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The oxidation of ethane like that of other aliphatic hydrocarbons,
apart from methane, can proceed by two distinct mechanisms. One
operates above and the other below ca. 400°C. Analyticael work on ethane
oxidation has shown that in the later stages of the high temperature
oxidation ethylene is the major product whereas in the low temperature
region oxygenated compounds are the major products. Through the
development of gas chromatography it is now possible to analyse the
products in the early stages of reaction. The aim of the present work
was to apply this technigue to the analysis of the products in the
initial stages of ethane oxidation and to determine the relative
importance of ethylene and of oxygenated compounds in the early stages.
At the same time analysis of the products formed throughout the course
of the whole reaction would provide valuable analytical data for the
elucidation of the oxidation mechanilsm.

The oxidations were carried ocut in a static system between
318-386°C using mixtures of different composition. ‘The relative yields
of the initial products did not change appreciably when the ethane:oxygen
ratio was altered by a factor of six. However the initial yields
changed with temperature, and at the higher temperature ethylene was the
main initisl product whereas at the lower temperatures formaldehyde
predominated. A value is given for the difference in activation energy
between the reactions producing ethylene and formaldehyde. The kinetics
of the oxidation at 3620C were investigated and the variation of the
acceleration constant with oxygen, ethane, "inert" gas, and ethylene
oxide pressure was determined.

Ethylene oxidations were carried out at 318 and 362°C with mixtures
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of different composition and the products from both the early and
later stages of reaction were examined. The oxidation of acetaldehyde
at 362°C was slso investigated and a mechanism for the oxidation has
been put forward.

In the latter part of this thesis the experimental results were
discussed. It eppears that the degradation of the ethane molecule
is a stepwise process involving the 1nterm§d1ate formation of ethylene
and formaldehyde. It was concluded that the ethylene was formed by
oxygen abstracting hydrogen directly from ethyl radicals, and that the
formeldehyde was formed by isomerisation and decomposition of ethyl
peroxy radicals. In the later stages of reaction the ethylene and
formaldehyde are themselves oxidised, ethylene mainly to formaldehyde,
and formaldehyde to the final oxidation products carbon monoxide,
carbon dioxide, and water, A mechanism involving the intermediate
formation of a c¢yclic peroxide has been proposed for the oxidation of
ethylene to formaldehyde. As no experiments were carried out on the
oxidation of formaldehyde the scheme proposed by Lewis and von Elbe
for formaldehyde oxidation has been adopted. A reaction scheme,
which can explein the formation of the products of ethane oxidation
and which embodies the basic schemes of ethylene and formaldehyde

oxidations, has been put forward for the oxidation of ethane.
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100.
INTRODUCTION

1. SLOW OXIDATION OF HYDROCARBONS

1. 1. Early Theories
During the combustion of hydrocarbons the fuel

molecule is degraded stepwise into "end" products, such as
carbon monoxide, carbon dioxide, water etc. This basic idea

of stepwise degradation was originated by Armstrongl in 1874
with his suggestion that the successive stages in hydrocarbon
oxidation involved the transient formation of hydroxylated
molecules which decomposed into simple intermediaies. However
no attempt was made to verify this idéa experimentally and it
was Bone and his co—workeraz in the years 1900-~1912 who provided
an experimental basis for this "hydroxylatien" theory, in which
it was thought that each successive C-H bond in the molecule

was replaced by a C-0H bond, accompanied by the gradual degrada-
tion of the hydrocarbon molecule. Bone3 further developed the
theory in the period 1930-1936, and for ethane the final foru of

the oxidation was represented as :=

033-035—> GEBCHQOH - [CH3CH (OH)Z]% CH_CHO + Hao

— GE:ECOOH —_— CHZOH.COOH — OH20 + H20 + CO

J
—> HCOOH — H20 + CO H2+ Cco

The theory was satisfactory in that it provided an
explanation for certain analytical data such as aldehydes being

formed prior to the formation of steam and oxides of carbom, but
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the weakness lay in the fact that the suppesed primary inter-
mediate, the alcohol, could not be detected. This was partially

remedied by Newitt & Haffner4 who showed that methanel was formed

in the high pressure oxidation of methane. However Bones
himself provided evidence which invalidated the theory when he
found that methanol oxidised more slowly than formaldehyde, and
80 ought to have a higher stationary state concentration in the
oxidation of methane whereas the experimental evidence was to

the contrary.

Prior to this, in 1935, Norrishs had examined the experimental
results of the period and he had concluded that whereas Bone's
theory might explain the analytical data it could not explain
the kinetic data. Norrish proposed an atom chain theory to

explain the phenomenon of combustion e.g. for ethane
0 + G HHg = 033 CH + nao

CH30H * S = 052030 + O

Branching « « - = 0H30H0 + 02 = CHBGOOH + 0

Propagation = = =« =

Termination - - - 0 + Wall = % 0,

°2H6 + 0 + X = 023503 + X

Thus ethane oxidation was considered to be an alternative
formation of free ethylidene radicals and oxygen atoms, with
the steady generation of acetaldehyde.

The chlef difference between Norrish's theory and the
"hydroxylation" theory was in the production of the aldehyde.
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The "hydroxylation" theory visualised an alcohol as the corres-
ponding intermediate whilst Norrish's view was that the aldehyde
was formed directly as a result of the chain mechanism,

In the same ycar, thelehda7 raised objections to the
theories of Bone and Norrish, and he put forward an alternative
scheme in which the oxidation of hydrocarbon was initiated by an
aldehyde. Previously, in 1934, chkstromg studying aldehyde
oxidations had surmised that the radical n_g;: would play a part
in the chain process, and Ubbelohde suggested that it was
possibly this radical which initiated the cechain in hydrocarbon

oxidation.

9~-0 ¢-0H
Initiation « = - =« R=C=0 + RGH3 = Re=C=0 + Rcﬁz

RCHz + 0, = RCHzOO
Propagation = = « =
RCH,00 + RGHB = RGHQOOH + HGHZ

Branching « = = = RCH,00H = RGH20 + OH

This scheme was similar to Norrish's in that it involved a
chain reaction in the propagating step but in this case it was
congidered that a hydroperoxide rather than an aldehyde was
produced,

These theéries of Norrish and Ubbelohde were widely accepted
and although they have since been modified +the general concept
that the propagating step invelved a chain reaction which
produced either an aldehyde or peroxide and that branching
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occurred through further reaction of thies aldehyde or peroxide,
khas, until recently, been taken as the basis of all hydrocarbon
oxidation mechanisms,. |

In view of the important part played by the theory of chain
reactions in the elucidation of hydrocarbon oxidation mechanisms,
it is convenient at this point to give a short account of its

development.

l. 2. ZThe Development of Chain Theories

The idea of a chain reagfion was firet put forward
by Bodenstein? in 1913 to account for the high quantum yield in
the photochemical reaction of hydrogen with chlorine. Ee
suggested chains inveolving electrons but this was later modified
in 1918 by Hernatlo, who proposed an atomic chain.

In order to interpret the speeds of some first order reactions
chriatiansenll and Christiansen & Kramerslz also postulated chain
reactions, but this time energy chains instead of electron or
atomic chains were invoked. They reasoned that molecules of
reaction products just after reaction would contain excess
energy and these "hot" molecules would have sufficient energy to
activate molecules of ' reactant at their first encounter, and
the subsequent reaction products would alse have excess energy,
and so on. The ready application of energy o thermal chain
theory to the explanation of the phenomenom of negative
catalysis [chrintianaen 192411] gave greater credence to the
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theory of energy chains., It was thought that the negative
catalyst or inhibitor was able to react with one of the links of
the chain, conseguently breaking the chain and thus lowering the
reaction velocity.

In the following five years several workers applied the
concept of energy chains to other reaetion scheumes. For
instance, Backatrom13 explained the observation that the
photochemical oxidation of benzaldehyde had a quantum yield of
about 10,000 and that it exhibited the same characteristiecs with
regard to negative catalysts as the thermal oxidation, on the
basis of thermal chains. Egartonl4 discovered that inhibitors,
such as phenol or aniline, had the same effect on hydroccarbon
oxidation as on the photochemical oxidations of aldehydes
carried out by Backstrom, and he suggested that both reactions
were similar in nature and that hydrocarbom oxidations also
included thermal chains.

At the same time as these investigations, Hinahalwoodl5 wa.s
investigating the reaction between hydrogen and oxygen in a
static system, and he accounted for the inhibitory effect of
the walls of the reaction vessel at certain temperatures as
being due to the breaking of the thermal chains when a "hot"
molecule collides with the wall and comes into thermal
equilibrium with it.

Whereas Hinshelwood considered the Hy~0, reaction to be a

16

thermal chain process, Bonhoeffer & Haber™ believed that it
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proceeded by means of a free radical chain., However, this idea of
free radical chains was not widely accepted at the tlme, and
demenov;7, who developed the theoretical aspects of chain reactidns
between the years 1928-1929 still thought that the chaln was carried
by energy rich molecules, However in 1934 Backstroms applied a free
radleal chain mechanism to the photo-chemlcal oxidation of aldehydes,
and in the present day most chain reaction schemes, apart from therma
explosions, involve free radicals,

1. 3.

One important development of chain theory which

Semenov introduced was that of branching chain reactions. In a
branching chain it is envisaged that one of the active centres is
capable of producing two new active centres which are each capable
of initiating new chains., Consequently the veloecity of the reaction
will inerease and may run off to explosion, In the hydrogen~oxygen
reaction two of the possible steps aret-

OH + H,= H0 + H (a)

H 4+ 0,= 0H + 0 ()

In case (2) one free radical is produced from one other free
radical, and we have a normal chain, but in case (b) two free
radicals are produced which can each propagate the chain and theree
fore we have a branching reaction. '

For branching reactions Semenosl7}deduced that the velocity of

the reaction was given by

- (-9t '
w o o= ,..’h_(:—e.(p S)hw):.b 3,-5}0‘_)9-8)0

AY ::TF
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= probability of chain branching at any link.
: g= ' " ] " breaking noon n
Ar= time required for formation of a link.

= lifetime of branching intermediate

n,= number of active ceéntres initially formed per unit
time and volume.

"= goncentration of active centres at time €.,

¢= coefficient depending on the composition and pressure
of the mixture and on the temperature.

F= coefficient to account for secondary generation of
chains due to branching.

In the first case the velocity of the reaction increases with
t to infinity and at high values of ¢ the expression reduces to

the form :
t
W’ﬁA&Q 'here¢us_-£,A82-“°
ar §-p ¢AT

Assuming values of § , p» andAvwhich were reasonable for free

radical or energy-rich molecule reactions, Semenov showed that the
velocity of the reaction might be e xpected to increase by a factor
of 2 every second. In the case of hydrogen oxidation the
increase in velocity is much smaller than this predicted

value and Semenov concluded that in order to comply with
experimental facts A~r would have to have a value of the

order of minutes or hours. To incorporate this in the theory

of branching chain reactions he put forward the idea of
"degenerately" branching chains, whefe in the normal course of

the chain reaction a stable intermediate is produced which can
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survive long after the initial chains have terminated and which can
then react to produce active centres capable of propagating new chains,

This proposal was fundamental to the understanding of hydrocarbon
combustion and it is worthwhile examining the differences which lle
between normal branching reactions and "degenerately" branching
reactions, -

The léngth of a bramchéd chain v ' = ;l_',';- = ':_‘,.5

wherev = chain length of non-branching chains

... Veloeity of branching reactionws= nov' = Tn%
where ng 8 rate of formation of aective centres per unit time
and volume.

Sincé the quantities p,$ and consequently v,$ are functions of
temperature and pressure only, there must exist certain conditions at
whichp «8 = 0, corresponding to the chain length beceming iﬁf:.nity.
This econdition is realised when there is an average of one branching
along the whols length of an ordinary chain i.e, vd= 1,

If p =8 <cothen the number of chain branchings exceeds the
munber of chain ruptures and the number of chains will steadily
inerease., Thils continuous increase in chains corresponds %o a
seli acceleration progess leading to explosion i.e, a none
stationary chain reaction, Whenp =8 >0 we have a stationary

chain reaction.
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The change over frou stationary to non-statiomary chains is
extremely repid for branching reactions (see Fig.A) but with
degenerately branching reactions there is a more gradual
increase in velocity., This tendency arises in the case of
degenerately branching chain reactions from their being a
greater amount of original substance reacted before the
velocity reaches a certain value (see Fige. B).

At time t amount of substance reacted is given by the shaddd
areas ﬁﬁdﬂt. The greater the amount of original substance
reacted then the more "dilufe“ the reaction mixture becomes ahd
consequently the rate of chain branching will decrease until a
point is reached where the rate of chain breaking will exceed
that of branching and the reaction velocity will diminish.

As the general tendency for degenerately branching chain
reactions is to show a gradual increase in reaction velécity it
is difficult to distinguish whether non-stationary or stationary
chains are operative, but as the rate curve for hydrogen combus-
tions is concave and corresponds to the law w = Ad*t then it is
most probable that in hydrocarbon combustions we are dealing
with degenerate non-stationary chains. (See Semenov "Chemical
Kinetics and Chain Reactions", Oxford, Clarendon Press, 1935,
ppl66-167).

l. 4. IThe Branching Intermediate and Theories on Hydrocarbon
Oxidation. - A

The intermediate responsible for degenerate
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branching in hydroearbon oxidation has been the subject of a great
deal of investigation and although it was genérally agreed that
aldehydes acted as the agents of degenerate branching in the high
temperature oxidation (i.e. above 400°C) opinion was divided as to
the nature of the intermediate in the low temperature region (i.e.
below €a.350°C). There were two main schools of thought as to the
identity of this low temperature intermediate viz., (a) those who
 thought it was a peroxide, (b) those who thought it was an aldehyde.
The relative merits of these two viewpoints are discussed below,

(a)

Ubbelohde'”) in 1935 was the first to assign peroxides
to the role of degenerate branching agents in the low temperature
oxidation of hydrocarbons. He was of the opinion that hydroper=
oxldes were formed in the propagating steps of the oxidation and
that these peroxides could subsequently decompose into free radicals
with a resultant branching of the chain reaction.

RCH, + 02 = chzoo
Propagation ===
RCHé00 + RCH3 = RCH200H + RGH2

Branching ----RGHéOQH = RCHao + OH

Walshla also considered that the agent of degenerate branching
was a peroxide molecule which was capable of splitting at the 0=0
bond but he laid stress on the fact that subsequent rupture of the
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adjacent C-C bond was likely. Consequently the general scheme for
the low temperature oxldation was considered to bei=

H*Oa BROQ

Propagationse===se~ RO + RH = ROOH + R

Branchingeeeewwcw==s ROOH = RO + OH

Degradationeeseeee= RO =R' + HCHO

The radical R' could then enter into reaction with oxygen and
thus the degradation of the fuel molecule was continued,

The peroxide theory was favoured by several other workers as
it was thought that it provided an explanation as to why many of
the products of hydrocarbon oxidation contained only one oxygen
atom and why the rate of oxidation was dependent upon the
structure of the molecules This latter feature of the peroxide
theory was suggested by Hinshalnoadlg’ae and Cullis, Hinshelwood
& Muloahyaa, but 1% is to be noted that their conclusions were
based upon a false assumption. They believed that the strength
of the O=0 bond in the peroxide molecule was dependent upon the
substituent groups in the molecule and from this they considered
that there was a correlation between the effect of the substituent
groups on the strength of the 0«0 bond and the rate of oxidation,
However it is now known that the strength of the 0-0 bond is
independent of the structure of the poraxide.ag

One obviocus test of the peroxide theory is whether or not
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peroxides can be detected in oxidation systems. Certainly for
oxidations in solution, where the temperature is low and the
concentration of hydrocarbon or other reactant is extremely
high, there is ample evidence for the existence of peroxides.a3
However for ges phase oxidations, where the temperature must of
necesaity be much higher, there is less evidence for their
existence.

Gas phese oxidations have however been carried out at
temperatures as low as 125-170°G by employing a catalyst such
as hydrogen bromide. Rust & Vaughan?? investigated the
hydrogen bromide catalysed oxidation of iao-butane and they
obtained yields of t-butyl hydroperoxide as high as 75% (Lased
on oxygen consumed) with a 10:10:1 mixtﬁro of iso-butane @
oxygen s hydrogen bromide. When these investigations were
extended to straight chain paraffins it was found that only
the hydroperoxides of the higher hydrocarbons could be isolated
and when ethgne and propane were oxidised no primary or secondary
hydroperoxides were farmed.z?’73 These results are of
particular interest as it has recently been shown that this is
also the case in the uncatalysed oxidations carried out at
temperatures some 100% or so higher. Cartlidge & mipper31'52
used paper chromotegraphy to isolate and detect the hydro-
peroxides formed in the oxidation of propane at 327°. the
oxidation of n-heptane between 250-270°, and the oxidation of
n-butane between 315-345°C, and they found that with n-heptane

and n-butane the peroxidic material isolated consisted of a



1l2.

mixture of hydroperoxides, hydrogen-peroxide, and hydrogen
peroxide-aldehyde adducts, but with propane it consisted only of
hydrogen peroxide and its derivatives. From these results they
concluded that peroxides could not be the agents of degeuerate
branching in the lower hydrocarbon systems although 1t was
possible that they were the agents of degenerate branching is
the higher hydrocarbor systems. As this work supports the
evidenece of Kirk & Kuox’> that at 318%¢ the lifetimes of ethyl
hydroperoxide and propyl hydroperocxide are too short for them to
be the intermediates responsible for degenerate branching in
ethane and propane oxidations it can be taken that peroxides are
not the agents of degenerate branching in the oxidation of ethane
and propane asove ca.300°e.

With the higher hydrocarbons the evidence for or against
hydroperoxides as the agents of degenerate branching is not seo
conclusive, and although hydroperoxides have been detected in
the oxidation systems of higher hydrocarbons it is not possible
to state definitely whether or not they are the agents of
degenerate branching. A great deal of work has been carried
out on the determination of hydroperoxides in hydrocarbon
oxidation ayatcmsze but owing to the lack of suitable analytical
technigues it was difficult to isolate and identify the hydro-
peroxides formed in the system. Batten, Gardner & Ridgezg used
polarography to analyse the peroxides formed in the oxidatiom of
iso-butane between 250-270°C and even although this was one of
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the more refined analytical techniques available at that time
they could not establish definitely that t-butyl hydroperoxide
was formed. However through the development of pmper chromo-
h tography it is now possible to isolate and establish conelusi-
vely the hydroperoxides formed in oxidation systems, and Iayler3°
by applying this technigque to the oxlidation of iso-butane was
able to show that t-butyl hydroperoxide was in fact formed in
the systen up to a temperature of about 356°¢. As has
previously been stated this technique was used by Cartlidge &
Tipper31'32 to examine the peroxides formed in the oxidation of
n-~-heptane betwcen 250-270% &nd n-butane between 315-345°¢ and
in this case also the corresponding hydroperoxides were detected.

Although the presence of hydroperoxides in the oxidation
systems of the higher hydrocarbons might be considered as
providing indirect evidence that they are the agents of degenerate
branching, there is also evidence to the contrary. Batten &
Ridge’! found that destroying the peroxides formed in the
oxidation of iso-butane had no effect on the subsequent reaction.
They withdrew the products of the reaction into a vessel containe
ing mercury and no matter how long the product mixture remained
in contact with the mercury the reaction continued at the same
rate on re-entering the reaction vessel,

The destruction of the peroxides formed during the course of
reaction has been used by other workers to demonstrate that they

are not the agents of degenerate branching e.g.sh$@rn;5"36 used



the above method in the oxidation of propane and propylene
while Peaae34, also for propane, destroyed the peroxides by
coating the reaction vessel with potassium chloride.

One factor which has to be borne in mind with regard to
the experimental results given in the literature is that the
methods used for the determination of the yields of peroxides
e.ge liberation of iodine from potassium iodide, oxidation of
ferrous ions, often make no distinction between hydrogen
peroxide, hydroperoxides and other oxidising agents. When
detailed examination has been made of the peroxidic material
obtained from hydrocarbon oxidations it has been found in
certain cases that hydrogen peroxide and its derivatives were

the only constituents.>o! 22

(b) Aldehyde Theory
The importance of aldehydes in hydrocarbon
oxidation was realised by Pope, Dykstra and_Edgar4° as early
as 1929, They suggested that hydrocarbons were oxidised via
aldehydes which were degraded step by step to lower aldehydes.

RCBEGHD + 02 = RCHO + CO + 320 ® = - - = = HCHO + CO + 320

This theory was rejected for various reasons e.g. the higher

aldehydes were found in some cases mnd not in others, the
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suggested degradation does not produce formaldehyde in an excited
state as required for cool flames. It was found in many cases
that formaldehyde was the preponderant aldehyde in the products'
and this was explained by postulating a "non stop run" through the
various aldehyde stages. This could not however explain why the
higher aldehydes were formed in certain cases and not in others.

Lewis & vnn.Elb042 overcame the objections to the "non stop run®
theory by modifying the Popey Dykstra, and Edgar scheme to one
whereby radicals were degraded instead of molecules.

- 0 - es = e =
RCH,CO + O, = RQﬁi + C0 + H,0 = CH,CO + CO + H,0

2 3
By postulating a different reaction for GH3CO than forthe higher
radicals viz. CHSCO + 02 = HCHO + CO + OH they could explain the

production of excited formaldehyde as this reaction 1s exothermie
to the extent of some 110 k cal,

Norrish44 also proposed a reaction scheme which was based on
aldehydes and which included a degradative reaction involving the
successive formation and destruction of RCHacO radicals, but this
scheme differed from the above in that the acnaco radical was
regarded as having only & transitory existence.

RCHch + 0OH = RCH26H2 + HZO

3

Propagation

RGH20H2 + 0, = RCH20H0 + OH
Branching ==ewemememmoon. BGH’FHO « 0, = RCHchOH + 0
Degradation - RCHECHO + 0OH = HCH2 + CO + H20

RCHZ + 0, = RCHO + OH

RCHO + OH = R + CO + Hy0

CHCO +0 Ci 0+ CO + OH

3 2 . W w
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Norrish suggested that the branching was due to the reaction
of aldehyde with oxygen producing an oxygen atom capable of
initiating fresh chains.

The difference between the peroxide theory of branching and
the aldehyde theory lay in the stability of the peroxy radical
formed from the reaction of an olkyl radical with oxygen.
Norrish considered that this radical had a transient existence
and decomposed rapidly into an aldehyde and a hydroxy radical,
whereas Ubbelohde, Hinshelwood & Walsh etc., considered that the
radical existed long enocugh to be able %o abestract a hydrogen

atom from the parent hydrocarbon.

ché + 02 = BCHZOO = RGBZOOH Peroxide Theory

= RCHO + OH Aldehyde Theory
A suggéation by Lewis & von Elbo*z' 45, 46 combined the

aldehyde theory and the peroxide theory. They suggested that the
strength of the 0-0 bond of the peroxide molecule was reduced by
condensation of an aldehyde with a molecule of peroxide, and thus
the branching by means of peroxide would require the presence of
aldehyde. However as the condensation product would be expected
%o give the normal tests for peroxide this theory could net
explain the cause of branching in those oxidations where peroxides

were absent.



117.

As there is no doubt about the presence of aldehydes and of
their ability to aet as branching intermediates in the oxidation
of hydrocarbons at temperatures about 300°C 239 3Ty 38y 47 gne
aldehyde theory of branching is favoured to that of the peroxide
theory. [Nevertheless the amounts of aldehydes detected were
small, generally less than 10% of the hydrocarbon cousumed, and
in order to explain this it was suggested that the aldehydes
reacted as quickly as they were formed. Although the aldehydes
may oxidise rapidly there is another possible explanation for the
low yields of aldehydes viz, the existence of an alternative path

for the reaction of alkyl radicals with oxygen.

R + 0,—R CHO + OH
‘--»0ther Products

The idea that alkyl radiecals can react with oxygen in an
alternative manner to either aldehyde or peroxide formation has
come into prominence in recent years.

(e) nog Radical Theory.

The high yields of olefins obtained from oxidatiomns above
400%C has reccently led to the conclusion that oxygen can abstract a
hydrogen atom from an alkyl radical with the resultant formation of
an olefin.51-56 It was suggested that thesé high temperature

oxidations proceeded by an noz radical chain mechanismg=
cnnzn‘_l + 02 = cnﬂ2n_2 + 302

“en v E TG na * RS
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As yet there 1s né direct evidence for the existence of Hba
radicals in hydrocarbon oxidation systems, but there is a great
deal of indirect ewidence. For example, hydroperoxy radicals
have been detected mass-spectrometrically in the oxidation of
me thyl radicalslll, and appreciable amounts of hydrogen peroxide,
formed by H02 radicals abstracting hydrogen, have been found in
the products of methane 3> and propane’2?1}J oxidations, Although
most of the evidence for the existence of the HO, radicals comes
from analytical work part also comes from kinetie work, inox,
Smith & Trotmannnickansonsg investigated the competitive oxidation
of ethane, propane, and iso=butane, and they concluded that the
Hoa radical was probably the éhain carrier from the fact that the
ratios of the rate constants of the chain propagating steps showed
remarkable constancy over a wide range of experimental conditions,
and also from the fact that the a02 radical could explain satis-
factorily the results of the high temperature oxidation. The
close similarity which exists between the kineties of the oxidation
of these three hydrocarbons and of the three isomeriec xylan3357
suggests that the chain propagating radical is common to both
systems, and as HOZ is one of the radicals likely to be common to
both systems this strengthens the view that the HO2 acts as a chain
ecarrier in these oxidations,

Postulation of H02 as a chain earrier derives indirect support

6
from the work of Walsh and his collaborators v who identified the
active anti-knock agent from tetra-ethyl lead as lead oxide and

who suggested HDa as one of rthe likely chain carriers being destroyed
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Owing to the eérlier analytical techniques requiring relatively
large amounts of products analysis could only be carried out for
the later stages of reactiony and sinee oxygenated compounds and
not olefins were found to be the major products in the later

stages of the low temperature oxidations it was thought that the

Hoa radical chain did not operate in this temperature region,

However through the development of gas chromatography the initial
61

products of reaction can now be examined, and Knox — has shown for
the low temperature oxidation of propane that about 796 of the
propane initially consumed is converted to propylene, This
indicates that the H02 radical chain also plays a part in low
temperature oxidations,

Although it is now fairly well established that an HO, radical
chain can operate in hydrogen oxidation systems the lifetime of the
chain carrying HD2 radical is not yet accurately inown. Hinkofr58,
who reviewed the earlier evidence for its existence in oxidation
systems, suggested that it was a relatively long lived intermedliate
but he did not give a value for its lifetime, and it was not until
Lewis & wvon Elbe46 estimated its lifetime to be about one second
in the hydrogen-oxygen reaction under conditions similar to those
used in hydrocarbon oxidation that an idea as to how long it could
exist in oxidation systems was obtalned,

It has also been suggested that H02 radical chains play a part
in alcohol oxidation363'64’65 e.g. Cullis & Nawitt64 found for the
oxidation of ethanol between 250-270°C that, under optimum surface

conditions, acetaldehyde amd hydrogen peroxide were produced in
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equivalent yields and they considered that this was in agreement
with the following mechanism.

C2H60 + HOp, = 62H50 + 3202

CHO + 0, = cnscﬁé + HO,

When interest was aroused in hydrocarbén oxidation
in the early nineteen hundreds ethane being one of the simplest
hydrocarbons vas naturally chogen for investigation, and in this
period a great deal of work, both analytical and kinetlec, was
carried out on its oxidation. As the analytical results obtained
were explained on the basis of the "hydroxylation" theory, which
has sinee been disproved, only the results of these investigations
will be given. After the initial work ethane oxldation was less
extensively investigated and workers in the field of hydrécarhon
combustion tended to concentrate more on the higher hydrocarbons
in order to solve the problem of the negative temperature coefficilent
and allied phenomena such as cool flames,.

Ethane oxidation has been studied using two types of reaction
system, the statie system and the flow system. DBoth systems have
their attendant advantages and disadvantages. The flow system has
the advantage that it gives relatively large amounts of reaction
products and is thus more ameﬁable for analytiecal work, but it does
not lend itself to kinetic investigation of the reaction. With
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the static system the reverse is true.

The kinetiecs of the low temperature oxidation were examined by
Bone & H11166 over a wide range of experimental conditions and
they drew up pressure-~time curves for mixtures of different composi=-
tion at various temperatures., These curves, along with those given
by Kowalsky, Sadownikov & Chirkov69 for the high temperature
oxldation, were analysed by Semenovl7 and he showed that they could
be made to coinclde by suitable adjustment of the horizontal and
vertical scales, and that when not more than 30-40% of the reactants
had interacted they could be expressed by the mathematical form
Ap = Noq’t, where N and ¢ are constants, the latter being the
acceleration constant,

From this eXpression the acceleration constant of the reaction
could be calculated, and Semenov found that the values obtained
using the results of Bone and of the Russian school were in good
agreement even although the experimental conditions used by these
workers vere different.

He also demonstrated that the % reaction was given by 3=

[ = iﬁge_a. where® =& 0
¢ = acceleration constant

© = time reckoned from moment of 50%
reaction,

D being positive when § > 50,
The pressure-time curves of Bone and of the Russian school were
of sigmoid form, with a period of slow acceleration followed by a
faster reaction increasing to a maximum rate and then a falling off



122,

%o zero, and in order to account for the initial siow acceleration
Semenov postulated that hydroearbon combustion préeéedsd by a
"degenerately® branching ehain. This concept is now generally
accepted but prior to this it was considered that the oxidations
proceeded by "normal® chains. Early evidence for the existence
of a chain reaction in ethane cxidation came from the work of
Taylor & Ribl@ttéa who found that the reaction was preceded by an
induection period, was sensitive to foreign substances, and
exhibited a negative wall effect. |

The kineties of ethane oxidation, like those of other hydro=-
carbons, are markedly affected by the surface of the reaction
vessel and normally it is only after numerous experiments in the
same vessel that reproducible results can be obtained. Taylor &
Riblett68 using a pyrex vessel between 400-480°C found that if
the reaction vessel was packed with pyrex glass coated with
potassium chloride then the reaction was virtually stopped, and
that if a silica vessel was substituted for the pyrex vessel
then the kinetics were quite dififerent. Kowalsky, Sadownikov &
Chirkow§7 also noted the effect of surface on the kinetics of the
high temperature oxidation. They used a quartz vessel at about
600%¢ and they found that the reaction vessel appeared to “age",
However it was discovered that consistent results could be
obtained if the reaction vessel surface was pre-treated with
hydrofluoric acid,

The kinetics of the oxidation are also affected by the
addition of small amounts of intermediates or other compounds,
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Acetaldehyde was the intermediate most commonly added to ethane
oxidation systems and although its effeet in both the low and the
high temperature regions was to reduce the induction period Bone
& H11166 found that the addition of 1% to a 33l ethane to oxygen
mixture at 316°c and 720 mms, Hg pressure not only reduced the
induetion pericd but caused the reaction mixture to explode,

This marked effect of acetaldehyde in the low temperature region
ves alse noted by Townend & Chaumberlain®®, They studled the
effect of pressure on the ignition temperature of ethane-air
mixtures and they observed that in the low temperature region the
addition of 1% aeetaldehyﬁe'greatlylreduced the pressures at which
the ignitions occurred whereas in the high temperature region the
addition of acetaldehyde tended to retard the ignitions. The
explanation put forward was that at the higher temperatures the
acetaldehyde decomposed faster than it could oxidise.

Other additives do not have such a marked effect as acetaldehyde
on the oxidation, For example, Bone & Hill found that the addition
of 1% formaldehyde, iodine or nitrogen dioxide to ethane oxidation
systems in the low temperature region eliminated the induction
period but did not cause an explosion, whilst additives such as
ethanol and water shortened the induetion period. Similar results
were obtained by Szabo & Gal?a for the high temperature region but
they also noted that the kineties were dependent upon the initial
oxygen conecentration.

Szabo & Gal plotted the total pressure inerease in the

reaction and the time required for the reaction to reach maximum
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rate against the # oxygen in the reaction mixture and they found
that a break always occurred in the plots in the region of 30%
oxygen, This was taken as indicating that there were two
possible types of oxidation and that whichever one was operative
depended upon the initial oxygen concentration. However it 1is
doubtful whether this is the case and confirmation by analytieal
experiments 1s necessary before 1t can be accepted.

The parameters which have been used in the interpretation of
kinetie measurement are the induction period, maximum rate of
reactlion and the aceeleration constant. Recently, however,
Kno:?g has shown that the most reliable of these parameters is
the acceleration constant, and by making certain simplifying
assunptions with regard to the oxidation of ethane and propane
at 318°C he derived a relationship between the acceleration
eonstant and initial hydroearbon concentration which agreed well
with experiment, From this relationship the lifetime of the
‘branching intermediate in ethane oxidation at 318°C was calculated
and found to be approximately two minutes.

From a survey of the literature it is apparent that there is a
dearth of systematie analytical studies covering the complete
range of products from ethane oxidation. However, of the work
whieh was carried out that of Bone and his school is outstanding,
In one of the earlier papers Bone and Stockingsg, using a flow
system, showed that the final products of the oxidation were
carbon monoxide, carbon dioxide, and water, Later Bone and
H11166 developed a method to determine the intermediate products.

L
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In this work reaction was allowed to proceed for a glven period,
after which the reaction vessel was plunged into‘iee water and the
products analysed. A seriecs of such experiments with the reaction
stopped at different time intervals allowed the construction of a
graph showing the decréaée in concentration of reactants and the
inerease in concentration of products with time, In this way i¢
was shown for the low temperature oxidation that the oonngntrétion
of aldehydes (consisting mainly of © formaldehyde) passed through
a maximum close to the maximum rate of reactions The main
products were carbon monoxide and water but small amounts of
carbon dioxide, formic acid, and an unidentified peroxide were
also found, No olefins, methane or alcohols were reported.

Ethylene was however reported in the high temperature oxidatlion
by Steacie and Plewes’ >, They detected ethylene throughout the
course of the whole reaction, and by suggesting that the main
chain process in ethane qkidatien waé.the oxidation of ethylene
they stressed the importance of ethylene in the oxidation of
ethanes This work was later confirmed by Graysﬁ who, using a
flow system instead of a statlic system as used by Steacle and
Plewes, found that ethylene wcould begabtainsd in up to 80% -
yvield (based on ethane consumed)., He explained this high
yield on the basis of an H02 radical chain and in doing so
he was the first to postulate that this mechanism could operate
in hydrocarbon oxidation systems.

02H6 + Hoz = GQHS +* 8202

+ 0, = CH, + HO

CH, o ofla 2
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& 7
Methanol,Tl ethanolTl, hydrogen peroxide 4, and acetic aci

have also been detected in the products of ethane exidation. ¥he
evidence for the formation of acetic acid comes from the hydrogen
bromide catalysed oxidation of ethane at 220°C but as this
temperature is much lower than that at which ethane normally
oxidises it is doubtful whether it will be formed in the

uncatalysed oxidation.

mhé products from the low temperature catalysed oxidation of
ethane have also been examined and it has been shown that the
primary product is ethyl hydroparoxido7‘. Although the
evidence for its formation is fairly conclusive the mechanism |
whereby it is formed is still in doubt. Two mechanisms have been
put forward for its formation, Gray74 investigated the mercury
rhotosensitised oxidation at 25°c and he suggested that the ethyl
hydfeperoxide was formed by the reactionsi-

CH; + 0, = C,H 00

02H500 + 0236- cansoon + 02!5
Watson and Darwentsa disagreed with this on the basis that
these reactions could not explainm the kinetics of the oxidation and
they proposed an alternative scheme :-
Be.(’n) + 0= 0F + Heo('sy)
03 + CgHg = CpH500H

Although ethyl hydroperoxide is the primary product of the low
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temperature catalysed oxidations 1t cannot be a major product in
the uncatalysed oxidations as it has a very short lifetime at _
temperatures of 300°G and above.33 Nalbandyan5b did find however
‘that a peroxide was the primary product in the mercury photosensi-
tised oxidation at temperatures up to 310°C.

From the foregoing it can be seen that the kinetics of ethane
oxidation have been fairly extensively investigated but that there
is a lack of analytical data covering the range of products formed
throughout the reaction, This is partly due to the fact that the
earlier analytical techniques required relatively large amounts of
product material for analysis and hence only the later stages of
reaction could be investigated, and partly due to the fact that
with the techniques available it was not possible to isolate and
identify all the compounds present in the complex product mixture.
However with the development of modern analytical techniques this

situation can now be remedied.

It &8 well established that hydroearbons contalning
three or more carbon atoms appear to react by two different

degenerate branching mechanisms depending on the temperature.
Above 400°C we have a 'high' temperature mechanism and below about
350°C we have a 'low' temperature mechanism, The transition
between the two regions is generally associated with the phenomena
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of cool flames and negative temperature coefficients in the
velocities of the slow reactions. _

Until recently it was not known whether or not ethane
exhibited these phenomena, It was found by certain workers that
the oxidatien of(athans, like methane, had different characteris-
ties from the oxidation of higher hydrocarbons e.g. Mulcahy "
found that the mamner in which the maximum rate of reaction
varied with hydrocarbon and oxygenpressure differed for ethane and
butane oxidations, and Prettre°r found, using a flow system, that
he could observe cool flames for The higher hydrocarbons but never
with methane or ethane. These results led to the belief that
cool.flamss could not exist in ethane oxidation systems. However
Townandsz disagreed with this viewpoint and although he did not
actually observe cool flames in ethane oxidation he was of the
opinion that they would be obtainable under suitable experimental
~conditions. "Induced" coel flames were observed, however, by
Gerber and Niemann’’ on addition of diethyl peroxide to ethane
oxidation systems.

The question of whether or not the ethane oxidation system
_exhibited a negative temperature coefficlent was partially
answered by Chirkov and Entelis?6. They found that the maximum
rate of reaction increased in the regions 270-3409C and 400-480°C
- but remained constant between 340-400°C. However the existence
of a negative temperature coefficient in the rate of the slow com=
bustion of ethane was confirmed by Knox and Norrish?s wheg they

shpwed that the reaction rate, as measured both by the increase
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in reactant temperature and by inecrease in rate of pressure rise,

decreased as the temperature increased between 350=400°C. They
also observed that cool flames could be obtained if sultable exe

perimental conditions were used viz, with sufficiently large
reaction vessels between 300 and 380°C at pressures of 600 mms,Hg
upwards and with ethane plus oxygen compositions ranging from
32/1 to 3/2.

These results of Knox and Norrish are of importance as they
show that ethane exhibits the properties of the "low" temperature
oxidation which had previously only been recorded for hydrocarbons
containing three or more carbon atoms,

Gray56 also observed cool flames in ethane oxidation using a
flow system, but the temperatures at which they were observed
were much higher than those characteristic of eool flames. This
led Knox and Norrish to suggest that these cool flames were
peculiar to flow systems and were caused by reaction starting off
at the outlet end of the reaction tube and then sweeping back
through the reaction mixture. Thils would leave the reaction
tube full of reacted gas and another cool flame could only appear
once the reacted gas had been swept out of the tube. In this
way the periodieity of the cool flames could also be explained.
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In order %o account for the existence of a negative
temperature coefficient in the rate of hydrocarbon gombustion it
was supposed that hydrocarbons underwent oxidation by twe dlistinet
mechanisms viz., a "high" temperature mechanism abéve 400°C and a
"low" temperature mechanism below ca.350°C, and it was thought
from analysis of the products in the later stages of reaction that
olefins were the major products in the 'high' temperasture region
and that oxygenated compounds were the major products in the 'low!
temperature reglon, However through the recent development of
gas chromatography it is now possible to analyse the products from
the initial stages of reaction, and it hag been shown for propane
oxidation that propylene was the major product in both the "high"
and the "low" temperature oxidations: This was explalned on the
baﬁis that the initial stages of propane oxidation involved an H02
radical chain mechanism which operated throughout the whole

temperature range.

CqHg + HOp = CgHly + Hy0p

C3H? + 02 = 3336 + Hba

The aim of the present work was to investigate the low

temperature oxidation of ethane in order to determine whether or
not the initial stages of ethane oxidation involved an HO,
radical chain mechanism, and hence to confirm whether or not the
initial stage oxidations were the same in the "high" and the "low"
temperature regions. It was hoped to analyse, by means of gas
chromatography, the products formed throughout the course of the
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reaction and to investigate the varlation in product ylelds with
mixture composition and tenperature, and in this way to '
elucidate the mechanlsm of the complete reaction.



EXPERIMENTAL TECHNIQUE
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l. APPARATUS

The apparatus was a conventional high vacuum system
constructed of Pyrex glass (see figs. 1 and 2). Although it
was essentially a unit it is convenient to divide its description
into three sections (1) General Apparatus, (2) Kinetic Apparatus,
(3) Analytical Apparatus.

1. 1. General Apparatus
(a) Pumping and Storage System

The pumping system consisted of a three stage mercury
diffusion pump backed by a Hyvac rotary oil pump. With this
system the pressure, which was measured on a vacuostat, could be
reduced to 10~2 - 10~° mms. Hge

- The purified reactants were stored in 5 litre bulbs, which
were fitted with traps for degassing purposes, and any required
mixture was made up by measuring the reactants into a 500 cce.
mixing vessel. The sharing ratio between the mixing vessel and
the reaction vessel plus Bourdon Spoon Gauge was known for
different furnace temperatures, and any desired pressure in the
reaction vessel was obtained by having the corresponding pressure
of reactants in the mixing vessel.

(b) Reaction Vessel

A cylindrical Pyrex reaction vessel, 5.5 cm. in diameter
and volume = 522 cecs., was used. It was housed in a furnace and

surrounded by a copper jacket to promote uniform heating.
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(¢) Measurement of Temperature

The temperature of the furnace was measured by means of a
thermocouple in conjunction with a Doran D.C. potentiometer.
The thermocouple was constructed of Tl/T2 thermocouple wire
(British Driver Harris Ltd.) which was supplied with a
calibration scale.

(d) Furnace

The furnace consisted of a silica tube, 66 cm. long by
9.2 cm. internal diameter, which was heated by means of three
independent windings of nichrome wire, resistances 150, 100, and
150 ohms respectively, the whole being suitably lagged and
ingulated. The temperature along the reaction vessel was kept
consbant to within * 1°C by having external variable resistances
in parallel and in series with the windings (fig. 5). The power
was supplied via a Variac transformer and the mean temperature of
the reaction vessel was controlled by a Resistance Thermometer

Controller Type RI'2 (Sunvic Controls Liud.).

l. 2. Kinetic Apparatus

The pressure change during the reaction was followed by
means of a Bourdon Spoon Gauge made of Pyrex glass and fitted
with an optical lever arrangement. The pointer deflection was
thus magnified and could be read on a metre scale, a pressure
change of 1 mm. mercury giving a deflection of 5.50 mm. on the

scale. The deflection was linear with respect to pressure over
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the pressure range used. The gauge was connected to the
reaction vessel by 2 mm. internal diameter capillary tubing
which was wound with nichrome wire and heated to a constant
temperature. This temperature was such that any product which
might diffuse into the capillary tubing could not condense.

1. 3. Analytical Apparatus

(a) BSampling System

The sampling system is shown in fig. 2. It consisted of
two sampling tubes connected to the reaction vessel system by
4 mm. O.D., tubing, with the whole heated to a constant
Temperature using nichrome heating wire. The temperature being
such.that no condensation of products occurred. One of the
vessels could be connected to the Toepler pump by means of a two-
way bap, whilst the other was removeable from the apparatus.

The sharing ratio between the reaction vessel and the

sanpling vessels was known for the various furnace temperatures.

(b) Toepler Pump
The volumes of the two bulbs were calibrated by weighing

the amount of mercury required to f£fill them. The wvolumes were
24.09 mls. and 7%.91 mls. giving total volumes of 24.09 and
98.00 mls. from the respective graduation marks to the tap.

(c¢) Injection System
The injection system consisted of a U tube trap fitted with
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two two-way taps which allowed the carrier gas to enter the

U tube and pick up the sample or else by-pass the U tube
completely. The gas then flowed along narrow capillary tubing
to a speclally constructed tap having one inlet and three
cutlets (fig. 3). The outlets were connected to three chroma«
Tography columns and hence the gas stream could be made to pass
through any one of the columns. There was also a tap of the
same construction at The outlet end of the columns. The
advantage of these taps was that the "dead space" in the system

was kept down to a minimume.

(d) Carrier Gas

Hydrogen was used as carried gas. It was preferred to

nitrogen because 1t gave greater base line atability and, because
of its high conductivity, it gave greater sensitivity for
detection. Conductivity is o 1 s and hence with hydrogen
(M. W, )
we have a greater difference between hydrogen conductivity and
hydrocarbon conductivity than for nitrogen. However its higher
H.E.T.P, value and explosien hazards are disadvantages to its use.
On leaving the cylinder the gas was dried by passing through
successive tubes packed with calcium chloride and activated
Linde Moleéular Sieve. The carrier stream was then divided,
part going to the injection system and dummy column, and part
going to a series of water bubblers where a constant head of

water ensured a constant gas pressure. Before going on to the
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injection system and dummy column the gas stream passed through
a "buffering" vessel consisting of a series of narrow capillary
tubes connected to wide bore tubing. This arrangement evened
out minor fluctuations in the gas pressure. After passing
through the "buffering' vessel the gas stream was again divided,
part going to the injection system and part to the dummy column.
After the injection system The carrier gas passed on to the
chronatography columns and then on to the detection system.

(e} Columns
Four gas-chromatography columns were used to analyse for
the reactants and most of the products. Details of the columns

are given in table 1:
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TABLE 1
Inter- Flow
column Galums Length nal Column  stationary sy Rate Bt
O . 8ilie a ng k=<
tainer il 8 ite. Analysed
Dummy Glass 5 -5 Firebrick - 47 - -
Tubing (40-60 mesh)
Glass Linde Mole-
1 Tubing 5 4 cular Sieve - Room 31 oagngpco
Type 5A Tempe
(60-80 mesh)
+
Charcoal
(24-32)
Coiled 20% €0,
2 gogfer 10 3 Geéige " Pet. Ether =80 32 0234
‘a -30 me 0
3 gl%:s . i Celite 120% o - 033030,
ubing 5 60-~80 mesh) Polyethy=
( ) lene Caﬂuo
Glyecol 400 cH OH,
' 02550H
H50
Coiled 20% CH CHO
4 Copper 5 3 Celite Polyethy= 0 73 C.H.0
Tubing (60-80 mesh) ene 234
Glycol 400

A "split" column technique was used with column 3.

The carrier

gas was allowed to flow through the full length of the column until the
acetaldehyde, ethylene oxide, methanol, and ethanol peaks were eluted

and then the column was "split" so that the carrier gas only went

through the first half of the column.

In this way the flow rate was
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approximately doubled and the column length halved and the water
peak was thus eluted in a reasonable time.

Acetaldehyde and ethylene oxide came through as a single
peak on column 3. This peak was trapped out by passing the gas
stream through a cooled glass trap, containing glass beads
(0.02 mm. diameter) cogled to =183°C, until the acetaldehyde
rlus ethylene oxide peak had been completely collected. This
trap was then used as the injection gystem for column 4 on which
the acetaldehyde and ethylene oxide were separated.

(£) Detector

The detector used was a thermal conductivity gauge. It
consisted of a brass block (length = 7.5 cme., diameter = T.5 cm.)
with two cylindrical channels along which were stretched two
tungsten filaments of aspproximately 10 ohm resistance. The
filaments formed part of a wheatstone bridge circuit (£figs 6).
The carrier gas emerging from the chromatography columns flowed
over one of the filaments whilst the carrier gas from the dummy
column flowed over the other and a “steady state' existed in thée
Wheatstone bridge circuit until a product came through the
chromatography column and passed over the filament. This caused
a change in conductivity of the surrounding gas which in turn
altered the temperature of the filament and hence its resistance.
This change in resistance produced an "out of balance" current
in the bridge circuit which was fed into a Honeywell Brown
"Electronic" Strip Chart Recorder (0=l mV Range) which both
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amplified and recorded the signals As the amplified signal at
times exceeded 1 m.V. three resistances of 2,000, 200, and 20
ohms were placed in parallel with the recorder so that the
sensitivity could be altered (see fig. 6). When the recorder
was connected to position A its range was close to 1 m.V. but
when connected to positions B or C the range was increased to
approximately 10 or 100 m.V. respectively.

Lfhe power to the Wheatstone bridge circuit was supplied by
two 2 volt accumulators which, when fully charged, had an output
of approximately 4.2 volts. The bridge voltage was kept
constant at 4 volts by means of a variable resistance in series

with the accumulators.

2« ANALYTICAL METHODS

2. 1. Gas Chromatography
Gas chromatography was used for the aunslysis of oxygen,

methane, carbon monoxide, carbon dioxide, ethylene, ethane,
acetaldehyde, ethylene oxide, methanol,; ethanol, and water.
The columns used are given in table 1.

By attaching a gas burette to the U tube trap of the
chromatography system a knowa volume of gas at a knowa temperature
and pressure could be introduced into the analysis systems In
this way, by injecting a known amount of each compound on to the
appropriate chromatography coiumn and measuring the corresponding

peak area calibrabtion graphs of peak area vs. P moles were
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constructed for each compound.

Peak areas rather than peak heights were used for the
calibration as the latter are more dependent on the operating
parameters-“s

. The peak areas were measuréd by planimeter. As in any one
run there was liable to be as many as eleven peaks this method
was less time consuming than the method of measuring areas by
"Lrapeziums” . The measurement of the areas by the formula

'~ } peak width x peak height - was not used as this method

Yends to be inaccurate for tall narrow peakss

2« 2+ Qther iJethods

Formaldehyde wasldetermined by the method of Bricker and
Johnson®? 1 gn. of chromotropic acid (B.D.H. = sodium salt for
formaldehyde determination) was dissolved in 5 mls. distilled
water, and 1.5 mls. of the solution were then added to 0.8 mls.

of the aqueous formaldehyde solution. Approximately 8.5 mise.
of Analar concentrated sulphuric acid were then added and the
solution was heated for half an hour in boiling water. The
solution was cooled and made up to approximately 50 mls« in a
standard flask with distilled water. On cooling To room
tewmperature it was then accurately made up to the marks The
absorption of the coloured solution was compared to that of a
blank determination using 10 mm. gilica cells in an S.P, 600
Spectrophotometer at a waveleagth of 57002- The concentration

of the original formaldehyde solution could then be obtained
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from a previously constructed calibration graph.
As iU is known that formaldehyde condenses with hydrogen

84485487 somparisons were made of

peroxide in aqueous solutions
the absorbances of aqueous solutions of formaldehyde and agueous
solutions of formaldehyde plus hydrogen peroxides - It was
found, uaiLg ratios of formaldehyde to hydrogen peroxide similar
to those observed in the oxidation products, that the solutions
with the samne formaldehyde concentration had the same absorbance
whether or not hydrogen peroxide was present. Hence, under the
conditions used hydrogen peréoxide did not interfere with the
formaldehyde determination.

Acetaldehyde. Tests were carried out to confirm whether
or not the condensation of hydrogen peroxide with acetaldehyde

affected the determination of the latter by gas chromatography.

Iwo solutions were made up, both contained the same ratio of
methanol to acetaldehyde bub in the second solution hydrogen
peroxide (of approx. the same concenbration as that found in the
oxidation products ~ 30%) instead of water was added. The
methanol was present as a standard. On analysing these
solutions on column 3 it was found that when hydrogen peroxide
was present vhe area of the acetaldehyde peak was aboub %th of
that when only water was present. This indicated that hydrogen
peroxide interfered with the determination of acetaldehyde and
that an acetaldehyde~hydrogen peroxide adduct was formed.

Various attempts were made to destroy this adduct in order
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to liberate the acetaldehyde and this was finally achieved by
coating the surface of the sampling vessel with barium hydroxide.
When the synthetic mixtures were allowed to react on this surface
at the normal temperature'of the sampling vessel about 95% of
the acetaldehyde was recovered from the solution which contained
the Lydrogen peroxide. This method thus appeared satisfactory
for the determination of acetaldehyde in the presence of hydrogen
peroxide.

Using this method acetaldehyde determinations were carried
out on a l:1 mixture of ethane to oxygen abt 362°C (see table 2),
and the results are compared on fig. 1l0c¢ with those obtained when
the adduct was not previously destroyed. As it was at a rather
late stage in thée work when it was discovered that hydrogen
peroxide interfered with the determination of acetaldehyde only
three determinations were made but it can be seen thalt the values
for when the adduct was destroyed are spproximately 30% higher
than those for when the adduct was not destroyed. Thus all the
acetaldehyde values quoted in the tables to follow should be
increased by about 30%.

TABLE 2 (f£ige 10¢)

Series Js Ratio 02q§02 s l3l. Pressure = 442 mmse. Hge
Temp. = 362%,

Run No. ap bt g
cmse. Hge  mms. Hge

b 8 4.73 0«37

2 770 031

3 2.68 0.17
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Hydrogen Peroxide. Hydrogen peroxide was determined by
86

the method of Egerton et al. To a portion of stock solution
of 15% w/v titanous sulphate in sulphuric acid, dilute hydrogen
peroxide was added until the solution was a pale yellow colour.
l ml. of this reagent was then added to 3 mls. of an agueous
solution of the reaction products and the absorbance of the
resulting yellow solution determined using 10 mm. silica cells
in an SP.SOO Spectrophotometer at a wavelength of #1003. The
concentration of hydrogen peroxide in the original solution was
then determined from a previously constructed calibration graph.
Hydroperoxides if present in the reaction products will not
affect the determination of hydrogen peroxide as Egerton et al.
have shown that ethylhydroperoxide and di-ethyl peroxide do not

give a colouration with titanous sulphate.

3« RUN PROCEDURE

3. 1. Pumping Procedure

Since the reaction rate was sensitive to the state of the
walls of the vessel a stgndard pumping procedure was employed
before each run was carried out. This consisted of pumping for
fifteen minutes with no cold trap on the high vacuum side of the
mercury diffusion pump, followed by fifteen minutes pumping with
the cold trap present. The initial pumping had to be carried
out without a cold trap in front of the mercury diffusion pump
since any ethane present in the system would be retained in this
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trap and as ethane has a vapour pressure of the order 10'2 nmse.
Hg. at =183°C the apparatus could not then be pumped down below
this value.

3. 2. Kinetic Procedure

The mixing vessel was evacuated and the reactants introduced
in the order-additive, ethane, oxygen-by means of a "piling up”"
procedure. After the reaction vessel and Bourdon Spoon Gauge
had been evacuated they were connected to the mixing vessel
whence the entrance of the reactants into the reaction vessel
registered as a "kick" on the Bourdon Spoon Gauge. The reactants
were given fifteen seconds to equilibrate and then the connecting
tap between the reaction vessel and mixing vessel plus mercury
manometer was closed. The initial pressure of reactants in the
reaction vessel could then be read on the'mercury msnometer.
Thirty seconds after the entrance of the reactants the "shorting"
tap on the Bourdon Spoon Gauge was closed and the pressure
inecrease in the system could then be read off the metre scale
at any desired time.

5. 3. Analybical Procedure
Ihe sample for analysis was obtained by first isolating the

Bourdon Spoon Gauge from the reaction vessel and then immediately
opening the tap to the evacuated sampling system. After allowing
thirty seconds for equilibration this tap was then closed, along

with the taps on the two sampling vessels. The vessels were
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then cooled to =183°C in ligquid oxygen. The products condensed
in the detachable vessel were dissolved in a suitable volume of
distilled water and the agqueous solution analysed for either
formaldehyde or hydrogen peroxide.

The products uncondensable at ~183°C viz. oxygen, methane,
and carbon monoxide, which were contained in the other sampling
vessel were then transferred to the gas burette by means of the
Toepler puﬁp, whence the temperature, pressure and volume of the
fraction was measured. An aliquot of this fraction was then
admittved to the gas chromatography injection system and subse-
quently analysed on column l.

This procedure was repeated for those products uncondensable
at -80°C viz. carbon dioxide, ethylene, and ethane, with the
analysis being carried out on column 2.

The products condensable at -80°C viz. acetaldehyde, ethylene
oxide, methanol, ethanol, and water were distilled over into the
injection system of the chromatography unit and analysed on
columns 3 and 4. For the first five minutes after the injection
of fraction 3 into the gas stream the carrier gas from the outlet
end of column 3 passed through a coiled glass trap containing
glass beads (0.02 mm. diam.) cooled %o ~185°C and any acetaldehyde
or ethylene oxide in the fraction was condensed out on the beads.

After the five minmutes bThe gas stream was by-passed round this
trap and the pressure head in the water bubblers was adjusted so

that the flow rate remained constant. After a further fifteen
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- minutes, in which time methanol and ethanol were eluted, the
column was split so that the carrier gas only flowed through
the first half of the column. Finally the water peak was eluted.
Once the water peak had been completely eluted the carrier
gas was diverted so that after leaving the injection system it
passed through the coiled glass trap and then on to column 4.
When this trap was warmed up the acetaldehyde and ethylene oxide
were carried over on to column 4 where they were separated.
Owing to acetaldehyde and ethylene oxide having vapour
pressures of approximetely 1 mm. Hg. at -80°% part of these
products were carried over into the gas burette along with
fraction 2. The amount of each carried ¢verwas calculated by
injecting an aliquot of fraction 2 on to column 4 and measuring
the corresponding acetaldehyde and ethylene oxide peak areas.

3« 4. Calculation of Results

The results and calculations for a typical analysis are
shown belows:

Run No. 1(c) Ratio C,Hs0, = 311 Temp. = 362°C

Initial reading on Bourdon Gauge .« e = 5430
Final reading on Bourdon Gauge -« . o = 26.15

.. Pressure rise in reaction . PARSRERRRE 2085 Bourdon cmss
= 5,38 cmse Hge
Initial pressure of reaction mixture « = 29,58 cms. Hge

.« Final pressure of reaction mixture . « = 34.96 cms. Hg.
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Volume of reaction vessel = 522 cese Temp., « « = 382°C
«» No« of g moles in reaction vessel on sampling . « = 4610
.o ] moles in sampling vessel connected to Toepler pump = 355.8
<« p moles in detachable sampling vessel % 1y o = 416.3

Fraction 1

Volume of fraction . ¢ . o« = 24,09 mls.

Temperature of fraction . « = 21.5%
Pressure of fraction . ¢ ¢ = 3,62 cmse Hge
<« No. of g moles in fraction « + = 47.5
Product Peak Area Pﬁfgézgtin
02 .019 0.38
Cﬂu «039 090
co «031 587
Fraction 2
Volume of fraction ‘ . . . - 24.09 mls.
Temperature of fraction .« SR = 21-0°0
Pressure of fraction . 8% A . u ;4.20 cmse Hge.
«s No. of p moles in fraction . 9 = 186.6

CHO + 02H40 in fraction = 1.6

3
'« Corrected p moles in fraction . . 185.0

P moles of Cﬂ



216+

moles in
Product Peak Area Paliquot
Oaﬁs 098 13.91
Fraction 3
| Total Flow Rate moles in
Froduct Peak Area  po.p Area mlse./mine Pfraction
_CH3QHO (a) «001 «001 T4 0«12
(b) « Q004 0023
C 0 a « 140 .140
240 (@) T4 694
(b) «007 +041
02H503 « 040 « 040 66 Loy
2,50 .852 .852 108 8645

Peak areas (b) refer to the areas of the acetaldehyde and
ethylene oxide peaks obtained on injection of an aliquot of

fraction 2 on to column 4.

areas by multiplying by a factor egqual Go

Total amount of fraction 2

Amount of fraction 2 inaected on column 4

They are converted into total peak

Owing to changes in the ambient conditions the flow rates
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through the columns did not ramaiﬁ constant but varied by 2%
from the calibration flow rate. This could be ignored in the
case of columns 1 and 2 as the flow rate term cancels out in
the subsequent calculations but any variation in the flow rate
through column 3 had to be taken into account:

p moles of product X in fr. 3 = Pk« Area x Calibration Factor x

Obgerved Flow Rate
Calculated Flow Rate

The pressure of any product X in the reaction mixture is
given by the formula
P=(p, xF x M)/A xT)
where Py = number of M moles of product X in aliquotb.
A = %Total number of p moles in aliquot-
¥ = number of P moles in fraction.
T = npumber of R moles in sampling vessel.

M = final pressure of reactant mixture in reaction vessel.

In the case of either formaldehyde or hydrogen peroxide the
pressure in the reaction mixture is given by:
P=RxCxVxG6/HS
where R = absorbance of solution.
€C = calibration factor.
V = volume of water added to sample.
G = Zfactor converting a weight of formaldehyde or
hydrogen peroxide into a pressure in the reaction
vessel.

8 = % of reaction mixture entering sampling vessel.
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Applying the above formulae to Run 1l(c) we obtain the
results given in table 2.

TABLE 2
Press. in R.V,. Press. in R.V.

Product mus. Hg. Product mms. Hge
0, 2.48 C 5,0 6.82
CH4 5.88 GH;OH 599

GO 38.3 caasoa le4l
o, 4.%9 H50 85.0
cagu 19.3 HCHO 1.59
CHBGHO 0.12

Hydrogen peroxide yields were only determined for the
1l:l ratios of ethane and ethylene to oxygen at 56200, and hence
no value is given for hydrogen peroxide in the above table.
However this does not affect the calculation of the element
balances very considerably as the hydrogen peroxide decomposes
into water either on the walls of the reaction vessel, in contact
with the mercury of the Toepler pump or else on the chromatography
colunns, and the value for the water yield consequently includes

that of hydrogen peroxide.
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4. ELEMENT BALANCES

Element balances were constructed for Series L, M and N,

see tables 13, 14, 18. The number of mm. atoms of carbon,
hydrogen, and oxygen recovered did not vary in most cases by
more than 5% from the amount initially used and was often much
closer than this. However in the ethane oxidations since
ethane was generally the major component of the reaction mixture
the accuracy of the elements balance depended largely on the
accuracy of the determination of ethane. In fig. 7 the
experimental values for ethane in Series L are plotted alongside
those values calculated from the carbon content of the products
and it can be seen that the two lines, if drawn, would be more
or less coincidental. A similar agreement held for oxygen.
These results indicate that the elements balance for the
products was satisfactory and that no major product was

unaccounted for.
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5 PREPARATION AND PURIFICATION OF MATERIALS

5¢ 1. Column Packings
(a) Partition Curomatography.  Graded commercial celite

(60-80 mesh) was used as the solid support in all the columns.

Column 2 - Petroleum ether (140-160°C), 20% by weight of
the celite to be used, was dissolved in a suitable volume of
ether and then added, with continuous mixing, to the celite.

The ether was drawn off at the water pump and the celite plus
petroleun ether was then packed in a 10 ft. length of copper
tubing which was subsequently coiled so as to fit inside a quart
size thermos flask.

Columns % and 4 - Polyethylene glycol 400, 20% by weight of
the celite to be used, was dissolved in acetone and then added,
with conbtinuous mixing, to The celite. The acetone was then
evaporated off by heating the slurry to 100°¢ under vacuum.

Lhe dry celite plus polyethylene glycol was then packed in a
5 £ft. glass tube for column 3 and in 5 ft. copper tubing for
column 4. This latter column was also coiled so as To fit

inside a quart size thermos flask.

(b) Adsorption Chromatography.
Column 1 - Active carbon (24-32 mesh - Sutcliffe and

Speakman 27/0) was heated at 400°C under a vacuum for one hour
to remove adsorbed gases.

Pellets of Linde Molecular Sieve iype 54 were crushed and
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sieved. A sample of mesh A0-80 was then roasted in a erucible
over a meker burner for two hours.

The column was prepared by packing a 5 £t. glass column with
the Linde lolecular Sieve to within 6 ins. of the enmde The
remaining 6 ins. were then packed with the activated charcoal.

5. 2. Reactants and Other iMaterials
Ethane. Analysis by gas chromatography showed that the
ethane (B.0,G. cylinder) contained about 1.5% ethylene. This

was removed by passing the gas slowly upwards through a 23 cm.
O.D. column packed with activated charcoal which had been
saturated with bromine. Any bromine carried over from the
column was removed by passing the gas through a short tube filled
with firebrick (40-60 mesh) plus 20% by weight of NiN dimethyl p -
tolwidine. This method of removing bromine had the advantage
that the movement of the bromine front down the tube indicated
when the absorbent had been saturated. The purified ethane
emerging from the column was passed through a trap at -80°C and
then collected at -183°C. It was then further purified in the
apparatus by repeated distillations from -80% to -18500. the
middle fraction being retained in each case.

Oxygen. Oxygen was taken directly from a B.0.G. cylinder
_and any condensibles present were removed by slowly passing the
gas through two coiled glass traps maintained at -183°C. It
was not purified further and generally contained about 0.3%
nitrogen.
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Ethylene. Ethylene was taken from a B.0.G. eylinder.
On analysis by gas chromabtography it was found to contain about
1.3% carbon dioxide.

Acetaldehyde. B,.D.i. Laboratory Reagent. A Tfew crystals

of hydroquinone were added to each sample to decrease the
polymerisation rate.

The gases used for the calibrations,; apart from those

mentioned above, were obtained as follows:

Carbon Dioxide - Commercial Cardice -« Purified by
distillation under vacuo, the middle
fraction being retained.

Ethylene Oxide - R, D,H., Taboratory Reagent.

Methanol - Absolute methanol.
Ethanol - Absolute ethanol.

Carbon ionoxide - Carbon monoxide was prepared by dropping

formic acid on to concentrated sulphuric
acid heated to a 100°C in a vacuum. The
carbon monoxide evolved was purified by
passage through two traps at -183°C and
then stored in the apparatus.
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The experimental results are divided into two seetions (1)
Analytieal and (2) Kinetie., The main objeet of this research
was to examine the products from ethane oxidationy; both gaseous
and liquid, over a wide range of experimental conditions, and
consequently the majority of results listed are of an analytical
nature, They are given in a logical rather than a chronological
order, and their theoretical implications will be considered
mainly in the Discussion,

1. ANALYTICAL RESULTS

The analysis were carried out on samples withdrawn from
the reaction vessel after a desired pressure increase and the
results were illustrated graphically by plotting the pressure of
product in the reaction vesgsel against extent of reaction, The
extent of reaction being measured either by the pressure
inerease in the system or else by the amount of water formed.
The ethane and oxygen consumptions could not be used as a
measure of the extent of reaction as they were obtained by the
subtraction of two large numbers and were liable to be inaccurate.
The reaction time was also considered too unreliable as the
induetion periocd tended to vary depending on the surface
condition of the reaction vessel,

In the ethylene oxidation, where there was always an initial
pressure decrease, the water formed was used as a measure of the
extent of reaction. However, whether the pressure rise or water
formed was taken, the ratios of the initial ylelds of products
obtained from the plots remained the same,



301,

When oxidations were initially carried out the induction
period for a I3l mixture of ethane to oxygen at an initial pressure
of 444 mms.Hg, and at a temperature of 362°C was appréximately four
hours. This was incomveniently long and therefore 0.5% acetalde-
hyde was added to the reactant mixture. The induection period was
then reduced to about four mimutes. (The induction period being
taken as the time required for the pressure in the reaction vessel
to inerease by 0,25 Bourdon ems, = 0,05 ems.Hg,)

A series of runs were carried out with the above mixture plus
0.5% acetaldehyde and the results are given in Table 3 and shown
graphically on fig. 8.

After carrying out these runs it was found that the reaction
vessel had become "aclimatised" and that when the same mixture was
oxidised without acetaldehyde the induetion period was now only
about twenty-four minutes. The oxidation of ethane, without
acetaldehyde initially present, was then investigated and the
results are given in Table 4 and on fig. 8.

It can be seen from fig, 8 that in the initial stages the
presence of acetaldehyde inereased the yields of carbon monoxide,
carbon dioxide, methanol, ethylene, and water. However when an
amount of acetaldehyde equal to that added to the reactants was
oxidised by itself i.e., by using the same mixture as above but
with the ethane replaced by nitrogen, it was found that the
carbon monoxide, carbon dioxide, and water produced were

carbon
equivalent to the "extra'/ monoxide, carbon dioxide, and water
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formed in the acetaldehyde initiated ethane oxidation, This is
illustrated in table 5,

IAELE_E.
Ratio caﬂé'oz = 131 Pressure = 444 mms.Hg. Temp., = 362°c
Op 11l Mixture 131 Mixture Op due to oxdn, Oxdn.of
e ;
049 mm.Hg 2 mu,CH,CHO of CHyCHO in 2 mm,
mixt, - CHyCHO
0, 7.8 2.0 5.8 5.5
Consumed :
co 2.8 0.0 2.8 3.7
co, 0.8 0.0 0.8 0,88
C H, 3.9 2,4 1.5 0.0
CH,OH 0.7 0.0 ' 0.9 0.0
H,0 5.3 =t o 3.1 3.1

The figures in table 5 show that the oxidation of acetaldehyde
is superimposed on the oxidation of ethane with respect to carbon
monoxide, carbon dloxide, water, and oxygen consumption, This
effect however is not only confined to ethane oxidation and Cullis
and Hinshalwaodsg concluded that the acetaldehyde added to benzene=-
oxygen and pentane-oxygen systems also oxidised more or less
independently of the hydrocarbon,

The ylelds of ethylene and methanol are also increased by the
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addition of acetaldehyde. This suggests that the acetaldehyde
on oxidising 1ﬂ£roduees radicals into the system which can then
react with ethane to produce ethylene and methanol. If it is
assumed that the initiation step in acetaldehyde oxidation involves
- the production of acetyl and hydroperoxy radicals, as suggested by
MeDowell and ThnmasgB, then the formation of ethylene and methanol
can be readily explained.
Initiation = « = « « CH30H0 + 02 = CH3GG + HO,

At the temperatures used the acetyl radicals will decompose into
methyl radicals and earbon monoxide, and the methyl radiecals will
then most probably be converted to methanol by the following stepsie-

GHB+ 0, = CHy0 + OH
OH + 0H38H3 = GHBOH + GH3

Although there is no direct evidence for this scheme the fact
that the presence of ethane greatly inereases the initial yleld of
methanol holds strongly in i%s favour.

The hydroperoxy radical produced in the initiatién step will,
as is shown later, probably abstract hydrogen from the ethane
present to produce an alkyl radieal; which on reacticn with oxygen
will give ethylene and another hydroperoxy radiecal,

Collg + HOp = 0235 + Hy0,
02515 *$ Qg = 02}144- 110_2

Hydrogen peroxide is also a product of this chain reaction,
and although no analysis were carried out for hydrogen peroxide
in this series of runs, evidence that the addition of acetaldehyde
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will inerease the initial yield of hydrogen peroxide comes from
the work of Kaoijmsn;sl on the oxldation of ethane and propane.
Kooijman found that with propane the yield of peroxide passed
through maxima at 400° and 465%°C but with ethane only the higher
maximum could be observed. However the addition of 1% acetaldehyde
to the ethane resulted in the appearance of the lower maximum,
These results can be conveniently explained by supposing that the
added acetaldehyde initiates the above chain and consequently
inereases the yleld of hydrogen peroxide. If the acetaldehyde
were to react as it was heating up in the reactlion vessel then at
the lower temperatures the 302 radical would probably be produced

by the reactions :

0235+ 02 B ,caao + CH30

6330 +0, = CH,0 + HO,
sfnce 1t has been shown in the present work that the first of these
reactions has a lower activation energy than the reaction
02H5+ ey = caﬂqr HO,« This latter reaction will however predomin-
ate as the temperature of the mixture comes up to the temperature
of the surroundings.

It is envisaged that ethylene is formed by a chain reaction
but since the yield of "extra" ethylene is much smaller than that
which would be observed if each acetaldehyde molecule initiated a
nevw chain there must be some factor which limits the inerease
in the ethylene yleld., The most likely is that the écataldehyﬂo
reacts as 1t 1s heating up in the reaction vessel and is mostly
consumed by the time the hydrocarbon mixture has reached a
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temperature at which it can take part in reaction. Evidence for
this comes from the fact that acetaldehyde is known to oxidise
rapildly at temperatures below that at which the present oxidations
were carried Gut64, and that products were formed before the
"shorting" tap on the Bourdon Spoon Gauge could be closeds This
latter feature was indicated by there being products present at
"zero" pressure rise. (See figs.Ba and 8b).

Apart from the fact that most of the acetaldehyde may have
reacted before reactlon with the hydrocarbon can take place, the
yield of "extra" ethylene will be small since the reaction
62H5+ 0, = GH3° + CH,0 will predominate over the ethylene

producing reaction 0255+ 02 = Caﬂét 302 at the lower temperatures,

There are two other possibilities for the small increase in the
ethylene yleld viz. that the chains consuming ethane aré short in
the initlal stages, and that most of the acetaldehyde is destréyed
at the walls of the reaction vessel. The first possibility is
unlikely but the second may account for some of the acetaldehyde

which 1is consumed before reaction with the hydroecarbon occurs.

The effeet of adding acetaldehyde to oxidation systems has
been studied by several workers, Townend and Chamberlain?6
noted that the addition of 1% acetaldehyde to ethane~alr mixtures
markedly decreased the pressure at which ignition oceurred and
also reduced the time of ignition lag from minutes or even hours

to seconds. Pease‘gs‘- and Bone and Hill3 also found that the
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addition of acetaldehyde to oxidation systems reduced the induection
period and they observed that Af too much acetaldehyde was added
then the reaction mixture exploded.

Although the addition of acetaldehyde has a very pronounced
effect on the induction period it does not greatly alter the
maximum rate of reaction, Fig.l8 shows the effect of added
acetaldehyde on the pressure-~time curves for ethane oxidation at
362%, and it is elear that varying amounts of additive have little
effeet on the maximum rate of reaction, ©Simllar results were also
obtained by ﬂulcahyﬁo for propane oxidation but in this case it was
also shown that the temperature at which the acetaldehyde was added
did not alter the effect of the acetaldehydes These observations
are not confined to acetaldehyde and it has been show: that other
additives, such a® formaldehyde, do not alter the maximum rate of

reaction wvhen added to hydrocarbon oxidation s’ystems.lo6

Experiments were carried out to determine the products of
acetaldehyde oxidation at 362°C and to determine how rapidly it
was oxidised at this temperature, The results are listed in
table 6.
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' AR 6 (Pig. 9)
Ratlo CH,CHOMNy#0, = 1120,4120,4 Prossure = 442 mus,fg.
. Temp, = 3629

g:‘a Ez":: 0y N, CH,CHO CO GO  CH0H H0  HOHO
1 3.0 203.7 2104 =~ 11,2 4,80 1.33 13.9 1.20
2 2.0 202,4 2114 - 9.60 4,10 1,30 12,0 1,50
3 1,0 202,8 210.4 1.32 9,80 4,10 1,00 10,5 2,02
4 3.0 196,5 210.4 1,00 11,3 4,42 1,34 11,7 1,58
5§ 0.5 202,1 210,0 l.72 8,50 3,97 1,00 1.2 2,40
6 0,25 209,8 206.7 2,22 9,53 3.5¢ 1,13 11,0 2,49

HeB, "e" denotes not recorded.

It can be seen from £ig. 9 that the acetaldechyde oxidises
rapidly at 3629 and that after thirty seconds about 80% of the
acotaldehyﬂo had been converted to the end products, carbon
monoxide, carbon dioxide, methanol, aund water. Formaldehyde is
also formed but its yleld passes through a maximum indieating that
1% acts as an intermediate. These results are similer to those
obtained by Newitt, Baxt and Kelk&r” for the oxidation oi acetaldehyde
in a flow system at 360°C, but they found that the reaction was
fastor in their aaué, taking only ten seconds for 80% reaction,
and that peracetic acid and traces of acetie and formic acids were
alzo formed. Howvever g@s there is no narked diserepancy in the
carbon balance for the runs tabulated in table 6, the amounts of
peracetic aecld, acetic acld and formie acid, if formed, must be
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small,
According to MeDowell and Thomas’> the initiation step in
acetaldehyde oxidation produces acetyl and hydroperoxy radicals,

CHBCHD + 02 = CH300 + Hba.

© The hydroperoxy radicals rdraed will either be destroyed at
the walls of the vessel or else abstract hydrogen to give hydrogen
peroxide whiech on decomposing will give water and oxygen. On the
‘other hand, the acetyl radicgls will almost certainly decompose '
into methyl and carbon monoxide before further reaction can take
place, The methyl radicals formed will then probably oxidise to
give formaldehyde and hyﬁroxy radicals, and the formaldehyde on
oxidation will give carbon monoxide, carbon dioxide, and water,
Howeva? the fate or\the hydroxy radicals is not so certain,

It 1s suggested that these radicals will abstract methyl from
‘the acetaldehyde to produce methanol and formyl radicals,
CHiCHO 4 OH = CH,0H + CHO B

This reaction will probably have a lower activation energy
than the reaction
GH3CH0 + 0H = GHéco + Hy0

since the CHé-CHO bond is wealker (75+-2 k,cal.,) than the CH300 ~H bon
(about 85 keal.)

The view that the first of these reactions will be predominant -
receives support from the fact that when acetaldehyde oxidilses in
the preseence of ethane the yield of methanol is inereased whereas
the yield of water remains the same, This shows that the C-C bond
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in the ethane molecule is broken in preference to the stronger
C-H bond, and that the reaction

GHBCH3+ OH = CH3OH + GH3
takes place in preference to

CH.CH. .+ OH = CH,.+

H3 3 0 GH3 Hé H20
There are other possibilities for the formation of methanol
but they are not so plausible as the above hydroxy radical
1

reaction. Newitt and Baxtg suggested that the aleohol was formed
by the breakdown of a peroxide of the following structures=
Gﬁa

- e

CH,

l | = CHBOH + 002
0—0—0
This requires a far reaching rearrangement of the molecule and
is therefore unlikely. A more plausible resction scheme was put
forward by McDowell and Thﬂmasgz. They suggested that paracetiec
acid radicals were formed which on subsequent decomposition produced
methoxy radicals which in turn formed methanol by hydrogen abstracte
- ilon, ‘

CH CO + 0. = CH.CO
3 2 3 3

CH_.CO CH + CO
379 o 2

0}130 + cn3cno = cH'30H + CH360

Lo

However as the present work was carried out some 200° or so
higher than that of McDowell and Thomas the acetyl radicals produced
will decompose rather than combine with oxygen.
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It has been shown that methanol is formed in the oxidation of
methyl radicals at temperatures of about 150°C. The suggested
reactions ares=-

a) CH, + CH,00 = HCHO + CH,OH (Ekedel, ngg and Leighton

b) CH300 r 83300 ly 20330 * (Raley,?orter,ﬂgzt and
Vaughan?< )

GH30 + CH30 = CHBQH + CH,0

In their experiments on free methyl Raley, Porter, hust and
Vaughan concluded that methyl radicals were oxidised almost as
quickly as they were formed and were present in much smaller
concentrations than the methyl peroxy radicals. If this is
the case the first of the above schemes wWill be unimpértant as
compared to the second, Although methanol may well be formed
by means of this latter scheme under conditions of low temperature
and high methyl peroxy radleal concentration, it is unlikely that
it will be formed by this mechanism in the present work since at
the temperabtures used the meéhyl PBTOXY radicals would be expected
to decompose into HCHO + OH. Although it has been demonstrated
that the reaction of methyl radicals with oxygen will produce

e it may be

methyl peroxy radicals at temperatures up to 200°C
assumed that at 362°C the reaetion will produce formaldehyde and
hydroxyl radicals as this is the most likely manner in which
formaldehyde can be formed in the oxidation of acetaldahyde.
From the above considerations, the following are the likely
reactlions whereby C0,C0,, CHBOH, HCHOy and HoOare formed in the

oxidation of acetaldehyde at 362°%,

116,

)
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a) CH.CHO + 0, = CH3GO + HO,

3
b) CH,C0 = CH, - fi
e) GH3 + 02 = ﬁ&o. + OH
d) OH + GH3CH0 = EHAO_H. + CHO

® CHO+ 0, = CO0,CO,

) GH30H0 + HOy= cH300 + Hy0,

b

g) H,0, + wall = Hao + s}oz

In order to determine the dependence of the
yields of the various products on the oxygen concentration
experiments were carried out with 33l and 132 mixtures of ethane
to oxygen in addition to the 13l mixture. The results are shown
in tables 7 and 8 and on fig. 10. To give a clearer picture of
the relative ylelds, the products from the 1l:il mixtuﬁo are plotted
together on fig.ll,.

The initial ylelds of products for these mixtures along with
those for other mixtures at different temperatures are summarised
in table 9« The initial rate of formation of any produet with
respect to pressure rise or water formed was obtained by drawing
a line tangentlal to the curve through the early points on the
pressure vs. extent of reaction plot. (For illustration see
£ig.15.)

The results given in table 9, althougﬁ only approximate, show
that about 70-80% of the ethane consumed in the initial stages is
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converted to ethylene and that there is no marked oxygen
dependence of any of the products, except perhaps formaldehyde, in
the initial stages of reaction. This indicates that the reactions
producing the initial productes must all have the same kinetiec
dependence on oxygen.

The most striking feature of the later stage results 1s the
sharp maxima exhibited by methanol, formaldehyde and ethylene with
the 31l ethane to oxygen mixture. The maxima all occur after about
70% reaction and it is interesting to note that the yield of methane
rises sharply at this point, presumably owing to methyl radicals in
the system abstracting h¥drogen when the oxygen coneentration falls,
This suggests that the maxime in the ylelds of methanol, formaldehyde
and ethylene are due to the fall in oxygen conecentration, Since
they are produced via reactions involving oxygen their rate of
production will fall as the oxygen is depleted and a point will be
reached where the rate of removal exceeds the rate of production
and a maximum will result. With the 1:2 ethane to oxygen mixture
the methanol yield does not pass through a maximum presuwmably
because the oxygen concentration is always sufficiently high to
maintain its rate of prodwetion.

As about 75% of the ethane initially consumed was
converted to ethylene, an ethane-ethylene mixture was oxidised in
order to determine what effect the ethylene formed in the initial
stages had on the subsequent. reaction,

The total hydrocarbon concentration was the same as in the lil

mixture used previously but part of the ethane was replaced by
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ethylene in an amount equal to its stationary state concentration
in the 131 ethane to oxygen mixture il.e. the initial ethylene
concentration equalled that at the maximum rate of reaction in
the li1l mixture, The results obtained are given in table 10 and
on figs.1l2a and 12b,

Even although ethylene was initially present in substantial
amounts its production in the early stages still exceeded i1ts con-
sumption and the ethylene concentration increased before passing
through a maximum after about 10% reaction, This indiecates that
the radical removing ethane in the initial stages is considerably
less reactive with respeet to ethylene than the radieal which
removes it in the later stages. At the maximum in the ethylene -
vield the ratio ofeth&lane to ethane was approximately equal to
the equilibrium ratio in the 13l ethane to oxygen mixture,

Table 9 shows that the effeet of the added ethylene is to
increase the initlal yields of carbon monoxide, formaldehyde, and
water, and since it ¢an be seen from the experiments deseribed in
the next section that these are the major products from the
oxidation of ethylene, 1t suggests that the ethylene formed in the
course of ethane oxlidation will be oxidised independently to these
products,.

1.4, Oxidation of

As ethylene is the major initial product from the

oxidation of ethane at 362°C and as its coneentration passes
through a maximum close to the maximum rate of reaction, it is
clear that ethylene plays an important role in ethane oxidation,
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Consequently the oxidation of ethylene vas imvestigated and the
results are given in tables 11 and 12 and on figss 13 (2) and 13 (b)e.
The results given in table 11 are for the oxidation of a 13l
mixture of ethylene to oxygen and those given in table 12 are for the
initial stages in the oxidation of a 112 mixture.

The most obvious feature of these results is that in the early
stages of reaction between 90=95% of the ethylene is converted to
formaldehyde,  However after about 3% reaction the yleld of
formaldehyde starts to fall showing that the formaldehyde itself is
being oxidised, and since the yleld of carbon monoxide rises as the
formaldehyde yield falls it suggests that the degradation of the
ethylene te carbon monoxide proceeds via formaldehyde as an inter=
mediary.

Another interesting feature of the results is the sudden
inerease in the yields of methane, ethane, and ethanol after about
80% reaction. This indicates that methyl and ethyl radicals are
produced in the system and that when the oxygen concentration falls
they are able to abstraet a hydrogen atom to give the corresponding
hydrocarbon, The increase in the yield of ethancl could be
attributed to the reaction of ethyl and hydroxyl radicals.

In the oxidation of ethane the most plausible chain
propagating steps aret-

C,He#+ HO, # caﬂs + Hy0y = = = (1)

Coligh 0, = Cyliy + li0; = = = (2)

and it is likely that reaction (2) will be the source of the ethyl
radicals formed in the oxidation of ethylene.
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When the oxygen congentration is high the ethyl radicals
produced will be oxidised baek to ethylene and hydroperoxy
radicals but as the oxygen is depleted the alkyl radicals will be
able to abstraet hydrogen to produce ethane, and at the same time
the rate ¢f production of an_radicals by reaction (2} and by
other reactions involving oxygen will fall., Consequently the
rate of production of hydrogen peroxide will fall, and as the
hydrogen peroxide already present in the system will decompose
rapidly there will be m marked decrease in the yleld of hydrogen
peroxide at this points This can be seen on fig.13a, It is
interesting to note that the eonnection between the fall in
oxygen concentration and the fall in the yleld of hydrogen
peroxide 1s shown up by the faet that the methane, ethane and
ethanol ylelds increase at the point where the hydrogen peroxide
yield decreases. (figs.1l3a and 13b).

I% can also be séen from figs.l3a and 13b that tbe main
degradation products in the oxidation of ethylene are carbon
monoxide and water, with some carbon dloxldes This, and the
fact that formaldehyde is the major intermediate product, is in
agreement with other ethylene oxidation work.9?

There was always a slighi pressure decrease at the
beginning of the reaction (see fig.17). The products whese
formatior would cause a pressure decreasé are hydrogen-peroxide
and ethylene oxide, but since in the inltial stages thelr ylelds
are too low to account for the observed decrease some other
explanation has to be sought. Formaldehyde was the major

produet at this stage and the pressure decrease may be due to
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either polymerisation of the formaldehyde or else to the formation
of a cyeclic peroxy compound prior to the formaldehyde formation e.g.

| G, + X = CHCH +HX |

oliy
CHCH +0 = CH—CH
5 2 Ia |
0 —o0
CHy-CH PR
B
- I | =2 CH O
0—0 2
0—0

A similar mechanism to the above was propesed by Mciwan and
Tipper99 for the slow combustion of cyclopropane, but in this case
it was suggested that the cyclic peroxy radical formed split before

hydrogen abstraction could occur,

CH—0 '
T;P =2 GHéGHD + GH20-
GHa-—— GHé

Aceording to these above schemes the formaldehyde is formed by
means of a free radical mechanism but it is also possible that 1t
is formed via a molecular addition reaction viz.

0H2 = cﬂé 4+ 02 = CH@——-CHE - 26H20

P —90
The view that oxygen could add across an ethylenic double bond -
was favoured by Dobrinskaya and Newmann?a. They explained their

observations on the oxidation of butene~2 in terms of two alterna-
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tive modes of oxygen attack, one leading to hydroperoxide formation
and the other to eyeclie peroxide formation by addition aeross the
double bond, However thls was not the first time that this
mechanigm had been proposed for the formation of ecyelic peréxidex
as Ubbelohda7, in 1935, had suggested@ that they could be formed by
the peroxidation of ungaturated oxygen ring compounds..

GHé——'Gﬁg i Ci— CH
+02= I
CH G=GH2 C*CII
o &
0 d/o —0

Several other workers have obsgerved an initial pressure
decrease in olefin oxidation but this has generally/ggigibuted to
either (1) radical polymerisation (2) hydroperoxide formation, or
(3) the endothermiecity of the initlal step.

(1)
Cox e that hydrocarbons with more than three carbon atoms were
formed in the oxidation of ethylene at 515°G provided evidence

that radical polymerisation could occur in oxidation systems.

The discovery by bBurgoyne anﬂ

This would naturally cause a pressure decrease in the system, and
it was suggested by Skirrow >0 and by Blundell and Skirrow'%t that
this could partially account for the pressure decrease observed in
the oxidation of hexene~l at 263°C and of butene-2 between 290-395°C
respectively. However as they did not analyse for the presence of
higher hydrocarbons it is not possible to say definitely whether or

not radieal polymerisation does occur at these lower temperatures.
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It is unlikely that radical ianduced polymerisation occurred in
the present vwork on ethylene oxidation since there was no indication
from the ehromatograms that higher hydrocarbons were formed.'

(2) ' The stoichimetric equation for

the formatlon of hydroperoxides RH+0, = ROOH requires a decrease in
the number of molecules in the system which in turn redquires a

@ecrease of pressure in the system. This, plus the fact that
Blundell and Skirrawlol have shown for the oxidation 6f butene=-2
between 296-39§°G that the maximum in ‘he yield of peroxide
corresponds almost exactly to the minimum in the pressure-tinme
gurves, provides strong evidence that the pressure decrease in
oxidation systems can be caused by the formation of hyﬂxabercxidos.'

Further evidence for this comes from the work of Lemay and

102
Ouellet who found that coating the reaction vessel surface with
potassium chloride (known to decompose peroxides) eliminated the

pressure deerease in the oxidabtion of etiher.

Although the formation of hydroperoxides might be reéponaible
for the pressure decrease in eertain gystems it is unlikely in
ethylene oxidation as 1t is difficult to conceive of a scheme
involving hydfoperaxides whieh ecan explain both the pressure
gecrease and the formation of rorﬁaldehyde. A mechanism
involving the formation of a cyelic peroxide does however fulfil
both these requirements.

(3) ZIhe Endothermicity of the Initial Reaction, The initial
step in hydrocarbon oxidation RH#05 = R + Hﬁa is endothermie and
salovja’® thought that the endothermieity of this step might be
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such that it could cause a temperature drop in the system and hence
cause a pressure drop in the system., He did in fact show for the
oxidation of n~heptane/air mixtures in a flow system that in the
. initial stages the temperature fell by about 4-5°C, but as this
effect could only be observed at the temperature at which the
oxidation Just commenced and not at higher temperatures, it is
impropable that a decrease in pressure can be attributed to a
temperature decrease in those systems maintained at temperatures

vwell above that at whiech the oxidations just commence.

0I_lemperature on thane and hgh CLIC .!.5 LOIlS

In the ethane oxidationé carried out at 362°C the
main initial products were ethylene and formaldehyde y; and for the
131 ethane to oxygen mixture the ratio of the initial yield of
ethylene to formaldehyde was 7.7. However the results given in
table 13 for the oxidation of ethane at 318%C show that the

initial ethylene to formaldehyde ratio is Q.96 and that formaldehyde
is now the major initial product. This suggests that in the early
stages of ethane oxidation there are two main competing reactions of
different activation energles.

Experiments carried out at 318°%C with mixtures of differing
oxygen content (tables 13 and 14) show, as in the case of the
oxidations at 362°C, that the ylelds of the initial procuets do not
vary appreciably with oxygen content, This indicates that oxygen
is not kinetically important in thelr formation and that they are
formed via the ethyl peroxy radieal or a transition complex of the
formula CzHSOO. Thus the ratios of the initial products will
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depchﬂ upon the subsequent reactions of this radical or eomplex,
and as ethylene and formaldehyde are the major initial products
the main competing reactions in the early stages are likely to bes=

_3CphH, + HOp = =« « = (a)
¢ 0y = Gyl 00 274 2
2H5'.‘ 2 2 \’ ok cﬂe-u“(b)
cﬂé 3

Oxidations were carried out at 340°C and 386°C with 1:1 ethane -
to oxvegen mixtufes in order to determine the initial ethylene to
rormaldehyde ratios at these temperatures, The yields of the
initial products in these oxidations are given in tables 15 and 16,

From the variation in the initial ethylene to formaldehyde
ratio with temperadure (table 17) on activation energy plot was
drawn up (fig.16) and the difference in aetivation energies of
reactions (a) and (b) was caleculated to belal + 5 keal, The A
Iractor ratlo being approx. 108.

‘ The econtinuous line on £ig.l6 represénts the value for the
initial ethylene to formaldehyde ratlo when no acetaldehyde was
added to the reactant mixture, and the dotted line represents the
value when acetaldehyde was added.

The initial ethylene to formaldehyde ratio at 318°C when
acetaldehyde was absent was calculated by adding to the value for
the ratic when acetaldehyde was present the difference between the
"acetaldehyde”" and "non-acetaldehyde" values at 36290.

The products from the oxidation of ethylene at 318°e vere
examined and the results are givem in table 18 and on figs.l3a. and
13b. The fall in pressure at the beginning of the reaction was
about five times that observed at 362°C and the percentage
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conversion of ethylene to formaldehyde was about 69% as compared to
about 90% at 362°C.

Sinece the formation of ethylene oxide snd of the proposed
intermediate cyclic peroxide both cause a decrease in.tha number of
molecules in the system and hence a decrease In pressure, the
inerease in the pressure fall may be caused by increased vields of
these compounds at the lower temperature. Table 9 shows that the
ethylene oxide yield is almost doubled at the lower temperature but
as this ean only account for part of the decrease in pressure it
suggests that the vield of the intermediate cyelic peroxide may
- also be increased at the lower temperature. The increase in the
amount of- peroxide present 1s probably due to its increased
stabllity at the lower temperature.

The gereral features of ethylene oxidation at 318°c are the
same as at 362°C, formaldehyde being the main intermediate product
and carbon monoxide and water the main degradation productSa.

1.6.

Separate experiments were carried out to determine
the hydrogen peroxide yields in 1:l mixtures of ethane and ethylene
to oxygen at 362°c; (tables 19 and 20 and figs.8b and 13a). With
ethane the initial yield was about 30% that of water and with
ethylene about 50%. In view of the rapid hetarogene&us decomposition‘
of hydrogen peroxide the percentage of hydrogen peroxide initially
formed wiill be much higher than that actually detected, and as
relatively large amounts are in fact detected it suggests that
hydrogen peroxide 1s one of the major initial products in both
ethane and ethylene oxidations. 1In the case of ethane
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oxidation this is in agreement with the theory that the chain

propagating reactions are -
| CyHg+ HO, = Cplig + Hy0,
02H5+ 02 = 02H4 + Hoa
0
2

CH+0O =CHO+ CHO --.°- H O +
Fgt 1 fy y CH,0 + HO,

With both the ethane and ethylene oxidation systems the yields
of hydrogen peroxide passed through maxima after about 60%
reaction, presumably owing to the depletlion of the reactants and to
the decomposition of the hydrogen pe roxide itself.

The mechanism of hydrogen peroxide decomposition has been the
subject of extensive studylo? and it has been shown that at
temperatures below 420°%¢ the decomposition is almost entirely
heterogeneous whereas above 420°%¢ homogeneous decomposition becomes
significant. Thus at 362°C the hydrogen peroxide will decompose
heterogeneously to give water and oxygen.

Hy0, + wall = H,0 + 3 0,

2. KINETIC FESULTS

Pressure-time curves for various ethane~oxygen and ethylene-
oxygen mixtures at difrering temperatures are shown on fig.l7. They
have a typlcal sigmoid form, with a period of slow reactlon followed
by a faster reaction inereasing to a maximum rate and then falling
off to zero. '

The most notable feature 1s the small total pressure increase in
the oxidation of ethylene as compared to that in the oxidation of
ethane, The major products at the end of the reaction, both with
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ethane and ethylene, Were carbon monoxide and water, and as the
formation of one molecule of carbon monoxide involves the consumption
of half a molecule of ethane and half a molecule of oxygen without
any resultant pressure change, the differences in the final pressures
mist be due to the amounts of water formed, With a 1l:1 mixture of
ethane to oxygen at an initial pressure of 444 mms.Hg.at a tempera-
ture of 362°C the final water pressure was approximately 220 mms,Hg.
whereas in the corresponding mixture for ethylene the pressure was
approximately 150 mms., This difference of approximately 70 mms.

can account for the difference in total pressure increase between
the ethane and ethylene oxidations.

Fig.l7 shouws that the maximum rate of reaction for ethane
oxidation increases with temperature and that the initial pressure
decrease observed in ethylene oxidation is much larger at 318°C
than at 362°C.

As acetaldehyde was used in the early stages of the work to
initiate the recaction between ethane and oxygen it was of interest
to ascertaln what effect its addition had on the kinetles of the
reaction. The effect of adding various amounts of acetaldehyde
to a 1l:1 mixture of ethane to oxygen at 362°c is shown on fig.18.

It can be seen that increasing the amount of acetaldehyde reduces
the induction period but has little effect on the maximum rate of
reaction, The addition of intermediates to oxidatlon systems can
cause a "negative induction period", where the reaction starts off
at a rate greater than the normal maximum rate of reaction and then

slows down to give the normal maximum rate of reactlion when no
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additive was introduced, but in this case the addition of up to 2%
acetaldehyde to the reactant mixture did not produce this effect.

The three paremeters commonly used in the interpretation of the
kineties of hydrocarbon oxidation are the induetion periéd, ihn
maximum rate of reaction, and the acceleration constant, The
acceleration constant was taken to be the most reliable of these
parameters since the inductlion period is affected by factors such
as the reaction vessel surface and reactant concentrations, and
since 1t is uncertain vhether the maximum in the reaction rate is
caused by destruction of the branching intermediate or by
depletion of the reactants.

Semenov showed that the pressure increase in the early stages
of hydrocarbon oxidation was given by the expression s=-

Ap = HQM whered= the acceleraticii constant,

Thus the acceleration constant can be obtained by plotting
eitharMp. vs. t or dAp./dt. vs,Dp. The latter method is
preferable as 1t eliminates any erross in Ap, but 1t also has the
advantage that the acceleration constant can be obtained at any
stage in the reaction from the slope of the line at that peint.

A typical ;plot of rate vs. Dp is shown on fig. 19. It
consists of four sections = an induetion period in which the rate
and acceleration of the reaction inereases slowly, followed by a
straizht portion in which the rate accelerates exponentially, and
then the acceleration falls off until at the maximum rate of
reaction it 1s zero, and this is filnally followed by a period in

whilech the rcaction decelerates. The rate of this deceleration
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varies with the oxygen content of the mixture, the less oxygen
initially present the faster the rate of deceleration. The
acceleration constant rdr the reaction wasltaken as the slope of
the straight portion of the plot.

With the oxidatlons inltiated by acetaldehyde the rate of
reactlon in the induction period was greater than when no acetalde=~
hyde was added, However this is not the case for the later stages,
and 1t can be seen from fig. 20 that with the mixture having an
initial ethane pressure of 32.6 cms.Hg the value of the acceleration
constant for when no acetaldehyde was added was, within the
experimental error, the same as the value for when aceﬁaldehydo was
added, This shows that the addition of acetaldehyde did not alter
the aeeeleration constant.

The wvariation of the acceleration constant with initial oxygen
coneentration is shown on fig. 23 and in table 21, The acceleration
constant is dependent on the oxygen conecentration for mixtures weak
in oxygen but as has been observed for other systems62'1°8 it is
almost independent of oxygen in oxygen rich nmixtures.

The effect of initial hydrocarbon conecentration on the
acceleration constant is shown on fig.20 and in table 21, In an
investigation of the kinetlcs of ethane oxidation in a spherical
reaction vessel at 3z8°c Knn:?g observed that the aceceleration
eonstant inereased linearly with the initlal ethane pressure.
However it can be seen from fig. 20 that this relationship does notk
hold in a eylindrieal reaction vessel at 362°C and that the
dependence of the acceleration constant on initial ethane pressure
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is greater than unity. This suggests that the reaction is

catalysed by some product from the oxidation. This product may be
ethylene and it is perhaps significant that the rate of production
of ethylene is much greater at 3629C than at 318°C, and that the sube
stitution of ethylene for ethane in a 11l mixture at 362°C markedly
inereases the acceleration constant. (Table 24, £ig. 23.)

Table 23 and fig. 22 show that the addition of "inert" gas viz,
carbon dloxide, inereases the aecelﬁration eénstant of the reactlon
suggesting that the reaction chains are terminated on the walls of
the reaction vessel and that the rate of termination 1s determined
by the rate of diffusion of active particles to the walls. Thus
the differences observed between this work and that of Knox could be
due to the difference in reaction vessels and the consequent difference
in wall effects.

_other_workers have examined the variation of the acceleration
cdnstant with initial hydrocarbon pressure. Wright57 studying the
oxidation of the three isomeric xylenes at about 420°C observed that
the acceleration constant increased linearly with the xylene pressure.
: This linear relationship was also found by Seakinslos for the oxidat-
. ion of propane at 290°C, but Bardwa11109 in the oxidation of butanone
at 250°C showed that the increase in the acceleration constant with
. butanone pressure was of a higher order. The results of McEwan and
Tipper62 for the oxidation of cyelopropane between 380-430°C show
that the effect of the ecyclopropane pressure on the acceleratlion
constant depends largely on the initial oxygen concentration,

They fbund that the acceleration constant was dependent on oxygen
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concentration for oxygen weak mixtures but when the oxygen
eoncentration was greater than a certain "eritical® value it becanme
independent of oxygen, Furthermore when the oxygen praésura in the
mixture was below this “eritieal® value the acceleration constant
inereased linearly with the cyelopropane pressure, but when the
oxygen pressure was above this "eritical® value the acceleration
constant increased with the square of the eyeclopropane pressure.
However this does not mean that a linear relationship only exists
between the acceleration constant and the hydrocarbon pressure when
the initial oxygen concentration 1s below the "eritical™ value as in
this present investigation the oxygen pressure was well below that
at which the acceleration constant became indepéndent of oxygen.

The variation of the acceleration constant with inltial ethane
pressure was determined in order to confirm whether or not the
kinetics of the oxidation were similar to those in a spherical
reaction vessel at 3189c and to confirm whether or not the assump-
tions made for the latter case EKnox 79] held for the conditions
of this investigation. However the results obtained show that the
kinetliecs are more compllcated in a cylindrical vessel at 36200, and
there appears to be no simple relationshlp between the acceleration
constant and hydrocarbon pressure under these conditions.

From an investigation of the high temperature oxidation of
ethylene Harding and Norrishﬁn6 suggested that ethylene oxide may be
an agent for degenerate branching and as ethylene plays an important
pole in the oxidation of ethene the effect of ethylene oxide on
ethane oxidation was examined., The substitution of ethylene oxide
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for ethane (table 25, fig. 24) has no effect on the acceleration
constant indicating that either the ethylene oxide oxidises at
the same rate as ethane or else has an "inert" gas effect which
balanees the fall in the acceleration constant as the ethane 1is
replaced, When ethylene oxide is added rather than sub;tituted
for the ethane in the mixture the aceeleration constant increases
linearly with the ethylene oxlde pressure, (table 25, fig. 24).
This suggests that either the oxidation of the ethylene oxide is
superimposed on the oxidation of the ethane or else the ethylene
oxide is acting as an "inert®™ gas. These results, plus the fact
that the addition of the ethylene oxide did not reduce the induetion
period, show that ethylene oxide is not an agent of degenerate
branching in the oxidation of ethylene at 362°C.
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TABLE

Pressure = 444 mms. Hg.

fig. 8

329,

Temp., = 3629

un Ap

_ e & . CH; C, CoHg
0. cgz: 0, GC,H; CH, €O €0, CoH, oo 5,0 CHz0H .° Hy0 HCHO
19.81 - -~ - - - - - - - - -  l.84
2 .75 - - - - - - - - - - - 8.60
3 2,47 -~ - - - - - - - - - - B8.29
4 5,67 - - - - - - - - - - - 8.06
5 9.09 =~ - - - - - - - - - - 3.44
"§.0:79 - - - - - - - - - - - 2.71
7 31y -~ - - - - - - - - - -  3.59
8 1.42 170.0 176.0 0.00 1l4.6 =~ 12.3 - - 3,94 = -  4.78
9 8,00 15.0 124.1 T+37 1352.8 20.1 11,1 = =~ 26,4 1,20 = 4.62
10 6.73 29.2 1303 320 118.5 16.5 2l.l =~ = 30.1 0.76 = -
11 4,64 97.8 143.0 0.77 703 10.7 24,2 =~ =~ 22,0 0.57 =~ 8.45
12 4,76 96.2 137.0 0.98 70.0 11e3 25.5 -~ = - 0,79 = 8.37
13 3.07 165.6 178.0 0.00 36.2 T.40 25.1 - =~ 12,1 - Tl =
14 3,72 124.6 148.4 0,00 52.2 9.00 24.6 - =~ 16.3 0.54 88.3 =
15 9,63 12.7 126.0 14.7 154.7 24.9 9.6 - - 22.8 3.21 196.3 2.58
16 9,07 12.0 129.0 '11.6 160,0 26.7 13.2 =- = -  3.53 193.3 4.02
17 6,36 59.9 144.8 1.7 90.3 11.9 20.6 - = 29.1 1,10 141.6 7.59
18 2,51 185.7 194.0 0.00 28.6 5.52 21.9 - = 9.96 0.29 43.1 -
19 7+31 21.0 124.9 6.02 123.6 16.9 19.7 =~ - 29.7 1.04 157.0 6.83
20 0.94 186.8 185.,8 0,00 10.8 3.40 12,1 - - 3,39 0.00 28,9 =~
21 0.70 200.7 200.0 0.00 9.19 2,70 10.1 = = 2,90 0.00 22.6 ~
22 0s41 209.0 204.4 0,00 5.65 1,50 6.19 = = 2.08 0.00 11l.8 =~
23 0.22 212.0 210.9 0.00 5.71 1.85 6.00 - = 2.22 0.00 9.9 -
24 0.1l 213.7 211.0 0.00 2,10 1.00 3.79 - - 1.11 0.00 6.14 -~
25 0+20 212.2 2073 0,00 4.0l 1,23 5.56 - =~ 1,67 0.00 11.3 -~
26 0456 202.9 201.1 0.00 7.03 2.44 8.73 - = 2.41 0.00 16.3 =
27 1405 192.9 196.4 0,00 14.2 3.30 12.4 = = 4.99 0.00 32.0 =~
28 0,01 215.0 210.0 0.00 2.56 2.23 3,68 = = 0.70 0.00 5.56 -~
29 1.87 172.0 174.0 0.00 21.9 4.74 19.5 - - 6.90 0.18 45.4 =~
B0 8456 15.9 113.6 12.1 149.6 20,8 13.6 = = 26.2 2.60 149.0 =~
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TABLE 4 (fig, 8)

Pressure = 444 mms. Hg;

330.

Temp, = 362°¢

Pressure in Reaction Vessel (mms. Hg.)

0 J%E: 5 Sy Wy Wy Sl :Eg c?g‘ cgg 0325 fab NeAR
L 1,87 177.5 168.7 0.00 16,5 35.83% 28,2 =~ o« 5,34 = $5.2 &
2 5,50 82.0 134.5 1.75 94.0 1l.1 24.4 = -~ 25.8 (.82 134.0 =
3 8.34 16.2 113.2 9,30 1251 19.4 14.8 - - 26.3 2.30 161.5 5.94
4 0.55 212.0 202.0 0.00 3.06 0.63 12.5 - 1.16 0.40 0.00 14.2 1.89
5 0e46 203.9 197.0 0,00 2.30 0+31 9.44 = 0.30 0.66 0.00 9.40 1.26
5 0667 207.0 201.0 0.00 3.94 0425 11.5 = 1,00 1.37 0.00 16.7 1.77
7 0+74 208.0 198.0 0,00 4.63 0.42 13.3 =~ 1.22 1.36 0.00 18.5 1.87
3 0436 214,8 208.0 0.00 1.32 0.10 7.64 = 035 0423 0.00 700 1.36
) 0492 199.3 195.5 0,00 7+10 0.67 15.3 = 1.15 2,15 0.00 24.1 3.29
) 0.0l 219.8 219.3 0,00 0.00 0.00 2.40 = -~ 0.00 0.00 2.20 0435
L 028 217.0 208.0 0.00 1l.10 0.30 T7.20 = 0.28 0.37 0.00 7.001.19
> 1.29 196.0 191.1 0,00 11.2 1.20 18.1 = 1.90 3.65 0.00 33.4 3.87
5 2,14 174.7 178.0 0.00 25.1 3.27 22.5 - ~  T+48 0.35 60.3 5.97
I 3404 145.0 157.0 0.04 39.0 5.60 26.7 -~ - 12.9 0450 78.3 7.08
) 4456 105.5 141.5 0.80 67.0 S.40 26.7 - - 21.2 0,70 126.0 T.33
b 7422 18.5 109.1 5.76120,0 16.3 240 - 29.2 1.10 180.0 6.55
] 9447 10.6 101.0 13.4 136.2 23.3 8.03 - - 22.4 3.60 211.2 4.42
3 9.09 13.5 119.3 10.9 137.8 20.1 12.0 - -~ 25.9 3,10 214.0 3.61
) 020 21840 214.6 0,00 1.00 0+25 5.03 - 0.08 0413 0,00 = 0.96
) 4.33 - - - - - » BuRbAeIE - = - -
L = - - - - - 0625 9,09 -~ = - -
;] G4 - - - = - = 00 050 = = - -
] 6439 - ~ - - - o GBS « » “ E.
|- 5-47 - - - - -~ el 0024' 7¢00 e " o -
y 11,00 - - - - - - 0.22 9.90 - - - -
| 2400 « - - - - - 010 3:30 - - - -
" 5,45 - - - - - - 0.215.94 - - - -
100 -~ - - = - -~ 024 9,70 -~ - - -




Ratie 0236302

= 33l

TABLE 7 (figs. 10a and 10b)
Temp. = 362°c

Pressure = 296 mms. Hg.

Pressure in Reaction Vessel (mms. Hge)

331.

e

Run
Ne.

ap
CIS.

Hge.

0

Colg

CH4

CO

co,

0234

033
CHO

0234
0

GH3
OH

CoHg
OCH

Lo « RN B RS I Y I

W B W W VY N v WV ™~ M~ M ™ F ™ | ol
mqmm&wmwommqmm&\';mﬁg

5.38
1.31
2,40
2.19
043
2,88
1.82
3419
346
2.86
2.20
0.24
0.63
0.93
2.65
1.55
2,44
2443
2,91
2.04
1.07
0.87
1.27
0.71
.44
1.18
2.37
2.54

2.48
55.7
24.7
39.4
73.3

9.72
3545

5.79

3.24

9.71
80.3
68.9
65.7
1i.1
52,2

159.4
191.2
159.9
179.8
210.0
153.1
165.3
162.9
165.4
164.5
215.5
206.7
200.0
166.4
190.5

201.4

5.88
0.28
0.89
0.74
0.17
2052
0.72
3e32
5.85
1.96
0.00
0.02
0.21
2,20
0+34

3843
5.00
16.9
12.4
0.49
28.8
i2.1
33.9
40.2
31.2
0.00
1.75
2.08
28.3
7’52

4.52
1.30
3.62
3455
0.21
T+34
2.62
4.45
4071
4.35
0.17
0.54
0.38
394
2,16

19.4
20.6
26.1
24.6
5.61
29.1
23.1
24.1
17.6
29.5
1.48
9.69
10.7
26,8
16.7

0.12
0.02
0.00
0.08
0.00
0.20
0.07
0.12
0.05
0413
0.00
0.00

0.11
0.00

6.80
2.58
2.80
2.68
0.04
5.04
2.50
5.01
5.22
35.86
0.00
0.44

3.55

'0.80

5.61
0.77
2.75
4.25
0.16
8.06
311
T«60
6.88
9.06
0.00
043
9.47
2.61

1.37
0.00
0.05
0.09
0.00
0.52
.00
0.83
1.08
031
0.00
0.00
0.27
0.00




Ratio

TABLE & (figss 10a end 1Qb)

Pressure in Reaction Vessel (mms. Hg.)

Pressure = 444 mms, Hg.

Temp. =

362°¢

532,

CoHg

CH4

Cco

€0,

0254

CH; CoH, CH,

CHO

0 OH

Gaﬁs
OH

H,0 HCHO

101

2 1.84
5 3466
} 2474
> 0490
) 1453
[ 5445
3 6.38
) T«31

) 8,18
L 9.09 "
2823
176.0
284.7
286,7

2 0.59
5 4437
- 0.27
0442
 0.71
" 0.07
) 0.18
' 014

- 0.01

42.7

197.7
177.6
285.1
268.3

164.7
'129.9

112.8

80.1 .

55.2

275.8
295.8

286,5

293.9

32.3
116.8
88.1
9343
134.2
122.6
69.2
6l.2
55.2
45.6
40.7

141.3

173
138.0
134.5
129.2
145.5
141.9
145.6
145.1

2.90

0.00

c.oo

0.00
0.00
0,00

0.00
0.58
1.21
1.29
1.99

0.00

.00
0.00
.00
0.00
0.00
0.00
0.00

150.4
15.6
5449
27.1

4.16

8.18
. 110
10047

113.3

.118.0.

‘2471
2,82

60.9
0.93
1.78
5.73
0.00
0.21
0.00

39.8
3.86
19.1
27.52
1.65
2.66
13.6
19.2
22,6
27.4
3945
1.75
12,1
1.27
1,32
1.05
0.00
0.00
0.00
0.00

7.26
i8:3
19.1
2045
12.8¢
15.4
19.1
16.5
14.7
1l.1

9.05

9,63
19.2

6.75

8.73
13.2

3.50

5,83

3,91

4.64

0.18
0.08
0.14
0.21
0.00
0.00
0.16
0.17
0.19
0.18
0.12
0.00
0.25
0.00
0.00
0.01
0.00
0.00
0.00

7451 15.0
2,20 2490
4,20 9425
5.96 5.24
0.47 =
1.52 =
6.14 9.68
6.34 14,6
7.05 14.5
6.82 14.2
7.08 15.5
0455 0.22
5,10 11.7
0.22 0,00
0.32 0,07
0,94 0.63
0.00 0.00
0.00 0.17
0.00 0.00

0.0

0.08
0.32
0+21
0.18
Q.31
0.26
020
0.21
0.00
0.29
0.00
0.00
0.00
0.00
0.00
.00

24452 .-
49.2 3.15
105.6 5.48
77.6 4.85
17.3 163
53.1 3.13
143.2 4497
160.0 4497
179.8 5.28
208.0 4.33
209.8 4.58
29.2 1.61
120.0 5.49
- 0.85
15.5 1.35
20.9 2.44
3.40 0024
5.40 0472

- 0.41




PABLE O (fig. 15%)

Initial Yield of Products from the Oxidation
of Ethane and Ethylene

Mixture Composition - Oxygen:Ethane;Ethylene

74122210 222122210 296114618 2961130419 222101222 |-

superature °C 362 362 362 362 362
ressure Rise (cm. Hg.) 1.00 1.00 1.00 1.00 -

cygen Consumed (cm.Hg.) 1.3 2.0 2.0 3.0 1.6
bhane Consumed " 2.3 3.2 3.0 2.5 -

shylene Formed » 1.5 2.8 2.6 - ~ -

shylene Consumed " - - - - “

rmaldehyde " 0.10 0. 36 0.28 0.73 1.8
ter " 2.1 2.6 2.4 346 0.50
rbon Honoxide " 0.25 0.30 0.15 1.0 0.45
rbon Dioxide t 0.05 0.05 0.20 0.26 0.01
hylene Oxide - 0.06 0.14 0.10 0,11 0.06
thanoel " 0.10 Q.12 0.04 0.12 0.00
hanol " 0.00 0.00 0.00 0.00 0.00
etaldehyde o 0.00 0.00 0.00 0.01 0.00
thane . 0.02 0.00 0.00 0.00

0.00

Plots have not been drawn up for these products whose initial yields
are low €ele 002' 02H4°’ CHBOH’ 02H503’ CHBCROQ GH4

ZABLE 9 (cont.)

Initial Yield of g;gducta from the Oxidation
of Ethane and Ethylene

23

Kixture Composition -~ Oxygeni;EthaneiEthylene
v

| in mm. Hg. f
222303111 222322230 74322230 221308221  222:222:0 222322230
362 318 318 318 340 386
- 1.00 1.00 - 1.00 1.00
1.6 3.0 2.9 1.3 2.9 2.4
- 1.5 2.1 - 2.5 2.4
- O 1.1 - 2.0 2.8
0.40 - - 2.0 - -
1.9 1.3 1.4 2.5 0.60 0.26
0.50 2l 3T 0.60 3.9 2.7
0.55 027 0+40 0.60 0.21 0420
0.00 0.22 0.00 0.02 0.15 0.00
0.06 0.00 0.00 0.28 0.04 0.00
0.01 0.17 0.24 0.02 0.18 0.04
0,00 0.01 0,00 0,00 0.00 0400
0,00 0.10 0.06 0.02 0.00 0.00
. 0400 0.06 0.00 0.00 0.00 0.00




Ratie 02H4t Colgs0, = 1313.6314.6

Temp., = 362°¢

TABLE 10 (figs. l2a and 12b)

Pressure in Reaction Vessel (mms. Hg.)

Pressure = 444 mms. Hg.

334.

Ap

Wy Behy Sy -k

'°§§' 0, CHg CH, €0 CO, CoH, oud 4" om" om o0 HOHO
1,87 168.1 155.2 0,00 2640 4.86 35.2 0413 2,15 4.45 0.00 56.0 7.;6_
9¢42  9.92106.2 14.9 145.6 2444  T.11l 0426 4.22 15.3 2.09 206.1 2.66
Te87 1346 102,6 9,19 137¢1 23.8 16.T 027 4.80 18,6 2,18 154.5 =~
2477 13440 141.5 0.61 44,0 7+79 32.6 0+24 2.77 10.3 070 83.2 7.51
3468 11740 136.9 0436 63.7 9472 35.5 0425 3.48 13.6 0433 105.8 8,80
4457 7549 123.1 0647 85.9 13.3 313 0e33 4.83 = = -  9.18
5040 52.8 114.4 174 97.9 153 29:1 0.24 3.47 20.8 0.56 146.1 7.91
1.55 18546 163.1 0.00 1447 4405 35.2 0,00 1.05 2475 0.06 45.7 5.93
6060 19,4 10347 3.73 1274 19.9 28,0 0+25 5.33 22.8 0.89 168.6 7.57
0476 200,0 17347 0.00 9.24 2.28 31.8 0.00 0.95 1.52 0.00 27.4 3.21
0455 206.1 17846 0.00 6,26 1.63 33.4 0.00 0462 1.39 0,00 22.4 3,92
0¢36 211.3 181.6 0.00 4.28 1.87 30.0 0.00 0.96 0445 0.00 14.2 2.88
0+16 218.6 185,7 0.00 0,91 1.67 30.0 0.00 0.44 0.11 0.00 7.37 1.56
0,06 221.9 190.5 0.00 0,38 1,22 28.8 0,00 0.22 0.00 0.00 4.52 o.aé




AB i1l (figs. 1l%a and 13b

235.

Ratio 02H4=02 = 1gl1 Pressure = 441 nms, Hg. Temp, = 362°C
Bressure in Reaction Vessel (mms. Hg.)

Ap CH; CyH, CHy C,H;

°§§: 0 OB, GH, ©0 00, Cog oud o ok o M0 HOHO

1495 35.0 122.5 0479 135.4 15.2 0,00 0+66 =  7.37 0.48 106.6 14.9

2,76 18.9 9344 2,76 150.0 21.3 4477 0442117 8.00 5.40 1241 7436

0.94 86.5 141.1 0.36 B86.4 10+4 0.00 072 8.72 4.63 0,21 80.5 17.8

0u54 126.3 163.0 0,00 58.5 5.60 0,00 0.51 7.25 3.33 0.10 56.3 17.3

0+18 155.2 177.6 0.00 32,2 2,62 0,00 0.20 6.70 = = 35.5 17.7

4424 T.95 42,5 12.3 184.4 33.3 229 0.6210.9 4.76 3,96 147.1 2,35
~0,06 219.7 218.8 0.00 1.73 0.00 0,00 0.00 0.35 0.00 0,00 2.40 8.13
=0.11 212,1 193.6 0,00 3468 0.00 0.00 0.00 0.46 0.00 0.00 3.30 9.23
~0.10 189,7 197.1 0,00 1440 0.78 0.00 0.07 1,54 0423 0,00 13:4 15.0
-0.11 179.5 191,6 0,00 21.6 0.00 0.00 0.00 1.75 0.46 0.00 20.4 15.6

3.33 12,9 72,7 7e12 173.1 24.8 1L.6 0.6611.9 6.64 5,10 132.4 3.79
2:60 - - - - o W e w el R R 2

0.00 219.2 = 0,00 0.5t = = 0.15 0,16 0.00 0.00

0.74 4.11




336.

TABLE 12 (figs. 13s and 13b)
Ratio CoH,30, = 1.2 Pressure = 335 mms. Hg. Temp, = 362%

Pressure in Reaction Vessel (mms. Hg.)

Run
Noe

Ap GH5 02H4 GH3 0235

g’;“ 0, ©CoH, CH, €O ©COp CoHg oyo o om om He©

HCHO

0 =~ o0 v & W o

0.06 213.3 110.0 0.00 2.85 0.00 0.00 0.00 0+43 0.00 0.00 3.20
0410 21047 110+6 0.00 2.79 0.00 0.00 0,00 0+36 0.00 0.00 2.10
0.00 187.8 93.4 0.00 19.0 0.50 0.00 0.00 1.63 0.34 0.00 18.7
0+16 180.6 87.8 0.00 24.9 1.16 0.00 0.07 2.42 0.84 0.00 22.6
029 167.4 82.5 0.00 38:4 2.54 0.00 0.21 3.20 1.02 0.00 34.7
0.50
Q.75
1.02

6.24
6.41
T+63
T.46
9.42
1.76
4.06
8.10




TABLE 13 (figs. l4a and 14b)

337,

Temp. = 318°¢

Ratio C, Hg:0, = 1:1 Pressure = 444 nms. Hg.
Added acetaldehyde = 0.1%
Pressure in Reaction Vessel (mmes. Hg.)
2 OP By K, €285
e G N W W 0 e ¢ T oy W PR
0.35 212.0 214.0 0.00 2.25 1.41 2.79 0.20 0.00 0.55 0.00 7.20 5.09
1.24 195.2 20446 0.00 12.7 2.57 4.91 0+74 0.00 7.24 0.31 29.2 8.73
2.66 154.6 181.0 0.00 37.0 5.91 7.02 0.71 0.00 1840 1.06 60.5 8.85
6.27 3946 133.,9 1.03 110.1 18.4 8,63 0.30 1.37 37.3 1.67 168.0 6.51
014 220.4 221.6 0.00 0.32 0.76 1.81 0.24 0.00 0,19 0.00 310 0.79
0.78 198.8 207+5 0.00 7+.07 1.39 4.51 0.63 0.15 2.39 0.18 17.6 7T.43
1.84 172.1 199.7 0.00 26.8 4.30 6.88 0.75 0.17 10.0 0.58 44.8 8.51
0.04 217.9 220.8 0,00 0.00 0.00 0.38 0.04 0.00 0.00 0.00 2.03 0.89
4.26 94.7 152.0 0.27 71.8 10.4 8.67 0.63 0.65 29.2 1.53 118.2 9.23
770 103 114.3 3.05129.4 23.5 5.08 0.29 1.91 38.1 1.96 200.1 3.37
terial Balance
(mm. atoms)
e ¢ H 0
wda 1332 444
1 Ld4 1323 442
2 452 1546 455
3 449 1333 447
4 465 1357 441
5 450 1338 448
6 443 1327 436
7 466 1378 44k
8 443 1332 439
9 447 1333 441
10 G4 1299 443



238,

DABLE 14 (figs. l4a and 14b)

Ratic C,Hg10, = 311  Pressure = 292 mms. Hg. Temp. = 318°
Added acetaldehyde = 0.1%
Pressure in Reaction Vessel (mms. Hg.)

o é%g: 0, GCyHg CH, ©O GO, C,H, ggg cag‘ CHOH °g§5 Hy0 HCHO
. 2429 7453 17745 0433 32.4 3.00 8.04 0.36 0.42 18.2 0.60 51.8 7.70
. 2434 4493 177+8 0464 36.5 3.12 7.8l 0.36 0.50 18.6 0.83 - 5,81
. 0s16 66.5 218.4 0.00 0489 0.38 1.90 0.10 0.00 0.60 0.00 2.52 2.19
0452 56,6 211.3 0,00 4.75 1.15 3,97 0.21 0,00 2.61 0,03 10.2 6.29
0484 49.5 207.4 0.00 8.86 1.44 5.72 0.29 0.00 5.44 0.19 17.2 8.65
1,57 29.2 192.6 0,05 19,5 2,10 6.74 0.39 0.02 13.3 0.38 39.7 8.39
" 0.04 71.9 228.0 0.00 0,05 0.00 0+39 0,02 0.00 015 0.00 1.21 0.36
. 0.09 69.5 220.2 0,00 0.33 0.00 0.88 0.05 0,00 =~ 0.00 1.69 1.83
1457 29.7 192.7 0,00 20.2 21,80 6.77 0.51 0.00 14.0 0439 38.0 8.22

1.87 - - - w om wm o owe, o w1747 0588 43.4° -

2,08 ~ - - - = = = = 18.9 083 47.5 -

terial Balance

(mﬁ. atons)

438 1314 146
435 1294 133
439 1299 134
445 1331 140
446 1368 150
446 1360 142
444 1335 145
447 1342 144
444 1332 143
447 1362 143

W o~ w & W o=




Ratio 0236'02 = 13l

Pressure in Reaction Vessel (mms.

Pressure = 445 mus., Hg.

339

Temp. = 340°C

Hg.)

Ap
cms.

Hg.

0y

CoHg

034

CO ©0, C.H,

CHO 0

CH3
CH

OH

H,0

HCHO

o — A . o -y e e e s B |

0.22
0.06
0.44
0.56
0.10
0.08
1.15
0.10
0.20
0.10
0.11
0.06

218.9
216.6
204 .8
207.6
251.1
221.1
199.6
221.7
222.0
222.3
224.3
224.3

216.2
213.4
200.2
203.8
220.8
217.1
197.5
218.1
218,3
218.0
220.1
220.1

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.43
0.37
2.35
4,66
0.00
0.00
7.24
0.00
0.00
0.00
0.00
0.00

0.82
0.60
0.83
0.63
0.22
0+25
2.02
0.21
0.25
0.34
0.25
0.36

10.7

11.4

5.65
3+00
8.78

1.69
.77

1.85
2,70
1.74
1.75
1.44

Q.17
0.00
0.27
0.58
0.00
0.00
0.47
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.19
0.00
0.00
0.12
0.00
0.00
0.00
0.00
0.00

0.34
0.00
1.40
1.36
0.00
0.00
2.03
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.40
0.00
0.00
0.00
0.11
0.00
0.00
0.00
0.00
0.00

8.78
2+50
12.5
17.3
1.37
4.83
23.9
1.95
3.30
1.30
1.40
0.80

1.41
0.57
2.21
2.73
0.45
0.82
4.41
0.73
0.69
0.31
0.27
.22

Ratio C2H6:02 = 13l

TABLE 16 (fig. 15)

Pressure = 450 mms. Hge.

Pressure in Reaction Vessel (mms.

TQBIP. ==

Hg.)

386°¢

Dp
cms.

Hg.

0,

CH‘

Co

Co, CoH,

GHB 0254
CHO 0

GH3
OH

0235
CH

H,0

HCHO

0.37

- 0.90

0.01
0.06
0.15
0.60
0.22
0.10
0.04

217.2
202.8
226.1
225.2
224.5
214.5
22045
222.4
227.3

214.3
202.6
225.0
223.0
221,6
210.9
216.5
218,9
225.1

0.00
0.00
0.00
0.00
0.00
0,00
0.00
0.00
0.00

1.01
4.93
0.00
0.00
0.00
2.57
0.33
.00
0.00

0.00 8.60

0.00 17.1

0.00 0.52
0.00 2.10
0.00 4.48

0.00 13.9

0.00 5.79
0.00 2.98
0.00 0097

0.02
0.05
0.00
0.00
0.00
0.54
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00

0.21
0.82
0.00
0.00
0.00
0.56
0.11
0.00
0.00

C.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

8.60
24.5
0.75
2.20
3.75
15.9
6.50
2.60
0.78

1.06
2.34
0.19
0.15
0.32
1.59
0.68
0.34
0.06




DABLE 17 (fig. 16)

Ratio 0236:02 = 13l

340.

ﬂgzp- ib‘ " 103 ;%;% log 02H Errox
318(a) 1.692 0496 T.982 0.090
540 1,631 3.4 0.531 Y  0.095
362(a) 1.574 3.5 04544 0.044
362 1.574 7.7 0.886 ©  0.100
386 1.517 . 10.8 1.033 0.064

(a) refers to added acetaldehyde



341,

TABLE 18 (figs. l3a and 13D)

Ratio 02H4:02 = 13l Pressure = 442 mms. Hg.

Temp. = 318°C

a OP

0H3
CHO

CH. ¢
3 CglHlg

0.58 109.1 157.6 0.00 81.0 8475 0.00

~0.14 214.8 216.9 0,00 2.41 0.00 0.00

-0018 18210 18602 0:00 29.8 laB? 0-00

0.67 14.2 5.44 0.49 67.6 21.8
0,08 146.7 175.2 0.00 52.3 4.75 0.00 0.69 11.3 3.24 0.31 45.1 16.8
1.30 15.9 115.3 0.00 163.8 17.2 2.20 0.55 22.9 10,8 2.63 103.5 14.4
0.04 0+47 0.00 0.00 2.42 7.46
0.93 T4.l 126.7 0.00 124.9 1444 0.00 0+39 19.7 9.27 0.88 87.9 17.2
~0+20 20043 198.2 0.00 10.0 0.59 0.00 0.25 3.64 0.87 0.00 9.10 15.6
0+52 6.87 1.00 0.05 22.3 20.1

aterial Balance

Run No. c H 0
442 484 442

1 463 894 427

2 452 887 433

3 493 862 484

4 445 889 442

5 | 461 868 427

6 428 861 441

7 430 863 448




TABLE 19 (fig. 8b)
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Ratio Czi:iszo2 = 131 Pressure = 442 mms. Hgs Temp. = 362°C

Run Dy B30, 530
No. cms. Hge mmss Hge mmse Hge
1 2.62 1443 690
2 0.80 6400 210
3 3.86 16.1 102.0
4 040 2.54 10.0
5 020 2.34 5.0
6 4.78 21.3 125.0
7 0.19 0.98 4.5
8 9.14 10.9 211.0
9 5.84 2%.8 149.0
10 6.82 17.2 172.0
11 5.86 23.4 150.0
12 6.45 20.1 164.0
13 6.85 18.1 193.0

NeB., The values quoted for water in the above table were

taken from the plot of water pressure vs. Op. (fig. 10a).



343,

TABLE 20 (fig 13a)

Ratio 02H4=02 = 131 Pressure = 442 mms. Hg. Temps = 362°C

Run Ap H0, Hy0

Ro« cms. Hge mms. Hge mmss Hge
1 1,95' 3.1 109-0
2 2.74 21.2 115.0
3 1.15 25+6 85.0
4 0.60 18.8 63.0
5 ~0.10 2.00 8.5
6 3454 8.14 13640
7 1.60 29.6 101.0
8 2.07 31.2 112.0
9 023 12.4 39.0

N.B. The values quoted for water in the above table were
taken from a plot of water pressure vs. total pressure change
where the total pressure change equalled the actual pressure

inerease plus twice the pressure decrease.
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TABLE 21 (fig. 20)

ﬁg? cms?ang. cm:?ﬂgg. ;gl-'l
1 766 2179 0.18
2 10439 0. 05
3 29.71 0s 40
4 36.31 0450
5 2557 0+25
6 15.35 0.08
7 32.63 057
8 32.60 0462
9 5486 0,02
1 15.28 28.61 0452
2 8450 0. 05
3 24,12 0s 30
4 16.32 0. 14
5 19+ 34 0.18
6 12.82  0.09

N.B. 0. 3% Acetaldehyde was added to all the mixtures except
to that of run 8.
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TABLE 22 (fig. 21)

Run O it P .
No. m.. Hs-. Gmﬁo. Hgo min._ :

1 25.60 16.04 0«41
2 " 6+06 0420
3 " 19.72 0.41
= " 11.82 O« 34
> - 3.21 0s1l1
6 " 7+66 0425

N.B. 0.3% Acetaldehyde added to all the mixtures.

TABLE 23 (fig. 22)

g:? em:?ggg. cma?aHg- : cmz?aﬁg-: ;f;-'l
1 21.84 T67 " 16e22 022
2 " " : 0,00 0.19
3 " " 5.84 Q.21
& " " 11.57 Q.21

NeB., 0.3% Acetaldehyde added to all the mixtures.
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TABLE 24 (fige 23)

Run GEHS , , % , : O, : b &k
Noe mms. Hge mms. Hge mus. Hge mine

: 190.5 221.8 2644 0.39

2 219.2 223.8 0. 00 030

3 156.4 222.7 62+2 0.53

4 127.9 222.2  90+4 0475

5 173.8 222.8 45.1 Q45 .

6 202.9 222.4 15.5 0435

7 138.6 223%.0 80.4 0«65

TABLE 25 (fig. 24)

Run CoHg 0y C 21,0 .3 o’
No. mms. Hge nms. Hge mmse Hge mine.

1 188.1 222.1 30.1 0.31
2 156.4 221.9 614 0e29
3 217.8 221.8 24.5 Oe443
4 206.0 209.7 45.9 0«47
5 219.2 22%.8 0. 00 0«30
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DLSCUSSION

In the part of the thesis which follows the experimental
results recorded in the preiious gections are discussed and a
reaction mechanism which can account for them is suggested.

In the first section the thermal data used for evaluating the
heat changes in the various reactions are given along with the
source of the data. |

The second section deals with the initial stages of ethane
oxidations The main products are ethylene and formeldehyde, and
proposals are made for the mechanisms whereby they are formed.

The next section is concerned with the oxidation of ethylene
and formaldehyde., Particular attention is paid to the initial
pfoducta of ethylene oxidation and a mechanism is put forward for
the initial stages in the oxidation. A simplified form of the
scheme postulated by Lewis & von Elbe is adopted for formaldehyde
oxidation.

In the fourth section the degenerate branching reaction is
discussed and the conclusion reached that the branching occurs
through formaldehyde. The possible branching reactions are
examined and a decision made as to which one is the most feasible.

In the next section the series of reactions which are
considered to represent the slow combustion of ethane are listed,
and this 1s then followed by the final section which is concerned
with the relationship between the negative temperature
coefficient in the rate of oxidation and the mechanism of

oxidation.
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le THERMAL DATA.
The enthalpy changes eccurring in the majority of

reactions advanced in the following sections have been calculated
from the values of the heats of formation given in the table below.
Although the free energy change and not the enthalpy change
involved in a reaction is & more accurate criterion of whether or
not a reaction will eccur, the enthalpy change is a much more
easily obtainable quantity and is generally taken as a rough
approximation of the free energy change. However which of a
number of possible reactions will take place in a given system
will not depend on either the enthalpy change or the free energy
change but on the activation energy as this determines the rate of

A0 has demonstrated for the reaction of sodium

reaction. Polanyil

atoms with halides that the activation energy is proportional to

the exothermicity of the reaction and although this does net apply

to other reactions it suggests that the enthalpy change in a

reaction gives some estimate of the possibility of the reaction

occurring. In a system where there is a number of peossible

reactions the most exothermic is generally preferred.

The heat data which are given in the table below have been

taken from the following sourcess-

Heats of Formation of Molecules - "Selected Values of Physical and
Thermodynamic Properties of
Hydrocarbons and Related Com=
pounds™ by Rossini et al.

- "Circular 500 Selected Values of

therieal Thermodynamie
Properties,1952,"
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Heats of Formation of Radicals » "Gas Kineties" by Trotman<Dickenson,

Heats of Formation of 3202,302 - Foner & Hudson., J.C.P, 1955, 23,
1364,

Heats of Formation in Kecals./mole at 25°C and 1
atmnos. Dressure,

Caﬁpound' Heat of Formation Radieal Heat of Formation
0256 -20,2 0235 25.2
caﬂ4 +12,5 CHB 32,5
GK4 -1? ® 9 OH 10 . 1
CH,CHO -44 HO, 5
GHBOH «48,3 CHO +6
C,Hg0H -56.7 CH4CO -6
co 26,4 023500 11
ceé -4 c3390 19
Béﬁz -32,6 CHéOH =16
5120 - 97 . 8

ECHQ -2? . 7

02 0

24

Early work on the oxidation of hydrocarbons concentrated
mainly on the products, especially the oxygenated products, from
the later stages of reaction. This was partly due to the lack of
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suitably sensitive analytical techniques and methods had to be used
which required large quantities of product material, and partly
because it was considered that oxygenated compounds provided the
key to oxidation mechanisms. However, throughltha recent develop~-
ment of gas chromatography small amounts of products can now be
detected in large amounts of reactants and the early stages of
reaction can be examined. Furthermore it has been shown that
olefins play an important part in this early stage reaction.
Consequently the discussion on ethane oxidation is divided into two
main partsi~ (1) the initial stage reaction (2) the ilatér stage
reaction, and the role played by olefins and oxygenated compounds
in these two stages is examined.

The numbers that are given to the reactions which follow are
those from the complete reaction scheme which is given later.
2.1. Initial Stages of Reaction.

In the oxidation of ethane between 318-3869C the major
initial products were ethylene and formaldehyde, and as the
relative yields varied with temperature the reactions producing
them must have different activation energies., It was found that
in the initial stages oxygen was removed as fast as ethane and
since at the higher temperatures ethylene was the only major
product its formation must have involved oxygen. This, and the
fact that about 80% of the ethane consumed in the initial stages

was converted to ethylene can be explained by an H02 radical chain.,

(1) 0235 + aoz = 0235 + 3202 AH = 4 8 kecals.

(2) 0554- 02- 021144- no2 AH = - 8 kcals,
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Apart from formaldehyde, the ylelds of the initial products
were found to be independent of the oxygen concentration indieating
that the reactions forming them must all have the same kinetie
dependence on oxygens Consequently they will be formed, in the
same manner as ethylene, by the reaction of alkyl radicals with
oxygen e.g. ethylene oxide will be produced byse

(4) CpHlg + 05 = CyHl0 + OH AH= «27 Keals,

Although the initial yield of formaldehyde was dependent upon
the oxygen concentration formaldehyde, like ethylene, will be
formed by the reaction of alkyl radiéals with oxygense

(3) 02115 + 0y = CH30 + CHy0 AH = «54 Keals,

The methoxyl radicals formed in this reaction will react
rapidly with oxygen to produce more formaldehyde and thus as part
of the initial formaldehyde is produced by means of a two stage
reaction, each stage involving oxygen, the initial yield of
formaldehyde would be expected to have a greater dependence on
oxygen than the ylelds of those products which are formed by
reactions which only involve oxygen in one step. The fact that
only small amounts of methanol are formed in the inigilal stages
shows that the reaction of oxygen with methoxyl is faster than
hydrégen abstraction by methoxyl. Most of these radicals will
therefore be oxidised to formaldehyde, and consequently the de=
pendence of the initial formaldehyde yield on oxygen will only be
observed in oxygen weak mixtures where hydrogen abstraction can
become of importance. It can be seen from table 9 that in the
oxidation of ethane at 362° the initial yield of formaldehyde with
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a 3l ethane to oxygen mixture is appreciably lower than with a
1tl mixture., However with the same nmixture at 31800 the initial
yields are practically the same, This is presumably due to the
activation energy required for methgxyl radicals to abstract
hydrogen being greater than the activation energy for the reaction
of methoxyl radicals with oxygen with the effect that at the lower
tenperature the latter reaction is predominant even in oxygen weak
mixtures.

It 1s generally agreed that the first step in hyd:oaarbon
combustion is the abstraction of a hydrogen atom from the fuel
molecule with the production of an alkyl radical. The alkyl
radicals formed wlll combine with oxygen giving alkyl peroxy

111 on the reaction

radicals, = Although the work of Ingold & Bryce
of alkyl radicals with oxygen provides the only direct evidence
for this assoclation there is much indireet evidence e.ge. the
formation of hydroperoxides in oxidatlion systems ROO + RH = ROOH
+ 332; the decomposition of di-t-butyl hydroperoxide in the gas
phase proceeds by (GH3)3 cooc (033)3 = 2 (033)3 co.ug¢egé)2 Cco +
2 GH3 and in the presence of oxygen no methane or ethane was
detected indicating that all the methyl radicals reacted with
axygenlla; the results of Hoare & Walsh117 on methyl radical
oxidation could only be explained by the formation of CH300
radicals,

The ethyl peroxy radicals formed by combination of oxygen
with ethyl radicals can either decompose or absgtract a hydrogen

atom to produce a hydroperoxide. Recent wori? suggests that the
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hydroperoxides of the lower hydrocarbons viz. ethane and propane,
are not fdrmed at the temperatures used in this work <>'315°c) and
that any peroxide material recovered will consist of hydrogen
peroxide or a mixture of hydrogen peroxide and aldehyde =
hydrogen peroxide adducts, Thus we have to conglder the
decomposition of the ethyl peroxy radical. There are four
possible ways for the decomposition, each involving isomerisation-
in the first instances=-

I(a)' CHECH200 — caéeaaoaa — cgna + HDE

(b) CH30H200 — CH,CH,00H — 02H40 + OH

{c) cascazoo — crr:‘,cmcﬁ2 —3 01130 + 0CH,
-(d) cuacnzoo — 0330300}{ — cH3cHe 4+ OH

(a) In this case the oxygen free valency attacks a C-H bond in the
methyl group and the resulting radical splits into two halves giving
ethylene and an Hoa radical, The first stage involving the breake-
ing of a C-~H bond (98 k.cal.) and the formation of an 00~H bond
( ~90 k.cal,) will be endothermic, and like all isomerisations will
involve a substantial activation energy ~20 k.cals The second
stage involves the split of a C«0 bond (~ 90 k.cal,) and the
formation of the second link of an olefinie C=C bond. (~ 70 k.cal.)
Whether the ethylene is produced by rearrangement of the
alkyl peroxy radieal in this manner or whether it is formed by
direct abstraction of hydrogen by the oxygen mélecule is open to
question. The formation of ethyl radicals in the later stages of
ethylene oxidation presumably takes place by the reaction

CH + HO =CHOOH = CH_ +0
24 2" "2'4 2y 2
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and this suggests that the radieal C,H,00H can in fact be formed.,
Nevertheless the simplicity of the reaction in which ethylene is
formed by direct hydfogen abstraction holds strongly in its
favoux.

(b) Here the intermediate radical is the same as for (2), but in
this case split of the radical at the 0«0 bond with subsequent
formation of a C~0 bond produces ethylene oxide and a hydroxyl
radicals The first stage i.e. formation of the intermediate
radical, 1s endothermic whereas the second stage is exothermie
(0=0 bond broken and C=0 bond formed,)

Although ethylene oxide is not a major initial product it is
produgced in appreciable amounts and thus reaction (b) is of
irportance in the early stages.

(¢) Here the split of the C-C bond (85 k.cal,) and the formation
of a C=0 bond (~90 k,cal.) produces a radical vhich on decomposi-
tion gives formaldehyde and a methoxyl radical. The first step
is almost thermoneutral but the second step is exothermic since an
0«0 bond {40-50 k.cal,) is broken and a C=0 bond formed (~75 k.cal,
(d) The shift of a hydrogen atom from the carbon to the oxygen
results in a radical which on decomposing gives a hydroxyl radical
and acetaldehyde. The first step is endothermle as 1t involves
the breaking of a C=H bond (98 k.cal,) and the formation of an O-H
bond (~90 k.cal.) whereas the second step is exothermie, an 0=0
bond (40«50 k.cal.) is broken and a C=0 bond (75 k.cal,) formed,

Analysis of the reaction products throughout the course of
the reaction show that acetaldehyde is only formed in trace
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amounts, suggesting that reaction (d) dces not play an important
part 1n the consumption of ethane. However experiments on the
oxidation of acetaldehyde have shown that under the conditions
used it is rapidly oxidised to formaldehyde and the low yield
might possibly be explained by the rapld conversion of the
acetaldehyde to formaldehyde., If this reaction were the only
source of formaldehyde the initial yleld of carbon monoxide
would greatly exceed that of formaldehyde but as ¢an be seen
from table 9 the ylelds in the oxidation of ethane at 362°C are
appréximately the same, and at 318°C the initial yield of
formaldehyde axoiads that of the aarﬁen monoxide. Thus the
contribution of reaction (d) to the production of formaldehyde
must be small,

From the above considerations the maln reactions consuming
ethane in the initial stages are probablys~

(1) C,H, + HO, = Collg + Hy0, M= 4 8 k.cals,

(2) 02115 + 0, = CH, + HO, A = = 8 kiscals,

(3) caas + 02 = 321{500 = C:H_Sﬂ + CH20AH = « 54 k.cals.

Reaction (3) being the most exothermic would be expected to
have the lovwest activation erergy and to predominate at the lower
tamperatured, while reaction (2) will become important at the
higher temperatures. The ratioc of the A factors and the
difference in the actlvation energy for these two reactlons,
obtained by plotting the log. ratio of the imitial ylelds of
ethylene to formaldehyde against the reciprocal of temperature
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(£1g.16), were 108 and E, - 33 = 21+ 5 k.cal. respectively.

Ay
As
This large difference in the activation energies is rather surprie-
sing considering that the ethylene and formaldehyde are both pro-
duced by the reaction of alkyl radicals with oxygen. The ratie
of A factors is also much higher than one might expect but this
could be explained if the steric factor for reaction (3) was
abnormally lows.

In the isomerisation step of reaction (3) the

H

intermediate complex will have the form wW-c ----¢—M and

H 0—0
as there is a greater restriction to movement in the complex than
in the original radiecal, due to the increase in the number of
bdnds, the formation of the complex will be accompanied by a
large decrease in entropy. This will result in a low A factor.

If this intermediate complex is considered as analogous to
a four membered ring compound then a rough estimate of the
decrease in entropy on its formation from the ethyl peroxy radical
may be obtained by comparing the standard entropies of cyclobutane
and butene~l. The difference between the entropies of
cyclobutane (62 e.u.) and butene-l (73.5 e.u.) at 298°K is 11l.5 e.u.
and by comparison with the difference between the entropies of
cyclopentane and pentane at 298 and 600°K viz. 13 e.u. and 19 e.u.
respectively, this difference would be expected to be about 18 e.u.
at 600°K. This value is rather less than the calculated value for

8he difference in the entropies of activation of reactions (2) and
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(3)e " With an A factor ratio of approx. 108 for these reactions
the difference in the entropies of activation will be about 37 e.u.
However the change in entropy on formation of the transition comple:
is not the only factor which can contribute to a high A factor
ratio. The ethyl peroxy radical will be in an exeited state as it
~contains the energy released from the association reaction of ethyl
radicals with oxygen, and the probability of its dissociation back
into ethyl and oxygen before further reaction can take place is
high, This will also cause reaction (3) to have a low A factor and
the combined effect of thé dissociation of the peroxy radical and
of the decrease in entropy on formatien of the tranaition complex
may well lead to an abnormally low A faotor/for roaction (3) and
hence to a very high A factor for reactiéns (2) and (3).

Reactions (2) and (3) are reminiscent of the cis-trans isomer-
isation reactions of ethylene derivatives, where the specific reac-
tion rates for compounds such as maleic acid and butene-2 are given

approximately by the equationi-
& lo;,g—ar,ew/dﬂ' -1
-

okt
and for compounds such as methyl ecinnamate, stilbene by the equat-

ion
1 _5_5,000/'1‘ -1
48 =~ |0 2 asc

In other words ome group is characterised by a Jjow frequeney

factor and a low energy of activation whereas in the other these
quantities are high.

Since the reaction of propyl radicals with oxygen appears %o

'be gimilar to that of ethyl radicals with oxygen the above resuldes

may be coﬁpared with results on the oxidation of propane.



Satterfleld & Raid54 calculated that the activation energy
difference between the reaction producing propylene and that
produeing oxygenated products was approximately 19 k.cals, with an
A factor ratio for the tﬁo reactions of approximately 10.6
According to Shtern3®
ence is nearer 13 k.cal., It has to be noted, however, that these

results were based on the ylelds of products in the later stages

the value for the activation energy differ=-

of reaction and therefore do not bear direct comparison with those
given above for the initial stages of ethane oxidation., [Neverthe=
less if the equillibrium concentrations of ethylene and formaldehyde
which are attained in the later stages of reaction, were used to
calculate the activation energy difference between reactions (2)
and (3) a value fairly close to that found for the initial stage
reaction is obtained, Thus the values quoted by Shtern and
Satterfield & Wilson may also apply to the initial stages of
propane oxidation,

Ethylene oxide is produced in the early stages of reaction
and, as considered earlier, it will probably be formed by the

reactions=
(4) 32115 + 02 = CH20H20m = 62340 + 0H AH = «27 k.cal.

It was not possible to obtain the activation energy of this
reaction relative to the activation energy of either reactions
(2) or (3) as the inaccuracy in the determination of the small
amounts of ethylene oxide initially produced rendered =ny

activation energy plot valusless.
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Reactions (1) and (2) explain the relatively high yield of
hydrogen peroxide observed in the initlal stages of the reaction
(fig. 8b). Although the yileld does not equal that of the
ethylene as predicted by the reaction scheme it has to be
renmembered that the hydrogen peroxide will decompose rapidly on
the surface of the reaction vessel, and 1t has been shown34 that
the amount of hydrogen peroxide isolated depends inversely upon
the efficiency of the reaction vessel surface in eatalysing its
heterogeneous decompogition,

Evidence that hydrogen peroxide can be produced by the
reaction of hydroperoxy radicals with hydrocarbons in the gas
phase comes from the work of Geib & Harteck ~>. They found that
under conditions where atomic hydrogen alone does not reaect with
hydrocarbons, atomic hydrogen plus oxygen will give a rapid
reaction. This suggests that the reaction RH + Ho2 =R + Hao2
occurs, Further evidence for the occurrence of this reactioniin
the gas phagse i1s supplied by Lacomble.ll4 He carried out propane
oxidations in a spherical shell by introducing the reactants
tangentially at the outer circumference and then withdrawing the
products from the centre whereupon he found that hydrogen peroxide
was formed in relatively high yleld.

It is suggested that methoxyl radicéls are formed in the
system by means of reaction (3). As decomposition of the
radicals is unlikely, having an activation energy of at least
25 kecal., they will eilther abstract hydrogen or else reaect with

oxygen.
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(20) GH30 + caaé = GH3OH + czns DH 2 k.,cals

(10) CH. O+ O, =CH,0 + HO

3 > 5 5 AH = =24 k.cals,.

_ The analytical results have shown that the initial yield

of methanol is low and hence the methoxyl radicals must mostly
be removed by reaction with oxygen. This reaction being the
more exothermic would be expected to predominate at the lower
temperatures. Hovwever as the temperature inecreases the yield
of methancl does not correspondingly increase since the rate of
production of methoxyl radicals falls as the temperature
inereases.

It has been suggested thatlls that methoxyl radicals can
react with oxygen forming carbon monoxide, water and a hydroxyl
radleal,

C‘H30+02 =Cﬁ+}120+011 AOH = =75 ke,

This appears to be too complex a process to occur in a
single stage and a more likely scheme would be 3=

GH3O + 0, = CHO + H202 AH = «26 ke,
CHO + 0y = CO + HOp AH = =27 ke.

BEven although these reactions could explain the initial
formation of carbon monoxide the most plausible mechanism for the
reaction of methoxyl radicals with oxygen is that of reaction (10)
whereby formaldehyde 1s produced.

The formation of carbon momoxide could be explained by the
oxidation of acetaldehyde and formaldehyde. As seen previously
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the amount of acetaldehyde formed in the system is small and
therefore formaldehyde is the more llkely source of the carbon
monoxide, The reaction of oxygen with formaldehyde if it
occurred in the gas phase would be a branching reactlon but the
slow development of the reaction rate suggests that the branching
intermediates initially formed are destroyed on the walls of the
reaction vessel:. Thus the carbon monoxide will mosthprobably be
formed initially by surface oxidation of the formaldehyde.

The replacement of ethane by ethylene inereased éhe yield
of carbon monoxide indicating that the ethylene was oxidised via
formaldehyde to carbon monoxide. It is thus possible that by
the time the first analysis was made in the ethane oxidations part
of the ethylene initially formed may have been oxidised to carbon
monoxides Consequently one cannot conclude whether or not the
value quoted for the initial carbon monoxide yleld represents its
rate of formation by surface oxidation of formaldehyde which is
formed directly from ethane, or by surface oxidation of
formaldehyde produced from ethylene as well as from ethane.

Small amounts of methanol are formed in the early stages
of the oxidation, The methanol may be formed in two ways, (a)
hydrogen abstraction by methoxyl radicals or (b) oxidation of
methyl radicals,

(a) Methoxy radicals are produced in equivadent yield to
formaldehyde by reaction (3), but as the initial yield of
methanol is much lower than the initial yleld of formaldehyde
the oxidation of the methoxy radlcals must exceed hydrogen

abstraction. Consequently the reaction : -
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CH30 + G2H6 = G‘H3OH + caﬂs AH = =2 ke,
will not be an important source of methanol.

(b) The addition of acetaldehydé to the oxidation system
inereased the initial yileld of methanol, and as the
oxidation of acetaldehyde will introduce methyl radleals
into the system it suggests that the methanol was formed
by the oxidation of these radicals

It has been shown by several other worksrsg4’116 that
methanol can be formed by the oxidation of methyl radicals,

However these experiments were generally carried out under

conditions of low temperature and high fadioal concentration

whereas in the present work the temperature was relatively high
and the concentration of radicals would be relatively low,

Although various different mechanisms were proposed for the

formation of the methanol they were all similar in that they

postulated the intermediate formation of methyl peroxy radicals
and methoxy radicals e.g. Raley, Porter, Rust & V‘aughan.g4
investigated the oxidation of methyl radicals between 120-160°
and they concluded that the following scheme could explain the
methanol formationt-

CH, + 02 = CH,O

3 3¥2
2CH302 = 2GK39 -~ 02
CHO+CHO CH OH «+ CH.O
3 ;o 2

Although this mechanism may well explain the formation of
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methanel under the conditions used by Raley et al., it is unlikely
that methanol will be formed in the same manner under the conditions
used in the present work. Here the concentration of methyl peroxy
radicals will probably be low, and rather than produce methoxy
radicals they would be expected to decompose into formaldehyde and
hydroxyl. Apart from this, the experimental evidence points to
the fact that methoxy radicals, if formed, will be oxidised before
they can abstract hydrogen.

Nevertheless the experiments with added acetaldehyde show that
under the conditions used in the present work methanol cau in fact
be formed by the oxidation of methyl radicals. The most likely
mechanism is 3=

(22) CHy + 0, = CH,0 +4 OH AH = -50 ke,

(23) on-rcn;ﬁ% = CH,0H + CH; AH = -6 Ke.

This scheme envisages that the methyl radicals are oxidised to
formaldehyde and hydroxyl radicals, and that the hydroxyl
radicals then abstract methyl from the ethane to produce
methanel and methyl radicals. The methyl radicals can then
continue the chain.

Evideuce for this scheme comes from the following 3~
(1) The oxidation of acetaldehyde produces formaldehyde and the
most plausible reaction is :- GK3 + 02 = 0320 + OH

(2) The yield of methanol from the oxidation of acetaldehyde is
increased when ethane is present in the system, presumably due

to the occurrence of the reaction OH + 0H30H3 = OBBOB + CH3
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(3) Methanol is formed in the early stages of ethane
oxidatlon even although none of the produects present at this stage
could give rise to methyl radicals, However hydroxyl radleals will
be formed in the early stages by the reaction 02H5+ Op = CoH,u0 + OH

and if they were to initiate the above chaln the formation of
methanol could be explained.

It has to be noted that the above scheme for the formation of
methanol implies that hyd?oxyl radicals abstract methyl from ethane
in preference tqfﬂ§§§§§§§ﬁnina that even although the former reaction
is less exothermic than the latter the activation energy is smaller.

Water, in addition to ethylene and formaldehyde, is a major
product of the initlial stage reaction, and for a 1l:l mixture of
ethane to oxygen at 362°c about 60% of the oxygen initially consumed
is converted to water. The water will be produced partly by
decomposition of hydrogen peroxide and partly by hydroxyl radicals
abstracting hydrogen.

(18) Hy0, + wall = H0 + % 0,

(23) OH + C,Hy = H0 + 02H5

The possibility of the hydrogen peroxide decomposing %o give
hydroxyl radicals is exeluded by the high activation energy
required for this dissociation (eca.54 k.cal.) and by the evidencol
that the decomposition of hydrogen peroxide is almost entirely

heterogeneous below 42000.
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Summarising the foregoing coneclusions.The main reactions in the
initial stages of ethane oxidation between 318 ahd 386°G are those -
produeing the intermediates ethylene and formaldehyde, It is
suggested that ethylene is formed by oxygen abstracting hydrogen
directly from the ethyl rqd;cal and that formaldehyde is formed by
the decomposition of the radiecal 653000112. This radical is pro-
duced by the isomerisation of the ethyl peroxy radical which is
itself formed by the association of an alkyl radieal with oxygen.
Alternative lsomerisations of the ethyl peroxy radical accompanied
by the decomposition of theiradiuals formed ecan produce ethylene
oxide and acetaldehyde. Acetaldehyde is only formed in trace
amounts throughout the course of the exidation and even although
it is qxidiéed rapidly under the conditions used it is considered
that little or no acetaldehyde is produced in the iniltial stages.

Hydéogan peroxide is formed by an H02 radical chain mechanism
whilst the other products viz., carbon monoxide, water and methanol,

are produced by side reactions,
The reactions which are considered to occur in the initial

stages of ethane oxidation are listed overleaf,
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(1) 0235 + H02 = 0235 * E2°2 M = 4 Bkeal.
(2) 0235 + 02 = can‘ + 502 AH = - B8 k.cal.
(3) CHig + 0, = C,H 00 = CH,0 + CH,0 AH = =54 k.cal.

(4) C_H_ + 0'0500-02H0+OH AH = -27 k.cal.

25 2 275 4
(20) CH,0 + O H= CH,0H + C,H, .AH = = 2 k.cal.
(10) CH,0 + 0, =CH,0 + HO, AH = =24 .k.cal.
(21)0H + CH; CHz = CHzOH + CHy OH = - 6.k.cal,
(22) CH.+ 0, = CH,0 + OH AH = =50 k.cal.
(23)0H + 0236 o S ezns AE = =73 k.cal.
(18)H202+ wall =HO0 + & 0,

HCHO + 02 + wall = CO + noa

2.2. Later Stages of Reaction
In the later stages of ethane oxidation the yields of

ethylene and formaldehyde pass through maxima indicating that they
themselves are oxidised throughout the course of reaction. Thunl
any discussion on ethane oxidation must include the oxidation of
ethylene and formaldehyde.

Analysis of the products from the oxidation of ethylene has
shown that formaldehyde is the major initial product. This, and

. the fact that there was always an initial pressure decrease was
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explained earlier by postulating that a eycliec peroxy compound
was formed prior to the formation of formaldehyde.

CH +#« X = CHCH + HX

24 2
' CH3CH + 0, = CHyCH
-
CHzCH CH3CH,
Io—tla + C,H, = CH,CH + L—Io
CH3CH,
L _L = 2 CH0

As no acetylene was detected in the reaction products the
vinyl radioals,'if formed, must react with oxygen in a different
manner to the ethyl radicals produced in ethane oxidation.

Hence it is feasible that they will react with oxygenm to give a
eycliec peroxy radical. I

The same mechanism was proposed by Henley, sqhifrrieé & Ba%%a
to explain the high yields of aldehydes from the radiation of
ethylene-water solutions at room temperature. However mo attempt
was made to identify the intermediate cyeclic peroxide and until

the existence of this compound in oxidation systems has been
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proven any mechanisms involving its formation wiil naturally be
hypothetical.

The above scheme envisages that radicals abstract hydrogen from
ethylene. This appears to be contradictory to the work of
Brintonllg and Mandelcorn & Steacielao which suggested that
radicals would add to olefins rather than abstract hydrogen,
Nevertheless as this scheme can explain both the initial pressure
decrease and the high initial yield of formaldehyde it appears
plausible. However it is not the only scheme whereby formaldehyde
could be produced from ethyléne. An alternative would be 3~

0234 + 302 = cnacﬁaoon

caacnzoon = GH20 + GHZOH

CH,OH + 02 = 302 + 0320

2
This mechanism is in accord with the viewpoint that radicals will
add to olefins but it cannot explain the initial pressure decrease
observed in the oxidationp of ethylene.
Hydrogen peroxide is a major initial product in the oxidation of
ethylene indicating that hydroperoxy radicals are present in the
early stage reaction. Oxidation of the formaldehyde already
present in the syetem is the most likely source oi these radicals.

HCHO + 02 = CHO + BDQ AE = + 39 ke.

HCHO + CHO + 02 = €0 + H202 + CHOAH = <« 31 ke.
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Ethylene oxide is also produced in the early stages of ethylene
6xidation, presumably via the addition of an oxygenated radical to
the ethylene molecule. As the oxidation of formaldehyde produces
hydroperoxy radicals in the initial stages, the ethylene oxide
‘will prpbably be formed by the reactioni-

Coliy + HOp = CHy = CHy , on
LW
0
The initial step in the reaction will be the addition of the

hydroperoxy radical to ethylene produecing the radical CHp= CHgp.

HeO= 0
On splitting at the 0~0 bond the oxygen free valency in the
remaining radical skeleton will combine with the free valeney on
the terminal carbon atom forming a C~0 bond,

By analogy with the ethyl peroxy radical in ethane oxidation the
r#diaal cnécuaoon will be expected to isomerise in the ethylene
oxidation system, There are three possible ways of isomerisationi=
a) CH26H200H = anﬁacnao = HO(JH2 + CH20

b) CH,CH,00H = GHBGHDQH = CH,CHO + OH

2 2 3

e) CH26H200H = cn3cﬁgoo = c2H5 + 02

(a) Here transfer of the =0H group to the terminal carbon atom
produces a radical which on subsequent decomposition gives formalde-
hyde and a hydroxy methyl radical., This method of isomerisation
wﬁs considered in connection with the high yield of formaldehyde in
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the initial stages of ethyleme oxidation but was rejected ou
the grounds that it could not explain the pressure decrease which
accompanied the formaldehyde formation. However part of the
formaldehyde may be produced by this reaction.
(b) In this case isomerisation and decomposition of the
subsequent radical produces acetaldehyde and a hydroxyl radical.
As acetaldehyde was only detected in small quantities this reaction
will probably only have a ﬁinor role in ethylene oxidation.
(c) Shift of the hydrogen atom from oxygen to the termiual
carbon atom produces the ethyl peroxy radical which on decomposing
will give aun ethyl radical and oxygen. Evidence for the formation -
of ethyl radicals in ethylene oxidation comes from the presence of
ethane in the latter stages of the oxidation. Towards the end of
the reaction the concentration of oxygen is low and the ethyl
radiecals produced instead of reacting with oxygen will abstract
hydrogen to form ethane.

The radical CH,CH,00H is formed in the oxidation of ethame by
. reaction of alkyl radicals with oxygen and as with ethylene oxidat-
jon it may split at the 0-0 bond producing ethyleme oxide and a
hydroxyl radical. If the radical could also split at the €C-0 bond
& hydroperoxy radical and ethylene would be formeds Thus im a
systen of ethane - ethylene - oxygen the following re#ersiblo
reaction scheme would exist -

C2H4 + HOZ.——"’CHacleOOH.-—‘—Czﬂs + 02

v
02H40 +0H

However if it were assumed that ethylene was formed in the
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oxidation of ethane by oxygen abstracting hydrogen directly from
an ethyl radical and not via the formation of the radical
032032003, then the reactions occurring in a system of ethane =
ethylene - oxygen could be represented by t=

CH + HO
2 4 2§Q§$
T | GH26H200H -—==) 02H 40 + OH

It is a matter of opinion as to whiech of the above schemes 1is
taken as representing the reactions occurring when a mixture of
ethylene and ethane is undergoing oxidation. In the author's
viev the simplicity oi the ethylene forming reaction in the
second seheme holds in its favour,

The rapid rise in the productlon of ethane in the later stages
of ethylene oxidation is aceompanied by a rapid rise in the produce
tion of ethanol and methane, suggesting that their formation is also
assoclated with the fall in oxygen conecentration. The ethanol
yield rises in a similar manner to that of ethane indicating that
the‘ethanol may alse be produced from ethyl radiecals i.e. by the
reaction '

(25) C.H, + QH = C,H.OH AH = =92 k,cal.

However as this is a radicale-radical reaction as opposed to a
radical-molecule reaction for the formation of ethane, the yleld
of ethanol will be less than that of ethane,



425,
" Methane and ethane will alumost certainly be forued by
methyl and ethyl radicals abstracting hydrogen, and it is interest.
ing to note that as the yieids of methane and ethane rise that of
methanol decreases,  This, plus the fact that methanol is the
only product present which will donate hydrogen indicates that
the ﬁethyl and ethyl radicals abstract from methanol.
CH3 + GHBOH = 034 + GBQOH AH = =18 kc.

0235 + 03303 = 0236* 03203 AH = +27 ke,

_ The fate of the hydroxymethyl radicals which are produced in
the above reactions is uncertain, If they had been formed in
mixtures containing oxygen they would most probably have been
oxidised to formaldehyde. However they are produced in the
latter stages of reaction where the oxygen concentration is low
and thus they must be removed by some other reaction. Ethylene
glyeol has been detected in the products of ethylene oxidatienlal
and it is possible that the radicals will dimerise. Evidence
that the CH,0H radicals can dimerise comes from the work of
Takezaki & Eakeuehil’s. They studied the decomposition of
methanol induced by methoxyl radicals and they found that ethylene
glycol was formed. The suggested reactionshuere i=-

GH30 + CHBOH = CH3QH + 03203

2 GHZOH = cnzon

I

03203

Methanol is formed throughout the course of the reaction and

as in the oxidation of ethane it is probably formed by hydroxyl
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radicals abstracting methyl, although in the ease of ethylene
oxidation the source of methyl radicals is uncertain,

The yleld of hydrogen peroxide falls sharply at the point where
the rates of productlon of methane and ethane increase. (figs.
13a and 13b)s, This indicates that owing to the depletion of the
oxygen the rate of formation ef the hydrogen peroxide falls below
that of its rate of decomposition, The maximum in the yleld of
hydrogen peroxide occurs after the maximum rate of reactién which
shows that the hydrogen peroxide is an end product of the oxidat~

ion and not an asetive intermediate.

In the foregoing the formation of the products in ethylene
oxidation has been considered, but before dealing with the next
stage in the oxidation process viz, formaldehyde oxidation, it is
worthwhile considering the wvarious theories on the formation of
ethylene oxide in ethylene oxidation, especially as a new viewe
point is now put forward.

Lehhar97 vas one of the first workers to study ethylene
oxidation and he found that in the oxidation between 360=410°C
ethylene oxide was produced in fairly high yield. He postulated
that oxygen activated the olefinicdouble bond in such a manner
that the oxygen molecule added across the bond wlth the formation
of a radical which on subsequent reaction with ethylene formed
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ethylene oxide.

032 Gﬂe\ Cﬁz = 032 052\\
+ 0= 0=-0- = 2 0

” . 7 /

CH, CH, CH,

An alternative mechanism was put forward by Lewis & von Elh%f
They cenaidorod_that ethylene hydroperoxide was formed in the
oxidation of ethyleme and that this compound would react in an
analogous manner %o peracids which are known to produce nlefin

oxides and normal acids on reaction with olefins.

0
ae’/— oom + 08 = CH, ~ OH, + HOOOK
CH

4 2
2 N7
HC—Q0H + 02K4 = 2 011\2-/032
0
However the evidence for the reaction of peracids with olefins
comes from experiments in solution and like other peroxide
reactions is probably not applicable to the gas phase where the

temperatures are of necessity much higher.

Harding and Norrish's viou97 was that the chain branching

reaction in ethylene oxidation produced oxygen atoms whieh on
addition across the ethylene dcuble bond formed ethylene oxide.

HCHO + 02 = HCOOH + O

CH, =CH, + 0 = 032\;/032

However it is now known that hydrogen peroxide is formed im
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the oxidation of ethylene and as the most 1ikely source of hydro-
peroxy radlcals (precursors of hydrogen peroxide formation) is the
reaction HCHO + 0, = CHO + HO, it suggests that the oxygen atom
theory of Harding & Norrish is incorrect.

The thermal oxidation of formaldehyde has been investigated by

several workers viz, Bone & Gardnarg,,ﬁpenoiga Snovudon & Sty10123.

and Axford & Norrishi‘g4 Although their findings were contradice
tory on certain points the results were correlated by Lewis & voh
Elbe46 in 1951 and a mechanism put forward to explain the oxidation.
The cholce of possible reactions was restricted by the followings-
a) The rate of reaction was proportional to the square of the
formaldehyde concentration and independent of the oxygen concentra=-
tion. I
b) The reaction was independent of vessel diameter which indicated
that both the chain breaking and chain initiation reactions vere
either gas phase or surface processes.

‘¢) The reaction was inhibited by inert gas. This showed that the
chain breaking reaction oceurred in the gas phase and hence the
chain initiation reaction also,.

d) Initiation may involve elther decomposition of the formaldehyde
or homogeneous reaction between formaldehyde and oxygen. The high.
activation energy for the dissoclation of formaldehyde rules out
the formaf possibility and the evidence is that the initiation step
in aldehyde oxidation is a bimolecular reaction between the aldehyde

and axvean.
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e) The inhibiting effect of inert gases pointed to the chain
breaking reaction being a ternary process involving a chain
carrier, inert gas, and one of the reactants.

A simplified form of the Lewis & von Elbe scheme, which takes

into account the above considerations, is given belows=

HCHO + O = CHO * H02

Initiation =seewecw
Hba + HCHO = CHO + H202

Chain :
""""" CHO + HCH0+02= HCOOOH + CHO
Propagation g
v
co+5202
Termination CHO + 02+ M = GHOB

CHO3 + wall = destruction |
HCOOOH + wall = 002, 1120

This scheme envisages that performic acid is the primary
product of the chain reaction and that carbon monoxide and hydrogem
peroxide are produced by the decomposition of this acid., This was
partly suggested by the fact that Bone & Gardner5 found that per-
formic acid was formed in high yield in the initial stages of
reactiony and partly by the fact that the kinetic®s of the reaction
require the cehain propagating reaction to be Germolecular,

Allhough a detailed analysis of the initial products is

required to determine conclusively the role oi performic acid in
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the oxidatlon of formaldehyde, the faet that the above scheme can
explain both the kinetic and analytical date.holds strongly in its
favour, and in the absence of a more plausible mechanism it will be
taken as representing the oxidation of formaldehyde.
The most lilely alternative to the above chain propagating
reaction is s~ _
CHO + 0, = €O + HO,

HOp + HCHO = CHO + f,0,

This chain can explain the high yields of carbon monoxide and
water but it cannot explain the rate of reaction being proportional
to the square of the formaldehyde concentration and independent of
the oxygen concentration. Apart from this, if this chain were
operative it would have to be postulated that carbon dioxide was
formed by a reaction such as &=

CHO + 05 = COp, + OH

The occurrence of this reaction would require the yleld of
carbon dioxide to inerease linearly throuchout the course of the _
reaction, in a similar manner to the carbon monoxide yleld, vwhereas
in fact iks rate of production increases markedly towards the end of
the reaction. (see fig.l3a.). This was also observed by Bone &
Gardners in their experiments on formaldehyde oxidation, and since
the increase in the carbon dioxide yleld was accompanied by a
decrease in the yleld of performic acid they suggested that the
carbon dioxide was formed by surface decomposition of the aeid.

It 1s to be noted that the association rea&tion between formyl
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radicals and oxygen must be extremely fast as lMecKellar & Norriahlaa
detected both OH and CHO radicals in the explosive combustion of

formaldehyde but only OH radicals in the slow combustion.

In conclusion, it appears that the later stages of ethane
oxidation involve primarily the oxidation of the intermediates
ethylene and formaldehydé. Ethylene is oxidised mainly to formal-
dehyde and the formaldehyde is oxidised to the final degradation
products carbon monoxide and water. The reactions which will be
common to the ethane, ethylene, and formaldehyde oxidation systems

are listed below:-

(6) GC,H, + 0,= 2 CHQ

(7) CoHy + HOp = CoH,00H = CoH,0 + OH
(8) CoH, + HO, = CH,CHOOH = CH5CHO + OH
(9) C.H, + HO, = cn3cnzoo = ¢ H +

274 &5
(0) cH, O+ O, = CHO + Bﬂa

2 2
(12) CH,0 + HO, = CHO + Hy0,
(14) CHO + 02 + HCHO = HCOOOH+ CHO
= CO + 3202+ CHO
(15) CHO + 02 + M = C‘-HO3 + M

(16) GHOB+ wall = destruction

(17) HCOOOH + wall = 002, 320

(18) 32024- wall -50-&--&02

(19) Hoa + wall = destructien
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The slow oxidatlon of ethane is characterided by an
inductlon period in which little or no pressure rise occurs,
followed by an aceceleration to the maximum rate of reaction.
According to Semenoff these characteristics are due to the build
up by a primary chain of an intermediate which can survive long
after the primary chéins have ended and then react to produce
radicals which are capable of initiating new chains.

Various theories have been put forward as to the nature of the
branching intermediate and there arose two schools of thought (1)
those who thought that it was peroxidicin nature (2) those who
thought it was aldehydic in nature. The difference between the
two theories lay in the fate of the alkyperoxy radical produced
in the oxidation systene. Those in favour ol the peroxide theory
considered that this radileal was fairly stable and could exist in
the reaction system long enough to enable it to abstract hydrogen
and form a peroxide, whereas those in favour of the aldehyde
theory considered that it was unstable and would decompose inteo an
aldehyde and a free radical before it had time to abstract hydrogen.
Branching by peroxides was considered to occur by the split of the
molecule at the 0=0 bond producing two free radicals, whilst alde=~
hyde branching was thought to take place by the reaction of the
aldehyde with oxygen producing free radicals.

ROOH =RO + OH Peroxide branching,
RCHO + O, = Free Radicals Aldehyde branchinge
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Peroxides have been detected in the products of hydrocarbon
oxidation in solution, and evldence that they can aet as agents
of degenerate branching comes from the work of Hbdvodevza. He
found that th§ addition of tetralin hydroperoxlide to tetralin
caused the reaction to start off at a rate greater than the normal
maximim rate and then slow down to the normal maximum rate.

Hydroperoxides have also been detected in the oxidation of
hydrocarbons in the gas phase but i1t appears that only the hydroe
peroxides of higher hydrocarbons are produced and that those of
the lower hydrocarbons viz. ethane and propane, are not readily
formed under the conditions of hydrocarbon oxidation e.g.
Cartlidge & Tipper32 obtained hydroperoxides from the oxidation
of n-butane, cyclohexane and n-heptane between 310-386°C but with
propane at 327°% only hydrogen peroxide was detected, Even at
temperatures below those at which hydrocarbons normally oxidise
the lower hydroperoxides are not produced Bell, Dickey, Haley,
Rust & Vaughan25 investigating the hydrogen bromide catalysed
oxidation of iso-butane between 100-160°C found that t=-butyl
hydroperoxide was produced but ne secondary or primary hydro=-
peroxides.

The expected lifetime of the branching intermediate in |
hydrocarbon oxidation is of the order of minutes (Semenoff, 1935,
p.68) but Kirk & Knox>3 have shown from a study of the thermal
decomposition of hydroﬁeroxides that the lifetimes of ethyl and
propyl hydroperoxides are approximately 3.7 seecs. at 318°C., This
provides further evidence that hydroperoxides are not the agents
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of degenerate branching in the oxidation of ethane and propane
above 300°C.

In general the rate of hydrocarbon oxldations indicate that
the pressure of intermediate responsible for degenerate branching
must be of the order of mms. e.gs for an intermediate of lifetime
60 secs. and for a maximum rate of 0.2 mm, hydrocarbon oxidised
per second the maximum pressure of intermediate will be 12 mm,
Pressures of this order have been observed for aldehydes in
several oxidation systems and it can be seen from fig. 8a that in
the oxidation of ethane at 362°C the maximum formaldehyde
pressure is 7 mms. Furthermore the maximum in the formaldehyde
pregssure occurs at the meximum rate of recaction as required if
formaldehyde were the branching intermediate in ethane oxidation,

The effect of light on methane and ethylene oxidations in the
high temperature region provides interesting evidence for
aldehyde branching. lNorrish & Reagh;zg found that on illuminating
the oxidation system with U,V.light of wavelength 3800-2400 8
(known to dilssociate formaldehyde into hydrogen atoms and carbon
monoxide) the reaction immediately accelerated, and that when the
light was excluded the reaction decelerated., Examinatiom of the
kinetics both in the light and in the dark showed that the effect
of the light was merely to augment that of the thermal reaction,
and while the rate of the dark reactioh was given bytw

Ry = ky (Hy.)(0,) + Ky(Hy)® (0,) P
the rate in the light was given byie

R, = ky (Hy )(0,) +IG(Hy) I+K, (B)® (0p) P+ Ky (Hy) TP
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where P = total pressure, I = intensity of light.

The éffect of light was to introduce the term ki (Hy)I + x2
(Hy) IP in the rate expression, Thus the augmented reaction due
%o irradiation followed a similar lew to the dark reaction, with
the light intensity replecing the oxygen pressure. As the effect
of light was to accelerate the reaction without alvering the
kineties and as the incident light was not absorbed by the hydro-
carbon or oxygen, the photochemlcal effect must have been exerted
through the branching intermediatei=

RCEQCHB +«+ I =H+ CHO

These results show that the branching reaction in the thermal
oxidation is one in which oxygen attacks an intermediate compound
which is capable of absorbing light i.e, the branching reaction is -
of the formi-

RGHQGHO + 02 = free radicals

This is further supported by the fact that aldehydes absorb
light of the wavelength used in the experiments of Norrisgh & Reagh.

Thus the initiation reaction in aldehydd oxidation i.e. the
bréﬁchlng reaction in hydrocarbon oxidatlon will be bimolecular.

26
This is in agreement with the ideas of Hoare &*Walsh; and

MeDowell & Thomasg v 93 who, from an investigaiion of methane and
acetaldehyde oxidations respectively, suggested that the initiatioh
reactions in formaldehyde and acetaldehyde oxidations weres=-

HCHO + 0, = CI0 + HOy QH = +39 Ke,

CH\CHO + 0 =CH,CO¥ HOp AH = 437 Ke.

3
Harding & Norrish’’ have demonstrated that formaldehyde is the
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branching intermediate in the high tempersture oxidation of
ethylene, and the evidence presented in this thesis suggests that
it is also the branching intermediate in the low temperature region
318-386o * As ethylene and formaldehyde are the major initial
products from ethane oxidation formaldahjda will also be the agent
of degenerate branching in ethane oxidation.

The activation energy for the branching reaction i.e. the
- activation energy for the initiation reaction in formaldehyde
oxidationy has been determined by several workers. Axford &
Norrish " estimated the valme to be about 21 keeal:/mole in the
temperature range 325-370°¢ and about 39 k.cal./mole in the
temperature range 450-470°C. However this apparent rise in
activation energy could be due to a change in chaln length rather
than a change in the initiation reaction (Lewis & von Elbe 1951)
and the activation energy for the initiation step may be taken as
21 k.cal./mole, The initiation reaction proposéd by Axford &
liorrish involved the formation of formic acid and an oxygen atomte

HCHO + 0, = HCOOH + O

However the high yield of hydrogen peroxide in the initial
products of ethylene oxidation suggests that a more likely reaction
would be 3=

HCHO + 0, = CHO + HO

2 2
This reaction was favoured by Hoare & Walsh;a
Markeviteh & Filippovat2’., They gave values of 25 and 26 k.cal./nde

6 and by

requptiv«ly for the activation energy.
Lewis & von Elbe46 considered that the initlatlon reaction in
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formaldehyde oxidation could be represented by either

HCHO + 02 = CHO + Hﬂz or

HCHO + 02 = CHOO+ OH
These two possibilities were considered by licare & Halsh;aé
they concluded from an investigation of the inhibiting effect of
-lead tetra=ethyl on the oxidation of methane that the production
of OH radicals could not explain their experimental findings

whereas they could be explained if Hoa radieals were produced in

and

this step.
Thus the branching reaction in the oxidat.on of ethane and
ethylene, may be taken as s=

HCHO + 02 = CHO + H02 E~24 kocalcfm}-el

As this regction has a high activation energy the rate of
branching will be markedly affected by temperature, and although
in ethane oxidation relatively more formaldehyde is produced at
the lower temperatures the rate of branching, and hence the
overall rate of reaction, will be lower at these temperatures.
As well as this, the degradation reactions undergone by
formaldehyde being more exothermie than the branching reaction
will presumebly have lower activation energles and hence will
become relatively more important with respect te the branching
reaction as the temperature is decreased.

Branching HCHO-&-aas GH0+302 AH = + 39 ke,

Degradation  HCHO + HO,= CHO + H,0, AH = = 10 ke,

HCHO + OH = CHO + H,0 AH = = 34 ke
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In the foregoing sections of the Discussion the initial
stages in ethane oxidation and the oxidation of ethylene and formale
dehyde have been considered separately, Although these oxidations
will be interlinked throughout the course of ethane oxidation the
basie mechanisms will remain the same and the complete reaction
- scheme for ethane oxidation will embody the basic schemes of
ethylene and formaldehyde oxidation.

It is suggested that the following series of reactions represents
the slow combustion of ethane in the temperature range 318-386°C 3=
EPropagation

(1) CoHg + HO, = CZHS + H,0, OH =+ 8 ke.

(2) 6235 + 0, = C,H, + HO, AH = = 8§ ke,

(3) 02H5+ 0, = GHO+0}120 DH = « 54 ke.

2 3
(4) 02!{5 + 02 = 62H40+ OH AH = = 27 ke,
(5) 62H5 4 02 = GH36H0 - OH‘ AH = -« 59 ke,
(6) 621-14 -+ 02 2 2 6320 AH = =« 63 ke,

20 Kce.

(7) C,H, + HO,= CyH0 + OH AH=
(8) CoH, + HO,= CHyCHO + OH AH = - 51 ke,
(9) _02114 + HO,= 021{5 + 0, AH = + 8 ke,
(10) 0330 + 0, = CHO+HO, AH =~ 22 ke
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Branching

(11) CH,0 + 0, = CHO + HO, Al = +39 ke,
Degradation _

(13) CH,0 + OH = CHO +_Hgo AH = =34 ke,

(14)CHO  + 02+cr120 = HCOOOH + CHO
= CO + H,O0, + CHOM = =31lke

Iermination

(15) CHO + O+ M = CHOy+ M

(16) CH03+ wall = destruction

(17) HCOOOH+ wall = 002+ Hzo

(18) H0, + wall = Hy0 + & 0,

(19) H02 + wall = destruction



Other Reactions
(29)(':}{30 + Gl = GH3OH +C5H5 AH = <2 ke.

(21) OH + CH,CHy = CH0H + 033 AH = =6 ke,
() 0H; + 0, = CHO +0OH Afl = =50 ke,
(23) OH + Cpily = Cgy + HyO OH = =73 ke

(24) GH3 + Clig = CH, + 02H5 AH = =5 ke,

(25) CH, + OB = CJHOH Al = =92 ke,
Reactions (5) and (8) are considered to be of minor importance
and the possible reactions of acetaldehyde are not included in
the above scheme, However if acetaldehyde were produced in
appretiable amounts and was then rapidly oxidised to end products,
the following additional reactions would have to be introduced
into the above scheme.

(26) CH4CHO + O, = CHCO +HO, AH =+43 ke
{27) GHBCH.O + 302 = 01{300 + H202 AH = 0 ke
(28) CH.CO = CH + CO DH = +12 ke.

3 3



The existence of a negative temperature coefficlent in
thé rate of hydrocarbon combustion between ea, 350-400°G led to the
suggestion that hydrocarbonsoxidised by two distinet mechanisms vig,
a "high" temperature mechanism above ca. 400%C and a "low® tempera=
ture mechanism below ca. 350°C, and it was considered that the region
of the negative temperature coefficient represented the temperature
range in which the oxidation changed over from the "low" to the "higih
temperature mechanism, Owing to the earlier analytical techniques
requiring relatively large amounts of products analysis could only
be carried out for the later stages of reaction, and 1t was found
- that olefing predominated in the products of the "high" temperature
oxidation whereas oxygenated compounds predominated in the products
of the "low" temperature oxidation. This was explained on the basis-
that the alkyl radicals produced from the fuel molecule reacted with
oxygen in different ways dependent upon the temperature.

"High" Temp., Alkyl + 0,— Olefin + Hoa

"Low" Temp, Alkyl + 02—1» Aldehyde or Peroxide — gxyge‘r;:g:d
ompo .

Thréugh the recent development of gas chromatography the initial
products of reaction can now be examined and it has been observed in
the present work on ethane oxidation and in previous work on propane
oxidation that olefins are produced in high initial yield in the
“low" temperature oxidation, and in fact with ethane the initial
yield of aldehyde only exceeds that of the olefin at temperatures
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below ea.320°b. Congequently the previaus views on the negative
temperature coefficient in the rates of ethane and propane oxida=
tions have to be modified and the region of the negative tempera=-
ture coefficient fegarded as the temperature range in which the
change over occurs from a mechanism in which aldehydes and olefins
are initially produced to one in which only olefing are initially
produced.

To confirm this viewpoint experiments would have to be conducted
over a temperature range extending from the "low" to the "high"
temperature region and analysis of the initial products carried out
in order to determine whether or not there was a correlaﬁion between
the reaction rate and the initial ylelds of aldehyde and olefin,
During the course of this vork experiments were carried out with
temperétures up to 386°c and it vas rbund'that the initial yield
of formaldehyde decreased with inecreasing temperature whilst the
initial ethylene yleld increased with temperature, but as the
reaction rate inereased continuously with temperature up to 38660
no conelusions can be drawn as regards the connectlon between the
nagative temperature coefficient and the initial yields of formale
dehyde and ethylene. It is to be nofed, however, that the :
kine¥%ics of the reaction rate will vary with the conditions used.
‘sinee Knox & Nbrrish75 observed a negative temperature coefficient
in the rate of ethane oxidation between 350=410°C whereas in the
present work the rate increased continuously with-tempcratu:a up
to 386°¢.
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SUMMARY.

The oxidation of ethane like that of other aliphatie
hydrocarbons, apart from methane, can proceed by two distinet
mechanisms. One operates above and the other below ca. 4009C.
Anélytioal work ou ethane oxidation has shown that in the later
stages of the high temperature oxidation ethylene is the major
product whereas in the low tampafaturo region oxygenated com=
pounds are the major products.. Through the development of gas
ohrbmatography it 1s now possible to analyse the products in the
early stages of reaction. The aim of the present work was to
apply this technique %o the analysis of the products in the
initial stages of ethane oxidation and to determine the relative
importance of ethylene and of oxygenated compounds in the early :
stages. At the same time analyéis.of the products formed
throughout the course of the whole reaction would provide valuable
analytical data for the elucidation of the oxidation mechanism.

The oxidations were carried out in a static system between
318-386°c using mixtures of different composition, The relative
yields of the initial products did not change appreciably when thé
ethaneioxygen ratio was altered by a factor of six. However the
initial yields changed with temperature, and at the higher tempera-
ture ethylene was the main initial product whereas at the lower
temperatures formaldehyde predominateds A value is given for the
difference in activation energy between the reactions producing
ethylene and formaldehyde. The kineties of the oxidation at 362°C
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were investigated and the variation of the acceleration
constant ﬁith oxygen, ethane, "inert" gas, and ethylene oxide
pressure was datermined;‘

thylene oxidations were carried out at 318 and 362°
with mixtures of different composition and the products from
both the early and later Btagas'of reaction were examined.

Thé oxidation of acetaldehyde at 362°¢ was also investigated
and & mechanism foi the oxidation has been put forward,

In tﬁe latter part of this thesis the experimental results
were discussed, It appears that the degradation of the ethane
molecule is a stepwise process involving the intermediate forma-
" %ion of ethylene and formaldehyde. It was concluded that the
ethylene was formed by oxygen abstracting hydrogen directly from
ethyl radicéla, and that the formaldehyde was formed by isomerisa=
tion and decomposition of ethyl peroxy radicals. In the later
atagss of reaction the ethylenme and formaldehyde are themselves
oxidised, ethylene mainly to formaldehyde, and formaldehyde to
the final oxidation products carbon monoxide, carbon dioxide, and
water., A mechanism involving the intermediate formation of a
eyelic peroxide has been proposed for the oxidation of ethylene
to formaldehyde. As no experiments were carried out on the
oxidation of formaldehyde the scheme proposed by Lewis & vom Elbe
for formaldehyde oxidation has been adopted. A reaction scheme,
which can explain the formation of the products of ethane oxidation
and which embodies the basic schemes of ethylene and formaldehyde

oxidations, has been put forward for the oxidation of ethame.
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FIGURE 17

PRESSURE — TIME CURVES FOR ETHANE AND ETHYLENE OXIDATIONS.
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FIGURE 18.

EFFECT OF ACETALDEHYDE ON PRESSURE-TIME CURVES FOR ETHANE OXIDATION.
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FIGURE 20.
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FIGURE 23.
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