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INTRODUCT ION

i The reaction of a hydrocuarbon with oxygen is a complex process

involving the formation of a large number cf products which themselves

influsence the oxidation, particularly as they are usually more reactive

than the parent macerial. A& a ccensequence, the whole process is highly

autocatalytic under many conditiors, ard the nature and concentration of
the radicals vary snarply as the reaction proceeds. There are also

regions where cool flams and ignition occur. These conditions are

oy oo e
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not suitable for the elucidation of the elementary reaction steps and

hd

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

Bt i §

amount of quantitative information that has been obtained by direct studies

Rad Uy

¢f hydrocarbon oxidation despite the large nucber of investigations that

.- have been made.

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

»
.

devising systems and conditions which perwit the evaluation of the

elementary steps in hydrocarbon oxidation. Three main approaches have

[N
N .

been made.

bo7- 1. The mechanism of the H2 + O2 reaction ig well establiched in the

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

[
i
é*:
3

have becn determined accurately. The reaction thus torms a controlied
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 tite reactions by which the radical formed from the parent

.
PSSR
. .

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

P are that the radical environment is under comtrol, that a wide variety

. —

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

T e e e

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

with the confidence that the radical environment is unaltered.

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

st [ ]
. .

% in which peracids play an important role. At temperatures above AOOOC,
4 however, a much simpler mechanism operates, since the main products, an ~
alkene and carbon monoxide, are much less reactive than the parent aldehyde,

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

the reaction product, hydrogen peroxide, a fortunate situstiom that permits
evaluation of the initiation rate for aldehyde + cxygen, and also enubles
the rate constant for uoz + aldehyde to be deteruined. The carbonyl
radical RCU veadily decomposes at these temperacures to R + C0, so that

reactions of alkyl radicals can be studied.

3. Becauge of the strain in the central C-C link, the compounds
2,2,3,3-tetranethylbvtane (TMB), 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 factor of

102 to 103 than by the reaction of the hydrocarboa with oxygeu, even at
atmospheric praessure of oxygen. The decomposition is thus a source of
t-butyl radicals in the case of TMB, and of t-butyl and i-propyl radicals

in the cuse of TRIMB, thus enabling the reactions of these radicals to be
studied. In the presence of oxygen, both these radicals react predominantly
(99%) to give the H02 radical so that a convenient source of this radical

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

These three approaches are complewentary and all can be used to
advantage in clucidating the complex processes involved in hydrocarbon
oxidation, In many cases, simultanecus tse of these methods has

prevented wrong conclusions being drawn.

By use of these methods it has been shown that four main types of
reaction account for the majority of nroducts in hydrocarbon oxidation
at 450-550°C.

(a) Reaction of the alkyl radical with oxygen to form the
conjugate alkene.

(b) Decomposition of the alkyl radicsl to a lower alkene
and a smaller alkyl radical.

(¢) Isomerisation of the alkylperoxy radical by intermal
hydrogen abstraction to form & hydroperoxyalkyl rsdical,
which subsequently decomposes to give oxygenated vring
compounds.

(d) Reaction ¢f the hydroperoxvalkyl radical with oxygen to

give lower aldehydes and ketunes.

A body of rate constants for theae four Cypes of reaction is being bullt

up and the patterns involved are beginning o emerge. It should thus be
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possible to use these patterns to provide rate constants for computer
modeiling of the initisl stages cf hydrocarbor oxidation for hydrocarbouns
which have not been studied experimentally. The possibility has

already been examined in the case of n-pantan.

As already pointed out, alkenes are an early product of alkane
oxidation, and a full computer modelling of hydrocarbom oxidation
requires an understanding of the mechanism of alkene oxidar;ion. This
Process is even more complex than alkane oxidation, sirice bosth radical
addition and radical abstraction reactions are possidble, and the full
range of approaches already described will certainly be needed. Some

preliminary studies of the problem of alkene oxidation have already been
i made .
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Details of individual studies are given in the following psyes.
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Previously published rate corstants for the verv important

elementary steps in the reaction between H, and 02 have been avaluated

2
with increased accuracy by allowing for the effect of self-heating in

the system, the reaction of O atoms with hydrogeL peroxide, ard cther

! l. The hydrogen + oxvgen reaction

minor refinements in tke machanism. The results indicate thst, in

z T most cases, the changes in the parameters due to the above effects are
i ! less than 101, and the new values are summarised in Table 1 below.

! 3 Table 1

: Rate Constant Ratios in H2 + 02 Reaction at 500°

[ e .-
. .

A e e e s e e e

on reactions (14) and (i4a) at lower temperatures is conflicting,

and the alternative interpretations are dincugsed im a recently published
1

)<8/1<2kml = 0.53 (¢n® mo17e"l) !
- Kga/ks¥10 - 0.081  (dm® mol ls~1)~d
S kn/kmi - 0.0366  (dm® mo1 ' 7Hy!
b _ LI - 281
RS k) 4a'%s - 34
f & kys/ky n 4.5
: l OH + Hz = 1:120 + H (1)
. H + 02 - OH + 0 v3)
i&: lg H + HO, - 20H (8)
| : i H + HO2 = Hz + 02 (8a)
B . HO,, + KO, - i,0, + 0, (10}
2 [ RO, + H, - H,0, + H (11)
; ] H + 1,0, - H,0 + OH  (14)
; | ] H . H0, = H, . HO,  (14a)
: é . OH + H,0, - H,0 + o, (15)
i § i. By use of the accurately known vaiues of kl’ k: and kl( » and by combining
% t the present results with data at other temperatures, the Arrhenius
E ; i: expressions in Table 2 are recommended. Information in the literature
o
]

paper.
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Table 2

Recommended Arrhenjuve Paramsters for Reactionsin ll2 * 02 Systenm

E/kJ mol™} A/(am’mol”ts 7))

H + HO, = 20H 7.6 5.4 x 1011
H + llO2 - “2 + 02 0 2.8 x 1012
H + HO, = H,0 + O 7.6 5.5 x 10
HO, + H, = H,0, + H 90.0 2.0 x 102
OH + H202 - nzo + HOZ 4.8 3.7x 10

Studies of the addition of 00 to slowly reacting mixtures of
H2 + 02 have enabled values to be obtained for the rate constants for
reactions of OH and l!O2 radicals with CO at 500°C. These reactions
are of particular interest in the problem of atmospheric chemistry and
automobile engine pollutiom, and conflicting values of k22 in particular
have been pubiished. Two types of study have been made, firast the yields
of €O, when small amounts (31%) of CO are added, smd secondly, the effect
of large amounts of CO on the induction period and maximum rate of the
slow reaction. Values of kzllk1 = 0.235 ¥ 0.02, k22/k10i = 0.42 ¥ 0.03
(dxn3 mol-ls_l)i have been obtained at 500°C. which combined with the
accurately known values of kl’ klO’ give kn = 0.96 x 108 dm3 mol'ls-l,
ky, = 1.9 x 10%.  Arrhenius parametars Ay, = 5.8 x 1010 w3 w1711,
Ey, = 96.0 kJ m1~! are recommended. This work bas been publisluc:l.2

OH + Cco ~ C()2 + 1 (21) »
H02 + co = (X)z + OH (22)

2. Addition of hydrocarbon to slowly reacting wixtures of hydrogen
and oxygen

(a) Rate constants for reactionof H atoms and OH radicals with alkanes

Results previously mported3 for the rate coastants for reactioh of
H atoms and OH radicals with the hydrocarbons ethsme, propane, n— and
i-butane, and n~- andneo~pentane have been re-eaxamimed to allow for the
pressure changes due to the oxidation of the hydrocarbon, self-heating
of the reaction wixture, and removal of the hydrocarbon by attack of O
atoms and of H02 radicals. A computer treatment has enablad all chesa
complications to be analysed. Although no single factor h.s ' major
effect, the combined effect is to reduce the rate comstant for OH attack




by a factor of approximately 2, vhersas the valus for H attack is almost
unaltered.

OH +
H +
OH +
H +

- 320
- o). |

- HZO

= Hy
= Examination of the results indicates that the total rate coustant
! for radical attack on an alkane can be obtaimed by summing the contributions
from attack at the three different types of C-H bond, primary, secondary
and tertiary, in the molecule. Ccsbination with data by Groincr" at
lower temperatures for OH attack enables the Arrhemius parameters A3/A1
and (E1 - 33) to be obtained for each typa.of bond. The data for cz-cs ;
: alkanes are self-consistent, and exsmination indicstes that the overall
-2 , rate constant ratio k3/k1 can be expressed dy equation (i). i

H 1)

(2) i
po 3)
R (4)

E BSOS
+* ¢+ 4+ ¢
e e At e

e i S '+ U At e

T T——
e e i .

T

L e

Kok, = O.Zlknpcxp(lonlf)\& C.173n_exp(1820/T) + 0.273n exp(2060/T) (i) 5

where np. n, and n, are the aumber of primary, secondary snd tertiary C-H
bonds in the molecule. Similar treatment of the data for H atoms gives
' the expression (ii) for the ratio k‘,’kz at 480°C.

kéikz = 7.():1p + 4&!’ + 160!1t (ii)

[ERPTES WEOR BETRPY

Absolute values of k3 angd kl. can be obtained by substituting the known

values of kl and kz in expressions (i) and (ii). Data on rate constaats
| at other temperatures are more limited for H than for OH, but on the basis
of the data available, the following Arrhenius paramsters are recommsnded.
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Tabla 3
- Arrhenius Paramsters for H Abstraction by H Atows from Alkane
| | Type of bond 2, /cJ mol ™} A, per C-H bond
‘ [ am’mol " 1s?
; <. primary 39.2 2.2 x 1010 |
secondary 33.3 4.9 x 1010
tertiary 25,2 5.1 x 1010 ‘

To deduce the mechanism of product formation in alkane oxidation,
it is necessary to know the proportions of the varicus radicals formed
by H and OH attack on the alkane, and equations (i) and (ii) provide the
best available method. However, this pocadure msy be less reliable if




there is a high degree of branching in the molecule. This is shown by
some experimental studies re ently ludcs with 2,2,3,3-tetramethylbutane
as sdditive. The rate constenc ratios ko/k, and k,/k, at 480°C are

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

!
j
i

also contain onlv primary C~H bonds.

A et an

Table 4

Rate Constant Ratios for H + RH and OB + RH at 480°C ;

Hydrocarbon k3/k1 k,‘/k2 3

ethane 5.7 % 0.5 a X %

. neopentane 10.0% 1.0 s2 X ;
| - tetramethylbutane 8.0 X 1.0 112 * ;
% ; : i On a simple additivity basis, these results should each be in the ratio H
; " - 1:2:3. i
I !

(b) Reactions of alkyl radicals

e ot ek e

The second object of studies of the addition of small amounts of
a hydrocarbon to slowly reacting mixtures of 112 + 02 is to obtain
information on the reactions of the radicals produced from the alkane,

I

and the mechanism of formation of the various product:, 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

by the 14.2 + 02 system rather than the alkame, 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.

X

Ll k. -t Bl

§
f.
{
i

. Studies with a range of alkanes have clarified considerably the
- : - mechanism of oxidation and suggested thar the main products in alkane
’; l i, oxidation at temperatures around 500°C result from four major types of reaction.
} g i. (i) Decomposition of the alkyl radical to a lower alken: and a smaller ;
f‘ I alkyl radical. :
; { J
§

(ii) Formatic:. of conjugate alkenes by the reaction of the alkyl
radical with 02, for example:

n-C 31‘!7 + 02 - 0336 + mz (5p) 1

Alcthough this reaction may occur through addition of O2 to the alkyl

S

TS AT

radical to form the R02 radical, followed by decomposition to give the
alkene + HO,, this path is kinetically identical to reaction (5p), since




R and llO:Z are almost always equilibrated, and the bimolecular form (5p) ia
preferred.

Gii) Addition of 02 to form the R()2 radical followed by isomerisation to
give a peroxyalkyl radical (QOOH) and decomposition to give an oaygen-
ring compound. This is illustrated by the formation of isobutene oxide

1 om isobutyl radicals.

CH 3 Cl'l3 CH 3 CH 3
CH 3?-0112 + O 2 CH3'C-(|‘.HZ = CH3C°('ZHZ = CH 3C\--,CH2 + 0od
H H 00 HOO o
(QOOH}

As shown in previous papers, the overall rate constant for this reaction

is given by expression (iii)
k = Kk' (iii)
where K is theequilibrium constant for the R + 02 = RO, equilibrium,

(iv) Reacticn of the peroxyalkyl radical {QOOH) with 02 to give oxygenated
products, such as aldehydes and ketones.

With the completion of studies, now pttlished? with i-butanre as
additive, rate constants for a number of specific radicals giving specific
alkenes have been obtained, and these are summarised in Table 5. The
studies with i-butane have been particularly important in two respects.
First, a value of ks =6.8 x 107 has been obtained which, when combined with
a low temperature measurement gives A‘S =69 x 109 dm3 mol-lsul, E5 = 29
kJ mol-l. 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 k6/k7 = 4.1 ¥ 0.4 is obtained.
Use of the rather uncertain value of the rate constant for the decompositiom
of i-butyl radicals, together with the best thermochemical data available
for reaction (8), gives kg = 1.83 x 10° & 1, k_ = 4.45 x 10° 8" at 480°C.
No other experimental value is available for k6 nor for any similar reacticn
involving the transfer of a tertiary H atom. Rate constants for the

isomerigation of RDZ radicals to QOOH radicals are summarised in Table 6.

CH,CH(CH,)CH, + 0, = (CHy,C~CH, + BHO, (5)
C'!_CH(CH,)CH,0, ~  CH,C(CH,) (CH,00H) (6)
CH,CH(CH,,) CH, 0, +  CH,CH(CH,00H)CH, (7
CH,CH(CH.)CH, + 0, =  CH,CH(CH,)CHO, (8)

S
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Table 5
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Rate Constants for the formation of Conjugate Alkene

Reaction Product '1‘/°C k/d!3 mol-l s-1

C,H + 0, C,H, 440 6.0 «x 1o8
623 1.0 a10
n-C,H, + 0, C,H, 430 7.1 x m;
i-CH, + 0, Gl 440 1.27 x 108
a-C Hy + 0, C Hg1 480 1.6 x 1o7
s—-C l.Hg + 02 trans-Cl‘Ha-Z 480 7.8 x 10
X

c1s-C488-2 480 4.3 10

CloHS.l 480 5.1 x 10
1'.-'(.341-!9 O2 i-C!oHS 480 6.8 10

+

)
W NN~

+
(=]
»

. S oo ST T B

e B N W

W Y e N e S £

st W e B+ e e 1

i
1
!
i
j
i
4'
4

TR P U, WU PR PR P S

[T IPP. SRV ST N

SAI SR




o

TR 7 S T

i;
!
!
\
X

Table 6

Rate Constants for the formatiom of QUCH Radicals

-1
C-H bond hroken Type of R :ton k/s o Eb/kJ mol 1
transfer dt 480°C .
1,3p (1.3 x 101)¢ 159
1,4p 2.2 x 103 125
primary 1,5p 1.8 x 10° 113
1,6p 6.6 x 104 105
1,7p 9.3 x 10° 103
1,3s 1.4 x 10%) 144
1,48 2.4 x 104 111
secondary 5
1,58 3.0 x 10 95
1,68 (6.5 x 10°) 90
1,3¢ 1.5 x 10° 130
5
tertiary 1,4t 1.9 x 105 98
1,5t (2.2 x10°) 84
1,6t (7.1 x 1% 75

2 In this table, p, s, t refer to abstraction from primary, secondary
anc tertiary C-H bonds, and the adjacent numbers refer to the
position of the atom abstraction as illustrated below for a 1,5p
transition. i
4 |
CH CH ‘
/ 2\ A _‘
1,5 Ck
3 cH cy, %  cH 2
2 i 2 2
\ -H N
0 -0~ 0~-0-H
2 1
Calculated using A = 1012'1 3-1, the valus suggestad by Benson for
al,5 trensfer. It has been suggested, howewer, that the value
of A decreases an the ring size increases.
c

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

POTTER Ty Rk, . “witdde 3 AT SR Sk in e B it ISR SRR WUPRISEIT U NPFRRR:




L T WA e YR

TR T R T T T TR

s AN S T 4 T

e s TR e

EVERT HY FG AT N R L X GRS e

B BEW v pmm gy bt pemg Py DY

o B gl

T e R TS Sy Ty e T, P J AT

A complete snalysis of the products when the highly branched zlkane
2,2,3,tetramethylbutans (THB) is the additive has been made ar 480°C
over & wide range of mixture compouwition. Isobutene in about $5% yield
is the only major initial product, although small amounts (ca. 1%) of propene,
2,3.3—trima:hy1buunc-1."i.adl-:—u—tonewt;;ig:w ﬁﬁal’d.hyde and methane are
also formed. No evidence has been found for the presence of O-ring
compounds containing the same nunber of carbon atoms as TMB. Taus,
even at pressures of 02 approaching atwospheric,the TMB radical
( (CH3) 3C—C(CB3)ZCH2) breaks down almos: completely by the dissociation
reaction (9) at 480°C. By measuring the yields of {propeme + 2,3,3-
trimethylbutene~1) relative to i-butene as a function of O2 concentration,
the ratio k9/k10 has been obt:ined. From l6rea;aub1e estimate of km,
based on analogous reactious, k9 = 1.9 x 10 et 480°C. This value
is a factor of 10~100 times greater than the values of rate ronatants for
the C-C homolysis of n-c3ﬂ7, o-C4H9, :‘.-C‘K9 and neo-CSHu radicals,
presumably becaugse of thz considerable strain in the central C-C bond in
the TMB radical.

(cu3)3c-C(cu3)2cu2 = :-c,.n9 + i-c‘u8 )

(CH3) 3C-C(CH3)2CBz + 02 -+ (CH3) SC-C(Cﬂs)-mz + HCHO + OH (10)

From the yields of 2,3,3-trimethylbutense~1l, the rate constant k

4 =1 11
has been obtained as 1.1 x 10" s

» close to the expected value for loss
of a methyl radical by C-C homolysis. No rate comnstants for the

decomposition processes k9 and kll were previously available.

(CH3) 3C-C(CH:‘) 2CH2 (CHS) 3C--'C ((313) -Cﬂz + CH3 (11)

In the case of propylperoxy, neopentylperoxy and all four species
of butylperoxy radical, the hydroperoxywlkyi 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 molecule of 02 before
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 appesrs to react uniquely by 8- ad y-scission to give lower
alkenes, as illustrated by the reaction below.

*
Reaction (10), though represented kinetically by the equation .emn,
proceeds through formation of the peroxyradical, isomerisation to a

peroxyalkyl radical, and subsequent decomposition, as already discussed.
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(CH3) 3C—C (CH3)2(CHZOOH) - i-Cl‘lis + CaﬂG + HCHO + OH <

The shift to C-( scission reacrions in the case of QOOH radicals formed {
from TMB must thus be zs=aciated with the steric strain in the central
C~C bound.

5

This work has now been publighed.

A detailed study has been made using 2,2,3~trimethylbutane as i
additive. The rate of removal by radical attack is somewhat greater than
for TMB because of the presence of a tertiisry C-H group, and .mputer

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

OH attack. The mechanism of poduct formation is more complex than that
for T™MB because three different species of alkyl radical are formed by
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‘B8 and C3H6 formed in
#lmwost equal yields of about 85Z. Detailed interpretation is proceeding

with a view to an evaluation of the rate constants of the reactions involved.
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With n-pentane as additive, a full analysis of the reaction products
ovar a wide rangz of mixture composition has been completed. For this
system, no specific rate constants, except for H and OH with CSBIZ’ are
available for any of the elementary reactions involved. However, by

Lev TX LM at kit e SeemEe o e

use (without modification) of rate constants obtained from studies with
C,-C, alkanes and neopentane, it is possible to predict the initial yields
of all major products from pentane to better than afactor of 2 over a wide

range of mixture. cmqmsiti.on.7 The agreeuent may be improved, of course, ‘
by minor modifications in the values of the rate constants. However, 1

the possibility of the genmeral 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
constants is known accurately.

(¢) Addition of alkenes

Previous studies of the addition of alksnes to slowly reacting :
mi xtures of ﬂz + O2 have shown that conjugats snd iower alkenes are the 1
major primary products, sometimes in yields of over 80X, in the oxidation
of Cz--C5 alksnes over the teamperature range 400-500°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 algane oxidation since radical additior
to the alkene may occur as well as hydrogen abstraction by the radical.

It is not surprising, ther~iore, that very few rate consants are available
for the elementary procasses 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 emallamounts of alkenes to
slowly reacting mixtures of Hz + 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 exsmination 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.

Wich propene, the main primary products are methane, ethylene,
formaldehyde, acetaldehyde, propene oxide,. carbon monoxide and acrolein.
The products methane, ethylene, formaldehyds and propene oxide camn all

be formed in reactioms involving the initial addition of a radical to
propene.

Ethylene and methane are almost certainly formed by decomposition
of the n-C3H7 radical. Previous studies have shown that the oxidation of
methyl radicals in a H2 + 02 environment at 480°C can be represented
kinetically by the reactions (14) and (15) which compete with reactiom (13)
The variation of the ratio [methane]/[ethylene] with mixture cowposition
is 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 bothk these products.

H + C3H6 = n—c3n., - czﬂa + Cl‘l3 (12n)
CH3 + H2 = ctl4 + H (13)
CH, + 0, + M = oxidation products (e.gHCHO) (14)
CH3 + 0, = oxidation products (e.g.HCHO) (15)

H-atom addition at the terminal position . of the double bond will
give the more stable I'Csﬂ7 radicals. Studies of the oxidation of
i-butyraldehyde, discussed later, show that 3-0387 radicals react
predominantly (499%) with 0, to reform propeme.
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H + C3B6 = c-C3li7 (12¢)
s--C3H7 + 02 - Csﬂ6 + 502 (16)
Propene onide 18 almost certainly formsd through l-lo2 addivion vo
propene,
HO 2 + c 3“6 - c 3“60 + OH 7

The most likely mechanism for formation of acetaldehyde is by addition
of an OH cadical to propene, followed by reaction with 02.

- - ~g -t
CH3CH-CH2 + OH = CH3('IH CH2 + 02 \.-.3(|IH (I.Hz

OH OH 00
CH3CHC + HCHO + OH

All the products so far discussed have been produced by radical
addition reactions, and it seems likely that the remaining products, CO
and acrolein, together with some of the formaldehyde are produced from
the allyl radical obtained tv H-abstraction’ from propene, though no
simple reactions can be written for these products. Moveover, there
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.

cnzcu-cu2 + 0, - cuz-c-cu2 + HO, (18)

Other workers have suggested that the C-H bonds in the Cl-i3 group of propene
are no stronger than the aldehydic C-H bond in aldehydes. However, if
rate constants for H, OH and 1-102 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 ~xidation of propionaldehyde

The oxidation of propionaldehyde at 440°C in aged boric-acid-coated

veuelsa has been re-examined with a view to establishing the mechanism of
formation of two important products, carbon dioxide and acetaldehyde, which
are formed8 in 5-15% yield, depending on mixture composition.
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The main products, ethyliene, carbon monoxide and hydrogen perocxidn
are accounted for by the basic mechanism given beilow.

C,H,CHO + 0, - C,H.C0 + HO, (1)
C,H.CO + N - CH, + CO + M (2)
C,H, + 0, - 8, + HO, (3)
HO, + C,H.CH0 - C.H,CO + H,0, (4)
HO, + HO, - H,0, + 0, (5)
H,0, + M - 20H + M (6)
OH + C,H.CHO - C,HsCO + Hy0 (7)

The autocatalysis observed in thereaction 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 CZH5 radicals produced
by addition of ethane to slowly reacting H2 + 02 mixtures, so that the
reaction Czli5 + 02 - CH3CBO + OH, often used in mechanisms of hydrocarbon
oxidatior, is not the cause of acetaldehyde formation. It is almost
cartain that acetaldehyde is formed by radical attack at the secondary
CH2 position, followed by reaction of the radical with 02.

uo2 + cu3cu2cao = uzo2 + cuacucao (8)
cu3cucuo + o2 > cnsgu-c\o - ca3cuo +CO +0H (9)
%0

This sequence is similar to the percoxyradical isomerisation and decompositioa

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

The ratio [002]/[00] in the products increases with increase in 0,
concentration, and decreases with increasing addition of inert gas,
consistent with a competition between reactiomns (10) and (11), which

gives expression (i) below.

{COZJ/ dqco] = klol:oz]/ku[u] (1)

CZHSCO + 02 - CZH5003 = c2H4 + CO2 + OH (10)

C2H5C0 + M = CZHS + CO + M (11)
Detailed studies of the variation of [002]/[00] ratio were made over a
wide range of mixture composition, since the system appeared to offer a

method of studying the interesting probleﬁ of the relative efficiency of
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different molecules in reaction (11). However, the rario [C‘-Oz]/[CO] was 4
found to decreas:: sharply in tha early stages of reaction, to an apprnximately
constant valie,and chen to rise slowly after about 507 consuwption of :
propionaldehyde. This decreuse in the ratioc was attributed to the j
simultaneous occurrence of a surface process forming carvbon dioxide,
which becomes less important as the chain reaction accelerates. The i
rise in the later stages of reaction is asttributed tc the oxidation of
carbon monoxide by the radical OH aad HOZ’ and computer treatment confirms
the importance of thesz reactions in the later stages. Confirmation of
the existence of a surface formation of carbon dioxide it provided hy :the
increased [COZJ/ECO] ratio in smaller diameter vessels, whereas the rate

of formation of carbon monoxide is unaffected.

A detailed interpretation of the results for a wide range of mixture ‘ {
composition gives the rate constants at 440°C listed in Table 7.
Table 7 :
Rate Constauts at 440°C in Propionaldehyde Oxidation i
k = 0.077 du’ mo1" 147} i
k = 1.59 x 105 da3 mo171s7d
4 5.3 -1-i '
ka = 1.1 x 107 dm” mol “s 1
km/k2 = 0,108 (M = NZ)

The value of k" is significantly higher, by & factor of about 4, than
prelimnary estimates for the rate comstant of HO2 with the secondary
CH2 group i1 propane, aind this suggests that the secondary CH bond is
weaker in propionaldehyde than in propane by sYount 8 kJ xm:tl-l because
of the adi acen: aldehydic group.

Ti'ic werk has been :*uhlished.9

(b) The oxidaticu f iscbutyraldehvde a: 440°C

1y major products are p:opqné, carbon monoxicie ard hydrogen peroxide,
although small amrunts of carbon dioxide (4X), propeneoxide (11), and acetone
(in yields of 6-12% depending on mixture composition) are also found.
The following scheme accounts for the main reaction products.

1-C3'.’17CEO + 02 = 1‘03117C0 + H02 (1b)
1-C3H7(.0 + M = 1-C3ll7 + CO + M (2b)
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i-c3n7 . o2 = c3u6 + HO, (3b) i
KO, + i-cau7cao - i—c337co + 3202 (4b) ;
2HO, - H,0, + o, (5) i
H,0, + M - 20E + M (6)
04 + i-c3u7cuo - i~c3u7cno + M (70)

MMl Gtm e ca e

The fcrmation 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 o obtzin both k

N and k. , gince the rise

b i o . e oA AL . e e Tt i

in acetone yield is due to che increase in thol.caneent;:tion of the less
selective OH radical, as a result of an increasing contribution from the i
dissociation of the product hydrogen peroxide (reaction 6). The increase |
; ‘ ! g' in acetone concentration with increaszing 02 concentration is attributed ;
h b to competition between reactions (11) aad (12). i‘
# 1 §; HO, +  (CHy),CHCHO =  (CHj),C-CHO + H,0, (4t) 4
. ' QH + (Cﬂ3)2CﬂCHO = (CH3)2C-CHO + H20 (70) : %
‘% | (CH3)2CCH0 + 0, - (CH3)200 + CO + OH (11) ;i
! A
E 2 2 !
- Although the formation of acetone can be represented kinetically by )

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

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

formation of acetaldehyde from propionaldehyde. 51
0 ]
(CH3)2C-CHO + 02 - (CHB)ZC-Q'.-‘C\H n (C83)2C0 + CO + OH } ‘

§

0-0

The full mechanism hag been treated by a cowmputer program using

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

' b
P

of reaction with tiue, which gives the rate constants klb =0.12 ¥ 0.01 dm3 ]
mo1™l o7l k= (1.8 % 0.1) x 10° dan’ro1”}e™! ar 440°C.  From the yields {
S . 3 1 -1 ;

of acetone, the values k, = (1.4 ¥ 0.2) x 10° dn” wol s ', ko fkoy
0.7 *o.i, kyp/k), = 0.014 6.002 (M = N,) have been cbtained. The
value of ku is significantiy higher than sn upper limit of 4 x 10“ found
for 302 atcack at the tertiary C-H bond in butane. This confirms the
suggestion made in section (3a) that C-H bonds adjacent to an aldehydic

group are noticeably weaker than the corresponding bond in an alkane.
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Propene oxid: ie formed both from i-CSB7 radicals by reaction (14)
and from the radicals formed by OH and HO2 attack at the primary CH bonds.

i-C3H7 + 02 - C3H60 + OH (14)

CH3\

Py
(CH,)(CE.)CHCHO + O - CH-C = CH,CH~-CH + CO + O0H (15
3 2 2 CH” Ny 3 \o/ 2

2\
c~-0

Allowance for the relatively small amount of propene oxide formed by

b L LB i

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

PR s sl i Eaale P

value of k14/k3b as 0.007. This is consistent with a value for 0.C10

for the corresponding ratio for t-04H9 radicals.

As found with propionaldehyde, the [CDZ]IECOJ ratio falls sharply

TR T P

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

JER" S SE PR
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of carbon dioxide from carbon momoxide. This fall has been interpreted if

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

a homogeneous formation by isomerisation and decomposition of the

PR 5

(CHB)ZCHCO3 radical. However, the yield of carbon dioxide is much ‘f
lower than in the case of propionaldehyde, and varies rather erratically,
so that a detailed study of the mechanism o)X formation is not considered
worthwhile. i

10 ;

. ""-'it -

(c) Summary of rate corstants

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

of HOZ radicals with aldehydes are summarised below.

T AT R T o

Table 8
Rate Constants in Aldehyde Oxidation

Sy e e (1

” Aldehyde — klﬂ1 -~ Position of 3 kfl ~ T:mp. 3
% dm™mol s 302 attack dn"mol s c i
: | HCHO 0.022 aldehydic (5.6 20.5) x 10° 440
: ‘ C,H,CHO 0.081 aldehydic (1.52%0.15)x 10° 440
§ secondary CH, (.5 %0.2) x 10° 440
i i n-C 1. CHO total (2.4 20.5) x 10° 450
v i~C H_CHO aldehydic (1.83%0.1) x 10° 440
tertiary C-H (1.4 %0.2) x 10° 440

[ This work has been accepted for publication.
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‘ As formaldehyde has two aldehydic C~H bonds, the much Jower values both
for kl and k4 imply that the activation energy is 8-12 kJ mol_1 higher ;
for reactions of HO? and of 0, with formaldehyde compared with higher §

NS 4

aldehydes, and a similar difference probably applies to the aldehyde

C-H bond dissociation encrgies.

A paper11 summarising these results and other rate constants for i '

reactions of HO, radicals was presented at the Seventeenth International i

Combustion Sympcsium at Leeds in August 1978,

m‘ - - )

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

| Rt

(a) The oxidation in KCl-coated vessels

[

Because of the considerable strain caused by the six CH3 groups 1

around the central C~C bond, the decompusition of 2,2,3,3-tetiamethylbutane

P SV

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

chain alkanes. The thermolysis of a hydrocarbon is normally a chain 4

reaction, sensitive to surface effects, but these difficulties can ;

e R a2

be avoided in the case of TMB by carrying out the decomposition in i
the presence of 02. Previous studies have shown that 99Z of t-CAH9 '
radicals react with 02 to form iscbutene according to reaction (2).

If the reaction is carried out in a KCl-coated vessel, kanown to be

effective for the destruction of H02 radicals, the basic mechanism thus

involves reactioms (1)-(3).

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

t-CAH9 + o2 = 1—0538 + H02 (2)
surface

HO,, - ;uzo + 202 (3)

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

and (ii), which have been confirmed experimentally.

(cu3)3c-c(cu3)3 + fo, - 2i-C,Hg + H,0 (8)
AP - 1.5{™8] = 0.75[i-C H ] (i)
-d{ ™8}/ dt - &, [™™5]'0, 0 (ii)

However, the experimeantal r-te constant kobs’ based on expression (i),
increases slightly (ca.10-20%) 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 OR lnd'ﬂoz radicals on TMB as the result
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of the additional reactions (4)-(9) given below.

P

HOZ + ™38 - (CB3) 3C.~C(Cll3) 2Cl-l2 * H202 (&) ,;
HO, + B0, ~ H,0, + 0, (5) g
H,0, + M - 208 + M (6) :
: 1
surface 1
H,0, - H,0 + §02 n j
: OH + ™B - (0113) 3C-C (cua) ,CHy + 0 (8) i
) . ) }
m (CHy) ,C-C(CH,) ,CH, - i-C Hg + ECHy (9) 45
! 3 3. St:udi.es5 of the additiom of T™MB to the Hz + 02 reaction, discusser in ‘
j section (2) have shown that reaction (9) is the predominant reaction of the
A O TMB radical.
| EN
Tl Use of a computer program, based on a statiomary state treatment of
‘ 3 the radical concentrations and a Runges-Kutta integration of the difrferential

equations for the molecular species, has allowed the evaluation of the
rate constants k1 and kblksi from studies over a range of TMB concentration
and total pressure. The chain contributiom from reactions (4) and (8)

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

of temperature between 420-540°C,

The corrected vaiues of kobo give a good 3 ~ight line plot of

log k1 against 1/T over the range 1020—510000, with Arrhenius parameters

‘ A =1.2x107 67 B = 295.4 % 1.5 kI w1, which may be compared with

16 -1 . 1 over the range 713-868°C,

A =2x107 s, B =286.5kJ wl’

using a shock tudbe. Combination of Tsang's data,
16 -1
0 s

obtained by '1‘sang12

suitably qorrected, with the present data gives Al = 6.0 x 1 .
B, = 290.4 2 1.5 kJ mol”! over tha range 420-868°C. Comination of

the value of E1 with that for the reverse reaction and with cther thermodynamic ™
data gives the enthalpy of formacion Afﬂggs I 44.0 * 4.0 kJ mol-1 for the

t-C,Hy radical, which is at least 10 kJ mol

values. The value of Afngga leads to a bond dissociation energy Dgg 8(t-nu - H)

of 396.6 kJ ml-l, wvhich again is significamtly higher tham the previously

accepted value of 382 kJ -ol-l. Recommendod values for the bond dissociation

higher than previously accepted

b e Ll s 1

" canbazii,

enargies in the 01—04 alkanes are given later.

This work has been pul:»lished.13
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(b) The reaction of 302 radicals with 2,2,3,3-tetramethylbutane

The increase in the observed value of the rate constant kobs’
obtained from expression (i), with incresse in TMB concentration and
on additiop of inert gas is due to a small chain contribution (chain
length less than unity) from reactions (4) and (8). At the lowest
temperatures (420 and 440°C) this is predominantly due to reaction (4),
but as the temperature rises, the increased dissociarion of Hzoz
causes an increasing contribution from reaction (8); at the same time
the contribution from HOZ attack decreases because reaction (5) becomes
increasingly dominant as the concentration of radicals increases.
Computer interpretation of the mechamism involving reactions (1)-(9) gives
a preliminary value of kd -]1,7 x 104 at 440°C. However, although the
individual valuzs of the surface termination constant k3 and the homogeneous
termination constant ks are known, the total termination rate is not the
sun of the two individual termination rates because of interaction between
the homogeneous termination, which gives a uniform conceutration of
radicals across the reaction vessel, and the surface destruction, which
gives a diffusion~-controlled profile. The occurrence of homogeneous
termination increases the concentration gradient near the ves 21 surface,
so that the rate of surface termination is g. :ter than when homogeneous
termination is absent. There has been nc previous study of the extent
of this interaction. Calculations with linear homogeneous termination,
where the differential equations can be integrated, shows that the total
termination rate may be increased by as much as 20Z. With mutual
termination, the differential equationshave to be solved by numerical
methods, and this work is in progress.

The value quoted for k(HOz + TMB) represents the first direct
determination of a rate constant for the noz radicel with an alkane. This

value was reporr.edu at the Seventeent) International Combustion Symposium.

(c) The molecular decomposition of 2,2,3,3~tetramethylbutane

A small amount (ca. 1%) of i-butame is found in the decomposition of
TMB in the presz2nce of 02. The rate of production of i~butane is first
order in T 2. and is independent of the concentration of 0,, of inert
gas addition, and of vessel diameter. These observations leave as the only
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possibility a molecular mechanism for i-butane formation.

i-C4H10 + i-C,‘H8 (10)

Study of the molecular decomposition between 420 -540°C gives the

13 -1 + -1
10 7.8 x 10 5 ElO 275 1.5 kJ mol .

The A factor is consistent with that expected for a four-centre

(CH3)3C—C(CH3)3 =
Arrhenius parameters A

transition state. These parameters appear to be the first reported for
the non-chain, molecular decomposition of an alkane. This work has

been published.l4

(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 H2 is added, i-C4H10 is formed by
reaction (11), and the competition between reactions (2) and (1l1) gives

expression (iii).

t—C4H9 + 02 = 1—0488 + u02 (2)
t-C4H9 + H2 = 1—C4H10 + H (11)
di-c i,/ di-c 1.] - k,,[1,17x,[0,] (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-CAH9

radical, and for reaction (10) which forms i-butane by a molecular process.
Because of the small yields of i-butame, high ratios (100-300) of [sz/[ozj
must be used. The ratio dci—caﬂlo]/d[i-CAHBJ is found to be proportionai
to [H2]/L02] as predicted by equation (iii), and the ratio k2/k11 varies
from 11,950 to 3,180 over the temperature range 440-540°C, corresponding

+ - * -1
1 = 0-35 ¥0.10, (E;; - E,) =61.9 = 2.0 kJ mol .
Use of the known value of k_11 and of thermochemical dacta for reaction (11)
gives the values A,) = 2.30 x 10° dn’ mol 's™, E,, = 71.0 ¥ 6.0 kJ mol ™},
Ay =8.0x10% a3 me1t 57}, E, =9.1% 10 kJ mo1”l.  Although subject

to some uncertainty, the low value for 82 confirms the view that reactions

to valuves of A2/A

of alkyl radicals with 02 to give the rconjugate alkene have a low
activation energy.

y 1 - - k3 0 _' ~
The data are mnost self-consistent with a value of Afﬂzgs(t CAHQ)

16.1 kJ molml. This corresponds to a value of'Dggs(c-C“H9 - H) of 392.7

kJ nnl_l, some 10 kJ mol—1 higher than currently accepted values. Suggested
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values for CZHS and i-C3H7 radicals, which ac consistent with this value

are given balow.

Table 9
Enthalpies and C-H Bond Dissociation Energies for Alkyl Radicals
Radi cal AgHOg o/ (k3 woOl ) D9g g (R-H) / (kJ mol” 1y
CH, 145.6 ¥ 1.0 438.4 ¥ 1.0
C,H, 118.0 ¥ 4.0 420.5 < 4.0
i-C,H, 80.8 ¥ 4.0 402.5 T 4.0
t~C Hy 37.6 = 2.0 390.2 2 2.0

The higher values listed in Table 9 have important kinetic conse :nces

for the reactions of alkanes and alkyl radicals.

(e) Reactions of H02 radicals with alkanes and alkenes

There is considerable difficulty in finding a suitable source of
HO2 radicals in the temperature range 400—550°C, since with most methods
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 HO2 radicals since, as already indicated, the mechanism is described

with reasonable accuracy by reactions (1)=(3) and (5) below.

(CH ) L C(CH3 3 = 2t-cba9 (1

t—C4H9 + o2 = 1—C4H8 + u02 (2)
surface _ 3

HO,, ;nzo + 10, (3)

Ho2 + ao2 = H202 + o2 (5)

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

predominant reaction of the C,H_ radicals produced being to form C2

2 5 4

reaction (12).
HO2 + CZH6 = CZHS + H202 (11)
C2H5 + O2 - HOZ + C2H4 (12)

If H02 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.
dfc,u,Jrdfi-c Bl - ke B Ik, (iv)
dcu,J/di-c ] 0.5k,,[c,B ]/ (klksl:m]) (v)
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Expression (iv) is found to be approximately orrect at low temperatures
and pressures, where the UOZ concentration is low, whereas expression (v) f
is approached as the temperature and pressure increase. For accurate
treatment, allowance must be made [or the dissociation of hydrogen !
peroxide, reaciion of H02 radicals with TMB, reaction of Oh radicals !
both with ethane and TMB, reactions of CZH aad t~C4H radicals with O 1

5 ] 2
to give products other than the conjugate alkeme, formation of i-butene

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

A
d
1
by the molecular reaction (10) and by the decomposition reaction (9; of ?
!
{
. . . i
computer treatmeat of the mechanism. Allowabce is also made for « (

N small amount of ethylene formed by a surface reaction, this process being i
most important at low TMB concentrations and low ethane concentrations.
. Preliminary interpretation gives a value of kll = 1,27 x 104 dm3 1.-1

f mol s
} at 440°C, but mere precise values, particularly at higher temperatures i
5

i must await an examination of the interaction between homogeneous and

surface termination, discussed in section (4b).

Sl e it A ek o

b The above studies with ethane have shown that the decomposition of

TMB in the presence of 02 provides a very convenient source of HOZ ]

radicals and a detailed study of their reactions with a wide range of F
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alkanes and alkenes is planned. Very few rate comnstants for these

:;!% £ 1 reactions are available. Preliminary studies have been made with
‘%%} ;ié addition of i-butene. Since this is a primary product from the TMB + 02 ]
a2 . system, elucidation of its reactions is important in enabling the TMB + 02

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

i-butene will be important. 1

- (£) 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 KCl-coated vessels so that

T HO2 radicals and H202 are efficiently destroyed, thus minimising the role :
: L

% .- of OH radicals formed by dissociation of HZOZ. However, as the temperature,

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

E. :, concentration of HO2 rises and reaction (5) competes increasiugly with L
g - reection (3). f
E P HO, Surface  ymo o, (3)

E HOZ = HZO2 + 02 (5)
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Under these conditiong, 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
resulting from homogeneous termination. This can be avoided by the
use of aged boric-acid-coated vessels which, as previous studies of the

H, + 02 reaction have shown, are highly inefficient for the destrucrvien

T N

o HO2 and H202. Computer treatment of the mechanism has shown that

ag a consequence there is a sigrificant decrease ia the HO2 concentration.
The treatment shows that the reaction accclerates sharply with vime due
to the decomposition of H202 by reaction (6).

H202 + M = 20H + M (6)

Preliminary studies have been made at 500°C so that the ageing of
the surface can be checked using the known characteristics of the Hz + O2
reaction at this temperature. The marked autocatalytic behaviour has been
confirmed, but the reactinn in consequence is rather fast for initial
studies. The reaction is much slower at 440°C, 12 consumption of TMB
occurring after about 300 seconds. At this point in the reaction,

i--CaH8 is the sole product of any significance.

It is hoped that the increased concentration of OH radicals relative
to HO2 in this type of vessel may enable reactions of Od with the additive

to be investigated.

5. The oxidation of 2,2,3-trimethylbutane

Although the steric nindrance around the central C-C link in
2,2,3~trimethylbutane (TRIMB) is less than in 2,2,3,3-tetramethylbutane
(T™B), it is still sufficient for the decomposition to be reasonably
Since the t-C,H, and i-C _H

49 377
radicals predominantly react with O2 to give the conjugate alkene and Hoz,

fast in the temperature range 480~500°C.

the following simple scheme forms the basis of the mechanism in KCl-coated

vegsels where HO2 radicals are efficiently deatroyed at the surrface.

(CH3)3C-CH(CH3)2 = t-C4H9 + 1—C3H7 (13)
t-C Hy + 0, - i-C,Hg + HO, (2)
1-C3H7 + 02 - CJH6 + H02 (14)

surface
HO2 - §H20 + }02 (3)
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This simple mechanism gives the rate expression (vi), exactly analogous

to expression (i) obtained with TMB.
- T IMB)/dt = k13[TRIMB31[02]() (vi)

Experimentally the rate is found to be zero order in 02, but the observed
rate constant koba increases wi*th the concentration of TRIMB because of
the significant chain contribution from HO2 and OH attack on TRIMB, as

in the case of TMB,. By a double extrapolation of the observed rate
constant kobs to zero extent of reaction in a given initial concentration
of TRIMB, and to zero initial concentration of TRIMB, accurate values

ef k13 may be obtained, These may be combined with the values obtained

by Tsang to give A13 =2.9 x 1016, E13 =305 % 2 kJ mol-l. The

implications of this value for the thermochemistry of i~C_H, and t-C H
' &

3 9

radicals are being examined.

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

preliminary estimate of k 5 = (3.1 2 0.6) x 105 dm3 mol.ls-1 has been

1
obtained.

+ H,0 (15)

2 = (CH,) ,C-C(CH,), )

KO + (CH3)3C-CH(CH3)2

6. The reaction between hydrogen ard nitrous oxide

The reaction between hydrogen and nitrous oxide has been studied mass
spectrometrically at 500°C in a Byrex 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.

N20 + M = N2 + 0 + M (L)
0] + H, = OH + H (2)
H + NZO = OH + N2 (3)

OH + H, = H,0 + H (4)
H + N20 = NH + NO ("

NH + N,0 = HNO + N, (8)
H + HNO - H, + NO (9)

OH + HNO = nzo + NO (10)
H + NO + M = HNO + M! (11)

HNO + HNO = HZO + N,0 (12)

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

HNO + NO - OH + N,0 (14)
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The behaviour of the reaction at 500°C is very similar to that at

600°¢. Nitric oxide is formed as a winor product, reaching a maximum

S

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

on tbhe [NU], time profile for the mixture ENZOJ = [HZJ = [Ar] = 100 Torr

P D S

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

e et et ki <t i ks 2

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

varied.

i results at 600°C shows that, as at 600°C, several combinations of rate

%

i

|
1
B Use of a computer treatment already developed to interpret the
-

!

constants will give a satisfactory interpretation of the results. Work
i P is continuing to estsblish the best combination of rate constants and to

use the computer program to examine what experiments might provide further

I IR S TR T

information on this system.

P Or oo S

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

reacting mixtures of H2 + N20 at 550°C with the intention of using the

0. Lo Aol L athEECCHE D AR ol

system as a source of H and OH radicals in the absence of 02. The

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

S eni e ha 4 b

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

H + czua = CZHS (15) 1

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).

e

P H + C,Hg - 2CH, (16) i
} ) CH,  + H, - CH, + H (17 1
i ]_ 1t was hoped that alkoxy radicals might be produced by reaction (18),
é " so that their behaviour could be investigated, but no evidence for this
% ] ]. reaction has been found.

Cls  + N,0 - CpHs0  + N2 (18)

Rate constants obtained for reactions of i-CAHQ, tetrame thylbutyl,
and 2,2,3-trimethylbutyl radicals are given in the Appendix.
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-
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. .

"The Decomposition of Tetramethylbutane in the Presence of Oxygen'".

- e

Professor Baldwin gave an invited lecture entitled "Problems and

§ro et

Progress in Hydrocarbon Oxidation'", at the Autum meeting of the Chemical
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3 Constants for H, OH, and H02 Radical Attack on Alkames'.
-

Professor Baldwin, Dr. Walker, and thL:ir research ycoup attended a

H
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? one-day research meeting on "Combustion" at the University of York in May
»e
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ABEendix

Rate Constants for the i-C,H, Radical System at 480°¢C

' Table 1

49
Reaction k/dm3lmol,s note
£,y ) 4
| § CH.,CH (CH,,)CH, = C i, + CH, 8.8 x 1o7
S CHyCH(CH)CH, + 0, = i-C Hg + HO, 6.8 x 10
r 1 3 - -~
S RN oo . 9
:; ? ] CH,CH(CH,)CH, + 0, CH,CH(CH,) CH 0, 1.0 x 106 a :
E SR N = 2 i :
1 CH,CH(CH4)CH 0, CH ,CH(CH,)CH, + 0, 2.6 x 10& b :
S 3 CH,CH(CH,)CH,0, = CH ,CH(CH,00H) CH, 4.45 x 10 b
- | . CH JCH (CH,00L) CH, ~ CH,CH(CH,)CH,0, 1.35 x 108 b
g . CH ,CH(CH,)CK, 0, = CH,C(CH,) (CH,00H) 1.83 x 10° b
S CH,,C(CH) (CH,00H) = CH,CH(CH,)CH,0, 8.3 x 10° b
ny L CH,CH(CH,00H) CH, = 3-methyloxetan + OH (1-2) x 10° c i
;‘; i i CHBC(CH3)(CHGOOH) = isobutene oxide + OH 1.8 x 106 c
g . 8 -~ H
C . . N - 9
R CH,CH(CH,00#)CH, + 0, = CH,Ch(CH,00H)CH,0, 1.0 x 106 a
g o 1 CH,CH(CH,00H)CH,0, = CH,CH(CH,00H)CH, + 0, 2.6 x 109 b
Lo s CH4C(CH,) (.H,00H) + 0,= CH,C(CH,) (CH,00H)0 1.0 x 10 a
i i 3 2 2 3 3 2 2 6
SRR & CH4C(CH4) (CH,00H)0, = CH4C(CH,) (CH,00H) + 0, 7.5 x 10 b i
- . . it X
al E . CH,CH(CH,00H)CH,0, = CH,CHO + 2HCHO + OH (1-2) x 10° c
iR . CH,C(CHy) (CH,00H)0, = CH,COCH, + HCHO + HO, 3.0 x 10° c
i!gz R CH,C(CH,,) (CH,,00H) = CH,=C(CH,)CH,0H + OH 1.3 x 10° c
S CH4C (CH ;) (CH,,00H) = CH,=C(CH,)CHO - OH + H, 1.3 x 10° c
L - 5
‘ ) CH 1€ (CH ;) (CH,O0H) (CH,) ,CHCHO + OH 4.2 x 10 c
: E §- Assumed value.
: ;
; ) ? T b The values are dependent on the calculated value of K(R + 02).
4 1N
; R ¢ The values are determined from maximum and minimum limits.
3 &
b : Rate Constants for the Decomposition of tetramethylbutyl and
: I 2,2,3-trimethylbutyl Radicals at 480°C
Noon
3 Reaction . k/s~!
; ‘ 3
. = [~ )]
_ l (CH,) JLC(CH,), (CH,) ,C=C(CH,}, + CH, 1.4 x 106
; (CH,) 4CC(Ch,) ,CH, = t~C, Hy + i-C Hg 1.9 x 104
[ =
. l (CH,) ;CC(CH,) ,CHy = (CH,) ;CC(CH,)=CH, + CH, 1.1 x 10




