City Research Online
City St George’s, University of London

ST GEORGE'S

UNIVERSITY OF LONDON

Citation: Kurmanadhan, S. (1976). The vapour-phase polymerisation & oxidation
of styrene. (Unpublished Doctoral thesis, The City University)

This is the accepted version of the paper.

This version of the publication may differ from the final published version. To cite
this item please consult the publisher's version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/38289/

Copyright and Reuse: Copyright and Moral Rights remain with the author(s) and/or
copyright holders. Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge, unless otherwise
indicated, provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is not changed
in any way. For full details of reuse please refer to City Research Online policy.

City Research Online: http://openaccess.city.ac.uk/ publications@citystgeorges.ac.uk



https://openaccess.city.ac.uk/policies.html
mailto:publications@citystgeorges.ac.uk
http://openaccess.city.ac.uk/

A THESTIS

entitled

The VAPOUR-PHASE POLYMERISATION and

OXIDATION of STYRENE

by

SRINIVAS  KURMANADHAN

Submitted for the

Degree of Doctor of Philosophy

of The City University

September 1976



ABSTRACT

Studies have been made of vapourhphase reactions of styrene
both in the absence and presence of oxygen at subatmospheric pressures
and at temperatures ranging from 180-58000. Special attention has been
paid to the influence of polymerising liquid styrene on the vapour-phase
oxidation of this compound.

In the Introduction, the liquid-phase polymerisation of
styrene and related monomers is discussed in detail., The limited amount
of work which has been carried out on the vapour-phase polymerisation of
. 8tyrene is also described. Finally a review is given of the vapour-phase
oxidation of aromatic hydrocarbons with special reference to the
behaviour of styrene.

The Experimental Section describes the apparatus and
procedures used in this work. Reactions were followed by virtue of the
accompanying pressure and temperature changes, which were measured with
a strain-gauge pressure transducer and a microthermocouple respectively.
The principal reaction products were identified and determined by gas
chromatography. h

In the Results Section, it is shown that no appreciable
polymerisation oflstyrene takes place in the vapour-phase at pressures
below atmospheric. Furthermore, the presence of 1-5% oxygen does not
significantly enhance such polymerisation. Styrene remains stable in
the absence of oxygen up to temperatures of ca, 55000. However, in
the presence of 1-5% oxygen, decomposition occurs at temperatures as
low as 32000.

Studies of the vapour-phase oxidation of styrene have

shown that no cool flame region is observed and that only slow oxidation



takes place at temperatures below 46500. At higher temperatures,
ignition occurs.

Experiments carried out at ca. 57000 in which polymerising
liquid styrene was introduced into a reacting styrene-air vapour mixture,
have shovm that the liquid monomer facilitates ignition. At higher
initial pressures, however, temperature measurements indicate that a
cooling effect takes place when the relatively cold monomer is
introduced into the vapour mixture. This cooling effect tends to 'mask!
the influence of polymerising liquid styrene in promoting ignition.

Finally, in the Discussion, the significance and implications
~ of the experimental results are considered and deductions are made as to

the probable mechanisms involved in the vapour-phase reactions of styrene.
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1at Introduction

Expansion of the chemical and chemical—proceésing industries
over the last two decades has proceeded'at a rate much higher than that for
many other sections of industry. Production of polymers for example has
grown steadily over the last ten years (Figure 1.1)3 Styrene~type monomers,
including styrene, vinyltoluene, X - methylstyrene and divinylbenzene,
have been used in ever-increasing quantities in the synthesis and manufacture
of plastics, coatings, resins, latexes and rubbers, As a result too of
appreciable advances in polymer technology and of the competitive nature
of industry, there has been a dramatic increase in the scale of plant and
in the complexity of associated processes. In consequence, considerably
larger qﬁantitiea of chemicals involved in polymer production are being
stored and this in turn has led to a rise in potential hazards, foremost
among which is perhaps that of fire and explosion, as indicated by the
frequency and cost of accidents in the chemical process industry generally,

Explosion of unconfined vapour clouds produced by the
evaporation or dispersion of flammable liquids or vapours is a growing
problem, mainly on account of the increasing extent of spillages in recent
years, Unchecked explosions of combustible gases or géa mixtures ingide
or outside buildings and installations continue to cause substantial
damage ., Strehlowzihas shown that damage due to the explosion of unconfined
gas clouds is increasing.

On 4th Janvary, 1966, at Feyzin in France, a 2 in,valve on a
large liquid butane tank became stuck in the open position. =Explosion and
subsequent fire burned fire-fighters 330 yards away. Seventeen people

were killed and refinery damage was extensive3.
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At Crescent City, Illinois, 2 train containing ten 33,000~
gallon tank cars was derailed in the towm on 2nd June, 1970. A vapour—
cloud explosion initiated a fire and subsequent explosions effectively
destroyed the business section., No fatalities were repor’ted4.

On 22nd Janvary, 1972, at East St. Louis, Illinois, a tank
car containing propylene was pierced during humping operations, There
was at least a S-minute delay prior to ignition. However the resulting
blast caused an estimated 6.5 million dollars damage to railroad property.

Other incidents have been reported subsequent to the publication
of Strehlowt's reviewz. ne of the more notable of these was the explosion
-which took place at the Shell Refinery at Pernis, Holland, on 28th January,
1968, Two people were killed, nine were admitted to hospital and 76 were
slightly injured. The explosion and fire caused considerable damage to
neighbouring installations at the nearby towms of Vlaardingen and Hoogrlieté.

I1"}:Le cost of losses in life and property in the Uhited Kingdom
has, over the last twenty years, increased in proportion to the square of
the growth of the National Product7. This is exemplified by the Flixborough
disaster in 1974. Twenty—eight people were killed and thirty-six others
received serious injuries. Outside the Works, injuries and damage were
widespread but no one was killed, Property damage extended over a wide
area and a preliminary survey showed that 1,821 houses and 167 shops and
factories had suffered to some ex'tenta.

Clearly, the presence of highly flammable liquids and vapours
in manufacturing processes constitutes a major risk in industry. 0fford9
has pointed out that the actual area potentially at risk in any particular

works will generally depend upon the following factors:



(i) The physical characteristics of the liquids and
gases stored and used.
(ii) The conditions of stérage and usage.
(iii) The likelihood of spillage or leakage taking place
during normal storage and working operations.
(iv) The presence of hazards in an adjacent process or
storage area.
These factbrs have to be taken into account in order to be

able to make an initial yet realistic assessment of hazard areas,

12
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1.2 Storage of styrene~type monomers

Styrene has become one of the most important materials
employed in plastics and coatings. However, the same chemical reactivity
and chemical constitution, which allow styrene monomer to polymerise
readily into a desirable end-product, also creates certain problems
in its handling and storage.

G P Polymerisation aspects of storage

Styrene polymerises readily at elevated temperatures and it
therefore tends to become viscoué on storage, The time scale involved may
vary from a month to several years, depending on the ambient temperature
and on the amount of air in contact with the monomer, For this reason,
phenolic inhibitors, such as p-tert-butylcatechol (T.B.C.), are added in
order to prevent polymerisation during shipment and subsequent storage,

The monomer usually contains 10-15 ppm of such inhibitors,

Inhibitors of the above type are sensitive to oxygen. A
emall amount of oxygen usuvally activates the inhibitor and results in a
larger polymerisation-free storage time, However, excess oxygen eventually
destroys the inhibitor and results in increased aldehyde and peroxide
formation. Table 1.1 shows induction periods for styrene monomer
containing 5 and 10 ppm T.B.C, at different elevated temperatures, The
induction periods represent the length of time taken for the viscosity
of styrene to increase by 1% due to the formation of polystyrena.10 |

“Table 1.2 shows the formation of polymer and aldehyde in the
styrene monomer stored at room temperature under air and nitrogen with and
without inhibitor present. From this table it is evident that T.B.C.
provides adequate protection against polymerisation of styrehe under most

shipment and storage conditions, and also reduces the formation of aldehydes.10



Table 1.1

Effect of inhibitors on styrene polymerisation

at various temperatures

14

Induction period (min)

Temperature (°C)

No inhibitor 5 ppm TBC 10 ppm TBC
60 50=55 4200--4800 -
80 : T-12 355 450
100 2-4 . 20-23 T0=75
120. ' 04 47 =1




Table 1.2

Stability of Styrene Monomer in Storagze

(2) Stored under nitrogen at 25°%

s % Polymer 9 Aldehyde
Time
in Days 50 ppm Yo 50 ppm
Inhibitor TBC Inhibitor TBC
2 - 0.010 0.010
4 - 0.010 0.010
6 - 0.010 0.010
8 - 0.010 0.010
10 - 0.010 0.010
12 - 0.010 0.010
14 - 0.010 0.010
16 - 0.010 0.010
20 0.2 0.010 0.010
25 0.3 0.020 0.020
(b) under air at 25°%
2 0.6 - 0.040 0.010
4 1.0 - 0.080 0.010
6 1.6 - 0.100 0.010
8 2.0 - 0.110 0.010
10 2.9 - 0.140 0.010
12 4.2 - 0.160 0.010
16 6.9 - 0.210 0.010
20 1.0 - 0.240 0.010
25 16.0 0.2 0.320 0.010




Vinyltoluene monomer also polymerises readily at elevated
temperatures, It has a greater absolute rate of polymerisation at 100°¢
than styrene. The presence of the meth‘}l group lowers the activation
energy of the polymerisation process (71 - 79 kJ mole"'1 for vinyltoluene
compared with ca. 88 kJ mole™ for styrene)11.

X = Methylstyrene differs from styrene in its polymerisation
behaviour. This compound does not polymerise readily in the presence of
radical~producing initiators such as heat, light, or peroxides. However
ionic initiators will successfully induce polymerisation e.g. sulphuric
acid, stamnic chloride, metal powders and sodium to name a few., Usually,
10 ppm T.B.C. are added to the monomer for shipment and storage purposes11.

; . Divinylbenzene is appreciably less stable than styrene. For
this reason it contains about 10C0 ppm T.B.C. which is claimed to be
sufficient for storage and handling for up to thirty days at temperatures
below 32°C. Dissolved oxygen is required for the effective inhibition of
polymerisation and, owing to the high reactivity of divinylbenzene, this
monomer is usually stored under refrigerated conditions12.

1.2.2 Flammability asvects of storace

Styrene is the only one of the styrene-~type monomers which will
form explosive mixtures at room temperature, Thus the danger of fire and
explosion are, in ﬁany real situations, greatest with this compound. Figure
1.2 shows the approximate explosive iimita of styrene and vinyltoluene over
a range of pressures and temperatures which could be encountered during
vacuum and pressure-impregnating openations.12 While the actual operating
conditions may lie outside the explosive limits, the vapour system may pass
through the explosive region in reaching the desired operating conditions.
The lower explosive limit is 1.1% by volume and the upper limit is 6.1% by

volume, both in air. The percentage of styrene present in air at various



Figure 1.2
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temperatures and pressures is given in Table 1,3. The dotted lines in
this table indicate approximate explosion limits, At pressures below 0.4
atmospheres, explosive mixtures would not be likely to be formed at any
concentration of styrene vapour.10 The explosive limits of styrene in air
are fairly similar to those of related aromatic hydrocarbons as shown in
Table 1.4.10

The higher boiling points and lower vapour pressures of
vinyitoluene and divinylbenzene make it difficult to produce explosive
mixtures of these compounds with air at room temperature. Tables 1;5 (a)
10

and (b) list data pertinent to the safe handling of these two monomers,

1.3 Liguid-phase polymerisation of stvrens and related monomers

Various reasons, such as its ready availability, commercial
importance and'reproducible polymerisation kinetic behaviour, have resulted
in'styrene being probably the most extensively studied monomer, The resulis
of the first systematic kinetic investigations of the uncatalysed
polymerisation of styrene were published iﬂ 1937.13

Although studies of the polymerisation kinetics of compounds
related to styrene would have been of interest, the difficulties involved
in the preparation of the pure compounds, together with their relatively
low industrial importance, are mainly responsible for the fact that only two
such monomers have been the subject of detailed study, viz. p—methoxystyrene14
and 4—vinylpyridine.15

1.3 Uncatalvsed thermal polvmerisation of stvrene

During the late 1930's and 1940's, a number of investigations
were reported which described the spontaneous polymerisation of vinyl and
16

diene monomers, In many cases, however, the observed polymerisation

was initiated by traces of peroxide formed in contact with air, or by



Table 1.3

Volume Percent Styrene Vapour in Air at Various

Temperatures and Pressures

19

Temperature Absolute Pressure in Atmospheres
c °F 0.25 0.50 1.0 2.0 4.0 8.0
0.0 | 32.0 0.68 | 0.34 | 0.17 | 0.085 | 0.043 | 0.021
10,0 50.0 1.37 0.68 0.34 0.17 0.086 | 0.042
20.0 68.0 2,58 1.29 0.65 0.32 0.16 0.080
29.3 | 85.0 4.40 | 2.20 Em;..;c:.i 0.55 | 0.27 | 0.14
30.0 86.0 4452 226 1.13 0.56 0.28 0.14
40.0 | 104.0 7.84 3.92 1.96 (0.98 | 0.9 | 0.25
50,0 | 122.0 12,9 644 3.2 | e A : 0.40
60.0 | 140.0 20.5 10.3 5.13 2.57 1.28 §“o...6.4:“
655 1 nas.3 24.4 12,2 5”,5,',1,0" 3,05 1.53 0.77
70.0 | 158.0 32,2 | 16.1 8.03 : 4.02 | 2.01 1,00
80.0 | 176.0 49.6 24.8 12.4 §“_6..'.'e.q._J 3.10 1.55
90.0 | 194.0 71.6 35.8 17.9 8.95 4.47 2.24
100.0: |212.0:- | 100.0. |} s50.4 | 25.2- | 12.6 6.30 | 3.16
ﬁUEE: Region inside dotted lines represenis approximate explosion

limits.



Explosive Limits in Air for Styrene Monomer and Related Materials

Table 1.4

20

Fuels

Benzene
Toluene
Ethylbenzene

Styrene

Explosive Limits (% volume in air)

Lower Upper
1.4 8.0
1.27 7.0
1.2% 6.8%
s [ | 6.1

*¥ Approximate values




Table 1.5 .

(2) Properties of vinyltoluene pertinent to its safe handling

Boiling Point (101.3 m:m"z) 171.88%
Flash Point 65°C
Fire Point 68.3°

Explosive limits in air (@ 70°C) 1.9%

lower limit % volume

-2

Vapour Pressure (Im ¢

@ 20°¢) 147 Nm

Inhibitor: p-tert-butylcatechol 10-15 ppm

(b) Properties of divinvibenzene (DVB) pertinent to its safe handling

n-DVB p~DVB
o ; -2 o 0
Boiling Point (101.3 kiim ) 180°C 195 C
Flash Point 57°C 73.89%C
Fire Point 70 76.67°C
Explosive limits in air (@ 65°C) 1.1-1.5% 1.2-1.6%
lower limit % volume
. =2 o -2 -2
Vapour Pressure (klim ~ @ 75 C) 1.3 kim 4 kNm
Inhibitor: p~tert-butylcatechol 1000 ppm 1000 ppm
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other impurities present in the monomer, In only one instance was there
unequivocal evidence for a reproducible rate of thermal polymerisation,

13,1721 The work of Foord?2 and others

and this was found for styrene.
showed that the polymerisation was free-radical in character, Despite

a phenomenal number of investigations of the thermal polymerisation of
styrene, there is still some doubt as to the mechanism of initiation of
this polymerisation, Most of the work carried out before 1966 has been
summarised by George.23 The various initiation theories which have been

propesed have recently beencritically reviewed by Ebdon.24

Tadsls] Bimolecular initiation theories

Investigations of the gates of thermal polymerisation of
styrene in various solvents over a range of concentrations have shown that
the overall rate is second order with respect to the monomer.18’19'21
However, an apparent first-order dependence was observed for the bulk
polymerisation of styrene.1? This latter finding has been attributed
either to a lowered reactivity of the monomer in the polymerising Bystemns
or to the occurrence of a slight gel effect.26

Bimolecular formation of two monoradicals from two styrene
molecules27 has not been seriously considered as a poséihle mode of
initiation of thermal polymerisation.23

2 H20 = CH CH—CHl C = CHé

U0 - U

Such a reaction, while being energetically feasib]ezT, would involve the
transfer of a hydrogen atom from theQ/-position of a styrene molecile,
However, no evidence of a pfimary isotope effect has been obtained in the

thermal polymerisation of[!-deuterostyrene.28’29_'
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30 has proposed the bimolecular formation of a tail-to-tail

Flory
biradical as the initiation step. The biradical was expected to propagate
from both ends to yield polymer of high-molecular weight:

ZCH =CH -———-a .GH C: CH éH [ EE R N R R ] 2
2 % } q2 2* (2)

X = Ce for styrene)

g

estimated that such a reaction would be exothermic

thlinng

by as much as 41.8 kJ'mo]e~1 in the case of styrene, owing to a considerable
resonance stabilisation of the resulting biradical. The theory of biradical
initiation and propagation has however come under considerable criticism,
Evidence against birad;cal propagation, with termination by
reoombinétion, has been obtained from measurements of the molecular weight
distribution of thermally prepared polystytﬁnes.33 Propagation and
termination reactions of this type (in the absence of cyclisation and
appreciable chain-transfer) should produce radical-ended polymer chains
which have a very broad and flat molecular weight distribution.34 Such
distributions are not found in practice. A normal molecular weight
distribution would be produced only if termination of biradical chains

34

occurred by disproportionation, However, disproportﬁonation is not the
main mode of termination in the conventional monoradical-initiated
polymerisation of étyrane and there is no evidence to suggest that
propagating styrene biradicals would behave differently.

Whilst biradiﬁals may not be involved in the propagatibn of
styrene polymerisation, they may nevertheless be formed initially and then
undergo iransfer reactions to give pairs of monoradicals, Several attemnts
have been made to initiate the polyﬁerisation of styrene with compounds
Yielding biradicals on decomposition. Among the compounds investigated

35-37 38-40

have been cyclic peroxides y cyclic azo compounds y cyclic
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42

dieulphides41 and polysubstituted hydrocarbons, Most have proved to be

poor initiators, while those which were found to be efficient (eyclic
43 36,43)

peroxides, such as dihydroascaridole’™ and cyclohexanone peroxide
decompose to give pairs of monoradicals. Prevailing evidence thus points
to the fact that biradicals do not participate in either the initiation
or propagation steps of siyrene polymerisation.

1312 Termolecular initiation theories

Other theories of styrene initiation have been based on the
rates of thermal polymerisation in solutions containing various concentrations
of the monomer in refluxing bromobenzene, Nayo44 isolated two major
- products from the reaction. One was a polymer of high molecular weight,
for whiéh the overall. order of formation was 5/?; the other was a low

18,19,21

molecular weight oligomer. Previous estimates of an overall order

of 2 were attributed to a2 failure to recognise the existence of the two
types of product.

An order of 5/? suggests that the initiation step is third
44

order with respect to the monomer. l2yo"™" thus proposed the formation

of monoradicals from three molecules of styrene:

3HC = CH —> éHcH3 + CH3(,: = CHCH

Ph Ph Ph  Ph sseisne 3)
45

However, termolecular reactions are rare’™ and a more reasonable assumpiion

is that initiation is a2 two-step process involving reversible inefficient

bimolecular formation of a biradical followed by a rapid transfer reaction:

-

2 CHy = CH —> échzcnzc

Ph Ph Ph vessess (4)

éHCHZCHén.z CH, = CH —> éHcHB. CH = CHC}IzéH
o+

Ph Ph Ph Ph Ph Phvesssen (5)
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Both these schemes have come under criticism, Mayo's scheme

involves the transfer of a hydrogen atom from the - position of a styrene

] C
molecule, but rate measurements with Ol- deuterostyrene do not support this.28’2'

The second mechanism involves the transfer of hydrogen from the [3-—;poaition
of a styrene molecule., This has also not been justified by experiments

29,46

involving isotopically labelled styrene, For this latter mechanism,
the biradical would have to possess specially high reactivity towards
styrene, because the rate of transfer to the monomer of polystyryl radicals
is only about 10~ times the rate of propagation.

A recent proposal regarding the thermal initiation of styrene
polymerisation is based on characterisation of the low molecular weight
' A9

products formed concurrently with the polymer both in bul and in

48

bromobenzene solution. The low molecular weight fraction consists
mainly of two dimeric products: 1,2-diphenylcyclobutane (1) and

{-phenyltetralin (III). Mayo proposed the following dimerisation reactions:

2 ?H = CH2 ? ?
1 o H—(f-cl:-csﬁs
6% H~C=C~C H
¢ 89

HH

(1)

H H
H
._> E
4 4 _ H

(11) csﬂs (111) 06H5
The 1-phenyltetralin was believed to be formed by aromatisation

of a previously formed bicyclic triene (I1), which in turn was assumed to

47,48

take part in the initiation of polymerisation. The reaction sequence

postulated is shown below (only the ring hydrogen involved in the transfer
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-step is shown for clarity):

CH, = CH . CH36H
H g .
Cells Cehis

Such a process satisfies the apparent termolecular nature of
the initiation step and does noﬁ require the prior formation of a biradical.
This mechanism has been supported bty the observation that the rate of
initiation of the thermal polymerisation of 2,4,6- trideutero-styrene is
markedly lower than that of styrene.28’29

Thé controversy over initiation mechanisms involving biradicals
is by no means finished, Variations of the original theory have recently
been reported.z3 However no firm substantiation of the occurrence of

biradical initiation has yet been obtained.

1.3.2 Polymerisation in the presence of air

When compared with polymerisation in the absence of air or
oxygen, results with air-contaminated monomer have shown that (i) induction
periods were shorter, (ii) higher rates of polymerisation were observed,
(iii) polymers of lower chain-length were formed in the initial stages of
polymerisation, and (iv) higher chain-length polymers were genersted in

the later stages.50

Barnes51 related the catalytic action of oxygen to peroxide
formation. The presence of peroxides in many vinyl compounds had been
observed previously by various investigators.52’53 Moureu and Dufnaisse54'55
established that it was combined oxygen rather than oxygen itself which

catalysed the polymerisation of acrolein. In the complete absence of
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oxygen, many vinyl monomers either fail to polymerise altogether or do
so very slowly.54
However, during photopolymerisation, oxygen exercises an

51

inhibiting action, Barnmes” explained this by assuming that peroxide
formation occurs in preference to polymerisation in accordance with the
following scheme:

M+TL =~ Mo Jevssssvnanoseosss (1)

M+ 0, ~—> MO, (preferred POROLION) eorencnrsecs LO8)

M +X — MM + M —> MMM" etce esvessevcess (2D)
where M represents the monomer molecule, M is the corresponding free radical
.and Moé is a peroxide. It was further assumed that the peroxide catalyses
the reac%ion by generating M* and that these molecules exhibit preferential

reactivity towards oxygen.

el Vapour-phase polymerisation of stvrene and related monomers

The earliest investigation of dimerisation in the vapour-phase,
namely that of ethylene, was carried out by Pease,56 who found that at
temperatures of 350-500°C and pressures of 202,6~1013 kNm-Q, butadiene
was formed., The volume of this product was eomewhgt smaller than half
that of the ethylene consumed, so that some higher poljmerﬂ were also
formed,

Compoﬁnds containing conjugated double bonds have been found
to dimerise more readily than ethenoid compounds, but the products assume
a variety of structures depending on the conditions of polymerisatibn.

Polymers formed in the reactions involving ethenoid gases
were found to be of low molecular weight. This was attribu‘bedS7 to the
fact that the high activation energy of the interaction of free radicals

and hydrocarbon molecules prevents the formation of long chains before the
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radicals are destroyed., Various methéds for the promotion of reactions
included photéchemical and free-radical initiation, but purely thermal
polymerisation could not be induced.

The most important factor in vapour-phase polymerisation is
that the reactions, which are initially homogeneous, quickly become
heterogeneous eince, as polymers grow in size, they start to constitute
a new phase in the system, Thus, instead of the monomer molecules simply
colliding with the growing polymer, they are "absorbed" into the polymer
particle, within which reaction subsequently takes place., In addition,
the mechanism of termination is more complex. The amount of quantitative
information av#ilable is therefore limited.

Studiessa‘of vapour-phase polymerisation have been carried
out in static systems by following pressure changes and occassionally
analysing the products. Vinyl acetate decomposes at about 360°C but
measurable polymerisation was observed at pressures below atmospheric,
Methylacetylene does not polymerise readily even at 475°C at which
appreciable decomposition starts to occur. Styrene is stable up to about
400°C, at which temperature slow reaction starts to occur accompanied
by a decrease in pressure., The reaction apparently ceases after a small
pressure change. At a slightly higher temperature, 42000, an increase
in pressure is observed, indicating the predominance of decompositioﬁ.

No explanation has been given for the initial decrease in pressure.58

A subsequent study of the vapour—phase polymerisation of
styrene was reported by Mark and Breitenbach.59 These workers found
that gaseous styrene polymerised between 220 and 311%. wi£h increasing
temperature, dimerisation aﬁparently became more important. At 31100, the

polymerisate consisted entirely of unsaturated dimers. Table 1.6 shows the
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Table 1.6

Vapour—phase polymerisation of styrene

Temp (°C) Initial Pressure (kNm"e) Pressure drop kNm-e/hr
150 ' 97 2.7
115 9.3
175 97 1.5
133 3.1
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pressure changes observed at 150 and 17500 for various initial pressures of

monomer vapour, HEven above atmospheric pressure, vapour-phase polymerisation

59

was relatively slow,

1.5 Pyrolyvsis of styrene and saturated aromatic hvdrocarbons

During combustion at high temperatures, many fuel molecules
tend to decompose before reacting with oxygen. Pyrolytic processes are
therefore often relevant to high temperature oxidation reactions,

BerthelotGO found that styrene gave acetylene and benzene
when passed through a red-hot porcelain tube, Subsequent investigation361
showed that a 99% recovery of styrene is obtained following heating at
55000 and a 95.3% recovery after heating at 625°C.

Badger and Buttery62 deeomposed styrene by passing the vapour
mixed with nitrogen through a silica tube at 710°C. The major products
included benzene (6.4), toluene (3.3), ethylbenzene (1.6), indene (0.4),
naphthalene (6.1), diphenyl (1.6), dibenzyl (0.9), fluorene (1.3), stilbene
(1.3), phenanthrene (11.1), anthracene (0.3) and 2-phenylnaphthalene (2.5),
the values in brackets representing percentage yields by weight. Contrary
to the findings of Berthelotéo, no acetylene was detected. It was proposed
that the high temperature reaction leading to these products were

predominantly free radical in nature.62
Subsequently, Badger et a1.63 further investigated the pyrolysis
of styrene at 710°C using 1—140 styrene. It was suggested that the primary
free radicals formed in the decomposition of styrene arose by random C-H
~ scission in the side-chain and ring, and by C~C bond cleavage in the side

chain, according to equations (1) and (2).

c6H5§H=CH2-—-.——) 0635'* + ‘;H=CH2 Sowenshe il
CgHSCH = CH, — CgHCH = CH + H* )
—— csn;c‘ = CH, + H" } ceesenes (2)
e '06H4*CH = CH, + H;
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The bonds broken have comparable bond dissociation energies and the random
formation of free radicals is thus feasible,

63 Its

Benzene was a major constituent of the pyrolysate.
formation may be accounted for by assuming C-C bond fission in accordance
with equation (1) followed by abstraction of hydrogen by the phenyl radical.

Toluene, which was also a major product,ﬁz was thought to be
formed by the reaction between a styryl radical and a phenyi radical followed

by hydrogenation to dibenzyl, and subsequent cleavage to two benzyl radicals

(equation 3).

%* . . * *

CGHSCH =CH + 06}15 — °6H5°H = CH G6H5 - 06H50H20H206H5
W% % = *

061{50}12 - 061{50}.2 _— C6HSCH3 - 06H50${3 cosnindese LB)

An equally plausible suggestion63 involved hydrogenation of
styrene to ethylbenzene, followed by cleavage to a benzyl radical and a
methyl radical (equation 4) and subsequent abstraction of hydrogen
according to equation (5).

* * * P, .
06H5 CH = CH, —> 06H50H2033 —_— 06}1’50]-[2 + CH3 P R

> +H
06H5CH2 _ﬁ' C6H5CH3 R R N (5)

63

Among the polynuclear hydrocarbons, naphthalene was found = to

be a major product of the pyrolysate. This compound is probably formed by

* .
a reaction beiween the styryl radical, CGH CH = CH and either ethylene

>
*
or a vinyl radiecal, CHé = CH', followed by ring closure and dehydrogenation (I)

Other investigations have also been carried out on the formation

of arenes from other aliphatic and aromatic hydrocarbons.64’65 Generally,
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mechanisms involving radical recombination and chain propagation have

been used to explain product f‘nvrwmr:rl::‘mn.'63‘_67
, More recent wor’lv.:ﬁ8 on the pyrolysis of stable aromatic systems

containing the Ph - CH = CH= structure, has shown that the products obtained

from the pyrolysis of siyrene are similar to those reported by Badger.62‘63

Styrene was pyrolysed in the range 500 - 90000 64 and the results in Table
1.7 indicate that this compound is relatively stable up to TOOOC. Table 1.7

also shows the nature and complexity of the decomposition products,

1.6 The vapour-nhase oxidation of saturated aromatic hydrocarbons

Investigations into the vapour-phase oxidation of aromatic
hydrocarbons have not been as extensive as those carried out with aliphatic
hydrocarbons, Early investigations by Fort and Hinahelwood,69 and later

by Amiel,70’71’72

showed that the slow combustion of benzene bore a general
resemblance to that of ethylene. Fort and Hinshelwood69 concluded that
benzene is oxidised by a chain mechanism, the chains being initiated
predominantly in the gas phase.

Newitt and BurgoyneTB carried out a comparative study of the
slow oxidation of benzene, toluene and ethylbenzene at high pressures with
a view to determining the relative reactivities of the side chain and
nucleus, The results suggested that, whilst in the case of benzene the
formation of a single series of hydroxy-intermediates preceded the breakdovm
of the ring, with toluene and ethylbenzene, both nuclear and side-chain
reactions occurred simultaneously. The phenyl group in ethylbenzene
appeared to increase the reactivity towards oxygen of the Ol=carbon atom
of the side chain.73

Burgoyne74 later studied the oxidation of benzene and a series

of its derivatives ai subatmospheric pressures. Comparative investigations



Table 1.7

Relative Concentrations, (wt 4) of the Products

of Pyrolysis of Styrene

Products 700°C 800°c 900°C
Benzene 0.40 2.44 8.90
Toluene 0.31 3.50 2.41
Ethylbenzene 01 21 2.54 0034
Styrene 95.31 68,22 28.05
Indene _ 0.06 1.02 2.38
Napthalene 0.15 3.05 16.14
Biphenyl 0.01 0.82 8.65
Diphenylmethane 0.02 0.25 0.69
Acenaphthalene 0.35 0.88
Fluorene 0.11 1.46 3,28
trans = Stilbene 0.87 3.32 1.36
Phenanthrene 0.40 5.65 14.79
1-Phenylnaphthalene 0.28 1.75 2.54
Fluoranthene 0.05 0.77
Pyrene 0.11 1.05
1,2=Benzofluorene 0.10 0.11
Chrysene 0.33 1.26
Grems of neutrals/

grams of pyrolysand 0.72 0.40 0.35
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were carried out on benzene, toluene, ethylbenzene, n-propylbenzene,
n-butylbenzene, o~, m=~ and p~xylenes and mesitylene, The results obtained
confirmed the view that chain mechanisms are involved, but the kinetic
characteristics of benzene oxidation were found to be somewhat different
from those of its alkyl derivatives.74

16,1 Vapour-nhase oxidation of benzene

At a pressure of about 50 atm. benzene was found to react
readily with oxygen at temperatures as low as 280°C. The principal products
formed from mixtures containing an excess of hydrocarbon were phenol,

73

oxides of carbon and steam, Hydroquinone, quinone, maleic acid and
formaldehyde were also found in smaller quantities. A%t higher temperatures,
tarry products, together with free carbon, were deposited in the reaction
vessel and gaseous products included hydrogen and methane; higher molecular
weight - hydrocarbons such as diphenyl were also found.73

The oxidation of benzene, unlike that of the aliphatic
hydrocarbons, was not preceded by a marked induction period, but began
almost immediately the mixture entéred the reaction vessel. Ageing of
the feaction vessel had relatively little effect.73

At subatmospheric pressures, slow combustion occurred only
above 45000 and the products included diphenyl, p~dihydroxybenzene, maleic
acid, formaldehyde, formic acid, acetylene, ethylene, methane and hydrog:e(s;:?5‘“7
It has been suggested that benzene undergoes successive hydroxylation

followed by ring rupture. Norrish and Teylor 17 proposed 2 mechanism

involving phenyl and phenylperoxy radicals, viz.

Cglg + 0, = 654-}10 Sswameseeh k)
H5+0 } 652 tee TR N (2)
06}!502 A 46‘.‘{6 —"“"‘"-—} C6H50. + 06H50F [ E R (3)

C6H50' 4 CGHG e o 06 5OH -+ 06 5 sssesins (A)



35

Phenol is then converted to dihydroxybenzenes by a similar mechanism, which
78

is suggested by the results of a study of its oxidation. The dihydroxy-

compound formed then undergoes oxidation which leads to decomposition:

OH OH
CO,H
¥ &
HC <
\\CObH
OH OH

Further oxidation of acetylene leads to formaldehyde and
formic acid and the reaction of the aldehyde with oxygen then gives rise
to chain-branching. It has been suggested that diphenyl, which is formed
in appreciable amounts, is unlikely to result from the reaction between
phenyl radicals and benzene, since hydrogen atoms would be produced and
the yield of hydrogen is quite sma.ll,'r'j_'7 except at high temperatures.

It was therefore proposed that phenyl radicals preferentially dimerised
in the system and thus reacted much more slowly with oxygen than
alkyl radicals. .

B Vapour=nhase oxidation of alkylbenzenes

1.6.2.1 Combustion nhenomena

74,75,79,80

Burgoyne found that, in general, the kinetics of
the oxidation of alkylbenzenes resembles that of alkanes, especially if the
side—chain contains more than two carbon atoms. The oxidation of aromatic
hydrocarbons (other than benzene) resembles that of aliphatic hydrocarbons
in taking place by two distinet chain mechanisms, one predominant below
30000 and the other above 40000. In the intervening range of temperature,
the two mechanisms proceed concurrently. Intensification of the low-

temperature reaction results in cool flames while at high temperatures,

a chain-thermal ignition may occur, Figure 1.3, shows typical ignition
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profiles obtained for some aromatic hydrocarbons including benzene,
The ignition profiles for benzene, toluene and ethylbenzene are of the
game general shape as that for methane, the ignition temperature decreasing
steadily with increasing pressure in each case, On the other hand the
ignition profiles for n-propyl and n-butylbenzenes differ from those of
the lower homologues due to the existence of a low-temperature peninsula.

Burgoyne, Tang and Newit‘l;,so did not succeed in finding cool
flamés for benzene, toluene and ethylbenzene, However, all the aromatic
hydrocarbons, except benzene, possessed a region of negative temperature
coefficient. Norrish and 'I‘-'.l;,rlor81 la.'ter studied the oxidation of 'i:oluene
and ethylbenzene under both static and flow conditions in the temperature
range 285—42500. Cool flames were observed during the oxidation of both
these hydrocarbons. Such flames were recorded in mixtures containing
4 parts of hydrocarbon to 1 part of oxygen. Faint luminescence was
observed even for a 2:1 hydrocarbon-oxygen mixture. Figure 1.4 shows the
cool flame phenomena reported for toluene a;nd ethylbenzene and, for
comparative purposes, the region of’ cool flame oxidation for ethane has
been included.81 The cool flame region of the aromatic hydrocarbons is
shifted to somewhat higher temperatures and no periodic cool flame
phenomena are observed, With toluene, the luminescence was reported to
be considerably weaker than for the alkanes (except ethane) and with
ethylbenzene the flash was found to be considerably brighter than for
toluene.

Results have shown that, at high pressures, benzene ignites
with more difficulty than any of its derivatives or indeed methane,.
Figure 1.5 shows ignition profiles for standard mixtures with air of

benzene, toluene, ethylbenzene and n-propylbenzene. Corresponding data
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for a 15% methane—air mixture are included for comparative purposes.
Clearly, the order of reactivity of the different compounds is the same
as that observed at subatmospheric pressures, Fxcept with n-propylbenzene,
the ignition temperatures fall progressively with inereasing pressure.
n~-Propylbenzene exhibits characteristics which are associated
with the higher a2lkanes, Figure 1.5 shows that this hydrocarbon has both
upper and lower temperature ignition mechanisms., FEvidence was also. obtained
for the passage of feeble cool flames but the boundaries of the cool flame
zone were not established.

In an attempt to relate structure and reactivity, the ignition
characteristics of o-, m— and p-xylenes were compared with one another and
with that of the isomeric ethylbenzene.so The order of increasing reactivity
was found to be para—-  meta—~ortho-xylene, o- and m=-Xylenes possessed
well;defined cool flame regions, whilst p-xylene exhibited no cool flames.
Figure 1.6 shows the ignition profiles for the xylenes, mesitylene and to]uene?n
The low~temperature ignition regions of o- and m-xylene have two pressure
minima, whilst p-xylene exhibits one pressure minimum and this at high
temperature,

The gaseous oxidation of p-xylene vas later investigated at
low pressures by Barnard and Hawtin.82 Studies were carried out in a
static system at temperatures between 460 and 512°C and no low=temperature
ignition phenomena were r9ported.82 Subsequently, an extensive investigation
of the preflame and ignition characteristics of 17 aromatic hydrocarbons

83

vas carried out by Salooja ~ using a flow system. The results for the
extent of preflame reaction with 211 the fuels were presented in terms of
the formation of carbon monoxide but it was suggested that the same general

pattern would have been obtained if-the criterion chosen had heen formation
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of carbon dioxide or consumption of oxygen. OSome typical results for
benzene, o-xylene, isopropylbenzene and n-butylbenzene are shown in
FPigure 1,7. From the data obtained, relationships between the ease of
combustion and molecular structure have been proposed.83

1652 Structure and reactivity

$1° Showed tHat 4hs

Results obtained by Burgoyne and Newit
slow oxidation of benzene involved the formation of a single series of
hydroxy-internediates preceding the cleavege of the ring. With toluene
and ethylbenzene, however, both nuclear and side-—chain oxidations took

place concurrently. Furthermore, it appeared that the phenyl group in

ethylbenzene exposed the Ql—carbon atom of the side—chain to attack by

oxygen,
In a subsequent investigation by Burgoyne, Tang and Newitt,go
the ignition curves of aromatic hydrocarbons were shown to be analogous
to those of the alkanes, Since all the aromatic fuels had saturated side-
chains, there wes some analogy with the behaviour of the alkanes, but little
or no correlation with that of the élkenes. It was found that, with
aromatic hydrocarbons, the transition between the high~ and low=~temperature
ignition regions occurred at a temperature lower than fhat observed for the
higher alkanes. The upper temperature limit of the cool flame zone was
about 30° lower wifh the aromatic hydrocarbons, No generalisations were
made with regard to the minimum pressure limits of ignition and the lower
cool flame boundary since these were strongly dependent upon the nature
of the fuel.80
The occurrence of cool flame phenomena during hydrocarbon

combustion is generally believed to be associated with the accumulation

and subsequent reaction of a relatively stable intermediate species,
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It has been suggested that, in the combustion of aromatic hydrocarbons,
the intermediate or its predecessor, is comparatively unstable. This
would account for the fact that the low—temperature ignition systems of
aromatic hydrocarbons do not persist at such high temperatures as in the
case of higher alkanes and that the cool flame region is generally less
extensive in the former case. As an example, the cool flame region of
n-propylbenzene is ill—defined compared with that of propane.ao Fyrthermore,
the higher aromatic aldehydes are comparatively unstable, decomposing at

80

quite low temperatures to the next lower hydrocarbon:

06H50H2 RN N C}IchO ""ﬁ 06H5C}{2 LR Y CH3 + CO

In view, therefore, of the known participation of higher aldehydes in the
low=temperature combustion regime,a4 this reaction is of significance

in establishing‘differencea in behaviour between aromatic and aliphatic
hydfocarbons.

1.6.2.3 Effect of methvl grouns in the benzene nucleuns

Despite the presence of‘other substituents in the benzene
nucleus, the introduction of a methyl group lowers the temperature at
which oxidation begins and also increases the extent of reaction during
the subsequent stages., However, even though the methyl group tends to
promote oxidation, the resistance to ignition has been shown to incrvase83
and this is manifested in some cases (e.g. with toluene, m-xylene, p-xylene
and mesitylene) by an increase in the ignition temperature with the
concentration of fuel,

The inductive influence of the benzene nucleus is thought to
lower the bond dissociation energy of the C-H bond in the methyl group85
and thereby facilitate oxidation. The iﬁhibiting effect on ignition was

accounted for by reaction of formaldehyde, a reaction intermediate, with

the labile hydrogen atoms to produce carhon monoxide and hydrogen:
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BOHO &l A sy CHD 4 'H2

‘CHO + H —m co .+ ,
This reaction would occur instead of oxidative degradation to produce,
besides carbon monoxide, reactive "OH and HOé radicals which could
eventually lead to the promotion of ignition.

1.6.2.4 Effect of chain lensth in monoalkvlbenzenses

In general, the alkylbenzenes resemble the alkanes as regards
the kinetics of their oxidation, particularly if the side chain contains more
than two carbon atoms. An increase in the chain length invariably increases
the ease of slow oxidation but not always the ease of ignition,

An increase in the lengtﬁ of the side~chain from methyl to
ethyl resulté in a marked increase in the ease of both oxidation and ignition,
A further increase in the chain length to n-propyl has been found to increase
the ease of oxidation to an extent such that reactions will take place in the
cool flame region, At high temperatures, the ease of oxidation is also
enhanced but the resistance to ignition increases, With n-butylbenzene,

83

both ease of oxidation and ignition are increased,

146.2.5 Effect of branched side chains in monoalkvlbenzenes

Isopropylbenzene has been found to be unreactive in the cool
flame region and this compound does not start to be oxidised until higher
temperatures are attained.83 With increasing temperature, isopropylbenzene
is oxidised faster than the straight-chain isomer and eventually ignites at
a lower temperature,

The difference in reactivity of n-propylbenzene and isoproprlbenzene
can be understood by analogy with branching of the carbon chain in nllﬁczmes.ﬂ’3

Investigations on isomeric hexanes have shown that no cool flames are observed

in the absence of secondary C~H bonds. However, at high temperatures, the
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presence of tertiary C-~H bonds instead of secondary C-H bonds is conducive
to greater ease of ignition, It has been suggested that oxidation at
secondary C~H positions results in the formation of aldehydes which are
highly reactive in the cool flame region vhereas oxidation at tertiary
C~-H positions results in the production of ketones which are relatively
stahle.83

At high temperatures, both aldehydes and ketones are prone
to oxidative degradation, and this is dependent upon the strength of the
C~H bonds, Hydrocarbons containing relatively low strength tertiary é—H
bonds in general ignite more readily than hydrocarbons with stronger
secondary C-H bonds,

Of the butylbenzenes, only the n-isomer has been found to
undergo considerable reaction in the cool flame region.83 Slight oxidation
occurs with sec-buiylbenzene but the other isomers barely react in the cool

83

flame region. At high temperatures, the order of decreasing ease of
oxidation and ignition is: n-butylbenzene > sec-butylbenzene > isobutylbenzens
> tert-butylbenzene, This is in agreement with the exnected effect of
branched side-chainé in alkanes, n-Butylbenzene, with the largest number of
reactive secondary C-H bonds, is the most reactive isomer while tert-
butylbenzene with neither secondary nor tertiary C-H bonds, is relatively
unreactive. Both sec- and isobutylbenzens, have the same number of primary,
secondary and tertiary C-H bonds, The greater ease of combustion of sec-
butylbenzene is probably duve to the greater tendency of the derived peroxy
radicals to undergo intramolecular reaction with relatively reactive
secondary hydrogen atoms.83

1.6.2.6 Bffect of positional isomerism in diallvlbenzenns

o-Yylene has been shown to be by far the most reactive of these

isomers and to ignite at the lowest temperature; m— and p-xylenes differ
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83
only slightly in their ease of oxidation, - With o-xylene, the effect
of the fuel concentration on ignition temperature was much greater than
in the case of the m— and p- isomers.
—. . 80 ; 87
Burgoyne, Tang and Newitt, =~ as well as Wright, ' showed that
o~xylene is far more reactive than the m— and p— isomers but their results

83

differed from those of Salooja - who found that p-xylene was less reactive
than m~xylene. According to Szwarc,85 the dissociation energy of the C-H
bond in m-xylene is slightly greater than that in p~xylene, HrightaT
determined the lifetime of the degenerate branching intermediate and‘found
that the intermediate for m-xylene oxidation was the most stable, These
observations support the results of Salooja.83 The higher reactivity of
o-xylene compared with that of m— and p-xylenes has been attributed to the
greater ease of intramolecular reaction between the peroxy radical first
formed and the methyl group in the adjacent ortho position, On the basis of
molecular models, the probability of intramolecular reaction for the me—

83

and p-isomers has been shovm to be remote,

1.6.3 - Produnrts of slow axidation

Products formed during the oxidation of benzene and alkylbenzenes
fall into three groups: those resulting from oxidation of the side chain
e.g. acetophenone, benzaldehyde; those arising by oxidation of the ring,
e.g. phenols; and those formed through ring cleavage e.g, acetylene,
maleic acid,
146,341 Side—chain oxidation

75

- suggested that the higher alkyl derivatives of

Burgoyme
benzene are primarily attacked 2t the (L-—coarbon atom but +this theory could
not be substantiated owing to the instability of the higher aldehydes and

carboxylic acids and the insensitivity of the analytical tests, It was
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assumed that oxidation of the end carhén atom results in the formation of
a primary alcohol, aldebyde and acid, although the latier compounds may
not be formed owing to the instability of the aldehydes,

Thus the proposed combustion mechanism was based on the

degradative sequence:

06H50H2 onaine CH20H3 Al C6HSCHé s e GH?CHO
C_ H_CH, : CHO (0) C HC . CH, + CO
65 2|-oc. e_._ 65}{2.. “n 3

Other possible mechanisms proposed include the decarboxylation
of acids and peracids resuiting in the formation of a member of the next
lower series:

- RCOOH =——————> RH + o,

RCOOOH —> ROH + 002

Oxidation at the {—carbon atom results in the formation of =2
secondary alcohol and a ketone, Once the ketone stage is reached, the end
carbon atom is attacked and degradation through ketonic aldehydes leads
ultimately to the formation of benzaldehyde, which may subsecuently d_ecompbse

- to give benzene, 1In the case of ethylbenzene, the following scheme has been

suggested:75
0 C H.C,H

C,HOH,CH, —23 C.H_CH(OOH)CHy———235 2 H_cH(OH)CH

687 0 65 3 S 3

;0 -

CSHBCOCHs

0, l—H20
CgHoCOCHO

)
il et S 96H5°000H
~C0, | l L0 l-co2
H 06H50H

nuclear atiack
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8,89

Subsequently, Kroger and ﬁigorajskjs" “, in the light of the
results obtained in a static system at 310u410°C, discussed the mechanisms
of oxidation of various hydrocarbons, including ethylhenzene and siyrene.

With ethylbenzene, preliminary studies were carried out in
the absence of oxygen at 38000.89 Analysis showed that the principal
products (expressed as mole %) were benzene 1.45, toluene 0,49, styrene
15.22 and ethylbenzene 82.84.

On the basis of bond dissociation energies, the most likely
initiation step is: _

OgHACHCHy ———— 06H56H2 + 6H3 Sers (1)

In the presence of oxygen, the initiafion reaction presumably involves
attack by oxygen at the resulting free X-—carbon atom:

CEHCH,CHy + 0, —> CoHCHCH, + HOy ... (2)

S 53
90

Liguid-phase oxidation studies” at low temperatures have
indicated that the breakdown of peroxides plays an important part in
promoting the branching reaction, In the gas phase, the corresponding
aldehyde probably plays an important role above 30000, as a degenerate
branching agent. The overall mechanism of ethy]hanzpne”oxidatinn has
thus been outlined as:89
csnsénerB +0, ———> CgH.CHOM,
0-0°

C.H.CH = CH, + HO

-""”,,a 65 2 é

L o g
0-0° :
CGHSCOCH3 + OH
C6H50H20H3 £ B ——a 063503053 + H,0, _ (1)
06H5CH20H3 +0H ——> CSHE‘CHCHB' +'H,0
G6H5{IH = CH, + 0, — c6H5fJHO + HCHO senes ka)



The branching reactions are as follows:

C 6H%CO + H02

G 6H5CHO + 02

/\

06}{53? + COH

HGO + OH

0.
. £ ST i ] "
HCO + 02 CO + H02

06H50H20H3 + H(io —— H002H -+ C6H50}IGH3
: 0'
06.H5GO > 06H5 + CO
C6H5(|‘-O > C6H5 + 002
ol
06H5 + 0, > CO, 002, Héo

Reaction (12) involves attack of the benzene nucleus.

primary reactions leading to benzene and toluene are as follows:

CgHSCHCH, > Cghy + C,H,
CgHg + 0, > €0, C0,, H,0

06H5 -+ 06H50H201{3 _— CSHG + 06H50H0H3

06H5CT{2 + C6H5CH20H3 ——)06H50H3 + C6H5CHCH3

Chain breaking is believed to occur at the walls:

(O, OoB) —BMBS nactive products.
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1.6.3.2 Nueclear oxidation

Initial attack of benzene by oxygen is thought to lead to an
active centre which is not necessarily peroxidic in nature.75 On reaction
with an oxidisable molecule, the active centre may be converted to a phenol,
Alternatively, it may undergo ring rupture to give a higher aliphatic aldehyde,

which undergoes rapid degradation in oxygen to yield formaldehyde, formiec acid,

84,91

oxides of carbon and steam:
0 C_H

? N . 6 6 N )8

CGHG > 0611602 > 206H50.I
CHOCH = CHCH = CHCHO
ldegmdation

HCHO eto.

‘ The ratio -of CO/COz'has been taken to indicate the course of
combustion under varying conditions, carbon monoxide resulting from degradation
at the aldehyde stage and carbon dioxide from degradation of acids and peracids,
At high tempera.tures, the above ratio was greater than 2, showing that,in
general, degradation via aldehydes is the preferred reaction. At lower
temperatures, however, the amount of carbon monoxide formed decreases and
the reaction thus takes place predominantly via the acid, At very low
temperatures, peracids are found in the products, and the amount of carbon
dioxide increases as a result of the decomposition of these compounds,.?"j

1.7 Oxidation of stvrene

o Liquid=phase stndies

Most of the early work on the oxidation of unsaturated hydrocarbone
was concerned with compounds containing double bonds which were relativelw
unreactive with respect to pql_merisation.gz Such compounds react with
peroxy radicals to give substituted 211yl redicals and later the corresponding
allyl hydroperoxides, Much less attention has beer.l paid to unsaturated

compounds with reactive double bonds,
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The relationship between the oxidation and polymerisation of

93

styrene was shown by the work of Medvedev and Tseitlin, Styrene oxidation
proceeded two and a half times as rapidly as its polymerisation at 8000,
resulting in the formation of benzaldehyde and formaldehyde. Small quantities
of benzyl alcohol were also detected. However, no accumulation of peroxidic
compounds in the oxidised styrene was 19ported.93
Mayo and Miller94 suggested a mechanism involving copolymerisation
of styrene to form a polyperoxide followed by cleavage of the latter to give
carbonyl compounds. Both the composition of the copolymer and the fraction
of styrene converted to aldehydes were found to depend on the oxygen pressure.
The styrene-oxygen copolymer, (-CH20H(06H5)-02-)n, of molecular
weight about 5000, had previously been prepared by polymerisation of styrene
95

in the presence of oxygen, first, in emulsion by Bovey and Kolthoff,”” and
subsequently in bulk by Barnes, Elofson and Jones.96

Pelialel Rate of oxidation of styrene as a function of reactant concentratior

Mayo and Miller94 investigated the effects of the concentrations
of styrene and the initiator on the rate of oxygen absorption by the monomer
at 101.3 KNm © pressure. Rates were measured up to about 5% conversion and
were found to be reproducible under these conditions. The rate of oxidation
was proportional to the first power of the styrene concentration and to the
square root of the concentration of the initiator (d41:-azobisiaobutyronitrile).

Experiments were also carried out with oxygen pressures ranging
from subatmospheric to about 405 KNm > and it was shown that the rate was
almost independent of oxygen concentration in this region. The rate of
formation of polyperoxide decreased and the rate of production of benzaldehyde
increased as the oxygen pressure was reduced. Although the rate of formation

of peroxide is about 17 times greater than that of aldehyde at 101.3 kNm-2 of
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oxygen, these rates were nearly equal at 3.3 kNmﬁz pressure, At constant
oxygen pressure, aldehyde formation increased with temperature. Figure 1,8
shows the conversion of styrene to polyperoxide and benzaldehyde at 80°c

in the absence of an initiator.

As the oxygen pressure is reduced, styrene radicals have a
greater chance either of reacting with styrene molecules or of rearranging.
At the same time, copolymerisation with oxygen becomes less important, Thus
above ‘about 0,13 K> oxygen pressure, the reaction of peroxy radicals with
styrene is rate-determining., However, as the oxygen pressure is lowered,
the rates of reaction of styrene radicals with styrene, of styrene raﬁicals
with oxygen and of peroxide radicals with styrene, become approximately
equal to each other, As the oxygen pressure approaches zero, other products
disappear and the composition of the polymer approaches that of polystyrene.gT

y (%7 % s Initiation of oxidation of stvrene by styrene peroxide

Studies have been carried out using styrene polyperoxide (showm
: c ik st 94
by analysis to be [(08H8)1.1302]n as an initiator for styrene oxidation.
However, at 50°C, the rate of oxidation in the presence of 0,1M styrene
peroxidé was only 1,7 times that of the uncatalysed reaction, whilst a
: ]
similar concentration of ({,0! —azobisisobutyronitrile cavsed reaction to

proceed 55 times faster than normal.

ToT+1:3 Fffect of various other additives on the rate of oxidation

of styrene

Isotopic tracer studies of styrene oxidation were carried out
by Dutke and 0al.%° Medvedev and Teeitlin’3 had previously shown that
benzaldehyde catalyses styrene oxidation. It was assumed that, initially,
benzaldehyde reacts with oxygen to form a labile peroxide, which then acts

as a chain initiator., Oxidations carried out in the presence of benzaldehyde

resulted in the production of a considerable quantity of benzoic acid.93



Figure 1.8

Concurrent oxidation of styrene to peroxide and benzaldehyde
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Subsequently Dutka and Ga198 reported that benzaldehyde, which
was not freshly purified, acted as an inhibitor., However, when freshly
purified benzaldehyde was used, a promoting effect was observed, although
inhibition still occurred at the begimming of the reaction. The extent
of this inhibition depended on the benzaldehyde concentration as did the
promoting effect. It was assumed that at the start of reaction, benzaldehyde
undergoes more rapid oxidation than styrene and, only after the inhibition
period, does the rate of oxidation of styrene become appreciable. This
assumption was supported by the observation that, when benzaldehyde wﬁs
introduced into the system at a later stage, it had no influence on the
rate of o:idation.98

Generally speaking, promoters and inhibitors play an important
role in autoxidation processes. The promoting and inhibiting effects of a
large number of compounds have therefore been investigated,

Moureu et a.1.99 investigated the effect of 83 nitrogen compounds
on the oxidation of styrene. The majority of these exerted an inhibiting
influence, but some, e.g. dimethylaniline, accelerated oxygen uptake. In
addition to the nitrogen compounds, the effects of compounds containing

100 102

sulphur, phosphorus,101antimony, arsenic, bismuth and vanadium were

also studied. Most of these additives promoted oxidation but phenols,

hydroquinone and related compounds acted as inhibitors.103
Subsequently, Dutka and Ga.l104 investigated the effects of

amines and amine salts on styrene oxidation. Aniline inhibited the reaction,

while methylamine hydrochloride and aniline hydrochloride acted as promoters,

When benzaldehyde was introduced into the system together with these compounds ,

an inhibiting effect was observed from the outset, which was attributed to

primary reaction between the amine hydrochloride and benzaldehyde.1o4



172 Vapour—phase studies
Krgger and Bigorajsk189'90 studied the slow oxidation of

styrene iﬁ a static system at 310—34000 and at pressures below atmospheric,
It was found that the activation energy for styrene oxidation was 103.7 kJ
mole“1 compared with values of 279, 202.7 and 165 kJ mole"1 for benzene,
toluene and ethylbenzene respectively. With styrene, the reproducibility
was not as good as with ethylbenzene and it was suggested that, during
styrene oxidation, the walls of the vessel become coated with polymer.,
Supporting evidence for this was provided by the finding that the ra£e of
oxidation of ethylbenzene increases in a vessel which has previously been
used for the oxidation of styrene (Figure 1.9).89

Earlier studies by Chamberlain and Walsh 07 established that
var;ous aromatic compounds, including styrene, inhibited the slow oxidation
of diisopropylether. Kende and Ga1106 subsequently studied the vapour-phase
oxidation of hexane in a static system. Styrene had a strong inhibiting
effect which was proportional to its concentration. Using styrene labelled
with carbon~14 on the N=carbon atom, it was shown that styrene also undergoes
oxidation during the reaction. Various aldehydes and carbon dioxide were
found to be derived from the Qt-carbon atom.107

The combustion of styrene monomer has recently been investigated
by kinetic spectroscopy under a variety of conditions.107 The reaction was
found to be complex, its course depending on both the reactant mixture
composition and the temperature. It was concluded that the pyrolysis and
ultimately the combustion of styrene follow at least three different paths
according to the temperature and temperature limits were arbitrarily set
for the three regimes. The proposed pyrolysis and combustion mechanisms

are as‘follows:
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(a) Slow oxidation of ethylbenzene at 360°C

(b) Slow oxidation of ethylbenzene at 360°C in a reaction vessel

previously used for styrene oxidation
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1530°%
5 : (;2 + 03 N H2 -3 combustion
| c > c
430-930°C
— + CH + CH2-———> combustion
ca. 230°C
-> +H ———> pyrolysis

=0

The cracking is minimal at temperatures of about 230°C and
combustion involves primarily attack by oxygen of the monomer itself or
of the monomer minus one or more chain hydrogens,

At intermediate temperatures, 430—93000, the styrene molecule
undergoes C-C bond fission to give a phenyl radical and CH and CH2 fragments.
The latter then undergo combustion cleanly to CO and 002, depending on the
concentration of oxygen present. i

At temperatures approaching 1600°C, much more extensive
breakdovm of the styrene molecule occurs with loss of hydrogen to form
02, 03 and larger frogments, The latter combine to form soot as the
hydrogen is burnt to steam. No analytical data were obtained in this invest—
igation and a more detaziled mechanism was not therefore proposed.wT

1.8 Present work

From the preceding literature survey it can be seen that,
although detailed investigations have been carried out of the polymerisation
and oxidation of styrene in the liguid-phase, very little work has been
done on the reactions of this compound in the vapour-phase, Furthermore,
recent incidénts, in which vapour .c].ouds of styrene escaping from a storage

tank have apparently undergone spontaneous ignition, seem to suggest that



the vapour-phase polymerisation and oxidation of this compound may be

strongly promoted by the presence of polymerising liguid styrene. Clearly
then, more detailed studies of the vapour-phase reactions of styrene are

required,
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2.1 Apparatus
2elelt The vacuum system

The vacuum apparatus was constructed principally from

Pyrex glass and is shown schematically in Pigure 2.1 (see also Plate 2e1)s

63

The section of the vacuum line used for handling the reactants and products

was kept completely greaseless by incorporating Teflon 'Rotaflot taps,

Permanent gases were introduced through tap T1 and passed

through a drying column containing Linde 5A molecular sieve and subsequently

purified by condensation and fractionation between traps TP1 and TP2, which

were cooled in liquid nitrogen. The manometer M1 was used as a pressure
safety valve during fractionation of gases. Subseguently, the purified
gases were stored in globes S1, 52, S3 and S4.

Liqﬁid styrene was stored in 2 50 cm3

flask FV, which was
attached to the line by a cylindrical joint with Viton 0! rings.

The reactant premixing vessels, PM1 and PM2, were encased
in metal boxes as a protection against possiﬁle explosion. Gaseous fuel-
air mixtures were stored in the heated premixing vessel PM1, while oxygen
and nifrogen were premixed in the unheated vessel P2,

The heated reaction section of the line was made as short
as possible in order to minimise dead space. The introduction of the
reactants into the reaction vessel was controlled by a 240 volt 2.c.
solenoid-activated valve and a similar valve was incorporated between
the reaction vessel and the gas-sampling section for control of the
withdrawal of reaction products. Fach of the valves was operated by a
time-variable electronic circuit (Section 2.1.3).

The cylindrical quariz reaction vessel, RV, the volume
3

of which was c2.308 cm

at 450°C for 24 hours prior to use. The vessel was attached to the line

y was washed with hydrofluoric acid and baked in air
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I
- 'I‘3 and T32 - T35
'1‘4 -T31
T
TP1 - TP4
M1, M2
S1 -S4
¥V

- PM1, PM2
RSV
P, PT2
BV
RV
PSV
cv
ST
PG

DP

Key to figure 2.1

= Inlet for permanent gases
= Stopcocks (greased)

= Rotaflo greaseless stopcocks

= Drying column

= Cold traps
= Mercury manometers
= Storage vessels

= Liquid fuel storage vessel

" = Premixing vessels (1 litre and 5 litre)

= Reactant solenoid valve
= Pressure transducers

= Baffle-valve

= Reaction vessel

= Product solenoid valve
= Calibration vessel

= Sample trap

= Pirani gauge

= Diffusion pump

= Rotary oil pump



’

T

snjesedde unudeA 913e}s oy
L*g &z

T 2 w PG
[‘j N 3'\7&2 23 T2 Tog, T3 132
T”TIS"IQ(’ a7 g’ @/}’)B:;
By \ < T, 26 |
:% § 7| “|"2s
NEEN
SR
N LN
NN ST
) N
N DP
SEe S
oo N
N N

a9






67

by a greaseless ball-and-—cup connection and suspended in the required
position (Section 2.1.2) in an electrically heated furnace.

The Pyrex ball-joint was dormected to the neck of the
quartz vessel by means of a quartz-to-Pyrex graded seal, A baffle~valve
BV was incorporated directly above the reaction vessel in order to prevent
the pressure transducer, which was connected to the valve, from being
damaéed. in the event of explosion in the reaction vessel.

The reaction section of the line was completed by a
manometer M2, a calibration vessel CV of ca. 600 cm3. volume and a
detachable sampling trap ST, which was joined by greaseless balle~and-cup
. comections and held in place by spring clips.,

A vecuun of at least 1.33 x 1072 Kim 2 Hg was attained by
means of a single-stage mercury diffusion pump, DP, backed by a rotary
oil pump RP. Liquid nitrogen-cooled traps, TP3 and TP4, protected the
diffusion pump from contamination by combustion products and also
prevented mercury vapour diffusing into the by-pass line or the rotary
pump. The vaccuum was measured by an Edwards Pireni Gauge, PG (Figure 2.1),

2212 Furnace and line heating

The furnace was capable of maintaining al'l:empemtum of
up to 600°C to within £ 1°¢ over a length of 9 cm. The current to the
furnace was contrblled by an A.E.1. RI'BR/LM proportional temperature
controller and power regulator with 'temperature feedback from an A.E,.I.
PRT4 platinum resistancé thermometer.

The temperature distribution of the vertical tube furnace
vas measured using a chromel-alumel thermocouple, which had been calibrated
against a standard platinum/87% platinum + 13% rhodium thermocouple. The
cylindrical quartz reaction vessels employed were placed in the central

region of the furnace, the temperature distribution of which is shown
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in Figure 2.2,

In order to prevent condensation of reactants and products,
the section of the line (AB) was maintained at ca. 70°C using Electrothermal
" heating tape and a Variac voltage regulator to control the mains voltage
supply. The premix vessel PM1 was independently maintained at a temperature
of ca. 110°% by means of 3 in, heating tape, and was covered with glass-
fibre lagging. Chromel-alumel thermocouples were placed at various points
along the surface of the vessel, and measurements confirmed that there
were no hot-spots and that the temperature was uniform.

The styrene storage vessel, FV, was heated by an isomantle
connected to a Sunvic energy regulator (see Figure 2.1).

o PR Solenoid valve and timing circuit

The solenoid valve is shown diagrammatically in Figure
2.3 The valve was constructed from two 'push-pull' Pyrex sockets sealed
together by tyb Viton O-rings. UWhen the solenoid coil was activated, a
magnetic field was induced which lifted the metal rod from the glass cup
and allowed the gas to flow through the valve. When the solenoid coil
was isolated from the current supply, the metal rod dropped back into
its cup seating under the combined action of gravity and a coiled spring,
thus renewing the seal which was made between the rod and a silicone O-ring.
The time for which the 240 volt a.c. solenoid coil was
activated, was controlled by an electronic timing circuit (see Figure 2.4).
The time interval, during which the valve remained open, was dependant
upon which capacitor in the timing circuit wes allowed to discharge across
the terminals of an a.c. relay. The capacitor discharge current was
amplified by a transistor eircuit involving an 0C200 and an OC72 and hence
enabled the relay to operate. The contacts on the relay closed the circuit

between the mains voltage and the solenoid coil, which then operated the
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Figure 2.3
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valve, This arrangement made it possible for the valve to be operated
for time intervals from 0.1 second to several seconds,

2.1.4 Pregsure-=recordinzs eouinment

Pressure changes occurring during the course of reaction
were followed by means of a 0-50 p.S.i.a. unbonded strain-gauge transducer
(Bell and Howell type : 4=366-0002-0140-0), The 10 volt d.c. required for
excitation of the transducer bridge was obtained from a Bell and Howell
stabilised power pack (type : 3-142-2). The output signal from the transducer
was amplified by a Fylde differeﬁtial d.c. amplifier (type FE—151—BD/C) and
subsequently recorded by an ultraviolet oscillograph (Honeywell type 1706
Visicorder). The galvanométer used for pressure recording was a Honeywell
BBSOOA mirror gﬁlvanometer.

2.145 Modified reactor for liouid-nhase studies .

The modified reaction vessel used is shown in Figure 2,5. The
slug of polymerising styrene monomer was introduced into the reaction
vessel through an inlet tube comected by means of a quartz—to-Pyrex
graded seal, S, to a heated compartment consisting of the volume between
ground—glass stopcocks T1 and T2, The compariment was heated by Electro-
thermal heating tape, and a Variac transformer was used to vary the mains
supply voltage. In order to check the temperature within the compartment,
two fine chromel-alumel thermocouples were inserted and conmnected into two
hollow glass inlets positioned opposite each other (Figure 2.5a).

The glass capsules containing liquid monomer were constructed
from melting-point tubes and were ca. 6 cm long. One end of the tube was
sealed and a given quantity of styrene monomer was introduced by means of
a microlitre syringe. Subsequently, the open end of the capsule was sealed
and the tube was inserted into the heated compartment by opening stopcock T1
with stopcock T2 in the closed position (Figure 2.5b). After heating for a

given time, stopcock T1 was closed thereby breaking the capsule seal. Stopcock
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T2 was then opened as quickly as possible (Figure 2.5¢) and the broken
capsule containing the polymerising monomer, together with the air
trapped within the compartment was admitted to the reaction vessel

containing the reacting styrene-air mixture.

2.2 Sterials
22 Styrene

Styrene monomer, stabilised with 10-15 p.p.m. p~tert—
butylcresol, was obtained from Ralph N, Emanual Limited and was shown
by gas chromatography to be at least 99% pure. The main impurities
present were ethylbenzene (0.32%), isopropylbenzene (0.34%), n-propyl—
benzene (0.09%) and (x-methylstyrene (0.25%).

2,22 " Polystyrene
Finely ground polystyrene was obtained from Monsanto

Chemicals Limited.

2e2e3 Oxyzen and Nitrogen

Oxygen and 'white spot' nitrogen (at least 99.98% pure)
were obtained from cylinders supplied by the British Oxygen Company.
Oxygen was condensed in a liquid nitrogen—cooled trap and the middle
fraction was allowed to evaporate into a storage globe, .considemhle
head and tail fractions being pumped off., Oxygen~free nitrogen from
the cylinder was dried by passage through a molecular sieve column
and stored similarly.

2é2:4 Benzoyl peroxide

Benzoyl peroxide, (moistened with water), was obtained from
Hopkin and Williams Ltd. and vwas incorporated into the monomer without

removal of the water.
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1
P2 h X Ol -Azobisisobutyronitrile

!
O, ~Azobisisobutyronitrile, quoted as being = 97%
pure, was obtained from Koch-Light Laboratories Ltd. and was used
without further purification.

243 General Procedures

2.3.1 Calibration of pressure transducer

The output signal from the transducer was calibrated
against a mercury manometer using dry nitrogen. The deflection of
the Visicorder galvanometer at a particular amplification was recorded
for various pressures of nitrogen and it was found that the transducer
had a linear response from 0 to 93'3. ka..a.

Ze3ee Preparation of reactant mixtures

Gaseous reactant mixtures were prepared on a partial pressure
basis, the component with the lowest pressure being admitted first into
the premix vessel PM1 (see Figure 2.1). In these mixtures, the ratio
of oxygen to nitrogen was 1:4 (i.e. almost the same as in air). Pressure
measurements during the preparation of the reactant mixture were made
with a 0-25 psia Bell and Howell type 4-366 general-purpose transducer
PT1, which was calibrated with dry nitrogen and shown 'l:.o have a linear
response (see Figure 2.1). The output from the transducer was measured
with a Croydon ‘I‘y'pel P3 Precision Potentiometer,

Prepared reactant mixtures were allowed to stand for 30
minutes at a temperature of 110°C to ensure homogeneity. Gas
chromatographic analysis was carried out on mixtures which had been
stored in the premix vessel for 1 hour and this confirmed that no
apparent reaction had occurred between the styrene and oxygen,

- i 2 Int roduction of reactants into the reaction vessel

The reactants were introduced into the reaction vessel from
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the heated premix vessel by first isolating the premix and reaction
sections by closing stopcocks T1, T12, T18 and T19, then opening
stopcocks T14, T16 and T17 and finally activating the reactant solenoid
gate (see Figure 2.1). By pre-selecting the opening period of the
solenoid gate, the required pressure of the reactants in the reaction
vessel could be obtained by choice of suitable premixed reactant
pressures, A gate opening period of 0.5 sec. was used for the
majority of runs.

2.3.4 j Conditioning of reaction vessel

Prior to determination of the tempenature/bressure
ignition profile, about 50 slow combustion and ignition reactions were
carried out in order to establish reproducible kinetic behaviour.
Single-stage igﬁitions deposited a fine layer of carbon on the vessel
surface which thereafter gave reproducible kinetic results. Even
though the reaction vessel had been "conditioned", it was necessary
to carry out at least three ignition reactioﬁs daily in order to
maintain reproducibility. |

2:3.5 Measurement of kinetic parameters

Two separate sets of kinetic studies were carried out.
Initially, measurements were made of the temperature/hressure ignition
profile for styrene-—air mixtures with a2 molar ratio of 1:5. Subsequently,
slugs of polymerising monomer were introduced into the reaction vessel
and further measurements of the ignition characteristics were then
carried out.

Figure 2.6(a) shows a standard pressure-time trace under
conditions of temperature and pressure where single-stage ignition
occurs, The trace relates to the sptudies where only vapour mixtures

were introduced into the reaction vessel. Pf is the final pressure
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and Po is the initial pressure of the reactants admitted to the
reaction vessel. & Pign’ the maximum pressure rise associated with
the propagation of ignition, was measured as the difference between the
maximum pressure at the ignition and the pressure prior to its propagation.
The induction period preceding ignition was measured as
the time interval between the introduction of the reactant mixture into
the vessel and the onset of the pressure rise associated with the.
passage of ignition,
Figure 2.6 (b) shows a typical pressure-time trace for
a reaction where ignition occurs following the introduction of a slug
of liquid monomer, In this case, Po corresponds to the overall initial
pressure measured at the instant when the capsule compartment is opened
to the reaction vessel in order to admit the polymerising monomer,
| The induction period preceding ignition was measured
as the time interval from the point of introduction of the slug into
'I:ine reaction vessel to the onset of ignition.

2.3.6. Toemne rnture measurements

Temperature changes occurring on introduction of
capsules of polymerising monomer into the reacting styrene-~air vapour
mixture were followed by using a 0,025 mm platimun/B?% platinum + 13%
rhodium thermocouple., The thermocouple junction was spoi-welded and
had a bead diameter of ca., 0,04 mm. The junction was supported on
0.25 mm wi-res of the same material seated in a twin-bore capillary
silica tube, The tube was arranged so as to act as a probe which could

be adjusted to any chosen position on the vertical length of the
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cylindrical reaction vessel and the arrangement is shown in Figure
2.7. PFinally, Kaskan's method?ggs used - to deposit a thin layer of
silica on the exposed thermocouple wires and thus prevent catalysis
of combustion reactions., A similar thermocouple was maintained at
a constant temperature of 000 and was used as a reference,

Output signals from the thermocouple were recorded in

exactly the same mammer as for pressure changes (Section 2.1.4).

2.3.7 Product samnling

Sampling of the reacting gases was usually carried out
during the induction period in order to avoid secondary reactions.
Samples for analysis for major hydrdcarhons and oxygenates were
obtained as follows., fhe tap T20 (Figure 2.1) was closed and taps
T21 and T23 were opened, thereby allowing the sampling operation to
be controlled by the product solenoid valve PSV, The gas sample
was withﬂrawn‘into an evacuated glass trap ST which had a volume of

8

34.75 em” and was maintained at a temperature of ca. 100°C. The
final pressure achieved in the trep vas noted on the manometer M2,
Thie would allow calculation of the total products in the reaction
vessel, after the contents of the trap had been analysed, In

order to ensure that the small quantity of reactants beiween taps
™7, T18 and T19 did not interfere with the sampling, the calibration
vessel CV wms included in the line. Thus, when the product gate was
operated, the reaction mixture was allowed to expand into a volume

of approximately 600 cm3 end a representative sample was obtained.

After admission of the products into the trap, taps T25-T28 were closed,

the trap wes removed and the sample was analysed by gas chromatography.
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2.4 Analytical Procedures
2.4.1 Gas chromatogsraphic analysis
244141 The gas chromatograph

A Perkin-Elmer F11 Cas Chromatograph was used throughout
the analytical work, This wes fitted with a dual flame-ionisation
detector, The output signal from the detector amplifier was recorded
on a single~channel Hitachi -« Perkin Elmer 159 chart recorder,

2edoti 2 Preparation of columns

Two differén‘t; column packings were employed as shown in
Table 2.1, The packing for column II was purchased from Perkin-Elmer
and the packing for column I was prepared as follows. A known weight of
Chromosorb P, (60-80 mesh), was made into a slurry with as little acetone
as possible. The weighed 1,2,3-tris (2-cyancethoxy) propane was added to
the same solvent and thoroughly mixed with the slurry. The solvent was
then evapomtéd slowly on a rotary evaporator and the material was dried
for 24 hours at 110°C under vacuum,

Stainless steel tubing, previously cleaned with dilute nitric
acid, distilled water and acetone, was dried by passing dry nitrogen and
was then packed by gravity feed. The complete columms were finally
conditioned by passing nitrogen carrier gas through them for 24 hours
whilst they were mounted in the chromatograph oven, which was maintained
at 20% above the normal column working temperature,

2add1:3 QOperating conditions for colums

Colum I was found to be suitable for separation of 06-010
aromatic hydrocarbons with saturated and unsaturated side-chains,
However, column I was unsuitable for resolving higher-boiling hydrocarbons

and oxygenates such as naphthalene, benzaldehyde and acetophenone,



Table 2.1
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Gas-lLiquid chromatography colum specifications

Colum No,

II

Liguid phase
Support

% w/w liquid
phase loading

Carrier gas flow
(nitrogen, cm3 min~1)

Temperature of
operation (°C)

Detector

Column dimensions

1,2,3=tris (2-cyancethoxy
propane (TCEP
Chromosorb P 60-80 mesh

24

90
F.I.D.

3m X 3 mm 0,D,

; .

Apiezon L

Chromosorb P 80-100 mesh

15

23

70, 90
F.I.D.

2m X 3 mm 0,D,.
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Column IT was therefore used for separation of these higher—
boiling materials., The composition of the columns and the conditions
used are shown in Table 2.1,

2ot 14 Introduction of samnles

A four-port Perkin Elmer gas sampling valve was used to inject
the samples, In the 'off' position the carrier gas passed directly to the
column, but in the 'on' position, the nitrogen swept throvgh the sampling
loop, carrying the sample onto the column in the form of a plug. Liquid
samples were injected directly into the carrier gas stream through a
silicone~-rubber septum., The valve and any gas lines outside the chromatograph
.oven were heated by sheathed nichrome wire to prevent any condensation of
productsl

2.4.1.5 Identification of products

The products were identified by comparison of their retention
times with those of model compounds obtained commercially, The comparisons
were usually carried out on the two columns for confirmation of the
identification.

A flame-ionisation detector was used throughout the investigation
and as a consequence carbon oxides, water and hydrogen”peroxide were not
detected. Other possible products such as acids were too polar to be
eluted from the cniumn within a reasonable time,

2.4.2 Colorimetric 2nalysis

244241 The spectrophotometer

A Perkin-Elmer model 137 ultra-violet spectrophotometer with
a range from 200~750 nm was used for the determination of formaldehyde.
Matched quartz cells (1 cm.), were used to determine the absorption of the

formaldehyde~chromotropic acid complex at 570 nm..



2.4.2.2 Mnalvysis for formeldehvde

Formaldehyde vas determined using the technique developed
by Bricker and Johnson.109

A solution of chromotropic acid (1,8 = dihydroxymaphthalene -
3,6 = disulphonic acid) was prepared by dissolving 2,5 g of the dry
powder in 25 cm3 of distilled water, This solution gradually changed
colour on standing, although it has been reported to be perfectly stable
for about two weeks,

The method of sample preparation was similar to that used
in the gas chromatozraphic investigations (Section 2.4.1.4). However,
in this case, the reaction products were passed through the sampling
trap immersed in liquid nitrogen. The sample was dissolved in water
and made up ta 50 cm3 in 2 volumetric flask. 1 cm3 of this solution was

3

transferred to a glass-stoppered test tube and 0.5 cm~ of the chromotropic

acid solution were added. 5 cm3 of concentrated sulphuric acid were

then poured slowly into the test tube accompanied by continuous shaking.
The test tube was stoppered and placed in a beaker of boiling water for

30 minutes, It was then cooled and after dilution and further cooling,
made up to 50 cm3 in a volumetric flask., The transmission of the coloured

solution was then read ageinst a reagent blank at 570 nm.

2.4.3 Infrared srectrophotometric analysis

. B P The svectronhotometer

A Perkin-Elmer model 457 infrared grating spectrophotometer
was used for the determination of polymeric styrene in styrene monomer.
KBr and NaCl cells of path length 0.1 mm were used with air as reference.

The instrument has a renge from 2.5)1m (4000 cm_1) to 16}1111 (625 cm"‘!).
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2:443:2 Malysis for polvmeric styrene in styrene monomer

The extent of polymerisation of the liquid monomer in the
ca.psule,: at 2 given temperature, was monitored by infrared speciroscopy.
The infrared transmission spectrum of styrene monomer in the region of
2.5 to 14).1::1 shows several characteristic bands such as those due to the
= CH2 of the vinyl group and the = CH of the benzene ring, both at 3.25));:1.
The vinyl C = C band at 6.15}.151 and the aromatic C = C band at 6‘.35}'@
are also characteristic. During polymerisation, a new band caused by

-CH2-- appears at 3.4 ).u:n.
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temperature change accompanying the hot
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31 Vapour-phase polymerisation of styrene

299 Measurements in absence of oxygen

The course of polymerisation was followed by pressure
measurements and by periodic gas chromatographic analysis of the
reactants and products. Experiments were carried out in the temperature
range 180-300°C, From a handling viewpoint, initial partial pressures
of styrene of ca.1OkNﬁ-2 wvere found to be most convenient, Mixtures
of styrene and oxygen~free nitrogen were also used in order to
investigate reactions at higher total pressures,

Runs were carried out at 20° intervals within the above
temperature range and,at each temperature, the reactant gases were
left in the reaction vessel for a period of one hour and pressure
measurements were recorded at ten minute intervals. The total initial
pressures ranged from 10 to 24 kNm_z. Below the depolymerisation
temperature (ca.BOOOC), no pressure change was observed and gos
chromatographic analysis verified that no reaction had occurred after

one hour,

3.1.2  Measurements in presence of oxveen

Experimente were also carried out in the same temperature
and pressure ranges with the addition of 1-5% oxygen. Here again, no
significant oressure change was observed and analysis of the products
shoved no evidence of chemical reaction. At 22500, for example, a
mixture containing 5% oxygen was left in the reaction vessel for 3 hours.
A sample was then withdravm for analysis but this showed no evidence of
polymerisation., From these observations, it seems that oxygen does not

initiate the vapour-phase polymerisation of styrene below 30000.
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3l Pyrolysis of stvyrene

321 Measurements in absence of oxyegen

Experiments, similar to those described previously, were carried
out at temberatu:ea ranging from 300 to 50000. However, no pressure
changes were observed and gas chromatographic analysis showed that the
extent of pyrolysis was extremely small even after two hours at 55000.
Between eight and twelve products were found in small amounts in the
temperature range 500—55000. Of these only the more volatile major
components have been identified and are listed in Table 3.1.

These experiments thus show conclusively that,in the abaeno; of
oxygen and at the pressures and temperatures employed, styrene is stable
up to 500°G although decomposition begins to occur to an increasing extent
above this temperature.

3.2.2 Measurements in presence of oxyzen added initially

Experiments were carried out with oxygen added at the start of
reaction using the same initial reactant pressures as in the previous
studies, One to five per cent oxygen was then added and measurements
were carried out in the temperature range 300-50000. In the presence of
5% of added oxygen, decompositioﬁ occurred at relatively low temperatures,
After a styrene—oxygen mixture had been left in the reaction vessel at
320°C for 4 hours, the resulting mixture was sampled and six products were
detected, although all were present in very low yields. At temperatures
up to 55000, some twelve products were detected in the presence of added
oxygen. However, no appreciable pressure changes were observed.,

3243 Measurements in the vpresence of oxygen added subsecuently

Experiments were carried out in the temperature range 500—55000,
in which 1-3% oxygen was added 30~50 minutes after the styrene had been
introduced into the reaction vessel at an initial pressure of 10.7 kﬂﬁuz.

In each case, analysis was carried out one hour after introduction of the
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Table 3.1
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Products identified resulting from the pyrolysis of styrene at ca. 500°¢

Stationary phase

Colum temp.(°C)

Products

Retention time (min)

TCEP

Apiezon L

70

90

Benzene
Toluene
Ethylbenzene
Styrene
Naphthalene

Benzene
Toluene
Ethylbenzene
Styrene

Styrene

Naphthalene
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oxygen. However, no pressure changes were detected following this later
addition of oxygen and no change in the product distribution was observed.

3.3 Vapour—phase oxidation of styrene

3.3.1 Slow combustion

The vapour-phase oxidation of styrene has been studied using 1:1,
1:3, 1:5 and 1:10 styrene-oxygen mixtures in the temperature range 260~465°C.
Rates of reaction were measured mz2inly by pressure change but with some
supporting analysis of the principal products.

3.3.1.1 Kinetic behaviour of styrene-—oxvgen mixtures

No perceptible pressure change could be detected after one ﬁour
with any of the mixtures studied below 300°C.

At 30900, pressure changes were observed with 1:3, 1:5 and 1:10
mixtures but not with the 1:1 mixture. At 31?°C, a very slow reaction
preceded by an induction period of ca. 30 minutes was observed for the 1:1
mixture. Figures 3.1 and 3.2 show pressure-~time curves for various styrene-
oxygen mixtures maintained at different temperatures, In all cases, after
a preliminary acceleration, the rate of pressure change remained substantially
constant until the reaction was about two-thirds complete,

The variation with time and pressure change of the rate of oxidation
of different styrene-oxygen mixtures is shown in Figures 3.3 and 3.4
respectively. The maximum rate of oxidation is generally attained at
ca. 40% conversion,

Figure 3.5 shows the variation with increasing partial pressure
of oxygen of (a) the maximum rate of oxidation and (b) the reciprocal
induction period, Both these gquantities increase continuously with oxygen
pressure.

Figures 3.6 and 3.7 show the pressure~time curves for the slow

oxidation, at somewhat higher temperatures, of each of the mixtures studied.
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Figure 3.3
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Variation of reaction rate of styrene oxidation with time
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Figure 3.
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Figure 3.7
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Induction periods were considerably shorter than those observed at
lower temperatures. Nevertheless, in this higher temperature region,
induction periods of several seconds were still observed before the
start of slow oxidation,

The variation in rate of oxidation at 45700 with time and
initial pressure is shown in Figures 3.8 and 3.9 respectively for various
styrene-oxygen mixtures., As at lower temperatures, the maximum rate of
oxidation is observed quite early in the reaction. Whereas at lower
temperatures the maximum rate of oxidation is generally found at 40%
conversion for all mixtures, at higher temperatures the maximum rate
is displaced towards the start of reaction as the partial pressure of
oxygen iB-increased. Thus the maximum rate of oxidation occurs at 50%
conversion for 1:1 styrene-oxygen mixtures, 43% conversion for 1:3 mixtures
and 28% conversion for 1:5 mixtures.

The variation with temperature of the maximum reaction rate is
shown in Figure 3.10 for 1:1 and 1:10 styrene-~oxygen mixtures; there is
no negative temperature coefficient of rate in either case.

Figure 3.11 shows that, with a 1:3 styrene-oxygen mixture, the

final pressure increase after 30 minutes,[SP y varies linearly with

30
temperature,

3.3.1.2 Products of reaction of stvrene-~oxveen mixtures

Gas chromatographic analysis of the products of slow oxidation
of styrene was carried out using an Apiezon L column exclusively; this
limited the resolution of other products which might have been identified
by use of a variety of back-up columns., Nevertheless, some 10 products
were recorded for the slow oxidation of 1:1, 1:3 and 1:10 styrene-oxygen
mixtures, Table 3.2 shows the product distribution for a 1:1 styrenc-

oxygen mixture analysed after 20 minutes, The principal product formed
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Figure 3.

Variation of the rate of oxidation of styrene with

change in pressure
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Figure 3.10

Variation of maximum rate of oxidation with temperature
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Figure 0%

Variation of pressure increment expressed as a percentage of

initial pressure with temperature for a 1:3 styrene—oxygen mixture
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Table 3.2

Products of slow oxidation of eguimolar styrene-—ocxveen mixtures at a

reaction temperature of 351°C

Analysis time:

20 min after introduction of reactants into the reaction

vessel

Pressure change, after 20 min: 667 Vo2

Initial pressure of reactants: 19.2 kim

-2

Peak No.

Reaction Product

Retention time (min)

O O~IaO\UNhiwN -

Unidentified
Benzene
Toluene
Ethylbenzene
Styrene
Unhidentified
Benzaldehyde
Unidentified
Unidentified

0.67
1.17
1.95
3.42
4.21
6.10
7.38
13.07
28.83

106
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from each of the mixtures was benzaldehyde and, in the case of a 1:1
styrene-oxygen mixture, at least twice as much of this compound was
formed as any of the other individual products identified,

In the case of 1:3 and 1:10 styrene~oxygen mixtures, analysis
showed the presence also of acetophenone, although this was the least .
abundant of the products identified,

3.3.2 Spontaneous igmition

Figure 3,12 sﬁows typibal pressure~time traces observed during
the ignition of styrene—oxygen and styrene-air mixtures. With styrene—~
oxygen mixtures,the characteristic 'infinite? pressure rise is observed during
igmition and an audible 'click! is heard. With styrene-air mixtures, on
the other hand, ignition is a much milder phenomenon. Thus, for example,
during the propagation of a hot flame through a 1:5 styrene—air mixture,
(Figure 3.12 (b) (i)) Ap;ggs small so that the final pressure, P,
following passage of the flame is not very different from the initial
pressure, The magnitude of bothfﬁhggfnd Pf increases with the initial
pressure (Figure 3.12 (b) (ii)).

3.3.2.1 lMeasurements with styrene-oxveen mixtures

At subatmospheric pressures ignition was not observed in
styrene~oxygen mixtgres below 46500. Figure 3.13 shows the variation
with initial pressure of the induction period preceding ignition for a
1:5 styrene~oxygen mixture; it can be Qeen that relatively long induction
periods are found at lower pressures,

No further experiments were carried out on styrene—oxygen
mixtures in the ignition region, since copious carbon formation alwvays
accompanied ignition and tha'reaction vessel had to be 'burnt out' after
each experiment. At higher pressures and temperatures, too, the reactions

were too violent to be safely studied in a glass apparatus,
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Figure 3.13

Variation of induction_period_:ﬁm, with

initial pressure, P,, for a 1:5 styrene-—oxygen

mixture at 465°C
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3.3.2.2 Measurements with styrene-—air mixtures

The conditions under which ignition was observed for a 1:5
styrene-air mixture have been used to construct a tempemtum/pmssum
ignition profile as shown in Figure 3,14, This profile is divided into
two distinct regions. Throughout the range 300—51000 and at initial
pressures of ca. 67 kNm_z, only slow combustion occurs, but between
520 and 580°C and at pressures somewhat less than 60 lcNm-z, the initial
elow reaction is followed by hot ignition. Similar 'bempemture/pressure
profiles have been reported for benzene, toluene and ethylbenzene at
subatmospheric pressures,

3.3.2.3 Induction periods preceding hot igmition

Figure 3.15 shows the variation with initial pressure of the
induction period- preceding the hot flame n'ign)* The induction periods
v*a.ryl from ca. 20 to 4 sec and it can be seen that,at all temperatures,
the relationship

Tign = ch;-n
holds for styrene-air mixtures. Figure 3.16 shows that logTign varies
linearly with log Po’

3.3.2.4 JMaximum accompanyving pressure rise

The propagation of a hot flame is accompanied by an increase
in pressure of between 3 and 22 kmn-z. The magnitude of this pressure
riae,APign, is a function of both temperature and initial pressure, Poe
Figure 3.17 shows the variation ofAPign with P_ at three initial
temperatures. It can be seen that

A Pi g . mPo = ¢
where m and ¢ are constants, the values of which become independent of
temperature above ca, 55500. The logarithmic relationship betweenAPign

and P, is shown in Figure 3.18.
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Figure 3,1

Tnduction periods for ignition of a siyrene-air (1:5) mixture as a

function of initial pressure at various temperatures
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Figure 3.16

relationship between initial pressure and induction period

© Logarithmic
100 ™ A 55500
O s569%
Q) s11%
0!9 ==
008 e
&
e
&.ﬁ
to
pe
0.7 =
0.6
1 : ] |
= W 17

1.4
log Po



114
/ Figure 3.17

Variation of/AP.  with P

&n

O 555
i O 569%
0O s517%
20
ci.f-‘h
g L
3
et
[+ ¥
< 101
@)
| | 1 1 |
20 25 30 35 40 45 50

Po (Kiim2)



Logarithmic relationship of/\pP;

Figure 3. 18
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3.3.2.5 Maximum rate of pressure rise accompanying hot flame

The maximum rate of pressure rise accompanying the passage
of 2 hot flame, (dP/dt) mex, is a measure of the maximum rate of chemical
reaction associated with its propagation. The value (dP/dt) max ranges
from ca. 10 to 80 Xim > sec-1, its value increasing with both the initial

pressure and temperature (Figure 3.19).

3.3.2,6 Residual pressure after passage of hot flame _

1A Sen be msen from Figure 3.20 (a), the residual pressure, Ppy
increases linearly with initial pressure but is independent of initial
temperature, The ratio Pf/Po is usually about 1.1 over the range of
pressure and temperature investigated.

Figure 3,20 (b) shows the variation with initial pressure of
the residual pre'ssure increase,APf, (expressed as a percentage of the
total initial pressure). At lower initial pressures and at the slow-
combustion/ignition boundary, the rise in pressure accompanying a hot
flame,APi@, is small and APf is also sma.il. However, from Iigure
3.20 (b) it can be seen that,over a o range of initial pressures of
ca. 13 kIIm_z, the value ofAPf increases rapidly by ca. 14%. This same

behaviour is observed at each of the three temperatures studied.

3.3.2.7 Products of igition of styrene-air mixtures

Table 3.3 shows the products formed during the slow combustion
process leading to ignition. The principal products identified are
virtually the same as those found in the oxidation‘ of styrene at lower
temperatures, the only 'fnew' product being benzyl alcohol. Furthermore,
as at lower temperatures, benzaldehyde again appears to be the main

product at the temperature of ignition, ca. 57000.
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Table 3.3

Products formed during pre—flame stages of ignition of 1:5 styrene-air

mixtures

Reaction temperature:— 569°C

Time of sampling during induction period:-

(i) at initial pressure P, = 35.2 kﬂmnz,

sampling time = 3,08 sec.
(ii) at initial pressure P, = 47.36 kﬂmna,

sampling time = 2.00 sec.

: Retention time (min)
Peak No. Reaction Product = s,
P, = 35.2 Kin P, = 47.36 Kin

1 Ethylene 2.50 2.25

2 Unidentified : 2.83 2.92

3. Unidentified 31T 3.25

4 Benzene 4.92 5.02

5 Toluene T.47 7.58

6 Ethylbenzene 11.00 1107

T Styrene 13.27 13.37

8 Benzaldehyde 17.15 17.33

9 Unidentified 21.00 21.33
10 Benzyl alcohol 23.45 24.42
11 Acetophenone 28,92 29.50
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The products detected at the two pressure limits studied are
ghown in Table 3.3. In each case, these were formed in the same relative
proportions, suggesting no significant change in the chemisiry of the pre-
flame process within the pressure range investigated.

As with analysis carried out during slow oxidation at lower
temperatures (Section 3.3.1.2), the products were detected with an Apiezon L
column exclusively. Resolution of the other products might have been
achiéved using various supporting columns,

3.4 Influence of polymerising styrene uvpon the ignition tendency

of styrene-air mixtures

3441 Polymerisation of liquid stvrene in the capsules

In order to ensure that the monomer was being introduced into
the vessel as a polymerising medium, preliminary investigations were
carried out to determine semi-quantitatively the extent of polymerisation
of the monomer at a given temperature and reaction time,

Initially, tests were carried out on 30)*1 aliquots of inhibited
and inhibitor-free monomer containeﬁ in sealed capsules which were left in
the héated capsule compartment for 15 mirutes at temperatures ranging from
60—24000. Each capsule was then withdrawn from the compartment and the
infrared spectrum of the polymerising monomer was obtained in the region
3370-2700 cm_1. The extent of polymerisation was indicated by the intensity
of the absorption peak at 2905 cm"1 caused by the presence of = GHé -
bonding in the polymer.

Spectrum 3,1 shows the extent of polymerisation after 39};1
aliquots of both inhibited and inhibitor-free monomer had been heated at
108°C for 15 minutes. The extent of polymerisation is negligible,in each

case,. as indicated by the absence of an absorption peak at 2905 cm .
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At higher temperatures of preheating, 184 and 21000, Spectra 3.2 and 3.3
show evidence of appreciable polymerisation in both inhibited and inhibitor—
free samples,

Additional tests were carried out with BQ*LI quantities of monomer
containing 1~5% w/w benzoyl peroxide and 1-5%‘wﬁw(3,cxi azobisisocbutyronitrile
as polymerisation initiators. Spectrum 3.4 shows that, after the monomer
has been preheated in the presence of 1% w/ﬁ benzoyl peroxide at 103°C
for 15 minutes, polymerisation occurs to an appreciable extent. ﬁhen
benzoyl peroxide was not added to the inhibitor—free monomer, the extent
of polymerisation was appreciably smaller,

Spectrum 3.5 shows the extent of polymerisation of monomer
containing 1% w/hf)gf;- azobisisobutyronitrile heated for 15 minutes at
66°C with the appearance of only a weak band at 2905 cm"1. At higher
temperatures of preheating, e.g. 147°c, polymerisation takes place at an
appreciable rate as shown in Spectrum 3.6.

For investigations involving the addition of polymerising
monomer to the reacting vepour mixtﬁres, freshly prepared monomer was
used daily to avoid discrepancies which could have arisen due to oxidative
conversion of monomer to polymer in solutions more than one day old. This
applies particularly to experiments where an initiator was added to the
inhibitor—free monomer,

3.4.2 Effect of inhibited monomer

Experiments have been carried out with 10 and 39};1 of monomer
containing 10-15 ppm of p~teri-~butylcatechol as inhibitor. Figure 3.21
shows the variation of induction period with total initial pressure for
1:5 styrene-air mixtures in the presence of 3C7;1 of polymerising liguid

monomer preheated for 15 minutes. Runs were carried out at different
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Spectrum 3.5 : Polymerisation of styrene containing 1% V/w ATEN

following heating for 15 minutes at 66°C

Spectrum 3.6 : Polymerisation of styrene containing 1% w/w ATEN

(spectrum (ii)) after heating for 15 minutes at 147°C.
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temperatures, firstly in order to observe the effect of different rates
of polymerisation on the ignition tendency, and secondly, to provide an
explanation for the convergence and, in some cases, intersection of the
curves at higher pressures (Figure 3.21 (a)). In subsequent experiments,
vhere capsules of liquid monomer were subjected to higher temperatures,
the curves did not intersect but nevertheless converged at higher initial
pressures (Figure 3.21 (b)).

Fach curve relates to 30/&1 of inhibited monomer. Induction
periods following introduction of polymerising liquid styrene were
compared with those for purely vapour-phase ignitions at each of the
initial pressures studied. Figure 3.21 (b) shows that, the higher the
‘tempemt';.lre to vhich the liquid monomer was preheated, the greater is the
effect of the polymerising medium in shortening the induction period,

3e.4.3 Effect of inhibitor—free monomer

Figure 3.22 shows the induction period - pressure curves for
systems involving the addition of inhibitor-free monomer which had been
preheated at two temperatures, viz.‘67 and 19000. In agreement with .
previous experiments in which inhibited monomer was introduced (Section
3.4.2), ignition was enhanced to an extent dependent 01:1 the temperature
to which the liquid monomer was preheated. In general, inhibitor-free
monomer is more effective then inhibited monomer in increasing the ignition
tendency (Fligures 3.21 (b) and 3.22 (b)). Figure 3.23 shows that the
ignition tendency of a given styrene-air mixture increases also with
the volume of polymerising liquid monomer added.

3:4.4 Effect of initiator—containine monomer

Experiments were carried out with 10 and 30)41 samples of
inhibitor-free monomer, to which 1-5% benzoyl peroxide had been added.,

Figure 3,24 shows the influence on the induction period when 10 and 30};1
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Figure 3.24
Effect of polymerising liguid styrene on the induction period
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samples of monomer containing 1% benzoyl peroxide are introduced into the
hot vapour mixture, At the lower temperature of preheating, ca.TSOC, the
curves just intersect in the case of 10};1 capsules but,in experiments
where 39)41 capsules were used, no intersection occurred. Comparison
with experiments where the monomer was polymerised without an initiator
present (Figures 3,22 (a) and 3.23 (2)), suggests that an increase in the
rate of polymerisation shortens the induction period and this is_further
emphéaised by the observation that in Figure 3.24 (2) the curves tend to
converge rather than intersect at higher pressures. An increase in the
concentration of benzoyl peroxide up to 5% w/h caused a corresponding
increase in the rate of polymerisation.

Similar effects were observed in experiments in which CX,C;-
azobisisobutyronitrile was added to the monomer, (Figure 3.25), although
this initiator appeared to be, on the whole, more effective than benzoyl
peroxide.

3.4.5 Effect of solid volystvrens

Some experiments were cafried out involving the addition of solid
polystyrene to the reacting styrene—air vapour mixture with a view to
determining whether depolymerisation of the solid polymer would enhance
the ignition tendency of the vapour mixture. In each experiment, ca.10 mg
of finely granulated polystyrene were placed in capsules which were then
sealed and heated at 66°C for 15 minutes prior to being introduced into
the reaction vessel. Figure 3,26 shows that, over the range of pressure
investigated, the effect on the induction period is extremely small,
However, even when the solid polymer was heated only at 6600, intersection
of the curves did not occur at higher pressures, the polymer-additive

curve being parallel to the solely vapour-phase ignition curve.
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Studies with solid polystyrene thus suggest that polymerisation
plays a much more important role than depolymerisation in increasing the
ignition tendency.

3.4.6 Coolinz effects

Experiments to investigate further the effects of adding 30}_,,1
quantities of relatively "cold' liguid monomer to a hot vapour mixture
were carried out using initially capsules of inhibitor—free monomer,

| A large number of experimeniswere carried out in order to
establish whether there are significant differences in the induction:
reriod over the range of pressures investigated.

Figure 3,27 shows that the induction period-pressure curves of
pure vapour and vapour-liguid systems intersect so that differences in
induction peridds become more marked at higher pressures, At lower
initial pressures, it is clear that the shortening of induction periods
in the presence of polymerising liquid styrene becomes more significant.

Blank experiments using mlativel:,; inert liquid benzene instead
of liquid styrene were also carried. out., Figure 3.28 shows the results
obtained when the capsules of benzene were preheated at different
temperatures. At the lower temperatures of preheating, subsequent
addition of liguid benzene causes a significant lengthening of induction
period at higher initial pressures, On the other hand, at lower initial
pressures, the benzene curve tends to approximate to that for ignition
taking place solely in the vapour-phase (Figure 3.28 (a)).

Since the preheating temperature of ca. 140°C is appreciably
higher than the boiling point of benzene (80°C at 101.3 ka—z), the
period of preheating was restricted to 1 minute., When the seal of the

capsule was broken, most of the liquid benzene vaporised immediately so



Ti@ “(sec)

Figure 3.27

The significance of volymerising liguid styrene in shortening 134
induction periods preceding igmition
7.0 - (a) (O Vapour only
O 30 1 inhibitor-free monomer
Capsule temperature 68°C
6.0 -
- Capsules preheated for 15 min.
500 i
4.0 ad
3.0 P
2.0 o
100 ! | |
30.0 40.0 50.0 60,0
7.0 |-
(b) (O Vapour only
O 30 )xl inhibitor-free monomer
6.0 |- Capsule temperature 169°¢c
Capsules preheated for 1 min.
5.0 |-
4.0 |
3.0L
2.0 L
1.0 I 1 L
30.0 40.0 50.0 60.0

S on
P (k¥m )



Ti@ (sec) .

6.0

5.0

4.0

3.0

2.0

7.0

6.0

5.0

4.0

3.0

2.0

1.0

{

Figure 3 .28

]
The effect of (a) stronsly heated and (b) relatively cold

liquid benzene on induction periods precedinz igmition

(2) (O Vapour only
0 30/.;.1 benzene
8 Capsule temperature 140°C
Capsules preheated for 1 min
1 L |
20.0 30.0 40.0 50.0
= {p) (O Vapour only
‘) 30 j.a.l benzene
-
Capsule temperature 68°C
Capsules preheated for 15 min
| 1 ]
20.0 30.0 40.0 50.0

P, (i n~2)

135



that this compound entered the reaction vessel as vapour. Hence there
was no significant cooling effect on the reacting styrene-air vapour
mixture, |

34,7 Effect of polymerising styrene on onroduct distribution

Table 3.4 shows that the same number of products was detected
during pre-~flame stages of ignition as in experiments involving solely
vapour-phase ignition (Table 3.3). Analysis of products obtained in
experiments involving the addition of polymerising liquid monomer was
carried out both at high and low initial pressures., Since there is no
apparent difference in the nature of the products formed in the two series
of experiments, it would appear that no marked change occurs in the
chemistry of the pre~flame reactions as a result of the addition of
polymerising liquid styrene.

Only qualitative gas chromatographic analysis was carried out
using the Apiezon L column. No back-up columns were used so that only a
partial resolution of the products was obtained.

e Temperature measurements

3.5.1 Temperature changes in reacting styrene-air mixtures

Figure 3.29 shows typical temperature~time traces recorded at
the centre of the reaction vessel for slow combustion and ignition
reactions at an initial temperature of 56900.

Temperature changes accompanying hot flame phenomena at different
initial reactant pressures are shown in Figures 3.29 (a)~(e). Figure
3.29 (d) indicates the temperature change accompanying slow oxidation on
the ignition boundary. Thus the maximum temperature change ,Zlﬁggn’
increases wiﬁh initial pressure, as does the maximum pressure change,ﬁkrjgn_

Figure 3.29 (e) shows a iypical temperature—time trace obtained
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Effect of polvmerising styrene on preduct distribution durine pre—flame

staces of imition of 1:5 styrene-air mixtures

Reaction temperature:— 56900

Time of sampling during induction period:-

(i) at initial pressure, Po = 35.6 kNm_z,

sampling time = 4.7 sec,

(ii) at initial pressure, Po = 47.5 kNm_z,

sampling time = 2.08 sec

Retention time (min)
Peak No. Reaction Product 5 5
Po = 35.6 Kiim Po = 47.5 Kim
1 Ethylene 2.12 2.19
2 Unidentified 2.42 2,42
3 hidentified 2.80 2.95
4 Benzene 4.88 4,92
5 Toluene 7.22 7.50
6 Ethylbenzene 10.80 11.17
7 Styrene 13.20 13.33
8 Benzaldehyde 17.08 17.17
9 Unidentified 21.45 21.29
10 Benzyl alcohol 23.T1 24.27
11 Acetophenone 29.75 29,25
12 Unidentified 4 69,33

* Mhe sensitivity of the gas chromatograph was too low to resolve

this product.
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Figure 3.29

Typical temperature~time recordings for igmition of styrene-air mixtures
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when a capsule of polymerising liquid styrene is introduced into the
reaction vessel, The addition of a capsule is followed by a sharp fall in
temperature which ranges from 3-10% Idepending upon the capsule
temperature, the initial pressure in the reaction vessel and the extent
of polymerisation of the ligquid monomer.

3.5.2 Temperature changes accompanying addition of solid nolystyrene

Figures 3.30 and 3.31 show temperature~time profiles for the
pre~flame stages of high-temperétture ignition in experiments involving
the addition of capsules containing solid polystyrene, preheated at 66°¢.

Figure 3.30 shows the effect on the induction period of the
-introduction of ca,10 mg solid polystyrene., After a brief fall in
tempera.tt-lre as the relatively cold stiyrene-air mixture enters the reaction
vessel, the temperature rises above that of the reaction vessel. This
initial cooling occurs ca,0.1 sec after admission of the vapour mixture
into the reaction vessel and is a feature common to all the temperature-
time traces for ignition of styrene-eir mixtures. When solid polystyrene
is introduced (together with the a;ir within the capsule compartment), a
further cooling of ca. 6°C occurs so that the temperature of the reaction
mixture is lowered to the reaction vessel temperature.l This cooling
occurs ca.0.3 sec after the capsule is introduced into the reaction vessel.
Subsequently the témpemture of the reaction mixture rises and the rate of
heating increases exponentially, resﬁlting in a maximum rate of temperature
change at ignition., I

For comparative purposes, the temperature-~time profile for a
vapour~-phase ignition is also shown in Figure 3.30. In this case, after
the initial brief cooling, the temperature of the reacting mixture rises

above the vessel temperature, and the rate of temperature change increases
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exponentially to a maximum value on ignition., No noticeable cooling is
observed when the air within the capsule compartment is admitted to the
reaction vessel, ‘

Figure 3.31 shows the effect on the induction period of the
addition of solid polystyrene to a fuel-air vapour mixture at a pressure
of 33 lcNm-'g. Following the initial cooling, the temperature sta:c;ts to
rise and, on introduction of the polymer, a further small cooling of
ca..2°c occurs, This takes place ca,0.1 sec after the capsule is é.ntroduoed
into the reaction vessel and is 4°C smaller than that observed at higher
initial pressures (Figure 3.30). As in previous experiments, the cooling
is followed by an exponerntial increase in temperature rise leading to a

maximum rate of temperature rise at ignition.

353 Temperature chanses accompanving addition of polymerising liquid

stvfene

Figures 3.32 and 3.33 show the effect on the induction period
of adding 30).;1 of inhibitor-free monomer, preheated for 2 minutes at
17000.‘ In Figure 3.32, the polymerising monomer was added to a styrene-air
vapoui' mixture at an initial pressure of ca. 47 kITm_z. Introduction of
the monomer leads to 2 cooling of ¢2.10°C, Similar behaviour is observed
in experiments at an initial pressure of ca. 33 kNm-2 (Figure 3.33).

Similar temperature changes were observed when polymerising
liquid styrene was preheated at ca.66°C (Figure 3.34). The polymerising
liquid monomer, which is relatively cold, causes a cooling of 12°C about
0.6 sec after introduction of the liquid monomer, Subsequently, the
temperature again rises above the temperature of the reaction vessel,

leading to the maximum rate of temperature change on ignition.,
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Temperature changes following addition of solid polysiyrene
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Figure 3.33

Temperature changses following addition of

polymerising liguid styrene
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Temperature changes following addition of polymerising ligquid styrene
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SECTION 4

DISCUSSION
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4.1 Vapour-phase volymerisation and decomposition of stvrene

d.141 Vavour-phase polvmerisation

Studies of the vapour-phase polymerisation of monomers at

pressures somewhat less than atmospheric have shown that no measurable

polymerisation occurs with vinyl acetate, methylacetylene or styrene.sa

Significant measurements of the rate of polymerisation of styrene in the

59

vapour-phase have been made only at pressures above atmospheric’” and,
even 2t these higher pressures, the reaction is relatively slow. Thus,
the absence of measurable polymerisation at 180-300°C and at an initial

pressure of ca, 10 kﬂm_z is not surprising and agrees well with previous

58

observations. Attempts to study the dimerisation of molecules which
can be made to form long-chain polymers, such as styrene, have been
unsuccessful, Tven in the case of photochemical polymerisation, many
monomers will not react in the vapour-phase as a result of direct
irradiation but will do so only when a photosensitizer such as acetone
is present. Such monomers include styrene,.acrylbnitrile and vinyl

57

chloride, In the present work, experiments carried out at the same
temperatures and pressures have showm that no vapour-phase polymerisation
of this monomer occurs even in the presence of small quantities of oxygen.

4:1.2 Thermal stability of stvrene monomer

Earlijer studies of the vapour-phase decomnosition of styrene
have indicated that this compound is stable at least up to 55000. All
these investigations were carried out under flow conditions in the
presence of nitrogen. Recoveries of styrene monomer in the pyrolysis
products ranged from 994 at 550°C to 95.3% at 625°C. Few attempts have
been made to investigate the decomposition of styrene at higher
tempanatures; the only notable exception being that of Badger and

62,63

co=workers who carried out detailed studies at 71000, again using a

flow system.
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The present studies have indicated, in agreement with
previous observations,that,in the absence of oxygen, styrene monomer
is stable up to at least 50000. Examination of the pyrolysis products
formed at eca, 55000 shows that the major components are benzene, toluene,
ethylbenzene, styrene and naphthalene, with unchanged styfene being by far
the most abundant constituent (Table 3.1).

Consideration of the bond dissociation energies of the C - H
and C = C bonds in styrene shows that the C — H bonds a2ll have dissociation
energies of the order of 418 kJ mole-1. The approximate value for the
dissociation energy of a C = C bond is of the order of 585 kJ mole"1 and
‘the C = C bond between the ethylenic group and the benzene ring has a
disaooia%ion energy of ca. 460 kJ mole“1. There is thus little difference
in the energy required to break any C = H bond and C - C bond. However,
mwoch greater energy is needed to break the C = C bonds in the ethylenic
group or in the aromatic ring. Thus Badger63 has pointed out that the
radicals most likely to be formed initially are céng, ¢H = CH,,

2

CgHaCH = CH, 06H55 = CH, and 54H60H = CH,.

The various products resulting from the deqomposition of
styrene can be accounted for by the reaction pathways outlined in Section
1.5. In the present investigations, decomposition of styrene was also
followed in the présence of small quantities of oxygen (1-5%). Oxygen
appears to induce decomposition at témperaturea as low as 320°C and the
same products are detected in its presence as in its absence,. However,
as the oxygen pressure is increased, oxygen-catalysed pyrolysis gradually
changes to oxidation, whereupon the reaction presumably involves the
usual oxidation steps,

The methods mentioned hitherto for the study of pyrolysis

reactions have their limitations. Minkoff and Tipper110 have pointed
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out the disadvantages of the flow method. A relatively large amount

of fuel is required, and it is more difficult to obtain kinetic results
than from a siatic system. Furthermore, for slow combustion reactions
preceded by a long induction period, it is necessary to work ai much
higher temperatures than if the system is at constant volume, since
residence times in the tube cannot be made much greater than 1 minute.
(xidation rates camnot be obtained directly from flow systems, the
course of reaction having to be followed by analysis of the exit

gases at a series of increasing residence times.

While the static system used in the present investigations
offers the most controllable conditions of temperature and reaction times,
it is nevertheless susceptible to surface effects both for pyrolysis and
oxidation reactions. However, the effects of the nature and extent of
the surface on the pyrolysis and oxidation of styrene have not been
examined in the present work.

4.2 Kinetics of the vapour-vhase oxidation of styrene

Be2el . Slow combustion

Below atmospheric pressure, oxidation of styrene occurs
only above 300°C and the region of slow oxidation extends to about
540°C for styrene-air mixtures. In the case of styrene-oxygen mixtures,
the slow combustion region extends to about 46000. No region of
negative temperature coefficient of reaction rate has been observed
for either styrene-air or styrene—oxygen mixtures. Similar observations
have been reported for benzene, ethylene and p-xylene. Since styrene
is made up of a benzene nucleus linked to an ethylenic group, it
seems reascnable to expect this monomer to show oxidative characteristics

similar to those of ethylene and benzene.



151

Below ca. 40000, the slow oxidation of styrene exhibits
long induction periods and a slow acceleration in reaction rate implying
that the chain branching reaction is infrequent. Benzene, on the other
hand, has been found to exhibit no appreciable induction period in a
static system. As with benzene, the slow oxidation of styrene results
in little ageing of the reaction vessel,

At about 300°C, the reaction of excess ethylene with oxygen
commences with a decrease in pfessure, vhereas with excess oxygen or
at higher temperatures, (> 400°C), the pressure-time curves are of the
usual S - shape.”1 In contrast, the slow oxidation of styrene-—oxygen
‘mixtures,in ratios of 1:1 to 1:10, is not accompanied by a pressure
decreasel - The pressure~time curves for styrene-oxygen mixtures tend
invariably to be S — shaped,

Other alkenes' - '* have also been found to exhibit an
initial pressure decrease during slow oxidation at low temperatures,
especially where fuel-rich mixtures are involved, This behaviour,
which is not exhibited by alkane or alkylaromatic hydrocarbon —
oxygen mixtures,is believed to be due to addition of OXygen across

15
the double bond of the alkene, It has been proposed1 ~ that this

involves the formation of moderately stable peroxidic intermediates:-—

N~y 7 B ~
o O s _"_)’?"?\
0«0

Recently however, it has been suggested that the formation of an oxiren

116

would also account for the pressure decrease,

N
CHé - ? - CHchéCH3 +‘%02 —_ CHZ - ECH2CHZCH3

CH, o
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Since no initial decrease in pressure is observed for siyrene—oxygen
mixtures, when oxygen is present in 1=5% concentration, it appears
that no apprecizble amounts of such intermediates are formed during
the oxidation of this compound,

Below 40000, the maximum rate of oxidation of styrene is
attained at ca. 40% conversion, whereas at higher temperatures. the
maximum rate of oxidation depends on the oxygen concentration, 45
the Eoncentration of oxygen is increased at high temperatures, the
maximum rate is dieplaced towards the start of reaction as compared-
with the usval oxidation behaviour of hydrocarbons, where the maximum
rete is attained at ca, 507 conversion. At low temparatures, the
maximum rate of reaction does not vary significantly with oxygen
ooncentration;

Figure 3.11 shows a curve relating the final pressure
increase for a 1:3 styrene-oxygen mixture (expressed as a percentage
of the initial total nressure) to the reacﬁinn temperature. Tn this
case the initial pressure was 41.5‘ka"2, but since AP/P, ie constant
at a given temperature, the curve should apply equally well to any
1:2 styrene—oxygen mixture., Over the temperature range, 310-46000,
the graph is linear, indicating 2 vmmiform course of reaction., Similar
relationships between final pressure increment and reaction temperature
have been reported for equimolar benzene-oxygen and toluene-oxygen
mixturﬁs?5 However, with ﬁ—propylbenzene, the graph is linear above
40000 and this also appears to be the case below 300°¢C. However, a
transition is observed at about 35000, where AP is independent of
temperature, This trensition occurs in the region of negative temperature

75

coefficient. With siyrene, the maximum.rate of oxidation increases

continuously with temperature for all the mixtures studied. No negative
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temperature coefficient of reaction rate is observed., Styrene may

thus be classed with methane, ethylene and benzene. However, especially
at temperatures below 400°C, the rate of slow oxidation of styrene is
somewhat sensitive to surface effects and is not very reproducible,

This observation is in agreement with those of Kroger and Bigora jski,
who found that experiments with styrene-oxygen mixtures at 310—34000

are not as reproducible as those for ethylbenzene, Generally, for
othér alkylaromatic hydrocarbons, no difficulty has been experienced

in obftaining reproducible pressure~time curves, the rate of reaction
being far less sensitive to surface effects than with the alkanes.
Krager and Bigorajskiaa suggested that,during the course of styrene
oxidation, the walls of the vessel become coated with polymeric products
which might help to account for the difficulty in obtaining reproducible
pressure~time curves. These workers showed that the rate of oxidation
of ethylbenzene was greater in a vessel vhich had been used previously
for the oxidation of styrene. However, in the present work, no further
evidence vas obtained to substantéate the suggestion that the vessel
walls become coated with polymer,

4.2.,2 The temperaturs=nressnre isnition nrofile

As vith ethylene and benzene, a smooth igmition curve is
obtained for styrene—cir mixtures within the limits of pressure
investigated. Monoalkylbenzenes generally exhibit a cool flame
region as do aliphatic hydrocarbons,vhile at high temperatures (3’400“0)
chain thermal ignition occurs. With styrene, only a high temperature
chain thermal ignition has heen observed,

e at

Multistege ignition of benzene has been reported
pressures ranging from 500 ~ FOO:EHn-z with fuel-rich mixtures. However,

no subsequent evidence kas been found for multistage ignition with this
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compound, Tn the present work with styrene, no fuel-rich mixtures

were studied in detail. The ignition tendency is however markedly
affected by changes in the fuel-oxygen ratio. With 2 1:5 styrene-air
mixture, ienition is observed only above 54000. Furthermore, ignitions
with styrene-oxygen mixtures were too violent to be studied safely in
glass apparatus, whereas with styrene-air mixtures ignition was a much
milder phenomenon. Previous investigations of the ignition bhehaviour
of étyrﬁne were confined to the determination of its spontaneous

117

ignition temperature by 2 hot vessel method, This involved
dropping liquid styrene into a quartz vessel through which a slow
stream of air or oxygen was passed. Thiform fuel-2ir mixtures of
known composition were not attained under these conditions.

Tﬁe present stvudies of the vapour-phase oxidation of styrene
have been restricted to pressures somewhat lower than atmospheric and
it would clearly be desirable to extend the present work to higher
pressures, |

With benzene, for examgle, Burgoyne and thitt73 found that,
at pressures of about 5066 kNm-e, this compound reacted readily with oxygen
at ca, 280°c,whereas at subatmospheric pressures slow oxidation oeccurred
only above 45000. Furthermore, in view of the observations of both

83 118

Salooja ~“and Sokolik that the ignition tendeney for benzene is
increased by the presence of excess fuel, it may be worthwhile to
investigate the ignition behaviour of styrene under fuel-rich conditions,
both at high and low pressures,

Studies of the influence of moleenlar structure on the
ease of oxidation of aromatic hydrocarbons with saturated side chains

have: shown that oxidation is facilitated by increasing carbon chain

length, With styrene, however, oxidation is not as fast or as
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reproducible as with ethylbenzene., The spontaneous ignition temperature
of ca, 54000 at an initial pressure of ca. 59 kNm_2 is therefore not

a surprising value and agrees fairly well with the reported temperature
of 49000 for ignition in air at atmospheric pressure,

4.2,3 The kinetic properties of the hot flame

It has been found that the relationship

Tign = kpfamrl ;
holdﬁ for the high temperature oxidation of styrene (see Section 3.3.2.3).
The values of n and k have been evaluated at three temperatures and are
listed in Table 4.1. It can be seen that n does not vary markedly with
temperature, although k tends to increase towards a constant value
at higher temperatures,

The increase in the value of k suggests that there is a
cliange in mechanism above 55500. Evidence for the existence of more
than one mode of reaction is also provided by the relationship between

Api@ and Po, which is of the fon'n |

Apign = mPo -C
m and ¢ are constants which are not appreciably dependent on the
initial temperature above 555°C (see Figure 3.17). At temperatures
below 55500, however, and at pressures approaching atmospheric, it is
likely that m and c are dependent on the temperature as suggested by the
curve at 555°C shown in Figure 3,18,

The maximum rate of pressure increase accompanying passage
of a hot flame, (dP/dt )ma.x' inoreases continuously with P and is also
dependent on the initial temperature (see Figure 3.19). At the high
temperatures involved, the rate of pressure increase is related not
only to a2 possible intensification of chain branching, but also to an

increase in the rate of heat liberation and to the appearance of thermal



Table g.1

Values of n and k

T°C n k

555 1.82 1.12 x 10°
569 2.00 4.68 x 10°
577 1.88 4.97 x 107

156
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autoacceleration of the reaction. Thus the most likely explanation for
the dependence of the maximum rate of pressure increase on temperature,
is that the reaction is chain thermal in nature.

A characteristic feature of the hot flame of styrene-air
mixtures is the high residual pressure, Py, which is established after
equilibration of the temperatures of the reaction vessel and its contents
and corresponds to an increase in the number of molecules formed during the
reaction. In this flame, P;/P, is usually about 1.1 (where P, is the
initial pressure). The considerable increase in the number of molecules
due to chemical reaction is related to the nature of these flames. Above

initial pressures of ca. 33 lc'z‘!::n'"2

, the residual pressure increase,/\Pp,
(expressed as a percentage of the total initial pressure), becomes
independent of the initial pressure (see Figure 3.20).

4.2‘.4 Product formation during pre-=flame stages of igmition

The products formed during the induction period preceding
ignition were virtually the same as those oi; the slow oxidation of styrene
at low temperatures. The principal oxygenated products were benzaldehyde
and acetophenone, the former being by far the most abundant at both high
and low temperatures. During the pre-flame stages of ignition, a relatively
small amount of benzyl alcchol was also detected. Oxygen therefore
preferentially attacks the X —carbon atom in the vinylic side chain,

There is no evidence for reaction at the {5-ca.rbon atom, since no
2~phenylethanol was detected among the products.

Similar observations have been made for ethylbenzene. At
high pressures, oxygen attacks the X—carbon atom to a considerable
extent with little indication of reaction at the /3-position. Thus
2—hydroxyeth;;v-lbenzene and acetophenone are important products and the

aldehydic and acidic constituents consist almost entirely of benzaldehyde
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and benzoic acid.

Although small quantities of peroxide have been detected
during the slow oxidation of siyrene at low temperatures (310—34000)89,
no appreciable amounts of peroxides have ever been found during high
temperature reactions. Thus analysis for peroxides was not carried out
during the pre-flame stages of ignition.

Generally, the combustion of aromatic hydrocarbons involves
both éida chain and nuclear attack, Addition of an alkyl group to the
benzene ring facilitates oxidation both because the nucleus is activated
and because the alkyl group itself is readily attacked., Nuclear attack
involves, in all cases, ultimate cleavage of the ring resulting in
straight—chain products. The only such compound formed during the pre-
flame stage of ignition of styrene was ethylene. Products from the
oxidation of aromatic hydrocarbons fall into three general groups: those
from oxidation of the side chain; those from oxidation of the ring and
those from breakdown of the ring, With alkyiaromatio hydrocarbons,
increase of pressure and reduction of temperature reduces ring rupture
(which produces CO, 002, aliphatic acids etc.) and increases the yield
of products derived from oxidation of the side chain e.g. benzaldehyde.

In terms of bond energies, styrene, which possesses only
vinylic hydrogen atoms, ought to be an 2nalogue of ethylene. Xnox and
He115119 have studied the slow oxidation of the latter compound at
ca. 360°C, Tnitial products were ethylene oxide,formaldehyde and
acetaldehyde, while secondary products included methanol, ethanol, carbon
monoxide and carbon dioxide., Formaldehyde was the principal product,
its formation being attributed to the addition of an oxygen molecule

across the double hond to give 2 four-membered ring peroxide which

subsequently decomposed:
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02}14—!-02 —— TH2—0—O—CH2 —— 2CH20

It is suggested that this reaction would explain the initial pressure

decrease observed and was based on the assumption that the cyclic
peroxide had appreciable thermal stability. Xnox and W8118119 subsequently

proposed a mechanism for olefin oxidation:

CH2(‘H2 + H02 —'_% C‘Hz(‘HaOOH Srsesssetanen (1)
CH2011200H "_'_> CH20 +C]{20H LR R R ) (2)
CH,0H + 0, ———> CH,0 + HO; R AT (. %)

This mechanism may however also be apnlied to styrene:

CH = CH, HOOHCCH,
$ M —p @ SEL USSR (s
o-ou
...CH
@ ©+CH OB assssknrens (5)
CH20H+0 —_ (‘F0+H0 wseveewse vy KG)

The phenylethyl radical could be converted to ethylbenzene,
which is one of the principal products formed from styrene at both high
and low temperatures.

Neither styrene oxide nor products arising from oxidation of
the benzene ring were detected, Kroger and Bigorajskiag revorted that,
at 310—34000, benzaldehyde was the main intermediate product and no
products derived from ring oxidation wer;e formed. Thus the present
results are in good agreement with those previously obtained for the low

temperature oxidation of styrene.
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T

A3 Influence of nolvmerisation and depolvmerisation on vapour-

phase ignition

A:3.1 I Temition characteristics

Some hydrocarbons start giving rise to cool flames well
below their normal ignition temperature, while others react only to
8 small extent before igniting. Styrene appears to fall in the latter
category. The temperature at which 2 hydrocarbon first starts to react,
and 'l:.he extent of reaction which it undergoes before ignition,are as much
characteristic features of each hydrocarbon as are the ignition temperature
and related properties. Sa.looja83 found that, in general, richer fvel-air
mixtures undergo a greater amount of pre-flame reaction than do weaker
ones, Yet the ignition temperatures, while lowered in some cases, are
raised markedlj in others in spite of the higher rates of reaction.

4.3.2 Factors promotings ismition

In the present studies with a 1:5 styrene-air mixture, the
introduction of polymerising liquid monomer .into the reacting vapour
mix'tur_'e generally results in a shor&:ening of the induction period
preceding ignition,

Ignition of styrene-air mixtures was found to be promoted
to an extent which increased with the temperature to which the liquid
monomer was preheated. Generally, inhibitor-free monomer was slightly
more effective in promoting ignition than was inhibited monomer. This
suggests that it is the rate of polymerisation which is responsible for
shortening the induction period. The volume of polymerising monomer
introduced into the vapour mixture also influences the ignition tendency;
the greater the volume of polymerising monomer added, the greater the

promotion of ignition.
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At about 30000, polystyrene starts to depolymerise yielding
largely the monomer., In the present situation, depolymerisation can
occur only when the polymer actually enters the reaction vessel which is
maintained at ca. 57000. Cnce the depolymerisation process is initiated,
it proceeds rapidly. Fach bond broken produces {wo free radicals which
react readily either with other polymer chains or with oxygen if present.
In view of this, it is perhaps somewhat surprising that the introduction
of sélid polystyrene into the reacting vapour mixture has virtually no
effect in promoting ignition. One possible explanation for this 'neutral®
result is that the introduction of relatively cold polymer into the hot
reacting vapour system exerts a cooling effect, thereby countering the
tendency to promote ignition (see Section 4.3.3.).

In‘the case of liquid monomer polymerising in the capsule
prior to its introduction into the reaction vessel, the free radicals
generated have a limited survival time, but nevertheless grow in
concentration as the rate of initiation is increased. When the capsule
is introduced into the vessel, these free radicals may be present in
sufficient concentration to promote the reactions leading to ignition.

An increase in the volume of polymerising monomer introduced also
results in an increase in the concentration of radicals generated,

Addition of initiators to the liquid styrene enables
polymerisation to take place at relatively low temperatures. Introduction
of initiator-containing monomer into the vapour mixture proved more
effective in shortening the induction period., This accentuated shortening
of the induction period was observed for monomer containing both benzoyl
peroxide and Clﬁliazobisisobutyronitrile, although the latter proved more
effective, However, nc further promotion of ignition was observed when

larger amounts of these initiators were present. In addition to catalysing
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polymerisation of the liquid styrene, some unchanged initiator may enter
the reaction vessel and thereby promote reaction in the vapour-phase
leading to ignition.

4.3.3 Factors inhibiting igmition

Comparison of the ignition characteristics of styrene-air
vapour mixtures with those of similar mixtures into which polymerising
liquid monomer has been introduced indicates that ignition is generally
promoted by the introduction of the liquid. However this promoting effect
tends to decrease with increasing initial pressure of the vapour mixture,
suggesting that there are two counter-balancing factors in operation, one
of which increases in relative importance at elevated pressures, The
apparent inhibiting effect may be comnected with the fact that a given
decrease in temperature decreases the rate of vapour-phase polymerisation
reaction to an.extent dependent on the pressure, Blank experiments using
liéuid benzene instead of liquid styrene have also shown that the
introduction of a relatively cool unreactive liquid decreases the ignition
tendency to an extent which increases with the initial pressure of the
gaseous reactant mixture.

In order to investigate further this cooling effect, direct
measurements were made of temperature changes taking place within the
reaction vessel during slow combustion preceding ignition. This was
carried out both for purely vapour-phase ignition and for ignition
following addition of the polymerising liquid styrene, These experiments
have shown that the presence of the cold liquid, which needs not only
to be vaporised but also heated to the temperature of the reaction vessel,
does indeed suppress the temperature increase normally observed during

slow combustion preceding vapour-phase ignition.
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The rate of heating plus vaporisation of the liquid monomer
was assessed directly from the pressure~time curves which showed that,
with both 10 and 3le aliquots of 1iquid, complete pressure equilibration
occurred within one second as the liquid entered the reaction vessel,

Account must also be taken of the fact that, vwhen the liquid
styrene is volatilised, it increases the fuel-air ratio. Richer mixtures
generally exhibit shorter induction periods and indeed the increase in the fuel
air ratio consequent on the introduction of a given amount of liquid will
be greatest at low pressures. It is precisely under these conditions that
the promoting effect of the liquid polymer is most apparent.

However, to summarise, probably the most important factor
oounteriﬁg the normal promotion of ignition by the polymerising liquid
monomer is the cooling effect caused by the addition of a relatively
cold liquid to the reacting vapour mixture.

4.3.4 Product formation

The liquid monomer was polymerised prior to its introduction
into the reaction vessel in sealed tubes. However the headspace inside
these tubes contained trapped air,so that any subsequent polymerisation
was initiated in the presence of air.

94

Miller and Mayo” ' showed that, at 50°C and in the presence of
AIBN, styrene polyﬁeroxide and benzaldehyde are formed concurrently, The
rate of formation of polyperoxide decreases and that of benzaldehyde
increases as the pressure of oxygen is decreased., The rate of peroiide
formation was some 17 times greater than that of aldehyde at 101 km'n_2 of
oxygen, whereas these rates were nearly equal at - 1L3kﬁm“2'oxygen pressure,

At constant oxygen pressure, the proportion of aldehydes formed was found

to increase with temperature.
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Tn view of these observations, the products generated during
the induction period preceding ignition were expected to differ to some
extent from those formed during the pre-~flame stages of purely vapour—
phase ignition. Uhen the monomer is heated in the capsule at 60—7000,
for example, styrene polyperoxide together with benzaldehyde and formaldehyde
may well be formed concurrently. At higher temperatures of preheating,
the rate of decomposition of the polyperoxide, which is knowvm to explode
above 10000, will incfeaae. Ité principal reaction is cleavage of the
0-0 bonds to give two alkoxy radicals, These then lose alternately
benzaldehyde and fonmaldeﬁyde units in an exothermic chain reaction which
‘may be interrupted by 2 chain end, an extra styrene unit in the chain or
another radical:

NN 0-0-CE, l CH-0 L 0%--CH2 l CH-0"*

I

L |
06H 06H5

P

I
'0—CH2+CH—CH ~CH=0=0 NN
| 2

As the principal producis of decomposition of styrene
polyperoxide are benzaldehyde and formaldehyde, it may be desirable in
future work to determine more precisely the amounts of these aldehydes

formed in the presence and absence of polymerising monomer.
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4.4 Conclusions

Under the conditions used, styrene like acrylonitrile, vinyl
acetate and vinyl chloride,does not appear to polymerise in the vapour-
phase, although such polymerisation has been reported to occur with
styrene at pressures above atmospheric.

In the absence of oxygen, styrene is stable up to ca. 500°C,
but above this temperature, pyrolysis starts to occur. The presence of
small quantities of oxygen (1~5%) does, however, induce decomposition
at temperatures as low as 32000.

The vapour-phase oxidation of 1:3, 1:5 and 1:10 siyrene~
oxygen mixtures starts to take place at about 300°C. Slow oxidation of
a 1:1 styrene—oxygen mixture becomes measurable at 320°C. The partial
ignition profile for a 1:5 styrene-air mixture shows two distinct regions
of combustion,viz, slow oxidation at temperatures from 300-54000 and hot
ignition at higher temperatures. No cool flame region or negative
temperature coefficient of reaction rate is found.

The introduction of polymerising liquid styrene generally
promotes ignition in the vapour-phase. Thus, induction periods preceding
ignition were shortened by introduction of the polymerising liquid monomer
into the vapour system. This promoting effect is somewhat surprising in
being more pronounced at lower initial pressures. Indeed at higher
pressures. this effect may be reversed. The main reason for this anomalous
behaviour is probably the cooling effect exerted by the introduction of
relatively cold polymerising monomer into the hot reacting vapour mixture.
Results of blank experiments with liquid benzene (instead of liquid styrene)
have shown a similar effect. Introducfion of a comparatively cold and
relatively wnreactive compound into reacting siyrene-air vapour mixtures

at ca, 57000 lengthened the induction periods preceding ignition to an
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extent which increased with the initial pressure of the vapour mixture.
Furthermore, direct measurements of the temperature changes within the
reaction vessel during the induction period preceding ignition have
shown that the addition of a relatively cool liquid into the reacting
vapour mixture suppresses at least partly the temperature rise normally
observed during the induction period of a purely vapour-phase ignition.
The temperature to which the liquid monomer is preheated. (prior to
introduction to the reaction vessel), influences the effectiveness of

the polymerising monomer in promoting ignition. In general,the higher the
temperature of initial preheating, the more effective is the polymerising
medium in shortening the induction period. Inhibitor-free monomer is
slightly more‘effective than inhibited monomer and the ignition tendency
increases with the quantity of polymerising monomer. Addition of initiators
to the inhibitor~free monomer enables polymerisation to occur at lower
preheating temperatures with a consequent decrease in induction period.
Thus the rate of initiation of polymerisation appears to be an important
factor in enhancing ignition in the vapour-phase.

The process of polymerisation appears to be more important'
than that of depolymerisation in exercising a promoting effect on ignition
in the vapour-phase. This is to some extent substantiated by comparative
experiments involving the introduction of solid polystyrene into the
reacting styrene-air vapour mixture. The addition of solid polymer has

virtually no effect on ignition tendency.
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