 weeks.
Mice were kiled at 109 weeks of age, one week after expsure was stopped. At terminal
sacriice, there was no significant difference in survval between treated and control males:
32, 40 and 40 control s, low-dose and high-dose males were stil alive at that time. ln female
mice, a dose-related trend for decreased survival was significant in treated groups (p =
0.001, Throne test); survval at terminal sacriice was 45, 39 and 33 among control, low-dose
and high-dose females, respectively. No difference in boy weights between treated and
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control groups and no significant increase in the incidence of tumours was observed in
treated mice of either sex (National Cancer Institute, 1979).

Rat: Groups of 50 male and 50 female Fischer 344 rats, nine weeks old, were fed diets
containing 0, 2.5% or 5.0% titanium dioxide (anatase; purity, ~98%) daily for 103 weeks.
Rats were kiled at 113 weeks of age, one week after expsure was stopped. There was no
significant difference in survval between treated and control groups of either sex; survivalof
males at terminal sacriice was 31,37 and 36 among control, low-dose and high-dose groups,
respectively, and that of females was 36, 36 and 34 in control, low-dose and high-dose
groups, respectively. No difference in boy weights between treated and control groups and
no significant increase in the incidence of tumours was observed in treated mice of either sex
(National Cancer Institute, 1979).

(b) Inhlation/intratracheal administration

Rat: Groups of 50 male and 50 female Sprague-Dawley rats, eight weeks of age, were
expsed by inhalation to 0 or 15.95 mg/m3 titanium dioxide (purity unspecified) for 6 h per
dayon five days per week for 12 weeks. After 140 weeks (128 weeks after the end of exp-

sure), all survvig rats were sacriiced. Average survval was 116 and 113 weeks for control
and treated males and 114 and 120 weeks for control and treated females, respectively. At
terminal sacriice, 39 control males, 44 treated males, 45 control females and 45 treated fe-

males were stil alive. No difference in boy weights between treated and control groups and
no significant increase in the incidence of tumours was observed in treated mice of either sex
(Tyssen et al., 1978). (Te Workig Group noted the short duration of expsure and the
relatively low expsure leveL.)

Groups of 100 male and 100 female CD rats, five weeks of age, were expsed by inhala-
tion to 0, 10,,50 or 250 mg/m3 titanium dioxide (rutile; 99% pure; 84% of dust particles of
respirable size) for 6 h per day on five days per week for two years. At three, six and 12
months, five, five and ten rats of each sex at each dose, respectively, were removed for inter-
im kils. No difference in mortlity, boy weight or clinical signs was observed. Nasal cavities

were examined histologically, and no tumour was observed. Lung tumours were observed
priariy in high-dose rats of each sex. The inçidences of lung adenomas were: males - con-

trol, 2/79; low-dose, 1/71; mid-dose, 1/75; and high-dose, 12/77; females - control, 0/77; low-
dose, 0/75; mid-dose, 0/74; and high-dose, 13/74. The incidences of cystic keratinizing squa-
mous-cell carcinomas were: males - 0/79, 0/71, 0/75 and 1/77; females - 0/77, 1/75, 0/74 and
13/74. One anaplastic carcioma ocurred in a low-dose male. The lung tumours ocurred
in the bronchioloalveolar region, and no evidence of metastasis was observed. The authors
noted difficulty in distinguishing between the squamous-cell carcinomas and keratinizing
squamous metaplasia (Lee et al., 1985a,b, 1986).

Hamer: Groups of 24 male and 24 female Syrn golden hamsters, six to seven weeks
old, receivedintratracheal administrations of 0 or 3 mg titanium dioxide ((purity unspeciied)
particle size, 97% c: 5 J.m) in 0.2 ml saline once a week for 15 weeks. AnimaIs were observed
until spntaneous death and all control and treated hamsters died by 120 and 80 weeks, re-

spectively, after the beginning of treatment. Therespirtoiy tract and other organs with
gross Iesions were examined microscpically; no respirtoiy tract tumour ocrred in treated
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hamsters, but two tracheal papilomas were found in untreated con trois (Stenbäck et aL.,
1976).

(c) Subcutaneous injection

Rat: Groups of 20 male and 20 female Sprague-Dawley rats, 13 weeks old, received a
single subcutaneous injection of 1 ml saline or 30 mg of one of three preparations of titanium

dioxide (~99%, ~95% or ~85% pure) in 1 ml saline into the fIank. Ali rats were observed
unti spontaneous death, which ocurred as late as 136, 126, 146 and 133 weeks in the control
and titanium dioxide-treated groups, respectively. No tumour was observed at the site of the
injection in any group (Maltoni et al., 1982). (The Workig Group noted the inadequate re-
porting of the study.)

(d) Intraperitoneal injection

Mouse: Groups of 30 or 32 male Marsh-Buffalo miee, five to six months old, received a
single intraperitoneal injection of 0 or 25 mg titanium dioxide (purity, ~98%; manually
ground) in 0.25 ml saline. Ail survvors (ten control and 13 treated mice) were kiled 18
months after treatment. No difference in the incidence of locl or distant tumours was ob-
served between treated and control animais (Bischoff & Biyson, 1982). (The Workig
Group noted the small number of animais used.)

Rat: As part of a large study on various dusts, three groups of female Wistar rats, nine,
four and five weeks of age, received intraperitoneal injections of granular titanium dioxide
(purity unspecified) in 2 ml 0.9% soium chloride solution. The first group received a total
dose of 90 mg per animal by five weekly injections; the second group received a single injec-
tion of 5 mg per animal; and the third group received three weekly injections of 2, 4 and 4 mg
per animaL. One concurrent group of 32 five-weék-old Wistar rats received a single injec-
tion of saline atone. Average lifespans were 120, 102, 130 and 120 weeks. No intra-abdomi-
nal tumour was reported in 47 and 32 rats from the second and third groups that were ex-
amined; six of 113 rats examined from the firt group had sarcomas, mesotheliomas or carci-
nomas of the abdominal cavity (numbers unspeciied). Two controls had abdominal tumours.
ln a similar experient with female Sprague-Dawley rats given single intraperitoneal injec-
tions of 5 mg per animal titanium dioxide, 2/52 rats developed abdominal tumours (average
lifespan, 99 weeks). Controls were not available for comparin (Pott et al., 1987).

(e) Administration with known carcinogens

Hamer: Groups of 24 male and 24 female Syrn golden hamsters, six to seven weeks
old, received intratracheal administrations of 3 mg titanium dioxide ((purity unspecified)
particle size, 97% ,5 J.) plus benzol a )pyrene in 0.2 ml saline, or benw( a )pyrene in saline

(controls) once a week for 15 weeks. Aniials were observed until spntaneous death; aU
control and treated hamsters had died by 100 and 70 weeks, respectively. ln the 48 hamsters
(number of tumours per sex unspecified) treated with titanium dioxide plus benzol a )pyrene,
tumours ocurred in the lary (11 papilomas, five squamous-cU carciomas), trachea

(three papilomas, 14 squamous-cll carcinomas, one adenocrcioma) and lung (one ade-
noma, one adenocrcioma, 15 squamous-cll carcinomas, one anaplastic carcinoma). Two
papilomas ocurred in the lary of benw( a )pyrene-treated controls. ln the same study,



TITANUM DIOXIDE 317

ferrc oxide and benzo(alpyrene induced a similar spectrum of tumours as that induced by

the combination with titanium dioxide; aluminium oxide and benzo(alpyrene produced no
increase in tumour incidence compared with benzo( a lpyrene-treated con trois (Stenbäck et
al., 1976).

3.2 Other relevant data

(a) Exprimental systems

The toxicology of titanium dioxide has been reviewed (World Health Organization,
1982).

(i) Absorption, distribution, exretion and metabolism
The pattern of deposition of titanium dioxide (anatase) dust in the lungs of rats was

similar to that seen with other particles (Feri et al., 1983). After rats were expsed to 16.5
mg/m3 anatase and 19.3 mg/m3 rutile aerosols (mass median aerodynamie diameters, about 1
Jlm) for 7 h, the half-lives of pulmonaiy clearance were 51 and 53 days, respectively (Feri &
Oberdörster, 1985). Pulmonaiy clearance of titanium dioxide was significantly decreased
after long-term exposure to 1 ppm (2.6 mg/m3) sulfur dioxide (Feri & Leach, 1973).

Followig intratracheal instilation of titanium dioxide to miee and rapid partial remov-
al of partic1es by ciliaiy clearance within the first 15 min, subsequent pulmonaiy clearance
had a half-life of about 20 days; the slow phase was assumed to be due to uptake of the par-
ticles and removal by macrophages (Finch et al., 1987).

After exposure of rats by inhalation to 10,50 and 250 mg/m3 titanium dioxide (rutile;
mass median aerodynamic diameter, 1.5- 1. 7 Jlm) for 6 h per day on five days per week for two
years, inhaled particles were found to be engulfed by macrophages, and dense accumulation
of dust-Iaden macrophages was seen in perivascular and peribronchial lymphoid tissue.
Massive accumulation of these dust-containing cells was also seen in tracheobronchial
lymph nodes and, to a lesser extent, in cervicallymph nodes. The ocurrence of dust par-
ticles in mesenteric lymph nodes, in the liver and in the spleen suggests that small amounts
cou Id have entered the general circulation from the lungs (Lee et al., 1985a). Also after in-
travenous injection to rats, titanium dioxide particles were found to accumulate in abdomi-
nallymph nodes (coeliac nodes) which drain the liver (Huggins & Froehlich, 196). Pulmo-
naiy accumulation increased considerably in rats expsed by inhalation to 250 mg/m3 as com-
pared to 10 and 50 mg/m3, indicating that pulmonaiy clearance mechanisms can be over-
loaded at the highest dose (Lee et al., 1986).

(ii) Toxic effects

Titanium dioxide pigments (anatase and others) caused significant mobiliztion of peri-
toneal macrophages when injected into the peritoneal cavity of mice (Nuuja et al., 1982).
They decreased the level of acid phosphatase in mouse peritoneal macrophages in vitro; sili-
ca-cated particles were the most effective (Nuuja & Arstila, 1982). ln both studies, tita-
nium Qioxide had minimal cytotoxicity in comparison to quartz and asbestos. ln vivo, titanium
dioxide (anatase and rutie) failed to induce proline hydroxylase in the lungs of rats four
weeks after they had been exposed by inhalation (Zitting & Skyttä, 1979).
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Anatase, rutile and rutile containing trace amounts of nickel or chromium had no fi-
brotic potential in either an in-vitro test for cell vibilty using bovie alveolar macrophages
or followig instilation into rat lungs in vivo; a-quartz gave positive results in both assays

(Richards et al., 1985). Similarly, injection of an untreated anatase form of titanium dioxide
(particle size, 0.8-16 J.m) into the pleura of rats caused no pleural effusion and only a few
strands of connective tissue surrounding the collections of macrophages (Grasso et al., 1983).
Additional studies in vivo have all failed to demonstrate any fibrotic potential in rats or rab-
bits (Grandjean et al., 1956; Chritie et al., 1963; Dale, 1973; Sethi et al., 1973; Feri &
Oberdörster, 1985); however, one study showed that intratracheal instilations of 3 mg tita-
nium dioxide to hamsters once a week for 15 weeks resulted in slight pulmonaiy inamma-
tion and, subsequently, interstitial fibrosis (Stenbäck et al., 1976). Infammatoiy changes and
formation of collagen fibres were also seen after intratracheal instilation into rats of ilme-
nite (iron titanate) or titanium dioxide dusts (Shevtsova, 1968).

Followig overloading of lung clearance in rats expsed to 250 mg/m3 rutile for 6 h per
day on five days per week for two years, there was massive accumulation of dust-Iaden ma-
crophages; free particles and cellular debri were found in the alveoli, and alveolar proteino-
sis and cholesterol granulomas developed. Lung weights increased, and white patches of
accumulated dusts were seen in the lungs at autopsy (Lee et al., 1985b, 1986).

(ii) Effects on reproduction an prenatal toxicity
No data were available to the Workig Group.

(iv) Genetic an related effects
Titanium dioxide did not induce differential kiling in DNA repair-proficient com-

pared to repair-deficient strains of Bacillus subtils rec+/- (details not givenJ (Kda et al.,
1980).

Titanium dioxide was not mutagenic to Salmonella typhimurium TA1535, TA1537,

TA1538, TA97, TA98 or TA100 (Dunkel et al., 1985; Zeiger et al., 1988) or to Escherichia coli
WP2, either in the presence or absence of an exogenous metabolic system from the livers of
uninduced and Aroclor-induced rats, mice and Syran hamsters (Dunkel et al., 1985).

It did not induce morphological transformation in Syran hamster embiyo cells (Di Pao-
lo & Casto, 1979) and did not enhance transformation of Syrn hamster embiyo cells by the
SA7 adenovis (Casto et al., 1979).

(b) Human

(i) Absorption, distribution, exretion an metabolism
Pulmonaiy retention of titanium dioxide dusts has been documented in several studies.

The lungs usually contain higher levels of titanium than any other organ analysed (Schroeder
et aL., 1963). ln lung tissue obtained from one autopsy and two thoracotomies performed on
workmen employed in a factoiy that processed titanium dioxide, titanium dioxide was found
in lysosomes of alveolar macrophages and in lymphatic macrophages (BIo et al., 1972). Dust-
laden macrophages were seen in sputum samples from current titanium dioxide workers and
from retired workers who had left the factoiy three years earlier; in lung biopsies from re-
tired workers, macrophages were loaded with titanium dioxide and with silcon, which possi-
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bly originated from the titanium dioxide coating (Määttä & Arstila, 1975). Massive deposi-
tion of rutile was also reported at autopsy in the lungs of a man who had been employed at a
titanium dioxide production plant until fouryears before his death (Rode et al., 1981). Tita-
nium dioxide deposition has also been reported in regionallymph nodes (Schmitz-Moor-
mann et al., 196; Yamadori et al., 1986).

The pattern of regional deposition of titanium dioxide in the lungs and the relative con-
tents in lymph nodes suggest that titanium dioxide is removed relatively slowly via the lym-
phatic system. The lungs of 35 miners contained an average of 71 mg titanium dioxide, but a
total of only 4 mg was found in the regionallymph nodes (Einbrodt & Liffers, 1968).

(ü) Toxic effects

At an ilmenite (iron titanate) extraction plant, where workers were also expsed to ru-
tie, chest X-rays (70 mm) were abnormal in 3/136 workers, of whom 24 had had more than
ten years' expsure. The prevalence was similar to that (4/170) seen in a control group (Ura-
goda & Pito, 1972). (Te Workig Group noted that the X-ray technique used would have
detected only cases with severe pneumocniosis.)

A man who was employed to pack titanium dioxide into cans developed pneumocnio-
sis after nine years of expsure; lung tissue examined five years later revealed slight fibrosis
of interstitial tissue surrounding bronchioles and alveolar spaces (Yamadori et al., 1986). ln a
study of lung tissue obtained from an autopsy and from two thoracotomies pedormed on
titanium dioxide workers, deposits of titanium dioxide in interstitiallung tissue were also

assoiated with cell destruction and slight fibrosis (Elo et al., 1972). Määttä and Arstia (1975)
suggested that the fibrogenic effect might be due to the presence of silcon compounds asso-
ciated with the titanium dioxide dust. Another worker in titanium pigment production, how-
ever, had massive deposition of rutile in the lungs but no inammation or fibrosis (Rode et
al., 1981). The absence offibrotic changes has also been reported in a case after 15 years of
expsure at a titanium dioxide mil (Schmitz-Moormann et al., 196).

As reported in an abstract, in a cross-sectional study of 207 workers producing titanium
dioxide from ilmenite ore, the predominant signs were obstructive airay changes. ln 26
workers, chest X-rays showed iregular or nodular opacities of limited extent; eight of these
workers were known also to have been expsed to silca or asbestos (Daum et al., 1977). (Te
Workig Oroup noted that when titanium dioxide is produced from ilmenite ore the dried
ore is digested by sulfuric acid, causing expsure to both sulfuric acid mist and titanium diox-
ide dust. The possible role of titanium dioxide could not be assessed.)

ln a cross-sectional study of 20 titanium metal production workers, including 78 work-
ers involved in the reduction process who were expsed to titanium tetrachloride vapour,
titanium oxychloride and titanium dioxide particles, reductions in lung function (forced expi-
ratoiy volume in one minute) were found. The authors noted that this finding could be due
to expsure to titanium tetrachloride, which reacts violently with water to liberate heat and
produce hydrochloric acid, titanium oxychloride and titanium dioxide. Pleural disease with
plaques and pleural thickening was observed in 36 of the 20 workers, including eight of the

78 reduction process workers. Sorne cases were probably caused by prior expsure to asbes-

tos; however, among workers not known to have been expsed to asbestos, the risk for pleu-
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rai disease after more than ten years of employment was 3.8 times' the rik in those who had
been employed for fewer than five years. The authors noted that past expsure to asbestos at
the titanium production facilty may have contributed to the rik (Garabrant et al., 1987).

A chest X -ray study of 336 workers at two titanium dioxide-producing plants showed 19
cases of pleural abnormalities (thiekening/plaques), as compared to 3/62 among unexpsed
workers at thesame plants. The odds ratio for chest X-ray abnormality assoiated with tita-
nium dioxide expsure was 1.4. No lung fibrosis was observed. Expsures at the plants in-
c1uded titanium tetrachloride, potassium titanate and asbestos (Chen & Fayerweather,
1988).

A case of granulomatous lung disease was reported in a worker with possible expsure
to titanium dioxide at an aluminium smelting plant where he worked near a firebrick fur-
nace. A lymphoce transformation test showed proliferative response to titanium chloride
but not to any other metal tested, suggesting a possible link with titanium hypersensitivity
(Redline et aL., 1986).

(ii) Effects on fertility and on pregnany outcome
No data were available to the Workig Group.

(iv) Genetic and related effects
No data were available to the Workig Group.

3.3 Case reports and epidemiological studies of carcinogenicity to humans

Titanium dioxide was foundin the lungs of three patients who died of cancers at various
sites (Schmitz-Moormann et al., 196; Ophus et al., 1979; Rode et al., 1981; Yamadori et al.,
1986), one of which was a papilaiy adenocrcinoma in the right lung. The latter had been

engaged in packig titanium dioxide for about 13 years prior to his death at the age of 53 and
had smoked about 17 cigarettes per day for 40 years; he had been diagnosed at the age of 48 as
havig pneumocniosis.

Chen and Fayerweather (1988) studied mortality and cancer incidence among 1576
male employees who had been expsed to titanium dioxide for more than one year in two
plants in the USA. Information on cancer incidence was obtained from the company cancer
registiy, which was started in 1956. Information on deaths among active and pensioned em-
ployees was obtained from the company mortlity registry, which was started in 1957: vital
status was determined for about 94% of the cohort, and death certificat es were av~ilabie for
about 94% of those known to be deceased. Observed numbers of incident cancer cases were
compared with expected numbers based on company rates, and the observed numbers of
deaths were compared with both company and US rates. Mortlity from all cancers was low-
er than expected. For lung cancer, nine deaths were observed, with 17.3 expected on the

basis of national rates (stanctrdized mortlity ratio (SMR), 52; (95% confidence interval,
24-99D and 15.3 expected on the basis of company rates (59; (27-112D. There was a slight

. excess of incident cancer cases, 38 versus 32.6 (117; (83-160D, due mainly to ten cases of tu-
mours of the genitouriaiy system ver sus 6.3 expected (159; (76-292)); there were eight cases
of lung cancer with 7.7 expected (104; (45-205D. (Te Workig Group noted that details of



TITANUM DIOXIDE 321

expsure to titanium dioxide and other factors were not described, that cancer mortality and
specific cancer sites were not reported in detail, that incident cancer cases only in actively
employed persons were used for both observed and company reference rates, and that the
numbers of incident cases were compared only with company rates.)

4. Summary of Data Reported and Evaluation

4.1 Exposures

Titanium dioxide is a white pigment produced mainly from ilmenite (iron titanate) and
natural rutile (titanium dioxide). It is widely used in paints, paper, plasties, ceramics, rubber,
inks and a variety of other products. Occupational expsure to titanium dioxide durig its
production, the production of paints, in painting trades and durig other industrial use is
likely to be extensive, but there is a paucity of data on levels, both ocupational and envion-
mental.

4.2 Experimental carcinogenicity data

Titanium dioxide was tested for carcinogenicity by oral administration in one strain of
mice and in one strain of rats, by inhalation in two strains of rats, by intratracheal administra-
tion in one strain of hamsters, by subcutaneous injection in one strain of rats and by intraperi-
toneal administration in one strain of male mice and two strains of female rats. Increased
incidences of lung adenomas in rats of both sexes and of cystic keratinizing lesions diagnosed
as squamous-cell carcinomas in female rats were observed in animais that had inhaled the
high but not the low doses of titanium dioxide. Oral, subcutaneous, intratracheal and intra-

peritoneal administration did not produce a significant increase in the frequency of any tye
of tumour in any species. Intratracheal administration of titanium dioxide in combination
with benw(a)pyrene to hamsters resulted in an increase in the incidence ofbenign and ma-
lignant tumours of the lary, trachea and lungs over that in benzo(a)pyrene-treated con-

trois.

4.3 Human carcinogenicity data

The only available epidemiological study provided inconclusive results.

4.4 Other relevant data

Titanium dioxide did not induce morphological transformationin mammalin cells or
mutation in bacteri. (See Appendix 1.)
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4.5 Evaluation 1

There is inadequate evidence for the carcinogenicity of titanium dioxide in humans.
There is limited evidence for the carciogenicity of titanium dioxide in experiental ani-

mais.

Overall evaluatioD

Titanium dioxide is not classifiable as 10 its carcinogenicity to huma (Group 3).
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1. Historical Perspectives and Description of Painting 'fades

1.1 Description of paint products

The term organic coating encompasses conventional paints, varnishes, enamels, lac-
quers, water-emulsion and solution finishes, nonaqueous dispersions (organosols), plasti-
sols and powder coatings. The following definitions have been used commonly, although
they have not always been strictly applied.

Paint is a suspension of finely divided pigment particles in a liquid composed of a binder

(resin) and a volatile solvent, sometimes with additives to impart special characteristies. The
volatile solvent evaporates from the diying fim after application, while the binder holds the
pigment in the diy fim, causing it to adhere to the substrate. Some high quality, hard gloss
paints are referred to as enamels (Piper, 1965; Schurr, 1981).

Lacquer is defined as a coating that dries priariy by evaporation rather than by oxida-
tion or polymerition. Because the solvents used in lacquers are relatively volatile and no
chemical change is required for formation of the mm, lacquers diy veiy rapidly (Piper, 1965;
Hamilton & Early, 1972).

Vámish is defined as a homogeneous, transparent or translucent liquid that is converted
to a solid, transparent fim after being applied as a thin layer (Schurr, 1981).

The basic components of paints may have a widely vaiyg chemical composition, de-

pending on the colour, durability and other properties required from the paint.

(a) Pigments

Pigments can be classified as (i) inorganic, (ii) organic and (ii) earth pigments, such as
ochre. They can also be classified into whites, colours, metallic flake pigments and powders.
They are generally added in considerable proportion by weight (20-60%) and are used in
paints to provide colour, opacity and sheen and also affect the viscosity, flow, toughness, du-
rability and other physical properties of the coating. The physical properties of pigments,
such as particle shape and size, vary; the diameter of the particles is generally .. 3 J.ff. The
particles in diy pigment powders (0.5-10 J.m) are partially in the range of respirable dust
(Kvanek, 1982).

(i) lnorganic pigments

Inorganic pigments are an integral part of numerous decorative, protective and func-
tional coating systems, snch as automobile finish es, marie paints, industrial coatings, traffic
paints, maintenance paints, and exterior and interior oil, alkyd and latex hou se paints. Inor-
ganic pigments belong to numerous chemical classes, priariy including elements, oxides,

carbonates, chromates, phosphates, sulfides and silcates (Schiek, 1982).

-'UQ-
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Many forms of lead have been used for more than 20 years in pigments; these include
carbonate (white lead), oxides (litharge, red lead), sulfate, oxychloride (nrner's yellow),
acetate, borate and chromates (lARC, 1980a,b; Schiek, 1982).

Zinc chromate, little known before 1914, was widely employed durig the Second
World War to inhibit rust on all sorts of equipment (Brunner, 1978). Other chromium pig-
ments that have been used in paint for many years include lead chromates, barium chromate
and chromium oxide (lARC, 1980b). Other inorganic pigments include cadmium sulfide,
cadmium sulfoselenide and antimony trioxide (see monograph, p. 291). Various grades of
naturally ocurrg ferrc oxide provide yellow, red and brown pigments (Schiek, 1982).

White pigments constitute over 90% of all pigments used (Kvanek, 1982). Until the
nineteenth centuiy, white lead in linseed oil was used priariy, and prior to 1920 the avail-

able white pigments were basie carbnate white lead, basic sulfate white lead, zinc oxide,
leaded zinc oxide and lithopone (Martens, 196; Federation of Societies for Paint Technolo-
gy, 1973). Increasing awareness of the toxic hazards of white lead stimulated the develop-
ment of other pigments, which became available to paint manufacturers in the early part of
the twentieth centuiy (Brunner, 1978).

The most common pigment employed in paint is the white pigment titanium dioxide
(see monograph, p. 307), produced in two different crystal forms - rutile and anatase. AI-
though it was introduced shortly after 1918, it was not used widely because of its high cost.
The first titanium dioxide pigment was a composite of 30% titanium dioxide (anatase ciystal
structure) and 70% barium sulfate. A major gain was made by the production of titanium
dioxide with the rutie ciystal structure, which has almost 25% greater opacity than the ana-
tase form. Because of the chemical inertness of titanium dioxide, its extreme whiteness, ex-
cellent coverig power and lack of toxicity, compared to white lead, it son dominated in the
manufacture of white paint and, by 1945, represented80% of white pigment on the market.
Concomitantly, the use of white lead in paints fell durig 190-45 from nearly 100% to less
than 10%. The share of lithopone, a coprecipitate of 28-30% zinc sulfide and 70-72% bari-
um sulfate (Schiek, 1982), introduced before the First World War, rose to 60% byabout 1928
but fell to 15% by 1945 (Brunner, 1978). Calcium carbnate and aluminium silcate have also
been used as white pigments.

The most common metallc dusts and powders used in paint are aluminium powder,
zinc dust (Schiek, 1982) and bronze powders, which consist of metals in a finely divided state;
e.g., gold bronzes are alloys of copper with vaiyg proportions of zinc or aluminium.

Materials used as extender pigments include barium sulfate (baryes), calcium carbn-
ate (ground limestone and chalk), silca (diatomaceous and amorphous; see IARC, 1987a,b),
clays (hydrated aluminium silcate), talc (hydrated magnesium silcate; see IARC, 1978c,d)
and mica (hydrated potassium aluminium silcate). These minerais are often added to paint
to reduce cost, improve physical characteristics and increase resistance to wear; their effects

are largely governed by the average particle size (Martens, 196).

(ii) Organic pigments

Hundreds of organic pigments, compriing a broad spectrum of structural classes, are
used in the paint industry. Organic pigments may be classified as azo or nonazo pigments.
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Azo pigments are formed by successive diatiztion of a priai amine and coupling.

Monoaw and dia pigments contain, respectively, one and more than one chromophore
(-N = N-) group and are subdivided into two tys, the pigment dyes and the precipitated azo

dyes. The most importnt and established uses for pigment products include the coloration
of sudace-cating compositions for interior, exterior, trade and automotive applications, in-
cluding oil and water emulsion paints and lacquers (Fytelson, 1982).

Pror to the disveiy of Perkis' mauve in 1856, colour was obtained from natural

sources, Le., woad, madder, indigo, cohineal and log woo. The development of sythetic
colourig materiais continued with the discveiy of fuchsin in 1858 and of other triphenyl-
methane dyes, such as alkali blue, methyl violet and malachite green. Lakes of the se dyes
were used as the first sythetic organic pigments. The largest single advance in pigment
technology after the Firt World War was the discveiy in the 1930s of phthalocanine blue
(Monastral blue) and, later, its halogenated derivatives (Monastral greens) which were wide-
ly used in automotive finishes (Brunner, 1978; Fytelson, 1982). Other main categories of
nonazo organic dyes and pigments used in paints and related products include quinacr-
don es, thioindigos, periones, peiylenes and anthraquinone (Fytelson, 1982).

(ii) Earh pigmnts
Iron oxides are the most widely used of the coloured pigments derived from natural

sources. Natural iron oxides are processed from several different ores, including haematite
(see IARC, 1972, 1987e), limonite, siderite and magnetite, and provide a range of reds, yel-
lows, purples, browns and blacks (Schiek, 1982).

(b) Binders (resins)

The vehicle portion of paints contains components collectively termed 'binders', which
hold the pigment in the diy film and cause it to adhere to the sudace to be painted. AImost
all binders in modern paint films are composed of polymer materials, such as resins, and dry-
ing oils, whose main functions are to provide fim hardness, gloss, su dace adhesion and resis-
tance of the film to acids, alkalis and other agents (Kvanek, 1982). A large variety ofboth
natural and sythetic resins has been employed in paints. Natural resins have been used in

paints for centuries, while sythetic resins have been commercially available since the early
190.

(i) Natural resins and oils

From early times, various natural resins have been used to reinorce linseed oil and
other diyg oils, since paints based only on pigment and oil yield only veiy soft fims. Shellac
(Brunner, 1978) and insect exudations are natural oleoresins that have been used in paints
for centuries. Oleoresins from tree saps (shellac) are a mixure of single- and fused-rig
compounds with various oxygenated groups possessing a wide range of molecular weights,
solubilties and chemical and physical properties.

Kauri, a fossil resin, was used widely but had been replaced by the beginning of the
twentieth centuiy by Congo copal, which is a much harder resin but which requires pro-
longed heat treatment, known as 'gum running'. The term 'copal' is a generic name coverig
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a number of fossilized and recent resins found in many tropical and subtropical parts of the
world, which include all the harder resins used for oil varnishes (Brunner, 1978).

Another useful na tu rai resin is rosin (colophony), which is obtained as a residue after
distiling pine oleoresin for the production of turpentine. Rosin consists of about 85% rosin
acids and 15% neutral substances and can be classified into two main tyes - gum rosin and
wood rosin. Rosin has been used in paints (pricipally alkyd resins) for many years. They are
often upgraded to yield higher quality resins by chemical reactions, including liming (calcium
rosinate), esteriication of rosin with glycerol, and reactions with triethylolpropane,
phthalie anhydride, maleic anhydride, adipie acid and sebacic acid (Krvanek, 1982).

Vegetable and fish oils have long been used as binders in traditional paints and var-
nishes. White linseed oil has been the most important oil in standard exterior paints, despite
its moderately slow diying rate. It is inrequently employed in interior paints because of yel-
lowing. Other important oils include castor oil, tall oil, soya bean oil, conut oil, cottonseed
oil, tung oil and various fish oils (Brunner, 1978; Lowell, 1984).

AIthough raw oils are useful as paint binders, it has been advantageous to use them in
conjunction with refined oils and oils treated with heat to increase viscsity (heat-boied
oils) which isomerie the oil and improve the diyng rate of the films. Oleoresinous varnishes
are made by cokig oils with natural or sythetic resin, resulting in more rapid diyg and a
harder film (Lanson, 1978).

(ii) Synthetic resins

A wide variety of sythetie resins has been commercially available since the early 190s.
Those that have been most frequently employed in paints, varnishes and lacquers include
cellulosic, phenolic, alkyd, vinyl, aciylic and methaciylic, and polyurethane resins, chlori-
nated rubber derivatives, styrene-butadiene and silicone oils (Martens, 196; Krvanek,
1982).

Mixures of different synthetic resins are often incorporated into a paint to furnish cer-
tain properties not provided by a single resin. While the amount of resin in paint varies,
values of 20-35 wt% are common (Krvanek, 1982). The choice of a resin(s) for a particular
application depends on factors such as appearance, ease of application, cost and resistance to
chemicals, heat and wear.

Some resins (plyurethanes, epoxys; see IARC, 19700) are blended immediately before
use with cross-linkig agents between the individual polymer chains, resulting in a hard, ser-
viceable film.

AIkyd, aciylic, polyurethane and polyester resins have broad areas of use in paints, in-
cluding paints for houses, automobiles, furniture and appliances, as well as in the protection
of metal sudaces, e.g., in chemical plants and oil refineries.

Phenolic resins: The first sythetic resins used in paints were phenolic resins, which
were introduced in the 1920 and are made from formaldehyde (see IARC, 1982a, 1987f) and
phenol (see monograph, p. 263) or substituted phenols in the presence of alkaline or acid
catalysts. Depending on the tye and proportion of reactants, and on the reaction condi-
tions, the resins may be heat-reactive or not. The first product of the reaction is methylol
phenol, which reacts further. With an excess of formaldehyde under alkaline conditions,
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methylol groups react slowly with phenol, are retained in the reaction product and can act as
reactive sites in varnish preparations or for cross-linkig in finished products (Lwell, 1984).

The early phenolic resins developed between 1905 and 1910 were based on unsubsti-
tuted phenols, e.g., cresols, paa-phenylphenol and paa-tert -butylphenol, which are oil-so-
lubie, and constituted a new tye of varnish with superior hardness and resistance to water,
solvents, chemicals and heat. Heat-sensitive phenolic resins that are insoluble in oil may be
dissolved in solvents and employed as the sole vehicle for metal coatings (Lowell, 1984).

Alkyd resins: The advent of alkyd resins is considered to be a major breakthrough in
modern paint technology. AIkyds are oil-modified polyester resins produced by the conden-
sation reaction of polyhydric alcohols, polybasic acids and monobasic fatty acids, e.g., linseed
or soya fatty acids (Lwell, 1984). The specific definition, which has gained wide acceptance,
is that alkyds are polyesters modified with monobasic fatty acids (Lanson, 1978). The alkyds
used initially were pricipally products of the chemical reaction of phthalic anhydride and
glycerol with certain vegetable oils or their correspnding fatty acids (Brunner, 1978).

ln recent years, the terms 'non-oil' and 'oil-free' alkyd have been used to describe poly-
esters formed by the reaction of polybasie acids with polyhydric alcohols in excess of stoiehio-
metric amounts. These products are best descnbed as saturated polyesters containing un-
reacted -OH or -COOH groups (Lnson, 1978).

Monobasie acids modif the properties of alkyd resins by controlling functionality, and
th us polymer growth, as well as by the nature of their inherent physical and chemical proper-
ties. The majority of monobasie acids used in alkyd resins are derived from natural glyceride
oils and are in vaiyg degrees of unsaturation. The most common fatty acids present in
these oils include lauric, palmitic, stearic, oleic, linoleie, linolenic, eleostearic, ricinoleie and
licanic acids. Alkyd resins with relatively high fatty acid contents are called 'long-oil' alkyds;
when the oil percentage is relatively low, theyare known as 'short-oil' alkyds (Lanson, 1978).

Although glycerol and pentaeiyhritol are the major polyhydric alcohol components of
alkyd resins, a number of other polyols are employed to a lesser degree, including sorbitol,
triethylolethanol, triethylol propane, dipentaeiyhritol, tripentaeiyhritol, neopentyl-

glycol and diethylene glycoL. The pricipal polybasic acid for alkyd resins is phthalic acid,
which is prepared and used as the anhydride. Isophthalic anhydride is also employed to yield
somewhat faster diyg and tougher, more flexible films than the analogous ortho-phthalic
resins.

Long-oil alkyds are soluble in minerai spirts and are widely employed in architectural
brushing enamels, exterior tri paints and wall paints, and their flexibilty and durabilty
have made them useful for top-side marie paints, metal maintenance paints and as a clear
varnish. Medium-oil alkyds are the most versatile of the alkyd class, and their superior air
diyg, flexibilty and durabilty allow for their use in maintenance paints, metal priers and
a variety of general-purpse enamels. Short-oil alkyds are either diyg or nondiyg, re-
quire a strong aromatic solvent, such as tolueneorxylene (see monographs, p. 79 and p.125),
and have been employed pricipally as industril bakig finishes.

Many polymerie materils and reactive functional materils can be used to produce
suitably designed alkyds and to impart improved and/or specil film-forming properties, in-
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cluding nitrocellulose, polyisoanates, urea-formaldehyde resins, silcones, melamine-
formaldehyde resins, reactive monomers, phenolie resins, cellulose acetobutyate, chlori-
nated rubber, phenolic varnishes, viyl resins, polyamides, chloriated paraffin, natural
resins, epoxy resins and monobasic aromatic acids (Lnson, 1978).

Short-oil alkyd resins with a phthalic anhydride content of 38-5% contain a higher
proportion of hydroxyl groups, which provide reactive sites for alkylated urea-formaldehyde
and melamine-formaldehyde resins. These alkyds are generally based on tall-oil fatty acids,
soya bean oil or fatty acids. Amino-alkyd resins are widely used in industrial bakig enamels

(Lanson, 1978).

The compatibility of alkyd resins with nitrocellulose extends up to 55% nitrocellulose
content, and nitrocellulose lacquers are produced in large quantities. AIkyds modified with
short-chain acids, such as those from conut oil and castor oil, are widely used in high-
grade furniture lacquers (Lnson, 1978).

The general effect of the alkyd modified resins has been to upgrade the gloss, adhesion
and durabilty of nitrocllulose lacquers. Alkyd resins have been used in protective coatings

for over 40 years, and they stil rank as the most important sythetic coating resin, constitut-
ing about 35% of all resins used in organic coatings (Lanson, 1978). The largest market for
alkyds in product finishes includes machines and equipment and woo and metal fumiture
and fixures (Connollyet al., 1986).

Vinyl resins: Vmyl polymers and copolymers were among the first sythetic polymers
and are widely employed in trade paints. Although sythesis of polyvyl chloride (see

IARC, 1979a) was first reported in 1872 and that of polyvyl acetate (see IARC, 1979b) in
1913, neither was developed commercially until the mid-1920 (powell, 1972).

Vinyl monomers can be induced to polyerie readily by the addition of initia tors, such
as peroxides and azo compounds, which decompose at reactor temperature to generate free
radicals. Polymerition processes involve radical formation, initiation, propagation, includ-
ing chain transfer, and termination (powell, 1972). The pricipal viyl resins of importnce
in the paint industiy are polyvyl chloride, polyvyl acetate and polyvyl butyate, which
are available in a range of different compositions for speciic uses and in grades that can be
handled as true solutions in organic solvents, as high-solid disersions ('organosols' or 'plas-
tisols'), as diy powders or as water-borne latexes. Polyvyl acetate is extensively used in
emulsion paints, providing exceptional flexibilty, toughness and water and chemical resis-
tance. Vinyl chloride copolymer coatings are used in coil coatings and in industril and ma-
rie coatings (Lwell, 1984; Connolly et al., 1986).

Water emulsions of high molecular-weight polyvyl acetate have been widely used in
interior house paints. Copolymers of viyl acetate with acilic monomers are also employed
in exterior emulsion house paints. Latexes of viyl chloride polyers and copolymers have
been commercially importnt for a number of years, e.g., as copolymers in exterior house
paints, which often include a viyl chloride-acilic ester copolymer modifed with a speclly
designed alkyd resin. Polyvyl acetate and viyl acetate copolymers are used in latex-based

interior and exterior paints (powell, 1972).
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The pricipal modifg monomers that have been used with viyl acetate include dibu-
tyl maleate and fumarate, butyl-, 2-ethylhexyl- and isecyl aciylates and higher vinyl esters
(Powell, 1972). Copolymers of the aciylates and viyl acetate are coffmonly called viyl
aciylics and generally contain 15% aciylic monomer by weight (Connolly et aL., 1986).

Acrylic and methacrylic eser resins: Aciylic resins have been divided into four specific

tyes: water-based, solvent-based thermoplastic (lacquer tyes), solvent-based thermoset-

ting and powder coating resins (Connolly et al., 1986).
Commercial aciylic and methaciylic polymers are made from a variety of aciylie and

methaciylic monomers (see IARC, 1979c). The major monomers used are the methyl, ethyl,
butyl and 2-ethylhexyl esters of aciylic and methaciylic acids, which readily undergo poly-
merition in the presence of free-radical initiators, such as peroxides, to yield high molecu-
lar-weight polymers (Allyn, 1971; Lowell, 1984; Connollyet al., 1986).

Monomeric aciylic esters are produced commercially by several processes based on
ethylene cyanohydri, acetylene, ß-propiolactone (see IARC, 1974a) and ethylene oxide

(see IARC, 1985a, 1987g). The acetone-canohydri process is the major method for the
production of monomeric methaciylate esters (Allyn, 1971).

Several tyes of functionality can be incorprated into aciylic and methaciylic mono-
mers. These are pricipally the amide, carbxyl, hydroxyl and epoxy tyes and are used to

confer cross-linking capabilties and thermosetting properties on the resulting polymers (Al-
lyn,1971). Other monomers are used in conjunction with the aciylic monomers to achieve
different properties, including viyl acetate (see IARC, 1986), styene (see lARe, 1979d),
viyl toluene, aciylonitrie (see IARC, 1979a, 1987h) and methylaciylamide (Allyn, 1971).

Aciylic and methaciylic polymers are used in the formulation of clear and pigmented
lacquers. Dispersions in water and in organic solvents provide latex and organosol coatings,
respectively. Polymethaciylates are harder and less flexible than the correspnding aciy-
lates (Lowell, 1984).

AIthough thermoplastic acrylic emulsions have been commercially available since
1925, they were not widely used in coatings until1953 when new grades specifically designed
for paints were introduced (AIlyn, 1971). ln the late 195Os, lacquers of greatly improved du-
rabilty, based on polymethylmethaciylate or thermosetting aciylic enamels were adopted by
the automobile industiy (Lowell, 1984). By the 196s, the use of aciylic emulsion polymers
had been firly established in exterior coatings for woo sudaces, a field long dominated by
oil paints (Allyn, 1971).

Epoxy resins: Epoxy resins were first derived from bisphenol A and epiehlorohydri (see
IARC, 1976b, 1987i) and introduced into the paint industiy in the late 1940s. Two major tyes
of epoxy resin exist - glycidyl ether epoxy resins (see monograph, p. 237) and epoxidized ole-
fins - the former of which is the most importnt. Epoxy resins based on bisphenol A and
epichlorohydrin are the most prominent of the glycidyl ether categoiy and are produced by a
condensation reaction in which bisphenol A and epiehlorohydri are reacted in the presence
of alkali (Allen, 1972). The resultant diglycidyl ether resin has a functionality of two reactive
epoxy groups per molecule. Epoxy resins can be polymeried through their reactive epoxy
group using amines or polyamides (Allen, 1972; Lowell, 1984).
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Epoxy resins of a second major tye, epoxidized olefins, are based on epoxidation of the

carbon-crbn double bond. Coating compositions derived from epoxidized olefin have bet-
ter weatherig characteristics than analogous systems based on bisphenol A diglycidyl ether

resins (AIlen, 1972).

ln order to proceed from the relatively low molecular weight of the coating composi-
tion, as applied, to the high molecular-weight polymer necessaiy for optimal film properties,
a 'curig' or polymerition must take place, which can involve either the epoxide or free
hydroxy groups in the resin, or a combination of the two. Some of the pricipal reactions that
have been used include chemical cross-linkig via the amine-epoxide reaction, an anhy-
dride-epoxide reaction, reaction with methylol groups, e.g., between the secondaiy hydroxyl
groups of the higher molecular-weight resins and the methylol groups of phenol-formalde-
hyde and urea-formaldehyde resins, cross-linkig via the isoanate-hydroxyl reaction and
esteriication reactions between solid-grade epoxy resins and carbxyl-cntaining com-
pounds, partieularly diyg-oil fatty acids (AIlen, 1972).

Solid-grade glycidyl ether resins are readily soluble in polar solvents, snch as ketones,
esters and ether-alcohols, as well as in chloriated hydrocrbn solvents (AIlen, 1972).

Glycidyl ether resins of high molecular weight (number average1, about 700; weight
average2, about 20 (0) are unique among epoxy coatings in that they form coatings by sol-
vent evaporation alone (Allen, 1972). Because of their toughness, adhesion and corrosion
resistance, epoxy resins are used in many applications, including industril maintenance, au-
tomobile priers and coatings for appliances and steel pipes. Epoxys combined with pheno-
lic resins and thermosetting aciylic resins yield high bake finishes with hardness, flexibilty
and resistance to chemicals and solvents (Lwell, 1984).

Polyurethane resins: Although polyurethanes were sythesized in 1937, the utilty of

weather-resistant polyurethane coatings became manifest only in the 196s. Polyurethanes
are obtained from the reaction of polyhydric alcohols and isoanates. Nonreactive poly-
mers can be prepared by terminating the polymer chains with monofunctional isoanates or
alcohols. Cross-linked polymers are formed from polyfunctional isoanates or alcohols

(Lowell, 1984). lsoanates that have been employed include toluene diianate (see
IARC, 1986b) and hexamethylenedüsoanate.

Because of the wide range of physical properties obtained through variations in formu-
lating polyurethane coatings, they are used in industril and maintenance coatings, as well as
in coatings for woo, concrete and flexible structures (Lwell, 1984). Polyurethane coatings
are being used increasingly for automobiles and aircraft. Urethane ester-tye resins (also

lMolecular weight value from number of molecules each multiplied by molecular weight and total divided by

number of molecules
2Molecularweight value from sum of number of grams of material with a particular molecularweight each multi-

plied by its molecular weight and total divided by total number of grams
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called urethane alkyds or uralkyds) are used priariy in architectural coatings. Two-m-
ponent systems are used as high-pedormance coatings for maintenance and product finish es
(Connollyet al., 1986).

Silicone resins: Silcones are characteried by a siloxane backbone, e.g., -Si-O-Si-O-,
with organic groups which determine the properties of the final polymer attached to the sil-
con atoms. The monomeric precursrs of silcone polymers are mono-, di- and triubsti-
tuted halosilanes (usualy chlorosilanes). Monosubstituted silanols condense to highly cross-
linked polymers, which are chiefly used in coatings. The degree of cross-linkig and
consequent physical properties are controlled by adjusting the ratio of mono- and disubsti-
tuted chlorosilanes. Alkyd resins with terminal hydroxyl groups can be condensed with sil-
cones to produce hybrid polymers (Lwell, 1984).

Silcone resins are used to waterproof masoniy and are blended with alkyds to formu-
late industril maintenance coatings for storage tanks and other metal structures (Lwell,
1984).

Cellulose derivatives: Cellulose nitrate, commonly misnamed nitrocellulose, is the old-
est cellulose derivative, first prepared in 1838 from cotton linters using a nitrating mixure of
nitric and sulfuric acids (Jones, 1938; Sears, 1974). Before the early 192Os, only very high
molecular-weight cellulose nitrate was available, which had limited utiity in lacquers. The
development of stable cellulose nitrate with lower visity after the First World War re-

sulted in fast-diyg lacquer coatings which were used extensively in automobile and furni-

ture production. ln the USA, three tyes of commercially available cellulose nitrates are
distinguished by their nitrogen content and solubilty. Each of these tyes is available in a
variety of visity grades, which are a measure of the polymer chain length (Hamilton &

Early, 1972; Brewer & Bogan, 1984).

Cellulose nitrate lacquers have also been formulated to contain resins, plasticizers, sol-
vents and thinners. The resins that were employed initially with cellulose nitrate lacquers
inc1ude shellac, sandarc, mastic and ester gums, whieh were added in amounts of about two-
thirds of the weight of cellulose nitrate. Plasticizers are usually added at about 10% of the
weight of cellulose nitrate. Camphor, which was first used in the USA in the mid-l80s, was
replaced by castor oil; by the late 192Os, plasticizers such as triphenyl phosphate, tricresyl
phosphate, dibutyl phthalate and butyl tartrate were being used increasingly. The pricipal
solvents used initially with cellulose nitrate included ethyl, butyl and amyl acetates, acetone,
'diacetone alcohol', industrial spirt, ethanol and mixures of alcohol with benzene or tolu-
ene and of alcohol with esters (Heaton, 1928; Hamilton & Early, 1972).

Another cellulose derivative, ethyl cellulose, is made by treating cellulose from woo
pulp or cotton with a solution of soium hydroxide to obtain priariy what is commonly re-
ferred to as 'alkali' or 'soa' cellulose. Further treatment with ethyl chloride under heat and
pressure yields ethyl cellulose, which can be made in different visities. It is widely used in

c1ear, dyed or pigmented lacquers for flexible substrates. Although less often used in paints,
it has been formulated with silcone coatings to prevent pigment settling and sagging (Singer,
1957; Hamilton & Early, 1972).
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Cellulose acetate is a linear high polymer that is obtained by first pretreating cellulose
with a reduced amount of acetie acid to cause a certain amount of swelling, and th en reacting
it with acetic anhydride in the presence of sulfuric acid. Cellulose acetate lacquers are stable
to light and heat and have goo resistance to oils, greases and weak acids (Singer, 1957).

Methylcellulose, carbxyethyl cellulose and hydroxyethyl cellulose are water-so-
lubie polymers that are used as thickeners in latex-based coatings. Cellulose acetate-buty-
rate is used as a resin modifier in automobile lacquérs based on polymethylmethaciylate.

(c) Solvents (see also the monographs on solvents, pp. 43 et seq.)
Solvents are widely used to keep paints in liquid form so that they can be applied easily.

Until the late nineteenth centuiy,turpentine and alcohol were the only solvents of any im-

portance. Since the early 190s, the number of solvents has increased considerably to en-
compass initially a broad range of petroleum and coal-tar distilat es, alcohols, esters, ke-
tones, glycols and halogenated.hydrocrbns and, more recently, sythesized glycol ethers
and esters. A large variety of mixures of these classes is also employed.

Solvents in the turpentine categoiy are derived mainly from the resinous exudations of
various species of pine and other conifers and consist essentially of mixures of various ter-
penes such as a- and ß-pinene (Heaton, 1928).

A petroleum distillate, knownas 'white spirts' (see the monograph on some petroleum
solvents, p. 43), which consists mainly of aliphatic, alicyclic and aromatic hydrocrbns, was
Introduced as a solvent in the paint industiy in 1885. For many years it was regarded as a
cheap adulterant for turpentine but, as its use developed, it attained recognition as a differ-
ent solvent. ln addition to white spirts, several other paint solvents are prepared from pe-
troleum and coal-tars (see IARC, 1985b, 1987j). Coal-tar distilates were the original source
of commercial quantities of solvents such as benzol (a mixure containing mainly benzene,
with smaller amounts of toluene, light hydrocrbns and carbon disulfide), benzene (see
IARC, 1982b, 1987k), toluene, xylene and solvent naphtha (Heaton, 1928).

(d) Additives

Additives are defined as those chemicals that pedorm a special function or impart a
special propert to paint. They are present at low concentrations, generally 0.2-10%, and

include driers, thickeners, anti-skining agents, plasticizers, biocides, sudactants and dis-
persing agents, antifoam agents and catalysts (Krvanek, 1982).

(i) Surfactants

Sudactants, which are classified Into anionic, cationic, amphoteric and nonionic cate-
gories, are used as pigment dispersants in both nonaqueous and aqueous systems. Disper-
sants employed in nonaqueous systems include lecithin, zinc naphthenate, calcium naphthe-
nate, copper oleate and oleic acid. Ionizble disersants that are usually employed in

aqueous coatings include tripotassium polyphosphate, tetrapotassium pyrophosphate, so-
dium salts of aiylalkyl-sulfonic acids and soium salts of carbxylic acids (Lowell, 1984).

ln addition to pigment dispersion, sudactants are used in paints as emulsifg agents,
protective colloids, wetting agents, thickeners and antifoaming agents. A number of water-
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soluble resins and gums have been used as protective colloids or thickeners in emulsion
paints. Water-soluble hydrophilc colloids include agents such as gum arabic, gum traga-

canth, starch, soium alginate, methyl cellulose, hydroxyethyl cellulose, polyvyl alcohol,
ammonium caseinate and soium polyaciylate. The aciylate salts, casein and cellulosics,
have been widely used in aciylic paints, while the major thiekeners for styene-butadiene
paints have been alkali-soluble proteins (soya bean proteins). Methyl cellulose and hydroxy-
ethyl cellulose are common thickeners for polyvinyl acetate paints (Martens, 196).

Noncellulosic thickeners used in latex paints include maleic anhydride copolymers,
minerai filers, such as colloidal attapulgite (see IARC, 19871,m) and treated magnesium
montmorilonite clays, natural products (e.g., alginic acid, casein and soya bean protein),
polyaciylamides, polyaciylic acid salts and acid-cntaining cross-linked aciylic emulsion co-
polymers (Connollyet al., 1986).

A recent partiallist of sudactants employed in water-borne paints includes aluminium
stearate, cellulose ethers, polydimethyl siloxanes, polyethylene, alkali metal phosphates and
sodium dioctyl sulfosuccinate (Hansen et al, 1987).

A variety of other sudace-active agents are added to paints to control flow, levelling,
sagging, settling and viscsity, including hydrogenated castor oils, lecithin, metallc soaps
(e.g., linoleates, palmitates and stearates), treated montmorilonite clays, peptized oil gels,
polyolesters, silcas and soap solutions (Connolly et al., 1986).

(ü) Driers

Driers (sicctives) that have been used in water-borne paints containing unsaturated
polymers (e.g., alkyds) to accelerate curig are pricipally metal salts (lead, calcium, cobalt,
manganese, zirconium, barium, zinc and cerium-Ianthanum) of naphthenic acid, tall oil acid,
2-ethylhexanolic acid and neodecanoie acid, generally at levels ranging from 0.3 to 0.8%
(w/w; Hansen et al., 1987). Cobalt-based driers are the most commonly used commercially
and are active catalysts in both air diyg and heat cure systems. Manganese is another major
active drier. Other metal driers serve as auxiaiy driers and are usually used in combination
with cobalt and manganese. Lead (see IARC, 1980a, 1987n) driers were at one time the ma-
jor auxiaiy driers; however, legislation limiting the amount of lead that can be used in sur-

face coatings has resulted in a sharply reduced use. The most suitable replacements for lead
appear to be zirconium, calcium and cobalt-zirconium compounds (Connollyet al., 1986). ln
addition, 1,IO-phenanthroline has been employed at levels of 0.02% (w/w; Hansen et al.,
1987).

(ii) Plasicizers

The early use of plasticizers is ilustrated by the incorpration of castor oil and glycerie
into alcoholic spirt varnishes and of camphor into spirt varnishes and lacquers, as well as
into cellulose ester enamels and lacquers in the late nineteenth and early twentieth centu-
ries (Heaton, 1928). ln 1912, triphenyl phosphate began to replace camphor for the plastici-
zation of cellulose nitrate; later, tricresyl phosphate was used. The use of plasticizers was
generally expanded by the mid 1920s with the introduction of di(2-ethylhexyl)phthalate (see

IAC, 1982c) and dibutylphthalate in the mid-1930s (Sears, 1974).
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Plasticizers that are generally added in quantities of up to about 2% include dibutyl-,
diethyl-, diethylhexyl- and dioctylphthalates and, to a lesser extent, the low molecular-
weight esters of adipic and sebacic acid, tributyl phosphate and castor oil. Polyester resins,
including maleic residues, sulfonamides, triorthocresyl phosphate and chloriated diphe-
nyls, have been used ocsionally (Pper, 1965; Krvanek, 1982).

(iv) Biocides (fngicides, preservatives and lmildewcides ')

Biocides are generally added to paint at low concentrations -less than 1% - for preser-
vation in the tin. Each biocide formulation can con tain several agents.

The function of a preservative is to retard the enzyatic degradation of cellulosie and
other thiekeners in latex paints in the tin. The function of a mildewcide is to retard the
growth of fungi on applied exterior latex and solvent-based paints. These compounds are
often the same, but are used in different quantities. Much less preservative is needed to
preserve a latex paint than the amount of mildewcide required to retard mildew growth on an
exterior paint (Connollyet al., 1986).

Phenylmercuiy compounds (e.g., acetate, propionate, benzoate, dodecyl succinate and
oleate) were previously used extensivelyas mildewcides. Although mercuric compounds are
no longer employed in solvent-based paints in the USA becuse of legislative restrictions,
they are stil permitted in water-based paints. Biocides that have been employed include
tributyltin oxide, chlorothalonil (see IARC, 1983a), 1,2-benzisthiaolin-3-one, carbenda-
zim, benzyl alcohol mono(ply) hemiformal, 1-(3-chloroallyl)-tetra-aza-adamantane hy-
drochloride, 5-chloro-2-methyl-4-isothiazolin-3-one, dodecyl dimethylammonium chlo-
ride, 5,8, Il, 13, 16, 19-hexaoxatricosane, 3-iodopropynyl butyl carbamate, 2-methyl-4-iso-
thiazoline-3-one, formaldehyde, soium nit rite and soium benzoate (Connollyet al., 1986;
Hansen et al., 1987).

(v) Antiskinnng agents

Antiskining agents are added to paints to retard the formation of ski on the surface
of the liquid coating, in either closed or open tins, without retarding the drg of the prod-
uct. The pricipal antiskining agents are oximes or phenol derivatives; the major oxie
used is methyl ethyl ketoxie. Smaller quantities of butyldoxie and cyclohexanone ox-
ime are used. The phenol derivatives used are mainly methoxyhenol, ortho-aminophenol
and polyhydroxyhenoL. Minor quantities of cresols, guaiacol, hydroquinone (see IARC,
1977a), isobutoxysarol and lignocl have also been used as antiskining agents (Connollyet
al., 1986).

(vi) Miscellanous additives
Other additives are employed in paints, including polymerition initiators such as ben-

zoyl peroxide (see IARC, 1985c) and azobisutyonitrie; antioxidants snch as hydroqui-

nones, phenols and oxies; ultraviolet light absorbers, luminescent and fluorescnt materi-
ais and heat stabilizers (Connollyet al., 1986).
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1.2 History of the manufacture of paints and related products

(a) History ofpaint manufacture

The histoiy of paints and other related products has been reviewed (Heaton, 1928;
Jones, 1938; Singer, 1957; Martens, 196).

Paint has existed from the earliest times - literally from the beginning of histoiy. Wa-
ter-based paint was used for pictorial and decorative purpses in caves in France and Spain
as early as 30 0015 00 BC. The earliest efforts of cavemen were expressed by daubing
coloured mud on the walls of their caves. The addition of crushed berres, bloo, milk, eggs,
dandelion or milkweed sap and other natural materils, such as chalk, earth colours, char-
coal and ashes, to early paints improved both adhesion and utility.

The earliest pigments were natural ores. By 60 BC, calcined (fired) mixures of inor-
ganic components and organic pigments were employed in China. By 150 BC, the Egy-
tians were using dyes such as indigo and madder to prepare blue and red pigments, and by
100 BC they had developed a varnish from gum arabie that contnbuted to the permanence
of their art. Although paint and varnish have existed since earliest times, it was not until the
1700s that commercial manufacture of paints began in Europe and the USA. The early man-
ufacturers of paint ground their pigments on a stone table with a round stone.

Whitewash, which is essentially water-slaked lime, was used durig the early histoiy of
many countries. Various materials, such as Portland cement, were added to improve the ma-
terial and it gradually evolved into the present-day cement paints. Skimed milk and, later,
casein were added to improve adhesion and durability. The addition of pigments, whiting
and clay and, finally, the replacement of lime traced the evolution from whitewash to casein
paint. Diyg oils were later added to casein paints to improve water resistance. Casein
paints were continually improved and, by the 1930s, they contained highly refractive index
pigments simIlar to those used in oil paints.

ln the late 180s, grinding and mixing machines were developed to enable manufactur-
ers to produce large volumes of paint. However, it was not unti the twentieth centuiy, dur-

ing the period from the mid-1920s to prior to the Second World War, when improvements in
paint technology began to parallel more closely advances in chemistry, that paint became
sophisticated with regard to the process of manufacture, its use and the methods of its appli-
cation. The development of highly efficient paint-making equipment and an expanding
scpe of areas of utility, e.g., automobile, marine and architectural areas, contributed to
these advances. Paint technology advanced most rapidly in countries where industrializtion

developed fastest, i.e., in western Europe and the USA, the greatest advances ocurrg af-
ter the Second World War (Brunner, 1978).

For centuries, it was common practice for painters to prepare their own products from
pigments and oils (pricipally linseed oil). Little 'ready-mixed' paint was available until just
before the beginning of the twentieth centuiy, when a large number of factories were estab-
lished, pricipally in Europe and the USA (Brunner, 1978).

Mixg was originally conducted in an apparatus known as a 'pug mill, the general con-
struction of which was a cylinder fitted with a vertical shaft carig arms. U ntil the introduc-
tion of machineiy, griding was generally accmplished by rubbing down the mixed paint
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with a large 'muller' of glass or granite on a slab of similar materiL. Cone mils were later
employed which were made in various sizes - small ones for hand use and larger sizes for
factoiy use. Griding machineiy was introduced into paint manufacture in Europe around
the late 1870s and developed enormously in design and efficiency durig the twentieth cen-

tuiy. Two- and, later, three-roller griding mils were first introduced which greatly en-

hanced the speed and efficiency of griding. Multiple-roll mils, e.g., four and five as weU as

combinat ions of edge-runner, horiontal mixers and roller mils, were aU used in the 1920
for paint production and were employed until the advent of more modem plant methods.
The conversion of paste paints to the liquid or 'ready-mixed' condition required a step called
'thinning' or the addition of a thinning vehicle. Vertical mixers were used for this purpse
(Heaton, 1928).

(b) History of lacquer manfacture

The use of lacquer dates from about 50 BC when the Chinese and Japanese used the
sap of the tree, Rhs verncefera, to prepare lacquer for the ornamentation of woos and met-
ais (Singer, 1957).

ln the early manufacturig processes of the late eighteenth and early nineteenth cen-
turies, the most frequent method of mixg the components of lacquers was by use of a slowly
revolvig churn that contained baffles. ln older works, these were merely wooen barrels,
but later they were specially designed and made of aluminium, since other metals are likely
to affect the colour of clear lacquers due to the acidity of the solvents or resins used. At
larger installations, a method that involved lifting up a container by means of a special lifting
carrage to a batteiy of paddle stirers was also used. After completion of dissolution, the
container was covered and lifted by crane to its storage bench as standardized lacquers or
stock solutions for further mixg (Heaton, 1928; Jones, 1938).

(c) History ofvamsh manfacture

The use of oil varnishes and resins was already well understoo at the time of Theophi-
lus the monk, who wrote about them in the eleventh centuiy. The preparation of a diyg oil

by treating linseed oil with lime and litharge was described at an even earlier date by Eraclius
in the ninth centuiy (Barr, 1939). The travels of Marco Polo and the disveiy of the New
World brought a great variety of exotic gums and resins to Europe.

Towards the end of the eighteenth centuiy, paints and varnishes were based on natural
resins, e.g., copal and amber, and vegetable oils, e.g., linseed, walnut, hempseed and poppy
seed oils. By the nineteenth centuiy, fossil and semi-fossil gums replaced amber, which was
by then scarce and expensive. These pricipal substitut es included gum arabic, gum elastic,
copal, mastic and shellac (Singer, 1957). Early in the twentieth centuiy, the first practical
phenol-formaldehyde resins were developed. Research over the following two decades pro-
vided the basis for greatly improved varnishes.

Varnishes can be divided into three main tyes - oil, spirt or alcohol and water - of
which the oil varnishes are the most important, such that the term 'vamish' generally implies
oil varnish. The manufacture of oil varnishes involves the followig operations: (i) 'gum run-
ning' or melting the resin; (n) boiling the oil and mixg with the melted 'gum'; (ii) boiling the
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varnish; (iv) introducting driers; (v) thinning the varnish; and (vi) maturig the varnish (Hea-
ton, 1928).

1.3 Construction painting and paint products used

Paints that are used on architectural structures (indoor and outdoor sudaces) are com-
pried of priers or undercoats for walls and woowork and mat, semigloss or gloss fiiishing

coats. The priers and finishing coats differ priariy in pigmentlvehicle balance and in

additives and vehicle tye. Prers (usually called 'priers/sealers') are used to se al the
varible porosity of the substrate (e.g., woo) and to adhere to the substrate and to subse-
quent coats of paints. For most architectural uses, an alkyd-based prier/sealer is used

(Schurr, 1981).

(a) Exenor house paints

Ca sein paints, which have been used sin ce the mid-l80s, were continually improved

so that, by the 1930s, they contained high-refractive index pigments. Later, a diyg oil was
added to casein to produce an emulsion paint (Martens, 196). Traditionally, linseed oil and
oleoresinous vehicles have accunted for the bulk of architectural (house) paints. Several
other oils have been used, but to a much lesser degree than linseed oil, and often in conjunc-
tion with linseed oil. The more important have been tung oil, perila oil, soya bean oil, fish
oils, saflower oil and dehydrated castor oil. Modern oil-based house paints generally con-
tain combinations of untreated diyg oil (unboied oil) and diyg oil treated (polymerized)

so that its viscosity is increased (bied oil) (Schurr, 1974).
A wide variety of thinners and sol vents has been employed traditionally - pricipally

turpentine, white spirts, benzene and solve nt naphtha. Thrpentine was the accepted thinner
until the 1930s, at which time white spirts were introduced for reasons of cost and odour
(Schurr, 1974).

The classie house paint consisted of ",80% basie lead carbonate - white lead - and i 1 %
raw or boiled linseed oil which contained a small amount of drier in the form of metallc
soaps. The paint was thinned with additional oil for application. Gradually, other prier

pigments and inert filers were introduced into the basic lead-in-oil formula. These in-
cluded zinc oxide, leaded zinc oxide, lithopone and, finally, titanium dioxide (see mono-
graph, p. 307). The use of lead pigments has been increasingly curtailed because of legisla-
tion (Schurr, 1974, 1981).

ln the late 1930s and 1940s, alkyd paints were gradually introduced, particularly in the

dark colours, with a marked improvement in properties such as colour and gloss retention.
ln the 1960s, white alkyd house paints without lead pigments were marketed by a few paint
companies; they usually contained phenylmercuiy oleate and other arylmercuiy derivatives
as, fungicides. By the 1970s, alkyd house paints were replacing oil house paints, the faster
diyg time of the alkyds being obtained with cobalt and calcium soaps.

Around 1957, the first exterior water-based house paints were introduced. Most of
these were based on aciylic-tye latexes, and the paint had excellent colour retention on
exterior exposure. Since that time, water-soluble and emulsified linseed oil house paints
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have been marketed which combine the advantage of an oil paint and a water-tye paint in
one product (Martens, 196). Because of ease of application, cleaning abilty with soap and
water and goo service, latex paints comprise most of the exterior paint market. Among the
more common latexes are the aciylics, polyvylacetate-dibutylmaleate copolymers, ethy-
lene copolymers and aciylate copolymers (Schurr, 1974). Thble Ilists the ingredients of tyi-
cal white hou se paints with oil and latex binders (Fisher, 1987).

Table 1. Examples of formulations of white bouse paints
from the 1980s"

1Y of paint and ingredients Weight (%)

Oil-based
TItanium dioxide (anatase) L
TItanium dioxide (rutile)
Zinc oxide (acicular)
Water-ground mica

Magnesium silicate
Refined linseed oil
BOied linseed oil
Lead and manganese soap solution
Mineral spirits

Acrylic late
TItanium dioxide (rutile)
TItanium dioxide (anatase)
Water-ground mica

Magnesium silcate
Calcium carbonate

Acrylic latex
Water
Cellulosic thickener
Nonionic emulsifier
Alkyl-aryl sunactant
Commercial defoamer
Ethylene glycol
Ammonium hydroxide
Organic mercurial fungicide
Pine oH

12.7

19.8
6.2

23.2
23.4

7.8
1.3
5.7

20.2
0.8
2.5
8.4
6.9

41.9
7.0
8.0
0.9
0.2
0.2
2.1
0.2
0.2
0.6

tlrom Fisher (1987)

The main categories of organic pigments used in interior and exterior construction or
architectural paints include phthalocánine and monoaw dyes (Volk & Abriss, 1976).

(b) Interior pants

Until the early 193Os, the vehicles employed in interior paints were based on oils

treated to increase viscsity (bied oils) and heat-treated oils, usually combined with rosin,
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ester gum or other natural gums. Most solvent-tye paints for interior use contain some oil
and diy by oxidation. Oils that have been used in interior compositions include bleached
linseed oil, dehydrated castor oil, soya bean oil, tung oil and oiticica oil. The pricipal pig-
ments used for interior white paints are titanium dioxide, zinc oxide and various carbnate
and siliceous exteiiders which are used to control pigment volume and gloss. From about
1927, with the development of alkyd resins, a variety of architectural enamels for interior and
exterior use was based on these résins. However, the bulk of enamels produced for interior
use contained oil treated to increase viscsity (bied oil) and/or varnish as the binder until
after 1945 (Volk & Abriss, 1976).

Early water-based interior paints were alkyd-resin emulsions stabilized with large
amounts of casein and other stabilizers. The alkyds used were generally long-oil vehicles
and the paints generally had por emulsion stabilty. Three tyes of latex polymers are used
most commonly in the manufacture of latex paints: styene-butadiene tyes, polyvyl ace-

tate tyes and acilies. Copolymer blends of styene and aciylate have also been employed,

combining the most durable features of each monomer into a single polymer (Volk & Abriss,
1976).

After the Second World War, the excess capacity for manufacturig styene-butadiene
rubber (see IARC, 1979d) was adapted to make styene-butadiene latexes that could be used
in paint. These water-based latexes appeared in the USA around 1948 in interior wall fi-
nishes (Martens, 196; Schurr, 1981). Although polyvyl acetate latexes have been in exi-
tence since the late 1930s, they were used as adhesives rather than in paints until after the
Second World War (Volk & Abriss, 1976).

The general categories of extender pigments that are used in latex paints include clays,
calcium carbnates, silicates, diatomaceous earths, silicas, baryes and talcs (see IARC,
1987a,b,c,d). Along with latex, sudactants, pigments and several other additives are usually
incorprated into the formulation to obtain a stable and satisfactoiyproduct, including thick-
eners, defoaming agents, freeze-thaw stabilizers, coalescents and pH adjusters. Although
natural thickeners, such as casein, were formerly used, their use has decreased appreciably in
recent years. The thickeners employed most commonly are cellulosics - pricipally hydroxy-
ethyl cellulose and methyl cellulose - polyacilates, polyacilamide, polyvyl alcohols and
many others. Ethylene and propylene glycols serve as freeze-thaw stabilizers. Coalescents
are additives designed to optimize the coalescence of latex particles (Volk & Abriss, 1976)
and include hexylene glycol, butyl cellosolve and butyl carbitoL.

(c) Masonr pants

Casein-based paints applied to masoniy and plaster surfaces were used in early con-
struction work. These paints usualy contained about 10% casein with sorne lime to insolubi-
lize the casein after application (Martens, 196). Latex-based priers/sealers are now often
used for masoniy sudaces. The latex vehicle is generaly more resistant to alkali and permits
evaporation of water from masoniy sudaces without disruption of the film. Both alkyd and
latex vehicles adequately seal porous surfaces (Schurr, 1981). Also, oil paints and styene-
butadiene copolymer, polyvyl acetate emulsion, resin-emulsion and chloriated rubber

paints have all been used extensively on masoniy surfaces.



346 IAC MONOGRAHS VOLUME 47

Concrete floor coatings must possess goo water resistance and adhesion over damp
sudaces. Powdeiy concrete is first covered with a solvent prier. A satisfactoiy floor paint
can be formulated using a styene-butadiene latex fortifed with an epoxy ester (Martens,
1964). Two examples of concrete floor enamels are presented in Thble 2. Aciylic emulsion
paints are widely used outdoors on concrete, stucc and cinder block because of their dura-
bility, adhesion and flexibilty (Allyn, 1971).

Table 2. Examples of formulations of grey concrete ßoor
enamels from the 1950s4

1Y of paint and ingredients Weight (%)b

Polystyene-butaiene-based
TItanium dioxide (rutile)
Lampblack
Organic ester
Polystyene-butadiene copolyer resin
Raw Iins oil
40% Chlorinated paraffins

High-flash naphtha
White spirits

Chlorited rubber-based

TItanium dioxide (rutile)
Lampblack
Organic ester
Chlorinated rubber
40% Chlorinated paraffins
Thermolyd tung oil
Alkyd resin
Soya lecithin
Dipentene
High-flash naphtha
Aromatic high-solvency petroleum solvent
White spirits
Antiskinning agent

17.6
0.5
0.2

27.0
1.9

4.7
25.0
24.4

17.2
0.5
0.3

13.8

3.2
3.5

7.8
0.4
7.5

14.1
24.6
6.4
0.1

aprom Singer (1957)
lilculated by the Working Group

AIthough cement paints are used on all tys of masoniy, they tend to be brittle and to

'powder off'. Cement paint tyically contains white Portland cement, gysum, cacium chlo-
ride and hydrated lime added to water. Fortified cements have been prepared using latexes
such as styene-butadiene, polyvyl acetate and acilic esters added to Portland cement in
amounts ranging from 10 to 40% latex on a solid basis (Martens, 196).
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(d) Waterproofingpants

These paints are applied on the outside of unpainted concrete, brick, stucc, etc., and
have been formulated in a variety of ways to include components such as wax, aluminium
stearate and silcone resins. The earliest, simplest waterproofing formulations were of the
wax tye and consisted of paraffin wax, raw chinawoo oil and white spirts. Stearate formu-

lations consisted of aluminium stearate in white spirts, with ocsional addition of paraffin
wax. A significant advance in the manufacture of waterproofing paints in the mid-1950s in-
volved the use of silcone resins. A tyical formulation of silcone waterproofing con tains
silcone resin and xylene. Another commonly used product contains special silicones, such as
sodium methyl silconate, in aqueous solution (Singer, 1957).

1.4 Sunace coating in the wood industry and products used

Shellac and other gums or resins, such as elemi, sandarac, manila and benzoin, dis-
solved in alcohol or spirts of wine were introduced by the French in the seventeenth centuiy
and have been used for a long time in Europe for finishing woo grain and for their quick-
diyg properties. By the beginning of the eighteenth centuiy, use of varnishes on furniture

increased rapidly, particularly in France and England, although the manufacture of var-
nishes was stil incidental to the work of painters, decorators and gilders. By the mid- and
late eighteenth centuiy, varnishing offurniture was well established in Europe (Jones, 1938;
Barr, 1939).

Four properties are considered to be essential in furniture varnish: quick, hard, tough
diyg (3-4 h); goo sanding and polishing properties; goo resistance to water, acids, alkalis,
etc.; and goo heat resistance (Singer, 1957). Thble 3 gives the formulation of a best-grade
furniture varnish used in the 195Os.

Table 3. Formulation o( a (umiture coating (rom the 1950sa

1J of product and ingredients Weight (%)b

Phenolic resin-based fumiture vamish

para-Phenyl phenol, pure phenolic resin
Modified phenolic resin, hard-oil ty

China woo oil
Dehydrated castor oil
Xylene
White spirits
Cobalt naphthenate
Lead naphthenate
Antiskinning agent

16.5
11.0
17.3
4.4

16.5
35.8
0.3
0.7
0.3

Ilrom Singer (1957)

lialculated by the Working Group

Four categories of woo stains were employed in the late nineteenth and early twen-
tieth centuries: (i) water stains which consisted of water-soluble dyes or colourig agents
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(e.g., potassium permanganate, potassium bichromate, pigments such as Venetian Brown,
Bismark Brown); (ii) oil stains (e.g., brownish resins, bitumens, asphalts or pitches in white
spirts, or petroleum tinted with oil-soluble dyes); (ii) naphtha stains, whieh consisted of
naphtha-soluble dyes dissolved in coal-tar naphtha and containing a little resin such as cou-
marone or ester gum as a binder; (iv) and spirt varnish stains which consisted of methylated
spirt-soluble dyes with a little alcohol-soluble gum and usually contained manila as a binder
(Jones, 1938).

The range of organic dyes that are found in woo stains (see IARC, 1981) include rosa-
niline (magenta; see IARC, 1974b), nitrosine, indigo, amaranths, carmoisine (see IARC,
1975), croceine, rhodamine (see IARC, 1978a) and several CI solvent and acid dyes (Kva-
nek, 1982).

Finishing operations for woo include staining, wash coating, filing (if necessaiy), seal-
ing, sanding, application of one or two lustre coats and polishig. 1\o tyes of oil stains-

soluble and suspended pigment tye - impart the desired colour to woo. Woo stains are
dissolved in a vehicle that enables the stain to soak into the woo rather than stick to its sur-
face as a fim. After the staining operation, a clear, thin coat of lacquer is often applied be-
fore application of a filer, which is called a 'wash coat'; it stiffens the protruding fine woo
fibres and can be reffoved by light sanding. ln some procedures, filer is used to fil the de-
pressions before the sealer and finish coats are applied. These finishes are cured by solvent
evaporation; finish coats usually contain cellulose nitrate (Lwell, 1984). Some tyical sand-
ing sealer formulations that have been used contain cellulose nitrate in ethanol, zinc stea-
rate paste, maleie resin solution, castor oil, butyl and ethyl acetates, toluene and petroleum
lacquer diluent (Singer, 1957).

Oil stains based on linseed oil and tung oil have been used in the finishing of furniture,
since they protect against staining without leavig an apparent film on the sudace. Var-
nishes based on urethane oils rather than oil resins are being used increasingly (Wicks, 1984).

Formulations of paint utilized for furniture are pricipally dependent on the end-use.
N urseiy furniture, for example, requires extremely hard, tough coatings containing non-tox-
ic pigments. A wide variety of coatings has been used on furniture, including low-bake fi-
nishes based on urea-formaldehyde resins, polyurethane paints based on diphenylmethane
diisocanate and hexamethylene diisoanate, and lacquers composed of ethyl cellulose or
cellulose acetate butyate combined with aciylic resins (Singer, 1957; Lowell, 1984).

1.5 Painting in the metal industry and paint products used

(a) Metal primers. finish coats an corrosion inhbition pants

Since iron and steel rust in time when in contact with moisture and oxygen, many prod-
ucts made with the se metals are coated with rustproof priers and finish coats (Schurr,
1974).

Priers are vehicle-rich coatings intended for application as foundation and adhesion-

promoting coats. Metal priers are used to form a fir adhesive bond with the sudace and

also serve as an impermeable barrer between the envionment and metal sudace. Wh en
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active rust preventionis essential, rust-inhibitive pigments that retard oxidation chemically
are used.

Although there are many formulae for structural steel priers, red lead (P304; see

IARC, 198O) in a linseed oil vehicle has been used for a long time. Other formulations of
red lead include combinations with alkyd resins and with red iron pigment. A tyical red
lead-iron oxide prier formulation is shown in Thble 4. Zinc chromate (zinc yellow; a double

salt of zinc and potassium and chromic acid) was introduced durig the Second World War
and is stil used extensively. It is usually formulated as the basie pigment with an alkyd resin
or linseed oil. Less zinc chromate is required to give the same protection as red lead, and zinc
chromate is often combined with red iron oxide (Singer, 1957).

Because of restrictions on the use of lead and chromates, the pigments favoured in in-
dustril maintenance coatings are now mainly zinc metal, zinc oxide, molybates and phos-
phates (Schurr, 1981).

Finish coats cover the metal prier and seal il. Some metal products are covered by

enamels which contain alkyd resins and diy by oxidation. The most durable coatings avaIl-
able are generally used on machineiy and other industrial equipment and are based on epoxy
or polyurethane resins which are cured by chemical reaction. Typical formulations are shown
in Thble 4.

(b) Marne pants

Paints for sudaces that are continuously immersed in seawater must be formulated
with antifouling properties to resist the growth of marie fauna. Diverse species of hard and
soft fauna which require a permanent anchorage in order to mature and reproduce form
colonies on hulls.

The Phoenicians used copper on the hulls of their ships more than 300 years ago. Dur-
ing the early nineteenth centuiy, compounds (generally oxides) of copper, tin, lead, mercuiy
and arsenic (see IARC, 198O, 19870) were the biocides used in antifouling paints, since these
agents are effective against the broad range of organisms encountered in the marie envi-
ronmenl. Biocides based on lead, mercuiy and arsenic are now prohibited from use in many
countries (Brunner, 1978; Brady et al., 1987).

Antifouling coatings based on derivatives of triphenyl or tributyl tin have been intro-
duced durig the past 15-20 years. ln some coatings, an organotin compound, such as the
acetate, chloride, fIuoride or oxide, is simply mixed into the formulation. These coatings are
known as 'free-assoiation' coatings and are characteried bya leach rate of organotin which
is quite high when the coating is new but rapidly diminishes until it is insufficient to prevent
fouling. A more useful formulation is obtained when the organotin in 'copolymer' coatings is
covalently bound to the resin of the coating and is released when the bond hydrolyses in sea-
water. Since organotin compounds do not prevent accumulation of algae on hulls, some
commercial organotin coatings contain a small amount of cuprous oxide to control algae and
grasses (Brady et al., 1987).
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Table 4. Examples of formulations of metal paints

1Y of paint and ingredients Weight (%)

Red lead-iron oxide primer (from 1950s)a

Stearated processd clay antisetting agent
Red lead (97%)
Red iron oxide (85% Fe203 min)
Magnesium silicate
Mica, white, water-ground
Nkyd
White spirits
Cobalt naphthenate (6%)
Lead naphthenate (24%)
Antiskinning agent

White epoxy powder paint (from 1980s)b

Epoxy resin (1400 D)
Dicyanamide curing agent
2-Methylimidazole (accelerator)
Calcium carbonate (extender)
Titanium dioxide (pigment)
Aciylic polymer flow additive

Water-based white epoxy enamel (from 1970s)c

Epoxy resin emulsion (50% solids)
Polyamide resin cunng agent (65% nonvolatiles)
Titanium dioxide
Hydroxyethyl cellulos

Water

0.3
28.2
7.0

14.1
3.5

27.9
18.3
0.1
0.4
0.1

60
4
1

15
15

1

28.3
20.0
22.2
0.1

29.4

White polyurethane enamel (from 1980s)d

Hydroxyl-functional resin (solids)
Dibutyl tin dilaurate (catalyst)
Titanium dioxide (pigment)
Aromatic hydrocrbons
Propylene glycol monomethyl ether acetate
Polyisoanate resin (solids)
Butyl acetate

Ethyl acetate

21.0
-=0.1
19.0
6.0

29.0
8.0
1.0

17.0

aprom Singer (1957); weight calculated by the Working Group
bprom Peltonen (1986); two-component product
Cfrom Nlen (1972); two-component product
áprom Dupont (1988); two-component product
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Most commercial antifouling paints contain a viyl binder, although products with oth-
er binders are also available. Rosin or sorne other leaching agent is generally added to cu-
prous oxide formulations to permit its controlled release into seawater, where it is lethal to
fouling larva forms. More recent developments in antifouling methods have involved use of
a sheet material of black neoprene rubber impregnated with tributyl tin (Drisko, 1985). An
antifouling coating used extensively by the the US Navy consists of cuprous oxide dispersed
in a mixure of natural rosin and a viyl chloride-viyl acetate copolymer (Brady et al., 1987).

More recent strategies have focused on nontoxic alternatives to antifouling paints.
These include the use of fluoropolyurethane foulant-release coatings. One such formula-
tion consisted of Desmodur-N-75 (an aliphatic polyianate), polytetrafuoroethylene

(38% by volume; see IARC, 1979c), titanium dioxide (see monograph, p. 307) and solvent
(Brady et al., 1987).

(c) Automobile coatingr

The development of low-visity cellulose nitrate lacquers in the early 1920s revolu-
tionized the painting of automobiles. AIthough these lacquers did not flow well and required
an expensive buffing operation to obtain an acceptable gloss, their fast-diyg characteristics

permitted production line assembly and painting of automobiles for the first time (Lowell,
1984).

Cellulose nitrate lacquers were followed by the introduction of alkyd enamels to the
automobile industiy in the early 19308. These compositions were usually modified with small
amounts of amino resins to provide harder, more thoroughly cross-linked films. These were
followed by the adoption of thermosetting aciylic enamels in which alkyds were replaced by
aciylic copolymers containing hydroxyl groups which could stil react with melamine modifi-
ers (Lowell, 1984).

ln the late 1950s, lacquers of greatly improved durabilty and gloss, based on polyme-
thylmethylaciylate or thermosetting aciylic enamels, were adopted by the automobile indus-
tiy (Lwell, 1984).

Today, many new polymers, including maleic resins, amino resins (urea-formaldehyde
and melamine-formaldehyde polymers), silcones, epoxides, polyesters and polyurethanes
form the basis of highly diverse coating systems. ln addition, nonaqueous dispersion lac-
quers and aciylic enamels have been developed. Steel used in automobiles is pretreated with
a conversion coating (phosphating or bonderiing) to improve corrosion resistance and adhe-
sion. ln the traditional procedure, which is stil employed to sorne extent, the solvent-borne
prier was sprayed onto the automobile bo shell followed by a sudacer which could be
sanded. The prier and sudacer were often combined into a siigle adhesive formulation
which could be sanded. The vehicles of prier-sudacers were combinations of oxidizing
alkyd, epoxy and amino-formaldehyde resins, alkyd- and rosin-modified phenolic resins and
others. Applications of the colour coats followed applications of the prier-sudacer combi-
nations (Lwell, 1984).

Solvent-borne priers have been almost completely replaced by water-borne electro-

deposited priers. The original anodic tye has been largely replace by the cathodic tye

which is superior in corrosion protection. The binders for cathodic deposition are tyically
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acid salts of amino-treated epoxy. The formulations contain polyepoxides or blocked poly-
isocanates which cross-link the coating when it is baked. Prior to application of the top coat,
a coat of solvent or water-borne epoxyester prier-sudacer is applied (Lowell, 1984).

Veiy solid top coats are being used increasingly, th us eliminating lacquer-tye formula-
tions. Versions of conventional thermosetting aciylic enamels that can be applied in about
40-50% volume solids are nowavailable (Lowell, 1984).

A broad range of organie pigments is employed in automotive finishes. These include
Hansa yellows (prepared from chloro- and nitroanilines and acetoanildes), diaiylide yellow,
nickel azoyellow (nickel (see IARC, 1976c, 1987p) chelate of diaotized 4-chloroaniline and

2,4-dihydroxy quinoline), lithol reds (precipitated am pigments compried of a family of the
sodium, barium, calcium and strontium salts of the coupling product from diazotized
2-naphthylamine-1-sulfonie acid and 2-naphthol), yellow BON -maroon (manganese salt of
the coupling product of diazotized 4-hloroanthranilc acid with 3-hydroxy-2-naphthoic
acid), and naphthol reds and maroons (monoazo pigments such as the copper precipitation
product from the coupling of diazotized 4-nitroanthranilic acid with Naphthanil RC). Other
classes of nonazo organic pigments that have been employed in automotive finishes include
quinacridones, thioindigos, periones (diiides of naphthalene-l,4,5,8-tetracarbxylic

acid), peiylenes (diimides of perylene-3,4,9,10-tetracarbxylic acid) and anthraquinones
(Fytelson, 1982).

Thble 5 gives a tyical formulation of a lacquer for automobile finishing.

Table 5. Formulation of an automobile paint from the 1970s"

iy of paint and ingredients Weight (%)
Blue metallic lacquerAciylic resin 41.8

Methyl methaciylate (93%)
Butyl aciylate (7%), compriing 40% nonvolatiles in tolueneCellulos acetate butyate 4.4Plasticizr 8.2
Aluminium pigment (65%) 1.8
Phthalocanine blue pigment dispersion 1.4Acetone 10.5Methyl ethyl ketone 10.0Xylene 4.0
Ethylene glycol monoethyl ether acetate 13.0
Mixed methyl esters of adipic and glutaric acid 4.9

llrom Willams (1977)

(d) Aluminium pants

AIuminium paints sold today in ready-mixed form are used as protective coatings on
iron and steel, aluminium, magnesium and other metals, providing high resistance to mois-
ture penetration and heat and a high reflectance for ultraviolet radiation. These paints con-
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tain aluminium pigment in finely divided form and are formulated in two tyes - non-Ieafing

and leafing. The former consists of aluminium ground to a powder that is dispersed in ve-
hieles to give a metallc-grey finish. 'Leaing' is a phenomenon in which finely divided alu-
minium flakes rise to the sudace and form a continuous metallc finish consisting of inter-
meshing aluminium flakes (Singer, 1957).

(e) Coi! coatingy

One of the most rapidly growig areas of industrial coating is coil coating. The coll
stock consists of enormous rolls of thin-gauge steel or aluminium, which are coated at steel
mils, aluminium mils or by specially equipped contractors. The coils are unwound, coated
on high-speed roller coat ers, heat cured and rewound. Binder compositions include alkyd-
amino-formaldehyde combinations, viyl chloride-viyl acetate copolymers (see IARC,

1979a,b) and thermosetting aciylics, often modified with small amounts of epoxy, which pro-
duce coatings that are flexible, durable and adhesive. ln the coil coating industiy, solvent
vapours are often collected and disposed of by incineration (Lwell, 1984).

1.6 Other painting trades and paint products

(a) Traffc paints

The major requirements for traffic (road) paints are fast and hard diyg. The paints
that are generally used contain a high pigment volume, fast-diyg vehicles, such asresin
combinations with low oil content or oil-free sythetic resins, and low-boiling solvents (e.g.,
petroleum fractions with distilation ranges of l00-15O°C). Solutions of plasticized chlori-
nated rubber made of styene-butadiene copolymers (containing an aromatic hydrocibn
solvent to main tain solubilty) have been used. Glass spheres are added to formulations of
reflecting paints (Lowell, 1984).

Conventional alkyd formulations (including both straight alkyd and alkyd/chloriated
rubber tyes) stil accunt for most of the traffic paints used in the USA. However, there has
been a significant increase in the use of more durable pavement markig materials, snch as
two-component polyester and epoxy systems and one-cmponent hot extruded thermoplas-

tic types (Connolly et al., 1986).
Although traffic paints can be made in any colour, the most widely used are white (tita-

nium oxide) and yellow (chrome yellow; Connolly et aL., 1986).

(b) Fíre-retardant pants

Fire-retardant or intumescent paints, when applied to woo or other combustable sur-
faces, retard the spread of fire by foaming at elevated (but less than charrg) temperatures.
A number of intumescent formulae employed in the mid 1950s contained a chemical combi-
nation of polyol (e.g., pentaeiythritol), a mono- or diammonium phosphate and an amide
(e.g., dicyandiamide; Martens, 1964; Lowell, 1984). Certin pigments such as antimony oxide
and borates are also added to enhance the fire-resistant properties of such paints. Other
intumescent paint formulae have included polyvyl acetate and aciylic latexes (Martens,
1964).
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(c) Aerosol colours

A large variety of paints have been packaged in aerosol tins for touching up and paint-
ing small areas, hobby aircrafts and other such objects. The pricipal tyes of paint used are

of alkyd composition, are thinned out to a low visity (generally with ketones and aromatic
hydrocrbons) to allow atomiztion, and contain a gaseous propellant which is liquid under
pressure (e.g., propane, butane and isbutane or dichloromethane, which has replaced di-
chlorofluoromethane in many countries). Other aerosol paint compositions inc1ude acrylic
and cellulosic lacquers and epoxyester systems (Cannell, 1967; Lowell, 1984; Connolly et al.,
1986).

(d) Paint and vamsh strippers

Before the advent of chemically-resistant sythetic paint vehicles, simple organic sol-
vents, mixures of solvents or solutions of caustic alkalis could be used to soften and strip
most paints and various fims (Downing, 1967).

Diehloromethane (see IARC, 1986, 1987q) is the most widely used paint striper base
of the organic group. Other chloriated hydrocrbns that have been used with dichlorome-
thane are, in order of decreasing effectiveness, 1,2-dichloroethane (see IARC, 1979f, pro-
pylene dichloride, dichloroethyl ether and ortho-dichlorobenzene (see IARC, 1982d, 1987r).
Other solvents that can soften paint fims are, in (approxiate) decreasing order of effec-
tiveness, ketones (e.g., methyl ethyl ketone), esters, aromatic hydrocrbns (toluene (see
monograph, p. 79) and naphthas), alcohols and aliphatic hydrocrbns (Downing, 1967).

Phenols and chloroacetic acids have been used in certin, speciic situations, such as for

stripping epoxy coatings. ln addition, many less common solvents have been used, sorne pri-
mariy for specific applications, inc1uding 2-nitropropane (see IARC, 1982e), dimethylfor-
mamide (see monograph, p. 171), dimethyl sulfoxide, tetrahydrofuran and 1,1,2-triethoxy-

ethane (Downing, 1967).
The main inorganic compounds that have been used as paint strippers are al kalis, pri-

cipally in the form of a boiling solution of soium hydroxide and, to a lesser degree, potas-
sium hydroxide and lime or soa ash (anhydrous soium carbnate). Additives such as se-
questerig agents (e.g., gluconic acid and alkali metal gluconates), sudactants (e.g., soium
resinate, fatty acid soaps, soium lignin sulfonate, alkylarenesulfonates and petroleum sul-
fonates), water-soluble activators (e.g., phenolic compounds and their soium salts - cresol,
chlorocresol, sodium pentachlorophenate) and solvents (e.g., monoethers of ethylene glycol
and diethylene glycol) are often used to increase the stripping rates of inorganic paint remov-
ers. Paint removers that are used on steel, aluminium and other nonferrous alloys often
con tain corrosion inhibitors such as phosphates and chromates (Downing, 1967).

Molten and fused alkali baths are also employed to salvage ferrous metal parts with
defective finishes. At temperatures up to 50°C, even heavyfims of epoxyand silcone coat-
ings can be removed rapidly (Downing, 1967).
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2. Prouction and Use of Paint Products

2.1 Production

(a) Production processes

The modern manufacture of paints, which are generally made in batches, involves
three major steps: (i) mixg and griding of raw materils; (ü) tinting (shading) and thinning;
and (ii) filing operations (US Envionmental Protection Agency, 1979), as ilustrated in
Figure 1.

To produce a batch of paints, manufacturers first load an approprite amount of pig-
ment, resin and various liquid chemicals into a roller mil, which is a large, hollow, rotating
steel cylinder. Mils for griding prier or OOrk pigments are partlyfiled with steel balls that

measure about 1-2 cm in diameter. Mils for griding light colours usually contain flattened
ceramic spheres (pebbles) that measure about 3-4 cm in diameter. Depending on the tye of
mil used, the griding process lasts about 24 h or until the pigment has been ground to a
sufficiently fine paste. After the pigment has been ground, more resin and solvent are added
to the paste in the mil and the paste is 'let down'; that is, pumped out of the mil through a
strainer which removes the griding media to a holding tank.

Unti the 1930s, diying vegetable oils, priariy linseed oil, were used as binders in

paints and as liquids for griding. Since these oils were relatively por pigment wetters, con-
siderable energy was required for the griding (dispersion) steps. Earlier dispersion tech-
niques which involved pebble, steel ball or roller mils were replaced durig the 196s by
high-speed equipment which was first used to dissolve large chips of pigment dispersed in
solid binders. As pigment production and wetting characteritics improved, pigments were
dispersed satisfactoriy in high-speed dissolvers (Schurr, 1981).

The 'tinting' step involves comparig samples in the holding tank with colour stan-
dards. Small amounts of shading pastes, which are highly concentrated blends of ground
pigments, and a vehicle are added as required to match the standard. After the batch has
been shaded to specifications, it is thinned to the desired visity by the addition of solvent,
filtered and poured into containers for shipment (Schurr, 1981).

The complexity of paint technology is indicated by the numerous tyes and number of
raw materials required. A plant that produces a broad line of trade, maintenance and indus-
trial paints requires over 50 different raw materials and purchased intermediates, including
oils, pigments, extenders, resins, solvents, plasticizers, sudactants, metallc driers and other
materials (Federation of Societies for Paint Technology, 1973).

The modern manufacture of unpigmented lacquers is generally a cold-cutting or sim-
ple mixg operation. For example, cellulose nitrate solutions are made by adding the ni-
trated cellulose from alcohol-wet cotton to the solvent mixure and agitating for 1-2 h in a
paddle or turbine blade mixer. Alkyd resins, which are supplied in solution, can be added
directly to the cotton-based solution. Hard resins may be dissolved separately, usually in
toluene, and added as solutions, or the lumps may be dissolved directly in the cotton-based
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solution by stirg. Liquid plasticizers are th en simply poured or pumped into the mixg
tank (Hamilton & Early, 1972).

ln pigmented lacquer manufacture, the pigments are first dispersed in ball mils with
plasticizers, such as dibutyl phthalate, after which natural or sythetic resins are added. Cel-
lulose nitrate (or cellulose acetate) is then added and all the components are mixed in a verti-
cal mixer or churn before the finished product is run off into containers (Browne, 1983).

Modern manufacture of varnish is carred out in jacketed and enclosed kettles or set

pots, and the required high temperature is achieved by different methods, including the use
of heat-transfer media (Browne, 1983).

(b) Production figures

Traditionally, two distinct tyes of coatings are produced - trade sale paints and indus-
trial product finishes (Kine & Co., 1975).

Trade sale paints are sold through a variety of distribution channels to builders, con-
tractors, industril and commercil users and government units, as well as to the general
public. These products are priariy for exterior and interior coatings for houses and build-
ings, although sizeable amounts of automobile and machineiy refinishes, trafic paints and
marie shelf-goos are also dispensed through trade sales outlets (Kine & Co., 1975).

Industrial product finish es or chemical coatings are produced to user specifcation and
sold to other manufacturers for factoiy applications on such items as automobiles, aircraft,
appliances, furniture and metal containers. They also include the categoiy of industrial
maintenance coatings, whieh are specially formulated and are used to main tain industril
plants and equipment (e.g,. as resistance to corrosion). Within these majorproduct lines, the
paint industiy produces thousands of different products for a broad spectrum of substrat es,
applications and customers (Kine & Co., 1975).

World production in 1971 of sudace coatings by selected countries or regions is given in
Thble 6. North America was the largest producer and manufactured 4.5 milion tonnes
(31.6%), while western Europe produced 4.2 milion tonnes (29.3%) and eastern Europe
produced slightly over 3 milion tonnes (21.6%; Kline & Co., 1975).

A more recent listing of paint production in the USA Japan and western Europe is
presented in Thble 7. Japan is now the largest paint producer outside of the USA followed by
the Federal Republic of Germany, France, the UK and ltaly. ln 1986, US paint production
was 967 milion gallons (approxiately 4340 thousand tonnes l (Reish, 1987).

Estimated consumption of various resins, pigments and solvents in the USA in 1975,
1980 and 1985 is shown in Thbles 8, 9 and 10. The major resins used in the production of

paints are alkyd, acilic and viyl resins, which accunt for over 60% of total resin use in the
USA. The main pigment was tItanium dioxide and the major solvents aliphatic hydrocr-
bons, toluene and xylenes (see monogrphs, p. 125).

The number of paint manufacturers in the USA has declined steadily from about 150
in 1963, to about 1300 in 1972 and 100 in 1987 (Kine & Co., 1975; Layman, 1985; Reish,
1987). ln the UK, there have been similar reductions froID about 50 paint manufacturers in
the 1950 to only about 25030 in 1985 (Lyman, 1985).
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Table 6. World production (in thousands of tonnes) of
sunace coatings by selected country or region in 1971 a

Region Production % Distnbution

Nort Ainca
USA 4155 29.0
Canada 379 2.6

Thtal 4534 31.6

Europe
Germany, Federal Republic of 1192 8.3
France 744 5.2
UK 614 4.3
1 taly 420 2.9
Spain 207 1.4
Netherlands 192 1.3
Sweden 160 1.1
BelgiumlLmbourg 130 0.9
Austna 101 0.7
Denmark 84 0.6
Yugoslavia 80 0.5
Switzrland 68 0.5
Noiway 66 0.5
Finland 46 0.3
Portugal 32 0.2
Thrkey 27 0.2
Greece 20 0.1
Ireland 17 0.1

Total 4200 29.3

Easrn Europe (total) 3094 21.6

Asia

Japan 1140 7.9
India 67 0.5
Israel 49 0.3
Hong Kong 26 0.2
Otherb 304 2.1

Total 1586 11.1

Latin Amrie 484 3.4

Oceania
Australia 179 1.2
New Zeland 45 0.3
Other 4 0:0.1

Tota 228 1.6

kajo
Rectangle
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Table 6 (contd)

359

Region Production % Distribution

Africa
South Africa
Other

Total

81
138

219

14 345TOTAL

0.6
1.0

1.5

100.0

aprom Kline & Co. (1975)

b¡ncludes the Philippines and the Republic of Korea

qncludes Mexico

Table 7. Paint production (in thousands or tonnes)
in selected countries in 1984"

Country Prodution

USAb
Japanc
Gennany, Federal Republic of
France
UKd
Italy
Spain
Netherlands
Sweden
Denmark
Belgium
Austria
Portugal
Finland
Switzerland
Norway

4432
1803
1321
809
670
625
278
253
189
133
131
126
92
82
82
75

aprom Layman (1985), unless otherwise specified
bprom Connolly et al. (1986)
Cfrom Kikukawa (1986)
dProduction in milions of litres
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Table 8. Estimated consumption (in thousands of tonnes)
of resins in paints and coatings in the USA a

Resin 1975 1980 1985

Alkydb 315 295 300
Acrylic 158 203 223
Vinyl 166 183 191
Epoxy 38 70 87
Urethane 33 54 58
Amino 29 33 41
Cellulosic 24 27 24
Polyesterb 11 33 62
Phenolic 11 11 12
Chlorinated rubber 6 8 8
Styene-butadiene 11 7 6
Natural 9 8 7
Unseed oil 23 35 36
Other resins 77 61 66
PlasticIzrs 20 19 17

Total 931 1047 1138

Ilrom Connolly et al. (1986)
boata for 1985 are not comparable to thos for previous years, since it is
probable that some of the resins reported as alkyds in previous years were
actually polyesters.

CJncludes unmodified epoxy resins plus hybrids (e.g., acrylate enhance-
ment)

Table 9. Estimated consumption (iD thousands of
tonnes) of pigments in paints and coatiDgs in the USAa

Use and pigment 1975 1980 1985

Colours
TItanium dioxide 323 354 393
Chrome 29 33 33
Iron oxide 43 53 57
Carbon black 8 8 9
Other coloured inorganic 7 5 5

Phthalocanine 1 2 2
Other organic 7 7 8
Aluminium 10 11 11

Filers
Calcium carbonate 175 175 213
1àlc 136 150 136
Clay 154 159 199
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Table 9 (coDtd)

Use and pigment 1975 1980 1985

Filers (contd)

Silca 59 71 83
Baryes 34 33 34
Nepheline syenite and feldspar 19 34 35
Other extenders and filers 17 20 26

Other
Zinc oxide 10 12 12
Zinc dust 24 32 24
Led (corrosion inhibiting) 11 8 5
Cuprous oxide 2 4 3
Other 3 6 6

Thtal 1072 1177 1294

llrom Connolly et al. (1986)

Table 10. Estimated cODsumptioD (iD thousaDds oCtoDDes)

oC solveDts iD paints aDd coatings iD the USA a

Solven t 1975 1980 1985

Aliphatic hydrocrbons 533 456 433
Toluene 281 265 277
Xylenes 240 213 211
Other aromatic compounds 91 79 84
Bu tyl alcohols 50 59 68
Ethyl alcohol 82 84 95
lsopropyl alcohol 48 53 41
Other alcohols 25 26 29
Actone 79 79 89
Methyl ethyl ketone 145 154 152
Methyl isoutyl ketone 47 48 50
Ethyl acetate 31 35 36
Butyl acetates 55 62 71
Propyl acetates 8 8 9
Other ketones and esters 61 68 75
Ethylene glycol 23 29 34
Propylene glcol 14 12 14
Glycol ethers and ether esters 109 120 136
Chlonnated solvents 6 10 21
Misllaneous 16 16 15

Thtal 1944 1876 1940

aprom Connolly et al. (1986)
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2.2 Use

(a) Uses and application methods

The various uses of paint products are described by tye of resin in Thble 11.
Paints are applied by direct contact or by deposition by atomiztion processes. The di-

rect-contact categoiy includes the familiar brushing and roller techniques, dipping, fIow
coating and electrodeposition. Deposition by atomiztion processes includes conventional
spray, hot spray and electrostatie spray. Machine roller coating is used in the industrial appli-
cation of paint to paper, plywoo and metal sheets, as weIl as continuous coating of metal
coils. Dip coating is used in large industrial operations (Browne, 1983; Lowell, 1984)

Probably the greatest advance made durig the early 190s in the field of paint technol-
ogy was the introduction of the spray gun. Hs advent helped in the introduction of cellulose
nitrate lacquers and their application to automobile assembly line production. Electrostatic
sprayig was first introduced in the USA in the 1940s and later in the UK. Electrodeposition
of paint, introduced durig the 1960s, is an important milestone in industrial painting and has

proven especially advantageous for painting automobile boies and other parts because of its
superior corrosion resistance. ln this technique, the coating is an aqueous dispersion of low
solid content. The binder particles carr ionized functional groups which may be positive or

negative, thus having either anodic or cathodic deposition. The anodic tye tyically uses
amino- or alkali-solubilized polycarbxylie resins and the cathodic tye, salts of amine-
treated resins, such as epoxy resins (Brewer, 1984; Lowell, 1984).

(b) Use pattern

Use of paints in the major markets in the USA in 1985 is presented in Thble 12. Distri-
bution of use of resins and the other main components of paints in the USA in 1985 is shown
in Thble 13.

2.3 Exposures iD the workplace

(a) Introduction

No data on the numbers of paint production workers or painters worldwide were avail-
able to the Workig Group. Acrding to a 5% census sample of the US population in 1970
(National Institute for Occupational Safety and Health, 1970), paint manufacturers
employed approxiately 62 00 workers. Extrapolating from the proportion of world pro-
duction of sudace coatings contnbuted by the USA (see Thble 6), it can be estimated that the
total number of paint production workers in the world is approxiately 20 00. Acrding
to the same US census survey, there were 362 00 construction/maintenance painters and
106 00 painters/paperhangers/decorators in the USA. On the basis of these figures, it can
be similarly estimated that the number of painters worldwide must be at least several million.



Table 11. Uses of polymer systems in industrial coatingsa

Polymer systems Coil Metal Appli- Furni- Hard- Lumber Marine Mainte- Auto- Auto- Tins Paper-
an ce ture board and nance mobile mobile board

plywoo manu- refinish
facture

Natural and modified polymers

Drying oils + + + + + +
Cellulos esters + + + + + +
Cellulos ethers + +

Condensation sytems
Alkyd resins + + + + + + + + + + + +
Polyesters, high molecular weight + + + + +
Amino resins + + + + + + + + ~Phenolic resins + + + + + + + +

~Polyamides + + + + +
Polyurethanes + + + + + + +

~
Epoxy resins + + + + + + + + +
Silcones + + + + +

Vinyl polymers and copolymers based on: C
Butadiene + +

SJAcrylic or methacrylic ester + + + + + + + + + + +
qVinyl acetate + + + + +

Vinyl chloride + + + + + + + + + + C
Vinylidene chloride + + + ~

tIStyrene + + + + + + + +

~
Vinyl acetal or butyal + + + + +
Fluorocarbons +

Resin combinations

~

Acrylic and amino + + + + + + + +
Acrylic and epoxy + + + +
Acrylic and silicone + + +
Alkyd and amino + + + + + + + + + Z
Alkyd and acrylic + + + + + + + 0
Alkyd and epoxy + + + +
Alkyd and silcone + + +
Polyester and epoxy + + + + + +
Polyester and silicone + + +
Cellulose ester and urethane +
Alkyd, acrylic and amino +
Polyester and amino + +
Phenolic and epoxy + + +
Epoxy and amino +
Phenolic and amino +
Alkyd and vinyl chloride polymers + + w0\

"From Lowell (1984) w
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Table 12. Consumption or paints and coatings
by major market in the USA, 1985a

Paints and coatings % % of total

Architectural coatings

Water-base
Solvent-base

Product finishes
Miscllaneousb
Containers
Wooen fumiture
Automotive
Machineiy
Metal fumiture

Coils
Woo flat stock

Special purp coatings

1taffic
Auto refinishes
Speial maintenance

Aerosls
Other:

46
73
27

38
32
15

14
12
10
7
5

4

16
28
25
19

10
18

tlrom Connolly et al. (1986)
bJncludes appliance, other transporttion, marine, paper

and foil, and other
CJncludes paints for roofs, bridges, marine shelf goo, met-
ais and others

A wide range of potential ocupational health hazrds is present in relation to the man-
ufacture and use of paints, varnishes and lacquers. Coatings are complex mixures contain-
ing a variety of groups of substances, such as organic solvents, organic and inorganic pig-
ments, exenders, resins and additives such as catalysts, surfactants, driers, plasticiers and
biocides. Each of these categories covers a range of tens or hundreds of individual chemical
compounds (Connollyet al., 1986). It has been reported that over 300 individual paint COff-
ponents are used worldwide.

Occpational expsure results predominantly from the inhalation of gases and va-
pours, mainly organic, from solvents, binders and additives, of mainly inorganic pigment
dusts and of complex inorganic and organic mixures such as dusts from dried coatings and
mists generated durig the sprayig of paint. The other major route of ocupational exp-
sure is through cutanoous contact with the various paint compounds, many of which can be
absorbed through the ski. Ingestion related to persnal work habits constitutes another
potential route of entiy.
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Table 13. Distribution of use of components of paints in the USA in 1985"

Use Proportion by use (wt% of total) Total

Resins Pigments Additives Solvents Water (wt% of
grand total)

Product finishes
Woo fumiture and fixures 25.7 2.9 0.1 66 5.3 4.4
Woo mat stock 38 20 0.6 24 17 1.7
Metal fumiture and fixtures 32 25 0.1 36 6.7 2.8
Containers and closures 38 6.2 0.3 43 13 4.8
Sheet, strip and coil 32 26 0.1 33 8.1 2.3
Major appliances 37 24 0.1 33 5.4 1.4
Other applicances 39 22 0.1 35 3.5 0.8
Automobile

Topcoat 32 16 0.05 46 5.7 1.7
Prmer 23 24 0.3 29 23 1.7
Underbody components and parts 26 18 0.2 35 21 1.1

1lcks and buss 31 16 0.1 27 25 1.2
Railroad 25 25 0.1 33 17 0.4
Other transporta tion 38 25 neg 38 neg 0.4
Machineiy and equipment 30 27 0.2 38 5 4.2
Electrical insulation 51 0.0 0.0 49 neg 1.1
Paper, fim and foil 39 2 0.1 43 17 1.0
Other product finishes 27 17 0.2 40 16 5.2
Total 31 17 0.2 41 11 36.8

Architectural coatings

Interior water-basd
Mat 14 40 2 1.6 43 16.5
Semigloss and gloss 18 23 2 9.5 48 4.5
Other 18 21 1.5 0.2 57 1.3

Interior solvent-based
Mat 21 58 0.2 30 0.0 1.1
Semiglos and gloss 27 41 0.1 32 0.0 2.6
Vamish 33 1.4 0.2 27 0.0 0.7
Other 26 21 0.2 43 0.0 0.7

Exterior water-based
Mat (house paints) 19 35 25 4.2 39 11.2
Thm 20 23 2.6 3.3 51 0.9
Stains 17 19 1.5 3.5 59 1.4
Other 17 24 1.7 5 52 0.8

Exerior solvent-based

Mat (house paints) 28 38 0.5 33 0.0 2.1
Enamel 42 26 0.3 32 0.0 2.4
Prmer 25 37 0.7 37 0.0 0.7
Vamish 58 0.0 0.4 42 0.0 0.3
Stains 41 0.0 0.4 59 0.0 1.2
Other 24 40 0.5 36 0.0 0.3

Total 20 33 1.7 12 33 48.5
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Table 13 (contd)

Use Proportion by us (wt% of total) lOtal

Resins Pigments Addi tives Solvents Water (wt% of
grand total)

Special-purp coatings

Maintenance 36 23 0.2 33 8.2 2.8
Marine

Pleasure 50 0.0 0.5 50 0.0 0.04
Commercial and maintenance 35 29 0.1 35 0.5 1.1

Automobile refinishing 23 22 0.2 55 neg 3.2
ltaffic paints 15 59 0.1 26 0.9 5.6
Aerosol 15 5.5 0.1 80 neg 1.1
Other 21 46 0.2 32 0.1 3.2
Total 23 38 0.1 37 1.8 16.4

Grand total (thousands of tonnes) 1138 1294 42 1217 884 4536

tlrom Connolly et al. (1986); neg, negligible

Workers in the painting trades may also be expsed to a number of chemical agents
originating from other operations that they or fellow workers are involved in, such as clean-
ing and preparig by chemical or mechanical means the object to be painted or cleaning
themselves and the painting equipment.

The main substances to which workers may be expsed are listed in Thble 14. The main
occupational agents for which quantitative expsure data are available are presented in the
following sections, coverig the major paint trades.

Exposure to solvent mixuresis often described in the followig sections using a sum-
maiy measure, the cumulative expsure index (CEl), Le., the sum of ratios of various mea-
sured levels to the respective ocupational expsure limits. If this index exceeds unity, the
combined expsure to different components of a solvent mixure is considered to exceed the
recommended expsure limit. The values of the CEl are not always comparable because the
exposure limits may vaiy with countiy and time.

ln some painting operations, personal protective equipment is worn. However, it is
common industril hygiene practice to determine potential expsure by monitorig the
breathing zone outside such protective gear. The results reported are thus not necessariy
actual personal expsures.
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Table 14. Main substances (and classes of substances) to which workers may be exposed
in the painting trades"

Material Prncipal us or sources of emissions IARC
Monographb

Acrylates (e.g., ethyl acrylate, methyl methacry-
late)
Acrylic resins
Alcohols, aliphatic (e.g., methanol, isopropanol,
n-butanol)
Alkalis (e..g. soium hydroxide, potassium hydrox-
ide

Alkyd resins
Aluminium, powder
Amides, aliphatic (e.g., dimethylforramide)
Amines (mono), aliphatic (e.g., diethylamine) and
alkanolamines (e.g.,2-amino-2-methyl-I-pro-

panol)
Amines (poly), aliphatic (e.g., diethylenetriamine)
Amines, aromatic (e.g., meta-phenylenediamine,
4,4-methylenedianiline)
Amino resins (e.g., urea-forraldehyde resins,
melamine-forraldehyde resins)
Ammonia
Anhydrides, organic (e.g., maleIc anhydride,
phthalic anhydride, trimelltic anhydride)
Antimony compounds (e.g., antimony trioxide)
Arnic compounds (e.g., copper aceto-arsnate)
Asestos

Barium compounds (e.g., barium sulfate, barium
carbona te )

Benzoyl peroxide
Bisphenol A
Cadmium compounds (e.g., cadmium sulfide, cad-
mium sulfoslenide)
Calcium compounds (e.g., calcium sulfate, calcium
carbonate)
Camphor
Carbon black
Cellulos ester resins (e.g., cellulos nitrate, cellu-
los acetate)

Chloracetamide
Chromium compounds (e.g., chromic oxide,
chromates)
Chlorofluorocrbons
Clays (e.g., bentonite)

Acrylic resins, ultraviolet curing paints

Binders
Solvents (lacquers), paint removers

Paint removers

Binders
Pigment
Solvents
Water-bas paints

Curing agents (epoxy resins)
Curing agents (epoxy resins)

Binders

Water-basd paints
Alkyd resin sythesis, curing agents
(epoxy resins)
Pigments, fire retardant pigments
Antifouling agents

Filler, spackling and taping compounds,
talc

Pigments

Catalyst
Epoxy resins
Pigments

Filers

Plasticizr
Pigment
Binders

Fungicide (water-based paints)
Pigments

Spray-can paint propellants
Filers

IARC (1979c)

IARC (1979c)

This volume

IARC (1978b)
IARC (1986d)
IARC (1982a)

This volume
IARC (198Oc)
IARC (1977b)

IARC (1985c)

IARC (1976c)

IARC (1984)

IARC (1980a)

IARC (1986e)
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Table 14 (contd)

Material Prncipal uses or sources of emissions IARC
Monograph"

Coal-tar and asphalt IARC (1985b)

Cobalt compounds
Copper and copper compounds (e.g., bronz pow-
der, cuprous oxide)

Dyes and pigments, organic (e.g., aromatic azo
dyes, phthalocanines, rhodamine)
Epichlorohydrin
Epoxy resins
Esters, aliphatic (e.g., ethyl acetate, isopropyl ace-
tate)
Ethers, aliphatic (e.g., isopropyl ether, tetrahydro-
furan) and glycol ethers (e.g., methylcelloslve)
Fonnaldehyde

Gasoline
Glycidyl ethers (e.g., n-butyl glycidyl ether and
bisphenol A diglycidyl ether)
Glycols (e.g., ethylene glycol)

Hydrocrbons, aliphatic (e.g., hexanes, heptanes)
Hydrocrbons, aromatic (e.g., benzene, toluene,
xylenes, trimethylbenzene)
Hydrocarbons, chlorinated (e.g., dichloromethane,
1,1,1- trichloroethane, carbon tetrachloride, trich-
loroethylene)
Hydrochloric acid (hydrogen chloride)
Iron compounds (e.g., iron oxides, ferrc ferroca-
nide)

Isocanates (e.g., 1,6-hexamethylene diisoanate,
toluene diisoanate)

lsothIazolones (e.g., 1,2-benzisthiazolin-3-one)
Kerosne
Ketones, aliphatic (e.g., acetone, methyl ethyl ke-
tone, cyclohexanone,. isophorone, diacetone alco-
hol) .

Led compounds (e.g., lead chromate, lead
oxides, basic lead carbnate, lead naphthenate)
Magnesium compounds (e.g., magnesium
carbonate)
Manganes naphthenate
Mercuiy compounds (e.g., mercuric oxide,
phenyl mercuric acetate)
Methyl cellulos

Special waterproof coatings (ships,
tanks, pipes)

Pigments, driers
Pigments, antifouling agents

Pigments

Epoxy resins
Binders
Solvents

Solvents

Amino resin varnishes, biocide (water-
based paints)

Solvent
Epoxy resin diluents and constituents

Polyester resins, water-based paints

Solvents (naphthas, white spirits)
Solvents (naphthas, white spirits), paint
removers

Solvents, paint removers, metal de-
greasers

Catalyst (amino resins)
Pigments

Tho-component polyurethane resins

Biocides in tinned foo
Solvent
Solvents, lacquers, paint removers

Prmers, pigments, driers

Filers

Drier
Fungicides (water-base paints)

Thickener (water-base paints)

IARC (1974b,
1978a)
IARC (1976b)
IARC (1976a)

IARC (19813)

IARC (1989a)
This volume

IAC (1982b);
this volume

IARC
(1979g,h,i;
1986c)

IARC (1972)

IARC (1986b)

IARC (1989b)

IARC (1980a)
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Table 14 (contd)

369

Material Prncipal use or sources of emissions lARC
Monographsb

Mica
Molybdenum compounds (e.g., lead molydate)
Nickel, metal powder
Nitroparaffins (e.g., nitroethane, 2-nitropropane)
Oils, vegetable (e.g., linseed oil, tung oil)
Oxmes (e.g., methyl ethyl ketoxime)
Petroleum solvents (e.g., Stoddard solvent,
VM & P naphtha)
Phenol

Phenol- formaldehyde resins
Phenols, chlorinated (e.g., pentachlorophenol)
Phosphates, organic (e.g., tricresyl-orto-

phosphate, tributyl phosphate)
Phthalate esters (e.g., dibutyl phthalate, dioctyl
phthalate)
Polychlorinated biphenyls
Polycyclic aromatic hydrocrbns

Polyester resins
Polyrethane resins
Polynylacetate resins
Pyolyis fumes

Rosin
Rubber, sythetic (e.g., butyl rubber, styene-
butadiene rubber)

Shellac resin
Silca, amorphous (e.g., diatomaceous earth)
Silca, crytallne (e.g., quart)
Silcates (e.g., soium silcate, aluminium silcate)
Stearates (e.g., aluminium, zinc stearates)
Strontium compounds (e.g., strontium chromate,
strontium sulfide)
Styene
Styene oxide
Sulfuric acid

1àlc
nn, metal powder

nn, organic compounds (e.g., tri-n-butyltin
oxide, dibutyltin laurate)
ntanium dioxide

paa- Thluenesulfonic acid
'Irpntine

FiUer
Pigments
Pigment
$olvents
Binders
Anti-oxidants, anti-skinning agents

$olvents, paint removers

Phenol-formaldehyde resins, paint re-
mover (formerly)
Binders
Fungicides (water-base paints)
Plasticizrs

Plasticizrs

Plasticizrs
Speial waterproof coatings (ships,
tanks, pipe)
Binders
Binders
Binders
Removal of paint by buming; heat-
curing operations
Binder
Binders (special paints, water-based
paints)
Binder
Filer
FiUer, sand-blasting operation
FiUers
Sops, flattening agents
Pigments

Polyester resins
Diluent (epoxy resins)
Metal cleaner

Filer
Lacquers (tinplate containers)
Antifouling agents, catalyts

Pigment
Catalyt (amino resins)
$olvent

IARC (1976c)
IARC (1982e)

This volume

This volume

IARC (1979j)

IARC (1982c)

IARC (1978c)
IARC (1983b)

IARC (1979k)
IARC (1979b)

IARC (1982f)

IARC (1987b)
IARC (1987b)

IARC (1980b)

IARC (1979d)
IARC (1985d)

IARC (1987c)

This volume
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Table 14 (contd)

Material Prncipal uses or sources of emissions lAC
Monographb

Vinyl acetate

Zinc and compounds (e.g., zinc metal powder,
zinc oxide, zinc chromate)

Polyvnylacetate re3ins
Pigments, catalysts, bodying agents

IARC (1986a)
IARC (1980b)

tlrom Stemer (1941); Piper (1965); Philips (1976); O'Brien & Hurley (1981); O'Neil (1981); Dufva (1982);
Krvanek (1982); Ringen (1982); Adams (1983); Selikoff (1983); National Institute for Ocupational Safety and
Health (1984); Swedish Work Environment Fund (1987) and previous sections
hSee also IARC Monograph Supplement 7

(b) Manufacture of paints and related products
The manufacture of paints and related products such as varnishes, lacquers, enamels

and paint removers involves the handling and processing of a complex array of raw materils,

e.g., pigments, extenders, solvents, binders and additives, described in section 1, implyig
overall potential worker expsure to hundreds of chemicals (National Institute for Occupa-
tional Safety and Health, 1984). Furthermore, raw materils are often subjected to chemical
changes such as durig polymerition and cokig, thus creating a variety of new hazards.

The potential for ocupational expsure depends largely on the basic tyes of products
being manufactured, the degree of automation of the manufacturig process, the availabilty
of exposure control measures and the nature of the specific job held. Various job classifica-
tion systems have been developed for the paint manufacturig industiy. Workers have thus
been'regrouped accrding to the basic product made - water-based paints, solvent-based
paints, lacquer and vehicle - and to functions - pre-batch assembler, mixer, tinter, filer,
tank and tub cleaner, reactor operator, varnish coker, filter press operator (Morgan et al.,
1981). Additional functions are raw materils handler, laboratory personnel and others such
as packagers, maintenance persnnel, shippers and warehouse workers (National Institute
for Occpational Safety and Health, 1984).

Heavy expsures, both by inhalation and ski contact, ocur specifically in operations
that can involve manual handling procedures such as weighing dry ingredients (pigments,
extenders, resins, additives), loading them into mixg equipment, adding solvents to mils,
and cleaning equipment (mixers, mils, reactors, kettles, tanks, filters). Additional expsure
to solvents ocurs in thinning, tinting and shading procedures, filingoperations and filterig
of varnishes. The cokig of varnishes may produce emissions of various aldehydes such as

acrolein, of phenol, ketones, glycerie and fatty acids as well as dusts or vapours of maleic,
phthalic and fumaric anhydrides durig the loading of kettles. The production of powder
coatings can be assoted with signifcant expsure to dúst from resin powders, pigments,

curig agents and other additives. ln the manufacture of radiation-crable cotings, exp-
sures may ocr to monomers such as ethyl acilate, other acilates and photoinitiators.
Caustic solutions may be used in the cleaning of disersion equipment (National Institute for

Occupational Safety and Health, 1984). ln general, importnt opportunities for expsure
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result from the presence of spils and the continuous spatterig from machines (Adams,
1983).

(i) Exsure to solvents

Because of their volatilty, solvents are ubiquitous air contaminants in paint manufac-
turig industries.

Expsure levels measured for various categories of workers in nine Swedish companies
and reported as the sums of standardized concentrations are summaried in Thble 15. High
concentrations of solvents were found in all operations, the worst situation being manual
cleaning of equipment with solvents. Lol exhaust ventilation was common, and respirators
were not often used. Of the 14 tyes of solvents monitored, the most common were xylene,
toluene, butanol and esters (Ulfvarson, 1977).

Expsure to organic solvents was measured in the breathing zone of 17 Swedish male
paint industiy workers presumed to have the highest expsure of 47 workers employed in
seven facto ries in Sweden, by collecting air with batteiy-driven syges and analysing with
two portble gas chromatographs. The median expsure values were (mg/m3): xylene, 111

(16 persons); toluene, 11 (16 persons); isobutanol, 5 (15 persons); ethylacetate, 20 (14 per-

sons); n-butylacetate, 14 (13 persons); ethanol, 13 (13 persons); n-butanol, 7 (13 persons);
methylacetate, 12 (eight persons); dichloromethane, 719 (three persons); white spirts, 45
(three persons); and isopropanol, 129 (one person) (Haglund et al., 1980).

Overall solvent expsure of workers known to be expsed to toluene was measured in
seven paint manufacturig companies in New Zealand. Mean totallevels of solvents ranged
from 19 ppm in one company (five worker ' sampled) to 130 ppm in another one (three work-
ers sampled), with individual values ranging from 7 to 297 ppm. Toluene, xylene and ethyl-
benzene were found in the atmosphere of all seven plants; the frequencies of other solvents
were as follows: heptane, 6/7; n-hexane and methylethylketone, 5/7; acetone, 4/7; pentane,
methylisbutylketone, ethanol and n-butylacetate, 3/7; and isopropanol, 1/7 (Winchester &
Madjar, 1986).

ln another study in Sweden, 47 employees of seven paint manufácturig industries,
known to be expsed to solvents and inc1uding nine manual c1eaers of paint mixg equip-
ment, were surveyed for expsure to 12 solvents. The results are summaried in Thble 16.
The main expsures with regard to both frequency and weight were to xylene and toluene.
Outstandingly high expsures ocurred durig the manual cleaningof equipment (Lundberg
& Håkansson, 1985).

ln a study on the effects of long-term exposure to solvents in the paint industty in
Sweden, overall solvent expsure in a large paint manufacturig company was estimated for
various work tasks over three historical periods. The results are presented in Thble 17 in
terms of the CEl, i.e., the sum of the ratios of the variousexpsure levels to the respective
Swedish ocupational standards in 1982 for the various solvents (0rbaek et al., 1985).
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Table 15. Exposure levels (personal breathing-zone samples) to combined organic
solvents during various paint manufacturing operations"

Operation Sampling condition Combined exp Main solventsC No. of samples in
sureb which solvent found

No. of Samplìng Mean Range
samples time (min)

Charging solvents 33 4-43 2.0 0.2-16 Xylene 16
Mesitylene 4
Toluene 4
Styene 2
Butanol 9

Pigment dispersion 18 9-66 1.5 0.2-4.4 Xylene 13
Butanol 4

TInting, thinning 14 15-32 0.9 0.1-2.0 Xylene 11
Butanol 3

Can filling, paints 39 11-32 1.3 0.02-6.6 Xylene 23
AIkanes 4
Butanol 7
Benzne 4
1òluene 6

Can filing, thinners 14 9-20 1.8 0.1-7.4 Toluene 3

Xylene 5
1lchloroethylene 3

Esters 2
Actone 1

Manual cIeaning of 51 3-28 5.7 0.5-30 Xylene 33
equipment with sol- Butanol 8
vents 1òluene 13

Dichloromethane 9
Esters 7
Ketones 4

tlrom U1fvarsn (1977)

bSum of ratios of individual solvent levels to their occupational expoure Iimits
CSolvents constituting at least one-fifth of individual combined expure levels

The overall improvement in exposure levels over time has been attributed in large part
to better control measures and to the increasing production of water-based paints. These
results are corroborated by other estimates of the evolution of average solvent expsures in
the Swedish paint manufacturig industiy with the followig values for the overaii CEl: 2 in
1950-69, 1.5 in 1970-74, 0.7 in 1975-79 and 0.3 since 1980 (Lundberg, 1986). Heavy naphthas,
toluene and benzene are reported to have been the most commonly used solvents durg
the 1930s, presumably with high exposure levels. Substitutes for aromatic hydrocrbns,
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Table 16. Exposure levels (8-h time-weighted average) to organic
solvents or 47 paint manuracturing workersa

Solvent No. exp Exure (mg/m3)

Median Range

Xylene 44 82 1-6070
Toluene 43 10 1-1260
lsobutanol 36 4 1- 1040
n-Butanol 35 6 1-1540
Ethanol 33 12 1- 1090
Ethyl acetate 32 26 1-767
n-Butyl acetate 31 9 1-1680
Whte spirits 18 44 5-74
Methyl acetate 11 13 3-169
Dichloromethane 5 719 10-2420
Methyl ethyl ketone 5 39 8-124
lsopropanol 3 129 6-258

aprom Lundberg & Hãkanssn (1985)

Table 17. Average combined organic solvent exposurea or paint indus.
try workers in various work areas over three periodsb

Work area Period

1969 and earlIer 1970-75 1976 and later

Industrial paint section
Mixng
Grinding
TInting- finishing
Thpping
Cleaning of vessls

Alkyd paint setion (mixng,
tinting, tapping)

Small batch manufacturing
Piller manufacturing
Storage
Cellulos paint section
Laboratory

Product development
Controllaboratory
Procss engineering

2
3

2.2
2.2
4.5

1.3
1.8
1.5

1.2
3

0.7
0.9
0.6
0.6
1.5
0.1-0.2

0.7
0.1
0.1

0.15
004

004

0.2
0.2
2.5

lA
0.15
0.15

asum of ratios of individual solvent levels to their ocupational expure limits; solvents con-
sidered: acetone, butanol, butylacetate, ethanol, ethyl acetate, white spirits, methyl isobutyl
ketone, toluene and xylene
bprom 0rbaek et al. (1985)

0.7
1

2

004

0.75
1
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including turpentine, decaline and tetraline, would have been used durig the Second World
War and immediately after. From 1950 until today, the most commonly used solvents would
have been xylene, toluene, white spirts, ethanol, butanol, ethyl acetate and butyl acetate.
While operations were largely manual before the late 196s, improvements such as locl ex-
haust ventilation were gradually introduced in the mid-l96s.

(ii) Expsure to dusts
ln a Swedish investigation coverig ten factories manufacturig paint and industrial

coatings, dust was round durig tinting, handling of bags, compressing empty bags, floor

c1eaning and emptyg air-cleaner fiters. The principal expsure to dust, however, was
found durig charging of raw materials. Sixty-one breathing-zone samples taken over dura-
tions of 5 min to 8 h indicated total dust expsure levels of 1.7-70 mg/m3. Raw materials
charged included inorganic and organic pigments and filers, chromium and lead com-
pounds, talc and silca. The highest total dust levels (range, 7.7-70 mg/m3; four samples)
were found in a powder coatings factory. Locl exhaust ventiation was widely used, but few-

er than half of the wotkers wore respirators. A few air samples were obtained to evaluate
exposure to specifie dusts during charging operation in some of the companies. Quartz was
measured in five factories, with levels ranging from 0.01 to 0.9 mg/m3. Asbestos levels
ranged from 0.3 to 5 fibres/cm3 (four factories). Chromium levels (as Cr03) ranged from
0.003 to 1.6 mg/m3 (seven factories), while lead levels ranged from 0.00 to 4 mg/m3 (three
factories; Ulfvarson, 1977). Bloo lead concentrations monitored in 80 workers in 12 paint
manufacturig companies in Finland were 5-72 J.g/lOO mL. The highest value was found in a
spray pain ter (fola et al., 1976).

(ii) Other expsures

Expsure to ammonia was reported while charging it for use in water-based paints in
the Swedish paint industiy, at average levels of 5080 ppm (35-56 mg/m3). ln one case, more
than 700 ppm (490 mg/m3) was measured. The levels of pentachlorophenol and phthalic
anhydride were below the standards of 0.5 mg/m3 and 2 ppm (12 mg/m3), respectively (Ulf-
varson, 1977). The concentration of diethylene triamine was below the detection limit (0.01
mg/m3) in the breathing zone of two workers canning epoxy paint curig agents in a Finnish

paint factoiy (Bäck & Saarien, 1986).
ln a US paint manufacturig company, the 8-h time-weighted average (I A) concen-

tration of viyl acetate ranged from 1.0 to 8.4 ppm (3.6-30.6 mg/m3; four samples). Personal
and area air samples indicated concentrations of ethyl aciylate ranging from below the limit
of detection to 5.8 ppm (23.8 mg/m3); concentrations ofbutyl acetate were all below the limit
of detection (16 samples), except one sample at 0.9 ppm (4.7 mg/m3; Belanger & Coye, 1980).

(c) Consruction painting an lacquering

Usual painters' work in the construction industry involves the use of a rather limited
number of tyes of coatings - mainly decrative water- or solvent-based paints and woo
lacquers and varnishes. The potential for expsure to a variety of substances (mainly 801-

vents and pigments) is high, however: painting pedormed inside buildings, where por ven-
tilation opportunities, especiaUy in confined spaces such as small rooms, cupboards, bath-
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rooms, can lead to very high levels of contaminants; whereas when painting the outside of
buildings (facades, windows, roofs), natural ventiation is usually effective. Painting of new
buildings usually involves mainly water-based paints and spraying equipment; however, dur-
ing renovation or maintenance, solvent-based paints are stil widely used and work is usually
pedormed by hand with a brush or roller.

Sudaces to be coated can be made of plaster- or gysum-based wall-board composite
materials, concrete, woo such as for widows, doors and floorig, and more rarely metal.
Construction painters may spend a goo proportion of their time in preparatoiy or accessoiy
work. ln a Finnish study on construction painters, 92 of 231 (40%) painters estimated that
they spent more time on such work than actually painting (Riala et al., 1984). Removing old
paint and preparing sudaces in general may involve the use of paint strippers containing sol-
vents such as dichloromethane, of gas-operated blow torch units or hot air guns which may
generate organic pyrolysis fumes, metallc fumes and dusts from pigments containing inter
alia chromium, lead and arsenic compounds. Other accessoiy tasks may be polishing, sand-
ing or sandblasting operations, which generate old paint, quartz, concrete, plaster, woo and
metal dusts. Acid or alkali washing solutions may be used, as well as steam generators for
removig wallpaper, which release carbn monoxide-cntaining exhaust gases. Preparig
sudaces also often involves filing cracks and holes using plaster, cement, sealers, spackling,
taping and dry wall materials, putties and woo filers, implyig possible additional exposure
to inorganic dusts and fibres (including asbestos) and solvents. Further expsure stems from
the use of solvents durig the cleaning of equipment as well as for personal cleaning (Rin-
gen, 1982; Huré, 1986; Swedish Work Envionment Fund, 1987).

The use of solvents in construction paints, and thus painters' expsures, has evolved
radically with time. Early whitewashes and distempers contained no organic solvent, and oil
paints contained only about 10% turpentine or, later, white spirts. Alkyd paints introduced
in the 196 required approxiately 50% of a solvent such as white spirts. With the intro-
duction of epoxy paints for special sudaces such as floors, other solvents such as alcohols,
esters and aromatic hydrocrbns became more widely used. Water-based latex paints were
introduced in the 1950s but were more widely accepted in the 196s and 1970s, to become
predominant in the 1980s; now, an estimated 6080% of building trade coatings are water-
based (Dufva, 1982; Hansen, 1982; Riala et al., 1984). Vmylic and aciylic water-based paints
are the most common, and these contain onlya small percentage of organie solvents, mainly
alcohols or glycol ethers.

The 8-h 1W A expsure to solvents of 45 Dutch maintenance painters workig on 12
different projects has been measured. Summed air concentrations averaged LOI mg/m3 (geo-
metric mean) for the whole group and 59 mg/m3 for a subgroup of 20 house painters who
applied only alkyd resins by brush and roller. Benzene was detected at only two of the sites
and at low concentrations (up to 0.2 mg/m3). Toluene concentrations were below 4 mg/m3,
except at one site where it reached 43 mg/m3. C2- and C3-substituted benzenes and Ca-C11
alkanes were found at most sites, originating mainly from the use of white spirts. Workers
using chlororubber paint in a pumping station were expsed to carbn tetrachloride at levels
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ranging from 10 to 17 mg/m3; the highest level of toluene was also found at this site (Schef-
fers et al., 1985).

The expsure of Danish hou se painters to 13 solvents was investigated in 1974. Overall
exposure, standardized to relevant ocupational expsure limits, was above the permissible
limit for five of 11 maxal values, reaching up to 34 times the permissible limit. Individual
solvent average expsure levels were especially elevated for benzene (55 ppm (175 mg/m3);
41 samples), believed to originate from thinners, and for trichloroethylene (91 ppm (490 mg/
m3); 33 samples). The origin of the trichloroethylene was not specified (Mølhave & Lajer,
1976).

ln Finland, concentrations of Stoddard solvent durig application of solvent-cntain-

ing alkyd paints were 22-65 ppm (seven samples) and those durig application of woo pre-
servatives or alkyd varnishes, 68-280 (four samples). The overall solvent CEl durig parquet
floor varnishing using cellulose nitrate lacquers and urea-formaldehyde varnish ranged
from 0.6 to 2.3, accrding to Finnish ocupational expsure limits. Actone, ethanol, isbu-
tanol and butyl acetate were the main solvents used. Expsure to formaldehyde durig var-
nishing averaged 2.8-.5 ppm (3.4-5.5 mg/m3; Riala, 1982). The rik of formation ofbis( chlo-
romethyl)ether (see IARC, 1987s) from the reaction between formaldehyde and hydro-
chloric acid (used as a hardener) in urea-formaldehyde varnishes has been evoked (Dufva,
1982), but levels higher than 0.2 ppb (:; 0.9 J.g/m3) have not been found (O'Neil, 1981).

ln a study in Finland mainly of maintenance construction workers, the overaii average
airborne concentration of solvents durig alkyd and urethane painting and varnishing, ex-

pressed as solvent naphtha expsure, was 132 ppm (77 samples); this was much higherwhen
there was no ventilation, either natural or artificil (197 ppm; 46 samples), than with ventila-

tion (38 ppm; 31 samples). Highest concentrations were observed durig painting in small,
unventilated rooms (303 ppm) and on large sudaces such as walls and ceilings with no venti-
lation (20 ppm with roller and brush painting and 243 ppm with spray painting). 1àkig into
accunt other activities, e.g., use of water-based paints, the overall average 8-h 1W A exp-
sure level was 40 ppm (Riala et al., 1984).

Ai concentrations (mg/m3) of organic vapours generated durig the application of wa-
ter-based paints were measured by personal sampling in Denmark, as follows: butyl acilate,
0-2; diethylene glycol butyl ether, 4-5; diethylene glycol methyl ether, 8-32; dipropylene gly-
col methyl ether, 30-; ethylene glycol butyl ether, 2-6; ethylene glycol phenyl ether,

0-.7; propylene glycol, 2-70; 2,2,4-triethylpentane-l,3 diol monoisbutyte, 0.5-12; tri-
ethylamine, 4-; and white spirts, 4075. Concentrations of two gases, formaldehyde (at

0-.4 mg/m3) and ammonia (at 2-12 mg/m3) were also reported (Hansen et al., 1987).

ln a Swedish study of renovation spray painters, very high concentrations of white spir-
its (120150 ppm) were measured durig use of alkyd-tye paints and 100100times low-
er concentrations of solvents durig use of acilate-polyvyl acetate-based water-bme
paints. Dust concentrations, originating from paint mist, were higher durig use of water-
based paints (77-110 mg/m3) than solvent-based paits (17-27 mg/m3). Inorganc substances
were found to represent 80% and 70-85% of the dust content, respectively. Exsures to
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substances such as lead (in solvent-based paints) and zinc (in both tyes of paints) were
10-23% and 1-2% of their respective expsure limits (Bobjer & Knave, 1977).

The mean bloo lead level measured in 1962 for a group of 107 decorative and house
painters in the USA was 23 llgllOO g bloo, similar to that in control groups (Siegel, 1963).

(d) Painting, vamishing and lacquering in the wood industry

Application of clear varnish or lacquer finishes on furniture represents the main use of
coatings in the woo industiy. Paints, varnishes and lacquers are also used in the production
of various wooen raw materials (e.g., composite woo boards) and miscellaneous wooen
articles (e.g., toys, tableware). Until the mid-195Os, cellulose ester-tye lacquers were al-
most the only ones used in the fumiture industiy; however, amino resin-based, polyurethane
and polyester coatings now constitute the main coatings in the industry (Swedish Work Envi-
ronment Fund, 1987).

Workers are expsed mainly through inhalation or cutaneous absorption of solvents
either from paint mist or from vapours generated by sprayig operations, from vapours
evolved from finished products or from auxiaiy work such as mixg the coatings, cleaning
equipment or applying other products such as woo filers and sealants. The amount of ex-

posure is infuenced by the method of applying coatings; the most common are sprayig, usu-
ally at low pressure, curtain and roller coating and dipping. The main categories of solvents
used are aliphatie esters, ketones, alcohols and hydrocrbns as well as aromatic hydrocr-
bons (O'Brien & Hurley, 1981; Swedish Work Envionment Fund, 1987).

Low molecular-weight resin constituents such as formaldehyde and isocanates may
be evolved durig application or cu ring of coatings. Another possible expsure is to woo
dust from the general factoiy environment and from preparatoiy work such as sanding.

Air monitorig was carred out over a ten-year period (1975-84) in 50 Finnish furniture
factories, where the main coatings used were acid--cured amino resin-based paints and var-
nishes. The most commonly used solvents were xylene, n-butanol, toluene, ethanol, butyl-
acetate and ethylacetate, whieh were present in more than 50% of 394 measurements. Mean
concentrations of the solvents present were below 20 ppm, except for white spirts, whieh
ocurred at 66 ppm. Arthmetic mean solvent vapour concentrations measured durig dif-
ferent work tasks ranged from 0.4 ppm in spray painting to 2.1 ppm durig cleaning of a paint-
ing machine, with individual values vaiyng from 0.1 to 7.4 ppm. Formaldehyde, derived from
the amino resin binder, was the object of 161 short-term measurements (15-30 min) coverig
different work tasks. The arithmetic mean of the concentrations varied from 0.9 to 1.5 ppm

(1.1-1.8 mg/m3), with individual values ranging from 0.1 to 6.1 ppm (1.2-7.5 mg/m3; Pria et
aL., 1986).

The 8-h TW A exposure to formaldehyde of 38 employees in a Swedish light furniture
factoiy applying acid-hardening clear varnishes and paints was found to average 0.4 mg/m3
(range, 0.1-1.3) with a mean exposure to peak values (15 min) of 0.7 mg/m3. Mean expsure
to solvents was low. The dust concentration was low - usually less than one-tenth of the
Swedish threshold limit value of 5 mg/m3 (Alexandersson & Hedenstierna, 1988).

ln a study of a US woo furniture company producing stereo equipment cabinets, the
solvent expsure of 27 employees in spray painting and finish wiping operations was mea-
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sured. ln sprayig jobs that involved the use of an aciylic base coat, an oil-based glaze or

stain and cellulose nitrate lacquers, total expsure to paint mist (8-h 1W A) varied from 0.1
to 2.5 mg/m3 (geometric means). Combined expsure to solvents (CEl) varied from 0.05 to
0.11 in base coat operations (solvents measured: methyl ethyl ketone, ispropyl acetate, xy_
lene, isopropanol, methyl isbutyl ketone, toluene and isbutyl isbutyte), from 0.06 to 0.10

in glaze operations (toluene, xylene, ethylene glycol monobutyl ether and petroleum distil-
lates) and from 0.08 to 0.24 in lacquer operations (isopropanol, ethanol, isophorone, isbutyl
acetate, n-butanol, toluene, xylene, ethylene glycol monobutyl ether, methyl ethyl ketone,
isobutyl isobutyate, isopropyl acetate and petroleum distilat es). The overalliow air con-
centrations of paint mist and organic solvents were attributed to adequate ventilation in
paint boths and goo workig practices (O'Brien & Hurley, 1981).

Expsure to organic solve nt vapours was also measured in 16 small-scle industries in

Japan, where sythetic urushI lacquer was applied to wooen tableware (bwls), vases and
altars, and in two furniture factories. Work involved mainly brush painting, screen painting
and hand-sprayig operations. Toluene, xylene, ethylbenzene and n-hexane were the re-

corded solvents. Average mixed solvent personal expsure (CEl) was always low (below

0.44), except in the case of an automated spray operation (1.4; Ikeda et al., 1985).
The average 4-h expsure to toluene of 20 workers employed in painting and hand-fin-

ishing in an Italian art furniture factoiy was 27-182 mg/m3. Toluene was the pricipal solvent
found in the work envionment; other major solvents found were acetone, isbutanol, etha-

nol and ethyl acetate (Apostoli et aL., 1982).
ln the Finnish plywoo industiy, solvent concentrations in workroom air were recorded

durig coating operations involvig polyurethane and alkyd paints. The followig ranges in

ppm (mg/m3) were obtained from eight to 12 measurements: (i) polyurethane paint: methyl
isobutyl ketone, 2-28 (8.2-115); butylacetate, 8-50 (38-238); xylene, 10-25 (43-108); and cy-

clohexane, 1-28 (3.4-95); (ü) alkyd paint: toluene, 2-3 (7.5-11.3); xylene, 7-12 (30.4-52); is-

butanol, 7-11 (21-33); and triethylbenzene, 1-9 (5-; Kauppinen, 1986).
ln a US plant where paint was stripped from woo and metal, breathing wne 1W A

concentrations of dichloromethane for three operators ranged from 633 to 1017 mg/m3 in
seven samples (Chrostek, 1980).

(e) Painting in the metal industry

Protection from corrosion is the priaiy aim of metal painting. Mild steel is thus al-
most always subjected to the application of a prier coat containing corrosion inhibitors snch

as iron and lead oxides or of zinc powder, further covered with a decorative paint. Alumini-
um may be covered with a zinc chromate-based prier before a decrative coat is applied.

Durig the preparation of metal parts, painters may be expsed to cleaning and de-
greasing agents, such as solvents, alkalis and acids, and to abrasive dusts, such as ciystalline
silca generated durig blast cleaning. Depending on the industiy, metal painters may be

exposed to a variety of dusts, solvents, fumes and gases resulting from operations such as
mixg paints, maintaining equipment, applyig filers, sealers or putty, or background metal
welding or assembling operations. Most coatings used in the metal industiy are solvent-
based, and spray painting is the main method of application, leading to potential expsures to
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paint mist and solvents. Two-mponent paints, such as those based on epoxy and polyure-
thane resins, play a major role, implyig potential expsure to reactive substances such as
isanates and epoxides. Ai-diyg or bakig after application results in the evolution of
solvents and, possibly, thermal degradation products of resins (peterson, 1984).

(i) Exsure to organc solvents

Expsure of metal spray painters to a variety of solvents has been measured by the US
National Institute for Occupational Safety and Health in a number of industries. The results
are summaried in Thble 18. Except in railroad car painting, overall expsure levels were
found to be low. Toluene, xylene and petroleum distilates were among the most common
solvents. Analyses of bulk air samples indicated no detectable benzene (O'Brien & Hurley,
1981).

ln Finland, solvent concentrations were measured in the breathig zone of 40 car paint-
ers at six garages (54 I-h samples). Mean concentrations and the upper limits of various
solvents were as follows (ppm) (mg/mg3): toluene, 30.6 (249) (115 (940)); xylene, 5.8 (36) (25

(156)); butylacetate, 6.8 (128) (32 (608)); white spirts, 4.9 (150); methyl isobutyl ketone, 1.7
(39) (7 (160)); ispropanol, 2.9 (85) (7 (20)); ethyl acetate, 2.6 (14) (9 (50)); acetone, 3.1 (25) (7

(60)); and ethanol, 2.9 (27) (6 (51)) (Husman, 1980).

A large study of Swedish car refinishing workshops showed that painters spent only
15% of their time actually spray painting, the rest being ocupied with griding, filing, mask-
ing and assembling activities (60%) and colour mixg, degreasing and cleaning activities
(25%). The highest overall solve nt expsure was observed durig spray painting, with a com-
bined expsure of 0.3 (CEl; 106 samples). Toluene, xylene and ethyl acetate were present in
all samples, at average levels of 39, 14 and 11 mg/m3, respectively. Ethanol, butanol and
butyl acetate were observed at veiy low levels in nearly half the samples. Other solvents
encountered frequently in other activities, although at low levels, included styene and white
spirts. A reconstitution of workig conditions in 1955 indicated that expsure levels to sol-
vents were higher than in 1975, which was considered to be representative of the 196s and
1970s. ln particular, when benzene was used as a solvent in 1975-77, the combined expsure

(CEl) reached 0.8 (Elofsson et aL., 1980).

Breathing wne samples were taken durig short-term spray painting operations in a
small autoboy repair shop in the USA Elevated levels of total hydrocrbns (up to 140
ppm) were measured in witer when the spraybth fan was turned off to conserve heat.
Under these conditions, high concentrations of toluene (590 ppm; 2224 mg/m3) were seen
durig lacquer spray painting and of xylene (230 ppm; 100 mg/m3) and benzene (11 ppm; 35
mg/m3) durig enamel spray painting. Summer conditions, when the fan was on, resulted in
maxal concentrations of 330 ppm total hydrocrbns, 56 ppm (211 mg/m3) toluene, 44 ppm

(191 mg/m3) xylene and 3.7 ppm (12 mg/m3) benzene. Other major solvents measured were
acetone, cellosolve acetate, methyl isobutyl ketone, n-hexane, methyl cellosolve acetate, tri-
methylbenzene, ethylbenzene and n-butyl acetate (Jayjock & Levi, 1984).
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Table 18. Painters' time-weighted average exposure levels (personal breathing-zoDe
samples) iD various metal spray-painting operatioDsa

Operation Sampling No. of Combined Main solvents measured Concentration
time samples expureb,c (mg/m3)C

Light aircraft finishing, 25-41 min 3 0.9 :f 1.5 2-Butanone 42:f 2.1
pnmer spraying Toluene

60:f 1.2

Ethanol 26:f 1.6

Isopropanol 19 :f 1.6

Light aircraft finishing, 27-62 min 7 0.15:f 1.3 Ethylacetate 77 :f 1.3

topcoat spraying Ethoxyethylacetate 44 :f 1.4

Aliphatic hydrocrbons 34 :f 1.2

Ligh t aircraft finishing, 19-35 min 6 0.13 :f 2.5 Ethylacetate 52 :f 2.5

stripping operations Ethoxyethylaceta te 30:f 2.7

Aliphatic hydrocrbons 73 :f 1.5

Car refinishing 15-45 min 7 0.09 :f 1.5 Toluene 39 :f 1.6

Xylene 10 :f 1.0

Petroleum distilates 21-63
Other solven ts 0: 10

Railroad car 15-60 min 14 1.3 :f 1.4 Toluene 188 :f 1.5

Xylene 14 :f 2.6

Other aromatic com- 217 :f 1.4

pounds
Aliphatic hydrocrbons 840 :f 1.4

Heavy equipment 60 min 12 0.01-0.05 Refined solvents 21-96
Other solvents -C5

Metal fumiture, solvent 8 h 5 pain- 0.10-0.46 Toluene 12-61
and water-bome paints ters Xylene 7-48

n-Butyl acetate 22-109
Diisobutyl ketone 0:1-23
2-Ethoxyethyl acetate 1-14
Aliphatic hydrocrbons 33-180

Metal fumiture, high- 8 h 6 pain- 0.07-0.31 Xylene 6-55
solids paints ters Aromatic distilates 5-60

Other solvents 0:10
Appliance finishing 8 h 4 pain- 0.38-0.79 Toluene 88-204

ters Xylene 112-225

tlrom O'Bnen & Hurley (1981)
hCumulative expoure index (see p. 366), base on US Ocupational Safety and Health Administration per-
missible expure levels

CGeometric means :l geometric standard deviation, unless otherwse stated
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ln J apan, the full-shift TW A concentrations of the followig solvents measured for 13
car repair painters (ppm (mg/m3); mean :i standard devition) were: xylene, 8:i 8 (35 :i 35);
toluene, 19:i 13 (72:f 49); isobutanol, 5:i 5 (15:i 15); and ethyl acetate, 6:f 4 (22:i 14).
The overall combined expsure (CEl) was 0.38 :i 0.25. Short-term samples taken durig

painting showed a higher combined expsure for ten of 14 workers, toluene being the major
solvent encountered (Ikeuchi et al., 1982). ln another Japanese study of car refinishing
painters, high toluene concentrations were observed durig painting in side-wall ventilated
boths (410-6 ppm; 1542488 mg/m3), compared with those in downdraft ventilated
boths (28-87 ppm; 106328 mg/m3). Short actual painting periods resulted in full-shift
TW A concentrations of organic solvents (toluene, xylene, methyl acetate, ethyl acetate and
butyl acetate) below the expsure limits. The average hippuric acid concentration in the
urie of painters (0.33 mg/ml) was slightly higher than that in controls (0.19 mg/ml; Matsuna-
ga et al., 1983).

Expsure to toluene was investigated in 19401 in 106 painters in a large US airlane
factoiy. Eight-hour 1W A levels of toluene ranged from 100 to 1100 ppm (377-4147 mg/m3);

approxiately 60% of workers were expsed to 20 ppm (754 mg/m3) or more. Toluene was a

major constituent of zinc chromate priers, lacquers, cellulose nitrate dope (lacquer) and
brush wash (Greenburg et aL., 1942).

An industrial hygiene evaluation was conducted at a commercial airline maintenance
facility in the USA. Employees workig in and around jet aircraft durig the paint stripping
process were expsed to levels of dichloromethane in the breathing zone that ranged from 79
to 950 mg/m3 with a mean of 393 mg/m3. Durig application of the prie coat, expsure to

solvents was as follows (mg/m3; mean and range): toluene, 112 (51-179); methyl ethyl ke-
tone, 39 (8-77); butyl acetate, 72 (29-130); n-butanol, 25 (9-47); ispropanol, 51 (undetect-
able to 132); and cyclohexanone 10 (undetectable to 23). Durig application of the top coat,
expsure to the solvents was: ethyl acetate, 333 (undetectable to 857); methyl ethyl ketone,
69 (undetectable to 219); methyl isbutyl ketone, 44 (nondetectable to 117); butyl acetate, 80
(undetectable to 210); xylene, 21 (undetectable to 49) and cellosolve acetate, 18 (undetect-
able to 46; Okawa & Keith, 1977).

Another study involved workers spray painting large commercial aircrat. Industril

hygiene measurements indicated short-term persnal expsures as follows (mg/m3; mean
and range): toluene, 583 (1401230); methyl ethyl ketone, 1436 (2403250); ethyl acetate,
1231 (1603520); naphtha, 44 (20120); butyl acetate, 64 (20150); xylene, 318 (601330); cel.
losolve acetate, 4843 (670-25170); and dichloromethane, 654 (undetectable to 28). Long-
term expsures to the solvents were: ethyl acetate, 26 (10-1100); methyl ethyl ketone, 197

(20); toluene, 162 (30-50); butyl acetate, 11 (undetectable to 50); naphtha, 10 (unde-

tectable to 160); xylene, 69 (10-270); cellosolve acetate, 64 (70-2490); and dichloromethane,
100 (undetectable to 760; Herv & Thoburn, 1975).

Airne concentrations (CEl) of solvent mixures for jobs as paint mixer and spray
pain ter ranged from 0.03 to 0.32 at a US plant manufacturig school and general purpse
buses. The solvents found at the plant were petroleum naphtha, toluene, xylene, benzene,
methyl ethyl ketone and n-hexane (Zey & Aw, 1984).
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UK shipyard painters workig in ships' accmmodation and bilges were expsed to var-
ious mean 1W A levels of organic solvents, depending on their job: 125 mg/m3 for three
painters using a chloriated rubber paint with white spirts as solvent, 215 mg/m3 for a worker
using paint stripper with dichloromethane as the main solvent and 577 mg/m3 for four men
using white interior paint with white spirts as the main solvent. Other paint solvents used
frequently in dockyards are methyl-n-butyl ketone, n-butanol, trichloroethylene, xylene
and cellosolve (Cherr et al., 1985).

ln Poland, phenol and hippuric acids were measured in 51 urie samples from shipyard
painters workig in small spaces of superstructures and in large holds. The average values of
phenol in urie were 12.4-6.4 mg/l compared to 7.9 mg/Ion average for a control group.
Uriary phenol was attributed to benzene: the benzene concentration in air ranged from
undetectable to 11 ppm (35 mg/m3). The average concentrations of hippuric acids in urie

(sum of hippuric and methylhippuric acids) were 1812-550 mg/l compared to 790 mg/l in a
control group. Concentrations of toluene and xylene in air were 7-88 ppm (263J2 mg/m3)
and 23-538 ppm (1002335 mg/m3), respectively (Mikulski et al., 1972). Elevated values of
hippuric (up to 6700 mg/l) and methylhippuric acids (up to 7100 mg/l) were also measured in
the urie of shipyard workers in Japan (Ogata et al., 1971).

ln a factoiy producing dump-truck boies and earth-movig machinery in the UK,
full-shift personal expsure levels to xylene and white spirts (two samples) were measured
as 52 and 65 ppm (226 and 282 mg/m3) xylene and 7 and 12 ppm white spirts. Mter ventila-

tion was properly adjusted, these levels dropped to 9 and 7 ppm (39 and 30 mg/m3) xylene and
.( 5 ppm white spirts (Bradley & Bodsworth, 1983). At a US plant where truck boies and
refuse handling equipment were manufactured, breathing wne concentrations of xylene
durig spray painting operations (eight samples vaiyg from 1 to 3 h) ranged from 5 to 140
ppm (22-68 mg/m3; Vandervort & Cromer, 1975). Low expsure levels of toluene (3-18
mg/m3) and isobutyl acetate (2-4 mg/m3) were observed for Swedish spray painters in a
plant manufacturig fireplaces (Hellquist et al., 1983).

(ii) Exsure to pant mis, dusts an specifie metal

Expsures of metal spray painters to pait mists, Iead and chromium have been mea-
sured by the US National Institute for Occupational Safety and Health in a variety of indus-
tries. The results are summaried in Thle 19.. High concentrations of paint mist have been
recorded in several operations, often Iinked with the painting of enclosed spaces and internaI
cavities, faulty ventilation and work practices. Substantial but short-term lead expsure was
encountered in situations where Iead-bsed pigments were used, such as for painting trans-

porttion and heavy equipment. Elevated but brief expsures to chromium were noted dur-
ing the sprayig of aircrt with prier. No antimony, arsenic, cadmium or mercuiy was en-

countered in these studies. Veiy Iow levels of tin (2-7 J.g/m3) were.recrded durig the spray
painting of dibutyltin dilaurate containing enamel on light aircrt (O'Brien & Hurley, 1981).

. ln a large study.of Swedish car refinishing workshops, averages of 7 mg/m3 mist, 100

J.g/m3Iead and 26 lJg/m3 chromium were meaured durig sprayig activities; durig grid-

ing activities, the correspnding values were 3 mg/m3, 20 J.g/m3 and 6 J.g/m3. The conditions
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Table 19. Painters' exposure (personal breathing-zone samples) to paint mists, lead
and chromium in vanous metal spray-painting operations a 

Operation Sampling No. of Expure levelb
conditions samples

Paint mist Lead Total

(mg 1m3) (Jig/m3) (J.g/m3)

light aircraft finishing, primer 25-41 min 3 23.3 :i 1.6 ND 1600 :f 1.6
spraying

light aircraft finishing, topcoat 27-62 min 6 23.3 :i 1.7 ND
spraying

light aircraft finishing, stripping 19-35 min 6 14.1 :i 2.0 ND-500
operations

Car refinishing 15-45 min 7 8.7 :: 1.6 52 :: 1.5

Car refinishing 8 h 7 5.0 30
Railroad car 15-60 min 13 43.3 :i 1.4 211 :i 1.7 220:i 2.2

Heavy equipment 60 min 3 2.0-36.5 230-1300 31-230
Metal fumiture 8 h 6 painters 3.7-27.6 ND-1050c
Metal fumiture, high-solids 8 h 6 painters 0.5 -6.2 5-26 5-9
paints

Small appliance parts, powder 8 h 3 1.3 :: 1.1
coating, e1ectrostatic spraying

Appliance finishing 8 h 4 painters 21.7-54.5 c( 6-20

tlrom O'Brien & Hurley (1981)

hGeometric means :i geometric standard deviation, unless otheiwse indicated
COnly 2.5-h samples taken one aftemoon showed detectable levels (30-1050)

were thought to be representative of those in the 196s and 1970s. Simulation of work condi-
tions in 1955 showed low concentrations of lead durig the use of all colours except red, when
the Swedish expsure limit was exceeded by 70-fold. The actual expsure of painters was
believed to be reduced by the use of individual protective equipment (Elofsson et al., 1980).
Breathing-zone samples were taken durig short-term spray painting operations in a small
auto-boy repair workshop in the USA. Only one of eigIit samples, corresponding to a red
paint formula, contained significant levels of chromium (490 J.g/m3) and lead (210 J.g/m3); in

all other measurements, the levels of chromium, lead and cadmium were below the detec-
tion limit. The concentration of total dust collected durig the sanding or griding of plastic
body filer was 5-40 mg/m3 and that of respirable dust, 0.3-1.2 mg/m3 (Jayjock & Levi,
1984). ln a factoiy producing dump-truck boies and earth-movig machinery in the UK,
full-shift personal exposure levels to total paint solids (two samples) were measured as 11.6
and 15.9 mg/m3. After ventiation was properly adjusted, these levels dropped to 1.4 and 5.2
mg/m3. The major pigments used were titanium dioxide and iron oxide (Bradley & Bods-
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worth, 1983). At a US plant where truck boies and refuse handling equipment were made,
breathing zone concentrations of solid contaminants measured durig various spray painting
operations (seven samples vaiyg from 1 to 3 h) were 4.8-7 mg/m3 for total pariculates,
20-300 ,.g/m3Iead and 10- ,.g/m3 chromium (Vandervort & Cromer, 1975). Low overall

expsure levels were found for Swedish spray painters workig in a plant manufacturig fire-

places, with a total dust level of 1.7 mg/m3, chromium oxide, 5-8 ,.g/m3 and zinc oxde, 2030
,.g/m3 (Hellquist et al., 1983).

At a US plant where school and general purpse buses were manufactured, employees
workig in and around the paint both were reported to be expsed to hexavalent chromium
and lead. The concentrations of hexavalent chromium in five personal air samples were
0.03-0.45 mg/m3, with a mean of 0.23 mg/m3; airrne lead concentrations (eight personal

samples) ranged from below the laboratoiy limit of detection (3 ,.g/filter) to 2.01 mg/m3, with
a mean of 0.78 mg/m3 (Zey & Aw, 1984).

A US manufacturer of large-scle weapon, electronic and aero-mechanical systems
reported expsure of workers to hexavalent chromium while sprayig aircraft wheels with
yellow lacquer pri ers containing zinc chromate. ln 12 personal breathing wne samples,
the level of chromium(VI) ranged from 13.3 to 290 J.g/m3 with a mean of 60.7 ,.g/m3 (Ko-
minsky et al., 1978).

ln a US plant in which bridge girders were sprayed with lead silcohromate paint, per-

sonal air levels of lead and chromium (as Cr) in five samples were 0.01-0.25 mg/m3 (mean,
0.08) and 0.01-0.04 mg/m3 (mean, 0.02), respectively (Rosensteel, 1974). Substantial exp-
sure to airorne lead was demonstrated for US workers involved in scraping old lead-based

paint from the metallc structure of a bridge and priing it (24-1017 ,.g/m3); recoating with

lead-based paint implied lower expsure levels (6-30 ,.g/m3). Bloo lead levels in these
workers were 30-96 ,.gllOO ml, with 58% above 60 ,.g/lOO ml (Lndrigan et al., 1982). ln the

Netherlands, workers involved in flame-torch cutting of a steel structure coated with lead-
based paints were shown to be expsed to 2-38 mg/m3 airme lead (Spee & Zwenni, 1987).

Bloo lead levels have also been measured in workers in various ocupations in three
Finnish shipyards. Painters were among the most heavily expsed: mean bloo levels in a
total of 77 painters in the three shipyards were 2028 ,.gllOO ml (fola & Karskela, 1976).

(ii) Other exsures
Use of polyurethane tye paints can result in expsure to düsoanate monomers and

their oligomers. ln Sweden, 43 car repair painters were expsed to a 1W A of 115 J.g/m3
hexamethylene düsocanate (HI)-biuret oligomer, with a range of 10-385 ,.g/m3. Veiy
high expsure peaks (up to 13 50 ,.g/m3)were measured. The concentration ofHDI was 1.0
,.g/m3 (Alexandersson et al., 1987). ln Finland, average HDI and HDI-biuret oligomer lev-
els in four car paint shops durig spray painting (ten 5-10-min personal samples, outside
respirator) were 49 (:: 22 SD) and 144 (:: 1130) ,.g/m3, respectively. The proper use of a
respirator with combined charcoal and particle fiters was shown to reduce expsure levels to
below detection limits (Rosenberg & Thomi, 1984). ln a US car repainting shop, three short-
term air samples (5-13 min) taken in the breathing wne durig spray painting operations
showed HDI levels of -: 130 ,.g/m3. Similar measurements taken durig various light air-
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craft finishing operations (7-21 min, eight samples) indicated RDI levels below approxi-
mately 70 J.g/m3, except for one operation with a level_of 250 J.g/m3 (O'Brien & Hurley,
1981).

Ambient levels of HDI durig the spray application of an enamel top coat at a US air-
line maintenance facilty were .: 0.043.20 mg/m3, with a mean of 1.1 mg/m3 (Okawa &
Keith, 1977).

Epoxy paints are usually applied as reactive mixures of epoxy resins and curig agents,
leading to potential expsure to compounds containing the epoxide group. Total epoxide
concentrations have been measured in area samples of aerosols collected durig three paint-
ing operations involvig the use of a bisphenol-A diglycidyl ether tye of epoxy resin. ln a

faciity producig miltaiy aircraft, the use of an epoxy prier did not result in detectable
epoxide levels, and the authors surmised that the epoxy-amine curig reaction had probably

. consumed most of the epoxide group. Epoxide levels of 2-12 J.Eq/m3 epode functional
group were recorded durig the painting of a tank with col-tar epoxy coatings and the paint-
ing of a metal ceiling using an epoxy architectural coating (Herrck et al., 1988). ln a US
company that finished structural steel members and other fabricated steel products, the
products are blasted with steel shot or sand and spray-painted with two-mponent epoxy
paints or oil-based paints. Personal air levels of epichlorohydri were reported to range
from 2.4 to 138.9 mg/m3, with a mean 1W A of 64.9 mg/m3. Bisphenol A glycidyl ethers were
also detected in the workers' breathing zone at levels which ranged from below the limit of
detection (0.6 J.g) to 28.6 J.g/m3, with a mean of 9.8 J.g/m3 (Chrostek & Levie, 1981).

The major thermal degradation components of epoxy powder paints were identified as
phenol, cresols, bisphenol-A, pyrdine, 2,3-dimethylpyrazine and formaldehyde; bisphe-
nol- A glycidyl ether was not observed. Levels in the work envionment of painters were not
measured (peltonen, 1986; Peltonen et al., 1986). Diethylene trimine, which is a component
of curig agents of epoxy paints, was measured in three samples collected from the breathing
zone of a pain ter durig spray painting of paper machine cylinders and pulp tanks at a con-

centration of 0.02-0.07 mg/m3 (Bäck & Saarien, 1986).
Operators workig in eight plants where coal-tar enamel protective coating was

applied to pipelines with heat were expsed to high levels of coal-tar pitch volatiles (see
IARC, 1985b) at up to 24 mg/m3 ofbenzene-soluble matter (full-shift samples). The overall

respirable concentration ofbenzo( a )pyrene in the plants averaged 133 J.g/m3 (Lrson, 1978).

3. Biological Data Relevant to the Evaluation of
earcinogenic Risk to Humans

3.1 Carcinogenicity studies in animaIs

No data were available to the Workig Group.
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3.2 Other relevant data in humans

(a) To.xic effects

(i) Skin and eys

Workers in the paint manufacturig industiy (Piriä, 1947; Ulfvarson, 1977) and paint-
ers (Pirä, 1947; Högberg & Wahlberg, 1980; Winchester & Madjar, 1986) are at a consider-
able risk of developing an ocupational dermatosis. ln one study of Swedish paint industiy
workers, the prevalence of ocupational dermatoses was about 40%, 26% of which were on
the hands and arms (Ulfvarson, 1977). Arong Swedish hou se painters, the prevalence of
ocupational ski disease was 4-6%, mainly affecting the hands. More than half of the der-
matoses were nonallergic contact eczemas, probably mostly induced by organic solvents,
mainly in atopie subjects. AIlergic contact eczemas involved hypersensitivity towards chro-
mium, nickel, epoxy resin components and formaldehyde. Several cases were se en of allergy
to chloracetamide, which was widely used as a biocide in water-based paints and glues. Sen-
sitivity to turpentine, which was formerly prevalent among painters, is now rare (Högberg &
Wahlberg, 1980).

The wide variety of ski sensitizing agents in paints include some of the monomer resi-
dues from resins (e.g., phenol/formaldehyde resins, carbamide resin, melamine resin, epoxy
compounds, aciylates). ln addition, natural resins, such as colophony, may con tain sensitiz-
ing agents. Some hardeners, such as acid anhydrides and para-toluenesulfonic acid, may
cause sensitiztion, as may some metals used as pigments and driers in paints, e.g., cobalt and
zirconium. Chromate sensitivity is rare in the painting trades, due to the low solubility of the
salts used. Of other additives, several biocides (e.g., formaldehyde, chlorophenols and is-
thiazolinones) may have this effect. Of the solvents, only turpentine and dipentene (limo-
nene) are known to be sensitizers (Fregert, 1981; Hansen et al., 1987).

Some organic solvents (e.g. sorne ketones and esters) are irtants, as are sorne resin
monomers (e.g., butyl aciylate) and additives (e.g., amines, ammonia and organic peroxides;
Hansen et al., 1987).

Corneal changes have been described in workers expsed to spray paints containing
xylene (Matthäus, 196). Changes in the lens of the eye have ~een recorded in car painters
exposed to a mixure of solvents (Rait ta et al., 1976; Elofsson et al., 1980). However, no ocu-
lar effect was noted in industril spray painters ocsionally expsed to toluene at up to 4125
mg/m3 (Greenburg et aL., 1942). Water-based paints may contain triethylamine (Hansen et. 0
al., 1987), WhlCh can cause corneal oedema (Akesson et al., 1985, 1986).

(ü) Respiratory tract

Complaints of irtation in the upper airays were reported among paint factory work-

ers (Winchester & Madjar, 1986) and among painters ocupationally expsed to white spirts

and other solvents (Cohen, 1974; Seppäläinen & Lindström, 1982; Lindström & Wickström,
1983; Pham et aL., 1985; White & Baker, 1988). Hypsmia has sometimes been assoiated
with expsure of painters to solvents (Lindström & Wickström, 1983). Histological changes
of the nasal mucosa were reported among industril spray painters (Hellquist et al., 1983).
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Sorne painters suffer from lower airay syptoms (Schwartz & Baker, 1988; White &
Baker, 1988), and there is a high prevalence of chronic phlegm bronchitis among spray paint-
ers (White & Baker, 1988) and lacquerers (Sabroe & Olsen, 1979). An obstructive ventilato-
iy pattern was recorded after testing lung function in people who abused spray paint by inha-
lation (Reyes de la Rocha et al., 1987). A decrease in expiratoiy flow rates was noted in a few
workers in a priting paint factoiy, probably due to irtant effects, but not among car paint-
ers (Bevig et al., 1984a). Other studies of painters have also indicated bronchial obstruction
(pham et aL., 1985; Schwartz & Baker, 1988; White & Baker, 1988), and small airays disease
has been noted in car painters expsed to isanates (Alexandersson et al., 1987). ln con-
trast, no disturbance of lung function was reported among house painters using solvent-
based (Bane et al., 1977; Askergren et al., 1988) and water-based (Askergren et al., 1988)
paints. Danish painters were reported to have a high rate of disabilty pensions due to respi-
ratoiy disease (Mikelsen, 1980).

Painting may also entail expsure to compounds that cause allergic reactions in the air-
ways. Isoanates can cause both asthma and pneumonitis in painters (Nielsen et aL., 1985;
Hagmar et al., 1987). Expsure in the painting trade to isanates and polyisocanates may
induce antiboy formation (Welinder et al., 1988). Acid anhydrides (e.g., trielltic anhy-

dride, phthalic anhydride and its derivatives, and maleic anhydride) caused sensitiztion in
workers producing alkyd binders (Wemfors et al., 1986; Hagmar et al., 1987; Nielsen et al.,
1988). Moreover, paints sometimes con tain asthma-inducing amines (Hagmar et al., 1987).

Expsure to aluminium dust and iron oxide durig paint production may cause fibrosis,
and expsure to iron oxide can cause pneumocniosis (Maintz & Werner, 1988).

(ii) Nervous system

The neurotoxic effects of expsures to solvents have been reviewed (World Health Or-
ganiztion, 1985; Cranmer & Golberg, 1986; National Institute for Occpational Safety and
Health, 1987). Such effects have been determined by means of questionnaires about subjec-
tive syptoms, neuropsychological testing and neurophysiological examination of central

and peripheral nervous system function (Ible 20), as well as in epidemiological studies of
neuropsychiatric diseases.

Subjective syptoms, e.g., a feeling of intoxication, fatigue, por concentration, emo-
tional instabilty, short-term memoiy problems and headache, have been recorded in a se-
ries of cross-sectional studies of workers in the paint manufacturig industiy, of house paint-
ers, of car and industiy painters and of shipyard painters. Sorne of the syptoms are short or
mid-term, others are persistent. However, no such syptom was recorded in house painters
using mainly water-based paints (Askergren et al., 1988). Neuropsychological tests have doc-
umented impairent of psychomotor pedormance, memoiy and other intellectual func-
tions, as well as changes of moo (Ible 20).

Electroencephalographic changes and a slight decrease in cerebral bloo flow were re-
corded in paintindustiy workers (0rbaek et al., 1985). Electroencephalographic abnormali-
ties have also been seen in car and industiy painters (Seppäläinen et al., 1978; Elofsson et al.,
1980). Other studies of solvent-expsed painters have failed to identif such effects
(Seppäläinen & Lindström, 1982; Triebig et al., 1988), and no effect on auditoiy-provoked
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Table 20. Symptoms and neurobehavioural effects in studies or workers in the paint-
ing tradea

Population Symptoms ReferencePschomotor
pedormance

Short-tenn Other Moo
memory intellectual

functions

Paint industry
workers

+

++
(+ )

House painters (+ )
+

(+ +)

++

Car/industry
painters

+
+
+

Shipyard painters +

(+ )

+ +

(+ ) ++
(+ )

+ + +
++ +

(-) (-) (-) (-)
+

(+ +) (+ +) (+ +) ++
++ (+ ) (+ +)
+ + + +

+ + + +
+

Anhelm Oisn

(1982)
0rbaek et al. (1985)
Winchester & Madjar
(1986)

Hane et al. (1977)

Undstrõm &
Wickstrõm (1983)

Fidler et al. (1987)

Triebig et al. (1988)

Baker et al. (1988)

Mikkelsen et al. (1988)

Hãnninen et al.
(1976)
Husman (1980)

Elofssn et al. (1980)
Struwe et al. (1980)

Maizlish et al. (1985)

Cheny et aL. (1985)

Valciukas et al. (1985)

(-)

(+ )

(+ ) (-)

a+, expd group differed statistically significantly from a control group; + +, there was a dos-response

relationship; -, there was no statistically significant difference; (), the Working Group considered that the
evidence was IimIted because the effect was weak or inconsistent and/or the duration and/or intensity of the

expure was low.

+

potential was seen in painters expsed to water-based paints (Askergren et al., 1988). ln one
group of house painters (Mikelsen et al., 1988) and in a study of car and industrial painters
(Elofsson et aL., 1980), signs of slight atrophy were found by computed brain tomography, but
another study showed no such effect (friebig et al., 1988).

Occsional cases of clinical polyneuropathy have been descbed in spray painters ex-
posed to methyl-n-butyl ketone (Mallov, 1976). ln a few cross-sectional studies of car and
industiy painters (Elofsson et al., 1980; Husman, 1980; Maizlish et al., 1985), signs of slight
neurological impairent were observed durig physical examinations. N europhysiological

studies of house painters (Askergren et al., 1988) and of car and industril painters (Seppäläi-
nen et aL., 1978) have indicated slight toxic effects on the peripheral nervous system, but oth-
er studies have not (Seppäläinen & Lindström, 1982; Cherr et al., 1985; 0rbaek et al., 1985;
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Triebig et al., 1988). Formerly, painters expsed to lead sometimes showed clinical effects on
the peripheral nervous system, including paisy (mainly affecting the extensor muscles of the
forearm) anddrop (affecting the wrt; Rosen, 1953). No effect on the peripheral nervous
system was observed in painters who used mainly water-based paints (Askergren et al., 1988).

ln a cohort of Danish painters, statistically significant two- to three-fold increases in
the relative rik of being granted a disability pension due to neuropsychiatric disease was
found (Mikelsen, 1980). Similarly increased riks were observed in case-cntrol studies of
applicants for disabilty pensions due to neuropyschiatric disease and for nursing home ac-
commodation due to encephalopathy, in which the ocupation of 'painter or other solvent-
expsed trade' was used as an indicator of expsure (Axelson et al., 1976; Olsen & Sabroe,
1980; Lindström et al., 1984; Rasmussen et al., 1985). Signiicant increases in risk were not,

however, seen in other case-cntrol studies, using subjects granted a disability pension (van
Vliet et al., 1987), subjects who had consulted general practitioners because of minor psy-
chiatric ilness (Cherr & Waldron, 1984) and deaths from presenile dementia (O'Flynn et
al., 1987). (The Workig Group noted that the confidence intervals were wide and that the
results of the latter studies could thus be considered non-positive rather than negative.)
Painters were overrepresented among cases of psychomotor epilepsy (Littori et al., 1988).

(Te Workig Group noted that reasons for the variable outcome include differences
in expsures, i.e., identity of chemicals, intensity and duration. AIso, selection bias may have
ocurred; and the examination methods varied, some possibly being inuenced by recent
rather than chronic expsures. Finally, the control groups used may have not been appropri-
ate, so that the effects of confounders cannot be ruled out.)

(iv) Kidneys

At the beginning of the centuiy, it was claimed that expsure of painters to turpentine
caused glomerulonephritis; this assoiation was not firly established (Chapman, 1941), al-
though the suspicion that a toxic effect of sol vents caused clinical disease of the glomeruli
remained. Goopasture's sydrome has been assoiated with exposure to paint solvents
(Klavis & Drommer, 1970; Beire & Brennan, 1972).

Case studies of glomerulonephritis indicated a possible assoiation with expsure to
various solvents, including those in paints (Zimmerman et al., 1975; Ehrenreich et al., 1977;
Lagrue et al., 1977; Ravnskovet al., 1979; Finn et al., 1980), although one study that showed a
relative risk (RR) of 1.1 (95% confidence interval (CI), 0.4-3.1) did not (van der Laan, 1980).

Most studies on kidney disease in the painting trade have concentrated on solvents.
Several solvents are nephrotoxic (Luweiys et aL., 1985). ln a study of industrial spray paint-
ers expsed to toluene-cntaining paints, no indication of kidney disease was observed

(Greenburg et aL., 1942). Later cross-sectional studies using more sophisticated methods
revealed only minor effects. Among paint industiy workers who were expsed to toluene
and xylene, slight haematuria and albuminuria were observed but no effect on concentrating
abilty or glomerular fitration rate (Askergren, 1981; Askergren et al., 1981a,b,c). These re-
sults were interpreted as being a minor effect on the glomeruli. ln another study of painters
expsed to toluene and xylene, indications of veiy slight tubular effects were reported (Fran-
chini et al., 1983). ln a third study of car pa inters exposed to low levels of white spirts and
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toluene, no such effect was observed (Luweiys et al., 1985); however, a minor increase in
uriaiy albumin excretion was reported among house painters using mainly water-based

paints (Askergren et al., 1988).

Kidney disease may be caused by expsure to lead in paints (Skedvig, 1987; see also
IARC, 1980a).

(v) Liver an gasrointestinal tract
Slight effects on serum liver enzyes were noted in early studies of groups of industril

spray painters (Greenburg et al., 1942). ln other studies of paint industiyworkers (Lundberg
& Håkansson, 1985), of car painters (Kurppa & Husman, 1982), of house painters (Rane et
aL., 1977) and of subjects with suspected organic solvent poisning (e.g., car painters; Miling

Pedersen & Melchior Rasmussen, 1982), no consistent change in levels of serum liver en-
zyes was observed.

Lead may cause colic ('painter's colic'), and solvents and arsenic have also been claimed
to cause gastrointestinal syptoms among painters and varnishers (Rosen, 1953).

(vi) Blood and haematoPOietic system

Results obtained from haematological studies of workers in the painting trade vary. ln
painters who used gasoline as a solvent, a reduction in bloo haemoglobin level was ob-
served. Typicallevels of aromatic hydrocrbns (one-fifth to one-tenth of the total hydro-
carbn content) were 30080 ppm (Sterner, 1941). Similarly, in later studies of car spray
painters expsed mainly to xylene at rather low levels (Angerer & Wulf, 1985) and of house
painters who had been expsed to various solvents (Bane et al., 1977), slight decreases in
haemoglobin levels were reported. ln contrast, in one study of car and industrial spray paint-
ers, increased levels of haemoglobin were reported (Elofsson et al., 1980).

ln early studies of car spray painters, a slight decrease in white cell counts was observed,
with relative lymphocosis (Lind, 1939). This was probably due to a myelotoxic effect of
benzene which was a contaminant of toluene and xylene before 1950. However, in one
later study of patients with suspected solvent poisning (mostly hou se, industrial and car
painters), a slight decrease in white cell counts was reported (Miling Pedersen & Melchior
Rasmussen, 1982), and in a study of car spray painters, lymphocosis was observed (Angerer .
& Wulf, 1985). ln contrast, another study of house painters showed no change in white cell
counts (Elofsson et al., 1980).

ln more recent studies of paint industiy workers (Bevig et al., 1984b; Lam et al., 1985;
0rbaek et al., 1985) and car painters (Bevig et al., 1983), slight decreases in thromboe
counts were observed; in paint industiy workers, the fatty acid composition of platelet mem-
brane was altered (Bevig et al., 1988). ln a further study of patients with chronic poisning
suspected to be induced by solvents (e.g., car painting), no change in thromboe counts was
reported (Miling Pedersen & Melchior Rasmussen, 1982).

ln painters, lead affects the formation of haemoglobin and red cells in bone marrow
and causes haemolysis in peripheral bloo (Skedvig, 1987).
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(vi) Other organ
Sorne indication has been found that solvents affec muscles (raised serum creatine ki-

nase levels), as seen durig short-term expsure of volunteers to white spirts (Miling Ped-
ersen & Cohr, 1984), in workers (e.g., house painters; Miling Pedersen & Melchior Rasmus-
sen, 1982) and in patients with poisning suspected to be due to solvents (mostly house, in-
dustrial and car painters; Miling Pedersen et al., 1980). ln the latter study, an increase in the
activity of lactic dehydrogenase was observed in muscle biopsy speciens.

Case histories have been reported of subjects who suffered myocrdial inarction after
expsure to dichloromethane in paint removers (Stewart & Hake, 1976). However, cohort
studies of paint industiy workers have not indicated an increased risk for cardiovascular dis-
ease (Morgan et al., 1981, 1985; Lundberg, 1986).

(vi)Mortality from conditions other tha cancer
Many of the papers mentioned below are disussed in greater detail in section 3.3. Only

statistically signifcat results are given here.
ln one study of US paint industiy workers, no increase in the total deaths from diseases

of the nervous system was observed over that expected (Morgan et al., 1981), and in a further
studya significant decrease was observed (Matanoski et al., 1986). ln a study of Swedish
painters, there was increased mortlity from suicide (Engholm & Englund, 1982; Engholm et
al., 1987).

A cohort of Swedish painters showed an increase in mortlity from chronic obstructive

respir tory disease (Engholm & Englund, 1982), but no such increase was se en in studies of
US painters (Matanoski et al., 1986), of US automobile painters (Chiazze et al., 1980) or of US
aeroplane spray painters (Dalager et al., 1980) or in two studies of workers in the paint indus-
tiy (Morgan et al., 1981; Lundberg, 1986).

ln two further studies of paint industiy workers, no increase in the total number of
deaths from diseases of the genitouriary system was observed (Morgan et al., 1981; Lund-
berg, 1986), although in one of the studies three deaths from inectious uriaiy tract disease

were observed among cleaners in paint manufacture who had been heaviy expsed to sol-
vents, while only 0.2 were expected (Lundberg, 1986).

ln two studies of paint industiy workers, no increase in the total number of deaths from
diseases of the gastrointestinal tract was observed (Morgan et al., 1981; Lundberg, 1986). ln
another study of US painters, a significant decrease in the number of deaths from gastroin-
testinal disease was observed (Matanoski et al., 1986). Increased mortlity from diseases of
the oesophagus and stomach has been reported in painters (Engholm & Englund, 1982).
There was an indication of an increased rate of liver cirhosis in one study (Lundberg, 1986),
and, in automobile (Chiazze et al., 1980) and aeroplane (Dalager et al., 1980) spray painters,
proportionate mortality from liver cirhosis also appeared to be increased. Similar findings
were reported in Swedish house painters (Engholm et al., 1987). Danish hou se painters did
not display an increase in the incidence of cihosis (Mikelsen, 1980). (Te Workig Group
noted that, in interpreting effects on the liver and gastrointestinal tract, the possibilty that
workers in the painting trade have a higher alcohol consumption than the general population
must be considered.)
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ln one study of paint industiy workers, no increase in the total number of deaths from
diseases of the bloo or bloo-forming organs was found (Morgan et al., 1981).

Studies of paint industiy workers have not indicated an increased risk for cardiovascu-
lar disease (Chiazze et al., 1980; Morgan et aL., 1981; Engholm & Englund, 1982; Morgan et
al., 1985; Lundberg, 1986; Matanoski et al., 1986). ln one study of Danish painters (Mikel-
sen, 1980), deaths from diseases of the circulatoiy system were increased 30% as compared
to the general population, but not as compared to a control group ofbricklayers. Spray paint-
ers in automobile factories showed increased proportionate mortlity from hypertensive
heart disease (Chiazze et al., 1980).

An increased number of deaths from cerebrovascular disease was observed in paint fac-
toiy workers (Morgan et al., 1981, 1985). Data on cerebrovascular mortality among aero-
plane painters are in accrdance with these results but are not significant (Dalager et al.,
1980). ln a study of US painters, a significant decrease in the number of deaths from cerebro-
vascular disease was observed (Matanoski et al., 1986).

(The Workig Group noted that cohorts of workers in the painting trades may be sub-
ject to selection, which may bias the results of mortality studies. AIso, in mortlity studies,
the ocupational and disease categories used are broad, decreasing the specificity of the ob-
servations. )

(b) Effects on fertility and on pregnancy outcome

(i) Fertility

McDowall (1985) analysed a 10% sample of 601526 birhs within marrage registered in

England and Wales in 198082 for which the ocupation of the father was recorded on the
birh certificate. The standardized fertilty ratio for men in each of 350 ocupational units,
defined by the Office of Population Censuses and Surveys, was calculated, takig the value

for all ocupational groups combined to be 100. Thble 21 summaries the findings in the five
occupational groups in which paternal expsure to paint is likely: artists and commercial ar-
tists; coach painters; other spray painters; painters and decorators not elsewhere classified,
and french polishers; and painters, assemblers and related ocupations. Men with ocupa-
tions classified as 'other spray painters' and 'painters and decorators, and french polishers'
had significantly more children than expected on the basis of national rates (standardized
fertilty ratios, 129 and 141, respectively, based on 694 and 2871 birhs).

Rachootin and Olsen (1983) carred out a case-cntrol study of 1069 inertile couples
and 4305 fertile control couples attending Odense University Hospital, Denmark, in
1977-80. The RRs associated with ocupational expsure to 'lacquer, paint or glue' were 1.2
(95% Ci, 0.9-1.7) for men with sperm abnormalities, 1.1 (0.7-1.7) for women with hormonal
disturbances, 1.4 (0.8-2.6) for women with idiopathic inertilty and 1.1 (0.7- 1.8) for men with
idiopathie inertilty.

Bjerrehuus and DetIefsen (1986) reported on a postal survey of 3251 male painters in
Copenhagen, Denmark, and 1397 construction labourers. Approxiately half responded,
and 18% of the painters reported failure to conceive after two years of trils, compared with
10% of the construction workers. Telephone intervew with a sample of the painters who had
not responded to the postal questionnaire yielded a similar inertilty rate.



Table 21. Standardized fertilty ratios, sex ratio, percentage of births with birthweights of less than 2500 g, stilbirths, perin.
atal mortality and infant mortality, according to father's occupation, in occupational units in which exposure to paint is likely;
England and Wales, 1981-82a

~Occupational title (Offce No. of Standardized Sex ratio Births with Stilbirths Perinatal mor- Infant morta-
of Population Census and birthsb fertilty ratio (M:F births) birthweight tali ty lity
Suiveys, 1970) .c 2500 g (%)

~SMR No. SMR No. SMR No. e
Arists; commercial artists 373 105 0.884 4.8 75 19 65 20 72 19 ~
Coach painters 20 89 1. 00 10.0 73 1 56 1 119 2 q

c:
Other spray painters 694 129* 1. 224 * 8.1 112 52 120 71 111 62 ~

tI
Painters and decorators not 2871 141* 1.049 6.6 99 191 99 242 98 224

~
elsewhere speified; french

polishers
Painters, assmblers and 341 100 1.018 7.9 131 30 131 38 144* 38

~
related ocupations
AlI ocupations 601 526 100 1.061 6.6 100 100 100 Z0
IZrom McDowa11 (1985); SMR, standardizd mortality ratio
b10% sample, excpt for 'aIl occupations'

*Differs significantly from a11 occupations (p .c 0.05)

W
\C
W
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(ii) Perinatal toxicity

Olsen and Rachootin (1983) reported in a letter to the Editor data on 2259 couples who
had had a healthy child in 1978-79 at the Odense University Hospital, Denmark. Occupa-
tional expsure to various substances was assessed prior to deliveiy. Expsure to 'lacquer,
paint or glue' was reported by 217 mothers and 1512 of their spouses. For maternai exp-
sures, mean birh weights were 64 g less than the average; the authors reported that, after
adjustment for maternai age, smokig and drikig habits and time to conception, birh
weights were 51 g less than the average (p = 0.12). For paternal expsures, the adjusted birh

weight of the babies was 14 g above average (p = 0.56).
Heidam (1984a,b) carred out a postal survey of the reproductive histoiy of women liv-

ing in Funen county, Denmark. Female painters were recruited from the locl diviions of
the trade union, and 76 of 81 (94%) to whom questionnaires were sent replied; among these,
38 pregnancies were reported (0.5 per woman), of which five (13% ) were reported to be spon-
taneous abortions. A 91% response rate was obtained from a reference group of 1571
employed women; among these, 843 pregnancies were reported (0.5 per woman), of which 84

(10%) were reported to be spontaneous abortions. The corresponding RR was 2.9 (95% CI,
1.0-8.8) for painters after controlling for gravidity, pregnancy order and age. When, how-
ever, the analysis was done using separate data on birhs and spntaneous abortions regis-
tered in hospital, the corresponding RR was 1.1 (0.4-2.9). The authors suggested that there
may have been some reporting bias among the painters.

McDowall (1985) also presented data relevant to periatal toxicity, including the sex
ratio of offsprig, percentage of low birh weights and standardized mortlity ratios (SMRs)
for stilbirhs and periatal and inant deaths, for birhs in England and Wales in 198082
(Tble 21). 'Other spray painters' had an elevated ratio of male:female birhs; but in each of
the four other ocupational units with expsure to paint, the sex ratio was below average.
The inant mortlity rate for the offsprig of 'painters, assemblers and related ocupations'
was higher than that of all ocupations. Workers in this group would generally be classified in
soial class IV in which the inant mortlity rate is 115.

Daniell and Vaughan (1988) used records of live birhs in Washington State, USA, from
198083 to compare the outcome of pregnancy in various ocupational groups. Among the
1299live birhs for which the ocupation of father of the child was descnbed as 'painter', the
sex distnbution and Apgar scre at 1 min and 5 min were similar to that round in the 2529live
birhs for whom the ocupation or the father was descbed as 'electrician' and in 1469 'gener-
al controls'. The RR for low birh weight ( -: 250 g) among the offsprig of painters was 1.1
(95% CI, 0.7-1.5) compared to 'electricins' and 1.4 (0.9-2.1) when compared to 'general
controls' .

(ii) Ma/tonnions
McDowall (1985) also feported on malformations in England and Wales in 198082,

accrding to maternaI and paternal ocupation (Tble 22). Overall, there was no excess of
malformations, except in the offsprig of men in ocpations classified as 'painters, assem-
biefs and related ocpations'. When specific malformtions were considered, there was an
excess of polydactyly in the children of men and women with ocpations classified as 'paint-



Table 22.. Standardized malformation ratios for specitied malformations according to occupation, England and Wales, 1980-82b

Malformation Arists; commercial artists Coach painters Other spray pa inters Painters and decorators Painters, assmblers and
not elsewhere specified; related occupations
french polishers

Father Mother Father Mother Father Mother Father Mother Father Mother-
Ratio No. Ratio No. Ratio No, Ratio No. Ratio No, Ratio No. Ratio No, Ratio No. Ratio No. Ratio No.

Ali malformations 91 46 100 14 102 3 - 0 97 97 100 4 89* 369 100 4 241 * 117 100 140

~Anencephalus 381 3 - 0 - 0 - 0 120 2 - 0 58 4 - 0 126 1 187 5

Spina bifida - 0 - 0 - 0 - 0 64 3 - 0 99 19 495 1 314* 7 177 12

~
Spina bifida and/or anencephalus 102 3 - 0 - 0 - 0 82 5 - 0 84 2 372 1 275* 8 187* 17

Cleft palate and/or c1eft lip 93 3 - 0 - 0 - 0 111 7 - 0 77 20 - 0 163 5 111 10 c:
Hiatus hemia and/or diaphrag- - 0 - 0 - 0 - 0 - 10 - 0 101 3 - 0 - 0 94 1 ~
matic hemia

~'facheo-oesophageal fistula, oe- - 0 - 0 - 0 - 0 138 1 - 0 99 3 - 0 - 0 92 1 c:sophageal atresia and stenosis ~
Rectal and anal atresia and sle- - 0 559 1 - 0 - 0 80 1 - 0 97 5 - 0 166 1 55 1 tI
nosis

~Malformations of the heart and 156 5 - 0 550 1 - 0 80 5 - 0 79 20 - 0 166 5 58 5
circula tory sytem

;
Hyppadias, epispadias 54 2 288 3 - 0 - 0 119 9 - 0 78 24 - 0 194 7 83 9

Polydactyly 49 1 - 0 - 0 - 0 164 7 - 0 176* 31 1081 * 2 392 8 144 9

Syndactyly 105 2 - 0 - 0 - 0 57 2 - 0 150 22 763 1 459* 8 213* 10

Reduction deformities - 0 - 0 - 0 - 0 47 1 - 0 82 7 - 0 399* 4 138 4 0
Exomphalos, omphalocele - 0 692 1 - 0 - 0 - 0 - 0 39 2 - 0 357 2 223 4

Down's sydrome 90 2 170 1 - 0 - 0 35 1 505 1 60 8 - 0 123 2 72 3

Ilor fathers, standardized malformation ratios are calculated, taking a1l ocupations as 100. For mothers, standardizd propottonae mortlity ratios are caJculated, taking a1l malforma-
tions ¡n each occupational group as 100.
bfrom McDowa1l (1985)

*Differs significantly from a1l occupations (p .: 0.05)

W
i)
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ers and decorators not elsewhere specified, and french polishers' and in children of men
whose ocupations were described as 'painters, assemblers and related ocupations'. Syn-
dactly was in excess in the offsprig of men and women whose ocupation was 'painters,
assemblers and related ocupations'. Reduction deformities were also in excess for paternal
expsure but not for maternai expsure. Spina bifida and/or anencephalus were in excess in

the offsprig of men and women descnbed as 'painters, assemblers, and related ocupa-
tions'.

Olsen (1983) reported data from the Register for Congenital Malformations in the
county of Funen, Denmark, and took details of parental ocupation from birh certificates.
The authors reported a relative prevalence ratio of 4.9 (95% CI, 1.4-17.1) for congenital mal-
formations of the central nervous system in the group in which the children's fathers were
entered as painters in comparison with all other ocupations; the ratio for mothers in this
categoiy was O.

(c) Genetic and related effects

Haglund et al. (1980) studied chromosomal aberrations and sister chromatid exchanges
in the lymphoces of 17 male paint industiy workers (expsed to organic solvents) who were
presumed to have the highest expsure among a group of 47 paint industiy workers
employed in seven different factories in southern Sweden. For each expsed person, a con-
trol was chosen, matched by sex, age, place of residence (rural/urban) and smokig habits.
Most of the controls were also factoiy workers (storeroom personnel, paint griders, electri-

cians, drivers, carpenters), but presumably unexpsed. For analysis of both chromosomal
aberrations and sister chromatid exchange, lymphoces were cultured for 72 h; 2025 meta-
phases were studied for sister chromatid exchange (17 subjects) and 100 for chromosomal
aberrations (five subjects with the highest combined expsure). No difference was seen in
either parameter; a significant difference in the frequency of sister chromatid exchange was
observed between smokers and nonsmokers (0.202 and 0.175, respectively;p = 0.02). (Te

Workig Group noted the small number of workers studied for chromosomal aberrations. J

Sister chromatid exchange was studied in the peripherallymphoces of 106 members
of the International Brotherhoo of Painters and AIlied Tradesmen in two major US cities

(Kelseyet al., 1988). Intensity and duration of chronic expsure to solvents were estimated
from intervewer-administered questionnaire data. Eight men reported no ocupational
histoiy of solvent expsure; 13 alled tradesmen (including diy-wall tapers and paperhang-
ers) reported minimal, indirect expsure to solvents and had no histoiy of direct application
of solvent-based materils. Cumulative expsure (CEl) to solvents was estimated for the
workig lifetimes of 85 painters. Fifty cells from each of 91 individuals were scred for sister
chromatid exchange; for the remaining 15 persons, a mean of 21.2 cells per individual was
examined. Cultures were incubated for 72 h. There was no elevation in the frequency of
sister chromatid exchange attnbutable to cumulative duration of expsure to solvents or to
intensity of expsure over the year prior to bloo sampling. Smokig was assoted with a
significant elevation in the level of sister chromatid exchange (6.75 ver sus 5.73 in nonsmok-
ers).



PAI MAUFACfURE AN PAIG 397

3.3 Epidemiological studies or carcinogenicity in humans

(a) Occupationa mortality an morbidity statistics

Detailed data from some of the studies descbed below are given in Thble 23.

(i) National studies

The ocupations recorded on a 10% sample of death certificates in England and Wales
were used to calculate SMRs for deaths ocurrg around the time of the 1951 Census (Of-
fice of Population Censuses and Surveys, 1958), of the 1961 Census (Adelstein, 1972; Office
of Population Censuses and Surveys, 1972), of the 1971 Census (Office of Population Cen-
suses and Surveys, 1979) and of the 1981 Census (Office of Population Censuses and Surveys,
1986). The SMRs for various cancer sites among paiters and decorators are listed in Thble
23. SMRs for all cancers were consistently above the average and those for lung cancer con-
sistently 40% above the national average: 149 (90 deaths) in 1949-53, 143 (1502 deaths) in
1959-63, 139 (847 deaths) in 1970-72 and 142 (803 deaths) in 1979-80, 1982-83. The propor-
tion of current smokers among painters and decorators was reported to be slightly higher
than that in the total population (smokig ratio, 110, based on a sample of 756 men, includ-
ing 153 painters and decorators; Office of Population Censuses and Surveys, 1979).

Guralnick (1963) divided specific causes of death in the USA in 1950 by ocupation and
industiy as reported on death certificates and compared them with the expected causes of
deaths of all workig men as reported in the census from the same year. There were 6145
deaths among white male painters and plasterers in the age group 20, with a SMR of 114;
selected SMRs are: all cancers, 126 (1016 cases); buccl cavity and phary, 137 (41); oesoph-
agus, 109 (25); stomach, 127 (130); lung, 155 (248); kidney, 120 (24); bladder, 146 (38); brain,
134 (39); and leukaemia, 117 (41) (see Thble 23). Proportionate mortality ratios (PMRs) were
used to test for significance; only that for lung cancer was significant.

Dunn and Weir (1965) established in 1954 a fixed cohort of 68 153 workig men engaged
in ocupations suspected of engenderig a risk for lung cancer and followed them for mortal-
ity through to 1962 for this report. ln this group, 12 572 men were painters and decorators.
Information on smokig and ocupation was gathered for this population until1957. The
number of deaths in the eight -year follow-up was compared with that among men in Califor-
nia, USA, 1959-61. Painters and decrators had an SMR of 129 (91 observed) for lung can-
cer; adjustment for smokig resulted in a decrease in the SMR to 114. The SMR for all other
cancers was 94 (153 observed). (Te Workig Group noted that, since other cancers were
treated as a group, it is impossible to determine the nsk for those at specific sites.)

Howe and Lidsay (1983) followed a cohort comprising 415 201 Canadian men with
known ocupational histories in 1965-9, which represented 10% of the Canadian labour
force. Cancer mortlity in this cohort was monitored by record linkage with a Canadian mor-
tality data base containing all deaths registered in Canada for the years 1965-73. The only
significantly elevated SMR (285; based on five observed cases) was found for cancer of the
buccl cavity and phary, except Hp, in the ocupational group of construction and mainte-

nance painters, paperhangers and glaziers as compared to the mortlity of the entire cohort.



Table 23. Cancer mortality or incidence in studies of national statistics and of large occupational cohorts of painting trades

w\01Y of neoplasm National statistics
Occupational cohorts 00

UK, 1949-53 UK, 1959-63 UK, 1970-72 UK, 1979-80, USA, 1950 (Gu- Sweden, 1958- Denmark, USA, 1975-79(OPCS, 1958); (OPCS, 1972); (OPCS, 1979); 1972-83 (OPCS, ralnick, 1963); 71 (Englund, 1970-79 (Olsen (Matanoski et al"'other', painters painters and dec- pain ters and dec- 1986); painters, painters and plas- 1980; Engholm & Jensen, 1986); mixedand decorators; orators; males, orators; males, decorators and terers; white & Englund, 1987); painters pain tersmales, 20-64 15-64 15-64 french polishers; males, 20-64 1982); painters' (construction)males, 20-64 union
SMRa No, SMRa No, SMRa No, SMRa No, SMRb No, SIRe No, SPIRd No, SMRb No,

AIl malignant neoplasms 124 2092** 122 2361 ** 123 1382** 124 1781 ** 126 1016** 109 647* NA 110 927**Buccal and pharyx 114 16' 78 12 138 10 145 40* 137 41 NA 61 5 NAOesophagus 84 31 115 53 130 47 106 57 109 25 215 17 148 4 NA
(195 24j**

~

Stomach 122 360** 120 383** 118 174* 113 132 127 130* (106 80j 94 11 136 50*Colon 106 120 101 123 98 78 88 74 112 77 NA NA 111 93Rectum 107 103 103 100 101 57 128 82 112 47 NA NA NA a:Liver and gall-bladder 65 11 100 26 103 9f NA NA 200 128 120 Ý 156 20f 060 5h 107 2h ZLaryx 91 21 58 14 127 16 141 21 200 28** 177 14 NA NA 00Nasal cavity 40 2 120 6 54 2 172 5 NA NA i25 1 NA

~
Lung 149 909 ** 143 1502** 139 847** 142 803** 155 248 ** 128 81 * 149 79** 118 326 **

(127 124j** 'i
::Prostate 105 39 102 43 97 27 109 38 82 28 NA 48 8 98 84 CIKidney 86 25 95 39 104 27 NA 120 24 NA 61 4 141 27 ~Bladder 109 58 118 79 152 66** 116 48 146 38* NA 112 24 126 40 0

Non-Hodgkin's Iypho- 109 23 95 38 101 26 NA NA NA 56 3 NA Ema

a:Hodgkin's disease 113 35 90 37 52 10 144 21 129 22 NA 106 3 NA tIMultiple myeloma NA 106 19 82 11 NA NA NA NA NA ~Leukaemia 111 50 98 65 125 43 81 33 117 41 173 13; 75 5 116 37

"SMR, standardized mortality ratio; expcted numbers based on national rates for working men
bJpected numbers based on national rates for white males
'SIR, standardized incidence ratio; expcted numbers based on national rates; in square brackets, SMR
ifPIR, standardized proportional incidence ratio; expcted numbers based on the proportions of cancers in ail persons registered in the Danish Pension Fund
'Phary
ILiver
KIntrahepatic bile ducts
"Gall-bladder
iLymphatic leukaemia

*Significant at the p .: 0.05 level

* *Significant at the p .: O,011evel
NA, not available; OPCS, Office of Population Censuses and Surveys
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ln cohort studies and national statisties, inormation on smokig habits is not usually
available. A review addressing the effect of smokig as a confounding variable in studies of
ocupational groups (Simonato et al., 1988) indicates that smokig has a limited effect on the
assoiation between lung cancer and ocupational expsures: the estimates might be in-
creased by 2025%. The estima tes in the studies described above were usuaUy increased to a
greater extent.

(ü) Other studies

As part of the US Third National Cancer Survey, both ocupation and industiy were
identified for each subject based on main lifetime employment, recent employment and oth-
er jobs held (Wiliams et al., 1977). Intervews were obtained for a total of 7518 men and
women, representing a 57% response rate. The RRs for cancers at particular sites were esti-
mated for specific ocupations. Painting (which included painters, construction workers, pa-
per-hangers, and pattern and model makers) was the main lifetime ocupation for 27 men
and was assoiated with an excess RR for lung cancer: 4.2, based on 12 cases (p c: 0.01).
There were two cases of leukaemia (RR, 4.0).

ln a study carred out in California, USA, using the death certificat es of about 20 ()

white men durig the period 1959-61 (Petersen & Milham, 1980), the cause of death and
usual ocupation as reported on the death certificate were used to calculate proportionate
mortality ratios (PMRs), standardized for age and year of death. The total number of deaths
from all causes among painters was 3558. An elevated PMR for lung cancer was reported
among painters, but figures were not available to the Workig Group.

ln a similar study, Milham (1983) analysed the death records of 429926 men and 25 06
women durig the period 195079 in Washington State, USA. The PMR for cancers of the
lung, bronchus and trachea was significantly elevated among painters (mainly construction
and maintenance painters): PMR, 121, p c: 0.01 for all ages, 251 observed; PMR, 112, not
significant for ages 20, 103 observed; and among auto painters and boy/fender repair-
men: PMR, 184, p c: 0.01 for ages 20, 290bserved; PMR, 148, P c: 0.05 for all ages, 39
observed. The PMR for gastric cancer was also elevated among painters and boy/fender
repairen. Among paperhangers and decorators (painters), the PMR for lung cancer was
elevated (139; 21 observed), but not significantly for ages 20; it was significant for aU ages
(pMR, 140; p c: 0.05; 50 observed). ln persons with this ocupation, cancers of the bladder
and other uriaiy organs (pMR, 179, P c: 0.05 for all ages, Il observed; PMR, 186, not signifi-
cant for ages 20, two observed) and reticulosarcoma ocurred in excess.

Dubrow and Wegman (1984)examined cancer mortlity patterns by ocupation for
white males over 20 years old in Massachusetts for 1971-73. Using age-standardized mortl-
ity ratios, 397 ocupational categories defined from inormation on death certificat es were
assessed for their assoation with increased risk for 62 malignancies. Increased riks (at p c:
0.05) were apparent for stomach cancer (23 deaths; SMR, 158) in construction and mainte-
nance painters; for cancer of the trachea, bronchus and lung in grouped painters (110 deaths;
SMR, 131) and in shipyard painters (nine deaths; SMR, 261); and for laiygeal cancer (ten
deaths; SMR, 205), ski neoplasms except malignant melanoma (four deaths; SMR, 492) and
prostatic cancer (36 deaths; SMR, 146) in grouped painters. Grouped painters aged 55-74



400 IAC MONOGRAHS VOLUME 47

years had a statistically significant increase in risk for buccl cavity and phary (14 deaths;
SMR, 222); a nonsignificant excess of lymphomas was seen for men in the age group 20
years (eight deaths; SMR, 192).

Pearce and Howard (1986) compared cancer deaths among males aged 15-6 years in
New Zealand in 1974-78, for whom ocupation had been listed on the death certificate, with
a 10% sample of census data. The RR for leukaemia was 2.3 in assoiation with the ocupa-
tion of painting (eight cases; 95% CI, 1.0-.6). When adjusted for soial class, the RR fell to
2.0 (95% CI, 0.863.9).

(b) Cohort studies or studies within a cohort

(i) Painters

Chiazze et al. (1980) studied workers in ten automobile assembly plants in five large
companies in the USA. The plants were selected because of large numbers of employees,
similar spray-painting operations, geographic dispersion and adequate records. The study
was based on 4760 deaths among active and retired workers from 1970 or 1972 through 1976.
A total of 4215 decedents were eligible for study, and employee work records were reviewed;
for 253, work histories cou Id not be obtained. The analysis was restricted to white males, who
comprised about 80% of the decedents; 226 were spray painters. There was no significant
excess proportion of deaths from any cause among spray painters, using either externallocl

deaths or internai non-spray painters deaths. Lung cancer (21 deaths), which was the focus
of the study, ocurred more frequently among spray painters (pMR, 141) than in the locl
populations but not more frequently than among other automobile assembly workers (pMR,
108). PMRs greater than unity were noted also for leukaemias and lymphomas and for tu-
mours of the brain, prostate, buccl cavity and phary. A nested case-cntrol study covered
263 automotive workers who had died from lung cancer; they were matched by age within two
years and by plant of employment with 10(H controls who had died of either cardiovascular
disease or accidents. Spray painting was assoiated with a nonsignificant RR of 1.4 for lung
cancer, and there was no indication of a dose-response relationship in assoiation with exp-
sure. The RR for those who had firt been expsed at least 15 years prior to death was 1.0.
The authors noted that individuals who had worked for only a few years may not have been
included among the deaths if they had not been identified by an insu rance claim in the com-
pany beneficiaiy file.

Englund (1980) and Engholm and Englund (1982) studied a cohort of 30 580 members
of the Swedish painters' union from 196 to 1974 for mortlity and to 1971 for cancer morbid-
ity by matching with national registers. The loss to follow-up was 1%. The SMR for all
causes among painters was 102 (2740 cases), and the SIR for cancer was 109 (p = 0.01; 647
cases). Excesses were seen for cancers of the oesophagus (17 cases; SIR, 215 (95% CI,
124-340)), liver and bile ducts (12 cases; SIR, 20 (103-349)), lung (81 cases; SIR, 128
(106152)) and lary (14 cases; 177 (97-297)) and for lymphatic leukaemia (13 cases; 173

(92-296)). ln a study based on population-based registries, about 38 00 painters in the 196
census were linked to the national cancer registiy, 19673. Among the 20 cancers in
painters, excesses were seen for cancers of the oesophagus (38 cases; SIR, 148) and of the
intrahepatic bile duct (eight cases; SIR, 172). There was also a two-fold excess of pleural
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tumours based on six cases. The SIR for all cancers was shown to increase with increasing
number of years since entiy into the union (Engholm & Englund, 1982). The authors sug-
gested in an abstractthat smokig habits were no different among painters than among other
groups (Engholm et al., 1987).

Dalager et al. (1980) examined the risks for cancer among spray painters employed in
the aircrat maintenance industiy, where there was expsure to zinc chromate priers.
Deaths among painters were compared with those expected among US white males using
PMRs. The PMRs for all cancers (136, 50 cases) and for lung cancer (184, 21 cases) were
significantly raised. The PMRs for cancers at several other sites were increased but not sig-
nificantly so. The PMR for respiratoiy cancers increased with duration of employment.

ln a study of 26 male painters belonging to two painters' unions in the Copenhagen
area, Mikelsen (1980) found no increased risk for all cancers combined when the number of
cases (82) was compared with those among men in a bricklayers' union (RR, 1.1; 95% CI,
0.8- 1.6) or with those among all Copenhagen men (RR, 1.0; 95% CI, 0.8-1.3). Results were
not reported for specific sites.

Whorton et al. (1983) followed up a group compriing 6424 union members residing in
the San Francisc/Oakland Standard Metropolitan Statistical Area, representing six ocupa-
tions: asbestos workers, bakers, painters, plasterers, plumbers and roofers. Individuals were
considered to be members of the cohort if they appeared on union records in July 1976 and
1977. Incident cases of cancer were identified by computer linkage of union rosters to the
California Tumor Registiy, and the registiy's age-, sex- and year-specific incidence rates
were used to calculate expected numbers of cancer cases and SIRs. An increased incidence
of cancer of the trachea, bronchus, lung and pleura was seen among painters (15 cases; SIR,
199 (95% CI, 112-330D. Relative riks in excess of unity were also observed for leukaemia
and for cancers of the prostate and bladder. The authors pointed out that about 15% of all
cohort members were of unknown vital status but were assumed to be alive.

ln a cohort mortality study of US paint applicators, priariy in new constructions and
maintenance, the records of a large international union of painters and alled tradesmen
were used (Matanoski et al., 1986). The cohort consisted of 57 175 men who had been born
prior to 1940, had had at least one year of union membership, had been members of the union
in 1975-79 in four states in different geographical areas, and had died in 1975-79. A total of
1271 (2.2%) individuals were lost to follow-up. AItogether, 5313 deaths ocurred (SMR, 88,
based on US white male rates). Death certificates were available for all but 288 (5.4%);
SMRs were not significantly elevated for cancers at individual sites. Since there was no di-
rect information on individual worker's trades, data from locl union chapters were used to
define the usual trade of their members; 58% of the cohort belonged to mIxed painting 10-
cals. Using the US white male population for comparison, significant excess mortlity ratios

. were se en in locl chapters for painters for all malignant neoplasms (SMR, 110; 95% CI,
103-117), stomach cancer (136; 101-180) and lung cancer (118; 106132), and nonsignificant

ratios for cancers of the large intestine (111; 90136), liver (156; 95-241), bladder (126;

90172) and kidney (141; 93-205) and for leukaemia (116; 82-160) (see also Thble 23). When
the risks of men in locl mixed painting chapters were compared with those of men in special-
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ty locls, the mixed painters had significantly higher mortlity from all causes, from malig-
nant neoplasms, from lung cancer, from bladder cancer and from leukaemia. (Te Workig
Group noted that the fact that all painters had to have been active dues-payig members at
some time durig the follow-up period would tend to have enhance the 'healthy worker'
effect in this population.)

A nested case-cntrol study was conducted of lung cancer incidence in the New York
unions included in the study descnbed above (Stockwell & Matanoski 1985). The 124 male
lung cancer cases were identified through the New York State Cancer Registiy, and 371 con-
trois without cancer were selected randomly from the union membership and stratified by
birh date and geographicalloction of the unions. Responses to questionnaires on work

histoiy, work envionment and life-style factors were received from 69 (66%) of the cases
and 182 (59%) of the controls; of these, 65 (94%) and 55 (33%) were completed bya proxy for
cases and controls, respectively. Painting as the reported usual trade was assoted with a
high risk (RR, 2.8; 95% CI, 1.5-5.2); high riks were also se en for work in alled trades: paint-
er as a union speciality (RR, 3.2; 95% CI, 1.4-7.1) and ever havig worked as a pain ter (RR,
2.6; 95% CI, 1.3-4.9). ln the 57 cases for which the inormation was available, 53 men were
reported to have used spackling compounds (probably containing asbestos), compared with
112 of 161 controls (RR for spackling, 5.2; 95% CI, 1.9-14.5). The authors attempted to ad-
just for seve rai variables, including asbestos expsure (on the basis of use of spackling COff-
pounds). The risk for lung cancer among painters who never wore a respirator remained
high (5.4; 95% CI, 1.0-29.3). (Te Workig Group noted that a high proportion of cases re-
ported using spackling compounds and questioned the accuracy of inormation obtained
from a proxy regarding use of painting mate rils and of respira tors. )

Ail 93 810 incident cases of cancer recorded in 1970-79 at the Danish Cancer Registiy
were linked with inormation on longest employment held submitted by the Supplementaiy
Pension Fund (Olsen & Jensen, 1987). The standardized proportionate incidence ratios
(SPIRs) for cancer were reported for each cancer site in each industiy and ocupation on the
basis of the expcted proportion of that cancer in all industries. Painters in the construction
industiy had an increased proportion of lung cancers compared to people in other ocupa-
tions (SPIR, 149; 95% CI, 119-185; based on 79 cases). Workers in the paint, varnish and
lacquer manufacturig industries had an increased proportion of cancers of the nasal cavity
and sinus, with a SPIR of 620 (95% CI, 155-2480; based on two cases). ln a follow-up study of
cases registered through 1984 (Olsen, 1988), the SPIR was reduced to 401 (67-1324) based on
two cases of sinonasal cancer. Car painters had a SPIR of 1403 (198-9958) for nasal cavity
and sinus cancers based on one case. Several other proportions were above one for these
three groups, but the excesses were not significant (Olsen & Jensen, 1987).

(n) Paint manufacturers
Bertzzi et al. (1981) followed a small cohort of 427 workers employed in paint man-

ufacturig in ltaly. The workers had to have been employed for at least six months at any
time from 1946 through 1977 to be eligible for inclusion and were followed for 1954-78. The
follow-up was 97.7% complete. There was a significant excess of all cancers in this popula-
tion (18 cases; SMR, 184; 95% Ci, 112-285) when national rates were used as the comparison.
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Lung cancers ocurred at significant excess when either national (eight cases; SMR, 334;
10634) or locl rates (227; 15633) were used as a standard, and the rik increased with
length of expsure and with latency. These workers were expsed to asbestos as well as to
chromate pigments.

A similar study of a larger cohort of 16 243 US male workers in the paint and coating
manufacturig industiy was reported by Morgan et al. (1981). These men had been employed
for one year or more after Januaiy 1946 in 12 large and 20 medium to small companies and
were followed through 31 December 1976. Only plants that retained persnnel records for
at least 15 years were eligible for the study, and out of 47 eligible plants the 32largest were
finally studied. The overall follow-up rate of the cohort was about 94%. Death certificates
could not be obtained for 8.2% decedents. There were 2633 deaths in all (SMR, 86). The
cohort was divided into seven subgroups on the basis of their expsures as determined from
individual job histories; individuals could appear in multiple expsure groups. Deaths from
cancers of the colon and rectum ocrred at higher rates in the total population than ex-
pected on the basis of numbers among US white males (colon: 65 cases; SMR, 138 (95% CI,
107-176l;rectum: 26 cases; SMR, 139 (91-20)). The rik for respiratoiy cancers, which was a
major focus of the study, was not excessive in this population (SMR, 98; 160 cases); inorma-
tion on smokig habits was not available. Deaths from cancer of the liver and biliaiy passage
ocurred more frequently than expected in the subgroups of workers potentially expsed to
pigments (seven cases; SMR, 273 (108-555)) and lacquer (five cases; SMR, 255 (81-583)).
The SMR for leukaemia was 212 (eight cases (92-418)) in the subgroup of workers expsed to
lacquer. A further report on this study (Morgan et al., 1985) provided little additional inor-
mation.

A small cohort of 416 men who had worked for five years or more in the Swedish paint
manufacturig industiy during the period 1955-75 were followed for mortlity in the years
1961-81 (Lundberg, 1986). Reference numbers were taken from national statistics. Subjects
were categoried into lower and higher expsure levels accrding to duration and intensity of
expsure.Overall mortality was low (96 cases; SMR, 88), as was mortlity from all cancers
(22 cases; SMR, 84;95% CI, 52-127) and from lung cancer (three cases; SMR, 63; 95% CI,
12-184). The SMR for multiple myeloma was 549 (three cases; 95% CI, 113-160) and that
for cancer of lymphatic and haematopoietic tissues 212 (five cases; 95% CI, 68-96). The
three cases of multiple myeloma ocurred in workers in the higher expsure category.

(c) Case-control studies

(i) Caners al multiple sites
Cancer cases recrded at a cancer centre in New York State, USA in 19565 were

compared with all patients with non-neoplastic lesions in regard to ocupations related to
inhalation of combustion products or chemicals and to personal characteritics (Vadana et
al., 1976; Decoufé et al., 1977; Houten et al., 1977). The inormation was obtained through
an invervewat the time of admission for all patients. Each of the 11591 white male subjects
was included for analysis for each ocupation held; specific ocupations were compared with
those of an unexpsed clerical group. Painters were analysed as a subgroup of people with
chemical expsures and as asubgroup of those with metal-related ocupations. Cancer sites



40 IAC MONOGRAHS VOLUME 47

for which RRs were increased were: lung (42 cases; RR, 1.7;p = 0.02), stomach (eight cases;
2.4;p = 0.05), oesophagus (seven cases; 3.0;p = 0.03), prostate (nine cases; 1.9), bladder (16
cases; 1.6), kidney (four cases; 2.6) and melanoma (two cases; 3.2). The highest RR was seen
in the age group below 60 years for stomach cancer (12.6); for oesophageal cancer, the rik
was greater for the age group above 60 years (3.8). These two ratios were even higher among
painters with five or more years of expsure (16.6 and 6.9, respectively). For lung and pros-
tate cancer, no such dose-response relationship was observed. The elevated lung cancer risk
among painters was no longer significant after adjustment for smokig and age (RR, 1.7).
The author noted that the risk for stomach cancer was elevated in more than half of the ocu-
pations, which might be explained by the eastern European origin of the workers. No ad just-
ment was made for alcohol drikig (see also Thbles 24 and 25).

Coggon et al. (1986,b) identified all cases of cancer in three English counties where
chemical, metal and vehicle production industries were situated, using hospital and cancer
registration records for the period 1975-80. Males aged 18-54 were included in the study.
Occupational and smokig histories were obtained either by mailed questionnaires (re-
sponse rate, 52.1 % ) or from inormation in hospital records or on death certificates. A total

of 2942 cancer cases were identified, and cases of cancer at 15 specific sites were compared
with those at all other sites with regard to ocupation. Data were corrected for age, resi-
dence, source of histoiy and smokig. Laiygeal cancer was more likely to be assoiated with
painting and decorating (RR, 3.4; 95% CI, 1.3-9.0; six cases) than with other ocupations;
bronchial cancer was also associated with painting, the RR being 1.3 (20 cases; see also Thble
24). A borderline significant assoiation was seen for cancer of the stomach (RR, 2.3; 95%
CI, 1.0-5.0); other sites for which the RR was above unity were oral cavity (RR, 1.9; five
cases), ski (RR, 1.4; four cases), testes (RR, 1.9; nine cases) and malignant melanoma (RR,
1.6; four cases). The authors commented that five patients with testicular cancer had worked
as paint sprayers, which results in a RR of 4.9 (95% CI, 1.3-18.2). A nonsignificant RR of 0.7
was found for bladder cancer (see also Thble 25).

ln the same area of the UK, Magnani et al. (1987) examined ocupations assoated with
cancer at five sites - oesophagus, pancreas, melanoma, kidney and brain. Deaths from these
cancers in men aged 18-54 for the period 1959-63 and 1965-79 were matched by year of
death, age at death and residence to those among four con trois who had died from other
causes. Occupation and industiy were identified from death certificates. No significant rik
for any of the cancers was assoiated with expsure to painting and decorating; however, the
RR for oesophageal cancer was 2.0 (95% CI, 0.8-.9) and that for brain cancer, 1.4 (95% CI,
0.7-2.8). The investigators also descnbed expsures for each ocupation, summed these
across ocupations, and examined the riks of these substances as they relate to the cancers.
ln this analysis, paints were assoted with onlya small increase in RR for three cancers -
oesophageal and brain cancers and melanoma; none of the assiations is significant. The

authors noted that only the most recent full-time job was recorded on the death certificate.
No adjustment was made for smokig or alcohol drikig.



Table 24. Case-control and other studies or lung cancer among persons exposed in paint manufacture and painting

Reference Loation, 1) of controls Source Exposure No. of cases RR 95% CI Commen ts
time

(no. of painters)

Case-control studies

Wyder & USA, NG rU nclear J Intervew 857 (200 fume- NG NG

l
Graham (1951) expsed; 11

painters)

Breslow et al. USA, Hospital Intervew Construction and 518 (22) 1.9 0.93-3.8 Not adjusted

~
(1954) 1949-52 maintenance paint-

ers for :;5 years
c:

Menck & USA, Estimated popula- Death certificates, Painter at diagnosis 2161 (45) SMR, NG Significant; adjusted ~Hendersn 1968- 70 tion by industry hospital records 158 for age
q(1976)
c:

Milne et al. USA, Deaths from other Death certificates, Painter 925 men (24) 1.8 NG Significant (p .: ~
(1983) 1958-62 causes (excpt occupation 0.01); adjusted for m

pancreas, bladder, age

~nasl, kidney, hae-

matopoietic)

~

Paint manufacture (3) 0.7 NG Not significant

Kjuus et al. Norway, Hospital Intervew and Painting and paper- 176 men (5) 1.7 0.4-7.3 Occupation is longest
(1986) 1979-83 worksite records hanging job held; considered

exposed if :; 3 years; 0
Paints , glues, lac- 17 1.2 0.6-2.6 adjusted for smoking
quer

Lerchen et al. USA, Population and ros- Intervew Ever construction 333 men (9) 2.7 0.8-8.9 Adjusted for age, eth-
(1987) 1980-82 ters of elderly painters nid ty and smoking

Asbestos 40 1.1 0.7-1. 7

~



~
Table 24 (contd)

Reference Lotion, 1Y of controls Source Expoure No. of cases RR 95% CI Comments
time

(no. of pa inters) 

Siemiatycki Canada, Other cancers Intervew Listed as white 857 males Adjusted for age, so-
et al. (1987a) 1979-85 spirits, but in ex- oat-cell 1.1 0.8-1.4 cio-economic status,

pod group con- 159 (36) ethnicity, cigarette
struction is 21 % of squamous-cell 1.2 1.0-1.5 smoking, blue/white
totaL, mostly paint- 359 (92) collar; 90% CI
ers adenocrcinoma 1.0 0.7-1.3

162 (37)

~other tys 0.8 0.6- 1.1

177 (32)
Long duration, 44 1.7 1.2-2.3 ~0high expure ZConstruction work- 1.4 NG 0
ers 0

Levin et al. China, Population Intervew Ever pain ter 733 men (15) 1.4 0.5-3.5 Questionable trend; ~(1988) 1984-85 adjusted for age and
smoking ::

en
Ronco et al. Italy, Deaths without Intervew Pain ter 164 men (5) 1.3 0.43-4.1 Adjusted for age, ~0(1988) 1976-80 smoking-related smoking and other

Edisese employment in sus-
pect high-risk occu- a:
pations tT

Multiite case-control studies tj
Viadana et al. USA, Noncancer admis- Intervew at ad- Painter (42) 1.7 NG Significant; adjusted
(1976); De- 1956-65 sions mission for age; non-signifi-
couflé et al. cant when adjusted
(1977); Houten for smoking and age
et al. (1977)

Coggon et al. UK, Other cancers Intervew Painter 738 men (20) 1.3 NG Adjusted for age,
(1986a) 1975-80 smoking, residence,

respondent

RR, relative risk; CI, confidence interval; NG, not given; SMR, standardized mortality ratio



Table 25. Case-control studies of lower urinary tract cancer among persons exposed in paint manufacture and painting

Reference Loation, lype of con- Source Expoure No. of cases RR 95% CI Comments
time troIs (no. of paint-

ers)a

Wynder et al. USA, Hospital, with- Intervew Ever pain ter 300 (18) (2.2) (1.0-4.5) No adjustment for
(1963) 1957-61 out smoking- smoking

related disease

Cole et al. USA, General popu- Interview Painter 461 (28 men) 1.2 0.71-1.9 Adjusted for age
(1972) 1967-68 lation and smoking

~
Howe et al. Canada, Neighbour- Intervew Commercial painting 480 men ():24) 1.0 0.6-2.3 Unadjusted. After
(1980) 1974-76 hoo correction for ex-

Ever spray painting
():16 ) 1.8 0.7-46 posure to other sus-

~pect 'high-risk' in-
dustry, RR for c:
spray pain ter, 1.0

~Silverman et USA, Population Inteiview Ever pain ter 303 men (15) 1.0 0.5-2.2 Unadjusted qal. (1983) 1977-78 Car pain ter (3) 0.5 0.1-2.1 c:Paint manufacture (1) 0.2 0-2.2 ::
Schoenberg et USA, Population Intervew Ever painter 658 men (34) 1.4 0.85-2.3 Adjusted for age,

tr

~
al. (1984) 1978-79 Paint expure (111 ) 1.6 1.2-2.1 smoking and other

employment
Vineis & Mag- Italy, Hospital; other Inteiview Painter in building industiy 512 men (12) 1.0 0.40-2.2 Adjusted for age

~
nani (1985) 1978-83 urological and Car painter ):5 years (7) 2.0 0.60-7.0 and smoking

surgical Carpntiy painter (1) 0.6 0.04-8.4
ZSpray painter in different (2) 1.2 0.20-5.8 0industries

Morrson et al. USA, UI( Population Inteiview Paint and paint manufacture USA, 430 (35) 1.5 0.9-2.4 Adjusted for age
(1985) Japan, UI( 399 (23) 0.7 0.5-1.2 and smoking; 90%

1976-78 Japan, 226 (5) 0.7 0.3-1.7 CI
Claude et al. FRG, NG Hospital uro- Inteiview Ever pain ter 531 men (15) 1.3 0.59-2.7 ltend, p = 0.04
(1988) logical and Lacquer and paint (78) 1.5 1.1-2.2 for exposure to

homes for el- Spray paints (52) 2.9 1.7-4.9 spray paints
derly

Jensen et al. Denmark, Population Inteiview Different painting industries 371 (13) 2.5 1.1-5.7 Adjusted for age,
(1987) 1979-81 Painter 10 years 1.4 1.0-1.9 sex and smoking ~..



Table 2S (contd)
~

Referencè Lotion, 1Ype of con- Source Exure No. of cases RR 95% CI Comments
time troIs (no. of paint-

ers )a

Iscovich et al. Argentina, Neighbour- Interview Ever pain ter 117 (3) 0.55 (0.12-2.5) Adjusted for age
(1987) 1983-85 hoo and hos- and tobacco smoke,

pital poling the two
control groups

Schiffers et al. Belgium, Population Intervew Pain ter in high-risk ocupa- 74 (NG) NG NG No increased risk
(1987) 1984-85 tion reported
Risch et al. Canada, Population Intervew Expod to paints in full- 781 (204 men, 1.1 0.77-1.6 Adjusted for smok-

~
(1988) 1979-82 time job at least 6 months, 14 women) 3.9 0.9-26.7 ing

8-28 years before diagnosis

Commercial painting (49 men) 0.90 0.39-21 ~
Spray painting (67 men) 0.91 0.48-1.7 0

Z
, Siemiatycki et Canada, Other cancers Intervew üsted as white spirits, but in 486 (91) 1.0 0.8- 1.2 Adjusted for age, 0

al. (1987a) 1979-85 expd group construction soioeconomic sta- 0
is 21 % of total, mostly paint- tus, ethnicity, ciga- ~ers rette smoking, ::

blue/white collar v.
work; 90% CI ~0

Multiite studies

E
Coggon et al. UK, Other cancers Intervew Painter 179 (10) 0.7 NG Adjusted for age, ~
(1986b) 1975-80 smoking, residence, tr

respondent; blad- ~
der and renai pel-
vis; men aged
18-54 only

Viadana et al. USA, Noncancer ad- Intervew Pain ter (16) 1.6 NG Not significant
(1976); De- 1956-65 missions at admis-
couflê et al. sion

(1977); Hou-
ten et al.

(1977)

a¡f only discordant pairs noted, no. of painters ~ number of discordant pairs given

RR, relative risk; CI, confidence interval; NG, not given
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(Te Workig Group noted that the populations studied by Coggon et al. (1986,b) and
Magnani et al. (1987) may overlap and that only deaths in relatively young men were consid-
ered.)

(ü) Cancer of the fung

These studies are summaried in Thble 24.
ln an early descriptive study, Wynder and Graham (1951) studied a total sample of 857

incident cases of lung carcinoma diagnosed in one hospital in St Louis, MO, USA, over an
unspecified period. Of 20 who were 'believed or known to have been expsed to irtative

dusts and/or fumes', 11 were painters. (Te Workig Group found it diffieult to clari the
inormation on the comparin groups.)

Breslowet al. (1954) identified 518 cases of lung cancer in 11 Californian hospitals dur-
ing the period 1949-52. Controls were selected from patients admitted to the same hospital
for a condition other than cancer or a chest disease, and matched for age, sex and race. De-
tailed ocupational and smokig histories were obtained by intervew. The authors reported
that 22 cases had been employed as construction or maintenance painters for at least five
years, as had 12 controls (RR, 1.9; 95% CI, 0.93-3.8). Smokig was not controlled for, al-
though smokig histories had been recorded.

Menck and Henderson (1976) identified deaths from lung cancer for the years 1968-70
(2161 cases) and incident cases oflung cancerfor the years 1972-73 (1777 cases) from the Los
Angeles County Cancer Surveilance Program. Both were classified by ocupation and in-
dustiy on the basis of either death certificates or hospital records. Of the 3938 subjects, 689
had no reported ocupation and 1222 no reported industry of employment. Employment of
the population aged 20-6 was estimated from a sample of the population in the 1970 census,
and the rik of lung cancer for each ocupation was compared to the risk in the total popula-
tion. The SMR for lung cancer in painters was significantly elevated (45 deaths; SMR, 158;
p -: 0.01; see also Thble 24).

Milne et al. (1983) compared the ocupation and industry of 925 (747 male and 178 fe-
male) cases of lung cancer in AIameda County, California, USA, 1958-62, with those of peo-
ple who had died of other cancers. Usual ocupation and industiy as stated on the death
certificate were coed using the US census classification. When ocupations were examined
separately, male painters had a significantly increased risk for lung cancer (24 cases) when
compared either with all cancer deaths (RR, 1.7; p -: 0.05) or with those dyg of cancers
other than of the pancreas, nasal sinus, kidney, bladder, bone and haematopoietic organs
(RR, 1.8;p -: 0.01). There was no increased risk assoiated with employment in the paint
manufacturig industiy (RR, 0.7; three cases; see also Thble 24).

A study of 176 male incident lung cancer cases, under 80 years of age, admitted in
1979-83 to two hospitals in two neighbourig counties in Norway was conducted by Kjuus et
al. (1986). Con trois were matched on age through admission lists or from the same depart-
ment records; persons with physical or mental handicaps, general por health or an admis-
sion diagnosis of chronic obstructive pulmonaiy disease were excluded from the control
group. Occupational histories were determined by interview and work site records then
coed by job title and separated into three groups accrding to potential expsure to lung
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carcinogens, whieh included painting and paints. Three years was considered to be the mini-
mal exposure classified as positive, and ocupation was classified as the longest job held; ex-
posures were included only up to 1970. Within the group, the RR for painting and paper-
hanging was 1.7 (95% CI, 0.4-7.3; five cases), adjusted for smoking. The RR for lung cancer
associated with expsure to paints, glues and lacquer was 1.2 (95% CI, 0.6-2.6; 17 cases),
adjusted for smokig, in comparison with all other subjects.

Occupational histories obtained by intervew were compared in a case-cntrol studyof

506lung cancer patients (333 men and 173 women) diagnosed in 198082, accrding to the
population-based New Mexico Thmor Registiy, and 771 controls selected through random
telephone numbers or from rosters of elderly (Lerchen et al., 1987). Next-of-ki provided
the inormation for half of cases and 2% of controls. Jobs held by individuals from age 12
years were classified accrding to an a-priori list of potentially hazrdous ocupations. Con-
struction workers and painters were included in high-rik ocupations; employment for one
year or more was classified as ever havig been employed in an industiy. The RR for lung
cancer in men assoiated with employment as a construction painter was 2.7 (nine cases; 95%
CI, 0.8-8.9) compared to never havig been employed in that ocupation and adjusted for
age, ethnicity and smokig.

ln the study of Siemiatycki et al. (1987a,b), described in detail in the monograph on
some petroleum solvents (p. 70), construction workers expsed to white spirts, many of
whom were painters, were described as having an excess risk for lung cancer (RR, 1.4 (num-
bers not given D.

ln a cancer registry-based case-control study, Levi et al. (1988) identified 833 male
lung cancer cases diagnosed between Februaiy 1984 and February 1985 in Shanghai, China,
and 760 randomly selected male con trois from the general urban Shanghai population, fre-
quency matched within five-year age strata. Personal intervews to obtain ocupational and
smoking histories were obtained for 733 cases and 760 controls. More than 60 industries and

occupations were examined; everversus never havig worked as a painterwas assoiated with

a RR, adjusted for age and smokig, of 1.4 (95% CI, 0.5-3.5). The RR varied accrding to
duration of employment as a pain ter as follows: ~ 10 years, 1.9 (seven cases); 10-19 years, 2.8
(two cases); 20-29 years, 2.2 (five cases); :;30 years, 0.3 (one case; questionable trend). The
authors cited multiple comparisons and the use of broad ocupational groups as limitations
of the study.

Ronco et al. (1988) reported a population-based case-cntrol study from two areas in
northern Italy which included 164 male lung cancer cases identified from death records dur-
ing 1976-80 and 492 controls who had died of conditions other than chronic lung disease or

smokig-related cancers. Information on smokig and ocupation was obtained through in-
tervews of next-of-ki. Many expsures suspected of increasing the rik for lung cancer
were evaluated, and individuals who had not held any job in any industiy that was assoiated
with exposure to a known or suspected lung carcinogen were classified asnonexpsed. The
RR for painters, adjusted for age, smokig and employment in other studied expsures, was
1.3 (five cases; 95% CI, 0.43-4.1).
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Malker et al. (1985) examined the rik for pleural mesothelioma in relation to ocupa-
tional expsures, including painting. The investigators used the Swedish population-based
registries to link incident cancer cases durig 1961-79 with 196 census data on ocupation
and industiy. AItogether, 318 cases of pleural mesothelioma ocurred. Standardized inci-
dence ratios (SIR) were calculated for ocpations and industrial categories. For workers in
the construction industiy as a whole, a significant SIR of 1.6 was seen based on 63 cases;
painting as a specific industiy comported a higher significant SIR (2.9, based on 13 cases);
painters and paperhangers as a specific craft showed an SIR of 2.0 (based on 12 cases), which
was significant. (Te Workig Group noted that painters in the construction industiy are
probably expsed to asbestos.)

(ii) Cancer of the lar

A case-cntrol study of incident laiygeal cancer was carred out by Brown et aL. (1988)

in Texas. Cases consisted of aU diagnoses of priaiy laiyngeal cancer among white males
aged 30-79 selected from 56 participating hospitals, comprising 220 livig cases and 83 dead
cases identified durig the period 1975-80. Controls consisted of an equal number of white
males without respiratoiy cancer selected from various sources and frequency matched on
age, vital statu s, ethnicity and county of residence. Occupational expsures were examined,
controlling for cigarette smokig and alcohol consumption. The RR for painters was ele-
vated (11 cases; RR, 2.3; 95% CI, 0.84-6.3), and a significantly elevated risk was found for
workers reportedly expsed to paint (32 cases; RR, 1.8; 1.0-3.2). No clear pattern was evi-
dent by duration of expsure.

(iv) Cancer of the urinar tract
These studies are summaried in Thble 25.
Wynder et al. (1963) examined ocupational and other rik factors assoiated with blad-

der cancer in 300 male patients from seven New York hospitals in 1957-61. Controls con-
sisted of an equal number of male hospital patients who did not have myocrdial inarction or
cancers of the respiratoiy system or upper alimentaiy tract and were matched by age and
time of admission. Intervews were conducted directly with the patients. The investigators
reported 18 painters among cases and 12 among controls. (Te Workig Group calculated
the RR to be 2.2 (95% CI, 1.0-.5) for the group that had ever worked as a pain ter; no adjust-
ment was made for cigarette smokig.)

Cole et al. (1972) conducted a case-cntrol study of transitional- or squamous-cell car-
cinoma of the lower uriaiy tract in eastern Massachusetts using newly diagnosed cases aged
2089 durig an 18-month period ending 30 June 196 (Cole et al., 1971). Out of 668 cases
ascertined, a random sample of 510 was selected for intervew; a usable ocupational histoiy
was obtained for 461. Con trois were selected from the general population of the same area
and matched on age and sex. Certin ocupations (including painting) were classified as 'sus-
pect'; and each of these groups was compared to non suspect industries. The RR for lower
uriaiy tract cancer in male painters, adjusted for age and smokig, was 1.2 (28 cases; 95%
CI, 0.71-1.9).

Howe et al. (1980) conducted a case-cntrol study of bladder cancer in three areas of
Canada; they identified 821 cases through provicial cancer registries in 1974-76 and
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matched them by age, sex and neighbourhoo to 821 controls. Personal intervews were ob-
tained for 632 cases (480 men and 152 women; 77%) and an equal number of controls.
Among men, workig as a pain ter was not assoiated with a risk: the RR for commercial
painting was 1.0 (24 cases in disrdant pairs; 95% CI, 0.6-2.3); that for spray painting was 1.8

(16 cases in discrdant pair; 0.7-4.6), which was reduced to 1.0 after correction for expsure
in other suspect 'high-rik' industries.

As part of the US National Bladder Cancer Study, Silverman et al. (1983) conducted a
population-based case-cntrol study ofbladder cancer in the Detroit, MI, USA, area. They
identified 420 male cases diagnosed with transitional- or squamous-cell carcinoma of the
lower uriaiy tract aged 21-84 between 1977-78; intervew was obtained for 339 (81 %), but

the analysis was restricted to 303 white males. Con trois were 296 white males stratified for
age who were selected from a random digit-dialling survey for those under age 65 and froID a
random sample of the Health Care Financing Administration lists for those over 65. Em-
ployment was measured as 'ever' or 'usuaI' ocupation or industiy; 'usually unexpsed' were
those not employed in the industiy of interest. The findings suggest no increased risk for
bladder cancer for painters in general (15 cases; RR, 1.0; 95% CI, 0.5-2.2), for painters in the
automobile industiy (three cases; 0.5; 0.1-2.1) or for paint manufacturers (one case; 0.2;
0-2.2).

A similar case-cntrol study of bladder cancer in 658 white male incident cases aged

21-84 durig 1978-79 and of 1258 population controls was conducted in New Jersey, USA, by

Schoenberg et al. (1984). Controls were selected as by Silverman et al. (1983). The RR for
bladder cancer in men ever employed as painters, adjusted for age, was 1.4 (34 cases; 95% CI,
0.85-2.3). Wh en ocupations were classified by materils used, paint expsure was asso-
ciated with a rik for bladder cancer (111 cases; RR, 1.6; 95% CI, 1.2-2.1). The rik was higher
for those first expsed under age 41 and did not increase with duration of expsure.

A case-cntrol study of bladder cancer in Italy (Vmeis & Magnani, 1985) involved 512
male cases aged under 75 between 1978-83 and 596 hospital controls. The controls were
matched by age and were subjects with benign urological conditions or surgical conditions.
Occupational and smokig histories were obtained by intervew. No increased rik was seen
for painters in the building industiy (RR, 1.0; 95% CI, 0.402.2; 12 cases), painters in carpen-
tiy (RR, 0.6; 0.04-8.4; one case) or spray painters (RR, 1.2; 0.205.8; two cases), but the RR
for car painters was 2.0 (95% CI, 0.607.0; seven caes).

Morrson et al. (1985) examined 15 ocupations and the rik for lower uriaiy tract can-

cer in Nagoya, Japan (1976-78), Manchester, UK (1976-78), and Boston, USA (1976-77),
using incident male cases aged 21-89 and population-base controls. They identified 741
cases in Boston, 577 in Manchester and 348 in Nagoya. Intervews were obtained for 81 % of
the cases in Boston, 96% in Manchester and 84% in Nagoya; the correspnding figures for
the con trois were 80%, 90% and 80%. The analysis was limited to 430 cases and 397 controls
in Boston, 399 cases and 493 controls in Manchester and 226 cases and 443 controls in Na-
goya, for whom smokig histories were known. Ocupational expsure to paint or paint
manufacture was assoiated with a risk of bladder cancer only in the Boston population (35
cases; RR, 1.5; 90% CI, 0.9-2.4). Th ratio was controlled for age and smokig histoiy. (Te
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Workig Group noted that no specifie inormation was available on how the controls were
selected. )

Two publications from the Federal Republic of Germany (Claude et al., 1986, 1988) re-
ported two hospital-based case-cntrol studies of tumours of the lower uriaiy tract. A total
of 340 men and 91 women with such cancer between 1977-82 were matched by age and sex ta
either hospital patients priariy from urology wards or, for those over 65, to people in

homes for the elderly. Subjects were intervewed about ocupations, specifie expsures and
life-style factors. There was no reported excess risk for the ocupational categoiy of paint-
ing, but the RRs assoiated with specific expsures suggested a rik of painting in men. Spray
painting was associated with an increased risk for cancer of the lower uriaiy tract (RR, 4.7;

95% CI, 2.1-10.4; 28 cases in discrdant pairs), as was expsure to lacquer (RR, 1.6; 95% CI,
0.98-2.5; 45 cases in discrdant pairs; Claude et al., 1986). ln order to examine ocupational
risks more extensively, an additional191 male cases were included, to make a total of 531
(Claude et al., 1988). Painting as an ocupation was assoiated with an increased riskforblad-
der cancer (RR, 1.3; 95% Ci, 0.59-2.7; 15 cases). An examination of the specific expsures
indicated significant excess risks for cancer of the lower uriaiy tract for any expsure to
spray paints (RR, 2.9; 95% Ci, 1.7-4.9; 52 cases), to lacquer and paints (RR, 1.5; 95% CI,
1.1-2.2; 78 cases) or to chromium/chromate (RR, 2.2; 95% Ci, 1.4-3.5). After correction for
smoking, a significant trend of increased risk with increasing duration of expsure for indi-

viduals exposed to spray paints and chromium/chromate could be seen. (Te Workig
Group questioned the choice of controls and considered that there may have been overlap
between the expsure categories.)

Jensen et al. (1987) carred out a case-cntrol study of bladder cancer in Denmark and
interviewed 371 patients with invasive and non invasive lesions diagnosed durig 1979-81.
The ocupations of cases were compared with those of 771 controls selected from residents
in the same area. Detailed ocupational histories were taken, which inc1uded industry, tye
and place of work and duration; the information was coed accrding to industiy. Signifi-
cantly more cases than controls were employed in furniture lacquerig and painting, indus-

trial painting, sign-post painting, painting firs or car painting (13 cases; RR, 2.5; 95% CI,
1.1-5.7). Employment as a painter for ten years gave a RR of 1.4 (95% CI, 1.0-1.9).

Iscvich et al. (1987) pedormed a case-cntrol study of 117 bladder cancer cases diag-
nosed in Argentina in 1983-85 and individually matched on age and sex to one neighbour-
hoo and one hospital control. Hospital controls were selected from the same hospital as the
case; about 12% of patients had diseases known to be assoated with tobacc smokig.
N eighbourhoo con trois were selected from among persons living in the same street block as
the cases. A detailed questionnaire, containing inormation on smokig, demographic, so-
cioeconomic and medical variables and ocupational histoiy for the three ocupations of

long est duration as well as the most recent one was administered. No increased risk for
bladder cancer was observed among painters (three cases; RR, 0.55; (95% CI, 0.12-2.5)).

A pilot case-control study of bladder cancer in Belgium in 198485 (Schifflers et al.,
1987) inc1uded 74 cases and 203 population controls selected from electoral rolls and

matched for age and sex. While cases were interviewed by the investigators, most of the



414 IAC MONOGRAHS VOLUME 47

controls were intervewed by others. A group of 16 jobs, including painting, were defined as
hazardous and assoiated with a high rik for bladder cancer, but expsure to painting as a
specifc job did not show a significant excess.

A case-cntrol study from Denmark (Jensen et al., 1988) concentrated on cancers of
the renal pelvi and ureter. The 96 cases, aged below 80, were identified from 27 hospitals in

1979-82, and three hospital controls were matched to each case on hospital, age and sex.
Patients with uriaiy tract and smokig-related diseaes were not eligible as con trois. Ques-
tionnaire data on smokig and on ocupation and ocupational expsures were obtained. An
elevated risk for upper uriaiy tract cancer was assoiated with ocupational expsure as
pain ter or paint manufacturer (RR, 1.8, adjusted for sex and lifetime tobacc consumption;
95% CI, 0.7-4.6; ten cases).

A case-cntrol study of bladder cancer was carred out durig the period 1979-82 in

Alberta and in Toronto, Ontario (Rish et al., 1988). Cases aged 35-79 were identified
through a cancer institute, from a provice-wide tumour registiy in AIbert, and through
review of hospital records in Ontario. Intervews were carred out with 835 (67%) of the
cases (826 histologically veriied) and 792 (53%) of the controls about jobs in 26 industries
that had previously been examined in studies of bladder cancer, and on ocupational exp-
sures to fumes, dust, smoke and chemicals. The analysis was carred out on the 781 matched
sets for whieh adequate inormation was available. Ocupational expsure to paints in a full-
time job for at least six months, eight to 28 years before diagnosis was not assoiated with an
increased risk for bladder cancer in men (age-adjusted RR, 1.1; 95% CI, 0.77-1.6; 20 cases)
but it was for women (RR, 3.9; 0.9-26.7; 14 cases). Little difference in risk was seen between
commercial (RR, 0.90; 95% CI, 0.39-2.1; 49 cases) and spray (RR, 0.91; 95% CI, 0.48-1.7; 67
cases) painting in men. The authors noted the problems assoiated with the veiy low re-
sponse rate, the inclusion of cases with borderline malignancies and the potential for recall
bias.

ln the study of Siemiatycki et al. (1987a,b) (see p. 70), an increased rik for bladder can-
cer was se en among people expsed to white spirts, 21% of whom worked in construction
trades, mostly compriing painting.

(v) Cancer o/the biliar tract
Cases of bilaiy tract cancers were identified from the National Swedish Cancer Regis-

tiy for the period 1961-79, and the ocupations of the patients identified from the 196 cen-
sus of ocupations (Malker et al., 1986). SIRs were calculated using the incidence rates for
the total population and data from the 196 census with regard to ocupation and industril
employment, adjusted by region as well as by age and sex. There were 1304 cases of gall-
bladder cancer and 764 cases of other biliaiy tract cancers in men, and 947 and 346 cases,
respectively, in women. Significant SIRs of 1.3 (32 cases) and 1.4 (19 cases) for male painters
and paperhangers were reported for gall bladder and other bilaiy cancers, respectively.

(vi) Cancer o/the panreas
Norell et al. (1986) reported on both a case-cntrol study of pancreatic cancer and a

retrospective cohort study of workers based on registiy data in Sweden durig 1961-79. In-
formation on ocupation was obtained through questionnaires. The case-cntrol study in-
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cluded 99 cases of pancreatic cancer (aged 4079) and 163 hospital controls of the same age
and sex with inguinal hernia and 138 population controls of the same age, sex and residence.

A significant excess rik was seen for expsure to paint thinners (ten cases; RR ver sus popula-
tion controls, 2.5; 90% CI, 1.1-5.9; RR versu hospita controls, 1.4; 90% CI, 0.7-2.9). ln the
cohort study, a 20% excess of pancreatic cancer was seen in workers (aged 20) in paint and

varnish factories (90% CI, 0.7-1.9) and a 30% excess for floor polishing (90% CI, 0.6-2.3).

(vi) HaemaojXietic neoplas
Studies on leukaemia are summaried in Thble 26.
ln a case-cntrol study of leukaemia in three geographical areas of the USAin 1959-62,

inormation was collected on ocupations and other subjects by personal intervew (Viadana
& Bross, 1972). The controls were a random sample from households in the area matched
for age and sex. The analysis was limited to 1345 adult leukaemia cases and 1237 adult con-
trois in whites. No assotion was seen between any ocupation and leukaemia in women.
The rik for leukaemia in men appeared to be aSSted with work in the construction indus-
tiy, and speciically with painting. The rik for painters ver sus nonpainters was 2.8 (1.4-.0);

that in comparin with clerks was 3.1.
Timonen and Ilvonen (1978) intervewed 45 adults in northern Finland with acute leu-

kaemia or chronic myeloid leukaemia between 1973-77 and a control group of 45 patients
from the same hospital about use of drugs and chemicals, including paint. Four cases and
four controls had been expsed to paint containing benzene derivatives and lead.

Flodin et aL. (1986) pedormed a case-cntrol study on acute myeloid leukaemia on 59
cases aged 2070 years in 1977-82 from five hospitals in Sweden. Livig patients and controls
replied to a questionnaire about solvent expsure. Two series of controls were used: 236
matched for sex, age and residence, and 118 selected randomly from the same general popu-
lation. For 'solvents, all kids', there were II cases expsed and 58 controls (crude rate ratio,
1.2); no case but five controls were classed as 'painters'.

A population-based case-cntrol study of 125 adult leukaemia cases and an equal num-

ber of con trois matched for age, sex and residence was pedormed in Sweden in 198083
(Lindquist et al., 1987). Information on ocupation was obtained by a standardized question-
naire. 'Painters' included spray painters, car painters, machine painters, boat painters, as-
phalt painters and building painters. Thireen cases and one control had been painters (RR,
13.0; 95% CI, 2.0-554). The median duration of expsure for painters was 16 years. After
exclusion of case-cntrol pair with a 'pain ter', 26 patients and seven controls had worked in
ocupations which also involved expsure to paint and/or solvents and/or glues (RR, 3.7;
95% CI, 1.6-10.1).

Linet et al. (1988) linked recrds for Swedish men by major industiy and ocupational
categories from the 196 census to cancer registiy data for 1961-79 to calculate SIRs for leu-
kaemia subtyes. Expected numbers were based on a 19-year follow-up, takig accunt of

age, region and birh cohort. Among men classified as painters or paperhangers, SIRs were
1.1, 1.0, 1.1 and 0.8 for acute lymphocic, chronic lymphocic, acute nonlymphocic and
chronic myelocic leukaemia, respectively (based on three, 41,33 and 14 cases, respective-
Iy).
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Table 26. Case-control and other studies of leukaemia among persons exposed in paint manufacture and painting

Reference Loation, time 1Y of Source Exposure No. of cases RR 95% CI Comments
controls (no. of painters)a

Viadana & USA, 1959-62 Population Intervew Pain ter 845 men (31) 2.8 (1.4-6.0) ln comparison
Bross (1972) with non-

painters

3.1 NA ln comparison

~
with clerks

TImonen & Finland, Hospital Intervew Paint containing ben- 45 adults (4) 1.0 -
s:Ilvonen (1978) 1973-77 zene derivatives and lead 0

Flodin et al. Sweden, Population Interview Painter 59 adults Z0
(1986) 1977-82 0
lindquist et al. Sweden, Population Intervew Painter 125 adults (13) 13 2.0-554 Adjusted for

~(1987) 1980-83 Other professions ex- 3.7 1.6-10.1 other exposures ::pod to paint and/or CI
solvents and/or glues ..
Daily expure to organ- 3.0 1.1-9.2 0
ic solvents (white spirits) Eand gasoline s:Organic solvent 2.0 (significant) tI
Petroleum products 1.4 (significan t) t¡

linet et al. Sweden, Record 1960 Cen- (91)
(1988) 1961-79 linkage reg- sus record Acute lymphoc-

istiy to cen- ic (3) SIR, 1.1

sus (cohort) Chronic lympho-
cyic (41) SIR, 1.0

Acute nonlym-

phocic (33) SIR, 1.1

Chronic myelo-

cyic (14) SIR, 0.8 
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A total of 25 cases of Hodgki's disease in men aged 205 was studied in 1978-79 using
two controls selected from the Swedish population registiy (Olsson & Brandt, 1980). Sub-
jects were asked about ocupations, and ocupational expsure was defined as handling or-
ganic solvents eveiy workig day for at least one year within the closest ten-year period.
There was a significant assoiation between Hodgki's disease and expsure to solvents (12
cases; RR, 6.6; 95% CI, 1.8-23.8). Three of the 12 cases and only one of six controls expsed
to solvents were painters (RR, 1.7; (0.09-54.6)); the RR for painters among all subjects was
6.7 (0.56177.0). (See also the monograph on some petroleum solvents.)

Vianna and Polan (1979) studied mortlity in 19509 from reticulum-cell sarcoma,

lymphosarcoma and Hodgki's disease among 14 ocupational groups considered to be ex-
posed to benzene and/or col-tar fractions in New York State. The expsed populations
were estimated from census data, and deaths were obtained from health department re-
cords; mortlity, adjusted for age, was presented separately for each cancer site and com-
pared with rates for the state. Among 21 951 painters, the SMR for retieulum-cll sarcoma
was 110 (based on nine cases), that for lymphosarcoma, 97 (15 cases) and that for Hodgki's
disease, 135 (21 cases).

Friedman (1986) carred out a case-cntrol study of multiple myeloma among members
of the Kaiser Foundation Health Plan in California, USA, and identified 327 cases durig the

period 1969-82. These were matched by sex, age, race, date of enrollment and residence
with 327 controls on the rolls at the time of case diagnosis. Information on ocupation was
obtained from medical recrds. Painters as an ocupational group ocurred more frequently
among cases (6) than controls (2). (Te Workig Group noted that it was not stated how
frequently inormation on ocupation was available.)

Morrs et al. (1986) conducted a multicentre population-based case-cntrol study in
the USA of 698 newly diagnosed cases of multiple myeloma aged under 80 durig 1977-81
and 1683 neighbourhoo controls matched by age, sex and race. ln personal intervews with
subjects themselves or with next-of-ki, expsures were ascertined through a question
about any expsure to toxic substances. A toxicologist grouped expsures into 20 categories,
including 'paints, paint-related products and/or other organic solvents" which resulted in a
RR adjusted for age, sex, race and study centre of 1.6 (51cases expsed to paints and/or sol-
vents; 95% CI, 1.1-2.4); of these cases, 40 had been expsed to paints and paint-related prod-
ucts. This risk showed little variation accrding to time since first expsure. When only cases
who had been intervewed themselves were included, the adjusted RR for paints and/or sol-
vents was 1.8 (39 cases; 95% CI, 1.2-2.7). (Te Workig Group noted that there may have
been bias in the reporting of expsure.)

A case-cntrol study of multiple myeloma in six areas of England and Wales was car-

ried out by Cuzick and De Stavola (1988). A total of 399 cases identified at major regional
centres between 1978 and 1984 and 399 age- and sex-matched hospital controls were inter-
viewed about their past ocpation and expsure to chemicals and radiation, as well as prior
and family histoiy of disease and immuniztions. The rik of multiple myeloma in painters
including spray painters, was 1.9 (15 expsed cases; (95% Ci, 0.76-.7)).
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Olsson and Brandt (1988) reported a case-cntrol study of 167 male cases of non-

Hodgki's lymphoma aged 2081 se en in the oncology department of the University Hospital
of Lund, Sweden, in 1978-81. Expsure was assessed by intervew by one of the authors using
a standardized questionnaire, as in the study of Olsson and Brandt (1980; see p. 417). Two
control groups comprising a total of 130 men who had been intervewed for two other case-
control studies were used to estimate the exsure frequency. The RR for 'organic solvents'
was 3.3 (63 expsed cases; 95% CI, 1.9-5.8). The rik for supradiaphragmatic lymphoma was
higher (RR, 3.4; 95% CI, 2.3-5.2) than that for lymphomas loclized below the diaphragm

(RR, 1.4; 95% CI, 1.0-2.0). The risk increased with duration of solvent expsure. Occupa-
tional expsure to solvents was assoiated with employment in machine shops, chemical in-
dustiy, painting, priting, woo industiy and many other tyes of work; 14% of this popula-
tion were painters.

(vi)Cancer of the prostate
ln a cancer registiy-based case-cntrol study in Missouri USA, conducted by Brown-

son et al. (1988), 1239 cases of histologically confired prostatic cancer in white males diag-
nosed between July 1984 and June 1986 were compared to 3717 white male cancer controls
diagnosed in the same time period and frequency-matched byage. Information on ocupa-
tion, collected routinely using a standardized protocl in all hospitals, was coed at the Reg-
istiy as usual ocupation and industiy using the 1980 US census coes. When compared to
workers in 'low-rik' industries (wholesale and retail trade, finance, insurance, real estate,
business servces and professional servces), an elevated age-adjusted RR for prostatic can-
cer was apparent for men whose usual industiy was coed as manufacturig of paints and

varnishes (five cases; RR, 5.7; 95% CI, 1.4-24.3). However, in the analysis of usual ocupa-
tion, no rik for expsure to paint was seen. The authors recognized several study limita-

tions, including the use of crude ocupational inormation, multiple comparins, and use of
cancer patients as controls.

(ix) Cancer of the testis
Swerdlow and Skeet (1988) identified 2250 cases of testicular cancer from the South

Thames Cancer Registiy, UK, for the period 1958-77. The proportion of painters and dec-
rators. among cases was compared with that among controls with cancers other than those of
the genital system or at an unspeciied site and among controls with cancers sampled such
that no site represented more than 15% of the.cancers in an age group. Occpation was
identified from the recrds for 75% of cases and 73% of controls. The rik for testicular
cancer among painters and decrators was about half that in the comparin group of profes-
sional, technical workers and artists (R, 0.45; 15 cases), forboth seminoma (RR, 0.44) and
teratoma (RR, 0.55).

(x) Caner of the naal cavty
Hemberg et al. (1983) conducted acase-cntrol study of nasal and sinonasal cancers

among cases collected from the cancer registers in Finand and Sweden and froID hospitals in
Denmark in 1977-80. The 167 caes in live patients who agreed to intervew were matched by
age, sex and country to controls with colon and recl cacer. Many of the patients in the

subgroup with lesions in the maxaiy sinus were not intervewed. Exsures were coed by
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an industrial hygienist on the basis of intensity, duration and time. Smokig histories were
evaluated for the period ten years prior to diagnosis, and smokers were found to be more
frequent among cases (54.5%) than among con trois (45.5%); the investigators indicated only
that snuff use was not an important rik factor. Expsure to paints and lacquers reportedly
showed a strong association with nasal cacer, but the investigators indicated that exposure

to wood dust was generally a confounding factor. Two cases and no control had been exposed
only to lacquers and paints, and both cases had had other potentially carcinogenic exposures.

(d) Cancer in children in relation to parental exsure
Fabia and Thuy (1974) analysed data on paternal ocupation for 386 children aged less

than five years who had died from malignant disease in the provice of Québec, Canada, in
1965-70, and for the 772 control children whose birh registrations immediately preceded
and followed those birhs. Father's ocupation at the time of birh, as reported on the birh

certificate, was recorded; no specific ocupation was given for 30 cases or 56 controls. For ten
cases and 11 controls, the paternal ocupation at birh was described as painter, dyer and
cleaner, excluding other hydrocrbon-related ocupations (RR, 2.0; 95% CI, 0.86-4.7) (the
Workig Group calculated that the RR among those whose father was a painter was 1.2
(eight cases; 95% CI,0.42-3.6)). Among the 218 children with leukaemia, five of the fathers
were in this occupational group; among the 101 children with central nervous system tu-
mours and the 25 with Wilms' tumour, one (1%) and none (0), respectively, of the fathers
were in this ocupational group.

Hakulinen et al. (1976) carred out a case-cntrol study of all1409 children under 15
years of age with cancer reported to the Finnish Cancer Registiy durig the period 1959-68.
After excluding twis and cases for which the father's ocupation was unobtainable, 852
cases were available for analysis. The child born immediately before the case in the same
maternity welfare district was chosen as a control. Father's ocupation recorded at the time
of conception was compared for cases and controls. Father's ocupation described as 'paint-

er, dyer, priter' was recorded for 12 cases and 15 controls; leukaemia and lymphomas oc-
curred in one case and six controls, brain tumours in five cases and three con trois and other
tumours in six cases and six controls.

Kwa and Fine (1980) carred out a case-control study of 692 children born in Massachu-
setts, USA, who died before the age of 15 durig 1947-57 and 1963-67. Controls were chosen
from among the children whose birh registration immediatelypreceded and followed that of
the case subject, giving a total of 1384 controls. Father's ocupation at the time ofbirh regis-
tration was described as 'pain ter, cleaner, dyer' for 10 cases and 24 controls, comprising
seven leukaemias or lymphomas, one neurological cancer and one uriaiy-tract cancer.

Zacket al. (1980) interviewed the parents of 296 children with cancer attending the Tex-
as Children's Hospital Research Hematology Clinic in Houston, TX, USA, from March 1976
to December 1977. Controls were chosen from among relatives of cases, from among chil-
dren in the neighbourhoos where the cases lived and from among children who did not have
cancer attending the same clinic (33% had haemostatic defects, 24% various anaemias and
23% nonhaematological disorders). Job histoiy from the year before the birh of the child
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until one year before cancer diagnosis was assessed by personal or telephone intervew of a
parent. The fathers of none of the cases were descbed as 'painter, dyer or cleaner'; the
corresponding figures for fathers of controls were one for relatives, two for neighbours and
one for children attending the same clinic. fle Workig Group noted that the selection
criteria were given for neither cases nor controls and that it was unclear whether inormation
on expsures was obtained from mothers, from fathers or from both.)

Hemminki et al. (1981) descbed the paternal ocupations of 2320 children aged 0-14
with cancer reported to the Finnish Cancer Registiy in 1959-75, many of whom had been
included in the study of Hakulinen et al. (1976). Con trois were chosen from among children
whose birh had been registered immediately before and immediately after that of the index
child. Parental ocupation was taken as that in the maternity welfare clinic records at the
time of pregnancy. The overall RR for a father's ocupation as painter was 1.4 ((95% CI,
0.67-2.9); based on 40 disrdant pairs); the odds ratio for leukaemia was 1.5 ((0.22-10.3);
based on 12 disrdant pair) and that for brain tumours was 2.6 ((0.70-9.6); based on 14 dis-
cordant pairs). The excess ofbrain tumours was most marked for the more recent study peri-
od, 1969-75, in which a significantly elevated RR of 5.0, based on seven discrdant pairs, was
reported. Maternai ocupation was recorded for 2659 children, but no data on mother's ex-
posure to paint was presented. The authors noted that for the earlier period (1959-68) only
63% of the cases had been included in the analysis; but for 1969-75, 86% of cases were in-
cluded.

ln a case-cntrol study (pet ers et al., 1981), cases ofbrain tumours in children under ten
years of age at diagnosis in 1972-77 were identified from the Los Angeles County Cancer
Surveilance Program. Controls were matched to each case by sex, race and year of birh;
matching for social class was attempted by tiyg to locte the control from among friends of

the case or from the same neighbourhoo. Mothers of 98 cases (84% of those available) and
of 92 controls were intervewed by telephone, and the 92 matched pairs were analysed. Infor-
mation included workig and expsure histories of the mother and father before the preg-
nancy, durig the three triesters of pregnancy, durig nursing and at the time of diagnosis.

The authors noted the possibilty ofbiased reporting and recording of expsures. Seven fa-
thers of cases were reported to have had expsure to paints at any time from one year before
conception up to the time of diagnosis; the father of one control had been similarlyexpsed.
(Te Workig Group noted that this study addressed any expsure to paints and not only
ocupational expsures.)

Sanders et al. (1981) studied 6920 children under the age of 15 years who had died of
malignant disease in England and Wales in 1959-63 and 1970-72. Father's ocupation re-

ported on the child's death certifcate was compared with that recorded on the death certifi-
cate for a total of 16764 childhoo deaths that had ocurred durig the same periods. The
PMRs for father's ocupation descnbed as 'painter or decorator' were 97 (based on 93 cases
of cancer) in 1959-63 and 74 (based on 34 cases) in 1970-72. (Te Workig Group noted that
data on specific cancer sites were not given.)

Associations between paternal ocupation and childhoo leukaemia and brain tumours
were investigated in a case-cntrol study in Maiyland, USA (Gold et al., 1982). Patients un-
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der the age of 20 with leukaemia (1969-74) or brain tumours (1965-74) were ascertined in
the Baltimore Standard Metropolitan Statistical Area from death certificates and recrds
from 21 of 23 Baltimore hospitals. Two control groups consisted of children with no malig-

nant disease, selected from birh certificates at the Marland State Health Department, and
of children with malignancies otherthan leukaemia orbrain cancer. Inormation on ocupa-
tional expsures ofboth parents before the birh of the child and between birh and diagnosis
was collected by intervewig the mother. A total of 43 children had leukaemia and 70 had

brain tumours. Paternal ocupational categoiy 'paiter' was reported for one case of leukae-

mia, compared with three normal controls and none of the cancer controls, and no case of
brain tumour, compared with one case in normal controls and none in cancer controls.

Wilkis and Sinks (1984) carred out a case-cntrol study of 62 children with Wilms'

tumour identified between 1950 and 1981 at the Columbus (Ohio) Children's Hospital Th-
mor Registiy for whom paternal ocupation was available from the childs birh certificate.
Tho groups of controls were chosen from birh certificates, the firt matched individually for
sex, race and year of birh, and the secnd for sex, race, year of birh and mother's county of
residence at the time of the child's birh. Three of the fathers of cases were reported to be
painters compared to one and none in the two sets of controls.

Van Steensel-Moll et al. (1985) carred out a case-cntrol study of 713 children under
15 years of age with leukaemia diagnosed between Januaiy 1973 and Januaiy 1980 in the
Netherlands. Controls were chosen from census records, matched by region, sex and age (to
within two months). Information on ocupational and other expsures of both parents dur-
ing pregnancy was obtained by postal survey; the respnse rate was 88% for parents of cases
and 66% for those of controls. The analysis was restricted to 519 patients with acute lympho-
cyic leukaemia and 5f controls. Twenty-five mothers of children with leukaemia and 11
mothers of controls reported havig had ocupational expsure to 'paint, petroleum prod-
ucts or other chemicals' durig pregnancy (RR, 2.4; 95% CI, 1.2-4.6). These expsures were
reported by 140 fathers of children with leukaemia and 113 fathers of controls (1.2; 0.8- 1. 7).
The RR for paternal ocupation descnbed as 'painter, cleaner or dyer' was 1.6 (0.5-5.0) for
expsures durig pregnancy ( eight cases) and 1.3 (0.4-.0) for such expsures one year be-
fore the diagnosis of leukaemia (eight cases).

Lowengart et al. (1987) reported a case-cntrol studyof 123 children aged ten years or
under with leukaemia identified in the Los Angeles County Surveilance Program in
198084, representing 57% of eligible cases. Con troIs were selected from among friends of
cases or by random~igit dialling. Intervews were carred out by telephone and included
questions on expsure to paints or pigments before, durigand after pregnancy and on expe-
riences the children had had from birh to the reference date. The specific tyes of expsure
included in the general categoiy 'paints or pigments' were spray paints, other paints, dyes or
pigments, priting inks and lacquers or stains. Excess riks were observed for expsure of
fathers to spray paints durig the pregnancy (RR, 2.2; (95% CI, 0.91-5.3)) and after the preg-
nancy (2.0; 0.96.4) and for expsure to dyes and pigments durig the pregnancy (3.0;

(0.41-2.2)) and after the pregnancy (4.5; 0.93-42.8). The RR assoiatedwith 'spray paints' or
'dyes or pigments' was higher (RR, 2.5) if the father's expsure had been frequent (~50



422 IAC MONOGRAHS VOLUME 47

times per year) than if it had been less frequent ( cC 50 times per year; RR, 1.8) after the birh

of the child. Data on maternai ocupational expsure were not presented. Use of paints or
lacquers in the home by the mother and/or father durig the pregnancy and lactation gave a
RR of 1.4 (0.79-2.6). (Te Workig Group noted that the expsure categories overlapped.)

Johnson et aL. (1987) analysed paternal ocupational expsures recorded on the birh
certificate of 499 children aged 0-14 who had died of an intracranial or spinal cord tumour in
Texas in 195079. Children who had been born outside Texas were excluded. Controls were
chosen from a 1% sample of live birhs in Texas durig the same period. Maternai ocupa-
tion could not be assessed. A RR of 1.0 (95% CI, 0.3-3.3) was reported for paternal ocupa-
tion described as a painter.

4. Summary of Data Reported and Evaluation

4.1 Exposures

Approxiately 20 00 workers worldwide are employed in paint manufacture. The
total number of painters is probably several milions, a major group being construction paint-
ers. Other industries in which large numbers of painters are employed include manufacture
of transportation equipment and metal products, automotive and other refinishing opera-
tions and furniture manufacture.

Thousands of chemical compounds are used in paint products as pigments, extenders,
binders, solvents and additives. Painters are commonly expsed by inhalation to solvents and
other volatile paint components; inhalation of less volatile and nonvolatie components is
common durig spray painting. Dermal contact is the other major source of expsure. Paint-
ers may be expsed to other chemical agents that they or their coworkers use.

Painters are commonly expsed to solvents, the main on es being petroleum solvents,
toluene, xylene, ketones, alcohols, esters and glycol ethers. Chloriated hydrocrbns are
used in paint strippers and less frequently in paint formulations. Benzene was used as a paint
solvent in the past but is currently found in only small amounts in sorne petroleum solvent-
based paints. Titanium dioxide and chromium and iron compounds are used widely as paint
pigments, while lead was used commonly in the pasto Asbestos has been used as a paint filler
and may ocur in spackling and taping compounds; painters in the construction industry and
shipyards may also be expsed to asbestos. Expsure to silca may ocur durig the prepara-

tion of sudaces in construction and metal painting.

Workers in paint manufacture are potentially expsed to the chemicals that are found
in paint products, although the patterns and levels of expsure to individual agents may dif-
fer from those of painters. Construction painters may be expsed to dusts and pyrolysis prod-
ucts durig the preparation of sudaces and to solvents in paints, although water-based

paints have become widely used recently. ln metal and automobile painting, metal-based
antirst paints and solvent-based paints are often applied by sprayig; in addition, newer
resin systems, such as epoxy and polyurethane, are commonly used. ln contrast to other
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painting trades, furniture finishing involves the use of more varnishes, which have evolved
from cellulose-based to sythetic resin varnishes, including amino resins which may release

formaldehyde.

4.2 "uman carcinogenicity data

The reports most relevant for assessing the risk for cancer assoiated with ocupational
expsures in paint manufacture and painting are threè large cohort studies of painters and
collections of national statisties on cancer incidence and mortlity in whieh data on cancer at
many sites were presented for painters. These show a consistent excess of aIl cancers, at
about 20% above the national average, and a consistent excess of lung cancers, at about 40%
above the national average. The available evidence on the prevalence of smokig in paint-
ers, although limited, indicates that an excess risk for lung cancer of this magnitude cannot
be explained by smokig alone. The riks for cancers of the oesophagus, stomach and blad-
der were raised in many of the studies, but the excesses were generally smaller and more
varible than those for lung cancer. Some of the studies also reported excess risks for leu-
kaemia and for cancers of the buccl cavity and larynx.

Several other small cohort and census-based studies in painters provided estima tes of
rik for cancer at one or several sites. The rik for lung cancer was reported to be raised in
eight, that for stomach cancer in two, that for bladder cancer in two, that for leukaemia in
four, that for malignancies of the lymphatic system in three, that for buccl cancer in three,
that for laiygeal cancer in one, that for ski cancer in one, and that for prostatic cancer in

three. ln many studies, risks for cancer were reported only for sites for whieh the result was
statistically significant.

ln the three cohort studies of workers involved in the manufacture of paint, two of
whieh were small, there was little to suggest an excess rik of lung cancer or of cancer at any
other anatomical site.

Eleven case-cntrol and related studies of lung cancer could be evaluated. Ail of the
studies showed an increased risk for lung cancer among painters. The five studies in which
smokig was taken into accunt showed an increase of 30% or more in rik for lung cancer.
Two studies suggested increased riks amongpainters for laiygeal cancer, and one indicated

an increased risk for mesothelioma.
Cancer of the uriaiy tract has been examined in relation to expsure to paint in 15

case-cntrol and related studies. Eight showed an excess rik for bladder cancer in all paint-
ers. ln certin studies, specific aspects of expsure to paint were examined: car painters were
addressed in two studies, one indicating an excess rik; spray painters were evaluated in three

studies, two of which showed an excess rik; and expsure to lacquer and chromium was asso-
cIted with a risk in one study.

ln a study of ocupational histories of patients with oesophagea and stomach cancers,
high riks were seen for painters. A further study also identified a rik for stomach cancer
and another a risk for oesophageal cancer. One study of cancer of the gall-bladder and of the
bilia tract showed assoiations with the ocupation of painting. A study of pancreatic can-

cer reported a high rik for expsure to paint thinners.
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Five studies of leukaemia mentioned painters. Two studies showed excess risks. Two
small studies of Hodgki's disease and three studies of multiple myeloma showed increased
riks in assoiation with the ocupation of painter or with any expsure to paints, paint-re-
lated products or organicsolvents.

A single study of prostatic cancer showed a significant excess rik for manufacturers of
paints and varnishes, and one study reported a high risk for testicular cancer among spray
painters.

Twelve studies of childhoo cancer mentioned paternal expsure to paint and related
substances; four of these also presented data on maternai expsure. Three studies showed
an excess of childhoo leukaemia in assoiation with paternal expsure and one in asso-
ation with maternai expsure. Two studies showed an excess risk for brain tumours in the
children of male painters. One small study of children with Wilms' tumour showed an excess
in those whose fathers were painters. Ail of these excesses are based on small numbers of
children whose parents had been expsed, even in the larger studies. ln the other studies, no
association was seen between parental expsure to paint and childhoo cancers. The tye
and timing of expsure varied among these studies.

4.3 Other relevant data

Painters may suffer from allergic and nonallergic contact dermatitis, chronic bronchitis
and asthma, and adverse effects on the nervous system. There is also sorne indication of
adverse effects in the liver, kidney, bloo and bloo-forming organs. Many of these effects
are also seen in paint production workers.

Of three studies on the fertilty of painters, two showed no adverse effect and the third
a possible excess frequency of inertilty in men. One study reported an excess frequency of
spontaneous aoortion in female painters, based on self-reported data. Studies of birh

weight, periatal mortity rates and congenital malformations in the offsprig of male

painters generally showed no adverse effects; few data on female painters were available.
No increase in the frequency of sister chromatid exchange in peripherallymphoces

was found in one study of paiters or in one study of paint manufacturig workers.

4.4 Evaluation 1

There issuffcìent evidence for the carcinogenicity of ocupational expsure as a painter.
There is inaequate evidence for the carcinogenicity of ocupational expsure in paint

manufacture.

Ove rail evaluation
O~upational expsure as a painter is carcìnogenic (Group 1).

'For definitions of the italiciz terms, se Preamble, pp. 27-30.
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Occupational exposure in paint manufacture is not classifiable as to its carcinogenicity

(Group 3).
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SUMMAY OF FINAL EVALUATIONS

Agent Degree of evidence for carci- Overall
nogenicity evaluation

Humans AnimaIs

Petroleum soivents Inadequate 3
High-boiling aromatic solvents Inadequate
Special boiling-range solvents No data
White spirits No data

Toluene Inadequate Inadequate 3

Xylene Inadequate Inadequate 3

Cyclohexanone No data Inadequate 3

Dimethylfonnamide Limited Inadequate 2B

Morpholine No data Inadequate 3

1,2-Epoxybutane No data Limited 3

Bis(2,3-epoxycyclopentyl)ether No data Limited 3

Glycidyl ethers

Phenyl glycidyi ether No data Suffcient 2B
Bisphenol A diglycidyl ether No data Limited 3

Phenol Inadequate Inadequate 3

Antimony trioxide Inadequate Suffcient 2B
Antimony trisulfide Inadequate Umited 3

Titanium dioxide Inadequate Umited 3

Paint manufacture and painting (occupationai expures in)

Painter (occupational expure as a) Suffcient 1

Paint manufacture (occupational exposure in) Inadequate 3
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APPENDIX 1

SUMMARY TABLE OF GENETIC AND RELATED EFFECTS
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Appendix 1. Summary table of genetic and related effects

Nonmammalian sylems Mammalian sytems

Prokary- Lower Plants Insecls ln vitr ln vivootes eukaryotes -
Animal cells Human cells Animais Humans
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Bis(2,3-epoxycyclopen tyl)ether
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Glycidyl ethers

AIIrI (C.-C,.) glycidyl ethers
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A1lyl glycidyl ether
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Nonmammalian sytems Mammalian sytems

Prokary-
otes

Lower
eubryotes

Plants Insects ln vitro ln vivo

Animal cells Human ce Ils AnimaIs Humans
D G D R G A D G c R G c A D G s M C A T D G s M C A T GD s M C DL A D S M C

Bisphenol A diglycidyl ether

+

Butane diol glycidyl ether
,

+

Butyl glycidyl ether (n = n-butyJ; t = tert-butyl; X. poitive via intraperitoneal route, negative via oral route)+o,1t ln
xn + ln

tel1-ButyJ phenyl glycidyJ ether

+

Cresyl glycidyl ether.

+

Neopentyl glycol diglycidyl ether
i

+

Phenol
,

+ + +

Antimony trioxide
,

+

Titanium dioxide

A, aneuploidy; C, chromosomal aberrations; D, DNA damage; DL, dominant Jethal mutation; G, gene mutation; L, inhibition of intercellular communication; M, micronucJei; R, mitotic recombination and gene conversion; S, sister chro-
matid exchange; 1; cell transformation

ln completing the iables, the lollowing symbols indicate the consensus 01 the Workng Group with regard ta the resulis lor each endpoini:

+ considered to be poitive for the specifie end point and level of biological complexity
+ ' considered to be poitive, but only one valid study.was available to the Working Group,

considered to be nega tive

considered to be negative, but only one valid study Was available to the Working Group

considered to be equivocal or inconclusive (e,g., there were contradictory results from different laboratories; there were confounding exposures; the results were equivocal)

A

?;
"0
tT

~
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APPENDIX 2

AeTMTY PROFILES FOR GENETie AND RELATED EFFEeTS

Methods

The x-axs of the activity profie represents the bioassays in phylogenetic sequence by
endpoint, and the values on the y-axs represent the logarithmically transformed lowest ef-

fective doses (LED) and highest ineffective doses (HID) tested. The term 'dose', as used in
this report, does not take into consideration length of treatment or expsure and may there-
fore be considered syonymous with concentration. ln practiee, the concentrations used in
all the in-vitro tests were converted to l1g/ml, and those for in-vivo tests were expressed as
mg/kg bw. Because dose units are plotted on a log scle, differences in molecular weights
of compounds do not, in most cases, greatly inuence comparisons of their activity profiles.
Conventions for dose conversions are given below.

Profie-line height (the magnitude of each bar) is a function of the LED or HID, whieh
is associated with the characteristics of each individual test system - such as population size,
cell-ccle kietics and metabolic competence. Thus, the detection limit of each test system
is different, and, across a given activity profie, respnses will vaiy substantially. No attempt
is made to adjust or relate responses in one test system to those of another.

Line heights are derived as follows: for negative test results, the highest dose tested
without appreciable toxicity is defined as the HID. If there was evidence of extreme toxicity,
the next highest dose is used. A single dose tested with a negative result is considered to be
equivalent to the HID. Similarly, for positive results, the LED is recorded. If the original
data were analysed statistically by the author, the dose recorded is that at which the response
was significant (p -: 0.05). If the available data were not analysed statistically, the dose re-
quired to produce an effect is estimated as follows: when a dose-related positive response
is observed with two or more doses, the lower of the doses is taken as the LED; a single dose
resulting in a positive response is considered to be equivalent to the LED.

ln order to accmmodate both the wide range of doses encountered and positive and
negative responses on a continuous scle, doses are transformed logarithmically, so that ef-
fective (LED) and ineffective (HID) doses are represented by positive and negative nu m-
bers, respectively. The response, or logarithmicdose unit (LDUij), for a given test system
i and chemical j is represented by the expressions

LDUij = -loglo (dose), for HID values; LDU ":0

and (1)
!i

LDUij = -loglo (dose x 10- ), for LED values; LDU :;0.

-49-
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These simple relationships define a dose range of 0 to -5 logarithmic units for ineffective
doses (1-100 00 ,.g/ml or mglkg bw) and 0 to + 8 logarithmic units for effective doses
(100 00.001 ,.g/ml or mg/kg bw). A scle ilustrating the LDU values is shown in Figure
1. Negative respnses at doses less than 1 ,.g/ml (mglkg bw) are set equal to 1. Effectively,
an LED value ~ 100 00 or an HID value -C1 produces an LDU = 0; no quantitative inor-
mation is gained from such extreme values. The dotted lines at the levels of log dose units
1 and -1 define a 'zone of uncertainty' in which positive results are reported at such high
doses (between 10 00 and 100 00 ,.g/ml or mglkg bw) or negative results are reported at
such low dose levels (1 to 10 ,.g/ml or mg/kg bw) as to call intoquestion the adequacy of the
test.

Fig. 1. Scale of log dose units used on the y-axis of activity profies
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Negative

(¡.g/ml or mglkg bw)

LED and HID are expressd as ,.g/ml or mglkg bw.

ln practice, an activity profile is computer generated. A data entiy programme is used
to store abstracted data from published reports. A sequential file (in ASCH) is created for
each compound, and a record within that file consists of the name and Chemica Abstracts
Servce number of the compound, a three-Ietter coe for the test system (see below), the
qualitative test result (with and without an exogenous metabolic sytem), dose (LD or
HID), citation number and additional source inormation. An abbrevited citation for each
publication is stored in a segment of a record accessing both the test data fie and the citation
file. Durig processing of the data file, an average of the logarithmic values of the data subset
is calculated, and the length of the profile line represents this average value. Ail dose values
are plotted for each profile line, regardless of whether results are positive or negative. Re-
sults obtained in the absence of an exogenous metabolic system are indicated by a bar (-),
and results obtained in the presence of an exogenous metabolic system are indicated by an
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upward-directed arrow (t). Wh en all results for a given assy are either positive or negative,
the mean of the LDU values is plotted as a solid line; when conficting data are reported
for the same assay (i.e., both positive and negative results), the majority data are shown by
a solid line and the minority data by a dashed line (drawn to the extreme conficting re-
spnse). ln the few cases in which the numbers of positive and negative results are equal,
the solid line is drawn in the positive direction and the maxal negative response is indi-
cated with a dashed line.

Profile lines are identifed by three-Ietter coe words representing the commonly used
tests. Code words for most of the test systems in current use in genetic toxicology were de-
fined for the US Envionmental Protection Agency's GENE-TOX Program (Waters, 1979;
Waters & Auletta, 1981). For this publication, coes were redefined in a manner that should
facitate inclusion of additional tests in the future. If a test system is not defined precisely,

a general coe is used that best defines the categoiy of the test. Naming conventions are
descnbed below.

Dose conversions for activity profiles

Doses are converted to J.g/ml for in-vitro tests and to mglkg bw per day for in-vivo
experients.
1. ln-vitro test systems

(a) Weight/volume converts directly to J.g/ml.
(b) Molar (M) concentration x molecular weight = mg/ml = 103 J.g/ml; mM concen-

tration x molecular weight = J.g/ml.

(c) Soluble solids expressed as % concentration are assumed to be in units of mass
per volume (i.e., 1% = 0.01 g/ml = 10 00 J.g/ml; also, 1 ppm = 1 J.g/ml).

(d) Liquids and gases expressed as % concentration are assumed to be given in units
of volume per volume. Liquids are converted to weight per volume using the den-
sity (D) of the solution (D = g/ml). If the bulk of the solution is water, then D
= 1.0 g/mL. Gases are converted from volume to mass using the ideal gas law,
PV = nR'f For expsure at 2O3rC at standard atmospheric pressure, 1% (v/v)
= 0.4 J.g/ml x molecular weight of the gas. Also, 1 ppm (v/v) = 4 x 10-5 J.g/ml

x molecular weight.

(e) For microbial plate tests, concentrations reported as weight/plate are divided by

top agar volume (if volume is not given, a 2-ml top agar is assumed). For spot tests,
in which concentrations are reported as weight or weight/disc, a I-ml volume is
used as a rough approxiation.

(l Conversion of asbestos concentrations given in Jlg/cm2 are based on the area (Al
of the dish and the volume of medium per dish; i.e., for a l00mm dish: A = 1TR
= 1T x (5cm)2 = 78.5 cm2. If the volume of medium is 10 ml, then 78.5 cm2 =
10 ml and 1 cm2 = 0.13 mL.

2. ln-vitro systems using in-vivo activation

For the bOy fIuid-urie (BF-) test, the concentration used is the dose (in mg.kg bw)
of the compound administered to test animaIs or patients.
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3. ln-vivo test systems

(a) Doses are converted to mg/kg bwper day of expsure, assuming 100% absorption.
Standard values are used for each sex and species of rodent, including boy weight
and average intake per day, as reported by Gold et al. (1984). For example, in a
test using male mice fed 50 ppm of the agent in the diet, the standard foo intake
per day is 12% of bo weight, and the conversion is dose = 50 ppm X 12% =
6 mg/kg bw per day.
Standard values used for humans are: weight - males, 70 kg; females, 55 kg; sur-
face area, 1.7 m2; inhalation rate, 20 l/min for light work, 30 l/min for mild exer-
cise.

(b) When reported, the dose at the target site is used. For example, doses given in
studies of lymphoces ofhumans expsed in vivo are the measured bloo concen-
trations in ¡.g/ml.

Codes for test systems

For specific nonmammalian test systems, the first two letters of the three-sybol coe
word define the test organism (e.g., SA- for Salmonella typhimunum, EC- for Eschenchia
coli). ln most cases, the first two letters accurately represent the scientific name of the organ-
ism. If the species is not known, the convention used is -S-. The third sybol may be used
to define the tester strain (e.g., SA8 for S. typhimunum TA1538, ECW for E. coli WP2uvr A).
When strain designation is not indicated, the third letter is used to define the specific genetic
endpoint under investigation (e.g., -D for differential toxicity, -F for forward mutation,
-G for gene conversion or genetic crossing-over, -N for aneuploidy, -R for reverse muta-
tion, -U for unscheduled DNA sythesis). The third letter may also be used to define the
general endpoint under investigation when a more complete definition is not possible or
relevant (e.g., -M for mutation, -C for chromosomal aberration).

For mammalian test systems, the firt letter of the three-Ietter coe word defines the
genetic endpoint under investigation: A- for aneuploidy, B- for binding, C- for chromo-
somal aberration, D- for DNA strand breaks, G- for gene mutation, 1- for inhibition of
intercellular communication, M- for micronucleus formation, R- for DNA repair, S- for
sister chromatid exchange, T - for cell transformation and U- for unscheduled DNA sy_
thesis.

For animal (i.e., nonhuman) test systems in vitro, when the cell tye is not speciied,

the coe letters -lA are used. For such assays in vivo, when the animal species is not speci-

fied, the coe letters -VA are use. Commonly used animal speces are identified by the

third letter (e.g., -C for Chinese hamster, -M for mouse, -R for rat, -S for Syrn ham-
ster ).

For test systems using human cells in vitro, whtn the cell tye is not specied, the coe
letters -IH are used. For assays on humans in vivo, when the cell tye is not speciied, the

coe Ietters - VH are used. Otherwse, the second letter species the cell tye under investi-
gation (e.g., -BH for bone marrow, -LH for lymphoces).

Some other specific coing conventions used for mammalian systems are as follows:
BF- for bo fluids, HM- for host-mediated, -L for leucoes or lymphoces in vitro
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(-AL animais; -HL, humans), -L-forleucoesin vivo (-LA, animais; -LH, humans),-T
for transformed cells.

Note that these are examples of major conventions used to define the assay coe words.
The alphabetized listing of coes must be examined to confir a speciic coe word. As might
be expeced from the limitation to three sybols, some coes do not fit the naming conven-
tions precely. ln a few cases, test systems are defined by firt-Ietter coe words, for exam-
pie: MS'l mouse spt test; SL~ mouse specic locus test, postspermatogonia; SLO, mouse
specific locus test, other stages; DLM, dominant lethal test in mice; DLR, dominant lethal
test in rats; MHf mouse heritable transloction test.

The genetic activity profiles and listings that follow were prepared in collaboration with
Envionmental Health Research and Testing Inc. (EHlI under contract to the US Envi-
ronmental Protection Agency; EHKl also determined the doses used. The references cited
in each genetic activity profie listing can be found in the list of references in the approprite
monograph.
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TOLUENE

END TEST TEST SYSTEM RESUL TS DOSE REFERENCE
POINT CODE NM M (LED OR HID)

0 PRB PROPHAGE, 1 NDUCT /SOS/STRAND BREAKS/X - LINKS 100.0000 NAKARA ET AL., 1987
0 ECL E. COLI POL A, DI FFERENTIAL TOX (L1QUID) 400000. 0000 MCCARROLL ET AL., 1981b
0 ERD E. COLI REC, DI FFERENTIAL TOXICITY - 400000.0000 MCCARROLL ET AL., 1981b
0 BSD B. SUBTILIS REC, DIFFERENTIAL TOXICITY - 127000.0000 MCCARROLL ET AL., 19818
G SAO S. TYPHIMURIUI TA100, REVERSE MUTATION 2500.0000 SPANGGOD ET AL., 1982
G SAO S. TYPHIMURIUI TA100, REVERSE MUTATION 1000. 0000 BOS ET AL., 1981
G SAD S. TYPHIMURIUI TA100, REVERSE MUTATION 2150.0000 NESTMANN ET AL.. 1980
G SAD S. TYPHIMURIUI TA100, REVERSE MUTATION 1000.0000 CONNOR ET AL.. 1985
G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION 167.0000 HAIITH ET AL., 1983
G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION 2500.0000 SPANGGOD ET AL., 1982
G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION 2150.0000 NESTMANN ET AL.. 1980
G SA5 S. TYPHIMURIUI TA1535, REVERSE MUTATION 1000 . 0000 BOS ET AL.. 1981
G SA5 S. TYPHIMURIUI TA1535, REVERSE MUTATION 167.0000 HAIITH ET AL.. 1983
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 2500.0000 SPANGGOO ET AL., 1982
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 2150.0000 NESTMANN ET AL., 1980
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 1000.0000 BOS ET AL.. 1981
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 167.0000 HAIITH ET AL., 1983
G SA8 S. TYPHIMURI.UM TA1538, REVERSE MUTATION 2150.0000 NESTMANN ET AL., 1980
G SA8 S. TYPHIMURIUM TA1538, REVERSE MUTATION 2500.0000 SPANGGOo ET AL., 1982
G SA8 S. TYPHIMURIUM TA1538, REVERSE MUTATION 1000. 0000 BOS ET AL., 1981
G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 1000.0000 BOS ET AL., 1981
G SA9 S. TYPHIMURIUM TA98. REVERSE MUTATION 2500.0000 SPANGGOo ET AL.. 1982
G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 2150.0000 NESTMANN ET AL., 1980
G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 1000.0000 CONNOR ET AL., 1985
G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 167.0000 HAIITH ET AL., 1983
G SAS S. TYPHIMURIUM (OTHER), REVERSE MUTATION 1000.0000 CONNOR ET AL., 1985
G DMX D. MELANOGASTER, SEX-LINKED RECESSIVES 0 13000.0000 ROORIGUEZ ARNAIZ & VILLALOBOS-PIETRINI. 1985b
C DMH D. MELANOGASTER. HER 1 TABLE TRANSLOCA TI ONS 0 13000.0000 RODRIGUEZ ARNAIZ & VILLAL080S-PIETRINI, 1985b
A DMN D. MELANOGASTER, ANEUPLOIDY + 0 8700.0000 RODRIGUEZ ARNAIZ & VILLALOBOS-PIETRINI, 19858
0 DIA STRAND BREAKS/X-LINKS. ANIMAL CELLS 1 N VITRO + 0 3.0000 SINA ET AL., 1983
T T7S CELL TRANSFORMATION, SA7/SHE CELLS 0 1000.0000 CASTO, 1981
S SHL SCE, HUMAN LYMPHOCYTES lN VITRO 0 1500.0000 GERNER-SMIDT & FRIEDRICH, 1978
C CHL CHROH ABERR, HUMAN LYMPHOCYTES lN VITRO 0 1500.0000 GERNER-SHIDT & FRIEDRICH, 1978
M MVM MICRONUCLEUS TEST, MICE lN VIVO + 0 0.1200 MOHTASHAHIPUR ET AL., 1985
M MVM MICRONUCLEUS TEST, MICE lN VIVO 0 1700.0000 GAD-EL-KARIM ET AL., 1984
M MVR MICRONUCLEUS TEST, RATS lN VIVO + 0 200.0000 ROH ET AL., 1987
C CBA CHROH ABERR, ANIMAL BONE MARROW lN VIVO + 0 1000.0000 L YAPKALO, 1973
C CBA CH ROH ABERR. ANIMAL BONE MARROW lN VIVO + 0 400.0000 ROH ET AL., 1987
C CBA CHROH ABERR, ANIMAL BONE MARROW lN VIVO + 0 800.0000 DOBROKHOTOV, 19n
C CBA CHROH ABERR, AN 1 MAL BONE MARROW 1 N VIVO + 0 0.0000 ARISTOV ET AL., 1981
C CBA CH ROH ABERR, ANIMAL BONE MARROW lN VIVO 0 1700. 0000 GA-EL-KARIM ET AL., 1984
S SLH SCE, HUMAN LYMPHOCYTES 1 N VI va + 0 75 . 0000 BAUCHINGER ET AL., 1982
S SLH SCE, HUMAN LYMPHOCYTES lN ViVO 0 14.0000 HAGLUND ET AL., 1980
S SLH SCE, HUMN LYMPHOCYTES lN ViVO 0 40.0000 MAKI-PAAKKANEN ET AL., 198
C CLH CHROH ABERR, HUMAN LYMPHOCYTES lN VIVO + 0 75.0000 BAUCHINGER ET AL., 1982
C CLH CH ROH ABERR, HUMN LYMPHOCYTES lN VIVO 0 40.0000 HAKI-PAAKKANEN ET AL., 198
C CLH CHROH ABERR, HUMAN LYMPHOCYTES 1 N VI va 0 75.0000 FORNI ET AL., 1971
C CLH CHROH ABERR, HUMN LYMPHOCYTES lN VIVO 0 0.0000 PELCLOVA ET AL., 1987
P SPM SPERM HOPHOLOGY, MICE 0 900.0000 TOPHAH, 1980
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XYlENES

END TEST TEST SYSTEM RE SUL TS DOSE REFERENCE
POINT COlE NM M (lED OR HID)

D PRB PROPHAGE, 1 NDUCT /SOS/STRAND BREAKS/X -ll NKS 36.0000 NAKARA ETAL., 1987 (usl
D ECl E. COli POL A, DIFFERENTlAl TOX (lIQUID) 10000.0000 MCCARROll ET Al., 1981b hgl
D ERO E. COLI REC, DIFFERENTIAl TOXICITY 10000. 0000 MCCARROll ET Al., 1981b hgl
D BSD B. SUBTlllS REC, OIFFERENTIAl TOXICITY - 100000.0000 MCCARROll ET Al., 1981a (tgl
G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION 100.0000 ZEIGER ET AL., 1987 (xl
G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION 50 . 0000 SHIMIZU ET AL.. 1985 (pl
G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION 250.0000 BOS ET AL.. 1981 (o,m,pl
G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION 166.0000 HAWOTH ET Al., 1983 (01
G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION 16.0000 HAWOTH ET Al., 1983 (ml
G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION 100.0000 HAWOTH ET Al., 1983 (pl
G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION 500.0000 CONNOR ET Al., 1985 (o,m,pl
G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION 100.0000 ZEIGER ET Al., 1987 (x)
G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION 166.0000 HAWOTH ET Al., 1983 (01
G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION 16.0000 HAWOTH ET Al., 1983 (ml
G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION 100.0000 HAWOTH ET Al., 1983 (pl
G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION 50.0000 SHIMIZU ET Al., 1985 (pl
G SA5 s. TYPHIMURIUM TA1535, REVERSE MUTATION 250.0000 BOS ET AL., 1981 (o,m,pl
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 50. 0000 SHIMIZU ET Al., 1985 (pl
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 166.0000 HAWORTH ET Al., 1983 (01
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 16.0000 HAWORTH ET Al., 1983 (ml
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 100.0000 HAWOTH ET Al., 1983 (pl
G SA7 S. TYPHIMURIUM TA1537. REVERSE MUTATION 250.0000 BOS ET AL., 1981 (o,m,pl
G SA8 S. TYPHIMURIUM TA1538, REVERSE MUTATION 250.0000 BOS ET Al., 1981 (o,m,pl
G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 100.0000 ZEIGER ET Al., 1987 (xl
G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 250 . 0000 BOS ET AL., 1981 (o,m,pl
G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 50.0000 SHIMIZU ET Al., 1985 (pl
G SA9 S. TYPHIMURIUM TA98. REVERSE MUTATION 166.0000 HAWOTH ET Al., 1983 (01
G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 16.0000 HAWOTH ET Al., 1983 (ml
G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 100.0000 HAWOTH ET Al.. 1983 (pl
G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 500.0000 CONNOR ET Al., 1985 (o,m,pl
G SAS S. TYPHIMURIUM (OTHER), REVERSE MUTATION 100.0000 ZEIGER ET AL., 1987 (xl
G SAS S. TYPHIMURIUM (OTHER). REVERSE MUTATION 500. 0000 CONNOR ET Al., 1985 (o.m,pl
G ECW E. COLI WP2 UVRA. REVERSE MUTATION 50.0000 SHIMIZU ET AL., 1985 (pl
T T7S CEll TRANSFORMATION, SA7/SHE CEllS 0 1000.0000 CASTO, 1981 (usl
S SHl SCE, HUMAN lYMPHOCYTES lN VITRO 0 1500.0000 GERNER-SMIOT & FRIEDRICH, 1978 (usl
C CHl CHROM ABERR, HUMAN lYMPHOCYTES lN VITRO 0 1500.0000 GERNER-SMIDT & FRIEDRICH. 1978 (usl
M MVM MICRONUCLEUS TEST, MICE lN VIVO 0 400.0000 MOHTASHAMIPUR ET AL., 1985 (01
M MVM MICRONUCLEUS TEST, MICE lN VIVO 0 650.0000 MOHTASHAMIPUR ET Al.. 1985 (m,pl
S SlH SCE, HUMAN lYMPHOCYTES 1 N VIVO 0 10.0000 HAGlUND ET Al., 1980 (usl
S SlH SCE, HUMAN lYMPHOCYTES lN VIVO 0 55.0000 PAP & VARGA ET Al., 1987 (tglP SPR SPERM MORPHOlOGY, RATS (+) 0 400.0000 WASHINGTON ET AL., 1983 (01

0 - ortho
m - meta

p - para
us - unspecified
x - mixture of isomers

tg - technical grade
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CYCLOHEXANONE

END TEST TEST SYSTEM RESUL TS DOSE REfERENCE
POINT COOE NM M (LED OR HID)

G SAO S. TYPHlMURIUH TA100, REVERSE MUTATION 5000 . 0000 HAIITH ET AL., 1983
G SAS S. TYPHlMURIUH TA1535, REVERSE MUTATION 5000.0000 HAI/RTH ET AL., 1983
G SA7 S. TYPHIMURIUH TA1537, REVERSE MUTATION 5000.0000 HAI/RTH ET AL., 1983
G SA9 S. TYPHlMURIUM TA98, REVERSE MUTATION 5000.0000 HAI/RTH ET AL., 1983
C CHL CHROM ABERR, HUMN LYMPHOCYTES 1 N VITRO + 0 o . 0000 COLLIN, 1971
C CHL CHROM ABERR, HUMAN LYMPHOCYTES lN VITRO + 0 10.0000 LEDE RER ET AL., 1971
C CHL CHROM ABERR, HUMAN LYMPHOCYTES lN VITRO + 0 0.0050 DYSHLOVOI ET AL., 1981
A AIH ANEUPLOIOY, HUMAN CELLS lN VITRO 0 0.0050 DYSHLOVOI ET AL., 1981
C CBA CHROM ABERR, AN 1 MAL BONE MARR~ i N VIVO + 0 100.0000 DE HONDT ET AL., 1983
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DIMETHYLFORMAMIDE

END TEST TEST SYSTEM RESUL TS DOSE REFERENCE
POINT COOE NM M (LED OR HlD)

0 ECL E. COLI POL A, DIFFERENTIAL TOX (LIQUID) 2300.0000 ROSENKRANZ ET AL., 1981
0 ERD E. COLI REC, DIFFERENTIAL TOXICITY O. 0000 GREEN, 1981
0 ERD E. COLI REC, DIFFERENTIAL TOXICITY 0 0.0000 ICHINOTSUBO ET AL., 1981a
0 ERD E. COLI REC, DIFFERENTIAL TOXICITY 0.0000 TIIEATS, 1981
0 BSD B. SUBTILIS REC, DIFFERENTIAL TOXICITY 19000.0000 KADA, 1981
G SAF S. TYPHIMURIUM, FORIIARD MUTATION 0 1000.0000 SKOPEK ET AL., 1981
G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION 0 1250.0000 PURCHASE ETAL., 1978
G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION 94.0000 ANTOINE ET AL., 1983
G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION 0 1000.0000 FALCK ET AL., 1985
G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION 5000.0000 MORTELMANS ET AL., 1986
G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION 2500.0000 MACDONALD, 1981
G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION 0 0.0000 ICHINOTSUBO ET AL., 1981b
G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION 0.0000 NAGAO & TAKAHASHI, 1981
G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION 5000. 0000 RICHOLD & JONES, 1981
G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION 1000.0000 ROILAND & SEVERN, 1981
G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION 1250.0000 TRUEMAN, 1981
G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION 250.0000 VENITT & CROFTON-SLEIGH, 1981
G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION 500.0000 HUBBARD ET AL., 1981
G SAD S. TYPHIMURIUH TA100, REVERSE MUTATION 1000.0000 BROOKS & DEAN, 1981
G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION 500.0000 BAKER & BONIN, 1981
G SAD S. TYPHIMURIUH TA100, REVERSE MUTATION o . 0000 SIMMON & SHEPHERD, 1981
G SAS S. TYPHIMURIUM TA1535, REVERSE MUTATION 0 1250.0000 PUR CHASE ET AL., 1978
G SAS S. TYPHIMURIUH TA1535, REVERSE MUTATION 94 . 0000 ANTOI NE ET AL., 1983
G SAS S. TYPHIMURIUM TA1535. REVERSE MUTATION 0 1000.0000 FALCK ET AL.. 1985
G SA5 S. TYPHIMURIUH TA1535, REVERSE MUTATION 5000.0000 MORTELMANS ET AL., 1986
G SA5 S. TYPHIMURIUH TA1535, REVERSE MUTATION 5000.0000 RICHOLD & JONES, 1981
G SA5 S. TYPHIMURIUH TA1535, REVERSE MUTATION 1000.0000 ROILAND & SEVERN, 1981
G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION 1250.0000 TRUEMAN, 1981
G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION 1000 . 0000 GATEHOUSE, 1981
G SA5 S. TYPHIMURIUH rA1535, REVERSE MUTATION 1000. 0000 BROOS & DEAN, 1981
G SAS S. TYPHIMURIUM TA1535, REVERSE MUTATION 500.0000 BAKER & BONIN. 1981
G SA5 S. TYPHIMURIUH TA1535, REVERSE MUTATION 0.0000 SIMMON & SHEPHERD, 1981
G SA7 S. TYPHIMURIUH TA1537, REVERSE MUTATION 94.0000 ANTOINE ET AL., 1983
G SA7 S. TYPHIMURIUH TA1537, REVERSE MUTATION 0 500.0000 FALCK ET AL.. 1985
G SA7 S. TYPHIHURIUM TA1537, REVERSE MUTATION 5000.0000 MOTELMANS ET AL., 1986
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION O. 0000 NAGAO & TAKAHASHI, 1981
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 5000.0000 RICHOLO & JONES, 1981
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 1000. 0000 ROILAND & SEVERN, 1981
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 1250.0000 TRUEMAN, 1981
G SA7 S. TYPHIMURIUM TA 1537, REVERSE MUTAT ION 5000.0000 MACDONALD, 1981
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 1000.0000 GATEHOUSE, 1981
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 1000. 0000 BROOS & DEAN, 1981
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 500.0000 BAKER & BONIN, 1981
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 0.0000 SIMMON & SHEPHERP. 1981
G SA8 S. TYPHIMURIUM TA1538, REVERSE MUTATION 0 1250.0000 PUR CHASE ET AL., 1978
G SA8 S. TYPHIMURIUM TA 1538, REVERSE MUTATION 94.0000 ANTOINE ET AL., 1983
G SA8 S. TYPHIMURIUM TA1538, REVERSE MUTATION 0 1000.0000 FALCK ET AL., 1985
G SA8 S. TYPHIMURIUM TA1538, REVERSE MUTATION 5000.0000 RICHOLD & JONES, 1981
G SA8 S. TYPHIMURIUM TA1538, REVERSE MUTATION 1000.0000 ROILÃND & SEVERN, 1981
G SA8 S. TYPHIMURIUM TA1538, REVERSE MUTATION + 0.0000 TRUEMAN, 1981
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OIMETHYLFORMAMIOE

END TEST TEST SYSTEM RESULTS DOSE REFERENCE

POINT COOE NM M (LED OR HID)

G SA8 S. TYPHIMURIUM TA1S38, REVERSE MUTATION 1000.0000 BROOKS & DEAN, 1981

G SA8 S. TYPHIMURIUM TA1S38, REVERSE MUTATION SOO.OOOO BAKER & BONIN, 1981

G SA8 S. TYPHIMURIUM TA1S38, REVERSE MUTATION 0.0000 SIMMON & SHEPHERO, 1981

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 0 12S0.0000 PUR CHASE ET AL.. 1978

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 94.0000 ANTOINE ET AL., 1983

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 0 1 000 . 0000 FALCK ET AL., 1985

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION SOOO.OOOO MORTELMANS ET AL., 1986

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION SOOO.OOOO MACDONALD, 1981

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 0 o . 0000 ICHINOTSUBO ET AL., 1981b

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 0.0000 NAGAO & TAKAHASHI, 1981

G SA9 S. TYPHIMURIUH TA98, REVERSE MUTATION SOOO.OOOO RICHOLO & JONES, 1981

G SA9 S. TYPHIMURIUH TA98, REVERSE MUTATION 1 000 . 0000 ROYLANO & SEVERN, 1981

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION + 2S0 . 0000 TRUEMAN, 1981

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 2S0.0000 VENITT & CROFTON'SLEIGH, 1981

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 500.0000 HUBBARO ET AL., 1981

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 1000.0000 GATEHCXSE, 1981

G SA9 S. TYPHIMURIUH TA98, REVERSE MUTATION 1 000. 0000 BROOS & DEAN, 1981

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION SOO.OOOO BAKER & BOIN, 1981

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION O. 0000 SIMMON & SHEPHERO, 1981

G SAS S. TYPHIMURIUM (OTHER), REVERSE MUTATION 0 73000.0000 GREEN & SAVAGE, 1978

G SAS S. TYPHIMURIUH (OTHER), REVERSE MUTATION 1 000 . 0000 BROOS & DEAN, 1981

G ECF E. COLI (EXCLUOING K12), FOR~ARO MUTATION 0 4000.0000 MOHN ET AL., 1981

G EC~ E. COLI ~P2 UVRA, REVERSE MUT AT ION 0 1000.0000 FALCK ET AL., 1985

G EC~ E. COLI ~P2 UVRA, REVERSE MUTATION 2S0.0000 VENin & CROFTON-SLEIGH, 1981

G EC~ E. COLI ~P2 UVRA, REVERSE MUTATION 500.0000 GATEHCXSE, 1981

G EC~ E. COLI ~P2 UVRA, REVERSE MUTATION 0.0000 MATSUSHIMA ET AL., 1981

0 SSB SACCHAROMYCES, STRAND BREAKS/X-L 1 NKS 1000.0000 KOSSINOVA ET AL., 1981

0 SSO SACCHAROMYCES, 01 FFERENTIAL TOX ICI TY + + 500.0000 SHARP & PARRY, 1981a

R SCH S. CEREVISIAE, HOHZYGOSIS SOO.OOOO SHARP & PARRY, 1981b

R SCH S. CEREVISIAE, HOMOZYGOSIS + 4700.0000 ZIMMERMANN & SCHEEL, 1981

R SCH S. CEREVISIAE, HOMOZYGOSIS 167.0000 JAGANNATH ET AL., 1981

R SCH S, CEREVISIAE, HOMOZYGOSIS 1000.0000 KASSINOVA ET AL., 1981

G SCf S. CEREVISIAE, FOR~ARO MUTATION 800.0000 MEHTA & VON BORSTEL, 1981

G SZF S. POMBE, FOR~ARO MUTATION 20.0000 lOPRIENO, 1981

A SCN S. CEREVISIAE, ANEUPLOIOY + + 100.0000 PARRY & SHARP, 1981

G ASM ARABIOOPSIS SPECIES, MUTATION 0 300000.0000 GICHNER & VELEMINSKY, 1987

G OMX O. MELANOGASTER, SEX-LINKEO RECESSIVES 0 900.0000 ~RGLER & GRAF, 1981

0 URP UOS, RAT PRIMARY HEPATOCYTES (+) 0 700 . 0000 IIILLIAMS, 1977

0 URP UOS, RAT PRIMARY HEPATOCYTES 0 7300 . 0000 IIILLIAMS & LASPIA, 1979

0 URP UOS, RAT PRIMARY HEPATOCYTES 0 70 . 0000 no, 1982

0 UIA UOS, OTHER ANIMAL CELLS lN VITRO 0 700.0000 MCQUEEN ET AL., 1983

0 UIA UOS, OTHER ANIMAL CEllS lN VITRO 0 70. 0000 KlAUNIG ET Al., 1984

G GST MUTATION, L5178Y CEllS, TK LOCUS (+) 5000.0000 MCGREGOR ET Al., 1988

G GST MUTATION, L5178Y CEllS, TK LOCUS 4700 . 0000 MI TCHEll ET Al., 1988

G GST MUTATION, lS178Y CEllS, TK LOCUS (+) 3000.0000 JOTZ & MITCHEll, 1981

G GST MUTATION, lS178Y CEllS, TK LOCUS 4700.0000 MYHR & CASPARY, 1988

S SIC SCE, CHINESE HAMSTER CEllS lN VITRO 100.0000 PERRY & THOMSON, 1981

S SiC SCE, CHINESE HAMSTER CEllS lN VITRO 900 . 0000 EVANS & MITCHEll, 1981

S SiC SCE, CHINESE HAMSTER CEllS lN VITRO 6300 . 0000 NAT ARA JAN & VAN KESTEREN-VAN lEEU~EN , 198

C CIC CHROM ABERR, CHINESE HAMSTER CEllS lN VITRO 6300.0000 NATARAJAN & VAN KESTEREN-VAN lEEU~EN , 198
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DIMETHYLFORMAMIDE

END TEST TEST SYSTEM RESULTS DOSE REFERENCE
POL NT CODE

NM M (LEO OR HID)

C CIR CHROM ABERR, RAT CELLS lN VITRO a 300.0000 DEAN, 1981
D UHF UDS, HUMAN FIBROBLASTS lN VITRO 90 . 0000 ROBINSON & MITCHELL, 1981
D UHF UDS, HUMAN FIBROBLASTS lN VITRO 0 O. 0000 AGRELO & AMOS, 1981
D UHF UDS, HUMAN FIBROBLASTS lN VITRO 100.0000 MARTIN & MCDERMID, 1981
G GIH MUTATION, HUMAN CELLS lN VITRO 500.0000 GUPTA & GOLDSTEIN, 1981
S SHL SCE, HUMAN LYMPHOCYTES lN VITRO a 80000. 0000 ANTOINE ET AL., 1983
C CHL CHROM ABERR, HUMAN LYMPHOCYTES lN VITRO a 80000 . 0000 ANTOINE ET AL., 1983
C CHL CHROM ABERR, HUMAN LYMPHOCYTES lN VITRO + a 0.0070 KOUELA & SPAZIER ET AL., 1979
S SVA SCE, ANIMALS lN ViVO a 2500. 0000 PAIKA ET AL., 1981
M MVM MICRONUCLEUS TEST, MICE lN ViVO a 2.5000 SALAMONE ET AL., 1981
M MVM MICRONUCLEUS TEST, MICE lN ViVO a 1600.0000 KIRKHART, 1981
M MVM MICRONUCLEUS TEST, MICE lN ViVO 0 1500.0000 TSUCHIMOTO & MATTER, 1981
M MVM MICRONUCLEUS TEST, MICE lN ViVO a 2000. 0000 ANTOINE ET AL., 1983
M MVM MICRONUCLEUS TEST, MICE lN ViVO + a 1. 0000 YE ET AL., 1987
C CLH CHROM ABERR, HUMAN LYMPHOCYTES lN ViVO + a a . 0000 BERGER ET AL., 1985
C CLH CHROM ABERR, HUMAN LYMPHOCYTES lN ViVO + a O. 0000 KOUDELA & SPAZIER ET AL., 1981
P SPM SPERM MORPHOLOGY, MICE a 667.0000 ANTOINE ET AL., 1983
P SPM SPERM MORPHOLOGY, MICE a 900.0000 TOPHAM, 1980
1 ICR INHIBIT CELL COMMUNICATION, ANIMAL CELLS + a 3800. 0000 CHEN ET AL.. 1984

Diiicthylformamide wa one of the compounds tested in 17 studies on mutation in bacteria in the International Collaborative Program for the
Ev;iluaiion ofShort-term Tests for Carcinogens (de Serres & Ashby, 1981). ln two of the studies, results for dimethylformamide were not reported
dircctly, so these are not included in the above listing,
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MOPHOLI NE

END TEST TEST SYSTEM RESUL TS DOSE REFERENCE
POINT COOE NM M (LED OR HID)

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION 5450.0000 HAWOTH ET AL.. 1983
G SAO S. TYPHIMURIUM TA1DD, REVERSE MUTATION 5000. 0000 ISHIDATE ET AL., 1984
G SAS S. TYPHIMURIUM TA1535, REVERSE MUTATION 5450. 0000 HAWOTH ET AL., 1983
G SAS S. TYPHIMURIUM TA1535, REVERSE MUTATION 5000.0000 ISHIDATE ET AL.. 1984
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 5450.0000 HAWOTH ET AL., 1983
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 5000.0000 ISHIDATE ET AL., 1984
G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 1800.0000 HAWOTH ET AL., 1983
G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 5000. 0000 ISHIDATE ET AL., 1984
G SAS S. TYPHIMURIUM (OTHER), REVERSE MUTATION 5000.0000 ISHIDATE ET AL., 1984
D URP UOS, RAT PRIMARY HEPATOCYTES 0 100.0000 CONA\lA Y ET AL.. 1984
C CIC CHROH ABERR, CHINESE HAMSTER CELLS lN VITRO 0 250. 0000 ISHIDATE ET AL., 1984
H HIl HOST-MEDIATED ASSAY, MICROBIAL CELLS 0 250.0000 BRAUN ET AL., 1977
H HIl HOST-MEDIATED ASSAY, MICROBIAL CELLS 0 40. 0000 ED\lARDS ET AL., 1979
C coe CHROH ABERR, OOYTES OR EMBRYOS 0 500.0000 INUI ET AL.. 1979
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1,2-EPOXYBUTANE

END TEST TEST SYSTEM RESUL TS DOSE REFERENCE

POINT COOE NM " (LED OR HIO)

0 PRB PROPHAGE, 1 NDUCT /SOS/STRAND BREAKS/X - LINKS + 0 780.0000 NAKARA ET AL., 1987

0 ECL E. COLI pOL A, DIFFERENTIAL TOX (LIQUID) + 0 20000 . 0000 "CCARROLL ET AL., 1981b

0 ECL E. COLI POL A, DIFFERENTIAL TOX (L1QUID) + 0 50.0000 ROSENKRANZ & pOIRIER, 1979

0 ERD E. COLI REC, DIFFERENTIAL TOXICITY + 0 4300. 0000 MCCARROLL ET AL., 1981b

G SAO S. TYPHIMURIUM TA106, REVERSE MUTATION + 0 O. 0000 MCMAHON ET AL., 1979

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION (+) 0 2100.0000 "CCANN ET AL., 1975

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION + 0 7.0000 SPECK & ROSENKRANZ, 1976

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION + 0 2100.0000 HENSCHLER ET AL., 1977

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION 167.0000 DUNKEL ET AL., 1984

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION 250.0000 SI MM , 19798

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION + + 2.5000 DE FLORA, 1979

G SAO S. TYPHIMURIUM TA1DO, REVERSE MUTATION + + 2000.0000 DE FLORA, 1981

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION + 0 1100.0000 GERVASI ET AL.. 1985

G SAO S. TYPHlMURIUM TA100, REVERSE MUTATION + + o . 0000 DE FLORA ET AL., 1984

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION + + 500.0000 CANTER ET AL., 1986

G SAO S. TYPHIMURIUM TA100. REVERSE MUTATION 0 36.0000 ROSMAN ET AL., 1987

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION + + 500.0000 NTP, 1988

G SA3 S. TYPHIMURIUM TA1530. REVERSE MUTATION + a 17000.0000 CHEN ET AL., 1975

G SAS S. TYPHIMURIUM TA1535, REVERSE MUTATION + 0 2100.0000 MCCANN ET AL., 1975

G SAS S. TYPHIMURIUM TA1535, REVERSE MUTATION + + 0.0000 DE FLORA ET AL., 1984

G SAS S. TYPHIMURIUM TA1535, REVERSE MUTATION 167.0000 DUNKEL ET AL., 1984

G SAS S. TYPHIMURIUM TA1535, REVERSE MUTATION 250. 0000 SIMM, 19798
G SAS S. TYPHIMURIUM TA1535, REVERSE MUTATION + + 42.0000 ROSENKRANZ & pOIRIER, 1979

G SAS S. TYPHIMURIUM TA1535, REVERSE MUTATION + + 1250.0000 ~INSTEIN ET AL., 1981

G SAS S. TYPHIMURIUM TA1535, REVERSE MUTATION + + 2000.0000 DE FLORA. 1981

G SAS S. TYPHIMURIUM TA1535. REVERSE MUTATION + + 500.0000 CANTER ET AL., 1986

G SAS S. TYPHIMURIUM TA1535, REVERSE MUTATION + 0 90.0000 ROSMAN ET AL., 1987

G SAS S. TYPHIMURIUM TA1535, REVERSE MUTATION + + 500.0000 NTP, 1988

G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 167.0000 DUNKEL ET AL., 1984

G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 250. 0000 SIMM, 19798
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 20000. 0000 DE FLORA, 1981

G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 5000.0000 CANTER ET AL., 1986

G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 5000.0000 NTP, 1988

G SA8 S. TYPHIMURIUM TA1538, REVERSE MUTATION 250.0000 SIMM, 19798
G SA8 S. TYPHIMURIUM TA1538, REVERSE MUTATION 20000.0000 DE FLORA, 1981

G SA8 S. TYPHIMURIUM TA1538, REVERSE MUTATION 167.0000 DUNKEL ET AL., 1984

G SA8 S. TYPHIMURIUM TA1538, REVERSE MUTATION 5000.0000 NTP, 1988

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 20000.0000 DE FLORA, 1981

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 0 2200.0000 GERVASI ET AL., 1985

G SA9 S. TYPHIMURIUM . TA98 , REVERSE MUTATION 5000 . 0000 CANTER ET AL., 1986

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 250.0000 SIMM, 19798
G SAS S. TYPHIMURIUM (OTHER), REVERSE MUTATION + 0 3.5000 ROSENKRANZ & SPECK, 1975

G SAS S. TYPHIMURIUM (OTHER), REVERSE MUTATION 250.0000 SIII, 19798

G ECW E. COLI WP2 UVRA, REVERSE MUTATION + 0 0.0000 MCMHON ET AL., 1979

G ECW E. COLI WP2 UVRA, REVERSE MUT A TI ON 167.0000 DUNKEL ET AL., 1984

G KPF K. PNEUMIA, FOR\lARD MUTATION (+) + n.oooo VOO ET AL., 1981
G KPF K. PNEUMIA, FOR\lARD MUTATION + 0 n.oooo KNAAP ET AL., 1982

R SCH S. CEREVISIAE, Ha4ZYGOIS + + 5000.0000 SIMM. 1979
G SZF S. POBE, FOR\lARD MUT A TI ON + + 29.0000 MIGLIORE ET AL., 1982

G NCR N. CRASSA, REVERSE MUTATION (+) 0 14.0000 KOLMARK & GILES, 1955



APPENDIX 2 467

l,2-EPOXYBUTANE

END TEST TEST SYSTEM RESULTS DOSE REFERENCE
POINT CODE NM M (LED OR HID)

G OMX O. MELANOGASTER, SEX-LINKED RECESSIVES + 0 8400.0000 KNAAP ET AL., 1982
G DMX O. MELANOGASTER. SEX. L 1 NKED RECESS 1 VES + 0 50000.0000 NTP, 1988
C DMH D. MELANOGASTER, HERITABLE TRANSLOCATIONS + 0 50000.0000 NTP, 1988
0 URP UOS, RAT PRIMARY HEPATOCYTES 0 1 000.0000 IIILlIAMS ET AL., 198
G G5T MUTATION, L5178Y CELLS, TK LOCUS + 0 63.0000 AMACHER ET AL., 1980
G G5T MUTATION, L5178Y CELLS, TK LOCUS + + 400. 0000 MCGREGO ET AL., 1987
G G5T MUTATION, L5178Y CELLS, TK LOCS + + 55.0000 MITCHELL ET AL., 1988
G G5T MUTATION, L5178Y CELLS, TK LOCUS + + 50.0000 MYHR & CASPARY, 1985
G G5T MUTATION, L5178Y CELLS, TK LOCS + + 50.0000 NTP, 1988
G G51 MUTATION, L5178Y CELLS, AU OTHER LOCI + 0 36.0000 KNAAP ET AL., 1982
S SIC SCE, CHINESE HAMSTER CELLS lN VITRO + + 16.0000 NTP, 1988
C CIC CHROM ABERR, CHINESE HAMSTER CELLS lN VITRO (+) (+) 500.0000 NTP, 1988
T TBM CELL TRANSFORMATION, BALB/C3T3 CELLS 0 50. 0000 DUNKEL ET AL., 1981
T TCS CELL TRANSFORMATION, SHE, CLONAL ASSAY + 0 O. 0000 PIENTA ET AL., 1981
T TFS CELL TRANSFORMATION, SHE, FOCUS ASSAY (+) 0 50.0000 DUNKEL ET AL., 1981
T TRR CELL TRANSFORMATION, RLV/FISCHER RAT + 0 10.0000 PRICE & MISHRA, 1980
T TRR CELL TRANSFORMATION, RLV/FISCHER RAT + 0 700.0000 OUNKEL ET AL., 1981
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APPENDIX 2 469

BI S(2, 3-EPOXYCYCLOPENTYL )ETHER

END TEST TEST SYSTEM RESULTS DOSE REFERENCE
POINT CODE NM M (LED OR HID)

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION + + 1425.0000 XIE & DONG, 1984
S SHL SCE, HUMAN LYMPHOCYTES lN VITRO + 0 30. 0000 XIE & DONG, 1984
M MVM MICRONUCLEUS TEST, MICE lN VIVO + a 500.0000 XIE & DONG, 1984



~o
81 5(2,3-EPOXVCVCLOPEnT VL JE T HEr-

2385-90-5
25-0CT -89

8

7

5L L

~5 -1 1

~
4 0

11
Z

i- 3 0
C 0
::

~w
2

11
0

1 ::0 --------- --------------------------------------------------------------------------------------------------- ................ -_.... -_.................. - -_.. .... ---- --- --- ----------_.. --- C/
~ ~0 0 0-l

E-1 ........ -_.......... -_................................ -_.......................... --.................................... -_.. -_................ -_.. -_.. _.... - - - - - - .

~
-2t l

tI
~

-3

-4

-5

PROKRRVOTES 1 LOWER EUKRRVOTES mRmmRLS in VITRO HUmRnIõ
in VITRO

F/H m¡:mmRLS ln ViVO HumAns
in ViVO



APPENDIX 2 471

OCTYL GL YCIDYL ETHER

END TEST TEST SYSTEM RESUL TS DOSE REFERENCE
POINT COOE NM lo (LED OR HID)

G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION + 167.0000 THOMPSON ET AL., 1981
G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION + 56.0000 THOMPSON ET AL., 1981
G G5T MUTATION, L5178Y CElLS, TK LOCUS 225.0000 T HOMPSO ET AL., 1981
0 UHF UOS, HUMAN FIBROBLASTS lN VITRO 1400 . 0000 THOMPSON ET AL., 1981
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APPENDIX 2 473

DECYL GL YCIDYL ETHER

END TEST TEST SYSTEM RE SUL TS DOSE REFERENCE
POINT CODE

NM M (LED OR HID;

G SAO S. TYPHIMURIUM TA1DO, REVERSE MUTATION + 100.0000 THOHPSO ET AL., 1981
G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION + 100.0000 THOHPSO ET AL., 1981
G G5T MUTATION, L5178Y CELLS, TK LOCUS + 80.0000 THOHPSON ET AL., 1981
0 UHF uns, HUMAN FIBROBLASTS lN VITRO 6000.0000 THOHPSON ET AL., 1981
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APPENDIX 2 475

DOOECYL GLYCIDYL ETHER

END TEST TEST SYSTEM RE SUL TS DOSE REFERENCE
POINT CODE NM M (LED OR HID)

G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION + 150.0000 THa4PSO ET AL.. 1981
G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION + 50.0000 T Ha4PSON ET AL.. 1981
G G5T MUTATION, L5178Y CELLS, TK LOCUS 225.0000 THa4PSO ET AL., 1981
0 UHF UOS, HUMN FIBROBLASTS lN VITRO 6000.0000 THa4PSO ET AL., 1981
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APPENDIX 2 477

TETRADECYL GL YCIDYL ETHER

END TEST TEST SYSTEH RESUL TS DOSE REFERENCE
POINT COOE NM H (LED OR HID)

G SAD S. TYPHIHURIUH TA100, REVERSE MUTATION 2500.0000 THOMPSON ET AL., 1981
G SAS S. TYPHIHURIUH TA1535. REVERSE HUTATION 2500.0000 lHOMPSON ET AL., 1981
G G5T MUTATION, L5178Y CELLS, TK LOCUS 200.0000 T HOMPSON ET AL., 1981
0 UHf UDS, HUHAN flBROBLASTS lN VITRO 8000 . 0000 THOMPSON ET AL., 1981
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APPENDIX 2 479

All YL Gl YCIDYl ETHER

END TEST TEST SYSTEM RESUl TS DOSE REFERENCE
POINT CCOE NM M (lED OR HID)

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION + + 167.0000 CANTER ET Al., 1986
G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION + + 0.0000 WADE ET Al., 1979
G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION + + 50.0000 CANTER ET Al., 1986
G SA7 S. TYPHIMURIUM TA1537. REVERSE MUTATION O. 0000 CANTER ET Al.. 1986
G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 0.0000 CANTER ET Al., 1986
G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 5000.0000 WADE ET Al., 1979
G ECI E. COLI Wl2 UVRA, REVERSE MUTATION + 0 0.0000 HEMMI NKI ET Al., 1980
G DMX O. MElANOGASTER, SEX -LI NKED RECESS 1 VES + 0 5280.0000 YOO ET Al., 1985
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APPENDIX 2 481

BISPHENOl A DIGlYCIDYl ETHER

END TEST TEST SYSTEM RE SUL TS DOSE REFERENCE

POINT COE NM M (lED OR HID)

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION 1000.0000 WADE ET Al., 1979

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION + 0 14.0000 ANDERSEN ET Al.. 1978

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION + + 16.0000 CANTER ET Al., 1986

G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION + + 92.0000 ANDERSEN ET Al., 1978

G SAS S. TYPHIMURIUM TA1535, REVERSE MUTATION + + 167.0000 CANTER ET Al., 1986

G SA7 S. TYPHIMURIUM TA1537. REVERSE MUTATION 0.0000 CANTER ET Al., 1986

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 10000.0000 WADE ET Al., 1979

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 0.0000 CANTER ET Al.. 1986

G ECW E. COLI WP2 UVRA, REVERSE MUTATION + 0 0.0000 HEMMINKI ET Al., 1980

C ClH CHROI ABERR, HUMN lYMPHOCYTES 1 N VIVO 0 0.0000 MITElMAN ET AL., 1980
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APPENDIX 2 483

l,4-BUT ANEDIOL DIGL YCIDYL ETHER

END TEST TEST SYSTEH RESULTS DOSE REFERENCE

POINT CODE NH H (lED OR HID)

G SAO S. TYPHIHURIUH TA100, REVERSE HUTATION + + 167.0000 CANTER ET Al., 1986

G SA5 S. TYPHIMURIUH TA1535, REVERSE HUTATION + + 167.0000 CANTER ET AL., 1986

G SA7 S. TYPHIHURIUH TA1537, REVERSE MUTATION + O. 0000 CANTER ET AL., 1986

G SA9 S. TYPHIMURIUH TA98, REVERSE MUTATION + + O. 0000 CANTER ET AL., 1986
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APPENDIX 2 485

n-BUTYL GL YCIDYL ETHER

END TEST TEST SYSTEM RESULTS DOSE REFERENCE

POINT CODE NM M (LED OR HID)

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION + + 10000.0000 WADE ET AL., 1979

G SAD S. TYPHIMURIUM TA1DD, REVERSE MUT A TI ON + + 50.0000 CANTER ET AL., 1986

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION + 0 130.0000 CONNOR ET AL., 1980b

G SA5 S. TYPHIMURIUM TA1535, REVERSE MUT A T ION + + 167.0000 CANTER ET AL., 1986

G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION + 0 65.0000 CONNOR ET AL., 1980b

G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 0 130.0000 CONNOR ET AL., 1980b

G SA8 S. TYPHIMURIUM TA1538, REVERSE MUTATION 0 130.0000 CONNOR ET AL., 1980b

G SA9 S. TYPHlMURIUM TA98, REVERSE MUTATION 50.0000 WADE ET AL., 1979

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 1667.0000 CANTER ET AL., 1986

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 0 130 . 0000 CONNOR ET AL., 1980b

G SAS S. TYPHIMURIUM (OTHER), REVERSE MUTATION + + O. 0000 CANTER ET AL., 1986

T TBM CELL TRANSFORMATION, BALB/C3T3 CELLS 0 670.0000 CONNOR ET AL., 1980b

F BFA ANIMAL BODY FLUIDS, MICROBIAL MUTAGENICITY 0 200.0000 CONNOR ET AL.. 1980b

M. MVM MICRONUCLEUS TEST, MICE lN ViVO + 0 675.0000 CONNOR ET AL., 1980b

C DLM DOMINANT LETHAL TEST, MICE (+) 0 1.5000 WHORTON ET AL., 1983
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APPENDIX 2 487

t-BUTYL GLYCIDYL ETHER

END TEST TEST SYSTEM RE SUL TS DOE REFERENCE

POINT CODE NM M (LED OR HID)

G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION + + 50. 0000 CANTER ET AL., 1986

G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION + + 167.0000 CANTER ET AL., 198
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION (+) 0.0000 CANTER ET AL., 1986

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION (+) 0.0000 CANTER ET AL., 1986
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APPENDIX 2 489

t-BUTYLPHENYL GL YCIDYL ETHER

END TEST TEST SYSTEM RESULTS DOSE REFERENCE

POINT CalE NM M (LED OR HID)

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION + 5 .0000 CANTER ET AL., 1986

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION + 0 20.0000 NEAU ET AL., 1982

G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION 34.0000 CANTER ET AL., 1986

G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION 0 70.0000 NEAU ET AL., 1982

G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 100.0000 CANTER ET AL., 1986

G SA9 5. TYPHIMURIUM TA98, REVERSE MUTATION 100.0000 CANTER ET AL.. 1986
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APPENDIX 2 491

O-CRESYL GLYCIDYL ETHER

END TEST TEST SYSTEM RESULTS DOSE REFERENCE

POINT CODE NM M (LED OR HID)

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION + + 17.0000 CANTER ET AL., 1986

G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION + 17.0000 CANTER ET AL., 1986

G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION o . 0000 CANTER ET AL., 1986

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 0.0000 CANTER ET AL., 1986
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APPENDIX 2 493

P-CRESYL GLYCIDYL ETHER

END TEST TEST SYSTEM RE SUL TS DOSE REFERENCE

POINT COE NM M (LED OR HID)

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION + + 17.0000 CANTER ET AL.. 1986

G SA5 S. TYPHIMUIUM TA1535, REVERSE MUTATION + + 17.0000 CANTER ET AL.. 1986

G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 0.0000 CANTER ET AL., 1986

G SA9 S. TYPHIMUIUM TA98, REVERSE MUTATION 0.0000 CANTER ET AL., 198
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APPENDIX 2 495

NEOPENTYLGL YCOL DIGL YCIDYL ETHER

END TEST TEST SYSTEM RESULTS DOSE REFERENCE

POINT COOE NM M (LED OR HID)

G SAD S. TYPHlMURIUM TA10D, REVERSE MUTATION + + 167.0000 CANTER ET AL., 1986

G SAS S. TYPHIMURIUM TA1S3S, REVERSE MUTATION + + 167.0000 CANTER ET AL., 1986

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION o . 0000 CANTER ET AL., 1986

G SAS S. TYPHIMURIUM (OTHER), REVERSE MUTATION + + 0.0000 CANTER ET AL., 1986
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APPENDIX 2 497

PHENYL GL YCIDYL ETHER

END TEST TEST SYSTEM RE SUL TS DOSE REFERENCE

POINT CCOE NM M (LED OR HID)

G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION + + 17.0000 CANTER ET AL., 1986

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION + 0 30. 0000 IVIE ET AL., 1980

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION + 0 25.0000 SElLER, 1984

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION + + 25 . 0000 GREENE ET AL., 1979

G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION + + 17.0000 CANTER ET AL., 1986

G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION + 0 25 .0000 IVIE ET AL., 1980

G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION + + 2.5000 GREENE ET AL., 1979

G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 0 250.0000 IVIE ET AL., 1980

G SA7 S. TYPHIMURIUM TA1537, REVERSE MUT A TI ON 250.0000 GREENE ET AL., 1979

G SA8 S. TYPHIMURIUM TA1538, REVERSE MUTATION 250.0000 GREENE ET AL.. 1979

G SA9 S. TYPHIMURIUM TA98 , REVERSE MUTATION 500. 0000 CANTER ET AL., 1986

G SA9 S. TYPHIMURIUM TA98 , REVERSE MUTATION 0 250 . 0000 IVIE ET AL., 1980

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 250.0000 GREENE ET AL., 1979

G SAS S. TYPHIMURIUM (OTHER), REVERSE MUTATION + + 0.0000 CANTER ET AL., 1986

G ECII E. COLI \/2 UVRA, REVERSE MUTATION + 0 O. 0000 HEMMINKI ET AL., 1980

G GCO MUTATION, CHa CELLS lN VITRO 0 25.0000 GREENE ET AL., 1979

C CIC CHROM ABERR, CHINESE HAMSTER CELLS lN VI TRO 0 25 . 0000 SElLER, 1984

T TCS CELL TRANSFORMATION, SHE, CLONAL ASSAY + 0 6.5000 GREENE ET AL.. 1979

T 17S CELL TRANSFORMATION, SA7/SHE CELLS + 0 1. 6000 GREENE ET AL., 1979

H HMM HOST-MEDIATED ASSAY, MICROBIAL CELLS + 0 2500.0000 GREENE ET AL., 1979

M MVM MICRONUCLEUS TEST, MICE lN VIVO 0 1 000.0000 SElLER, 1984

C CBA CHROM A8ERR, AN 1 MAL BONE MARROI lN VIVO 0 2.0000 TERRILL ET AL., 1982

C DLR DOMINANT LETHAL TEST, RATS 0 2 . 0000 TERR 1 LL ET AL., 1982
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APPENDIX 2 499

PHENOL

END TEST TEST SYSTEM RE SUL TS DOSE REFERENCE

POINT CODE NM M (LED OR HID)

G SAD S. TYPHIMURIUM TA100, REVERSE MUT A T ION 250.0000 POL & LIN, 1982
G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION 282.0000 FLORIN ET AL., 1980

G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION 0 2000 . 0000 KINOSHITA ET AL., 1981

G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION 1500.0000 KAZMER ET AL., 1983

G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION 0.0000 COTRUVO ET AL., 1977

G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION 0 2500.0000 THOMPSON & MElAMPY 453,1981
G SAD S. TYPHIMURIUM TA100, REVERSE MUTATION 1250.0000 HAWOTH ET AL., 1983

G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION 250.0000 POOL & LIN, 1982

G SAS S. TYPHIMURIUM TA1535, REVERSE MUTATION 282.0000 FLORIN ET AL., 1980

G SAS S. TYPHIMURIUM TA1535, REVERSE MUTATION 0 50.0000 GILBERT ET AL., 1980

G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION 0.0000 COTRUVO ET AL., 1977

G SAS S. TYPHIMURIUM TA1535, REVERSE MUTATION 1250.0000 HAWOTH ET AL., 1983

G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 250.0000 POL & LIN, 1982
G SA7 S. TYPHIMURIUM TA1537, REVERSE IiTATlON 282.0000 FLORIN ET AL., 1980

G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION o . 0000 COTRUVO ET AL., 1977

G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 1250.0000 HAWOTH ET AL., 1983

G SA8 S. TYPHIMURIUM TA1538, REVERSE MUTATION 250.0000 POL & LIN, 1982

G SA8 S. TYPHIMURIUM TA1538, REVERSE MUTATION 0 25 .0000 GI LBERT ET AL., 1980

G SA8 S. TYPHIMURIUM TA1538, REVERSE MUT A T ION O. 0000 COTRUVO ET AL., 1977

G SA8 S. TYPHIMURIUM TA1538, REVERSE MUTATION 1250 . 0000 HAWOTH ET AL., 1983

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 282.0000 FLORIN ET AL., 1980

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 2350.0000 POOL & LIN, 1982

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION - (+) 2350.0000 GOKE ET AL., 1981
G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION O. 0000 COTRUVO ET AL., 1977

G SAS S. TYPHIMURIUM (OTHER), REVERSE MUTATION 0.0000 COTRUVO ET AL., 1977

A ANN A. NIDULANS, ANEUPLOIDY (+) 0 1412.0000 CREBELL 1 ET AL.. 1987

G DMX D. MELANOGASTER, SEX'L1NKED RECESSIVES 0 4700.0000 GOKE ET AL., 1981
G DMX O. MELANOGSTER, SEX-L1NKEO RECESSIVES 0 20000 . 0000 STURTEVANT, 1952

G DMX D. MElANOGASTER, SEX-LINKED RECESSIVES 0 5250.0000 IlRUFF ET AL.. 1985
D DIA STRAND BREAKS/X-LINKS, ANIMAL CELLS lN VITRO 0 94 . 0000 PELLACK -WALKER & BLUMER, 1986
G G9H MUTATION, CHL V79 CELLS, HPRT + 0 250.0000 PASCHIN & BAHITOVA, 1982

S SHl SCE, HUMAN lYMPHOCYTES 1 N VI TRO (+) 0 94 . 0000 MOIHOTO & WOLFF, 1980b
S SHl SCE, HUMAN LYMPHOCYTES lN VITRO 0 2.0000 JANSSON ET AL., 1986

S SHl SCE, HUMAN lYMPHOCYTES lN VITRO + 0 0.0050 EREXSON ET AL., 1985a

S SHL SCE, HUMAN LYMPHOCYTES lN VITRO + + 3 . 0000 HOIHOTO ET AL., 1983
M MVH MICRONUCLEUS TEST, MICE lN VIVO 0 250.0000 GAD. EL , SADA

M MVH MICRONUCLEUS TEST, MICE lN VIVO + 0 265 . 0000 CIRANNI ET Al., 1988

M MVH MICRONUCLEUS TEST, MICE lN VIVO 0 188.0000 GOCKE ET Al., 1981

1 ICR INHIBIT CElL COMNICATION, ANIMAL CELLS 0 300.0000 MALCOLM ET Al., 1985

1 ICR INHIBIT CELl COMNICATION, ANIMAL CElLS 0 0.0000 CHEN ET AL., 1984
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APPENDIX 2 501

AHTIHOY TRIOXIDE

END TEST

POINT COOE

TEST SYSTEM RESUL TS DOSE
HM M (LED OR HID)

REFERENCE

o BSD B. SUBTILIS REC, DIFFEREHTlAL TOXICITY + 0 720.0000 KANEMATSU ET AL., 1980
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APPENDIX 2 503

TITANIUH DIOXIOE

END TEST TEST SYSTEM RESUl TS DOSE REFERENCE

POINT COOE NM M (lED OR HID)

G SAO S. TYPHIMURIUH TAloo, REVERSE MUTATION 167.0000 ZEIGER ET AL., 1988
G SAO S. TYPHIMURIUH TA100, REVERSE MUTATION 5000.0000 DUNKEl ET AL.. 1985
G SAS S. TYPHIMURIUH TA1535, REVERSE MUTATION 5000.0000 DUNKEl ET AL., 1985
G SA5 S. TYPHIMURIUH TA1535, REVERSE MUTATION 167.0000 ZEIGER ET AL., 1988
G SA7 S. TYPHIMURIUH TA1537, REVERSE MUTATION 5000.0000 DUNKEl ET AL., 1985
G SA8 S. TYPHIMURIUM TA1538, REVERSE MUTATION 5000.0000 DUNKEl ET AL., 1985
G SA9 S. TYPHIMURIUM TA98 , REVERSE MUTATION 5000.0000 DUNKEl ET AL., 1985
G SA9 S. TYPHIMURIUH TA98 , REVERSE MUTATION 167.0000 ZEIGER ET AL., 1988
G SAS S. TYPHIMURIUM (OTHER), REVERSE MUTATION 167.0000 ZEIGER ET AL., 1988
G ECW E. COLI WP2 UVRA, REVERSE MUTATION 5000.0000 DUNKEl ET Al., 1985

T TCS CEll TRANSFORMATION, SHE, ClONAl ASSAY 0 20. 0000 DI PAOLO & CASTO. 1979
T 17S CEll TRANSFORMATION, SA7/SHE CEllS 0 600 . 0000 CASTO ET Al.. 1979
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SUPPLEMENTARY eORRGENDA TO VOLUMES 1-46

Volume 45

p. 163 Thble 3 delete lines 15, 16 and 17:
Methylcyclohexane .; 1-5

+ l-cis-l-Dimethylcyclopentane

+ 3-Methylhexanec

1

p. 222 8th column replace Seybolt by Saybolt
p. 247 2nd line from bottom replace amidazolines by imidazolines

-505-





CUMULATIV eROSS INDEX TO IARC MONOGRAHS
ON THE EVALUATION OF CARCINOGENIC RISKS TO HUMANS

The volume, page and year are given. References to corrgenda are given in parentheses.

A

A-a-C
Acetaldehyde

40, 245 (1986); Suppl. 7, 56 (1987)
36, 101 (1985) (con: 42, 263);

Suppl. 7, 77 (1987)

Acetaldehyde fonnylmethylhydrazone (see Gyromitrin)
Acetamide
Acridine orange
Acriflavinium chloride
Acrolein

7, 197 (1974); Suppl. 7, 389 (1987)
16, 145 (1978); Suppl. 7,56 (1987)
13, 31 (1977); Suppl. 7, 56 (1987)
19, 479 (1979); 36,133 (1985);

Suppl. 7, 78 (1987);
39, 41 (1986); Suppl. 7, 56 (1987)

19, 47 (1979); Suppl. 7, 56 (1987)
19,86 (1979); Suppl. 7,56 (1987)
19, 73 (1979); Suppl. 7, 79 (1987)
19,91 (1979); Suppl. 7,56 (1987)

Acrylamide
Acrylic acid
Acrylic fibres
Acrylonitrile
Acrylonitrile-bu tadiene-styene copolymers
Actinolite (see Asbestos)
Actinomycins 10, 29 (1976) (con: 42,255);

Suppl. 7, 80 (1987)

10, 43 (19761' Suppl. 7, 82 (1987)
31, 47 (1983); Suppl. 7, 56 (1987)
1, 145 (1972) (con: 42, 251);

10,51 (1976); Suppl. 7,83 (1987)

Adriamycin
AF-2
Afatoxins

Afatoxin Bi (see Afatoxins)
Afatoxin Bi (see Afatoxins)
Afatoxin Gi (see Afatoxins)
Afatoxin Gi (see Afatoxins)
Afatoxin Mi (see Afatoxins)
Agartine
Alcohol drinking
Aldrin
Allyl chloride

31, 63 (1983); Suppl. 7, 56 (1987)
44
5, 25 (1974); Suppl. 7, 88 (1987)
36, 39 (1985); Suppl. 7, 56 (1987)
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508 IAC MONOGRAHS VOLUME 47

Allyl isothiocanate
Allyl isovalerate
Aluminium production
Amaranth
5-Aminoacenaphthene
2-Aminoanthraquinone
para-Aminoazobenzene
onho-Aminoazotoluene

paa-Aminobenzoic acid
4-Aminobiphenyl

2-Amino-3,4-dimethylimidazor4,5-flquinoline (see MelQ)
2-Amino-3,8-dimethylimidazor4,5-flquinoxaline (see MelQx)
3-Amino-l,4-imethyl-5H-pyrdor 4,3-b )indole (see Trp-P-l)
2-Aminodipyrdorl,2-a:3' ,2' -d)imidazole (see Glu-P-2)
l-Amino-2-methylanthraquinone
2-Amino-3-methylimidazor4,5-flquinoline (see lQ)
2-Amino-6-methyldipyrdor1,2-a:3' ,2' -d)-imidazole (see Glu-P-l)
2-Amino-3-methyl-9H-pyrdor2,3-b )indole (see MeA-a-C)
3-Amino-l-methyl-5H-pyrdor4,3-b)indole (see TrpP-2)
2-Amino-5-(5-nitro-2-furyl)-I,3,4-thiadiazole
4-Amino-2-nitrophenol
2-Amino-5-nitrothiazole
2-Amino-9H-pyrdor2,3-b ¡indole rsee A-a-C)
ll-Aminoundecanoic acid
Amitrole

Ammonium potasium selenide (see Selenium and selenium
compounds )

Amorphous siIca (see a/so Silica)
Amosite (see Asbestos)
Anabolic steroids (see Androgenic (anabolic) steroids)
Anaesthetics, volatile
Analgesie mixres containing phenacetin (see a/so Phenacetin)
Androgenic (an abolie) steroids
Angelicin and sorne synthetic derivatives (see a/so Angelicins)
Angelicin plus ultraviolet radiation (see a/so Angelicin and sorne

synthetic derivatives)

Angelicins
Anilne

onho':Anisidine
para-Anisidine
Anthanthrene

36, 55 (1985); Suppl. 7, 56 (1987)
36, 69 (1985); Suppl. 7, 56 (1987)
34, 37 (1984); Suppl. 7, 89 (1987)
8,41 (1975); Suppl. 7,56 (1987)

16,243 (1978); Suppl. 7,56 (1987)
27, 191 (1982); Suppl. 7, 56 (1987)
8, 53 (1975); Suppl. 7, 390 (1987)
8, 61 (1975) (con: 42, 254); SuppI.
7, 56 (1987)
16,249 (1978); Suppl. 7,56 (1987)
1, 74 (1972) (con: 42, 251); Suppl.
7,91 (1987)

27, 199 (1982); Suppl. 7, 57 (1987)

7, 143 (1974); Suppl. 7, 57 (1987)
16, 43 (1978); Suppl.7, 57 (1987)
31, 71 (1983); Suppl. 7,57 (1987)

39,239 (1986); Suppl. 7,57 (1987)
7,31 (1974); 41, 293 (1986)
Suppl. 7, 92 (1987)

Suppl. 7, 341 (1987)

11, 285 (1976); Suppl. 7, 93 (1987)
Suppl. 7,310 (1987)

Suppl. 7,96 (1987)

40,291 (1986)

Suppl. 7, 57 (1987)

Suppl. 7, 57 (1987)

4, 27 (1974) (con: 42, 252); 27, 39

(1982); Suppl. 7, 99 (1987)
27, 63 (1982); Suppl. 7, 57 (1987)
27, 65 (1982); Suppl. 7, 57 (1987)
32, 95 (1983); Suppl. 7, 57 (1987)
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AnthophyIlte (see Asbestos)
Anthracene
Anthranilic acid

Antimony trioxide
Antimony trisulfide
ANU (see 1-Naphthylthiourea)

Apholate
Aramite(!
Areca nut (see Betel quid)
Arsanilc acid (see Arenic and arsenic compounds)
Arenic and arsenic compounds

Arenic pentoxide (see Arsenic and arsenic compounds)
Arenic sulphide (see Arsenic and arsenic compounds)
Arsnic trioxide (see Arenic and arenic compounds)
Arsine (see Arsenic and arsenic compounds)
Asbestos

Attapulgite
Auramine (technical-grade)

Auramine, manufacture of (see also Auramine, technical-grade)
Aurothioglucose
5-Azacyidine
Azaserine '

Azathioprine
Aziridine
2-(1-Aziridinyl)ethanol
Aziridyl benzoquinone
Azobenzene

B

Barium chromate (see Chromium and chromium compounds)
Basic chromic sulphate (see Chromium and chromium compounds)
BCNU (see Bischloroethyl nitrosourea)
Benz(a )acridine

Benz(c )acridine

Benzal chloride (see also a-Chlorinated toluenes)
Benz(a )anthracene
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32, 105 (1983); Suppl. 7, 57 (1987)
16, 265 (1978); Suppl. 7, 57 (1987)
47, 291 (1989)
47,291 (1989)

9, 31 (1975); Suppl. 7, 57 (1987)
5, 39 (1974); Suppl. 7,57 (1987)

1,41 (1972); 2,48 (1973);

23, 39 (1980); Suppl. 7, 100 (1987)

2, 17 (1973) (con: 42,252);

14 (1977) (con: 42, 256); Suppl. 7,
106 (1987) (con: 45,283)
42,159 (1987); Suppl. 7,117 (1987)
1,69 (1972) (con: 42,251); Suppl.
7, 118 (1987)

Suppl. 7, 118 (1987)

13,39 (1977); Suppl. 7,57 (1987)
26, 37 (1981); Suppl. 7, 57 (1987)
10, 73 (1976) (con: 42,255);
Suppl. 7,57 (1987)

26, 47 (1981); Suppl. 7, 119 (1987)
9, 37 (1975); Suppl. 7, 58 (1987)
9,47 (1975); Suppl. 7,58 (1987)

9, 51 (1975); Suppl. 7, 58 (1987)
8, 75 (1975); Suppl. 7, 58 (1987)

32, 123 (1983); Suppl. 7,58 (1987)
3, 241 (1973); 32, 129 (1983);

Suppl. 7, 58 (1987)

29, 65 (1982); Suppl. 7, 148 (1987)

3, 45 (1973); 32, 135 (1983);

Suppl. 7, 58 (1987)
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Benzene 7,203 (1974) (con: 42, 254); 29, 93,
391 (1982); Suppl. 7, 120 (1987)

1,80 (1972); 29, 149,391 (1982);

Suppl. 7, 123 (1987)

Suppl. 7, 12 (1987)
3, 69 (1973); 32, 147 (1983); Suppl.

7, 58 (1987)
3, 82 (1973); 32, 155 (1983); Suppl.
7,58 (1987)

32, 163 (1983); Suppl. 7,58 (1987)
32, 171 (1983); Suppl. 7,58 (1987)
32, 1 TI (1983); Suppl. 7, 58 (1987)
32, 183 (1983); Suppl. 7, 58 (1987)
32, 189 (1983); Suppl. 7, 58 (1987)
32, 195 (1983); Suppl. 7, 58 (1987)
32, 205 (1983); Suppl. 7, 58 (1987)
3, 91 (1973); 32, 211 (1983);
Suppl. 7, 58 (1987)

3, 137 (1973); 32, 225 (1983);
Suppl. 7, 58 (1987)

29, 185 (1982); Suppl. 7,58 (1987)

29, 73 (1982); Suppl. 7, 148 (1987)

29,83 (1982) (con: 42, 261); Suppl.
7, 126 (1987)
36, 267 (1985); Suppl. 7, 58 (1987)
40, 109 (1986); Suppl. 7,58 (1987)

11, 217 (1976)(con: 42, 256); 29,
49 (1982); Suppl. 7, 148 (1987)
16, 153 (1978); Suppl. 7,58 (1987)

Benzidine

Benzidine-based dyes

Benzo( b )fluoranthene

Benzo(J lfluoranthene

Benzo(k )fluoranthene

Benzo(ghilfluoranthene
Benzo( a )fluorene

Benzo(b )fluorene

Benzo( c )fluorene

Benzo(gilperylene
Benzo( c )phenanthrene
Benzo(a )pyrene

Benzo( e )pyrene

para-Benzoquinone dioxime
Benzotrichloride (see alo Q-chlorinated toluenes)
Benzoyl chloride

Benzoyl peroxide

Benzyl acetate
Benzyl chloride (see also Q-Chlorinated toluenes)

Benzyl violet 4B
Bertrandite (see Beryllum and beryllum compounds)
Beryllum and beryllum compounds 1, 17 (1972); 23, 143 (1980) (con:

42, 26); Suppl. 7, 127 (1987)

Beryllum acetate (see Beryllum and beryllum compounds)
Beryllum acetate, basic (see Beryllum and beryllum compounds)
Beryllum-aluminium alloy (see Beryllum and beryllum

compounds)
Beryllum cabonate (see Beryllum and beryllum compounds)
Beryllum chloride(see Beryllum and beryllum compounds)
Beryllum-cpper alloy (see Beryllum and beryllum compounds)
Beryllum-cpper-cbalt alloy (see Beryllum and beryllum compounds)

Beryllum fluoride (see Beryllum and beryllum compounds)
Beryllum hydroxide (see Beryllum and beryllum compounds)
Beryllium-nickel alloy (see Beryllum and beryllum compounds)
Beryllum oxide (see Beryllum and beryllum compounds)
Beryllum phosphate (see Beryllum and beryllum compounds)
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Beryllum silcate (see Beryllum and beryllumcompounds)
Beryllium sulphate (see Beryllum and beryllum compounds)
Beryl ore (see Beryllum and beryllum compounds)
Betel quid
Betel-quid chewing (see Betel quid)
BHA (see Butylated hydroxyanisle)
BHT (see Butylated hydroxyoluene)
Bisl -azridinyl)morpholinophosphine sulphide
Bis2-chloroethyl)ether
N,N- Bis(2-chloroethyl)-2-naphthylamine

Bishloroethyl nitrosurea (see aIso ChloroethyI nitrosoureas)

1,2-Bis chloromethoxy)ethane
1,4-Bis(chloromethoxyethyI)benzene
Bis( chloromethyI)ether

Bis(2-chloro- 1 -methylethyI)ether
Bis2,3-epoxycycIopentyI)ether
Bitumens
BIeomycins
Blue VRS
Bot and shoe manufacture and repair
Bracken fem
Brillant Blue FCF

1,3-Butadiene

1,4-Butanediol dimethanesulphonate
n-Butyl acrylate
Butylated hydroxyanisole

Butylated hydroxyoluene
Butyl benzyl phthalate

ß-Butyolactone
-y-Butyolactone

c
Cabinet-makng (see Fumiture and cabinet-makng)
Cadmium acetate (see Cadmium and cacjmium compounds)
Cadmium and cadmium compounds

Cadmium chloride (see Cadmium and cadmium compounds)
Cadmium oxide (see Cadmium and cadmium compounds)
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37,141 (1985); Suppl. 7,128 (1987)

9,55 (1975); Suppl. 7,58 (1987)

9, 117 (1975); Suppl. 7,58 (1987)
4, 119 (1974) (con: 42,253); Suppl.
7, 130 (1987)

26, 79 (1981); Suppl. 7, 150 (1987)
15,31 (197; Suppl. 7,58 (1987)

15, 37 (1977; Suppl. 7, 58 (1987)

4,231 (1974) (con: 12,253); Suppl.
7, 131 (1987)

41, 149 (1986); Suppl. 7,59 (1987)
47, 231 (1989)

35,39 (1985); Suppl. 7, 133 (1987)
26, 97 (1981); Suppl. 7, 134 (1987)
16, 163 (1978); Suppl. 7, 59 (1987)
25,249 (1981); Suppl. 7,232 (1987)
40,47 (1986); Suppl. 7, 135 (1987)
16, 171 (1978) (con: 42,257);
Suppl. 7, 59 (1987)

39, 155 (1986) (con: 42, 26);
Suppl. 7, 136 (1987)

4, 247 (1974); Suppl. 7, 137(1987)
39, 67 (1986); Suppl. 7, 59 (1987)
40, 123 (1986); Suppl. 7,59 (1987)
40, 161 (1986); Suppl. 7,59 (1987)
29, 193 (1982) (con: 42, 261);

Suppl. 7, 59 (1987)

Il, 22 (1976); Suppl. 7, 59 (1987)

Il,231 (1976); SuppL 7,59 (1987)

2, 74 (1973); Il, 39 (1976)

(con: 42,255);
Suppl. 7, ¡39 (1987)
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Cadmium sulphate (see Cadmium and cadmium compounds)
Cadmium sulphide (se Cadmium and cadmium compounds)
Calcium arsenate (see Arnic and arsnic compounds)
Calcium chromate (see Chromium and chromium compounds)
Calcium cyclamate (see Cyclamates)
Calcium saccharn (see Saccharn)
Cantharidin
Caprolactam

Captan
Carbaryl
Carbazole
3-Carbethoxysoralen
Carbon blacks

Carbon tetrachloride

Carmoisine
Carpntry and joinery
Carrageenan

Catechol
CCNU (see 1-(2-Chloroethyl)-3-cclohexyl-1-nitrosourea)
Ceramic fibres (see Man-made mineraI fibres)
Chemotherapy, combined, including alkylating agents

(see MOPP and other combined chemotherapy including
alkylating agents)

Chlorambucil

Chloramphenicol
Chlordane (see also ChlordanelHeptachlor)
ChlordanelHeptachlor
Chlordecone
Chlordimeform
Chlorinated dibenzodioxins (other than TCDD)
a-Chlorinated toluenes

Chlormadinone acetate (see also Progestins; Combined oral
contraceptives)

Chlomaphazne (see ~N-Bis(2-chloroethyl)-2-naphthylamine)
Chlorobenzilate

Chlorodifluoromethane
1-(2'-hlotoethyl)-3-cclohexyl-1-nitrosurea (see alo

Chloroethyl nitrosoureas)

10, 79 (1976); Suppl. 7,59 (1987)
19, 115 (1979) (con: 42, 258);

39, 247 (1986) (con: 42,26);
Suppl. 7, 390 (1987)

30, 295 (1983); Suppl. 7, 59 (1987)
12, 37 (1976); Suppl. 7, 59 (1987)
32, 239 (1983); Suppl. 7,59 (1987)
40,317 (1986); Suppl. 7,59 (1987)
3,22 (1973); 33, 35 (1984); Suppl.
7, 142 (1987)

1, 53 (1972); 20, 371 (1979);
Suppl. 7, 143 (1987)

8, 83 (1975); Suppl. 7, 59 (1987)
25, 139 (1981); Suppl. 7,378 (1987)
10, 181 (1976) (con: 42,255); 31,
79 (1983); Suppl. 7, 59 (1987)
15, 155 (1977); Suppl. 7, 59 (1987)

9, 125 (1975); 26, 115 (1981);

Suppl. 7, 144 (1987)

10,85 (1976); Suppl. 7, 145 (1987)
20,45 (1979) (con: 42, 258)
Suppl. 7, 146 (1987)

20, 67 (1979); Suppl. 7, 59 (1987)
30, 61 (1983); Suppl. 7, 59 (1987)
15,41 (1977); Suppl. 7,59 (1987)

Suppl. 7, 148 (1987)

6, 149 (1974); 21,365 (1979)

5, 75 (1974); 30, 73 (1983);

Suppl. 7,60(1987)
41,137 (1986); Suppl. 7,149 (1987)
26, 137 (1981) (con: 42,26); Suppl.
7, 150 (1987)
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1-(2-Chloroethyl)-3-( 4-methylcyclohexyl)-1-nitrosurea (see also Suppl. 7, 150 (1987)
Chloroethyl nitrosureas)

Chloroethyl nitrosoureas
Chlorofluoromethane
Chloroform

Chloromethyl methyl ether (technical-grade) (see also
Bis( chloromethyl)ether)

(4-Chloro-2-methylphenoxy)acetic acid (see MCPA)
Chlorophenols
Chlorophenols (ocpation al expsures to)
Chlorophenoxy herbicides
Chlorophenoxy herbicides (ocpation al exposures to)
4-Chloro-onho-phenylenediamine
4-hloro-meta-phenylenediamine
Chloroprene
Chloropropham
Chloroquine
Chlorothalonil
para-Chloro-nho-toluidine (see aIso Chlordimeform)

Chlorotrianisene (see also Nonsteroidal oestrogens)
2-Chloro-1, 1, 1-trifluoroethane
Cholesterol

Chromic acetate (see Chromium and chromium compounds)
Chromic chloride (see Chromium and chromium compounds)
Chromic oxide (see Chromium and chromium compounds)
Chromic phosphate (see Chromium and chromium compounds)
Chromite ore (see Chromium and chromium compounds)
Chromium and chromium compounds

Chromium cabonyl (see Chromium and chromium compounds)
Chromium potassium sulphate (see Chromium and chromium

compounds)
Chromium sulphate (see Chromium and chromium compounds)
Chromium trioxide (see Chromium and chromium compounds)
Chrysene

Chryoidine
Chrtile (see Asbestos)

CI Dispers Yellow 3

Cinnamyl anthranilate

Cisplatin

Suppl. 7, 150 (1987)

41, 229 (1986); Suppl. 7, 60 (1987)
1, 61 (1972); 20, 401 (1979);

Suppl. 7, 152 (1987)

4, 239 (1974)

Suppl. 7, 154 (1987)

41,319 (1986)

Suppl. 7, 156 (1987)

41,357 (1986)

27, 81 (1982); Suppl. 7, 60 (1987)
27, 82 (1982); Suppl. 7, 60 (1987)
19, 131 (1979); Suppl. 7, 160 (1987)
12, 55 (1976); Suppl. 7,60 (1987)
13,47 (1977); Suppl. 7,60 (1987)
30,319 (1983); Suppl. 7,60 (1987)
16,277 (1978); 30, 65 (1983);

Suppl. 7, 60 (1987)
21, 139 (1979)

41,253 (1986); Suppl. 7,60 (1987)
10,99 (1976); 31,95 (1983);

Suppl. 7, 161 (1987)

2, 100 (1973); 23, 205 (1980);

Suppl. 7, 165 (1987)

3, 159 (1973); 32, 247 (1983);

Suppl. 7, 60 (1987)

8, 91 (1975); Suppl. 7, 169 (1987)

8, 97 (1975); Suppl. 7, 60 (1987)
16, 2B7 (1978); 31, 133 (1983);

Suppl. 7,60(1987)
26, 151 (1981); Suppl. 7,170 (1987)
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Citrinin
Citrus Red No. 2

Clofibrate
Clomiphene citrate
Coal gasification
Coal-tar pitches (see also Coal-tar)
Coal-tars
Cobalt-chromium alloy (see Chromium and chromium

compounds)
Coke production
Combined oral contraceptives (see also Oestrogens, progestins

and combinations)

Conjugated oetrogens (see also Steroidal oestrogens)
Contraceptives, oral (see Combined oral contraceptives;

Sequential oral contraceptives)
Copper 8-hydroxyquinoline
Coronene
Coumarn
Creosotes (see also Coal-tar)
meta-Cresidine
para-Cresidine
Crocidolite (see Asbestos)
Crude oil
Crystallne silca (see also Silca)
Cycasin

Cyclamates
Cyclamic acid (see Cyclamates)
Cyclochlorotine
Cyclohexanone
Cyclohexylamine (see Cyclamates)
Cyclopenta(cdjpyrene
Cyclopropane (see Anaesthetics, volatile)
Cyclophosphamide

D

2,4-D (see also Chlorophenoxy herbicides; Chlorophenoxy
herbicides, ocpational expures to)

Dacabazne
D & C Red No. 9
Dapsone
Daunomycin

40, 67 (1986); Suppl. 7, 60 (1987)
8, 101 (1975) (con: 42, 254);

Suppl. 7, 60 (1987)

24,39 (1980); Suppl. 7, 171 (1987)
21,551 (1979); Suppl. 7, 172 (1987)
34,65 (1984); Suppl. 7, 173 (1987)
Suppl. 7, 174 (1987)

35,83 (1985); Suppl. 7, 175 (1987)

34, 101 (1984); Suppl. 7, 176 (1987)

Suppl. 7,297 (1987)

21, 147 (1979)

15, 103 (1977); Suppl. 7, 61 (1987)
32, 263 (1983); Suppl. 7, 61 (1987)
JO, 113 (1976); Suppl. 7, 61 (1987)
Suppl. 7, 177 (1987)

27, 91 (1982); Suppl. 7, 61 (1987)
27, 92 (1982); Suppl. 7, 61 (1987)

45, 119 (1989)

Suppl. 7,341 (1987)

1, 157 (1972) (con: 42,251); 10,
121 (1976); Suppl. 7, 61 (1987)
22,55 (1980); Suppl. 7, 178 (1987)

10, 139 (1976); Suppl. 7,61 (1987)
47, 157 (1989)

32, 269 (1983); Suppl. 7, 61 (1987)

9, 135 (1975); 26, 165 (1981);

Suppl. 7, 182 (1987)

15, 111 (1977)

26,203 (1981); Suppl. 7, 184 (1987)

8, 107 (1975); Suppl. 7, 61 (1987)
24, 59 (1980); Suppl. 7, 185 (1987)
10, 145 (1976); Suppl. 7, 61 (1987)
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DDD (see DDT)
DDE(see DDT)
DDT

Diacetylaminoazotoluene

N,N'-Diacetylbenzidine
Diallate

2,4-Diaminoanisole

4,4' -Diaminodiphenyl ether

1,2- Diamin0-nitrobenzene
1,4- Diamino-2-nitrobenzene
2,6-Diamino-3-(henylazo )pyrdine (see Phenazopyrdine

hydrochloride)
2,4-Diaminotoluene (see also Toluene diisocyanates)
2,5-Diaminotoluene (see also Toluene diisocyanates)
oitho- Dianisidine (see 3,3' - Dimethoxybenzidine)
Diazepam
Diazomethane
Dibenz( a,h )acridine

Dibenz( a,¡lacridine

Dibenz(a,c)anthracene

Dibenz(a,h )anthracene

Dibenz(a,¡lanthracene
7H - Dibenzo(c,g)carbazole

Dibenzodioxins, chlorinated (other than TCDD)

(see Chlorinated dibenzodioxins (other than TCDD))
Dibenzo( a,e )fluoranthene
Dibenzo(h,r.t)pentaphene
Dibenzo(a,e)pyrene

Dibenzo( a,h )pyrene

Dibenzo(a,ijpyrene

Dibenzo( a,l)pyrene
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5,83 (1974) (COlT 42,253);

Suppl. 7, 186 (1987)

8, 113 (1975); Suppl. 7, 61 (1987)

16,293 (1978); Suppl. 7,61 (1987)
12, 69 (1976); 30, 235 (1983);

Suppl. 7, 61 (1987)

16,51 (1978); 27, 103 (1982);
Suppl. 7, 61 (1987)

16,301 (1978); 29,203 (1982);
Suppl. 7, 61 (1987)

16,63 (1978); Suppl. 7,61 (1987)
16, 73 (1978); Suppl. 7,61 (1987)

16,83 (1978); Suppl. 7,61 (1987)
16,97 (1978); Suppl. 7,61 (1987)

13,57 (1977); Suppl. 7, 189 (1987)
7,223 (1974); Suppl. 7,61 (1987)
3, 247 (1973); 32, 277 (1983);

Suppl. 7, 61 (1987)

3, 254 (1973); 32, 283 (1983);

Suppl. 7, 61 (1987)

32, 289 (1983) (COlT 42, 262);

Suppl. 7, 61 (1987)

3, 178 (1973) (COlT 43,261);

32, 299 (1983); Suppl. 7, 61 (1987)
32,309 (1983); Suppl. 7,61 (1987)
3, 260 (1973); 32, 315 (1983);

Suppl. 7, 61 (1987)

32, 321 (1983); Suppl. 7, 61 (1987)
3, 197 (1973); Suppl. 7,62 (1987)
3, 201 (1973); 32, 327 (1983);

Suppl. 7, 62 (1987)

3, 207 (1973); 32, 331 (1983);

Suppl. 7, 62 (1987)

3, 215 (1973); 32, 337 (1983);

Suppl. 7, 62 (1987)

3, 224 (1973); 32, 343 (1983);

Suppl. 7, 62 (1987)
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1,2-Dibromo-3-chloropropane

Dichloroacetylene
ortho- Dichlorobenzene

pa- Dichlorobenzene

3,3' -Dichlorobenzidine

tran- 1,4-Dichlorobutene
3,3' -Dichloro-4,4'-diaminodiphenyl ether
1,2- Dichloroethane
Dichloromethane

2,4-Dichlorophenol (see Chlorophenols; Chlorophenols,
ocpation al expsures to)

(2,4-Dichlorophenoxy)acetic acid (see 2,4-D)
2,6- Dichloro-paa-phenylenediamine
1,2- Dichloropropane
1,3-Dichloropropene (technical-grade)
Dichlorvos
Dicofol
Dicyclohexylamine (see Cyclamates)
Dieldrin
Dienoestrol (see also Nonsteroidal oestrogens)
Diepoxybutane

Diesel and gasoline engine exhausts
Diesel fuels
Diethyl ether (see Anaesthetics, volatile)
Di(2-ethylhexyl)adipate
Di(2-ethylhexyl)phthalate

1,2- Diethylhydrazine
Diethylstilboestrol

Diethylstilbostrol dipropionate (see Diethylstilbostrol)
Diethyl sulphate
Diglycidyl resorcinol ether

Dihydrosafole

Dihydroxybenzenes (see Catechol; Hydroquinone; Resorcinol)
Dihydroxyethylfuratrizine

15, 139 (1977); 20, 83 (1979);

Suppl. 7, 191 (1987)

39, 369 (1986); Suppl. 7, 62 (1987)
7, 231 (1974); 29, 213 (1982);

Suppl. 7, 192 (1987)

7, 231 (1974); 29, 215 (1982);
Suppl. 7, 192 (1987)

4, 49 (1974); 29, 239 (1982);

Suppl. 7, 193 (1987)

15, 149 (1977); Suppl. 7, 62 (1987)

16, 309 (1978); Suppl. 7, 62 (1987)
20, 429 (1979); Suppl. 7, 62 (1987)
20,449 (1979); 41,43 (1986); Suppl.

7, 194 (1987)

39, 325 (1986); Suppl. 7, 62 (1987)
41, 131 (1986); Suppl. 7,62 (1987)
41,113 (1986); Suppl. 7,195 (1987)
20, 97 (1979); Suppl. 7, 62 (1987)
30, 87 (1983); Suppl. 7, 62 (1987)

5, 125 (1974); Suppl. 7, 196 (1987)
21, 161 (1979)

11,115 (1976) (con: 42,255);Suppl.
7,62 (1987)

46,41 (1989)

45, 219 (1989) (con: 47, 505)

29, 257 (1982); Suppl. 7, 62 (1987)
29,269 (1982) (con: 42, 261); Suppl.
7, 62 (1987)
4, 153 (1974); Suppl. 7,62 (1987)

6,55 (1974); 21, 173 (1979)

(con: 42,259); Suppl. 7,273 (1987)

4,277 (1974); Suppl. 7, 198 (1987)

11, 125 (1976); 36, 181 (1985);

Suppl. 7, 62 (1987)

1,170 (1972); 10, 233 (1976); Suppl.

7, 62 (1987)

24, 77 (1980); Suppl. 7, 62 (1987)



CUMUIATNE CROSS INEX

Dirnethisterone (see also Progestins; Sequential oral
contracptives)

Dirnethoxane
3,3' - Dirnethoxybenzidine

3,3' -Dirnethoxybenzidine-4,4' -diisocanate

pa-Dirnethylarninoazobenzene
pa-Dirnethylarninoazobenzenediazo sOiurn sulphonate

tra-2-( (Dirnethylarnino )methylirnino)- 5-(2-(5-nitro-2-furyl)-

vinyl)-1,3,4-xadiazole
4,4' -Dirnethylangelicin plus ultraviolet radiation (see also

Angelicin and sorne synthe tic derivatives)
4,5' -Dirnethylangelicin plus ultraviolet radiation (see also

Angelicin and sorne synthe tic derivatives)
Dirnethylarinic acid (see Arenic and arsenic compounds)
3,3' -Dirnethylbenzidine
Dirnethylcabarnoyl chloride
Dirnethylformarnide
1,1-Dimethylhydrazne
1,2-Dirnethylhydrazne

1,4-Dirnethylphenanthrene
Dirnethyl sulphate
3,7- Dinitrofluoranthene
3,9- Dinitrofluoranthene
1,3-Dinitropyrene
1,6-Dinitropyrene
1,8- Dinitropyrene

Dinitrosopentarnethylenetetrarnine
1,4-Dioxane
2,4' -Diphenyldiarnine
Direct Black 38 (see also Benzidine-based dyes)
Direct Blue 6 (see also Benzidine-based dyes)
Direct Brown 95 (see also Benzidine-based dyes)
Disulfirarn
Dithranol
Divinyl ether (see Anaesthetics, volatile)
Dulcin

E

Endrin
Enflurane (see Anaesthetics, volatile)
Eoin
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6, 167 (1974); 21, 377 (1979)

15, 177 (1977; Suppl. 7,62 (1987)

4, 41 (1974); Suppl. 7, 198 (1987)

39, 279 (1986); Suppl. 7, 62 (1987)
8, 125 (1975); Suppl. 7, 62 (1987)
8, 147 (1975); Suppl. 7,62 (1987)
7, 147 (1974) (con: 42,253); Suppl.
7,62 (1987)

Suppl. 7, 57 (1987)

Suppl. 7, 57 (1987)

1, 87 (1972); Suppl. 7, 62 (1987)
12, 77 (1976); Suppl. 7, 199 (1987)
47, 171 (1989)

4, 137 (1974); Suppl.7, 62 (1987)
4, 145 (1974) (con: 42, 253);

Suppl. 7,62 (1987)

32, 349 (1983); Suppl. 7, 62 (1987)
4, 271 (1974); Suppl. 7, 20 (1987)
46, 189 (1989)

46, 195 (1989)

46, 201 (1989)

46, 215 (1989)

33, 171 (1984); Suppl. 7,63 (1987);

46,231 (1989)

11,241 (1976); Suppl. 7,63 (1987)
11,247 (1976); Suppl. 7,201 (1987)

16,313 (1978); Suppl. 7,63 (1987)
29,295 (1982) (con: 42,261)
29, 311 (1982)

29, 321 (1982)

12, 85 (1976); Suppl. 7, 63 (1987)
13, 75 (1977); Suppl. 7, 63 (1987)

12,97 (1976); Suppl. 7,63 (1987)

5, 157 (1974); Suppl. 7,63 (1987)

15, 183 (1977); Suppl. 7,63 (1987)
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Epichlorohydrin

1,2- Epoxybutane
1- Epoxyethyl-3,4-epoxycyclohexane
3,4- Epoxy-6-methylcyclohexylmethyl- 3,4-poxy-6-methyl-

cyclohexane carboxylate
cis-9,1O-Epoxystearic acid
Erionite
Ethinyloestradiol (see also Steroidal oestrogens)
Ethionamide
Ethyl acrylate

Ethylene
Ethylene dibromide
Ethylene oxide

Ethylene sulphide

Ethylene thiourea
Ethyl methanesulphonate
N-Ethyl-N-nitrosourea

Ethyl selenac (see also Selenium and selenium compounds)
Ethyl tellurac
Ethynodiol diacetate (see also Progestins; Combined oral

contraceptives)
Eugenol
Evans blue

F

Fast Green FCF
Ferbam

Ferric oxide
Ferrochromium (see Chromium and chromium compounds)
Fluometuron
Fluoranthene
Fluorene
Fluorides (inorganic, used in drinking-water)
5- Fluorouracil
Fluorspar (see Fluorides)
Fluosilcic acid (see Fluorides)
Fluroxene (see Anaesthetics, volatile)
Fonnaldehyde
2-(2-Fonnylhydrazno )-5-nitro-2-furyl)thiazole

11, 131 (1976) (COlT 42,256);

Suppl. 7, 202 (1987)
47,217 (1989)

11, 141 (1976); Suppl. 7,63 (1987)
11, 147 (1976); Suppl. 7,63 (1987)

11, 153 (1976); Suppl. 7, 63 (1987)
42,225 (1987); Suppl. 7,203 (1987)
6, 77 (1974); 21, 233 (1979)
13, 83 (1977); Suppl. 7, 63 (1987)
19, 57 (1979); 39, 81 (1986);

Suppl. 7,63 (1987)

19, 157 (1979); Suppl. 7,63 (1987)
15,195 (1977); Suppl. 7,20(1987)
11, 157 (1976); 36, 189 (1985)

(COlT 42,263); Suppl. 7,205 (1987)

11, 257 (1976); Suppl. 7, 63 (1987)
7,45 (1974); Suppl. 7,207 (1987)
7, 245 (1974); Suppl. 7, 63 (1987)
1, 135 (1972); 17, 191 (1978);

Suppl. 7, 63 (1987)

12, 107 (1976); Suppl. 7,63 (1987)
12, 115 (1976); Suppl. 7,63 (1987)
6, 173 (1974); 21,387 (1979)

36, 75 (1985); Suppl. 7, 63 (1987)

8, 151 (1975); Suppl. 7, 63 (1987)

16, 187 (1978); Suppl. 7, 63 (1987)
12, 121 (1976) (COlT 42, 256);

Suppl. 7, 63 (1987)

1, 29 (1972); Suppl. 7, 216 (1987)

30, 245 (1983); Suppl. 7, 63 (1987)
32, 355 (1983); Suppl. 7, 63 (1987)
32, 365 (1983); Suppl. 7, 63 (1987)
27, 237 (1982); Suppl. 7, 20 (1987)
26,217 (1981); Suppl. 7,210 (1987)

29,345 (1982); Suppl. 7,211 (1987)
7, 151 (1974) (COlT 42, 253);

Suppl. 7, 63 (1987)
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Fuel oils (heating oils)
Furazolidone
Fumiture and cabinet-makng
2-(2-Furyl)- 3-( 5-nitro-2-furyl)acrylamide (see AF-2)
Fusarenon-X

G
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45,239 (1989) (con: 47, 505)
31, 141 (1983); Suppl. 7,63 (1987)
25,99 (1981); Suppl. 7,380 (1987)

11,169 (1976); 31, 153 (1983);
Suppl. 7, 64 (1987)

Gasoline 45, 159 (1989) (con: 47, 505)
Gasoline engine exhaust (see Diesel and gasoline engine exhausts)
Glas fibres (see Man-made mineraI fibres)
Glasswool (see Man-made mineraI fibres)
Glas filaments (see Man-made mineraI fibres)
Glu-P-1
Glu-P-2
L-Glutamic acid, 5-(2-( 4-hydroxyethyl)phenylhydrazde l

(see Agaratine)
Glycidaldehyde
Sorne glycidyl ethers
Glycidyloleate
Glycidyl stearate

Griseofulvin
Guinea Green B
Gyromitrin

H

Haematite
Haematite and ferrc oxide
Haematite mining, underground, with exposure to radon
Hair dyes, epidemiology of
Halothane (see Anaesthetics, volatile)

o:-HCH (see Hexachlorocclohexanes)
ß-HCH (see Hexachlorocclohexanes)

)'-HCH (see Hexachlorocclohexanes)
Heating oils (see Fuel oils)
Heptachlor (see a/so Chlordane/Heptachlor)
Hexachlorobenzene
Hexachlorobutadiene
Hexachlorocclohexanes

Hexachlorocclohexane, technical-grade (see Hexachloro-

cyclohexanes)

40, 223 (1986); Suppl. 7, 64 (1987)
40,235 (1986); Suppl. 7,64(1987)

11, 175 (1976); Suppl. 7, 64 (1987)
47, 237 (1989)

11, 183 (1976); Suppl. 7, 64 (1987)
11, 187 (1976); Suppl. 7, 64 (1987)
10,153 (1976); Suppl. 7,391 (1987)
16, 199 (1978); Suppl. 7, 64 (1987)
31,163 (1983); Suppl. 7,391 (1987)

1, 29 (1972); Suppl. 7, 216 (1987)
Suppl. 7, 216 (1987)
1, 29 (1972); Suppl. 7, 216 (1987)
16, 29 (1978); 27, 307 (1982)

5, 173 (1974); 20, 129 (1979)
20,155 (1979); Suppl. 7, 219 (1987)

20, 179 (1979); Suppl. 7,64(1987)
5; 47 (1974); 20, 195 (1979)

(con: 42, 258); Suppl. 7, 220 (1987)



520 !AC MONOGRAHS VOLUME 47

Hexachloroethane
Hexachlorophene
Hexamethylphosphoramide
Hexoestrol (see Nonsteroidal oestrogens)
Hycanthone mesylate
Hydralazne
Hydrazine
Hydrogen peroxide
Hydroquinone
4-Hydroxyazobenzene
17a-Hydroxyrogesterone caproate (see also Progestins)
8- H ydroxyquinoline
8-Hydroxysenkirkine

20, 467 (1979); Suppl. 7, 64 (1987)
20, 241 (1979); Suppl. 7, 64 (1987)
15, 211 (1977); Suppl. 7, 64 (1987)

13,91 (1977); Suppl. 7, 64 (1987)
24, 85 (1980); Suppl. 7, 222 (1987)
4, 127 (1974); Suppl. 7, 223 (1987)

36, 285 (1985); Suppl. 7, 64 (1987)
15, 155 (1977); Suppl. 7, 64 (1987)

8, 157 (1975); Suppl. 7, 64 (1987)

21, 399 (1979) (con: 42, 259)

13, 101 (1977); Suppl. 7, 64 (1987)
10,265 (1976); Suppl. 7, 64 (1987)

1

Indeno(1,2,3-cd)pyrene 3,229 (1973); 32, 373 (1983);

Suppl. 7, 64 (1987)

40, 261 (1986); Suppl. 7, 64 (1987)
34, 133 (1984); Suppl. 7,22(1987)
2, 161 (1973); Suppl. 7, 226 (1987)
2, 161 (1973) (con: 42, 252);

Suppl. 7,64(1987)

IQ
Iron and steel founding
Iron-dextran complex
lron-dextrin complex

Iron oxide (see Fernc oxide)
Iron oxide, saccharated (see Saccharated iron oxide)

Iron sorbitol-citric acid complex
Isatidine
Isoflurane (see Anaesthetics, volatile)
Isniazid (see Isonicotinic acid hydrazde)
Isonicotinic acid hydrazde
Isophosphamide
Isopropyl alcohol
Isopropyl alcohol manufacture (strong-acid procss)

(see also Isopropyl alcohol)
Isopropyl oils
Isosafrole

2, 161 (1973); Suppl. 7, 64 (1987)
10,269 (1976); Suppl. 7,65 (1987)

4, 159 (1974); Suppl. 7, 227 (1987)
26,237 (1981); Suppl. 7,65 (1987)
15,22 (1977); Suppl. 7,229 (1987)
Suppl. 7, 229 (1987)

15,223 (1977); Suppl. 7,229 (1987)

1, 169 (1972); 10, 232 (1976);

Suppi. 7,65 (1987)

J
Jacobine
Jet fuel
Joinery (see Carntry and joinery)

10, 275 (1976); Suppl. 7, 65 (1987)
45,203 (1989)
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K

Kaempferol
Kepone (see Chlordecone)

L

Laiocarpine
Lauroyl peroxide

Lead acetate (see Lead and lead compou nds )

Lead and lead compounds

Lead arsenate (see Arsenic and arsenic compounds)
Lead carbonate (see Lead and lead compounds)
Lead chloride (see Lead and lead compounds)
Lead chromate (see Chromium and chromium compounds)
Lead chromate oxide (see Chromium and chromium compounds)
Lead naphthenate (see Lead and lead compounds)
Lead nitrate (see Lead and le ad compounds)
Lead oxide (see Lead and lead compounds)
Lead phosphate (see Lead and lead compounds)
Lead subacetate (see Lead and lead compounds)
Lead tetroxide (see Lead and lead compounds)
Leather goos manufacture

Leather industries
Leather tanning and processing

Ledate (see also Lead and le ad compounds)
Light Green SF
lindane (see Hexachlorocyc1ohexanes)

The lumber and sawmil industries (inc1uding loggng)
Luteoskyn
Lynoestrenol (see also Progestins; Combined oral contraceptives)

M

Magenta

Magenta, manufacture of (see also Magenta)
Malathion
Maleic hydrazide

Malonaldehyde
Maneb
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31, 171 (1983); Suppl. 7,65 (1987)

10,281 (1976); Suppl. 7, 65 (1987)
36,315 (1985); Suppl. 7, 65 (1987)

1, 40 (1972) (con: 42,251); 2, 52,

150 (1973); 12, 131 (1976);

23,40,208,209,325 (1980);
Suppl. 7, 230 (1987)

25,279 (1981); Suppl. 7,235 (1987)
25, 199 (1981); Suppl. 7,232 (1987)
25,201 (1981); Suppl. 7,236 (1987)
12, 131 (1976)

16,209 (1978); Suppl. 7, 65 (1987)

25, 49 (1981); Suppl. 7,383 (1987)
10, 163 (1976); Suppl. 7, 65 (1987)
21,407 (1979)

4, 57 (1974) (con: 42,252);
Suppl. 7, 238 (1987)

Suppl. 7, 238 (1987)
30, 103 (1983); Suppl. 7, 65 (1987)
4, 173 (1974) (con: 42, 253);

Suppl. 7, 65 (1987)

36, 163 (1985); Suppl. 7, 65 (1987)

12, 137 (1976); Suppl. 7,65 (1987)
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Man-made mineraI fibres
Mannomustine
MCPA (see also Chlorophenoxy herbicides; Chlorophenoxy

herbicides, ocpation al expsures to)
MeA-a-C
Medphalan
Medroxyrogesterone acetate

Megestrol acetate (see also Progestins; Combined oral
contraceptives)

MelQ
MelQx
Melamine
Melphalan
6-Mercaptopurine
Merphalan
Mestranol (see also Steroidal oestrogens)

Methanearsonic acid, disodium salt (see Arenic and arsenic
compounds)

Methanearsonic acid, monosodium salt (see Arenic and arnic

compounds
Methotrexate
Methoxsalen (see 8-Methoxysoralen)
Methoxychlor

Methoxyflurane (see Anaesthetics, volatile)
5- Methoxysoralen
8-Methoxysoralen (see also 8-Methoxysoralen plus ultraviolet

radiation)
8-Methoxysoralen plus ultraviolet radiation
Methyl acrylate

5-Methylangelicin plus ultraviolet radiation (see also Angelicin
and sorne synthe tic derivatives)

2- Methylaziridine
Methylazoxyethanol acetate

Methyl bromide

Methyl carbamate
Methyl-CCNU (see 1-(2-Chloroethyl)-3-( 4-methylcyclohexyl)-

1-nitrosourea)
Methyl chIo ride
1-,2-,3-,4-,5- and 6-Methylchrysenes

43, 39 (1988)

9, 157 (1975); Suppl. 7, 65 (1987)
30, 255 (1983)

40, 253 (1986); Suppl. 7, 65 (1987)
9, 168 (1975); Suppl. 7,65 (1987)
6, 157 (1974); 21,417 (1979)

(con: 42, 259); Suppl. 7, 289 (1987)

40,275 (1986); Suppl. 7,65 (1987)
40, 283 (1986); Suppl. 7, 65 (1987)
39, 333 (1986)' Suppl. 7, 65 (1987)
9, 167 (1975); Suppl. 7, 239 (1987)
26,249 (1981); Suppl. 7,240 (1987)
9, 169 (1975); Suppl. 7, 65 (1987)
6, 87 (1974); 21, 257 (1979)

(con: 42,259)

26,267 (1981); Suppl. 7,241 (1987)

5, 193 (1974); 20, 259 (1979);
Suppl. 7, 66 (1987)

40,327 (1986); Suppl. 7,242 (1987)
24, 101 (1980)

Suppl. 7, 243 (1987)
19, 52 (1979); 39, 99 (1986);

Suppl. 7, 66 (1987)

Suppl. 7, 57 (1987)

9, 61 (1975); Suppl. 7, 66 (1987)
1, 164 (1972); 10, 131 (1976);

Suppl. 7, 66 (1987)

41, 187 (1986) (con: 45,283);
Suppl. 7, 245 (1987)
12, 151 (1976); Suppl. 7, 66 (1987)

41,161 (1986); Suppl. 7,24(1987)
32, 379 (1983); Suppl. 7, 66 (1987)
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N- Methyl-N,4-initrosoanilne

4,4' -Methylene bis(2-chloroaniline)

4,4' -Methylene bis(N;N-dimethyl)benzenamine

4,4' -Methylene bis(2-methylanilne)
4,4' - Methylenedianilne

4,4' -Methylenediphenyl diisocanate
2-Methylfluorantheiie
3-Methylfluoranthene
Methyl iodide
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1, 141 (1972); Suppl. 7,66(1987)
4, 65 (1974) (con: 42, 252);

Suppl. 7, 24 (1987)
27, 119 (1982); Suppl. 7,66(1987)

4, 73 (1974); Suppl. 7, 24 (1987)
4, 79 (1974) (con: 42, 252);

39, 347 (1986); Suppl. 7, 66 (1987)

19,314 (1979); Suppl. 7,66(1987)
32,399 (1983); Suppl. 7,66(1987)
32, 399 (1983); Suppl. 7, 66 (1987)
15,245 (1977); 41, 213 (1986);
Suppl. 7, 66 (1987)

19, 187 (1979); Suppl. 7,66(1987)
7, 253 (1974); Suppl. 7, 66 (1987)
27,205 (1982); Suppl. 7,66 (1987)

4, 183 (1974); Suppl. 7, 248 (1987)

Methyl methacrylate
Methyl methanesulphonate
2-Methyl-1-nitroanthraquinone
N-Methyl-N' -nitro-N-nitrosoguanidine
3-Methylnitrosaminopropionaldehyde (see 3-(N-Nitroso-

methylamino )propionaldehyde)

3-Methylnitrosaminopropionitrile (see 3-(N-Nitrosomethyl-
amino )propionitrile)

4-ethylnitrosamino )-3-pyrdyl)-1-butanal (see 4-(N-Nitroso-

methylamino )-4-(3-pyrdyl)-1-butanal)

4-ethylnitrosamino )-1-(3-pyrdyl)-1-butanone (see 4-N-Nitroso-
methylamino )-1-(3-pyrdyl)-1-butanone)

N-Methyl-N-nitrosourea

N-Methyl-N-ni trosourethane
Methyl parathion

I-Methylphenanthrene
7- Methylpyrdo(3,4- lpsoralen
Methyl red
Methyl selenac (see also Selenium and selenium compounds)
Methylthiouracil
Metronidazole
Mineral oils

Mirex

Mitomycin C
MNG (see N-Methyl-N'-nitro-N-nitrosoguanidine)
MOCA (see 4,4' -Methylene bis(2-chloroaniline))
Modacrylic fibres
Monocrotaline
Monuron

1, 125 (1972); 17, 227 (1978);

Suppl. 7,66 (1987)

4, 211 (1974); Suppl. 7, 66 (1987)
30,131 (1983); Suppl. 7,392 (1987)
32,405 (1983); Suppl. 7,66 (1987)
40,349 (1986); Suppl. 7, 71 (1987)
8, 161 (1975); Suppl. 7, 66 (1987)
12, 161 (1976); Suppl. 7, 66 (1987)
7, 53 (1974); Suppl. 7, 66 (1987)
13,113 (1977); Suppl. 7,250 (1987)

3,30 (1973); 33,87 (1984) (con: 42,
262); Suppl. 7, 252 (1987)

5, 203 (1974); 20, 283 (1979) (con:

42, 258); Suppl. 7, 66 (1987)

10, 171 (1976); Suppl. 7,67 (1987)

19,86 (1979); Suppl. 7,67 (1987)
10,291 (1976); Suppl. 7,67 (1987)
12, 167 (1976); Suppl. 7,67(1987)
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MOPP and other combined chemotherapy incIuding
alkylating agents

Morpholine
5-(Morpholinomethyl)- 3-( (5-nitrofurfrylidene )amino )-2-

oxazolidinone
Mustard gas

Myleran (see 1,4-Butanediol dimethanesulphonate)

N

Nafenopin
1,5-N aphthalenediamine
1,5-Naphthalene diisocanate

1-Naphthylamine

2-Naphthylamine
1-N aphthylthiourea

Nickel acetate (see Nickel and nickel compounds)
Nickel ammonium sulphate (see Nickel and nickel compounds)
Nickel and nickel compounds

Nickel carbonate (see Nickel and nickel compounds)
Nickel carbonyl (see Nickel and nickel compounds)
Nickel chloride (see Nickel and nickel compounds)
Nickel-gallum alloy (see Nickel and nickel compounds)
Nickel hydroxide (see Nickel and nickel compounds)
Nickelocne (see Nickel and nickel compounds)
Nickel oxide (see Nickel and nickel compounds)
Nickel subsulphide (see Nickel and nickel compounds)
Nickel sulphate (see Nickel and nickel compounds)
Niridazole
Nithiazide
5-Nitroacenaphthene
5-Nitro-ortho-anisidine
9-Nitroanthracene
7-Nitrobenz(a )anthracene
6-Nitrobenzo(a )pyrene

4-Nitrobiphenyl
6-Nitrochrysene

Nitrofen (technical-grade)

3-Nitrofluoranthene

Suppl. 7, 254 (1987)

47, 199 (1989)

7, 161 (1974); Suppl. 7, 67 (1987)

9, 181 (1975) (con: 42, 254);

Suppl. 7, 259 (1987)

24, 125 (1980); Suppl. 7, 67 (1987)
27, 127 (1982); Suppl. 7, 67 (1987)
19,311 (1979); Suppl. 7,67 (1987)
4, 87 (1974) (con: 42, 253);

Suppl. 7, 260 (1987)
4, 97 (1974); Suppl. 7, 261 (1987)

30,347 (1983); Suppl. 7,263 (1987)

2, 126 (1973) (con: 42, 252); 11, 75

(1976); Suppl. 7, 26 (1987) (con:
45, 283)

13, 123 (1977); Suppl. 7, 67 (1987)
31, 179 (1983); Suppl. 7, 67 (1987)
16,319 (1978); Suppl. 7, 67 (1987)
27, 133 (1982); Suppl. 7, 67 (1987)
33, 179 (1984); Suppl. 7,67 (1987)
46, 247 (1989)

33,187 (1984); Suppl. 7,67 (1987)
46, 255 (1989)
4, 113 (1974); Suppl. 7, 67 (1987)
33,195 (1984); Suppl. 7,67 (1987);
46, 267 (1989)

30, 271 (1983); Suppl. 7, 67 (1987)
33, 201 (1984); Suppl. 7, 67 (1987)
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N-Nitrosodiethanolamine
N-Nitrosodiethylamine

46, 277 (1989)

7, 171 (1974); Suppl. 7,67 (1987)
7, 181 (1974); Suppl. 7, 67 (1987)
1, 181 (1972); 7, 185 (1974);

Suppl. 7, 67 (1987)
9, 193 (1975); Suppl. 7, 269 (1987)
9, 209 (1975); Suppl. 7, 67 (1987)
46, 291 (1989)
46, 303 (1989)

46,313 (1989)

29,331 (1982); Suppl. 7,67 (1987)
33, 20 (1984); Suppl. 7,67 (1987);

46, 321 (1989)

46, 359 (1989)

46, 367 (1989)

24, 297 (1980) (con: 42,260)
30, 359 (1983)

37, 225 (1985); Suppl. 7, 67 (1987)
37, 233 (1985); Suppl. 7, 67 (1987)
4, 197 (1974); 17,51 (1978);
Suppl. 7,67 (1987)

17, 77 (1978); Suppl. 7, 67 (1987)
1, 107 (1972) (con: 42, 251);

17,83 (1978) (con: 42,257);
Suppl. 7, 67 (1987)

1, 95 (1972); 17, 125 (1978) (con:

42, 257); Suppl. 7, 67 (1987)

27, 213 (1982); Suppl. 7, 67 (1987)
27, 227 (1982) (con: 42, 261);
Suppl. 7, 68 (1987)
17, 177 (1978); Suppl. 7, 68 (1987)

2-Nitrofluorene
5-Nitro-2-furaldehyde semicarbazone
1-( (5-Nitrofurfrylidene )amino )-2-imidazolidinone
N-( 4-5-Nitro- 2-furyl)- 2-thiazolyl)acetamide

Nitrogen mustard
Nitrogen mustard N-oxide
1-Nitronaphthalene
2-Nitronaphthalene
3-Nitroperylene
2-Nitropropane
1-Nitropyrene

2-Nitropyrene
4-Nitropyrene
N-Nitrosatable drugs

N-Nitrosatable pesticides
N' -Nitrosoanabasine
Nf -Nitrosoanatabine
N-Nitrosodi-n-butylamine

N-Nitrosodimethylamine

N-Nitrosodiphenylamine

paa-Nitrosodiphenylamine

N-Nitrosi-n-propylamine
N-NitrosN-ethylurea (see N-Ethyl-N-nitrosourea)
N-Nitrosofolic acid

N-Nitrosguvacine
N-Nitrosguvacoline
N-Nitroshydroxyroline
3-(N-Nitrosomethylamino )propionaldehyde

3-(N-Nitrosomethylamino )propionitrile

4-N-Nitrosomethylamino ~3-pyrdyl)-1-butanal

4-N-Nitrosomethylamino )-1-(3-pyrdyl)-1-butanone
N-Nitrosmethylethylamine
N-Nitroso-N-methylurea (see N-Methyl-N-nitrosourea)
N-NitrosN-methylurethane (see N-Methyl-N-methylurethane)

N-Nitrosmethylvinylamine 17, 257 (1978); Suppl. 7, 68 (1987)
N-Nitrosmorpholine 17, 263 (1978); Suppl. 7, 68 (1987)

17,217 (1978); Suppl. 7,68 (1987)
37, 263 (1985); Suppl. 7~ 68 (1987)

37, 263 (1985); Suppl. 7, 68 (1987)
17, 304 (1978); Suppl. 7, 68 (1987)
37, 263 (1985); Suppl. 7, 68 (1987)
37,263 (1985); Suppl. 7,68(1987)
37, 205 (1985); Suppl. 7, 68 (1987)
37, 20 (1985); Suppl. 7, 68 (1987)

17, 221 (1978); Suppl. 7, 68 (1987)
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N-Nitrosopiperidine
N-Nitrosoproline
N-Nitrosopyrolidine
N-Nitrososarcoine
Nitrosoureas, chloroethyl (see Chloroethyl nitrosoureas)
Nitrous oxide (see Anaesthetics, volatile)
Nitrovin
NNA (see 4-N-Nitrosmethylamino )-3-pyrdyl)-1-butanal)

NN (see 4-N-Nitrosomethylamino )-1-(3-pyrdyl)-1-butanone)
Nonsteroidal oestrogens (see also Oestrogens, progestins and Suppl. 7, 272 (1987)

corn binations)

Norethisterone (see also Progestins; Combined oral
contraceptives)

Norethynodrel (see also Progestins; Combined oral
contraceptives

Norgestrel (see also Progestins, Combined oral contraceptives)
Nylon 6

N'-Nitrosonomicotine

o
Ochratoxin A

Oestradiol-17ß (see also Steroidal oestrogens)
Oestradiol3-benzoate (see Oestradiol-17ß)

Oestradiol dipropionate (see Oestradiol-17ß)
Oestradiol mus tard
Oestradiol-17ß-valerate (see Oestradiol-17ß)
Oestriol (seealso Steroidal oestrogens)
Oestrogen-progestin combinations (see Oestrogens, progestins

and combinations)
Oestrogen-progestin replacement therapy (see aIso Oestrogens,

progestins and combinations)
Oestrogen replacement therapy (see alo Oestrogens, progestins

and combinations)
Oestrogens (see Oestrogens, progestins and combinations)
Oestrogens, conjugated (see Conjugated oestrogens)
Oestrogens, nonsteroidal (see Nonsteroidal oestrogens)
Oestrogens, progestins and combinations

Oestrogens, steroidal (see Steroidal oetrogens)
Oestrone (see also Steroidal oetrogens)

17, 281 (1978); 37, 241 (1985);

Suppl. 7, 68 (1987)

17, 287 (1978); Suppl. 7, 68 (1987)
17,303 (1978); Suppl. 7,68(1987)
17,313 (1978); Suppl. 7,68(1987)
17,327 (1978); Suppl. 7,68(1987)

31, 185 (1983); Suppl. 7, 68 (1987)

6, 179 (1974); 21,461 (1979)

6, 191 (1974); 21,461 (1979) (con:
42, 259)
6, 201 (1974); 21, 479 (1979)
19, 120 (1979); Suppl. 7,68(1987)

10, 191(1976);31, 191 
(1983) (con:

42, 262); Suppl. 7, 271 (1987)

6, 99 (1974); 21, 279 (1979)

9,217 (1975)

6, 117 (1974); 21,327 (1979)

Suppl. 7, 308 (1987)

Suppl. 7, 28 (1987)

6 (1974); 21 (1979);

Suppl. 7, 272 (1987)

6, 123 (1974); 21, 343 (1979) (con:
42, 259)
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Oestrone benzoate (see Oestrone)
Oil Orange SS 8, 165 (1975); Suppl. 7, 69 (1987)
Oral contraceptives, combined (see Combined oral contraceptives)
Oral contraceptives, investigational (see Combined oral

contraceptives)
Oral contraceptives, sequential (see Sequential oral contraceptives)Orange 1 8, 173 (1975); Suppl. 7,69 (1987)
Orange G 8, 181 (1975); Suppl. 7,69 (1987)
Organolead compounds (see a/so Lead and lead compounds) Suppl. 7, 230 (1987)
Oxazepam 13, 58 (1977); Suppl. 7, 69 (1987)
Oxetholone (see a/so Androgenic (anabolic) steroids) 13, 131 (1977)
Oxyhenbutazone 13, 185 (1977); Suppl. 7, 69 (1987)

p

Paint manufacture and painting (ocupational exposures in)

Panfuran S (see a/so Dihydroxyethylfuratrizine)
Paper manufacture (see Pulp and paper manufacture)
Parasorbic acid

Parathion
Patulin

Penicilic acid

Pentachloroethane
Pentachloronitrobenzene (see Quintozene)
Pentachlorophenol (see a/so Chlorophenols; Chlorophenols,

ocpational exposures to)

Perylene
Petasitenine
PetasÏles japonicus (see Pyrrolizidine alkaloids)

Petroleum refining (ocupational exposures in)
Sorne petroleum solvents
Phenacetin

Phenanthrene
Phenazopyrdine hydrochloride

Phenelzine sulphate
Phenicarbazide
Phenobarbital
Phenol
Phenoxyacetic acid herbicides (see Chlorophenoxy herbicides)
Phenoxybenzamine hydrochloride

47, 329 (1989)

24, 77 (1980); Suppl. 7,69 (1987)

10, 199 (1976) (con: 42, 255);

Suppl. 7, 69 (1987)

30, 153 (1983); Suppl. 7, 69 (1987)
10, 205 (1976); 40, 83 (1986);
Suppl. 7, 69 (1987)

10,211 (1976); Suppl. 7,69 (1987)
41, 99 (1986); Suppl. 7, 69 (1987)

20, 303 (1979)

32,411 (1983); Suppl. 7,69 (1987)
31, 207 (1983); Suppl. 7, 69 (1987)

45,39 (1989)

47, 43 (1989)

3, 141 (1973); 24, 135 (1980);

Suppl. 7,310 (1987)

32, 419 (1983); Suppl. 7, 69 (1987)
8, 117 (1975); 24, 163 (1980) (con:

42, 260); Suppl. 7, 312 (1987)
24,175 (1980); Suppl. 7,312 (1987)
12, 177 (1976); Suppl. 7, 70 (1987)
13,157 (1977); Suppl. 7,313 (1987)
47, 263 (1989)

9, 223 (1975); 24, 185 (1980);

Suppl. 7, 70 (1987)
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Phenylbutazone
meta- Phenylenediamine

paa- Phenylenediamine
N- Phenyl-2-naph thylamine

13,183 (1977); Suppl. 7,316 (1987)
16, 111 (1978); Suppl. 7, 70 (1987)
16, 125 (1978); Suppl. 7, 70 (1987)
16,325 (1978) (COlT 42,257)
Suppl. 7,318 (1987)

30, 329 (1983); Suppl. 7, 70 (1987)
13,201 (1977; Suppl. 7,319 (1987)

orlho- Phenylphenol
Phenytoin
Piperazne oestrone sulphate (see Conjugated oestrogens)

Piperonyl butoxide
Pitches, coal-tar (see Coal-tar pitches)
Polyacrylic acid
Polybrominated biphenyls

30, 183 (1983); Suppl. 7, 70 (1987)

Polychlorinated biphenyls

19, 62 (1979); Suppl. 7, 70 (1987)
18, 107 (1978); 41,261 (1986);
Suppl. 7, 321 (1987)
7, 261 (1974); 18, 43 (1978) (COlT

42, 258);

Suppl. 7, 322 (1987)
Polychlorinated camphenes (see Toxaphene)
Polychloroprene
Polyethylene
Polymethylene polyphenyl isocanate

Polymethyl methacrylate

Polyoestradiol phosphate (see Oestradiol-17ß)
Polypropylene
Polystyrene
Polytetrafluoroethylene
Polyurethane foams
Polyvnyl acetate
Polyvnyl alcohol
Polyvnyl chloride

19, 141 (1979); Suppl. 7, 70 (1987)
19, 164 (1979); Suppl. 7, 70 (1987)
19, 314 (1979); Suppl. 7, 70 (1987)
19, 195 (1979); Suppl. 7, 70 (1987)

Polyvnyl pyrolidone
Ponceau MX
Ponceau 3R
Ponceau SX
Potassium arsenate (see Arnic and arenic compounds)
Potassium arenite (see Arnic and arnic compounds)
Potassium bis(2-hydroxyethyl)dithiocbamate

Potassium bromate
Potassium chromate (see Chromium and chromium compounds)
Potassium dichromate (see Chromium and chromium compounds)
Prednisone 26,293 (1981); Suppl. 7,326 (1987)
Procrbazine hydrochloride 26,311 (1981); Suppl. 7,327 (1987)
Proflavine salts 24, 195 (1980); Suppl. 7, 70 (1987)
Progesterone (see also Progestins; Combined oral contraceptives) 6, 135 (1974); 21, 491 (1979) (COlT

42, 259)

19, 218 (1979); Suppl. 7, 70 (1987)
19,245 (1979); Suppl. 7, 70 (1987)
19, 288 (1979); Suppl. 7, 70 (1987)
19, 320 (1979); Suppl. 7, 70 (1987)
19,346 (1979); Suppl. 7, 70 (1987)
19,351 (1979); Suppl. 7, 70 (1987)
7,306 (1974); 19, 402 (1979);

Suppl. 7, 70 (1987)

19,463 (1979); Suppl. 7, 70 (1987)
8, 189 (1975); Suppl. 7, 70 (1987)
8, 199 (1975); Suppl. 7, 70 (1987)
8, 207 (1975); Suppl. 7, 70 (1987)

12, 183 (1976); Suppl. 7, 70 (1987)
40,207 (1986); Suppl. 7, 70 (1987)
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Progestins (see a/so Oestrogens, progestins and combinations)
PronetaIoI hydrochIonde

1,3-Propane sultone

Propham
ß-Propiolactone

n-Propyl cabamate
Propylene
Propylene oxide

PropyIthiouraciI
Ptaquiloside (see a/so Bracken fem)
Pulp and paper manufacture
Pyrene
Pyrdo(3,4- )psoralen
Pyrmethamine
Pyrolizidine aIkaIoids (see a/so Hydroxyenkirkine; Isatidine;

Jacobine; Lasiocrpine; Monocrotaline; Retrorsine; Riddelline;
Seneciphyllne; Senkirkine)

Q

Quercetin (see a/so Bracken fem)
para-Quinone
Quintozene

R

Radon
Reserpine

Resorcinol
Retrorsine
Rhodamine B
Rhodamine 6G
Riddelline
Rifampicin
Rockwool (see Man-made mineraI fibres)
The rubber industry

Rugulosin

529

Suppl. 7,289 (1987)

13,227 (1977 (con: 42, 256);
Suppl. 7, 70 (1987)
4, 253 (1974) (con: 42, 253);

Suppl. 7, 70 (1987)

12, 189 (1976); Suppl. 7, 70 (1987)

4, 259 (1974) (con: 42, 253);

Suppl. 7, 70 (1987)
12, 201 (1976); Suppl. 7, 70 (1987)
19,213 (1979); Suppl. 7, 71 (1987)
11, 191 (1976); 36, 227 (1985) (con:

42, 263); Suppl. 7, 328 (1987)
7,67 (1974); Suppl. 7,329 (1987)
40,55 (1986); Suppl. 7,71(1987)
25,157 (1981); Suppl. 7,385 (1987)
32,431 (1983); Suppl. 7, 71 (1987)
40,349 (1986); Suppl. 7, 71 (1987)

13, 233 (1977); Suppl. 7, 71 (1987)

31,213 (1983); Suppl. 7,71(1987)
15,255 (1977); Suppl. 7,71(1987)
5,211 (1974); Suppl. 7,71(1987)

43, 173 (1988) (con: 45,283)
10,217 (1976); 24, 211 (1980)

(con: 42,26); Suppl. 7,330 (1987)

15, 155 (1977); Suppl. 7,71(1987)
10, 303 (1976); Suppl. 7, 71 (1987)

16,221 (1978); Suppl. 7,71(1987)
16,233 (1978); Suppl. 7, 71 (1987)
10,313 (1976); Suppl. 7,71(1987)
24, 243 (1980); Suppl. 7, 71 (1987)

28 (1982) (con: 42,261); Suppl. 7,
332 (1987)

40, 99 (1986); Suppl. 7, 71 (1987)
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s
Saccharated iron oxide
Saccharin

Safrole

The sawmil industry (inc1uding logging) (see The lumber and
sawmil industry (inc1uding logging))

Scarlet Red
Selenium and selenium compounds

Selenium dioxide (see Selenium and selenium compounds)
Selenium oxide (see Selenium and selenium compounds)
Semicarbazide hydrochloride

Senecio jacobaea L. (see Pyrolizidine alkaloids)

Senecio Iongilobus (see Pyrolizidine alkaloids)

Seneciphyllne

Senkirkine

Sepiolite
Sequential oral contraceptives (see a/so Oestrogens, progestins

and combinat ions)
Shale-oils
Shikimic acid (see a/so Bracken fem)
Shoe manufacture and repair (see Bot and shoe manufacture

and repair)
Silica (see a/so Amorphous silca; Crystallne silica)
Slagwool (see Man-made mineraI fibres)
Sodium arsenate (see Arenic and arsenic compounds)
Sodium arsenite (see Arenic and arsenic compounds)
Sodium cacoylate (see Arenic and arsenic compounds)
Sodium chromate (see Chromium and chromium compounds)
Sodium cyc1amate (see Cyc1amates)
Sodium dichromate (see Chromium and chromium compounds)
Sodium diethyldithiocbamate

Sodium equiln sulphate (see Conjugated oestrogens)
Sodium fluoride (see Fluorides)
Sodium monofluorophosphate (see Fluorides)
Sodium oestrone sulphate (see Conjugated oestrogens)
Sodium ortho-phenylphenate (see a/so ortho-Phenylphenol)
Sodium saccharin (see Saccharn)

Sodium selenate (see Selenium and selenium compounds)

2, 161 (1973); Suppl. 7, 71 (1987)
22, 111 (1980) (COlT 42, 259);

SuPPI. 7, 334 (1987)
1, 169 (1972); 10, 231 (1976);

Suppl. 7, 71 (1987)

8, 217 (1975); Suppl. 7, 71 (1987)
9, 245 (1975) (COlT 42, 255);

Suppl. 7, 71 (1987)

12, 20 (1976) (COlT 42, 256);

Suppl. 7, 71 (1987)

10, 319, 335 (1976); Suppl. 7, 71

(1987)
10,327 (1976); 31, 231 (1983);
Suppl. 7, 71 (1987)

42, 175 (1987); Supp/. 7,71(1987)
SuPPI. 7,296 (1987)

35,161 (1985); Suppl. 7,339 (1987)
40,55 (1986); Suppl. 7,71(1987)

42, 39 (1987)

12,217 (1976); Suppi. 7,71(1987)

30,329 (1983); Suppl. 7, 392 (1987)
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Sodium selenite (see Selenium and selenium compounds)
Sodium silcofluoride (see Fluorides)
Soots

Spironolactone
Stannous fluoride (see Fluorides)
Steel founding (see Iron and steel founding)
Sterigmatocstin

Steroidal oestrogens (see also Oestrogens, progestins and
combinations)

Streptozotocin

Strobane~ (see Terpne polychlorinates)
Strontium chromate (see Chromium and chromium compounds)
Styene

Styene-acrylonitrile copolymers

Styene-butadiene copolymers

Styrene oxide

Succinic anhydride
Sudan 1

Sudan II
Sud an III
Sud an Brown RR
Sudan Red 7B
Sulfafrazole
Sulfallate
Sulfamethoxazole
Sulphisoxazole (see Sulfafurazole)
Sulphur mustard (see Mustard gas)
Sunset Yellow FCF
Symphytine

T

2,4,5- T (see also Chlorophenoxy herbicides; Chlorophenoxy
herbicides, ocpational expures to)

Talc
Tannic acid

Tannins (see also Tannic acid)
TCDD (see 2,3,7,8- Tetrachlorodibenzo-paa-dioxin)
TDE (see DDT)

531

3, 22 (1973); 35, 219 (1985);
Suppl. 7, 343 (1987)
24, 259 (1980); Suppl. 7, 344 (1987)

1, 175 (1972); 10, 245 (1976);

Suppl. 7, 72 (1987)
Suppl. 7, 280 (1987)

4,221 (1974); 17, 337 (1978);
Suppl. 7, 72 (1987)

19, 231 (1979) (con: 42,258);
Suppl. 7, 345 (1987)
19, 97 (1979); Suppl. 7, 72 (1987)
19,252 (1979); Suppl. 7, 72 (1987)
11,201 (1976); 19,275 (1979);
36, 245 (1985); Suppl. 7, 72 (1987)
15,265 (1977); Suppl. 7, 72 (1987)
8, 225 (1975); Suppl. 7, 72 (1987)
8,233 (1975); Suppl. 7,72(1987)
8,241 (1975); Suppl. 7,72(1987)
8, 249 (1975); Suppl. 7, 72 (1987)
8, 253 (1975); Suppl. 7, 72 (1987)
24,275 (1980); Suppl. 7,347 (1987)
30,283 (1983); Suppl. 7, 72 (1987)
24,285 (1980); Suppl. 7, 348 (1987)

8, 257 (1975); Suppl. 7, 72 (1987)
31,239 (1983); Suppl. 7, 72 (1987)

15, 273 (1977)

42, 185 (1987); Suppl. 7, 349 (1987)
10, 253 (1976) (con: 42, 255);
Suppl. 7, 72 (1987)
10,254 (1976); Suppl. 7, 72 (1987)
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Terpene polyehlorinates
Testosterone (see also Androgenic (an abolie) steroids)
Testosterone oenanthate (see Testosterone)
Testosterone propionate (see Testosterone)
2,2' ,5,5' - Tetraehlorobenzidine
2,3,7,8- Tetraehlorodibenzo-paa-dioxin
1,1,1,2- Tetrachloroethane
1,1,2,2- Tetraehloroethane
Tetraehloroethylene
2,3,4,6- Tetraehlorophenol (see Chlorophenols; Chlorophenols,

ocpation al exposures to)
Tetraehlorvnphos
Tetraethyllead (see Lead and lead compounds)
Tetrafluoroethylene
Tetramethyllead (see Lead and lead compounds)
Thioacetamide
4,4' - Thiodianiline

Thiotepa (see Tris(l-azridinyl)phosphine sulphide)
Thiouracil
Thiourea
Thiram
Titanium dioxide
Tobacc habits other than smoking (see Tobacc produets,

smokeless)
Tobacc produets, smokeless

Tobacc smoke

Tobacc smoking (see Tobacc smoke)
orlho-Tolidine (see 3,3' -Dimethylbenzidine)
2,4- Toluene diisocanate (see also Toluene diisoanates)
2,6- Toluene diisocanate (see also Toluene diisocanates)
Toluene
Toluene diisocanates

Toluenes, n-chlorinated (see n-Chlorinated toluenes)
orlho- Toluenesulphonamide (see Saccharn)
orlho- Toluidine

Toxaphene
Tremolite (see Asbetos)
Treosulphan
Triazquone (see Tri( azridinyl)-pa-benzoquinone)
Triehlonon

5, 219 (1974); Suppl. 7, 72 (1987)
6,209 (1974); 21, 519 (1979)

27, 141 (1982); Suppl. 7,72(1987)
15,41 (1977); Suppl. 7,350 (1987)
41, 87 (1986); Suppl. 7, 72 (1987)
20,477 (1979); Suppl. 7,354 (1987)
20, 491 (1979); Suppl. 7, 355 (1987)

30, 197 (1983); Suppl. 7, 72 (1987)

19,285 (1979); Suppl. 7,72(1987)

7, 77 (1974); Suppl. 7, 72 (1987)

16,343 (1978); 27, 147 (1982);
Suppl. 7, 72 (1987)

7, 85 (1974); Suppl. 7, 72 (1987)
7, 95 (1974); Suppl. 7, 72 (1987)
12, 225 (1976); Suppl. 7, 72 (1987)
47, 307 (1989)

37 (1985) (con: 42, 263); Suppl. 7,
357 (1987)
38 (1986) (con: 42, 263); Suppl. 7,
357 (1987)

19, 303 (1979); 39, 287 (1986)
19, 303 (1979); 39, 289 (1986)
47, 79 (1989)
39, 287 (1986) (con: 42, 26);

Suppl. 7, 72 (1987)

16,349 (1978); 27, 155 (1982);
Suppl. 7, 362 (1987)
20, 327 (1979); Suppl. 7, 72 (1987)

26,341 (1981); Suppl. 7,363 (1987)

30, '27 (1983); Suppl. 7, 73 (1987)
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1,1,1- Trichloroethane
1,1,2- Trichloroethane
Trichloroethylene

2,4,5- Trichlorophenol (see a/so Chlorophenols; Chlorophenols
ocpation al expures to)

2,4,6- Trichlorophenol (see a/so Chlorophenols; Chlorophenols,
ocpation al expures to)

(2,4,5- Trichlorophenoxy)acetic acid (see 2,4,5- T)
Trichlorotriethylarnine hydrochloride
T 2- Trichothecene
Triethylene glycol diglycidyl ether

4,4' ,6- Trirnethylangelicin plus ultraviolet radiation (see also
Angelicin and sorne synthe tic derivatives)

2,4,5- Trirnethylaniline
2,4,6- Trirnethylaniline
4,5' ,8- Trirnethylpsoralen
Triphenylene
Tris( aziridinyl)-para-benzoquinone
Tris(l-aziridinyl)phosphine oxide

Tris(l-aziridinyl)phosphine sulphide
2,4,6- Tris(l-aziridinyl)-s-triazine
1,2,3- Tris(chlorornethoxy)propane
Tris(2,3-dibrornopropyl)phosphate
Tris(2-rnethyl-1-aziridinyI)phosphine oxide

Trp-P-1
Trp-P-2
Tryan blue
Tussilago faiara L. (see Pyrolizidine alkaloids)

u
Ultraviolet radiation
Underground haernatite rnining with exposure to radon
Uracil rnustard

Urethane

v
Vinblastine sulphate

Vincristine sulphate
Vinyl acetate

533

20,515 (1979); Suppl. 7, 73 (1987)
20, 533 (1979); Suppl. 7, 73 (1987)
11, 263 (1976); 20, 545 (1979);

Suppl. 7, 364 (1987)

20,349 (1979)

20, 349 (1979)

9, 229 (1975); Suppl. 7, 73 (1987)
31,265 (1983); Suppl. 7, 73 (1987)
11, 209 (1976); Suppl. 7, 73 (1987)

Suppl. 7, 57 (1987)

27, 177 (1982); Suppl. 7, 73 (1987)

27,178 (1982); Suppl. 7,73 (1'987)

40, 357 (1986); Supp/. 7, 366 (1987)

32, 447 (1983); Suppl. 7, 73 (1987)
9, 67 (1975); Suppl. 7, 367 (1987)
9, 75 (1975); Suppl. 7, 73 (1987)
9, 85 (1975); Suppl. 7, 368 (1987)
9,95 (1975); Suppl. 7, 73 (1987)
15,301 (1977); Suppl. 7, 73 (1987)
20,575 (1979); Supp/. 7,369 (1987)
9, 107 (1975); Suppl. 7, 73 (1987)
31,247 (1983); Suppl. 7, 73 (1987)
31, 255 (1983); Suppl. 7, 73 (1987)
8, 267 (1975); SuPPI. 7, 73 (1987)

40,379 (1986)

1, 29 (1972); Suppl. 7, 216 (1987)
9, 235 (1975); Suppl. 7, 370 (1987)
7, 111 (1974); Suppl. 7, 73 (1987)

26, 349 (1981) (con: 42, 261);

Suppl. 7, 371 (1?87)

26,365 (1981); Supp/. 7,372 (1987)
19, 341 (1979); 39, 113 (1986);

Suppl. 7, 73 (1987)
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Vinyl bromide

Vinyl chloride

Vinyl chloride-vinyl acetate copolymers

4- Vinylcyclohexene

Vinyl fluoride
Vinylidene chIo ride

Vinylidene chloride-vinyl chloride copolymers

Vinylidene fluoride
N- Vinyl- 2-pyrolidone

w
Wollastonite
Woo industries

x
Xylene
2,4- X ylidine

2,5- X ylidine

y
Yellow AB
Yellow OB

z
Zearalenone
Zectran
Zinc beryllum silcate (see Beryllum and beryllum compounds)
Zinc chromate (see Chromium and chromium compounds)
Zinc chromate hydroxide (see Chromium and chromium

compounds)
Zinc potassium chromate (see Chromium and chromium

compounds) -
Zinc yellow (see Chromium and chromium compounds)
Zineb

19, 367 (1979); 39, 133 (1986);

Suppl. 7, 73 (1987)

7, 291 (1974); 19, 377 (1979)

(con: 42,258); Suppl. 7,373 (1987)
7,311 (1976); 19, 412 (1979) (con:
42, 258); Suppl. 7, 73 (1987)
11,277 (1976); 39, 181 (1986);
Suppl. 7, 73 (1987)

39, 147 (1986); Suppl. 7, 73 (1987)
19,439 (1979); 39, 195 (1986);

Suppl. 7, 376 (1987)

19,44 (1979) (con: 42,258);
Suppl. 7, 73 (1987)

39,227 (1986); Suppl. 7, 73 (1987)
19,461 (1979); Suppl. 7, 73 (1987)

42, 145 (1987); Suppl. 7,377 (1987)

25 (1981); Suppl. 7,378 (1987)

47, 125 (1989)

16,367 (1978); Suppl. 7, 74 (1987)
16,377 (1978); Suppl. 7, 74 (1987)

8, 279 (1975); Suppl. 7, 74 (1987)
8, 2B7 (1975); Suppl. 7, 74 (1987)

31,279 (1983); Suppl. 7, 74 (1987)
12, 237 (1976); Suppl. 7, 74 (1987)

12, 245 (1976); Suppl. 7, 74 (1987)
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Ziram 12, 259 (1976); Suppl. 7, 74 (1987)



IARC MONOGRAPHS ON THE EV ALVA TION OF THE
CARCINOGENIC RISK OF CHEMICALS TO HVMANS

(English editions only)

(Available from booksellers through the network of WHO Sales Agents*)

Volume 1

Some inorganic substances, chlorinated hydrocarbons,
aromatic amines, N-nitroso compounds, and natural
products
1972; 184 pages; out of print

Volume 14

Asbestos
1977; 106 pages; out of pnnt

Volume 2

Some inorganic and organometallc compounds
1973; 181 pages; out of print

Volume 15

Somefumigants, the herbicides 2,4-D and 2,4,5-T,
chlorinated dibenzodioxins and miscellaneous industrial
chemicals
1977; 354 pages; Sw. fr. 50.-

Volume 3

Certain polycyclic aromatic hydrocarbons and
heterocyclic compounds
1973; 271 pages; out of print

Volume 16

Some aromatic amines and related nitro compounds
- hair dyes, colouring agents and miscellaneous

industrial chemicals
1978; 400 pages; Sw. fr. 50.-

Volume 4

Some aromatic amines, hydrazine and related
substances, N-nitroso compounds and miscellaneous
alkylating agents
1974; 286 pages;
Sw. fr. 18.-

Volume 17

Some N-nitroso compounds
1978; 365 pages; Sw. fr. 50,

Volume 5

Some organochlorine pesticides
1974; 241 pages; out of print

Volume 18

Polychlorinated biphenyls and polybrominated
biphenyls
1978; 140 pages; Sw. fr. 20.-

Volume 6

Sex hormones
1974; 243 pages;
out of print

Volume 19

Some mono mers, plastics and synthetic elastomers,
and acrolein
1979; 513 pages; Sw. fr. 60.-

Volume 7

Some anti-thyroid and related substances, nitrofurans
and industrial chemicals
1974; 326 pages; out of print

Volume 20

Some halogenated hydrocarbons
1979; 609 pages; Sw. fr. 60.-

Volume 8

Some aromatic azo compounds
1975; 357 pages; SW.fr. 36.-

Volume 21

Sex hormones (Il)
1979; 583 pages; Sw. fr. 60.-

Volume 9

Some aziridines, N-, S- and O-mustards and selenium
1975; 268 pages; Sw, fr. 27.-

Volume 22

Some non-nutritive sweetening agents
1980; 208 pages; Sw. fr. 25.-

Volume 10

Some naturally occurring substances
1976; 353 pages; out of print

Volume 23

Some metals and metal/c compounds
1980; 438 pages; Sw. fr. 50.-

Volume II
Cadmium, nickel, some epoxides, miscellaneous
industrial chemicals and general considerations on
volatile anaesthetics
1976; 306 pages; out of print

Volume 24

Some pharmaceutical drugs
1980; 337 pages; Sw. fr. 40.-

Volume 25

Wood, Jeather and some associated industries
1981; 412 pages; Sw. fr. 60.-

Volume 12

Some carbamates, thiocarbamates and carbazides
1976; 282 pages; Sw. fr. 34.-

Volume 26

Some antineoplastic and immunosuppressive agents
1981; 411 pages; Sw. fr. 62.-

Volume 13

Some miscellaneous pharmaceutical substances
1977; 255 pages; Sw. fr. 30.-

*A list of these Agents may be obtained by writing to the World Health
Organization, Distribution and Sales Service, 1211 Geneva 27, Switzerland
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Volume 27

Some aromatic amines, anthraquinones and nitroso
compounds, and inorganic fluorides used in
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