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ABSTRACT

This study was designed to obtain a better understandinz cf the
thermal decomposition processes pertaining to three differe~t step-
growth polymers (Nylon 6, polyethylene terephthalate (Fi7), 2nd poly-
carbanaté); An intensive analytical study of thermel degrazztion has
been carried out on these step-growth polymers. Further studies were.
conducted on the Aylon 6.po1ymer containing non-reactive hzlczen-based
fire retardants.

Prior to the‘degradation studies, each polymer was ch;ra:terized
by eleertal analysis and infrared spectroscopy. Tﬁer:a} ar2lyses of
sarples were carried out using a Mettler Thermoanalyzer. Tne effects
of heating rate and environment on theAdegradation processes ¢ step-
growth polymers were analyzed using thermal analysis technig.es.

The polymeric samples were decomposed in both inert ang b#idative
environments. Low-boiling volatiles (gases) resulting fr :';yralysis
and oxidative degradation were identified and quantitated using 2
computerized gas chromatograph/mass spectrometer (GC/™S) systew which
provides both GC retention indices and mass spectra for ea2ch cazpon-
ent. The evolution of carbon monoxide was determined by interfacing
a non-dispersive infrared spectrometer to the pyrolysis appzratus.

The high-boiling Qo]atiles (aerosols) which were often recavered
“in the'férm of a viscoué 0il were anafyzed using high perfor:ahce 1ig-
uid chromatography (HPLC), elemental analysis and infrared spectro-

scopy. Solid residues which appearedas char, particulates and polymer




fragments were also characterized using elemental analysis anc HPLC
techniques. '

Using the combined quanfitative data from the analysis of low-
boiling volatiles, high-boiling volatiles and solid residues, a mate-
rial balance wes obtained for the three different step-growth pc?yfer;
during pyrolysis and oxidative degradation.

The study of the degradation products and the therral behavior
of Nylon 6, PET and polycarbonate polymers led to the development of
proposed therrmal degradation mechanisms. These ‘mechaniszs were founc

to be different for each basic polymer structure.
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CHAPTER 1
INTRODUCTION

During the past few decades, polymeric materials have replaced
many naturél materials and become quite cormmon in diversified market
areas which include cellular plastics, reinforced composites, coatinzs,
elastomers, fibers and téxti]es. An important ciass of polyrers, known
as step-growth or condensation pclymers, have become comodity rzter-
ials which are used in multibillion pound qdantities on an annua’ Ezsis.
Amdng this important c1a§s of polymefs, both Nylon and polyethylene
' terepﬁthalate (PET) are used as fibers for wearing apparel and furnish-
ings, while a newer polymer, polycarbonate, is finding increasez utili-
2zation as an engineeripg plastic. |

As the use of synthetic polymers has increased in comrerce, there

- has been an increasingly greater number of reports pertzining to their

involvemeﬁt in unwanted fires. The performan;e of synthetic poly-ers
during fire exposure may vary considerably from that of many natural
materials which they have replaced. The linear step-growth polyrers
may often depolymerize rapidly when placed in contact with an ignition
source. During such exposure these polymeric materialé may propzzate
a f1ame‘more rabid]y than natural materials. Some classes of polyrers
may release greater amounts of heat during thermal decomposition than
more conventional natural materials. The decomposition process is of-

ten accompanied by the release of dense smoke and a wide variety cf




combustion products nct frecuently observed during the therrzl degra-
dation of naturzl reterizis.

An increasing public awareness concerning injury and losses due
to fire has required rze material suppliers, plastics manufacturers.,and
fabficators to irpart 2 higner degree of fire retardancy in their pro-
ducts than was previo;s?y necessary. The use of fire retardant addi-
tives has not always irparted the desired degree of improverent and to-
date the succéss achieved via this route has been limited at best.
Often the degree ¢f iT;rovement.in the f]anmabi]ityvcharacteristics of
these polymeric raterizls has been marginally sufficient to reet curr-

ent regulatery recuireents. These fire standards, according to the .

author's opinion, are nct sufficient to warrant this approach, inasmuch

as many flame retarce? sziy-eric materials still ignite and procoagate

rapidly. Many fla~e retzrdant polymeric materials produce a creater
quantity of s-cke and a higher concentfatfon of potentially tcxic de-
compositfon-produ:ts than do the non-retarded polymers. Recent studies
have indicated the pessidie formation of highly toxic species during
the combustion of fire retarded polymers.(1’2) Other studies have
questioned the safety of utilizing many organophosphorous-based fire
retardants without a precer pre<market toxicological screening tc as-
sure their safe use.(a)
Recenf Federal Stzndzrds provided mandatory guidelines for the use
of fabrics in children’s sleepware;(4) carpeting,(s) automotive uphol-

(6)

stery, and mattresses.(7) Millions of square feet of fabric have

been produced during the past several years which have met or exceeded

these standards throucs the incorporation of a wide variety of fire
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retardants. It should be noted that, prior to the recent eractrent of
the Federz! Toxic Substances Act, there were little, if any, regu.a-
tions pertaining to toxicolcgical evaluation of ejther the interrediate
fire retardznts or the fire-retarded products. In fact, there is no
widely acceptzbie protcccl available at this time which is used to ev-
aluate the pctential toxicity of fire retardants or fire-retarded
products.

(8)

Blum and Ares indicated that the use of the flame-retardant
chemical tris{2,3-dibro~cpropxyl)phosphate used with blends of natural
and step-growth pb]ynefic fabrics created a potential carcinczénic
threat to hurans. As yet, incomplete studies conducted by the natioral

(

Cancer Institute %) have indicated that this firg retardant znd 2 rajor
contaminant (1,2-dibromo-3-chloropropane) were potent carcincgens. In
view of these results, the Consumer Product Safety Commissicn has ban- -
ned further use of this fire-retardant fabric system.

insuffi:ient data is available pertaining to the mecharisT of
thermal de;rédation and combustion of natural and synthetic':ateria]s.
Even less infcrmation is available relating to the parareters affecting .
the therral degradation rmechanism, such as rate of heatinc, heat flux
impingenent and the effect of environment.

The purgose of this research program was to develop infor:a;ion
pertaining to the therﬁa] decomposition of selected step-growth>psiy-
mers. The commercial importance of this class of polymers is cbvious
from. the fact that 90°. of the synthetic fabrics used world-wide are

produced using liylon 6, lylon 66, PET, or acrylonitrile polyrers.

Three widely different step-growth polymers--Nylon 6, PZT, and




polycarbonate polyrers--were selected for this study. A major objec-
tive of this investigation was to determine whether or not these diff-
erent classes of step-growth polymers decompose via identical, similar,
or different mechanisrs. '

In order to obtein detailed information on the thermal decorpcsi--
tion of these polymers, this study has been designed to utilize modern

analytical techniques{10)

to elucidate changes in the basic polymer
structure and to analyze the decomposition products resulting from
pyrolysis and oxidative degradation of these step-arowth polymers.
Specific emphasis has been directed toward the analysis of the low-
boiling volatiles (c2ses), high-boiling volatiles (aerosols), and solid
residues (particulates and chars) resulting from the decomposition pro-
cess in order to obtzin a material balance between the polymer and the
coﬁposition of the ca:bined.decomposition products. A Metiler Thermo- -
analyzer Model I which was interfaced with a computerized gas chromat-
ograph/mass spectroreter (GC/MS) system, has been widely used in this
research to provide 2 controlled reproducible environment and réte of
heating.

In order to present the resultsof this research in a logical fash-

jon, this dissertation has been organized in the following manner:

(1) a review of the polymer chemistry of step-growth polymers,
including hylon 6, PET,and polycarbonate polymers;

(2) a general review pertaining to the thermal degradation of
polymers;

- (3) the results of an extensive literature survey;

(4) a description of the equipment and analytical methodology
employed in this study;




(5) presentztion of experimental results obtained during the
study of the selected step-growth polymers;

(6) summary and conclusions resulting from this research program;
and _

(7) recommendations for further study.
The results of this research should offer new insights into the mech-
anism of polymer thermal degradation, as‘we11 as providing information

useful in the design of more thermally-stable polymeric products.




CHAPTER II
STEP-GROATH POLYMZRS (CONDENSATION POLYMZRS)

A. Introduction

Nylon, polyethyleneterephthalate (FET), and polycarbonate poly-ers
belong to the class of step-growth or condensation polymers.
Carothers(1}) defined “condensation” polymefs as those in which the
molecular formula of the repat unit of the polymer lacks certain ators
present in the monomers from which it is formed. This is a definiticn
Abased on stoichiometry, for example, a linear polyester is formed by
typical condensaticn re;:tions between dicarboxylic acids and diols
with the elimination of water. The terms "step-growth" or "step-
reactions" have réient]y replaced the older term "condensation." These
names are based on a reaction mechanism, inaémuch as step-growth poly-
mers can be cdefined as those which grow-by a stepwise reaction mechan-
ism without feéard to loss of a small molecule (e.g., polyurethanes are
forméd by step-reaction polymerization) or type of interunit linkage
(e.g., phenol-formaldehyde resins result from stepwise po1ymerization,
even though they lack interunit functional groups).

Polyarides, polyesters,and polycarbonates are typical examp1e§ of
the step-gfowth pclyers, characterized by the linkages of_-ENH-,
-E-O—, and -O-E-O-. Polyamide, polysiloxane,and po]yurethang are
o?her examplesoof step-growth polymers. Table 1 lists some represen-

tative structures of step-polymerization.
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Table 1. Typical Step Growth Polymers
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B. Polymerization

The step-growth polyrerization is distinguished from chain poly-
merization by its me;hanism of formation. Chain po]ymérfzation corron-
1y produces chain-reaction or addfticn-po]ymers. Some of the conse-
quences of the difference in the mechanisms of step- and chain-poly-
merization are shown in Table 2.

Step-growth polymerization is also characterized by polyfuncticnal
monomers. If each monomer possesses only two functional groups, linear
polymers are produced. In the example of the polycondensation reaction
involving a diol and 2 dibasic acid, the first stage in tﬁe reaction

is the formation of a bifuncticnal dimer.

HO-R]-OH + HOOC-RZ-COGH - HO-R]-OOCRZ-COOH + H,0 (1)

Diol Dibasic Acid _ Dimer

As the po]ymerizaiion reaction proceeds with the elimination of water,
a linear high molecular weight pelymer forms as a result of esterifica-
tion. On the other hand, a three-dimensional network structure is
usually formed if the functionality of one or more of the reactants
~exceeds two. The formation of polyurethane and phenol-formaldehyde
polymers are typical examples of polymers having a network structure

resulting from the reaction of polyfunctional monomers.
C. General Properties of Step-Growth Polymers

Various kinds of monomers can be used for step polymerization

(e.g., acids, acid-chlorides, amines; alcohols, phenols and isocyanates,




Table 2. Distinguishing Features of Step-Growth- and

Chain-Polymerization Mechanisms

Step-growth Chain

Polymerization Polymerization
Any two mclecular species Only growth reaction adds re-
present can react. peating units one at a time

to the chain.

Monomer disappears early in Monomer concentration decreas-
reaction: at DP 19, less es steadily throughout reac-
than 1°. monomer remains. tion.
Polymer molecular weicht High polymer is formed rapidly.
rises steadily throushout
reaction.
Long reaction times are . Long reaction times give high
“essential to obtain hizh yields but affect molecular
molecular weignts. weight little.
At any stage all molecular Reaction mixture contzins only
species are present in a monomer, high polymer and
calculable distributicn. about 10-8 part of growing

chains.
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etc.) and nuterous cor=i-zticns cf these monomers are possible. In
other words, one can cz3izw poiyTers with desirable properties by
selecting combinzticns ¥ monomers based on structural configuration.
The possibility of chanz®-2 properties of step-growth polymers is much
greater than that of azzition poly-ers, which usually possess only
carbon chain backbones. ror exarcle, so-called high-témperature poly-
mers, such as aroratic pciyamides, polyimides; and polybenzimidazoles,
are produced by usinz the technigues of step-growth polymerization be-
cause the incorporation sf hetercators or aromatic rings into the main
chains of polymer can de e2sily carried out. By changing monomeric
species, one can &lsc Z2sizn relatively unstable polymers (designed
for certain uses) in wnichk mein chzins easily degrade chemically or
physicaily. The ihcs..-rztién of scecific monomers permits the design
of pclymer possessing z wice rante of thermal, chemical or physical
stability. This broz22 r3¢;e of ceneral properties makes it difficult
to expect cormon behavicr 2nd mechznisms during the thermal degradation

of the step-reacticn gzlsers.
D. Utilization of Stiep-Srowtn Polyrers

Table 3 contains a saTary of the annual-volume of majof step-
growth polymers in recent years. The use of addition polymers is also

listed for comparisscn.




Table 3. Use of Mejor Plastics and Fibers in the

United States

Material - 1975 1976
| 1000 metric tons
Alkyd | 280 330
Cellulosics ' | 56 70
Epoxy _ 85 110
_ Nylon -- fiber , - B44 1032
£ plastic - 65 95
:3_’ Phenolic o 465 600
§ Polyester -- fiter 1361 1501
5 plastic 1 14
2 |
Polyurethane 614 738
Polycarbonate 40 51
Unsaturated pclyester 350 430A
Urea and melarine - 369 454
Acrylic -- fiber 239 285
plastic | 193 222
¢ | Polyethylene -- high density 1048 1417
E’ Tow density. 2148 2625
-
= | Polypropylene 861 1178
g.' Polystyrene and copolymers - 1875 2285
;é_.' Polyvinyl chloride 8 copolymers 1700 | 2103
“ | other vinyls 320 390




THERMAL DIZ=ACATION
A. Introduction

The thermal degradaticn of polymeric materials is a very complex
process; little funca~ental information is available pertaining to the
mechanisms of decompositicon occurring at high temperatures. Degrada-
tion has been shown to czcur via several concomitant reactions. Even
a simple decomposition prozess that results in the evolution of low-
molecular wéight coTpounds inté the ¢2s phase will generally involve
several independent rezcticns.

In the case of the therral decradation of polymers, a variety of

~ factors may lead to a perturbztion of the decomposition'process. With-
in a given generic class ¢f palyrers, degradation mechanisms may vary,
depending upon the mclecular weight, the molecular weight distribution,
terminal groups, the decree cf unsaturation, steric factors, crystal-
linity, etc. Environmental factors, such as oxygen concentration,
temperature, heating rate, as well as size, orientation and configura-
tion of the material underccing decorpesition can modify the decomposi-
tion process.

Numerous references ray be found in the literature describing
thermal decomposition reactions.(12'15) Einhorn(2’16’]7) and

Madorsky(]s) have presented major reviews of polymer thefma] decompo-

sition mechanisms. Some of the prinéipa] processes involved in polymer
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thermal degradation will be covered within this chapter.
B. Modes of Thermal Degrazation

Thermal degradation can occur under three different modes:
pyrolysis, oxidative thermal degradation,and flaming combustion.
Pyrolysis is defined as thermal degradation which proceeds in the
absence of oxygen. Experimentally, pyrolysis may be carried out in an
inert gas such as helium, nitrogen or argon, or under vacuum. Pyroly-
sis can occur in poly-eric rmaterials under conditions encountered in
normal use. An exa=ple of such a process may be observed when inter-
jor surfaces of wire insulation decompose thermally in the absence
ofboxygen aé might be encocuntered during a period of electrical over-
Toad. The mechanis™s whihh govern pyrolysis are generally less complex
than those encountered durinc thermal decomposition or flaming combus-

~ tion.

ﬁo]ymers usualiydecomzase in the presence of air.and/br oxidizing
agents through oxidative thermazl degradation at elevated temperatures.
Thermal oxidative degradation is generally very comp]éx, since it in-
volves both therral decompesition reactions and oxidation reactions.
Thermal oxidative desradztion may involve uncontrollable flaming com-

bustion which complicates study of the polymer degradation mechanism.
C. Majdr Mechanisms of Thermal Degradation

| - The thermal decorposition reactions on polymeric materials can be

classified into the following four categories: depolymerization,

random chain scission, side chain reactions,and crosslinking. These




14

reactions may occur individually or simultaneously, depending on the

type of polymer, the termperature and the initiating processes.

1. Depolyrerization

Depolymerization is a process in which monomer units are released
from the polymer chain ends. Such a process can be viewed as a retro-
grade propagation step in an addition po1ymerizatibn. Hence, it is
frequently called an unzipping reaction. It shoh]d be realized the de-
polymerization does not necessarily require initiation at the chain
ends of polymer molecules. Any weak linkage in a polyrer's structureA
may serve as the focal point for initiation of degradation processes.
The products, thus formed, are compesed mainly of the monomer from
which the polymer was produced. Dépolymerization reactions are encoun-
tered most preva]ent]ybwith vinyl poiymers and po]yme}s produced from
cyclic monomers. Typical examples of the polymers which decompose
‘therma11y via a depolymerization process may be found in Table 4.(]9)
The conversion to monomer is nearly quantitative for polymethyl meth-
acrylate and poly—a-mefhy] styrene. This indfcates the degradation
reaction for these polymers is depolyrerization. The concentration of
monomeric compound in degradation products can be used as a good indi-

cator for distinguishing the degradation mechanisms.

2. Random Chain Scission

- Random chain scission can be visualized as a reaction seguence
approximating the reverse of polycondensation. Chain scission occurs

at random points along the chain, leaving fragments of relatively high




Table 4. Thermail Deco=csition Characteristics

Poly-ers wnick Fcrm Large Quantities

of

15

of ¥onc—er
fcoroxirate ~ Conversion
Polymer ' _ Temperature to
of Pyrolysis Monorer
(*C) ()
Polymethacry]onitrile 250 85
Polymethyl methacrylete 350 100
Polystyrene 350 65
Poly-a-methy1 styrene 335 100
Polyisoprene _’ 373 46
Poly-x-methyl styrene 380 a4
Polyisobutylene £33 46
86

Polytetrafluoroethylere » €20
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molecular weight. This type of reaction is featured by the rapid de-
crease in the molecular weight, followed by the formation of a wide
variety of compounds. The major primary products produced by random
scissions are oligomers of varying rclecu]ar weights which further de-
compose via secondary reactions at higher temperatures to form volatile
lTow-molecular weight compodnds. The fbrmation of monomers is usua11y
1ow in.rahdom chain scission decordosition. Pd1yethy1ene; polypropy-
Tene and most step-growth polyners degrade thermally vfa random chain
scission processes. Table 5 contains examples of polymers which de-
grade to yield little or no monorer via randon chain scission

reaétionss(]g)

3. Side Chain Reaction

In some types of polymers, such as pelyvinyl chloride, polyvinyl
acetate and polyvinyl alcohol, which have electronegative groups X
{where X = Al, OAc and OH, Eespectively). the elimination of HX
from side chains is more favored than the scission of main chains.
‘Generally, hydrogens adjacent to X groups are eliminated almost gquan-
titatively in this process, introcucing conjugated dodble bonds systems
(polyene structure) in the residual main chains. This polyene struc-
ture proceeds via crosslinking reactions and is convérted to a char
structure at high temperature.

Recent studies(ZO’ZI)

have indicated that the polyene may rupture
to form aromatic hydrocarbons, such as benzene or toluene. A branch
structure in a polymer chain may be a weak site which is susceptible to

thermal decomposition. Low density polyethylene is an example of such
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Table 5. Thermal Deco—odsition Charzcteristics of Polymers Which
Forr Little or N Monomer
Temperature of ecorocsition Products
Polymer Corplete | Residue
Pyrolysis {°Cj| icw 2ciling| High Boiling
Polyvinyl Acetate 280 (vac. Lzeric Acid Carbon
: : rydricarbons
Polyacrylonitrile [ 330 () g, HOX | N-containing| 66"
_ : fractions
Polypropylene 410 (vVac.) HyZrocartons Paraff%n
Fraction 97
MW (200)
Polyvinyl 449 (Hz) 51.9% HCL, Unsat. 23% with
chloride Unsat. Hydro- 1.2 C12
Hydro- carbons
cartens
Polyvinylidene 449 (%) 67.3% HCL 28% with
chloride 12.12C12
Polybutadiene 420 (vac.) |*=y=rccarbons| 93% Frac- Little
tions
Md 666-784
_Po]yethylene 475 (vac.) Lydrocarbons | Paraffin
. : c,-C Fractions-
3 15 96¢,
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a polymer.
4. Crosslinking

Some types of poTymers undergo crosslinking reactions during the
exposure to heat, which results in insoluble and infusible network
structures. The formation of crosslinked structures during thermal
dggradation reactions can be attributed to many factors, such as the
recombination of polymer radicals or‘the extensive reactions of multi-
functional groups which were present in the o;iginal monomer and
could not react due to steric factors.

In general, aliphatic gels thchAform during the initial stages
of thermal degradation~are‘weak and decompose completely to low-mole-
cular compounds at elevated temperatures. Aliphatic polymers which_
have crosslinked structure; originally, such as those found in rubbers
and unsaturated polyester polymers, also tend to decompcée completely

at high temperatures. On the other hind, the so-called high-tempera-

ture polymers which often contain aromatic groups and/or heterocyclic

rings in the chain structure, often form stable char structures. In
the thermal degradation of these latter polymers, the crosslinking
reactions are dominant over the chafn scission reactions because of

resonance stability and intermolecular bonding, such as =~ bonding.
D. Factors Affecting Thermal Degradation of Polymeric Materials

. The factors which can affect thermal degradation are classified
as either intrinsic or extrinsic. Intrinsic factors are those which

are dictated by the inherent properties of polymers. >These include
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cohesive eneréy densities, bond ¢isssciation energies, hydrogen bond-
ing, steric hindrance, specific hezt, thermal conductivity, molecular
weight, molecular wéight cistribution,and polymer morphology. Addit-
ives, such as pigments, reinforcing azents, plasticizers, colorants,
anti-static agents and fire-retar:an:s; ray also affect the intrinsic
properties of polymers. Extrinsic fzctors are those which are control-
led by conditions of thermzi degracztion reactions. They are, for
example, temperature, rate of heatirz, heating source, size and shape
of samp1es,'and oxyaern c0n:entratic£. The most significant factors

will be discussed in cepth in the following subsections.

1. Intrinsic Factors

Dissociation or t2nZ ensezizs. Dissociation or bond energy

is defined as the enersy recuired to ructture bonds. It is an important
factor, since most thermal dezraZziicm processes are initiated by a
thermally induced hcnbiytic bond clezvzze to form free radical species.
Initiation will occur at the weaxesﬁ point in a polymer structure.

The bond energies of linkzzes coronly encountered in polymeric mate-

( _
(22) A review of the data shown inTable

rials are presented in Tabie 6.
6 clearly indicates that it is desirzble, from the aspect of thermal
stability, to incorporate functionzl croups which have high Bond dis-
sociation energies. Bond energies vzry, depending on the nature of the
éhemica1 bond and nearby ele-ents. For example, in the case of C-C
bond, the bond energy for a tertiary alkyl branch is approximately 20

kcai/mo]e weaker than a norral C-C bead, since a tertiary alkyl radical

resulting from a bond rupture is stz>ilized by hyperconjugation effects.




Tab]e 6. Dissociation Energies of Chemical ands
Bonds D‘is?gg?;;gr]\egnergy
C-N 29 - 60

¢-c 59 - 70
c-0 70 - 75
N-h 84 - 97
C-H 87 - 94
0-H 101 - 110
c=C 160 - 125
=0 142 - 166
C-Br 54
c-C1 67

20
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The bond energies of vinyl and phenyl groups, on ‘the other hand, are
approximately 10 kcal/mole higher than a normal C-C bond.

Cohesive enercy. The cohesive energy pertains to secondary bond

forces which lead to the aggregation of molecules in soiid and ligquid
phases. It is the total energy necessary to remove a molecule from

the liquid or solid material. Low cohesive energies permit the mole-
cule to volatilize easily and thus fosters thermal decomposition. Co-
hesive energy is increased by the introduction of polar groups into

the polymer structure. If the cohesive energy'exceeds the primary
bond energies, the polyrer molecules will decompose before they vola-
tilize. This decompbsition may lead to char formation because the
crosslinking would proceed faster than the evaporation of decompogition

prdducts. Cohesive energy yalues for chemical groups found in many

~ polymers are given in Table 7.(22)v-A review of Table 7 indicates that '

the incorporation of ester, aromatic, amide, urethane and urea groups

into the polymer will raise the cohesive energy and would be expetted

to improve the thermal stability of the material and increase char

 formation when thermally degraded.

Hydrogen bonding. Hydrogen bonding is defined as the secondary

bonding between hydrogen and stronzly electronegative atoms, such as
oxygen. It has a tendency to raise the cohesive energy and the melting
point of the polymer. For exaﬁple, in Nylon and urethane polymers, én
increase in hydrogen bonding leads to higher melting points which tend
to favor thermal stability.

~ Steric hindrance in polymer structures. Some types of polymers

are assumed to have unstable structures due to the steric hindrance by




Table 7. Molar Cohesive Emsrzy Cf Orcanic Groups

Group Cohesive Energy,

kcal./mole
: —-CHZ-- (Hydrocarton) 4 0.68
-=0-- (Ether).  1.00 :
--C00-- (Ester) o 2.90
--CGHa--‘ (Afomatic) 3.90
--CONH-- (Amide) £.50
--0C0NH-- (LUrethane) 8.74

--NHCONH-- (Urea) 10.64

22
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substituents. This effect is typicaily recognized in a,a-disubstituted
vinyl polymers. The bulkiness of two substituents attached on the same-
o carbon hinders the free rotation of C-C bond in a main chain, and the
_bond energy of the C-C bond for this type of polymer is weakened by the
order of 5-8 kcal/mole, as compared ts a C-C bond without bulky sub-
stituents. |
Thus, a depolymerization reaction is quite dominant in the fhérma]
degradation of a,a-disubstituted vinyl po]ymers? such as polymethyl
methacrylate, methacrylonitrile, polyisobutylene, and poly-z-methyl
styrene. As shown in Table 4, the principal products produced dUring
the pyrolysis of these polymers are the monomers from which they were
formed.(19)
| The effect of the sferic hindrance in the polymer structure was
quantitatively explained by using the heat of po]ymerization.(23)
Table 8 summarizes heats of polymeriza;ion (-LHp) for selected mono-
mers.(24) A review‘of Table & indicates that heats of polymerization
for c,z-disubstituted vinyl monomers is considerably lower than other
non-substituted and monoSupstituted viny] monomers. The activation
energy of depolymerization (LEd) can be‘expressed as the sum of the
activation energy of tﬁe chain growth reaction (LEp) and the heat of

).

polymerization (-;Hp

CAE, = LEP-.‘LH (2)

d p

Since AEp for radical polymerization reactions ranges between 4 to 7

kcal/mole and is rather independent of monomeric species, the activa-

tion energy (AEd) of a,a-disubstituted polymers and aldehyde polymers




Table 8. Heats of Poly-erizzticn {-:kp) Of Selected Monomers
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Type of Heats of Polymerization
Monomer ¥ororers '(-zHp) kcal./mole
Ethylere 21.2
Vinyl kcetate 21.2
quosubstituted Propylere 19.5
Vinyl Monomer Methylacrylate _ 18.5
Acrylonitrile ! 18.4
Styrene i 16.7
Methylretacrylats 13.3
Disubstituted Methacrylicnitrils 13.2
Vinyl Monomer Isobutylerne 12.9
a-Methyl Styrense 8.4
' Isoprere i 17.9 .
Diene Monomer Butadiene - ; 17.6
|
Tetraflucrecthylers 37.
Halogenated . Crlapid :
Vinyl Monomer Vinyl Chicride ; 27.
Vinylicene ChloriZe , 18.
i
Formaldenvde f 7.4
Aldehyde Sl 2 . f
Monomer Isobutyl Aldehyze ; 3.8
Chloral 4.7
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can be estimated to be significantly low. In fact, a polymer which
has a lower heat of polymerization than 13.3 kcal/mole tends to under-
go rapid depolymerization. to form 80-100 percent of monomeric units.
The low -;Hp values for aldehyde-based polymers can be explained by
the intrinsic instability of the ether linkage.

Polymer morphology. When thermoplastic polymers are heated,

they generally soften or melt before degradation. Thus, one may ex-
pect that a crystalline polymer would require a larger amount of
energy input to degrade thermally than amorphous polymers. This
energy is consumed to overcome both strong intermolecular (Van der
Waals) and intramolecular forces that lead to properties such as
chain stiffening. An increase in polymer crystallinity also gener-
ally implies an incréase in oxidative stability of solid polymefs.
This may be explained by the ease of penetration of oxygen into the
polymer structure.

Some other intrinsic factors which may affect thermal degrada-
tion and combustion of polymeric materials are summarized in the

(25)

following tables. Table 9 includes specific heat, thermal con-

ductivity,(]g)

and melting points of selected polymers. Table 10
summarizes the temperature of auto-ignition with pilot flame and the
temperature of self-ignition for some polymers which were measured

(26) Both temperatures for polyethyl-

4using 2 NBS electric furnace.
ene and rigid polyurethane foam are rather low, th1e the tempera-

tures for melamine and fiber-reinforced polyester are high. The heat
of ébmbustion of polymeric materials varies, depending ubon the poly-

meric structures. As is shown in Table 11,(27) the polymers formed
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Table 9. Specific Heat, Thermal Conductivity,
And Melting Fcint of Polyrers
iﬁ:ﬁgfic Th:zszlytonduc- Mel?ing
(cal/g°C) | 1C-4cal/sec.cm? | POINt
Polyethylene 0.55 8.0-10.0 220
Polypropylene 0.45 2.8 214
Polytetrafluoreothylene 0.25 6.0
Polyacetal 0:35 | 1.6-5.5 205-226
Nylon 6 0.33 f -5.9 228
.Polycarbona;e 0.30 E 4.6 220-230
Polyvinylidene chloride 0.32 : 3.0 212
Polyvinyl chloride 0.20-0.28 3.0-7.0 1 219%°P-
Polystyrene | 0.32 E 1.9-3.3 ; |
. i
| fonitriletutsdion | osoe | aseo oo
| Polymethylmethacrylate 0.35 4.0-6.0 ;
Cellulose acetate 0.30-0.53 4.0-8.0
Phéno]-formaldehyde resin 0.38-C.&2 8.4 | .-
Epoxy resin 0.25 4-5 298%P-




Table 10. F]éshing and Ignition Temperatures of Polymers
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Flashing Ignition
Material - Temperature (°C) Temperature (°C)
Polystyrene 360 495
‘Polyethylene 340 350
Polymethylmethacrylate 338 486
Styrene acrylonitrile 366 455
copolymer :
Polyvinyl chloride 390 455
Polyurethane 310 415
(rigid foam)

Phenolic Resin --- 429
Melamine 475 623
Paper (Newspaper) 230 230
Cotton 255 255-
Pine Wood 260 260




Table 11. Heats of Combustion for Selected Polymers

Heat of Combustion

Material (cal/g)
Polyethylene (High Density) | 11,140
Polyethylene (Low Density). .10,965
Polypropylene 10,506
Po]ystyrehe 9,604
ABS 8,424
Polyamide 7,371
Polycarbonate 7,294
Polymethylmethacrylate 6,265
Polybutyrate 5,659
Polyester (unsaturated) 4,498
Polyvinyl chloride 4,315
Pblyacetal (polyethylene Oxidé) 4,046
Polyisobutylene - 3,833
Phenolic '3,219
Polytetrafluoroethylene 1,004

28
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with hydrocarbons, such as polyethylene 2nd polypropylene, have high

values for heats of combustion.

2. Extrinsic Factors

Temperature. Organic polyrers usu2lly start to thermaily degrade
in the temperature range of 200-500°C, producing low molecular weight
gases, aerosols,and solid residﬁes. Secondary reattions occur at the
elevated temperature ranging from 500 toc 1300°C, which further decom-
poses the initial products into other compounds. If we use Equation

(3) to define the rate constant of disscciation, k:

k = Aexp(-:2/27) , (3)
where A is a constant at the order of 1013 sec'l, and E is the acti-

vation energy (assumed to be clcse to the disscciation energy), an in-
crease of LE by 5 kcal at approximately 330°C may decrease the rate of
dissociation (k) by a factor of 1072,

Rate of heating. The rate of heating may alter the mechanisms

of thermal degradation of polymers. At fast heating rates, high tem-

peratures can be attained before low-tesgerature pyrolysis reactions
proceed significantly. In this situation, high-temperature decorposi-
tion mechanisms can become dominant. At very high terperatures the
chemical bonds, which were used to for— polymers, can be broken down
simultaneously, changing the nature and concentration of decomposition
products.

Thermal analytical techniques, such as thermogravimetric analysis

(TGA), differential thermal analysis (DTA) and differential scanning
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calorimetry (DSC) are generally employed to study the thermal degrada-
tion process of polymers.

Questions have been raised as to the validity of the use of ther-
mogravimetric data to describe thermal degradation at high heating
rates. In most TGA experiments the rates of temperature increase are
on the order of 1°C to 30°C per minute, while in actual end-use appli-
cations rates of temperature rise may be several orders of magnitude
higher. Although Me]nick(ze) has concluded that TGA data and kinetic
parameters derived therefrom have no direct connectﬁon to the response

(29) and Einhorn =2 aZ.(30)

of a material at high heating rates, Seader
believe that thermogravimetric analysis does provide a means for pre-
dicting thermal decomposition reactions in varicus environments which
simulate actual degradation conditions that are encountered in use.

Oxygen concentration. In an oxidative environment, polymeric
1 ym

materials often degrade via a free radical initiation mechanism. The
oxidative reaction is mostly the chemistry of the peroxy radical, ROZ’

which is initiated generally from hydroperoxide molecules (R-0-0-H).

-During the course of the auto-oxidation reaction, polymer chains are

broken and radical species are produced.

Thermal oxidative degradation in polymers ﬁay occur competitively
with pyrolysis reactions. The nafure of such reactions is dependént
upon the oxygen concentration and the nature of polymeric structure.
Okygen concentration is, therefore, a controlling factor in the com-
bustion of natural and synthetic polymeric materials. Also, there is
a miﬁimum level of oxygen necessary to sustain ignition ard combustion.

It should be noted that oxygen may permeate well below the surface of
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a polymer. Thus, a true pyrolysis reaction may not often be found

under actual use conditions.

(31)

!
Fenimore and Martin and Hartin‘32) designed a test procedure

to measure the limiting oxygen concentraticn or miniru~ level of oxygen

required to sustain ignition and corbusticn. This procedure (ASTHM-28

63-70) is used as a method for measuring the concentration of oxygen
required to maintain f]aming decompositicn of polymeric materials.
Table 12 presents the limiting oxygen concentration, sormetimes called
1imiting oxygen index, or LOI, for selected poiyneric:ateria]&(]s)
Additives. Polymeric materials are rodified by the incorporation
of inorganic and organic additives. Such additives 2y teno to enhance
thermal stability and combustion characteristics. Hcwever, improvement
in polymer properties does not always result as a consesuence of such
modifications. For example, the incorporation of inert fillers, suoh
as calcium carbonate and aluminum silicate, ray di]ufe the quantity
of polymeric material available to deco~zcse under a civen set of con-
ditions, thus improving the apparent resistance to thermal degradation.

On the other hand, the incorporation of class fibers to a thermoplastic

» material, such as Nylon 6, may stabilize a flaming droplet and thus

tauso more rapid polymer decomposition via flaming combustion.

Organic additives, such as plasticizers and colorants, may act to
soften polymers and facilitate the movesent of polyrmer chains. ThisAA
effect usually lowers the degradation te~perature of polymers by reduc-
iog the intermolecular energies found in polymeric matéria]s.

.'Fire retardants are also important additives, both organic and in-

organic materials are used. Fire retardants, generaily, decompose at




Table 12. Limiting Oxygen Index for Selected Materials

} Polymer n 02 / (n 0, + nNZ)*
Polyoxymethylene copolynmer 0.148 - 0.149
Polyoxymethylene homopolymer ‘ 0.150
Polyethylene oxide o , 0.150
Polymethyl methacrylate . 0.173
Polyethylene L 0.174 - 0.175
Polypropylene ‘ 0.174
Polystyrene , 0.181
Epoxide (conventional resin) : 0.198
Epoxide (cycloaliphatic) 0.198
Chlorinated polyethylene 0.211
Polyvinyl alcohol - 0.225
Polyvinyl fluoride - 0.226
Chlorinated polyether o : 0.232
Polycarbonate _ 0.260 - 0.280
Polyphenylene oxide ' ' 0.280 - 0.250
Polyamide ) 0.250
Polyvinylidene fluoride ’ 0.437
polyvinyl chloride 0.450
Polyvinylidene chloride 0.600
Polytetrafiuoroethylene , 0.950

*
n 02 = number of moles of oxygen present in mixture, and

n N2 = number of moles of nitrogen present.

32




(33

Jower temperatures than non-fire-retarded pcliyers, which act to pro-

vide reactive species, such as free hzlogens and phoschoric acid.

For further information consult books and reviexs by Einhorn,(3’16’]7)
A 1329
Kasen,(33) Lyons,(3”) Cu?lis,(35) Kuryia and Pazz,'™™’ Hi1ado,(37)
(38) ‘

and Konishi.




.'recently-published description of the apparatus‘fof rore details.

CHAPTER 1V

ANALYTICAL METHODOLOGY

e

Apparatus

The various instrumenta1‘systems used in this study are described
in this chapter. They fnc]uded a computerized interfaced gas éhromatb-.
graph quadrupole mass spectrometer system, a thermoanalyzer, a grating
infrared spectrophotometer,and a non-dispersive infrared spectrometer.

A high-pressure 1iquid chromatograph and an elemental analyzer were

also employed (carbon, hydrogen, nitrogen and oxygsn}).

1. Gas Chromatearash/*ass Spectroreter Syste~

A major portion of the work described in this thesis was performed
on a Model 5930A Hewlett-Packard dodecapole mass spectrometer system,
which will be described only briefly; the reader is referred to a

(39)

The Hewlett-Packard mass spectrometer employs an electron impact

jon source connected to a dodecapole mass filter with a mass range of

1 fo 650 amu. Sensitivity for most organic compounds is in the nano-
gram to picogram level over the entire mass rangé.b The dodecapole de-
sign incorporates all of tﬁe advantages of the well-known quadrupole
massvfilters, such as a linear mass output, fast scanning without hys-
teresis and efficient interfacing to a Qas chromatograph (GC) and

computer. Because this instrument does not need ion slitsor aperatures,
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it may be tuned for high %on transmission efficiency, providinga high
level of sensitivity. The Hewlett-Packard gas chromatograph/mass
spectrometer (GC/HS).system also has a totally compatible data acquisi-
tion and retrieval system to facilitate routine aralysis. A Hewlett-
Patkard Model 2100S Microprogrammable Systers Computer, equipped with
32K core of memory and a movable head disc, minimizes operator inter-
cention for ana]ysi§ and controls all mass spectrometer functions dur-
ing data acquisition. 'Input/oQtput device§ for the computer are a
high-speed paper tape reader and a Textronix Model 4012 Display Termin-
al (CRT). Several peripheral devices are availazble for data diép]ay:

a digital x-y plotter, a line printer, or a Textronix hard-copy unit
by way of the CRT terminal. The mass spectroreter itself contains an
oscilloscope, aAstEip-chart recorder énd'a 1ight beam oscilloscope for
off-1ine display of the data. Two magretic tape driVes have been

added recently for permanent storage of data files.

| Tbis data system is capable of recording mass spectral data at a
rate of 365 amu/sec. It measures the detector output in 0.1 amu steps
over the entire mass range and thus peak centroid determination is
accurate to + 0.2 amu. The peak intensity is based upon peak area,
rather-than peak height measurement. The fast scanning rate is extreme-
1y important when glass capillary columns are used ih the GC and com-
ponent péak share are extremely narrcw. Cperation of the GC/MS system
is extremely simple. Once the operator answers some ccmputer-generated
dialogue on the CRT that allows him to choose instrument-operating
paraheters, the mass spectrometer is under computer control. The mass

range, scan time and sensitivity are automatically set and the data
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stored on discs. The operator can ~Initor the tcezl <z current and
any specific mass ion simqltanEOus?y cn the CRT as <rz =7 run proceeds.
The data-handling option allows for rapid dztz sizrzge, retrieval,
and display. The tasks usually desireZ, such as baciz~zund reroval,
comparison,. or additibn/subtra:tion ¢t mass spectra, z-z2 display of "the
total ion current are provided in tha data reductizn pzzikace. Sihi]ar-
1y, data can be convenient]y displayed on the x-y recaréer, the line

printer, or the CRT hard-copy unit. For identificati:h the mass spec-

trum of a specific compound can be csmmared to any s“:::ra'included in
the Flamability Research Center's rzss spectra file cr the A]derﬁaston
mass spectral file. The library séa}ch routine is bzs=Z on.a series of
abbreviated specira that are chosen by selecting thz :hrée rost intense -
peaks in each 14-mass unit interval thfou;hcut'the,s:e:trum. Selecting
peaks in consecutive regions of 14 a2~y units assures %=zt the signifj-
cant peaks be1onging to a homologous series of icns zre retained if
they should happen to beAre]ativeiy atundant. This technique aséures

that the molecular ion, if it is present in the complete spectrum, is

not deleted from the abbreviated spectrur.and that cuzzrupole mass dis-

crimination effects are minimized. The actual corcuter search proceeds
through a comparison of unknown spectra with the ccmolete set of libra-
ry spectra or some selected subset of these spectra. The selection of

the library subset usually involves ssme prior knowisZzz about the

characteristics of the unknown corpound, such as molecular weight,

retention indices, elerental content, or chemical grceos contained in
the compound.

Samples may be introduced into the mass spectrorster in various
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Qays. Volatile compounds can be d{rectly injected intc an 2il-glass
expansion bulb or introduced directly into a sampiing loop which can
utilize either molecular sieve, charcozl, or porous polymer traps for
enrichnent of the volatile components of gas sampies. Solid sa€p1es
and viscous liquids with significant vapor pressure éeiow 332°C ray be
run Qia a direct insertion probe. In addition, ihg rass spe:tronéter
is directly interfaced coupled to a Mettler Model 1 Thermcanalyzer for
the identification of tﬁe volatile components frc:'iiduids or solids
that result from the thermal degracation of polyreric raterials.

The dodecapole mass spectrometer is also interfaced to a Fewlett-
Packard Model 7626A research gas éhromatograph, using a silicqn'mem-
brane separator, a jef separétof, or a direct cébiliary colun inter-
face. This is-a "state-of-the-art" GC that‘per:its the use of a variety
of colurns, injector accessories and detectors. The unit is equipped

v

with a flame ionization detector (F;D), a Nickel 63 electron capture
detectorb(ECD), a flame phdtonetric phcsphorus detecter (FPD), and a
thermal conductivi;y detector (TCD). Ady two of the detectcrs can be
used simu]taneous1y; GC traces are recorded on a duzl pen strip chart
recorder. A Hewlett-Packard Model 33528 Laboratory Data Syster was
used to record relative peak areas. '

Two other hethods may be used for introducing samples intc the
gas chromatograph. The first technique employs flash pyrolysis of
solids directly inside the GC injection port. S mples are placed on
a resistiQe1y-heated platfnum ribboh and heated from ambient tempera-

ture to as high as 1000°C in several hundred milliseconds. The second

technique uses solid phase adsorbents to trap and concentrate volatile
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compounds in gas samples directly from the therroanalyzer. Both of

these samplying methods will be described in this chapter.

2. Thermoanalyzer

Thermal analysis studies were conducted using a Mettler Model 1
Thermoanalyzer. This instrument provides the capability for conducting
simultaneous thermogravimetric analysis (TGA), derivative thennogravi-.
metric analysis (DTG), differential thermal anaiysis (D7A), and efflu-
ent gas analysis (EGA) Qnder controlled dynamic or isothermal heating
conditions. The sample may be studied in vacuir (1 x 1078 torr) or in
a environment selected by the investigator. Two heatefs are available:
one capab]e.of a maximum of 1000°C and the seccnd canabhle of operation
to 1600°C.

The thermoanalyzer has been interféced with the computerized
éC/MS system. Figure 1 is a schematic diagra= of the thermoanalyzer
showing the interface with the gas chromatogragh. Figure 2 is a photo-
graph of the TGA low-temperature furnace in place on the thermoanalyzer.

In this research two modes were used for analysis of thermal de-

composition products: 1) the effluents produced in the thermal analy-

zer were transferred directly to the gas chromatocraph; or 2) these de-

gradation preducts were trapped and them desorbed into the GC.

3. Direct Probe Pyrolysis System

» A11 direct probe_pykolysis studies were performed on a Chemical
DatA'Systems Model 120 Pyroprobe that was inserted directly into the

injection port of the GC. Samples were placed within the resistively-
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IVE GAS QUTLET ¢

Figure 2. TGA low-temperature furnace.




heated tip of the probe and the temperature seiezzzZ . varving the
current supplied to the platinum ribban heater. TaTiz2ile, 3-8 g oof

sample were inserted into the probe and pyrolv*n‘ For 27 sszond.

4. Infrared spectrometers

A Perkin-Elmer Model 237 Grating Infrared Speciroreisr, c2pzhle
of covering in two scans the entire spectral recizn fro= 2202 to

250 cm -1 (2.5 to 16 microns), was used to characterizz —czel pslyrers

and char residues. Attachments were available fz- 223 z-27ysis and
surface studies.
A Miran Model I infrared spectrometer, which f2sz 2 c217 pzth

Iength of 20 meters, was used to determine the caric~ TTrioxide content

This instrument has sufficient resolution to resslvs === 22 st +ching

frequency at 7160 cm -1 from all noticeable interfzrerczs.

5. High performance liquid chrormatograchy

The analys1s of low-boiling-point residues was cs-2uzted on a
Perkin-Elmer Model 601 High Performance Liquid Crromz==grzon {RPLC).
Both normal and reverse phase columns were avaiiz:lz ¢ use with this

- s
1

instrument. An ultraviclet (UV) detector was uses €-r identifi

0

of'cohpounds which elute from the HPLC. Sanp]as wzre ron in either

a water/acetonitrile mixture (reverse phase) or hzsz=s [rcrmal phase).

6. Elemental analyzer

cazcunds andchars

Hl
. d

The elemental composition of. polymers, resi
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were determined on a Perkin-Elmer Model 240 C,H and & Analyzer. Tests
on ccooounds of known composition indicated that rcutine analyses were
- reliztie to + 0.1 percent for carbon, nitrogen and hyéro;en. Oxyaen
detercinations were measured either by difference or directly using a
speci2l column for oxygen analysis. In this case the accuracy is

tter than + 0.2 percent.
8. ¥ethodology

1. Analytical strategy

> general analytical scheme that has been used in the study of

<

the thzr=2l characteristics and degradation of Nhylon €, PtT, and poly-

3.(10) Polyrer characteriza-

carbsnzte polymers is presented in Figure
tion was limited to the determination of the elermental analysis and the

ntergretation of the infrared spectrum of each paly—er. An in-depth

-ds

ther—sznalytical study was used to examine the effect of oxygen and the -
dynz=ic heating rate upon polymer decomposition. This combined infor-
maticn was used to postulate the mechanism of the decompdsition protess.
Finally, thermochemical studiés were conducted under cenditions of py-
rolysis and oxidative degradation.

A detailed breakdown in the analytical scheme used to identity the
products resulting from oxidative degradation and pyraljsis of Nylon 6,
PET and polycarbonate polymers is presented in Figure 4.(10) An arbitr-
ary division of the products from polymer degradation into "volatiles"
and ‘residues" has been made. "Volatiles" (1ow-and high boiling) are

defined as those compounds that have significant vapor pressure under
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the conditions imposed by the apparatus used to adsorb corpore~is

{297°¢C), and solid "Residue" is the char that remains. Compo.inzs that

react with the quartz or stainless-steel surfaces of the asszrzTls are,
of course, not trapped or detected and are not classified unzzr z%ther
heaZing.

The methods of analysis are also summarized in Figure 4. ~*e
volatile products were identified using the GC/MS system. Carozm mon-
oxide was monitored continuously using the non-dispersive infrzrzz
spectrometer interfaced to the outlet of the thermoanalyzer furzze.

- - -

The lcw-boiling volatiles and residues were subjectec to GI/*Z, i°

analysis, high pressure liquid chromatography apd elererntal anz?}§fs.
The following subsections present a more in-depth exzminzsizr of

the aralytical methodology outlined in Figure 4. This incluZes *irect

procie pyrolysis, trapping technigues, the measurement of carbon TCn-

oxide, analysis of residues and the procedure for datz reductizr.

2. Thermoanalysis

The overall analytical scheme fof the thermochemical stuZy of
tiylen 6, FET and polycarbonate polymers is presented in Figure Z.
Studies were conducted to determine both the effect that cxyze~ znd
the effect that different dynamic heating rates had upon the -zl mer
deco=position process. In addition, the elemental analysis cf t=e
chars produced at several different stages of degradation in helium and
air atmespheres and the rate of carbon monixide evolution fror t=a

poly:ers have been included to help elucidate the mechanisr cf pclymer

decomposition.
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Prior to analysis all samples were dried at 60°C at ]0'6 torr for
several days under vacuum. Al] gases used in the thermoanalyzer were
checked for purity using GC; the helium was Ultra High Purity grade
froz Matheson Gas Products and the oxygen was CP grade. Studies in
an air environment used laboratory air that was driéd by passing it
through a calcium sulfate trap,

Figure 6 illustrates the principle of thermogravimetric analysis.
This thermbgram of hypothetica]‘polymers shows weight charga as a
function of temperature. In Figure 6 polymér A stands for a thermo-
plastic polymer such as Nylon, polyester and polycarbonate that was
heated in air at 10°C/min. High temperature polymers, inc]uding.aro-
matic polyamides, polyimides and polybenzimidazole, and general thermg-
setting polymers, such as phenol-formaldehyde polymer, would produce
thercograzs suéh as illustrated by polymer B.

~ The thermograms of most polymers can be generally clas§ified into
three regions, as illustrated. Initial decohposition, or other changes,
such as evolution of water, entrapped solvents, or other Tow-molecular

weight species, may take place in the range of Region I and may be ob-

'served as deviation from the horizontal trace at the beginning of the

thermogram. The color of the polymer samples generally darkens in this
region.

¥ajor decomposition reactions or depolymerization reactions occur
in the area of Region II. Typica]]y,'the slope of the weight loss curve
becomes greater as a rapid evolution of Tow-molecular weight volatile
épecies takes place. For many polymer systems char formation occurs

within this region of the TGA thermogram.
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If the therﬁogram indicates the presence of Region III, it is
usually attributed to a thermal sintering 6f the char or oxidative
degradation of the char structure formed in Region Il. Region III is
seldom observed in an inert environment.

Polymers classified as Type B do not always show distinct region-
al separation; as observed during the thermal decomposition of polymers
classed as Type A. However, the inflection point, "i", can often_be
observed in the fegion of low percent weight loss. It suggests that

the char formation due to crosslinking reactions or recombination re-

‘actions is dominant in this type of polymer, rather than depolymeriza-

tion reactions which result in rapid sample weight losses.

3. The trapping technique (analysis of low-boiling volatiles)

One of the major objectives of this study involved the quantita-
tive determination of the volatile components resulting from polymer
degradation. Since standard ané]ytica] techniques for thi; purpose
have not been discussed widely in flammability or toxicologically-re-
lated literature, this section describes the procedures used for trép-
ping and analyzing volatile compounds that have recently been developed
in this laboratory. The methodology outlined here should be épplicable
to the analysis of volatile compounds from most sources.

The technique of direct-probe pyrolysis (See'Direct Probe Pyroly-

sis) is a rapid straightforward method of introducing the degradation

“products from polymers into a GC/MS system. However, this technique

suffers from several serious limitations, the most serious problem

being the lack of reproducibility. The temperature of the resistively-




heated platinum ribbon is sensitive to the nature and flow rzse cf

carrier gas used, the age of the ribbon and its exact locatiom uitﬁ
respect to the walls of the injection port. These problets hav2 teen
described by other workers.(40) Second, quantitatidn of the ysiztile
products is extremely difficult, even under the rost ice2l conzitions.
Some polymers melt and drip away from the platinu= ribdden curing flash
pyrolysis, while others may form a uniform surface char only in places
where there is direct contact between the heater and sa~ple, causing
non-uniform heat transfer through the sample. In laboratory use cne
also discovers that the size of the injection poft on the chroretsgraph
imposes a limitation upon the size of the sample that ray be ryrciyzed.
Lastly, the gas chromatographic detectors are not designed 10 crerate
jn an oxygen-containing atmosphere during polymer degrazaticn, tnus
limiting thermal decomposition studies to the pjro]ysis ode.

A corprehensive search of the literature ence:;assin; miem
anélytical methods was conducted in an attempt to develcd mocified
procedures app]icable'for the study of_combustién processes. .schni-
ques developed by food and flavor chemists, as well as scientisis in
the air pollution field, have used porous polymer acdsordents for the
trapping of volati1e.components at cryogenic tenperatures. The appara-
tus that has beén constructed in this laboratory for the anzlysis of
products produced during polymer degradation is shown in Ficure 7.
Gases are sampled directly frqm the quartz furnace of the thermcanaly-
zer A, which allows the temperature, the TGA, the DTG and the ZTA to
be ﬁonitored continuously during the degradation of the sarpie. Parti;

culate matter and/or materials with high-boiling points generzted
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Furnace of thermoonclyzer

Glass or teflon wool to trap particulates and less voiatile producfs
Optional trapping material

interface housing valves

U-tube trap containing cbsorbing support

Coolant or heat source for -absorption or desorption step

POOEO®®

Effluent to additional stages of trapping

Figure 7. Apparatus for trapping gases from thermoanalyzer.
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during pyrolysis or oxidative degradation are removed in the glass or
Teflon fiber filter B and the volatile products are collected in trap
E which is packed with a porous polymer material. An optional trap
at € may be used to absorb water from the effluent to simplify the
subsequent analysis. ‘The carrier gas is finally bubbled through
aqueous and non-aqueous solvent traps at G to.insure that no products
escépé into the room. As shown in Figure 8, a heated aluminum block
D contains two multiport high conductance.valves that direct the carr-
jer gas from the thermoanalyzer and the gas chromatograph through the
trap. The three possib]é orientations of the valves are: 1) the GC
and the thermoanalyzer operate independent]y of one another; 2) the
thermoanalyzer vents through the trap; and 3)'the GC.carrief gas flows
through the trap and sweeps the adsorbed vo]ati]é compounds intd the
injection port of the GC. In practice, products of polymer decomposi-
tion that are produced at any temperature are $wept through the trap
E which is held at subambient temperatures. After the gaées are ad-

sorbed, the interface valves are turned to direct the GC carrier gas

~ through the trap. By applying heat from source F, most volatile

components can be desorbed from the porous polymer packing in the trap
in less than several seconds and swept into the gas chromatograph.
Although the trapping of effluents from the thermoanalyzer is
clearly a more precise method of studying polymer degradation than the
use of a pyrolysis probe, it does introduce an extra step of complexity
to‘the problem of analysis. Besides the need to measure the absolute
resﬁonse of the gas chromatograph to each compound, one must also con-

sider the efficiency of the porous polymer trap and the sample holdup
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7 TC WETTLER

A VENT

GC AND METTLER INDEPENCENT

METTLER TO TRAP

(j\_': ) TRAP TO GC

Figure 8.

Thermoanalyzer interface trapping syste=.
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in the heated inlet lines, the furnace, etc. The actual amount of a
given compound, Cx’ is dependent upon four variables, actording to the

expression:

S-A R.F.
Cx = (¥?E.(X)(X) (4)

where

S = sensitivity of the GC, as determined by injection
of a known compound as an internal standard,

A(x) = GC peak area of compound Cx’

R.F.(x) = relative GC detector response factor of compound
X
T.E.(x) = relative trapping efficiency of Cx.

The factor S is determined by injecting known quantities of one or

more compounds, usually benzene and ethane, directly into the GC and

 determining the instrument response per mg of sample. The GC peak

area A(x) is automatically recorded on aﬁ}e]ectronic integrator for
either ﬁhe thermal conductivity or flame ionization detectors. Res-
ponse factor R.F.(x) must be measured for each compound in the chroma-
togram, and some values do exist in the 1iterature.(4]) Trapping
éfficiency not only includes the relative trapping efficiency of the
adsorbent material, but also the sample holdup in the furnace of the
thermoanalyzer, the valves in the sampling loop and the heated tubing
that connects the components.

To insure consistency in the data, all trapping experiments used

a ‘standard" set of operating parameters, which included a trapping

time of four minutes, an inlet line and trapping block temperature of

200°C and a carrier flow rate of 160 ml/min. The trap E, containing
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0.25 grams of Porapak Q porous polymer, was cooled to -112°C using 2n
ethanol/1iquid nz slurry for the adsorption step, and heated to 222°C
to desorb all caterials for GC analysis.

TJo measure the trapping efficiencies of this interféce, kﬁcwn
compounds were introdqced into the carrier gas stream exiting fro= the
furnace'on the thermoanalyzer. Known amounts of gases orlquuids were
injected directly ?nto the effluent stream through a rubber septum
mounted on the sidearm leading from the quartz furnace. The sarples
were trapped and desorbed under "standard" operating conditions and
the resulting & detector response compared to the response obtainec
when the same a—ount of material was injected directly into the GC.

Table 13 contains some examples of the trapping efficiencies zrnd
the thermal conductivity detector fesponse factors that were measured
for various cooounds under “standard" operating conditions. In cen-
eral, the trap?ing efficiencies of all compounds that have been reas-
ured in this laboratory, that contain two or more carbon atoms and
possess boiling points below 200°C, are approximately equal to 0.9.
The less than guantitative efficiency of the trépping system ‘s be-
lieved to be the result of sample holdup in the heated transfer iines
and the porous polymer trap. Other than strong acids and bases, no
compounds have been observed to chemically react with the porous poly-
mer adsorbent at 200°C. Lighter gases, such as methane, carbon mcnox-
ide and hydrogen, are too volatile at -112°C to be trapped effectiveiy
and are analyzed by other means, as will be described later in this
chabter.

As an exarple of how the "raw data" is quantitated, consider that
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Table 13. Trapping Efficiencies and Responsé_

Factors for Selected Compounds®

v Trapping . Responée
Compound _ Efficiency A Facot
co <.01 .67
co, .87 .92
HZO - .82 | .55
CH, _ .05 .45
. CH30H .99 .58
CHg .95 | .59
n-ﬂonane | .90 .72
Benzene .89 .78

Aniline o .96 .82

dgased on 2 to 25 mg samples on 0.25 Porapak Q
absorbent at -110°C. Samples were flash de-
sorbed at 160°C after trapping for a period
of four minutes.

_ mg sample recovered
mg sample injected °

bTrapping efficienty

“Thermal conductivity detector response, where
NOZ = 1.00.
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the peak'areas fcr the products from a pyrolysis experiment have been
recorced énd +nat benzene and toluene are identified as two of the
products. Immediately after the GC run a series of dilutions of ben-
zene in a suitzble so]veht were injécted into the GC and a "standard
curve® constructed of integrator peak area versus micro]fters of ben-
zene, such as is shown in Figure 9. Hence, if the area of the beﬁzene
peak from the pyrolysis experiment edhals 2200, the absolute amount of
benzene found is equal to 0.8 ul, or 0.703 mg. Solving Equation (5)
for S, ohe,gets: | ' ‘
- € T.E.{x) ' v

s = AORFE (<) ' (5)
The T.E. and R.F. of benzene are 0.90 and 0.893 (FID), Eespéctively,
thus, § is eg=l to

. 0.723m (0.90) . o 18 L
S = T=3 19.893) 3.2 x 10 7 mg/unit area - (6)

Uéing thi§ v2ive of S, one may solve Equation (4) for any fntegr;ted
GC peak. If, for examble, the integrated peak area of toluene is |
1500, one ray solve for C.o knowing T.E. (toluene) = 0.95 and R.F;
(toluene) = 0.935: | |

c _ (3.2 x 107* mq) (1500) (0.935)
toluene 0.95 '

= 0.48 mg (7)

If the total weight loss of the polymer during pyrolysis was 12 mg,

then the weight percent (wt.%) of toluene in the volatile products is

wt.Z toluene = 100% g?%§a§ﬂ = 4.0 . (8)
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4. Carbon ronoxide analysis

Since carbon monoxide cannot be trapped efficiently using the
techniques described previously, alternative means of detection were
explored to meet our specific application. Since the use of non-
dispersive infrared analyzers has become the method.of-éhoice in moni-

(42)

toring carbon monoxide levels in the atmosphere, it was judged to

be a reliable technique for this ;tddy. To remove any compounds that

1, the gas effluent

may interfere with the CO adsorption at 2160 cm”
froa the therroanalyzer was drawn through a trap containing Porapak Q
adsorbent at -112°C before admitting the gases into the sample cell on
the Wiran I infrared spectrometer. A standard curve of conceﬁtration

versus absorption at 2160 cm'l

was constructed by direct injection of
known azounts of CC through a septum mounted just outside the furmace

“on the ther—canalyzer, and the absorptions of CO liberated from the
po1y:ér degradatidn experiment were directly compared to the standard

curve. . |

An exanple of how the spectrometer responds to the CO generated

as a polyner decomposed is illustrated in the strip-chart recording
(Figure 10). EBecause of the limitations imposed by the finite volume

of the gas sa:bling lines connecting the IR spéctrometer to the furnace,

there was a 17-second delay between the time of actual polymer decom-
position and the response of the IR detector. The CO absorption ini-
tially increased and then leveled off as the gases entered the large
sample cell of the spectrometer. Finally, there was a slow decfease

in the CO absorption as the effluent enriched in CO was displaced from

the sarple cell by air containing a Tower concentration of carbon
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"monoxide. The specificity and sensitivity of this technique was
found to be excellent; sample weight losses as small as 0.01 percent

of total polymer weight loss were easily quantitated.

5. Analysis of high-boiling volatiles

Using the trapping syétem decribed previously to collect products
from polymer degradation} compounds that were produced which poésessed
low vapor pressures would condense as a residue in the colder regions
of the furnace or the gas transfer lines. Likewfse, any aerosols that
may contain polymer oligomers would condense on the glass surfaces or
the glass or Teflon fiber filter which is inserted in the transfer
lines for the purpose of collecting these materials.

To aid in the identification of high-boiling volatiles that were
formed during polymer decomposition, several techniques were employed:
jnfrared spectroscopy, gas chromatograph/mass spectrometry, liquid
chromatography,énd elemental analysis.

When the materials deposited on the g]ass wool could be removed as
a-so]id,Athe KBr pellet technique utilized for infrared analysis was
employed. When the deposited residue consisted of fine particulate
matter or a heavy oil, these compounds were extracted using solvents
such as chloroform. The solvent was then removed by passing helium
over the surfice at room temperature. The remaining'residue was spread
uniformly between two sodium chloride plates and the IR spectrum
recorded.

' When GC/MS analyses of the residue was conducted; the residue was

dissolved in solvents such as chloroform, acetone,and tetrahydrofuran
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(THF), and the soluticn was injected into a GC gquipped with high tem-
perature columns {Zexil or 0Y-1). The analyses of separated CGﬁDOundSi
were perforred e~slcying the same methods which were used for tne
ana]ysis’of ncn-voiztile products.

Further analysis cf the high-boiling volatiles waS'cogducted using
1iquid chromatography. The high-boiling volatiles were prepared for
HPLC analysis by diésalving the sample in THF, acetone or acetonitrile,
followed by filtration to remove the insoluble material. The solvent
was removed by evaporation and the sample completely dried under vacuu—.
The samples were re-¢issolved in THF prior to injection into the HPLC.

The sarmples were thrgnatographed using a reverse-phase column
(Whatman, Portisii PSX 13/25 0DS) operated at 50°C. .A mixture of ace;
tonitrile and water {33:€3, v:v) was uséd isocratically at a flow rate
of 1.0 ml/min for the separations. The eluting compounds were détected
using a detector ronitoring the uv absorbance at 240 nm. Separated
peaks in the chrometciren were identified by agreement in retention

times with known comoound standardé.

6. Identificatizn of unknown compounds

. To insure the reliability of the qualitative and quantitative
data, all experireﬁts were performed a minimum of three times. In
pyrolysis or oxicative degradation studies, a 50 mg sample size was
generally used, since that sample size was found to be adeguate for
separation identificaticn and the quantitation of components. Smaller
samb]e sizes were used when difficulties were encountered in the iden-

tification of trace compounds. The use of large sample sizes
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introduced problems pertaining to sample homogeneity and uniformity

of heating sample environment. The effect of sample size is discussed
later. In the study of the initial phase of degradation much larger
sample sizes (= 150 mg) were used to insure the additional sensitivity
required for the analysis of small quantities of compounds produced
during the initial degradatfonvprocess. Several GC columns were used
for separation and jdentification of the individual products resulting
from polymer deéoﬁposition. Most of the experiments for quantitation
of the volati]é components utilized a 16 ft. x 1/8 in. 0.D. Chromosorb

101 porous polymer colurmn. Supplemental data were obtained using

| Chromosorb 103 and 104 columns (i.e., separation of nitrogen-containing

. compounds).

The identification of volatile products formed during the pé]ymer
degradation was carried out uéing the computerized Hewlett-Packard
GC/MS system. . Since the mass spectrum of a compound is usually a uni-
que "fingerprint," the GC/MS system provides the most valuable informa-
tion for correct identification of degradation products. To facilitate
rapid handling of the enormous quantity of data that are gathéred dur-
ing a GC run, the maSs spectra of the unknown compounds are compared
to the FRC Mass Spectral File and the Aldelmaston Mass Spectral File
which contains over 14,000 mass spectra in digital form. Information
from a computer search, even if it does not uniquely identify the
unknown compounds, provides valuable information about the most prob-
able chemical structure, i.e., the molecular weight, empirical formula,
funétional groups present, the degree of substitution, etc.

As the resolved components that elute from the GC are analyzed
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by mass spectro-stry, the retention times are recorded and peak areas
are integrated sirultaneously for either the FID or TC detectors. From
the GC data, Retention Indices(43) are calculated for every compcund

- that eluted fro= tre cclum. The retention indices of over 400 com-
pounds and many FIT and TC response factors of compounds often encoun-
tered during poly-er degradation studies have been measured on several
porous GC supports in this laboratory to aid in the identification of
unknown compounds. Since it js highly improbable that two different
compounds have identical retention indices on two different types of
6C colums, one can-cften jdentify the unknown comzound solely on the
gasié of retenticn ti:e;

By measuring the FIJ to TC response factor ratio, one has access
to another valuzble pzra—eter. The ion current measured at a flare
detector is proporticnal to both the total number of carbon ators and‘
the specific oxidation state of any carbon atom iﬁ'the mo]eCU1e.(44)
Similarly, a linear relationship exiSts between the relative thermal
conductivitj response and the number of carbon atoms in a homologous
series of compaun:s.(gs) Hence, the FID to TC requnsé ratio is pre-
dictable for a wide ranze of molecules. In practice, one uses the
measured FID to TC ratio to make educated guesses perfaining to the
structure of compcunds that are eluting from the GC column. For exam-
ple, saturated and wnsaturated hydrocarbons have FID to TC ratios'
larger than 0.99, but acids, alcohols and ketones have ratios below

0.80. - |

A1l of the 6C and ¥S techniques discussed above have been utilized

for unraveling chezical structures of the products produced during
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polymer degradation. The positive jdentification of a specific com-
pound as a decomposition product requires a specific amount of inter-
nally consistent chemical evidence from the GC and MS data. The five
possible combinations of GC and MS data and the conclusions that can
be drawn from them are listed in Table 14.(]0) In combin#tion 1, where
the GC retention time data does not support the mass spectral "finger-
print," one can only, at best. determine the molecular weight and func-
tional groups present inithe unknown compound. Similarly, the Reten-
tion Index fbr that particular compound from one type of GC column does
not constitute sufficient data for positive idén;ification. However,
the combined evidence of a correct mass spectrum with the correct
Retention Index from one or more types of GC columns isAusually suffi-
cient to identify the chemical structure.

In many cases compound identification has been made on a basis
of mass spectrometric data combined with chemical intuition. The Re-
tention Indices and the FID to TC ratios have not been measured in this
laboratory for many of the degradation products from flylon 6; Pet or
polycarbonate polymers. However, relative retention times and Reten-
tion Indfces can usually be predicted from data for other compounds of
similar structure or other members of the same homologous series. A

firm identification of chemical structure of many compounds found in

polymer decompositions has been made on a basis of a correct mass

spectrum and the predicted Retention Index on two different GC columns.

- 7. Quantification df data

As was described previously, several factors are involved in
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Table 14. The Required Evidence for Compound

Identification by GC/MS Techniques

Input pata® Compound Identificationb,
Kovats' Kovats' M.W.

MS Cclurn =1 Column #2 Yes No ~ Only
1 X X
2 X X
3 X X X
4 X X X
5 X X X X

aExperimentaI data in the form of mass spectral identification

and the correct Kovats' Retention Index on Column #1 or Column #2.

bConc]usions concerning compound identity that can be made from

the given inout data.

data.

“4.W. Only" means that only the molecular
- weight of tne unkncwn compound may be determined from the input
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quantitating the GC results from a trapping experiment performed using
the thermoanalyzer. Thé absolute sensitivity (S) of the GC, the rela-
tive trapping efficiency (T.E.) and the response factors (R.F.) for
each compound that eluted from the chromatograph should, in principle,
be measured. In practice, S is easily measured, but evaluating T.E.
i and R.F. for each individual compodnd is an extremely time-consuming
.task. |
In this work thé sensitivity, S, was measured after eacﬁ indivi-
dual trapping experiment. The deviation in S for both the FID and TC
detectors was only several percent on a day-to-day basis and insignifi-
~cantly small between individua]Jexperiments. A standard curve of con-
centration versus integrated peak areas (see Figure 9) was constructed
for twd compounds, ethylene and benzene, under GC conditions identical
to those used in the actuA] pyrolysis experimeht. The concentration
of ethylene and benzene from pdlymer decomposition was then read from
the standard plot. The use of two "internal standards" insured the
reliability of the technique and combensated for errors caused during
GC injections. Not all the response factors and trapping efficiency
measurements for.the porous polymer trapé have been evaluated for each
individual compound detected in this stﬁdy.' However, all general
classes of'compounds (e.g., aromatics, nitriles, alcohols, ketones,
etc.) have been analyzed using'Porapak Q porous adsorbents and trapping
efficiencies are very high (3;90 percent) for all nonreactive organic
compounds. Moreover, as discussed in the previous section, response
facfors for most compounds can be estimated with certaihty from struc-

turally similar compounds.‘46) For example, the FID response factors
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for the alkane series, hexane, heptane, octane, and nonane, are 0.971,
1,00, 1.03, and 1.02, respectively. The relativé trapping efficiencies
and response factors used are included in the final data and are mark-
ed with an asterisk to denote if the value is only an estimate.

A first approxiration to the absolute error in the quantitative
data can be rade by considering the error in each variable in Equation

(4) which is repeated below:

o, - LA "
where
s = area (x)/mg(x)
A(x) = area (x)
RF.(x) = 3= e:"(*:tgzzard) mg n%t?r;%iardl
TE() = =2 (x) (fron trap)

rg (x) (éirect injection)

The "standard® is, in this data, the compound that is directly injected
into the GC to determine the S term. When values for S, A(x), R.F.(x),

and T.E.(x) are substituted into Equation (4), Cy is equal to:

c, - Al =l my o
mg(x)" -
where
mg(s) = mg(standard),
mg(<) = mg(x, direct injection)

mg (1) ng(x, from trap),

[
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area{(s) = area{standard).

(a7)

The normalized standzrd deviation in Cx’ o(Cx)/Cx can be written s

() clarealx))? ., olmg(x))% . olarea(x))?
c: =9 ‘é%é%%:?ll" +47 $§<§) + 2 2£§Z<§)’
' 1/2

2 2 2 '
c(eals a(mg{d o(mg(t
* =925; Y mgstg * mg§z§l‘ (10)

where the sigmas represent the standard deviation of the individual

variables. Since all peak areas are measured with an integrator to
better than + 0.2 percent, the first and thfrd terms can be neglected
with resﬁect to the error irposed by the sample injections into the GC
or throuch the trapping system. Repetitive injections with a syringe
are to within + 5 percent in precisioﬂ if one corrects for the dead
volume in the needle. This 5 percent error in known sample volumes,
hence in the known sa—ple mass, is substituted into Equation (11) to

obtain:

(c.) 1/2
= 4(5)% + (5)2 + (5)2 = 12.3% an
. )

Therefore, neglecting possib1e errors due to sample inhomogeneity and
sample handling, a safe upper limit to the standard deviation of the
quantitative data is 1_12 percent.

The error in the carbon monoxide determinations is considerabiy
more accurate than the data ffom the trapping experiments. Since the
concentration of CO is read directly from a standard curve, the only
significant error is in the injection of pure CO for calibration. The

error imposed by multiple injections is most likely below * 5 percent.
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(l:- j! \CHZ)S C NH (12)
(CHy)g

s-capro‘lacia:.x Nylon 6

where n is about 200 for XNylon 6.

Nevertheless, in order to facilitate ring opening, water must be
added t§ the reactor or autoclave in which the g-caprolactam is under-
going polymerization. Water js removed in the course of the high-tem-
perature reaction. The reaction proceeds to a point where the polymer

js in equilibrium with about 10 percent of the monomer . The monomer,
however, is easily stripsed by washing the polymer with water.
Nylon 6, thus procuced, is widely used in the form of fiber for
" production of fabrics used in apparel, tire cord, rope, monofilament
fishing line and carpets. Ho]ding gradés of Nylon 6 polymer are also
used in the manufacture of.fi1m, sheets, electrical,and automotive
parts. |

Like most of the other organic polymers, Nylon 6 is flammable when
placed in contact with an ignition source. As the use of Nylon poly-
mers has increased in corerce, there has been an increasingly greater
demand for fire-retardant Nylon polymers. Numerous reports and pétents
have been issued pertaining to irproved fire-retardancy of Nylon poly-
mers, and sore of these are sumarized in Chapter 8. Little détailed
information is available in the open literature pértaining to the basic
mechanisms of the thermalvdegradation of Nylon polymers. One of the‘

objectives of this study was the development of a better understanding
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of the thermal decomposition mechanisms of the thermal degradation of

Nylon polymers.
B. Literature Survey

Althoth several investigators have studied the thermal decomposi-
tion of aliphatic polyamides, their conclusions resu]ted in the pre-
sentation of conflicting decomposition mechanisms. The experimental
procedurgs and the instrurentation used by these investigators did
not furnish an accurate assessment of the thermal decomposition of

thgse polyamide polymers.

1. Pyrolysis

Nylon 6 becomes reddish brown in color when it is heated in air

'between'225-245°c. Yhen it is kept in a molten state for a long time,

under nitrogen or under vacuum, a gel product is formed, which is in-
soluble in formic acid or hot pheﬁol, but which'swells in cresol and
xylene.(so) This gel compound is thought to be formed by the catalysis
of trace amounts of oxygen. A similar product can sometimes be found
on the inside wall of reactors used to produce the polymers.

Tai]or(51) observed that the viscosity of Nylon 66 polymer de-
creaséd sharply with the increase in the number of end-groups when the
polymer solution was left in formic acid at high temberature. Several
investigators(52’53) studied the equilibrium of Nylon 6 polymer in the
molten state, and indicated the influence of the temperature and water
on fhe depolymerization of the polymer. Smith(53) suggested the possi-

bility of a back-biting reaction which forms monomeric lactam from
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molten Nylon 6:

e (CNH{CH, ) -CO0H -+ ——COOH + (13)
2’5 o

This reaction was reported to be accelerated by water.

The formation of lactams from various polyamides during pyrolysis

was also observed by Kricheldorf and Léppert.(54)

They suggested the
- elimination of lactams could occur from the center of polymer chain.
through amide exchange reactions in molten polyamides.

The f%rst precise study of the volatile products from polyamides

was performed by Achhammer ez :Z.(55,56) Nylon 6, 66, 66/6 and 610/6

were pyrolyzed at 420°C in high vacuum for 20 minutes. The_degradation'

products found using rass spectroretric techniques were carbon dioxide,
water, cyclopentanone, hydrocarbons containing less than seven carbons,
and carbon monoxide. lio nitrogen tompounds were reported. From the
nature of.the products observed, they proposed that the polyémide chain
breaks at C-% bond of the axmide group. :
.Hopff(SI) repcrted that awmonia, cyclopentanone, and hexamethyl-
enediamine were found in the thermal degradation ﬁroduct of Nylon 66,
although ﬁo detailed éxperimenta] conditions and data were given.
Hasselstrom 22 aZ.(sa) isothermally pyrolyzed Nyfon 66 in a nitro-
gen atmosphere for 1 to 8 hecurs at 280-305°C. The base and acidpresent
in the volatile products were collected by sulfuric acid and potassium

hydroxide colums. The total amount of base and acid was measured by

titration. Amonia and acrionium carbonate were reported to be found in
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the volatile products from the pyrolysis, but no direct identification
of these products was reported.

Straus and wa11(59) studied the pyrolysis of Ny1on 6, 66, 610 and
blends of these polyamides. Five different Nylon polymers were heated
for 30 minutes at 400°C in a vacuum. Ten percent of weight of volatile
products and 90 wt. percent of residual compound Qere recovered. The
vo]ati]e'producfs produced during thermal decomﬁosition of Nylon 6 with
a molecular weight of 63,000, were comprised of a mixture of carbon
dioxide, water, and various hydrocarbons ranging from C2 to C8. No ni-

(59) also

trogen-containing compounds were identified. Straus and Wall
investigated the rates of thermail degradat}on of Nylon polymers in vac-
uum and found.that the rate of volatilization observed during the iso-
thermal pyro1ysis of Nj1on 6 in vacuum approached a maximum of 2b-40
percent volatilization. |

Kamerbeck et al.(GO) carried out the pyrolysis sfudy of Nylon 6
and 66 at 305°C in nitrogen. They postulated that primary and second-
ary reactions were involved in pyrolysis. Primary reactions, which
take place at temperatures below 390°C, formed products which were
mainly low-molecular weight volatiles, such as water, carbon dioxide,
and ammonia. Secondary reactions, which take place at temperatures
above 300°C, resulted in a high degree of crosslinking. Kamerbeck
pbstu]ated the following reaction pathways to explain the formation

of these light gases:

(a) Two carboxyl end groups might react as follows:
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e NH{CH, ) - COOH + HITECH, ) goliF o e
0
-N; -C4CH. ). -NH-
Nﬂ(CHz)s C‘““Z)S NH- 4 CO2 + HZO (14)
Also a carbonyl croup can give rise to .a branched structure:
] L}
?=0 + HZN -— $=§-—- + HZO (19)
(b) Two aﬁino end groups right react in thefollowing way:
0 0
— CG‘CHZ)S-NHZ +OHNCE e
0 H 9
- niee Y (- :
CGCHZ)S .tf,..z)s C- + hHa (16) '

There was no explanation for the agpearance of carbon monoxide in the
work by Kamerbeck.

(61-63) reported in recent articles that the py-

Several authors
rolysis of Nylon resulted in depolymerization and not crosslinking of
the aliphatic polymer chains. The overall decomposition process for
Nylon was assumed to be typical of a random chain scission of linear

(64) This

chains similar to that reported for linear polyethylene.
theory was based on the identification of g-caprolactam and oligomeric
units produced during the pyroiysis of Nylon 6 polymer. For example,

Chelnokova and Rafikov(ss) jdentified ammonia, carbon dioxide andcyclic
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monomer and oligorers during the fyrelysis of Xylon 6 and 65 at 330°C.

Miunov et a:.(ss) indicates that +he major products frorm the pyrolysis

of Nylon was c-caprolacta=. Miumcv 2lso fourd that the amorphcous re-
y

gion was more likely to be attzcked by heat than the crystalline region.

(€7) (63)

Similar observations were reporteZ Sy Heuvel and Goldstein

surmarized their results and suzcested that both free-radical and
hydrolytic decomposition (caused by water tightly bound to the a~ide
groups) occur simultaneauSXy durirs tne pyrolysis of hylon polymers.

Both the -C-h- and -C-CHZ— bonds were assuned to break during the

thermal degradation.

2. Oxidative degradzticn

Lévantovskaya £z ::.(68) detsrmined the Qo]atile products result-
jng from the cxidative degfadatisn o€ pclxa:ides and suggésted a poss-
ible mechanism for the ihen:a] oxiZztion of polyamides. The major pro-
ducts obtained from the thermal cxiZztion of Nylon 6 were water, carben
dioxide,and carbon monoxide. 5e:hanji, formaldehyde,and acetaldehyde
were férmed in much srzller guantities. Levantovskaya'assumed that
the oxygen molecule initiates the_ckaiﬁ proceés of oxidat{onAin degra-
dation. It has been suggested by the results of the'photd-oxidation
and irradiation of low-rolecular-weight polyamides, thét the rmost mo--
bile hydrogen Ato: in the‘po]ya:ide mciecule may be on the carbon ad-
jacent to the NH group:(69'71)

Levantovskaya, therefore, postulated the following mechanisms:

02 :
145 e
— .._..CI-{ZCO....CI'{CI-’.2 +. HOZ'

(17)

— CHZNH\. T:H.HZCHZ
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0-0
~—-CH2C0NHCHCH2-——- + 02 --—v;;HZCONHC<:H2”"“' (18)
‘chain rupture transfer
~ Sumi and Tsuchiya£72) wool1ey,(73) and Einhorn e az.(74) analyzed

‘combustion products of polymeric meterials containing nitrogen. In ad-

dition to carbon monoxide, carbon dioxide,and water, significant a-
mounts of hydrogen cyaﬁidé were observed from the combustion of Nylon
6 polymer. 4

In addition to the 1itefature guoted, there are a number of other

references which are available for developing a better understanding of

‘the thermal degradation of Hylon pqumers. Three such references are

by Madorsky,(]s) Conley,(]3) and Stepniczka.(75)

C. Experimental Program

The sample of Nylon 6 polymer used in this study was received
through the courtesy of Teijin, Inc., Japan. The assumed structure of

this Ny1on 6 polymer is:
0
CH,).-ChKH
2°5 n

with a molecular weight of 113 per repeat unit.

1. Polymer characterization

"_The Nylon 6 sample was crushed into powder and dried at 10'6

torr pressure at 60°C for one week.
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Elemental analysis. Carbon, hydrogen, nitrogen,and oxygen analy-
sis was performed on the “ylon 6 polymer in this laboratory. A sum-
mary of the results of this elemental analysis is present in Table 15,
together w1th the theoretical composition based upon the aSSU“ed mono-
meric unit. Excellent agreement was found between the exper1menta1 re-
sults and those obtained. by theoretical calculation. -According to the
manufacturer's information, a slight amount of titanium oxide was
added to the polymer as a pigment; this pigment may account for the
slight difference between the actual and calculated e1ehenta1 composi-

tion.

Table 15. Elemental Composition of Nylon 6 Polymer

“ Composition
Element
: Sample as Theore-

received tical*
Carbon 63.82 63.69
Hydrogen 9.92 9.80
Nitrogen -~ 12.41 12.38
Oxygen - 13.85 14.13
Total percent 100.00 100.00

*x _
Composition based upon the structure of the
monomeric unit.

" Infrared analysis. The infrared spectrum for the Nylon & polymer,

shown in Figure 11, was obtained using a thin film prepared frompolymer
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melt. The spectrum is identical with a standard spectrun of NyTon 6
polymer. A summary of the band assignments for this spectrum is pre-

sented in Table 16.

2. Thermoanalytical studies

A series of experiments were ccnducted to determine the effects
of dynamiﬁ heating rate and the oxygen content of the degradation
environment on the decomposition of the Nylon 6 polymer. Simultaneous
thermal analysis procedures (DTA, DTG and EGA) were used to follow
the decompositioh process.

Effect of heatina rate on polv-er degradation. Samples of Nylon

6 polymer, 10 + 0.1 mg, were heated at 6, 10, 25,and 100°C/min. rates
from ambient to 1000°C to &etermine the effect of héaiing rate on the
decomposition process. Figure 12 is a composite drawing containing
the averaged TGS (three runs per samplé) spectra conducted in an air
environment at the selected four heating rates. There was no notice-
able weight loss at any of the four heating rates below 270°C in this
environment. The samplies lost Qeight gradually until a temperature of
350°C was reached. A marked increase in the rate of weight Toss oc-
curred at approximately 375°C; by 450°C approximately 80 percent weight
loss had occurred in all samples heated at the pre-selected heating
rates. During this degradation mode the sample was observed to turn
color, first brown, then black. At approximately 415°C a yellow smoke
appeared and clear liquid droplets were observed to form at the outlet
tube of the quartz furnace. The major degradation step which occurred

between 350° and 450°C was insensitive to the heating rate. The




Table 16. Infrared Araiysis of Kylon 6 Polymer

Frequency
(wave numbers)

Band Intensity

Assignment

3310
3060
2930

2840
1640
1540

1450
1250
1190
1160

K x X X

K-H stretch
Anide 1]

Asyrretric
N-H stretch

Syrmetric N-H
stretch

c=0 Stretch'

(Amide I)

N-H Bend
(Amide 11)

CH2 bend
nide I11
Amide 111
Amide 111

S = strong

x
L}

med ium

81
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polymer residue remaining abcve SZZ°C was observed to be in the form
of a black char layer that decralsc at an aprreciably slower rate.

The remaining char was decomposec by 550°C at the slowest heating rate
and by 640°C at the heating rate ¢f 100°C/min.

Effect of environ—ent on pzlier decrz<z¢ion. Little overall dif-

ferences were observed when sa—ies of the xj1cn 6 pblymer were decom-
posed in oxygen, air and heliuz environments. Figure 13 is a composite
figure which contains the TGh spectra obtzined during thermal decomposi-
tion of the Nylon 6 polyrer in the tnree environments. The polymer ig-
nited spontaneously at approximately 425°C in the oxygen environment,
but in an air atmcsphefe it was c:seryed to siowly‘form a black char’
without ignition. The pslymer sz=zle which was heated in the helium
environment did not begin to discslor until approximately 265°C (25°C
higher in temperature than was cbser&ed in samples in the oxidative
environments). It should be noted that a char was not formed during
the decomposition of the hylon € pciymer in the inert helidm environ-
ment. A

The simultaneously-generatsd Z72 and U7G traces for the three

" environments under investigation for Nylon 6 polymer are presented in

Figures 14 and 15, respectively. A heating rate of 10°C/min was used

in all of these experiments. As indicated in Figure 14, the degrada-

tion process in heliur was a slightly endothermic process. In both
air and oxygen environments the cscormdosition process was highly
exathermic.

The DTA curve corresponding tc therral decomposition in the air

_environment was cormposed prirarily of a sincle peak with a maxima at
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436°C. A slight tailing in the DTA curve at higher temperatures ray be
due to the decomposition of the char structure. In the oxygen environ-
ment the DTA curve was more complicated, exhibiting several peaks in

addition to the main maxima observed at 423°C. |

The DTG traces (Figure 15) exhibited more details of the decompo-
sition process. In the helium environment there was an additional peak
at 454°C. The curve is symmetric with the exception of the low temper-
‘ature region, indicating that the degrédation rmechanism in helium is
rather simple and may consist of a single decomposition process.

In both air and oxygen environments the DTG traces indicated that
_severa] de;omposit%ons take place. In air there was one major m;xﬁma
at 425°C and several small maxima were cbserved at 341°C, 396°CAand
525°C. The broad peak at 525°C corresponds to oxidative decomposition
of the char structure.

In an oxygen environment more distinct maxima were found to appear
in the DTG trace. The major weight losses occurred at 354°C, 421°C,
427°C and 490°C. In addition to these peaks, sévera] additional minor
peaks were observed.

Table 17 coﬁtains a summary of the more important features that
were observed upon heating the Nylon 6 polymer in the helium, air,

'and oxygen environments. These include the temperature of the DTG
maxima, the temperatures where 5, 50 and 907 of the sample was consumed,
the reaction thermodynamics that were observed and the amount of resi-

dual chars remaining at "i point" (see Figure 6).




‘jujod ,}, 3e bujupewda Jey) jo junouy,

‘eujxew © 3¢ 343M S3sSO| Jybiam a(dues Y} O BALIRALUIP 3UF YILyM @ mmgsumgaasopa

0ANYRAOUWNT WOOUA WOLJ UW/D,01 JO DIva bujjvey powweaboad @ wouy cacmwmmwo“umwc

nee RITUSTIR D LN £0q b 64E (110 20 VAT 1 uLhikx(

1t} dpuaayjox] Ly 1ev LLE G625 Gev e Y

UMDY OpPUY

4e4) ON ALIYbHLS BYb  Lbb  VoE === ¥5b --- wn} 19K
%06 %05 1S pag puz 3Is|

sojweudpownay ) JUBWLIOA | AUJ

W04 o 30 " uoj3oeay 40 $507 3ubaM

SAeUD % LLe43AQ u<_mwg=ungemsmh amspxoz 914

_9 UOLAN 30 uOrIepeoq auj uodn JuduuOALAUT SO 393443 UL "Ll 3l4EL




89

3. Pyrolysis studies

Pyroprobe (fast heating) studies. The initial pyrolysis experi-

ments were carried out using the direct probe pyrolysis unjt that was
inserted into the injection port of the GC. Pyrolysis experiments
were performed with the probe temperature set at 1000°C. A fast-heat-
ing ramp was employed to reach the pre-selected temperatures as quickly
as possible. The final probe temperature was maintained for 20 seconds
to insure complete pyrolysis of the sample. A 3 to 4 mg sample of
Nylon € was used for these experiments; pyrolysis resulted in approxi-
mately an 85 percent sample weight léss. ,

The pyrelysis of the Nylon 6 polymer was followed using three

-different GC columns for separation and identification of degradation

producis: 5 m Tong by 4 mm 0.D. column packed with Chromosorb 101;
a 3m long by 4 mm 0.D. column packed with Chromosorb 103; and a 5 m
long by 4 mm 0.D. column packed with Chromosorb i04. The temperature
of the GC was raised at a rate of 10°C per minute from 0°C to 26D°C_in
order to separate and identify the decomposition products.

Figure 16 is a composite figure containing the chromatograms
obtained using the Chromosorb 101, 103 and 104 supports.. The absolute
amounts of each component were calculated from the integrated GC peak
areas using internal standards and the technique described in Chapter
IV; Almost all the volatile compounds were identified by the GC/MS
techniques. About 43 percent (428.3 mg of volatile compounds per gram
of fhe original sample) was accounted for by the degradation products
Tisted in Table 18. This group of compounds accounts for approximately

97 percent of the volatile compounds produced, as indicated by the
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Table 18. Low-Boiling Volatiles Produced During The Pyrolysis

(Fast Heatingf of Nylon 6

91

Compound Peak Number® | Peak Sumber© | Peak Number® QuantityD
(C101) (C103) (C104)
Low-boiling Vola- '
tiles
Carbon monoxide 1 1 1 47.30
Methane 2 2 2 23.71
Carbon dioxide 3 3 3 18.79
Ethylene 4 4 4 63.23
Acetylene 5 ‘ ' Trace
Ethane d 6 5 10.58
Ammonia 6 14.35
Water 7 10 9 20.33
Propene 8 7 5 49.78
Hydrogen cyanide 9 10 Trace
1-Butene 10 8 6 7.66
1,3-Butadiene » 1 9 7 14.10
1-Pentene 12 n 8 5.56
Acetonitrile 13 12 12 11.91
Propenenitrile 14 13 1 14.74
Propanenitrile 15 14 15 : 12.98
‘| Methacrylonitrile 16 14 1.05
3-Butenenitrile 17 : 0.93
Benzene 18 15 13 2.51
Butanenitrile 19 17 17 6.41
Pyrrole 20 3.38
Toluene ’ 21 16 16 7.57
Cyclopenatanone 22 18 1.57
Capronitrile 23 18 19 11.37
Hexenenitrile 24 19 4.57
Styrene 25 0.95
Phenol 26 0.84
Benzonitrile 27 20 2- 0.93
E-Caprolactan 28 21 21 71.38
Total (mg/g sample) 428.28

" %irect probe pyrolysis at 1000°C for 20 seconds using a 3.5 mg
sample in a helium atmosphere. _

bMi]]igrams of compound per gram of sample consumed during pyrolysis.

‘ Determined mostly on C-101.

CCorrespond to peak numbers on Figure 16.

doetermined on C-103.
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electronic integrator. The peak nurbers refer to the peaks in the TC
detector response curve found in Figure 16.

The major pyrolysis products procuced during the decomposition of
the Nylon 6 polymer (as indicated in Table 18) were carbon monoxide,
ammonia, carbon dioxide, water, c-caprolactan, and a series of aliphat-
jc saturated and unsaturated hydrocarbcns and nitriles; containing
one to seven carbon atoms. Small concentrations of aromatic compounds,
including benzene and toluene, were 21so found in the complex combustion
products mixture. Another compound of toxicclogical importance, hydro-
gen cyanide, was identified in the mixture of pyrolysis products.

Inasmuch as only 43 percent of the oricinal sample was accounted
'for during this analyéis of the.low-bciling vclatiles, it was assumed
that the remaininé portion of the sa—yle decd:;csed was in the form of
high-boiling volatiles (aerosofs) or tars which either condensec within
the combustiqn/ana]ytical syster or were trasped irreversibly on .the
GC support-columns. The-large amount of z-caprclactam identified in
the mixture of combustién products sugcests the possible degradation
mechanism is a depolymerization process.

Thermoanalyzer (slow-heating) studies. Sarples of the Nylon 6

polymer were pyrolyzed in a heliu- environrent in thé thermoanalyzer.
The heating rate to which the poly-er w2s expgosed was 100°C/min. pro-
grammed from ambient to 1000°C. The polyer sample was virtually con-
sumed by the time the temperature cf the furnace reached 700°C. A
sample size of 50 hg was found to be csti—u= for boththeidéntification
and quantification of the decompositicn products.

The Tow-boiling volatiles produced during the pyrolysis of the
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Nylon 6 polymer in a helium environment were collected using the trap-
ping system described previously, desorbed from the porous po]ymertrap;
and ana]yzed using the computerized GC/MS system.

A variety of GC columns, the same as employed for the analysis
of volatile products produced during the fast-heating experiments, were
used for positive identification of the individual decorposition pro-
ducts.

In these éxperiments the effluents from the thermcanalyzer were
trapped for subsequent analysis, béginning af 250°C, which was a
temperature level just below the rahge where the first major weight loss
was encountered. Trapping of degradation products was continued for a
five-minute period, after a temperature of 1000°C was ;ttained, in
order to collect products thch remained in the furnace of thé thermo-
analyzer or in transfer lines.

A total of ning pyrolysis experirents were conducted. Five pyroly-
sis runs utilized a Chromoscrb 101 support. The remaining experiments
utilized Chromosorb 103 and 104 supportﬁ, in order to identify com-
pounas which were not separated by Chromosord 101 énd to provide addi-
tional information necessary for positive identification of the decom-
position products. Ammonia, for example, which was not identified on
the Chromosorb 101 golumn, was separated and quantified on a Chromosorb
103 support. The_chromatographic columns were prograrmed from -10°C
to 260°C at a heating rate of 10°C/per minute. Typical FID and TC
detector traces obtained using the Chromosorb 101, Chromosorb 103 and
Chromosorb 104 supports are illustrated in Figures 17, 18 and 19,

respectively. More than 25 degradation products, which were identified
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and guantified in this phase of the resezrch procras are listed in

Gable 18.

The carbon monoxide fraction in tne evolved cases, which was ob-
served at a temperature of 230°C cr higher, was guantified in a separ-
ate experiment using a non-dispersive infrarec spectrormeter. This

carbcn monoxide fraction accounted for &£ mg/gra= of the original

_sz7ple.

As indicated in fab]e 19, 32.31 ro/g of the original sample weight
were identified and quantified as low-beilins vola:ﬁle compounds that
were 1iberafed during'the s]oﬁ-heati:; pyrolysis exgeriments.

Sé:plés of the high?boiling Qo}atiles (2ercscls) that condensed
on the glass wool trép were extractes with acetcne and anafyzed by IR
spectroscopy, GC/MS, HPLC,and elemeni2! analysis.

The aerosol residue which was extracted fro= the glass wool by

acetsre and condensed by evaporation technigues w2s in the form of a

viscous brown 0il. This co~pound w2s spread on a sodium chloride plate-

and the infrared spécfrum, il]us;rated in Figure 22, obtained. The IR
spectrum closely reéembled the spectru~ of the criginal Nylon 6 polymer
(see Figure 11);
Since this fesidue dissoived easiiy in ordinary solvents, such as
cetone, dioxane,or toluene, this fraction was assu~ed to be composed
of oligomers of Nhylon 6.

A Chromosorb 101 column and an CV-1 colun were used for separa-

tion of .the aerosol residue. A considerable a~cunt of g-caprolactam

and a small benzonitrile fraction were identified frcm the aerosol

residue. Figure 21 illustrates the chromatogram of the residue
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Table 19. Low-Boiling Volatiles Produced During The Pyrolysis

(Stow Heating) of Nylon 6

Peak Numbers®

Compounds on C101 on €103 on €104 T.E.b R.F.C Quantityd:
Low-Boiling
Volatiles

Carbon monoxide 1 1 1 ——- 0.670 48.00
Methane 2 2 2 0.05 1.0 55.490
Carbon dioxide 3 3 3 0.97 0.5i5 16.76
Ethylene 4 4 4 0.6 0.%2 39.29
Acetylene 5 5 5 0.96 0.832 4.36
Ethane 6 6 0.8 1.031 3.85
Ammonia 7 6 0.90 0.581 32.82
Water 7 n - 10 .82 0.853 16.E5
Propene 8 8 6 0.9 0.€52 4€.92
Hydrogen cyanide 9 11 0.9 1.5802 5.43
J-Butene 10 ’ 9 7 0.97 0.€57 2.8}
1,3-Butadiene N 10 8 0.97 0.€74 5.16
1-Pentene 12 9 0.97 0.708 3.57
Acetoritrile 13 12 12 0.95 ~ C.%51 5.587
Propenenitrile 14 13 13 .95 GC.6&2- 6.95
Propanenitrile 15 o4 16 0.95 C.€3C 3.27
Metacrylonitrile 16 15 0.95 0.622 0.9z
3-Butenenitrile 17 18 0.95 ¢€.707 c.70
Benzene 18 15 14 0.9C 0.783 3.62
Butanenitrile RS ) 19 0.95 0.75¢ 2.37
Pyrrole 19 , 200 0.%0  0.7&7 0.68
Yoluene 20 16 17 0.95 0.75% 4.14
Cyclopenanone 21 : 21 0.90 0.827 0.69
Capronitrile 22 18 22 0.90 0.82% 4.34
Hexenenitrile 23 19 3 0.0 OC.7eS 2.1
Styrene i 21 . 0.88 0.883 1.28
Phenol 24 0.88 1.1¢8 0.25
Benzonitrile 25 ) 24 .0.88 (.855 1.10
gE-Caprolactar 26 20 25 - 0.557 -
Total Low-Boiling Volatiles 323.1
High-Bciling Volatiles

E-Caprolactar 129.8C
Oligomer 519.00
Total High-Boiling Volatiles 645.80
Total (mg/g sample) 971.91

*fstimated

“Corresponds to peak numbers {n Figu?e 17, 18 and 1% on Chromosort

101, Chromosord 163, and Chromosorb 104 respectively.

. bRe]ative trapping efficiencies.

CRelative Response factors for the thermal conductivity detector.

dmlligrms of compound produced per gram of original polymer.
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obtained using an OV-1 column in the terperature ranze cf 180°C to
22G°C. The major peak is e-caprolactam, which was de:er:ined to be
approxirmately 20 percent of the aerosol residue. The inscluble con-
poneht of the high-boi]ing volatile fraction was ass.—e2 to be com-
posed of oligomers of Nylon 6.

The high-boi]jng volatiles were dissolved in ace<cnitrile and in-
jected to the reverse-phase Whatman O3S column of the kich performance
liquid chfomatograph, Perkin-Elmer Model 501 (Figure 22}. A 35/65
mixture of CH3CH/H20 was used for mobile phase with z ficw rate of
1.0 =1/rin and the separated compounds were ronitcres by UV detector.
The major peak (see Fiéure 22) was found to be e-cacrciactarm; nd other
significant low molecular compounds were found.

The high-boiling volatiles were analyzed fcr czricn, hydrogen,
nitrocen and oxygen content. The results of these ﬁ;;?icate analyses
are listed in Table 20, together with the theoreticz: carposition of
ﬁy]on'é polymer and e-caprolactam.

The composition of the residue was found to be siTilar to the
theoretical values calculated for the Nyion 6 poljrer 2nd c-caprolac-
tam. These results indicate that the aerosol residue is composed of
the mixture of e-caprolactam and oligomers of thé Kylcr. € polymer.

As indicated previously in Table 19, 37.31 mg/g ¢¥ original
sa=ple Qas recovered in the form of low-boiling volatiies. 643 ma/g
of original sample were recovered in the form of high-Sciling aerosols.
It is assumed that the unaccounted for weight loss wz2s attributed to
1ight gases, such as nitrogen or hydrogen, which were rct trapped in

the system used, plus additional compounds which condznsed in the




102

a8 1 s Bt o omims h wt o

- e oy A i

W

25 20 I5 - 10 0

TIME (minutes)
Cigure 22. Liquid chromatogram of the high-boilirg vciatiles pro-
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cochbustion system and did not elute from the furnace or GC column.

As shown in Table 19, carbon monoxide, methane carbon dioxide,
ethylene, armonia, water, propane and e-caprolactam comprised major
products formed during the pyrolysis of Nylon 6. The ratio of con-
tent of these major products is similar to the product distribution
that was found using the direct probe pyrolysis unit (see Table 18).

A substantial amount of saturated or unstaturated hydrocarbons, ali-
phatic nitriles,and several aromatic compounds were also formed during
the pyrolysis of the Nylon 6 polymer using the thermoanalyzer. The
concentration of hydrogen cyanide was found to form in higher amounts
during the slow heating experiments, as compared to the concentrations
of this product formed during the direct probe pyrolysis studies.

%o evidence of char structure was observed during these thermal
degradation studies. This is consistent with previous studies reported
in thé literature as well as the thermoanalyzer traces obtzined in the
present work.

Materials Balance. The total quantity of pyrolysis products pro-

duéed dqring the decomposition of the Nylon 6 polymer was 971.9 mg
(97.2 percent)/gram of the original sample weight. Table 21 is a
suTary of the materials balance obtained after identification and
quantification of decompositon products.

Khen the elementé] composition of the identifiable materials were
suTed, 94.6 percent of the carbon, 100.8 percent of the hydrogen,
95.1 pefcent of the nitrogen and 108.2 percent of the oxygen that were
presént in the original sample are accounted for in the products

jdentified and quantitated during these experiments.
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&. Oxidative dearadation (slow—+eatina) studies

Samples of Nylon 6 bolymer were zgdraded under dynamic héating
conditions from ambient temperatures =z 1000°C. Heating rates of 10,
25, and 100°C/min were used to determine the effect of the heating
rate on polymer degradation. The ef“zct of the sample size was also
iniestigated. Chemical analysis was conducted at intermediate stages
of cecomaosition where 7, 50, 70 and ST percent of the original po]yeb

zer weicht was lost.
| In addition to ;he experiments znducted under dynamic heating
conditions, several experiments werz zerformed under isothermal
conditions.

The low-boiling volatiles (excliucing carbon monoxide and e-cap-
rolactz=) have been identified and zuantitated using the GC/MS tech-
niques that were discussed earlier. The carbon monoxide con;entration
at selected temperatures was measurzZ using an Ithechnique. The
higﬁ-boiling volatiles, which were tra:pedAat the outlet of the thermo-
analyzer, were identified using IR zvc¢ GC/MS techniques. The GC
colirns used to separate and quanti*zte the volatile products included
Chro—osord 101, 103 and 104.

Analysis of Low-Boiling Volati= Products. More than 25 trapping

expericents were performed to identi®y and quantitafe the volatile
prodicts resulting from the thermal cxidative degradation of the poly-
mer. Most of the experiments utiliz=t a 50 mg sample size, which was
determined to be most appropriate for the structural identification and
the quantitation of degradation prozucts. The sample was heated from
asbient to 1000°C at the rate of 2=*T/min. Chromatograms of the
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6C-resolved products frem the oxidative degradaticn of ﬁyion € poiy-er
are presented in Figures 23, 24 and 25; both FID and T3 responses are
illustrated.

A 16 ft. x 1/8 in. 0.D. column containing Chromoscrb 101, a 3 m
x 4 mm 0.D. column of Chromosorb 103 and a 16 ft. by 1/8 in. 0.D.
column with Chromosorb 104 were temperature-prograTed from -10 to
260°C at 10°C/mjn to obtain separation and quant%tation of the degra-
dation products.
| More than 30 components have been identified fn thebzixtures of
low-boiling volatiles obtained during these experirents. Table 22
‘contains a summary of the compounds that have been identified. The
peak numbers in the table correspond to the GC peaks in ?gures 23, 25
and 25 and the T.E. and R.F. values that were used in the calculaticn
of the quantities of each component are also included. The su™ of all
the volatile compounds that were determined by analytical techrigue is
1609 mg per gram of the original sample. It should be noted that a
sumary of the velatile products identified total approxizately €0
pereent‘higher than the weight of the sample'used. This increase in
weight was due to the interaction with oxygen in tﬁe samzle’s environ-
" ment and resulted in increases in the amounts of carbcn moncxide, car-
bon dioxide and water produced, compared to that measured during prior
pyrolysis studies. It should also be noted that arrcnia, which wes
jdentified in the degradation in the inert environment, was not found
to be produced in the oxidative environment. As noticed during the
theEmaI deeomposition of other nitrogen-containing polyrers, the con-

centration of hydrogen cyanide pfoduced in the oxidative environment
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Table 22. Low-Beiling Volatiles Produced During the Ox

(Slow Heating) Degradation Of Nylon 6

Pasi humde- onb I l
1 i
Compounds cagl leam | c10e TES | RFS | uarniny® |
Low-8c‘ling
wolatiles
Cartcr sonoxide 1 1 1 . 0.670 472.00
Retrane 2 2 2 0.cS 1.031 72.87 !
Caroon dioxide 3 3 3 0.97 0.9'% 52¢.07
Ritrous oxide 4 1.0¢ c.es? 3.22
Etnylene H 4 4 0.9¢ .92 14.37
Aezylene 5 5| 0.9 | 0.93 .15
Ethane 6 6 6| 0.9% 1.031 a2
Cysnogen 7 c.4¢ 1.5 Traze
e 9 9 13 c.82 0.857 £ CC
Propene 8 7 7 0.9 G.€52 1£.23
nycroyer cyanide 10 12 0.9% 1.5 130
Mettenc’ n 9§11 0.75 | &4.342 4.32
Acealdenyde 12 0.% 1.8° 3.35
Sutene 8 8 c.97 C.89% T4.37 |
1.3-Mtdiene 13 10 0.97 c.8’2 £8: |
(13,33 14 14 c.es .65 0.e: i
1-Pertene 15 1n| 09 | C.eE 1.0
Acetoritrile 7 10 16 0.95 | 0.9 wa !
Propene-s2rile 16 n 15 C.9¢ C.682 16.73
Bitromesrare 18 2 C.9% 2.¢C C.€
Propanertrite 19 12 19 0.9% 0.€5° 4.3
mezacrytonitrile 2C 18 C.9% c.727 0.€2
3-Butenecitrile 21 2 €.9% c.7? 1.3t
‘lauere 22 13 17 c.9C c.782 3.0
i tanenitrile 3 3 0.9% C.6° 3.¢
| prereie . % | 0.9 | C.€1 c.2¢
! pertaneritrile 25 c.9% C.632 Traze
Toluene 26 14 r4l 0.9% 0.7%¢ 3.8
Cylooerianone 27 25 0.95 0.8 1.58%
Xylere 28 c.9c | 0.8 .ot
Cazvoritrile 29 15 26 0.9 c.822 E.3 .
Styrene 3C 0.8E c.8x< CE
nezenerizrile N 16 a 0.9° c.7es !} 2.3¢
Phenc! 32 0.88 1.1C8 .30
Benzo-itrile 33 % . 0.8 C.B3¢ | c.32 ¢
E-Caprelacta” 3% 1 29| 0.957 | .-
Tota' Low-Bciling :
volaziles 1605.23
nigh-8ciling volatiles . . |
f-Caprolacur . €00 |
01 tgomers €5.00 |
Sub-tota! High- {
Kciling yclatiles 273002
Total (Mg’s Sarple) 1835.23 |

*Estimatec

Srhe axfdative degradation of four samiies with a sa=ole size of 50.C
w;. froe srdient 0 100C°C 8t the heating rate of 25°C/Fin using te
fettler thermoanalyzer.

Biorresponds tc beak mumbers in Figure 23, 26 #n¢ 25 on Chromosors
101, Chromosort 103 and Chromcsors 104 respectively.

®pelative trapping efficiencies.
‘lﬂnm response factors for the therwal conguctivity detector.

®nil14graps of compound produced per grar of polymer 85 messurec by
analytica® tachnigues.

Saelative response factors for the flame fonization detector.

SQuantistated by the residue analysfs techniques (See Chapte Iv).

id

-
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was greater than that observed to be produced in the inert envirco—ent.

The quantity of carbon monoxide produced during the ther—al de-
compasition of the Nylon 6 polymer in the oxidative environ—ent w2s
detefmiﬁed in separate experiments using the infrared technicuss cut-
‘1ined in Chapter IV. The carbon monoxide valuesrobtained are inciuded
in Table 22.

Analysis of hich-boiling volatile products. The IR spectrum of

this condensed fragment is shown in Figure 26. This spectru™ clzcsely
rese-bles the spectra of e-caprolactam js shown in Figure 27 for com-
parison purposes. .
The condensed highéboi1ing volatile fragment was dissolived in
“acetone énd jnjected onto an 0V-1 volumn at 180°C. The terpera2ture

of the column was prograrmed at a rate of 10°C/min from 182°C to 237°C.

[& 8

The majbr peak found was jdentified as e-caprolactam which comorise
approximately 70 percent of the aerosd1 residue.

" The high-perfonnance 1iquid chromatograph (HPLL), Perkin-Ii==sr
vodel 601, was used for the analysis of the aerosol residue. Tte
sample was dissolved in acetronitrile and injected to the reverse
pbase Whatman 00s co]umn: A 35/65 mixture of CH3CH/H2P was uszd for
mobile phase monitored by UV detector. The chromatogram obtazired with
the condensed high-boiling fragment was almost identical to the ckroTa-
togram'obtained for the condensed fragment from the Nylon € pclyer
during pyrolysis. The majdr peak was identified as g-caproiacte= by
the retention time.

- The elemental composition of the aerosol residue was deter—ined.

The results from the duplicate analysis are presented in Teble 23,
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Table 23. " Elemental Composition of Residue Produced During
Oxidative (Slow Heating) Degradation of hylon6

t 2 Composition
: ]
! Carbon  Hydrogen Nitrogen Oxygen |
k .
¥ixed Residue 64.23 9.02 13.30 13.45
Theoretical
+ corpcsition of
e-caprolactam 63.72 9.73 12.39 14.16
Theoretical
: coposition of .
: Nylon 6 polymer 63.72 . 9.73 12.39 14.16
H . ‘

élong with the theoretical composition of Nylon 6 polymer and e-capro- -
Jacta-. It can be seen that the composition obtained élose]y resembied
that of polymer and e-caprolactam. Using the results of this analysis
it is concluded that the.aeroso]vresidue was composed of approximately
70 percent of eécaprolactam and 30 percent of oligomers of the Nylon 6
polyrer. The calculated concentrations of e-caprolactam and oligomers

are listed in Table 23.

Materials Balance. One can ca]cu}ate the material balance for ni-
trogen, carbon, hydrogen, and Oxygen using the qﬁantitat{ve daté pre-
sented in earlier sections on the 16w-boi1ing volatile products and
the high-boiling volatiles produced during the thermal decomposition
of thg fiylon 6 polymer in an air environment. Table 24 contains a

.suﬁmary of the material balance that was obtained from this experimen-

tal study of Nylon 6. When the elemental composition of the identified
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Tatle 24. Materials Balance - Oxidative (Slow Hezting)

Degradation Of Nylon 6~

Weight (mc/gram sarzie)
Total Carbon Hydrogen ! Hitrcgeni
Oricinal polymer 1000 638.2 ! 99.2  125.1
vaterial recovered |1839.03 | €8.0 | 990 | 55
! ‘ i f
Low-boiling volatiles | 1604.03 | 491.0 T L2
j t
' | t '
High-boiling volatiles ; 230.00 | 147.0 =~ 22.0 = 2
(aerossls) | ; ;
Solid residue {(cher) | 0.00 0.0 | 0.0 i O
; i ]
Percent of polyer o i
accountatle in [ i
decomposition products | ‘

Ssample size was 50 mg, and the heating rate was 25°C/min.




117

decomposition products is summed, 100.0 percent of the carbon, 99.8
percent of the hydrogen and 40.3 percent of the nitrogen that were
present in the original sample are accountable in the products
observed.

Since almost all of the nitrogen present in higher boiling com-
pounds was identified, it is assumed that the bulk of ihe nitrogen
missing was in the form of NZ or NO. More reliable technigues are be-
ing developed to permit trapping of these low-molecular weight gases.
It is not possible to obtain an actual materials balance for oxygen
since the sample reacts with the oxygen in its environment during the
degradation proéess. Considerable increases in the concentrations
of carbon rmonoxide, carbon dioxidé and water weré measured, as compared
to prior pyrolysis studies.

Several sanpfe sizes, ranging from 10Img to 50 mg, were employed
to find an appropriate‘samble size, both for the quantitation and the
structural identification and to investigate the effect of the sample
size on the production of degradation prbducts. Samples were heated
from ambient to 1000°C at the rate of 25°C/min. The results of this
experiment are presented in fable 25. The relative ratio in major
products, such as CO, COZ’ and'HZO, was not affected by the sample
size but the amount shows slightly decreasing tendency as the sample
size increases. On the other hand, minor products with higher bciling

temperatures and molecular weight became prominent with the increase
in the sample size. The data can be explained as follows: The supply
of oxygen necessary for complete oxidation of the sample would be

greater when the sample size 1is smaller. The diffusion of oxygen from
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Table 25. Effect of Sample Size On The Concentration Of Low-Bciling
Volatiles Prcduced During The Oxidative (Slow Heating) Degradati‘on,

0f Nylon 6

Quantity (ma’c sam:le)t
Sar-le Size

Corpounds 1C mq 2C ma 50 =
Carbor monoxide 543.00 531.00 4755 |
Methane 94.50 85.90 73.E ¢
Cartor dioxide 612.70 603.50 g2e.0
Nitrous oxide 6.10 5.45 3.2¢
Etrylere 3.80 6.65 16.37
Acetylere Trace Trace £.i3
Ethare Trace 0.35 4.22
Cyanagen Trace Trace Trace
. Kater 602.69 £87.50 4c.0
. Proccene 5.20 8.85 15.23.
Hydrogen cyanide 1.0C 4.75 13
Metrang? Trace 3.75 £.35
Aczetaiceryde 2.00 - 1.80 3.35
Butene Trace 1.70 4.3
1.3-Butadiene Trace 0.45 5.82
Ethancl Trace 0.25 .82
1-Fertene Trace 0.20 1.Ch
Acetonitrile 2.40 3.90 154.21;
Prozeneritrile 2.00 3.15 15.032
Kitromethane 0.30 0.45 0.€2
Propaneritrile 0.49 0.6 4.34
Mezacrylonitrile Trace Trace 0.€3
3-Butenenitrile Trace 0.50 1.37
Benzene 0.50 0.45 3.21;
Butanenitrile Trace Trace 3.01
Pyrrcle Trace 0.20 .24

Pentanenitrile Trace Trace Trac
Toluene 0.3 1.50 3.13(
Cyclopentanone Trace 0.70 1.55
Xylene Trace . Trace o.cs;
| Cagronitrile Trace Trace 8.3];
Styrene Trace Trace 0.0&
Hexenenitrile Trace Trace 2.1
Pherol Trace Trace . .32
Benzonitrile Trace Trace C.27
TOTAL 1876.8 1863.55 1675.53

o
|

SThe oxidative degradation of three samples from ambient to 1022°(

at the rate of 25°C/min.

b!ﬂ‘ligrus of compounds produced per gram of polymer as measured
by analytical techniques.
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the sample's surface to the sample's interior becomes more difficult
when larger samples are used. The sample size of 50 mé would be
adequate for most studiés pertaining to the Nylon 6 pclyrer.

Samples of Nylon 6 polymer,-SO + 0.1 mg, were heated at 19, 25
and 100°C/min rates from ambient to 1000°C to measure the changes in
the composition of the pyrolysis products.' An air flow rate of €3 +
10 m1/min wes provided in these experiments. fab]e‘zs containsAthe
results obtained from duplicate analyses in the air envircnment at
the three heatfng rates. Only slight chandes were observed in product
distribution or'concentration as a result of these stucies. The‘use
of heating rates in these studies "did not“ markedly chan;e the funda-
mental mechanisms of the oxidative degradation of the Kylon € poiyrer.

To obtain a better understanding of the oxidative dezrzzzticn
process, the volatile coﬁpounds that were produced from the Lyion 6
polymer were studied at several stages of degradation (50, 70 ang 9C
percent'weight loss). Using the TGA trace in Figure 12 és A guidefine.
_ produCtS were trapped from the thermoanalyzer at verious tecerature
rahges. The temperature range at 423°C corresponds to the point at
whicﬁ 50 percent of the sample weight is lost when heated frc= azhbient
at a rate of 10°C/min. Similarly, 433°C was selected as the tempera-
.ture corresponding to a 70 percent weight loss and 465°C which corres-
ponds to the point where approximately 90 percent weight less occurrec.

In this series of experiments a 50 mg sample of Nylon € wes
temperature-prograrmed from ambient to the pre-selected te-perature
at S heating rate of 10°C/min. The products fromthne oxidative degrada-

“tion process were trapped, beginning at 350°C, and the sa~pling pericd




Table 26.

Ly i."'"nf bk

Decomposition Products During The Oxidative Degradation

Effect Of Heating Rate On The Distribution Of

0f Nylon 6
Quantity’
) Heating Rate
| Compouncs 10°¢/min 25°C/min_| 102°C/rin
Carbon moncxide 500.00 470.00 4595.00
Mettrane 93.80 73.80 92.10
Carbor dicxide §56.40 §26.0C 513.00
Nitrous oxide 3.08 3.28 5.08
Ethylene 13.45 14.37 17.61
Acetylene. 0.31 0.19 0.20
"Ethane 4,35 4.22 3.32
Cyanogen Trace Trace Trace
Kater 435.0C 410.0C 383.0C
Prooene 16.78 15.23 17.21
Hydrogen cyaride 15.85 13.71 17.9¢8
Metranol 3.72 4.34 3.02
Acetalderyle 1.24 3.3% 2.81
Butene 4.33 4.31 3.87
1,3-Butaciene 6.31 5.88 4.5¢
Ethancl 0.41 0.80 1.0C
1-Pertere 0.67 1.01 0.98
Acetoritrile 11.66 14,21 17.21
Properenitriie 13.21 15.03 16.85
Nitroretrane 0.32 0.60 0.80
Proparenitrile 3.22 4.34 4.97
Methazryicnitrile 0.90 0.63 1.66
3-Butenenitrile 2.38 1.31 2.69
Benzene 4N 3.21 4.59
Butaneritrile 3.67 3.00 1.7
Pyrrole 1.00 0.24 0.98
Pentanenitrile Trace Trace Trace
Toluene 5.04 3.18 5.06
Cyclopentanone 2.08 1.55 2.90
Xylene 0.09 0.05 0.02
Capronitrile - 7.35 8.31 9.85
Styrene 0.04 0.08 0.20
Hexeneritrile 2.1 2.15 3.17
- Phenol 0.20 0.30 0.56
Benzoritrile ’ 0.30 0.30 0.77
Cacrolactar & Clicomers| 220.5 23C.0 258.C
Total 1933.85 1836.03 1904.63
*Egtinated

G1ne oxidative degradation of three samples with 2 samplie size of

50.0ng frow amcient to 1000°C.

BMilligra=s of corpound produced per gram of polymer as measured

by analytical technigues.

12¢
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was extende? at jz2st for five minutes after the sample was held at
the final seie-tsz tz—Tsrature.. Each experiment was conducted in
triplicate.

A suTary =f tre volatile compounds that have beenAidentified and
the quantity c¥ e2zh comgound are listed in Table 27. Typical chrorma-
togrars for ezzh staze of the degradation on Chromosorb 101 are shown
in Figure 2Z. T‘ sa-e values for trapping efficiencies and response
factors were ussd, 25 cited in Table 22.

. It should be noted, both from Table 27 and Figure 2€, that aimost
all the com-zim2s whiczh were identified at the final stage of decorcc-
sition were 21sc iZfzntified during the intermediate dezradation pro--
cesses, aitnﬂJ-t sr2 zcunt of components measured a2t the intermediate
stages were comsiderzily :a]ler.

The procuct distritution and concentration were si-ilar, between

507 weight 1css and 75: weicht loss. However, the quantity of carbon
dioxide, watsr,z=2 zlkenes increased rapidly after 707 weight lcss was
reached. Ycst ¢f the nitrile compounds, such as hydrogen cyanide,
acetonitrile, acryicnitrile and cabronitrile,and aromatic compounds,
jncluding benzers 2nd toluene, were formed in the higher terperature
region after &2 gerc rcent weight loss occurred. The formation of lacta~
and oligomers cf Nylon 6 (high-boiling volatiles) was rather constant
across the te—cerature range studied.

Some nitrcsen cocoyounds, such as nitrous oxide and nitro-rethzne,

appeared durinc the earlier stage of the degradation; little variation
in the concertrz+ions cf these compounds was observed as the samples

were expose‘ tz nicher temperatures.

="

3
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Table 27. Distribution Of Decomposition Products During
Different Stages of the Oxidative Degradation
(Stow Heating) Of Nylon 6
Quantityb
Peak
Compounds No. Weight Loss
: 507 70% 91% 1007
Carbon monexide 1 _ 500.00
. Methane 2 4.72 19.88 81.57 93.80
: Carbon dioxide 3 92.07 121.34 257.40 556.40
' Nitrous oxide 4 2.38 3.54 3.23 3.08
+ Ethylene 5 1.97 4.57 18.20 13.45
| Acetylene 6 Trace Trace 0.28 0.31
t -Ethane 7 Trace Trace 0.64 4.35
. Water 8 95.10 150.00 367.10 435.00
Propene -9 1.54 3.65 19.79 16.78
Hydrogen cyanide 10 0.55 0.97 2.22 | 15.85
Methanol n 0.45 3.88 2.50 3.72
Acetaldehyde 12 0.68 2.00 1.78 1.28
Butene 13 Trace 0.85 1.13 4.33 |
1,3-Butadiene 14 Trace 0.95 1.61 6.31
" 1-Pentene 15 Trace Trace | Trace . 0.68
- Acetonitrile 16 0.83 2.32 5.23 11.66
. Propenenitrile 17 0.55 1.91 4.79 13.21
i Nitromethane 18 0.25 0.48 0.32 0.32
i Propanenitrile 19 0.13 0.38 0.73 - 3.22
; Methacrylonitrile .20 Trace 0.44 0.54 0.90
! 3-Butenenitrile 21 0.18 0.35 0.48 2.38
. Benzene 22 0.1 - 0.23 0.75 4.11
Pyrole 23 Trace - 0.11 0.49 1.00
Toluene 24 0.18 0.64 1.16 5.04
Cyclopentanone 25 0.11 0.54 0.99 2.08
Capronitrile 26 0.17 0.29 1.29 7.35
Hexenenitrile 27 0.03 0.06 0.55 2.11
Phenol , 28 Trace Trace Trace 0.20
Benzonitrile 29 Trace "Trace | Trace 0.30
E-Capralactam and
0ligomers 138.50 173.30 211.80 220.50
Total(mg/g sample) [340.50 492.68 986.57 1929.66

Acorresponds to peak numbers in Figure 28.
“Mi11igrams of compound produced per gram of polymer.
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These analytical results indicate the random chain scission and
the depolymerization reaction which yields monomer and oligomers occur
competitively.

The random chain scission, oxidation degradation induced will form
Tow molecular weight compounds such as carbon monoxide, carbon dioxide,
water, hydrdcarbons and nitriles. The volatile products, monomers and
low-molecular oligomers are continuously carried away by the flowing
air and the remaining high-molecular oligomers and partially crosslink-
ed chains are degraded, both oxidatively and thermally, ai high temper-
atures, yielding high]y decomposed simple fragments, such as methane,
carbon monoxide, carbon dioxide, water, and nitrites.

Attempts were made to trace the change of the elemental compesi-
tion of the samples which remained in the sample holder of the therro-
analyzer. The result of the elemental analysis of chars which were
obtainéd at the several different stages of weight loss, including 50
percent, 70 percent and 90 percent, are summarized in Table 28.

It is interesting that the composition of the remaining sample does
not chanée greatly between 0 percent weight loss and 70 percent weight
loss. |

A study was undertaken to evaluate the initial phase of polymer
thermal degradation. In this experiment a 150 mg sample of Nylon 6
polymer was uSed in order to increase the sensitivity of determining
degradation products. The sampie was heated from ambient to 349°C at
10°C/min, after which the rate of heating was decreased to 4°C/min.
The'heating was stopped at 365°C where 7 + 1 percent of weight loss

was observed. The products from the oxidative degradation were trapped
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beginning at 350°C and the sampling period was extended at least for
five minutes after the 365°C was reached in order to collect all the
products which might rerain in the furnace and the trapping line. The
flow rate of air was held at 160 ml1/min throughout this experiment.
These studies were conducted in triplicate. A jet separator was used.
to facilitate separation of trace compounds.

Typica1 chrormatograms obtained using the Chromosorb 101 column
are shown in Figure 25. A surmary of the initial degradation products
and the quantity of each product are listed in Table 29.

The amount of carbpn monoxide and e-caprolactam was obtained
using the same techniques which have been described in Chapter IV.

It was surprising that some nitrile compounds, such as hydrogen
cyanide, acetonitrile,and propenenitrile were produced during this
low temperature range, since they were assumed to be products of
secondary reactions at high temperatures.

Carbon monoxide, carbon dioxide, water,and e-caprolactam were the
major products produced during these 1ow-temperatureAdegradation
studies. |

_ In the isothermal degradation experiments a 50 mg sample was heat-

ed at the rate of 10°C/min to 340°C, then the rate was changecd 4°C/min

to 355°C, and finally 2°C/min was employed until 365°C was reached.
The sample was held af 365°C for one hour. During the fsqtherma] heat-
ing the sample weight decreased gradua11y; After one hcur thé rate of
weight loss was very small. By the final stage of the isothermal heat-
ing; approximately 46 percent of the original weight was consumed.

Trapping was started from 350°C and stopped at 5 minutes after the
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Table 23. Initial Cecorpesition Products Produced Curing

Oxicative Degradation Of Nylon 6

SThe oxidasive ¢scracation of three samples with a sample size of
15C.mG up to 323°C. :

kl:orresponds to pe2k numbers in Figure 29 on chromosord 101.
SRelative trasging efficiencies.

dﬂehtive resco-se factors for thermal conductivity detector.

'Hi‘lligrrs cf caroound produced per gram of polymer as measured
by analytical tecemiques

"Rehtive resoonse by analysis of high-boiling volatiles residue.

* ! |
Pest” e él ; € |
Ruroers T.E. R.F. Quartity” i
} ¢
Carcn moncxize 1 1 o.670, | 73.00 |
. Methane : 2 .03 1.03) | C.0¢
Carbcr dicxice ! 3 0.97 0.915 | 5%.00 !
Nitrous oxice : 4 1.6C 0.893, 0.22
Etnylene i 5 0.9 0.920. 0.52
Acetslene : 6 0.9 0.930. T '
Ethare N 7 C.% 1.031-, - T :
Cyanczen : 0.43* 1.8 ¢ | N.D.
Nater { B .82 0.55C,. 75.5C
j Procene H 9 { C.% 0.€52. 0.45
Hydrogen cyreice - 10 ; 0.93 1.5« 0.61
Petramol i , 0.75 4.348, N.D.
Reetzloenyce . n G.g;l 1.8* - 0.78
Butere . . c. 0.895, : N.D.
1,3-5uzadiene S ¥ 0.97 0.870 0.32
gs;-e'ol i O.g 0.640 N.D.
entene : 0. 0.65C, N.D.
Acetcritrile b3 0.95 2.568_ | 0.33
Propenenitrile S ] 0.95 1.67% 0.48 _
Ritroretrz-e : 15 0.95 2.0 0.25 :
Proparerisrile H 1€ i C.93 0.652 c.1C .
Metracrylcaisrile | 17 i 0.95 0.727 0.0%
3-Butenenizriie : 0.95 0.727 : N.D.
Eenzens i 18 6.9 0.782% ! c.21
Butaneritrile . 0.95 0.6E3 N.D.
Pyrrcle i 19 0.95 0.671 ! 0.1
Perzanenitrile 0.93 0.€52 ! N.D.
Toluene 20 €.95 0.764 0.30 i
Cyclopentanone ‘ a2 0.95 0.827 0.0 :
Xxlere ' 0.90 0.818 N.C.
Caprenitrile iz .90 0.805 0.34
Styrece | -0.88 0.800 N.D.
Hexeneritrile 3 0.90 0.785 c.2
Phencl 0.8¢ 1.105 ! N.D.
Berzonitrile 0.82 0.895 N.D.
Caprolacta [ 0.957 23.3
TOTAL 231.13
N.D. Not detertinec
T Trace
*  Estimated

The
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heater was turned off.

Three experiments were performed for idéntificatiOn and quantifi-
cation purposes. The chromatogranms obtained on a Chromosorb 101 column
using both TCD and FID detectors are presented in Figure 30. A summary
of the degradation products that have been identified and the concen-
tration of each of these prbducts are listed in Table 30.

Comparison of the data with the results obtained during the oxi-
~ dative degradation under a dynamic heating condition (10°C/min up to
423°C with a weight loss of 50 percent) indicated that the amount of
water and carbon dioxi#e from the isothermal degradation is much higher
than that obtained during the dynamic heating experiments.

Caprolactam and the 6ligomer§ produced during the isothermal ex-
periments were much lower than observed during the dynamic heating
studies. This indicates that the depo]ymeriiation reaction which re-
sults in monomer and oligomers and the oxidat{on reaction which forms
carbon monoxide, carbor dioxide,and water are competﬁtive and at higher
temperatures depolymerization reactions are more likely to occur, while

the oxidation is dominant at low temperatures.
D. Discussion

The comprehensive ana]ysié of the decomposition products produced
during the thermal degradation of the Nylon 6 polymer, including low-
boiling volatiles, high-boiling volatiles (aerosols), and solid resi-
dues (chars), led to the development of a good materié1s balance.

| In the inert helium environment, 97 percent of thevpolymer weight

was recovered and analyzed. The materials balance on each element
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Table .30. Volatile Decomposition Products Produced During The

Isothermal Oxidative Degradation Of Nylon 6 in Air At 635°C7

Peakb ) ;

Nunbers 1.E.€ R.F.© Quantitv®
Carbon monoxide | 1 o 0.670 N.D.
Methane i 2 0.05 1.031 0.47
Carbon dioxide 3 0.97 0.915 120.00
Nitrous oxide | 4 1.00 0.899,. 1.16
Ethylene 5 0.9¢ 0.920. 4.22
Acetylene 6 0.96 0.930, 0.07
Ethane i 7 0.93 1.031-, 0.14
Cyanogen . 0.44* 1.5 & N.D.
Water ? 8 0.82 0.550.. 225.00
Propene b9 0.98 0.650, 0.65
Hydrogen cyanide | 10 - 0.99 1.5%, 0.84
Methanol 0.75 4.348, K.D.
Acetaldehyde n 0.90 1.80 5 | 1.13
Butene 0.97 0.895. N.C.
1,3-Butadiene 12 0.97 0.87C0 0.92

| Ethanol 1 0.85 0.640 ! N.D.
1-Pentene . 0.97 0.6630, N.D.
Acetonitrile ' 13 0.95 2.564, 0.44
Propenenitrile ' 14 0.95 1.679 0.70
Nitromethane : 15 0.95 2.0 | T
Propanenitrile 16 0.95 0.650 | 0.14
Methazrylonitrile - 17 0.95 c.727 0.0€
3-Butenenitrile 0.95 0.727 ' T
Benzene 18 0.90 0.780 c.31 |
Butanenitrile 0.95 0.68C N.D. f
Pyrrole . 19 0.95 0.671 ; 0.14 .
Pentanenitrile 0.95 0.692 ' N.D. '
Toluene 20 0.95 0.7%% ] 0.51 |
Cyclopentanone ) 21 0.95 0.827 0.04
Xylene 0.90 0.818 N.D.
Capronitrile : 22 0.90 0.805 0.33
Styrene i : 0.88 - 0.800 N.D.
Hexenenitrile 3 0.99 0.785 0.22
Phenol 0.88 1.105 N.D.
Benzonitrile 0.88 0.895 N.D..
Capralactar and :
011igomers 0.957 52.8

TOTAL 413.29
N.D. Not determined.
T Trace
* Estimated

9The oxidative degradation of three samdles with 2 sample size of
50.0 mg at 365°C for 1 hr using the Mettler Thermoanalyzer. The
weight loss was 46 percent.

bCorresponds to peak numbers in Figure 30 on Chromosorb 1C1.
CRelative trapping efficiencies. , :
dRehtive response factors for the thermal conductivity detector.

®Mi11igrams of compound produced per gram of polymer as measured by
analytical techniques.

fRehtive response factors for the flame ionization detector.




132

ranged fro~ 93.5 mercenz to 108 percent. In the oxidative envifonﬁent
considerable irteractiz= took place between the sample and its environ-
ment. Thus, the rztsrizls balance was calculated only for carbon, hy-
drogen,and ritrozen.  Tne balances obtained for carbon and hydrogenwere
in excess cf 3% percer:. The balance for nitrogen_was 40 percent. The
bulk of the nitrozen mct azccounted for was believed lost in the form

of nitrogen gaé or a—-2s. MNew analytical procedures have been devel-
oped to per—it 2 betizr mitrogen balance, however, it was not possible
to use these tecrnizEs with{n the scope of the research reported in
this thesis.

Tables 37 and 32 sumarize the major and minor products produced

during the zsmsiysis 22 the oxidative degradation of the Nylon 6 poly-
mer. As inZicztsd in these tables, the two major products produced

during the tyvclysis process were e-caprolactam and a variety of oli-
gomers whnick res=<lec Ule jrnitial polymer in chemical structure. The
presence of zti:e_ua ~st observed in these studies.

The pyrciysis processes observed during the decomposiﬁioh of the
Nylon 6 poly-er appz=2red to be rather simple. A single peak was re-
corded on tre CT3 trzre. Little, if any, char structure was formed
in the heliu enwiranmemt. These results suggest that the principal
-reaction whicn cccurre® during the pyrolysis of Nylon 6 was the forma-
tion of olizcmers and monamers through back-biting reactions from the
terminal grouss on the polymer chains or through elimination of mono-

meric and poiyreric umits from the center of the chain, as was suggest-

ed by Smith(53) ard xricheldorf(54) (Equations'(13), (19) and (20)).
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“Table 31. Major Decomposition Products Produced During

The Thermal Decomposition (Slow Heating) Of Nylon 6

Quantitya
In Helium In 6ir444
Low-Boiling Volatiles ‘
Carbon monoxide 48.00 470.00
| Methane 55.40 ,. 73.80 |
! Carbon dioxide | ere | se6.00 |
. Ethylene I 30,29 14.37
n Amonia i 30.82 | __
| Mater | 1885 410.00
i Propene ; 46.92 15.23 Z
| Hydrogen cyanide i 5.43 13.71 !
Acetonitrile % 5.57 14.21
Propenenitrile -3.27 15.03 i
| High;Boiling Volatiles
g-caprolactan 129.80 161.00
Oligomers 519.00 69.00

Milligrams of compound per gram of sample.
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Table 32. Minor Jeccrocsiticn Products Produced During

The Thermal Jezo-zcsiticn {Slow Heating) Of Nylon 6

Quantitya
| i ] In heliun In Air
% Nitrous oxide f - 3.28
! Acetylene i 4.36 0.19
. Ethane | 3.85 4.22
i Methansol ;  e- 4.34 - ;
; Acetaldehyde ; - 1 3.39 :
i Butene R X 3 | 4.31 ?
| 1,3-Butadiene [ 5.16 B 5.88
| Ethanol ;- | 0.80
f 1-Pentene i 3.57 g A 1.01 |
i Nitromethane ’ - i 0.60
© Propanenitrile -3 = 4.3
| Methacrylonitrile i 0.9 0.63 |
| 3-Butenenitrile R [V 1.3
: Benzene P393 | 3.21 !
' Butanenitrile B X ! .01
i Pyrrole i 0.66 0.24
 Toluene a8 .18
; Cyclopentanone : ) 0.60 1.55 :
i Capronitrile ;4.3 8.31 |
Hexenenitrile ; 2.1} - 2.15
Styrene i 1.28 0.08
Phenol 0.25 0.30
Benzonitrile - 1.10 0.30

SMilligram of corpound per gram of sample.
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CO-NH . NH-——]
(CH,). —e CO3H  + L (CH,) (13)
2’5 25
HOOC — cod
NH-CO NH__‘
(CHy)s —= %2, + L (CH,) (19)
HN co—4
co NH c0—
NH 0 —e COu5 * l (CHy)s - (20)
Lqon,y— NH—

Equations (13) and (15} express s3-called back-biting reactions and ‘
reaction (20) is ar z~ide inierctsnge reaction. Oligomers, most likely
cyclic dimers and tri-srs, can 2lsc be obtained through any of the
above thrée reacticns.-

Low-molecular-weizht compounds, such as hydrocarbons containing
1 to 7 carbons and nitriles which were observed during the pyrolysis of
the Nylon 6 polymer, were supposed to be formed via extensive break«
down of e-caprolacta= and oligomers. This is supported by the results
of the pyrolysis of =-caprolacta=, cligomers and the Ny]bn 6 polyner,
jn which identical patterns of the pyrolysis products were obtained
from those three materié]s. The fact that there was not mﬁch differ-
ence in the nature of the produ:is between the pyroprobe experiments
and.the trapping studies suggeste& that most of the Nylon 6 sample was

‘consumed by approxirately 550°C, regardless of the heating conditions.
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Most of the volatiles, inciudin; both light gases and heavy gases, are
assuried to be produced at rather lower temperature ranges below 550°C.
At the same time random chzin scission may also take place at the weak
bonds, such as -CHZ-CD—, -CHZ-SH-; and -CO-NH-. Such reactions have
been proposed by Go]dstein(63) and Staus and wall.(sg) This random
chain scission may be responsible for the degradation of the‘viscosity
and the forma;ion of most of the volatile products. A proposed degra-
dation process is presented in Figure 31. The branching reaction be-
tween carbonyl groups and the primary amines probably does not occur
effectively under the corcitions employed in this study, since there
is no evidence for char formation. Pathway I (Figure 31) is of the
greatest importance; the proposed pathways IT and III probably occur
to a much lesser degree. The random chain scission reaction which
leads to the formation of volatile 10w-mo1ecu1ar-specie§ is accelerated
at high temperatures. Large cuzntities of carbon monoxide, carbon di-
oxide;and water were formed during thermal degradation of the Nylon 6
polymer in an oxidative environment (see Table 31). The amount of
high-boiling volatiles containing a-capro1actam and Tow oligomers, de-.
creased to a]mosi one-third of the high-boiling volatiles obtained
during the pyrolysis process; Amonia was not detected among the
oxidative degradation products. Hydrogen cyanide, nitrous oxide,
alcohols,and several nitrile compounds were identified as products
produced during degradation in the oxidative en?ironment.

A slight amount of solid residue (char) which corresponds to

9 percent of the original polymer weight was formed during the oxida-

tive degradation; this residue was comp]etély decomposedat temperatures
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BACK BITING RADICAL PROCESS OR
AMIDE INTERCHANGE ELIMINATION OF
# ~HYDROGEN
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‘Figure 31. Proposed degradation rechanism for the thermal decompo-
sition of Nylon 6.
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in excess of 750°C.

The oxidative decomposition reactions were more complex than the
inert pyrolysis reactions. The effect of the heating rate (10°C/min
to 100°C/min) had limited effects on the degradation reaction (see
Table 26). .It should be noted, however, that the amount of carbon
dioxide and water produced decreased while e-caprolactam and oligomefs
increased, with an increase in heating rate. This suggests that the
depo]ymerization reaction which led to the formation of'cabrolactam and
oligomers, and the oxidation reaction are competitive in oxidative en-
4§ironments; the depolymerization reaction seemed to become slightly
-favored with the incréase of the heating rate.

As the sample siée Was fncreased,'major pfodu;ts.such as carbon
monoxide, carbon dioxide,and water decreased in amount, although the
relativé ratio of the three products was not affected.. On the other
hand, the other products with higher boiling points and higher mole-
cular wejghts increased with the iﬁcrease of thé sample size. Since
the diffusion of oxygen from the material surface to the sample's in-
terior is expected to become more difficult és the sample size intrea;-
es, the contribution of the oxidative degradation will become ]éss as
the sample size becomes larger.

Figure 32 illustrates the change in the concentration of ma jor
products on 7:, 50%, 707, 91%,and 1007 weight loss of the original
sample weight during the oxidative degradation of Nylon 6. The differ-
ent scales are used on the ordinate of this figure. The large scale
(1e%t ordinate) is for carbon monoxide, water, caprolactam and methane.

The other compounds are plotted on the small scale (right ordinate).
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As indicated in this figure, the reiative ratio of volatile product
does not change up to approximately 70 percent weight loss. The rmajer
contribution to weight loss up to this point is due to lactar and
oligomers, water, carbon dioxide ard probably carbon monoxide and nit-
rogen gas. The results of elerental analysis of the solid poly~er aﬁd
reéin remaining in the crucible of the thennoana1yzer indicate that
the overall composition does not change drastically until a level of
70 percent we%ght loss occurs (sze Table 238). This can be explained by
the e]iminétion of oligomeric and =onomeric unfts from polymer chains
which will not chahge the elemental composition of residual solid
compounds. _

Random chain scission and oxidation mey take place competitively,
leading to the formation of srall fragments such as carbon dioxéde.
water and hydrpcarbons, d]ong with a2 small amount of a crossl%nk struc-
. ture which is responsible for the slight increase of carbon content in
the residual solid. |

At higher temperatures, where rore than 70 percent weight loss was
observed, the formation of low-boiling volatile products was acceTera-
ted. The residual char, presenf in the final 10 percent of sample
weight, will virtually degrade to produce large amounts of carbon di-
oxide and water. The incfease of nitriles during this phase of the
degradation process can be explained by the cxidation or dehydrogena-
tion of ammonia and amino compounds.

The results obtained during the isothermal degradation of Rylon 6
at 365°C‘indicate that much mcre water and carbon dioxide are produced

than was observed during dynamic thermal processes while the formation
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of e-caprolactam and oligorers are ruch less predominant that that ob-
served during the dyramic heating experiments. The oxidative reaction
is most likely to occur at this low temperature. As it was suggested

- by Levantovskaya,(ea)

the oxidatibn reaction may go through the hydro-
peroxide intermediate. Like the photo-oxidation, the methylene carbcn
next to the NH group is most susceptible to oxygen radicals. The
breakdown of the hydroperoxide radical results in chain rupture.

The char will also be formed by the crosslinking between carbon
radicals.

The basicAdegradation mechanisms of the Nylon 6 polymer may be
mainly a depo]ymérizatfon_reacticn which formé's-capro1actam and
oligomers. Further decomposition of the monomers and oligomers may
take place at e]evated'temperatqres to form low-molecular voiafi1e

compdunds. Most of the original samples are consumed by 550°C, follow-

ing the same degradation mechanis= regardiess of the heating conditions.




CHAPTER VI

POLYCARZONATE

A. Introduction

Although a wide range of aro-z+ic polycarbonate polymers have
been synthesized and examined,(75’77’7a) the term polycarbonate usual-
1y refers to cormercially available poly(2,2-prcpane bis (4-phenyl

¢arbonate)), illustrated below:

c’:3 0
_@ — —{(C) o-c-0—
!
n
- CHy
Structure A’

This form of polycarbonate polymer was used exclusively in this study.
Polycarbonate belymers can be synthesized by the reaction of

Bisphenol-A (BPA)_with phosgene or by ester interchange with disphenyl

arbonate.
carbonate coc,
| - CH3 N\,
HO __@— C _—OH Structure A
! N\ PhOCOPh

Bisphenol A
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Polymerization by the ester interchange route is carried out as a
melt polymerization in a two-stage process. In the first stage the
reaction is carried out at a tewperature of 183-200°C under a vacuum
of 20-30 mm Hg to a conversion of approximately 80-90 percent. The
temperatﬁre is then gradually raised to 290-300°C and the vacuum in-
creased td below 1 mm Hg to compiete the polymerization process. Pol ymerizé-
tions using the phosgene reaction are carried out in a basic solution.
Organic soTvénts, such as pyridjne or triethylamine, or mixtures of
these with hydrocarbons, such as benzéne, chlorobenzene,and chloro-
form, are most useful for this teactionf Polymerization can also be
carried out using a stirred inferfacial_process. Bisphenol-4 is
dissolved in aqueous alkali, foliowe& by the addition of an organic
solvent and phosgene. The polycarbonate po1ymersthusf6rmed possess a
" number of attractive mechanical properties, such as high impact streng-
th, high elastic modulus, and good creep resistance. Polycarbonate
polymers possess good stabiiity against heat, 1ight,and humerous chemi-
cals. The two m;jor defi;iencies poésessed by polycarbonate polymers
are poor ultraviolet light resistance and poor abrasion resistance.

Due to these features, polycarbonates have been used widely as’
electric insulators, molded machinery parts, automotive parts, base for
-photographic films and substrates for mégnetic tapes. The production
of polycarbonates has been increasfng on a yearly basis; world consump-
tion of polycarbonates reached 51,000 tons in 1976 (see Table 3).

_As the use of po]ycarbonafe polymers has increased in commerce,

there has been an increasingly greater necessity for a flame-retardant
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grade of polycarbonate. By 1974 assrcximately 10 percent of polycar-

bonate polymers produced were classi$isd as fire retarded polymers;
this level of fire retarded polyrers is expected to grow continuously.
A number of reports and patents have Zeen jssued covering methods used
to impart flame-retardant characteristics to polycarbonate resins;
howéver, very limited success has beer achieved to date.

The gases and other volatile prodicts that e]ute frbm the poly-
carbonate polymers during thermal decorposition processes and combus-
tion processes have not been widely studied. The purpose of this
phase of the present study has been cirected toward developing better,
understanding of the thermal decomscsition and combustion processes

pertaining to polycarbonate polyrers.
B. Literature Survey

In recent years several studies hzve been conducted by different
investigatorstodeterminethechangesthatoccurduringthethennaldegra-
dation of polycarbonate poalyrers. Pc?ycarbonétepolymersundergo1itt1e
thermal decomposition below 250°C. Fr::essingofpo1ycarbonatep61 Ters
athighertemperaturecan,h:wever,]eaétatherma]andthermo-oxidative
breakdownaccompaniedbydeterioratiaainmechanica]properties. From an

(79)

examination of processing conditions Kovarskaya suggested that

thermal degradation can lead to chain scission of the polymer. This

89) who studied the breakdown

has been confirmed by Davis and Goldea,{
of fhe polymer in a sealed evacuatei»sjstem. Measurements of the in-
trfhsic viscosity of a degraded po}ycarbonate have shown that the_
polymer undergoes random chain scissica. Analysis of the molecular

weight changes occurring during degrzZztion at various temperatures




145

showed that th1s process obeys first-crer kinetics and can be ex-

pressed by the rate equation
k = 4.8 x 107 exp{-33500/RT) @)

In contrast, when polycarbonate was decraded in a continuously evacu-

ated system, it rapidly crosslinked t3 form an jnsoluble ge].(81’82)

The rate of gelation increasel witn a rise in temperature. The
activation energy of the degradaticn crocess was calculated to be
27 Keal/mol. The difference between dzzracdation in a closed system

and in a continuously evacuated syste was explained by the compet1-

(81)

tion between condensation and hydrolysis reactions. It was as-

sumed that branching and eventual ceizsion occur if the volatile pro-
ducts were removed during degradaticn, whereas chain scission predom-

jnates if they are retained in the sysieT.
. (81,82,83
Davis and Golden ) alsz cxrolyzed polycarbonates in a
continuously evacuated systen. The mz’zr products produced during

the thermal decomposition of their zsix ;~arbonate polymers at 360°C

were carbon dioxide, BPA, phenoi, Z-{;ara-hydroxyphenyl)-Z-phenyl
propane, carbon monoxide, methane,z=2 <iphenyl carbonate.

[4 .
In addition to the above named proiuct ,Lee‘84) in another study,

detected ethyl pheno],'isopropeny?;éer:l, isopropylphenol,and cresol.
He suggested that the carbonate crcus undergoes appreciable decomposi-

tion below 409°C, whereas at highsr t=teratures the ispropylidene

£2,57)

k

8: h

4

group is also prone to degradation -*

Lﬂ

~ The mode of degradation of the carionate group was elucidated by-

a detailed examination of the therral decorposition of the model com-

(e6)

pound diphenyl carbonate. Th2 rearrangecent of the carbonate
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was ohserved. This rezctior resultzz in the formation of 2-phenoxy

benzoic acid.

€324

@gr‘s-@ L. @"@ (22)

Kcvarskaya(gs) has shown, by measuring the rate of gas evclution, an
autocatalytic thermo-oxidative process between 240 and 380°C. An
activation energy of 3%2.5 Kezl/mile was calculated for this process.
Lee(aa) investigated the oxicztive Zzcradztion of 2 p"/farbﬂnc.e
polymer in an evacuatesd Sysie™. The rzior preducts at 475°C were
BPA, carbon dioxide, water, ace*snz, herzene, toluene, pherdl, crescl,
e;.,lynoﬁﬁl and isoprocoyl p'=A.{. ke syczes te‘ that at te—peratures
greater than 40C°C the brezkciwn cf rcre stabie grdups, such as iso-
propylidene groups, becoTes the rale-con +roiling process. The wide
range of volztiles identifiec jrei-ztes that extensive brezkdowr of
both isopropylidene and cerbonate grTurs et tua]ly occurs during ther-
mal decomposition. |

oz o5
A' (71,0\1,5"
jogs

Kovarskava e ) stucied the deterioration in mezhani-
cal properties of p;lycarbafate ciymers induced by heat treatment

, (250-350°C) and recomended thzt bzth the time and temperature of pro-
cessing should be minimized tc redice chzin scission. Several inves-

tigators(79’89’go)

reported that thermal degradation of polycarbonate
polymers is accentuated by the presence of impurities and certain
additives, e.g., unreactec¢ Bisphencl A, sodium, some pigments,and zinc

stearate.
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C. Experirmental Procre=

Samples of the pclycarbonztes ply—er use? in this study were pro-

vided by Teijin, Inc., Toxyo, CJzz2n. The assured structure of the
p"lycarbonate with & mclezular weigns cf 2-- s2r repezt unit is shown
belou:
Ry
@-C@ : : .

1. Polymer cheracterizztic-

The polycarbonate sa=pie wzs re:et:e: as 2 powder which was dried

at 1076

torr pressure at £7°0 fcr crs weer prior to use. The sa~ple
was then analyzed to determine its elemert2l corposition. An infrared
spectrus was prepzred for ad2iticemz

Elemental anzlysis. Carben, hvdrcgen and oxygen co~pasition were

determined. The results from these anzlyses are compared to the ele-

mental co"pos1t10n of the assu~eZ rornc~aric unit in Table 33. The
results obtained by exp er1"e"*-’ analysis are in excellent agreement

with those calculated using the 2ssumed structure.

Infrared analysis. The infrzred spectru of the polycarbonate

sample was obtained using a thin filn made of polymer melt (Figure 33).
The major absorptions and their band assignmzntis are listed in Table
34. The spectrum was identical with 2 stanczrd spectrum for pclycar-

bonate polymers.




Table 33. Elermental Composition Of Polycarbornate
% Composition
Elerent . ' sample as Thecretical™
: Received

" Carben : 75.66 75.59
| | ‘
" Hydrogen '; 5.57 ; 5.51
l ,
| Oxygen 18.77 ‘ 18.99
| 1

CCOngcsition based updn the structure of the monoreric

unit.
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Tatle 34. Infrared Anzlysis Cf Polyzarbonate

i
i Frecuency ‘ Band Assignrent
(Wavenumbers) Intensity
2985 Ko Aliphatic CH stretch
1775 ' S C = 0 stretch
1592 ' N arorztic C-C bend
( 1505 M aromatic C-C bend
P22 | S C -0 - C asymetric
‘ stretch
1183 ‘ : S C -0 - C stretch
1165 _ S C - 0 stretch
B B [ M - aroratic C-C bend
. 825 M aromatic C-C bend
|
| ,
S = strong
¥ = medium
W = week
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2. Thermoar2ly*icel stuZies

The thermal characteristics of the polycarbonate pslymer were
determined usfng the thermoanziyzer. The effect cf rate of samrle
heating (6, 10, 25 and 100°C/rin) and sa~gzle environments (air, heliﬁm,
and oxygen) were determinec.

 Effect of heating rate or poly—sr decradation. Sarpies of poly-

carbonate (10 + 0.1 mg) were heated in air at €, 10, 25 and 100°C/min
rafes from ambient to 1000°C to deterwine the changzes in sample weight
loss as a function of the heating rate. The results of these experi-
ments (conductéd in triplicate) ottzined in an &ir environment at the
four selected heating fates are illustrated in Figure 35. There was
no observable sample weight loss a* any of the four heating rates be-
Tow 375°C in air. Sample weight 1css gradué]?y increased between 375°

-
»

and 450°C. The meximu~ weicht loss, (T_,

x), occurred &t approximately
490°C‘at the heating rates of 6 ans 1C°C/min; the temperatures at
which Tmax occurred at the faster hezting rates wzs slightly higher
than 490°C. A yei1owish-white 2ercsc] apoeared at the outlet of the
furnace as the temperature approachas Tmax' This aerosol was trapbed
on a glass fibef filter which was placed in the trapping line between
the furnace and the cold trap. Thz sample lost aoproximately €5 per-
cent of its original weight by 522°C. The samgle remzining above 540°C
was in the form of a black char leyer which degrzded at an appreciably
slower rate than that portion of tre sarcle observed to degrade within
theviower temperature region.' The rem;ining char disappeared by 620°C

at the slowest heating rate and by 7€2°C at 122°C/min.
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Effect of environrent on polymer decradztion. The effects cf

environment on sat:le weight loss for the pclycarbonzte polyrer is
illustrated in Figure 35. The first noticeable weight loss was observ-
ed when the polymer was heated to approximately 350°C in oxygen. The
te-cerzture at which the samtle was first observed to lcse weicht in

an air environment wes 20°C higher than that which was observed in the

oxygen atmcsphere. Table 35 contains a sumary of the information

obtazined during the thermcanalyzer experiments. The temperatures of

the D75 rzxime, the DTA maximz, the specific terperatures at which 5,

55, anc 97 pe-cent of the original sample weight wa2s lost, the nature

of the overall degradation process, as well as the arount cof char re-

mzining at "i point" and at 1000°C, are c0hpar¢d for the thres envircn-
rents.

’Figures 38 and 37 are composite thermcgrans ii]ustrating the ef-
fect of environment on thermal transitions and rate of sawple weicht
loss, respectively. V

The results indicated in Figures 36 and 37 agree with the earlier
studies by Te?ahini(g]) and show that the mechanism and rate of polyrer
degradation is highly dependent upon the aveilability of oxygen to the
sample. This dependence appears more pronounced in high-termperzture

resistant pslymers such as the polyaromatic arides.

3. Pyrolysis stucies

- Pyroorobe (fast heating) ctudies. The volatile products produced

during the pyrolysis of the polycérbonate polymer were separated,

jden+ified and quantitated as described in Chapter IV. Four experiments
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were conducted using samples cf polycarbonite f1..727 (7-€ m3) wherein

the sa-ple wes pyrclyzed at 1020°C fcr a perics o 22 seccnds. AN

)

average cf 4£.2 percent of the original low->zi7ing volatiles sz—rle

weight was lost during pyrolysis. A chromztcgrzzw of the Tew-b2iling

()

volatile products is showr in Figure 32 anl thz Zasnly compzunds which

were identified are listed in Tabie 3£.

Approximately 21 percent of the originz? ;:T;—ér weight was
Tiberated in the fprr of low-boiling vclatites. “inety-seven percent
of this weight 1oss4was jdentifiec arnZ guarti®izZ 2s these spe:ific.
compounds. The char residue recoveres from the Coroorile acéouﬁted
for an additional 57 percent ¢f the originzl sz=cle weizht. Thus,
approxibately 22 percent of the initial sa-cle weiznt was ccnverted to
products which ¢id not elute fro- the gzs chro—zizz-2rn.

As illustrated in Table 3¢, the ﬁajor prod.cts cttz2ined during

qana~

the pyrolysis of the nclycarbcnate polyrer 2t i...7. were carbon

(1]

(V)

ame & - -t s - ‘e
. eriss ¢F z=anslic compounds,

diaxide, methane and carbon moncxic
éu:h as phenol, p-cre§c1,and etnyl phencl, were ciserved in si;ni?:-
cant gquantities. Other produ:ts‘were; in order 5‘ dezreasing concen-
tration, naphthalene, water, tcluene, benzere, e:;aﬁe, xylene, propene,
and ethylene.

Thermoanzlyzer (siow hea¢inz} studies. Fife; rillion samples cf

polycarbonate powder were pyroTyzed in the the=czzrzlyzer in a heliun
environment. In all these experiments tracring c€ the effluerts started
at.490°c, which was below the terperature where In€ first weignt loss
occu}red. The samcling of products was con:in;efvf:r a five-rinute

period after a temperature of 1022°C was attairsZ, in order to collect
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Takle 35.

Pyrolysis (Fast Heating) Of Poiycarbonzte

-

Low-Boiling Volatiles Produced Durirs The

*
Peak hurber”

Pezk Nu-Ser-

Comozun2 Quantity
{ g (FID) (1C2) :
Carbcn monoxide 1 82.01
Methzne 1 2 120.16
Cerbon Dioxide 3 ; 119.36
Ethylene 2 4 : 2.0
Etnane 3 , 5 : 2.95
weter i 6 I N
Prcrene 4 7 ' 2.65 :
Methanc] 5 8 ; 0.30
Acetzlideryde 6 : 9 ‘ 0.25 -
Cyclopentadiene 7 1C Trace
Berzene 8 1 3 3.35
Toluene 9 - 12 i .40 i
Yylene 10 % 13 7.8 |
. Styrene 1 | 14 4 { Trace ;
. Isoprapylbenzene : 12 ; 15 ; Trace .
. Phencl é 13 g 16 { 39.87 i
; P-Cresol ! 14 ; 17 i 57.90
: E+hylphencl % 15 18 ; 17.05 ‘
é hapnthalene ! 16 19 ; 15.€9 |
i Eiphenyl B 17 20 i_ Trace |
! ‘ - ;
Totzal | 4es.11 ‘

“Direct probe pyrolysis at 1000°C for 20 seconds using 7-8 r3
sarple in a helium enviromment.

Epeak nurbers refer to Figure 38.

160

'V1111crars of compound per gram of consumed sample during pyrolysis.
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The Tow-boiling vclatiles, which were identifiel fro- these ex-
perirents, are listed in Table 37 and the chro—24cgrz—s are shoun
in Fizure 32. A totel of 337.52 mg per gra~ cf cricinzi s270 € Wes

recoveres as low-boiling volatiles. As is indicetez in Talle 37,

?’
]

*h
-

ane, carbon dioxide, carbon monoxide and water coorissl tha rajor -
prod.cts formed during pyrolysis. A substantiai guarsity ¢t p-cresol,
henzene, phenol,and toluene were alsoy formed during gamciysis.

The carbor monoxide that was produced by the poivcarbonzte plly-
~er ynder conditions of pyrolysis in 2 heliuT at-cscrere wés_measared
tv IR techriques. The CO absorption ai 2162 c.-..'1 w2s Tonitsres con-
tiruously as the temperature of the'satzle'wes jncrezss? 2t & rete of
132°0/-in.

Carbon monoxide was liberateZ from the poly-er bezinming at en
gariy stzce of degradation; to*2] carbon ronoxide evoive: ré;r;sette:
2.5 bercent of the original sa~ple weight. Thus, the vziue cf 22 g
cf carban monoxide per gram of the ofigina] pd]yrer hzs been added to
Ta5le 37, surmarizing the volatile preducts formel in the ;yrclysis
ex;erinenté.

£ heavy brown.oil, which formed during pyrciysis, w2s trappel
on the glass fiber fi1tgr. This oil, which w25 very viscsus, account-
ed for 415 mg per gram of original sa:p?é. The anzlysis of this oil
was performed as described below. In addition, the furnace wzs rinsed

with dimenthyl formamide and dimenthysulfoxide severzl ti—es after the

furnace was cooled, but no significant amount of resicue was recovereg.




Tatle 37.

Pyroiysis (Siow Heating) Of Polycar:

iy
Lor-2ciling

bl
u.n,-;oe<

ot

vclatile Products Produced Zurin: Ths

162

. rat s ey

Feak Numbers

t

| o | Te0 | TES RETD quantiny

. Carbor monoxide Lo 0.00  C.670 | 25.00

| Methane 1 . 2. | 0.05 0.342 97.¢c |

" Carbor Dioxide K 0.97 £.913 . 9=.03 |

" Ethylene 2 ¢ 4 Lo 0.5z ; 573 |
Acetylene : 3 ! 5 ;0.9 .2 2.0+ '
Ethane L4 | 6 0.95 ° 0.3%2 2.02
Water 5 7 1 o.82 0.5:2, 23.C3
Propene s 1 8 ] 093 0.5703 2.1
Propyne 6 ; 9 . 0.9e* C.65C- £.37

" .Cyclopentadiene 7 10 : 0.95 0.67& i 1.13
Hexatriene g ; 1 0.95* C.e5* ! 0.13
Benzene 9 | 12 0.92 0.7¢C | 1€.2C .

. Toluene 10 |13 0.95  0.7% , 10.80

. Yylens N 14 0.95  0.812 4.32

' Styrene N ¥ ’ 15 0.95 g.ecc | 1.33

i Isoprepylbenzene ! 13 1 16 0.95* 0.€2% 0.71

- Phenol § 14 | 17 0.82 1.155 . 14.C2

. P-Crossl , 15 1 18 0.80 1.200 { 1E.£C

! Ethylphenol 16 |19 0.70* + 1.3* €.€0

: haohthelene \ 17 20 0.50 1.052- 2.5%5 '
Biphenyl {18 21 c.4c* | 1.318 Trace
Totzl | l 330.56

Iy ]

*Estimeted
aAverage of five determinations, 50 mg sarcle size.
bCorresponds to pezk numbers in Figure 3a.
‘Relative trapping efficiencies.
dRe]ative response factors for the thermel conductivity dstector
CMilligrams of compound produced per gra~ of P lymer as rezsured

by analytical techniques.
URe1at1ve response facters for the flame 1onwza*1or detsczter.
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The high-boiling vclatiles that were forred in the pyrciysis of
polycarbonatewere spreac on a sodiur chloride plate and the infrared
spectrum (shown in Figure 4C) was obtained. The IR spectru~, thus
obtained, resembles the Bisphenol-A used in the synthesis of pzly-
carbonzte polymers. Aninfraredspectrw:ofBispﬁeﬂ?T'AiS5*3‘“i’ Fi;“‘f
Three small peaks were observed in the range of 1700-1820 ¢r * and
one at 1792 e agrees with the carbonate C=0 stretching bznd of |
polycarbonate. The other twd peaks suggest the existence of sm2ll
amounts of ester linkage of carboxylic acid.

The hich-boiling vc}ati1es dissolved in poler solventé, such as
acesonitrile, acetone and THF, partly dissclved in berzere and ;c?uene,
and was nct solutle in hexane and cyclohexane. This sélubf!ity indi-
cates that thg saﬁp!e contained little Bisphenol-A (which is sclutl
in toluene) and that the mejor fractions of the sa~ple were hizher

- molecular weight species.

The HPLC chromatograr, illustrated in Figure 42, was cbtzinec

using the technique described in Chapter IV. More than 25 co—ponents

were separated, however, no significant quantity of Riszhencl-~ or

p-crescl was found.

The elemental compasition of the high-bciling voiatiles were

determined. The results from duplicate analyses of the high-boiling

. ‘o 4
voiatiles and theoretical values of Bisphenol-A, oligorers, anc

polycarbonates are shown in Table 38. It should be noticed that the

1ated values of the tetfamer are rather close to the otserved

stimate the high-bciling voclatiles

calcu

values. From these results one can &
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Tetie 22. Elemental Composition of High-Boiling Residie

Produced During the Pyrclysis (Slow Heatirz,

0f Polycarbonate

i

i % Compositicon

| Carbon Hydrocen Oyyzen

| -

i Resiiz | 75.78 | 7.05 17.37

! a !

; ' : i

i _ ; ‘ ' i !

, Trezreticel - 7€.9% : 7.02 é 15.€2 ¢

; 2iczrencl A ' ' i [
, i i

1 ’ r ?

Thecreticel Direr 80.52 ‘ 6.49 . 12.53 .

!

: 4 ;

' vhesretical Tetramer | 76.36 | 5.86 . 17.78 |
| | B

. T ; :

: ‘ | !

: Theoretical Polyrer v 75.853 ! 5.51 18.8C

. i l |

v - ! i

t ' ‘ , !

16€
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trazzsc & the ¢lass wool during pyrolysis may be a rixture of 61ic0ﬁ-
ers. I* wzs surprisinc that no significant amourt of Eisphenci-= was

r this condition of pyrolys1s, as reportes earlier by

Trz char that remained in the platinum crucible ¢f tre thermaan-
alyzer a2fter an exposure to 1000°C accounted for 23.0 percent cf an
oriciral sample weight. This char was analyzed for carbsn, hydrozen,

ane ritrczen content. The average values obtainel were gz .27 £, 0.2%5°

H, § %,en¢ 3.10% 0.

¥sserials Balance. The data obtained fro~ the anz lysis ¢f the

1ow-5z3ling volatiles, the high-boiling veiatiles (heavy cil resicue)
and te szlid residue (char) were used to obtein 2 rzeerials bzlzn
for carocn, hydrogen and oxygen contained in the pcly—er. The results
of tris raterizl balance for the polycarbonate poly-sr ere nresented

n Tatle 33. Of the 1000 mg of original sample, 337 mg was recovered
as lcw-5ziling volatile products (Table 37) and 415 mz wzs tr2pced by
the glass wool as high-beciling volatiles (heavy 0il). The char sar;le
which re-zined in the platinum crucxb]e after the pyroiysis was 233 mg
per cra- cf sat;? . The total amount of materials recovere? acc0unteu
for €7.6 percent of the original sample weight. The recoveries for -

carton, hvérogen and oxygen were 95, 113,and 101 percent, respectively.

L. Oxidative decradation (slow heztinc) stucies

Sa-sles of polycarbonate were degraded in air under dyna—ic heat-
ing.rates.fro: ambient to 1000°C at a rate of 100° Cfr~n. The high-
boil%ng vo!afi]es (heavy 0i1) that were formed in these experiments were

exa~irg2 by IR, HPLC chromatography and elemental andlysis. Unlike the

e
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Tatle 39. Materials Balance - Pyrolysis (Slow Heztinz)
0f Polycarbonate in Heliu=?
| ) t
i Weight (mg) ;
Total Carbon ! Hydrogen % Oxyzen ;
| s
Oricinal polyrer 1000.0 785.6 , 55.¢ ©1E7.7
" .
“eterizi recovered | 975.6 ! 722.8 | 63.2 18¢.5
! f .
Low-boiling volatiles 330.5 | 186.1 © 33.3 111
| ) i
| : ' : i
mize-boiling velatiles ' 415.0 ! 314.4 1 29.3 i 71.3 ‘
{reavy 0il residue) : ' [
| | |
Sciid residie (char) 230.0 | 222.3 0.6 . 7.1 i
! Percent of pclyrers i i !
: acccurczble in [ i !
L products 97.6 95.7 | 1137 ‘ 1C1.0
_ x
: ! ; i

ZThe samzle with a sample size of 50 mg was heated fro- a~tient to
1622°C at a rate of 100°C/min.

"

C2lculated on the basis of 1000 mg of the oricinal poly.

cBased on the elemental analysis.




n

pyrolysis reactions conducted in a helium environ—ent, nc resizZ.zt
char was observed in the crucible of the thermozre lyzer afzer 17
oxidative degradationof polycarbonate samples was co-pigtzZ.

Analysis of the low-boiling volatiles. The apsarzt.z cescrizzs

.-
i

in Chapter IV was used to trap and to analyze the vclziile €o77I727ls
formed during the oxidaﬁive degradation of polycarbcnzte. Five trzc-
ping experiments were conducted using a 50 mg sa=yle size fIr s
identification and the quan*1tag1on of vola ile compsunss. Szme z223-
tional experxmen.s were conducted using a 100 mg sa—;le size or T2
jdertification and the quantitation of volatile corpcimzz. Ti-e- &3-
periﬁents were conductéd with 10 to 20 mg sample sizes 42 ==4zin cuze-
titative data of major producté such as carbch dicxicdz zm2 szizr.

Separations were achieved using Chromesors 121 colu= szzeirs ir 2

16 ft. x 4 m~ 0.D. stainless-steel tubing

.

Figure 43 contzins chromatograms indicating the lcw-22ilin3
volatile products producec during the oxidative decrafzsisr of the
poTycarboﬁate polyrer. More than 24 distinct pezks have b=z 'es:fve:
by tenmperature-programring the GC column from -10 t2 Z22
Table 40 contains a list of the products which have bzzr idz-cifiel
and the aroun*s of each present in mg per grar of grigirzt rzze-izl.

As may be observed in Table 40, 1702.7 mg per gra~ ;f +-z grigi-
nal po]ycarbona»e sample were recovered as volatile arszozIs. Larica
dioxide, carbon monoxide and water co*pr1se 65.4 pergent of tne tztz
vo1ati1e products measured by analytical means. Other goozunds that
were found in greater than trace concentrations ware reihnanz, puencl

and ethylene. A1l of the compounds which were 1¢ dentified in tr=
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Tatle 40. Low-Boilinc Volatiles Produced Durinc Oricztlive

(Slow Heatinc) Degradation Of Folycarbona:e:

173

[ Pesk | Numbers® . ] s

. Corzounds 7C0 | FID T.E. ; R.F.M 7 7 zrsdelt

; ' : I

i Carbon moncxide | 1 | 0.00 | 0.€70 3 2es.c2
Methane 1 2. 0.05 | 0.450 | ££.7C ]
Carbon dioxice 3 0.97 | 0.915  N&.ll
Ethylene 12 4 : 0.96 . 0.585 2.7 .
Acetylene b3 5 ] 0.95 i 0.580 Treze
Ethane 4 6 . 0.98 ’ 0.59C c.zc :
Water i 7 i 0.82 , 0.5%C, 21T
Propene 5 0.ee | o0.97¢c; , 2.0
Propane . 6 0.98 | 1.0227 1.42
Propyne L7 0.98* = 0.95C" 1.33
Methanc] . 8 8 0.75 ~: 0.5&C 1.22
Acetalderyde ) 9 0.98 ' O0.€3C 1.43
1,3-Butadiens= © 10 10 0.97 | 0.675 .2z
Acrolein 1 11 0.97* 0.65* R
Acetone ©12 12 0.97 C.E5C £.3z

: Cyclopentadiere 13 13 0.95 0.674, .27

i Butanal 114 14 0.95 1.613- G6.37

¢ Benzene 115 15 0.90 0.780 . 3.02
Toluene - 16 16 ' 0.95 0.75% 1.52
Xylene 117 ) 17 ¢ 0.95 0.€12 C.E2
Styrene 'i¢ . 18 . 0.95 0.802 gz
Isopropylberzene 19 | 1¢ ; 0.95* 0.8C3 .o '
Pheno] | 20 20 i 0.88 1.105 £77
P-cresol ' 21 2 ‘ 0.80 1.200 2.22 ,
Ethylphencl 22 22 - 0.70* 1.3* ; C.2z i
Naphthalene 23 23 i 0.50 1.08C- Trece !
Biphenyl 24 26 0.40* | 1.218 -1 Trzze !
TOTAL [ [ 17c27z
*Eotimate

Anme

A verace of 5-5C mz samples heated from ambient to 1020°C at 102
bCorresponds to peak nurmbers in Figure 43.
CRelative tragsing efficiencies.

'dRelative response factors for the therrmal conductivity dstector.

cMi]]igrams of compound produced per gram of polymer as cdetlerines
analytical methods.

{ ] ' .- .
SRelative response factors for the flame ionization detectcr.

Ty
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pyrclysis experizent in a heliuT environment appeared in the product
distribations thzt were produced in the oxidative degraZaztion, althcugh
_the a—-sunt of each compound is different. Some additional coroound
such as rethanol, acetaldehyde, acrolein, acetone,and butancl were
jdentified as hzving been formed during ;he oxidative degradation. It
should be noted that a weight increase of approximately 70 percent was
observeZ during oxidative decomposition. Th{s is attributed to the
reaction of the sansle with oxygen in its environm ent.

Anzlysis of kizh-boiling voiatiles. During the oxidztive degra-

daticon experimenf h1gh -bsiling voiatile in the form of a dark-brown
heavy cil deposite” on th= glass fiber trap wh1ch was 1nser*eb in the
transfer line. This heavy 01l residue, which accounted for 287 ng per
gra= cf thz originzl polymer was scluble in acetonitrile, acetone; T=F,
and diéxane, partly soluble in benzene and toluene, but insoluble in
hexane. The analysis of the residue was performed utilizing IR tech-
nigues, hich pressure liquid chra:atograpﬁ (HPLC) and elermentzl
analysis. h .

The hezvy 0il deposition, which was formed in the oxidative
~degrac +ion of polycarbonate, was sﬁread dn a sodiﬁﬁ chloride plate
and the infrared spectrum, shown in Figure 44, obtained. This spec-
trum rese~bles that for the liquid fragment which was obtained from
this pslycarbonate polymer during pyrolysis. The infrared spectru-
suggests that the sample contains considerable amounts of Bisphenol-A
or its derivatives. Unlike the infrared spectrum of the sample ex-
poséd to pyrolysis, this sample shows stronger bands for the original

-1 1

polycarbonate sample at 1775 cm , 1160 cm'1,and 885 cm .
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The heavy oil obtained duringrthe oxidative decradzticn of the
polycarbonate poly~er was anzlyzed by HPLC techniques described in
Chapter IV. The resulting chromatogram, shown in Figure 45, contzirel
more than 20 co~pounds. The largest peak, with a retenticn tire cf
6.2 rinutes, was found to be Bisphenol-A, a compound not presert in
the high-boiling volatiles produced during pyrolysis experiten{s.

Carbon, hydrogen, and oxygen analysis were_performed ori the hich-
bciling volatile residues produced during the decompesition cof poly-
carbonate. A surary of these results is presented in Table 41,
togetrer with the analysis of the residue froﬁ the pyrclysis of poly-
carbcnzte. Theofetica]-cowpositiOns for Bisphenol-A, olizomers, aﬁd
polycarbonate are also listed for reference. The elermentel composi-
tior found for the samole can be explained as a mixture of 2isphenci-3
and oligomers or polymer.

Anz1lysis of solid residue. No char remained in the cruci e of

the tnerrmcanalyzer after exposure of the sample in an oxidztive envi-
ronment to 1000°C. Attempts were made to follow the change of the
elemental composition of the residual compoﬁnds remaining in the
crucible during several stages of weight loss. The results cf this
study are summarized in Table 42.

Materials Balance. A materials balance was calculeted using the

informztion obtained from the aralysis of the volatiles and the heavy
0il residue (high-boiling volatiles). Since the reactior of the pcly-
mer- with the oxygen accognted for a major increase in weight, as com-
paré¢ to the initial sample weight, a materials ba]aﬁcé for oxvgen was

not ca]cuTated. Table 43 contains a summary of the materials balance
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Tetle 41. Element2] Aralysis of High-Boiling Resid.es

Produced During The Thermal Decompesition

(STow Keating) Of Polvcarbonate

178

% Composition
Carbon ‘ Hydrogen Gryzse
)|
High-33i1ing Volatiles !

Produced Curing b .
‘Oxidzctive Decradztion 7717 | 6.10 1€.7¢
High-Ssiiing Volatiles |

Prod.ce2 Zuring ‘

Pyrolysis 75.78 6.10 16.7€
Theoresical,

Bisphznii-n 78.95 7.02 14.0¢
Theoretical, Cimer 80.52 6.49 | 12.¢3
Thesrzticel, Tetrarer 76.3€ i £.86 17.78
Theoretical, 75.59 5.51 1£.93

Polyrer
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Tetle 43. Eater.als Balance - Oxidative Decradazticn

(Slow Heating) Of Polycarbcnate

Weight (mg)“

Total Carbon Hydrocen l
Oriziral solier 1600 | 756.6 ., 5.6
|
, i
¥zeeriz] Reccvered 1929.7 .| 706.8 56.1 !
Loe-53iTing voletiles ©1702.7 485.3 ! 3E.€
L e
Rizh-boiling volatiles™ 2:7.0 221.5 | 17.5
{reavy cii residue) ‘
3132 resic.e 0 0 ; 0
{crar} i
Percert cf z3lyars '
accc.rizzle in products | 199.0 93.4 ; 103.8

~
“-a_ o

Czlculezes ¢r the basis of 1C

005 of the original pclyTer.

C2icuiztes fro— thne result of elemental analysis.
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that was obtained dﬁring these experiments with the polycarbonate
polymer when a 50 mg sample was heated from ambient to-1000°c at a
rate of 100°C/min in air. On the basis of 1000 mg of the original
sample, 1702.7 rg of'low-boiling volatiles, together with 287 mg of
high-boiling volatiles, were recovered. No significant amount of chzr
residue was recovered. The total amount of materialsrecovered was
1989.7 mg. Hence, the overall yield for this experiment was 199 per-
cent, based on the original sample weight. The elemental corpositicn
of the volatile products was based upon thé sum of carbonand hydrogen
content of the 5ndividua1 products. The amount of each elerent in the
high-boiling volatile ffaction was based upbn the result of the eleen-
tal analysis. When the elemental composition of the identified mate-
rial is summed, 92.4 percent of the carbonand 100.9 percent of the hy-
drogen that were present in the original sample are accountablein the

products observed.
D. Discussion

In the study of the pyrolysis and the oxidative degradation of
the polycarbonate polymer virtually all the products (low-boiling
volatiles, high-boiling volatiles and solid residues) were separated,
analyzed and quantitated. These results were used to develop a
materials balance specific for each mode of decomposition.

In the inert helium environment, approximately 98 percent of the

sample weight was recovered. The materialsbalance for carbon, hydrogen,
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oxygen was 95.7, 113.7, and 101.0 percent, respectively.
In an oxidative environment the materials balance was calculated
only for carbon and hydrogen, since a considerable amount of oxygen
was taken up from the environment during the oxidative degradation
reaction. The balance for carbon and hydrogen was 93.4 and 100.9 per-
:cent. A significant amount of char was formed which accounted for ap-
proximately 23 percent of the original polymer weight. The degradation
reaction cormenced at lower temperatures than was observed during the
pyrolysis inan inert helium environment. The oxidative degradation
was multi-modal and thus more complex than was observed in the inert
environment (see Figures 35, 36, 37). The chér, which was observed to
form during the oxidative degradation, decomposed completely at high
-temperatures. The products produced during the pyrolysis and oxidative
degradation of the polycarbonate polymer are summarized in Tables 37
and 40. It is evident from the information presented in these tables
that some differences exist between the product distributions that
were observed in the inert and reactive environments.
In a helium environment o]igomérs were formed which accounted
for 415 mg/gram of the original sample. These ré5u1ts are different

(86, 87) pavis and Golden

from those reported by Davis and Golden.
.reported the formation of a significant quantity of Bisphenol-A.

It should be nbted that their experiments were conducted in vacuum,
thus the volatile products eluting from the sample were rapidly removed
from the furnace and the potential for secondary reactions was substan-

tia]iy reduced. In the oxidative environment there was a major increase

in the quantities of carbon monoxide, carbon dioxide and water produced
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as compared to the ccorncentrations of these products produced during
pyrolysis. In azziticr to the compounds which were identifies during
the pyrolysis ex;eri-snts, a number of additional species were ghseryesz,
including 2isphensl-a, during the oxidative decorpos1t1on of the pciy-
carbonate polyer. In general, the quantities of most compsunss,

except of CJ, C--,a 3 K 0 decreased, as oxygen was added to the satzlie’s
environment.

The eIe:enta? corposition of the solid residue recovered during
the oxidative decraZz*ion at 50 percent weight loss was significantly
altered from that cf ¢n e original po]ywer Further increases in the
carbon conzentratica a:ca:panied by respective decreases in hydro;sﬁ
and oxygen conte* of the char were observed at the point where €7 zer-
cent weizht loss czzurs. This is obviously different fror »he_decs:-
positions cbserved in the ciher polymers studied, such as Nylon € an
PET. The rapid 1oss ¢f oxyzen in the oxidative envirénment should be
noted. This infcr-ztion suggests that the elirination of carbor diox-
ide and the foroaticn of char occurred at an eé}lier phaée of the ce-
gradation of pclycaricnzte.

The formaticn of therajor pyrolysis products can be explained
in terms of simple ciezvages of the carbon-carbon and carbon-oxyzen

atom bonds in tre structure of the polycarbonate polymer.

The weak tonZs in the polycarbonate structure are:

) 1
c —f@;;-cro t@ﬁc—-@__

3'cABBA' c
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A, B, C and D, as illustrated. During the pyrolysis, consecutive
'cleavages at positions A and B' or B and A' could account for the
formation of the most abundant species, carbon dioxide. C(leavage at
D or D' is responsible for the formation of methare. Diphenyl carbon-
ate will be formed by the scissions at C and C'. This compound will
readily decompose to benzene, phenol and carbon dioxide by hydrogen

abstraction:

0 -
@fo-'c'o-@ — @Ol@ + 0,
@ + @OH (23)

Phenol and benzene can also be formed from terminal groups:

CHj

. ’ CHj '
ofpr — ol ov w

0

_@-ﬁco-c’a — {c)o- we0,+{C)y T (29)
\__l

(86)

Usiné the hypothesis by Davis and Golden. the formation of

water and crosslink structure can be explained:
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_Crosslinks

b

,CO0H
-Cc- C ~-‘C '3’"C - / /COZ\
_ 3
T @l e

(2€)

In fhe oxidative environﬁent it is probable that the degradaticn
of isoprozylidenz croucs involves oxidation to hydroperoxides, fcllcwed
by extensive chain scissicn.(BA) This breakdown mechanism will
be superimposed uzc~ the normal thermal degradation of polycarbonzte.
Since a high concentrzticnof water can be formed during the oxidative

degradation proccess, e Zrclysis ray become an important reaction during

the degradztion in en air eavironrent:

s (N by ——— as-@-g-@-%’ + 00, (27)
Giy CHy

This reacticr will result in the formation of carbon dioxide and

Bisphenol-A, the latter not being observed in the products of pyrolysis.




first synthesized by ¥Whinfield and Dickson

CHAPTER VII
POLYETHYLENE TEREPHTHALATE POLYMER
A. Introduction

Polyethylene terephthalate (PET) is a polyester with a repeat

unit of

0 0
-(-o-c-@ -C-0CH,-CHy

PET polymers are one of the most important classes of commercial
polymers used in the manufacture of fibers and films where high
strength is required. This polymer is widely used cormercially in
the manufacture of tire cord, as well as for the manufacture of mo-

tion-picture film and recording tapes. Polyethylene terephthalate was
(92,93,94)

(11,95,96)

and resulted
directly from the earlier work of Carothers. Whinfield and
Dickson incorporated a stiff r-phenylene group into the polymer chain.
Industrial production of PET polymers commenced in the early 1950's in
England and the United States, and today the world consumption of PET
in 1976 was estimated to be approximate]y 4.5 million tons with a
United States consumption of nearly 1.5 mil]ion toné. Polyethylene

terebhthalate now completely outsells Kylon and it is the most widely

used synthetic fabric material. Polyethylene terephthalate is
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produced worligwizZe an2 is sold under a variety of names which are
listed below: Czcr=n (duPont); Mylar (duPont, film), Terylene (U.K.),
Kodel (Eastman Kozzql, Fdrtrel (Fiber Industries, Trevira (Hoechst),
and Tetoron {Jzpz"..

Polyethylene terepnthalate possesses a high crystalline melting
point, 265°C, and retains good mechanical properties at temperatures
up to 159-175°C; its chenical and solvent resistance are good. Poly-
ethylene terepbtha?a:e yarn blends well with other fibers, especially
cotton, to provice e2sy-care and permanent press‘characteristics. The
use of PET polymers in carpeting is expanding. Polyethylene terephth-
alate fiberfill is wiczsly used for insulation applications. Due to
its'good mechaniczi :ra;ertiés and transparency, PET is used as a film
base as well as 2 =zsz for magnetic tapes where its thinning character-
istics are requirez.

Polyethylene teresnthalate is produced from terepﬁthalic acid
and ethylene glyzsl. Tereghthalic acid is derived from r-xylene by an
oxidation reaction znd is frequently used in the form of the dimethy]
ester--dimethyl tsrecnthalate (DMT), since the latter is easier to
purify and handle tnen terephthaiic acid. thy]ene glycol is obtained
cormercially from etrylene via ethylene oxide.

Polymerizatiz is carried out in two.steps. The first step en-
compasses the rezciicn of terephthalic acid or DMT with ethylene

glycol to form bis-{hydrcxyethyl) terephthalate (BHET).
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Hooc@ CO0H + HOCH,CH,OH

Terephthalic Ethylene
acid glycol HOHZCHZOOC@ C00CH,CH, 0

H3COOC<::>C035H3 + HOCHZCHZOH Hydroxyethyl tere-

phthalate (BHET)

Dimethyl _ Ethylene
terephthalate glycol (28)
(oxT) :

Calcium magnesiu—, or manganese, is used to catalyze this reac-
tion. The first step is necessary to attain the exact stoichiometry
between the carboxyiic acid and the diol. The second step, durinc
which the polymer is actually formed, is taken place in a temperature

range of 230-285°C.

Ho.u.zcﬂzcooc@ L35, CH,0H e PET 4+ HOCH,CH,OH (29)

(BHET) Ethylene glycol

Since the eguilibrium of this reaction is not favorable for the
formation of polyrer, if is necessary to remove ethylene glycel utiliz-
ing a high vacuun us to 0.5 mm Hg. Anfimony triOxidg, Sb203, is used
to promote this condsasation reaction. The po]ymer_thus formed has
molecular weight cf 22,000-30,000, and an intrinsic viscosity of
0.40-0.50 as rmeasured in o-chlorophenol solution.

'As PET is wicely used for apparel and home interior materials,

such as carpets and curtains, good flame-retardancy is required. The




189

U.S. Sleepware Stancdard, the most stringent legislation in the world
pertaining to flammability, has been in effect since 1972.(4) This
regu]atory Tegislation réquires that sleepware in sizes 0 to 14X meet
a required maximum burn length when exposed to a flame source in a
vertical position. The PET polymer melts when exposed to a small
ignition source and the‘f1ane often disappears in a flaming melt. It
should be noted that the psor moisture regain characteristics of PET
fabrics, similar tc lylon, makes it rather uncomfortable when used

as a single fabric in clothing. Thus, other fibers, such as cotton,
are used in the pfoductfcn of clothing. The cotton tends to stabilize
the melt by fon%ing a char anc thus the PET fabric used in a blend
burns more rapidly than when used alone. A number of patents have
reported improved techniguess for fTamé retarding PET fabrics. Basic-
-aIIy, two methods are useZ: (1) the treatment of the textiles with
fire-retardants containing phosphorus and/or halogen (chlorine or
bromine); (2) the incorpcration of flame-retardant elements or
flame-retardants into PET polymer either by copolymerization or

" blending. Unfortunately, the incorporation of fire retardants into
the PET polymer results in changes of the polymer's basic chemical,
physicél and mechanical preperties.

| Recently Blum and A-es (8) have stated that the fire retardant
tris (2,3-dibromopropyl} phosphate, used in PET fébric, is carcinogen-
jc. Early test results conducted by personnel of the National Cancer

Institute(g)

have confir—ed these findings and the use of this parti-
cular fire retardant has been recently banned by the U.S. Consumer

Products Safety Cormission.
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B. Literature Survey

Pohl(g7)

studied the relationship of chemical structure to the
thermal sia:ility in pclyesters by measuring the rate of total gas
evolution, the charze in ccloration and the formation of acid end
groups in vacuum. These results inducated that the stability of the
terephthalic acid poclyesters decrease in the order of 2,2-dimethyl-
propanedizi-1,3>ethylene glyccl>decamethylenealycol>diethyleneglycel.
Pohl attributed the orcer of thnerzal stabi]ity to the presence of the
3-CH2- grcus adjecent tc the ether oxygen, since rep]acenent of the 2
hydrogens by methyl grouos increzses the stability. ‘The rate of poly-
‘mer decosssition increases with an increase in thenurber of ether cxy-
gens. Poklalso reported the formationof acetaldehyde, water, carbondi-
oxide and zcic end grours 25 well @s anhydride end groups as determined
by infrared examinztisa. These results were interpreted to indicate
that rendos scissicns occur during the degradation qf PET polymers.
Marshall arnd Tcﬁd(gg studied the kiﬁetics of degradation of PET in
an oxysen-free at-osghere, by reasuring the change in melt viscosity
as a functiocn of tize. The initial rate of degradation was calculated
from the decrease in reit viscosity and was found to be in good
agreevent with that calculated using the standard equations for random
- chain scissicn. Scissicn was found to occur at the ester linkages
to give'one carbcxyl grous per chain scission. A radical mechanism
was postulated focr the thermal decomposition process, since the rate
of dégraﬁation was Eccelerated by oxygen. The principal products of

pyrolysis found, when the poly—er was exposed at 280-320°C for 30

hours, were carbon dicxide, carbon monoxide and acetaldehyde. The
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sublimate consisted of terephthalic acid and an unidentified material,
presumed to be a segrent of the chain about the size of a monomer or
dimer unit. The proportion of terephthalic acid and the unidentified
material was found to increase by 300°C, while at 320°C the sublimate
contained almost pure terephthalic acid.

Mikailov(gg)

studied PET fiber at temperatures around 200°C.
He observed tﬁat deterioration of the mechanical properties. of the
fibers were accelerated by the presence of oxygen. Similar effects
caused by oxygen were found in studies of the photo-degradation of
PET polymers.

Ritchie(loo)studfed the mechanism of thermal degradation by
pyrolyzing model ccmpounds (simple carboxylic esters) in the vapor
phase at 400-500°C. These studies indicated that initiation of

thermal decomposition is a primary alkyl-oxygen scission of the type:

RCOOCCH - FZ00H + >C=C< ' (30)

with competing secondary scission such as alkenyl-o-scission

'RCOOC=CH - RCOCY + -C=C- (31)

Goodings(101) carried out.degradation experiments of PET polymers in
the 1iquid phase at 282-323°C in an oxygen-free atmosphere. He obser-
ved that PET decomposed slowly with an evolution of gaséous products,
the formation of low-molecular weight products, the formation of diff-
erent functional groups and the discoloration of the polymer. The
concentration of hydroxyl end-groups decreases during degradation while

the concentration of carboxyl groups tends to increase. These
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observations agres with the results obtained during analysis of actual
production processes. Such studies have shown that the number of car-
boxylic end croups increase slowly, even in high vacuum, at tempera-

-

tures above 225°C.

(1o1) studied the gaseous products produced during the

Goocings
pyrolysis of PIT in the temperature range of 283-306°C by mass spectro-
metry. The observed products are listed in Table 44. He also analyzed
a sublimate uhfch contained naphthalene, low molecular-weight oligomers,
and unsaturated esters. A nu>er of compounds which were identified
during the pyrolysis of PET are showm in Table 45. P0h1(97) and

' Goodings(]a])

suggested the color formation of PET during pyrolysis was
attributed to the presence of ethylene .linkages which remain in the

main chain.

Table 44. Low-boiling Volatiles Produced During the Pyrolysis
of Polyethylene Terephthalate at 288°C
(Data from Reference 101)

Constituent ¢ (mole percent of total gases)
co | 8.0
€0, ~ 8.7
H,0 0.8
CH4CHI 80.0
Cty 2.0
2-Yethyldicxolan 0.4
CH, : 0.4
Cetls 0.4
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Due to the complexity of products obtained during the degrada-

n
(102) (]O])examined model com-

tion of PET, both Ritchie and Goodings
pounds structurally related to PET. Both investigators studied the
degradation of ethyiene dibenzcate:

0

<::>-E-o:uzc~zoc<::>

Ritchie aisc studied the following compounds:

0 :

0
<:::>COCH2CHZOCHZCHZOC
<::>C0»H2Cﬁ ou< }cs, G, 0C
f, Z <::>cocv CH,CH

o o 0

<::>c-o-ca=:42

Comparison of the degradation of these compounds with that of PET
led to the foiiowing conclusions:
(1) Initial rando= scission forms new carboxyl and vinyl

ester end groups, as shown in Equation (33).
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0

0
.@EOCHZCHZOC@-—— -
; .
__.@cocw. + CH,=CHOC @.._._. ' (32)

(2) The vinyl ester end groups are degraded in different ways,
depending upon the te—;erature to which they are expcsed

and the residence tire in the high temperature zone.

0

Cocuett, e ) 000K + CHeCH]

\ -—@CH=CH2 + CCZ

.@ COCH,CHO

.—@ COCH, + €O

This series of reactions accounts for the formation of terephthalic
acid, vinyl benzoate, acetylene, ketones, carbon monoxide and acetal-
dehyde. Another source of carbon monoxide could be the decorposition

of acetaldehyde at temperatures above 400°C.
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The activation enercy for the pyrolysis .of PZT was calculated by

(101) (59)

Goodings and Straus and kall. The results predict that the

activation energy is in the range of. 30-40 kcal/mole.
C. Experirmental Progranm

A sample of PET polymer was provided by the Teijin, Inc., Tokyo,
Japan. The assumed structure of the PET polymer (a polycondensate of

térephthalic acid and ethylene glycé]) is illustrated below:

0 __0
{C@ C-OCHZCH?_O}n

with a rolecular weight of 192 per repeat unit. The sample was suppli-

ed in the form of square chips.

1. Polymer characterization

The PET sarple was crushed into a powder, dried at 1078 torr at
60°C for 7 days, and analyzed for elemental composition. An infrared

spectrum was also obtained using a thin film from the polymer melt.

Elemental analysis. A sumary of the elemental anaTysis is pre-
sented in Table 46, together with the theoretical composition calcula-
ted on the basis of the assumed repeat unit. According to the maru-
:facturer's information, a slight amount of titanium dioxide was con-
tained in the sample aé a pigmeht; however, this concentration of the
pigment was negligible. The results obtained during actual elemental

analysis shows an excellent agreement with the theoretical calculations.

Infrared analysis. Figure 46 is the infrared spectrum of PET




Table 46. Elecertal Cczposition Of Polyethylene

Tereptthalate Polymer

< Composition
Element Se~:le £s Received Theoretical”
| |
: Carbon €2.23 62.50 |
Hydrogen 4.03 4.17 ;
Oxygen 33.74 33.33 |

aCompositicn besed uzon the structure of the

monomeric unit.

197




198

-a1eeY3ydaual auajhyiak|od jo wna3dads padeajul ayy

008 000! 00¢| oovl

1-wd

009l 008l 0002 0062

*gp aanbi4

000¢

006¢

000¢d




199

polyrmer that was obtzirzZ from a thin film made from polymer melt. The
infrared band assicnmenss for this spectrum are summarized in Table

47. This spectrum suczorts the proposed structure of the PET polyrmer.

2. Thermoanalytiz2l studies

Samples of the Fii pclymer which were evaluated using & thermo-

analyzer were subjectsd to four dynamic heating rates and three diff-

. erent environments to escertain what effect each variable had upon

polymer desracation.

Effect 0f heztirz rzte of polymer degradaticn. Samples of the

PET polymer (16 + 0.1 =3} were heated in air at 6, 10, 25,and 100°C/min

from ambient to 1030°C. Figure 47 contains the data (triplicate analy-
ses for each condition} that summarize the polymer weight loss charac-
teristics at these four <ymamic heating rates. There was no noticeablé
weight loss at any of ¢we four heating rates below 295°C in the air
environment. Above 32I°C the samples lost weight rapidly between 3590°C
and 460°C at heating rztes of 6 and 10°C/min in this environment.

Analysis of the TS~ curves indicated a bimodal degradation process.

The first phase of the degradation process, shown by the fairly steep

1inear range of the thsrmogram, corresponds to the depolymerization and

the char-formafion rezcticns. The second phase of the thermal decom-
position p}ocess corrsszonds to oxidative degradation of the char
structure.

The rate of heztins had a moderate influence on sample weight loss;
at the lower rates of tezting no residues were observed above 575°C,

while some residues were observed at temperatures above 700°C when the
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Table 47. Infrared Analysis Of Polyethylene Terephthalate Polymer

Frequency Band Intensity Assignment
(wavg numbers) ’
| 3340 W ¢ = 0 overtone
é 3050 K aromatic CH stretch
% 2955 L aliphatic. CH, stretch
i 2880 | W aliphatic CHy stretch
1725 S C = 0 stretch
1570 " aromatic C-C bend
: 1495 ¥ aromatic C-C bend
? 1440 W CH2 deformation
1400 X aromatic C-C bend (in plane)
1360 W CH, deformation
1330 L3 CH, deformation
1250 S unresolved triplet C-0-C
.o s C-0-C stretch
" 100 s C-0-C stretch
i 1010 X aromatiﬁ C-C bend (in plane) ‘
‘ 870 '} aromatic C-C bend (out of*planeﬂ
{ 760 ]

aromatic C-H bend (out of plane).
]

nNIIE
wan

Weak band

Moderate band

Strong band
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sample was subjected to hicher rates of heating. A dense white aero-
so] mist was generated when the weight loss of the PET polymer reach ed
approximately 45-50 percert; u.xs aerosol gradually disappeared as

the temperature increzsed above 430°C.

Effect of enviror—ert on tcly-er degradation. It is generally
accepted that the mechanism and the rate oprolymer degradation is
influenced by the concentraticn of oxygen present in the environ-
ment.(]oz) The thermogrz—s presented in Figure 48 illustrate the ef4
fect of this phenorera. In pure oxygen the first major weight loss
commenced at approxirz e1y 2€2°C, which 1is slightly hfgher than the
melting point of the FZ’ poly—er. The sample was often observed to
flow and self-ignite at approxi-ately 4205C, The remaining char
eroded.s1ow1y until the sa—ple was totally consumed by 540°C.

Polymer weight loss in the air environment occurred at a slightly
hIgher temperature than that which was observed in oxyger environrment.
The samples of polyrer deco~posed in the air environment dld not exhib-
jt evidence of flaming COFh;stion, but continued to lose weight rapidly
to a temperature of appro;i:ate]y 450°C when the formation of a black
char was observed. Char fermation occurred at an approximate weight
loss of 87 percent. The char residue wes consumed slowly and disappear-
ed entirely by 575°C. A siight residue, in thé form of a white powder,
remained after the furnace was heated to 1000°C in the oxidative envir-
onments. This powder was later identified as the titanium dioxide pig-
ment which was added to the polyrer during processing.

The thermogra~s shown in Figure 48 indicate that the rate of weight

Joss by the PET polyrer in the helium environment, although commencing
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at a higher terperat;re.'uas si-<lar to that observed in the oxidative
environments below 23270, Little additional weight loss occurred in
helium environmants ztzve $37°C0 272 a black brittle char which comprised
approximately 13 percent cf tne cri;inal sample weight, remained after
exposuie to 10C2°C. The ele-enezl analysis conducted on this residue
jndicated the char caxzcsition to be 3L =95.33; 94 =0.71; and & 0 =
3.96. '

It is'interestin; to ncte +=at the formation of a stable char
structure was rot ctserved curinz tne thermal decomposition of the ali-
phatic Nylon € poiyzr in the inert helium environment, as cormpared to
tﬁe stable char structure rer2iring after exposure to 1OQO°C in the
case of the PET polser. Since both polymers were formed via a step-
growth polymerizaticn process, it is felt that the presence of aromatic
rings in the polym=r str::ture ¢t the PETlpolymer served as a precursor
for the formation of the‘ri;ﬁd stasle char structure.

Figures 43 and 52 a2re corposites containing the OTA and DTG
spectré»obtained during the thermal degradation of the PET polymer in
the three environ-ents at 2 heating rate of 10°C/min. In he]iﬁm the
degradatioﬁ.process w2s observed ic be slightly endothermic. In both
air and oxygen envirca—ents the decc:position'was observed to be highly
exothermic and exhibited multipie maxima. In air two major maxima
apﬁeared in 7A traces at 422 and 546°C. The peak observed at the
Tower température recicn where tre TGA curve is almost 1iﬁear, while
the. latter peak corresponds to the oxidative decomposition of char

structure which was forred during the éar]y phase of polymer decomposi-

tion (as will be discussed lzter in this dissertation). The DTA data
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recorded in an oxygen environment conteined eight distinct mexima at
325, 345, 360, 375, 385, 335, 422 and 483°C, the last two peaks exhibit-
ing a high dégree of excthermicity. |

The DTG traces (Figure 5C) provided additional information pertain-
ing to the thermal decorposition process. In the helium environment
there was a single definite‘maxi:u: which appeared at 437°C. In air
and oxygen a good correspondence w2s observed between the DTG traces
and the DTA traces. In oxygen, for exrmple, there are eight or more
peaks in DTG appearing at 332, 325, 361, 375, 385, 395, 405, 415,and
484°C, which correspond almost perfectly to those peaks observed in
the DTA spectrum. Simifan observations were cbserved in the DTG maxira
obtained in the air environzent which appeares at 417 and 546°C.

Téblé 48 surmarizes sore of the more irportant thermal characteris-
tics that were observed during the therral degradation of the PET pcly-
mer in heljum, air and oxygen envircnments. The temperature of the 075
maxima, the DTA maxima and the specific temperature where 5, 50 and §9
percent of the original sample weignt were lost, the nature of the over-
all degradatﬁon process, and the arouﬁt of chair remaining at "i point"
and at 1070°C, are compared for the degradation processes which were

observed under each condition of decomposition.

3. Pyrolysis studies

Pyrolysis studies of the PI7 polymer were conducted using the
pyroprobe and the therhoana]yzer to simulate faest and slow heating

rates, respectively.
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Pyroprobe (fast heatirz! ctudies. Preliminary experiments were

carried out using the direct grcbe attachrent for pyrolyzing samples
directly into the GC injection port. Sarples of the PET polymer were
pyrolyzed at an indicated temperature of 1000°C; however, the actual
temperature of the sa~ple in the pyroprbbe unit is not well-defined.
Samples ranging in size fro= 3.2 to 5.6 ﬁg were used during direct
probe pyrolysis experimentg. To insure complete pyrolysis, each sample
was rapidly heated to a pre—se]eﬁted temperature énd held at this tem-
perature for 20 seconds.

Figure 51 is typical of the chroratographs obtained using a 16
ft. x 1/8 in. 0.D. colum packed with Chromosorb iO] support that was
temperature prograred from -10 to 260°C at a heating rate of 10°C/min.
Twehty compounds, which were seczrated, idenfified and quantitated,
are listed in Table 49. ‘ -

The recovered low-boiling volatiles, listed in Table 49, account-
ed for 35.5 percent of the original sample. Approximately 57 percent
of the weight of these volatiles was accounted for by the levels of
carbon monoxide and carbon dioxide present. An additionél 13.6 per-
cent of the original sanple weicht was recovered in the form of a car-
bonaceous Ehar; Thus, 49.1 percent of the original sample has been
accounted for as degradation prcducts, the remaining 50.9 percent
were materials which did not elute from the GC column.

Thermoanalyzer (slow heating) studies. Samples of PET polymer

were pyrolyzed in a helium environment using the thermoanaiyzer and
procédures outlined in Chapter IV. The pyrolysis temperature was

programmed from ambient to 1000°C at the rate of approximately
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Table 49. Low-Boilins Voiatiles Prsduced Curing The Pyrolysis
(Fast Eeating) Of Foiyethylene Terephthalate”

! Compound Peak Nuter Peak Number Quantity:

L (F12) (TCD)

|'Carbon monoxide 1 113.20

1 Methane 2 i 2 7.54

~ Carbon dioxide ! 3 90.08
Ethylene 2 ! 8 16.69
Acetylene 5 | 5 5.3

. Ethane 6 : 6 0.49 !

 Water ! 7 5.10

i Propene 8 : 8 8.33
Acetaldehyde 9 | 9 43.17
1.3-Butadiene 10 ‘ 10 | 0.46

' Furan n n b . Trace |

, Propanal 12 i 12 i 3.68

. Acetic acid 13 13 ; 0.92 |

. Benzene 14 - 14 i 8.7 |

 Toluene 15 ; 15 2.44 |

| Xylene 16 g 16 0.52 1
Styrene _ 17 17 . 1.56
Acetophenone 18 18 _ 5.52
Ethylbenzoate 19 19 15.88
Benzoic acid 2 20 25.01
Total 354.64

“Direct probe pyrolysis at 1022°C for 20 seconds using 3 2 mg-5.6

mg samples.

“Average of four experi—ents.
sample placed in the pyrolysis probe.

¥illigrars of compound per gram of
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100°C/min. A sample size of 50 mg was found to be appropriate, both
for the identification and quantification of the degradation products.
Six pyrolysis runs were conducted under identical conditions. In all
these experiments, trappings of the effluents was begun at 280°C,
which is a temperature just before the first weight loss was encoun-
tered. The trapping continued for a five-minute period after a
temperature of 1000°C was attained in order to collect materials which
might have remained in the furnace or in the transfer lines.

 The aerosols, particulates,and residues that condensed on the
glass wool trap placed between the furnace and the cold trap were
extracted using acetoneAand then analyzed. More polar solvents, such
as dfmethylformamidé or dimethylsulfoxide, were also used to extract
these condensates. The residual char that remained in the crucible
at a temperature of 1000°C was analyzed to determine its elemental
composit&on.' Details of these analyses are presented in the following
subsections.

Figure 52 represents the chromatographs that were obtained from
the pyrolysis of the PET polymer at 100C°C uéing ccnditioﬁs described
previously. A.16 ft. x 1/8 in. 0.D. stainless steel column packed
" with Chromosorb 101 porous polymer was temperature programmed from
-10 to 260°C at 10°C/min. to obtain this degree of resolution. More
than 25 compounds were jdentified from these studies using the GC/MS
techniques; these products are listed in Table 50. The peak numbers
in Figure 52 and the trapping efficiencies and the response factors
used in the calculation of the concentrations are included in this

table for reference.
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Table 50. Low-Boiling Volatiles Produced During The Pyrolysis
(Slow Heating) Of Polyethylene Terephthalate?
Peak Numbersb

Compounds . FIo 70 1.6.°5 | RFE4 | quantity® |-
Carbon monoxide 1 0.00 0.670 94.00
Methane 1 2 0.05 0.450 : 46.00
Carbon dioxide 3 . 0.97 0.915 82.30
Ethylene 2 4 0.96 0.585 8.85 §
Acetylene 3 5 0.96 0.580 3.60
Ethane 4 6 0.98 0.590 Trace
Water . 7 0.82 0.550 37.76

| Propene 5 8 0.98 0.970" 5.60

~ Methanol 6 9 0.75 0.580 Trace

. Acetaldehyde 7 10 0.98 0.650 ; 67.01 .

. 1,3-Butadiene 8 1 0.97 0.674 3.25

; Furan : 9 12 0.97* 0.700* ; 0.33

. Propanal ; 10 13 0.95 0.680 0.25

" Cyclopentadiene 11 14 0.95 0.674 ... Trace
Acetic acid I 12 15 0.80 | -4.1677 Trace
Benzene 1316 0.90 0.780 | 23.36

: Toluene i 14 17 0.95 0.794 | 1.84

~ Xylene P15 18 0.95 0.812 | 0.49
Styrene | 16 19 0.95 0.800 1.39 |

. Phenol ; 17 20 0.88 1.105 i 0.93
Benzaldehyde 18 21 0.85 0.617,, 0.84 |
Indene 19 22 0.85 | 1.02¢° |  Trace |
Acetophenone 20 23 0.70 0.651 '8.62 |

_Ethylbenzoate - 21 24 0.70 0.980, 7.89

. Benzoic acid 22 25 | 0.35 1.590°, 12.31
Naphthalene . 23 26 0.50 1.050° 6.63
Biphenyl 24 27 0.40* 1.318 4.21
Total ' - 417.46
*Estimated

% verage of six samples.

bCorresponds to peak numbers in Figure 52.

CRelative trapping efficiencies.

dRe]ative response factors for the thermal conductivity detector.

®Milligrams of compound produced per gram of polymer as determined
by analytical methods.
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The compounds listed in Table 50 constituted 41.7 percent of theA
origimal sample weight; it should be noted that 97 percent of the
integrated GC peak areas have been jdentified and quantitated in these
experiments; | _

The carbon monoxide that evolved from PET polymer under the condi-
fians of pyrolysis in a helium atmosphere was measured by IR techni-

-1 as monitored continuously as

ques. The CO absorption at 2160 cm
the tsmperature of thé sample was increased at a rate of IOOQC/min.
Carbom monoxide liberated from the poTymer reached a maximum value of
9.8 percent of the total sample weight at 445°C and stayed at the same
level until 1000°C. Thus the value of 94 mg of co per gram of the
originzl polymer has been added to Table 50 thaf contains a summary of
volatile products formed during the pyrolysis experiments. ‘
muriqg the»thermaj degradatibn experiments a yellowish-white
powder was trapped by the glass wool filter. This high-boiling
volatile fraction was determined gravimetrically to account for 40.4
percent of the original samp1é weight. This material was analyzed
by IR and HPLC techniques that are descr1bed below.
| The IR spectrum of the high-boiling vo]at11es obtained from a KBr
pellet sample is shown in Figure 53. This spectrum contained charact-
eristic band; similar fo those found in both terephthalic acid (Figure
54) im the original polymer (Figure 45). Two carbonyl absorption bands

-1 and 1720 en”!

can be observed at 1690 cm , which correspond to car-
bonyl groups of terephthalic acid and PET, respectively. When the
pouder‘was dissolved in acetone, an insoluble fraction remained. This

insplulsTe fraction was found to be almost pure terephthalic acid (as
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verified by IR and MS analysis). Tergphthalic acid accounted for 11
weight percent of the powder residue. The soluble fraction was evapo-
rated to dryness and redissolved in cycichexane. The white powder
which remalned insoluble in cyclohexane had an 1nfrared spectrum simi-
" 1ar in nature to that of terephtha]1c acid, which suggests the struc-

ture of:

nooc@coocuzw ooc3 0 Yoo

where n = 1 or 2.

The cyclohexane soluble fracticn had.-an IR spectrum simi1ar to that of
the original polymer. The material was assumed to be comprised of
oligomers of varying molecular weights.

_The high-boiling volatiles were prepared for analysis using pro-
cedures described in Chapter IY. The HPLC chromatogram of the h* V-
boiling volatiles produced during thermal decomposition of PET .s shown
in Figure_ss, This chromatogram suggests that the high-boiling frac-
tion ccntains more than 13 compounds. No further analysis of these
e]ufing compounds was undertaken at this tize.

The powder residue Qas analyzed for carbon, hydrogen and oxygen.
These results are presented in Table 51. The values listed in Table
51 approximate the theoretical values obtained for a mixture with 89
percent of PET and 11 percent of terephthaiic acid. This percentage
agrees Qith the results that have been presented in previous sections.

" The char that remained.in the platinum crucible after the PET

polymer was exposed to 1000°C at the rate of 100°C/min accounted for
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Figure 55. HPLC chromatogram of the high-boiling volatiles produced dur-
jng the pyrolysis (slow heating) of the po'lyethylene polymer.
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13.8 percent of an original sample weight. This char was analyzed for
carbon, hydrogen,and oxygen content. The average.values obtained from

three determinations are listed in Table 52.

Table 52. Elemental Composition of Solid Residues Produced During
Different Stages of Pyrolysis of Polyethylene Terephthalate

% Weight Loss Element
Carbon Hydrogen Oxygen
03 62.23 4.03 33.74
45% ” 68.43 3.90 27.67
60 ' 27.84
86% (residual char) 3.96

" A series of experimen Fe progress of the

char formation. The t.\ & were quenched

“after approximately 45 an:. %\ fflé. The residual char

was removed from the thermoanaiyze. — o .rne elemental composition was
determined using the previously described techniques.

Materials balance. The data obtained from the analysis of the

10Q-boi]ing volatile products, the high-boiling volatiles and the char
residue was'used to obtain a mass balance for carbon, hydrogen and
oxygen content of the pyrolysis products at 1000°C. The results from
the maferia]s balance for PET are presented in Table 53. Of the ori-

ginal Sample 41.8 percent was recovered as low-boiling volatile products
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13.8 percent of an original sample weight. This chér was analyzed for
carbon, hydrogen,and oxygen content. The average values obtained from

three determinations are listed in Table 52.

Table 52. EIementa] Composition of Solid Residues Produced During
Different Stages of Pyrolysis of Polyethylene Terephthalate

% Weight Loss Element
Carbon Hydrogen ~ Oxygen
0% » 62.23 4.03 33.74
| 45% , 68.43 3.90 : 27.67
60% ' 68.29 3.87 27.84
86% (residual char) | 95.33 0.71 3.96

A series of experiments were carried out to follow the progress of the
char formation. The thermal decomposition reactions were quenched
after approximately 45 and 60 percent weight loss. The residual char
was removed from the thermoanalyzer and the elemental composition was
determined using the previoué]y described techniques.'

Materials balance. The data;obtained from the analysis of the

low-boiling volatile products, the high-boiling volatiles and the»char
residue was used to obtain a mass balance for carbon, hydrogen and

oiygen content of the pyrolysis products at 1000°C. The results from
the materials balance for PET are presented in Table 53. Of the ori-

ginal sample 41.8 percent was recovered as low-boiling volatile products
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Table 53. Materials Balance - Pyrolysis (Slow Heating) Of

“«J Polyethylene Terephthalate

Weight (mg)?

Total Carbon ‘ Hydrogen (Oxygen

| . Original Polymer 1000.0 | 622.3 40.3 | 337.4
|  Material Recovered 963.1 | 580.8 2.3 | 381.0
| Low-Boiling Volatiles | 417.5 | 212.0 23.9 | 181.6
Particulate Residue’ 407.6 . 253.0 16.7 137.9

Char 138.0 | 115.8 0.7 21.5

Percent Polymer
Accountable in G6.3 93.3 102.5 101.1
Products

Acalculated on the basis of 1620 mg of the original PET polymer.

bThe particulate residue is a —ixture of terephthalic acid (11%)
and oligomers (89%). Elemental composition was based on the
elemental analysis.
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(Table 50) and the 40.7 percent were trapped by the glass wool filter
as high-boiling volatiles. The char that remained in the platinum
crucible after the pyrolysis accounted for 13.8 percent of the original
sample. The total amount of materials recovered accounted for 96.3
percent of the original sample weight.

Thé elemental composition of the volatile products was based upon
the sum of the carbon, hydrogen,and oxygen content of the individual
products. Thus, the materials balance accounted for 93.4 percent of
the carbon, 104.3 percent of the hydrogen and 101.1 percent of the

oxygen content that was in the original PET sample.

4. Oxidative degradation (slow heating) studies

Samples of PET were exposed to an oxidative (air) environment and
heated at a rate of 100°C/min from ambient to a final temperature of
1000°C. The high-boiling volatiles and char residues that were formed

in these experiments were examined by IR and MS techniques.' Unlike the

pyrolysis conducted in the helium environment, no residual char was

observed in the crucible of the thermoanalyzer after the oxidative
degradation of PET samples. These results are discussed in the follow-
ing sections.

Analysis of the low-boiling volatiles. The trapping system that

is described in Chapter IV has been used to collect the volatile pro-
ducts produced during the oxidative degradation of the PET polymer.
Five individual trapping experiments were performed using a 50 mg
sample size for each experiment. Several additional experiments were

conducted using a 20 mg sample size to quantitate the major products
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such as carbon dioxide and water. Product separation was accomplish-
ed using a Chromosorb 101 colum (16 ft long x 1/8 in. 0.D. stainless-
steel tubing). The quantitative data were obtained using both the FID
and TC traces, as shown in Figure 56. Twenty-one components were re-
solved and positively identified by prograrming this column from -10 to
_é 265°C at 10°Cmin. Table 54 1lists the compounds identified and the
| | quantities of each that were determined. The peak number for each
compound in this table refers to the peak number in Figure 56. As
shown in Table 54, 96.1 percent of the original sahp]e of PET polymer
was accountable as low-boiling volatiles, produced during the oxida-
tive degradation experiments. It should be noted fhat considerable
interaction takes place between the dxygen in the surrounding environ-
ment and the sample. This resulted in major increases in the concen-
trations of carbon monoxide, carton dioxide,and water, as compared
. to results obtained duriné deéradation under inert pyrolysis conditions.
These three compounds account for 87 percent of the low-boilihg vola-
tile products in Table 54. Other compounds that were found in signi-
ficant quantities were methane, ethylene, acetaldehyde and benzoic
acid. These four compounds acccunt for 8 percent of the volatile pro-
ducts identified during oxidatica decomposition. Almost all of the
compounds which were identified during this oxidative degradation were

observed in previous pyrolysis experiments.

: Analysis of the high-boilirg volatiles. During the time that the
trapping experiments of the 1ou¥boiling Volati]e products from PET
ueré being performed with the thermoanalyzer, a yellow-white powder

condensed on the glass fiber filter in the trapping line. The
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Table 54.

Low-Boiling Volatiles Produced During The Oxidative

Degradation (Slow Heating) Of Polyethylene Terephthalate

In Air?

226

Peak Numberss

Compounds FID  TCD 1.6.°5 | RFE9 | quantity®
Carbon monoxide 1 0.00 0.670 253.00
‘ Methane 1 2 0.05 0.450 28.40
Carbon dioxide 3 0.97 0.915 431.20
;Ethy]ene 2 4 0.96 0.585 18.01
; Acetylene 3 5 0.96 0.580 5.21
;Ethane 4 6 0.98 0.590 Trace
| Water N § 0.82 0.550 155.00
Propene 5 0.98 0.970f' 3.59
' Propyene 6 0.98 0.9507 0.96
i Methanol : 7 8 0.75 0.580 1.44
. Acetaldehyde 8 9 0.98 0.650 15.35
! 1.3-Butadiene. 9 10 0.97 0.674 Trace
| Allylaldehyde 10 1 0.98* 0.640* 4.75
| Benzene 112 0.90 0.780 5.30
: Toluene 12 13 0.95 0.794 1.53
i Xylene, 13 14 0.95 0.812 0.80
Styrene 14 15 0.95 0.800 2.23
Phenol 15 16 0.88 1.105 7.08
p-cresol - 16 17 0.80 1.200 " Trace
Acetophenone 17 18 0.70 0.651 6.65
Ethylbenzoate 18 19 0.70 0.980 3.1
Benzoic acid- 19 20 . 0.35 1.590% 14.81
Naphthalene 20 21 0.50 1.0507 2.15
Total 960.57
*Estimated

% ive samples - 50 mg.

bCorresponds to peak numbers in

CRrelative trapping efficiencies.

Figure 56.

thermal conductivity detector.

dRe]ative response factors for the thermal conductivity detector.

eMiliigrams of compound per gram of original sample as determined
by analytical methods.

£ .
JResponse factors from the flame ionization detector.
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condensate accounted for 30.7 percent of the original sample weight.
After the oxidative degradation experirent tre furnace and the trapping
line were rinsed with a variety of solvents; however, no residue was
found upon the evaporation of these solvents. The residue recovered
from the glass filter was analyzed by IR, ¥S, HPLC and elemental
analysis techniques.

The IR spectrum of this condensate resecbled the spectrum obtain- -
" ed during the pyrolysis of PET {see Figure £6). The IR spectrum of
the sample has group grequencies typical of both terephthalic acid and
the original polymer. Since the powder was assumed to be'a mixture of

terephthalic acid.and oligomers of PET, it was dissolved in acetone
| (a poor soivent for terephthalic acid) and the insoluble white bowder
was filtrated. Using IR and MS this powder was found to be almost
puré terephthalic acid, which accounted for approximately 10 weight
percent of the high-boiling volatile ffaction.

The fraction soluble in acetone was exained by IR and HPLC tech-
niques. The IR spectrum, which is illustrated in Figure 57, was simi-
lar to that of PET, but it contained a strcng absorption for carboxylic
acid. This material was estimated to be a mixture of PET oligomers
having both ester groups and carboxylic terninal grdhps.

The HPLC techniques described previously were used for the analy-
sis of the high-boiling vo]éti]e residues. Terephthalic acid was re-
moved from the sample by filtration, evapcrated to dryness and ré-
dissolved in THF. The HPLC chromatograz shown in Figure 58 contained
more tha 14 peaks and was similar to that cbtained during the pyrolysis

study (see Figure 55).
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Figure 58. HPLC chromatogram of the high-boiling volatiles produced

’ ~ during the oxidative degradation (slow heating) of the
polyethylene terephthalate polymer.
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 The condensate was analyzed for carbon, hydrogen,and oxygen. The
results obtained are summarized in Table 55, aiong with the elemental
composition of the residue from the pyrolysis in helium. Theoretical
values for terephthalic aéid, PET and the rixture of terephthalic acid
(10%) and PET (90%) are also presented in Table 55.

It was concluded that the composition of the condensate produced
from oxidative degradatioﬁ Qas similar to that of the residue resulting
from pyrolysis. This condensate was 2 mixture of approximately 1'%
terephtha]ic acid and 90% oligomers having a structure similar to the
initial PET polymer. |

Analysis of solid residue. During the thermal decomposition

studies conducted in an oxidative environment, no char remained at the
final temperature of 1000°C. However, in order to examine the compo-
sitional change of residual compound, the decomposition reactions were
quenched at weight losses of 50 percent and 80 percent. Elemental
analysis for_carbon and hydrogen content was conducted and the results
are presented in Table 56. Only slight changes in the concentrations
of carbon, hydrogenandnitrbgen occurred up to_50 pefcent weight loss.
This can be attributed to the elimination of carbon monoxide, carbon
dioxide and certain amounts of low molecﬁlar weight oligomers from
PET in the earlier stage of the oxidative degradation. The residual
char at 50 percent weight loss was black and brittle.

Materials balance. A materials balance was calculated using the

results of the analysis of the Jow-boiling and high-boiling volatiles.
The results for this balance for PET, shcwn in Table 57, indicate that

96.1 and 30.7 percent of the original sample weight were attributed to




Table 55. Elemental Composition Of High-Boi]iﬁg Volatiles

Produced During The Thermal Decomposition (STow

Heating) Of Polyethylene Terephthalate

% Composition

Carbon Hydrogen Oxygen
High-Boiling Volatiles
Produced During
Oxidative Degradation 61.8 4.0 38.2
| High-Boiling Volatiles f i !
Produced During ! :
' ! i
LPyrolysis 62.1 E 4.1 33.8
i Theoretical Valve §
: i
Polyethylene Terephthalate 2 62.5 4.2 33.3
Theoretical Valve '
Terephthalic Acid 57.8 3.6 38.6
Theoretical Mixture® 61.9 4.0 34.1

dcalculated for a mixture of 89% PET and 11% terephthalic acid.
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Table 56.

Elemental Anzliysis 5f Polyethylene

Terephthalate Pcly—er At Ssveral Stages

Of Oxidative Degradaticn (Sicw Heating)

% Weight loss of % Cermoosition

the original sample Carcn | r~yorocen ' Oxygen
02 (original sample) €2.2 4.0 33.7
50% § 67.2 3.7 29.1
90% ' 84.9 3.4 1.7

Table 57. Materials Balance - Zxidative Degradation

(STow Heating) Polyethylere Tereshthalate

232

¥eight (mg)~

- g e o o st So——

Total % Carbon Hydrogen
‘Original Polymer ;16500 © 6223 | 40.3 |
Materials Recovered ~  1222.0{ £07.3 . 451 |
Low-Boiling Volatiles ¢£0.£ ¢+ 317.8 32.7 |
High-Boiling Volatiles 37.4 1 189.5 12.4 |
Solid-Residue (char) 9o 0 0
Percent Polymer ; i
Accountable in Products i 125.2 ; 81.5 111.9

%calculated on the basis of 1002 mc of

polymer.

the original PET
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the low-boiling and high-boiling volatiles, respectively. No signifi-
~ cant ahount of char residue was found during this phase of the study.
The overall material balance was thus 126.8 percent of the original
sample weight. The weight gain was due to the interaction of oxygen
in the environment'with the sample and the resulting large concentra-

tions of carbon dioxide and water.
D. Discussion

The principal objective of this study was to determine whether
the thermal degradation of PET polymer was similar to the degradation
processes reported in the literature for other step-growth polymers.

A second objective was to determine the intér-re]atipnship betweeﬁ the
basic polymer structure and its resistance tohtherma1 oxidati&e dégra-
dation. To accomplish this goal the low-boiling volatiles, high-boil-
ing volatiles, and char residues were qualitatively and quantitatively

determined.

Pyrolysis studies of the PET polymer conducted in the helium envir-
onment proceeded via a process during which a char; representing approx-
jmately 13 percent of the original polymer weight, was formed. The
pyrolysis of this step-gfowth polymer is somewhat different than that
observed during the studies of the Nylon 6 polymer, where no substantial
char formation was observed. This PET char contained approximately
95.3 percent of carbon.

In the oxfdative environments, the thermal degradation reaction

was bimodal, indicating the char sintering phase as contrasted to the
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relative stability of char structure observed during the degradation.
in the inert environment.

»E]ementa] analysis was conducted on samoles of char recovered dur-
ing both the pyrolysis and oxidative decofgositidn studies at a stage
where approximately 9C percent weight loss cccurred. The char obtained
during the pyrolysis experiments was strenger in physical structure than
that obtained during the oxidative_studies, Ana1ysis,6f these-chars
jndicated that the char formed under jnert pyrolysis conditions had a
greater carbon content and lower oxygen ccntent that was observed in |
char recovered from oxidative environments. This clearlyiindicates
the role of oxygén in the thar sintering process.

Tables 50 and 54 represent a surrary of the proZucts produced during
pyrolysis and oxidative degradation oflp01yathylene terephthalate poly-
mer at 1000°C. Table 58 7ists the major ccmpounds fcund in both environ-
ments and Table 59 includes the compounds that were present in less
abundant quanﬁities.

As indicated in these tables, far greater'concentrations of carbon
honoxide, carbon dioxide, and water were forred when oxygen was present
in the sample's environment during therrmal decompcsition. However, the
composition of the mixture of oligomers and ﬁerephthalic acid trapped
by the glass fiber filter was not affected by the cxidative reactfon.
The types and concentrations of the major low-boi1§ng volatiles, with
the exception of CO, COz,and HZO’ did not substantially change.

The elemental composition of the solid residue sample after approx-
imatély 50 percent weight loss in the oxidative environment was similar

to that produced during the pyrolysis process after approximately the
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Table 58. Major Decomposition Products Produced During

The Pyrolysis And Oxidative Degradation (Slow Heating)

Of Polyethylene Terephthalate

anntitf

In Helium ! _In Air
Carbon monoxide 94.00 253.00
Methane 46.00 ) 28.40
Carbon dioxide 82.30 431.20
Water - 37.76 b 155.00
Acetaldehyde 67.01 ! 15.35
Benzene 23.36 i 5.30
Benzoic acid _ 12.31 R U
Terephthalic acid a4.84 30.74
Qligomers 362.76 276.66

@includes both volatile products and solid residues.

bﬂi'lligrams of compound per gram of sarpie.

Scaleulated from the results of the residue analysis.

Table 59. Minor Necomposition Products Produced During The
Pyrolysis And Oxidative Degradation (Slow Heating)Of

Polyethylene Terephthalate

Quantity”
In Helium I In Air
Ethylene 8.85 l 18.01
Acetylene 3.60 5.21
Ethane T T
Propene i 5.60 3.59
Propyne - 0.96
Methanol T 1.44
1.3-Butadiene 3.25 T
Allylaldehyde - 4.75
Propanal 0.25 -
Toluene 1.84 1.53
Xylene 0.49 0.80
Styrene 1.39 2.23
Phenol 0.93 7.08
P-Cresol - T
| Acetophenone 8.62 6.65
] Ethy! benzoate 7.89 N
‘ Naphthalene : 6.63 2.15
{ Bipheny! L, 4.21 - AJ
T Trace

"Hﬂ'ligra.ms of compound per gram of sample.
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same weight loss (see Tables 52 and 56). Thus, with all the results
56 far, it may be concluded that the basic cegradation mechanism during
the decomposition of PET is similar in both inert and oxidative
environments. Figure 59 contains a propcsed mechanism covering the
thermal decomposition pathways which may be active during the degrada-
tion of PET po?yners '

The pathway I was proposed by thcﬁxe.‘]oo) This’ pathway assumes

the decomposition process can successfully explain the formation of the

‘major products identified during the pyrolysis studies. However, Pro-

cesses II, IIT and 1V, which involve a hoxclytic séission of C-C bond,

may also occur. ‘ |
-Commercial PET usually contains 2-3 percent of d1ethy1ene gTyco1

component in the polymer structure. The ether linkage in this component

will also cleave readily. The char may pe formed by the recombination

- of phenyl radicals. The aromatic polyrmer chains without weak aliphatic

linkages will be formed first, then they will be condensed to a graph-
ite-]ike»structure, possibly by the elimination of aromatic hydrogens.
The thermal stability of benzene rings aid in char-formatioﬁ.

The presence.of oxygen promotes chain rupture due to the attack by

the oxygen radical on a1iphatic carbon ators as illustrated below:

0 0-0— 0

.@c-om CH 0c-@~ —. -Co-C- ~CH,,CH,0- c-@- + HO,
.-@COOH +C0+ .0 cnzoc@w

(34)
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Figure 59. Proposed mechanism for the thermal decomposition of
polyethylene terephthalate polymers.
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Oxygen will induce the decomposition of aromatic groups at higheé

temperatures and thus lead to oxidative degradation of the rigid char

structure.




CHAPTER VIII .
'FLAME-RETARDANT %YLOY 6 POLYMER

'A.- Introduction

Since Nylons are one of the most popular poly-eric material used
in textile fabrics, an intensé effort has been conducted to improve
their flammability characteristics.- .

The most unfavorable featuré of R}icn during exposure to an ig-
nition source is its téndency to melt and drip. S{nce the heat gener-
ated during combustion is enough to melt the polyrer, the molten poly-
mer will retract from the ignition source in the form of a small glo-
bule. When tested in the vertical conficuration, the cohesive energy
is low and the molten Nylon tends to crip.

This phenomena often permits Nylon fabrics to pass flammability
tests, such as the'Vertibal Flarmability Test (AATCC 34;1966), because
burning ceases due to the dripping of -olten polyrer which carries .
the flame away. However, this does not necessarily cean that Nylon is
jntrinsically non-burning or fire-resistant. For example, molded
articles made of Nylon cannot be gradad as se]f—extinguishing in many
small-scale tests. Dyestuffs and other additives'such as chrome dyeé,
coatings and the melamine resins used to obtain stiff Nylon nets con-
siderab]y increase the polymer's flamability characteristics, because
the; can strengthen the fabric and support the burning material, there-

by ensuring continued flame propagation.(1°3’]04) Nylons blended with
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non-melting fibers, such as cotton, rayon and wool,.wiII also burn
rapidly. Kruse(]os) termed this the "scaffolding effect" in which
the non-melting fiber forms a carbonaceous grid under combustion,
which holds the molten droplet in place, much as a wick hoids the
fuel in place when a candle is burned in a wick downward attitude.
Moreover, the molten droplets which are usually carried away
with flame during the combustion of thermopliastic polymer, can often
be a source of danger causing severe skin burns. Examination of "real
fires" shows that thermoplastic materials, such as Nylon, used, for
example, as curtains or drapes often propagate fire by dripping
flaming polymer pnto flémmab1e matérials, such as carpets.
Nylon is generally less flammable than polyethylene, po]yoxymeth-
ylene, polymethyl methacrylate, and polystyrene and more flarmable than

polycarbonate, polyvinyl chloride, and polyvinylidene chloride.
B. Methods to Improve the Fire-Retardancy of Nylon Polymers

There have been numerous patents and reports published pertaining
to fire-retarded Nylons. Most of these publications were directed
toward applications for Nylon fabrics.

As usual, there are three basic approaches to render Nylon poly-
mers flame retardant:

(1) finishing of materials with reactive or non-reactive fire
" retardants,

(2) the incorporation of fire-retarding additives into the
polymer, and '

! (3) the development of intrinsically flame-retardant Nyloms.

The fire retardants for Nylon can be divided into several main
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classes: ha]ogen-;ontaining compositions, organophosphorus fire re-
tardants, nitrogen-based compounds, and miscellaneous fire retardants
such as resins, polymers based on tin or silicone, and inorganic
compounds.

" The successful examples of imparting an improved degree of safety
have been mostly achieved with the application of fire-retardant by
the after-treatment of textile, since it is most convenient and less
expensive. However, most of the treatments have the disadvantage of
édversely affecting the durability and the hand of the products. Some
attempts have been made to use reactive fire-retardants in Nylon poly-
mers, but only a few successful cases have 5een reported.

Halogen cqmpounds combined with szo3 are general]y used for after-
treatment of Nylons. Polyvinyl ch]oriae,~chlorinated paraffins and
urea resins are often used for coating or binder of fire-retardants.
Some organophosphorus fire-retardants can also be used; a tybical
example is tetrakis (hydroxymethyl) phosphonium chloride (THPC).

 The incorporation of fire-retardantshby blending into the polymer
js an alternative method for improved fire retardancy with less
problems encountered in such areas as hand, appearance, changé and
fastness to washing. This method is particularly useful for mq]ded
articles, since finishing or treatment cannot apply effective amounts
of fireAretardants'to molded materials which have smai]er surface
afea than fabrics.

This approach, however, also has several serious drawbacks. Poly-
ami&es are generally fabricated at temperatures ranging from 200° to

280°C. Only a few fire retardants are sufficiently thermostable to be
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exposed to those temperatures without u~zeroning deccToosition.

The carbonamide linkages in Nylons zre considerably more reac-
tive than many other polymer linkases, szr+icularly at the high pro-
cessing temperatures. Reactions betwesn the colyer and potential
flame retardants frequently occur, lezzing to polyrer degradation.
Phosphorus-containing fire retardants, escecially phosphate esters,
react at elevated temperatures with po?yanide§ and cause a partial
degradation or géi]ation of the polymer. CZven traces of the decompo-
sition products rapidly degréde the polymer and render it unsuitable
for most applications.

Almost all fire rétardants are eff:ftive cnly at rather large
additive levels. This high amount of zZditive (up to 307%) impairs
the polymer crystallinity, which is necessary for fiber fabrication.
Therefore, many flame-retarded polya=iZe resins are useful only for
moldings.

From the standpoint of chemistry, tasically, two kinds of fire-
retardants are b]endéd with Nylons: raiczen-containing systems with
and w1thout synergistic materials, such es s antirony trioxide (sz 3) or
organophosphorus compounds, mainly, low-colecular-weight polymers.
Typically, polyhalogenated aromatic cocounds are used witﬁ Sb203, and
low-molecular-weight polyphosphorates zre used to impart flame
retardancy to Nylons.

So far, no successfu] example of ircorporating fire retardants
into the polymer structure by copolynerizétion ha§ been reported.
Such copolymers, if produced, would recuire fundamental changés in

polymerization process and in manufacturing facilities. Several flame

1o




resistant fabrics have been developed based on aromatic polyamide

precursors. These fabrics are presently too expensive to permit

jndividual commercial utilization as corrodity products.

C. Experimental Studies

1. Flame retardant Nylon 6 containing Dechlorane Plus 515

_ Introduction. Since there are limitations to the after-treatment
of fabrics to impart fire retardancy, only a few fire retardants could
meet the strict specifications outlined below:

1. The fire retardant must be thermally stable in the molten
Nylon 6 polymer at elevated temperatures ranging from
200° to 225°C.

2. The fire retardant must not discolor the polymer, cause
gellation, nor affect polymer viscosity.

3. The fire retardant must be dispersed homogeneously in the
polymer, or be dissolved into polymer without any destruc-
tion of basic polymer's properties. :

4. The fire retardant should not elute during processing
and actual use of the fabric.

5. The fire retardant should not induce a toxic reaction
during use nor produce skin irritation.

After many experiments, Dechlorane Plus 515 was found to meet the
§pecifications established for fire retardants. bech]orane Plus 515
js a product of Hooker Chemical Company and one of their Dechlorane
series of fire-retardants. The result of analysis and chemical struc-
. ture of this compound is reported in the following section. |

Dechlorane Plus 515 does not dissolve in the polymer but can be
mixéd homogeneously without degradjng the viscosity and the color of'

Nylon 6. The mixture can be molded easily without much problem.
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The disadvantage was that the dispersed small particies of Dechiorane
Plus 515 affected the crystallinity of Nylon 6 poly~er and impaired
jts flexibility. Such dispersion systems cannot be used during fiber
processing due to its particular size, compared to the diameter of
fibers. Despitg sevefa1 limitations, this fire retardant has been
used to produce fire-retardant Hylon polymers.

Processing of samples. Pure Nylon 6 chips were dried in a vacuum

oven at 110°C for 24 hours to prevent hydrolysis and bubbling during
fabrication at high temperatures. Dechlorane Plus 515 was used as re-
ceived. Its particle size was 5-15 u, according to the manufacturer's
cata]og. Antimony trioxide (Sb203), a catalytic grade, was used as a
co-fire retardént. Ifs average particle size Qas 1-2 .

Nylon 6 chips, Dechlqrane ahd szo3 were mixed in a po1yethy1ene
bag by shaking and the mixture was loaded on a two-axis extruder in or-
der to produce homogeneously mixed chips for fabrication. The ratios
of components used in theée,experiments.are listed in Table 60. The
amount of Dechlorane Plus 515 was varied from 10 PER (parts per hundred
resins) to 50 PHR, and the ratio of Dechlorane Plus 515 and szo3 based
on PHR was also changed to three levels: 4?3, and 2. A total of 13
different grades of Fr-Nylon chips were produced. The heater of the

two axis extruder was set to 255°C and the temperature of the Nylon

. polymer melt was maintained at 237 + 2°C. Nitrogen gas was passed

through the extruder to prevent thermal degradation of the polymer.
The mixture of Nylon and fire retardants was extruded in the form of
strands which were cooled in a water bath and cut into chips by a

rotary cutter.




Table 60. Composition Of Fire-Retarded

Nylon 6 Polymers

gSample Dechlo-}5b,04 !Dech]o-| Dech]o:g c1° !Sb203b} Total,

Lot |rane | rane/ | rane”| Wt. % | Wt. =7
 Number | PHR®- | PHR® 1Sby03  Wt. % jut. ' Additives
o1 j10 l2s s lsss |smjaz M

2 | 10 |33 t 3 8.82 : 573 2.4 ' 11.76 |

3 | 10 [s0 | 2 8.70 | 5.66| 4.35  13.05

s | 20 !s0o | 4 1600 ‘l040! 400 20.00

s |0 ‘67! 3 1579 0.z7 ;5.7 21,06 |
6 20 ‘100 | 2. '15.38 fm.ocgé 7.60 1 23.07 '
i 7 30 7.5 | 4 21.82 214.19§ 5.45  21.2 i
. -8 | 30 100 | 3 (2183 13.93 RETREFTA
% 9 2 5.0l 2 20.69 113.45 |10.34 31.03
0 a0 oo | 4 zeer 1738 6w i o3 |

m |4 313| 3 |26.09 |16.95 | 8.69 | 34.78

12 | 40 (200 | 2 25.00 216.2‘5 112.50 . 37.50

13 16.7 | 3 [30.00 i19.50 {10.00 | 40.00

%arts per hundred resins.

b

Wt. % is calculated on the basis of total composites.
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Sample specimens for use in the evaluation of the flammability
characteristics of the fire-retardant polymers were produced by molding.

The FR-Nylon strand chips were dried in a vacuum oven for 4 hours -
before molding. The cﬁips were loaded to an injection molding machine
which was equipped with two dies. One die is of a size 1/4 x 1/4 x5
in. which was used to produce specimens for the Limited Oxygen Index
(LOI) test. Test pieces with a éize of 1/2 x 5 x 1/16 in. were pro-
duced from another die; these sémp]es were. used for Underwriters Labor-
atory (UL) Test, Subject 94, a vertical flame test. The temperature
of the cylinder of the injection molding machine Qas set to 250°C. A

silicone mold release agent was used where necessary.

2. Analysis of fire retardants

Ac;ording to the manufacturer's information, Dechlorane Plus 515
(hereafter referred to as D-515) is a Tow volatile organic chlorinated
compound, having a chlorine content of 65.1 percent. This fire retar-
dant is insoluble in water and slightly soluble in organic solvents,
such as methanol, benzene, and methyethylketone. This fire retardant
is recommended to be used with SbZO at a ratio of D-515/Sb203 =2

on weight basis. No other information was available and it was

generally believed to have a structure of

Cl Cl
. >Cl

VAR ¢ '

o B (c. cl..)

L. jc1 107712
c1

Ccl

Cl2

Declorane Plus 515
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From chemical analyses conducted cn this fire retardant, includ-

_ing elemental analysis and the mass-spectrocetry studies, as well as

from information available in the 1iterature,(34) the structure of
this compound was found to be 1, 2, 3, 4, 7, 8, 9, 10, 13, 13, 14, 14--
dodecachloro--1.4, 4a, 5, 6, 62, 7, 10, i0a, 11, 12, IZa-—dodecahydro-b
1.4; 7.10--dimethanobenzo {2 e) cyclooctzne.

1 C
al 1

a el o (Cyghlyp)

C1 C1

The result of e]ementai analysis on the sample as tested in listed in
Table 61. The data shows an excellent agreeﬁent with the theoretical
values. The mass spectra of this cormpound had a molecular peak at
m/e = 648 and the fragmentation pattern of n/2 = 642-672 agreed com-
pletely with the calculated peak ratio for a 6112 copound.

A series of dechlorane compounds were analyzed using thesé same
techniques and their chemical structures were identified. These strut-

tures are listed in Table 62 for reference.

3. Characteristics of flame-retarced nylon 6 polv-er

Limited oxygen index (LOI) (ASTM TZZ723) test. As was illustrated

previously, the Limiting Oxygen Index (L0I) is the minizum concentra-
tion of oxygen required to just sustain ignition and combustion of a
tes§ material. It should be noted that, although the test results ob-
tained using the LOI'procedure are very reproducible, this test does

not measure the actual burning rate of a polymer.

Lo
AR s itaiin SN2 5
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Table 62. Chemical Structures Of Dechlorane Series Fire Re'cardants’2

i ,
- Kaze Chemical Structure Wt. % of
! Halogens !
' Dechlorane
; plus 25 & g Cn”s“u C1: 65%
{ plus 515 ! ;
5 ' ? | i
{ :
;- | |
: . i . "
!Dechlorane 603 ‘ C”HB(Z]12 , Cl: 66.7%
: ! s
[ i
Dechiorane 602 cl o C]4H40C1]2v3 Cl: 69.3%
ct t
R ci |
, cl ! C1: 30.7%
DeChlorane 604. 8r | - ; Cy3HsClgBry| Br: 46.2
8r gr CI L
4

YProducts of Hooker Chemical Corporation.




Samples of FR-Nylon 6 used for the LOI test were rods with a

size of 1/4 x 1/8 x 5 in., which were formed by injection molding.
The results of LOI tests conducted on 14 FR-Nylon poly-ers which have
different amounts of D-515 and Sb203 are summarized in Table 63.

Figures 60, €1 and 62 are LOI values plotted against total weight
percent of fire retardants, including Dechlorane and Sb203, the
amount of Dechlorane and the amojnt of 55203. Analysis of these
figures leads to the following conclusions:

1. There is an almost linear relationship betweer LOI and the

amount of fire retardants utilized, although tre effect
of fire retardants is rather small when the weiznt of
fire retardant is less than 10 percent. '

2. The optimum ratio of Dechlorane to Sbp03 is 3; further

addition of Sbp03 does not improve the flame retardancy
of the polymer.

3. Dripping of Nylon resin was observed during turning of

samples No. O through 6. Samples No. 4 throuzn 6 formed
char layers, although slight dripping was observed.
Complete char formation was attained in samoies No. 7
through 13, which burned sustaining their orizinal rod
form. The char layers formed on these sampies prevented
flame-propagation to the lower portion of the test
specimens. . :

From the results obtained in this series of experirents, one can
conclude that the more resistant FR-Nylon polymers reguire at least 30
PHR of the Dechlorane retardant plus the addition of Sb203. These for-
mulations did not exhibit dripping and had a minimum LOI value of 30.

UL Subject 94 vertical flame test. The UL Subject 34 vertical

flame test is a small-scale flame test developed by Lnderwriters
Laboratory. Both vertical and horizontal tests are contained in this
'subject. In our experiments the vertical test, the test for "self-

extinguishing materials," was used for the evaluation of FR-Nylon




Table 63.

Limiting Oxygen Index (LOI) of

Fire-Retarded Nylon 6 Polymers

Sample Dechlorane Sb203 Dechlorane/ , LOIb
Lot Number PHR? PHR Sb,0,

0 0 0 0 26.0

1 10 2.5 4 25.5

i 2 i 10 3.3 3 24.5
3 i 10 | 5.0 2 25.0

‘ 4 20 : 5.0 4 27.0
! 5 | 20 L 6.7 3 27.5
i 6 2 ' 10.0 2 28.0
§ 7 30 A 4 29.5
i 8 30 10.0 3 30.0
9 40 . 15.0 2 30.0

10 40 ' 10.0 4 30.5

1 40 . 13.3 3 32.0

12 40 | 20.0 2 32.0

13 50 16.7 3 33.5

aparts per hundred resins.

bm—z—,,——zm— X 100.
2
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species, since the vertical test is much rore severe than the horizon-
tal one. It should be noted that this test procedure is used to ob-
tain a 1aboratofy comparison only, these results may not correlate to
the materials in service perfonﬁance in a fire.

Po]ded plates with a size of 5 x 1/2 x 1/8 in. were used. The
specimens were dried in an air oven at 70°C for 168 hours and then he]d

in a dessicator for 4 hours at room temperature. The UL-94 testing

. apparatus is illustrated in Figure 63.

- The specimen is held by a clamp with 12-in. distance from its
bottom end to ground, where a piece of cotton was placed. A Bunsen
burner with 1.E. of 3/8" is used as the flame source. A blue flame
was controlled to 3/4" 1éngth and 3/8" of the flame was placed in con-
tact with the bottom edge of the sample for 10 seconds. Then the
burner was.removed quickly and the time of the.f1aming combustion was
measured. Immediately after the flaming was extinguished, the burner
was put to the botfom end of the sample again.for 10 seconds, and the
time for the flaming and thg glowing'of the sample was measured. A

wad of cotton placed beneath the test specimen was used for the meas-

urement of fire spread by dr1pp1ng (of f1ax1ng droplets).

Samples tested using the UL-94 test are usually classified into
four grades in the order of the increasing fire retardancy: 94 HB
<94 V-2 < 94 V-1 < 94 V-0. The designation ha]f—burning (HB) is
applied to those mater1als which can pass UL-94 horizontal test, but
cannot pass the vert1ca1 test due to a rap1d flame propagation rate
1eading to complete combustion of the sample. The criteria of grading

6f UL-94 vertical test js surmarized in Table 64. The results

[t




3,!4 ¥
BUNSEWN
BURNER

-COTTOW

— e
S T T

Figure 63. UL-S4 vertical flame test.
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obtained from testing each of the fire-retarded Nylon polymers are
sumarized in Table 65. A level ofv30 PHR of the Dechlorane fire
retardant and 10 PHR of the co-fire-retardant Sb203 were required to
achieve a rating of V-0. The atomic ratio of chlorine to antimony

was 15:3.

4. Thermal analysis of flame-retardant Ny1oh 6 polyrer

Effect of fire retardants on polymer decomposition. Samples of
FR-Nylon wére evaluated using tﬁe thermoéna1yzer. The dried FR-Hyion
chips were heated at 10°C/min rgte from ambient to 1000°C in air.

. Figures 64, 65 and 66 contain the data that surmarize the sample weight
loss characteristics of FR-Nylons with different levels of fire retar-
dants. |

Samples 6f the Nylon polymers exhibited an initial loss of weight
at lower temperatures as the coﬁcentration of fire retardants was
increased. ‘ ‘

The amount of char residues increased with thé increased incorpor-
ation of fire retardanté. Although the char residues contained a
considerable portion of the Sb203 incorporated into the polymer the
char-formation effect induced by this fire-retardant system was evident.

Dechlorane, Sb203 and the mixture of Dech1orane and_Sb203; were
exanined by thermal analysis in air at a heating rate of 10°C/min.
These results are summarized in Figures 6 and 68. Dechlorane started
to lose weighf at 255°C and it was totally consumed by 435°C, while
the}e was not much weight loss shown by the Sb203 up to 900°C. ‘The

TGA trace of the mixture of Dechlorane and Sb203 is not the
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superimposition of two traces from individual components.

Effect of environment on the thermal degradation of Nylon 6

polymers. Figures 69, 70 and 71 illustrate the TGA thermograms of

several FR-lylons obtained in air and helium environments at a heat-
ing rate of 10°C/min. No weight loss occurred under 300°C; a rapid
weight loss was -observed to occur at approximately 320°C. Char for-

mation did not occur during the inert thermal degradation; a slight

| amount of residue was observed above 500°C. This study suggests that

the rode of the degradation df FR-Nylons is rather similar to that
of the non-fire-retarded Nylon. The weight loss at low temperatures

can be attributed to the loss of the Dechlorane fire retardant.

5. Analysis ofllow-boi1ing voléti1e‘products

Sémples of FR-Nylon 6 polymers were exposed to an oxidative air
environment and heated at a rate of 100°C/min from ambient to a final
temperature of 1000°C. The volatile products from the oxidative de-
gradation were collected.using the trapping system that was described

previously in Chapter IV. The experiments were performed with a 50 mg

. sarple size for characterization and quantitation. Product separation

was accomplished using Chromosorb 101 column packing in 16 ft. x 4 mm
0.D. stainless-steel tubfng-whiéh was temperature prograrmed -10 to °
265°C at 10°C/min. Each experiment was conduéted in duplicate; the
quantitative data were obtained using both TCD and FID detectors.

Five samples with lot numbers 2, 5, 8, 10 and 11 (see Table 60

for composition) were analyzed. More than 35 volatile components were

resolved, 32 compounds of which were jdentified. Typical chromatograms
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obt2ined in this study are shown in Figure 72, the dotted lires i1~
Justrate peaks which are hidden by the large peak from water. Sable
66 contains a summary of the Jow-boiling volatile prccucts chtained
during the oxidative degradation of the Nylon polyrers. '
An attempt was made to jsolate hydrogen chloride from tha woia-
! tile compounds, since no chlorine-containing corpound was fcurnd in
| the volati]e products. The exhaust gas from the thermozanalyzer fur-
nace, containing the degradation products, was jntroduced directly
" to an aqueous solution of silver nitrate so that hydrogén chlorice
might be trapped as silver chloride; however, no precipiteticn of
silver chloride was obtained in these experiments. |
An analysis of the results of this series of experi—ents i2d to
the following conclusions: .
1. The nature and concentration of'the volatile procucts
produced during the oxidative degradation of iylcn diZn't
change substantially with the addition of fire retarcanis.

2. The quantity of organic volatiles decreased with the in-
creased addition of fire retardants.

3. Hydrogen chloride was not found during polymer ggracation.

4. No organic volatiles containing chlorine were jsnlaed and
jdentified utilizing the trapping techniques emplcyec. :

The results of these studies confirm the earlier studies cf
Reardon <2 aZ.(106) These investigators pyrolyzed nylon 6 polyars
which contained organobromine compounds, such as hexabro::bi:henyl
and dodecabromopentacyc1odecane and reported the pyrclysis preducts

were not altered by the incorporation of fire retardants. Fowever,

these studies do not necessarily imply the ineffactiveness cf tne

halogen components as fire-retardants, as was claimed byiaearéan.
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Table 66. Low-Boiling Volatiles Produced During The Oxidative

Degradation (Slow Heating) Of Non-Fire Retarded And

Fire-Retarded Nylon 6 Polymers

I; Quantity® l
. | ; :on-Fire T Fire-Sezarsad ]
k , Rezarded Polyrers
Low-Boiling b s ‘oo ¢ b
yolatiles nurserst | TES ael Sclwmer [, 1 ks @ L.
; ! 1
Carbon monoxide 1 - i Q.E70 " 485 asg | - 370 -
Niethane 2 0.05 ! 1.3 s2.1 71.0 | 45.8 49.0 2.3 |
Carbon dicxide 3 0.7  0.3i5 . 53 833 1490 23 353
Nitrous oxide 4 1.00 | C.E3. 5.08 3.30 ¢ 3.9 ! 3.05: 2.81°
Ethylene 5 0.96 | C.%>  17.91 ! 12.50 ¢ 10.34 n.62 | 9.37 1
Acetylene 6 0.96 | S.:3X c22 | v 7 .73
Ethane 7 0.8 ¢ 1.231F  3.32 2,32, 1.97 1.55 | 1.7
Cyanogen 0.48* ; 1.5 T - e L e )
Water 9 0.82 | a.ss 395 367 360 N0 272
Propene 8 0.%¢ | 2.f 17.21 12,10, 12.63 @ 11.21 e
Hydrogen cyanide 10 0.99 | 1.8 7.8 ' 9.23 1022 16.31 ¢ e.o1
Methano! n 330 | a3z 302 ¢ o6 e | ooari €32,
Accicaldenyde | 12 090 ! .. 241 | 306 1.e ' LN 08l
Butene 1N 0.97  ¢.833 387 | -- 1.0 0.70 | 0.65
1,3-Butadiene 14 0.97 | 0.87F, 4.5 445 1 432 2.33 2.45
Ethanol 15 0.85 | C.%2 ., 1.00 0.21 + T 0.10 , ¢€.18:
| I-Pentene 16 0.97  C.&s2y 0.3 2,93 F em o e 1 de
| Aetenitrile 17 0.95 | C.951 ' 17.21 1149  6.93 2.9 8.28 .
Prooenenitrile 18 0.95 | £.582 ; 1C.85 16.75 ¢ 9.95 , 4.53 ' 4.3°.
Nitromethare P19 0.95 ; 2.0 - o8 , T 7T T .
Propanenitrile 20 0.95 | C.§30 = 4.97 1.8 ' .25 0.41 .38
Metacrylonitrile . 21 D 595 . o7z .66 b 1.2 .69 0.53 .47
3-Butenenitrile 1 22 | 095 crz gy 26 . 12r oo g.26 T
Benzene I3 | 0.90 | .82 4.59 ¢ 3.3 1.8 neT . 0.34
Butanenitrile .24 0.95 | 0.&5; 1.7 0.85 1.07 P
Pyrrole 25 0.95 . 2.671 : (.9 c.sz! 0.21 0.1 T
Pentanenitrile 26 0.95 c.es2 . T N S I S
Toluene 27 ) o5 ! o7 :  5.06 - 2.5 ! 235 | 1.52¢ 1.38 ¢
Cyclopentanone 28 095 . cex i 2.9¢ | o0l 110 1 0.5 075
Iylene 0.90 | 0.8i8 § 0.02 - -- - -
Capronitrile 29 0.90 | ©o.83% ; 9.85 7.87 6.12 4.00 | 3.92:
Styrene 0.88 - C.50 ¢ 0.20 - - -- -
Hexenenitrile 30 0.90 | C.785 | 317 1.8 1.2 1.00 | 0.52,
Phenol 3 g..8 | lass ' 056 T T 0.2 T 1
Benzonitrile 32 0.88 i 0.85% i c.7? T T -- T
*Estimated

Grpe duplicated analysis of the oxidative degradation with a sample
size of 50.0 mg from ambient to 1gesec.

l"t‘,m-v-esmrln!s to peak numgers in Figure 72..
Crelative trapping efficiencies.
dﬂchtin response factors for the thernal conductivity detector.

’!ﬂligrms of compound produced per gram of polyrmer as measured by
analytical techniques.
!non FR-sample that was degraded at the same conditions.

FRelative response factors for the flame forization detector.
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It should Se remercsred that hydrogen-containing fire retarcdants zare
: expected ts cusncn the chain propagation step in the vapor phase
durins cortustion.  [n the-pressure of Sb203 chlorinz would form

Sb.C1, cr S50CT, waich act as very effective radical cuencrers.

273




CHAPTER IX
SUMMARY AND CONCLUSIONMS

In the study of the thermal degradation of Nylon 6, polyethylene
terephthalate (PET), and polycarbohate polymers, mogt decomposition.
products including low-boifing vo]étiles (gases), high-boilin@ vola-
tiles (aerosols, heavy 0ils), and solid residues‘(tﬁars, particulates),
were identified and quantitéted. A good materiaWs balance was chtained
‘with these three different step-growth polymers, both for the pyrcly-
sis aﬁd the'oxidéfive degradation procesﬁes.

- The stgdy of the degracation products and the thermal beﬁavior of
‘Nylon 6, PET and polycarbonate polymers, led to the developrent of
proposed thermal degradation mechanisms. The meéhanisms were found to
be different, depending upon the basic polymer structures.

The principal pyrolysis process for Nylon 6 in an inert environv_
ment was that of.a rather simple depolymerization réaction vhich led
to thé formation of e-caprolactam and‘o1igomers're§emb1ing the struc-
ture of the original polymer. Secondary Eeactions'octufred af higher‘
temperatures‘which led to the decomposition of the monomer and oli-
gomers. Homolytic random chain scission reactions may be responsible
for thé formation of ﬁethane, carbon monoxide, propene, ethylene,
;ntwnia, carbon dioxide, water, hydrocarbéns,and nitriles. No nofice-v
able char formation was observed during the pyrolysis of Nylon 6.

In an air environment the oxidative reaction was competitive with
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the pyroiysis r2acticn. The oxidation reaction products such as
- carbon mcnexide, carbon dioxide, water, hydrogen cyanide, and nitriles,

were dooinant in the volatile product distribution. The total amount

- of s-caﬁrO'a:tsu and oligomers recovered from the oxidative degrada-
tion process cacreased to approximately one-third that observed during
the pyrolysis process.

The re#:?ts cf the analysis of volatiles, aerosols and non-vola-

. tile selid resj:;es at several stages of:the oxidative degradation of
Rylon 6 suczest that the major degradation step occurring beiween '
233-453’C'is copesed of the compétftive reactions involving both
pyroly;is z2nd cxidative degradation;

A we2k char structure was formed during the oxidative degradation
of ﬁylon é. Thf; char was later decomposed to carbon ronoxide, carbon
dioxide,and watar at elevated temperatures.

Under tﬁe cgnditions of high heating rates, when high temperatures
are reached is a short time, the formation of c-caprolactas and oli-

- gorers was féwﬁrgﬁ. On the other hand, at low temperatures, the oxi-
dative reaction is dominant, as was indicated by the results of the
isothermel oxiZative degradation.

tinlike the decomposition of Nylon 6 polymer,‘the principal thermal
deérédatian process for the polyethylene terephtha1ate polyrmer apczared
to be randoz scissions of polymer chains. Weak linkages in the PV

structure, such 2s

C00izE,  -00i0-,  and  <C)-Co-

were brcken under the dynamic heating conditions.
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As contrasted to the formation of a weak char during thermal de-
composition of the Nylon 6 polymer, a greater amount of a strong char
was formed during the pyrolysis of PET. This char was stable at 1020°C
in an inert environment and contained a high concentration of carbon.
The stabi]ity of phenyl ring in the polymer structure hay be responsi- -
ble for tﬁe formation of this strong char structure.

It can be estimated that the weak aliphatic linkages are broken
homolytically at lower temperatures, forming low-boiling volatile
fragments and oligomers. These volatiles and scme of the more Qolétile
oligomers were carried away by the environmental gas stream, and the
remaining polymer was then degraded at high temperatures tc form 2
carbon-based char structure by str{pping off low-molecular weight
compounds. .

The oxidation reaction is superimposed on the basic random chain
scission mechanism. The oxidatioh accelerates the degradaticn of PET

by attacking first the aliphatic part of the polymer structure. The

aromatic part would be also decomposed by oxygen at elevated termpera-

tures. Thus, the PET was completely consumed at 580°C in an air
environment.

As observed in the degradation of the PET polymer, the principal

,dggradation reaction of the polycarbonate polymer appeared to proczed

through random chain scission reactions along the polymer chains. Any

weak bonds, such as

e 0 .C c

(Do oo (@Y, e

'_ i c c
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ruptured urder the dynamic heating conditions employed in this study.

The char formation reactions in polycarbonate can occur more
reacily than in PET. A large amount of char, which accounted for 23
percent of the original sample, was obtained during the pyrolysis of
the polycarbtonate polymer. The rapid char formation would be attained
first by the elimination of carbon monoxide and carbon dioxide fron
the carbonate linkage followed by the decorposition of isopropylidene
groups at higher temperatures. |

In the cxidative environment it is probable that the degradation
of isoprcplyidene groups involved oxidation to hydroperoxides, followed
by extensive chain scissions as was suggested by Lee.(84) The forra-
tion of Bisphenol-A which was identified only during the oxidative
degradaticn can be explained by the hydrolysis of po]yme?ic or oligen-
eric units contained in the polycarbonate polymer.

‘The fire retardant 1, 2, 3, 4, 7, 8, 9, 10, 13, 13, 14, 14 -
dodecachlore- 1, 4, 4a, 5, 6, 6a, 7, 10, 10a, 11, 12, 12a - dodecahydfo-
1.4:7.10-direthanobenzo [a.e.] cyclooctane (Dechlorane Plus 515 produc-
ed by Eooker Chemical Co.) in many was found to be an effective fire
retardant for the Nylon 6 polymer. This fire retardant can be incor-
poratec into the polymer without causing appreciable changes.to the
properties of the polymer. The optimum ratio of Dechlorane Plus 515
and antiony triovide which was used as a co-fire-retardant was
determined to be approximately 3. At least 30 PHR of Dechlorane Plus
515 and 10 PER of antimony frioxide wa§ needed in order to impart |
effeétive fire-retardancy to the Nylon 6 polymer.

The results of the analysis of the products from the oxidative
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degradatian revealed that the nature of volatile products wés not
greatly affected by the inclusion of fire retardants, although the
quantity of orcanic volatiles decreased with the increased ad&ition
- of fire retardants.

As it is apparent from the results of this stﬁdy, the patterns
of thermal degradation reaction of .three step-growth polymers are
different, depending on their basic chemical struétures. The classi-
fication opronméfs in terms of their production routes cannot be
applied to classify the pattern of the thermal degradatidn of poly-
mers. Nylon 6§ undergoes a depolymerization process, while PET and
polycarbonate are cegraded through random chain scissions. ilylon 6
tends to yield its original monoﬁeric unit and form little char struc-
ture, uhije PET and polycarboﬁate mainly form oligomers and significant
char forration was cbserved. The amount of char which can be an in--
dicator to show the thgnna1'stability of polymers, is r0ugﬁ1y propor-:

tional to the arcratic carbon content in the original polymer structure.
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