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The objective of the work presented in this thesis bat been to 
obtain data bearing upon th© meetamlsja of gas phase ijgrclrocarbon 
oxidations. 3uch reactions have received considerable attention for 
mwagr years and despite the vast aaount o~* information wfeioh lias been 
obtained, there is still disagreement upon scsae of the quite basic 
aspects. Before considering these <2iff®r©nees aod the reasons for 
it will bo eoiwesnieiit to xwi®w briefer the main features of 
oxidations •

Foaure of
of the ©sp^pisisntal observations ar© ooason to a great 

variety of aonial, subatituted and cyclic hydrooarbone* Of these tl*e 
f oHowing arcs ootioidered most relevant to the present investigation 
and to the disoustion of possible oadd&tioii proe@$8«s.

i) The oxidation of i^yclrocarboas in the gas pisase m& proofed 
either in an explosive manner or at a measurable rate, Tb& principal 
ooBditions detarmiaing whioh tg?pe of reaotion results are* tesrpemtwre, 
natiire of the surface of the containing vessel and the oonoentratlon of 
either one er both reaotants it, 2]*

il) Hien a lijfdroearoon is osddised under conditions such that a 
smooth, non~e2$»10.sive reaction oooura, a oliang© in pressure ears 
observed, if the ooiabustion is oarried out in a closed sjstaa. 
pressure/tiiae record «0ual^r shows an "induction'11 period (0) during which 
there is little or no pressure rise* At the end of this tfce rate of 
pressure change increases to a imxtemm and then fall« o^ again*

rate of pressure cliange (f>_^ } has been considered by**
workers to be the most significant sieasure of the rate of rmctlcm [5,4,5]. 
Sonie workers howwer dispute this for reasons whico win be cosiaidered 
later [o|«

ill) tirise rate of oxidation (p^^) does not always laorease 
with rising tec^erature ana in the region 500°C to 4QO°c



aitttnum raay often be observed in the relation of rate to temperature 
tS»&,7]. The two regions on either si&® of this range of anoimlous 
behaviour ar© usually designated a® "high* aad "low** teaperature radons, 
the kitties of osddation being held to differ in each case.

iv) At all teiaperatures, the rate of oxidation increases and the 
induction period doorcase* with -an increase in the initial pressure of 
eaofoustible material [4,8]. At "i&gh11 teaperaturea (>400°C) the rat© 
is also strongly dependant on oajfgen pressure [4], while at '•low*

.(IV

temperatures (OOO C) the rat© oan become indafMrtant of the concentration 
of one reaet&at under certain ooi^ditiona [8]*

v) Both tb® rate of reaction and the induction period are very 
sensitive to the ©tat® of tbe reaction vessel surface, ar«& also tlie 
surfaoe/voluiae ratio, the rate being aost efi^eoted in eaoli ease* 
Seemingly trivial ehaagee in the state of tiie surface can tmv® large and 
diifering; effects 9 wbil© an increase in the surface to voltis® ratio 
usually retards the reaction [4,0,9],

vi) 21ie length of the induction pesriod is mswally reduced by any 
of the following I*

Increase in the pressure of either reactant [8,10]
the addition of email amounts of peroxides [ill and aldc^yden [10,

11].
Increase of t0o^peraturet exoep't-' that over a certain range the 
opposite effect is sometimes found [10*12]*

vii) A large mnaber of ©ubstancea are produced during tue
of i^cLrocarbons* Carbon ocniooddo, carbon dAcaddo ami ^et©r ar® the
pr^scipal produota and all roach their aaidmam cono@ntratioas at the end 
of the reaction. Others however, such as peroxides and aldehydes reach 
a o&adsauai durins the period of rapid reaction and do not alsrasrs appear 
as end products [8]» These intermediates are most important in. the 
Nineties of the reaction,

viii) At moderate temperatures the combustion of hydttKsarboiti is 
often accoiapanied by ttcool f lasses 11 through tli® reaetion mixture. These 
are usually blue in colour, give moderate pressure increases and cause



very incomplete combustion, since several such flames can follow each 
other in sucessiou through the same inaction raixture [15]* Th& spectra 
of the cool f lasses from a number of different organic nolecules has 
been show* to be the same, and identified as that of forraalddbyde [iAj.

i&) In the normal paraffin series the rate of oxidation increases 
veiy rapidly with the length of the carbon chain, this increase being 
out of all proportion to the change in sise of the molecule, Branching 
the chain, however, leads to a narked decrease in the rate of ozidation 
[I5j. ? Ms is completely different from what hapj»@&s i» the pyrolysia 
Uf l^arooarbons, ^jere increase of olialn length or branching has very 
little effeot after butane [lS]«

x) vJhen a hydrogen ataa of a paraffin is substituted by another 
atom or gro^p, moat of the effects listed above are still apparent while 
tt» absolute rate is usually ehaaged eonsiderab.ly, espeolally if it is a 
!3jfdro0en from a ttetlgri group vtdoh has been replaood [5, 17, IS], It is 
also usually found that if a structural factor affects the euuctaun rate, 
it will also affect the imluction period in a oorrespoa&Sjis way*

When soae of the earlier oxidation theories were proposed, not all 
the ^sqjerimental facts listed above were known and several theories were 
put forward involving sosiewlmt eoj^>lex rearraa^essent and substitution 
reactions, these included, for the low teoperature reaction, the) 
b^droo^lation tiieory [i^»20] of r^one where the intervention of a^rgen 
atoms w&s required to degrade the i^rdrooarboii throush alcohols to 
tbenaal3y unstable s« diols and ^rcols* Lewis [2i] put forward a primary 

nation tlieory wl^rel^r imter was fona©«3. fx«oa the most active
n in the paraffin, leaving an olefin to be o&ldisw*d» Pope, Dykstra 

and Bdear [22] e- -:ted that the oaddatlon proceeded tiirou^h 
l i wore de radod to lower ones*

o » -^m 4 co + ILO «<s ig

» HCliO 4 ... •-:



These and other theories have beet* revie?*ed by Ottilia [23j ant Walah 
and are all ina&si&sible on the iprounds that thay require large scale
thermal decomposition or oosplex molecular reactions. With the 
aeoutaalation of aore data ami the formulation ox' chain reaction schemes, 
several fairly cotappeheasiv© theories were developed* Although it is 
'difficult to produce direct evidence that free radicals ta&e part la 
oxidation processes* the observed experimental facts ar© quite consistent 
nith tb«ir presence* It is known thai ehaia reactions ar© v«P5r ®ea«itivd# 
to surface oorj£iticai0f to the preseno® of oata3yst8 asad oftcm show induction 
periods* &U, ttaMI «m ms&a»$3& $emm% in JaBTdrooarbon ^oxiaatiom and it 
is now seissraU^ me$s|>ted that oocabustioa talssu place 1^ a ohain pi?o00ss, 
suoh as the slow branching staohaniaa of Sam^iov [ 2] * The main points 
at issue being bow the cliains are initiated, propagated and ended, 
According to the eomept of dei^eisarate Br®ioiiiiiu the reaction tnkis place 
l^y a fitraig^it eliaixi aeohaniaa to pra&ioe a oo^arati'roly stable 
intermediate uhich is occasionally oapable of starting fresh

If, as is possible, the rate of res©n©ratiGfi of the 
groator tiv*aa it© rate of destruction* then the nuatber of ohains

and the rate of reaction accelerate » The identity of thlo
in both hi^li aad low teaperature aode© oi' ocddation, has 

been the subject of oansMer&bl© <Hsous©loa end disa^sroeiaent* Although 
production of chain carriers could resist from pyrol^sls of

h^drooarhon* most workers acwr favour a direct bimoleoular reaction
of iQpdrooorboo and osysea as tho most prob-aSjIe Method of chain initiation* 
Blther peroxide© or aldel^dda are oonsiaered tlm most lil^r interwediatea
in the low temperature reaction and a few reaction scheme* based upon 
them will now be considered*

of
The k^1 iAtee&iediate in the low temperature mod® is asswaed to 

oe eitiier a <3ia3U;yl peroxide or a i^ydroperosdda, .:iw initiation 
reaction depends upon the follofdn^ steps t»



m + o^ •*
The radicals then react aa follows

H 4- 0 •* EDO
*5

-* /EOOI!-* iRQOR

3QQ 4- Mi •* relatively inactive products * (4)

Of the peroaddea produced lay stops (5) and (4) it is as«jmad that on» 

will be of prodoedaant iiatportanoe. This is dwisnated as RDOR, all 

otbei* 5,-oactioiis b«ia^ eoverod l^r step (4), , . .

Tbe active peroxide may docoapose in two vayttf

HOOE •* 2RO .*,....... (fl)

or xion^ehain .rdatioa

BOOR «* lesa aotiva produots , « « . « (G)

Th* radical HO is aammed to decompose to isive aldehyde and a lower 

alkyl rauioal

HO •* E* * 

H* may then react with aore SH or with Og

a* • Sti -» R • R'R . . . . . . . . (8)

Hf + O •» leos aotiv@ products * ... (9)

The whole scheme is simplified uy udin^ tiie coqperiinental fact 

that tlie rate doorcases very norkedly with dimlnisidn-; number of carbon 

atoae. flius it is inforrod that step (a) «U1 maintain the rate while 

the oontributiotl frora step (9) can be neglected and it siay be t reated 

as a ohaia breaking reaction* Assuming the reaction to bo of a statiotiary 

nature (d[x]/dt being equal to seros [x] being tl*e concentration of 

tiic various radical intormoOJLataa), Guilds and inshelwood obtained tiie 

following exoresulon for tl'ie masdmiK rate of reaction t*



are oonatanta

. .
h

• • [au],t00J are the
•a

initial pressures of
liydroearbon and oaygea

The remarkable structural effects vdth bra&Oi^d chain hydrocarbons 
are accounted for, in tbl« theory, by the relative stabilities of the 
labile peromdas, which affect the constants in the ctanooinator of the 
rate expression and so produce a magnified effect upon the rate* £hi»
is believed to occur through the electron repolliag powers of the oettiyl 
group, Tfliioli can stabilise th@ intermediate pero^ido and so reduce the 
ciiaia branching process* Support for this view is found in sose 
substituted hy&rooax&oos, i*eplaoing one l^dro^ien by olilorino in a raethyl 
group increases th© rate of oxidation [50]. It is i*urtaer demonstrated 
in the ethers [33*]* due to t;;c electron attractive properties of tiie 
-Oli ,,roup &id it is also found in the esters [32]*

oy also deduce that the reciprocal induction period (l/0) should 
vary in a linear aannor with l^drooarbon or ce^r^ii presauve* Both this 
and to© predicted rat© of reaction have been tested «sp«ri.M6atal2y with 
pentane and i-^acane [8], atid tlie results obtained were in support of the 
theory. The point of attack OB tto ^droc&rbon is believed to take place 
as far from a oeti^l group as possible,

Tim substitution o€ i^ydroperoaEide for aialkyl peroxide does not 
affeot the baaic postulates or the matliematioal devolops^eiit of tba theory.

3. , ?he ̂ jffi^r of Wa^gh ;[ 24 1
In mai^y ways tills theory is similar to that of Cullls and . inshelwood. 

Both postulate a perooddc as the intermediate, but there are several 
Oifferenem* In the low teap^vature region ".Valsh »u^oata tlmt deooisposition 
of tl"*e peroadde molecule is catalysed by slde^/des, wldch are known to



condense with l^rdrcperocdldea to give h^droay peroxides;

ROOH * iSCIiO •* 9QOC :

these are probably less stable than the normal perosdda and would
thus

SOOC1LOS •* HO * 0 . :«
-* liCIlD * Oil

producing the saae products as normal peroslto decomposition. It 
postulated that the ohenos to higjj temperature ^hanism oootirs 
inoreased, aoa»ohain» deoorapositicm of HOO radicals*

7h« ppopoaed point of attack on the carbon slseletcm is at a 
•tertiary earboa atony in pr©fer@n&0 to a secondary » &nd at a aeoondary 
in alight preference to & priaaitr* ^his is based on the work of Hioe [
for the relative probabilities of attack of alkyl rasiioals on 1°, S°» 
and 5 carbon atcoa* and is also supported by a^aae r@oent wo-rlc by CulHs 
[20], It should be borne in stod, however, that the most probabl© point 
oi* attack is not necessarij^r tfea on® which ̂ 3JL1 give rise to th© ooat 
rapid oliain branching, Although the hydrogen atoms most easily renewed 
frora a parafTln are the tertiary on®», it i» profeabl® that attack i^on 
the secondary carbon atoms produces branching chaine vrliich are of nuch 
greater sif^dficance in the development of the reaction than those 
produced from attack on tertiary carbon atoms.

Horrish
Horrish considers that the agent oC degenerate branoliing is an 

aldehyde and not a peroxide. Although there ia conflicting evidence 
on whether l^rdropcroiclcleB are pveaent in oxidation ayatema [5S,54], there 
is nc doubt that higher iMel^rdet ar© present and can act as branching 
intcrssediates [59,55,56]. A soh&sie fcr propane oxidation is a» follows [55]



OH **

,.,..ca0 ,CH0 * o0 •» <rzL.ciLj.cHD * OH
<u» 2 2 2 3 J

mi f'U . A <«* P '"'• *l/U,Wi- 4> Vrt ** v - •»D 5 a , w
CT.7 ft . ISW ^ f»W f«-T A IIiijfV •* .«Ul ^ V/I»«V«.Jk -T •-»

O O

takes place by reaction of the aldel^dc with osypwi to &y* 

i atoa which initiates two fresh chains.

m + o •» n * on
transition to Iii-^h t^3t>eratitro reaction is supposed to occur through 

an ol^bte forcing reaction tendia^ to replace the promotion of 
a. 'do and so brln£ias about tb* obocrved negative 
ooeCflcAent*

Oil

tlms reducing the chain brandling ^rom the ooddation of tho alteihydo, 
It is difficult to see how this can, in fact, take place sine© 

if a reaction, such as the initiating ona, 00.1 proceed by two routes ona 
having a greater t^sporature coe:''ficient than the other, them increasing 
ta«!»©rature will cause only a relative and not an absolute dteere&se in 
the reaction haviiig the lower activation energy, !?het tliis will prodac© 
a olmn^e in slopo in tho Xiiioar Arrlienius plot relatin.^ rate to temperature 
is tru© but it is difficult *o so© hot? it can give tho ziesative tetuperature 
depoadenoe oasenred.. To acidevo this either tlie active intersediate or 
one of its transient precursors aust b© abl© to under fio two different 
1^pes of reflation,

Tipper [37] and :Ud$e [38] have rwiwed various aspects of 
oxidation kinetics as well as these schema, wrdoh win be discussed in 
relation to ti*e preser*ii wor^ at a later stago.



A characteristic pheaaaenon of intermediate temperature 
oxidation is the appearance of the oool flakes taaationed ab<my they 
have bean noted in tb© oxidation of most tydrooarbons, including 
ethane [59] but eawludlns aethane and ethylene. Taxlous theori** 
have been put forward as to both tb© nature and the ^riodieitsr of 
cool flumes. Tlwr* is considerable support for tlie view that peroxides 
play aa iaportsirfc part in the laeo&nsisia [40,41,4S], Ths$- aeeonpoae 
explosive^ wii«n their partial prossur© oxeeeds a critical liiait [41], 
and it is found that the lainis^jKB pressure of parcsl&e© roq^iired to 
iiislao© a oool flam© in butane -os^rgea zaizturea la» in fact, the aaoe 
aa the critical liisit for es:^losiaKi of the poroziebes olans [43], SOM 
workera liomvor consider tiiat it is an al^el^/d0j not a pez^osside, vfelfth 
is built up ^ust befor© tbe ona«t- of oool flaiaaa [45]»

Peaae I as sucsestod [44] tr-at the recurrent nature of oool flanos 
i© oaua<ed l3sr tba se2f*ij«atins accoE^ai^ring the flaaa* bringing tbe 
^action rrdsrfcur® iiito th« rooioa of t©c^«apature ^»re th» rat© ©tarts 
to decrease. ^Jie roduoad rat® tb<m pomdts th« t«®jporat\ir@ to fall 
aad tlie itiol® jaroc03J5 to repeat itself* again.

Salnilcov coiiDidors [45] a horoOGcneous esxptnernal reaetiotx to 
bo r©spoBdibl0f

A -* I -» B

where the tasperature coefficient ctf the second stap ia sreator than 
that of the first* If the second step is highly eaEOthMiaal and 
self-lieating occurs, th& rate may iaci^aa© wit.il I is daplaated* Tb® 
t«^erattire then drops aM X can build ut) again for a repetition of the 
process.

Fraiife-iCaoenatBld. [4-6] ascribes the repetition to the reaction of 
one intersjediate with another. The following se^penco of reactions is 
supposed to ta&es place.



HI! * X * B + 2% 

X + Y *3 B +21

B

SH is a molecule of hydrocarbon, X is an intermediate formed 
autocatal^rtically from HI, Y is an interoe&iate forraad 
from X, and B represents final products.

The rates of Increase of the concentrations of X and Y ar© given

a£xj/dt * ^[anJW - k^UJ[Yj ..... (i)
..... (a)

of these ecguations show that the reaction process
periodically. If a small anount of X is formed in sorie vra^-, its 
oono^itration tdll iaerease in accord with equation (l). If a snail 
eeaoiatit oi* Y is also preMot* it will react with X to pro&ic® store Y. 
The autocata^ftio produetion of Y will eventually l©a^ to a decrease 
in the concentration of X. When [l] falls below a critical value of

[Yj will l?@gto to deoi*eas0 and a re|>etition of the cycle 
possible.

aaenetJildL considers that 1 is a peroodde and Y an
This tg?pe of sjsteia is in accord with the oadaatlon theory 

of Walsh [24,26] i^jo identifies Y with

Worfe
gystoms ixxresti^&ted in this thesis ar© a soides of

eyolopevoffias and os^gen ia a static system* mais^y at
500 0. Ccraparisoas ha^e ttee& zaade with Mie kinetios of sinilar

open chain paraffins a»& particular reference raa4a to the probloas of 
tlie rate-structure relationship and the rat®. ?h© actual paraffins 

for this purpose tiave been a series fs*om CQrolopropdne to



oyclooetane, eaaludlng cyolobutane but including various 
substituted oyolopeotaaes and cyolohaaeanes. The more detailed stusfcr 
of the l-lnotlcs and of the relevant Inhibition phenomena has been 
restricted to oyolopentane, n-peutane being usod to provide comparison 
with the open oliain paraffins.

Although considerable attention has been paid to the opon chain 
paraffins and allied coagwunds, there have been coa^arative^ few 
investigations into the behaviour of the cyoloparaffins, Burgoyae'and 
Silk [6] have essaiained laetJb^l ojolopentane, both in flow and static 
systems with a view to the eamniimtion of tlie products and conditions 
for oool and hot flaaea, l^hey also quote some references to earlier 
work with cycloparaffins [48t40,50] circa 1955, Some work on the 
oxidation in the liquid phase haft also been oarrled out [$i]« 1?ha 
reeent work, and that bearing moot upon this thesis f is that of 
and his coworkers [52,53] on the oxidations of cyclopropane and 
cyclopentano, This work will be referred to again In the discussion.
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The investigations to be described were carried out in a static
and the reactions studied by pressure change and by analysis.

©ppamtua used in this work was sinUa* in design to those 
used previous^ in this laboratory for the oxidation and jorrotysis of
l^^drooarbona* The essentials of the ^system are a reaction vessel 
heated in a furnace and connected to an evacuating system, a storage 
system for roactants and sono pressure moae-uring tovtoe* A a'-a^ram of 
the apparatus, which ms constructed of "Pyrex*1 glass, is shown in Fig.i.

The reaction vessels used were cylindrical in shape and connected 
to the main apparatus by a oo-asdal capillary stem at on© 0nd» Both 
silica, packed asad Uiip4d;:od» arid pyrooc vessels wore used, all of which 
were 10ca« lon$ by 6csu in diaueter, civin^ a volune of about 280 cc, 
and a svefaee/voluBiQ ratio of 0,85 era » l»wo silica vessels were packed 
with silica tubes to give surfaoe/Wtuue ration of 5,8 cm and 5,3 on . 
Sons of the ptyress vessels w«r® coated on the inside with a thick 
of salt, depo&itod from a atrong aqueous solution by li^ating and 
5S» silica vossels were connected to ftho sudn apparat-os through, an 
cone and socket Joint sea3.ed with ®3u«rd8 *W wax; the pyreac vessels 
were scaled on» All vessels wore cleaned before us®, or coating, 
boiling fufoing nitric acid ami then washed with distilled water.

Capillary tubing of 3ssa intemAl diameter was used in all 
connections oontix;aou© to the reaction %*ess©l aod tliese were &jade as 
sliort a® nan practicable to minimise the "dead spac©n . Tlie effective 
dead apac® at 250 C amounted to 2.5^ of t^e volume of the uqpaoifiwd and 
2»^- of tl'At of the pacloed vessel*

The furaa&it consisted of a vertical silica tub© about H ca in 
diameter wouutt wlt^ rosis"ia:;C9 wire aiid rod with current froa a "Variac11 
variabl© voltage transformer» cosineoted to tlie mains. The fm*?iac© was



pirt ©0103
-6-

05

*



I..1

£ 
*A A

rr

T

LT



•15-

lagged «X)& the top oovorod by an asbestos wool and board cap. 
Measurement of the vortical tejapsarature distribution in t&e fumao«f 
nith the reaction vessel in position, showed that the variations over 
the length of the vessel did not exceed ? 1,5°C at 3l£°C«

Teraperatur* oantawal was by a platinum reaistanae tawasaoiseter 
which was placed near the furnace vail and formed one ana of an &*C* 
bridge oirouit. As the teagxirature of tl>® pl&ttouai ooil, and 
it© resistance, f@ll "below the desired value a aoall s©r5.es resi.stano« 
was bj'-i^s©®d and the heatins current thareiby Inoreaaod, A variable 
raais'tanoe in the otlior am of th* bridge aUonad seleotion of the 
t«a^ratutH3 at wldoii the Bridge was in balano©, "M-.; ^ -"/io© eajld

•M ("^

k©ep t*w vassal tesijporature constant to -v 0»^ -*
vessel te^^ratures ^^^e oea^-arcd 'by means of a 

txiUR rlio^iwm thamooouplet the aheathid hot function 
of -. .. was placed against the side of the veosal wall, the cold 
junction beto& Jo^t in melting ice> The e«n«f • produced was measured 
with a "Sinalcy" potentiQsaelWP arid the teDs>erature could be read to
about 0,2 C* Tbej tbsrroocoupla waa ol>eoked against tlie freesin^- point
of pure antimaD£r (050*5 C) and at the steaaa point. Th© st^adard ceH 
in the j? . : " .^etor was also oh-c:. .. ' ; the lc-, ',ory

The apparatus ims evacx«vtod ijy a three stage oeroury dilfusion 
» looked by a rotary oil pump, allowing preeauree of tlie ordeae1 of 

iO an to be ' •!* TJiese were aeaaured on a theroooouple ^iige 
in the pulping line*

glass surfaces wiiioh OI^MS into o-ontaot 'With condensable 
zaeSc/ taps and •: ' \j xsear tbo reaction vessel or on the 

lotror gaUory^ and the afirsoBeters, were wound with ^iohrone wire and 
iiea-ced to about QO°C jy o@isf3K of the iOOv, D»C.t su;r;:-ly. "/here possible 
the tubes and taps were lagged «dth asbestos tape. It was foui^ tlmt 
ooodensstion occured at vapour pressures well below th® nondnal 
saturatloB pressure at a ^iven tes^erature. It is thought that this 
is due to tlie presence of tap grease* in which s<xso of ti:e reaotants



were soluble, and ta the capillary surfaces* A good safety aarGin vtft 
therefore aaintained*

" te tmre It: '. '- -'"'dY/ards Silicon© 
,.:..;, '-ajuua Grouse" * ..;? th© remainder either "Apieaon ^w or 

MBa»ard8 Soft Uijgh Vao«uia &re@a*su was used according to th© slue of 
the ground surfaces.

Pressures T/ero iieasured with a moromy aan<M0ter of 2 saa 
eapillar7 tubiti^# x*uad to 0,1 nn« Errors Introdwoed into the p 
resfllnss 'oy "^e heatiag of the Taano^etor wore aiO£;y.£$.Me* An all 
apoon @img9y avaaBOte? iras tiscd vbsn worteinr: with fr©@ l^o^pis, the apoon

ou cursor ; :•'• -t tiie pr©syia?g *^i «hl€di 'OOtald be
and Beastcred 021 a su .aiy Esessjmay vn«nqsaot<33?.

used as & mill point iaotru&oHt l>y balar*cia§ the outer ^itfret and 
tnesoel prcosiTCS* - pwo platinaa contacts, one on tise spooa said one 
fiaaed to the jacl»t> rere used as a switcli in aa eXeotxlo oireuit to 
SetorEsiB® th® null potot at ar^1 ps^smir©-. ITve ourrent uscxl was 2 to 
5 nillianperoB and- tlje gauge was sensitive to a prossm*© d
Of Ot5 Q8«

TAguid l^;dz*ooarl)O5ia was^e stored In a tube attached to a
it*, aiid li.;.uid additives in anall bulbs attaclied to tbe lar/e
f t' h cone aiid £.. .. . ... ..tr,, l,?ic^ vrore freed of

air bj? alterssate freezing, tha^iiig and puoqpin0« &as©ous 
and other gases ^ei*® stared in five litre globes attael^ed to th© upper 

and were admitted t. .. . h a drying tube ooataiiiine: piKisptoruft 
, a neoroury blow^ff ensaus^ijag a ponitive pressure so as to

prevent air Xea!:lng in throng the cylinder redaction valva. C-ondenaable 
gaaes ?^re frozen down and pusjped, aoi>-oond©isable s^aaea passed through 
a liquid air trap#

of th© b&narocaruoas uscfd in tills inveatif nation 
.d and s^ooe were e •' osised*



Cyclohexane, cycler ' »e, n- > net^yi oycloVioxana and 
cyolopentar.® rrer-o supplied *•?• T *H-*Mips Petr^*1 ^r* ^oqpany c: - • 

99 Hoi £ niini.. . .„ Trsc cycle.; : .:;.:;.;, Tdth ^^c- ^^ of the 
ic <erar*r ms candied out, c of 2sO ' 1 butane 

an is^rurity. This could not be renewed by fractionntion but tests 
shosred tlimt It did not a foot the kinetics of th* ^

.. .. was sirppliod by I.C.I. 
was fiupplled t^,* the British Osy^en CoopaHBr 

Zttvision). ;";- • '••:dds3, nitrocon cuid neon (spootrocoopically 
pure) were also „. . -d Ly 3.0tC» f c\.. ,..,.. . .. was . led 
"by I»C»I. as "Aroton11 .

ThQ " ' , and otlicr " :.is us©dt were c " " ..od froB B.B#H# 
and wore, wbsro ..bio, of £:. , .

l:«l- dtastl^l oyolou^oannc -^^ ar/nthesised by the !de 
ion of p«3^rlenc . 2hie vms fre<5d from sr^r o- and

-2* -1«5 hr. . ... ..:•> carried out at 200°C
170 atraospherea pressuj'O usinc a ro^mey !Tic!3cl catalyst, ^^wo reductions
••oh,!; " - : liouro were required to recU^co all th® ' ••'.>, "ass
•pectrorietric saatyfiia si'ioired only 0,0&/3 of u - .. orial after 
purification iTith ooncontrated sulphuric aoid.

1:555 trinot^l cycloliexone WMI prepared, by a aethod similar 
to the abase, fron raesilylene. The psr : . .. ' .ied 0«OS;. • unclianged 
nesi-tylene after purification.

Cycloheptaae wss prc^areci fi?or-i cvc'ir ' ur*one ^y reduction, as
•bore, to the alcohol, c . , Action to th© olof ivi, by distillation isith

aulphonic acid, aau. firally l^ydroeenation to th* 
, after purl. i it contained .only 0#05;^ of .

Cyclooctsne was obtained from Lif^ht and Co. cmd frota the
of oycloootatetraene* That supplied by Light cojitained 

15;r of bonsene and £, • of »«»« r .-/n subsltemoe, as shown lay o»«
but ^as uoed as such* The i^drogenation was carried

out at 150 ataospliercs and 100°G for 3 hours. The product was purified



with ccmoentrated sulphuric acdd and fc^ freezing an& thawing.
Ditertinry butyl peraadde* used ae aa initiator, i«as supplied

*oy Laporte Chemicals, and waa reOistilled flfoea used for rate 
deteminations.

The general procedure in carrying out a "run11 was as follows* 
reaction vessel living been evacuated, tlui d&oU^^ • ~ i-"- : .snt of I 

carbon waa admitted ffoo its storage roaervoir,. heatod in iiot water 
if necessary. Oaygon waa then adilM from its storaf|0 globe, t;>A 
pressxir@» aaasurcd arid a ©top watoli started, Aay siaall lioiaoig€BQ©ou» 
additions were added before ti» liydrooar'bon, a^xl inert |^s©s before 
tlie ocgrgcox* After tii@ induction period was over, pressure raadiu^B 
were ta^ieia at suitable intervals, froo osse joiaute to five cocomis

i^ upoa the rate of roaction* The nia2:io;aet3r was tapped
to prevent the oerouty sticking to tlae «3laGa» Meadin^s^ 

tal-^sn to 0*1 OH, were probai33^ accurate to * 0*3 nm# A ap/tiiae curve 
was cons true ted a&d tl^e mydaui alpfpe measured, l^rpioal curves are 
draim in Fi^« 2»

It is well knonn timt in o;d.dation reootimis, itere after a 
induction peri^od, tlae rate only accelerates alow3y to a !8axtzmira, t 
la often a large consumption of reactants before thie $a3d&um rate ia 
reaclied. -.Is raises the question of the validity of pressure 
ae a aeaeure of tlje absolute rate, wirloh 5.tself caai be defined as either 
the rate of rezaoval oT u-v«^« or of iiydroearban,* •.• .*-.,.-.. .i.iea 
r0»ulta will ;>e set out in a later section but soae of tLoae i 
a bearing em this problem will be considered now*

f̂ tie priaicip&l produet* are oarboa monoxide, carbon dioxide 
water, the pressure rise is due ;^ain2y to theae and all t:se other 
products are found in low conoentratiooa* during tlie period where the 
aaslnun rate prevails the Ap/&t aorves mid the rate of
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follow each otl.ier elooeify sod tha rate of * -xjarlxai
f 0H0?m that of the ajon, ?orth«raor« wry .little raaotant

is corisunad before the a: ' ...n rat© is . ~-cd ( asgut 3A- ii* 
thuo it is concluded that the pressure - . . oo do sive a &ood 
of the esefcent of the reaction suid all rates art? taken froa the) 
linear slopes of tiie Ap/at curves*

The induction period has been defined In oovoral
different workers. Some cliooso the tine to soae sssiall arbiteagr pressure 
." ^-rsaso, others the time to attain sose small arb5.tar:vr rat© of reaction, 
In this wosi: the tine tahan for a prossare ^iso of S*5 ao to occur* ha* 
been tolasn as a jasasure of the istestion period (^}, .In most oases 
the ris© to the aexiiaum rate ta!«ss plac© T^ry soon after this amount 
of preasojp* ehaag©, but in a few oases otter criteria hiwre bean taken 

;'id tliese irf.ll be mentioned as appropriate in the text*
For the ofcamrraaesrfc of Ions induction j:^r5,odB ( > ij &«>•)* asd 

rate aeasu^anGnts w®?e not r0<jalrs.I, the all glass
so tl^rt a uosmjr© iac~*tmse to theac

vessel of D ssn closed th& platliius contacts and so operated a
circuit stopping a-*, elootria cl^'r. BIT tlds met,b.od Tm^v long induction

periods could "b© sieasured with ease, 'Jhe 0 nsa pro&aure s^iffereaoo,
of 2*S aa» w&3 necessary to pr^went small fluotuations in the 
rio pr®03wz»e actuating the {pooge mid nullifying tl-» results, 

l-ass speotrooetric ana3c-3-os trere carried out using a 
,aa^Vic!:er» !!»3«2« aass ppactr --t» tjy oovceitionol 

quantity of naor* « ebcut 91 "' « was adt5®4 a® a reference 
.:"-.:•«•• quantitative .-"eacurQiaonts ( «*^a amount 3id riot affect the kinetics 
of tli© reactions ), If the ppendxins oi' {^sos before reaction was not 
poasible9 neon was n&aitied to tit© vessol first*. ?his r/as don© to

• "• -nate loss of aeon in tho reaction vessel due to its 
in the dood space. ?ho noss epectrosaeter was calibrated 

soxplea of the reoctanta asd prcduota on the ©ui.iu ue^r aa the 
vre^e oa.,*ried cut in order to elioiaato errors due to



Details of the- chasioal analyse* p*rf»«aed will be given i 
t&e next aectioii but some asntion oi"1 the aanpling ae wiH be 
made now. Staples \v©re tab*au rrow the reaction vessel, by sharing into 
ail e. >2y one litre $B8 pi • exact volune of which was 
found by fillinr. it viith water and v; ..;.'.,... ..:. The voluswa of the reaction 
vessel ? duwii . . ~~^- e-o-. wux-i*,., i,uibe» were then calculated lay sharing 
a I :iass oi1 s&s i)cfc.;oon tliesp. S^M! the p£, . ^ at different temperature 
I'l.w ->^oui:t of rfiactont in ti-^e pipette could thert be eaqpreo^od ir^ terms 
of on :^ pr- .... ,.x; in tlie reaction v, . " at u«a teapex'ature of tbft

'.3 oaC. -io*i was or^ea^ed by . 'oal ect3.nation of 
pressures of foinaaLde^Uii in tbe reaction vessel. A difference 

of 5t'a isfas f ourid between the s^thod0, ti*c o, . •= .^1 eatlnmtioa a©iag 
p. -. G-as samples in tlw pi • were t ,illed wa-fcer 
ar^ aliquot portions analysed,

•jJI • - U'GsatQgWjpiay apparatus oa (.si :..-.• - ;: a. 150 cm oolxaan 
of U sli^.'e> 3 -n intenial diameter and paokoti v,lta di-nonyl-phtlialate

^

on. 2ceiaulguhr9 the' wl^ole lieatod to «30"C by on air b&tla. The detector ̂
o of ti«c thermal coo--"- ' "vity Oypc, v*a» also l:oot at (30 C. 'Obe out of

e voltu^e in t! . . cs circuit of* tiie detector was loatAured on
a W3unviow recorder, 1-JitrobO*: '«^aa used as tho elutiag €»® At a

-1 
rate of ;2Q <ftl idn . rlie sensitivity of tho :.'€H5ord©r could be
to allow lar^e peaka to "be aoai. . „ .o sample to ^e
pus^>©d i'rcui tl*e reaction vessel turou£*h a U-trap cooled in liquid air
to condtt'j&e aost of the products, this trap could ti^n be fitted to the
inlet aids of tiio colusn aim its contents disttll*3d on by heating it 
with imrra water* Saaples oouM be collected as deaired in a t^rap cooled 
witii 1: air at eitlier of -vwo outlet- tubes froa the coluon. "'^oh
peak: ic. . . • -i vras acco ^ ;1 by this i!!ea^8. the ira.vldual peak 
effluents •z&jj.i^ c^.u^'^eu uu ttas Eiass apeciJ/'-u.^e-uj^ q;-;cu,»uawiv^r » ^145 
& of &ny substance "'u a siirture was ./ound to be proportixmal to 
the area iiader <?-.b<5 ourve dravm by t!« recorder. The proportionality



Constanta (or sensitivities) of sooe products and intermediates mre
detensilnad by a nmabor of calibration experiments. !£hes« sensitivities 

given in TKbl* 1« Shaur correspond to the area drawn under the curve
on the x& (msirausi) sensitivity seal© for a paper speed of 8 aa sdn" ,

peak directions refer to a positive or negative clef lection on the 
recorder and depend on whether the thonttl conductivity of tlie compounds 
Is greater (fs$gativ* d^fl@otlon) ««» 1®«« (poeltiv« &efl©otion) than 
that of the ©luting -oitrogen at tbd toq|»ertttum of the detector, 
tb« oalibratiou corvos for tb» materials used w«re Haear

In the following, section the figuros and tables are plaoed where 
are first mentioned, Tables iro® ̂ tdoh the gropha hwr» be^nt 

ooastruoted ar® grouped together in &g®mft£2!L 4 at the end of tills thesis # 
for th* aoks 'Of clarity not all the Qzperiner.tal point o haire been 
plotted on ovary ST&p&f all tte «peri»ntal ̂ iata hop©?vor oaa be found 
In the fables in the Appendix..

'Where a group of esperiiaents has been carried out at a gltwi 
aonSml pressure the aotual presoiir© taaj depart a few percent from this. 
In the fables In Ap-poiuiiz 4 tba true values are giver,.

All pressures have been ©greased as MI % aad th* induction 
period times In minutes and seconds.
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Colxuan is pas&ed with di- - - .late en laoie-. ?, 150 GSJ
and derfceeiox* temperature 00°C. '.'ttrooen fl-osr rate 20 ml aln 

Sonsitivi-.,^ V^CBPB to pressure in g... ..*-oct^uii v'^^scl at 250•ns^Q-,
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Hesults

CinetJcs,

It was first considered desirable that sono cossparison should 

be oade between n-pentane ar*d cyclopentane. 1'bosy are both Epical 

aea&ers of their homologous series and both have already been investigated 

[ 8,5,3], altliou^i under conditions different from those used here* A 

oospariaen would show not only liow far results oould be retarded as

, but also whether the apparatus and teoh&ique used gave roault*

vritli those of otlier worlaers, It is unfortunate that in 

oxidation reactions results os^/ vary froa apijaratus to apparatus and 

fn» worker to worker, even though the sase aysteaa are being 

Two reaction parameters wte* gj0asur©d tiirou^Keut this work, the 

period (0) arid the tsajdbiuai rate (p )• A, oonireniaiit teaperature to
*^ r f3&3£

ootapare the two paraffins was found to "be 350 C ( the effect of tenjperature 

as a variable will be considered later) and both ^^drooarbon and oxygen 

pressures were varied widely. The effect of this upon aaxisum rate 

and induotion poriod is shosm in figs. 5,^,5fa;ul 6« In fact reciprocal 

induction period (1/0) i» plotted sinsoe this seems to bear a linear 

relationship to reaotant pressure, For the sai-e of olarity not all 

the caperlattital points have l»een plotted on the graphs but aH tiio 

results are given in the tables in Appendix A«

In soae oases, where the induction periods were very Ions* a few 

sdlllsietres of ditertiar^r butylperood.d© were added as an initiator* 

Since at t;;e tes^rattire of the experiritent the pero3d.dc diooo'-iposes very 

rai^id^" (half life is 0,8 seo at 350°G) it was necessary to add it with 

the 03$rse^ to the reaction vessel, '--.lie lower gallery was u*ed for 

this purpose as a ^as pipette, being filled with peroxide vapour at 

rooo temperature, The o^;c>en was then admitted tiirou^i the lower 

gallery sweeping &m peroKid© into the reaction vessel. In this wagr 

8 m of peroadde could be addc-sd, wldoh was suff ieient to reoove tlie
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induction period but left the rate unaffected. The probable reasons 
for the action of peroxide as an initiator will be discussed later.

As can bo seen from figs* 5 and 5, n- and G&'OlopozitaB* show
great sicdlarity in their general kinetics. 'Direct oissparison of rates 
between n~ and eyclopentane is complicated by the divers© siiapes of 
the curves relating rate to pressure* It is apparent, however, that 
under aa^ pressure conditions in the experijaental ran^e cyolopentane is 
more easily oaldlsed than n~pentane* If comparison is taade from fig, 5 
on tlie slopes of the linear portions of curves for an initial oay^en 
pressure of H0 can, then tfe© eyelopentane is oxidised 2.5 times as 
easily as the r*~pentane* It ^111 "be noticed that there appears to be 
a Halting pressure of either 1-^drooerbon or ooc^^en above whloh 
increase in the pressure of the other reactant causes a rapid rise in 
rate, often to esplosioti* Below this critical pressure the rate attains 
a limiting value «itli increase ©itl:*er in oo^/^sn or i^drooarbon. Tims 
under certain conditions the rate "becoEses independent of tho concentration 
of one reactant. Tliio cl'iange Is p*adual and it is evident that, under 
the right conditions of initial reactant pressure, the rate would lie 
linearl** proportional to the concentration of on© reactant over a wide 
pressure range « ^his i^ype of belmviours as will be seea in the next 
section, Ims been observed with several l^drooarbons f the possible 
reasons for it will 1>e disousaed later. f?hes© kinetic relations are 
somewhat different from those reported t*y other workers on n»pentane [8],

It can be seen from Figs. 4 and 8 that the reciprocal induction 
period is linearly proportional to the pressure of hydrocarbon or 
oa$r£;en, Cyclopeatszie has a longer Induction period than n*»pentane under 
all conditions and ooraparlson of the curves in Fig. 4 shovr t!io ratio to 
be about 2#6. Heproduoibili'^ of the induction period was not as ;ood



a* that of tfc* nffp^m*" rate rjrobably on account of incidental variations
in ti'ie surface of the i-eoo-uxon vessel.

A few rexaarlts on this variation $e©a to bo in place and though 
thay apply to all tba preset work they will not bo repeated for every

Systematic oZiaxi^os in surface iriull be cewslclered later 'but day
to day variations and seeodn^fy trivial iaxidoata have a profound 
effect upon the induction period and often upon ^0 rat©,

Prolonged pitt^'iag betnoon ruiis (> 1 boor) was usually followed
in the xiaat run Igr an abaoroally losog iuslactlcm period, altaausa tb® 
rat© ahofred little change • Coiwsr8©3y» ina^quate puia^iac r«mio©d the 
indue tiori poriod and also tended to raise the rate* It was found that 
pusagpizjg for 15 to 20 , Qia was usually required to obtain fairly 
reproducible results* TjataAa& the vessel or-emi^at had little effeet 
cither oa the rato or on the induction period, 'but after the vessel 
loft staaflir^; for longer periods (48 hour* or longer) several runs 
required before the rat© and induction, period attained constant values, 
This was also true for a freshly cleaned vessel uhor© ea^loaions usually

under the saise conditions tisat save a smooth reactitm in an 
11 vessel* A nusa>®p of ecqplos&on* ms.1® usually carriad -out 

intentionally in a nov vessel ©o as to age it, this effect and 
are eomnnly found in v;or^ on o&idat

eaqplanation of those rathor peculiar variatioiig of surface 
activity is act at all obvious but it js^ be that *ondcr noi^ml ooi^itions 
tbetre is a thin fila of carbon or son^ other nonvolatile material on 

vessel surface wtiicb tends to adsorb intertjediates or ja«5duots* It 
soeia tbat tliis a&scrbed layer sovernn, to oosie extont, the length 

of the induction per-: .odf since roaovol by p'asspin^ lengthens th» induction 
poi'aod, presumably because t£ tlie roiaoval of r»tne r^ccessary intercalate 
or olmin initiatiag a^ont. ?he d:-^loslon of foot -with a clean surface 
is possibly Sue to the j\«joval of a chain brealdas action of the 
postulated non-volatile filn,



of the. C.

There is aoac previous work [8] on the 0osai>arison of a series 
of n-paraffins and the remartcabl© effeot of chain length «Dd structure 
upon the rate. It was found timt inoreasins the length of the oartxx* 
chain greatly increased the rate and that branching the chain had th* 
opposite ei'fect* Experiments -v^er® oarried cot to detsrsiine ^hetlier or 
not the sasi© pbmooeaa oooured in the eyclopsraffina on inereasin^ 
ring sis« and oa oetijyl substitution. Tlie paraffins Inveotl^ted

a©thyl oyolopentane^ It It 3 trlraethyl 
methyl OQrolohetxanef H4 dloetbyl 

Ii3t5 tr&tethyl oyeloho9eane v «yololuiptfla0 and oyoloootano.
the 0so^>tiOfi of oyolO|iropanc y all the parafflna listed 

were eocosilned at 250 C and ooaparison laade at on© fixed osi^i^n 
pressure, C^olopropane was oaeatained at 285 C and t&m rate csxtrspolated 
on an Arrhex&u» plot down to 200 C, l-ids gives an activation energy
of 55*6 Koala/BOle* The Idnetioft of qyolopentane have already 
neatlonedj two other paroffl&a ®er© examined in a sicdlar sanner» 
Ills 3 trlHiethyl oyolopentano aad oyolol^eptane (tii© latter at two

, 350°c; for oooparlaon with the other paraffins and 345°C for more
The remaining hydrooarbons were eaeaolned sore

briefly by saeas^rlng the rates and induction periods at one tooEpe 
and vai^dji^ the l^drooarbon pressure vhilo ke-eplag the ooorgon oonstant 
at 110 on. ?lg* 7 shows the s^dssoia rate® of oxidation as a function 
of hydrocarbon pressure for a series of paraffins. In the oourae of the- 
iave®ti£;atlo5RS two sets of dsfta were obtained for oyolopmitane- and 
iset^yl oyolohexane *.?ldoli dli^or^d sli^i-tly as a result of some surface 
effaet of the vessel. Tha aost recast data Cor oethyl ovolo:*QGane hav» 
ueen usod tij-^Tugliout this -ciaesis aad Ui6 oyol^eoitane results kept 
separate. On© set is consistent with md «m& obtained at the mm tioo 
as tiie data on Figs. 5 t4.,5 and 8f the other for 'fi^s, ? and 8» no
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.Kear to j'ifi,. 7

a. - cyclopropane 

b» -

e* - oyelqpoataa*

d* -

©. - I? li 5 triaetborl

f * -

h. - Is 4 dlaetbyl
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cl ' ; :-aa aeon attached to these differences* The in&ietion 
periods corresponding to l>he rates la :?lg» 7 are plotted in Fig, 8, . 
the cyclopropane x-ates, iseasurad and extrapolated, are ^ven in Figs* 
9 and 10. Cyclooctaae &xv® very erratic results, Fig. 11, and on3y a 
rough value could be obtained for the rate. In some oases the Ap/tiae 
curves shewed a •P'M'P decrease in pressure at the begining of the reaction 
before the usual pressure rise took place, *9hen this occurred the rate 
wae taken from the jaasctsfcm slope of the curve after tho pressure had 
be<jun to rise, the oarlier part being ignored* It is believed that 
this pressure drop is eaa&ed by the formation of intermediates. (It is 
not due to condensation of the oyoloootane in the dead space*) Mass 
speotrosotric ana3#ai0 showed that the rate of CO forraation was llnearty

to tlie pressure oliange , and so^l^r analogy with the other 
^ tlw rat© of pressure rise is a ̂ ood Eieasure of tlse rate 

of reaction.
In order to ooa^paro the rates of reaction the following procedure 

used. It will be noticed from Fig« ? tlmt, with the «350«?ptian of
siost of tho ®Kp©rimental rate^prassure ourvas sjre linear. 

.'..o relative ratoa of !n<jndrooarbon oxidation iiave b$en talsen from the 
ratio of tlie slopes of these linear potions. In the case of cyclopropane 
a direct rate comparison with oyclopentaae «M saade at 500 m iaitial
presauro and the rates at several temperatures extrapolated to 350°C as 
shown in ?ig« 2X>. In the case of eycloheptane there is no linear 
portion to the rate-pressure curve, and la order to obtain a msnerioal 
comparison the JSgjpBRgysi Pf, .^PteiP^j^ ** which eacli paraffin studied 
tended to c&plosion (110 m osy^si) w«r© tabulated. It was found that 
tho ratios of tlie /^eoiprocals of these liaitiag prescuros were in good 
agreesjeait with those obtained by o^oparisoii of the rates, I'hese ratios, 
related to oycloliaxana as unity, are set out in Table 2, It can be 
seen that wlicro th@r® is a vei^ long linear section to the rate-^ressure 
curve tlio correlation is good. It is not quite 00 socd in the oases 
vhero thoro is otilc? a sbovt linear section. '.JUe comparison is, however,
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'tettea...a£qt .Idmtl^-; pressures for a aeries of i£?

Slope MJvisted Hn&ting (L^) l/i^ M justed 
Slope

& &. Jfc jl *£#*A A f¥"M Q fl M£«#* M.% WNMV V*iA/AM V/»M

3.0 O.S 250 0*004 0*0

ItliS triiaet^l 4,8 0,0 t90 0,0053 0.8

S ^ *i A ^tAA Us ftflfr^ 4 AA^L -at. A*J J-'.^Jl J \J jbunjrwMjJ ^L^\^W«P^- ii^^ 7^^ ^»t^^^^ '^^ ff i^-*f'^'-*w ^HW *ir

11*0 1»S 73 0,014 2,3

It4 di^etl^l 15,0 3.5 S4 0»0l^ 3»0

Ii3*3 "fcrlnotlisrl. 15.0 2.S 90 0*OS 3.2

0.0^ 0.4



^ to ta-'^ the cycle -le rate . . .. j3 froa the 
limiting pressure data in cosrpiling & rate seriee* 2te results are 
inevitably crude because of tl:to aoounptions and the diversity act' the 
rate«»pre»surQ curves "but the effects are so largo te^t there can be 
no doubt as to the general trend, which proves to be the aa^e as in 
the n-»paraffin series and is given in Table 5«

'j^jese two parai*f;Lns wor^e escasljied in a slidlar Lianaer to c^' 
n-pontane in the previouis section, cyoloheptane at 3^6 G

etl^rl «orol^p4Mxtamo at 250°C. Ctei^" sufficient 
1ms been oollected to show the 0ma«ral sl'sape of the curves 

and no attenpt at asi a2d'iauati<9pc in-yestigation '^as aade* It is only 
intended to show that differing oor4itions of reactant presaurea can 
bare a profound effect upon the sliay>e of the rate-pressure ourve0» 
These are set out in 7igs» 12, 43, &£ and 13. (^rclohe^twe allowed ao 
induction period and as with oyelooctane tliere wa& an initial pressure 
decrease of 3 to 4 on. The rate 7/as takan from the slope c^ tl>© 
Ap/ti«e oorv^s in the aaae way as that for pyolooctin»» '1'he reciprocal 
indactioo period of I«ls5 tri^iethyl ac/olopentaae for m ac^'.;:,-en pressure 
of HD a® is shorm in !?ig. 16 and ia of tho usual foria,

It can be aeen tlmt both cjoloheptaae aM Is is 5 triiaet^l 
oyolOj>entane show the saiie ^c ,,:^il kinetics as ojfclo and n-p^ntane, "i-^th 
oyoloheptane tiicre ia on3^r a 10 osi ranee of b^droearbon pressure in 
which the behaviour witli inoftKise of o^^en pressure changes over froa 
tlie- attainment of a lisadtias rate to «xplcaion« !Phia typo of belmviour 
is probably fiwswd for all the iiic-her paraffsjao if the rlefct o^onditlons 
of twqpOTvtn:--* atid pressure can be found. ?he Oisdujolon wbstbar the 

*»ate and rise to ossploaica are kLnetical3y siisnifiOHant or not 
be do- erred,



Table

Ad/ra^ted to S50°0 wlw© r

c^rolopentan© 0.4 

1.00

no acourato imluo but bcrbcroeia 0,5 and 0»S

0*10

:

Is 4
cgrolO

Ii5t3

0*5

1.8

2.5

3,6

xtraolated fms
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y.Teo.t. of .in

The effect of changes in the surface to volina© ratio 
with oyolopeatane at 250^, In addition to the aonaal silica 

vessel two vessels of the same disansions, but packed with silica 
tubes to Give A.G and 8.5 fold increases in the stirfao© to volume rati 
ware used. The induction periods *are little affected by the packing* 
In the case of the vessel with the 4*6 ratio there sas ao d 
vltli tlw otiico? <sil^r a small increase. In both cases about ten runs 
were required to obtain oonalatoait results frco a ^oleuii1* vessel, 
ftverai^e of ten expeidsonts ts set out below in Table 4, for 550 an 

' oyolopentano mid 110 m oasycon, The results for the tmpacl^ed vessel 
are talaen fropi the curve in S^ig» 4. The figures for one vessel show 
«osh less scatter feasa those for the other, the standard deviations

5.8 And 0*15. If^as is just possible,the fall in reprodocibility 
is oortRfioted with the pocldug, it may ea^lain wl^ sonag wor?sers im 
reported hi@h3y erratic results for pegged vessel work in similar 
systems [8], since they eay have used wwh higher suri*aoe to 
ratios*

.4.,.

cyclopentane 350
110

rtcrx-, ojenj250 C Silic

4.6 fold 

6.3 fold

deylation

5.8

inq^oti on 
(cdn)
6

6

12

and

effect of paoidlng on tiie rate, with varying 

proas-jres, Is set cr:t in ^s f 1? anct 18. It can be seen
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Ued Hoe - iir^aotei 

O - '!••*$ fold

-0.5 fold increase

pr«ms«re - 300 siza in all vessels.
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^n^ ; • • -it." allows lauch ]d;i^r ratai- to bo obtained without eagplosion, 
or an explosion cay be replace oy a Haitii^ rate, ?ho roooon 
tiie curvos croes uear tbo oi*i^-in pi :^ Hos in the long tem 
variation in results. It is found that «xperlaeats conducted 
th© course of a few c^ya cu'c u»soal2^ consistent aaong thataselves but 
that anotbor Blijhtly •OiTfeitmt yet self eonaistont aet may be obtained 
at a later date. " r ,-.; priaoipal effects of packing are, howmrer, saich 
too large tu je u^aet ">- such variations, and no si^jnificance haa been 
paid to t;je croaoii\; of the



The effect of a number of ixxaograeons additions has been 
investigated. These su^jr be divided ro • - into thro® groups, those 
which eight be expected on chemical grounds to accelerate the reaction, 
tiiose which for analogous jmsoas oight retard it, and clmdeaHy 
indtf foreot @aseo which sdsiht have 0ooe plt/sioal effect upon ilie kinetics* 
f£h* amounts of additive wre usually/ saall, <s«$@pt far the isert 
and ^ere adiaitted to the reaction v©ss©l b^ore tfc* t^drocar^csu 

has been paid to the effeot of such aadltion© upon the 
tt period than upon tlse rate.

was produood l3j ^antlo vmuing of panaf orr
in an 6'vt»wuated tiihe oosmeoted to tbe apparatus* !*o attoctpt was ?r,iade 
at storage, o^; stiff ioient being propamd for the nm iii progreaa. Its
effect on irarioua fcjrdrocarban-. vdll b© dasortbed.

Uwore canriod out at S65C tdth a mixture of SOO ism 
oyclopropone arid 110 E® aesr^on, and at 2@0°C with 2&Q as
or 110 £2n c^lohaam and 3UL0 ssa

i'ba effect of tli© additions <m tlie ii^duotioji period is set out 
in Fls» 10 and on the rate la fable 5,

As oaa be seen, f oraugtiety&e tes di^ors^ effeeta upoa thA 
Induotinr. period, £here is a email reduotion In the case of 
a redaction and tUon aa Increase with qrclopc'opanie sxid 330 effect vith 
CQrolobesano. Tbar^ are reports In t;he lit©r^tui*e on the Tiytyias effects 
of form? .' 'oh seeas to be able to either accelerate or to 
retard the .\;.-,-.-,:-v. : in - . •.. lont iystetaj [3,5& 9 5G]» The 
rate often* raai*eoted by addition of forna!4i»b^e but the 
osid ciyalc' ..a rates are reduced by the addition to a constant value 
slightly belw tho rs^.'.rinal.

In dost oi' -u.ioaa e;: .. -o:^s iSdt^i auctions, t:.;o initial
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4- of

n£ Tftriouff hn?id!rooni*bQis§

foraaldabgnle
added (raia)

cyclopropane 300 EKJ nil
•UMii-m — - — . — - «f tt f\ --. - — - X&AMfli.ojgrgen 110 em 0 A 0 <s»u
38S°C 3,7

6*9
9.1

12.0
15.4
17.5
10.0
22,5
24.9

cyclopontane 250 nm nil__j «i
axftfyaai 110 EEJ 7^:0 ^.4
250 C 8.4

6.4
11.6
16.9
21 .8
55,2
42,0

e^olohdxane 110 SHB nil
«qST£jm 110 OT ^" nil
25013 6.0

11*9
31.0
31.2
3B.5

induction period m»
($) (lains.saca) ( n

87.50 
77
20 
17,50
25.50
29
57.50
57.50
4-7
57
55
43

12.50
14.50

Q ^
ts .lAs

U.50
9.15
8.0
7.50
8.0
7,46
7.15

11.50
15.15
11.40
12.45
13.50
12,50
13,15
10,50

Inun rat« o
SB

m ain* )

U.O
11.8

r^t tUtu,5 
6.4
8fO
7.4

•*'* tflu.5
0.5
6.0
7.5
6,0
-

15.8
12.5
•4 ("* Jllt>. 4 
15.1
15.0
15.0
13,8

«•
12.4
15.0

u,a
n.9
12.0
9,0
9.9
9,9
9.8

10.1



Ijydrooarfooa and o^gen pressures have, -when possible, been 00 chosen 
that the Induction periods have been Ions* In thl» wtt& saall changes 
are «oro easily seen tiian when the induction periods are short ,

Acetaldol^rde was freed from dissolved air by f reeeftog in solid 
CCL and puapina, refreeging and ptuapin^. Its effects upon th* 
oxidation of cyclopropane, cyclopentsne, n~pentan© and cyclohexane 
were studied. For the introduction of small amounts, the aoetaldeljyde 
was preraiased «ith nitrogen to a known composition and admitted to the 
ireasel first. For larger amounts no prenjbdng was carried out and 
the aoetaldelsydo added as such, ?he results are sot oat in Fig» 20 and 
in Tables 6 and 7* 'he oxidation of the acetaldei\vdo alone did not 
contribute signifioantly to the pressure oiiange, since the aa^dlflUffl rise 
and fall observed was only + 2 and - 3 nra with 11 ran of acetaldc!$Tde 
and 110 ESS of o^gen# The usual total pressure ol^an^e for the 

liydrocarbon oxidations being about 25 to 40 onu
It oat: be seen tisat aoetaldeli^de accelerates the rate? very 

ctarkedly, e^ccept in the case of cyclopropane, wher* aoall amounts lower 
the rate and cool flakes do not appear until large quantities of aldeh 
aj^e added. Althou^b, there appears to be little effect with n~pentane, 
as seen in Fig. 20, examination of Table 7 will alx>w that when conditions 
are adjusted so that the Induction period become© long* a -larked effect 
is observed. The effect upon the rate is even more marked and aaderate 
pressures of aoetaldehyde so raise the rate that in acxae cases cool 
flames or explosions result. Again o-pentane is an exception in that 
the rate is not so ouch affected, althou^ it doos increase by a factor 
of two or three,

Propionalciel^de was treated in the sarae way as aoetaldei^ae, 
Xta ei'feots upon the oxidation of cycle; ••.:-i0 t oyelopentane and
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6

Sffect QoataJd •? - de u on the r t o"> -••oio.i'1-r

of various kvdmwaoiui

acctaldeb
added (s®

cyclopropane 500 ws& nil
«*.rr.,~ llrt «. °*5*CBC^jkcai JLJ.U Ent ,A -*

«/W 0.6*

318 C - 1.5*
5,0s*
6*0*

15.0

cyolop<&m'ts&© 230 saa oil
1 0* 

oxygen 110 sua **^
2SO°C slo

5.0*
4,0*

10.4

oyclolie:^a:is 110 mm nil
tx}c/tj0n no ess w KO'.o
2SO G 4.9

12.2
23,9

yd® Induction period
) (&) (•IM.MOS)

80
14 •

ol40
< 0,30
< 0.50
< ©.30

11.50
8.0

elo
6.0
4r,SO
5,45 ^ 

1

11*50
7.40

4eO

1,SO
0*50

rat©
(as tain }

C>.2 
6.2no

oool flaaes

12.3
15.0 
16.5 
34.0 
IS .4 
18.0 
fast and 
to

15,0
16.^

in
msrk^d 

tozt*
w»p« diluted with nitrogen aa
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Tftbla .7

-:\ the rate of osddatiaa and 1 lod

of

SOD
110 ram

added (ma)
id!
nil
O.S*

£.0*
5.5 

11.0

®idod

23.50
22.0
16.30
10,10
14.50
12.0
7.45

rate
(sdns.saos) (BB» Bin" )

1*6 
1*9

,

n^pentaisa 300
oxygen ,HO
250°C

•ail 
5.2

10.4

3*0
2*10
1.50

6.5^
8.1

11.3-

SO
110

ail
1.4*
2.8* 
5.5

u.o

19.0

7.15
4.50

0.9
«*»

1.6
2*0

AMitions rmrlsed * were diluted with rdtrogan as explained 
in the



were studied and are set out in Fig. 21 «nd in Table 8* 
results follow those of added iaoetalddi^e very olosel^

The effect of benaaldebyde upon th© oxidation of cyclopropane
studied, '2be results run parallel to those of ac©taldehwde and 

propionaldet^oe as oan be seen fro® Table 9 below.

.TA3JI.. 9

cyclopropaiss 500 sam
coty-^en 110 na
205 C

tKOHl***.
added (mi)

ail
2.9
0.G
8.0
8.5

inductloa period
($) (aint.seos)

TS
20

< 0.50
1*0
1.50

??% ffijjffiijB.iffi* 11$ y roTfO 0" OTijfc'y
, «»jL\c n^& uiizi } \ t

U.I
8.6
8.5
0,8
6.0

of the otii©r hooogdneous additions, dltartias^ 
is very unstable at the tomper&tur©s \im& for liydroo&rbon 

oxidation. Biros t^l gives a valu© for th© rate oonstsmt of 
k «
be calculated as 0,07 see and 0,8 see reopootivly. ?lrus if the 
is addi^i to tbs vessel first, bgr the time the ixp&'Qcar'ijan and cc--- en 

been added (about thirty Bc^oofsds) all the perosdde
decomposed.
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Table 8

t&e arae of

of varioyA hy&rooaxfr€na.

oyclopropaae 5CX) 
110 saa

propionaldehyde 
(ro)

all

slo 
8.7

induction period anadgnaa rate 
(sdns.seoa) (ana adn )

max

80 
< 0.50
< 0,30 
< 0.30

11.5
6.4 
7.5 
7.0

cyclopentane 260 ma 
oaygen HO

nil
nil
3.0
S.O
5.3
5.2

10.3
15.0

16.0
17.50
6.0
6.20
6,5 
4.30

18.0
21.0
27.0

very fast
2,0

eyolohoxan* 110 
110 ISA

nil
g*0
7.6
lu.7
50.2

15.0

1.0
0.33

12.0

fast 
*» »



°were carried out with cyclopropane at 205C and 
oyclopentane at 350°C. In the first instance peroxide was added with 
the «Rjrgen using th« lower gallery as a pipette (v.s.) or by premizing 
pero3d.de and ooygaru Between 2 to 4 am could be added using the lower 
gallery and with fcoth paraffins the induction periods were zaarkedly 
seaweed and except in the case of cyclopropane there was no effect 
upon the rate. ' .'•:>© c ropane rate, as with the additions of

fell to a constant value, this is s@t out In Table 10 below.

of ditertiary tho rate of

cyolopropime 500 sm

cesygeji JLIO ass 
250°G

peroxide 
add®d (ara)

nil 
2-4 «

nil
nil 
ail 
3-4 *

induction period 
(0) (mlns.seos)

80 
< 0.50 *

10.45 
11*45 
1.10 *

naxinun '•
(SBI ain )

11.5 
6.1 *

15.2 
15.9 
14.1 
14.0 *

* Average of several values.

method of adding peroxide has been used «ttenaive3y with 
eyolojHKit*ne aa a aeaas of reducing a long induction period when only 
**** fflftff <«? reaction is required, Altliou^i the half life of the peroadde 
at 250 C is so short that it can hardy be ©xpeeted to have any effect 
if added to the vessel first, experi::ent8 were carried out in 'this way.
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In order to be sure that ther© m& in the dead apace no peroxide
oould be pushed into th- vessel by the t-^tew&as&Qn aud oxygen, the 
following prwectee was used* ID m of peroadde s?©re acteitted to the 
vessel f ollowed by 40 mm of nitrogen to sweep tlie p0pood.de out of the 
dead *p«fte. Tlie peroaddo was left in tha vess^. for varying times
beforo the arl'd.sslon of paaraffin and ooqi^^fi. The results of esperiaasats 
based on this procedure with ^rolopeatane are set out balo^ la Table 11,

the rate of oaddatlon,^w •*•** w '-^- -^T».!!5«*wSW*Mrf*si«fc ^.»»A^.«^^r.- ^rt^utw-iw*****....,

eyolopentaae - 260 an 
110

^

10 mn B&rozicia followed fov»•*- -- • * •• - - — •--•-' ....„.-. ,.- —v

40 am nitrogen and left in 
the vessel for th® f ollowin^
rrur$bw? of oim^tos.

no additions
n n
« w

5
5
5,50

11
30
52

560

iaac&KJtiou p<2^iod
(•) (.te.Me.)

11,0
10.45
U.45
7.50
0.50
8.0
8.15
7.50
7.4S

11.0

m^maa mte
\®^ isjint J

15,2
15.0
14.1
13*4-
15.0
14.S
15,4
IS .8
14,8
15,4

proax

It oan l>e seen that though the induction period is aot 
to the saiw flptamt ac nhen peroadde is. added with the oa^gen, thare is 
« aiaall r«»duotiozi and it would aeesa timt the vessel ;aas "bscsn ^activated5* 
in scoe way. It aeeas unUkoly tJwt the products frora the daoos^osltion



the peroxide will bavo any effeot, since these are principally acetone 
and ethane. Ho experiiaents were raade with ethane, but reference to 
other published work [8] shows that it is rxost unlikely to iiav* any 
effect, and acetone was shorn* to be inactive in concentrations of up 
to 40 ran. The possible reasons for this "activation* will "be discussed 
more fully at a later stage but the possibility of radicals being 
adsorbed on the reaction vessel mils is obvious. Details of experiments, 
using oyolopentane under conditions Living & long induction period, to 
determine how little peroxide was necessary to remove the induction 
period are deferred until a latex* section. Cyclopropane me not used 
since its oxidation rate aeeas to be affected by added perosd.de* 
Results similar to tiiase liave uaou reported with an 
system [?]•

cliloria®, brord,dte wad iodide were, severally, added
o to a oyelopentane-oasysen system at SSO C, As with the ot^ier additions

they were admitted to the vessel first, followed by cyclopentane and 
then osygen, ?he chloride aM bx*ooildo had no effect upon either induction 
period or rate, the iodide, in large amount, lowered the rate am reduced 
the induction period slightly, i'^se results are set out in Table 12. 

It can be seen that wliile the rate is progressively reduced by 
increasing eaounta of isopropyl iodide, the induction period ouickly 
falls to a nearly constant value* SJhare is ao pressure change with the 
bolides and oxygen alone at 250°G»

Uiiline liad no effect upon cyclopropane oxidation as can be
seen from Table 15 below.
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6

cyolop@ntan0 550 CM
QBQT-'eu JULO OB

o250 C

te'&line 
- (CM)

nil
nil
2*0
3.5
5*3
3,3
5*7
0*0
5*5
7 t0
7*4
0*5
9*4

2G.Q

srsr.^r
7*0
6*0
6.0

10*0
7.30
9*16
8.15
4*80
5*0
7*50
4.0
6.0
3*50
4.0

roaxlami rate ,, 
(sas sdn"" }

!!o exact i-uwo
Gs@as'or@riGSit^ wer© oade
but .j^ss2i0rjii|l ol>S€J2*vatio-
ns ahowed tlmt there
was v©sy li uiilo
OjlQ*l''*e in t&tG
mapdlniwm rate fr€»a its
normal value of about 
33 m sdh * .

• Tbeoo two oocipouaa© aaad^tad ift ®odm*at0 azaounta in the sacic 
as tli© otl-iox-s, lied JK> affect upon ©itber tbe induotion period

oan be saaa iu 14 belxnr.



Iff ect of carbon.

cyclopentane 550 m
Q3CV£*Q31 110 CUBW<P *\f %^i*^^^ •Wflfc*' 9MNM

°c

CC1
addad (am)

nil
5.4

12.1
17.5
24.6

CP,4
nP..-1*rJ r^rj)

9.2
21,8
.,,:', 5

induction period
(0) (ndns.seos)

4,0
4,5
4,10
4.5
5,0

4,50
4,0
S.O

J Vfttfftf*

(mn adn* )

22.0
21,2
19.5
25.4
^).l

ttL.7
22.4
19.9

Mono-, <fe«» fend trleL:i:/la:-.;inc and

It is knom that these amines will inliibit the oxidation of
[58] and tboy were addad to a

to see if they would retard the reaction, Ihe resulto of tlds are

in ^ic. 2«
" lv • ' . :. /<nd any mailed reuotlon with o^gen at

of the experiment, but the rate of pressure rise due to this 
not sufficient to invalidate i&* - -... - --• .'••. ;ts of -umuotion period. 

rate WAS at- -^> oi'teu to ©sq? lesion, by di- and
gtlaylasdno and suriiaonia had little or no off ect. These 

results, as will be seen later f can be e '.necl by tlio produotion of
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MMtaldehyd* from the hlglier asd*ies umier the conditions of the

In view of tbe previous results with isopropyl iodide and 
known i . . iting action of iodine upon the l^drogea-caTOen reaction 
the effect of free Isalo^sms UJXEI the cod.da.tlon of cyclopeatan* wa» 
examined, It w&© not possible, in an apparatus <sita oereury naneoetera, 
to presix nitrogen and halogen so that 7*ry small amounts oould be added 
In the usual way* Instead a siaall amount of halog&u »«^ iKtedtted to 
ths vessel aad then 1QQ to SGO tra of os^raaa. -"'besd ^oro allowed to odac 
for a f«wr minutes and thoii the aisrtvTe ^as ?artlvy picked out ©o ao to 
leave the desired asjouiat of h&logaa in the v««8s©l with sosa eaeouss 
Cyolopentoa© m«s thoa addled and enoui^ri osygen. to oalaa up to 110 m. 
The ©ffeots of these additions are set out in "able 13.

It car; be seen that iodine had uo Si'^ecv upon the induction 
period and pjrobably nooe as the rete, dilorine In large amounts

tli® ind-aotion period but prolmbly liad no «??not on tho rate* 
» however, even In very small amounts elic&^M*5oc; tho iz^iuotlon 

period and gr^atS^ increased, the rate*

Inert
Tb® «ffoot oi1 inert gases upon tba osridatlor1 ^" oyolopaotane 

n«act esoualaea.* HMS inert £sas was in all oases aoded to the vessel 
after the !;$7droearboa and before t!;e csjs/{^i* M eon be seeaa from Jig. 2S 
the rate was quite unaffected and there «aa very little change in the 
Induction poriod* Ma is in contrast rltli reported results with

[0] wiiere nitrogen shortens tlio indiiotion period oonsiderablty* 
*o see «4i^t!ior inca-t s»® ®i^t affect the preaaure os- c»sy«j®B or 
uon at f/liiob. toe r-ato accelorates to saq>losion, 500 an of 

nitrogen were addod to a siartiure oontainia/i uro •i«essivl^ nor« eyolopentat 
4s the results (Fi&0 ^) SJ.ICM, nawo^o^ ,.aa j» e^reot oo iii^e lialt, nor 
upon the In-iocticsB period ( Table xlli ApAu
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induction period maadraua "rate f» „ ** * ' isax
added (553) (&) (

7
nil 6,50

* The rates are very difficult to seamm with the type of ®«u&« used, 
The two fiotiial figures ^^en arc ^rprc; - .a, Where no figure is given 
the rates were approxingttely noiTial. Very ^^ist s^eaas tliat tte reaction 
was oozsploted ii^ less then ten seconds,after the ©nd of the induction 
period*
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Sffeotof alt'"-

- 150 ,*a
O - --O xiltro^oo

-» 500 BBBI nltro^on added

20

(wi "

3

O

O

100
p qyclopaataa® (20)
v



Sxperlstental evidence suggests that the irdtiation reaction 
take plaoe larger upon tho surface of the containing vessel. In order 
to try and utilise this fact for the control, and in particular for 
suppression of the reaction various surfaoe treatments were investigated* 
It Is known that alkali salts inhibit the ^drogei^o^^sen reaction [30] 
and some workers also report inhibition in hydrocarbon oxidation [3lJ* 
The inside of a pyres .reaction vessel was coated with a thick layer of 
various salts, deposited from an aqueous solution, end in the first 
instance experiments on the length of the induction period were carried 
out between 250°C and 2§Q°C,

All the salts investigated showed a large increase in the induction 
period of up to a thousandfold. It was later discovered, in the case 
of at least two salts, that a few grams of the loose -salt in a clean 
gyres vessel had the Sssst inhibiting effect as a coating over the whole 
interior of the vessel. 'This tiype of inhibition is not confined to 
salts, since silver wire, platinum wire and gold foil were also found to 
inhibit the reaction* These results are set out in Fig* 25 in the form
of an Arrhenius plot of log. A 1/0 against 3/P . and it can be seen that

1U
straight lines result* r-ost of the induction periods were measured
use of the glass spoon ^auge arid clock, as described in the
section (p. SO). The salts used were, IdCl s LiBr,Lil, KF, 5\Clf KBrf 
GsGl, MgCl, K:2S04 , Mg3G4, £12(S04)5* Au foil, Ag wire and Ft wire were 
also tested. Li'Sr and IdCl were .also used loose in the bottom of the 
vessel. All the salts were tested with 350 mm eyeXopentane and HO sna 
oxygen. Ssperlaents with cyclohezane in a potaselun chloride coated 
vessel gave results similar to those found with oyolopentaoe ("able ziv 

Appentii;< A).
Ho aeasurements of the surface area of the salts were made, and 

in the case of the loose salts just enough to cover the bottom of the 
vessel was used. With the metals, however, surface area Beasurenenti
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were aade, The silver *uiro used was 4 metres Ion;; and 0,0711 on in
gdiameter with an area of about 89 cm » The plativAsa wire had a

goiarjoter of 0.0537 cm and a length of 050 nn with an aroa of 05 CSB « Th*
gold was in tho f COTI of thre© thin sheets each 5 22 5 ora with a total

2 area of 90 em , The wires v*are coiled into helloes about 8 on in
Siaseter cmd the sola foil into cylinders of the ease ais<s»

In sonio QZXSOS* o8]^ooially at M^tneir tenpvratures wher» an 
©ctploaion often follcwed the ®nd of the influetle^ period, the effftol©»cgr
of the salt mxrt'aCGs in iiihlbitlns t!« r©&etlon deoreaoeii or
f:ilsap3>ear«sd. This ms aljso vein?- raarioed In the «ase of pletinwa
silver. It seteoi lilasly that this is oraxjs^d pj- pulsonin£, or
covering of the surface leyer with soae prod>.<et aaterlal, sine©
•y^e platinm to a hl^J; t^rrrporat^ire in air or islfins the silver
sxitf lelent to eoopletety x^estftro tl^3j* aotlvltsr, *?he aotual
G? salt in the vessel was not critical sinoe the amount used loose
rmaeh lost tbdn t.viat required to cover the tsrliol© vessel, and the
of a vessel g»ra the ca*.ie resuitc, even thou^i sli^tly differing amounts
of 8«lt rauet Iiave boon used each tiiae*

Att€23pta wove® :a^da to aeosure tlws rp.te in s^lt-ooated vessels 
at 250°C, On aecoust of the long Induction periods a little ditertiary 
butylperoxide was added as as* Initiator. Onl^ a few of tbe loas 
efficient salts {^av© a pressure r5,©e at all, most salts seeia to InlilMt 
the roactioa completelcsr at SIX) C, even with large i^aoimtg (S m) of 
peroadde* ?lse rates at higher tessperatures win be dealt with in the 
necst section, The relationship ^vfrzmn rat© and l^vdrooarbcn pressure 
In salt-coated and netal*pa&ked vessels is shown in .Fig,20 f This 
list is not esdiaBastiv® and ia only Intended to represent tbe %pe of 
behaviour observed. ?be rates probably fall as the salts b©eoae more 
efficient in lengthening the induction period althoush thla r©.latlc^ ia 
not a rigid one* It will be seen in the rasrt soctimi that scsae of the 
rates are too low to measure, for examples, rate® of less them i saa 
are observed a& 550 C in vessels ooatod vdth na^iesiutt sulphate*



oo*
O

^
T

- 
U

J
_

«s•*-i4*i

o

IS 1*l

•3 Q
«

4
 

V
-^

8 s^•H-PasH

H 
o

A 91



-81-

Although the salts and metals hat® such large effeeta upon tJ» 
rate and induction periods, they do not aeea to affect the general 
for® of the kinetics of the eaction* Fio* 27 siiowa the relationship
between rate and cyolopentane pressure for two oaygen pressures in 
silica and lithium chloride coated vessels. It wiH ba seen that 
although the rates are oppressed in the salt coated vessel the rate/ 
pressure curves retain the same fora* This seems to indicate thai the 
salt is merely suppressing part of the reaction ebain rather than 
dmngtng the kinetics of the reaction*

Inert ^ases (carbon t&oside and nitrogen) had no sigoif leant 
effect on tibe rate in a lithium oliloride coated vessel, as can be seen 
froa Table 16 below* Ditertiary bu^lperoaeide was used as an initiator,

of .and _up:on rate

_,in .a litbiiaa oliloarlde ooatedvesselrrt'-Ttf ••>-.mmrtri*i rju-Tr-ii- •i-m.-na^-tBm^nw— nrr-'Hi r- •» 'min irmito Mnrnft-r > ' ' HM n-if«i - O 1 <^i-B>mi nn in >i» i»nn^^Mif

qrolopentane - 330 
oxygen - 110

ditertijiry added as Initiator

nitrogen

carbon diocdde

inert $aa 
added (am)

nil
nil
nil

1B7.0
304.4

nil
102,5
180.1

i3{Mo»nurii ra'ce Q
f .~* **1\i IMS sin ]^ «•-.—— IHW« " /

4.3
4,0
4,4
5,5
5,0

5.0
3,3
5.3

One obvious h3rpothe»i* is that the inhibiting action of tbe salts 
depend! u|>on the destruction of a perosid© intermediate, Ditertiary
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available its rate of deootaposition was measured in 
ft lithium brocdae coated vessel at 160°C f or coEpirison with the known 
rates measured in the absence of salts. The results are shown in Table 

17, the first order rate constants being calculated fro:,, the initial 
slopes of the Ap/tlise curves .

17

^

bro^dde coated veaael

P peroxide 
(ssa) 
34.0
35.3
40.0
51.2
51.5

first order rate constant

a.7i
2.78 
2*64
2.
2.64

value:) ,;;;iv@n by Birss [57] 

5ose [32]

k min*1 160°0 for 
30 mm peroxide. 
2.90 x
2.85 x

can be seen there is no increase in rate and the 
observed ttey very imll be a smll error .in the temperature at whioh th»
different data were obtained. Tbl» does not mem that peroxMe 
can be e^eluded froa possible explanations of surface effects, 

the peroxides involved are certain^ of a different ^pef and the 
temperatures are much higher.

'B3q>erioents were sade with a potassium chloride ooated vessel to 

determine tiw oiniauBi anounts of ditertiary liutylporccdLde or aoetalOeliyde 

necessary to remove the induotion period. rfhe results ore shown in 

Fig. 28. To obtain the very low pressures of perosddo required it was 

psmixed with oasygoa. It wiH be noticed that witli aoetaMei^de th« 

<mrve is of t.b@ aaoe fora as that obtained in an unooated silica vessel. 

Vexy little peroxide is required to initiate the reaction, and the 

initiation seeas to be an 8lall or none" process in that a olaange in 

pressure from 0.1 to 0.2 na clumps the induction p«rlod from about 13 hrs
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to 2 ndn« A possible e ation of tlds effect is {^Lven later.
The induction periods recorded in this section are subject to 

soao uncertainty in that the olook raec/ia.dsra used in .^aaturim^ thu&t 
oould b« disturb-0d by oloaagss in atmoapharlo pressure. These errors » 
however, do not invalidate t?)e results since tbe effects observed are 
so largo*



temperature coefficient of th» reaction was investigated 
with cyolope&taw both in plain silica 4md ia salt coated v©e&els.

Silica
The tessperatur© range investigated was from 350°C to 4SO°0 with
of 40 ram cyolopentane caad SO Ena oa^en, and of 50 ram cyclopentan©

and ilO 3aa os^rsen. In a lar^e number of runs peraaeid© had to be added 
to reduce the length of the Induction period* Tim results are atom in 
Figs* ^ and 50 , As caii be @ee& th.e dependence of rate upon temperature 
is anomalous. Tl^ere are two aledrly defined regiona of reaction, v/ldch 
are separated by a re^gion of cool flames at the high t^speratur® end 
and of explosions at tl* low. If t!i® tea^erature is raised sufficiently 
explosions result once ncara* The activation energies, as ;^asur«34 from 
tlie linear portions of tl*e 40 EM eyolopeaiaiie ^0 mm osygen curve, ar©

CK) iCcals/siole for the **lown aiid 9 floals/aolie for the "high* 
i»ea©-tiC8i* the fibres "being uncertain on aooount of the 

shortness -of the linear portions of the curves, nhioh prolaal^ly also 
wt$r tine value for the high temperature reaction differs froa

the 12 Eeals/mole quoted by .HeSmw and fipper [S5]»
The induction periods plotted as I^S- 3/# against . 

smooth curves which are n*srly linear (i?ig* 50). la this case there
are no breaks in the cool flase regioa and the behaviour is not anomalous* 
Comparison of silica and pyrex vessels showed no dJJJTerence in the 
or iaduction periods in either low or high temperature regions of 
reaction. In the cool flasae region there were nover less than three 
to five pressure pulaes observed, all in rapid suoesalon ia about 
thirtgr seconds*

Cosed Vesels
A few eacperiaents were also carried out tdth the salt coated 
described in the previous section* The salts investigated
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O - c;'olo.: - 4J 40 acii oc^/t^en 30

O * oyolop-enta&e 30 i-m a^/san 110

0 - ;j*roside added

^ - 03^olo|3©Btarie SO m a-^rgen HO am 
vessel,

The brOctan Line is taisen fr<y.j tlie ro3ii3-ts od* ,:c :"-<X'/ai' 

"2i|^>e^ [55] for the ood.dati.cai at1 40 am GycXopantaa** 

80 an os^^^eii over tlio tea>aratu:,-e rani^ alwran,
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lithium brosaide and saaGnesim sulphate* A few experiments were also
sade with aluminium sulphate, potassium fluoride and gold foil* Tha 
results for lithium bromide arid Hagnesi.ua sulphate are set oat in Figs* 
51 and 32, showing the effect upon the msodbRim rate and induotlon period 
respective^. It can be Been that lithium broroide has a very marked 
effect upon the rate in the oool flasie region but less at high testpertaures, 
Ilagneaiuia sulphate, on the otUor liaiirl, exerts its offoct over the whole 
aooe»si; le toaaporat'ore raago. It is evident that no saeasurabl® reaction 
could be ©2q>ected at 2SO°G with either of these salts, and indeed none 
was found (v.s*), ^he results with atawfaiua sulphate, potassiu® 
fluorlde and gold foil !we not been plotted in Figa* 51 or 52 since 
these suibatanoea did not control the reaotion in the oool flame region 
in the sajae v?a^ as tlie otUers. The iTites at high temperature closely 
followed those in lithiua broedde coated vessels and ore bivea in Table 
i8 below,

21^e effect of a lithium bromide surface upon the in&notion period 
aeeiaa to closely follow that of tiie rat©, the break in the ©ur^ms 
ooooring at aoout the sasie te^per&tiwr-e in etioh case. Whatever the 
oontroHias menhanisia may be it is eridentl^ a very powerful one aisd 
po-ssi!)le explanations o^ it wiH be discussed later.

It waa found timt with ma^y salt coatings, especially lithlua 
bromide, attack on tl*e pyres v&ssels took place and that at tetqperature* 
above 500°C a vessel had a life of only a few da^ra before tlse glass 
oraofced and broke. Tills effect was aeoelerAted by alterations in
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to iil^i_£1
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A combination of tec .. _-ios has been used for the detection 
as*d estimation of the reaction produots. Th® a*as spiotromets-ic and 
i^as chs»oimtQgraphiG methods imv® been already oentioned, Ghesdoal 
analysis was used to estimate perosidos and f oraaldeliBrtle* neither of 
which o«;id H® satisfactorily analysed by the other t^o methods, 
pyolopoataoe nas b@en used a® 4 represontitive b&-drooarbon ai«o© It 
the si. '.t i&ea&er used wl'doh coxild b@ o^ldisod in the low 
s^waf®. . Oyoloproj^aiae^ tli© first member of the aeries, requires a 
considerably Id^er teaperature for ooddatlon tiajan the othars» Sooe 
mass speotraoetrio aaal^ysis Im®, howeir®p» been ourrded out with it*

The C!a»omotropic Aoid '-ethod of Brioker and Johnaoa «as used [65]*
la strozig otooral acid solution olir<^iotropic aoid f onus a d@ep red

*4
ooaplea: witli f oreialdel^rdef aisd concentrations down to 0 aiorogrta ml

ri be estimated oa a ©p^to3p!iQtaejetar» ^o originatora of the method 
report tbat ao©taM©l^de interferes with tlm dmrelopi^nt of tbe red 
ooloiur but this dif^oulty con be cverooRie« provided that the aoetaldel^de 
oonoentration is not too td^li, by usin?;; strcmgor solutions of ohrooao* 
tropic aoid than normal. Since aoetaldefydo ^ras present this oodifieation 
was used*

The analytical procedure was as follows* Tbs reaction produots 
nwre adadtted to a sas pipette in the usual way and shaken with 10 ad 
of distilled water, i -ml (or 0,5 ml acoorOi:^ to the foraaldeb&ni® 
concentration) of this solution was placed in a 50 ol volusuftrio flask 
and 1 ml of cliroiaotropio aoid solution (15 gm to 50 ial) ai'td ID al of 
concentrated sulphuric acid added* The flaak m& heated in boiling 
wtffce? for 50 lain, allowed to cool and the contents ware diluted to 50 ml 
with water,

Samples of the test solution and a blank were compared on a
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"Unicorn Spectre-photometer" at 5,700 £. The method was calibrated with 

a water soluble trimer of formaldehyde, sym-trioxane, and the calibration 

curve was found to be linear over the experimental range,

Check experiments with sym-trioxane solutions and added 

acetaldehyde, showed that acetaldehyde, in the concentrations reached 

during the oxidations, did not interfere with the accuracy of the 

fonaaldebyde determinations.

Estimation of Peroxides

An iodoiaetrio method was used and no attempt was made to 

discriminate between different types of peroxide. The combustion gases 

were shaken with water in a gas pipette and about one gram of potassium 

iodide and five cc of 2ff sulphuric acid added to this solution* Two 

drops of a 3/S ammonium molybdate solution, to speed the reaction of 

alkyl hydrogen peroxides with acidified potassium iodide, and two drops 

of a 0*1H solution of ferrous aiaiaonium sulphate, to catalyse the 

decomposition of diaBqyl peroxides, were added [25]* The mixture was 

allowed to stand for thirty minutes at room temperature and the liberated 

iodine titrated with 0*0311 sodium thiosulphate solution, The amount 

of acetaldehyde present did not interfere and blank experiments were 

always carried out upon the reagents.

Estimation of other Products and Results

Analyses for carbon monoxide, oxygen and hydrocarbon were carried 

out with a mass spectrometer* the other products to be mentioned were 

estimated by gas chromatography as described in the experimental section. 

Water was estimated by difference.

In the first instance analyses were carried out upon the oxidation 

products of 150 jam cyclopentane and HO mm oxygen, and the results are 

set out in I?igs. 55 and 54. Since the induction periods are somewhat 

variable, samples were not withdrawn from the vessel at fixed tines after 

the start of a run, but after fixed pressure increases. By reference
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to a standard pressure-tliaa curve these pressure increases ware converted 
into standard times for plotting. The mass spaotrometrio oyelopentan© 
analyses are probably a little high since the hydrocarbons tended to 
dissolve in the grease of the sampling vessel tap and so produce 
erratic results. ?ha figures for water, being obtained by difference, 
wiH be too hi($h by the amount that the cyclopentaae figures are too 
low. This error 80es not, however, vitiate the conclusion from Figs* 
S3 and 54, tlmt the principal products are carbon monoxide, carbon 
dioside and water and that the other products and intermediates are 
f orned in very low concentration* Of these minor products butene .and 
propane are only formed towards the end of the reaction and presuiaably 
come from chain ending processes ooeurlag when the oasye^ &® alaost 
exhausted. The. peroad.de ooncentratlon passes through a masdnw at the 
tirrse of siaxteuia rate and so also does the aoetaldetyds* The fact that 
the aoetaMefcyde and formaldehyde do not fall off appreciably after 
their saaadm in contrast to the peresdde, is no doubt because of 
depletion of the oaorgan at the ©nd of the reaction.

effect of added aoetaldel^rde upon the f onaation of perfccd.de 
Is shown in Fie* %$• It can be seen that, althou,:';h the induction period 
is reduced, -the peroxide formation truces the same course during the 
reaction and that the raaslsi» in the curve still oocurs at the tine of

Perosdd© production was next investigated at higher tesrperatures 
in a pyrox vessel, the results are set out in ?ig. S0. As can be seen, 
at 4QQ°C the ®$&dmm peroadde concentration still occurs at the tiae 
Of maxiaura rate and with the rapid reaction at 200 C peroacidos are built 
up as the pressure rises, only to be removed again by the explosion,

The effect of salt coatings upon the peroslde concentrations 
was nesct investigated* Tl>er© is considerable difficulty in raaking an 
adequate comparison with sl,lica vessels in the low tenrperature
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sinoe the zaore efficient salts coiapletely suppress tint ytaotien. Idthiua 
bromide and potassiu$ fluoride coating oould, however, be investigated 
in the high teaperature range at 400°C, and compared with a, olean 
pfyrex surface (Pig* 37) » At 350°C direct cfl^par'son was not possible, 
Peroxide concentrations in a pota&siisa fluoride coated vessel were 
measured with a tsiacture of 550 as qyclopentan© and 110 m oogrsoa* 
(aoetaldehyde being used as an Initiator) $ and these were compared with 
tht results obtained in a purest vessel with 150 raw. oyclopentaae and

oaygen. rlie results are sot out in Figs, 37 and 58, As can be
the «alt coatings markedly reduce the peroxide conoor.t rations, but 

at 400°C t^sr oo riot affeet the rate to the saae esrt«iit. l"ro!a this it 
i« iatf erred that the oc ( s can reujove or dastrq^ perocsddes, auid that 
in the high temperature range these peroadLdes art eTideiitly not 
essential for chain branching. At lower teaperftturw (Fig* 53) it 
would sees that peroxides are still being removed and the rate io lowered

more than la the high temperature range. Cheek eaqjeriiaents to
see whether the hydrocarbon ooneentration affeeted the peroxide 
concentration, ahowed tlmt in a pyrex vessel at 250°C the ^ariffiua 
peroadde pressure reached was about 0.8 BUB whether the hydrocarbon 
press ire WAS 150, 250 or 350 aa, oaygen being 110 am. is seems to 
indicate tlmt the reduction in perccdLde shown in 7ig. 38 is due to the 
poimssiora fluoride coating and not to the diff«^eooe in cyclopentane 
pressure*

That salt coatings on the reaction vessel walls can control or 
suppress the reaction chains is beyortd doubt, but the question of 
whether this is achieved by the destruction of peroxide or by some other 
aecfa&nisa will be deferred till later,

A few analyses were also carried out on cyclopropane at 38S°C 
using the nass spectrometer alone without confirmatory figures fro» 
gas ehrotmtograpl^ri except that aoetaldehyde was shosm to be ^reduced 
in sooe Quantitiy, The cyclopropane used up, osygen used up ana caatoon 
dioxide f orsed an give straight lines when plotted against Ap as can
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seen in Fig. 39 and thus the dp/tiae curves are a good ©eaaure of 
the extent of the reaction, The scatter of points in the cyclopropane 
curve is believed to be ooused by the solubility of the paraffin in
the grease of tha aanplJUis vessel tap* Tim production of the minor 
products and carbon monoxide i® given below in Table 19.

Th® figures for the £p$* of 3jQ» 20 and 50 tea were obtained at 
a different time to those for ssero, 2 ami 5 mm so that aaoe apparent 
discrepancies may be attributed to thia,

It can be seen that products are very similar to those froa 
oyolopentan® ®so@pt that metl^rl alcohol ai>pears where none is detected 
in the oyolopentana oxidation. Thia is probably/ forsaed 'froa 
radicals which abstract hydrogen from the paraffin nrlien the 
concentration falls towards the end of the reaction.
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(analysis by zso&s

cyclopropane * SCO ram
_ -4-4 /*tQ3SJy IpCSll ** JjLw H53

i^jTOvtuots &p SUSIE*© Ap 3 Ap 5
(mm) aft SBS na

CILCIK) 1*5 8*8 14*1

C02 M 0*7 4*8

d?0 .C1iL.0!l,, 305.1 314,7 501*0
& & <&

ft •

Og 114*4 104,7 83*7

C^34 0 1.7 1*7

CtigO 0 7.1 11*9

l*f\ < CS *7 f\ 't A "Ivw <•»*•? • .v i'af.w

C1LCHI 000

spect^te.)

205 C 3ilioa vesacjl

Ap 10 ap 20
HUHH MIMMmPH iffiffi

9*5 11.8

9.2 16.7

277.4 269.6

72*2 50.5

4*3 4*0

12*0 7*8

lb*5 41*9

3*1 5,0

% 30
an

11*9

32.1

281,1

0.6

0.3

9,9

57*8

a.0

(min) 110 90 115
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Inspection of the results shows that there is a great sinilarity 
between the oxidation of cyclo and n-poraffins* It is indeed a 
tantalising faot that many paraffinic, or substituted paraffinio, fuel* 
show marked resemblances in their oxidation and at first sight it 
would see© to be an easy matter to discover what the kinetics of auoh 
oxidations are. It is only upon closer inspection that many subtle 
variations in behaviour are observed. Bven so the general sinilarity 
between various aysteos seems to justil^r the hope that one day a unified 
theory saay be developed which will esqslain all of the m&ny diverse 
effects observed*-

The results obtained in this iwvesti§aMon, and the problems 
indicated in the introduction will be discussed under several headings*

Course of th H&aotioa
ooddation theories have been present®! in the Introduction 

and it will now be convenient to consider what are the most likely 
reaction steps.

A inaction schesae must explain several ke^r points, a) the 
induction period followed by a rapid rise in ratej b) the .faot that the 
principal products of the reaction contain on3y one atoa of oaysen, so 
that the cs^en-caysen bond in CL aust be broken daring the oxidation; 
o) the laeehaaisia for transition frcua one mode of oxidation to another 
as the temperature is raisedj and d) the faot that the absolute 
contribution from the low temperature mechanism must actually decrease 
as the temperature is raised, and not aereJy become relatively less 
important than another which increases faster.

It is generally considered that the degenerate branching c,M:i 
aechanisn of Seaenov [2] adequately explains the induction period and 
rapid rise in rate*

In a mixture of paraffin aim oay^en ti-iere sfllst be sosae initiating 
reaction to start tlie oiialao. There ai?e a number of possibilities for
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thia, such as.

(i) Wl -* H 4. H - 100 ICcals/mole

(ii) HI! •* a1 * 3W * BO r^als/bol*

(iii) 8H + 0~ -» H 4 Il0a ~ 40 Koala/mole
<4 d

bond dissociation energies for reactions (i) and (ii) are 
a proadjrsations for hydrocarbons of f roa 2 to 4 carbon atoms and the 
activation energy of reaction (iii) is an approximation used by 
Seisenov [64],)

On energetic grounds reaction (iii) would seea to be the most 
li&eScf, since liydrocarbons oxidise in the low temperature range "between 
200°C and 500°C where little molecular dissociation is likely and
initiation BI^T be ejected to prooeet m«dn3^r through, the step having 
the lowest activation energy*

The probable fate of the allgrl radicals produced io to react 
with eoygen and give B0« radicals, ratlser than decomposing to olefin 
and lower al^rl radicals, Tlie fate of the W^ radicals is open to

£>

doubt, but when we consider the products of very low temperature
oxidations, such as those in the liquid phase, and the fact that some

in taeohanisa must take place at higher temperatures around 500 C,
then reasonable modes of reaction can be

Photo-osddations in tls» liquid pha«e at rooa tss^Msrature give 
h p̂droperoz3.des as the oaln product [65], wl'dle at Mglisr tesp©rat\ires 
aldehydes begin to appear, and at about 500 C, in the case of the

photo-oxidation of propane, Pok and ITalbandyan [65] 
detected only al ^s and no perosddos* It would aeea, therefore^ 
tliat some peroxide forml'ig .'^eohanifft gives way, as trie t<§©perature is 
raised, to on aldehyde f onatng one* This could be explained by the 
following sequence of reactions,
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(l) HI! + 0Q * R 4- 80-
A «

(2) E + Q •*

(5) ao,, + mi * aeon + a ... low
l& ;

(4) BO + H* .CrD 4 RS0 . . high temperature *

Reaction (4) replaces (s) as the teaperature is raised and thus
the formation of porosdLdes* AldeJhy&es can be aanily oxidised 

at the same toisporatures as Hydrocarbons [05]« In the 1m? tes^>erature 
region the fe^«2rop©ro^id« Is probab3^ the branching ag^^t* ^his could 
aplit at the cc^/^n-oa^/gen bond: as lias already been suggested by 'Oulllc 
and lllnshclwood [S], or be further osddised before. d©oon$ositicti, 

Tipper and Cartlidge [66] report, that in the osddation of
in a flow system at 2§0°d to 27S°C di^dro peroxides aua

some trlbpdro p-eroa:id®8f both alone and conrplexed with fonmldeli^det were 
formed in lar^i* ooneentratloas than the siono^dro peroxide* Tliey do 
not ms&9 !iowewrt whether these peroxides or© formed by oodUlation of the
aonohydro perosid© or isoaerisatlon of the H00 radical and4 
thUS.

CHGL ,CI10..CIL.CIUG!L.GH0C1L CH, .CSI*dL| .C
«22i <s25** ^ 2 i

0*0 H-0-0

o-o +is o - o » n 
I i

* R
H - 0 - 0 H * 0 » 0

In the low temperature region both peroxides and aldelsydes probably 

play a part in the branching reactions, and at biglier temperatures the 

peroxides will not be formed o*dnc: to the incr©asin(^y rapid
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decomposition of 8CL radicals.&
A possible general reaction scheiae for both Idgfa and low 

temperatures would be as follows.

SH * o^ * a * i»0 HH + 00 -* a + HO
ii 4 « «a

S0ft + BH <* BOOH + B B0n •* sldcsliydes •* products
« *a

BCXHf -» branching **• products,

In the aorsaal low temperature rang* of -pis phase oxidations soste 
contribution would be esspeeted from th© high tenperatur* aeohanlam*

There is n certain amount of eas^rimeatal evidence against the 
theory of a peroxide agent of degenerate brauobln&« Shtern and Pclyak 
[67] for propyleae and Batten and lUdge [55§ for isobutane and propylone 
showed that if the reacting mixture is wlthfiraim from the reaction 
vessel at the end of the iaduotion poriod, the pereeEides dostroj'm with 
m&rcury and the mJjrture repl^iced in the re&ction vessel a^ain, the 
reaction is resuia^d without any further Induction period. They consider 
this to be evidence that peroxides ar® not the agent of d«^m®rat© 
branching*

Structural effects are usua!3y ascribed, in the peroxide theory, 
to the varying stabilities of p^rosddss derived fiwm paraffins of 
different structure. Thooas lias shown [68] that structure lias very little 
effect upon the decomposition rates of several allqyl 
This work, however, was carried out in solution and at low 
so that the results may not be applicable to gas phase oxidation,

£he oycloparafflns are probably csidised, in the low temperature 
ran^e, by a sehe&e v®ry sisail^* to that put forward by Cullis and 
liina2j«lwood for the n-^araffias [8], The ratcf-pressxire rolationsblp 
which they derive will not, however, fit all the experimental observations,
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eitiier f 01* the cyoloparaffins or, as now appears, for n-pentane itself. 
Thia can be seen from Pi{?a* 5, 5, IS, 15, 14 and 15 where increasing 
oxygen pressure can cause a rise in rate to explosion, and where under 
certain conditions increasing igrdx'ooarbon pressure causes the rate to 
rise to a Halting value. Cullis and iiinshelwood found that Increasing 
osygon pressure alm»srs save a limiting rate and increasing tydrocorbon 
pressure a rate rising to explosion.

It will now be convenient to see how far oyclopentane could fit 
into an oxidation sciiesie such as tJmt outlined above* One fundamental 
difference between the cyclo and open chain paraffin© is tbat the 
breaking of tlio cycloparaff'in ring at some ptago of the ooddatlon leaves 
a atruwtur® with two lisrdrogen atoias less than the correspoisding open 
chain compound, nevertheless the kiiiotios appear to be similar* The 
low temperature o:d,dation could lead to a Ir rdroj>oro2lu.o as follows^ tha 

oocurln^ wliile the ring was still ^jitaot.

BH * 00 •» H * fK)^ .».*,* initiation

a * o0 •»

* HH •* I -
CH,-. - CH0 V 0 - 0 Cllrt - CI!rj % 0 - 0 - H

« & u «

en.,
w CH 

Cli % 0 + C8! * * . . , branching

The ovclic radical could tbea isociorise thua*

CH ~ n 1-' ,2 "'^v
' CIIOCH " - 'Ha
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open ohaln radical oould than either react vdth more paraffin to 
give an aldehyde and an aU$rl r :1 or, by further isoaerisation and 
«c. -on, civ® carbon diosside arid a BO radical, :y deeooposition a 
lower alkyl radical and carbon monossid© can also be obtained*

a«co
£»

.
*

co

vhero R* is

idng having "beon brokaaytlie open ciiain allsyl radicals 
could react as in th© solum* put forward l-rjr Cullis and olwood [©] 
and d©L.. ... od 5»n tbe Introduction,

The hi^ to^p«ratur0 oxidation may proceed by a aoh«^« suoh as 
that put forward by HoG-owan and Tipper [55] in which it is consid«Bed 
tliat oj^clic peti^yl peroaor radicals are formed which eitlior decompose 
or are furtlier ooddised

X
*J

- 0

C!L -
^

L, «A • A

4 CH

OIL f CH * 0 '
C0

-I..
CH.2

o - e
I

the
'The chain is continues by the alkyl and 

are furtlier oxidised,
radical©



alde&Qrde* f omd analytically in the low tesapors&ture range 
can be accounted for by tlie dacsoisposiiicm of the RO radicals produced 
togetiier with aoiae contribution from the high t^s^rature reaction 
aeohanisa. The foot that smaller aaounts of tli© higher than-of the 
lower aldoijyOos are found aay be oarely a result of their ^re&tor ease 
of oxidation, and consequently greater speed of reiaoval* ?ropane ia
probably fomod from CIL*CIL»Ci-L raddoala abstraoting %droi^n fro®o & &
tiie oyolopentaane wi*eri tlte oay^en oonoentration falls tOvvorda th© end 
of the reaction.

The si&nifiomioe of the ess|>eriisental rato*pressure ouffves will 
be considered later* 2h© ourtea were found to be given by a simple 

oppression of tiie form *•*

T/liere a, b mid c are 
e«n»tants* [HE], [Oj the 
initial presaiwa* of 
hydrocarbon and

flwi egression used by Cullia aaad Hinahelwoed was of the form 5«*

max
1 -

o[RH]

the sym'bola have 
saiae meaning sta in 

the expression above.

It will be seen that ti» ea^reaoion now i"ound -iiffers f;xxa 
in so far aa an oxygen oonceRtratlon tora has been added to the 

donosdnator, and the concentration •^ax'ja® in tiae nuraerator, miich

the initiation reaction, have bean omitted.



tith suitable constants the satirical expression gives results 
we compared with the • -1 results f or oyclopeutane in

» 40. The detailed fit is not' very ftood but the one egression is 
to be useful in so far as it reproauces too jgensraa. shapes of all 

four curves » •
In complex branching chain systole of this kind, there are several 

to be taken into account, Self -heating ma^ occur at high
rates and distort the form of the curves. At the point of MPCIBUEI rate 
there nay have been sufficient reaotant aonsuoption to affect their 
foam also, As ima been seen in the results section and in Figs* 5,5,12 
15,14 and 15, in the coddation of several tych-ooaroons there is a 
Halting pressure either of I^r&roearbon or of o^pa abuve fetich increase 
in the pressure of the other re&otant causes a rapid ris© in rate to 
©:•:.. _.oii« :">elo^ this critical pressure oi1 the owe reaotant the rate 
attains a limiting value with increase in the pressure of the other 
roactant. Thus under oertaia oouditions the rate beeooes indepenAant oi* 
the eonceitratioo of either hcrdrooarboa or a-^g«aB. !?h© Oiian^® froa one 
tiype of behaviour to the other is gradual, and there is an intermediate 
rerpion where the rate is linearly proportional to the ooncentration of 
one reaotant over a wide praasuro raiv;e.

The qi^estion now- arises how far tlie observed tj^pe of behaviour 
ean be esplaiJiel in torm;5 of a sitiple theory of tlie Cullis and olwood 
tjrpe, and how far it is Beeessar f̂ to take into account the complications 
just mentioned* The empirical expression now found would require, over 
and above the Cullis and Kin&helwoou scheme, additional chain branobing 
steps with ooroaii and clmin ending steps with l^;drooa.v£>on as well as 
with oxygen* Attempts at f owsulating a set of steady state equations 
to espres3 the maslisum rate on this basis were not successful. The 
addition of extra steps to the Cullis and Hinshalwood scheae resulted 
in equations t/aicu viere of a very cos^leac nature, and it was co: j..._,-.. •:? 
that the over sic^lification of ti^se to sake a solution pos; a 
have Given a saeaningleas .result.



-12V

r .to

- eoqferlcuRital curves 250°C 
lines *» calculated curves
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The differences between the behaviour now observed and that 
found in a more limited range by Gullis arsl Hixiabelvood oould be 
accounted for if the c " loations arising from reaotant consumption 
and »e!f~heatiag ara altered for* A aasdiaum rate in the pressure-tine 
curve mp represent either a true steady state of radical eoneantratioas 
or it nay be sierely the result of tw> oompetlng effects, the tioraal 
chain branobing acceleration on the one hand, and the affect of reaotant 
consumption on tbe other, r^urthenaore^ even at relatively low rates 
there Riay be soia® oelf-lieating and sinee the aotiiratioti enerijy of 
low teaperaturo reaction is hi^i( appro:dj.mte2y 60 "oola/raole for 
cyolopentaa®) small t«^>®ratur© ohanaai due to this oause eould 
a large effect* These two ef foots, of reaotant consumption on the oae 
hand and of non-isothermal conditions on thn nthtspjmw in some oases 
distort the true kinatio plottire.

The cases where the rate "becomes ir^dftpAndent of hydrocarbon 
pressure could be eaqjlalne^ *w the assiiaption that In !^ff3rocarboa--rio!i 
mixtures o^fgen consumption ia too great for th® true sigpd.gsum rate ®ver 
to be reached, la the oaee of cy3lopentane» for exa^apl©, the rate 
reftcbeft its Uialting value at 400 tarn oyclf-mantan© and 60 im ea^gen, For 
complete oorabustion to water and oax^oa taonasd&e 403 ma of r^drooartjon 
require 8,000 mm oaQrgen, In emitrast to this the linit with increasing 

Is achieved with nearly stoicliiOi'tetric proportions of o^gen and
. Thus the trw taaxiimsia can be reaelMsd without undue 

depletions .
In the oases where the rate rises to eaqploalon with 

sal.r -heating may cause a progressive rise in rate, and a
pltanooenon could also occur with increasing 2^/drooarboB preftsure* In 
both cases tlie reaction Kiactures ar@ h^dix>carbaa-rieb*

EQ?oriaent0 •with packed vessels cio not lead to any definite 
proof of either t^vpothecls aince tlj© ehan0e» observed, nasialy from 
ea^losion to limitixie rate, oould be caused either by inereaaed chain 
control by tbe walls, or by more eff active aalntenanoe of laotheroal 
conaitionj?. "^he latter ea^lanatlon teens 9 however, rather
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©inoe rates as high as 63 am ain (tending to a lifting value) have 
been measured in packed ve&sels wfiil© ia ungt&c&ed vessels rates as low 
as 10 asm oinT with eyclopentaae and 4 em mta"1 tdth cycloheptaiie give 
plaoe to explosion with quite small further increases of reactant 
pressure*

gives some 0vita0e for the view that the
rise in vate to emission is Inherently "fclnetie.11 aaad aot "l
Only a iO 2m increase in ogroloJioptane pressure from 30 ®a to 40 m is
re^^iired to change the form of the rate-pressure curve fros tliat giving
a lioitiag rate to that showing an increase to explosion* T&e ea^losion 
oooiirs with t^drooarboKHrioh sEbrfettres, while tl» lizaitlng rate is
transferred fro® tl^ l^bTOoarbonKrieh to the os^ger^rioh E

Further evidence is given Ijy oorisideration of the "net
factors* for oyolopentane and n-tjentai^ lender different ootiditious,

Ifl the early stages of the reaction the pressure change observed 
follows* approximately, the single law,

a ^e* llsfire A and ^ are constants.
is calloet tbe net branehing factor

is a measure of the rate of acceleration
of tlbe re&eiioa,

can be res^ily obtained £raa Ap aaeaeureaents by putting tbe above 
into the fora*

In Ap B 3rt A + f>t

so that a plot of la %/t £ive$ a strai^t lisae 
of slope $, This is only tru^ over a liaited range « As the 
rat© is approached and the reactant coEieentr&tioD& Tall, ^ 
fsero and finally beowwis ase^ative« Sos^ authors thick that ^ is a
aore characteristic parameter of the reaotion than either p or 9 [75]»raax

If ^ values are ealoulated from the 6p/tiae curves for
eyelopentane and n»pentano {i?ig£ 5 aad S) and these values plotted against

pressure of hsrirooarboa or oa^y^en, it is seen that ?lnoreasing



rato coAsas an increase in $, Tn *ha case of n-^ent«Qe where increasing
oxygen pressure giv@s a Hadtii-^ rate, $ bocoues oonstaz$ also* la 
all other cases, however, vlioro liiaitiiig rates are obtained -with 
increasing reocta&t presoure, $ continues to ^nercaae (?lgst 41,4-2,45 
and 44).,. Thus it eould be argued that in the wiae of »-peat«n» Hit 
Idndt obs0nr6il wltli is*tor©as© in os^rsen is of Idnotic si^rxlTloaace* 
botii ocrolopentaiMi and i>-pout®2i® laoreasing ]^*drooarbon pressure 
no fall off ffoa lincartty o£ th® ^/TH2l] plots and tills suggests that 
the Uniting rate oib served ro^- be caused by reoetont coxujumptloa* In 
the oas© csf ocrolopentsne (f%.44) tl^e rat© has sifit really rea«jfeed Its 
lii&tt at the Idgljest oK^gen pres&iire and 0 is still ixicreosino;* 
Partheraore the Edxture would baoome W3?y Ir/droeax'bon defieient if tlie 
oisrve w»re pax?j©ot©d saay fui'ther. This case is then z^ithor a^i^ucnis*

To sum. ,_«pf It seems that the limit to the rat© reached with 
Increasing osygen pressure is kinetlo&Xly significant • Tlje limit 
reached with increasing l^y&roottrixtt pz*@«3\ire» liovever, laajf b® due to

of reactimt ^hioh malaes the tru® raexlnnia rate unb 
rise in rate t© aacploeioii wldoh caciirs with increase in tioth 

ami ^rdrocarijon pressure i© probably of kinetie si^Eiifieanee although 
may "be eaussd'lr^ aelf»hecting«

2be struotural effects in the oyoloparaffin sorles are 
similar to those with the Qp«<m chain p&r&ffins wtera aetbyl groups 
atrongly decj^ease the rat®. 5?he rates for a number of 
and aetiayl oycloparoffins have already been given in ?ahle 3* 
struotural effects ©re usually eoq&ained, in the perooddo theoxtsr* in 
terns of the atebilisijis influence of the isetl^rl groups on the 
decomposition of the intermediate peroidde* In the eacpresaion for the

rate wlsioh Cullis and lEnsholwood cli»rived and vibioh can b©

abridijed to the for®



:-u°d
COS00*OGS -X5

<x«"[tool

8,f trpa sts) I-

9T

OS 

0

ro
( upa)

9*0

0009C

jo JCOQ.OBJg&u pirnjo uosproonoo



(TO)

COS 00* OOS OOK DOT

UO'

8trpa

srr

oc 

o

8*0

9*0



OCSQC® 002

00"»[B0]
o

OCT
0

0

0T

OS 

0

0*0



g* ; i rate and net fao&or

oxidation 2501>C

0

100 200 500 400 500

(m)



are functions of reaetant concentrations and various
velocity constants,

f "\
are functions of velocity constants*

"both f end k contain velocity constants of the percsd.de decomposition 
reaction. The denosdnator in the above oppression ia small* for 
rapid reaction k.P.f approaches unity. In t&ich oaae voi>T ssall oijaaagfts 
in k will liavo a greatly oafpaified effect xapon tiie rate of oslclaticm.

Various factors influencing the strength of bonds have bean 
by '^alsh 180,70]. He aonsidera trtat an iimrests© in el©ots»o* 

of Dondod atooa incre^sea the "bond strength up to a point 
the atoms must ao so close togetliar t!iat repulsion of the nuclei 

is Iike3 r̂ to result* ?be os^G«n bondc of or^ciziic porcxzides are oonaidered 
to be e case where tbo strength is reduced as a result of reduced 
overly of the atonic "Brave functions in bonds of idgfcly eleetroneuative 
atone, the clectronocativity of tlw oair£;«n atoac being too great to 
allow the overlap that would coirospond to the aaad^nua 0*0 bond strength. 
Any £8cne whereby t)\© offecti\'le eleotroae^tivity oould be decreased 
would increase tlie ov- and str<r • :i the "bond* If this is true, 
then the effect of nethyl i^oopa upon the eaae of oxidation is readily 
understood. The presence of a nethyl croup near the perosdde bond 
would reduce the ne^tivlty of tlie 0-0 link and so Increase the stability 
of the nolectile which ^ould be reflected in a less efficient chain 
branoiiir^ reoctiuii, ^i.us deoreaaii^ the overall rate of reaction.

There ia, however, as lias been aentioned above, evidence that 
at low t«^ip«T«.t'*res in solution various Ix^dro -jfi-radxtes do not deconpose



at very different rates [38], 2heoe results, ^vvsvc-r, ;,^ not be 
to higher temperatures,
ort for the view tiiat %iiatesver causes the structural effects 

ocoura on^f in the low temperature reage, is aivcsi uy w •' of 
rarsosis and " .ol^ocd [7x] on tlie rates of oxidation of several 
esters in "both tl*e iiicih'end low teatperatur© regions*

"Jy^jBgdBH^^^^^jBBJt

rates arc relative tc stsferl formate as

foraate 1 1 
Metbyl acetate . 1 1 
Hetfcyl propioamte 6 6

butyrate 350 34
formate 550 5,0 
formate

As ean be seen the variation of rate -Tith structure in the 
•fcoaperature region is not Benr3^r so pronounced as in the lowr» This 
could be explained in terms of pero2d.de stability, as above, since it 
is believed that ali-^rl ^oroxides play no part la the lii^ 
reaction.

In ordor to stu«3y tht effect of structure in tho
of rates "between oosrpoua&s living the .9fu&1 ii^5fe^r ̂ of

atons was made* The results of plotting los. n p . against tlie
** iv i^toUv

of oarl)on atooa in the noleoxile i& seen in Fig, 46, The open chain 
paraffin rates are taken from tlie literature as shovm bolow and are 
given relatively to n-hexane as uni1y» The oyolpporaffin figures are
taken from Table 3«
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.Table.

tO n-'

Ethane
Propane
Butane

Hexane 
Octane 
Deeane

0.00015
0.013
0.065
0.15

.00

104
[8]

As can be seem the cycle-paraffins and n-paraf fins follow
rolationalupo ttiiich can t>e i „ led as very similar, allowing 

for the fact that data froa three separate source© are used* It can 
also be seen that the metegrl substituted cjroloparaffins aH have lower 
mies than the oorres^ i^ unsubstituted bodies. T!!iifi e.'feot of 
tlie methyl Group is the daae ai that ob served with tiie open chain 
paraffins, possible resaoris i'or which liave been disousaod above.

fy<&coct:nc is ano:jalous in tliat its rate --jf oxidation id very 
uuuit Zovrer than, ui^ii ,>e e-^woi/c?-!., uc.u^ in fact a littl© IQQB than 
cycloli«xane (Table 5). o reaocm for this is not at all clear. In 
terms of the rjeroxide tttafey it \-;e«ild nean that for some reason the 
pespczide sioidvu:-. i'ru^i cycilooctaue is oi* a vor^/ otaLle .iii-wui*^, u..ou^.i 
it la difficult to ae© ^y tlds should be so. 5?be lo«* rate could be 
connected t?ith aoia» effesct arista- frora the bucl-rlin^ of the c

rasa
bud:led so that cyolooctane is probably the 
lapsed all sccsManoc of a planar structure

coapoujjui of

Jaw, q
would not be 

first in the series 
so viiat it liiEjy.ror ' 
smaller ring size*

If tiiis aaosiolous behaviour is ignored and the s»ooth ciirve in 
fig, 45 considered, it is aeon tiuit tha addition of 1, 2 or 5 metl^l 
Lroups on a i-in:; causes tbe rates for t!ie paraffins ,1-0 su-iotltutod to 
fall by appro3dmte3tf equal oaoimts. It i^TOuld seen, therefore, tliat
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tiw effect of . .. .. .... , , rate of c . -In <x-d.dation
is additive* Thus ** .letfcyl croup is assigned an antagonistic 
value of 0 and if the -^ate of oxidation of a oyoloporaf f in is H and of a 
natlj&'l austitutcd eyeloparaff in B* (v;hore R and E* have the saute 
of carbon atons) then if the auober-of sie$hyl groups added on the 

x we naay ?/rite

lo%0 

With the r^rafftna investi^ted « baa a valiie of about 0.5 «
There resaias the question c^ the comparison betvre^m corresponding 

members of tlse cyoloparaffin and n*$«vaffin aories. A« oaa be 0eon 
fnm Figs. 5 to 8 although oyolopentane is oxidised about S.5 times as 
fast as i**pentajtie, its induction period is 2 to 5 tiaes as long* This 
would sees to indicate that although the deveZ _ ^ ^t of the chains In 
oyclop««ita,Be is slower than in n-pentane, one© a branohlns chain reaction 
lias been establidhed it pvooeeda at a hi^ier rat©, VbofcivB? thla is 
because some inherent stabiH1rwr off the ring syst^i delays the onset of 
rapid brandling, or because of the possible production, of eaaily oxidised 
hi^ier ald®J$rdes ifhm the rin0 bf®aks» as oug::est@d in tl«j solwme above, 
camot be decided oa the evldenao available*

It is vwill kiioran that ~3&& pliase <.• -:;ions ar© very susceptible 
to surfaee effects and the Incidental short and long range variations 
in silica and p5*resc vessels have already/ been mentioned*

The ei*i*ect of the nature of ti-io reaction vessel surface on the 
oxidation kinetics \irill toys be coiisi'der^l in acre detail* .Alt 
there la very little " i^ence betman pyreae arid silica sur^aoea 
variotia salts ami metals hafe a pro:i'v oimd effect both on the rate 
aa **ie ia-,iiOtion ^o^uuu. oi' -i*c ruction*

Althou.; M»W -ioral reaaona why, in such reactions, stirfooe 
should play a large part are not difficult to ,-dve. aore preciae
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identification of the individual reaction steps leatiing to initiation 
or acceleration is difficult.

The length of the induction period depends both on the rate at 
which the reaction chains are initiated and on the acceleration. Only 
the earliest stages of the. reaction are determined by the rate of the 
initiating process ItseSjf. A change in the catalytic action of the 
surface could either facilitate or retard th© initial production of 
radicals. As the chains develop, the walls of tlie vessel may take up 
radicals or free atoms and so terminate chains (aod this with varying 
efficiency), and the removal of a branching intermediate will 
effectively retard the reaction.

It has been known for some years that potassium chloride lias 
an effect upon the kinetics of propane oxidation. Pease and his co~ 
workers [74,75,76,77] oaddising propane in a flow system at temperatures 
between 525°C and 400°C found that coating the reaction tube with KD1 
reduced the yield of peroxides almost to sero, without other effect on 
the reaction. Static experinents, on the other hand, at 270°C to 280°C 
with a 2X1 coated pyrex reaction vessel showed a ijreatly lengthened 
induction period.

Similar results have been obtained raore recently by Bgerton, 
Hinkoff and Soloo^a [78] and also by &alah [70] who have studied the 
effect of surfaces in the oxidation of methane at about 500°C. .Among 
other points, Walsh divides the surfaces into three types according to 
their effect on the rate of oxidation. These are *-

i) Acidic : silicic acid, boric acid, phosphoric acid,
germanium dioxide, 

li) Salts in general and raetoUo oaddes,

iii) tetals.

The rates in vessels having the above t^pes of surfaces fell in the order 
i) > ii) > iii) f the third type, aetals having the slowest rate,

The activity is ascribed to the destruction of U00 radicals and&



laoleculee on the surface according to the schenw below.

(t)

Either preserved or

ftfpe of Surface

(n)
e

Diffusion controlled

(Hi) 

Sase as (ii)

H2°2 Preserved H3°2 * V * * °8 

Hot diffuaion 
controlled

Diffusion 
controlled

The activity ia supposed to be due to the ability of the attrfaces to
donate electrons to the adsorbed radical and so facilitate its decomposition.

If this is the correct interpretation of such effects at high 
temperature it is interesting to consider the analogy of a possible 
low tooporftture inhibition caused by the removal of £80Q and BOOH (or 
1003).

2

0,
on class (ii) or (iii) surfaces

(EOOE )
At first sight this is not very promising since the ether or alcohol 
produced is very easily oxidised. During their oxidation, however, 
peroxides or perosy radicals would be fornied and these could a,;ain be 
destroyed. If the processes given above for It00 and ROOH removal are 
very rapid, then chain branching mm to the peroxide oould be delayed 
for a considerable time.



The results of tbe present investigation shew that * 
variety of salts lengthen tbe induction period of oyclopentane oxidation 
considerab3y. Since it Is not necessary to coat the whole inside of 
the reaction vessel with salt but only to introduce a layer on the 
bottom of it (UBr and LiCl), and since gold, platinum and silver were 
also active in the form of wire or foil, the effect is moro probabJy 
4ste to the destruction of a braooldng intersKjdiate than to the 
suppression of an initiation reaction on the surface* For the same 
reason the destruction of a labile peroscide intermediate is perloaps 
mooe Itke3y than that of a transient perosy radical.

Inhibition by the destruction of an intermediate i^rdroperoxide 
would explain the fall in effioiencjr as the teErperature is raised and
the reaction proceeds more and more through HCL radical decomposition.&
It would also explain the fall in rate observed in the salt-coated 
vessels*

The rate is hardly affected at high temperatures by a coating 
of lithium brosdde (3*ig, 51} but at lower teaperaturea where the 
peroxide branching mechanise might be expected to operate, a very marked 
fall is observed* Magnesium sulphate, on the other liana, lowers the 
rate over the whole accessible ten^mrature range* If we accept tbe 
explanation given above for radical and peroxide removal, this would 
mean that for some reason magnesia sulphate is nore efficient in 
destroying the chain carriers of the high teaperatura reaction than 
lithium brondde, or the other salt aisd netal surfaces iaveatisated at 
higher teaperatures.

5?he difference in the efficiencies observed for the various 
salts aay be the result of a number of cotiflioting factors. If Walsh's 
explanation of )i00 and 1I000 destruction and tl^e analo^oua explanation

l& At &

in terras of W~ aad HOOH is correct, then it adght be expected that
43

the efficiency of the salts would lie in the order of their ability 
to donate electrons. Some autfh order is indeed observable and although 
other factors awst clearly plcy a part, this electronic effect is
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th« most issportant single infuence. It should be 
that there was no observable order of efficiencies in relation to 
crystal structure,

Some surfaces lose their activity with use, and in the case of 
silver wire the activity lost during a number of reactions could be 
completely restored by wiping the wire clean with cotton wool. !£h§ 
platinua wire required ratlier more drastic treatment to restore its 
activity but it would seem possible that the covering of the surface 
layer with carbon or reaction products of high molecular weight can 
cause the loss of efficiency observed.

Further evidence that it is the peroxides themselves which are 
destroyed by the salt surfaces is given by the analytical results for 
the total peroxide concentration found during the course of reactions 
carried out in oal^-coatod and in unooated vessels (Figs 57,53). In 
A lithium bromide coated vessel at 400°C the peroxide concentration is 
almost zero throughout the reaction, although there is very little 
change in rate. The saoe is true for potassium fluoride coated vessels, 
though in this case the i-ate is somewhat depressed, probably as a result
of the destruction of high teEqperature chain carriers such as I100 or

o H02 . The peroxide present at 400 C is almost certainly hydrogen peroxide
since other evidente suggests that al^yl peroxides are not formed above 
about 550°C

In tii© low toaperature range, at 250°G, lithium bmside could 
not be used for these escperiments because it completely suppresses the 
reaction at this temperature. Potassium fluoride, however, could be 
used (?ig« 38) and in its presence peroxide concentrations were found 
to be reduced by about one half, and the rate also to be greatly reduced,

At 400°C the potassium fluoride coating in the reaction vessel 
lowers the rate by a factor of 4*6 arid the peroxide nearly to aero. 
At 250°C it lowers the rate by a factor of 12.5 while halving the peroxide 
concentration. The results with lithiua broside at 400 C surest that 
peroxides are not essential for the development of the reaction chains



the hlsh teiperatur© region. It would see* therefore that in tlie 
low temperature oxidation mechanias not only do the salt coatings exert 
their effect through the destruction of pero2d.des( aad possibly of other 
radicals as well), but also tlmt a peroeside intermediate must play an 
important part in th® kinetics.

The effeot of various hanoganeous additions on the oxidation 
of oyoloparaffins will, aow be eozisidered. As might "be expected the 
additions which have no eff eot on the rat® and induction period are 
found to be substances iMoh are probally ©table under the conditions 
of the experiment* tfjkterlals, on th® other hand* vhioh either fceeoapose 
to give radicals, or can be attacked daring the reaction to give radicals, 
usually have some effect.

Of th© xafttvrtal* which had an accelerating effect upon the rate 
the sod© of action of the higher aldc*i$rdes is fairly straight*1 orward* 
They are easily oxidised, at the temperature of th® essperiieents, in a 
choir; oannegr and it is evident that these Chains can initiate the iain 
reaction. Tbe {greater efficiency of the aldehyde« observed in the 
oxidation of cyclopropane is probably a result of the higher teaperature 
at which the e^perimenta were carried out, slaco the initiator itself 
will "be more rapidly oxidised giving a corresponding increase in the 
rate of radical production. Since the addition increases the total 
aldehyde concentration during the reaction, and oxidation of any aldehyde 
can lead to chain propagation, it is evident that tlse rate of reaction 
might be expected to increase with increasing aldehyde addition, as is 
found easperisentally*

Formaldehyde has a rather more complex effect oa the induction 
period than do th© higher aldehydes. It m^r either retard or accelerate 
tfoe initial stages of the reaction. The inhibition iaay be caused by a 
mechanism suSa as that proposed "by Gullis (25]. lie considers that 
reaction of f ortaaldehgrd® nith aU^yl radicals results in chains of lower 

activity.
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CIIO -* H 4 CO

Cullis suggest* tlmt tbe Isrdrogen atom robots with aore paraffin to 
produce an al&yl radical which is of lower carbon content than th» 
original fuel, ami which IB considered to be less reactive,

a' .CH3 + H •* a' + CH4
On the otbar hand, reaction with oxygen would continue the chains in 
a

B + Og •* OH * 0

or the f onaald^yd© itself oouM be osd&ised,
It is the bAlanoe of such competing reactione wiiioh, 

causes thu variety of effects found when rotwaldel^^e ie added to 
di T orent systems of paraffin and oxygen*

Ditertiary butylpor oxide, being very unstable at the tesaperature 
of the esperinents, will, on being admitted to the reaction vessel, 
produce a burst of raetbyl radicals ^iioh can initiate reaction chains*

£n a salt-coated vessel , where tlie induction periods are very 
Ion,!:, the a&lition of percccide as an initiator seems to be an "all or 
none" process C^i@* 26), in contrast to aoetalcta&pd* addition «liere 
the induction period can be si«*adi3^ retijoced by increasing aaouats of 
aldehyde* A possible explanation of these effects will be considered,

Hie end of the induction period can be regarded as the time at 
which a raini£sum concentration of branching intermediate lias been built 
up so that the reaction chain* begin to accelerate rapidly* If the 
oxidation of acetalde^e is swch slower ttian the decomposition of 
ditertiary butr/lperojdde at tl*e tea^erature of the csspcriLTents, then 
with added aoetaldehyde a slow aocuailatian of interoediato, derived 
free the al&e>QNl0 oxidation, is Buperisposed on that produced by the 
usual reaction chains, s a "progressive fall in the iiiduotioii period 
might b« expected on adding inoreasint$y larger amounts of



Sitertiary bu^ylperocdLae, on the otlier hand, produces a very rapid burst 
of ra'lieala in its decomposition, sine© its half-life at the tenperature 
of tb© ©2q?«rlisent& is of tlie order of 0.8 see. Its final decomposition 
products, ac«ton© and ethane* or® more or loss inactive. The radicals 
produced will <2ttlok3y give rise to sosa concentration of sou® brandling 
Intermediate l^r initiating chains, th^ nue&or of wldch increases i*ith 
the amount of added peroxide* Uhis r&jddly produced eoncontration of 
iatorraadiate say toe bigh «oough to give rapid clmin branching, In wliieh 
oas« the iMuction period will be 3oeai'3y s@ro* It aay, however, not THI 
suffioiant for this, in which ca«wif being a highly labile substaaoo, it 
decays faster than it oaa autooatalytioail^ generat© a high concontration 
of itself*

X3a© diminution oi* t}*e induction pezdod obaerved after1 ditort-iary 
but^lperoadde laas b©en left in the vessel for maqy tis^s its hjlf^life 
before th« admission of l^drooavbon and cs^sen, is pvesu&abty oat^ed by 
soe^ starfao© actiTatioii* The ^ost obvious eaxise of tliis is that 

• Isave been adsorbed on the veaael walls* If radicals of alooat argr 
are adsor!>ad oss the walls they will faoilitgte the initiation of o.haias 
in tb© ^a® phase* Thus if V is -an adsorbed radioal, possible reactions 
would be

V + 00 -» ¥00
Ct

VOO * 3ffi -» VOOH 4 E

the aHqjrl I'adioal startii^ chains In the s&s phase in the nonaal 
way. Sxich a zoeeiianissi agrees 'with the observations that the rat^s in 
such "activated*1 vessels ar© unaffected*

The affect of dl- ana ^rletl^lafidne OB the rftte of ojd<2ation 
and induction period of oyolopeiitane can be explained in tes^as of the 
forsatioa of *oetaldei)yde during their oxidation [30], GHsis accounts 
for the fact that the effect both upon the rats and induction pm-dod 
is siailar to that obsei-vscl with added aoetaldol^le. ' laoine and 
amcmia, not havisis aoetoldehyde as an c-d.dition T»rcdr^t ti^aer the



of th© e^eriaent, have no effect on cycle- ;ie osddatlon. 
Bromine probably exerts its eff oot on oyclopontano oxidation 

through tha formation of hydrogen broadde by radical attack. • grdrogen 
brooi&e is known to be very efficient in catalysing i$*drooa*bon ooddations 
[8l] and allowdUi^ thoa to proceed at te&tparatures a hundred degrees 
below those noraalty necessary for reaction, uUds is believed to occur 
through soete such

H
<a

I8D + !Bt» •* ROQH * Br
A

Br -^ 2H •* .. i.» 4 E

laoreaae in the rate of the Initiating reaction would both reduce 
the Induction $*ffl0& aisd laoroase ^© rat®. Neither !i§rd3,*oc?ea ottloricle 
nor tcrdrogea iodide r@aot in this wi^ quite so ©aaily && ^vdro^in 
bromide does, whioh aa^r aoeount for the 5jiaotivi% of ohlorine and 
iodine in tiie oxidatioa ofi ciyalopentane*

j-iitt^o sub8tttiio«3 wliioh have no effoot n tha reaction, such as 
, omrbon tetraoiilorid©, carbon tetrel'luoride and BO on, ore

not attaolced by either the roootants or the radicals present
undex* the prevailing

Sone of tlM aost interesting results in tMa investigation are 
those relating to the effect of 3urtvao©s on the course of the oaddations. 
It Ms b©en aeen that a wide varie% of surf aces easert a most narlasd 
effect la prolonging the induction, period* la som© oases alxtoat 
indafinlt^X', mid in reduolng the maxiiauia rate of reaction* The action 
of such surfaces is probably oonneoted with the destruction of active 
peroxide intornedlatet. Althou^li the chains by whloii reaction is 

are almost certcdnly initiated on the vessel walls, the 
of this initiation does not ®eaa to be the raothod of action 

of th© inhibitors* rfii©rei*ore tho control oi* Ignition by salts would 
fee expected to be most effective ufaen the salt is -wida^r distributed 
tiirough the gM« In view of th® practical importance of th© control



or prwontioB of l^dLtion, these considerations, toother with the
for a mor* Octaileil lonowledge osf the exaot aode of action of such
. ,-ors, pcrlie«p8 irsHoato tlie best Hnea for future work.
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(i) for Piss. 5 arid 4

Variation of taalaua Rate and Induction Period with pressure of 
csyclopentan© sand, np»pontane at different Osygon Pressures*

260 C Silica -/easel.

p Oyolqpentane p ro«3C , 
(am) (am lain"" ) (sdns.soos) (Bdn

100.0
192.5
241.9
281.5
507.5
553.6
380.9
402.5
452.1
500.5

104.5
157.2
202.8
274.2
207.7
557.1
402,1
455.4
401.2

101.8
102.2
107.5
121.2
131.2
137.0
140.5
199.2

30.9
60.6
61.6
62,5
58,8
60,9
01.7
5*3.4
61.0
59.8

111.8
111.0
111,1
109,6
Ul.O
100.1
111,5
110,0
111.4

203.7
205,8
302,2
aos.7
302.3
109.1
200,2
201,8

2.7
4.8
6.1
5.2
6.5
6.6
7.0
6.7
6.8
7.5

7.6
9.5

15.2
19.4
20.0
20.5
29.5
50.5

51.5 - 55.6

14.5
10.9
14.8
10.2

Explosion
»
it
«

54.50
15.30
9.50
9.20
7. SO
6.45
5.50
5.45
5.0
4.10

23.0
11.0
6,40
6.0
8.10
5.40
5.0
4,10
4,30

16,0
15,30
17.50
25.0
10.0
13.30
10,0
7.20

0.029
0.074
0.105
0.106
0.135
0.148
0,102
0.174
0.200
0,242

0,045
0.001
0.115
0.167
0.125
0.176
0.200
0,242
0,258

O.OG2
0,074
0,057
0.044
0.062
0.074
0,100
0.155
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Sable til Cant.

p n-pentan® p O^gm p
" V B « \

(ran) (am) ( ram ista ) ( sains, seos)

ilS.O 112.2 3.5 8.50 0.100
202.S UO.O 0*0 4.0 0.250
306.5 110.2 7.S 2.40 0.372
552.5 Ul.O 7.7 1.50 0.540
H9?«3 105.8 7,9 1.40 0.600
435.0 U2.9 7.9 1.^) 0.700

121.7 ^)5,0 6.2 5.25 0
302.S 3Q1.S 12.4 2.0 0.500
SS2.3 301.5 18.0 1.55 0.650
3G0.5 3^8.8 17.1 1.30 0.070
M4.0 SOO.O 33.S 1*0 1*000
5&i.8 ^QS.O Sicploaion 1.0 1,000
563.0 i09,5 22.0 O.SO
581.0 S^a.O 99,4 0.30
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(11) fpg » 5 and 6

Variation of .u» Rate and Induction Period with pressure of 
At diffesrent oyclopontane aad iv-pexitaiMi Pressures. 

,o^ Silica Vessel.

Cyclopentane p Oxygen p 0
(•n)

203.8
201.1
202.2
201.4
205.3
309.8
199.3
300.1

99.4
.102.2
101.1
99.0
101.8
101.1
100.3
103.3

41.4
41.8
42.1
41.0
40.0

V

(SBB)

G0.2
104,9
100.0
120.0
150.9
157.5
159.0
177.6

iBo.a
903.8
251.0
281.0
297.8
511.0
513.4
540.7

202.9
515.0
406.9
495.5
590.0

• UiHJfc .

(tm min ) (rains. sees.)

7.5
13.2
11.6
10.4
32.0
32.5
25,6

Kaeplosion

7.5
12.0
14.5
15.0
17.8
34.4
25,6

implosion

UB
5.0
5.6
4.0
4.6

Peroxide
H

8.4£
Pcro3d.de

«
8.40
9*0
0*30

Percod.de
R
«
H

B

«

*

tl

(t

H

(t

it
M

{ min"1)

Mded
n

0.114
Added

t*
0.115
0.111
0.3JD5

Abided
«
o
n
«
«
«
tt

it
w
""t

•. j

M

ao)

109.5 
S02.5

.870.8
72.5 
71,7

109. a
291,5 
547.5

272.6 
3CO.2 
407.5

13.5 
1U2 

^xploaloa

5.0
5.5 
2.5

2,0 
1.10 
1.0

5.0 
5.30 
2.50

Q.500 
0.800 
1.000

0.300 
0.2G3 
0.558



06t*0 
401*0
ooro trro
690*0 
T«X)*0
050*0
tgo*o
t»0*0

sciro
1KTTO
oor/o 
ecro
9£t*0
stro
T8TC
S60*0

090*0

£8*8 
0*01 0*6

0*8T

02*9
o*g

OS*9

Off* 8 0*8

8*6
'6

8'fiT

rot 6*6 
8*6 
8*6
res*£
9*9

g'cnrt

9*6GT
B*srn
O'CTT r*m:
0*60T

S'TTT

rm^*rn
8*60T

0'OOT

**£ST
9*SSt
9*trr
T*STT 
6*^OT
ree
B*t8 T*A6
^*S0

9*00t

0/T

A «OTCTS

(BIB)

ss OTT 
W ft mioqjvoax^Cjo

sp4? jo txrn.8unj
F«l MM[ WWpEin
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p aetfcorl- 
e^oloheoauMi 

(swa)

30.5
35,5
59.6
45.0
51.0
50.2
54.4
59.4

00.4 
60*5 
70.5 
70,8

Is 4

15,9
10,8
24.2
39.5
54,7
40,1
41,7
45.8
47.4
51.1
53.7
54.6

p

(iSSi)

111,0
111.5
112.1
110*5
109.6
109*1
110,1
109.4
110,6
110,0
111,0
109.2m*6

UG.2
110.8
110*2
110.0
no.o
111*1

110,7
111.3
110.5
110.7
111.2

Prmaa:
(mm Bin"

5,8
5.1
6,4
7.$
8.8
9.4
9,0

11.3
11.1
12,4
12*5
15.2

1.4
2.1
3,5
4.9
6,4
8*1

0.2
10.4
11.8
13.6

itelosioM

55,50
19,30
16.40
10.30

U.40
15,40
12.5
14.15
10,0
10.40
10,0
10,0

9.ID 
10,40
8,20
3.50
0.5
7,45
8.50
8.50

0.015
o.oai 
0.000
0.061
0.069
0.085
0.064

0,070
0.100
0.004
0.100
0.100

0.050 
0,080 
0.09G 
0.100 
0.004

0*118 
0.122 
0^150 
0.118 
0*147



JJ
dt

S
S

- 
H

jV
 •

»
<

f 
QJ

 
f«

i 
*»

«•
 

OS
S

tf
r

O
 
^ ^f

St
» 8

» 
* 

•» 
* 

*_
*..

*.•
«_

,*,
*„*

.*.
.*_

*. 
*_

*.*
.

^•2 '0
 
H

 H
h

* 
e3

 w
3 

'l^
1 
O

 O
 C

O 
ff
* 

Cs
 C

U 
O

a
s
o

*
*

»
«

*
»

 
»

•
»

«
#

*
*

•
*

«
 

5*
H*

 %
 

' 
' 

I H I 3 a * 
«_

 
* 

*~
 »

*
.•

«
«
 

cs
O

 O
 O

 
O

 
O

 
Q 3 *"

o
 o

 o
 o

 o
 o

 o
 o

 o
 o

 o
 o

 o
 o

 o
 o

 o
 o

 
P»

 
* 

# 
* 

* 
• 

* 
.
•
»

*
*
*
.
*
.
*
 

+.
 «

 
. 

js

O
O

!w *° 
* 

A

§ 
t

r 
y



* Vw
-S | E m 1 cs * *

* 1 
B

g
f^

g
JK

a.
 

A
«t

e 
£

«
*

 
•- 

-' 
*»

^

H
 

•
*•

*
*
*

•*
 <P H C-

o

P
 

O
ft

 
fc

 
o

*-
* 

* 
*

cf &
 

M S -o

H
^

H
H

H
' 

^

^ 
Cs

 C
li 

O
 

I
* 

<Ln
 fe

3 
F*

 
t £*

.

5
p
 

S^
•*? a 

H cf
-

d

P
- a O I* «

I ^ &

»> o
_ 

„ 
, 

&
 p

 O
 

.
I-

*
 
|J

. 
|^

4
 

}«
* 

%
$ 

£
£

 
{
ft

|d
> 

f-
 t

^
 
t*

 
l-

i 
jp

. 
I-

.
S3

 t
o 

tf*
 b

t 
!-*•

 H
 O

 O
T

J

& &
*
*
*
*
*
*
*
 

C5

o
o

o
o

~
o

o
°
 

§

O
 

4
0
° t:

H
* 

O
 

&
. 

»I i3 
fc 

I? 
I

g
H*

 
Q

i

t

C/S
 

Q
o
o
o
o
o
o
o
o

»
•"

 
*
•
'
•
-
•
»
 

•
- 

»
• 

«
r

O
O

O
O

Q
O

O
O

|^
l 

|^
> 

}<
,i 

|W
V 

i~
t 

f-
k

 
t,

,l
 

|_
i

C
#» 

- 
p> 

™ 
,^^

*5 
J» 

^f 
t-^

fc 
*. 

*, 
f*

*\ 
4 

\, 
. 

v.
s 

X
4 

v
r! 

r*
 
v
j 

v?
H

 c
 , 

tR
 O

 O
 K

* 
^
 ^



Table (vi) for

Sate of Oxidation of Cyclooctane. 110s» 350°C Silica Vessel

(mm) (saa) (ram
* ~

21,0
05.5

39.3
52.0
59.0
20.7
32.5

2S.S 
29.0 
25.8 
54.8 
27.2

103,5
115.3

112.0
111,0
107,8

115.1
111.2
109.9
110.5
110.2
103.6
111.9

1.0 
1.7 
1.7
2.5 
2.0 
2.2
5.5 
4.3
2.4
2.5 
1,8 
1.7
2.4
2.5 
2,0

15.0
13,4
12.0

2.0
0.50

9.15
4,10
4.20
1.0
9.45
8.16

for .Au .12 13.

"late of Cycldhoptoue at Various

Pres»ur©», 245°C

0

30,0 
50.7 

,7

40.0
40.3
40.0
40.4
40.7
40.2

Silica Vessel. 
sliowed no induction period at tills

(m) 3 (MB) 

122.0 

315 !d

42,8

62.8
84.6
98.5
102.2

2.1 
8.0
1.8

1.4 
2.0 
2.5 
2.0
3.4
2.8
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Cyeloiieptima ' p

{») (m) (aa sla"*1)

40.7 , 03.5 5*4
59.9 102.5
40*7 125.5 H

55.5 GOO 1.6
48.1 61,0 2.7
a*.S -32.1 5*0
87.7 60.6 2.7
51.6 90.1 3.8 
30.8

UO.O 2.4
45.2 115.5 . 5.5
49.5 U5.8 4.5
85*8 112.0 5.0
GO.S • 106.8 6.4
09.5 111.5 Batplosloa

for Pi^g. .14. 15 atnd lo

Variation of ?laxlBSun rlate aad Induction Period of it It 5

oyolopentai*e with .^Irooarboa aad Ggygen Pressure. 250 C Silica Vessel.

p 1*1*5 trloottyl prt Oaiys«a p^^ t

(223

29.6 
50.0

90.8 
100.2
99.2

51,0

120.5

50.9 
55.8

-574.9 
250,5

100.1 
150.5
215.0

70.0
7X,$ 
70.4

115.4 
112.1

5.9
5.5

6,7 
15.5

Sxplosion

2.0
3.0 
5,1

2.0
5.5

8.0 
11.0

5.50 
3.30
4.30

14.0

15.0
9.10

0.125
0,091

0.171
0.182 
Q.2U2

0.071

0.067 
0.110
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PQ Cyclop 
(TO

153,5 
201.5 
199,5 
245,3
399,0
500,0 
429.0

200,6
500.0

ft » ~z>*j%-jt A3,9 QJUCl

200.0 

44&I0

Variation

p Qyolopi 
(mm)

6.5 Fold >
200,0 
200,1 
201,1 
201.0

entona p Oj^ge 
) (m)

201.0 
199.7

200.2 
199.0 
200.0
194.5

50ft ,2 
807,0
20S.Q

fessel

soo.o
205.2 
198,0

!M»a»

up <9 1/0 
(am lain" ) (ains,soo8) (lain" )

28,0 10.0 O.OG5 
54.5 11,0 0.091 
54,0 - Peroxide JtdcLad 
35,5 0.40 O.HG 
59,0 6,50 0,1S4 
41.0 5.50 0.132
asmff eF"*™ •* w JF^' *" * i-j«*^v^

^6 0 ^eroTiae iki--:
(50.0 " a
64,0 *> «

23,5 « M 
30.0 8.15 0.121 
55,5 5,45 0,174

f 9ja> \ ^/*\V> -*^*^ f^ ^ '-iVXJ *• <.«. -• 3-ii, Aw,

of Cyolopentone Hat© in Packed Vessels, 350°C Silica Vesaals,

sntane p 0^g€R
V

^s^eO.

500,4
551,2

(ea cdn" ) (sains. sees) (ndn )

S5.5 Fero3d.de Mded 
33.5 tt n 
35.0 « »
*"">«3 0 it n

4^6 Fold Vessol
201,5 
201.4 
199.5

sools

a -

504-.2 
57C.5 
450,0

16,0 » «
25.G « « 
3-1,0 ** *
48.0 " »

lent TSxplosion * *
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Table (adil

tffoet of Ia«rt Gases upon th® Oxidation of Cyolop«ntane

Carbon

nil
54.0

252.5
500,7

Effect of

p
(an)

100.1
121.5
125.2 
152.0 
129*5 
141.0 
141.0

- 200 

- 110 saa
3SO°C Sllioa Vessel

"mj^
(mi min )

1£.7
15,0
14,0
14*4
10*0 
15.2
15.£
14.0

18.3
14.0
14*8
14.4

Tafttye (xui), f«

^on upon tho ?;&|

) ia 350°C

riltrogon aMe^
(1353)
nil
502*0
nil
399.1
nil
398.0
nil

9
(mins.soo®)

7.40
8.50
£.50
8,0
6,0 
C.50
5.50
6,0

0.30
9.0
7.30
6.45

^* ?i% 34

>loai<m Idsdt of

Silioa Vessel

I p»«•«<«
i»*«W» J

(etti adn" ) (mi
12.0
13.8
15.9
14.5
17 .0
16.2
13.1

a/0
Cain*1)

0.150
0*118
0.105
V, i*JV

0*125
0.154
0*131
0.167

0.105
0.111
0*153
0.148

CyolopmitiMi©

a a/^
nS.SQOS) (01X1*

20.0 0.050
15.0 0*0^7
15.0 0.067
14.0 0,071
18.0 0.056
15.0 0.067
15.0 0.077
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3ffeot of Lithiua Chloride upon Cyelopontim© Oxidation at
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Tfaere are many interesting problems associated with the theraal 
oxidation of hydrocarbons. The relationship between rate and structure 
is remarkable, the temperature dependence is anomalous aid the kinetics 
are both coaplex and not fully understood. There is often a long 
induction period associated with s^e v,uvelopeent of branching chains, 
during which tine intermediates , such as peroxides and aldeiiydes, are 
built up in small quantity , rhe reaction is also very much subject to 
the influence of small homogeneous and heterogeneous additions* This 
•aocns tliat not only can ignition be promoted, but by suitable means 
delayed or prevented, a subject of very great practical importance*

The objective of the work here described lias been to investigate 
the gas phase oxidation of a series of cycloparaffins and to compare 
the kinetics with similar open chain ays teas. lenticular reference has 
been made to the problems of the rate-structure rolationsilip and the 
effect of surfaces, both on the induction i>eriod and on th© rate* ^The 
systems studied for this purpose have been & aeries of cycloparaffins 
froo cyclopropane to cyolooctane, eaccludliig cyclobutane but including 
various mti^fl substituted qyclopentanes and uea^nos. The more detailed 
study of tlie Id.net5.cs and of the relevant inhibition plieno^ena 
been restricted to cyclopeatano, n-peatane being used to provide 

son with the op<m chain paraffins.

work was carried out to a conventional static apparatus at 
pressures from 100 to 700 am Hg, reaction ves&ele being of j^rox or 
silica* Th* oom^e of tste reaction was followed by pressure increase, 
aoasuped on a mercury za«noia©tei% Product analysis by taass speotroaeter, 
gas olirormtogi'aphy oiid chooical methods Biiov?od timt pressure changes 
W«K^ a good measure; of tl«s extent of the reaction. Gaddatlon ireaotions 
in the gas phase have an nnonalous te^er&ture dependence resulting in 

end "low11 teiaperatui" • . ••• ".ana of reaction. I'ost of the present
investigation 1ms been carried out in the low -• .^ature ranse, below
500 C, with a little ooroparutiTe work done at hlgher temperatures,



It was first considered desirable to isake so&e comparison of
n-pentane eiid oyclopentane, s5j*oe the oxidation of the norrael paraffins 
" .'--3 already been invest!,. , . the comparison ??ouM show how far 
rosulte could be regarded as ^enevol, These e^eri&ents v;cre carried 
out at 230 C, with variation of both the hydrocarbon and oayoen 
jrossures. In ;;;oneral the kinetics of the two paraffins ai*e very 
similar, The reciprocal induction period vtw in all cases linearly 
proportional to the pressure of hydrocarbon or uasrgen, the dependence 
"•cins ft littl© steeper td,th inorofisin^ i^drooarben preasur© tlian oo^^gen 
prescuro. The deposidenoc upon re&etant pressure o^ the rate was found 
to be more oozspleac. TJ^-re is a limiting protisure of eith-er l^--dx*ooarbon 
or oayjen above vSiloh increase 1ft ttie pressure of the other roactsnt 
causes a rapid rise in *m© to eoploalon, Bolsw this cs'itioal pressure 
the rate attains a limiting imlue with increase either in ooqr@e& or in 
Igpdrocarboa. Thus uz^er certain conditions the rate become* independant 
of the concentration of orxe reaetant* : ^he ohaage from one t^p® of 
behaviour to the other is gradual, and there is a region ^her® the rate 
is linearly j>ropoi*tional to tine concentration of one reaotant over a 
wide pressure ran^e, itds type of behaviour was observed with joveral 
l^rdrooar?3ons« It had be^i previoualy supposed that with n~paatan* tlie 
rate attained e liaitin^ Taltie mil* increase of exyoen, but it now 

that this is not always so,

OPnparison of a sozdes of c^^loparsfTins was &ade at 250°C
rv ovclopropant which was investigated at a higte? 

rate increases with fcho sis© of the rlngf in the 8a7se -ssfay as it 
does in tho opon ohain p®raff3,np ^t>' length of the chain* ?he oiily

dbservod vms 7,dth cyclooov^ie, ?;hicl^ osd-dised at a rate between 
and ojoloheaccuM* Meth^/1 {^01^8 on the ring, as in branclied 

op<m cliain paraffins, progreaalvely lower the rat«.

The ex'i'eot of inoreaains the surface to volusae ratio of tht 
reaction vessel, was investigated* .'ourfolci atiu si^oLd increases 
lei; ,od tlie induction period by a smll amount and decreased the



-lii-

rate, besides raising the li-altln^ pressures mentioned above, Much 
id£her pressure* ware attained before the rate accelerated to explosion,
and in ao»® oases a liiaitju^ rate i-up.taci}«i aa c^xu^uu.

The result of various small honogeneous additions was next 
investigate^. .- ©ro;d.d©s, aldehydes aad soae halogens all shorten the 
induction :>esrlod and in most oases increase the rate. ?hia Is thought 
to be tu© to the rapid production of radicals vdiich initiate the raisin 
reaction, Isopropyl bolides had little or no affect on th© induction 
period or rate, aniline, carbon tetrachloritte and carbon totrcfluoride 
had none. Inert gases in the ?tm of nitrogen aad oarbon dioslde had 
no effect, eve? in large amounts,

Ejqperimental evidence s^^^sts that the initiation reaotion 
aay take place largely on the surface of the coatoinins VQSSO!* In 
order to try and uti3JUo this fact for the ouppreeoion of the reaction, 
various surface treatments *rer©: Investiuated* These consisted in 
coating the inside of tb# reaction roftsel with a tMck layer of various 
salts, deposited from an ^ueoua solution. Tliose used were a series 
of al!;ali lialidas and oone aalta of cUL- aasd £ri~ valent netals* In the
first instance tttperloenta on the length of tlie induction period 
cerr4.ed o«it betveen - • and S90 C f All the salts caused a 
increase in the induction period (0) and Arrh«*nius plots of log
a£joinst 3/T , gave s-' ' 'it lines. ?he mac^nituae of this effeot

£O3«
larga, incbict?.on periods being increasod by up to a tlvousaadfold, Sorae 
torest^ations m&& iiade on tho rate of rtsactioa at 250 C aiid on account 
of tha length of the induction period at tliis temperature, a trace of 
di tertiary btit^/lperosdde wcvs used as mi initiator*. On3y a few of the 
less efficient salts gave a aeas-urable rate, wlilch was from 1C£> to 5(^1 
of tl:.tc normal value. '"" ••" ->rs gave no aeiyRiralJle pressure increase, 
<wrm with lar^ft amounts of initir«.tot». It fms further discovered that 
in th© oas« of at least two salts, a few :;T^^S of th© looso salt in a 
clean pyroat vessel had th® iwuii© inhibiting effect as coating the whole 
interior of the vessel. This type of inhibition is not confined to
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salts, since silvor wire, platinum wire and gold foil also inhibit the 
•eaotion.

temperature coefficient of the reaction was nea* investigated 
with oyclopentane in both salt-coated and unooated vessels, and is 
anomalous* Two sections of smooth reaction are separated by a 
temperature re(p.on of cool flaraes and explosion. On raising the 
teaperature the rate first increases and then gives wagr to essplosioni 
this is succeeded by cool fla&ea which as the high temperature region 
is approached give way to a smooth reaction with a negative temperature 
dependence. Eventually this becomes positive again and the rate finally 
rises to explosion. The whole process occurs over a temperature rang* 
of about 250 C. She induction periods *how no anoaalous behaviour,
and i^Lve on© Arrlienius plot through both higfr and low temperature 
with no break in the cool flame portion. Similar experiments were 
carried out with salt»coatod vessels « 'dth lithium broalde the rate in 
the high temperature region was little affected* but at lower temperatures 
where cool flames ni^ht be expected, a very raarked reduction in rate 
was noticed, 'fagnesium sulpliate caused a largo reduction in rate in 
the high temperature region.

The principal reaction products were carbon monoxide and water 
with soiae carbon dioxide, others being in very low concentrations, 
Other products arid intermediates detected were fonuuloLetyde* acetaldetsyde, 
n-outyrie aldel^de, butene and an unidentified peroxide or peroxides* 
She concentration of the principal products f ollosied the rate of pressure 
rise closely. Tim peroxide concentration (determined by an iodotaetric 
method) passed through a well defined raaxiaum at the time of maxi-aum 
rate. In the cool flam© and explosion region tine peroxide concentration 
rose with the pressure increase and iamediately after the explosion fell 
back to a lower value. In salt-coated vessels the peroxide concentration 
WAS most markedly reduced, both at low and hi^h temperatures,

interpretation of these results will now be considered. 
kinetics of the cycloparaffins seem to be analogous to those of the
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n~paraffi« series. 'The reactants can apparently both start and end 
chains, since under certain conditions the rate can beeorae independent 
of the concentration of one reaotant, and even be depressed with
increasing csa^gen pressure. The general shape of the rate/pressure 
curves can be given by a simple empirical expression of the form i-

max 1 -

Where a»b and c are constants* 
[EH], [0-] the initial pressures

a
of l^tirocarbon and oxygen.
p is the jsasdisum rate, r

It is suggested that the progressive change in nod® of reaction 
from low to hi^b tetaperature occurs tlirough the increased rate of

of B0g radicals thus t-

Low
HE HH -» E

a
BOOH products products

oool f lasses are probab3cr f orured by the de«oi^>osition of the 
peroxide. The peroxide found eaqseriaemtally at high temperatures is 
poaslbly h^&rogea p«roadde and not an organic perosd.de* fhe peroxide 
postulated at low temperature my well be a cyclic one and the oyclic 
perosy radicals of the hi^h tesperatiJtre mechanism would split to give 
one free radical and probably an aldehyde. The fact that the rino has 
to be broken means that there is a fundamental difference xVon the 
n-paraffins at some stage, although the resulting kinetics seem to be
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the aaiae. ;j?he anooalous fora of tho temjjerature coefficient is 
typical of the oxidation of higher ijyarocarbons and shows that two 
separate mechanisms oust exist, one showing a decrease in rate as the 
temperature is increased over a certain ran^e,

Th« structural effects in the cyeloparaffins are again very 
similar to those In the n-paraffin series, laethyl groups stronc^y 
decreasing the rate. fi.1ijis is probably due, either to the stabilising 
influence they have on a perood.de intermediate, or to the production 
of some more stable intermediate froa the easily attacked tertiary 
carbon atoms*

Increase in th© surface/volume ratio of tho reaction vessel 
indicates that chain ending on the walls ean control the reaction to a 
&•*&* extent. The addition of almost any material which can produce 
free radicals under the conditions of the experisjent, (e.g. aldebyde 
or peroxide) reduces the length of the induction period and in large 
•Mounts raises the rate. Evidently there are many free radicals capable 
of initiating the chain and if these are produced over a period of 
tijse, as in the oxidation of an added aldehyde, their concentration can 
become large enough to upset the kinetic balance of the reaction and so 
raise the total rate.

The effect of a salt coating on the reaction vessel walls is 
of great interest* It seaos v©ry unlikely that the initiation reaction 
is interfered with in any my, since both metal wires and loose salt 
are as efficient as a ooqplete coating* The inhibition laust occur 
through the destruction of an intermediate, possibly a peroxide, since 
this has a half life time longer than that of the transient free radicals, 
Salt and setal surfaces mi^ht, however, destroy assail radicals of the 
type BQ«. Peroxide removal would explain the fact that the ofrioiency 
falls off as the temperature is raised towards the hl^h teaparature 
region*

The analytical results having shorn that the rate of pressure



ohange is a i;ood weasure of the extent of reaction and that the 
concentration of intermediates is always very small, the cyoloparaffln
rirc isust break to «jive radicals or fra^ents that are very rapidly 
converted to final products*

From the point of vtaw of the control or prevention of i^iition 
the most significant results may be fttnoarised as follows, lapiu. 
reaction depends upon the slow build up of active int«f»«diate». Tliiese 
are susceptible, in principle* to d©str:.*otlan both by homogeneous 
Editions «^KI ty surface action* Komogeiseoua additions of an effective 
kind have proved difficult to find. On the other hatod a considerable 
variety of surf aces ©as&rt a most Qarkod effect in prolonging the 
Induction period, in socae oases almost indefinitely* The action ia not 
improbably eosuwjoted with the destruction of the intersiediate peroxides. 
T3^ chal&s "by ^\ich reaction is propa&sued alaaost certainly are initiated 
on the voscel walla but prevention of this initiation does not seem to 
be the Bathed of action of the Inhibitors, "heref ore the control of 
ip*ition by salts would be expected to be most effective when the salt 
is widely distributed tiirough the gas* Theae considerations poriiaps 
indicate the best lines of future work.


