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Propane is the simplest hydrocarbon poseessing structursl
properties such us secondary carbon atome which are typical of the
higher aliphatic hydroearbons, unﬁ for this reason its oxidation has
been extensively investiguted. The oxidetion ocun proceec by two
distinct mechonisms, one operating at temperatures above 400°C and
the other below that tempersture, The low tempersture oxidation
hae been extensively investigated, but ilittle work hus been done on
the high tenperature oxidation,

The work presented in thie theeie consists of a kinetic
and analytical investigation of the oxidation of propane in the high
temperature rogion, The kinetic lavestigation has been carried out
in o etandard static combustion apparatus at temperatures between 400°
and 460°c. and the dependence of the maximum rate and the acceleration
conastant on the pressures of recctantc has been ﬁetarmined; The effect
of asdditives on the kinetics has aleo been studied. The technique of
Gae Phuse Chromatography has been developed into = sultable
quantitative method of microeunalysis of the products of hydrocarbon
combustion, and the analytlical investigation has been carried out almost
completely by the application of this method, Analyses of suitable
recetion mixtures during reaction have been mude at several
temperatures, snd the variation in products with reactant concentration
and temperature has been determined,

The oxidation in the high temperature region appears to
be a two-stuge resction, In the initizl stages the main product is
propylene, and the acceleration can be attributed to the crucking
reaction of the propyl radical which eventuully gives rise to

Use other side if necessary.



formaldehydie, the effective branching intermediate, in the later
etage of the resction where the maximum rate is realised, the resction
_:mechanian is eimilar to one found in the low temperature region where
.the main chain product is a higher sldehyde, which 1n'thsn responsible
for the branching, At this stage the propylene concentration reaches
a stationary value, I

From the suggested reasction mechanisme, kinetie
expressions for the maxisum rate and acceleration constonte have been

derived, and these are in agreement with the experimentul observations,
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INTROIUCTIOR, 1.

1. THE SLO% OXIDATIUN OF HYDROCARBONS,

dels The Early Work.

The oxidation of hycrocarbons hus been the subject of
investigations by chemiste for more than a century, In the

1. in uddition to pioneering the

early l1l9th ceatury, lLalton
devrlopment of Atomic Theory, carried out researches in the
combustion of fuels, und identified hydrogen and carbon
monoxide in the guae from burners, At about the same time,
Davy carried out the first researches oan ignition phenomena
with a view to reducing the hazaris of explosions in mines,
Iin these he discovered the important effects of surfaces and
naryrow passages in controlling explosions,

However, in spite of Dalton's results, the theory which
was accepted until 1860 was that of Pref rential Combustion
of Hydrogen, presumably baaéd on the evidence that a flume
deposite carbon when oxygen deficient mixtures are combusted,
The theory became no longer tenable when Kerstenz confirmed
Dalton's observations by identifying hydrogen in the interconal
gases of the combustion of hydrocarbons,

Armstrong3, in 1874, suggested that hydirocarbons could
be oxidised by the successive hyciroxylation of the C-ll bonds,
and this Hydroxylation Theory was expanded and developed by

Bone znd his co-workers” during the years 1500 to 1312, In
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this theory, all the intermeuviate compounde which had been
isolated couid be explained, These intermediate compounds
were zlcohols, aldehydes, acids, water ete,, and in the case
of ethane, for example, they were believed to be produced by
the reactions

1.~ : i :
011301.3»-’, CH3CH20H-—-> CI:BCH(OH)Q sy CH:CHO + 1120

— CH3CUOH-> GHEOII.COOI'I-——? CH20 + H;,O + CO

T e —— e m—

The importance of the Hyvdroxylation Theory lay in the
fact that it waus the first theory to introduce the concept
of reaction by successive steps, This principle was
- extremely important, and ite application led to a great
advance in the understaending of oxidation mechanisms,

Ae more and more inveestigations were carried out on the
combustion of hyvdrocarbons, it was reclised thut the
Hydroxylation Theory had weaknesses, and the theory was
eriticised on several grouncs, Hone of the investig:tors
had been able to isolate the supposed primary intermedicte,
the alcohol, and although Newitt and Haffner5 did identify
methanol in the oxidution of methiune at high presesures, other
criticisms were levelled by Norrishs and Ubbalohde7. By this
time it wae realised that, since most of the procucts of the

re.ction contained only one atom of oxygen, the mode of



3e
scission of the diatomic oxygen molecule was an important
feature of the reuction, Ubbelohde criticised the postulate
of the Hydroxylation Theory that the reaction was dissociation
of the oxygen molecule into atous |

0, = 290

on the ground that it was not energetically plausible, it
was also pointed out by NHorrich that the theory could not
explain the observed kineticc of t e oxidation of methane,

8 himself who produced the evidence that

It was Bone
invalidated his theory when he found that methanol re.cted
more slowly than formaldehyde, and so ought to have a higher
stationary state concentration in the oxidation of methane,
This latter fact was contrary to the experimental obeservations,
With the realisation of the defects of the Hydroxylation
Theory, curing the late 1920s, other workers begun to advance
theories, In 1927, Callendar”’ suggested that the oxygen
wae incorporated into the hydroecarbon to give a peroxide and
that the O=0 bond was then broken, The success of the
Theory of Chain Reactions in other fields led to ite
application to the Oxidation of Hydrocarbons, Egerton;o
supported Callendar's view that peroxidation of the
hydrocarbon occurred, and postulated that the oxidation

proceeded by = chain re .ction, the chain being an energy
chain which was carried by the energy-rich peroxide molecules,
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This theory could explain the action of lead tetraethyl as
an antiknock by the mechanism of negative catalysis, The
discovery of the existence of free radicals led to the
advancement of several new mechanisms for the oxidation of
hvdroearbons, «nd it is from that period that the most modern
theories have developed uirectly,

In view of the considerable part that the Lheor:  of
Chain Reactiones has pliayed in ceveloping the various theories
of Hydrocarbon oxidation, it is convenient here to give a

short account of its development,

1.2, The levelopment of Chain Theories.

The idea of o chain reaction was firet advane 4 by

Bodensteinll in 1913 to account for the high quantum yield

of the hydrogen/chlorine reaction, Bodenstein proposed an
ionic chain mechanism, and later, Hernatla suggested the more
familiar homolytic chain mechanism as being a better one, In
1623 Chr.stiunsen anc Kramersl3 epplied the idea to the
decomposition of nitrogen pentoxide, postulating o thermsl
chain to explain the high rate of decomposition of nitrogen
pentoxide., However, the paper was not much read, and the
Chain Theory wae brought into focus only when Cnristiznaanl4
published a paper which demonstirated the power of the theory

by explaining ithe phenomenon of negative catalyeis, The

obeervuation could reacily be explained if one counsidered the
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negative catalyst as merely a breaker of chains,
Almost immediately the Chain Theory was successfully
applied to other reactions which exhibited these characteristies,

such as the oxidation of aldehydesl5

16

sy the oxidation of

17

hydrocarbons in the gas phase™ , the hydrogen oxygen reaction

and the oxidation of sulphur18

in the gas phase,

Early papers all postulated thermal chains for these
reactions, but the discovery of free radicals led to the
advancement of free radical chain mechanisms in later work,

During the next few years, with the appearance of so
many papers in the literature, it became evident that the new
theories should be critically surveyed and analysed, znd given

some standard form, This was done by_Semenov19

» Who had
contributed extensively to the development of the theory, and
the results of his survey were published in his book "Chemical
Kinetics and Chain Reuctions'’

An important feature of Semenov's analysis was the
concept of a branched chain, At this time Semenov believed
that chains were carried by energy rich molecules, and not by
free radicals, but the nature of the chain carrier does not
affect the basic concept. In a branched chain, each chain
carrier is supposed to react and produce, on the average, more
than one new chain carrier, A continually inecreusing number

of chain carriers thus results and this leads to an acceleration

in the reaction rate and even explosion, This concept may be
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illustrat-d by the cunsideration of two reactions from the
hyurogen=oxygen reaction, where two of the re.ctione believed
to occur are

OH ¢ Hy = Hy0 4 H (1)
end H + 0p = OH & 0 (7)
In the firet example, the reaction of the chainecarryving free
radical produces another free réuical, and in the second case,
the rezction of one chain carrier produces t o chain centres,
The latter reaction ic therefore a brunching reaction,

The chain carriers may reuet in three general wa's « t0
produce one chain carrier thus propagating the primary chain,
to produce more than one chain carrier causing branching to
ocour, and to give no new chain carricr thus effectively
breaking the chain, How if

S is the probability of branching at any link

[5 is the probabilit~ of chain breaking at any link
n. 4is the number of initial chain carriers
w(t) is the velocity of the reaction
AT is the time for which an active centre exists before
entering the reaction,
Semenov deduced that the velocity of the reaction at any time ¢
is given by

wt) = Ao‘t-l
which for large values of t reduces to
wit) = APt

where A n/( § -(3)
$ = ($=P)ar



Te
If x is the amount re.cted after time ¢, and for a gas
phuse reaction assuming this to be proportional to the
pressure change Ap, we obtain on integrating
Apc x = u/f. &

LDy & N,ef"
The value of g can be obtuined from a plot of log (Ap) against

t, or aliernatively, sinc: the rate of the reaction is given
by |
a(ap)/at = 4.t = g(ap),

from a plot of the rate of reuction against pressure change,

Assuming values of &, [S, and AT which were reasonable for
free radical or energy-rich molecule reactions, Semenov
showed that the velocity of the reaction might be expected to
inercase by a factor of the order of ¢ every second. In
order to explain observed velocities in hydrocarbon: and other
oxidation reactions which were v-ry much less than this value,
Semenov was foreed to coneclude that AT had to be of the order
of minutes of hours, and he introduced the conception of
degenerate branching to explain this slowly-developing process,
fle postulated that the result of initial reuetion led to a
relatively stuble intermediate product, which accumulated in
the original mixture and reacted independently, leading to the
final product, The reaction of the intermediate could also
create centres to start the chain of (he primary re.ction,
In a formal way these chaines could be considered ae the

uvranching of the primary chains, although such degenerate
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branchings occurred long after the primary chain had periched,

1.3, Recent Theories of Hydroecarbou Oxidation.

With the introduction of Chain Theory and the discovery

0of free radiculs, came the realisation that oxidation occurred
by a number of steps each of which was essentially simple in
nature, entaiiihg the making and breaking of oanly one or two
bonds, 1t was obvious that the older theories could be
criticiced on these grounds, and several new theories were put
forward which, although they diff red in details, could be
divided into two main types, They can be illustrated by
considering the theories of Norrish® ana Ubbelohae’, both of
vhich were advanced in 1935,

Norrish's theory is based on the belief that an aldehyde
is the intermediate which gives rise to the degenerate
branching, and Ubbelohde suggested that peroxides were the
active intermediates,

The reaction investigated by Horrish was the oxidation of
methane, and the mechanism which he advanced was the firet free
radical scheme inveolving the procduction of aldehydes. The
chain was carried by oxygen atoms, as

Propagation 0o + CH, = cCi, + B0
CH, ¢« 0, =« CH0 + O

Branching 0H20 4 02 = HCOOH 4 0

Termination 0 wall =  inert products

It was at first supposed that branching occurred at the
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surface of the reaction vessel, buil in a paper publiched the
next years, the branching was thought to occur wholly in the
gas phuse, The mechanism was refined after work on the

oxidation of formaldehydeeo

y @nd was given its finul form in
194821. In thies later scheme, the 0 atom chain wae replaced
by an OH radical chain, and degradative reactions of the
formaldehyde were introduced whereby it was removed by free
radical attack without causing branching, as in the reaction

Degradation GH20 e« (O = H20 +« H 4« CO

Horrish also proposed an aldehyde scheme for the

oxidation of higher hwdrocarbon321

similar to that for methane,
and incorporating additional featuree from the work of Pope,
Dykstra and Edgaraa, anﬂ von Elbe and LewiaQB. The oxiduation
occurred by an OH radical chain, and the degradative reaction
involved the successive formation and destruction of R,CO
radicals, The important recactions were |

Propagation R.GH20H3 + OH = RCHLCH, + HL0
R.Cﬂzcﬂa + 02 - R.cnacao + OH

Branching R.,CH, CHO 4 0, = R.CH,CO0H 4+ 0
Degradation R,CH,CHO 4 OH = (R.CH, 4 CO 4 Hy0
R,.CO " &oz e RO e H,0
LB B O B B B B AR BN BN BN OB BN B B BN BN A O]
CH 300 4 0, T CH O 4 CO & oH

Von Elbe and Lewis alco inecluded a chain carried by the OCH,

radical instead of the OH radicul, to account for the profuse
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24 in the oxidation

production of methanocl found by Peuse

products of propane, The formation of methanol is regarded

as a sign of attack of free radicals at the secondary carbon

atom,

Propagation R.CHZGH3 - OCH3 = R.JH.GHB - CEBUH
R.CH.CHB - O2 - R.CHOO.CII3 & R.CHO « OCH3

Hecent work on the oxidation of methane by Walsh25, and

on the oxidation of ac taldehyce by lMclowell and Thom;ags

3 has
suggested that the branching re.ctions are respectively, in
the case of formaldehyde

CH20 - 02 = CHO » H02
and in the case of acetaldehyde

GH3CHO * 02 » GH3CO + H02

Ubbslohde7, suggesting that formation of oxygen atoms was
unlikely because of steric fuctors, even although the reaction
was approximately thermoneutral, proposed a chain mechaniem
producing peroxides. The branching reaction could then be
attributed to the decomposition of the peroxides into free
radicals, The important steps of Ubbelohde's scheme were
the following.

Propagation R.CH2 + 02 - R.GH200

H.CH200 X R.CH3 - R.GH200H <+ BR,CHp
Branching R.CHzooﬂ = RCE2O « 0OH
Degradation R.CH200H = R.CHO - H23

Termination R.GHQ ¢ OH = R.ChQOH
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The peroxide scheme has been extended by Walah27 to
include a degradutive reaction of ‘he peroxide, and in the
cuse of octune the peroxide was regurded as breaking down the
following reaction

(cu3)3.c.cn2.?.(cns) p ® (CHg)yeCuCly, ¢ (7Hg)oeCO 4 OH

VUOH

Hinshelwood 2o

has also contributed to the development of
the peroxide theory, and has suggested a chain ending step to
account for the inhibiting effect of excess oxygen, as

R.CH2 + 02 = inactive products.

The uifferenc between the two theories lies in the
nature of the postulated branching reuction, In the cuse of
the aldehyue chain theory, the peroxide radical H.GH200 is
uncstable and breake up to give the aldehyde R,CHO and OH, and
it is this aldehyde that gives the branching by reaction with
oxygen, In the case of-the peroxide théorv, the R.CH200
racdical is believed to be stable and to react with a hrdrocarbon

R.CH3 giving the hydroperoxide R.OHQOOH which is responsible for
the branching by breuking up to give RO and OH,

2, _REVIEW OF PREVIOUS WORK ON THE OXIDATION OF PROPANE,

Propune is typical of aliphatic hydrocarbons containing
tvo or more C atoms, and ite oxidation shows all the
characteristics of the oxidation of these compounds. These

include the degenerate branching chain mechaniems discussed
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previously, a negative tempera.ure coefficient of the reaction
rate, and the occurrence of cool flumes, It was the existence
of these features that stimulated the interest of earlier
workers in this field, The negu.tive temperature ccefficient
occurs between 350°C and 400°C in the case of propane,
and the cool flame phenomena are shown over s temperature
range below this, as is recorded later, Cool flames are
caused by an instability in the reaction system which causes
the reaction to proceed at a greatly enhanced rate. This
rapid reaction is called a cool flaume and is always accompanied
by the emission of a pale blue light, Since the earlier
workers were influenced by the prevailing theories of
hydrocarbon oxidatiion in the interpretation of their results,
it is felt that a chronological consideration of their results
would not give the best representaiion of the facts that are
known about the reaction, Accordingly this review has been
presented as a systematic consideration rather than a
chronological record of the work done,

The classical inves.igation of the combustion of mixtures
of propane and oxygen was carried out by Newitt and Thornssag.
who examined extensively the obmbustion characteristics of an
equimolecular mixture over the complete combustion range of
temperatﬁre and pressure, The resultes of the investigaiion

are recorded in the figure, which is taken from their paper,
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COMBUSTION REGIONS OF PROPANE AND OXYGEN,

500 T
Spontaneous
Ignition Ignition Region
Tamgerature
in 7C, :
| P,
\
400 F \‘
51 A\ #
Confbustique Cool
Region (b) Flame
\\ aetTT
\
X aw
300 F SO
(e)
g 200 400 600

Pressure in mm, Hg,

It was found that the reaction could be conveniently
divided into four regions of combustionsy the ignition region,
the region of slow oxidation at high temperatures, marked (a),
the cool flame region, marked (b), and the region of slow
combustion at low temperatures, In Lthe cool flame region,
up to five cocl flames could be obtained, and associated with
thie region was tﬁe negative temperature coefficient of
reaction first recorded by Peise30. On going up any isobar,

the rate was found to reach a maximum at about 360°c and
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then fall to & minimum about 420°C. before rising again,
The line AB denoted the teuperature where the coefficient of
resctionjwas zeroc, The reglon of combustion above this
line was called the high tenmperature rogion and the region
of combustion below the cool flume region was called the low
temperature region,

The reaction has been studied using two types of reaction
systemn, ‘he static system and the flow system, Both systenms
have their attendant advantages and disadvantages, The
flow syetem has the advantage that it gives relatively
large amounte of reuection products which are thus more
amenable to analysis, but it does not lend itself to kinetic
investigation of the rewction, With a static system the
reverse is true,

Investigantions using flow systems have been carried out
by a number of workers and their workcovers the complete
temperature ronge of slow combustion between the temperature
when the reaction starts and the ignition temperature, [ot
all of these workers covered the complete range of temperature,
The region of slow combustion at low temperatures has been
investig ted by Peuae3o, Harris and Egarton3l, Newitt and
Thorneezg, and Norrish and Knox32; the conol flame region by
Peazse, Harris and Egerton, lNewitt and Thornes, Norrish and
Knox, Satterfield and Wilsond®, end Kooijman%sy and the

region of slow combustion at high temperatures by Pease,
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Satterfield and Wilson, and Kool jman .
The work thét has been done using s.atic systems is not so
éomprehehaive. The region of slow combustion at low
temperatures has been investigated by Pease, the cool flame
region by Newitt and Thornes, the region of negative
temperature coefficient outeide the cool flame region by

Antonoviski end Shtern35, Charnyak and Shtarn36

y» Pease, and
llarris and Egerton, and a few observations on the combustion
of propane and its derivatives in the high temperature region
have been made by_mulcahy37.

The agreement between all of these inveectigations is,
on the whole, surprisingly good, considering the wide variety
of experimental conditions and the sensitivity of the reaction
tolthe experimental concitions., There are, however, one or
two instances where resulte do seem to be conflicting.

The products of the reaction fall into two main types,
hydrocarbons andé oxygenated molecules, Of the hydrocarbons,
there have been reported methane, ethane, ethylene, acetylene,
proprlene and, in addition, hydrogen, The oxygenated
molecules comprise methanol, ethanol, formaldehyde, acetaldehyde,
propionaldehyvde, acids, peroxides and water, At lower
temperatures, the relative ambunt of reacted propane producing
hydrooarbon procducts is low, being negligible at 260°C. AB

the temperature is increased, the'prOportion of hydrocarbon in
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the product increuses yntil at 400°C, about 50% of the reacted
propane appears as hydrocarbon in the product, At higher
temperatures, with low oxygen concentrations, about 80 to 90%
of the reucted propane appears as hydrocarbon products, The
nature of the hydrocarbon procuct also changes as the
tomperature is increased, At lower tamperaturné relatively
little ethrlene is produced, the amount inerecasing as the
temperature is increased,

The znalysis of the products obtained in static
experiments confirms, in general, the results obtained from
the investigations using flow systeme, in the former, however,
discrepancies can be noted, Hewitt and Thornes, in the region
of negative temperature coefficient, have recorded that
acetylene is produced undéd no ethylene, while other workers have
feiled to detect acetylene iﬁ any of the slow combustion
reactions,

The amounts of propyiene and ethylene were found to
inerease throughout the combustion of an equimolecular mixture,
and there was general agreement that the amount of reucted
propane giving hydrocarbons, relative to the amount giving
oxvgenated compounds, was greater at the beginning of the
reaction than at the end, ‘“When the effect of the addition of
proprlene was investigated, however, the resulis of Harris and
BEgerton, and Chernyak ond Shtern were found to be incompatible,

the former rocording that the advance addition of propylene had
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no effeet on the final product composition, and the latter
recording that add. tion of propylene inereaced the final yield
"by just the amount added, These experiments were carried out
under comparable concitions,

The information available on the kinetics of the slow
combustion irs rather meagre, the most extensive examinaiion
having been carri-d out by Peaee38. In this invectigation,
it was determined that the order of the reaction in the low
temperature range was . zero witﬁ :espect to oxygen and was
approxim:tely 2 with respect to propane, In the high
temperature range it was found that the order with respect to
‘both oxvgen end propene was belween 1 und 2,

lMechanisms huve been advanced for the low-temperature

xidation which explain the observed producte, and from which
can be ceduced the observed kinetic parameters, It huo been
suggested that the reaction proceeds thrOugh the propyl radical,
which may be either the n~propyl or the iso-propyl radical,
and that the radioal'may re.ct in three possible wayse,

1) by eracking to give ethylene and a methyl radieal,

2) by reucting with oxygen to give unsaturated hydrocarbons,
3) by reccting with oxygen to give oxygenated products,
The oxygenated molecules produced in the third tvpe of
reaction may be zldehyces or peroxiders, either of which is
known t{o cause an aodelerution in the rate of reaction and
could act as branching azgents is formed, The variation in

products with temperature can be adequately explained by these
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three reactions, the variation in product and in r.ie being
attributed to the change in contributions from the three
reactions as the teumperature iec raised,

The accelerstion at lower tempersa.ures has been

28,32

attributed to branching acetaldehyde or peroxide and the

decrease in ra.e to an olefin-forming chain competing as the

32’33. This chain can also account for

temperature is ralsed
the relatively large amount of hydrogen peroxide formed in
the oxidation at higher temperaturecs,

| It has been suggested by Norrish’r that the rise in
the rate at higher temperatures above the region of neg.tive
~emperature coefficient was possibly due t0 some other
branching reasction such as forumldéhyce oxidation as in the
case of methane,

Sumnarising, the oxidation has been investigated by
flow methods over the whole of iLhe range of slow combustion
and by static methods up %o 420°C, The kinetics of the
slow oxidation have been determineé in the low temperature
range and at 40000.. and a scheme has been advanced that
explains the mechanism in the low temperature range.

o investigation elther of the producte or the kinetics

has been uncert ken in the high temperaturc range in a statie

svsten,
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3, THE AIM OF THE RISEARCH.

e

Previoue work has shown that the products from the
oxidation of propune are . complex mixture of hrdrocarbone,
oxvgenated hyarocarbons, hyurogen peroxide and water. The
analysis of such a mixture is cifficult, :nd conciderable
ingenuity has had to be emplo- ed to obtain cuantitative estimates
of 211 the products, At higher temperatures in a static
system, the pressure of reuctant required to give measurable
rates is usually conciderably les: than atmospheric prescure,
and the amount of product available for analysie is
correspondingly smaller, This was prob:zbly the reason why
investigations in the high temperature region were confined
to flow systems, where appreciadble guantities of producte
coulé be obtained., The amount of product available from a
combustion in a static apparatus in the high temperature
range is of the order of IOOO/namole, and to determine the
minor components of such a mixture guantitatively, some
method of micro-unalysis must be‘employed. The methods
available in the literature, cpart from requiring a diversity
of apparatus, mostly suffer from some disadvantage, such as
inability to Gistinguish-unsaturated hydrocarbons, or necescity
of a separate run for the determination of each component, or
time recuired for a full analyeis being inconveniently long,

The recent developments in gae phase chromatography
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suggested that it would be worth-while to develop the
technique as a quantitative method of micro-analysis for the
products of hydrocarbon oxidation,

The aim of the research was to investigate the oxidation
of propane in the high temperature region using a static
reaction system, in which a2 thorough investigation of the
kinetic characteristics could be made, By the development
of gas phase chromatography into a suitable analytical
technique, an investigation of how the products of the
reaction varied with the experimental conditions could also
be made,

From the data thus obtained, it was hoped that the
‘mechanism of the oxidation of propane in the high temperature
region could be established,

The reader will be able to judge for himself the

extent to which these aims have been realiced.



EXPERINMENTAL  TECHNIQUE
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1, THE APPARATUS ABD _PRUCEDURE,

lel, The Kinetic ipparatus.

The kinetic apparatus wus a static combustion apparatus
of conventional design constructed of pyrex glase, and is .
illustrauted in figure 1,1, The pumping system concisted of
a two-gtage vertical annular jet type of mercury wvapour pump,
backed by a Hyvac Rotary Oil pump, A McLeod Gauge was
employed for measurement of the pressure during the evacuation,
and it was found that the pressure could be reduced to 10" mm,
of mercury after 30 minutcs pumping. The purified reactants
were stored in Selitre reserveirs, and any required mixture
wag made up by measuring the reactants into the 500 ce.
mixing vessel., The sharing ratio between the mixing vessel
and the reuction vessel plus the Bourdon Spoon CGauge was
known, The reuction vesscel was macde of tubulur pyrex glass
5.5 cm, in diameter, and wus of capacity 522 cec, It was
cleaned with chromic acid and thoroughly rinsed with distilled
water before being sezled on 1o the apparatus,

The measurement of the pressure change during the
reaction was made with a Bourdon Spoon Gauge made of pyrex
glass and fitted with an optical lever arrangement, The
deflection of the pointer was thus magnified and could be
read on a metre long scale, a pressure change of 1 mm, mercury
giving o deflection of 7,93 mm, on the scale, The deflection

was linear with respect to the pres ure over the pressure range
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used, The Bourdon Gauge was connected to the reaction
vessel by means of 2 mm, internal di meter capillary tudbing,
which was meintained at 100°C by means of a heating coil to
prevent condensation of any product which might diffuse into
the capillary tubing,
The reuction vecsel was housed in a furnace, and was
surrounded by o copper Jucket to promote uniform heating,
he furnace consisted of a silica tube, 66 cm, long by 9.2 cm,.
internal diameter, which was heated by three independent
windings of nichrome wire of resistances 150, 100 and 150 ohms
respectively, the whole being suitably lagged and insulated.
~ The temperature along the reaction vessel was made constant
to within = 1% by verying the voltages through the windings,
and the mean temperuture could be controlled to = 1% by
. fitting o voltage stabiliser to the power supply.
'~ The temperatures were measured by means of a thermocouple
which had been standardised, in conjunetion with a Doran

Thermocouple Poten: iometer,

1,2, The Materisls.

Oxygen was obtained from a cylinder, and was quoted as
being 99,.5% pure, the remainder being mainly argon, It was
drawn through a liquid oxygen trap to rrmove any condensable
impurities, and then allowed to leak into a 5 litre reservoir,

Prop:ne was obtuined from two sources. The analvtiecal
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experiments were carried out with 99,8% propane which contained
0.,2% butane and was not purified further, It was kindly
gifted by B.P. Research laboratories, Suabury-on-Thames, The
kinetic investigation was carried out using propane that
contained 1% ethane and 0,1 to 0.2f propylene., This standard
of purity was obtained by puseing commercial propane through
three bubblers which contained respectively 1) concentrated
sulpburiec acid containing 0,6% W/W of silver sulphate,

2) concenirated sodium hydroxide, and 3) concentruted sulphurie
acid containing silver sulphate, The propane was then pussed
through a charcosl column saturated with bromine, and finally
passed through » phosphorus pentoxide colunmn, This propane
was then distilled, liberal initial and finul portions being
discarded, and the middle fraction being retained.

Carbon Dioxide was distilled from commercial cardice,
liberal initial and final fractions being discarded, and the
middle fraction belng retained,

Propylene was prepared by dehydrating isopropanol with
phosphorus pentoxide, the gas evolved being scrubbed with a
10% solution of sodium hydroxide and then dietilled from =80°C
to ~183°G, the middle fraction being retained.

Monomeric Formaldehvde was prepared by the method of

Spence and w11d42. The apparatus consisted of three parts, a
distilling fl.sk, a separator and a trap, the last being
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connected to the vacuum line, The separator consisted of
a bundle of three U-tubes the upper parts of which were
hea .ed to 120°C and the lower parts cooled to -80°C.
Commercial paraformaldehyde, which had been dried over
concentrated sulphuric acid in a vacuum dessicator, was
heated to 110°C in the distillation flask under vacuum.
DPuring this, the condensing vessels were heated by means of a
blow-pipe flame to prevent the condensaiion of water, The
trap was then cooled to -18300, the separator to -50°C, anad
the tap to the pump closed, As the distillation proceeded,
the oilba.h tempercture was groduslly raised to 120°c, and
when sufficient monomer had been collected, the oil~bath was
removed and the trap carcfully sealed off, Alternate
removal and replacement of the ligquid oxygen container brought
all the formaldehyde (o the foot of the trap which was then
seazled on to the line in position, The function of the
separator was to alternately heat and cool the geases whereby
the water was completely removed. (Slightly wet formaldehyde
polymerises readily).

scetaldehvde and Propioncldehvde were prepared by

trapping the vapour of the commercial aldehydes and using
the middle fraction,

Hydrogen was obtiained from a cylinder and was not
purified furither.
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ﬁefhane wzs obtained from a crlinder and was not purified
further. 1t contained 0,8% hydrogen,
Ethane was obtuined from a cylinder and was not purified
further. It contained 1,2% ethylene,
Ethylene was obtained from a cylinder and was not purified
further. It contained 0,2% ethane.

Carbon Monoxide was prepared by dropping formic ascid into

concentr.ied sulphuriec acid heated to 100°¢ in vecuunm, The

carbon monoxide evolved was purified by passing through two
traps at -183°C,

1:3s The Analyticul Apparatus and Procedure.
The apparatus used for the analysis is illustruted in

figure 1,3.1. The removal of the products for analysis

wes effected by first isolating the reaction vessel from the
Bourdon Gauge, and then connecting it to an evacuated sampling
vessel cooled with liguid oxyvgen in the centrul finger, The
tubing connecting the recction vessel to sampling vessel was
heated to prevent condensation of the products, For the
purpose of detalled analysis, the original sample was

divided into three fractionsi=-

Praction 1, containing the gases uncondensable at -183%

Fruction 2, containing the gases uncondensable at -80°C

Fraction 3, containing the products condensable at =80,
The first two fractions were pumped off by means of a Toepler

Pump, ané their volume, pressure and temperature were
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measured., The amount of product in the complete sample was
known, and the amount in fraction 3 was obtained by difference.
The calibrated volumes of the Toepler Pump bulbs were
de.crmined by weighing the amount of mercury required to fill
them to the calibration marks. The pressure in the Toepler
bulbes was measurcd on the adjoining manometer, and the
temperature was also measured,

The mixiure to be analysed was introduced into the
by-~pass sampling U-tube of the chromatography apparatus which
provided for reproducible dosage of samples of known_voluns
and pressure, the velume being that of the Ustube and the |
pressure being recorded on a manometer, |

The four Gas Phase Chromatography columns which were
required for a completc analysis were connected to a2 manifeld,
which allowed the appropriate column for the fraction being
analysed to be selected immediately,

The temperature of each column was controlled by an
electrically~heated jJjacket, which consisted of an inner glass
tube of diameter about 25 mm, wound wilh nichrome heating tape,
the whole being placed in an outer glass tube to thermostat
it. The voltage to the jackets was supplied by a voltage
stabiliser through a variae transformer, By this means the
column temperature was controlled to * 1%,

The flow rate of carrier gas through the column was

determined by Lhe pressure head at the entrance to the column
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and this wae accurately controlled by means of water column
bubblers, one of suitable height being used for each colunmn,
Minor fluctuations in the pressure were smoothed by a
buffering vessel, which also served ae a "backing volume" when
a sample was being introduced into the column,

The first three columns utilised Gas/Solid Chromatography
and the fourth column, Gas/Liquid Chromastography. The
respective packings for the four columns were 1) Activated
Chareoal, 2) Silica Cel, 3) Silica Gel and 4) Dinonyl
Phthalate on Firebrick, The packings were prepared as followsi
Activated charcoal was prepared by drying and sieving the
commercial charcosl "Suteliffe and Speakman, 207B*, the
froction of mesh B.,S5. . 52«72 being taken,
Silica Gel was preparsd by crying and sieving commercisl silica
gel "B,D,H, 25-T72 mesh", the fraction of mesh 52-72 mesh being
taken,
Firebrick was prepared by crushing commercial firebrick, and
drying and sieving the particles, the fraetion of 52-T72 mesh
being taken,
The dinonyl phthalate was deposited on the firebrick by
dissolving it in methylene dichloride, making a slurry of
the firebrick in the solution, and evaporating off the solvent,
The proportion by weight of dinonyl phthalate to firebrick
was 20/100.

All of the columns were packed by f£illing the glass tube
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with the packing, and then pressing the tube against the
spindle of a rotary oil pump, the vibration which ensued
giving uniform packing.

A deseription of the columns and the conditions under

which they were operated is given in the following table,

Column Fumber 1 2 3 4
Diemeter (mm,) 9 4 4 4
Length (em,) . 85 190 90 500
Temperature °C. 20 35 89 100
Flow Rate (ec/min,) 46,5 35,0 35.0 14,5
Fraction analysed 1 2(a) 2(b) 3

After leaving the column, the carrier gas passed into
the measuring cell of the Thermal Conductivity Detector and
from there to a flow meter, The thermal conductivity
detector is illustrated in figure 1,3,2, and eonsisted of a
solid cobper block with two channels drilled in it, ©Each
channel had a tungsten filament stretched along its axis, of
resistance approximately 13 ohms, and the carrier gas from
the columns was allowed to stream over the filaments, The
measuring cell was balanced by another cell through a constant
flow of carrier gus passed,

The 'wo cells of the detector were part of a Wheatstone
Bridge, whose output was measured by a sensitive moving coil

galvanometer, The electrical ecircuit for the detector is
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ghown in figure 1.,3.3. The voltage across the bridge was
get at 6.5 volts by means of rheostut 1 and & standard cell,
Rheostat 2 was used (o control the sensitiviiy of the |
g:lvanometer, and rheostat 3 to adjust the output of the
bridge.

To carry out an eanalysis, the flow rates of carrier gas
passing through both cells of the detector were set and the
 bridge was adjusied s0 that a zZero or near-zero signal wae
obtained on the gulvanometer, The gas flow was then
cirected through the introduetory U-tube and the sample
swept into the colunn, Components of the mixture truvelled
at different rates through the column and thue separated
into bunds, pure carrier gas issuing between the component
bands, The passuge of such o band through the detector
caused o change in the filomenti temperature, proportionazl to
the conceatration of the foreign vapour, which resulted in
an unbalance of the bridge. This was recorded by the
galvanometer and when the gulvanometer deflection was plotted
against time, a trace was obtalned which consisted of a number
of peaks, one for euch couponent of the mixiure, as
illustrated in figure l.3.4.

A calibration graph for each component of the pfoducta
was obtained in the following way, A sufficiently dilute

mixture of the componeni in nitrogen was made, andéd aliguots

of this mixture were pasced through the appropriate column
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and the height of the galvanometer deflection messured, In
this way a graph of Peak Height against M ~mole of product
wae obtained., A typicel calibration graph is shown in
figure 1,3.5, and it can be seen that the dependence of the
peak height on the amount of product is almost linear, The
error in meking o determination was estimated to be about 2%,

Unfortunately, it was not possible to obtain a
quantitative analysis of fraction 3 using Gas/Liquid
Chromatography, since formaldehyde and peroxide tend to
polymerise or decompose on the column, However, a semi-
quantitative picture of the fraction was given by the
chromatogram, To obtain a quantitative measure of the
formaldehyde, peroxide and methanol, fraction 3 was removed
from the apparatus, dissolved in water and examined by the
following ﬁathoda.

gis of For ae.

Formaldehyde was determined by the method of Bricker
and Johnsonsg. A solution of chromotropic acid weae
prepared by dissolving 2.5 gm. of dry powder in 25 ml, water,
filtering off any insoluble material, Since the colour of
the reagent altered on standing, a new reagent blank was
run each day.

1 nl, of the solution of fruction 3 was placed in a Bl4
test-tube, and 10 it was added 0.5 ml, of chromotropic acid
aolution; and then 5 ml, concentrated sulphuric acid with
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continuous shaking. -he test-tube was stoppered and then
placed in a beaker of boiling water for 30 minutes, After
cooling, the contents were diluted to 50 ml,, and the optical
density of the coloured soclution was determined at 570 fﬁ‘
against the reagent blank, From this reading the amount of
formaldehyde could then be obtuined from a calibration graph,

1e3.7. Analvsis of Methanol.
The methanol was determined by the method of Scott and
Purnan®®, dsing o modified Zeisel procedure besed on the reaction

R'OR «» HI = R'OH « BRI
The volumetric work is based on the equations

CH 31 +* Br2 = CH BBr 4 IBr
3H20 +« IBr - Brz = 3103 - SHBr

The iodate was determined by iodine titration,

The apparatus used is shown in figure 1.3.7. 3 ml, of
fraction 3 solution were added to a mixture of 3 mi, AR phenol
and 5 ml, constant boiling hydriodic acid contained in the
flask, The nmixture was boiled for 30 minmutes during which
time a slow stream of carbon dioxide was passed through the
svstem, By this method all the methoxyl was converted into
methyl iodide, which was carried over by the stream of gas,
Any iodine or hydriodic acid curried over was removed by
serubbing the gases in o 1/1 mixture of 5% cadmium sulphate
and 5% sodium thiosulphate solutions. The methyl iodide was
absorbed in approximately 10 ml, of a 10% solution of sodium



32,
acetate in glacial acetlc acid containing a few drops of
bromine, At the end of 30 minutes the absorption tube was
discoanected und ite contents transferred to a 250 ml, conical
flask containing 1 gm, of sodium acetate, The volume was
made up about 150 ml, and 1 ml, formic acid added to discharge
the excess bromine, When the colour hud completely
disappeared, 10 ml, of dilute suiphuric acid followed by 1 gm.
of ootaseium iodide was added. The iodine liberated was
finally titrated with §/100 sodium thiosulphate contained
in a micro-burette. A blank experiment was carried out using
the reagents alone, and subsequent determinations corrected
by this amount.

1:3.8, Analysis of Peroxide.

The total peroxide was determined by the oxidation of
ferrous to ferric, the latter being determined colorometrically
as the thiocyunate as desceribed by Egerton et al.41.

5 gn, ammonium thiocyznate and 5 gm, ferrous sulphate
were dissclved in 100 ml, water containing 1 ml, concentrated
sulphuric acid, and the solution freed from red colour by
shaking with amyl alcohol, 1 ml, of this reagent solution
was added to 3 ml, of the solution fraction 3, when the colour
developed instantly, and was stable for at least 2 hours, The
optical density of the coloured solution was determined at
450 Q/u agains. a reagent blank and from this reading the
amount of peroxide could then be obtained from a calibration
groph,
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1.3e9,  Examination of Fractio:n 3 by Chromatography.

The amount of the condensable fraction from an average run

was of the order Soqﬁ-molaa, and it was shown that less than
10% of this amount consisted of typical condensable products
of hydrocarbon combustions such as alcohols, aldehydes and
peroxides etc., the remaining 90% being water, Since these
oxygenated products were present in such small amounts and
were in solution in water, they were not smenable to
investigation, The formaldehyde, methanol and peroxide were
determined guantitatively as previocusly described, and a cemie
quantitative picture of the rest of the fraction was obtained
by asnalyeing the mixture by Gus/Liquid Chromatography.
Fraoction 3 was distilled from the sampling vessel into the
introductory U-tube by heating the former with hot waler and
cocling the latter with liquid oxygen, The sumple was then
introduced as vapour into the strecam of carrier gas by directing
the stream of carrier gae through the U-tube which was heated
with hot water, 1. was obeerved that some of the sample
condensed in the glase tubing before entrring the column, and
it wae mainly for this reason that the analyses were hot
quantitative,

4 typical chromatogram of the condensable products from
the combustion of 100 mm, propzne and 50 mm, oxygen at 435°C
is shown in figure 1.3.9, and as can be seen, peaks were

present at 7.5' 13I5' 1900. 2105' 25,0 and 29,0 minutes
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respectively. The variation in the shape of the peak at 21.5
minutes suggested that it was probably compounded of two
peaks at 21 and 22 minutes,

The chromatograms of substances that could possibly be
products of Lhe reaction were obtained, and from this
calibration, some attempt was made to identify the peaks in
the chromatogram of the products. The elution times of
standard substances are given in the following table and

illustrated in figure 1.3.9.

Substance Elution Time
Acetaldehyde 13,5 minutes
Methyl formate 14,5 minutes
Methanol 16,5 minutes
Dimethyl formal 19,0 minuies
Dimethyl acetal 20,5 minutes
Propionaldehyde 22,0 minutes
Ethyl formate . 22.5 minutes
Methyl acetate ‘ 23,0 minutes
Ethanol 25.0 minutes
Isopropanol 28.5 minutes

It will be seen that the peak at 13.5 minutes could be
attributed to acetaldehyde or methyl formate, or possibly both,
The pezak at 19 minmutes could be dimethyl formal, and those
between 20 and 23 minutes could be any of dimethyl acetal,
propionaldehyde, ethyl formate or methyl acetate, The peak
at 25 minutes in the chromatogram of the products is unlikely
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to be ethanol, since the latter was found to "taill" rather badly,
while the former is quite well defined, The penk at 29
minates could possibl’ be isopropanol.

An attemp. was made to isolaie these peaks and to identify
them by infra-red spectroscopy, but owing to further
complications, limited success was obtained, In order to obtuin
sufficient product for infra-red examination, the condensable
products at -50°C from ten combustions of 100 mm, propane and
50 mm, oxvgen we:re collected and then chromatogrammed together,
The column then appeared to be overloaded, since no dirtinet
peaks were found between 19 and 29 minutes, the products
appearing as one large peak, In addition a new peak was
found at 17 minutes which wus presumebly due to a new product
formed by the reaction of the existing producte in the sampling
vessel, [However, the peaks at 7 to 8 minutes, 13 to 15
minutes, 16 to 18 minuaéat;n§§é5 to 30 minutes were trapped
out sepurately and examined as vapours by infra-red
spectroscopy.

The peck at 7 to 8 minutes was identified as a saturated
hydrocarbon, and the specirum of the peak at 13 to 15 minutes
was identical with that of acetaldehyde, showing that this
peak contained only acetaldehyde. The peack at 15 to 18
minmates could not be identified, but .he infra-red spectrum
contained strong carbonyl absorption at 1745 and 1760 cm._l,

and also etrong absorption in the 830 to 1400 cmTl range, This

tvpe of spectrum is sometimes attributed to peroxides and to
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epoxy compounds,

The peak at 19 to 25 minutes was obviously a mixture, but
the spectrun gave a sirong carbonyl absorption at 1740 cm?%
which was possibly compounded of several carbonyl peaks. There
wos a definite inflection in the carbonyl peak at 1755 Cmfi which
could be attributed to propionaldehyde, and in addition,
absorption maxima at 1420, 1370, 1215 und 1155 cmTt  The
spectra of the other possible products of the reaction mentioned
above were aleo examined, and . he carbonyl absorption found in
the spectrum of product could not be aitributed to any of these,

The compound that was eluted at 29 minutes was found to
contain carbon-hydrogen and carbonyl absorption in its spectrum,

From o height of the peaks in the chromatograms and an
estimate of the sensitivity o the detector to these products,

e semi-quantitative estimate of the amounts of the condensabdble
producte was calculat d, This showed that the maximum prezoure
attained iy any of the producte was of the order of 0.5 mm, in
the reaction vessel, |

1.4, The Kinetic Procedure.

Since the reaction rate was sensitive to the state of the
walle of the vessel, a standard procecdure was employed before
each reaction was carried out, This consisted of pumping for
1% minutes with only the backing pump, followed by 15 minutes
punping with the mercury vapour puup. The initicl pumping

had to be done with only the bucking pump, since ethane, one of
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the precducts of the reaction which would be retained in the trap
befors the mercury vapour pump, has a vapour pressure of the
order 10'2mm. mercury at *183°0, and the apparatus could not
then be pumped below this value,

The fir-t few runs of the day were found to give erratic
behaviour, the rate of recaction for a given mixture increasing
with each run, After three or four runs, the rates were
found to be roeproducible, presumadly becouse the walls of 'he
reaction vessel had to uncdergo some “"aging process", Therefore
b fora any eff ct of the variation of pressure ete. was
investigated, a typicul reaction was repeated until the
maximum ratc of recaction was constant, after which it was
ascumed that the walls of the reaction vessel were in a
"steady state”, and that the effects of variations could then
be inveetigated,

The distribution ratio of gas on connecting the mixing
vessel and the evacuated reaction vescel plus Bourdon Gauge
was determined, and mixtures were made up by adding to the
mixing vessel from the s.orage r-servoirs the calculated amounts
of reactants that would give ithe required final mixture
composition, After the standard pumping procedure, the mixing
vegsel and the reaction vessel were counnected, and the reaction
was agscumed to start when the gos mixture entercd the reaction

vessel, Thie wae rrgistered by a kick on the Bourdon Gauge.

The reaction mixture was given 15 seconds to equilibrate, after
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which the tap connecting the reacticn vescel and the mixing
vessel was closed, After 30 seconds the shorting t.p on the
Bourdon Gauge was closed, and readings of the pressure change
were tuken at sultable time intervals,

A typical plot of the pressure change aguinst time is showr
in figure l.4.1, and is of the characteristic sigmoid form,
It hes been shown by Semenov that the pressure rise during the
initial part of lhe rcaction can be expressed in the mathematiocs

gt

value of ¢ may be obtained by plotiing ln(op) againet time, or

form Ap = i,e” ", where # is the acceleration constant, The
alternatively ae has already been shown, by plotting reaétion
rate against pressure change Ap. Each of these plots gives a
strzight line of slope g. Siance there is some error in
measuring the value of A p at gerc time, the lutter method of
determining g is preferable, since it is unaffected by errors i
AP A typical plot of rute againsi pressure change is given
in figure 1.,4.2, and as expected consists of a straight line,

The kinetic parameters that were examiﬁed in this
investigation were the maximum rate and the acceleration consta
1 The 4 ice ced .

When analyses were carried out, a sample was obtuined by
firet isolating the reaction vescel from the Bourdon CGauge, and
then connecting it Lo the evacuated sampling vessel, which was
cooled with liquid oxygen in the centr.ul finger, 175 to 95% of

the reaction mixture was thereby removed, and two minutes were
allowed for equilibrium to be reached after which the sumpling
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vessel was isolated from the reaction veassel, From the Bourdon

reading and the initial pressure, the pressure of the reaction
mixture before removal of the sumple was obtained, znd the final
pressure after sampling in the reaction vescel was determined
by connecting it 0 a2 manometer, The temperature, volume and
prescure of the sample were then known, and the amount of the
sample could becoalculated,

A has alre.dy been mentioned, this rample wae divided into
three fractions for the purpose of detailed analysies, Fraction ]
contained ‘he gases uncondens.ble at -18300, fri.etion 2 the
gaces uncondensable at -80°C, and fraction 3 the g:ses
condensable at -80°C, Fractions 1 ané 2 were pumped off by the
Toepler Pump, and their voluume temperature and pressure measured,
The amount of fruction 3 was obtained by diffcrence.

A typilcal example of the calculation of an analysis is

the following anclyeis,

Initial reading of Bourdon Gauge = 2,55 em,
Reading of Gauge when sample teken = 15,40 cm,
Bourdon deflection = 12,85 cm,
Change in prescure = 16,2 mm,

|}

Final prescure of the resction mixture 166,2 mm, = N

Prescsure on manometer to reuction vessel
after sampling = 14,1 nmm,

Final pressure in reaction vessel _
after sampling = 15.6 nm,

Fressure of sumple = 150.6 mnm,

Volume of rezction vessel = 522 cc.,
Tenperzture of sample 435°C,

Tumper of moies in sumple = 1782 /u-nolan =7
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Fraction 1. Pressure of fraction ® 233.4 mm,
Volume of fraction ® 23,91 ce.
Temperature of fraction = 21,0%.
Number of moles in fraction b 303.q/bmoles “F
Presesure of aliquet in introductory veesel = 181,7 mm,
Temperasture of introductory vessel = 20,0%.
Volume of introductory vessel ® 14,31 ce,

Number of moles in aliquot - 142.1/&&0190 = 4
The pressure of product X in the reaction mixture is given
by the formula p = (/axx Fx#)/(ax?T),

where/az is the number of micromoles of product X found in
the aliquot.

Peak Height p=mole ( /“x) P
H, 8.0 em, 1.96 +39 =mm,
0, 31.2 om, 98,0 19,8 mm,
co 7.2 cm, 39.2 7.8 mm,
CH4 4.4 cm, 6.0 1.2 nm,
Fraction 2, Pressure of fruction = 190,1 mm,
Volume of fraction = 97,83 coc,
Temperature of fraction = 22%,

Number of moles in fraction =1011‘/»-m91ea .- 6

Fraction 2§a2.

Prescure of aliguot in introductory vessel = 320,3 mm,

Volurie of introductory vessel = 14,31 co.
Temperature of introductory vessel = 20,0%.
Humber of moles in aliquot - 254.%;9»0193 il .

The pressure of product X in the reaction mixture is given
by the formula p = (G xR, X m)/(A* x T)

Peak Height /u-mola%) P
Collg 0 0 0 mm,
002 4,1 cm, 2.04 o 76 mm,

0234 5.4 cm, 13.1 5.0 mm,
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Fraction 2 (b).

Pressure of aliquot in storage veesel = 119.2 mm,
Pressure of aliquot + nitrogen in storage vessel = 636.4 mm,
Fraction 2 containe only ethane, carbon dioxide, ethylene,
propane and propyvlene,

Amount of aliquot of fraction 2 analysed = 254,5 mmoles
amount found in fraction 2(a) = 15.14,moles
Amount present in fraction 2(b) = 239.4 /umolaa
Therefore the percentage of fraction 2(b) in fraction 2 =
: 9% = K
(i) Pressure of aliquot of solution in nitrogen = 100,85 mm.
(i1) " " . = 99,0 nm,
Peck Height /u-mole - C mean C P
(1) 0383 48,8 cm, 10,86 179 776 68,7 mm,
0336 7.0 om, 3,08 221 224 19,8 mm,
(i1) c4Hg 50,0 em., 11,13 773
CBHG T¢5 com, 3.28 2227
In this case the pressure of the product is given by the
formula P « (MxGxKxC )/T
Fraction 3.

Humber of moles in fraction = T -« G « F = 1782 - 1011 -
303.8 = 467.2/M-molaa = B

The pressure of the condensable products is given by the

formula P = (Mx3B)/T = 43,7 mm,

Summarieing these results
P - 16.2 mm,
0, - 19,8 mm, Material Ba;anc?a
°3H8 - 68.7 mm, Initial Estimated
Hj - 0¢39 mm,C Balunce 300 285
OH‘ - 1.2 mm, H Balance 800 781
CoHg = O mm, 0 Balance 100 93
02H4 - 590 mm,
C,He - 19,8 mm,
C = 7.8 mm,
€O, - 0,76 mm,

Condenssgbles = 43.7 pm.
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A qualitative estimate of fraction 3 was obtained by
chromatogram,

4 quantitative estimate of the formaldehyde, methoxyl and
peroxide was obtained by replacing the introductory U-tube
with a Bl9 test-tube and dietilling fraction 3 into the
test-tube as before, The test-tube was removed and 10 ml,
distilled water pipetted into it before it was allowed %o
warm up. Thé solution kept stoppered in a freeging mixture
before examination, t0 prevent decomposition or evaporation of

the products before examination., Aliquots of this solution

were analysed as described previously,

6

Apparatue.
The apparatus in which the kinetic experiments were

carried out is of = form well-known in the investigations of
hydrocarbon combustion, The Bourdon Spoon Gauge provides a
relatively simple and effective method of measuring the
pressure change, the coptical lever enabling readings to be
made at a glance, The main error introduced in its use is
that pressure changes cannot be determined until about 30
geconcs after the entry of the reactants into the reaction
vessel, and there is also the disadvantage that there 1s some
"dead space" in the Bourdon Gauge and in the tubing to the

vacuum line, By use of capillary tubing this latter error can
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be reduced to a negligible amount, The disadvantage in the
Bourdon Gauge of the delay in measuring the pressure change ie
amply compensated by the other features such as robustness,
sensitivity, ease of reading and constancy of volume over a
wide pressure range.

The analytical technigue used in the investigation has
congiderable advantage over these used previously, in that
a complete quantitative analysis of the gaseous products and
a qualitative picture of the condensable products can be
obtained from the combustion products of one run in & matier
of two to three hours. This compares very favourably with
the times and conditions required for complete analyses using
other techniques. There is now avallable in the literature
e considerable volume of 1nformation43;44 & 4530 which reference
can be made when constructing a ohrunaiography apparatus, and
the importsnce of the column parsmeters such as flow rate of
carrier gaé. column temperature and particle diameter is now
fully appreciated, I% must be pointed out however, that at
the beginning of this research when the apparatus was
construeted, little was known of the theoretical significance
of the effect of these variables, and that the apparatus was
constructed with reference to empirical observations. It is
interesting to note that the colwan parameters finally chosen,
e.gs the particle diameter of the packing, % liquid phase and
flow rate are of the order that the theory predicts give the

most efficient separation,
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In the literature it is recorded that while ithe peak area
je linearly dependent on the amount of sample, this is not
so for peak height, The work reported in the literature
has, however, been carried out with sanples of the order of
1000 /u-moles, whereas the amounts in the precsent work were
of the order of 100 u-moles, In this range the peak
height does vary almost linearly with the amount of substance,
with a slight decrease in sensitiviiy at high quantities,
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SEXPERIMENTAL RESULIS.

The oxidation of propane has been investigated kinetically
and analytically., The kinetic investigation consisted of a
gtudy of the maximum rate and acceleration constant under
varying conditions of temperature and reactant pressure,

The effect of additives on these parametiers was also
investigated, the nature of the additives being suggested by
the analvtical results,

In the analytical investigation, the gaseous products
were examined thoroughl- at different temperatures, but,
because of technical difficulties, the condensable products
were less extensively studied,

The experiments werc carried out over a considerable
period of time, and the results have been given in logical
rather than chronologiczl order to facilitate discussion,

The kinetic experimente are daaor;bad first, and these
include an account of the effects of additives. This
gsection is followed by Lhe results from the analrtical
experiments, and finally, a desceription of the condensable

products is given,
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2e1,  The Dependence of the Maximum Rate on the Conditions.

The dependence of the maximum rate on the pressures of

the rezctants wae determined at 400° and at 460°c. using
appropriate variations of the pressure of the reactants at
each of these temperatures, The orders of the reaction with
respect to the reactanis were determined by plotting the
logarithm of the maximuz rate against the logarithm of the
appropriace preessure, the order being given by the slope of
the line obtained,

It was noted that the results tended to become
irreproducible in oxygen-rich mixiures, when the ratio of
propane t0 oxygen wag smaller than 2/1, and results from these
mixtures should therefore be examined with this reservation,

Table 2,1.1 and the corresponding graph 2,1.1 show that
the order of the maximum rate with rospect to the total pressure
at 400% is 3.92% 0,1, these experiments being carried out
with a 2/1 mixture of propane to oxygo;.

The dependence of the maximum rate on the oxygen pressure
is shown in the tables and figures of section 2,1.,2., These
illustrate the irreproducibllity of resulte with oxygen-rich
mixtures which had been mentioned previously. With very rich
mixtures, the results are completely irreproducible, and the
reproducibility increases as the ratio of propane to oxygen
becomes greater thon 1/1. Several atiempts were made to

improve the results of section 2,1.2,(¢) where the propane
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pressure is very low at 90 mm,, but better reproducibility
than that recorded could not be obtained, Although the
resulte are irreproducible, the- do show the tendency of the
order of the maximum rate with respect to oxygen to decrease
at high oxygen concentrations, In the parts of the plots
where the results are reproducible, an order of 1.61 = 0,2 is
obtained in section 2.1.2 (a) and of 1,65 I 0,2 in section
2.1.2 (v). Thus under the condi.ions when the reaction is
reproducible, the order of the maximum rate with respect to
oxygen is 1.63 = 0,2,

In the tobles and gruphs of section 2,1.3 are recorded
the results of experiments in which the pressure of propane
was varied, In these experiments the ratio of the propane
pressure to the oxygen prescure seldom falls below 1, and is
more frequently near 2, and therefore the reproducibilitr of
the results is greatly increased. WVhen the oxygen pressure
is constant at 120 mm,.,, the order of the maximum rate with
respect to propasne is 2,64 I 0,2, when the oxygen pressure is
80 mm., the order is 2,5 = 0,2, and when the oxvgen pressure is
50 mm,, the order is 2,6 X 0,2, Ae & result of these
determinetions, it may be said that the order 9f the maximum

rate with respect to the propene prescure is 2,6 % 0,1 at 400°%,
Thue, summarising the results for the dependence of the

- maximum rate on ihe pressure at 40000,

the order with respect to the propane pres-ure w 2,6 = 0,1



47.
the order wiih respect to the oxygen prersure = 1,63 2 0,2
the order with respect to the totul pressure = 3.9 I0.1,
and the expression for the maximunm rote may be written as
approximately P B k(03H8)2’5(02)1’5
The occurrence of frauctionzl indices in the order of a
reaction is frequently, in the case of gas-phase reasctions at
least, an indication that there is a term involving the total
precsure in the rate expression. In addition, the reaction
at 460°C does ehow a detinite\inart gas effect, as shown in
section 2,1,8, and therefore the expression r -K(C3HB)2(02) (P)
wae examined, where (P) was taken as (0338 + 02). To test
the validity of this expression, a plot of‘q/(e3ﬂa} against
(G3HB)(02)(P) was constructed, and allowing for the cboerved
irreproducibilit; of some pointe, the experimental results
were found to fit this expression, as shown in figure 2,1.4.
The order of the maximum rate with respect to the
reactants was also investigated at 46006, where slightly
different results were found, The table and figure of
seotionlz.l.s show that the order of the maximum rate with
respect to the totul pressure of a 2/1 mixture of propane and
oxygen is unchunged at 3,95 2 0.1 at 460°c, but the following
seotion 2,1,6, shows that the dependence of the maximum rate
on the propane pressure has fullen, In section 2,1.6, the
order of the meximun rate with respect to propane pressure was

investigated at oxygen prescures of 20 mm,, 50 mm,, and 120 mm,
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respectivelys Although the results are quite reproducidle, in
the second instance when the pressure of oxygen was 50 mm,,
the results with propane~weck mixtures tend to lie off the
straight line drawn through the remainder of the poinis, The
order of the maximum rate of the propane pressure in the case
when the oxygen pressure wae 20 mm, was 2,05 = 0,1, and when
the oxygen pressure was 50 mm, was 1.98 2 0,1, “hen the
oxvgen pressure was 120 mm,, the ratio of the propane pressure
to the oxygen pressure was always much less than 1, but even
80, the results were still relatively reproducible, and the
unexpected order of 3,53 % 0.3 was obtained for the maximum
rate dependence on propane,

The order of the maximum rate with respect to the oxygen
pressure was also determined at three different pressures of
propane, namely 60 mm,, 90 mm, and 120 mm, In the first two
instances the reproducibility was not good, as was expected
because of the low propane t0 oxyvgen ratics, but the results
did show that the oxygen dependence did have a definite trend,
At 60 mm, and 90 mm, of propane,both of the logarithmic plots,
as seen in secetion 2,1.7, are curved, with the line having e
gradient of spproximately 2 when the propane and oxygen
pressures are comparable, A% higher oxygen prescures the
maximun rote tends to become independent of the oxygen pressure,

In the investigation with 120 mm, propane, the order is found

to be 1,8 £ 0,2, Therefore, in the reaction at high
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temperatures, the order of the maximum rate with respect to
oxygen tends to have the value Just under 2 at high propane
to oxygen ratios, with the order fulling as the oxygen pressure
is increased,

The dependence of the maximun rate on the pressure on
inert gas was also investigated at 460°C, and the results are
shown in secotion 2,1,8, These indicate thal there is a
definite pressure effect, the rate increasing linearly with
the pres:-ure, | '

Thus, summarising the resulis for the dependence of the
moximun rate on the pressure at 460°C, in propane rich mixtures,

the order with respect to the propune pressure = 2,0 204

the order with respeet to the oxygen pressure = 1.8 20,2

the crder with respect to the total pressure & 3,957 0.1
and the expression for the maximum rate with propane rich

nixtures may be expressed as approximately r = k(cjaa)a(oa)z.
Although at first sight this expreseion ies a simple one, since

the resetion does show o strong inert gas effect at this
temperature, the true orier of the maximum rate with :respect
to the propane and oxygen pressures alone is probably fractional,
the true expression being of the form
p = k(cyHg)t2(0,)17 (e Hge 0,),

This exprersion is rather more complicated then the one found
et 40090. and a possible explanation is suggested later,

There followe now the tablee which show the dependence
of the maximun rate on the conditione, In the tables the
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pressure changese are given in Bourdon centimetres, and the
maximun rates in Bourdon centimetires/minute, The
sensitivity of the Bourcon Gauge was 1 cm, mercury = 7.93
Bourdon cm, The nomenclature that is used is

p = maximum rate in Bourcon em,/minmute
Ap = prescure chunge in Bourdon cem,

p = pressure of recctont in mu,

201.,1, The lependence on the Total Pressure.

Propane pressurc/oxygen pressure = 2/1 3 T = 400°¢c.

Run No, P log p P Log( p) Ap
4 150 2,18 1.74 O.24 27
2 180 2,26 2.85% 0.45 29
5 210 2432 549 0.74 37
) § 240 2,38 11,0 1.04 43
3 270 2.44 19,08 1.30 48
6 300 2448 2447 1.39 -

Order n = 3,92 * 0,2

2,12, The lependence on the Oxygen Pressure.

(a) Propune pressure = 150 mm, § T = 400°.

Rua o, p log p P log(r) AaAp
3 48 1,68 4.1 0,61 28,5
7 712 1,86 8e3 0.92 36.6
5 98 1,99 12,9 1.11 47.1
2 148 2,17 2445 1.39 72,5
F 4 150 2418 2540 1.40 T1.7
6 19% 2429 20,0 1.30 83.3
4 245 2439 25,0 1.40 91,3

Order n = 1,61 2 0,2
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o102
(b) Propune pressure & 200 mm, § T = 400%.
Run Mo, P Log p r los(f) Ap

6 29 1.46 3e34 052 24
4 50 1.70 Ted 087 30
7 70 1.5 12,3 1.09 36
5 9i 1.96 2368 1.38 47
2 115 2,06 30,2 1,48 72
8 117 2407 32.4 1,51 7%
i i20 2400 3443 1.94 70
9 146 2,17 48,2 1,69 79
3 203 2,31 3%5.2 1.55 £2.100

Orcéer n =» 1,65 2 0,2
(¢) Propone prescure « 90 mm, 3§ T = 400%,

Run Ho, P log p P lag(r) Ap
3 90 1,95 349 059 41
5 120 2,08 546 0475 49
2 160 2620 55 Q.74 53
7 160 2420 Ted 0.07 54
i 160 2,20 e 0.72 52
6 210 2432 7.6 0,68 56
4 270 2441 TeT 0.8 8%

Preseu

ppencencs e,

{(a) o,sre:en precoure = 120 ma, ¢ T S 400%,

3 Y] ¢

fun Mo, P log p ¢ ioelp) Ap
8 90 1.95 24,0 Ge30 -
6 120 2400 8e3 U.92 48
i 151 2,18 9.7 0499 ”»
2 151 24,18 10,8 1,03 58
3 156 2.8 9.8 Q.99 -
5 181 2,26 16,3 1.26 63
7 210 2432 20,0 1430 69
4 239 2440 44,0 1.64

Orier 3 e 2,64 8 0,2
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2+143.
(b) Oxygen pressure = 80 mm, § T = 400°C,
Run No, P log p e 1ong) op
3 80 1,94 2.0 0,30 -
1 120 2,08 5.2 0.72 44
2 120 2,08 5e9 0.74 44
5 159 2,20 8.2 0.91 40
4 201 2,30 13,0 1,11 40
6 240 2.38 23.2 1,37 42

Order n = 2,5 = 0,2

-~

(¢) Oxygen pressure e 50 mm, 3§ T = 400°%.,

Run Ho, P log p e - loglp) Ap
3 120 2,08 240 0.30 27.3
5 160 2,20 440 0.60 31,0
7 198 2,30 8.3 0.92 -
1 200 2430 8.6 0,94 35.3
2 201 2430 8,0 0.90 34,8
4 240 2,38 14.7 1.17 36,5
6 272 2444 15,6 1,19 34,0

Order n = 2,6 = 0,2
2 The Dependence o0 Tota €.

Fropane preseure/oxygen pressure = 2/1 3§ T = 460°%.

Run %o, P 19'3 P P 1og(r-') ap
4 92 1,97 2,1 0.33 19
1 120 2,08 4,6 0,68 26
3 150 2.18 10,6 1,03 33
5 180 2,25 24,6 1,39 39
2 212 2,33 45,0 1,65 49

Order n = 3,95 X 0,1
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20146, The lependence on the Propane Pressure.

(a) Oxygen pressure = 20 mm, § T = 460°C.
P

Run No, P Log p P los(r.s) Ap
2 80 1.90 2,5 0440 12,3
5 100 2,00 3.9 0«59 12,1
3 120 2,08 5.4 0.74 12,0
1 140 2,14 6.0 0.84 12,0
6 140 2,14 748 0.89 12,0
7 150 2,18 848 0.94 12,0
4 160 2,20 10,6 1,03 11,8

_ Order n ® 2,05 = 0,1
(b) Oxygen pressure = 50 mm, § T = 460°c.

Run Ho, P log p P 1og(P) Ap

3 59 1.77 546 0.75 24,5
7 69 1.83 7.6 0.88 23.9
5 93 1.97 11,8 1,07 23.8
1 98 1.99 12,0 1,08 24,1
2 98 1.99 11,5 1,07 23.3
6 110 204 15,0 1.19 23.9
4 121 2,08 18.5 1.27 23.9
8 128 2.11 21,0 1.32 23.9
9 148 217 2849 1.45 24,0

Order n = 2,02 = 0,2
(¢) Oxygen pressure = 120 mm, § T = 460°%,

Run Ho, P log p P 103&9) Ap
2 30 1,48 445 0,38 36,0
6 4C 1.60 8.8 0.94 .-
4 45 1,65 10,0 1.00 49,0
 § 60 1,78 26,0 l.41 49,0
(4 60 1,78 40,0 1.60 -
5 70 1.85 5345 1.73 51.0
3 80 1,90 65-75 1.88 519

Order n = 3,53 = 0,3
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241.7, _The lependence on Oxygen Pressure.

(a) Propane preseure = 60 mm, § T ® 460°
Run Ho, P log p P loglp)

7 40 1,60 5.7 0.76
5 60 1,78 9.3 0.97
3 77 1,87 17,5 1.24
6 100 24,00 17.5 1,24
1 120 2,08 17.5 1.24
2 120 2,08 22,5 1.35
8 120 2,08 15,8 -

4 142 2.15 30,0 1.48

Order n approached 2 at low oxygen pressures,

(b) Propone pressure = 90 mm, § I = 460%,

Run Ho, P log p e  loelp) Ap
3 30 1.48 548 0.76 3745
E] 40 1,60 11,0 1.04 -
5 49 1.69  17.5 1,24 5348
1 58 - 19,0 - -
2 58 177 19,0 1,28 37.1
6 74 1.87 24,0 1,38 -
& 90 1.95 23.0 1,36 2043
8 90 1.95 25,0 1.40 -
7 104 1098 28.0 1945 -

Order n = approx, 2 at lovw oxygen pressures,
(e¢) Propone pressure e 120 mm, § 7 = 460°C.

Run No, o log p e log(pP) Ap
7 20 1.30 745 0.86 19,3
2 30 1,48 13,5 1,13 25.0
5 40 1,61 25,0 1,40 30,8
4 50 1.70 35,0 1,54 39.5
1 60 1.78 48,3 1,68 42,0
6 60 1,78  47.5 1,68 4340
3 70 1.86 72,5 1,86 49.0

Order n = 1,8 20,2
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2.1.,8, The Dependence on Pressure of Carbon Dioxide.
Propane Pressure = 100 mm,, Oxygen prescure = 50 mm,$

T = 460°.
Run No, ?302 (.)
1 0 15.8
2 0 15.8
4 0 15,8
6 0 16,0
8 0 15.8
7 27 17,0
3 48 20.0
9 72 21,0
5 100 24,0

2,2, The Kinetics of the Acceleration Constant.

The dependence of the acceleration constant on the

pressures of the reactante was determined at 400% ana at 460%c,
The order of the acceleration constant with respect to each
reactant, and the totzal pressure, was obtained by plotting

the logarithm of the acceleration constant againet the
logarithm of the corresponding pressure, the order being given
by the slope of the line drawn through these poin.s,

Ae mentioned previously, the acceleration constant was
obtained from a plot of the rate wganinet the pressure change,
this method being the one least affected by experimental errors,
Insome cases this plot did not give a straight line as predicted

by Semenov's Theory, but consisted of two linear portions (for

example see figure 2,2,6 (1)ﬁ) the latter being of greater
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slope, indicating an increase in the acceleration as the
reuction proceeded, Where these two slopes occur, they are
referred to ae the initial and the finul acceleration constunte
respectively. The significance of this tvo-stage nature will
be discussed later,

,The'earlier acceleration constan. haes quite different
kinetic dependencies from the later one in that it is almost
independent of the oxygen pressure, The later aceeleration
conetant has kinetic dependencies which are similar to those
gacociated with the low temperature reactlion, and .herefore
one may tentatively identify the later acceleration constant
with that of the low temperature reaction, and the initial
acceleration constant with that of some reuction introduced
at high temperatures,

It was found that at 400°C almost all the plote of rate
againsl pressure change gave graphs that contained only one
linear portion, with the exception of o few in section 2,2,2,
At 460°c. on the other hand, the distinetion of two linear
portions was often quite marked, For thie reason the
examination of the "initial" acceleration constant has been
confined to the higher temperature, _

Table 2,2,1 and the corcresponding graph 2,2,1 show that
. the order of the acceleration consiant with respect to the
total prescure of a 2/1 mixture of propane and oxyvgen ut 400%
was Lound to be 3,5 2 0.4, The dependence of the oxrgen

pressure at 400°C is illustrated in section 2,2,2, and was
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found to be 1,6 = 0,2, and the dependence of propane pressure
recorded in section 2,2,3, to be 2,5 2 0,2,

Summarieing the investigations at 400 C,.,
0.2

"

the order with respect to propane prescure = 2,5
the order wi.h respect to oxygen precsure = 1,6 £ 0,2
the order wi.h respect to total pressure = 3,5 2 0.4

and the dependence of the accelerution constant on the pressure

at 400°C mey be written £ = k(0338)2’5(02)1'5.
The existence 0of o total pressure effeect will lower these

values and give an expression nearer tha form of

g = k(CyHg)(0,)(P) where (P) = (beHB + 05)

In the invesiigation at 460°C, the umiousl "initicl® and
"£inal® acceleration constunts were found in some of the runs,
and where puasible its dependence on the pressure conditions
wae excmined,

Table 2.,2.4 gives the variation in both the "initial"™ znd
the "final" acceleration constante with the vardaiion in che
total prescure of a 2/1 mixture of propane and oxygea at 460°C,
The "initial"accelerstion constant wae found to0 have an order
of 1,9 = 0.3, and the "final"™ acceleration conctant an ordier
of 2,4 % 0,3 with respect to the totul pressure,

The dependence of the acceleration ccnstant on the propane
pressure «t 460°C is shown in section 2,2,5, wherc two
investigotions with different oxygen pressures were curried
out, with 20 mm, of oxvgen, only the "final" acceleration

constunt was obeerved, and it hud an order of 1,9 2 0.2 with
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respect to the propane pres-ure. #ith 50 mm, of oxygen,
both acceleration constants were observed, the "initial"®
having an order of 1.9 : 0,2, and the "final"™ one an ordier of
1.6 : 0.2 with respect to the propane pressure,

The dependence on the oxygen pressure ot 460°%C is shown
in section 2,2,6, the propune pressure being 120 mm, It
was in this particulor ianvestigation that the two linear
portions were most distinet, and (he plots of rate aguinet
pressure change, from which the acceleration constante were
obtained, are shown in figure 2,2,6.(1), The "initial"
coceleration has an order of 0.2 2 0;1, ana the "final" one gn
order of 1.1 ¥ 0.2 with respect to the oxygen pressure,

Summarising the resulte at 460°C, we have for the "initisl®
acceleration constant

the order with respect to propane pressure = 1,9 = 0,2

the order with respect to oxygen prescure = 0,2 204

the order with respect to the total prescure= 1,9 = 0,3
and for the "final" acceleration constant

the order with respect to the propane pressures 1,75 % 0,2

the order with respect to the oxygen prescure -'1.1 2 042

the order with respect to the totul prescure e 2,4 I 0,3

A dependence on the total pressure is probubly present,
and therefore the expressions for the accelerution constantis

are probably of the form:
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B, = (C40g)(0,)%(R)
Be = (C4Hg)(0,)(R)
where (F) is = total pressure term of the form (J’C3H8 -+ 02).
The significance of thece obeervations is discussed later,
There now follows the tables which show the dependence of
the acceleration constant upon the conditions, In the
tubles the rutes are given in Bourdon ems,/minute, the pressure
changes in Bourdcon ecm,, and the nomenclature is
g = acceleration constant
$4 = initial acceleration coustant
ﬁf = final acceleration constant

p = initial reactant pressure in mm,

2,2,1, _The Lependence on the Tot.l Pressure.
Prepane pressure/oxygen prescure = 2/1 3§ T = 400°¢C,

Run No, P log p g log &
4 153 2,18 0.12 1,08
2 178 2426 0.18 l.26
5 210 2,32 0.29 1.46
4 240 2438 Oe43 1,63
3 274 2444 1,10 0.04
6 300 2448 1.77 0.25

Order n = 3.5 T 0.4



2242, The Dependence on the Oxygen Pressure.

Propane Pregsure = 200 mm, 3§ T = 400%¢,
Run No, P log p '] log ¢
6 30 1,48 0,18 1,29
4 50 1,70 0.39 1.59
7 70 1.55 0.51 1,71
5 90 1,96 1.17 0.07
1 120 24,07 1.60 0.20
Ordern = 1,62 0,2

2.2+.3. _The Dependence on the Propane Pressure.
Oxygen FPressure = 50 mm, § T = 400%.,

Run No, o log p g log £

3 120 2,08 0.12 1,08

5 160 2,20 0.22 1,35

1 200 2,30 0.42 1,63

4 240 2,38 0,67 1.83

6 272 2.44 0.29 1.95
Ooréer n = 2,5 * 0,2,

2,24, The Vependence .n the Toi:l Presgure.
Propane Prescure/Oxygen Pressure .= 2/1 3 T
Run No, P log p ﬁi log 51 df

4 92 1.96 16 1,21 «16
1l 120 2,08 26 1,42 «26
3 151 2,18 «40 1,61 «54
5 181 2,26 42 1,62 74
2 212 2.33 77 1,88 1,20

Order n, = 1.9 * 0.3

60.

Order Np = 2.4 s 0.3,

460°%.,
Log 4,

1,16
1.42
1.73
1.87
0,08



61.

2e2+5, The Dependence on the Propane Pressure.
(a) Oxygen prossure = 20mm, T = 460°.

Run Ho, P log » 1 log #
2 80 1,90 «20 1.31
5 100 2,00 «31 1.49
3 120 2,08 43 1.64
1 140 2,14 51 1.71
€ 140 2.14 «64 1.80
7 150 2,18 59 1.84
4 160 2,20 «78 - 1.89

Order n = 1.9 = 0,2,
(b) Oxygen pressure = 50 mny, T = 460°c.
Run Wo, P log p ﬂi log ﬁi ﬁf log ﬁf

3 59 1.77 0.19 1.27 - Q443 1.64
7 69 1,83 0.26 1,42 0e49 1,69
5 93 1,97 - C.T1 1.85
2 96 1.89 0.47 1.67 0.78 1.89
6 110 2,04 0,57 1,75 0.87 1,94
4 121 2,08 0.64 1,87 0.99 0,00
8 128 2,11 0.0 1,93 1.25% 0,10
9 148 2,17 1.00 0,00 1,38 0.14
Order n;, = 1.9 T 0,2 Oprder np, ® 1,6 2 0.2,
2,2,6, The lependence on the ngggn Congentration.
Run No., p log p 8, log 4, e log 4,
7 20 1,20 0.4 1,60 0.48 1.68
5 40 1.61 0.5 1.70 0.73 1.86
4 50 1,70 0.5 1,70 1,05 0,02
1 60 1.78 045 1,70 1,59 0,17
3 70 1,86 0.6 1,78 1,68 0.23

Order n; = 0,2 > 0.3 Order ng = 1,1 = 0,2.
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3, _The Effect of Additives on the Kinetics of the Reaction.

The importunce of intermediate compounds in determining

the rate of reacticn hus been recognised for a considerable
time in the theories of the oxidation hydrocarbone, and
invectigation of the effecte of the addition of possible
intermediate compounds cften gives information as to the
nature of the reaction mechanism, The function of these
1ntermediafe compounds is to act as a radiecsal source, and
one of the more important cetails upon which the addition of
such a radical source can shed light, is the nature of the
degr:dation re. c¢tion, thut ig, the non-branching reaction by
which the intermediate is removed. If this reuction is of
the type
XH * R. = RH + X.

where XH is the inlermediate and R, und X, are fadioala, it
is poesible, by the addition of suituble intermediate, to
produce a "nega.ive inucuction period"46 where the reaction
starts off at more théﬁ the maximum rate and slows down to
give the muximur raite of the reaction when no addiiive has been
introduced, hAcetalaehyde is such a radical source, and we
were therefore interestec in uscertaining whui effect the
addition of it had on the reaction rate,

The curious behaviour of propylene, as ic demonstrated

later in the analytical results, suggested that it might play

an important role in the oxidation, especiall’ ae it ie a
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wéll-known inhibitor of chain reuctions47. The effact of the
addition of propylene was therefore aleo investigauted,

The effect of prop lene on the ascceleration constant is
shown in figure 3.1l. The mixture which was examined wae
100 mm, propune andc 50 mm, oxygéﬁ. and in these runs the

proprliene was not added, but wus substituted for the same

amount of propane, The initiacl mixture was thus similar,
with respect to the propylene concentrution, to one produced
after a consideruble degree of reuction, In & typical r™an
where the propylene contentration was 10 mm,, the composition
of the initial mixture was 90 mm, propane, 10 mm, proprlene
and 50 mm, oxygen, As can be seen in figure 3.,l., the
initial linear portion of the plot was partially removed by
the substitution 02.5 mim prnpylene, and was completely
removed by the substitution of 10 mm, propylene, In the plot
of the scceleration constant in the run with 10 mm, propylene
there wae no initial part und the single straight line that
wae obtained oorfeaponded,to the "final" acceleration constaunt,
Substitution of larger amounts of propylene inciruased the
value of the aseceleration constant,

In a series of runs at high pressure of propane and with
varying amountes of oxygen, a series of accelerution constant
plots with two dietinet linear portions was obtained. Figure
3,2 shows that by substitution of suitable amounts of
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propylene for propane, the initiul straight line parts of
these plotg could be removed, The plots illust ated were
obtained from runs with 120 mm, propune and 50, 60 and
70 mm, of oxygen respectivelv. When 8, 10 and 12 mm,
propylene (amounts compuarabie with those preseﬁt when the
acceleration constunt altered) were substituted for propane
in the initisl mixtures, the initial acceleration ccustant
was not found in the respective mixtures with 50, 60 and 70 mm,
oxXygen, Thus in propane rich mixtures, the amount of
propylene produced initislly was proportional to the amount
of oxygen in the initial mixture,

Hecause of he obeerved effect of propylene in
accelerating the rewuction, this lutter observation might
account for the increase in oruer with respect to oxvgen as the
temperature is raised, .

The effect of the addiiion of aldehydes was also
investigated, using formaldehyde, acetaldehyde and
propionaldehyde. In order %o keep the rate of reuction under
control undier the accelerating conditions produced by aldehydes,
the pressures of the reactants that were investigated were
reduced to “U mm, propane and 40 mm, Oxygen. The aldehydes
were premixed with the reactants in the mixing vecsel a few
minutes before re.ctiion.

Figuree 3.3 and 3,4 show the effect of addition of

varying smounts of formaldehyde and acetaldehyde respectively,



| 65.

~he induction periou was reduced and the maximum rate slightly
increcsed by the addition of both formuldehyde and acetaldehyde,
the latter being the more effective, In neither canse,
however, even with the adaition of 10 mm, of aldehyde, did
the reaction start off at muximam rate.

In view of the fuct that propyiene obviously played an
important role in the re.ction, especially in the later
stuges, the effcct 0f the addition of aldehydes to mixtures
containing propriene was inveatigqtad.

The aldehydes werc added to feaotion mixtures containing
65 mm, propune, 1% mm, propyiene and 40 mm, oxygen, and
figures 3,5, 3.6 and 3.7 show the effect of the addiiion of
varying amounte of formaldehyde, ucetaldehyde and
propionaldehyde respectively, Thece curves show that the
addition of propylene made the reaction rate much more
csengitive to the amoun. of aldehyde added, the adaition of 8 mm,
of formaldehyde, anc 4 mm, of acetaldehyde or propionaldehyde
almocst removing the induction period,

When the umount of propylene substituted was increased to
20 mm,, the reuction mixture then consisting of 60 mm, propane,
20 mm, and 40 mm, oxygen, the effcot of the addition of
acetaldehyde is shown in figure 3,8. The addition of 4 mm,
of acetaldehyde removed the incuction period completely, the
reazction starting off at maximum rate. Addition of larger

amounts of acetaldehyde led to the production of a "negutive
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induction period", where the reaction started off at greater
than maximun rate and .hen slowed down to give the muximum
rate, Thic effect is shown in the curves where 6 mm, and
8 mm, of acetaldehyde were added,

The cheoretical implications of these results are discussed

later.
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4y ANALYTICAL RESULIS.

Reaction mixtures were analysed at successive stages in
the reuction for oxygean, propune, propyvlene, ethane, ethylene,
methane, hyirogen, carbon monoxide, carbon dioxide, formaldehyde,
methoxyl and peroxide, The sampling and fractionation of the
sample have already been deseribed,

Since each sample taken for analysis involved a separate
experiment, a study of the progress of the reaction in tinme
recuired in principle a high degree of r producibility in the
reaction cu:ves, Thies was achieved by carrying out several
runs until the rate of reaction reached a steadr state and
any additional variation was allowed for in the following way.
A complete prescure-time curve for a particular resction
mixsure was obtuined, Samples for analyeis were then
removeu after a given pressure rise rather than afier a given
.ime, In plottiug yields against time the originul A p versus
time curve was usea (0 obtain the time for anv given preﬁaure
fiee. This %nvolved the ascumption that the pressure change
gave a meacsure of the stage of reaction, which was confirmed by
the regultn.

The resulte are expressed in mm, partial prescure in the
reaction vessel at the reaction temperaiure. The formaldehyde,
methoxyl :nd peroxide were determined in only one series of

runs, and in that series accounted for less than 2+ of the

carbon bolance,
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4,1, TMaterial Balances.

Haterial balances were constructed for each series of
rune by comparing the amounts of elements in the reactants and
in the products.

In making these calculations, it was aesumed that the
condensable fraction cont.ined only water (except in the series
where the formaldehyde, methoxyl and peroxide were determined,
when thes were included in the material balances), This
asssunption was jJustified by the observations that
a) the carbon content of these products was almost always
less than 1% cf the tot.l carbon in the mixture and was never
more than 2% of the tot 1 carbon, The error in the hydrogen
and oxygen balunce. introduced by the assumption of
formaldehyie and methanol to be water was negiigible,

b) the amounts of peroxides determined analyticall. were
alwaye less than 1 mm,, and the assunption of the product to
be wuter introduc:d no large error.

¢) the chromatogram of fr .ction 3 showed that although there
were several other prouucts presont, they were present in
amountes lesc than 1 mm, of each product,

A hyirocarbon waes found in the chromatogrom of fraction 3
and this indicated that some of fraction 2 remained dissolved
in the produets condensable at -80%%. The smount of
hydrocarbon detected wus founu to depend on the efficiency of

fr ctionation by the Toepler pump. To get perfect separaution



69.
the time of pumping was inconveniently long and so a balance
had to be struck between efficlency and time of pumping,
The amount of hydrocarbon dissolved was approx. propor.icnul %o
the amount of fraection 3, and in the later stages of the
reaction was equivalent to about 2% of the total carbon, WNo
estimate of this hydrocarbon was made when making up the
element balances,

The material balances calculated with these assumptions
all sgreed to within 10#, and in many cases were much better,
The diff-rences in the material balances could be attributed
to tie above asssumptions and also to several procesces that
were observed in the reuction system, These were
1) the formation of polymers on the walls of the tubes
leading from the re:ction vessel, A brown polymer was
observed at the exit from the reaction vessel, and a white
polymer along the Lubes through which the sample passed, From
previous observations recorded in the literatura33, these
were believed to be a hydrocarbon and a formaldehyde polymer
respectivelys
2) the attack on the mercury of the Toepler pump by the
producte of the reuction, This could be the reason why the
amount of peroxide isolated was always less than 1 mm,, and
why the oxygen balance wus sometimes rather low,

The tables and graphs of section 4.2,1 show the variation

in concentration of the procucts and reactants throughout the
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the recetion of 100 mm, propune and 50 mm. oxygen =t 4135°C.
To show the variations in the ratc of production of the various
products more cleurly, the pressure change éf the product or
reactant is plotted aguinst the lotul pressure change, This
latter plot show: a number of in.eresting features,

The pressure change of the reactants, propane and oxygen,
follow the total pressure change quite closely, showing that
the rate of change of pressure gives a measure of the raie of
reac.ion, as determined by the rate of removal of rewctanis,

The main gaseous procucts of the reaction are methane,
ethylene, carbon monoxide and propylene, and small amounts of
ethane, hydrogen and carbon dioxide are also formed,

The nature of the reaction varies with the extent of
the reaction, since in the initial stages propyvlene is formed
fairly quickly, and at maximum rate has a stationary
concentration,

In the initial stages of the reaction almost all the
propane that is removed appears as propylene with the
disappearance of approximately 1 mole of oxygen, and only
small amounts of the other gaseous products are formed, A
possible mechaniem by which this could occur is

Cifig + HOp = C3lip & Hp0p
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The decomposition of the hydrogen peroxide on the walls of
he reaction vessel as

211202 = 2H20 - 02
regenerates oxyvgen and thus explaine why the amount of oxygen
reacted is rather less than the amount of propylene produced,
At%fr about 30§ recction when the concentration of propylene
hué reached an appreciable value, the rate of production of
propylene falls off until, al 60% reaction, it rezches a
stationary value. Presumably the propylene is removed by
some resction, and at 60% resction, when its concentration is
stationary, the rate of production of propylene equals the
rate of remov.:l of propylene, The nature of the rawct;on_that
removes the propylene léaas to considerable diaoussion,hbut
since there appears to be no change in the nature of the other
products of the reaction, it is ressonable to postulate that
the reaction gives rice to the same radical as propsne, numely
the propyl radical, and the re.ction by which the propylene is
removed may be

0336 - H02 s 03H7 -« 0y

This recction ies the reverse of a reuwction advanced

previously, so thai the interesting feature of a free rudical
equilibrium is suggested, The probability of this happening
is discussed later,

The initial rates of production of ethylene and carbon

monoxide are quite small compared with that of propylene, but



12,

once the rate of produection of propyiene faulls off, these
rates dncrease, wilh the rate of production of carbon monoxide
being greater than the ruite of production of ethylene. it
is suggested that these products may be formed by the
alternative reactions of the propyl radical such as

CBH? - 02 = 033700 =2 oxygenated produc.s

03H7 - 92H4 - 0H3
methane and carbon monoxide being produced by the subseguent
re.ction of the products of these initial re.ctions,

The nmethoxryl and formaldehyde concentrations follow the
pressure change curve quite closely over most of the reaction,
and although the peroxide determinations a:e not very
reproducible, they seem t0 indicate that the peroxide
concentration rises tc o maximum and then fulls to almost
zero at the end of the reactlon,

Sections 4,2,2 and 4,2,3 show the effect of reducing the
initial oxygen concentr.tion from 50% to 10% and then to 2%
of the propane concentrution., The most marked change is the
inerezce in the rate of production of ethylene relative Lo the
rate of production of propylene, This suggests that the
reuetion producing propylene is of higher orcer with respect
to the oxygen concentration than the one producing ethylene,

which is in agreement with the reuctions suggested previously,

namely
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03!17& 02 = 031‘16 - }{02
¢y = Cofly + OHy
The relative rate of production of carbon monoxide alsc falls,

Seetions 4,2.4 and 4.2,5 give the analysis of reaction
mixturee of 100 mm, propane and 50 mm, oxygen at 445%na
475% respectively., As is shown in figure 4.3 inorease in
the temperature has the effect of increasing the amounts of
methane and ethylene formed and the amount of propane reascted,
while the amounts of carbon monoxide, propylene and total
condensable products are little affected, The total pressure
change also incrcases slightly. These effects suggest that
there is an increase in the cruacking reaction relative to the
oxidation reactions as the temperature is raised,

The unusual variation in the propylene concentration and
also the apyaﬁranne of the two acceleration constants at
higher tampératuree indicate that there may be some connection
between these two observations, and the effect of replacing
gome of the propane in the initial reaction mixture with
propylene to various extents was 1nvestig§ted. The results
are shown in sections 4,2,6, 4.2,7, and 4,2,8, and the most
obvious observation in this set of investigations is that
propylene appears to have an equilibrium concentration in the
region of 25 mm, under these conditions, and that the
propylene concentrution tends to move towards that value
throughout the reaction, The graph nuunbered 4.4 shows the
effect of the replacement of propane by propylene on the other
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products of the reaciion, The amounts of methane and
ethylene are unaffected, whercus the amcunt of carbon
monoxide produced is substantiall  increased. There is
also a dec:euse in pressure chunge and total pressure of
condensable pr.ductse as the amount of propaune replaced by
propylene is increased,

From these results it can be deduced that the substitution
of propylene for propane in the initicl mixture makes
reactions producing carbon monoxide more probable, without
affecting the rate of production of ethylene and methune,

There now follows the tables of analyses in which are
shown the effects which have jJust been discussed, The
tables are ull illustruted in the corresponding figures.

The preseures of producte and reactants are givea in mm,.

at the temperature of the reaction vessel to facilitate the

examination of the resulte, The eiement balancee are given
in mm, atoms and the times of sumpling are in minutes except

where otherwice stated,

‘able 4,2,1, Products from 100 mm, propune and 50 mm.

oxygen at 4}200.

Run No, D F A c E B
Ap O 5.1 lOns 16.2 22.3 27.8 33.4
Time 0 2,26 2,84 3.17 3.44 3.69 5.0
0y 50 41,0 30.7 19,8 8.7 0.38 0,

C3HB 100 87.4 79.0 6843 6045 55.0 52.4
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Table 4,.,2.1. (contd,)

Run No, D F A Cc E B
H2 - Ol 0.2 Oed 0.6 0.8 l.1
CH4 - Oud 0.6 1,2 2.8 - 3.9 6.1
CoHlg - 0,2 - - 0.2 0.3 0.6
0234 - 103 300 4.9 409 10,4 1l06
CBHB - 10,2 15.7 19,3 20,6 22,0 21,5
co S T 3.77 7.7 12,2 16.8 19.4
002 - Ql? n39 -76 0H3 1.46 1.66
Condensables = 14,1 30.1 43.7 58,0 6543 70.0
C Balunce 300 298 295 282 272 275 273
H Balonce 800 797 800 775 752 763 765
0 Balance 100 98 96 93 90 86 93

The formaldehyde, methoxyvl und peroxide were determined
in a separate series of runs,

Run No, 6 12 3 7 2 9
AP 2,3 3e4 7.2 11,0 14,7 18.5
Time 1.70 1-98 2.54 2.88 3,09 3,27
CH20 0.06 0,06 015 0.,18 Oe33 0,60
OHBOH - 0,34 1.0 0.89 0.87 1.50
H202 0020 0-38 0.33 0.47 - 005

Run No, 5 10 4 8 11l 1
Time 3e44 3.59 3.66 3.85 4,25 5.0
GH20 0,66 055 0.79 1.04 0.75 0.83
CH3UH 2.24 2,20 2.24 2.28 2.2 2,12

Hy0g C.42 1.09 0.42 O.44 O.14 0.01
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76.

FProducts from 95,5 mm, propane and 9,5 mm,

oxygen ot 435°C.

Run Ho, 0 B
Ap 0 2,02
Time 0 2,60

0, 9.5 7.3
0333 95.5 90,0

H2 0 0,02

CH4 ¢} 05
0234 0 1.0

CoO 0 0.2

002 0 U.04
Condensables O 5.0

C Balance 287 283
H Balance 764 757
0 Balsnce 19 20

Table 4.2.3.

D

378
3.82

445
8640

0.05
Os7
el
1.9
6.6
Je3
0,08
843

283

755
18

¢
5466
5435

244
84.1

0.07
1.0
2,6
8.4
0.5
0,08
11,2

284
760
17

2
T

0.9
8047

0415
1.6
0.1
4.5
9.3
1.1
J.09
13.8

82
54
17

7847

Q.25
244
0415
545
10,5
1.4
0.18
15.0

283
756
17

Producte frow 99,1 mm, propune and 1,9 mm,

oxygen at 435%.
Ap
Oz
0338
iy
Cailg
Colly
0336
co
Concensables

0
1.9
99.1

0

©C O C O O O

3.0
0

94.1

0.13
0.97
0
2,02
3.1
O.21
0
3.6
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Table 4,2,3. (eontﬁo)

C Balunce 297 297
H.Balance 793 791
0 Balunce 3.8 3.8

Teble 4.2.4.  Producta from 100 mm, propane and 50 mm,
oxvgen at 445°C, ' |
The propane used in this series of rune contained 1l,4% ethane,

Run Ho, Q F c G E
AP 0 3.3 5e2 5.6 10,8
Time Q 1.45 1085 1,94 2052
0, 50  45.3 40,0 - 30.4
GBHB 98.6 87.6 85.3 81.3 74&1
H2 0 .03 0.10 - 0.3
0H4 O Ce3 0.50 - 0.9
0256 1.4 l.4 l.4 1,5 - 1.3
02H4 O 1.16 ”2.07 : 2056 ) 4011
03H6 0 8.0 10.4 11.5 17.7
o 0 0«34 1.72 - 44,85
002 0 O.l 0.2 - 0.6
Condensubles 0 9.8 12.9 - 26,6
C Balance 299 290 290 - 292
H Balance 797 776 797 - 781
0 Balance 100 101 95 - 93
Run Ho. A D B H
AP 16,8 22,7 28,4 33.7
Time 2,96 3.27 3444 5.0
02 18.5 Te3 0 0

03HB ' 66,1 54.9 95044 47.9
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Table 4.2,4 (econtd,)

Run Ho, A D B H
H, U5 0.7 0.9 1.3
034 1.7 2,7 5.2 TeT
C ol 1.5 1.9 1.4 1.9
c H, Tel5 10,5 14,2 14,0
CSHG 19.3 22.2 21,6 19,6
co 79 13.4 17.4 19.7
002 0.9 l.4 1.6 1.9
Condensables 4345 57.7 66,1 70,0
€ Balance 204 274 271 263
H Balance 776 753 753 742
0O Balance 90 88 87 93
Table 4,2.5, Products from 10U _mm, propane and 50 mm,
oxygen at 475°%.
Run Ho. 0 F Iy B E c A
Ap 0 9.2 16,4 22,8 28,1 33,8 39.8

Time (9903)0 44.0 5505 61.1 6406 68;3 100

0 50 36,5 25,2 13,9 8.6 1.8 0

C3§8 100 fleT T046 6047 55,0 47.4 43.6
H, 0 02 U5 0.7 049 1.1 1.8
CH4 - 1,0 1,9 2,8 4.4 5.5 9.4
Collg - Odl Ce2 0.2 0,2 0.3 1,2
0254 - 32 7.6 9.6 13.4 18,0 20,6
C3H6 - 12,6 18,0 22,6 22,9 21,5 22,8

co - 2.1 6,0 9.5 12,6 16,3 19.3
€0, - Ce2 - 0.6 0.9 1.2 1.3

Condensables = 21,9 37.6 54,0 60,6 72,7 T1.0

C Balance 300 296 293 282 279 276 273
H Balance 800 1796 768 781 1783 1751 757

0 Balance 100 97 95 93 91 95 93
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Table 4,2,6,  Produets from O mm, propane, 10 mm, propyiene
and 50 mm, oxygen at 4350 .

Run Mo, - c D E B A
AP - Te3 12,9 i8.,2 23,7 32,6
t - 2455 3,19 3.56 3.93 5.25
02 50 36.1 23,8 14,6 5.0 -
0338 90 T6e2 6843 57.6 55.2 52.4
H, - 0.2 Ued 0.5 0.6 1,0
GH4 = - 0.9 1.6 2,6 6.3
C2H6 - - - - 0.50
0254 - 2,1 4,1 6.0 8.2 12,1
03H6 10 19,0 21,1 22,2 23,6 23.3
co - 3,6 9.7 12.4 17.1 21.8
co, - 0.5 0.8 1.5 1.9 2.0
Condensables - 21.4 37.6 47.5 62,2 67.6
C Balance 300 297 208 267 287 280
H Balance T80 775 769 720 T77 773
0 Balance 100 98 97 92 93 94

Table 4.2.7.

Produets from 80 mm, propune, 20

mm, proopviene

and 50 mm, oxygen at 4}500.

Fun Mo, 0 c B D E A
Ap 0 6.6 12,2 17,5 23,3 28,8
Time = 2,14 2,75  3.13 3,50 5.0
0, 50 34.4 22,2 12,2 4,0 0
C4Hg 80 6746 61,6 55,5 49,0 45,6
Hy 0 0.2 0ud 0.5 0uT 0.9
CH4 ¥ - 1.0 1.9 3.5 5e2
C, Mg 0 - " - 0.5 0.5
CoHy 0 2.5 447 6.6 8.7  13.1
C3Hg 20 24,9 26,7 27,3 26,6 25,7
co 0 5,0 10,0 15,9 21,0 24,2
o2 0 0.7 %3 27 2.3 2.9
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Table 4,2,7 (contad,)

Run No, 0 ¢ B D E A
Condensables O 22,6 35.0 49,8 6045 61,8
C Balance 300 288 287 281 270 273
H Balance T60 746 747 742 731 720
0 Balunce 100 98 g2 93 94 92

Table 4,2.8,  Protucts from 6u mm, propane, 40 mu, propylene
and 50 mm, oxygen at 435°C.

Run No, ¢ (64 B D A
Op 0 Tl 13,5 19,8 25,9
Time = - 1,59 1,93 2,22 5.0
0, 50 29,8 13,0 1.9 0
GBHB 60 49.7 44 .4 38.3 36.9
H, 0 0u2. 0.4 0.6 0.9
034 0 1.0 1.8 3.7 5.8
CZHG 0 - T - . 0.6
e, 0 3T 6.3 9.0 11,3
Cyflg 40 39.4 37.5 35.0 32,1
co 0 Tel 15.2 23.6 27.4
co,, 0 0.7 1.6 2,2 2.8
Condensables -0 26,7 44,9 57.1 58.6
¢ Balance 300 284 287 267 267
H Balunce 720 T07 704 683 677
0 Balance 100 95 89 89 92

445,  Examination of Fracti n 3 by Chromstography.

The methoce that were used in the chromatographic investi-
gation of fraction 3 are deseribed in section 1.3.,9, Of the

several peaks that were found in the chromatogram onir one,
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that of acetaldehyd , was positively identified by its
infra-red spectrum, mos:. of the remaining components
possessing spectra with carbonyl absorptions. The amounts
of these other products produced were very small, and in
adcition complete sepuration wae not obtained in the
chromatogram, .hese (wo factors together made investigation
of fraction 3 by this method raiher unsatisfactory, and no
attenpt wus made to pureue this exéﬁinatian further. However,
the chromatogram of fraction 3 did give some qualitative
information about the na.ure of the condensable fraction,

The chromatogram of the condensable products from the
combustion at 475°C was very similor %o that of the products
from the combustion at 435°0, in that the same peaks were
present, The amounts of the products wae rather less, as
would be expected.

The chromatogram of fraction 3 from the products of
combustion of 60 mm, propune, 40 mm, propylene and 50 mm,
oxygen at a peint about maximum rate is shown in figure 4,.5.
The amounts of producte were rather more than from the
combustion of propane alone, and in addition, a compound
which was eluted at 17 minutes was present, The compound
at 19 minutes waos aow one of Lhe major condeasable products,

The variation in the amounts of these products throughout

the reaction couid also be followed in the chromatograms of

the samples,

The height of the acetaldehyie peck was found to reach
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a maximum at the maximum rete of reaction, and then to fall
until i¢ finully reuched a concentration of a fifth of its
value at maximum rate.

The peak at 17 minutes, and also, in the combustions
with propane alone,.tha'peak at 19 minutes appeared onlr when
there was a relatively large amount of condensable products,
and never became very large, They might thercfore be
attributed to compounds formed by the reuction of the products
in the sampling veesel,

The remainder of the peacks increased throughout the
reaction, but it ie quive possible that any variation in one
of the peaks would be masked by the superposition of peaks

from other products,
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DISCUSSION.

in the part of the thesis which follows the experimental
results recorded in the previous sections are discussed and
a reac . ion mechanism which can account for them is suggested,

In the first section of the discucsion is given the
thermal data from which the heate of reaction of the mijority
of the reactions are calculated, The next section consists
of a discussion of the rewctions by which the products are
formed, and al:o of the reactions which give rise to brunching,

In the final cection the important reactions of the
proposed mechunism are considereu and from them are derived
theoretical expressions for the kinetic parameters,the
acceleration constant ané maximun rate, These expressgions

are then compared with the experimental ones,
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1. Thermal lata.

The thermal data which have been used in calcuiating the
energy changee in the re ciions udvanced are given in the
fo.lowing tables, In general, . chemical reaction tukes
place only if it resuits in a deereanse in the free energy
of ihe system, but unfortunzi.ely the free energy changes for
the majority of the reactions possible in the oxidation of
propane are not known, The heut of reaction is usually the
most eaeily obtauinable thermodynamic quantity, and in general,
the enthalpy changes huve been tuken as rough approximations
to the free energy changes, anc regurded as a rough criterion
of whether or not a reaection can tuke pluce, Which of a
number of possible ccompetitive reactiocns will take place in
a system will depend not on the free energy or the enthalpy
changes, but on the activation energy. Swaro48 has shown
in the case of the reaction of sodium atoms, that the
activatio energy of the recction is proportional to the
exothermicity of the reaction, the propor.ionality factor
being U.3. In the reaction of free radicals with hydrocarbons |
it ie unliikely that the—aame proportionality of the activation
energy to the exothermicity will exist, since the reuction
complexes will not show iLhe same featurcs with different
radiecals, fevertheless, the enthalpy change of a reaction

does give some estimate of the posriblliity of ite occurring,

The heats of formution of the molecules tabulated have been
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taken from "Selected Values of Physical and Thermodynamic
Properties of Hydrocarbons and Related Compounds™ by Rossini
et al,, anc from "Circular Suu Celected Values of Chemical
Thermodynamic Properties, 1952", The heats of formation of
free rudicals have been taken from theese tabulated in "Gas
Kinetics" by Trotman-i'ickenson,

The heat of dissociation of the H=0, bond hus been the
subject of some speculation, and values from 55 = lO0K.cals. by
walsh?9, to the v.lue 36 K-cals. by Evune Hush and Uri®° have
been advanced. However, the most reliable experiment.l

51 and

obcervation has been carried out by Foner and Hudson
this gav:fantermediate value of 47.2 K-cals,

Using this value the heat of formation of tne'noa radical
ean be ealeulated %o be 5 K-cals, Thies value has been adopted
in the following discussion, |

In the following table the Heate of Formation are given in

Kecale,/mole at 25°C and 1 atmosphere prescsure,
Compound Heat of Formation Radical Heat of Formation

CH, =179 CH, 32.5
02H6 -20e2 0235 25,2
C3H8 -24,8 n 03H7 22
0234 +12,.5 iso 0357 17
CHBOH -4843 OH 10,1
CzﬂsUH -56.7 H02 5
GH20 2548 CH30 -1
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Compound Heat of Formation Radiec.l Heat of Formation

02H50H0 ~-46 CHO * 6

Cco ~2644 03300 -6
H202 «32,6
520 -5T7.8

2o THE MECHANISY OF THE REACTION,

241, Discussion of the Produ¢ts.

In the reactions that follow, the heats of reaction will be
given in Kecals, In the case of reactions involving the
propyl radical, the heat oI recaction of the n-propyl radical
will be given and then the heat of reaction of the iso prupyl
rodicul in bruckets afier it,

The numbers that are given to the reactions are those from
the complete reaction scheme which is given later,

Previous work has led to the h'pothesis that the oxidation
of propane proceeds by way of the initial formation of the
propyl radical which may subsequently react by three poseible
routes -

a) C3H7 4+ 0, = Oxygenated Produets AQH = ca.-40 Ke.
b) Cqfly + 0y = Caliy HO, AH = .12 (-7) Ke,
c) G3H7 s 02H4 + 0H3 AH = 23 (28) Ke.
Among the oxygenated products is one which may produce
degenerate branching. The ununcual features of the oxidation
such a5 cool flames and negutive temperature coefficient of

reaction rate, can be explained by the postulate that the nature
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of either the branching or chain propagating reaction depends
on the temperature, The reaction occurring at temperutures
below 300°C is believed to be mainly reaction (a) while
reaction (b) becomes increasingly important as the temperature
is raised until it predominates between 400 and 500°¢C,
Finally, reaction (c¢), which hus a higher activation energy
than the other two, only becomes important at higher
temperatures, vecoming appreciable at about 400°C, and then
increasing in importance until it is the main reaction above
500%, o
- The nature of re:ction (a, haus been inveatiguted by Bell
et 31,52 and almost ceriainly the first step is the addition
of the oxygen molecule %o the radical to form the proprl
peroxy radical

(=) 0387 - 02 = 0351700 AH = c¢a, =20 Ke,

A has been mentioned in the introduction, there has been
considerable controversy over the fute of this radical, cone
school maintaining that it was sufficiently stable to react
with & hydrocarbon or some other molecule to give a
hydroperoxide molecule, and the other school suggesting thut
it was unstable anc decomposing before reaction to give an
aldehyde and a free radiical, Certu.inly the formation of a
hydroperoxide has been demonstrated in the oxidation of

tetralin and cumene in the liquid phaaesa. but hydroperoxides

have only been isolaled in gas phase oxidation at temperatures
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about 200°C, by Bell et ©l.’> in the hyirogen bromide catalysed
oxidation of a number of hydrocarbons, However only tertiary
hydroperoxides were isolated and they were unable (o obtain
even small cmounte of primary or secondery hydroperoxides from
ethane and propane,

It is unlikely then, that under the conditions of this
investigation, hydroperoxides will be stuble intermediates in
the oxidation of propane, It has been postulated by
Horriah21'53that the free radical brecks down to give an
aldehyde and a smaller free radical, and lewis and von Elb023
have suggested that the iso-propyl radical is formed, and
that the corresponding iso-propyl peroxy radical breaks down
to give acetaldehyce and methoxyl radical.

S0 far, no mention has been made of the identity of the
propyl radical, whether it is the n-propyl or the iso-propyl
racical, Kn0154, in the investigation of the attuck of
chlorine atoms on propane, has shown that both primary and
secondary C atoms are attacked, and that the difference in
activation energies for attack at these positionsis 450 cals,
The P fuctors were also shown to be of comparable magnitude,
the ratio for attack at secondary to att .ck at primary being
1.65 to 1. Although o, radicals do not have the same
reactivity as chiorine atome, the difference in aciivation
energies for attuck by H02 radicals on the primary and

secondary C atoms is unlikely to be much greater than that for
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attack by chlorine atoms, Therefore one may expect both
n-propyl and iso-propyl radicals to be produced in the reasction,

The reactions of the corresponding propylperoxy radicals
if they decompoce on formation are
n033700 = 02H50H0 4+ OH AH = ca, =40 Ke,
130033700 = 0330!!0 - 001!3 AH = ca, =40 Ke.
Acetaldehyde hae corlainly been identified in the products of
the reaection, and indications have been found that propicnaldie-
hyde is also present, In the inveatiéations at lower
temperatures, where the preponcerance of the iso-propyl radical
over the nepropyl radiecal is greater bvecause of its lower
ac.ivation energy of formatiom, considerable quantities of
methanol aad acetaldehyde have been isolated, This is
especiallr true of the work of Peasezf. who obtained almost
quantitative production of methanol and acetaldehyde in the
combustion of propane in oxygen-weak mixturee, This reuction
can aleo explain the small amounts of methanol as determined
by the Zeisel method, found in the proéucta of this
investigation, The methanol is produced by the reaction of
the methoxyl radical witﬁ a propane or s product molecule
17) CHO e CgHg - CH0H o Oy, AH = 0 (=5) 7
The methoxvl radical may also react with oxvgen as

and this reaction probubly accounts for the low yield of
methanol,
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The formation of propylene from both n-propyl and iso-propyi
racicales by the abstraction of an H atom by oxygen is an
exothermic reaction, and gives the most convenient eiplanation
of the formation of the olefine, In the initial st .gec of the
reaction as is illustrut d in figure 4.2.1, propylene is
formed from propane in almoot a 1 to 1 ratio, with the
disappearance of almost 1 molecule of oxygen, and = chain
reaction that can explalin theve observations is

2) G3H7 + 02 - 03HG + HOZ AH - =12 (=T7) Ke.

1) C3HU + HO, = GBH., + H0,0H = 9,3 (4.3) Ke,
These two reoetions constitute a chain reaction which is
carried by the HO, radiecal, In addition to explaining the
formation of propylene, the chain reaction can also give a
convenient explanation of the large amounte of hydrogen
peroxide sometimes found in the reaction products., Kooijman
and Ghijeen34 have shown that high vields of hydrogen peroxide
can be obtained between 400° anﬁ 46000, and other workers3o
have shown that the amount of hydrogen peroxide isolated depends
inversely on the efficiency of the surface of the reaction
vessel in catalysing its heterogeneous decomposition. In
thic investigation, although some percxide was isolated, the
amount determined wae relatively small, and this may be due

to decomposition of the peroxide in the reaction vessel or

in the sumpling veseel, DUecomposftion of hydrogen peroxide
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in the resction vessel with the regenerction of some oxygen
explaine why the amount of oxygen romoved initially iec less
than the emount ¢f propane,

Revetion 6, the cracking of the propyl racdicel to produce
ethylene and the methyl radical, is endothermic 4in tho oase of
both nepropyl and iso-propyl radicals, s

6) Cqyfly ®  CpH, & OHy AE = 23 (28) Ko,
it 4o therefore not surprising that the produeticn cf ethylene
only becomes predominant at relativelyr high temperstures above
450°0. The methyl radical formed in the above rezotiocn nmay
react a) with oxygen giving formaldehyde and & hAviroxyl radical
or b) with propene to form methane and = propyl radical, as
7) Oy 4 0y ® Cig0 e OR Al e 51,3 Ko,
g) 033 - 0388 - GH4 . 0337 AF » 3,6 (-7,6)Ke
These recctions explain why the methane concentration ic low
in the initial stagee of the reaction, ané then begine to rise
when the oxygen hag been exhausted, ae ie chown in figure 4.,2.1,

“hen the zmount of oxygen in the resction mixture is
reduced from 50% to 10¥ of the propane prescure, the most
morked change ie the increase in the rate of production of
ethylene as compared with the rate of production of propylene,
the relative increcse in the rutes bedng by a factor of three,
as ie shown in figure 4,2,2, Thie figure also chows that the
relative rate of production of carbon monoxide fulls, and of

methane increuses, as the oxygen conceantration is decreased,
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When the oxygen in the recction mixture is reduced from 10%
to 2%, the inerecase in the rate of ethylene production relative
to the rate of propylene production ies also very marked, the
relative rate going up by a faclor of 2.4,

The increase in the rate of production of ethylene relative
to that of propylene as the perceatage of oxygen in the initial
reaction mixture is reduced incicates that the propylene is
formed by o reaction of higher order with respect to oxygen than
is the ethylene, This confirms the suggested reactions for
the produetion of the two speciee, which are

2) 0337 - 02. = 03!16 - 302 AH = 12 (-7) Ke,

6) G3H., = CpH, = 033 AH = 23 (28) Ke,

An unusual feature of this investigation has been the
observation that the propjlena concentration rcaches a
gtationary value, %e therefore conclude that at that st ge
of the reuction, the propylene is being removed by some
reaction at the sume rate as which it is being formed, = The
products of the reanction huve been examined with propylene
concentrations both above anu below the stutionary conceantration
(see figures 4.2.6, 4.2.7, 4.2.8) and there seems to be little
change in the nature of the gaseous products of the reaction,
Thie observation suggests that the propylene reacts by the
same reaction route as propane, numely by way of the propyl
radieal, The conclusion ie rother o surprising one, for it

meane in effecct that an equilibrium if set up in the free
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radical reaction,
2l) oyl - HO, = O, e Oy AH = 12 (7) Ke.

An alteranative reaction of propylene with H02 is the
formation of the allyl radical

Cqyflg » o, = 03H5 + Hy0, aH = -12,6 Ke,

The latter reuction woulc seem much more likely, since it
is considerably more exothermic and would be expected at first
eight to have a lower asoctivation energy. However, the
exothernicity of the latter reaction is due in some part to
the resonance energy of the allyl radical and in some part to
the heat of formation of the hydrogen peroxide molecule, and
the activation energy is probably of the scme order as that
of the former reaction. It is inveresting ¢o note that in
the investigation of the oxidaticn of propylene, Bawn and
Skirrowss suggested that the H02 radical added to the double
bond of the propylene. Only in this way could the relatively
high yield of acetaldehyde with respeet to formaldehyde which
they obteined, be explained.

There is no direct experiment.l evidence of the formation
or reaction of the allyl rudical, but the brown polymer that
was deposited at the exit of the reaction vessel afier a
considerable period of operation could possibly have been
produced by polymerisation of allyl radicals, as was found
by Satterfield and Wilson33.

¥hen, in the investigation of the combustion of 100 mm,
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propane and 50 mm, oxygen, 1lU mm, propylene are substituted
for 10 mu, propane in the initial mixture, very litfle change
is no.iced in the final products of the reaction, but
intercating changes occur in the rates of production of the

. products, This is illustruted in figure 4,2.6,

The concentrution of propylene still rcaches a stalionary
value, buf the rates of prouuction of carbon monoxide and
ethylene remain constant throughout the reaction, and do not
show the incrense in rate of production at about 30% rezction
which is found with only propune and oxygen as the initial
reactante, In this case also, the rate of production of
methane increases when the oxygen concentration falls,

The same effects are found when larger amounts of propane
are repluced in the initi.l mixture by propylene, cs is seen
in figurece 4.,2.7 and 4.,2.8, These figurce also show that
propylene has an equilibrium concentration of about 25 mm, in
this particular set of experimeniul conditions, and when
varying amounts are substituted in the initi.l mixture, the
concentration does tend tLoward this value as the reaction
proceeds, Figure 4.4 shows that as propane ie replaced by
propylene in the initial mixture, the tolal pressure change
and the amount of total condensable product falls, and that
while little change in the final concentration of ethylene and

methane occurs, the final concentr.tion of carbon monoxide is

appreciably increased,.
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From these resulte it may be seen that in the initial stages
of resction of a propane/oxygen mixture, the main reaction is
one which produces propylene and that only small amounts of
mcthane, ethrlene and carbon monoxide are produced, As the
propylene concentration builcs up, it begine to be removed from
the reaction mixiure and so tends towardus a stationary state
concentr:ation, AL theué&me time as the rate of propyleue
production falls off, the rates of production of carbon
monoxide and of ethylene increuse, the former being greater
than the latter. One may therefore link the reac¢tion removing
propylene with the one producing carbon monoxide, The
connection between these two observations can be found in the
reasctions suggested above,

The variation in the reaction producte as .he temperature
is increased is shown in figure 4.3. The amounts of carbon
monoxide, propylene and tota:l condensable products remain
unchanged, but there is an inere se in the amounts of ethylene
and methane produced, and in the amounte of propune rezcted,
The total pressure change is also ineressced,

If one assumes that 2ll the ethylene comes from the cracking
of the propyl racical, it can be calculaied from the relative
amounts of ethylene (o propylene at the different temperatures,
that the difference in activation energy of the reactions by

which these products are produced is 18 K-cals, The

activation energy of the caacking reaction has been reported by
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26 as 18 K-cals,, but this value does not

Bywaters and Steaecie
agree with the calculaied AH of .he reaction of 23 (28) K;calé

2,2, Digcussion of the Branoh;gg_ﬁechaniam.

Semenov:? has shown that the oxidation of hydrocarbeons ceccurs

by a degenerately branching chain mechanism, a«nd that the
intermediate produci responsible for the branching must have a
lifetime of the order of minutes before en.ering the branching
reaction. Horrish®! has shown that if the intermediate
fulfils these conditions, it must attain a pressure of the
order of millimetres during the course of the reaction, There
is some controversy as to the identity of this branching
intermediate in combustions a. lower temperatures - whether
it is an aldeh}de or a peroxide molecule, There is general
agreement, however, that at the high temperatures employed in
this investigation, peroxides other than hydrogen peroxide
have a very short lifetime, of the order of much less than 1
second, and Lherefore they cannot be responsible for the
degenerate branching that is obmerved, On the other hand,
cldehydes are thermally stable molecules at these temperatures,
and addition of them to the reuction system does reduce the
induction period, and it is therefore reascnable to suggest
tha. aldehydes are possible branching intermediates in the
oxidation,

How, formaldehyde and acetaldehyde have been identified in

the products, and it has been shown that propionaldehyde may
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aleo be precent, Although the amounts of these products
that have been determined are less than the amount that has
to be added to remove the induction periocd, the aldehydes
that are present must act as branching intermediates and
therefore at least a considerable part of the branching can
be attributed to these aldehydes, It is possible that the
unidentified products found in the condensable froction may
be derivatives of aldehydes, and the amount of aldehyde actually
present in the product may be more than the amount determined,
If this were the case almosi all of the branching could be
attributed to the aldehydes,

Ualahzs, from an investigation of the oxidation methane,
and McDowell and Thnmaazs. from an investigation of the
oxidation of acetaldehyde, huve suggesied tha. the branching
re.ctions of furmaldehyde and acetaldehyde are reospectively,

9) CH20 - 02 = CHO * Hﬁz AH = 440 Kec,
10) 0H30H0 = 02 = CH300 - H02 Al = 443 Ke,
11) 02350!10 “ 02 - 023500 + H(}a AH = ¢a, 44 Ke,

By analogy the last reaction may be taeken as the branching
reaction of propionaldehyde,
The formyl radical that is produced may either react with
oxygen or decompose to give H and CO, as
19) CHO - 02 - GO -» H02 AH = <27 Ke,
20) CHO o H - co All = 420 Ke,

The H atom produced in the latter reuwction could possibly,
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by reczetion with propane or a product molecule, be the source
of the small amount of hydrogen found in the products, as in

the equation
22) H « 03H8 = Hy & G3H7 AH = =5 (=10) Ke,

The formyl radical moy possibly give rise to the small
amount of carbon dioxide found in the products, by the
reaction

21) CHO 02 - 002 4+ OH AH = <90 Ke,

The acetyl and propionyl radicals produced from the
respective aldehydes are unstable at temperatures above 150°c,
decomposing to give

18) CH3GO - GH3 + CO Al e 12 Ke,
23) cansca - 0255 + QO AH = ca, 12 Ke,

The ethyl radical may subsequently react according to the
reactions

24) czﬂs + 0y = GH30H0 « OH AH = 460 Ke,

25) 0235 ks C3HB = Collg + 03117 Al = 2 (-3) Ke.
The latter reaction could poscibly be the source of the esmall
amount of ethane detected towarde the end of the reaction., An
alternztive source may be the dimeris:tion of methyl radicals

26) 2GH3 = Colig AH = .80 Ke,

Both of these reactions would occur to any extent only in
absence of oxygen.
In addition to reacting with oxygen to give branching of

the reaction chain, aldehydes also suffer degr.dative reactions
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by attuck of free radiculs, as
12) cuao - Roa = CHO o H202 Al = <3 Ke,
13) 0H3GHO « HO, = 01{300 - H202 OH = O Ke,
14) 02H50H0 - HO2 - 023500 - H202 AH e ca, 0 Kec,

Once the reaction has started, the free rudicals are
produced by the bronching reactions, and therefore there is a
proportionality between the concentration of aldehydes and
the concentration of free radicals, The degrudative reaction
of the aldehydes is thus second order with respect to the
free radical concentrution, and it is this guadratic
destruction that controls the maximum rate of r-uction,

The differential equation for the free radical concentr:tion
is of the form

dn/it = k, = kln - kpn
where ko is associated with the initiating reaction producing
the initial number of centres, kln is associated with the
centres produced in the braanching reaction, and k2n2 is
assocliated with the reaction that removee the aldehydes
without branching.

If the free radical concentration is made greater thun
the stationary state value at maximum rate, by addition of
say acetaldehyde the rate of attack on the branching
intermediate io increased and its concentration is reduced to

- the value at "maximum rate®, Thie is the effect which has

been demonstr.ted in the addition of aldehydee to various
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reaction mixtures, illustruted in figures 3,3 to 3,8. The
effect is somewhat complicated by the superimposed propylene
effect, but when one considers the investigation with 60 mm,
propane, 20 mm, propylene and 40 mm, oxygen in section 3,8,
the curves that are obtained by addition of varying amounts of
acetaldehyde fully bear out these theoretical predictions,
The addition of 4 mm, acetaldehyde completely removes the
induction period, the reaction starting off at maximum rate,
and the addition of 6 mn, and 8 mm, of acetaldehyde causes
the reaction to start off at a rate greater than the expected
maximum rate, af.er which the rate slows down to the expected
maximum rate, These facts comprise very strong evidence that
the recactions suggested above form the mechanism by which the
combustion is carried out,

The annlytical and the kinetic evidence both point to the
fact that the role played by propylene in the oxidation of
propune is an important one, and from these obeervations
some suggestions can be made as to the nature of this role,

On the basis of the analysis of the reaction products,
the following busic scheme appeares feasible,

Propagation |

1) Cyilg « HOp = Cqfly, & Hy0, QH = 9,3 (4.3) Ke,
2) Cilig s« 0p = CiHg+ HOp AH =-12,1 (=7.1) Ke,
3) 103374- Op - CH3CH0 - OCH3 All = «61 Ke,

4) nCiliqe 0Op = CpHCHO « OH Al = «58 Ke,

5) Cilig ¢ OH s Cxliq ¢ H20 Al = 221 (-26) Ke,
6) C3Hg = CpHy ¢ CHj AH « 23 (28) Ee,

7) CHy; « 0, = CBO .+~ OH OH « =3,6 (~8.6) Ko,
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Branching

9) CHy0 + 0, = CHO & HO, AH = 40 Ke,
10) 01130110 v 0, = 03300 - 1O, Al = 43 Ke,

11) CoHeCHO- O, = G H CO 3 HO, AH = ca, 43 Ke,
Degradation

12) CH,0 + HO, = CHO « H,0, Al = 2,8 Ke,
13) CH30H0 + HOp = CHyC0 « H,0, AH = 40,4 Ke,
14) czuscﬁo-o HO, = czﬂsco « H 0, AH = ca, O.Kec,
Termination :

15) H02 wall = inert product
Also

16) GHJO - 02 = 0820 + Hoz Al = 22,8 Ke,
17) 0530 - 03!18 = 03117 - GH3OH AH = 0 (-5) Ke.
18) CH4CO = CHy « CO AH = 12 Ke,
19) CHO - 0, = CO - HO, OH = <27.4 Ke,
20) CHO s H e CO Al = #20 Ke,
21) CHO « 0, = 0O, « OCH AH = .90 Ke,
22) H - 0388 = H, .3337 AH & <5 (-10) Ke,
23) 02H500 = 0255 + CO AH = ca, 12 Kec.
24) 02H5 - 0, = GH3GH04- OH AH = 60 Ko,
25) Colly  » Cylig s Colig = Cylly AH = 2 (-3) Ke,
26) QCHB = °2H6_ A = 80 Ke,

It appears from the analytical resulte that two distinect
mechanisms occur in the oxid?tion of propane, one predominating
in the initial stages of the reaction, and the other in the
region of maximum rate, In the initicl stages of the reaction,
the main product of the reuction chain is propylene, and in the
later st.ges the propylene concentration is constant,

Initially the propy} radical may react by three types of
reactions, and in the later stage only two cf these reactions

are effectively possible, The role of the propylene then is
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t0 block one of the reaction sireams of the propyl radical

and to force it to react by the other two routes.

e Discussgion of the Kinetic Expressions.

The investigation of the maximum rate in section 2,1 and
of the acceleration constant in section 2,2 have shown that at
400%0 Ahe maximom Fate of yeasSion is given by the expression

P= k(CyHg)(0,)(R)
where (P) is a term involving the totul pressure of the
reaction system and was tuken as (0338 + 02), and that the
acceleration constant is given by a similar expression, This
type of expreesion for the maximum rate is typical of the
kinetic expressions obtuined in low temperature investigations,
When the temperature is raised to 460°C, the total order of
the reaction remains the same at 4, but the order with respect
to oxygen increases and the order with reospect to propane
diminishes, 20 that the rate expression for the maximun rate
is of the form

p= Kiogig)t2(ay) M+ (e) |
The appearance of these froctional orders suggests that the
reaction becomes more complicated under these conditions, and
this suggestion is confirmed by the analytical results,
Further proof is obtained from an investigntion of the
acceleration constunt of the reaction, when two acceleration
constantes are obtained. One is found at the beginning of the

reaction and has been called the "initi . .1" acceleration constant
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and the one that occurs later the "final™ acceleration
constant,

The analytical results suggest that these acceleration
constants may be attributed to two different mechanisms, and
thies is supporied by the observation that they have different
kinetics, The initial acceleration constant is given by the
exprescion

§ - k(c3ﬂa)l.9(o2)o.2
and the final acceleration constant by the expression
g = k(c3H8)l.75(02 yLe9

The kinetic evidence bears out the analytical observations
in suggesting that two mechanisms occur in the oxidation of
propane at high temperatures, the one occurring in the initial
stages of reaction, and the one occurring in the region of
maximum rate, In the initicl reaction, the m:in reeetion
is the production of propyiene with the production of small
emounts of ethylene and carbon monoxide also ocecurring, In
this mechanism the branching may possibly be attributed to the
reaction of the formaldehyde produced from the reaction of the
methyl rodical with oxygen. In the reaction at maximum rate,
since the propylene concentration remaine steady, the reactions
for the production and removel of propylene may be omitted from
the reaction scheme, and the large amounts of carbon monoxide

relative to ethylene show that the reaction by way of aldehyde

is an important reuction,
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These simplified schemes may then be written down and the

kinetic relaticnships derived as in the following sections,

3.1, The Kinetics of the Initial Reaction.

In the initial stages of the reaction the product of the

main chain reaction is propylene, and since the amounts of
ethylené and carbon monoxide produced are almost equal the
brunching may be attributed mainly to the reaction of
formz:ldehyde which is produced ewentually as a result of the
eracking reaction of the propyl radical, The termination
reaction is probably removal of 302 radicals at the wall, and
the main recactions of the simplified scheme may be written,
selecting the appropriate equations from the complete scheme

given earlier, as

Propagation 1) Cjflg « HOp = C.H, « Hy0,
2) C3H7 -+ 02 = 0336 - H02
6) C3H7 i = C2H4 + GHB
7) CHy + 0, = CH,0 + OH
5) COH + OBHB = 031'1_7— + 520
Branching 9) CH20 + 02 = (CHO - H02
19) CHO « 0, = HO2 = €0,
Degradation 12) CH20 - HQE = (CHO - H202
Termination 15) HO, « 8§ = wall termination

To obtain a kinetic expression for the acceleration constant,
defined as the rate of production of new chains per primary

chain, from this reuction scheme, one has to conesider the

amount of branching invermediate produced by the chain and

the rate at which it reacts to give a branching reaction,
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The amount of formaldehyde produced per chain is ["‘[0-14] _-1]-
where [C.L) is chain length, and K is the fruction of C,H,
radicals that react by cracking rather than by having a
hydrogen atom abstracted, © For large values of the chain
length the axpreasion. reduces to « [G.L.] o« The value of the
acceleration constant is the rate at which this formaldehyde
reacts with oxygen, giving itwo free radicals and may be
expressed as
g = 2.« [crIfo,].
The chain length is defined as the rate of propagation
divided by the rate of termination of chains and is expressed
[c.:..]-a kil !c%zoé!%oa] i k, i’canal
- S 15
gty o X Joqn 3] [o,]
ks

giving #

llow the two competing reactions of the propyl radical in
this simple scheme are

2) 03H7 > 02 - 0336 « HO
6) 04l = CoH, « CH,
PR W, [ . .Y
R +Rg sz_GBH.;_\[Oz]# k. EJJHT'] ky[0,] + kg

The analytical resultes, for example section 4.2.1, show
that in the initial stoges of reaction, the rate of reaction 2
(ae measured by the rate of production of propylene) is some

10 times the rate of reaction 6 (as measurcd by the rate of
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production of ethyiene),
That is,  k,J0,] # 10 x Ik
80 that kg is small in compsrison with k,J0,) and the
expression for o{ then may be simplified to
kg
k2[0é].
Subsi ituting in the expression for the acceleration

o =

constant gives

i 2k, kele .[Oa'Hg'[ o]
ok [o]]

It was shown in section 2,1.4 thaﬁ the reaction has a
definite dependence on the total pressure, and the expression
for reaction 15 must ther fore include a term to allow for the
effect of the total pressure on the diffusion of radicals to
the wall, as®s

kg = k§5/[r] where [P] = [)U,lg o 0,]
6o that § = k[c3H8][)’03n8 o 0.,

This expression is in quite good agreement with experimental
determinations which give the expression ﬁi':- k[C 3361‘8[030'2
for the dependence of the initial acceleration constant on
the pressure of the reactants,

The maximum rate corresponding to this reaction mechapism
is never experimentally realised, since the reaction mechaniem

alters after the initial stages of reaction,
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3e3:2, The Einetics of the Final Reaction,
In the "final" reaction which is defined aes the reuction

that oceurs during the region in which the maximum rate of
reaction is reached, the proprlene concentration is at a
stationary value and thercfore the propane is removed by the
reactions other than those that produce propylene, These
reactions give rise to both formaldehyde and higher aldehydes,
but since the amount of carbon monoxide is appreciably higher
thon the amount of ethylene, a considerable amount of reaction
mast occur by way of the higher aldehydes, Since these higher
aldehydes are more active in accelerating the renction than
formaldehyde, the sinmplifying assuuption is made that all the
branching may be attributed to acetaldehyie, This assumption
is necessary to make the derivation of the kinetic expression
a manageable operation, Selecting the appropriate reactions

from the main scheme, the mechanism is

Propagation 1) Cilig » HOp = Cqlly  «  Hy0p
3) O,y . 0, = CHoCHO «  OCH,
16) CHy0 « 0, =CH 0 « HO,
Branching 10) 053030 -0y = 03330 4 HO,
CH,00 eventually = HO,
Degradation 13) CH.CHO  HOp<=CH,00 ¢ 10,
Termination 15) 1102 4 8 =wall termination

At maximum rate a stationary state is set up, and we have
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(1) o -d—[g?-]. -k o gl [H0,] « k,fo n](0,] «
2k, o[4][0] = k580,

(2) © =ﬂ§%‘.[l]. k1b3ns)[aoa'l -k31_03H7'1102]
() o =&l kP - ko lalfog) - xlalio)

Adding (1) and (2) gives

(4) 0 = 21!10[&][023 - ki [302]

e IH°2]

o Il] - 2;;{; --fﬁ-é-]

from (2)

L -!r-fu-j—k Ii; H:][HOQ]

Substituting these expressions in equation (3) gives

Gy o o FakalcagBodld gk sluogllod ke, gy 670,12

ky JO,] 2k [0,] 2k, o[0,]
2k k
vo JHO) = “T}% [kl [o 31l 'ii] [ol .

At maximum rate

d|Cc H
- L L fogiog)
2 [0 Hé] 1 e ky
- aappc il k, Joqug - 2907}
2
k13415 3
The second texm in bracket corrceponds to the removal of
propane by branching reaction and this is small coumpared with

the amount removed by the main cheain, and the expression
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reduces to

i) o roaqep

13715

As mentioned previously, the strong inert gas effect
suggeste that the termination is controlled by déiffusion of
H02 ruodicals to the wall and is invercely proportional to the
pressure, giving for the termination reaction

kg = kgsf[}?] where [ ?] = D’CBHS + 0]
The maximum rate is therefore given by the expression
P= ko] 2 [0\ [9E,8g » o]
which is in good agreement with the experimental expression
that is obtained at 400°C where
P = x]c,tgl ® J0,] [o4Hg + 0,]
the coefficient )/be:.ng token as 1,

It was shown that when the temperature is raised to 460°¢,
the experimentinl expression {glruther more complex, being of
the form :
= k[c3113]1°5[02]1‘5[1']_
and a possible explanaticn of thi~ may be found in the
analytical results which indicate that at higher temperatures
the contributions from other reaction mechaniems are increased,
thece other mechanisms huving different kinetics,

0

As has been shown previouely2 the expression for the

acceleration constant is
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£ = kLEL[C.L.—l‘- 1]

In this case pl= 2 and 10.1-:& -

p 2k ky O[canéi [0,1
_ 2k ke o [0 1] 03 [P]
ks
w k[ ugll, 106 1y » 0,)

je Ha’_) $Ho,]

giving
15L492]

Here the agreement with the experimental observations is

not good, the latter giving
ﬁf = k[°3ﬂa]l'75[°2]1°9°

However, since a considerable amount of reaction hus
cccurred before this reuction mechanism comes into play,
the initial concentrations are coneiderably altercd, and it
is to be expected that agreement is not too good between the
experimental and theoretical values,

This investigation has been confined almost entirely to
reaction mixtures weak in oxygen, but kinetic observations
have shown thet the muximum rate does tend to beconme
independent of the oxygen pressure at high oxygen prescures,
This ecffect has been recorded previously in other investigations
of combustions - for example it was found in the oxidation
of butanone by Bardwell and Hinahelwoodsg, in the oxidation

60

of cyclopropane by MecEwan und Tipper = and in the oxidation

of methanol by Bell and Tippersl. It has been shown in the

analytical resulte of this investigation that the nalure of
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the re ciion is affected by the relative amount of oxygen
precent, and in the absence of analytical data with oxygen
rich mixturcs, any discussion of this effect must necessarily
be very specula.ive, For this reason discussion of this
feature is deferred until the relevant analytical data is
available,

The main point that hus arisen from the present
investigation is that the oxidation of propane in the high
temperature region is a two stage resction, This has been
reflected in both the analytical and kinetic results, The
plote of acceleration constants at higher temperatures have
showvn two distinet linear portions, and these have been
agoociated with two different rcaction mechanisms, The
analytical results also show that the nature of the reuction
products depends on the stuge of the reaction, In the
initial stuges propylene is the main product and only small
amounts of ethylene and carbon monoxide are produced, whereas
in the la.er stuges of the reaction, the propylene concentration
is stationary and the rates of production of ethylene and ®
carbon monoxide are increased, the lutter being the greater,
In addition, in the initial reaction, the relative rates of
production of propylene and ethylene are strongly dependent on
the oxygen concentrution, indicating that they are of different

order with respect to oxygen,
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To explain the at&tion@ry concentration of propylene at
maﬁimum rutg, a free rudical equilibrium between propyl end
oxygen on the one hand and propylene and H02 on the other
has been advanced., IThe substitution of propylene for
propune increases the amount of carbon monoxide produced
without incrensing the amount of ethylene, and therefore the
amount of intermediate product giving rise to carbon monoxide
is increzsed, This intermediate product is probably a
higher aldehrde,

In the initial reaction the brunching can probably be
attributed to the cr.cking reaction of propyl, since this
eventually gives rise to formaldehydie, the branching
intermediate, The branching in thg later estages is probdbably
controlled meinly by the re.ction of the higher aldehydes,
acetaldehyde and propionzldehyie. The faet that the maximum
rote is kinetically determined, and ie not simply due to a
£211 off in the acceleration caused by consumption of the
reactants, is confirmed by the addition of acetuldehydes to
suitable reactant mixtures, when a negoative induction period
is obtuined, This effect shows that it is the quadratic
destruction of the branching intermediate that controls the
maximum raote,

The resction shows a strong inert gi.s effect with carbon
dioxide, the rate increasing with the pressure of inert gus,

and this indicates that the termination reaction is removal
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of HO, racicals at the surface of the reamction vessel.,

2
The kinetic expressions for the variation of the two
ascceleration constants with pressure of reactants are guite
different, which is further proof that they are associated
with different reactions, The initi.l acceleration oonst&ﬁi%;
is almost independent of the oxygen presaure; whereas the
later one does show o dependence on the oxygen pressure, being
of a form similar to that ascociated with the low temperature

resction,
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SUMMARY .

Propane is the simplest hydrocarbon poessessing etructural
properties such as secondary carbon atome which are typicall
of the higher aliphatic hydrocurbons, and for this rcugon its
oxidation has been extensively investigated, The oxidation
can proceed by two distinet mechanisms, one operating at
temperatures above 400%C and the other below that temperature,
The low temperature oxidation has been extensively inveastigated,
but little work hus been done on the high temperature oxiduation

The work pre:ented in this thesis consists of a kinetic
and analyticael invesitigation of the oxidation of propane in
the high temperature region, The kinetic investigation has
been carried out in s standarc static combustion apparatus
al temperatures between 400° ana 460°c, ané the dependence of
the maximum rate and the acceleration conatant on the
pressures of rezetants has been determined, The effect of
additives on the kinetics hus aleo been studied, The
technique of Cas Phuse Chromatography has been developed into
a suitable quuntitative method of micro-unalyeis of the
products of hydrocarbon combustion, and the anaslytical
investigation hae been carried out almoet completely by the
application of this methou, Anulyses of suitauble reaction
mixtures during re:ction have been made ot several
temperatures, and the variation in products with reactont
concentr .tion =zné temper-ture has been determined,

The oxidation in the high temperzture region appears to be
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e twoestage reaction, In the initial stugee the main product
is propylene, and the acceleration can be attributed to the
oracking reaction of the proprl radical which eventually
givie rise to formuldehyde, the effective branching inter-
mediate, In the later stuge of the reaction where the
maximum rote is realised, the resction mechanism is similar
to one found in the low temperuture region where the main
chain procduct ies a higher aldehyde, which is then responsible
for the branching, At this stuge the propylene conceantr.tion
rezches a stationary value, |

From the suggested reaction mechanisme, kinetic expressions
for the maximum rote and acceleration constants have been
derived, and these are in agreement with the experimentul

obrervations,
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