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ABSTRACT

The gas phase oxidation of n-butane has been studied at
sub-atmospheric pressures in the temperature range 280 - 420°C. The
effect of the variation of initial temperature and initial pressure
on the mechanism of oxidation has been assessed from observations of
the kinetic changes and the variation of the nature and distribution
of products.

Section 1 examines the most recent theories on the mechanism
of oxidation of hydrocarbons and particular attention is focussed on
the primery chainpropagation reactions. The effect of moleculear
structure on the mechanism of oxidation is considered in detail ané it
is shown that high molecular weight hydrocarbons oxidise by different
routes from low molecular weight hydrocarbons. The morphological
phenomenon of cooi flames is considered in the light of the foregoing
variation in mechanism of oxidation.

Section 2 describes the experimental techniques used in the
present study. A standard static vacuum system was employed in which
pressure changes were monitored by means of a stirain-gauge pressure
transducer and temperature changes by micro-thermocouples. Reaction
broducts were identified and estimated by gas chromatography.

The kinetic and analytical results are presented in Section Be
Changes in physical parameters are related to the initial temperature
and pressure. It is shown that at temperatures below ca. 33000 cool
flames propagate from the walls of the reactor, whereas above this
temperature they propagate from the centre of the reactor. Details of
the variation of the concentration of reaction products with time are
given and the percentage yields of these products, during the early

stages of reaction, are related to the initial reaction conditions.



The results are discussed in Section 4 in which it is
concluded that the major chain-propagation sequence involves L~ and
P-hydroperoxybutyl radicals at low initial temperatures. Further
oxidation of P-hydroperoxybutyl radicals gives rise to acetaldehyde
and acetone in relatively large yields, whereas the P-—scission
decomposition of o(-hydrol;eroxybutyl ;'adica]s,which occurs predominantly
at the reactor walls, is responsible for the formation of but-l-ene and
but-2-cne. At higher initial temperatures, however, the chain-propagation
cycle involves principally o -hydroperoxybutyl radicals which undergo
homogeneous P—scissiou decomposition reactions to form the major products
but-l-ene and but-2-ene. Furthermore, at high initial temperaturef the

further oxidation of P-hydroperoxybutyl radicals is of minor importance.
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1,3 Introduction

Two of Man's principal natural resources, oil and natural gas,
consist essentially of hydrocarbons. At present these are used mainly
for combustion, the energy released being converted to heat and
mechanical energy. The rapid growth of industry during the past forty
years has led to an approximately threefold increase in the demand for
energy and much of this increased demand has necessarily been met by oil,
and to a lesser extent by natural gas. The important role of these
sources of energy can clearly be seen from Table 1.1 which shows the
Free World Energy Consumption over the last thirty yearsi.

Another increasingly important use of these hydrocarbon
resources is as feedstocks for the large-scale production of
petrochemicals. The petrochemical industry which began in the U.S. in
the early 1920's, has now become internationally important, largely as
a result of naphtha assuming a dominating position as a feedstock for the
production of ethylene. An attractive feature of producing
petrochemicals by direct oxidation methods is the relatively low cost of
the raw materials. Oxygen can be separated from air very cheaply and
hydrocarbon feedstocks are both inexpensive and plentiful. This is
clearly illustrated by the fact that in 1969 more than 84% of the U.S.
industry's ethylene oxidea and practically all of the acetic acid3 were
produced by direct oxidation methods. The worldwide expansion of the
petrochemical industry has been further encouraged by the increasing
demands of three growth industries namely nitrogen fertilisers, high
polymers and man-made fibres. In a review of the future of petroleum.
processing, Unhl & indicates that a far heavier cmphasis will continue
to be placed on the production of even larger tonnages of

petrochemicals.



Year Coal 0ilt Natural Gas Hﬂdr°ele°tri° & Total
uclear Power
1937 1,233 320 92 21 1,566
72.4 20.4 5.9 1.3 100%
1948 1,212 506 191 35 1,944
62.4 26.0 9.8 1.8 100%
1955 1,191 932 360 55 2,538
46.9 36.7 14,2 2,2 100%
1960 1,128 1,228 534 76 2,966
38.0 41,4 18.0 2.6 100%
1966 1,213 1,888 742 109 3,952
30.6 L47.8 18.8 2.8 100%
1968 1,220 2,170 850 120 4,360
28.0 49.8 19.5 2.7 100%

1’based on 1 ton of 0il = 1.5 tons cecal eguivalent
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The increasing importance and widespread use of hydrocarbons
in the twentieth century has naturally been paralieled by a vast amount
of research into the nature of the reaction between hydrocarbons and
oxygen or air. Since the combustion of hydrocarbons is used primarily
as a source of heat and mechanical energy, maximum efficiency can be
attained only by subjecting the combustion processes to the necessary
control. In this context it is possible to exert both physical and
chemical control and it is in the latter case that detailed studies of
combustion reactions are important. Furthermore, abnormal combustion
phenomena, such as 'knock' and 'run-on' in internal combustion engines,
lead to a general loss of power and efficiency and these phenocmena have,
therefore, been subjected to considerable research in order to
eliminate or at least minimise their detrimental effects. Directly
associated with the increased use of internal combustion engines is the
problem of automobile exhaust emissions 5. This form of pollution
results from incomplete reaction in the combustion chamber which leads
to the release into the atmosphere of obnoxious partial oxidation
products, such as unsaturated carbonyl compounds 6. Legislation is now
being introduced, and indeed is already in force in some countries, to
control exhaust emissions and this has led to detailed studies of the
means by which complete combustion may be enhanced.

The expansion of the petrochemical industry has also involved
extensive research into the partial and selective oxidation of
hydrocarbons. Direct oxidation, as previously mentioned, constitutes
a most important method of production of petrochemicals. However, the
partial oxidation of hydrocarbons, even for simple compounds such as
methane and benzene, usually gives rise toc a multiplicity of products
by a series of consecutive reactions. Careful control of the
experimental conditions can, however, improve selectivity, as can the

use of homogeneous catalysts such as hydrogen bromide and nitrogen oxides.



Alternatively, heterogeneous oxidation reactions offer the advantage

that they may be carried out at lower temperatures and thus with improved
selectivity although they suffer from the fact that the catalysts, which
are generally expensive, tend to undergo various forms of physical and
chemical deterioration. From the foregoing considerations it is clear,
however, that an overall understanding of the mechanism of hydrocarbon
oxidation and the precise experimental conditions under which the

reaction concerned may be controlled, is of vital importance to industry.
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1.2 Phenomena asscciated with gas phase hydrocarbon oxidation

The gaseous coxidation of a hydrocarbon is a complex free~radical
chgin reaction which invelves a proliferation of chain carriers and
branching agents with widely differing lifetimes and modes of reaction.

It is also one of the best known examples of a degenerately branched

7

chain reaction ', a concept first introduced by Semenov in 193%. The
oxidation mechanism,which manifests itself in the variation of reaction
rate with the initial temperature and pressure conditions, leads to a
complex temperature/pressure ignition diagram that exhibits distinct
high temperature and low temperature regions with an intermediate region
of negative temperature coefficient of reaction rate. The nature of the

various phenomena, such as slow combustion, cool flames and hot ignitions,

exhibited by hydrocarbon + oxygen systems are described below.

1.2.1 Ignition diagram

The physical manifestations of the various combustion phenomena
are usually observed as changes in pressure, temperature and light
emission. It is convenient, therefore, to illustrate the initial
conditions under which these phenomena occur in terms of a temperature/
pressure diagram, an example of which is shown in figure 1.1. The major
features of this diagram are the regions of slow combustion, cool flames
and spontaneous ignition. The position and shape of the boundaries
between these regions are extremely dependent upon the molecular
structure of the hydrocarbon, the stoichiometry, the reaction vessel
dimensions and the nature of the reactor surface. These diagrams usually
exhibit lobes in the cool flame/ignition boundary which are sometimes .
reflected at the slow combustion/cool flame boundary. The number of lobes
that occur, depends principally on the molecular weight and structure of

the hydrocarbon.
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1.2.2 Slow combustion

The region of slow cowbustion can conveniently be considered
in two parts, namely the high-temperature region above 350 - &OOOC and
the low-temperature region below 35000, although the cbserved phenomena
change continucusly as this region is traversed isobarically.

In the low teuwperature region,hydrocarbons begin to oxidise
slowly above limiting temperatures and pressures and the reaction is
characterised by an induction period during which no appreciable reaction
occurs. The pressure then rises exponentially until a maximum rate of
change is attained after which the rate fails and the pressure f{inally
reaches a stationary value (a typical pressure-time recording is shown
in figure 1.2(a) for initial conditicns corresponding to point A on the
ignition diagram). The slow combustion process is essentially isothermal
and is accompanied by a faini lusmipesceuce, although ihis cammot be
detected without the use of a photocell. The reaction, during which the
hydrocarbon is only partially consumed, leads to an overall increase in
pressure and this represents the increase in molecular concentration.

The physical characteristics of slow combustion in the high-
temperature region are similar to those in the lower region except that
the reaction is considerably faster and a greater consumption of
reactants occurs. The induction periods are considerably shorter and
the sinusoidal pressure rise is more pronuvunced as shown in figure
1.2(b) (point B on the ignition diagram). Likewise, the intensity of

the luminescence accompanying the reaction is markedly increased.
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1.2.3 Cool flames

The cool-flame region in the ignition diagram can also be
difided into two distinet parts. At temperatures below ca. 300 = 350°C
(depending on the molecular structure of the hydrocarbon), multiple
cool flames are observed for the majority of hydrocarbons, whereas above
this temperature a single cool flame propagates and is followed by rapid

slow combustion.

1.2.3.1 The single cool-flame region

A cool flame in this region is associated with a transient
pressure pulse Ukpc ¢ ) of ca. 10 - 50 torr and a transient temperagure

pulse (ATC ) of ca. 10 - 100°C. At initial temperatures close to the

of
upper cool flame limit, the intensities of the cool flames,(as defined by

T S0

+ A
po pc.f.

where po is the initial pressure), are much smaller than those at lowver
temperatures near to the multiple cgol flame limit. The passage of the
cool flame is also accompanied by a sudden increase in the light emission,
which is manifested as a pale blue glow that slowly fades as the following
fast combustion ensues. A typical pressure-time recording is shown in
figure 1.2(e) (point E). Throughout this region, the overall increase in
pressure (Apc.fJ” ), which is indicative of the extent of reaction during
the cool flame, is large in comparison with the transient pressure rise
associated with the cool flame (Apc. ) 1

f.

1.2.3.2 The multiple cool-flame region

The intensities of cool flames in this region are noticeably
greater than those of cool flames in the upper region and pressure rises
of ca. 10 - 90 torr and temperature pulses of ca. 10 - 200°C are observed.

Multiple cool flames are also accompanied by periodic blue glows which are
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generally observed to propagate from the centre of the reaction vessel b.
Induction periods at initial temperatures close to the lower limit can

vary between minutes and hours, whereas near the upper limit of multiple
cool flames they are usually only of the order of seconds. Furthermore,

at low initial temperatures Apc oo is small in comparison with.&pc

f f.

but as the temperature is increased, Apc o increases whilst Apc

f' f-

decreases. Another noticeable variation is that at low initial
temperatures (point C) the cool flames are clearly resolved, the pressure
pulses having large amplitudes and relatively low frequencies (as shown
in figure 1.2(c)), whereas at higher temperatures (point D) they have
small amplitudes and high frequencies and are superimposed on the fast
combustion following the first cool flame, as shown in figure 1.2(d5.

The number of successive cool flames depends largely on the nature of

the hydrocarbon, the stoichiometry and the nature and extent of the

reactor surface, the maximum reported being seven 9 10.

124k Hot ignition

Three types of hot ignition may occur, depending on the

initial conditions as shown in figure 1.1,

1.2.4.1 Single-stage ignition

This type of ignition generally occurs at temperatures above
ca. 400°C and is characterised by an extremely rapid increase in
pressure and temperature and a large overall pressure increase. The
temperature rise is usually considerably greater than that observed
during cool flame propagation. This type of ignition is preceded by
an induction period of the order of milliseconds and is accompanied by
a bright orange flame. The pressure-time trace of a one-stage ignition

is shown in figure 1.2(h) which corresponds to point H.
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1.2.4.2 Two-stage ignition

Two~stage ignition occurs on the high pressure side of the
cool flame/ignition boundary. In this case, the hot ignition described
above is preceded by the propagation of a cool flame as shown in figure
1.2(g) (point G). The two-stage process is accompanied by a pale blue
glow which is rapidly superseded by a bright blue or orange flame at low
and high initial temperatures respectively. The ignition stage ig agal
associated with a large increase in pressure and temperature and a large

overall pressure rise, indicating a high consumption of reactants.

1.2,4.3 Multi-stage ignition

Three, four and five-stage ignitions can occur under certéin
initial conditions although these are very limited. This type of
phenomenon is found at low temperature in pockets along the cool flame/
ignition boundary. A multi-stage ignition consists of the propagation
of between one and three cool flames followed by a two-stage jgnition as
shown in figure 1.2(f)(point F). This type of ignition is accompanied
by pulsating light blue glows culminating in a slightly more intense glow
which corresponds to the final ignition stage. The intensity of this
final stage is notably less than that of either single or two-stage
ignition since considerable consumption of reactants has already occurred

in the preceding cool flames.

1.2.5 Negative temperature coefficient regions

A feature peculiar to all regions of hydrocarbon oxidation is
the occurrence of température ranges within which the rate of the overall
reaction possesses a negative temperature coefficient. Thus, as the
initial temperature is raised, the rate of the rcaction falls until a
temperature is reached where a positive value is restored to the

coefficient and the reaction rate again increases. The principal



20

negative temperature coefficient region for most hydrocarbon + oxygen
systems is found to extend over about 50o above ca. 300 - 35006 and as
this region is traversed from low to high temperature, the kinetic

phenomena accompanying the reaction become noticeably less prenocunced.
Smaller regions of negative temperature coefficient also exist in the
low temperature region where the cool flame/ignition boundary displays

lobes.

1.2.6 Pic dtarrét

This phenomenon occurs in the final stages of the slow reaction
between 250 and 600°c and is characterised by a sharp increase in light
emission and a sudden, but temporary, acceleration of the rate of ‘
reaction. 7Two distinct regions, one at high and the other at low
temperatures, can be identified for the occurrence of the phenomenon,
which becomes more pronounced as the oxygen content of the reactant
mixture is lowered. The interval of time between the point at which the
reaction rate is a maximum and the occurrence of the pic dlarrcét is also
dependent on the oxygen concentration and decreases as the oxygen content
is lowered. A typical light emission-time trace showing the pic d'arrét

is shown in figure 1.2(j).
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1.3 Modern theories of the mechanism of the gas phase
oxidation of hydrocarboens

The past decade has seen many significant changes in the
approach to the elucidation of the complex mechanism of hydrocarbon
oxidation., First, improved analytical techniques such as gas-liquid
chromatography and mass spectromeiry have allowed far more detailed
information regarding intermediate products to be obtained at all stages
of the reaction. Secondly, thorough investigations have been made into
the oxidation of the various intermediate oxidation products such as
alkenes, aldehydes and ketones. Thirdly, and perhaps most important,
the development of mass spectrometric techniques has led to the positive
identification of free radicals, such as hydroperoxy and alkylperoxy
radicals, which have been proposed as participants in oxidaticn mechanisms
and for which only circumstantial evidence had previously existed.
Fourthly, specific radical reacticns have been studied using new techniques
such as kinetic spectroscopy and low temperature cryostat investigations
and finally, the expansion of thermochemical and kinetic knowledge has led
to the accumulation of a vast quantity of data concerning the elementary
reactions occurring in hydrocarbon oxidation. This quantitative data takes
the form of specific rate constants at stated temperatures as well as the
associated Arrhenious parameters. It has become possible, therefore, to
suggest likely sequences of recactions for a given oxidation and in many
cases semi-quantitative tests on these schemes give excellent results 11‘12.
Even so, unanimous agreement as to the complete mechanism has yet to be
reached, although it is generally accepted that two distinct mechanisms
can be distinguished, namely a low temperature and a high temperature
mechanism. During the past forty years numerous mechanisms have been

13-18

proposed y but the current theories will now be discussed.
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1.3:12 The low temperature mechanism

This mechanism, which is considered to operate below ca.kOOOC,
must be capable of explaining not only the variation of the nature and
distribution of the reaction products with respect to the initial
conditions, but also the observed morphological phenomena such as cool
flames, hot ignitions, regions of negative temperature coefficient and

lobes in the cool flame/ignition boundary.

1.3.1.1 Initiation
At temperatures below 45000 the initiation step is generally

believed to involve the abstraction of a hydrogen atom by an oxygen

s

molecule:
an2n+a + 02 > an2n+1 + HO2 {1:1)
This mode of initiation was first suggested by Cullis and
Hinshelwood 19 and Jater substantiated theoretically by Semenov 20. The

ease of the initial hydrogen abstraction depends on the nature of the
C~H bond, and as Walsh e has pointed cut, in view of the cleoctrophilic
nature of the oxygen molecule, the probability of attack at a C-H bond
is in the order 3°) 2°:> 1° . It can clearly be seen from the C-H bond
strengths (Table 1.2) that the initiation is likely to be selective,
endothermic and slow. Mayer and Schiller a computed the activation
energy and rate constants of reaction (1.1) for methane and found

Ei.l = 57 kcal.mole—i, k1.1(300°K) =6 x :L{)"33 l.mole:1 sec.-i and
k1.1(1000°x) =6x 10 l.mole:1 aec.-i. For higher hydrocarbons the
overall value of Ei.i is likely to be slightly lower due to the presence
1

of 45-50 kcal.mole = is

of 2° or 3° C-H bonds and a value of E1 1

generally accepted. This endothermic reaction was originally thought to-*
occur homogeneously, but several workers have illustrated the existence

23, 24

of a heterogencous mode of initiation =
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Table 1.2

C~-H bond strengths

Bond D[c-H] keal. mole™
primary 98.0
secondary 9%.5
tertiary 91.7
Fioy IE -1,
ljﬁkﬂz] = 45 kcal. mole
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1.3.1.2 Propagation

Alkyl radicals formed in the initiation step may undergo
several modes of subsequent reaction viz:- isomerisation, recombination,

abstraction, decomposition or further reaction with oxygen as shown

below.
CHB(.:H(Cﬂz)nCHB > CHBCHEEH(cna)W 1CH3 (1.2)
.nH2n+1 & 5nH2n+1 > CZnH4n+2 (1.3)
.nH2n+1 it Cm”2m+2 > CnH2n+2 % EmH2m+1 (1.4)
énH2n+1 » Caiom * 6(n-m)“2(n-m)+1 (1.5)
6n“2n+1 %9 e Cn“2n¢106 (¢°6)
cnuam1 + 0, > CH, * 1{(.)2 (1.7)

However, in the gaseous oxidation of hydrocarbons at temperatures between
150 and &BOOC, reaction with oxygen is generally considered to be the
major fate of alkyl radicals. The nature of this reaction has, however,
led to a considerable divergence of opinion.

Below 25006 it is generally agreed that reactions (1.6) and

(1.8) constitute the primary chain cycle:

-———-..._._) <
CnH2n+1 v 02 an2n+100 (1.6)

CH 00 + C H P —y, O
n 2n+

B onet non+2 2n+1 (1.8)

OOH + CnH2n+1

This alkyl hydroperoxide mechanism is accepted for liquid phase oxidations
in which the monohydroperoxide is the major initial product. Since the
chain is completed by alkylperoxy radical attack on the alkane, the
reaction is selective and produces mainly 2° and 3° alkyl hydroperoxides.
Reaction (1.6) which has been widely studied is known to be fast and

25

proceeds with an activation energy very close to zero « In the case

26

of methyl radicals it has been shown to be termolecular .

c:n3 +0, + M > cujoo + M (1.9)
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This may also be true for ethyl radicals but for higher molecular weight

-

alkyl radicals this process is bimolecular, since a greater number of
degrees of freedom are available for the distribution of energy released

during the reaction. By consideration of the enthalpy and entropy

27

has estimated that the rate constant and pre-exponential

=13

changes, Fish
factor for reaction (1.6) are ki-G(SBOOK) = 10 cc. molecule-isec:1 and
Al g=11x 10" % oo mleciie Linesst.

Between 250 and &OOOC, however,; where the alkylperoxy radical
is less stable, two conflicting theories of chain propagation have

recently been proposed.

(a) Alkene-hydroperoxy radical addition theory

2
Following a series of studies of the oxidation of ethane

and propane 29, 30

in the early stages of reaction, Knox postulated that
the major propagation sequence in the oxidation of lower alkanes, is

reaction (1.7) followed by reaction (1.10):

N
cn”2n+1 +10, 2% Cnﬂan i "02 (1.7)
1 " 7
CH, .o+ HO, > CH, 1t H,0, (1.10)

At temperatures in the range 250 - 400°C the hydrogen peroxide was
considered to be inert and so the hydroperoxy radical was the main chain
propagating radical. However, consideration of the competition of
reaction (1.11), >

N
HO, + HO, > B0, +0, (1.11)

especially after the early stages of reaction, together with the results

1 A .
3 which indicated that the main radical

of competitive experiments
attacking the hydrocarbon molecule was unselective, led Knox to a
reappraisal of his ideas in 1965 32. He considered that in order to
explain the observed oxidation rates, the hydroperoxy radical must be

converted into a more reactive species in the intermediate and later

stages of the reaction. Thus, he was forced to derive a mechanism for
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the conversion of hydroperoxy radicals to hydroxyl radicals. He
considered that this conversion must involve some intermediate product
and the most obvious choice was the conjugate alkene which he had shown
to be the major intermediate in the oxidation of these low molecular

weight hydrocarbons. The conversion scheme he considered is:

5. -
cnﬂ?.n + Hoz > cnnznoou (1.12)
Y \
C H, OOH + 0, > 00C H, OOH (1.13)
b
oocnnznoon + 1102 ) Hoocnliznocm + Oa (1.1L)
HOOCnHEHOOH > 20H + carbonyl compounds (1.15)

In this scheme two hydroperoxy radicals are converted to two hydroxyl

radicals which can propagate the primary chain as in reaction (1.16):

cmnam2 + OH > cnuzn+ 4 * H0 (1.16)

Knox drew considerable support for this scheme from work on alkene
oxidation which had shown that in the temperature range 300 - 35000,
approximately 80% of the primary products were carbonyl compounds 33 3&.
Furthermore, the existence of dihydroperoxides had been illustrated by

Cartlidge and Tipper 35

y although only for relatively high molecular
weight hydrocarbons,.

An important consequence of this scheme was that it offered
an explanation of the negative temperature coefficient phenomenon. Knox
calculated that at initial temperatures up to 3?000, hydroperoxy radicals
were converted to reactive hydroxyl radicals whereas above this
temperature their major fate became disproportionation (reaction (1.11)),
which thus accounted for the observed decrease in the rate of reaction.

These considerations allowed him to formulate a mechanism for

low temperature hydrocarbon oxidation as follows:
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3 ~ ; < of
cnﬂzm 1 * 90, > cn"an + Ho, (80%) (1.7}
CnH2n+1 + 02 s CnH211+100 (20%) (1.6)
cnuzm2 + HO, > cH, . +H0, (initial (1.10)
stages)
N
CH, ., *OH > CH, ,+H0 (later (1.16)
stages)
C.H 00 > wall destruction SR L
n 2n+1

The minor products were thought to arise largely through the
destruction of alkylperoxy radicals at the walls of the reactor
(reaction (1.17)) since their distribution showed a marked dependence on
the nature of the reactor surface 36, 37.

The importance of the conjugate alkenes as intermediate
products has received support from many workers, notably Cullis et al 38
who showed by Cih- tracer ilechniques that during the oxidation of n-butane
at 315°C,at least 35% of the fuel had been converted to the two conjugate
alkenes after 50 seconds of reaction. These workers also considered that
the mode of formation of the alkene is via reaction (1.7) and not via

isomerisation of the alkylperoxy radical (reaction 1.18)) and subsequent

decomposition of the «{-hydroperoxybutyl radical (reaction (1.19)),

cuj- CH,, - CH,, - t|:H2 > CHB" CH,~ CH-CH, (1.18)
0—0 HO—0
- - ~ CH > - = = =
cu3 c:H2 CH clzr a — cn3 cnz CH cn2 + HOz (1.19)
HO — O

because the predominant isomerisation of the but~1-ylperoxy radical would
be expected to involve 1:5 hydrogen transfer due to the lower strain
energy invelved,

Benson also considered this problem of the mode of alkene
formation theoretically and arrived at the same conclusion 39. His

reasoning was as follows. From the simple scheme:
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L]

nH2n+1 * 02 b = Cnﬂzm-ioo (1.6)
C Hoia 05 - = énnznoou (1.20)
énuanooﬂ - = CH, + H62 (1.21)
an2n+106 +CH, 5 > CH,  (O0H + En“2n+1 (1.8)

it can be seen that the maximum fraction of the alkylperoxy radicals

converted to the alkene is given by the ratio:

ky20/ (69,00 * K 1.6 * ¥ 8 [;nH2n+2])

Benson estimated that A1.20 = 10 8€Ce , 31.20 = 27 kcal.mole ',
15.3 =1 =4
A-i ™ 10 SecC. and E_1 e 27 kcal.mcle and hence that the

10"3 -8

fraction converted <k1.20/k-‘1.6 = « For the competing path to .

alkene formation (reaction (1.7)) A f?ca. 108'? T T b P

1.7

is not known but Benson believes it is ca.}kcal.mole—i. He points out,

i By

however, that even if it is as high as 6 kcal.mole:1 the rate of alkene
production via reaction (1.7) at 300°C would be ca. 8 times faster than
the maximum rate via the intramolecular rearrangement. Unfortunately,
his argument rests on the high activation energy (16~18 kcal.mole-i) he
uses for bimolecular 2° hydrogen abstraction by CnH 3 06 in his

2n+1

estimation of 51.20 (sum of the endothermicity + strain energy +
activation energy of b.molecular 2° hydrogen abstraction). There is no
direct experimental evidence to substantiate this value, but comparison
with 2° hydrogen abstraction by Br atoms 40, for which E = 10.2 kcal.
mole-i, suggests that this wvalue is too high.

Reaction (1.6) is of course reversible and the values of the
equilibrium constant, which have been summarised by B.enslcm!*1 as shown in
Table 1.3, show that the relative importance of reaction (1.7) will
depend on the temperature and the nature of the alkyl radical. More

accurate thermokinetic data is required, however, before the mode of

formation of the alkene at a given temperature can be assessed
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Table 1.3

Estimated values of Keq for the bimolecular

association of oxygen with alkyl radicals

an2n+1 * 02 -3 CnH2n+100
Log K__ atm,”*
Alkyl Group
300°K 500°K 700°%K
(:H3 12.3 L.6 1.35
Cz“5 13.5 5.2 1.50
1-(:3117 14,1 5.5 1.85
t—C!‘.HQ 13 .0 ":-6 0197
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unegquivocally.

More recently Knox has investigated the slow combustion of
n~-pentane 42 and has shown that the yields of many of the reaction
products, particularly acetone, are very susceptible to the nature of
the reactor surface. For this hydrocarbon he considers that reactions
of alkylperoxy radicals explain the formation of not only
2-methyltetrahydrofuran but of the pentenes as well. The formation of
carbonyl compounds is believed to involve intermolecular hydrogen
abstraction by the pentylperoxy radicals to form an unstable
hydroperoxide which diffuses to the reactor walls where it decomposes.

In his more recent work, therefore, Knox has modified his
views concerning the importance of the alkene-hydroperoxy radical aédition
theory and has moved closer to the alkylperoxy radical isomerisation
theory.

(b) Alkylperoxy radical isomerisation theory

The main chain-propagating cycle may be summarised in general

terms bf the following reactions:

S onit % ¥ .10 (1.6)
& b ]
cnuzm 1oo > cnuznoorl (1.20)
CnﬂanOH — Products + OH (1.22)
N -
CH, ., +0i > C.Hy .o +H0 (1.16)

In contrast to the alkene theory, the predominant mode of
oxidation of the alkyl radicals is by oxygen addition and the
alkylperoxy radical so formed then undergoes homogenecous intramolecular
rearrangement, reaction (1.20). Decomposition of the recarranged radical
(reaction (1.22)) usually leads to a hydroxyl radical and stable producté
which include O-heterocycles, alkenes, carbonyl compounds and alcohols
with rearranged carbon skeletons relative to the fuel. The chain~cycle

is then completed by unselective attack on the fuel by the hydroxyl radical.
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The isomerisation of alkylperoxy radicals involves the
formation of a cyclic transition complex in which a bond forms between
the terminal oxygen atom possessing the free valency and a hydrogen atom
attached to a carbon atom in the hydrocarbon skeleton. Several modes of
hydrogen transfer can occur via the formation of different size
transition ring complexes. Thus for example, hept-2-ylperoxy radicals
can isomerise to form four different hydroperoxyhept-2-yl radicals
through the formaticen of four transition complexes (as shown on Page 32),
The o, P=-, Y~and S-hydroperoxyheptyl radicals so formed arise via 5,
6, 7 and 8 membered transition ring complexes respectively. The
associated strain energies for these rings are approximately 6.5, 0.6,
6.5 and 10 kcal.mole—i and it can be seen, therefere, that the most;
favourable mode of isomerisation is 1:5 hydrogen transfer which leads to
the formation of a P -hydroperoxyheptyl radical. The corresponding 1:4
and 1:6 hydrogen transfers are less favourable and the 1:7 hydrogen
transfer is most difficult of all. However, the relative rates of the
various modes of hydrogen transfer for alkylperoxy radicals in general
will depend not only on the size of the transition ring but also on the

nature of the C-H bond broken. The pre-exponential factor for these

39 11.5 $0.3__ -1

isomerisations has been estimated by Benson to be 10
and Fish 43 has estimated the activation energies and the rate constants
at 550°K as shown in Table 1.4.

The hydroperoxyalkyl radicals formed in reaction (1.20) may

subsequently reisomerise, decompose or add oxygen:

L
C H, 00H S cn“2n+1°° (-1.20)
CnHZnOOH > products + radical (1.22)
anznOOH + 0, > ooan2n00H (1.23)

In general,the reverse isomerisation of 7~ and §-hydroperoxyalkyl radicals
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Nature of Class of Transition State AH E Log k
C-H Bond H-Transfer Ring Size i o 1
Broken Reaction (Including H) (kcal.mole ) (kcal.mole ) (k in sec. )

1:3 e 8 4o -5.0

1:4 5 8 21 2.9

Primary 1:5 6 8 15 5.2

1:6 7 8 21 2.9

2 Gl 8 8 24 1.5

1:3 A k.5 37 -3.6

1:4 5 b5 17 k.3

Secondary 1:5 6 4.5 11 6.6

1:6 7 L.5 17 4.3

1:7 8 £.5 21 2.9

1:3 B 1.7 34 ~2.8

1:4 5 1.7 14 5.4

Tertiary 1:5 6 1.7 8 757

i:6 7 157 14 5.k

1:7 8 1.7 18 L.0

* for A = 1011 gecy?
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is considered to be slow compared with their decompositions and as such
is not important &3. Under certain circumstances this reverse
isomerisation for o-and P-hydroperoxyalkyl radicals may be competitive
although results from a recent C 1% - tracer study of the oxidation of
n~butane L suggest that this isomerisation is also unimportant for
o ~hydroperoxzybutyl radicals.

The various modes of decomposition of hydroperoxyalkyl

radicals may be summarised as follows:

(i) cyclisation to give an O-heterocycle and a

hydroxyl radical

L=, P~, V- and §-hydroperoxyalkyl radicals
cyclise to form oxirans, oxetans, tetrahydrofurans

and tetrahydropyrans respectively, e.g.

CHBCHCH Hc113 ———— 0113c11c1120m;u3 (1.24)

N

|
)= 0O +o0H

o

(ii) P -scission of the C - O bond to give the conjugate

alkene and a hydroperoxy radical

This mode of decomposition is restricted tod -
hydroperoxyalkyl radicals, e.g.

Co—-on cnj\

g C=CH_. + HO

3\'\.
2 2 2 (1.25)

CH3 CH3

(iii) homolysis of the U - O bond and intramolecular
transfer of an alkyl group to give a rearranged

carbonyl compound and a hydroxyl radical



(iv)

(v)
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Group shifts have heen confirmed in studies
of the oxidation of 3-methylpentane, 3-ethylpentane

and isobutane; e.g.

CH, /¥,

ngl: e e cu3-~t,-im—c1{2— CH, (1.26)
o(l— OH Y + on

P-scission of a C - C bond and homolysis of
the O ~ O bond to give an alkene, a hydroxyl radical

and either a carbonyl compound or an O-heterocycle

P -Hydroperoxyalkyl radicals undergo this mode
of decomposition to form alkenes and carbonyl

compounds in pairs e.g.

CH f '.'lll3
/-\ CHCH, ——— \C=0 + CH==CH —CH
/ 3 s 2 3
| C!13
N e (1.27)
0 \.99“ + OH

This type of decomposition is energetically less
favourable for 7~ and § -hydroperoxyalkyl radicals

vhich form alkenes and O=heterocycles in pairs.

P -scission of a C = C bond and homolysis of the
0 - O bond accompanied by group transfer to give

rearranged scission compounds and a hydroxyl radical

This mode of decomposition is exemplified in the

oxidation of 2-methylpentane and can explain



the formation of methyl ethyl ketone and

ethylene as shown below:

CH CH_--CH CH —C —CH,_—CH
2 2
NS 2 E 34
CHB{C CH, —— 0 (1.28)
| L
oloﬂ + CH,==CH, + OH

(vi) homolysis of O - O bond and two other bonds
to give an unsaturated carbonyl compound,

an alkyl radical and water

This mode of decomposition is complex and may
not occur in a single step, e.g.

R e e

CH,——CH—CH—CH_CH, —> CH_==CH-—CHO (1.29)
2 \\4 !l 2 3 ?

L
™\ .
u\y——ou + CILCH, + 1,0

Of these decomposition reactions, the most common are the
cyclisation and P -scission reactions, modes (i), (ii) and (iv). The
importance of cyclisation is clearly demonstrated by the considerable
yields of O-heterocycles found in the oxidation of high molecular weight
hydrocarbons 4&. The P -scission decomposition of P -hydroperoxyalkyl
radicals has been shown to be more important for branched-chain
hydrocarbons a8 whilst the same decomposition for J{-hydreoperoxyalkyl
radicals becomes increasingly more important as the molecular weight of
the alkane is decreased &5.

The further oxidation of hydroperoxyalkyl radicals has been

25

studied by Calvert and Dingledy and shown to be fast, the activation .

energy being close to zero.

H_ OOCH N
cn b +0 > OOCnHznOOH (1.23)

2 2
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A dihydroperoxide or possibly a trihydroperoxide may subsequently be
formed by intermolecular hydrogen abstraction:

C H + 00C H, OOH ~——————————> HOOC H_ OOH 4+ C I (1.30)
n 2n n 2n n

1
n 2n+2 2n+1

The existence of dibydroperoxides is well documented in the work of
6 4
Cartlidge and Tipper 35, Crandall and Thomas & and Rust ?.
The various competing reactions of hydroperoxyalkyl radicals

W3

have been assessed by Fish who concludes that, neglecting the reverse
isomerisation reaction, further oxidation competes effectively with the
formation of conjugate alkenes, oxirans and oxetans i.e.

= hydroperoxyalkyl radicals and to a lesser extent P-hydroperoxyalkyl
radicals will add on oxygen while ¥-and §6-hydroperoxyalkyl radicalﬁ;
preferentially decompose.

The identification of all the possible O-heterocycles in the
oxidation of n~butane 38 clearly indicates that the radical attack on
the hydrocarbon is indeed unselective as would be expected since the
hydroxyl radical is formed in many of the decomposition reactions above.
In order to describe the propagation mechanism in detail it is nccessary,
therefore, to consider the reactions of each and every alkylperoxy
radical formed from the fuel. From such a consideration Fish has been
able to describe qualitatively the product distribution found during the

50

oxidation of 2-methylpentane &8, neopentane 49, n-hexane and

51

2,3-dimethylbutane over a wide range of initial reaction conditions.

1.3.1.3 Branching

There has been considerable controversy over the nature of the
intermediate directly responsible for degenerate branching during the
oxidation of hydrocarbons; the two compounds most commonly believed to
be involved in this step being hydroperoxides and aldehydes. Since the

commoﬂ;mecursorof both of these compounds is an alkylperoxy radical,

-
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Sy H K
CnH2n+100 % CnH2n+2 Cn“2n+100 - an2n+1 (1.8)

—_— H 9
CH, 00 cnugnoo (1.20)
C H_ OOH ——3 AH + OH (1.31)
n 2n

(where AH is a compound with a labile hydrogen e.g. an aldehyde), the
conflict has arisen from the differing opinions as to the nature of its
subsequent reaction. At temperatures below 25000, alkyl hydroperoxides
are relatively stable and constitute the major oxidation preduct,
hovever as the temperature is increased, the possibility of branching
by their homogeneous decomposition is substantially increased

(reaction 1.32)).

- A A
cH, ., 00H =3 CH, .10+ O (1.32)
Benson 39 has estimated the stability of alkyl hydroperoxides with

"

regard to their unimolecular decomposition. Assuming D[?n“2n+10 - mﬂ
to be about L3kcal. rn-:;lez»1 and a pre-~exponential factor of 101J sec:i,

he estimates the half-life of C H, . OOH at 330°C to be of the order of

an
1 second and at 29000 to be 10 seconds. He therefore concludes that
hydroperoxides can justifiably be considered as branching intermediates
up to about 350°C. However, above this temperature, the rate of the
alkylperoxy radical isomerisation is such that the stationary
concentration of alkylperoxy radicals is considerably reduced and it is
doubtful whether alkyl hydroperoxides may be formed at all.

For fuel lean mixtures where the further oxidation of

hydroperoxyalkyl radicals is important, branching may also occur via the

decomposition of dihydroperoxides:

HOOC H,, OOH ' -> 20H + carbonyl compounds (1.15)

In the oxidation of n-pentane, for example, Bastow be has described the
o o
branching process below 315 C in terms of the unimolecular decomposition

of pentyl dihydroperoxides.
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Aldehydes may lead to branching in two ways. Shtern, Tcherniak
2* 2 y
and Antonovski 2 suggested that the reaction of acetaldehyde with oxygen,

to give an acyl radical and a hydroperoxy radical, could explain the

branching process.

CHBCHO FU0, 5 cujco * H02 (1.33)

An alternative role of aldehydes in the branching process was suggested

by “Enikolopyan 53 S5k

based on the ideas of Bawn, Mullen and Skirrow
concerning the importance of peracetic acid during the oxidation of '
propylene. In this scheme the branching reaction is the unimolecular

decomposition of peracetic acid as shown below:

cnjcuo + OH . S cuzco + H,0 . (1.34%)
cnjco + 0, 5 cajcooo (1.35)
cnjcooo + AH ’) cnjcooou + l (1.36)
c1—x3coooa 5 cujcoo + OH (1.37)

A similar scheme has recently been shown to be capable of explaining
branching during the oxidation of n-butane 53 above 330°C, particularly
for fuel lean mixtures. Furthermore, peracetic acid is believed to be
responsible for degenerate branching during the oxidation of
acetaldehyde 56 « An important consequence of this mode of branching

is that it is capable of explaining the occurrence of the large negative
temperature coefficient region between 350 - 400°C for most

hydrocarbons. In this temperature range the homogeneous decompositions :

of acyl and acylperoxy radicals become increasingly competitive.

cnjco ‘ - CH3 + CO (1.38)

cngcooo > CH30 + €O, (2.39)

Thus as the initial temperature is raised above 35000 these reactions
gradually predominate over reaction (1.36) and the stationary

concentration of the peracid decreases with a concommitant decrease



L0

in the reaction rate.

The variation of the mode of branching and the reactions
leading to the formation of the branching intermediate,has been
considered as an explanation of the lobes that appear on the cool flaue/
ignition boundary. Walsh 7 designated the three lobes he found with

A

and ascribed their occurrence to various modes of alkylperoxy radical

n-heptane and n-octane L. L. and L3 in order of increasing temperature

isomerisation. He considered that the three important isomerisations
involved hydrogen abstraction from a 2° carbon in the P-position, a 2?
carbon in the d-position and a 1° carbon in the d-position. Walsh
suggested that these isomerisations involved progressively higher
activation energies and this could account for the temperature
dependence of the lobes. The branching process was considered to be
due to the decomposition of dihydroperoxides formed by the further
oxidation of the subsequent hydroperoxyalkyl radicals followed by
intermolecular hydrogen abstraction. The negative temperature
coefficient region associated with each lobe,was seen as the increasing
competition of the decomposition of the hydroperoxyalkyl radical which
leads to non-branching intermediates as the temperature is increased.
In 1968 Fish - modified these ideas and suggested that a
correlation existed between the number of lobes and the number of
possible modes of alkylperoxy radical isomerisation. From a study of
the data available at the time,Fish concluded that for the majority of
hydrocarbons this relationship certainly seemed valid. The explanation
of the lobes given by him was that 1:6 and 1:5 hydrogen transfer
accounted for the L_and L.2 lobes respectively, whilst 1:4 and 1:n

i

(where n > 6 ) hydrogen transfer accounted for the L. lobe. From

3
detailed studies of neopentanehg and 2,3~-dimethylbutane 51,which exhibit
two and five lobes respectively, it is now clear, however, that a given

mode of hydrogen transfer cannot be assigned exclusively to a given lobe.
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In addition, Lucquin 59 observed that the lower lobe found for

1
2-methylpentane + oxygen mixtures :8‘ and assigned L, by Fish, occurs

1
at a iower temperature than that found by Walsh for straight chain
hydrocarbons. He suggested, therefore, that this lower lobe should

be called Lo thus enabling a nomenclature of lobes to be ascribed with
respect to temperature.

A more recent suggestion for the occurrence of lobes is that
proposed by Antonik and Lucquin 60. The basis of their theory is that
the competing reactions of the alkylperoxy radical change as the initial
temperature is raised and the various branching steps can be identified
as follows:

(i) Lo mechanism

This is a mechanism of pure peroxidation which is important at
low temperatures, but can.only occur when the fuel itself has a labile
hydrogen atom (such as 2-methylpentane and acetaldehyde)

00 + C |
n

I2n+2

-
an2n+1 e CnH2n+100H + Cnﬂ (1.8)

2n+1

1 —— oy
Cnﬂzn+1OOH an2n+1O + OH (1.32)

(ii) L1 mechanism
The L1 mechanism involves primary peroxidation which is

catalysed by hydrogen donors, such as aldehydes, formed in the primary

chain cycle:-

cnnhﬂo:; > c':nuanoou (1.20)

EnH2n00H > AH + alkene + 6H (1.41)
(where AH represents an aldehyde)

CH, .4 00 + Al > CH,  OOH + A (1.42)

C H, oo ' > CH, 16 + oH (1.32)

Evidence for this mechanism has recently been obtained from a study of

3 < 61
the oxidation of neopentane « The addition of 1% HBr to the neopentane
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+ oxygen system was shown to induce the appearance of an LI lobe and {the
mode of action of the additive was considered to be:

cn32n+1oo + HBr > C“H2n+1ffﬂ + Br . (1.40)

degenerate branching
Since D [H - Br] is of the order of 87 kcal.mole-i, reaction (1.40) is
responsible for the production of the branching agent at lower temperatures
than in the absence of the additive. Furthermore, variation of the

stoichiometry shows that the L, mechanism is favoured by a high hydrocarbon

1
to oxygen ratio, as might be expected from the proposed mechanism, since
the hydroperoxyalkyl radicals are less likely to undergo further
oxidation.
(iii) L, mechanism
Antonik and Lucquin consider this to be a process of secondary
peroxidation, possibly that of aldehydes. The branching step is the

decomposition of peracids formed by further oxidation of the aldehydes

as shown below:

A+ 02 > Ko uoa (1.43)
5 N
A+ 0, > Ao, (1.4%)
Aoa + cn”2n+2 >  AOOH + cnﬂ2n+1 (1.45)
AOOH > AO + OH (i.46)

The changeover in branching mechanism with increase of tewperature, L1

to La, is considered by the authors to be the competition between
reaction (1.42) and reaction (1.43) with the latter predominating at

higher temperatures.

-

AH + Cn“2n+100

N

!
an2n+100H + A (1.;2)_

AH + 02

Lis uf:z (1.43)

AV

Since reaction (1.42) is a radical/molecule reaction,its activation
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energy will be lower and this reaction will predominate at lower

temperatures.

The L2 mechanism is, therefore, favoured by low fuel to oxygen
ratios and receives considerable substantiation from the observation of
the dramatic fall in the concentration of aldehydes during the cool

61
flames of neopentane for example.

(iv) L_ mechanism

This mechanism is similar to the L_ mechanism except that

2
formaldehyde is believed to be involved in the branching step:
Hco3 + cnnzn+2 Y 1100311 + cn"2n+ 3 (1.47)
H003H » HCOO + OH (1.48)

Thus, the foregoing considerations certainly seem to reconcile
the apparently contradictory hydroperoxide and aldehyde theories of
branching, indicating that in general aldehydes are important above 30000
whereas hydroperoxides and possibly dihydroperoxides are important below
this temperature. Furthermore, this theory incorporates the explanation
suggested by Yenikolopyan of the major negative temperature coefficient
region in terms of the competition of reactions (1.38) and (1.39) with

reaction (1.36), (when acetaldehyde is the aldehyde in question).

H - v

C 3co cu3 + CO (1.38)
c113c03 > (:1{30 + co2 (1.39)
c::13c<:-3 + AH > CHBCOBH + A (1.36)

Additional support for the theory is gained from the identification of

peracetic and perpropionic acids above 30000 in the reaction proeducts of

the oxidation of propane and n-butane respectively 35.
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1.3.1.4 Termination

Termination reactions may take place with the participation of
one or two free radicals. In the latter case (quadratic termination),
chain breaking can occcur through either recombination or disproportion-
ation. Thus, for example, under the conditions towards the end of
hydrocarbon oxidation reactions when the concentration of oxygen is very
low, alkyl radicals may recombine to form saturated melecules, In the
oxidation of propane G,the appearance of ethane in the final stages of
the reaction is considered to be due to the recombination of methyl
radicals:

CI'i3 + CH3 + M > C2H6 + M (1.49)

s

Recombination between atoms and simple radicals often requires a third
body for the necessary stabilisation of the product,whereas recombination
reactions of more complex radicals occur by a simple bimolecular
collisione.

It is generally congidered that in the low temperature region
wvhere the formation of alkylperoxy radicals is important, chain
termination reactions often involve the destruction of these radicals.

A variety of reactions have been considered viz:-

CH, 400 ———— 5 destruction at wall (1.17)
C H, 1004 —————) destruction at wall (1.50)
e .
an2n+1oo + HO, CnH2n+100H + 02 (1.51)
.._.._.....___) .
an2n+100 23 cn“2n+100 an2n+104an2n+1 (1.52)

o™ HE R T G (1.53)

There is considerable support for the view that reactions (1.17) and
(1.50) constitute major termination reactions in the low temperature

52, 63,

region Furthermore, studies of the addition of inert gas,

variation of the nature of the reactor surface and the surface to
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volume ratio,all indicate the importance of heterogenecous termination
reactions. For example, Bonner and Tipper 64 consider that the inhibition
exerted on the oxidation of propane, cyclohexane and n-heptane by
potassium chloride and lead monoxide surface coatings,is due to the
increased rates of destruction of various peroxy radicals and

65

hydroperoxides at the surface. Secakins also considers the destruction
of alkyl hydroperoxides at the walls to form stable products to be of
importance.

Reaction (1.51) is known to occur in the liquid phase and its
occurrence in the gas phase depends on the stability of the alkyl
hydroperoxide so formed. Calculations of the half-life of hydroperoxide539
indicate that above 2500C this cannot be accepted as a termination F;tep.
Moreover, the concentration of hydroperoxy radicals is likely to be low
due to reaction (1.11):

HO2 + “02 > H202 + 02 (1.11)

Below QOOOC the hydrogen peroxide formed may be considered to be inert
and therefore under these circumstances reaction (1.11) may become an
important homogeneous termination reaction.

Benson ¥, 67

has carried out a detailed study of reactions
(1.51), (1.52) and (1.53) and concludes that very little evidence exisis
for termination reactions invelving alkylperoxy radicals in the gas phase.
The products of reactions (1.51), (1.52) and (1.53) are all extremely
unstable and as such have a greater propensity for propagating rather than
terminating the chain.

Nevertheless, radical - radical interactions can be shown to
have some important consequences. Lucquin and his co-workers consider 1
that the pic d'arrét is due to the reaction of alkylperoxy radicals with'
alkyl radicals and that these reactions are particularly favoured by low

oxygen concentrations, as found in the final stages of reaction. The

analogy has been drawn between the pic d'arr@t and oxygen "cut-off" in
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e . ! X
liquid phase studies 8. Thus the basic sequence of reactions considered

is:
ot e/
c H2 i * (& Ha +100 e H2 +100{: H2 41 (1.54%)
: —-—.—....————.% -
C H2n+1000 Hz I oxygenated products (1.55)

The significant yields of aldehydes and alcohols detected at the time of
the appearance of the pic d'arr€t are considered to be due to further

reactions of alkoxy radicals formed from the decomposition of dialkyl

peroxides.
cn“2n+10 BT Cm“2m+1 (1.56)
LS
an2n+10 + AH > cnuzm L0 + A (1.57)

The burst of luminescence which also accompanies the pic dlarrét is’
attributed to termination reactions which are highly energetic and

produce excited formaldehyde. Sochet, Sawerysyn and Lucquin 62, for
example,have suggested three radical - radical reactions which can account

for its production during the oxidation of propane.

- - E 3
CH30 + CH30 > CHBOH + HCHO (1.58)

AH = - 81 kcal.mole-1

*
CHBO + OH > 1{20 + HCHO (1.59)
BY w2101 kol .mole
- - ‘
CH O + CH > CH, + HCHO "

AH = - 81 kt:zull..nn::le“1
Similar highly energetic radical - radical interactions are
considered to be capable of explaining the luminescence accompanying slow
combustion and more particularly cool flames. Excited formaldehyde has
been shown to be responsible for this luminescence 69 and since the
reaction producing the excited formaldehyde must be exothermic to the
exient of 77 kcal.mola-i, radical - radical reactions are the most

63

probable source. Minkoff and Tipper suggest that the most likely
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reaction, considering the large concentration of alkylperoxy radicals
present under cool flame conditions, is reaction (1.61) which is

-1
exothermic by ca. 85-90 kcal.mole ~,

g *
CH300 + H02 —> HCHO * + H20 + 02 (1.61)

Sokolik ™ pas suggested that reactions (1.62) and (1.63), which are
both exothermic by ca. 100 kcal.mole_i, can also account for the

production of excited formaldehyde.

CH_, + HO

3 i HCHO & + H 0 (1.62)

2

N

®
cu3 + Hco3 HCHO * + Hzo + CO (1.63)

Ny

In any event, it is clear that in view of the relatively low number of
quanta emitted during a cool flame, the reaction producing the excited
formaldehyde must be a secondary reaction involving infrequent radical -

radical interactions and plays no pari in the propagation reactions.
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1.3.2 The high temperature mechanism

This mechanism of hydrocarbon oxidation is considered to be
important above ca. 400°C and is, in general, far simpler than the low
temperature mechanism. However, in comparison with studies carried out
at lower temperatures, very little work has been performed in the high
temperature region. The most outstanding contributions towards
elucidating the high temperature mechanism have been made by Sampson,
who has studied the oxidation of hydrocarbcns in a flow reactor and by
Baldwin and Walker who have devised a novel scheme for oxidising
hydrocarbons in a controlled radical environment. These studies have
allowed a detailed mechanism to be considered and the elementary reactions

which have been identified are discussed below.

103-2-1 Initiation
The initiation reaction is considered to be the same as that

at lower temperatures (reaction 1.1):

b
an2n+2 + 02 > an2n+1 + HO2 {(1.1)

A further mode of initiation which may be envisaged above 60000,
particularly with low partial pressures of oxygen, is the unimolecular

pyrolysis of the hydrocarbon molecule, reaction (1.64):

CH 2. C

n 2n+2 % m“2m+1 ¥ c(n—m)“2(n-m)+1 (1.64)

1.3.2.2 Propagation and branching

At these temperatures the predominant reaction between alkyl

radicals and oxygen is abstractive and not additive.

Callansa * O 7 gy 0, (1.7) -

The hydroperoxy radicals so formed are capable of disproportionation to
form hydrogen peroxide which at high temperature has been shown to

undergo considerable homogeneous decomposition 71. Thus in the high



temperature region it can act as the agent of degenerate branching.

S .11
HO, + HO, > B0, 40, {1.11)

H,0, + M > 20H + M (1.65)

Baldwin 14 has shown that these reactions are an important source of

73

hydrosxyl radicals in the Hz + 0, system. Similarly, Sampson has

2

proposed a route for the conversion of HO_, to OH in the high temperature

2
oxidation of ethane as follows:
- 02 - - [ ]
rr—— Cal'!S . HD2 — O —mmm™> CZHS
> Hzoz — +2H20
. 0, . 02 . -
—— Cz!ls ———— ) HO2 =3 OH iy Czl{5

1,
Cullis, Fish and Gibson i consider that in the early stages
of reaction the major initial attack on the hydrocarbon involves

hydroperoxy radicals,

- -

] + N
Cang + 05 > CHoer THO0, (1.10)

"

but in the later stages following the homogencous decomposition of the
peroxide, the propagation is then continued by the unselective attack by

hydroxyl radicals:

N
Cn"2n+2 + OH 4 cnu2n+1 3 "20 (1.16)

Reaction with oxygen is not the only important fate of alkyl
75

radicals at these temperatures, however. Sampson has shown that they
also pyrolyse to a large extent. Thus, for example, during the
oxidation of isobutane at 532 - 625°C,he found that although isobutene
is still an important product, the pyrolysis of iso- and tert-butyl
radicals accounts for 50% of the isobutane reacting. Several thermal

decompositions can be considered for alkyl radical pyrolysis, but the

particular mode of decomposition depends principally on the structure



of the alkyl radical viz:-

- ; ‘\ -

03u7 > CH3 + CH, (1.66)
n-c&u9 > caﬂ5 + CH, (1.67)
i-céug > cn3 + °3”6 (1.68)

Sampson also found that in general,the reactivity of alkanes increases in
the order CS> c,{) c:’)cg, although not nearly as markedly as at low
temperatures. He ascribed the increase in reactivity to the proportion
of methyl radicals produced by pyrolysis of ihe alkyl radical. The methyl
radicale thus formed were considered to be important in propagating the
reaction,either by abstracting hydrogen from the hydrocarbon,or by

reacting with oxygen to give formaldehyde and a hydroxzyl radical:

LY
cu3 + O o > C +CH, (1.69)
cu3 +0, ¢ (M) S cn300 + (M) (1.70)
cnjoo > HCHO + OH (1.71)

Sampson considered, therefore, that the alkyl radicals producing the
greatest proportion of methyl radicals will be the most reactive.

Important kinetic and mechanistic data concerning the high
temperature mechanism has been obtained from studies of the addition of
trace quantities of hydrocarbons to slowly reacting H2+02 mixtures in
aged boric-acid vessels at SOOOC. Baldwin and Walker have used this
method to study the high temperature oxidation of wmethane 76, elthane 76,
propane 7?, n-butane 77, isobutane 7 and neopentane 76. Two methods
of investigation can be carried out using this technique:

(i) examination of the rates of consumption of the
hydrocarbon and formation of water allow the relative rates of attack

by H, O, OH and HO_ to be determined and

2

(ii) analysis of the reaction products at various stages in

the reaction allows the fate of the radicals produced in the primary
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attack to be deduced.
The additions of hydrocarbons are kept below 0.1% so that the

known relative concentrations of H, O, OH and uoz radicals formed in the

H2 + 02 reaction are kept stationary. The hydrocarbon thus added

competes with reactions invelving these radicals and since the mechanism

of the "2 + 02 reaction is known in detail,the major competing reactions

may be assessed. For example, the two competing reactions of the

hydroxyl radical are:

CnH2n+2 + OH cnnam 4% Hzo (1.16)

w

Ha + OH H+ H.O (1.72)

2

W

The rates of consumption of hydrocarbon and formation of water may be

substituted in the expression below and since k is known accurately,

1.72
a value for the rate constant of hydroxyl radical attack on the

hydrocarbon k 6 can be calculated.

4 Cn“2n+2] = *1.16 [CnH2n+2]
d[Hzo] o [Hz:l

Thus, by studying a range of hydrocarbons it is possible to estimate

1.1

Arrhenious parameters for specific radical attacks by assuming that the
velocity constants for attack at equivalent C - H bonds are the same.
The analyticul results of these studies have highlighted the
importance of reaction (1.7) in the early stages of reaction at SOOOC.
Thus the studies of ethane, propane, isobutane and n-butane oxidation
have revealed that 95%, 80%, 80% and 65% respectively of the hydrocarbon
consumed in the early stages is converted to the conjugate alkene.
Furthermore, these studies indicate that alkyl radical pyrolysis becemes
increasingly important as the molecular weight of the hydrocarbon

increases.
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1:3.2.3 Termination
Little work has been carried out on the nature of the
termination steps at high temperature, although it is generally

considered that reactions (1.73) and (1.74) are the mwajor terminating

steps.
B walls
OH > inactive products (1.73)
. walls
HO,, > inactive products (1.74)

The important contribution of heterogeneous termination has been

illustrated by Cullis et al 7%

who showed that increasing the reaction
vessel diameter leads to a lowering of the spontaneous ignition limit
with respect to pressure.

Thus, although not all of the aspects of high temperature
oxidation are yet fully understood, the foregoing studies nevertheless

contribute important information regarding the mechanism as well as

valuable rate constant data.
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1.4 Consequences of the low temperature mechanism

1.4.1 Cool flames and two-stage ignitions

The important reactions which lead to and occur during the
propagation of cool flames and the first stage of two-stage ignition
have been discussed in section 1.3.1. Since it is generally recognised
that cool flames play a significant part in the onset of low temperature
ignition it is important to understand their self-quenching nature and
the transition to two-stage ignition in terms of the physico-chemical
implications of the low temperature mechanism.

A cool flame can be considered as a chain-thermal explosion.
The propagation reactions occurring in the induction period, during{
which there is no appreciable self-heating of the reaction mixture, lead
to a build-up of the degenerate branching agent. When the reaction
conditions are such that ﬁ'(the net branching factor) exceeds a small
positive value, the concentration of chain carriers increases
exponentially and the reaction mixture suffers considerable self-heating.
This leads to a chain-theirmal ignition which manifests itself as a cool
flame. As mentioned previously, this process is self-quenching and the
explanation of this phenomenon may be found by considering ihe
stationary concentration of the branching agent. The increase in
reaction rate and the accompanying self-heating that occurs causes a
corresponding increase in the rate of consumption of the branching agent.
Furthermore, as the temperature of the reacting mixture increases, the
reactions in which the branching agent is produced suffer increasing
competition from other non-branching reactions,with the net result that
the stationary concentration of the branching agent decreases. The rate:
of branching and hence the rate of reaction subsequently fall. As a
result, the rate of heat evolution falls below that of heat dissipation

to the surroundings and the mixture rapidly cools thus returning almest
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to the initial temperature conditions. This cycle may be repeated to
give rise to further cool flames until insufficient fuel is left to form
the critical concentration of branching agent necessary for the
evolution of a cool flame. The series of cool flames is then followed
by slow combustion which completes the reaction. Since the first cool
flame produces numerous intermediate products, the branching agent(s)
responsible for subsequent cool flames is not necessarily the same and
it is in this respect that the transition to two-stage ignition can be
understood. The important role of the preducts formed during the first
cool flame in the mechanism leading to a subseguent ignition is clearly
demonstrated in the work of Fish et al 78, who studied the two-stage
ignition of a range of alkanes with the aim of determining the mech;nism
in detail. The experiments were carried ocui in an arrested piston rapid
compression machine and clearly indicate that an inverse relationship
exists between the induction period of the second ignition stage T,
(measured from the time at which the maximum rate of pressure increase
during the cool flame stage occurs) and the magnitude of the pressure

rise accompanying the cool flame as shown below:

-%
‘T’i % Apc.f.

This relationship holds over considerable ranges of temperature and
pressure which suggesis that the cool flame stage actual}y controls the
hot ignition. The fact that the ignition delay depends on the

intensity of the cool flame, rather than on conditions of temperature

and pressure existing prior to its propagation, is chemically very
significant. Indeed the product concentration/time curves obtained in
these studies show that many of the products which are formed at the
onset of the cool flame are formed again just prior to the hot ignition.-
Thus, although hot ignition commences in a similar manner to a cool flaue,
the value of the net branching factor must be larger in the hot ignition.

Fish et al conclude that this is probably due to additional branching
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agents being available following the passage of the cool flame.
A unique feature of the low temperature ignition diagram is
the existence of regions of multi-stage ignition (see section 1.2.%4.3).

79

This phenomenon was first reported by Bardwell for n-butane +

oxygen mixtures and has more recently been confirmed for the propane +
L a3 80 i 5

oxygen system by Griffiths et al and by Antonik . This type of

ignition secms to be restricted to low molecular weight hydrocarbons

and as yet the mechanism of its occurrence is not fully understood.

1ol 2 Knock and run-on

The phenomena of 'knock'! and 'run-on' in internal combustion
engines reduce their efficiency and hence in recent years considerable
attention has been paid to elucidating the mechanism by which they occur.
The idea that knock could be directly correlated to the shape and extent
of the low temperature cool flame region of hydrocarbon oxidation was by
no means new when Affleck and Fish 82 produced compelling evidence that
the mechanism leading to knock is identical to that leading to low
temperature two-stage ignition. In their work with a rapid compression

83

machine they showed, like Voinov and his co-workers y that the two-stage
ignition is maintained at pressures far into the high pressure region and
at pressures and temperatures similar to those experienced in a
combustion engine. A study of the pressure rise/time curves for a spark-
induced ignition showed that two distinctly different phenomena occurred.
The first consisted of the smooth propagétion of a flame front which lead
discontinuously to a second, wholly different rapid spontaneous

phenomenon which exhibited the property of knock. This latter

phenomenon was shown to be identigal to the high pressure two-stage
spontaneous ignition and was therefore related to the sub-atmospheric

two-stage ignition process. The similarity of the nature of the

mechanism of two-stage ignition of 2-methylpentane + oxygen mixtures at



both high and low pressure was clearly indicated by the nature of the
reaction products from the first stage in both regions A 48. Despite
the considerable differences in conditions, the chemical products were
almost identical and included considerable quantities of O-heterocycles.
The very low surface to volume ratio and the high initial pressure used
in the compression machine experiments strongly suggest, therefore, that
alkylperoxy radical isomerisation occurs homogeneously. Affleck and Fish
have concluded that a reduction in the tendency of a fuel to knock can
be brought about by the use of additives which inhibit cool flame
propagation or at least decrease the intensity of the cool flame so that
the hot ignition delay is correspondingly increased. _
Similar work on the problem of 'run-on' led Affleck et al 8%
to conclude that like knock, this phenomenon results from a two-stage
ignition of part of the fuel + air charge. In this work, a study of the
effect on run-on of numerous additives indicated that a detailed knowledge
of the mechanism of hydrocarbon oxidation is essential in order that the
model reguirements of an effective additive can be assessed., Furthermore,
the authors illustrated that the Research Octane Number (RON) is closely

related to the molecular structure of the fuel and that the run-on

performance of a fuel can be reasonably described by its octane rating.

1.4.3 Preparative applications

It has frequently been suggested that the cool flame oxidation
of hydrocarbons may be a viable route to £he production of useful
chemicals such as O-heterocycles and carbonyl compounds. This is an
attractive suggestion since both the raw materials and the processing
costs are low compared with alternative methods of production, Cullis et-
al h have shown that under suitable conditions relatively large
conversions to O-heterocycles may be achieved. High conversions

(ca. 25 -~ 55% by weight of hydrocarbon feed) have also been obtained in
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the 'falling solids' reactor designed by Jones and Fenske 85. A major
drawback of this method, however, is the difficulty and cost of
separating the complex mixture of products formed, but it is hoped that
homogeneous additives may considerably improve the selectivity of the

method.



1.5 The influence of molecular structure on the
mechani=zm of oxidation

The first attempt to relate the influence of molecular
gtructure and the mechanism of the gaseous oxidation of hydrocarbons

9 in 1947. They studied the

was made by Cullis and Hinshelwood
oxidation of a range of hydrocarbons and found that the ease of
oxidation increases as the length of the carbon chain increases, but
decreases as the degree of branching in the carbon skeleton increases.
They pointed out that this behaviour directly parallels the tendency of
a paraffin hydrocarbon to exhibit the phenomenon of knock. An
investigation of the minimum spontancous ignitien temperatures for a
variety of hydrocarbons, led Affens et al 86 to the same conclusion.
In both cases the authors suggested that the ease of oxidation depends
primarily on the stability of the hydroperoxide formed during the
oxidation, this in turn being related to the molecular structure of the
hydroperoxide and hence to ithat of the parent hydrocarbon.
: Following these preliminary investigations, Walsh 57 made a
detailed study of the relationship between molecular structure and knock
ratings of hydrocarbon fuels. In common with many other workers he
considered that the mechanism leading to knock was the same as the low
temperature mechanism of hydrocarbon oxidation and therefore concluded
that the knock resistance of a fuel was related to the resistance to cool
flame forwation. Walsh recognised that an important propagaticn step was
the isomerisation of alkylperoxy radicals and suggested that several modes
of isomerisation could occur, each with a different activation energy.
In this way, as the molecular weight of the hydrocarbon is increased,
more modes of isomerisation with progressively lower activation energies

become possible and so the tendency to form cool flames is increased.

Using these ideas he was able to explain the dependence of the knock
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rating of a fuel on its molecular structure and although these ideas
have been modified in view of more recent information,they nevertheless
provide a basis for considerations of the influence of molecular
structure on the mechanism of hydrocarbon oxidation.

Numerous detailed reports on various alkane and oxygen systems
have been made during the last decade and from these a clear picture of
the effect of molecular structure has emerged.

It has been shown in section 1.3.1.2 that in the temperature
range 250 = 400°C, low molecular weight hydrocarbons, with the exception
of methane, tend to ferm the conjugate alkene as the predominant reaction
product during the early stages of reaction, vhereas higher molecular
weight hydrocarbons form reaction products such as O-heterocycles aﬁd
carbonyl compounds under the same conditions. It seems clear, thercfore,
that the structural constraints placed upon the ability of a particular
alkylperoxy radical to isomerise, dictate the mechanism by which the
hydrocarbon will oxidise. Consideration of these consiraints allowg the
identification of two categories of hydrocarbons which exhibit different
behaviour, namely:

(i) hydrocarbons with five or more carbon atoms and

(ii)  hydrocarbons with four or less carbon atoms,

However, the change in behaviour as the homologous series is ascended is
gradual and hydrocarbons such as n-butane and n-pentane exhibit

properties common to both categories.

1.5.1 Hydrocarbons with five or more carbon atoms

The predominant mode of propagation for hydrocarbons in this
category involves alkylperoxy radical isomerisation and recactions of tha:
hydroperoxyalkyl radicals so formed. Theoretical considerations suggest
that both the isomerisations and subsequent decompositions proceed with

fairly low activation energies as shown in Tables 1.4 and 1.5.
(See p.33 for Table 1.4)
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Furthermore, this mode of propagation has been shown to be important at

temperatures as high as 400°C and the apparently negligible effect of
87

: 1 R W 11
deposits of carbon formed during ignition and pressure = suggests

that these reactions proceed homogeneously.

Considerable variation in the nature of the product
distribution, however, is observed for different hydrocarbons in this
category and this may be attributed to the various fates of different
hydroperoxyalkyl radicals which are illustrated by the follewing
generalised scheme and estimated rate constants:

L]

conjugate alkene + hO2

g-c H,,_OOH! —<
oxiran + Oh

carbonyl compeund+alkene+OH
P-CnH2n00H .

"3 oxetan + OH

cnﬁzn*i

oSy oxiran + alkene + OH

‘Y-C H OOH
—mi -
tetrahydrofuran + OH

)oxetan + alkene + OH

1 -
Dag tetrahydropyran + OH

(The values of log, k at 550°K are estimated 43s101)

//\\

Straight chain hydrocarbons in this category, with the
exception of n-pentane, can form ¥-hydroperoxyalkyl radicals by the
relatively easy initial attack at a secondary C - H bond, addition of
oxygen, and subsequent 1:6 hydrogen transfer from another secondary
C - H bond. Since the decomposition of these radicals is fast,
tetrahydrofurans would be expected to be important products for these
hydrocarbons and indeed, this has been shown to be the case in the cool

flame oxidation of n-heptane 88; cis and trans 2-ethyl-5-methyltetra-



hydrofuran accounting for ca. 30% of the products.

: —_————— H 3275
cnjcncl12c112c112cu2cu 3 CH3(|:11<:112C112CHC1[2C 5 (1.75)
0—0 0—OH
: — 1.76
0113CH(:112<:1!2c11c1i2cu 3 CHSCI{Cllacnzt,:lICHaCHS (1.76)
0—OH 0 + OH

Similarly as the length of the carbon chain increases, the possibility
of forming § ~hydroperoxyalkyl radicals, which undergo fast cyclisation
reactions to form tetrahydropyrans, is enhanced.

In contrast, branched-chain hydrocarbons such as 2-methylpentane, :
3-methylpentane and 3-ethylpentane, for which the formation of
¥ ~hydroperoxyalkyl radicals involves either initial attack at a primary
C - H bond or alkylperoxy radical iscmerisation via 1:6 hydrogen transfer
from a primary C - H bond, oxidise principally via the formation of
p ~hydroperoxyalkyl radicals. As shown in the above scheme, the
predominant mode of decomposition of these radicals involves P -scission
of a C - C bond to form carbonyl compounds and alkenes, The production
of similar amounts of acetaldehyde and but-2-ene in the oxidation of

12
3-methylpentane y, for example, may be accounted for by the following

reaction sequence:

cH CcH
I i | ' 3
CH_CHCHCH, CH > CH_CHCHCHCH 1.77
3 CHp 5 3 (1.77)
0—0 0 —oH
cH
)
CH_CHCHCHCH > CH.CHO + CH_CH=CHCH 1.78
0 — OH + OH

Thus, for these branched-chain hydrocarbons the yields of scission
compounds are greater than the yields of the corresponding O-heterocycles.
For highly branched hydrocarbons, the formation of & -hydroperoxyalkyl

radicals will be important. Thus, for example, the structure of
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2,3-dimethylbutane favours the formation of these radicals and since
their principal mode of decomposition is by P -scission of the C - © bond
to form the conjugate alkene and a hydroperoxy radical,
2,3-dimethylbut-2~ene would be expected to be an important product in

the oxidation of 2,3-dimethylbutane,as has been found experimentally )1:

?13 tI;H3 CI:I-13 cH

(:113———c|:-—t.:ﬂ——c53 > cuj—-—c':---sz——cn_3 (1.79)
0—0 0—OH
cI:H3 cl:u3 c|:113 (|:113

c:HB-——-c——c.:———c:H3 ? c113~—-— —_=c-——c513 (1.80)
0—OH + HO,,

It can thus be seen that the nature of the product distribution
is dependent on the relative rates of formation and decompogition of the
o=y B~, ¥- and § -hydroperoxyalkyl radicals which in turn depend on the

molecular structure of the parent hydrocarbon.

1.5.2 Hydrocarbons with four or less carbon atoms

An important limitation placed upon the isomerisation of
alkylperoxy radicals formed from these hydrocarbons is that, with the
exception of the but-l-ylperoxy radical, they cannot form
¥ -hydroperoxyalkyl radicals. Furthermore, 1:5 hydrogen transfer to
form a P ~hydroperoxyalkyl radical involves attack at a primary C - H
bond either in the initial attack on the hydrocarbon or in the

isomerisation step:

OH 5
CH_CH_CH_CH > CH CH.CH CH. + H.O
3 2 2 3 attack at 1" C-H 2 2 2 3 2
+ 02
CH_CH_CHCH, 232 H transfer . oy cncn
s & 3 from 2°C-H e s s 0

0—O0H 0—0
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CH_CH_CH_CH OH > CH_CHCH CH. + H_O
3727273  attack at 2 C-H 3 a3 2

%2

CH.CHCH o o310 B trensfer CH (lll-lCIich-I

31 2 2 ; %c- %
O-OH from 1 C-H 0—0

3

Thus for hydrocarbons of this category alkylperoxy radical
isomerisations are severely restricted.

Another most important aspect is the influence of the reactor
surface on the mechanism of oxidation of these low molecular weight

B s kALl el R tias o f

hydrocarbons. DBatten, Gardner and Ridge
isobutane,concluded that the primary propagating reactions during the
induction period of cool flames occurred at the reactor surface.

36

Similarly the work of Hay, Knox and Turner indicated an important

heterogeneous contribution to the cool flame oxidation of isobutane.

Ls 55

Recent studies of the oxidation of both isobutane and n-butane
suggest that the conjugate alkene is formed heterogeneously. Thus, for
exanple, Luckett and Pollard have shown that in the early stages of
reaction ({1% conversion of isobutane) the yield of isobutene decreases
as the initial pressure of the reactants is increased towards the
ignition liﬁit. They conclude that the conjugate alkene formation

occurs by a selective heterogeneous decomposition of d ~hydroperoxy-t-
butyl radicals. In contrast, the yields of ethylene and propene remain
sensibly constant whilst the yield of tert-butyl hydroperoxide increases,
suggesting that the decomposition of P-hydroperoxy-iso-butyl radicals
proceeds homogeneously. Furthermore, the yield of isobutene, over the
temperature range 310 - 38006, passes through a minimum at ca. 35000
which suggests that the mode of production of isobutene is different at
low and high temperatures. Luckett and Pollard have therefore concluded

that as the initial temperature is raised,the heterogeneous mode of

isobutene formation becomes increasingly less important and the
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homogeneous decomposition of hydroperoxyalkyl radicals becomes the

predominant reaction. Similarly, Dechaux 25

y who has studied the
oxidation of n~butane, showed that the yields of the butenes, ethylene
and hydrogen peroxide all decrease as the initial pressure is increased.
He also concludes that the results provide strong evidence for a
heterogeneous mode of formation of alkenes via the decomposition of
hydroﬁeroxyalkyi radicals.

Recently, evidence has been presented for a small
heterogeneous contribution in the low temperature mechanism of n-pentane
oxidation 52, although this hydrocarbon does not strictly belong to this
category. Bastow found that the yields of pent-2-ene and 2-me;hy1t?tra-
hydrofuran decrease as the initial pressure of the reactants is increased.
Knox 4a has also found that the yield of acetone, a major product in the
oxidation of n-pentane at low temperatures, is strongly sensitive to
changes of the reactor surface. Finally, the absence of conjugate
alkenes in the products of the oxidation of n-pentane in a shock tubego‘gi,
which is virtually a wall-less reactor, gives strong support to the
suggestion that these compounds are formed heterogencously.

The substantial yields of the conjugate alkene reported for
hydrocarbons of this category clearly indicate the importance of
ol ~hydroperoxyalkyl radicals in the propagation sequence and the
foregoing considerations show that the decomposition of the radicals via
P-scission of the C - O bond may well occur at the walls of the reactor.

It can be seen, therefore, that marked differences in
behaviour occur for these two categories of hydrocarbons. A simple
generalisation is that alkylperoxy radicals derived from higher
molecular weight hydrocarbons have virtually unrestricted modes of
isomerisation and subsequent reactions of the hydroperoxyalkyl radicals

proceed gquickly and homogenecously, whilst alkylperoxy radicals derived

from lower molecular weight hydrocarbons have highly restricted
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isomerisations and further reactions of the hydroperoxyalkyl radicals

are slower and may occur heterogeneously. Similarly an increase in
branching of the hydrocarbon skeleton will again restrict the alkylperoxy
radical isomerisations thus reducing the overall rate of oxidation and
increasing the possibility of a heterogeneous contribution to the
mechanism. Clearly, the correlation between the molecular structure of

a hydrocarbon fuel and its knock rating is not surprising in view of

these foregoing considerations.
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1.6 The present work

In the foregoing discussion it has been Eecn that the
nature and mechanism of chain propagation, during the gaseous
oxidation of hydrocarbons, depend on the molecular structure of the”
fuel. Indeed, recent analytical investigationg of the oxidation of
n-butane and iscbutane éuggest that, for low molecular weight
hydrocarbons, there is an important heterogeneous contribution to
the propagating sequence at low temperatures. Furthermore, it has
been seen that for the majority of hydrocarbon + oxygen systems,
alkylperoxy radical isomerisation plays an important role in the
propaéation reactions in the low temperature reﬁion and studies of
the oxidation of 2-methylpentane and 3-ethylpentane indicate that
this isomerisation may be important even at temperatures of cae. 46000.

It is desirable, therefore, to study in depth the oxidation
of n-butane in order to investigate and test specific aspects of the
alkylperoxy radical iscmérisation theory. A detailed kinetic survey
of the n-butane + oxygen system has not been previously reported and
clearly, if there is a changeover from heterogeneous to homogeneous
propagation as the initial temperature is increased, this should be
reflected in the kinetics of the system. It was anticipated that
analytical studies of the variation with the initial reactant
conditions of the nature and distribution of reaction products in
the early stages of reaction, when the effect of secondary reactions

_can be considergd negligible, would provide valuable information
regarding the propagétién reactions and that correlation with the

results of studies of the oxidation of higher hydrocarbons and
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branched-chain hydrocarbons, such as isobutane and 2,3-dimethylbutane,
would throw more light on the effect of molecular weight and structure.
Throughout this study the n-butane:oxygen ratio was

maintained at 1:2 and strict regard was paid to the reactor surface.
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2.3 The apparatus

21,1 The vacuum system

A conventional static vacuum system was constructed of Pyrex
glass and is shown schematically in figure 2.1. The spherical reaction
vessel, volume ca. 550 ml, was thoroughly cleaned with nitric acid,
distilled water and finally acetone prior to use. It was then suspended
in an electrically heated furnace and a pressure transducer was fitted

vertically above it. The reaction section, enclosed by stop-cock R, and

1
the reactant gate in figure 2.1, was constructed of 3 mm capillary
tubing and was kept as compact as possible in order to minimise 'dead-
space'. Greaseless P.T.F.E. Rotaflo stop-cocks were fitted in this‘
section of the apparatus to prevent the adsorption of reaction products.
Moreover, since high-vacuum greases are silicone-based,the risk of
contaminating the reaction vessel surface was eliminated. The reaction
section was completed with a mercury manometer, a removable sample trap,
a calibrated vessel and electronically operated reactant and product
gates. A product gate by-pass Bz was incorporated into the reaction
section to prevent unnecessary use of the gate whilst conditioning and
kinetic runs were performed. The reaction product sample trap was
attached to the apparatus by greaseless ball and cup joints and held in
position by spring clips.

The gas-handling section, bounded by stop-cocks GB, 65, 614 and
316 in figure 2.1, was constructed of 5 mm tubing and incorporated
conventional vacuum stop-cocks greased with Edwards high vacuum silicone
greage. Permanent gases were introduced at the inlet 11 and passed
through a drying tower containing molecular sieve (grade 4A)to a cold
trap TB' maintained at -19600, wvhere they were condensed and fractionated.
Cylinders of m-butane and other hydrocarbon gases were connected to the

section at the inlet 12 by means of a ball and cup joint.
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Key to figure 2.1

Reaction vessel
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Drying tower containing molecular sieve
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Vent

Grease stop-cock
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Active-compound handling section
Inlet for permanent gases
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Three gas storage vessels of 2, 2 and 5 litres were attached to this
section and were wrapped with insulation tape as a protection against
implosion. This section was also completed by a mercury manometer.

The reactant premix section, bounded by stop-cock R nd

15 &
the reactant gate,incorporated a 2 litre and a 5 litre premix vessel
and a mercury manometer. These premix vessels were enclosed in metal
Jackets as a protection against explosion and were mazintained at
ambient temperature. Rotaflo greaseless stop-cocks were also used
throughout this section.

A by-pass Bl‘ constructed of wide bore tubing, was attached
to the apparatus at stop-cocks Gi’ G2 and 61&. This increased the
pumping efficiency of the mercury diffusion pump which was backed by
an Edwards rotary oil pump. In order to prevent undue contamination
of the oil and diffusion of mercury vapour into the apparatus, two cold
traps,'r1 and TR' were incorporated in the line on either side of the

diffusion pump. Provided these traps were properly maintained, a vacuum

of ca. 1!.0"'3 torr could easily be achieved.

2.1,2 The furnace and line heat{ga

The furnace was powered by a silicon controlled rectifier which
in turn was connected to a Sirect Mark II Proportional Temperature
Controller. Temperature fluctuations in the furnace were automatically
compensated for by the proportional controller which compared the
feedback signal from a platinum resistance thermometer with the desired
set temperature and adjusted the furnace current accordingly. Control
was possible to within £0.2°C of the desired temperature.

A temperature profile of the furnace well was constructed
using a chromel/alumel thermocouple which had previously been compared
with a standard platinum/platinum-rhodium thermocouple. Figure 2.2 shows

that over an optimum 10 cm distance (reaction vessel diameter) along the



Figure 2.2

Furnace temperature profiles at (c) 224°C (b) 435°C
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vertical axis of the furnace well, the temperature gradient was no more
than 1.706 at the two temperatures investigated. This determination
dictated the position of the reaction vessel,and the chromel/alumel
thermocouple hot junction was positioned adjacent to the mid-point of
the reaction vessel.

The line and calibration vessel in the reaction section were
maintained at 8000, using thermal tape, in order to prevent high-hoiling
reaction products condensing out. The manometer in this section was
wrapped with nichrome wire which, in parallel with the thermal tape, was
connected to an a.c. power supply. The sample trap was maintained at the
termperature of the line by means of Electrothermal heating cord connected

to a portable power supply.

Rala3 The reactant and product gates

The constiruction of the reactant gate is shown in figure 2.3 and
its mode of action depends on the principle of the solenoid. Its operation
was such that on energising the 240 volt a.c. solenoid coil (SC), the iron
core (C) was lifted out of its cup seating and thus permitted reactant
mixture to flow to the evacuated reaction vessel. As soon as the current
was stopped the iron core dropped quickly into its seating under the
action of gravily and the coiled spring (S) thus preventing further fiow
through the gate. The seal between the iron core and its cup seating vas
made by a silicone rubber O-ring and the gate was arranged so that the
pressure differential across it acted to improve the seal. The opening
time of the gate, and therefore the pressure of reactants admitted to the
reaction vessel, was controlled using the timing circuit illustrated in
figure 2.4, By selecting different capacitors the circuit was made to .
discharge across the a.c. relay for different time intervals, thus

activating the solenoid coil for corresponding times. The timing circuit

was powered by a 9 volt battery and could be triggered with a micro-switch,
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The reactant gate
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The product gate was identical in construction to the
reactant gate although since it was positioned in the line to minimise
'dead-space', the pressure differential across it acted to the
detriment of the secal and this necessitated the use of a stronger
coiled spring. The product gate was operated with a similar timing
circuit to that of the reactant gate except that a smaller relay was
employed in order to improve the gpeed of response,

The advantages of these gates were that they allowed rapid
admission of reactants into the reaction vessel and rapid withdrawal
of samples of the reacting mixtures. Furthermore, the product gate
could be operated whilst observing the data displayed on the recording
apparatus thus enabling accurate sampling to be performed. The .
reactant gate was calibrated at an appropriate setting of the timing
circuit so that any desired initial pressure of reactants in the reaction
vessel could be achieved by adjusting the pressure of the reactants in
the premix vessel. This procedure gave reproducible initial pressures
as well as standardising the time for introducing reactants into the

reaction vessel.

2.1.4 The pressure transducer

Pressure changes in the reaction vessel were followed by means
of a 0~10 p.s.i.a. strain-gauge transducer (Bell and Howell type
4-326~L101). The supply voltage for the transducer was provided by a
stabilised 10 volt d.c. transformer (Bell and Howell type 3-142).
Pressure changes acting on the diaphragm of the transducer were converted
to controlled strains in a Wheatstone bridge circuit in which all four
arms are active strain-gauge windings. The signal gencrated by the
pressure transducer was amplified and the output fed to a recoerding
instrument (section 2.1.6). A zero balance circuit was incorporated

between the transducer and the stabilised power supply as shown in
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figure 2.5. The transducer was calibrated against a mercury manometer
using dry nitrogen and its output was shown to be linear over a presgsure

range 0-500 torr.

2:1.5 Thermocouples

Temperature changes occurring within the reaction vessel were
monitored using specially developed micro-thermocouples. The
thermocouples were consiructed of 0.025 mm platinum and platinum-13%
rhodium wires butt-welded together and supported on 0.25 mm wires of
the same material. The support wires were sealed into iwin-hbore
capillary Pyrex sheaths which led to the cutside of the reaction vessel.
To prevent any catalytic action due to the platinum, those parts of the
thermocouples which extended into the reaction vessel were coated with
a thin layer of silica using the method developed by Kaskan 92. The
hot junctions of the three micro-thermocouples were positioned at the
centre, at the half-radius and adjacent to the wall of the reaction
vessel as shown in figure 2.6. The cold junctions were maintained at
0°C and the outputs from the thermocouples were led via three d.c.
amplifiers to the recorder.

The advantage of the micro-thermocouples is that since their
thermal capacity is very small, their frequency response is high and
allows temperature fluctuations, such as those accompanying the passage
of cool flames, to be followed faithfully. Indeed, it has been shown
that such thermocouples with 0.05 mm diameter junction beads, are
capable of responding to 75% of a step-change in the gas temperature
in less than 0.2 Bec.gs. Furthermore, it has also been calculated that
under steady-state conditions, heat loss by conduction along the suppor{
wires and by radiation result in only a 1% difference in temperature

between the gas and the bead. 1In the present work, the temperature of

the reacting gas mixture was followed using thermocouples whose bead



Figure 2.6

The position of the thermocouples in the reaction vessel
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diameter was oi the order of U.U4 mm.

2,1.6 Signal amplification and recording equipment

In order to record the transient pressure and temperature
changes in the reaction vessel with fidelity, it was necessary to
amplify the output signals of the pressure transducer and thermocouples.
To achieve the desired amplification,a d.c. amplifier circuit was
designed and one constructed for each of the four signals. This circuit
is illustrated in figure 2.7, the principal component being a National
Semiconductor LM201 operational amplifier module which is driven by a
ig volt power supply. The amplification factor or gain of the
amplifier is derived from the ratio of the feedback resistor R2 to the
input resistor R1 and by selecting suitable values of R1 and Ra, a range
of gains way bLe obtained. A balance circuit is included so0 that any
intrinsic offset in the amplifier module may be nullified. The quoted
frequency response of this awplifier circuit is of the order of
kilocycles per second and therefore these amplifiers were considered
to be capable of following any pressure or temperature oscillations
likely to be encountered.

The amplified output signals were fed via a network of
damping resistors to Tour Honeywelil BB 130A sub-miniature optical
galvanometers mounted in a Honeywell 1706 Visicorder. The values
of the damping resistors were chosen to give a damping ratio of 0.64
which allows the optimum speed of response with a minimum oscillation
and final value error. The movements of the galvanometer mirrors,
caused by fluctuations of the signals, were recorded on U.V. photo-
sensitive chart paper from which kinetic measurements could be made,

The flat frequency response of the BB 130A galvanometers is
80 c.p.s. which means that any pressure or temperature oscillations

with rise-times greater than 0.003 seconds can be followed accurately.
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Since quoted rise-times for cool flames are considerably longer than
this value it was considered that the compleie monitoring, amplification
and recording system was capable of responding to any changes in the

reaction vessel with fidelity.

Lelas?7 Calibration of vessels and line

The volume of the calibration vessel was determined ﬁrior to
its incorporation in the reaction section by weighing the quantity of
acetone required to fill it at 2500. Similarly the volume of the
reaction product sample trap was determined by weighing the quantity of
clean mercury necessary to fill it at 25°C. Other parts of the reacticn
section including the reaction vessel, product gate and reaction line were

calibrated by sharing dry nitrogen between them and the calibration vessel.
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2.2 Heactants

All investigations were carried out using 'instrument' grade
n-butane vhich was obtained from the Matheson Corporation. This gas
was shown to be better than 99.8% pure by gas liquid chromotography,
the main impurities being isobutane, but-2-ecne (cis and trans) and
propane.

Oxygen, supplied by the British Oxygen Company, was taken
from a cylinder, passed through the drying tower and condensed in a
cold trap {TJ) maintained at -196°C. The oxygen was purified by
fractional distillation. The middle fraction was allowed to evaporate
into the storage vessels, considerable head and tail fractions being
rejected.

tOxygen=-free! nitrogen, also supplied by the British Cxygen
Company, was taken from a cylinder, passed through the drying tower and
through the cold trap. This dry nitrogen was then passed to storage

vessels.
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2.3 General procedure

2.301 Preparaticn of fuel + oxygen mixtures

n-Butane was passed directly from a lecture bottle into the
two evacuated premix vessels. The 'working' premix vessel (2 litre) was
filled to a pressure of 100 torr and the 'reservoir' premix vessel (5 litre)
was filled to a third of the atmospheric pressure. Using the gas storage
vessels as a buffer system, oxygen evaporated directly from the middle
fraction of the distillation was mixed with the n-butane to give a final
pressure of 300 torr and one atmosphere in the working and reservoir
premix vessels respectively. The mixtures were then left for about one

hour to become completely homogeneous.

2.3.2 Introduction of the reactants into the reaction vessel

The automatic reactant gate was initially calibrated (section
2.1.3) so that any desired initial pressure of reactants could be
achieved by adjusting the pressure of the reactants in the working premix
vessel, either by pumping some out or by adding some from the reservoir
premix vessel. The majority of the experiments were performed using a
gate opening time of 400 milliseconds. Reactants were admitted to the
reaction vessel with stop-cocks R and R, closed and R11 opene.

9 io

Immediately this operation was completed, R,, was closed to prevent

11
reaction products from attacking the O-ring seal in the reactant gate.

2.3.3 Conditioning of the reaction vessel

Prior to determining the temperate-pressure ignition profile,
about 250 conditioning runs were performed. These experiments included :
mainly slow combustion and cool flame oxidations although some two-stage
ignitions occurred. The carbon deposited on the reaction vessels by such

ignitions drastically altered the kinetics of subsequent experiments and
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it was necessary to remove it. This was achieved by leaving oxygen in
the reaction vessel at 45000 for several days and the reaction vessel was
considered to be conditioned when reproducible results were obtained at
all temperatures (280 - 400°c).

Several reaction vessels were used throughout the investigations
and so a standard procedure for conditioning, as outlined above, was
rigorousgly applied. The majority of the kinetic studies and all of the
analytical studies were carried ocut in carbon-free reaction vessels sgo

that the results could be ceorrelated.

2.3.4 Evacuating the reaction vessel

Upon the completion of a run, the reaction vessel was evacuated
by pumping the products out through the by-pass Bz with stop-cocks R1 and
R10 open., During the kinetic investigations it was found necessary to
pump on the reaction vessel for at least 15 minutes before carrying out a
further experiment. If such a procedure was not strictly adhered to,

inconsistent results were obtained. Pumping times were increased to 1 hour

whilet analytical studies were performed.

2:3.5 Measurement of the kinetic parameters from traces

Kinetic investigations were carried out in two parts. First,
the ignition profile for a 1:2 n-butane/oxygen mixture was determined
using pressure measurements only. Secondly, the ignition profile was
determined using both pressure and temperature measurements.

A typical pressure-time recording for a multiple cool flame
oxidation is shown in figure 2.8. The induction period of the first cool
flame was measured from the time the reactant gate was opened to the tim;
at which the pressure rise accompanying the cool flame reached its maximum
value. All induction periods were recorded in seconds. The rate of

pressure rise (dpi/dt} was measured by constructing a tangent to the



Figure 2.8

A typical pressure-time recording

illustrating the measurement of kinetic parameters
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pressure trace at its maximum rate of rise and calculating its gradient

in torr sec:i. The techniques used for measuring the maximum pressure

rise during the cool flame (bpi), the initial reactant pressure {po) and
the overall rise in pressure following the passage of the cool flame (&pfw),
all measured in torr, are also shown in figure 2.8. Measurements made on
subsequent cool flames were similar except that the induction period was
measured from the pressure maximum of the preceding cool flame.

A typical recording showing pressure and temperature changes at
the centre, half-radius and wall of the reaction vessel during a multiple
cool flame oxidation is shown in figure 2.9. In these experiments,
measurenents were made of the usual pressure parameters together with the
maximum temperature rise accompanying the first cool flame Ukri) in oC,
the maximum rate of temperature rise (dTi/dt)max in % sec.'i and the
time interval (At) in seconds,by which the temperature maximum either
leads or follows the pressure maximum as recorded by each thermocouple,
The technique for measuring temperature changes occurring at the wall of
the reaction vessel is shown in figure 2.9,

At initial temperatures above.ca. 3&000, sone difficulty was
experienced in locating the precise position of the slow combus tion/cool
flame boundary since the changeover in behaviour, as determined from the
kinetic parameters, was extremely indistinct. It was decided arbitrarily,
therefore, that a cool flame occurred if the maximum rate of pressure rise

exceeded 0.5 torr secri.

2.3.6 Product sampling

The reacting mixture was sampled using the automatic product gate
with stop-cocks Hz, RJ, R4 and RIO closed and Rs, R R7, RB and Rg open.
The product gate was activated at the desired sampling time for about

150 milliseconds so that a fraction of the reaction mixture was rapidly

withdrawn into the evacuated calibration vessel and product sample trap.



Figure 2.9
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A typical temperature/presaure-time recording
illustrating the measurement of kinetic parameters
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The pressure of the withdrawn sample and the temperature of the reaction
line were recorded and stop-cocks R5 and R6 were closed. The sample trap
was then removed from the reaction section and transferred to the
chromatographic equipment. The calibration vessel was used in conjunction
with the sample trap in order to withdraw a relatively large fraction of
the reacting mixture, ca. a sixth, in as short a time as possible, so that
the precise point in the reaction at which the products were sampled and
analysed is known accurately. For some analytical experiments, part of the
withdrawn sample was stored in the calibration vessel to enable separate

product determinations to be made on the same sample.
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2.4 Gas-chromatographic analysis of reaction products and
reactants
- A | The gas chromatograph

A Perkin-Elmer F11 gas chromatograph was used throughout the
analytical investigations. This instrument incorporated dual flame
ionisation detectors (F.I.D.) and therefore enabled dissimilar columns
(one specifically for hydrocarbon determinations, another for oxygenate
determinations), to be used for the analysis of product mixtures. A
schematic diagram of the complete chromatographic system is shown in
Tfigure 2.10.

The output signal from the detector in use at a given time was
led to an ionisation amplifier and subsequently recorded on a Honeywell
chart recorder. Calculations of peak areas from the chromatograms

obtained were performed using the triangulation method.

2.4.2 Preparation of columns

The column packing materials were obtained from Phase Separation
Limited. The columns were constructed of § inch internal diameter stainless
steel tubing which,prior to use,was thoroughly cleaned with concentrated
nitric acid, distilled water, acetone and finally the solvent appropriate
to the packing material. The tubes were filled using a vibration
technique so that the column material packed under the action of gravity.
Metal sinters were used to close the ends of the columns and all gas joints
were made using stainless steel Swagelok couplings. The columns were
finally conditioned in situ at their operating tewperatures by passing

carrier gas through them for 48 hours.

2.4k.3 Column conditions

The column conditions and specifications are shown in Table 2.1.
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Table 2.1

Conditions and specifications of the columns

Column A

Column B

Stationary phase

bis-methoxy ethyl
adipate + di-ethyl
n-hexyl sebacate

M5 550 silicone
oil + polyethylene
glycol 400

Loading 13.5% and 6.5% 17.5% and 2.5%
respectively respectively

Support Chromsorb P Chromosorb W
(80-100 mesh)

Solvent acetone methanol

Column length 10 m 6m

Operating temperature ambient SOOC

Flow rate

15 ml min.-l

13 ml min.-i

Pressure drop across

- - L L] 2 - e - -
s LO p.s.i.a 5 PeSsi.a
Carrier gas nitrogen nitrogen
Detector F.I.D. F.I.D.

Detector supplies
Air
Hydrogen

20 pe.S.i.a.
17 paS<icae.

25 p.s.i.a.
17 p.s.ioﬂo
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These conditions were found to give satisfactory separation with minimum
elution times. The total analysis time for hydrocarbons using column A

was 50 minutes whilst that for oxygenates using column B was 75 minutes.

2ol le Sample introduction

The reaction product sample trap was attached to the
chromatograph at the four-port sample valve by means of greaseless cup
and ball joints with spring clips to hold the trap in position.
Manipulation of the sample valve caused the flow of carrier gas to the
chromatograph to be diverted through the sample trap thus 'sweeping' the
sample onto the columns as a plug. The sample was split in a fixed ratio
of ca. 2:3 between columns A and B respecctively at point C (see figure
2.10). All gas lines, with the exception of the detector and carrier gas
supply lines, were wrapped with heating cord and maintained at ca. 80°¢
to prevent condensation of reaction products.

Liquid samples could only be introduced to column B (oxygenate

column) at the injection port D shown in figure 2.10.

2.k.5 Identification and calibration of products

The reaction products were identified by comparison of
retention times of standard components with those of the peaks in the
chromatograms. In the case of oxygenates the identification was performed
on two different columns for additional confirmation. Previous studies

of the oxidation of n-butane 38

provided useful information with which the
identifications were compared.
The hydrocarbon and oxygenate chromatograms obtained using

colums A and B are shown in Plates 1 and 2 respectively.
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Peak

i1
12
13
14
15
i6
17
18
19
20
21
22
23
2l
25
26
27
28

Key to Plate 2

Column B

Compound

n-butane

acetaldehyde
2-methfloxiran

methanol
propionaldehyde
2,3-dimethyloxiran (trans)
acrolein

acetone

unknown
2,3-dimethyloxiran (cis)
2-ethyloxiran
2-methyloxetan

unknown

n-butyraldehyde
tetrahydrofuran

methyl ethyl ketone
unknown

methyl vinyl ketone

unknown
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Twenty eight compounds were found in samples of the product
mixture and twenty four of these were positively identified. The
sensitivities of the detectors to these compounds together with their
respective retentioﬁ times are shown in Tables 2.2 and 2.3.

The response of detector A to pure samples of hydrocarbons
was determined by measuring the peak areas corresponding to known
amounts of hydrocarbon introduced from the sample trap. The response
of detector B to oxygenates was determined in a similar manner except
that varying amounts of oxygemates were introduced onto the column
through the septum injection port using a 0-10 microlitre Hamilton
syringe. All oxygenate samples were obtained commercially except for
Z-methyloxetan which was prepared using the method of Schmoyer nnd.
Casegk.

Since flame ionisation detectors were used throughout the
analytical investigations, compounds such as water, hydrogen peroxide
and carbon oxides were not detected. Furthermore, no deternination of

acids was performed, since the retention times of such compounds were

prohibitively long. Formaldehyde was also not determined.

2.4.6 Operating procedure

The determination of hydrocarbons was achieved using column
A and F.I.D. A with the appropriate detector supply conditionz (as
shown in Table 2.1). The sample was introduced onto the column as
described in section 2.4.4 with the recorder chart speed set at 1 inch
min.-i. After the last hydrocarbon peak was eluted (ca. 25 minutes)
the four~port back-flushing valve was manipulated so that the flow of
carrier gas through column A was reversed. The back-~flushing operation:
was carried out for 25 minutes and finally the valve was returned to

its original position in readiness for the next determination.
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The determination of oxygenates in the reaction mixture sample
was achieved using column B and F.I.D. B with the relevant detector supply
conditions. The sample was introduced in the manner previously described
with the recorder chart speed set at 0.25 inch min."l. In this case no

back~flushing procedure was necessarye.



Table 2.2

Hydrocarbon calibrations
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Compound Retention time Relative
(minutes) sensitivity
methane b7 0.20
ethylene 5.5 0.47
propane 745 0.68
propene 8.7 0.70
isobutane 10.7 0.92
n-butane 13.8 1.00
but-i-ene 16.5 0.96
but-2-ene (t) 20.0 0.96
but-2-cne (c) 22.6 0.86
buta-1,3-diene 2k.5 0.95

5.425 x 1(:»“'5 moles of n-butane =
peak area of 100 cm? (range 1 x 10%)




Table 2.3

Oxygenate calibrations
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Compound Retention time Relative
(minutes) sensitivity

n-butane 6.2 -
acetaldehyde 14.3 0.56
2-methyloxiran 21.4 1.14
methanol 24.6 0.33
propionaldehyde 26.9 0.67
2,3-dimethyloxiran (t) 29.9 1.81
acrolein 30.7 0.72
acetone 32,6 1.00
unknown 34,8 -
2,3~dimethyloxiran (c) 38.6 1.21
2-ethyloxiran 42.0 s g g &
2-methyloxetan L4i.9 1.67
unknowi 48.2 -
n-butyraldehyde 51.8 0.59
tetrahydrofuran 55.6 1,62
methyl ethyl ketone 61.7 1.45
unknown 66.6 -
methyl vinyl ketone 68.8 1.13
unknown 69.8 -

6.250 x 1077
peak area of 100 cm®

moles of acetone =
(range 1x 10%)
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Slossary
po initial pressure
Tb _ initial temperature
7; induction period of the nth cool flame
Apn pressure rise accompanying the nth cool flame
Ap = overall increase in pressure immediately after
it the passage of the nth cool flame
(ap /at) maximum rate of pressure rise accompanying
bl Wazed the nth cool flame
T induction period of the shoulder on the
first cool flame
.Aps pressure rise accompanying the shoulder pulse
A¢1 temperature rise accompanying the first cool flame
(dTi/dt]mnx maximum rate of temperature rise accempanying

the first cool flame



108

3.1 The kinetic resuiis

The kinetic investigations were carried out in two parts. In
the first part, the combustion phenomena which occurred in the
temperature range 280-420°C at initial reactant pressures of between
45 and 250 torr, were studied by following the associated pressure
changes and the cool flame region was established for a spherical
reaction vessel which was free from surface deposits of carbon. 1In
the second part, a study was wade of both the temperature and pressure
changes which accompanied these phenomena for the same range of initial
conditions. In this case the cool flame region was re-established for
a reaction vessel which was not strictly spherical (as ghown in figure
2.6) but was again free from carbon deposits. For convenierce these two
sections of work are subscquently referred to.as System I aud System IX
respectively. Some slight differences in behaviour were observed between

the two systems and these are discussed in section 312,15

3-1.1 S!St(’.m I

3.1.1.1 The temperature-pressure ionition diagram

Figures 3.1 and 3.2 show typical examples of the pressure-time
recordings of combustion phenomena used to construct a detailed
temperature-pressure ignition diagram, shown in figure 3.3. It can be
seen from this diagram that the cool flame region is divided into two
distinct parts. At low initial temperatures, between 285-34500, a region
of multiple cool flames exists within which up to seven consecutive cocl
flames are observed, whereas at higher temperatures, between 345-420°C, a
single cool flamelia followed by rapid slow combustion. The change in ‘
behaviour, as the cool flame region is traversed from low to high

temperatures at constant pressure, is shown in figures 3.1(a) - 3.1(i).
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At low temperatures, cool flames are intense and clearly resolved from
each other (figures 3.1(a) and 3.1(b)). Furthermore, the overall rise
in pressure after the propagation of a cool flame (&pc._fo) is small in
comparison with the transient pressure rise (&pc'f.) that attends the
passage of the cool flame. However, as the teuperature is increased,
bpc.féw increases whilst at the same time Apc.f. decreases. The multiple
cool flames following the first cool flame also become progressively
weaker and less clearly resolved although, as shown in figures 3.1(c),
3.1(d) and 3.1(e), their precise behaviour varies in a complex manner
(see sections 3.1.1.5 - 3.1.1.10). At temperatures close to the upper
limit of multiple cool flames, the weak cool flames are superimposed on
the slow combustion following the first cool flame, as shown in figurc
3.1(f). Preszsure-time recordings in the upper single cool flame region,
figures 3.1(g), 3.1(h) and 3.1(i), show that this slow coubustion becomes
considerably more intense as the temperature is raised towards the upper
ignition limit. Another interesting feature of these recordings in the
cool flame region is the pressure pulse which develops as a shoulder on
the first cool flame (figures 3.1(c) - 3.1(h)). This pulse becomes
noticeably more pronounced as the initial temperature is increased and
develops into the second stage of two-stage ignition above Ea.300°c (see
section 3.1.1.11),

At initial pressures higher than those at which cool flames
propagate, spontanecus ignition is observed. Typical recordings of two-
stage ignition at progressively increasing initial temperatures are gshown
in figures 3.2(a), 3.2(d) and 3.2(e). These recordings illustrate that at
low temperatures the hot ignition stage develops during the passage of the
cool flame whereas at higher temperétures a discrete ignition delay ‘
separates the two stages. This delay increases as the temperature is

increased and is of the order of ca.10 seconds at Loo°C.

e
“ A
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2 IA region of multi-stage ignition is observed in the temperature
range 285 - 310°C at initial pressures of between 170 and 230 torr. This
region is principally three-stage ignition and a typical recording is shown
in figure 3.2(b). Four-stage ignition (figure 3.2(c)) is also observed,
although as can be seen in figure 3.3, the two regions in which it occurs
are extremely limited and border the spontaneous ignition boundary.
Single-stage ignition is not observed under any of the conditions
investigated.

The cool flame/two-stage ignition boundary exhibits two lobes.
The lower lobe, which occurs at about 28500, is considerably more pronounced
than the upper lobe which occurs at about 36000. These lobes, however, are

'
not reflected in the slow combustion/cool flame boundary.
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Jaleled The induciion period of the first cool ilame

The variation of‘rl with P, in the multiple cocl fiame region
and the single cool flame region is shown in figures 3.4 and 3.5
respectively. It can be seen that marked differemnces occur between the
two regions. In the multiple cool flame region induction periods vary
between minutes and hours whereas in the single cocl flame region they
are only of the order of seconds, Furtherumore, it is clear that the
reduction in’rl brought about by increasing P, becomes much less
pronounced as the temperature is increased.

The curves illustrated in figures 3.4 and 3.5 show that at all
temperatures investigated, the relationship:

T& = kp;n + cC
vhere k, ¢ and n are constants at constant temperature, found for other
hydrocarbons clearly holds for n-butane alsc.

Figure 3.6, which shows the variation of‘T’1 with To at different
initial pressures, also highlights the difference between the two regions.
The change in behaviour, wnich is most merked at low initial pressures, is
exemplified by the fact that an increase in the initial temperature above
JJOOC has only a small effect on.T}, while a corresponding decrease leads

to a considerable lengthening of’ri.



Figure 3.4

]

The variation of ’T’l with pu in the multiple cool flame region

O 298.0°%
A 307.5%C
200 - O 318.0°%
[] 322.0°%C
v 332.5°C
@ 345.0%

100

| | | | 1 | |

60 80 100 120 1Lo 160 180
P, (torr)



116

Figure 3.5

The variation of ‘T'1 with P, in the single cool flame region
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Figure 3.6

The variation of’T’l with ‘1‘0
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J.i.i.3 The pressure rise accompanying the first cool flame

The variation of&p1 with p_ is shown in figure 3.7 and il is
clear that for a particular initial temperaturegﬁpi generally increases
as the initial pressure is increased. An interesting feature of figure
3.7, however, is the appearance of a minimum in some of the curves. This
occurs at low initial tewmperatures when the induction periods are
comparatively long. During these induction periods, slow combustion occurs
which leads to an increase in pressure and this increase is included in
the computed values oflﬁpi. Figure 3.7 also shows that the relationship
batweenlﬁpi and p_can be expressed as:

Ap = apom

where a and m are constants at constant temperature. Figure 3.8, which
illustrates the logarithmic relationship betweenApi and P, shows that
the value of m varies from 1.3 at 29?°C to 3.8 at 39000. Furthermore, it
is interesting to note how the lines tend to converge towards a focal point
which corresponds to a value of P, of ca. 240 torr and a value ofzkpi of
ca. 69 torr.

Figure 3.9 shows the effect of temperature omﬁp1 al constant
initial pressure. It can be seen that a point of inflection occurs in the

curves at cae. 315°C.
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Figure 3.8

The logarithmic relationship of£3p1 with_po
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3.1.1.4 The maximum rate of pressure rise accompanying the first cool flame

This parameter, which is indicative of the maximum rate of
chemical transformation associated with the propagation of a cool flame,
varies in a complex manner with the initial conditions. The variation
of (dpi/dt}max with P, in the multiple cool flame region is shown in
figure 3.10 and it is clear that the effect of increasing po becomes more
pronounced as the initial temperature is increased. A feature of the
curves corresponding to low initial temperatures is the point of inflection
which occurs at low initial pressures. This reflects the distinct nature
of the cool flame boundary at these pressures. Figure 3.11 illustrates
the variation of (dpl/dt)Ilmx with P, in the single cool flame region and
shows that (dpl/dt)max increases smoothly with Py This in turn reflects
the indistinct nature of the cool flame boundary at high temperatures.
Figures 3.10 and 3,11 show that in the cool flame region values of
(dpi/dt)max range from 0.5 torr sec'.-1 to over 200 torr sec:i.

Two prominent regions of negative temperature coefficient are
clearly illustrated in figure 3.12 which shows the relationship between
(dpl/dt)max and To at various initial pressures. These regions exist
between 285 - 315°C and 360 - 420°C and correspond to the two lobesz on
the ignition diagram. It is interesting to note that the former is
apparent at all initial pressures, whereas the latter is extremely
prominent at high initial pressures but virtually non-existent at low
initial pressures. Furthermore, the former can be associated with the
region in which the first cool flame is followed by intense and clearly
resolved multiple cool flames, whereas the latter can be roughly
associated with the upper single cool flame region.

The fine structure of the cool flame/two-stage ignition boundari
ig clearly reflected in the loci of constant (dpi/dt)max plotted on a
temperature-pressure diagram as shown in figure 3.13. It can be seen that
the larger the value of (dpl/dt)max‘ the more clearly the fine structure

of the ignition boundary is reflected.
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3.1.1.5 The induction period of the second cool flame

The variation of'T'2 with P, is shown in figure 3.1k, It can be
seen that at low initial pressures, the relationship between Té and P
bears a close similarity with that between T& and P, in that an increase
in P, brings about a decrease in Té. However, at initial temperatures
greater than 30?.500 further increase in P, increases Té. Furthermore,
it is apparent that the minimum in the curves occurs at progressively
lower initial pressures as the temperature ig increased.

Values of Té throughout the multiple cool flame region are always
less than those of the corresponding 71 and in contrast with T& Ta never

exceeds more than ca. 2 minutes at low initial temperatures.

3.1.1.6 The pressure rise accompanying the second cool flame

The variation oflﬁpz with p_ is shown in figure 3.15 and is
remarkable for several reasons. It can be seen that above a limiting
temperature, the curves exhibit one or more turning points which become
less pronounced as the initial temperature is increased further. Another
interesting feature of these curves is that at low temperatures, for
example at 29800, the value oftkpz actually exceeds that oft&pl at all

initial pressures.

3.1.1.7 The maximum rate of pressure rise accompanying
the second cool flame

The behaviour of (dpz/dt)max as the initial pressure is increased
is similar to that onsz in that above a limiting initial temperature,
turning points occur in the curves shown in figure 3.16. Again it is clear
that the pressure at which the maximum occurs decreases and the turning .
points becowe less pronounced as the temperature is raised. Furthermore;
at low initial temperatures the value of (dpaldt)max exceeds that of

(dplfdt) at all initial pressures.



It is interesting to note the marked points of inflection in
the curves at low initial pressures and their occurrence reflects the
distinct nature of the lower two cool flame limit. This is also
apparent in figure 3.17 which shows the variation of (dpz/dt)max with
Tb for various initial pressures. These curves show that for the second
cool flame the whole multiple cool flame region can be considered as a
region of negative temperature coefficient. Figure 3.18(a) shows that
the lower lobe in the cool flame/two-stage ignition boundary is also
;eflected in the loci of constant (dpz/dtJmax.

The variation with 1% of the limiting initial pressures, at which
the relationships between p, and Té,zﬁpz and (dpz/dt)max exhibit tgrning
points, is shown in figure 3.19. It can be seen that these curves
diagonally bisect the two cool flame region and that in genecral (dpz/dt)max

is the first parameter to suffer a decline as the initial pressure is

increased.
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Figure 3.14
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Figure 3.15

The variation ofAp with p
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3.1.1.8 The induction period of the third cool flame

The variation of T, with P, as shown in figure 3.20, exhibits a

3
similar behaviour to that of’Té with P, A comparison of figures 3.14 and
3.20 shows that in general T} is greater than Té except at high initial

pressures. However, ?3 is always less than T& at all initial temperatures.

3.1.1.9 The pressure rise accompanying the third cool flame

The bebhaviour ofﬁ.‘.p3 as the initial pressure is increased (figure
3.21) is similar to that ofzﬁpa. Inspection of figure 3.21 also shows that

at low initial temperatures, for example at 298°C,£§p3 is greater thantﬁpz.

3.1.1.10 The maximum rate of pressure rise accompanying the
third cool flame

The variation of (dPB/dt)mnx with P, exhibits the same features
as (dpzfdt)max as shown in figure 3.22. Again the distinct nature of the
lower limit for three cool flames can be seen from figures 3.22 and 3.23.

It is also interesting to note that at 298°C, (dpj/dt)max exceeds (dpz/dt)max'
Figure 3.18(b) shows that the loci of constant (de/dt)max also refiect the
lower lobe in the cool flame/two-stage ignition boundary although it is

less pronounced than in the loci of constant (dpz/dt)max.

The variation with To of the limiting initial pressures, at which
the relationships between P, and T, ,Ap3 and (dpj/dt)max exhibit turning
points, is shown in figure 3.24. It can be seen by comparison with figure
3.19 that for a given initial temperature the limiting initial pressures
for the third cool flame parameters are higher than those for the second

cool flame.
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3.1.1.11 Transition to two-stage ignitions

The remarkable change in behaviour of the second and subsequent
cool flames above a limiting pressure can be associated with the appearance
of a shoulder on the first cool flame (figure 3.1(c)). This shoulder grows
into a pronounced pulse as either the temperature or initial pressure is
inereased. At initial temperatures greater than ca. 30000, the hot
ignition stage takes off from this pulse as shown in figure 3.2(e). The
variation with P, of the induction period of this shoulder, measured from
the time at which the pressure rise accompanying the first cool flame is
at a maximum, is shown in figure 3.25. It can be seen that in general T;
increases as the initial pressure is increased towards the ignition limit.
Furthermore, it is clear that as the initial temperature is increased, 7;
increases and this reflects the behaviour of the ignition delay at the
ignition limit. Figure 3.26 shows the variation oftﬁps with P, in the
multiple cool flame region and it is interesting to note that{f\p5 vories

little with Tb'
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Figure 3.26
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3.1.2 System II

3.1.2.1 The temperature-pressure ignition diagram

Figure 3.27 shows the ignition diagram obtained from a study of
the combustiion phenomena in a reaction vessel incorporating thermocouple
probes. The cool flame/two-stage ignition boundary was not established
because it was considered that repeated ignitions would damage the micro~
thermocouples. It can be seen that although the general shape of the
boundaries is similar {o that obtained in a spherical reaction vessel
(system I), their positions are shifted to higher initial pressures,
particularly at temperatures below ca. 36006. Furthermore, the multiple
cool flame boundaries are considerably closer together in System Ii. Again,
ag in System I, the slow combustion/cool flame boundary is a smooth cuive
with no indication of any fine structure,

The kinetic parameters show the same features az those observed
for System I except that, in general, the induction pericds are longer and
the rates of pressure rise are smaller. These differences are particularly
pronounced at low initial temperatures where, for example, the inductien
periods at low initial pressures may be up to ten times longer and the
rates of pressure rise may be reduced by 50%. Typical temperature-time
recordings at the wall, half-radius and centre of the reaction vessel in
the multiple cool flame region and the single cool flame region are
illustrated in figures 3.28(a) and 3.28(b) respectively.

An interesting feature of these recordings is that above limiting
initial temperatures and pressures, the order in which the temperature
maximises during the first cool flame is at the centre, half-radius and
wall while below these limiting values this order is reversed. These
temperature measurements indicate that at high initial temperatures, for
example above caa. 33000, the first cool flame propagates from the centre

of the vessel, whereas below this temperature the cool flame propagates
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frem the walls. The precise variation with po of the initial temperature
at which all three temperature readings maximise together is shown in
figure 3.29.

In System II measurements werc made on the first cool flame only,
since temperature changes in the vessel after the passage of the first

cocl flame were often extremely complex.
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Figure 3.28
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Figure 3.29
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3.1.2.2 The temperature rise accowmpanying the first cool flame

Figures 3.30 - 3.32 show the relationship between P, andZXTi
measured at the wall, half-radius and centre of the reaction vessel
respectively. It can be seen that during the passage of the first cool
flame there is parabolic temperature distribution across the reaction
vessel and that the values ofAT1 range from ca. 40°C at the wall to
ca. 200°C at the centre of the vessel.

The relationship between P, andiﬁml at the wall (figure 3.30) is
linear and of the form:

Ar, = Mp_ + C
Throughout the cool flame region the value of M is ca. 0.18 and although
the value is C is clearly dependent on tewperature in the multiple cool
flame region, this temperature dependence is considerably less pronounced
at temperatures above 3&5°C i.e. the upper single cool flame region. At
the half-radius (figure 3.31), the relationship is also linear but in
this case the value of M is ca. 0.70 in the single cool flame region and
varies from 0.50 to 0.60 in the multiple cool flame region. Furthermore,
the constant C is temperature dependent throughout the cool flame region.
It can be seen from figure 3.32 that the relationship at the centre of the

vessel is not linear, however, but of the form:

x
Z&Ti = Hpo + C
In this case the temperature dependence of the constant C is more

pronounced in the single cool flame region (c.f. temperature dependence

of C at wall of vessel).
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3.1.2.3 The maximum rate of temperature rise accompanying
the first cool flame

Figures 3.33 - 3.35 show the variation with P, of (dTi/dt)max
at the three positions in the vessel. The curves are similar to those
obtained for the variation of (dpi/dt)max with P, (figures 3.10 and 3.11).
Again, the points of inflection at low initial temperatures and pressures
indicate the clearly defined nature of the lower cool flame limit.
Furthermore, it can be seen that the values of (dTl/dt)max range from ca.
300°C sec:i at the wall to well over 200000 sec:1 at the centre of the
vesseal,

The variation with To of (dTI/dt)max at the wall and centre of
the vessel is shown in figures 3.36 and 3.37 respectively. It can be
seen that the whole of the cool flame region i.e. between 290 and 42006,
can be considered as a region of negative temperature coefficient with
respect to the rate of the reaction occurring in the vicinity of the wall
of the vessel, particularly at high initial pressures. Figure 3.37 reveals
a more complex variation of {dTi/dt)max with P, at the centre of the vessel.
At initial femperaturea between 290 and 31000 there is a marked negative
temperature coefficient region at all initial pressures, but as the
temperature is increased from 310 to 340°C the value of (dTi/dt}max passes
through several maxima and minima which are most pronounced at high initial
pressures. Above ca. 340°C the rate again falls as the initial temperaturc

is increased.
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3.2 The analytical resulis

The analytical investigations were carried out after the kinetics
of the system had been established. They were performed using a new
reaction vessel which was conditioned in the usual manner (section 2.3.3)
and which was free of carbon deposits. The kinetic parameters obtained
were similar to those of System I except that the induction periods were
slightly longer and the rates of pressure change were fractionally smaller.
The conditions under which the analytical investigations were carried out
were almost identical, therefore, to those under which the kinetics were
determined and so a direct correlation between the two sets of results

can be made.

b 2T | The variation of product distribution with time in
the cool flame region

The kinetic results indicated that an initial pressure of 150 torr
was the most useful at which to study the variation of the product
distribution with respect to both time and the initial temperature.
Furthermore, at this pressure the first cool flame was well developed at
all temperatures.

Carbon balances performed during the induction period preceding
the first cool flame and immediately after its passage at two different
initial temperatures are shown in Tables 3.1 and 3.2 respectively. It can
be seen that in the early stages of reaction the balances are very clecse
to 100%, whereas after the passage of the first cool flame they are ca.
93% and 86% at 300°C and 360°C respectively. This apparent loss of carbon
can most probably be attributed to the formation of formaldehyde and
carbon oxides as the cool flame propagates. Furthermore, Table 3.2 shows
that the ratio:

g. atoms of carbon detected in products
ge. atoms of carbon in n-butane consumed
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decreases by a factor of about two between 300°C and 360°C and this

indicates that the yields of these scission products increase as the

initial temperature is increased.



Table 3.1
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Carbon balances during the induction period of
the first cool flame (initial pressure - i50 torr)

reaction product

g.atoms of carbon (x 10+6)

300°C 360°C
methane - =
ethylene 5.6 4.2
propene 0.5 1.1
but-1-ene 58.6 47.0
but-2-cne{t) 3443 26.5
but~2-ene(c) 19.4 18.4
buta-1,3-diene 0.2 0.1
acetaldehyde 53.7 5.2
2-methyloxiran 2.1 0.5
methanol 2.2 0.6
propionaldehyde 2.2 0.3
2,3-dimethyloxiran(t) Yo7 1.0
acrolein 0.7 0.3
acetone 46.6 1.8
2,3-dimethyloxiran (e¢) 2.4 0.7
2~ethyloxiran 0.5 0.3
2-methyloxetan 1.7 1.1
n-butyraldehyde - 0.6
tetrahydrofuran 0.7 0.5
methyl ethyl ketone 11.7 1.2
methyl vinyl ketone 3.7 0.1
total products 251 112
n-butane unconsumed 36189 32980
total carbon detected 36440 33092
carbon introduced 36890 33410
carbon balance 98.8% 99.1%




Table 1.2
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Carbon balances immediately after the passage

of the first cool flame (initial pressure = 150 torr)

reaction product

geatoms of carben (x 10

+6}

300°%¢ 360°C
methane 18.0 6.0
ethylene 206.5 126.1
propane 1.k 0.7
propene 133.2 96,2
but-1i-ene 858.8 804.0
but-2Z-cne(t) 396.0 432.0
but-2-ene(c) 264.0 300.0
buta-1,3-diene 12.9 9.6
acetaldehyde 579.0 159.7
2-m;thyloxirun 21.6 3.6
methanol 202.8 313.0
propionaldehyde 82,7 18.0
2,3~-dimethyloxiran(t) 103.2 36.0
acrolein 73.7 45.0
acetone 223.1 25.2
2,3-dimethyloxiran(c) 53.8 22.1
2~ethyloxiran 39.9 14,4
2-methyloxetan 182.4 84.0
n-butyraldehyde Te7 2.9
tetrahydrofuran 62,4 144
methyl ethyl ketone 29.8 6.7
methyl vinyl ketone 28.8 2.9
total products 3582 2243
n-butane unconsumed 30735 26610
total carbon detected 34317 28853
carbon introduced 36890 33410
carbon balance 93.0% 86.4%
total products detected 58.1% 33.0%

n-butane consumed

x 100
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The variation with time of the concentrations of individual
products was studied at 300, 309 and 36000 and is shown in figures 3.38 -
3456,

At 30006 four intense, well resolved, cool flames propagate and
are followed by slow combustion (figure 3.57). Acetaldehyde, acetone,
but-l-ene and but-2-ene are the only products formed in appreciable
quantities during the induction periocd (figures 3.38 - 3.44). The rates
of formation of these and other proeducts increase exponentially however
about two seconds before the first cool flame and reach maximum values
concurrently with the maximum rate of pressure rise (dpl/dt)
accompanying the cool flame. The major products found immediately after
the passage of the first cool flame are acetaldehyde, but-l-ene, bﬁt~2—ene,
methanol, ethylene and acetone and together these account for ca. 80% of
the total products detected.

During the induction periods of subsequent cool flames the
concentrations of most products remain sensibly constant and only show a
marked increase as the cool flame propagates. Thus a step-wise
accumulation of the products occurs as exewplified by methanol (figure
3.39). Some products, however, such as the butenes, propylene,
2-methyloxetan, tetrahydrofuran, methyl ethyl ketone and but-1,3-diene
show a marked deviation from this behaviour and their concentrations
fluctuate throughout the course of the reaction. This behaviour is most
clearly illustrated by that of 2-methyloxctan (figure 3.42) and indicates
the involvement of these products in further oxidation or decomposition
reactions. The behaviour of methyl ethyl ketone is particularly
interesting since its concentration falls dramatically as each cool flame
begins to propagate, although its overall rate of accumulation remains
reasonably constant throughout the reaction zs shown in figure 3.43. The
concentration of acetone also builds up at a fairly steady rate throughout

the reaction.
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After the passage of the final cool fiame and during the slow
combustion which completes the reaction, the concentration of products
such as methanol, methane, acetone, propionaldehyde, oxirans and propane
continues to increase whereas the other products apparently undergo
further reaction.

Figure 3.4% shows that the fuel consumption is ca. 18%, 14% and
9% at the first, second and third cool flames respectively. Furthermore,
it can be scen that there is negligible fuel consumption during the
passage of the fourth cool flame cr during the subsequent slow

combustion (see figure 3.57).
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Key to analytical results

ethylene
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The variation with time of the yields of

acetaldeiiyde,
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Figure 3.39
The variation with time of the yvields of but-i-ene

trans but-2-ene, cis but-2-ene and methanol (300°C, 150 torr)
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The variation with time of the yields of acetone,

pronene and acrolein Awooon, 150 torr)
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Figure 3.41

The variation with time of the yields of
propionaldehyde, trans 2,3-dimethyloxiran
and cis 2,3-dimethyloxiran (300°C, 150 torr)
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The variation with time of the yields of
2-ethyloxiran, 2-mwethyloxetan, tetrahydrofuran

and 2-methyloxiran (300YC, 150 torr)
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The variation with time of the yield of

methyl ethyl ketone (300°C, 150 torr)
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Figure 3.4k 172
The wvariation with time of the vields of methyl vinyl ketone.
buta-1,3-diene and propane plus the fuel consvmption
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At 309°C the first cool flame is followed by two successive wealk cool
flames and then a normal fourth and fifth cool flame (figure 3.57).
Furthermore, under these conditions a shoulder on the first cool flame
becomes apparent. Product analyses were carried out until after the
passage of the fourth cool flame as shown in figures 3.45 ~ 3.50. The
product formation prior to and during the passage of the first cool flame
is similar to that at 300°C, except that the yields of alkenes are greater.
However, after the first cool flame and during the weal second and third
cool flames, the concentrations of most products increase at steady rates
(c.f. behaviour at 300°C) while the passage of the fourth cool flame is
associated with an increase in the rate of formation of most of the
products.

It is interesting to note that the observed oscillatory
behaviour of the concentration of certain products during the reaction
at 30000 is considerably less pronounced at 30900. The concentration of
methyl ethyl ketone, which shows an abrupt decrease immediately prior to
the first cool flame, builds up continuously throughout the passage of
the second and third cool flames but shows another less warked decrease
prior to the passage of the fourth cool flame (figure 3.49).

Figure 3.50 shows that a rapid, but continuous, consumption of
fuel accompanies the passage of the first three cool flames (ca. 47%),
but again there appears to be no fuel consumed during the passage of the

fourth cool flame.
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The variation with time of the vields of
propene. acrolein, propicnaldehvde and

acetone (3099C, 150 torr)
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Figure 3.48

The variation with time of the yields of trans
2,3-dimethyloxiran, cis 2,3-dimethyloxiran, 2-cthyloxiran

2-methyloxetan, tetrahydrofuran and 2-methyloxiran (309°C, 150 torr)

| | 1 l |

O " - L3 o i

Aw+oﬂ X) 3onpoad jo sajoy

la n o G g
m B0 B
- g B L
“18
- I
R RE O )
. -3 s &

Time (sec¢s.)



The variation with time of the yield

Figure 1. Lo

of methyl ethyl ketone (309°C, 150 torr)
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At 36000 the first cool flame is followed by rapid slow
combustion (figure 3.57) and the variation of pressure with time is
reflected in most of the product concentration-time curves over the
first ten seconds of reaction (figures 3.51 - 3.56).

The most notable differences at this temperature are that
the rates of accumulation of products are increased and that the butenes
account for ca. 60% of the products detected immediately after the
passage of the first cool flame (c.f. ca. 30% at 30000). After the
initial increase in concentration associated with the cool flame and the
onset of the rapid slow combustion, most products continue to be formeé
throughout the reaction although at a lower rate. However, the
concentrations of products such as the butenes, buta-1,3-diene,
tetrahydrofuran and 2-methyloxetan pass through maximum values after ca.
8 seconds and continue to fall as the reaction proceeds. Once aéain it
is clear that these products undergo further reaction which may be
responsible for the continued increase in concentration of products such
as O-heterocycles, carbonyl compounds and lower alkenes in the late stages
of reaction.

Figure 3.55 shows that the first cool flame accounts for a
consumption of ca. 22% of the original n-butane.

It is interesting to note that at 360°C, the concentration of
methyl ethyl ketone shows no decrease at any stage in the reaction
(figure 3.56), and that at all the initial temperatures investigated,

methane is not detected until the first cool flame propagates.,
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The variation with time of the yields of

but-i-ene, trans but-Z-ene, cis but-Z2-ene

and methanol) (360°C, 150 torr)
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Figure 3.52
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The variation with time of the yields of
acetaldehyde, ethylene, acrolein and
methane (260YC, 150 torr)
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The variation with time of the vields of

propene, prepionaldehyde and acetone (360°C, 150 torr)
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Figure 13.54
2 . e et e ettt

The variation with time of the vields of

trans 2,3-dimethyloxiran, cis 2,3-dimethvioxiran, 2-ethyloxiran
2-methyloxetan, tetrahydrofuran and Z-methyloxiran (360°C, 150 torr)
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& of methyl vinyl ketons,
hyde and propane
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W.ﬂﬁﬁa 3.56

The variation with time of the vield of
ketone {(360°C, 150 torr)
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Figure 3.57

Pressure-~time recordings in the cool flame
region at (a) 300°C (b) 309°C and {c) 360°C
(initial pressure = 150 torr)
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3.2.2 Product distribution during the early stages of reaction

During the early stages of reaction it can reasonably be assumed
that the products result from primary oxidation reactions only, since the
products and radicals formed at this stage are present in very low
concentrations. A study of the nmature and distribution of products during
the induction period preceding the first cool flame will therefore yield
useful information concerning the primary chain propagation reactions.
Numerous analyses were carried out, therefore, over a range of initial
temperatures and pressures at a stage when the fuel consumption is less
than 1%.

In order to make a direct comparison with the results of previous

36,45

studies carried out under similar conditions the yield of each
product is expressed as a percentage of the total products detected,
measured in g. atoms of carbon. In the early stages of reaction it is
difficult to measure directly the amount of fuel-consumed, go it has been
assumed that the g. atoms of carbon detected in the products are equal to
tﬁose in the fuel consumed. (This is not strictly true, however, in view
of the likely presence amongst the products at this stage of undetected
formaldehyde and oxides of carbon). The approximate fuel conversion is

thus given by the ratio:

253. atoms of carbon in detected products)
ge atoms of carbon in initial n-butane

JeBe2,1 The variation with respect to initial temperature

The variation of the percentage yields of products with initial
temperature in the range of 285 - 380°C is shown in figures 3.58 - 3.61.
At each temperature the initial pressure of the reactants was varied to .
maintain the molar concentration at 7.60 x 10-& moles of n-butane and
1.520 = 10‘3 moles of oxygen.

o :
At 285 C the major products, acetaldehyde, acetone, but-l-ene and
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but-2-ene, are formed in approximately equal amcunts and together they
account for ca. 90% of the total products. However, as the initial
temperature is increased to 31000 the yields of acetaldehyde and acetone
fall dramatically whilst the formation of the conjugate alkenes becomes
more pronounced. This behaviour continues as the temperature is increased
still further, although it becomes less marked. At 38000, acetaldehyde
and acetone together account for only 4% of the total products (c.f. ca. k5%
at 300°C) whereas but-l-ene and but-2-ene together account for ca. 85%
(cof. ca.k5% at 300°C). Furthermore, as the initial temperature is
increased from 285 to 38000, the ratio of the yields of bhut-l-ene to
but-2-cne is reasonably constant (Table 3.3).

The behaviour of the minor products also shows some intefesting
variations. The total yield of Ck C-heterocycles increases by ca. 50% as
the initial temperature is increased from 285 {o 38000 although they do
not all vary in the same mauner. Thus, for example, the yield of
2,3~-dimethyloxiran passes through a maximum at 31000, whereas the yields
of 2-methyloxetan and tetrahydrofuran increase throughout the temperature
range. The yield of lower alkenes also increcases steadily as the initial
temperature is increased, whercas the yield of propionaldehyde declines
markedly between 310 and 36000. In contrast the yields of other products
such as buta-~1,3-diene, acrolein, n-butyraldehyde and methyl ecthyl ketone

show only very small variations with increase of temperature.
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Figure 3.58

The variation with initial temperature of
the percentage vields of but-l-ene, trans but-2-ene,

cis but-2-canc and ethylene at <1%fuel conversion
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Figure uamu

The variation with initial temperature of
the percentage yields of acetaldehyde, acetone

=

and methyl ethyl ketone at <i% fuel conversion
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Figure 3.60

yields of trans 2,3-dimethyloxiran, cis 2,3-dimethyloxiran
wtewwwwowhﬁﬂnu 2-methyloxetan, tetrahydrofuran and
2-methyloxiran at <1% fuel conversion
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Table 3.3

The variation with temperature of the ratio of the yield

of but-l-enc to but-2-epe in the carly stages of recaction

194

Initial temperature

% yield of but-l-ene
% yield of but-2-cnec (t + ¢)

285

300

320

340

360

385

1.0

1.1

1.2

1.1

1.2
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e O 9 The variation with respect to initial pressure
P P

Analyses were performed during the induction period over a
range of initial pressures at 300°C. The variation of preduct
distribution with initial pressure is not large although certain trends
are obvious as shown in Table 3.4. The yieclds of ethylene, acetaldehyde,
2-methyloxiran, n-butyraldehyde and methyl ethyl ketone all increase as
the initial pressure is increased, particularly in the case of the last
product; whereas the yields of but-i-ene, but-2-ene, 2,3~-dimethyloxiran
and methyl vinyl ketone show a slight decreasxe. The yields of all other
products remwain unchanged as the initial pressure is varied.

At 36000. however, the predominant products, but-l-ene and
but-Z-ene, exhibit no variation with initial pressure, as shown in-Table
3«5« Furthermore, the only significant differences from the variaticon
of the product disiribution at 30000 is that the yields of acetone and
2-methyloxetan decrease, whereas the yields of acetaldehyde and ethylene
remain fairly constant as the initial pressure is increased.

It can be seen that the stage in the reaction at which the
analysis was carried out, as indicated by the percentage fuel conversion,
varies. This is not considered to invalidate the correlation made between
the results, however, since it is reasonable to assume that only primary

reactionz are involved up to fuel conversions of 1-2%.



Table 3.4

The variation with initial vressure of the initial

product distribution at 300°C (£1% conversion)
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Initial Pressure (torr)

Product
76 91 111 131 148 190

ethylene 2.0 2.0 3.2 2.9 2.2 3.3
propene 0.k 0.2 0.3 0.2 0.2 0.3
but-1-ene 31.0 | 29.6 | 24.7 | 25.3 | 23.4| 26.0
but~2-ene(t) 17.7 | 17.8 13.8 | 14.6 | 13.7 | 15.3
but-2-ene(c) 8.8 | 10.3 8.0 8.9 7.7 8.9
buta-1,3-diene - 0.1 0.1 - 0.1 0.2
acetaldehyde 14:7 1 1243 211 1 19,6 1 21.4 | 18,1
2-methyloxiran 0.k 0.5 0.6 0.8 0.8 0.9
methanol G B | 0.6 1.2 0.8 0.9 1.3
propionaldehyde 0.9 1.0 0.9 0.7 0.9 0.9
2,3-dimethyloxiran(t) 2.0 2.0 1.6 1.4 1.5 1.4
acrolein Ok 0.4 0.4 0.3 0.3 -

acetone 15.8 | 17.k 175 | 185 | 18.6 | 16.4
2,3~dimethyloxiran(c) 1.0 1.1 1.0 0.9 1.0 0.7
2-cthyloxiran 0.2 0.2 0.2 0.2 0.2 0.2
2-methyloxetan 0.8 0.8 0.7 0.8 0.7 0.5
n~butyraldehyde O.1 0.1 0.3 043 0.3 0L
tetrahydrofuran 0.3 0.4 03 0.3 0.3 0.2
methyl ethyl ketone - 0.6 5 % | 2.k L.7 b.h
methyl vinyl ketone 2.4 2,54 13 1.4 1.5 0.9
% fuel conversion 0.1 0.6 17 0.9 0.6 0.4




Table 3.5

The variation with initial pressure of the initial

product distributiion

at 360°C (<1% conversion)
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Initial Pressure (torr)

Arganct 62 91 | 101 | 134 | 150 | 188
ethylene 157 3.5 3.9 5.4 3.8 4.2
propene 1.1 1.2 1.2 2.3 1.0 1.0
but=-1-ene 40.1 Li,0 | 40.8 | 41.8 | 42.2 | 39.6
but-2-ene(t) 22.7 21.8 | 24.5 | 24.5 | 23.8 | 23.6
but-2-ene(c) 15.4 16,3 | 17.1 | 17.1 | 16.5 | 16.3
buta-1,3~diene 0.1 0.1 0.1 051 0.1 0.3
acetaldehyde 5.6 5.8 4.3 345 La7 .2
2-methyloxiran 0.1 0.3 0.1 0.2 0.4 0.5
methanol 0.7 0.6 0.7 0.k 0.5 0.8
propionaldehyde 0.3 0.2 0.4 0.2 0.3 0.5
2,3-dimethyloxiran(t) 1.8 . 1.4k % | 0.7 0.9 1.0
acrolein 0.5 0.4 0.4 0.2 0.2 Q33
acetone 3.4 Ze3 1.8 1.1 1.6 13
2,3-dimethyloxiran(c) 1.3 0.9 0.7 0.k 0.6 0.8
2-ethyloxiran 0.5 0.3 0.2 0.1 0.3 0.3
2-methyloxetan 2.9 2.1 1.3 0.8 1.0 1.3
n-butyraldehyde 0.2 0.3 0.2 0.2 0.5 0.8
tetrahydrofuran 1.2 0.8 0.5 0.3 0.k 1.0
methyl ethyl ketone 0.2 0.7 0.6 0.8 1.1 1.8
methyl vinyl ketone - 0.2 - 0.1 0.1 0.3
% fuel conversion 0.6 0.5 0.4 1.3 0.3 0.1
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L.1 The kinetic and thermal properties of the
oxidation of n-butane

halsl The ignition diagram

The lobes which occur in the low temperature cool flame/multi-
stage ignition boundary of most hydrocarbon + oxygen systems are due to
the repeated waxing and waning of the net branching factor as the
initial temperature is increased. This repeated fluctuation may be
considered to be due to the onset of further branching and non-branching
reactions which have successively higher activation energies. It is
possible to visualise these branching processes as either involving
different branching agents or different modes of formation of the same
branching agent and from these considerations Antonik and LucquinGo hava
recently suggested that four basic branching processes, corresponding to

the Lo - L, lobes, can be identified. These processes are believed to

3
predominate within specified temperature regions and the number which can
occur for any particular hydrocarbon + oxygen system depends principally
on the molecular structure of the fuel. For mixtures of n-butane + oxygen
in the molar ratio 1:2, the cool flame/multi-stage ignition boundary
exhibits a strong lobe in the temperature range 280 - 31500 and a much
weaker lobe between 315 - 390°C. A comparison of these temperature ranges
with those indentified for the lobes of other hydrocarbon + oxygen systems

(Table h.1), indicates that these correspond to the L1 and L_ branching

2

mechanisms respectively. The L1 mechanism is believed to involve primary
peroxidation which is catalysed by hydrogen donors (see p.41 ). Thus
compounds such as aldehydes, which contain a labile hydrogen atom, would
be expected to be important intermediates during the reactions which
precede the non-isothermal phenomena. The analytical results do indeed

indicate that at low initial temperatures (ca. 300°C) acetaldehyde is an

important intermediate during the induction period preceding the cool



The temperature ranges associated with the

lobes observed for wvarious hydrocarbon +
oxygen mixtures

20.

Lobe L L L L Reference

Mixture 2 4 o 3
n-butane + = 280-315 315-390| —— Present
oxygen (1:2) study
n-butane + — | 270-310 310-380| ——— 55
oxygen (1:1)

ra
isobutane + 290-315 | 315-325 325-380| 380+ L5
oxygen (1:2)
n-pentane + —_— | 255-315 315-380( 380+ 52
oxygen (3:4)
2-methylpentane 250-270 | 270-310 310-350 95
+ oxygen (1:2)
neopentane + 310-400| 400+ L9

oxygen (1:1)
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flame. The L2 mechanism is considered to involve the secondary
peroxidation of aldehydes and again these compounds would be expected to
be important intermediates. At ca. 36006, acetaldehyde is in fact the
third most abundant intermediate product during the induction period of
the first cool flame; only but-i-ene and but-2-ene are more important.

Further inspection of the ignition diagram shows that the L1
lobe occurs within the temperature range which is associated with intense,
well-resolved multiple cocl flames, whereas the L2 lobe is associated with
the upper single cool-flame region. This is in accordance with the
suggestion made by Antonik and Lu0quin60 that the "reactivity" of the
first cool flame increases as the initial temperature is increased and as

P
such varies inversely with periodicitye.

The present studies clearly refute the suggestion that the nuwmber
of lobes exhibited at the cool flame/ignition boundary can be directly
correlated with the number of alternative modes of alkylperoxy radical
rearrangementsg. This theory suggests that for n-butane three lobes should
occur corresponding to 1:4, 1:5 and.1=6 hydrogen transfer. Since only two
lobes are observed experimentally it is clear that this suggestion is not
tenable.

45

In contrast with the ignition diagrams obtained when isobutane -,

2,3-dimethy1butane51 95

or 2-methylpentane are used as the fuel, the lobes
are not reflected at the slow combustion/cool flame boundary. In the case
of n-butane, therefore, the change in mechanism responsible for the
negative temperature coefficient associated with the L1 lobe does not

extend to low pressures.

&ol.2 The characteristics of the first cool flame

The induction period preceding the first cool flame may

reasonably be assumed to be indicative of the rate of the reactions
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which subsequently lead to the attainment of the critical rate of
branching required for the occurrence of the coel flame. It has been
seen that at constant initial temperature, the induction period decreases
monotonically with increase of initial pressure and can be expressed by
the relationship:

-n

’Ylg kpo + C (4.1)

45,52 have shown that the constants in this relationship

Recent studies
show marked changes as the initial temperature is increased and it has
been suggested that these may be associated with a change in the
branching mechanism. Although computational evaluation of these constants
has not been carried out in the present studies, some information about

>
the constant ¢ has been obtained by assuming that ‘T’i ~ ¢ at initial
pressures near to the cool flame/ignition boundary where changes in the
branching mechanism are most clearly manifested. Equation L.1 predicts
that at a given initial temperature, ’Yl will become asymtotic to ¢ as
P, is increased. Figures 3.4 and 3.5 show that T& does indeed asymgote
to a value vhich varies with the initial temperature. Approximate values
of the constant ¢ have thus been ;btained at an initial pressure of 200
torr and the variation of log ¢ with the reciprocal of the absolute
initial teﬁperature is shown in figure 4.1. It is interesting to note
that the relationship displays two linear portions. This agrees with the

computed results obtained from the study of the oxidation of isobutane =

under similar experimental conditions. In this work 45

, it was suggested
that the value of ¢ is, theoretically, the shortest time in which the
critical rate of branching required for cool flame propagation can be
attained and as such it would be expected to be closely related to the
branching mechanism in operation. The fact that the above relationship

displays two linear portions probably indicates that different

branching mechanisms are associated with the cool-flame temperature regions
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on either side of the discontinuity which occurs at ca. 33500. Indeed,
these temperature ranges correspeond closely to those associated with the

L1 and L2 lobes.

The variation of'Ta with the initial temperature is also

96

informative. Yantovskii’ has suggested that the relationship between

these parameters can be expressed in the form:
Eeff/ RTo

‘Yl = Ke (‘hz)

where K is a constant, Ee is the overall effective activation energy,

£f
R is the gas constant and T0 is the absolute initial temperature. The
variation of 1og'Ta with 1/T0 is indeed linear, although it can be seen
from figure 4.2 that at any initial pressure the relationship displays
two linear portions. No doubt this discontinuity also indicates tﬁ;
occurrence of a change in mechanism. The variation with initial pressure
of the initial temperature at which the discontinuity occurs is shown
plotted on the ignition diagram for System I in figure 4.3. It is clear
that the mechanism which predominates below the curve illustrated in
figure 4.3, is associated with the temperature range within which the

L1 lobe occurs, whereas the mechanism which predominates above the curve
is associated with the L2 lobe. It is also extremely interesting to note
that the position and shape of this curve is almost identical to that
obtained for the initial conditions at which cool flames change from
propagating from the walls of the reactor to propagating from the centre
of the reactor, (c.f. figure 3.29)._ This point is discussed in more
detail in section 4.1.3.

The value of Eé at low initial temperatures is ca.h6 kcal.mole_i,

£t

whereas at high initial temperatures it varies from ca. 15 to 25 kr:.‘.a.l..ﬂ'lole-1

as the initial pressure is increased. It is difficult to associate Eeff

with any particular reaction occurring during the induction period since

the reactions are complex, even at this early stage. The values of Eeff
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obtained, however, show good agreement with those quoted by Hughes and

97 -1 52 -1
Simmons (54 and 31 kcal.mole ) and Bastow " (49 and 20 kcal.mole )
for the lower and upper temperature regions respectively for n-pentane +
oxygen mixtures. For n-heptane + air mixtures at pressures of up to 3

s . - - 1 (]

atmospheres, Yantovskii found that the variation of 109‘?& with /fo
exhibited three linear portions cerresponding to the temperature ranges
% 96

240 - 310°C, 310 - 390°C and above 400 . The values of E_.. in

T

these regions were 37, 10 and 2k kcal.mole-i respectively and he concluded

that the branching mechanism in each region is different. In the lowest

temperature range i.e. 240 - 31000, he suggested that branching was due

to the thermal decomposition of alkyl hydroperoxides, whereas between

310 - 400°c branching was due to the homogeneous decomposition of éeracids

(formed via the secondary oxidation of aldehydes). Thus, his chemical

explanation of the branching mechanisms which predominate within these

temperature ranges agree precisely with those given by Antonik and

Lucquin 50 for the LD and L1 and L2 mechanisms. Similar results were

also obtained by Yantovskii for the iso-octane + air system 98.
A change in the characte; of the first cool flame also occcurs

as the initial tewmperature is increased. This is illustrated by

consideration of the factors which account for the measured maximum

transient pressure rise accompanying the cool flame. The two factors

which contribute to the magnitude of!ﬁp1 are the increase in molecular

concentration resulting from reactions which accompany the cocol flame

and the exothermicity of these reactions. At low initial teaperatures,

CeQe 29008, Z§p1 is very large comparecd Hithlﬁpico. Furthermore,

temperature measurements indicate that the cool flame is accompanied by

a large temperature transient and that as soon as the increase in pressure

ceases, the temperature of the reacting mixture falls rapidly back almost

to the initial temperature conditions. It seems reasonable, therefore, to
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infer that at this temperature the exothermic nature of the reactions
which occur during the passage of the first cool flame is almost entirely
responsible for the magnitude ofﬁlpl. Indeed, the theoretical values of

Op

1 calculated from the measured values on§T1 assuming ideal gas
behaviour, agree to within ca. 10% of the observed value ofiﬁpi. It is
shown in Section 4.1.3, however, that the exothermicity associated with
the cool flame reactions decreases steadily as the initial temperature is
increased. At initial temperatures above ca. 33000 the relative
importance onSpioo compared withl&pi increases and the theoretical
values oflkpl are always considerably smaller than the observed values
ofaﬁpi. This suggests that fragmentation products, such as carbon ?xides,
become progresgsively more important as the initial temperature is
increased, thereby increasing the contribution of the change in molecular
concentration to the value ofllpl. This behaviour would certainly be

expected, since if it is assumed that the L_ mechanism is operative in

2

this temperature range then reactions (4.3) and (4.4) will become

considerably more important as the temperature is increased from 330 to

390°C.
cnaco . > cu3. + CO (L.3)
cuscooo 3 cugo + co2 (hob)

Indeed, Dechaux 25 has recently shown that for n-butane + oxygen mixtures
in the molar ratio 1:4, the yield of carbon monoxide increases by a
factor of ca. 10 and the yield of carbon dioxide increases by a factor of
ca. 5 as the initial temperature is increased from 350 to 40000.
This change in the character of the cool flames is reflected
by changes in the value of m in the relationship
1391 = tap (k.5)
(where a and m are constants at a fixed initial temperature). In common

with other fuels, the value of m increases with temperature as shown

in Table 4.2.



Table 4.2

The values of m for various
hydrocarbon + oxvgen mixtures

212

Mixture m Temperature Reference
n-butane + 1.3 = 3.8 297 - 390°C Present
oxygen (1:2) study
isobutane + 2.8 - 5.0 302.5 - 38600 Ly y
oxygen (1:2)
2,3~-dimethylbutane 2.6 - L.5 301 - 342°% 51
+ oxygen (1:2)
2-methylpentane 1.4 - 3.5 275 - 395Dc 87

+ oxygen (1:2)
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From the foregoing considerations it is possible to suggest that low

values of m may be associated with the occurrence of very exothermic
reactions, whereas high values of m are largely the result of the

formation of fragmentation products such as carbon oxides and formaldehyde.
Since the values of m found for the n-butane + oxygen system are lower than
those of the isobutane + oxygen systiem under similar conditions, it appears
that the exothermicity of the reactions accompanying cool flames is

greater during the oxidation of n-butane. Thermocouple measurements
indicate that the temperature rises associated with cool flames during

the oxidation 6f n-butane are indeed larger than those during the

oxidation of isobutane 99. Conversely, the higher values of m observed

for the isobutane + oxygen system suggest that molecule fragmentat;on

is more important for this fuel. Carbon balances calculated immediately
after the passage of the first cool flame indicate that at temperatures

at which the Lz mechanism is operative, the yields of scission products,
such as carbon oxides and formaldehyde, are indeed greater during the
oxidation of isobutane 45.

The variation ofllpl with To exhibits a point of inflection at
ca. 315°C which may also be explained by the change from the L1 to L2
mechanism. This changeover is most clearly illustrated, however, by the
variation of (dpi/ﬂt)max with initial temperature (figure 3.12). At all

initial pressures the L_ mechanism, which is responsible for the

i
occurrence of intense cool flames at the lower temperature limit, suffers
increasingly effective competition from a non-branching reaction (or
reactions) as the initial temperature is increased to ca. 315°C. Further
increase of temperature, however, clearly promotes another branching
process, which is presumably the L, mechanism, since (dplldt)max increases

quite markedly up to ca. 36000. Between 360 and ca. &2006, (dpi/dt)max

decreases continuously and this temperature range corresponds to the



principal negative temperature coefficient region.

&il.3 The thermal characteristics of cool-flame propagation

One of the most significant results to emerge from the
temperature measurements is the apparent change of the direction in
which the cool flames propagate as the initial temperature is increased.
This behaviour, which has not been reported hitherto, has been confirmed

= BT

more recently in the studies of the oxidation of isobutane
2-methylpentane Ao under similar experimental conditions. The close
similarity between this change and the change in mechanism indicated by
the variation of log 11 with 1/'I‘o has already been noted and it seems
reasonable to assume that for n-butane + oxygen mixtures, the L1 léhe
can be associated with cool flames resulting from a predominantly
heterogeneous mechanism, whereas the L2 lobe can be associated with cool
flames resulting from a predominantly homogeneous mechanism.

It was noted in the Introducticn that it has been suggested
that there is a substantial heterogeneous contribution to the oxidation
of low molecular weight hydrocarbons. Furthermore, it appears that the
degree of heterogeneity tends to parallel the resistance of the fuel to
oxidise and therefore its knock-rating 101. The degree of heterogeneity
during the oxidation of isobutane would therefore be expected to be
greater. This has been shown to be the case experimentally, since the
changeover curve for heterogeneous to homogenecous flame propagation for
n-butane + oxygen mixtures occurs at ca. 32500, whereas for isobutane +

99

oxygen mixtures it occurs at ca. 34006. For 2-methylpentane, however,

which has a lower knock-rating than n-butane, this curve occurs at
Cae 29000100. For both isobutane and 2-methylpentane .+ oxygen mixtures,

the locus of the initial conditions for the change in direction of

cool-flame propagation is identical in shape to and lies within 8°C of



the locus of the initial conditions at which a discontinuity occurs in

the relationship between log'Ta and 1/‘I‘o. Thus, assuming that these loci
approximately coincide for other hydrocarbons, it is possible to suggest
the temperature at which a change in direction of cool~flame propagation

97

occurs for n-pentane + oxygen mixtures. Hughes and Simmons reported
that for this system, the discontinuity in the relationship between T&
and 1/To at an initial pressure of 100 torr, occurs at 292 and 298°C for
mixtures in the molar ratio 1:2 and 1:1 respectively. The observed
change in direction of cool-flame propagation would thus be expected to

occur at about these temperatures. It may be concluded, therefore, that

the heterogeneous reactions are not favoured by an increase of the oxygen
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'

content of the reacting mixture. Similarly, Bastow has recently shown
that additions of 2 and 4% of HBr to mixtures of n-peniane + oxygen in
the molar ratio 3:4, lower the temperature at which the discontinuity
occurs from 314.5°C to 272 and 266°c respectively, at an initial pressure
of 70 torr. Larger additions cause no further decrease in this
temperature. The action of the additive clearly promotes homogeneous
reactions at the expense of heterogencous reactions.

A possible explanation for this change in the nature of the
mechanism and for its variation with fuel structure, stoichiometry and
hydrogen bromide will be discussed in Section 4.3.

Investigation of the relationship between P, and the transient
temperature rise accompanying the first cool flame measured at the wall
of the reactor,

A'ri = Mp +cC (4.6)
reveals that the constant C is markedly sensitive to changes in the
initial temperature at temperatures at which cool flames are observed to
propagate from the reactor walls. However, at higher initial temperatures,

where cool flames are observed to propagate from the centre of the reactor,

C is almost independent of the initial temperature. In contrast, the
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constant C in the relationship between P, and the teumperature rise
accompanying the cool flame measured at the centre of the reactor,

A'ri = Mpox +C (ka7)
is predominantly affected by changes of initial temperature above
Cae 335°C. It seems probable, therefore, that the behaviour of the
constants in these relationships is connected with the mode of cool-flame
propagation, although their exact significance is not clear.

The observation of a region within which cool flames propagate
from the walls of the reactors as a result of heterogeneous reactions,
suggests that the interpretation of the concurrent pressure - and
temperature - time recordings obtained by Hughes and Simmons for the

’
n-pentane + oxygen system 97, is incorrect. These workers, who studied
cool flame development by following the pressure changes and temperature
changes at the centre of the reactor, observed that the pressure pulse
consisted of an initial very abrupt rise followed by a much slower rate
of pressure rise. Furthermore, they observed that the first pressure rise
apparently occurred before any appreciable temperature rise was recorded
and that the second part of the pressure pulse and the thermal pulse were
coincident. From these and other considerations, they concluded that two
stages are.involved in the appearance of a cool flame. In the first stage
there is an abrupt increase in the molecular concentration which occurs
practically isothermally. This leads to a thermally unstable system and
hence the thermal pulse which forms the second stage of the cool flame.
The present results indicate, however, that these two stages occur
concurrently. At low initial temperatures, it is true that the
temperature at the centre of the reactor begins to rise as much as
300 milliseconds after the start of the pressure rise, however, at the

reactor wall the temperature rise is coincidental with the pressure rise.

Clearly, the use of a single thermocouple positioned at the centre of the



reactor will give rise to misleading results under these conditions.

It has been suggested that the heat released during a cool
flame is sufficient to raise the temperature of the reacting mixture to
values of the initial temperature in the principal negative temperature

63

coefficient region « Indeed, this has been proposed as an explanation
of the self-quenching and periodic characteristics of cool flames 93.

The present studies make it possible to test the validity of this proposal
in detail. It has been assumed, for the convenience of calculation, that
the maximum temperatures recorded by the three thermocouples occur
instantaneously. It is thus posaible to calculate a space-averaged

maximum temperature rise,[lTsa, as follows:

A‘I‘Sa = Tt Tip * T, )/3 (4.8)

where TC‘ T%R and ‘I‘w are the maximum temperature rises at the centre,

half-radius and wall respectively. The space-averaged temperature rises
at various initial temperatures have been calculated for an initial
pressure of 150 torr(since cool flames occur over the widest range of
initial temperatures at this pressqre) and are shown in Table &.3. It can
be seen that the maximum temperature reached by each reacting mixture,
Tm‘ where

e -t-ATsa (4.9)
is more or less constant, irrespective of the initial temperature; the
average value of Tm during the first cool flame being ca.h22.5°¢ which is
approximately 6°C above the observed upper cool-flame limit (see figure
3.27).

It was considered that the close similarity between Tﬁ and the
initial temperature corresponding to the upper cool-flame limit at an
initial pressure of 150 torr might be very significant and so similar
calculations were carried out for a range of initial pressures between

77 = 175 torr. The maximum temperatures reached in cool flames at these
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. Table 4.2

The variation of the space-averaaed maximum
temperature rise with initial temperature
( = 150 torr)

B P SR

TO TB a In
292 136 4,28
297 126 423
302.5 119.5 L22
307 112 k19
313 104 L17
319 103 Lzo ’
325 97 L22
333 87 L20
339 78 Lz
34k.5 79 h23.5
351 71 422
360.5 65 L25.5
371.5 53.5 L25
381 45 ‘ 426
392 31.5 423.5
ko2 22 Lol
409 1 k23




217

pressures have been plotted on part of the ignition diagram for System I
as shown in figure 4.4. (Although the overall ignition diagram for
System I differs from that for System II, this difference is only
significant below 36000. Furthermore, the ignition diagram for System I
is particularly useful since it includes the ignition boundary). It can
be seen that the locus of these points (the dotted line) describes almost
the same path as the experimentally observed slow combustionfipper cool-
flame boundary. These results are both kinetically and chemically very
significant, since they clearly illustrate that there is a discrete upper
limit for cool-flame propagation which is determined by the average
temperature rise and not the maximum temperature rise. This is in good

'

agreement with the results of Hughes and Simmons for the n-pentane +
oxygen system 97. These workers calculated that in this case, the upper
limit for cool~flame propagation is ca. 39500, at an initial pressure of
140 torr. It should be noted, however, that this value was reached by
adding half the maximum temperature recorded during a cool flame to the
initial temperature. The present studies have shown that if this method
of computation is used, the results are considerably more scattered and
generally take lower values. Nevertheless, these two independent studies
do suggest that a 'thermal switch' mechanism may explain the self-
quenching nature of cool flames.

Two possible competing reactions responsible for the thermal

switch are (4.3) and (4.10), which ‘Enikolopyan 23

suggested may be
capable of explaining the occurrence of the negative temperature

coefficient region.

CHBCO > CH3 + CO (4.3)
cusco + 0, > c“3°°3 (4.10)

1 g ; : :
Semenov et considers that the activation energy for reaction (4.3) is

-1
ca. 18 kcal.mole , whereas that for reaction (4.10) is close to zero.
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It is clear, therefore, that as the temperature is increased reaction
(4.3) becomes increasingly competitive. For initial temperatures which
lie within the range in which the L2 lobe is observed, the above
suggestion seems plausible, since the L_ mechanism involves these

2

reactions. For initial temperatures lying within the range of the L1
lobe, however, the basic branching mechanism involves alkyl hydroperoxides
and for the above competition to occur for cool flames at these low
initial temperatures, the branching process must change during the
propagation of the cool flame. Indeed, the fact that the maximum
temperature reached during the first cool flame at a specific initial
pressure, irrespective of the initial temperature, is more or less
constant, suggests that this is so. If the stability and stationa;;
concentration of alkylperoxy radicals is considered, it is clear that

as the initial temperature is increased they will become less stable and

therefore their stationary concentration will be smaller. Clearly this

does not favour reaction (4.11).

CH, . 106 + AH > CH,  ,C0H + :\ (4.11)
Nevertheless, the decomposition of alkylperoxy radicals via
hydroperoxyalkyl radicals, which is favoured by an increase in
temperature, will give rise to considerable yields of aldehydes which
may then participate in the accepted L2 mechanisme.

The foregoing considerations thus indicate that for initial
temperatures greater than ca. 33000, a single thermal qw?tch occurs
between reactions (4.3) and (4.10). The precise temperature at which
this switch occurs depends on the initial pressure and from figure L.k
it can be seen that this temperature increases as the initial pressure
is increased. This is to be expected since reaction (4.10) is favoured

by high pressures and thus the temperature at which reaction (4.3)

competes effectively is necessarily higher. For initial temperatures
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below cae. 33000, however, it seems that two thermal switches are

) . o
operative. The first between reactions (4.11) and (4.12) at about 330°C,

A : 1
c:nuan+ 400 + AH 3 Cn”zm 100}1 + A (k.11)
¢ H, 00 =8 th;gziz;fyalkyl> AH + other products (&.12)

and the second between reactions (4.3) and (4.10) which is dependent on
the initial pressure.

The present studies also indicate that the role of the cool
flame in two-stage ignition cannot be considered as entirely thermal,
since at relatively high initial pressures the maximum temperature reached
in the first cool flame is well in excess of the initial temperatures at

the cool flame/ two-stage ignition boundary. These results are in
4

agrecment with those observed for the 2-methylpentane{oxygen system 95.

ho1.k The characteristics of subsequent cool flames

Although detailed kinetic measurements were only carried out
for the second and third cocl flames, it is clear that the character of
cool flames following the third is generally similar. Thus, the
observations made in this section apply equally well to cool flames after
the third except that the position of boundaries and changes of behaviour
occur at progressively different initial conditions.

It has been seen in Sections 3.1.1.5 = 3.1.1.10 that below
limiting initial temperatures and pressures (see figures 3.19 and 3.24),
the behaviour of the second and third cool flames may be described in
the same manner as that of the first cool flame. Thus, for example, the
values of‘Té'J decrease, whilst those ofllpz.B and (dpz,B/dt)max increase
as the initial pressure is increased. Furthermore, the lower multiple
cool-flame limits are distinct, like that of the first cool flame.

Temperature measurements also indicate the similarity of these cool flames,

since at initial temperatures below ca. 33000, all cool flames propagate
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from the walls of the reactor. It seems reasonable, therefore, to assume
that the L1 mechanism, which involves the participation of alkyl
hydroperoxides, can account for the formation of multiple cool flames
under these conditions.

Below initial temperatures of ca. 30500, the intensities of the
first three cool flames decrease in the order 3rd > 2nd > 1st, which is
unusual. This may be due to the influence of compounds containing labile
hydrogen atems, particularly acetaldehyde which is a major product at all
stages of reaction under these conditions. It seems reasonable to assume
that its presence after the first cool flame will promote the rate of
formation of branching agent and therefore increase the rate of branching,

'

thereby leading to increased values of p and (dp2 3/’dt)max. With the
]

2,3
passage of each cool flame, however, the oxygen consumption becomes a
limiting factor and so the intensities of cool flames after the third or
fourth cool flame decrease.

Above the aforementioned limiting initial conditions, the
intensities of the subsequent cool flames decrease markedly as either the
initial temperature or pressure is increased. A comparison of the
variation of (dpl/at)max and (dpz‘jfdt)max with To, (figures 3.12, 3.17
and 3.23), shows that the sharp decline in the values of (dp2‘3/ﬂt)ma¥
as the initial temperature is increased, coincides with the change of the
temperature coefficient of reaction rate of the first cool flame from
negative to positive. More specifically this can be cqngidered as the

change from the L1 mechanism to the L_ mechanism (see Section 4.1.2).

2
These results are clearly a manifestation of the fact that the L2 mechanism
is not conducive to multiple cool flame formation.

The reduction of the intensities of cool flames subsequent to

the first is also connected with the appearance, at these limiting

conditions, of the 'shoulder' on the first cool flame. As the initial
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temperature or pressure is increased,zﬁps increases whilst (dpz,j/dt)max
decreases (figures 3.16, 3.22 and 3.26). This shoulder, which eventually
becomes the hot ignition stage of two-stage ignition, is probably the
result of the further reaction of products formed during the first cool
flame. Detailed considerations of this shoulder (see Section 4.1.5)
indicate that the reactions responsible for its occurrence most probably
occur homogeneously. It is interesting that its most pronounced
'inhibiting! effect on subseguent cool flames is in the region within
which cool flames are observed to propagate from the walls of the reactor,
although the exact significance of this is not clear from the present
studies. Unfortunately, a precise chemical explanation for its
inhibiting effect is not readily offered by the analytical results:’ One
possibility which might be considered is that an intermediate which is a
precursor of the branching agent responsible for subsequent cool flames
is consumed during the shoulder pulse. In this case, however, the
induction period of the second cool flame would be expected to be
considerably lengthened and this was not observed experimentally.
Furthermore, there is no indication in the product concentration - time
curves of any abrupt decrease of concentration of any particular product
when the shoulder is observed. It is clear that further work is
necessary before this phenomenon can be explained unequivocally.

Detailed temperature measurements were not carried ocut on cool
flames after the first although the values onSﬁn and (dTn/dt)m&x are,
in general, considerably different from the values ofdﬁri and (dTi/dt)max
when space-averaged temperatures are considered. In contrast to the first
cool flame, the maximuwn temperature reached during the propagation of
subsequent cool flames is very dependent on the initial temperature.
Indeed, under certain conditions, principally at low initial temperatures,

the maximum temperature reached during the second, third and fourth cool
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flames exceeds that reached during the first cool flame by as much as

30 to QOOC. These results offer an explanation for the occurrence of
multi-stage ignitions which is discussed in Section 4.1.5. The complex
behaviour of these cool flames no doubt reflects the increasing
complexity of the reacting mixture as the oxidation proceeds. For this
reason it becomes increasingly difficult to describe with accuracy the
path of the reaction and the concurrent morphological phenomena in
terms of elementary reactions invelving n-butane.

Finally, Barnard and Watts 23

have shown that for the acetone +
oxygen system, the temperature of the reacting mixture during the passage
of cool flames oscillates about a given point in the Arrheniuse p%pt of
the variation of log rate with the reciprocal of the absolute initial
temperature. The present results show that at low initial temperatures
and pressures this observation is also true in the present system as
shown in figure 4.5. These results again point to the occurrence of a

thermal switch between specific reactions which can explain the self-

quenching and periodic nature of cool flames.
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Figure 4.5

Cool flame temperature oscillations illustrated on

n
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4a1.5 The transition to hot ignition

It has been noted in Section hk.1.4k that a most important factor
in this transition is the appearance of the shoulder pulse on the first
cool flame which eventually becomes the second-stage hot ignition when
the initial pressure is sufficiently high. Temperature measurements at
the shoulder, especially at initial pressures close to the cool flame/two-
stage ignition boundary, indicate considerable thermal activity at the
centre of the reactor. Indeed, the heat release, which raises the
temperature of the reacting mixture to a higher temperature than that
reached during the first cool flame, lasts for 1 to 3 seconds compared to
0.5 to 1 second during the cool flame. Clearly, considerable further
reaction of the intermediates formed during the first cool flame oéﬁura.
Affleck and Fish 82, who studied the controlling role of cool flames in
two-stage ignition, concluded that the most likely explanation for the
occurrence of the hot ignition is the production of additional branching
agents during the passage of the cool flame. Certainly the centrolling
role of the cool flame is particularly well illustrated in figure 3.8
which shows that, over a wide rang; of temperature,élp1= 74 torr at an
initial pressure of 255 torr which is ca. 20 torr above the pressure at
the cool flame/multi-stage ignition boundary. It appears, therefore,
that for a multi-stage ignition to ensue leimust attain a critical value
and it will be useful, therefore, to consider the possible additional
branching agents which may be formed under these conditions.

The temperature studies show that for initial pressures greater
than 100 torr, the maximum temperature to which the reacting mixture is
raised is greater than ca. 400°C. Indeed, at an initial pressure of
175 torr, T is as high as ca. 435°C. At these temperatures, the direct
oxidation of acetaldehyde (E = 14 kcal.mole_1 110) would be expected to

give rise to further branching.



cujcuo + 0, > CH,CO + HO, (k.13)
Furthermore, the hydroperoxy radicals formed in reaction (4.13), together

with those formed in reaction (4.1%) may form hydrogen peroxide via

reaction (4.15):

o g C H, 00H > conjugate alkene + HO, (ho1k)
5 AH —_ o or A
s g H% * CoHonea (4.15)

At the high transient temperatures reached during the cool flame, this
may undergo homogeneous decomposition and hence lead to further degenerate

branching.

H,0, + (M) > 20H + (M) (L.16)

Similarly, the high temperatures may promote reactions which give rise to
methyl radicals. Indeed, the thermal switch explanation for the negative
temperature coefficient and the self-quenching nature of cool flames

includes the formation of methyl radicals by reaction (%.3).

c113co > cﬂ3 + CO (4.3)

The methyl radicals so formed may ultimately form methyl hydroperoxide

103

which is known to be an important branching agent in analogous systems
It is clear then, that the first cool flame may produce several
interwediates which are capable of undergoing further reaction to form
branching agents. Their subsequent branching will be slightly delayed
with respect to the first cool flame and hence a shoulder is observed on
the pressure-time trace. As the initial pressure is increased, the
critical value of the net branching factor required for hot ignition is
attained and hence two-stage ignition is observed. These general
conclusions are supported by the work of Fish, Haskell and Read who
studied the two-stage ignition of 2-methylpentane + oxygen mixtures at
high pressures 11. These workers observed that a further induction period
occurs after the propagation of the first cool flame during which not

only the pressure but also the concentrations of intermediate products
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change only slowly. They concluded, therefore, that the second stage
is, like the cool-flame stage, a degenerately branched chain reaction.

These considerations also offer an explanation for three (or
more) -stage ignitions. Thus, the onset of the hot ignition will clearly
depend on a critical concentration of the branching intermediate being
formed in the cool flame. This may not necessarily occur during the
first cool flame, but may eventually at a subsequent cool flame. Thus,
for example, figures 4.6 (a) and 4.6 (b) show the nature of the
formation of a typical intermediate I, as observed in the analytical
studies, at low and high initial temperatures respectively. The
different times required to reach the critical concentration necessary
for ignition,ﬁjc, after the passage of the first cool flame is read;ly
apparent. However, the intermediate accumulates in a step-wise manner
at low initial temperatures, where multiple cool flames are well resolved,
and thus the critical concentration may not be attained during the first
cool flame but at the second. In this case a three-stage ignition is
observed as shown in figure 4.6 (¢). Figure 4.6 (d) illustrates the
expected effect on the concentration history of the intermediate of
progressively increasing the initial pressure from the cool flame/three-
stage ignition boundary to the threc-stage ignition/two-stage ignition
boundary at constant initial temperature. It is reasonable to assume
also, that similar considerations may explain the change from four-stage
to three-stage, to two-stage :i.gnitic_m as the initial pressure is
progressively raised.

Another explanation for the occurrence of multi-stage ignition
is suggested by the results of the temperature studies. It was shown
in Section k.1.4 that at low initial temperatures, the maximum
temperature reached during the second and third cool flames exceeds

that reached during the first cool flame. This means that under these



conditions the reacting mixture is heated to a temperature of ca. 420 -
&5000 and it seems reasonable to assume that at these temperatures, the
temperature coefficient of reaction rate has a positive value.
Furthermore, at these temperatures, reaction (4.17) will be the
predominant reaction of butyl radicals:

641'9 + 0, S C‘*HB + Hoa (L.17)

Completion of the chain cycle, by hydrogen abstraction reactions of the
hydroperoxy radicals so formed, leads to the formation of hydrogen peroxide,
which at these temperatures undergoes homogeneous decomposition 72, in a

branching reaction.

HOZ T CnH2n+2 > Hzoz 5 an2n+1 54'15)
H0, + (M) > 20H + (M) (L.16)

Thus, provided that the temperature reached during the sscond or third
cool flame is sufficiently high for the above mechanism to become
established, then the hot ignition stage will occur and a multi-stage
ignition is observed.

It is probable that neither of these factors is alone
responsible for the phenomenon of multi-stage ignition and no doubt
both the temperature rise and the concentration history of the degenerate

branching agent are important.
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L.2 The chemical interpretation of cool-flame oxidation

h,2.1 Product formation during the early stages of reaction

At low initial temperatures, close to tée lower limit of cool-
flame propagation, the reaction exhibits long induction pericds during
which slow reaction occurs virtually isothermally. These conditions are,
therefore, ideal for studying the mechanism of product formation via the
principal chain propagating reactions.

At these temperatures, (e.g. ZBSOC}, the predominating reaction
of n~ and sec-butyl radicals is the addition of oxygen to form

but~1~-ylperoxy and but-2-ylperoxy radicals respectively.

E:Hzcnzcuzcri3+ 0, B (I:Hzcr12c1izcﬂ3 (L.18)
0-0
CHB(':HCHaCHB + 0, = 0}13<|:11c112c113 (4.19)
0-0

Indeed, rate constant data 43 suggests that at 28500, these reactions are
approximately thirty times faster than the competing abstraction reactions:-

cuzcnacnzc:13 +Q, > cuz=cncuzcr13 + H02 (4.20)

H i N i
& 3011c :zcn3 + 0, > cnjcn cncus + HO, (&.21)

The
importance of alkylperoxy radical isomerisation has been discussed in
detail in the Introduction and the aznalytlical results suggest that this is
also the major fate of butylperoxy radicals formed in reactions (%4.18) and
(4.19). It can be scen from Table L.k that the principal mode of
isomerisation of but-l1-ylperoxy and but-2-ylperoxy radicals is 1:5
hydrogen transfer to form the 1-hydroperoxybut-3-yl and 2-hydroperoxybut-

byl radicals respectively.



Table 4.k

Rate constants of butylperoxy radical isomerisation

Butylperoxy Hydroperoxybutyl log k
radical radical (x in sec-i at 558°K§3)
Ll
e he3
OCH
W
00 ooH
(\/ 8 i
O0H e
OOH
N 2.8
. 0O0H
m .
}\/ -
//l\\// »
OOCH 5
/\/ 5.1




- 3 ~CH,_~CH~CI .22
?Ei CcH @H ~cH, > Ci,~Cliy=CH-Cily (h.22)
""'/H 0-OH
=1 N - = = A
cn3 ci-cit &{EH > o, cI:H CH,~CH,, (%.23)
0-0+ i '0-0H

In principle, these P-hydroperoxybutyl radicals may either
reisomerise, add oxygen, cyclise or undergo P-scission decomposition.
The last reaction would lead to egqual amounts of acetaldehyde znd
ethylene from the 2-hydroperoxybut-4-yl radical and equal amounts of

formaldehyde and propene from the 1-hydroperoxybut-3-yl radical.

(—Nr' 2 ! .
- - - = 1 - .
(:H3 ?5’ CH,~Ci,, > CH:’CHO + CH,=CH, + OH (4.2k)
f
2OH
050! :
i Za¥ci-cu 3> HCHO + CH_=CH~CH. + OH (&.25)

I 2 2 3 2 3

OT?“
However, the ratio of acetaldehyde : ethylene is ca. 7.5 : 1 aﬁd propsne
is only found in small yield which suggests that it is not the major fate
of these radicals. Similarly, tﬁg total yield of CQ O-heterocycles is
ca.2% and so cyclisation also pléys only a minor role, while Cih- tracer
studies 36 have shown that the reverse isomerisation (at least for
d-hydroperoxybutyl radicals) is not important. The addition of oxygen,
therefore, appears to be the major fate of these radicals and is indeed
capable of explaining the formation of the two major products, acetaldehyde
and acetone, the formation of the latter reguiring further hydrogen

abstraction and decomposition of the dihydroperoxide.

0-0
N ~ i - e
f‘:it‘,acuaczucn:3 +0, > (I.Hz CH,~CH cﬂ3 (k.26)
0-OH 0-0H
o-o
pay ; :
| 3} cua-cu-cn3 > 2HCHO + CHjCHO + OH (4.27)

0-0OH
\7
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0-0
. % \ SCH-CH = 28
custlzucnzcmz + 02 > CHB (':H 012 CHa (L )
0-0H 0-0H
(o—o
z -
CH -cu-‘f:zl‘\—crl > 2HCHO + CH_CHO + OH (4.29)
3 |¢/ g5 2 3
0-0H
U
0-0 HO-0
: ] L.
czidzcnzcncﬂ3 FCH, ———) (lzﬂz(:n‘,&cucu3 + c&‘H9 (4.30)
0-0H 0-0H
0-0 HO=0
—_— .
CHBTHCHz(:}iz + 04H o ClleHCHQCHz (4.31)
I
0-011 0-0H
HOMO
Y| A
e L - CH > CH_COCH, + HCHO + 20H (4.32)
2) R 2 | 3 3 3
OLOH H
T4

This may well be expected, since the concentration of oxygen is high in

the early stages and its addition proceeds with an activation cnergy close
to zero (analogous to the addition ;f oxygen to an alkyl radical). The
formation of dihydroperoxides has been confirmed by Cartlidge and Tipper 35
and the existence of bifunctional group radicals is confirmed by the work
of Crandell and Thomas 46 who showed that F—dicarbonyl compounds, such as
butanal-3-one, are responsible for the characteristic absorption waveband
at 2600 : during the oxidation of n-butane. These authors also showed that
the concentration of formaldehyde steadily increases during the induction
period preceding the first cool flame at 30000 which supports the
suggestion that reactions (4.26) to (4.29) account for the major route to
acetaldehyde. Further support may be found in the work of Neiman and his
co-workers who studied the mechanism of product formation with the aid of

14
C ~labelled fuels 10&. Measurement of the activities of acetaldehyde and



formaldehyde formed during the cool-flame oxidation of n-butane showed
that formaldehyde is derived about egually from each carbon atom, while
the mechanism of formation of acetaldehyde is specific, the carbonyl group
being derived from the 2- and 3- carbon atoms. This is indeed the case if
the formation of these compounds occurs principally via reactions (4.27)
and (4.29).

The overall importance of the further oxidation of
f-hydroperoxybutyl radicals is demonstrated by the fact that together,
acetaldehyde and acetone account for ca. 52% of the detectable products
during the early stages of reaction at 285°C.

The formation of acetaldehyde and acetone is also associated

.

with the formation of hydroxyl radicals which are capable of attacking

the fuel to regenerate butyl radicals.

cuacnzcnacn3 + “20 (L.33)

W

CHSCHZCHBCH3 + OH

cuscuzcuzcu3 + OH CHBCHCH2CH3 + Hzo (&.34)

N

Since the activation energy of hydrogen abstraction by hydroxyl radicals
is generally agreed to be small and' of the order of 1-2 kcal.moleni, it
is likely that even at relatively low initial temperatures such as 28500,
the nttack_on the fuel will be largely unselective.

In contrast to F—hydroperoxybutyl radicals, it seems that
d ~-hydroperoxybutyl radicals, which are formed by butylperoxy radical
isomerisation involving 1 : & hydrogen transfer, preferentially decompose

by P-scission of the C - O bond:

L

C?g}CH-Cﬂz-CHB —> CH,=CH-CH,-CH, + HO, (4.35)

go-on

é;\LCH-CH -CH 3 CH,_,=CH-CH_~CH, + u6 (4.36)
2‘! 23 A 2 3 2 #

¢0-011

(a
C[r{:i--t'.‘.y(lil-(lﬂ3

I
CC‘- OH

cnj~cn=cu-cn3 + HO, (&.37)

b g



Reaction (4.36) would not be expected to contribute greatly to
the observed yields of but-i-ene, since the predeminant mode of isomerisation
of but-2-ylperoxy radicals occurs via the intramolecular abstraction of a
hydrogen atom attached to the 3-carbon atom. The estimated rate constant
data (Table 4.4) suggests that the rates of formation of 2-hydroperoxybut-
3-yl and 2-hydroperoxybut-1-yl radicals are in the ratio of about 32 : 1
and hence it is possible to estimate the relative rates of initial attack
on the fuel by hydroxyl radicals since but-i-ene is derived principally
from the but-i-yl radical and but-2-ene from the but-2-yl radical. At
28508, the two butenes are formed in approximately equal amounts and since
there are six 1° hydrogen atoms available for the formation of but-1-yl
radicals compared with four 2° hydrogen atoms for but-2-yl radical .
formation, it is clear that the relative rates of attack by hydroxyl
radicals at 1°C-H and 2°C-H bonds are in the ratio of 2 : 3. This result
compares well with those of Greiner 105, who found that at 52506 the ratio
of attack by hydroxyl radicals at 10, 2° and 3°C-H bonds is 2 : 3 : 5.

The formation of the butenes is also accompanied by the
formation of hydroperoxy radicals. These radicals attack the fuel more
selectively than hydroxyl radicals and at a slower rate. Nevertheless,
they may be responsible for the production of hydrogen peroxide, which
was not determined in the present studies but has been shown to be formed
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in the n-butane+oxygen system by Déchaux ~~.

cujcuzczlzcu3 + m:-2 =2 cnzcuacuzcnj + H,0, (4.38)

H_CH_CF > b
crljc y 2(: 13 + H02 cusc 1c112r;113 + }1202 (4.39)

Butylperoxy radical isomerisation involving 1 : 6 hydrogen
transfer would not be expected to compete effectively with 1 : 4 and 1 : 5
hydrogen transfer at 28500 because of the strain energy involved in the
formation of the 7-membered transition ring complex (6.5 kcal.mole-i) and

because both the initial hydrogen abstraction leading to the formation of
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the but-1~-yl radical and the intramolecular hydrogen abstraction stage,
involve 10 hydrogen atoms. Nevertheless, it does cccur to a small extent

as indicated by the appearance of traces of tetrahydrofuran in the products.
The major fate of Y-hydroperoxybutyl radicals, however, is likely to be
further oxidation and decomposition of the hydroperoxybutylperoxy radicals

so formed probably accounts for part of the observed yield of acetaldehyde.

0-0
S L

tlzﬂzcnamzcuz + 0, > fHacﬂzcuzC.Hz (4.40)
0-OH 0-OH

A

—-\ .
Ct':n cﬁ; cu "!:H > cnscno + 2HCHO + OH (hol1)

rd
¥}
Ovl

Methanol is a reasonably important product during the induction
period at 28500 and its formation may be explained by the occurrence of
butylperoxy radical isomerisation involving 1 : 4 and 1 : 5 methyl group
transfer. Decomposition reactions of the radicals so forimed leads to the
formation of methoxy radicals, which may intermolecularly abstract a

hydrogen atom to form methanol.

K"\ L)
CH C.I'! hoey } >, Ii - I'l- l - 1
3. 013 ’CBTCIZ. (L.k2)
-0 0O-
0 cx:u3
~Ci cu > ! %
CH.‘! Tt CHJ(in' - * cujo (L.h3)
o\gcu g
cnso o+ ctkﬂm > cnsou + 04”9 oy (Lolely)
o .
rlznz-cuz cuz CHB > f“z'mz"c“z (Lol5)
0-0 M 0-0CH,
cl:aa--cuz-cn:a > HCHO + CH,=CH,, + 01{30 (4.46)
O'OCI'IJ \ -
CH_CH CH_. + CH_O (&.47)
2
ol -

0



237

Reaction (4.43) also probably accounts for the formation of
2-methyloxiran during the early stages of reaction. Theoretically a 1 : 3
methyl group transfer is possible but this seems highly unlikely in view
of the high strain energy involved in the transition complex. The
occurrence of methyl group transfer seems to be well established and is
important when 1 : 5 hydrogen transfer is restricted as in the case of

49
neopentane for example .

Unsaturated products such as acrolein, methyl vinyl ketone and

buta-1,3~diene are formed only in very small concentrations during the
14 O :

early stages and C - tracer studies show that they most probably

arise as a result of the further oxidation of the butenes. Studies of

i
the oxidation of alkenes 106, 107, 108

have shown that, except at very
low initial temperatures i.e. ca. 2&0~260°C, the major attack by radicals
on the alkene occurs at the carbon atom in the L-position to the double

bond and that this is followed by the addition of oxygen. In the case

of but-1-ene and but-2-ene the following reactions may be expected to occur:

= o ) --.—-—-.——————-} =i . —C = -
CHZ CH CH,, 033 + OH CH,, =CH~-CH 1{3 + H0 (4.48)
0-0
CH2=CH-CH-CH3 + 0, > cuazcu-cu-cu?' (L.b9)
(i}.o 0-0H
CH2=CH—CH-CH3 + CH o —_— CH2=CH~CH-0113 + ‘34“9 (4.50)
0-0H
K5
cnzmcu—cn-t\,m3 > CH,=CH-CHO + cnson (ke51)
cu3-cn=cn-c113 + OH > CHB-cmcu-cuz + H,0 (4.52)
0"
. |
CH,_~-CH=CH-CH, + O >

) 2 3 c;-13—cn=cu—c: i (4.53)
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0-0 0-0H
| l .
- = - - = - > /;
CH3 CH=CIH CH2 + Cﬁﬁlo —————p CH3 CH=CH Cﬂz + C4H9 (& 50)
0-~0H
A
c::s-cu=cu-cufﬂ > CH,-Cll=CH-CHO + H,0 (4.55)

The presence of crotonaldehyde in the products under these conditions is
confirmed in the present studies, but in view of its long retention time
and its very small concentration, it was not determinecd.

An alternative reaction of the but-l-enylperoxy radicals formed
in the above sequence of reactions may explain the formation of methyl

vinyl ketone.

CI{%;C-\CH::CI-IE‘, > CHB-i:I‘.-CH=CH2 + OH (k.56)
[
o] lu 0

5

This redction involves a four-membered transition ring complex which will
have a high strain energy and consequently this reaction may only occur at
the walls of the reactor. Indeed, the marked decrease in the yield of
methyl vinyl ketone with pressure (see Section 4.2.1.2) supporis this view.
Buta-1,3~-diene may also arise by an alternative mode of

decomposition of the but-i-enylperoxy radical

caz=cu-cu{%\uz — c32=ca-clzﬂ~cuz (4.57)
0\ ,-f H 0-0H
0
cnz=c:n-cu-cﬂ2 > cuz=cu-<:u=cn2 + HO, (&. 58) _

|
Go-om

Reaction (4.57) is a conventional 1 : 4 hydrogen transfer isomerisation and
decomposition of the radical so formed occurs via the P-scission of the C-0
bond.

An important reaction, which has not so far been considered, is

the bimolecular abstraction reaction of butylperoxy radicals to form butyl
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monohydroperoxides.

- - - - i e s = —- Ii ! -
CH,,~CH,, c112 0113 ¥ Cif‘m _— cua CH,,~CH_~C it C&HQ (&.59)
0-0 (c113cuo) 0-0H (cnsco)
CHB-(i:HmCHz—CHB 4] 041110 —_— CH3—(I:!{~CI{2-0113 + Cz,f*g (L.60)

0-0 (cn,cHO) 0-CH (cnséo)

During the very early stages of the reaction, the butylperoxy radicals
intermolecularly abstract hydrogen from fuel molecules. As the reaction
proceeds, however, reaction intermediates containing a labile hydrogen
atom, such as acetaldehyde, will compete with the fuel in reactions (4.59)
and (4.60). The principal reaction of the n- and sec- butyl hydroperoxides
so formed is unimolecular decomposition. This reaction is generally agreed

to be the major degenerate branching reaction at initial temperatures below

ca. 330°C.
b
cHz(:Mzcuzt:H3 > czii‘?'cuacuzcu3 + OH (L.61)
s |
QyoH O
CH_CHCH_CH > 1, CHCH_.CH OH .62
Bc oCH, > c13 oCHy (k.62)
o )
_DH -
v

The resulting butoxy radicals may either abstract a hydrogen atom
intermolecularly to form n- or sec- butanol or may undergo unimolecular

decomposition themselves.

(I:uzcx-lzcuzcu3 + Cz,}* Lols Tar i cl:nzcnzcnacu3 + cq“c; (%£.63)
o* oH
Cﬂj(lllicﬂzcl-lj e Cpllan iy CHBCI:HCHZCHB . cz&n9 (4.64)

0°* OH

NETN ¥ Al _ "
‘I:szC“z'mz'ws > HCHO + CH,=CH, + Cil, (4.65)
00

I8 = :

CH,~-CH-CH_-CH » CH_CHO + C_H (4.66)

3|/2 3 3 25
15
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The fact that n- and sec- butanol were not identified in the
reaction products suggests that unimolecular decomposition is the
principal fate of butoxy radicals under these conditions.

Although the most common reaction of the butyl hydroperoxides

is degenerate branching via reactions (4.61) and (4.62), another mode of

decomposition, which has been considered by several workers a1, 109, is
the four-centre elimination of a molecule of water:
H
| HO L,6
«CH_~CH_~C-} y C ¢ 0 7
CH3 CH2 CH2 TJ\: (HBC}Izc}lz + 112 ( '?)
Yo
CH
& €
CH_~CH_-C-H > CH.CH_.CCH. + H.O L 68
g ey e SHCE)
OJGH (4]
109

Benson considers that although the activation energy of the four-centre
elimination of water will be about the same as that of O-0 bond fission
namely 43 kcal.moleﬁi, the higher pre-exponential factor of the latter
reaction will mean that 0-0 bond fission will predominate. Nevertheless,
reactions (4.67) and (4.68) are capable of explaining the formation of
n-butyraldehyde and methyl ethyl ketone.

An alternative mode of formation of methyl ethyl ketone is also
indicated in the 014- tracer studies of Cullis et al 38. These workers

showed that this product can arise from the further reaction of but-1-ene,

although it is difficult to suggest a plausible mechanism for this reaction.

h.2.1.1 The effect of temperature

The most pronounced effect on the product distribution during the
early stages of reaction as the initial temperature is increased f{rom
285 - BZOOC, is that the yields of acetaldehyde and acetone fall

dramatically, whilst the yields of but-1-ene and but-Z-ene gradually increase,
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This suggests that the rate of butylperoxy radical isomerisation
involving 1 : 4 hydrogen transfer increases relative to isomerisation
involving 1 : 5 hydreogen transfer and that the further_o_xidation of
hydropercxybutyl radicals, particularly P-—h}rdroperoxybutyl radicals,
becomes less imporiant as the temperature is increased. This may in

part be due to the reversibility of reaction (4.69).

C, HaOOH + O, 3 00C, Ha00H (4.69)

As the initial temperature is increased the breakdown of hydroperoxy-
butylperoxy radicals may become significant and lead to a decreased
stationary concentration of these radicals which in turn will lead to
the production of less of their decomposition products, principally;
acetaldehyde and acetone, as is observed experimentally. An important
consequence of this is that since the concentration of acetaldehyde
decreases as the initial temperature is increased to 32000, the rate of
reaction (4.70) becomes slower and the formation of butyl hydroperoxides

becomes less competitive.

c4H900 + CHSCHO > cangoon + CH300 (4.70)

Furthermore, increasing the initial temperature promotes the speed of
butylperoxy radical isomerisation which tends to reduce the stationary
concentration of butylperoxy radicals and thereby again reduces the
effectiveness of reaction (4.70). The net effect is that branching
reactions of the hydroperoxides and dihydroperoxides become less important
over this temperature range and the rate of reaction will be expected to
decrease as is shown by the marked decrease in (dpl/dtJmax as the initial
temperature is increased from 285 to 3150C (see Section 4.1.2).

From the above considerations it is clear that products which
result from cyclisation and P-scission decomposition reactions of

bydroperoxybutyl radicals, should be formed in greater abundance as the
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temperature is raised. In the case of P—hydroperoxybutyl radicals, the
observed yields of propene, 2-methyloxetan and ethylene do indeed show an

increase over the temperature range under consideration.

v 3 e
?H2~CH2-CH—CH3 > cuao + cuz_cu CH3 + OH (£.25)
O~OH

b b -

- - > ~CH,_~CH- OH .
?“z CH, +CH cu3 > CH,-CH, cn3 + (&.71)
| D N

[0 o
e b 3 : '
cuBfE,CHz CHZ > CHBCHO + cuz-cuz + OH (4.24)

20

OL’H
CHB?H-CH%;;uz > CHBCQ:H§?H2 + OH (h.72)

ofon ™ o :

Nevertheless, these increases clearly do not balance with the marked
decrease in the yields of acetaldehyde and acetone and the substantial
increase in the yields of but-i-ene and but-2-ecne indicates that
P-scission decomposition of d{ ~hydroperoxybutyl radicals is more important.
The increase in the overall concentrations of the butenes from ca.30% at
285°C to ca. 60% at 320°C may, however, be expiained in two ways. It has

32

been suggested that in view of the importance of the reversibility of
reaction (4.73), the accepted high temperature mechanism of conjugate
alkene formation may be important at temperatures as low as 300°C for

relatively low molecular weight hydrocarbons.

an2n+1 i 02 i an2n+100 (4.73)
CH, . %0, > ¢ H, +HO, (&.74)

Thus, in the present system, increasing the initial temperature will lead
to reaction (-4,75) occurring to a greater extent and as a result but-i-ene

and but-2-ene will be formed by reactions (4.20) and (4.21) respectively.

CA"g +0, 3 64H900 (4.75)
c32CH2cn2cn3 + o2 v cn2=cncuz<m3 + H02 (L.20)
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0}13CHCH2CH3 + 02 > cnjcu=cuc1{3 + 1102 (L.21)

The alternative explanation is that increasing the initial
temperature leads to a greater rate of butylperoxy radical isomerisation
involving 1 : & hydrogen transfer. Since the predominant mode of
decomposition of d-hydroperoxybutyl radicals is P-scission of the C~0 bond
to form the conjugate butene, their yields would be expected to increase.

Of these two explanations, the latter is favoured since the
concentrations of products,such as 2-methyloxetan and tetrahydrofuran,
which are generally considered to be diagnostic of the occurrence of
alkylperoxy radical isomerisation, are also observed to increase up to
Ca. 38006‘ whilst the former explanation predicts that the reverse fhould
occur.

As the initial temperature is increased further from 320 to
38500, the yields of acetaldehyde and acetone continue to fall to a
combined total of ca. 4%. This clearly indicates that the further
oxidation of hydroperoxybutyl radicals is of negligible importance above
Ca. 33000. Furthermore, the fact that acetaldchyde and ethylene are feormed
in approximately equal yields at 38000, suggests that reaction (4.24)
gradually becomes the major route to their formation as the temperature is
increased.

CH3?HCH20H2 > CHSCHO + CH2=CH2 + Ol (4.24)

0-OH

The increase in the yields of 2-methyloxetan and tetrahydrofuran
as the ipitial temperature is raised to 38000, clearly shows that
butylperoxy radical isomerisation occurs at temperatures as high as 380°C.

It is also interesting to note that the ratio of the yields of
but-1~-ene to but-2-ene only changes from 1.0 to 1.2 as the initial
temperature is raised from 285 to 38000. This reflects the basic

unselectivity of attack on fuel molecules over this temperature range and



strongly suggests, therefore, that this attack is by hydroxyl radicals

even at 38000.

ke2.1.2 The effect of pressure

The effect of increasing the initial pressure from 76 to 190 torr
on the product distribution during the early stages of reaction at 300°C,
is not markedly significant although certain trends are revealed. The
major products at this stage are but-i1-ene and but-2-ene and it may be
seen from Table 3.4 that as the initial pressure is increased, the yields
of these products tend to decrease. The two modes of formation of the
butenes have been discussed in Section 4.2.1.1 and it has been suggested
that the most probable route to their formation is via butylperoxy radical
isomerisation involving 1 : 4 hydrogen abstraction followed by F—scission
of the C-0 bond. The effect of pressure on their yields is consistent,
therefore, with the occurrence of either isomerisation of butylperoxy
radicals involving 1 : 4 hydrogen transfer or the P-scission decomposition
of the resulting i—hydrnperoxybutyl.rndicals at the walls of the reactoi.
This suggestion is supported by the observation that an increase in the
initial pressure also leads to decreased yields of the Cé oxirans, which
are alternative decomposition products of J—hydroperoxybutyl radicals. 1In
this context it is also of interest to note that the yield of methyl vinyl
ketone, which is probably formed by furtiher reaction of but-i-ene at the
reactor walls, suffers an even more marked decrease as the initial pressure
is increased.

It has been seen in Sections 4.1.2 and 4.1.3 that the existence
of a heterogeneous reaction or reactions is clearly illustrated by the
kinetic results. Thus, since the yields of those products resulting from
F— ﬁnd Ylhydroperoxybutyl radicals do not exhibit a similar behaviour, it

seems reasonable to suggest that at low temperatures it is the



decomposition of J-hydroperoxybutyl raciicals which occurs almost
exclusively at the walls of the reactor, and as initial temperatures of
ca. 32000 are approached, their homogeneous decomposition becomes more
important. It is not so surprising, therefore, that at 3000(2 the observed
decrease in the percentage yield of butenes is not very pronounced, since
increasing the pressure will tend to favour the homogeneous decomposition
of d-hydroperoxybutyl radicals. It would be interesting, however, to
determine the effect of increasing the initial pressure at a lower
temperature, e.g. 28000, since the above reasoning suggests that a much
more pronounced decrease in the yield of butenes should be observed,

55

Déchaux has indeed found quite pronounced decreases in the butene yields

for the n-butane + oxygen system at 29000, although his experimenta1 work
was performed using a smaller reactor (volume ca. 33 ml) and it is to be
expected that this higher surface to volume ratio will favour heterogeneous
reactions.

Luckett and Pollard 45

y who have studied the oxidation of
isobutane also found a very pronounced decrease in the percentage yield

of isobutene (from ca. 50% to 20%) as the initial pressure is increased
from 140 to 340 torr at 310°C. If the decomposition and further oxidation
of F-hydroperoxyalkyl radicals occur homogeneously, as is indicated by
several studies including that herein, then this observation is to be
expected, since isomerisation of isobutylperoxy radicals involving 1 : 5
hydrogen transfer is severely restricted and is impossible for tert-
butylperoxy radicals. Thus, in the oxidation of isobutane, the formation
of d-~hydroperoxybutyl radicals will be expected to predominate and their
heterogencous decomposition will be considerably more pronounced , therefore,
than the heterogeneous decomposition of‘i-hydroperoxybutyl radicals in the

5

2 5 A .
present study. DBastow has also found that in the slow oxidation of

0 .
n-pentane at 250 C, the yield of pent-2-ene decreases by a factor of two
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as the initial pressure is increased from 70 to 197 torr. Since
pent-2-ene only accounts for 15% of the total detected products, however,
it may be concluded that J-hydroperoxypentyl radicals are not nearly so
important for this alkane and that the marked decrease in the yield of
pent-2-ene mergly reflects the increased occurrence of heterogeneous
reactions at initial temperatures as low as 250°C.

Table 3.4 shows that increasing the initial pressure has a
marked effect on the yield of methyl ethyl ketone which increases by a
factor of about 8 between 91 and 148 torr. It was suggested in Section
4.2.1 that this product is formed principally by a decomposition of
sec~butyl hydroperoxide and clearly reaction (4.60) will be favoured by

4

an increase in pressure.

—_— - k.
CH3(|2HCH20113 + C!*Hlo CH3(|:HCHch3 + C!*ll (4.60)

-

0-0 O-cH

9

The yields of acetaldehyde and acetone show a slight increase
as the initial pressure is increased at JOOOC which gives further support
to the suggestion that these products result from the further oxidation of
Pwhydroperoxybutyl radicals at this.initial temperature.

The effect of increasing the initial pressure from 62 to 182
torr at 360°C has no influence on the yields of but-1-ene and but-2-ene,
which suggests that their formation is entirely homogeneous. In contrast
to the results at JOOOC, the yield of acetaldehyde and more particularly
acetone, decrease as the initial pressure is increased. Clearly, their
major mode of formation is not via &iperoxy radicais at this elevated

temperature.

k.2.2 Product formation during cool-flame propagation

An inspection of the product concentration-time curves obtained

at 300°C and 150 torr, (figures 3.38 - 3.44), shows that the major products
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during the induction period of the first cool flame, namely but-i-ene,
but-2~ene, acetaldehyde and acetone, are also the major products
immediately after its passage. In view of the high transient
temperatures reached during the cool flame (ca.400+°C), however, it
is probable that at these temperatures P-hydroperoxybutyl radicals
preferentially decompose by a P-scission reaction as opposed to undergoing
further oxidation. This suggestion is supported by the observation that
at < 1% fuel conversion, the ratio of the concentration of ethylene, a
P-scission decomposition product, to that of acetone, a further oxidation
product, is ca. 1 : 4, whereas immediately after the passage of the first
cool flame this ratio is ca. 3 : 2. Likewise, the ratio of the
;

concentration of propene to that of acetone shows an even more pronounced
increase under the same conditions. Furthermore, these two ratios both
increase with time, at least until the passage of the third cool flame and
this suggests that further oxidation of F-hydroperoxybutyl radicals becomes
increasingly less competitive as the reaction proceeds. Clearly, this is
to be expected since the concentiration of oxygen is steadily decreasing
with time.

The enhancement of reactions (4.23) and (4.24)
during the transient temperature rise accompanying the cool flame affords
an explanation for the fact that the concentratiocn of acetaldehyde does
not decline during the passage of the cool flame as is usually expected

of a degenerate branching agent.

CH_~CH-CH_-CH > CH,_-CH-CH_-CH 4.2
3 . p=Cil, 3 ] 5~CHy (4.23)
0-0 0-0H
CHS-CH-CHZHCHz > CHBCHO + CH,=Cl, + OH (h.24)

O-0H

Clearly, the important reaction is not reaction (4.13),

CH_CH S | !
4 0+ 0, 5 c13co + HO, (%.13)
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but the formation and decomposition of peracetic acid:

CHBCHO + OH > cujc-:o + H0 (4.76)
cr—13c':o + 0, > cujcooa') (L.10)
0330006 +CH or AH —> 01{3c000H + 64}19 ar A (4.77)
CHBCOOOH > crtjcoa - 5}1 (L.78)

Although peracids were not analysed, the appearance of methane in the

products only at the time of the passage of the first cool flame provides

strong evidence for this suggestiion.

CH3(20 > t’:H3 + CO (4.3)
. - Y

cuscooo : > cnjo + CO, (4.h)

CH3 + AH > 0"4 + R (4.79)

The variation of the concentration of methyl ethyl ketone with
time at 300°C is extremely interesting, since immediately before the onset
of the pressure rise which accompanies the first cool flame its
concentration suffers a dramatic decline (figure 3.43) which is the
behaviour expected of a branching agent. Ketones are generally considered
to be relatively stable intermediates, however, and there is no previous
evidence for their behaviour as agents of degenerate branching.

It is also of interest to note that the ratio of the
concentration of but-i-cne to that of but-2-ene increases during the
passage of the first cool flame. The most likely explanation for this
behaviour is that the high transient temperature reached during the cool
flame allows 1 :4 hydrogen transfer involving a 1°C-H to compete more
effectively with 1 : 4 hydrogen transfer from a 2°C-H during the
isomerisation of but-2-ylperoxy radicals. Thus, at the elevated
temperatures, but-2-ylperoxy radicals eventually give rise to both

but-i-ene and but-2-ene (c.f. their behaviour at low temperatures),whereas
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but-1-ylperoxy radicals can only give rise to but~i-ene. In this way,
the ratio of the concentration of but-i-ene to that of but-2-ene will
increase during the passage of the cool flame.

The further reaction of intermediates during the course of the
reaction is clearly shown in figures 3.38 - 3.42 and 3.4k. Thus, for
example, at 300°C the concentrations of but-i-ene and but-2-ene pass
through maximum values at the third and second cool flames respectively.
Furthermore, these results indicate that but-2-ene is more reactive than
but-1-ene which is in accordance with the results of Cullis et al 38.

These workers also showed that at 31506, when approximately 10% of the
fuel has been consumed, at least 38% of the 2-ethyloxiran originates from

3
but-i-ene, whilst 59% of cis 2,3-dimethloxiran and 43% of the trans isomer
originate from but-2-ene, This fact probably explains the continual
increase in the concentration of the C& oxirans as opposed to the oscillatory
behaviour of the concentrations of 2-methyloxetan and tetrahydrofuran.

Other unsaturated intermediates such as ethylene, propene,
acrolein, methyl vinyl ketone and buta-1,3-diene all enter into further
reaction since their concentration-time curves exhibit maximum values.
Products such as methane, propane and methanol continue to build up
throughout the reaction and are, no doubt, formed in part by the secondary
reactions involving these primary products.

The behaviour of the yield of acetone is interesting, since it

increases fairly steadily throughout the multiple cool flgme reaction.
This suggests that its mode of formation is not so much connected with the
passage of the cool flame but more with the underlying primary chain cycle.
At low initial temperatures this may well be the result of branching due
to dihydroperoxides.

At an initial temperature of 30900 the overall product

distribution throughout the reaction is similar to that at 300°C except
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that compounds such as acetaldehyde and acetone, which result from
F-hydroperoxyhutylperoxy radicals are less important and the butenes
are more important.

During the course of the reaction, the concentrations of
acetaldehyde and ethylene, although not egual, do not show such a large
disparity as at 30000 vhich again indicates the increasing importance of
F—acission reactions of P-hydroperoxybutyl radicals relative to their
further oxidation as the initial temperature is increased.

The oscillatory behaviour of the concentrations of
2-methyloxetan and tetrahydrofuran are not as pronounced as at 30000
probably because the slow combustion following the first cool flame,
(upon which subsequent cool flames are superimposed and which becomes
more important as the initial temperature is increased) presumably
contributes to their formation.

At 360°C the cool flames are characterised by extremely short
induction periods during which negligible amounts of products are formed.
The principal products immediately after the passage of tﬁe cool flame are
but-i-ene and but-2-ene and their presence indicates the importance of
d-hydroperoxybutyl radical formation. The predominant mode of
decomposition of P-hydroperoxybutyl radicals at this temperature is
clearly via a P—scission reaction since the concentrations of ethylene

and acetaldehyde remain almost equal throughout the course of the reaction.

ICH =5 = I/
CH3<I:1 cnzcu2 > CH30H0 + cnz c112‘+ OH (L.24)
0-0H

These results clearly demonstrate that the reactions leading

to the propagation of a cool flame are also the predominant reactions at

the elevated transient temperatures reached during its propagation.
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The present study has thrown a considerable amount of light
on the mechanism of oxidation of n-butane both before and during the
propagation of cool flames. In particular, it gives strong support to
the important suggestion made in the Introduction that for relatively
low molecular weight alkanes the participation of f-hydroperoxyalkyl
radicals in the oxidative mechanism is of major importance and that the
decomposition of these radicals probably cccurs heterogeneously at
relatively low initial temperatures.

The kinetic and analytical results clearly show that changes
in the mechanism occur as the initial temperature is increased above
ca. 320 -~ 33500. These changes are summarised in Schemes I, II and IXI
which corresPOhd to initial temperatures of 2865, 330 and 36000
respectively. Below 32000 the cooul flames propagate from the walls of
the reactor and the major products at all stages of the reaction are
acetone and acetaldehyde. These results may be explained as follows.
The fuel is attacked unselectively and the major fate of the butyl radicals
is addition of oxygen. The butylperoxy radicals so formed then isomerise
predominantly by 1 : 4 and 1 : 5 hydrogen transfer to give {- and
B-hydroperoxybutyl radicals. It appears that the former radicals
decompose mainly heterogeneously to form the conjugate butenes and C4
oxirans, whilst the latter are further oxidised before decomposing
homogeneously to acetone and acetaldehyde. Although hyér;peroxides wereh
not estimated the results are consistent with those found for other
hydrocarbon+oxygen gystems in which branchihg at these temperatures occurs
via the decomposition of alkyl hydroperoxides (i.e. the L1 mechanisn)
which may also be heterogeneous.

As the initial temperature is increased to ca. 320-33500, the
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reaction rate decreases and the conjugate alkenes become the major
products. It is suggested that this is due to the increased competition
of isomerisation involving 1 : 4 hydrogen transfer and to the increased
rate of decomposition of the hydroperoxybutyl radicals over their
further oxidation. The resulting lower yields of acctaldehyde lead to
the reduced rate reaction.

At initial temperatures above cae. 320-33500 the reaction rate
again increases due to the onset of the L2 branching mechanism. This is
almost certainly homogeneous in nature and at these temperatures the
Jd-hydroperoxybutyl radicals also decompose homogencously. The general
lack of hetercgeneity is shown by the fact that the cool flames now
propagate from the centre of the reactor. .

Measurements of the temperature of the reacting mixture strongly
suggest that the periodicity and self-quenching nature of the cool flames
may be attributed to a thermal switch belween two competing reactions.

The sudden appearance of methane in the products at the cool flame and the
importance of acetaldehyde as a primary product suggest further that these
reactions are the further oxidation and decomposition of acyl radicals.
This thermal switch also appears to be responsible_for the principal region
of negative temperature coefficient above ca. 36000.

Finally, the suggested mechanisms in Schemes I and II allow an
explanation for the variation in mechanism with molecular weight of the
hydrocarbon, stoichiometry and the presence of HBr. Clearly, the
heterogeneous contribution to the oxidation of higher msiecular weight
hydrocarbons will be smaller since their structure permits the easier
alkylperoxy radical isomerisations invelving 1 : 5 and 1 : 6 hydrogen
transfer and hence the production of f~hydroperoxyalkyl radicals will not

predominate. Increase of the oxygen concentration will promote the

further oxidation of hydroperoxyalkyl radicals which will be followed by
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their homogeneous decomposition, whilst the presence of compounds
containing a labile hydrogen atom, such as HBr, will promote the
homogeneous formation of alkyl hydroperoxides. In both cases, therefore,

the heterogeneity will be expected to decrease.
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Scheme II

The overall mechanism at_}jOOC
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h.b Future work

The present study has revealed several further lines of
approach for a more complete elucidation of the mechanism of exidation
of n-butane and for the verification of the suggestions herein.

In view of the considerable evidence for the occurrence of
heterogencous reactions, it would be extremely useful to observe the
effect of stoichiometry. The results of the present study suggest that
an increase in the oxygen to fuel ratio would decrease the heterogeneity.
This would be reflected in a lowering of the limit below which cool flames
are observed to propagate from the walls of the reactor and a lowering

p
of the temperatures at which discontinuities are observed in the variation
of log 7& with 1/TD. Studies of the effect of inert gases and changes in
reactor dimensions would also provide useful information about the
occurrence of heterogeneous reactions. In this context, the application
of specially developed sampling techniques, whereby samples of the
reaction mixture could be withdrawn from specific points in the reactor,
for example from the three thermocouple locations, could indicate whether,
as might be expected from the present results, concentration gradients of
certain products or intermediates exist.

The present study has not unequivocally identified the nature
of the branching agents which are responsible for cool flames in the
n-butane + oxygen system although indirect evidence suggests that n- and
sec~ bulyl hydroperoxides are important below ca. 330°C, whereas peracetic,
and perhaps perpropionic, acid is important at temperatures above ca.jBOOC.
A useful study, therefore, would be the determination and identification of
these bhighly unstable intermediates in the above temperature ranges.
Furthermore, the addition of aldehydes would help to elucidate the extent

and nature of their participation in both the L1 and L2 mechanisms.
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38

014- tracer studies have been carried out in order to
investigate the role of the butenes in the oxidation of n-butane at
31506 and it would be most rewarding to repeat such studies at a higher
initial tewperature, for example at 360°C, in the upper single cool-flame
region. The present study suggests that at this temperature the butenes
would be observed to give rise to a greater proportion of the yields of
the Cé oxirans than at 31500. Furthermore; it would be interestiing to
determine whether bui-i-ene is almost solely responsible for the
formation of methyl ethyl ketone at 36000. These studies would also
provide valuable information regarding the reversibility of reaction
(4.80) at 360°C.

N

- - 4
Hg00 5 J=c ,HgOOH (4.80)

C

At 31508, the reverse reaction has been shown to be negligible, but
clearly, if it does become more competitive as the temperature is
increased, then 2-methyloxetan and tetrahydvofuran would be expected to

be amongst the active products at 36000.
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