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Preface to the second edition

The aim of this book remains as for the first edition, namely to provide an initial point of ready
reference for the identification of hazards and precautions for dangerous chemicals. It is targeted
not only at those in the chemical and process industries, but also anyone likely to work with
chemicals within industry and in the service sector, e.g. hospitals, universities, research laboratories,
engineering, agriculture, etc. It embraces the entire life-cycle of chemicals during transport,
storage, processing, marketing, use and eventual disposal and should appeal to chemists, occupational
and environmental health practitioners and students, engineers, waste handlers, safety officers
and representatives, and health care professionals. Clearly, more detailed texts or professional
advice may need to be consulted for specific applications.

Since the first edition in 1994 there have been no significant changes in the fundamentals of
chemistry, physics and toxicology upon which the safe handling of chemicals are based. There
has, however, been some increase in knowledge relating to the chronic toxicological and potential
environmental effects of specific chemicals, and in legislation and government guidelines. These
are reflected in the second edition. In general, within the UK the predominant legislation relating
to substances hazardous to health, the Control of Substances Hazardous to Health Regulations
1999 and its accompanying Approved Code of Practice, incorporate significant changes since the
1988 (and 1994) versions. There has been an increase in the controls applicable to the marketing
and transportation of different classes of chemicals. Those applicable to major hazards have
changed under the Control of Major Accident Hazard Regulations 1999. Other legislation has
been introduced: e.g. the Confined Spaces Regulations 1997, the Reporting of Injuries, Diseases
and Dangerous Occurrences Regulation 1995, the Health and Safety (Safety Signs and Signals)
Regulations 1996, and the Pressure Systems Safety Regulations 2000 which is of importance to
the scope of this text. Increased concern as to the possible environmental impacts of chemical
discharges and disposal has been accompanied by more comprehensive legislation for control.
General safety legislation was expanded by the introduction of various separate regulations in
1993, including that dealing with management of health and safety at work; workplace health,
safety and welfare; workplace equipment; and personal protective equipment. These improvements
are, in general, now reflected in industry.

The opportunity has been taken to improve each chapter and to update the information. The
main changes include an expansion of the terminology in Chapter 2 and provision of an introduction
to basic chemical principles for non-chemists in a new Chapter 3. Chapter 4 on Physicochemistry
contains additional examples. Chapter 5 on Toxic chemicals has been enlarged and the table of
hygiene standards updated. Chapters 6, 7 and 8 on Flammable chemicals, Reactive chemicals and
Cryogens, respectively, have been updated and expanded. The scope of Chapter 9 on Compressed
gases has been widened to include additional examples together with the basic techniques of
preparing gases in situ. Chapter 10 summarizes techniques for monitoring air quality and employee
exposure. It has also been expanded to provide guidance on monitoring of water and land pollution.
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The chapter on Radioactive chemicals (Chapter 11) has been updated. Considerations of safety in
design (Chapter 12) are presented separately from systems of work requirements, i.e. Operating
procedures (Chapter 13). The considerations for Marketing and transportation of hazardous chemicals
are now addressed in two separate chapters (Chapters 14 and 15). Chemicals and the Environment
are now also covered in two chapters (Chapters 16 and 17) to reflect the requirement that the
impact of chemicals on the environment should be properly assessed, monitored and controlled.
Although a substantial contribution to atmospheric pollution is made by emissions from road
vehicles and other means of transport, and this is now strictly legislated for, this topic is outside
the scope of this text. Chapter 18 provides useful conversion factors to help with the myriad of
units used internationally.

Whilst the hazards identified, and the principles and practice for the control of risks are
universal, i.e. they are independent of location, in order to assist quick-reference an appendix of
relevant contemporaneous UK legislation has been added as a guide together with a much-
expanded Bibliography in Chapter 19. Finally, for convenience of use, the Index has been enlarged.

It is hoped that the improvements will help to achieve the objectives for which the text was
originally conceived, i.e. to summarize in relatively basic terms the hazards associated with
chemicals and how the ensuing risks can be controlled, and to provide sufficient detailed information
to supplement that obtainable from suppliers, government publications, trade associations, and
computerized data banks where recourse to specialized textbooks may be premature, difficult or
unnecessary.

PA.C.
C.J.M.



Preface to the first edition

The aim of this handbook is to provide a source of rapid ready reference to help in the often
complex task of handling, using and disposing of chemicals safely and with minimum risk to
people’s health or damage to facilities or to the environment.

The range of chemicals and chemical mixtures in common use in industry is wide: it is
obviously impossible to list them all in a concise handbook, or to refer to all their proprietary
names. The approach here has been to avoid ‘random listing’ and to arrange by type of hazard,
dealing with the most widely used substances and those properties and characteristics of behaviour
that are directly relevant to common use and to compliance with safety legislation. Numerous
sources not restricted to those in the Bibliography were searched for information and although not
listed, to achieve conciseness, these are acknowledged. The multiplicity of data sources also
means that minor variations occur due to differences in the procedures and methods for their
determination; however they provide general guidance. Whilst the data quoted in this text has
been carefully collated, its accuracy cannot be warranted. For this reason, and to avoid overlooking
consideration of other chemical-specific hazards or location-dependent legislation, it is advisable
to refer to a Chemical Safety Data Sheet before using any chemical. These are readily available
from suppliers (e.g. in the UK under S.6 of the Health & Safety at Work etc. Act 1974). For
exhaustive treatment of physical, toxicological, flammable/explosive and reactive properties, and
the background to — and limitations of — their determination or prediction, the reader is referred
to standard textbooks (see Bibliography) such as:

The Safe Handling of Chemicals in Industry (Carson and Mumford)
Dangerous Properties of Industrial Materials (Sax and Lewis)
Handbook of Reactive Chemical Hazards (Bretherick)

Handbook of Toxic and Hazardous Materials (Sittig)

Patty’s Industrial Hygiene and Toxicology (Clayton and Clayton)

The identification, assessment, control and monitoring of chemical-related hazards and
environmental pollution control are, of course, required under a wide range of statutory legislation,
dependent upon the country concerned. For example, in the UK the Health and Safety at Work
etc. Act 1974, the Control of Substances Hazardous to Health Regulations 1988, the Highly
Flammable Liquids and Liquefied Petroleum Gases Regulations 1972, the Control of Pollution
Act 1974 and the Environmental Protection Act 1990 are supplemented by a wide variety of other
measures. Legislative controls tend to change frequently and it is important to ensure that a check
is made on current requirements and constraints in any specific situation involving chemicals.

It is hoped that this book will prove valuable to safety advisers, environmental health officers,
emergency services personnel, safety representatives and those engaged in the transport or disposal
of wastes — in fact, to anyone involved with chemicals ‘in the field’, i.e. away from ready access
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to chemical safety data sheets, detailed texts, library facilities or computerized databanks. It also
provides a useful summary for those who may need to make only passing reference to the
hazardous properties and potential effects of chemicals, such as general engineering students and
occupational health nurses.

PA.C.
C.J.M.



1
Introduction

Industrial hazards cover a wide spectrum including fire and explosion, mechanical hazards (e.g.
from moving machinery), electrical hazards, occupational exposures to ionizing and non-ionizing
radiation, biological hazards (e.g. acute or chronic infections, parasitism, and toxic or allergic
reactions to plant and animal matter), physical hazards (e.g. tripping, falling, impact from vehicles
or falling objects) and ergonomical hazards (e.g. lifting or carrying heavy or awkward loads or
from repetitive operations). Work-related stress can also lead to mental and physical ill-health.
Different hazards may be associated with the manufacture, storage, transport, use, and disposal of
chemicals. Environmental hazards, through persistent or accidental losses of chemicals, may also
be related to these operations.

Working with pathogenic micro-organisms bears passing similarity to chemicals. Hence, in the
UK micro-organisms are classified as hazardous substances under the Control of Substances
Hazardous to Health Regulations and there is an accompanying Code of Practice. However,
biological hazards arising from the working environment or from more specialized activities, e.g.
working with pathogenic organisms in laboratories, are beyond the scope of this book. This text
deals solely with occupational, industrial and environmental hazards associated only with chemicals.
It includes fires and explosions since they inevitably involve chemical compounds.

Chemicals are ubiquitous as air, carbohydrates, enzymes, lipids, minerals, proteins, vitamins,
water, and wood. Naturally occurring chemicals are supplemented by man-made substances.
There are about 70 000 chemicals in use with another 500—1000 added each year. Their properties
have been harnessed to enhance the quality of life, e.g. cosmetics, detergents, energy fuels,
explosives, fertilizers, foods and drinks, glass, metals, paints, paper, pesticides, pharmaceuticals,
plastics, rubber, solvents, textiles; thus chemicals are found in virtually all workplaces. Besides
the benefits, chemicals also pose dangers to man and the environment. For example:

e Of the many industrial fires in the UK in 1997 each of some 411 cost more than £50 000 with
total losses amounting to £186m. These spanned a wide range of industrial and related premises
as shown in Table 1.1. The most common sources of ignition (see Chapter 6) that year are
shown in Table 1.2.

¢ In the UK alone occupational health risks due to chemicals are illustrated by:

— 152 incidents in 1998 involving supply and use of flammable gas with around 70% causing
carbon monoxide poisoning and 30 fires/explosions;

— 554 new cases of pneumoconiosis (excluding asbestosis) and 3423 assessed cases of bronchitis
or emphysema (in coal miners) during the same period;

— annually there are 4500 cases of work-related skin disease (80% contact dermatitis), ca 1500
cases of occupational asthma (mainly from solder flux, isocyanates, wood dust, spray painting,
metal treatment, plastics), ca 200 cases of allergic rhinitis;

— between 2% and 8% of all cancer deaths are of occupational origin;
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Table 1.1 Breakdown of U.K. fires causing more than £50 000 damage in 1997

Occupancy No. of fires Loss £000 % of total cost
of all fires
Agriculture, forestry and fishing 27 3282 2
Paper, printing and publishing 14 6480 3
Food, drink and tobacco 13 7235 4
Rubber and plastic 7 5371 3
Textiles, footwear and clothing 7 1894 1
Timber and wood products excluding furniture 6 1042 1
Chemicals and allied products 5 4543 2
Construction 5 515 -
Metal manufacture 4 871 -
Engineering 4 545 -
Other manufacturing industries 25 20249 11
Retail distribution 27 15021 8
Transport and communications 18 13390 7
Wholesale distribution 8 26250 14
Education 39 23407 13
Recreational/cultural 30 6946 4
Clubs and public houses 19 4668 3
Cafes/restaurants 14 2431 1
Insurance, banking and business services 10 1730 1
Hotels/boarding houses 6 2516 1
Hospitals 4 925 -
Public admin./defence/law enforcement 3 430 -
Hostels/holiday camps 1 99 -
Homes for disabled 1 100 -
Domestic dwellings 63 9970 5
Other 26 434 518 14

Table 1.2 Accidental fires (UK) in 1997: sources of ignition

Ignition source No. of fires % of all fires Loss £000 % of total cost of
all fires
Electrical appliances 110 26.8 55 491 29.8
Smokers” materials 17 4.1 2138 1.1
Gas appliances 10 2.4 2595 1.4
(excluding blowlamps and welding)
Blowlamps: all fuels 7 1.7 2176 1.2
Welding and cutting appliances 7 1.7 1340 0.7
Oil and petroleum appliances 6 1.5 714 0.4
(excluding blowlamps and welding)
Unspecified appliances 5 1.2 578 0.3
Rubbish burning 4 1 417 0.2
Chimney, stovepipe and flue 2 0.5 303 0.2
Natural occurrence 2 0.5 215 0.3
Ashes/soot 1 0.2 50 0.1
Other 22 5.4 3789 2
Total 193 47 69 806 37.7
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— ca 1760 cases per year of acute poisonings and injuries from chemicals, the most common being
from acids, caustic, and gases, with process operatives and tradesmen being at greatest risk;
— an estimated 9000 cases of sick building syndrome per year.

e The UK Environment Agency deals with over 6000 oil pollution incidents each year. One
estimate suggests that the chemical industry contributes to 50% of all air pollution with proportions
approximating to sulphur dioxide (36%), carbon dioxide (28%), nitrogen oxides (18%), carbon
monoxide (14%) and black smoke (10%). Motor spirit refining is responsible for ca 26% of
emissions of volatile organic compounds to the atmosphere. In 1996 there were over 20 000
reports of water pollution incidents with 155 successful prosecutions.

e The EC produces in excess of 2 billion tonnes of waste each year. 414 million tonnes arise in
the UK and a further 68 million tonnes of hazardous waste are imported. All wastes must be
disposed of safely.

Society must strike a balance between the benefits and risks of chemicals. In the workplace it is
a management responsibility to ensure practices control the dangers, and it is for employees to
collaborate in implementing the agreed procedures. Management must also prevent uncontrolled
environmental releases and ensure all wastes are disposed of safely and with proper regard for
their environmental impact. The aims of this book are to raise awareness and to help users
identify, assess and control the hazards of chemicals to permit optimum exploitation whilst
minimizing the dangers.

The hazards of ‘chemicals’ stem from their inherent flammable, explosive, toxic, carcinogenic,
corrosive, radioactive or chemical-reactive properties. The effect of exposure on personnel may
be acute, e.g. in a flash-fire or due to inhalation of a high concentration of an irritant vapour.
Alternatively, prolonged or intermittent exposure may result in an occupational disease or systemic
poisoning. Generally acute effects are readily attributable; chronic effects, especially if they
follow a long latency period or involve some type of allergic reaction to a chemical, may be less
easy to assign to particular occupational exposures. The possible permutations of effects can be
very wide and exposure may be to a combination of hazards. For example, personnel exposed to
a fire may be subject to flames, radiant heat, spilled liquid chemicals and vapours from them,
leaking gases, and the pyrolytic and combustion products generated from chemical mixtures
together with oxygen deficient atmospheres. However, whether a hazardous condition develops in
any particular situation also depends upon the physical properties of the chemical (or mixture of
chemicals), the scale involved, the circumstances of handling or use, e.g. the processes involved
and degree of containment, and upon the control measures prevailing, e.g. provision of control
and safety devices, local exhaust ventilation, general ventilation, personal protection, atmospheric
monitoring and systems of work generally.

Hazard recognition and assessment always start from a knowledge of the individual properties
of a chemical. What this may include is exemplified by Table 1.3. Additional properties, including
those in Table 1.4, are relevant to environmental hazards, e.g. relating to behaviour on spillage or
emission, and determination of permissible levels for disposal to air, land or water systems. Other
properties may be relevant, e.g. odour which can serve as an, albeit often unreliable, means of
detection. (Refer to Table 5.12.)

An elementary introduction to chemistry is given in Chapter 3; this serves only to provide
background and for more advanced consideration reference will be necessary to specific text
books, e.g. as listed in the Bibliography. A brief discussion of the relevance of physicochemical
principles to hazard identification is given in Chapter 4. Relevant toxic and flammable properties,
and summaries of appropriate precautions to cater for them during handling, use and disposal, are
provided in Chapters 5 and 6, respectively. Reactive hazards are discussed in Chapter 7. The
special problems with cryogenic materials and chemicals under pressure, typified by compressed
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Table 1.3 Comprehensive information possibly required for a hazardous chemical

Name of chemical; other names
Uses
General description of hazards
General description of precautions
Fire-fighting methods
Regulations
Sources of advice on precautions

Characteristics: evaluate as appropriate under all process conditions

Formula (chemical structure)

Purity (identity of any contaminants), physical state, appearance, other relevant information
Concentration, odour, detectable concentration, taste

Physical characteristics

Molecular weight Particle size; size distribution
Vapour density Foaming/emulsification characteristics
Specific gravity Critical temperature/pressure
Melting point Expansion coefficient
Boiling point Surface tension
Solubility/miscibility with water Joule-Thompson effect
Viscosity Caking properties
Corrosivity

Contamination factors (incompatibility), oxidizing or reducing agent, dangerous reactions

Flammability information

Flash point Vapour pressure

Fire point Dielectric constant

Flammable limits (LEL, UEL) Electrical resistivity

Ignition temperature Electrical group

Spontaneous heating Explosion properties of dust in a fire

Toxic thermal degradation products

Reactivity (instability) information

Acceleration rate calorimetry Drop weight test

Differential thermal analysis (DTA) Thermal decomposition test
Impact test Influence test

Thermal stability Self-acceleration temperature
Lead block test Card gap test (under confinement)
Explosion propagation with detonation JANAF

Critical diameter
Pyrophoricity

Toxicity information
Toxic hazard rating
Hygiene standard (e.g. OEL, TLV)
Maximum allowable concentration (MAC)
Lethal concentration (LCs)
Lethal dose (LDs)

Biological properties

Exposure effects
Inhalation (general)
Respiratory irritation
Ingestion
Skin/eye irritation
Skin and respiratory sensitization
Mutagenicity
Teratogenicity
Carcinogenicity

Radiation information
Radiation survey
Alpha/beta/gamma/neutron exposure and contamination
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gases, are dealt with in Chapters 8 and 9. The unique problems associated with radioactive
chemicals are described in Chapter 11.

The foregoing relates mainly to normal laboratory or commercial quantities of chemicals.
Additional considerations arise with those quantities of flammable, explosive, reactive, bulk
toxic, or hypertoxic chemicals which constitute major hazards, i.e. which may pose a hazard to
neighbouring factories, residents, services etc. or a more substantial potential risk to the environment.
Within the UK the Control of Major Accident Hazards Regulations 1999 requires that the operator
of any establishment where a dangerous substance listed in column 1 of Parts 2 or 3 of Schedule
1 (reproduced here as Tables 1.5 and 1.6) is present in a quantity equal to or greater than that listed
in column 2 of those Parts shall notify the competent authority. Detailed procedures and precautions
are then applicable to such sites depending partly upon whether they are ‘lower tier’ or ‘upper
tier’, i.e. sites at which the quantity present is equal to or exceeds that listed in column 3. The
special considerations with such installations are detailed in specialist texts noted in the Bibliography.
In the UK the Planning (Hazardous Substances) Regulations 1992 also require the holder to
obtain a ‘hazardous substances consent’ for any site on which it is intended to hold a bulk quantity
of any of 71 substances above a ‘controlled quantity’ (Table 1.7).

Table 1.4 Typical data on hazards to the environment

Aquatic toxicity (e.g. to fish, algae, daphnia)
Terrestrial toxicity (to plants, earthworms, bees, birds)
Biotic degradation

Abiotic degradation

Photodegradation

Biochemical oxygen demand

Chemical oxygen demand

Hydrolysis as a function of pH

Bioaccumulation

Oil/water partition coefficient

To proceed to assess, and recommend control strategies for, any operation involving a mixture
of chemicals — e.g. a chemical process, welding fume, mixed effluents — can be a complex
exercise. It can rarely be solved by rigidly following a checklist, although checklists, examples of
which are given in the various chapters, can provide useful guidelines. And although associated
hazards are not covered here, the control of chemical hazards in the workplace cannot be achieved
in isolation from a consideration of electrical, mechanical, ergonomic, biological and non-ionizing
radiation hazards. Hence these must be included in any hazard analysis and control system.

To ensure that an operation is under control may necessitate environmental monitoring; this is
summarized in Chapter 10. Principles of safe design are given in Chapter 12. General safety
considerations, administration and systems of work requirements, including elementary first aid,
are summarized in Chapter 13. For example, the recommended strategy is to include provision for
appropriate first aid procedures within the system of work before specific chemicals are brought
into use; to so order work practices that the risk of exposure is minimized; and in the event of an
accident involving any but the most trivial injuries — with no foreseeable likelihood of complications
or deterioration — to seek immediate medical assistance.

Additional considerations, e.g. relating to labelling, information supply and emergency procedures,
arise when marketing and transporting chemicals. While — as with Chapter 13 and with control
measures generally — what is required will vary with specific legislation and basic requirements
are summarized in Chapters 14 and 15.



6 INTRODUCTION

Table 1.5 Schedule 1 Part 2 of the COMAH Regulations Named Substances (Explanatory notes omitted)

Column 1
Dangerous substances

Column 2
Quantity in tonnes

Column 3
Quantity in tonnes

Ammonium nitrate (as described in Note 1 of
this Part)

Ammonium nitrate (as described in Note 2 of
this Part)

Arsenic pentoxide, arsenic (V) acid and/or salts

Arsenic trioxide, arsenious (l1l) acid and/or salts

Bromine

Chlorine

Nickel compounds in inhalable powder form
(nickel monoxide, nickel dioxide, nickel
sulphide, trinickel disulphide, dinickel trioxide)

Ethylenimine

Fluorine

Formaldehyde (concentration > 90%)

Hydrogen

Hydrogen chloride (liquefied gas)

Lead alkyls

Liquefied extremely flammable gases (including LPG)
and natural gas (whether liquefied or not)

Acetylene

Ethylene oxide

Propylene oxide

Methanol

4,4-Methylenebis (2-chloroaniline) and/or
salts, in powder form

Methylisocyanate

Oxygen

Toluene diisocyanate

Carbonyl dichloride (phosgene)

Arsenic trihydride (arsine)

Phosphorus trihydride (phosphine)

Sulphur dichloride

Sulphur dioxide

Polychlorodibenzofurans and
polychlorodibenzodioxins (including TCDD),
calculated in TCDD equivalent

The following CARCINOGENS:

4-Aminobiphenyl and/or its salts,
Benzidene and/or its salts,
Bis(chloromethyl) ether,
Chloromethyl ether,
Dimethylcarbamoyl chloride,
Dimethylnitrosoamine,
Hexamethylphosphoric triamide,
2-Naphthylamine and/or its salts,
1.3-Propane sultone, 4-Nitrodiphenyl

Automotive petrol and other
petroleum spirits

350

1250

U1 g1 ;1

500
0.01

0.15
200
10
0.3
0.2
0.2

15
0.001

0.001

5000

2500

5000

2
0.1

100

25

1

20
20
50
50
250
50
200

50
50
50
5000
0.01

0.15
2000

100
0.75

75
0.001

0.001

50 000
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Table 1.6 Schedule 1 Part 3 of the COMAH Regulations. Categories of substances and preparations not specifically

named in Part 2. (Explanatory notes omitted)

Column 1Column 2
Categories of dangerous substances

Column 3
Quantity in tonnes

Quantity in tonnes

1. VERY TOXIC
2. TOXIC

3. OXIDIZING
4

EXPLOSIVE (Where the
substance or preparation
falls within the definition
given in Notes 2a)

5. EXPLOSIVE (Where the
substance or preparation
falls within the definition
given in Notes 2b)

6. FLAMMABLE (Where the
substance or preparation
falls within the definition
given in Notes 3a)

7a. HIGHLY FLAMMABLE
(Where the substance or
preparation falls within the
definition given in Notes 3bi)

7b. HIGHLY FLAMMABLE
(Where the substance or
preparation falls within the
definition given in Notes 3bii)

8. EXTREMELY FLAMMABLE
(Where the substance or
preparation falls within the
definition given in Notes 3c)

9. DANGEROUS FOR THE
ENVIRONMENT in
combination with risk
phrases
(i) R50: Very toxic to

aquatic organisms
(i) R51: Toxic to
aquatic organisms
and R43: may
cause long-term
adverse effects in
the aquatic
environment

10. ANY CLASSIFICATION not

covered by those given above

in combination with risk phrases

(i) R14: Reacts
violently with water
(including R15)

(i) R29: In contact with water,
liberates toxic gas

5
50
50
50

10

5000

50

5000

10

200

500

100

50

20
200
200
200

50

50 000

200

50 000

50

500

2000

500

200
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Table 1.7 Planning (Hazardous Substances) Regulations 1992
Hazardous substances and controlled quantities

Hazardous substance

Controlled quantity

Part A Toxic substances

Acetone cyanohydrin (2-cyanopropan-2-ol)
Acrolein (2-propenal)

Acrylonitrile

Allyl alcohol (2-propen-1-ol)

Allylamine

Ammonia (anhydrous or as solution containing more than 50% by weight of ammonia)
Arsenic trioxide, arsenious (ll1l) acid and salts
Arsine (arsenic hydride)

Bromine

Carbon disulphide

Chlorine

Ethylene dibromide (1,2-dibromoethane)
Ethyleneimine

Formaldehyde (>90%)

Hydrogen chloride (liquefied gas)

Hydrogen cyanide

Hydrogen fluoride

Hydrogen selenide

Hydrogen sulphide

Methyl bromide (bromomethane)

Methyl isocyanate

Nickel tetracarbonyl

Nitrogen oxides

Oxygen difluoride

Pentaborane

Phosgene

Phosphine (hydrogen phosphide)
Propyleneimine

Selenium hexafluoride

Stibine (antimony hydride)

Sulphur dioxide

Sulphur trioxide (including the sulphur trioxide content in oleum)
Tellurium hexafluoride
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)
Tetraethyl lead

Tetramethyl lead

Part B Highly reactive substances and explosive substances

37.

38.

39.

40.

41.
42.

Acetylene (ethyne) when a gas subject to a pressure <620 millibars above that of the

atmosphere, and not otherwise deemed to be an explosive by virtue of Order in

Council No 30, as amended by the Compressed Acetylene Order 1947,® or when

contained in a homogeneous porous substance in cylinders in accordance with Order

of Secretary of State No 9,9 made under the Explosives Act 1875.

Ammonium nitrate and mixtures containing ammonium nitrate where the nitrogen

content derived from the ammonium nitrate >28% of the mixture by weight other than:

(i) mixtures to which the Explosives Act 1875 applies;

(i) ammonium nitrate based products manufactured chemically for use as fertilizer
which comply with Council Directive 80/876/EEC;'® or

(iii) compound fertilizers.

Aqueous solutions containing >90 parts by weight of ammonium nitrate per 100 parts

by weight of solution.

Ammonium nitrate based products manufactured chemically for use as fertilizers which
comply with Council Directive 80/876/EEC and compound fertilizers where the

nitrogen content derived from the ammonium nitrate >28% of the mixture by weight.

2,2-Bis(tert-butylperoxy)butane (>70%)
1,1-Bis(tert-butylperoxy)cyclohexane (>80%)

200 t
200 t
20t
200 t
200 t
100 t
1t
1t
40 t
20t
10t
50t
50t
50t
250 t
20t
10t
1t
50t
200 t
150 kg
1t
50t
1t
1t
750 kg
Tt
50t
1t
1t
20t
15t
1t
1 kg
50t
50t

50t

500 t

500t

1000 t

5t
5t
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Table 1.7 Cont’d

Hazardous substance Controlled quantity
43. tert-Butyl peroxyacetate (>70%) 5t
44. tert-Butyl peroxyisobutyrate (>80%) 5t
45. tert-Butyl peroxyisopropylcarbonate (>80%) 5t
46. tert-Butyl peroxymaleate (>80%) 5t
47. tert-Butyl peroxypivalate (>77%) 5t
48. Cellulose nitrate other than:
(i) cellulose nitrate to which the Explosives Act 1875 applies; or 50t

(ii) solutions of cellulose nitrate where the nitrogen content of the cellulose
nitrate <12.3% by weight and the solution contains <55 parts of cellulose
nitrate per 100 parts by weight of solution.

49. Dibenzyl peroxydicarbonate (>90%) 5t
50. Diethyl peroxydicarbonate (>30%) 5t
51. 2,2-Dihydroperoxypropane (>30%) 5t
52. Di-isobutyryl peroxide (>50%) 5t
53. Di-n-propyl peroxydicarbonate (>80%) 5t
54. Di-sec-butyl peroxydicarbonate (>80%) 5t
55. Ethylene oxide 5t
56. Ethyl nitrate 50t
57. 3,3,6,6,9,9-Hexamethyl-1,2,4,5-tetroxacyclononane (>75%) 5t
58. Hydrogen 2t
59. Liquid oxygen 500 t
60. Methyl ethyl ketone peroxide (>60%) 5t
61. Methyl isobutyl ketone peroxide (>60%) 5t
62. Peracetic acid (>60%) 5t
63. Propylene oxide 5t
64. Sodium chlorate 25t
65. Sulphur dichloride 1t
Part C Flammable substances (unless specifically named in Parts A and B)

66. Liquefied petroleum gas, such as commercial propane and commercial butane, and 25t

any mixtures thereof, when held at a pressure >1.4 bar absolute.
67. Liquefied petroleum gas, such as commercial propane and commercial butane, and 50t
any mixture thereof, when held under refrigeration at a pressure <1.4 bar absolute.

68. Gas or any mixture of gases which is flammable in air, when held as a gas. 15t
69. A substance or any mixture of substances, which is flammable in air, when held 25t

above its boiling point (measured at 1 bar absolute) as a liquid or as a mixture of
liquid and gas at a pressure >1.4 bar absolute.

70. A liquefied gas or any mixture of liquefied gases, which is flammable in air and 50t
has a boiling point <0°C (measured at 1 bar absolute), when held under
refrigeration or cooling at a pressure <1.4 bar absolute.

71. A liquid or any mixture of liquids not included in entries 68 to 70 above, which 10 000 t
has a flash point <21°C.

@S R. & O. 1937/54.

bSR. & O. 1947/805.
©SR. & O. 1919/869.
@1875 c.17.

©0J No L250, 23.9.80, p. 7.

All chemical operations produce waste either as solid wastes (including pastes, sludge and
drummed liquids), liquid effluents, or gaseous emissions (including gases, particulate solids,
mists and fogs). Relevant data are summarized in Chapters 16 and 17.

Since data have been collated from a variety of sources, and tend to be presented in mixed
units, and because rapid conversion of units is an advantage in many on-site situations, conversion
tables are included in Chapter 18. Finally, since safety with chemicals cannot be addressed
exhaustively in a handbook, selected sources of reliable current information on chemical hazards
and their control are listed in Chapter 19.



2
Terminology

acip A chemical compound whose aqueous solution turns blue litmus paper red, reacts with and
dissolves certain metals to form salts, and reacts with bases to produce salts and water. They are
capable of transferring a hydrogen ion (proton) in solution.

acuTE Describes a severe and often dangerous condition in which relatively rapid changes occur.

ACUTE ToXICITY Adverse health effects occurring within a short time period of exposure to a single
dose of a chemical or as a result of multiple exposures over a short time period, e.g. 24 hours.

AEROSOL A colloidal suspension of liquid or solid particles dispersed in gas.

AFFF, AQUEOUS FILM-FORMING FoAM Fire-fighting foam which flows on burning liquid as a film,
providing rapid knock-down.

ALCOHOL-RESISTANT FOAM Foam for use against fires involving liquids miscible with water, e.g.
alcohol, acetone.

ANION A negatively charged atom or group of atoms, or a radical which moves to the positive pole
(anode) during electrolysis.

aNoxIA Deficient supply of oxygen to tissues.

ANTIBODY A modified protein circulating in the serum of an animal, synthesized in response to a
foreign molecule (antigen) that has entered the body.

ANTIGEN A foreign substance (usually a protein) that stimulates formation of antibody.

AaspHYXIA The result of a diminished supply of oxygen to the blood and tissues and interference
with the respiratory function. Simple anoxia may be caused by ‘inert gases’, e.g. nitrogen, and
some flammable gases, e.g. methane. Toxic anoxia may be caused by certain substances, e.g.
carbon monoxide and hydrogen cyanide, which interfere with the body’s ability to transfer or
utilize oxygen in the tissues. Rapid unconsciousness and death can occur in either case.

AsTHMA Periodic attacks of wheezing, chest tightness and breathlessness resulting from constriction
of the airways.

atom The smallest unit of an element incapable of further subdivision in the course of a chemical
reaction.

AtomIC NUMBER The number of protons in an atomic nucleus.

atory Hypersensitivity where tendency to allergy is inherited.
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AUTO-IGNITION TEMPERATURE The minimum temperature required to initiate or cause self-sustained
combustion of material in the absence of any external source of energy. (Values may change
significantly with geometry, gas/vapour concentration, and presence of catalyst.) Any ignition
source must be at a temperature of, or greater than, the ignition temperature of the specific
substance.

BASE A chemical compound whose aqueous solution turns red litmus paper blue and is capable
of accepting or receiving a proton from another substance. They react with acids to form salts and
water.

BATNEEC Term used in the Environmental Protection Act and other legislation. Certain polluting
processes are required to use the Best Available Techniques Not Entailing Excessive Cost
(BATNEEC) to reduce the environmental impact of a prescribed process as far as possible.
Environment Agency inspectors determine what constitutes BATNEEC for each application and
are to change the definition as improved technologies or techniques become available.

BIOCHEMICAL OXYGEN DEMAND (BoD) Official term given to measure how polluting organic industrial
effluent is when it is discharged into water. This effluent is feed for bacteria which consume
oxygen, making it more difficult for plant and fish life to survive. The lower the BOD level, the
less polluting the effluent.

BLACK LIST The Black List was introduced by the EC in Directive 76/464/EEC on dangerous
substances released into water as list L. It contains substances selected mainly on the basis of their
toxicity, persistence and accumulation in living organisms and in sediment.

BEST PRACTICABLE ENVIRONMENTAL OPTION (BPEO) Organizations may be encouraged to undertake
systematic decision processes with a view to seeking the BPEO that provides the most benefit (or
least damage) to the environment, at an acceptable cost.

BLEVE, BOILING LIQUID EXPANDING VAPOUR EXPLOSION Instantaneous release and ignition of flammable
vapour upon rupture of a vessel containing flammable liquid above its atmospheric boiling point.

BLOWING AGENT Chemical liable to decomposition at low temperature to produce a large volume
of gas.

CARCINOGEN An agent (whether chemical, physical or biological) capable of increasing the incidence
of malignant neoplasms. Defined in Regulation 2 of the Control of Substances Hazardous to
Health Regulations 1999 as:

(a) any substance or preparation which if classified in accordance with the classification provided
for by Regulation 5 of the Chemicals (Hazard Information and Packaging for Supply) Regulations
1994 would be in the category of danger, carcinogenic (category 1) or carcinogenic (category
2) whether or not the substance or preparation would be required to be classified under those
Regulations; or

(b) any substance or preparation:

(1) listed in Schedule 1, or
(i1) arising from a process specified in Schedule 1 which is a substance hazardous to health.

cATION A positively charged atom or group of atoms, or a radical which moves to the negative
pole (cathode) during electrolysis.

CHEMICAL BOND Strong forces of attraction holding atoms together in molecules or crystalline
salts.

CHLOROFLUOROCARBONS (CFcs) Organic substances containing chlorine and fluorine which were
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initially thought to be harmless and found extensive use, e.g., as propellants because they are
largely non-flammable. Some CFCs have since been found to be one of the main sources of
atmospheric ozone depletion and a greenhouse gas. Until recently they were used extensively as
aerosol propellants, solvents, refrigerants and in foam making. Many countries have now agreed
to eliminate CFCs as soon as possible.

CHLORINATED HYDROCARBONS Hydrocarbons containing chlorine atoms, e.g. trichloroethylene. Some
of these chemicals accumulate in the food chain and do not readily degrade. Some plastics which
contain certain chlorinated hydrocarbons release dioxins into the air, when burnt at low temperatures.

cHrONIC Occurring for a prolonged period.

CHRONIC TOXICITY Adverse health effects resulting from repeated daily exposures to a chemical for
a significant period.

CLASS A FIRE A fire involving solids, normally organic, in which combustion generally occurs with
the formation of glowing embers.

CLASS A POISON (USA) A toxic gas/liquid of such a nature that a very small amount of the gas, or
vapour of the liquid, in air is dangerous to life.

CLASS B FIRE A fire involving liquids or liquefiable solids.

CLASS B POISON (UsA) Any substance known to be so toxic that it poses a severe health hazard
during transportation.

CLASS C FIRE A fire involving gases or liquefied gases in the form of a liquid spillage, or a liquid
or gas leak.

CcLASS D FIRE A fire involving metals.

CNS DEPRESSANT Substances, e.g. anaesthetics and narcotics, which depress the activity of the
central nervous system. Symptoms following exposure include headache, dizziness, loss of
consciousness, respiratory or cardiac depression, death.

CONFINED SPACE A space which is substantially, although not always entirely, enclosed and where
there is a reasonably foreseeable risk of serious injury from hazardous substances or conditions
within the space or nearby. The risks may include flammable substances; oxygen deficiency or
enrichment; toxic gases, fume or vapour; ingress or presence of liquids; free-flowing solids;
presence of excessive heat. For the purpose of the Confined Spaces Regulations 1997 a ‘confined
space’ means any place, including any chamber, tank, vat, silo, pit, trench, pipe, sewer, flue, well
or other similar space in which, by virtue of its enclosed nature, there arises a reasonably foreseeable
specified risk.

CONTACT DERMATITIS Inflammation of the skin due to exposure to a substance that attacks its
surface.

CONTROLLED WASTE All household, industrial or commercial waste of any quantity or description.

CORROSIVE A substance that chemically attacks a material with which it has contact (body cells,
materials of construction).

COSHH (CONTROL OF SUBSTANCES HAZARDOUS TO HEALTH) The Control of Substances Hazardous to
Health Regulations 1999 establish the responsibilities of employers with regard to all substances
which pose a health hazard in the workplace.

CRYOGEN A substance used to obtain temperatures far below freezing point of water, e.g. <—78°C.
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CVCE (CONFINED VAPOUR CLOUD EXPLOSION) Explosion of a gas or vapour which is initially ‘confined’
within a vessel, building, piping, etc.

DANGEROUS SUBSTANCES (UK) Defined substances which may be hazardous to the fire services in an
emergency. (Dangerous Substances (Notification and Marking of Sites) Regulations 1990.)

Defined substances over which control is exercised for conveyance in all road tankers or
in tank containers >3 m® capacity. (The Carriage of Dangerous Goods by Road Regulations
1996.)

Defined substances covered by a comprehensive system to inform consumers of potential
dangers and to reduce the hazard when carried by road. The Chemical (Hazard Information and
Packaging for Supply Regulations 1994).

Defined substances, including all toxic gases, all flammable gases, asbestos and most hazardous
wastes, for which carriage in packages or in bulk is controlled. (The Carriage of Dangerous
Goods by Road Regulations 1996).

DETONATION Explosion in which the flamefront advances at more than supersonic velocity.

DISCHARGE CONSENTS Permission to discharge trade effluent directly into controlled waters is given
by the National Rivers Authority in the form of a discharge consent which will specify amounts
and conditions. Discharges to public sewers are controlled by discharge consents by one of the ten
Water Service Companies.

pusT Solid particles generated by mechanical action, present as airborne contaminant (e.g. <75
um in size).

DUTY OF CARE The concept of the duty of care for waste is set out in Section 34 of the Environmental
Protection Act (1990) which states that it is the duty of any person who imports, produces, carries,
keeps, treats or disposes of controlled waste to keep that waste properly under control.

eEcotoxicoLoGY The study of toxic effects of chemical and physical agents on living organisms as
well as human beings, especially on populations and communities within defined ecosystems.

ENDOTHERMIC REACTION A chemical reaction resulting in absorption of heat.

ENVIRONMENT AGENCY The Environment Agency provides a comprehensive approach to the protection
and management of the environment by combining the regulation of land, air and water. Its
creation is a major and positive step, merging the expertise of the National Rivers Authority, Her
Majesty’s Inspectorate of Pollution, the Waste Regulation Authorities and several smaller units
from the Department of the Environment.

EPIDEMIOLOGY The study in populations of health factors affecting the occurrence and resolution
of disease and other health-related conditions.

ERYTHEMA Reddening of skin, inflammation.

EXOTHERMIC REACTION A chemical reaction in which heat is released and, unless temperature is
controlled, may lead to runaway conditions.

FIBROSIS Scarring, usually of lung tissue.

FIRE POINT The minimum temperature at which a mixture of gas/vapour and air continues to burn
in an open container when ignited. The value is generally above the flash point.

FLAMMABLE RANGE The concentrations of flammable gas or vapour between the LEL and UEL at
a given temperature.

FLASH POINT The lowest temperature required to raise the vapour pressure of a liquid such that
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vapour concentration in air near the surface of the liquid is within the flammable range, and as
such the air/vapour mixture will ignite in the presence of a suitable ignition source, usually a
flame. (Open cup values are approximately 5.5° to 8.3°C higher than the closed cup values.)

FoG (MisTS) Liquid aerosols formed either by condensation of a liquid on particulate nodes in air
or by uptake of liquid by hygroscopic particles.

FUME Airborne solid particles (usually <0.1pum) that have condensed from the vapour state.

HAZARD The inherent property of a substance capable of causing harm (e.g. toxicity, radioactivity,
flammability, explosivity, reactivity, instability). In a broader context anything that can cause
harm, e.g. electricity, oxygen-deficiency, machinery, extreme temperature.

HAZARDOUS WASTE An unofficial class of industrial wastes which have to be disposed of with
particular care. In the UK the closest definition is for ‘special wastes’. Certain toxic organic
wastes, such as PCBs, have to be burned in high-temperature incinerators.

HEAVY METALS A group of metals which are sometimes toxic and can be dangerous in high
concentrations. The main heavy metals covered by legislation are cadmium, lead, and mercury.
Industrial activities such as smelting, rubbish burning, waste disposal and adding lead to petrol
increase the amount of toxic heavy metals in the environment.

HUMIDIFIER FEVER A flu-like illness caused by inhalation of fine droplets of water from humidifiers
that have become contaminated.

HYDROCARBONS Organic compounds that contain only hydrogen and carbon. The major sources of
hydrocarbons in the atmosphere are vehicle emissions (unburned fuel) and gas leaks. Contributes
to acid rain.

HYGIENE STANDARD See OES, MEL, TLV.

INERTING Depression of the flammable limits of a flammable gas/vapour—air mixture by the
addition of an inert gas, e.g. nitrogen, carbon dioxide, or similar mixtures, to render it non-
flammable.

10N An isolated electron or positron, or an atom or molecule, which by loss or gain of one or more
electrons has acquired a net electric charge.

TONIZING RADIATION The transfer of energy in the form of particles or electromagnetic waves of a
wavelength of 100 nanometers or less or a frequency of 3 x 10'° hertz or more capable of
producing ions directly or indirectly.

1SOTOPE  One of two or more atoms having the same atomic number but different mass
number.

IPC (INTEGRATED POLLUTION CONTROL) Under this new integrated approach to pollution control land,
water and air are to be treated collectively rather than as separate environmental media. Industries
are given consents to pollute with the effect on all three media being taken into consideration. IPC
was introduced by the Environmental Protection Act (1990) and an EC system of Integrated
Pollution, Prevention and Control is being introduced.

JET FIRE Fuel burning as a flame when flammable gas or vapour issues from a pipe, or other
orifice, and burns on the orifice.

KINETICS The branch of physical chemistry concerned with measuring and studying the rates and
mechanisms of chemical reactions.
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LANDFILL Disposal of waste in the ground. This method is commonly used for both domestic
waste and more hazardous chemical waste. Landfill sites used for difficult and potentially-dangerous
wastes are now engineered, managed and monitored to prevent poisons leaking out.

LCso The calculated concentration of a substance that causes death in 50% of a test population
under prescribed conditions in a prescribed period of time (normally expressed as ppm or mg/m?
for gases, mg/1 for liquids).

LDsy The calculated dose of chemical (mg per kg body weight) causing death in 50% of test
population. (The species of animal, route of administration, any vehicle used to dissolve or
suspend the material, and the time period of exposure should be reported.)

LEACHATE Liquid that leaks from waste disposal sites. (In a broader sense liquid, e.g. solution,
removed from a solid by a solvent, such as water.)

LEGIONNAIRES” DISEASE Infection caused by inhaling a fine spray of airborne water carrying Legionella
pneumophila bacteria.

LEL (LOWER EXPLOSIVE, OR FLAMMABLE, LIMIT) The minimum concentration of a gas, vapour, mist
or dust in air at a given pressure and temperature that will propagate a flame when exposed to
an efficient ignition source. Generally expressed as % by volume for gases and vapours, and as
mg/m? for mists or dusts.

LPG (LIQUEFIED PETROLEUM GAS) Petroleum gas stored or processed as a liquid in equilibrium with
vapour by refrigeration or pressurization. The two LPGs in general use are commercial propane
and commercial butane supplied to product specifications, e.g. BS 4250. (These, or mixtures
thereof, comprise LPG for the purpose of the Highly Flammable Liquids and Liquefied Petroleum
Gas Regulations 1972.)

MAJOR ACCIDENT An occurrence (including in particular, a major emission, fire or explosion) resulting
from uncontrolled developments in the course of operation of any establishment and leading to
serious danger to human health or the environment, and involving one or more dangerous substances.
Requirements with respect to the control of major accident hazards involving dangerous substances
apply to defined establishments under the Control of Major Accident Hazards Regulations 1999.

MASs NUMBER The sum of the number of protons and neutrons in the nucleus of an atom.

MEL, MAXIMUM EXPOSURE LIMIT (UK) The maximum concentration of an airborne substance (averaged
over a reference period) to which employees may be exposed by inhalation under any circumstances.
(Listed in ‘Occupational exposure limits’, EH40/-HSE.)

METAL FUME FEVER Non-specific, self-limiting illness resembling an attack of influenza caused
mainly by exposure to fumes of zinc, copper, or magnesium and less frequently due to exposure
to other metal fumes. Exposures occur from molten metals, e.g. in smelting, galvanizing, welding.

METALWORKING FLUID Fluid applied to a tool and workpiece to cool, lubricate, carry away particles
of waste and provide corrosion protection. Generally comprising neat mineral oils, or water-based
materials, or a mixture of the two. Fluids may also contain emulsifiers, stabilizers, biocides,
corrosion inhibitors, fragrances and extreme pressure additives.

MINERAL OIL Qil derived from petroleum. Includes a wide range of hydrocarbons from light oils,
kerosene and gas oils, to the heavier fuel and lubricating oils.

MOLECULES Groups of atoms held together by strong chemical forces and forming the smallest
unit of a compound. The atoms may be identical, e.g. H, or different, e.g. H,O.
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MULTIPLE CHEMICAL SENSITIVITY An acquired disorder characterized by recurrent symptoms, referable
to multiple organ systems, occurring in response to many chemically-unrelated compounds at
doses far below those established in the general population to cause harmful effects. No single
widely accepted test of physiologic function can be shown to correlate with symptoms.

MUTAGEN A chemical or physical agent that can cause a change (mutation) in the genetic material
of a living cell.

NARCosIS Drowsiness or sleepiness.

NATURAL GAs Flammable gas consisting essentially of methane with very minor proportions of
other gases. Flammable limits approximately 5-15%. Odourized for commercial distribution
within the UK.

NRA (NATIONAL RIVERS AUTHORITY) The National Rivers Authority were the body responsible for the
management of water resources and the control of water pollution in England and Wales. They are
now part of the Environment Agency.

ODOUR THRESHOLD The minimum concentration of a substance at which the majority of test
subjects can detect and identify the substance’s characteristic odour.

OES, OCCUPATIONAL EXPOSURE STANDARD (UK) The concentration of an airborne substance (averaged
over a reference period) at which, according to current knowledge, there is no evidence that it is
likely to be injurious to employees if they are exposed by inhalation, day after day. (Specified by
HSC in Guidance Note EH40.)

OXIDIZING AGENT Compound that gives up oxygen easily or removes hydrogen from another
compound. It may comprise a gas, e.g. oxygen, chlorine, fluorine, or a chemical which releases
oxygen, e.g. a nitrate or perchlorate. A compound that attracts electrons.

OXYGEN DEFICIENCY Depletion of oxygen content in an atmosphere to below the normal 21%.
Exposure to <18% must not be permitted. Concentrations 6% to 10% oxygen can lead to loss of
consciousness.

OXYGEN ENRICHMENT Increase in oxygen content of air to above the normal 21%. Enrichment
within a room to >25% can promote or accelerate combustion.

0ZONE A reactive form of oxygen the molecule of which contains 3 atoms of oxygen. In the ozone
layer it protects the earth by filtering out ultra-violet rays. At ground level, as a constituent of
photochemical smog, it is an irritant and can cause breathing difficulties.

OZONE LAYER A thin layer of ozone that lies about 25 kilometres above the earth in the stratosphere.
Forms a protective screen against harmful radiation by filtering out ultra-violet rays from the sun.

PARAOCCUPATIONAL EXPOSURE Exposure of workers to an airborne contaminant from a nearby
process or operation not forming part of their jobs. Also termed ‘neighbourhood exposure’.

PCBS (POLYCHLORINATED BIPHENYLS) Toxic synthetic chemicals with excellent heat resistance and
low electrical conductivity properties. Now little used but considerable quantities remain in old
electrical equipment. Produces dioxins and polychlorinated dibenzo-furans when burned below
1200°C. PCBs are toxic and bio-accumulative.

PERCUTANEOUS ABSORPTION Absorption via the skin, e.g. due to local contamination or a splash of
chemical.

PERMIT-TO-WORK A document needed when the safeguards provided in normal production are
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unavailable and the manner in which a job is done is critical to safety. Identifies conditions
required for safe operation.

PNEUMOCONIOSIS A group of lung diseases of a chronic fibrotic character due to the inhalation and
retention in the lungs of a variety of industrial dusts. The main diseases are asbestosis, silicosis,
coalworkers’ pneumoconiosis and mixed-dust pneumoconiosis; less common pneumoconioses
are associated with talc, clay or aluminium.

PooL FIRE A fire involving a flammable liquid spillage onto ground or onto water, or within a
storage tank or trench. The pool size depends upon the scale and local topography. Fire engulfment
and radiant heat pose the main risks.

PRACTICABLE Capable of being done in the light of current knowledge and invention.

PRESCRIBED DISEASE A disease prescribed for the purpose of payment of disablement benefit under
the Social Security Act 1975 and the Social Security (Industrial Injuries) (Prescribed Diseases)
Regulations 1985 and subsequent amendments. (Conditions due to physical agents, biological
agents and miscellaneous conditions are classified in addition to conditions due to chemical
agents.)

PRESCRIBED PROCESS Industrial process which requires an official authorization because of the
likelihood of causing pollution under the provisions of the Environmental Protection Act (1990).

PRESCRIBED SUBSTANCE A substance controlled by Section I of the Environmental Protection Act
(1990) because of its potential to pollute. Different substances are prescribed for release to
different environmental media.

PRESSURE sYSTEM Defined in the Pressure System Safety Regulations 2000 as a system containing
one or more pressure vessels of rigid construction, any associated pipework and protective devices;
the pipework with its protective devices to which a transportable gas container is, or is intended
to be, connected; or a pipeline and its protective devices which contains or is liable to contain a
relevant fluid, but does not include a transportable gas container. Here ‘relevant fluid’ is steam;
any fluid or mixture of fluids which is at a pressure of >0.5 bar above atmospheric pressure, and
which fluid or a mixture of fluids is a gas, or a liquid which would have a vapour pressure of >0.5
bar above atmospheric pressure when in equilibrium with its vapour at either the actual temperature
of the liquid or 17.5°C; or a gas dissolved under pressure in a solvent contained in a porous
substance at ambient temperature and which could be released from the solvent with the application
of heat.

PULMONARY OEDEMA Production of watery fluid in the lungs.

PYROPHORIC SUBSTANCE A material that undergoes such vigorous oxidation or hydrolysis (often
with evolution of highly-flammable gases) when exposed to atmospheric oxygen or to water, that
it rapidly ignites without an external source of ignition. This is a special case of spontaneous
combustion.

REASONABLY PRACTICABLE The implication that the quantum of risk is balanced against the sacrifice
or cost in terms of money, time and trouble necessary to avert that risk. If the risk outweighs the
sacrifice or cost, additional precautions are necessary.

RECYCLING The use of materials, usually after further processing, which otherwise would be
thrown away. Becoming common practice in industry, especially with expensive commodities
such as chemical solvents although many products require a commercial subsidy in order to make
recycling viable.

RED LIST The Red List was drawn up by the UK Government in 1989 in response to international
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conferences of the states bordering the North Sea. The aim was to reduce inputs of Red List
substances by 50% by 1995, from 1985 levels. All those substances listed on the Red List are
included on the EC Black List.

Authorizations to discharge Red List substances are dealt with by the Environment Agency
under Integrated Pollution Control (IPC).

REDUCING AGENT A material that adds hydrogen to an element or compound; a material that adds
an electron to an element or compound.

REPORTABLE DISEASE (UK) A disease which must be reported to the authorities when linked to
specified types of work. (The Reporting of Injuries Diseases and Dangerous Occurrences Regulations
1995.)

RESPIRABLE DUST That fraction of total inhalable dust which penetrates to the gas exchange region
of the lung (usually considered to be in the range 0.5 ym—7 um).

RESPIRATORY SENSITIZER (ASTHMAGEN) A substance which can cause an individual’s respiratory
system to develop a condition which makes it ‘over-react’ if the substance is inhaled again. Such
an individual is ‘sensitized’; over-reaction is then likely to occur at concentrations of the substance
which have no effect on unsensitized persons and lead to characteristic symptoms, e.g. rhinitis (a
runny nose), conjunctivitis or in severe cases asthma or alveolitis.

risk The likelihood that a substance will cause harm in given circumstances.

SAFE SYSTEM OF WORK A formal procedure resulting from systematic examination of a task to
identify all the hazards. Defines safe methods to ensure that hazards are eliminated or risks
controlled.

SEALED SOURCE A source containing any radioactive substance whose structure is such as to
prevent, under normal conditions of use, any dispersion of radioactive substances into the environment,
but it does not include any radioactive substance inside a nuclear reactor or any nuclear fuel
element.

SENSITIZATION DERMATITIS Inflammation of the skin due to an allergic reaction to a sensitizer.

SENSITIZER A substance that causes little or no reaction in a person upon initial exposure but which
will provoke an allergic response on subsequent exposures.

SICK BUILDING SYNDROME A group of symptoms more common in workers in certain buildings and
which are temporarily related to working in them. Symptoms include lethargy, tiredness, headache;
also sore/dry eyes, dry throat, dry skin, symptoms suggestive of asthma, blocked or runny nose.
Cause is multifunctional but does include agents encountered in the workplace.

SMOKE Particulate matter (usually <0.5 um in diameter) in air resulting usually from combustion,
including liquids, gases, vapours and solids.

SOoLVENTs Liquids that dissolve other substances. Chemical solvents are used widely in industry:
e.g. by pharmaceutical makers to extract active substances; by electronics manufacturers to wash
circuit boards; by paint makers to aid drying. Solvents can cause air and water pollution and some
can be responsible for ozone depletion.

spECIAL WASTE Controlled waste which is subject to special regulations regarding its control and
disposal because of its difficult or dangerous characteristics. The UK definition of special waste
1s similar, but not identical, to the EC’s hazardous waste.

SPONTANEOUS COMBUSTION Combustion that results when materials undergo atmospheric oxidation
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at such a rate that the heat generation exceeds heat dissipation and the heat gradually builds up
to a sufficient degree to cause the mass of material to inflame.

STEAM EXPLOSION Overpressure associated with the rapid expansion in volume on instantaneous
conversion of water to steam.

SUBSTANCE HAZARDOUS TO HEALTH As defined in Regulation 2 of the Control of Substances Hazardous
to Health Regulations 1999,

(a) asubstance which is listed in Part 1 of the approved supply list as dangerous for supply within
the meaning of the Chemicals (Hazard Information and Packaging for Supply) Regulations
1994 and for which an indication of danger specified for the substance in Part V of that list
is very toxic, toxic, harmful, corrosive or irritant;

(b) a substance for which the Health and Safety Commission has approved a maximum exposure
limit or an occupational exposure standard;

(c) a biological agent;

(d) dust of any kind except of a substance within para. (a) or (b) above, when present at a
concentration in air equal to or greater than:

(i) 10 mg/m?, as a time-weighted average over an 8-hr period, of total inhalable dust, or
(ii) 4 mg/m>, as a time-weighted average over an 8-hr period of respirable dust;

(e) a substance, not covered by (a) or (b) above, which creates a hazard to the health of any
person which is comparable with the hazards created by substances mentioned in those sub-
paragraphs.

SYNERGISTIC When the combined effect, e.g. of exposure to a mixture of toxic chemicals, is greater
than the sum of the individual effects.

SYSTEMIC POISONS Substances which cause injury at sites other than, or as well as, at the site of
contact.

TERATOGEN A chemical or physical agent that can cause defects in a developing embryo or foetus
when the pregnant female is exposed to the harmful agent.

THERMODYNAMICS The study of laws that govern the conversion of one form of energy to another.

TLV-C, THRESHOLD LIMIT VALUE — CEILING (USA) A limit for the atmospheric concentration of a
chemical which may not be exceeded at any time, even instantaneously in workroom air.

TLV-STEL, THRESHOLD LIMIT VALUE — SHORT TERM EXPOSURE LIMIT (USA) A maximum limit on the
concentration of a chemical in workroom air which may be reached, but not exceeded, on up to
four occasions during a day for a maximum of 15 minutes each time with each maximum
exposure separated by at least one hour.

TLV-TWA, THRESHOLD LIMIT VALUE — TIME WEIGHTED AVERAGE (UsAa) A limit for the atmospheric
concentration of a chemical, averaged over an 8-hr day, to which it is believed that most people
can be exposed without harm.

TOTAL INHALABLE DUST Airborne material capable of entering the nose and mouth during breathing
and hence available for deposition in the respiratory tract.

TOXIC WASTE Poisonous waste, usually certain organic chemicals such as chlorinated solvents.

TRADE EFFLUENT Any waste water released from an industrial process or trade premises with the
exception of domestic sewage.
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UEL, UPPER EXPLOSIVE (OR FLAMMABLE) LIMIT The maximum concentration of gas, vapour, mist or
dust in air at a given pressure and temperature in which a flame can be propagated.

UVCE (UNCONFINED VAPOUR CLOUD EXPLOSION) Explosion which may occur when a large mass of
flammable vapour, normally >5 tonnes, after dispersion in air to produce a mixture within the
flammable range is ignited in the open. Intense blast damage results, often causing ‘domino
effects’, e.g. secondary fires.

vALENCY The number of potential chemical bonds that an element may form with other elements.

voCs (VOLATILE ORGANIC COMPOUNDS) Gaseous pollutants whose sources include vehicle emissions
and solvents.

WDAsS (WASTE DISPOSAL AUTHORITIES) Body responsible for planning and making arrangements for
waste disposal in their area with the waste disposal companies and for providing household waste
dumps under the Environmental Protection Act 1990.



3
General principles of chemistry

Introduction

This chapter provides a brief insight into selected fundamental principles of matter as a background
to the appreciation of the hazards of chemicals.

Chemistry is the science of chemicals which studies the laws governing their formation,
combination and behaviour under various conditions. Some of the key physical laws as they
influence chemical safety are discussed in Chapter 4.

Atoms and molecules

Chemicals are composed of atoms, discrete particles of matter incapable of further subdivision in
the course of a chemical reaction. They are the smallest units of an element. Atoms of the same
element are identical and equal in weight. All specimens of gold have the same melting point, the
same density, and the same resistance to attack by mineral acids. Similarly, all samples of iron of
the same history will have the same magnetism. Atoms of different elements have different
properties and differ in weight.

Atoms are comprised of negatively charged electrons orbiting a nucleus containing positively-
charged protons and electrically-neutral neutrons as described in Chapter 11. The orbits of electrons
are arranged in energy shells. The first shell nearest to the nucleus can accommodate two electrons,
the second shell up to eight electrons, the third 18 electrons, and the fourth 32 electrons. This
scheme is the ‘electronic configuration’ and largely dictates the properties of chemicals. Examples
are given in Table 3.1.

Chemicals are classed as either elements or compounds. The former are substances which
cannot be split into simpler chemicals, e.g. copper. There are 90 naturally-occurring elements and
17 artificially produced. In nature the atoms of some elements can exist on their own, e.g. gold,
whilst in others they link with other atoms of the same element to form molecules, e.g. two
hydrogen atoms combine to form a molecule of hydrogen. Atoms of different elements can
combine in simple numerical proportions 1:1, 1:2, 1:3, etc. to produce compounds, e.g. copper
and oxygen combine to produce copper oxide; hydrogen and oxygen combine to produce water.
Compounds are therefore chemical substances which may be broken down to produce more than
one element. Molecules are the smallest unit of a compound.

Substances such as brass, wood, sea water, and detergent formulations are mixtures of chemicals.
Two samples of brass may differ in composition, colour and density. Different pieces of wood of
the same species may differ in hardness and colour. One sample of sea water may contain more
salt and different proportions of trace compounds than another. Detergent formulations differ
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Table 3.1 Electronic configuration of selected elements

Element Symbol Atomic No. electrons  No. electrons No. electrons No. electrons in
(proton) in st shell in 2nd shell in 3rd shell 4th shell
number

Hydrogen H 1 1

Helium He 2 2

Lithium Li 3 2 1

Beryllium Be 4 2 2

Boron B 5 2 3

Carbon C 6 2 4

Nitrogen N 7 2 5

Oxygen O 8 2 6

Fluorine F 9 2 7

Neon Ne 10 2 8

Sodium Na 11 2 8 1

Magnesium Mg 12 2 8 2

Aluminium Al 13 2 8 3

Silicon Si 14 2 8 4

Phosphorus P 15 2 8 5

Sulphur S 16 2 8 6

Chlorine Cl 17 2 8 7

Argon Ar 18 2 8 8

Potassium K 19 2 8 8 1

Calcium Ca 20 2 8 8 2

Scandium Sc 21 2 8 9 2

Titanium Ti 22 2 8 10 2

Vanadium Va 23 2 8 11 2

Chromium Cr 24 2 8 13 1

Manganese Mn 25 2 8 13 2

between brands. It is possible to isolate the different chemical components from mixtures by
physical means.

Periodic table

The number of protons plus neutrons in an atom is termed the mass number. The number of
protons (which also equals the number of electrons) is the atomic number. When elements are
arranged in order of their atomic numbers and then arranged in rows, with a new row starting after
each noble gas, the scheme is termed the periodic table. A simplified version is shown in Table 3.2.
The following generalizations can be made. Period 2 elements at the top of Groups I to VII
tend to be anomalous. Atomic and ionic radii decrease across a period but increase down a group.
Elements in a period have similar electronic configurations and those in groups have the same
outer electronic arrangements. Elements at the top of a group tend to differ more from the
succeeding elements in the group than they do from one another. Metals are on the left of the table
and non-metals on the right. Elements such as silicon and germanium are borderline. Elements
become less metallic on crossing a period and more metallic on descending a group. The Group
I elements are alkali metals with reactivity increasing from top to bottom of the table. So the
exothermic reaction of potassium (K) with water is more vigorous than that of lithium (Li).
Electronegativities increase across a period to a maximum with Group VII, the halogens, for
which reactivity decreases from top to bottom of the table. Elements in Group 0 are unreactive
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Table 3.2 Periodic table of the elements

Group | 1 1 v Vv VI VIl 0

Period

1 H He
1 2

2 Li Be B C N O F Ne
3 4 5 6 7 8 9 10

3 Na Mg Al Si P S Cl Ar
11 12 Transition elements 13 14 15 16 17 18

4 K Ca Sc Ti V. Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

5 Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

6 Cs Ba * Hf Ta W Re Os Ir Pt Au Hg TI Pb  Bi Po At Rn
55 56 57-71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

7 Fr Ra **
87 88 89-102

*Lanthanide la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

series 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
**Actinide Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No
series 89 90 91 92 93 94 95 96 97 98 99 100 101 102

and termed ‘inert’, or ‘noble’, gases. Elements 21-30, 39—-48 and 72-80 are termed ‘transition
elements’ whilst those between 57 and 71 are termed ‘lanthanides’ or ‘rare earth’ elements, and
elements 89—102 the ‘actinides’.

Valency

Atoms combine to form molecules or compounds by linking together using chemical bonds. The
number of bonds that elements are able to produce is termed their valency. Chemical changes are
most conveniently represented by use of symbols and formulae in chemical equations. Atoms of
each element are represented by a symbol. The chemical formula of a compound is merely a
composite of its constituent atoms together with numerical indications of the ratio of the combining
elements. If a number of atoms of one kind are present in a molecule the number is indicated by
a subscript. So carbon dioxide is CO,, ammonia NH3, nitric acid HNO5; and ammonium nitrate is
NH4NOs;.

Chemical equations are used to describe reactions between compounds. The formulae of the
reactants are written on the left-hand side of the equation and the formulae of the products on the
right. If a number of molecules of one kind take part in the reaction the number is written as a
coefficient in front of the formulae. The two sides of the equation must balance.

To illustrate, both hydrogen and chlorine have a valency of one. Elemental hydrogen consists
of two hydrogen atoms linked to form a molecule of hydrogen written as H,. Elemental chlorine
comprises molecules of two atoms, Cl,. One molecule of hydrogen can react with one molecule
of chlorine to produce two molecules of hydrogen chloride:

H, + Cl, = 2HCI
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Oxygen has a valency of two, nitrogen three and carbon four. Thus, elemental oxygen consists of
molecules comprising two oxygen atoms. Because of their valencies, oxygen and hydrogen will
co-react in a ratio of 1:2 respectively, i.e. one molecule of oxygen reacts with two molecules of
hydrogen to form two molecules of water:

2H2 + 02 = 2H20

Whereas some atoms have only one valency, others have several, e.g. sulphur has valencies of
two, four and six and can form compounds as diverse as hydrogen sulphide, H,S (valency two),
sulphur dioxide, SO, (valency four) and sulphur hexafluoride, SFy (valency six). Clearly some
compounds comprise more than two different elements. Thus hydrogen, sulphur and oxygen can
combine to produce sulphuric acid, H,SO,. From the structure it can be seen that hydrogen
maintains its valency of one, oxygen two and sulphur is in a six valency state.

O

H—O

— \S/
H—o" .

0

Chemical bonds

Chemical bonds are strong forces of attraction which hold atoms together in a molecule. There are
two main types of chemical bonds, viz. covalent and ionic bonds. In both cases there is a shift in
the distribution of electrons such that the atoms in the molecule adopt the electronic configuration
of inert gases.

Tonic bonds are formed by the transfer of electrons between atoms. For example, calcium has
two outer electrons, whilst chlorine has seven. By transfer of its two outer electrons, one to each
chlorine atom, the calcium atom becomes doubly positively charged (a cation), Ca**, and has the
stable configuration of inert argon. The chlorine atoms each having gained an electron become
negatively charged (an anion), 2CI", also with the stable configuration of argon. The negatively-
charged chlorine atoms then become electrostatically attracted to the positively charged calcium
ion to form calcium chloride, CaCl,.

Covalent bonds form when non-metallic atoms combine by sharing, rather than transferring,
electrons. This is achieved by overlapping of their electronic shells. The overlapping region
attracts both atomic nuclei and bonds the atoms. For example, hydrogen atoms have one electron.
In the hydrogen molecule each atom contributes one electron to the bond thereby allowing each
hydrogen atom control of two electrons giving it the electron configuration of the inert gas
helium. In a water molecule, the oxygen atom, with six outer electrons, gains control of an extra
two electrons supplied by two atoms of hydrogen and gives it the configuration of the inert gas
neon.

Bonds may also be broken symmetrically such that each atom retains one electron of the pair
that formed the covalent bond. This odd electron is not paired like all the other electrons of the
atom, i.e. it does not have a partner of opposite spin. Atoms possessing odd unpaired electrons are
termed ‘free radicals’ and are indicated by a dot alongside the atomic or molecular structure. The
chlorination of methane (see later) to produce methyl chloride (CH;Cl) is a typical free-radical
reaction:



OXIDATION/REDUCTION = 25

UV light
Cl, =  2Cle (Chlorine free radicals)
Cle + CHy = HCI + CHj* (Methyl free radicals)
CH;* + Cl, = CH;Cl + Cle

When many molecules combine the macromolecule is termed a polymer. Polymerization can be
initiated by ionic or free-radical mechanisms to produce molecules of very high molecular weight.
Examples are the formation of PVC (polyvinyl chloride) from vinyl chloride (the monomer),
polyethylene from ethylene, or SBR synthetic rubber from styrene and butadiene.

(|:H=CH2 + |CH=CH2 + (|:H=CH2 = (_C|H_CH2 — )

Cl Cl Cl Cl
Vinyl chloride Polyvinyl chloride

Hydrogen bound covalently to nitrogen, oxygen or fluorine may bond with another atom of one
of these elements by a unique linkage known as the ‘hydrogen bond’. Since the hydrogen nucleus
cannot control more than two electrons this is not a covalent bond but a powerful dipole—dipole
interaction, traditionally indicated by dotted lines. It occurs in water, hydrofluoric acid, undissociated
ammonium hydroxide and many hydrates, e.g.:

o o o F—H-F—H

Hydrogen bonding accounts for the abnormally high boiling points of, e.g., water, hydrogen
fluoride, ammonia, and many organic compounds (see later) such as alcohols.

Oxidation/Reduction

Processes which involve oxygen as reactant are termed oxidation reactions. Some are beneficial,
e.g. the burning of fuels in the body to produce energy, the manufacture of chemical intermediates,
e.g. cyclohexanone in the manufacture of nylon. Some are detrimental such as the oxidation of
food to make it rancid: anti-oxidants are added to retard this. Compounds that give up oxygen
easily or remove hydrogen from another compound are classed as oxidizing agents. They may
comprise a gas, e.g. oxygen, chlorine, fluorine, or a chemical which releases oxygen, e.g. a nitrate
or perchlorate. Thus copper becomes oxidized when it reacts with oxygen to form copper oxide:

2Cu + O, = 2CuO

Reactions which involve the use of hydrogen as a reactant are termed reductions, e.g. the addition
of a molecule of hydrogen across the unsaturated C=C in olefins to produce saturated alkanes.
The material which adds hydrogen, or removes oxygen, is termed the reducing agent.

Clearly oxidation and reduction always occur together. The oxidation of copper by oxygen is
accompanied by reduction of the oxygen to copper oxide. Similarly, whilst metal oxides such as
CuO, HgO, SnO and PbO are reduced to the metal by hydrogen the latter becomes oxidized to
water during the process:

CuO + H, = Cu + H,0

The reactions are therefore termed redox reactions. Redox reactions can also be explained at the
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electronic level. Thus, the conversion of atomic copper to the oxide produces Cu** ions as copper
atoms have lost electrons. The reduction of lead oxide by hydrogen entails removal of electrons
from the oxide to produce neutral metallic lead. Oxidizing agents are therefore chemicals which
attract electrons, and reducing agents chemicals that add electrons to an element or compound.
Using these definitions the presence of either oxygen or hydrogen is not required, e.g. since
chlorine is a stronger oxidizing agent than iodine it displaces iodine from iodides:

Oxidation
|
| |
C12(aq) +2I° (aq) =2CI" (aq) + 12
| |

Reduction

Physical state

Chemicals exist as gases, liquids or solids. Solids have definite shapes and volume and are held
together by strong intermolecular and interatomic forces. For many substances, these forces are
strong enough to maintain the atoms in definite ordered arrays, called crystals. Solids with little
or no crystal structure are termed amorphous.

Gases have weaker attractive forces between individual molecules and therefore diffuse rapidly
and assume the shape of their container. Molecules can be separated by vast distances unless the
gas is subjected to high pressure. Their volumes are easily affected by temperature and pressure.
The behaviour of any gas is dependent on only a few general laws based upon the properties of
volume, pressure and temperature as discussed in Chapter 4.

The molecules of liquids are separated by relatively small distances so the attractive forces
between molecules tend to hold firm within a definite volume at fixed temperature. Molecular
forces also result in the phenomenon of interfacial tension. The repulsive forces between molecules
exert a sufficiently powerful influence that volume changes caused by pressure changes can be
neglected i.e. liquids are incompressible.

A useful property of liquids is their ability to dissolve gases, other liquids and solids. The
solutions produced may be end-products, e.g. carbonated drinks, paints, disinfectants or the
process itself may serve a useful function, e.g. pickling of metals, removal of pollutant gas from
air by absorption (Chapter 17), leaching of a constituent from bulk solid. Clearly a solution’s
properties can differ significantly from the individual constituents. Solvents are covalent compounds
in which molecules are much closer together than in a gas and the intermolecular forces are
therefore relatively strong. When the molecules of a covalent solute are physically and chemically
similar to those of a liquid solvent the intermolecular forces of each are the same and the solute
and solvent will usually mix readily with each other. The quantity of solute in solvent is often
expressed as a concentration, e.g. in grams/litre.

Important common physical properties related to these states of matter are summarized in
Table 3.3.

Acids

Acids and bases (see later) are interrelated. Traditionally, acids are compounds which contain
hydrogen and which dissociate in water to form hydrogen ions or protons, H*, commonly written as:
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Table 3.3 Important common physical properties

Gas

Density

Critical temperature, critical pressure (for liquefaction)
Solubility in water, selected solvents

Odour threshold

Colour

Diffusion coefficient

Liquid

Vapour pressure—temperature relationship
Density; specific gravity

Viscosity

Miscibility with water, selected solvents
Odour

Colour

Coefficient of thermal expansion
Interfacial tension

Solid

Melting point

Density

Odour

Solubility in water, selected solvents

Coefficient of thermal expansion

Hardness/flexibility

Particle size distribution/physical form, e.g. fine powder, flakes, granules, pellets, prills, lumps
Porosity

HX = H" + X~

Examples include hydrochloric acid, nitric acid, and sulphuric acid. These are strong acids which
are almost completely dissociated in water. Weak acids, such as hydrogen sulphide, are poorly
dissociated producing low concentrations of hydrogen ions. Acids tend to be corrosive with a
sharp, sour taste and turn litmus paper red; they give distinctive colour changes with other
indicators. Acids dissolve metals such as copper and liberate hydrogen gas. They also react with
carbonates to liberate carbon dioxide:

2HCl+ Cu = CuCl,+H,
2HCI + CaCO; = CaCl, + CO, + H,0

Both acids and alkalis are electrolytes. The latter when fused or dissolved in water conduct an
electric current (see page 55). Acids are considered to embrace substances capable of accepting
an electron pair. Mineral acids have wide usage as indicated by Table 3.4.

Bases
Alkalis tend to be basic compounds which dissociate in water to produce hydroxyl ions, OH™
thus:

XOH = X* + OH”

Specifically, an alkali is a hydroxide of one of the alkali or alkaline earth metals. Examples
include the hydroxides of potassium, sodium, and calcium (where X is K, Na, and Ca, respectively).
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Table 3.4 Industrial uses of mineral acids

Acid Main uses

Hydrochloric acid (HCI) Chemical manufacture, chlorine, food and rubber production, metal cleaning, petroleum
well activation

Nitric acid (HNO;) Ammonium nitrate production for fertilizers and explosives, miscellaneous chemical
production

Phosphoric acid (H3POy) Detergent builders and water treatment, foods, metal industries

Sulphuric acid (H,SOy,) Alkylation reactions, caprolactam, copper leaching, detergents, explosives, fertilizers,

inorganic pigments, textiles

Hydrofluoric acid (HF) Etching glass

The first two are very soluble in water but the last is less so. Weaker bases include ammonium
hydroxide where X is NH,. In fact every acid can generate a base by loss of a proton and the
definition now includes any compound capable of donating electron pairs, e.g2. amines. Bases turn
litmus paper blue and show characteristic effects on other indicators. They are soluble in water,
tarnish in air, and in concentrated form are corrosive to the touch. Common examples are given
in Table 3.5.

Table 3.5 Common bases

Base Properties
Sodium hydroxide (NaOH) White deliquescent solid. Sticks, flakes, pellets.
(caustic soda) Dissolution in water is highly exothermic.
Strongly basic. Severe hazard to skin tissue
Potassium hydroxide (KOH) White deliquescent solid. Sticks, flakes, pellets.
(caustic potash) Dissolution in water is highly exothermic.
Strongly basic. Severe hazard to skin tissue
Calcium hydroxide (Ca(OH),) White powder soluble in water yielding lime water. Alkaline
(slaked lime)
Ammonium hydroxide (NH,OH) Weakly alkaline. Emits ammonia gas. Severe eye irritant

(aqueous ammonia solution)

Halogens

The halogens comprise fluorine, chlorine, bromine and iodine. They are remarkable for their
similarity in chemical behaviour and for the gradation in physical properties. They are highly
reactive and form covalent links with hydrogen, carbon, silicon, nitrogen, phosphorus, sulphur
and oxygen, and with other halogen atoms. The halogen atoms also produce ionic bonds with
metals. The elements tend to be toxic.

Fluorine is a greenish-yellow gas which condenses to a yellow liquid and pale yellow solid. It
is the most chemically active of all the elements.

Chlorine (see page 280) is a heavy greenish-yellow gas with a choking smell. It combines
directly with nearly all elements, exceptions being carbon, nitrogen and oxygen. It will react
spontaneously with phosphorus, arsenic, antimony and mercury. Most metals will react with it
when wet or on heating. It has a powerful affinity for hydrogen and will attack hydrocarbons.
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Bromine is a dark red volatile liquid with a pungent odour. The vapour attacks the eyes and
mucous membranes. It combines spontaneously and with deflagration with phosphorus, arsenic
and potassium and with many other elements when warmed. It bleaches litmus and turns starch
paper orange/yellow.

Todine is a dark grey solid which is easily vaporized to a deep blue/violet vapour. It is sparing
soluble in water but dissolves in aqueous potassium iodide to give a brown solution. It combines
directly with many elements.

Metals

A metal is an electropositive element. There are over 70 metals in the earth’s crust. Examples
include copper, gold, iron, platinum, silver and tungsten. Chemically, in solution, a metal atom
releases an electron to become a positive ion. In bulk metals are solids and tend to have high
melting and boiling points (an exception is mercury). They are lustrous, relatively dense, malleable,
ductile, cohesive and highly conductive to both electricity and heat.

Metals are crystalline in structure and the individual crystals contain positive metal ions. The
outer valency electrons appear to be so loosely held that they are largely interspersed amongst the
positive ions forming an electron cloud which holds the positive ions together. The mobility of
this electron cloud accounts for the electrical conductivity. The crystal structure also explains the
hardness and mechanical strength of metals whereas the elasticity is explained by the ability of
the atoms and ions to slide easily over each other. Metals can be blended with other metals to
produce alloys with specific properties and applications. Examples include:

e Brass (alloy of copper and zinc) used for ship’s propellers, screws, wind instruments.

e Bronze (alloy of copper and tin) used for coins, medals, statues, church bells.

e Duralumin (alloy of aluminium, magnesium, copper and manganese) used for structural purposes,
e.g. in aircraft construction.

e Nichrome (alloy of nickel, iron and chromium) used for heating elements.

e Solder (alloy of tin and lead) used for joining metals, e.g. in electrical circuits.

e Stellite (alloy of cobalt, tungsten, chromium, and molybdenum) used for surgical instruments.

(Variations in physical properties occur with changes in relative proportions.)

Group I metals are good conductors of heat and electricity and are so soft that they can be cut
with a knife. As a result of their low specific gravities, Li, Na, and K float on water. They react
vigorously with electronegative elements such as O, S and Cl. Indeed the ease with which the
outer electron is detached from the atom explains their highly-reactive nature. This is exemplified
by sodium which can only be handled if air is excluded, e.g. by nitrogen blanketing, or under
vacuum, or submersed in oil.

Group ITA metals include Be, Mg, Ca, Sr, Ba and Ra which are grey, moderately-hard, high
melting-point substances. Like the alkali metals they attack water to liberate hydrogen but with
less vigour. The salts of the alkaline earths are generally less stable towards heat and water than
those of alkali metals, and less water soluble.

Group IIB includes Zn, Cd and Hg. Zinc has some resemblance to magnesium but the other
metals in the group have little in common. At room temperature mercury is unaffected by air,
water or non-oxidizing agents whereas zinc is more reactive, albeit tempered by a protective
hydroxide film, a property utilized in galvanizing.
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Compounds tend to be covalent. Metals form complex ions and their oxides are only weakly
basic. Mercury forms no hydride.

Aluminium is an extremely light, white metal and whilst hard is malleable and ductile. On
exposure to air the metal forms a protective oxide film which reduces its reactivity. Its compounds
tend to be covalent in nature: the sulphate is hydrolysed in solution and the trichloride is volatile.

Both tin and lead from Group IV can form valency two and four compounds. Two of the four
outer electrons can behave as inert when the atoms are bivalent. Bivalent tin (stannous) derivatives
are covalent whereas the nitrate and sulphate of bivalent lead (plumbous) are ionic. Some tetavalent
compounds such as the hydrides and chloride are unstable, e.g.:

PbCl, + 2H,0 = PbO, + 4HCI

Whereas stannic oxide is neither oxidizing nor reducing, plumbic oxide is a powerful oxidizer.

Tin finds widespread use because of its resistance to corrosion, or as foil or to provide protective
coats/plates for other metals. Properties of lead which make industrial application attractive
surround its soft, plastic nature permitting it to be rolled into sheets or extruded through dies. In
the finely-divided state lead powder is pyrophoric; in bulk form the rapidly-formed protective
oxide layer inhibits further reaction. It dissolves slowly in mineral acids. Industrial uses include
roofing material, piping, and vessel linings, e.g. for acid storage.

The transition metals Cr, Mn, Fe, Co and Ni possess bi- and trivalent states. Chromium is a
hard, malleable, white metal capable of high polish and does not tarnish in air. It is used for
plating steel. Together with nickel it is also used in grades of stainless steel. Manganese is a grey
metal which decomposes water and dissolves in dilute acids. Its chief use is in steel to remove
trace quantities of oxygen and sulphur and to produce tough steel. Iron is a white, soft, malleable,
ductile magnetic metal when pure and is used mainly in steel production. It is attacked by oxygen
or steam to produce an oxide, Fe;0,4. When exposed to ordinary atmospheric conditions it becomes
covered with rust, i.e. hydrated ferric oxide, 2Fe,05.3H,0. Cobalt does not oxidize in air at room
temperature but oxidizes slowly if heated to yield cobaltous oxide, CoO. It dissolves slowly in
acids becoming passive in concentrated nitric acid. Nickel is silver grey, hard, malleable, capable
of high polish and resistant to attack by oxygen at room temperature but yields the oxide on
heating. It dissolves in dilute nitric acid but is rendered passive by the concentrated acid. It forms
the volatile, toxic tetra carbonyl with carbon monoxide.

The metals copper, silver and gold from Group IX are sometimes termed coinage metals. They
possess characteristic metallic lustre, take high polish and resist attack by air. They are extremely
malleable and ductile and excellent conductors of heat and electricity. All are attacked by chlorine;
copper alone is attacked by oxygen. None of the metals displace hydrogen from acids. Copper has
a characteristic red colour. It is used for cooking utensils and wires in telegraphs, telephones,
power lines, and electrical machinery. Silver is a lustrous, white metal capable of high polish. It
is tough, malleable, ductile and an efficient conductor of heat and electricity. Whilst resistant to
attack by oxygen, on exposure to air it is slowly covered with a black film of silver sulphide. Uses
include electroplating, mirrors, silverware, and crucibles. Gold is a yellow, malleable, ductile
metal which does not tarnish in air and is inert to any mineral acid. It reacts with halogens and
aqua-regia (a mixture of hydrochloric and nitric acids in the ratio of 4:1).

Oxygen and sulphur

Oxygen is the first member of Group IV with six electrons in the outer shell. It is a colourless,
tasteless and odourless gas which condenses to a blue liquid and freezes to a blue solid under
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cryogenic conditions (discussed in Chapter 8). The oxygen atom exerts covalent, ionic, or co-
ionic characteristics. The principle types of compounds are those in which the oxygen atom

e exerts two ionic bonds by accepting two electrons from the same or different atoms, e.g. Ca™
0

e exerts two covalent bonds by sharing electron pairs, e.g. H,O;

e exerts co-ionic character by combining with another atom which already has the inert configuration
but of which at least one pair of electrons is unshared, e.g.

Cl
Cl—P"——O"
Cl

Thus oxygen can feature in a wide variety of compounds including ozone, oxides, water,
hydrogen peroxide, carbonates, nitrates/nitrites, etc. It comprises about 21% of normal air (by
volume).

Sulphur molecules are Sg and it can exist in several forms. Its compounds are more acidic than
those of oxygen and it may assume covalency up to six. It forms a series of oxides and oxyacids
of diverse chemistry. Combustion yields mainly SO,, a cause of atmospheric pollution from
sulphur-bearing fossil fuels.

Nitrogen, phosphorus, arsenic and antimony

None of these elements from Group V form cations of the type N***** due to loss of all five
valency electrons. All the elements are strongly electronegative and readily form covalent bonds
with other elements.

Nitrogen is a colourless, tasteless, odourless gas which is slightly soluble in water (see also
page 296). It is non-toxic and inert and comprises about 79% of normal air (by volume). It neither
burns nor supports combustion and at room temperature does not react with any substance. On
heating, however, it combines with oxygen to produce nitric oxide NO, with hydrogen to produce
ammonia NH;, and with silicon to form silane SiH,, with calcium carbide to form calcium
cyanamide CaCN, and with metals such as lithium, calcium, barium, magnesium and aluminium
to form the corresponding nitrides.

Phosphorus exists as white and red phosphorus. The former allotrope may be preserved in the
dark at low temperatures but otherwise reverts to the more stable red form. The white form is a
waxy, translucent, crystalline, highly-toxic solid subliming at room temperature and inflaming in
air at 35°C, so it is handled under water. The red form is a reddish violet crystalline solid which
vaporizes if heated at atmospheric pressure and condenses to give white phosphorus. The red
form ignites in air at 260°C. Both are insoluble in water, and white phosphorus can be stored
beneath it. Phosphorus forms a host of compounds such as phosphine, tri- and penta-halides,
tri-, tetra- and penta-oxides, oxyacids including hypophosphorous, orthophosphorous and
orthophosphoric acids.

Arsenic exists as grey, yellow and black forms of differing physical properties and susceptibilities
towards atmospheric oxygen. The general chemistry is similar to that of phosphorus but whereas
phosphorus is non-metallic, the common form of arsenic is metallic. Traces of arsenides may be
present in metallic residues and drosses; these may yield highly toxic arsine, AsH;, with water.

Antimony is a bluish white metal with good lustre but poor heat conducting ability. It is stable
in air and resistant to dilute acids but attacked by halogens, sulphur, phosphorus and arsenic.
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pH

The strength of acids and bases is measured on a pH (potential of hydrogen) scale:
pH = —log,o [H']

The hydrogen ion concentration of a normal solution of a strong acid is about 1 gram-ion per litre
and that of a typical strong base is 107! gram-ion per litre. Because of the vast range of possible
concentrations it is convenient to use a logarithmic scale to express the hydrogen ion concentration
of a solution. The symbol pH is used to denote the degree of acidity of a solution. Pure water
which dissociates slightly to produce 10~/ gram-ions of H* per litre is taken as the standard of
neutrality. Thus water has a pH of 7. Solutions of pH less than 7 are acidic and those greater than
7 are alkali. The pH of a solution can be determined electrically using a hydrogen or glass electrode
and reference electrode (e.g. calomel electrode) or by chemical indicators. The pH scale is shown
in Figure 5.1.

Salts

Acids and alkalis react with each other to produce salts and water, e.g.:
HCI + NaOH = NaCl + H,O

Thus salts are compounds formed by replacement of hydrogen in an acid by a metal. Clearly non-
metals can also be involved, e.g.:

NH4OH + HC] = NH4C1 + H20

Salts are non-volatile and in the fused state or in solution conduct an electric current. Many salts
are hydrated in the solid state with water of crystallization.

These reactions are exothermic and must be carefully controlled if the reactants are concentrated,
since the rates can be very rapid.

Organic chemistry

Carbon is in the same group in the periodic table as silicon, germanium, tin and lead. The
electronic structures are characterized by the presence of four electrons in the external quantum
shell. The elements, however, do not form ions of the type X**** and compounds are covalent in
the quadrivalent state. Lead and tin may be bivalent when lead forms ionic valencies. Carbon
differs from the other elements in this group by forming an enormous range of compounds, the
chemistry of which is a special discipline, organic chemistry. There are over a million known
organic compounds, including sugar, starch, alcohol, resins and mineral oil. The versatility of
carbon arises from:

e the stability of the compounds produced whether from electropositive elements such as hydrogen,
or from electronegative elements such as oxygen or fluorine;

e the ability of carbon to covalently link with other carbon atoms with one, two or three bonds,
e.g. H;C—CHj; (ethane), H,C =CH, (ethylene), HC=CH (ethyne, or acetylene). These links
may be in the form of chain or ring skeletons. Compounds comprising mainly carbon and
hydrogen are termed hydrocarbons.
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Tables 3.6 and 3.7 illustrate some of the key organic groupings. For convenience organic compounds
can be classified as either aliphatic or aromatic.

Table 3.6 Examples of aliphatic organic structures

Carbon-carbon groups

/

—\C— CcC— Paraffin
77N
> = C< Olefin

—C=C— Acetylene

Carbon-oxygen groups
\

—C—OH Alcohol
~ coho
N /

—C—0O0—C— Ether
/

N /

—C—0O—O—C—  Peroxide
4 N
AN

=0 Ketone
/
— |=O Acyl chloride
Cl
—C|= O Aldehyde
H
—C=0 Fatty acid
I
OH

Carbon-nitrogen groups

N

/C—NH2 Primary amine
N\ )
—C—N—C— Secondary amine
a
H
—>C—T— C— Tertiary amine
C
ZIN
—>C—NO2 Nitro
N _ . .
—/C—C= N Nitrile (or cyanide)
—C—NH, Amide
I
O

Carbon-sulphur groups

N\

—C—SH M t
% ercaptan
—> —SO;H Sulphonic acid
N\

—C

4 \5=o Sulphoxide
NS

/

—c

/N0

N /S\O Sulphone
—/C

Aliphatic compounds

Aliphatic compounds are straight chain or acyclic compounds and are characterized by addition

and free-radical chemistry.
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Table 3.7 Selected aromatic compounds

Hydroxy benzene

Benzene (Phenol)

Y

NH, CH;3
Amino benzene Methyl benzene
(Aniline) (Toluene)
CH,;
CO,H NO, NO,
. . Trinitro toluene
Benzoic acid
(TNT)
NO,
SO;H
©/ Benzene sulphonic acid “ Naphthalene
Cl NH,
©/ Chlorobenzene “/ Beta naphthylamine

Carbon/carbon compounds

Paraffins

Compounds containing only carbon and hydrogen are termed paraffins or alkanes. The general
formula for these compounds is C,H,,,» where n is an integer. When only single bonds are
present between carbon atoms they are classified as ‘saturated’. Examples include, ethane, propane,
and butane; the last two are common fuel gases:

CH,4 methane  (natural gas)
CH;—CHj; ethane

CH;—CH,—CHj; propane | commonly used as
CH;—CH,—CH,—CHj butane } liquefied petroleum gas

CH,

/ \ cyclopropane

CH2 - CH2
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The alkanes are almost insoluble in water, sodium hydroxide and sulphuric acid but soluble in
non-polar solvents. The liquid density increases as the size of the paraffin molecule increases but
tends to level off at 0.8, i.e. all alkanes are less dense than water; therefore they will float and
spread as thin films on water. The boiling points and melting points increase as the number of
carbon atoms rises. The physical properties of cyclic aliphatic hydrocarbons resemble those of the
straight-chain counterparts, although the boiling points and densities of the cyclic compounds are
somewhat higher. The strong carbon—carbon and carbon—hydrogen bonds render paraffins relatively
unreactive and the few reactions they undergo require forcing conditions and tend to produce
mixtures. On heating between 400 and 600°C they can undergo thermal degradation or ‘cracking’
to produce simpler alkanes, olefins and hydrogen; this can increase the flammable hazards.

Olefins

When carbon atoms are linked by a double bond the compounds are called olefins. Since these
molecules contain less than the maximum quantity of hydrogen they are termed unsaturated.
Examples include ethylene, propylene, and butylene. Note that the latter can exist in several
forms:

CH,=CH, ethylene
CH;CH=CH, propylene
CH;—CH,—CH=CH, 1-butylene
CH;—CH=CH—CHj 2-butylene
(CH;),C=CH, iso-butylene

cyclohexene

Their physical properties are essentially those of the alkanes. It is the unsaturated linkages that
dominate the chemistry and the main reaction is one of addition (e.g. hydrogen, halogen, and
hydrogen halides) across the double bond to produce saturated compounds. This reactivity is
utilized in the manufacture of long-chain polymers, e.g. polyethylene and polypropylene.

Acetylenes
Compounds with even less hydrogen to carbon than olefins are acetylenes or alkynes as exemplified
by:

HC=CH acetylene

CH;C=CH propyne

CH;CH,C=CH 1-butyne

CH;C=CCHj; 2-butyne

Physical properties are similar to alkanes and the chemistry is dictated by the carbon triple bond.
This bond is less reactive than the olefin double bond towards electrophilic reagents, but more
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reactive towards chemicals that are themselves electron rich. Some metals, e.g. copper, react to
form metal acetylides. If allowed to dry out the heavy metal acetylides are prone to explode
(Chapter 7).

Carbon/Halogen compounds

One or several hydrogen atoms in hydrocarbons can be substituted by halogen to produce alkyl
halides. This significantly alters the toxicity, e.g. substitution of a chlorine atom in a hydrocarbon
leads to an increase in the potential narcotic and anaesthetic effects. Because of the increased
molecular weight, alkyl halides have considerably higher boiling points than the corresponding
hydrocarbon. For a given alkyl group the boiling point increases with increasing atomic weight
of halogen, with fluorides having the lowest boiling point and iodides the highest. Increasing the
halogen content also reduces the ease with which some compounds undergo chemical or biological
oxidation and hence they can accumulate in the environment. Some halogenated organic substances
react with ozone in the upper atmosphere and deplete the planet of this gas which provides a
protective shield against harmful ultra-violet light.

Some alkyl halides are toxic, e.g. trichloromethane or chloroform (CHCI;) and tetrachloromethane
or carbon tetrachloride (CCl,). Progressive chlorination of hydrocarbons gives liquids and/or
solids of increasing non-flammability, density, viscosity, solvent power and decreasing specific
heat, dielectric constant and water solubility. So perchloroethylene, CCl, =CCl,, is a common
dry-cleaning solvent and trichloroethylene, CHCl=CCl,, is widely used in vapour degreasing of
metal components. Despite being polarized molecules they are insoluble in water.

As with other groups, halogens can substitute hydrogen in organic compounds containing
additional functional moieties such as carboxylic acids to form acid chlorides, e.g. acetyl chloride
CH;COCI. These are reactive acidic compounds liberating hydrochloric acid on contact with
water.

Carbon/Nitrogen compounds

Of the organic compounds of sufficient basicity to turn litmus paper blue amines are the most
significant. These compounds have trivalent nitrogen bonded directly to carbon by single bonds
with the general formula RNH,, R,NH or R;N where R is an alkyl or aryl group. The first are
classed as primary amines, the next secondary amines and the last tertiary amines. The chemistry
is influenced by the number of hydrogen atoms attached to the nitrogen.

Amines, like ammonia NH;, are polar compounds and, except for tertiary amines, form
intermolecular hydrogen bonds leading to higher boiling points than non-polar compounds of the
same molecular weight, but lower boiling points than alcohols or acids. The smaller molecules,
containing up to about six carbon atoms, dissolve in water. Aliphatic amines are similar in
basicity to ammonia and form water-soluble salts with acids:

RNH, + HCI = RNH;*CI”

Nitriles, or alkyl cyanides, are compounds in which carbon is bound to nitrogen by triple bonds.
They tend to be stable, neutral substances with pleasant smells and are less toxic than hydrogen
cyanide. The smallest compounds are water soluble liquids and all are soluble in organic solvents.
Tertiary amines can be oxidized to form amine oxides in which the amino nitrogen atom is
linked to a single oxygen atom. The resulting compounds are basic dissolving in water thus:

R;N— O + H,0 = [RyN—OH]* OH"

When nitrogen linked to two oxygen atoms is bound to carbon the compounds are termed
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nitroparaffins. When pure these compounds are colourless liquids with pleasant smells. They are
sparingly soluble in water and most can be distilled at atmospheric pressure. The lower members
are used as solvents for oils, fats, cellulose esters, resins, and dyes. Nitroparaffins are also used
as raw materials for the synthesis of other chemicals such as pesticides, drugs, explosives, fuels
(e.g. nitromethane in drag racing fuel). Some nitroparaffins are explosive as described in Chapter 7.

Carbon/Oxygen compounds

Compounds containing oxygen linked to a carbon and a hydrogen atom are termed alcohols.
Simple examples are methyl and ethyl alcohol, CH;OH and C,HsOH, respectively. Reactions of
alcohols are characterized by the replacement of either the OH hydrogen atom or the entire OH

group:
2CH;OH + 2Na = 2CH;0Na + H,

methyl alcohol sodium methoxide

CH,OH + HCl = CH,Cl + H,0

methyl chloride

Compounds in which oxygen bridges two carbon atoms are termed ethers, e.g. diethyl ether,
CH;CH,—O—CH,CHj;. This is used as a solvent and an anaesthetic. Generally, ethers are unreactive
compounds but on standing they can react with atmospheric oxygen to produce explosive peroxides,
e.g. diethyl peroxide, CH;CH,—O—O—CH,CHs.

Oxygen can link solely to carbon atoms by double bonds to form carbonyl compounds containing
the C=0 group. If the same carbonyl group is linked to another carbon the compounds are
classed as ketones, if connected to a hydrogen atom they are aldehydes, and if connected to OH
groups they are carboxylic acids. The C=0 carbon can also be bonded to other atoms such as
halogens, nitrogen and sulphur. The carbonyl group tends to dominate the chemistry of aldehydes
and ketones since it can be oxidized to carboxylic acids, reduced to alcohols or undergo addition
reactions. Carboxylic acids are acidic in nature, typically reacting with bases to form salts or with
alcohols to produce often sweet-smelling esters:

CH3C02H + NaOH CH3C02N3 + H,O0

acetic acid sodium hydroxide sodium acetate water

CH;CO,H + CH;0H = CH;CO,CH; + H,0

methyl acetate

Carbon/Sulphur compounds

Since sulphur is in the same group as oxygen in the periodic table it replaces oxygen in organic
structures to produce ‘thio’ analogues such as:

R—S—H thio alcohols or alkyl thiols
R—S—R thioethers or alkyl sulphides
0
R—C—SH thioacids
S

1
R—C—SH dithioacids
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S
Il
R—C—R thioketones
R—C—H thioaldehydes
1
S

With the exception of methanethiol, which is a gas, thiols are colourless, evil-smelling liquids.
Their boiling points are lower than those of the corresponding alcohols, reflecting their reduced
association and degree of hydrogen bonding between hydrogen and sulphur. For the same reason
thiols are less water soluble than their oxygen counterparts. The chemistry of thiols resembles
that of alcohols but they are more acidic, reflecting the stronger acidity of hydrogen sulphide over
water, of which alcohols can be regarded as alkyl derivatives. They are used as feedstocks in
rubber and plastics industries and as intermediates in agricultural chemicals, pharmaceuticals,
flavours and fragrances. Because they react with rubber-containing materials selection of hose
and gasket material is crucial.

Alkyl sulphides are the sulphur analogues of ethers from which they differ considerably in
chemistry. They are unpleasant-smelling oils, insoluble in water but soluble in organic solvents.
They tend to be comparatively inert. Mustard gas, CICH,CH,—S—CH,CH,Cl, an oily liquid
boiling at 216°C with a mustard-like smell, is highly poisonous and a vesicant, and for this reason
found use in chemical warfare.

Alkyl sulphoxides occur widely in small concentrations in plant and animal tissues. No gaseous
sulphoxides are known and they tend to be colourless, odourless, relatively unstable solids soluble
in water, ethyl alcohol and ether. They are freely basic, and with acids form salts of the type
(R,SOH)* X™. Because sulphoxides are highly polar their boiling points are high. Their main use
is as solvents for polymerization, spinning, extractions, base-catalysed chemical reactions and for
pesticides.

Thioketones and aldehydes readily polymerize to the trimer and isolation of the monomer is
difficult.

Thioacids have a most disagreeable odour and slowly decompose in air. Their boiling points
are lower than those of the corresponding oxygen counterparts and they are less soluble in water,
but soluble in most organic solvents. An important dithioacid is dithiocarbonic acid (HO—CS,H).
Whilst the free acid is unknown, many derivatives have been prepared such as potassium xanthate
giving a yellow precipitate of copper xanthate with copper salts:

KOH + CS, + C,HsOH = C,H;0—CS;K + H,O
potassium carbon ethyl alcohol potassium xanthate
hydroxide disulphide (ethanol)

Unlike oxygen, sulphur can exist in higher valency states and as a result can be incorporated into
organic structures in additional ways. Examples include:

0
|
R—S—R Alkyl sulphones
|
0
RSO;H Sulphonic acids

Sulphones are colourless, very stable, water-soluble solids that are generally resistant to reduction.
The most important sulphones are sulpholane (1) and sulpholene (2):
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S/O S/O
N No
e)) (@)

Compound 1 is used as a solvent in the food, paint, resin/plastics, soap and woodpulp/paper
industries, and as a plasticizer. Compound 2 is used as an intermediate for the manufacture of
hydraulic fluid additives and cosmetics. Sulphonal (2:2-bis(ethylsulphonyl)-propane), another
important sulphone, is a colourless solid, stable to acids and alkalis, with hypnotic properties.

Sulphonic acids are water soluble, viscous liquids. Their acidity is akin to that of sulphuric
acid; they form salts with bases but fail to undergo esterification with alcohols. Their properties
vary according to the nature of R: some are prone to thermal decomposition. They are used as
surfactants and in the dye industry; some have biological uses. 2-Amino-ethanesulphonic acid is
the only naturally occurring sulphonic acid.

Aromatic compounds

Aromatic compounds are benzene and its derivatives and compounds that resemble benzene in
their behaviour in a chemistry dominated by ionic substitution. Benzene has the formula C¢Hg
commonly written as the ring:

H

H

In reality all carbon atoms share equally the pool of electrons which constitute the double
bonds and benzene resists addition across the double bonds which would otherwise destroy its
unique structure and stability. Single or multiple hydrogen atoms can be substituted to form a host
of derivatives containing similar functional groups to those above, e.g. saturated and unsaturated
aliphatic chains, amino, carboxylic acidic, halogeno, nitro, and sulphonic acid groups as shown
in Table 3.6.

Aromatic compounds find wide industrial use as exemplified by Table 3.8.

Benzene and alkylbenzenes possess low polarity with similar physical properties to hydrocarbons.
They are insoluble in water but soluble in non-polar solvents such as ether. They are less dense
than water (Table 6.1) and boiling points rise with increasing molecular weight (ca 20-30°C
increment for each carbon atom). Since melting point depends not only on molecular weight but
also on molecular shape, the relationship to structure is more complicated. Benzene itself is a
colourless liquid boiling at 80°C and freezing at 5.4°C. It is highly flammable with a flash point
of —11°C but with a narrow flammable range of 1.4-8%. It is acutely toxic producing narcotic
effects comparable to toluene but it also poses chronic effects on bone marrow which may lead
to anaemia or even leukaemia. Similar effects are not proven for pure toluene, but in the past
commercial toluol was contaminated with benzene.
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Table 3.8 Industrial uses of selected aromatic compounds

Compound Use
Aniline (amino benzene) Agrochemicals, dyes and pigments,
CeHsNH, pharmaceuticals, photographic chemicals,

polymers, rubbers

Benzene Production of ethyl benzene, cumene, cyclohexane,

CeHe maleic anhydride, nitrobenzene, chlorobenzene,
detergents

Benzene (and alkylbenzene) Detergents, phenols, dyes

sulphonic acids

CeHsSO3H

Benzoic acid Alkyl resins, chemical intermediate, oil drilling

CeH5CO,H additive, medicines

Nitro benzene Production of aniline, para-aminophenol, and dyes

CeHsNO,

Phenol (hydroxy benzene) Phenolic resins as adhesives and for the car industry,

CeH;OH caprolactam

Toluene (methyl benzene) Automotive fuels additive, organic solvent, production

CeH5CH;4 of benzene, styrene, and terephthalic acid

Styrene (vinyl benzene) Polymers (CgHg), for audio and video cassettes, carpet

C¢H;CH=CH, backing, domestic appliances, packaging, food
containers, furniture, toys, vehicle parts

Xylenes (di methyl benzene) Plasticizers, polymer fibres and resins, solvents

CeH4(CH3),

Combustion chemistry

In biological systems the oxidation of fuels by oxygen is a fundamental reaction by which energy
is created, along with by-products such as water and carbon dioxide:

30, + 2(—CH,—) — 2CO, + 2H,0 + ENERGY

Anything that interferes with this mechanism in humans can result in reduced well-being or even
death. Silicosis or asbestosis may impair oxygen transport from lungs to blood. Inhaled carbon
monoxide may combine with haemoglobin and prevent it from carrying oxygen. Waste products
may not be removed efficiently when kidney function is damaged by toxic chemicals such as
mercury and phenolic substances. Fuels such as glucose may be prevented from entering cells due
to inactivation of the necessary catalytic enzymes by, e.g., toxic metals or fluoracetate.

The oxidation of fuels is common outside living systems, combustion being the extreme
example. Combustion is a chemical reaction between a fuel and usually oxygen, with the liberation
of energy often as heat. A flame is produced when sufficient energy is liberated, usually in the
visible range of the spectrum though some are in the infra-red or ultra-violet region and invisible.
Chemical combustion processes are initiated by heat, light, sparks, etc. As the temperature of the
combustible substance rises it reaches the ignition temperature specific to the material and to the
pressure, and the combustion process begins. It spreads from the ignition source to the adjacent
layer of gaseous mixture of fuel and oxidant (usually oxygen in air). In turn the burning layer
ignites the next layer until equilibrium is reached between the total heat energies of reactants and
products when the combustion process ceases. When the rate of heat lost from the mass is less



COMBUSTION CHEMISTRY 41

than the heat liberated by the combustion process an explosion occurs. When combustion increases
progressively such that the flame front advances supersonically, compression from the shockwave
causes an increase in temperature and self-ignition of the fuel, i.e. detonation. The requirements
for chemicals to burn are discussed in Chapter 6.

Most organic materials will burn; the smaller molecules may be highly flammable. In the
simplest form carbon (e.g. charcoal) in the presence of a surplus of oxygen will produce carbon
dioxide:

C+02=C02

Usually, however, fuels are hydrocarbons and the products of combustion can be complex and
depend upon the nature of the fuel, the amount of oxygen present, and the temperature. A great
deal of energy is required to break carbon—carbon and carbon—hydrogen bonds such as the high
temperatures of flames. Once the energy barrier is surmounted the subsequent chain of events
proceeds readily with the evolution of energy, often sufficient to keep the combustion reaction in
progress. Simple hydrocarbons in excess oxygen will produce carbon dioxide and water:

2C2H6 + 702 = 4C02 + 6H20

If nitrogen or sulphur is present in the fuel then the mixture of combustion products may include
oxides of these elements. In the absence of excess oxygen incomplete oxidation occurs to produce
partially oxidized carbon compounds such as aldehydes, ketones, phenols, and carbon monoxide.
Carbon monoxide is extremely toxic and some of the other compounds are respiratory irritants.

Since air comprises about 21% oxygen and 79% nitrogen, with traces of other gases, e.g. CO,,
complete combustion of methane (i.e. natural gas) in air can be represented as:

CH4 + 202 + 8N2 = C02 + 2H20 + 8N2

This demonstrates how the oxygen is depleted resulting, as summarized in Chapter 6, in an
irrespirable atmosphere rich in nitrogen. High temperature combustion may also result in the
generation of oxides of nitrogen, NO,, which are respiratory irritants.

Under certain conditions some inorganic materials will burn. Magnesium metal as powder or
ribbon when heated to its melting point in oxygen burns to produce magnesium oxide, and in air
to produce a mixture of magnesium oxide and magnesium nitride. Aluminium also burns in air at
high temperatures to produce a mixture of the oxide and nitride. Dust explosion characteristics of
various inorganic materials are included in Table 6.1.

Some materials such as oil-impregnated cotton and iron pyrites are prone to spontaneous
combustion, whilst selected materials such as metal alkyls and metals in a finely divided state
burn on immediate contact with water or air. These are termed ‘pyrophoric’. Examples and
precautions for their control are described in Chapter 6.

Dangers arising from fires therefore include:

e Burns from heat radiation, or fire engulfment.

e Asphyxiation due to consumption of oxygen until the concentration is <18%.

e Poisoning from toxic combustion products. In chemical fires, particularly those involving
mixtures, an extremely complex mixture of gases and particulates, e.g. smoke may be produced.
The composition depends upon the initial compounds involved, the temperatures attained and
the oxygen supply, and is hence often unpredictable. Some gaseous compounds may derive
from thermal breakdown, i.e. pyrolysis, of the chemicals rather than oxidation as illustrated in
Tables 3.9 and 3.10.

e Injury from collapse of weakened structures.

e Explosions (see Chapter 6).
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Chemical reactivity

Enthalpy

Energy cannot be created or destroyed but is converted from one form to another. Thermodynamics
is the study of energy transfer during reactions and on the work done by chemical systems. It
defines the energy required to start a reaction or the energy given out during the process. This
change in energy is denoted AU. During chemical reactions energy may be absorbed or liberated.
If this is in the form of heat, and since most reactions are performed at constant pressure, this is
termed enthalpy and denoted by H. The enthalpy change (or heat of reaction) is:

AH = H2 — H1

where H1 is the enthalpy of reactants and H2 the enthalpy of the products (or heat of reaction).

When H2 is less than H1 the reaction is exothermic and AH is negative, i.e. temperature
increases. When H2 is greater than H1 the reaction is endothermic and the temperature falls. The
heat of reaction is usually expressed in the equation as AH, e.g.

2H, (gas) + O, (gas) = 2H,0 (liquid) AH (298K) = —571.6 kJmole™
Data exist for the enthalpy of chemical reactions, formation of substances from their constituent
elements, combustion, fusion, neutralization, solution, vaporization, etc.

Electrochemistry

When strips of reactive metals such as zinc are placed in water a potential difference, the electromotive
force (emf), is set up; the metal becomes negatively charged due to the transfer of zinc ions to the
solution and the build-up of electrons on the metal. The metal strips or rods are termed the

Table 3.9 Classes of pyrolysis products produced during fires

Chemical type involved in a fire Pyrolysis product
Halogenated plastic Polyaromatic hydrocarbons
Aliphatics

Substituted benzenes
Halogenated aliphatics
Dioxins and furans

Non-halogenated plastics Polycyclic aromatic compounds
Aliphatics
Substituted benzenes
Heavy metals

Halogenated chemicals Polycyclic aromatic hydrocarbons
Aliphatics
Substituted benzenes
Halogenated aliphatics
Dioxins and furans

Non-halogenated chemicals Polycyclic aromatic hydrocarbons
Aliphatics
Substituted benzenes

Metal-based pesticides Range of organics
Heavy metals
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electrode and the potential difference is termed the electrode potential. The latter depends upon
the identity of the metal, the temperature and the concentration of metal ions in solution. Thus
copper is less reactive than zinc so that if the two metals are immersed in water and connected by
a wire electrons will flow through the external circuit from Zn (cathode) to Cu (anode). The
process is termed electrolysis and the arrangement by which chemical energy is converted into

Table 3.10 Compounds liberated from a range of materials during fires

Fire material CcO HCN  HCl  P,Os; Isocyanate lIrritants, HF PAHs  NO,
e.g. and
acrolein  HBr
Chlorine Emissions
On-site NA NA NA + NA NA NA NA NA NA
Off-site
Oil refineries  Emissions + - - - - ++ - +++ -
(storage tanks)  On-site - - - - - ++ — _
Off-site - - - - - +
Paints and Emissions +4++ - ++ + ++ ++ - ++ -
solvents On-site - + - ++ + - _
Off-site - - - - + - — _ _
Petrol Emissions ++ - - - - ++ - + -
On-site - - - - - + — _
Off-site - - - - - - - - _
Phosphorus Emissions +4+ - + +4+ ++ ++ - T4 _
On-site - + ++ ++ + - _
Off-site - - - + + — _ _ _
Plastics Emissions +++ +++ +++ + ++ ++ + ++ ++
On-site ++ - ++ ++ +
Off-site - - + - + + - _
Resins and Emissions +++ ++ + - ++ ++ + ++ ++
adhesives On-site + - ++ ++ +
Off-site - - - - + + _ _ _
Rubber Emissions +++ + + - - +H+/++ - ++ +
On-site + — — ++/+ _
Off-site - - - - - + _ _ _
Upholstery Emissions +++ +++ +++ - ++ ++ + ++ ++
(polyurethane)  On-site ++ - ++ ++ +
Off-site - - + - + + - _ _
Vegetation Emissions + - - - - + - + +
(forests) On-site - - - - - + _
Off-site - - - - - - - - _
Waste tips Emissions - + + - + ++ + + +
On-site - + - + +
Off-site - - - - - - — _ _
Key
NA Not applicable since chlorine is the main risk
Emissions Total emissions during a fire
On-site Exposure of workers and emergency service personnel
Off-site Exposure of the general public and the wider environment
- Zero or little emission or exposure
+ Likely to be some emission or exposure
++ Likely to be low level emission or exposure
+++ Likely to be greatest emission or exposure
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electrical energy is termed a ‘chemical’ or ‘galvanic cell’. To standardize conditions emfs are
determined at 25°C of cells containing a molar metallic electrode (i.e. a rod of metal immersed
in a solution containing 1 gram-ion of the metallic ion per litre) opposed to a molar hydrogen
electrode (i.e. a plate of platinum covered with a thin film of hydrogen to simulate a rod of
hydrogen).

The ease with which an atom gains or loses electrons is termed the electronegativity of
the element. Tabulation of the elements in order of ease by which they lose electrons is called the
electrochemical series and is shown in Table 6.10. Chapter 4 explains the importance of this to the
formation and control of corrosion, and Chapter 6 discusses the relevance to predicting reactivity
of metals towards water and their potential to become pyrophoric.

Other industrial applications of electrolysis include extraction/purification of metals from ores,
electroplating, and the manufacture of certain chemicals such as sodium hydroxide. In the latter,
sodium chloride solution when electrolysed is converted to sodium hydroxide to produce chlorine
at the anode and hydrogen at the cathode. Both of these gaseous by-products are collected for
industrial use; chlorine is used in the production of bleach and PVC; hydrogen is used as a fuel,
to saturate fats, and to make ammonia.

Rates of chemical reaction

Whereas thermodynamics describes the energy requirements of a reaction, the speed at which it
progresses is termed kinetics. It is important to be able to control the rate of chemical reactions
for commercial and safety reasons. If a reaction takes too long to progress the rate at which a
product is manufactured would not be viable. Alternatively, if reactions progress too fast and
‘runaway’ out of control there could be dangers such as explosions. The rate at which reactions
take place can be affected by the concentration of reactants, pressure, temperature, wavelength
and intensity of light, size of particles of solid reactants, or the presence of catalysts (i.e. substances
which alter the speed of reactions without being consumed during the reaction) or impurities.
Catalysts tend to be specific to a particular reaction or family of reactions. Thus nickel is used to
facilitate hydrogenation reactions (e.g. add hydrogen to C=C double bonds) whereas platinum
is used to catalyse certain oxidation reactions. Sometimes care is needed with the purity of
reactants since impurities can act as unwanted catalysts; alternatively, catalysts can be inactivated
by ‘poisoning’.

The effect of temperature on different types of reaction is shown in Figure 7.5.

For reactions which progress slowly at room temperature it may be necessary to heat the
mixture or add a catalyst for the reaction to occur at an economically-viable rate. For very fast
reactions the mixture may need to be cooled or solvent added to dilute the reactants and hence
reduce the speed of reaction to manageable proportions. In general the speed of reaction

doubles for every 10°C rise in temperature;

is proportional to the concentration of reactants in solution;
increases with decreased particle size for reactions involving a solid;
increases with pressure for gas phase reactions.

Chapter 4 discusses reaction kinetics further.



4
Physicochemistry

Hazards from processes using chemicals are assessed on the basis of:

e Inherent chemical properties Toxic, flammable/explosive, reactive, unstable

e Chemical form Liquid, solid (briquette, flake, powder), gas, vapour, air-
borne particulate (including mist, fume, froth, aerosol,
dust)

e Quantity In storage, held up in process stages, in the working
atmosphere, as wastes, etc.

e Processing conditions Use of high or low temperature, high pressure, vacuum

or possible hazardous reactions (polymerization,
oxidation, halogenation, hydrogenation, alkylation,
nitration, etc.)

Hazards can often be foreseen from basic physicochemical principles, as summarized below.

Vapour pressure

The vapour pressure of a chemical provides an indication of its volatility at any specific temperature.
As an approximation, the vapour pressure p’ of a pure chemical is given by

log. p’ = (A/T) + B

where A and B are empirically determined constants and 7 is the absolute temperature.

Hence the vapour pressure of a chemical will increase markedly with temperature.

For a component ‘a’ in a mixture of vapours, its partial pressure p, is the pressure that would
be exerted by that component at the same temperature if present alone in the same volumetric
concentration. So with a mixture of two components, ‘a’ and ‘b’, the total pressure is

P =py+py
If an inert gas is also present, its pressure is additive:

P =p,+ Py + Pinert

In an ‘ideal mixture’ the partial pressure p, is proportional to the mole fraction y, of the component
in the gas phase:

Pa = YaP

and this partial pressure is also related to the concentration in the liquid phase expressed as mole
fraction x, by:
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Pa = DPaXa
where p; is the vapour pressure of component ‘a’ at the prevailing temperature. So, if all the
components are miscible in the liquid phase the total pressure P of a mixture is

’ ’ ’
P =paxa + ppXxp + pexe

As a result:

e The flash point of any flammable liquid will be lowered if it is contaminated with a more
volatile, flammable liquid.

e Application of heat to a flammable liquid (e.g. due to radiation or flame impingement in a fire,
or because of ‘hot work’) can generate a flammable vapour—air mixture.

e Increase in temperature of a toxic liquid can create an excessive concentration of toxic vapour
in air. This may occur as the result of an exothermic reaction.

e The pressure in the vapour space of an incompletely full, sealed vessel containing liquid cannot
be reduced by partially draining off liquid.

e The pressure in an incompletely full container of liquid will increase with temperature and can,
in the extreme, result in rupture due to over-pressurization unless adequate relief is provided.
(This may occur following an uncontrolled exothermic reaction.) Alternatively, partial ejection
of the contents can occur on opening.

e The composition of the vapour in equilibrium with a miscible liquid mixture at any temperature,
e.g. on heating during distillation, will be enriched by the more volatile components. The
composition of the liquid phase produced on partial condensation will be enriched by the less
volatile components. Such ‘fractionation’ can have implications for safety in that the flammability
and relative toxicity of the mixtures can change significantly.

Gas-liquid solubility

For a dilute solution, the partial pressure exerted by a dissolved liquid (a solute) ‘a’ in a liquid
solvent is given by

Pa = Hx,

where H is Henry’s law constant for the system and x, is the mole fraction of solute. A different
value of H is applicable to each gas—liquid system.
As a result:

e The solubility of a gas generally decreases with any increase in temperature. So, if a solution
in a closed receptacle is heated above the filling temperature during transport or storage, loss
of gas can result on opening or liquid discharge.

e With a ‘sparingly-soluble’ gas a much-higher partial pressure of that gas is in equilibrium with
a solution of a given concentration than is the case with a highly soluble gas.

e Exposure of a solution to any atmosphere will lead to the take-up, or release, of gas until
equilibrium is eventually attained.

e Rapid absorption of a gas in a liquid in an inadequately-vented vessel can result in implosion,
i.e. collapse inwards due to a partial vacuum.
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Liquid-to-vapour phase change

Evaporation of liquid to form vapour is accompanied by a considerable increase in volume. For
example, at atmospheric pressure one volume of water will generate 1600 volumes of steam.
Similarly 4.54 litres of gasoline will yield 0.93 m® of neat vapour on complete vaporization. The
reverse process, condensation, is accompanied by a considerable — and often rapid — decrease in
volume. As a result:

e Contact of water with molten metals or salts or hot oil (above 100°C at atmospheric pressure)
can result in a ‘steam explosion’, or a ‘boil-over’, with ejection of process materials. Similar
effects occur with other volatile liquids.

e Evaporation of a relatively-small volume of liquid in an enclosed space can produce a flammable
or toxic vapour hazard. Leakage, or spillage, of a chemical maintained as a liquid above its
atmospheric boiling point by pressure (e.g. liquefied petroleum gases) or as a liquid by refrigeration
(e.g. ammonia) can result in a sizeable vapour cloud.

e Sudden cooling of a vapour-filled vessel which is sealed, or inadequately vented, may cause an
implosion due to condensation to liquid.

e Cooling of vapour in a vented vessel may cause sucking-back of process materials or ingress
of air.

e Vaporization in enclosed containers can produce significant pressure build-up and explosion.

In addition to volume changes the effect of temperature is also important. Thus the specific
latent heat of vaporization of a chemical is the quantity of heat, expressed as kJ/kg, required to
change unit mass of liquid to vapour with no associated change in temperature. This heat is
absorbed on vaporization so that residual liquid or the surroundings cool. Alternatively an equivalent
amount of heat must be removed to bring about condensation. Thus the temperature above a
liquefied gas is reduced as the liquid evaporates and the bulk liquid cools. There may be consequences
for heat transfer media and the strength of construction materials at low temperatures.

Solid-to-liquid phase change

The phase change of a chemical from solid to liquid generally results in an expansion in volume.
(Ice to water is one exception.) As a result:

e Ejection of liquid can occur from open pipelines when solid blockages are released by external
heating, e.g. by steam. (This hazard is increased if pressure is applied upstream of the constricton.)
e Melting of solid in a sealed system may exert a significant internal pressure.

Density differences of gases and vapours

As an approximation, at constant pressure,

relative molecular mass
absolute temperature

density of a gas/vapour o<

Since few chemicals (e.g. hydrogen, methane, ammonia) have a molecular weight less than that
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Table 4.1 Densities of some toxic gases and vapours relative to air at 20°C

Density gas/ Relative
density of air molecular mass

Bromine vapour 5.54 160

Phosgene 3.43 99

Chlorine 2.46 71

Sulphur dioxide 2.22 64

Acrylonitrile vapour 1.84 53

Hydrogen cyanide vapour 0.94 27

Hydrogen fluoride vapour 0.69 20

Ammonia 0.59 17

of air, under ambient conditions most gases or vapours are heavier than air. For example, for
common toxic gases refer to Table 4.1; for flammable vapours refer to Table 6.1. At constant
pressure the density of a gas or vapour is, as shown, inversely proportional to the absolute
temperature. As a result:

On release, vapours heavier than air tend to spread (i.e. to ‘slump’) at low level and will
accumulate in pits, sumps, depressions in ground, etc. This may promote a fire/explosion
hazard, or a toxic hazard, or cause an oxygen-deficient atmosphere to form, depending on the
chemical.

Heavy vapour can remain in ‘empty’ vessels after draining out liquid and venting via the top
with similar associated hazards.

On release, vapours which are less dense than air at ambient temperature may tend to spread
at low level when cold (e.g. vapour from liquid ammonia or liquefied natural gas spillages).
Gases less dense than air may rise upwards through equipment, or buildings, and if unvented
will tend to accumulate at high level. This is an important consideration with piped natural gas
which tends to diffuse upwards from fractured pipes, open valves or faulty appliances. Hydrogen
from leakages in use, e.g. from cylinders (refer to Table 9.12), or from electrolytic processes,
e.g. battery-charging, rapidly diffuses upwards.

Hot gases rise by thermal lift. Hence in the open air they will disperse. Within buildings this
is a serious cause of fire escalation and toxic/asphyxiation hazards if smoke and hot gases are
able to spread without restriction (or venting) to upper levels.

A balanced flue can serve to effectively vent a combustion process in a gas-fired appliance, but
must be sound in construction and unrestricted to avoid leaks.

Once a gas or vapour has been mixed with air, it is the mean density of the mixture which is
important (similar considerations arise when mixing other gases). The mean density of a gas
mixture is given by:

o _PVetpaVa
Pmixture = Vg + Va

where V,, V, are the volumes of gas and air, and p,, p, the densities of gas and air respectively.
Clearly if V, is large relative to V,, or if p, does not differ significantly from p,, the value of
Pmixture APpProximates to p,. As a result:

The density of air saturated with a chemical vapour may not differ significantly from that of air
itself. Refer to Table 4.2. This is an important consideration when designing ventilation systems,
i.e. both high- and low-level extract vents may be desirable.



IMMISCIBLE LIQUID—LIQUID SYSTEMS 49

Table 4.2 Relative densities of air saturated with selected chemicals at 25°C

Relative density of saturated air

(air at 25°C)
Benzene 1.21
Bromochloromethane 1.07
Carbon tetrachloride 1.65
Diisobutyl ketone 1.01
Nitroethane 1.04
Parathion 1.0

Density differences of liquids

The specific gravities (s.g.) of liquid chemicals vary widely, e.g. for the majority of hydrocarbon
fuels s.g. <1.0 but for some natural oils and fats, chlorinated hydrocarbons, s.g. >1.0. Density is
generally reduced by any increase in temperature. As a result:

e On heating up, thermal expansion of a liquid in sealed piping, equipment or a container may
exert sufficient hydraulic pressure to cause rupture or failure. (Hence specific filling ratios are
followed with containers, e.g. road tankers.)

e A lighter liquid can spread over and, if immiscible, remain on top of a denser liquid. Thus
liquid fuels and many organic liquids will spread on water; this may result in a hazard in
sumps, pits or sewerage systems and often precludes the use of water as a jet in fire-fighting.

e Stratification of immiscible liquids may occur in unagitated process or storage vessels.

Immiscible liquid-liquid systems

In a combination of two immiscible liquids, each exerts its own vapour pressure independently.
The total pressure is then the sum of the vapour pressures,

P =p; +pp
Also if a solute C is present in solvent A when it is mixed with solvent B, some transfer will occur

of C to B. Eventually equilibrium will be attained between the concentrations of C in each phase.
For many dilute solutions this is expressed by

y = mx

where x is the mass (or mole) fraction of C in A, y is the mass (or mole) fraction of C in B and
m is the partition coefficient. In concentrated solutions the equilibria are better represented by a
distribution curve. As a result of these equilibria:

e The boiling point of a mixture of immiscible liquids can be significantly lower than that of
either chemical, so violent boiling may occur unexpectedly on mixing them whilst hot.

e Partition of solute into a second immiscible liquid (e.g. water) may result in its release if the
latter is subsequently exposed to air, e.g. in a sump or effluent drain.

e Trace contamination of an immiscible liquid can occur following accidental contact with
another liquid even if the mutual solubilities are considered insignificant.
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Vapour flashing

If a liquid near its boiling point at one pressure is ‘let down’ to a reduced pressure, vapour flashing
will occur. This will cease when the liquid temperature is reduced, due to removal of the latent
heat of vaporization, to a temperature below the saturation temperature at the new pressure.

As a result:

e Flashing of vapour containing entrained mist may occur on venting equipment or vessels
containing volatile liquids. This may create a toxic or flammable hazard depending on the
chemical; with steam the risk is of scalding. Rupture of equipment can produce a similar effect.

e Escapes or spillages of liquefied petroleum gas, or chlorine or ammonia, rapidly generate a
vapour cloud.

e Loss of containment, e.g. due to a crack or open valve, from beneath the liquid level in a
liquefied gas vessel is potentially more serious than if it occurs from the gas space because the
mass flowrate is greater.

e Absorption of heat (auto-refrigeration) and consequent temperature reduction on flashing may
have a serious effect on associated heat transfer media, upon the strength of materials of
construction, and result in frosting at the point of leakage. Exposure of personnel carries a risk
of frostbite.

Effects of particle or droplet size

Airborne particulate matter may comprise liquid (aerosols, mists or fogs) or solids (dust, fumes).
Refer to Figure 5.2. Some causes of dust and aerosol formation are listed in Table 4.3. In either
case dispersion, by spraying or fragmentation, will result in a considerable increase in the surface
area of the chemical. This increases the reactivity, e.g. to render some chemicals pyrophoric,
explosive or prone to spontaneous combustion; it also increases the ease of entry into the body.
The behaviour of an airborne particle depends upon its size (e.g. equivalent diameter), shape and
density. The effect of particle diameter on terminal settling velocity is shown in Table 4.4. As a
result:

e All combustible solids can create a dust explosion hazard if dispersed in air as a fine dust
within certain concentration limits. Refer to Table 6.2. The hazard increases with decreasing
particle size.

e Particles in the respirable size range, i.e. about 0.5-7 um, will, once dispersed, remain airborne
for extended periods. Indeed since they are sensitive to slight air currents they may be permanently
suspended.

e A dust cloud comprising a distribution of particle sizes soon fractionates, e.g. visible matter
settles to the ground in a few minutes. Hence the size distribution of airborne particles may
differ significantly with time and from that of the source material. (This is particularly relevant
to occupational hygiene measurements involving toxic dust emissions.)

Surface area effects in mass transfer or heterogeneous reactions

The rate of mass transfer across a phase boundary or interface can be expressed by
N=K. A (AC),
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Table 4.3 Selected sources of dusts and aerosols

Particulate form Common sources

Dust

Aerosol

Crushing

Grinding

Milling

Sieving

Drying, e.g. spray, drum, fluidized bed drying
Powder mixing

Emptying bags of powder, or fines from bag filters
Powder transfer, e.g. conveyors

Brushing

Buffing

Droplet generation by air pressure differential across the film, e.g.
bursting of liquid film in bubbles, froth across bottle mouths and
pipette tips

Formation of froth by mixing of gas and liquid in shake cultures,
fermenters or test tubes

Forceful ejection of the contents of pipettes or syringe, especially if
already containing gas bubbles

Vibration or twanging of hypodermic needles or platinum loops
Impact of a droplet on a liquid, e.g. from liquid falling under gravity
Separation of two moist surfaces, e.g. withdrawal of the plunger in a
syringe barrel or stopper from a tube

Centrifugal forces, e.g. escape of liquid from a centrifuge

Sizzling, e.g. when a platinum loop or inoculation tool is flamed or
plunged hot into liquid

Deliberate atomization in some humidification operations, gas
scrubbing, spray drying, spray painting

Leakage of liquids transferred under pressure, e.g. from flange joints,
pump glands

Misting during condensation (e.g. in distillations) gas absorption,
vaporizations

Use of propellants, e.g. hand-held aerosol cans

Electrolytic processes

Rapid liquid discharge from an orifice, e.g. shower heads, taps

Table 4.4 Terminal velocities of particles of different sizes

Diameter Rate of fall
(um) (m/s)
5000 9
1000 4
500 3
100 3 %107
50 75 x1073
10 3 %107
5 75 %107
1 36 x107°
0.5 10 x107°
0.1 36 x1078

(Particle density 1000 kg/m?; air at 20°C, 100 kPa.)
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where N is mass transferred/unit time

K is a mass transfer coefficient

A is the interfacial area

(AQ),, is the mean concentration gradient, representing the deviation from equilibrium. Hence the
rate is directly related to coefficient K, which will generally increase with any increase in turbulence
such as increased relative velocity between the phases or agitation; to the exposed surface area A;
and to the concentration difference, whether it is a pressure or humidity differential or a solubility
relationship. As a result:

e The rate of evolution of a toxic or flammable vapour from a liquid (e.g. in an open vessel, from
a spillage or as a spray) is directly related to the exposed area. Therefore, the rate of vapour
formation from solvent-impregnated rag, from solvent-based films spread over a large area,
from foams or from mists can be many times greater than that from bulk liquid.

e All gas absorption processes are surface area dependent. Hence water fog may be an effective
means of dealing with emissions of soluble gases, e.g. ammonia or hydrogen fluoride.

e The rates of gas—solid reactions are surface area dependent, so finely-divided metals, coal etc.
may be prone to oxidation leading to spontaneous combustion. A combustible dust will burn
much more rapidly than the bulk sold, and if dispersed in air cause a dust explosion (refer to
Table 6.2).

e The rates of gas—liquid reactions are surface area dependent. Hence in the spontaneous combustion
of oil impregnating fibrous thermal insulation on hot equipment, oxidation is facilitated by the
large exposed surface area and, since the dissipation of heat is restricted, the temperature can
rise until the oil ignites spontaneously.

e The important factors, on exposure to chemicals that are toxic by absorption via the skin, are
the contact area and the duration of exposure (refer to Table 13.8).

Enthalpy changes on mixing of liquids

Mixing of two or more chemicals which have dissimilar molecular structures may be exothermic
(liberating heat) or endothermic (absorbing heat). As a result:

e Unless controlled, the enthalpy release when some liquids are mixed may result in their
ejection from equipment or, in the extreme, an explosion.

Critical temperatures of gases

Every gas has a critical temperature above which it cannot be liquefied by the application of
pressure alone. The critical pressure is that required to liquefy a gas at its critical temperature.
Data for common gases are given in Table 4.5. As a consequence:

e Liquefied gases may be stored fully refrigerated, with the liquid at its bubble point at near
atmospheric pressure; fully pressurized, i.e. at ambient temperature; or semi-refrigerated with
the temperature below ambient but the vapour pressure above atmospheric pressure. Of the
gases listed in Table 4.6, all those with critical temperatures below ambient must be maintained
under refrigeration to keep them in the liquid phase.
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Table 4.5 Critical temperature and pressure data for common gases

Critical Critical

Temperature (°C) pressure (bar)
Water (steam) 374 -
Sulphur dioxide 157 219
Chlorine 144 78
Ammonia 132 77.7
Nitrous oxide 39 -
Carbon dioxide 31.1 73.1
Oxygen -119 50
Nitrogen -147 33.7
Hydrogen -240 12.9

e [f the temperature remains constant, the pressure within any cylinder containing liquefied gas
will remain constant as gas is drawn off (i.e. more liquid simply evaporates) so the quantity of
gas remaining cannot be deduced from the pressure.

Table 4.6 Gases commonly stored in liquefied form

Gas Boiling point  Liquid density ~ Volume ratio gas Vapour Critical

at 1 bar abs. at boiling (1 bar abs., 20°C)  pressure  temperature

point to liquid at 38°C

(°C) (kg/m?>) (at boiling point) (bar abs.) (°C)
Can be stored without refrigeration
Ethylene oxide 11 883 425 2.7 195
n-Butane 0 602 242 3.6 152
Butadiene (1, 3) -4 650 280 4.1 152
Butylene (o) -6 626 262 4.3 146
Isobutane -12 595 241 5.0 135
Ammonia -33 682 962 14.6 133
Propane —42 582 315 13.0 97
Propylene -48 614 347 15.7 92
Requires refrigeration
Ethane -89 546 436 - 32
Ethylene -104 568 487 - 9
Methane (LNG) -162 424 637 - -82
Oxygen -183 1140 860 - =119
Nitrogen -196 808 696 - -147

Chemical reaction Kinetics

The rate of chemical reaction is generally a function of reactant concentration and temperature.
For many homogeneous reactions therefore, if they are exothermic,

rate of generation o< eXTr

where R is the gas constant and 7, is the absolute temperature. If the heat is removed by forced
convection to a coolant in a jacket or coil,

rate of removal o< 7, — T,
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where T, is the coolant temperature. Thus:

e Since the generation rate is exponential whereas the removal rate is linear, for any exothermic
reaction in a specific reactor configuration a critical condition may exist, i.e. a value of 7,
beyond which ‘runaway’ occurs.

e A reaction which is immeasurably slow at ambient temperature may become rapid if the
temperature is raised.

With some reactions which have a significant rate at ambient temperature, e.g. catalysed reactions,
oxidations or self-polymerization of certain polymers, severe hazards may be associated with an
elevation in temperature.

Exothermic reactions require control strategies which may involve temperature control, dilution
of reagents, controlled addition of one reagent, containment/venting and provision for emergencies.
Refer to p. 248.

Many liquid phase or heterogeneous solid—liquid or gas—liquid reactions result in gaseous products
or byproducts. These products may be toxic (refer to Table 5.1) or flammable (refer to Table 6.1),
or result in overpressurization of any sealed container or vessel. Unless pressure relief is provided,
relatively small volumes of reactants — the presence of which may not be expected — may generate
sufficient gas pressure to rupture a container. The causes of pressure build-up may be:

e Reactions with water, e.g. reaction of phosphorus oxychloride with water to produce gaseous
hydrogen chloride:

POCI; + H,O — H;3PO, + HCI (refer to Table 7.1)

e Electrolytic corrosion (see later).

e Reaction due to contaminants, e.g. in reusable containers or in transfer pipelines.

e Reaction with construction materials, e.g. nitric acid can produce nitric oxide gas on contact
with copper in pipes or copper windings in motors of canned pumps:

3Cu + 2HNO; — 3 CuO + 2NO + H,O

e Slow decomposition of a chemical of limited stability. For example, the slow decomposition of
98-100% formic acid to gaseous carbon monoxide in a full 2.5 litre bottle would produce 7 bar
pressure during one year at 25°C if unvented:

HCOOH — CO + H,0

e Self-initiated reactions, e.g. pyruvic acid on storage can become oxidized by air (or airborne
yeasts) to form sufficient gaseous carbon dioxide to overpressurize the container:

CH;COCO,H + [0] — CH;CO,H + CO,

Pyruvic acid should therefore be stored refrigerated with light and air excluded.

The precautions required can be any combination of those in Table 4.7.

Corrosion

Pure metals and their alloys interact gradually with the elements of a corrosive medium to form
stable compounds and the resulting metal surface is considered to be ‘corroded’. The corrosion
reaction comprises an anode and an electrode between which electrons flow. Table 6.10 shows the
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Table 4.7 Precautions applicable to reactions producing gaseous products or byproducts

Temperature control

Adequately sized pressure relief

Elimination of contaminants, including metallic residues, from process streams and equipment

Selection of materials of construction compatible with the chemical(s) in use, properly cleaned and passivated
Elimination of ingress of reactive chemicals, e.g. water, air

Date labelling and inventory control in storage

Cleaning and inspection of reusable containers, tankers etc, before refilling

anodic—cathodic series, or electrochemical series, for selected metals and for hydrogen (since the
discharge of hydrogen ions takes place in most corrosion reactions). Metals above hydrogen in
the series displace hydrogen more easily than do those below it. As a general rule, when dissimilar
metals are used in contact with each other and are exposed to an electrically-conducting solution,
combinations of metals should be chosen that are as close as possible to each other in the series.
Coupling two metals widely separated in the series will generally produce accelerated attack on
the more active metal. Often, however, protective passive oxide films and other effects will tend
to reduce galvanic corrosion. Insulating the metals from each other can prevent corrosion. The
dual action of stress and a corrodent may result in stress corrosion cracking or corrosion fatigue.

Corrosion may be uniform or be intensely localized, characterized by pitting. The mechanisms
can be direct oxidation, e.g. when a metal is heated in an oxidizing environment, or electrochemical.
Galvanic corrosion may evolve sufficient hydrogen to cause a hazard, due to:

e Formation of a flammable atmosphere with air in equipment or piping.

e Build-up of internal pressure within a weakening container.

e Production of atomic hydrogen as a species; this may penetrate metal to produce blistering or
embrittlement.

The consumption of oxygen due to atmospheric corrosion of sealed metal tanks may cause a
hazard, due to oxygen-deficiency affecting persons on entry.

Stresses may develop resulting from the increased volume of corrosion products, e.g. rust
formation involves a seven-fold increase in volume.

Many salts are corrosive to common materials of construction, as demonstrated in Tables 4.8
and 4.9. Corrosion may be promoted, or accelerated, by traces of contaminants.

Whereas corrosion of metals is due to chemical or substantial electrochemical attack, the
deterioration of plastics and other non-metals which are susceptible to swelling, cracking, crazing,
softening etc. is essentially physicochemical rather than electrochemical.

Corrosion prevention

Corrosion prevention is achieved by correct choice of material of construction, by physical means
(e.g. paints or metallic, porcelain, plastic or enamel linings or coatings) or by chemical means
(e.g. alloying or coating). Some metals, e.g. aluminium, are rendered passive by the formation of
an inert protective film. Alternatively a metal to be protected may be linked electrically to a more
easily corroded metal, e.g. magnesium, to serve as a sacrificial anode.

Some corrosion-resistant materials for concentrated aqueous solutions and acids are given in
Tables 4.10 and 4 .11. The resistance of some common polymers to organic solvents is summarized
in Table 4.12. The attack process is accelerated by an increase in temperature. The chemical
resistance of a range of common plastics is summarized in Table 4.13.
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Table 4.8 Comparison of corrosion rates by solutions of salts

Salts Corrosion rates for listed construction materials
(type and examples)
Carbon 304 SS 316 SS Alloy 400 Nickel 200
steel (65 Ni-32Cu)
Non-oxidizing non-halides
Alkaline (pH >10)
e.g. sodium carbonate L L L L L
Neutral
e.g. sodium sulphate M L-M; SCC L-M L L
sodium nitrate L-M; SCC L; pits L, pits L L
Acid
e.g. nickel sulphate S L-M L-M M M; pits
Non-oxidizing halides
Neutral
e.g. sodium chloride M; pits M; SCC; pits M; SCC; pits M M
Acid
e.g. zinc chloride S S; SCC; pits S; SCC; pits M M
ammonium chloride S S; SCC; pits M; SCC; pits M M-S
Oxidizing non-halides
Neutral
e.g. sodium chromate L0 L
sodium nitrite L L L L L
potassium M M M M M
permanganate
Acid
e.g. ferric sulphate S L L S -
silver nitrate S; SCC M M S S
Oxidizing halides
Alkaline
e.g. sodium hypochlorite S S; pits S; pits M-S; pits M-S; pits
Acid
e.g. ferric chloride S; SCC S; pits S; pits S S
cupric chloride S S; pits S; pits S S
mercuric chloride S S; SCC; pits S; SCC; pits S; SCC S

Low: <5 mpy, for all concentrations and temperatures <boiling

Moderate: <20 mpy, perhaps limited to lower concentrations and/or temperatures

S Severe: >50 mpy

SCC Induces stress corrosion cracking

(mpy = mils per year: 1 mil = 0.001 in = 25.4 um)

(UChemical acts as corrosion inhibitor if present in sufficient amounts, but may cause pitting if in
lower amounts.

<~

Force and pressure

Pressure is defined as force per unit area. (It may be expressed in a variety of units; refer to
Chapter 18.) So, pressure X area = force.
As a result:

e A relatively small pressure can result in a very large force if it is applied over a large area.
Inadequately vented atmospheric storage tanks may therefore rupture if, for some reason, e.g.
a high inflow, they are subjected to a relatively low internal pressure. Large side-on structures,
windows, etc. are particularly prone to damage from an explosion even at a significant distance
from the epicentre.
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Table 4.9 Selected inorganic salts highly corrosive to carbon steel (Corrosion rate >50 mpy)

Aluminium sulphate
Ammonium bifluoride
Ammonium bisulphite
Ammonium bromide
Ammonium persulphate
Antimony trichloride
Beryllium chloride
Cadmium chloride
Calcium hypochlorite
Copper nitrate

Copper sulphate

Cupric chloride
Cuprous chloride

Ferric chloride

Ferric nitrate

Ferrous ammonium sulphate
Ferrous chloride
Ferrous sulphate

Lead nitrate

Lithium chloride

Magnesium fluorosilicate
Mercuric chloride

Nickel chloride

Nickel sulphate

Potassium bisulphate
Potassium bisulphite
Potassium sulphite

Silver nitrate

Sodium aluminium sulphate
Sodium bisulphate

Sodium hypochlorite
Sodium perchlorate

Sodium thiocyanate

Stannic ammonium chloride
Stannic chloride

Stannous chloride

Uranyl nitrate

Zinc chloride

Zinc fluorosilicate

e High-pressure equipment, the walls of gas cylinders, etc., are subjected to very high forces.
Hence metallurgical integrity is vital.

e Implosion of glass, plastic or inadequately designed metal equipment can occur under partial
vacuum conditions.

Stored pressure energy

Any gas stored or transferred under pressure represents an energy source. If piping or equipment
failure occurs, energy is given out as the gas rapidly expands down to virtually atmospheric
pressure. Elastic strain energy in the walls is also given out, but, by comparison, this is relatively
small.

For a perfect gas the energy content is:

P,VInP,
P

where W is the energy content (joules), V is the container volume (m?), and P, and P, are the
internal and atmospheric pressure (Mpa), respectively. As a result:

W =

e Pressure rupture of even a small piece of equipment may result in a serious explosion generating
missiles travelling at high velocity. This is an important consideration when using laboratory
glassware or industrial glass equipment and pipework.

e A pressure not registered on a gauge may be sufficient to result in an accident.

e Pneumatic testing of equipment should only be used when hydraulic testing is impracticable;
appropriate safeguards, e.g. pre-inspection, reduction of the internal gas space, pressure relief,
and use of a blast pit or enclosure, are necessary.

e High inventories of stored pressure energy constitute a major accident hazard.
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Table 4.10 Corrosion-resistant materials for concentrated aqueous solutions

Material Acids Alkalis  Salts Organic ~ Not recommended for
——  solvents
Oxidizing  Reducing  Organic Aqueous
solutions
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Alloy C L L L R L L R R R R R R L R R Acid services >65°C,
especially hydrochloric
acid or acid solutions
with high chloride
contents
Tantalum V R R L R N R R N N R R R R R Hot oleum (>50°C),
strong alkalis, fluoride
solutions, sulphur
trioxide
Glass/silicates R R R R R N R R L L R R R R R Strong alkalis,
especially >54°C,
distilled water >82°C,
hydrofluoric acid, acid
fluorides, hot
concentrated
phosphoric acid,
lithium compounds
>177°C, severe shock
or impact applications
Carbon, N L L - - L - - R R R R R - - Strong oxidizers, very
impreg. with strong solvents
furan
Carbon, N L L R R L R R N R R R R R R Strong alkalis, very
impreg. with strong oxidizers
phenolic
FEP/TFE R R R R R R R R R R R RR R RT Molten alkali metals,
elemental fluorine,
strong fluorinating
agents
Furan resin N N V R L N L L R R R VR R LM Strongly oxidizing
solutions, liquid
bromine, pyridine
Phenolic resin N L V R R L L R N N R N L R LM Strong alkalis or alkali
salts, very strong
oxidizers
Epoxy resin'? N N V L R - L N R L R N R L LM Strong oxidizing
conditions, very strong
organic solvents
R Recommended for full range concentrations up to boiling or to temperature limit of (non-metallic) product form.
L Generally good service but limited in concentration and/or temperature.
V' Very limited in concentration and/or temperature for service.
N Not recommended.

M See Table 4.12
@ Epoxy hardener will strongly affect chemical resistance.
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Table 4.11 Construction materials for use with strong acids

Acid Construction material Important safety consideration
Acetic 316 L stainless steel Excess acetic anhydride in glacial acetic acid can accelerate
corrosion; chloride impurities (ppm levels) can cause pitting and
stress-corrosion cracking
Copper/copper alloys Not for highly oxidizing conditions
Aluminium alloys Sensitive to contaminants; requires very clean welding; attacked very
rapidly in concentrations near 100% or with excess acetic anhydride
Formic 304 L stainless steel For ambient temperature only

Hydrochloric

Hydrofluoric

Nitric

Oleum

Phosphoric

Sulphuric

Copper/copper alloys

Rubber-lined steel
(natural rubber)

Alloy C

Alloy B

Tantalum
Impervious graphite
Reinforced plastic

Alloy 400
Copper
Cupro-nickel

Carbon steel
Impervious graphite
Polyvinylidene fluoride

304 L stainless steel
High-silicon iron

Aluminium (e.g. 3003,
5052)
Titanium

Carbon steel
Glass-lined steel

316 L stainless steel

Carbon steel

Alloy 20 variations
High-silicon iron
Chemical lead

Glass
Alloy C
Rubber-lined steel

Brick linings with
silicate mortar

Not for oxidizing conditions, including air

Low tolerance for organic solvent impurities; temperature limited
according to hardness of rubber; steel fabrication must be properly
done

Not for hot concentrated HCI

Not for oxidizing conditions (test if reducing conditions are in doubt)
Not for fluoride impurities

Fragile

HCI may attack or permeate laminate; temperature limited

(<65.5°C); requires excellent engineering design and fabrication quality

Not for oxidizing conditions (test if in doubt)

Not for oxidizing conditions (test if in doubt); <65.5°C only.
Not for oxidizing conditions (test if in doubt); concentration and
temperature slightly limited

Not below 60% concentration, depending on impurities

Fragile; limit to below 60% concentration

Must use low-carbon (or stabilized grade) if welded; not for fuming
acid concentrations above 65.5°C

Casting only; limited shock resistance; only for concentrations above
45% if temperatures over 71°C

Mostly for over 95% concentration, not for below 85%
concentration; requires very clean welding.

May ignite in red-fuming nitric acid if water is below 1.5% and
nitrogen dioxide is above 2.5%

Not for 100-101% H,SO, concentration; limited in temperature
Limited shock resistance

Must use low-carbon or stabilized grade if welded, up to 85%
concentration and 93°C

Not for below 70% concentration; ambient temperatures only; flow
velocities below 0.6 to 1.2 m/s

Limited temperature at 65-75% concentration

Castings only; limited shock resistance

Soft and suffers from erosion; creeps at room temperature; limit to
below 90% concentration

Limited shock resistance

Better for reducing acid strengths (<60% concentration)

For dilute not concentrated (oxidizing) strengths; temperature limited
according to rubber hardness and acid concentration; steel
fabrication must be properly done

Absorption of the corrosive by the masonry (use membrane
substrate); poor properties in tension or shear (use in compression);
many brick linings ‘grow’ in service but if used in archlike contours,
growth merely increases compression
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Table 4.12 Solvent resistance of polymers

Solvent Example Thermosetting resins Thermoplastics Elastomers
=
— [ —
_9%oss 9 o
o IE3¢ 8 S Ol
© P D = 3 ~n = 0
ToYe2 s 9 L9 edegg
10%28< ¥ r 982 5R.23
S22r5 298P 8329 E2c£%
- - Y TS BE TS =2 =78 = ¢
-5 72 08 L Q£ &g 2w
xs:586s:5687858:0 35555 ¢
5252 23 X3m 5552 5955 0
FrEfE Sz £LLs £22 27 2
Alcohols Methanol GE GG G E P E E E E E E G
Aldehydes Formaldehyde GE GG G E E G E G G GGE
Aliphatics Heptane GEE G E E G P GG E P P G
Aliphatic amines Diethylamine GE PP P E P G G - G - - -
Aromatics (and derivatives) Benzene E GGP P E G P G P G P PP
Aniline P G GP P E P G E P G GP P
Phenol G GG F P E P G G P G P PP
Xylene GEEG G E G P F P G P PP
Chlorinated aliphatics Trichloroethylene G G E G P E G P PP E P PP
Ethylene chloride G G G P P E - P F P E P PP
Ketones Acetone G GP G G E G P G P P GP P
Miscellaneous:
Pyridine P P P P E F E P F P P P
Tetrahydrofuran }Aromatics - - P - E P F P F P P P
Furfural G G P E - P P P F -
E  Recommended to maximum temperature of product form.
G Recommendation limited to somewhat lower temperature, or restricted in product from.
F Very limited recommendation; for ambient temperature only.
P Not recommended. Severe attack.

(Temperatures are approximate maxima.)

Expansion and contraction of solids

Hazardous situations can develop with changes in volume with temperature. The effect of temperature
on gases and liquids is mentioned on pages 45 and 65, respectively.

The thermal expansion and contraction of solids can also have safety implications. For a given
material the amount of its linear expansion, or contraction, in one direction is directly related to
temperature and its original size (i.e. length, diameter, circumference). Thus:

change in length = aLAt

where o = thermal coefficient of linear expansion,
At = change in temperature, and
L = original linear measurement.

Table 4.14 lists the coefficients of expansion for selected materials of construction.

Thus, unacceptable stresses can arise in rigid construction materials in apparatus, equipment,
piping, etc. if subjected to large temperature fluctuations. For example, conventional glass is
prone to failure due to thermal shock.
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Table 4.13 Chemical resistance of common plastics

Chemical Resins
CPE LPE PP PMP FEP/ PC PVC
ETFE

Acetaldehyde GN GF GN GN EE FN GN
Acetamide, sat. EE EE EE EE EE NN NN
Acetic acid, 5% EE EE EE EE EE EG EE
Acetic acid, 50% EE EE EE EE EE EG EG
Acetone EE EE EE EE EE NN FN
Adipic acid EG EE EE EE EE EE EG
Alanine EE EE EE EE EE NN NN
Allyl alcohol EE EE EE EG EE EG GF
Aluminium hydroxide EG EE EG EG EE FN EG
Aluminium salts EE EE EE EE EE EG EE
Amino acids EE EE EE EE EE EE EE
Ammonia EE EE EE EE EE NN EG
Ammonium acetate, sat. EE EE EE EE EE EE EE
Ammonium glycolate EG EE EG EG EE GF EE
Ammonium hydroxide, 5% EE EE EE EE EE FN EE
Ammonium hydroxide EG EE EG EG EE NN EG
Ammonium oxalate EG EE EG EG EE EE EE
Ammonium salts EE EE EE EE EE EG EG
n-Amyl acetate GF EG GF GF EE NN FN
Amyl chloride NN FN NN NN EE NN NN
Aniline EG EG GF GF EE FN NN
Antimony salts EE EE EE EE EE EE EE
Arsenic salts EE EE EE EE EE EE EE
Barium salts EE EE EE EE EE EE EG
Benzaldehyde EG EE EG EG EE FN NN
Benzene FN GG GF GF EE NN NN
Benzoic acid, sat. EE EE EG EG EE EG EG
Benzyl acetate EG EE EG EG EE FN FN
Benzyl alcohol NN FN NN NN EE GF GF
Bismuth salts EE EE EE EE EE EE EE
Boric acid EE EE EE EE EE EE EE
Boron salts EE EE EE EE EE EE EE
Brine EE EE EE EE EE EE EE
Bromine NN FN NN NN EE FN GN
Bromobenzene NN FN NN NN EE NN NN
Bromoform NN NN NN NN EE NN NN
Butadiene NN FN NN NN EE NN FN
n-Butyl acetate GF EG GF GF EE NN NN
n-Butyl alcohol EE EE EE EG EE GF GF
sec-Butyl alcohol EG EE EG EG EE GF GG
tert-Butyl alcohol EG EE EG EG EE GF EG
Butyric acid NN FN NN NN EE FN GN
Cadmium salts EE EE EE EE EE EE EE
Calcium hydroxide, conc. EE EE EE EE EE NN EE
Calcium hypochlorite, sat. EE EE EE EG EE FN GF
Carbazole EE EE EE EE EE NN NN
Carbon bisulphide NN NN EG FN EE NN NN
Castor oil EE EE EE EE EE EE EE
Cedarwood oil NN FN NN NN EE GF FN
Cellosolve acetate EG EE EG EG EE FN FN
Caesium salts EE EE EE EE EE EE EE
Chlorine, 10% in air GN EF GN GN EE EG EE
Chlorine, 10% (moist) GN GF GN GN EE GF EG

Chloroacetic acid EE EE EG EG EE FN FN
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Table 4.13 Cont’d

Chemical Resins
CPE LPE PP PMP FEP/ PC PVC
ETFE

p-Chloroacetophenone EE EE EE EE EE NN NN
Chloroform FN GF GF FN EE NN NN
Chromic acid, 10% EE EE EE EE EE EG EG
Chromic acid, 50% EE EE EG EG EE EG EF
Cinnamon oil NN FN NN NN EE GF NN
Citric acid, 10% EE EE EE EE EE EG GG
Citric acid, crystals EE EE EE EE EE EE EG
Coconut oil EE EE EE EG EE EE GF
Cresol NN FN EG NN EE NN NN
Cyclohexane GF EG GF NN EE EG GF
Decalin GF EG GF FN EE NN EG
o-Dichlorobenzene FN FF FN FN EE NN GN
p-Dichlorobenzene FN GF EF GF EE NN NN
Diethyl benzene NN FN NN NN EE FN NN
Diethyl ether NN FN NN NN EE NN FN
Diethyl ketone GF GG GG GF EE NN NN
Diethyl malonate EE EE EE EG EE FN GN
Diethylene glycol EE EE EE EE EE GF FN
Diethylene glycol ethyl ether EE EE EE EE EE FN FN
Dimethyl formamide EE EE EE EE EE NN FN
Dimethylsulphoxide EE EE EE EE EE NN NN
1,4-Dioxane GF GG GF GF EE GF FN
Dipropylene glycol EE EE EE EE EE GF GF
Ether NN FN NN NN EE NN FN
Ethyl acetate EE EE EE EG EE NN FN
Ethyl alcohol EG EE EG EG EE EG EG
Ethyl alcohol, 40% EG EE EG EG EE EG EE
Ethyl benzene FN GF FN FN EE NN NN
Ethyl benzoate FF GG GF GF EE NN NN
Ethyl butyrate GN GF GN FN EE NN NN
Ethyl chloride, liquid FN FF FN FN EE NN NN
Ethyl cyanoacetate EE EE EE EE EE FN FN
Ethyl lactate EE EE EE EE EE FN FN
Ethylene chloride GN GF FN NN EE NN NN
Ethylene glycol EE EE EE EE EE GF EE
Ethylene glycol methyl ether EE EE EE EE EE FN FN
Ethylene oxide FF GF FF FN EE FN FN
Fluorides EE EE EE EE EE EE EE
Fluorine FN GN FN FN EG GF EG
Formaldehyde, 10% EE EE EE EG EE EG GF
Formaldehyde, 40% EG EE EG EG EE EG GF
Formic acid, 3% EG EE EG EG EE EG GF
Formic acid, 50% EG EE EG EG EE EG GF
Formic acid, 98-100% EG EE EG EF EE EF FN
Fuel oil FN GF EG GF EE EG EE
Gasoline FN GG GF GF EE FF GN
Glacial acetic acid EG EE EG EG EE GF EG
Glycerine EE EE EE EE EE EE EE
n-Heptane FN GF FF FF EE EG FN
Hexane NN GF EF FN EE FN GN
Hydrochloric acid, 1-5% EE EE EE EG EE EE EE
Hydrochloric acid, 20% EE EE EE EG EE EG EG
Hydrochloric acid, 35% EE EE EG EG EE GF GF
Hydrofluoric acid, 4% EG EE EG EG EE GF GF
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Table 4.13 Cont’d

Chemical Resins
CPE LPE PP PMP FEP/ PC PVC
ETFE

Hydrofluoric acid, 48% EE EE EE EE EE NN GF
Hydrogen EE EE EE EE EE EE EE
Hydrogen peroxide, 3% EE EE EE EE EE EE EE
Hydrogen peroxide, 30% EG EE EG EG EE EE EE
Hydrogen peroxide, 90% EG EE EG EG EE EE EG
Isobutyl alcohol EE EE EE EG EE EG EG
Isopropyl acetate GF EG GF GF EE NN NN
Isopropyl alcohol EE EE EE EE EE EE EG
Isopropyl benzene FN GF FN NN EE NN NN
Kerosene FN GG GF GF EE GF EE
Lactic acid, 3% EG EE EG EG EE EG GF
Lactic acid, 85% EE EE EG EG EE EG GF
Lead salts EE EE EE EE EE EE EE
Lithium salts EE EE EE EE EE GF EE
Magnesium salts EE EE EE EE EE EG EE
Mercuric salts EE EE EE EE EE EE EE
Mercurous salts EE EE EE EE EE EE EE
Methoxyethyl oleate EG EE EG EG EE FN NN
Methyl alcohol EE EE EE EE EE FN EF
Methyl ethyl ketone EG EE EG EF EE NN NN
Methyl isobutyl ketone GF EG GF FF EE NN NN
Methyl propyl ketone GF EG GF FF EE NN NN
Methylene chloride FN GF FN FN EE NN NN
Mineral oil GN EE EE EG EE EG EG
Nickel salts EE EE EE EE EE EE EE
Nitric acid, 1-10% EE EE EE EE EE EG EG
Nitric acid, 50% EG GN GN GN EE GF GF
Nitric acid, 70% EN GN GN GN EE FN FN
Nitrobenzene NN FN NN NN EE NN NN
n-Octane EE EE EE EE EE GF FN
Orange oil FN GF GF FF EE FF FN
Ozone EG EE EG EE EE EG EG
Perchloric acid GN GN GN GN GF NN GN
Perchloroethylene NN NN NN NN EE NN NN
Phenol, crystals GN GF GN FG EE EN FN
Phosphoric acid, 1-5% EE EE EE EE EE EE EE
Phosphoric acid, 85% EE EE EG EG EE EG EG
Phosphorus salts EE EE EE EE EE EE EE
Pine oil GN EG EG GF EE GF FN
Potassium hydroxide, 1% EE EE EE EE EE FN EE
Potassium hydroxide, conc. EE EE EE EE EE NN EG
Propane gas NN FN NN NN EE FN EG
Propylene glycol EE EE EE EE EE GF FN
Propylene oxide EG EE EG EG EE GF FN
Resorcinol, sat. EE EE EE EE EE GF FN
Resorcinol, 5% EE EE EE EE EE GF GN
Salicylaldehyde EG EE EG EG EE GF FN
Salicylic acid, powder EE EE EE EG EE EG GF
Salicylic acid, sat. EE EE EE EE EE EG GF
Salt solutions EE EE EE EE EE EE EE
Silver acetate EE EE EE EE EE EG GG
Silver salts EG EE EG EE EE EE EG
Sodium acetate, sat. EE EE EE EE EE EG GF

Sodium benzoate, 1% EE EE EE EE EE EE EE
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Table 4.13 Cont’d

Chemical Resins

CPE LPE PP PMP FEP/ PC PVC

ETFE

Sodium hydroxide, 1% EE EE EE EE EE FN EE
Sodium hydroxide, 50% to sat. EE EE EE EE EE NN EG
Sodium hypochlorite, 15% EE EE EE EE EE GF EE
Stearic acid, crystals EE EE EE EE EE EG EG
Sulphuric acid, 1-6% EE EE EE EE EE EE EG
Sulphuric acid, 20% EE EE EG EG EE EG EG
Sulphuric acid, 60% EG EE EG EG EE GF EG
Sulphuric acid, 98% EG EE EE EE EE NN NN
Sulphur dioxide, liq., 46 psi NN FN NN NN EE GN FN
Sulphur dioxide, wet or dry EE EE EE EE EE EG EG
Sulphur salts FN GF FN FN EE FN NN
Tartaric acid EE EE EE EE EE EG EG
Tetrachloromethane FN GF GF NN EE NN GF
Tetrahydrofuran FN GF GF FF EE NN NN
Thionyl chloride NN NN NN NN EE NN NN
Titanium salts EE EE EE EE EE EE EE
Toluene FN GG GF FF EE FN FN
Tributyl citrate GF EG GF GF EE NN FN
Trichloroethane NN FN NN NN EE NN NN
Trichloroethylene NN FN NN NN EE NN NN
Triethylene glycol EE EE EE EE EE EG GF
Tripropylene glycol EE EE EE EE EE EG GF
Turkey red oil EE EE EE EE EE EG EG
Turpentine FN GG GF FF EE FN GF
Undecyl alcohol EF EG EG EG EE GF EF
Urea EE EE EE EG EE NN GN
Vinylidene chloride NN FN NN NN EE NN NN
Xylene GN GF FN FN EE NN NN
Zinc salts EE EE EE EE EE EE EE
Zinc stearate EE EE EE EE EE EE EG
E 30 days of constant exposure cause no damage. Plastic may even tolerate exposure for years.
G Little or no damage after 30 days of constant exposure to the reagent.
F Some signs of attack after 7 days of constant exposure to the reagent.
N Not recommended; noticeable signs of attack occur within minutes to hours after exposure. (However, actual failure

might take years.)
First letter: at room temperature.
Second letter: at 52°C.
Resins
CPE  Conventional (low-density) polyethylene.
LPE  Linear (high-density) polyethylene.
PP Polypropylene.
PMP  Polymethylpentene.
FEP  Teflon FEP (fluorinated ethylene propylene). Teflon is a Du Pont registered trademark.
ETFE Tefzel ethylene-tetrafluoroethylene copolymer. (For chemical resistance, see FEP ratings.) Tefzel is a Du Pont registered
trademark.
PC  Polycarbonate.
PVC Rigid polyvinyl chloride.
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Table 4.14 Thermal coefficients of linear expansion

Material Coefficient of expansion per °C
Aluminium 0.000025
Brass 0.000018
Bronze 0.000018
Copper 0.000017
Glass (Pyrex) 0.000003
Iron (cast) 0.000011
Lead 0.000029
Platinum 0.000009
Silver 0.000021
Steel (mild) 0.000012
Tin 0.000025
Zinc 0.000029

Table 4.15 Pressure increase of common liquids due to thermal expansion on 16.6°C temperature rise

Liquid P (psia)
Acetic acid 3200
Acetone 3260
Aniline 5190
Benzene 3860
n-Butyl alcohol 2590
Carbon tetrachloride 3310
Methyl alcohol 3900
Petroleum (s.g. = 0.8467) 2340
Toluene 3340
Water 1100

Liquids can also exert pressure due to thermal expansion. Table 4.15 provides an indication of
pressure increases due to temperature increases for selected common liquids in full containers or
pipes. Serious accidents can arise unless the design of rigid plant items such as pipework takes
into account the changes in volume of liquids with temperature fluctuation by the following or
combinations thereof:

Expansion bellows.

Expansion joints.

Expansion loops or offset legs.

Positioning of equipment so as to exploit the inherent flexibility.
Supports, guides, anchors, piles.

Decrease in pipe wall thickness.

Consideration should be given to the effects of thermal expansion of liquids and pressure-relief
valves installed unless:

pipelines cannot become blocked or heated;

liquid temperature is controlled;

line is normally in service and can be vented and drained;
one end of valve is fitted with check valve.
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If pressure relief is important methods include:

installation of pressure-relief valve;

bypass;

check valves;

ensuring liquid is drained before blockage can occur.



5
Toxic chemicals

Introduction

Chemicals may be encountered as reactants, solvents, catalysts, inhibitors, as starting materials,
finished products, by-products, contaminants, or off-specification products. They may vary from
pure, single substances to complex proprietary formulations.

Exposures to chemicals may involve solids, liquids, or airborne matter as mists, aerosols,
dusts, fumes (i.e. um-sized particulates), vapours or gases in any combination. Many situations,
e.g. exposure to welding fumes or to combustion products from fossil fuels, include mixtures both
of chemicals and of physical forms. Quantification of exposure is then difficult.

An exposure to a specific chemical in relatively low concentrations over a period may result
in chronic effects. At higher concentrations, the effects may be acute. Some chemicals produce
local damage at their point of contact with, or entry into, the body; others produce systemic
effects, i.e. they are transported within the body to various organs before exerting an adverse
effect.

For a classification of airborne contaminants, refer to Table 5.1

Hazard recognition

The toxicity of a substance is its capacity to cause injury once inside the body. The main modes
of entry into the body by chemicals in industry are inhalation, ingestion and absorption through
the skin. Gases, vapours, mists, dusts, fumes and aerosols can be inhaled and they can also affect
the skin, eyes and mucous membranes. Ingestion is rare although possible as a result of poor
personal hygiene, subconscious hand-to-mouth contact, or accidents. The skin can be affected
directly by contact with the chemicals, even when intact, but its permeability to certain substances
also offers a route into the body. Chemicals accorded a ‘skin’ notation in the list of Occupational
Exposure Limits (see Table 5.12) are listed in Table 5.2. Exposure may also arise via skin lesions.

Types of toxic chemicals

Irritant chemicals

Primary irritants cause inflammation. Inflammation is one of the body’s defence mechanisms. It
is the reaction of a tissue to harm which is insufficient to kill the tissue and is typified by
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Table 5.1

Classification of airborne contaminants

Classification

Sub-groups

Examples

Irritants

Have a corrosive or a vesicant
(blistering) effect on moist or
mucous surfaces.
Concentration may be more

important than duration of exposure.

Animals and man react similarly.

(@) Primary

(b) Secondary or allergens

Asphyxiants

Exert an effect by interference with
oxidation of tissue. Animals and
man react similarly.

Anaesthetics and narcotics

Exert principal effects as simple
anaesthesia, by a depressant action
on the central nervous system.

Systemic poisons
Substances which cause injury at
other than the site of contact.

Upper respiratory
Upper and lower respiratory
Lower respiratory

Skin

Skin sensitizers

Respiratory sensitizers

Simple anoxia caused by oxygen
deficiency in inhaled air.

Toxic anoxia caused by damage to
the body’s oxygen transport or
utilization by adverse reaction of
biologically active substances.

Visceral organs in general
Haematopoletic (i.e.
blood-forming system)
Nervous system

Vapour, gases, mists

Acrolein; sulphur dioxide, hydrogen
chloride, chromic acid; formaldehyde.

Fluorine; chlorine; bromine; ozone;
cyanogen chloride.

Phosgene; nitrogen dioxide; arsenic
trichloride.

Inorganic acids (chromic, nitric); organic
acids (acetic, butyric); inorganic alkalis
(sodium hydroxide, sodium carbonate);
organic bases (amines); organic
solvents.

Dusts

Detergents; salts (nickel sulphate, zinc
chloride); acids, alkalis, chromates.

Epoxy-resins; picryl chloride; or chlor-2-
4-dinitrobenzene; p-phenyl diamine.

Isocyanates; proteolytic enzymes;
p-phenylene diamine; complex salts of
platinum; cyanuric chloride.

Carbon dioxide; methane; hydrogen;
nitrogen; helium.

Carbon monoxide; cyanogen, hydrogen
cyanide; nitrites; arsine; aniline,
dimethyl aniline, toluidine;
nitrobenzene; hydrogen sulphide
(causes respiratory paralysis by
impairment of oxygen utilization in
the central nervous system).

Acetylene Decreasing
Olefins anaesthetic
Ether action
Paraffins compared
Aliphatic ketones with
Aliphatic alcohols other
Esters effects.

Many halogenated hydrocarbons
and metals.
Benzene; phenols.

Carbon disulphide; methanol; phenol;
n-hexane; methyl n-butyl ketone;
organophosphorus compounds;
tetra-alkyl lead compounds.
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Table 5.1 Cont’d

Classification Sub-groups Examples

Toxic inorganic substances e.g.

Lead, manganese, cadmium, antimony,
beryllium, mercury; arsenic;
phosphorus; selenium and sulphur
compounds, fluorides.

Respiratory fibrogens Fibrogenic dusts e.g.
Free crystalline silica, (quartz, tridymite,
cristobalite), asbestos (chrysotile,
amosite, crocidolite etc.), talc.

Carcinogens

Cancer-producing agents Skin Coal tar pitch dust; crude anthracene
dust; mineral oil mist; arsenic.
Respiratory Asbestos; polycyclic aromatic

hydrocarbons; nickel ore; arsenic;
bis-(chloromethyl) ether; mustard gas.

Bladder/urinary tract B-naphthylamine; benzidine;
4-aminodiphenylamine.
Liver Vinyl chloride monomer.
Nasal Mustard gas; nickel ore.
Bone marrow Benzene.
Inerts Gases

Simple asphyxiants

Argon; methane; hydrogen; nitrogen;
helium.

Particulates e.g. cement, calcium
carbonate.

constriction of the small vessels in the affected area, dilation of the blood vessels, increased
permeability of the vessel walls, and migration of the white blood and other defensive cells to the
invading harmful chemical. The aim is to concentrate water and protein in the affected area to
‘dilute’ the effect and wash away the chemical. Production of new cells is speeded up and
contaminated surface cells are shed.

The respiratory system is the main target organ for vapour, gas or mist. Readily-soluble chemicals,
e.g. chlorine or phosgene, attack the upper respiratory tract; less soluble gases, e.g. oxides of
nitrogen, penetrate more deeply into the conducting airways and, in some cases, may cause
pulmonary oedema, often after a time delay.

For example, sulphur dioxide is highly water soluble and tends to be absorbed in the airways
above the larynx. Responses at various concentrations are summarized in Table 5.3. However, in
the presence of particulate catalysts and sunlight, conversion to sulphur trioxide occurs and the
irritant response is much more severe.

Other parts of the body are also vulnerable: the skin and eyes from direct contact/rubbing or
from exposure to airborne material including splashes; the mouth and pharynx by ingestion of
solid or liquid chemicals.

One effect of direct contact of liquid or solid, and less often vapour, with the skin is a contact
irritant dermatitis. Some dusts can also act as primary irritants. Even chemically-inert dusts, e.g.
from glass fibres, can induce a dermatitis due to abrasion; this is made worse if a reactive
chemical, e.g. a synthetic resin binder, is also involved. Examples of primary irritants include
acids; alkalis; defatting compounds, e.g. organic solvents, surfactants; dehydrating agents; oxidizing
agents and reducing agents.
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Table 5.2 Materials with an ‘Sk’ notation in list of Occupational Exposure Limits

Acrylamide
Acrylonitrile

Aldrin

Allyl alcohol

Aniline
Azinphos-methyl
Aziridine

Butan-1-ol
2-Butoxyethanol
n-Butylamine

v-BHC (Lindane)
Bromoform
Bromomethane
Butan-2-one
2-sec-Butylphenol
Carbon disulphide
Carbon tetrachloride
Chlorinated biphenyls
2-Chlorobuta-1,3-diene
1-Chloro-2,3-epoxy propane
2-Chloroethanol
Chloroform
1-Chloro-4-nitrobenzene
Chlorpyrifos

Cresols, all isomers
Cumene

Cyanides
Cyclohexylamine
Diazinon
1,2-Dibromoethane

2,2’-Dichloro-4,4’-methylene dianiline (MDOCA)

1,3-Dichloropropene
Dichlorvos

Dieldrin
2-Diethylaminoethanol
Diethyl sulphate
Di-isopropylamine
N,N-Dimethylacetamide
N,N-Dimethylaniline
Dimethyl formamide
Dimethyl sulphate
Dinitrobenzene
2,4-Dinitrotoluene
1,4-Dioxane
Dioxathion

Endosulfan

Endrin

2-Ethoxyethanol
2-Ethoxyethyl acetate
Ethylene dinitrate
4-Ethylmorpholine
2-Furaldehyde (furfural)
Furfuryl alcohol
Glycerol trinitrate
Heptan-3-one
Heptan-2-one
Hexahydro-1,3,5-trinitro-1,3,5-triazine

Hexan-2-one

Hydrazine

Hydrogen cyanide
2-Hydroxypropylacrylate
2,2-Iminodi(ethylamine)
lodomethane

Malathion

Mercury alkyls
Methacrylonitrile
Methanol
2-Methoxyethanol
2-Methoxyethyl acetate
(2-Methoxymethylethoxy) propanol
Methoxypropanol
2-Methyl-4,6-dinitrophenol
5-Methylhexan-2-one
4-Methylpentan-2-ol
4-Methylpentan-2-one
1-Methyl-2-pyrrolidone
N-Methyl-N,-2,4,6-tetranitroaniline
N-Methylaniline
Mevinphos
Monochloroacetic acid
Morpholine

Nicotine

4-Nitroaniline
Nitrobenzene

Nitrotoluene
Octachloronaphthalene
Parathion

Parathion-methy!
Pentachlorophenol

Phenol

Phorate

Piperidine

Polychlorinated biphenyls (PCB)
Propan-1-ol

Propylene dinitrate
Prop-2-yn-1-ol

Sodium fluoroacetate
Sulfotep

Tetrabromoethane
Tetraethylpyrophosphate
Tetrahydrofuran
Tetramethyl succinonitrile
Thallium, soluble compounds
Tin compounds, organic
Toluene

o-Toluidine

Tricarbonyl (eta-cyclopentadienyl) manganese
Tricarbonyl (methylcyclopentadienyl) manganese

Trichlorobenzene
1,1,2-Trichloroethane
Trichloroethylene
2,4,6-Trinitrotoluene
Xylene

Xylidine
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Table 5.3 Typical effects of sulphur dioxide concentrations in air

Concentration Response
(ppm)
0.5-0.8 Minimum odour threshold
3 Sulphur-like odour detectable
6-12 Immediate irritation to nose and throat
20 Reversible damage to respiratory system
>20 Eye irritation
Tendency to pulmonary oedema and eventually respiratory paralysis
10 000 Irritation to moist skin within a few minutes

In extreme cases irritant chemicals can have a corrosive action. Corrosive substances can also
attack living tissue (e.g. to cause skin ulceration and, in severe cases, chemical burns with
degradation of biochemicals and charring), kill cells and possibly predispose to secondary bacterial
invasion. Thus whilst acute irritation is a local and reversible response, corrosion is irreversible
cell destruction at the site of the contact. The outcome is influenced by the nature of the compound,
the concentration, duration of exposure, the pH (see Figure 5.1) and also, to some extent, by
individual susceptibility etc. Thus dilute mineral acids may be irritant whereas at higher concentrations
they may cause corrosion.

Increasing Strong acid - 1
acidity

Weak acid

Neutral
pH water

Increasing

Weakbase |- 10 basicity
(alkalinity)

11

12 '

13 Strong

14 base

Figure 5.1 The pH scale
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A summary of the more common corrosive chemicals is given in Table 5.4. Note that this
includes many primary irritants, such as:

e Chemicals which give strong acid reactions, often on interaction with water, e.g. mineral acids.
Some organic acids can also be corrosive. Phenolics can result in local anaesthesia so that the
pain will be absent for a time, i.e. contact may go unheeded.

Halogen compounds.

Acid anhydrides/halides which react with water to form their parent acids.

Common bases, which render aqueous solutions alkaline.

Certain oxidizing/reducing compounds and salts which, in the form of solid (bulk or dust) or
as solution, can produce irritation by thermal burns.

Strong acids and alkalis produce effects within moments: e.g. sulphuric and nitric acids quickly
become hydrated by the water content of the skin/mucous membranes and combine with skin
protein to form albuminates, sometimes with charring. Some substances, e.g. certain organotins
or hydrofluoric acid, produce a more delayed reaction. Thus on the skin hydrofluoric acid produces
an effect which varies, depending on concentration and duration of exposure, from mild erythema
to severe burns and intense pain, sometimes delayed by several hours after the initial exposure. A
tough white lump forms over the area of skin damage under which progressive destruction of cell
tissue continues. Burns under the finger nails are notable in this respect because of the difficulties
of treatment. Similarly, inhalation of the vapour can cause corrosion of the respiratory system and
pulmonary oedema. If hydrofluoric acid is swallowed, burns to the mouth and pharynx can occur
with vomiting and ultimate collapse.

Sensitizers

Generally sensitizers may not on first contact result in any ill effects, although cellular changes
can be induced and the body’s immune system affected. (Some chemicals may act as primary
irritants as well as sensitizers.) Subsequent exposures to the same, or related, chemicals may
bring about violent allergic responses: the person has become sensitized. Generally there is no
mathematical relationship between the degree of exposure and the extent of the response. Sensitization
to a compound is usually highly specific and normally occurs within about 10 days, although
there have been cases of workers using a chemical for years without untoward effects before
developing an allergic dermatitis. Sensitization is usually for life. Depending upon the toxic
mechanism, atopics may be most vulnerable.

Thus with industrial skin sensitizers, e.g. chromates or amine curing agents, no effect is usually
observed on first exposure; subsequent exposure results in inflammation of the skin, not restricted
to the areas of contact. Refer to Table 5.5.

Respiratory sensitizers, e.g. isocyanates or formaldehyde, result, in mild cases, in a sense of
tightness of the chest and occasionally a troublesome cough. Severe cases involve bronchial
asthma. Refer to Table 5.6. With such sensitizers, complete cessation of contact is often followed
by rapid recovery but no further exposure is generally permitted.

Asphyxiants

Asphyxiants interfere with the body’s oxygen uptake mechanisms. Air normally contains 21%
oxygen. Oxygen deficiency in inhaled air, e.g. due to the presence of nitrogen, argon, or carbon
dioxide in a confined space, depending on the concentration and duration, may affect the body
and ultimately cause death from simple anoxia (Table 5.7).



TYPES OF TOXIC CHEMICALS

73

Table 5.4 Common corrosive chemicals

Acids and
anhydrides

Akalis

Halogens and
halogen salts

Interhalogen
compounds

Organic halides,
organic acid halides,
esters and salts

Acetic acid

Acetic anhydride

Acid mixtures

Battery fluids

Chloroacetic acid

Chlorosulphonic acid

Chromic acid

Dichloroacetic acid

Fluoroboric acid

Fluorosilicic acid

Hydrobromic, hydrochloric, hydrofluoric
and hydroiodic acids

Methacrylic acid

Nitric acid

Ammonium hydroxide

Potassium hydroxide (caustic potash)
Quaternary ammonium hydroxides
Sodium hydroxide (caustic soda)

Aluminium bromide and chloride

Ammonium bifluoride and
other bifluorides

Antimony trichloride, pentachloride
and pentafluoride

Beryllium chloride

Boron trichloride

Bromine

Chlorine

Calcium fluoride

Chromic fluoride

Chromous fluoride

Fluorine

lodine

Iron chlorides (ferric chloride,
ferrous chloride)

Lithium chloride

Phosphorus oxybromide and
oxychloride (phosphoryl bromide
and chloride)

Bromine trifluoride and pentafluoride
Chlorine trifluoride
lodine monochloride

Acetyl bromide

Acrylonitrile monomer

Allyl chloride

Allyl chloroformate

Allyl iodide

Ammonium thiocyanate

Anisoyl chloride

Benzhydryl bromide
(diphenyl methyl bromide)

Benzoyl chloride

Benzyl bromide

Benzyl chloride

Benzyl chloroformate
(benzyl chlorocarbonate)

Butyl acid phosphate

Chloracetyl chloride

Nitrohydrochloric acid

Perchloric acid

Phenosulphonic acid

Phosphorus pentoxide

Propionic acid

Selenic acid

Spent acids

Sulphamic acid

Sulphuric acid and oleum
(fuming sulphuric acid)

Sulphurous acid

Thioglycolic acid

Trichloroacetic acid

Phosphorus sulphochloride
(thiophosphoryl chloride)

Phosphorus trichloride and pentachloride

Potassium fluoride and bifluoride

Potassium hypochlorite

Pyrosulphuryl chloride

Sodium chlorite

Sodium fluoride

Sodium hypochlorite

Stannic chloride

Sulphur chloride

Sulphuryl chloride

Thionyl chloride

Titanium tetrachloride

Vanadium dichloride

Zinc chloride

p-Chlorobenzyl chloride
Chloropropionyl chloride
Dibromoethane (ethylene bromide)
1,2-Dichloroethane (ethylene chloride)
Diisooctyl acid phosphate

Ethyl chloroformate

Ethyl chlorocarbonate

Ethylene oxide

Fumaryl chloride
Iso-propylchloroformate

Methyl chloroformate

Methyl chlorocarbonate

Propionyl chloride

Sodium fluorosilicate
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Table 5.4 Cont’d

Chlorosilanes

Miscellaneous
corrosive substances

Allyl trichlorosilane
Amyl trichlorosilane

Butyl trichlorophenyl-trichlorosilane

Cyclohexyl trichlorosilane
Dichlorophenyl trichlorosilane
Diethyl trichlorosilane
Diphenyl dichlorosilane
Dodecyl trichlorosilane

Proprietary mixtures, e.g. cleaning,

Hexadecyl trichlorosilane
Hexyl trichlorosilane
Methyl trichlorosilane
Nonyl trichlorosilane
Octadecyl trichlorosilane
Octyl trichlorosilane
Phenyl trichlorosilane
Trimethyl trichlorosilane
Vinyl trichlorosilane

disinfecting, bleaching, degreasing solids or solutions,

based on these chemicals are corrosive to a degree dependent upon dilution

Ammonium sulphide
Benzene sulphonyl chloride
Benzyl dimethylamine
Beryllium nitrate

Catechol

Chlorinated benzenes and toluenes
Chlorobenzaldehyde
Chlorocresols

Cresols

Cyclohexylamine
Dibenzylamine
Dichlorophenol

Diethyl sulphate

Diketene

Dimethyl sulphate
Hexamethylenediamine

Hydrazine

Hydrogen peroxide
Organic peroxides
Phenols

Silver nitrate

Soda lime

Sodium aluminate
Sodium amide
Sodium bisulphate
Sodium bisulphite
Sodium chromate and dichromate
Sodium hydride
Sodium pyrosulphate
Triethyltetramine
Tritolyl borate

Table 5.5 Common industrial skin sensitizers

Coal-tar and its direct derivatives

Acridine
Anthracene
Carbazole
Cresol"
Fluorene
Naphthalene
Phenanthrene
Phenol”
Pyridine

Tar

Dyes
Amido-azo-benzene
Amido-azo-toluene
Aniline black

Auramine

Bismarck brown

Brilliant indigo, 4 G.
Chrysoidine

Crystal and methyl violet

Erio black

Hydron blue
Indanthrene violet, R.R.
lonamine, A.S.
Malachite green
Metanil yellow
Nigrosine

Orange Y

Paramido phenol
Paraphenylendiamine
Pyrogene violet brown
Rosaniline

Safranine
Sulphanthrene pink

Dye intermediates

Acridine and compounds
Aniline and compounds
Benzanthrone and compounds
Benzidine and compounds
Chloro compounds
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Table 5.5 Cont’d

Naphthalene and compounds
Naphthylamines
Nitro compounds

Explosives

Ammonium nitrate
Dinitrophenol
Dinitrotoluol

Fulminate of mercury
Hexanitrodiphenylamine
Lead styphnate

Picric acid and picrates
Potassium nitrate

Sensol

Sodium nitrate
Trinitromethylnitramine (Tetryl)
Trinitrotoluene

Insecticides

Arsenic compouds
Creosote

Fluorides'”

Lime!?

Mercury compounds”
Nicotine

Organic phosphates
Petroleum distillates!”
Phenol compounds'"
Pyrethrum

Natural resins
Burgundy pitch
Copal

Dammar
Japanese lacquer
Pine rosin

Wood rosin

Oils

Cashew nut oil"

Coconut oil

Coning oils (cellosolves, eugenols)

Cutting oils (the inhibitor or antiseptic they contain)
Essential oils of plants and flowers

Linseed oil

Mustard oil™"

Sulphonated tung oil

Photographic developers
Bichromates

Hydroquinone

Metol
Para-amido-phenol
Paraformaldehyde
Paraphenylendiamine
Pyrogallol

Plasticizers

Butyl cellosolve stearate
Diamyl naphthalene
Dibutyl tin laurate
Dioctylphthalate

Methyl cellosolve oleate
Methyl phthalylethylglycola
Phenylsalicylate

Propylene stearate

Stearic acid

Triblycol di-(2,ethyl butyrate)

Rubber accelerators and anti-oxidants
Guanidines

Hexamethylene tetramine

Mercapto benzo thiazole

Ortho-toluidine

Para-toluidine

Tetramethyl thiuram monosulphide and disulphide
Triethyl tri-methyl triamine

Synthetic resins

Acrylic

Alkyd

Chlorobenzols
Chlorodiphenyls
Chloro-naphthalenes
Chlorophenols
Cumaron

Epoxies

Melamine formaldehyde
Phenol formaldehyde
Polyesters
Sulphonamide formaldehyde
Urea formaldehyde
Urethane

Vinyl

Others
Enzymes derived from B. subtilis

U Compounds which also act as primary irritants.
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Table 5.6 Some substances recognized as causing occupational asthma

Substance

Examples of use

Isocyanates

Platinum salts

Acid anhydride and amine hardening agents,
including epoxy resin curing agents,
e.g. ethylene diamine, triethylene tetramine

Fumes from the use of resin (colophony) as a
soldering flux

Proteolytic enzymes

Animals, including insects and other arthropods or
their larval forms

Dusts from barley, oats, rye, wheat or maize, or
meal or flour made from such grain

Antibiotics, e.g. cephalosporins, hydralizine, ampicillins,
piperazine, spiramycin

Cimetidine

Wood dusts; some hardwoods (e.g. iroko, mahogany);

some softwoods (e.g. western red cedar)

Ispaghula powder

Castor bean dust

Ipecacuanha

Azodicarbonamide

Glutaraldehyde

Persulphate salts and henna
Crustaceans

Reactive dyes

Soya bean

Tea dust

Green coffee bean dust

Fumes from stainless steel welding
Natural rubber latex
Water-mix metalworking fluids
Certain cyanoacrylates

Methyl methacrylate
Diazonium salts
Paraphenylenediamine
Formaldehyde

Cobalt

Nickel

Bromelein, papain

Amylase

Triglycidyl isocyanurate
Azodicarbonamide

Butadiene diepoxide
2,3-expoxy-1-propanol (glycidol)

Plastic foam, synthetic inks, paints and adhesives
Platinum refining workshops and some laboratories
Adhesives, plastics, moulding resins and

surfaces coatings

The electronics industry

Biological washing powders and the baking,
brewing, fish, silk and leather industries

Research and educational laboratories, pest control
and fruit cultivation

The baking or flour milling industry or on farms

Manufacture, dispensing

Manufacture of cimetidine tablets
Furniture manufacture

Manufacture of bulk laxatives

Processing

Manufacture of ipecacuanha tablets

Blowing agent in the manufacture of expanded
foam plastics for wallcoverings, floor coverings,
insulation and packaging materials

Hospitals, laboratories, cooling tower systems and
leather tanning

Manufacture of hair care products and their application

Fish and food processing industries

Dyeing, printing and textile industries

Soya bean processing and food industries

Tea processing and food industries

Coffee processing and food industries

Stainless steel fabrication operations

Latex gloves, adhesives, surgical apparatus and appliances

Coolants in metalworking

Adhesives

Adhesives

Polymer manufacture

Hair dyes and treatments

Preserving, resin and foam manufacture

Hard metal manufacture and tools

Electroplating

Meat tenderizing

Flour improver

Polyester-based powder coatings

Plastics manufacture; flour improver

Polymer manufacture

Oil stabilizer
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Table 5.7 Typical effects of depleted oxygen levels in air

Oxygen concentration (%) Effect
16-21 No noticeable effect
12-16 Increased respiration, slight diminution of coordination
10-12 Loss of ability to think clearly
6-10 Loss of consciousness, death

Levels below 19.5% oxygen can have detrimental effects if the body is already under stress, e.g.
at high altitudes. Exposures below 18% should not be permitted under any circumstance. Other
chemicals, e.g. carbon monoxide, result in toxic anoxia due to damage of the body’s oxygen
transport or utilization mechanism.

Anaesthetics and narcotics

Anaesthetics and narcotics, e.g. hydrocarbons and certain derivatives such as the various chlorinated
solvents or ether, exert a depressant action on the central nervous system.

Systemic poisons

Systemic poisons attack organs other than the initial site of contact. The critical organs are the
kidneys, liver, blood and bone marrow.

Respiratory fibrogens

The hazard of particulate matter is influenced by the toxicity and size and morphology of the
particle. Figure 5.2 gives typical particle size ranges for particles from various sources. The
critical size of dust (and aerosol) particles is 0.5 to 7 um, since these can become deposited in the
respiratory bronchioles and alveoli. If dust particles of specific chemicals, e.g. silica or the
various grades of asbestos, are not cleared from the lungs then, over a period, scar tissue (collagen)
may build up; this reduces the elasticity of the lungs and impairs breathing. The characteristic
disease is classified as pneumoconiosis. Common examples are silicosis, asbestosis, coal
pneumoconiosis and talc pneumoconiosis.

An appreciation of the composition and morphology of the dust is important in the assessment
of hazard. Thus, among silica-containing compounds, crystalline silicates and amorphous silicas
(silicon dioxide) are generally not considered fibrogenic, whereas free crystalline silica and
certain fibrous silicates such as asbestos and talcs can cause disabling lung diseases. Table 5.8
indicates the approximate free silica content of various materials; Table 5.9 lists a range of silica-
containing materials according to type.

Carcinogens
Cancer is a disorder of the body’s control of the growth of cells. The disease may be genetic or

influenced by life style or exposure to certain chemicals, termed carcinogens. For a list of
examples of human chemical carcinogens, and the relevant target organs, refer to Table 5.10.
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0.4-0.8 um
Lower limit Lower limit Lower limit
of visibility microscope electron
eye visibility microscope
Rain Mist, fog, clouds Smog
Coal dust Tobacco smoke
, Atmospheric dust
Foundry dust :
Agriculture .
sprays Oil smoke
Boulders Gravel Coarse Fine Silt Clays
sand sand
Pollen Bacteria Viruses
. . :
Compacted Suspended settleable Colloidal M?Iecular
Solid wastes 1 1
Water and wastewater
Air
| | | [ | | ! | | |
108 10° 10* 10° 10? 10 1 107" 1072 1073 107
(1 m) (1 mm) (1 nm)
Particle diameter (um)
Figure 5.2 Typical particle size ranges
Table 5.8 Crystalline SiO; in various materials
Material Normal range crystalline SiO,(%)
Foundry moulding sand 50-90
Potteryware body 15-25
Brick and tile compositions 10-35
Buffing wheel dressings 0-60
Road rock 0-80
Limestone (agricultural) 0-3
Feldspar 12-25
Clay 0-40
Mica 0-10
Talc 0-5
Slate and shale 5-15
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Table 5.9 Types of silica-containing dusts

Crystalline free silica (SiO,, including microcrystalline forms)

Chalcedony

Chert
Cristobalite

Flint
Jasper
Quartz

Tridymite
Tripoli (rottenstone)

A heat-resistant, chemically inert form of microcrystalline quartz. A decorative material.
Rare in industry.

A microcrystalline form of silica. An impure form of flint used in abrasives.

A crystalline form of free silica, extremely hard and inert chemically; very resistant to
heat. Quartz in refractory bricks and amorphous silica in diatomaceous earth are
altered to cristobalite when exposed to high temperatures (calcined). Cristobalite is
extensively used in precision casting by the hot wax process, dental laboratory work,
and certain speciality ceramics.

A microcrystalline form of native quartz, more opaque and granular than chalcedony.
Used as an abrasive and in ceramics.

A microcrystalline impure form of silica similar to chert. Used for decorative purposes.
Rare in industry.

Vitreous, hard, chemically-resistant free silica, the most common form in nature. The
main constituent in sandstone, igneous rocks, and common sands.

Vitreous, colourless form of free silica. Formed when quartz is heated to 870°C (1598°F).
A porous siliceous rock resulting from the decomposition of chert or siliceous limestone.
Used as a base in soap and scouring powders, in metal polishing, as a filtering agent,
and in wood and paint fillers. A cryptocrystalline form of free silica.

Amorphous free silica (Noncrystalline)

Diatomaceous earth

Silica gel

A soft, gritty amorphous silica composed of minute siliceous skeletons of small aquatic
plants. Used in filtration and decoloration of liquids, insulation, filler in dynamite,
wax, textiles, plastics, paint, and rubber. Calcined and flux-calcined diatomaceous
earth contains appreciable amounts of cristobalite, and dust levels should be the same
as for cristobalite.

A regenerative absorbent consisting of the amorphous silica manufactured by the
action of HCl on sodium silicate. Hard, glossy, quartz-like in appearance. Used in
dehydrating and in drying and as a catalyst carrier.

Silicates (compounds made up of silicon, oxygen and one or more metals with or without hydrogen. Asbestos dust is the most
hazardous (page 148). Others, e.g. talc, mica, vermiculite, have caused a silicatosis on prolonged exposure.)

Asbestos

Clays

Feldspar

Fuller’s earth
Kaolin

Mica

Portland cement

Silicon carbide (carborundum)
Talc

Vermiculite

A hydrated magnesium silicate in fibrous form. The fibres are believed to be the more
hazardous component of asbestos dust.

A great variety of aluminium-silicate bearing rocks, plastic when wet, hard when dry.
Used in pottery, stoneware, tile, bricks, cements, fillers and abrasives. Kaolin is one
type of clay. Some clay deposits may include appreciable amounts of quartz.
Commercial grades of clays may contain up to 20% quartz.

Most abundant group of materials, composed of silicates of aluminium with sodium,
potassium, calcium, and rarely barium. Most economically important mineral. Used
for ceramics, glass, abrasive wheels, cements, insulation and fertilizer.

A hydrated silica—alumina compound, associated with ferric oxide. Used as a filter
medium and as a catalyst and catalyst carrier and in cosmetics and insecticides.

A type of clay composed of mixed silicates and used for refractories, ceramics, tile and
stoneware.

A large group of silicates of varying composition, but similar in physical properties. All
have excellent cleavage and can be split into very thin sheets. Used in electrical
insulation.

Fine powder containing compounds of lime, alumina, silica and iron oxide. Used as a
construction material.

Bluish-black, very hard crystals. Used as an abrasive and refractory material.

A hydrous magnesium silicate used in ceramics, cosmetics, paint and pharmaceuticals,
and as a filler in soap, putty and plaster.

An expanded mica (hydrated magnesium-aluminium-iron silicate). Used in lightweight
aggregates, insulation, fertilizer and soil conditioners, as a filler in rubber and paints,
and as a catalyst carrier.
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Table 5.10 Chemicals associated with cancer in humans (not all those listed are still in industrial use)

Chemicals and industrial processes which are carcinogenic for humans

Substance or process

Site affected and type of neoplasm

4-Aminobiphenyl
Arsenic and certain compounds
Asbestos

Auramine manufacture

Benzene

Benzidene

Bis (chloromethyl) ether and technical
grade chloromethyl ether

Chlornaphazine

Chromium and certain compounds

Diethylstilbestrol

Haematite mining (underground)
Isopropanol manufacture

(strong acid process)
Melphalan
Mustard gas
2-Naphthylamine
Nickel refining
Soots, tars, and mineral oils
Vinyl chloride

Bladder — carcinoma

Skin, lung, liver — carcinoma

Respiratory tract — carcinoma

Pleura and peritoneum —
mesothelioma

Gastrointestinal tract — carcinoma

Bladder — carcinoma

Blood — leukaemia

Bladder — carcinoma

Lung — carcinoma

Bladder — carcinoma

Lung — carcinoma

Female genital tract — carcinoma
(transplacental)

Lung — carcinoma

Respiratory tract — carcinoma

Blood - leukaemia

Respiratory tract — carcinoma
Bladder — carcinoma
Respiratory tract — carcinoma
Skin, lung, bladder — carcinoma
Liver — angiosarcoma

Brain

Lung — carcinoma

Lymphatic system — lymphoma

Chemicals which are probably carcinogenic in humans
Substance

Site affected (human)

Acrylonitrile

Aflatoxins

Amitrole

Auramine

Beryllium and certain compounds
Cadmium and certain compounds
Carbon tetrachloride
Chlorambucil

Cyclophosphamide
Dimethylcarbamoyl chloride
Dimethyl sulphate

Ethylene oxide

Iron dextran

Nickel and certain compounds
Oxymetholone

Phenacetin

Polychlorinated biphenyls
Thiotepa

Colon, lung

Liver

Various sites

Bladder

Bone, lung

Kidney, prostate, lung
Liver

Blood

Bladder, blood

Lung

Gastrointestinal tract, blood
Connective tissue
Respiratory tract

Liver

Kidney, bladder

Skin, various sites

Blood
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Hazard assessment

Indicators of toxicity hazards include LDy, LCsy, plus a wide range of in vitro and in vivo
techniques for assessment of skin and eye irritation, skin sensitization, mutagenicity, acute and
chronic dermal and inhalation toxicity, reproductive toxicology, carcinogenicity etc.

The LDsj is the statistically derived single dosage of a substance that can be expected to cause
death in 50% of the sample population. It is therefore an indicator of acute toxicity, usually
determined by ingestion using rats or mice, although other animals may be used. LDs is also
determined by other routes, e.g. by skin absorption in rabbits. The values are affected by species,
sex, age, etc.

The LCs is the lethal concentration of chemical (e.g. in air or water) that will cause the death
of 50% of the sample population. This is most appropriate as an indicator of the acute toxicity of
chemicals in air breathed (or in water, for aquatic organisms). Table 5.11 illustrates the use of
LDs values to rank the toxicity of substances.

Table 5.11 Toxicity rating system

Toxicity Commonly LDsg 4hr LDsy Probable
rating used term Single oral Vapour exposure Skin for lethal dose
dose for rats causing 2 to 4 deaths rabbits for humans
(g/kg) in 6-rat group (ppm) (g/kg)
1 Extremely <0.001 <10 <0.005 Taste
toxic (1 grain)
2 Highly toxic 0.001-0.05 10-100 0.005-0.043 1 teaspoon
(4 ml)
3 Moderately 0.05-0.5 100-1000 0.044-0.340 1 0z (30 g)
toxic
4 Slightly toxic 0.5-5.0 1000-10 000 0.35-2.81 1 pint
(250 g)
5 Practically 5.0-15.0 10 000-100 000 2.82-22.6 1 quart
non-toxic (500 g)
6 Relatively >15.0 >100 000 >22.6 >1 quart
harmless

Hygiene standards

Hygiene standards are employed as indicators of risk to man from inhalation of toxic or nuisance
chemicals at work.

Some indication of risk of employee exposure to airborne chemicals can be gauged from an
analysis of the level of exposure for comparison with known human dose/response data such as
those for carbon monoxide and hydrogen sulphide listed in Tables 5.31 and 5.32. More commonly
the reference is to published hygiene standards based on human epidemiology, animal data and
extrapolations from information on related chemicals, with built-in safety factors. Table 5.12 lists
hygiene standards published annually by the American Conference of Governmental Industrial
Hygienists (ACGIH), known as threshold limit values (TLV), and the UK equivalents published
by the Health and Safety Executive (HSE), known as Occupational Exposure Limits (OELs). The
table is a useful first point of reference but the original publications should be consulted for most
up-to-date values, an indication of proposed changes, and more detailed guidance on their
interpretation. It is also important to consult the latest documentation explaining the toxicological
background to the values.
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Threshold limit values (TLV)

These values represent airborne concentrations of substances to which it is believed that nearly all
workers may be repeatedly exposed by inhalation day after day without adverse health effects.
Because of the wide variation in individual susceptibility, however, a small percentage of workers
may experience discomfort from some substances at concentrations below the TLV. A smaller
percentage may experience aggravation of a pre-existing condition/illness. Age, genetic factors or
personal habits may make some individuals hypersensitive. Physical factors, e.g. UV, ionizing
radiation, humidity, abnormal atmospheric pressure (altitude), excessive temperatures, or overtime
working may add stress to the body so that effects from exposure at a TLV may be altered.
Therefore best occupational hygiene practice is to maintain levels of all airborne contaminants as
low as is reasonably practicable.
There are three categories of TLV:

1 Time-weighted average (TWA) TLV — the time-weighted average concentration for a normal
8 hr work day and a 40 hr work week, to which it is believed that nearly all workers may be
repeatedly exposed, day after day, without untoward effects. TWA TLVs permit excursions
above the TLV provided that they are compensated for by equivalent excursions below the TLV
during the work day. The excursion above the TLV is a rule of thumb, as explained in the
source reference.

2 Short-term exposure limit (STEL) TLV — the concentration to which it is believed that workers
can be exposed continuously for a short period of time without suffering from irritation,
chronic or irreversible tissue damage, or narcosis of sufficient degree to increase the likelihood
of accidental injury, impair self-rescue or materially reduce work efficiency, and provided that
the daily TWA limit is not exceeded. A STEL is a 15 min TWA exposure which should not be
exceeded at any time during the work day even if the TWA is within the TLV. It should not
occur more than four times per day or without at least one hour between successive exposures.

3 Ceiling TLV(C) — the concentration that should not be exceeded during any part of the working
exposure. If instantaneous monitoring is not possible then the TLV(C) can be assessed over a
15 min sampling period, except for those substances that may cause immediate irritation when
exposures are short.

Occupational exposure limits (OEL)

Occupational exposure limits for airborne contaminants are reviewed annually in the UK by the
Health and Safety Executive. They are published as Guidance Note EH 40/-. The two types of
exposure limit are:

e Long-term exposure limits. These are concerned with the total intake of a contaminant (or
contaminants) over a long period. As such they are appropriate for protecting workers against
the effects of long-term exposure, or reducing the risks to an insignificant level.

e Short-term exposure limits. These are concerned primarily with the avoidance of acute effects,
or reducing the risk of the occurrence.

Long-term and short-term limits are expressed as time-weighted average concentrations. For a
long-term limit the normal period is eight hours (although for vinyl chloride it is 1 year); for a
short-term limit the normal period is 15 minutes.

Specific short-term exposure limits are listed by the HSE for those chemicals which pose a risk
of acute effects such as eye irritation from brief exposures. For other chemicals a recommended
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guideline for controlling short-term excursions is to restrict them to 3 X long-term exposure limit
averaged over a 15 min period.

Percutaneous absorption

For most chemicals, inhalation is the main route of entry into the body. Penetration via damaged
skin (e.g. cuts, abrasions) should, however, be avoided. Certain chemicals (e.g. phenol, aniline,
certain pesticides) can penetrate intact skin and so become absorbed into the body. This may
occur through local contamination, e.g. from a liquid splash, or through exposure to high vapour
concentrations. Special precautions to avoid skin contact are required with these chemicals and
potential exposure via skin absorption has to be taken into account when assessing the adequacy
of control measures.
Some chemicals able to penetrate intact skin are listed in Table 5.2.

MEL/OES

In the UK (under the Control of Substances Hazardous to Health Regulations 1999) there are
maximum exposure limits (MEL) and occupational exposure standards (OES):

o Maximum exposure limit (MEL) — the maximum concentration of an airborne substance, averaged
over a reference period, to which employees may be exposed by inhalation under any circumstance.
Thus, exposure to a chemical assigned an MEL must be as low as is reasonably practicable and,
in any case, below the MEL.

e Occupational exposure standard (OES) — the concentration of an airborne substance, averaged
over a reference period, at which, according to current knowledge, there is no evidence that it
is likely to be injurious to employees if they are exposed by inhalation, day after day, to that
concentration. Exposure to a chemical assigned an OES must be at no greater than that
concentration but there is, under the UK Control of Substances Hazardous to Health Regulations,
no duty to reduce it further. (Also under COSHH, if the OES is in fact exceeded but an
employer has identified the reasons, and is taking appropriate action to remedy it as soon as
reasonably practicable, control may be regarded as being adequate.) However,

(a) exposure should preferably be reduced below the OES to ensure that the exposure of all
personnel does not exceed it;

(b) further application of good occupational hygiene principles to reduce exposure below the
OES should not be discouraged.

The application of standards
Caution is necessary in the application of control limits because of:

e The effects of mixtures of chemicals, e.g. additive or synergistic.

e The effects of extended working hours, exertion etc.

e The variation between workers in susceptibility to the effects of chemical exposures, e.g.
inherently or due to a pre-existing medical condition.

e Changes in limits with increasing knowledge of toxicology.

e With some asthmagens, respiratory sensitization may occur at atmospheric concentrations
below published limits.

In any event, hygiene standards:
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(a) should not be used as an index of relative hazard or toxicity;

(b) are not well-defined dividing lines between ‘safe’ and ‘dangerous’ airborne concentrations;

(c) cannot be readily extrapolated to assess long-term, non-occupational exposures, e.g. to
environmental pollutants.

Calculation of exposure

(a) Single substances. Hygiene standards are quoted for pure substances. The 8 hr TWA is best
assessed by personal dosimetry (Chapter 10) in which exposure is continuously monitored throughout
the work day wherever the operator goes. When data are available on the individual fluctuations
in exposure, e.g. from a variety of tasks, the 8 hr TWA exposure can be calculated as in the
following example:

Working period Exposure

(mg/m3)
8.00-10.30 0.16
10.30-10.45 0.00
10.45-12.45 0.07
12.45-13.30 0.00
13.30-15.30 0.42
15.30-15.45 0.00
15.45-17.15 0.21

8 hr TWA exposure = 0163254007 x 24042 x 2+ 021 X 1.5:+.0x 1.25

_ 040 +0.14 + 0.84 + 0.32
B 8
=0.21 mg/m’

(b) Mixtures. Often working practices result in exposures to mixtures of chemicals. The individual
components of the mixture can act on the body independently, additively, synergistically or
antagonistically. The ACGIH publication on TLVs and a Chemicals Industries Association booklet
(see Bibliography) provide elementary advice on calculating hygiene standards for mixtures.

For compounds behaving additively, the relationship for compliance with the TLV of the
mixture is given by

G,6 G
LT

where C|, C, and C; are the concentrations of the different components and 7', 7, and 75 are the
TLVs for each pure component.

Example. Air contains 200 ppm acetone (TLV = 750), 300 ppm sec-butyl acetate (TLV =200) and
200 ppm of methyl ethyl ketone (TLV = 200):

concentration _ 200 + 300 + 200
TLV of mixture ~ 750 ~ 200 ~ 200

1.e. the TLV has been exceeded.

=026+15+1=2.76
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For independent effects, the relationship for compliance with the TLV of the mixture is given by:

G _ G G _
Tvl_]’ T2_1’ T3—1etC

Example. Air contains 0.10 mg/m*® lead (TLV 0.15 mg/m®) and 0.9 mg/m® sulphuric acid
(TLV 1 mg/m?):
0.10 _ 0.7 0.9

0.15 10 =099

i.e. the TLV has not been exceeded.
For chemicals behaving antagonistically or synergistically, expert advice from a hygienist and
toxicologist should be sought.

Biological exposure indices

Exposure levels to certain chemicals can be monitored by determination of levels of the substance
or its metabolites in exhaled breath or in body tissues or fluids such as urine, blood, hair, nails etc.
For example, blood lead levels have long been used to determine operator exposure to this
chemical. Alternatively, exposure to some chemicals can be gauged by measurement of modifications
to critical biochemical constituents, e.g. changes in activity of a key enzyme, or physiological
changes, e.g. vitalograph measurement. The advantage of biological monitoring over environmental
analysis is that the former measures the actual amount of substance absorbed into the body and
reflects the worker’s individual responses and overall exposure. Shortcomings, however, include
wide variation in individual responses to a given chemical; the unpopularity of invasive techniques;
and, most importantly, the fact that it reflects a reaction to an exposure that has already occurred.

Biological exposure indices (BEI) published by the ACGIH are given in Table 5.13. BEIs
represent the levels of determinant which are most likely to be observed in specimens collected
from a healthy worker who has been exposed to chemicals to the same extent as a worker with
inhalation exposure to the TLV. Due to biological variability it is possible for an individual’s
measurements to exceed the BEI without incurring increased health risk. If, however, levels in
specimens obtained from a worker on different occasions persistently exceed the BEIL, or if the
majority of levels in specimens obtained from a group of workers at the same workplace exceed
the BEI, the cause of the excessive values must be investigated and proper action taken to reduce
the exposure.

BEIs apply to 8 hr exposures, five days a week. However, BEIs for altered working schedules
can be extrapolated on pharmacokinetic and pharmacodynamic bases. BEIs should not be applied,
either directly or through a conversion factor, to the determination of safe levels for non-occupational
exposure to air and water pollutants, or food contaminants. The BEIs are not intended for use as
a measure of adverse effects or for diagnosis of occupational illness.

There is also a framework for the use of biological monitoring in the UK. A biological monitoring
guidance value has been set where it is likely to be of practical value, suitable monitoring methods
exist and sufficient data are available.

Two types of value are quoted in Table 5.14:

o A Health Guidance Value, set at a level at which there is no indication from the scientific
evidence available that the substance is likely to be injurious to health.

e A Benchmark Guidance value, set as a hygiene-based guidance value — actually a level which
90% of available validated data are below and therefore achievable by the great majority of
industry with good workplace practices.
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Table 5.13 Adopted biological exposure determinants

Chemical determinant Sampling time Biological Notation
exposure indices
ACETONE
Acetone in urine End of shift 50 mg/l Ns
ACETYLCHOLINESTERASE
INHIBITING PESTICIDES
Cholinesterase activity in red Discretionary 70% of individuals Ns
blood cells baseline
ANILINE
Total p-aminophenol in urine End of shift 50 mg/g creatinine Ns
Methemoglobin in blood During or end of shift 1.5% of haemoglobin B, Ns,
Sq
ARSENIC, ELEMENTAL
AND SOLUBLE INORGANIC
COMPOUNDS
Inorganic arsenic plus End of workweek 35 ug/g As/l B
methylated metabolites in
urine
BENZENE
S-Phenylmercapturic acid in
urine End of shift 25 ug/g creatinine B
t,t-Muconic acid in urine End of shift 500 ug/g creatinine B
CADMIUM AND
INORGANIC COMPOUND
Cadmium in urine Not critical 5 ug/g creatinine B
Cadmium in blood Not critical 5 ug/l B
CARBON DISULPHIDE
2-Thiothiazolidine-4-
carboxylic acid (TTCA) in End of shift 5 mg/g
urine creatinine
CARBON MONOXIDE
Carboxyhaemoglobin in blood End of shift 3.5% of haemoglobin B, Ns
Carbon monoxide in end- End of shift 20 ppm B, Ns
exhaled air
CHLOROBENZENE
Total 4-chlorocatechol in urine End of shift 150 mg/g creatinine Ns
Total p-chlorophenol in urine End of shift 25 mg/g creatinine Ns
CHROMIUM (VI), water-
soluble fume Increase during shift 10 pg/g creatinine B
Total chromium in urine End of shift at end of 30 ug/g creatinine B
workweek
COBALT
Cobalt in urine End of shift at end of
workweek 15 ug/l B
Cobalt in blood End of shift at end of 1 g/l B, Sq
workweek
N,N-DIMETHYLACETAMIDE
N-Methylacetamide in urine End of shift at end of 30 mg/g creatinine
workweek
N,N-DEMETHYLFORMAMIDE
(DMF)
N-Methylformamide in urine End of shift 15 mg/l
N-Acetyl-S-(N-methyl- Prior to last shift of
carbamoyl) cysteine in urine workweek 40 mg/l Sq
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Table 5.13 Cont’d

Chemical determinant Sampling time Biological Notation
exposure indices
2-ETHOXYETHANOL
(EGEE) and
2-ETHOXYETHYL
ACETATE (EGEEA)
2-Ethoxyacetic acid in urine End of shift at end of 100 mg/g creatinine
workweek
ETHYL BENZENE
Mandelic acid in urine End of shift at end of 1.5 g/g creatinine Ns
Ethyl benzene in end- workweek Sq
exhaled air
FLUORIDES
Fluorides in urine Prior to shift 3 mg/g creatinine B, Ns
End of shift 10 mg/g creatinine B, Ns
FURFURAL
Total furoic acid in urine End of shift 200 mg/g creatinine B, Ns
n-HEXANE
2,5-Hexanedione in urine End of shift 5 mg/g creatinine Ns
n-Hexane in end-exhaled air Sq
LEAD (see note below)
Lead in blood Not critical 30 ug/100 ml
MERCURY
Total inorganic mercury in Preshift 35 ug/g creatinine B
urine
Total inorganic mercury in End of shift at end of 15 ug/l B
blood workweek
METHANOL
Methanol in urine End of shift 5 mg/l B, Ns
METHEMOGLOBIN
INDUCERS
Methemoglobin in blood During or end of shift 1.5% of haemoglobin B, Ns,
Sq
2-METHOXYETHANOL
(EGME) and 2-
METHOXYETHYL
ACETATE (EGMEA)
2-Methoxyacetic acid in urine End of shift at end of Ng
workweek
METHYL CHLOROFORM
Methyl chloroform in end- Prior to last shift of
exhaled air workweek 40 ppm
Trichloroacetic acid in urine End of workweek 10 mg/| Ns, Sq
Total trichloroethanol in urine End of shift at end of
workweek 30 mg/l Ns, Sq
Total trichloroethanol in End of shift at end of
blood workweek 1 mg/l Ns

4,4-METHYLENE BIS(2-
CHLOROANILINE)
(MBOCA)

Total MBOCA in urine

End of shift

Nq
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Table 5.13 Cont’d

Chemical determinant

Sampling time

Biological Notation
exposure indices

METHYL ETHYL KETONE
(MEK)
MEK in urine

METHYL ISOBUTYL
KETONE (MIBK)
MIBK in urine

NITROBENZENE
Total p-nitrophenol in urine

Methemoglobin in blood

PARATHION

Total p-nitrophenol in urine
Cholinesterase activity in red
cells

PENTACHLOROPHENOL
(PCP)
Total PCP in urine

Free PCP in plasma

PERCHLOROETHYLENE
Perchloroethylene in end-
exhaled air
Perchloroethylene in blood

Trichloroacetic acid in urine

PHENOL
Total phenol in urine

STYRENE
Manelic acid in urine

Phenylglyoxlic acid in urine

Styrene in blood

TETRAHYDROFURAN
Tetrahydrofuran in urine

TOLUENE

o-Cresol in urine
Hippuric acid in urine
Toluene in blood

TRICHLOROETHYLENE
Trichloroacetic acid in urine

Trichloroacetic acid and
trichlorethanol in urine
Free trichloroethanol in blood

End of shift

End of shift

End of shift at end of
workweek
End of shift

End of shift
Discretionary

Prior to last shift of
workweek
End of shift

Prior to last shift of
workweek

Prior to last shift of
workweek

End of shift at end of
workweek

End of shift

End of shift
Prior to next shift
End of shift
Prior to next shift
End of shift
Prior to next shift

End of shift

End of shift

End of shift

Prior to last shift of
workweek

End of workweek

End of shift at end of
workweek
End of shift at end of
workweek

2 mg/l

2 mg/l

5 mg/g creatinine Ns

1.5% of haemoglobin B, Ns,
5q

0.5 mg/g creatinine Ns

70% of individual’s B, Ns,

baseline Sq

2 mg/g creatinine B

5 mg/l B

5 ppm

0.5 mg/l

3.5 mg/l Ns, Sq

250 mg/g creatinine B, Ns

800 mg/g creatinine Ns

300 mg/g creatinine Ns

240 mg/g creatinine Ns

100 mg/g creatinine

0.55 mg/l Sq

0.02 mg/l Sq

8 mg/l

0.5 mg/l B

1.6 g/g creatinine B, Ns

0.05 mg/l

100 mg/g creatinine Ns

300 mg/g creatinine Ns

4 mg/| Ns
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Table 5.13 Cont’d

Chemical determinant Sampling time Biological Notation
exposure indices

Trichloroethylene in blood Sq

Trichloroethylene in end-

exhaled air Sq

VANADIUM PENTOXIDE

Vanadium in urine End of shift at end of 50 ug/g creatinine Sq
workweek

XYLENES (technical-grade)
Methylhippuric acids in urine End of shift 1.5 g/g creatinine

"Women of child-bearing potential, whose blood Pb exceeds 10 ug/dl are at risk of delivering a child with a blood Pb over
the current Centres for Disease Control guidelines of 10 g/dl. If the blood Pb of such children remains elevated, they may be
at increased risk of cognitive deficits. The blood Pb of these children should be closely monitored and appropriate steps
should be taken to minimize the child’s exposure to environmental lead. (CDC Preventing Lead Poisoning in Young Children,
October 1991; see BEI and TLV documentation for lead.)

Notations

‘B" = background

The determinant may be present in biological specimens collected from subjects who have not been occupationally exposed,
at a concentration which could affect interpretation of the result. Such background concentrations are incorporated in the BEI
value.

‘Nq’ = non-quantitative

Biological monitoring should be considered for this compound based on the review; however, a specific BEI could not be
determined due to insufficient data.

‘Ns’ = non-specific

The determinant is non-specific, since it is also observed after exposure to other chemicals.

‘Sq’" = semi-quantitative

The biological determinant is an indicator of exposure to the chemical, but the quantitative interpretation of the measurement
is ambiguous. These determinants should be used as a screening test if a quantitative test is not practical or as a confirmatory
test if the quantitative test is not specific and the origin of the determinant is in question.

Itis essential to consult the specific BEI documentation before designing biological monitoring protocols and interpreting BEls.

(Biological limits are also in force for lead and its compounds under the Control of Lead at Work
Regulations 1998; different blood lead action, and suspension from work, levels apply to women
of reproductive capacity, young persons and other employees.

Biological monitoring of cadmium workers is also recommended; guidance on interpretation
of results is given in EH1 — Cadmium: health and safety precautions.)

Odour thresholds

Some materials possess low odour thresholds: their smell gives warning of impending danger.
Others possess odour thresholds well in excess of the hygiene standard. Examples are included in
Table 5.12.

Reliance on the nose as an indicator, however, can be hazardous since:

Untrained exposees may not understand the significance of an odour.
Some materials with low odour thresholds may paralyse the olfactory nerves and cause the
sense of smell to be lost within minutes (e.g. hydrogen sulphide).
Some materials are odourless (e.g. nitrogen).
Some materials, such as arsine, phosphine, toluene di-isocyanate and stibine, may be present
in concentrations in excess of their hygiene standards yet undetectable by smell.

e Published odour threshold values vary widely from source to source.
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Table 5.14 UK biological monitoring guidance values

Substance

Biological monitoring
guidance values

Monitoring schedule

Butan-2-one
2-Butoxyethanol

N,N-Dimethylacetamide

Carbon monoxide
Dichloromethane

Lindane (y BHC (1SO))

MbOCA
(2.2’-dichloro-4,4'-
methylene dianiline)

Mercury

4,4’-Methylenedianiline
(MDA)

4-Methylpentan-2-one

70 wmol butan-2-one/l in
urine (HGV)

240 mmol butoxyacetic acid/mol
creatinine in urine (HGV)

100 mmol N-methyl
acetamide/mol creatinine

in urine (HGV)

30 ppm carbon monoxide
in end-tidal breath (HGV)

30 ppm carbon monoxide
in end-tidal breath (HGV)

35 nmol/l (10 ug/l) of
Lindane in whole blood
(equivalent to 70 nmol/l) of
Lindane in plasma (BGV)

15 umol total MbOCA/mol
creatinine in urine (BGV)

20 pumol mercury/mol
creatinine in urine (HGV)

50 umol total MDA/mol
creatinine in urine (BGV)

20 umol 4-methylpentan-2-

Post shift

Post shift

Post shift

Post shift

Post shift

Random

Post shift

Random

Post shift for inhalation
and pre-shift next day for
dermal exposure

Post shift

119

one/l in urine (HGV)

HGV = Health Guidance Value
BGV = Benchmark Guidance Value

e Workers may become acclimatized to a commonly-occurring odour, or be suffering temporarily
from an impaired sense of smell, e.g. due to a cold.

e The odour of a toxic chemical may be masked by the odour from another substance, or a
mixture.

Risk assessment of carcinogens

Arguably, risk assessment from exposure to carcinogens merits special consideration because of
the low levels of exposure capable of producing an adverse response in certain individuals coupled
with the often long time-lag (latency period) between exposure and onset of disease.

There are several formal lists of carcinogens. Thus, in the UK under the Control of Substances
Hazardous to Health Regulations 1999 (see later) carcinogens are defined as:

e Any substance or preparation which if classified in accordance with the classification provided
for by regulation 5 of the Chemicals (Hazard Information and Packaging for Supply) Regulations
1994 (‘CHIPS’) as amended would be in the category of danger, carcinogenic (category 1) or
carcinogenic (category 2).

e Substances listed in Table 5.15.
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Table 5.15 Substances and processes to which the definition of ‘carcinogen’ relates

Aflatoxins

Arsenic

Auramine manufacture

Calcining, sintering or smelting of nickel copper matte or acid leaching or electrorefining of roasted matte
Coal soots, coal tar, pitch and coal tar fumes

Hardwood dusts

Isopropyl alcohol manufacture (strong acid process)

Leather dust in boot and shoe manufacture, arising during preparation and finishing
Magenta manufacture

Mustard gas (B, f-dichlorodiethyl sulphide)

Rubber manufacturing and processing giving rise to rubber process dust and rubber fume
Used engine oils

Substances or preparations requiring to be labelled with the risk phrase ‘R45’ (may cause
cancer) or ‘R49’ (may cause cancer by inhalation) under ‘CHIPS’ are listed in Table 5.16 after the
5th edition of the Approved Supply List (Information approved for the classification and labelling
of substances and preparations dangerous for supply). This list excludes certain coal and oil-
based substances which attract the phrase ‘R45’ only when they contain a certain percentage of
a marker substance (e.g. benzene).

A summary of the evaluation of carcinogenic risks to humans by the International Agency for
Research on Cancer is given in Table 5.17 together with the IARC reference. IARC classify
carcinogens into four groups thus:

Group 1: The agent (mixture) is carcinogenic to humans. The exposure circumstance entails
exposures that are carcinogenic to humans.

Group 2: (two classifications):

Group 2A: The agent (mixture) is probably carcinogenic to humans. The exposure circumstance
entails exposures that are probably carcinogenic to humans.

Group 2B: The agent (mixture) is possibly carcinogenic to humans. The exposure circumstance
entails exposures that are possibly carcinogenic to humans.

Group 3: The agent (mixture, or exposure circumstance) is unclassifiable as to carcinogenicity in
humans.

Group 4: The agent (mixture, or exposure circumstance) is probably not carcinogenic to humans.

Table 5.17 lists only Groups 1 and 2.

Risk control

Exposures to chemicals, resulting in toxic effects or oxygen-deficient atmospheres, may arise in
a variety of industrial situations. A summary of common sources is given in Table 5.18: clearly
this is not exhaustive since exposure may result whenever materials are mixed, machined, heated,
dispersed or otherwise processed or used.

The precautions naturally vary in each case. For example, to avoid improper admixture of
chemicals will require:

e Adequate training, instruction and supervision of workers.
e Identification of chemicals by name and code number.
e Segregated storage of incompatible substances.
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Table 5.16 Substances assigned ‘R45’ or ‘R49’ risk phrases

Substances with the risk phrase ‘R45’ (may cause cancer)
Acrylamide

Acrylonitrile

5-Allyl-1,3-benzodioxide

4-Aminoazobenzene

4-Aminobiphenyl* (4-Aminodiphenyl*)

Salts of 4-Aminobiphenyl* (salts of 4-Aminodiphenyl*)
4-Amino-3-fluorophenol

Arsenic acid and its salts

Arsenic pentoxide

Arsenic trioxide

Asbestos (all types)

Azobenzene

Benzene

Benzidine*

Salts of benzidine*

Benzidine azo dyes (except those specified elsewhere in the Approved Supply List)

Benzo-(a)-anthracene

Benzo-(a)-pyrene

Benzo-(e)-pyrene

Benzo-(b)-fluoranthene

Benzo-(j)-fluoranthene

Benzo-(k)-fluoranthene

Beryllium compounds (except aluminium beryllium silicates)
Bis(chloromethyl)ether (BCME)

Butane [1], isobutane [2], containing >0.1% butadiene
Buta-1,3-diene

Cadmium chloride

Cadmium fluoride

Cadmium sulphate

Calcium chromate

Captafol (ISO)

Carbadox (INN)

Chloroaniline

2-Chloroallyl diethyldithiocarbamate (Sulfallate 1SO)
Chlorodimethyl ether

1-Chloro-2,3-epoxypropane (epichlorohydrin)
Chromium 1l chromate (chromic chromate)
Chryene

Cl Basic Red 9

Cl Direct Black 38

Cl Direct Blue 6

Cl Direct Red 28

ClI Disperse Blue 1

Clarified oils (petroleum), catalytic cracked
Clarified oils (petroleum), hydrodesulphurized catalytic cracked
Cobalt dichloride

Cobalt sulphate

Coke (coal tar), high temperature pitch

Coke (coal tar), mixed coal-high temperature pitch
Coke (coal tar), low temperature, high temperature pitch
Diaminotoluene

o-Dianisidine

Salts of o-dianisidine

o-Dianisidine-based azodyes

Diarsenic trioxide

Diazomethane

Dibenz(a, h)anthracene
1,2-Dibromo-3-chloropropane
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1,2-Dibromoethane (ethylene dibromide)

3,3’-Dichlorobenzidine

Salts of 3,3’-dichlorobenzidine

1,4-Dichlorobut-2-ene

1,2-Dichloroethane (ethylene dichloride)
2,2’-Dichloro-4,4’-methylenedianiline (MbOCA)
Salts of 2,2-dichloro-4,4’-methylenedianiline
1,3-Dichloro-2-propanol

1,2:3,4 Diepoxybutane
Diethyl sulphate

3,3’-Dimethylbenzidine (o-tolidine)
Salts of 3,3’-dimethylbenzidine (salts of o-tolidine)

Dimethylcarbamoyl chl
1,2-Dimethylhydrazine

oride

N,N-Dimethylhydrazine
Dimethylnitrosamine (N-nitroso dimethylamine)
Dimethylsulphamoyl chloride

Dimethyl sulphate
2,6-dinitrotoluene
1,2-diphenyl hydrazine

Disodium [5-((4'-((2.6-hydroxy-3-((2-hydroxy-5-sulphophenyl)azo)phenyl)azo)

(1,1’-biphenyl)-4-yl)azo]salicylato(4)cuprate(2-)

Distillates (petroleum),
Distillates (petroleum)
Distillates (petroleum)
Distillates (petroleum)
Distillates (petroleum)
Distillates (petroleum)
Distillates (petroleum)
Distillates (petroleum)
Distillates (petroleum)
Distillates (petroleum)
Distillates (petroleum),
Distillates (petroleum),
Distillates (petroleum)
)
)
)
)
)
)
)
)
)
)
)

’
’
’
’
’
’
’
’
’

(
(
(
(
(
(
(
(
(
(
(
(
( ,
Distillates (petroleum),
Distillates (petroleum),
Distillates (petroleum
Distillates (petroleum
Distillates (petroleum
Distillates (petroleum
Distillates (petroleum
Distillates (petroleum
Distillates (petroleum
Distillates (petroleum
Distillates (petroleum
Distillates (petroleum),
Distillates (coal tar), be
Distillates (coal tar), he
Distillates (petroleum),
Distillates (petroleum
Distillates (petroleum
Distillates (petroleum
Distillates (petroleum
Distillates (petroleum
Distillates (petroleum
1,2-Epoxypropane
2,3 Epoxypropan-1-ol
Erionite

’
’
’
’
’
’
’
’
’

),
),
),
),
),
),

intermediate vacuum

petroleum residues vacuum

chemically neutralized heavy paraffinic
hydrodesulphurized light catalytic cracked
hydrodesulphurized full-range middle

light paraffinic

light vacuum

vacuum

hydrodesulphurized middle coker

heavy naphthenic

heavy steam cracked

acid-treated light naphthenic

acid-treated light paraffinic

chemically neutralized light paraffinic
chemically neutralized heavy naphthenic
chemically neutralized light naphthenic
light catalytic cracked

intermediate catalytic cracked

light thermal cracked

light steam-cracked naphtha

cracked steam-cracked petroleum distillate
hydrodesulphurized thermal cracked middle
acid-treated heavy paraffinic

light catalytic cracked, thermally degraded
light naphthenic

nzole fraction

avy oils

intermediate catalytic cracked, thermally degraded
acid treated heavy, naphthenic

heavy catalytic cracked

heavy thermal cracked

heavy paraffinic

hydrodesulphurized intermediate catalytic cracked
hydrodesulphurized heavy catalytic cracked
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Ethyleneimine

Ethylene oxide

Extracts (petroleum), heavy naphthenic distillate solvent
Extracts (petroleum), heavy paraffinic distillate solvent
Extracts (petroleum), light naphthenic distillate solvent
Extracts (petroleum), light paraffinic distillate solvent
Extracts (petroleum), light vacuum gas oil solvent

Fuel oil no. 6

Fuel oil, heavy, high sulphur

Fuel oil, residues—straight-run gas oils, high sulphur
Fuel oil, residual

Gas oils (petroleum), thermal cracked, hydrodesulphurized

)
Gas oils (petroleum), heavy atmospheric
Gas oils (petroleum), hydrodesulphurized coker heavy vacuum
Gas oils (petroleum), steam cracked
Gas oils (petroleum), hydrodesulphurized heavy vacuum
Gas oils (petroleum), heavy vacuum
Gas oils (petroleum), light vacuum, thermal-cracked hydrodesulphurized
Gas oils (petroleum), hydrotreated vacuum
Gas oils (petroleum), catalytic-cracked naphtha depropanizer overhead, C;-rich acid-free

Gasoline, coal solvent extn, hydrocracked naphtha
Hexachlorobenzene

Hexamethylphosphoric triamide

Hydrazine

Salts of hydrazine

Hydrazine bis (3-carboxy-4-hydroxybenzene sulphonate)
Hydrazobenzene

Hydrocarbons C,¢_s5, aromatic-rich

Lead hydrogen arsenate

2-Methylaziridine

4,4’-Methylene dianiline (4,4’-diaminodiphenylmethane)
4,4’-Methylenedi-o-toluidine

Methyl acrylamidomethoxyacetate (containing >0.1% acrylamide)
Methyl acrylamidoglycolate (containing 20.1% acrylamide)
2-Methoxyaniline

4-Methyl-phenylenediamine (2,-4-toluenediamine)
1-Methyl-3-nitro-1-nitrosoguanidine
Methyl-onn-azoxymethyl acetate (Methyl azoxy methyl acetate)
2-Naphthylamine*

Salts of 2-naphthylamine*

5-Nitroacenaphthene

2-Nitroanisole

4-Nitrobiphenyl* (4-Nitrodiphenyl*)

Nitrofen (ISO)

2-Nitronaphthalene

2-Nitropropane

N-Nitrosodipropylamine

2,2'-(Nitrosoimino) bis ethanol

Petroleum gases, liquefied (various)

Potassium bromate

1,3-Propanesultone

3-Propanolide (Propiolactone)

Residual oils (petroleum)

Residues (petroleum), coker scrubber, condensed-ring-arom-containing
Residues (petroleum), hydrogenated steam-cracked naphtha
Residues (petroleum), atm tower

Residues (petroleum), vacuum, light

Residues (petroleum), steam-cracked naphtha distn
Residues (petroleum), steam cracked
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Residues
Residues
Residues
Residues

petroleum), heavy coker and light vacuum

petroleum), catalytic reformer fractionator

petroleum), hydrodesulphurized atmospheric tower

petroleum), topping plant, low sulphur

Residues (petroleum), heavy coker gas oil and vacuum gas oil

Residues (petroleum), thermal cracked

Residues (petroleum), catalytic reformer fractionator residue distillation
Residues (petroleum), catalytic cracking
Residues (petroleum), steam-cracked light
Residues (petroleum), hydrocracked
Residues (petroleum), light vacuum
)
)
)

Residues (petroleum), steam-cracked heat-soaked naphtha
petroleum), steam cracked

Residues (petroleum), steam cracked, distillates
Residues (petroleum), atmospheric

Residues, steam cracked, thermally treated
Strontium chromate

Styrene oxide

Tar, brown-coal

Tar, brown-coal, low temperature

Tar, coal, low temperature

Tar, coal, high temperature

Tar, coal

1,4,5,8-tetraamino-anthraquinone
Toluene-2,4-diammonium sulphate (4-methyl-m-phenylenediamine sulphate)
o-Toluidine

o-Toluidine-based azodyes

Thioacetamide

4-o0-Tolyazo-o-toluidine

a,a,a-Trichlorotoluene

Urethane (INN)

Vinyl chloride (Chloroethylene)

Zinc chromates (including zinc potassium chromate)

Residues

Substances with the risk phrase ‘R49’ (may cause cancer by inhalation)

Beryllium

Beryllium compounds with the exception of aluminium beryllium silicates

Cadmium oxide

Cadmium sulphate

Chromium (VI) compounds (with the exception of barium chromate and of compounds specified elsewhere in the Approved
Supply List)

Chromium trioxide

Chromyl chloride (chromic oxychloride)

Dinickel trioxide

Nickel dioxide

Nickel monoxide

Nickel subsulphide

Nickel sulphide

Potassium chromate

Potassium dichromate

Refactory ceramic fibres or special purpose fibres, with the exception of those specified elsewhere in the Approved Supply
List (man-made vitreous (silicate) fibres with random orientation with alkaline oxide and alkali earth oxide (Na,O + K,O
+ CaO + MgO + BaO) content less than or equal to 18% by weight)

The classification as a carcinogen need not apply to fibres with a length weighted geometric mean diameter less two standard
errors greater than 6 um

Sodium dichromate

Sodium dichromate dihydrate

* The manufacture and use of these substances, or any substance containing them, in concentrations equal to or greater than
0.1% by weight, is prohibited in the UK (COSHH Reg. 4(1)).
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Table 5.17 Evaluation of carcinogenic risks to humans by the IARC, as at 2000

Group 1: Carcinogenic to humans (78)

Agents and groups of agents

Aflatoxins, naturally occurring [1402-68-2] (Vol. 56; 1993)

4-Aminobiphenyl [92-67-1] (Vol. 1, Suppl. 7; 1987)

Arsenic [7440-38-2] and arsenic compounds (Vol. 23, Suppl. 7; 1987)

(NB: This evaluation applies to the group of compounds as a whole and not necessarily to all individual compounds within
the group)

Asbestos [1332-21-4] (Vol. 14, Suppl. 7; 1987)

Azathioprine [446-86-6] (Vol. 26, Suppl. 7; 1987)

Benzene [71-43-2] (Vol. 29, Suppl. 7; 1987)

Benzidine [92-87-5] (Vol. 29, Suppl. 7; 1987)

Beryllium [7440-41-7] and beryllium compounds (Vol. 58; 1993)

(NB: Evaluated as a group)

N, N-Bis(2-chloroethyl)-2-naphthylamine (Chlornaphazine) [494-03-1] (Vol. 4, Suppl. 7; 1987)
Bis(chloromethyl)ether [542-88-1] and chloromethyl methyl ether [107-30-2] (technical-grade)

(Vol. 4, Suppl. 7; 1987)

1,4-Butanediol dimethanesulfonate (Busulphan; Myleran) [55-98-1] (Vol. 4, Suppl. 7; 1987)

Cadmium [7440-43-9] and cadmium compounds (Vol. 58; 1993)

(NB: Evaluated as a group)

Chlorambucil [305-03-3] (Vol. 26, Suppl. 7; 1987)

1-(2-Chloroethyl)-3-(4-methylcyclohexyl)-1-nitrosourea (Methyl-CCNU; Semustine) [13909-09-6] (Suppl. 7; 1987)
Chromium[VI] compounds (Vol. 49; 1990)

(NB: Evaluated as a group)

Cyclosporin [79217-60-0] (Vol. 50; 1990)

Cyclophosphamide [50-18-0] [6055-19-2] (Vol. 26, Suppl. 7; 1987)

Diethylstilboestrol [56-53-1] (Vol. 21, Suppl. 7; 1987)

Epstein-Barr virus (Vol. 70; 1997)

Erionite [66733-21-9] (Vol. 42, Suppl. 7; 1987)

Ethylene oxide [75-21-8] (Vol. 60; 1994)

(NB: Overall evaluation upgraded from 2A to 1 with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Etoposide [33419-42-0] in combination with cisplatin and bleomycin (Vol. 76; 2000)

[Gamma Radiation: see X- and Gamma (g)-Radiation]

Helicobacter pylori (infection with) (Vol. 61; 1994)

Hepatitis B virus (chronic infection with) (Vol. 59; 1994)

Hepatitis C virus (chronic infection with) (Vol. 59; 1994)

Human immunodeficiency virus type 1 (infection with) (Vol. 67; 1996)

Human papillomavirus type 16 (Vol. 64; 1995)

Human papillomavirus type 18 (Vol. 64; 1995)

Human T-cell lymphotropic virus type | (Vol. 67; 1996)

Melphalan [148-82-3] (Vol. 9, Suppl. 7; 1987)

8-Methoxypsoralen (Methoxsalen) [298-81-7] plus ultraviolet A radiation (Vol. 24, Suppl. 7; 1987)

MOPP and other combined chemotherapy including alkylating agents (Suppl. 7; 1987)

Mustard gas (Sulphur mustard) [505-60-2] (Vol. 9, Suppl. 7; 1987)

2-Naphthylamine [91-59-8] (Vol. 4, Suppl. 7; 1987)

Neutrons (Vol. 75; 2000)

Nickel compounds (Vol. 49; 1990)

(NB: Evaluated as a group)

Oestrogen therapy, postmenopausal (Vol. 72; 1999)

Oestrogens, nonsteroidal (Suppl. 7; 1987)

(NB: This evaluation applies to the group of compounds as a whole and not necessarily to all individual compounds within
the group)

Oestrogens, steroidal (Suppl. 7; 1987)

(NB: This evaluation applies to the group of compounds as a whole and not necessarily to all individual compounds within
the group)

Opisthorchis viverrini (infection with) (Vol. 61; 1994)

Oral contraceptives, combined (Vol. 72; 1999)

(NB: There is also conclusive evidence that these agents have a protective effect against cancers of the ovary and endometrium)
Oral contraceptives, sequential (Suppl. 7; 1987)
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Radon [10043-92-2] and its decay products (Vol. 43; 1988)

Schistosoma haematobium (infection with) (Vol. 61; 1994)

Silica [14808-60-7], crystalline (inhaled in the form of quartz or cristobalite from occupational sources) (Vol. 68; 1997)
Solar radiation (Vol. 55; 1992)

Talc containing asbestiform fibres (Vol. 42, Suppl. 7; 1987)

Tamoxifen [10540-29-1] (Vol. 66; 1996)

(NB: There is also conclusive evidence that this agent (tamoxifen) reduces the risk of contralateral breast cancer)
2,3,7,8-Tetrachlorodibenzo-para-dioxin [1746-01-6] (Vol. 69; 1997)

(NB: Overall evaluation upgraded from 2A to 1 with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Thiotepa [52-24-4] (Vol. 50; 1990)

Treosulfan [299-75-2] (Vol. 26, Suppl. 7; 1987)

Vinyl chloride [75-01-4] (Vol. 19, Suppl. 7; 1987)

X- and Gamma (g)-Radiation (Vol. 75; 2000)

Mixtures

Alcoholic beverages (Vol. 44; 1988)

Analgesic mixtures containing phenacetin (Suppl. 7; 1987)
Betel quid with tobacco (Vol. 37, Suppl. 7; 1987)

Coal-tar pitches [65996-93-2] (Vol. 35, Suppl. 7; 1987)
Coal-tars [8007-45-2] (Vol. 35, Suppl. 7; 1987)

Mineral oils, untreated and mildly treated (Vol. 33, Suppl. 7; 1987)
Salted fish (Chinese-style) (Vol. 56; 1993)

Shale-oils [68308-34-9] (Vol. 35, Suppl. 7; 1987)

Soots (Vol. 35, Suppl. 7; 1987)

Tobacco products, smokeless (Vol. 37, Suppl. 7; 1987)
Tobacco smoke (Vol. 38, Suppl. 7; 1987)

Wood dust (Vol. 62; 1995)

Exposure circumstances

Aluminium production (Vol. 34, Suppl. 7; 1987)

Auramine, manufacture of (Suppl. 7; 1987)

Boot and shoe manufacture and repair (Vol. 25, Suppl. 7; 1987)

Coal gasification (Vol. 34, Suppl. 7; 1987)

Coke production (Vol. 34, Suppl. 7; 1987)

Furniture and cabinet making (Vol. 25, Suppl. 7; 1987)

Haematite mining (underground) with exposure to radon (Vol. 1, Suppl. 7; 1987)
Iron and steel founding (Vol. 34, Suppl. 7; 1987)

Isopropanol manufacture (strong-acid process) (Suppl. 7; 1987)

Magenta, manufacture of (Vol. 57; 1993)

Painter (occupational exposure as a) (Vol. 47; 1989)

Rubber industry (Vol. 28, Suppl. 7; 1987)

Strong-inorganic-acid mists containing sulphuric acid (occupational exposure to) (Vol. 54; 1992)

Group 2A: Probably carcinogenic to humans (63)

Agents and groups of agents

Acrylamide [79-06-1] (Vol. 60; 1994)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Adriamycin [23214-92-8] (Vol. 10, Suppl. 7; 1987)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Androgenic (anabolic) steroids (Suppl. 7; 1987)

Azacitidine [320-67-2] (Vol. 50; 1990)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Benz[a]anthracene [56-55-3] (Vol. 32, Suppl. 7; 1987)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Benzidine-based dyes (Suppl. 7; 1987)
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(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Benzola]pyrene [50-32-8] (Vol. 32, Suppl. 7; 1987)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Bischloroethyl nitrosourea (BCNU) [154-93-8] (Vol. 26, Suppl. 7; 1987)

1,3-Butadiene [106-99-0] (Vol. 71; 1999)

Captafol [2425-06-1] (Vol. 53; 1991)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Chloramphenicol [56-75-7] (Vol. 50; 1990)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

a-Chlorinated toluenes (benzal chloride [98-87-3], benzotrichloride [98-07-7], benzyl chloride [100-44-7]) and benzoyl
chloride [98-88-4] (combined exposures) (Vol. 29, Suppl. 7, Vol. 71; 1999)

1-(2-Chloroethyl)-3-cyclohexyl-1-nitrosourea (CCNU) [13010-47-4] (Vol. 26, Suppl. 7; 1987)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

para-Chloro-ortho-toluidine [95-69-2] and its strong acid salts (Vol. 48, Vol. 77; 2000)

(NB: Evaluated as a group)

Chlorozotocin [54749-90-5] (Vol. 50; 1990)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Cisplatin [15663-27-1] (Vol. 26, Suppl. 7; 1987)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Clonorchis sinensis (infection with) (Vol. 61; 1994)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Dibenz[a,h]anthracene [53-70-3] (Vol. 32, Suppl. 7; 1987)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Diethyl sulphate [64-67-5] (Vol. 54, Vol. 71; 1999)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Dimethylcarbamoyl chloride [79-44-7] (Vol. 12, Suppl. 7, Vol. 71; 1999)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

1,2-Dimethylhydrazine [540-73-8] (Vol. 4, Suppl. 7, Vol. 71; 1999)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Dimethyl sulphate [77-78-1] (Vol. 4, Suppl. 7, Vol. 71; 1999)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Epichlorohydrin [106-89-8] (Vol. 11, Suppl. 7, Vol. 71; 1999)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Ethylene dibromide [106-93-4] (Vol. 15, Suppl. 7, Vol. 71; 1999)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

N-Ethyl-N-nitrosourea [759-73-9] (Vol. 17, Suppl. 7; 1987)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Etoposide [33419-42-0] (Vol. 76; 2000)

(NB: Other relevant data taken into consideration in making the overall evaluation)

Formaldehyde [50-00-0] (Vol. 62; 1995)

Glycidol [556-52-5] (Vol. 77; 2000)

(NB: Other relevant data taken into consideration in making the overall evaluation)

Human papillomavirus type 31 (Vol. 64; 1995)

Human papillomavirus type 33 (Vol. 64; 1995)
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1Q (2-Amino-3-methylimidazo[4,5-flquinoline) [76180-96-6] (Vol. 56; 1993)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data
carcinogenicity and its mechanisms)

Kaposi’s sarcoma herpesvirus/human herpesvirus 8 (Vol. 70; 1997)

5-Methoxypsoralen [484-20-8] (Vol. 40, Suppl. 7; 1987)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data
carcinogenicity and its mechanisms)

4,4’-Methylene bis(2-chloroaniline) (MbOCA) [101-14-4] (Vol. 57; 1993)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data
carcinogenicity and its mechanisms)

Methyl methanesulphonate [66-27-3] (Vol. 7, Suppl. 7, Vol. 71; 1999)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data
carcinogenicity and its mechanisms)

N-Methyl-N’-nitro-N-nitrosoguanidine (MNNG) [70-25-7] (Vol. 4, Suppl. 7; 1987)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data
carcinogenicity and its mechanisms)

N-Methyl-N-nitrosourea [684-93-5] (Vol. 17, Suppl. 7; 1987)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data
carcinogenicity and its mechanisms)

Nitrogen mustard [51-75-2] (Vol. 9, Suppl. 7; 1987)

N-Nitrosodiethylamine [55-18-5] (Vol. 17, Suppl. 7; 1987)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data
carcinogenicity and its mechanisms)

N-Nitrosodimethylamine [62-75-9] (Vol. 17, Suppl. 7; 1987)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data
carcinogenicity and its mechanisms)

Phenacetin [62-44-2] (Vol. 24, Suppl. 7; 1987)

Procarbazine hydrochloride [366-70-1] (Vol. 26, Suppl. 7; 1987)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data
carcinogenicity and its mechanisms)

Styrene-7,8-oxide [96-09-3] (Vol. 60; 1994)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data
carcinogenicity and its mechanisms)

Teniposide [29767-20-2] (Vol. 76; 2000)

(NB: Other relevant data taken into consideration in making the overall evaluation)
Tetrachloroethylene [127-18-4] (Vol. 63; 1995)

ortho-Toluidine [95-53-4] (Vol. 27, Suppl. 7, Vol. 77; 2000)

Trichloroethylene [79-01-6] (Vol. 63; 1995)

1,2,3-Trichloropropane [96-18-4] (Vol. 63; 1995)

Tris(2,3-dibromopropyl) phosphate [126-72-7] (Vol. 20, Suppl. 7, Vol. 71; 1999)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data
carcinogenicity and its mechanisms)

Ultraviolet radiation A (Vol. 55; 1992)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data
carcinogenicity and its mechanisms)

Ultraviolet radiation B (Vol. 55; 1992)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data
carcinogenicity and its mechanisms)

Ultraviolet radiation C (Vol. 55; 1992)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data
carcinogenicity and its mechanisms)

Vinyl bromide [593-60-2] (Vol. 39, Suppl. 7, Vol. 71; 1999)

(NB: Overall evaluation upgraded from 2B to 2A with supporting evidence from other data
carcinogenicity and its mechanisms)

Vinyl fluoride [75-02-5] (Vol. 63; 1995)

Mixtures

Creosotes [8001-58-9] (Vol. 35, Suppl. 7; 1987)
Diesel engine exhaust (Vol. 46; 1989)

Hot mate (Vol. 51; 1991)

relevant to

relevant to
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the

the

the

the

the

the

the

the

the

the

the
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the

evaluation

evaluation

evaluation

evaluation

evaluation

evaluation

evaluation

evaluation

evaluation

evaluation

evaluation

evaluation

evaluation
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evaluation

of

of

of

of

of

of

of

of

of

of

of

of

of

of

of
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Non-arsenical insecticides (occupational exposures in spraying and application of) (Vol. 53; 1991)
Polychlorinated biphenyls [1336-36-3] (Vol. 18, Suppl. 7; 1987)

Exposure circumstances

Art glass, glass containers and pressed ware (manufacture of) (Vol. 58; 1993)
Hairdresser or barber (occupational exposure as a) (Vol. 57; 1993)
Petroleum refining (occupational exposures in) (Vol. 45; 1989)

Sunlamps and sunbeds (use of) (Vol. 55; 1992)

Group 2B: Possibly carcinogenic to humans (235)

Agents and groups of agents

A-a-C (2-Amino-9H-pyrido[2,3-blindole) [26148-68-5] (Vol. 40, Suppl. 7; 1987)
Acetaldehyde [75-07-0] (Vol. 36, Suppl. 7, Vol. 71; 1999)

Acetamide [60-35-5] (Vol. 7, Suppl. 7, Vol. 71; 1999)

Acrylonitrile [107-13-1] (Vol. 71; 1999)

AF-2 [2-(2-Furyl)-3-(5-nitro-2-furyl)acrylamide] [3688-53-7] (Vol. 31, Suppl. 7; 1987)
Aflatoxin M1 [6795-23-9] (Vol. 56; 1993)

para-Aminoazobenzene [60-09-3] (Vol. 8, Suppl. 7; 1987)
ortho-Aminoazotoluene [97-56-3] (Vol. 8, Suppl. 7; 1987)
2-Amino-5-(5-nitro-2-furyl)-1,3,4-thiadiazole [712-68-5] (Vol. 7, Suppl. 7; 1987)
Amitrole [61-82-5] (Vol. 41, Suppl. 7; 1987)

Amsacrine [51264-14-3] (Vol. 76; 2000)

ortho-Anisidine [90-04-0] (Vol. 73; 1999)

Antimony trioxide [1309-64-4] (Vol. 47; 1989)

Aramite® [140-57-8] (Vol. 5, Suppl. 7; 1987)

Auramine [492-80-8] (technical-grade) (Vol. 1, Suppl. 7; 1987)

Azaserine [115-02-6] (Vol. 10, Suppl. 7; 1987)

Aziridine [151-56-4] (Vol. 9, Suppl. 7, Vol. 71; 1999)

(NB: Overall evaluation upgraded from 3 to 2B with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Benzo[b]fluoranthene [205-99-2] (Vol. 32, Suppl. 7; 1987)
Benzoljlfluoranthene [205-82-3] (Vol. 32, Suppl. 7; 1987)
Benzolk]fluoranthene [207-08-9] (Vol. 32, Suppl. 7; 1987)

Benzofuran [271-89-6] (Vol. 63; 1995)

Benzyl violet 4B [1694-09-3] (Vol. 16, Suppl. 7; 1987)
2,2-Bis(bromomethyl)propane-1,3-diol [3296-90-0] (Vol. 77; 2000)

Bleomycins [11056-06-7] (Vol. 26, Suppl. 7; 1987)

(NB: Overall evaluation upgraded from 3 to 2B with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Bracken fern (Vol. 40, Suppl. 7; 1987)

Bromodichloromethane [75-27-4] (Vol. 52, Vol. 71; 1999)

Butylated hydroxyanisole (BHA) [25013-16-5] (Vol. 40, Suppl. 7; 1987)
b-Butyrolactone [3068-88-0] (Vol. 11, Suppl. 7, Vol. 71; 1999)

Caffeic acid [331-39-5] (Vol. 56; 1993)

Carbon black [1333-86-4] (Vol. 65; 1996)

Carbon tetrachloride [56-23-5] (Vol. 20, Suppl. 7, Vol. 71; 1999)

Catechol [120-80-9] (Vol. 15, Suppl. 7, Vol. 71; 1999)

Ceramic fibres (Vol. 43; 1988)

Chlordane [57-74-9] (Vol. 53; 1991)

Chlordecone (Kepone) [143-50-0] (Vol. 20, Suppl. 7; 1987)

Chlorendic acid [115-28-6] (Vol. 48; 1990)

para-Chloroaniline [106-47-8] (Vol. 57; 1993)

Chloroform [67-66-3] (Vol. 73; 1999)

1-Chloro-2-methylpropene [513-37-1] (Vol. 63; 1995)

Chlorophenoxy herbicides (Vol. 41, Suppl. 7; 1987)
4-Chloro-ortho-phenylenediamine [95-83-0] (Vol. 27, Suppl. 7; 1987)
Chloroprene [126-99-8] (Vol. 71; 1999)

Chlorothalonil [1897-45-6] (Vol. 73; 1999)

Cl Acid Red 114 [6459-94-5] (Vol. 57; 1993)
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Cl Basic Red 9 [569-61-9] (Vol. 57; 1993)
ClI Direct Blue 15 [2429-74-5] (Vol. 57; 1993)
Citrus Red No. 2 [6358-53-8] (Vol. 8, Suppl. 7; 1987)
Cobalt [7440-48-4] and cobalt compounds (Vol. 52; 1991)
(NB: Evaluated as a group)
para-Cresidine [120-71-8] (Vol. 27, Suppl. 7; 1987)
Cycasin [14901-08-7] (Vol. 10, Suppl. 7; 1987)
Dacarbazine [4342-03-4] (Vol. 26, Suppl. 7; 1987)
Dantron (Chrysazin; 1,8-Dihydroxyanthraquinone) [117-10-2] (Vol. 50; 1990)
Daunomycin [20830-81-3] (Vol. 10, Suppl. 7; 1987)
DDT [p,p’-DDT, 50-29-3] (Vol. 53; 1991)
N,N’-Diacetylbenzidine [613-35-4] (Vol. 16, Suppl. 7; 1987)
2,4-Diaminoanisole [615-05-4] (Vol. 27, Suppl. 7; 1987)
4,4’-Diaminodiphenyl ether [101-80-4] (Vol. 29, Suppl. 7; 1987)
2,4-Diaminotoluene [95-80-7] (Vol. 16, Suppl. 7; 1987)
Dibenz[a,h]acridine [226-36-8] (Vol. 32, Suppl. 7; 1987)
Dibenz[a,jlacridine [224-42-0] (Vol. 32, Suppl. 7; 1987)
7H-Dibenzolc,glcarbazole [194-59-2] (Vol. 32, Suppl. 7; 1987)
Dibenzola,e]pyrene [192-65-4] (Vol. 32, Suppl. 7; 1987)
Dibenzola,h]pyrene [189-64-0] (Vol. 32, Suppl. 7; 1987)
Dibenzola,i]lpyrene [189-55-9] (Vol. 32, Suppl. 7; 1987)
Dibenzola,l]pyrene [191-30-0] (Vol. 32, Suppl. 7; 1987)
1,2-Dibromo-3-chloropropane [96-12-8] (Vol. 20, Suppl. 7, Vol. 71; 1999)
2,3-Dibromopropan-1-ol [96-13-9] (Vol. 77; 2000)
para-Dichlorobenzene [106-46-7] (Vol. 73; 1999)
3,3’-Dichlorobenzidine [91-94-1] (Vol. 29, Suppl. 7; 1987)
3,3’-Dichloro-4,4’-diaminodiphenyl ether [28434-86-8] (Vol. 16, Suppl. 7; 1987)
1,2-Dichloroethane [107-06-2] (Vol. 20, Suppl. 7, Vol. 71; 1999)
Dichloromethane (methylene chloride) [75-09-2] (Vol. 71; 1999)
1,3-Dichloropropene [542-75-6] (technical-grade) (Vol. 41, Suppl. 7, Vol. 71; 1999)
Dichlorvos [62-73-7] (Vol. 53; 1991)
1,2-Diethylhydrazine [1615-80-1] (Vol. 4, Suppl. 7, Vol. 71; 1999)
Diglycidyl resorcinol ether [101-90-6] (Vol. 36, Suppl. 7, Vol. 71; 1999)
Dihydrosafrole [94-58-6] (Vol. 10, Suppl. 7; 1987)
Diisopropyl sulphate [2973-10-6] (Vol. 54, Vol. 71; 1999)
3,3’-Dimethoxybenzidine (ortho-Dianisidine) [119-90-4] (Vol. 4, Suppl. 7; 1987)
para-Dimethylaminoazobenzene [60-11-7] (Vol. 8, Suppl. 7; 1987)
trans-2-[(Dimethylamino)methylimino]-5-[2-(5-nitro-2-furyl)-vinyl]-1,3,4-oxadiazole [25962-77-0] (Vol. 7, Suppl. 7; 1987)
2,6-Dimethylaniline (2,6-Xylidine) [87-62-7] (Vol. 57; 1993)
3,3’-Dimethylbenzidine (ortho-Tolidine) [119-93-7] (Vol. 1, Suppl. 7; 1987)
1,1-Dimethylhydrazine [57-14-7] (Vol. 4, Suppl. 7, Vol. 71; 1999)
3,7-Dinitrofluoranthene [105735-71-5] (Vol. 65; 1996)
3,9-Dinitrofluoranthene [22506-53-2] (Vol. 65; 1996)
1,6-Dinitropyrene [42397-64-8] (Vol. 46; 1989)
1,8-Dinitropyrene [42397-65-9] (Vol. 46; 1989)
2,4-Dinitrotoluene [121-14-2] (Vol. 65; 1996)
2,6-Dinitrotoluene [606-20-2] (Vol. 65; 1996)
1,4-Dioxane [123-91-1] (Vol. 11, Suppl. 7, Vol. 71; 1999)
Disperse Blue 1 [2475-45-8] (Vol. 48; 1990)
1,2-Epoxybutane [106-88-7] (Vol. 47, Vol. 71; 1999)
(NB: Overall evaluation upgraded from 3 to 2B with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)
Ethyl acrylate [140-88-5] (Vol. 39, Suppl. 7, Vol. 71; 1999)
Ethylbenzene [100-41-4] (Vol. 77; 2000)
Ethylene thiourea [96-45-7] (Vol. 7, Suppl. 7; 1987)
Ethyl methanesulfonate [62-50-0] (Vol. 7, Suppl. 7; 1987)
Foreign bodies, implanted in tissues (Vol. 74; 1999)
Polymeric, prepared as thin smooth films (with the exception of poly(glycolic acid))
Metallic, prepared as thin smooth films
Metallic cobalt, metallic nickel and an alloy powder containing 66-67% nickel, 13-16% chromium and 7% iron
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2-(2-Formylhydrazino)-4-(5-nitro-2-furyl)thiazole [3570-75-0] (Vol. 7, Suppl. 7; 1987)
Furan [110-00-9] (Vol. 63; 1995)

Glasswool (Vol. 43; 1988)

Glu-P-1 (2-Amino-6-methyldipyrido[1,2-a:3’,2’-d]imidazole) [67730-11-4] (Vol. 40, Suppl. 7; 1987)
Glu-P-2 (2-Aminodipyrido[1,2-a:3",2’-d]imidazole) [67730-10-3] (Vol. 40, Suppl. 7; 1987)
Glycidaldehyde [765-34-4] (Vol. 11, Suppl. 7, Vol. 71; 1999)

Griseofulvin [126-07-8] (Vol. 10, Suppl. 7; 1987)

HC Blue No. 1 [2784-94-3] (Vol. 57; 1993)

Heptachlor [76-44-8] (Vol. 53; 1991)

Hexachlorobenzene [118-74-1] (Vol. 20, Suppl. 7; 1987)

Hexachloroethane [67-72-1] (Vol. 73; 1999)

Hexachlorocyclohexanes (Vol. 20, Suppl. 7; 1987)

Hexamethylphosphoramide [680-31-9] (Vol. 15, Suppl. 7, Vol. 71; 1999)

Human immunodeficiency virus type 2 (infection with) (Vol. 67; 1996)

Human papillomaviruses: some types other than 16, 18, 31 and 33 (Vol. 64; 1995)
Hydrazine [302-01-2] (Vol. 4, Suppl. 7, Vol. 71; 1999)

Indeno[1,2,3-cd]pyrene [193-39-5] (Vol. 32, Suppl. 7; 1987)

Iron-dextran complex [9004-66-4] (Vol. 2, Suppl. 7; 1987)

Isoprene [78-79-5] (Vol. 60, Vol. 71; 1999)

Lasiocarpine [303-34-4] (Vol. 10, Suppl. 7; 1987)

Lead [7439-92-1] and lead compounds, inorganic (Vol. 23, Suppl. 7; 1987)

(NB: Evaluated as a group)

Magenta [632-99-5] (containing Cl Basic Red 9) (Vol. 57; 1993)

MeA-a-C (2-Amino-3-methyl-9H-pyrido[2,3-b]indole) [68006-83-7] (Vol. 40, Suppl. 7; 1987)
Medroxyprogesterone acetate [71-58-9] (Vol. 21, Suppl. 7; 1987)

MelQ (2-Amino-3,4-dimethylimidazo[4,5-flquinoline) [77094-11-2] (Vol. 56; 1993)
MelQx (2-Amino-3,8-dimethylimidazo[4,5-flquinoxaline) [77500-04-0] (Vol. 56; 1993)
Merphalan [531-76-0] (Vol. 9, Suppl. 7; 1987)

2-Methylaziridine (Propyleneimine) [75-55-8] (Vol. 9, Suppl. 7, Vol. 71; 1999)
Methylazoxymethanol acetate [592-62-1] (Vol. 10, Suppl. 7; 1987)

5-Methylchrysene [3697-24-3] (Vol. 32, Suppl. 7; 1987)

4,4’-Methylene bis(2-methylaniline) [838-88-0] (Vol. 4, Suppl. 7; 1987)
4,4’-Methylenedianiline [101-77-9] (Vol. 39, Suppl. 7; 1987)

Methylmercury compounds (Vol. 58; 1993)

(NB: Evaluated as a group)

2-Methyl-1-nitroanthraquinone [129-15-7] (uncertain purity) (Vol. 27, Suppl. 7; 1987)
N-Methyl-N-nitrosourethane [615-53-2] (Vol. 4, Suppl. 7; 1987)

Methylthiouracil [56-04-2] (Vol. 7, Suppl. 7; 1987)

Metronidazole [443-48-1] (Vol. 13, Suppl. 7; 1987)

Mirex [2385-85-5] (Vol. 20, Suppl. 7; 1987)

Mitomycin C [50-07-7] (Vol. 10, Suppl. 7; 1987)

Mitoxantrone [65271-80-9] (Vol. 76; 2000)

Monocrotaline [315-22-0] (Vol. 10, Suppl. 7; 1987)
5-(Morpholinomethyl)-3-[(5-nitrofurfurylidene)amino]-2-oxazolidinone [3795-88-8] (Vol. 7, Suppl. 7; 1987)
Nafenopin [3771-19-5] (Vol. 24, Suppl. 7; 1987)

Nickel, metallic [7440-02-0] and alloys (Vol. 49; 1990)

Niridazole [61-57-4] (Vol. 13, Suppl. 7; 1987)

Nitrilotriacetic acid [139-13-9] and its salts (Vol. 73; 1999)

(NB: Evaluated as a group)

5-Nitroacenaphthene [602-87-9] (Vol. 16, Suppl. 7; 1987)

2-Nitroanisole [91-23-6] (Vol. 65; 1996)

Nitrobenzene [98-95-3] (Vol. 65; 1996)

6-Nitrochrysene [7496-02-8] (Vol. 46; 1989)

Nitrofen [1836-75-5] (technical-grade) (Vol. 30, Suppl. 7; 1987)

2-Nitrofluorene [607-57-8] (Vol. 46; 1989)
1-[(5-Nitrofurfurylidene)amino]-2-imidazolidinone [555-84-0] (Vol. 7, Suppl. 7; 1987)
N-[4-(5-Nitro-2-furyl)-2-thiazolyl]acetamide [531-82-8] (Vol. 7, Suppl. 7; 1987)
Nitrogen mustard N-oxide [126-85-2] (Vol. 9, Suppl. 7; 1987)

Nitromethane [75-52-5] (Vol. 77; 2000)

2-Nitropropane [79-46-9] (Vol. 29, Suppl. 7, Vol. 71; 1999)
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1-Nitropyrene [5522-43-0] (Vol. 46; 1989)

4-Nitropyrene [57835-92-4] (Vol. 46; 1989)

N-Nitrosodi-n-butylamine [924-16-3] (Vol. 17, Suppl. 7; 1987)
N-Nitrosodiethanolamine [1116-54-7] (Vol. 17, Suppl. 7, Vol. 77; 2000)
N-Nitrosodi-n-propylamine [621-64-7] (Vol. 17, Suppl. 7; 1987)
3-(N-Nitrosomethylamino)propionitrile [60153-49-3] (Vol. 37, Suppl. 7; 1987)
4-(N-Nitrosomethylamino)-1-(3-pyridyl)-1-butanone (NNK) [64091-91-4] (Vol. 37, Suppl. 7; 1987)
N-Nitrosomethylethylamine [10595-95-6] (Vol. 17, Suppl. 7; 1987)
N-Nitrosomethylvinylamine [4549-40-0] (Vol. 17, Suppl. 7; 1987)

N-Nitrosomorpholine [59-89-2] (Vol. 17, Suppl. 7; 1987)

N’-Nitrosonornicotine [16543-55-8] (Vol. 37, Suppl. 7; 1987)

N-Nitrosopiperidine [100-75-4] (Vol. 17, Suppl. 7; 1987)

N-Nitrosopyrrolidine [930-55-2] (Vol. 17, Suppl. 7; 1987)

N-Nitrososarcosine [13256-22-9] (Vol. 17, Suppl. 7; 1987)

Ochratoxin A [303-47-9] (Vol. 56; 1993)

Oestrogen—progestogen therapy, postmenopausal (Vol. 72; 1999)

Oil Orange SS [2646-17-5] (Vol. 8, Suppl. 7; 1987)

Oxazepam [604-75-1] (Vol. 66; 1996)

Palygorskite (attapulgite) [12174-11-7] (long fibres, >5 micrometres) (Vol. 68; 1997)
Panfuran S [794-93-4] (containing dihydroxymethylfuratrizine)

(Vol. 24, Suppl. 7; 1987)

Phenazopyridine hydrochloride [136-40-3] (Vol. 24, Suppl. 7; 1987)

Phenobarbital [50-06-6] (Vol. 13, Suppl. 7; 1987)

Phenolphthalein [77-09-8] (Vol. 76; 2000)

Phenoxybenzamine hydrochloride [63-92-3] (Vol. 24, Suppl. 7; 1987)

Phenyl glycidyl ether [122-60-1] (Vol. 47, Vol. 71; 1999)

Phenytoin [57-41-0] (Vol. 66; 1996)

PhIP (2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine) [105650-23-5] (Vol. 56; 1993)
Polychlorophenols and their sodium salts (mixed exposures) (Vol. 41, Suppl. 7, Vol. 53, Vol. 71; 1999)
Ponceau MX [3761-53-3] (Vol. 8, Suppl. 7; 1987)

Ponceau 3R [3564-09-8] (Vol. 8, Suppl. 7; 1987)

Potassium bromate [7758-01-2] (Vol. 73; 1999)

Progestins (Suppl. 7; 1987)

Progestogen-only contraceptives (Vol. 72; 1999)

1,3-Propane sultone [1120-71-4] (Vol. 4, Suppl. 7, Vol. 71; 1999)

b-Propiolactone [57-57-8] (Vol. 4, Suppl. 7, Vol. 71; 1999)

Propylene oxide [75-56-9] (Vol. 60; 1994)

Propylthiouracil [51-52-5] (Vol. 7, Suppl. 7; 1987)

Rockwool (Vol. 43; 1988)

Safrole [94-59-7] (Vol. 10, Suppl. 7; 1987)

Schistosoma japonicum (infection with) (Vol. 61; 1994)

Slagwool (Vol. 43; 1988)

Sodium ortho-phenylphenate [132-27-4] (Vol. 73; 1999)

Sterigmatocystin [10048-13-2] (Vol. 10, Suppl. 7; 1987)

Streptozotocin [18883-66-4] (Vol. 17, Suppl. 7; 1987)

Styrene [100-42-5] (Vol. 60; 1994)

(NB: Overall evaluation upgraded from 3 to 2B with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Sulfallate [95-06-7] (Vol. 30, Suppl. 7; 1987)

Tetrafluoroethylene [116-14-3] (Vol. 19, Suppl. 7, Vol. 71; 1999)

Tetranitromethane [509-14-8] (Vol. 65; 1996)

Thioacetamide [62-55-5] (Vol. 7, Suppl. 7; 1987)

4,4’-Thiodianiline [139-65-1] (Vol. 27, Suppl. 7; 1987)

Thiourea [62-56-6] (Vol. 7, Suppl. 7; 1987)

Toluene diisocyanates [26471-62-5] (Vol. 39, Suppl. 7, Vol. 71; 1999)

Toxins derived from Fusarium moniliforme (Vol. 56; 1993)

Trichlormethine (Trimustine hydrochloride) [817-09-4] (Vol. 50; 1990)

Trp-P-1 (3-Amino-1,4-dimethyl-5H-pyrido[4,3-blindole) [62450-06-0] (Vol. 31, Suppl. 7; 1987)
Trp-P-2 (3-Amino-1-methyl-5H-pyrido[4,3-blindole) [62450-07-1] (Vol. 31, Suppl. 7; 1987)
Trypan blue [72-57-1] (Vol. 8, Suppl. 7; 1987)
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Uracil mustard [66-75-1] (Vol. 9, Suppl. 7; 1987)
Urethane [51-79-6] (Vol. 7, Suppl. 7; 1987)

Vinyl acetate [108-05-4] (Vol. 63; 1995)
4-Vinylcyclohexene [100-40-3] (Vol. 60; 1994)
4-Vinylcyclohexene diepoxide [106-87-6] (Vol. 60; 1994)
Zalcitabine [7481-89-2] (Vol. 76; 2000)

Zidovudine (AZT) [30516-87-1] (Vol. 76; 2000)

Mixtures

Bitumens [8052-42-4], extracts of steam-refined and air-refined (Vol. 35, Suppl. 7; 1987)

Carrageenan [9000-07-1], degraded (Vol. 31, Suppl. 7; 1987)

Chlorinated paraffins of average carbon chain length C12 and average degree of chlorination approximately 60%

(Vol. 48; 1990)

Coffee (urinary bladder) (Vol. 51; 1991)

(NB: There is some evidence of an inverse relationship between coffee drinking and cancer of the large bowel; coffee
drinking could not be classified as to its carcinogenicity to other organs)

Diesel fuel, marine (Vol. 45; 1989)

(NB: Overall evaluation upgraded from 3 to 2B with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Engine exhaust, gasoline (Vol. 46; 1989)

Fuel oils, residual (heavy) (Vol. 45; 1989)

Gasoline (Vol. 45; 1989)

(NB: Overall evaluation upgraded from 3 to 2B with supporting evidence from other data relevant to the evaluation of
carcinogenicity and its mechanisms)

Pickled vegetables (traditional in Asia) (Vol. 56; 1993)

Polybrominated biphenyls [Firemaster BP-6, 59536-65-1] (Vol. 41, Suppl. 7; 1987)

Toxaphene (Polychlorinated camphenes) [8001-35-2] (Vol. 20, Suppl. 7; 1987)

Welding fumes (Vol. 49; 1990)

Exposure circumstances

Carpentry and joinery (Vol. 25, Suppl. 7; 1987)

Dry cleaning (occupational exposures in) (Vol. 63; 1995)
Printing processes (occupational exposures in) (Vol. 65; 1996)
Textile manufacturing industry (work in) (Vol. 48; 1990)

e Identification by labels, numbers, colour coding etc. of vessels, transfer lines and valves.

e (Clear, unambiguous operating instructions (updated and freely available).

e Segregated disposal of residues, ‘empty’ sacks, containers, liquid effluents, solid wastes, floor-
washes etc.

Control strategies in general

Strategies for reducing the risk from a toxic chemical depends upon its nature (i.e. toxic, corrosive,
dermatitic) and extent. A combination of the following measures may be appropriate.

Substitution

Hazardous chemicals or mixtures may be replaceable by safer materials. These may be less toxic
per se, or less easily dispersed (e.g. less volatile or dusty). Substitution is also applicable to
synthesis routes to avoid the use of toxic reactants/solvents or the production, either intentionally
or accidentally, of toxic intermediates, by-products or wastes.

Minimization of inventory

As a general rule, it is preferable to minimize the amounts of toxic chemicals in storage and in
process. There may be an advantage in handling chemicals in the most dilute practicable concentration.
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Table 5.18 Common sources of toxic atmospheres

Source Examples
Improper storage, handling, use or Leakages"
disposal of specific chemicals Improper venting or draining"

Open handling
Incorrect notification on disposal
Use of wrong material

Accidental release, spillage Transport incidents
Overfilling of containers
Equipment failure
Unexpected reactions
Runaway reactions

Admixture of chemicals By mistake, e.g. wrongly identified
In wrong proportions
In wrong circumstances
In wrong sequence

(1

Fires Pyrolysis products
Combustion products”
Vaporization
Through domino effects

Operation in confined spaces Improper isolation
From residues
Oxygen deficiency (inherent, from purging or from rusting)

Maintenance or cleaning of equipment Residues
Loss of containment (breaking lines)
Stripping insulation
Burning-off paint, flame heating components
Reaction or vaporization of cleaning products

Wastes Anaerobic breakdown
Admixture of effluents
Open handling of effluents or ‘wastes’
Atmospheric venting
Solid wastes
Uncontrolled incineration

Fabrication, manufacturing or machining Welding fumes
operations etc. Spray painting, curing of paints'”
Use of adhesives, curing of adhesives'"
Cutting/grinding/fettling/shotblasting”
Electroplating!”
Degreasing/cleaning/etching/pickling"
Plastics forming or overheating"

M May result in long-term exposure (throughout operation or in workplace).

Mechanical handling

Release of, and exposure of personnel to, toxic chemicals can be reduced by appropriate mechanical
handling and enclosed transfer, including:

e In-plant transfer via pipelines.

e In-plant transfer in specially designed containers, e.g. tote bins, corrosion-resistant containers,
with provision for mechanical lifting.

e Use of enclosed transfer by pressurization or vacuum, with appropriate balancing or venting,
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(e.g. with knock-out and/or scrubbing, filtration or incineration for vapours/gases), or recovery
(e.g. adsorption or vapour recompression) provisions.

e Use of enclosed belt conveyors, chutes or pneumatic conveyors for solids.

e Enclosed transfer of solids using screw feeders.

e Transfer of solids in sealed containers or plastic sacks in preset batch weights, so avoiding
emptying for reweighing.

Vessel or equipment cleaning can also be automated, e.g. using high-pressure liquid sprays. This
is essential, whenever practicable, to avoid entry under the Confined Spaces Regulations 1997.

Process change
A modification to the chemical process or manufacturing operation can reduce risk, for example:

e Purification of raw materials.

e Use of solutions, slurries, pellets, granules or ‘dust-free’ (i.e. partially-wetted) powders instead
of dry powders.

e Centralized make-up of toxic chemicals in master batches for transfer in sealed containers or
impermeable bags.

e Transfer of an active chemical agent in an inherently safer form (e.g. sulphur dioxide as sodium
metabisulphite, chlorine as sodium hypochlorite). Generation of an active agent in this manner
clearly reduces the inventory in use.

Suppression

Release of liquids (as mists or sprays), of vapour or of dusts may be reduced in some cases by
suppression methods. Such practices include:

e Pre-wetting of powders or fibrous solids. This extends to wet sweeping (if vacuum cleaning is
impractical).

e Use of a cover on open-topped tanks, vats or portable containers when not in use, or other
methods to reduce the exposed liquid surface.

e Use of floating roof tanks.

e Lowering the operating temperature of process liquids.

e Provision of a partial seal on exposed liquid interfaces, e.g. a foam blanket or a layer of floating
inert spheres.

e Provision of a vapour recovery system on storage tanks.

Monitoring of equipment operation and of process parameters

The use of appropriate instruments to monitor equipment operation and relevant process variables
will detect, and provide warning of, undesirable excursions. Otherwise these can result in equipment
failure or escape of chemicals, e.g. due to atmospheric venting, leakage or spillage. Instruments
may facilitate automatic control, emergency action such as coolant or pressure relief or emergency
shutdown, or the operation of water deluge systems.

Parameters which may be monitored include:

e Electrical power drawn by prime movers.
e Equipment vibration.
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Coolant flow and temperatures (in and out); low flow and high temperature.
Composition of process and effluent streams.

Pressure or vacuum; high or low pressure.

Process temperature; high or low temperature.

Flow rates of process fluids; high or low flow.

Pressure drop.

Oxygen concentration.

pH; high or low pH.

Liquid (or particulate solid) level; high or low level.

Atmospheric concentration of specific pollutants.

Segregation

Segregation is a common means of controlling toxic risks, or restricting the working area exposed
to them. Segregation may be by any, or a combination, of:

e Distance, e.g. spacing of equipment, operating stations, storage, buildings.

e Physical barriers, e.g. splashguards, screens, or use of separate rooms. In special cases equipment
enclosures and/or complete rooms may be maintained under a slight negative pressure.

e Time, e.g. performance of cleaning, demolition or stripping operations ‘out-of-hours’. Rotation
of jobs, and limitation of exposure, e.g. in confined spaces, are also examples of partial
segregation.

Containment

Contamination of the working environment can be prevented by complete containment, i.e. complete
enclosure as in glove boxes in a laboratory or operation in sealed equipment. For materials
transfer, balancing is preferred to venting. However, additional precautions are necessary for
cleaning, emergency venting, sampling — foreseeable events which could result in unplanned
leakage or spillage. Minimize pumping or blowing, sample points, pipe joints and equipment
requiring maintenance, and avoid hoses unless reinforced and properly secured, e.g. armoured
hose. Consider tank draining/recovery arrangements. Provide adequate instrumentation on storage
tanks, e.g. temperature indicator, high temperature alarm, pressure indicator, high pressure alarm
and level gauge, together with relief if necessary (safety valve backed up by rupture disk to
prevent seepage). Provide bunds to contain spillages and protect drainage systems and sewers.

Local exhaust ventilation

Because complete containment is physically impracticable in many cases, local exhaust ventilation
is often applied to remove contaminants. The objective is to extract pollutant as near as practicable
to its source and before it enters, or passes through, a worker’s breathing zone. Vents should lead
away from personnel to a safe location, with scrubbing/filtering as appropriate. Common examples
are:

e Laboratory fume cupboards, operated with the front sash at the correct setting and providing
the requisite linear air velocity at the gap.

e Lip extraction at anticipated points of leakage (e.g. around open-topped tanks, sampling,
drumming/packing points).

e Open-fronted extraction booths for spraying operations, or adhesive application operations.
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Typical minimum transport velocities are given in Table 12.13 and capture velocities for various
applications in Table 12.12.

General ventilation, which relies upon dilution by a combination of fresh air make-up and
removal, is a secondary measure.

Personal protection

The provision and use of properly selected personal protective equipment is normally regarded as
back-up for the previous measures. Refer to Chapter 13. In some situations it is the only reasonably
practicable measure to ensure personal safety and its use may be a legal requirement. Examples
are:

e For entry into a confined space which may contain toxic chemicals or be oxygen deficient.
Refer to Figure 13.1.

e During certain maintenance operations.

e During fire-fighting or emergency rescue operations.

e As a standby for emergency use in case of accidental release of toxic materials, e.g. during
tanker unloading, or disconnection of temporary pipelines or when dealing with spillages
generally, or if other protective measures, e.g. local exhaust ventilation, fail in service.

e As protection against chemicals to which no exposure is permissible or desirable.

Personal hygiene

A good standard of personal hygiene is required to minimize exposure by ingestion or skin
absorption of chemicals. The measures include:

e Adequate washing facilities with hot and cold running water, soap or hand cleanser, and drying
provisions all conveniently located.

Supply of an appropriate barrier cream (i.e. for ‘wet’ or ‘dry’ work) and afterwork cream.
Adequate showering/bathing facilities.

Avoidance of use of solvents, abrasive powders or process chemicals for skin cleaning.
Provision of overalls of an appropriate type and their frequent laundering either in-house or by
an approved contractor, with a prohibition on their unauthorized removal from the workplace
or use in e.g. canteens. Disposable overalls are appropriate in some situations.

e Prompt attention to, and covering of, damaged or perforated areas of skin.

e Avoidance of eating, drinking, the application of cosmetics, or smoking in the work area.

Medical supervision and biological monitoring may be appropriate.
Training for all staff, covering both normal operation and emergency situations, is essential.
The combination of measures used will depend upon the degree of hazard, and the scale and
nature of the processes. For example, dust and fume control measures in the rubber industry are
summarized in Table 5.19.

Control of substances hazardous to health

In Great Britain the COSHH Regulations cover virtually all substances hazardous to health.
(Excluded are asbestos, lead, materials dangerous solely due to their radioactive, explosive, or
flammable properties, or solely because of high or low temperatures or pressures, or where risk
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Table 5.19 Combination of measures for dust and fume control in the rubber industry

Factory process

Health hazard

Control measures

Drug room

Compounding

Moulding

Calendering and extruding

Curing

Spreading

Dust from ‘small drugs’
(complex organic compounds)

Dust from bulk fillers and whitings

Dust from carbon black

Skin contact with process oils

Dust

Fume

Skin contact with process oils

Fume

Fume

Dust from release agents
(chalk stearate or talc)

Fume

Fume

Substitution

Master batches

Preweighed, sealed bags
Dust-suppressed chemicals
Local exhaust ventilation

Care in handling

Local exhaust ventilation

Care in handling

Master batches

Local exhaust ventilation
Totally enclosed systems

Not by ‘careful handling’ alone
Direct metering into mixer
Care in handling and protective clothing.

Local exhaust ventilation

Master batches

Preweighed, sealed bags

Dust-suppressed chemicals

Care in handling

Local exhaust ventilation

Removal of hot product from workroom —
cool before handling

Direct metering

Care in handling and protective clothing

Local exhaust ventilation

Removal of hot product from workroom —
cool before handling

Deflection by shields

Local exhaust ventilation

Water cooling of extrudate
Substitution of wet methods

Enclosure and local exhaust ventilation

Local exhaust ventilation at autoclave
door and storage racks
Allow autoclave to cool before opening

Local exhaust ventilation
Care in handling mixes

to health arises due to administration in the course of medical treatment, and substances below
ground in mines, which have their own legislation.)

Substances ‘hazardous to health’ include substances labelled as dangerous (i.e. very toxic,
toxic, harmful, irritant or corrosive) under any other statutory requirements, agricultural pesticides
and other chemicals used on farms, and substances with occupational exposure limits. They
include harmful micro-organisms and substantial quantities of dust. Indeed any material, mixture
or compound used at work, or arising from work activities, which can harm people’s health is
apparently covered.

The regulations set out essential measures that employers (and sometimes employees) have to
take:

e Prohibit use of substances listed in Table 5.20.
e Assess the risk to health arising from work, and what precautions are needed (see Figure 5.3).
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Table 5.20 Prohibition of certain substances hazardous to health for certain purposes

Substance

Purpose for which substance is prohibited

2-Naphthylamine; benzidene; 4-aminodiphenyl; 4-
nitrodiphenyl; their salts and any substance containing any
of those compounds, in a total concentration equal to or
greater than 0.1% by mass

Sand or other substance containing free silica

A substance:

(a) containing compounds of silicon calculated as silica to
the extent of more than 3% by weight of dry material,
other than natural sand, zirconium silicate (zircon), calcined
china clay, calcined aluminous fireclay, sillimanite, calcined
or fused alumina, olivine; or

(b) composed of or containing dust or other matter deposited
from a fettling or blasting process

Carbon disulphide

Oils other than white oil, or of entirely animal or vegetable
origin or entirely of mixed animal and vegetable origin

Ground or powdered flint or quartz other than natural sand

Ground or powdered flint or quartz other than:

(a) natural sand; or

(b) ground or powdered flint or quartz which forms part of a
slop or paste

Dust or powder of a refractory material containing not less
than 80% of silica other than natural sand

White phosphorus
Hydrogen cyanide

Benzene and any substance containing benzene in a
concentration equal to or greater than 0.1% by mass other
than:

(a) motor fuels

(b) waste }

covered by specific EEC
Directives

Manufacture and use for all purposes including any
manufacturing process in which the substance is formed

Use as an abrasive for blasting articles in any blasting apparatus

Use as a parting material in connection with the making of
metal castings

Use in cold-cure process of vulcanizing in the proofing of
cloth with rubber

Use in oiling the spindles of self-acting mules

Use in relation to the manufacture or decoration of pottery

for the following purposes:

(a) the placing of ware for the biscuit fire;

(b) the polishing of ware;

(c) as the ingredient of a wash for saggers, trucks, bats, cranks
or other articles used for supporting ware during firing;
and

(d) as dusting or supporting powder in potters’ shops

Use in relation to the manufacture or decoration of pottery

for any purpose except:

(a) use in a separate room or building for (i) the manufacture
of powdered flint or quartz or (ii) the making of frits or
glazes or the making of colours or coloured slips for the
decoration of pottery;

(b) use for the incorporation of the substance into the body
of ware in an enclosure in which no person is employed
and which is constructed and ventilated to prevent the
escape of dust

Use for sprinkling the moulds of silica bricks, namely bricks
or other articles composed of refractory material and containing
not less than 80% of silica

Use in the manufacture of matches

Use in fumigation except when:

(a) released from an inert material in which hydrogen cyanide
is absorbed;

(b) generated from a gassing powder; or

(c) applied from a cylinder through suitable piping and
applicators other than for fumigation in the open air to
control or kill mammal pests

Uses for all purposes except:

(a) use in industrial processes; and

(b) for the purposes of research and development or for the
purpose of analysis
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Table 5.20 Cont’d

Substance Purpose for which substance is prohibited

The following substances: Supply for use at work in diffusive applications such as in
chloroform, carbon tetrachloride; 1,1,2-trichloroethane,  surface cleaning and the cleaning of fabrics except for the
1,1,2,2-tetratchloroethane; 1,1,1,2-tetrachloroethane;  purposes of research and development or for the purpose of
pentachloroethane, vinylidene chloride; 1,1,1-trichloroethane  analysis
and any substance containing one or more of those substances
in a concentration equal to or greater than 0.1% by mass,
other than:

(a) medical products;

(b) cosmetic products

e Introduce appropriate measures to prevent or control the risk.

e Ensure that control measures are used and that equipment is properly maintained and procedures
observed.

e Where necessary, monitor the exposure of the workers and carry out an appropriate form of
surveillance of their health.

e Inform, instruct and train employees about the risks and the precautions to be taken.

Assessment

The HSE provide elegant guidance and checklists for conducting and recording risk assessments
in COSHH Essentials (see Bibliography). Thi