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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

depcribed in the [SO/IEC Directives, Part 1. In particular, the different approval criterianeeded for the
diffferent types of ISO documents should be noted. This document was drafted in accordance with the
ed|torial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Ti:t procedures used to develop this document and those intended for its further mainitepnance are

Atfention is drawn to the possibility that some of the elements of this document'may be the|subject of
pagent rights. ISO shall not be held responsible for identifying any or all such patent rights.|Details of
any patent rights identified during the development of the document will’be'in the Introduction and/or
onfthe ISO list of patent declarations received (see www.iso.org/patents))

Anly trade name used in this document is information given for the convenience of users and does not
copstitute an endorsement.

Foran explanation on the meaning of SO specific terms and eXpressions related to conformity agsessment,
as [well as information about ISO’s adherence to the World\Trade Organization (WTO) principles in the
Te¢hnical Barriers to Trade (TBT) see the following URE:xwww.iso.org/iso/foreword.html.

Thlis document was prepared by Technical Committee ISO/TC 45, Rubber and rubber products

© IS0 2017 - All rights reserved v
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Introduction

Fumes emitted during the rubber manufacturing processes were the topic of many studies. This
comprehensive study was undertaken to compile and review published data with respect to rubber
fume emissions in the workplace. This review has provided a comprehensive bank of technical data
for dissemination and further debate. It has assessed literature regarding the chemical composition
of rubber fumes in manufacturing from a comprehensive range of processes. It has been postulated
that fume emissions from rubber compound vulcanization can be considered a single chemical entity,
cited as posing a carcinogenic risk to human health. Although many studies have tried to characterize
rubber fu fsstorms; i i i i i his
conclusiof. This study has tested this postulation and provided an insight as to whether it is a,Sound
conclusion.

The aim |of this project was to evaluate, on a basis of sound scientific literature, #whéther itf is
scientificdlly robust to consider “rubber fumes” as a homogeneous entity from a chemigal point of view
and, morg importantly, in relation to measurement and control of occupational exposure risk for the
rubber indlustry as a whole.

An extengive literature review aimed at providing a compilation of literature pelated to rubber fume
emissiong, this study has concentrated on the chemical compositional aspectSof rubber fumes only and
not on the toxicological or epidemiological aspects.

In addition, although rubber dust and rubber fumes are being considered by the EU for a potential
incorporation in the scope of the Carcinogens Directive, this study*has only considered rubber fumejg.

This document provides detailed information on the study cdrried out, the results obtained from the
literature|reviews and the conclusions drawn from this infer#hation.

This docyment comprises two main parts; the first provides a general overview of the key aread of
rubber te¢hnology and the second provides an extensive review of in-house and external literature|on
the compdgsition and nature of rubber process funges.

Natural rfibber (NR) has been known to the_civilized world since about 1493 when early Europgan
explorersffound natives of Haiti playing with balls made from the exudates of a tree called “cau-uchu”.
The term|“rubber” was coined much later by the English chemist ].B. Priestly for its ability to ergse
lead penc]l marks. The French scientist De La Condamine first introduced NR to Europe in 1736 and
published|his observations on thematerial in 1745. Industrial application of rubber only occurred affer
Charles Gpodyear in 1841 discevered the process termed “vulcanization”, which converted the rubber

to a more|stable and useful ngaterial, that paved the way for the growth of the modern industry.

Synthetic|rubbers were(first produced in Germany in the 1930s, and during the Second World War
when the |supply of natural rubber was interrupted, methods were developed for the bulk productjon
of synthetfic rubbersy Styrene butadiene rubber (SBR) was one of the first synthetic rubbers to |be
developed and manudfactured in high volume in the 1940s, mainly for the production of tyres and in|an
attempt tp match the properties of natural rubber. Since that time, many different synthetic rubbers
have beenjdeveloped to allow the use of rubber in a very wide variety of environments and applicatiorls.

Over the years, the importance of rubber to modern life has constantly increased. This is not always
immediately apparent because rubber components are often not colourful, eye catching or are used in
applications where they are not readily visible. Natural and synthetic rubber compounds are used in
a highly diverse range of rubber products which are manufactured throughout the world for various
sectors of industry and for a variety of end users, including, but not exclusively, automotive, aerospace,
medical/pharmaceutical, defence, commercial, general industrial and others.

Of the sectors where rubber is used, the automotive industry is of particular importance since tyre and
tyre products account for approximately 60 % of the synthetic rubber and ~75 % of the natural rubber
used today.

vi © ISO 2017 - All rights reserved
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Table 1 provides an overview of the diverse range of rubber components made from general
manufacturing processes and dipped latex technology. The list of components is by no means exhaustive
but helps highlight the diverse areas and products in which rubber is used.

Table 1 — Range of rubber components

Tyres passenger cars, trucks, racing vehicles, cycles, off-road tyres, inner tubes, curing
bladders

Conveyor/ steel cord conveyor belting, repair material for conveyor belting, scrapers, min-

Transmission belting ing conveyors, V-belts, flat belts, synchronous belts

Influstrial hoses water hoses, high-pressure hoses, welding hoses, hydraulic hoses, spiral hoses,
offshore hoses, oil hoses, chemical hoses

Aytomotive products coolant hoses, fuel hoses, seals and gaskets, anti-vibration mounts, hy(u;aulic
hoses, fuel injectors, timing belts, window and door channelling, transmission
and engine components, wiper blades, exhaust hangers

Gdneral mouldings/ moulded seals and gaskets, anti-vibration products, floor coverings, sheeting,

Sheeting tube rings, roofing layers, subsoil water sheeting, roller coverings, protection

linings, moulded micro-cellular products, composite profiles, rubberizgd fabric,
micro-cellular rubbers/profiles, wire and cable jackets and insulations], glass
sealants, pump impellors, roof membranes,pond liners, rail mounts, bifidge
bearings, military vehicle track pads

M¢dical/ surgical gloves, medical tubing, MDI valve gaskets, catheters, dialysis groducts,
PHarmaceutical products surgical implants, prostheses, contradeptives, soothers, baby feeding t¢ats and
breast caps, blood transfusion tubing and valves, medical and antistatic sheeting
and membranes, masks and respirators

Clpthing boots/footwear, protectivesuits, household gloves, industrial gloves, fpotwear/
boot heels and soling, cellular rubber soles, wet suits, diving suits, coatied fab-
rics, sports footwear and clothing

Food contact products food transportationife.g. conveyer belts, hoses and tubing), food handling
(gloves), pipe apd machinery components (seals, gaskets, flexible conngctors and
diaphragm/butterfly valves), pumping system components (progressiye cavity
pumps stators, diaphragm pumps), plate heat exchanger gaskets, sealsfgaskets
for cans; bottles and closures

Pdtable water products pipe seals and gaskets, hoses, linings of pumps and valves, tap washerg, mem-
bfanes in pipes and filters, coatings on process plant, tank linings

Miscellaneous products adhesives, rubberized asphalt, high vacuum and radiation components}, carpet
backing, latex thread, sealants and caulking, toys

It |s important that-the reader of this document concludes that the rubber material used to make
any particular pfoduct is not a single entity but is a complex compounded material referred to as a
“cqmpound” oir{formulation”, which may contain a large number of essential chemical ingredients.
Thiese ingrediénts will include the base rubber polymer(s), reinforcing and non-reinforcing plarticulate
fillers, precess oils, vulcanizing agents, protective agents, process aids, etc. (all of which arg available
mpany or
edients to
uct.

The processing route by which the majority of rubber components are manufactured includes mixing
the ingredients together in a controlled manner to produce a rubber “compound” or “mix”, shaping of
the mixed compound to give the desired shape or form, then “vulcanizing” (also known as “crosslinking”
and “curing”) the compound to convert it to a condition where it has permanent properties and shape.

The type of rubber materials and manufacturing processes used will depend upon the individual
product and are described in this document. Many of the manufacturing processes involve generating
heat in the rubber compound where volatile species such as “fumes” can be released from it.

The large diversity in both the rubber formulations available and the manufacturing processes used
can therefore potentially give rise to a highly diverse range of species evolved.

© 1S0 2017 - All rights reserved vii
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In order to assist the reader to understand the terminology associated with the rubber technology in
this document, a glossary of terms is included in Annex A.
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Rubber — Comprehensive review of the composition and
nature of process fumes in the rubber industry

: d —ba 0 Hbhea —sivesan-overrew-of-wha errofthe fumes
enjitted during the rubber manufacturing processes. The results obtained confirm that fubper fumes
ar¢ a complex and variable mix of chemicals which have a wide range of possible sour€es ‘arnd origins,
inqluding chemicals generated from the chemical reactions occurring in the rubber compourlds during
processing and curing. Some of these chemical substances can be hazardous, Others are|not. This
dofument demonstrates the need for International Standards to qualify and quantify the hazardous
chemicals to which the operators in the factories producing rubber articles can be exposed tq, allowing
the identification and mitigation of potential health risks.

2 | Normative references

Thlere are no normative references in this document.

3 | Terms and definitions
For the purposes of this document, the following ternis and definitions apply.
ISQ and [EC maintain terminological databasesfor use in standardization at the following addiresses:

—| IEC Electropedia: available at http://www.electropedia.org/

—| ISO Online browsing platform: available at http://www.iso.org/obp

acgelerator
compounding ingredient used'in small amounts with a vulcanizing agent to increase thg speed of
vul|canization and/or enhance the physical properties of the vulcanizate

[SQURCE: ISO 1382:2012, 2.5]

activator
compoundifig ingredient used in small proportions to increase the effectiveness of an accelerptor

[SOURCEISO 1382:2012, 2.6]

3.1
ageing
<act of> exposure of a material to an environment for a period of time

[SOURCE: ISO 1382:2012, 2.13]

3.4

ageing

<effect of> irreversible change of material properties during exposure to an environment for a
period of time

[SOURCE: ISO 1382:2012, 2.14]

© IS0 2017 - All rights reserved 1
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3.5
antidegradant
compounding ingredient used to retard deterioration by ageing

Note 1 to entry: Antidegradant is a generic term for certain additives such as antioxidants, antiozonants, waxes

and other protective materials.
[SOURCE: ISO 1382:2012, 2.21]

3.6
antioxidant

compounding ingredient used to retard deterioration caused by oxidation
[SOURCE:|ISO 1382:2012, 2.24]

3.7
autoclavg
pressurized vessel used for vulcanizing rubber in a vapour or gas

[SOURCE:|ISO 1382:2012, 2.33]

3.8
benzene
Ce Hg
simplest thember of the aromatic series of hydrocarbons

Note 1 to pentry: It is colourless liquid with a b.p. of 80 °C and is used in the manufacture of many organic

compoundp.

3.9
blank
piece of rybber compound of suitable shape and volume to fill the mould

[SOURCE:|ISO 1382:2012, 2.44]

3.10
bonding igent

substanc

between the material and rubber

[SOURCE:|ISO 1382:2012, 2.54,modified — Note 1 to entry has been deleted.]

3.11
butadieng
CH>CHCH[LH>

buta-1,3-diene

usually in liquid form, ceated onto another material and used to produce a good bo

nd

gas used in themmanufacture of polybutadiene rubber and as one of the copolymers in the manufactyre

of styrend-butadiene and nitrile rubbers

3.12
calender

machine with two or more essentially parallel rolls, operating at selected surface speeds, nips and
temperatures, for such operations as sheeting, laminating, skim coating (topping) and friction coating

of a product to a controlled thickness and/or controlled surface characteristics

[SOURCE: ISO 1382:2012, 2.65]

2 © IS0 2017 - All rights reserved
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3.13

carbon black

compounding ingredient consisting essentially of more than 95 % elemental carbon in the form of near-
spherical particles with major diameters less than 1 um, generally coalesced into aggregates

Note 1 to entry: Carbon black is produced by incomplete burning or thermal decomposition of hydrocarbons.
[SOURCE: ISO 1382:2012, 2.66]

3.14
chlorohydrin rubbers
class of synthetic elastomers based on epichlorohydrin

3.15

chjoroprene rubber
CR
elgstomeric materials composed of chloroprene

Nofe 1 to entry: It has fair to good resistance to petroleum-based fluids and; good resistance to [ozone and
wepthering.

[SOURCE: ISO 5598:2008, 3.2.96]

3.16

chlorosulfonated polyethylene

CSPE

eldstomer made by substituting chlorine and sulfonyl chleride groups into polyethylene

Note 1 to entry: The material is best known by the tradethame Hypalon (DuPont).

3.17

compound
inffimate mixture of a rubber or rubbers.6p other polymer-forming materials with all the irfjgredients
nefessary for the finished product

Note 1 to entry: The term rubber is sométimes used to mean compound, but this use is deprecated.
[SOURCE: I1SO 1382:2012, 2.96}

3.18

compounding
deyelopment of rupber’ compounds which will effectively withstand the conditions under which the
products made fromrthem are to be used

~

Nofe 1 to entry=~The mixes so developed must be capable of being processed in the factory without undue
difficulty.

for{mixing.

Nofe 2<to’entry: The term is also applied to the assembling of elastomer and compounding ingredirnts ready

3.19
compounding ingredient
substance added to a rubber or rubber latex to form a mix

[SOURCE: ISO 1382:2012, 2.97]

3.20

compression moulding

moulding process in which the blank is placed directly in the mould cavity and compressed to shape by
closure of the mould

[SOURCE: ISO 1382:2012, 2.98]

© IS0 2017 - All rights reserved 3
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3.21

conveyor belting
belting used mainly in the transmission of materials, although increasing use is being made of conveyor

belting in
3.22

the transportation of passengers

crosslinking
<act of> insertion of crosslinks between or within rubber chains to give a network structure

[SOURCE:

3.23
curing
applicatio
macromo

[SO 1382:2012, 2.118]

In of accelerators and temperature for the establishment of chemical crosslinks betwe
ecules of rubber

Note 1 to eptry: This term is synonymous with vulcanization only in case of mixes containing,sulfur. Some ot

chemicals

Note 2to e

3.24

dispersidn

hire also used to establish these crosslink, for example, peroxide.

<act of> dlistribution of one or more ingredients into a rubber, a rubber blend or a continuum mater
by the application of shearing forces, in order to confer optimumsand uniform properties

[SOURCE:

3.25
double b

[SO 1382:2012, 2.147]

nd

bivalent gpp
ethylenic |inkage

bond in

ich two valency bonds link two atoms in a molecule

Note 1 to pntry: It is typical of compounds showing unsaturation, such as ethylene. A double bond does
indicate extra strength of the bond but rather chemical instability and reactivity.

3.26

elastome
macromo
substanti

[SOURCE:

3.27
extender

r
ecular material whichreturns rapidly to approximately its initial dimensions and shape af]
] deformation by.asweak stress and release of the stress

[SO 1382:20%2;2.161]

organic mfatérial used as a replacement for a portion of the rubber required in a compound

[SOURCE:

3.28
extruder

en

ner

htry: The word curing is generally paired with a specific method, e.g. press.euring, open steam curipng,
cold curing.

al,

hot

Ler

[SO 1382:2012, 2.171]

machine which, through the use of a screw or a hydraulic ram, continuously shapes a material by forcing
it through a die or dies

[SOURCE:

[SO 1382:2012, 2.176]

© ISO 2017 - All rights reserved
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3.29

filler

solid compounding ingredient, in particulate form, which may be added in relatively large proportions
to arubber or rubber latex for technical or economic purposes

[SOURCE: ISO 1382:2012, 2.184]

3.30
injection moulding
moulding process in which a rubber compound is forced into a closed mould from a separate chamber,

by anressurewhichisindenendent ofthe mould clamning force
) T 5

[SOURCE: ISO 1382:2012, 2.242]

3.31
infernal mixer
mdchine with temperature controls containing one or more rotors operating in'‘a closed cavity used to
mdsticate and/or to incorporate and disperse compounding ingredients inte,thé rubber

[SOURCE: ISO 1382:2012, 2.242]

3.32

isgprene
ethyl-1,3-butadiene
2C(CH3)CHCH;

Nofe 1 to entry: It is regarded as the unit molecule of natural rubber, which is polyisoprene (3.43). Synthetic

mdchine with two counter-rotating rolls, frequently heated or cooled, usually driven at different speeds,

miktureof rubber in any form with other compounding ingredients

Note #to entry: The term can npplv toan inr‘nmp]pfp rubber r‘nmpmmd

[SOURCE: ISO 1382:2012, 2.278]

3.36

mixer

machine which, through the action of mechanical work (shear), incorporates and disperses compounding
ingredients into rubber(s) to form a mix or compound

[SOURCE: ISO 1382:2012, 2.279]

© IS0 2017 - All rights reserved 5
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3.37
moulding
<process> process of shaping a material in a mould by applying pressure and, usually, heat

[SOURCE: ISO 1382:2012, 2.288]

3.38
natural rubber
cis-1,4-polyisoprene obtained from the botanical source Hevea brasiliensis

[SOURCE: ISO 1382:2012, 2.295]

3.39
nitrile rupber
elastomer| resulting from the copolymerization of butadiene and acrylonitrile

3.40
oil resistance
resistancq of an elastomer to swelling and ultimate degradation due to contact with(of immersion in an|oil

341
open mill
mill in whiich the rolls are exposed, in contrast to those of an internal mixer

3.42
plasticizér
compoun:ﬂing ingredient used to enhance the flexibility of¢adrubber or product, especially at lpw
temperatyre

[SOURCE:|ISO 1382:2012, 2.333]

3.43
polyisoprene
polymerized isoprene

Note 1 to eptry: Naturally occurring polyisoprene are natural rubber (cis-form) and gutta percha (trans-form).

Note 2 to|entry: The use of stereospecific catalysts has made possible the manufacture of synthetic §is-
polyisoprepe and trans-polyisoprene-beth of which are available commercially.

3.44

polymer
substancd composed ofdmolecules characterized by the multiple repetition of one or more specieq of
atoms or groups of atoms (constitutional units) linked to each other in amounts sufficient to provide
a set of properties~that do not vary markedly with the addition or removal of one or a few of the
constitutipnal units

[SOURCE:|IS01382:2012, 2.341]

3.45
processing
variety of operations required to convert a raw elastomer into finished products

Note 1 to entry: Processing include calendering, compounding (3.18), curing (3.23), extrusion, mastication,
mixing, spreading.

3.46

resin cure

vulcanization of elastomers effected by the incorporation in the compound of certain polymeric resins
derived from the condensation of formaldehyde with 4-alkyl phenols

Note 1 to entry: Most frequently used with butyl and EPDM compounds for enhanced heat resistance.

6 © IS0 2017 - All rights reserved
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3.47
retarder
compounding ingredient used to reduce the tendency of a rubber compound to vulcanize prematurely

[SOURCE: ISO 1382:2012, 2.383]

3.48
rubber
<products> family of polymeric materials which are flexible and elastic

Note 1 to entry: Rubber can be substantially deformed under stress, but recovers quickly to near its original
shdpe when the stress is removed. It is usually made from a mixture of materials (solid or liquid}; and in most

ompound

ben atoms

r bond i.e.,

cture (for
red or re-

e.g. ebonite.

[SOURCE: ISO 1382:2012, 2.513]

3.54

vulcanizing agent

curative

curing agent

compounding ingredient that produces crosslinking in rubber

[SOURCE: ISO 1382:2012, 2.515]

© IS0 2017 - All rights reserved 7
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3.55
zinc oxide
activator in rubber compounds containing organic accelerators

4 Overview of the rubber industry

4.1 General

This clause is intended to give the reader a brief overview of rubber technology in order to provide some

essential background 1nformation that will support and inform non-tecnhnical readers of the literatyire

review. The overview is broken down into four specific areas (see 4.2 to 4.5) as detailed below,'\a
encompagses the full spectrum of the rubber industry, with the fifth part (see 4.6) covering the effecf
elevated temperature on the base polymers and rubber additives.

— Rubb¢r component production processes

— Genetfic rubber types

— Rubber chemicals and additives

— Mechpnistic chemistry of rubber vulcanization

— Effect of elevated temperature on rubbery polymers and rubberadditives

4.2 Rubber component production processes

nd
of

The wide [diversity of rubber components in the market ischighlighted in the Introduction. The rubber

product npanufacturing industry can be divided into four groups: 1) vehicle tyres, 2) engineering a
industrial products, 3) latex products and 4) other miscellaneous rubber products.

The manyfacturing processes involved in these.industries have many similarities but there are a
many differences. The differences relate to thextaw material (whether using NR or synthetic rubber),
types of chemical additives used in the rubberformulations and the type of curing methods employe

The main jprocessing stages for the majority of rubber components manufactured involve the followi

— Mixinlg: The first stage of the-rubber manufacturing process involves the production of a rub
formylation, (also known-as-a “mix” or “compound”). Mixing is of crucial and fundame
impoftance to the rubberindustry. The base rubbers have to be extended with a variety of essent
ingreflients includingplasticizers, reinforced with particulate fillers and important additives st
as acgelerators, curatiVes and protective agents, which all need to be thoroughly dispersed a
distriputed beforecthe resultant compound can be shaped and vulcanized to give an end prod
with adequateproperties. All these cannot be achieved without effective mixing.

Rubber fovmulations vary significantly in their composition depending upon the desif
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The mixing equipment used to produce the rubber compounds includes internal batch mixers,
mixing mills, continuous internal mixers and mixing extruders. The appropriate compounding
ingredients for the formulation are normally weighed out in a compounding area or “drug” room
before being loaded into the mixer at predetermined stages. However, it is also a practice, especially
in the tyre manufacturing industry, for ingredients to be supplied preweighed by the supplier and

added directly into the mixer.

— Shaping operations: Involves processes to convert the mixed compound into a suitable form/shape
for the next stage of the process (e.g. extrusion to form profile shapes, calendering to produce
sheeted material, milling to form moulding blanks, hand building, etc.).This will also include the
processes where other reinforcing materials, including steel wire/cord or textiles are combined
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with the uncured rubber compound before being built/assembled into the final product before
vulcanization.

Vulcanization: For the vast majority of rubber product applications (except solution and latex
adhesives, putty-like products, chewing gum-based products and some forms of sheeting), it is
necessary to convert rubbery molecules into a stable three dimensional network so that recovery
after deformation is essentially complete. In layman’s terms, the process converts the rubber
compound into a material which has much more stable properties over its intended working

temperature range.

e polymer

Ag
wi
ho
up
pr

A
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ru

To achieve this it is necessarv to undertake an irreversible nrocess of crasslinking th
7 " T =]
»n u

chains, which is known as “vulcanization”, “crosslinking” or “curing”. In the majority oOf
occurs by heating the rubber compound at an elevated temperature to accelerate, the
reaction and by pressurization of the material to consolidate it.

The actual crosslinking mechanisms will be discussed in a later clause.

The specific process method by which the product is vulcanized will depend on a 7
factors, which may include formulation of the compound, physical form of the product
the presence of other materials such as textile and steel reinforcendent, and the size of th

Postvulcanization processes: Other processes which may take place after the vulcanizatig
achieve final form or properties (e.g. post-curing, ancillary precesses).

reneralized flowchart for rubber product manufacturing’isvsshown in Figure 1 to provide f
th some general guidance on the typical processes involved from raw materials to final pr
v they are linked together. It must be emphasized that'the actual process route involved wj
pbn the actual product being manufactured. Therefare, not all rubber products will requirg
bcess steps shown in Figure 1.

umber of the rubber manufacturing processsteps involve the generation of heat or have he
them and therefore have the propensity for the generation of rubber fumes or volatiles
bber compound being processed. The processes highlighted in red in Figure 1 indicate whg

fumes will be mainly generated, whilé those shown in pink indicate where there is also po

ru

bber fumes to be generated, depénding upon the precise operating conditions of the proceg

rases, this
chemical

umber of
required,
e product.

n stage to

he reader
oduct and
ill depend
 all of the

at applied
from the
re rubber
tential for
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Thie following points should beitaken into account when considering the processes used to manufacture

ru

a)

b)

bber products.

The process routes_and actual processing equipment employed for each product typ
specific to that proeduct.

The matepigl/mixing, shaping and vulcanization processing conditions (including
temperature, etc.) employed for a particular product are not standardized throughout thg
but will depend on a number of factors including polymer type, formulation, process ¢
type,.age and controls, product size and shape.

e will be

time and
industry,
quipment

The main manufacturing processes where fumes are likely to be generated include mixing,

f)
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moulding, vulcanization and post curing. The processes where fumes may be generated, depending
upon the rubber formulations and processing conditions, include calendering, blank preparation,
extrusion and spreading.

Some manufacturing plants will manufacture single product types with very few different
compound formulation types utilizing the same processing equipment.

Other manufacturing plants may produce a large range of different products, utilizing a diverse
range of rubber compound types and formulations, which employ a range of processing routes
pertinent to the product.

The more modern factories or plants situated in more developed countries may have more
automation and a good level of ventilation for many of the rubber manufacturing processes which
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generate fumes and where there is less direct contact by the employees. In contrast, within some of
the Eastern or less-developed countries, there will be significantly less automation combined with
older processing equipment, poorer ventilation and more direct employee contact with the rubber
compound as it passes through the process, all of which would have a direct influence on the levels
and types of fumes present.

Matal Metal insert
Components T

Dry Raw -){W-Eighing

Materials

_1‘_
Solution -—){ Spreading

Solvents

N

Q‘ica ion

Latex

Q-

Figure 1 — Gene(&zed flowchart for rubber product manufacture

t for the genera&cesses involved in tyre manufacturing is shown in Figure 2. In a simiflar
Figure 1, th cesses where rubber fumes will be generated are highlighted with the ged

, and thovgﬁhere there is also potential for rubber fumes to be generated depending ugon
oper@ conditions of the process are highlighted with a purple symbol, #%.
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Fabric Manufacture Fabric blas cutter

and sheet calender £
. 1> h

O
process where rubber fumes v\qll:be generated
S)

N
process where fumes may@}generated depending upon actual conditions
Qigure 2 — Tyre manufacture flowchart

o

4.3 Genericr r types
Thie followin identifies the main generic rubber types available in the market and giveg their ISO
defignatio brackets. Each rubber has a unique chemical structure which has a direct influence on

its inhe&N chemical and physical properties, processing behaviour and the applications and products
inw i

2

t finds use.

NaturatTubberamd maturat Tubberfatex tNR)

Polyisoprene (synthetic NR) (IR)

Polybutadiene (BR)

Styrene butadiene (SBR)

Acrylonitrile butadiene rubber (also known as nitrile or NBR)
Hydrogenated nitrile rubber (HNBR)

Polychloroprene (CR)

Butyl rubber (IIR) and halogenated butyl rubber (BIIR/CIIR)

© IS0 2017 - All rights reserved 11
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— Ethylene propylene rubber (EP/EPDM)

— Epich
— Chlor

lorohydrin rubbers (CO/ECO/ETER)
inated polyethylene (CPE, CM)

— Chlorosulfonated polyethylene (CSM/CSPE)

— Polyacrylate rubbers (ACM)

— Ethylene-acrylic rubber (EACM, AEM)

— Ethyl
— Silico

—  Fluor

— Polyurethane (AU, EU, PU)

— Polys

The readgq
available
aspects: §
polymeriz
level of pi
ethylene g

All rubbe
needs to
“compoun

It should 4
or even th
the desire

Taking all
grades avj
rubber for

All of the

The rubb
and assist
resistancg

ene-vinyl acetate (EVA, EAM)
he rubbers (MQ, VMQ, FVYMQ, PVMQ)
bcarbon rubbers (FPM, FKM)

11fide rubber (OT, EOT)

r should take note that for each rubber type, there is a significant\snumber of different grag
for selection from several polymer manufacturers, each of which may differ in the follow
upplier, polymer molecular weight and molecular weight distribution, polymerization ty
ation stabilizer, co-monomer type and level, termonomer/type and content, presence a
e-added carbon black filler, presence and level of pre-added process oil, etc. In the case
ropylene polymers, for example, there are over 100 different grades available.

be specifically formulated with a range of other essential additives to achieve a rub
d” that has the desired processing and propgrties related to the product manufactured.

Iso be noted that not only are rubbers used individually, but are often used in blends where t
ree rubber types are mixed and blended together, again in various ratios, in order to achis
d product performance and properties. Tyre component compounds are examples of this.

dilable creates the possibility for the rubber compounder to design an infinite number

mulations for any given product or application.

br compounder must determine which rubber type is appropriate for a given applicat

and oil-ré&sistance of each rubber.

4.4 Rubbeér chemicals and additives

- products are essentially made from compounded materials and each of the rubber tyies

factors mentioned above will influence the breakdown products produced when the rubber
processed.

les
ng
pe,
nd

of

er

wo
ve

of the above aspects into consideration, it can be concluded that the large range of rubber

of

is

on

with that Selection process. Consideration has to be given to factors such as temperatyre

Rubber products are manufactured from “compounds” or “formulations” which can comprise a range
of essential ingredients necessary to allow the material to be processed satisfactorily and achieve the
properties required in service. When considering the manufacturing of rubber components, it must

therefore

be taken into account that they are “compounded” materials.

The principal classes of rubber compounding chemicals include the following:

— rubbers (see 4.3);

— vulcanization accelerators;

— activators, retarders and inhibitors;

12
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— vulcanizing agents;

— antidegradants;

— fillers;

— plasticizers/softeners;
— process aids;

— miscellaneous additives.

Eafh of these classes of materials plays a vital role in the rubber compound, and within €a¢h class of
ingredient, there is a wide range of different chemical compounds available on the market.

In |considering the rubber chemicals used in the rubber industry, the following should be {aken into
ac¢ount in relation to rubber fumes generation.

—| Rubber products comprise materials which can contain a wide range of¢hemical additives.

—| Although there are general guidelines for design of rubber compounds in regard to the irjgredients
used, the final formulation depends upon the knowledge of each-rubber compounder. The highly
diverse classes and ranges of ingredients available mean that there are no “standard” formulations
for any one product or component; therefore, there are petentially an infinite number|of rubber
formulations on the market.

— | Within each class of ingredients, there are numerous manufacturers offering a divers¢ range of
additives, which are not chemically identical, adding-to the range of rubber formulations possible.

—| Depending on the rubber type and applicatiph, the number of ingredients used in|a rubber
compound can vary from 4 or 5 up to 15-te 20 different ingredients, with diene-basgd rubber
containing the highest numbers of ingrediénts. Whereas, more specialized rubbers such as silicone
and fluorocarbons contain the least.

—| Itis also common practice to use mpre than one ingredient from a particular class in a fo(t‘mulation

to achieve the desired processing and final properties, which adds to the diversity of compounds
available (e.g. two or more accelerators, antidegradants, carbon black fillers, black and mineral
fillers, etc.).

4.5 Mechanistic chemistry of rubber vulcanization

4.3.1 Generality

Thie range of rubber polymers available, as well as the significant differences in their chemical §tructures
is flescribed in 4.3. As a result of these differences, not all of the rubber types can be crosslinked by a
sirlgle type of cure system, and therefore, the system used to crosslink them will be directly[related to
the individual chemical structure of the rubber in question. The fact that the cure system fhemistry
is markedly different for each type will also mean that the breakdown products from c¢mpounds
containing these different cure systems will also vary.

The crosslinking systems available are discussed in 4.5.2 to 4.5.5.

4.5.2 Sulfur-accelerated cure systems

A very large proportion of rubber products are based on compounds produced using unsaturated
(diene) rubbers. Their chemical structures contain double bonds throughout the polymer chains that
provide reactive sites through which the crosslinking reaction by formation of covalent bonds takes
place. Due to the presence of these reactive sites, crosslinking using accelerated sulfur systems is
possible and these systems dominate much of the market.

© IS0 2017 - All rights reserved 13
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The chemistry of sulfur vulcanization is highly complex and even today, only the main stages are proven
and there is still much to be understood about the effects of various cure system additives.

4.5.3 Peroxide-based cure systems

In terms of volume production, the number of rubber products containing peroxide-based curing
systems is considerably lower than those containing sulfur-based systems.

The rubber types that contain no unsaturation in their polymer structure, known as saturated rubbers,
cannot be crosslinked using sulfur and therefore, the only practical way of vulcanizing saturated rubber
is by use pfafree Tadical generating techmiqueTherearea Tange of Tubber types capable of tejng
crosslink¢d with peroxides, which includes saturated and some unsaturated rubbers listed in Table

=

Table 2 — Range of rubber types capable of being crosslinked with peroxidés

Peroxide ¢rosslinking possible for:

NR — Natural rubber AU/EU — Polyurethane rubber

IR — Polyisoprene rubber EPM — Ethylene'propylene copolymer
BR — Polybutadiene rubber EPDM — Ethylene propylene terpolymef
CR — Polychloroprene rubber T — ®olysulfide rubber

SBR — Styrene butadiene rubber CSM —Chlorosulfonyl polyethylene
NBR — Butadiene acrylonitrile rubber — — Ethylene acrylic rubber

HNBR — Hydrogenated butadiene acrylonitrile rubber EBA — Ethylene butyl acrylate

Q — Silicone rubber FRM — Fluoro rubber

Peroxide ¢rosslinking possible with blends of:

NBR/EPDN PE/EPDM NBR/EVA

SBR/EPDM EPDM/PP

Peroxide ¢rosslinking limited or impossible for:

ACM + Polyacrylate rubber co —= Epichlorohydrin rubber PB — Polybutadiene-1
IIR + Butyl rubber ECO — Epichlorohydrin copolymer PIB — Polyisobutene
CIIR + Chlorobutyl rubber

As with sulfur vulcanization, crgsslinking using peroxides is also chemically very complex and has
been studied by many workersyover a number of years. Because of the variety of reactions, widly
different behaviour is said té-eccur with different rubbers and different peroxides, while the preseince
of co-agents can have corsiderable influence. The breakdown products from these cure systems gre
therefore |different fromthe other cure systems.

4.5.4 Metal oxides

The pres¢ncé. of halogens (chlorine, bromine or fluorine) along the polymer chain of unsaturated
rubbers tend to “deactivate” the double bond, meaning that sulfur vulcanization is not possible gnd
other cure system types are needed.

Cure systems based on zinc and magnesium oxides are therefore used to effectively crosslink
polychloroprene rubber and chlorosulfonated polyethylene rubbers.

4.5.5 Other vulcanizing systems

There are several other vulcanization systems beyond the ones already described, which tend to be
used to vulcanize some of the lower volume rubber types. These include polyfunctional amines which
can be used to crosslink polychloroprene homopolymer, polyacrylate rubbers, epichlorohydrin rubbers
and some fluorocarbon rubbers. In addition, quinone dioxime and phenolic resin cure systems are also
used to vulcanize specific types of butyl rubber.
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4.6 Effect of elevated temperature on rubbery polymers and rubber additives

Due to their chemical complexity, there are a large number of reactions and interactions that do occur,
and have the potential to occur, when rubber compounds are subjected to high temperatures. These
elevated temperatures affect a wide range of ingredients and components within rubber compounds,
including:

a)

b)

base polymer and chemical species within rubber compounds such as polymerization aids and

residual monomers;

reactive, functional additives such as antioxidants and other additives which are reactiv

e and play

A

Wi
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arole in vulcanization, e.g. accelerators and co-agents;

low molecular weight additives and low molecular weight fractions within multi-c
additives such as oils.

ien a rubber is heated, there are several mechanisms and routes that generate 6w molecu
mpounds that have the potential to contribute to rubber fumes. Some of;these involve dg
ictions and others involve such things as stabilization reactions and reactions associated
canization of the rubber.

Definition of rubber fumes

T

rubber compounds into a workplace atmosphere as a result of industrial processing, the com]
wHich depends on the formulation of the compounds cencerned, the process technology in us
asjociated process parameters.”[94]
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The HSE definjtion addresses the various situations in which rubber fumes can be generated
[ addresS, its composition. Therefore, to provide a more complete definition of rubber fiumes, this

no
co

definition of rubber fumes was established by ISO/TG45/as “a variety of substances em

above definition was based on the definition:given by the UK Health and Safety Executiv
EH40 publication and the Method for Detefmination of Hazardous Substance (MDHS) N
ich have been in use in the UK rubber industry for a number of years. The HSE definition is

ibber fumes are evolved in the mixing; milling and blending of natural rubber and rubber of
stomers, or of natural rubber and synthetic polymers combined with chemicals, and in the

bcedures where fumes continues to be evolved”.

addition to high-temperature vulcanization processes where chemical crosslinking

brations that were conducted at lower temperatures, but which can result in the volati
hstituents withiti‘the rubber.

mpositional element has also been taken into account. From consulting authoritative st

in

rupber fumes should include the following classes of species:

rrhation sources, it emerges that any consideration of the chemical nature and comp

pmponent

ar weight
gradation
| with the

itted from
bosition of
e and the

e (HSE) in
umber 47,
hs follows.

synthetic
processes

ich convert the resultant blends into finished products or parts thereof, and including any inspection

reactions

furred and produced low molecular weight reaction by-products, the HSE definition als¢ included

ization of

, but does

udies and
osition of

a) gases, e.g. carbon disulfide;

b) vapours, e.g. volatile liquids such as toluene;

c) aerosols, e.g. hydrocarbon oil and plasticizers;

d) special case compounds, e.g. N-nitrosamines, aromatic amines and polyaromatic hydrocarbons

(PAHs).

Considering all of these classes of compound ensures thata comprehensive evaluation of the composition
and nature of rubber fumes is undertaken, with no species being overlooked or disregarded. In general,
rubber fumes can be considered as being comprised of both “visible” and “invisible” fractions. The gases
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and vapours in the list above make up what can be regarded as the “invisible” component of rubber
fumes, with the aerosols forming the “visible” component.

The 1974/75 BRMA/Rapra environmental survey reported that the solvent-soluble portion of airborne
particulates provides an effective measure of “visible” fumes from hot rubber. The MDHS Method 47 for
the determination of rubber fumes and rubber dust, which has already been referred to above, uses the
cyclohexane-soluble fraction of the airborne contamination collected on a glass fibre filter as being the
rubber fumes portion, with the insoluble fraction being regarded as the rubber dust fraction.

To obtain analytlcal data on the ° 1nV151ble (1 e. gases and vapours) fraction of rubber fumes, several
approach : e C sfalail he

identify the various compounds that have been trapped. In some cases, spec1allzed equipnient
been manufactured that closely mimics the curing processes used in the industry (e.g. compressjon
moulding) and is interfaced with the analytical equipment in such a way that it transporits-the funpes
directly ifto it, thus avoiding, as far as possible, any losses that may take place when anlintermediate
“trapping| stage is employed.

Finally, fof the basis of this study, this multi-component (or class) definition of rtbber fumes descrihed

in the abgve paragraphs is being used as a means of evaluating the existing literature and it is not
necessarily being proposed as a future means for defining rubber fumes.

6 Nature and composition of rubber fumes

6.1 General

Based on|the results of the literature search, this clause provides a summary of the nature gnd
compositipn of rubber fumes with regard to the variety of chemical compounds that can be presdnt,
their origiins, the different physical forms in whichi¢hey can exist within the factory environment
(i.e. gases, aerosols, etc.), and the challenges that-have to be met in order to trap and analyse rubber
fumes eff¢ctively. Further information on the references cited in this clause is provided in Clause 8.

As shownlin 6.4, there have been many changes in rubber technology over the past 40 years in response
to an increasing awareness in the need to protect the health of workers and these mean that the
compositipn of rubber fumes has alse:changed over this period.

6.2 Key components of rubber fumes and their origin

The work|that has been carried out to characterize rubber fumes has shown that it comprises a wide
range of fhemical species~with respect to molecular weight and compound type (i.e. polarity and
structure). Several studies have reported over 30 different species in the fumes from a particular rubber
compound, and the-extensive work carried out by Rapra Technology, and other organizations such|as
Trelleborg Industri‘AB, Aspen Research and the German Institute for Rubber Technology, have shown
that over [L50«different chemical species could be detected in the fumes generated by the vulcanization
of 40 diffgrént compounds using a “pool” of 75 compounding ingredients.

With respect to the range of chemical species types present in rubber fumes, several scientists have
identified that alarge range of chemical species are present, with the following types being represented:

a) aliphatic hydrocarbons — straight chain and cyclic;
b) aromatic hydrocarbons;

c) halogenated compounds;

d) isothiocyanates;

e) Kketones;

f) nitrosamines;
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g) thiazoles;

h) aldehydes and alcohols;

i) estersand ethers;

j) amines and nitrosamines;
k) sulfur compounds.

The relative contribution of these to any given sample of rubber fumes are dependent on the ingredients
presemntimeact Tubber compoumnd contributing to the furmes presemnt i the workingatmosphere at a
particular moment in time.

Thiis wide range of species in rubber process fumes is present in many physical forms, e.gsgasef, vapours
anfl aerosols. The relative levels of these different physical forms vary according to the diffefent areas
(e.g. mixing, moulding, storage, etc.) within the rubber factory (see Clause 7). There are three distinct
solirces of volatile compounds that will be present in rubber fumes:

—| volatile ingredients, e.g. antioxidants and plasticizers;
—| volatile impurities in ingredients, e.g. residual monomers and manufacturing impurities;

—| volatile reaction and breakdown products of chemical reactions that occur during processing,
e.g. vulcanization and anti-oxidant activity.

6.3 Trapping and analysis of rubber fumes

6.3.1 General

Seyeral methods and techniques have been used for the trapping and analysis of rubber fumefs. Bearing
the¢ compositional complexity described in 6.1 in mind, these methods and techniques have been
defigned to achieve the most accurate characterization possible.

Thie work that has been carried out\falls broadly into two different categories: that which| has been
dohe within factory environments and that which has been carried out under laboratory corditions. A
summary of the work carried eut in the two different areas is shown in the subsequent subclauses.

6.3.2 Characterizatipn studies carried out in factory environments

Health and Safety“Executive published MDHS Method 47/2 for the determination of rubber dust
anfl fumes in rubberfactories in 1985 and published a revised version in 1999.[Z2] This is thd standard
mdthod used_inthe UK and the methods used in several other countries are based on it.|However,
this method\€an encounter difficulties when it is used in situations where there is cygclohexane
soluble organic dust, and cyclohexane soluble rubber chemicals, such as stearic acid, both| resulting
in [an overestimation of the amount of rubber fumes present. Also, an analysis of the rupber dust
anfldumes data on the European Union Concerted Action programme database has shown that using
po i ; T T 47/2, can
influence the results obtained.

Another approach taken in response to the complexity of rubber fumes is to carry out mathematical
modelling of the emissions, particularly to assist in the design of industrial equipment for the
collection of fumes. An example where this has been used is to profile the emissions from the opening
of compression moulds in the manufacture of tyres where one estimate puts the number of possible
chemical compounds at up to 400. Once these models have been developed, experimental data has been
obtained on the actual fumes to check on the accuracy of the predictions.

The visible fraction of rubber fumes, the aerosols fraction, is believed to be formed at two stages in the
production process: the mixing stage (due to the large mechanical stresses and local overheating within
the rubber compound) and the vulcanization stage (due to the condensation of vapours of high boiling
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point substances). In both cases, the aerosol particles contain numerous substances captured by the
oil-like material forming the aerosol. Data which has been obtained on the aerosol that was associated
with the vulcanization fumes from a particular nitrile rubber compound has shown it to be mainly
comprised (90 %) of plasticizers within the compound.

In order to trap, identify and quantify as many components of rubber fumes as possible, it is necessary
to design and use multifaceted sampling and analysis methodologies. Table 3 gives an example of such
a system, which has been validated for a total of approximately 50 single chemical substances.[53][56]

Table 3 — Details of a multifaceted sampling and analysis system for rubber fumes

Substance Collection media Analysis method
Highly volptile aliphatic and aromatic compounds Activated charcoal GC or GC-MS
Amines arjd amides Silica gel GC-NPD

Highly volptile chlorinated compounds Activated charcoal GC-ECD

Carbon digulfide and highly volatile sulfur compounds Sampling bag GC-EPD
Aldehydeq and ketones Silica gel HRLE-UV

Low volat]lity compounds XAD-2 Adsorbent GC or GC-MS
Aerosols Glass fibre filter FT-IR

ISO/TS 17796 specifies a qualitative method of TD-GC-MS for the identification of volatile components
in rubber ffumes, after trapping on a solid sorbent based on 2,6-diphenylphenylene oxide polymer redin.
It is applifable to a screening of emissions from the processing.of rubber compounds in the ambi¢nt
workplac¢ and storage environment. Its application enables specific compounds in rubber fumes to|be
identified|and allows the potential to assess the contribution of certain compounding ingredients| to
the fumes. By identifying substances, it also provides characterization data that the HSE 47/2 methpd,
being a sllely cumulative quantitative method, does not. However, it has limitations, which includes
the fact that it only identifies substances and does not quantify them and that the data obtained will
be influerjced by the inherent specificity of the serbent used for the trapping stage. For example, the
sorbent uped in this method will not be capableof efficiently trapping and retaining all of the types
of substafces listed in Table 3. Data generated using this ISO method has been published[Z4] and is
reproducgd in 8.1.2.

6.3.3 Characterization studies carried out under laboratory conditions

In some dases, laboratory-based systems have been designed and assembled for the generation and
characterjzation of rubber fiintes. One of the most extensive examples of these was the programme
of work cfrried out by Rapsa Technology from the late 1970s until the late 1980s. In this work, a gas
transfer mould which was capable of mimicking a compression moulding process was directly interfaged
to a GC-MP. This ensured that representative fumes samples were generated and then transferred into
the analytical instfument quickly and with negligible loss as no intermediate trapping stage (which qan
introduce|biases)was involved. A large number of experiments using different rubber compounds were
performedl using this set up and the data obtained on the rubber fumes that was generated, with oyer
150 diffefent species being identified, enabled a number of important ingredient/process conditjon
relationships to be established.

A laboratory-based system for studying the composition of rubber fumes, similar to the one set up by
Rapra Technology, was implemented by workers at Aspen Research. This consisted of a moulding press
coupled to a GC-MS, and enabled a rapid screening of various rubber formulations for the identification
and quantification of organic compounds present in their vulcanization fumes. The results reported
were from nine different vulcanizates typically used in the industry (SBR-, NR-, NBR-, CR- and EPDM-
based compounds). The effect of curing time and pressure were investigated, as well as recipe changes
within a given compound series.

Other approaches to characterize rubber fumes in the laboratory have involved the generation of fumes
by heated reactor cells, cure simulation apparatus that enables continuous sampling of the evolved
fumes to take place, and headspace GC-MS techniques. These methods seek to analyse the fumes as
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directly as possible without the need to trap/collect it using an intermediate stage and have made
valuable contributions to the understanding of its nature and complexity.

6.4 Changes in rubber technology that have influenced the nature and composition of
rubber fumes and improved the protection of workers in the industry

6.4.1 General

There have been a number of changes in rubber technology over the years (e. g the move to low or
nites - c SS ] an-impact on the
co npOSItlon of rubber fumes and have resulted in lmprovements in the protectlon of worKers in the
rubber industry, reducing the level of exposure to rubber fumes in general.

Some of these changes have been brought in slowly over many years, and below,i$)a brief{summary
of the main examples that have been revealed by the literature search, which is'provided in full, with
adglitional information on the references cited in Clause 8.

6.4.2 Overall trend in rubber workers’ exposure to total rubber fumes

An| analysis of the rubber dust and fumes data on the European Unjon Concerted Action pjogramme
databasel19] has shown that the level of exposure to total rubber fumes has declined by around 4 %
per year from the mid-1970s to 2003. This reduction is believed to be due to several factoifs, such as
improvements in the design of ventilation and extraction_systems, changes in working pragtices and
chainges in technology such as using intermixers instead.ef 6pen-mill mixing.

6.4.3 Polyaromatic hydrocarbons

Polyaromatic hydrocarbons (PAHs) have been -the focus of attention for many years, with|scientists
commenting on their presence in rubber products (due to the use of hydrocarbon procesq oils) and
hehce, rubber fumes in the 1970s. The situation remained reasonably constant until the late 1990s when
enyironmental concerns associated with their presence in tyre rubber deposited on roads in Scapndinavian
coyintries, e.g. Sweden, led to the develépment of low-PAH content extender oils for use in tyres

6.4.4 Nitrosamines

Thie presence of nitrosamines in rubber compounds and rubber fumes has also been recognized for
mgny years. One of the nrain drivers that brought about a change in the rubber technology used in the EU
wds the issuing in théniid-1980s by German authorities of stringent new guidelines on N-nifrosamine
content in factory atmospheres. To address these low limits, new accelerators for the curing|of rubber
wdre developed; which either have secondary amine breakdown products that are less like]y to form
niffrosamineswrwill not form any nitrosatable breakdown products at all.

6.4.5 Silane coupling agents and resorcinol steel cord coating agent

Two-Other examples, both in the tyre industry, where the influence of specific additives on the
composition of rubber fumes has been addressed over the past 25 years are silane coupling agents
(which liberate ethanol during use) and resorcinol steel cord bonding agent. In the first case, new
low volatile content coupling agents have been developed and, in the case of resorcinol, the use of
predispersed resorcinol to reduce fumes and odour has been investigated.

7 Factors affecting the variability of rubber fumes

7.1 General
As with Clause 6 which is based on the results of the literature search, this clause provides an overview

of the principal factors that affect the variability of rubber fumes. Further information on the references
cited in this clause is provided in Clause 8.
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7.2 Influence of the rubber compound formulation on the composition of rubber fumes

Many workers have demonstrated that the chemical species that are in rubber fumes directly relate to
the ingredients present in a rubber compound.

An example of the published datal30] that illustrates this is shown in Table 4. In this table, different
compounds that are basic in character that have been detected in the fumes emitted from five different
types of rubber are listed.

Table 4 — Basic compounds detected in the fumes from five different rubbers

Rubber type Fraction of fumes Compounds identified

SBR Basic Aniline, acridine or benzoquinoline, phthalimide,
dicyclohexylamine, 2-(4-morpholinyl)benzothiazole, 6PPD

EPDM Basic Morpholine, N-cyclohexyl formamide, cyclohexylamine,
N-butyl 1-butanamide, di-isobutyl phthalate,
2-cyclohexyl benzothiazole

NBR Basic Dimethyl-2-butanamine, 3-(diethylamino) propane nitrile,
nicotine, tetrabutyl urea, phthalates, aniline,

Buty]| Basic Benzidine, N-(2,2-dimethylpropyl)-Nsmethyl benzenamine,
N-ethyl-2-benzothiazolamine, benzethiazole,
phenyl benzimidazole

SBR/NR Basic N-cyclohexylmethanamide, eyclohexyl isothiocyanate,
chloroalkanes, phthalates;.ahiline, nicotine

NOTE 1 The nicotine in the lists above could have been due to operatives’Ssmoking while the fumes were being collected.

NOTE 2 Ir] some cases, species that would not be expected to be present in the rubber fumes of the particular compound
being studjed are reported (e.g. phthalate from an EPDM). This could'be due to process fumes from other rubbers beijng
processed pearby, e.g. a Nitrile rubber in the EPDM case.

NOTE 3 The terms “Fraction of fumes” and “Basic” relate 4@ ‘the fact that the fumes collected was separated into flve
separate fractions: basic, acidic, polar neutral, aliphatic,afid aromatic. Only the data obtained on the “Basic” fraction is
shown in tl}is table.

—-

7.3 Influence of different manufacturing processes on rubber fumes

In additidn to the composition of rubber, two other factors that have a large influence on rubber
fumes arg the particular manufactiiring process (e.g. moulding, extruding, calendering, etc.) and the
processing temperature, which'will be discussed in this subclause and subsequent subclauses.

It has alrg¢ady been mentioned in 6.1 that the type of process employed in a rubber factory can affect
the natur¢ of rubber furfies, with aerosols mainly being formed in the mixing and vulcanization stages.
In the cas¢ of the otherdtaction, the “invisible” (gases and vapours) fraction, although some are pres¢nt
in mixing|fumes and,in the stores where finished rubber products are kept, the greatest concentratjon
is present]in vuleanization fumes.

Taking intazaccount total fumes (i.e. both visible and invisible fractions) within a particular rubber
factory, the-6veratHevetso mesvary-according-to-the-type-of process-beingearriedotttemixing,
extruding, moulding, storage, etc. For example, in the general rubber goods (GRG) sector, the overall
level of exposure to rubber fumes has been found to vary as shown below:

v v

Moulding > Extrusion > Milling

These differences relate to factors such as temperature and the amount of surface area exposed to the
atmosphere.

An example of the fumes data that has been obtained on the volatile organic substances (VOS) in
different areas of a tyre manufacturing site is shown in Table 5.[17]
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Table 5 — Volatile organic substances detected in different areas of a tyre manufacturing site

Production area Specific area . Nurpl_)er of Total content of VOS
identified VOS (mg/m3)

Mixing department Internal mixer 47 99,1

Mill 37 17,7

Ventilation 63 10,1

Vulcanization Shaper-vulcanizer 55 21,7

Finished product Working zone 55 311

StPTenouse Ventilation 24 7,8
V(S = Volatile organic substances

7.4 Influence of different processing temperatures on the composition\of rubber fumes

Work carried out by Willoughby[1] using the Rapra GTM/GC-MS combinatior with an SBR cpmpound,
illystrated how the processing temperature can affect the types and levels‘ef-hydrocarbon species that
ar¢ detectable in its fumes. This data is shown in Table 6.

Table 6 — Effect of vulcanization temperature on levels of particular hydrocarbon compounds
in fumes from an SBR compound

Hydrocarbon Extrusio? Vulca:nization } Vulca?izat' on %
compound in fumes (up to 110 °C) (at.145 °Cto 165 °C) (at 180 °C to 240 °C)
pg/m3 pug/ms3 pug/m3
Bdnzene 25-180 10-1 200 8-15
Toluene 20-160 6-800 4-8
Styrene 1-20 2-180 90-50(
Ethylbenzene 1-15 2-90 30-15(
4-Vinylcyclohexene 0=3 ND 30-21d
Isppropylbenzene 0-10 2-200 60-25(
Ditisopropylbenzene 0-7 1-75 35-70
Dqdecenes 0-20 5-180 300-7 000
Cyclododecatriene 1-10 5-400 ND
D # Detected but not quantified
NI} = Not detected

As|shown in Tablé 6, the situation is complicated, with the levels of some compounds reducing and
others increasing as the vulcanization temperature is increased.

Rapra also reported[2] on the effect that changing the moulding temperature has on the ammount of a
particular reaction product (in this case, carbon disulfide) released from a sulfur cured EPD)M rubber
containi i i ° °C dnd finally
250 °C, increased the amount of carbon disulfide released from 1,03 m.mole, to 1,91 m.mole, and finally
to 2,34 m.mol. This work by Rapra also demonstrated that by modifying the cure system, no carbon
disulfide is liberated.

3

Another reported examplel3] of the effect of process temperature involves the amount of TDI
liberated from a urethane adduct curing agent for NR compounds. The amount of free TDI found in
the vulcanization fumes was found to reduce as the temperature was reduced from 200 °C to 153 °C.
Different levels of free TDI were also found for the same compound above a mixing mill and above a
moulding press, showing the effect that different processes and processing conditions can have.
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Finally, another Rapra paperl4] showed how the total amount of rubber fumes, determined as total
weight loss, varies with vulcanization temperature. As expected, the total amount of fumes was found
to increase as temperature rises, as shown below:

— at 160 °C, 0,18 %;
at 175 °C, 0,5 %;

at 190 °C, 0,75 %.
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Table 7 — Variation in levels of volatile organic substances found in different areas of a tyre

factory
Production area Specific area . Nurpl_)er of Total content of VOS
identified VOS (mg/m3)
Mixing department Internal mixer 47 99,1
Mill 37 17,7
Ventilation 63 10,1
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Table 7 (continued)
Production area Specific area . N“‘?“.’er of Total content of VOS
identified VOS (mg/m3)
Vulcanization Shaper-vulcanizer 55 21,7
Finished product Working zone 55 31,1
storehouse Ventilation 24 7,8

The problems on toxic chemical release and carcinogen exposure during the manufacture of tyres are
also considered and discussed in this reference. Particular attention is given to the qualities and types
of polyaromatic hydrocarbons (PAHs) present in different types of carbon blacks and aromatjic process
oilg. The quantity of one of the principal PAH compounds, benz(a)pyrene, was determined.ih.the working
enyironment in four areas of a factory, the carbon black storehouse, the mixing departiment, the mixing
ar¢a and during transportation and mixing. The concentrations found varied between 0 mlg/m3 and

The levels of N-nitrosamines formed by accelerators such as MBS, OTTBS and TMTD were d¢termined
in vulcanization fumes and remaining in the vulcanizate after curing, with the levels shown to vary
between 0,1 pg/m3 to 9,1 ug/m3 in fumes and 10 pg/kg to 482 pg/kg\in the vulcanizates.|The total
levels of N-nitrosamines present in the working atmosphere of diffefrent’areas within the fadtory were
al§o established. Levels between 2,1 pg/m3 (buffing area), 11,65"ug/m3 (vulcanization prea) and

compared with those found in the United Kingdom. Thevalues reported for the UK were shpwn to be
lower in both cases. These workers concluded that the mainh causes of ambient air pollution at tlyre plants
wdre volatile organic substances, PAHs, N-nitrosamines and dust. With respect to the contyjibution of
VQS, the composition of this component depends upen the formulation of the rubber compound, and the
the¢rmal and thermomechanical conditions of a-particular process. This paper was originally published

A group of industry specialists, on behalf*of the EU-EXASRUB consortium, have used the rybber dust
anfl rubber fumes data present on thé.European Union Concerted Action to establish exposyre trends
in fthe EU rubber industry betweén the 1970s and 2003.[19] The fumes and dust data presgnt in this
database has originated mainlyfrom compliance testing, but also due to events such as the evaluation of
enlission controls and a part-efresearch projects. This paper describes the detailed and comprehensive
stdtistical modelling and anhalysis that was carried out and the results that were obtained. Pne of the
overall conclusions wag that the average level of exposure to rubber dust and its cyclohexape soluble
frdction (i.e. rubber fimes) have declined, on average, by 4,3 % and 3,3 % (respectively) per [year from
th¢ mid-1970s to 2003 This study also indicated that differences in sampling methodology, fof example,
the use of either-glass fibre or polytetrafluoroethylene (PTFE) filters, can influence the resultgobtained.

Another publication related to the EU EXASRUB project has been published in the Annals of
Ocfupatienal Hygiene,[20] which covers the creation of a database management system for information
on|oceupational hygiene measurements that could be used to develop exposure models in the[European
ruber manufacturmg 1ndustry In a 6 month perlod 59 609 measurements from 523 qurveys in

i urements
of N- n1trosam1nes rubber dust, solvents and rubber fumes. The coding of epldemlologlcally relevant
information was done consistently with inter-centre kappa statistics between 0,86 and 1,00. For
occupational hygiene information, values of kappa statistics were estimated to be between 0,67 and
1,00. Analyses showed that coding of epidemiologically relevant information in such a multicentre,
multi-country study was consistent. However, larger errors occurred in the coding of occupational
hygiene information, and this was primarily caused by lack of information in the primary records of the
measurements.

Vlasov, et al. of Amtel-Chernozeme published an article[21] where mathematical models were described
to provide a basis for the development of an engineering procedure in the design of industrial
equipment for the collection of gas emissions produced during the vulcanization processes in the tyre
industry, particularly during the opening of compression moulds at the end of the vulcanization period.
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Mathematical models were constructed for processes which resulted in a small amount of emissions,
and for those that produced large quantities of emissions. To check the accuracy of the models,
experimental data was obtained on tyre vulcanization fumes, with the levels of aldehydes, sulfur-
containing compounds and aromatic compounds being monitored. One of the reasons for the need for
a mathematical modelling approach is the complexity and variability of rubber fumes, with the authors
estimating that the fumes from the vulcanization of tyres can contain up to 400 different components,
including 12 different N-nitrosamines.

Nudel'man[22] of NIIEMI Open Joint Stock considered both the risks associated with the emissions
generated during rubber manufacture and the risks that can be associated with the disposal of rubbers
by metho fTIC TOTT, &8 i i TOX1 frated
he situation is complicated by the large variety of vapours and gases which are emitted|by
the rubbef, and also by the presence of aerosols which are stable, and which may condense on adjacent
ctures, so providing an ongoing source of pollution.

Nudel'man also reported on both the aerosol and gaseous components of the rubber fumes generated
by some rubber compounds, including those based on NBR and a NBR/polychloroprene blends.[23] [He
pointed opt that aerosols were formed at two stages of production, mixing (due‘te-large mechanigal
stresses apd local overheating) and vulcanization (due the condensation of vapours of high boiling pojint
substancds). In both cases, the aerosol particles contain numerous substanees’/captured by the drgps
of oil-like[ material forming the aerosol. Nudel'man listed the following, cemponents that have bgen
trapped ahd identified in an aerosol formed during the vulcanization of nitrile rubber (see Table 8).

Table 8 — Composition of the aerosol fraction ofiitrile rubber fumes

Component Content (%)
Dibutyl phthalate 90,0
Cyanocyclohexene 4,0
Benzothiazole 2,0
Abietic acid 2,0
p-Aminodiphenyl amine 1,0
Cyclohexanone 0,3
Carbon disulfide 0,3
p-Oxyneozone 0,2
Unidentified)substances 0,2

With respect to gaseous emissions, although some are present in mixing fumes and in the stores
where fin|shed goods are kept, the greatest concentration of these is present in the atmosphere during
vulcanization operations.The complexity of the composition of the gaseous fraction of rubber fumes is
illustrated by an example where the vulcanization fumes generated by a NBR/polychloroprene blgnd
was trappged and-analysed and over 30 different chemical species were identified. The complexity] of
the chemifal pracesses that take place during the vulcanization of rubber was illustrated by Nudel'nlan
during a ptudy‘undertaken on the volatile species produced during the peroxide vulcanization and
extended [post curing of a silicone rubber using the peroxide 2 4-dichlorobenzoyl peroxide. In additjon
to substances that were derived from the silicone polymer, such as oligomeric cyclosiloxane oligomers,
and formaldehyde (an oxidation of the methyl groups), five different chlorinated aromatic compounds
were detected.

An in-depth study to assess the current patterns and levels of exposure to rubber fumes and rubber
process dust in the British rubber industry, and compare and contrast the data obtained from the
general rubber goods, retread tyre and new tyre sectors was undertaken and results reported at the
International Rubber Exhibition and Conference in 1999.[24] During the course of this work, a total
of 179 companies manufacturing rubber products were visited, including 117 general rubber goods
(GRG), 53 retread tyre (RT) and nine new tyre (NT) manufacturers. The survey was conducted using
a questionnaire and included a walk-through inspection of the workplace to assess the extent of use
of control measures and the nature of work practices being employed. In addition, the most recent
exposure monitoring data for rubber fumes and rubber process dust was obtained from the companies
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themselves. No additional rubber dust and fumes sampling was conducted by the survey team. A
comparison of the median exposures for the different manufacturing processes showed that the order
of exposure to rubber fumes was as follows:

— for GRG: Moulding > Extrusion > Milling;
— for RT: Press > Extrusion > Autoclave;
— for NT: Press = All other processes.

Taking the press curing operations for the three sectors, the trend was: Pgrg > PrT > PNT-

Thle results of the study were broadly in line with those reported by other workers suchjas\Kromhout,
et pl. This study by Kromhout, et al.[25] assessed the exposure to chemical substances’in ten rubber
mdnufacturing plants in the Netherlands. These plants manufactured a wide gange of| products
(e.g. tyres. belting, hoses, extrusion products, and a range of moulded articles, including rubbgr to metal
bopded items). The numbers of personnel in the factories ranged from 30 to 370.'Personal nponitoring
wds carried out to determine exposures to airborne particulates, rubber fumesysolvents, and degree of
defmal contamination. In the case of exposure to rubber fumes, a total of 163 personal samples were
talten. This compared with 666 samples for rubber dust, 137 for solvent\vapours, and 669 fpor dermal
exposure. In order to identify factors affecting the degree of expostixe; the personal exposure levels
anfl information on tasks performed, ventilation characteristics and production variables yere used
in [multiple linear regression models. Overall, the levels of exposure over the 10 sites werg¢ found to
be|very variable. The level of rubber fumes exposure was found to be influenced by varioys factors,
indluding curing temperature, curing pressure, and degree’ of local exhaust ventilation. The effect of
cuting different types of elastomers was not found to be Statistically significant.

Dojnskaya, et al.,[26] in a paper looking at the ecological and health problems caused by raw irfgredients
used in the rubber industry, listed some of the voldtile compounds that were present in the gas phase of
rubber fumes where synthetic rubbers were inrubber formulation. For example,

—| SBR rubbers styrene, butadiene, ethyl benzene,
—| Butadiene rubbers butadiene, 4-vinylcyclohexene, cyclododecatriene, and

—| NBR rubber butadiene, acrylonitrile, butadiene trimers, 4-cyclohexenitrile.

Thie authors also referred tothe generation of N-nitrosamines from the nitrosation of secondajry amines
forlmed as a result of the aCtion of certain rubber accelerators (e.g. TMTD) and how this can b avoided.
Carbon black and aromatic process oils, as sources of PAHs in rubber fumes, were also mentioned. The
authors said that 14 different PAH compounds have been found in the air in Russian tyre works,[27] and
that these have thé-potential to react with nitrogen in the air to form nitro derivatives[28] which are
cafcinogens andymutants.

Logati, et al.at Pirelli SpA[29] carried out a number of investigations to determine the types of PAH
compounds*present in compounding ingredients used in tyre manufacture, such as aromatjc process
oilk, in _extracts of compounded tyre rubbers, and in different activity areas (e.g. mixing, gxtrusion,
calendaring, curing, etc.) tyre factories. The analysis of the process oils for 30 different PAH compounds
revealed average total values for PAHs of 400 ppm (range 20 ppm to 1 534 ppm). Extraction tests on
tyre rubbers that had been compounded using these oils did not detect any PAHs in the synthetic sweat
media used for the extractions, i.e. there was no release of PAHs. Over 200 samples were taken in the
tyre factory and the results obtained did detect the presence of PAH compounds in the cyclohexane
soluble fraction of the MDHS 47 method for rubber dust and fumes (range 0,47 ug/m3 for calendaring to
3,6 ug/m3 for curing), but the values were well below the threshold limit values that existed at the time
of this study (1993) and so the carcinogenic risk from them during tyre manufacturing was regarded
as negligible. The rubber dust and fumes measurements were also below the permitted occupational
hygiene limits.

Blanden and Isherwood[39] published data on rubber fumes collected at five sites in the UK that were
engaged in different rubber manufacturing operations. These data are shown in Table 9.
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Table 9 — Activities of the sites where monitoring took place and the rubber types being used

on the sites

Vulcanization process Rubber type
Car tyre curing Styrene-butadiene rubber
Tyre tube curing Butyl rubber
Injection moulding EPDM rubber
Injection moulding SBR/NR blend
Compression moulding Nitrile rubber
Particulatle samples were collected on glass fibre filters and an electrostatic precipitator. xTerjax
absorptioh tubes fitted with glass fibre prefilters were used to collect compounds of mediumvelatiljty.
No attemppt was made to collect gases or highly volatile compounds. Compounds collected on:the filters
were rem¢ved by extracting with methanol; and those adsorbed onto Tenax removed by extracting wiith
diethyl ether. To simplify the interpretation of the data, prior to any analysis being darried out, each
extract whs separated into five fractions: basic, acidic, polar neutral, aromatic and aliphatic. In ordger
to identify the substances present in these fractions, they were analysed by GC-MS; no quantificatigns
were perfprmed. The chemical analysis results showed that in all cases the fumes'samples were complex
mixtures pf chemical substances. The most commonly occurring compound’elasses in each fraction of
the fumesglextracts are shown in Table 10.
Table 10 — Different classes of compound detectéd)in rubber fumes
Fraction fype Main compound classes
Aliphatic Alkanes, phenols, acid esters, phthalates
Aromatic Aliphatic alcohols, phthalates, benzothiazoles, phenols, acid esters, phenanthrenes, and/of
anthracenes, fluorenes, alkanes, sulfonicacid esters, pyrenes, chrysenes, fluoranthenes
Polar neutfral Phenols, amides, carbazoles, benzothiazoles, sulfonamides, sulfonic acid esters, phthalates,
alkanes, oximes, glycols, alcohols
Acidic Acids, alcohols, benzothiazolong,.phthalates, acid esters, phenols, alkanes
Basic Aniline, amines, imides, amides, morpholines, nicotine, phthalates, diamines, chloroalkang¢s
Table 10 summarizes the types of compounds that were found in the five fractions for each rubber type,
but the tyjpe of rubber and the compounding ingredients present were found, as would be expected] to
vary the specific chemical compounds present within each class.
These arg presented in TaBble, 11, where a selection of the extensive list of compounds that wé¢re
identified|for the “Basic fragtion” (i.e. alkaline fraction) within the fumes collected for each of the fjve
rubber types is given.
Table 11-=/Chemical compounds detected in the “basic fraction” of rubber fumes
Rubber type Fraction of fumes Compounds identified
SBR Basic Aniline, acridine or benzoquinoline, phthalimide, dicyclohexylamine)
2-(4-morpholinyl)benzothiazole, 6PPD
EPDM Basic Morpholine, N-cyclohexyl formamide, cyclohexylamine,
N-butyl 1-butanamide, di-isobutyl phthalate, 2-cyclohexyl benzothiazole
NBR Basic Dimethyl-2-butanamine, 3-(diethylamino) propane nitrile, nicotine,
tetrabutyl urea, phthalates, aniline,
Butyl Basic Benzidine, N-(2,2-dimethylpropyl)-N-methyl benzenamine,
N-ethyl-2-benzothiazolamine, benzothiazole, phenyl benzimidazole
SBR/NR Basic N-cyclohexylmethanamide, cyclohexyl isothiocyanate, chloroalkanes,
phthalates, aniline, nicotine
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The paper presented by Bergl[31] at the SRC 83 Conference described the work that had been carried out
using six sulfur-cured rubber/process combinations:

a)
b)
‘)
d)

press curing of SBR;
press curing of chloroprene rubber;
press curing of nitrile rubber;

press curing of EPDM rubber;

e)
f)

The work was carried out in two main phases. Initially, curing volatiles from the gtbber for

we
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be
fol
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rwood[32] considered the origins, behaviour and subsequent interaction of airborne cont
Lhe rubber industry with machinery and human activity. He divided the nature of the cont
o three categories: dust;.vapours, and rubber processing fumes. In latter parts of h
rwood cited the work.by“Ashworth, et al. [Report of Environmental Working Group (Dust g
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€ Work by Lawsomn and Newelt 15atso cited, iTmwhich a stmptiifted method of describing th

complex

mixture of materials present in rubber processing fumes are presented by classing the materials by
mass or size into

molecular hazards (0,1 nm to 6 nm), e.g. organic vapours,
particulate hazards (0,5 um to 8 um), i.e. respirable particles, and

nuisance particles (8 um upwards).

Some of the second-category particulate hazards will be in the form of liquid particle aerosols which
will condense on available surfaces.
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The article goes on to consider aspects of the design of airborne contamination control systems taking
into account the origin, nature and interactions.

Cocheo, et al.[33] reported the results of an industry study that involved the collection of samples
in the vulcanization areas of a shoe sole factory and a tyre retreading operation. Samples were
also taken in the extrusion areas of the retreading company and an insulated cable manufacturer.
In all cases, the fume samples were trapped on activated charcoal, desorbed in the laboratory with
trichlorofluoromethane and analysed by GC-MS. A very large number of species were identified in the
four areas, with some overlapping in the chromatograms resulting in several “unidentified” peaks. An
extensive table of assignments is provided for all of the individual compounds found in the four areas,
together yithramrimdicatiomrof their probabtesource; e—the rubber compound-ingredient{si—The total
number of compounds of each type that were identified, and quantified, in the study is shown below.

— Alkar]es (16)

— Cycloplkanes (11)

— Cycloglkenes (10)

— Aromftic hydrocarbons (32)
— Chlorjnated compounds (4)

— Phengls (6)

— Ester§ (6)

— Miscéllaneous compounds (14)

NOTE Includes ethers, sulfur and nitrogen compounds, aldehydes, alcohols, ketones, peroxides gnd
quinones.

— Total [number of compounds = 99)

The authdrs concluded that charcoal is not a uiiversal adsorbent and some compounds would not hgve
been trapped in detectable quantities, particularly given the complex nature of the mixture which coyild
have led fo more strongly adsorbing species (e.g. hydrocarbons) displacing less strongly adsorbers.
However, the study did produce results.in agreement with the other studies reviewed here, in that rubber
fumes are|an extremely complex mik of chemicals, the composition and level of which varies according to
variables such as compound formulation, process temperature, process type, and output rate.

As part of a joint occupational health program undertaken between the United Rubber Workers gnd
major rubper products mahufacturing companies in the US, the University of North Carolina undertdok
a study off the health hazards within four rubber tyre and tube sector companies (Goodyear, Uniroyal,
Firestone|and General in a total of 50 manufacturing plants.[34] Particulate air samples were taken
to assess |exposure.to total and respirable dust in various working areas. These samples were also
analysed to determine the amount of benzo(a)pyrene present. The results obtained were found to vary

from plang té plant and from different working areas within a particular plant. This study predates the
establishwmmmmm_ﬁuwm_mmmr

samples and so no measurements of rubber fumes were obtained. Several samples were also taken to
assess the exposure to different solvents species within the plants and an examination is made of the
effects of ventilation and work practices on worker exposure to chemical agents.

The results of another study which was part of the joint occupational health program undertaken
between the United Rubber Workers and major rubber products manufacturing companies in the US,
was reported by workers at the Harvard School of Public Health.[35] Air sampling for total and respirable
dust was undertaken in the processing, curing and tyre building areas of five tyre plants owned by two
companies. These workers acknowledged that air contaminants in curing rooms included gases and
vapours as well as particulates, but decided to use respirable samples as an indication of exposure to
curing fumes. The exposure of a particular group of workers was found to depend upon factors such as
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the degree of manual handling of freshly cured tyres, and the length of cure (i.e. frequency of loading
and unloading the moulds).

In

a Russian study,[36] results of the determination of the composition of gaseous waste products

formed in tyre production during the stage of preparation of the rubber mixes were given. The products
determined include oxygen-containing and aromatic compounds, unidentified components, alkanes,
resinous substances and dust.

In

another Russian study,[37] gases produced during the manufacture of silicone rubber tubes for

medical applications, include diethyl siloxane, hexamethyldisiloxane, hexamethylcyclotrisiloxane,

ocC

'amnfhy]r‘yr‘]nfnf}‘aci]nvana’ the cfnrh'ng silicone nH_Q, and alsa nfhy] Fnrmah:\’ methanagl ethylene

an
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1 0-dichlorobenzene but in concentrations below the maximum permitted in the factory\Yentilating
charges contain principally formaldehyde and its polymers also are deposited incthe ventilation
paratus. Analysis is therefore needed to monitor formaldehyde concentration only.

2013, ISO published a new document for the trapping and identification of ¥platile compounds in
bber fumes. ISO/TS 17796 describes a method for trapping and identification of volatile components
‘ubber fumes using active sampling on a poly(2,6-diphenylphenylene oxid€).type sorbent and analysis
thermodesorption GC-MS (TD-GC-MS). The method is qualitative and identifies substanceqin rubber

at
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to
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fuI:es; whereas, MDHS 47/2[Z3] provides a quantitative measure of the amount of rubber fumes in an

osphere. To a certain extent the two methods can therefore be t€garded as being complementary.
a paper presented at the International Rubber Conference in~2013, KhalfounelZ4] of the LRCCP
pbber and plastics research and testing laboratory described-how this ISO standard had been used
determine the substances that were present in the fumes generated by some rubber compounds of
pwn composition. This organization has also carried out faboratory studies on standard c¢mpounds
known composition and this work has provided theniywith the experience required to lifk volatile
bcies in rubber fumes to specific compounding ingredients(Z5] (see 8.1.3). By making yse if this
berience, it was also possible for Khalfoune te\link the compounds present in the funmes to the
redient in the compound. The results that were:presented by Khalfoune are summarized in Tables 12
15. The compound formulations are listed under each of the tables.

Table 12 — Substances identified.in fumes produced by a peroxide-cured EPDM compound
vulcanized at 170 °C

Substance detected in fumes Origin in the EPDM compound
Ethylene norbornene EPDM Vistalon 2504
Ethanol Silane ST69
Hydrocarbon substances Flexon 845

Ethyl palmitate Stearic acid

Adetone

Bdnzenemethanol, alpha, alpha-dimethyl-
1-|4-(1,1-diméthylethyl)phenyl]-ethanone i
1,1'(14-phenylene)bis-ethanone Peroximon F40
1[#-(1*hydroxy-1-methylethyl)phenyl]-ethanone

Alpha, alpha’-Dihydroxy-m-diisopropylbenzene

Triallyl isocyanate Dial No. 7
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Formulation of EPDM compound?)

EPDM Vistalon 2504 100 PEG 1,5
Carbon black N550 30 Silica VN3 20
Calcined kaolin 20 Silane ST69 0,5
Flexon 845 30 Permanax TQ 2
Zinc oxid 3 Peroximon F40 8
Stearic acjd 1,5 Dial No. 7 1,5

Tabl¢ 13 — Substances identified in fumes produced by a sulfur-cured EPDM compound
vulcanized at 170 °C

Substance detected in fumes Origin in the EPDM compound
Ethylene jorbornene EPDM Vistalon 2504
Ethanol Silane ST69
Hydrocarlon substances Flexon 845
Carbon digulfide

ZDBC
N-butyl-1-putanamine
Benzothialzole MBT/MBTS
Formulatjion of the EPDM compound?)
EPDM Vistalon 2504 100 Silane ST69 0,5
Carbon black N550 30 ZMTI 1,0
Calcined Kaolin 20 Naugard 445 1,5
Flexon 84p 30 Sulfur 1
Zinc oxide 3 MBT 2
Stearic ac|d 1,5 ZDBC 1,5
PEG 155 MBTS 1

Silica VN3 20

Table [14 — Substances identified in fumes produced by an NR rubber compound at 150 °C

Substance detected in fumes Origin in the NR compound
Alkanes Antilux 500
Naphthalene Carbon black
Aniline
6PPD
Methyl isobutyl ketone

1)  Examples of products available commercially. This information is given for the convenience of users of this
document and does not constitute an endorsement by ISO of these products.

2)  Examples of products available commercially. This information is given for the convenience of users of this
document and does not constitute an endorsement by ISO of these products.
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Table 14 (continued)

2017(E)

Benzothiazole
Tertiary butyl ami
ertiary butyl amine TBBS
Isocyanato methyl propane
Dimethyl ethyl formamide
Formulation of the NR compound?)
SMR_ 10CV60 100 6PPD 2
Cafbon black 30 Antilux 500 1
Zifc oxide 3 Sulfur 1
Stearic acid 2 TBBS 4
Thble 15 — Substances identified in fumes produced by a nitrile rubber compound vulcanized
at 160 °C
Substance detected in fumes Origin in the nitrile compound
Cylanocyclohexane Krynac 44/50
DOS
DOS
1-Hexanol, 2-ethyl-
Dihydrotrimethylquinoli
.py ro r1rr.1e .y quinoline ™0
Dllnethquulnolme
Apiline 6PPD
Methyl isobutyl ketone
Dipthyl amine TETD
Dipthyl formamide
Carbon disulfide MBTS
Bdnzothiazole
PHenylmethylbenzenemethanamine TBzTD
Formulation of the nitrile compound?
Krlynac 44/50 Q0 6PPD 2
Cafbon black >~ 95 Sulfur 0,5
Zinc oxide 3 TETD 2
Stedric acid 1 MBTS 2
DOS 25 TBzTD 3
TMQ 1

The information presented in Tables 12 to 15 is consistent with the work that has been carried out by
other workers such as Willoughby;[Z][69] see 8.1.6.

3)

document and does not constitute an endorsement by ISO of these products.

4)

document and does not constitute an endorsement by ISO of these products.
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8.1.3 Rubber fumes data obtained by laboratory studies

The composition of fumes that has evolved from rubber compounds when they are heated to processing
temperatures using laboratory-based systems has been investigated by several workers. Majority of
these studies used representative rubber compounds, with the fumes being either generated using
equipment that closely resembles that used in manufacturing, or analytical equipment such as high
temperature headspace generating equipment. The fumes generated by these devices is then trapped
within an intermediate trapping device or transported directly into the analytical equipment. The
analysis of the fumes is usually performed by a gas chromatography-mass spectrometer (GC-MS) as
these devices have the dual capablllty of belng able to separate complex mlxtures of relatively low

studies atfe carried out as a prelude to the trapping and analy51s of fumes generated within a factgry
environment, as they enable a profile to be performed of the types of species that should be\pres¢nt
within th¢ fumes in the factory environment and so enable an effective and comprehensiye sampling
strategy tp be devised.

Fumes prpduced from a wide range of rubbers were studied using these types of Systems. Lucas) et
al.[38] carfied out laboratory investigations into the crosslinking efficiency and emissions behavigur
of a numbler of peroxides used in EPDM-based compounds and compared the results obtained to thgse
achieved yith a TBBS-/TBzTD-accelerated sulfur-cured EPDM. The choice ofperoxide was shown tolbe
important, because using one with a high crosslinking efficiency meant thatless had to be employed to
achieve a guccessful cure with a rubber compound and so the total level of émiissions, and hence moulding
fumes, wgs lower. In addition to fogging tests to DIN 75201, the authors used thermodesorption (:C-
MS, as spgcified by the VDA 278 method, to identify the emissions that were produced by the rubber
compounds, particularly the breakdown and reaction products ¢f the peroxides. A number of principal
cleavage products for five different commercial peroxides wére’identified and their share of the total
emissiong estimated. The number of compounds and theirfdrespective levels in the emissions, algng
with their chemical nature and molecular weight varied conhsiderably according to the type of peroxjde
that was yised. However, the results obtained showed fiimes that it is possible to predict the rangg of
breakdown products that will be produced by a peroxide of a known chemical structure.

Although |not concerned with the direct analysis of fumes generated by peroxide cured rubbdrs,
Nudel’'map, in conjunction with Antonovski,[39] also looked into the volatile decomposition produfts
of three cpmmercially available peroxides used to vulcanize rubber compounds. The investigation was
performedl by compounding the peroxides into a common EPDM-based rubber formulation and tHen
curing sh¢ets of rubber at a typical moulding temperature (150 °C). This moulding process was carrjed
out betwelen aluminium sheets whick'trapped all of the volatile compounds that were formed during the
vulcanizafion process within the rubber. Once the rubber sheets had cooled, samples were removed dnd
placed intp a thermal desorpfign unit that was connected to a GC-MS. The volatiles were then desorhjed
from the fubber by heating-and identified by the GC-MS. In addition to low molecular weight substanges
that were|unrelated to-the peroxide (e.g. oligomers from the rubber, antioxidants, etc.), around ten|or
more diff¢rent compelinds were formed from each of the peroxides that were investigated in this wjay.
The formation of e¢yclic compounds, such as tetrahydrofuran compounds, was thought to be due to the
cyclizatioh of intermediate breakdown products. This paper was a translation of an original published
in Kauch.il Rezina.[40]

Rozynov, —et—attH—used—amimi=curing—system/6 €=M S—combimatiom—for—characterizimg—Tubber
vulcanization fumes. The system enabled the rapid screening of various rubber formulations to identify
and quantify the organic compounds present in their vulcanization fumes. Some of the compounds that
were detected in rubber fumes using this system were bis(2-ethylhexyl)phthalate, dimethyl formamide,
carbon disulfide, acetophenone and isopropylbenzene.

A couple of studies have looked into the presence of specific species in rubber fumes. Chikishev, et al.
reported the results of a Russian studyl42] that described the results of experiments aimed at using
mass spectrometry to determine qualitatively the accelerator and antioxidant content of gases evolved
from rubber compounds heated at 75 °C. Four compounds based on SKN-26 nitrile rubber with three
different types of crosslinking accelerator and two different antioxidants were used as models. Over 15
different types of compound were detected by their mass spectra and assigned, where possible, to the
various antioxidants and accelerators used in the compounds.
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In a German paper by Wommelsdorff, et al.,[43] trace amounts of carcinogenic PAH were found to occur
in the fumes resulting from vulcanization of rubber products. Results of laboratory-based curing
studies on 17 different rubber compounds based on two rubber types (EPDM and SBR) and containing
different filler and oil additives which show that a reduction of the PAH content of vulcanization fumes
is achievable through the use of mineral oil with low PAH levels were presented. The compounding
ingredients (e.g. use of silica as opposed to carbon black) also influenced PAH emissions. Both filler and
the polymer matrix, depending on their aromaticity, can reduce PAH emissions.

One of the contributing factors to rubber fumes is the low molecular weight compounds released from
the base rubber at elevated temperature. Two studies, Sakdapipanich, et al.[44] and Hoven, et al.[45],

1ormmm—mm—&mmmmmﬁmx Mahidol
Unfiversity and Chulalongkorn University used headspace GC-MS to identify the volatile c¢mpounds

enlitted by seven grades of raw natural rubber when heated at 60 °C for 2 h. A large range of chemical
compounds were detected, and these were generated by a number of reactions as shown in Table 16.

Table 16 — Volatile chemical compounds detected in grades of natural rubbey

Volatile component Reaction mechanism
Alrohols, aldehydes, hydrocarbons, carboxylic acids Lipid oxidation
Vdlatile fatty acids Carbohydrate fermentation
Egfters Microbial esterification
Sullfur containing compounds Amino acid degradation

Thie types of volatile compounds detected were found towary according to the type of natuifal rubber.
For example, the sulfur containing compounds found irithe skim crumb rubber, which are thought to be
fojmed due to amino acid degradation, were not foud in the other six types of natural rubber. These
regults indicate that a wide range of compounds dre present in any emissions produced wh¢n natural
rubber is heated and that the types and levels-present will be dependent upon the grade pf natural
rubber that us used in the rubber formulation:

BefKklin, et al.[46][47] described how vulcanization fumes from some rubber compounds werg collected
diectly from a laboratory scale moulding press and introduced into a gas chromatograph/mass
spectrometer system for identification and quantification of the organic compounds presenpt. Details
ar¢ given of compounds detected.in vulcanization fumes from NR, EPDM, SBR, polychloroprene and
nitfrile rubber. The introduction*of the Clean Air Act in the US in 1990, focused attention on the fumes
produced during rubber vuleanization as, in the absence of abatement systems, this will b¢ released
info the environment.-An~ appreciation of the complexity of the chemical composition pf rubber
process fumes, and the;need for companies to understand the types and levels of their emigsions and
what process parameters influences them, prompted this laboratory investigation by worKers at the
Aspen research.Coyporation. A laboratory-based system for studying the composition of rubler fumes,
sirhilar to the.ofie set up by Rapra Technology, was set up. This consisted of a moulding pres§ that was
coyipled to. @ GC-MS, and enabled a rapid screening of various rubber formulations for the identification
anfl quantification of organic compounds present in their vulcanization fumes. The result{ reported
in [this paper were from nine different vulcanizates typically used in the industry (SBR-, NR-, NBR-,
CRt @nd EPDM-based compounds). The effect of curing time and pressure were also investiigated, as
well as recipe changes within a given compound series. The analytical results on over 35 different
organic compounds are presented, and the pathways for the generation of some of these chemicals are
described. Three of the compounds detected (carbon disulfide, acetophenone and isopropyl benzene)
are part of the list of 189 compounds that comprises the hazardous air pollutants list.

—

Zietlow and Schuster[48] applied analytical methods based on dynamic headspace sampling in
combination with gas chromatography/mass spectrometry to the analysis of the components present
in fumes generated during laboratory scale vulcanization experiments using a “heatable reactor
cell” and a compression mould that simulated real workplace conditions. The results obtained from
a small number of rubber compounds made it possible to identify or classify around 300 individual
compounds and, in common with other studies of this type, ingredient/emission relationships were
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apparent, enabling the assignment of a given compound to a specific raw material. These workers found
it convenient to divide the volatile compounds in the rubber fumes into two groups:

a) volatile components released from the rubber by simple vaporization, e.g. impurities in the rubber
such as monomers and additives such as mineral oil and antioxidants;

b) a more “active” group of components which are primary and secondary reaction products of the
crosslinking system.

Levin[49] and Asplund[59] reported on a study carried out by Trelleborg Industri AB on the composition
of curing fumes released from a range of rubber compounds (four diene rubber formulations and two
EPDMs) uhder both industrial and laboratory conditions. All five compounds were carbon black-filled
with four|containing typical sulfur-curing systems and one compound with a peroxide-curing-system.
The laboratory-based phase of the work was carried out at Rapra Technology (see 8.1.6) using their gas
transfer mould/GC-MS combination. A combination of sampling media had to be used to capture fumes
samples if the factory environment due to the multi-component, complex nature of rubber fumes. The
following|[‘sampling train” was used:

— adsorpent tubes for sulfur compounds;
— Tenay tubes for organic compounds;
— charcpal tubes for less volatile organic compounds;

— quartz wool filters for aerosols and particulates;

— impirlger flash for amines;
— contifiuous registering instrument for THC.

The analyjsis of the fumes from the compounds resulted'in the identification of 221 substances whjch
could be divided into a number of chemical groups, ineluding:

— aliphdtic hydrocarbons;

— aromftic hydrocarbons;

— isothiocyanates;
— ketOr]:S;

— nitrogamines;
— thiazgles;

— aldehjdes;

— amings;

— sulfuf compounds.

This reference mentions the “Nordic Curing Fumes Project”,[21] the objective of which was to investigate
the effect that curing fumes have on the environment. This project was set up by the Swedish Board for
Environmental Protection, supported by Norsam (the trade association of the Nordic rubber industries)
and looked into the following:

— composition of curing fumes;
— environmental consequences of curing fumes;
— possibilities to control the release of curing fumes from factories.

Overall, the results showed that amines and sulfur compounds were the main compounds in the vapour
phase of curing fumes from sulfur curing. Amines together with aliphatic and aromatic hydrocarbons
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were the main components of the vapour phase of curing fumes from peroxide curing. The emission of
curing fumes contributed only slightly to the pollution in the urban environment in comparison with
other sources, e.g. the traffic. Cleaning methods using oxidation (thermal and catalytic), adsorption
(active carbon), absorption (scrubbing), biofiltration and condensation were studied with regard to
curing fumes. The adsorption on active carbon was shown to be the most economical of the methods
studied.

Aarts and Davies[52] reviewed the published information on the presence of harmful components in
fumes produced during the vulcanization of rubber compounds and the conclusions reached regarding
the mechanisms associated with their formation. They also reported on the results that they have
pry i i i ds - two
NH based and two oil extended SBR based - in a cure simulation apparatus that enabled‘\cpntinuous
sampling to take place. The total amount of condensate within the system and thé tota] volatiles
produced by the four compounds were reported, with a high proportion of the condensate [peing due
to |the oil extender in the case of the SBR compounds. Major contributory coniponents of both the
cohdensate and the volatiles were found to be the compounding ingredient 6PRDyand the breakdown
products benzothiazole and “parent” amines from the accelerators.

After reviewing various systems for analysing vulcanization fumes, Schuster, et al.[533] presgnted two
reproducible and quantitative methods for the analysis of vulcanization fumes of rubber| mixtures
using laboratory curing equipment. Among the results presented-\the analysis results obftained on
unpulcanized rubbers are presented, with over 40 different velatile compounds being d¢tected in
the¢ vapours emitted by the NR rubber (SMR CV 50), and overi45 from the SBR rubber (Bunp 1712) at
18D °C. The objective of this is to show the contribution that.the base rubbers make to vul¢anization
fumes. The species that have been detected in the fumesiofother rubbers (e.g. EPDM and CR) are also
didcussed. Some of the data presented has already beefipublished by Linde in a Dissertation[4].

A ¢ollaborative paper presented by Mai (LRCC in<Erance) and Giese (DIK in Germany)[Z5] at the IRC
20|13 conference in Paris described the results that had been obtained by analysing rubber fumes in the
lajoratory using a dynamic headspace GC-MSunethod. To carry out the work, an EPDM compgound was
prepared using the formulation shown below and heated to 200°C in the thermal desorption instrument
to generate fumes. The reaction products that were generated by the accelerators in the compound and
detected by the GC-MS are listed in Table 17.

Table 17 — Reaction products of the accelerators detected in the fumes from the EPDM

compound
Substarnce Origin in the EPDM compound
Bdnzaldehyde
Bdnzylisothiocyapate ZBEC
N-Benzylidenebenzylamine
Tetramethylenethiourea TMTD
Bdnzthiazel
M¢thylthiobenthiazol
MBT

N t}l_yl'bcllLtlliaLU‘ldlllillC
Mercaptobenzothiazol
Formulation in the EPDM Compound>)
EPDM - Buna AP 541 100 Zinc oxide 5
Carbon black N550 50 TMTD 1,5
Sunpar 2280 25 MBT 1,5

5) Examples of products available commercially. This information is given for the convenience of users of this
document and does not constitute an endorsement by ISO of these products.
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Mikrosol 40 ZBEC 1,5
Caloxol W3 6 Sulfur (SU95) 1,0
Stearic acid 2

In order to obtain a link between the substances that were detected in rubber fumes and the ingredients
that were present in a compound, Mai and Giese used a methodology that involved the successive
addition of ingredients to the base rubber and analysing the compounds produced using the thermal
desorption GC-MS system.

This papqgr also included data that had been obtained on rubber fumes produced by EPDM, natulral
rubber an{d nitrile rubber compounds using ISO/TS 17796. This data is very similar to that presented
by Khalfopine (also of LRCCP) at the same conferencelZ4]; see 8.1.2 and Tables 12 to 15.

In additidn, it included information on the sampling options for the collection and jdéntification| of
rubber fumes in factories and the recovery rates for certain types of organic substances from differgnt
types of ¢ollection media (e.g. sorbents, filters and sampling bags). Recovery rate 'data are shown
in8.1.4.

8.1.4 Research on sampling and analysis techniques for rubber fumes

The complex chemical composition of rubber fumes means that ensuring that all of its components
(i.e. gases| volatile compounds, aerosols, etc.) are trapped in an effieient manner to enable a full analysis
to be performed is a challenging task. Accordingly, a number of\workers have carried out research| to
obtain infprmation on how various “sampling trains” of absorbent tubes, etc. and sampling systems dan
influence fthe data obtained. Work has also been carried outcto investigate which analytical techniqyes
and meth¢dology offer the most effective means of identifying and quantifying the compounds present.

In two papers[55]1[56], Giese and co-workers at the German Institute for Rubber Technology descrihed
the develppment of a sampling technique, the selection and characterization of adsorbents, and
the develgppment and testing of a sampling apparatus for the sampling and analysis of vulcanization
vapours and emissions. In this way, they have déveloped and reported on a multifaceted sampling dnd
analysis nethodology capable of collectifigrand then identifying and quantifying the various types
of compoients present in rubber fumes generated in the workplace. The overall procedure has bgen
validated [for a total of approximatelys50 single chemical substances. A concise summary of some of the
informatipn they provided on this-multifaceted system is shown in Table 18.

Table 18 — Multifaceted sampling and analysis system for sampling rubber fumes

Substance Collection media Analysis Method
Highly volptile aliphatic'and aromatic compounds Activated charcoal GC or GC-MS
Amines arjd amides Silica gel GC-NPD

Highly volgtile éhlorinated compounds Activated charcoal GC-ECD

Carbon digulfide and highly volatile sulfur compounds Sampling bag GC-FPD
Aldehydes and ketones Silica gel HPLC-UV

Low volatility compounds XAD-2 Adsorbent GC or GC-MS
Aerosols Glass fibre filter FT-IR

One of the points made is that the existence of so many different types of substances can result in one
species interfering with the collection and identification/quantification of one or more of the others.
In order to check on the validity and accuracy of the multifaceted system, both laboratory trials and
work place monitoring at tyre and general rubber goods factories took place. A good level of reliability
for the system, and accuracy of the results that were obtained using it, was demonstrated by these
comparative trials. A wide diversity of single components from the following substance groups were
detected in the rubber factories.

a) Highly volatile hydrocarbons
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Amines

Aldehydes and ketones
Chlorinated hydrocarbons
Low volatility vapours

Aerosols

Several other papers have been publlshed by the workers of the German Instltute for Rubber Technology.

g xample a

sampling aldehydes and ketones in vulcanization fumes. The study demonstrates, that th¢ deriving

red
trg
ca
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iction is preceded by an adsorption on the substrate material and that subSequent quantitative
nsformation to the hydrazone requires different reaction times depending bon‘the reactiyity of the
‘bonyl components.

addition, a paper has been published which looks at the influence of*plasticizer aeros¢ls on the

sampling and analysis of air pollutants in the rubber industry.[38]\A sampling system for fumes
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1 aerosols from rubber product needs to be developed with special attention to the influence of
sticizer aerosols on the sampling process itself. The efficiency) of sampling with a comblination of
ective adsorbents in the presence of plasticizer aerosols wds tested by test gas mixturep and test
rosols in tests that simulated the atmospheres that maydefound in rubber factories. The pnalytical
ermination of individual substances and aerosols wasarried out by gas chromatographyl and FTIR
plasticizer

bctroscopy after desorption of the adsorbents witha solute. Interferences caused by
osols only occurred at high concentration levels.

cording to a study by Cherrie, et al.[59] another factor that needs to be taken into accdqunt when
1sidering data obtained on rubber fumes“ampled within factory environment using personal
nitors, is the effect of wearing a sampling device on work practices, hence, the exposure of a worker.

Sa
an
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Tth carefully controlled pilot study was designed to test the hypothesis that the wearing of personal

pling pumps may affect workers’.working practices and hence exposure to rubber dust gnd fumes
1 other airborne contaminants( The study made a comparison between pump samplers and the
ch less bulky diffusive samplers for the monitoring of exposure to organic vapours at|[five sites,
e of them a rubber factory.The results obtained showed that at one site (a petrochemicgl site) the

bosures were 50 % higher-on the days when pump samplers were worn compared to the days when

difffusive samplers were-worn by the workforce. At the other sites, no differences were foungl and so it
wds concluded that the flexible nature of the work at that site, with people spending part of their day

sitfing down, that myst play a role in the exposure that was being picked up by the pumps.

T

collaborative-paper presented by Mai (LRCC in France) and Giese (DIK in Germany)[Z5] pt the IRC

20[L3 confererice includes selective recovery rate data for a number of collection systems avhilable for

samplingsrubber fumes. This information is reproduced in Table 19.

Table 19 — Recovery rates for some substances that can be present in rubber fumes

Substance/ Collection Desorption fluid Analysis Recovery
substance group media p method (%)

Highly volatile aliphatic and |Activated charcoal Benzyl alcohol GC-FID (or MSD) 90,2-100
aromatic compounds
Amines and amides Silica gel ADS 2 % KOH in methanol GC-NPD 86,3-100
Highly volatile chlorinated |Activated charcoal Benzyl alcohol GC-ECD 83,0-100
compounds
KOH = Potassium hydroxide
DNPH = 2,4-Dinitrophenyl hydrazine
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Table 19 (continued)

nioneel | Cotection | pesorpronaia | pnabily [ Regover
Carbon disulfide, highly vol- Sampling bag — GC-FPD 80,0-97,5
atile sulfur compounds
Aldehydes and ketones Silica gel DNPH Acetonitrile HPLC-UV 87,2-97,5
Low volatility compounds XAD-2 Acetone GC-MSD (or FID) 94,0-98,0
Aerosols Glass fibre filter |1,1,2-tricloro-trifluo- FT-IR 94,0-98,9

roethane

KOH = Potassium hydroxide
DNPH = 2,4-Dinitrophenyl hydrazine

8.1.5 Influence of rubber additives on the composition of rubber fumes

The references in the other sections illustrate how the additives in rubber compeunds, along with a
number of other variables, such as process type and curing temperature, can afféct the compositior] of
rubber fumnes. By responding mainly to specific health and safety concerns, a namber of references hgve
highlightgdd how a certain class or type of ingredient can have a large contribution to the generation of
specific cllmponents within the fumes, such as nitrosamines and polyaromatic hydrocarbons (PAHs). A
major conftributory factor to this latter category was the use of PAH-rich extender oils (i.e. the distillate
aromatic [DAE) type oils) for products such as tyres. This situation(has greatly altered within the last
18 monthp, with Directive 2005/69 coming into force on 1st January 2010 which prohibited the usd of
these typg¢s of additives. This development is referred to in the paragraphs relating to literature sour¢es
concerning aromatic oils and PAH compounds below.

Whitel60] [reported that, laboratory and industrial studiés of the composition of rubber fumes have
shown thdta proportion of the process oil within the rubber will volatilize at vulcanization temperatures
and be pré¢sent in the fumes. In the 1990s the highly-aromatic DAE type oils were classified as “potential
human cdrcinogens” and efforts were therefore made to develop alternatives that would create l¢ss
potentially harmful process emissions. This werk is now at an advanced stage and the alternatives [¢.g.
mild extrdction solvate (MES)] are commercially available and employed in the industry.

A further two articles by White in the same volume of the European Rubberlél] also have aromatic gils
as a themeg. The first article by White\reviews the contribution of better ingredients, working practi¢es
and fumeg control equipment to @nsuring that the HSE limits on rubber dust and fumes are met and
that any impact on workers’ health is reduced to a minimum. In this article there is the following quote
from an HSE 1993 document:*Rubber fumes are a complex and indeterminate mixture of substances”.
Commentp by White in thefapticle include: Some of the chemical agents in rubber fumes are experimental
or animalf carcinogensybut the HSE says the complex chemistry of rubber manufacture and multiple
exposure§ during processing make attributing a particular effect to a given exposure difficult. The
COSHH agjproved.¢ode of practice on carcinogens applies says the HSE. Rubber fumes are absorbed|by
inhalatior] and.its further metabolic fate depends on individual components. The basis for setting the

HSE limit s that the critical health effect is cancer, for which a no-effect level cannot be determined.

The second article by White 1n this volume of the European Rubber Journal described how process
oil manufacturers such as BP and Mobil were working with major rubber companies such as Avon to
produce less toxic oils (e.g. containing lower amounts of PAH compounds) which would in turn reduce
the toxicity of rubber fumes. Studies at the time were undergoing to determine how much the process
oil in a rubber compounds contributed to the total amount of rubber fumes generated during high-
temperature processes such as vulcanization.

The presence of nitrosamines in rubber fumes has generated a lot of interest for many years and
Mukhutdinov and Mukhutdinovl[62] reviewed the mechanistic chemistry associated with a range of
phosphorus-based compounds that can be used as alternatives to traditional, potentially N-nitrosamine
generating accelerators for sulfur cures and which, in some cases, can also be used to extend scorch
times and improve ageing resistance. These types of additives would therefore reduce the occurrence
of N-nitrosamines in vulcanization fumes and as residual species in vulcanizates.
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Another approach to reducing the potential toxicity of rubber fumes from N-nitrosamines is covered
by Ferradino and Zukowski of the Vanderbilt company.[63] Vanderbilt developed a thiuram and a
dithiocarbamate accelerator which contain four isobutyl groups. The steric hindrance that these groups
provide means that any di-iso-butylamine formed by their chemical breakdown during vulcanization
is less likely to react with nitrosating agents such as NOx to form the N-nitrosamine. Another factor
that comes into play is the fact that the isobutyl groups reduce the volatility of the amine break down
product (in comparison to amines formed from more common thiurams and dithiocarbamates) and
make any reaction with a nitrosating agent in the process atmosphere less likely.

An early article by Davislé4] in 1988 commented on stringent new guidelines for N-nitrosamine
re cu'L}y frirtroduced by thre—Germmam BOVETIIITIEITE, fctodes—adescr Tptiom ofwork—Tcarriedqut by the
Gefman occupational safety and health authorities, in which they carried out sampling wark in 545
wdrk environments during 1987 and identified seven different types of N-nitrosamines

a) | N-nitrosodimethylamine;

b)| N-nitrosodiethylamine;

c) | N-nitrosodibutylamine;

d)| N-nitrosomorpholine;

e) | N-nitrosopiperidine;

f) | N-nitrosomethylphenylamine;
g)| N-nitrosoethylphenylamine.

Sirjce that date, a number of changes have occurred-iff rubber compounding technology, leading to the
deyelopment of new accelerators that either have secondary amine breakdown products that are less
likgly to form nitrosamines, or will not form any; hitrosatable breakdown products at all.

Other areas where the specific influence,6f a particular systems (i.e. cure systems) or compounds on
th¢ composition of rubber fumes has réceived attention, both in the area of tyre productign, are the
colipling agents used to improve the\réaction between the silica filler and the rubber, and the use of
regorcinol to coat steel cords.

first of these, coupling agents, are one of the specific things that contributes to the ovefall fumes
anfl volatiles generated during tyre manufacture. During the coupling reaction, which occyrs during
the mixing and compounding phase of the process volatile, low molecular weight compoundls such as
ethanol are evolved as’hy-products. To address this particular issue, manufactures such as GE|Advanced
Mdterials are developing novel low-volatile organic content silane coupling agents.[65]

Another papef“which addresses this area, is the one presented by Dierkes and Noord¢rmeerl66]
at the IRC im2005, where they described the development of a mathematical model for ethanol and
its| devolatilization from rubber compounds containing silica and silanes during the interral mixing
stdge,/This devolatilization is essential if efficient coupling between the silica and the polymer is to be
achieved. Mass transfer between the surface layer of the polymeric material and the vapoulr phase is
co

In the case of resorcinol, the effect of predispersed resorcinol in the coating compound of brass-plated
steel cord for radial tyres has been studied by workers at the Hualin GroupléZ] by comparison with
the conventional resorcinol. The results showed that the predispersed resorcinol could be added in
the final mixing stage because of its high dispersion in rubber compound, thus eliminating the fumes
and strong odour generated by conventional resorcinol during mixing at elevated temperatures. The
predispersed resorcinol had no adverse effect on the physical properties of rubber compound and good
adhesion between predispersed resorcinol-containing compound and steel cord was obtained.

To address the influence of rubber chemicals in general, a project was set up by the Swedish
Environmental Protection Agency in 1991,[68] the aim of which was to study the environmental
impact from all rubber chemicals from the fumes generated by the rubber industry. The rubber
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industry contributed to this document by providing information on around 800 chemicals, and one of
the conclusions was that the industry had improved the way that it was working over the years by
substituting chemicals that caused concern with safer ones, or eliminating the chemicals altogether.

8.1.6 Work carried out at Rapra Technology Ltd.

A considerable amount of the fundamental scientific work that has been carried out on the nature and
composition of rubber vulcanization fumes has been conducted by Rapra Technology. These studies,
which began in the 1970s and carried on through into the late 1990s were led by Dr. Bryan Willoughby.
The results that were obtained and the understanding of the chemical relationships that resulted
enabled the composition of rubber fumes from a given rubber compound to be predicted with a4hjgh
degree of pccuracy. One of the principal approaches that were taken was to carry out a series of over|40
vulcanizafion experiments, using industrially relevant formulations, in a specially designed apparatus
[the Gas Transfer Mould (GTM)] using a “pool” of 75 ingredients and studying the speciesythat w¢re
given off jn the fumes by interfacing the GTM with a GC-MS. More than 150 different chemical specjes
were detected and these enabled ingredient/process conditions/emission relationships to’be identified,
for example:

— alist pf all the formulations which yield a single emission and those that yield more than a certgin
amoulnt of a specific emission, the common ingredients in such lists of farxralations;

— alist pf all the formulations which use a specific ingredient; and the corhmon emissions from such a
list offformulations;

— the oyerall effect of the formulation, the curing temperature.and the temperature of the rubbeif at
the time of analysis.

The complexity of industrial rubber mixes meant that thé relationship between the ingredients and
the emissjons obtained was not necessarily simple. For,example, an individual component of rubler
fumes majy have more than one source in a formulatiofi The work at Rapra did reveal certain key trends
however. For example, three distinct sources of volatile emissions were recognized:

— volatile ingredients, e.g. antioxidants and plasticizers;
— volatile impurities of ingredients, e.g. residual monomers and manufacturing impurities;
— volatifle by-products of chemicalteactions, e.g. vulcanization and antioxidant reactions.

Among tHe information provided”by this in-depth paperlZ] are sections on the origin of specific
individua] compounds, suchsas-carbon disulfide, and a table which lists the potential origins of oyer
40 volatiles species which ¢an be detected in rubber fumes. The results of the Rapra Vulcanizatjon
Project, apd a description'of the predictive rubber fumes software that resulted from it, have also bgen
presented in a Rapra publication.[69]

In additiop to these.summary publications, a large number of other papers and publications have bgen
published|by Willoughby and other workers at Rapra during the course of their work in rubber fumles.
For example, in a paper entitled “Prediction of On-site Performance for Vulcanization Fumes” RWB
Smlth an RBEWilloanahhul70] daceribhad rubbar fiimac ac hainag camnricad of tvrn dictinect mhacac:
BoWillouahby comprised-olbwodistinetp
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a) visible portion, composed of aerosols formed by the condensation of hot vapours, which can be
trapped onto filters providing that the sampling flow rate is high enough;

b) invisible portion, composed of a complex mixture of species that remain in the gaseous phase. The
wide range of species present mean that either a range of adsorbents, or a range of liquid media for
trapping by absorption have to be used to ensure that the data subsequently obtained by analysis is
fully representative.

The paper goes on to describe work carried out using the GTM/GC-MS configuration to predict the
range of species that will be present in factory fumes as an aid to putting together trapping protocols
for the gaseous species; the GC-MS analysis of fumes collected on a single adsorbent (Tenax) in a rubber
factory when the same rubber compound is being vulcanized; and analysis by GC-MS of the aerosol
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fraction released from hot rubber after vulcanization using a laboratory sampling device. Other papers
of interest include: Control at source for Vulcanization Fumes, BG Willoughby, Health and Safety in the
Plastics and Rubber Industries.[71]

In an earlier review by Willoughby,[1] data obtained on the composition of rubber fumes, recorded
using laboratory-based experiments with the Rapra GTM/GC-MS combination, are provided which
illustrate how the processing temperature can affect the types of hydrocarbon species detectable in
fumes released from rubbers containing SBR, and the relative levels of these species. These data are
shown in Table 20.

Table Z0 — Influence of temperature on the concentration of specific chemical compgounds
detected in rubber fumes

Extrusion Hydrocarbon Vulcanization 1 Vulcanization 2
(up to 110 °C) compound in fumes (at145°Cto 165 °C) (at180 °C to 240 °C)
pHg/m3 pug/m3 pg/m3
25-180 Benzene 10-1 200 8-15
20-160 Toluene 6-800 4-8
1-20 Styrene 2-180 90-500
1-15 Ethylbenzene 2-90 30-150
0-3 4-Vinylcyclohexene ND 30-210
0-10 Isopropylbenzene 2-200 60-250
0-7 Di-isopropylbenzene 1-75 35-70
0-20 Dodecenes 5-180 300-7 000
1-10 Cyclododecatriene 5-400 ND
D # Detected but not quantified
NI} = Not detected

In p relatively early Rapra paper,[2] Maiséydescribed the work that had been carried on rubper fumes
using the GTM/GC-MS combination_.and specifically reports the results that have been obtained on
the effect that changing the moulding temperature has on the amount of a particular reactign product
(cqrbon disulfide) released from a sulfur-cured EPDM rubber containing the accelerator TMTJD. Results
sh¢owed that increasing the temperature in steps, from 150 °C to 200 °C and finally 250 °C, [increased
th¢ amount of carbon disulfide released from 1,03 m.mole to 1,91 m.mole and finally to 2,84 m.mol.
Thijis work by Rapra has.alse’shown that by modifying the cure system, no carbon disulfide is|liberated.

Thee effect of temperature on the amount generated of a particular compound is also commented with
regpect to the amount of TDI liberated from a urethane adduct curing agent for NR compourfds.[3] The
anjount of free DI found in the vulcanization fumes was found to reduce as the temperature was
ind above
rocessing

er fumes,

— at160°C, 0,18 %
— at175°C,0,5%
— at190°C, 0,75%

8.2 Other sources of information

8.2.1 General

The following databases were searched.
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