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ABSTRACT

This thesis describes an investigation into the thermal and
oxidative degradation of polyethylene and into the influence on these
reactions of the presence of bromine-containing additives in the
atmosphere surrounding the polymer. The thermal degradation reaction
was studied at both 400 and 430°C and the oxidation reaction was
studied at 430°C

In the Introduction a survey is made of previous studies of
the thermal and oxidative degradation of polyethylene and other
organic polymers, Work on the influence of bromine-~containing
additives on the flammability of organic polymers is also discussed
together with relevant work on the combustion of volatile hydrocarbons,

The techniques and apparatus used are described in the
Experimental Section, A static system was used which incorporated
a reaction vessel designed specifically for the introduction of solid
polyethylene samples into the system. The reactions were followed by
pressure change and loss of weight measurements and by analysis of the -
volatile products of the reactions.

The Results Section gives details of the kinetic and
analytical results obtained., Hydrogen bromide reduces the rate of
loss of weight of polyethylene during thermal degradation at both
400 and 45000 @hereas this additive increases the rate of breakdown in
the gas phase of the volatile products formed from the polymer, The
rate of degradation of polyethylene was also found to be reduced by

those organic bromides which decomposed to yield hydrogen bromide under



the experimental conditions used. Hydrogen bromide reduced the rate of
loss of weight of polyethylene during oxidation whereas the rate of
oxidation of the volatile products formed from the oxidising polymer
was increased by this additive.

The experimental results are critically examined in the
Discussion. The reduced loss of weight of the polymer during both
thermal and oxidative degradation in the presence of hydrogen bromide
is discussed in the light of the possible physical and chemical effects
of this additive. On the basis of a proposed chain mechanism for the
thermal degradation of polyethylene, the influence of hydrogen bromide
is attributed to an increased rate of chain termination in the presence
of this additive. It is suggested that a similar effect may also
contribute to the observed reduction of the rate of loss of weight
during omidation of the polymer. TFinally the relevance of this work
to the influence of additives on the flammability of polyethylene is

discussed.
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A General

The degradation of organic polymers may be brought about by a
variety of chemical and physical agencies and this process is often
accompanied by an unfavourable change in the physical and mechanical
properties of the polymer, Degradation in this context is taken
specifically to mean a reduction in the lengths of the polymer chains
although other changes in structure, such as cross-linking or loss of
groups attached to the chain, may also have a profound effect on the
bulk properties of the material, Physical agencies which are known to
cause chain scission include infra-red, ultra-violet and gamma
radiation, heat, light, ultrasonic waves and mechanical stress, Many
previous investigations of degradation induced by chemical agencies
have been specifically concerned with attack by oxygen.

The study of degradation processes has proved to be of
fundamental importance in polymer chemistry often showing, for example,
how small irregularities in molecular structure may have s pronounced
effect on the behaviour of the polymer. Basic research has, however,
been stimulated by two requirements associated with the use of
polymeric materials, The first is that the material should be stable
in the environment in which it is to be used and the second is that
the flammability of the material should be reduced as far as possible
so that it does not present an unreasonable fire hazard., The
environmental problem arises even in the fabrication of commercisal
materials (in processes such as moulding, rolling, extrusion etc.),

vhere both thermal degradation, or the incorporation of oxygenated



structures which cause subsequent degredation during uee, ma& occur.

At the other extreme, polymeric materials are often required for use at
very high temperatures so that the synthesis of materials which are
thermally stable but still retain desirable mechanical properties is :
becoming increasingly important (1).

The flammability of a polymer depends on both its thermal
stability and its resistance (or that of its degradation products) to
oxidation. Since the problem which formed the background to the
original work which is described in this thesis concerned the
flammability of polyethylene, the introductory section reviews
published work on the thermal and oxidative degradation of organic
volymers. Work on polymers other than polyethylene is described either
where compexrison with work on polyethylene is useful or where

information of a comparable nature on polyethylene is not available,

B Thermal degradation of organic polymers

1. The nature of the problem and general experimental methods

For the elucidation of the mechanism by which organic
polymers are degraded by heat, measurements of the following are of
vital importance,

(1) The change of the molecular weight of the polymer during
degradation,

(ii) The nature of the products of degradation.

(iii) The rates and temperature coefficients of the

degradation processes.
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At temperatures where the rate of degradation is appreciable,
however, many polymers exist in the liquid (often wviscous) state, so
that the samples are subject to effects which may make meaningful
quantitative measurements difficult. Thus, since polymers terd to be
poor conductors of heat, a sample may, where a degradation process is
endothermic, be below the temperature of that of the surrounding reaction
area (2). 1In measuring product formation, especially with thick polymer
samples at low temperatures, volatile products may teke many seconds to
escape from the polymer during which time secondary reactions may
occur (3). On the other hand, at high temperatures the polymer may be
partly, if not entirely, degraded before the supposed reaction
temperature is reached and the products will be even more liable to
secondary cracking (4). With these effects in mind, investigators
have tended to keep the polymer samples small and to allow the samples
to undergo pyrolysis under vacuum so that the products are removed as
quickly as possible from the reaction zone. Very little work has been
reported on the pyrolysis of polymers in gaseous atmospheres and that
which has been done has dealt mainly with product formation.

The general techniques by which the course of the degradation
of polymers has been followed include those summarised below,

(1) Loss of weight This is applicable at temperatures

where volatile fragments are produced during pyrolysis and may be
followed either by withdrawing the polymer sample during pyrolysis (5)
or by incorporating a sensitive balance in the apparatus so that loss

of weight may be measured continwously (6,7), In most work of this
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nature the sample is maintained at a constant temperature throughout
each run but more recently a non-isothermal method has been successfully
devised (8).

(ii) Product formation Measurement of pressure increase

during pyrolysis is useful only where the polymer is degraded almost
entirely to give very low molecular-weight products (2). On the other
hand, qualitative and quantitative analysis, by mass spectrometry or

gas chromatography, of the volatile products formed has proved important
in the interpretation of the mechanism of degradation reactions.

(iii) Viscosgity measurements The intrinsic viscosity of a

polymer, obtained by measurements of the viscosities of solutions of
the polymer in a suitable solvent, is related to its number average
molecular weight., Thus, it is possible to determine by viscometry
meagurements the variation of the molecular weight of a polymer during
degradation. Polyethylene is one of the few polymers for which this
has been done (9).

(iv) Group analysis The formation of specific groups in the

polymer regidue may be determined at different stages of the degradation

process (9).

2s The thermal degradation of polyethylene

(a) The thermal stability of polyethylene
In the absence of oxygen, poljethylene is stable up to 290°C
when chain scission is found to take place producing a decrease in
molecular weight (9). At 360°C volatile products begin to appesar,

vhile at higher temperatures (above 450°C) complete disintegration to
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volatile products occurs so that there is no evidence of cross-
linking (10).

(b) Molecular weight measurements

Oskes and Richards (9) followed the change in molecular weight
(number average, M) as a function of time of heating by measuring the
intrinsic viscosity, v, of the sample residues in tetralin., The
molecular weight was obtained from the relationship,

v = l.OS(M)O'7 x 1072
Samples of 5-10 g. were pyrolysed in glass tubes which were usually
evacuated continuously but which were in a few cases filled with
nitrogen. No difference could be detected between the rates of
degradation of polymer samples pyrolysed in the evacuated and the
nitrogen-filled tubes,

Measurements at 315 and 360°C, where no volatilisation occurs,
indicated a sharp initial drop in molecular weight followed by a more
gradual decrease tending towards a constant value, The variation of
intrinsic viscosity with time which was obtained is shown in figure 1.
Pyrolysis at higher temperatures produced a sharper fall in molecular
weight,.

From the variation of molecular weight, the number of C-C bonds
broken could be calculated for given times of pyrolysis. The initial
rate of degradation was expressed as the rate of hreaking of C~C bonds.
The dotted lines in figure 1 show the plots for the two temperatures
which would be obtained if the initial rate of reaction were maintained

throughout the reaction; comparison of the theoretical curves with the
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Figure 1

Effect of time of heating on the intrinsic viscosity of

a sample of polyethylene at 315 and 360°C (reference 9)
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experimental curves shows that this is not the case. The activation
energy obtained by Oskes and Richards (9) is compared with values
obtained by other workers in section B.2(f).

Similar results were obtained by Wall and co-workers using
polymethylene (11). In this work it was found that, at higher
temperatures, where volatilisation of polymethylene occurred, the sharp
initial drop in molecular weight was complete before one per cent of
the polymer had volatilised. |

(e¢) Group analysis of polyethylene residue

Ogkes and Richards (9) examined the residue after pyrolysis
and found it to be a polyethylene wax, similar to the original starting
material, with an empirical formuls corresponding closely to CH2. The
degree of unsaturation of the product was determined by the measurement
of its iodine number and the types of unsaturation were distinguished
from the infra-red absorption spectrum. The results obtained confirmed
and extended previous work by Thompson and Torkington (12).

It was found that the degree of unsaturation of the residue
increased as pyrolysis proceeded. The molecular weights and iodine
numbers of various product samples of differing molecular weight were
determined and calculation showed that for the bulk of the reaction,
degradation produced one double bond in each product molecule. It
was concluded, therefore, that the primary products of degradation were
monoalkenes. Infra-red absorption measurements indicated that three
distinct types of alkenes were produced by pyrolysis, viz: (i) RCH=CH

2

(ii) RCH=CHR® (iii) RRC=CH Of these, (ii) and (iii) increased to

2.
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a constant value by the time the molecular weight of the polyethylene
had been reduced to 5-10 per cent of its original value and only the
concentration of vinyl groups (type(i))increased throughout the course
of the reaction,

(d) The products of degradation

Madorsky and co-workers (10) studied the products formed
during the pyrolysis of a commercial grade polyethylene (mol.wt.=20,000),
50 mg. samples of the polymer were pyrolysed in vacuo on platinum trays
at various temperatures (335-45000) and samples were taken for analysis ‘
after various pyrolysis times, The volatile products were condensed
as the reaction proceeded on a surface cooled by liquid nitrogen and
placed just above the pyrolysis tray. The products were later
separated into three fractions, prr’ volatile at the temperature of

, volatile at 25°C and V ., volatile at -80°C. The

25 -80
V-BO fraction, which formed about one per cent of the weight of polymer

pyrolysis, V

volatilised, was analysed by mass spectrometry and was found to consist
of & complex mixture of Cl--C7 straight chain alkanes and alkenes with
trace quantities of dienes. The monomer, ethylene, formed only 0.025
per cent by weight of the volatilised polymer. It was found that both
the nature and relative quantities of the products in the V_80 fraction
and the proportion of the total pyrolysed part accounted for by the
V-SO fraction remained fairly constant over a wide range of
volatilisation and reaction temperatures. The less volatile fraction,
V25, was presumed to consist of higher members of the alkane and alkene
series, The fraction involatile at room temperature was found (by a

freezing point method involving solution of the sample in camphor) to
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have an average molecular weight of T00; +this corresponds to a chain
of approximately 50 carbon atoms,

Using the same technique the behaviour of polymethylene was
investigated (13). No striking difference was noticed in the relative
proportions of the three fractions or in the nature or quantities of the

products in the V_, . fraction. Pyrolysis of polymethylene at higher

80
temperatures (up to 1200°C) showed that the higher the temperature of
pyrolysis the greater is the fragmentation of pyrolysis products. The
introduction of an inert gas (e.g. helium, at atmospheric pressure)

also increases the degree of fragmentation of the products (14,15).
Madorsky (15) suggests that the effect of temperature may be ascribed

to secondary reactions in which the primary products undergo degradation
while passing through the hot zone of the reaction vessel. The effect
of pressure may perhaps be accounted for in terms of molecular collisions
hampering the escape of volatile products so that secondary reactions

are again encouraged.

(e) loss of weight measurements

The rate of production of volatile material from polyethylene
has been investigated by Jellinek (6) and Madorsky (7 ) both of whom
measured continuously the decrease in weight of the polymer undergoing
degradation in a vacuum. Jellinek (6) used a quartz-spring balance
and sample sizes of the order of 20 mg., whereas Madorsky-(7:) used a
tungsten-spring balance and sample sizes of the order of 6 mg.

Jellinek (6) investigated three commercial polyethylenes of

average molecular weight 11,000, 16,000 and 23,000. The results were
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presented by plotting cumulative loss of weight as a function of time
for temperatures varying between 370 and 436°C. Some of the results
are given in figure 2, It can be seen that, for the major part of the
reaction, linear plots are obtained; +this indicates that the reaction
is of zero-~order with respect to the weight of polymer residue., The
rate of the reaction was obtained directly from the loss of weight
curve and expressed as per cent of original sample weight lost per
minute. Some of the values obtained are given in table 1. It was
found that, for a given pyrolysis temperature, the rate of loss of
weight decreased with increase in the molecular weight of the starting
material and this finding is in agreement with that of Ozkes and
Richards (9), who measured the initial rate of degradation in terms

of bond scission.

Madorsky's results on polyethylene (mol. wt. = 20,000) are
shown in figure 3. (The work is described in reference 7. The
temperatures stated in the original reference were later corrected in
reference 16, Figure 3 gives the corrected temperatures of pyrolysis).
The rate of loss of weight, expressed as percentage change in the
original sample weight per minute, is plotted against the weight per
cent of polymer volatiliséd. ©Each pyrolysis curve appeared to consist
of two distinct linear portions. The first portion of each curve
corresponds to an initially high rate of loss of weight which rapidly
decreases. The second portion of each curve corresponds to a more
gradual decrease in the rate of loss of weight and the values which lie

on the second part of each curve are found to correspond to a first-
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Figure 2

Thermal degradation of 20 mg. samples of polyethylene

(mol. wt. = 23,000). Cumulative loss of weight as a
function of time (reference 6)
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Table 1

19

Rate of thermal degradation of polyethylene measured by loss

of weight
Molecular Temper*
weight agure Rate
of sample (t¢) i
Madorsky (7)
Initial rate Rate constant for
(per cent of sample first-order reaction
wt, min, ) (per cent of , residue
wt, min, )
372 0.36 0.160
371 0.45 0.225
20,000 382 0.61 0.340
387 0.78 0.480
392 - Oo 745
Jellinek (6)
Rate of zero-order reaction (Pﬁf cent
of original sample wt. min, )
375 0.011
393 0.092
23,000 412 0.480
436 1.824




Rate of degradation (% of original sample weight per min,)
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Figure 3

Thermal degradation of 6 mg. samples of polyethylene.
Rate of loss of weight as a function of degradation
(reference 7)
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order dependence on the weight of polymer residue. The discontinuity
in the pyrolysis curve occurs at a higher percentage of volatilisation
for higher pyrolysis temperatures. The initial rate of loss of weight
of the polymer, expressed as the percentage of original sample weight
lost per minmite, was obtalned from the Intercept on the y-axis when
the firat portion of the curve was extrapolated, The first—order rate
constant for the second portion of the curve was expressed asg the
percentage of residue welght lost per minute

(i.e. (~dw/d$)(1/w) x 100 , where t is the pyrolysis time in minutes
and w the weight of the residue at time t; thus to obtain the more
conventional rate constant the values should be divided by 100).

The values obtalned for the initial rates and for the first~order rate
cunstants are given in table 1.

The results of Jellinek (6) and Madorsky (7) are not in very
good agreement, They differ ag regards the dependence of the rate on
extent of pyrolysis and, although this makes difficult a comparison of
the rates given in table 1, the values obtained by Madorsky (7) appear
to be much higher than those obtained by Jellinek (6) at comparable
temperatures. Jellinek did not observe a high initial rate although
it may be relevant that before each experiment the polymer sample was
heated in order to get it into a molten state, Criticism has been made
of Jellinek's work in as much as by using relatively large sample
weights, loss of welght may occur by sputtering, particularly in the
later stages of pyrolysis, which would therefore obscure any decrease

in the rate of loss of weight due to volatilisation (17). This might
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account for the zero-order curves obtained,

Madorsky (7, 13,18) investigated the influence of the extent of
chain-branching on the reaction by comparing the results obtained with
the commercial polyethylene described above with those using a pure
grade polymethylene (virtually no branched chains) (13) and a highly
branched polyethylene (containing 20 methyl branches per 1000 carbon
atoms) (18). The degradation of polymethylene was found to present an
almost ideal case of first-order dependence of rate on the weight of
polymer residue throughout the reaction. The results for the highly
branched polymer resembled very closely those for the less branched
commercial polyethylene, giving two distinct stages of reaction. For
a given temperature the first~order rates of degradation obtained for
the three polymers were about the same., Thus chain-branching appears
to influence the reaction in the initial but not in the subsequent
stages.

Anderson and Freeman (8) attempted to resolve the conflict
evident in previous work using an elegant technique in which the loss
~ of weight of polyethylene was measured continuously during pyrolysis
under non-isothermal conditions, The temperature of a 100 mg. sample
of polymer under vacuum was increased by 5°C per minute from ambient
temperature to SOOOC where pyrolysis was complete. From first
derivatives of the weight loss - temperature curves it was possible
to determine both the orders and the activation energies of different
stages of the reaction. The technique allows the reaction to be studied

immediately loss of weight occurs gsince it eliminates the time-lag in
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the isothermal method during which the polymer reaches the proposed
reaction temperature.

Anderson and Freeman (8) reported zero~order dependence of
rate on residue weight from O to 15 per cent volatilisation. From 35
to 95 per cent volatilisation the reaction was first—order with respect
to the residue. The region from 15 to 35 per cent volatilisation
represented a transition from zero-order to first-order kinetics. Thus,
Madorsky's observations on the later stages of the reaction appear to
be confirmed although no evidence was produced in favour of a zero-—
order dependence of rate on residue for the initial stage. Since in
Madorsky's work ( 7.) the initial rate of the reaction was obtained by
extrapolation, first-order kinetiecs were obviously assumed in this
region,

In summarising the loss of weight work it appears probable that
for most of the reaction the rate of loss of weight is proportional to
the weight of residue, The dependence of the rate of pyrolysis on
residue weight in the initial stage of the reaction still requires
clarification.

(f) Activation energy

The activation energies for the thermal degradation of
polyethylene obtained by various workers are given in table 2, In all
but the work of Oakes and Richards (9), where the rate of carbon-carbon
bond scission was determined, the rate of degradation was expressed in
terms of loss of weight, In general the values are in very good

agreement and it appears that, for the bulk of the pyrolysis reaction,



Table 2

The thermal degradation of polyethylene

overall activation energy
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values for the

Order | Activation
Bxtent of Re- with energy
Polymer action respect to -1 Referency
residue |(kcal mole ")
Polyethylenes
Mol.wts Initial rate only - 60=T0 9
11,000-23,000
Polyethylenes
Mol,wts
23,000 66.1
16,000 Bulk of reaction Zero 52,6 6
11,000 46,0
Polyethylene Initial rate first 48
Mol,wt: T
20,000 ILater stages first 63
Polymethylene | Bulk of reaction first 72 13
Branched
polyethylene later stages first 64 18
Polyethylene 0-3% wt. loss Zero 48
DYNH-1 3-15%wt, loss zZero 61 8
Mol.wt:20,000 | 35-95%wt.loss first 68
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the overall activation energy for the degradation process is of the
order of 60-70 kecal mole-l.

(g) The reaction mechanism

Hydrocarbon polymer degradation reactions involve long chain
molecules which may contain structural irregularities and any chemical
change occurs in the condensed phase. Features such as these suggest
that any established mechanism by vhich simpler hydrocarbon molecules
undergo degradation mgy have little theoreﬁical relevance to the
detailed nature of polymer degradation. Since in each case the reactant
is a hydrocarbon, however, the types of feaction and of interxmediate
species involved may well be gimilar,

Before polymer degradation had received detailed attention,

Rice and Rice (19) had suggested a mechanism for the gas phase
degradation of simple hydrocarbons which involved the initial formation
of free radicals and their subsgequent participation in a chain reaction.
Some years later, Simha et al. (20,21,22) proposed a similar mechanism
for the thermal degradation of hydrocarbon polymers and this accounts
fairly well for the general features of such reactions. The basic
steps for the general case of an alkene polymer, (CHX)n, are described
below. (Note that in the equations the dotted line, - - - -, represents
the continuation of the polymer chain)

(i) Initiation

1
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In a polymer such as a pure polymethylene initiation by chain
scission could be caused only by thermal strain in the molecule. Most
commercial polymers contain, however, small percentages of impurities
and structural irregularities. In polyethylene, for example,
oxygenated groups and chain branches have been detected by infra-red
absorption measurements (12). Thus initiation may occur, at least in
the early stages of the reaction, at points in the chain where such

irregularities occur.
(ii) Propagation
H Z Z H HH ? H
- - -E; - -F‘ -——-—-—-—-——-—-—;} - ——é—%' + C=2:
bk b kh
This represents the reverse of the propagation step in addition

polymerisation and resulte in the formation of free monomer molecules.

(iii) [Free radieal transfer

There are two ways in which this can occur.

Intermolecular transfer :

Transfer involves the abstraction of hydrogen by the radical from its

own or another molecule and is accompanied by fragmentation of the
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carbon chain. In the case of intramolecular transfer the most probable
point of attack is the third to the seventh carbon atom from the erd of
the chain,

(iv) Termination

HH HH §§ F
- - -E-_E. + -U:- - ) == C-C-H 4+ C=C- - -

| | J(I |} iﬁ

XH H XH X

Termination is thought to occur by the disproportionation of radicals,
as above, or by the combination of radicals, the reverse of the
initiation reaction.

In the reaction scheme outlined above, a free radical may react
by one of two competing processes both of which involve bond scission.
The first of these processes involves the 'unzipping' of radicals to
yield monomer molecules; +the second involves free radical transfer
yielding chain fregments. VWhich of these processes predominates for a
given polymer may be deduced by examining the experimental data. Table
3 shows for various polymers the monomer yield (expressed as the weight
per cent of the pyrolysed part) and the zip length (23) which is a
function of the chain length of the depolymerisation reaction.

These results may be interpreted in the following way. In the
sequence polyethylene, polypropene, poly(2-methylpropene),
polytetrafluoroethylene, monomer production increases with decreasing
concentration of hydrogen in the carbon chain. Thus it appears that
where less hydrogen is available for transfer the depropagation reaction

becomes predominant. In the case of polystyrene, although the amount



Table 3

The thermal degradation of various organic polymersimonomer yields

Polymer of :

Monomer yield
(weight per cent of
volatile products)

Zip
length (23)

Ethylene

Propene

Methyl acrylate
2-Methylpropene
Styrene
p-Methylstyrene
a-Deuterostyrene
o-Methylstyrene
Methyl methacrylate

Tetrafluoroethylene

0.025

0.2

2.0
20
40
42
70

0.01

1.0
3.1
3.1
3.7
11.8
$200

3 200

28
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of hydrogen in the chain is the same as in the case of polypropene,
presumably steric hindrance contributes to the predominance of the
depropagation reaction. When the reactive tertiary hydrogen is
replaced by a methyl group as in poly(ahmethylstyrene), the further
reduced hydrogen availability and increased steric hindrance increase
the.monomer yield to nearly 100 per cent. In the same way the structure
of paly(methyl methacrylate) is consistent with the experimental results
suggesting that the reaction proceeds almost entirely by depropagation.

Arguments of this nature lead to the conclusion that with
polyethylene the extent of depropagation is negligible, The reaction
is thought to proceed by random splitting of the polymer chain by radical
transfer; +this would lead to the complete spectrum of hydrocarbon
fragments which has been observed as the reaction product. Random
chain scission would obviously account for the sharp initial fall in
molecular weight during the pyrolysis of polyethylene as compared with
the more gradual fall in molecular weight which occurs during the
degradation of poly(methyl methacrylate) to monomer (24).

The initially high rate of degradation of polyethylene found by
both Madorsky ( 7) and Oakes and Richards (9) may be explained in terms
of irregularities in the polymer structure. Thus oxygenated structures
would encourage initiation and the tertiary hydrogen at points of
branching of the carbon chain would be more reactive with respect to
hydrogen abstraction thanr methylenic hydrogen. This interpretstion is
supported by the absence of a high initial rate during the degradation

of pure polymethylene and the observation by Oskes and Richards (9)
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that unsaturated groups of the type RCH=CHR' and R'RC=CH2 are formed
only in the initial stages of the reaction.

An alternative mechanism for the degradation of polyethylene
which does not involve radical formation has been proposed by Madorsky
and Straus(13,25). It was suggested that, if free radicals were formed
at all, it was difficult to see why so little unzipping to monomer took

place, In the proposed scheme s thermal bresk in the chain occurs

simultaneously with intramolecular hydrogen sbstraction.

i’)"“ =i

HHHH
_-_ﬁ bt -
ik b

Thus, since no free radicals are formed, unzipping to yield monomer
cannot occur, This is similar to s mechanism previously proposed for
the degradation of polystyrene (26).

3. The influence of additives on the thermal degradation of
ers

A common property of many free radical chain reactions is the
marked effect, often inhibitory, of small concentrations of certain
additives. The use of this property as a diagnostic test for a free
radical chain mechanism operating in organic polymer degradation is
limited by the following factors. Suppose that the additive is initially
incorporated in the polymeric materigl. Since degradation occurs with
the polymer in the molten state, the accessibility of the additive
molecules to the radical chain carriers may be restricted. Furthermore
the proposed additive must have low volatility and high thermal stability

to be effective at the high temperatures and low pressures used for the
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investigation of degradation reactions. The latter requirement
suggests that a polymer such as poly(methyl methacrylate), which
undergoes degradation at a relatively low temperature, would be
particularly suitable for an investigation of the effect of additives
on polymer degradation, It has been reported for this polymer that,
at temperatures in the range of 220-24000, 1,4 diamino anthraquinone
permanently inhibited the degradation as measured by production of the
monomer (27). This was taken to confirm that the degradation
proceeded by a chain mechanism with radical chain ends unzipping to
form monomer and it was proposed that the reaction was suppressed by
combination of inhibitor molecules with the chain end radicals,
Degradation of a polymer in a gaseous atmosphere containing a
volatile additive reduces the experimentasl difficulties outlined above.
Thus it might be expected that a gaseous additive would diffuse more
readily throughout the reaction medium and hence offer the best
possibility of influencing the course of the reaction. Such a study
has been made using polytetrafluoroethylene at temperatures between
400 and SOOOC (28). The rate of degradation, ss measured by loss of
weight, was found to depend on the nature of the gaseous atmosphere.
Thus oxygen, nitric oxide, hydrogen sulphide and sulphur dioxide were
found to increase the rate whereas chlerine, hydrogen, carbon
tetrachloride and xylene were found to decrease the rate of degradation
with respect to pyrolysis in nitrogen. It has been suggested that the
inhibitor, for example chlorine, is effective by terminating the

depropagation reaction to monomer and by participating in a chain
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transfer reaction thus increasing the random fragmentation of the
polymer chain (28). No work of this nature with polyethylene has been
reported.

Examples of the inhibition of the degradation of hydrocarbon
polymers include that of polystyrene by tetralin (29,30) and of

polypropylene by aluminium silicate and xylemne (31).

C The oxidation of hydrocarbons

1. General

Oxidation of polyethylene involves hydrocarbon molecules and
despite the unique nature of long chain polymer molecules it seems
probable that some of the reactions which occur will be similar to those
taking place during the oxidation of simpler hydrocarbons. Indeed,
because of the inherent difficulties in the study of polymer
reactions, the interpretation of the mechanism has often been aided by
analogy with those involving simpler molecules, In addition, when
the oxidation of & polymer is severe, it is likely that low molecular
weight hydrocarbons are produced so that an understanding of the
mechanism of oxidation of volatile hydrocarbons will be of direct
relevance, This section includes, therefore, a brief survey of the
oxidation of simple hydrocarbon molecules which will aid the subsequent
discussion of polymer oxidation. This survey is also necessary in
order to appreciate the effect of additives on oxidation reactions.
Following this survey is a discussion of polymer oxidation which is
subdivided to reflect the two principal regions of interest. Studies

in the low temperature region (below 200°C) have been mede with 2 view
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to understanding the processes involved in 'weathering', i.e. the
- deterioration of polymer properties produced by atmospheric oxidation,
particularly in the presence of ultra-violet light., It is only
recently that detailed studies have begun to be made on the other
region of interest, namely that of oxidation at higher temperatures
where the polymer burns.

As mentioned above there are many difficulties peculiar to
the study of the oxidation reactions of polymers. One of these is
that the reaction occurs between a gas and a liquid or solid so that
for work to be kinetically meaningful precautions must be taken to
avoid diffusion control. At relatively low temperatures it has been
possible to produce films of such thickness that the reaction is not
diffusion controlled (32). At higher temperatures, however,
particularly those approaching the combustion region, there is a
tendency for molten polymers to 'lump' which makes it extremely
difficult to control sample thickness (32). Another difficulty arises
from the size of the molecules involved. A vital step for the
understanding of any mechanism is the identification of the reacting
species. With polymers, however, the new groupings which appear as a
result of the initial stages of oxygen attack form part of very large
molecules and this makes the identification of such groups difficult.
On the other hand, although volatile products where formed are identified
relatively easily, such products are the result of a complex series of
reactions gnd give no clue as to the initial mode of attack. Thus

physical methods of analysis (oxygen uptake (33), infra-red analysis
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(32) ete.) are very important in the determination of the groupings
formed.,

2. The oxidation of volatile hydrocarbons

(a) Slow combustion

Mixtures of hydrocarbons with air or oxygen in the gas phase
react at temperatures above about 200°C.  The mechanism of these
reactions at lower temperatures involves a free radical chain process
in which the chain is propagated by reactive radical species and in
which degenerate branching is caused by the slow further reactions
of intermediate molecular products to give additional reactive radicals?

The reactions responsible for the oxidation of alkanes may be
written in terms of the following general equations, vwhere X represents

any free radical and P represents molecules of product.

Initiation RBH + 0y —> R + HO, (1)
Propagation R + 0 =— X + P (2)

X 4+ BRH — 3R + P (3)
Eranching P + 02 —_— X (4)
Termination X — wall (5)

Each of the reactions written, however, consists of several
alternative or concurrent steps. Thus in most alkane molecules there
are carbon-hydrogen bonds of several, different molecular environments
and the bond strengths of these differ appreciably (34). Several
alkane radicals, R, will be formed in non-equivalent amounts (attack at

tertiary hydrogen being the most strongly favoured) by the initiation
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reaction (1) (35). Reaction (2), as represented, is also composite

(36,37) :

-/’/5R02 (2a)
B+ 0y ———3 [R= - -0-0]

TNHO, + alkene (2b)
Reaction (3), the attack of the fuel molecule by free radicals,

is perhaps the most composite of all :

RO, + HH -—————— ROGH + R (3a)
B0, + R ———3 EO, + R (3b)
RO + RHE — 3 ROH + R (3¢)
O  + RE ———y HYO + R (3a)
RO, + BRH oy ROM  + R (3e)

Thus the RO, and HO, radicals which sre formed in (22) and
(2b) respectively may attack RH dirvectly in (3a) and (3b) (37).
Alternatively, however,R02 may isomerise and decompose to produce
RO and OH (38,39,40) or isomerise and add on further oxygen to produce
RO4 (41); each of these new oxygenated radicals may then react with
RH as in (3c,d,e) (42,43,44) to regenerate R and continue the chain.
Beactions involving RO, may produce molecular products (38) (including
alkenes, carbonyl compounds end epoxides).

Reaction (4), the branching step, includes the homolytic fission
of peroxides (45,46,47,48) and the oxidation of aldehydes (49,50) :

ROOH ——————3 RO + OH (4a)

HO, + M ey 20 + XM (4v)

RCHO  + 0, ————3 RCO + HO,, (4¢)
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Reaction (5) has not yet been fully investigated although the
kinetic implications of the process have been elucidated (51, 52) and
it is known experimentally (48,53) that the extent and nature of the
surface present affect the rate of oxidation in a manner consistent
with this theory.

At low temperatures (less than 20000) the principal propagation
and branching steps are (2a)(3a) and (4a) (45). At somewhat higher
temperatures characteristic of cool flames, (2a), (3d), (3e), (4a)and(4c)
tend to predominate.(38,54),. At still higher temperatures (greater |
than 350°C) the reactions of importance are (2b), (3b) and (4b). A%
400 to 600°C therefore, the primery stepd involved in alkane oxidation

may be written as follows (53),

Initiation C2H2n+2 + 02 —_— Cn52n+l + H02
Propagation CnH2n+l + O2 e e CnH2n + HO2
HO2 + CH2n+’.§—_"'—_'a H202 + qu 2n+l
Branching H202 + M ——— 20H + M
Termination HO2 —_—) wall
OH ~— wall

This relatively simple reaction scheme by no means describes
completely the whole course of oxidation. In the presence of an
excess of oxygen, for example, intermediate products such as alkenes
will be oxidised further.,

Alkenes are oxidised in the gas phase by two major routes.,
Abstraction of hydrogen by free radicals from the allylic position

leads to a mechanism analogous to that of alkane oxidation (55,56) in
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which the primary products retain their unsaturated linkage to the
fuel molecule, This is also similar to the predominant mechanism of
the liquid phase oxidation of alkenes (57). Alternatively addition
of radicals to the double bond leads to oxidation in which the
unsaturated character is lost and produces carbonyl scission compounds
and epoxides as the major products (58,59). Under conditions where
alkenes are products of alkane oxidation, therefore, these further
oxidation reactions may occur.
(b)  Flames

Slow combustion, cool flames and the reactions preceding the
ignition of hydrocarbon~-oxygen mixtures may be studied under essentially
isothermal conditions in a static system, The study of flames is
obviously more complicated since the temperature, the flow of gases
and the diffusion of reacting species vary according to the reaction
co~-ordinates, It is intended here to review the chemical rather than
the physical characteristics of flames in order to provide a context in
which the quenching of flames by additives may be discussed.

Flames studied in experimental work are of two general types.
In premixed fleames the reactants are mixed before burning and in
diffusion flames they are not. Both systems can yield valuable
results but aelthough the conditions in diffusion flames approach more
closely those existing in practice, premixed flames-are perhaps the
simplest for direct chemicdal..study.

It has been known for some time that free radicals exist in



38

flames (60,61) and in the light of the detailed work which has since
been reported the overall nature of flame propagation may be
summarised as follows. As the fuel approaches the flame front it
will be heated by conduction and radiation so that pyrolysis, to some
extent catalysed by oxygen, will occur, On reaching a critical
temperature a series of rapid free radical reactions occurs, some of
which are highly exothermic and account for most of the heat released
in the flame. Finally recombination reactions occur in the post-flame
gases at a relatively low rate but with an accompebying heat release,

The nature of the reacting species and the products of the
reaction have been determined by a number of techniques including
spectroscopy and direct sampling. Relevant information has also been
provided by experiments using flash photolysis and shock tubes.,

The most detailed study has concerned the hydrogen-oxygen
flame and the similarity of the propagation and branching reactions
observed to those occcurring at lower temperatures.in hydrogen-oxygen
nixtures has aided the interpretation of the results. Much evidence
opposes, however, the extrapolation of the mechanism of hydrocarbon
oxidation at lower temperatures to flame temperstures. Thus some
hydrocarbons which have the same burning velocities (62) are known to
undergo oxidation et markedly different rates at temperatures around
500°C (63).

No general mechanism for the burhing of hydrocarbons has yet
been developed and detailed data have been obtained only for the simplest

hydrocarbons. The nature and concentrations of reactants and products
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have been determined for a fuel-lean methane flame premixed with
oxygen (64,65,66,67). As the fuel was consumed, hydrogen, water and
carbon mcnoxide were rapidly formed with a subsequent decay of hydrogen
and carbon monoxide concentrations as water and carbon dioxide were
formed. Traces of formaldehyde were also observed. Studies of a
diffusion flame of methane showed traces of acetylene, ethylene, ethane
and methyl acetylene in the initial products (68).

A similar growth and decay of hydrogen and carbon monoxide to
that in methene flames has been reported for premixed propane-air
flemes (69,70,71) and for ethane-air flames (72). Thus the evidence
suggests that the last stage of the flames of simple hydrocarbons is a
carbon monoxide-hydrogen-oxygen flame fed by the breskdown of the
hydrocarbon.

Some of the reactions which have been suggested as occurring
in a methane-oxygen flame are as follows, A concentration of radicals
is established in the gas approaching the flame front by, for example,.
thermal and oxidative degradation of the fuel. Thus it is thought
that the first stage in the thermal decomposition of methane in the
temperature range 1000-2000°C is (73)

CH4 — CH3 + H .
One of the important chain-branching reactions which may then occur is
H + O2 —3 0 + O
and it is thought that most of the oxygen is consumed by this reaction
rather than by the attack of methyl radicals by oxygen molecules (74).

In fuel-lean mixtures the methane is thought to be consumed mainly by(65)
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+ HO0

CH + O ——————3 CH 5

4
and in fuel-rich mixtures by (75)

CH4 + H e 1 CH3 + H2 .

Carbon monoxide is probably formed via 2 reaction between methyl

3

radicals and oxygen atoms although the primary product is uncertain(76),
If the reaction is (75) |
CH3 + 0 i +- HZCO
the presence of traces of formaldehyde would be explained, the latter
compound subsequently reacting to form carbon monoxide. It has also
been suggested (77) that formaldehyde tskes part in a branching
sequence of some significance. Carbon dioxide is thought to be formed
from carbon monoxide (65) by the exothermic propagation reaction
H + 00 ———— 002 + H .,

Some of the water present must be formed from the initial product,

hydrogen, by the reaction (65)

H, + OH 3> B + H .

In fuel-rich premixed flames and in diffusion flames of methane the 02

fragments observed (68) may be formed by radicasl combination reactions

such as

LY
GH5 + CH.5 ~ CZH6 .
Recent work (78) has related the consumption of ethane in

fuél-lean ethane flames with the concentration of hydroxyl radicals

and in fuel-rich flames with the concentration of hydrogen atoms and
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it is supposed that the primary product of the initial reactions is the
ethyl radical. 1In propane flames a mixture of Cl’ 02 and C3 hydrocarbon
intermediates has been observed (70) although, significantly, no
oxygenated hydrocarbon derivatives can be detected. Little further
attempt has been made, however, to interpret the mechanism of combustion
of ethane or of higher hydrocarbons.

It can be seen that the mechanism suggested for the oxidation
of methane and presumably of other hydrocarbons in flames bears little
relation to the mechanism which is thought to operate during slow
combustion, This may be partly due to the fact that the rate of the
branching reaction

H 4+ 02.*___u_____9,OH + 0)

increases more rapidly with temperature than the rate of the reaction
CH3 + 02 —_— CH302
which is but little affected by temperature.

Now that an outline has been given of the types of reaction
which occur characteristically in hydrocarbon flames an attempt will
be made, in conclusion, to relate the stability of such flames to the
reactions which occur, I+ is found that for a given fuel-oxygen
mixture there is a critical flow velocity, the burning velocity, above
which extinction occurs., Many factbrs probably contribute to the
stability of the flame such as heat conduction to unchanged fuel gas
(79) end diffusion of radicals against the flow of this gas (80).

A more important consideration however is that of the balance bhetween

chain-breaking and chain-branching (8l1). The temperature of the fuel



42

mixture rises as it approaches the flame iront. Eventually the
tignition temperature' is reached at which the rate of chain-branching
ig equal to the rate of chain-breaking. Above this temperature the
concentration of radicals rapidly increases until, at a 'critical'
radical concentration, ignition occurs, There is thus an ignition
lag corresponding to the time interval between the attainment of the
ignition temperature and the instant of ignition. If the flow rate
is such that there is insufficient time for the ignition lag to be
completed before the gases have passed through the hot zone of the
flame, the flame will be extinguished. Obviously additives which
cause chain-bresking at the expense of chain-branching may interfere
with this critical balance and cause flame quenching. The significance
of this conclusion will be developed in greater detail in a subsequent
section,

3. The oxidation of hydrocarbon polymers

(a) Low temperature oxidation

Work on the thermal oxidation of hydrocarbon polymers at low
temperatures (below 20000) has shown that the basic mechanism bears a
close resemblance to that which occurs in other hydrocarbon systems
(i.e. gas and liquid phase oxidation) in the same temperature range.
The following survey is not intended to be comprehensive but is me:snt
to emphasise the extent to which the polymers behave, during oxidation
reactions, as typical hydrocarbons.

Infra-red spectroscopic analysis of polyethylene films during

oxidation (82,83) shows that hydroperoxide groups are formed, the
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concentration of which increases rapidly, after an initial induction
period, to a maximum and thereafter remains constant or in some cases
decreases. The concentration of carbonyl and hydroxyl groups
increases throughout the oxidation even after the stage at which the
hydroperoxide concentration reaches its maximum (83%). At later stages
of the oxidation the concentration of carboxyl and ester groups is
also appreciable (83,84). The total unsaturation remains approximately
constant throughout the reaction (83) although the nature of the
unsaturated groups changes (82). The oxygen uptake is initially
small but subsequently increases rapidly until a certain stage of the
reaction and thereafter increases relatively slowly (33,84). The
effect of increased branching of the polyethylene chain is to

increase the initial rate of oxygen uptake (85) and the initial rate
of formation of oxygenated groups (83,84) but not the limiting values
of these quantities (84).

Changes in the molecular weight of polyethylene during
oxidation are reflected in the nature of the solid obtained by
cooling the sample at different stages of ithe reaction. Thus one
worker reporgs that initially a wax-like solid was produced but
eventually a hardening of the sample was observed (33)., Experiments
at over 200°C have shown the formation of volatile products which
include carbon monoxide, carbon dioxide, formaldehyde, methane and
ethylene (32).

Experiments on polypropene (86) have shown the rate of

oxidation (measured by oxygen uptake) to be approximately thirty times
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greater than the rate of oxidation of polyethylene., Furthermore, for
polypropene, the rate of formation of volatile products (which include
water, hydrogen peroxide, acetone and aldehydes) increases as the
hydroperoxide concentration decreases (87).

These results have led to the following generally accepted
mechanism for the low temperature oxidation of hydrocarbon polymers.
Initiation is thought to occur as a result of the formstion of radicals
at weak links or at irregularities in the carbon chain rather than by
direct attack by oxygen (33). Once radicals have been formed the
chain reaction leading to the formation of hydroperoxide groups (33)
parallels that already outlined for the gaseous oxidation of hydrocarbons.
The rate of this chain reaction will increase with the concentration of
tertiary hydrogen on the chain; this may account for the observed effect
of branching on the rate of oxidation (83), although the variation with
polymer type of crystallinity or of ordered regions (in the melt) may
also contribute to this effect (84).

The experimental data strongly suggest that hydroperoxides are
the precursors for the formation of other oxygen containing groups.

The hydroperoxide groups may either react to form more stable oxygenated
structures or decompose to form reactive radicals, so that the
development of the reaction rate exhibits features associated with
degenerate branching (87). The formation of ketones does not involve
chain scission whereas that of aldehydes does (84). Alcohols may be
formed via the radicals produced by the decomposition of the

hydroperoxide groups (88) and acids may result from oxidation of the
aldehydes (84).
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The reaction profile as measured by oxygen uptake is explained
as follows. It is thought that the peroxides have a promoting effect
on the reaction which is therefore autocatalytic (33,88). Thus, as the
reaction proceeds, so the rate of oxygen uptzke increases. Although in
liquid phase oxidation such a reaction is homogeneously autocatalytiec,
it has been suggested that in polymer oxidation a peroxide group
activates only adjacent sites on the polymer chain (33). Some workers
suggest, however, that order in the polymer structure accounts for the
initially low rate of oxidation (84). The finel decrease in oxidation
rate has been correlated (33) with crosslinking (possibly involving
ether bridges) the occurrence of which has been deduced from the eventual
hardening of the sample. It has been suggested that this reduces
mobility in the polymer and hence the rate of the propagation reaction

RH + RO2 ~————3 ROOH + R .,

Other evidence, however, discounts crosslinking as the cause of the
decrease in the rate of oxidation (89).

The low temperature oxidation of hydrocarbon polymers exhibits
a typical property of radical chain reactions of sensitivity to small
quantities of certain additives. Thus di-p-naphthyl p-phenylene diamine
(which is used as an antioxidant during processing) causes a long
induction period in the oxidation of polyethylene, after which the
reaction proceeds at the normal rate (86)., The nature of the chemical
reaction which produces such an induction periocd depends on the nature of
both the polymer and the additive. Two possible mechanisms have been

suggested, The propagation cycle may be interrupted either by trapping
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radicals (90) or by donation to chain-carrying radicals of labile
hydrogen by the additive (91) by reactions of the type,

ROO + HA —————) ROOH + Alunreactive)

R + HA ———— RH + A
where HA is the additive.  Alternatively the additive may decompose
the hydroperoxide to give inactive products (92) thereby reducing chain-
branching

ROCH + HA — > unreactive products.
These mechanisms have been discussed in a recent review of the effects
of additives on the low temperature oxidation of polypropene (87).

(b)  Burning

The widening application of polymeric materials has, in recent
years, stimulated interest in the basic chemical mechanism by which
such substances burn. No detailed work has yet been carried out in
this field although some indirect evidence has emerged from experiments
concerned with the inhibition of combustion. The following rather a
priori discussion is made in the light of the small volume of
experimental evidence which is available,

Some observations have been made on the burning of a polygtyrene
candle (93). On igniting the candle the pool of molten polymer was
observed to be dark in colour, presumably due to the presence of carbon
tars. As burning continued, however, a clear melt was obtained.
Separate studies showed that pyrolysis of polystyrene in the presence
of air produced brown pools of polymer whereas during pyrolysis in

nitrogen no discolouration was observed, The temperature measured in the
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sub-flame melt was between 230 and 540°C. Pyrolysis of polystyrene in
the presence and absence of small quantities of air yielded essentially
the same volatile products but no anglysis was made of the pre-flame
vapours of the burning candle.

The processes involved in the burhing of a polymer may be
envisaged as follows, The flame front conducts and radiates sufficient
heat to raise the temperature of the polymer surface to that at which
pyrolysis occurs. Thus volatile fuel is produced from the polymer to
a large extent by a purely thermal degradation reaction, although some
oxidative degradation may occur at the periphery of the flame.

For sustained combustion the rate at which fuel is fed to the
flame must be equal to, or exceed, the rate of flame propagation. The
flammability of a polymer will depend, therefore, on both its thermal
stability and on the nature of the degradation products. The thermal
stability of polyethylene is compared with that of
polytetrafluoroethylene and a number of hydrocarbon polymers in table 4,
With the exception of polytetrafluorcethylene, polyethylene appears to
be the most thermally stable. All the hydrocarbon polymers yield
volatile hydrocarbons on pyrolysis and are thus potentially highly
combustible materials., The relation between the ease of combustion and
the flammability of the products of pyrolysis is emphasised by the
observation that polymers which pyrolyse to yield products which are not
very flammable do not support combustion (95)., These include
‘polytetrafluoroethylene and poly(vinyl chloride) where the primary
products of pyrolysis are tetrafluoroethylene and hydrogen chloride

respectively.
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Table 4

Relative thermal stability of polymer (94)

é ?
P £ k * ; T i
olymer of : 350 i oh
| ("c)
-6 |
Tetrafluorocethylene 2x10 509
Ethylene 0.008 407 !
Propene 0.069 387
Styrene i 0.24 364
2-Methylpropene { 2.4 348
|
Methyl methacrylate | 5.2 327
l
a-Methylstyrene ! 230 278
!
* k350 Rate of loss of weight of polymer expressed as
per cent of residue per minute at 35000
*¥ Th The temperature at which half the weight of the

polymer sample volatilises on heating for
30 minutes.
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More work needs to be done before any further conclusions may
be drawn. In particular analysis of the pre-flame vapours for a
variety of polymers would show whether or not the fuel supplied to the
flame results from a purely thermal degradative process.

D The effect of bromine~containing additives on the oxidation of
hydrocarbons

1. The slow combustion of volatile hydrocarbons

Hydrogen bromide is well known to promote the slow combustion
of volatile hydrocarbons (96,97,98,99,100). Recent work on the slow
combustion and spontaneous ignition of a number of fuels in the
presence of organic bromides showed that unless the reaction took place
under conditions where the additive decomposed to hydrogen bromide, no
pronounced influence on the reaction was observed (101). The
influence, where observed, for all the fuels studied (which included
alcohols mnd aldehydes as well as hydrocarbons) was one of promotion on
at least certain stages of the reaction. The later stages of the
oxidation of methane at 510°C wvere, however, retarded by very small
amounts of the additive,

Two possible ways in which hydrogen bromide may promote the
oxidation of hydrocarbons are as follows., It may react with oxygen
thereby providing an extra and more effective mode of chain initiation
(101)

HBr + 02--——~————f§ HO, + Br
Br + R ~———2R + HBr .

Alternatively it may react wiith intermediate peroxides and increase the
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rate of chain branching (99)
ROCH + HBr ~———3 Br 4+ products
Br + BRH —~—-———-> R + HBr .

In order for the first mechanism to be effective, the direct
reaction of hydrogen bromide with oxygen must occur more readily than
attack of oxygen on the hydrocarbon. This is certainly the case with
methane and promotion of the initial stages of oxidation is in fact
observed (101). With formaldehyde however,initiation by attack of
oxygen on the fuel takes place more rapidly and it is of note that
promotion by hydrogen bromide occurs only in the later stages of oxidation
vhere the second mechanism suggested may operate (101).

The retardation of the later stages of oxidation of methane by
hydrogen bromide has been ascribed to a reduction by the latter compound
of the concentration of hydroxyl radicals

OH <+ HBr ———___-_.m~;H2O + Br .
Since the normal fate of the bromine atom is to react with a fuel
molecule to give an alkyl radical, the inhibition cannot be due simply
to a reduction in the concentration of chain carriers. However, the
reaction of formaldehyde (which is a product of the reaction) with
hydroxyl radicals is thought to introduce a chain branching sequence
which accounts, in the uninhibited reaction, for the increase in the rate
of oxidation with time (101)

+HCHO +0 +CH

OH SCHO ———2~3HO 43 H 0 SonE

2 or
+HCHO

Since this branching sequence is unique in the case of methane in that

it involves formaldehyde, this interpretation of the retardation is
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congistent with the observation that no similar effect was observed with
higher hydrocarbons where formaldehyde is not the agent responsible for
degenerate chain-branching.

2. Flames of volatile hydrocarbons

Compounds containing halogen atoms, in particular bromine-
containing compounds, are known to be effective inhibitors of
hydrocarbon flame processes. Thus bromine-containing additives reduce
the flammability limits (102,103), decrease the burning velocities
(103,104,105,106) and increase the limit temperatures (103) of
hydrocarbon-air flames. Bromine compounds are many times more
effective, on a molar basis, than additives such as carbon dioxide and
nitrogen (107) and this suggests that their effect is chemical in origin.
Work on the inhibiting effect of brominated hydrocarbons, which is
sumarised below, strongly suggests that such molecules are precursors
of the true inhibiting species which is thought to be hydrogen bromide.

A study of the effect of a number of bromomethanes on methane-
air flame speeds (105) has shown that at the point of meximum flame
speed (ten per cent by volume of fuel) their effect was equivalent to
that of an equal quantity of bromine. A similar effect has been
observed in a study of flammability limits (203). The effectiveness
of hydrogen bromide in reducing flame speed varied little with variation
of the composition of the fuel-air mixture whereas the effectiveness of
other bromine-containing additives depended appreciably on the

composition of the fuel-air mixture (105)., It was concluded, for
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bromine-containing additives other than bromine and hydrogen bromide,
either that the decomposition of the additive was required prior to

some critical stage of the combustion or that decomposition products
other than hydrogen bromide and bromine were responsible for the
inhibition. The correlation between efficiency and bromine content
suggests that the former explanation is the more probable. Some work on
methane-air diffusion flames inhibited by bromomethane (108) has
suggested that the molecule, rather than its decomposition products, is
the effective inhibiting species but no convincing mechanism, based on
this suggestion, has been advanced,

The mechanism of the inhibition of hydrocarbon flames by
brominated hydrocarbons which is generally accepted at the present time
(77,105) is illustrated by the particular case of bromomethane in a
methane-air flame. As the flame front is approached, thermal

decomposition of bromomethane, catalysed by bromine atoms, occurs

H. Y
C 5Br 7CH3 + Br
CHBBr + Br — GH3 + Br2
Brz‘{.:z._—'::::a 2Br -

Hydrogen bromide is then produced by reaction of bromine atoms with
fuel molecules

CH Br —-—---3HBr + CH

4 F 35 ¢
In addition, it is known that hydrogen bromide is one of the most
abundant products of the slow combustion of bromomethane (109) so

that hydrogen bromide will also be produced by such a process early in

the flame, Now it is known that hydrogen bromide is sufficiently
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stable at the temperatures encountered in the reaction zone of the

flame (about 2000°K) to exist mainly as undissociated molecules during

its residence time in that zone (105). Thus the concentration of certain
active radicals may be reduced by reaction with hydrogen bromide

OH + HBr-————fjﬁzo + Br
H + HBr

>H2 + Jr .,

This interpretation is consistent with the observation that, as the
concentration of brominated hydrocarbon was increased, both the flame
speed and the concentration of excited hydroxyl radicals were reduced
(105).

It was concluded in section C.2(b) that one of the most
important factors controlling flame stability was the balance between
branching and termination reactions in the hot zone of the flame.
Such a balance would be disturbed as a result of the replacement by

bromine atoms of radicaels participating in the branching reaction

H + O2 — 0H + Q

and in the reaction

HCHO + HO S HZO + CHO .
The latter reaction, which has been discussed previously, may lead to
branching. The rate of the exothermic propagation reaction

+ H

OH + ©O -%CO2
would also be reduced. It must be pointed out, however, that the
production of bromine atoms does not imply a reduction in the rate of

the propagation reaction since the normal fate of bromine stoms is to

reget with the fuel
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Br + CH4-—~———————}CH3 + HBr .,
In conclusion, it can be seen from this suggested mechanism
of inhibition that the effectiveness of an inhibitor depends on its
ability to produce an inhibiting species which is not so unstable as to
decompose before it reaches the required reaction zone of the flame but
is sufficiently reactive to react when it reaches that zone.

3, Burning polymers

Attempts to reduce the flammability of hydrocarbon polymers have
involved two general methods of approach. In the first an additive is
mixed physically with the polymer (110) and, in the second, substances
are incorporated chemically in the polymer structure wither by
copolymerisation or by direct replacement of groups on the polymer chain
(111). Both methods have proved to be effective, although the
following diseussion will concentrate on the former method.

The discovery of effective inhibitors of polymer combustion
has relied on difect tests of flammability since no fundamental work on
the causes of such inhibition has been reported. There is no uniformity
in the flammability tests used by various investigators but as an
example of these, the following is perhaps the most commonly used (112).
The additive is mixed with the polymer by milling or by dissolving the
polymer and additive in a volatile solvent and flashing off the solvent.
The resultant material is cut into standard strips which are held in a
flame until they ignite. Materials which do not ignite are called
"non-burning'; those which ignite in the flame but will not support

combustion when the source of ignition is removed are termed 'self-
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extinguishing'. The relative effectiveness of additives as inhibitors
may be determined by comparing the times taken for the burning samples
containing them to be extinguished after the source of ignition has
been removed.

The quenching of the combustion of hydrocarbon polymers by
halogen-containing compounds has been known for some time and the use of
organic bromine compounds in particular has been described frequently
in the patent literature (110,112). A few general comments may be
made on the relative effectiveness of organic bromides as inhibitors.
The most effective bromine compounds appear to be those with bromine
attached to an aliphatic or cycloaliphatic structure (113). Those
containing bromine attached to aromatic carbon atoms are much less
effective. The influence of a given additive also depends, however,
on the polymer to which it is added., Thus three per cent by weight
of ammonium bromide in polystyrene produces a self-extinguishing
material whereas concentrations of up to six per cent of this additive
are insufficient to stop polyethylene burning(95).

A considerable advance was made in this field when it was
discovered that the incorporation into the polymer of certain free
radical initiators in conjunction with an organic bromide substantially
reduced the quantity of the latter compound necessary to produce self-
extinction (114,115). Dicumyl peroxide, for example, which fulfills
the essential requirement of being stable under the conditions
encountered during polymer processing, has been shown to be such a

synergist, Thus 0,25 per cent by weight of dicumyl peroxide in
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polystyrene reduced the quantity of acetylene tetrabromide necessary to
cause self-extinction from 5 to 0.5 per cent (115).

The work described above may give only indirect information
regarding the inhibition mechanism. In an attempt to approach the
problem more fundamentally, two critical stages in the polymer burning
process which may be influenced by additives must be considered.

(i) The additive may react with the polymer in the
condensed phase in such s way as to decrease the rate of pyrolysis of
the polymer thereby reducing the rate at which fuel is supplied to the
flame to such an extent fhat the flame is extinguished. Alternmatively
the additive may modify the pyrolysis reaction by changing the nature of
the products,

(ii) The additive may release a species in the flame
itself which reduces the rate of certain free radical reactions essential
to flame propagation thus causing quenching of the flame,

No conclusive evidence for either mechanism has yet been
reported. However, the following experimental evidence may be of some
importance. Hydrogen bromide has been shown to be an effective
quenching agent when.added to either the fuel side or the oxygen side of
diffusion flames of styrene and benzaldehyde (93) which are known to
be major products of the thermal and oxidative degradation of polystyrene,
The concentration of hydrogen bromide in the initial products of pyrolysis
of polystyrene (in which bromine containing additives were incorporated)
was found to be about 7 per cent (by volume) for pyrolysis in nitrogen

and more than 20 per cent for pyrolysis in air (93). The greater the
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effectiveness of the additive as a flame quenching agent the greater
was found to be the concentration of hydrogen bromide in the initial
pyrolysis products of the modified polystyrene. The obserbation that
the incorporation of hydrogen bromide into the air side of diffusion
flames was more effective in causing quenching than its incorporation
into the fuel side, suggested that the region in the periphery of the
flame of a burning polymer might be critical.

Whether the critical phase for the inhibition is the pyrolysing
polymer or the flame, it appears probable that it is a species derived
from the additive, rather than the additive itself, which is the
active agent, This assumption requires that the stability of the
additive should be such that it decomposes either in the pyrolysing
polymer or in the flame, The observation that a given additive may be
effective for one polymer but not for another may simply reflect a
difference in the pyrolysis temperatures.of the polymers.

The effect of free radicsl initiators in enhancing the effect
of sdditives is not understood. It has been suggested that the
synergist may promote combination of the polymer with bromine thereby
ensuring that the degradation of the polymer and the release of an
inhibiting species occur simultaneously (114). Alternatively the free
radical initiator may catalyse the production of hydrogen bromide
followed by inhibition of the flame by the latter compound (93).

This survey has shown how much fundemental work needs to be
done, particularly with polyethylene, before a mechanism of flame-

quenching of polymers by bromine additives can be postulated.
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B The present work

A1l the preceding sections have bheen concerned with chemical
topics of supposed relevance to the phenomenon of burning hydrocarbon
polymers, From this survey it is obvious that no fundamental investigation
has yet been made of the mechanism by which such polymers burn nor of the
mechanism by which certain additiveg inhibit this combustion. It appeers,
however, that the most promising class of inhibitors is that of organic
bromides and a possible scheme fof invegtigating the inhibition of
combustion of a given polymer by such compounds would be:

(i)  to determine the nature of the fuel supplied to the
flame when the polymer burns;

(ii) +to determine the effect of adding a variety of
bromine compounds to the flame of a fuel mixture comparsgble with that
supplied to the flame of the burning polymer;

(iii) to investigate the effect of a variety of bromine
compounds on both the thermal and oxidative degradation regctions of
the polymer.

In this work it was decided to tackle the problem described in
(1ii) above both for its chemical interest and for its relevance to the
general study of the inhibition of the combustion of hydrocarbon polymers.,
The polymer chosen as the subject for this study, namely polyethylene,
is formally the simplest hydrocarbon polymer. It was proposed in this
initial investigation to add hydrogen bromide and various simple volatile
organic bromides to the atmosphere surrounding the degrading polymer

since gaseous additives diffuse more readily throughout the reaction
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medium than small quantities of solid additives incorporated into the
polymer., It was thought that such investigations would show what effect,
if eny, the nature of the surrounding atmosphere has on the thermal

and oxidative degradation of polyethylene. It was also hoped to
discover whether any observed inhibiting influence could be attributed to
partieular chemical species, Information on these points should help

to elucidate the factors controlling the flammability of hydrocarbon

polymers,
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4 Apparatus

1. The reaction vessel system

The reaction vessel system and the apparatus for the
introduction of solid samples into the reaction vessel are shown
in figure 4. The cylindrical reaction vessel, R, made of pyrex
glass, was 9 cm. long and 7 cm. in diameter, Entry to the reaction
vessel was made via a horizontal pyrex glass tube, I, 2 cm, in
diameter., The lower, semicircular half of this tube projected 7 cm.
into the reaction vessel to form a platform, P, which had a vertical
lip of glass, L, at its end. The tube, which was 46 cm. long from the
point where it entered the reaction vessel to the other end, could be
closed by insertion of a ground-glass stopper into the socket, C. The
tube projected horizontally 28 cm. outside the furnace, F, and was
comnected to the vacuum line by 2 mm. capillary tubing through the tap
T.

4 double rail, D, (two parallel lengths of pyrex rod joined
together at each end) ran the whole length of the introduction tube from
ghe vertical lip, L, to the socket, C. A glass peg, A, on the end of
the rail, which fitted into a depression, B, in the introduction tube,
held the rail in position when in use. The rail could easily be
removed for cleaning.

The intrcduction rod, E, sketched in figure 4, was made of
silica with a cradle, C, at one end and a piece of soft iron, M, sealed
into the other. The introduction rod had a total length of 28 cm.
The cradle held a flat-sided silica boat, 30 mm. long, 10 mm., wide and

10 mm. deep (internal dimensions 28 mm. long, 8 mm. wide, 9 mm. deep),
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so0 that, when the rod containing the boat was placed in the introduction
tube, the lower, horizontal part of the cradle fitted between the rails
and the boat rested on top of them, The rod and boat could be placed in
the introduction tube so that they were completely outside the furnace
even when the ground-glass stopper was inserted into the end of the
tube, Then with the reaction vessel under vacuum, or conteining a
prepared gaseous atmosphere, the rod (which had a piece of soft iron

in its end) could be pulled into the furnace by a powerful magnet held
outside the introduction tube. The boat could then be brought to rest
on the platform in the reaction vessel with the end of the cradle just
touching the vertical lip, L, at the end of the platform.

2. The vacuum line

A front view of the apparatus is shown in plate 1 and the lay-out
of the apparatus is shown schematically in figure 5. Figure 5(b) shows
the vacuum line and the position of the reaction vessel, R, but not the
connection of the reaction vessel system to the vacuum line. This is
shown in figure 5(a) together with the spiral gauge, A, which was mounted
above the vacuum line,

The reaction vessel was placed horizontally in the electric
furnace, F. It was connected by 2 mm. capillary tubing to a mercury
manometer, M, a premixing vessel, P (volume 540 cm?), and a standard
volume vessel, V (135 cm?). A 10 cm’ bulb, C, was used for the
introduction into the system of the vapours of volatile liquids., At B,
two ball joints were fitted to the line by 2 mm. capillary tubing which

figted into the sockets of a U-tube used for taking samples of volatile

products for analysis, Sl’ 82 and 83 are 5-litre pyrex globes for the
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Figure 5

Schematic diagram of apparatus
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storage of oxygen, nitrogen and helium respectively and S4 is a 2.5~
litre globe for the storage of hydrogen bromide. The gas introduction
system, G, which is not shown in figure 5(b), consisted of two traps, a
magnesium perchlorate drying column and a mercury manometer,

The pumping unit consisted of a mercury diffusion pump, D,
backed by a rotary oil pump, E, which provided a vacuum of about 10-5 Il
Hg. throughout the anparatus. Traps were inserted between the oil
pump and the diffusion pump and also between the diffusion pump and the
apparatus., When the system was operating these traps were cooled in
liguid nitrogen in order to prevent organic products entering either of
the pumps and to assist in obtaining a good vacuum.

The taps and joints in the vacuum line were lubricated with
Kel-F 90 Grease as this was found to be resistant to hydrogen bromide,

3. The furnace system

The furnace was constructed of welded metal and the outer casing
was made of Sendanyo sheeting. The heating element consisted of
nichrome wire (total resistance 49 ohms) wound on a vitreosil tube
(length 30 cm., internal diameter 11.5 cm.; and covered with asbestos
cement. The tube was also lined with a thick copper sheath to provide
a more uniform temperature distribution along the length of the furnace,
The entrance to the furnace tube was closed with a thick Sendanyo 'plug'.
The furnace was connected through an ammeter, the temperature controller
and a switch to the 230 V. A.C. mains,

The temperature of the furnace was measured by a spot-welded
chromel-alumel thermocouple which was periodically calibrated against a

standard platinum-rhodium thermocouple. The leads to the hot junction
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were enclosed in a twin-bore mullite tube, The hot junction was
placed in the furnace level with the position of the middle of the boat
when the latter was in position during a run. The cold junction,
enclosed in a glass sheath, was placed in melting ice, The e.m.f,
developed was measured by a potentiometer, capable of reading to 0.0l mV,

Temperature control of the furnace was provided by a
proportional temperaturé controller (A.E.I. no. RTBR/MKQ). The
controller was in two parts, an input unit and a voltage-stabilised
power regulator, The input unit contained an input bridge, an
amplifier, a phase-sensitive detector and an electronic power supply.
The input bridge was a Wheatstone bridge circuit, one arm of which was g
platinum resistance thermometer (resistance 10 ohms) placed in the
furnace and znother arm of which was the temperature-setting control.
The input unit delivered a D.C. current signal to the power regulator
proportional to the magnitude of the temperature deviation from the set
value, The control allowed temperature settings graded by about 0.15
¢® in the temperature region in which it was used. The unit gave good
control of temperature both in constancy and in speed of temperature
change for small changes in setting, The latter was necessary on
account of the procedure used during some of the experiments. For a
given setting the temperature fluctuation over a period of three hours
(which was the longest duration of any of the experiments performed) was
less that 0.2 ¢°.

A preliminary measurement was made of the distribution of the

furnace temperature along its length so that the reaction vessel could
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be placed over a length where the temperature was substantially constant.
Then with the reaction vessel in the selected position the temperature
distribution over the length of the reaction vessel was measured by a
thermocouple introduced along the inside of the introduction tube.

The measured temperature distribution is shown in figure 6. It was
found that, with the furnace thermocouple reading 43000, the
distribution over the length of the reaction vessel occupied by the

boat when the latter was in position was i0.25 Co and the temperature
distribution over the total length of the reaction vessel was i} c®.

4. The spiral gauge

A glass spiral gauge (A, figure 5(a)) was used in conjunction
with a lamp and scale for the measurement of pressure change during
studies of the oxidation of polyethylene. A calibration curve
(deflection of light versus pressure increase in mm.Hg,) was used to
convert the actual readings to known pressure units. This was checked
periodically. The optical system of the spiral gauge was such that a
pressure change of 1 mm.Hg. gave a deflection of about 8 mm. on the cm.
scale,

B Materials

1. Polyethylene

The polyethylene used in these investigations was commercial
polyetiiylene supplied by thie Dow Chemical Company. Information
concerning the polymer is given in table 5. It was originally supplied
as small pellets, each weighing 25-30 mg.

For the work involving the thermal degradation of the polymer,
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Table 5

Some properties of the polyethylene used

Density (em. cm.—B) 0.914
Softening point (°0) 31

*
Stabilizer content (ppm) 87
Viscosity average molecular weight 30,000

Unsaturation (C=C ver
1000 C atoms)

Trans 0.05
Vinyl 0.06
Vinylidene 0.54

Carbonyl (per 1000 C atoms)

Ester 0.007
Ketone 0.012
Methyl groups (per 1000 C atoms) 28.3

Stabiliser: 2,6-di-t-butyl-4-methylphenol
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the samples to be pyrolysed were obtained as follows, Very thin slices
were cut from the pellets by means of a razor blade, These slices
were further subdivided so that each particle of polymer obtained
. weighed between 0.1 and 0.2 mg.

For all the work involving the oxidative degradation of the
polymer, the polyethylene was used in the form of a powder which was
prepared in the following way. About 0.2 gm. of the polymer was

5 of Analai xylene at 80°C and the resulting solution

3

dissolved in 80 em
was slowly poured into 250 cm” of methanol when the polymer was
precipitated as a white solid (which presumably no longer contained

any stabiliser). When all the solution had been added to the methanol,
the polymer was allowed to settle and the bulk of the supernatant

liquid was decanted off, Fresh methanol was then added with vigorous
stirring, in order to break up the polymer (which coalesced on
precipitation) thereby ensuring complete penetration of the methanol,

The polymer was filtered off and washed with methancl and the excess
alecohol was roughly squeezed out by pressing between filter papers.

The powdered polymer was then placed on a watch glass and allowed to

dry slowly in air. When it had dried sufficiently (after about 6 hours),
the polymer was ground on the watch glass using a glass spatula until

i1t formed a very fine powder. Finally it was dried by heating in an
oven at 80°C for 24 hours., Sufficient powdered polymer was prepared in
this way to ensure that samples from the same batch were used in all

oxidation experiments.
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2. Oxyvgen, nitrogen and helium

These gases were obtained from cylinders and dried by passage
over magnesium perchlorate., The oxygen was condensed in a liquid nitrogen
trap and the middle fraction was allowed to evaporate into the storage
vessel, 'Oxygen free'! nitrogen (British Oxygen Co.) was used
throughout the work and was passed slowly through two cold traps immersed
in liquid nitrogen into the storage vessel. Helium was used from a

cylinder without further purification.

3. Additives

(2) Hydrogen bromide

Hydrogen bromide was, in the early stages of this work,
prepared by the action of bromine on tetralin (tetrahydronaphthalene)
(116). Bromine was slowly added dropwise to the tetralin through which
nitrogen wag bubbled at a steady rate. All traces of moisture had been’
removed from the system before the bromine was added by sweeping out with
dry nitrogen for half an hour, Any bromine or tetralin vapour
carried over by the hydrogen bromine was removed by bubbling
consecutively through a bubbler filled with tetrelin end a U-tube
immersed in ice-salt, The hydrogen bromide was finally condensed in a
trap immersed in liguid oxygen on the vacuum line. When sufficient
hydrogen bromide had heen collected, the liquid oxygen trap was isolated
and the nitrogen was pumped off, The middle fraction of the condensate

was then allowed to vaporise into a blackened 2,5-litre storage globe.
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Iater in the work it was possible to obtain hydrogen bromide
directly from a cylinder (supplied by The Matheson Co.) The compound was
condensed in a trap, containing phosphorus pentoxide on glass wool,
immersed in ligquid nitrogen. The middle fraction was distilled into
a storage globe. Some of the previous runs which had been carried out
with hydrogen bromide prepared by bromination of tetralin were repeated
using the hydrogen bromide from a cylinder; in all cases identical
results were obtained.

(b) Organic bromides

The purest available commercial samples of organic bromides
were carefully redistilled before use.

(e) Hydrocarbons

Pentane and pent-l-ene were also obtained commercially and were
purified by careful fractionation., Propene was obtained from a cylinder

without further purification.

Cc Procedure

1, Temperature measurements

These experiments were designed (i) to investigate the
influence of different gaseous atmospheres in the reaction vessel on the
rate of temperature rise of a cold object placed in it; (ii) to
determine the time taken, from the introduction of the boat into the
reaction vessel for it to reach the temperature of the furnace, using
a system which approximated as closely as possible to that used during
the pyrolysis experiments.

For the first of these investigations system A (figure 7(a)) was
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used and for the second investigation system B (figure 7(b)) was used.
Both systems employed chromel-alumel thermocouples previously calibrated
against a platinumxhodium thermocouple over the required temperature
range. In both cases the thermocouple leads were sealed into pyrex
slass tubes which in turn were sealed into a ground-glass cone as shown
in figure 7{a)., In system A the thermocouple leads were then enclosed
in a twin-bore mullite tube whereas in system B the leads ran along the
side of the introduction rod to the junction which was in contact with
the bottom of the silica boat. The distance in each case from the cone
to the thermocouple junction was such that when the thermocouple was
placed in the introduction tube so that the cone sealed the end of the
tube, the thermocouple junction occupied a position in the reaction
vessel equivalent to that occupied by the middle of the hoat during the
pyrolysis experiments, The procedure used for all experiments, using
systems A and B, was as follows. The system was introduced into the
reaction vessel so that the cone sealed the end of the introduction
tube, The reaction vessel was then evacuated by pumping for exactly
one minute after which time the required gaseous atmosphere was
introduced. The temperatuve of the thermocouple junction was then
determined at given time intervals until a constant temperature was
registered by the thermocouple junction.

2. Pyrolysis experiments

(a) Loss of weight measurements

The polymer sample was weighed in the silica boat. Considerable
care was needed with the small sample size (5 mg.) used in the

majority of experiments since the balance used was scaled to give
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readings to 0.l mg. Consistency in weighing to this order was good,
however, as it was found that the weight of a boat was the same to within
0.1 mg. when it was weighed before esch experiment during a given series
of rums.,

The boat was then placed in the cradle of the introduction rod
and the rod placed in the part of the introduction tube extermal to
the furnace. The introduction tube was sealed and the system was

5mm.Hg.) was indicated by applying

evacuated until a good vacuum (Ca. 10~
an H,F, Tester Coil to the vacuum line.

While the reaction vessel wag being pumped out the appropriate
gas or gas mixture was introduced into the premixing vessel, P, The
sharing factor between the reaction vessel, R, end the premixing vessel
had been accurately determined over a wide range of gas pressures (with
the rod and boat in the furnace) and at the temperatures used in the
experiments. Thus, if the pressure in P before sharing was known, that
developed in P and R after sharing could be readily calculated. These
calibration experiments were carried out using nitrogen.

The boat and introduction rod were then drawn into the reaction
vessel by the magnet and the stopwatch was started as soon as the
boat was in position. The gaseous atmosphere was immediately
introduced, the tap on the premixing vessel being closed as soon as the
pressure was steady.

The temperature of the reaction vessel had been pre-set before
the introduction of the sample to 2.5 °C above the temperature required
for the experiment., After the sample had been in the reaction vessel

for four minutes, the setting on the temperature controller was reduced
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to that required for the experiment. It was found that, by using such
a procedure, a steady temperature in the furnace was attained in the
minimum possible time.

After pyrolysis for the required time, the sample was withdrawn,
the reaction vessel was evacuated, and cold air was blown onto the part
of the introduction tube containing the boat in order to accelerate
cooling. Five minutes after the boat had been withdrawn, air was
admitted to the reaction vessel, the stopper was taken from the end of
the introduction tube, the vacuum grease was removed from the socket and
the boat and introduction rod were withdrawn. The boat was then
weighed,

After each run the guide rail was removed and cleaned. The
inside of that part of the introduction tube situated outside the furnace
was wiped with a Kleenex pad moistened with trichlorethylene to¢ xremove
condensed product. The guide rail was replaced, the introduction tube
was sealed, and oxygen was admitted to the reaction vessel to oxidise
completely any products condensed insids the reaction vessel, The
reaction vessel was then evacuated prior to the next run until a good
vacuum was obtained.

The residue of polymer in the silica boat was removed using a
nickel spatula. Any fragments of polymer remaining were removed by
heating the boat in a closed crucible for five minutes.

At intervals the reaction vessel was removed from the line and
placed overnight in a furnace at SOOOC. This was done to remove the
charred product which was found to accumulate on a 3-4 cm. length of the

inside of the introduction tube just inside the furnace,
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(v) Product sempling

After pyrolysis had taken place for the required time, the
reaction vessel was shared for 30 seconds with an evacuated U-tube
immersed in liquid nitrogen. The reaction vessel was then evacuated
slowly through the Uwtube for another 30 seconds. This was done with
the sample still in the reaction vessel and the time of sampling was
taken as that when pumping through the trap commenced, Under
experimental conditions where the yield of volatile product was small
the run was repeated and the sample was added to that of the first run
in order to obtain a sufficient quantity of volatile product for a
reasonable guantitative estimation.

3. Oxidation experiments

(a) General procedure

The polymer sample was weighed in the silica boat, the rod and
boat were introduced into the introduction tube and the system was
evacuated. When a good vacuum had been obtained the rod and boat were
introduced into the reaction vessel and the sample was pyrolysed under
vacuum (with pumping to remove products) for exactly 10 minutes, at which
time the oxygen or oxygen-additive mixture was introduced.

(b) Pressure increase measurements

The spiral gauge was used to measure the pressure increase in
the system during oxidation and it was also used as the premixing vessel
throughout all oxidation experiments.

Oxygen was admitted to the reaction vessel after the polymer
had undergone pyrolysis under vacuum for exactly ten minutes by opening

tap 2 with taps X and Y open {figure 5(a)). Five seconds after the
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introduction of oxygen, tap X leading to the spiral was closed. The
pressure increase was then followed on the centimeter scale, the first
reading being taken 15 seconds after the introduction of the oxygen.
In this way it was possible to obtain a comparison of the pressure
change in the reaction vessel, shared with the outer chamber of the
spiral gauge, with the pressure in the system after five seconds'!
oxidation. The pressure increase during the first five seconds of
oxidation was obtained as follows.

The pressure of oxygen in the system at zero time (i.e. the
instant at which the oxygen was introduced) was known to z 0.5 mm. from
the sharing ratio between the spiral gauge and the reaction #essel.

On completion of the run the pressure of gas in the outer chamber was
reduced by about 2 mm, at a time, from a pressure of 20 mm. greater, to a
pressure of 20 mm. less than the pressure of gas which was in the

system at mero time., Readings were taken for each pressure reduction
on the scale of the spiral gauge and on the mercury monometer. A graph
was then plotted of the manometer reading against the reading on the
scale of the spiral gauge, and the scale reading was determined
appropriate to the monometer reading for the pressure of gas in the
system at zero time, This scale reading gave the pressure increase

in the system after five seconds' oxidation. The pressure increase
after five seconds was added to the values obtained during the experiment
to give absolute pressure changes with respect to the pressure of gas in

the system at zero time.

(¢) Loss of weight measurements

Using the spiral gauge as the premixing vessel, oxygen was
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introduced to the system after the polymer had undergone pyrolysis for
ten minutes in & vacuum, The tap to the spiral gauge was left open
during oxidation so that the experiments would be consistent with the
pressure increase measurements. After oxidation for a given time
interval, the tap to the premixing vessel was closed, the polymer sample
was withdrawn and at the same instant the reaction vessel was evacuated.
The outer tube in the region of the boat was cooled by blowing cold air
onto it. VWhen the rod and boat were cold they were removed and the
boat was weighed.

(d) Product sampling

After oxidation for a given time interval, the tap to the
spiral gauge was closed and the reaction vessel was shared for five
seconds with a globe, of volume 540 cm.3, which had previously been
evacuated, For analysis of residual oxygen this globe was shared with
the evacuated U~tube and the oxygen was determined. For analysis of
volatile hydrocarbons and oxygenates the sampling U-tube was immersed
in liquid nitrogen and shared for five minutes with the globe containing
the products. The globe wasg then evacuated through the U-tube so that
any products left in it would condense in the tube. No products were
found to have diffused into the spiral gauge during the experiments.

The relative number of moles of a gas shared between the
reaction vessel and the . lobe wag determined from the sharing ratio
between the two, and confirmed by sharing a sample of pentane between
them and determining the quantity in each by gas chromatography. Thus,

after the number of moles of a given product in the globe after sharing
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had been determined the number of moles of that product present in the

reaction vessel at the instant of shering could be calculated.

D Analytical methods

1. Gas=-liguid chromatography

An apparatus manufactured by the Shandon  Scientific Co. Ltd.
was used for most of the product analysis work done. A complete
description of this apparatus and the preparation and calibration of the
columns has been given previously (117).

Throughout the work double U-tubes were used for sampling.
These enabled the air to be swept clear of the comnecting arms of the
tubes and by-pass prior to the introduction of the sample onto the
column, This was particularly important where analysis was being
carried out for residual oxygen.

A propylene carbonate/équalene column in series with a silicone
0il column (No. 1) was used for the estimation of hydrocarbons, carbon
dioxide, bromomethane and bromoethane. A di-2-cyanocethyl ether column
(No. 2) was used for the estimation of low molecular weight organic
oxygenates. The specifications of both columns are given in table 6.
For the major hydrocarbon products determined using column 1 a plot of
the detector response to the substances against their heats of
combustion is shown in figure 8. The sensitivity calibrations of
the system for those hydrocarbons which were not determined directly
were deduced from this curve. The values of the detector response for
carbon dioxide, bromomethane and bromoethane (analysed on column 1) are

given in table 7 and the values for the oxygenates (analysed using



Table 6

Gas~liquid chromatography specifications

Carrier gas
Detector :

75 hydrogen + 2%/ nitrogen

hydrogen flame

86

Column used for

. Analysis of hydrocarbons Analysis of
: oxygenates
i (colum 1) rcolumn 2)
4 Length (ft.) 19.5 (a) + 4.5 (b) 12
4. Inlet pressure 220 2351
» (cm. Hg.)
J\ Outlet pressure 76 76
Al (cm. Hga) !
Flow rate 1 ‘ 47 50
(ece. min™™) ’
, Temgerature 35.5 80
(°c)
- Packing (2)
27.2%h propylene carbonate 40%
+ 2.7% squalene on 60-100 di-2-cyanoethyl

o e b 2 s

mesh acid washed embacel,
(v)

30% MS 550 silicone o0il
on 60-100 mesh acid washed

embacel.

ether + 0.01%
squalene on

Chromosorb -P




Heat of combustion (kcal mole-l)

Figure 8

Detector response for hydrocarbons separated on Column 1 as a
function of their heats of combustion
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Table 7

Response of the detection system to substances separated on

column 1
Substance Sensitivity x 10"'6
( cm? mole™t )
Carbon dioxide 0.47
Bromome thane 0.55%
Bromoethane 1.10
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column 2) encountered in analysis work are given in table 8, Values
for the retention times are given in table 9.

A third column was prepared specifically for the analysis of
organic bromides which might be formed during both thermal and oxidative
degradation of polyethylene in the presence of hydrogen bromide., The
results of these experiments were such that no detailed work on this
column was necessary. Thus only the essential details of this column,
which has been fully described in the literature (118), will be given
here. The ¢olumn was packed with a mixture of 90 per cent by weight
silicone o0il and 10 per cent Tween 60 (polyoxyethylene sorbitan
monos tearate) on crushed firebrick sieved to 40 to 60 mesh (40 gm. of
stationary phase to 100 mg. of firebrick). This column was used in
conjunction with a Perkin Elmer Fractometer (Model 451), fitted with a
hot-wire detector. Helium was used as the carrier gas and the column
temperature was 80°C. A wide variety of organic bromides could be
separated on this column (118). The retention times for the largest
substituted hydrocarbons investigated (the monobromopentanes) were
reasonable and the sensitivity of the system to bromocalkanes was of
the order of 10° cme mole ~o,

2. Elemental Microanalysis,

Samples of the polyethylene residue after degradation in the
presence of hydrogen bromide were analysed for carbon, hydrogen and
bromine by the Microanalytical Laboratory of the Chemistry Department of

Imperial College,



Table 8

Response of the detection system to oxygenates separated
on column 2

i

{ Substance Sensitivity x 1070

' (cm? mole_l)

i
Propanal 0.9
Acetone 1.9
Butgnone 2,9




Table 9
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Retention times of substances separated on columns 1 and 2

Column 1 Column 2
Substance Fey to | Retention Substance Retention
fig. 8 |time(min.) time(min.)
5%, + 2573, 1 - Acetone 19.4
Methane 2 2.7 Propanal 27.4
Ethane 3 2.9 Butanone 34,0
Ethylene 4 2.9
Propane 5 3.8
Propene 6 4.2
Butane 7 6.0
But~l-ene 8 T.0
But-2-ene(trans) - 8.1
But-2-ene(cis) - 9.2
Pentane 9 11.8
Pent-l-ene 10 13.7
Pent-2-ene(trans) - 15.8
Pent-2-ene(cis) - 17.3
llexane 11 26,7
Hex~l-ene 12 31.4
Hex—-2~ene(trans) - 35,4
Heptane 13 64.4
Hept-l-ene 14 15.3
Carbon dioxide - 3.4
Bromome thane - 12.5
Bromoethane - 28,7
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A  Preliminary invegstigations

1. Influence of the surrounding gas on heat transfer in the

reaction vessel

The temperature of the hot junction of a chromel-alumel
thermocouple, arranged as in system A ( figure 7 ) was measured ag a
function of time when the reaction vessel contained helium, nitrogen and
hydrogen bromide respectively (figure 9). In the case of nitrogen the
rate of temperature increase was determined with the reaction vessel
containing 100,200 and 400 mm. of gas. The curves obtained for these
three pressures of nitrogen were identical. Similarly variation of
the pressure of helium in the range 100 to 400 mm. was found to have no
effect on the rate of temperature increase.

The rate of temperature rise wag found to be appreciably
dependent on the nature of the gas in the reaction vessel and followed
the order helium ) nitrogen ) hydrogen bromide. An experiment was also
carried out with 50 mm. of bromoethane in the reaction vessel, The
curve was intermediate between those of nitrogen and hydrogen bromide.

2. The time taken for the boat to attain the furnace

temperature

In these experiments the thermocouple junction was arranged as
in system B (figure 7 ). Some results obtained when the reaction
vessel contained helium, nitrogen and a nitrogen + hydrogen bromide
mixture are shown in figure 10. The rate of rige of temperature of the
thermocouple junction wag greater in the helium than in the nitrogen
atmosphere. No difference could be detected in the rates of

temperature rise for atmosphereg of pure nitrogen and a nitrogen +
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Figure 9

Influence of surrounding atmosphere on the rate of temperature rise
of a thermocouple junction (system A)

45
Furnace temperature e -
400
&£
~ Gaseous atmosphere
o 350 _
H
8
g 0 200 mm. He
&
& @® 200 mm. N,
/A 50 mm. HBr
e8] 50 mm. CzﬁsBr *
300+
* Points are shown for the readings
obtained with this additive but, for
clarity, no line is drawn.
250 | |
0 5 10 15

Time (u;in.)
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Figure 10

Influence of surrounding atmosphere on the rate of temperature rise
of a thermocouple junction (system B)

450

400

)
2
g Gaseous atmosphere
o
8
2, ® 200 mm. He
8

350— @ 200 mm. K,

A 160 mm, N, + 40 mm. HBr
3 | |
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hydrogen bromide mixture. The thermocouple junction attained the
temperature of the reaction vessel after eight minutes in the helium
atmosphere and after ten minutes in the nitrogen and nitrogen + hydrogen
bromide atmospheres.

3. Influence of polymer sample on the rate of temperature rise

Measurements were made of the effect of a 300 mg. sample of
polyethylene in the boat on the rate of temperature rise of the
thermocouple junction arranged as in system B. In figure 11, this rate
is compared with that obtained under otherwise identical conditions in
the absence of the polymer. The rate of temperature increase and the
final temperature were unaltered by the inclusion of the polymer sample
but the temperature increase curve was displaced by about 30 seconds
showing that the presence of the polymer increased the time taken for
the thermocouple junction to attain the temperature of the furnace.

4. The time taken for the system to attain equilibrium

Figure 12(a) shows the pressure variation in the reaction
vessel when the rod and boat are introduced at a (iven temperature into
a nitrogen atmosphere. Bquilibrium was attained after about six
minutes. In all ekperiments where mention is made of the pressures of
gases in the reaction vessel, these are given as the pressures
appropriate to egquilibrium conditions.

Fi ure 12(b) shows the variation of the temperature of the
chromel-~-alumel thermocouple used in the furnace immediately after the
introduction of the rod and boat into the reaction vessel, The time
taken for the attainment of equilibrium conditions was between seven and

eight minutes. In all experiments described subsequently, the
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Figure 11

Influence of polymer sample on the rate of temperature rise of &
thermocouple junction (system B)

Gaseous atmosphere: 200 mm. He

450

&
[11]
3
g Polymer sample
[]]
© ¥ sample
550—
P 300 mg.
300 | | l




Pressure of nitrogen in reaction vessel (mm.)

Temperature (°C)
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Figure 12

The variation, after introduction of the cold rod and
boat into the reaction vessel, of:-

(a) the pressure of gas in the reaction vessel

I
3

Time (min.)

(b} the temperature of the furnace thermocouple
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temperature quoted is that which the system attained at equilibrium.

B The thermal degradation of polyethylene

1. Preliminary investigations

(a) Weight loss as a function of sample size

Samples of polyethylene of weights from 2.5 to 150 mg. were
pyrolysed in nitrogen for 30 minutes and were then withdrawn from the
reaction vessel. In some of these experiments the reaction vessel
was pumped out after the sample had cooled and solidified whereas in
other experiments the reaction vessel.was pumped out immediately the
sample was withdrawn. The results of these experiments are shown in
figures 13 and 14.

The loss of weight of the polymer sample was unaffected by
pumping out the reaction vessel while the sample was still hot. For
small sample sizes, that is up to 10 mg. in size, there was a linear
relationship between the sample size and the loss of weight after 30
minutes pyrolysis. For larger sample sizes, however, the weight loss
per mg. of sample was reduced (table 10).

(v) Thickness of the polymer sample

A number of observations were made on the thickness of the
solidified polymer in the boat after withdrawal from the reaction vessel.
This was done for varying sample weights, sufficient time being
allowed for the sample first to melt, Below 20 mg. sample sizes the
polymer tended to form discrete 'lumps' and for a 5 mg. sample it was
estimated that the maximum depth of these was about 0.05 mm. With

samples larger than about 20 mg. the solidified polymer formed a more
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Table 10

Influence of sample size on the loss of weight of polyethylene
samples during pyrolysis

Temperatures 43000 Gaseous atmosphere: 200 mm. nitrogen
AV _ Joss of weight (mg.) per mg. initial sample weight after
w

30 minutes'pyrolysis,

Weight of sample
Aw
(meg. ) W
0-10 0.73%
20 0.63
50 0.61
100 0.59
150 0.52 i

*  this value corresponds to the slope of the line in

figure 13.
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even layer, The thickness of polymer samples of about 150 mg. weight
was estimated to be of the order of 1 mm, It was noted that, as
pyrolysis proceeded, the sample withdrawn had a waxy nature suggesting
a large decrease in molecular weight; no discoloration or hardening
was observed however.

(¢) Influence of boat size on the loss of weight

Tdentical runs were performed using first the silica boat used
throughout the work on pyrolysis and then a smaller silica boat used only
for this comparison., Table 1l shows some of the results obtained for
the pyrolysis of 5 mg. samples after various time intervals, The use of
the smaller boat did not affect the rate of loss of weight of
polyethylene during pyrolysis.

(d) Reproducibility in pyrolysis runs

Tests were made throughout the work on the reproducibility of
the loss of weight measurements. To give some idea of the degree of
reproducibility obtained, the results of a selection of repeated runs
under various conditions are given in table 12, The loss of weight runs
appeared to be reproducible to ¥ 0.05 mg.

(e) Influence of the form of sample

The polymer samples used in pyrolysis work were cut from the
pellets of the polymer supplied by the Dow Chemical Co. Since in the
work on oxidation the polymer was used in the form of a powder prepared
from these pellets, some typical pyrolysis runs (in vacuum, nitrogen and
hydrogen bromide) were repeated using the polymer in the powdered form,
Loss of weight results, identical with those obtained from experiments
using the polymer cut from the pellets, were recorded. This indicates

not only that the form of the sample has little effect but also that the
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Table 11

Influence of boat size on the loss of weight of polyethylene
during pyrolysis

Sample weisht: 5 mye Temperature:  430°C

azeous atmosphere: 200 rn,vnitrogen

Time Weight loss of polymer !
(mg. )

(min. )
Large boat* | Small boat **

20 2,70 2.55
30 3.70 3.65
50 4.60 4.50

*  Internal dimensions: 28 mm. long, 8 mm. wide, 9 mm. deep.
This boat was used throughout the rest of the work on
pyrolysis and oxidation.

*¥*  Internal dimensions: 18 mm. long, 8 mm. wide, 7 mm. deep.

This boat was used only for this comparison.
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The reproducibility of loss of weight measurements during
polyethylene pyrolysis

!
Gaseous atmosphere Pyrolysis time Tegperature Loss of weight |
(partial pressure in (min.) ) of 5 mg. sample
mm., ) i in identical
— | runs (mg,)
1 2
200 N2 45 430 4.45 1 4.35
190 Ny + 10 HBr 50 430 4,25 | 4.20
160 N, + 40 HBr 180 400 2.40 | 2.40
i i
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stabiliser, which is present in the pellets but not in the powder (see
p.74), has no appreciable influence on the reactions of the polymer at
high temperatures,

2e Influence of the surrounding atmosphere on the rate of

pyrolysis

(a) Pyrolysis in a vacuum

5 mg. samples of polyethylene were pyrolysed at 43000 in an
evacuated reaction vessel, Two series of runs were performed. In the
first, the reaction vessel was evacuated continuously while pyrolysis was
in progress; in the second, the reaction vessel was isolated when the
sample was introduced so that pyrolysis occurred in an atmosphere
containing the volatile reaction products. The loss of weight of 5 mg.
samples as a function of time is shown in figure 15. For each set of
runs the plots of loglow against t, where w mg is the weight of the
residue after t minutes, were linear (figure 16); thus the rate of loss
of weight is in both cases first-order with respect to residue weight.
The first-order rate constants are given in table 13, Continuous
evacuation of the reaction vessel during pyrolysis appears to increase
the rate of loss of weight of the polymer with respect to pyrolysis in an
isolated system.

(b) Pyrolysis in nitrogen

The loss of weight of a 5 mg., sample pyrolysed at 43000 is plotted
as a function of time in figure 15, The first-order plot for this
reaction was linear and the corresponding rate constant is given in table
13, A comparison of the relevant rate constants in table 13 shows that
the presence of an inexrt gas decreases the rate of loss of weight of the

polymer with respect to the rate of loss of weight in a vacuum.
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loss of weight (per cent of initial sample weight)

Figure 15
Pyrolysis of polyethylene in & vacuum and in nitrogen

Temperatures 430°C Sample weight: 5 ng.
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Loglo(mw), where w is the weight of residue in mg.

Figure 16

First-order plot of loss of weight results from pyrolysis of
polyethylene in a vacuum

110

1 Temperatures 430°C Sample weight: 5 mg.
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I.JL_
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@ Vacuum, isolated
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Table 13

Influence of surrounding atmosphere on first-order rate constants
for the rate of loss of weight of polyethylene

Iemgerature:430°0

- Gaseous atmosphere Rate conatant
k x 10
(min.-l (sec"l)
Vacuun (pumping) 8.71 0.145
Vacuum (isolated) T.37 0.123
200 mm. nitrogen 5.48 0.0913
200 mm, helium 5.47 0.0912
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(e) Influence of nitrogen pressure

The loss of weight of polymer samples during pyrolysis in the
presence of different nitrogen pressures is shown in figure 17. The
effect on the rate of pyrolysis of nitrogen pressure appeared to be
negligible in the pressure range 100-400 mm.

(d) Influence of the nature of the inert gas

(i) Helium compared with nitrogen

Figure 18 shows the loss of weight as a function of time during
pyrolysis in helium compared with the logss of weight in nitrogen under
otherwige identical conditions. For a given time of pyrolysis,more of
the polymer had volatilised in helium than in nitrogen. Linear first-
order plots are shown in figure 19 and the rate constants obtained from
them are given in table 13, It appears that the rate of pyrolysis in
helium is the same as that in nitrogen., A more thorough investigation
of the kinetics of these reactions was made as follows.

The rates of loss of weight (-dw/dt ng. min-l) for given residue
weights (w mg.) were obtained by drawing tangents to the curves in figure
18, In figure 20 the values of log; 4 (-dw/dt) were plotted against w
for pyrolysis in both helium and nitrogen. Three slopes were obtained
from the points in this figure; these are defined and their values are
given in table 14. The slope of the best straight line in this figure
is unity and the other slopés also approximate to unity. This agrees
with the deduction from figure 19 that in both cases the rate of loss of
weight of the polymer during pyrolysis is proportional to the weight of

the residue left.
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Figure 17
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Influence of the pressure of nitrogen on the pyrolysis of polyethylene
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Figure 18
Influence of inert gas on the pyrolysis of polyethylene
Temperature: 430°C Sample weight: 5 mg.
100
80—

601 —

Gaseous atmosphere

40— @ 200 om. He

© 200 ma. N,

Loss of weight (per cent of initial sample weight)

Time (min.)
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Figure 19

polyethylene in inert gas atmospheres
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Table 14

The kinetic 'order! of the pyrolysis of polyethylene in
inert gas atmospheres

Temperature: 43000
Best straight line Slope and
in fig.20 drawn as hence
described below torder!
Through all the points 1.0
Through points corresponding
to helium 1.1
Through points corresponding
to nitrogen 0.9
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In figure 21, -dw/dt is plotted as a function of w for pyrolysis
in helium and nitrogen. In helium, & linear relationship was obtained
throughout the whole course of the reaction investigated whereas in
nitrogen this was only the case in the later stages of the pyrolysis.

In the initial stages of the reaction (up to about 20 minutes’ pyrolysis)
the rate of loss of weight was less than that in helium.

In the derivation of the rate constant for pyrolysis in nitrogen from
the results shown in figure 18 the points representing the initial
stages of pyrolysis were ignored.

From this analysis of the results it may be concluded that the
rate of loss of weight of polyetﬂylene during pyrolysis in helium and
during the later stages of the pyrolysis in nitrogen is represented by
angquation of the form

~dw/dt = kw
where k, the rate constant, is the same for pyrolysis in both helium and
nitrogen.

(ii) Hydrocarbon gases

The rate of loss of weight of polyethylene in nitrogen was
found to be virtually unaffected by the addition of hydrocarbon gases.
Table 15 shows loss of weight measurements obtained in atmospheres
containing propene, pentane and pent-l-ene compared with those obtained
in a pure nitrogen atmosphere,

3 Influence of hydrogen bromide

(2) " Influence of hydrogen bromide on the rate of

pyrolysis
The loss of weight of polyethylene samples undergoing
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Figure 21
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Table 15

Influence of hydrocarbon gases on the pyrolysis of

polyethylene
Temperature: 43000 Sample weight: 5 mg.
Time | Geseous atmosphere (partial pressure_in mm,) |
of 200 nitrogen|40 propene +!40 pentane + 40 pent-l-ene +
pyrolysis 160 nitrogen (160 nitrogen {160 nitrogen
(min, ) : R ' -
Loss of weight (per cent )
|
30 75 2 | 4 75
|
i
|
45 89 - | oer 87
i
?
|
€0 95 - | 93 | 96
! {
; i !
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degradation in a nitrogen + hydrogen bromide mixture was investigated

at 430 and 400°C. The results obtained are compared in figures 22 and

23 with those obtained for pyrolysis in nitrogen under otherwise identical
conditions, In each case, for a given time of pyrolysis the loss of
weight during pyrolysis in the hydrogen bromide atmosphere was less than
that observed during pyrolysis in nitrogen.

Values of the rate of loss of weight for given residue weights
were calculated from the loss of weight curves and are plotted as a
funetion of residue weight in figures 24 and 25, At 43000, for pyrolysis
in both nitrogen and a nitrogen + hydrogen bromide mixture a strictly
linear relationship was obtained only during the later stages of pyrolysis
(figure 24). At this temperature, in both atmospheres, the rate of
loss of weight per mg. of polymer residue was less in the initial stages
of the reaction than that observed in the later stages of the reaction,

At 400°C an approximately linear relationship between the rate of loss
of weight and the residue weight was observed throughout the range
investigated for pyrolysis in both nitrogen and the nitrogen + hydrogen
bromide mixture.

The loss of weight results (figures 22 and 23) were used to obtain
the first-order plots shown in figures 26 and 27; the corresponding rate
constants are given in table 16, From these data, the activation
energies of the pyrolysis reactions of the polymer, in the presence and
absence of hydrogen bromide, were obtained (table 16).

From these results it is clear that the presence of hydrogen
bromide substantially reduces the rate of loss of weight of polyethylene

during pyrolysis. The effect of hydrogen bromide on the overall
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Figure 22

Loas of weight of polyethylene during pyrolysis showing the influence
of hydrogen bromide

Temperature: 43000 Sample weight: 5 mg.
Gaseous atmosphere
— ® 200 mm. N2
@ 160 mm. N, + 40 mm. HBr
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Figure 23
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Figure 24
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Figure 25
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loglo(IOw), vhere w is weight of residue in mg.

Figure 26

First-order plots of loss of weight fesulta from the pyrolysis
of polyethylene showing the influence of hydrogen bromide
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Figure 27
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Table 16

Rate constants and activation energies for the pyrolysis of
polyethylene showing the influence of hydrogen bromide

¥ ! }
: Temper- | Rate i Overall “—1
Gaseous atmosphere ature Constent jactivation energy
‘ (°c) (min~ ") (kcal/mole)
-2
430 5.48 x 10
200 mn, N, = 72
400 5.60 x 10
-2
430 3.40 x 10
160 mm. N, 69
+ 40 mn. HBr 400 3,74 x 1077
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activation energy of the degradation of polyethylene appears, however,
to be small,

(b) Influence of hydrogen bromide concentration

The effect of varying the pressure of hydrogen bromide present
during pyrolysis, while maintaining the total pressure constant, was
investigated by loss of weight measurements on 5 mg. samples of polymer
after 30 and 50 minutes' pyrolysis. Some of the results are shown in
figure 28, The extent of volatilisation after a given time decreased
approximately linearly with the concentration of hydrogen bromide. It
was unfortunately not possible to make any quantitative deductions as to
the effect of the concentration of the additive on the rate of pyrolysis
gince the differences in the readings in this series of measurements
were comparable with the experimental error.

(¢) Influence of total pressure

The influence on the extent of pyrolysis of the partial
pressure of nitrogen in the presence of a constant quantity of hydrogen
bromide was investigated by loss of weight measurements, Some of the
results obtained are shown in table 17. The influence of nitrogen, in

the range investigated, appeared to be small.

(d) Analysis of the residue after pyrolysis in hyd;ogen
bromide
Analysis was carried out on residues obtained by pyrolysis of
20 mg. samples of polyethylene in an atmosphere containing hydrogen
bromide. The results of the analytical measurements are shown in table
18. No bromine was found in the polymer residues and the carbon:

hydrogen ratio was found in all cases to be approximately 1:2.



loss of weight (% of initial sample weight)

Loss of weight (% of initial sample weight)
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Figure 28

Influence of the partial pressure of hydrogen bromide on
the extent of pyrolysis of polyethylene

Temperature: 430°C Sample weight: 5 mg.

Total pressure (with N,): 200 mm.

30 min. pyrolysis

65—
60—
55 l I
0 10 20 30 40
Partial pressure of HBr (mm.)
95

15

0 10 20 30 40
Partial pressure of HBr (mm.)



Table 17

Influence of total pressure on the extent of pyrolysis of
polyethylene in hydrogen bromide

Temperature: 43000 Sample weight: 5 mg.
Partial pressure of hydrogen bromide : 40 mm,

Added gas nitrogen

Time of pyrolysis : 50 minutes

Total pressure Loss of 'weight
N, + HBr (mm. ) (per cent )
- “100 79 ‘
200 78
300 78
400 80

131
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Table 18

Analysis of residue obtained by pyrolysis of polyethylene
showing the influence of hydrogen bromide

Temperature : 43000 Sample weight : 20 mg.
Gaseous atmosphere ! Time of Per cent by weight in residue | H : C
(partial pressure | pyrolysis i~ -1

in mm.) (min.) | Caxbon Hydrogen

200 N, 30 85.6 14.7 2.0
!
160 N2 + 40 HBr 15 85.7 ; 14.4 2,0
160 N2 + 40 HBr 50 85.9 14.1 2.0
i i
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4. Influence of organic bromine compounds on the rate of

pyrolysis

(a) Additives with one bromine atom per molecule

The loss of weight of 5 mg. samples of polyethylene at 430°C was
investigated during pyrolysis in the presence of bromomethane, bromoethane,
l-bromopropane and 2-bromopropanec. In each case the atmosphere used
contained 160 mm., of nitrogen and 40 mm. of bromine compound and the
appropriate gas mixture was introduced into the reaction vessel at the
same time as the polymer sample, The loss of weight curves obtained are
shown in figure 29,

It was observed, on comparison of figure 29 with figure 22, that
wirth bromomethane as an additive the loss of weight curve followed, almost
exactly, that obtained for pyrolysis in pure nitrogen under similar
conditions, On the other hand, the curves obtained for pyrolysis in
l-bromopropane and 2-bromopropane approximated to that obtained for
pyrolysis in an equivalent quantity of hydrogen bromide. The curve
obtained for pyrolysis in bromoethane was intermediate between these two
extremes.

Linear first-order plots for pyrolysis in bromomethane,
l-bromopropane and 2-bromopropane were obtained and the rate constants
derived from them are given in table 19 together with those obtained for
the pyrolysis in nitrogen and hydrogen bromide. The effect of
bromomethane on the rate of loss of weight appears to be slight whereas
the effect of l-bromopropane and 2-bromopropane is marked. Both of these
additives decreased the rate of pyrolysis with respect to the rate in

pure nitrogen to a value approximating to that observed for pyrolysis in



loss of weight (per cent of initial sample weight)
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Figure 29

Loss of weight of polyethylene during pyrolysis in the presence
of organic bromides

Temperature: 430°C Sample weights: 5 mg.

100

60

Gaseous atmosphere

In each case 160 mm. N2
+ 40 mm, bromide

Bromomethane
Bromoethane

l1-Bromopropane

& ® O O

20— 2-~Bromopropane

Time (min.)
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Table 19

Influence of organic bromides on rate constants for the loss
of weight of polyethylene during pyrolysis

Gaseous’ atmosphere First-order raje
constant_lx 10
(partial pressure in mm,) (min
200 nitrogen 5.48

40 hydrogen bromide +
160 nitrogen 3.40

40 bromomethane «+

160 nitrogen 5.18

40 bromoethane + 4.85 *
160 nitrogen 3,86 %%
40 l-bromopropane +

160 nitrogen 3,90

40 2-bromopropane +

160 nitrogen 3.58

¥ mean value for 15-T0% weight loss

** mean value for 70-90% weight loss
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an atmosphere containing an equivalent quantity of hydrogen bromide.
The rate of pyrolysis in l-bromopropane was slightly greater than that in
2-bromopropane.

A firgt-order plot of the results obtained for pyrolysis in
bromoethane proved to be non-linear, First order rate constants were
obtained, however, for the initial stages and the later stages of the
reaction and these are given in table 19, The values obtained suggest
that the rate of loss of weight decreased as pyrolysis proceeded in the
presence of this additive. An analysis of the kinetics of the
degradation reaction in the presence of bromoethane was also made in
the following manner. Values of -dw/ﬁt (mg. min:l) for given residue
weights, w mg., were obtained from the loss of weight curve,. A plot
of -dw/dt against w is shown in figure 30 in which the corresponding
curves for pyrolysis in pure nitrogen and an equivalent quantity of
hydrogen bromide are also given. In the initial stages of the pyrolysis
in bromoethane the rate of loss of weight approximated to that observed
in pure nitrogen but, as pyrolysis continued, the rate decreased to
that observed in the hydrogen bromide atmosphere.

The influence of bromomethane and bromoethane was also
investigated using initial sample sizes of 150 mg. The results
obtained are compared with those obtained, under otherwise identical
conditions, in nitrogen and in a nitrogen + hydrogen bromide mixture
in figure 31. The curves obtained from experiments in which the
additives were introduced into the reaction vessel at the same time as

the polymer sample (as was the case in all the experiments using 5 mg,
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Figure 30
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Figure 31

Loss of weight of polyethylene during pyrolysis showing

the influence of volatile bromine compounds

150 mg.

Sample weight:

430°¢C

Temperature:
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samples described previously) show that the effects are similar to those
found with 5 mg. samples of polymer. Thus with bromomethane as the
additive the rate of loss of weight was almost identical with that
observed in its absence; with bromoethane as the additive the rate of
loss of weight, although initially uninfluenced, decreases as pyrolysis
proceeds, Figure 31 shows, however, one effect which was not
investigated with 5 mg. samples. VWhen the atmosphere containing
bromoethene was introduced into the reasction veesel ten minutes before
the polymer sample, the rate of loss of weight was decreased at once to
approximately the same value as that found in the presence of an
equivalent quantity of hydrogen bromide,

(b) Additive with two bromine atoms per molecule

Pyrolysis was followed using an atmosphere containing 10 mm.
of 1,2-dibromoethane and 190 mm. of nitrogen. The vapour pressure of
this additive is such that attempts to increase its partial pressure
would have caused it to condense in the cold outer tube. The resulte
of the three loss of weight measurements made are shown in figure 32.
The curves for pyrolysis in nitrogen and a nitrogen + hydrogen bromide
mixture are shown for comparison. It appears that 1,2-dibromoethane
reduces the extent of loss of weight after a given pyrolysis time with
respect to pyrolysis in pure nitrogen. The effect is somewhat less
than that produced by 10 mm. of hydrogen bromide.

(e) Thermal decomposition of organic bromides

(i) The nature of the decompositions

It was noted that, if bromoethane was introduced into the

reaction vessel at 43000 in the absence of polymer, a readily



Loss of weight (per cent of initi,l sample weight)
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Figure 32

Loss of weight of polyethylene during pyrolysis showing
the influence of 1,2-dibromoethane

Temperature: 430°C Sample weight: 5 mg.

100

60 _

Gaseous atmosphere

@190 mm N2 + 10 mm. CH2BrCI12Br

Curve A: 200 mm. N

401 _ 2
Curve B: 190 mm, N2 + 10 mm. HBr
201
]
/
9 | |
0 20 40 60

Time (min.)
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measureable pressure increase was observed, This was clearly due to
the well-known decomposition of bromoethane to give ethylene and
hydrogen bromide.

For each of the bromides used, mixtures containing 40 mm. of
the bromide and 160 mm. of nitrogen were introduced to the reaction
vessel at zero time and samples were withdrawn after 30 minutes for
analysis, by gas chromatography, of the hydrocarbon products. The
results shown in table 20 suggest that, for the monobromoalkanes
(excluding bromomethane) the decomposition involves the elimination of'
hydrogen bromide., In the case of 1,2-dibromoethane, it was concluded
that decomposition involved the elimination of only one molecule of
hydrogen bromide per molecule of dibromide, since no hydrocarbons were
present in the reaction products.

(ii) The rates of decomposition of the bromides

On the assumption that where decomposition occurred it involved
the elimination of one molecule of hydrogen bromide per molecule of
organic bromide originally present, the percentage decomposition was
deduced from measurements of pressure change. No noticeable pressure
increase was observed on the introduction of a bromomethane + nitrogen
mixture into the reaction vessel. The estimated extents of
decomposition of the monobromoalkanes are shown in figure 33, It was
found that the pressure increase was in all cases unaffected by the
presence of a 5 mg. sample of polyethylene in the reaction vessel,

Gas chromatographic analysis was also employed to follow the

concentrations of bromomethane and bromoethane in the reaction vessel.
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Table 20

Hydrocarbon products from the decomposition of organie
bromides

Temperature : 43000

—m"“_éggggﬁnd Hydrocerbon
Bromomethane Methane (trace)
Bromoethane Ethylene
l1-Bromopropane Propene
2-Bromopropane Propene
1,2~-Dibromoethane None
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Decomposition of bromide (per cent)
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Figure 33
Thermal decomposition of organic bromides in the reaction
vessel system

Temperature: 430°C Total ‘initial pressure (with N,): 200 mm,

E-3
(o]

20

2«-Bromopropane
(40 mm, ) ~Bromopropane

(40 mm.)

O

1,2-Dibromoethane
(10 mm.)

(© Results obtained by gas-
chromatographic analysis for
bromoethane (initiel partial
pressure 40 mm.)

The curves represent results
obtained by pressure change
measurements (the initial
partial pressure of bromide
is given)

20 40 60
Time (min.)
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No appreciable decrease in the concentration of bromomethane was
observed, The values obtained for the concentration of residual
bromoethane are shown as points in figure 33; the results are reasonably
consistent with those obtained by measurements of pressure change.

The results shown in figure 33 do not give an accurate
indication of the extent of the decomposition, and hence the
corresponding concentration of hydrogen bromide, in the reaction vessel
since a significant quantity of the gas in the system (that in the
introduction tube) is below the temperature of the reaction vessel.
However, the conclusion may be drawn from these results that, for the
monobromoalkanes, the rate of decomposition (and hence the rate of
liberation of hydrogen bromide) decreased in the order 2~bromopropane >
1l-bromopropane’ bromoethane $ bromomethane., For 1,2~dibromocethane the
decomposition appeared to be quite rapid and the final extent of the
breakdown was consistent with the elimination of approximately one
molecule of hydrogen brcmide frem cne molecule of the additive
(figure 33).

5 Analysis of the volatile products of degradation

(a) Influence of sample size

Analyses were made of the products formed during pyrolysis of
polyethylene at 43000 in an atmosphere of nitrogen using sample weights
varying from 5 to 25 mg. In each case pyrolysis was continued for 30
minutes and the loss of weight occurring during each run was determined.
In figure 34 the numbers of moles of three of the most abundant products

are plotted against the weight of the polymer volatilised, The
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quantity of each product was found to be approximately proportional to
the weight of the polymer decomposed. This relationship was found to
exist for all the volatile pyrolysis products of the polymer.

(b) Nature of the volatile products

Samples of the volatile products, obtained after 50 mg. samples
had been pyrolysed for 10, 20 and 30 minutes, were withdrawn and analysed.
A complex mixture of 02-07 hydrocarbons was obtained and the main
constituents are listed in table 21. Here the amount of each product
vhich was obtained in sufficient gquantities for estimation is expressed
in two ways. First the total number of moles of each product was summed
and the moles of each product was then expressed as a percentage of this
sum, Secondly the weight of each product was expressed as a percentage
of the weight of the polymer volatilised. The values given in table 21
are mean values obtained from the three runs (described above) with 50 mg.
samples. Ethane and ethylene were not sufficiently well resolved in
the gas chromatographic analysis for separate values to be obtained.

The figures given in table 21 are derived from the sum of the quantities
of these two products obtained by the use of a mean sensitivity in the
peak area calculation and a mean molecular weight.

No oxygenated hydrocarbons were detected in the volatile
products of pyrolysis.

(¢) Influence of hydrogen bromide

Samples of the volatile products were withdrawn after various
times during the pyrolysis of 5 mg. samples of the polymer at 430 and
400°C and in different gaseous atmospheres. The pyrolysis in helium was

investigated so that the effect of hydrogen bromide could be compared



Table 21

Analysis of the 02-07 fraction of products formed during
pyrolysis of polyethylene ‘

Temperature:

430°C

Product

Mole per cent
of C~C, fraction

27

Weight per cent
of pyrolysed part

147

Atmosphere: 200mm. N2 Sample weight: 50 mg.

Ethane + Ethylene 34.4 0.59
Propane 10.2 0.26
Propene 14.7 0.36
Butane 6.8 0.23
But-l-ene 11.7 0.39
But-2-ene(trans) 0.9 0.03
But-2-ene (cis) 0.6 0.02
Pentane 2.7 0,12
Pent-l-ene 4.7 0.19
Hexane 1.3 0.07
Hex-1l-ene 4.8 0.24
Hex-2-ene (trans) 2.1 0.10
Heptane 2.5 0,15
Hept-l-ene 2.6 0.15
Total 100,0 2.90
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with that of the nature of the inert gas., The numbers of moles of some
typical products are plotted against the weights of polymer volatilised
in figures 35-40. The general conclusions drawn from the results
obtained may be summarised as follows.

The number of moles of each product obtained in sufficient
quantity for quantitative analysis was found to be approximately
proportional to the weight of polymer volatilised (ezcept in the case
of propene). Thus the quantity of each produect formed could be
expressed as moles per mg. of polymer volatilised and hereafter in
this section this quantity will be called the 'yield' of the product.

Reference to figures 35-40 shows that the yields of the products
during pyrolysis in nitrogen at 400 and 430°C and in helium at 430°C
were approximately the same., The mean yields of given products
obtained under these three sets of conditions are given in table 22,

The yields of given products obtained during pyrolysis in the nitrogen +
hydrogen bromide mixture at 400°C were substantially the same as the
yields in an identical atmosphere at 43000 and the mean values of the
yields obtained at these two temperatures are given in table 22, The
ratios of the yields of given products resulting from pyrolysis of
polyethylene in hydrogen bromide to the yields of those same products
formed during pyrolysis in a pure inert gas are also given in table 22,

It was found that the yields of propane, butane and pentane were
increased by the presence of hydrogen bromide, the increase being the
greatest for pentane and the smallest for propane. Hydrogen bromide

increased also the yields of the but-2-enes. On the other hand, the



149

Figure 35
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Figure 36
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Figure 37
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Figure 38
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Figure 39
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Product
[\ Bat-2-ene (trans)
8@ But-2-ene (cis)

8

Moles of
product x 10

| l

R 8 )
Formation of the but-2-enes during pyrolysis of polyethylene
Temperature: 430°C Sample weight: 5 mg.

Gaseous atmosphere: 160 mm. N2 + 40 mm. HBr

Weight of polymer volatilised (mg.)
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Influence of hydrogen bromide on the quantities of products
formed during the pyrolysis of polyethylene

Sample weight :

5 mg.

Other conditions given by :

a 200 mm, N, , 430°C @ 160 mm. Ny+40 mm. HBr, 430°¢C
b 200 mm, He , 430°C e 160 mm. N#40 mm, HBr, 400°C
¢ 200 mm. N, , 400°¢C
- T
Quantjity of product
(mole x 10~ per mg. weight loss | -
Product i of polymer sample) Retio of guentity
1 g 5 in column 2 to
* j y that in column 1
Mean for condi- | Mean for con-
tions a,b,c ditions d,e
Propane 7.5 23.9 3.2
Butane 5.6 25.2 4.5
Pentane 1.8 11.5 6.6
Propene 16,6 16.6 1.0
But-2-ene small 6.8 >1,0
(trans)
But-2-cne small 2.8 »1,0
(cis)
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production of but-l-ene was decreased by hydrogen bromide, The yield
of propene appeared to be unaffected by hydrogen bromide. It was also
observed that, for the latter product alone, the yield, although it
remained constant for the initial stages of the reaction, eventually
increased with the extent of pyrolysis (figure 38).

From this work the conclusion may be drawn that the quantity of
a given product formed during pyrolysis in a given gas or gas mixture
is unaffected by temperature and depends only on the weight of the
polymer volatilised, Hydrogen bromide does not influence the nature of
the volatile products formed (no brominated hydrocarbons were detected in
the products of pyrolysis) although this additive does influence the
relative yields of these preoducts. A further investigation of the
latter effect is described below,

(d) Gas phase degradation of the voletile products and

the influence of hydrogen bromide thereon

Using 150 mg. samples, four runs were carried out with the
reaction vessel at 430°C. The conditions were as follows.

(4) After 10 minutes' pyrolysis in 100 mm. of nitrogen the
polymer semple was withdrawn and a sample of the pyrolysis products was
taken for analysis.

(B) After 10 minutes' pyrolysis in 100 mm. of nitrogen the
polymer sample was withdrawn, The preoducts were allowed to remain in
the reaction vessel for a further 15 minutes when a sample of the
products was taken.

(C) After 10 minutes' pyrolysis in an atmosphere containing
20 mm, of hydrogen bromide + 80 mm. of nitrogen the polymer sample was

withdrawn and a sample of the pyrolysis products was taken.,
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(D) After 10 minutes' pyrolysis in 90 mm. of nitrogen the
polymer sample was withdrawn. After 5 minutes, 20 mm, of hydrogen
bromide were introduced into the reaction vessel and a sample of the
products was taken after a further 10 minutes.

The quentities of the products obtained in these runs are
expressed as moles per mg. of polymer volatilised in table 23. Pyrolysis
in an atmosphere containing hydrogen bromide increased markedly the yields
of alkanes and alk-2-enes per mg. of polymer volatilised compared with
pyrolysis in an atmosphere containing only nitrogen (compare A and C).

On the basis of the same comparison the yields of propene, but-l-ene and
pent-l-ene increased slightly, while those of hex-l-ene and hept-l-ene
decreaged,

A mimilar pattern of change in the gquantities of products
obtained is apparent if the values in columns B and D in table 23 axre
compared. Thus, when hydrogen bromide wgs introduced into the reaction
vessel containing the products of pyrolysis (column D) the yields of the
alkanes and alk-2-enes increased noticeably; there was, however, a
smaller increase, or in some cases a decrease, in the yields of the
alk-l-enes compared with a similar run in which no hydrogen bromide was
present (column B). It is evident, therefore, that the redistribution

of products in the 02- fraction vwhich is observed in experiments

C
7
where polyethylene is degraded in the presence of hydrogen bromide also
occurs in the direct reaction between hydrozen bromide and the volatile

degradation products of the polymer.

From the total yields of the 02-07 fraction obtained under

conditions A, B, C and D (table 23) it is concluded that the volatile
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Table 23

The extent of pyrolysis of the degradation products of polyethylene
and the influence of hydrogen bromide on this reaction

Temperature : 430°¢C Sample weight : 150 mg.
' Quantity
(Moles x 10° per mg. weight loss
Product L of polymer sample) B
A% B* C* ' D*
Ethane + Ethylene 20.1 46,8 37.2 66.2
Propane 9.8 11.0 18.8 26.1
Propene 10,0 15.6 14.0 32.5
Butane 6.7 7.8 15.6 . 16.4
But-l-ene 10.2 13.7 12.6 13.1
But-2-ene (trans) 0.6 1.3 5.6 8.3
But-2-ene (cis) 0.4 0.9 | 3.6 5¢9
| Pentane 2.2 2.3 5¢3 6.9
Pent-l-~ene 2.9 4,8 3.7 4,7
Pent-2-ene (trans) trace trace 2.0 3.9
Pent-2-ene (cis) trace trace 0.9 2.1
Hexane 0.7 N 1.8 3.3
Hex-~l-ene 2.8 % 4.9 ; 2.2 3.8
. Heptane 1.4 1 2.1 ? 2.1 344
Hept~l~ene I P & 2.2 trace 1.9
T !
Total 68.9 z 114.5 125.4 198,5

*  The procedure adopted to obtain the results shown in columns 4,3,
C and D is described on pages 156 and 157.
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products formed directly by the degradation of the polymer undergo further
pyrolysis in the reaction vessel and that the presence of hydrogen
bromide increases the rate of this secondary reaction.

Other data obtained from these experiments, i.e. the weight loss
after 10 minutes' pyrolysis and the quantity of the 02-07 fraction
expressed as the weight per cent of polymer degraded, are given in table
24, Hydrogen bromide reduced the loss of weight but increased the

weight per cent of the CQ— fraction of volatile products.

¢

6. Pressure increase measurements

The pressure change eccompanying the pyrolysis of 150 mg.
samples of polyethylene was investigated., The results obtained from
experiments involving the pyrolysis of the polymer in nitrogen and in
a nitrogen + hydrogen bromide mixture are shown in figure 41, where the
pressure increase, after a given pyrolysis time, is plotted against the
corresponding loss of weight of the polymer sample. In the presence
and absence of hydrogen bromide the pressure increase was approximately
proportional to the weight of the polymer volatilised. For a given loss
of weight of polymer, however, the pressure increase was greater in the
presence of hydrogen bromide than in its absence. Values of the
pressure increase corresponding to a polymer weight loss of one mg.
were calculated from the lines drawn in figure 41 and the values
obtained are given in table 24, By calibration of the reaction vessel
system at 43000 by means of the standard volume vessel, it was possible
to calculate the increase in the number of moles of gas in the system
corresponding to a given pressure increase. It was thus possible to

find the increase in the sum total number of moles of all products,



Influence of hydrogen bromide on the quantity of volatile

Table 24

product produced by the pyrolysis of polyethylene

Temperature : 43000 Sample weight: 150 mg.
Gaseous atmosphere 100 mm, N, 20 mm, HBr
+ 80 mm, Na
Weight lost after
10 min, pyrolysis 22 14
(mg.) |
Pressure increase
(mm. per mg. 0.375 0.492
volatilised)
Total volatile i s -6
product (moles per 4,73 x 10 6.20 x 10
mg. volatilised)
02 -~ C., product -6 -6
@oles per me, 0.69 x 10 1.25 x 10
volatilised) :
g
| C, = C, product i
(mole per cent of ;
total volatile 14.5 ; 20.2 1
product ) % {
02 - C. product § § i
(weighz per cent of ‘! 343 ! 5.9 {

[

total volatile product)g

—— e b
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Figure 41

Pressure change accompgnying the pyrolysis of polyethylene
showing the influence of hydrogen bromide

Sample weight: 150 mg.

Gaseous atmosphere

O 100 mm. N2

@ 80 mm. N2+2O mm, HBr

0 40 80 120

Loss of weight of sample (mg.)
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volatile at the temperature of pyrolysis, accompanying the

volatilisation of one mg. of polymer. The figures thus obtained for

the pyrolysis of the polymer in the presence and absence of hydrogen
bromide are given in table 24, which also shows the number of moles of
02—07 products (obtained from colums A and C of table 23) expressed both
as a total, per mg. of polymer volatilised, and as a percentage of the
total number of moles of all volatile products formed, The effect of
hydrogen bromide was to increase the proportion of 02-07 hydrocarbon

molecules in the pyrolysis products.

C The oxidation of polyethylene

1. Pressure change measurements

(a) Influence of sample size

In all the experiments involving the oxidation of polyethylene
the oxygen was introduced into the reaction vessel after the polymer
had been undergoing pyrolysis under vacuum for exactly ten minutes,
The reaction vessel was pumped continuously during this ten minute
period so that all the volatile products formed during the pyrolysis of
the polymer were removed, The weights of the polymer remaining after
ten minutes' pyrolysis under these conditions were determined for
varying weights of polymer initially introduced so that it was known
what weight of polymer was present at the instant a2t which oxygen
was . introduced. The pressure increase curves were then determined
for constant oxygen pressure and constant total pressure for varying
sample weights. Some typical plots of pressure increase against time

are shown in figure 42, In the presentation of these and subsequent
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Figure 42

Influence of initial sample weight on the pressure change
accompanying the oxidation of polyethylene

163

Temperature: 430°C Initial gaseous 150 mm, 02
atmosphere: +50 mm. N2
40
Initial sample weights ggg.ﬁ given on curves
13,2
30—
9.8
20— : 6.4
lo_ ‘ 5.1
0 l I l |
0 60 120 180 240 300

Time (sec.)
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pressure change curves the zero of the time scale is taken as the
instant at which oxygen was admitted to the reaction vessel and the
polymer weights given are the weights present in the boat at the
instant at which oxygen was introduced.

In all cases the pressure eventually attained a constant
value. This was reached within 300 seconds except for the largest
polymer sample used (13.2 mg.). In figure 4% the final pressure
increase is plotted against the weight of polymer present when the
oxygen was introduced, It will be seen that this pressure increase
is proportional to the weight of polymer sample used.

The weight of the residue from each of the experiments was
determined, the residue was reintroduced into the reaction vessel and
200 mm, of oxygen was added, No further pressure change was observed
and when the residue was reweighed, it was found that no change in
weight had occurred, Thus it was concluded that oxidation was complete
for all the sample weights investigated.

The pressure increase after 5 and 15 seconds' oxidation is
plotted against the weight of polymer sample in figure 44. The
pressure increase for a given time interval for different weights of
polymer gives an indication of the influence of sample weight on the
initial rate of pressure increase. The pressure increase is
approximately proportional to the weight of sample up to a sample size
of about 8 mg. For larger sample weights the pressure increase, per
mg. of polymer sample, decreases.

(b) Influence of initial oxygen concentration

The course of the oxidation of a polymer sample, of constant
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Figure 43

Influence of initial sample weight on the final pressure
increase recorded after oxidation of polyethylene

Temperature: 43000 Initial gaseous 150 mm. O
40 atmosphere : +50 mm, N?,
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Figure 44

Influence of initial sample weight on the rate of pressure
increase during the oxidation of polyethylene

Temperature: 430°C Initial gaseous 150 mm, 02
atmosphere : +50 mm. N2

() After 15 seconds' oxidation

| I

0 4 8 12
Weight of polymer sample (mg.)
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weight, was followed using varying initial pressures of oxygen. The
total initial pressure in the system was maintained constant by the
addition of nitrogen. Some results from these experiments are shown in
figure 45. The pressure increase after 5 and 15 seconds' oxidation is
plotted against the pressure of oxygen used in figure 46. The
pressure increase varies linearly with initisl oxygen concentration
over the whole range investigated.

(¢) Influence of hydrogen bromide

A series of runs was carried out using a constant weight of
polymer sample and a constant oxygen pressure but with varying pressures
of hydrogen bromide present. The total pressure of gas added to the
system was kept constant using nitrogen. Some typical pressure-~time
curves for different hydrogen bromide concentrations are shown in figure
47. The pressure increases observed after 5 and 15 seconds! oxidation
are plotted against the concentration of hydrogen bromide in figure 48.
In all cases the presence of hydrogen bromide increased the rate of
pressure rise., The maximum increase in rate was found to occur with
about 5 mm. of hydrogen bromide present.

It was found that, during oxidation in the presence of hydrogen
bromide, the pressure reached a maximum value and subsequently decreased
approximately linearly with time.  The meximum pressure increase, the
time at which it was observed and the pressure increase after 300 seconds'
oxidation for different partial pressures of hydrogen bromide are given
in table 25. The maximum pressure increase was observed in most cases
after about 90 seconds., The subsegquent decrease was larger, the

greater the concentration of hydrogen bromide.
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Figure 45

Influence of initial oxygen concentration on the pressure
chenge accompanying the oxidation of polyethylene

Temperature: 430°¢C Sample weight: 6.4 mg.
Initial total pressure (with N,): 200 mm.
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Initial oxygen pressure {mm.[
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Figure 46

Influence of initial oxygen concentration on the rate of
pressure increase during the oxidation of polyethylene

Temperatures: 430°C Sample weight: 6.4 mg.
Initial total pressure (with N,): 200 mm.
10 =
(® After 15 seconds' oxidation
O,
8l— @ After 5 seconds' oxidation

0 50 100 150 200
Initial pressure of oxygen (mm.)



Pressure increase (mm.)

170
Figure 47

Influence of hydrogen bromide on the pressure change
accompanying the oxidation of polyethylene

Temperatures 430°C Initial pressure of oxygen: 150 mm.
Sample weight: 6.4 mg. Initial total pressure (with Yol: 200 mm.
A y A Y —¥
- —a— |

Pertial pressure of HBr (mm,)

0.1

1.0
2.0

5.0
10.0
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Figure 48
Influence of hydrogen bromide on the rate of preasure
increase during the oxidation of polyethylene
Temperature: 430°C Initial

pressure of oxyge 150 mm,

& - D 5 -

20

(®© After 15 seconds' oxidation

After 5 seconds’ oxidation
®

15—

0 | | | | | l

0 2 4 6 8 10 12
Partial pressure of hydrogen bromide (mm.)
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Table 25

Influence of the concentration of hydrogen bromide on the
pressure change accompanying the oxidation of polyethylene

Temperature: 43000 Initial oXygen pressure: 150 mm.

Sample weight : 6.4 mg., Initial total pressure: 200mm. (witk Nz)

lwﬁértial Maximum pressure Time of Pressure increase

! pressure of increase (mm.) maximm (sec.) after 300 sec.
HBr (mm.) oxidation (mm,)

0 no subsequent decrease 19.8

0.1 no subsequent qecrease 20,5

1.0 20.0 90 19.6

2.0 19.5 90 18.8

5.0 18.0 120 16.1

10.0 16.7 90 14.9
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Runs were carried out with oxygen + hydrogen bromide mixtures
in the absence of polymer, Small pressure decreases were observed.
For example, the pressure decrease observed after 300 seconds' reaction
of 5 mm, of hydrogen bromide with 150 mm. of oxygen was about 0.5 mm.
In no case was the pressure decrease comparable with that observed
during the oxidation of the polymer in the presence of an equivalent
guantity of hydrogen bromide.

2. loss of weight during oxidation and the influence of hydrogen

bromide thereon

The loss of weight of the polymer was foilowed during oxidation
in the presence and absence of hydrogen bromide., A constant sample
weight and a constant total pressure, using nitrogen as the inert gas, wvere
used throughout the series of runs. The weight of the residue is
plotted as a function of time in figure 49. At a given time, the loss
of weight of the sample was greater with 200 mm, of oxygen than with 150 mm.
of oxygen. Hydrogen bromide reduced the loss of weight taking place
after a given time compared with that found during oxidation in the
absence of hydrogen bromide (table 26). The reduction in the loss of
weight of the sample was greater using 5 and 10 mm. of hydrogen bromide
than that observed using 2 mm. of this additive although there was no
significant difference in the results obtained in the presence of the
two higher concentrations of hydrogen bromide. The final residue
weight after complete oxidation was the same for the two oxygen
pressures used (table 26). The presence of hydrogen bromide, however,

increased slightly the final residue weight.
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Figure 49
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polyethylene during oxidation

Table 26

Influence of hydrogen bromide on the loss of weight of

175

K% AT 7l s i = i < TS, o Yo

Tenperature s 43000 Sample weight : 6.4 mg.
Total pressure : 200 mm. (with nitrogen)
= : : i —
lgasecus atmosphere. Weight loss | Rate constant | Final residue
o e e = after 5 seconds | for interme%iate; weight
0, HBr | (mg. ) | stage (secTt) | (mg.)
(m) | (o) | | s
;
200 0 3.9 0.75 0.4
150 o 3.2 0.70 0.4
I |
150 2 2.6 | 0,64 0.6
|
150 5 2.2 0.56 % 0.8
:
150 10 2.3 0.56 I 0.8
‘ 3
S i . :

o

|
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Plots of log,r (where r is the residue weight in mg.) against
time are given in figure 50. In all cases the plots are approximately
linear in the intermediate stages of oxidation although the rate of loss
of weight is greater in the initial steges and smaller in the final
stages of oxidation. Thus, for all the conditions investigated, first-
order rate constants could be obtained from the linear portions of these
curves and the values obtained are given in table 26.

The rates of loss of weight in the intermediate stages of
oxidation under the conditions investigated were not very different.

The figures in table 26 do suggest, however, that hydrogen bromide
reduces the rate of loss of weight of the polymer in the intermediate
stages of oxidation.

It was observed during these investigations that, as the extent
of oxidation increased, the residue withdrawn from the reaction vessel
became progressively darker in colour (the final residue was black). It
was also observed that, throughout the oxidation, the solidified residuel
formed a fairly even layer on the bottom of the silica boat.

3. Formation of volatile products

(a) Nature of the products and their rate of formation

The formation of volatile products during the oxidation of
polyethylene was studied using a constant sample weight and a constant
initial oxygen concentration. The sampies of volatile products obtained
after varying oxidation times were analysed for both hydrocarbons and
oxygenates, The production of all the hydrocarbons followed a similar
pattern to that shown by the results for but-l-ene given in figure 51.

The concentration of hydrocarbons rose sharply to a maximum at about 30
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Figure 50
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Figure 51

Formation of but-l-ene during the oxidetion of polyeth¥lene showing
the influence of hydrogen bromide

1.2

Temperature:

430°C Sample weight: 6.4 mg.

Gaseous atmosphere
(partial pressures in mm.)

©

@® 1500, + 48 N, + 2 HBr

150 O2 + 50 N2

100 <U0 300
Time (sec.)
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Volatile hydrocarbon products formed by the oxidation of
polyethylene and the quantities of such products formed where

this was measured

Temperature :

430°¢C

Sample weight : 6.4 mg.

Initial oxygen pressure : 150 mm.

Total initial pressure, (02+N2) :

200 mm.

Yield after 30 seconds’

Yield after 300

oxidation peconds' oxidation
Hydzocaxbon (weight ver i (moles x 108)
(moles x 108) cent of
polymer weight
loss)
Propane 40 0.29 35
Propene 451 2.9 182
Butane 20 0.19 4
But-l-ene 107 1,0 19
But-2-ene (trans) trace - -
But-2-ene (cis) trace - -
Pentane trace - -
Pent-l-ene 26 0.31 -
Pent-2-ene (trans) trace - -
Pent-2-ene (cis) trace - -
Hexane trace - -
Hex-l-ene trace - -
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seconds' oxidation after which time the concentration gradually fell,

A list of hydrocarbon products identified is given in table 27 together
with the quantities present after 30 seconds' and 300 seconds' oxidation
for those products where a quantitative estimate was possible. On the
chromatographic column used the carbon monoxide peak coincided with

that due to ethane + ethylene so that no gquantitative estimation of
these two hydrocarbons was possible. Also given in table 27 is the
quantity of a given product present after 30 seconds' oxidation
expressed as a percentage of the weight of polymer lost after 30 seconds '
oxidation. These figures may be compared with similar measurements of
product formation obtained from experiments on the purely thermal
degradation of polyethylene (table 21). The comparison shows that
whereas for the alkanes these quantities are of a similar order for

both oxidation and pyrolysis, for the alkenes the quantities obtained
from oxidation experiments are greater than those obtained from pyrolysis
experiments.

In figure 52, for some of the hydrocarbon products, the quantity
of product formed after a given time is plotted against the loss of
weight of the polymer which had occurred after that time. For the
alkenes the amounts formed were approximately proportional to the loss
of weight of the sample. For the alkenes, however, the quantities of
product formed per mg., of polymer weight lost appeared to increase as
oxidation continued.

A list of the volatile oxygenates which were identified are
given in table 28 together with the quantity of each product formed

after 30 seconds! and after 300 seconds' oxidation. Of these only



Moles x 106 of propene and but-l-ene

Figure 52 181

Formation of hydrocarbons as a function of the loss of weight
of polyethylene during oxidation

Temperature: 430°C Initial oxygen pressure: 150 mm.
Sample weight: 6.4 mg. Initial total pressure (with N,): 200 mm.
4
Product
O Propane
o) Butane
@ Propene 0)
*‘ B But-l-ene —5

N
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Table 28

The wvolatile oxygenated products formed by the oxidation of
polyethylene

Temperature : 43000 Sample weight : 6.4 mg.

Initial oxygen pressure : 150 mm,

Initial total pressure, (C,#¥,) : 200 mm.

Guantity pregent
(moles x 10° )
Product
After 30 After 300
seconds! seconds!?
oxidation oxidation
Carbon monoxide - 339 *
Wa'ber - 409 *
Carbon dioxide 24.5 71
Acetone 0.42 0.82
Propanal 0.73 0.54
Eutanone 0.21 0.28

*  estimated as described on page 185,
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Figure 53

Formation of carbon dioxide during the oxidation of
polyethylene showing the influence of hydrogen bromide

Temperature: 430°C Sample weight: 6.4 mg.
100
80—
Gaseous atmosphere
60 (partial pressures in mm.
' N, +2
o .15002+482+ HBr
Y
Y © 150 0, + 50 N,
(& ]
oy
o
0
3
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Figure 54
Formation of acetone and butanone during the oxidation of
polyethylene
Temperature: 450°C Initial oxygen pressure: 150 mm.
Sample weight: 6.4 mg. Initial total pressure (with N.): 200 mm.
100 =
80—
Product
60 () Acetone
@ Butanone
40
-@
20
0 I I I
0 40 80 120
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propenal showed a maximum concentration at about 30 seconds with a
subsequent decay as oxidation continued. The formation of carbon
dioxide is shown in figure 53 and that of acetone and butanone is given
in figure 54.

Three products of oxidation detected by gas-chromatographic
analysis (using column 2) were not positively identified; the peak
areas of these products were comparable with those of the oxygenated
products which were identified, The retention times of these
unidentified products did not correspond to those of any of the simpler
alcohols or carbonyl compounds, It is thought probable, therefore,
that these products were epoxyalkanes.

The oxygen uptake was measured in experiments carried out under
conditions similar to those described above and the results are shown
in figure 55. The pressure increase accompanying oxideation under these
conditions is plotted against the oxygen uptake in figure 56. The
pressure increase, at a given time, was approximately proportional to
the quantity of oxygen consumed.

No estimation was made of the quantities of water and carbon
monoxide formed during oxidation so that a direct reactant-product balance
is not possible. It may be assumed, however, that the quantities of
ethane and ethylene, which wers not determined, are of the same order
as those of the other hydrocarbons., If it is also assumed that all
the carbon not present in those products quantitatively determined is
present in carbon monoxide, then the quantity of carbon monoxide formed
may be estimated. By means of similar assumptions with respect to

hydrogen, the quantity of water formed may be estimated, Such estimations
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Figure 55
Oxygen uptake accompanying the oxidation of polyethylene

Initial oxygen pressure:

150 mm.

186

Sample weight: 6.4 mg. Initial total pressure (with N,): 200 mm,
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are liable to be valid only for the later stages of the oxidation reaction
where the quantities of hydrocarbons other than those detected are
likely to be negligible. The quantities of carbon monoxide and watexr
formed after 300 seconds' oxidation of the polymer were estimated in this
mammer and are given in table 28, It was assumed in the calculation
that the products corresponded to the oxidation of 6 mg. of polyethylene,
the loss of weight which was observed in this time., The validity of
these calculations was checked in the following way. If it is assumed
that the total product spectrum for 300 seconds' oxidation is given by
the appropriate columns in tables 27 and 28, the increase in the total
number of moles in the system corresponding to 300 seconds' oxidation
mey be calculated. From the calibration of the reaction vessel system
with the standard volume vessel the pressure increase corresponding to
the increase in the total number of moles may also be calculated. The
value obtained is compared with the experimental value shown in table

29. Furthermore, from the quantities of the oxygenated products given
in table 28, the oxygen upteke may be calculated and the value obtained
can be compared with that determined experimentally in table 29, The
agreement between the observed and calculated pressure increase and
oxygen uptake suggests that the estimated quantities of water and carbon
monoxide given in table 28 are reasonable,

(b) Influence of initial oxy:en concentration

The hydrocarbon products present after 300 seconds' oxidation
were analysed in a series of experiments in which the concentration of
oxygen initially present was varied. The results for three of the
products are given in figure 57. The quantity of a given hydrocarbon

present increased as the initial concentration of oxygen was reduced.
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Table 29

The pressure increase and oxygen uptake accompanying the
oxidation of polyethylene

Temperature : 430°¢ Sample weight : 6.4 mg,

Initial oxygen pressure 3 150 mm,

Initial total pressure, (02+N2) : 200 mm,

Time of oxidation : 300 seconds

Property Value Experimentally
estimated from determined
product value
analysis
Pressure
increase (mm.) 19.6 19.8

Oxygen uptake
(moles x 104) 4.85 4.45




Moles of product (x 106 for propene; x 10! for but-l-ene; x 10® for butane)
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Figure 57

Influence of initial oxygen pressure on the formation of
hydrocarbon products during the oxidation of polyethylene

Temperature: 450°C Time of oxidatioh: 300 seconds
Sample weight: 6.4 mg. Initial totel pressure (with N,): 200 mm.

l

Product
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(¢) Influence of hydrogen bromide

The formation of volatile products during the oxidation of
polyethylene in the presence of hydrogen bromide was studied. The
results for but-l-ene, which were found to give a pattern of behaviour
similar to that found for all the hydrocarbon products, are given in
figure 51. The maximum concentration was substantially less than that
observed during the oxidation of polyethylene in the absence of the
additive. The maximum occurred within the first few seconds of the
oxidation reaction and thereafter the concentration of the hydrocarbon
decreased.

The formation of carbon dioxide during oxidation in the
presence of hydrogen bromide is shown in figure 53. The rate of
formation of this product was greater than that observed during oxidation
in the absence of hydrogen bromide. The formation of other oxygenated
intermediate products was not studied.

Bromomethane was found to be a product of the oxidation of
polyethylene in the presence of hydrogen bromide and its formation is
shown in figure 58. The quantity of this product increased throughout
the stage of oxidation studied. No other organic bromides were found

among the oxidation products.
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Formation of bromomethane during the oxidation of polyethylene
in the presence of hydrogen bromide

Temperature: 45000 Sample weight: 6.4 mg.

2.5

Gaseous atmosphere: 150 mm. 02 + 48 mm. N2 + 2 mm, HBr

200

Time (sec.)



193
DISCUSSION

CONTENTS

A The significance of the different types of experimental
measurement 194

B The influence of different volatile bromine compounds on ‘
the thermal degradation of polyethylene 198

C  The physical and chemical effects of hydrogen bromide on

the thermal degradation of polyethylene 206
1. The temperature of the polymer sample 206
2. The influence of total pressure 208
3. Combination between bromine and the polymer 209
4, The chemical influence of hydrogen bromide 210

(a) Values of certain quantities used in
the discussion 210

(b) The mechanism of the reaction in the
absence of additives 211

(¢) The influence of hydrogen bromide on
the reaction mechanism 216

D The relationship between the effects of hydrogen bromide
on the pyrolysis and oxidation of polyethylene 224

E The significance of the present work with respect to
the flammability of polyethylene 232




194

A  The significance of the different types of experimental measurement

The aim of the present work was to investigate the influence of
certain additives on the thermal and oxidative degradation of
polyethylene, It is useful, at this juncture, to consider the context
in which these studies were made. It was hoped that the results
obtained would make possible a fuller understanding of the mechanism
by which certain bromine-containing additives inhibit the burning of
alkenic polymers. The measurements made in this work involved the
degradation of polyethylene at sub-flame temperatures and are therefore
relevant to the rate at which a combustible fuel mixture is supplied to
the flame of a burning polymer. Thus, in terms of the flammability of
polymers, the rate of pyrolysis may be defined as the rate at which
combustible products are supplied to the flame. The relation between
the rate of pyrolysis defined in this way and the results obtained from
each of the methods of measurement used in this work will now be
discussed.

For polyethylene, where chain scission is thought to be a
completely random process, the rate of degradation may be obtained
by the measurement of either the rate of chain scission or the rate of
loss of weight of the polymer, provided that the loss of volatile
molecules from the sample is not controlled by their rate of evaporation.
Thus the weight loss measurements, in conjunction with chemical analysis
of the residue, provide the most direct measurement of the rate of
pyrolysis of the polymer.

Pressure measurements mey, at best, be used only for a

comparative study of the rate of degradation of the polymer, It must
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be noted that molecules of different size evaporate from the molten
polymer and whereas two molecules of different size make the same
contribution to the increase in pressure, their contribution to the
weight loss will differ, If, however, for a reaction which involves
random chain scission, the pressure increase due to the evaporation of
the primary degradation products could be directly determined, pressure
measurements would give a reliable indication of the relative rates of
degradation of the polymer in different atmospheres. In practice, a
static system must be used to determine pressure change so that the
value of such measurements depends on the extent to which the products
are prone to further pyrolysis in the gas phase and condense in the
cooler parts of the reaction vessel system. If, as in this work, a
gaseous additive influences the rate of degradation of products in the
gas phase, pressure measurements alone cannot give a reliable indication
of the relative rates of degradation of the polymer sample. Used in
conjunction with other measurements, however, pressure measurements
facilitate comparison of reactions which occur in the gase phase with
those which take place within the polymer itself.

Product analysis is of limited usefulness since, with the
techniques employed, it was possible to determine only the rate of
production of Cl—C7 hydrocarbons which constitute a small proportion of
the total products. With this limitation, product analysis provided
useful information of a gqualitative nature for both the thermal and
oxidative degradation reactions., The quantitative use of the data
obtained was limited by the extent to which further degradation of the

primary products of degradation of the polymer occurred in the gas phase,



196

This discussion leads to the conclusion, therefore, that loss of
welight determinations provide the most direct and reliable measurement
of the rate of degradation of the polymer. Moreover, since it was
observed that, for the thermal degradation of the polymer in a number
of gaseous atmospheres, the rate of loss of weight was proportional to
the weight of the residue (figures 16,19,20,24-27, table 14), the
influence of additives on the reaction may be discussed directly in
terms of first-order rate constants. lMeasurements of pressure change
and analysis of products, although by themselves of less significance,
do, nevertheless, provide useful information from which deductions can
be made regarding the mechanisms of the reactions concerned.

Since the results from loss of weight measurements are used
frequently in this Discussion, it is instructive to compare these
results with those obtained in previous work. This comparison is
limited to the few cases in which the experimental conditions used in
this work correspond to conditions used by other workers. The observation
that, in the later stages of the thermal degradation reaction, the rate
of loss of weight of polyethylene, in vacuo, is proportional to the
weight of the residue (figure 16) is consistent with the results from
some of the previous work (7,8). A comparison of rate constants for
the thermal degradation of polyethylene is made in table 30; the
agreement between the results of this and previous work is fair.
Finally, it is noted that the value obtained for the activation energy
for the pyrolysis of polyethylene in nitrogen (table 16) is close to
the values obtained, for a variety of polyethylenes and experimental

conditions, by previous workers (table 2), Thus, insofar as a
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Table 30

Rate constants for the loss of weight of polyethylene during
thermal degradation; the results of the present work compared
with previously published results

3 Experimental ;
conditicns i Source of data Rate congtant
T | (min, ™)
Gaseous fTempgrature-
i atmosphere |  (°C)
Vacuun I 430 Present work 8.7 x 1072
e (table 13) e -
Vacuum 430 ‘ Extrapolated from 9.9 x 10‘“2
: the results given
in reference 7T
(also given in
tables 1 and 2)
200 mm. N, 400 Present work 5.6 x 1077
(table 16)
{ Vacuum 392 Reference 7 7.5 x 10—3
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comparison is possible, the kinetic data obtained in the present work

agree satisfactorily with the data obtained previously.

B The influence of different volatile bromine compounds on the thermal
degradation of polyethylene

The most fundamental observation was that at both 400 and 43000
relatively small amounts of hydrogen bromide (10-40 mm.) reduced the
rate of loss of weight of the polymer by up to 30-4C per cent (figures
22,23, table 16). Hydrogen bromide, therefore, retards, but does not
inhibit, the pyrolysis of polyethylene. For a given pressure of
hydrogen bromide in the system, the rate of loss of weight is not
affected by changes in the total pressure (table 17). For a constant
total pressure in the system, the retardation increases with the partial
pressure of hydrogen bromide (figure 28).

The rate of loss of weight of the polymer is also reduced in
atmospheres containing certain volatile organic bromides (figure 29,
table 19). Before the influence of the different organic bromides is
compared, however, it is instructive to consider the relative thermal
stabilities of these compounds in the temperature range used in these
experiments.

Bromomethane is reported as being thermally stable up to
temperatures of about 47000 (119). Above this temperature decomposition
occurs yielding mainly methane and hydrogen bromide (119). Bromoethane,
l-bromopropane and 2-bromopropane decompose appreciably above 40000
yielding hydrogen bromide and the corresponding alkene (120); +this is
consistent with results obtained in the present work (table 20 ).

Bromoethane (121) and l-bromopropane (122) appear to decompose by
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radical reactions whereas with 2-bromopropane, molecular elimination of
hydrogen bromide takes place (123), The relative rates of decomposition
of the monobromoalkanes are compared in table 31, The figures given
have been calculated from the appropriate rate expressions (121,122,123).
It is important to notice that for l-bromopropane, first-order rate
constants have been given for specific initial pressures of the compound,
since it is known that the rate constant depends on the initial pressure
(122). In two cases, where references are given, the rate constants
have been taken directly from published results., The figures given in
table 31, taken together with the work published on bromomethane,
indicate that the rate of thermal decomposition of the monobromoalkanes
decreases in the order 2-bromopropane >l-bromopropane bromoethane >
bromome thane. This agrees with the results obtained during this work
(figure 33).

The thermal stabilities of the monobromoalkanes are found to
bear a close relationship to their influence (table 19) on the thermal
degradation of polyethylene at 430°C. Thuss:

(i) Bromomethane is the most thermally stable and has the
least influence on the rate of loss of weight.

(ii) 1-Bromopropane and 2-bromopropane decompose rapidly and
extensively to propene and hydrogen bromide and retard the loss of
weight of the polymer to approximately the same extent as an equivalent
quantity of hydrogen bromide; propene, on its own, has no influence
(table 15).

(iii) Bromoethane decomposes to ethylene and hydrogen bromide at

a rate comparable with the rate of volatilisation of the polymer
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A comparison of the thermal stabilities of some organic bromides

k,= rate constant (sec.'l) for first order decomposition of

organic bromide

ty= time taken (min.,) for the decomposition of half the original
2

bromide
Property Temper- Bromide
*
compared ature Bromoethane ‘l-Brom0propane 2-Bromopropane
k, X 10% 360 0.43 2.1 11,2
(40 mm.)
reference
122
k, x 10° 380 0.16 1.0 3.7
(300 mm.)
refigince
I % 10° 430 0.30 2.0 5,1
(40 mm.)
t_:_]_- 430 4.0 006 0.2
= (40 mm.)

* The initial pressures of bromide to which these figures apply
are given in this column,
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(figure 33). Thus, under conditions where the additive and polymer are
introduced into the reaction vessel simultaneously, the concentration of
hydrogen bromide in the atmosphere increases as pyrolysis proceeds,

This increase in the concentration of hydrogen bromide is thought to be
directly responsible for the increased retardation of the pyrolysis of
the polymer which was observed in the later stages of the reaction
(figure 30). This conclusion is confirmed by the observation that if
the additive is allowed to decompose in the reaction vessel for some
time before the polymer sample is introduced, the decomposition of the
polymer is retarded throughout the reaction (figure 31).

The influence of 1,2-dibromoethane is consistent with this
correlation inasmuch as this compound decomposes rapidly to give hydrogen
bromide and its presence reduces the loss of weight of the polymer
(figure 32).

The important conclusion may be drawn, therefore, that a
volatile organic bromide will retard the pyrolysis of polyethylene only
under conditions where it decomposes to yield hydrogen bromide. Thus
hydrogen bromide is the chemical species responsible for the observed
decrease in the rate of degradation of the polymer.

Before the effect of hydrogen bromide on the production of
volatile products is discussed, the formation of such products will be
considered in the light of the theory of rahdom chain scission which is
thought to apply to the degradation of polyethylene.

The nature and quantity of the low molecular weight fragments
(cg-c7) found in this work agree satisfactorily with the results

obtained by other workers (table 32). In this work a larger yield of
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The gquantity of low molecular weight hydrocarbons obtained from

the pyrolysis of polyethylens,

The present work compared

with previously published results.

N Weight
. pexr cent.,
Fraction Source Atmosphere | Temperature of total
volatiles
Cc.~C Present 100mm N, 430 33
e 1 work 2
(polyethylene) (table 24)
C.~C Present 80mm N 430 5.9
2 1 work 2
(polyethylene) (table 24) + 20mm HBr
01-07 10 Vacuum 405 - 470 (avei.le)
(polyethylene) a&
C;~Cq 15 Vacuum 500 - 5¢9
(polymethylene)
01-08 15 760mm He 500 17.1

(polymethylene)




203

these products was obtained than in comparsble experiments in vacuo (10),
but it is known that the yield of low molecular weight hydrocarbons is
increased by the presence of an inert gas (15) (table 32).

If it is assumed that polyethylene is degraded by a process of
random chain scission, each of the products, volatile at the
temperature of pyrolysis, has the same probability of being formed.
From the number of moles of volatile product associated with a given
loss of weight of polymer (table 24) it is possible to deduce the
average molecular weight of the volatile products, The value of this
quantity appropriate to the pyrolysis of the polymer in nitrogen is
given in table 33, DNow if it is assumed that the products with one,
two, three etc. carbon atoms are all present in equal concentration,
the number of carbon atoms in the largest volatile product molecule may
be calculated from the average molecular weight of the products (table
33). Thus, for pyrolysis of the polymer in nitrogen, if all the
molecules from C = 1 to C = 29 are present in equal concentration, the
mole per cent and weight per cent of the C2--C7 fraction may be predicted,
The values thus calculated, given in table 33, should be compared with
the values given in table 24 which were obtained by using the
experimentally determined value of the 02—07 fraction. The agreement
is sufficiently good to susgest not only that the model of rendom chain
scission is of some use in interpreting the experimental results but
also that the value calculated for the chain length of the largest
molecule volatile at the temperature of pyrolysis may be used in

future discussion.,



Table 33

Quantities of low molecular weight hydrocarbons predicted on the
assumption that polyethylene degrades by a process of random

chain scission.

Atmosphere 100 mm N2
Mean molecular weight of
volatile products obtained 212
by experiment
Hence number of carbon atoms
in the largest product molecule 29
Predicted mole per cent of
02-07 hydrocarbons 20,6
Predicted weight per cent of

6.2

C2-C7 hydrocarbons

204
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By comparison of the results of both pressure increase
measurements (figure 41) and of analysis of the 02—C7 fraction (table 24)
it is apparent that hydrogen bromide increases the number of moles of
volatile product per mg. of polymer volatilised. If the quantities
of the individual hydrocarbons present in the 02—07 fraction are
compared, it is seen that the products both in the presence and absence
of hydrogen bromide are straight chain hydrocarbons and that hydrogen
bromide causes no significant change in the proportion of alkenic groups
present in the product molecules (tables 22,23). The main point of
significance, apart from the general increase in the number of molecules
formed, is that hydrogen bromide increases the yields of the alk-2-enes
at the expense of the corresponding alk-l-enes (figures 39,40, table 22),
This is almost certainly due in part to the hydrogen bromide-catalysed
isomerisation of the alk~l-enes tc alk-2-enes in the gas phase which is
known to occur rapidly at the temperatures concerned (125). That this
reaction occurs under the conditions used in these experiments is
confirmed by the resulis of experiments in which the additive was
allowed to react only with the volatile products of degradation (compare
colums B and D in table 23).

The observation that hydrogen bromide decreases the rate of
loss of weight of the polymer suggests that its influence in increasing
the fragmentation of the volatile products is due to its reaction with
the primary degradation products in the gas phase. An increased rate
of degradation of the volatile products would account for both the
increase in the proportion by weight of low molecular weight species

in these products and the increase in the number of moles of volatile
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products associated with a given loss of weight of the polymer (table
24). It was by analysis of the 02—07 fraction of products that this
effect was investigated (table 23). The volatile products of pyrolysis
underwent further degradation in the gas phase even in the absence of
hydrogen bromide and the presence of this compound greatly increased

the extent of degradation. The presence of hydrogen bromide increased
the yield of the low molecular weight fraction obtained after pyrolysis,
in the absence of the polymer, of the products of the degradation by a
factor of 1.7 (compare columns B and D in table 23) whereas this
additive increased the yield of the low molecular weight fraction
obtained in the presence of the degrading polymer by a factor of 1.8
(compare colums 4 and C in table 2%}, Thus the extent of the hydrogen
bromide~induced decomposition of the volatile products is of sufficient
magnitude to account completely for the increased yield of the 02-07
fraction of products which was observed during pyrolysis of the polymer
in the presence of hydrogen bromide.

C The physical and chemical effects of hydrogen bromide on the thermal
degradation of polyethvlene

The influence of hydrogen bromide in decreasing the rate of
loss of weight of polyethylene during thermal degradation may be due to
one, or a combination, of effects. Some of the more probable ways in
which hydrogen bromide may cause a reduction in the rate of loss of
weight are discussed, in turn, below.

1. The temperature of the polymer sample

The degradation of the polymer is endothermic and this,

combined with the effect of the evaporation of volatile products from
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the polymer, might reduce the temperature of the polymer sample to

below that of the reaction vessel. If this were the case, the
temperature of the sample and hence its rate of pyrolysis, could be
influenced by any factor which reduced the rate at which heat is

gsupplied to the polymer sample. The preliminary experiments showed that,
with the reaction vessel at a given temperature, the rate at which heat
was transferred to a cold body placed in it depended on the nature of

the surrounding gas (figure 9). For pure gases in the reaction vessel,
the rate of heat transference decreased in the order helium® nitrogen >
hydrogen bromide which is consistent with the known values for the thermal
conductivities of these gases (126). The rate of heat transfer, although
influenced by the nature of the gas present, was not affected, for a
given gas, by its pressure. This latter effect is well known.

However, the rate at which heat was transferred to the sample boat when
the reaction vessel contained a nitrogen-~hydrogen bromide mixture did

not differ appreciably from that observed with an equivalent pressure of
pure nitrogen (figure 10). Thus, if the rate of heat transfer in the
nitrogen-hydrog:n bromide mixture is the same as that in pure nitrogen,
it seems improbable that the reduction in the rate of pyrolysis by
hydrogen bromide is caused by a reduction of the temperature of the
polymer sample. Moreover, the temperature of the reaction vessel was
quite rapidly attained by a sample 60 timeg heavier then that generally
used (figure 11). It is unlikely, therefore, that, under the conditions
used for the loss of weight experiments, the temperature of the degrading
polymer was appreciably below that of the reaction vessel., The time

taken for the sample to attain the temperature of the reaction vessel
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increased, however, with sample size (figure 11). This latter effect
probably accounts, in part, for the non~linear relationship between the
per cent loss of weight, for a given pyrolysis time, and the initial
sample weight (figure 14, table 10).

The experiments on heat transfer are relevant in one respect to
the experiments on the rate of loss of weight of the polymer. Thus it
was observed that, for a given pyrolysis time, the loss of weight was
greater in helium than in nitrogen (figure 18) whereas the rates of loss
of weight for the later stagzes of pyrolysis were identical in these two
atmospheres (figure 21). Thus the effect of nitrogen, compared with
helium, is to increase the time taken for the sample to attain the
temperature of the reaction vessel but, once this temperature is attained,
the rate at which the sample loses weight is the same as the rate in
helium,

2. The influence of total pressure

An increase in the total pressure in the system may decrease
the chain length of the largest hydrocarbon molecule which is volatile
at the temperature of pyrolysis and hence reduce the rate of loss of
weight. An increasse in total pressure from 100 to 400 mm. was, however,
found not to influence the rate of loss of weight of the polymer (figure
17). In none of the experiments on the influence of additives was the
chenge in pressure (due eithcr to the accumuletion of products or to
the decomposition of an additive) such that the total pressure exceeded
400 mm, Only under two conditions of pyrolysis in the absence of
additive was the rate of loss of weight found to be greater then that

in 100-400 mm. of nitrogen. In the first case the polymer was degraded
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in a reaction vessel under conditions of continuous evacuation and in
the second case the polymer was degraded in the presence of its
degradation products but with the reaction vessel initially evacuated
(figure 15, table 13). The rate of loss of weight was greater in the
former case than in the latter but it is not possible to deduce the
reason for this. It is not thought, however, that the effect Just
described has any relevance to the differing rates of pyrolysis observed in
the presence or absence of additives. 'Thus, in all experiments on the
influence of additives on the rate of loss of weight of the polymer,
the products were allowed to rem=in in the reaction vessel during the
reaction and the total pressure remained within the range for which the
rate of loss of weight was found to be independent of changes in total
pressure.

3. Combination between bromine and the polymer

Pyrolysis of polyethylene in a reaction vessel containing
hydrogen bromide may cause chemical combinztion between bromine and
the polymer, This would tend to increase the weight of the residue
compared with the corresponding weight of the residue in the absence of
the additive. In order to investigate this, samples of the residue
obtained by pyrolysis of the polymer in hydrogen bromide for different
pyrolysis times were chemically analysed. No bromine was detected and
the weight of the residue, in each case, was found to correspond to the
total weights of carbon and hydrogen present (table 18)., Some recent
experiments, in which the pyrolysis of brominated polyethylenes
(containing 12 per cent by weight of bromine, chemically combined with

the polymer) was investigated, are also relevant in this context (127).
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The sample of brominated polymer was placed in the reaction vessel under
vacuum, and withdrawn after two minutes. No bromine was detected in
the sample thus obtained and all the bromine originally present appeared
as hydrogen bromide.

The absence of bromine in the polymer is not unexpected since
it is known that, at the temperatures concerned, the equilibrium

position of the reaction: bromoalkane===alkene + hydrogen bromide,

lies well to the right for both primary and secondary bromoalkanes
(122,123,124). This is also consistent with the observation made in
this work that no brominated hydrocarbons are present in the volatile

products formed in the presence of hydrogen bromide.

4. The chemical influence of hydrogen bromide

(a) Values of certain quantities used in the discussion

The values of some of the quantities used in the discussion are
given here for convenience, 1In each case a note is made of the manner
in which the value was obtained,

(1) Bond strengths (keal mole—l). The values referring to
polyethylene are approximate, The data used have been taken from
Cottrell (128) except in the case where another reference is given,

C-H (primary) in polymer mulecules = 100 (the value for butane
is 101).

C~H (secondary) in polymer molecules = 90 (the value for butane
(129) is 92.8).

C-C in polymer molecules = 75 (the value for the bond between
the second and third carbon atoms in butane is 78; the value is pruvbably
somewhat less than this for the bond between carbon atoms in a polymer

molecule),
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H-Br = 87.

(ii) The concentration of secondary hydrogen atoms in the
polymer phase, [H 2°] = 140 mole litre™ . This has been calculated on
the assumption that the density of the pclymer sample is of the order
of 1 gm, cm'.-3

(iii) The concentration of hydrogen bromide in the molten
polymer at 43000 with 40 mm, of hydrogen bromide in the gas phase
= 10~ mole litre™ . The method used to estimate this quantity is
described by Hildebrand and Scott (130). Some attempt was made in this
calculation to account for non-ideal behaviour by using the solubility
parameters for polyethylene (131) and hydrogen bromide (estimated in
the manner described by Hildebrand and Scott (132) ). The correction
for non-ideal behaviour is not strictly applicable to solutions which
involve polar mnlecules, such as those of hydrogen bromide, although
it has been used successfully to interpret the data obtained from the
investigation of some systems of this nature (for example, the solubility
of water in hydrocarbons (133) ). The assumptions made in the
calculation of this quantity are such that the value obtained may be
several orders of magnitude too large. The possibility of this degree
of error is considered at that point in the discussion where the value
of this quantity is used.

(v) The mechanism of the reaction in the
absence of additives

Two alternative mechanisms have been proposed for the thermal
degradation of polyethylene. Cne of these involves a molecular process

and the other a free radical chain mechanism. Provided that none of
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the possible physical effects of hydrogen bromide, described previously,

is significant, however, the observation that hydrogen bromide decreasgs
the rate of thermal degradation strongly suggests that the process
involves, at least in part, radical chains. In the discussion of this
reaction, therefare, it will be assumed that the breskdown of polyethylene,
in the absence of additives which are effective at the relatively high
temperatures involved (see p.108), occurs by the following series of

reactions

Initiation P _-m}m) R + R (1)
k

Propagation R + P-—————EL7>RH + R + alkene (2)
k

Termination R + R 42~f>P (3)

These reactions have been described in greater deteail in section B.2(g)
of the Introduction. The symbols P and R represent polymer molecules
and primary alkyl radicals respectively and no distinction is made
between molecules and radicals of different chain lengths. In reaction
(2), hydrogen abstraction and chain scission occur simultaneously.,

The possibility of this reaction proceeding by two steps is discussed in
Appendix 1. It is assumed that hydrogen abstraction, reaction (2),
occurs predominantly by an intermolecular process. The results obtained
in both the present investigation (which are discussed in this context
on p.203) and in previous work (10) suggest that polyethylene degrades
predominantly by a processz of random chain scission so that the
contribution of the intramolecular process to the degrada£ion reaction
is not thought tv be significant,

Quantitative analysis of such a system is difficult amnd
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inevitably certain simplifying assumptions must be mede, Thus it is
agssumed that the rate of reaction of volatile radicals is greater than
their rate of evaporation so that none of the reactions of type (2)
leads to a termination step by the subsequent evaporation of the radical
formed. Thus loss of weight occurs only as & result of the evaporation
of a volatile alkene or of RH, the alkane produced by the subsequent
reaction of the radical formed in reaction (2). Furthermore, it will be
agsumed that the concentration of radicals is small and that a stezady
state concentration is achieved. A unique feature of the system studied
in this work is that the volume of the reaction phase decreases as the
reaction continues and this effect must be taken into account in a
calculation of the steady state concentration of radicals. The influence
of volume change on the radical concentration is discussed in Appendix 2
and the conclusion is reached that it is possible, in the present
instance, that this effect may be insignificant compared with the rate of
formation and removal of radicals by chemical reactions. The influence
of volume change is, therefore, neglected in the following discussion.
It is also assumed that structural irregularities in the polyethylene
chain, although they may influence the reaction in the initial stages,
do not influence the later stages of the reaction which were investigated
in this work.

The radical concentration (mole litre-l) and the rate of bond

scission, T, (mole litre"lsecfl), are given by the following equations:

[R] (kl[P]/ka)% (a)

H
(]

k, (8 2°1[Rr] (b)
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1e€ey T

L = Kl 2°](kl[P]/k3)% (e)

where [H 20] represents the concentration of secondary hydrogen in the
polymer phase, If it is also assumed that, at a given instant, the
average chain length of the polymer molecules is m, for a process of
random chain scission the fraction of scissions which lead to loss of
weight is 2p/m (where for molecules of chain length greater than p, the
probability of further reaction is greater than the probability of
evaporation), The average molecular weight of molecules which
evaporate is therefsare 14P/2 = Tp. The loss of weight will also be
proportional to the volume of the sample which is given by w/d litres,
where w gm. is the weight of the sample and d gm. litre™  is the density
of the molten polymer. In addition it should be noted that

[P] = [H 2°]/2m. From equation (¢), the rate of loss of weight

(em. secfl) is given by:

w

r = 7(2)%;k2(k1/k3)%;[H 2°]3/2.(p2/d).w.(1/m)3/2 (a).

Since each of the terms in this equation (except w and m) is constant,

the rate of loss of weight is given by:

r = K.w.(l/m)3/2 (e)

w

where K is a constant. This equation predicts that the rate of loss of
weight, for a polymer of given chain length, is proportional to the
weight of the sample, which was found to be approximately the case for
the pyrolysis of the polymer in vacuum (figure 16) and in inert gas
atmospheres (figures 19,24-27). If, however, the average chain length

of the polymer residue decreases continuously throughout the reaction,
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equation (e) would then suggest that the rate of loss of weight, per
unit weight of residue, should increase as pyrolysis proceeds. It has
been shown both experimentally (11) and theoretically (134), however,
that, for a process which involves random chain scission, the change in
molecular weight of the residue is small during the later stages of the
reaction. In this work, since the system did not attain thermal
equilibrium until 8-10 minutes after the introduction of the sample into
the reaction vessel (figure 12), only the later stages of the reaction
were studied, and if the associated variation of m is small, then
equation (e) adequately describes the results obtained.

From equation (d) the overall activation energy for the rate of

loss of weight, B keal mole_l, is given by:

- E
Eo TR

+ 3B - E) ()
where E;, E, and E3 are the activation energies of reactions (1), (2)
and(3) respectively. The experimental value of E, is about 70 keal mole
(table 16). If it is assumed that El is equal to the dissociation energy
of the C-C bonds in the polymer and that E3 = 0, then E2 (calculated
from equation (f) ) is approximately 33 keal mole~l.  The use of the
experimentally determined value of Eo in this calculation assumes that the
variation of temperature does not significantly affect the values of
m and p which appear in equation (d).

It was assumed in the above discussion that the rate of loss of
weight of the polymer in thermal degradation is chemically controlled.

It is possible, however, that the rate of loss of weight is controlled by

the rate of evaporation of volatile products from the polymer. For



216

sample weights less then 10 mg., the rate of loss of weight was not
influenced by variation of the surface area-sample weight ratio (figure 13,
table 11) although, since the sample thickness was not rigidly controlled,
the conclusion that the rate of loss of weight is not diffusion controlled
may not be valid. Equations (d) and (f) would not be relevant to a
system in which the rate of loss of weight is evaporation controlled.

In the absence of direct evidence of evaporation control, however, the
value of E, obtained from equation (f) is used later in the discussion.

It must be emphasised in this context, however, that the discussion of the
influence of hydrogen bromide, in terms of the rate of bond scission of
polymer molecules (which follows below), is still thought to be valid
since the sample weights and surface areas of the polymer samples
decomposed in the presence and absence of additive were identical. Thus,
with identical forms of sample, it is difficult to account for the reduced
loss of weight in the presence of hydrogen bromide unless it is supposed
that the additive acts by reducing the rate of bond scission within

the polymer.

(¢) The_influence of hydrogen bromide on the reaction
mechenism

It is proposed that the following additional reactions occur in

the presence of hydrogen bromides

k
R + HBr ——2% . B + Br (4)
k5
Br + P —<—2 HBr + R + alkene (5)
kg
Br + Br + M - —>Br, + M (6)

Br + R -—~Ej—“€%RBr —> HBr + alkene (n.
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Reaction (5), involving hydrogen abstraction and chein scission is
similar to reaction (2) described previously. Reaction (6) (which,
since it involves the combination of atoms, requires a 'third body', M)
and reaction (7) are termination reactions. At the temperatures
concerned, hydrogen bromide would be rapidly eliminated from the
bromoalkane formed initially by the combination of a bromine atom and an
alkyl radical in reaction (7).

It is first necessary to determine whether the rate at which
radicals undergo reaction (4) is comparable with the rate at which
they undergo reaction (2). From the relevant bond strengths, reaction
(4) is found to be approximately 13 keal mole ™t exothermic, The
activation energy for a reaction of the type: Br + Rid—> HBr + R,
is given by E = 0.918H + 4.3 kecal mole_l, where AH is the
endothermicity of the reaction (135). Thus the activation energy for
the reverse of reaction (4) given by this expression is 16 keal mole_l.
Since reaction (4) is 13 keal mole™t exothermic, the activation energy
for reaction (4) is therefore 3 kecal mole”t, Thus, for a given
concentration of alkyl radicals, the ratio of the rates of reactions (4)

and (2) is given by:
r4/r2 = (A4/A2).exp(30,OOO/RT).[HBIJ/EH 2]

where A2 and A 6 are the relevant pre-exponential factors., Thus, at

4
430°C and with [E 2°] = 140 mole litre (p.211),

r,fr, = (A4/A2)[HBr].lO7 .
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The concentration of hydrogen bromide in the polymer under the conditions
used is believed o be of the order of 107> mole litre ™ (p.211). Even
if the concentration of hydrogen bromide is considerably less than that
estimated, the reaction of alkyl radicals with hydrogen bromide probably
competes significantly with atitack of alkyl radicals on the polymer,

provided that A, is not appreciably less than 4,. It is thought that

4
the latter condition will hold since it is probable that A, will be

4
greater than A ; thus reaction (4) is a simple bimolecular transfer
reaction whereas reactiun (2) is a more complex transfer and decomposition
step.
If it is assumed that steady state concentrations of both R and
Br are attained and that the concentration of hydrogen bromide in the

polymer remains constant throughout the reaction, the following results

are obtained:

0] = gRE 4+ kEP 4 o leellr] (&)
r, = k[RIE 2°] 4+ ik [BellH 2°] (n).

If the rate constants for the termination reactions are related by the

parameters g and Y, where,

[M]k6-k3=8 and ky = g o= Y

then equation (g) gives:

1
2 2
(R] + [Br] = F{ltﬂ - Blarl® -~ 'Y[R][Br].! (3).
L

k3 —J
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The two reactions, (2) and (5), which give rise to bond scission
in the presence of hydrogen bromide are of a similar nature; each involves
the scission of both a secondary carbon-hydrogen bond and a carbon-carbon
bond in the polymer molecules, It is assumed, therefore, as a first

Thus equation (h) becomes:

approximation, that k2 = ks.
r, = kz[H 2°%[R) + [Bzl) (k).

Note that, since it is assumed that [R] and [Br] are constant, egquation
(k) predicts that the rate of loss of weight in the presence of hydrogen
bromide is proportional to the weight of the residue (this conclusion
follows from an argument similar to that outlined for the pyrolysis

of the polymer in the absence of additives on p.214); this was observed
to be the case (figures 26,27).

It is evident from a comparison of equations (b) and (k) that
hydrogen bromide will reduce the rate of loss of weight of the polymer
if(IR] + [Br]) in the presence of the additive is less than [R] in its
absence, This will be the case (compare equations (2) and (j) )
provided that the quantity[B[Br]z + \(ER][Br]:?L is positive., This
condition cannot be fully elucidated since a determination of the
appropriate radical concentrations is not possible. It is obvious,
however, that the above gquantity can in no circumstances be positive if
both £ and Y are negative, Thus one of the conditiong for an
inhibition of loss of weight is that at least one of the parameters,

B and Y, should be positive, The physical significance of this
condition is that¢ the rate constants for termination reactions involving

bromine atoms (where for reaction (6) ks[M] is taken as the 'rate
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constant! since [M] is comstant in the polymer) should be greater than
for the termination reaction involving two large alkyl radicals. The
detailed discussion of this possibility is, however, postponed until
after the discussion of the validity of the assumption that k2 = k5.
The relative rates of reactions (2) and (5) are discussed in
terms of their pre-exponentisl factors and activation energies. From
the values of the bond strengths of R~-H (primary) and H~Br it is found
that reaction (2) is 13 keal mole ™ more exothermic than reaction (5).
Thus E5 is probably greater than E2 although the difference is quite
small. This factor taken in isolation would lead to the conclusion
that k2>»k5. A2 and A5 are compared by considering the nature of the
reaction species and of the intermediate complexes formed. Reaction
(2) involves the attack of a polymer molecule by a large alkyl radical
whereas reaction (5) involves the attack of a polymer molecule by a
bromine atom. Thus, from consideration of the sizes of the attacking
radicals, the loss of translational entropy in forming the intermediate
complex in reaction (2) is probably considerably greater than the
corresponding loss in reaction (5). Furthermore, there is almost
certainly a loss of rotational entropy involved in the formation of
the intermediate complex in reaction (2) due to restricted rotation,
about the point of attack, of that part of the complex derived from the
attacking radical; there is no equivalent loss in reaction (5) where
the radical species is an atom. Thus, if the entropy of activation is
less. for reaction {2) then for reaotion»(B),'ABj>A2, If this factor
is more significant than the difference in the activation energies of

these two reactions (which will probably be the case), k5;>k2. Thus,
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if the total radical concentration ([R] + [Br]),in4the polymer is not
less than the radicael concentration in the absence of additive, [R], the
rate of bond scission would be increased by the presence of hydrogen
bromide.

The influence of hydrogen bromide on the rate of loss of weight
will depend on which of the two competing effects is of greater
significance. These effects are:

(1) a decrease in the total radical concentration caused by a
possible increase in the rate of chain termination;

(ii) an incresse in the rate of chain propagation for o given
radical concentration, due to the presence of bromine atoms in the system.
The first of these effects is now discussed in greater detail.

It is instructive, in the first instance, to consider the

relative magnitudes of k, and k6[M] in the light of data obtained for the

3

relevant reactions in the gas phase., From data determined for k6 at
different temperatures, with argon as the third body, (136), it is found
that, at 430°C, k¢ is of the order of 10° litre?mole~secTt  If it is
assumed that the data for the gas phase reaction may be extrapolated to
the conditions which exist in the polymer, and that each CH2 unit in the
polymer acts as a third body for the recombination of bromine atoms,

1

then, since [CH,] = 70 mole litre™t, k1] = 10™ litre moletseeTr e

2

rate constant for the recombination of ethyl radicals in the ges phase
at 430°C has been estimated from published data (137) and is of the order

10 litre mole-lsec'.-1 The influence of radical and molecular size

of 10
on the rates of radical reactions was discussed previously when the rates

of reactions (2) and (5) were compared. The arguments used in that
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discussion, in terms of entropy of activation, would suggest that k3,
the féte constant for a termination reaction involving radicals of
considerable size, is considerably less than the rate constant for the
recombination of ethyl radicals. Thus, in the absence of any effect of
the reaction medium, it appears that, for equivalent concentrations of
radicals, the rate of recombination of bromine atoms is greater than
that of two large alkyl radicals. The influence of the reaction medium
on the relative rates of the termination reactions is now discussed.

The present knowledge of fhe kinetics of reactions in polymers
at temperatures at which they undexrgo degradation is such that it is
difficult to estimate the effect of such a medium on the relative rates
of the termination reactions (3), (6) and (7) except in the light of
effects which are known to occur in polymerisation reactions. Thus the
autoacceleration of the polymerisation of poly(methyl methacrylate) (138)
is almost certainly due to a decrease in the rate of the termination
reaction (139). This effect is thought to be due in part to the size
of the reacting radicals and in part to the viscosity of the reaction
medium. Although the rate of the reaction of large radicals with one
another is reduced, the rate at which they react with small monomer
molecules is relatively little affected by the increasing viscosity of the
medium and this accounts for the phenomenon of autoacceleration, Such
a difference between the rate constants for the reactions of small and
large species in a viscous phase would, in the case of degradation of
polyethylene in the presence of hydrogen bromide, favour termination by
reactions involving bromine atoms.

From the above discussion, it is evident that k6[M] and k, are
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probably considerably greater than k3. Thus the influence of hydrogen
bromide in decreasing the rate of loss of weight of polyethylene may

be explained by supposing that the increased rate of chain termination,
and hence the reduced radical concentration, is more significant than the
probability that k53>k2. In other words, (i) is the more significant of
the effects summarised on p. 221.

The presence of hydrogen bromide increased the rate of the gas
phase pyrolysis of the volatile degradation products. If it is assumed
that the mechanism whereby hydrocarbons undergo degradation in the gas
phase is similar to that proposed for the corresponding reactions in the
polymer, the influence of the additive on the two reactions may be
related in the following way. In the gas phase, the value of ] is
obviously several orders of magnitude less than the corresponding value
in the polymer phase. Thus, k6[M] is considerably less in the gas
rhage than in the polymer phase. On the other hand, since the average
chain length of radicals in the gas phase is less than in the polymer,
the value of k5 in the gas phase will be greater than that in the polymer.
Moreover, it was suggested that in the polymer, termination reactions
involving bromine atoms were favoured, with respect to termination
involving two alkyl radicals, by the nature of the medium. The
possibility of such an effect does not exist in the gas phase, so that
this basis of comparison also suggests that k5 for the reaction in the
_gas phase is greater than for that in the>polymer. The conclusion
reached previously in the discussion of the polymer reaction that, for

equivalent concentrations of bromine atoms and alkyl radicals, the rate

of chain scission by the bromine atoms is greater than by alkyl
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radicals applies also in the gas phase reection, Thus, if the

reduction of [M] and the incresse in k., in the gas phage (compared with

3
the values of these quantities appropriate to the polymer reaction) are
such that B and Y are negative, the rate of pyrolysis of hydrocarbons

in the gas phase will certainly be increased by hydrogen bromide. The
parameters B and Y, although reduced with respect to the values
appropriate to the polymer reaction, may, however, still be positive,

In the latter case, the influence of hydrogen bromide will be to promote
the degradation of hydrocarbons if factor (ii) (p.221) predominates in
the gas pkase reaction,

It is not possible to discuss quantitatively the effects
described in the discussion above. The discussion does explain
qualitatively, however, how hydrogen bromide may promote the
degradation of the volatile decomposition products of polyethylene in
the gas phase and yet decrease the rate at which the polymer itself
is degraded.,

D The relationship between the effects of hydrogen bromide on the
pyrolysis and oxidation of polyethylene

The work which has been described on the reaction between
polyethylene and oxygen and the influence of hydrogen bromide on this
reagction, represents one of the first attempts to investigate such a
system and the rudimentary nature of this work does not allow a detailed
discussion of the elementary reactions involved, In the following
discussion, therefore, such conclusions as are drawn must be regarded, at

this stage, as somewhat tentative,
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The relation between the final pressure increase and initial
sample weight (figure 43) suggests that, if the nature of the final
product mixture in the gas phase is the same for each sample weight used,
the final extent of oxidation is independent of initial sample weight in
the renge investigated. Since, for one of the sample weights used, the
final products of oxidation were almost entirely water, carbon monoxide
and carbon dioxide (table 28), it appears that, in an excess of oxygen,
the carbon chains originally present in the polymer sample are completely
degraded to molecules containing single carbon atoms.

The rate of pressure change gave some indication of the combined
rates of the reactions of oxygen with the polymer and with product
molecules in the gas phase, The rate of pressure change is most likely
to indicate the rate of the direct reaction between oxygen and the
polymer in the initial, rather than the later stages of the reaction,
since,in the initial stages, the concentration of products in the gas
phase is relatively small. Thus the initial rate of pressure increase
is used to discuss the influence of sample size on the rate of the
reaction between the polymer and oxygen. For a given oxygen
concentration, provided that oxygen is distributed homogeneously
throughout the polymer, the relative concentrations of polymer and oxygen
are not influenced by sample weight.  However, since the volume of the
sample is directly proportional to its weight, the rate of the initial
reaction should be proportional to the weight of the polymer sample.

If, on the other hand, the rate of the primary reaction is controlled by
the rate of diffusion of oxygen intv the polymer, or the pressure

increage is controlled by the rate of diffusion of products from the
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polymer, a linear relationship between sample weight and rate of pressure
increase would not be observed., If it is assumed that, in these
experiments, the thickness of the polymer sample was proportional to
sémple weight, the results obtained suggest that only when the sample
weight is greater than about 8-10 mg. does the question arise of the
reaction being diffusion controlled (figure 44). The possibility of
diffusion control for sample weights of less than 8 mg. cammot be
completely eliminsted, however, since the surface area of the polymer
sample was not strictly controlled. In view 6f this uncertainty, the
results from pressure change measurements are best used for a comparative
discussion of the oxidatiun reactions in the presence and absence of
hydrogen bromide (under otherwise identical conditions of sample weight
and initial oxygen concentration) rather than for a discussion of the
kinetics of the oxidation reaction in the absence of additives.:
Hydrogen bromide increases the rate of pressure increase
observed (figures 47,48). It is known that hydrogen bromide increases
the rate of oxidation of hydrocarbons in the gas phase (96-100). That
such an effect contributes to the increased rate of pressure increase
is confirmed by the results obtained from product analysis work. Thus,
in the absence of additive, the yield of volatile hydrocarbons increases
to a maximum after about 30 seconds! oxidation and thereafter decreases
(figure 51). This behaviour presumably results from two competing
processes, The first is the production of a given hydrocarbon by
oxidative degradation of the polymer and its volatile degradation
products; the second is the oxidation of that hydrocarbon in the gas

phase, In the experiments where hydrogen bromide was used as the
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additive, no maximum concentration of a given hydrocarbon was directly
observed since the concentration of each hydrocarbon decreased
continuously (figure 51). The maximum concentrations of each hydrocarbon
in experiments involving hydrogen bromide were, however, probably less
than the corresponding concentrations observed in the absence of the
additive. Thus hydrogen bromide either increases the rate of oxidation
for each hydrocarbon or decreases the rate of formation., Certainly the
rate of oxidation of volatile hydrocarbons is increased by the presence of
this additive and, since the rate of loss of weight of the polymer is
decreased by hydrogen bromide (figures 49,50, table 26), the rate of
formation of hydrocarbons may alsec be reduced,

The smaller overall pressure increase and the subsequent pressure
decrease,which were sometimes observed in the presence of hydrogen bromide
(table 25), may be due to an increase in the rate of the reaction;

2C0 + O2 ———— 2002 .
In support of this hypothesis, it was found in this work that, for a given
time of reaction, the quantity of carbon dioxide formed was increased
by the presence of hydrogen bromide (figure 53).

Bromomethene was cbserved to be a product of the oxidation of
polyethylene in the presence of hydrogen bromide (figure 58); no other
brominated hydrocarbons were detected. No further investigation of the
formation of bromomethane was made, but it is worth noting that
bromemethene is the most thermally stable of the monobromoalkanes (this
point is discussed in detail on pp. 198¢y199) and is, therefore, the most

likely of these compounds to exist in appreciable concentrations at 430°C.
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The reduction of the rate of loss of weight of polyethylene
observed with hydrogen bromide present (figures 49,50, table 26) may be
due to a number of effects which are listed and discusged below.

(i) Combination between the polymer and oxygen may be
accelerated by the presence of hydrogen bromide or combination between
bromine and the polymer may occur. No conclusion may be reached on this
point since no elemental analysis of the residue was carried out.

(ii) TFor a given time of reaction, the concentration of oxygen
available for the oxidation of the polymer may be reduced by an increased
rate of reaction of oxygen in the gas phase. Although this may account
for the reduction in the rate of loss of weight in the intermediate stages,
it is unlikely to account for the reduction in the rate of loss of weight
observed in the initial stages of the reaction,

(iii) Hydrogen bromide may increase the rate of cross-linking
in the residue and hence reduce the rate of formation of volatile
products., It may perhaps be relevant that hydrogen bromide increased
the weight of the involatile residue which remained after complete
oxidation (figure 49, table 26).

(iv) The reduction in the rate of loss of weight may be due to
a chemical influence of hydrogen bromide on the reactions involved in
the oxidative degradation of polyethylene., Despite the uncertainties
regarding the effects (i) - (iii) outlined above, a brief discussion
of the possible chemical influence of hydrogen bromide on the oxidative
degradation of polyethylene is thought desireable, First, therefore,
the nature of the oxidative degradation reaction in the absence of

additives is discussed,
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In experiments in the absence of hydrogen bromide, the maximum
concentration of hydrocarbons in the gas phase was found to be present
at that stage of the reaction at which the polymer residue ceased to
lose weight., From this correlation it appears that a considerable
proportion of each hydrocarbon results from a direct reaction between
the polymer and oxygen. It was also observed, however, that the
concentration of alkanes present during the first 30 seconds! oxidation
was proportional to the weight of polymer volatilised, whereas for
alkenes, the quantity increased during this period of the reaction
(figure 52). This may suggest that, as the volatile products of polymer
degradation accumulate in the gas phase, a greater proportion of the
alkenes results f‘om reactions occurring in the gas phase., Thus, of the
products recorded, the alkanes appear the most likely products formed
directly from the reaction between the polymer and oxygen. If this is
the case, it is of interest that the yields of alkanes obtained by the
oxidation of polyethylene are comparable with those during the thermal
degradation of the polymer (compare table 27 with table 21). Moreover,
in both thermal and oxidative degradation, the concentration of a given
alkane in the gas phase is a linear function of polymer weight loss
(figures 34-~37,52). Since thermal degradation proceeds by a process of
random chain scission, this evidence may suggest that oxidative
degradation occurs by such a process, Such a conclusion must, however,
be tentative at this stage since a complete volatile produet spectrum was
not obtained during the initial stages of oxidation. Nevertheless,
the observations summarised above, taken with the deduction that

oxidation in the gas phase continued for some time after oxidation of
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the polymer itself was complete (compare the results shown in figures
42,45,51,53-55 with those shown in figure 49), lead to the following
general description of the oxidative degradation of polyethylene. The
main process occurring in the polymer is the random chain scission of the
polymer molecules by oxygen to yield volatile hydrocarbons which are then
extensively oxidised in the gas phase.

The mechanism of oxidation of polyethylene at temperatures of
about 200°C resembles closely the mechanism by which hydrocarbons are
oxidised in the gas phase at comparable temperatures (section C.3(a) of
the Introduction). Similarly, the following mechanism for the random
degradation of polyethylene by oxygen at 43000 is, in part, based on a
mechanism which hag been proposed for the oxidation of straight chain

hydrocarbons in the gas phase in the appropriate temperature range (53).

P+ O, —> R(2%) + HO, (1)
P + HO, —> R(2°) + Ey, (2)

B0, —> 20H (3)
P+ H —>HO + R(2°) (4)

The secondary radicals, R(2°), formed in reactions (1), (2) and (4) may

then decompose to yield primary radicals, R(1°):
R(2°) —= R(1°) + alkene (5)

or this decomposition may be part of a unified mechanism involving

reactions (1), (2) or (4). Primary alkyl radicals formed in this way
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may react with other polymer molecules,causing chain scission, and so
initiate & chain reaction identical to that proposed for the thermal
degradation of the polymer (reaction (2), p. 212).

The reaction sequence outlined above involves oxygen acting
essentially by increasing the rate of chain initiation, compared with
thermal degradation, but is otherwise similar to the mechanism for the
pyrolysis of polyethylene. Thus the reaction may be described simply
as the oxygen—catalysed pyrolysis of the polymer.

In the presence of hydrogen bromide, therefore, the rate of chain
scission may be reduced in a manner exactly analogous to that by which
the rate of thermal degradation is reduced. In addition, retardation :
may also result from a reaction between hydrogen bromide and any of the
species responsible for initiation, e.g.,

OH+H.Br——-—-——->H20+Br ’
provided that, in this case, the reaction:

Br + P ——3 HBr 4+ R + alkene
is less frequent than reaction (4).

Hydrogen bromide may, however, increase the rate of initiation

if the reaction:
O2 + HBr ——————3» H02 + Br
occurs more readily than reaction (1); such a mode of initiation is
thought to be resPonéible for the catalysis of the gas phase oxidation
of hydrocarbons by hydrogen bromide (101).
On the basis of this scheme, therefore, the overall influence of

hydrogen bromide on the oxidation reaction depends on the relative
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importance of the reactions in which this additive may participate. It
is of interest, however, that the reaction sequence proposed does allow °
inhibition of the oxidation reaction by hydrogen bromide in a manner
similar to that already described in connection with the thermal
degradation of the polymer.

E The significance of the present work with respect to the flammability
of polyethylene

When a polymer burns, the fuel is supplied to the flame by
thermal degradation of the polymer under the influence of heat supplied
from the flame front, There may also be a contribution to the fuel by
oxidative degradation at the periphery of the flame. Thus the
flammability of polyethylene would be reduced by any agency which reduces
the flammebility of the products of thermal degradation of polyethylene
or reduces the rate at which fuel is supplied to the flame. This work
has shown that hydrogen bromide causes no significant change in the
nature of the products of thermal degradation of the polymer. This
additive does, however, reduce the rate of thermal degradation of
polyethylene, Moreover, the effect is quite noticeable with relatively
small concentrations of hydrogen bromide in the degrading polymer (less
then 107> mole 1itre‘1) and the inhibition increases with the
concentration of hydrogen bromide. Thus, if a solid additive is
incorporated into 2 sample of polyethylene which releases an appreciable
gquantity of hydrogen bromide, the flammability of the polymer may be
reduced by a reduction in the rate at which fuel is supplied to the flame.
This work has also shown that it is possible that hydrogen bromide

reduces the rate of oxidative degradation of the polymer. Thus, if in
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burning polyethylene oxidative degradation contributes significantly
to.the supply of fuel, the incorporation of a suitable bromine-containing
additive may reduce the flammability of the polymer by also reducing

the rate of oxidative degradation.

Work on the influence of organic bromides on the thermal
degradation showed that this reaction was retarded only by those
compounds which decompose to yield hydrogen bromide under the
experimental conditions used. Thus, in the light of this work, the
following general observations mey be made on the reduction of the .
flammability of polyethylene by solid bromine-containing comﬁounds. For
the compound to have the maximum possible effect, its thermal stability
should be such that hydrogen bromide is released in the temperature -
range 400—50000. From previous discussion it does not appear probable
that direct bromination of polyethylene would meet this requirement
since hydrogen bromide is released at a somewhat lower temperature than
that at which polyethylene undergoes degradation. In practice, an
additive may still be effective if hydrogen bromide is formed at less
than 4OOOC because the conditions may be such that the gas passes
through the degradation phase of the polymer on being released. The
effect is less certain in this case, however, than in the case where
the thermal stabilities of the polymer and the additive are comparable.

One other possible effect of hydrogen bromide on the
flammability of polyethylene is worth noting. In the course of this
work, the rate of heat transfer in a reaction vessel containing hydrogen
bromide was found to be less than that observed when the reaction vessel

contained helium or nitrogen. If, at the instant of ignition of a
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sample of polyethylene in which & bromine-containing additive is
incorporated, an appreciable concentration of hydrogen bromide is
released, it is possible that the rate of heat transfer between the
flame front and the polymer may be reduced to such an extent that the
flame is extinguished by a reduction in the supply of fuel.

Hydrogen bromide may also reduce the rate of flame propagation
in burming polyethylene. At present no data are available regarding
the influence of hydrogen bromide on the flame of a hydrocarbon mixture
comparable to that supplied by the thermal degradation of polyethylene.
Thus it is not posgible to decide, in the event of a reduction by an
additive of the flammability of polyethylene, whether the effect
discovered in this work predominates over the possible influence of

hydrogen bromide on the rate of reactions occurring in the flame.



235

APPENDIX

1, The nature of the propagation reaction in thermal degradation

The nature of reaction (2) in the proposed reaction scheme
(p. 212) may be discussed in the light of the value obtained for its
activation energy. In this reaction, hydrogen abstraction by the
primary alkyl radical occurs simultaneously with chain scission in the
polymer molecule from which hydrogen is abstracted. An alternative

process involves two distinct steps, viz.

k
(2% + P——225R(2°) + R(1O)E (2a)
0 k2b 0
R(2°) ——=—3R(1") + alkene (2v)

where R(1°) and R(2°) represent primary and secondary alkyl radicals
respectively, If it is assumed that steady state conditions
prevail, the inclusion of (2a) and (2b), rather than (2), in the reaction
scheme gives the equations:
r, = ky[H 2°1(R(1%)] (m)
E, = By, + %(El-%) .
On the basis of the previous calculation (p.215), both of the alternative
reactions, (2) and (2a), apparently have an activation energy of
33 kecal mole-l.
Reaction (2a) is an exothermic reaction involving hydrogen

transfer between a primary alkyl radical and a secondary hydrogen atom

in a hydrocarbon, Application of the Hirschfelder rule (140) to a
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reaction of this nature gives an activation energy of about 5 kecal mole—}
It is not possible to estimate the activation energy of reaction (2).
However, since in rezction (2) two bonds must be weakened considerably
before any new bond is formed, the activation energy for reaction (2)
will be higher than that for reaction (2a), Thus it is thought that

an activation energy of 33 keal mo.'l.e-'l would be more likely to apply

‘to reaction (2) than to reaction (22). On the basis of this purely
empirical argument alone, reaction (2) has been used in the proposed
reaction scheme.

It must be emphasised that the choice between these alternative
reaction schemes in no way affects the qualitative argument used in the
discussion of the reaction in the presence and absence of hydrogen -
bromide. Thus, in each of the alternative schemes, primary radicals
react with polymer molecules and it is the concentration of primary
radicals which appears in the relevant equations (compare equations
(b) and (m) ). TFinally it is noted that in previous work no serious
discussion of the nature of the propagation step appears to have been
attempted. In one case, for example, reaction (2) has been proposed
without further discussion (21) and in another case (22), where
reactions (2a) and (2b) have been proposed, it has been assumed that
reaction (2b) is fast compared with reaction (2a) so that in the
reaction mechanism the propagation step may be effectively written
as reaction (2). The validity of this assumption was not discussed.

2. Influence of volume change on the kinetics of the thermal
degradation of polyethylene

It has been assumed that none of the radicals present in the
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polyethylene sample are lost by evaporation (p.213). Thus, in the
application of steady state conditions to the concentration of radicals,
the effect of the volume change which accompanies the thermal degradation
reaction must be taken into account, This discussion attempts to
evaluate the magnitude of such an effect.

Let N be the total number of moles.of alkyl radic.ls after a
time t seconds in a polymer sample of weight w gm. and density

d gm. litre™.

Thus, [rR] = Na/w mole litre™!

2 . -1 -1
and, - alrl/at = wa(1/w)“(aw/at) mole litre™  sec.
or -~ a[r)/at = [RI(1/w)(aw/dt) mole litre tseoTl

Thus the equation derived for the reaction sequence proposed becomes:

2ki[P] - [RI(1/w)(aw/at) - 2k3[R]2 = 0

-(1/w.aw/at) + {é/w.dw/dt)2 + l6klk3[Ej]§
4k

whence, (r]

3

It was observed experimentally that (-1/w.dw/dt) was constant for the

later stages of the pyrolysis reaction and wag of the order of

1

10~ secTt at 430°C (table 13). If the number average chain length

of the polymer sample for that part of the reaction studied is of the

order of 100 and the density of the polymer is of the order of 1000

gm. litre—l, then [P] is of the order of 1 mole litre l.

If ky = Alexp(-El/RT) secTy and A, is of the order of 102 secTt (the
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'normal' pre-exponential factor for unimolecular reactions), and

0] 1

E, = 75 keal mole™ , then, at 430°C, k; is of the order of 10710 secT

1

Thus 16klk3[P] = 10“9k3 secT? Tt is clear, therefore, that if
k3 is of the order of 105-106 litre mole“lsecfl, the error involved in
neglecting the influence of changing volume on the kinetic analysis of
the thermal degradation reaction will not be large.

The value of k5 for the termination reaction involving two
large alkyl radicals cannot be calculated with certainty. The rate
constant for the recombination of two ethyl radicals in the gas phase

10 1itre mole~tsecTt (p. 221). For the

at 430°C is of the order of 10
combination of the large radicals involved in the termination reaction
in the photodegradation of poly(methyl methacrylate) at 200°C, where

the reaction phase is of high viscosity, the rate constant is of the
order of 10% litre mole TsecTt (141). 1In the present case, the value
of k3 will lie between these two extreme values and it is probably
greater than 10° litre mole lsecT: Thus it is not thought that,

by neglecting the influence of changing volume, the validity of the
argument is seriously affected. It must be bourne in mind, however,
that if ky were less then 10° litre molé™Seci’ the argument would be

so affected. It is certainly surprising that few authors have
considered such an effect when proposing a steady state concentration of

radicals in the analysis of polymer degradation under conditions where

loss uf weight of the polymer occurs.
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