PREFACE

This investigation was undertaken in opder toO
elucidate mechanisms of pyrolysis of organic compoundse

The uninhibited decomposition of ethane was gtudled,
and it was concluded on the basls of experimental and
gheoretical considerations that the initiating step in the
reaction is the gecondeorder splitting of ethane into two
methyl radlcals.

The pyrolysis of ethane was next inhibited by
pitpic oxzide, and the resultant reaction was studied
theoretically and experimentally. Tt was concluded that the

pogidual reaction after inhibition is a free padical processy

The pyrolysis of propylene was invostipgated in view
of the imporiance of tho gubstance a3 an inhibilbor. The
peacbion was inberproted in terms of a free radical mechanisn
whieh accounts for the obaerved products and characteristles
of tho veasction. It uad also shown Soek allyl radicals
abatract devborium pom dowberated mothaneo

The inhibited decomposiilons of other compounds

sore considercd In termy of fvree redical mechanigng and the

=]

votde Thig was

¢

achome Tor inkibltion mechanisns vas general:
oxhonded to cover bhe decomposibions of alkyl holides, and it

D

uas demonstratod that lack of inhibition is not neeossarily




an indlecabtion of a unimolecular reaction.

Tho above work was done under the direction of
profeasor Laidler, whose geientific judgement has been the
mainstay of the investigation. For this and the many veluable
discussions during the preparation of the thegis the author
wishes to express his appreciatlon,

T wonld alse like o thank my wife for her help

and encouragemente
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ABSTRACT .

The-uﬁinhibi%ed ethane decomposition has been
studled from 823°K to 903°K with the object of deciding
between the Rice~Herzfeld and Kiichler~Theile mechanismss
The reaction was found to be eccurately of the first order
at the higher pressures and lower temperatures empioyed,
and to have an activation energy of 73,1 kaaig-under these
conditions, JThe rate was decreased slightly by an inerease
in surface aveqa, and the order was then slightly greater
than unity. At lower pressures and higher temperatures the
ovder of the reaction was 3/2., Evidence is adduced in
support of the conclusion that the initiating reaction is
a second-order spllt of Gaﬁé into Eﬁﬁgg as proposecd by
Eichler ond Theile, and that the terminating astep is € ﬁg
Ggﬁg a the higher presgurss end B ¢ Cgﬁg at the lower oness
The mechenism 15 shown to give a sablsfacbory interprebation
of the time-course of the rsaebtlon
ethylone and hydrogen, and of the effeeh of increasing the
swefase arca., Oaloulsbed pates, using the rabe sonstenis
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Decomposition of Ethane Inhibited by Nitric Oxide

The pressure-time curve for the decompoaition of
ethene when fully inhibited by nitric oxide is initially
sinusoidal. The initial rates are'péapthfﬁnal to the first
power of the pressure at higher‘preQSures, and to the 3/2
power at lower pfessureag the rgteé?at.ﬁﬁé infléction point
are proportional to the pr@aéure\té a.p§&er;ﬁhich is slighkly
greater than wnity. Toe ac-tivatién" ehérg& corresponding to
the initial prates in the firstuerder region was found to be
77&5 keal mole 1, and the frequency factor 3 12 x 161) The
reaction was slightly inhibited by inereaaing the surfacet
volume ratio, and the induetion period disappeared on
addition of ethane. The facts are shown %o be consistent

with a mechanism in Which~iniﬁi&tion ocours by the reachion

HO + Ggﬁé = G, Hg + Hﬁ@s ‘which is estimated to have an

'u@tlvauian emergy of 52 keal, At the beginning of the reection

and ot lower pressures termination 1s considered to oceur by

H+ HNOW e Ha + W0; as ethylene accumulates the ratio

[Ggﬁgl/iﬂj ineronses and the permination sGep becomes

Ggﬁg + M0~ 6236 + 10, The mechanicm iz showm to account
o

for the Pach that propylene end obher inhibitors glve ripg

4o the game limlbing rate.



e

The main products of the propylene decomposltion,
studied between 580°C to 640°C, were found to be ethylene,
methane and hydrogen, in the approximate ratic 20211, Smaller
emounts of ethane, propane, bufenes, bengene, toluene and

dﬂ.allyl wem found, but no allene was detected, The order

of the remtic-n was 3/2, and the activation energy 567

: keal molc»z 1 A -mechanism is proposed, involving an initial
’ apl:lt into ¢ 55 * H and including abatracti(ms by both GH3
'and ﬁg i.he main chamm&ezmnatsmg step 48 H + C Hsa The

| meeh&ﬁi@m ﬁa shown m predict the rates of formatien of the

mmwm waetwn pmeaue%ap and to accownt satisfactorily
for the observed activation energya Hydrogen atom ebstractions
by the allyl m@@&l uvere demonstrated, It Ls shoun that the
fecto ere consistent wlbh the suggeﬁtiém that in the propylence
inhibited peraffin decompositiens there ig f abstraction by
5 and chain ination by veachlon bedueen ﬁgﬁf; end an
allyl vodical, Thls proposel cuplains why 110 and propylene
give rloe to the oame vaboo for the fully inhibited peacbiong,

o

and vhy omeller cmownts of HO are wequired vo producc o glven

Conezel Theory of Inhibliion.

2 . [ T e R 28 on
Eroo padicol mechonisme for other inhibitoed peogbiond

Yo rveem N . ; a8 & Yoz L5 Y 8 Y . )
have nacn proposcd. 1h is poosible by the epplication ol



S -

these mechanisms to explain first, three halves, or second
order reactions when inhibited by nitric oxide. It is also
shoun that application-of the above mechenisms to the

decomposition of alkyl halides leads %o the conclusion that
lack of inhibition 1s hot necesparily an indication of the

absence of free radieal processes,



GENERAL INTRODUGTION

The pyrolytic reactions of gases have not been

axplained satisfactorily in most cases, The question of

iy

competing wnimolecular and free radical reactions hes
introduced serious complications into the theoretical
interpretation of experimental data, The problem hinges

on- the mnch‘digpu@ad,queation of inhibition: ig the inhibited
reaction 2 wnimolecular split into products?

The suggestion that this is the case was put forward
aver_?o years ago, and has been.maintained against some very
serious objesctlions, Among the objections one ean 1ist the
fact that the products of the inhibited and iminhibited
reactions are in most cases identicals the degree of isobopic
nizing 18 the gsame for a given degree of reagtion whebher en
inhibisor is present or noby and last bub not least is the
fact that induction poriods ave observed in some of the
inhibited reactlons,

Fhe froe radicol mechanioms pus f@ﬁi&?d by Rlee

ond Hepzfeld, ond generelized by Goldfinger, Lebort and

liclause, cenm be made %o account for the uninhiblied

pray

2

roacticn mates and products in berms OF KFQGe radicel processcd.

C*j

Howover, if winolecular ro ﬁé siong arve in compeblibion

with the frec radical process cne has bo essume thab about the



seme percentage of all hydrocarbon pyrolyses would have to
occur by one or more molecular mechanisms leading to identical
produsts as those of the free radical reaction,.

The inhibition of‘raactioqﬁ by propylene has brought
to iight even more atnﬂnﬁoﬁs‘abjectiona. Propylene itself is
decamposing wnder the experimental conditioné'and is
prd&w&ing free éadicéls,° 411 of the radieals thus produced
have now been showm to be capable of ébstracting hydrogen
end gtarting chains, It 1s tneoneeivable in the 1ight of
present imowledge that propylene would act as a radicel
tyap and vemove all free radicals from a reastion,

Tn view of this 1% is proposed in the present thesis
that inhibited pyrolyses are free radical reactions involving
other types of ehains, {Our hypothésis, when sultably
epplied, can explain all the availebie dabe and suggest many
int@fes%iﬁg experiments which will aupport or modify our

gonglusions,



Partvl

TNTRODUCTION

The kimeties of the thermal decomposition of ethene
are of special inbterest and importance, since the mechanism
ef the reaction 18 & simple bubt typiecal example of the
de@omposition of the various paraffins, During the past
thirty yeers much infoimetion has accumulated econcerning the
r&aetioﬁ, and about the various elementary processes that
are believed %o oceur, The present investigation of the
wninhibited reaction was carried out with & view to coming
%0 some conclusion regerding the mechanism bhat ié involved,

First the previous work on this problem will be revieued.

The first kinetic investigation of the problem was
that of Pease (1), which indiecated that the reacticn iy quite
well pepresented by the equation

Prom his ezperiments that tho reaction

vas firot order and homogeneous,



In 1931 Marek and MsClure (2) reinvestigated the
resction and obtained resulte which were later recalculated
by Paul and Marek (3) to give an activation energy for the

reaction, They reported the rate constant ass

k= 1.1z 1016 9”77OOQIRm see”lg
- k.
However, the study was carried out in a flow system, and the

results are therefore somewhat suspect,
In 1935 Sachsse (l) investigated the reaction in a

static system, He obtained the rate constant

Kk = 1,3 x 10W g69800/RT <L

where I is the rate constant extrapolated to infinite pressures
This extrapelation seems to be of little significence in view
of the present kﬁowledge that the ?eaetion}is'not a simple
winoleculer one. A feature of his wopkfwaé the use of the
ineroase in pressure 2s a measure of the rate of reactione
Sechsse also found that other products were obtained in
addition to hydrogen end ethyleme. This was canfiﬁmed by."
Storch and Kazsel {5) uvho found that methane was pﬁeéﬁ@e@

a% o pabe which could be represented bys

ﬁi@ﬁz j
L = i N S B
e o Iy ECEEE@B v 12,068,

A

They abbtenpted to cxzplain the cource of ¢

(251
ﬂ'—a
&
€
F)
)
%)
€
[ fud
{ula
8
[
<l
i

nonechoin mechanicn vhich is now wacecpboble,



In 1931 Marek end MoClure (2) reinvestigated the
reaction and obtained results which were later recalculated
by Paul and Marek (3) to give an activation energy for the

resction, They reported the rate constant ass

k= 1,0 x 1040 o TTO0U/RE oo ool

However, the study was carried out in a flow systen, and the
- results are therefore somewhat suspect,

| In 1935 Sachsse (i) investigated the reaction in &
static sysﬁemﬂ He obtained the rate constant

k= 1.3 x 20M g 09800/RT go0-l

whereiaﬁSﬁme»réte constaht ex%rapelaﬁe& to infinite pressures
This extrapclation seems to be of 1i%tie significance in view
of the present kﬁowledg@ that the peaction 1s not o simple
wnimalecul&w one, A feature of his work waszthe use of the
inereass in pressure a8 & measure of the rate of weactione
;fSa@hase alsoc found that other products were obtained in
a&ditiqm %o hydrogen emd ethylene. This wag confirmed by
$@oﬁéh’am§‘ﬁéa$91 §S) who fownd thab nethane was produced

at o vate which could be represented bys-

afcmi e ,
i = Iyloghl + kple 8, 16T |

They abtempbed to cxplain the eoumoe of the zoaction by &

nonechaln mechanion which 18 now wnceecpbobles



G Rttt

SRR

1
i
L
i
[

Kichler and Theile (6) in 1939 deseribed a thorough

study of ethame decomposition, The rate constant reported

was
B = 5,2 x 104 o~ TELOO/RT sec™t,

Their work was mainly concerned with the study of the infiuvence
of foreign gases on the reaction., The results indieate that
the presence of inert gases brings about & definite increase
in the pate of reaction, This result is worth noting, in view
of 148 implications concerning the mechanism of the‘reaction.

Stescle and Shane (7) investigated the thermal
decomposition of ethane, hoping %o determine an accupate
setivation energy for the reaction, They used & 15=1iter
vessel in order to minimize surface effects. The following
pate comstant was obbaineds

kI = 1,02 10m emég?OQ/RT aec”lo

Tn the seme paper, they eompare the vesults of %he previous

investigations and arpive at 72 $ 2keal mole”l as the best

cetivation cnergy obbainable from all of the availablc daba,
Hhile the over-oll veaction rates were belng

o

investigabed by the above workers, evidence was gathering vhab
andlooted that the reaction was complex and involved free
sadiclo. Dinbses and Frost (B, 9, 10) in o serics of papsrd

shoued thay the reaction was not a simple molecular proceds



and concluded that chain processes were operating, Moreover

they found that the reastion was inhibited by its own products,
The expression which best described the course of an

individual run was glven as

.1 1

where X 15 the fraction reacted, & is time and B is a constant
They obtained no direct evidence of radicals,
The presence of radicals in the reaction system was
first reported in 1933 by Rice and Dooley (11). Using the
Peneth (12) technique they found an activabtion energy of

79,5 & 3 keal mole™ Por the assumed reachion
R 02H6 = BCHB

This uwnfortunately was not supporved oy enalyticel evidences

Eigenbon (13, 1b) detected methyl and ethyl radicals
in decomposing ethane, using the mass spectrameters fiis
findings ab various pressures, up to 100 mi., guggest thab
vonction 1 10 secondeopder. Ouwing to experimental difficulbies
however, this is not a fiﬂm conelugicn,

Fupther evidence of free radicals ceme from the worl

of Tossing ob ol. (15) uho detected methyl end traces of cthyl
padicols in the pyrolysis of ethane,
The first chain mechanion to explain the obscrved

Sz

phenomena was ouggested by Rice and Herafeld {16) in 193

<O




The reaction was considered to be initiated by the wnimoleculer

and firste-order dissociation of ethanes

lo- ' ﬁzﬁé L BCHBO

This was followed by an abstraction of a hydrogen atom from

n ethane molecule by & methyl radicals

2e CHB ‘ﬁ: Oaﬁé - Gﬂh f 02355

The ethyl radical thus produced was assumed %o decompose

wnimolecularly and initiate the chain:

30 62E5 ) Ggﬁg ¢+ H

. b o - T G

Termination was taken to bet

, , ¢+ H
5@ H + GEES hasd GQHQ'S or Gaﬁlf. e nga
By cquating all rates of radical production to zero under
steady-state conditions the folleowlng rase was obtalned:

o l‘? k(k % 2
";’7 had ;EM_W&; [Gaﬁéjo m.}}

This predichs the corrceh order of the reagtion, and a suitable
sosignment of activatlon energles of the individual zeechions

104 40 o corpach prediebicn Of the over-oll achivabicon ONEPrEy.
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Recent measurements of the rates of the elementary

processes, however, predict the overeall activation energy as
given by the RicewHerzfeld mechanism to be 65,6 keal mole™t,
This is too low Lo be accepbtable, It.also appears from
detailed caleulation that under most of the experimental
conditions the important terminating step will be:

6o 62H5 + 02H5 b Chﬂio orvcaﬂh + Céﬁé
rather than reaction (5). If this chaineending step 18
accepted, the Rice-Herzfeld scheme predicts a half»ordaf
reaction.

As an albernative mechanism Kichler and Theile (6)
suggested that the correct order will again be predicted if
pesction (1) occurs in the lowspressure region of a unimolecular

process and is therefore of the second-order a8 represented by

the equations

la, Ggﬁ@ X e QCHB Y O

The steady-state treatment of their mechanism gives

RGN

LG, 2
when X 35 taken ap ebhone.
As olrcady menticned, there is some evidence that the

nitiabing meaction 15 osceondeorder. The problem with the

fafa

Kdchler and Thelle mechonisn hag been the lagk of positive
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evidence in i%s favor (18, 19), It will be shoun later in
the discussion how this problem can be resolved,

It will be cleayr from the foregoing discussion that
there 8till remains a question as to the correct mechanism
for the uninhibited decomposition of ethane, There is general

agreement that the chain propagaeting reactions ares

30 GZHS Lamd CZHh % H
and
i, H ¢ CHy — Hy + Gy -

but disegreement exists with regard o the initiation and
termination steps, The two »ival mechanisms, those of Ries
and Herzfeld and of Klchler and Thelle, lead to somewhat
diffepent kinetic consequences, and the theoreticel and
ezperimental work to be desecribed was designed with the

objeet of coming bo a decislon between %he btuo mechanismg s

EXPERTIENTAL

Appepabug
The investigation wes carried out in an alleglass
apporasus shoun schematically in Figure 1p a phobograph 18
ghown ém Ploso L. A high eapacity vacuum puwmip (Plj was
mployed So back the silicone oil diffusion pump (PQ) connecbed

so o common manifold, with o bapeoff o each vessel, Two

similer two liter bulbs (v and V ) vore used for got SLOTRES.
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evidence in its favor (18, 19), It will be shoum later in
the discussion how thls problem can be resolved,

It will be clear from the foregoing discussion thai
there still remains a question as to the correct mechanism
for the wninhibited decomposition of ethane, There is general

agreement thet the chain propageting reactions ares

and
be H + Oy — Hy + Gyl i

but disagreement exists with regard to the initiation and
termination steps, The two rival mechanisms, those of Rice
and Herzfeld and of Klchler and Thelle, lead to somewhat
different kinetic consequences, and the theoreticel and
ezperimentel work to be described was designed with the

object of coming bo & decision beiween the two mechanisnss

EXPERIMENTAL

Apparavus
R RS TRIRATA D
R

The inveobigation was corried oub in an alleglase

apporatus shoun schematicelly in Flgure 1z a photograph is

employed o buek the silicone oil diffusion pump i?g} senneched

40 o conmon menifeld, with o tap=off %o each vessel. To0

similer two Liver bulbs (V. and ¥,} were used for gno sborages



.
i

e Plate 1  Over=All View of Apparatus.
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Figure 1 Schematic diagram O

f apparatus.
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Each bulb was connested to a mercury menometer (M, and )
and had a nipple for freezing out the gases for purification.
The storage bulbs were in turn cornected to a one liter
mizing bulb (Vg)o This had a manometer (MB) and a freezing
nipple, and was used for preparing mixtures of ethane and
inhibitor, From the mizing bulb the gases were led to the
poaction vessel (R)s The vessel was made of quarts and kept
in the furhace.

The furnace conslsted of a foureineh copper round
(B), one foot long, with a hole bored into it to eccommddate
tho resction vessel. Two windings of nichrome wire around
tne furnase block were used for pemperature conbrols | Tho
bicelk and windings were encased in en ashesbos boz £illed

with powdered acbestos. The whole assembly was on & jack

and eonld bo palsed to onclose tho peaction vessel, oY lowered

in opdep o chango the veazas@lo The bemperature of the
fuznaco wag controlled to :ellrf iy below tho deslive
somperature by memuod odjustnont of a Veriee on one windin

end thon bpought up be tho dea »od pob point and eontrolled

by moans oFf o TRCEROCCL mioeagblivated offecn controlley (C)
cperating the second wik ding. The purgos QUC go thy off-cn

control ceuld be niniaiscd of ¢, woting the voltago on
tho nocond uindings Tho gensilng themmocouple of ©ho
contpollor wac placed dn o hele In the copper bloek of

s i -~ ETe L C A'v 'u( Ly ~
“he Pennacte  Tho bomporablrc OX o the voastion wog noesuped

%A

i
i

|
i
i
i
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by a second calibrated thermocouple placed in & well in the
reaction vessel, This was read on a "ininite™ (M) self
compensating poténtiameter and was never notleed to vary
during & run, A_check with a more accurate potentiometer
showed that the temperature variatibn was never more than
0.2°C, |
Above the peaction veasel was a quartz spirel (GB)

with a mirror on its axial prong (Fig. 2 and Plate 2). The
gpirel was immersed in sillcone oll in order to dampen
syurious osecillations, and the pressure abeve the oil could
ve adjusted and measured on & mercury menoneter (I 3g & beam
of light from a 500-watt projection lamp (L) was locu@&@& on
the mirror of the spiral and veflected into a Beckman
Photopen Recorder (R) where a vecord of the course of the
veaction was obbained., The splral gauge couvld aluays be made

pecord Yon-seale” by adjustment of the pressure gbove the
gpiral, Uhen low pressures were read, as during pumping
down ofter a reaction, a callbrated Autovae Pivanl gauge QG
was used, The sensing head of the Pirenl gouge wag Joined
to the tubing leading to the spirel gauge from the reacbion

vessel,

Frya)

The peaction vessel and gauge could be pumped oub

-zd

rithous disturbing the mixing bulb, by rieens of another lea

from the comneebion to the spiral gouge. Thisc lead was als0

comoched Bo o Teepler pump (Po) fov sompling., ALl the tublng
g SR

above the reaction vesael o the necarest atopcocks cenoisted



Plate 2

Detail of Photopen

Recorder

and Spiral Gaugeo
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Figure 2 Arrangement of quartz spiral gauge,
recorders

lamp and photopen
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of 1 nm capillary tubing, to minimize dead space. The dead
space was estimated to be h.ec,\Which'is very smell in
comparison with the 250 cc volume of the reaction vessel,
The apparatus was checked for leaks and all the
1nstrumem%a and volumas were calibrated.‘ During the course |
of the inveatlgation two reaction vessels were uﬂede Both
were 15 em long by hné em in diameter, Qne was @&sked with

quartz tubing to give & 25.5 bimes larger suvfaee»tcuvolume

ratio than the wnpacked vessel.,

In operation, the reaction vossel was pumped out i¢
10p and isclated from the pumps by a stopeock. Gas was then
16t in Prom the mixing bulb, The photopen irmedlately locked
on the refieeﬁéa beam of light, and followed it After &
auitable Length of time the reactlion mixbure was pumped oub
and a fresh semple introdused at & lower initial pressurt.

The reagents used were Matheson Resenrch Grade goses, purified
by vedistillation and deserabicne
The measurcd pates uere peadily peproducible, and

puiping dowm to i WS net Fomnd be be of any advanbogl.

Tho rasee of voacblon wope obbain @ by measuping the
saisial slopes of the AP vo time Curves obteined by the Fhobopen

Bocordor, Hogb puns wWore duplicated during the course of

o 2 2 . R ool D o o ; e s G R R P R e
inveotlgaticn, end poinvd Poom varlous Puns 2re Plotucd withous
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distinction in the figures shown later. A readable slope
was obtainable at all times by varying the speed of the chart,
by a suttable selection of geap ratios in the drive mechenism,

Results

The pyrolysis of ethane was investigated 1n the
tempepature range betueen 550°C to 630%, The photopen
recorder auﬁﬂmaticaily recorded AP va time‘as ghown oh
Fige 3 Inltial rates were obtained from this by drawing
slopes at the origin or by using the Gerbep Dariéimetere
Usuelly the reaction was only allowed to proceed long}enough
to permit an agcurate determination of the initial slope.
Mope than two hundred runs were made in each yessel under
varying condisions of temperature and pressure,

The pesults of a series of such runs, af pressures
above 50 mm., and ab temperatures from 55000 £0 630909 are
plobsed in Fige 4 for both the packed and the unpacked vessele
From this the order of the reaction was determined for both
vessels, The veaction proved Ho be firat order under these
conditions for the uwapacked vessel and the corresponding
spte constants are given ia Table 1, In the case of the

packed vossel the order wao somovwhab greater than oney and

ci

ne best eotimate gave an order of 1.15. The rate constants
weve nob obbained in view of this nonsinbegral opder, bub

for the purpese of comparison ¥he rabes ot 100 wm, ore glven
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Figure 3 Pressure-time record at 6).;.000 and an initial pressure
of 271 mm., for the ininhibited reaction.
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Figure L Plots of log rate against log pressure for the uninhibited
reaction.
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in Table 2. The difference in rates of reastion between
the packed and unpacked vessels are shoim graphically in
Figs 5o a

By plotting the rate conatants of the reaction in
the impacked vesgel as an Arrhenius plot (Fig. 6), an

activation energy of 73;1 keal @pleil

was obteined, This
agrees well with results of other investigators, which are
shown on the same plot, A similar plot of log (rate at

100 mn, ) egainst l/T for the packéd vessel (Fig. 7) gave

a convex curve. The activation energy ét high temperatures
approached 73 keal mole“l, but at lower tamperdtures tended
to the much higher value of 86 kcal“mple“la The rate

constent obtained in the unpacked vessel oan be represented a8

k= 1.07 x 102 o~ T3L00/RT o1

which again agrees quite well with the results of the previous

investipgators,
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Figure 5 Plots of log rate against log pressure for the

unpacked vessels.
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Figure 6 Arrhenius plot for the unpacked vessel, showing the

results of various investigatlons.
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550
560
570
580
590
600
610
620
630

L]

Table 1

Rate consbants in unpacked vessel,

(%K)

823
833
813
853
863
873
883
893
903

k (secfi z 105)

2,53
L,70
8,21
12,32
23,07
35,30
57,60
92,40
11,50




Table 2

Rates at 100 mm initial pressure in packed vessel,

7(%) 7(°k) Rate (m/aec.) X 10°

560 833 24l
570 843 oSl
580 853 8,10
590 863 14,50

600 873 2l.. 50

610 883 110,00
620 893 . 61,00

g 630 903 93,00
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DISCUSSTON

The RicesHerzfeld and Kchler-Theile Mechanisms

The main objeet o “he present work on the
uninhibited ethane decomposition was to avaluate, and if
possible decide between, the proposed mechanisms of Rice an&
Hepzfeld, and of Kilchler and Theile. It was pointed out in
the Introduction that the Rice-Herzfeld mechanisn can be

written ass

1. G, —  20H,

2e CHy + Oy — cH, + Cplly

36 Colly  — CoH, + H

ho Bov ool o~ Bt O

Sa H o+ Gy —  Collgor Hy *+ Ol

Whon the usual steadyestate tpoatment is applied to the above

gcheme we obtain the following wadical concentrations?

1]

(€] [CoH, ] (k]

o ————
g
= I§
-
e
[i%]

(WS

1/2

=

£t

gy

——rt
wr
Coned

(] =.
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Since the over=all rate is given by

Yo = Ky [CoH] (6]
we have 1/2

k. k. k
vy (A@.ﬁ) (058, o'

This must be compared to the predictions of the
Klchler and Theile mechanisms!?

]
1
1
I
!
i

1, K+CH,  —  AH+X

|
2e CH3 + 02H6 band CHI‘. + 0235 :
36 Caﬂs — Caﬂh + H

li.o H ¢ CpH, — Hy & CQHS

6o 02315 + CZHS — cl;EIO” or CZH}.& & Czﬁé
Initially X is entirely Czﬂég and in this'cas@ the steadye

gtate method gives for the radlcal concentrationss
2k

[oag) = «1%3 (058, ] [7]
2k, 1/2
(O8] z(qggé) [CoH, ] (83
I, 2k 1/2
[m] = a% (ﬁ%% 9}
The rate is 1/,2

2>

K

2k,
- | Sla : }
e = H ( Iy ) [eHe] 2]
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The Oprder of the Initlating Step,

The Kliehler and Theile mechanism requires that
initviation is of the second order, The evidgnce_already,f5ff
cited (6, 13, y) indleates that reaction 1 is aecond order,
klichler and Theile (6) in their paper report that most inert
gases accelerate the rate of decompositimn at 609°C, For
instance, when the pressure of carbon dioxide 1s L.lidi times
that of ethane, the rate of decomposition is increased by 50%,
Other gases bring about a similar effeet in varying degrees,
The inecrease in vate ocours not merely in the "fallen-off”
pressure region, but also in the region vhere the over-all
decomposition is first order.

Eltenton (1) in the course of his mass spectrometrie
investigation of the pyrolysis of ethane found that the
initiating otep was second ovder wder his experimental
conditions, vwp to 110 mm presswre, He veported that, although

o definite conclusion as to the order of reaction 1 may be

| premaiure, there are good readond to believe that it is

soeondo0raei.

makes 1% peosible bo coleulate the gpansition pressure, Ib
wos shoun in the above paper thet the Hinshelwood theory glves
o pgood opproximation of the pate of zoaction 1 when s 18

solen 08 9, Using the pesulss of Dodd and © Steacl

Stoneie (22, G111 ond Laldlier ¢ enclude that the meactlon




To CHy * CHy + X = O, + X

18 third order abt 1 mm préssure and 20660. ‘The Hinﬂheiﬁoadu
Hicémﬁamaperge?:ﬁﬁwéry of minolecular réactian raﬁés'pfédiets
that the tranaition pmasure will vary a3 the {8 = L) power
of the temp@rature, where B in thia gcase is probably 9s  In

under the experimental conditiona of 600@0, the reaction will

be second order at-

: ' 8;5 . |
18 - o,
P “K% . mm | - ,,_-;_,[10]

= 180 mn
if 1t is accepted that at 200°C the transition oecurs at 1 mm

pressure, However, if the transition oscurse at 10 mm pressure

at 200°C, then at 600°C it will oscur ab 1800 mm. By the
prineiple of mioroscopic reversibility, this would put all
oxperimental rate measurements in the present investigation

pafely in the. second order region,

The Choin-Terminating Step

It was shown by Steacle {17) that for the Rice=

Hersfeld mechanicm ot high pressures (L0C=500 mm) reaction 6

o

will prodominate as Ghe chein terminatlng stope In order to

compare the various berminating stops ue mush firat obtain

tvhe vate condgtants Por the roachions involved in the mechanisng

wder dlocussion, %o facilitabe comparison of the prese enb

da

coleulations with those of Steacie, we will accept most o

£
1
e
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the rates given by him (173 see also ref, 23), These are
given in Table 3.

A eomparison of the rates of various termination
steps shows that for the Rlce and Heryzfeld mechanism

» ke [H] [CHe]
i e 5 (1]
6 kg [0Hy]

H

= kg (8] |

o | ST

| 625 | p@

I

By substituting the appropriate steady-state radical concens ﬂl

srations for the Rice-Herzfeld mechenism in equation (1@) we

obteln

ve | k.k '
35 1 {131
i?% ”’( khké) T&?ngf

The point where the predominant chain-ending step changes

coeury where

The corresponding consenbration 18 ,
e
£ty i
(o gl = ‘i;»j?ié - [zl
.‘alg‘...\.é
Sinee in our assigned values in Table 3, 1@:,5 = ko the transition

Z?.q A,, N P - : .
TR T R ) 32700/ BT 6
[Cahé } et :tb baed Ab &) EE 'g

‘ . et i LS
By evhabitubing values Prom Table 3 we conclude what  ab G00TC
the change will ocour ab

Lo m“}
[eH.] = 5.7 = 107! moles o = 30 W
G W
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Table 3 ‘ '

Kinetic Papameters of Reacticns Involved

4in tho Uninhibited Pyrolysis of Ethane
Roaction ﬁ E Eég_g References
1 1,0 x 107 85,00 500 = 20° 23
la 6,0 x 1087 70.2 2,28 x 10™*  calculated(see text)
2 20210 10,4 5,02 x 20° 2
3 3,0 £ 0% 39,5 3.9 x 0t 2 i
4 b x 2082 6.8 6,80 x 2010 2
5 1,6 x 1053 0,0 1060 x 1043 aggumed 1
6 16208 0,0 1.60 x 208 27 ‘
8 1.0 x 103’2 2,0 3,16 x 1011 ogtinated from vef,28
9 1,0 x 10 11,5 1.58 x 10! estimated from refe29
Froguoney fectors are in Be@ml or @m3 moleml @@@"”3




w36m

A similer treatment on the basis of the Hliehler and
Theile mechanism also yields equation [15] and therefore
predicts the sume change=0ver pressure. This result agrees
qualitatively with s%eaéie'é calculationéo | ﬁeaction 6 is
predicted as the terminating step at high pressures, no matter

which of the two meghanisms is ugede

The Order of the Qver-all Reaction

1t has been seen in the péevious two sections that
the initiating veactlon is expected to be of the second:-order
under the conditions of the present experiments, and to
beeome Pirsteorder only atb higher ﬁ@@aswem The chaineending
gtep, on the cthor hend, may chamge fron GEHS & Gzﬁs at the
highor pressupes ond become predominantly H ¥ 0235 ab ;et~x®g@
Progoupes. The vapious possible combinations of initiatiomn
and termination are li‘ted izi Pablo Li,o

As far ag the Qverwll @rd@r of the roactlon is
concerned, the facts appear to be conslstent only with the
abovo intorprotation. If, aa}pmpos@d in tho Rico=Herzfeld
mechanian, the indtlating maction vopo fipsteorder one hag b0
p@stulatd H 4 (32}55 ag the ehaimwénding gtep in opder O oxplain
the firoteorder bohaviourd this hap been geen o bo uniikolyo
i7, ag is more probablo; chainecnding is by Cgﬁg Cgﬁsg the

ardor would be onocheld, waich lo nob obgorved, In faeb tho
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opder 15 unity at the higher pressures and the falling-off of
pate constants observed by Klchler and Thelle suggests an

inerease in order, Thls behaviour 13 consistent with the

puggestion that initiatlon is always second=order under our

conditions, and that terminatlon chenges from CZHS + Czﬁs as
the pressure is lowered. Anndrdar of 3/2 is‘then’expécted at it
the lower pressures |

In opder to test this hypothesis rates were neasured

at high‘temperaturea and low pressures, under which

conditions an order of 3/2 1s most likely. The results are
plotted in Fig. 8, which cloarly shows the three-halves order

predicted, At 6110°C the predicted &ransition pressure (from
oo [16]) is 76 mmo, and the experimental value is 60 mime, in

oxcollent agreemento

hetivetion Enopgles and Rate Constanbs

Using the values given in Table 3 for the actiwation

oncrgles of the elementary reactlons we may caleulate the

overeall astivation enorgles as predicted by the twe rochanlsmnse

4
i
3} The Rico=Hersfeld mochanlom gives
‘ 1

|
‘ % ER“"H = 3 (EE. < EB N Eb @ Eg) El?]
!

ol
6506 kool molo

£

vlch 1o somewhat teo oW in compaprigon with the oxperimental
yaluo of 73.1 ksalo
To opder to make the calevlabion for the Kdchlere

ghelle mechenicm Lt ig Necessary zo obboin o value fop the
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Table b

Posaible Combinations of Initiation

and Terminabion in the Uninhibited Pyrolysis of Ethene

Initiation Over<All
ordaz* Permingtion opder
ist CZ’:F‘S + G?-HS i/2

&
2nd GZHS 0255 1zt
1s% H + 021-{5 1st
2nd H + CoH; 3/2

aetivation energy of the reaction Gl — 2GH3 in the lowe

Pressure pogion. The value in the high-pressure pogion, when

the rate is glven by
¥ = ve”E@/ RT [18]

15 oqual to 85 ¥ealo The oxpression for the second=crder
pato conabant in the louspregsure rogion ig, according %O

thoe Hinmh@fﬂ.meﬂmmcewﬁam&pezﬂgermiiassel foprymlatlons

gel @/
B =B /RY
d &= L= 1 rsa
ky = 2 ( ’sﬁl) Geirs ° [19]

. ol
when 2 1o ln progsuro units proportional Lo T / 29 and the
%mzowa‘%wem@ep@ndeme of k. 1o thewofore oxpressed by

d
[ . \g=lf2 B /BT
4 ) o ° 120]

R TR e o D
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The lowepressure activation energy is therefore
= 1y

With s = 9, as deduced by Gill and Laidler [2], this gives

Bl

]

85000 « 8.5 RI [22]

i

1.2 keal,
at 609°C, as given in Table 36

The over-all activation energy predicted by the
Kliehler-Theile mechanism 18

By + 2—27 (B, - B (23]

Tho6 keal, mole™™

1+

Bpp

4

which is in better agreement with the observed value.

The Kﬁnhlérmﬁheile mochanism may also be shoun ©O
predict a satisfactory value for the rate constant. Tho
procedure that nas been adopbted hag been to eelculate a rate
consbant at 200@09 gince o reliable value of Rla is lmown ab
¢hio temperature, and there is 3ome weertainky aboub
calevlating gla ot the higher temperesured of the present
jnvestigation,

Frem the vooults of Dodd and Stosele (21) 61l and
Loidler dodused a value of 3 % E@EG @cz m@l@mg a@cgi for the
third opder rato constant for the mothyl radical peoombination
in tho proscnec of acotonge The equillbrium conatant wag

Y ] .
cobimated o be ~ L0 36 mole ce — ab this semperature, and
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the second-order rate constant for the etheane dissociation 1s

16 1 1

thepefore estimated to be ~3 x 107~ ce mole” se¢ -, The

rate constanis k3 and I, are calculated to he, at 200°G,
ky = 1,6 x 1074 seet

and

ky = 1.6 x 1013 cc mola”l sec™t

and the calculated rate constant for the over=all reaction is

then found to be

k
- la

=19

5,0 % 10 1

o
80C .

The experimental value, caleulated from the rate equation, 18

¥ Lle&SfﬂwwWaxmg

it

2.2 z 20727 sec™,
The agreement is befter than might have been expeeted in view
of the faet that the activaticn energy vadoubledly changoes
over the temperature range from 883°K o 1@73@115 presunably the
frequency factor changes in o way bhat clmosy gompensabes for
this change.

An albernabive procedurc is to caleulate the frogrency
" factor. The pate eonsbant of 3 X 10”3‘6 ce nole™ soe™+ at 200°C
jeads %o a frequency factor of 1.2 % 1020 at this temperabure,
and sineec the frequeney factor varies with Tma"s the value ab

8829K 15 6,0 x 1047, This leads to an overall froquoncy

AL S

)
.
g




factor, at 882°K, of
1/2
A = A3 ( ﬁ%% ) (24}
1/2
mem(émxu&7 /
1l 06 X 1013

i

16

5.8 x 10 1 gec™t

cc mole — sec

This 1s in reasonable agreement with the experimental value
of 1,07 x 1015 in view of the fact that cé&lculations have had
to be made over a wide temperature range. |

To sunmarize the results of the cglculazionas'th&
individual rate constants lead, on the pasis of the Kichlere
Theile mechanism, to the following rate expression at 882°xs
516 ~7h600/RT cc. mole™t seet,

ko p = 58 x1

This eompares favourably with the experimental equaticn
k@xp = 1,07 3.03’5 e”73060/RT co mole™t see™Y,

At 882°K the rates are

= 3,83 x 10”3 ce m@leml sec™t

ol

Iy m

e = 8z 10

= =1
ce mole C ade "o
oxp _

The agreemeit woo seen above to be equally satlsfactory
at 200°C,

Summary of Evidence in Favour of Ilchler and Theile Mochanism

To sum w the evidence in favour of the Kichler and
Theile mechenism, we can cites

1, The ovidence of Kiehler and Theile {6}, voferred to
© e




factor, at 882°K, of

A

1]

1/2
) (2]

5| %

3 x 104 ( 6.0 x710%7
' 1.6 x 104>

]

) 1/2

16 1 et

f

5.8 x 10™° cc mole”

This is in reasonable agreement with the experimental value
of 1,07 x 10 1n view of the fact that calculations have had
to be made over a wide temperature range,

To summarize the results of the calculailons, the
individual rate constants lead, on the basis of the Kichlere
Theile mechanism, to the following rate expression at 882°K:

B 1 =1
= 58 % 106 o=Th60O/RT ceo mole - Beo™,

This compares favourably with the experimental equation

k. =1,07x 1015 @“73060/RT ce mole™t see™t,

exp
At 882°K the rates are

- =3 @l =l
Iy p = 1,83 % 1077 cc mole — ge¢
k=80 x 10mh e nole™ sde™r,
exp

The agreemecnt wad seen above to be equally satisfactory

at 200°C,

Summary of Evidence in Favour of Tiehler and Theile Mechonism

To sum w bhe evidence in favour of the Kiichler and
Theile mechanism, we can cites

1, The cvidence of Kuehler and Thelle
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in the discussion on the chaineinltiating step, which brings
out th? fact that inert gases accelerate the rate of the high-
pressure reaction,

| 2, The experiments performed by Eltenton (1) using the

mass spectrometer, which indicate that there is a firsteorder

surface reaction producing methyl radicals at very low pressures
(below 3 rm) and a second-order homogeneous reaction producing
radicals at pressures up to 110 mm, beyond which Eltenton did
not pursue the investigation,

3, The calculationa of Steacie (17), confirmed here in

the discussion on the terminating step, which indicate that

the predominant terminating reaction will be: i

?

6.,‘ Caﬁs + 02H5 - GI;HLO or CQH}.E. & C’ZE@"

s "}y, The correct prediction of the falling off of the rate

of peaction at low pressures which can be made using the _ i
Klichler and Theile mechanism, \
5, The satisfactory estimation of activation cnergles,
rate constants and frequency factors theb can be made on the
basis of the Klehler-Theile mechanism,
Tn view of the above cvidence, we will accept the
Klichler and Theile mechanism a8 correctly ropresenting the
over-all veactlon, and all further discussion will be based

on 1t,




- Inhibltion By Products

then reactions

8, H + CZHh — 0235

are included in the Klichler and Theile mechanism, the predieted

rate for the reaction is:

% ) 1/2

| ( 2, | /2
v = kaku kg )

a8\
k6 :

2
.;[.c 56] =keghe

kh[GZHé’] + ksiczﬁu]
At the beginning of the reaction, when [C h] = 0, this r@duaea

H }[CZHh][ceﬂﬁl

(2]

(]

1/2 ,
2k
v.= Iy ( .,,Eiﬁ) [C,H,] [2]

This is the initial rate of reaction predicted by the Kiichler

and Theile mechanism, At the other extreme, when

v = 0,
equation [23] reduces to
[Ga"hél ] i iﬁfh (261

which is the cquation for the equillbrium

¥ = % E

10, 6246 Ceﬂh Hg
The values of rate versus pressure of ethanc

remaining are plotied in Fig, 9 whore they are compared with

points obtained from cquation {251, The agreement is good wp

to high conversions, where the predicted rates are lower than
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Pigure 9 The variation of rate with extent of reaction; the
caleculated points are based on equation (23).
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those observed, The reasons for this are two-fold, The

side reaction producing methane (reaction 2} will tend to

increase the experimental rate, Secondly, reaction la is

second-order and thus the numerator in equation [25] should be
2, )1/2

18 /2

2
(e, kgl Ty [8,(0.H, HCH 1 [x]

where ’ i
|

[X] = [Ctg] + lCpH] + blH] + <uu- [27]

Since a[czﬂh] + b[HZI + weew 18 positive, the concentration of

X is greater than that of Gaﬁé remelining, The experimental

rate will be gresater thén that predicted since the above is not
taken into consideration,

The fact that reaction 1 is secondworder and therefore
depends on the total preasure explains the reported lack of
inhibition by ethylene observed by Frost (30), Indeed the
results reported by Dintses (31} indleate that the rate of
decomposition iz slightly increased by the addition of ebhyleone.
Similop experiments by Stubbs and Hinshelwood (32) indicate
that the addition of hydrogen greatly increase the rate of the
winhibited decompositicn. In ovder to explain the cbserved
inhibition at high convercions, Dinbscs in his paper (31)
postulates an imaginery complex which 1s formed from the
products of the decomposition in sltu, and inmhibits the roaction,

This is unnecessary if equation [25] is accepted, since 1%
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states that inhibition will be greatest when both ethylene
and hydrogen ar¢ present, With most other additives very

1ittle inmhibition, and perhaps even acceleration; will be

cbserved,

Effects of Surface
The &ffect of an increased surface-to-volume ratio )

18 to decrease the rate of reaction as shown in Fig. 5 There

ia also a tendency towardsian ~order’ . hlgher than the first,
as the supfaceoto-volume ratio is inereased, The decrease in
pete oan be abiributed to surface resombination of vadicélma

On this besis it can be maintained that hydrogen atom

recombination will be incressed more than that of ethyl radicals

by an increase in sueface, since the peaction

1l . H + B = H2

will require a third body, whereag the weaction
6o Cofiy *+ Gplig = nglo or Gy, + Gofly
con proceod olmost as well in the gos phate as on the surface.
Also, the relative concenbration of hydrogen atems will
inerease with desroasing pressure, and reaction 11 will play
a greater role at low presswres, This in turn will decrease
the rate of the over-all reactlon proportionately more at low
progsures, and thus eause an apparent inercase in order.

The veaction in the packed vessel was also retarded

.,
o

to o greater degpee at low temperatures than af high, This io
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thought to be due to a greater rate of gurface removal of
radiecals, especially hydrogen atoms, under conditions where
surface adsorption is more likely, (1,6, at low temperatures ),
When the temperature is increased and is no longer favourable
for adsorption of radicals, the reaction speeds up, giving an

apparent increase in asctivation energy.

 CONCLUSION

The experimental evidence reported here leads us %o
believe that the over-all reactlon is largely homogeneous
and first-order undef our experimental conditions,
Theoﬁetieal considerations, coupled with the experimental
ré@ults reported here and by other workers, indicate that the
Kiehler and Theile free radical mechanism best represents
the mechanism of the reaction, The activation energy obtained
cxperimentally was 73,11 keal mole”t and the rate constant

could be represented by

15 e -
k = 1,07 X 102 %*73100/RT see™,




u'THErDEGGMPQQITION\OF ETHANE INHIBITED BY NITRIC OXIDE

INTRODUCTIOH

Tﬁé effeet of inhibitors guch as nitric oxide,
propylene, and others, upon the pyrolysis of hydrpocarbons has
defisd satisfactory explanation for the past twenty years,
The present work was undertaken 1h an effdft tovgather more
data end to provide some interprétation of the phenomenon of

iphibition, We shall first peview the previous W6rk°

Review of Pf@vicus Hork

In 1937 Staveley {33) found thab pelotively omall
emounbs of nitric oxide caused profound changes in the rate of
decomposition of ethame ab 620°¢, - He suggested thab nitric

oxide removed free rodicals, leaving the mimolecular splib

12 Ggﬁ@ — SEH@ & Eg
as the ﬁemaining reacﬁiemﬁ On this basis Staveley galeulabed
the apparent chain lengths in the minhibited decomposlblon,
the appavent ehein lengthe belng the patlo of the uninhiblted
%o the inhibited raico

Staveley found that the apparent ehein longth vorled

fram Goh at 500 ma o 20,6 ab 50 mn cthane pressure as 620°C,
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The study of inhibition was baken up in 1938 by
Hinshelwood and his coeworkers, In their paper of 1938,
Hobbs and Hinshelwood (3l) report an investigation of the -
nitric oxide inhibition of ethene, The data presented
agree qualitatively with the resulis of Staveley, bub differ
from it quantitetively. The work of Staveley and of Hobbs
and Hinshelwood on the influence of‘niﬁric oxide on the
decomposition pevealed two importent paints@ First 1t was
found that complete inhibition could be obtained with &

" ceptain amount of nitric oxide, and that further additions

of the inhibitor had no significant effect on the rate of
reaction, Secondly it was found that the quantity of
inhibitor necessary for complete inhibitlon depended on the
concentration of ethane, and wes approximetely 10% of thev
e@memé?atiom Using the above evidence Hobbs and Hinshelwood
suggest & mechanism of frae padical removel eliminating all
chaing and leaving only a susfoce reaction and a homogeneous
simolecular splis es shown in reactlon 12, This ecnclusion
ean be.questicned on wmeny polabs, some of vhich will be
digeussed later, One of their conclusicng, however, 1o quite
aeceeptable, Oa the pasis of the faet that complete inhibition
depends on the relabive concenbration of inhiblbor they suggest
that the radical pemoved 18 one which can also reoct with

ethane,
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Steacie and Shane (35) in 1940 reinvestigated the
reaction in the seme 15 liter vessel used for the wninhiblted

resction (7). They obtained fadmewhat ‘shorter chaln Jdengths than

those reported by Staveley (33); their reported activation

energy of 77.3 keal m_l,’l is. hi»@ﬁ!j‘, than’;ﬁhai; of Staveley

(7he5 kool mole™ ) o Ingold, Stubbs and Hinshelwood: (T
keal, 'molef”"l} (36) but.is in good agreement with K#ichler and
Theile (6) who reported 77,0 keal mple"l0 A11 the above

. workers agree in one respect, The act%vation enepgy of the

nhibited vesction is & fau keal mole™ higher then that of
the ninhibited reaction,

The main argument for the wnimelecular hypothesis

ig the fact that the verlous inhibitors cause the fame

1imiting rate of reaction, In 1951, Stubbs and Hinshelwood (37)

;
h
e
§
s
88
i

swmarized the other argments for & wninolecular pearrangement

and diseussed the aliernatives, 7hey eame to the cenclusicn
that the Pfaet that similer products w&@e'obtain@@ in the
inhibited and wninhiblisd posctions was not lnconsistent with
X 8 wnimolecular split in the case of inhibition and with long
chains in the uninhibited reactici. Taey alsc assumed thad

the inducticn periocd obazerved in the inhibited reaction was

an “inherent properby of the seaction®. Ap fupther prool of

%Y
Y

Fal %, )

the compliete suppressica oL chains they quobe the rach that

hydrogen acceleraies the winhibited reaction, whereas 1O gush
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effect is observed in the inhibited pyrolysis. This of
course is easily explained if the Kilshler and Theile mechanism
is operating in the uninhibited case, and some other form of
initiation is predominant in‘the inhibited reaction,

As early ag 1938, Rice a.d Polly (38) Euggested that

a free redical mechanism was operating when nitric oxide was

present. They proposed the mecheanisms

My - Ry +15
Rl S Ml - B].H & RZ
R, - Ry * I
2m - R
Ry + NO — Products
MO # My - NOH + R, - NOH 4Ryt

This pequired vather drastic approximations in oxder $o yield

a wate independent of nitric ozide coneentration.

. Goldanslii (39) in o lengthy discussion of o modified

Rice=Polly mechenism atbempbed to predled cnain lengths and the

0 forms of the AP vs. bime cuwves of verious reactions. Thess
caleulations are nob toe reliabley since thelr results are very

9,

aenoisive to omall changes in avbitrapily agsigned frequency

o

o

Pactors and activatlon energ jes, as well as inyolving drastic
opproximpsionds

The suspiclons thav i
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Moore (140, 1) who studied various inhibited decompositions,
Using mixtures of deuterated end undeuterated reagents they
found that 1sotopi§ mixing occurred even in the early 8tages
of an inhibited reaction, Thelr results, however, vere not
convineing, since they were not working under QOnditiona of
complete inhibition, Further evidence of isotopic mizing in
the inhibited,reaction came from Rice and Varﬁerin (hZ)‘who
found that in the completely inhibited pyrolysis of mixtures

of ethane~d, and methane, the ratio

CH,D
G
4

was only dependent on the extent of the reaction and was the
same for both the inhibited and wninhibited reachions at the

game pefaentage decomposition,

Tn 1956, Varnerin and Dooling {43} reported a very

convincing series of experimenta on isobopic mixing in the

nhibit@d decomposition of ethaneo They ¢arried out

dec@mnositian of 50-50 miztures of ethene and methaaemdig and

of ethanesdy and methane, both inhibited and winhibited by

npise l oxide, The rapulbo cleer 1§ jndicate thet the isotopie

mixing is only & Penckion of the persent deecmpos ition and i8

: guite independent of nigweie oxide consentration oF temperatire
The nabure of the mized produshe indicaten thab

methyl and cthyl radleals a8 U well as hydrogen atomd continue

o play o vele in the snhiblbed decompositions Taforsunately;

kS
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the quantitative results are not accurate enough o permit a
more detalled analysis,

Even before the isotopic mixing studlies were umnders
taken Eltenton (1) had reported the presence of free radicals
in the inhibited decomposition, His mass spectrometric
measurements showed the concentrations of methyl radicals to
be approximately the same in both the inhibiﬁed and
wninhibited reactions,

EXPERIMENTAL

Apparatus and Method

The apparatus used was the same a8 that deseribed in
Papt I, The method differed slightly, in that mixbures of
ethane and inhibitor were prepared in the mizing bulb before
coch series of vuns, The procedure involved condenging aboub
500 mm of ethene in the nixing bulb and adding to thab about
50 mn of inhibitor from the inhibitor étowage bulb, The
gases were then aliowed bo reach room Hemperature, and the
%@2&1 pressure was measuved, Ipom the lmoun preasure of pure
ethene and the $otal pregsure of ethane plus inhibibor, the
peﬁ@enﬁage of inhibitor in the minture sould be caleulated.

a

L oexries of Puns ab deersasing in 14ial pressures wad then

3

c..

corricd out using one mizture, This allowed the investigatlon

8

of cach mizbure under vVErlous sndsial pressuves, end © plininated

L]

any errops due Lo va ariablon in reagent GOMPO 'iﬁzomo
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The same packed and wnpacked vessgls described in

Part I were used in this investigatlom,

Results
The reaction was investigated in the reglon from
610°C to 680°C, and from 20 nm to 500 mm pressure, A typical
AP vs, btime curve for the inhibited decomposition is given
in Fig. 10,

Two rates were taken from each curve; the initial

and infleection point rates. These are shown for the unpacked

vessel as log rate vs, log pressure plots in Fig. 11, The

1ines deawn through the initiel rates have a slope of 1 ab .
high pressures and of 3/2 at low pressures, This interpretabtion é

1g Justified in Fig. 12 whepe the inflectien rates are conpared a
- %0 the initial rates on the same log nabe vs, log pressure
plot.

ﬁé . The inflection point rates in Fig. 11 have an opder
pigher then 1, The orders corpespinuing to bue various

semperatures are given in Table 5s

. The activabion energy was obbained by plotting the

logaritim of the highepressure Pivst-crder rabe consiant

agalnst 3/T in e Aprhenius plot shown in Fgo 13o The
setivacion energy obtained is 77,5 keal m@l@“z and the rate
s ke dd2xl 15 @wT?SQﬁ/RTD Rooults obbained by Stcacie
and Shane, ané byvﬂobb& and Hinshelwood ore shown on the Bane

nlot for compRrisone
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Typical pressure-time curve for the decomposition of
othane inhibited by nitric oxide. Temperature = 640° 3
pressure of ethane = 150 mm; 12.5% nitric oxide;
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Figure 11  Plots of the logarithm of the rate against the loparithm
of the pressurej the left-hand plots are for initlal
rates, the right-hand for those at the inflection point.
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Figure 12 Plots of the logarithm of the rate against the logarithm
of the pressure, in the unpacked vessel at 630° C. The

crosses (X) denote initial rates, the circles (0) rates

at the inflection pointe.
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Figure 13  Arrhenius plot for the unpacked vessel, the rate constants

being those obtained at high pressures and being the same

initially as at the inflection point (compare Fig. 12).
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The results from a similap sefiea of runs in the
packed vessel ab temperatures from 620°C to 680°¢C are plotted
as log rate va, log pressure in Fig, 1. The AP vS«. cupves
were similar to those in Fig, 10, However, the initial vates
were not as reproducible as those in the unpacked vessel and
are therefore not recorded, |

 The rate constants were not obtained for the
inflection point rates in view of the non-integral orders
given in Table 5, The logarithm of the rate at 100 mn is
plotted against 1/T for both the packed and wnpacked veszel
in Fig. 15. Prom these an apparent achtivation energy 1é
obtained, In both the packed and unpacked vessels this was
~80 keal moleﬂlo This value however is not teken as the true
value in view of the fact that non=initial conditions were
measured in éaking the rate at the inflection polnt,

In order o ascertaln whether 10% nitric oxide in the
mizbure was sufficient for complete inhibition, & series of
runs was carried out uging various amoumts of nitrie oxides
The results obhained ave glven in Mg, 16 ag a plot of log
rase vS, log pressure, Irom %hiﬁ we concluded that inhibltion
was complete at a 10% nitric oxide concentration, The
individual AP vws, time curves at various nitric cxide
concontrations showed a vapiation in the induction peried which

ysended o shorten the induction pericd at high ethene pressures
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Figure 1l
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Plots of the logarithm of the inflection-point rates

against initial pressure, for the packed vessel.
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Figure 15 Arrhenius plots for inflection point rates, for the

unpacked and packed vesselss
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and high temperatures,

The difference in the rate and order of the
{nhibited reaction as compered with the uninhibited reacilon
at the seme temperature can be seen in Fig, 17, where the two
are shown ab 63000@ FEom such comparison the "chain length"

can be calculated, and in this case it varied from 3,83 at

500 mm 60 5,25 at 50 mm, in good agreenent with the velues

reported by Steacie and Shene.

Tn order to learn more sbout the nature of the
processes occurriné during the induction period, a series of
experiments was carried out with 10% ethylene and 10% nitric
oxide, The time course of the reaction 1s shouwn in Fig. 18,
T4 ean be seen that the induction period 1s no longer in
evidence, A comparison of the rates of the inhivited reaction
with and without ethylene at 640°C 1s shown in Fig. 16, The
order is alightly higher with added ethylene and the rate is.
inoreased by aboub 10%., Thus othylene appears o have no
inhibitory effect when present without hydrogen.

Finally & comparison is made in Fig. 19 of the
inflection point rates in the packed and wpacked veosels.
Trem this 1 can be scen that increase in gurface has a much
smaller effect on the inhibited reaction than on.the

uninhibited, as shown in Fige 5o

e i
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Pregsure Lime curve for the reaction In the presence
of both nitric oxide and ethylene, showing that the
curve is no longer S-shaped (compare Flgure 10) .
Temperature = euo° C; total pressurc 176 mmj 109

nitric oxlde and 10% ethylene.
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Ordez:* of the Inhibited Reactipn

g&g Order in Unpacked Vessel Order in Packed Vessel
610 1,21 1,16
620 1,26 L
630 Ll 1,16
6ho 1,12 | 1,16
650 11y 1,16
660 1.10 1,16

670 - 1,07 | 1,16
680 - 1,10 B .7

DISCUSSION

Discussion of Previous W@;ﬂk

As noted in the gectlon on pesulis, twe distinct
vates can be obtained :é"éom a single rung the initial and the
inflenbion po ? int rates. This may well cxplain the wide
divergence in "ehain 191*4@ ha¥ peported by various investigabors.
T4 ccems thab Staveley {33), who reporboed the greatest change
in Yohain longth® from high o low pressure, was measuring
$nmitial reben, while some other workersg measured something
epproaching inflection soint mabes. These Gifforcab opproaches

rave also »esulbed in a dfforence in activatlon onorgy,

&

o

e §

some workers reperbing o velue around 7h keal molo ~ and others




closer to 77 keal mole ™+,

There has also been much discussion about the
explanations put forward for the nature of the inhibited

roaction, UWo shall discuss these in some detail below.

a) The Molecular Hypothesis

A numbep of workérs in the field have maintained

that the reaction is the unimolecular split

12a, N = My * My

The erguments which they have pubt forwerd in support of their
hypothesis have been sumarized by Stubbs and Hinsheltwood (37)s
They suggest first that the pesulis obtalned by Steacle and
Polking (38), showing that the products of inmhibited and
unduhibised butane decomposition ave very similer, stand in

no way in contradiction to the moleculer hypothesis, sinse 1f
chain lengthe ave sufficiently long the products of bot
peschions will be the same. This seems wather doubful, in
view of the fact that mebhano shovld nob be observed in the

l

products of the inhlbited othane decomposition as reported by

S&enecio and Shane {19) 1f the veaction i unimolecular.
Sesondly they consider the inductlion perieds cbsarved

so bo sn "nherent property of the reaction”, and suggest thab

0 a2

the aeaclorasion is due to secondery decompositicn of produie t8e

'y

TS 4o hawrd o imngine why such secondary desompositicns woutd

-‘
T
i

recelorate the inhibited pesction but nob the uninhibi
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reachion. Also, in the uninhiblsed reaction, the olefins
formed in sitm (ieca@, the combination of olefin and hydrogen)
cause inhibition. . |

- The question of surface effects on the inhibited
dacampasitien‘is 54111 not cleapy However; there is general
agreement that there 1s some decrease of rate with increase
of surface~bo=volume ratio, Stubbs end Hinshelwood consider
this effect secondary, - They suggest that in ﬁhe‘eafly stages
of & reaction "nitric oxlde may catalyze a quite independent

condengation reaction" which is also catalyzed by the surface.

They .do not specify the type of :z:»é‘;etion‘; envisionede

Finally they discuss the question of alw':emative

chain mechanlsms and conclude that only 8 hydrogen propagated
chain ig likely o be immune o nitric oxide inhibition, This

is ecliminated ez a possibility since addition of hydrogen is

Imown %o accolopate the unimbibited reactlon, bub hag no

effeoh on the inhibited veaction. The assumpbion involved is

thot an increoase 3in hydrogen atom concentration couvses the

L54)

noecleration, Thi

I

5

tional

&;

2 mmomde  am " 3 e
5 not nscessarily so. Any ad

“
f-o

pydrogen obons produced In the reacting nizture appear only

a5 the ozponse of some other padical, and thus contwribube

nothing to the over=all pabte, In addition, if we accept the :
wilohler ond Thello mechonism wa can readily inberpret the

A e o i dn Sadd e 8O du e oy o P
anealepation of the uninhibited vesetion in berms of the
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this iz not observed in the ‘inhibited regctlon serves only
to strengthen the apgument which follows,

It is also wor th ne“.;ing at this point that radisals
have been detected in ‘che inhibited deeomposition by Eltenton (1)
using 2 mass spectrometer.: He repor’ss that no appreciable
decrease in the concentration of methyl radicals was observed
when nitric oxlde was presen%:, compared to the concentration ‘.
found in the uninhibited reaction, Moreover, work on 1sotopic ‘

mixing (42, 1;3} has since made it clear that there are radicals

pregent in the inhibited decompositior, and that the rate of
peaction s governed by the same radicals in both the inhibited

and wninhibited reactions, since the rate of isotopic mizing is

a function only of the rate of reaction, The well defined -
induction period is also taken as an indication of nonesteadye

gbabte conditions which could not arise in a unimoleculap

F e

poaction. It is also cleay that increase in surfage: volume
pabic decreageg the rate of the inhibited reaction, an cffect
vhich was alloved .ao: in the wimoleculer hypothesis by a

fgupface condensation® and s now suggested o be a padicel

In view of the above evidence for a free padicel
nechanism, and the lack of iz gupport for a moleculay

poaction, we aro proposing ths followlng frec wadical mechanlsn

"or the inbibited reactionoe

]
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o

Mechenism of the Inhibited Reaction

o
15,
16,

H + KO

CEHS*HNO

8236 + 0 -~

aly

—

H'@'Gzﬁh

¢ ZHS + H2
HNO

H + NoO
CZH6+N0

The suggested mechanism for the irhibited veaction is

‘QZHS + HHND

This scheme, by the conventional steady~state treatment, yields

#he padical concentrationss

ond The pate
and Ll JSebw

8

4]

12
[o5H,]
/2
ife
[m0]

[28]

[31]
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It can‘tharefbre be seen that, in agreement with
experimental results, a firstwoﬁdar reaction is predicted.
The observed order of inflectionepoint rates is found to be
1,15, but this is attributed to the increased length of the
induction periods at low presswres, This tends to ramove
the point of inflection further from initial conditions,-and
thus gives a lowep rate than that which wuld bé observed

1f the induction period was not present.

Rate of Initiating Reaction

Tn view of the bond strengths quebed by Szware (45)
for L0 (37 keal m@l@“l) and BrNO (26 keal mgl@”l) we have
ﬂaﬁe@%@ﬂ 18 keal mole”" as the bond strength in HiO. Talking
into consideration the bond éﬁreﬁgth of'caﬁgmﬁp given as
100 keal mal@ml (45), we aprive at the activation energy Por

wl,
eoetion 13, This iz taken %o be 52 keal mole ~o The

w3

shep dn the inhibited reection o thet in the wninhibliited

of
wp 5; ' e:; -;_3- g.m
o Eplllfel (3]
. 10.H,1
" Iy, LOaHg
on LU
]
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Using the values in tables 3 and 6, at 609°C this ratio 18 107,

It 48 thus seen that reaction 13 is capable of inltlating
chains, B
« Thé aséumption that nitric oxide abstracts hydroggn‘
at high temperatures is not new and has been pub forward by

Rice and Polly (38), Nitrlc oxide is basically & stable free
padicel i room Senpereture and at high temperatures its free
sadical character will be even stronger, It is therefore not
wreagcnable to suppese thab 1t will be capable of undergoing

free padical reactionss

The Presence of HUO

Tn 1933 Hepbeclk (b6} claimed to have isclated HIEO

ot low temperasures and more recently Dalby {L7) analyzed 1%8

spectrum, proving conclusively its cxmistence, The reason why
1% has nob been obgerved in analytleal work on inhiblted

reachionsis ite low concentyation end its ingbability., The

Iy

concentpobion under steady state condiiond conm be caleulated

0g Pollous, In the previous sectlon the activation onergy of

seachion 15 15 taken as b8 lead mole ™, and the froquency

1

i

et
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factor 1s now taken as ,\,10}33

The reverse reaction (reaction 1) forming HNO is
taken as a typical radical recombination with zero activation
energy and a frequency factor that is probably lower than
usual, aboub 1.0 x 1012° Ehe'coneenbraﬁion of HNO is then
103 [N0] at 609°C, At this low concentration HNO 1S probably
quite stable and thus able to fulfill its role in the free

radical mechanism,

Chain Termination

It has been noted by Echols and Pease (4i8) that very
1ittle nitric oxide is used up in the course of an inhibited
peaction, This leads us to believe that the chain termination
step does not vequire the removal of a nitric oxide molecule,

This eliminates radical removal by such reactions as
17 R ¢ N0 >  Producis

Howover, it does not eliminate the possibility of equilibria

being established, These equilibrls will not affect the steadye

ssee tweatment given in the section on the Mechanism of the

Tnhiblted Bosebion, and have thevefore been neglecheds e are left

with uo cholces for the terminating stepd

16, Gg +HIO = Gy v 1O
19, §o4 HHO e H, * 0
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Pabls b

Einetic Parameters of Reactions Involvgg

in the Inhibited Pyrolysis of Bthane

ne8Guaon N g;

13 1,0 x 108 52
3 3,0 x 1004 39,8
I 3.l x 1002 6,8

15 1,0 x 1040 18

k09
10
3,96 x.lﬁu
6,80 x 100
1,6 x 1012
10
1,6 x 102

1,6 x 1042

Bef,
estimaﬁe&
25
26

assumed
esbimated
agsumed

assumed

1
Fraquency faehors ave in sec

: 53 3,
or @m3 nole”™ ses

TP wo compare the rates of the ghove two reactlond we havet

T Mg 18]

SRS L ey iy NS
= - k- I8l
ofs

Substitubing the steady-ohate concentrations,

T

Ly

.,
Ry

(341
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At 609°C this gives as the transition pressure
{ﬁazié] ~ 30,0 m
and at 680°¢
[02}%} ~ 158,0 nm,
The transition to 3/2 order kinetics is not observed for

reasons explained below,
When we compare the rate of reaction 16"
16, 02H5 + HNO o Gzﬂé + NO
to that of reagtion 63
éeg | Ggﬁﬂ % 6aﬁ5 >  Pmoducts

we arrive at the expression

W}_é _ 1,6 [c HSMI'EOE

) 2151
I, [HNO]
16 :
y (o8] (361

Substibubing the rvedieal cunconbvubions from the inhibited

mechanism we obtain

G

vé %i'{ &5

¥

Vip | Kol Kag
Iz,

. . ot . ae®
Substlbubing the values for the various consSuvencd at 60970

e obbaln the rate as

&
i
1"‘
[
l?
3
i
ik
£,
i
i
¢
i
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Thus we can justify the proposed terminating step as being
faster than the corresponding step in the absence of inhibitor,

The Induction Period
As shown in Flg, 11, the initisl rates tend to 3/2
order at pressures below 250 rm, This is thought to be & S

result of nonesteady=state conditlons in the reactlon which |

ave favoured by low pressures and low temperatures, One

possible reason for the non~steady-state is a change of

termination from

19, H + HIO — Hy + N0
back to
3;.69 GEHE % HﬁO cumd 6236 “+ NO@

This may cccur as followss 1f kl? is greater than kéég the

sransition pressure will be higher then ghat caleulated in the

b-h

Piroh section, and may be ag high as those observed, Chain
temminasion by reaction 19 u»ll gzva a 3/2 order reaction
whose rabte is

/2
“3.93“ J 7 3/2 2 1Y T
7. = It [¢.5,17% + & [CH,1{W0] {361
vli}jz{z n’.!. L}};Lvﬁ gné }GJ 2‘3 6 .

a-.as

As the reaction progressces the ethylene Pormed will %ocnd ©o

€0
o
4]

sweep vp hydrogen aboms and form ethyl radicals
oocurred only by

) wooa 0. e el
UQ :,Z v (}?ﬁ}' v {_gﬂs

I
i
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we would expect no effect since the prasenee of the same
raaction in the uninhibitad pyrolgaia produces no induction
period, Huwwver, the formaticn or aﬁhyl ra&ieals may also.
proceed by | |

20, G, + HO = GO

which disturbs the eqmmmm | )

a, o0 - Gl + WO

and produées ethyl radicals, With the increase in ethyl
radicsl concentration, the terminating step would change back
to reaction 16 and the reaction would proceed as first-order,
but starting at non-initisl conditions, This view 1s supported
by the experiments done with ethylene, Fig, 18 shows that the
industion period is eliminated by addition of ethylenc.
Fupthermore, the rate is slightly lncreased due to the removal
of the inductlion period and the achievement of initial
conditions, The inhibiting effect of ethylene is quite small,
as nobed in Papt I, and it is therelore nob surprising that no

fuvther inhibition io brought about by addition of ethylene,

9, Gy +Hy = Gy ¢ B
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4n the inhibited scheme gives the rate as

(e 0 12 (g [0 Dok, 00, 1)
Vip T NTER 3L g6 93 ‘*“g““ﬁ/z £37]

ey Ty 1V 2 ey g [, 1 Y © i L0 B 1o 1057 1)

which preduces to

1/2 |
kgkgkigkig 4

when [Caﬁhl = IHzl = 0 end

[5,1[CH ] ,. Kol o
when vy = O

Inhibition by Other Subgtences

The rate equation for the inhibited reaction has

been given as
1395 1/2[ ] (']
¥ y:rs&uan G i N

Tn the over-all rate we observe she following relatlenships

e

s

g

Ko o, e Eﬁpﬁgj [mol, (1ol

K = "ﬁﬂm . T T TEROT
¢ B E
g »2 ¢h,‘:)ng

Thug the rabe can be weibten as
hied o 1 2 (" e 3
v. = (K lx;3 o ) / [@2116?5, o [39]

ond no longer includes any constonte which depend om the
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inhibitor concentration, Thus any inhibitor which follows
the mechsnlsm proposed will give the same limiting rate. The
only difference betweén various inhibitors will be thelr
efriciency in establishing the mechanisms thus the amounts

of verious inhibiters required for gotal inhibition.

Aetivation Enepgy and Rate
The activation energy for the reaction predicted on

the basis of the mechanism and values in Table 6 iss

B

1

12 (B + By + Eh} {0}

L]

1/2 [100 + 39.5 * 6,8
-l

]

73.1 keal mole

Ta view of the uncertaintles in the individual activation

engpples, this is in satisfactory agreement wlth the experimenbe

wl

a1 value of 77.3 keal nole o Ho%ecwe? slnce induction perlods

ave Tonger ab lower temperaﬁu?es the experlmenual acbivation
energy is higher than the true value.
The predicted frequency factor 18
By gby g 12
p’f
Wz“?é

4]
et 1
g
{2
Lo

A

T

= e O 3;. 10 [+]

fhis is algo in good agreement wit the experimental value of

A R




Effect of Surface

Surface affects are hard to analyze in view of the
other complications in the reaction, Nevertheless it can be
said that the rate is lowered by inerease in the surface-to=
volune ratio, The form of the AP vs, time curve remains the
same with increase'in‘the sutfaceato~volume ratio, and no
incréase in order of the reactlon is observed, There is
also no falling off of rate 2t low temperature as in the
uninhibited rEaction,‘ This is due to the faet that the lowest
tempeprature investlgated is still above the level at which the
falling off was observed,

The reaction 1s generally less sensitive to inerease
in surfade=to=volume ratio than the corresponding minhitiied
decomposition, This may be understood if we consider that the
serminating step in the inhibited reaction is faster then in
the ﬁﬁinhibiﬁed and thus the exbtra termination cn the surface

will have a2 smaller effect,
T4 ig inbewesting to compave the above suggestions

with those of Vosvedsky who interprets the fully inhibited

decomposition of hydrocarbong in terms of the idea thab

{-. s

siatior

b

n

[
)

and termination both take place on the surface of

the vesse
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reactions are ceused by irreversible and reversible surface
processes of which the former can be suppressed by the

inhibitor, Full inhibition corresponds to complete coverage
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of the wall, Voevodsky proposes no specific mechanisms and
his suggestidn is subject té one serious difficultys the
amount of nitrie oxide :@quixée(_i to glve ‘co.mplete inﬁibition
should depend on the surfacesto-volume ratio éﬁd this is
eertainly not the case, ‘Alsogthe sinusoidality of bhe
pressurentime curves, implying abnormally Yow 1nitial rates,

gseens 5.nconmsten1; with Voemd&ky ) suggestion.,

'GONCLUSIONS

Although ‘an attempt has been made to aésifgn various
rate constants and activation energles to the postulated
reactions the caleulations should be treated with reserve,
The impertent point is the qualitative interpretation of the
obgerved phenomena, It is worthwhile to mention the major

Firot, the reaction is held to be of o free radigal
chain type, and & possible nechanism i3 p@&%m};am&a

Second, the lndustion perled iz explained in bterms
of non-shteady-state conditions end experimental support is
given Zor-our postulates

3,

Third, it ic shown that all Inhibitors vhiet

poatulaied mechanism will yield the same lim the

o
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- INTRODUCTION

Inveétigationa of the decomposition of propylene in
the temperature range from‘550°e to 700°C have, in the pastg
been concax?ned mainly with the identification of products.

Thus Hurd and Meinert (51) and later Ingold and Stubbs (52)
analyzed the products of the decomposition and found that
methans, ethylene and hydrogen, in the approximate ratio of
23251, were the major products. A number of wniner products,

up to Clgﬂ ineluding a number of eromatics, were also reported,
but no allene was founds Siware (53), working in a f£lovw sgyastem
ot Llower pressures (~ 10 mm.) and higher btemperatures { ~ 800%)
found that all@h@ wag then a major product, and proposed 2

fpoe vadical mechanism which accounted for the products and th

e

ohoerved kineties.

Lot

The prosonee of free radicals, including ally
rodicals, was reoporbed by Elbenson (i), who decomposed
propylene and analyzod the deeomposing mixbture in o moss spestroe

meter. Ingold and Stubbg, however, did nob consider thal Iree

padicals played any part under thelyr experimentel conditicns,

4
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and proposed a series of molemilar reactions to account for
the obgerved results. They found the order of the reaction
to be bstween unity and 2, which is consistent with the
posults of the present investigation according to which the
order 1s 3/2 over a considerable range of temperature gnd
pressures

In view of the importance of the mode of action of
propylene in systems inhibited by propylené, ue have
reinvestigated the kinetics of reaction with the obj et of

arriving at o mechanism.

EXPERTMENTAL

Rosulits

Preliminary investigations were carried out o
devermine whether m@asvivements of prossure changes gave a
mliable‘indic%i@n of the extent of reaction, and to find
the pracise pelationship between prosgsure chenge and oxtent
of reachlon. PFiguwre 20 summarizes the results of these
@xpez*imentég done using gas chromatography, and shows theb
over the ontire temperatuve renge the amcunt of propylene

that had reacted varied Linearly with the pressuvre increasd,

":rl'i;hin the experimental error. This conclusien ogrees with
that of Tugold and Stubbg (52) under the same conditiong.

A ben per cent pressure increase is geen o sorrospond i &

conoupbion of about 32 per cent of the initial propylonc.

<
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PROPYLENE REMAINING (ARBITRARY UNITS)

Figure 20 Plot of pressure inerease against amount of
propylene remaining. The tr?angles (o) correspond
to 58000, the circles (0) to 600°C and the crosses

(X) to 640°C.
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Product analyses were carried out under various
cordibions, and table 7‘shows the presulte, which are typical,
obtained for a run ab 620°C with an initial pressure of
170 mm. 3 the degree of decomposition was about 10 per cente

The mzin products ethyleno, methene and hydrogen are seen to

be very roughly in the ratio 2:2:1, as reported by other f
workers (Hurd and Meinmert, Ingold and Stubbs). The butenes

found were partly cise2-butens and pertly transe2-butenes,

with the latter somewhat in excess. The presence of bensene

and boluens is of some interest. No aliens could be detected
usling oither mass speeiroscopy or gas chromatographys this is
in agreement with the vesults of Hurd and Melnert and of anold

and Stubbs whose conditions were similar to ourd.

The kinstlcs of the veachion were studied using the
. progsure gauge (£ige 2) et 580°, 600°, 620° and 6h0% Tho
forn of the curves obbained is shown on Fige 2l. Rates wore
paleulated fyom the slopes abt the inflection polnt, sinco
hefore this the stondy sbato has presumably nob beon cgbablishod.
Flge 22 shous plots of the logarithm of the wato agalngt the
%L logarithn of the prossurc, and the order i found o bo 3/2.
An Arrhenius plot is shoun in Fige 23, and from 1% tho
actkivation cnerpy was caloulabtod o be 5607 keal mml@mlo The
pabo congsbant can be cxuprossed by

13 o T .1/2 e1/8 =
e 2,2 % 307 qué?OO/Rf mlL/% 00do e ot
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40

AP (mm.)

TIME (min.)

Fieure 21 The time course of a reaction at SBOOC and 200 mm,

initial pressure.
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Pigure 22 Plots of logari thm of rate acainst lorarithm of

_ st om de
presanre for the provvlene decomnositione The order

35 3/2 at all temoeratures.
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? From this an activation energy of 56.7 keal. was
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Table 7

Relative Amounts of Products obbained

in_the Pyrolysis of Propylene

Amount, Amownt relative to

Compound, (arbitary wnits) hydrogen
Ethylene 32.4 2,02
Wethane 25,2 1,57
Hydrogen 16,0 1,00
Propane 6ol | {
Butenes bl
Ethane .0
Benzene 302

~ @yclohexediene. . 2,0 1,65
Cyclopentadione 2,0
Toluene 1.2
Dlallyl 102 §




Some studies were made of the decomposition of
propylene in the presence of CDh, which by itself undergoes
no appreciable decomposition in this temperature range. The
amounts of GD3H were measured in the mass spectrometer, and
figure 2l shows the percentage of CD3H produced at various
timesp the experimenbtal error in the mass-spectrouetric

determinations 1s quite large under these conditions, bub

the resulis clearly show a steady rise in the amount of GDBHo
In addition, & massespectrometric analysis was made of the

e amount of monoedeuterated propylene; CHQD CH=GH2, at various
times, The experimental difficulties are now greater and
guantitative determinations could not be made. The resulis

f dld, however, indicate a significant production of this species
% over the poriod of the exporiment.

A kinetic study of the decompos of othane fully

a

inhibited by propyleno was also made. Tho order of the peaction

wes unity, as chown by the plot in Ligure 25,

DISCUSSTON

aran
()

i Mechanisn of Docomposition

In order 6o explain the threcohnivos opdor kinesids

>

it follous from the ruleg of Goldfinger, Niclause and Tetort (Sh)
that one must postulete o chalneending gtop involving %uo

%3”:‘:"&6.1@ alp (io Cayp

gxe

rodiicals that wadergo bimolcoulay poactions).

Hydrogen atoms fell in this category, and oup propogal s thad

i
R

..... 3 e PSSR
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INCREASE

PERCENTAGE

TIME (MINUTES)

Figure 2l Percentage of CD3H produced at various times when

CBHé decomposes in the presence of CDho Temperature =

620°C,
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wipure 25 Plot of logarithm of rate against logarithm of initial

pressure for the propylene inhibited ethane decomposition

at 600°C. The order is unitv,
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under the eonditions of our experiments the allyl radical
°cHZ Hmcha aléo acts as a feradieal, That thié is sd is

suggested by the absence of allene, CH230=CH2 whieh ia the
most likely product if the 2llyl radical were to act as a
Peradical, At higher temperatures, as employéd by Szwarc,
allene is found so that allyl is then a peradical and the
order of the reaction is indeed wnity as predicted for Bu

recombination, The reason for the transition is discussed

later,

The mechanism proposed for the reaction under our

conditions, at lower temperatures, is

22, CHyOH = GH, = o CHCH = CH, + 8

2 2
23, H 4 CHp0H = Gy =  GHyOH,CH,.
2l CHyOH CHye = Hy + CoHg
25, | CHBGH Clpe = Cf, + GH
26, GHy & GHaCH = CH, =~ OF), + oCHOH = cﬁg
275 GH?GH = (i, GHBGH = G, - higher products + H
28, H & oOHyCH = Cll, —  CH,CHCH,

The knoun and estimnbed rate constants, setivadion

[}

nergles and frequency factors for these and other relevant

reactions ave shown in sable &,
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This scheme yields the following steady-state

radical congcentrationsy

[g] = (tik;) Ve [CHBH()I]'/ 2 (h2]
ke kol B2
fcay] = kauikas .,@A%.g..al log81Y? 13)
[, a.(%%)l/a [03H6]l/2 | 'j [y
Iyl ol Y 2 -

The rate of dizappearance of propylene 18 given bys

/2
Sl t 2y + k& O N
g = e?LL 25 26 (mé;a 23 é?.?) [(331%33/2 {h6]

TRy v By Eag
The corrvect threeshalves order of the reaction is thus
predicted,

I? instead of ;czm%mg agecording te rezetion 6 Ghe

aliyl padicals split off hydrogen atoms;
O fuis o 30 o e = H
29, Cz‘iﬁCH Csi‘ig > C"L&?Z C=CH, + H

the rate equetion predicts a firsteorder peaction with the

production of allene, Heactions 27 and 29 will be in competition

ith one onother, Our estimate of the activation cnergy of

o

. - 1 \
veachion 27 15 15 keal mole ™, The frequency factor will be
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emall, probably about 10° by analogy with similar reactions,
Reaction 29, in contrast, will most likely have a normal
frequency fastor of 10V, but the activation energy will be
highs the reaction is endothermic by 68 keal., and our
estimate of its activation energy is 70 kcal‘mole”lo The
ratio of pates of reactions 27 and 29 at 630°C and at a

6

propylene concenbration: of 107 moles ml“l {~ 200 mn,) is

found %o be

Voo Ky - 3
;;é.;t = E;{g" [CH, ] 2,5 x 10 {47]

80 that reaction 27 is predominant., Sgzwarc, on the other hand,
worked at higher temperatures and lower presswures, and ab 850%
and 10 ym pressure, which are within the wange of his work,
the ratio of rates is found to be 5 x i . The valuce therefore
explein satisfactorily why allene is absent in Ingold and
Stubbais ond our experiments, bub is an important product in
Szuarets, -

Benzene, cyclohexadiene and cyclopentadiene ave
probably produced by reaction 27. The presense of eyclohexndiene
in the products is significent since 1t is a n@eéssawy

intermediate in the fommation of benzene by the addition of an

Propane and ethene are probably sccondary products

due to addition of hydrogen to the corresponding olelins. .
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0ise and transsbutene, of which the latter (which
is glightly more stable) is predominant, are probably produced
by addition of a methyl radical to .propylene, followed by
hydrogen elimination, Toluene may be produced in a gimilar
manner {rom bengzene or by addition of allyl to butene followed
by hydrogen elimination. o

The presence of traces of dlallyl is attributed to
the initlal predominance of chain termination by

rather than by
289 H+ GBHS b d C3H6

a8 guggesved in the mechanism, Initlally, reaction 30 no
doub? predominates and thus precludes the continuation of

chaing and produces the observed induction periods,

Rateg of Productlon of Products

A@c@rdiﬁg to the mechanism, whenever an ethylene
molecule is produced a methyl radical is formed (reacition 25),
and this nay glve »ise to a methene molecule by remction 20
the rates of formation of ethylene and methane should therefore
be equal, This is poughly consistvent with the analytleal data

s,

(zable 7), The foch that less methane than ethylene iz actuall

oy

produced 1o

D
L=ty

sepibed

-

o obher rcactions of the methyl padical,

sueh az the production of butenes by reaction with propylenc

the sum of the amounts of methane the butencs and to

{=t2

nene Lo

7.
&
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Indeed close to the anount of ethylene,

The rate of formation of ethylene is about. twice
that of hydrogen, from which it follows that kﬁ/x% is

equal to 2, This ragio of prodﬁcta does not vary much with

temperature, and 1t may be that the 03H7 is a hot radical which

Spllts into products without requiring any activation by
collisions,

Rate of Termination

Three modes of termination ape possible; reaction 28
and 30, and reaction

Blo GBHS + GBHS sy GBH?-J % 03H6

The ratlo of the rages of reactlon 28 and 30 ig

v k
28 28 [H] ry
Cmiczme  pe e T &q‘a}

Substitution of the appropriate vadical Concentrations gives

VR
?@m ] ﬁj%
30
We of the values in fable 8 glves vige %o
T
36

Thus zoastion 30 predoninates 1nitially bubt socn censes o be

e
an tmportant termination 56ep due to osbablischnent of an

o da

Cquilibziun with diallyl, The obgevyed Induction periods are
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attributed to the initisl predominance of reaction 30,

Reaetlon 31 on & similar basis is 100 times slower

then reaction 28,

Kinetie Parametens

If CBH7 is teken %o be & hot radicael, the activation
energles of reactions 2l and 25 are ueglipglble, The oversall

activabion energy of the reaction is:

E

1]

E26 +1/2 (Ega + E23 + E27 - Eaa)
55,5 keal mole“1,

which. 18 close to the experimental value of 56,7 keal mol@wle

@

The frequency factor ecaleculated in the same basis is 2 x 1012@
50 be compared with the experimental value of 2,2 =z 1013 mll/a
moleml/a &L,

If reaction 27 is replaced by ?eaétien 29, which
eorresponds o the situvabion under Szware's conditions, the
predicted activation cnergy becomes ~ 8l keal m@le““g somewhab
higher than Sgwarcts value of 72 Lkeal mole” =L but in agreement
with the ezperimental trend to higher values,

The Propvlene-Inhibited Deeompogition of Lthane

Some evidenge fopy ollyl abstracbion has already been

'0’
e;u

Poruard in this paper, Additional evidence 1o provided by

e mm -
", 1
} tH

the work of Helleshy ond Gordon (65) and Gopden, Smith and

&=

feleeby (56) who wepors on aetivetion ene rgy of ~32 kool for

whe abotragtion of hydvogen from cyelepentane, They clse
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express qualitatively the idea that 2llyl radicals are chain

carriers in propylene«inhibited reactions, Bryce and

Ruzieka {57) and Ruziecks and Bryce (58) have further shown

that the allyl radlical abstracts hydrogen under experimental
conditions similar to those of the present work, In view of
this evidence we suggest thab the propylene-inhibited

decomposition of ethane proceeds according to the following

mechanisnms
3. 0235 - CEH}.} + H
b, H + Caﬁﬁ - 02H5 + H&
224 ) 03}16 Sl CBHS & H
333 . (132}}; o Ggﬁé oy Cgﬁé 4 035.{5
The conventional steady-state treatment yields
1/2
. Eankooly |
(o551 = (ﬁiﬁ%&“ L] 10l
- T233vis
* (f"*’ 32 [52]
[s2]
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express gualitatively the idea that allyl vadicals are chain
cafriera in propylénewinhibited reactions, Bryce and
Ruzicka (57) and Ruzicka and Bryce (58) have further shown
that the allyl radical abstracts hydrogen under experimental

conditipns gimilar to those of the present work, In view of

this evidence we suggest that the propylene-inhibited

decomposition of ethane proceeds according to the following

mnechanisms
2. 02H6 + GBHS iy 02H5 + 03H6 ‘
L}:e H + Caﬁé has'd GZHS + Ha
28, H + 03H5 - CBHG
225 » i ‘ 03H6 Gy CBHS + H

£ z e 2 ¥
33, | agﬁs g G?’ﬂé > GQE(Q 4 G?;IS

The conventlonal stesdy-state treatment ylelds

EQP 53 . {sol
5] = 131l
@:C33H53 = i52]
The »ate of the
Bpoliaslisl
v =iy (o] = |55 153!
& pryEl oy
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Since

ke [C.H.] ' .

22 2 5 (!
o E‘“"" = [H] K .

one cen write

éé:

&

v = (K kﬂ)l/g [0H,] | 139
80 that the rate 1s independent of the concentration of the )
inhibitor., i | X
It i3 obvious from the evidenee c¢cited that free
radicals play an important role in the decbmposition‘of

propybens, Previous workers who have studied the effects of

propylene inhibition have taken the view thet propylenc
'brings about inhibltion enly by removing radicals, This point
of view ean no longer be maintained; The interaction of
decomposing propylene with the system undergoing Inhibition is
. % probably even more complex than is suggested by the proposed
| mechanism, The wechanism, however, appears to provide a
qualitative explanation which is closer to the truth than ono

that requires propylene vo be solely a vadleal remover,

 The atudy of the relatlve efflelency of propylene

and nisric oxide o8 inhibitors in the docompositilon of nepentenc

copried out by Stubbs and Hinshelwood {89) has revealed that

nitrie oxlde Le cboub twelve times ag efficient as propylene

in covsing inhibitlong o simllar factor probably cpplies to
& ] I g

othane, In view of this 16 is of inbewvest to cstimate
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the ratio of the rates of initiation for the reactiona
inhibited by the two substances, the initliation reactions

being
32@ caﬁﬁ + GBHS i 02H5 + 03H6
The ratic of the rates is
v
23 = E&l NO (5]

"2 Ky 10
Substizution of the appropriate radical conéentration for

: {Gsﬁsl from the inhibited ethane mechanism gives rise to

1/2 |
kol
R i ) mol g
Substitution of values in table 2 gives
Lot}
o~ = 10

This is close to the experimental value (for nepentane) of 12,
The mechanisns of inhibition fhus nob only predict the -
independence of the limiting wabe ou the inhibigor concentratlon,
wut can olso be made €o yield an catimate of the welabive amounts
varisus inhibitors ncecssary for the establishement of the

proposed mechanismd,



MECHANISMS OF OTHER INHIBITED REACTIONS

INTRODUCT ION

The inhibition effects observed in a number of
other orgﬁnic decompositions can also be explained in terms
of free radical mechanisms of the type discussed aboves
Hinshelwood (63) has recently reviewed the problem in terms

of the molecular hypothesis. However certain characteristics

of the fully inhibited decompositions cannot be explained on
: this basis. These in brief are as follous:

‘1) Rice and co-vorkers (h2, 13), and Voevodsky and

Poltoralk (b)) have shown that deunterium mixing

ﬂ reactionssbill occur in the inkibited decompositlon.
2) The fully ichibibed reactions fvequently oxhibit a
wolleGofined induebion period (65, 66).

LX)

} The :@ams of the fully inhibited »eact

;..u

gng 8roe

L ¥

"

somovhat decroased by en lncreane In suprfacee
yolume rotie {seo Papt Il)e
T4 would zecom o Do quite lmpossible to reconello

£

E

!

¢

¥

{ ; these Pacts with the hypothenis of o simple moleewlor wochaniam,
] i

§

and i% is therefore neeossary to develop mechanism of the free

radical type that will give rise to limiting rates at high
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inhibitor concentrations, and will explain the fact thet
different inhibitors give the same limiting vates in the
cage of alkane decompositioms.

A number of free radical inhibition mechanisms
are proposed in the following discussion. The mechanisms are
glsc classified according to the mode of termination and the

theoretical approach is thus generalized.

DISCUSSION

The Decomposition of Methane

The decomposition of methane offers an imberosting
gontrast to that of ethane, since both the chainspropagating
reactions ave of the secondeorder. The chain carriers ave H
and Gﬂgg and one obtaina 3/2 order kinetics vhether ono assumes
the chaln termination to lnvolve GHB + HNO, or H + HNO., The
former 1s preferred; éinca the mothyl radical concentratlon
is proﬁably usually higher than the concentration of hydrogen

atoms. The mechanism to which we are therefore led is ag

follovas

3o G, v 0 - Gy * O
35, iy + 0By = oy +
365 Bovom — Oy H
15’ m0 — 4N

¢ S, .
b EAH0 = Hio
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37 Gﬁg + H0 - GHh' + 1O

The oxpression for the limiting rate is

1/2
(o, 17/2 [56]

The conelusion that the order is 3/2 is consistent with the

experimental resultse

DPacussion

This reaction has been studied by Hobbs and
Hinsholwood (3l), who conclude that the inhibited reactlon
at 850°C and 100 mm. gives a rate L7 tlmes lower than the

uninhibited at the same pressure. It iz hard to positulate

eny purely molecular process in this case, since the products

ore hydrogen, othane and decompesition products of ethane.
We aro therefore forced to accept some froe radical mechanism
to explain tho fact that any reaction cccurs ab alls

The mechonicnm put forward is osgsenblelly that of
Kossel (67), modified to allow for nitric oxide participabtlon.
Toom the vate oquation 56 we may prddict en ccbivatlon onergy

of

] - 1571

gg = 1/2 [r% & 3]'[4 o E:} E% ® 1:;3 o &,

o

e

e

Since the CeH bond in methenc is given by b@ss ng

ol
5 ol (68) as 103 keal mole ~ we have

+ E?‘E = 1@3 o
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The activatlion energy of E35 is estimated by

Steacie (69) as ) hO keal mole™t. For prosent purposes we

will accept the value of 12 keal mole™t,

6 has been caleulated (70) to be 10.5 keal mnle“lo

3

. I , «],
E37 and Elu we will assume to be O keal mole
We therefore arriveat the predicted sctivation

energy for the reactions

E ~ 78 keal mole™

This cannot be compared to any ekpemimental result,; sinceo

none ig available.

The Decomposition of Ethers

In the reactions discussed above hydrogen aboms
were involved in chainepropagating steps. In ether decomppsitions,
on the other hand, this is not the case. The chein propagatving

reactions in the cage of dimethyl ether are probably

38, CH,0CH, —  CHy + CHyQ
4 )
and
) & i : & -
3% CHg * CH;0CHy — O * CHOCH,

men wnd) ey oD lad o . % L8 r P W, o e o o 1)
In view of this the concenbration of HNO ig very omall, and

the parbicipation of HEO in cholin termination is thepeforo
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the ether decomposition these are the p radicals. The

mechenism to which we eve led is therefore as follows:

40,
38,

300H3 '
& 0

HIO —

+
H UE3OCH3 —

CHBOCEZ + RO -

v N0 -

CH,q
e
CHh GHéOGH3

* .GHZO

B + M0
Hy + CHpCH,

3
CH,0CH N0

application of the steady-state treatment gives rise to the

rabte equations

ku.a

[cH oczzg:g | 58]

The pesult that the peaction is of the firsieorder is in

agreements with experiment.

The propesed mschanism for the dlethyl other

decomposition is simllar, as follows!

b3.
by
b5o

Cgﬁgﬁcgﬁﬁ N0 -

Cis0 —
Cy * Ogf0CoH;
B0 —

Bt Ofg0CHy —
Cai00e%, ¢ 10 -

Ggﬁgggﬁﬁh <+ ENG
C 0,0 + Gl
CEB % CEEG

QH% % Ggﬁgﬁﬂgﬁ&

g + 10

W,  4.5.,00.0
iy £45VVE

11,00 5T, 10
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The rate equabion 1s now

2k ik | '
i [59]

and the order is again first, as found experimentally {71,

&

v

Discussion

It is slgnificant that in these ether decompositions
the nitric oxlde is in no way in competition with the ether
molecules themselves, The nitric oxlde reacts with a u radleal,
and the situation is to be contrasted with that in the case of
ethane, where nitric oxide competes with ceﬂé for reaction with
hydrogen atoms, In the ether decompositions the degree of
inhibition produced by a given nitric oxlde concentration ig
thus independent of the amount of ether, a prediction that
in consigtent with experiment.

Tn contrast to the situabion with mothane and ethano
(and by analogy with the higher paraffing), the mechanism
proposed for the others doss not lead o the g@nawalzgenelugien
that vhe fully inhiblied vete should be the same £ » all
Jnhibitors, Smith and Hinshelwood (72) and Frooman (73) have
obiained rosults that tond to show that the gane Pates aro

obtained with Yoth nitric oxide and propylenc and thlg belng

£

so it must

"

be asgumed,

[
=3

fo)

our mechoniong aro coproet, that

{=53
£3

tho agrocment of rabes 1o fortuibous. IT should, howover,
bo pointed ouv that in thoe ease of the other decompositiong

thero Gocs remain a possibillsy that tho fully inhibléed

3
i
¥
I
ye
i
!




reactions ave molecular processes, since no isotopic exchange

oxperiments have been cerried out on these reactions, It
should also be borme in mind that the results of Freemen ot al,
ghow that the order of the resction is higher than flrst and
doos not indicate a simple molecular process, The mechanism
here proposed attempts to explain only the main reaction and
dould be subject to distortion by secondary causes as in the
cthane reaction.

The asctivation energy predicted for diethyl .ether
can be obtained from the following values?

E@B = 52 keal cstimabed

19,0 keal ostimated from (7h)

g{gj
£

0

=
£~
o
[

Thiz leads o an over-all activation enepgy of

=Y
B = 72 keal mole ©

ol
in good agreoment with the oxpovimental value of 67 keal mole ™

(150

Tho Docamposivion of Accbaldehvdo

The acotaldchyde decorpesiticn differs from tho
nydrocarbon decompositlons, and is similay to tho other

docomponitions, in that hydrogen aboms are nob ghain carrierde

Paetal
S

fhoin Sesmination will therefore lnvolve HG rather than HNC.

The chaln eaveicrs cro OH, and CiH,00, of vhich the former are
> N




19 CHGE ¢ 10 - GE00 + D

i
{
i
i
}
i
§
't
|

‘ e 132 o
In oreeasd it is Yherefore postulated that the ohalneonding
gtep o roaction botuosn Gi’iﬁ {a § radical) ond M.
Tho mechanizm to which wo are | lod s therefores

j b .@. 1
Sle @3% ¢ (?HBGH{) s Gﬂ% ‘“i' GHBGG

H ¢+ H0
H&? ® Gﬂ‘gﬁﬁ

18 HHO
526 B+ CHOHD

!

l

536 CHy + T = Ciglo-

Ths pato @@éﬁz’?@ﬁ;ﬂ%ﬁ%m{? to thic mochonicn Lo

&, 9 (it m@i@ﬁm@ {60}

This rate expropsion, 0o &n proviown 62008,

2o whon thoro 1o o cufflelont oppenn of

coppoonands bo tho w

2 D [ s YN % 8 iy ek & s O o o] y 3]
aliwio ozldes much wore cownllented ouprooslions ponulé 15

2t Bt pepony g { 3 Y oyl Y o 150, y
th ation gtep s Ludod alzos Tho W
8 e A Y st o Gnlt e
GAly WiV GOLOLSH AGLON
iy .,,( sren e by 54 Qo prreeny Sen C0h o
sobdong no Sho ooseond bomn 20 SO
PN
whedd
=249 e
({;QJ(, :.:v.b
Y v S Y PR Iy & -
WL GIin0 & Finnd {"’"J,U:;
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ig found experimentally.
The activation energy can be ostimated from the

following data.

%3 The value quoted by Szware for the acetaldehyde aldehyde
hydrogen (45) is 85 keal mole"l. Thus Ell-9 is taken %o be

g = 85 8= 37 keal mole™Y,
19

Eﬂg similarly, Steacle (77) quotes the value
By = 15 2 1.5 keal mole™,

Eiﬁg This is taken as zero, as in the previous mechanlsms.
Thus the over-all activation cnergy is predicted to

be 1
E ~~ b5 keal mole

end ig in good agrecment with the experimensal value of

b7 keal mole™ (76).

The Decomposition of Acctong

The nitric ozide lnhibited decomposition of acotono
saldehyde {there 1 agaln

cotalysis ab high concentrations) and o simllar mochaniam i

thercfore probably involved.

5o OH.C0CH, + U0 - CH,000H, - HO
373 32
GE,COCH, = GH, % CE00
55 5000, Gy = G
[ ( ""-'fr n:a 3 '!"_'11" V"f\ LTS p— ¥ (.:) 'j TS
)é) o Gwﬁm.:; GWBGU(MHB 2 GHB«B» GLQQWGMQ

350 B = H <+ WO




57 H 4 GHBGOGHB . Ha % GHBGQGHZ
530 0‘33 ¢ N0 o= GHBNQ

The resulting rate expression 1s

i k )
6 2 ,
%’;&f— [0H,000H,? + 2k (6,000, (10] [61)
which is consistent with experiment.

Diseussion

The fact that the proposed mechanisms for these
last two examples lead to the conclusion that there is
cabalysis at high nitric oxide concentrations, as observed
experimentdlly, provides valuable support for *bhé general
gechemo of resctions presented here.

The lack of experimental date congerning the
activasion onopgy of the NO inhibited reaction as wedl ag the
¢=H bond otrongth makes any prediction of the activabtion

encrgy highly speculative.

GENFRAL DISCUSSION

The ouggosticn that the inltlabting processes in
wooebions £ully ivhibited by nitric ozido imvolve o hydrogen
aton ohotracsion by U0 is not nowy 4% was first made by Ries

ond Polly (28) end ves discussed by Goldamclii(10), The

ol
€
i)
&
Er‘d
o
T
L]
@
ey
¥
L]
B
3
o

spactions beswoen padicals ond HHO ag chalme

)

sopminating sbeps peoms bo be required in order o aeeount

Por dhe obaorved kinebics, ard moro particularly ©o expleln
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the causes of limiting rates at high nitric oxide concentrations.
Our view is that in the paraffin decompositiong, where rather

high temperatures are involved, reactlons such eas

CEHS + HO == 02H5N0
merely proceed to equilibrium and do not distwrb the steady-

atate concentrations of radicals) they therefore need not be
included in the reaction schemes. In reactions at lower
temperatures, however, such reactlons are important chaine
ending stepss

This mechanism of cheineending by NO aegrees also

with the oxperimental evidence of Mitcholland Hinshelwood (78)

and other wopkers, who found thet at low temperatures, nitriec

oxido vomoves all radicals produced.

Tho mechdniams here proposed eroe meinly concerned
with inhibition by nitric oxide. Only in the case of alkanes
docs the mochenism of propylene inhibition yield the gano

2 !

pate oguation. The fact thab both propylene and nitris

zido give the samo limiting rate for the inhibitod decomposition

of diothyl other is thorefore leofb wexplained. :

The idea thalb HID ploys an important role in peactlon

| mechanisn 1o roagonable In view of the fact vhat thio substanco
has boen propered and itg spectrun enalyzed (h7). Siunse the

n n

j molecule Lo isoeclectronie with Qo 1t may bo ozpocted to bo
guito stable with respeet to B & 1i0.

i Tt way bo seon that the pooactlon wochonisns discussed
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gbove fall into four main classes. Tanle 9 summarizes the

main features and gives examples of each type.
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FREE RADICAL MECHANTSMS FOR INHIBITED
ALKYL HALIDE DECOMPOSITIONS

TNTRODUCTT ON

In spite of the considerable amount of work that has
been done on the decomposition of alkyl helides, there are
certain puzzling features of the reactions which have not been
fully explained;» The most significant of these is that for
certain of the reactions there ave clear indications that free
padieal processes occur to a considerable extent, bui at the
pame Gime there is 1ittle or no inhibition by nitric oxide,
propylene or cyclohexene, For example, the thermel decomposition
of ethji promide {79, 80) exhibits am induétion period, and 18
very sonoibive to the mebuve of the surfece, so that it socms
clear that free padicals are invelved, The reaction 1s
inhibited by eyclohexene but there is no inhiblilen by nitric

o

oxide, DLack of inhibition by nitric omide is conmonly regesded

o 1

oo an indlcaticn thed free wadicel reactiong ape not luporvent,

a

n this case, Other

Q-é‘a

30 that comething of a paradox is involved

!

veactions of the pame type show similar peculiaorléles, Im
Chepier IV it was suggested thot the cffeet of ouhshaneed
such 08 niteie exide, propylene and cyelohexmene 1s not merely

to vemove Free radiczls, bub also to initicte frec padical

=7y
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proceases, It has been proposed, for exemple, that nitrie
oxide can abstrast hydrogen atoms from organic compounds, with
the formation of HIO and 8 free radical, and that chain ending
oceurs by reaction batween @ith@r HO or HNO and one of the

radicals involved in the chain»pmoPagating steps, These ideas

will now be applied to the alkyl helide decompositions, and it
will be suggested that the initlal step is now the abstraction
of the halide atom from the organic molecule, and that the
chaineending step involves a radicel such aszrNO wnd a free

radical, The aignificant conclusion that hes emerged from these

considerations is that under certain clrcumstances ﬁhe rates of
the peactions occurring in the presence of nitric oxide are

exactly the same as those occurring in 1ts abaence, This

vosuls apises ~ when  the chaineending step in the uninhibited
reaction involveﬂ'the veachion between a B radical and a p redieel.
I is also concluded that the olefins sometimes bring aboub

é inhibitlon by removing hydrogen aboms, bub not halide aboms3,

which means that they abolish one part of the chain reaction bub
leave another,

Those conelusions are of ocme significence in view of
the commonly held belief that lack ef-inhibi%ibm by nitrle oxlde
ig ap indication that free yadieai procenses ave nob involved,
ond that the reactlons cccvrring in the presence of excess of
nitrle ozide arpe molceuler reactlons, This view ¢an 00 Jonger

% - b ' 2.
he maintained,
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DISCUSIION

The Pyrolysis of Ethyl Bromide
The wilnhibited decomposition of ethyl bromide hes

been studied by Goldberg and Daniels (79), and the inhibited
reaction by Thomas {80), In both cases the reaction showed
induction periods and wes very sensitive to the state 6f the
surface, That free radicals are involved in the reaction was
shown by the work of Hoof and Deniels (81, 82), who found that
ethyl bromide cen sensitize the decomposition of acetaldehyde
at temperatures avound 370‘1’&° In spite of this, however,

nitric oxide hes no effect on the rate of decomposition,

Cyclohexene, which is usually a less powerful inhlbltor than
nivric oxide, did produce a significant amount of inhibition.
The pesults with ethyl chloride are quite similar (83, 8L, 85);

n apive of evidence for free radlcals, no inhibition is obsewrved -

=fo

E with propylene,

| Tt will now be shown that certain mechanisms for the
docomposition of these molecules, both wminhibited and in the
precence of inhibltors, can cxplain theoe results, Fow the
uninhibited decomposivion of cthyi bromide the follouing

ncehaniom, vhich 18 somevhat overesimplificd, probably ezplelnd

the main rosulbss
o ’ isy » St ot - i »w e N

55, Bp v Gfighe - HBp G Be {8y = 17 keed o )

56, G Be = G ¢ Br (B, = 18 ksalo)
fd 53, P A3
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57, Br # Caﬁuﬂr - agﬁuaxs (E&.”‘ 0 keal.).

The estimated activatlon energies for theae reactions
are shoun, That for reaction Sl 15 caleulated from “hermoche=
nical data, while those for 55 end 56 are estimated on the basls
of similar reactionsy the velues ave probably reliable within
a few kllocalories, The radicals occurring im the chain

propégating steps are Bp and GZHhBr” and since the activation

energles for reaction 55 and 56 are quite similar thelr
concenbrations will be comparable, In view of this the most

1ikely chaineending step is reaction 573 the veaction Bp + Br

may be exeluded as requiring a third bedy, while the wreaction
Gzﬁkﬁf ¢ HLBP probably hes & considepably smaller frequeney

factor than has peaction 57, The scheme above corresponds o

pipateonder kinetics, as observed experimentally, and the rabe

expression i8

o Keplters |
g s |22 [¢,HBr] [62]
’ 1?5? 2 j
Chain propagetion nay also coour via the reacvions

58, B ¢ Cglighe —» HEp ¢ G

¢ o . 0N ¢ H IR, = 39,5 keal,)
2 Gy = Gy + B (Eg= 3905 koalels

Tne aehivation enepegy for veeebion 3 is well eatablished, bub
whot Por 58 is an estimate. It 18 to be secn that the sum of
she activeticn enepgles Por roactions 50 ond 3 is signiflicently

whas for weacticns 55 ond 56, and from this folloud

i
=2
o
[
©3
23
2
B
[y v
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that the part played by H and Oaﬁg~in the reastlon will not
be as imporient as that played by Br and nghBr’ Uhfortunately
the rate gquation when all six resotions are included, together
with all of the ehainwending'stéps qfwthe B type, 18 much
too complicated o be of any value§ _‘

~ 'The estivation energyvfov ghe reaction proceeding

via steps [1] to [4] is given by

By U * Bt i - fgy) Léz]
= 50 keals E

and this agrees wWith the experimental value, The activation
energy for veactions Sly, 58, 3 and 57 is a few kilocalories

lavger.

The Reactlon in the Presence of Nitria Oxide

We proposed in Chapter IV that nitric oxide can
abatroct hydrogen atems from orgenic compounds o form HNO and
an orgenic radleal, In the present case we suggest that there
15 ohstraction of a bromine atem with the formation of IrliG,

The mechaniom bo which ve ave led is therefore ag follouss

595 HO ¢ GpHighe - W0Bp Coll
60, HOBp = NO < Dp
&1, We 4+ Bp o~ OB
5 P 4 O HBr e HBp ¢ 0.5 5w
56 GfigBs HE: G,

g 1, A el ’ En Bed —P&
56, Sﬁﬁfj G&%& By
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The rate expression corresponding tn this mechanism is

1/2

Il Je i | o |
65960
Vo = &%L—kél " {OEHSBX*] fal]
The ratlo of the rates in the presence and absence of.nitria

oxide is therefore

9 f
v TR
ot | = 18]

This retio of rate congstants is related to the equillbrium

consbents for cevtain reactions, as followas

k
- m , még =
. _ k mmfo:! [GEHA Br]
30 «s'.@gﬁsaz» B0 + G Br Beo meuc oHgel . eq, [67]
NoBp = 10 + Br Eeo mou i {66}

kél INOBT] 2o

The patio of rates is therefore

v (E, iz 5] © THOIIC,Hghe]
= 1

Fhe vabe 18 thevefore the seme in the prescnce and ebicnce of

altrle ozxlde, in zpite of the fact that a conplebely diffepent

mechaniom is involved, Thic resuly 1s only obtalned when the

chad ineending obep involves inberaction between a pond ap

6al;

LA
§=>

% 1o not fowmd wilth the ethane é@@um@0m1u¢@ﬁﬁ fop

“mich o i zogombination ig belleved bo be predoainante
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The Influence of Weak Inhibitors

Thomasts result that cyclohexene, although normally
8 woaker inhibitor than nitric oxide, does somewhat inhibid
the ethyl bromide decomposition, requires thet a different

type of process is involved, Our explanation is that

eyclohexene 1s able to add on hydrogen atoms,

é
CH = CH CH, - C
/ A H H C/ \\GH
H + H.C C =
CHy- GH CH, - G,

gnd that et the temperatures involved the equilibrium lies well
over o bthe right, since the reaction is exothermic by about

35 keal, On the other hand the analogous reaction

o
CH = CH CHEp = CH
/ N\ — /- AN -
Br ¢ H,C CH = [0
H, =
Cﬂaw GHZ GJE CHg

15 much less exothermic (compave the activation energies for

veactions 56 and 3)rand the equilibriun ab the temperatubes of

she bromide docomposition probably lies over o the lefy, It is
shepofore posbulated thab cycleheirene effectively removed
hydrogen atoms bub nardly touches the bromine atoms. I
therofore vemoves theb paph of the peagtion thet procceds vie

[}

seactiong B, 50, 3 and 57, bui leaves wmbouched that paprt that

&

procecds vie.Sh, 55, 58 and 57,

) 2 enlnd Tnd & 2 T
Tn general the weaker on inhibisor the atwonger the

bend 1 511 Porn with hydvogen atoms, 80 thad weal

o
o)

o)
pes
[N
3
e
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inhibitors will greatiy reduce the concentration of the
hydrogen atoms, At lower temperatures the resulting radlcals
will not effectively bring about hydrogen atom abstractions,
so that they will not initlate chains by reactions analogous

to peaction 59, At higher temperatures, however, a8 aiacuaséd
in the previous Chapter, olefinic substances probably inhibib
by a mechenism that is simiiar to that with nitric oxide
inhibition; thus the propylene inhibitlon of the ethens
decompositions is believed to invelve & hydrogen aﬁom abstractlon
by an 8llyl radical,

Support for our explanatlon for the olefin: inhibitiona
of halides 1s that propylene does not inhibls the ﬁeeamgos;tlon
of ethyl chloride, which occurs at a higher temperature éham
that of cthyl bromide, and for which bromime atom ebstraction

by ellyl radicals probably ocecurss.

The main conclusicn which oen be drawn is ghat when

on erganlc decompositicn involves & e phaineending shep there
moy be no inhibition by nitrie oxide {and, ot suffielently

high temperauurad, by the clefins g) even though the veactlon 1n
the presenge of these gubstanced invelyes @ compWGLeiv gi flevent
nechonlen,

vnen obher types of chain-ending otep 0GCUR, howeve¥,

There will ve inhibliion. I 19 &i ”Qlu@m’lb that, &8 nobed by
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semenov (86), bromide decompositions thab are Tirsteorder ave
uninhibited by mitric oxide, while those thab are throeehalves
opder are inhibited, Some examples are shown in Table 10. The
data ave those of Maccoll ob al (87). Semenovis explanation is
that the threo-halves order reactions ere free radical process,
and the fiPSﬁQOfdﬂr peaction moleculap processes. It is not
denied that molesulsr mechanisms may play importent roles in
these peactions, but the preceding discussion has shown that
1ack of inhibition cannot be regerded as evidence for the

gbsence of chain reactionss
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Table 10

Sumary of Kinetle Data for Orpanic Halides

Order of Inhibitox
Compound uﬁxﬁgged Temperature employed Inhibition
GBHSBI' 1 300-380° Propylene - o
=G i B 3/2 300-360° Propylene Yos
MOaCBH?Br 1 | Propylene Ho
neG HoBr 32 370-4.20° Cyclohexene Yes
secmchﬂgﬂzﬁ 1 30003507 Propylene | Ho
Terte(, HoBy 1 230.280°  Cyclohexene  To
%m”@é@;ﬁ'im 1 220@276&, o Gyglahemne o
Gyc:@.@mGSHQBr 1 3@0-;3609 o Cyclohexene Yes
W Cyelo=C éﬁm Br 1 BGQ@:%S@? | Gycﬁs’.@haxena Vo
2 Bromo, 21~
%éﬂj%l;?é 1 210260° Gyclohezens Yoo
Gycicherene Yon

G H Gl 1 500° Propylene o
S




Claims %o Opiginal Research

1, A new type of epparatus capable of precording the time-
course of reaction was designed and builb,

2, The pyrolyeis of ethene was reinvestizated and i1t was
noted that there is e transition from flpsteorder %o
three=halves order at high temperatures and low pressurede

3, Theoretical consideration of the uinhibited reaction has
1ed to the conclusion that initiation occurs by a Second=
opder urimolecular processe

e " It hag been shown that the Kfichler end Theile mechanism i

consistent with the experimental fagts,

ik
s

5, A more detailed experimental study of the nitric oxide
inhibibed decomposition of ethane has been carried oub,
It was noted that an induction period was present in the
pongtiony the order of the initiel rates was three-halvesd
snder most conditionz, wherses the order at the inflection
points was first.

6, A mechanism of iphibition has been proposed whieh is
consistent with all the Imoun faets,

7. The decomposibion of propyleno was roatudled and the order
found o be three neives under all experimental conditiond,

8, A mechonicm i8 proposed for the decomposition of propyLent

vhich 18 congistent with 211 the knoun faectdo

&
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9, A generalized theory of inhibition is proposed which

can be used to explain the observed inhibition

phenomane.,

i
|
!
i
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