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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 primary chain*propagation reactions. The effect of molecular

structure on the mechanism of oxidation is considered in detail and it

is shown that high molecular weight hydrocarbons oxidise by different

routes from low molecular weight hydrocarbons. The morphological

phenomenon of coy 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 strain-gauge pressure

transducer and temperature changes by micro-thermocouples. Reaction

products were identified and estimated by gas chromatography.

The kinetic and analytical results are presented in Section 3.

Changes in physical parameters are related to the initial temperature

and pressure. It is shown that at temperatures below ca. 330°C 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 B -scission

decomposition of & -hydroperoxybutyl radicals, which eccurs 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 A -hydroperoxybutyl radicals which undergo

homogeneous B -scission decomposition reactions to form the major products

but-l-ene and but~2-ene. Furthermore, at high initial temperatures the

further oxidation of P ~hydroperoxybuty1 radicals is of minor importance.
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1.1 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 eats

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 oxides and practically all of the acetic acid? 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, Uhl te indicates that a far heavier emphasis will continue

to be placed on the production of even larger tonnages of

petrochemicals.
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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 phenomena have,

therefore, been subjected to considerable research in order to a

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 25 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 Ge 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 te 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 _ associated with gas phase hydrocarbon oxidation

The gaseous exidation of a hydrocarbon is a complex free-radical

chain reaction which involves 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 1933. 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 combustion can conveniently be considered

in two parts, namely the high-temperature region above 350 - 400°C and

the low-temperature region below 350°C, although the ebserved phenomena

change continuously as this region is traversed isobarically.

In the low temperature region,hydrocarbons begin to oxidise

slowly above limiting temperatures and pressures and the reaction is

characterised by an induction period during which no appreciabie reaction

occurs. The pressure then rises exponentially until a maximum rate of

change is attained after which the rate fails and the pressure finally

reaches a stationary value (a typical pressure-time recording is shown

in figure 1.2(a) for initial conditions corresponding to point A on the

ignition diagram). The slow combustion process is essentially isothermal

and is accompanied by a faint luminesceuce, although this cannot 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 wore pronyunced 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

divided into two distinct 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 (Op, t ) of ca. 10 - 50 torr and a transient temperature

pulse (AT ) of cae 10 - 100°C. At initial temperatures close to the
coef.

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

Tena ore

Po a arr . f.

where Py is the initial pressure), are much smaller than those at lower

temperatures near te 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 p. ¢,00 ), 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 (Ap. ).

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 Ue

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 oP... is small in comparison with AO a:

but as the temperature is increased, AP, © increases whilst OD. oe.

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 4.2(a).

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 9s con

1.2.4 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 increas: 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 again

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 Catetn

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 ignition 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 temperature 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 reaction falls until a

temperature is reached where a positive value is restored to the

coefficient and the reaction rate again increases. The principal
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negative temperature coefficient region for most hydrocarbon + oxygen

systems is found to extend over about 50° above ca. 300 - 350°C and as

this region is traversed from low to high temperature, the kinetic

phenomena accompanying the reaction become noticeably less pronounced.

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. Two 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 dtarrét 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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463 Modern theories of the mechanism of the gas phase

oxidation of hydrocarbons

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 spectrometry 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 reactions have been studied using new techniques

such as kinetic spectroscopy and low temperature cryostat investigations

end 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 reactions for a given oxidation and in many

cases semi-quantitative tests on these schemes give excellent results aera

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

a 13-18
propose , but the current theories will now be discussed.



1.361 The low temperature mechanism

This mechanism, which is considered to operate below ca.ko0°C,

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.

1eBeled Initiation

At temperatures below 450°C the initiation step is generally

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

molecule:

ae a .C Home * % C Hons + HO, (1.1)

This mode of initiation was first suggested by Cullis and

Hinshelwood a2 and later substantiated theoretically by Semenov gor The

ease of the initial hydrogen abstraction depends on the nature of the

C-H bond, and as Walsh a has pointed out, in view of the electrophilic

nature of the oxygen molecule, the probability of attack at a C-H bond

is in the order a*> 275. 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 2 computed the activation

energy and rate constants of reaction (1.1) for methane and found

1
E, 4 = 57 kcal.moleTM4 + ky 4(300°K) = 6 x 1077? 1.mo1es* sec." and

kj, (1000%%) =6x 107 Lemoless seouace For higher hydrocarbons the

overall value of ae is likely to be slightly lower due to the presence

of 2° or Ao C-H bonds and a value of Eu of 45-50 Kealmole + is i

generally accepted. This endothermic reaction was originally thought to"

occur homogeneously, but several workers have illustrated the existence

of a heterogeneous mode of initiation 235 aa
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Table 1.2

C-H bond strengths

Bond D[c-H] kcal. moteTM*

primary 98.0

secondary 94.5

tertiary 91.7

v ii-05 J = 45 keal. mole +
2
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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.

cHcH(cH,), cH, SSUEEEEEEEEEEEEEeS cH,cHCH(CH.),._ CH, (1.2)

C Monet z C Honea ee (1.3)

Cet * C Home Seen ae Boni % ae (1.4)

Cas tie ge Sis i: Chia dd (1.5)

C Hones Mae =a CoH (1.6)
Geet +0, ——— a HO, (1.7)

However, in the gaseous oxidation of hydrocarbons at temperatures between

150 and 450°C, 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 250°C it is generally agreed that reactions (1.6) and

(1.8) constitute the primary chain cycle:

a .CHonst 54 2 CoH aed OO (1.6)

a De .Cont i Conse Can 11008 he Const (4-8)

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

25proceeds with an activation energy very close to zero - In the case

of methyl radicals it has been shown to be termolecular aon

een .cH, +0, +M CH,00 +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

changes, Fish a7 has estimated that the rate constant and pre-exponential

°. 13 1. 1
factor for reaction (1.6) are ky 6 (550 K) = 10 cc. molecule “sec. and

3A = 1:1 x 107? co-molecule * secs.
1.6

Between 250 and 400°C, however, where the alkylperoxy radical

is less stable, two conflicting theories of chain propagation have

recently been proposed.

(a) Alkene-hydroperoxy radical addition theory

Following a series of studies of the oxidation of ethanese

and propane Be sae 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):

CHa to, SCH + HOD (1.7)

1 Pea ‘CBone + #0, CoHones * Hoe Aon)

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), .

HO, + HO, RRS mee ola On (1.11)

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

ot which indicated that the main radicalof competitive experiments

attacking the hydrocarbon molecule was unselective, led Knox to a

reappraisal of his ideas in 1965 ee He considered that in order to

explain the observed oxidation rates, the hydroperoxy radical must be

converted into a more reactive speciesin 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 te hydroxyl radicals. He

considered that this conversion must involve some intermediate product

and the most ebvious 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:

_—_!2 if 2CHy, t+ HO, CH, 00H (1.142)

Sane 213)CH, OOH + 0, 00C, H, OOH (1.43)

eae :0c, H, OOH + HO, HOOC, H, OOH + 0, (1.14)

HOOC H, OOH —————— _ 20H + carbonyl compounds (41.15)

In this scheme two hydroperoxy radicals are converted to two hydroxyl

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

oneal SCMe neg + OH cH, + Ho (1.16)
n 2n+1

Knox drew considerable support for this scheme from work on alkene

oxidation which had shown that in the temperature range 300 - 350°C,

approximately 80% of the primary products were carbonyl compounds 335 34,

Furthermore, the existence of dihydroperoxides had been illustrated by

Cartlidge and Tipper 35 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 370°C, 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:



a 6 iGoes = On CH + Ho, (80%) (4.7)

Ceo ned: © One iy mare oe gC et 00. (20%) (1.6)

Oo BO a ae CH ya + Hy0, (initial (4.40)

stages)

SEEEEEEEEEEEEEEEEeE .CH + OH CHa. + HO (later (1.16)

stages)

s
CH 410° —————— wall destruction (1.17)

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 ct tracer techniques 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)),

- CH,- - ———- - ~ CHA ‘CH,- CH,- CH,- CH, CH,~ CH,- CH-CH, (1.18)3 3 2

00 HO—o

CH,- CH,- cu - c Sap pe aes Chg CHIH 10, (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 involved.

Benson also considered this problem of the mode of alkene

formation theoretically and arrived at the same conclusion 39, Nis

reasoning was as follows. From the simple scheme:
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© Fst si 2 =a Bong? (2-6)
CHa 00 —$==—___—— C,H, OOH (1.20)

C,H, OOH ee cuit HO, (1524)

C,H. 44 + C He ee SD Cy 4 1008 + C Mone (1.8)

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

converted to the alkene is given by the ratio:

Ky 20 “1.20 * "4.6 * 48 [ntonsa]?
. 11.5 -1 -1

Benson estimated that Ay 20 = 10 BEC. 4 E120 = 27 kcal.mole ',

6" 1ol*3 meer and E Ae 27 iecalcwole. and hence that the

1973*8,ffraction converted £1 20/F:4.6 = For the competing path to .

8. = -alkene formation (reaction (1.7)) Sca. 10 Mo lematae sect; F147

is not known but Benson believes it is cmekeetemoleate He points out,

Aaa

however, that even if it is as high as 6 kcalemoles” 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”-) he

uses for bimolecular 2° hydrogen abstraction by C Hons 00 in his
1

estimation of Ey 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 AO for which E = 10.2 kcal.

mole", Suggests that this value is too high.

Reaction (1.6) is of course reversible and the values of the

equilibrium constant, which have been summarised by Bensones 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 Keg for the bimolecular

association of oxygen with alkyl radicals

eee

Cond = 2 ~ CMe +1

log K. atmo?
Alkyl Group =

300°K 500°K 700°K

H 30.4 16.4 10.6

cn, 12.3 4.6 1.35

CoH, 13.5 52 1.50

i-CoH, th.1 565 1.85

t-C,Hy 13.0 406 0.97
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unequivocally.

More recently Knox has investigated the slow combustion of

n-pentane a 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 addition

theory and has moved closer to the alkylperoxy radical isomerisation

theory.

(b) Allcylperoxy radical _isomerisation theory

The main chain-propagating cycle may be summarised in general

terms by the following reactions:

CMe Ca GE SELL Sad (1.6)

CH 400 —_ C,H, 00H (1.20)

C,H, 008 cit a oS tan ou (1,22)

C Hone + on CH, 1 + H,0 (4.46)

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 homogeneous intramolecular

rearrangement, reaction (1.20). Decomposition of the rearranged radical

(reaction (1.22)) usually leads to a hydroxyl radical and stable erode te

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 formation of four transition complexes (as shown on Page 32).

The ol-, Pry Yana §-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 Keal.mole = and it can be seen, therefore, 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 to pe 10 14°5 # Oe aorisomerisations has been estimated by Benson

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:

rr? ~1..CH, OOH CH 410° (-1.20)

CH, OOH ———— products + radical (1.22) F

—_——~ 7CH, OOH + 0, 00C, H, OOH (1.23)

In general,the reverse isomerisation of Y- and $—hydroperoxyalkyl radicals



s
CH Ss

o——9

=a

CH,CH———CHCH, CH, CH, CH
3 qe 2 23

on Nth
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CH a eee

oon

P ~hydroperoxyhept~2-y1

3

CH ja ae

O-——On

Y-hydroperoxyhept-2-y1

3

CH, ee 3

O=——08

§ -hydroperoxyhept-2-y1
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Fiewmost Teotper Axoxad{ANTe J0 Sdojpouvied OyZeuTy pues OTweudpomsoYyy2s

Nature of Class of Transition State AH E Log k

C-H Bond H-Transfer Ring Size ae ee =)

Broken Reaction (Including H) (keal.mole~) (kcal.mole~) (k in sec.)

1:3 4 8 49 -5.0

1:4 5 8 21 2.9

Primary 1:5 6 8 45 5.2

1:6 7 8 21 2.9

diez 8 8 24 1.5

173 4 4.5 oT, -3.6

1:4 5 4S 17 4.3

Secondary 235. 6 4.5 41 6.6

1:6 7 4.5 47, 43

1:7 8 4.5 24 2.9

ae 4 1.7 3 -265

4:4 5 Tae 14 5.4

Tertiary 2:5 6 1.7 8 Tol.

1:6 7 1.7 14 5k

1:7 8 17 18 Lo

* cor A = 10° secs!

MoOSS 72 UOTz

Ar SiTaeL

ce
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is considered to be slow compared with their decompositions and as such

is not important 43 | Under certain circumstances this reverse

isomerisation for d-and P-hydroperoxyalkyl radicals may be competitive

although results from a recent C Se - tracer study of the oxidation of

n-butane Be suggest that this isomerisation is also unimportant for

a&~hydroperoxybutyl 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

d-, P-, Y- and §-hydroperoxyalkyl radicals

cyclise to form oxirans, oxetans, tetrahydrofurans

and tetrahydropyrans respectively, e.g.

CH, CHCH, cucu, SE CH CHCH HCH, (1.24)

il w NE + ou

(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.

ee 7 : — OH oe
ANZ c. .
es Ci, eee, C=CH, + HO, (1.25)

Ce Gt,

(iii) homolysis of the © ~ O bond and intramolecular

transfer of an alkyl group to give a rearranged

carbonyl compound and a hydroxyl radical
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(v)
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Group shifts have been confirmed in studies

of the oxidation of 3-methylpentane, 3-ethylpentane

and isobutane, e.g.

CH ass
ae — —_—_ —C —CH— .KS cH, cH,—C —CHs CH, (1.26)

any hy | ;
0-7 OH ° + OH

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, cr cn,

No Ler uica ——_ Nc=o + CH=CH — CH,
Zales ae 3 a 2 3

cH; kK cH;

o-L on + OW (1.27)

This type of decomposition is energetically less

favourable for Y- and § -hydroperoxyalkyl radicals

which 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
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the formation of methyl ethyl ketone and

er eee as shown below:

ci, cH, cH.—c —CH,— cH
2ENG) 2 PS 3 Ij 3

cH whe CHa aT 0 (1.28)
Is :
O-C0H + CH=CH, + OH

(vi) homolysis of 0 - 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.

tS eerCH, Co cH CH, ——> CH ==CH-—CHO (1.29)
CEN | 3 2

a1) a

Ww) o}-o1 + CH, Cll, + 11,0

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 te The P-scission decomposition of P -hydroperoxyalkyl

radicals has been shown to be more important for branched-chain

hydrocarbons ee whilst the same decomposition for 4-hydroperoxyalkyl

radicals becomes increasingly more important as the molecular weight of

the alkane is decreased 45 .

The further oxidation of hydroperoxyalkyl radicals has been

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

energy being close to zero.

a <CH, OOH + 0, 00C, HOH (1.23)
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A dihydroperoxide or possibly a trihydéroperoxide may subsequently be

formed by intermolecular hydrogen abstraction:

ee .+ 00H, 00H HOOC H, OOH + Chon. (1.30)CH tone +1

The existence of dihydroperoxides is well documented in the work of

Cartlidge and Tipper 35, Crandall and Thomas % and Rust 4?

The various competing reactions of hydroperoxyalkyl radicals

43
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.

d-hydroperoxyalkyl radicals and to a lesser extent P-hydroperoxyalkyl

radicals will add on oxygen while ¥- and §-hydroperoxyalkyl radicals

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 te describe the propagation mechanism in detail it is necessary,

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

oxidation of 2-methylpentane 18 neopentane 2) 0)
51

, n-hexane and

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

common precursor of both of these compounds is an alkylperoxy radical,
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es 3Coane ne Canea Crdnvioon a Crtears (1.8)

wo 1H a3CMe 419° C,H,,00 (1.20)

oS on 49%CH, OOH AH + (4.31)

(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 250°C, alkyl hydroperoxides

are relatively stable and constitute the major oxidation product,

however as the temperature is increased, the possibility of branching

by their homogeneous decomposition is substantially increased

(reaction 1.32)).

> ae.CHO CH 1? + OH (1.32)ae

Benson 39 has estimated the stability of alkyl hydroperoxides with

regard to their unimolecular decomposition. Assuming [eH 410 - ox]

to be about 43kcal. nolees and a pre-exponential factor of 1019 sec.',

he estimates the half-life of CH 41008 at 330°C to be of the order of

1 second and at 290°C 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 1, OOH ————— 20H + carbonyl compounds (1.15)

In the oxidation of n-pentane, for example, Bastow oF has described the

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

and Antonovski Dare donated that the reaction of acetaldehyde with oxygen,

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

branching process. }

fo 1 5CH,CHO On CH,CO + HO, (25353),
°

An alternative role of aldehydes in the branching process was suggested

f : ihby ~ €nikolopyan 23 based on the ideas of Bawn, Mullen and Skirrow 3

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:

ay °CH,cHO + OH Cli,co + HAO (1.34)

wees .CH,CO + 0, CH,cO00 (1.35)

Ci,CO00 + AH ———_—_—_—_———_ Cit,COOOH +A (1.36)

CH,,COOOH —_—— cit,coo + OH (1.37)

A similar scheme has recently been shown to be capable of explaining

2° above 330°C, particularlybranching during the oxidation of n-butane

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.

C = C .cH,co Sar Sapa cies cH, + CO (1.38)

——_ ; éCH,CO00 cH,0 + CO, (4.39)

Thus as the initial temperature is raised above 350°C these reactions

gradually predominate over reaction (1.36) and the stationary

concentration of the peracid decreases with a concommitant decrease
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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 flane/

ignition boundary. Walsh 37 designated the three lobes he found with

n-heptane and n-octane Lis 2

and ascribed their occurrence to various modes of alkylperoxy radical

L, and L, in order of increasing temperature

isomerisation. He considered that the three important isomerisations

involved hydrogen abstraction from a 2° carbon in the B-position, a 2°

carbon in the d-position and a 1° carbon in the é-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 pS 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 Land ly lobes respectively, whilst 1:4 and i:n

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

detailed studies of ecpentanen: and 2,3-dimethylbutane ae 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 29 observed that the lower lobe found for

4

a-methylpentane + oxygen mixtures 4B and assigned L, by Fish, occurs
i

at a lower temperature than that found by Walsh for straight chain

hydrocarbons. He suggested, therefore, that this lower lobe should

be called L, 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 09 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) L, 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)

aa .CBee 10° mF CFone CHons100H “ CMonet tare)

i ————>nll OH ot a (1.32)Cc

(ii) L, mechanism

The Ll, mechanism involves primary peroxidation which is

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

chain cycle:-

n 2n+1 n 2n ( )

C00 eee. AN alkene) +08 (1.41)

(where AH represents an aldehyde)

ee eS asCoHo 11 00 + AH CH, qO0H + A (1.42)

pHa +1008 C ned ot On (1,32)

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

. 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:

00 + HBr ————> CH OOH + Br : (1.40)“nMansd iowa

degenerate branching

Since D [u - Br is of the order of 87 Kcal.moleTM-, 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 Ll, mechanism is favoured by a high hydrocarbon

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:

AH + 0, eT eee ame HO (1.43)

A +0, a em RO (1.44)

—_——— .AO, + CHL AOOH + CH 4 (1.45)

AOOH eee eee eA ETE, ou (4.46)

The changeover in branching mechanism with increase of temperature, L,

to Los is considered by the authors to be the competition between

reaction (1.42) and reaction (1.43) with the latter predominating at

higher temperatures.

° :

a 42AH + CH) 400 C Hoy 1OOH + A (4.42)

AH + 0, ————> 4+h0, (1.43)

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 Lo 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

flames of neopentane 61 for example.

(iv) L, mechanism

This mechanism is similar to the Ly mechanism except that

formaldehyde is believed to be involved in the branching step:

HCO, + CH. ————————_ HCO,H + CH, (1.47)
3 n 2n+2 9: n 2n+1

Hco,H Err rece oa HICK act (41.48)

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 300°C

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).

So ee ee cH + co (1.38)

CH,CO. SSS ee CHO CO, 1.39
a3 3 a te)

CH CO. A > CHICO HA 1.36BES pies : Se)

Additional support for the theory is gained from the identification of

peracetic and perpropionic acids above 300°C in the reaction products of

the oxidation of propane and n-butane respectively 33,
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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 occur 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 molecules. In the

oxidation of propane o the appearance of ethane in the final stages of

the reaction is considered to be due to the recombination of methyl

radicals:

aa a Te .CH, + cH, +M CMe +M (1.49)

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

collision.

It is generally considered that in the low temperature region

where 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:-

© Hons ——— > _ destruction at wall Ki 47)

CoH 40H —— > _ destruction at wall (1.50)

©, Hones Be HO, CHS 00H + 05 (4.54)

CHa 10 - CHa 440 Seat Cone ntoned (1.52)

CMe e Clones = amma, Cond a neat (1.53)

There is considerable support for the view that reactions (1.17) and

(1.50) constitute major termination reactions in the low temperature

32, 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 heterogeneous termination

reactions. For example, Bonner and Tipper 6 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

hydroperoxides at the surface. Seakins 65 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 hydroperoxides”?

indicate that above 250°C this cannot be accepted as a termination Ree:

Moreover, the concentration of hydroperoxy radicals is likely to be low

due to reaction (1.11):

HO, + HO, So ape ae ace aoe H,0, + Oo, (t-44)

Below 400°C 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 i ved has carried out a detailed study of reactions

(4.51), (1.52) and (4.53) and concludes that very little evidence exists

for termination reactions involving 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

that the pic dtarrét 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 dtarrét and oxygen "cut-off" in
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2aG : i :liquid phase studies a Thus the basic sequence of reactions considered

is:

c +CH, 00 5 CAH e006 (1.54)Inhonet n 2n+1 n nenst

CHons 10°C Hons 1 —————> _ 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.

CHa nas? Ta aa ee A (1.56)

CH dc a oa? Letom dott (1.57)

The burst of luminescence which also accompanies the pic datarrét is

attributed to termination reactions which are highly energetic and

produce excited formaldehyde. Sochet, Sawerysyn and Lucquin oa for

example,have suggested three radical - radical reactions which can account

for its production during the oxidation of propane.

- = 
*

CH,O + CH,o ——————————_5 CH,,OH + HCHO 3530 + CH, 0H + (1.58)

AH = - 81 keal.mole”=
Fi ey %

CH,O + OH a ge HCHO (1.59)

AH = - 101 kcal-mole~*
. . 

*

a em <cH,0 + CH, CH, + HCHO (1.60)

AH = - 81 kcal.mole”*

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

69been shown to be responsible for this luminescence and since the

reaction producing the excited formaldehyde must be exothermic to the

extent of 77 Kealsmoler, 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 .

es * :CH,00 + HO, HCHO * + HjO + 0, (1.61)

Sokolik has suggested that reactions (1.62) and (1.63), which are

both exothermic by ca. 100 kcal.moleTM*, can also account for the

production of excited formaldehyde.

. 
*

> .cH, + HO, HCHO + HL (1.62)

es :cn, + Heo, HCHO * + H,0 + CO (1.63)

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 part 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 hydrocarbons 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.

1.3.2.1 Initiation

The initiation reaction is considered to be the same as that

at lower temperatures (reaction 1.1):

EO ame ereH,©! an+2 2 n anti + HO, (4.1)

A further mode of initiation which may be envisaged above 600°C,

particularly with low partial pressures of oxygen, is the unimolecular

pyrolysis of the hydrocarbon molecule, reaction (1.64):

CH ea ere eecceore De CTA +Cn 2n+2 m 2in+1 (nem) #2(n-m) +4 (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.

Coad
.

ey .+0, CH, + HO, (1.7)

The hydroperoxy radicals so formed are capable of disproportionation to

form hydrogen peroxide which at high temperature has been shown to

71
undergo considerable homogeneous decomposition ‘°. Thus in the high
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temperature region it can act as the agent of degenerate branching.

NO NO en ONO. (1.11)

1,0, +M ————————— 20H + mM (1.65)

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

aehydroxyl radicals in the Hy + 0, system. Similarly, Sampson has

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

oxidation of ethane as follows:

0,
: A : A 2

eee CoH aes HO, 7 cae gee coh

H,0,

> ee —— +2H,0
5 0, 3 +02 ; .
CoH HO, OH Cou

ly
Cullis, Fish and Gibson te) consider that in the early stages

of reaction the major initial attack on the hydrocarbon involves

hydroperoxy radicals,

2 .

c + 30D Sea ae ee +H,0, (1.10)ntians2 n 2n+i 22

but in the later stages following the homogeneous decomposition of the

peroxide, the propagation is then continued by the unselective attack by

hydroxyl radicals:

—_— °Cone + OH Cones * Hy (1.16)

Reaction with oxygen is not the only important fate of alkyl

radicals at these temperatures, however. Sampson 75 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:-

CoH, SS cH, + CoH, ; (1.66)

BoCiH, Sa Sa eeee e e CoH, + CoM, (1.67)

~ > :i C,Hy cH, + C,H, (1.68)

Sampson also found that in general, the reactivity of alkanes increases in

the order Co) C,> Cy> Cos 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 the alkyl radical. The methyl

radicals 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 hydroxyl radical:

cH, + C Ho 42 > cH, + C Ho et (1.69)

cH, +0, + (4) ———-—-—-—-» cH,00 + (M) (1.70)

CH,00 ————— HCHO + on (4278)

Sampson considered, therefore, that the alkyl radicais 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 H,+0, mixtures in

aged boric-acid vessels at 500°C. Baldwin and Walker have used this

method to study the high temperature oxidation of methane ae ethane 7,

77 76propane ee n-butane te isobutane and neopentane + 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, 0, OH and HO, to be determined and

(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, 0, OH and HO, radicals formed in the

Hy + %% reaction are kept stationary. The hydrocarbon thus added

competes with reactions involving these radicals and since the mechanism

of the Hy + Og reaction is known in detail,the major competing reactions

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

hydroxyl radical are:

ne 7C Hons + OH C Hosa * Hy (1.16)

ee -H, + OH H + HO (1.72)

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

substituted in the expression below and since ky is known accurately,
72

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

hydrocarbon k can be calculated.
1.16

s C Mon sal = 1.16 Cid
afi,9] Ky 72 [He]

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

Arrhenious parameters for specific radical attacks by assuming that the

velocity constants for attack at equivalent C - H bonds are the same.

The analytical results of these studies have highlighted the

importance of reaction (1.7) in the early stages of reaction at 500°C.

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 becomes

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 major terminating

steps.

s walls
oun —————————_ _ inactive products (4.73)

a walls

HO, _ inactive products (1.74)
2

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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14 Consequences of the low temperature mechanism

45454 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, uring

which there is no appreciable self-heating of the reaction mixture, lead

te a build-up of the degenerate branching agent. When the reaction

conditions are such that ¢ (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-thermal 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 ene

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 almost
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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 products formed during the first

cool flame in the mechanism leading to a subsequent 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 mechanism

in detail. The experiments were carried out 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:

-x

ari s veces

This relationship holds over considerable ranges of temperature and

pressure which suggests that the cool flame stage actually 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 flame,

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



agents being available following the passage of the cool flame.

A unigue feature of the low temperature ignition diagram is

the existence of regions of multi-stage ignition (see section 1.2.4.3).

This phenomenon was first reported by Bavdweil> for n-butane +

oxygen mixtures and has more recently been confirmed for the propane +

oxygen system by Griffiths et al 80 and by Antonik Bt This type of

ignition seems to be restricted to low molecular weight hydrocarbons

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

1.4.2 Knock and run-on

The phenomena of ‘knock! and trun-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 GS 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 compressien

machine they showed, like Voinov and his co-workers 83 | 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 propagation 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 identical to the high pressure two-stage

Spontaneous ignition and was therefore related to the sSub-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 ae oe 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 isowerisation occurs homogeneously. Affleck and Fish

have concluded that a reduction in the tendency of a fue] 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 Of

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 requirements 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 the 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 he 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 es 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.
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of oxidation

The first attempt to relate the influence of molecular

structure and the mechanism of the gaseous oxidation of hydrocarbons

a in 1947. They studied thewas made by Cullis and Hinshelwood

oxidation of a range of hydrecarbons 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 spontaneous ignition 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 that of the parent hydrocarbon.

j Following these preliminary investigations, Walsh 7 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 formation. Walsh recognised that an important propagation 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



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 form the conjugate alkene as the predominant reaction

product during the early stages of reaction, whereas higher molecular

weight hydrocarbons form reaction products such as O-heterocycles and

carbonyl compounds under the same conditions. It seems clear, therefore,

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 constraints allows 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 reactions of the.

hydroperoxyalkyl radicals so formed. Theoretical considerations suggest

that both the isomerisations and subsequent decompositions proceed with

fairly lew 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 ana the apparently negligible effect of

1187 and pressure _" suggestsdeposits of carbon formed during ignition

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 following

generalised scheme and estimated rate constants:

.

conjugate alkene + HO,
. 2

of -C,H, 00H ee
oxiran + ou

carbonyl Caupotnd ateene on
PCH, oon

n 2n

eee Nove tanto nH

reat aoc %
_» oxiran + alkene + OH

Y-C Hy OOH aN 7
tetrahydrofuran + OH

_- 2 oxetan + alkene + OH

§-C_H, OOH

tetrahydropyran + OH

43,101)

b/s
(The values of log, ok at 550°K are estimated

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 58. cis and trans 2-ethyl-5-methyltetra-



hydrofuran accounting for ca. 30% of the products.

es 1.75cece, CH, CHC ; cHrycHCH cH cH CH, (1.75)

o—é O—OoH

———— <ene; CH,CHCH, CH, CHCH,CH, (1.76)

o—on 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 isomerisation via 1:6 hydrogen transfer

from a primary C - H bond, oxidise principally via the formation of

f -hydroperoxyalkyl radicals. As shown in the above scheme, the

predominant mode of decomposition of these radicals involves PB -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

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

reaction sequence:

cH cH.
3 , iz

CH,CHCHCH,cH, ——————>_ ci, ccc 1.77a 3 Bi (1.77)

o—é o—on

cn
3

CH,CHCHCHCH, —————————> CII,CHo + cH,cH=cHCH 1073 3 soos 3 cre)
o—oH + On

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 & -hydroperoxyalky}

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 - O bond

to form the conjugate alkene and a hydroperoxy radical,

2,3-dimethylbut-2-ene would be expected to be an important product in

e

the oxidation of 2,3-dimethylbutane,as has been found experimentally 51.

CH, CH, CH, CH.
2 | a | é | 3

Ce 6 a CH a CH oe Gee CH ch5 at, iy c—cH, (1.79)

o—o 
o-oli

CH, CH CH, CH
| 3 | 3 3 fad

CRC ——C==CH, Soe | Char: Clea CH: 1.603 . 2 3 = 2 ( )
O—OH + HO,

It can thus be seen that the nature of the product distribution

is dependent on the relative rates of formation and decomposition of the

d-,P-,¥%- and § -hydroperoxyalkyl radicals which in turn depend on the

molecular structure of the parent hydrocarbon.

125-2 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-1-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:
.

*

ou
CH,CH,CH,cH, ————__—OH__,__ cH cu cii,cH, + H,0

3°2°2°3 attakati cH 2 22 3 2

+0,

GACH CHGH <=) © ShAnSter cucu 'cH cH
[Bete from 2°C-Hi Regs ee 29o—o1 0-6
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CH, CH, CH, CH. OH CH, CHCH CH, + HO
3° 2° 2° 3 attack at 2°C-H Bape s rt) e,

%

GHICHCH CHa< 2 eens ierer Ce cucuicH
31 ana from 1°C-H lege0-01 o—3

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

e who studied the oxidation ofhydrocarbons. Batten, Gardner and Ridge

isobutane,concluded that the primary propagating reactions during the

induction period of cool flames occurred at the reactor surface.

Similarly the work of Hay, Knox and Turner 36 indicated an important

heterogeneous contribution to the cool flame oxidation of isobutane.

4

2 and n-butane 95Recent studies of the oxidation of both isobutane

Suggest that the conjugate alkene is formed heterogeneously. Thus, for

exaniple, 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 limit. 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 f -hydroperoxy-iso-butyl radicals

proceeds homogeneously. Furthermore, the yield of isobutene, over the

temperature range 310 - 380°C, passes through a minimum at ca. 350°C

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 99, 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

hydroperoxyalky1 radicals.

Recently, evidence has been presented for a small

heterogeneous contribution in the low temperature mechanism of n-pentane

52
oxidation , although this hydrocarbon does not strictly belong to this

category. Bastow found that the yields of pent-2-ene and 2-methyltetra~

hydrofuran decrease as the initial pressure of the reactants is increased,

Knox oe 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 tube?°91 |

which is virtually a wall-less reactor, gives strong support to the

suggestion that these compounds are formed heterogeneously.

The substantial yields of the conjugate alkene reported for

hydrocarbons of this category clearly indicate the importance of

o&-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 quickly and homogeneously, 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 ‘seen 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 A oen tt ntiore of the oxidation of

n-butane and isobutane suggest 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

propagation reactions in the low temperature eegion and studies of

the oxidation of 2-methylpentane and 3-ethylpentane indicate that

this isomerisation may be important even at temperatures of cae 400°C.
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 isomerisation 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 Sintribeeion of reaction products in

the early stages of reaction, when the effect of secondary reactions

can be considered negligible, would provide valuable information

regarding the propagation 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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SECTION 2

The apparatus

The vacuum system

The furnace and line heating

The reactant and product gates

The pressure transducer

Thermocouples

Signal amplification and recording equipment

Calibration of vessels and line

Reactants

General procedure

Preparation of fuel + oxygen mixtures
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21 The apparatus

20161 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 cae 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

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 iia

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 Bo 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 Ss 85 Si, and

G46 in figure 2.1, was constructed of 5 mm tubing and incorporated

conventional vacuum stop-cocks greased with Edwards high vacuum silicone

grease. Permanent gases were introduced at the inlet qT, and passed

through a drying tower containing molecular sieve (grade 4A)to a cold

trap Ts maintained at -196°C, where they were condensed and fractionated.

Cylinders of n-butane and other hydrocarbon gases were connected to the

section at the inlet qT, by means of a ball and cup joint.
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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 Ris and

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 maintained at

ambient temperature. Rotaflo greaseless stop-cocks were also used

throughout this section.

A by-pass Bas constructed of wide bore tubing, was attached

to the apparatus at stop-cocks Gs & and Syne 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 Ty and Tor were incorporated in the line on either side of the

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

3of ca. 10°” torr could easily be achieved.

201.2 The furnace and line heating

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 to.2°% 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
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vertical axis of the furnace well, the temperature gradient was no more

than 4.7°C at the two temperatures investigated. ‘his determination

dictated the position of the reaction vessel,and the chromel/alumel

thermocouple hot junction was positioned adjacent te the mid-point of

the reaction vessel.

The line and calibration vessel in the reaction section were

maintained at 80°C, using thermal tape, in order to prevent high-boiling

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 aec. 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.

201.3 The reactant and product gates

The construction 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 gravity and the coiled spring (S) thus preventing further fiow

through the gate. The seal between the iron core and its cup seating was

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.ce 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 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 seal 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 speed of response.

The advantages of these gates vere 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.

201.4 The pressure transducer

Pressure changes in the reaction vessel were followed by means

of a 0-10 pesci.a. strain-gauge transducer (Bell and Howell type

4326-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 Wheatstene bridge circuit in which all four

arms are active strain-gauge windings. The signal generated by the

pressure transducer was amplified and the output fed to a recording

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 pressure

range O-500 torr.

22125 Thermocouples

Temperature changes occurring within the reaction vessel were

monitored using specially developed micro-thermocouples. The

thermocouples were constructed 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 twin-hore

capillary Pyrex sheaths which led to the outside 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 rs 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 sec.9>. Furthermore, it has also been calculated that

under steady-state conditions, heat loss by conduction along the support

wires and by radiation result in only a i% difference in temperature

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

the reacting gas mixture was follewed using thermocouples whose bead
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diameter was of the order of 0.04 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 dec. 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

to volt power supply. The amplification facter or gain of the

amplifier is derived from the ratio of the feedback resistor Ry to the

input resistor R and by selecting suitable values of R, and Ros a range

of gains may be obtained. A balance circuit is included so that any

intrinsic offset in the amplifier module may be nullified. The quoted

frequency response of this amplifier 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 ‘our Honeywell 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 complete monitoring, amplification

and recording system was capable of responding te any changes in the

reaction vessel with fidelity.

2ele7 Calibration of vessels and line

The volume of the calibration vessel was determined prion to

its incorporation in the reaction section by weighing the quantity of

acetone required to fill it at 25°C. 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 reaction

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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202 Reactants

All investigations were carried out using ‘instrument’ grade

n-butane which 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-ene (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 (1) 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 Oxygen

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

Zoe Preparation 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.

20302 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 Ry,
9 oO

Immediately this operation was completed, R.

closed and Ruy open.

44. was closed to prevent

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

22323 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 450°C 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

rigorously applied. The majority of the kinetic studies and all of the

analytical studies were carried out in carbon-free reaction vessels so

that the results could be correlated.

230k Evacuating the reaction vessel

Upon the completion of a run, the reaction vessel was eran ted

by pumping the products out through the by-pass B, with stop-cocks R, and

Rig 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

whilst analytical studies were performed.

2.365 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 mee

at which the pressure rise accompanying the cool flame reached its maximum

value. Ali induction periods were recorded in seconds. The rate of

pressure rise (dp,/at) was measured by constructing a tangent to the



Figure  2.8re-time  recordingnt  of  kinetic  parameters A typicalillustrating  the  measur:
891 second timing lines



90

pressure trace at its maximum rate of rise and calculating its gradient

in torr sect. The techniques used for measuring the maximum pressure

rise during the cool flame (p,), the initial reactant pressure (p,) and

the overall rise in pressure following the passage of the cool flame (Ap joo) 5

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,

measurements were made of the usual pressure parameters together with the

maximum temperature rise accompanying the first cool flame (Ar,) in re.

the maximum rate of temperature rise (at ,/dt) oe in % ree 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 eccurring at the wall of

the reaction vessel is shown in figure 2.9.

At initial temperatures above.ca. 340°C, sone difficulty was

experienced in locating the precise position of the slow combustion/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 pect.

22326 Product sampling

The reacting mixture was sampled using the automatic product gate

with stop-cocks Ros Ros R, and Rio closed and Res Res Ro» Ry and Ro opens.

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.
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The pressure of the withdrawn sample and the temperature of the reaction

line were recorded and stop-cocks R, and Re 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% Gas-chromatographic analysis of reaction products and
reactants

2.4.1 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 exygenate

determinations), to be used for the analysis of product mixtures. A

schematic diagram of the complete chromatographic system is shown in

figure 2.10.

The output signal from the detector in use at a given time vas

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.

2ehker 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 temperatures by passing

carrier gas through them for 48 hours.

2.4.3 Column conditions

The column conditions and specifications are shown in Table 2.1.
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Table 2

Conditions and specifications of the columns

Column A Column B

Stationary phase bis-methoxy ethyl

adipate + di-ethyl

n-hexyl sebacate

MS 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 50°C

Flow rate 15 ml uin.”* 13 mi Maine

Pressure drop across
cred 40 peseicae 25 peSei.a.

(Carrier gas nitrogen nitrogen

Detector F.I.D. FID.

Detector supplies

Air

Hydrogen

20 peSeisae

17 peSeiea.

25 peSeisae

17 peSeicas
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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.

Belted 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 cae 2:3 between columns A and B respectively 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°C

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.

245 Identification and calibration of products

The reaction products were identified by comparison of

retention times of standard components with those ef 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.



‘s



exile has

2

a

5,

6 n-butane =

a but-1-ene i

8 but-2-ene (trans)

9 but-2-ene (cis)

10 buta~-1,3-diene

_——







Key to Plate 2

Column B

Peak Compound

6 n-butane

at acetaldehyde

12 2-methyloxiran

13 methanol

1h propionaldehyde

15 2,3-dimethyloxiran (trans)

16 acrolein

ae acetone

18 unknown

19 2,3-dimethyloxiran (cis)

20 2-ethyloxiran

21 2-methyloxetan

22 unknown

23 n-butyraldehyde

Ok tetrahydrofuran

25 methyl ethyl ketone

26 unknown

27 methyl vinyl ketone

28 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 retention 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 oxygenates 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

2-methyloxetan which was prepared using the method of Schmoyer and

Gabe’.

Since flame ionisation detectors were used throughout the

analytical investigations, compounds such as water, hydrogen peroxide

and carbon oxides were not detected. Furthermore, no determination of

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

prohibitively long. Formaldehyde was also not determined.

246 Operating procedure

The determination of hydrocarbons was achieved using column

A and F.I.D. A with the appropriate detector supply conditions (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

mine. 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 Bperation®

was carried out for 25 minutes and finally the valve was returned to

its original position in readiness for the next determination.



102

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 mine In this case no

back-flushing procedure was necessary.
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Table 2.2

Hydrocarbon calibrations

Compound Retention time Relative

(minutes) sensitivity

methane 447 0.20

ethylene 5.5 O47

propane 7-5 0.68

propene 8.7 0.70

isobutane 10.7 0.92

n-butane 13.8 1.00

but~-1-cne 16.5 0.96

but-2-ene (t) 20.0 0.96

but-2-ene (c) 22.6 0.86

buta-1,3-diene 24.5 0.95

50425 x 107? moles of n-butane =
peak area of 100 cm® (range 1 x 10!)
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Oxygenate calibrations

104

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 0672

acetone 32.6 1.00

unknown 34.8 -

2,3-dimethyloxiran (c) 38.6 1.21

2-ethyloxiran 42.0 1.71

2-methyloxetan 4hed 1.67

unknown 48.2 e

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 40° moles. of acetone =
peak area of 100 cm” (range 1x 104)
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3e1 The kinetic results

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. In

the second part, a study was made 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 shown in figure

2.6) but was again free from carbon depositse For convenience these two

sections of work are subsequently referred to as System I aid System II

respectively. Some slight differences in behaviour were observed between

the two systems and these are discussed in section 3.1.2.4.

3Beded System I

3.1.1.1 The temperature-pressure ignition 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 285-345°C, a region

of multiple cool flames exists within which up to seven consecutive cool

flames are observed, whereas at higher temperatures, between 345-420°C, a

single cool flame s 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.i(a) and 3.1(b)). Furthermore, the overall rise

in pressure after the propagation of a ccol flame (4p. po) is small in

comparison with the transient pressure rise (4p, ¢,) that attends the

passage of the cool flame. However, as the temperature is increased,

DP. £00 increases whilst at the same time BD e. 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 miltiple cool flames, the weak cool flames are superimposed on

the slow combustion following the first cool flame, as shown in rivare

3.1(f£). Pressure-time recordings in the upper single cool flame region,

figures 3.1(g), 3.1(h) and 3.1(i), show that this slow combustion 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.i(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 a.300°C (see

section 3.1.1.11).

At initial pressures higher than those at which cool flames

propagate, spontaneous ignition is observed. Typical recordings of two-

stage ignition at progressively increasing initial temperatures are shown

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 temperatures a discrete ignition delay f

separates the two stages. This delay increases as the temperature is

increased and is of the order of ca.10 seconds at 400°C.
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. a 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 285°C, is considerably more pronounced

than the upper lobe which occurs at about 360°C. These lobes, however, are

¢

not reflected in the slow combustion/cool flame boundary.
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5eieied The induction period of the first cooi flame

The variation of vs with Py in the multiple cool flame region

and the single cool flame region is shown in figures 3.4 and 3.5

respectively. It can be seen that marked differences occur between the

two regions. In the multiple cool flame region induction periods vary

between minutes and hours whereas in the single cool flame region they

are only of the order of seconds. Furthermore, it is clear that the

reduction int, brought about by increasing Py becomes wuch 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:

% = kp” +c

where k, c and n are constants at constant temperature, found for other

hydrocarbons clearly holds for n-butane also.

Figure 3.6, which shows the variation of TN with Ty, at different

initial pressures, also highlights the difference between the two regions.

The change in behaviour, wnich is most marked at low initial pressures, is

exemplified by the fact that an increase in the initial temperature above

330°C has only a small effect on a while a corresponding decrease leads

to a considerable lengthening of Ty
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3ei.i.3 The pressure rise accompanying the first cool flame

The variation of Ap, with Py is shown in figure 3.7 and it is

clear that for a particular initial temperature,Ap, 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 temperatures 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 of Ap,- Figure 3.7 alse shows that the relationship

between Ap, and PB, can be expressed as:

Ap = ap,

where a and m are constants at constant temperature. Figure 3.8, which

illustrates the logarithmic relationship between Ap, and Py? shows that

the value of m varies from 1.3 at 297°C to 3.8 at 390°C. Furthermore, it

is interesting to note how the lines tend to converge towards a focal point

which corresponds to a value of Py of ca. 240 torr and a value of Ap, of

cae 69 torr.

Figure 3.9 shows the effect of temperature onAp, at constant

initial pressure. It can be seen that a point of inflection occurs in the

curves at Cae 315°C.



30

10

119

Figure 3.7

The variation of Ap, with p,

@<¢qBeO0Port+
292.0°C

298.0°C

307.5°C

322.0°C

345.0°C

364.0°C

39-3 “

39520°C



Les, Ar,

Figure 3.8

The logarithmic relationship of Ap, with “Pe

298.0°C

322.0°C

@¢daqoO0o

1.8 1.9



Figure 3.9

The variation of Lo with T
Sn

121

O 75 torr

A 100 torr

@ 150 torr4o}—

O 175 torr

O°

30;-

ie @
be
°

pl
Ay

<
20--

A

10

_/h Il ! 1 |
300 325 350 375 400

T Cc)



122

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 (dp,/at) with Py in the multiple cool flame region is shown in

figure 3.10 and it is clear that the effect of increasing Bo 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 (ap,/at) oy with Py in the single cool flame region and

shows that (dp,/at) 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

(ap,/at) range from 0.5 torr neces to over 200 torr mone?

Two prominent regions of negative temperature coefficient are

clearly illustrated in figure 3.12 which shows the relationship between

(dp,/at), and r at various initial pressures. These regions exist

between 285 - 315°C and 360 - 420°C and correspond to the two lobes 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 boundary

is clearly reflected in the loci of constant (dp,/dt) a plotted on a

temperature-pressure diagram as shown in figure 3.13. It can be seen that

the larger the value of (dp,/at) > 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 Te with Py is shown in figure 3.14. It can be

seen that at low initial pressures, the relationship between Tp. and Py

bears a close similarity with that between v; and Py in that an increase

in Py brings about a decrease in Tos However, at initial temperatures

greater than 307.5°C further increase in Py increases To+ Furthermore,

it is apparent that the minimum in the curves occurs at progressively

lower initial pressures as the temperature is increased.

Values of T. throughout the multiple cool flame region are always

less than those of the corresponding Te and in contrast with T, T, never

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

31.1.6 The pressure rise accompanying the second coo] flame

The variation of Ap, with PB, 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 298°C, the value of Ap, actually exceeds that of Ap, at all

initial pressures.

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

The behaviour of (ap,/at) ay as the initial pressure is increased

is similar to that of Ap, 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 become less pronounced as the temperature is raised. Furthermore,

at low initial temperatures the value of (dp,/dt) exceeds that of

(dp,/dt) a 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 (dp,/dt) ay with

ae 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

eee in the loci of constant (ap,/at) aye

The variation with q of the limiting initial pressures, at which

the relationships between Py and Th, Ar, and (dp, /at) ox exhibit pounias

points, is shown in figure 3.19. It can be seen that these curves

diagonally bisect the two cool flame region and that in general (dp,/dt) a

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

increased.
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321.1.8 The induction period of the third cool flame

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

similar behaviour to that of Tt with Poe A comparison of figures 3.14 and

3.20 shows that in general T,; is greater than TT except at high initial

pressures. However, T; is always less than 7 at all initial temperatures.

3.1.1.9 ‘The pressure rise accompanying the third cool flame

The behaviour of Ap, as the initial pressure is increased (figure

3.21) is similar to that of Ay. Inspection of figure 3.21 also shows that

at low initial temperatures, for example at 298°C, An, is greater than Ap,

3e1.1.10 The maximum rate of pressure rise accompanying the

third cool flame

The variation of (ap,/at) ae with Py exhibits the same features

as (dp,/dt) a 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.

2 3 r 2,
It is also interesting to note that at 298 C, (ap,/at) exceeds (app/dt)

Figure 3.18(b) shows that the loci of constant (dp,/at) ae also reflect the

lower lobe in the cool flame/two-stage ignition boundary although it is

less pronounced than in the loci of constant (ap,/st) .
max

The variation with Tt) of the limiting initial pressures, at which

the relationships between Py and Ty de, and (ap,/ae) a 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

increased. At initial temperatures greater than ca. 300°C, the hot

ignition stage takes off from this pulse as shown in figure 3.2(e). The

variation with By 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 AG

increases as the initial pressure is increased towards the ignition limit.

Furthermore, it is clear that as the initial temperature is increased, he

increases and this reflects the behaviour of the ignition delay at the

ignition limit. Figure 3.26 shows the variation ot Ap, with Py in the

multiple cool flame region and it is interesting to note that Ap, varies

little with Th°
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321.2 System IT

321.2.1 The temperature-pressure ignition diagram

Figure 3.27 shows the ignition diagram obtained from a study of

the combustion 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 to that obtained in a spherical reaction vessel

(system I), their positions are shifted to higher initial pressures,

particularly at temperatures below cae 360°C. Furthermore, the multiple

cool flame boundaries are considerably closer together in System i. Again,

as in System I, the slow combustion/coo). flame boundary is a smooth curve

with no indication of any fine structure.

The kinetic parameters show the same features as those observed

for System I except that, in general, the induction periods 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 ca. 330°C, the first cool flame propagates from the centre

of the vessel, whereas below this temperature the cool flame propagates
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from the walls. The precise variation with Py of the initial temperature

at which all three temperature readings maximise together is shown in

figure 3.29.

In System II measurements were made on the first cool flame only,

since temperature changes in the vessel after the passage of the first

cool flame were often extremely complex.
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3.1.2.2 The temperature rise accompanying the first cool flame

Figures 3.30 - 3.32 show the relationship between Py andAr,

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 of Ar, range from ca. 40°C at the wall to

ca. 200°C at the centre of the vessel.

The relationship between Py and at, at the wall (figure 3.30) is

linear and of the form:

Ors 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 temperature in the multiple cool

flame region, this temperature dependence is considerably less pronounced

at temperatures above 345°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:

ar, = Mp,* +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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31.2.3 The maximum rate of temperature rise accompanying

the first cool f

Figures 3.33 - 3.35 show the variation with p, of (dT, /dt),

at the three positions in the vessel. The curves are similar to those

obtained for the variation of (ap,/dt) a with PS (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 (at, /at) ax range from ca.

300°C mccain at the wall te well over 2000°C sect: at the centre of the

vessel.

The variation with T, of (at,/at) ay 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 420°C,

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 (at,/at) with PS at the centre of the vessel.

At initial temperatures between 290 and 310°C 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 (at,/at), passes

through several maxima and minima which are most pronounced at high initial

pressures. Above ca. 3h0°C the rate again falls as the initial temperature

is increased.
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342 The analytical results

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.

321 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 close

to 100%, whereas after the passage of the first cool flame they are cas

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

g- 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

Carbon balances during the induction period of

the first cool flame (in pressure = 150 torr)

reaction product
geatoms of carbon (x 10"ei

300°C 360°C

methane - ~

ethylene 5.6 4.2

propene 0.5 etd

but-1-ene 58.6 47.0

but-2-ene(t) Bee 26.5

but-2-ene(c) 19.4 18.4

buta-1,3-diene 0.2 O.1

acetaldehyde 5367 5d

2-methyloxiran 2.1 0.5 ;

methanol 2.2 0.6

propionaldehyde 2.2 0.3

2,3-dimethyloxiran(t) 307 2.0

acrolein 0.7 0.3

acetone 46.6 1.8

2,3-dimethyloxiran (c) 2k. 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 117 1.2

methyl vinyl ketone 367 O.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 3.2 492

Carbon balances i nediately after the pas:

of the first cool fiame (initial pressure

reaction product Geatoms of carbon (x 10*°)

300°C 360°C

methane 18.0 y 6.0

ethylene 206.5 126.1

propane 1.4 0.7

propene 133.1 96.2

but-i-ene 858.8 604.0

but-2-ene (i) 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

ates thyloxiran 21.6 3.6
methanol 202.8 33.0

propionaldehyde 82.7 18.0

2,3-dimethyloxiran(t) 103.2 36.0

acrolein 7367 45.0

acetone 223.1 25.2

2,3-dimethyloxiran(c) 53.8 22.1

2-ethyloxiran 39.9 1h kh

2-methyloxetan 182.4 84.0

n-butyraldehyde 77 2.9

tetrahydrofuran 62.4 th ke

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%

Seta} products detec fed (5450 58.1% 33.20%
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The variation with time of the concentrations of individual

products was studied at 300, 309 and 360°C and is shown in figures 3.38 -

3.566

At 300°C four intense, well resolved, cool flames propagate and

are followed by slow combustion (figure 3.57). Acetaldehyde, acetone,

but-1-ene and but-2-ene are the only products formed in appreciable

quantities during the induction period (figures 3.38 - 3.44). The rates

of formation of these and other products increase exponentially however

about two seconds before the first cool flame and reach maximum values

concurrently with the maximum rate of pressure rise (ap,/at) ae

accompanying the cool flame. The major products found immediately after

the passage of the first cool flame are acetaldehyde, but-1-ene, but~2-eno,

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 exemplified by methanol (figure

3039). 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-methyloxetan (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 as 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 3.44 shows that the fuel consumption is ca. 18%, 14% and

9% at the first, second and third cool flames respectively. Furthermore,

it can be seen 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

propene

but-1-ene
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acetaldehyde

propionaldehyde

n-butyraldehyde

methane

propane

n-butane
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acetone

methyl ethyl ketone

2-methyloxiran

2,3-dimethyloxiran(t)

2,3-dimethyloxiran(c)

2-ethyloxiran

2-methyloxetan

tetrahydrefuran

acrolein

methyl vinyl ketone

methanol



166Figure  3.38The  variation  with  time  of  the  yields  ofacetalthane  (300  °C,  150  torr)70;-

60;--

|

°

A  $  a(,,0f  *)  qOnpozd  zo  setTon9+

ft
Time |I(secs.)

20010050
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Figure  3.44The variation  with  time  of  the  yields  ofpropionaldehyde,  trans  2,3-dimethyloxiranand  cis 2,3-dimethyloxiran  (300°C,  150  torr)
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At 309°C the first cool flame is followed by two successive weak 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 weak 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 300°C is considerably less pronounced at 309°C. 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 marked 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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Figure  3.46The  variation  with  time  of  the  yields  ofmethanol,  acetalde!  ethylene  andmethane  (309°C,  150  torr)
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Figure  3.48The variation  with  time  of  the  yields  of  trans2,3-dimethyloxiran,  cis 2,3-dimethyloxiran,  2-ethyloxiran2-methyloxetan,  tetrahydrofuran  and  2-methyloxiran  (309°C,  150  torr)
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Figure  3.49The variation  with  time  of  the  yieldof  methyl  ethyl  ketone  (309°C,  150  torr)
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At 360°C 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 300°C). After the

initial increase in concentration associated with the cool flame and the

onset of the rapid slow combustion, most products continue to be Toraca

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 fail as the reaction proceeds. Once again +t

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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Figure  3.51The  variation  with  time  of  the  yields  ofbut-t-ene,  trans  but-2-ene,  cis  but-2-eneand methanol  (360°C,  150  torr)
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182Figure  3.52The variation  with  time  of  theacrolein  and acetaldehyde,  ethylenemethane  (360°C,  150  torr)
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Figure  3-53The variation  with  time  of  the  yields  oflehyde  and  acetone  (360°C,  150  torr)
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Figure  3.54The  variation  with  time  of  the  yields  oftrans  2,3-dimethyloxiran,  cis  2,3-dimethyloxiran,  2-ethyloxiran2-methyloxetan,  tetrahydrofuran  and  2-methyloxiran  (360°C,  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 nature 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

Le ee 36445studies 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 fusl: censumed, so it has been

assumed that the ge atoms of carbon detected in the products are equal to

those 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:

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

BeBe2ol 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 1074 moles of n-butane and

1.520 x 1073 moles of oxygen.

oO, +
At 285 C the major products, acetaldehyde, acetone, but~1-ene and
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but-2-ene, are formed in approximately equal amounts and together they

account for ca. 90% of the total products. However, as the initial

temperature is increased to 310°C 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 380°C, acetaldehyde

and acetone together account for only 4% of the total products (c.f. ca.45%

at 300°C) whereas but-1-ene and but-2-ene together account for ca. 85%

(eof ca.45% at 300°C). Furthermore, as the initial temperature is

increased from 285 to 380°C, the ratio of the yields of but-1-ene to

but-2-ene is reasonably constant (Table 3.3).

The behaviour of the minor products also shows some interesting

variations. The total yield of c, O-heterocycles increases by ca. 50% as

the initial temperature is increased from 285 to 380°C although they do

not all vary in the same manner. Thus, for example, the yield of

2,3-dimethyloxiran passes through a maximum at 310°C, whereas the yields

of 2-methyloxetan and tetrahydrofuran increase throughout the temperature

range. The yield of lower alkenes also increases steadily as the initial

temperature is increased, whereas the yield of propionaldehyde declines

markedly between 310 and 360°C. In contrast the yields of other products

such as buta-1,3-diene, acrolein, n-butyraldehyde and methyl ethyl ketone

show only very small variations with increase of temperature.
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The variation  with  initial  temperature  ofthe  percentage  yields  of  acetal  dc  hyde,  acetoneand  methyl  ethyl  ketone  at  <1%  fuel  conversion
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Table 3.3

The variation with temperature of the ratio of the yield

of but~l-ene to but-2-ene in the early stages of reaction

Initial temperature

285 : 1.0

300 1.1

320 le)

340 tet

360 ast

385 1.2
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32.2.2 The variation with respect to initial pressure

Analyses were performed during the induction period over a

range of initial pressures at 300°C. The variation of product

distribution with initial pressure is not large although certain trends

are obvious as shown in Table 3.4. The yields 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-1-ene, but-2-ene, 2,3-dimethyloxiran

and methyl vinyl ketone show a slight decrease. The yields of all other

products remain unchanged as the initial pressure is varied.

At 360°C , however, the predominant products, but-1-ene and

but-2-ene, exhibit no variation with initial pressure, as shown in Table

3.5. Furthermore, the only significant differences from the variation

of the product distribution at 300°C 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

reactions are involved up to fuel conversions of 1-2%,
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Table 3.4

ation with initial p essure of the initial

prod ct distribution at 30 (<i% conversion)
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Initial Pressure (torr)
Product

76 91 411 131 148 190

ethylene 2.0 2.0 3e2 209 22 3.3

propene 0.4 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-l ,3-diene - O.1 0.1 - O.1 0.2

acetaldehyde 1457 1) 42.3 21.1 | 19.6 | 24.4] 18.1

2-methyloxiran O44 0.5 0.6 0.8 0.8 0.9

methanol 1.1 0.6 1.2 0.8 0.9 123

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 O.4 O44 0.4 0.3 0.3 -

acetone 15.8 | 17.4 17.5 | 18.5 | 18.6 | 16.1

2,3-dimethyloxiran(c) 150; a4: 1.0 0.9 Ag0: 0.7

2-ethyloxiran 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 0.1 0.4 0.3 0.3 0.3 O44

tetrahydrofuran 0.3 O.4 0.3 0.3 0.3 0.2

methyl ethyl ketone - 0.6 Bet 2.4 4? Look

methyl vinyl ketone 2k 2.4 ae: 14 1.5 0.9

% fuel conversion 0.1 0.6 157 0.9 0.6 04



Table 3.5

The variation with initial pressure of the initial

product distribution at 360°C (<i% conversion)
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Initial Pressure (torr)

product 62 91 | 101 | 134 | 150 | 188

ethylene 1.7 305 329 5k 368 4

propene 1.1 1.2 1.2 2.3 1.0 1.0

but-1-ene 40.1 41.0 | 40.8 | 41.8 | 42.2] 39.6

but-2-ene(*) 22.7 21.8 | 24.5 | 24.5 | 23.8 | 23.6

but-2-ene(c) 15.4 16.3 | 1764 | 1761°°/-16.5 | 16.3

buta~1,3-diene 0.1 Ded Ost i0.37 10,1. 0.3

acetaldehyde 5.6 5.8 43 3.5 467 42

2-methyloxiran O.1 0.3 O.1 0.2 0.4 0.5

methanol 0.7 0.6 0.7 Ok 0.5 0.8

propionaldehyde 0.3 0.2 0.4 0.2 0.3 0.5

2,3-dimethyloxiran(t) 1.8 ’ 1.4 Iut 0.7 0.9 1.0

acrolein 0.5 O4 0.4 0.2 0.2 0.3

acetone 304 2.3 120 4.14 1.6 1.9

2,3-dimethyloxiran(c) 153, 0.9 0.7 O04 0.6 0.8

2-ethyloxiran 0.5 0.3 Ose 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 O23 2) Gsk 1.0

methyl ethyl ketone 0.2 0.7 0.6 0.8 aed: 1.8

methyl vinyl ketone - 0.2 - O.1 0.1 0.3

% fuel conversion 0.6 0.5 0.4 151 0.3 Ort
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DISCUSSION
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At The kinetic and thermal properties of the

oxidation of n-butane

4.1.1 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 Teeeeiiee have

recently suggested that four basic branching processes, corresponding to

the Ly - i lobes, can be identified. These processes are believed to

predominate within specified temperature regions and the number which can

eccur 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 - 315°C 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 4.1), indicates that these correspond to the L, and L, branching

mechanisms respectively. The L, 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



Table 4.1

The temperature ranges associated with the

lobes observed for various hydrocarbon +

oxygen mixtures

20.

Lobe L L L, L Reference

Mixture 2 3 = 3

n-butane + —— 280-315 315-390} —— Present.
oxygen (1:2) study

n-butane + —— | 270-310 | 310-380] —— 55

oxygen (1:1)

¢

isobutane + 290-315 | 315-325 325-380| 380+ 45

oxygen (1:2)

n-pentane + a 1255-315 315-380] 380+ 52
oxygen (3:4)

2-methylpentane 250-270 | 270-310 310-350| —-——— 95

+ oxygen (1:2)

neopentane + —— oo 310-400] 400+ 49
oxygen (4:1)



flame. The Ly mechanism is considered to involve the secondary

peroxidation of aldehydes and again these compounds would be expected to

be important intermediates. At ca. 360°C, 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 Ly

lobe occurs within the temperature range which is associated with intense,

well-resolved multiple cool flames, whereas the La lobe is associated with

the upper single cool-flame region. This is in accordance with the

suggestion made by Antonik and mucnaiee that the "reactivity" of the

first cool flame increases as the initial temperature is increased and as
¢

such varies inversely with periodicity.

The present studies clearly refute the suggestion that the number

of lobes exhibited at the cool flame/ignition boundary can be directly

correlated with the number of alternative modes of alkylperoxy radical

Denrraniement 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.

In contrast with the ignition diagrams obtained when guobutans’?
512,3-dimethyl butane’ 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 L, lobe does not

extend to low pressures.

41.2 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 ef the reactions
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which subsequently lead to the attainment of the critical rate of

branching required for the occurrence of the cool 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

= kpp +e (4.1)

Recent studies 45,52 have shown that the constants in this relationship

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 Bee

the constant c has been obtained by assuming that v, = c at initial

pressures near to the cool flame/ignition boundary where changes in the

branching mechanism are most clearly manifested. Equation 4.1 predicts

that at a given initial temperature, a, will become asymtotic to ¢ as

DB, is increased. Figures 3.4 and 3.5 show that y does indeed asymtote

to a value which varies with the initial temperature. Approximate values

of the constant c have thus been attained at an initial pressure of 200

torr and the variation of logc with the reciprocal of the absolute

initial temperature 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 45

under similar experimental conditions. In this work 45 it was suggested

that the value of c 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 cae 335°C. Indeed,

these temperature ranges correspond closely to those associated with the

Ly and Ly lobes.

The variation of v, with the initial temperature is also

informative. Yantovakiio” has suggested that the relationship between

these parameters can be expressed in the form:

Eo p/RT,
Rigen) Ke ett 9 (4.2)

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

Ris the gas constant and Ty, is the absolute initial temperature. The

variation of log v; with G/am 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 the

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

L, lobe occurs, whereas the mechanism which predominates above the curve

is associated with the Ly 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 3229) This point is discussed in more

detail in section 4.1.3.

The value of E., at low initial temperatures is ca.h6 keal.mole =,

whereas at high initial temperatures it varies from ca. 15 to 25 iecalemola’

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

with any particular reaction occurring during the induction period since

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

1
Simmons 9” (54 and 31 keal.moleTM*) and Bastow 7"(49 and 20 kcal-moleTM")

for the lower and upper temperature regions respectively for n-pentane +

oxygen mixtures. For n-heptane + air mixtures at pressures of up to 3

atmospheres, Yantovskii found that the variation of log v, with 7,

exhibited three linear portions corresponding to the temperature ranges

2ho - 310°C, 310 - 390°C and above 400°C oo The values of Lore in

these regions were 37, 10 and 2& koal mole” respectively and he concluded

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

temperature range i.e. 240 - 310°C, 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 peraciaa

(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 oo for the Ly and Ly and Ly mechanisms. Similar results were

also obtained by Yantovskii for the iso-octane + air system 8.

A change in the cae eek of the first cool flame also occurs

as the initial temperature 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 otAp, are the increase in molecular

concentration resulting from reactions which accompany the cool flame

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

Cede 290°C, Ap, is very large compared withAp, coe 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 of Ap,. Indeed, the theoretical values of

Ap4 calculated from the measured values ofAr, assuming ideal gas

behaviour, agree to within ca. 10% of the observed value of Ap,. 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. 330°C the relative

importance of Ap joo compared with Ap, increases and the theoretical

values of &, are always considerably smaller than the observed values

of d,- This suggests that fragmentation products, such as carbon Omics

become progressively more important as the initial temperature is

increased, thereby increasing the contribution of the change in molecular

concentration to the value ot Mp,- This behaviour would certainly be

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

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

considerably more important as the temperature is increased from 330 ta

390 Ce

CH,CO ey ere (4.3)
3 3

) 3 2 (Gh)
Indeed, Dechaux 59 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 400°C.

This change in the character of the cool flames is reflected

by changes in the value of m in the relationship

a», = apy (4.5)

(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.



The values of m for va

Table 4.2

rious

hydrocarbon + oxygen es

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 - 386°C 45
oxygen (1:2)

2,3-dimethylbutane 2.6 - 4.5 301 - 342°C 51
+ oxygen (1:2)

2-methylpentane 1.4 - 3.5 375 ~ 395°C 87
+ oxygen (1:2)



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 system 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 of n-butane are indeed larger than those during the

oxidation of isobutane a9 Conversely, the higher values of m observed

for the isobutane + oxygen system suggest that molecule ernouanterion
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 ly mechanism is operative, the yields of scission products,

such as carbon oxides and formaldehyde, are indeed greater during the

oxidation of isobutane be :

The variation ot Ap, with Tt exhibits a point of inflection at

Cae 315°C which may also be explained by the change from the Ly to Ly

mechanism. This changeover is most clearly illustrated, however, by the

variation of (dp, /dt) a with initial temperature (figure 3.12). At all

initial pressures the Ly mechanism, which is responsible for the

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 (dp,/at), increases

quite markedly up to ca. 360°C. Between 360 and ca. 420°C, (ap,/at) a

decreases continuously and this temperature range corresponds to the



principal negative temperature coefficient region.

4.1.3 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

9? ol
more recently in the studies of the oxidation of isobutane

2-methylpentane 200 under similar experimental conditions. The close

Similarity between this change and the change in mechanism indicated by

the variation of log % with We, has already been noted and it seems

reasonable to assume that for n-butane + oxygen mixtures, the Ly lobe

can be associated with cool flames resulting from a predominantly

heterogeneous mechanism, whereas the Ly lobe can be associated with cool

flames resulting from a predominantly homogeneous mechanism.

It was noted in the Introduction that it has been suggested

that there is a substantial heterogeneous contribution to the oxidation

of low molecular weight iiydroearbons: Furthermore, it appears that the

degree of heterogeneity tends to parallel the resistance of the fuel to

oxidise and therefore its knock-rating aoe 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 homogeneous flame propagation for

n-butane + oxygen mixtures occurs at ca. 325°C, whereas for isobutane +

99oxygen mixtures it occurs at ca. 340°C. For 2-methylpentane, however,

which has a lower knock-rating than n-butane, this curve occurs at

Cae 290°c1?, 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
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the locus of the initial conditions at which a discontinuity occurs in

the relationship between log v, and pita 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

occurs for n-pentane + oxygen mixtures. Hughes and Simmons 7 reported

that for this system, the discontinuity in the relationship between v,

and is 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

content of the reacting mixture. Similarly, Bastow 2a has eecently shown

that additions of 2 and 4% of HBr to mixtures of n-pentane + 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 heterogeneous 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 ,, and the transient

temperature rise accompanying the first cool flame measured at the wall

of the reactor,

Ar, = Mpo +e (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 Py and the temperature rise

accompanying the cool flame measured at the centre of the reactor,

an = Mp,” ea (4.7)

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 of 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

coefficient region oS. 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 possible to calculate a space-averaged

maximum temperature rise, Ar, , as follows: ;

on. =i toe Typ + 1,)/3 (4.8)

where Tos Tip and Ty 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 pressure) and are shown in Table 4.3. It can

be seen that the maximum temperature reached by each reacting mixture,

T where

nee Th +20 (4.9)

is more or less constant, irrespective of the initial temperature; the

average value of T, during the first cool flame being ca0422.5°C which is

approximately 6°C above the observed upper cool-flame limit (see figure

3027).

It was considered that the close similarity between te 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 4.3

The variation of the space-averaged maximum

temperature rise with initial temperature

= 150 torr)(pe 5

8 aa mm

292 136 428

297 126 423

302.5 119.5 422,

307 112 419

313 104 417

319 103 422, ¢

325 97 422

333 87 420

339 78 447

Bhk 5 79 423.5

351 71 422

360.5 65 425.5

371-5 53-5 425

381 45 : 426

392 31.5 423.5

402 22 hohe

4O9 th 423
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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 360°C. 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 combustion/ipper 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

6

agreement with the results of Hughes and Simmons for the n-pentane +

oxygen system Ore These workers calculated that in this case, the upper

limit for cool-flame propagation is ca. 395°C, 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 53 suggested may be

capable of explaining the occurrence of the negative temperature

coefficient region.

ee *cH,co cH, + Co (4.3)

-_ OS micu,co + 0, cui,CO, (4.10)

4d e a < * *Semenov ee considers that the activation energy for reaction (4.3) is

ca. 18 Keal.mole’-, whereas that for reaction (4.10) is close to zero.
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Figure 4.4

The variation with initial pressure of the maximum

temperature reached during the first cool flame
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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 Ly lobe is observed, the above

suggestion seems plausible, since the Ly mechanism involves these

reactions. For initial temperatures lying within the range of the Ly

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 stationaey

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, 409 ay ————— CM OOH + A (4.41)

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 Ly mechanism.

The foregoing considerations thus indicate that for initial

temperatures greater than ca. 330°C, a single thermal switch occurs

between reactions (4.3) and (4.10). The precise temperature at which

this switch occurs depends on the initial pressure and from figure 4.4

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 330°C, however, it seems that two thermal switches are

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

4 °Cae ot Ae CH 0H 2k (4.41)

via hydroperoxyalkyl
CMe 440° ee AH + other products (4.12)

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 cooi

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 5

agreement with those observed for the 2-methylpentaneyoxygen system ae

Ketek The characteristics of subsequent cool flames

Although detailed kinetic measurements were only carried out

for the second and third cool 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 fiames 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 - 3.121-10 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 Te 15 decrease, whilst those ofp, 5 and (app 5/48) ax 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. 330°C, all cool flames propagate
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from the walls of the reactor. It seems reasonable, therefore, to assume

that the Ly 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. 305°C, 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 atoms, 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 Ap, 4 and (apy 5/24) nox” With the

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 (ap,/at) oy and (ap, 4/4t) nox with Ts (figures 3.12, 3.17

and 3.23), shows that the sharp decline in the values of (apg 4/4t) nase

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 considered as the

change from the L, mechanism to the Ly mechanism (see Section 4.1.2).

These results are clearly a manifestation of the fact that the Ly 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



temperature or pressure is increased, Ap, increases whilst (apy 5/4t) nox

decreases (figures 3.16, 3422 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 subsequent 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 Pesala 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 out on cool

flames after the first although the values of Ar, and (aT /at) axe are,

in general, considerably different from the values of Ar, and (at,/at) ax

when Space-averaged temperatures are considered. In contrast to the first

cool flame, the maximwn 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 4o°c. 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 involving n-butane.

Finally, Barnard and Watts 93 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 Arrheniues plot 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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It has been noted in Section 4.1.4 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 conatir,

Affleck and Fish oan 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 controlling

role of the cool flame is particularly well illustrated in figure 3.8

which shows that, over a wide rs of temperature, = 7% 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 Ap, must 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, <. is as high as ca. 435°C. At these temperatures, the direct

oxidation of acetaldehyde (E = 14 keal.mote? 12°) yould be expected to

give rise to further branching.



ee .CH,CHO + oO, CH,CO + HO, (4.13)

Furthermore, the hydroperoxy radicals formed in reaction (4.13), together

with those formed in reaction (4.14) may form hydrogen peroxide via

reaction (4.15):

- ——_ j .Zz CH, 001 conjugate alkene + HO, (4etk)

HO, + CH, or AH ee H,O, + CH. or A
2 n 2n+2 22 n 2n+1 (4045)

At the high transient temperatures reached during the cool flame, this

may undergo homogeneous decomposition and hence lead to further degenerate

branching.

H,0, + (4) = > 20H + (m) (4.16)

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 (4.3).

cu,co. §=————» Gi, + co (4.3)
a 3

The methyl radicals so formed may ultimately form methyl hydroperoxide

which is known to be an important branching agent in analogous systems sod

It is clear then, that the first cool flame may produce several

intermediates 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 a 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, [i]_, after the passage of the first cool flame is poadily

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 (c). 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 three-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 ignition 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 4.1.4 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 -

450°C 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:

G,lly Oe arr ern rer ae Cee HO, (4.17)

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 ca ina

branching reaction.

Se ee .HO, + CHL) Hone NC aa 4 (Hs 15)

HAO, + (4M) ———_____» 20H + (M) (4.16)

Thus, provided that the temperature reached during the second 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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Figure 4.6
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42 The chemical interpretation of cool-flame oxidation

Keel Product formation during the early stages of reaction

At low initial temperatures, close to the lower limit of cool-

flame propagation, the reaction exhibits long induction periods 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. 285°C), 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.

¢

ee eee feeCHAO CH CHa o, poeta (4.18)

0-0

rep .CH, CHCH,CH, +0, as (4.19)

0-0

Indeed, rate constant data 43 suggests that at 285°C, these reactions are

approximately thirty times faster than the competing abstraction reactions:~

CH,CH,CH,CH, + % ee CH, =CHCH,CH,gc CH CH, 1, + HO, (4.20)

. .

HH, CHC wd ad .cl 4c ios HCH, +0; cH, CH CHCH, + HO, (4.21)

The

importance of alkylperoxy radical isomerisation has been discussed in

detail in the Introduction and the analytical results suggest that this is

also the major fate of butylperoxy radicals formed in reactions (4.18) and

(4.19). It can be seen from Table 4.4 that the principal mode of

isomerisation of but-1-ylperoxy and but-2-ylperoxy radicals is 1:5

hydrogen transfer to form the 1-hydroperoxybut-3-yl and 2-hydroperoxybut-

4eyl] radicals respectively.



Table 4.4

Rate constants of butylperoxy radical isomerisation

Butylperoxy Hydroperoxybutyl log k
radical radical (can panel ae 558°K3)

‘s

Cr hed
OOH

aan ig e
00 OOH

ext 8 aOOH Qe

OOH

pow 2.8

S OOH

ey te3oe, 3
OOH

a, Set



SCHOUCH CH! | <n CH RCH —CHaCH 22Gly cu, Gu cit, cil CH, (4.22)
0-09 WH 0-0H

cH Dee Bee Ny, ~CH-cH,-| 4.23)cit, ct on, , cH, ? CH,-CH, (4.23)

0-0-1 0-08

In principle, these P-hydroperoxybutyl radicals may either

reisonerise, add oxygen, cyclise or undergo B-scission decomposition.

The last reaction would lead to equal amounts of acetaldehyde and

ethylene from the 2-hydroperoxybut-4-yl radical and equal amounts of

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

(Ie i °

~cHtcH.- wee = iscu, {2 CH=CH, cl,cHO + CH=CH, + OH (4.24)

6

org

¢

aon ees consfi CH=CH cH, HCHO + CH=CH CH, + OH (4.25)

OngH

However, the ratio of acetaldehyde : ethylene is ca. 7.5 : 1 and propene

is only found in small yield which suggests that it is not the major fate

of these radicals. Similarly, the total yield of Cy O-heterocycles is

cae2% and so cyclisation also bias only a minor role, while cht tracer

studies 38 have shown that the reverse isomerisation (at least for

A-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 requiring further hydrogen

abstraction and decomposition of the dihydroperoxide.

0-0

———————> =CH,-CH-' .: cH pCHCH, oO. 2 CH,-CH-CH, (4.26)

0-OH 0-OH

¢ 0-0
<s

CH, Loucu-cn ————— > 2HCHO + CH,CHO + on (4.27)
| 2 3 3

s
O+on
we
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0-0

=CH-CH, = 228CH,CHCH, CH, Oh ee ee ae CH, , ‘CH,-CH, (4.28)

0-OH 0-08

.

(0-0
Z ©

CH acer on ——————— > _ 2HCHO + CH, CHO + OH (4.29)
3 ji a2 3

0-0H
a

0-0 HO-O

1 230ee Ce CH GHEE CH, + C,H, (4.30)

0-0H 0-08

0-0 
HO-O

—_—~ aCH,CHCH,CH,, + CHig AM, (4.31)

r

0-01 O-OH

HOLo

ie ” A
CH, “CH, -C+CH, ——————————>_ CH, COCH, + HCHO + 20H (4.32

[Brey > + ae a
Louorg H

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

the early stages and its addition proceeds with an activation energy close

to zero (analogous to the addition oP 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 & who showed that B -dicarbonyl compounds, such as

butanal~3-one, are responsible for the characteristic absorption waveband

at 2600 i during the oxidation of n-butane. These authors also showed that

the concentration of formaldehyde ateadiay increases during the induction

period preceding the first cool flame at 300° 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

C**clabatled fuels 10% Measurement of the activities of acetaldehyde and
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formaldehyde formed during the cool-flame oxidation of n-butane showed

that formaldehyde is derived about equally 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 cae 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 Aetsnding

the fuel to regenerate butyl radicals.

ae .CH, CHCH, CH, + OH CH, CH CH, CH, + HAO (4.33)

easier eeaisy -CH,CH CH, CH, + OH CH, CHCHACH, + H,0 (4.34)

Since the activation energy of hydrogen abstraction by hydroxyl radicais

is generally agreed to be small and’ of the order of 1-2 keal.moleTM*, it

is likely that even at relatively low initial temperatures such as 285°C,

the attack on the fuel will be largely unselective.

In contrast to P-hydroperoxybutyl radicals, it seems that

d-hydroperoxybutyl radicals, which are formed by butylperoxy radical

isomerisation involving 1 : 4 hydrogen transfer, preferentially decompose

by P-scission of the C - 0 bond:

pga —————> _ i, =ci-cH,-cH, + 10, (4.35)
Go-on

Ny .
ae a aes + HO, (4.36)

So-01
£* 0-CH=CH- —_ -CH=CH- @cH, a cH cH, CH=CH. CH, + HO, (4.37)

Go-on



Reaction (4.36) would not be expected to contribute greatly to

the observed yields of but-i-ene, since the predominant 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-1-yl radical and but-2-ene from the but-2-yl radical. At

285°C, 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 i

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

105, who found that at 525°C the ratiocompares well with those of Greiner

of attack by hydroxyl radicals at de) 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

Be)in the n-butanetoxygen system by Déchaux 77.

——CH,CH,Cit,CH, + HO, > CHACHCHACH, + HO, (4.38)

reCH, CHCH CH + HO, CH, CHCHCH, + HAO, (4.39)

Butylperoxy radical isomerisation involving 1 : 6 hydrogen

transfer would not be expected to compete effectively with 1: 4 andi: 5

hydrogen transfer at 285°C because of the strain energy involved in the

formation of the 7-membered transition ring complex (6.5 keal-moler*) and

because both the initial hydrogen abstraction leading to the formation of
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the but-i-yl radical and the intramolecular hydrogen abstraction stage,

involve 1° hydrogen atoms. Nevertheless, it does occur 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

ee klGU ,CH,CH e+ +0, pane (4.40)

0-OH O-OH

H 0-0

Ive ak) ;(cs Ce Cth: CH, cHO + 2HCHO + OH (4.41)
, 

‘

oyu

Methanol is a reasonably important product during the induction

period at 285° 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 formed leads to the

formation of methoxy radicals, which may intermolecularly abstract a

hydrogen atom to form methanol.

ey. €:
-cH-cH, + ——) -CH-CH .cH, (a Ci, cH, r" cH, (4.42)

0-0 ¥ 0-0CH
3

wena —_— .CH, Te? CH, CH Get, + Cl1,0 (4.43)

ofgen, 2

co eC he cH, oH + C,H 5 (4ohkk)

x) .
-CH,-CH,\ ——> CH, - .CH,~CH,~CH,, CH, i ‘CH,-CH, (4045)

0-0 TM o-0cHt,

anne <a EHO, TG aCHS +: cH, (4.46)

cor pe ae &
eile + CHAO (4.47)

oO
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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

neopentane for example 49.

Unsaturated products such as acrolein, methyl vinyl ketone and

buta-1,3-diene are formed only in very small concentrations during the

38early stages and ct# - tracer studies show that they most probably

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

the oxidation of alkenes gudyesouiesos have shown that, except at very

low initial temperatures i.e. ca. 2h0-260°C, the major attack by radicals

on the alkene occurs at the carbon atom in the d-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:

CH, =CH-CH,-CH, +o ———— CH, =CH-CH-CH, + HL0 (4.48)

0-0

=CH-CH- ——————, =CH-CH- okCH, =CH-CH cu, +0, CH, =CH-CHl CH, (4.49)

ae 0-OH

CHy=CH-CiH-CH, + C,H, ————> CHy=CH-CH-CH, + C,Hy (4.50)

0-0H

nr
-CHY ———- =CH- 5Cl =CH-CH=Cil, CHy=CH-CHO + CH,OH (4.51)

~CH=CH~ Carre err ~CH=CH- .cH, CH=CH cH, + OH cH, CH=CH-CHl, + HO (4.52)

oe

: |
~CH=CH- —— > “~CH=CH-CiicH, CH=CH-CH, + 0, cH, CH=CH (4.53)
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0-0 0-0H
| | :

CH, -CH=CH-CH + CHa > CH, ~CH=CH-CH, + CylHy (4.54)

0-OH

ee
city ~chi=cit-cil“t —— CH, -CH=CH-CHO + HAO (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 determined.

An alternative reaction of the but~-1-enylperoxy radicals formed

in the above sequence of reactions may explain the formation of methyl

vinyl ketone.

CH,~C-CH=CH,, ——————————>_ CH_-C-CH=CH, + OH (4.56)

axe se
oj} Cu 0

“e

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

methy) vinyl ketone with pressure (see Section 4.2.1.2) supports this view.

Buta-1,3-diene may also arise by an alternative mode of

decomposition of the but-1-enylperoxy radical

ea 

=CH-CH- 

.

cHy cvenfh, a, it dae chance ie CH, (4.57)

oO fn O-OH
0

CH, rae > CH, =CH-CH=CH, + HO, (4.58)2 \7 2 2 2 2 »

|~OH

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-O

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.

=CHLSCH = =CH. CH. =| lisCH, CH, CH oT + C5 Sea: 1? CH, CH, CH, + Cy (4.59)

0-0 (cH, cho) O-OH (cH,Co)

CH Cia CH CH, + CMa ——— ae + CyHy (4.60)

0-0 (cii,cHo) 0-0 (cH,¢o)

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.

mere .CHACH,CHCH, CHLCH,CH,CH, + OH (4.64)
ms ]

gy Ou O-

H,CHCH,CH, §=——————————>_ Cll, CHCH Ou 62cl af CHACH, ss CHCH, + (4.62)

obu °
vu

The resulting butoxy radicals may either abstract a hydrogen atom

intermolecularly to form n- or sec- butanol or may undergo unimolecular

decomposition themselves.

Peta COs aera Pata, + C,Hy (4.63)

o° Ou

CH,CHCH, CH, + C,H eee oe + CyHy (4.64)

o° OH

Get 2ioe es Sa HCHO, CH ACH «+ cH (4.65)

o:

cH on Gi ch > cHICHO iG (4.66)
Sugarae 3 3 25 i

”
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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 ot 409. is

the four-centre elimination of a molecuie of water:

1

! CHO 0 4.6= = Co ————————— > C) HCH. H, °CH,-CH, -CH. ie CH,CH,CH CHO + HL (4.67)

Jn

CH,
| 3 ¢

CH, -CH,-C-H 9 -————_——> _ CH._CH.CCH, + H.O 4.68)ary 2 ee 3 ij 3 2 (
oon oO

Benson 109 considers that although the activation energy of the four-centre

elimination of water will be about the same as that of 0-0 bond fission

namely 43 keal.moleTM*, the higher pre-exponential factor of the latter

reaction will mean that 0-0 hond 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 — 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.

4.2.1.1 The effect of temperature

The most pronounced effect on the product distribution during the

early stages of reaction as the initial temperature is increased from

285 - 320°C, is that the yields of acetaldehyde and acetone fall

dramatically, whilst the yields of but-1-ene and but-2-ene gradually increase,



This suggests that the rate of butylperoxy radical isomerisation

involving 1 :,4 hydrogen transfer increases relative to isomerisation

involving 1 : 5 hydrogen transfer and that the further oxidation of

hydroperoxybutyl radicals, particularly p-hydroperoxybutyl radicals,

becomes less important as the temperature is increased. This may in

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

————
C,H,00H + 0, == _ 00, 1,008 (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 320°C, the rate of

reaction (4.70) becomes slower and the forniation of butyl hydroperoxides

becomes less competitive.

—_——_—— c .C,H,00 + CH,CHO C,H00H + CH,CO (4.70)

Furthermore, increasing the initial temperature promotes the speed of

butylperoxy radical isowerisation 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 (dp,/at), as the initial

temperature is increased from 285 to 315°C (see Section 4.1.2).

From the above considerations it is clear that products which

result from cyclisation and P-scission decomposition reactions of

hydroperoxybutyl radicals, should be formed in greater abundance as the
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temperature is raised. In the case of p-hyaroperoxybutyl radicals, the

observed yields of propene, 2-methyloxetan and ethylene do indeed show an

increase over the temperature range under consideration.

H, a fen-cn, a eee CHO + CH, =CH-CH, + OH (4.25); 2) M2 3
O-OH

v :
OCHS Cu Coe = eS HCH ECU :

12 cfu co CH, CH CH. cH + OH (4 71)

fai ee

cH ce > ii_cHo + ch =cH. + On (4e24)372 2 3 a. 2

oto

" rs 3ae CH, CH, CH, CHCHO CH, + OH (4 72)

oar \
¥ ° y

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-1-ene and but-2-ene 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 explained in two ways. It has

been suggested oe 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.

. 
.

ae ee

Ce ae CHA DO (4.73)

- .Clone ion) a Eee CiHo, + HO, (4.74)

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~1-ene

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

.

eemo eel C,,H,00 (4.75)

= 

Bs

Gigcti,cHci, 0) ae chy CHCH, CH, + Ho, (4.20)
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'=CHC]I .CH,CHCH,CH, +0, ——————- cH,cH CHI Hy + HO, (4.21)

The alternative explanation is that increasing the initial

temperature leads to a greater rate of butylperoxy radical isomerisation

involving 1 : 4 hydrogen transfer. Since the predominant mode of

decomposition of d-hydroperoxybutyl radicals is P-scission of the C~O 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. 380°C, whilst the former explanation predicts that the reverse Should

occur.

As the initial temperature is increased further from 320 to

385°C, 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

Cae 330°C. Furthermore, the fact that acetaldehyde and ethylene are formed

in approximately equal yields at 380°C, suggests that reaction (4.24)

gradually becomes the major route to their formation as the temperature is

increased.

is Tso ge SUG CHO Ly CH=CH + ou (4.24)

O-OH

The increase in the yields of 2-methyloxetan and tetrahydrofuran

as the initial temperature is raised to 380°C, 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 380°C. 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 380°C.

4.2.1.2 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-1-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 P-seission

of the C-O 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 B-scission decomposition

of the resulting d-hydroperoxybuty1 Yadicals 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 Cy oxirans, which

are alternative decomposition products of ol-hydroperoxybuty] radicals. In

this context it is also of interest to note that the yield of methyl vinyl

ketone, which is probably formed by further reaction of but-1-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

pe and Y-hydroperoxybutyl radicals do not exhibit a similar behaviour, it

seems reasonable to suggest that at low temperatures it is the
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decomposition of 4-hydroperoxybutyl radicals which occurs almost

exclusively at the walls of the reactor, and as initial temperatures of

Ca. 320°C are approached, their homogeneous decomposition becomes more

important. It is not so surprising, therefore, that at 300°C 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 &-hydroperoxybutyl radicals. It would be interesting, however, to

determine the effect of increasing the initial pressure at a lower

temperature, e.g. 280°C, since the above reasoning suggests that a much

more pronounced decrease in the yield of butenes should be observed.

Déchaux 35 has indeed found quite pronounced decreases in the butene yields

for the n-butane + oxygen system at 290°C, although his eperinortal 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 = + 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

heterogeneous decomposition will be considerably more pronounced, therefore,

than the heterogeneous decomposition of <-hydroperoxybutyl radicals in the

5:present study. Bastow ES has also found that in the slow oxidation of

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 {-hydroperoxypentyl radicals are not nearly so

important for this alkane and that the marked decrease in the yield of

pent-2-ene merely 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

¢

an increase in pressure.

keCH CHCH,CH, + C,H See CHCH,CH, + C,H (4.60)3 | 410 3 | 3

0-0 0-0

9

The yields of acetaldehyde and acetone show a slight increase

as the initial pressure is increased at 300°C which gives further support

to the suggestion that these products result from the further oxidation of

P-hydroperoxybutyl 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 300°C, the yield of acetaldehyde and more particularly

acetone, decrease as the initial pressure is increased. Clearly, their

major mode of formation is not via alnauee madiosis at this elevated

temperature.

4.2.2 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



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

Prscission decomposition product, to that of acetone, a further oxidation

product, is cae 1: 4, whereas immediately after the passage of the first

cool flame this ratio is cae 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 P-hydroperoxybutyl radicals becomes

increasingly less competitive as the reaction proceeds. Clearly, this is

to be expected since the concentration 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 concentration 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,
sy 2 3

0-0 O-OH

4

=CH=CH the————_- cu, CH-Cil, -CH, (4.23)

+ on (462k)
3
CH=CH, —_—> acH = CCH, CH,CHO + CH=CH,

O-OH

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

—_——_—- .cH,cHo + 0, CH,CO + HO, (4643)
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but the formation and decomposition of peracetic acid:

CH,CHO + OH Seq eee cco + 1,0 (4.76)

cco 0) Sere cil,c090 (4.10)

cHt,co09 qi) Oneal eee > CH,COOOH + Gy, ora (4.77)

cH,coooH TR 4 cit,co9 + OH (4.78)

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 suggestion.

Pr gee ee eed °cit,co cH, + CO (403)
« . e

Tes aa ee §CH,co00 CHO + CO, (4.4)

cn, +A CH, + 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 detline (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-1-ene 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-1-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 3-44. 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 3h.

These workers also showed that at 315°C, when approximately 10% of the

fuel has been consumed, at least 38% of the 2-ethyloxiran originates from

“

but-1-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 G, 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 flame 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 309°C the overall product

distribution throughout the reaction is similar to that at 300°C except



that compounds such as acetaldehyde and acetone, which result from

p-hydroperoxybutylperoxy radicals are less important and the butenes

are more important.

During the course of the reaction, the concentrations of

acetaldehyde and ethylene, although not equal, do not show such a large

disparity as at 300°C which again indicates the increasing importance of

P-scission reactions of B-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 300°

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 Ebe cool flame are

but-1-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 reactions

cree, rr or cH,CHO + Siriaas ou oa

0-OH

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.



4.3 Conclusions

The present study has throw 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 {-hydroperoxyalkyl

radicals in the oxidative mechanism is of major importance and that the

decomposition of these radicals probably occurs 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

Cae 320 - 335°C. These changes are summarised in Schemes I, II and IIT

which correspond to initial temperatures of 265, 330 and 380°C

respectively. Below 320°C the cool flames propagate from the walis 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: & and 1: 5 hydrogen transfer to give {- and

P-hydroperoxybutyl radicals. It appears that the former radicals

decompose mainly heterogeneously to form the conjugate butenes and Cy

oxirans, whilst the latter are further oxidised before decomposing

homogeneously to acetone and acetaldehyde. Although nde euenomides were”

not estimated the results are consistent with those found for other

hydrocarbontoxygen systems in which branching at these temperatures occurs

via the decomposition of alkyl hydroperoxides (i.e. the L, mechanism)

which may also be heterogeneous.

As the initial temperature is increased to ca. 320-335°C, 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 : & hydrogen transfer and to the increased

rate of decomposition of the hydroperoxybutyl radicals over their

further oxidation. The resulting lower yields of acetaldehyde lead to

the reduced rate reaction.

At initial temperatures above ca. 320-335°C the reaction rate

again increases due te the onset of the L, branching mechanism. This is

almost certainly homogeneous in nature and at these temperatures the

d-hydroperoxybutyl radicals also decompose homogeneously. The general

lack of heterogeneity is shown by the fact that the cool flames now

propagate from the centre of the reactor. s

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 between 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. 360°C.

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 aiecurte weight

hydrocarbons will be smaller since their structure permits the easier

alkylperoxy radical isomerisations involving 1 : 5 and 1 : 6 hydrogen

transfer and hence the production of {-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.



Scheme I The overall mechanism at 285°C
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Scheme IT The overall mechanism at 330°C
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hake Future work

The present study has revealed several further lines of

approach for a more complete elucidation of the mechanism of oxidation

of n-butane and for the verification of the suggestions herein.

In view of the considerable evidence for the occurrence of

heterogeneous 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 powering

of the temperatures at which discontinuities are observed in the variation

of log a with fies 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-~ butyl hydroperoxides are important below ca. 330°C, whereas peracetic,

and perhaps perpropionic, acid is important at temperatures above ca.330°C.

A useful study, therefore, would be the determination and identification of

these highly 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 Ly and Ly mechanisms.
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ae tracer studies have been carried out oe in order to

investigate the role of the butenes in the oxidation of n-butane at

315°C and it would be most rewarding to repeat such studies at a higher

initial temperature, 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 CG, oxirans than at 315°C. Furthermore, it would be interesting to

determine whether but-i-ene is almost solely responsible for the

formation of methyl ethyl ketone at 360°C. These studies would also

provide valuable information regarding the reversibility of reaction

(4.80) at 360°C.

¢,H1,00 ———— £-C,11,008 (1.80)

At 315°C, 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 tetrahydrofuran would be expected to

be amongst the active products at 360°C.
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