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INTRODUCT ION

The reaction of a hydrocarbon with oxygen is a complex process

I involving the formation of a large number of products which themselves

influence the oxidation, particularly as they are usually more reactive

than the parent Mtaterial. As a consequence, the whole process is highly

I autocatalytic under amy conditior•, and the nature and concentration of

the radicals vary sharply as the reaction proceeds. There are also

i regions where cool fla=Ls and ignition occur. These conditions are

not suitable for the elucidation of the elementary reaction steps and

evaluation of rate constants, as is illustrated by the remarkably small

amount of quantitative information that has been obtained by direct studies

Lf hydrocarbon oxidation despite the large number of investigations that

have been made.

- Over a number of years, the Hull group has been concerned with

devising systems and conditions which permit the evaluation of the

* elementary steps in hydrocarbon oxidation. Three main approaches have

been made.

* 1. The mechanism of the H 2 + 02 reaction is well established in the

~ L temperature range around 500C, and rate constants for the reactions involved

have been determined accurately. The reaction thus forms a controlled

environment in which to study the behaviour of an additive introduced in

. concentrations sufficiently small to avoid significant disturbance of the

. radical concentrations. Information can be obtained, first on the rate

constants for the reaction of the radicals H and OH with the additive,

and secondly on tle reactions by which the radical formed from the parent

material gives rise to the final products. The advantages of this approach

are that the radical environment is under control, that a wide variety

of additives can be made to undergo reactions at the same temperature, and

that the intermediates believed to be important can be studied .ndividually

I. with the confidence that the radical environment is unaltered.

2. The oxidation of aldehydes in the range 150-300°C is a complex process,

in which peracids play an important role. At temperatures above 400 0 C

however, a much simpler mechanism operates, since the main products, an

j alkene and carbon monoxide, are much less reactive than the parent aldehyde,

so that the complications inherent in the direct oxidation of alkanes do not
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H occur. The reaction is slightly autocatilytic due to dissociavion of

the react ion product, hydrogen peroxide, a fortunate situation that permits

j evaluation of the initiation rate for aldehyde + c•ygen, and also enables

the rate constant for HG2 + aldehyde to be determined. The carbonyl

radical RCO veadily decomposes at these temperAtures to R + CO, so that

I reactions of alkyl radicals can be studied.

3. because of the strain in the central C-C link, the compounds

. 2,2,33 3-tetra,'ethylbvtane (ThB), and 2,2,3-trimethylbutane (TRIMB), decompose

by C-C homolysis at temperatures much lower than most alkanes, and the

rate of production of radicals by this process is faster by a facLor Of

102 to 103 than by the reaction of the hydro-arbon with oxygeu, even at

atmospheric pressure of oxygen. The decomposition is thus a source of

t-butyl radicals in the case of ThB, and of t-butyl and i-propyl radicals
in the case of TRIMB, thus enabling the reactions of these radicals to be

studied. In th.-presence of oxygen, both these radicals react predominantly

(99%) to give the HO radical so that a convenient source of this radical
2

over the temperature range 420-560°C is available.

These three approaches are complementary and all can be used to

advantage in elucidating the complex processes involved in hydrocarbon
I T oxidation. In many cases, simultaneous use of these me-hods has

I I. prevented wrong conclusions being drawn.

I- By use of these methods it has been shown that four main types of
I.i°reaction account for the majority of products in hydrocarbon oxidation

at 450-550°C.

* "(a) Reaction of the alkyl radical with oxygen to form the

conjugate alkene.

S(b) Decomposition of the alkyl radical to a lower alkene

and a smaller alkyl radical.

2' (c) Isomerisation of the alkylperoxy radical by internal

hydrogen abstraction Lo form a hydroperoxyalkyl radical,

which subsequently decomposes to give oxygenated ring

compounds.

(d) Reaction of the hydroperoxyvalkyl radical with oxygen to

give lower aldehydeu and ketones.

I A body of rate constants for theae four typas of reaction is being built

up and the patterns involved are beginning to emerge. It should thus be

* I
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possible to use these patterns to provide rat* constants for computer

modelling of the initial staeps of hydroca&*o= oxidation for hydrocarbons

I which have not been 6tudied experimentally. The possibility has

already been examined in the case of n-pentait

As already pointed out, alkenes are an early product of alkane

oxidation, aud a full computer modelling of hydrocarbon oxidation

requires an understanding of the mechanism of alkene oxidation. This

1 process is even more complex than alkane oxidation, sirce both radical

addition and radical abstraction reactions an possible, mad the full

4 range of approa',Ies already described vill certainly be needed. Some

preliwinary studies of the problem of alkene oxidation have already been

'made.I .
Details of individual studies are given in the following paes.

: I
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S1. The hydrogen + oxygen reaction

Previously published rate constants for the very important

I elementary steps in the reaction between H 2 and 02 have been evaluated

with increased accuracy by allowing for the effect of self-heating in

I the system, the reaction of 0 atom with hydrogeL peroxide, a%.d other
minor refinements in t1te mschansism. The reults indicate that, in

most cases, the changes in the paraeters due to the above effects are

less than 10, and the new values are sumarised in Table 1 below.

Table 1

Rate Constant Ratios in H + 0 Iteaction at 5000
2 2

!.k8/k2k10a 0.081 (d=3olls1
ka/k k o 0.53 (din3 mol- s)-

LI8 2 10 3 oi 1

k- 0.0816 (din mol 1 
-

8a 2 0

!./kl~l 0.0:,6 (da3 mol-1sI

kO /k 2  281

H1 2

k ka/k2 34

m#k kA/ 4.5

""OH + H 2 H 20 + H (I)

H02 + OH + 0 (2)

"H + HO 2 20H (8)

SH + HO -H + 0 (8a)
2 2 2SHO2 + Ho0 H 0H + 0 (10)

2 2 2 2 2
I H32  + H2 H202 + H (11)

H + H02 H0 + OH (14)

.1 H + H0 W H + HO (14a)
2 2 2 2

OH + 120 2 HO 2 (15)

By use of the accurately known values of kl, k- andk l (, and by combining

the present results with data at other temperatures, the Arrhenius

i - expressions in Table 2 are recommended. Information in the literature
on reactions (14) and (14a) at lower temperatures i. conflicting,

and the alternative interpretations are dincussed in a recently published
1

paper.

K
[
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Table 2

iRecoummnded Arrhenita Parameters for IRactiomin Hi2 4 02 System

¶ j /kJ mol- A/(m 3' l1-s- 1)
H + 1102 - 20H 7.6 5.4 x 1011

I H + HO02 H2 + 02 0 2.8 x 11)0

H + HO2  HO0 + 0 7.6 5.3 x 10IO
2 22

i •H0O + H2 = H202 + H 90.0 2.0 x 10 9

OH + H202 H 20 + HO2 4.8 3.7 x 109

Studies of the addition of OD to slowly reacting mixtures of

H+2 + have enabled values to be obtained for the rate constazts for

reactions of OH and HO2 radicals with CO at 5000 C. These reactions

are of particular interest in the prnblem of atmospheric chemistry and

automobile engine pollution, and conflicting values of k 2 in particular

have been published. Two types of study haw beea made, first the yields

of CO2 when small amounts (JIlZ) of CO are added, mad secondly, the effect

of large amounts of CO on the induction period and maximum rate of the

slow reaction. Values of k 2 1 /k 1 - 0.235 ± 0.02, k 2 2 kA 10o 0.42 ± 0.03

(di3 mol-I s -) have been obtained at 5000 C, which combined with the

& 'accurately known values of kl, k1 o, give k - 0.96 x 108 dm3 MO'l-1-4•! 101010 d3 - '-

[ L 24 = 1.9 x 104. Arrhenius parameters A24-5.8 xa10 3o-1-,

E = 96.0 kJ mol 1 are recommended. This work has been published. 2

SOH + CO CO2  h (21)

HO + CO - CO + OH (22)
2 2

2. Addition of hydrocarbon to slowly reacting mixtures of hydrogen

and oxygen

(a) Rate constants for reactionof H atom and 0N radicals with alkanes

3Results previously reported for the rate constants for reaction of

H atoms and OH radicals with the hydrocarbons ethane, propane, n- and

i-butane, and n- andneo-pentane have been re-ezasd to allow fur the

pressure changes due to the oxidation of the hydrocarbon, self-heating

-" of the reaction ixture, and removal of the hydrocarbon by attack of 0

atoms and of HO2 radicals. A computer treatment has enabl',.d all ;.hesa

complications to be analysed. Although no single factor h,.,s - major

I effect, the coubined effect is to reduce the rate constant for OH attack

A
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by a factor of approximately 2, whereas the value for H attack is almost

unaltered.

OH + 2 - 20 H ()

H 02 - O + 0 (2)

OH RE - H0 + :Z (3)I H + RH K 2 R (R)

Examination of the result# indicates that the total rate constant

I for radical attack on an alkane can be obtaimod by summing the contributions

from attack at the three different types of 0-H bond, primary, secondary

and tertiary, in the molecule. CUmbiatiou with data by Greiner 4 at

lower temperatures for OH attack enables the Arrhemius parameters A3 /A1

and (El - E3 ) to be obtained for each typa.oE bond. The data for C2 -C5alkanes are self-consisente , and eaxmination indicates that the overall

rate constant ratio k3AI can be expressed by equation (i).

k /k a O.214n exp(1070/T)-.+ C.173n exp(1U20/T) + C. 2 73ntexp(7060/T) (i)

where np, n5 and nt are the number of primary, secondary and tertiary C-8
bonds in the molecule. Similar treatmnt of the data for H atom give.

the expression (ii) for the ratio k 4 1k2 at 480°C.

k/k A 7.np + 43n + 160n
4 2 p s t

ji Absolute values of k 3 and k 4 can be obtained by substituting the known

values of k and k in expressions (i) and (ii). Data on rate constants
1 2

at other temperatures are more limited for H than for OH, but on the basis

of the data available, the following Arrhenius paramters are recomennded.

Arrhenius Paransters for H Abstraction by 8 Atom from Alkane

Type of bond 34/kJ ol- A4 per C-H bond

Sdlm~3m-1s-1

primary 39.2 2.2 x 1010

secondary 33.3 4.9 x 1010

jtertiary 25.? 5.1 x 1010

To deduce the mechanism of product formation in alkme oxidation,

it is necessary to know the proportions of the various radicals formed

by H and OH attack on the alkane, and equations (i) and (ii) provide the

I [best available method. However, this rohedare my be less reliable if

I
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there is a high degree of branching in th nolecule. This is shown by

Ssome experimental studies re -ently mad 5 with 2,2,3,3-tetram thylbut

as additive. The rate constant ratio& k3 /kI and k 4 /k 2 at 480°C are

given below for this hydrocarbon and for neopentane and ethane, which

also contain only primary C-H bonds.

I Table 4

K Rate Constant Ratios for H + RH and OR + 11 at 480 C

Hydrocarbon k/k k4 /k 2

ethane 5.7 1 0.5 44- 4

neopentane '10.0 1.0 52 - 5

tetramethylbutane 8.0 - 1.0 112 ± 8

On a simple additivity basis, these results should each be in the ratio
- 1:2:3.

' (b) Reac~tions of alkyl radicals

IThe second object of studies of the addition of small amounts of

a hydrocarbon to slowly reacting mixtures of H2 + 02 is to obtain

i I information on the reactions of the radicals produced from the alkane,

and the mechanism of formation of the various productL The advantages

of this approach over direct studies of alkane oxidation have been discussed

elsewhere, and include the fact that the radical concentration is controlled
i: by the 1F2 + 02 system rather than the alkane, the fact that: a wide range of

concentrations can be investigated under essentially identical conditions,

and that primary and secondary products can easily be distinguished.

Studies with a range of alkanes have clarified considerably the

mechanism of oxidation and suggested that the main products in alkane

oxidation at temperatures around 5000C result from four major types of reaction.

, (i) Decomposition of the alkyl radical to a lower alken,. and a smaller

alkyl radical.

(ii) Formatic.. of conjugate alkenes by the reaction of the alkyl

radical with 02, for example:

n-C H + 0 - C H + HO2 (5p)
3 7 2 3 62

j Alhough this reaction may occur through addition of 02 to the alky',

radical to form the RO2 radical, followed by decomposition to give the[alkene + HO this path is kinetically identical to reaction (5p), since

2I.
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I R and RO2 are almost always equilibrated, and the bimolecular form (5p) is

* preferred.

6ii) Addition of 0 to form the RO2 radical followed by isomerisation to

give a peroxyalkyl radie',l (QOOH) and decomposition to giie an oowgen-

ring compound. This is illustrated by the formation of isobutene oxide

I om isobutyl radicals.

CH CH CH CH

.L. k'
CR 3 -2 + 02 CH C-C . CH "CH3C-CH 2  + OA C-C ~ 3,2 CUC 12

H H00 HOO 0(QDoos

As shown in previous papers, the overall r-ate constant for this reaction

is given by expression (iii)
S• I. =(iii)

where K is theequilibrium constant for the R 2 - RO2 equilibrium.

(iv) Reaction of the peroxyalcyl radical ,(Q)OH) with 02 to give oxygenated

products, such as aldehydes and ketones.
S6

With the completion of studies, now published, with i-butane as

additive, rate constants for a number of specific radicals giving specific

alkenes have been obtained, and these are sumarised in Table 5. The

studies with i-butane have been particularly important in two respects.

SFirst, a value of k 5 - 6.8 x 10 has been obtained which, when combined with

alow teuperature measurement gives A5 - 6.9 x 109 dm3 mol-ls1 E5 = 29

mol No other determinations of the Arrhenius parameters for conjugate

alkene formation exist. From measurements of the relative yields of

isobutene oxide and 3-methyloxetan, a value of k 6 /k 7 = 4.1 ± 0.4 is obtained.

Use of the rather uncertain value of the rate constant for the decompositionil of i-butyl radicals, together with the best theruochemical data available

for reaction (8), gives k6 ' 1.83 x 105 8-1 , k 4.45 x 104 s-1 at 480 C.

No other experimental value is available for k6 nor for any similar reaction

involving the transfer of a tertiary H atom. Rate constants for the

isomerisation of O)2 radicals to QOOH radicals are summarised in Table 6.

I CH3CH (C 3 )CH2  02 - (CH 3 ) 2 C-C12  + HO (5)

(CH 3)CH20 2 CH3C (CH3) (CH 200) (6)

cl 3C P(ci.)cI2O2 C cH3CH(c0H)cH2  (7)
CH3 CH(CH 2 + 02 CH3CM(CH3 )CH 20 2  (8),I
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Table 5

Rate Constants for the formation of Conjugate Alkene )!

SReaction Product T/°C kldom3ool-i a- 2

2 " 2 5 + 2 C214 440 6..'. x 107,

623 1.0 x 108
•,• "n-C Ht + 02 C16 430 7.1 x 107

!:' •= -cH9 O+ C0 440 1.27 x 108
i s-C4H93 02 'rn-P682 8 .8 0

C4CH8- 480 1.16 108
Si. C~4Ht9 +02 -C411 48e68x 0

i -C 4 H9 +0 2 trn-C4H87 480 7.8 x 107

4 7

4

K I;
Ri o o T C ki8. o x

42H 902 2444 . x0
t- 623 - 8 8 1.0 x 10 8

C4 9+02 ~ C4I;



Table 6

Rate Constazts for the formatioa of (ORO Radicals

I
C-H bond broken Type of H atom k/s" Eb/kJ mol-1

transfara -t 4900C

1.3p (1.3 x 10 1)c 159

1,4p 2.2 x 10 125

Sprimary 1,5p 1 8 x 104 113

1,6p 6.0 x 104 105

V 1,7p 9.3 x 104 103

1,3s J.4 x 102) 144

e d1,49 2.4 x 104 111i.secondary5

1,5s 3.0 x 105 95

1,6s (6.5 x 105) 90

1,3t 1.5 x 103 130

tertiary 1,4t 1.9 x 105 98

1,5t (2.2 x4i0 5) 84

1,6t (7.1 x 10'6 75

In this table, p, s, t refer to abstraction from primary, secondary
an(' tertiary C-H bonds, and the adjacent numbers refer to the
position of t~he atom abstraction as illustrated below for a 1,5p

transition.

4

C c,2 "CH,

3 CH 2  CH CH2  Cu2

0 0 "- 0 0 - H
2 1

b 12.1 s-1
Calculated using A - 10 the value sugested by Be-nson for
a 1,5 transfer. It has been suggestod, howeswr, that the value
of A decreases ax the ring size increases.

c Values in brackets are estimates, based on the experimental values.

[
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A coR~lete ana?,yeis of the products when the highly bruchad aikane

2,2, 3,3-tetrae thylbutane (T11) is the additive has been made at 480DC

over a wide ranp of mixture composition. Isobutene in about S5% yield

Sis the only major initial product, although small mounts (ca. IZ) of propene,

2,3,3-trimethylbutene-l. isobutene oxide, folowdehyte and methane are

also formed. No evidence has been found for the presence of O-ring

compowds containing the same number of carbon atom as TMB. Taus,

even at pressures of 02 approaching at. spheric, the MB radical
i ((CH 3 ) 3 C-C(CH3 )2CH 2 ) breaks down almost, completely by the dissociation

reaction (9) at 480°C. By measuring the yields of (propane + 2,3,3-

trimethylbutene-l) relative to i-butene as a function of 02 concentration,

the ratio kg/k has been obtained. From a reasonable estimate of kl,
based on analogous reactions, k9 " 1.9 x 106 1 at 480°C. This value

is a iactor of 10-100 times greater than the values of rate conntants for

the C-C homolysis of n-C 3 l?7 , 6-C 4 l, i--•4 9 and neo-C5 H1 l radicals,

presumably because of thz considerable strain in the central C-C bond in

the THB radical°

(CH 3 ) 3 C-C(CH3 ) 2 CH2  - t-C 4l 9  + i-C H (9)

[ (CH3 ) 3 C-C(CH3 )2CH 2 + 02 -1 (CH3 ) 3C-C(CH3 )C-M2 + HCHO + OH (10)

From the yields of 2,3,3-trimethylbutene-l, the rate constant k

has been obtained as 1.1 x 0s close to the expected value for loss

of a methyl radical by C-C homolysis. No rate constants for the

Sdecomposition processes k9 and were previously available.

(CH3) 3c-C(CH 3 ) 2CH2  - (CH3 )jC-C(ca )-cH 2  + CH3  (11)

In the case of propylperoxy, neopentylperoxy and all four species

of butylperoxy radical, the hydroperoxywolkyl. radicals (QOOH) formed by

internal H-atom transfer, either decompose by loss of OH and then cyclise

to give an O-ring compound, or add a further aolecule of 0 before02

decomposing. No evidence has been found for either of these types of

reaction in the case of the QOOH radical formed from tetramethylbutylperoxy

radicals, and it appears to react uniquely by 0- and y-scission to give lover

alkenes, as illustrated by the reaction below.

I Reaction (10), though represented kinetically by the equation An,

proceeds through formation of the peroxyradical, isomerisation to a

peroxyalkyl radical, and subsequent decomposition, as already discussed.

I-
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(c 3 ) 3C-C (CH 3 )2 (CH 200H) ., i-C H8 + C3hi 6  + HCHO + OH

The shift to C-C. scission reacrions in the case of QOOH radicals formse

from TMB must thus be =cazi.ated with the steric strain in the central

C-C bond.

i This work has now been published.

A detailed study has been made using 2,2,3-trimethylbutane as

Sadditive. The rate of removal by radical attack is somewhat greater than

for TMB because of the presence of a tertiury C-H group, and .- mputer

treatment is being used to evaluate the total rate constants for H and

OH attack. The mechanism of roduct formation is more complex than that

for TMB because three different species of alkyl radical are formed by

I radical attack on the additive. Using the additivity principle expressed

by equations (i) and (ii) the proportions of the three radicals can be

calculated. The major initial products are i-C a and C3H formed in
* almost equal yields of about 85Z. Detailed interpretation is proceeding

with a view to an evaluation of the rate constants of the reactions involved.

With n-pentane as additive, a full analysis of the reaction products

S [ ovar a wide ranfp of mixture composition has been completed. For this

* system, no specific rate constants, except for H and OH with C5 H1 2 , are

I[ available for any of the elementary reactions involved. However, by

use (without modification) of rate constants obtained from studies with

r C2 -C4 alkanes and neopentane, it is possible to predict the initial yields

I of all major products from pentane to Setter than a factor of 2 over a wide

range of mixture. composition.7 The agreement may be improved, of course,

by minor modifications in the values of the rate constants. However,

the possibility of the general use of rate constants determined for

specific reactions is of great importance to computer modelling of complex

systems, where it is extremely unlikely that a mejor proportion of the rate

4 [constants is known accurately.

(c) Addition of alkenes

Previous studies of the addition of alkanes to slowly reacting

mixtures of H2 + 02 haw shown that conjugate and lower alkenes are the
major primary products, sometimes in yields of over 80%, in the oxidation

of C2 -C 5 alkanes over the teaperature rang 400-00°C. A full computer
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modelling of the oxidation process for alkanes thus requires an under-
standing of the mechanism of alkene oxidation. This oxidation is more

complex than the initial stages of agaw oxidation since radicial adeitior.

I to the alkene may occur as well as hydrogen akstraction by the radical.

It is not surprising, there.core, that very few rate consants are available

for the elementary processes involved. A number of different approaches

will be required if the elementary reaction steps are tc be disentangled.

One such approach involves the addition of smallamounts of alkenes to

slowly reacting mixtures of H2 02 As with alkane addition, two

types of measurement can be made. Study of the loss of hydrocarbon at

"very low concentrations of additive provides informatimon radical attack

of the alkene, whereas exauination of the reaction products (for which a

higher concentration of alkene is necessary to provide reasonable yields

of products) gives information on the reactions of the radical produced by

the primary attack.

With propene, the main primarr products are methane, ethylene,

formaldehyde, acetaldehyde, propane oxide,. carbon monoxide and acrolein.

The products methane, ethylene, formaldehydr, and propene oxide can all

be formed in reactions involvinep the initial addition of a radical to

propene.

Ethylene and aethane are almost certainly formed by decomposition

of the n-C H radical. Previous studies have shown that the oxidation of

Smethyl radicals in a H2 + 02 environment at 480°C can be represented V
kinetically by the reactions (14) and (15) which compete with reaction (13).

The variation of the ratio [methane]/[ethylene] with mixture composition

Sis virtually identical with that observed in other systems where methyl

radicals are produced, and this suggests that reaction (12n) is the only

"significant source of both these products.

H + ci - .an-C - C H + CH (12n)3 6 3 7 2 4 3CH3 + H2 M CH4 + H (13)
3 + 2 4

CH 3  + 0 2 + M oxidation products (e~gACHO) (14)
CH3 + 02 a oxidation products (e.g.HCHO) (15)

H-atom addition at the terminal position of the double bond will

give the more stable s-C R radicals. Studies of the oxidation of

i-butyraldehyde, discussed later, show that s-C 3 H7 radicals react

predominantly (Q99) with 02 to reform propsue.

I2
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I
H +" " s-CM (120)

s-C 3H7  + 02 - CA + hO (16)

I Propene o)ide is almost certainly formed through HO2 addiLion ro

propene,

HO2  + C36o + OH (17)2 C316
The most likely mechanism for formation of acetaldehyde is by addition

of an OH radical to propene, followed by reaction with 02.

CH -CH-CH + OH = CHC H-CH + 0 " CH-CH
.3 2 3 2 ~2 ! 3C 2

OH OH OO

CH 33CHC + HCHO + OH

All the productso far discussed have been produced by radical

S.addition reactions, and it seems likely that the remaining products, CO

and acrolein, together with some of the formaldehyde are produced from

"j the allyl radical obtained by H-abstraction from propene, though no

simple reactions can be written for these products. Moreover, there

L is no evidence for the occurrence of reaction (18) which would produce

allene as a product; this is consistent with the significant endothermicity

of this reaction.
CH2 CH-CH2  + 02 CHC-Cu 2 + HO (18)

2 22 2= 2 2

Other workers have suggested that the C-H bonds in the CH3 group of propene

are no stronger than the aldehydic C-H bond in aldehydes. However, if

rate constants for H, OH and HO 2 abstraction from the aldehydic C-H bond
" ~are used, high rate constants for the addition reactions have to be used

to obtain the high yields of addition products, and the rate of ccnsumption

of propene then becomes too high by a factor of about four. Further study

of this problem is in progress.

3. The oxidation of aldehydes

(a) The -idation of propionaldehyde

The oxidation of propionaldehyde at 4400 C in aged boric-acid-coated

vessels8 has been re-examined with a view to establishing the mechanism of

Sformation of two important products, carbon dioxide and acetaldehyde, which

are formed 8 in 5-15% yield, depending on mixture composition.
I ["

*1.
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j The main products, ethylene, carbon monoxide and hydrogen peroxidn

1 are accounted for by the bastc mechanism given below.

C H CHO + 0. M C 1CO + HO1022 "5 22 2
C2H5CO + W M C + + CO+ M (2)2 5 2%
C2H5 02 a2H4 + HO.2 (3)

IHO 2  + C 2 H5CZO - C 2 5 CO + H2 0 2(4

HO+ HO a H 0+ 0(5
N HO 2  2 202 2

H H202 + M 20H + M (6)

OH + C2H C2CO + HO0 (7)
C2H5CHO C2115  2

The autocatalysis observed in tbareaction is attributed8 to the decompositiou

of hydrogen peroxide by reaction (6), followed by reaction (7) of the OH

* radical.

Only a trace of acetaldehyde is formed from C2 H5 radicals produced

by addition of ethane to slowly reacting H12 + 02 mixtures, so that the

reaction C21 5 ÷ 02 - CH3 CHO + OH, often used in mechanisms of hydrocarbon

oxidation, is not the cause of acetaldehyde formation. It is almost

certain that acetaldehyde is formed by radical attack at the secondary

CH2 position, followed by reaction of the radical with 02.

HO+ CH CH CHO -HO + CH CUCHO (8)o 2  3 2 2 2 3
CH CHCHO + 0 CHCH-Co CHCHO + CO + OH (9)
3 2 31' 3

o0 H•100

I This sequence is similar to the peroxyradical isomerisation and decomposition

(PRID) mechanism given in section (2b).

The ratio LCO 21/LCOJ in the products increases with increase in 02

concentration, and decreases with increasing addition of inert gas,

I consistent with a competition between reactions (10) and (11), which
gives expression (i) below.

C2 H 5 d ECO2 ] k 10[O2J/kl EM] (0)

S2 H 5 CCO + 02 2 C2 15CO3im C 2 c 4  + C02 + OR (10)

C H5CO + H C + CO + M (11)
<2 25 25

Detailed studies of the variation of [002jOo] ratio were made over a

wide range of mixture composition, since the system appeared to offer a

method of studying the interesting problem of the relative efficiency ofII

, !
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different molecules in reaction (11), However, the ratio EC0 2 /31C0] was
I found to decreas., sharply in tha early stages of rr.actiov, to an apprnximately

constant valite,and then to rise slowly after about 50% consumption of

propionaldehyde. This decrease in the ratio was attributed to the

bimult•neous occurrence of a surface process forming caibon cioxide,

which becomes less important as the chain reaction accelerates. The
rise in the later stages of reaction is attributed to the oxidation of

carbon monoxide by the radical OH and S0 and computer treatment confirmsS•2,

the importance of thesa reactions in the later stages. Confirmation of
Si che existence of a surface formation of carbon dioxide is: provided !qy -Ibe

S"increased [C02]/[C0]1 r&tio in smaller diamter vessels, whereas the at

of formation of carbon monoxide is unaffected.

.•A detailed interpretation of the results for a wide range of mixture
S•composition gives the rate constants at 4400C listed in Table 7.

Table 7

Rate Constaats at 440°C in Propionaldehyde Oxidation

kI. = 0.077 '

Sk4 a 1.59 x 10 6 "3 Sl-ls-
' k8 =I.! x 105 dm3 mol-ls-

k 10 /ko2 - 0.108 (M - N2 )

The value of k4 is significantly higher, Sy a factor of about 4, than

preliminary estimates for the rate consitant of HO with the secondary
Ut CH2 group i-i propane, eid t~his suggests that t~he secondary CH bond is

" weaker Jn propionaldehyde than in propane by •omt 8 kJ ol- because

of the ndiacen: aldehydic group.

S]" rcis werk has been :--ulished.9

(b) The oxidaticu ,.f isobutyraldehyde &Z 4400 C

1-e major products are propene, carbon mnoxie a-d hydrogen peroxide,
although small am-unts of carbon dioxide (4Z), propeneox0de (11), and acetone

(in yields of 6-121 depending on mixture composition) are also found.

The following scheme accounts for the main reaction products.

i-C 3 7 CHO + 02 " i-C 3H7 CO + HO2  (lb)

i-C3H7'0 + M i-CU7 + CO + M (2b)

V I--
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i-C3:.7 + 02 a C3i6 + HO2 (3b)

1402 + i-C HCCHO i-Ca 7 CO + 22 (4b)
S21H02 a 11202 + 02 (5)

14202 + M 209 + (6)F :"1 + i-C 31 7C1O - i-C 3 1u 7 CHO + H (7M)

The formation of acetona is attributed to reactions (4t), (7t) and

(11) below. The increase in the percentage yield of acetone as the

reaction proceeds may be used to obtain both k and k7 t, since the rise
U4t a t
in acetone yield is due to che inc%-eae in the concentration of the less

i. selective OH radical, as a result of an increasing contribution from the

dissociation of the product hydrogen peroxide (reaction 6). The increase

in acetone concentration with increazing 02 concentration is attributed
• • -- to competition between reactioens (11) and (12).

7, HO• 0 + (CHt3)2CiiClO - (CH 3)2C-CllO + H202 (4t)

,Oki + (e3) 2CCO m (CH'3) 2 C-CHO + H20 (7)

(CH3 )2 CCHO + 0 - (CH3 )2 00 + CO + OH (11)

L (CH3 ) 2CCHO + M C3I + CHO + M (12)

HCO + 02 CO + HO2 (13)

Although the formation of acetone can be represented kineticaliy by

reaction (11), it is undoubtedly formed by a peroxyradical isomerisation

and decomposition (PRID) mnchauism analogous to that responsible for the

formation of acetaldehyde from propionaldahyde.

(CH3 ) 2 C-CHO + 02 M (CH3 ) 2 C-_C'C r2 (CH3 ) 2 C0 C CO + OH

0-0 ~
The full mechanism has been treated by a computer program using

a Kutta-Runge integration process to examine the variation of tbe cxtent

of reaction with time, 'wich gives the rate conistants kib - 0.12 - 0.01 dm.I reol"1  - k~, - (1.8 - 0.1) x 106 d -mol-s at 4400 C. From the yieldu

of acetone, the values k4 t -(1.4 0.2) x 105 d3 Me- s k7 t/k 7b

0.7 - 0.1, k12 /k 1 , M 0.014 ± 0.002 (H - N2) have been obtained. The

I value of k4t is signifirantly higher than &n upper limit of 4 x 104 found

for H1O2 attack at the tertiary C-H bond in butane. This confirms the

I suggestion made in section (3a) that C-H bonds adjacent to an aldehydic
group are noticeably weaker than the cbrrespoading bond in an alkane.I

! ~
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kPropane oxidi is formed both from i-C 3lH7 radicals by reaction (14)

and from the radicals formed by OH and HO2 attack at the primary CH bonds.

i-C3K + 02 C3H0 + OH (14)3,cH 7 2(3
CH 3, 10

)(H(CE2 )CHCHO + 02 C -C - CH C-C + CO OH (15)
3 22 CH -1 3\/ 2

I - 0

Allowance for the relatively small amount of propene oxide formed by

reaction (15) is included in the computer treatment, which gives the best

I value of kl14 /k 3b as 0.007. This is consistent with a value for 0.010

for the corresponding ratio for t-C 4 9 radicals.

As found with propionaldehyde, the Elco 2]2/co] ratio falls sharply

as the reaction proceeds, and then rises later due to secondary formation

of carbon dioxide from carbon monoxide. This fall has been interpreted

in terms of a heterogeneous formation of carbon dioxide in parallel with

a homogeneous formation by isomerisation and decomposition of the

j (CH3 ) 2 CHCO 3 radical. However, the yield of carbon dioxide is much

lower than in the case of propionaldehyde, and varies rather erratically,

S I so that a detailed study of the mechanism oir formation is not considered
S~wor thwhi le.

So[Ibis work has been accepted for publication.1 0

(c) Summar of rate cor~stants

Rate constants for the initiation reaction (1) and for the reaction (4)

Sof HO2 radicals with aldehydes are sumarised below.

Table 8

I Rate Constants in Aldhyde Oxidation

k Position of k4  Temp.
SAldehiyde 3 1 10i dmmol-sa HI2 attack dm3mol-ls-I C

+ 5HCHO 0.022 aldehydic (5.6 -0.5) x 10 440

2 C20HCHO 0.081 aldehydic (1.52t0.15)x 106 440
+ 5

secondary CH2 (1.5 -0.2) x 10 440

n-C H7CHO total (2.4 ±O.5) x 106 450

i-C H CHO 0.120 aldahydic (1.83-0.1) x 106 440
3 75

Itertiary C-H (1.4 ±0.2) x 10 440
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As formaldehyde has two aldehydic C-H bonds, the much lower values both
for k and k4 imply that the activation energy is 8-12 kJ mol- higher

for reactions of He0 and of 02 with formaldehyde compared with higher

aldehydes, and a similar difference probably applies to the aldehyde

C-H bond aissociation energies.

U A paperII summarising these results and other rate constants for

reactions of HO, radicals was presented at the Seventeenth international

1 Combustion Symposium at Leeds in August 1978.

4. The oxidation of 2,2,3,3-tetramethylbutane

(a) The oxidation in KCl-coated vessels

Because of the considerable strain caused by the six CH 3 groups

around the central C-C bond, the decomposition of 2,2,3,3-tet;amethylbutane

(TMB) occurs at temperatures 100-150 C lower than needed for straight

chain alkanes. The thermolysis of a hydrocarbon is normally a chain

reaction, sensitive to surface effects, but these difficulties can

be avoided in the case of TMB by carrying out the decomposition in

the presence of 02. Previous studies have shown that 99% of t-C H
2' 4 9Sradicals react with 02 to form isobutene according to reaction (2).

If the reaction is carried out in a KCI-coated vessel, known to be

effective for the destruction of HO2 radicals, the basic mechanism thus

involves reactions (l)-(3).

I (CH3 ) 3C-C(CH3 ) 3  2t-C4H9  (1)

t-C 4 H9  + 02 i-C + HO2  (2)1 aceI20+ 0 (3)
Hsurface

This mechanism gives the stoichiometric equation (s) and the relationships (i)

and (ii), which have been confirmed experimentally.

(CH3 ) 3 C-C(CH3 ) 3  + 1O2 2i-C4H8 + H20 (0)

AP " 1•5ATMB] - O.75[i-C4H82 (i)

4~j-d[TMB]/dt k 41[hB8[ 2J (ii)
However, the experimental r-te constant k obs based on expression (i),

increases slightly (ca.lO-20Z) with TMB concentration over the range

0.25-4 Torr, and with addition of inert gas. This is attributed to a

slight contribution from attack of OH and HO radicals on TMB as the resultI2
l. reu
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ti
of the additional reactions (4)-(9) given belao.

HO2  + TM (Ch 3 ) 3 C-C(CH3 ) 2 CH 2  + H202 (4)

HO + - HO + 02 (5)
2 2 2 2 2

H02 + - 201 + M (6)

H22 urface2 + sO 2  (
H2 02 H2 0+ j 7

OH + T - (CH 3 ) 3 C-C(CHl3 ) 2 CH2  + H,20 (8)

(CH3 C-C(CH C i-C48 + t-C 4 9  (9)

.5"Studies of the addition of TMB to the H2 + 02 reaction, discusser in

section (2) have shown that reaction (9) is the predominant reaction of the

TMB radical.

Use of a computer program, based on a stationary state treatment of

the radical concentrations and a Rungs-Kutta integration of the differential

equations for the molecular species, has allowed the evaluation of the

rate constants k1 and k 4 /k 5  from studies over a range of TMB concentration

and total pressure. The chain contribution from reactions (4) and (8)

is only about 15% of the total reaction rate and is almost independent

of temperature between 420-5400 C.

V The corrected vai.ues of k give a good s -ight line plot of
* obs

log k1 against l/T over the range 420-5400 C, with Arrhenius parameters
17 -1 -1

A, M 1.2 x 10 s , - 295.4 - 1.5 kJ ool , which may be compared with

A1 a 2 x 1016 Vl, E - 286.5 kJ ool over the range 713-868°C,

obtained by Tsang using a shock tube. Combination of Tsang's data,

I suitably corrected, with the present data gives A1  6.0 x 1016 s 1 ,0 1

E1 290.4 A 1.5 kJ ool- over the range 420-868°C. Combination of

I •the value of E with that for the reverse reaction and with other thermodynamic •1o
data gives the enthalpy offormadon AfH29 8 - 44.0 * 4.0 kJ mol for the

t-C 4H9 radical, which is at least 10 kJ mol- higher than previously accepted

values. The value of AfH20 leads to a bond dissociation energy D0 9 8(t-Bu - H)

-12929of 396.6 kJ ool , which aain is sigilficantly higher than the previously
-1 -

accepted value of 382 kJ mol-. Reoeudod values for the bond dissociation

energies in the C I-C4 alkanes are given later.

SThis work has been published. 1 3



(b) The reaction of HO2 radicals with 2,2,3,3-tetramethylbutane

The increase in the observed value of the rate constant kobs,

i obtained from expression (i), with increase in TMB concentration and

on addition of inert gas is due to a small chain contribution (chain

I length less than unity) from reactions (4) and (8). At the lowest

teaperatures (420 and 440°C) this is predominantly due to reaction (4),

but as the temperature rises, the increased dissociation of H 0
U5,causes an increasing contribution from reaction (8); at the same time

the contribution from W2 attack decreases because reaction (5) becomes

416 increasingly dominant as the concentration of radicals increases.

Computer interpretation of the mechanism involving reactions (1)-(9) gives

a preliminary value of k - 1.7 x 104 at 440 C. However, although the4Sindividual values of the surface termination constant k3 and the homogeneous

termination constant k5 are known, the total termination rate is not the

sum of the two individual termination rates because of interaction between

-the homogeneous termination, which gives a uniform conceatration of

kradicals across the reaction vessel, and the surface destruction, which

gives a diffusion-controlled profile. The occurrence of homogeneous

L[ termination increases the concentration gradient near the yes al surface,
so that the rate of surface termination is g, t-er than when homogeneous

i termination is absent. There has been no previous study of the extent
of this interaction. Calculations with linear homogeneous termination,

Swhere the differential equations can be integrated, shows that the total
termination rate may be increased by as much as 20%. With mutual

, termination, the differential equationshave to be solved by numerical

i'"' methods, and this work is in progress.

i The value quoted for k(HO 2 + TPB) represents the first direct

determination of a rate constant for the 302 radical with an alkane. This
!iIvalue was reported 11 at the Seventeenthi International Combustion Symposium.

(c) The molecular decofooition of 2,2,3,3-tetrawsthylbutane

i i A small amount (ca. 1%) of i-butaine is found in the decomposition of

TMB in the prezance of 02. The rate of production of i-butane is first

order in T -. and is independent of the concentration of 02, of inert

gas addition, and of vessel d'ameter. These observations leave as the only

.1
- . -- i-. --,-~
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possibility a molecular mLciianism for i-butane formation.

(CH3) C-C(CH) 3 i-C H + i-C H (10)
3 3 33 4 10 4 8

I Study of the molecular decomposition between 420 -540 0 C gives the
13 -1 -

Arrhenius parameters A 7.8 x 10 s , E 275 - 1.5 kJ mol
10 E1

The A factor is consistent with that expected for a four-centreb transition state. These parameters appear to be the first reported for

S- the non-chain, molecular decomposition of an alkane. This work has

been published. 14

i (d) Reactions of t-butyl radicals

The basic mechanism involving reactions (1)-(3) indicates that

"the decomposition of TMB in the presence of 02 offers a controlled

source of t-butyl radicals. If H9 is added, i-C 4 H1 o is formed by

reaction (11), and the competition between reactions (2) and (11) gives

expression (iii).

t-C4H + 02 - i-C4H + 1102 (2)4 9 24 82
t-C4H + H - i-C 4 HlO + H (11)

4 9 2 41

j {i-C 4H 10 3/((i-C 4 H8J - kl1 LH 23/k 2[02J (iii)

In using equation (iii), allowance must be made for the occurrence of

reactions (9) and (10) in which i-butene is formed but not via the t-C 4H9

radical, and for reaction (10) which forms i-butane by a molecular process.

F'• Because of the small yields of i-butane, high ratios (100-300) of [52J/FO2]

must be used. The ratio {i-C 4 H1 0 ]/{i-tC" 8 ] is found to be proportionaL

to [H 2 ]/L02 ] as predicted by equation (iii), and the rati.o k 2 /k 1 l varies

from 11,950 to 3,180 over the temperature range 440-5400 C, corresponding

to values of A2 /AII -0.35 t 0.10, (E - E2 ) 61.9 ± 2.0 kJ mol-

Use of the known value of k and of thermochemical data for reaction (11)
119 3 -1 -1 1 -gives the values A 2.30 x 10 dm3 mol s-, E -71.0 - 6.0 kJ mol-

88. 3 re 1 9.1 + 10 kJ mol- 1 . Although subject

to some uncertainty, the low value for E confirms the view that reactions

of alkyl radicals with 02 to give the conjugate alkene have a low

activation energy.

I The diita are most self-consistent with a value of AfH2(t-C4H
16.1 kJ mol". This corresponds to a value of D29 8 (t-C 4 H9 - H) of 392.7

[kJ tool- some 10 kJ mol- higher than currently accepted values. Suggested

........ ... . . .. .
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values for C 2H 5 and i-C3H7 radicals, which a-: consistent with this value

are given below.

nIe nd Ho Table 9

Enthalpies and C-H Bond Dissociation Energies for Alkyl Radicals

Radical AfH 9 /(kJ mol D D 9 (R.-H)/(kJ mol-)

CH 145.6 1 1.0 438.4 ± 1.0
3

C H 118.0 1 4.0 420.5 + 4.0

i-C 3 H7  80.8 4.0 402.5 4.0

t-C 4 H9  37.6 2.0 390.2 + 2.0

The higher values listed in Table 9 have important kinetic conse ýnces

for the reactions of alkanes and alkyl radicals.

(e) Reactions of HO2 radicals with alkanes and alkenes 4

"There is considerable difficulty in finding a suitable source of 4

7 HO radicals in the temperature range 400-550 0 C, since with most mechods
2

S!. .of production of this radical, it is accompanied by more reactive radicals.

However, the decomposition of TMB in the presence of 02 offers a source

of HO radicals since, as already indicated, the mechanism is described
K' 2

with reasonable accuracy by reactions (l)-(3) and (5) below.

C U C--C(CH - 2t-C4 H9  (1)

t-C4H + 02 - i-C4H + HO2  (2)4 9 24 82

surface
HO J - ' 32 202

HO2  + HO2  M H2 02  + 02

An added alkane, such as ethane, will be removed by reaction (11), the

predominant reaction of the C2H5 radicals produced being to form C H by
524

"reaction (12).

HO + C2i H C2H + HO (11)
22 6 2 5 2 2

C 2 2H5 + 02 - HO2 + C2H4 (12)

If HO2 radicals are predominantly destroyed by reaction (3), the above
scheme gives the rate expression (iv), whereas if reaction (5) predominates

over (3), the rate expression (v) is obtained.

d[C2 H4]/{i"C 4 H 8 ] - kl 1 ECH 6 )/k3  (iv)

[ {C 2 H4]J/{i-C4 HS] - O.5k1 jC 2l 6 ]/(klk5ETMB])) (v)

2 ! 4...l ECfi6V -
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I :
Expression (iv) is found to be approximately ,irrect at low temperaturesI
and pressures, where the 11O2 concentration is low, whereas expression (v)

is approached as the temperature and pressure increase. For accurate

treatment, allowance must be made for the dissociation of hydrogen

peroxide, reaction of HO2 radicals with TMB, reaction of O radicalsa

both with ethane and TMB, reactions of CH and t-C4 H9 radicals ý,ith 02

to give products other than the conjugate alkene, formation of i-butene

by the molecular reaction (10) and by the decomposition reaction (9j of

the TMB radical. All these effects are allowed for in a suitable

computer treatn~at of the mechanism., Allowance is also made for z

small amount of ethylene formed by a surface reaction, this process being

most important at low TMB concentrations and low ethane concentrations.

Preliminary interpretation gives a value of k 1.27 x 10 dm3 molls

at 440°C, but more precise values, particularly at higher temperatures

Kmust await an examination of the interaction between homogeneous and
R• surface termination, discussed in section (4b).

SThe above studies with ethane have shown that the decomposition of

TMB in the presence of 02 provides a very convenient source of HO2

"radicals and a detailed study of their reactions with a wide range of

alkanes and alkenes is planned. Very few rate constants for these

i'I reactions are available. Preliminary studies have been made with
•" addition of i-butene. Since- this is a primary product from the TMB + 02

system, elucidation of its reactions is importaLt in enabling the TMB + 02

, system to be used a long way into reaction, where products formed from

i-butene will be important.

(f) The oxidation of TMB in boric-acid-coated vessels

The decomposition of TMB in the presence of 02, described in the

preceding sections, has been carried out in KC1-coated vesaels so that

HO2 radicals and H 0 are efficiently destroyed, thus minimising the role
2~ 2 2

of OH radicals formed by dissociation of F4202. However, as the temperature,

concentration of inert gas, and concentration of TMB increase, the

concentration of HO2 rises and reaction (5) competes increasiugly with

reaction (3).

~ H02 surface
ii 2 tS20 + t ()SHO 2 + HO 2 H 12 02 + 0 2(5
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I
Under these conditiont, calculation of the radical concentration is not

easy because of the interaction between the diffusion-controlled profile

of radical concentration across the vessel, and the uniform concentration

SIresulting from homogeneous termination. This can be avoided by the

use of aged boric-acid-coated vessels which, as previous studies of Lhe

I H2 + 02 reaction have shown, are highly inefficient for the dcstrucon

- of HO 2 and H2 02 . Computer treatment of the mechanism has shown that

r ,! as a consequence there is a significant decrease in the HO2 concentration.

The treatment shows that the reaction acnr.ilerates sharply with z.im" due

to the decomposition of H202 by reaction (6).

H20 + M - 20H + M (6)

Preliminary studies have been made at 500 0 C so that the ageirig of
L the surface can be checked using the known characteristics of the h9 + 0

reaction at this temperature. The marked autocatalytic behaviour has been

confirmed, but the reaction in consequence is rather fast for initial

studies. The reaction is much slower at 440 0 C, 1Z consumption of TME

occurring after about 300 seconds. At this point in the reaction,

i-C4H8 is the sole product of any significance.

It i; hoped that the increased concentration of OH radicals relative

IoHO in this type of vessel may enable reactions of OH with the additive
t 2
to be investigated.

S5. The oxidation of 2,2,3-Lrimethylbutane

Although the steric hindrance around the central C-C link in

2,2,3-trimethylbutane (TI.MB) is less than in 2,2,3,3-tetramethylbutane

(TMB), it is still sufficient for the decomposition to be reasonably

: I fast in the temperature range 480-5000 . Since the t-C 4 H9 and i-C 3H7
radicals predominantly react with 02 to give the conjugate alkene and HO2 ,

"the following simple scheme forms the basis of the mechanism in KCU-coated
vessels where HO2 radicals are efficiently destroyed at the surface.

(CH3) 3 C-CH(CH 3) 2  - t-C H + i-C H (13)

t-C4H + 0 - i-C4H + HO (2)4 9 2 48 +2
i-C 3H 7 0 2 C 3H + HO 2 (14)

1102 ~surface412

HOL + 1 3
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SIThis simple mechanism gives the rate expression (vi), exactly analogous

U to expression (i) obtained with TMB.

1 0
-d[T'RIMB]/dt = k,3[TRIMBJIO 2 0 (vi)

Experimentally the rete is found to be zero order in 02, but the observed

* Irate constant k increases with the concentration of TRIMB because of£ obs
the significant chain contribution from HO2 and OH attack on TRIMB, as

in the case of TMB. By a dojble extrapolation of the observed rate

S1. constant ko to zero extent of reaction in a given initial concentration
ob si .of TRIMB, and to zero initial concentration of TRIMB, accurate values

o of k may be obtained. These may be combined with the values obtained
13

by Tsang to give A = 2.9 x 101. E 305 - 2 kJ tol The
13 13

implications of this value for the thermochemistry of i-C3H, and t-CH 9
radicals are being examined.

From the variation of kobs with the concentration of TRIMB, a

ob5 3 -1-i
preliminary estimate of k 15 - (3.1 - 0.6) x 10 dm tol s has been

obtained.

"HO2 + (CH3) 3 C-CH(CH 3)2  - (CH3 )3 C-C(CH3 )2  + H202  (15)
. Th r t bw h o a 3 nr 3

6. The reaction between hydrogen and nitrous oxide

1.. .
spectrometrically at 500C in a Pyrex vessel to confirm the mechanism

below suggested by a study of the reaction at 600 C, and to obtain the

activation energies of some of the reactions involved.

NO + M N + 0 + M (1)2 2! 0 + H2 OH + H (2)

H + N0 OH + N2  (3)
2 H

OH + H2 H20 + H (4)

H + N0 NH + NO (7)

NH + N2N0 HNO + N2  (8)

H + HNO H2  + NO (9)

OH + HNO H 2 0 + NO (10)

H + NO + M' HNO + M' (11)r HNO + HNO W H120 + N20 (12)

HNO + M' M H + NO + M' (13)

SHNO + NO M OH + NO0 (14)

2
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The behaviour of the reaction at 5000 C is very similar to that at

I 600C. Nitric oxide is formed aa a ýinor product, reaching a maximum

concentration and then decreasing as the reaction proceeds. The self-

inhibition characteristics of the reaction are due to the marked retarding

effect of nitric oxide on the reaction. Attention has been concentrated

Fon the NOJ, time profile for the mixture [H 2] Ar] - 100 Torr

and on the initial rates of nitrogen formation when small amounts of

nitric oxide (0.1-5 Torr) are added to this mixture. This avoids the

difficulties caused by uncertain coefficients for H2 and Ar relative to N2
as M in reaction (1) when the concentrations of the main reactants are

varied.

Use of a computer treatment already developed to interpret the
I • •.results at 600°C shows that, as at 600°C, several combinations of rate

constants will give a satisfactory interpretation of the results. Work

is continuing to establish the best contination of rate constants and to

use the computer program to examine what experiments might provide further

"information on this system.

Some studies have been made involving the addition of ethane to slowly

[reacting mixtures of H 2 N 0 at 550oC with the intention of using the

Ssystem as a source of H and OH radicals in the absence of 0 The

Smajor product initially is ethylene, but it rapidly reaches a steady

concentration, probably due mainly to the equilibrium (15).

H + C2i H C2 5  (15)

Once equilibrium has been established, methane becomes the major product
and the kinetic features of the reaction suggest that it is produced by

reactions (16) and (17).
SH + C2 = 2CH (16)

3 2 H4CH3 + H - CH4 + H (17)

I It was hoped that alkoxy radicals might be produced by reaction (18),

so that their behaviour could be investigated, but no evidence for this

"reaction has been found.Fr
C2H5 + NO2 - C2H50 + N2 (18)

Rate constants obtained for reactions of i-C 40 9 , tetramethylbutyl,[1 and 2,2,3-trimethylbutyl radicals are given in the Appendix.

I
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I Appendix

I Table I

Rate Constants for the i-C4H9 Radical System at 4800 C

Re-action k/dmi ,mols note

CH3 CH (CH3 )CHi - C3H6 + CH3 8.8 x 10
-6 73CH((H 3 )CH + 0 H + HO 6.8 x 10

3HC 3 1 4 8 26.

CH3CHl(CK3)CH +, - 3 CH (CH 3 )CH2 02  1.0 x 109  a

CHi3 CH(CHt3 )CH)0 2  - CH3 C H(CH3 )CH 2 + 02 2.6 x 106  b

SCH 3 CH(CH 3 )CH2,0 2  - CH 3CH(CH2 OOH)CH 4.45 x 10 b
CH Ck (COH Cli., CH CH(CH3 )CH2 02  1.35 x 10 b

3 i(1 2 00) Cl 32i
CH3CH(CH )CH202 CH3 C(Cki 3 )(CH 2 OOH) 1.83 x 105 b

0C03 C(C} 3 ) (CO CH CH(C )C0 8.3 x 10 b

Ch3 CH((cHOOH)cH = 3-methyloxetan + OH (1-2) x 106 c

(1 3C C(CH )(:H- 2 00j) - isobutent oxide + OH 1.8 x 106 c

3 CH2(•lOOi)CH + 0 = CH3 Ch(CH2 OOH)CH 22 1.0 x 109  a
3 (C 20) 2 3 (C 200) 2 ~26C CH 3 C H)CH20. = C3CH OOH)CH + 0 2.6 x 10 b

CH3C(C113)("h2OOH) + 02- CH3C(CH 3)(CH 2 OOH)O 2  1.0 x 109 a

" Ch 3 Ci3(CH 3 )(Ch2 0O092 - CH 3 C(CH 3 ) (CH2 OOH) + 02 7.5 x 10 bi. CH3 CH (CH2 Ou)CH•O 2  CHO + 2HCHO + O+ 02-7. x106  b

CH3 C(CH 3)(CI-10HO x 10 H(-) o
,• CR3C(CH3 )(CiOOH)O = CH3 COCH3 + HCHO + HO2  3.0 x 10 6

3l 3 23 32 5L] • CH3 C(Ci 3 )(.A2OOH) C'2C(CH 3 )CH2 H + OH 1.3 x 10 c

CH C(CH )(CH OOH) CH2-C(CH3)CHO , OR + H 1.3 x 10 c
3 3 2 2 (C 3 )COO+ 2

CH C(COH 3 )(Ch 2 OOH) (CH 3 ) 2 CHCHO + OR 4.2 x 105 C

a Assumed value.
S~b= b The values are dependent on the calculated value of K(R + 0

c The values are determined from maximum and minimum limits.

t I ! Table 2

Rate Constants for the Decomposition of tetramethylbutyl and
0

2,2,3-trimethylbutyl Radicals at 480°C

-t Reaction k/s-

(CH3 ) 3 CC(CH3 ) 2  (CH 3 ) 2 C"C(CH3 ) 2  3 CH3 1.4 x i03

(CH3)3ICC(CH3)2CR2- t-C4H9 + i-C4H8 1.9 x 104
i••(CH 3)3 3CC(CI't3) 2CR2- (CH 3)3 CC(CH3 )-CH2 + CH 3 1.1 X 104


