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ABSTRACT

The analytical mecthod developed in the early stages of the work involving
Soxhlet extraction of the particulate matter followed by column chromatography
and then programmed-temperature gas chromatography (with the use of

u.v. spectrophotometry to identify individual polycyclic aromatics) has

been simplified and made more rapid.

'y

The improved procedure has been used to analyse soot samples in later
work and, inter alia, the p.c.a.h. in soot samples from three

fire fighting schools in the U.S. A.' The presence of appreciable amounts
of known carcinogens in thesé suggests a poséible health hazard to

personnel exposed.

Exploratory work has been carried out on tlie use of the integrated
ion-current technique in high resolution mass spectrometry to determine
picogram quantities of p.c.a.h. introduced into the ion source of a
GEC-AEI, M.S.9. instrument, a low electron voltage (13ev) ensuring

that only the molecular ions are formed. Such a method has been shown
to be potentially valuable in air pollution studies in conjunction with thin

layer chromatography, or in certain cases o. its own.

Samples have been withdrawn from rich oxy-acetylene and uxy-ethylene

low pressure flat flames using quartz micro-probes. These have been
analysed by mass spectrometry and gas chromatography. There is a
marked similarity in the flames and the concentration profiles of, inter alia,
diacetylene and other polyacetylenes, phenyl acetylene and styrene

and certain polycyclic aromatics have been determined. The results suggest

iii



that acetylene plays an important intermediate role in the formation of
p.-c.a.h. The results relating to the formation of polyacetylenes confirm those
of previous workersbut those relating to p.c.a.h. differ in important respects.

The mode of formation of the polycyclic aromatics is considered.

Although it has not proved possible to undertake that part of the programme
involving the use of organo-metallic additives, contemporary research’

in Germany and in England has kxenreviewed briefly.
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STUDIES ON POLYCYCLIC AROMATIC
HYDROCARBONS IN FLAMES

INTRODUCTION
It has been known for many years that benzo (a) pyrene is a potent
carcinogen and that some other polycyclic aromatic hydrocarbons

e.g. dibenz (a,h) anthracene are also carcinogenic.

benzo (a) pyrene dibenz (a, h) anthracene

The livers of many animals are.able to metabolise a wide range of
molecules and it has recently been shown that some polycyclic aromatic
hydrocarbons can be converted initially to epoxides, which can be
detected as products of metabolism,although further metabolism

gives either the diol or derivatives.

Thus, in the case of benz (a) anthracene, the 5.6-  epoxide can be
formed which is extremely carcinogenic and mutagenic, although

benz (a) anthracene itself is only regarded as being weakly carcinogenic.

A\ non-
\) 7 Q\)\\.& ~—7 carcinogenic
N compounds

benzo(a) anthracene 5.6 r epoxide
(carcinogenic)
Polycyclic aromatic hydrocarbons are well-known to be associated with soot
or particulate carbonaceous matter resulting from the incomplete
combustion of fossil fuels. Whilst cigarette smoking is a most important
causal factor in ling cancer there might well be an air pollution factor

too, since the frequency of the disease is higher in urban that in rural

areas.



pollutants must also be recognized.

A considerable amount of work has been carried out by G. M. Badger
and his associates on the mode of formation of benzo(a) pyrene and
other polycyclic aromatic hydrocarbons during hydrocarbon pyrolysis
but comparatively little has been published on the mode of formation

of polycyclic aromatics during incomplete combustion in flames.,

The objectives of the present research were as follows: -
1. To develop appropriate analytical methods for polycyclic aromatic
hydrocarbons in soots and pa.rticulates and in particular to study

methods employing gas chromatography and mass spectrometry.

2. To study the formation of these compounds in both pre-mixed
and diffusion flames of simple hydrocarbons and the factors
influencing this. In particular, stable compounds likely to suggest

the mode of formation of polycyclic aromatics were to be sought.

3. To seek organo-metallic additives which might lead to a reduction
in the formation of p.c. a.h. since pyrolysis and oxidation processes

can often be influenced by catalysts and additives.

This report comprises five parts; Part IV is the more detailed one
as our publications and progress reports have already dealt with the
earlier work in some detail, and consequently it is not considered
worthwhile reporting this ' again here. Part V is a brief review

of the work of others since, unfortunately, the loss of key personnel

precluded work in this area.



Part I:-

Part 1I: -

Part III: -

deals with improvements made in the gas chromatograplic
method of analysis of polycyclic aromatic hydrocarbons

in soots since the description of the earlier work by

B. B. Chakraborty and R. Long. The use of a solvent

of low boiling point (and toxicity*), rotary evaporation

under vacuum at a low temperature, the discarding of

the initial separation by column chromatography, the

use of an internal standard in the gas chromatography

and of high resolution mass spectrometry in the

identification of individual p.c.a. h., have all been

improvements.

applies the above method to the analysis of soots
collected from fire-fighting schools in the U.S. A.
Th_ese soots are shown to contain appreciable amounts
of known carcinogens and consequently exposure to
the smoke may well constitute a health hazard to

personnel.

describes an offshoot of the present work viz. the
application of the integrated ion-current technique

in mass spectrometry to the resolution of isomeric
compounds not readily separable by gas chromatography.
Thus, benzo (a) pyrene might be estimated in the presence
of benzo (e) pyrene and perylene. In conjunction

with other techniques of separation such as gas

chromatography or thin layer chromatography this

* Compared with benzenec or chloroform

3



Part1V:-

method seems to offer potential. The combination of
T.L.C. with high resolution mass spectrometry results in
a highly sensitive and rapid method of analysis for

polycyclic aromatic hydrocarbons.

the main section, describes work carried out with the

aim of finding out more about the mode of formation

of polycyclic aromatic hydrocarbons during incomplete
combustion in flames. The earlier work already

published by P. Dearden and R. Long and by B. B. Chakraborty
and R. Long re‘spectively, is not considered here;

attention being paid to as yet unpublished work.

A relatively quick and reliable method has been devised

for withdrawing samples, at different heights above

the burner, from rich oxy-acetylene and oxy-ethylene

low pressure flat pre-mixed flames. High resolution

mass spectrometry has been used for the analysis

of more volatile species and programmed - temperature

gas chromatography has been used for the analysis of

less volatile species including polycylic aromatic hydrocarbons.
Both u.v. absorption spectroscopy and mass spectrometry

have been used to identify species in the latter case.

The results show that, in general, the same

products are formed in rich oxy-acetylene and

oxy-ethylene pre-mixed flames, suggesting that the



Part V:-

polycyclic aromatic are formed by the same route

in each case. The results confirm the important

role of acetylene in hydrocarbon flames and in

particular the results are in general agreement with

the pioneering work of K. H. Homann and H. Gg- Wagner
who found that polyacetylenes reach a maximum
concentration at the end of the oxidation zone and

that soot formation begins at the zone where the
polyacetylene concentration falls off. The present work
supports a scheme of G. M. Badger for polycyclic
aromatic formation during pyrolysis in that certain
compounds with a two carbon atom side-chain attached
to a benzene ring appear to represent ''key' aromatic
species formed from acetylene, although the reactions
invc;lved are likely to involve free radical, rather than
molecular ‘species. Such substances believed to be
im;;ortant as precursors of polycyclic aromatics inclvde
phenylacetylene and styrene. The experimental evidence
does nc. favour ethylene or 1.3 butadiene as important
inte.rmediates. Although only stable species can be
sampled, the'se are considered to give useful information
as to likely steps involved in the formation of the

polycyclic aromatic hydrocarbons in flames.

While the effect of introducing oxygen into the combustion

air, or to the hydrocarbon itself, in a diffusion flame



has been reported earlier, no progress has been

made in examining the effects of organo-metallic
additives, owing to loss of key personnel at certain
stages of the work. However, recent work in Germany
by G. Spengler and G. Haupt has indicated that
reduction in soot and polycyclic aromatic hydrocarbons
by this means is feasible and work on the suppression of
soot and p. c.a.h. in flames by the use of metal
additives has recently been published. D. H. Cotton,
N.'J. Friswell and D. R. Jenkins claim that the
mechanism of action of the alkaline earth metals

is one of gas-phase catalysis of the decomposition

of hydrogen or water vapour giving rise to the formation
of hydroxyl radicals which remove soot or precursors

of soot.



Part I Improvements in the Gas Chromatographic Analysis of Polycyclic

Aromatic Hydrocarbons in Soot Samples.

The gas chromatographic method described by B. B. Chakraborty and
Ronald Long (Environmental. Science an Technology, 1, 828-834, (1967)
has been improved and made more rapid in the following way
i) The use of methylene chloride (in place of chloroform) as solvent
in the extraction process enables this to be carried out at a
temperature below 40°C and so helps to prevent the possibility of

any further reaction in the Soxhlet apparatus.

ii) This solvent is readily removed from the extracted polycyclic aroma-
tics by rotary evaporation under vacuo at 0°C thus avoiding loss of
more volatile hydrocarbons. (Such as benzene, phenylacetylene,

naphthalene).

iii) The initial separation by column chromatography docs not seem to
be necessary and the analysis is thus speceded up considerably by
direct injection of an extract of soot into the G. C. column.

Thus, a Soxhlet extraction 0of-0.5 g. of soot is carried out fer
six-hours using 250 ml of methylene chloride as solvent. The
resultant solution is ev?.porated down under vacuum at OOC and the
residue is dissolved in 2 ml. of methylene chloride. 2?((1. of this
solution are used for the Programmed temperature gas chromatography

as described previously.

iv) The use of 3 methyl phenanthrene as internal standard increases
accuracy and also aids in the preliminary identification of components

by retention time ratios.



v) High resolution mass spectrometry is used in identifying the component(s)

‘of certain gas chromatographic peaks. (ef. Part IV)

Th.e above method has been used in Part II




PART II Gas Chromatographic Analysis of Polycyclic Aromatic
Hydrocarbons 1n Soot Samples from Firefighting Schools
in the U.S. A,

Quantities in mg per gram soot.

Peak No. in Gas Compound City A City B City C
Chromatogram (Norfolk) (San Francisco) (Philadelphia)
1 Naphthalene 0.15 0.6 0.15
2 Acenaphthylene 0. 05 0.4 0.15
3 Fluorene 0. 05 0.4 0.8

4 Phananthrene/ 0.4 2.4 2.2
Anthracene
5% Methyl phenanthrenes 0.4 3.0 4.3
6% 4,5 - Methylene 0.15 1.8 1.7
phenanthrene
7 Fluoranthenes 0.3 4.6 6.1
8 Pyrene 0.6 7.8 8.6
9 Benzofluorenes 0.1 1.2 1.5
10 Methyl pyrenes 0. 05 1.0 0.15
11 Benzo (m,n, o) 0.2 2.0 2.0
fluoranthene
12 Benzoanthracene/ 0.4 4.6 2.0
Chrysene
13 Benzo fluoranthenes 0.5 3.5 1.3
14 Benzo(a)pyrene
Benzo(e)pyrene 0.9 4.5 1.2
and Perylene#**
15 - - Indeno (1,2,3-c,d) 0.4 3.3 - none
pyrene detected
16 Benzo (g, h,i) 0.4 2.5 "
perylene
17 Anthanthrene 0.05 0.9 "

* identified by reference to earlier work.
** mass spectrometric measurements indicate about 50% benzo (a) pyrene.

(We are indebted to Dr. A. R. Siedle (U.S. Navy Preventive Medicine Unit,

2, Norfolk, Va for the samples, provided at his initiative).



Part III. The Integrated Ion-Current Technique in Mass Spectrometry.

In conventional quantitative mass spectrometry, calibration
of the instrument is carried out for a specifi¢ compound by maintaining
a reservoir of the vapour of this compound at constant pressure whilst
allowing the compound to leak from the reservoir into the ion source
of the mass spectrometer at a very slow rate. The sensitivity of the
instrument may then be expressed in terms of the ion current measured
at any selected m/e value for a given partial pressure of the compound
in the inlet reservoir. Sucl; a method is quite unsuitable for the
examination of samples of relatively involatile solid materials. It is
then more appropriate to evaporate completely a small weighed sample
of the solid material and to record the ion-current at a selected m/e
value during the course of this evaporation. The sensitivity of the
instrument may then be expressed in terms of the integrated ion-current
obtained at the selected m/e value for a given weight of sample evaporated.

When a voltage scanning orquadrupole mass spectrometer is
beiné used, it may be possible to tune into the appropriate mass before
the ion-current at that m/e value is established. This is not so
simple when a magnetic scanning instrument is used and it may be
necessary to use a calitrating substance, usually the vapour of hepta-
cosa fluoro tri-n-butyl amine to calibrate the mass scale. The peak
switching facilites of the instrument can then be used to tune into the
required mass before evaporation begins and the effects of any slight
instrt{mental drift are obviated. The record obtained consists of a

series of peaks drawn at one second intervals, the height of which

correspond to the instantaneous ion-current. It is the envelope of this
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record which is proportional to the integrated ion-current and hence to

tile amount of sample evaporated.

When the sample consists of two substances the mass spectra of which
both contain a peak at a specific m/e value the integrated ion-current may
show fine structure because the rates of evaporation of the two compounds may
be different.i'I'his effect is most marked when: recording the molecule ion-

|
current of a substance which can exist in two isomeric forms.

Using a GEC -AEI, MS9, mass spectrometer J. R. Majer and
R. Perryi have shown that by the above technique anthracene and
phenanthrene can be clearly separated. Benzo (a) pyrene is found
in products of incomplete combustion along with two comparatively non-
carcinogenic isomers, , benzo (e) pyrene and perylene. By the above
technique benzo (a) pyrene can be separated either from perylene or from
benzo (e) pyrene, although benzo (e) pyrene cannot be separated from
perylene.

Synthetic mixtures of polycylic aromatic hydrocarbons have
been separuted by thin layer chromatography for subsequent determination
in the above manner by J. R. Majer, R. Perry and M. J. Readei.i
Calibration curves were constructed using standard solutions of each
compound and these were linear in all ranges between 10-6 and 10-12 g.

Provided the position of the eluted spot sample is known., these
authors claim that it is possible to transfer samples in the picogram
range from the chromatogram to the mass spectrometer. Extraction of
the polycyclic aromatic from the cellulose adsorbent can be carried out

in a micro centifuge tube with as little as ZO}I of solvent, enabling

a large part of the eluted sample to be used in the mass spectral assay.
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R. Perry, R. Long and J. R. Majeriii have published a paper
indicating the sensitivity and versatility of the integrated ion-current .
technique with polycyclic aromatics by comparing the analysis of a soot
extract obtained by mass spectromety with that obtained by gas chromatog-
raphy. For gas chromatography the concentration of the solution used
was a hundred times that used for mass spec':trometry and a 25/41 aliquot

was used compared to a 5 & 1 aliquot used in the integrated ion-current

method.

The usefulness of the mass spectrometer as a qualitative instrument
for the identification of polycyclic aromatic hydrocarbons in soot
samples has been demonstrated by M. Chaigneau, L. Giry and

L.-P. Ricard 'who have shown that 75 compounds can be identified

in soots, including 34 hydrocarbons many of which are polycyclic
aromatics. The above mentioned quantitative technique, however, seems

to offer some potential in the field of air pollution studies.
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Part IV The Mode of Formation of Polycyclic Aromatic Hydrocarbons

in Rich Pre-Mixed Flat Flames

(This section of the Report is based on the Ph. D. thesis of
B. D. Crittenden, without appreciable alteration. It is proposed to
publish a paper on these results at a l;ter date - the conclusions
drawn in the paper might well be slightly different from those

reported here when the results have been re-examined ¢ritically).
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1.1 Rich Prenixed Flat Flames

1.1.1 Premixed and Diffusion Flames

Gaydon and Uolfbardz1

have stated that no flame may be characterised
as being either purcly rremixed or purely diffusicral in nature.

FPor example, rich premixed Bunsen-type flames depend on the outer diffusion
flame zone for their stability and diffusion flames depend on a premixing
region near the burner rim for their stabxlityzz. Reducing the pressure of
a diffusion flame incrsases the premixing region at its base and at
sufficiently low pressures, such a flame may be indistinguisbable from

one of a premixed nature. The similarity between premixed and diffusion
flames is more apparent in the multiple diffusion burner of the type used
by Berl and Viluonz’; as the tube spacing is reduced the array of tiny

diffusion flames becomes indistinguishable from a premixed flame.

1.1.2 The Flat Proaixed Flame
The requirenents for such a flat flaze ares

(a) that the gases entcring the burner should be perfectly
mixed and should leave tho burner port with a perfectly

uniform velcoity distribution, and

(b) that the flow of gases leaving the burner port should

renain undinturbed by the behaviour of the hot products.

If these two requirecents are satisfied and if the velooity of the
gas mixture 1eaviné the burner port is equal to the burning velocity of
the gas nixture, the flame is perfectly flat and does not require

stabilisation.
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Powlingz4 in his studies of the accurate measuremcnt of low
burning velocities firat designed a burner which would stabilioe such
flanes, Flat flames of faster burning mixtures may be stabilised over

cooled porous plate burners of the type uesed by Botha and SpaIdingzs.

p
27'28. Yumluzg. and Tomkins and Longz.

xyddzs. Homann and co~workers
In such burner oystems, heat is transferred to the cooled burner plate as
the flame approaches it. Thoe temperature of the burner is little affected
if it is officiently cooled although the temperature of the gases in
contact with it is considerably reduced. Thus the flame speed is

reduced and as a result, the flame rapidly and automatioally takes up a
position of equilibrium a short distence away from the burner plate where

it loses Jjust enough heat to reduce the flame speed to that of the gas

Stream,

The thickness of the reaction gene in premixed flat flames depends
on both the pressure and the burning velocity. Fristrom and Heatonborg’o
prezent the following empirical relationship for an estimation of the
flame front thickness (L) for fuels burning in oxygen or air.

L = 2.3

PVo

where L = the flame front thickness, cm.
P = the presrure, atmospheres

V, = the flane speed, cm/sec

If 4t is assuxed that the flame apeed is a constant then the flame
front thickness is inversely proportional to the preosure. Consegue...ly,
reducing the pressure of a rich precixed {lat flawe extonds the reaction
gone to aliow aeasurewcat of coucentratiun profiles etc., at discrete

27428

18dcwma ld)la 44
POBAVAGHG wavliall av
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1¢1.3 The laseudo-one-dimensionnl Flame

The results of particle track studioa" demonstrate that in
practice flat flames are not truly one-dimensional and that the flame
is stabilised on the burner by s toroidal vortex of gases (see Figure 1.1).
levy and Veinborg" have shown that the stability of the flame is
diminighed when (a) a column of inert gas flows upwards around the burner

and (b) too narrow a chimney 1s used.

Kowever, Fristrom, Grunfelder and Favin’z have concluded that a
lov pressure, lean premixed ox&-mothane fleme is sufficiently one=~
dimensicnal to allow quantitative detcruination of flow velocities, mole
fractions and temperatures. Fenimore, Jcres and Hooro” bave shown also
that sanmples withdrawn through critical flow quarts prodes give the same
0:1C:H ratios at various radial positions close to the burner surface in
rioh premixed flat hydrooarbon flames. Singer and (:rumer:’4 have
demonotrated that rich propane/air flat flames are one-dimensional close
above the blue reaction gone but become progren;ively leas so0 higher in
the burned gases. This is because as the burned gases rise, they become
ocooler and the flame cross-sectional area decreases; consequently, elge
effects become more pronounced and radial diffusion may account for poor
flatness, Bonne and Uagnerza have also shc.m that rich premixed flat
flames are poorly one=dimensional with respeot to carbon formation high

in the burned gases of the flame.

Owing to the above-mcntioned change in flame geometry nnd also to
the expansion of the gases leaving the burner port (FPigure 1.1) there
is some difficulty in defining a flame diameter and consequently a flame

cross-seotional area. The effective dismeter of a flat flame burning on a
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"IV. Pigure 1.1 Flow Pattern at the Edge of a Flat Flame Burner

(reproduced from Reference 3)



oircular burner may be defined in one of three wayss

(1) as the diameter of the flat region alone

(11) as the dfameter of the flat regionm + (2)* x the base

projection of the upturned edge

(111) as the diameter of the whole flsme projected onto a

horigontal plane.

In this study, the crosse-sectional area of the flame, ‘h' at a
height h oms above the burner surface is that area derived from the

squations

A 2
L =7 4
where dh is the optically measured diameter of the flame at a height

h cms above the burner surface.

1.1.4 Reaction Products in Rich Premixed oxy-acetylene and
oxy-etliylene flanesa

35

Bonne and co-workers’” and later 'l‘omp):im,6 have found that there are

three distinct zones in rich premixed oxy-acetylene and oxy-ethylene

~

flames, namely,

(a) the non-luminous zone directly above the burner surface,

which 18 sonetimes called the preheat zone

(b) the blue-green reaction or oxidation® sone

* In premixed oxy-acetylene and oxy=etkylene flames, Bonne, Homann and
Ha;nor35 have found that the region between the blue and yellow sones

coincides well with the zone where the oxygen is nearly totally consumed.

20



(o) the yellow-orangse szone of the hot burned gases.

These workers have found also that there is no separation of the
blue and yellow zones as is reported by H1111k5n57. Street and Thonan’e.
and Fenimore, Jonea and Koore” who have worked with jremixed flames of

fuel/air mixtures.

By weans of a combined mass spegtrometer and molecular bLeam
sanpling system, Homann and co-vorker539 have been able to detect many
hydrocarbons present in the flame gases. S5ince the wall influence on the
particles reaching the iom source of the mass spectrometer via such a

35

sempling syslem i8 very low Bonne, ilomann and Wagner““ were able also to

detect some fraec-radicals. In more rccent vork1 Bomann and Wagner have
¢claanified three groups of hydrooarbons which are found to be products

in thesc floaes:

Group 1 ¢+ acetylens and polyecetylenes with mass numbers ranging

from 26 to 146

Greup 2 1+ polycyolic aromatic hydrocarbons (peah) with mass

numbers ranging from 78 to aprroximately 300

Group 3 1 reactive ﬁcah with eside chains and containing more
hydrogen than purely polycyclio aromatic hydrocarbons

(maes nurbers ranging frcm 150 to greater than 550).

In sufficiently rich oxy-scetylene and oxy~-ethylene flames,
unsaturated hydrooarbons with the generic formular c2n§2 have been
ldentitledss, vith values of n ranging from uni.y (i.e. acetylene)

to six (i.e. hexa-mcetylene), By withdrawing samples at various heights
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in such flames bonne et al’s have snown that the concentrations of these
compounds increase with increasing fuel/oxygen ratics (Figures 1.2 (a)

and 1,2 (b)). Whilot the polyacetylenes are formed late in the blue

(or oxidation) zZone it appears that in an oxy-ethylene flame, their
formation e preceded by that of acetyleno”. The concentrations of
acetylene and the individual polyacetylenes reach maximum values at the

end of the blue recaction zone and then decrease to a final, roughly
constant value in the burned gnses (Figures 1.3 (c) and 1.4 (b)). The
maximun concentrations of the polyacetylenes as well ss their coucentrations
in the burned gases increase with increasing fuel/oxygen ratlos35 but the
ratio of the maximun concentrations to final concentrations decreases.

(It should be noted at this stage that increasing the fuel/oxyzen ratio
decreases the temperature at corresponding roints in such f1ameaz7'56.)
The ratio of maximum concentration to final concentration of individual

polyacetylenes becomes greater with an increasing carbon content of the

polyacetylene (Figures 1.3 (o) and 1.4 (b)),

From the measured acetylene, polyacetyiene and hydrogen concentrations
in the flames considered, Bonne et al” vere able to show that relation-
ships exist botween these molecules in the form of equilibria.

*Equilibriuz constants® were calculated for reactions such as

—
202112 T 0482 + Hz

where the "equilidrium constant*, K, is given by
L-C4H2 .7 x [Kz J
2
Lep, 7
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IV.Figure 1.2 (a) Concentration profiles of diacetylene in
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'IV,Figure 1.2 (b) Concentration of acetylene and polyacetylenes
in the burned gas of rich acetylene-oxygen
flames as function of the initial CpH,:0, ratios.
The hatched line indicates the range in which
the yellow luminosity becomes visible

(reproduced from Reference 35)
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(reproduced from Reference 35)
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(reproduced from Reference 35)

25



Using thLese "equilibrium constunts", these workers have calculated the
enthalpies of formation of 0482 (dtacetylene) and Celi, (tri-ecetylens)
from their elements to be 109 b4 0.7 kecal/mole and 163 ? 1.2 kcal/mole,

respectively.

35

In the discussion of their results Bonne, Homann and Wagner
enmphasise the possidble importance of polyacetylenes in the formation of
foarbon' in rich premixed flames. They have claimed that in the zone
where the 'carbon' particles grow, there are no other hydrocarbons present
in oconcentrations large enough to account for the '¢arbon' which appears
in the soot. (Sce Pigures 1.4 (a)-(c)), This view is supported by the
faoct that inoreasinz the fuel/oxyzen ratio tends to increase the
individual polyacetylene concentrations, the number of ‘carbon' particles

4%,

and the amount of 'carbon' produce

In premixed flat oxy-acetylene flames the acetylene concentration
does not fall to zero but beyond the blue zone maintains a steady value

(Pigure 1.3 (a)) whilst in rremixed flat oxy-ethylene flames the ethyicre
39

concentration reacnes zero at the end of the blue sone”’.

Other low molecular weight lLiydrocarbona found in these flames
include pro,ylene and mothylvacetyleno whick reach their naxizum
concentrzations within the oxidation zone and are destroyed before all the
oxygen 18 ocousuted. The sume is true for dimethylacetylens and vinyle
acetylene, the maxiaum concentrations of which precede that of diacetylene
in the ethylene flamej the regions of maximum concentration of vinyle

acotyleue and diac~tylene coincide in the acetylene flase.
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The resulis of Jonne, howmann z2nd "agner35 show that there is a
swooth transition between non-soote-foruing and soot-forming flamea as is
indicated by the concentration profiles of the polyacetylenes and free-
radicals and by the emission and abeorption profiles of the 'carbon'

particles. -

In the range of fuel/oxygen ratios 0.6 to 1.2, the maximum concentration
of dh radicals is reduced from 2 x 10'4 mole fractions by one order of

nagnitude’s. It seemp likely that free radicals play an fmportant part in

the oxidetion reactions since radicals such as czﬂ, Gh. 6, ného and FCO

disapyear rapidly at the end of the blue gone (Figure 1.3 (b)). Their
disaprearance is explained by the form..tion of heavier radicals which
either cannot be deteoted in the burned zases or are adsorbed onto the
surface of 'carbon' particles. In faot, olectrcn spin resonance studies
have shown that soot particles have many unpaired electrons, presumably

40

because they contain free-radicals’' .

In Millikan's experiments with premixed ethyleme/air flanes37 infra-
red emission profiles show that acetylene is produced in the blue zone
well before soot luminosity oocurs and that its concentration in the

burned gas rexains constant, in azrecment with the results of Homann et al.

¥Fillikan found slso that just downstream of the oxidation zone, the
Oh concentration is about eight times its equilibrium value. Since its
ooncentration was also found to be 10 times that of the O radical it
secxs likely that the Ch radical is resjonsibie for the oxidation reactions

and that it may account for the dark space which he observed lLetween the

blue and the yellow mones (see page 6).
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41

Fenlrore ard Jonen ' heave stucicd fuel-rich acetylenc/oxy en flames
to find that the rate of decay of icctylene in an oxygen contrining
atnosphere at temjeratures between 1427°C and 1727°C ray ba reyresented

bys

12~

-5% [02}12 _7 - 2x 10°/ ch [3252 _7 moles/cms/uc

These workers have also noted that the temm 0&;7 nay not be replaced by

[i7, [6F ox [0, 7.

Recently Cotton, Friswell and Jenkins42 have confirmed thet alkaline
earth mectels reduce soot formation in a propane diffusion flome end have
susrested that the mode of action of barium, calcium or strontium is the
gas=-phase catalysis of the decomposition of hydrogen or water vapour to
produce CH radicals, In premixed flariea where radical concentrations are
great;r than equilibrium, catalysis will tend to reduce concentrations

towards e uilibriux values,

In order to establish the concentration profiles of hydrocarbons in

Group 2 and Group 3, Lonne, lLiomann and hagner1'4’

sampled for 'carbon!
particlea both by conaensation en thin cooled capillaries :nd by collection
through a quarte probe connected to a mass spectrometer., The !carbon'

thus collected wae heated in the ion source of a mass sp.ctrometer,

These workers found that there 18 always a certain smount of hyurogen
associated with the 'carbon' collected at all heights in the flare, the

H/C ratio being approxinately unity just lLeyond the blue riaction gzone.
When the 'carbon' is heatcd in a vacuum, the residus is found to be

practically pure cacbon, indicatir; tnat all the hydrogen is bonded to

relatively srall volatile compounds,
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The mass spectra which resul% {rom heating the 'curbon' collected
from heights well into the yellow zoae of the {lame show major peake at
mass numbers wrich correspond to those of the polycyclic sromatic
hydrocarbuns of Group 2; thie masp spectra which result from heating the
‘carbon! collected just beyond the blue gone show the preacace of a larger
nu=der of rydrocarbone with mass numbers rangins from 150 to 50C,

correapondins the the hydrocarbons of Group 3., It was su-veated1 that

sl

these latter hydroeartons are polycyclic aroratic hydrocarbons with side

chains and wh:ch are more hydrosenated than the parent peah.

The concentration profiles of hydrocarbuns of Group 2 are very
sicilar and Homann and Wagner1 stated that their respective concentrations
steadily increase in the burned _sses. They are formed later than the
polyacetyleneca and their individual concentrations lie on average between
that of C_H, and c12n2 with a total concentration of about 10.2 mole per

1072
cent of the burnes &8sc8. Since the concentration of each pcah of Group 2

i{ncreases without going throush a maxioum value, ricmann and Wagner1 have
concluded that these pcah are not important interzediates or 'nuslei' for

focarbon' formation in an acetylene {lame.

Homann and wagner1 could not accurately establish the concentration
profiles of the hydrocarbons in Group 3 but they were able to show that
tuay do not survive in the hot gas bchind the oxidatiun zene. Unfortunately,
they ocould not also identify individual compounds in this /roup which are
present in individual concentrations of ‘IO'7 mole fractions., iowever,
sinco they are destroyed just beyond the blue zone they considored thrat
the Liydrocarbous of Group 3 are inter.edlates or 'nuclei! for 'carbon!

particles.
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Homann and 1a:ncr1 have pro,csed the repoction scheme outlined in
Fisure 1.5 for the for3ation of rolyrcetylencs and 'carbon' from acelylene
and freeeradicals. Durinc the formation of the large polyacctylene
molecules, the averasc size of the radicals involved incrcases. They have
suz-ested that such large radiculs might react with each other or with
higher polyacetylenes to form 'aggresates!, possibly involving ring
closures, to produ;é the hydrocerlons of Group 3, since the maximun
concentration of hydrocarbons in inis group lies in a rezlon where the
concentration of the polyacetylenes is decreasing and the formation of
yoah of Group 2 and 'carbon' {8 just beginning. The rexciive hydrocartons
of Group 3 are probably still free-radfical in nature and lomsnn and ra;ner1
have suggested that they mi:ht grow to smzll ‘corton' particlcs by further
adaition of polyacetylenes. 7his view is supported ty the fact that the

hydromen content of the soot decreases whilat the particles are still

growing.

Tompkins and Long2 have collected 'carbon' at variocus heights in

rich premixed oxy-acetylene flames similar to those employed by Homann
27,28

v

and co-workers by withdrawing samples isokinetically through a
relatively large water~cooled funnel. The total collected matcrial was
extracted witn chloroform for subsequent sevaration and identification

by gas=liquid chromatography and ultra-violet spectroscopy.

The flux* profiles of tlie foliowing are presented ao functions of

the saupling height in the flame

* In flowes where very hich concentraticn ~ratients exist, flux profiles
pay be very different from éonccntrution profiles, as is explained in

hpoendix 1I,
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Radical reactions
with czn and 02H3

Acetylene » Polyacetylenes —————»
polyacetylene radicals

Addition of Addition of CoH> and
a radiocal polyacetylenes, cyclisation
—————— branched radical >

polycyolic aromatio
hydrocarbons

T further addition
reactive, partly cyoclic of polyacetylenes
hydrocarbons, hydrosen-rich >

—

(group 3)
Addition of small soot
particles and polyacetylenics
temper process, inactivation
——8mall soot particles (active) -

polycyolic aromates
by surface reactiions
1 ?

———elarge soot particles (inaotive, 250 X)—-

Agglomeration of large soot particles to chainelike

—— dggregates, slow growth of carbon amount by
heterogeneous decomposition of C2H2 and polyacetylenes
(activation energy 3040 kcal/mole).

IV. Figure 1.5 Reaction Scheme l'roposed by liowsnn and -lafmer.-1 for
the foriation of jolyacetylones and 'Carbo.' from
Acotylene rnu I'ree-radicals

\

\

\
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1. total colleoted mzturisl (si,ure 1.6)
2, chlorofora soluble materfal (Figure 1.7)
3, ochloroform insoluble material (Figure 1.8)

4. total pcah (Fizure 1.9)

All these flux profiles rcach maximum values just beyund the blue
oxidation zone after the maximum temperature has been reached (Figure 1.10).
Noneof the fluxes deoreases to zero but each reachcs a rcughly conctant
value until a height of about 16.0 cm. in the flame when the fluxes of
poluble materiul and joah increase again. The fluxes of asll the above

materfals increase with increasing fuel/oxygen ratios (Firures 1.6 to 1.9).

Table 1.1 shows the range of poan identified by Yompkins and Loag2 in
soots sampled {rom rich premuixed oxy~acetylerie flames. irom tneir results
it is apparcat that there uare two distinot regions of pcah formation in the
flams. %he Iirst occurs near the end of the blue zone where the temperature
i8 rapidly rising and vhere the acetylene and oxygen concentrations are
falling’s. Juat beyond this re ion the pcah are destroyed, in
disagrecuent w!th Hozann and uagner1 who have stated that the conoecatrations
of these species increase rapidly behind the oxidation zone without going
through any maxima. The second region of pcah formation occurs much
hicher {n the flame whare {t iy suL¢cstcd2 that they miint be formed by
pyrolysis of residual acctylene. It is worth noting that the temperatures
within tafs region (900° -~ 650°C) are those favourable for pcak

44

forwation’ ',

The decline in the flurx of pcah ¢fter the initisl concentration

maximwa appears to agrce with the decline in the conccntration of Group 3
1
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‘IV. Figure 1.6 Flux of total polymeric material vs. height above burner surface.
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IV. Figure 1.7 Flux of soluble material vs, height above burner surface,

(Reproduced from Refercnce 2)
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IV, Figure 1.8 Flux of insoluble material vs. height above burner surface.

4L4L00F /
® Flame 1 12
3600 X Flame 2 15§

+ Flame 3 18

0 L . 4 > T . re A

0 4 8 12 6 20 24 28 32 36
Height dbove burner surface - ¢m.
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IV, TABLE 1,1 Range of polyoyclic aromatic hydrocarbons identified
by Tcmpkins and Lone’:’

Mass no.
PeGoaishe identified by mass
speotrometry
1 naphthalenc derivatives (?) -
2 aoenaphthylene 152
3 fluorene | 166
4  acenaphthene 154
5 acenaphtiiylene derivatives (7) 166 and 176
6 phenanthrene (oa. 807) + antiracene (ca. 20;) 178
7 4,5-methylens phenanthrene 190
8 fluoranthene 202
¢  fluoranthene isomers (?) 202
10 pyrens 202
11 benzofluorenes (?7) 216
12  methyl pyrenes 216
13  benso~(m=-n=0)~fluoranthene 226
14  benz(a)anturacene (ca.804) + chrysene (da.20%) 228
15  a pyrepe derivative (1) C R
16 & bensanthracene darivative (7) 250
17 unidentified 258
18  benzo(b)fluoranthene, benzo(k)fluoranthens,
benso( §)f1luoranthens (?) 252
19 benzo(e)pyrens, benso(a)pyrene perylene 252
20  benzopyrene derivative (7) 264

(7) tndicates that identification 18 not certain
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hydrocurbons as rcported by Hozann and wagnnr1. However, Tompkins and
Lona2 have shown that the concentrations of the pcah never actually
deocline to gero. These results apparently contradict those reported
by liomann and wagner since the majority of pcah identified by Tompkine

and Long are devoid of side chains and are thus probably rather unreactive.

The chloroform insoluble material which is forzed early ia the flaze
has an B/C ratio apyroximately equal to 1.05 which compares with that
obtained by Hozann and wugnnr‘ for the 'carbon' particles formed just
beyond the blue reaction zone. OUn acocount of the fact that the chloroform
insoluble material low {n the flame has an E/C ratio similar to that of

the fuel iteelf, Tompkins and Lona2 thought it unlikely that this material

could be formed from polyacetylenes; uonann45

¢ however, pointed out that
higher polyacetylenes can easily add on emaller hydrocarbon radf{cals to
form a larger radical which in turn can add om further acetylene with loss

of some hydrogen to acoount for the E/C ratio of uniiy.

3

Fenimore, Joncs and Hoore’ have worked with quenched flat flamee
of various fuel ond oxygen mixtures at various pressures to find that

in an oxy~ethylene flame, the ratio of methane to acetylene in the burned
gas ia about 0,3, wvhilst i{n an oxy-acetyleone flame no methane can be
detecteds In both flames they found that tie ratio of benzene to
acetylene in the burned gas is 0,006 & 0,002, It s interesting to note
that these workers did not find a burned gas (from the fuels they
employed) which is free of soetylene, thus emphasising the poeaible

importance of this compound in flame chezistry.
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1.2 [iypotrenes of TFolyoyclic ‘romatic iiylrocarion Perzation

Various hypotheses have been proposed for the formation of peah
from simple fuel molecules, a certain amount of emphasis having been
laid on compounds considered to be precursors of tke pcah. The roles
of compounds suoh es acetylene, ethylene and 1.3-butadiene and their

correaponding redicals are discuseed fn secotions 1.2.1 to 1.,2.4.

t.2,1 The ROlo of Acetylene

The possible importance of acetylene im the chemistry of rich

prenixed flat flames han boen pointed out earlier (Seotion 1.1.4).

Gro114® considered the divalent radicels of acetylene (UG = CH)
and acetylenic compounds (RC = CH) to be imrortant precursors of roah
in the vapour phase pyrolysis of hydrocarbona, He conoidered that a
species such as UC = CH would more readily polymerise to bentens rather

than form acetylene

fec 3 HC = cu———@

Groll proposed the following schemes for the formation of styrene

(a aignificant proauct in the pyrolysis of propylene) and naphtnalenes

CH=CH C<
@ozuc-cx—-(o:[ 2 @FHI
CH=CH, -CH
S
N2

naphthalene
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He also proposed that pcah such as anthracene and phenanthrene

night be formed via similar mechanisms.

Stehling, Frazee and Anderson47 have considered it unlikely that
acetylene would polymerise directly to benzene which would then reaot
further in the manner proposed by Gr01146. since bensene is not very
reactive. Instead, Stehling et a147 bave suggested the following free
radical processes for the formation of the phenyl radical and other

aromatio speciess

HE %% _HHEE |
(1) cza + C B, *CaCeCiCB "+ HCwC=CaCeCaCB —»

phenyl radical

Sufficlent energy wmisht then be releaced for:

o—Q -

and

@ + 2€H, — @@

HEH CH, BHBH
(1) 'CH + C B, —= CaCaCiCR —S5m CaC-CuC-CaC

{-cuscu-ca=cu-crz=cu-cuscu
———

CHEC-ClL=CE~CoC-CaCl + 01

Bydrogen stripping could then occur together with condensation to

aromatic molecules.
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Cullis, iinkoff and Nettleton'® have proposed the following
reaction mechanism to account for the formation of polymerioc materiel in

the pyrolysis of acetylene

C.E,
CiaCH + CH, — (CH,), e, (CHp)y — @
|

|
|
| + 0252
|
|
|

(czllz)n —— polyumers

In more recent work Cullis and Frankunﬁ9 have prorosed a similar
mechaniem for the polymerisation process which involves the

electronically excited triplet stats of acetylene (denoted 0252') rather
than the free-radical CE=CH

surface
C.H, @ CH,"
0282 + czaz' ) 0434'
surface
0434' @ c4§4 (vinylacetylene)

The existence of other species may be explained thus:

CIs* + CH, # CGBe

6686* + czﬁz @ Céﬂe' etc.
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50

Badzer”” has proposed a step-wise mechanism for the formation of

various pcah from acetylens during pyrolysiss

CH&ECH — CH-CHCH-A — O/\ @/)

1, 3=butadiene -c unit

= @*”
N\
& o

0P — 9o — g2

/ benzo(b)fluoranthene

CIo) ©Io
" — we
- &
benzo(e)pyrene
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BadgorSO has pointed out that such mechanizms may not bde the only
ones important in the formation of any one peah and that other species
night also de formed by decomposition of any of the above mentioned

species to a variety of free-radicals which might reaot in different ways.

Although the imjortance of sbecies such as acetylene and the acetylenyl
radical in the flame chculstry have been pointed out by Fenimore et 3133

and Anderaon52

s the results of Donne Homann and wngner35 show algo that
the fuel 1s initially broken down at least partiaslly into 01 frogments to

forn Cy species such as zethylacetylene and propylene.

Chakraborty and Longs5 have presented the reaction scheme shown in
Figure 1.1t to account for the formation of poah and ‘carbon' {n their

experiments on diffusion flames”'s5 and the work of others in this

lnborntoryz'ss. Although it is apparent that no specific mechariiom can

56

account for their results, Dearden and Long” were able to show, however,
that acetylene i8 a significant reaction product in rich ethylene and

prorane diffusion flamesa.

Sinoce 'cardon' doocs not arise preferentially from a two-carbon
fragment in explosion flames of propane-z-"c57 and since the presence of
the CH radical has been established in flameusa, Lindsey18 has suggested
that pcah mL;ht be formed either directly from the CH radioal or

indirecotly via acetylene.

1,2.2 The RSle of Ethylens

In their research on the pyrolysis of paraffins, Rague and wheeler59

found that the production of eth&lonn reaches a maximum at tenmperatures

42



Aliphatic fuel — 02114 —_— cz“z(*%“e)*“z

pyrolysis acotylene butadiene
|
1 .
vinylacetylene |
diacetylene [
1 |
t
favoured by rhonju@atcd frce radicals
prepcnca of polyacetylenes
FOAR . B d
(relatively stable) and relatively polymexrization
low tcuperatures
( 1000°¢) Lpolymsro
N
N ocyclization and
\ dehydrogenation
N favoured by removal
N . of Hy and by high
N temperatures
(2) N ( 1000°C)
N
N
AN Y
AN polybenzenoid
N structures (radicals?)
AN
AN
N
-

peri-condensed aromatic
structures, 'carbon!

IV, Figure 1.11 Leaction Scheme Freszei.ted bty Chakretorty and Lon.g53
to account for ihi Joriiation of Iceh end "Corbont' in
Diffusion Flames.
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betweocn 70300 ani 7)U°G. They ¢loo found that the yiclas of eluylens
are prozoriicnzl to the percent._e jieclds of jcah forrmed later in the
reaotions lczding them to believe thot the followins chainelencthening

and cyolisation mechanism might account for their resuliss

2 02n4 CH -CH -Cﬁauﬂ2 — CUZ-CH-CﬁmCHz + 82
{-butene 1. 3-butrdiene
GBZaCH-CH=CHz CH2=CH-CHECK-CH=032 + Hz

|

GH2=CB-Cﬂz-Cﬁ2-CH=CBz

| o
ORp

This mechanism is very similay to that vroposed by Kinney and Crowley6o,

which has been reproduced, in part, below,

/CHZ
CH le +CH, +C, k
(L B ORS OO ©)
Ci, N
crz benzene styrene naphthelene
ethylene 1, 3=butadiene
o bubefebeded —— Gadabadodubadad

12 3e9-neantiicone 1,,,).7-oct tetrene

|
hezvy avaducty
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The relatively high yiela of toluere in the pyrolysis of 02 and c5
hydrocarbons is cxplaired Ly the methylation of 1.3-butadiene; Kinney
and Crovley6° have sugyested that methyl radicals might be formed directly

from ethylene.

1+2.3% The Importance of a 02 Gpecies

The importance of a c2 species in the formation of pcah from simpler
molecules is sfgnificant since Oro and Han61 report that about 974 of the
total amount of aromatic hydrocarbons synthesised from methane at 1ooo°c
ie composed of hydrocarbons with even nuzbers of carbon atoms. This may
be explained by the fact that at such high temporatures, acetylene and other
02 specie® are thermodynamiocally more slable than methane and other C

1
species,

62,63 have studied the formation of aromatie

Badger and co-workers
hydroocarbons at high temperatures, and as a working hyrothesis suggested

the following reaction scheme for the formation of a compound such as

benzo(a)pyrene.
C C C
— 1~ O™~ @0
[ | — —_— I —
Cc . € c
\c c/
o tetralin,
h 4

90 0]
C | ©
benzo(a)pyrene
These workers have suggested that interuediates mizht be formed from

fragrments larger than a 02 specics nnd that complex hydrocarbons need not

necessarily treak down to 02 apecies before re-synthesis to pcah.
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Lowevcr, tte rrreilt- of thelr pyralyels 97;or1n'nta44'51’64'85 with

hydroc: ruons vhich méght te imrortsnt intercediates in the formation of
posh chow that similar products are obtained from the veriouse tare
produced. In gevcral exjeriuents both ethylene and methane were detecoted
in the reactor ganes, thus indéicating that the fuel is initially broken

down both to a C, and to a 02 species,

1

All the reaction mechanisnrs reported in scctions 1.2,1 and 1.2.,2

146

vith the exception of that .roposed by Grol indicate the initial

formation of a C, epecies from a 02 species. Of the C, apecies available

4 4
only 1.3-butadicne has becn seriously suggested in the past as being a

possible precursor of pcah.

1.2.4 Zhe itcle of 1,3-butadicne

Feier zu Kﬁcker86 and Yunugi and eo-vorkerne7 have sug-ested that
posh are formed by Diels-Alder-type reactions between 1,3-butadiene and mono-
olefincs followed ty dehycrogenation., This suprorts the hypotheses proposed
carlier by Weismann und co-uorkersBa and Hague and Wheeler59 vho have
included also the possibility of butadiene rcaotingz with benzencering
structurces. FPor example, they have proposed that naphtnalene might be

formed in the following manner from benzene and 1,3-butadiene.

cn .
2 dehydrosenation
CH
L |
@ H— @0 — B
cBZ
benzenc 1,3~butadicne tetrahydro- naphthalene

naphtnclene

Anthrecene and phencntlirene aight aloo be formed in thies zanner from

oaphthalene.
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Weizrann ot ulea also pcugzest <hzt (a) fluor-nthene mi-ht be formed
from acenaphthylene, (b) pyranc mizht te foraed from styrene and

(c) ohrysene micht be forred from indene by the following mechanisms.

Q CH N CH dehydrog.
(a) " + i —_— ——— fluoranthene
R E
V4
acenapninylene HZC
oS |
+ dehydrog.,
- pyrene
@ @
denydrog.

+ —_—_—

chryaene

o

Meahanisn (a) is supyorted by the resvlts of Borgmannes and Kloetgzel and
Mortelgo who have found that acenaphthylene reacts readily at temperatures
between 140°C and 2oo°c witl dienss to yield hydrogen substituted

fluoranthene derivatives.

An objection to the diene synthceis reactions for the formation of
poah has been raised by Badger and 3potswood72 who have found that there

is no significant increase in the yields of benso(a)pyrene and
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benzo(e);yrcne when 1,3=butaiiena is pyrolyced in thre presence of pyrene

vajour at 70008.

Froz the results of their work on the thermal decomposition of
91

ethylere at temperatures bdetween 971° and 1571°c Kozlov and Knorre
have concluded that butadiene whioh ie first formed frox ethylene is

subssjquently decomposed to acciylene:

Caﬂ4 + czﬂ4——c4ﬂa —— 0456 + Bz

f-butone butadiene

0436 — 0232 + 0254
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1.5 Suwr-ry of Lhopter 1

The results of previous rescarch Loth on polycyeclic aromatioc

hydrocarbon and 'carbon'! formation in rich yrémixed flat flavres suggest

that the fuel is initially broken down, in part, to both C, and 02 units.

1
Righer molecular weixht species misht then be formed by chain lengthening
processes sfmilar to those which have been prorosed by HRague and Wheeler59,
Kinney and Crowley6° and 3tehlinz et a147. These longechain molecules,
by a process of dehydrogcenation and cyclisation might account for the
formation of rcah and other aromatic molecules in rich premixed flat
flares. The chain langthening processes are evident in the results of

35 128

Homann and coeworkers”” and Kistiakowsky and coeworkcrs ~; it is wvelle

known, also, that polyacetylenes are unstable compounds snd readily

159'161. Homann and co-workers’ think 1t likely that the

polynverise
polyacetylenes whicl. are found in rich premixed hydrocarbon flizes night de
precursors of 'cerbon' although it is possible that such molecules are

by-products of other reactions,

Botn acotylene and ethylene (and thcir corresponding radicals) have
becn groposed as intermedi.tes in the formation of pcah althouzh Fomann's
results susgest that acetylene is the more important apecies. Fyrolysis
of residual acetylene in rich premixed flat flames might account for the
secondary rezion of formation of poahz. especially aince temperatures

within this resion are favourable for pcah formation ganera11y44.

1.3-Butadiene is prescnt in relatively small concentrations in the
reaction sone of rich prexixed oxy-acetylene and oxy-ethylene flame539.
but under the conditions encountered in the blu~s gone of such flames it is
likely that butadiene would dso;mpéae t0 acetyiene rather than polymerise

(section 1.4.7). The absence of other olefinic compounds, notably the
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eyclic conpounle, sum-csts that the prrolysis of ethylene doem not oocur

within the flnne.

Tho rosults {rom the pyrolysis of acetylenc show that at hizh
temperatures and at short contect times diacetylene formation is favoured
and the presence of relatively larpe amounts of thie compound in the dblue
reaction zone of rich prenixed flames su-,gests that the following overall

reaction mizht occur,

2 0232 —_ C4H2 + Hz

Vinylacetylene, which is formed prior to diaceiylene in the rcaction zone
of such flanes is formed generally at lower temperatures under pyvrolysis

conditions,

The fact that bipnenyl and other poly-phenyls have not teen found in

neasurable quantities botn in ricu p:enixedz and in rich diffusion17'1°'

53-52,162 flames suggests thal venzene pyrolysis does not oocur amd that
this compound is a rela.ively stalle by-product. The relutive unreactivity
of benzene and pcab such as naphthaleze, anthracene, pyrene, etc., sugscsts
thet the pcah which are present in flame soois are iikely to be side-
products rather than important intermwediates in the formation of ‘carbon'.
However, once forwed, polvcyclic aromatic aydrocarbons may well be pyrolysed

to aome extent in the lurncd gases in the flame to produce species of higher

molecular weight and possibly carbonaceous materisl also.

The worzs of Arthur and co-uorkora17 and Lindsey18 shov that similaxr
poah, alithougn in differing quantitaiive distributions, are formed in
diffusion flames of a wide variety of fuels. This suggecto that these

compounds are stable by-products of the flame (cf. Group 2 hydrocarbons in
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Lowann's work) zad that the actual wechanica of formation muy te

different for cach fuel.

There 18 some uncertainty cs to the nalure of the reactive poeh
(Group 3) which Howann and co-workers have claired exist in the blue
reaction zone of prerixed flet flames althiouzh it is accepted that the
rpore stuble poah which may be extracted from flome soots are devoid,
generally, of side-chains. iecent work carried out by ¥ern and Spegglet162
has shown that Bpecies such s prenylacetylens, styrene and toluene exist

in the gases of rich hexane diffusion flanes.
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Iv -2

Experimental

The burner employed 1s of the type used originaliy by Botha and
Spalding 25 and later by Homann and co-workers 27,’ 28 to stabilize flat
flames of various rich fuel/oxygen mixtures at reduced pressure and
also by Tompkins 36 for rich C, H,/02 flames.

Samples are withdrawn from the flame via fused silica microprobes
in two distinct ways as shown in Faigure 2. 1.

The batch collection system enables the major products of the
flame (i. e. hydrogen, water, carbon monoxide, carbon dioxide, etc.)
to be sampled quickly and efficiently. The continuous flow collection
system allows samples to be withdrawn from the flame over relatively
long periods, thus enabling sufficient quantities of species such as

polycyclic aromatic hydrocarbons to be collected for subsequent analysis,

Iv -3

Analytical Methods

Full details of the mass spectrometric and gas chromatographic

analyses o7 the samples are given in the Ph.D. thesis of B. D. Crittenden.

Iv - 4

Results and Discussion

IV-4 -1 Introduction.
IV - 4 - 2 Temperature measurements.

IV - 4 - 3 Batch and Continuous Sampling - Results and Discussion
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to pump S1

|
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to pump 82

!

batch sample
collection vessel
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(a) Batch 1

Premixed Gases

~ |t

liquid nitrogen

to pump S1

P.T.F.E. connection line

to pump 82
extraction L
filter
Y
=~ « liquid
=\ =| nitrogen
(b) Continuous [

Premixed Gases | 'cold' trap vessels

IV. Figure 2.1 Sample Collection Systems
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IV - 4

Results and Discussion

4-1 Table 4.1 shows the types of flame examined and the types
of sample withdrawn from them. It was not possible to obtain quantitatively
reproducible results from the batch samples unless argon was introduced

into the flame as an '"internal standard'.

In the flames there were geometrical effects caused by the
column of hot gases contracting as they became cooler. Since the
change in density may be assumed to have the same effect on the
concentrations of all species, including argon, in the flames employed,
the concentration (in mole fractions) of species obtained from the
batch sampling results are the actual mole fractions in the flame gases.
However, in the continuous sampling method, species are withdrawn
from the flame with no reference to the flame "internal standard'’.
Consequently, high in the flame gases, concentrations of species are
apparently too large and corrections must be applied to take the change
in density into account.

In this study the height above the burner at which the flame in
question has its maximum cross-sectional area is taken to be the
reference height, h max. If the diameter of the flame at height h max is
d max and the measured concentration at a sampling height h, (where the
flame diamecter is dh) is X, then the concentration corrected for the

geometrical effe~ts : X' is given by
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Table 4.1

FPlames Employed in thie Study

Flaxe 1 2 3 4 5 3
C,H, flow 3,56 = 3,56 332 = 3,32
1/min NTP
C 8, flow - 5.58 . . 3.3 -
1/min KTP
0, flov 2,76 2476 2,76 3,02  3.02  3.02
1/min RTP
Ar flow
l/mln HTP 005 005 - 005 005 -
Total flow
l/min NTP 6.84 6064 6034 6.84 6084 6054
Mixture etrength 303 0,254 0,308 0,364  0.305 0.364
Fuel/oxygen
ratin 1.3 1.3 1.3 1.1 1.4 1.1
Pressure
o Hg 40 40 40 40 40 40

Types of Sample Collected
Flame 1 3 4 5
Batch v J v v
Continuous v v v
1cold! trap
Continuous / v

filter extract
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The term (dh ) 1s cubed since the geometrical effects are
d ax
caused by a changem 1in density of the hot column of gases.
Figure 4. 1.3 shows a plot of (dh ) 3 versus the height above the

d

burner surface for Flames 1, Z,max

3,4,5, and 6 together with the
d
values of max.

In all the flames studied there 1s no indication of a 'dark space'
as has been observed by several workers. The oxidation or blue zone
of oxy-acetylene flames 1s a blue-green colour although it is
referred to in the text as being blue. The oxidation zone of an

oxy-ethylene flameis, in fact, blue.

The flames listed 1n Table 4.1 have been chosen so that direct
comparisons may be made between similar oxy-acetylene and oxy-ethylene
flames which have been run both at different fuel/oxygen ratios and also
at different mixture strengths.

The mixture strength, X , is defined as:

\ - stoichiometric fuel/oxygen ratio
actual fuel/oxygen ratio

IVv-4-2

Temperature Measurements

'_femperatures were measured by fine wire, platinum: platinum 13%
rhodium thermocouples and the results were corrected to zero hot junc-
tion diameter. [(Waggener(235)] Measurements were made at discrete
positions in the oxy-acetylene and oxy-ethylene flat flames and the re-

sults are shown in Figures 4.2.1 and 4.2.2Z.

It is apparent that :-
i) the maximum temperature occurs just bevond the blue oxidation zone

ii) the addition of argon reduces the temperature
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iii) increasing the fuel/oxygen ratio decreases the temperature.

1V - 4-3 Batch and Continuous Sampling Results & Discussion

Since quantitative determinations using the MS9 mass spectrometer
were achieved only by use of an argon 'standard' in the flame. The
mole fractions of the species listed in Table 4.2 have been determined
for Flames 1,2,4, and 5. Table 4.2 lists the nominal mass number,
measured mass, and assignment for all species whose concentrations in
the flame allow a peak intensity greater than that of the background

signal to be recorded.

Figures 4.3.3 et seq show the mole fractions of various species in the
flame as a function of sampling height above the burner.

Confinuous Sampling Results

Identification of peaks in the gas chromatograms of the 'cold trap'
products is listed in Table 4.3. The symbol (,?) has been used to
indicate that a peak has not been positively identified.

Preliminary identification of compounds present in the 'cold trap'
samples wa. by mass spectrometry at both 70 eV andw10 e V.
On the mass spectra which have been recorded at an ionising
: - 220)
electron voltage of ~ 10 (used so that there is negligible fragmentation
ions at the following mass numbers have significant intensaities.

m/c = 78, 92, 102, 104, 106, 116, 118, 128, 130, 136, 142, 146,

152, 154, and 166. .
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Table 402

l'aza lr-asurement and iuni-nnent of Opecios Present in the Datch Samples

Bominal Mass Measured Mass Actual Mass Asoignment
(oV) (reference 242)
2 (N5 1) not measured Eydrogen
16 (88 1) " " Methane
18 (¥ 1) " " Water
26 (§3 1) " " Acetylene
28 T (Ns1,2) " " Carbon Monoxide
26 11 (i131,2,5) " " Nitrogen
28 III (¥B1,2) Y " ) Ethylene
32 (:iB 1) " v Oxygen
49 I (Ez1,3) " " Argon
40 11 (B 3) 40.031 (70) 40,031 c,nu* Methylacstylene/
propadiens

42 42.045 (70) 42.047 c3u6* Fropylene
44 (8B 1) not measured Carbon Dioxide
50 50,015 (70) 50,016 c4u2+ Diacetylene
52 52.032 (70) 524031 c4ﬂ4+ Vinylecetylene
74 74,013 (70) 744014 c6n2* Triacetylene
18 (vB 4) 78.046 (70) 76.047 c6n6+ Benzene

NB 1 Peaks at these m/e valucs have not been 'mass weasured' since
there is no ambiguity in their identification.

NB 2 The three peaks at m/e = 28 are usually separatcd on the
photographic trace.

MB 3 The two peaks at m/e = 40 arc usually separated on the
photographic trace.

BB 4 The peak at m/e = 78 has been assizned to benzene rather than
aliphatic moleculea since benzene has been found to be present
in the continuous collection samgles.

NB 5 [Nitrogen is present in the mass spectrometer as part of the
'residual air' (sce Seotion 3.1.3.2.2,2).
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Table 4.3

Identification of G.L.Ce kcaks in the 'Cold'! Trap Chromatograms

GeL.Co Feak

-bd

b e e e ek ab -
N WV e W N = O

W O =~ O v & ww N

Compound Identified

unidentified solvent impurity
benzens

tetra-acetylene (7)
toluene
phenylacetylene

ptyrene

methyl styrones (?)
trimethylbenzenes (?)
indene

unidentified
dihydronaphthelenes (7)
naphthalene

{-methyl naphthalene
biphenyl

acenaphthylena

fluorene

(?) denotes that this compound has not been positively

{dcntificd.
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€9

Top Trace
(most sensitive)

11 Middle Trace

Bottom Trace

50 | T4 18
N l 1 IILIJ |l| ||“| IlUu
28 4
e 40
50
49
I 15 1 LIII | _ll Ll lll Inl 1l
17 26
25\. ) 32
16 20
a I EIRY A

(least sensitive)

Figure 4.3.1, Part of a mass spectrum which results from the introduction of a typical batch sample

into the source of the GEC-AEI MS59 mass spectrometer

N.B. The spectrum has been recorded (at 70eV) at an increased speed (for reproduction
purposes) so that the resolution of the three peaks at m/e = 28 is not observable.
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Collcction of Gas Cliromnatographic Fractions

For a positivc identification of peaks in the gas chromatograms, fractions
have been collected as they eluted from the chromatographic column for
subsequent identification either by mass spectrometry or by ultra-violet
absorption spectroscopy.

Concentration Profiles of 'Cold Trap' Products

Concentration profiles of several species are shown in Figures
4,4.1.3.4 et seq. The broken lines represent the concentrations of each
species which would result if there were no geometrical effects due to the
contraction:. of gases in the flame.

( Cf. SectionIV - 4-1).

Identification of Gas Chromatographic Peaks in the Extraction Filter

Samples
Preliininary identification of the species in the extraction {ilter samples
has bcen carried out by introducing such samples in solution form
into the source of the MS9 mass spectrome ter via the direct insertion
probe. On the mass spectra which have been recorded at 10 ev ions . at the -
following m/e values have significant intensities:
m/e = 116, 128, 130, 136, 142, 146, 152, 154, 166, 168, 176, 178, 190,
202, 216 and 226.

Each of the above ions has been 'mass measured' by comparision
of its mass with that of an ion from the standard (heptacosafluoro - tri - n -
butylamine) which has been introduced via the cold inlet system. The results
are presented in Table 4. 6.

Identification of gas chromatographic fractions trom the extraction

filter samples is summarized in Table 4.5.
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Table 4.4

"a68 easurecment! of Fass Spectrum Peaks resultinz from the
'Cold' Jrap swnples

Ionising Actual Mass
Nominal Mass Measured Mass (eV) (ref. 242) Assignment

18 78,046 (70) 768.047 CeHe"
92 92,060 (70) 92.063 c7na’
102 102.044 (70) 102.047 cans*
104 104,058 (70) 104,062 Cellg
106 106,074 (70) 106,078 Celyo
116 116,063 (70) 116,063 c9n8*
118 118.074 (10) 116.078 cgnw+
' 120 120,089 (70) 120,093 cga,z+
128 128.060 (10) 128,062 °1o“a+
130 130,078 (70) 130,078 Ciof10
136 136,126 (70) 136,125 010316‘
142 142.082 (70) 142.078 c"nw+
146 146.108 (70) 146.110 c11n14’
152 152,063 (70) 152.063 CyHg"
154 154.C79 (10) 154.078 Cyollyo
166 166.075 (70) 166.078 °15“1o*
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Tadle 4. p)

Jdentification of G.L.C. Poaks in the cxtraction Filtcer Chromatosrams

G.L.C. Faak Conpound Identified
17 unidentified solvent impurity
18 indene
19 nephthalens
20 f=mathyl naphthalene
21 acenaphthylene
22 fluorene
23 1.8,4.5-bi=(etheno~)naphthalene (?)
24 anthracene + phenanthreno
25 unidentified
26 unidentified
27 4.5=rothylenc phenanthrone
'28 unidentificd
29 fluoranthone
50 a fluorantheno isomer
31 pyrene
52 benzofluorenes
33 methyl pyrencs
34 bonzo(mno)fluoranthene
35 chryseno + bonz(a)anthracene
36 a pyreno derivative (?)
51 unidentifind

(?) denotes that this compound has not been positively identified
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Table 4. 6

‘Mass Measurement'! of Faes Spectrum Peaks Resultins from the ixtraction
Filter Lamples

ifonising Actual Mass

Nominal Mass Measurod Mass (V) (ref. 242) Assignnent
16 116.063 (70) 116,063 cgne’
+
128 128,060 (70) 128,062 Cictis
130 130,078 (70) 130,078 °1o”1o’
+
136 13564126 (70) 1364125 C.of16
142 142,082 (79) 142,078 c11n1°’
146 146.108 (70) 146,110 c11314*
v ¢
152 152,063 (70) 152.0€3 Cyoilg
154 154.079 (10) 154,078 C,H. 0"
166 166.075 (10) 166.078 013“1o+
1 +
168 168.055 (70) 168,057 Cyptig0
+
176 176,059 (70) 176.063 C.qfe
178 178.077 (13) 178.078 c14n1°*
190 190.078 (13) 190,078 °15“1o’
202 202.079 (13) 202,078 Coglyo
216 216,096 (13) 216,093 c17x12*
226 226.074 (13) 226.078 cwuw+
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Figure 4.3.3 (c)-(d) Acetylene Concentration

Profiles

0.4 -

(c).

... Flame 4
: 02112/02 = 1.1 (+Ar)

MPRNPYSLIR Y AT'O.‘. |

¢

| e
|

tom mmde e s

72

Sampling Height Above Burner - cm.

20



Figure 4.3.4 Ethylene Concentration Profiles
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- Figure 4.3.5 (a)=(b) (Water + Carbon Nonoxide)
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Figure 4.3.5 (c)=(d) (Water + Carbon Monoxide)
Concentration Profiles
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Figure 4.3.6 (a)-(b) Oxygen Concentration Profiles
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Figure 4.3.6 (¢)-(d) Oxyzen Concentration Profiles
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Profiles

Figure 4.3.7 (a)-(b) Methylacetylene Concentration
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Figure.4-5-7 (c)-(d)

Methylacetylene Concentration
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Figure 4.%.8 {a)-(b) Propylene Concentration Profiles
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Figure 4.3.8 (c)=(d) Propylene Concentration Profiles

, AP I S ¢ onpe e B e ol o TIEE 4
T P T TR AR = U ke

o
.

o
O
—

Sampling Height Above Burner - cm,

PASLATS SR P ocles {upd e g e e T S e S aiions Vet e s

 1€ Flame 5.-
¢ czn‘,'/o2 = 11 (+Ar)‘

20

81



Figure 4.%.9 (a)-(b) Carbon Dioxide Concentration
Profiles
F g . Flame 1
- S 0.16 1 =1,
B 0252/02 , 1 ‘3 (+Ar)
E 9 e .
- - H
o
: S
SrleSo i e g 0,12 ¥
B . N
L £ e .9 B
; C
. . N
2 i~
i .o
R pegmpepas—iete. B Ol
- ,
0 :
-
S Y - -
Lo
. »o ) -3
4 8 12 . 16 20
77 Sampling Height Above Burmer - om.
........... \ : . EE PO :
ETCIE Y -
! (v) 5 et | P -
: g ' S ; nil Flame 2
b %'é' o '_7:£‘ i;fj?'céﬂ4/02 = 1.? (+Ar)
& Tl ‘. i ]
3 BN i
i 0 '
it £y 0.24. @ e

Carbon Dioxide Mc:

9 iy e . 0,08 -

: [C] - ‘ : -
4 8 ) 12 16 20
Sampling Height Above Burner - cm.

82



Carbon Dioxide Mole Fraction

Figure 4.3.9 (c)-(d) Carbon Dioxide Concentration
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Figure 4. 3 10 (a)-(b) Diacetylene Concentration
Profiles
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Figure 4.3.11 (c)(d) Vinylacetylene Concentration
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Figure 4.3.12 (a)-(b) Triacetylene Concentration
Profiles
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Fieure 4.3.13 (c)=-(d) Benzene Concentration Profiles
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Figure 4.4.1.3.1 (a)-(b) Benzene Concentration Profiles
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Figure 4.4.1.3.1 (c)-(d) Benzene Concentration Profiles
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Figure 4.4.1. 3 2 (a)- (b) Tetra-acetylene( ) Concentration
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Toluene Mole Fraction
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Figure 4.4.1.3.3 (c)-(d) Toluene Concentration Profiles
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P ! Figure 4.4.1.3.4 (a)-(b) Phenylacetylene Concentratxon
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Profiles

Figure 4.4. 1 3.4 (c)-(d) Phenylacetylene Concentration
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Figure 4.4.1.3.5 (c)=-(4)
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Figure 4.4.1.3.6 (a)=(b) Methyl Styrenes (?)
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' Figure 4.4;1.3.6 (c)=(d) Methyl Styrenes (2) e :'2" 
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Figure 4.4.1.3.7 (a)-(b) Trimethylbenzenes (?)
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Figure 4.4.1.3.8 Indene Concentration Profiles
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Fogure 4.4.1.3.9 (c)-(d) Dihydronaphthalenes(?)
Concentration Profiles

0.00004

0.00003

Dihydronaphthalenes (?) Mole Fraction

. : 0,00002
S e {22 ..0,00001

piriwteniti e —temotomiC Sampling Height Above Burner - cm.

20

0,000008

0.100006

0.000004

Dzhydropaphthaienes'(?) Mole Fraction '

0.000002

4 8 12 16 20

Sampling Height Above Burner - cm.

109



Fl‘igure 4.4.1.3.10 (a) (b)
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Figure 4.4.1.3.11 (a)-(b)
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Figure 4.4.1.3.11 (c)-(d) 4i-Methyl Naphthalene
: ; e ©  Concentration Profiles
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Although other higher moleoular weizht poah (e.g. the benzop,renes)
have been found in soot, insufficient quantities of these compounds are

sampled in this siudy to allow cetection by gas chromatography.

4.4.2.3 Conccniration Profiles of fxtraction Filter Products

The oconcentration profiles of the larger pesaks in the extraction
filter products are presonted in Figures 4.4.2.3.1 t0 4.4.2.3.12. Since
G.L.C. Peaks 30, 34, 35, 3¢ end 37 are often too small to be measured with
any reasonable degree of accuracy, the concentration profiles of the

epecies which produce these peaks are, therefore, nct presented.

The concentration profiles of the followving peaks are presented:

Indene in Figures 4.4.2.3.1(a)=(o)
Naphthalene ' in Figures 4.4.2.3.2(a)-(c)
1-Methyl Kaphthalene in Figures 4.4.2.3.3(a)=(c)
Acenaphthylene in Figures 4.4.2.3.4(a)-(c)
Fluorene tn Figures 4.4.2.3.5(a)-(c)
1""4'5'“(“"““')“"”‘;%12"‘1’% in Plgures 4.4.2.3.6(a)-(o)
Anthracene ; Phenanthrene in Figures 4.4.2.3.7(a)=(c)
4.5-methylene phenanthrene in Figures 4.4.2.5.8(a)-(0)
Fluoranttene in Figures 4.4.2.3.9(a)=(c)
Pyrens- in Figures 4.4.2.3.10(a)-(0)
Benzofluorenes in Fig.res 4+4.2.3.11(a)=(c)
Methyl Pyrenes in Figures 4.4.2.3.12(a)-(0)

There is considerable scatter in the cxperimental results for the methyl

pyrenes concentration profiles, tnis irobably beins due <0 the errors

120



involved in measuring such low concentrations.

The oongentration profiles of all epecies are very aimilar for
Flames 1 and Bl(tho oxy-acetylone flames). For indene, naphthalene.
1-nethyl naphthalene, fluorena, 1.8,4.5-bi-(etheno-)naphthalene (?7),
fluoranthene and pyrene the results show that the addition of argon makes
little difference to tﬁe conceng;ation althouzh for species such'as
eccnaphthylene, anthracene + phenanthrone and the benzofluorene fraotion,
the addition of argon tends to increase the conoentration. Cne might

expect, as in the ocase of 4.%~methylene phenanfhrene, that the addition of

argon to a flamoe would tend to reduce concentrations.

For the lower moleoular wei;ht species collected in the extraction
filter (i.0., indene, naphthalene, 1-methyl naphthalune, acenapht!iylene
and anthracene + phenanthrene) the concentrations of species in the yellow
zone of Flames 1 and 3 (the acetylene flames) remain;_:oughly constant
alt::ough for the hiéher molecular weizht species (i.e., 1.8,4.5=bi=(etheno=)
naphthalene, 4.5-nethylcne phenanthrene, fluoranthene, pyrene end the
benzofluorenc fraction), there is some increcase in concentration. There ia
~ a 8light increage in the concoentration of fluorene in the yellow zones of
Flames 1 aud 3« This increase in concentration may be attributed to the
pyrolysis of lowor molecular woipht cpecies in the flaze although the

recults of this study do not indicate clearly what these rpecies might bee

As may be seen in Figures {.4.2.3.1 to.4.4.2.3.12 there is an initial
rapid increase in concentration of all species in the blue zone of the
oxy~-acetylene flames and a maximum concentration i8 reached bafore the end
of this zona. These species aro then destroyed to a cortain extent (but
not completely), possibly by dH-rgdicala or other oxyi-enated rodicals.
(N.B. thie 18 the regzion in the flame where the oxygen concentration rapldly

falle to gzero) The initial peak in concentration 18 ulso chown in Flaume 2
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(the oxy-ethylene flame) for several species including indene,
naphthalene, 1-methyl naphthalene, acenaphthylene, fluorene, 1.8,4.5~bi-
(etheno-)naphthalene (?), 4.5-methylene phenanthrene and fluoranthene.

The concentration profiles of anthracene + phenanthrene and pyrene
apparently show a fairly steady rise throughout this flame, although when
these profiles are corrected for the change in density of the flame gases,

& paximum value is obegrvable beyond the blue region.
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Figure 404.2- 302 (a)-(c)
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Figure 4.4.2.3.3 (a)-(c) 1-Methyl Naphthalene Concentration
. Profiles
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: Figure 4.4.2.3, 12 (a) (e ) Methyl fyfénes Concentration
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IV.4.3 Discussion of Results

Figure IV.4.3.1 gives an indication of the amount of each speﬁies

formed in a typical acetylenec flame (Flame 1). The mole fractions of
species which are found to ba present in both the 'cold' trap rroducts and
the extraotion filter samples (i.e. indene, naphtnalene, 1-methyl naphthalene
and fluorene) have been combined. The concentration profiles wnich are
presented in Figure IV.4.3.1 are uncorrected for the change in flame gas
density high above the burner (see Section 4.1). Nevertheless, it has teen
shown (earlier in Chapter 4) that several hydrocarbon spacies(notably
methane, methylacetylene/propsdiene, vinylacetyleae, benzene, toluene,
phenylacetylens, styrene, indene, dihydronarhthalenes (7), naphthalene,
biphenyl, acenaphthylene, fluorene, 1.8,4.5-bi-(otheno~)-naphthaleus, 4.5~
methylene phenanthrene, fluoranthene and pyrene).gg show & genuine
secondary increase in formation high in the flame. A further olight
inorease in the concentration (mole fraction) of pcah or otlxr arcmstic
species in the yellow zone is not unexpected since this is the regicn

where

(1) the oxyzen concentration (see Figures 4.3.6(a)=(d)) and the OH

radiocal concetration (Bonmne et al’s) are zero.

(2) the acetylene concentration is still relatively high.

(mole fraction ~ 0.1, see Figures 4.3.3(a)=(d)).

(3) the tenperatures are favourable to poah formation

(see Figures 4.2.1 and 4.2.2 and Reference 44).
[ ]

Although the se.ondary increase in concentraticn of a s,.ecies such

as phenylacotylene misht appear large (~ 0.00C01-0.C01 mole fractions)
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Figure IV.4.3.1 Composite Plot of Mole Fractions of All Species in

: LS s (A e
O (SR TR I N

T ~1.0p

Flame 1 (uncorrected for flame geometry)
o B BB Y o 5 S BT S % NS B8 S
‘"sampling hoight above burner aurfaca.:.cm.)‘ =

. lMetha:

i

1

propadiene

]

i

['Il“ll

= Propylon

Vinylacetylene

-

’/)Eriacetylene_,____,____;

e AL

-i Indene

/| Mole Fraction

Toluene

= ﬁ-ﬁéthyl

= Napntna;ene

4o 0.000001

---Anthracene +
. l/tPhenanthrene
: ne

~/

4

5 4.5 lethylene
Phen?pth*ene

;://

;. _8’4_ =
* etheng-?

=

naph. s

136



such an increaze would have a negli:ible effeot on the eotual acetylene
concentration profile since the mole fraction of this letter spscies is '
rel;tively s0 nuch higher (~ 0.,1). It may be postulated, therefore, that
althcu:h the acetylene concentration profiles generally 2o not show an
observable downward trend in the yellow zones of the flames considered,
acetylene pyrolyais probably accounts for the secondary increase in the
formation of aromatic species ana rcah. (It 18 worth noting at this

stagoe that the apparent secondary increase in flux of chloroforz-soluble
material and pcah (see Figures 1.7 and 1.9) in richk premixed oxy-acctylene
flames as reported by Torpkins and long2 ray well be due mainly to the
contraction of flame gases upon cooling) In general, the concentrations
of species found in eguivalent oxy-ethyleno‘flamco are s8imilar in value to
those of species found in oxy-acetylene florces; however the concentraticn
profiles are eomewhat different owing to the different geometry of the

oxy-ethylene {lomes.

A compsrison between the flux fraotions of species presented by
Tompkins 3and Lon32 and the mole fractione of apecies rrcsented in thias

study can be made since at the poinls of maximum and minimum conoentrations

G, = f (seo ippendix II)

i i

wvhere G1 ig the flux fraction of sieclies &

and fl is the weight fraction of species {

(the weight fracticn of species { is derived from ti.e mole

fraction of species 1).

Although the flames studied are not identiocul (either in flowrate or

in operating pressure) a compariscn h:s been made between Plame 3 of this
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study and a hypothetiocal fleme (between 1 and 2 in Toapkins and Long's
study) vhioh has been corrected to a total flow of premixed gases of

6.64 litres/min. (from 9.53 litres/min.).

From the results of Tompkins and l.tmg-2 the maximum flux of the

follovwing tyrical species have been calculated:

Species Actual lMeasured Flux Corrected Flux
(Total Flow 9.53 1./min. (Total Flow 6,84 1./min.
v Ni#) @ NTF)
)x.g/cm2 br. )ag/cnz hr.
acenaphthylene 120 - 66
anthracene 100 72

+ puenanthrene

pyrene 130 94

The total mass flux of species through this hypothetical flame
(assuning a uniform oross-sectional area) is 4 x 10ﬁ pg/cnz hr.

Therefore the maxizum {lux fractions of acenaphthylens, anthracene +

6 6 6

phenantLrene and pyrene are 22 x 10 , 18 x 10"~ and 24 x 10",

reapectively.

In thies Jtudy the maximum mole fractions of acenaphthylene, anthracene

6 6 6

+ pbenanthrene and pyrene are 34 x 10 , 6 x 107 and 10 x 10,

respectively. Assuming an everage molecular weight of species {in the
flame to be 25 (reasonable siuce the flame gnses are composed mainly of the
permanent gaBes), then the naxinun weight fraction? of acenaphthylene,

anthracens + phenanthrene and pyrene are apiroximately 204 x 10‘6,

6

42 x 107 and 60 x 10-6. respectively. A comparison betweern the maximum

flux and wei ht fractions is set out belows
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Max™ Flux Fraction Max" Weight Fraotion

Specles (Tompkins and long2) (this study)
-6 =6
acenapkthylcne 22 x 10 204 x 10
anthracens -6 =6
+ phenantarene 18 x 10 ) 42x10
pyTene 24 x 10‘6 80 x 1076

Although the maximum flux and weight fractions are comparable for
anthracene + pcenanthrene and pyrcna, considering the errors in measuring
sucn lov quantities, the relatively high value for the maximum weight
fraction of acenaphthylens fndicates the necessity to collect the vapours
as well ae the soot from flamesj much of the acenaphthylenes would be lost
in the collection metnod employed by Tompkins and long. One interesiing
significance of the eizilarity between the maximur flux and weight fractioms
of anthiracene + phenanthirene and pyrene is that the former was obtained
from the weight of species extracted from soot and the latter wvas obtained
from the weight of vapours condensed from a rich premixed flat oxy=-
acetylone flame. This suzsests that pcah species may be adsorbed onto the
surface of soot or ‘carbon' particles uron 2ampling by relatively
inefficient doviceazg this is in faot supported by the resulta of
Homann et a11'45 since these workers have found that when 'carbon!
(collected from rich premixed flames) is heated in a vacuum the residue is
found to be practically pure carton, indicating that all the hydrogen is

bonded to relatively small hydrocarbon compounds.

Although only relatively sizble arcoies are nnélyaed from the samples
withdrawn from flames using the technigues descrioced in Chapter 3,
undoubtedly the blue oxidatisn zone represents a region where many free-

radical species are present. With the rresent techniques one oan only
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specuiate about the sequonce of events from the nature of the stable
compounds found, but this does not imply that the actual reactions are not

free-radical in nature.

It is most probable that no single wechanism can account for eitner rcah
forzation or 'carbon! formaiion in rich premixed flemes althougn there
are certain significant observations that oun be made from both the resulte

of this study and those of otler vorkers.

It cannot be said with certainty that all unoxidised fuel molecules
are initially broken down to acetylene although several workcr353'39'56
have found relatively large amounts of this compound in flame gases: (In
faoct acetylene is produced comnercially by the partial combustion of

metiane with subsequent quenching (BASF, formerly called Sachsze, prooess)).
The fact that in the oxy~-ethylene flames employed in this study the othylene
concentration falls very rapidly to a very low value in the blue zone whilst
the acetylone concentration rises (see Figures 4.3.3(b)+(d) and

Figures 4.3.4(,)+(b)) shows that a large percentage of the original ethylene
fuel is converted to acetylene (most probably via free-radical reacticns)j
in high tempersture pyrolysis experiments carried out on ethylene (e.z. in
shock tutes), acetylene is generally a major product. The low temperature
(~ 600-1000°C) pyrolysis of etiylene generally yields spe~ies such as
1=butene, 1.3-butadiene and cyclo-olefins. HNone of these compounds has
been identificd in the present work, although it may be argued that the
inability to detoct a species may inmply that this snhecies {s too reactive
to be sampled by the techniques employed. This argument may be refuted in
the present case, hnwaver, since by usins such sampling tecnniques it has
bYeen shown possible to deteot and estimate (with a certain uegree of

experimental scatter) such species as diaocetylens, triacetylcne and
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tetra-acetylene (7) which themcclves are known to be extremely reactive359°161

Thus, it pay be concluded trhat etliylene and other olefinic species such &s
1.3-butadiene are not importent species in the formaticon of pcah in rich

premixed flemea,

Ethylene may be consumea initially both by pyrolysis=-type reactivns
88 the temperature rises and elso by combuetion since this is the region

in the flame where oxysen and oy rudicals are present.

The presence of methane, particularly in the blue oxidation sones
of oxy-acetylene and oxy-ethylene flames, shows that some of the fuel is
also broken down into C1 units. These syecles, again, may be the result
either of the combustion rcactions or of pyrolysis-type reactions. Cne
significant result of this study and that carried out by Fenimore et 5135
is that there is a much greatcer formation of methane in oxy-ethylene
flames tnan in equivalent oxy~acetylene flames. Cullis et ¢14° have
presented a reaction scheme wihich Bugiests that methane may be formed by
tne dehydrogenation of polymeric groups during the pyrolysis of acetylene.
This may well explain the presence of methane in an acetylene flame but it
would not account for increased methane formation in an ethylene flame even
if all the ethylene were converted initieslly to acetylene. une eiplanation
may be that metnane is formed to a greater extent in the combustivm ‘

reactions in etlylene flames then in the comvustion reactions in acetylene

flemes.

Since it seems very likely that some (~ 25x) of the etnyleme tucl is
converted to acetylene in tne blue zone uf rich premixed flemes the fate
of this latter compound must be studied. Acetylene can polymerise to

bengene but the relatively low reactivity of benzene sugzgests that it is
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a stuble by-product rather than a precursor of condensed-ring aromatio
hydrocarbcns. A very small smount of biphenyl in the flames studied suggests,
however, that some benzene pyrolysis does ocour prctably via phenyl radicals.

(Perplienyls have not been deteotea in this study).

Chain-lensthening processes are evident in this and in previous
ntudiea’g. The identification of any individual polyacetylene is
unanbiguous by mass spectrometry since identificaticn by 'mass measurement!

39

18 1000 positive, Althou;h homann and cos=workers”” report the presence of
polyacetylenea up to the twelve carbon compound 01232. in the present gtudy

it is likely that polyacetylenes of a higher order than C 52 cannot be

8
detected sinces-

(1) they are too reactive
(2) they are present in too low concentrations

Tre polymeric nature of the chlorofora=insoluble materizl colleoted
low (1.3=1.9 cm.) in rich premixed oxy-acctylene flames® may well be
accounted for by tke polymerisaticn of one or more polyacetylenesg
Houann45 has pointed out how asuch reactions together with the addition of
acetylene can account for the H/C ratio of approximately unity for this

toarbon' (see Section 1.1.4).

The mechanism of the formaticn of polyacotiylenes has not been studied
in detail except in the special case of diacetyleno. This compound is
very often formed in preference to vinylacetylene as a product during
the high temperature pyrolysis of acetylenej the results of the present and
other atudies59 have shown that in rich premixea hydrocarben flames

vinylacetylene is, in fact, formed prior to diacetylene and that the
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concentration of the latter increases whilst the concentration of the
former is decrcasing. This suc~ests that at the high tem; eratures
prevalent in the dblue gone of oxy-acetylens and oxy-ethylene flames
delhydrogenation of vinylacetylene is occurring. 3y analogy, one might
proyose that triacetylene and tetra-acetylene are formed by the
dehydrogenation of transitory unsaturated ali;hatio compounds (or radicals)
with the formulae c6n6 and csua. respectively, waich have becn formed by
the polymerisation of acetylene. The species (radical) Celg could

cyclise to form benzene whilst the species (radical) Cglly could cyclise to
form styrene. Whilst 1t has been shown’?® that an equilibrium exists at
relatively high temperatures between styrene, phenylhcetylene and hydrogen,
it has been oclaimed that phenylacetylene may be prepared at relatively low

temperatures (~ 100°C) from diacetylen5251.

The presence of 06-02 species such as phenylacetylene and styrens is

of particular interest since this type of compound has been postulated by

62,63

Badger and coe-workers as being important in ths step-wise synthesis

of pcah from a 02 spesoies during hydrocarbon pyrolysis.

viz, c c/c C\ C
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The next stage (after tre 36-02 apecies) in the step-wise synthesis

is postulated to be a C.-C, species (IV) wnich could well be a phenyle

4
butadiene or related radical.

H " H,
} or ] oY ]
) & CH /CH P C
Cq Cy Cy
2 3 2
phenylbutadienes

A species whose molecular weight is egual to 130 (that of pnenylbutadiene)
has been detected in the present work, althcugh its identification is not
certain (however, its formula is C,H, ). It is possible, however, that
phenylbutadiene (or its related radical) might stabilise as a dihydro-
naphthalene upon sempling since naphthslens has been prepared from
phenylbutadiene by passing this compound through red=-hot tube3247. In
Badgex's reaction scheme compound V may therefore be a dihydronarhthalene
rather than tetralin (a tetrahydronaphthalene), espscially in flames where
dehydrogonation reactions are favoured. lNo tetralin has been detected in
the present studies of flemes, Groll46 has proposed that naphthalene may
be formed indirectly from acetylene via a dihydronaphthalene (sce Section

1.2.1).
Stehling and co-uorkors112 pyrolysed acetylene with styrene as an

additive to find that thare is a slirsht inorease in naphthalene formation
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at aoo°c. thus suggesting that the following overall reaction (cf. Badger

et n162'6’) may be occurring:
H E
c R

0§052 N
@/ + He=cH — =C ¢+ H
cs 2

VilI

-

00

252 synthesised anthracene from benzene and

Many years ago, Berthelot

styrene, thus sugsesting that the following oversll reaotion zay occur:
- H
Cx
CH
© « O "—ErR" =

The presonce of phenylacetyleue is not unkncwn {n products of
incom;lete combustion or in products of pyrelysis-type experinonts,

particularly in the case of benzene.

(1) In rich premixed benzene/oxygen flsmes Homann and co-workers”?
have found taat the concentrations of speoies such as phenyl-
acetylene, indene, methyl naphthalene and biphenyl pass through
maxima and decrease in the burned gases of the flames,

Acetylene and polyscetylenes are formed also in sucn flames.

(2) Very recently, Kern and Spongler16 have reported tha presence

of both phenylacetylene and styrene (in roughly equal concentrations)
in the products formed in hexane diffusion flames.
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(3) Useing an electric arc in benzene, Nuller and Binningerzs3 have
found evidence for the formation of phenyl ana acetylenyl |
radicals since the products include {apart from 95, unrecacted
benzene) phenylacetylene, biphenyl, diacetylene (and some

higher acetylenes) tozether with hydrogen and scetylens.

The initial breakdowa of fuel (both acetylene end ethyleno) into
01 species, which has been mentioned previously, may account for the
formation of specics with odd numbers of carbon atoms, e.g. toluene, indene,
and te-gethyl naphitnalene. The possible importance of indene in the
formation of kigher molccular weight aromatic specie; in flames has been
pusgesteu by Lavies and Scu11y2>4. These workers have found that when indene

48 injected into a rich towns gas/eir premixed flame, soot formation is

strikinsly high and they have sugrested that the followinz reactions might

@ | - @/cu = CE
. —
\\\ \c82

cleavage along
dotted line

occurs

Thies radical may also be formed by the dehydrogenation‘of
o=pethyl styrene, a speoies which hss been sug;ested to be present in the
flame gases of rich oxy-acetyiene and oxy-et:ylene flames in the present
wvork, (see Section 4.4.1.2). Davies and Scully254 have also proposed that
dbenz(a)anthracene and chrysene might be formed from the above-umentioned

diradical in the following manners
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bens(a)anthracens

0 — @%@

chrysene

These workers have also rerorted that when styrene is added to the
tovne gss flewe instead of indene, much less soot is formed indicating
that the Cﬂz group in the redical cbtained from indene plays an
izportant r3le. This {e supported by the fact that the soct yield with

etyrene {0 also less than that with toluennzs‘.
Davies and Scully have concluded tzat in such flomes,
(1) Dbenzene ringas favour soot formatiza
(2) attuc'ied metlyl grou;s prozote seot forustion evem further
(3) polycondensed aromatic hydrocarbons favour soot formation.

Foint (2) £» su_ ported by the results of Stehling and co-workers112;

these vorkers have found that in the pyrolysis of acetylene the rate of
disap;.earance of this compound is accelerated by the addition of 2-zethyl
naphthalene., However, toluene doss not arjear to affeut the rate of

acetylens disappearaace.
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Danielnzss has consluded from the results of Street and Thoma338 that
in premixed flames alkyl groups attached to benzene rings increase the
amount of oxygen requireid to suppress 'carbon'! formation. This may be due
to the participation of side-chains in ring-closures yielding pcah in the
flames, thus giving rise to compounds from which it is difficult to suppress
'oarbon' formation. Lang, Buffled end Zander157 report that the pyrolysis
of alkyl substituted sromatic hydrocarbons occurs via direct nuclear
condensetion, the primary bonding occurring across the alkyl group.
Kinney's1 has suggested, for instance, that toluene can condense to

bibeneyl which in turn may produce anthracene or phenanthrene.

g™ © ;0
\ /

~

anti:racene

bibenzyl phenant’irene

No bibenzyl (mol. wt. = 162) has been found in the present work

256 and Blades et a1257 have shown by masa

although Ingold and Lossing
spectrometry that bensyl raaicals are forwmed during toe pyrolysis of
toluens (wnioh has been found in both oxy-acetylene and oxy-ethylens

flames).
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Houmann and Wagner' have sug _ested that polycyclic aromatic
hidrocarbons such as anthracene, piuenanthrens, pyrene, eto. (i.e. the
so-called Group 2) cannot be important intermediates or 'nuclei' im the
formation of 'carbon' in acetylene flames since the rate of 'carbon!
formation decreascs to gero whilst the concentration of these species
inoreases. (From their results on the pyrolysis of bLenzene Sakai et a1154
have concluded also thet 'bare aromatic' molecules cannot be intermediate
compounds in the forzmation of coke or tar in the pyrolysis of petroleunm
hydrocarbons at temjeratures around eoo°c.) The results of the present
study show, however, tbat the concentrations (mole fgactione) of most poah
do not rise steadily in the burned gas; instead the mole fractions of
several poah inorease to maximuxz values in the blue zone, then fall to
low but definite values in the burned gas. Similar results, usin; a
different and less satisfactory sampling technique, have been obtained

by previous vorkersz.

There is no evidence in the present study for the presence of the
#0=called "Group 3* hydrocarbona1 (reactive poah with side chains and
containing more hydrogen than the parent poah) in the blue zones of oxy-
acetylene and oxye-ethylene flames, although it should be pointed out that
the concentrat.ion of an individual epecies within this group is of the

258

order of 10'7 of a mole fraction. Although Homann and wagner consider
Group 3 species "to be importiant intermediates for the formation of solid
particles” in rich premixed flat flames, there is some uncertainty as to

the lower mass number limit of this Croup, since this has been reported as
being "1503 “’90259. and 250258. Groun 3 hydrooarbons have been clained to
be detected by mass spectrometry both by evaporaticg soot samples in vacuo
and also directly from the flame, thus suggestinz that such molecules are

ralativaly atabdbls speciea.
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It is difficult to understand how Homann and ﬁagner1 could strens the
posaible importance of inis group of compounds in 'carbon' formation and
not to comment on the Lresence of species such as phenylacetylene, styrene,
etc., which have been shown (in the j;resent work) to be rresent in

3

relatively appreciable quantities. Homann and co-workers”’ have shown,
kowever, that species such as phenylacetylene are present in rich

prenixed benzene/oxysen flames and that the concentration profiles of such
species are similar to those found (in the present work) in similar rich

premixed oxy-acetylene flames.
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IV.5. CONCLUSIONS

IV.5.I. Sampling Techniques and Analysis

The results of this investigation demonstrate that by the use of high
resolution mass spectrometry and programmed-temperature gas-liquid
chromatography, it is possible to detect a stable species whose mole
fraction in the {lume gases is approximately 10'6. thus obviating the
necessity for a complex molecular beam sampling/mass spectrometer system
a8 kas been used previously by Homann et 31’9 on work of a similar nature.
These workers have shown, however, that such a system does enable the

concentrations of a few free~-radicals to be determined.

A techniduc has been devised for ueing the GEC~AEI MS9 mass
spectrometer as a quantitative instrument by admitting into the combustion
chamber (along with the premixed gases) a known flowrate of an inert

reference gae (argon).

Prosranned=temperature GLC tochniques have been shown to provide a
rapid end officient means of separation and determination of polyecyclic
aromatic hydrocarbons and other compounds which have been identified.

A technique haa been employed to provide an efficient means of collecting
gas chromatographic fractions for the identification of srecies by both
mass spectromeiry and UV absorption spectroscopy. It has been found
necessary to use both of these latter techniques for the identification

of certain species present in the flame gases,

The similarity between the present batch results and those results
reported by the only previous workers in the Iield’9 confirms that
sampling via quarts microprodes in the manner de.cribed is efficient in
terms of reaction quenching. The results of this study indicate, also,

that such microprobes sample apecies which are present in the gaseous phase
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rather than assooiated with the solid phase ('carbon') thus suggesting that
& large proportion of the pcah are adsorbed onto the surface of 'carbon'

particles when this material is withdrawn from flamenz.

IV.5.1I. Formation of Polyacetylenes

The presence of polyacetylenes in rich premixed oxy-acetylene and
oxy~-ethylene flames has been confirmed but, because of their relatively
high reactivity, concentration profiles cannot be determined very
accurately. It cannot be established whether equilibria exist between

these compounds and hydrogen as Bonne, Homann and Wagner55 have sugzested.

It is difficult to propose a mechanism which accounts for the formation
of high molecular weight polyacetylenes although as Fomann and Wagner1 have
pointed out, such a mechanism is probably free-radical in nature. It is
possible tnat polyacetylenes are formed by the dehydrogenation of polymers
with the generic formula (Czﬂz)n; these species are moat probably {ree-
radical in nature. When x = 2 the polymer (radical) may stabilise as
vinylacetylens or be dehydrogenated to dlacetylene; when x = 3 the polymer
(radical) may either stabilise as benzene (cycliaation) or be dehydrogenated
to triacetylene, etc. It is not proposed that such polymers are formed by
the direct polymerisation of acetylene but rather by the combination of

acetylenyl and polyacetylenyl radicals.

IV.5.III. Polycyclic Aromatic idydrocarbon Formation

The concentration (mole fraction) profiles of pcah throughout the

flame support, in general, the results obtained by Tompkins and Long2
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whose sampling technique was neover clainied to be other than relatively
crude. The results of the present study snd those reported by Tompkins
and long show that, in general, the concentrations of individual pceh do
pot rise steadily in the burned gas (yellow zone) of either oxy-acetylens
or oxy-othylene flames. Thus some doubt must be cast upon the validity of

those results reported by Homann and k'agner1 vhich suggeat that they do.

With the exception of species such as toluene, phenylacetylene, styrene,
mothyl styrenes (?), 1-methyl naphthalene, methyl pyrenes, etc., there is
little evidence for the presence of many alkyl substituted pcah in either
the blue or yellow zones of rich premixed oxy-acetylene and oxy-ethylene .
flames., There is no evidence of the so-called 'Group 3' hydrocarbons that
Bomann and WAgner1 have olaimed are formed in and are destroyed by the end
of the blue zonea of such flames although these species may dbe present in

concentrations of less than 10-6 mole fractions.

The presence of several significant compounds such as phenylacetylene,
etyrene and the ccapound whose molecular weight is 130 is particularly
interestias since this suggests that the reaction mechanisms proposed by

Badger and co-workers62'65

may well account, at least in part, for the
formation of pcah from the two-carbon species, acetyleme. It §8 unlikely,
however, that such reaction schemes solely account for the formation of
higher molecular weisht peah in rich prexmixed flares aince once forwed,

pcah may be pyrolysed to give higher aromatic species as is indicated by

the results of lang, Buffleb and Zander157.

IV.5.IV Concentration Profiles

With a few exueptions, the concentration (mole fraction) profiles of
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many species in rich premixed oxy-acetylene and oxy-etnylene flamea are

similar, The typical rrofile may be divided into three parte as follows:

(a) The initial rapid formation of the species in the pre-heat tone
and in the less-hot part of the blue oxidation zone; this probdably
involves the p;rolysis of low molecular weight species in the
presence of oxypgen and 6h radicals. Some combustion of hydro-
carbon species will also be taking place, simultaneously, of

course.

(b) The destruction of some compounds to low (sometimes zero)
concentrations due to combustion and oxidation reactions

(presumadly by attacik by OH radicals, chiefly).

(¢) The secondary increase in concentration; this most probably
being due to the pyrolysis of residual lower molecular weight
species, in particular acetylene whose concentration in the
burned gases of all the flumes studied is relatively high,
The temperatures within this region are favourable to poah

fomation (Fib’uros 4.2.1' 4.2.2' R.f’ 44).

AV.5.V. The Importance of Acctylene and Lthylene

Apart from a few compouncs (e.g. methane) the concentrations of
products are similar in botii oxy-acetylene and oxy-ethylene flames. This,
together witn the fact that relatively large amounts of acetylene are
formed in oxy-sthylene flumes, suggestu that etaylene is first converted
(in rart, since some ethylene is oxidised in combustion reactions) to
acetylene whioh is then responsible for the formation of the many products

of higher molecular weight found in both tyres of flame,



Ko (or at least, rclatively very little) ethylene, 1,3-butadiene,

i-butene, etc. are present in the rich premixed oxy-acetylene and Oxy-

ethylene flames, thus sugzesting that the following mechanism does not

ocour in flamess~

ethylene — 1,3~butadiene —= products

(Bovover, this dces not rule out the possibility that such a mechaniem

mright possibly account for the formation of poah In ryrolysis experiments

vhere the degree of dehydrogenation 1s less than in flemes.)

IV.5.VI 'Carbon' Formation

It has not been the intention in the present astudy to investigate

the mechanism of 'carbon! Jormation although several observations are

wvorthy 5: mention.

(1

(2)

()

(4)

The different types of 'carbon'! collected at various heights in
both oxy~acetylene and oxy-ethylene (lames are similar in

appearance to thogse reported oy Tompkins end Longg.

tho results of the rresent work sugeest that pcah are adsorbed
onto the surfuce of 'carton! particles when these are collected

from the flsme through filters, etc.

The similarity of products in both oxy-acetylene and oxy=-
ethylene flames suzgests that ‘carbon' is forwed via the same

mechanism in both cases.

From the results obtained in this study it is not possible to

say whether polyacetylenes, Pare poah or other aromatic species
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(with §ide ohains) are important intermediates in the formation
of ‘carbon' since different mechanisms and compounds may be
inportant at different heightas in the flazes. The fact that
aromatic molecules with side chains tend to promote soot
formation in flomes (see Section 4.4.3 indicates that this type
of species may play an important role in 'carbon' formation.
However, it is most likely that, as other workers have concluded,
tare aromatic species are rmost probably relatively stable bye
products of tke reactions rather than *nuclei' for 'carbon'

formation.

IV.5.VII. Mechanisms for Polyacetylene and Pcah Formation

The reaction scheme outlined in Figure 5.1 summarices the results
of this study and those of others deemed to be relesvant; it is apparent
that & number of reaction schemes msy account for the forzation of posh
although some indication is given of how lower molecular weight species

such as phenylacetylene, dihydronaphthalene (?) eto., are formed.

It has not been possible to establish the nature of the actual
species takinz part in the complex reactions involved but it seems most
likely that these are free-radicsl in naturej thus the stzble compounds
identified can at this stage only give an indication of the free-radicals

involved.
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LST

equilibrium with each other and H, (refs 35 and 128)

c 4H2 C6H2 CSHZ CZnHZ
Hydrocarbons in general diacetylene triacetylene tetra-acetylene polyacetylenes
1 ? dehydrog.
g Free-radical c.H Free-radica Free-radical Free-radical
CHy —= CH (CHy)y ———— (CpHy)y ———  (CoH,)y -~ - -~ = (CHy), 43
\\. ,/ reactions l reactions J reactions ‘ reactions Cullis et a’l.
H Hcs \
—— (:.| species 4 4 -CH C pesh
«¢—— Methane vinylacetylene
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-— 0336 / Berthelot 232 +0232
«— Toluene o __ phenyl
radical anthracene
B_H
C C,
CH ?
0 CH2’ =
chrysene Davies + Scully >4 phenyl- dihydronaphthalenas
benz(a)anthracend indene —_ methyl butadiene
styrenes 50 ,/
Badger
Weizmann
IV. Figure 5.1 Proposed Flow Diagram for the et 2188
Formation of Aromatic Specles and pyrene
Simple Pcah from Acetylere raphthalene
CH
l 3
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1-methyl naphthalene
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Errata

The following references bhave been duplicateds=

Eos. 3 and 54
16 and 162

36 and 92
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Part V A Brief Review of the Use of Organo-Metallic and Metal

Containing Additives in Suppressing Soot and Polycyclic

Aromatics in Flames

The effect of introducing oxygen into the cambustion air, or into the
hydrocarbon fuel itself, in a diffusion flame was studied as an early part
of the present programme of work. The results emphasized the
undesirability of either a general or local depletion of oxygen in the
diffusion-flame combustion of hydrocarbons since this leads to an increase
in the formation of polycyclic aromatic hydrocarbons, including the
carcinogen benzo (a) pyrene. 6xygen enrichment of combustion air
can greatly reduce the concentration of p.c.a.h. in the soot. If
sufficient oxygen is added to the fuel itself, p.c.a.h. can be eliminated
from the soot.

It was hoped to continue this work by examining the effects of
organo-metallic additives on the formation of soot and p.c.a.h. in
flames. Pyrolysis and oxidation processes are well-known to be
influenced by catalysts and additives and it was hoped to attempt to
reduce the formation of p. c.a.h. during flame combustion by the use of
these.

Unfortunately the loss -of key personnel with experience in the

synthesis of metal chelates precluded the continuation of this aspect of
the work.
a

However, recent work in Germany by G. Spengler and G. Haupt
has indicated that reduction in both soot and polycyclic aromatic
hydrocarbons by the addition of con-.upounds containing metals is feasible.
Compound such as methylcyclopenta dienyl manganestricarbonyl

iron penticarbonyl and ferrocene when introduced into diffusion flames of,
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atomized fuels, reduced soot and p.c.a.h. This interesting piece of
woak also claims that the formation of acetylene in the flame was in
no way influenced by the additives used.

In later work, these authors studied 29 organo-metallic and
certain organic compounds in a single cyclinder 4-stroke diesel engine.
Methylcyclo penta dienyl manganese tricarbonyl and the iron pentacarbonyl
seemed to be the most effective additives in reducing soot and p.c.a.h.
whilst of the organic additives, cyclohexanol nitrate was the most
effective, although less so than the metal-containing additives.

M. W. Shayeson ° found that organo-metallic compounds of
barium, maganese and iron were the most effective smoke reducing
fuel additives but that the effectiveness was a function of engine design
and power level. (J. P.5, fuel was used for the tests and a jet engine
was operated in a test cell).

A review of burner fuel additives by K. C. Saloojac has
recently appeared and the author points out that despite much interest
in smoke suppressants over many years, the mechanism by which these
additives act, in any of the applications has not been explored.

However, alsc very recently, a very interesting paper
by D. H. Cotton, N. J. Friswell and D. R. Jenkinsdhas appeared .

They report measurements on the effects of forty metals on the amount of
soot emitted by a laboratory scale propane diffusion flame. The alkaline
earth metals were amongst the most effective and it will be remembered

that over the last few years a number of proprietary additives containing

barium compounds have been produced, and claimed to be effective as diesel
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fuel additives for example.

A semi-quantitative mechanism is proposed to account for the
action of the alkaline earth metals: its basis is that these metals undergo
a herrogeneous gas-phase reaction with hydrogen or water vapour in flame
gases. Hydrogen atoms so produced will react rapidly with water vapour
to give hydroxyl radicals, so that the net effect of either decompostion
will be to produce . OH radicals. These will then be effective in rapidly
removing soot or soot precursors.

There seems to be no evidence on the effect of these additives
on polycylic aromatic hydrocarbons associated with soot, butone would

expect these or their precursors to be removed by . OH radicals too.

Whilst interest is being shown in soot suppressing additives, their
possible toxicity as exhaust products and the effects of solid products

on engine operation must always be borne in mind.
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APFERDIX 1 Nomenclature of Folycyslic Aromatic fiydrocarbonn

The nomenclature of pcah relevant to this study 1s given belowv,
The names used are aocordinz to I.L'.P.A.C.zo (1957) Rules and the
compounds are listed in order of increasing molecular weights ({n

parentrneses). The symbol @ is used to denote a benzenee-ring

configuration.

Indene (116) ) @.l

Baphthalene (123)
. 3
{-Methyl Naphthalene (142)

: CH3
2-Methyl Faphthalene (142)

Acenaphtiyylena (152)

Acenaphthens (154) QIO
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Biphenyl (154)

Fluorene (1€6)

L-Cyclopenta (f,g) acenaphthylene (176)
[1.8, 4.5-bi-(etheno-) naphthalene]

Phenanthrene (178)

Anthracene (176)

4.5-nethylene pheranthrene (199)

Fluoranthene (202)
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| Acephenanthrylene (202) @@g‘|
hceanthrylene (202)

_— o

©

Benzo(a)fluorene _(216) g.
Benzo(b)fluorene (216) @.@0

Benso(o)fluorene (216) @‘@@

Benzo(mno)fluoranthene (226) @‘%
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©)

Triphenylenc (228)

Beng(a)anthracene

ne (252)

(252)

zo(k)fluoranthene

Benzo(a)pyrene (252)

(252)

Benzo(e)pyrene

Coronene (300)



APPLNOYX II The Flux and Concentration of a Species in a Flame

Experimental results have shown167 that microprobes constructed )
according to the method described by Fristrom and Weatenberg5° sample the
concentration and not the flux of a species in a simple Bystem. Although
the concentration gradients which exist in [lames are much greater than
those which were set up .n the simple experiment by VWestenberg et a1161.

it may reasonably be assumed that such microprobes sample concentrations

and not fluxes in flames.

Loncentration

The concentration, Ni' of a speciee 1 at a point in a flame is defined
as the number of moles of the species present per unit volume at the point
in question. If Hi is the mass per unit volume of species i with molecular

veight H1 at tne point, then

"1 = H‘ﬁi

If p iv the total mass density at the point, then

-[\'l
r T 4

and the mass ‘raction 'f,' of espeoies 1 is given by

[

n
» ..~

) § 4 Xl is the mole fractfion of species 1 at the point, then
£, = xini/ﬁ

wvitore A is the mean moleoular weight of all species at the point,

I1-1



Since the various forms of concentration are defined solely as

quantities, concentration is u Bcalar variable.

The basic flux variable of a species i is the vector which defines
the number of moles or grams of the species pasaing through unit area of

the flame per unit time as viewed by a stationary observer,

The species mass flux is defined’o by
g = NN (v« Yi)

for a one-dimensional flame
vhere v w the mans average velocity
Vl = the diffusion velocity of species i created by &

concentration gradient.

The species mass flux fraotion G, is defined by:

i

i} nM, (v« vi)
i pv

Vy
G, = £, (1 +—'-)

XM Y
I.( v

s Qand G, = £,.

In the absence of a concentration gradient V { g

i

The diffusion velocity V, in one-dimcnsional ‘orm for a species i

30

i
present in an excess of carrier 28 § is given by
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D |
ij 4 i
vt = -Hlt ds(l)

D ax
. o-dd 1
xi 4z

vhere R = the total number of moles present per unit volume at the

plane.

1y " the binary diffusion coefficient for the species 1 in the

excess carrier gas J. (D“ is dependent on temperature.)

2 = the height above the burnmer surface.

XX v
- .£_1(1+...1.)

ci fl v

or M D ax
CiL = _.1._1(1-_1.1 ..._1..)

This equation shows clearly the effect of a changing concentration

gradient on the flux fraction of species 1. In a zrexion of increasing
ax

ooncentration f‘?" is positive, Therefore G,< Fi' an effect caused by the

i
speoies flowing against the concentration g-adient.

ax
In a region of gero concentration gradient -a-} = 0 and Gi = fi
(ci)mimum ° (ri)nuimm
ad  (C)pinimm * (Cdntnimm
dxi
In a rezion of decreasing concentration s radient rry i3 negative and

thus Gi> 1'1.
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APPENDIX III,

Hitherto Unidentified Polycyclic Aromatic

Hydrocarbons Found in Flame Soots

I B. B. Chakraborty and R. Longa reported an unknown " derivative
of pyrene' isolated from soot. This led to an exchange of letters between
R. S. Thomas and J. L. Menkmanba'nd the above authors;

Thomas and Monkman suggested it was a methyl pyrene, but as methyl
pyrenes had already been identified as correspond jg to an earlier

peak in the gas chromatogram, _Chakraborty and Longb;uggested that the
unknown pyrene derivative they had found was of higher molecular

weight than the methyl pyrenes.

L. Wallcavec. then reported an apparently identical compound
which he had isolated from a coal tar pitch. The u.v. absorption
spectrum of this substance had the seemingly characteristic peaks at
378 and 358 ryl reported by Chakraborty and Long.

.Earlier M. J. Lyons d. had separated,interalia, by adsorption
chromatography, a compound in a gasoline soot sample, in a diesel soot
sample and in a general atmospheric soot sample, which gave spectral
maxima, as follows, 376. (368), 355, 338, 324, 310, 291, 278 and which
he desfhated '"orange compound (pyrene derivative?)"

The u. v. spectrum of the '""derivative of pyrene' reported by Chakraborty

and Long shows several of these absorption maxima and is presumably the

same compound. Based on his u.v. spectrum, on the chromatographic

behaviour, and especially on the molecular weight as determined by mass
c.

spectrometry (228), Wallcave proposed that the compound in question

was Cyclopenta {c, d)} pyrcnc {er acepyrene). M
~
WU
228
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II During the present work, in extraction filter products, B. D. Crittenden
(Ph.D. thesis 1972) found a gas chromatographic peak, the mass spectrum
of which showed two principal peaks at m/e values of 168 and 176
respectively (at 70 e. v.)

Since neither the methylbiphenyls no> biphenyl methane (molecular weight
= 168) have a peak at m/e = 176 1n their fragmentation mass spectra

it was assumed that the gas chrrratographic peak was due, at least

in part, to a polycyclic aromatic hydrocarbon of molecular weight 176 and

it was suggested that this might well be. -

Cyq Hg

176

e.
Rather strangely, K. H. Homann and H. Gg. Wagner in their study of

rich premixed flat flames report thc concentration change of only one,
polycyclic aromatic hydrocarbon throughout their flame. This, a

species with molecular mass 176 and having the formula C , was

14 Hg
said to be of medium concentration relatively to the others. They did
not comment on 1its structure. A species, molecular weizht (by mass
spectrometry) of 176, was also found by E. E. Tompkins and R. LongL
in rich pre-mixed acetylene - oxygen flames.

The compound above appears naver to have been isolated or
synthesised. In 1952 A. G. Anderson Jr. and R. H. Wadegreported

the synthesis of 'pyracene' or 1.2 -.dihydrocyclopenta (£ 'g) acenaphthenes

and mentioned that an attempt was 1n progress te introduce 2 double bond
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R

A

O\o

into each of the peri-rings in pyracene to form 'pyracylene’'.

S
O\Q

NN\
Acenaphthene (\O&O\ is a main constituent of coal tar and

.can easily be dehydrogenated to acenaphthylene o\

However, the analogous compounds 'pyracene' and'pyracylene’
have not' been isolated or identified in coal tar on any fraction of

coal tar.
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