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Materials

This information on the thermal-combustion products of utility
tabrication and construction materials can help utilities evaluale
potential hazards of equipment and materials in fire situations,
Grouped by chemical composition, the mors toxic degradation
products are summarized in the report. However, relative abun-
dance in the utility environment is not taken intc account.

Previous EPRI report EL-4503 presents a literature review of the pyrolys:s
and combustion products of polychionnated biphenyl {(PCB} substitutes. EPR)
extended that work 1o include thermal-degradation products of many utility
construction materiais. The expanded iiterature search provides background
for laboratory work currently unger way under the same research project

« To search the literature for thermal-degraganon products of utility
materials.

« To provide background information for selecting materiais to be given pri-
ority in laboralory work.

Investigators reviewed the published literature——primarily from 1967 to the
present—on pyrolysis (haating in nitrogen, helium, or other inert atmo-
sphere), combustion {(heating in air or oxygen), or other thermal degrada-
tion of 26 ulility materiais. These materials, including polymers, rubbers,
adhesives, films, fluigds. coatings, and miscelianeous materials, are used n
electrical insulation or construction, such as gaskets and wood preservaton
The project leam grouped the malerials according to their chemical
composition-—whether they contained chiorine, liuorine, mirogen, and suttur
or only carbon, hydrogen, andfor oxygen.

Pentachiorophenol and its sodium sall produce polychiorinated dibenzo-p-
dioxins and polychionnated dibenzofurans. Several polycyciic aromanc
hydrocarbons {PAHs), many of which are known carcinogens, are pfoduced
from combustion or pyrolysis of polyethylene, chlorosulfonated polyetnytene.
slyrene. ana creosote. Indeed. creosote self comprises about 85% PAHS,

EPAI EL.49395
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Thermai degradaton of bisphenc! A epoxy résin, ¢réosote, cross-inxked
polyethyiene, Kapton, Nomex, polyethylene, polysthyiene terephinalate
(Myiar), polystyrene, and polyurethan® gives clher toxic semivolatle or
solid products of concern. These are aromalic amines, phenglic com-
pounds, or aromatic hydrocarbons. Other materiais reviewed include
neoprene, six fluonnated polymaers, four nylons, dicyandiarmde (no
thermai-degradation information, however), nitrile rubber, polysulfone,
krafl paper, and cross-linked polyethyiene.

One appendix of the report summarizes the more toxic degradation
products from materiais reviewed either in this report oOr in a previous
EPRI-sponsored fiterature search. In addition, degradation products
from other materials not covered in dewail in this review are also sum-
marized in the first appendix, Another appendix lists the relative volatitity,
inhaiation limits, and other health and safety information for most of the
more than 200 thermal-degradation products listed.

This report was initially yndertaken as the first quarterly repon for EPR|
research project RP2028-15. However, because of its excelient makeup,
it was expanded for publication as an interim report.

In addition to its use in selecting priofities for subsequent taboratory re-
search, this information should also provide many insights to utility en-
vironmental engineers for expanding their knowiedge of commoniy
used materials. One caveat must be observed: There was no etort to
categcrize matenals based on quantity usaoe.

RP2028-15

EPR| Project Manager: Gil Addis
Electrical Systems Division

Contractor: Midwest Research Inslitute

For further information on EPR4 research programs, cail
ZPRI Technical information Soacialists (415) B55-2411,
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ABSTRACT

The pubiished literature, primarily from 1967 to the present, is reviewed on the
pyrolysis, combustion, or other thermal degradation of 26 utility materials.

These materials include polymers, rubbers, adhes‘ves, films, fluids, coatings,

and miscellaneous materials., The materials are used for elecirical insulation gr
construction (gaskets, wood preservation, etc.) HMaterials reviewed are grouped ac-
cording to tneir chemical composition, that is, by whethe- they contain chlorine,

fluorine, nitrogen, sulfur, or only carbon, hydrogen, and/or oxygen

Pentachlorophenol and its sodium salt produce polychlorinated d¢ibenzo-p-dioxins
(PCODs) and polychlorinaied dibenzofurans (PCOFs). Several polycyclic aromatic
hydrocarbons (PAHs), many of which are known carcinogens, are produced trom com-
bustion or pyrolysis of polyethylene, chiorosulfonated polyethylene, styrene, and
creosote. lndeed, creosote itself comprises atout 85X PAHs. Thermal degradation
of pischenol A epoxy resin, creosote, Ccrosslineed polyethyliene, Kapton, Nomex,
polyethylene, poly(ethylene terephthalate) (Mylar}, polystyrene, and polyurethane
gives other toxic semivolatile or solid products of concern. These are aromat-:c
amines, phenolic compounds, ang/or aromatic hydrocarbons. Other materials re-
viewed ‘~zlude neoprene, six fluorinated polymers, four nylons, dicyandiamide (no
thermal degradation information, nowever;, miiriie ruober, poivsuiTone, xraft

paper, ang crosslinked polyethylene,

One appendix summarizes the more toxi: degradation products from materials re-
viewed either in this report or in & previous EPRI-sponsored literature review.
in aczition, degradation products from other materials not covered in detail in
this review are also summarized in the first appendix. Another appendix lists tne

~e’ - ‘ve volatility, inhalation limits, and other health and safety information for

mps. 37 the more than 200 thermal degradaticn products listed
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SUMMARY

This report presents a revie. of the literature on the thermal degradation of a
iarge number of materials used by and of interest to electrical utilities. This
review suppiements a previous Electric Power Research Institute (EPR]) literature
review (EPR] Report No. EL-4503) on the thermal degradation products from PCB sub-
stitute fluids. This review will assist utilities in the evaluation of potential
hazards of equipment and materials in fire situations. It will alsc assist scien-
tists 1n the design of laboratory experiments in the projects to be done at MR]
(RP20628-15) and at the University of Dayton Research Institute (UDRI) (RP202B-16)
to fill some of the gaps in the literature.

A computerized search of Chemical Abstracts back to 1967 was performed for about

50 utility materials. Useful information was retrieved for about half. The EPRI
utility advisors to this project were also canvassed for their recommendations of
candidete materials. Materials containing chlorine, fluorine, nitrogen, and sulfur
atoms were initially selected fof in-depth review because of the dangers associated
with tnefir volatile thermal decomposition products, the simplest of which are hy-
drogen chloride, hydrogen fluoride, hydrogen cyanide and nitrogen oxides, and sul-
‘ur zigxige, ~esvestiveiv, -owever. the -olatile orogucts are of lesser concern as
buiiding and environmental contamination problems after a fire invoiving electrical
equipment than the products of low volatiiity (boiling point above about 130°C).
Materials containing only carbon, hydrogen, and/or oxygen atoms were therefore re-
viewed because of their potential, like that of fossil fuels and cellulose-based
fuels, for forming carcinogenic polycyclic aromatic hyorocarbons {PAHs) during
thermal degradation. Two utility materials, po'ychiorinated biphenyls (PCBs) and
poly(vinylchloride) (PVC), are briefly reviewed as cenchmarks for comparison with
the other materijals reviewed.

Cata “rom Lhe p-~imary literature on combustiien (heating in air or oxygen) or pyrol-
~tis {heating in mitrogen, heltum  or other inert atmosphere) of the materiais were
tcmDi'ea on an experiment-oy-experiment Sasis and tnen summarizzd.  Data were alsc
comgT e¢ from secenddry sources on tne cc-uodtional exposure limits in arr anc the

megito etfesis €7 mOST of Lthe mcte tnan 200 Jecomdostiion araguilc tqemitfUEQ .

MONS 217876
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the materials reviewed may form highly toxic carbon monoxide during ccmoustion
Dther products identified as being potentiaily among the most hazardous thermal
degradation products of the materials reviewed are grouped by toxic action in
Table 5-1.

Table 5-1 may be helpful in evaluating the relative hazard of burning these mate-
rials, with four caveats. Since the table was compiled without reference to the
relative amcunts produced, it cannot be used to tell which particular component(s)
would be most likely to be responsibie for the short-term or the long-term effects.
Perhaps a larger amount of a less toxic material may determine the toxicity of the
tota) degradation products; in other words, "the dose makes the poison.” One must
also remember when examining Table S-1 the uneven characterization of the thermal
degradation products of the materials, For example, therma} degradation products
of polystyrene have been much more thoroughly characterized then those from poly-
sulfone. The mere numbers of toxic products listed for the various materiais,
therefore, cannot be used to judge their retative hazard. Alsc, as was noted for
formulavtes neoprene, these materiass in actual use will have been comcounced wilh
plasticizers and other materials whose decomposition products may be as important
as those from the virgin, unformulated material. Finally, there has been no
attempt to provide perspective on the relative quantities of the materials used in
utility systems. In many cases, the amounts manufactured and used for other pur-
poses completely outweigh any quantities used by electric utilities,

The following sections summarize the degradation products found in the literature
for the utility matertals. As with the body of the recort, the materizls are
grouped by cnemical compesition, with materiais containing fluorine, chiorine, ni-
trogen, and sulfur discussed {n separate sections before the one discussing mate-
rials containing only carbon or hydrogen or carbon, hydrogen, and oxygen. HNot all
products are mentioned in this summary, nor are the conditions for formation giver
in as much detatl as in the body of the report. Remember that the products cf
therma) cdegradation are highly dependent on the conditions: pyrolysis vs. com-
bustion, heating rate, final temperature, amount of material, presence of addi-
tives, and other factors.

MONS 217827
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CHLORINE-CONTAINING MATERIALS

Thermal degradation of chlorine-containing materials releases long-term residua}
contaminating products as well as the more immediately hazardous volatiles. Fires
involving PCBs in electric equipment have contaminated buildings with polychlorin-
ated cibenzofurans (PCOFs) and, sometimes, when chiorinated benzenes were present,
with polychlorinated dibento=p-dioxins (PCDOs). Incinerator emissions of PCOFs

and PCO0s have been ascribed to the widely used utility insulation material PVC.
Previous reviews on the combustion of PCBs and PV( were briefiy summarized. Chlor-
inated materials reviewed in detajl in this section were neoprene (polychioroprene)
and pentachlorophenoc!.

Neoprene rubbers are used to coat electric wiring and as cable jackets. All of
the neoprene materijals reviewed were cured and compounded with numerous additives.
Practically all of the thermal decomposition products appeared to be derived from
the pnthatate plasticizers, although the long-chain hydrocarben fragments may have
come from the polymer itself. Among the products identified were hydrogen cyanide
(HCN), hyarogen sulfioe (Hg3), sulfur dioxide (50;), nonylphencl, pnthalic anhy-

dride, and toluene.

Pentachlorophencl is used to preserve wood construction materials, including util-
ity poles. Combustion of pentachiorophenol and its sodium salt gave octa-, hepta-,
hexa=, and lower chlorodibenze-p-dioxins in the volatiles and residues. Octa- ang
hexachlorodibenzofuran were also identified. Other combustion products identified
were penta- and hexachlorobenzene and decachlorobiphenyl.

FLUORINE-CONTAINING MATERIALS

The fluorinated polymers reviewed include Halar (which also contains chlorine),
Serion, Teflon FEPR, Teflon PFA, Tefzel, and Viton. These materials are used as
wire and cable insuiation. Combustion and pyrolysis produtts reported generally
ircluded monomers and other fluorinated C, to C, alkanes, alkenes, or cycloalkanes,
and hydrogen flyoride (HF) or silicon tetrafluoride (SiF,) (presumably formed from
reaction of flyoride and glass of the experimental apparatus). Carben monoxide
(i), carbon gioxide (CO,), carbonyl flucride (CCF.), and trifluoroacety} fluoride
(C7-COF) were the oxygen-containing products usually recorted. although unidenti-
fied aldenydes, alcohois, and carboxylic acids were detected among the Halar com-
bustion products, Vinylidene flugride, which was emitted from thermal degradatien
2% Viton as well as ‘rom Tefzel, and Teflen fume waere other 2vrolysis ar combustion

oroducts.
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NITROGEN-CONTAINING MATERIALS

Materials considered in this seCtion include creosote; the paper-impregnating sub-
stance dicyandiamide (Cyanoquanidine, colloquially calied "dicy”); the polyether
imide Kapton; the aromatic polyamide Nomex; nitrile rubber; the four polyamides
aylon 6, nylon 6,6, nylon 6,10, and nylen 21, and polyurethanes based on toliuene
diisocyanate and polycls.

{reosote used to protect utility poles from rot and worms is derived from coal tar
It comprises about 85X PAHs, about 3 to 10X tar acids (phenolics); and the rest
aromatic compounds containing nitrogen (N} (tar bases), oxygen (0}, and sulfur (5).
Individual PAHs released by burning crecsote-treated railroad ties attained concen-
trations up to 0.3% in the solid particulates of the smoke. The carcinogenic PAHs
identified were benz{aJanthracene, benzo[k]fluoranthene, bonzo{g]pyrene, chrysene,
cibenz[a,nlanthracene. and g-phenylenepyrene (indeno{1.2,3-cd]oyrens).

No informeticn was ‘ound on the comburtian or oomplvsie ~f digigmdigmite ov et

paper impregnated with dicyandiamide.

Kapton film is used to insulate wire and cable, and Kapton molded parts and lami-
nates may be used in printed wiring boards and integrated circuit carriers. CO0,,
{0, HCN, benzene, aniline, phenol, benzonitrile, dibenzofuran, phenyl isocyanate,
substituted phtnalimides and pyromellitimides, and a nighly conductive char were
produced by pyrolysis of Kapton.

Ivraiysis of nitrile rcupper proouceq ammonta {NHy;, HCN, the monomers [acyion“-
trile and butadiene), acetonitrile, other nitriles, various hydrocarbons, dimers,
and trimers.

Nomex paper is used to insulate dry-type transformers as well as to insulate high-
performance motors and generators. Nemex is an aramid, that is, an aromatic poly-
amide prepared from 1, 3-phenylenediamine and isophthalic acid or isophthaloyl cnloe
ride. Major inorganic pyrolysis products were C0,, water (H,0), CO, hydrogen (Hs},
and HCN with minor amounts of ammonia, nitrous oxide (N,0), and cyanogen. Major
organic pyrolysis producis of Nomex were benzene, toluene (below 500°C), venzani-
trile, 1,3-phenylenediamine, oenzoic acid, aniline, 1, 3-dicyanobenzene {above
200°C), and N~(3-aminopneny])benzamide (600-700°C). The charred resioue pecame
Tore aromatic Setween 450 anme 250°2. By 1000°C, most of the hydrogen and oxyge~

-3Q peen oSt from e cChar. -n zontrast 10 pvyroivsis, where 1 min at 1000°C
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caused only 50% weignt loss, no residue remained by 1000°C in air or oxygen.
water, carbon dioxide, and/or carbon monoxide were major combustion products.
Nitric oxide (NO), nitrous oxide, HCN, cyanogen, benzene, substituted benzenes,
acetone, acetaldehyde, benzoic acid, nitriles, 3-cyanobenzioic acid, alkanes, al-

kenes, and nitromethane were also identified among the Nomex combustion products.

Nylons are used for plugs, connectors, wire jacketing, and many other slectrical
and electronic applications. In general, polyamides thermalily degrede to giv~
ammonia, nitriles, amines, cyclic ketones, esters, CO, CO,, and monomers. Nylon 6
gives caprclactam oligomers; nylon 6,6 gives mainly cyclopentancne and less than 1%
of the theoretically possible amount of HCN at temperatures around 700%C or higher.
Nylon 6,10 gives caproiactam, medium-length hydrocarbon chains (six to eight carbon
atoms), and long-chain monu- and dinitriles. Nylon il behaves similarly on pyroi-

ysis, hydrocarbons with six and seven carbor atoms being the mos: abundant.

Polyurethane foams are being examined for use as insulating materials for cryogenic
zabies anc unde~greund transmission lines. AL temperatures below 80C°C, polyus-
ethanes pyrolyzed by giving off a yellow smoke containing all the nitrogen of the
original material and comprising mainly polymeric isocyanates. The other volatile
products formed at temperatures below 800°C included carbon oxides, nitrous oxide,
alkanes, alkenes, and lower aldehydes and alcohols. Between 800 and 1000°C, ni-
triles, aromatic hydrocarbons, and aromatic N-containing heterocycles such as
methylpyridine and quinoline were formed, although lower aldehydes and propene were
still abundant at 1000°C. Other products at the higher temperatures included tol-
uvere diisocyanate. toluenediamine, and nitriles,

SULFUR-CONTAINING MATERIALS

Chlorosulfonated polyethylene is generaily :rosslinked. Its electrical uses in-
Clude wire and cable coverings. At temperatures below 600°C, major pyrolysis prod-
ucts were Jower alkanes, lower alkenes, and toluene. By about 900°C, aromatic
products predominated with high yields of benzene and naphthalene. Styrene and
several noncarcinogenic PAHs were found in the pyroly:zate. {hlorosulfonated poiy-
ethyiene may contain additives to reduce the amount of hydrogen chloride (HC1)
emittied on combustion. Sulfur dioxide, which is highly toxic and irritating, is
atso evoived on combustion along with carbon oxides
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Polysulfone (a copolymer of bDisphenol A and 4,4'-dichliorodiphenylsulfone} has many
electrical and electronic applications 1nc1uding connectors, TV components, capac-
itor film, and circuit boards. Combustion of polysulfone at 400°C caused a 70%
loss in polymer weight but little smoke and little sensory irrftation in rodents
exposed to the volatile products. In a somewhat oxygen-deficient atmosphere, com-
bustion at temperatures up to 750°C produced primarily CO, CO,, sulfur dioxide,
and a residue. Intermediate amounts of methane, benzene, and toluene were found
with minor amounts of ethyiene, ethane, ethylbenzens, and styrene.

MATERIALS CONTAINING ONLY C AND H OR C, H, AND O

Materials reviewed in this section included bisphenol A epoxy resins {aithough some
are crosslinked with amines), crosslinked polyethylene, kraft paper, polyethylene,
poly(ethylene terephthalate), and polystyrene.

Epoxy resins are used as insulation in transformers and capacitors. New informa-
tion on a common epoxy resin derived from bispnenol A and epichlorohydrin was ex-
amined and integrated with information from a previous review on epoxy resins

(EPR] Report No. EL-4503). ODecomposition products from combustion of a bisphenol A
epoxy used in transformer coils included phenal, tolutne, ethylbenzene, and ben~
zene. Other experiments previously reviewed used different epoxy material or con-
founded the results by burning another fuei. [n these experiments, thermal decom-
position products of novolak epoxies based on phenol-formaldehyde resins included
phenol, cresol, and methyl chloride.

Crosslinked polyethylene has been used since the 1970s to insulate most of the
distribution cabies installed in the 15- to 46-kV range. C(rosslinked polyethylene
wire insulation was practically all volatilized by pyrolysis up to about 480°C.
Pyrolysis and combustion products have not been studied. Volatilization of decom-
pcsition products of impurities such as the chemical crosslinking agent dicumyl
peroxide (DCP) might be expected during exposure to lower temperatures. (Oecompo-
sitjon products that have been igentified from OCP included a-methylstyrene,
cumene, phenol, and toluene,

Kraft paper is used for insulation in ¢il-immersed equipment such as transformers
Kraft paper pyrolysis gives the same products in about the same amounts as do otne-
cellulosic materials (paper, wood, eiC. ). Gases included the carbon oxides, nycr--
gen, acetylene, methane, ethylene, and other hydrocarbons. Heating above 500°C

gave ‘ower molecuiar weight volatiles and cprar.
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A major use for polyethylene in the electric power industry in the United States
is for duct or pipe for installing buried cable. Pyrolysis of polyethylene at
temperatures up to 1000°C gave saturated hydrocarbons {paraffins, alkanes) ang
unsaturated hydrocarpens {(clefins, primarily l-alkenes with lesser amounts of

o, w~dienes). Combustion gave similar products, especially in the range 350 to
700°C. Besides (0, and water, oxygen-containing products identified included alco-
hols, aldenydes, ketones, and carboxylic acids. Aromatic product yields increased
with increasing temperature, but yields of individual PAHs such as the carcinogen
penzo[alpyrene were only about 0.1X after incineration at 900°C. At 950°C, the
concentrations of individual PAHs and other aromatics in cold-trapped condensates
were less than 1 to about 4%,

Poly{ethylene terephthalate) {PET, Mylar) is the most widely used film for elec-
trical insulation. Mylar film uses include barrier and insulation tape in cables
and dielectric in high-temperature capacitors. Major pyrolysis products included
acetaldenyce, CO,, benzoic acid, and vinyl benzoate and terephthalate. Lower
amourts {1-9%Y n* C0, ethviene, and benzene and trace to minor amounts of alcohols,
aldehydes, ketones, cyclic ethers, and hydrecarbons including benzene derivatives
were detected. Most of these were identified as combustion products along with
dimers through pentamers of the original polymer.

Polystyrene gave styrene as the major pyrolysis product in the volatiles at tem-
peratures up to 1400°C. Other major pyrolysis products included toluene, a-methy!-
styrene, cumene, and styrene oligomers. Lower aliphatic aldenvdes and carboxylic
Ecids were major products along with benzene, toluene, ethylbenzene, styrene, and
zrotyibeniene on Comoustion oeiow apout SOJYC.  In onme 3tugy, IImOUSTION at Slu i
9C00°C gave a soot in S0% yield. More than 100 compounds identified from polysty-
rene combustion at 800 to 250°C included many PAHs. Severai of the PAHs identified

are carcinogens.
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Section 1

INTROQUCTION

BACKGROUND

The overall goal of this project is to evaluate the potential of utility materials
to generate toxic or otherwise undesirable thermal degradation products under fire
conditions. Selid, liguid, and gaseous materials used by electric utilities could
degrade under fire conditions and contribute to the toxic hazard. A wide variety
of insulating and structural materials are of concern. The liguids of interest
include PCB-substitute dielectric fiyids for transformers and capacitors.

As part of the evaluation of these materials, this literature review has been con-
gucted to supplement toe literature review Creviously conducted by the Eleciric
Power Researzh Institute (EPRI) (1). This review serves several purposes. The
existing Jiterature provides a great deal of information on the products of pyrol-
vsis {thermal degradation in the absence of oxygen, usually in an inert atmosphere
such as nitrogen or heiium) and combustion (burning, thermal degradation in the
presence of air or oxygen) and in itself is a valuable resource for utilities and
electrical eguipment manufacturers for evaluating potential hazards of equipment
in fire situations. For work on this and the companion project at University of
Davton Research Institute (UDRI), the review clearly shows which materials have
pDeen studied in detail and wnich have not. Furthermore, the review gives a genera:
ingication of the products that may be anticipated from the laboratory experiments
10 be conducted on the current projects. Thus, Midwest Resaarch Institute (MRI)
{EPR! Project No. RP2028-15) and UDRI (EPR! Project No. RP2028-16) researchers can
utilize this knowledge to design the experiments and also to specifically searcn

for previously identified decomposition products

This literature review also illustrates that the results of thermal dJecomposition
exoeriments are highly desendent on the experimental conditions. Thus, compari-
sons of results from different studies will be difficult and will reguire great

care tc prevent overinterpretation of the data.
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SEARCH STRATEGY

Chemical Abstracts Service Registry Numbers {CASRNs) were spught for all The mate-
rials listed in the RFP to avoid the use of numerous synonyms in a computerized
search of Chemical Abstracts. CASRNs were found for most of the materials. Those

CASANs not reagily available in printed lists were sought in the Registry File of
CaS ONLINE. Eacn CASRN or compound name was coupled with 3 set of terms based on
variations of the following words: pyrolysis, combustion, tharmolysis, fire, burn,
thermal degradation, thermal decomposition, and thermal oxidation. The search
statements were used in the CA {Chemical Abstracts) File of CAS ONLINE. Abstracts

were searched from 1967 to the present, except for polystyrene whose search was
limited to the last 5 years because there wes S0 much available literature.

Materials previously reviewed (1), those proposed for this review, and those ac-

tually completed in this review are identified in Appendix A. Initially materials
known to release highly toxic volatiles (HC1, HF, HCN, uox, and 50,) were seiected
for review. Later, materials with only C and H or C, H, and 0 atoms were examinec

for their orotential 1o produce Pikr om eyzzeure 40 € e ated temperatiri:

Pertinent articles were selected for compilation based on their abstracts. The
articles were primarily English language, but Russian, Germen, and French articles
were selected for acquisition if the methods used were likely to allow identifica-
tion of specific decomposition products. A further selection process, based on
the actual contents of the article, was performed when the documents were examined
for data compilation.

JATA JOMPILATICN

Articles that did not identify the decomposition products {for example, those on
thermal degradation analysis and differential scanning calorimetry that did not
collect and analyze the volatile products emitted) were generally not examined
closely. Combustion toxicity articles were sometimes useful in jdentifying a:
teast relative amounts of carbon monoxide, carbon d:ioxide. and other toxic gases
such as hydrogen cyanide or hydrogen chloride. Generaily, the more recent arti-
cles and those that identified products by mass spectrometry were examined mos<
closely and provided the most usefyl data.

Data sheets were used as a guide for extracting the information. fach pyroive-:

or combusiion experiment was descr'bed on a seoarate page using ithe same format
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In addition to the primary literature from which experimental and mechanistic
getails were extrected, various SeCONdary sources were used sUCh as the Modern

Plastics Encyclopedia and the Encvclopedia of Polymer Science and Technology to

supplement genera! handbook information on uses, structures, and electrical, other
physical, and chemical properties. Some of this information was later used to
prenare the text of this report.

Data for acute toxicity, carcinogenicity, and standards or recommendations for
standards for wurkplace exposure in air were extracted for separate decomposition
products from two sources: The OSHA Industrial Hygiene Technical Manual and the

Registry of Toxic Effects of Chemical Substances. These data are presented along
with CASRNs and information on the reiative volatility of most of the more than

200 thermal degradation products identified. Compiling data on the animal toxicity
of the total voiatile and particulate material! released during standardized com-
bustion or pyrolysis tests of the subject materials is beyond the scope of this
review. 0Oata are not directly comparanle among the studies and would regquire ex-
tensive critical review.

CONTENTS AND CRGANIZATION OF THE REPORT

The remainder of this report contains profiles for each material organized as foi-
Tows: Genera) Information, Thermal Decomposition Mechanisms (not always present]),
a Summary of Experimental Studies Reviewsd subdivided into separate discussions

for pyrolysis and combustion (when information was available on both processes),
and the References citec. The materials are grouped by type of hetero atom present
in the‘r molecules, Thus, Section 2 contains profiles for chlorine-containing
poiyr § sucn &s neoprene, Section I s on the ¥lyorine-contzining materials. Secs
tion - is on materials containing nitrogen atoms, and Section 5 contains informa-
tion on two polymers containing sulfur atoms. Section 6 contains profiles on mate-

rials that contain only C and H or whose only other component is oxygen.

Appendix A includes the materials proposed for review or previously reviewed and
their most toxic degradation products, if any thermal degradation !iterature was
available. More than 200 products we:e identified for the 26 materials profiled.
Appendix B contains toxicity, stancards, and physical state information for most
of these productis. The starting material{s) for each product are identified
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Section 2

CHLGRINE-CONTAINING MATERIALS

BACKGROUND INFORMATION ON TwWQ WELL-STUDIED CHLORINATED COMPOUNDS (PCBs ang PVL)

Polychlorinated biphenyls (PCBs) and poly(viny! chloride) {PV() are two widely

used utility materials whose thermal decompositions have been extensively studied
and reviewed, Alithough PCBs and PVCs are not primary subjects of this !iterature
review, work on these materials is briefly summarized here to orovide a basis for
comparing their thermolysis products with those from the other materials reviewed

*r Tthis report.

The £lectric Power Research Institute {EPRI) has an extensive ongoing researcn cro-
gram to determine the degree of the utility industry problem regarding PCBs, poly-
chlorinated dibenzo-p-dioxins (PCDDs), and polychlorinated dibenzofurans (PCDFs).
imong these a~e pyrolysis and combustion studtes of PCBs and PCB-contaminateo
fluids such as mineral oils. This effort is supplemented by reviews and experi-
mental work on the pyrolysis and combustion of PCBs ana other utility materials
(1). The recent NIOSH Current intelligence Bulletin 4% Polvchlorinated Biphenyls

(BCBs:: Pote-:ial Heaith Hazards from Electrizal fouipment Fires or Failures (2)

ano two ZFRI-sponsorec reviews 3o FCBs  [) znt other materials &) Torm the basis

for ~ost of tne following discussions on PCBs and PVC.

:::\@@Cil :11/@\7@\6; “{@[Z@\C‘L

Pl8s PCDFs PCDDs

Snlvenlgorinated Bighenvis (PCBs)

“oe NIQSH Current Inteiligence Bu'letir 2) gives guideiines to protec?t the neai:n

:7 emergency resporse and cleanuc ~orkers in the aftermail of PCE-Containing

@ £I1="Ii -ec.’omert *i1res Inatl have priIuseC wicespread oulcing sgontaminatios
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with PCBs, PCDFs, and PCDOs. NIDSH recommends that PCBs and 2,3,7,B-tetracnioro-
dibenzo-p-dioxin (2,3,7,8-TCD0) be regarded as potential human carcinogens. In
addition, PCBs, PCOFs, and/or PCDDs have been reported to injure the liver, thymus,
and reproductive systems of test animals and to produce chlaoragne, numbness of the
1imbs, and other agverse effects in humans (2).

C1::I::::]::0 ct
A D:I:::I:;i
2,3,7,B-TCDD

Between 1932 and 1979, when the U.5. Environmenta) Protection Agency (EPA) issued
restrictions on the manufacture and commercial use of PCBs, 135,000 PC8-containing
transformers were put into service. Many of these transformers and PCB-containing
capacitors are still in use. EPA estimated that by the end of 1984, approximately
107,000 PCB-containing transformers were in use or being stored for reuse; more
than two-thires of these transformers were used in or near public builcings. ~§ o
result of the mandated selective EPA phase-out schedules, these numbers have de-
creased significantly. In 1981 there were about 3.3 million capacitors containing
more than 3 b (0.7 kg) PCBs. In addition, past manufacturing and transformer ser-
vicing practices have contaminated minerai oil-filled equipment with trace amounts
of PCBs (2,3},

Some commercial PCB mixtures manufagtured in the United States contained up to

6 ppm PCOFs, and PCBs from Eurcpe and Jaoan contzined uo tc about 20 ppm PCDFs (3).
PCOFs have been found in almost all measurements of contamination after fires 1n
electrical equipment containing PCBs. A total of 2,163 ppm PCOFs was determineg in
soot from the combustion of transformer fluid comprising PCBs and chleorinated ben-
zenes during the Binghamton (New York) State Dffice Building fire (2.2).

The NIOSH document summarizes the concentration of PCBs, PCDDs, and PCDDs in the
soot and surface wipes after 11 U.S. fires involving electrical capacitors or
transformers, PCODs were found in the soot from five of these fires in concentra-
tions ranging from 0.16 to 19.9 ppm. The highest level was from the Bingnamton
}1re {g). Other chlorinated aromatics detected (but not quantitated) from fires
involving PCB-containing electrical equipment were polychliorinated bipnenylenes
(PCBPs), polychlorinated pyrenes (PCPYs), and polychliorinated chrysenes (PCCYs)
Some PCB samples themselves contain PCBP, PCPYs, and PCCYs (3).
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Neither ordinary working conditiens nor long-term overicad (180°C maximum damages
the insulation rapidly) for electrical equipment containing PCBs is conducive to
formation of PCOOs and/or PCDFs. Optimum conditions for formation of PCDFs from
PCBs are BY% excess oxygen and about 675°C for at least 0.8 sec. Thase conditions
produced percent levels of P{OFs {relative to the amount of PCBs combusted) from
mineral oil or silicone ¢ils contaminated with at least 5 ppm PC8s {5).

The major combusticn products formed from fires starting as a result of arcing in
airiess transfcrme=s or capacitors are PCBPs. PCDFs, PCPYs, and PCCYs are also
detected, PCBPs dc not form in externally initiated fires; PCDFs are the major
product with smaller amounts of PCPYs and PCCYs. PCDDs form only if chlorobenzens
or chiorophenols are present in the transformer askarel {2) since formation from a
PCB would require breakage of the biphenyl link,

Other known or suspacted environmental sources of PCDDs and PCDFs include the manu-
facture of trichlorophenoxyacetic acid (2,4,5-T), pentachlorophenol, and other
chiorinated phenols; municipal and industrial incineration of chlorinated compounds
angc piastics ano Sleacnea ano unplieacnea caper; copper smelting; steel production:
and, to a Tesser degree, fuel combustion in coal-fired power piants and wood ang
peat burners (&),

Poly(viny! chlorige) (PVC)

The pyrolysis and combustion of PVC [-4—CHC1CH2.4E 1 and PVC formulations with
stabilizers, plastigizers, fillers, dyes, and other additives have been studied
extensively. Two recent books review thermal degradation of PVC (7.,8}. Benzene
and hydrogen chloride are the major pyrolysis products. Other pyr:lysis products
identified in the range 400 to BOO®C are toluene, ethyibenzene, o-xylene, styrene,
naprthaiene, 2-methylnaphthalene, chlorobenzene, o- and p-dichlorobenzene, and
1.2,4- ang 1,3.5=trichlorobenzene (4). Only trace amounts of c-‘orobenzenes and
szner chlerine-zontaining hydrocarbons are formed during PVC pyrolysis (3).
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ODegradation products are similar for pyrolysis and combustion except that combus-
tion gives CO, CO,, and K0, Very small amounts of vinyl chloride are evolved.
The major aliphatic compounas, formed in very small amounts, are C, to Cg alkanes
and alkenes (8).

Combustion of PVC mixed with wood chips in the range 570 to 11306°C produced chlo-
rinated benzenes, octachlorostyrene, and PCBs. Combustion and arcing produced
phosgene (COCY,) (4)

Chiorinated benzenes are known precursors of PCODs and PCOFs. Other chlorinated
polyaromatic hydrocarbons (PAHs) might also be expected to form, and PVC is a sus-
pected source of the PCODs and PCDFs fou~d in municipal and industrial incinerator
emissions (3). Conflictling reports have appeared in the literature. Rappe and
coworkers {10.11) reported that PVC pyrolysis produced hexa- and hepta-CD0s, PCOFS
containing 4 to 7 Cls, and other PCDOs and PCOFs. The tota) amount of PCDOs ang
PCOFs produced at BQO°C was about 1 ppm based on the weignt of PYLC. However,
Karasex ano coworkers {(12) reported 1n 19E3 tnat neither Lhe concenirations rer
the pattern of separate PCOOs and PCDFs in the fly ash from an energy-recovering
municipal incinerator changed significantly by adding three times as much PVC as
usual to the incinerator feed. Such results do not support the contention that
PYC is a direct source of PCDDs and PCOFS in incinerator emissions. In fact, in
1984 Karasek and coworkers (13} stated that neither of the two chlorinated aro-
matics deteCcted by gas Chromatography-mass spectrometry after combustion of PVC
under incinerator conditions at B0D to 95D°C had chlorine atoms attached to an aro-
natic aucleus. The %wo chlorinated aikvibenzenes detected were chlorinated on the
alkyl side group. Among the PAHs found were acenaphthylene, anthracene, benzfal-
anthracene, benzo[jlflvoranthene, benzo[clphenanthrene, benzo[aJpyrene, benzo{el-
pyrene, biphenyl, chrysene, dihydroanthracene, fluorene, fluoranthene, indene,
phenanthrene, pyrens, and methyl- and phenyl-substituted derivatives of the pre-
ceding compounds. The only oxygen-containing species reported was pnenol. Octa:
chlorodibenzo-p-dioxin was specifically sought and not found, although no detec. :-
1imit was given. PVC might supply the chlorine needed to produce chlorinated
phenols, which are more likely direct PCOD precursors than P¥C or chlorinatec ze--
zenes. Combustion of vegetable materials (presumably the phengl source in mur-.
pal refuse) with PVC or other chlorine source has been reported to give emissiz-:

containing chiorophenols, PCODs. and PCOFs (14).
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NEOPRENE
CASRN; 9010-98-4

Synonyms: Polychloroprene; Poly{2-chloro-1 3-butadiene); Neoprene GN (same as
GR-M--government rubber, monovinylacetylene), Neoprene G types (interpolymerized

[

with sulfur and contain s thiuram stabilizer); W types (no sulfur or thiuram) (1)
Insulation Materials: HNeoprene~118 (muiticonductor power cable): Neoprene-84
(single-conductor high-voitage cable); Neoprene-007 (welding cable); Neoprene-43s
{high-voltage, high-amperage cable) {(2).

Trade Names (producers): DuPrene (DuPont)

General Information

Molecular Formula; (CyHgCY)

Structure of Monomers and Polymer:

CHy:CCICH: CH o9} CH,CH H 1 CHy-
2 2 N 2tz y </
2-chloro-1,3-butadiene; C=C C=C (=¢
chioroprene pd ~ / ~ /
-CH, RO CH, CH, H

Neoprene (head-to-tail)
Trans structurs shown is consistent with x-ray diffraction fiber analysis (3}.
Cis-1,4-polymerization, 1,2-polymerization, and 3,4-polymerization give small
amounts of other structures. About 5X is present in neoprene polymerized at -40°C,

~ 30% at 100°C.

About 10 te 15% each of "head-to-head" and "tail-to-tail” moieties are present in
a typical polychioroprens according to NMR evidence (1).

Uses: Neoprene is used for wire and cable belts, hose, extruded goods, coatings.

molded and sheet goods, adhesives, automotive gaskets and seals, petroleum ana
chemical tank linings (4), and coatings for electric wiring {§). Neoprene is no:
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suitable as electrical insulation, but it is used as a cable jacket because of ex-
cellent resistance to lignt, moisture, fire, chemicals, and o0ils. MNeoprene caple
jackets replace the cotton braids, natural-rubber jackets, and lead sheaths for-
merly used on rubber cables. However chlorosulfonated polyethylene is preferred
for cabies for fixed installations (6).

Neoprene has several shortcomings, incTuding greater expense and lowzr chemical
resistance than poly{viny} chloride) or polyethylene, as a cable sheath material
(7). However, neoprene has apparently found some commercial use in multiconductor
power cable; single-conguctor high-voltage cable; high-voltage, high-amperage cable;
and welding cable (2}.

Therma) Decomposition Mechanisms

No information was found on unformulated neoprene. Neoprene formulations give the
largest variety of pyrolysis products at a radiant flux of § W/cm?. Cyclic and
heterzzyclis commounds, some with nitrogen in the ring, predominate and originate
from decomposition of plasticizers. At a radiant fiux of 8 W/cm®, ligquid degrada-
tion products decrease. Aromatic compounds are formed by cracking of the polymer
followed by recombination of smaller into larger hydrocarbons. HC} evolution is
retarded by the presence of basic additives. Neoprene formulations form a char
layer during burning at a faster rate at higher radiant flux exposures, possibly
insulating the material from rapid degradation (2).

Summarv of Experimental Studies Reviewed

fvrolvsis. Pyrolysis of a Cureg neoprene rucber useo 25 & nose T“Over zave ne “ai-
lowing mass spectral peaks (percent relative intensity} attributed to the neoprene:
36 (~ 14X; HC1), 38 (~ 6%), 88 (~ 1ZX; monomer), 30 (< 6%), 141 (~ 3%), 176 (~ 3I%;
dimer), and 178 (~ 3X). OQOioctyl phthalate piasticizer and phenyl-g-naphthylamine
were also identified (8). Pyrolysis of a W-type (no sulfur) neoprene at tempera-
tures up to 300®C gave ions with mass peaks arrangec in order of increasing inten-
sity: 55, 91, 67, 69, 81, 73, 129, A G-type (sulfur-containing) neoprene pyro-
lyzed at temperatures up to 353°C gave ions with mass peaks: 53, 21, 88, 105, 77,
141 and 79; at temperatures up to 430°C, the peaks were 91, 41, 1CE, 129, 133,

132 and 179. Peaks found at 239 and 285 were at:iributed to the presenze of resin
and ceaks at 60, 73, and 254 were due to fatty acid processing agents {2]. FPyro-
grams (gas crhromatographic peaks) have been publisnes (10,11}, but products were

npt ‘gentifrec
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Combystion. Virgin neoprene began to decompose at 240°C when heated at the rate
of 40°C/min. The weight loss due to WCT and other volatile decomposition products
was 45%: ng char formed. Under these conditions, various formulated necprene in-
sulation materials showed 18 to 46X weight Toss due to HC) and other volatiles and
formed a char representing 6 to 48% of the original weight (2).

Alvares et al. (19B3) (2) identified products from combustion of a formylated neo-
prene insulation material. Mary of the products were probably dus to decomposi-
tion of the phthalate plasticizer. Products evolved during dehydrochlorination
included l-cctanel (CH,CHaCH,CH CH, CHyCH,CH,0H, assuming a straight chain), pntha-
lic anhydride, nonylphenol (CoH,oCgH,OH), diocty?} phthaiate, 4, 5-dimethyl-1-o-p-
metnoxyoenzoyloxy-p-methoxybenzylidene-1, 1l-N-dicycliocosane [sic], n-nonacosane,
2-(methylthio)benzothtazole, 3-ethyl-5-(2-ethylbuty})octadecane, n-heptacosane,
1-methylbuty! isobutyrate, and phthalanil, Products evoived after dehydrochlori-
nation included n-hexadecane, squalene, dioctyl phthalate, diiscbuty! phthalate,
paimitic acid, 7-n-butyldocosane, 3-ethyl-5-(2-ethylbutyl)octadecane, and nor-
pentyltniol [sic] acetate.

Products from combusticn at 200 te 800°C identified in the air of a combustion
toxigcity chamber were 5,510 ppm carbon monoxide (CQO) and 3,170 ppm methane {TH,);
with 3 char yield of 34.3% (12). (The combustion products killed the test animals
within 25 min compared to 15 min for Douglas fir.) CQ and HCJ were major products
from flaming combustion of necprene seat padding and hose materials. HCN was a
minor product. 50, and H.$ in minor amounts were evolved from the neoprene sample

“hat “aa idjarentlv seen vulcanizea «ith sulfur f13).
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PENTACHLORQPHENOL

CASRN: B87-86-5 (Na salt: 131-52-2)

Synonyms: Penta; PCP; penchlorel; sall: Na pentachlorophenoxide.

Trade Names {prcducers): Santophen 20; sait: Santoorite; Lowicioe J.

General Information

Motecuiar Formula: CgHCIgD, mol, wt. 266.3%

C-27.05%, H-D.38%, C1 - 66.5%, 0 - 6.01X

Struciure:

" > _ e wnere R = % or Na
Y
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Uses: Bactericide, fungicide, and slimicide, primarily used to preserve wood, wood
products, and other materials. It has also been used as an herbicide, insecticide,
and molluscicide (1).

Thermal Decomposition Mechanisms

The following equations represent reactions leading to polychlorinated diphenyl
ethers, octachlorodibenzo-p-dioxin, and hexachlorobenzene from pentachlcrophenc]
(2).

a c C C C C
~HC1 0 0 AL om0 0 al
———
20 H e—— —_—
+HC1 e 1 B & &t 0 T
¢ Q a1 ¢ ¢1 e
1 It
a0 ct 1T ¢ Q
L » j ) ) c1\ C ) 91
=D +HCY
2 c1-€_Q2VOH —_— 1 04@(.1 —_— c1@0»« + c»—@cn
v I (o} Bt I (v ¢l

Summary of Experimental Studies Reviewad

Pyrolysis. Thermal decomposition of bulk PCP at 250°C for about 12 hr in a sealed
tube gave ~ 50% conversion, primarily to 2-(2',3".47.5' . 6'~hexachiorophenoxy)-
3,4,5,6~tetracnloropnendt (I) pius smail amounts of octa-cD0 (I1I); Na PCP reacted
at 360°C within about 20 min to give 100X octa-CDD (3).

Combustion. Technical grade pentachlorophenol {PCP) or its sodium salt (Na PCP)

may contain chiorinated dibenzo-p-dioxins (CDDs) (hexa-, hepta-, and occta-). Com-
bustion experiments almost always give detectable octachiorcdibenzo-p-dioxin (octa-
COD). In expariments burning technical pentachlorophenc! at 515 to 800°C, with
controlled amounts of 0,, maximum amounts of hepta- and octa=CDD formad at the
lowest temperature; the amount of hexa-CDD was somewhat higher at higher tempera-
ture. Higher amounts of CDDs were formed during open burning (mostly hepta- and
octa-CDD). With only 1.5% 0,, almest twice as much total CODs was formed at 660°C
as from cpen burning. Major products in reduced oxygen atmospheres were penta-

and hepta-CO0s; the level of TCDD (tetra-COD) was higher than from the other ex-
periments (4). Open burning of a pure Na sait of pentachlorcohenol gave octa-,

~ecti-, and nexa-(0Ds in sharply zecreasing amounts (£). fomoustion results were
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compared for materials (wood or paper) lreated with pure Na salt, impure Na salt,
or pentachlorophenci. The nighest amounts of octa-CDD were in combustion products
of the Na salt-treated materials; but in the burned residues, nigh amounts of octa-
CO0 were found in the PCP-treated samples, Amounts of unburned residue were higher
at lower temperatures (6).

A 1985 report of an analysis of combustion products at 600°C by high resolution

gas chromatography=-mass spectrometry (HRGC-MS) listed the following products:
octa-{DD, octa- and hexachlorodibenzofuran, decachlorobiphenyl, octachloronephtha-
lene, pentachlorgbenzene, hexachlorobenzene, and products identified only by formu-
1as-=CyuCia0, C1oC1,0, and €, ,CY,50 (7). These latter formylas may be only frag-
ments. 2,3,7,8-7CDD was specifically said to be absent, but the only COD detected
was the COD usually present in the highest amounts: octa-CDD.
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Section 3

FLUCRINE-CONTAINING MATERIALS

HALAR

CASRN: 251D1-45-5

Synenyms: 1:1 Ethylene-chlorotriflucroethylene copolymer; ECTFE.

Trage Names (producers): Halar {Allied Chemical); General Purpose Halar 300 or
500 or S02 [but Halar 200 is poly(chlorotrifluorosthyiene), CASAN 90D2-83-9];

Kalar 555 (blown).

General Information .

Molecular Formula: (CH,H‘CIFa)n

Structure of Monomers and Polymer:

CHy:CH, + CF,:CFCT — -{-cuzcuzcrzﬁs)-;
O

Uses: The primary use of Haiar is for wire ano cable; otner uses incluoe injeczion
molded products, tubing, binders, and coatings for chemical process apparatus, Its
biggest use in wire and cable is for plenum cable, coaxial cable, cable in mass
transit cars, appliance wire, motor Jead wire, and wire for lighting fixtures.
Powders are used as binders for chiorine cell diaphragms and as mold release agents
Film is used for cases for Lil pacemaker batteries, tapes for wire and cable insul-
ation, and solar enargy laminates. Monofilament is used for mist ejiminators,
braided sleaving, and filter fabric (1). Halar is also used for nuclear control
ang instrumentation cable (it has excellent nuclear raglation resistance), back
vanel wire for computers and automatic telephone switching equipment, cathedic pro-
tection cable, and oil-well logging and submersible pump cabte (2)
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Thermal Decomposition Mechanisms

No specific information was found.

Summary of Exparimental Studies Reviewed

Pyrelysis. No information was found on pyrolytic products from Halar,

Combustion. No information was found on identified organics lost on combustion
Thermal oxidation of & Soviet 1:1 ethylene-chlorotrifluorcethylene Copolymer (m p
215°C) gave alcohols, aldenydes, and carboxylic acids at temperatures up to 275°C.
Long-term oxidation at 270°C caused profound destruction giving low molecular
weight products with aldehyde and carboxy end groups (3).

Concentrations of HCI, HF, CO, and sometimes (DF, generated in combustion toxicity
gxperiments are too low to be the cause of the toxic symptoms observed in the test
animals, Something other than these inorganics must cause the toxicity under some
conditions (4).
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TEFLON

CASRN: 3002-84-0

Synonvms: Polytetrafiuorcethylene (PTFE}. TFE; Polytef; Tetraflucrocethene homo-
polymer; Tetrafluorcetnyiene polymer; Polytetrafiuoroethyiene resin (1).

Trage Names (producers). Tefion (£. I. du Pont de Nemours); Fluen (ICI Ameri:zas)

Flucroflex (2); Halen [unfi'lea and filiad} {Aliied Corporation); Fludrocomo
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{fi1led) (Liquid Nitrogen Processing Corporation); Tetraioy (filied) (ICI
Americas); Hostaflon (Hoechst); Algofion (Mentedison); Soreflon (Ugine Kuhimann);
and Polyflon (Daikin) (3).

General Information

Molecular Formula: (CZF,)n (76% F, 248 C)

Structure of Polymer:

Uses: Teflon is used as an electrical insulator, especially in high frequency ap~
plications (1). Electrica) uses include coaxial spacers, insulators, wire coating,
and tape in electrical and electronic fields (4). Coated glass fibers are also
used for conveyor belting, electrical tape, and laminations for elecirical uses
(3). Teflon may be used to insulate hook-up wire, Films are used to insulate
wire and as sheet insulation ($). Other uses inciude protective clothing (L),
gaskets, liners, seals, flexible hose; ablative coatings for rockets and space
vehicles; chemical process equipment; aercospace coatings; bearings, seals, piston
rings; antistick coatings for cooking vessels and utensils; felts and packing;
coating glass fibers for architectural structure composites (4); and filtration
fabrics (1).

Therma) Qecomposition Mechanisms

Teflon depolymerizes to monomar (CF,:CF,), perfluoroisobutylene [(CF,),C:CF;], and
carbonyl fluoride (COF,). The latter hydrolyzes to give C0, and HF (B). Thermal
degradation proceeds by homolytic statistical chain cleavage (7).

€. and CF, result from the disproportionation of CCF,.

Kexafluoroethane, CF,CFy, and higher perfluorcalkanes apparently form by reaction
of COF, with the corresponding perfluoroalkenes.
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The $51f, probably arises from reaction of HF with the glass of the infrared gas
cell wall or of the gas sampling tube. The hydrogen source is apparently trace
moisture (M0} (8).

Trifluorcacetic acid, CF,CO,H, and HF may form in oxidative pyrolysis from tri-
fluorcacetyl fluoride (3). [Isolated as CF,C0,Ca after traating the pyrolyzate

with Ca(OH)}, solution.]

The mechanism according to Morisaki (1978) (10} for products having formula (CFZ)n
is as follows: -

R=CFy-CFyCFyn —3 R=CF,+ + 1 CF

2 CFy: = CF::CFz

-
)

2 CFy:CF, —> F F — CF,CF:CF, + CFy:

F—F

F F

CF,:CF, + CFy: — CF CF:CF,

CFyCF:CF, « CFy: —— CF,CF,CF:CF, or (CF,),C:CF,

and higher homologs and higher homologs
PO FoF
F F FF F
+ (Fa!  ers————
F F 2
L1 X

Atkinson and Atkinson (1857; cited by Morisaki, 1978) (10) proposed that (,Fg is a
decomposition product of perfluoroisobutylene at > 700°C, but stated that such a

mechanism cannot be used to produce C;F, or C.F,g.

C,Fg. CsFa, and CuF,, may come from decompasition of higher molacular weignt
fluorocartens. (.F.H; and C;FgH may occur from reaction with contaminant water.
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CCF, forms from the reaction of CF,: and 0,.

Summary of Experimental Studies Reviewed

Pyrolysis. The moromer tetrafliuorcethylene (CF,:CF, ar CiF,) was an intermediate
tc major product in pyrolyses at atmospheric pressure (7, g-11)

Major pyrolysis products usually included carbon tetrafluoride (CF,) (7.10), octa-
fluorocyciobutane {cyclic-C,Fy) (3,11}, and hexafluoropropyiene (CF3CF:CF, or C,Fg)
(7.9.19). Morisaki (1378) (10) reported numerous other pyrolysis products includ-
tng octafiuoroisobutylenre [(CF3},C:CF,] and decafluorobutane (C.F,5). Hydrogen
fluoride was seldom reported as a pyrolysis product (g).

At iow pressyre the monomer was the only important pyrolysis product. Moncmer
yield in vacuo was highest near S00°C (96.6%) and decreases with increasing tem-
perature (91.20% at 800°C andg 78.10% at 1200°C) (12).

Compustion. The flash-ignition temperature of Teflon is 580°C: the self-ignition

temperature is 586°C (6). CF,, 5i7,, COF,, and CC, were generally present among
combustion products of Teflon and were usually major (9.10,13). Monomer was a
major product {60%) from combustion at 700°C (13). Morisaki (1978) (10) found
nexafluoropropylene (C,Fg) to be the most abyrdant flyorocarbon from combustion at
4%0 to 790°C. Trifluorocacetyl fluoride (CF,COf) was reported from comoustion at
600 to 650°C (3). Other combustion products reported were octafluorapropane
(CaFg), octafiueroisobutylene (C,F,), and octaflucrocyclobutane (C F,) (9,10).
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TEFLON FEP

CASRN: 25067-11-2

Synonyms: Fluorinated ethylene-propylene copolymer; Hexafluoropropylene-
etrarluoroethviene copolvmer.

Trade Names (producers): Taeflon FEP; Teflon 100 (Du Pont).

General Information

w o

Molecular Formula: (CgF,,) ~ [Same elemental composition as PTFE: 76% F, 245 C
()] -

Structure of Monomers and Poiymer:

l :

_ - i s F Fe
P\ /' F\ ,F / ' i \ v
£=L - {={ — == (g
T TN = N \L s Lo
F r " [y - - rr
3 r F r .-
L n 4m
Tet=a2*luoroetnyiens %e-*iucrogroprlene
or

-“exgfloorsorosviens
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Uses: Teflon FEP is used for plenum signal and fire alarm cable, for insulation
for 0oi1 well logging cable, and for a wide variety ¢f other electrical and elec-
tronic uses (1). Major electrical uses for Teflon and Teflon FEP have been in
military electronics, aircreft, and missiles for their space-saving capabilities.
Their excellent mechanical and dielectric characteristics allow internal wiring of
computers and industrial controls to be minfaturized. They are also used in high-
frequency cables, Fluorinated ethylene-propylene coatings are appiied to polyimide
film for cable insulation tapes. After winding of the coated filim tape on ths con-
ductor, the assembly is heated to fuse the lower-meiting coating (2}.

Thermal Decomposition Mechanisms

Teflon FEP depolymerizes to monomers (3). "Homolytical statistical chain cleavage”
gives uncharacteristic fragments. Pyrolysis of branched CF, groups gives high
yields of perfluoropropylene (CFLCF:CF., C3Fg) (4). 3See discussion from reference
B in preceding subsection on Teflon

45 oete~mined by thermogravimetric analysis coupled witl mass sdectrometry (7G-M5)
in helium, the first-stage degradation gives mainly CF,CF:CF,, which may be liber-
ated directly or evolved via the reaction of CF,CF. and CF,:. CiF, and CyFg evolu-
tion at the second stage corresponds to the reactions given in the Teflon discus-

sion. Perfluoro-2-butene or perfluoroisobuzylene (C,Fy;) may be formed in both
stages by the reaction:

CF.CF:F. + CFy: = CF,CF,CF:CF, or (CFy).C:CF,
During pyrolysis, most CaF, is formed at 450 to 550°C by the reaction:
CFyCF:CF, ==p CF,:CF, + CF,:

Reactions in afr include Tormation of carbonyl fluoride, carbon dioxide, and
carcon tetraflusride:

2CF,: + 0, —— 2C0F,

200F, —> €0, + CF,

MONS 217908



b a

Summarv of Experimental Studies Reviewed

Pvrolysis. Major pyrolysis products for Teflon FEP between 400 and 700°C were the
monomers CFaCF:CFy (CaFg) and/or CF,:CF, (there are conflicting reports for resuits
trom similar oyrolysis-GC experiments). Other fluorocarbons produced included CF,,
(CF3CilFy (T Fa) or CFa0F,CF:CF, (L4Fy), and perfluorocyclobutanae (£, Fa)
[Morisaki (1978) (%) doubted its presence] (3-6). S§iF, (formed from reaction of WF
and glass apparatus with traces of moisture the apparent source of hydrogen atoms},
CC, angd C0y evolved above 650°C (5).

Compustion. Major products in moist air or oxygen were C,Fy, CF,, SiF,, COF,, CO,,
and trifluoroacetyl fluoride (CF;C0F) (5,6). However, thermogravimetric anaiysis at
~ 400 to 800°C revealed no $iF, and little C,Fg and CF,. Other “combustion" prod-
ucts at 450 to 790°C inciuded octafluorcpropane (C,F,, CF,CF,CF.)}, decafluorobutane
(CqF ), CoFa (nome by TG-MS), and cyclic~C Fy (5).
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TEFLON PFA

CASRN: [Dependent on particular co-monomer used with tetrafluorcethylene. ]

Synmonyms: Perflycrcalkoxy resin.
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Trade Names (producers). Teflon PFA (E. 1. du Pont de Nemours) Two melt-
viscosity grades TE-9704 and TE-9705 (1).

General Information

Molecular Formula: ([Dependent on alky! group.]

Structure of Monomers and Polymer:

FaCiCFy + 7,00 C70R, — —&cmpaﬂ—dzg :
f

Uses: Teflon PFA is used for injection molded wafer baskets that allow automated
production of electronic components in calculators, computers, etc.; for valves,
fittings, and injection molded complex Shapes for components that require the
properties of PTFE: and for heat shrinkable and convoluted tubing, roll covers,
electric wire insulation, and other electrical industry Components (2). Besides
wire and cable insulation, Teflon PFA is used in moided insulating parts such as
connector inserts or insulator bushings and standoff insulators. In 1976, develop~
ing uses were electrical spaghetti tubing and film for flexible circuits, flat
cable, and melt bonding. It is also used for lined valves, pipes, and tanks in
chemical processing apparatus and has heat-exchanger applications (1}.

Therma! Decompoesition Mechanisms

No specific information was found.

Summarv of Experimental Studies Reviewed

Oniy one article (3) was found on thermal decomposition of Teflon PFA, and it had
no experimental details. The toxic decomposition product was thought tc be par-
tially degraded polymer in particulate form.
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VEFZEL
CASRN: 25038-T71-5

Synonyms: Ethylene-tetraflucrcethylene copolymer; ETFE.
Trade Names (producers): Tefzel (inodified ETFE) (Du Pont):; Ftorion 40 (USSR);
Hostaflon ET (Hoechst, Germany)}. T-200 grade is general purpose. T-280 for more

severe mechanical use.

General Information

Molecular Formula: (C,H‘F,)ﬂ
Structure of Monomers and Polymer:

CHy:CHy + CF,iCFy ~mmd <£CH, CH,CF,CF 3

Uses: ETFE is used for high performance wire and cable insulation, back panel
wiring in computers, hookup wire for aircraft and mass transit applications (loco-
motives and cable cars), and wiring in nuclear power plants. Injection molded
parts of ETFE are used as components in pumps, valves, and other chemical process
apparatus; tie wraps; tower packings; and seals and other electronic device compo-
nents (1), It ‘s specified Yor wire ‘nsuiation in U.3. Navy Mil-w-851822/13. 1
specification on solderless wrap wire, and in Mil-w-22759/16, /17, /18, and /19, a
joint services specification for aircraft wire. ETFE can be applied over bare as
well as plated conductors or ysed as a protective jacket over multiple bundles or
coaxial cable (2).

Therma) Decomgosition Mechanisms

Tefzel releases minute amounts of HF at processing temperatures of 300 to 320°C.
It does not undergo an autocatalytic decomposition with elimination of HF at high
temperatures. Tefzel undergoes oxidative crosslinking in air above its melting
point and undergoes random chain scission above 400°C ratser than “unzippering.”
Its noncharring behavior is typical of a polymer that degrades to low-molecular-
weight fractions instead of leaving & residual carbonaceous skeleton by splitting
out small molecules (23, Tefzel produces far less smoke under current overlpac
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than do PV{-nylon, poly(vinylidene fluorice)-jacketed polyethylere. or other simi-
lar insulations. Two roytes are needed to explain the presence of tetrafiusro-
ethylene and vinylidene fluoride {CF3:CH,) in the decomposition procucts (1)

—CF,=CF, 7CH~CH, »CF ,=CF rCHy=CHp= == n (CH3:CHy) + m CF,:CF,

—CF ,=CF,~CH, *CH,=CF,~CF < CH, 1CHp— ——> CF,:CH,

Summarv of Experimental Studies Reviewad

Pvrolysis. Pyrolysis at 700°C for 1C sec gave three major and several other un-
identifiec products whose retention times on the gas chromatogram were different
from those of other fluorinated polymers. The pattern of minor products was typi-
cal of that from polyethylene, representing n-aikanes, a-olefins, and o w-olefins
(4.

Combusticn. Minor amounts of HF were lost during processing at 300 to 320°C, but
20-hr exposure to 300°C led to ~ 30% weight loss; at 400°C, ~ 40X of the initial

weight was lost within 2 hr (5}, The only products identified from combustion in
the 530 to 580°C range were HF, (O, and COF,; but some other component was respon-
sible for the toxicity (8). Random chain scission at 650°C for 15 sec gave mostly
vinylidene fluoride, CH,:CF;, with minor amounts of the monomers and HF. Alkanes,

various Cy compounds, and higher boiling substances were identified (3,7).
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vITON

CASRN: 9011-17-0

Synonyms: Vinylidene fluoride-hexafluorcpropyliene copolymer; vinylidene fluoride-
rexafluoropropene copolymer.

Trade Names (producers): Viton; Viton A; Viton V (E. 1. du Pont de Nemours, Inc.);
Refset Fluorel; Fluorel {3M) (no additives); Redar Viton; Viton LM (low-molecular+

weight); Oai-€1 (Daikin}; Tecnoflon {Montedison}.

Gerersl Toformation

Molecular Formula: [Dependent on relative amounts of the two monomars. )

Structure of Monomers and Poiymer:

CHy: CF, + CF4CF:CFp——b —@cu,cr,}m—(cgg)ﬁ; (head-to-tail;
\\\\‘ - CF3_ - major)
77 N ’ N .

o F CF-LFa heso-%0-! .

-ig-H:Cr:,E ok .F_szz ( em?nog)weao.

Uses: Viton fluorcalastomers are used in gaskests, ssals (espacially O-rings).
tubing, diaphragms, aerospace and auvtomotive components, high vacuum equipment,
low-temperature equipment, and radiation eguipment (1).

Thermal Decomposition Mechanisms

No specific information was found.
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Summarv of Experimental Studies Reviewed

Pyrciysis. Pyrolysis at BOD®C for 4 sec gave the monomers, trifluoromethane
(CHF,), and hexafluoropropyiene-vinylidene fiuoride oligomers (2). Pyrolysis at
S0 to 460°C gave CF;C’FCH:CF, (m/z = 163) and other smaller fragments. The stable
proguct was not identified since the mass spectral "fingerprints” of pyroysis pro-
ducts from other fluorine-containing polymers were simply being compared. OQOther
products inciuded CHF,, HF, and various cliigomers and polymer fragments with
weights up to 369 amu (37,

Combustion. At 314 to 415°C, the major combustion products identified were CO,
CHF,, ang CHy;:CF, plus fluorinated C; to (4 saturated and unsaturated hydrocarbons
(4). weight loss was 60% after ¢ 1 hr at 400°C. Volatiles were generated at tem-
peratures as low as 200°C (5). At 850°C, combustion gave only CO and CO,; no HF,
F-containing compounds, aldehydes, or carbon aerosols were detected using infrared
and gas chromatographic methods (6).
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Section 4

NITROGEN-CONTAINING MATERIALS

CREQSOTE
CASRN: B00i-%58-%

Synonyms: {oal tar creosote [to distinguish from beechwood crecsote, which is
used for medical purposes]; creosote from coal tar; creoscte oil [Chemical Ab-
stracts Service assigns this substance a separate registry number); dead oil;
Yiquid piteh oil; tar oil (1)

Trade Names (Producers): Preserv-o-sote [creosote 0il] (Crowley Tar Products
Company, inc.) (Z):. Nelsen's (recsote Wood Preservative (B.F. Nelson Manufacturing

Company) (3); Lacco Creosote A.W.P.A. (Los Angeles Chemicals) {3).

General Informatieon

Molecular Formula: Unspecified.

Composition: Coal tar crecsote is a high-boiling distillate of coal tar produced
by high-temperature carbonization of bituminous coai (4). Residual cils from
refining coal tar include heavy nachtha, dephenolated carbolic oil, naphthalene
drain oii, wasn oil, strainea anthracene 0ii, anc heavy oii. These fractions are
blended to give "creosotes" or “creosote oils" conforming to specifications sucn
as Standard P1-78 of the American Wood-Preservers' Associatjon (AWPA) (4,5) (see
Table 4-1). Timber-preservation creosote is a biend of primarily wash oil or light
creosotle (boiling range 224-291°C), drained anthracens oil (boiling range 247-
385°C), and heavy ail or heavy crecsote (boiling range 285-395°(C). Besides the
c-eosote defined by AWPA Standarg P1-78, AWPA has standards for creosote blended
with 20, 20, and 40% coal tar (6.7).
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Table 4-1

AMERICAN WOOD-PRESERVERS' ASSOCIATION SPECIFICATION P1-78
FOR TIMBER-TREATING CREOSOTE (4.5)

F-action Oistilling Components of Fraction fistillation Range  °C
s 2.0% Unidentified PAHs < 210
g 12.0X < 235
Naphthalenes 200-270
10.¢-35.0% < 270
40.0-65.0% < 315
Acenaphthens, fluorene, 270-1355
dibenzofuran, phenanthrene,
anthracene
60.0-77.0% < 3585
Chrysene, fluoranthene, > 3589
pyrene

The chemical composition of creosote varies according to the coking temperature
and the source of the coal used. Longer carbonization times and higher tempera-
tures favor PAH formation, Products called creosote that are distilled from
sources otner than coal are very different in composition from coal tar creosote
i8). The remainger of this viscussion s restiricted to cocal tar creosote. The
word creosote is used unmodified.

Creosote's chemical composition has been characterized by Lijinsky et at. (1963)
(8}, Lorenz and Gjovik (1972) (5), MNestler (1974) (1l0), and others. Table 4-2
lists many of the components, but it is not exheustive; 162 individual compcnents
had bean identified by 1952 (10). Crecsote contains about 85X polycyclic aromatic
hydrocarbons (PAHs), up to 3% tTar acids (phenolic compounds), about 5X tar bases
{(nitrogen-containing compounds), and about 5% benzothicphene and dibenzofuran (S
ant 0 analogs, respectively, of the PAH fluorene). Five PAHs--phenanthrene, fluor-
anthene, fiuorene, acenaphthene, and pyrene--account for about 50X of the mass
although several orher PAHs have been identified and/or quantitated (5,8-13).

MONS 217916



[—

Table 4-2

COMPOSITION OF COAL TAR CREOSOTE

Component

Polycyclic aromatic
hydrocartons (PAHS)
Phenanthrene
Fluoranthene
Flyorene
Acenaphthene
Pyrene
Methylanthracenes
Chrysene
Methy!fluorenes
Methylphenanthrenes
Naphthaiene
Anthracene
Benzofluorenes
Dimethylnaphthalenes
2-Methylnaphthalene
1-Methylnaphthaiene
Biphenyt
Benz[a]anthracene
8enzo[alpyrene
Benze[j]fluoranthene
Benzo[k])fluoranthene
Benzo[e)pyrene
Benzo[blchrysene
! Perylene
| Unidentified PAHs
5 Acenaphthylene
' Indene
‘ PAH analogs containing O & 5
| Benzothioohene
| Jibenzoturan
| Tar pases (N-containing
i compenents)
Acridine
Aniline
Benzonitrile
Carbazcle
Indole
a-Naphthylamine
B-Naphthylamine
Quinaline
e~, m~, & p~Toluidine
Xylidines

{continyed)

Formyla

Ciethio
CIBHIO
CiaHio
Czt“to
Ciatio
CHa=Cy4Hy
CigHia
CHy=CyaHg
CHy-Ci Mg
10Ms

Ci4Hio
CizH42
(CH3)2C10He
CHS-C on’
CH3-C,oH,
CaHs-CeHs
CiaHia
C20H12
CaoHi2
CaoM12
CaoHys
CazHyq
CaoMi2

CizHg
CeHe

CoHgS
C12Hs0

CeMsCN

CoHN
CiotoNH,
CioHsNH,
CoHoN

CHaCqH N,
(CH3)2CeHaNH,

Concentration, X Reference

~ 8%
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Table 4-2 {(continued}

Component Formula Concentration, % Reference
Tar acids (phenolics} < 3,10 13, 10
Phenol CeHgOM 5. 10
Cresols CHyCgH OH 6, 0
Xyleno!s (CH;)2CgH,0H 6, IO
Trimethylphenols (CH3 ) 1CgHo0H 10, 32
3~Ethy1-5-methy ipheno] CH3(CoHg )CqH30H Y
2‘3|5|S-Yetr.methylphen°}; (CHJ}‘CGHOH ‘1-6' IE
Durenol - =
Naphthols C]QH';OH §. 10

Uses. Creosote is used for impregnating wood such as railroad ties, utility poles,
and marine pilings to protect from rot and worms. In 1978, 34,100,000 gal, creo-
sote; 66,400,000 gal. crecsote-coal tar solutions, and 30,200,000 gal. creosote-
petroleum were sold for wood-preserving appiications., It is also used as a water-
proofing agent, a fuel oil constituent, a lubricant for die molds, pitch for roof-
ing, and manutfacture of rzaz bingers, noriticulisrel winler wasd 0its, chemicait,

and lampblack (carbon black} (1,7,13,14).

Summary of Experimental Studies Reviewed

Pyrolysis. Mo specific information was found.

Combustion. Concentrations of PAHs sampled downwind from cpen burning of creosote-
treated railroad ties doused with No. 2 fuel oil were much higher than from similar
JUrning 07 green wood. . he burning proouced iarge guantities of olack smoke. e
PAHs determined in the total solid particulate (TSP) included acenaphthene, benz-
{a)anthracene, acenaphthylene, benzo[alpyrene, dibenz[a,hlanthracene, benzo[b]-
fluoranthene, pyrene, chrysene, benzo[k]fluoranthene, phenanthrene, benzo[g.g.i]-
perylene, and o-phenylenepyrene (indeno(l,2.3-c,d]pyrene} (}isted in approximate
order of decreasing yieid). Fluorene and naphthale¢ne we-e detected but hot quanti-
tated. Product yields are listed in Table 4-3 (15).

Of the PAHs released by burning, benzo[a)pyrene and dibenz[a, h]anthracene are the
strongest carcinogens. Benz{alanthracene, benzo[k]fluoranthene, chrysene, and o-
phenylenepyrene were the other carcinogenic PAHs identified (15). Creosote itsei”
nas been associated with human skin cancers and is an animal carcinogen; however,

crepsole-impregnated wood poses littie or no danger io humans (1.8).
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Taple 4-3
PAHs IN AIR TOTAL SCLID PARTICULATES DOWNWIND FROM OPEN SURNING

OF CREQSOTE-TREATED RAILROAD TIES OOQUSED
WITH NO. 2 FUEL OIL (15)

Concentration in Total®

Components Formula Solid Particulate, ppm Carcinogenic
Acenaphihene Ci2Hi0 ~ 1380-3380 no
Benz[a)anthracene CigHiz ~ 55C-1260 yes
Acenaphthyiene Cyz2He ~ 290-340 no
Benzo(b]fluoranthene CooHi2 ~ 10-690 yes
Benzo(a]pyrene CagHiz ~ 10-690 yes
Divenzla, hJanthracene o ~ 10-690 yes
Pyrene P ~ 10-690 no
Chrysene CoaH12 ~ 50-470 yes
Benzo[k]flucranthene CaoHyz ~ 5-230 no
Benzo[g.h,ilperylene CaaHy2 ~ 50-130 no
Phenanthrene CieHyo ~ 50=130 no
o-Phenylenepyrene; Caa¥Hia ~ 50-130 yes
Indeno(1,2,3-cd]pyrene
Fluorene CiaH;0 Not guantitated no
Naphthalene C.oHg Not cyantitated sustact

Attt

aRange given for three or four runs based on the ratio of the specific PAH concen-
tration to the concentration of total sclid particulates in air.
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CICYANOIAMIDE

CASRN: 461-58-%

Synonyms: Cyaroguanidine; dicyanodiamide; dicy.

General Information

Molecular Formula: CaH Ny

Structure:

NH
N
NH, CNHCN

I
]
9
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Paper web is impregnated with dicyandiamide and may (1) or may not (2) be heated
{e.g., 50°C for 0.5 hr) to dry. Heating in air for 15 hr at 135°C may cause some
chemical bonding to the cellulose (< 20%). HN-containing Compounds like dicy "block
carbonyl groups and inhibit the chain reaction of oxidation and the thermal de-
struction of celluiese.” Amino groups "block aldehyde groups” (3).

Uses: Dicyandiamide is used in the manufacture of melamine, barpiturates, guani-
dine derivatives, Tertilizers, dyes, explosives, fire-procfing :compounds, case-
hardening preparations, cleaning compounds, and soldering compounds. It is used
as a stabilizer for nitrocellulose and detergent compositions, as a modifier for
starch products, and as a catalyst for epoxy resins (4,5}.

Paper products produced from iignocellulose pulps are commonly used to insulate
various electrical apparatus, e.g., as dielectric spacers in cacacitors or insulat-
ing sheet for transformer windings. The entire capacitor or transformer winding is
typically immersed in a liguid dielectric such as petroleum oil, waxes, or chlori-
nated hvdrecarbons. Various U.5. patents describe methods in which the thermal
stability of finsulating papers are improved by treating or impregnating with N-con~
taining compounds (such as dicyandiamide or melamine) and/cr a protein such as
casein or soybean protein (1J.

Qicyandiamide is preferred because 1t is "a particularily good nitrogen-donor to
cellultose and therefore a good thermal stabilizer, it is readily available, and it
is economical” (1). Optimal concentration of dicyandiamide is 2% based on the

weight of the paoer (3).

Thermal Qecomposition Mechanisms

No information was found.

Summary of Experimental Studies Reviewed

No information was found on the pyrolysis or combustion of paper impregnated with
dicyandiamide or on pyrolysis or combustion of dicyandiamide itself,

References
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KAPTON
CASRN: 25036-53-7

Synonyms: Pyromellitic acid-bis(p-aminophenyl ether) copolymer, polyimide SRU;
Poiy{(5,7-dihydra=1,3,5,7-tetraoxobenzo(l,2-c:4,5-c' Jdipyrrole-2,6(1H,3H)-diy1)-
1.4-phenyleneoxy-1,4-phenylene] (9CI); Poly[{exydi-p-phenylene){pyromeiiitic
diimide)]); Benzo[1l,2-c:4,5-c']dipyrrole, ceriv., polymer (9CI}; Bis(4-aminopheny))
ether-pyromellitic annydride polymer, SRU; 4 ,4'-Diaminodipheny! ether-pyromeilitic
acid copolymer, polyimide SRU; 4 4'-Oxydianiline-pyromellitic anhydride polymer
SRU: Poly[N.N'~{oxvoi-c-phenyiene)pyromellitimide]. Polymer SP; polyiN . 4'-7¢ 2'-
oxyciphenylene)pyromellitimide];, Polyimicde PM; PM (polyimide).

Trade Names (producers): Kapton, Kapton H (0uPont); Vespe! $P-]1 {(DuPont)

General Information

Molecular Formula: (szHloﬂzos)n

Structure o7 Honomers ang Polvmer:

0 2
0 0
Pyromellitic anhydride 4,.4'-Biaminodipheny’ ether
r 1

>
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Uses: Thermoset polyimides are advantagecus in thin-film products. Major applica-
tions are those requiring high quelity and performance such as the aercspace and
electronics markets. Electrical applications--Vespel (molded parts) and/or other
polyimides such as Kinel (molded parts) and Kerimid 601 (laminates) are used in
high-reliability printed wiring boards, integrated circuit carriers as a substi-
tute for ceramics, and automotive parts that require thermal insulation such as
wires in electric motors. Kapton film is used in electric motors "where size is
important.” Jt is used tc insulate aircraft and missile wire cable, flat flexible
cable, and magnet wire, and used as spaghetti tubing. Polyimides may also be used
to coat semiconductor devices and electrical components (1).

"OuPont's Vespel SP-1.. has been used as an insulating materia} in molten salt
electrochemical power sources which operate at internal temperatures in excess of
400°C" (2).

Thermoptastiz polyimides may be used as fibers, film, laminates, or foams. Elec-
trica! uses include laminates for printed circuit boards. Cast films are being
cevelopeo for use in “lexitie printed circuits 2nd insulaticn for wire, cable.

and electric motors (1).

Thermal Decomposition Mechanisms

Pvrolysis. Therma! cegradation occurs very drastically in the first few minutes

and gradually levels off. Onset of the two stages of pyrolysis depands on the
heating rate. Most weight loss (~ 40X) occurs during the first stage (below 700°C),
The second stage occu~s at ~ 900°C and is associated with ~ 4.5%X weight loss (3).

First-stage reactions include cleavage of {-N and ether (-0 bonds. Homolytic
cleavage of C-N bonds might be followed by CO elimination and formation of nitrene

and tenzyne intermediates (3).

"Uncyclized rings® (that ig, monomer units wherein an imide ring did not form and a
free carboxy! group is present) may make a "soecial contribution to the degradation
reactions of polyimides.” There appears to be one uncyclized ring per 8 to 9 poly-
mer units. Polyamic acids may denydrate or decarboxylate on heating. Hydroiytic
57785900 with retease of CO; may occur when water is present. The proposed mecha-
nism gces not actount for the prasence of methane in the products formed from
c-~giysis at 700°C. Hydrogen may be stripped from aromatic rings at temperatures

§00°% (2).

MONS 217923



——

The following mecnanism was proposed to account for the products formed on pyroly-
sis at 512°C in nitrogen. Loss of CQ, from the imide carbony! groups leaves free
radical -C:N= linkages, which ultimately leads to bond breaking and formation of
free nitriles. Loss of CO from one imide carbony! group leaves the polymer intact
with the remaining amide linkage. Free radical cleavage of the ether linkage of
the polymer followed by H atom abstraction gives N-hydroxyphenyl substituted imide

molecules (33

The second stage of pyrolysis may involve formation of a highly conjugated arc-
matic network from dimerization and trimerization of benzyne intermediates, This
network may be responsible for the very stable, electrically coenducting material
formed by pyrolyzing Xapton [conductivity is 12 (ohu-cu)‘l] (3).

A large fraction of the original N content is still present after pyrolysis even
at BOD®C; therefore, graphitization is minimal (B).

Combustion. HNo information was found on combustion of Kapton, but its therma)
oxidative degradation at ~ 400°C nas been studied. FiIm aged at 400°C +n air for
a2 short time undergoes extensive crossiinking during the eariy stages =¥ oxicei in.
Crosslinks are too stable to be amide functions. The aryl-ether bond is possibly
broken (7),

The major crosslinking reaction apparently occurs through coupling of the dipheny)
ether units efther by a direct dehydrogenation reaction or by cleavage of the
aryl-ether bonds to give phenolic groups that undergo subsequent reactions. The
pyromellitimide ring is degraded, forming phthalimide and other ring structures (8).

During oxidation at 400°C, loss of the dipheny! ether units is the fastest pro-
cess, with 50X of the units having reacted at only 2 to 3X weight loss. This
supports the Zrosslinking mechanism. Within the first 3 hr, ether cleavage,
dehyarogenation, and pyrome:litimide destruction reactions all proceed at approxi-
mately the same rate. After that time, the yield of insoluble polyamines remains
apout the same, but the yields of soluble aminophenols and modified pyromelliti-
mide units increase up %o about 10 hr before leveling off. The polyamines, con-
taining the ether linkage, are probably intermediates in the formetion of the
aminophenols. Since these reactions are much astear than volatilizatien loss, tne
dégradation products are from "chemical structures completely different from those
of the original polymer." volatiles come largely from the modified structure (3).
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Besides inducing free radical crosslinking, O, may react with polymer to give a
GQuinone structure in the aromatic ring attached to the imide N. Further oxidation
cleaves that ring to a dicarboxylic acid; heat converts the guinone structure to a
char plus carbon monoxide (5).

Summarv ¢f Experimental Studies Reviewed

Pvralysis. Most weight ioss (~ 40X) occurred below 700°C within the first few
minutes of heating [at least at that high a temperature]. A second stage of ther-
mal decomposition began about 9C0°C but was associated with only ~ 4.5% weight

loss (3). Weight loss was lTow {5 5X) after heating for 75 hr at 300 to 350°C but
became "catastrophic” (~ 20X} by 400°C within 50 hr (10). Heacock and Berr (1965)
{1l) reported that Kapton completely disappeared after heating at 500°C [time not
given in secondary reference]. The only mechanistic explanation for the source of
the major pyrolysis progucts, CO, and CO, was given by Arnold and Borgman (1972)
(2), who suggested they came from two imide groups and one imide carbonyl group,
respectively. Dther inorganic gases formed at 350 to 700°C were hydrogen {M,),
water (H,0), and hydrogen cyanide (HCN). Benzene (CqHg), phenol (CgHgOH), and
benzorit=ile (C H,CN) warn reoorted in this ranoe, tro. Methane (K,) was repprte~
in the volatiles after pyrolysis at 700°C (4). Two reports mention detection of
terephthalonitrile {1,4-dicyanobenzene} [CoH, (CN),] at 350-470°C (5) and 600°C
{12). Arnold and Borgman (1972) (5) tentatively identified the mass peaks 168-170
as dibenzofuran after pyrolysis at 350 to 470°C. Additiona) products identified

by Humme! &t at. (1977) (12) after pyrolysis at 600°C ware p-aminophenol (H,NCgH, OH),
phenyl isccyanate (CeHgNCO), phthalimide and five substituted phthalimides, p-amino-
phenyl phenyl ether {H;NCqH OCgHg), three substituted pyromellitimides, and a char.
The fact that pyrolysis of Kapton above 700°C gives a highly conductive material
suggests that a highly conjugated aromatic networx forms, resulting from dimeriza-
tion and trimerization of benzyne intermediates [3). The char formed from H film
pyrolysis at 800°C contained 7% N, 12X 0, and 3X H (13).

Comhustion. Information on combustion produc:s was not found. Most studies on
tnermal oxigdation of Kapton and other forms of ihe same polymer focused on the
mechanism. After the polymer was heated in air at 300°C for 7 hr, 7.9% of its
weight was lost, 95X of the Joss was evolved in the first half hour. The liquid
gistillate comprised reaction solvent {dimethylacetamide), polymeric material, angd
traces of water. Gases evolved were CO and C0,. Part of the oxygen consumed was
retained by the polymer (14). Crosslinking accompanied by 50% loss of the diphenyl
ether units occurred within 5 hr at 400°C while oniy 2 to 3% of the polvmer's

=il
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weight had been lost. At 40C°C, the pyromellitimide structure degraded befare

volatiles were emitted (9).
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NITRILE RUBAER

CASRN:  9003-18-1
Synonyms: Acrylonitrile-butadiene copolymer; NBR rubber; nitrile-butadiene rubber.
Trade Names {producers): Paracril (Uniroyal); Mycar (8. F. Goudrich).

General Information

Molecular Formula: (CoMgN)

Structure of Monomers and Polymer:

CHy:CHON ¢ CHy:CHCH:CHy ——s ~CHyCH: CHCM; CHyCHI—
Acrylonitrile Butadiene é" -

Uses: High acrylonitrile content: o0i] well parts, fuel tank liners, fuel hose,
gaskets, packing oil seals, hydraulic equipment. Medium acrylonitrile content:
gene-21 mu=pnce oil-registant appiications. shoe sotes, kitchen mats, sink teopira,
printing rolls. Low acrylonitrile content: gaskets, grommets, O-rings (flexible
at a very low temperature), adhesives. Binder fuel in solid rocket propellants (1).

Thermal Decomposition Mechanisms

No information was found.

Summarv of Exoerimental Studies Reviewed

Purglvsis. Major ‘oentified products after pyrolysis at 390°C were NM, ang HCH
(each in ~ 5% yield). Traces of hydrogen (H;), methane (CH,), and C; to {y hydro-
carbons (mostly C, to C,) were detected in the gases. A liguid product (generally
produced in ~ 50 to ~ 70X yield) contained unidentified chain fragments. The resi-
due was not characterized (2). The monomers were generally detected after pyroly-
sis at 500 to 1000°C. Czybulka et al, (1981) (1) who pyrolyzed nitrile rubber at
300°C, gave the most extensive list of other products: HCN; acetonitrile (CH,CN),
propionitrile (CHyCHoCN); and C; to C,o hydrocarbons including toluene (CgMsCH,),
styrene {CgHgCH:CH;), ethylbenzene (CgHgCyHg), cyclopentene or pentadiene, and
pentane. At 590°C, Shimono et al. (1980} (4) found C, to C; hydrocarbons; buta-
diene {CH,:CHCH:CH,), acetonitrile {CH4N), and methacrylonitrile [CHz:C(CHa)CN]
among the pyrolysis products.



Pyrolysis at £10°C of a nitrile rubber containing 33X acrylonitrile (AN) gave the
monomers (more butadiene [BD] than AN), AN dimer and trimer, 80 dimer and trimer,
an AN-BD fragment, and a BO~AN-BD fragment (3). Monomers and vinylcyclohexene,
as a minor product, were delermined in the products from pyrolysis at 770°C (6).

After pyrolysis at 1l000°C, fragments containing one unit of acrylonitrile and one
to three units of butadiene predominated over fragments with one to four units of
butadiene. The monomers were the major products (7).

Combustien. Mo information was found on combustion of nitrile rubber.
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NOME X

CASRN: 24938-60-1

Synenyms: Poly(iming-1,3-phenyleneiminocarbonyt-1, 3-phenylenecarbonyl). Poly-
(imihc-g-pneny1eneiminoisophtha]oyl); Poly(m-isopnthalamide); m-Phenyienediamine-
isophthaiic acid polymer, SRU (structural repeating unit); Isophthaloyl chicride-
m~phenylenediamine polymer SRU, Phenylone polymer; Nyion HT.
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Trades Names: Nom.g; Nomex 410, Nomex 450. Aramid K3 305, Aramid XS 105. Con.x"
Kennekkusu; APH 50,

Ceneral Information

Molecular Formula: (C,4H oN202)

Structure of Monomers and Polymer:

HaN | : NH,

Isophthalic acid (R = OH) 1,3-Phenylenediamine
Isophthaloyl chloride (R = C1)

Moo

NOmarx

n

Uses: Nomex paper, with or without mica flakes, is used to insulate high perfor-
mance electrical motors, special transformers (e.g., high-voltage dry-type trans-
fermers), and aircraft generators. The nonmeiting, self-extinguishing Nomex paper
is usefyl up to 180°C. Nomex fibers are also used for ajrecraft structures, protec-
tive garments, and other uses requiring high thermal stability such as filter bags
for hot stack gases (1-4).

Therma! Decomposition Mechanisms

Pyrolysis. Water loss may occur from chain crosslinking during Nomex pyrolysis at
300 to 400%C, Possible reactions are condensations between terminal amino and
carboxy) groups, between chain amide or amino end groups and carpoxyl groups, be-
tween amide and isoimidge groups (tautomeric forms of amide groups), and between
two carpboxylic acid-terminated chains to give anhydrides. In this temperature
range, decarboxylation of end carboxy)l groups is the most Tikely explamation for
carbon dioxide evolution (5.6). At least some, if not all, of the water evolved
below about 400°C is probably due to water adsorbed by the polymer (6.7).
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Products appearing at 400 to 430°C--benzoic acid, 1,3-ghenylenediamine, aniline,
penzanilide, and N-(3-aminopheny))be~zamide--can be accounted for by heterolytic
degradation of chain end and penultimate amide groups and by homolytic amige bond
cleavage. Benzonitrile, which is aiso produced in this range, forms from homo-
Tytic cleavage of the aromatic C to amido N bond followed by protonation to give
the amide and then dehydration to give the cyano group. [The results of Chatfield
et al. (6) indicated that the dehydrazion of amides is the major source of H.0.)
The latter sequencea of reactions could also give additional aniline, benzanilide,
and N-(3-aminophenyl}benzamide (5). Oehydration of amide groups can also account
for formation of 1,3-dicyanobenzene {isophthalonitrile) and 3-cyanobenzoic acid
(8). At 475 to 500°C, 1,3-dicyanobenzene is evolved, probably from the same kind
of reaction sequence that produces benZonitrile. Larger amounts of water are also
evolved (5).

Ehlers et a). (1) proposed a major route for the initjal thermal degradation of
aramids that invoived cleavage of the C-C bond betwesn the aromatic ring and the
carbony! group carbon te give an aromatic isocyanate. Brown and Powe= (S) consiag-
ered this mecnanism unlikely since no isocyanates were detected in tne prooucts.
Chatfield et al. (§) did not consider isocyanate formation at all.

The following reactions were proposed by Chatfield et al). (6} for thermal degrada-
tion of Nomex (I}. [Note: In all formulas, CqH, represents an m-phenyliene group.]

i NHCOCGH CONHCqH, —F—  Sl-tiedvage > ~~NHCOC4H,CONHg + CgHy="~
() 8 2) H atom apstraczion (10

rp Jehydration,  _\4COCLHN = NCCgH(CN  +  KaD
1,3-0icyancbenzene

I + H-_.O — ““NHCOCgH‘cezH + HZNCEH"""""
I

111 Qecarboxvlation -NHCCCgHs = €O,
Iv

117 ). Gleavage > NCCgH(CO,
2} H atom absiraction i-Cyancbenzoic acid

<16
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;  Cleavage,  jueoC '+ NHCGHNH - -
Iv

Iy ————> ~NHCOCgH, =+ €D

Combustion. Molecular oxygen apparently reacts extensively with Nomex during
therma) degracdation in air. For example, at 550°C recovered products contained
42.9% oxygen based on the weight of the original sample, whereas the original
sample contained only 12.5% oxygen. CO, C0,, and H,0 account for most of the
oxygen uptake (6}.

Summary of Experimental Studies Reviewed

Pyrolysis. Carbon dioxide, water, and carben monoxide were the major inorganics
evolved from Nomex pyrolysis according to mest reports. Ehlers et al. {7} and
Chatfield et al.(8), however,K reported that thorough drying of Nomex samples before
pyrolysis would preclude water loss during pyroiysis, at least up to 380°C.

Hydrogen and hydrogen cyanide were major inorganics evoived from pyroiysis acove
500 or 600%C. Minor inorganics included cyanogen, ammonia, and nitrous oxide
(3,7).

Organics usually found in major amounts among the volatile products evolived during
pyrolysis below 500°C were benzene, toiusne, benzonitrile, 1,3-phenylenediamine,
benzoic acid, and aniline. Above 500°C, toluene became a minor product and i,3-
dicyanobenzene became a freguently determined, and¢ often major, product. N-(3-
Aminopneny | )benzamige ano 1,:i-pnenyienecgiamine were major progucts ‘rom ovroliysis
at 600 and 700°C.

Trace to minor organics reported included C, to C, alkanes or alkenes, acetylene,
nitriles incluging 3-cyanctoluene (3-tolunitrile), bipheny) and its 3-cyano and
3-amino derivatives, and phenyl isoCyanates.

The residue became more aromatic between 450 and 550°C. Loss of most of the hydro-
gen and cxygen by 1,000°C lef. a cha- whose molecular formula approximated C, NH.
The charred residue compriseZ acout 50% of the original polymer weight after 4 min
at 1.000°C under heiium (6.8).
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Products and their yields for the temperature ranges 300 to 481°C and 500 to

1,000°C are given in Tables 4+4 ang 4-5, respectively.

Combustion: Quring thermal degragation in air or oxygen, Nomex lost weight rapidly
in the range 400 to 600°C and was entirely consumed by 1,000°C (6). Volatile prod-
ucts recovered from degradation at 300 to 1,0009C were primarily water, carbon
dioxide, and/or carbon monoxide. HCN at 1.2 weight % (based on the weight of the
original sample), acetone at 4.2 weight X, and an unidentified compound ¢f molec-
ular formula C;oH;, at 7.2 weight X were recovered from flaming combustion and
represent the only other products identified in amounts exceeding 1% at any tem-
perature studied. Nitriles, benzene and substituted benzenes, benzoic acid,
3-cyanobenzoic acid, acetaldehyde, acetic acid, alkanes and alkenes, hitromethane,
NO, N,0, and cyanogen comprised most of the remaining combustion products. Oetails

are given in Tadbie 4-6.

3-:8
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NYLON b

CASRN:  25038-94-4

Synonyms: Poly(iminocarbonylpentamethylene): polycaproliactam; polycaproamide;

caprotactam polymer.
Trade Names {producers): Capron (Allied Corp.}); Fosta (American Hoechst}; Ultramid
(Badische Corp.}; CRI (Bemis Co.); Firestone (Firestone); Enkalon; Grilon (Emser

werke); Mirlon; Perlon; Phrilon; Amilan (Taray Ind., Inc.)

General Information

Molecular Formula: (CSH“NO)n

Structure of Monomer and Polymer:

Wo —ENHCO(CH, ) s 3=
th Nyion &

g-Caprolactam

Uses. Nylon 6 is ysed in bearings, gears, bushings, coil forms, brush backs,
tubing, and tape {1). It is widely used in meat packaging (2). Nylon plastics
are used in numerous consumer products, including tire cord, fishing lines, tow
ropes, garden hose, and woven fabrics (3). In general, nilons have their biggest
=arreTtz ‘n Tne sutomotive industry for applications such as electrical connectors.
wire jacketls, emission cannisters, and lignt-guty gears. Zieciricai ano 2:ec7-imis
applications use large amounts of nylons. Fire retardant (UL34 V-0) nylons are
useg in the electronic and electrical fields. Nylons are used for plugs, connec-
Tors, wire devices, terminals, cable ties, wire jacketing, antenna mounting de-
vices, and power tool nousings {2). In wire and cable appliications, nylons are
used as jacketing unde-w«hich the primary insulation is polyethylene or poly{vinyi
chloride) (4).

Thermal Decomposizion Mechar isms

Based on mass spectral gata, water elimination (-18 amu), loss of the acid amige
group {-44 amu) after rearrangement, and loss of methylene groups from longer poiyv-
amices (-42 or -36 amu) by cis-elimination form most of the decomposition ofooucts
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Polyamides and copolyamides with & large number of methylane groups favor gecompo-
sition by cis-elimination and cleavage of the amide bonds (5). Nylons apparently
degrade initially by random chain scissions of bonds between N and carbanyl-group
C (the weakest link}, between N and methylene-group C bets to a carbonyl group
{the second weakest 1ink}, and between C's of adjacent methyiene groups beta to a
cartbenyl group. In addition, hydrolysis produces amines and carboxylic acids.
Decarboxylatian of the latter is the source of most of the CO, evolved, Nitriles
arise from dehydration of amides (6).

Summary of Experimental Studies Reviewed

Purolysis. Recent reviews 1jst thermal decomposition products of polyamides as

carbonaceous residue and volatile products such as NHM,, nitriles, amines, cyciic
ketones, esters, C0, CO;, Hz0, hexamethyleneimine (hexahydro-1H-azepine), hexyl-
amine, heptylamine, and methylamine (7 ,8).

Chtani et al. {1982} (9) generalized about the kinds of products generated from
pyrolysis of various nylons ¢t 550°C. The major differences were that cyclopen-
vanone is a prevalent degradation product if adipic acid was one of the starting
materials and that those mononitriles formed that contain one amide group nave
different structures depending on the starting materials. If the nyion has been
manufactured from an w-aminocarboxylic acid, tne mononitrile with one amide group
has the CN group in the N-aikyl portion of tha molecule (I and II)

CHa(CHz)  CONH(CH,) CN (I

CHa:CHM(CHy ) _,CONM(CHp) CN (11}

If the nylon 1s a condensation product of a diamine and a dicarboxylic acid. the
mononitrile with one amide group has the CN groups in the carboxytic acid grouo of
the amide (Il and [V):

CH;(CH,)'NHCO(CHz)nCN (IID)
CH=:CH(CH,)E_INHCO(CH,)ECN (iv)
Jtner products of nylon pyrclysis iclude saturated hvdrocarbohs, o-otefins {which

give the strongest intensities of tne hydrocarbons), w-gienes, mononitriles with

either a saturatec carbon chain or an ~alefin chain, lactams, ginitriles, and
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hydrogdrdons ~1LD gne amice Jroun with an w-dounle bONC in tme carzoxy' grouo 4na

with Or without an w-double bond in the alky! substituent (9).

Pyrolysis of nylon 6 (pelycaprolactam) at 530°C gave a strong peak for caprolactam
and Jesser peaks for Cq mononitriles and for Mononitriles with one amide group (9).

Other studies report nylon 6 pyrolysis products that inciude caprolactam dimers,
trimers, tetramers, etc. {10.11) [at 30 to 400°C). gahr et a). {1984) {5) found
oligomers containing up to 16 repeating units (M) in the pyrolysis products from
nylon 6 degraded at 50 to 600°C. Most products took the forms [My . + Na]®,

IMn +x]7, and [Mn . H]*. The most abundant [Hn + Na]+ had n =5 to 7. Ffor LI

- - - -
Na = Hz0] , the most abundant species had n = 8 or 9,

Combustion. Ko specific information was found on nylon 6 combustion products.
The flash-ignition temperature of nylon €& is 420°C; the self-ignition temperature
is 450°C (7).
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NYLON 6,6

CASRN: 32131-17-2

Synonyms: Poly{hexamethylene adipamide); hexamethylenediamine-adipic acid copaly-

mer; poly(imingcarbonylbutylenecarbonyliminohexamethylene}.

Trade Names (producers): Celanese (Celanese Corp.}; Zytel (DuPont); Vydyne (Mon-

santo); Marany] (Imperial Chemical [ndustries),

Genera! [nformatiaon

Molecular Formula: (C,:H:?N:OQ)W

Structure of Manomers and Polymer:

HaN(CHz ) g NHz HO2C(CHz)4COoH

Hexamethylenediamine Adipic acid

1} 1}
—SNHC(CH ) (CNH(CH, Do 3

Uses: Nylon 6,6 is used for bearings, gears, bushings, coil forms, brush backs,

rod, and tubirg (1)

Thermal Oecomposition Mechanisms

General information for nylons is discussed under nylon 6, above. Cyclopentanone
may be produced after chain scission gf the carbonyi-nitrogen and methylene-
carpony! links give the reguisite S-carbon precursor ar from cleavage of an end-
grout adipic acid followed by decarboxylation and cyclization.
ates some of the products

Hydrolysis gener-
At Tower temperatures, chajn scission predominates,
with aroduction of cyzlopentanone and CO. Temperatures around 600°C produce
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cyclohexans, alefins, and fragments with intact amide groups (al! fragments with
m/e ¢ 140). Jellinek and Dunkle (2) presented the following schema for therma)
degradation af nylan 6,6:

Lower temperatures:
0 X :
. Co - ]
~ €~ NH(CHz )gNH =~ C(CHz )4 — CNH — (CHz)g == NHC~~ —

0 g 0 0
. I . i 1l no .
~ANH(CHa )gINH  + C{CHz)3CHz + -CNM(CHp)gNMC~~ + saaCNH  + cuz(cnzjsunﬂm
! Il 111 Iv v

“H
I —lp NHz(CHz)‘NHz

”_*q
b Q

. n
II] ey {0+ NH(CHz)sNHC\“ ————— HzN(CHz)sNHC e
iy

0
H i
IV ———s A {NH; ————+ LN+ Hy0

1]
V. ———+ (Ha:CH(CHz)4NHC

Q
H

2ICNHRE = 4,0 e 3000.d - RIMH,

RICO,H ——— RIH + CCa

Higher temperatures (> 600°C):
0 . ‘ 0 0 0
i 1 il il
~~CNH ==CHy = CH,(CHz ) (NHC(CHy ) (CNH{CHjp }gNHC ~~ ——

0 0

U] n
HON + ~~CNHy + ~CNM—(CHp)g — NH~~ + CHy ~
vl

o 0
1] 1]
ACNHy e (e N or “CN + Hp0

Vi ——— O anc;"‘Of‘ CH::CH(CH:);CHa + Hzo - ~CN
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Summary of Experimental Studies Reviewed

Pvrolvsis. Ohtani et al. (1982) (3) found cyclopentanone as the major nylen 6,6
pyrolysis product at 550°C. Miner products include caprolactam and a C, dinitrile,
8anr et al. (1984) (4) pyrolyzed nylon 6,6 at 50 to 600°C, identifying peaks corre-
spanging to [M,_, + H)", Mz_¢ + Na]+, (¥ + 28a)?” | and a very weak [M_ + Na -
Ho0]". Main fragments corresponded to (M, + Na - 48] [M, = Na - 84]‘? and (M +
Na - 110]" where 44 is a Joss of CONH,, 84 is a loss of (CH,),CO, and 110 is a _
loss of (CHy)(C0 and CN.  After Burns and Renschler [1984) (5) pyrolyzed nylon 6.6
yarn at 503°C, they identified major products as cyclopentanone, adiponitrile (ten-

tatively), and a "composite of caprolactam and an apparent homolog.™

Adams (1983) (6) reported the presence of the following mass spectral peaks (abun-
dance relative to cyclopentanone as 100%) after nylon 6,6 pyrolysis at 30 to 400°C:
143 (16%), 183 (15X), 227 (15X} (227 is the weight of the repeating unit), 343
(47X), 369 (31X), and 409 (25X). Except for the common occurrence of Cyclopen-
tanone, there was little agreement among the references as to the products formed
(al} three reports identified them by masc spectral ana’vedig),

Combustion. Jellinek and Qunkle (1983) (2) studied the evolution of MCN from ny-
lon 6,6 films during flash degradation at 289 to 695°C in air. The amount of HCN
evolved reached a maximum of ~ 14X of theoretical at ~ 500°C within 16 min. At
695°C, HCN evolution was much Tess than 15 of theoretical because of its oxidation,
which began at ~ 575°C.
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NYLON 6,10
CASRN: 9008-66-6

Synonyms: Hexamethylenediamine-sebacic acid copoliymer
Trade Names {producers}): Tynex

Genera! [nformation

Molecular Formula: (01,H30N20,)n
Structure of Monomers and Polymer:

Mo N(CHg ) gNHz HO,C{CH, ) 4CO2H

Hexame:nyienediamine Sebacic acid

—ENHCO(CH ) 4CONH(CH, ) g F—

Uses: Jacketing for wire and cable, spscial moided parts (1).

Therma) Qecomposition Mechenisms

No specific informetion wes found for nylon b6,10.

Summerv of Exoerimental Studies Reviewed

Pvrolysis. Ohtani et al. (1982) (2) found the following compounds in the products
from pyrolysis of nylon 6,10 at 550°C: caprolactam, C, to C, hydrocartons {Cg
major), Cg to Cq mononitriles (C, major), 1,10-decanedinitrile, and C;, to C,q
mongnitriles with one amide group {C;, major).

Combustion. No specific information was found.
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2. H. Ohtani, T. Nagaya, Y. Sugimura, and S. Tsuge. Studies on the Thermal
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NYLON 11

CASRN:  2%5038-74-8

Synonhyms: Poly{w-undecanamide)

Trade Names (producers): Rilsan (Rilsan Corp.)

General Information

Molecuiar fFormula; (C”H“NO)n
Structure of Monomers and Polymer:

HaN(CHy ), oCOLH ENHCO(CH2 ), o35

w-Aminoundecanoic acid Nylon 11

Uses: Elecirical insulation and other nylon uses where low moisture :zbsorption is
needed (1}). Mainly used for pressure moldings and fibers (2).

“hermal Jecomposition Mechanisms

No specific information was found for nylon 1l1.

Summary of Zxoerimental Studies Reviewed

Pvroiysis. Onhtani et al, (1982) (3) pyrolyzed nylon 11 at 550°C. The lactam pro-
duced from undecanamide geve the weekest peak. {ther weak peaks were ascribed to
Ci¢ to Csy mononitriles with one amide group and C, to C;, hydrocarbons with one
amide groudo. Intermediate-to-strong peaks were ascribed to (g to C,; mo~onitriles
with the ,, species predominant. C, and C, hydrocarbons were the most abundant of
511 species identified. (3 to C;o hydrocarbons were present in intermediate abun-

cance.

Campustion. No specific information was founa.
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POLYURETHANES

CASRN: QOependent on monomers

Synonyms: Urethane polymers

General! Information

Molecular Formula: Vvariable

Structure of Monomers and Polymer: Polyurethanes contain the carbamate or ure-
thane group -NHCOO- and are produced by reacting diisocyanates, e.g., toluene-
2,4-diisocyanata [CHyCuHa{NCO)z), with a so~called polyol or macroglycol based on
polyethers and/or polyesters or with a combination of macroglycol and a short-
chain glycol extander. Linear, tharmoplastic polyurethanes may have the general
structure:

2 3J
o . '
- 'f‘cl OCNH(;: - FNHCD}"n -

Crosslinked thermosat polyurethanes are prepared from isocyanates and poliyols of
functionality > 2. Crosslinking can also occur from secondary Teactions to give
ured linkages [-NHCONH3 and biuret linkages [~NHCON(CONH-)-]. The latter reac-
tions are common in water-blown polyurethanes (evolving CO, acts as a blowing
agent) (1).

Rigid foams are derived primarily from polymethylene polypheny)l isocyanate (PMDI)},
often Yinked with polyester polyois, Rigid foam from PMDI is preferred for
cemmercial refrigeration fnsulation, but nousehold refrigerators use a rigid fcam
based on toluene diisocyanate (TOI)
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NCO

NCJ NCO
i 1
—(H2 CHy
L n

PMCI

PMO[s are crude products containing 40 to 60X 4,4’ -methylanebis(pheny! isocyanate)
(MD1). Pure MDI is used in elastomers.

MO1

Flexible foams are primarily based on polyether polyols. TOI, PMOI, or PMDI-TOI

- - P Fao PP . N R
L 8nCy &Yt LU NWeT LIS ST TR e et e

About S0% of polyurethane coatings are based on TOIl with polyethers or polyesters.
Polyurethane alkyds, moisture-cured polyurethanes, and self-crosslinking agueous
polyurethane dispersions are other coating types (1).

Uses: Flexible polyurethane foams are used in furniture, transportation, bedding,
carpet unteriay, textile ‘aminates, and packaging (listed here in order of decreas-
ing U.3. consumotion in 1981). Rigid foams are used in building and construction,
reTrigeration, tarx and pipe insulation, transportation, packaging, ana furn-ture
{1). Polyurethanes are used to ename] magnet wire that will be used in soldering
applications. Polyurethanes may also be used to replace oil-modified alkyds used
in electrical equipment to bond windings for improved vibration resistance. Al-
though sevaral other synthetic resins are availaple for the purpose, polyurethanes
or spoxies are chosen when chemical resistance is important (2). Polyurethane foam
is among the materials tha: have been proposed as insulation for cryogenic resis-
tive cable pipe. (A cryogenic resistive cable is an insulated conductor ccoled to
reduce the electrical resistivity of the conductor. Cables are cooled ta cryogenic
temperatures, typically that of liguid nitrogen.} The feasibility of using poly-
urethane foam to insulate air-Cooled underground transmission lines has aisc been
studiec {3) A European reverence (4) listed pclyurethane among commercially

availaz' e organic zable insylatior and jacket mater‘:iis
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Thermal Decomoosition Mechanisms

Three pathways were proposed by Saunders (1959; cited by Hileman et al., 1975) (5):
(a) dissociation to the original polyol and isocyanate; (b} cleavage by a concerted
reaction, producing a carbamic acid (which further decemposes to an amine and CO,)
and an olefin from the polyel; and (c) loss of CO, probably accompanied by intra-
molecular recombination of the olefin and primary amine to give a secondary amine.
when Hileman et al. (1975) (5) pyrolyzed a polyol-TOIl polyurethane, only pathway
{a) appeared to be operative below 300°C. Pathways (a) and (b) were operative
acove 300°C plus other secondary decompositions. Lack of volatile seconcary or
tertiary amines seemed to indicaie that if pathway (c) were operative, it occurred

without peclymer chain cleavage.

Grayson et al. (1582) (5) proposed the following scheme for combustion of polyure-

thane foams:

jow heat
il
Polyurethane o Char
heat
i) 1
Polyol

Isocyanate

pol ey S T A

co Alkenes Ha 0 Aldehydes
Yellow Smoke -—21—* C0, AlLynes Ketones
NO H,0 Acids
X
= { |
T neas
. >
' - heat »>Black Smoke
HCN
—p CH3CN

CHy:CHON, etc.

Summarv of Experimental Siudies Reviewea

A1 the information found was on flexible polvurethane foams, r_stly based on TD!

and polvether polyols
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Pyrolysis. At 300°C, flexible polyurethane foams based on TOI and a polyether
polyol evolved a yellow smoxe containing all of the nitrogen from the polymer.
About 30% of the original polymer weight is lost (7). The yellow smoke, which was
stable up to ~ B00®(, appeared to contain compounds with polyether linkages, iso-
cyanate groups, and possibly ureido linkages and amino groups (8). (0 was also
evolved at 300°C with a two-step pyrolysis at 300°C, then 1000°C, giving less CO
than if the polymer was heated in one step at 1000°C (7). }he major volatile
products (other than the yellow smoke) cbserved by Hileman et al. (1975) (5} when
a polyurethane was pyro;yzed at 300°C were H,0, propene (CH;CH:CH,), and CO, (in
order of increasing amounts). At 500°C, CO,, acetalagehyde (CH,CHO), propiconalde-
hyde (CH,CH,CHO}, and propene were found (in order of increasing amounts). At
750°C, which was still below the temperature at which the yellow smoke decomposed,
the products found (in order of increasing amounts) were lower alcohols {CH,0H ang
CHaCHoOH), CO, CO;, CH,, Ha0, C; to C, saturated and unsaturated hvdrocarbons,
acetaldahyde, and propionaldehyde (35).

Pyrolysis at 800 to 1000°C gave HCN, benzonitrile, acetonitrile, pyridine, and

e:m.?.\-n-'a_--",r e mmlae e e, T L

r
ITONILTT oETILLIt: (iTtEL. b

£ T PULLUITS TRTLUQEG g LG L4 SETul Aled
and unsaturated hydrocarbons; other C; and C; nitriles and cyanotoluene; the aro-
matic hydrocarbons benzens, toluene, styrene or cyclooctatetraene, napnthalene,

and indene; and the heterocyclic aromatic compounds pyrrole, methylpyr-cine, vinyl-

pyridine, and quincline or isoquinoline (7,5).

Propiona;dehyde, propens, and acetaldehyde were the major products found by Hileman
et al, (1§875) (5) after ~ 30% weight loss from pyrolysis at 1000°C. They also
‘oun¢ mors of the other products detectsd at ?59°C. P2-ecumably, decomoosition at
1000°C was the source of the nitrogenous products raportea: TOI, toiuenediamire,
dicyancbenzene , benzonitrile, and other nitriles. Other pyroiysis products were
toiuens, benzane, styrene, xylene,k alcohols, ether alconols, ethers, and acetone
(yields ware not calcuiated although labeled chromatograms are given in the
reference).

About 50 products from pyrolysis of rigid polyurethane foams ware identified in a
1985 review (10).

Combustizn. Ouring full-scale compustion of a colyoi=30] poiyu-ethane, the tem-
perature attained at least 1000°C within a few r nutes. Hydrogen cyaride (HCN)

yieids reached a maximum cf C.3% and representec a t0xic hazard comparable to that
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of the CO generated within the first 5 min, After that time, HCN yields dec!ined.
possibly due to a rapid loss of yellow smoke, leaving the polyo) residues. The (O
concentration (total ~ 8X) remained steady from ~ 5 to 20 mfn of burning (7).

Boetiner et al. (1973) (11) reported that combustion Josses of C0, and CO ware
nigher than those of propene, HCN, and aldehydes. Yields of acetone, hydrocarbons,
and methanol were even lower. Woolley (1973} (7) remarked that the same products
{HCN, nitriles, N-containing heterocycles, and lowar and aromatic hydrocarbons)
were form2d from combustion as from pyrolysis, but that thay were formed at lower
temperatures during combustion.

About 90 combustion products from rigid polyyrethane foam were identified in a

recant review (10},
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Section 5
SULFUR-CONTAINING MATERIALS
See also creosote in Section 4, Nitrogen-Containing Materials.

CHLORQSULFONATED POLYETHYLENE

CASRN: 9008-08-6

Synenyms: Rubber, synthetic, chlorosulfonated poiyethyiene; Chiorosulfonated poly-
ethylene synthetic rubber; CSPE.

Trade Names (producers): Hypalon; Hypalon 40 (E. I. du Pont de Nemours, Inc.):

Juiedex.

General Information

Molecular Formula: Best rubber properties: 30 to 35X C) and 0.8 to 1.5% suilfonyl

sulfur,

Structure of Starting Materials and Polymer:

. CHgCH CHyCHp -+ 201, » S0y =  “CH-TH,CHyTH =« ZHCI
Cl 0=5=0
{
C1

CSPE may be crossiinked by use of Pb0, Mg0, or tribasic lead maleate with a sulfur-
containing accelgrator, usually dipentamethylensthiuram tetrasulfide. It can also
be cured with epoxy resins. A crossiinked polymer useful for wire coverings for
bare copper or use with lead in hose and cables can be prepared by the use of metal
oxides or hydroxides, rosin acids, and a free-radical scavenger such as a nitros-
amine, nitrosohydroxylamine, or hindered phenol (1).

Uses: fiectrical uses include wire and cable (appiiance cords, ignition wire,
telepnhone rangset cords, and weatherproof wire). An important use is for fiexible.
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decorative, and protective coatings for fabric, metal, ruybber, masonry, and other

surfaces (1).

Chlerosulfonated polyethylene is preferred over neoprene for jacketing of insulat-
ing cables for Tixed installations. The CSPE jacket replaces part of the conductor
insulation. When color coding is desired for open-pit, portable mining cables,
pigmented CSPE jackets are used (2). Hypalon is now widely specified for sheathing
oil-drilling platform canles instead of poly(vinyl chloride) (3).

Cther uses inClude weather stripping and automobile window channels: leather-like
coated fabrics, floer tile; automotive products such as distributor caps, sparkplug
covers, and ignition wire jacketing; hoses for steam, water, and corrosive cnemi-
tals, chemica) tank linings; surfacing of conveyor belts; gaskets or diaphragms

reguiring resistance to o2one, the weather, heat, or oils, and adhesives ().

Thermal Decomoosition Mechanisms

5C,C71 groups are lost followed by dehydrochlorination to form & polyene. C(ross-
linking may occur by intermolecylar elimination of HC1 and/or a Diels-Alder type
reaction between two dehydrochlorinated polymer molecules. Thermal degradation
then proceeds principally by 1:5 hydrogen transfer. This gives (g3~ to Cg
l1-alkenes, Limited unzipping gives C.H,. Secondary pyrolysis occurs above 627°C.
Higher 1-alkenes formed during primary pyvrolysis are degradged to Jower-molecular-
weight products probably by dissociation of free radicals and intramolecular cyclic
dissociation. Above 727°C, further fragmentation, cvclization, and aromatization
3CTuUr; Aygrogen yie:das increase, - =03 -4 570CQUCIS JeCrease; I, SrCSUIIioR nani-
mizes at ~ B27°C; toluene yields decrease acove 827°C; benzene yields plateau in
the range ~ 700 to 1100°C; naphthalene yields reach thzir maxima about 847°C; anc,
finally, only small fragmentation products and large polynuclear aromatics are
r-esent (4).

Summarv of Experimental I:iudies Reiewed

°vrolvsis. At pyrolysis temperatures < 627°C, major products include C; to (g
i-alkenes anc HLi. For exampie, major Jroduzts at 437°C .ere reported as etnene
and.e:hane, prcosena and Propane, l-butene, 1,2l-putadiene, and toluene; at S37°7.
propene and oropane, ethene and ethane, benzene, and toiuene. Above 527°7, tne
itaikenes breax cown 1o lower fradments; thus, CH, apoears as 2 major procuc:

Acave TITOT -ozl-izvicn anc aromatiistion procusis are largelv Srecominen,
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However, the , (ethane and ethene) maximum is ~ 827°C. At 927°C, large poly-
Cyclic aromatic hydrocarbons are ameng products with high yields of benzene and
naphthaiene (4). The large polycyclic aromatic hydrocarbons detected were ace-
naphthene, fluorene, anthracene, and phenanthrene. O0ther products were styrene,
toluene, indene, 2- and l-methylnaphthalene, bipheny), and dimethylnaphthalene.

Combustion. No information was found on organics in combustion products. Combus-
tion of chlorosulfonated polvethylene {LSP) cable sheath material compounded for
reduced acid gas emission gave concentrations of the products in the order CO, >
Co > HC! > S0,. A standard type of CSP cable sheath material that had not been
compounded for reduced acid gas emission gave products with concentrations in the
order €0, > HCT > €O > S0, (3).
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SCLYSULFONE

Cr..AN: 25135-51-7
Synonyms: Bisphenol A - 4 4'-dichlorodipheny! sulfone copotlymer.
Trace Names (producers): Udel (Union Carbide).

Ger2~al Information

Molecular Formula: (CpsHp2504)
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Structure of Monomers and Polymer:

' ﬁ
OO~ OO

Bisphenol A 4 4’-Dichlorodipnhenyl sulfone
o
~O-O-~O->
CHa

Polysulfone

Uses: Electrical/electronic applications include connectors, auto fuses and
switcnes, housing, coil bobbins and cores, TV components, capacitor film, and

_structura1 circuit boards. In chemical processing equipment, polysulfone is usad
for corrosion resistant piping, both transparent and glass fiber bonded; for tower
packing; and for pumps, filter modules and support plates, and membranes. Poly-
sulfone is also used for camera and watch cases, battery cell frames and housings,
auto and aerospace components, water purification devices, medical instrumentation
and trays to hold instruments during sterilization, and food processing equipment
(1).

Therma! Qecomposition Mechanisms

Quring therma! and thermooxidative degradation of polysulfone, crosslinking and
chain-scission reactions are caused principally by reactions of free radicals with
tne aromatic nuclei. Iron and dipnenyioipropane (0PP) impurities arfect tne course
of therma! degradation of polysulfone. Both iron and OPP acceierate oxidation of
aliphatic groups and thermal decomposition. Thermal degradation products of DPP
destroy or retard crosslinking, reacting with the poiymers as low-molecular-weight

radicals. Iron impurities accelerate crossiinking (2).

Summary of Experimental Studies Reviewed

Pyrolvsis. Pyrolysis at 460 to 520°C caused a 62X weight loss of the polysulfcne
sample (3). Radiant pyrolysis of a sample containing up to 1% carbon black for

é min at 4 cat cm'z sec'1 left 31% char (4.,5). No chemica) products were
identified.
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Combustion, Thermal oxidation at 350°C for 80 hr caused less than 10% weight loss.
In the same period, ~ 70% was lost at 400°C (6). Combustion for ~ 0.5 hr at 400°C
produced tittle smoke, and the combustion products caused little sensory irritation
in mice (7). Combustion of polysulfone at < 450 to 750°C in an atmosphere somewhat
geficient in oxygen gave primarily (0,, C0, 50,, and a residue. The next most
abundant volatiles were methane (CH,), benzene (C4Hy), and toluene (C HCH,).

Minor amounts of ethyiene (CK;:CH,), ethane {C;Hg), ethylbenzene (CgHgCohg), and
styrene (LgqHgCH:CH;) were determined. Measured products accounted for 32.6% of

the sulfur content but only 60% of the total mass (3).

About half of the weight loss from polysulfone combustion was a liquid residue.
Some carbonyl sulfide (COS) was detected in the gases after combustion at 490 to
550°C, the range where 50, evolution was greatest. Phenol and phenyl p-toiyl ether
were the major combustion products at 1000°C. Hydrocarbon products fincluded tolu-
ene, ethylbenzene {or xylene), styrene, methylethylbenzene, indene, methylindene,
trimethylbenzene, naphthalene, methylnaphthalene, Bbiphenyl, and dimethylnaphtha-
lene. (Qther oxygen-containing products included benzaldehyde, benzofuran, methyl-
LenISTLran, Ciie otiuraa, oiphenyl etner {er zhepyiphenc'), cresu], etny ‘phens?,

and 2-hydroxyphenyl-2-phenylpropane {(8).
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Section 6

MATERIALS CONTAINING ONLY C AND H OR C, M, AND 0

BISPHENOL A EPOXY RESIN

CASRN: 25068-38-6

Synonyms: Bis(p-hydroxyphenyl)dimethyimethane-epichlorohydrin copolymer;
2,2-Bis{p-hydroxyphenyl)propane-epichlorohydrin condensate; Diphenylolpropane-
epichlorohydrin polymer; Epichlorohydrin-bisphenol A epoxy resin; Oxirane,
{chloromethyl)-, polymer with 4 ,4'-(1-methylethylidene)bis[phenol]; Phenol,
4,4'-(1-methylethylidene)bis-, polymar with (chloromethyl)oxirane; Propene,
l-chlore-2,3-epoxy-, polymer with 4 4'-isopropylidenediphencl,

Trade Names: Araldite 6005 (or 6010 or 6084 or GY250 or GY260 or GY280): Bakelite
PKDA; Casting Resin F: Epikote 828 (or 834 or 836 or 1004 or 1007); Epi~Rez 510
Epon 826 (or B34 or 1001 or 1002 or 1004): Epotuf 37-139; GenEpoxy 190.

General Information

Molecular Formuta: (C,,H,.O,-C,H,C\O)x

Structure of Monomers and Polymer:

CHy 0
(:::> | <:::> C1~—CHK c; \CH
= Llng == Ln=—L\thy
HO E OH Epichlorohydrin
CHa

Bispheno! A

o} m t",
N r ? J ] 1 o
Chg = CH = Cy =0 < 0 — CHy = CH = iy —'—o ¢ 9= Ciy = CH = TRy
H
L oy -n CN}

Most commonly, the polymer shown is cured with a cycloaliphatic anhydride or amine
as a hardener to effect crosstinking. “The targest producer of resins for use in
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casting transformer coils used in the United States reports that roughly B0% of
their production for transformer coils may be approximated by the above generaii-
ties. Tha remainder use cycloaliphatic compounds fn place of bisphenol A (1)."

Uses: Epoxy resins are a type of solid dielectric that may "be cast or impregnated
into the coils of a transformer; used as films in capacitors; or used as insulation
for various parts of transformers, capacitors, or other electrical equipment" (1.
Epoxy insulation systems have been used in transformers since the early 1960s (2).

Thermal Gecomposition Mechanisms

Bispheno] A epoxies are less stable than epoxy novolak resins, which are produced
from phenol-formaldehyde resins and epichlorohydrin, because the isopropylidene
linkages in the former are less stable than the methylene 1inkages of the epoxy
novolaks. The structure of a novolak epoxy is as follows (3):

0 0
0CHy LN 0CHy _J& 0cHy —<£N

G CH, ‘I:@ CHy

IsomeriZzation of terminal epoxide groups bafore <leavage would give 2-hydroxy-
propanal [CHyCH(OH)CHO] and propionatdehyde (CH,CHCHO). Direct cleavage in the
end groups would give ethylene oxide and formaldehyde. Acetaldehyde (CMyCHO) could
arise from isomerization of ethylene oxide. Chlorosubstituted compounds probably
arise ‘rom impurities n the glycigyl portion af the resyn (4),

Summary of Experimenta)l Studies Revijewed

Because of the scarcity of information on thermal degradation of bisphenol A epoxy
resins, information is also included on the structurally similar epoxy novolax
resins.

Pyrelysis. Pyrolysis of a novolak epoxy resin at 350°C gave toluene (the reaction
solvent) and water as major volatiles (94%). Pheno), cresols, and higher phenols,
ethane, ally) crloride, aldehydes, and ketones were among the pyrolvsis products
{4). Pyrolysis of a bisphenc] A epoxy resin cured with 2.6 parts per hundred resir
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Z-ethylimidazole at 380 to 425°C gave mostly pnenol, diphenyl ether (CqHgOCgH).
and C,- to Cg-alkylated phenols and aromatic ethers. Most diphenylpropane derjva-
tives were p.p’'-isomers (5).

Pyrolysis of uncured bisphenol A epoxy at 350 to 450°C gave water (from condensa-
tion of epoxide groups) and toluene (reaction solvent) as the major products. At
450°C, approximately egual amounts of methyl chloride (CH,L1) and acetaldenyde were
formed. High-boiling cresols, phenol, isopropenylphenol [CH4C(CH,)CqH OH], and
bispheno! A were in the residue (4).

Major products from pyrolysis of a bisphenol A epoxy resin cured with methylene-
dianiline (H,NCgH CH,CgHNH,) were water at 350°C and water, CO, CH,CHO, CH,C1,

and CH, at 450°C. Methylcyclopentadiene arose from both cured and uncured bis-

phencl A epoxies (4).

Pyrolysis of an uncrosslinked novolak epoxy resin at 360 to 1200°C voltatilized 3B
Lo ETW of tre rooi- B o4z EIN of the volptiles comoriced an uncharacte-ized matre-
rial (average molecular weight 350 from pyrolysis at BOO®C). Methyl chloride
(CH3C?) and ethyl chloride ({.HgCl) were found in the voiatile fraction at 360°C,
but not at higher temperatures. Hydrogen (H;), ethylene (CaH,}, and substituted-
cyciopentadienes were detected in the volatile fraction at 800 and/or 1200°C, but
not at 360 or 500°C. In contrast to what would be expected from combustion, €O
concentrations in the volatile fraction increased with increasing temperatures
{maximum 25.9% at 1200°C) as C0; concentrations decreased (maximum 16.2%X in the
vilatiles at 360°C). Organics representing more than 3% of the volatiltes ware
methane {CH,; 4.3% at 1200°C), propylene (H.(:CHCH3; 6.5X at 360°C), benzene (Cgrg;
8.1% at 1200°C), and methyl chloride (CH,C!; 5.1% at 360°C). Other organics pres-
ent at less than 3X of the volatile fraction at one or more pyrolysis temperatures
were acetylene (CyH;), acetone (CHaCOCH,), propane (CaH,), and ethane (CaHg)
{(Madorsky and Straus, 1961; cited by Ibozinek, 1985) (1).

An epoxy resin used to impregnate tapes and wrapper insulation in dry-type trans-
formers was pyrolyzed at 600 ang 1000°C. The prooucts collected {in unreported
amounts) were COp, CH,, C,H,, propylene, butylene (l-butene?), pentane, cyclopenta-
diene, toluene, phenol, xylene, styrene, indan, indene, naphthalene, and bipheny!
(63,
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tum ang Feinstein (1981, 1982, cited by lbozinek, 1985) (1) found benzene, prenci,
and cresol in the thermal degradation products of novolak epoxies (pyrolysis?)
reated at 300 to 500°C.

Compbustipn. 8isphenol A epoxy resins are more combustible than comparable thermp-
setting plastics, having a lower tendency to carbonize. The resins continue to
burn on their own when removed from the ignition source. The odo~s of phenol,
formaldenyde, and hirdeners are detected in the smoke (4).

Approximateiy 500 b (230 kg) bispheno) A epoxy is used in the cast transformer
coiis of a 3-phase transformer. The example is based on a 2,000 kVA mode! with
three high-voltage and three low-voltage coils rated at 12,000 VAC and 480 VAC,
respectively. The transformer cabinet with a volume of 147 ft} (9.83 m?), 208 ft?
(5.89 m3) of which is occupied by air, if unventilated {(but most utility trans-
former cabinets are), contained sufficient oxygen to combust only 1.5 ib (0.7 kg)
of the resin, When heated for 30 min at temperatures up to 500°C with sufficient
oxygen for complete combustion, resin sampies producea 0 igentified ana 3¢ un-
identified compounds. The latter were in "extremely low" concentrations. The
major products were 26.0 ppm (based on resin weight) phenol ({gHgOH), 2.6 ppm
toluene {CqHgT4y), 2.0 ppm ethylbenzene (CqHgCoHg), and 1.5 ppm benzene (CgHy)

The rest of tne mass was not accounted for by the study authors. Estimated con-
centrations in air were 3.03 mg phenol/m3 (OSHA permissible exposure limit {PEL] =
19 mg/m*), 0.30 mg toluene/m® (PEL = 375 mg/m3), and 0.23 mg ethylbenzene/m3 (PEL =
435 mg/m3) (2).

Acetylene (Cq4Ha), Denzene, toluene, and an aromatic fraction were detectec in the
gases from combustion of an 800 kVA GEAFOL cast resin transformer at 1000 to
1200°C. The fires were initially fueled by propane and wood, and the gases from
the fuels were not separated from the gases evolved from combustion of the trans-
former (Altmann e: al., 1984; cited by lbozinek et al., 1985) (1).
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CROSSLINKED POLYETHYLENE

CASRN: 68584-45-2 {[for radiation crosslinked homopolymer; none available for

peroxide-crosstinked homopolymer].

Synonyms: XLPE; Ethene, homopolymer, radiation crossiinked,

Trade Names (procucers): hone found.

General Information

Molecular Fermula: (CaH(),
Structure of Monomer, Polymer, and Common Peroxide Crosslinking Agent:

CHa: CH, "CH:CHgCHCHzCHz"
o7 |
Radiation-Crosslinked Polyethytene
(XLPE)

CHs CHy
Q—i-+-—0O
|
CH, CH,

Dicumy! Peroxide (DCP)

in cable manufacture, crosslinking is don« immediately after extrusion of the cabdle

insulation becau:2 the material cannot be shaped after crosslinking. This cross-
'inking is dene almest :xclusively by adding peroxiaes such as dicumyl peroxice

(CCP) <o low-gensity noiyethylene granulate and stzam curing for zpout 1 min &t

(s
L]
o
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aoout L70°C. Electron beam or gamma irradiation are other methods of crosslinking
polyethylene {1,2). Radiation curing of high-density polyethylene is limited to
low-voltage cables with thin insulation. Because moisture degrades the service
1ife of XLPE, steam curing may be replaced by treatment with pressurized, heated
inert gas {3).

Uses: Low-density grades are used for wire and caple coatings and insulation;
high-density grades for pipe and molded fittings. Since the 1970s, most of tre
distribution power cables installed in the range 15 to 46 kV have been insulated
by chemically crosslinked polyethylene. These XLPE cables are substitutes for
oil-impregnated paper-insujated lead-covered cable. By mid-1971, the use of poly-
ethylene for power cables was 400 million pounds (9 x 109 g), the repid growth in
this use surpassing the use of crosslinked polyethylene for communications cables
at that time. Llse in coaxial and other cables was much less than 100 million
poungs (2.2 x 10% g). Power utilities have widely accepted XLPE-insulated cable
for transmission circuits at operating voltages up to at least 13B kV (2). XL+E
or the=moset colyethylene mav be used as an integrsi cevering I~ "Lw-vC!lage cp-
plications on very small diameter single-conductor cables (3}. Crosslinked poly-
ethylene may also be used in heat-shrinkable tubing to insulate joints and splices
of hook-up wire (4).

Thermal Cecomposition Mechanism:

Mo specific information was found for crosslinked polyethylene: but since cross-
‘inking is involved in therma)l degradation of linear and branched polyethvlenes .
<he thermai decompoosition mechanisms of PLE are orooac v similar <o <ncse “:-

poiyethviene (see page 6-12).

S.omar 3¢ Experimentz ) Studies Reviewed

Bvrglvs:s. Unfilled crosslinked polyethylene insulation from a No. 14 small wi-e
lost 3.2% of its initial weignt when heatad from room temperature to 393°C at <ne
rate of 109C/min; 28.9%. when heateg to 453°C, and 97 55, when heatea to 4€7°7

Another JCP-crosslinked polyethylens sample lost 2.0% o~ its weignht by 361°C ang
88.7% c. 481°C. A sample with 33% filler showed aboul ine $ame weigh: 10ss wii-

increasing temperatures (5.

JC* Jdecsmposition produCts ano aogitives presenl in Lhe crossiinked polvethyiene

are 'ike s 10 be identifiec among oy-clyzates &% iow teMoeratures.  lrosrlidae:

>3ixetn ene “rom three canies tnEt hag feileg 3fle © o~ 1L ez oo iit oIz .z
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found to contain several compounds at the parts per million level. Acetopnencne,
an expected degradation product of DCP, was not found in any of the three samples
In one sample, g-methylstyrene was the major contaminant and Cumene was the second
mast impertant contaminant. In the two . iher samples, thicbutyric acid S-decy!
ester was the major contaminant followed oy phenol anc cumy! alcohol (or vice
versa). Other impurities found in cne ar two of the Lhree samples included cumene,
toluene, dipropropyiene giyce]l methyl ether, acetophenone, phthalates, chloroform,
and penzene. Uncresslinked polyethylent from a fourth cable contafned thiobutyric
acid $-decy!l ester, phenol, and toluene (all identifications were made by gas
chromatography-mass spectrometry) (6).

Combustion. No specific information was found on XLPE combustfon or other thermal

oxigation
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KRAFT PAPER

Ganeral Informaticn

Meiecuiar formula: (CeHqoCs)

liructure of Polymer: B8 Lo 91% alpha-cellulose, 1 o 3% hemiceliulose, and 2 %0

ce 1s
har 0N
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Uses: Etectrical use for kraft paper is for insulation in oil-immersed equipment
such as transformers. To upgrade the thermal resistance, the kraft paper may be
modified by cyanoethylation, amine treatment, etc. Acditives such as morpholine,
oxyalkylamine, aromatic polyamines, p-toluene sulfone {?), and carbamates have bDeen
used or suggested {1).

0t1-impregnated paper is used to insulate overhead distribution cables (2) and is
the standard i~sulation for 115-550 kV circuits, whereas extruded solid-dielectric
insulation prevails over paper fnsulation for intermedfate voltage caples (153 to
59 kV). Use of paper insulation in the intermediate range will probably continue
because of the need to maintain existing installations and its desirable character-
istics such as long service life (3).

Thermal Oecomposition Mechanisms

Cellulose pyrolyzed at rapid heating rates primarily degrades by chain cleavage.
Segments decompose to give a syrup whose major component is teveglucosan {1,6-
annvero-f-0D-glucoovrancse) and its furanose isomer {(1,6-anhvcre-f-0-glucofurancse)
Numerous lower molecular weighl products form at temperatures g 500°C. Ash in
trace amounts appears to catalyze condensation, dehydration, and fragmentation
reactions, thereby reducing syrup yields. Primary syrup products can be converted

to ethylene and other important industrial chemicals

Nonspecific thermal decomposition reactions occur. Anhydrosugar derivatives are
formed by intramoleculir transglycosylation reacticns, which compete with dehydra-
tign, fragmentation, and condensation reactions. These competing reacticns leac
o ‘ow N0 iRC. ar ~eignT 2588, Inar, ING numarous siher Srdogucis.  L0w aeatlng
rates and long residence times reduce the yields of more desirable sugar deriva-

tives (4).

Zehydration
anhydrocellulose —— char - CO, CO,, H,0
cellulose— — volatiles
— leveglucosan
cenolymerizstion L— char

Summary ¢ Ixperimenta. Studies Reviewed

Pvroivsis. P=20uct gases from pyrolysis of krafi paper are produced in aoout the

same 2mOurt: as ‘rom Dyroiysés of other ceilulose sources, inciuding woods. The
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gases are C0y, CO, H,, C,H, (acetylene), CH, (methane), C,H, (ethylene), and other
nydrocarcons (5). Depoiymerization gives the anhydrogiucose product levoglucosan
{a glucopyranose derivative) and its furanose analog. Temperatures above 500°C
give numerous lower melecular waight products and char. Oehydration reactions givae
anhydrocellulose, which also decomposes to give char and volatiles (4),

Combustion. MNo information was found on specific products of kraft paper combus-
tion.
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POLYETHYLENE

CASRN: 9002-88-4

Synonyms: Polythane; ethylene homopolymer; ethene nomopolymer

Traae Names: Agilene; Alathon; Alkathene; Courlene; Lupolen; Platilon; Pylen;
Reevon (1).

General Information

Molecular Formula: (CaMe),
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Structure of Monomer and Polymer

CHy: CHy —CHCH =

Ethylene {(ethene)

Linear, higr-censity polyethylere is produced by polymerization in the presence of
transition metal catalysts {e.g., chromium oxide or molybdenum oxide on a silica-
alumina support) at relatively low temperatures and pressures. Incorporating
butene, hexene, or another «-olefin as a comonomer Jowers the density of the prog-
uct. Low-densily polyethylene, with a reiatively high degree of branching. is
produced by use of higher pressures and temperatures and peroxide-type calalysts.
Incorporating polar comonomers such as viny) acetate modifies the properties of
the product. Linear low-density poiyethylene is produced by copoiymerization of
ethylene with a-olefins such as butene, hexene, or octene at high or low pressurses
High-molecular-weight Jow-density polyethylene and high-maiecular-weight high-
density polyethylene are two other types. The latter is a Jinear homopolymer or
copolymer with weignht average mojecular weight 200,000 to 500,000. Thev have a
density greater than 0.541 g/em® (2).

The density of low-density polyethylene falis in the range 0.910-0.92% g/emd; that
of medium-density polyethylene, 0.926-0.940 g/cm?. Copolymer high-density poly-
ethylene has a density 0.941-0,95¢ g/cm?. Homopolymer high-density polyethylene
has & density of at least 0,960 g/em® (2).

Polyethylenes are also categorized according to the manufacturing method, i.e. ,
~nether nign. =s2cium, 2r 'ow pressure was used. <ignecressdure Dolvethiigne o=
cludes low-density polyethylene and medium-density polyethylene up to a density o
~ 0.%33 g/em“.  Low-pressure polyethylene includes mecium-density polyetinyiene ‘-cm
a density of ~ :.933 g/cm’ through high-density poiyethyienes with densitiss up 1o
> 0.96 g/em?. “adium-pressure pslyethvliene have “igh densities (~ 0.9%-~ (.%5)
(2.

Uses: Polye.hviene uses include coatings, containers, tovs, liners, Dags. ang 5°0¢

and tubing as ~e'\ as the electrical applications. Resins with melt ingexes of

0.2 to .2 g il Tin are used 2s wire and cabje coatings in thicknesses rang'ng ‘-t
2¢

crn nign <oltage zowar cable. laelesnone cablae, television Teaa-in rabie, ann czéx':

L]

@ 2. 7 (0.1 o 1Imm). Poiyethylene insuylation ane facketing ‘s usec

T

zat'e .TTe2t e-zenstiy peiietoviene, wnignh ts & cobglvmer of etltviene wil”
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varipus avolefins, may alsc De used for wire and cable insulation ang jacketing.
Higrn-moiecular-weight hign-aensity poiyethylene, wnich may be either homopolymers
(highest gensity) or copolymers {typical monomers are butane, hexene, and ccLene),
is used for cable conduit and other pipe (2)

Polyethylene, crosslinked polyethylene, ethylenevpropylene rubber, and buty)l rubber
are used for extruded cable insulation. Polyethylene has a low power dissipation
factor, high volume resistivity, high breakdown strength, and ozone and weathering
resistance; but it is susceptible to environmental conditions above 75°C. A major
use for polyathylene in the etectric power industry in the United States is for
duct or pipe for installing buried cable. The duct material, called combined duct
cable or U0 cable, is ysually black, low- or medium-density polyethylene (3).
Crosslinked polyethylene (XLPE) is widely preferread for extruded cable insulation
and accounts for most of the increase in tne use of polyethylene in distribution
power cables since 1967 (4). C(rosslinked polyetnylene is discussed on page 6-5.

Polyethylene used in buried underground distribution cables (15,000 to 25,000 V)
nas experiencec a RiIgn ratie of inloierapic Taiiures afier service “or & Lo 7 yee-s.
The low cost still makes use of polyethylene att-active. Research continues to
find additives to improve the service life. Folyethylene has been used fcr years
as low-loss insulation in high~frequency, coaxial cables for electronic applica-
tions. Polyethylene is also used in ocean telephone and telegraph cables and
direct-puried cathodic-protection circuits and telephone cables (5). Howevar,

polyathylene is impractical for use in high-voitage, power transmission cables

{aoie ‘sckets made of polyethylene sre used when moisture resistance is the pri-
mary reguirement, such as for nonleaded dry paper or plastic-insulated telepnone
caoles. Use of polyethylens jackets for lead-sheathed underground power cables
facilizates pulling the cable into ducts. High-molecular-weight polyethylene
(molecular weight about 30,000 amu) is used tc avoid stress cracking. If the
covering is to be exposed to weather, a filling of about 2% carbon black myst be
addec to prevent ultraviclet-radiatien cracking (§).

Poiyethylene can also be used for insulating moldings {(6).
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Therma! (ecomposition Mechanisms

Pyrolysis. In the absence of oxvgen, polyethylene undergoes crosslinking at about
200 to 290°C and decomposes at temperatures above 290°C., Scission reactions com-
pete with crosslinking reactions and are favored at higher temperatures. Therma)
decomposition of polyethylene creates fragments with molecular weights up to about
700. Therma’ cracking of polyethylene gives good yields of high-melting waxes
(molecular weights greater than 400) without char or tar formation (7).

Polyethylene degradation is accompanied by a rapid decrease in the prliymer's molec-
ular weight., Little monomer is produced by depropagation reactions (i.e., the
reverse of the free radical addition reaction that produced the polymer). Mono-
olefins are produced Dy intramolecular transfer of hydrogen atoms to a carbon
radical; the six-membered ring transition state favors the formation of l-hexene
Larger fragments form in intermclecular transfers. Peroxide 1inks present in the
nolymer from slight oxidation during preparation, storage, and processing facili-
tate the free radical formatior. Other waak links in the polyethylene siructure
are carbony! groups, chain branches, and unsaturated structures (B).

Combustion. Thermal oxidation of polyolefins and other hydrocarbons (RH; involves
generation of a hydrocarbon radical {R'); reaction of the hydrocarbon radical R’
with oxygen ( 00°) to give a peroxy radical ROO'; prooagation of the reaction by
abstracting H' from another or the same hydrocarbon molecule, thereby producing a
new hydrocarbon radical R'", and reaction of R'  with 00 to give a new peroxy
radical R'00°. Peroxy radicals can also abstract H from RK, giving ROOH. ROQH
decomposition gives RO’ and M3', wnich can also participate in the chain reaction
with RH (7).

Summarv of Experimental Studies Reviewed

Pyroivsis. Pyrolysis of polyethylene at temperatures up to 1000°C gives satu~atec
{paraffins, alkanes) and unsaturated hycdrocarsons {ciefins, alkenes, anc cienes;
The olefins are primarily l-alkenes (ag-olefint) with lesser amounts of g..~dienes
progducss having up to 18 carbons have been i0e-tiTieo, some studies have reocorteo
progucts whose chain lengths extended to 30 or more carpons {§.18).
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Generally, major paraffin and a-olefin pyrolysis products throughout the tempera-
ture range studied had no more than seven carpons. Hydrogen was repcoried to be a
major volatile product at 1000°C (1ll). e¢,w-Olefins (a,u-dienes), olefins with non-
terminal double bonds, and aromatics were generally trace to minor products. Prod-
ucts with more than 21 carbons were predominantly straight-chain hydrocartons for
low-gensity pclyethylene and olefins for high-density polyethylene (10).

The experimental pyrolysis studies we reviewed are summarized in Table 6-1.

Combustion. Polyethylene may undergo slight thermooxidative degradation at pro-
cessing temperatures up to 320°C. Heating polyethylene below about 3009C caused a
slight weight loss (up to about 4X}. Volatile products largely accounting for the
loss were water, ethylene, and low-molecular-weight alcohois, aldehydes, ketones,
anc carboxylic acids {20, citing older work). Oxygen-containing compounds were
major products up through at least 350°C but were minor products between 350 and
700°C, indicating that pyrolytic processes dominated in this region. At 1000°C,
two ketones--hexanone and octanone--were among the major volatile producits (21).

Olefins and paraffins were intermediate-to-major products throughout the tempera-
ture range reviewed (§ 1000°C). At the higher temperatures, the a-olefins were
generaltly long-chain hydrocarbons, whereas the dienes and paraffins hagd shorter
chains (18}.

Only one reference (22) reported that carbon dioxide (50 to 74X yield) ang carbon
monoxide (20 to 21X) were major combustion products, with 19% ethylene, azbout 7%
methane, and ! to 3% acetvlene comorising the remaining volatiles oroduced at
700°C.

500t was also an intermeaiate-to-major combustion product, having yields of 6 to
25% (based on the weight of the dried scot and the weight of the unburned sample}
at 600 to 900°C. The yields of aromatic products increased with intreasing tem-
perature. They were found mainly in scot and cola-irapped liquids. Genzene de-
rivatives without condensed rings, such as styrene and sthyibenzene, were products
formed in intermediate yields at 1000°C. Their vielas were usually minor at lower
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temperatures. The yields of individual polycyclic aromatic hydrocarbons (PAHs
condensed benzene derivatives) rose from about 0.01X at 600°C to about 0.1% at
900°C. Yieids were based on the original polymer sample weight. At 900°C, the
concentration of benzo{aipyrene (B[2]P) was 1.06X in the aried soot compared to

£ 0.041% in urban &ir particulates. It should be noted that although the amount

of B[a]P produced per gram of polyethylene was about the same as that produced per
gram of polystyrene, the 8[a]P concentration in polyethylene soot wes three to four
times greater because polystyrene produced three to four times as much Soot as did
polyethylene {23).

About 50% of the PAHs in the smoke particulates from either flaming or nonflaming
(smoidering) combustion of polyethylene was pyrene. The only other major PAH that
was formed during nonflaming compustion was C, H,, (anthracene or phenanthrene).
Flaming combustion gave & wider variety of PAHs (24). At 950°C, the concentrations
of ingividual PAHs and other aromatics caught in cold traps were < 1 to about 4%
(based on the weight of the total condensate, whose amount relative to the initial
polymer weight was art given) excert for naphthalene at 13 EX (14} The Pads iden-
tified that are carcinogens inciuded benz{al)anthracene, benzo[b]fluoranthene (2,3-
benzofluoranthene), benzo{c]phenanthrene, benzo[alpyrene, benzo[elpyrene, and
chrysene.

Studies reviewed on the thermooxidation and combustion of polyethyiene are summa-

rized in Tables 6-2 and 6-3.
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POLY(ETHYLENE TEREPHTHALATE) (MYLAR)

CASRN: 25038-59-9

Synonyms: PET

“rade Names (producers): Mylar, Cronar (DuPont); Cetanar {Celanese), Estar
{Castman Xodak); Scotchpar (3M); vVidene (Goodyear); Avistar {FMC) (1). Products

LY
Ly
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with carboxy end groups are Jacron, Amilar, and Fiber V. Products with methy)
ester end groups include Terylene, Diolen, Enkalene, Fortrel, Tergal, Terital,
Tertenka, Trevira, and Mylar (2).

General [nformatlion

Molecular Formula: (CyoHa04)
Stryctyre of Monomers and Polymer:

0 0
HOCH, CH, OH fl ]
ROC —-@—can
Ethylene glycol

Terephthalic acid (R = H)
Dimethy! terephthalate (R = Me)

o 0
1} il
CH, cuzoc—< :>——c OR

where R = H or CH,

Poly(ethylene terephthalate)

Uses: Major markets for polyester films in 1966 included magnetic tape, electri-
cal, packaging, and photography (l). Poly(sthyiens terephthalate) {PET) is the
most ~idely used film for electrical insulation {3). Electrical applications were
second only to magnetic tape use in 1966. Polyesters are used for wire and cable
insutation, transformer insulation, and in capacitors. Type A Mylar film, which
has been biaxially structured and heat set, has numerous electrical uses such as
slot liners, wedges, and phase insulation for motor and field coils; magnet wire
insutation; & barrier and insulation tape in cables; transformer coil insulation;
and backing for mica. Type C Mylar is used as a dielectric in high-temperature
capacitors (1).

Glass-reinforced PET is the only thermoptastic recognized by Underwriters Labora-
tory for Class H {180°C) systems. Class B (130°C) and Class £ (155°C) systems may
also use PET. Many types of coil boebbins, including Class A transformer ballasts,
are made from reinforced PET (4).
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Thermal Dacomposition Mechanisms

Pyrolysis and combustion of PET give similar products and similar product yiglds
Thus, the mechanisms will not be discussed separately. This discussion is based
on four reviews published from 1970 to 1984 (5-8).

Oegradation of PET under burning conditions is primarily pyroiytic rather than
thermooxidative. For most of the decomposition, chain scistion is rate limiting,
with the secondary breakdown to small, volatite molecules being faster

The predominant mechanism for chain scission invelves proton transfer in a cyclic
transition state:

0...H 0H
73N r
02CC5H‘C ,6 CH02CC3H4C02‘““‘ —— ‘“02CCSH‘C + CH2=CHOQCCSH‘COQ-““-
Ne, , / f
0—4CH, 0

Random scission of the ester links gives rise to formation of viny] ester oligo-
mers. Scission close to the chain ends will give tarephthalic acid, diviny] tere-
phthalate, and viny! terephthalic acid moncester {CH,=CHO,CC4HCO.H).

Qecarboxylation of viny! terephthalic acid moncester will give viny! benzoate and
£0,; decarboxylation of terephthalic acid will give benzoic acid and COy; and de-
carboxylation of benzoic acid will give benzens and C0,. Benzene production is
not affected by the presence of oxygen. Benzoic acid, diviny) terephthalate, and
viayi benzoate yields decrease above aoout 700°C due to decomposition. The yield
of viny) benroate is somewhat higher in the presance of oxygen, but yields of ben-
zoic acid and diviny] terephthalate have higher yields from pyrolysis,

8oth CO and (0, arise from decarboxylation following chain scission reactions, but
evolution of CO, from PET on pyrolysis decreases somewhat above about 700°C. Ap-
parently (0, reacts with C above about 700°C to give mare CO.

A likely route for CO production invalves scission of the single bond between oxy-

gen and the carbonyl carbon:
Q

0
i I .
“~CgH(COCHaCHy v~ WCgHC ¢ "OCH,CH,~. ——s —CgHy  + (3 ¢ OCHzCH™~
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At higher pyrolysis temperatures, about as much C0 is formed from this process as
is CQ, from the cyclic scission and decarboxylation reactions described above

On 2 weight percentage basis, ethylene dibanzoate is a significant therma)l decom+
position product although on a molar basis, its loss is not large

More is lost
from pyrolysis than from combustion,

We conjecture that it may be formeg in the
scission reactions producing carbon monoxide:

0 0 0 0
f l Il |
-~ o—c_@cocazcuzoc —@cﬁocu,cnz U
PET
0 0

I 0
—cocn,cumc—@ + 200 + 2+0CHCH, -~~~

Ethylene dibenzoate

Formation of volatile acetaldehyde and of the anhydride species getected in non-
volatile char residues may be accounted for by the following scheme:

0 0 D CHy 0
I I (SR |
s~ CgHCOCHECHy  +  HOCCqH ™ —— =~ CyH CO/ CHOCCqH

—

09
il

""CQH‘COCCQH4 + CH:CHO

Acetaldehyde yields are simitar during combustion or pyrolysis and decrease above
about 600°C.
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Methane and acetylene appear to be proguced from very similar reactions in air or
in its absence. Reactions proposed that would lead to acetylene and methane for-

mation are the following:

e s = (gHCO,H ¢ CHECH

w—C.H‘COQCH=CH3 — ‘-"-C.H‘CH=CH2 + cu!

0 0 0
W b [

e gl CCHaCH ——s —CgH CCHy + €O

0
n 1, .
-""'CQH4CCH3 —— “‘CQH‘C * CH3

CHy + H-R —— (CHy + R

These reactions would also account for styrene and acetophenone. Secondary decom-
position of acetaldehyde may also account for methane and carbon monoxide.

Summary of Experimenta) Studies Reviewsd

Pyrolysis. Major products (in yields generally greater than about 10 weight per-
cent based on the original polymer weight) from PET pyrolysis within the tempera-
ture range 288°C to about 704°C included acetaldehyde, carbon dioxide, dfviny!)
terephthalate, viny! benzoate, ethylene dibenzoate, and benzoic acid. Products
formed in 1 to 9X yield included carbon monoxicde, ethylene, acetytene, and benzene.
Trace to minor amounts of atcohols, aldehydes, ketones, henzens derivatives, ace-
tylene, C; to C; atkenes or alkanes. and 2-methyi-1,3-dioxotane (the cyclic aceta)
formed from acetaldehyde and ethylene giycol; see Table 6-4 for structure) were
alsc detected. Table 6-4 summarizes the pyrolysis sxperiments reviewed.

Combustion. Thermal oxidation or combustion of PET in the range 340 to about 730°C
produced major amounts of carbon monoxide, carbon dioxide, acetaldehyde, acetyliene,
ang PET dimers and trimers. Intarmediate amounts of methans, viny! benzoate, di-
viny! terephthalats, ang benzoic acid were also reported. Less important products
included tetramers, pentamers, formaldehyde. lower carboxylic acids, ethylene di-
benzoate, benzene, terephthaiic acid, and hydroxyethy! tereprthalate moncester
Results are summarized in Table 6-5.
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POLYSTYRENE
CASRN: 9003-33-6

Synonyms: Styrene polymer; Vinylbenzene polymer; Ethenylbenzene homopolymer,
Trade Names (producers): Styron 666 U (Dow); Lustrex PIX6 (Monsanto, UK); Dylene,
Trycite, Hostyren (American Hoechst}; Styrofoam (Dow)}. [There are more than 100

others. ]}

General Information

Molecular Formula: (C,HSCHCHz)n

Structure of Monomer and Polymer:

@—CH: CH, ('ZHCHzttiHCHg
. Ph

Ph n
Styrene head-to-tail
—ﬁcHzﬁ:H'?H'cﬂchgﬁ:H?H'cHzJ_
?h Ph Ph Ph _]n

head-to-head-tajl-to-tail

Uses: Electrical equipment; packaging; refrigerator doors; afr conditioner cases;
containers and molded household wares; machine housings,; toys; clock and radio
cabinets. Foams are used for thermal insulation, light construction {e.g., boats):
ice buckets, water coglers; fillers in shipping containers; furniture constructien.
Spheres are used as a radiator leak stopper (1). Ignition-resistant grades, which
include halogenated organic compounds and antimony oxide, may be used in appliances
business machines, and electronic parts. [mpact grades, which have improved resis-
tance to hydrocarbon solvents, are acceptable for containers of food products con-
taining fats and oils. Polystyrene use in magnetic tape c:isettes, reels, and
other consumer electronic components is a growth market (2}.
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Thermal Decomposition Mechanisms

Above ~ 330°C, polystyrene degrades by the following reactions:
Chain-end fnitiation.

Random scission af "weak 1inks" (does not directly give volatiles
below ~ 440°C),

Oepolymerization {unzipping) to give monomer.

' Intramolecular transfers to give dimers, trimers, and higher
ol igomers.

Intermolecular transfer to give short-chain fragments.

The mechanism of polystyrene tharmal! degradation is still being actively studied
(3). Scission by a radical process of C-C bonds £ to chain end unsaturations must
be preceded by reactions that create these unsaturations. Thus, the first step

is removal of benzylic end units as shown (4}:

PhCHy CH CHPhCHaCHPRCHE~  ———> PhCHy + CHz: CPRCHCHP RCHy ~—
toluene

He
—>CHz: C(Ph)}CH; ———>  CHy:C(Ph)CH,

o-methylstyrene

cn,;cphcm%cnpncnf—-————w doelomerioac s
epolymerization

styrene

. intramolecuiar
— CH{PR)CH&™ - oligomers
H transfer

intermoiecular

further chain
scission

H transfer

Since the concentratton of unsaturated chain ends increases throughout the degra-
dation, formation of volatiies from depolymerization is accelerated. Regardless
of the inittal molecular wetght of the polystyrene (2 4000}, the ratic of the
rates of weight loss and o-methylstyrene evolution is constant throughout the
degradation. Since the rate of toluene formation tends to increase throughout
degradation, toluene must originate from other reactions besides the initial
cleavage of the denzyiic end groups. One of the sources is the newly cresteo
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benlylic end groups formed from the B scissions. Other mechanisms have also been
proposed (5}.

Volatiles inclyde mainly st.rene and styrene dimer with octher volatile oligomers.
Short-chain fragments comprice an ¢ily, high-boiling product. The solid residye
comprises a lower molecuiar weight polymer than the original. Other aromatic
hydrocarbons identifijed in the degradation products are benzene, toluene, ethyl-
benzene, isopropylbenzene, n-propylbenzene, allyibenzene, and a-methylstyrene (3).

Three distinct patterns of chain scission occur at subvolatilization temperature
{280 to 300°C in vacuo} (6):

1. If the polystyrene was prepared anionfcally, chain scission is simple
and random with the degree of degradaticn directly proportional to the
heating time,

2. For polystyrenes polymerized thermally, very rapid scission of a smali
number of "weak 1inks" occurs, after which the degree of degradation is
again proportional to the heating time,

3. Polystyrenes whose polymerization was initfated by free radicals degrade
by three processes having different rates:

(a) Scission of highly labile "weak }inks.”
(b} Scission of fairly weak bonds.

{(c)} "Normal}" bond scission.

Processing pelystyrene in the presence of air gives groups capable of absorbing
ultraviolet radiation, presumably hydroparoxy groups, which decompose to form
ketore groups (7}:

v

~~ CHa C{Ph)(OOH )CH,CH{ PR}~

v

aneCHaf(:0)Ph + Ha0 + PHCH: CH~—

Summary of Experimental Studies Reviewed

So mych work has been done on the pyrolysis and combustion of polystyrene that
only references from the Tast 5 years were surveyed.
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Pyrolysis. Styrene is usually reported as a major pyrolysis product (40 to 90% of
volatiles) throughout the temperatyre ranges used in the studies reviewed (60 tg
1400°C) (8-19). Using ultrathin ftim samples, Lehrle et al. (1982) (11) found
mohomer was the only polystyrene degradation product from pyrolysis at 45C to 4sp°c
Toluene, a-methyistyrene, cumene (isopropyibenzene), dimer (2,4-diphenyi-l-butene),
and trimer (2,4,6-triphenyi-1-hexene} are frequently reported (12-1S). Schroeder
et al. (1984) (16) identified a triphenylbenzene after pyroiysis at 292 to 336°(C.
Toluene represants 6X of the volatiles at 510°C (17); a-methyistyrene is a major
product at 700°C (12); dimer and trimer have been reported as major products at
300, 348, and 900°C (12,13,18). Most of the remaining products that have been
tentatively identified (~ 100} are mono- through hexaphenyl-substituted oiigomer
chains containing 2 to 14 carbons in the chain and uysualiy some unsaturation.
Triphenyl- and tetraphenyl-substituted (4 and (,, chains were identified as major
products at 700°C, and many cther products were found in yields surpassing those
of toluene and styrene. Relative amounts of pyrolysis products are difficult to
judge from the results published by Lai and Locke (1984} (12).

In contrast to the results of Lai and Locke (1384} (12), who found numerous prod-
ucts of the type (poly)phenyl-substituted chains by GC/MS, Smith (1984) (19) re-
ported that at 700°C, only styrene and o-methylstryene were major products, toluene
was formed in intermediate yfeld, and the minor products were hydrocarbons given
as formulas with four to eight carbons and with only one or two unsaturations.
Irwin (1982) (20) reviewed several other pyrolysis studies indicating that the
variation in the product distribution was largely due to the technigues used to
pyrolyza the nolvstyrene sample. The temperatures, however, were not indicated

for any of the expariments reviewed.

Only two groups {17.18) reported finding any polycyclic aromatic hydrocarbons
(indene, methylindene, and methy!naphthalene) and .nese identifications were gnly
tentative.

Combustion. Processing polystyrene in air (injection molding, thermofocrming, or
thermocutting; temperatures not given) produced workplace styrene concentratiors
~ 0.1t~ 10 mg/ms air (well below the OSHA permissible exposure limit of 108

‘ mgsmi ), polymer fume concentrations < 0.5 te » 1.0 mg/m?, and total aloen,des

~ 0.1 to ~ 0.2 mg/m°. Depending on the coeration, concentrations of ~ 0.1 to

~ 3.3 mg/m° formaloehyde, acetaldehyde, formic acid, and acetic acid may oe 52--
erated, Jther oaidized products inc'uded Senzaidehvde (CgHgCHO), benzorz 3. o

;-

{24%:00,M}). 1~z scznochencne 2.+, Z0C Hg) (Vainipiaic, unoublisned: crlez 3
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PFAff11, 1984) (3). Major products cetected in the Viquid residue from polysty-
rene degradation starting at about 300°C and encing with complete combustion at
about 450°C were styrene, phenol, and toluene., Other products identified were
ethyibenzene, benzaldenyde, two methylstyrenes, n-propylbenzene, indene, methyl-
indene, acetophencne, naphthalene, methylnaphthalene, cinnamyl alcohol, biphenyl
or acenaphthene methylbiphenyl, and diphenylethane (21).

Benzaldehyde, phenylacetaldehyde (CgHgCH,CHD), and other aldehydes were detected
along with benzene,. toluene, ethylbenzene, styrene, and propylbenzene when flame-
retarded polystyrene was combusted at temperatures up to 490°C (Masarik et al.,
1976; cited by Hawley-Fedder et al., 1984) (22). The flash-ignition temperature
of polystyrene js 345 to 360°C; the self-ignition temperature is 490°C (23}).
Morikawa (1978; cited by Mawley-Fedder et al., 1984} (22) subjected polystyrene
to flaming combustion at 600 to 900°C. A soot containing polycyclic aromatic
hydrocarbons (PAHs)} was obtained in 50X yield based on the initial polymer weight.
Most of the PAHs were generally 3= and 4-membered-ring species. Hawley-fedder et
ai. (1984} (22) trapped and identified > 100 products, mostly PAHs, after combust-
ing 10lystyrene at 800 to 950°C. At 950°C, indene, naphthalene, biphenyi, and
phenanthrene were the major products along with 29 others. Below 950°C, there
were eight major peaks in the total fon chromatogram produced by capillary gas
chromatography-mass spectrometry. Besides the four PAHs mentioned at 950°C,
methylstyrene, {p-methylphenyllphenylacetylene (CHyCgHglgHgCICH), and 1- and
2-methy'naphthalene were the major products. Ancther 40 to 50 compounds were
identified. Among the PAHs identified were fluorene and substituted fluorines,
substituted phenanthrenes and anthracenes. flyoroanthene, benzof{j k]lfluoranthene,
benzo[eJpyrene, 3-methylcholanthene, pyrene, benzo{a]fluorene, benzo{b]flyorene,
benzo{g.h,ilperylene, benzo(clphenanthrene, benz[alanthracene, and chrysene.
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Appendix A

SUMMARY OF UTILITY MATERIALS PROPOSED FOR EXPERIMENTAL TESTING
AND THEIR TOXIC THERMAL DEGRACATION PRODUCTS
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This appendix lists the utility industry matertals that nave been proposed for
EPRI-sponsored review and/or experimental testing. Most of the materials were
listed in the Request for Proposal for the current project. Additional materials
such as Nomex and many of the polymeric coating materials were suggested after
initiation of the project.

In the colump “Literature Reviewed," an S indicates that the material's thermal
degradation was reviewed in a recent EPRI report by SCS Engineers, Inc. (1}. An M
indicates the materials reviewed by MR]l in the text of the present report. The
most toxic thermal degradation products (other than carbon monoxide) that have
been reported in the literature or that could be presumed to be formed based on
the elemental composition or substructural components of the materials are given
in the table. Where MRl or SCS Emgineers (1) has reviewed the materials, the
products are primarily those listed in these reviews. For other materials, one or
more reference citations are given for the known thermal degradation products
listed, The products listed in these cases are based on a brief examination of
the literature MRI has collected on the unreviewed materials., (For most of these
materials, the literature search and acquisition was as comprehensive as that for
the materials reviewed in this report.)
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INTRODUCTION

This appendix summarizes health and sa‘ety information for the products relsased
by thermal degradation or volatilization from several materials used in the elec-
tric power industry, Besides health and safety information, the physical state of
each product at room temperature and pressure is indicated. Solids and semivola-
tile liguids would require greater decontamination effort after a fire invelving
these materials than would the gasaous and volatile jiquidg products, which would
largely dissipate during or immediately after a fire.

The appendix includes most of the products from thermal degradation of the mate-
rials reviewed in this document. The listing is not exhaustive because sometimes
the degradation products were so numerous from certain materials tnat some prod-
ucts were grouped in this review as a member of a chemical compound class such as
a-olefins or benzoate esters, Other products not specifically listed in the docu-
ment and/or this appendix were high-molecular-weight trimers, tetramers, and higner
oligomers.

To help the reader rezdily identify which degradation productis came from each mate-
»1ai ~eviewep, the materiails are 'isteo beiow with a mnemonic for eacn name. ‘oi-
Towtng that list 1s a 1ist with the mnemonics in alphabetical order.™ The appro-

priate mnemonics appear in parentheses by the name of each product in the appengix

Chlorosulfonated poiy&thylene CSPE
Creosote™™ CRE
Crosslinked polyethylenet XLPE
B8isphencl A epoxy EPO
Hatar HAL
Kapton KAP
Kraft paper PAP
Neoprene NEQ

—

*No products were found for thermal degradation of Teflon PFA, and there were
no simple products to list for Nylon 1l.

“%*In material itself and/or from therma! degradation products

*From additive.
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Nitrile rubber NIT

Nomex NOM

Nylon 6 NYB

Nylon 6,6 NEb

Nylon 6,10 610
Paentachiorophenol PCP

Polyethylene PE

Poly(ethylens terephthalate) (Mylar) PET

Polystyrene STy

Polysulfone SuL

Polyurethane PU

Teflon TEF

Teflon FEP FEP

Tefzel TF2

Viton VIT

610 Nylon 6,10

CRE Creosote

CSPE Chlorosylfonated polyethylene
EPO Bisphenol A epoxy resin
FEP Teflon FEP

HAL Halar

KAP Kapton

NEE Nyton 6,6

KEOQ Neoprene

NIT Nitrile rubber

NOM Nomex

NYE : Nyton 6

PAP Kraft paper

PCP Pentachtorophenol

PE Polyethyiene

PET Poiy(ethylene terephthalate)
STY Polystyrens

sUL Polysulfone

PU Polyurethane

TEF Teflon

TFL Tefze)

vIT ¥iton

XLPE Crosslinked poiyethylene

Two sources were used for the health and safety information, RTECS, Registry of
Toxic Effects of Chemical Substances 1981-1982* (1) and the "Industrial Hygiene
Technical Manual, Appendixz A" (2). Information from the lattar referance is usu-

ally more extensive and includes OSHA standards (1imits) for exposure to the prod-
uet in workplaca air, Physical property information was derived from the Aldrich
Catalog Handbook of Fine Chemicals 1986-1987, (3), the Merck Index (4), the
Condensed Chemical Dictionary (5), or the CRC Handbook of Chemistry and Physics
(8).

*Note: A 1383-1984 suppiement has been published but was not used for this report.
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The Chemical Abstracts Service Registry Number (CASRN) follows most of the product

names in the appendix
searches for compound-specific information in databases that routinely

The CASRN is a unique identifier that greatly facilitates

computerized
use CASRNs such as CA Search or CAS ONLINE. We have included the CASRNs for those

readers who wish to find more detailed information about particular products
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EXPLANATION OF ABBREVIATIONS AND HEALTH COOES

CARC = Carcinogenic effects fdentified.
CASRN = Chemical Abstracts Service Registry Number.

DESC = Description. The physical state of a Substance at standard temperature
and pressure.

EYE IRR = Eye frritation.

H = tiours of exposure.

HLTH = Toxfcological properties along with the appropriate health code.

IARC = Internatfonal Agency for Ressarch on Cancer.

IHL = Toxic dose from inhalation; value shows length of exposure.

ORAL or INGES ACUTE = Ingestion acute, toxic dose from short-term ingestion.
INGES CHRONIC = Ingestion chronic,

IPR = Toxic dosa from intraperitoneal administration.

IVN = Toxic dose from intravenous administration,

LCgp = Concentration in air required to kill half of the test animals.

LDgp = Oose, in mg substance per kg body weight of the test animal, reguired to
kill half of the test animals.

LDLo or TOLo = Lowest lethe) dose or lowest toxic dose reported.
NTP = Nationai Toxicology Program.

OSHA = Occupetionel Safety and Health Administration.

PAH = Polycyclic aromatic hydrocarbon.

SCU = Toxic dose from subcutaneous administration,

SKIN or SKIN ABS = Skin absorption, toxic from derma)l exposure.

SKIN IRR = Skin irritation,
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STDS = Standards:

OSHA = Permissible exposure limit

TLY = ACGIH-threshold 1imit value

T™WA = Time-weightad average

STEL = Short term exposure limit

Permissible exposure limits are those adopted by OSHMA or recom-
mended by the American Conference of Governmental Inpdustrial
Hygienists (ACGIM) (1982 Threshold Limit vValues TLVs® list).
A ''C" indicates a cefling limit of exposure.

W = Weeks of exposure.

The health codes Jisted below describe the toxicclogical properties of the chem-

ical substance.

Health Code
1
2

Health Effects
Cancer - Currently regulated by OSHA as a carcinogen.

Chronic (Cumulative) Toxicity = Known or suspected animal or
human carcinogen, mutagen {except Code No. 1 chemicals).

Chronfc (Cumulative) Toxicity = Long-term organ toxicity other
then nervous, respiratory, hematologic, or reproductive.

Acute Toxicity - Short-term high risk effects.

Reproductive Hazards - Teratogenesis or other reproductive
impairment.

Nervous System Disturbances - Cholinasterase inhibition.

Nervous System Qisturbances - Nervous system effects other
than narcosis,

Nervous System Disturbances - Narcosis

Respiratory Effects JQther Than [rritation - Respiratory
sensitization (asthma or other).

Respiratory Effects Other Than Irritation - Cumulative lung
damage.

Respiratory Effects - Acuta lung damage/edema or other
Hematologic (Blood) Disturbances - Anemias.
Hematologic (Blood) Oisturbances - Methemoglobinemia,
irritation-Eyes, Nose, Throat, Skin - Marked.
Irritation-Eyes, Nose, Throat, Skin - Mogerate.
Irritation-Eyes, Nose, Throat, Skin - Mild.

Asphyxiants, Anoxiants.

in
)
a
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18

19

20

Explosiva, Flammapie, Safety (No Advarse Effects Encountered
when Good Housekeeping Practices are Followed).

Generally Low Risk Health Effects - Nuisance particulates,
vapors, or gases.

General Low Risk Health Effacts - Ddor
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THERMAL OEGRADATION PRODUCTS

Acenaphthene [& PAK) (CRE, CSPE?, 5TY)
CASRN: 83-32-9
DESC: Solig, m.p. 93-95°C
MUTAGEN

Acenaphthylene [a PAH] (CRE, CSPE?)
CASRN: 208-96-8
DESC: Solid, m,p, 88-91°C
MUTAGEN

Acetaldenhyde; Ethanal (NOM, PE, PET, PU, STY)

CASRN:  75~07-D

S$TDS: OSHA: 200 ppm, 360 mg/m®
TL: 100 ppm, 1BC mg/md TWA; 150 ppm, 270 mg/m STEL

DESC: Volatile Liguid

HLTH: Irritation-Eyes, Nosa, Throat, Skin--Marked (14).
Narcosis (B).
Kidney damage (3).

SKIN IRR: Mild

INGES ACUTE: Rat LDyo: 1930 mg/kg

Acetic acid; Ethanoic acid (NOM, PE, S$TY)
CASRN: 64-19-7
$T0S: O0SHA: 10 ppm, 25 mg/m?
TLY: 10 ppm, 25 mg/m* TWA; 15 pom. 37 mg/md STEL
JEEZ. voiatila Liguid
HLTH: Irritation-Eyes, “ose, Throat, Skin--Markad {14, Graater than 30 ppm).
SKIN IRR: vYas (if concantrated)
INGES ACUTE: Human TOLO: 1.47 mg/kg

Acatona (EPFO, NOM, PU}

CASRN: 67-64-1

5TDS: OSHA: 1000 ppm, 2400 mg/m?
TLV:  75C ppm, 1780 mg/m> TWA: 1000 ppm, 2375 mg/m? STEL

DESC: volatile Liquid

HLTH: Irritation-Eyes, Nose, Throat--Mild (16, Less than 2000 ppm).
Narcosis (8, Greater than 2000 ppm).

SKIN IRR: Mila

INGES ACUTE: Rat LDyo: 9750 mg/kq
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Acetonitrile (NIT, NOM  PU)

CASRN: 75-05-B
$TOS: QSHA: 40 ppm, 70 mg/m?
TLV: 40 ppm, 70 mg/m® TwWA; 60 ppm, 105 mg/m? STEL
DESC: Volatile Liquid
KLTH: Irritation-fyes, Mose. Throat--Mild (16, (ess than 50 ppm).
Acute Toxicity (Cyanosis) (4,'Greater than S0 ppm).
SKIN ABS: - Yes
SKIN IRR: Yes
INGES ACUTE: HWuman T, S70 mg/kg

Acetophenone; Dipheny! ketone (PET, STY, XLPE)

CASRN: 98-B6-2

DESC: Semivolatile Liquid (m.p. 19-20°C)
SKIN IRR: Rapbit: 515 mg, open, mild
ORAL: Rat LDgy: 900 mg/kg

Acetylene; Ethyne (EPO, NOM, PAP, PE_ PET, PU)

CASRN:
DESC:
HLTH:

74-86-2
Gas
Explosive (18).
Asphyxiation {17, Greater than 2500 ppm).
ACGIH: E (Stmple asphyxiant)

Acridine (CRE)}

CASRN:
DESC:
SCu:
Ivh:

Mouse Lnsn.'
Rabbit LDSoi

260~94-6
Solid, m.p. 107-110°C
400 mg/kg

100 mg/kg

Acrolein (PE, PET)

CASRN; 107-02-8
STDS: OS%SHA: 0.1 ppm, 0.25 mg/m?
TLY: 0.1 ppm, 0.25 mg/m® TWA; 0.3 ppm. 0.8 mg/m? STEL
BESC: Volatile Liquid
HLTH: Irritation-tyes, Nose, Throat, Lungs, Skin--Marked (14).
Mutagen (2).
IARC CARC: Animal Indefinite, '79.
SKIN ABS: Ratbit LDgo: 562 mg/kg
SKIN IRR: Yes
INGES ACUTE: Rabbit LDgp: 7 mg/kg
Rat LDgo: 46 mg/kg
Acrylic acid (PE)
CASRN:  79-10-7
STDS:  TLY: 10 ppm, 30 mg/m? TWA
DESC: Semivolatile liguid
HLTH: Human lngefinite, '79.
SKIN ABS: Rabbit LDgo: 280D mg/kg
SKIN ]1RR: Severe
INGES ACUTE: Rat LDgg: 340 mg/kg
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Acrylonitrile (NIT, NOM, PU)

CASRN: 107-13-1

STOs: O0SHA: 2 ppm
TLV: 2 ppm, 4.5 mg/m3 TWA

DESC: Volatile Liquid

HLTH: Suspect carcinogen (2). Reproductive Hazards (5}
CNS Depression (7).
ACGIH: Ala (Human carcinogen)
IARC CARC: Human Suspect '79, '82.
IARC CARC: Animal Positive '79.
IARC CARC: Animal Suspect 'B2.

SKIN ABS: Yes

SKIN IRR: Yes

INGES ACUTE: Rat LDgo: B2 mg/kg

Adiponitrile (N66)
CASRN. 111-65-3
DESC: Semivolatile Ligquid
INGES ACUTE: Rat LDgo: 300 mg/kg

Allene {PU)
CASRN: 451-49-0
DESC: Gas

3-Amingbipheny! (NOM)
CASRN: 2243-47-2

3-Amino-4-methylphenyl 1socyanate (PU)

p-Aminophenol; 4-Aminophenol; 1-Amino-4-hydroxybenZene (KAP)
CASRN: 123-30-8
DESC: Solid, m.p. 188-190°C
SKIN IRR: Rapbit: 12.500 wg/24 M, miid
ORAL: Rat LDsqg: 375 mg/kg

N-(23-Aminopheny)benzamide (NOM)
CASRN: 16091~26-2

prAminophenyl phenyl ether; 4~Phenoxyaniline (KAP)
CASRN: 139-59-3
DESC; Solid, m.p. B2-B4°C
SKIN IRR: Rabbit: 500 mg/24 H, mild
ORAL: Rat LDgo: 1100 mg/kg
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Ammonifa (NIT, NOM, PU)
CASRN: 7664-41-7
STOS: OSHA: 50 ppm, 35 mg/m?
TLv: 2% ppm, 18 mg/m® TWA; 35 ppm, 27 mg/m? STEL
DESC: Gas
HMLTH: Acute Tung damage/edema or other (11).

Irritation-Eyes, Nose, Throat, Bronchi, Lungs--Marked (14).

SKIN [RR: If concentrated
INGES ACUTE: Rat oral LOg,: 350 mg/kg

Aniline; 8enzenamine (CRE, KAP, NOM)
CASRN: 62-53-3
STDS: OSMA: S ppm, 19 mg/m?
TLV: 2 ppm, 10 mg/m3 TWA; S ppm, 20 mg/m? STEL
DESC: Semivolatile Liquid
HLTH: Methemoglobinia (13).
Suspect carcinogen (2).
Acute Toxicity~-short-term high risk effects (4).
IARC CARC: Anima® Indefinite '74.
IARC CARC: Human Negative '74.
SKIN ABS: Yes
INGES ACUTE: Rat LOgo: 440 mg/kg

Anthracene (CRE, CSPE, PE)
CASRN: 120-12+7
DESC: Solid, m.p. 216°C
SKIN IRR: Mild

Benzaldehyde (STY, SulL)
CASRN: 100-52-7
DESC: Semivelatila Liquid
SKIN IRR: Rabbfit: 500 mg/24 H, moderate
ORAL: Rat LDgso: 1300 mg/kg

Benzanilide (NOM)
CASRN: 93-98-1
DESL. Sotid, m.p. 162-164°C

Benz[a]anthracene; 1,2-Benzanthracene [a PAH] (CRE, PE, $TY)
CASRN: 56-55-3
OESC: Solid, m.p. 157-159°C
IARC CARC: Animal Positive, '73.
IVN:  Mouse LDLo: 10 mg/ kg

Benzene (CSPE, EPO, NOM, PCP, PE, PET, PU, STY, SUL, XLPE)
CASRAN: 71-43-2
STDS: DSMA: 10 ppm
TLV: 10 ppm, 30 mg/m3 TWA; 25 ppm, 75 mg/md STEL
DESC: Volatite Liquid

D
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HLTH: Suspect Leukemogen (2),
Cumulative bone marrow damage (12).
ACGIHM: A2 (Suspect carcinogen)
JARC CARC: Human Suspect '74 & 'B2.
IARC CARC: Human Positive 'B2.
1ARC CARC: Animal Suspect 'B2.
JARC CARC: Animal '74,
Listed in NTP 2nd Annual Report on larcCinogens, 'S81.
SKIN ABS: Slignt
SKIN IRR: Mild
INGES ACUTE: Human TDLO: 130 mg/kg

Benzo[plchrysene [a PAH} (CRE)
CASRN: 214-17-5
DESC: Solid
MUTAGEN
SKIN CARE: Mouse TDLO: 28 mg/kg

2,3Benzofiuoranthene; 3 ,4-Benzofluoranthene;

Benzo{b? ]fluorantnene; Benz[eJacepnenanthrylene [a PAM] (CRE, PE)

CASRN: 205-99-2

DESC: Solid, m.p. 163-165°C

1ARC CARC: Animal Positive, ’73.
TUMCRIGEN: Mouse, skin: BB ng/kg

Benzo[j]lflvoranthene; 10,11-Benzofiuoranthens [a PAH) (CRE, STY?)
CASRN: 205-82-3
DESC: Solid, m.p. 165°C
MUTAGEN
IARC CARC: Animal Positive, '73

Benzo[j,k)fluoranthene [a PAH] (5TY7)
CASRN: Unavailable [Was benzo{j,k])fluorene misnamed?]

ienzc(x]fluoranthene; il,iZ-Benzorluoranthene [a PAH] (CRS, STY?)
CASRN: 207-08-9
DESC: Solid, m.p. 217°C
MUTAGEN

CARC: Mouse skin: TO 2820 mg/kg/47 W-intermittent

Lo:
3enzofluorenes (CRE)
Benzo[a]fluorene: 1,2-Benzofluorene [a PAH] (PE, 5TY)

CASRN: 23B-B4-6

Benzo[b]fluorene; 2,.3<Benzofluorene [a PAH) (PE, STY)
CASRN: 243-17-4
DESC.  Soliad, m.p. 209~210.5°C

[1T]
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Benzofuran (SUL)
CASRN (2Z,3~Isomer): 271-89-6
DESC: Semivolatile Ligquid

Benzoic acid {NOM, PET, STY)
DESC: Solid, m.p. 122°C; begins to sublime ~ 100°C
SKIN ABS: Yes
SKIN [RR: Skin Human TDL ;6 mg/kg

INGES ACUTE: Man LDgo: -800 mg/kg

Benzonitrile {CRE, KAP, NOM, PU)}
CASRN: 100-47-0
CESC: Semivolatile Liguid
SKIN IRR: Rabbit; 500 mg/24 H, moderate
ORAL: Rat LO| : 720 mg/kg
THL:  Rat Lo 950 ppm/8 H
ORAL: Mouse ED;O; 1400 mg/kg

Benzo[g,h,i]perylene [a PAH] (STY)
CASRN: 191-24-2
MUTAGEN

Benzo[c]phenanthrene; 3,4~Benzphenanthrene [a PAH] (PE, STY)
CASRN:  195-19-7
DESC: Solid, m.p. 58°C
SKIN TUMORIGEN: Mouse TDLO: 940 mg/kg/39 W

Benzo{alpyrene, B{alP [a PAH] (CRE, PE)
CASRM: 50-32-8
DESC: Solid, m.p. 175-177°C
HLTH: TARC CARC: Anima)l Positive '73,
Listed in 2nd NTP Annual Report on Carcinogens, ’'S1.
ACGIA: A2 (Suspect carcinogen)

Benzo{elpyrene [a PAH] (CRE, PE, STY)
CASRN: 192-97-2
DESC: Solid, m.p. 1B80-182°C
T1ARC CARC: Animal Suspected, '73.

Benzo[b]thiophene; Thianaphthens {(CRE)
CASRN: 95-15-8
DESC: Solid, m.p. 29-32°C

3iphenyi, Diphenyl (CRE, CSPE, EPO, NOM, PE, PET, STY, SUL}
CASRN: 82-52-4
$TDS: OQSHA: 1 mg/m?
TLV: 0.2 ppm. 1.5 mg/m® TWA; 0.6 ppm. 4 mg/m® STEL
DESC:  Seolid. m.p. 6§9-72°C
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MLTH: Irritation-Eye. Nose, Throat, 8ronchi, Lungs, Skin--Moderate (15.
Less than 3 mg/m3).
CNS Effects (7. Greater than 3 mg/m?).

INGES ACUTE. Rat L0gs: 3280 mg/kg

1,2-Butadiene; Methylallene (PE)
CASRN: 590+19-2
DESC: Gas

1,3-Butadiene {CSPE, NIT, PE, PU)
CASRN: 106-99-0
STDS: OSHA: 1000 ppm, 2200 mg/m?
TLV: 1000 ppm, 2200 mg/m® TwA; 1250 ppm, 2750 mg/m® STEL
DESC: Gas
HLTH: Irritation-Eyes, Nose, Throat--Mild (16, Less than 3000 ppm).
INGES ACUTE: Rat LDgp: 5480 mg/kg
TERATOGEN (Reference 7)
NTP AND OSHA CARC: Animal carcinogen by inhalaticn (References 7-9)

n-Butancl (PU}

CASRN: 71-36-3

STDS; OSHA: 100 ppm, 300 mg/m3
TLV: € SO ppm, C 150 mg/m? TwA

DESC: Volatile Liquid

HLTH: Irritation-Eyes, Nose, Throat--Moderate (15).
Hearing loss (7).
Narcosis (8).

SKIN ABS: Yes

SKIN [RR: Severs

INGES ACUTE: Rat LDgqo: 790 mg/kg

1-Butene; a~Butylene (CSPE; EPO)
CASRN: 106-98-9
DESC: Gas

2-Butenenitrile; Crotonitrile (NOM}
CASRN (mixt. of trans- and cis-): 4786-20-3
DESC: Volatile Liguid

3~Butenenitrile; l-Butene-4-nitrile; Allyl cyanide (NOM)
CASRN: 109-75-1
DESC. Volatile Liquidg
SKIN IRR: 10 mg/24 H open, mild
ORAL: Rat LDgqo: 115 mg/kg
SKIN: Rabbit LOgq: 1410 mg/kg
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Butyraldahyde; Butanal (PE)
CASRN: 123-72-B
DESC: Volatile Liquid
THL:  Muman TCLO: 580 mg/m?
ORAL: Rat LDgg. 2490 mg/kg
SKIN TRR: Rabbit: 500 mg/24 H, savere

Butyric acid, Butanoic acid (PE)
CASRN: 107-92-6
DESC: Semivolatile Liquid
MUTAGEN
SKIN IRR: Rabbit: 10 mg/24 H, sevare
EYE IRR: Rabbit: 0.25 mg, severe
ORAL: Rat LDgg: 2940 mgrkg

Butyrolactone (PE)

p-Butyrolactone; 4-Methyl-2-oxetanone
CASRN: 3068-Ba-0
SKIN IRR: Rabbit: 500 mg, open
ORAL: Rat LDgqy: 17 g/kg
IARC CARC: Anima) positive, '76

y~Butyrolactong
CASRN: 96-48-0
DESC: Semivolatile Liquid
IARC CARC: Negative, '76
TUMORIGEN: Mouse, skin: SO g/kg
IPR: Mouse LDgy: 1100 mg/kg

Caproic acid; Hexanoic acid (PE)
CASRN: l42-62-1
DESC: Samivolatile Liguid
SKIN IRR: Rabbit: 10 mg/24 H, mild
ORAL: Rat LDgs: 3000 mg/kg
SKIN: Rabbit LDgq: 630 mg/kg

Caprolactam dust (NY§, N66, 610)
CASRN: 105~60~2
§T0S:  TLv: 1 mg/m? TWA; 3 mg/m3 STEL
DESC: Solid, m.p. 70-72°C
HLTH: Irritatton-Eyes, Nose, Throat, Skin--Moderate (1S, Less than 2 mg/m?}.
CNS Effects (7, Graater than 2 mg/m?).
SKIN ABS: LD, : 1410 mg/kg
SKIN IRR: Mi}8
INGES ACUTE: Rat LDgy: 2140 mg/kg

Caprolactam {NY6, N66, 610)

CASRN: 105-60-2

STDS: TLV: S ppm, 20 mg/m3 TWA; 10 ppm, 40 mg/m? STEL

DESC: Solid, m.p. 70-72°C

HLTH: Irritation-Eyes,k Nose, Throat, Skin--Moderate (15, Less than 10 ppm).
CNS Effects (7, Greatar than 10 ppm).
Vapor less irritating than dust to respiratory tract. .

See Caprolactam dust apove for toxic, oral, ano skin informction.
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Carbazole (CRE)
CASRM:  86-74-8
DESC: Solfd, m.p. 245-246°C
ORAL: Rat LD, : 500 mg/kg
1PR: Mouse LDO5: 200 mgkg

Carbon dioxide (CSPE, EPO, FEP, KAP, NOM, PAP, PE, PET, PU, SUL, TEF, VIT)
CASRN: 124-38-9
S$T0S: O0QSHA: 5000 ppm, 9000 mg/m3
TLV: 5000 ppm, 9000 mg/m* TWA; 15,000 ppm, 27,000 mg/m® STEL
DESC: Gas
HLTH: SiGaple Asphyxiant (17, Less than 10,000 ppm}.
SKIN: Direct contact with dry fce can cause freezing of tissue.

Carbon monoxide (CSPE, EPO, FEP, HAL, KAP, NEQ, NOM, NY&, PAP, PE, PET, PU, SUL,
TFE, TFZ, VvIT)
CASRN: 630-08-0
STDS: OS5HA: SO ppm, 55 mg/m3
TLV: 50 ppm, 55 mg/m3 TwA; 400 ppm, 440 mg/m® STEL
DESC: Gas
HLTH: Asphyxiation, Chemical anoxia (17, Less than 75 ppa).

Carbon tetrafiuoride (TEF, FEP)
CASRN: 75-73-0
DESC: Gas
IHL: Rat LCLD: 895,000 ppm/1S min

Carbonyl fluoride (HAL, TFZ)
CASRN: 353-50-4
5T0S: TLV: 2 ppm, S5 mg/m} TwA; S ppm, 15 mg/md STEL
DESC: Gas

Chlorgform; Trichloromethane (XLPE)
TASANT  BT7-56~3
S$T0S. OSHA: C 50 ppm, C 240 mg/md
TLY: 10 ppm, 50 mg'm? TWA; 50 ppm, 22% mg/m3 STEL
DESC: volatile Liguid
HLTH: Suspect Carcinogen (2}. Cumulative liver and kidney damage (3).
Narcosis (8).
ACGIH: A2 (Suspect carcinogen).
IARC CARC: Animal! Suspect, "72.
IARC CARC: Animal Positive, '78.
IARC CARC: Human Suspect, 'Bl.
Listed in 2nd NTP Annual Report on Carcinogens, 'Bl.

Chrysene [a PAH] (CRE, PE, 5TY)
- CASRN: 218-01-9
STDS:  TLV: Suspect carcinogen
DESC: Solid, m.p. 254-255°C
IARC CARC: Animal Positive '73
SKIN ABS: S5kin carcinogen: Mouse 3.5 mg/kg
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Cinnamy! alcohol (STY)
CASRN: 104-54-1
DESC: Solid, m.p. 33-35°C
TUMCRIGEN: Mouse, ipr: 1400 mg/kg
ORAL: Rat tDgq: 2000 mg/xg
SKIN IRR: Rabbit: 522 mg/24 H, moderate

Cresol (CRE, EPO, SUL)
CASEN:  1319-77-3
$10S: OQSHA: S ppm, 22 mg/m?
TLY: 5 ppm, 22 mg/m? TwA
DESC: Solid or Semivoiatile Liquid (depending on isomer).
HLTH: Irritation-fyes, Skin=-Marked (14).
Acute Toxicity={CNS) (4).
Cumulative liver, cardiovascular, kidney damage (3).
SKIN ABS: Yes
SKIN IRR: Yes
INGES ACUTE: Vvaries with isomer:
Rat LOgs: approximately 200 mg/kg
o-Cresol is the most toxic orally.

Crotonic acid; trans-2-Butenoic acid (PE)
CASRN: 3724-65-0
DESC: sSolid, m.p. 72-74°C
CRAL: Rat LDgy: 1000 mg/kg
SKIN: Guinea pig LDgs: 600 mg/kg
SKIN IRR: Rabbit: 10 mg/24 H

Cumere; Isopropyibenzens (STY, XLPE;
CASRN: 98-82-8
$TOS: GOSHA: 50 ppm, 245 mg/m?
TLY: SO ppm, 245 mg/m3 TWA; 75 ppm, 365 mg/m* STEL
DESC: Semivoiatile Liguid
HLYH: Narcosis (8).
irritation-cves, ikin--:ooerate {15, Less than 100 ppm;.
SKIN ABS: Yes
SKIN IRR: Yes, Primary Irritant
INGES ACUTE: Ret LDgo: 1400 mg/kg

Cyanoanilines: Aminobenzonitriles (NOM)

m-Cyancaniline
CASRN:  2237-30-1
OESC: Selid, m.p. 51-53°C
g-Cyanoaniline; Anthranilonitrile
CASRN: 1885-29-6
CESC: Solid, m.p. 47-49°C
IPR: Mouse LDgo: 180 mg/xg
p-Cyanoaniline
CASRN:  873-78-5
DESC:  Solid, m.p. 83-85°C
IPR: Mouse LDgq: 155 mgr/kg

oy
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3-Cyanobenzoic acia (EPC)
CASRN: 1877-72-1
DESC: Solid, m.p. 222-224°

3-Cyanobipheny! (NOM)

Cyanogen {(NOM}
CASRN: 460-19-5
STDS: TLVv: 10 ppm TwWA
0ESC:  Gas
HLTH: Irritatfon-fyes, Nose, Throat--Moderate (15).
Acute Toxicity (Cyanosis) (4).

N={3-Cyanophenyl)benzamide (NOM)

Cyclopentadiene (EPQ)
CASRN: 542-92-7
0ESC: volatile Liquid

HLTH: Irritation-Eyes, Nose, Throat--Moderate (15, Less than 150 ppm).

Cyclopentanone (N66)
CASRN: 120-92-2
0ESC: Semivolatile Liquid
SKIN IRR: Rabbit: 500 mg/24 H
IPR: Mouse LOgq: 1950 mg/kg
SCU:  Mouse LDLO: 2600 mg/xg

Cyclopropane (PE)
CASRN: 75-19-4
DESC: Gas

Decachlorobiphenyl (PCP)
CASRN: 2051-24-3
DESC: Solig, m.p. 2305-306°C

Decafluorobutane (FEP, TEF)
CASRN: 355-25-9

Dibenz[a,hJanthracens; 1,2,5,6-Dibenzanthracene [a PAH] (CRE)
CASRN; 53-70-3
DESC: Solid, m.p. 266-267°C
MUTAGEN
IARC CARC: Anima) Positive, '73.
IVN:  Mouse LDLO: 10 mg/kyg

Diberzofuran (CRE, KAP, SUL)
CASRN: 132-64-9
DESC: Solid, m.p. 83-84°C
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1,3-Dicyanobenzene; )sophthalonitrile (NOM}
CASRN: B626-17-5
STDS: TLV-TWA: 5 mg/m?
DESC: Solid, m.p. 160-162°C
ORAL: Rat L0gq: 1860 mg/kg
ORAL: Mouse LDgqs: 178 mg/kg

1,4-Cicyanobenzene; Terephthalonitrile; p-Dicyanobenzene (KAP, PU)
CASRN: 623-26-7
DESC: Solid, m.p. 224-227°C
EYE IRR: Rabbit: 500 mg/24 H, modarate
ORAL: Rat Lnsoi 21 g/kg

0ihydroanthracene (PE)
CASRN (9,10-isomer): 612-31-0
DESC: Solid, m.p. 108-110°C

Diisobutyl phthalate (NEO)
CASRN: 84-59-5
DESC: Semivolatile Liquid
ORAL: Rat LDgq: 20 g/kg
CRAL: NMeuse L 13 oo

SKIN: Guinea p?alLoso: 10 g/ kg

Cimethy) ether: Mathy)l ether (PU)
CASRN: 115-10-6
" DESC:  Gas
IHL: Mouse LCgp: 386 ppm/15 min

Dimethyinaphthalene (CRE, CSPE, SUL)
CASRN: 28504-88-8
DESC: Semivolatile Liguids or Solids
l1.6~0imethvinannthalene
CASRN: 575+43-9
DESC: Semivolatile Liquid
ORAL: Rat LD o S000 mg/kg

Dioctyl phthalate (NED)
DESC: Semivolatile Liquid
SKIN IRR: Mild
INGES ACUTE: Mouse LD,,: 6513 mg/kg (Di-n-octyl phthalate, CASRN 117-84-0]
Rat L0go: 31 g/kg [Bis(2-ethylhexv]) phthalate, CASRN 117-81-7]

1,4-Dioxane; Dietnylene Dioxide (NOM)
CASRN: 123-91-1
STDS: OSHA: 100 ppm, 360 mg/m3
TLV: 25 ppm, 90 mg/m? TWA; 100 ppm. 360 mg/m? STEL
DESC: volatile Liguid

o
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HLIH: Suspect carcinogen {(2). Cumulative Jiver and kidney damage (32)
Irritation-Eyes, Nose, Throat=-Mild (16).
JARC CARC: Animal Positive, '76.
Listed in 2nd NTP Annual Report on Carciongens, '81.

SKIN ABS: Yes

SKIN IRR: Milg

INGES ACUTE: Rat LDgo: 4200 mg/kg

Diphenylethane (5TY)
CASRN (1,2~isomer): 103-29-7

DESC:

Solid, m.p. 50-53°C

Diphenyl ether (EPQO, SUL)

CASRN: 101-R4-8
STDS: OSHA: 1 ppm, 7 mg/m3
TLv: 1 ppm, 7 mg/m® TwA: 2 ppm, 14 mg/m? STEL
DESC: volatile Liquid
HLTH: Nausea (7).
Irritation-fyes, Skin-=Mild (16).
Cumulative liver and kidney camage (3).
SKIN IRR: Mild

INGES ACUTE:

Rat LDgg: 3370 mg kg

Dipropylene glycol methyl ether (XLPE)

CASRN: 34590-94-8
STDS: OSHA: 100 ppm, 600 mg/m?
TLY: 100 ppm, 600 mg/m3 TwA: 150 ppm, 900 mg/m® STEL
DESC: Semivolatile Liquid
HLTH: Irritation-Eyes, Nose--Moderate (15). Slight Narcosis (8).
SKIN ABS: Yes
SKIN IRR: Mild

INGES ACUTE:

Rat Lbgp: 4900 mg/kg

Divinyl terephthalate (PET)

CASRN:

94-49-5

Ethane (CSPE, EPO, NOM, PE, PET, PU, SUL)

CASRN:
DESC:
HLTH:

74-84~0
Gas
Explosive (18).
Simple Asphyxiation (17, If oxygen level is 18X by volume).

2-Ethoxyethanol (PU)

CASRN:
STOS:

CESC:
H{TH:

110-80-5
OSHA: 200 ppm, 740 mg/m?
TLY: S0 ppm, 185 mg/m3 TWA. 100 ppm, 370 mg/m3 STEL
(NOTE: Probable change to 5 ppm, with no STEL. Skin notation wili

be continued.)
Semivplatile Liguid
Irritation-Eyes, Nose--Moderate (15).
Cumulative blood disturbances (12).
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SKIN ABS: Yes
SKIN IRR: Mild
INGES ACUTE: Rat LDgq: 3000 mgrkg

Ethy) alcohodl; Ethano! (PE, PU)

CASRN: 64-17-5

STDS: QSHA: 1000 ppm, 1900 mg/m?
TLV: 1000 ppm, 1900 mg/m? TwA

DESC: volatile Ligquid

HLTH: [rritation-Eyes, Nose, Throat--Marked (14, Less than 3000 ppm).
Narcosis (B),.
Reproductive impairment (S, Greater than 3000 ppm).

SKIN A85: Rabbit LDLO: 20 g/kg

SKIN IRR: Sevare

INGES ACUTE: [Dgq: 7060 mg/kg

Ethylbenzene (EPO, NIT, PE, PET, STy, SUL)

CASRN: 1060-41-4

STDS: OSHA: 100 ppm, 435 mg/md
TLV: 100 ppm, 435 mg/m> TwA; 125 ppm, 545 mg/m® STEL

DESC: Semivolatile Liquid

HLTH: Irritation-Eyes, Nose, Throat, Skin--Moderate (15, Lass than 200 ppm).
Narcosis (8).

SKIN ABS: faziiv (lgg0 1300 mpikg

SKIN IRR: Mild

INGES ACUTE: Rat LDgo: 3500 mg/kg

Ethy! chloride; Chloroethane (EPO)
CASRN: 75-00-3
STDS: OSHA: 1000 ppm, 2600 mg/m?
TLY: 1000 ppm, 2600 mg/m3 TWA; 1250 ppm, 3250 mg/m? STEL
DESC: Gas
HLTH: Narcosis (8, Greater than 5000 ppm).
SKIN [RR: Frostbite possible if liquefied gas is spilled on skin,

Ethylene; Ethene (EPO, NOM, PAP, PE, PET, PU, SUL, TFZ)
CASRN: 74-85-1
DESC: Gas
HLTH: Simple Asphyxiation (17, If oxygen level is 18% by volume).
Explosive (18).
ACGIH: E (Simple asphyxiants)

EthyTene dibenzoete (PET)
CASRN: 94-439-5

Ethylene glycal, particulate (PET)
CASRN: 107-21-1
ST0S: QSHA: 1.7 mg/md
TLV: 10 mg/m? TwA
BESC: Volatile Liguid
HLTH: lrritation-Zves, Nose, Throat--Moderate (15). CNS depression (7)
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SKIN ABS:. Rabbit LDgg: 19,530 mg/kg
SKIN IRR: Mild
INGES ACUTE: Human LDLO: 710 mg/kg

Ethylene glycol, vapor (PET)
CASRN: 107-21-1
$TDS: TLY: C S0 ppm, C 125 mg/m® TwA
pESC: Vapor
HLTR: Irritation-Eyes, Nose, 6 Throat--Moderate (15). CNS depression (7)
SKIN ABS: Rabbit LDgp: 19,530 mg/kg
SKIN IRR: Mild
INGES ACUTE: Human LD .: 710 mg/kg

Ethyimethyiphenol; ethyicresol (CRE})
CASRN: 1687-61-2
DESC: Solid?
6=Ethyl=-m=cresol
UNKNOWN ROUTE: Rat LDgo: 530 mg/kg

Ethylpheanol (SUL)
2-Ethylphenol
CASRN: QD= 0C-$6
DESC: Semivolatile Liquid
CARC: Mouse Skin TOLD: 3100 mg/kg/12 W, intermittent
3-Ethylphano?
CASRN:  620-17-7
DESC: Semivolatile Liquid
4-Ethylphena]
CASRN: 123-07-9
DESC: Selid, m.p. 42-45°C

Fluoranthena [a PAH] (CRE, PE, STY)
CASRN: 206-44-0
DESC:  Seolid, m.p. 107-11D°C
SKIN TUMCRIGEN: Mouse TD : 280 mg/kg/58 W
ORAL: Rat LDgq: 2000 ng}ﬁq

Fluorens [a PAH] (CRE, CSPE, PE, STY)
CASRN: 86-73-7
DESC: Solid, m.p. 112-115°C

Formaldehyde; Methana) (PE, PET, 5TY)

CASRN: 50-00-0

STDS: OSHA: 3 ppm
TLV: 2 ppm, 3 mg/m® TWA

DESC: Gas

HLTH: Irritation-Eyes, Lungs, Skin--Marked (14).
Susgect Carcinogen/Mutagen (2).
IARC CARC: Animal Positive, '82.
TARC CARC: Human indefinite, ‘82.
ACGIH: A2 (Suspect carcinogen). .
Listed in 2nd NTP Annual Report on Carciongens, '81.
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SKIN IRR: Yes, Sensitization also
'INGES ACUTE: Rat LDg,: 80D mg/kg

Formic acid; Methanofc acid (PE, STY)

CASRN: B4-18-6

STDS: DSHA: S ppm, 9 mg/m?
TLV: 5 ppm, 9 mg/m* TwWA

DESC: Volatile Liquid

HLTH: Irritation-Eyes, Nose, Throat, 5kin, Lungs--Marked (14).
Mutagen (2).

SKIN IRR: Yes, {f concentrated

INGES ACUTE: Rat LDgq: 1100 mg/kg

Furan (PE)
CASRN: 110-00-0
DESC: Vvolatile Liquid
IHL: Mouse LCgq: 120 mg/m3/1M
IPR: Mouse LDyq: 7 mg/kg
IPR: Rat LDgqo: 5.2 mg/kg

-

neptacniorooipenio-p-aioxin (FIF]
CASRN: 37871-00-4; (1,2,3,4,6,7,8-isomer) 35822-46-9
IARC CARC: Animal Indefinite, '77.

n-Heptacosane (NED)
CASRN: 593-49-7
DESC: Solid, m.p. 59-61°C

l-Heptene (PE)
CASRN: 592-76-7
DESC: volatile Liquid

Hexachlorobenzene (PCP)
CASRN: 118-74-1
DESC: So1id
HLTH: IARC CARC: Anima} Positive, '79.
IARC CARC: Human Suspect, '79,

Hexachloredibentzo-p-dioxin (PCP)
CASRN: 34465-46-8
DESC. Sotlid, m.p. 227-229°C
EYE IRR: Rabbit: 2 mg, moderate
ORAL: Rat 70, : 10D mg/kg
ORAL: Mouse LDso: 1.25 mg/kg
{ARC CARC: Animal! Indefinite, '77 (but a 2:1 mixture of the 1,2,3.7,8,9-
and 1.2,3,6.7.8~isomers was a carcinogen in rats and mice)

Hexachlorodibenzofuran (PCP}
CASRN: 5356R4-94-1
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n-Hexadecane (NEO)
CASRN: 548-76-2
DESC: Semivolatile Liquid (freezes at 18.2°C)

Hexaflucropropane (FEP, TEF)
CASRN: 27070-61-7,; (1,1,1,3,3,3-) €90-39-1; (1,1,2,2,3.3-) 680-00-2;
(1.1.1.2.2,3') 677-56-51 (1!1!1)2l3|3‘) 431'63“'0
DESC: Gas

Hexafluoropropyiena; Hexafluoropropene (TEF, FEP, VIT)
CASRM: 115-15-4
DESC: Gas
IHL: Rat LCLO: 20,000 mg/m*/2 H

Hexanal; Hexaldehyde; Caproaldehyde (PE)
CASRN: 66-25-1
DESC: Semivolatile Liguid
ORAL: Rat LDggs: 4890 mg/kg
IML: Rat LC _: 2000 ppm/4 H
SKIN IRR: REBbit: 10 mg/24 W, mild

n-Hexane (PE)
CASRN: 110-58-3
§7D5: O05HA: 500 ppm, 1800 mg/m?*/15 amin
TLV: S0 ppm, 180 mg/m3 TLV
DESC: Volatile Liguid
HLTH: Nervous system disturbances--polyneurcpathy (7).
Nervous system disturbances--narcosis (8).
SKIN IRR: Mild
IHL: Human TCLO: 5000 ppm/10 min

i-Hexene (CSPE, PE}
CASRN: 592-41-6
DESC: Vvolatile Liquid

Hydrogen (EPO, KAP, NIT, NOM, PAP, PE)
CASRN: 1333-74-0
DESC: Gas
HLTH: Simple Asphyxiation (17, If oxygen level is 18% by volume).
Explosive (18).

Hydrogen chloride (gas., anhydrous) (CSPE, HAL, NEO)

CASRN:  7487-01-0

§705: QSHA: C 5 ppm, C 7 mg/m?
TLY: C 5 ppm, C7 mg/md TWA

DEsC:  Gas

BiLTH: Irritations Eyes, Nose, Throat--Marked (14).
Lung edema (1l).
Dental erosion (3).
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Hydrogen cyanide (gas) (KAP, N66, NEO, NIT K NOM, PU)

CASRN:
ST0S:

QEsC:
HLTH:

74-90-8
OSHA: 10 ppm, 11 mg/m?
TLv: € 10 ppm, C 10 mg/m* TwWA
Gas
Acute systemic toxicity (4).
Cumulative systemic toxicity (Cyanosis) (3).

Hydrogen fluoride (gas, anhydrous} (WAL, TFZ, VIT)

CASRN:
STOS:

DESC:
HLTH:

7664-39~3
OSHA: 3 ppm
ELV: 3ppm, 2.5 mg/md TWA; & ppm, 5 mg/m? STEL
as
Irritation-Eyes, Nose, Throat, Skin--Marked (14).
Acute Tung damage (11}.
Cumulative bone damage (3).

Hydrogen suifide (NEO}

CASRN:
STDsS:

-
[

HLTH:

7783~06-4
QSHA: 20 ppm
TLV: 10 ppam, 14 mg/m? TWA: 15 ppm, 21 mg/m? STEL
wil
Acute systemic toxicity (4).
Irritation-Eyes (Conjunctivitis), Lungs--Moderate (15).
CNS affects (7).

Hydroxyethyl terephthalate monoester (PET)

2-Hydroxypheny!-2-phenylpropane (SuL)

Hydroxyvalaric acid (PE)

CASRN:
DESC:

Indan (EPO,

CASRN:
DESC:
CRAL:

50853-48-0
(2-isomer) Solid, m.p. 34°C (sublimes)

PE)

496-11-7
Semivolatile Liquid
Rat LDLO: 5000 mg/kg

Indene (CSPE, EPC, PE, PU, STY, SUL)

CASAN:
STDS:
DESC:
HLTH:

95+13-6
TLyv: 10 ppm, 45 mg/m® TWA; 15 ppm, 70 mg/m3 STEL
Semivolatile Liquid

Irritation-Eyes, Nose, Throat--Moderate (15).
Cumulative liver and kxidney damage (3).
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Indole (CRE)
CASRN: 120-72-%
0ESC: Solid, m.p. 52-54°C
ORAL: Rat L0g4o: 1000 mg/kg
SKIN: Rabbit LOgg: 790 mg/kg

Isobutyraldehyde (PE)
CASRN: 7B8-84-2
DESC:  volzcile Liquid
IHL: Rat LC, : 8000 ppm/4 H
ORAL: Rat LB%,: 2810 mg/kg
SKIN IRR: Rabbit: 500 mg/24 H, severs

Isoprene (CSPE)
CASRN: 78-79-5
0ESC: volatile Liquid (b.p. 34°C)

Isovaleric acid (PE)
CASRN: 503-74-2
orl: Semivolatiie Liguid
ORAL: Rat LDSD: 2000 mg/kg
SKIN: Rabbit LDso: 310 mg/kyg
SKIN IRR: Rabbit: 500 mg/24 H, moderate

Methacrylonitrile (NIT, PU)
CASRN: 126-98-7
TLY: 1 ppm, 3 mg/m? TWA; skin warning
DESC: Volatile Ligquid
SKIN IRR: Rabbit: 200 mg, miild
ORAL: Rat LDso: 250 lg/kg

Methane (CSPE, EPO, KAP, NEO, NIT, NOM, PAP, PE, PET, PU, SUL)
CASRN: 74-82-8
DESC:  QCas
HLTH: Explosive (18).
Asphyxiant (17, If ouygen level is 18% by volume).
ACGIH: E (Simple asphyxiant)

Methy! alcohol; Methanol (NOM, PU)
CASRN: 67-956-1
S$TDS: OQSHA: 200 ppm, 250 mg/m?
TLV: 200 ppm, 260 mg/m? TWA; 250 ppm, 310 mg/m? STEL
0ESC:; Volatile Liquid
HLTH: Cumulative CNS effects (7, Greater than 400 ppm).
Narcosis (8)
Irritation=Eyes, Nose, Throat--Mild (16, Less than 400 ppm).

Methylanthracenes [PAHs] (PE)
CASRN:  (2-) B13-12-7; (98-} 779-02-2
DESL: [Z-) Semivolatile Lizuic: {9-) solid. m.o. Tl-79°C
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Methy lbenzofuran (SUL)
CASRN: 25586-38-3
DESC:  {2-,3-.,%-, or 7-isomer) Semivolatile liquid

4-Methylbiphenyl; 4-Phenyitoluense (STY)
CASRN: 644-08-6
DESC: Solid, m.p. 44-47°C
OhAL: Rat LO;O: 2570 mg/kg

1-Methylbuty! isobutyrate; Propancic acid, 2-methyl-, l-methylbutyl ester (NEO)
CASRN: 54340-93-1

Methy! chioride; Chloromethane (EPQ)
CASRN: 74-87-3
STDS: OSHA: 100 ppm
Tiv: S0 ppm, 105 mg/md TwA; 100 ppm 205 mg/m3 STEL
OESC: Gas
HLTH: Acute CNS effects (4).
Chrontc CNS effects (7).
~emuelative Tiver and kidney damage (3).
SKIN ABS: Yes

3-Methylcholanthrene [a PAH] (STY)
CASRN: 56-49-5
DESC: Seolid, m.p, 178-180°C
TUMORIGEN: Oral: Rat TOLo: 200 mg/kg
TUMORIGEN:  Skin: Rat TO  : 700 mg/kg/25 W-intermittent

TERATOGEN

2-Methyl-1,3-dioxolane (PET)
CASRN: 497-26-7
DESC: Volatile Liquid

4,5~Methylenephenanthrene (PE)
CASRN:  203-54-5
DESC: Semivolatile Liguid

Methylethylbenzenas; Ethyltoluenes (SUL)

2=Ethyltoiuene

CASRN: 611-14-3

DESC: Semivelatile Liquid

ORAL: Rat LOLO: 5000 mg/kg
3-Ethyltoiuene

CASAN: 620-14-4

OESC: Semivolatile Liquid
4=gEthyitoiuene

CASRN: 622-96-8

DESC: Semivolatile Liquid

ORAL: Rat LOLD: 5000 mg/kg
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Methyl ethy! ketone; 2-Butanone; MEK (PE)
CASRN:  78-93-3
STDS: 0SHA: 200 ppm, 590 mg/m?
TLv: 200 ppm, 590 mg/md TWA: 300 ppm, B8S mg/m? STEL
DESC: Vvolatile Liquid

HLTH: Irritation-Eyes, Nose, Throat--Moderate (15). Marcosis (3).

SKIN IRR: Moderate
INGES ACUTE: Rat LDgo: 2737 mg/kg

Methylfluorenes [PAHs] (CRE, PE)
CASRN: (1-) 1730-37-8; (9-) 2523-37-7
OESC: (1-) Solid, m.p. B4-B6°C; (9-) Semivelatile Liquid

Methylindene (STY, SUL)
CASRN: 29036-25-7
QESC: Semivolatile Yiquid

Methyl-4 S-methylenephen:-threne; Methyl-4H-cyclopentaldef]phenanthrene (PE)

CASRN: 58548-39-3

S

l-Metnyinaphihalene (GCRE, I:FE, FI, STV, SUL}
CASRN: 1321-94-4
QDESC: Semivolatile Liquid
INGES ACUTE: Rat L0gq: 4360 mp/kg

2-Methylraphthalens (CRE, CSPE, PE, STY)
CASRN: 91-57-%
QESC: Solid, m.p. 34-36°C
ORAL: Rat LDLO: 5000 mg/kg

Methylphenanthrens (PE)
i-Methyl isomer
CASRN: B32-69-9
MUTAGEN
2-Methy! isomer
CASRN: 2531-84-2
DESC: Solid, m.p. 57-59°C
MUTAGEN

2-Methylipyridine; a-Picoline (PU)

CASRN:  109-06-8

DESC: Semivolatile Liquid

SKIN IRR: Rabbit: 10 mg/24 H, mild

EYE IRR: Rabbit: 0.750 mg, severe
- ORAL: Rat L0gy: 790 mg/kg

IHL: Rat i€, _: 4000 ppm/4 H

SKIN: Rabbit®l0go: 410 mg/kg
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4-Methylpyridine; y-Picoline (PU)
CASRN:  108-89-4
DESC: Semivolatile Liquid
SKIN IRR; Rabbit: 10 mg/24 H, severe
EYE IRR: Rabbit: 0.750 mg, severe
ORAL: Rat LDeo: 1290 mg/kg
JHL: Rat LC o 1000 ppm/4 H
SKIN: Rabbit°LDge: 270 mg/kg

a=Methylstyrene; 2-Phenyl-l-propens (STY, XLPE)
CASRN: 98-83-9
$TDS: O0SHA: C 100 ppm, € 480 mg/m?
TLV: 50 ppm, 240 mg/m® TWA; 100 ppm, 485 mg/m3 STEL
DESC: Semivolatile Liquid
HLTH: lrritation-Eyes, Nose, Throat--Mjld (15).
CNS affects (7).
Narcosis (B).
SKIN IRR: Moderate

2- (Mathylthio)benzothiazole (NEO)
CASRN:  815-22-5
DESC-  SoldA. m .~ 5290

Methyl vinyl ketone (PE)
CASRN: 78-94-4
DESC: Volattle Liquid
IPR: Mouse LDgo: 80 mg/kg

Naphthalene (CRE, CSPE, EPO, PE, PET, STY, SUL)
CASRN: 91-20-13
$TOS: OSHA: 10 ppm, 50 mg/md
TLv: 10 ppm, 50 mg/m® TWA; 15 ppm, 75 mg/m® STEL
JESC: Solid. m.o. 80°C: subilimes at room temperature
HLTH: Irritation=Eyes, Nose, Throat--Marked (14).
Ocular damage/Anemia/CNS damage (2).
Suspect carcinogen (2).
SKIN IRR: Mild
INGES ACUTE: Human LDLO: 74 to 100 mg/kg

o-Naphthol; 1-Naphtho! (CRE)
CASRN:  90-15-3
DESC: Solid, m.p. 95-96°C
SKIN IRR: 500 mg/24 H, severe
EYE IRR: Racbit, 1 mg, severe
MUTAGEN
ORAL: Rat L0go: 2,400 mg/kg
SKIN: Raobit Lds,: 880 mg/kg
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B-Naphthol; 2-Naphtho! {CRE)
CASRN: 135-19-3
DESC: Solid, m.p. 122-123°C
SKIN IRR: Mfld
INGES ACUTE: Rat LDgp: 2420 mg/kg

a-Naphthylamine; l-Aminonaphthalene (CRE)

CASRN: 134-32-7

STDS: OSHA: 29 CFR 1910.1004

DESC: Solid, m.p. 4B8-50°C

HLTH: Cancer-f8ladder {suspact) (1).
IARC CARC: Animal Indefinite, '74.
IARC CARC: Human Suspect, '74.

SKIN ARS: Yes

INGES ACUTE: Rat LDgo: 779 mg/kg

B-Maphthylamine; 2-Aminonaphthelene (CRE)

CASRN: 91-59-8

STDS: OSHA: 29 CFR 1910.1009

DESC: Solid, m.p. 111-113°C

HLTH: Cancer=-Bladder (1)
ACSIE:  Flb {Huyman farzinegen’.
IARC CARC: Animal Positive, '74.
IARC CARC: Human Positive, '74.

INGES ACUTE: Rat LDgq: 727 mg/kg

Nitric oxide (NOM)
CASRN; 10102-43-9
STPS: OSHA: 25 ppm, 30 mg/m?
TLV: 25 ppm, 30 mg/m® TWA: 35 ppm, 45 mg/m* STEL
0ESC: Gas
HLTH: Methemoglocbinemia (13, Less than 50 ppm).
CNS #ffects (7, Greater than S0 ppm). Delaysd iuno damage (10).

Mitromethane (NOM)

CAZRN: 75-52-5

ST.3. O0SHA: 100 ppm, 250 mg/m?
TLY: 100 ppm, 250 mg/m3 TwA; 150 ppm, 375 mg/m® STEL

DESC: volatile Liquid

HLTH: Irritation-Eyes, Nose, Throat. Skin--Miid (16, Less than 300 ppm).
Narcosis (8, Greater than 300 ppm).
Cumulative Tiver and lung damage (3).

INGES ACUTE: Rabbit LDLO: 750 mg/kg

Nitrous oxide (NCM - PU)
CASRN: 10024-%87-2
DESC: Gas
HLTH: Reproductive Hazard (Male and Female) (5, Greater than 100 ppm}.
CNS effects (7).
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n=Nonacosane (MNEC)
CASRN: 630-03-5
DESC: Solid, m.p. 66-67°C

Nony iphenol {NEQ)
CASRN: 25154-52-3
DESC: Semivolatile Liquid
SKIN IRR: Rabbit: 10 mg/24 hr, severe
EYE IRR: Rabbit: 0.050 mg, severe

Octachlorodibenze-p-dioxin (PCP)
CASRN: 3268-87-9

DESC: Solid
EYE IRR: Rabbit: 2 mg, mild
SKIN TUMORIGEN: Mouse TD, : 290 mg/kg/60 W

TARC CARC: Animal Indefinith® '77.

Dctachlorodibenzofuran (PCP)
CASRN: 39001-02-0

Octachloronaphthalene; Perchloronaphthalene (FCP)
CASRN: 2234-13-1
5TDS:  OSHA: 0.1 mg/m?
TLY: 0.1 mg/m® TwA; 0.3 mg/m® STEL
0ESC: Solid, m.p. 197-198°C
HLTH: Cumulative liver damage/Chloracne (3),
SKIN ABS: Yes

Octafluoro=1l-butene (FEP)
CASRN: 360-89-4
CESC: Gas

Octafluorocyclobutane; Perfluorocyclobutane (FEP, TEF)
CASRN; 115-25-3
DESC: Gas

Octafluoroisobutylens; Perflucroiscbutylens (FEP, TEF)
CASRN: 382-21-8

Octyl alconol; l-Octanel (NED)
CASRN: 111-87-5%
QESC: Semivolatile Liquid
SKIN IRR: Milg
INGES ACUTE: Mouse LD.5: 1790 mg/kg

Palmitic acid {NEQ)
CASRN:  57+10-3
QESC. Solid, m.p. Bl-84°C
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SKIN IRR: Human: 75 mg/3 days, mild
TUMCRIGEN: Mouse (implant) 0., 1000 mg/kg
IVN:  Mouse LDgo: 57 mg/kg

Pentachlorobenzene (PCP)
CASRN: 608-93-5
DESC: Solid, m.p. B6°C
ORAL: Rat LDgg: 1080 mg/kg

1,4-Pentadiene (PE)
CASRN: 591-93-5
DESC: Liquid/Gas (b.p. 26°C)

Pentans (EPO, PE)
CASRN: 109-66-0
S$TDS: OSHA; 1000 ppm, 2950 mg/md
TLV: 500 ppm, 1300 mg/m? TWA; 750 ppm, 2250 mg/m® STEL
0ESC: Volatile Liquid
HLTH: Flammable (18, Less than 3000 ppm).
Narcosis (8, Greater than 3000 ppm).

2-Pentanons (PE)
CASRN: 107-87-9
STDS; OSHA; 200 ppm, 700 mg/m3
TLV: 200 ppm, 700 mg/m* TwA; 250 ppm, 875 mg/m® STEL
QESC: Volatile Liquid
HLTH: Irritation-Eyss, Nose, Throat--Moderate (15, Less than 400 ppm).
Narcosis (8, Grsater than 400 ppm).

l-Pentens (CSPE, PE)
CASRN: 109-67-1
OESC: Liquid/Gas (b.p. 29.9-30..°C)

Perylens [a PAH] (CRE)
CASRN: 198-55-0
DESC: Solid, m,p. 227~279%C
MUTAGEN

Phananthrene [a PAHM] (CRE, CSPE, PE, STY)
CASRN; 85-01-8
DESC; Solid, m,p, 99-101°C
INGES ACUTE: Mouse LDgo: 700 mg/kg

Phenol (CRE, EPO, KAP, NOM, STY, SUL, XLPE)
CASRN: 108-95-2
S$T0S: OSHA: 5 ppm, 19 mg/md
TLV: S ppm, 19 mg/m® TWA; 10 ppm, 38 mg/m? STEL
DESC: Solid, m.p. 40.5-41.5°C (absorbs water from air and ltquefies)
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HLTH: Irritation-Eyes, Nose, Throat, Lungs--Marked (14).
Acute and chronic systemic toxicity (4),
Suspect carcinogen {2).

SKIN IRR: Severe

SKIN ABS: Yes

INGES ACUTE: Human LOLO: 140 mg/kg

Phenylacetaldehyde; a-Tolualdehyde; Benzeneacetaldehyde (STY)
CASRN: 122-78-1
DESC: Semivolatile Liquid
SKXIN IRR: Human: 2%/48 H
ORAL: Rat LDgq: 19550 mg/kg

1,3~Phenylenediamine; 1,3-Ciaminobenzens (NOM)
CASRN: 108-45-2
DESC: Vvolatile Liquid
IARC CARC: Animal [ndefinite, '78
TUMORIGEN: Rat ToLo‘ scu: 1485 mg/kg
ORAL: Rat LD.o: 650 mg/kg

m-Pheryvlenediisocyanate: 1. 3-Diisocvanatobenzene (NOM)
CASRN: 123-81-5
DESC: Solig?
IVN: Mouse LDgq: 5.6 mg/Kg

2.3-0-Phenyienepyrens; Indeno[l,2,3-cd}pyrene [a PAH]} (CRE)
CASRN: 193+39-5
DESC: Solid
MUTAGEN
IARC CARC: Animal Positive '73,

Prenyl isccranate KAP)
CASRN: 103-71-9
DESC: Semfvolatile Liquid
SKIN ABS; Rabbit LDgo: 7130 mg/m?
INGES ACUTE: Rat LDgo: 940 mg/kg

2-Phenylnaphthalens (PE)
CASRN:  6§12-94-2
DESC: Semivolatile Tiquid

H-Phenyl-2-naphthylamine (NEO)
CASRN: 135-88-6
QESC:  Solid, m.p. 107-10%9°C
HLTH: 1ARC CARC: Animal Suspect. '78.
IARC CARC: Human [ndefinite, '78.
Metabolizes to 2-naphthylamine in humans and animals
iNGES ACUTE: Rabbit LDLO: 1000 mg/kg
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Phenyl p-toly! ether (SUL)
CASRN: 1706-12-3

Phthalanil (NEO)
CASRN: 520-03-6

Pnhthalates (XLPE)

Phthalic anhydride (NEQ)

CASRN: 85-44-9

QESC: Solid, m.p. 132-134°¢

STDS: OSHA: 2 ppm, 12 mg/md .
TLY: 1 ppm, 6 mg/m? TWA: &4 ppm, 24 mg/m? STEL

HLTH: Irritation-Eyes, Nose, Throat, Lungs--Marked (14).
Asthma (9).
Contact skin frritant and sensftizer (3).

SKIN IRR: Yes, sovere

INGES ACUTE: Guinea pig LDgo: 100 mg/kg

Phthalimide (KAP)
CASRN: 85-41-6
0Z38: Solid, m.p. 234-236°C
ORAL: Mouse LDgo: 5000 mg/kg

Polystyrens combustion products (800°C) (STY)
IML:  Mouse LCgq: 120 mg/m3/10 min

Polytetraflyoroethylens decomposition product (TEF)
CASRN: 9002-84-D
$TDS: TLY: Bl (Polytetrafiuorosthylens decomposition product)
DESC: Variable
HLTH:  Acute toxic effects {Polymer ‘ume fever) (4),
JARC CARC: Animal Positive, '79.
IARC CARC: Human Indefinite, '79,

Polyurethans A combustion products (PU)
IHL: Mouse .Cgo: 38 mg/m3/10 min

Polyursthana thermal decomposftion products (PU)
MUTAGENIC

propane (EPC, PE, PU)
CASRN: 74-98-6
STOS: OSHA: 1000 ppm, 1800 mg/md
DESC: Qas
HLTH: Explosive (18).
CNS effects (7).
Asphyxfany (17).
ACGIH: E (Simple asphyxiant)
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Propionaldehyde; Propanmal {PE, PL)
CASRN: 123-38-6
DESC: Volatilm Liquid
SKIN IRR: Midd
INGES ACUTE: Rat LDgo: 800 mg/kg

Propionic acid (PE)
CASRN: 79-09-4
STDS: TLV-TWA: 10 ppm, 30 mg/m?
STEL: 15 ppm, 45 mg/m?
DESC: Semivolatile Liquid
ORAL: Rat LDyq: 2500 mg/kg
SKIN: Rabbit LDgo: 500 mg/kg
SKIN IRR: Rabbit. 495 mg, open, severe

Propionitrile; Ethy) cyanide (PU)
CASRN: 107-12-0
STDS: Criteria Document Recommended Exposure: 14 mg/m? TWA
DESC: Volatile Liquid
EYE IRR. Rabbit: 20 mg
ORAL: Rat LDso: 39 mg/kg

Propy! alcohol; Propancl {PU)
CASRN: 71-23-8
STDS: OQSHA: 200 ppm, SD0 mg/m3
TLV: 200 ppm, S00 mg/m? TwA; 250 ppm, 625 mg/m¥ STEL
DESC; Vvolatile Liquid
HLTH: Irritation-Eyes, Nose, Throat--Miid (16).
Narcosis (B).
Suspect carcinogen (2).
SKIN IRR: Mild
SKIN ABS: Yas

INGES ACUTE: Rabbit LD 3500 mg/kg

Lo’

n-Propyibenzene (see also Cumene) (STY)
CASRN: 103-85-1

DESC: Semivolatile Liguid

INGES ACUTE: Rat LDgg: 4830 mg/kg

Propylens; l-Propens (CSPE, EPC, NOM, PE, PET, PU)
CASRN: 115-07-1
TLY: Asphyxiant
DESC: Gas

Propyne; Methylacetylene (PE. PU)
CASRN: 74-99-7
STDS: OSHA: 1000 ppm, 1650 mg/m?
TLV: 1000 ppm, 1650 mg/m® TwA; 1250 ppm. 2040 mg/m3 STEL
DESC. Gas
HLTH: Explosive (18, Less than 2000 ppm).
Narcosis {8, Greater than 2000 ppm).
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Pyrene [a PAH] (CRE, PE, STY)
CASRN:  129-00-0
DESC: Solid, m.p. 149-151°C
SKIN IRR: Moderste

Pyridine (PU)

CASRN: 110-86-1

5TDS:  OSHA: S ppm, 15 mg/m3
TLV: 5 ppm, 15 mg/m3 TwA; 10 ppm, 30 mg/m® STEL

DESC. Volatile Liquid

HLTH: Cumulative Viver, kidney and bore marrow demage (3).
CNS effects (7).

SKIN IRR: Miild

SKIN ABS: Rabbit LDgo: 1121 mg/kg

Pyrrole (PU)
CASRN:  109-§7-7
0ESC:  Semivoletile Liquid
SCU: Mouse LD, 61 mg/kg
IPR: Rabbit Lo, 150 mg/kg

Quinoline (CRE, PUY
CASRN: 91-22-5
DESC: Semivolatile Liquid
MUTAGEN
SKIN IRR: Rabbit: 10 mg/2& H, mild
EYE IRR: Rabbit: 0.250 mg, savare
ORAL: Rat LDgo: 331 mg/kg
SKIN: Rabbit LDgo: 540 mg/kg

Silicon fluoride; Sflicon tetrafluoride; Tetrafluorositana (FEP, TEF)
CASRN: 7783-61-1
STOS: OSHA: 2.5 mg (HF)/m?® TWA (for nydrolysis product)
TLY: 2.5 mg (HF)/md TWA
DESC: Gas

Squatene (NEO)
CASRN: 111-01-3
DESC: Semivolatile Liquid

Styrene (CSPE, EPO, NIT, PET, PU, STY, SUL)
CASAN: 100-42-5
STDS: OSHA: 100 ppm
TLV: 50 ppm, 215 mg/m* TWA; 100 ppm, 425 mg/md STEL
DESC: Semivolatile Liquid
HLTH: Irritation-Eyas, Nose, Throat--Mocerate (15).
CNS effacts (7).
Narcosis (8),
Mutagen (2).
IARC CARC: Animal Positive, '79.
TARC CARC: Animal Suspacted. 'B82.
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IARC CARC: Human Indefinite, '79.
IARC CARC: Human Suspected, 'B2.
SKIN ABS: Yas
SKIN IRR: Modarate
INGES ACUTE: Mouse LD.,: 316 mg/kg

Sulfur dioxide (CSPE, NEQ, SUL)
CASRN: 7446-09-5
STDS: OSHA: S ppm, 13 mg/m3
TLY: 2 ppm, 5 mg/m® TwWA; 5 ppm, 10 mg/md STEL
OESC: Gas
HLTH: Irritation-Eyes, Nose, Throat, Lungs--Marked (14).
8ronchoconstriction (4).
Mutagen (2).
Suspect reproductive effects (5).

Terephthalic acid (PET)
CASRN: 100-21-0
DESC: Solid, m.p. > 300°C

Tetrachlorodibanzo-p-dioxin; TCOD (PCP)

nIsC:  fMYig

CASRN: (1,2,3,4-isomer) 30746-58-8;

(2,3,6,7-isomer) 34816-53-0
IARC CARC: Animal Indefinite, '77.
2,3,7,8-isomer
CASRN:  1746-01-6
EYE IRR: Rabbit: 2 mg, Moderate
TERATOGEN
MUTAGEN
ORAL: Rat tDgq: 22.5 ug/kp
IARC CARC: Animal ITndefinite., '77.
NTP/NCI CARC. Positive in mice and rats, '82.

Tetrafiuoroethylens; Tetrafluoroethene (FEP, TEF, TFI}
CASRN: 116-14-3
0ESC: Gas
IHL: Rat LCyq: 40,000 ppm/4 H

Tetrahydrofuran (PE)}
CASRN: 109-99-9
STDS: OSHA: 200 ppm, 590 mg/md

TLV: 200 ppm, 590 mg/m? TWA: 250 ppm, 735 mg/md STEL

0ESC: Volatile Liquid

HLTH: Irritation-Eyes, Nose, Throat, Skin--Moderate (15).
Narcosis (8). Mutagen (2).

INGES ACUTE: Rat LDLO: 3000 mg/kg

2.3,5.6~Tetramethylphen: (CRE)
CASRN: 527-35-3%

MONS

(1,2,3,8-isomer) 53555-D2-5;
(1,3,6,8~1somer) 33423-92-6; (1,3,7,8~isomer) 50585-46-1,
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Thiobutyric acid, S-dacy) aster (XiPE)

Narcosis (8).
Suspect teratogen (5).
Hutagen (2).

SKIN ABS: Yas
SKIN IRR:
| INGES ACUTE:

Mild

Rat LDgy: 5000 mg/kg

2,4-Toluanediamine; 2,4-Diaminotoluane (PU}

Toluene; Methylbenzena (CSPE, EPQ, NIT, NOM, PE, PET, PU, STY, SUL, XLPE)

CASRN: 108-B8-3
STDS: OSHA: 200 ppm
TLY: 100 ppm, 37% mg/m® TWA; 150 ppm, 560 mg/m® STEL
0ESC: Volatile Liguid
HLTH: Irritation-Eyes, Nose, Throat--Modarate (15}.

CASRN: 95-80-7
DESC: Solid, m.p. 97-99°C
MLTH: TIARC CARC: Animal Positive, '78 and 'B2.
Listad {n 2nd NTP Annual Report on Carcinogens, 'B1.
SKIN IRR: Mild

INGES ACUTE:

Rat iDgy: 260 mg/kg

Toluene 2,4-diisocyanate; TDI; Tolylene 2,4-diisocyanate (PU)

CASRN: 584-84-9

STDS: OSHA: C 0.02 ﬂg/l‘
TLY: € 0.02 ppm, € 0.14 mg/md TWA

QESC: Semivolatile Liquid

HLTH: Asthma (9).
Irritation-Eyes, Nose, Throat, Bronchi, Lungs--Marked (14).
Darmatitis (3).

SKIN IRR: Savere

Toluene 2,6~

CASRN:
DESC:
HLTH:

m-Toluidine
CASRN:
BESC:

SKIN IRR:
EYE IRR:

ORAL:

o~Toluidine
CASRN:
$TDS:

DESC:

difsocyanate (PU)
91-08~7
Semivolatile Liquid
Respiratory sensitization (Asthma) (9).

(CRE)

108-44-3
Semivolatile liquid

Rabbit: 500 mg/24 H, severe
Rabbit: 20 mg/24 H, savere
Rat LDgo: 450 mg/kg

(CRE)

95-53-4

0SHA: 5 ppm, 22 mg/m?
TLY: 2 ppm, 9 mg/m?
Semivolatile Liquid
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MLTH: Methemogiobinemia (13)
Acute systemic effects (4)
Suspect carcinogen
TARC CARC: Anima) and Human Indefinite, '78
Human Suspect, 'B2
SKIN IRR: Moderate
INGES ACUTE: Mouse LDg,: 520 mg/kg

p-Toluidine {CRE)
CASRN: 106-49-0
DESC: Solid, m.p. 45-47°C
SKIN IRR: Rabbit: 500 mg/24 M, severe
EYE IRR: Rabbit: 20 mp/24 M, severe
MUTAGEN
DRAL: Rat LD;Q: 56 Mg/kg

3-Tolunitrile; p~Tolunitrile; 1,3-Tolunitrile (HOM)
CASRN: 620-22-4
DEIC: Semivolatile Liquid
EYE IRR: Rabbit: 300 mg/24 H, severe
ORAL: Rat LDgs: 4.2 g/kg

Trifluoroacety! fluoride (TEF)
CASRN: 354-34-7

Trifluoromethane (NIT)
CASRN: 75-46-7

Trimethylbenzena (SUL)
CASRN: 25551-13-8
STOS: TLV: 25 ppm, 125 mg/m® TwA; 35 ppm, 170 mg/m® STEL
DESC: Semivolatile Liguid
H.TH:  Irritation-iungs, Skin--Marked {14),
Cumulative CNS Effects (7). Ansamia (12).
SKIN IRR: Yes

Triphanyiens (PE)
CASRN: 217-59-4
DESC: Solid, m.p. 195-198°C

Valersldehyda; Pentanal; Amy)! aldehyde (PS)
CASRN: 110-82-3
DESC: Volatile Liguid ‘
SXIN 1RR: Rabbit: 500 mg/24 H, moderate
IYE IRR: Rabbit: SO0 mg/24 H, severe
ORAL: Rat LDyu: 3200 mg/kg
SKIN: Rabbit LOgy: 6000 mg/kg

2mix MONS
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Valerolactone (PE)
CASRN: (y-isomer) 108-29-2; (g-) 542-28-9
0ESC. Semivolatile Liquid

Vinyl benzoata (PET)
CASRN: 769-78-8
DESC: Semivolatile Liguid
ORAL: Rat LDgp: 3250 mg/kg
SKIN IRR: Rabbit: 10 mg/24 H

Vinylcyclohexana (NIT)
CASRN: 695-12-5
DESC: Vvolatile to Semivolatiie Liquid
ORAL: Rat LDgq:r 3080 mg/kg
IARC CARC: Animal Indefinite, '76.

Vinylidene fluoride; 1,1-Difluoroethene (TFZ, VIT)
CASRN: 7%-38-7
DESC: Gas
ORAL TUMORIGEN: Rat TD, : 1930 mg/kg/52 W
THL: Rat LE,: 128,000%pm/a

vinylpyrigine (PU)
CASRN: (2-1somer) 100-69-6; (4-) 100-43-%
OESC: Semivolatile Liquid

vinyltoluana; Methylstyrena (NOM, PET)

CASRN: 25013~15-4

STOS: OSHA: 100 ppm, 480 mg/m
TLV: SO ppm, 240 mg/m® TWA; 100 ppm, 485 mg/m® STEL

DESC: Semfvolatile Liquid

HLTH: Irritation-Eyes, Nose, Throat, Skin--Moderate (15, Less than 200 ppm).
CNS effects (7, Greatar than 200 ppm).

INGES ACUTE: Rat LDgo: 4000 mg/kg

Xylenes (CSPE, EPQ, NOM, PU)
CASRN: 1330-20-7
STDS: OSHA: 100 ppm, 435 mg/m?
TLY: 100 ppm, 435 mg/m3 TWA; 150 ppm, 555 mg/m3 STEL
DESC: Semivolatile Liquid
HLTH: Irritation-Eyes, Nose, Throat, Skin--Moderate (15, Less than 200 ppm).
Marcosis (8, Greater than 200 ppm).

Xylanols (CRE)

2,

CASRN: 526-75-0

DESC: Solid, m.p. 73-75%.5°C
2,4~

CASRN: 10%5-67-9

, 5OESC: Solid, m.p. 22-23°C/Semivolatile Liquid
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CASRN: 95-87-4

DESC: Solid, m.p. 71-73°C
2,6~

CASRN: 576-26~1

DESC: Solid, m.p. 4%5-46°C
3,4-

CASRN: 95-65-8

0ESC: Solid, m.p., 65-68°C
3,5~

CASRN:  108B-68-9

DESC: Solid, m.p, 6%-66°C

Xylidine; Oimethytanilina (CRE}
CASRN: 1300-73-8
STDS: OSHA: 5 ppm, 25 mg/m3
TLV: 2 ppm, 10 mg/m® TWA
DESC: Semivolatile Liquid
HLTH: Methemoglobinemia (13}

Acuta systemic toxicity (4)
SKIN ABS:  Yas

INGES ACUTE: Rate LDgq: 610 mg/kg

2,4~Xylidine {CRE)}
CASAN: 90 z8-1
DESC: Semivolatile Liquid
MUTAGEN
IARC CARC: Animal indafinite, 178

2,5-%ylidine (CRE)
CASRN: 95-78-3
OESC: Semivolatile Liquid
MUTAGEN

ORAL: Rat LDSO: 1297 .g/kg
IARC CARC: Animal Indefinite, '78
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