RIFACE

The meehanism of the thermal decomposition of
hydrooarbons has been & subject of controversy for almost
forty yoars. The sarlilest workers considersd tnat the
decorposition was & simgle molecular split into an olefin
and a smaller szaturated hydrocarton. Then, almost thirty
yoars ago, F.0. Rice and his co-workers dotected free radicals
in systeme of decompousing hydrocarbons and propoged that the
reaction proceeded entirsly by a free-radicsl chain mechanism.

The early work of C.k. iinshelwood indicated that
the uninhibited reaction was a mixture of both free-radical
and molecular reactions, but that, when encugh nitric oxlde
was added, tho chains wers suppressed leaving the molaecular
reaction. 1t soon became ap-arent that, if the maximally
inhibitod reaction were molecular, 1t would have become
necessary to abandon the conventlonal theories of unimolecular
reactions. liowever, over the past twenty years evidence has
accumulatod to indicate that the maximally inhiblited reaction
is, in fact, non-mclocular. '

Although it was gencrally realiged that at lcast
pvart of the maximally inhibited roaction was non-mclecular,
early attezpts to ecxplain the experimental facts by a free=-
radical mocuanism wore unsuccessful. Then, in 1960, a new

type of mochanism was proposed by workers in this laboratory
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"and was sucecessfully applied to the pyrolysis of ethane. It
' then baecame apparsnt that, in ordsr to eostablish the

generality of this mechanlsm, further work would have to bs

dono on more complicatod compounds, and this thesis presents
results obtained with propane and n-butane. Hechanisms for

the inhibilted and uninhibited decomposlitions of both propane
and ne~butane are proposed, and experimental facts and thao=-

rotical arguments are adduced in support of them,

The author 1s indebted to Professor K.J. Laldler
under whose expert guldance thia work was carrisd out, and
wishes to express his gratitude for Professor ialdler's
expert direction and infinite patience. lie also wishes to
thank Dra. BeW., Wojeiechouwski and Fargaret li. Sack for thelir
many profitable suggestions and lossrs. Othman blh He KOp,
Paul Northover and Fragio Ierolo for performing many of the
caleulations, Finglly he wishea to thank his wife for her
suprort during the period of this investigaticn.
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ABSTRACTS

Uninhibited Desomposition of FPrupane

The pyrolysis of propane was investigated from
53 to 670°C and at pressurss up to 600 mm. In an unpacked
vessel, the rsaction was first-order at lower tempsratures
and higher presasures and became 3/2-ordeor at higher temperatures
and lower pressures. The rates were somowiat reduced in a
packed vessel and an apparent order of 1.2 was obtailned. The
activation energy of the reaction in its firsteorder region
was 67.1 kcal. per mole, and in its 3/2-order regicn was
EheS keal. por mole. Added carben dioxide had no effect on
the rates, either in the firateorder or 3/2-order pegions.

1t ia concludod that the reaction 1s largely
homogeneous @nd oscurs by & frec-radical mechanisme. The
inf{tiation reaction i3 coansidered to be the dissociation of
propane into a methyl and an ethyl radical, this reaction
being in its seccnd-crder low-pressure reglion under the
conditions of the experiments. The termination reaction
whken the over-all order is unity 1s concluded to bes the
recombination of a moth:yl and & propyl radical in the presence
of a third body. In the 3/2-ordor rsgicn the temination
reaction i3 believed to be the recombinutiin of two methyl
radicals, also in the thirde-order region. These mechanisms

are shown to give a satisfactory interpretation of the overe

Y



all behavior.

Eitric Oxide Inhiblted Decomuosition of Propone

The kinetics of the pyrolysis of propane inhible
ted by nitric oxide were studied from 640 o 560°C and at
partial pressuros of propane from 25 to 550 mm. The pressurc-
time curves were found to be S-shaped and the induction
periods were lengthened considerably as the propans pressure
was lowered. Complete inhibition was obtained with about
12% nitric oxide. The initial rates were proporticnal to
the 3/2-power of the pressure at most temporatures and to
a slightly lower power at the highest temperatures. The
orders of the infloxion~point rates werse clcse to unity at
the highest temperatures, and incroased steadily as the
temperature was lowersd. IThe activation snergy calculated
from the inflexion point rates was 69.l kecal. per mole. The
rates decreased with an increase irn the surface to volume
ratio, but the addition of a lerge excess of carbon dioxide
had no effest on the fully inhibited rates. The results are
shown o be consistent with a mechanisn involving initiation
by the abstraction of a hydrogen atom from propane by niérlo
oxide and termination by the peactlion of FKJ and a propyl
radical.

Uninhibited Decompcsition of n-Hutane

The kinetics of the trormal decomposition of ne
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butane have been studied at temperatures from 520 to 590°¢

and at pressures from 30 to 600 mm.; the rate was followed
from pressure changes and by gas chrumatographye The
reaction was 3/ 2-order at all temperatures, with an activation
energy of 59.9 kecal. per moles. The reaction was very sensitive
to surface; packing the vesssl and 'eonéitionihg‘ it usually
lod to a decreass in rate apd increasc in activation enepgy.
The reaction iz cocncluded to be largely homogoneous and teo
occur almoast entlrely by a fres~radical mechanism. The
initiation is believed to be the dissocliation of a butane
molecule into two ethyl radicals, :n the firat-order regicn,
and termination is belioved to be the seccnd-order combinati.n
of ethyl radicals. The surface effect is attributed to a
certain amount of initiation by abstraction of a hydrogen
atom from a butaene molecule by the surface, and to surface

catalysis of the reccembination of ethyl radicals.

hkitric Oxide Inilblited Deccmposition of neButane

The kinetics of the pyrolysis of n-butane, when
maximally inhibited by nitrie oxide, worec studied from 540
to 610°C and from 30 to 500 mm. partial pressure of butane.
The reaction had a ghort induction periocd and was accurately
of %he three-halves ordsr with an activation energy of 65.9
kcal. por mole. ‘Ihe reacticn was somewhat less inhiblted

by surface tnan was the uninhlibited roaction. in excess
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of carbon dioxide hud no eflect on the rats. These results

are oxplained in terms of a frese-radical mechanism for the
maximally inhiblited decomposition. It is proposed that the
initiating step in the inhibited decomposition is malnly

thlo + MO - thq + HNO« This 1s followed by the oxdinary
chain propagating reactions, asd euuilibria such as

Colig + NO - CoHighe are established. The main chain
temminating step, of the type P + 0, is concluded to be

caﬁs + caﬁsﬁo — cu“1o + KO op 0286 + caﬁh_+ Qe This
schemo leads to 3/2-order kinetics, and provides a satisfactory

quantitative interpretation of the experimental behaviory
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TR WHINEIBITED FYROLVLIS 49 PROPAHE

ZITRODECTIOY

Although the thermel decomposition of hydrooarbong
has been & subjeet of inveatmgauieﬁ for alnest Sorty years,
nobt too mch coan be said with certaingy aboubt the neohanlsms
of such decorpogiticng, Interest in thia subject has revived
in recent years, and a very thoroush investization of the
thermal decormpositlon of ethane has bheen carried ocut in this
iahoratory. It therefore seemed appropriaste to maike a thorough
roeinvestication of the pyrolysis of the next higher homologue,
oropane, iIn addition, propone ig an industrially important
fuel ses, and is an important constituent of refinery *'light
endst, Therefore, o kmouledze of its behavior on pyrolysis

npy have prectiscal uges as well as being of academic interest,
Lieview of Narlier oy

sarly wori by Pease (1), Frey aad Smith (2) and
others (3), (L), (5) estadblished that the reaction uas
mainly homosencons, close to firsteorder, ond could be

represented oyt
0.1 — RV
3'6 3% * 2

it p— -

Small omcunts of obthene and buitane woroe also dotected,



fapelz and Yelluer (&) wvere among the first workeys
to obtain coourate kingtic data, Correcting for back renction,
they obtoined a firsteopder pate constant

L = 2,76 = 0% =02, 100/F7 ;o1

A little lator, Faul and Javer (7) oditnined

6 aTeBR0/T  sd

Although tho dluereponcy bdolusen tho twes activalicn energies
is guite larpge, it shouldd Lo painled ocut that the adbsolute
rates ore in rweh botter agreesent. ivay and NLepp (8),
woriing at 575°C, obtained a rate in asreenent with the
above woriters, and made very thorousit analyzea of the reaction
products. They found about egual ancunte of all four rmain
products listoed cbowe., A1l this early wory waa done in flow
gystens, and therofore any indiyidual roto constents are
subject to conaidercble error.

Dintses and Troat (9) {10) (1i) investigated the
thermal decomposition of propane in o stotic aysten. Theoy
found thot,; between 1 and 78 mm, and at Sermperatures fron
619 to 666°C, the firsteorder rato constonts droprad of¢
shoyply wlth tirme, avd that the rate comstaunt for any given

»un was

kt = % {in 1—}% - 0,521 X) ma'l



where X ig the fractlon of propane peacted alter ¢ seconds,
They concliuded thab, bocause of the corplexity of the rsacticn,
free rodicals were probably involwed, |

A detniled investigation of the thermal deccmpoaition
of propant uas mé& by Steacle and Paddington (12). Thoy
investipated the resstion inm a atatic }ssystem from 551 %o 662%,
and at pressures of 50 to 630 mn, It was found that the
fivsteorder rate constants at infinlte prsssure could be
given bye

B = 2,9% 1083 6.63'300/ AT sao=t

Nowever, 1t bas since been showm thet free radicals are
involved in the pyrolysis of propane, and the vaildity of
this extrapolation to high pressures is gquestionable, Analyses
showed that the reaction products were 352, CHI&’ cé!ﬁl:- end 0336’
all in equal quantitles and with little or no depondence on
initlial pressure or temneraturg,

thile the above uorlk was procesding on the over-all
roaction, other workers were showing that free radicala are
irmportant in the pyrolysis of propene, Using the Paneth
technique, Riee, Johmston and Everilyns (13) detected free
radicals and Rice and Johnston () found the activation
energy for the split into frec radicals to bo 71,5 toal, por
role. Untll vory recently this wac considered lmpossibly

low for the breaiting of a C-C band, bub if thoe Iinitia) oplit
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is in i%s secondeoprdar reogion, this voiue ig quite reasonabls,
RMoe {18) (16) suppested an overeslli mechonian for the pye
rolysis similar to the Rice-Harsfeld (17) rweohanism for the

thormal decormposition of ethangs

G i Ay u‘g ¥

R+ 8335;; - B {35{33%3233'?
N 4 oy

RGH, O, w850, 4 G

b L H we I HEFRHLEHER

] + vg&iﬁ 2B+ 4 3 Lak 3
L YLy ¥ $ g
vir 3% - X u X il
R 33”'? Producta

where R reprosents olther o op O,
From thile, oalting the assumpblon bt gecondaey hydrozen
atong are twice as recotive 6y privgey onos, Wiey prediscted

that the products should be 6D Q{:ai‘iz& + 0I5, ) and hog

i :
(63326 + .Ha). ‘"hio meehanian aiao viclde ke »momilt Cha
the reaction should be fivateonder over all, with on acitivation
energy of 60 to 65 koal, por molee Jiowover the values chosen
by Rice for the activation onersies of the individaal reactions
heve since been shown to be considerably ln crror,

Zelchats and Mldeal (15) investigated the deconipoe
sitlon of propane on a carbon filament at low precssures and
proposed & reacti n ngchanlom lnvelving methyleno radicals,

They found the activatlon eneryy of the prirary apllit to be



9.2 lool, por mole, vastly differgnt from the value obitained
by othor workers. Houdver, &o the authors poind sub thovme
zolvan, the ‘Presonsa of the carbon filagnt may make thelr )
resulte incompabtivle with those of other workers,

Ionsing, Inzold and Honderson (19) have detected
rethyd radicals In the pyrolynis of propane, velng & moss
spectronetric fochulowe, Patat {20} found H atorw in the
syaten, twning the ortho-pars hvdeogen converslon as a test
for thenm, Howaver, ho found thnt thoy wero presont in (oo
oumnll # quoantity to axploin o Aloselersfold type mechanisn,

There 1g 4 prost deal of svidence to show that
cortain aubstances con sennlitize the docomposition of propang
ab o tooporaturs wore opdinary thewmunl desomposition ia
aeglicible, Echols nnd Faase (21) showed thet ethylone oxlde
could start shoin recctions in propene ot h28°C, although tho
avoerose chain longth wac vorw shovbe. Thio is Lo be expeched
i one of tho chain propacnting steps hos & faiely high
activation enerpgy. Sicumnn and Ndeo {23) found thos methyl
rodicals frox the dopompoaition of aronothane could also
sengitiee the docomponition of propang,. Ynlis porticulay
sonnitising menotion hun baen ro-invastipated rocently by
Stopukhovich and Toabtarintoey (23}.

Since 1955, a great deal of woric on the thersal
Qecouposition of pronone hoo beon done by usolan woxizers,
Stepuithovich and hio cowvoriers (24) (25) (26) have invese



tizated the effects of added acebyleng, &llene and biviayl

on the rate of reactlon, The rate was unaffoeted by acetylens
and bivinyl, and was reduced by allene, He consideved this

to be cevidence that hydprogen atormy are involved in tho decons
position of propane. Veevodsky {27) made e falrly thorough
atudy of the effect of surface on the rote of reactlon, AL
pressures below 20 mne he found thad changing the surface to
volums ratic had a considerable effect on t¢he rate of reaction,
but edmitted that, at prescures of 100 mm, of more, the surface
may play & sraller part, e postulatod that chalin initiation
and terminaticn aro fundamentally surface resctions, with the
chein propagoting steps teiing place in the gas phase. Howe
aver recent woris by Mawiin, Niclauso and Dzlersynald (23) has
shoun that oxysen ray have baon present in Yoevodalyts systenm,
Voevodsicy's wori willi be discusced in oonmewhat rore deteil in
Part II of thiag thesls,

A study of the relntion between the +1nld of products
and the extent of decamposition, terpersture and pressure hoas
been rade recently by Steputthovich, loosyreva and Potroayun (29).
Thev uged mos chiromatosraphy as their analviical ool and
thus obtained rnich Letter reculis than had been previcualy
posoible, Thoy found, s carlier woriiors had, thot the
iniltlal products wore Ha, h’ C hﬁ and Caﬁh Ia almoat egral
quantitica, %hery explalned the Lincrensins proportinn of Cuh

and Cnffy, as the reootion prececde o torns of the lgomorization
I.«v.



of laopropyl radicals to n-propyl redicals, However they did
not attapt o wrlte any meehonmiam for the ponction or to deal
glth the over-nll kinetiesn,
Also, quite recontly, Yelman and co-workers (30) (31}
{32) studled the buerinl Aocompositicn of nropane nsing ”‘c as
o trosor. dhey cuoncinded €t slmoat all the obthone Sorswed in
5o reacbisn vosuitod fwom the hydrogenation of abhrlensi not
Zrov tha recorhinotisn of wethvd radleanls and thoat he paacticn
pugended by o ﬁee«m&ioal aeewianm,  Tne thernind decormposie
sion ot loﬂ‘f.' Sropane 0l 0loo el studled by Frey, Lanby
and cinehelwood (33), Yo oxplain thelp results, they had to
asswwe tas Ltune :.;3?.1? redicald Involved one dolocalized I atom
and thug thet tesropyl and isoenpanyl radicsls wese nob separate
ontitien a‘ Lvirene Larueratures,
ag At usuld appeny Sron Yoo above dlozuasion

it ao etteopt has hgen made in reoent years o determiine
tne overeall mochianion of the thewsal decorposiilion of pIORAng,
Since, in ndditlon Ho the work Javcribed ahove, which relates

eebly o the oroolysis of propone, & considerchle amount
Cof ‘movledze clevit Bhig indfvidunl poccticus of any preposed
aoehoulian lmo accwmleted In xrecout yeare, it seemed appropriate
to re-investigate the cvor-nll inetics of the decompenition
and to try to L1t & neshanisn to the datn, The exporiments
described in the £olilmring sections awe desipned to obtain

such dato, and tho attonpts to £1% &2 overeall rechenisnm ave



described,

Apnaratug

A sehematic ds,a‘gmﬁ of the all pglaps apparatus Lo
shown in finwe 1, and & photograph of the actusal orrangement
1o shoum as plate e Threee storage bulbs, Lwe of two-litras
copacity (‘B‘l anet ?2) ond one of fiveeslitres copaeity WB”
wore provided. These gerved to stope the hydrocarbon, inhie
bitor, oud iInert ges mespectively. Ench bulb uma connecied
to the voows nunifold and to o moycury mmunomeber (241., zia
and "13). The inlet o coch bulb was from a tank of pure gas
and eaech bulb had an outlet tto a fourth buly (V&). This bulb
alne had g sennection to the vacuum manifold and to o meroury
aanoneter (Fﬁ)‘ but in addition wes fitted with a riranl gauge
ond (Ga}., "he outlet from this bulb was $o the reoction
vecsel (R) whileh is described below, The roactlon vessel
ecoetd bo ovacuated by opening it to the vacuurt manifold, or
the reucticn mizxture could be collested for onalysis using
the Teonpler pimp (?3) to puoh it into the revovablo saspling
bulb (ng. Provislon wag, of cocurse, ande for evoacuavling the
aprmling ayston,

The main vacuun punplns cysten censlated of an
Bdwvards type 203 ol diffuslicon punp (Pz) baciced by & Welsh

robary pup (Pl) which provided o baciing proscure of
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Plate 1 View of the Apparatus,
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2z 319" -2 e  The gysteon ¥ed cuapalble of evaeuading ¢the
apporatus to less Shan 107 5 e
ined below, rates of recction wore Lollowed

by measuring raies of pressure incronge in the reaction vessel
and than ¢orralating the presosure increase witdh tho deercaso
in propane concentratlion, The incretsc in projssure was
followed using & guardts spiral Tourdon gouge {8}, Detalls

of this gouge akl 140 accousorles are shown 4n flgure 2, A
grall rmirror (3) wae mounted on the rotating vertionl, axisl
ara of the spiral genge, and light from o 520 wabkt bulb (L)
fell on thig mizropr and thon pagsed through a light shisld to
a Pecimaan photoepen ronorder (C) some six feet nway, This
recorder featured Two rhotoeslectric colls mounted on its pon
carrioge, Tho ciroulis of the recorder were s arranzed thab
the pen carmrinope wonld ses: and loeir on to the positlion vhere
a hish bmt enual outut wae obtoined fron each photoetube,
Thug the errrlege would loci on to the midepoint of the 1ipht
bean and rerain centered on this point wihile the light hean
moved iu the horigontal plane, The sensitivity of the
arrpaasenent wes cuch that o chanme of proszure of aboug

Vi mi, eould sopile be detacted, and the widtih of tho chard
paper (173 in,} apoanned ¢ pressave incroase of 200 rmi,  To
dorp out a-all asellleotlions, the ccils of the quarte spiral
seuge were imersed in sllicong oil, 7o change the range

of the rresmure recording syoten, &n amangerent was provided
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Figure 2 Details of quartz spiral gauge and its accessories
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whereby dry air could bo adnitted above the silicone oil and
ite prensipre reasured o o weroury mancmpber (MS), It vag
also posoidble to chiangse the spead of Hw ohnrt and thus to
mensure a large range of pates, The use of a Deelrnn photoo
pen recorder io neasure the patep of aag shope rencticonng wap
first deseribed by Laldler and Wojciechomsid (3),

Swo eylindeical reactl v veapels were nsed, Both
were off quartz Sublag, N.h on. in dinmcier and ebout 29 on,
long, A thormocousle well wes fitted tu esoch wag, and each
was provided with a2 capdllary inletesiutlet Sibe attaced to
the quarts throuzh a sreded senl, aand erdis 2 in o grounds
zlaso joint. ne of the venucls was pacved with quarts tubing
to give 11,6 timea the surfece to wolue rabtle of the other,
The roacticn vessel wne connected o the guarts spiral gauge
with capillary tablng of 1 cwa, ere, and all other tubing was
oorillary fron the reactl o vessel Ml o o flrst stopeoels
gncounterod, An hards “lrant aawne bead {x:-l} wag nounted
vetvoon the reactinn vessol and apipel CWIe Lo teasuye the
presdire in the veosel while 21t uas boin: ovaennted, Iinco
the souse Lad 8 iorse dgud volwo, a4 gtopeseh: vas provided to
lvoluto It frum the gysters while a ™ usn in nrosresns, With
these precautions, e *deed volurg® abovo the reaction vesscel
was estinated to be about 3 mnd

“hoe recction vescel was fitted into a holg drillod

axially in a ctoinless aoteel cyilnder W' &n dloretor by 109
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long which formed the core of a furnnce, Unto this core two
Tnoulated coneontrie colls of Yanthal i-~A resistanee wire
wore worsd, and the whole core upa surpended with nobestos
logulation, The lazer coil, with n rosiztance of tuwenty
ohrs, was resulated with & Varias, The outer coil was rosUw
lated with a Varine ard controlled wlih & ThoprmoeSlgctrie one
off signallling controlier, The sensings thernocmuple of this
controller was ;:laced 4in o hwle drilled in tie stnlinleng ateel
block close to the coils, Tiis position asoared the Lfagtant
response o the controller to mgil chanzes in the temperature
of tha bloeil, In rraetice, the Stesperatnre of the Surnigee was
adjusted wvith the laner coil to 8lishtly below that deslired,
Then the outer ccil was turned on and the voltapge aoross 1t
cdjusted to give equal tirmee oun both halves of the onwoff
cycle of the controller, Vhis arraanenent contmolled tha
tenwerature of the Sloc: to wivrdn o -?!.300.

feweratires were weasured with a ¢rponol-olurel
Lierme urle calibrated at the eltin: coints of zinc, load
axl tin, A Therroweslectrle Minl-i‘ite ardareier wna uped as

Ut owanurin: laatronent,

b’z’cc&mm
The propase used was athoson Lagtrmuent Grade
uith a steted rminirmn purity of 95,75, Thls gag was introduced

direetly into the storasa vessol (Vl) and small $racos of
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lowe=boiling gases were removed by the froazeethow technique,
The propane was then further purificd by bulb to bulb lowe
temparature fractionntlion,

RPgfore measurdng & set of rates 2% a given temporature,
about 650 rm, of gas, elther pure propane or & mizbure of
propane and inert gos, were condensed in the mixing bulb (Vh)'
When the renction vessel was svocunted o 9 microns on less,
the stopecocits to the Plrand pauge and manifold wore cloned,
Sas was adnitted to the resction vessel fron the mizxing veossel
and the stopooek quieily closed, The photopen followed the
recctlion for saveral nimites and the reaction vessel wep again
evacuated to 5 nicrong, This sejuence was then repeated,
bub at a slishtly lower initial preasurs, It was establipghed
early in the favestigation that pumping belowr 10 microns had
no seffeot on the rezction rate, so that rurmping below S microns
e vol done reutinely, The entise procedure was repeated at
aeveral temperatures uniil, Ineluding Quplieates, ovor six
handred retes were measured in the wpaecied vensel and over
thiree Wridred in the nacked vessel,

Yo corrclatie extant of veoetion uibh LsreUoire
laercase, and o Rentify roactlon uroducis, analyses were
mede of the sroducts of gorw Pifty prrolycea. rFixed frocticns
of the reactlicon products were analysed by s enraetonraphy
using o Periinefloer Vapor “ractenster, TFor all gquantitative

Wori; a twowroter sllica gol colwrm at 35°C was used, Peal
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helghts were used 6s . guantitative messupre of portial
presecure, these beln: calibrated by stn derds prepared

from “gthesson C,P, zrade pases,

Tssulte

The pwsrolysis of propane wen investineted in the
torwerature ramsze 530 to 67000. A8 exgslained above, a photo-
pen recorder autonetically recorded 4o cuange in pressure
wlti: ¢irg and the record of a typical min is shoun in fiqare
3. rom this record, tho initial pate was calonlated from
the Initial slope of tre curve, AL fipst tios0 slopes wars
measured naing a Jerer Derivimeter tut later 1t was found
thot the olopes could be Adrawn rmglly with: the came degree
of accuracy,

"he vegulie of a mumdber of runs in both the pacied
and uncec<ed vensola are Shown plotted logarithmicnlly in
figure o ITo this tvpe of plat the order con onrsily be
obtained, In the unracxed veasecol, the reactiosn was firste
order at lower tameraturen mad L hor proestnres, a:d 3/2e-
order at “:ijsher torworctures zad louer prassuret., e firste
order aud 3/2-order rate constants obtalned are 1lioted in
table 1, iIn bt e puc:ed vessel an Laterediate order wasg
obgerved which woas ahmi 1.3, since this ordar is noaninge
1088, rate congtanto vere ot caleulaoted, but raton at 220

i, a0 L. 0Cod 1o tuble 2, Leonariosan of yatas of »reaction



V=0449 mm/sec,

] } 1

S 10 15
t (min.)

Figure 3 Typical AP-time curve for the uninhibited

pyrolysis of propane,
fropane pressure = 180 mm,

Temperature = 590°c,
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Rote Constants Obtained in the Unpacied Vesael

10t gg(seo'l)

1,48
2.31
3.5
6.17
9490
18,00
27.45
41,2
6042

o«
-

208 i@(m.-l/atlec'l)

2,98
1.k6
2,01
2482
3.72
5425
6075
10447
15.83
224
302
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2344
32,0
56.3
85.3
130,.2
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In the pacited and unpaoked wvessels o ziven inm fipure 5,

In figure 6 and 7 the locoritime of the Cizsteorder
and 3/2-order rote constants are plottod azainst the reciprow
cals of thwe absolute tempermaiures, and activatisn energles of
67.1 and 84,5 wcal, per nole rospeciively were obtainad, The
results of Steacie and ~uddington (12) and Frey and iepp (8)
are included for comnarison, as-well as two points obtained
incidentelly by “'obbs end insiielwood (35) and Ingold, Stubbs
and tashelwood (36) wh:ile investisatineg the nitric oxida
inhiblited p:rrolrois of propane, Fijure 7 shows a plot of the
locarithn of the rate at 220 ma, pressure aseinst /T for the
paciked vessel, The ap:erent activatiaon ener;y is not consfant
but varies from (67 :cal, per mole at hi~shest temseratures o
Oy secal, per nole at the lowest ones,

The effeet of adilln: carbon dioxido is shown in
fizure 9(a) for 659°C, a Sorperature trell within the 3/2=
order ro;ion ei pressures below 209 rm,, axd in fijure 9(b)
for 53006, a terprerabure in tho firsteorder rogion, It is
seen that, within the experl ental eror, there Zg o MAPE

Lfect of lnert oo on the rate o preaction wider either
condition,

Anglyvticel roselis s.owed that,initially, unit
aueroase In .poooure correnpokds o unit dearenss in the
sarticnl prosuize of wropaase over ti:e eosliro ranse of Lorperw

ature ond prescure used, as showa 4y £iare 10, 4nalyses of
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1.5 2.0 2.5
LOG P, tmm)
-gure §  Compariscn of rates in the rrcited end unpaciked

veasels for Lle urirhinited Fvroiycis of propane,
The circles denote ratves ameasured in the ur.epncked
vessel, the crosses those meamired in the pocked

vessel, a1l at 582°,
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Figure 6  Arrhenius plot of first-order rate constants for
the uninhibited pyrolysis of propane, The results
of this investigation are shown as 0, those of
Steacie and Puddington (12) as X, that of Frey
and- Hepp (8) as @ , that of Hobbs and Hinahelwood
(35) as &, and that of Ingold, Stubbs and
Hinshelwood (36) as O . |
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Figure 7 Arrhenius plot of 3/2-order rate constants for

the uninhibited pyrolysis of propane,
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Pisure 8 Flot of the logarithm of the rate of the uninhlbited
prrel sis of propanc st 200 mm in the packed vessel

aguninst 1/T,
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Figure 9 Effect of added carbon dioxide on the uninhibited
Pyrolysis of propane, The loft hand plot (9a) is
at 656°C, the right hand (9%) 1s at 530°%. 7The
circles denote rates measured with no added C02.

The crosses denote rates with C02/03H8 = 2,5,
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Firure 10

0.2 0.4 0.6
AP/P,

Correlation bLetween the increase 'in total pressure
and decreasc in partioi Pressure of propanec,

. . . o
fesulis abuaincd at §),0°% are shnown as 0, at S570°C

as ¥ :nd at 600°C as A.
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the products shoued the eblef Znttial products to Be I ‘ne ﬁtz #
L ond © 716 i almoot equal amcunts, Toble 3 shows the

results of a tynpdeel set of anelysos done ab & Lerperature
of 570% and en initial prescure of 212 rm,

Usin: the analytical result that the partial
Fresoure of propane dsercasen 1 i, for overy tTie of proessurs
rise, the rate constante in the unpacicod vessel hocord:

= 2,56 x 20M "OTH100/RT Go ol
yp = Bu50 x 1083 "SHeS00/BT /2 1y, m3/2 o2

SCUSAION

c:ianism of the $ion

The purpoze of thig wori wan to evaluante
orizinal Rice~erzlfeld mwchenicm and to sropose an alterw
native seiorie, 1P necessary. The orisinal Riccellozzfold

mechaniary, 83 ~iven by Steacie (37), 3o

(1) Gyl ~  Gily + Cyltg
(2) Cpliy == Oy, + 1
(32) e Gylip - b eyl

{(hn) 0223 + 03310 i CAL + MB“?
(50) nelyily =+ Gifg & Gglh,

1 g > 1 i



Zable 3

Aniount of Product

7T = 870% Proasurg = 212 rm,
Cormound Amount (w3, at 70%)
I, 12,5
om, 19,5
Colly 2,7
caf;z‘h 43,6
C3H, 12.2

CBHS « 29,0 (used up)




(L) Crly + Cqflg
(6n) iwﬁs le
(8) g+ CBE&?

{7) (}I,{3 4+ 6'33?

30

-

Hi& % 5.-031’?.-’1,
63%16 + 11
222 o+ (3336 oy 03238

Bince, in vecont voars, it hes beon shown that
1}»{)32'17 may produce 033.-!6 + 2 ot 8 pabe alioat 105 thnt of

roaction 5a at these temperatures {35), and since isomerization

of propyl radlcals is possible at these tempeoratures (33) (29),

all propyl redicals are taien as squivelent,

Farthiamiore, 1t

is consldered likely thab the ethayl radionla produced in
recetion 1 have less than the nomal f¢hermal? energy, and
since the oaly way thie encrgy oon be obiained is by coliision
with other molecules, it is probadble thad ther will abotract

before they have acquired enough evowgy to decompose by

reaction 2,

asg
(1) CBHB
(9) 2‘-5 + G fg
(3) H 4+ '33”8
{L) Gity + Gqllg
(5) C3H7
(6) 031i7

A rodifled Rice riechaniam may timis be written

C"? + G ?{5

023{6 + (33}3?
HQ + 03117

Ct‘ih + 63‘357
G{IB + ca{iu
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—t ¢
(7 CHy + Cqtty Gty + Caly or Gl
vhen the stendy state treatment is apnlied to this sohems,
the folloving concentrationa of radicals are obtalned:

[cansl = %(csnﬁj (13
R.lg
[033] = ) (2}
/2
k, &
(1] = 2 (7;%5?75) (3]
“3
a2
{031571 = (%%) {CBEBI (h)
The over-sll rate is pgiven by
/2
Vi = (m5 ) (3:54»:;6) [03}581 {5a}

As has bean shown, the overe-all order of the reaction
fa first at high pressures and becomes 3/2 at louer pressures
for any given temperature, Farthermore inert gas appears to
have 1lttle or no effest in either the firat-order or 3/2-
order region, A proposed mechanlam in the firate-order rogion
ige

13 —_— N {
{1a) X + 03 ' Cig + 02“5 + X
A !, — ! ‘
(9} Collg + Cylig Collg + Catty

(3) H e ‘73“8 - ‘2;2 + 6'35!7



£ — 4
() 6213 + 031.3 ¢! b + 117_.
{5) i,  — cxis » cz.rzh
H ——p i it
{(Ta) X + ma + c3§z7 _ cs,h + 03“6 + X
oy "zf‘m + X
Initially &1l the X is 0338' so whien the steady
state treatment is applied, simllar radloal concentrations

are obtained as in the modified Rice scheme, and the rate
is given bys

Va
V = %&) (L:S + k) [03518] (5}

when the overe-all order becomen 3/2, it ia postulated
that the initleting step rerolno the same, and that the

tormination step becorws

(10) x + czzB + cz.i3 — Cz}ib + X

Thus the over-all nmechanism becores:
(1) X + Cyfig  — Gl + ¢ alig + X
(9) Colig + Cgllg  — Gyl + C3il,
(3) I + C4lig —  Hy + Gy,
(L) Clig + Cylip — cnu + Caily
(5) Cally  — Gy ¢ C 2"y



= 33 =
{6) Cafi, ~ H+ Calg,
(10) X ¢ Cly + Gy  ~ Cnlly + X

Initially all the X 1o Cyifgy 80 that the following
ozpressions for the radicel concentrations are obtaineds

Icgnsz = % {-_%zsgz {6}
[63131 = (;fi) [03333 (71

. Y2
14 2
(4} = %é ng tcBHBJV {8}
e, Y2 3/2
[cyi,) = % («E@) £C5Hg) (93

The over-all rate is

w, V2 32
V3/a = % (%) (tcs + !:6) [035‘8] {10}

The roamsons for cloosing thie lnitiation and termination

reactions ugsed are iven in the following soctlions,

Order of thie fleactiocn

Tho over=all order for any regction mechanism ig

deterined solely by &g initiating and terminating stops,
“he varlous possibvilities hav: been womired out sore btime ago
by Goldfinger, Letort and :iclause (39) aad are listed below
In tadble L, In this tadle f radlcals are ones, such as 0153
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Svereill Ma of Reastion for Various Tyoes of
inltistion and Termination RBeagtions

Segond wOndar Ini t;iatiog

Zerminati ion Teprra na Terdination
pp 2
Bp P Ap 3/2
B ppM fs Byt 1
up Pt et ) V-
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or Hy which talte part in bimolecular remctions, uhile
radicals are ones whlsh decampose uminoleculariy, such ag
csfi.r

It is veadily seen from this table that there arve
only certain sets of mechanisns by uhich & reactisn wideh
1s firsteorder at higher pressures can becone 3/2-order at

lower pressures, %hese are as followuss

: Yo~ Py,
I Yy — TN
11 oy Zeeny,
v Ry~ By,

1 1
v iy — BBy

The terminology used is that the initigl supore
soript represonts the order of the initiating stop and the
finol subserist the order of the overeall reaction, %“he
aynbhols such as SfIM indicate the nature of the termination
step, and the arrous ghow the transition expected when the
prescure is lowered. The five cases listed are those in
uirlch only one factor ciwanges at a tirei 1t ig very unlilely
that two changes would occur in the same presauve rezion and
in a consistent manner over a wide tenorature rarge,

The folloulin; seotlons uwlll ghow that, cut of

theae five cases, only IiI iz allouwable,
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B of Ineprt Gas

As shown in figure 9, the addition of inert pas,
at partiel pressures up So thrge tinmss that of propane, appears
to have no mayised effect on tha’raﬁa of pyrolysis of propane,
at least to within the experimental error. This fest has been
catablished at 680°C, a tanperature well within the 3/2eorder
rezion, and in the firsteorder regica, at 530°¢, using €o, as
an inert gas, Thorefore the moleocularity of the initiating
and terminating stops is the seme in both the first and 3/2e
order cases provided that no chaln propagatilng reactions are
prossure dependent, Thus, of the pcesible mechanimis considered
in tha above goction, I, II and IV are definitely excluded,
It should, perhars, be stressed that when inert gas effects
are noted they are offen quite strilting, For exanple MMchlar
and Thelle (40) noted almocst a 65F inerease in rate, when
pyrolyzing 60 mn, ethiana, on adding L.hS times this avount

of cna.

Ihe Initiating Step
It has been shoun recently by Laldler and
Yojeciechouslcl (41}, usling theorotical caleulatlons by £ill
and Laidler (L2), that the initiatinz step in the pyrolysis
of ethane
Caffé - 2 (1123

is in 1ts scecond-order rezion at 600% at preosures un to
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1800 w1, Unfortunntely, for moleeules as large as propans
it is impossible to show by caloulatlon that the initiation
is of the second order,

Asouming tho activated complex for ithe aplitting
off of a mathyl group from & paraffin to toke the form

u ,E\\ _ Paraffin Chain

N\,
I —C——--¢
A AN
I E
Wojelechowaizl and Laidler (43) have predicted that the B of
the Ilnshelwvod-Rice-famsporgar-iassel (4l) (4S) theory of

unimolecular reaction rates will be about 9 recariless of

the length of the paraffin chaln, Timge the splitting off of

& mothyl group will be in lis secondeorder rezion at the

termerature of pyrolysis and conversely, by the principle
of mleroscopic reversibility, the cddition of a mothyl
radicel to any other paraffin radical will involve a third
body at thome terporatures, These conniderations rreclude
the fifth poonible moechanisn monticned In the discussion of
the over-all oxder of iie reaction,

The highepressure rate constant for initfatlon is
siven by

AT

i = ve f11]

vhore E, in 02 ioal, por iwle, iewever in tie sccondeorder
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region, the Hinsheluwcod-RicesNamspergor-inssel (IINNR) theopy

gives the rate constant ag

Q=208 whny o ¥ tiz
Z lg proportional %o T‘Va, 8o that the Stenporature dspendence
of the rate counstant is given by
ok /nr
Iy < @ e o (131

Therefore the low pressurs activalicn energy is pgiven by
Fpg © Eo-(ﬂ-%)m' (4]

Asgunlng that 9 desrses of {recdon are used in the Zassel
formulation

Byg = 02,000 = 8,5 nT (153
= £7,2 lenl. per mole
et 600%C, ae ~iven in table 5.

Cholin Proposoting Steps

Analrytical rosults have sioun that e chilef
vyl " 4ot i ‘ L7 . 1t ~ T
nroducts of the mrgooticn are Fims C.‘.h, CQ“L-. and G3 6 all in

about equal gquantitlez, This irmgplies that

V3 = v, = Vg o= Y



Zmle 5

Kinetic Paramoters for Reactions involved
in_the Fropane Pyrolysis

Reaction gf. E{ ke Ee'_:_o_g_ Raoference
1 4.0 x 1017 82,0 1.20 x 1073 (46)
a) 9.0 x2017  ¢7.2  13.3 calculated
(see toxt)
2 3.0 x 1014 39.5 3.96 x 104 (L7)
3 1.0 x 102 B.2 8.85 x 10°  calc. from (45)
i 1.0 x 1033 8.5 745 x 1010 cale. from (49)
5 8.0 x 1033 1.39 x 10° ( 38)
6 1.3 x 1034 37 7.12 x 10l (38)
7 1.0 x 1034 ¢ 1.00 x 103 assumed
7(a) I-16.5] 1.3 x 1039 calculated
8 1.0 x 1013 0 1.00 x 1013 aseumed
9 1.0 x 103 10.0 3.20 x 167 assumed
10 [-14.8]  1.00 x 1010 (42)
11 1.0 x 1014 ¢ 1.00 x 203%  ggsumes

1 1 ~1

Rates and frequency fuotors in sec — or ml. mole © 808 ~.
bracketed activation energios are epparscnt values, squivalent

to a temporaturs-dopendont pre-oxponential factor.
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Also, the temperature dependence of thesse rates does net geem
to vary over the range 530°C to 600°C, implying that

~—

BS = E&

Until recontly, it was thought that Es had & value
‘around 20 keal. per mole and Fg around 35 keal. per mole (see
Byuater and Steacle (47)). On this basis reaction 6 would be
many orders of magnitude eléwer than‘?eaction S if the 6387
was n-propyl, and all the C3H6 would bave to come from the
i-propyl radicale It may now be seen that Vg 1s about 5% of
VS at 600°c, according to the conaistent gset of reaction para-
meters quoted in table 5. Fowever, these paramoters ere at
prssent a matter of some controversy and since the rates are
calculated by extrapolating A's and E's obtained below uno°c
to 6oo°c. the actusl rates may be considerably in error. A
number of estimates of these parasetera by diffesrent workers
ia 1istod in table 6. 1t may be seen that present knowledge
of reaction S5 is unsatisfactory, but it may be assumed that,
ir C4Hoy i8 n-propyl, about 5 to 10% of the roaction gocos by
reacticn 6. If, as nostulated by Rice (16) aud werified
recently by Ssmenov (S54) the C3H7 iz 0% i-propvl andé 60%
n-propyl, a 10% production of C3H6 from the nepropyl would
explain the egual distribution of products assuming that all

the i-propyl goes to 0336.
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Chain Terminating Steps

The values of k?a and kio were calculated using
methods similar to those used to calculate kla' The value
of k1° was calculated dirsctly from the third-order rate
constant at 200°C, 3 x 20 moles™® scc'l, calculated by
G111 and Leidler (L2)e They used the results of Dddd and
Steacie (55) and employed the HKRR theory with 8 = 9, This
calculation uas similar ¢o that docne by Laidler and
Wojolechowski (L1).

The value of k7& was obtalned from equation 12,
using s = 11, and a ocliision diameter similar to that
calculatsd for reaction 10.

It may easily be shown, using the values Of pre-
exponential factors and activation energies listed in table
5, that the termination steps chosen are faster than any
other possidble steps. For example, assuming second-crder
initiation, the other possible chaln termination to give

firat order over all is

(11) 0337 + 033., — 36“1&, or 0336 * c3118

387 obtained from the

steady-state trecatment of the Rice mechaniem

V k-, [CHa){C.H-] k. k
L = 205 [16]
T " EaTGLNGHT " EE

Using the expressionsg for CH3 and
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Other possible terminating steps are found to be even slower
in relation to VTQ.

The transition between first and 3/2 order should
occuyr when v.,a equals Va, which means that

kpglCH3)C Rl IC3Hg] = kylcn;)%(C ) [17)

If the valuss for the concentratiocnis of the various radicsals
are inserted into this sguation

[63381' L 1.&3 x 10°% moles /ml .

~ 76 mm,

The actual values is somewhat more than this (about 220 mm.)
but {n view of the approximations made in estimating ths
rate constants and the uncertainty in some of the kinetles
parametors, the agreement is gquite satisfactory.

The variation with pressurn of the transition point
can also be calculated from equation 17. Filgure 1l shows a
plot of the logaritim of the transition pressure against the
reciprocal of the absolute temperature, and lcads to an
activation energy of 26.2 koal per mcle. The value calculated
using equations 17. 2 and lj, and insexrting values from table
S is 24.2 koaleper mole, in reasonable agroement,

Simplo geometric considerations show that this

!break-point activation energy'! should bear a relationship
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to the ordsrs and activation energios of the two kinetie
descriptions. Figure 12 shows a tyrical reaction exhibiting
n'th order kinetics at high pressures ang m'th order at lower
ones. K, can be fdentified with the vertical distance PB and
B with PA. Similarly the break-point activation energy,

B, = -a%ﬁl [16)

can be identified with Pac.
in triangle Paac.

n = %gz and m = %95 {29}
= €= = = E——:—&&
a2 - Al (201

Using the first-order and 3/2-order activation energies obtained
experimentally, 1t is found that the predicted Ep 18 25.3 koal.

pPer mole compared to the measured 26.2 kecal. per mole. This
discrepancy comes about bacause Eh was obtained using only a
fow temperatures in the lower and of the temperature range

used for obtaining 83/2. The calculated activation energles,

glven in the next ssation, are, of course, in exact agreement

with equation 20,

Aotivggion Engvgggg end Rate Constants

Using the values givan in table 5 the overall

activation energy may be calculated for the reaction in



LOG RATE

—

LOG P,

Figure 12 Hypothetical plots of log rate against log
pressure for a reaction which changes order
with pressure, showing the origin of the

'break-point activation energyt,
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the first-order reglon Af a method for estimating the

activation energy of (ks + k¢) is available. 3ince the
rates of reactions 5 and 6 are about equal, the simpleat
procedurs ia to take the aritkmetic mean, and therefore

fron squation §

By = F(Bjg B -B5- B B+ By (2]
2 64,6 kcal. per mole

In view of the lack of certainty in some of the experimental
values this is in satisfactory agrsement with the expoerimental
vaiue of 67.1 keal. per mole. 4The frequency factor, calculated
on a simllar basis 18 9.5 x 102 gec™t
2.58 x 1018 gec~! obtained exporimentally. Absoclute rats

» o be compared with

constanta agreo reasonably well, the experimental rate constant
being 412 x 10°3 at 00°C, the calculated 6.43 x 107Y,
The activation energy in the 3/2-order region,

using equation 10 and the arithmetic msan of &

g and Eb for

the activation energy of (ks + k¢), becomes:

B o= B - Bg i (B, - B v F (B v By (22)
e 52,5 kcal. per mole

in good agreement with the oxperimental value of S54.5 kecal.
poer mole.

The frequency factor becomes 1.21 x 1013 mll/ 2 mole'l/ a
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sec™L in faip agreement with the experimental value of

8.5 x 10%3 211/2 1o1972/2 sect. Again, rate constants
are in better agreement than frequency factors, the experi-
mental being 1.94 mz"/ e mle’l/ 2 aee"l, the caloculated
8.75 x 10™% m1/2 mole~2/2 geo~1,

Effsct of Surfase

It may be seen from figure 5 thut the rate is
lowsred some 20% by increasing the surface to volume ratio
by a factor of 12, There is also a tendency to smear out
the differences between the first and 3/2-order regions,
glving a meaningless ovspall order of 1.2 to 1.3. The
decrease in rate 1s attributed to a partial inhibition of
the rate by a mechanism similar to that put forward in the
following section to explain the inhibition by nitric oxide.

A bare surface site, S, may be equivaient to k0 and a hydrogen
atom may be abstracted from a propane mclecule by this site.

0358 + 8 - 0357 + SH
Termination may be partly the reverse of this mechanism,
and so0 a new reaction scheme may bo partly involvede.
COXCLUSIGNS

It i1s concluded that the thermal decomposition of

propane is largoly borogenecue, and is first-order at low
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temperatures and high pressures, becoming 3/2-order at higher
temperatures and iower prossures. It is thought that a froe
redioal reastion mechanism involving second-order initiation
and third-body termination adequately eaplains the ox;»ez-imental‘
resulte obtained, as well as those obtained by other workers.
Values of individual rate constants end activation encrglies
are calculated or quoted from recent sources, and these are | ‘
shown to be consistent with the proposcd mechaniam.

The rates constants in the firate-order and 3/2-

order over all regions may be given as

Iy s 2,58 x 1034 0-67,100/ BT gec™t

Ky, = 8.50 x 1013 g SheS00/RT ;n1/2 115y 0472/2 goq72
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PYROLYSIS OF PROPANE IRHIBITED BY NMITRIC OXIDE

INTRODUCTION

The thormal decumposition of hydrocarbona, in the
presence of sufficient nitric oxide to reduce the rate of
reaction to a minimum, has been the subject of even more
controversy than the uninbibited reaction. Although there
nas been some agreecment that fres radicals were involved ia
the uninhibited resction, the very nature of the inhibited
reaction has been in doubt. The view that the nitric oxlde
inhibited pyrvlysis of ethans is almost completoly free
redical in nature has baen confirmed in this laboratory (56)
(57). The preascnt work was carried cut to see if the type
of free-pradical meohaniem involved in the pyrolysis of othane
could be applied to that of propans.

Revi of Earli wo

Staveley (58) was the firast to notice that the
thermal decomposition of hydrocarbons cculd be inhibited
with nitric oxide. He inveastigated the thermal decompositionm
of othane at 600°C end at pressures of S0 to 500 mm., and
found that the inhibited rate was 1/5 to 1/15 that of the
uninhibited rate, being reolatively faster at the higher

prossures.
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The firat workers %0 investigate the pyrolysis of
prepans, inhibited by nitrlic oxide, wers Hobbs and Hinshelwood
(35). They found that, at 550°C, as more and more HO was
added, the rato became smaller and smaller until, with 100 ozm.
propane, lii.5 mm. partial pressure of R0 caused the rate to
roach & limit at about 313% its orizinel wvalue. When the
partial pressure of NO approachsd SC rm. a slight acceleration
was noted. They found that the shape of the inhibition curve
{1.6. rate vs [HEO]) could be deasoribed with the same sort of
empirical expression used for ethane, for which they made a
thorough investigation. On this baslis they concluded that,
as with ethene, the N0 reacted with the radiscals which would
ordinarily underge unimolecular decomposition and thues stopped
the chaina, leaving a residual reaction which was moat likely
a molecular split of the propane into an clefin and CHh and
HZ. Later work has ceat considerable doubt on the second
conclusion, but the first one 18 still of some intorest. If
the HO reacted with the abstracting radiocal, or § radical o
use the terminology of Goldfinger et al. (39), the same
absolute amc :nt of A0 should be necessary to produce a minimum
rate at all pressurcs of substrate, but if the KU reacted with
the p radical a definite proportion of L0 should provide &
minimum rate at any pressure of substrate. Ior the mechanisms

considered in thie thesis, the above analysis still holds.
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At sbout theo same time that Hobbs and Hinshelwood
were looking at the NC inhibited reaction, Rice and Polly
(59) were investigating the propylene inhibited pyrclysis of
& number of orgenic compounds, inciluding propane. They found.
that propylene inhibited the rate of pyrolysis and proposed a
general fres-radical mechanism for NO inhibited organiec decome

positions of the forms

M - 251

¥ 4+ BO — Rz + HRO
Rl + M — Rlﬁ + Ra
Ry = HR+K
31 + NO — RIKO
2/ T KR
Ra + NO — aauo
R+R — RR
Where M represents the parent molecule and 51 and Ra ars,
respectively, the p and u radicals mentioned above. 7This
mechaniem was discussed and modified by Golcansky (60), but
8till requires drastic modifications in order to prodict
the correct rates and orders. It is interesting to note

that the tormination and propagation steps of this mechaniam
are essentially those postulated by Laldler and wojciechowski
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(57) for the NO inhibited pyrolysis of ethane, and hers fopr
that of propane.

The N0 inhidbited pyrolysis of propane was studied
by Stubbs, Ingold and Hinshelwood {25) (61) (62) (63) while
investigating the inhibited and uninhibited pyrelyses of the
homologous series of ae-peraffins from propans to n-dscane.
They conoluded that the N0 inhibited resction was fipst-order
at high pressures with an astivation energy of about 72 keal.
per mols. They confimmegd that a constant percentegs of HO
was necessary to produse a fully inhibited rate at any initieal
pressure of propane, end stated that, at 530°C, 6% NO provided
this limit. More HC was used at higher temperatures. Orders
for the reaction varying from 1 to 2 were quoted dbut since
these are usually i#terrad fror the rate-pressure curve, their
validity i1s scmewhat suspeot, |

Jach end Hinshelwood (6l}) made a short study of the

effect of insrt gas on this system. liowever propane is
mentioned only incidentally and the only inert gas used with
it was sulphur hexafluoride. Since it will be ahoun latep
that SP6 may decompose appreciadbly at these temperatures, their
conclusion that the inhibited rosction uwas greatly accelerated
by inort gas 1s open to quesation.

Scome work has been done on the HO inhibited pyrolysis

of propane using radioactive carborn as a tracer. Stevenson,
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Wagner, Beeck and Otvos {65) pyrolysed 1-136 propane under
thoge conditions and concluded that isotopic mixing took
place Just as vapldly when the reaction was completely
inhibited as when 1t was uninhibited. Frey, Danby and
Hinshelwood (33) have studioed the pyrolysis of 1.2 propane
and also found that the distribution of'produeta was the game
whother the reaction was uninhidited or mazimally inhibited
with KO, but they still malntalned that these results were
consistent with & molecular mechanism for the fully inhibited
reaction. |

Poltorak and Voedodsky (66) have shown that, when
propane and Dé were pyrolyeged together, D appeared in the
hydrocarbon frestion at a rate, rselative to the rate of
decomposition, which was independent of the amount of NO
prezent. O was present up to & partial pressure 2% that
of propane, 80 thers 18 no queation that the reaction was
not totally inhibited. This is strong evidsnce that at least
part of the totally inhibited reaction proceeds by a free-
radical mechanigm,

Voavodasky (27) has recently investigated the
inhibited decoumpositionr of propane using vessels coated
vith different types of surfaces and in vessel with varying
surface to volume ratics. [e conoluded that at pressuras of

around 20 mm. the surface may have an important effect, but



that at higher pressures this offect will be less. He proposes
that initiation reactions are primarily surface reactions,
some of whiech are reversible aend some irreversidble, and that
the latter can be completely suppressed by K0, full inhibition
corresponding to complete suppresion of these reversible
reactions. However, as pointsed out by Laldleor and Wojclechowsid
(57), this suggestion impliss that the amount of nitric oxide
regquired to glve ccmplete inhibition should be proportional
to the surface to wvolumo ratio, and this has not been observed.
Also, since induction periods are moticed in the inhibited
reaction, implying abnormally small initial pates, Voevodsky's
suggestion is open to criticism. Furthermore the results of
Kartin et al. (28) throw some doubt on Voevodaky's experimental
wori. ‘

It has becn proposed by Wojclechowski and Laldlep
{56) that, for various hydrocarbons, a frec radical mechanism
may be postulated involving ebstraction of an E atom from the
hydrocarbon to give ENO and a radical. 7This radical then
enters into the usual chein propagating processes and it 18
assumed that termmination 18 the recombinaticn of some radlical

with 0. The equilibrium

H + NO rond HNO

is also includeds If the radical entering into the pecom=

bination reaction ia p, firsteorder kinetics overall are to
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be expacteds if it is §, 3/2-order kinotics are prediocted.
They show, Quite plausibly, how these mechaniams explain the
sigmoidal shape of the APe-time surves, the fact that different
inhibitors glve the same limiting rate, the effect of adding
ethylene and hydrogen to the reaction mixtm, the effect of
adding extra N0 while the reactioh is in prciress and, of
course, the rcason for deuterium mixing in the fully inhibited
reactions.

The purpose of the present work is to see if the
fdcas of Wojelechouskl and Laldler can be applied to the
specific case of propane. In the following sections mechanisms
are proposed along the lines of thsir mechanism for ethane,

and experimental evidence for these mochanisms 1s presented.
EXPERIMINTAL

Apparatus ¥

The apparatus used was described in Part 1 of this
thesis, and the general method was ths same. Litric oxide was
Hatheson C.P. grade, stated to be 99% puroc. N0, was removed
by passing the cylinder gas through a column of silica gel
('}.‘3). and N, was pemoved by rigorous purping at liquid nitrogen
tamperature followed by trap to trap distillations before the
gas was stored (in Ve) « Before starting a run, about 500 nm.

of propane were condensed in ths mixing buld (Vu), about 70 mm.

I
E
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of HO were then condensed on top of this and the stop-cock
to trap ‘1‘1 clogsed. The reaction mixture was then warmed up
and given time to mix thoroughly. whe;'x the entire contents
of the bulb had warmed up, the stop=-cock to Tl (250 ml.) was
opened up, in tho hope that ths sudden rush of gases would
aid mixing.

Resulta

| Preliminary experiments, carried cut &t a number
of temperaturss and pressures, ahowed that complete inhibition
wes obtained with 105 NO at lower temperatures and about 12%
at higher temperaturss. Nost of the oxperiments carried out
later were with 15% X0,

The inhibited pyrolysis of propane was investigated
in the temperature range 560 to 640°C and at partial pressures
of propene from 25 to S50 mm., A typical plot of AP against
time is shown in figure 13. It 1s see¢n that the curve is
sigmoidal in shape and that two rates may be calculated from
tuo slopes, oneo drmﬁ at the initial point of the curve and
the other at the in!"‘lexian point. The induction periocd was
lengthenod considerably as the propeane pressure was lowersd;
i1t was also shortened somewhat when large oxcessos of nitric
oxide were added.

In t}mro 14 the logaritims of the lnitial and

inflexion rates in the unpacked veossel aro plotted against
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Plot of log rate against log P for the inhibited
pyrolysis of propane, rates being those measured
in the unpacked vessel., The left hand plot gives
initial rates, the right hand plot gives rates

measured at the inflexion point,

3.0
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the logarithm of the pressures The slopes of such lines
give the over-all order for the reaction, and table 7 lists
the orders for the inflexicn point rates at various temperae
tures, It is seen that inflexion orders are almost unity at
the highest temperatures and inoreasec steadily as the temper-
ature 1s lowered. The initial rates are 3/2-order at most
tempepratures and are lowered somewhat at the highest tempere
atures. In figure 15, the inflexion and initial rates in
the unpacked vessel are comparsd diractly at a typical tempor-
ature. It is seen that the rates approach each other at ths
higher pressurss, signifying that the induction pericd has be-
come much arortere. Figure 16 shows a comparison of the
uninhibited rate with the inflexion rate of the inhibited
reaction. It is easily sesen that the order of the inhibited
reaction is higher, confirming the fact that the 'chain lengths!,
or ratios of uninhibited to inhibited rates, lnorsase with
decreoasing pressure as reported by Hobbs and Hinshelwood (35).
Figure 17 shous the first-order rate constants for
the inflexion point rates at 630 mm. plotted against the
reciprocal of the absolute temperature to yleld Arrhcnius
paramoters. High pressure rate cuonstants of liobba and lilnshel-
wood {35) and of Ingold, Stubbs and Hinshelwood (36) are &lso
ineclvdaA for comparison. The firste-order rate ccnatant in the

high pressure region may be given as
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Firure 15 Comparison of initial (© ) and inflexion point
(0) rates at 620°C for the inhibited pyrolysis

of propane,
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Figure 17 Arrhenius plot for the inhibited pyrolysis of
propanc, rate constants being those obtained at
high pressure. Results of this investigation
are shown as 0, those of Ingold, Stubbs and
Hinshelwood (36) as A and that of Hobbs and
Yinshelwood (35) as [J .
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Iy = 2.99 x 1024 "OFRUOO/RT o o02

Figures 18 and 19 deal with the rate of reacticn in
the packed vessel. Figure 18 shows & pilot of the iogarithms
of the inflaxion point rates sgainst the logarithm of the
pressure. Aa in the unpacked vesasl, the order is cloge ©0o
unii ty at higher temperatures and increases as the temperature
is lowered. In the packed vessel initial rates were not too
reproduecible. Figure 19 gives a ocomparison of ratos in the
racked and unpacked veasels, in the form of the logaritim eof
ths rate at 630 mm. plotted againat the reciprocal of the
absolute temperature. 1t 15 seen that the rate in ths packed
vessel is somewhsat lower, but the activation onergy is
virtually unchanged, being 69.9 keal. per mole.

The effect of added inort gas (cea) ig slwown in
figure 20. 1t ocan be seen that, %o within the experimental
error, CO2 dces not inorease the rate of regotion, even when
partial pressures L. times thuse of propene are usede Jach
end Hinshelwood (64) have ahown that SF, can accelorate the
inhibited reaction, 80 an attempt was made to duplicate thelr
work, However, analyses of tho products by ges chromatography
showed assveral now unidentified psaks and the reaction reached
8 very differant pressurc equilibrium. Thercfore the kinetlo
reaults using SP6 as an 'insrt gss'® were not used. Figure 21

showa the rosults of analyses of products. It may be seen that
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Figure 18 Plots of log rate against log P for the inhibited
pyrolysis ol propane, rates being those measured

in the packed vessel.
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The effect of carbon dioxide on the inhibited
pyrolysis of propane at 650°C., Rates measured

with no added CO, are shown as 0, with

2
002/C3H8 = 2,0 as A and with 002/03H8 = L4

as ¢ .
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Figure 21 Analytical results for the inhibited pyrolysis
of propane. The left hand plot (2la) shows
the correlation between the pressure increase
and amount of propane consumed at 570°C (D),
at 600°C (a) and at 630°C (0). The right hand
plot (21b) shows the relative rate of formation

of sovoral products,
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the products are much the same as those of the uninhibited
reaction and unit increasse in total Pressure 1svseen to
correspond t© unit desrsese in the partial pressure of
pPropens. |

The inersasing order of the inflexzicn rates on
lowering the temperature may be ascribed to the iengthening
of the induetion periods as the pressures ars lowered, thus
removing the inflexlon points further and further from initial
conditions. Since 1t i3 assumed that once ths reaction has
passed the inflexion point the stsady-state has besn achieved,
atterpte wers made to extrapolate the AP-ti e curves back
to an 'initial' conditioh. VFigure 22 shows a number of these
initial rates compared with the masasured inflexion-point
ratess It is seen that the mapgnitude of the corrections is

such as to bring the order close to unity.
DISCUSSION
Yachanism of the Faliy thibiggg Reaction

It has been suggestad by Rice and Polly {59) and by
Laidler and wojolectouwskli (56) (S57) that 40 reacts with a
paraffin to produce #i’ and a radical. Following this

suggesticn, it 1s rostulated that initiation cccurs by
(12) CyHlg + N0 —  Cgily + ENO

The chaln propagating steps ére then the saneo as postulated
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~ for the uninhibited reactions l.e., reactions 3 through 6.
HEC 1s capable of disscciating into H + N0, and H unites
with &C %o fbgm HNO. It has been shown by Clyne and Thrush
(67) that both the forward and backward reactions reguire a
third body. Initially this will be C4ige In order for the
over-all rsuction order to be unity, tsminaticn must ocour

by the reaction of HED with 8337. Other equilibria such as

fl

GHB + RO CHSPO

Cyfl, ¢ HNO - C yH K0
undoubtedly occur, but these will not effect the kinetiecs

cf the reacticn. The reacticn mechaniam thus becomes?

(12) CoHlg + HO =  Cgily + HINO
(5) G4l —  GHg+ CoH)
(6) ¢4, — H+ Ggl

(L) CHy + 03H8 — cau * C3H7

(13) X+ B+ O -  HEO + X
(1h) X + HEO —  H+ N0+ X
(13) csn., + HNO — CBHB + KO

When the stseady~-state treatment i1s applled to this

scheme, the following concentrations of radicals are obtained:
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X 1/2
. ' (23]
[cHy) = ? g%%“ (2}
[Cf,) = eé&; [cy8g) (23]

The BKO econcentration is

k 1/2 |
(E0) = (;ﬁ%ﬁ%}‘) (N0} [26]

The rate of reaction 18 given by

U, = (ks + k) [03871 (27)
Therefore
" 1/2
o g e k) (gl s LS3fg) (28]

Thie mechanism gives first-order kinctics over all
agreeing with the eaperimental behavior at high termperatures.

The initial rates are 3/2-ordsr at most of the
lower temporatures. 7his 1s attributed to the faot that

the stcady state has not yet been attalned, that the concene
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tration of 0337 hes not reached its egquilibrium level, and
that termination iz largely the result of of a combination of
HNO with 8 radicals. Iif roaction 15 is remcved from the

mechanism and the folliowing terminativng substituted
(16) H + EHNO — Hy + NO

£17) cn3 + HNO — cﬁh + HO

the initial rate beccmes 1/2
k, k 3/2
Via = (kghkg) (;i;) (ﬁ-ﬁ#;? (¢ 5g) (29

The initiating Step

Clement and Ramsay (68) have shown that the upper
iimit for the dissociation encrgy of HN. is UB.6 kecal. per

mole, and Clyne and Thrush (67) have srown trat reaction 13,

(13) X+ ¥+ &0 — HEO + X

tas @ negative cctivation energy of 0.7 2 0.3 koal. per mole
at 600°K. Thus 4B.0 is a good value for the dissociation
energy of 0. If the bond strength of 03H7-H is taken as
97 kcal. per molo (38), ther 51 keal. por mole would bo a
gocd estimate for the activation energy of reaction 12.

1y

‘e frequency factor iz taken as 107 7.

If the rate of imitiation for the mecnanlism proposed
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here 1s compared with that for the uninhibited reactiocn (vla”

the ratic of rates dbecomes

Ir 103H3] = 8 [E0], this ratio is close to unity
at 6oo°c, showing that initlation of chains by this means is
quite plauasible.

Chain Propagating Steps

A shown in figure 21, the products of the inhibited
reaction ars virtually idential with thoss of the uninhibited
reaction. Thus the same considerations apnly here 23 applied
for the uninhibited reaction.

Clyne and Tonrush (67) found that the rate econstant
for rescticn 13 was 4.8 x 1035 2 mole™2 seo™t at 21°C when
the third body was hydrogen. The rate constant listed in
table 8 for a temporature of 600°C was calculated using the
Hinshelwood-Kansel-Rics-Ramsperger theory, as deacribed in
’part 1, using 8 ® 3. The colllsion number, 2, was also
caloculated, and was ussd to estimate the f'roquency factor of

reaction 1l at 600°C, using the same theory.

Chain Tgrmlnating Steps

It has been noted that in fully inhibited hydroe~
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Izble 8
Kinetic Porameters for Reactions of ‘!
Inhibited Ppopane Pyrolysis “
Reagtion gﬁ, E(kcal/mole) k§90“ Reference
3 1.0 z 1012 8.2 8485 z 167  cale, from (4S)
L 1.0 x 1033 8.5 TiS = 101° calce from (49)
g 8.0 x 1023 2 1.3 x 20° (38)
6 1.3 x 1018 a7 7.12 x 104 (38)
7(a) [-16.5) 1.3 x 107 caloulates
12 1.0 x 10 49 5he3 ostimated
13 3.16 x 101k 0 3.16 = 1024  cale. £rom (67)
1L 2.1 x 10%8 LB.0 2,17 x 20%  cale. from (67)
15 1.0 z 10%° 0 1.00 x 10*% ostimated
16 S50 % 1013 o 500 x 1012 sotimated
fron (67)
17 2.0 x 1018 0 2.00 xz 102° eptimated
@ 1

Frequency feactors and rates are in aec'l, mle mole

goc™d or m1% mole™2 seo~L,
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carvon pyrolyses, nitric oxide is not used up quiclly and
muat therefore be regensrated in the over-all mechanism., Two

likely proceseea for this are reactionaz 15 and 16.

(15) 0337 + HKO - 3358 + KO

{16) H + HNO — H, + KO

Comparing the ratss of these twoc reactions
Ve (C.By) Ky EKyp |
= = {C ) {31}
- g i - Bl
These tuo rate are equal when

' X
[CHg) = g!; éé (32)

which, at 600°c, is at a pressurs of ths ordser of the experi-

mental range. In view of the assumptions inherent in estimating

the individual rate constants, this is considered satisfactory.
The ratic of the rates of termination by reaction

(13) in ths fully inhidbited reaction and by reaction (7a) in

the uninhibited reasticn is

V. HROJICLH k 5O
b hs e ns e
7a a 3 7°'%3 7a"1h *¥3°8

With 12.5% KO at 600°C thie gives rise to the ratio 15S.



- ?8 -

Termination by this schome is therefore quite fast compared
with that proposed for the uninhidi ted reaction. It can be
soen from this that, slthough initiation will ocour in the
inhibited reaction by the seme mechanism ag in the uninhibiteq,
fi.0. by reaction la as well as reasction 12, termination is
almost all by reaction 15, and i¢ is largely by a change in
the termiratior step that the inhibited mechanism takes over

from the uninhibited mechanism as more and more X0 i1s added.

&

The Induction Period

it s sesn in figure 13 that tha AP-time curve is
sigmoidal irn shape, implying the exiatence of an induection
period. The initial rate, correspending to pre-steady-state
conditions is of the 3/2 order in that part of the temperature
range where 6 rather well-defimed induetion period exiasts. It
was suggested above that the concentration of C 3217 had not
reached its equilibrium value, and that termination waa by
the recomdination of HNO and a § radical; this termination
leads to 3/2-order kinstics.

it $s alsc to be noted that the rates at the
inflexion point are proportional to the pressurs at the
highest temporaturcs, but that the order inersases as the
temperature is lowsred. This may be explained by noting
that, at lower temperatures, the induotion periods become

longer and the irflexfon points move further from the initial
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conditions, In opdor to test this hypothesis, an empiriecal
expreossion was fitted to ths AP-time curve covering a region
wall beyond the inflexion point. This expression uas used

to extrapolate back to initial time, and an 'initial® rate
was caloulatede. The resulta of these extrapclations are shoun
in figure 22, end it may be seen that the magnitude of the
corrections is sufficlent % bring the order dback almost to
unity.

Mochani n _ths Presence of Other Inhibitors

It wa2 shown by Laldler and Wojoclechowski (57)
that an inhibited mechanism of the type proposed for ethane
will give the same limiting rats for any inhibiter that is
capable of undergoing the same type of freec=pradical mechanianm,.
This 18 alsc true for the propane decomposition. In the rate
equation, the expression “12“11.,/“13“15 corresponds to the
equilibrium constant K for the reastion

C4Hg romd 033., + H
The rate expression then reduces to
X 1/2
g = (kg e k) (Kgd)  (Ogg] (3]

and contains only constants that do not depend in any way on
the nature of the inhibitor.



Using the same method employed in part I to estimate
an activation energy for (ks*ka), the activation energy

corresponding to the proposed mechanlam is
where Ep ig the energy change for the equilibrium
°3§8 - 03p7 + H,
and is equal to E;a + Elh.- EiB - 815. Using the values of
the activatlon enepgies listed in table 8, the value of E is

found to be 65.) kcal. per mole. This 1s in excellent agree-
ment with the experimental value of 69.4 keal. per mole,

especially when the uncertainties in the value of E5 are taken

% into ascount.
In the samoe way the frequengy factor is oaloulated
to be
R T TR TR S O

b13fhss

The experimental value 18 2.99 x 101u aao’l. Absolute rate

constants are also in good agreement; at 600°C ths experimental

value is 1.35 x 10°3 sec~L, the calculated 7.26 x 1073 gec"?.



Effoct of Surfase

The effeot of inorsasing the surface to volume
ratio 18 to lower the rate of resction somewhat, although
the order and activation energy remainvapproximately the
gaxe. The effect of packing was less marked than with the
uninhibited reaction. In order to explain the results it
is suggested that surface sites act very mush like nitric
oxide moleocules and abstract hydrogen atoms from the substrate,
as mentioned in part I. It is thorofors. easy to soe why the
effect of packing the vessel 1a less maried 1n-the inhibited
reaction, since adding surface to the unirhiblited reactlcn
18 equivalent to adding & small amount of fnhibitor. If a
preaction is already proceeding by an inhibited mechanian,
the effect of providing more surface should be relatively

emallere.

Effeat of Inert Gas

Carbon dioxide, which does not enter cremically
into the reaction, has no effect on the rate of the inhiblted
reacticn. This behavior is consistent with the mechanism
propesed. Inert gases aro tnvolved in ectablishing the

equilibrium

——
X+ H<+IC o=  HHO 4+ X
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but ect in the same way on the reaction in both directions
and have no resultant effect. Roactions 5 and 6 are prosumed
to ve in ths highepressurse first-order regions, ¢ that no
inert gas effoct is observed in sithor the inhibited opr une’
4nhibited reasctions. The apparent effect of sulphur hexa-
fluoride on the kinetics of the reastion, observed by Jach
and Hinshelwood (6l), was seen above rot %o be a true inard

gas arrect,'sinoe this subsfanaa undergoes chemical reaction.

CONCLUSICHS

e e e

It has beon shown that free radicals are involved
in the nitric oxids inhibited decomposition of propane. 4
mechanism has been postulated to gocount for the sxperiggntdl
variation of the rate with pressure and temperature and,
although certain detalls may not be gquite correct, it is
felt that the QVenall principles of &dstraction of H atone
by R0 and termination involving H&O are sound. An attempt
has also been made to explain the induction periods and the
offect of other inhibitors and surfase. The rate constants

for the inflexion rates at high pressure are given by

X, = 2,99 % 10t d'ﬁq’hno/ﬂr sec .
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Part II1

THE UNINHIBITED PYRSLYSIS OF ne=BUTANR

I8 FRO BUCTIOH

After the pyrolysis of propene had beeh studied
it gscomed natural that the pyrolysis of n-butane should be
the next subject for investigation. Theye are, however, &
number of other reasons for studylng the pyrolysis of this
hydrccarbone. FEarlier work, reviewed in the following
section, had shown that hydrogen atoms wers not important
chain carriers in this system, and 8o a different typs of
mechanism was necessary. 4180, nebutane has been the chief
hydrocarbon used in studies of hydrocarton pyrolyses done
after 1958 when reneved intersst developed in this subject.
It thersefore secmed uwlse at this time to atudy the over=all
kinatics of the reacticn and to try to present & mechaniam
explaining these new results. Pinally, ¢s with propans,
nebutene is an industrially important gas, and @ detaliled
knowledge of its behavior on pyrolysis is definitely of

economic value.

Review of bapliep Work

M
The first date on thu tiermal decomposition of
n-butane wers obtained by ‘ease (1) and Pease and Durgan (3).

They establishsd that the resction was largely homogeneous
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and approximately first-order although the firat-order rate
conatants decreased as the pressuro was lowered. The astivation
enorgy was around 65 kcal. per mole and the reaction could

be represented by

Ouﬂm — cuﬁs L 4 Ha
SuBye  —  Cafy * G2l

Further work by Furd and Spence (69) showed that only the
last two reactions were important in the pyrolysis of n-
butane, and Cambion (70) poatulated that the reacticn

Oy T 2H, TR
also occurse.

Other oarly work included that of Frey and Hepr (8)
who investigated the reaction at 575°c and made analyses by
low=temperature dlstillation. Two additional runs done at
425°c gave a firsteorder rate constant

k = 3.4 E 1013 e'él’hDO/RT seo"t

Analytical work was also done by Marek and Neuhaus (71) (72).
Their results were in sxcellent agrecment with the predictions
of the Rice theory, whish is discussed belowe

Paul and Mapsk (7) were among tho first to obtaln
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aata on the temperature dependence of the reaction, and in
the range 550 to 610°C found the firsteordor rate constants
to be glven by - ®

Kk = 1.12 x 1037 o 73:900/RT ;-1

The extremely large pro-exponential factor throws considerable
doubt on their value for the activation energy. One sourca of
error in their work was . the use of a proe-heater held at so hlgh
a temperature that almost 20% of the reacticzn occurred there.

' All the above-mentioned work was done in flow
aystems. A tborough investigation of the kinetics of the
reaction, using a atatié system, was nade dbY Steacie and
Pugdington (73). They worked at temperatures from 513 to
§72°G and prescures of 50 to &00 mm., and obtained firat-

oidar rate constants, extrspclated to infinite pressure, of

k = .13 x 1012 o308, 700/RT

Sinse the reaction 18 now belioved to be free-radical in

nature, rathor than molecular, the extrapolation to infinite

preassurs is probably meaningless. Anglytical results showed
that ths reaction products were, initlally, about 1/3 CH; ,
1/3 Caligy 1/6 czfsu and 1/6 G Hy, with slightly more ca”u
being produced than caﬂé. Hydrogen wes found to be less than
19 of the products and butenes were not detected.

ochols and Pease (Th4), also working with a static
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gystem, found the reagtion to be complicated and to have an
over-all order of about 1.3, with en ectivation energy of
about 58 keal. por mole. They postulated a mechanism involving
termination by the recombination of ethyl radicals, leading to
3/2-order kinetics. Analytical rssults showed that prossure b
increase was a satisfectory measure of the oxtent of reaction.
The history of the dsvelopment of frece~radical
mechanisms parallels trat of propane. wnile the above
mentioned work was in progress on the over~all kinetics of
the reaction, other people were developing free-radical
mechenisms for the pyrolysis of n~-butane.
It was shown by Rice, Johnston and Evering (13)
that free redicals could be detected in the highetemperature
decomposition of nebutane and Rice and Johnston {14} later
showsd that the asotivation energy for the split into free
radicale was 69.4 keal. per mole. Rlce and Rice {75) propcsed

the following partisl free-radical mechanlism?
ch§10 — CH3 + n-CBil7
chﬁlﬂ - 20235
nn03ﬂ7 - CZHu + 083
gunlo + R - RE + n’cuﬁg
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- RH # cané % 033

where R is Oﬁa or caﬂso
This partial mechaniam leads to the equation

3 °u?10 - 3 caﬂh'* 3 caﬁ6
ucuam -— ac3a6+ucrzu

in ressonable agreement with espsrimenc. The soheme ignores
the small amount of hydrogen produced, and since no termination
steps are proposed, no coneluaions are reached about the over-
all order of the reaction. Thls originel mechanism has been
somewhat &ltered by other authors such as Steacle (L8),
Semenov (S)) and Benaon (76). Various terminating steps (76)
cf the type

caﬂs + caﬂs -+  products
or

083'* CHB - °2H6

are often used and since both ethyl and methyl radicals are §
(in the terminology of Goldfinger, Letort and kiclause (39))
these terminating reactions lead to 3/2-order kinetics over
all,

Belchstsz and Rideal (18), investigating the de-
composition of butane at low pressuras °n a carbon filament

found a much higher activation encrgy (93.2 kcal. per mole)
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for the primary split than did Rice and co-workers {13). Howe
over, @s in the propane case, it i likely that the presence
of the ¢arbon filement made comparison of thelr results with
those of other workers 1époasib1e. Robertson (77) dotectsd
only ethyl radicals in the decomposition of butane near &
platinum filament at 1050°C. His results are also likely
complicated bY heterogeheous processes. The pressnce of
radicals in the ordinary decomposition of nebutane has been
confirmed by Hurd and Azorlose (78) who found ﬁhat after
pyrolyzing cﬁacﬁzcﬁacﬁan, the butane remaining contained less
deuterium than the original starting material.

i1t has been well established trhat the decomposition
of nebutens can be sensitized by certain substances at a
temperature below that pormally necessary for appreciable
preaction. Hoockert and kack (79) found that n-butane was
tcpacked' by decomposing othylene oxlde. Irey (80) found that
as iittle az 1% dimethyl mercury at 525°C csuld set up chains
twenty molecules long. Echols and Pease (21) lator repeated
the work on the sensitiging action of ethylene o0xide on n=-
butane. They found th.at the chain length was appreclable
{1.6+. ) 10) only when the preasure of hydrocarbon was &t
least eight times that of ethylene oxide. OSickman and Rice
(22) also found that n-butane was decumposed by radicals
formed from deccmposing agomethane. iore rocently Marzius,

harkovich and Lieiman (81) dec mposed dlethyl peroxide in the
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presence of n-butane &t temperatures up to 529°c. They did
not detect any sensitizing effect which as Steacle (4B) says
" geems rather surprising’. Bryce and Rusicka (62), working
at 506°C, found that allyl radicals formod from decomposing
diallyl were 2130 capéble of sensitising the'pyrolysia of n~
butanes.

The effect of other additives was studled bY
Stepukhovich and his co-workers (2l) (25) (26). They inves-
tigated the effects of added scctylene, allene and bivinyl on
the reaction and found that its rate was unaffected by all
three. This was taken as evidence that hydrogen atoms are
not important chain carriers in the case of n-butene. How=
ever, in view of the new theory of inhibition proposed by
wojciechowskl and Laidler (56}, his reasons for reaching this
concluasion are, perhaps, unaound.

crawford and Steacie (83), working at one temper-
ature (442°C), aid an analvtical study of the products of the
reaction at pressures from [0 to 130 =m. Only Ha cﬁh' caﬁh
and caﬂé were analyzed for quanti tatively, and no gignificant
variation of products was noted over the pressure rangde At
these lower pressures, they found that tne amount of ethane,
relative to atnylene, was decrcased considerably, and that
‘the ordoers for ‘the rate of formation of all products wore
above unity.

A fow experiments on the pyrolysie of n-butane alone
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wore done by Engle, Compt, Letort and Kiclause (8h). They
found that the over-all order at moderate prossures waes about
l.44 HMuch of the work of thie group has been concerned with
the pyrolysis of hydrocarbons to which ama.li anounts of oxygen
have baen added (85), greatly accelerating the reaction.

4 number of important papers on the thermal decome
position of n-butane have appeared recently. The effect of
varicus surfaces was studled in some Jeotall by Purmeil and
Quinn (86). They followed the rate by anaiysing the reaction
mixture aftsr one minute residence time, using a gas chroma-
tographlie technique. They concludad that any tconditioning'
which deposited & carbon layer on & reaction vessel increases
the rate of the heterogeneous mode of termination of the free
radical chains, and thus recommended that pyrolyses ars beat
carried out at low conversions in clean reaction vessels.

An analytical study of the products of the reaction
was recently carried out by Stepukhovich, Kosyreva and
Fetrosyan (87), who obtained axtramply reproducible, consistent
results. They confirmed the results of earller workers that
the products were about 30% of both CH, and CH,, about 1T
Colipo 12% C,Hg and about 6% of both hydrogen and butenss. It
should be noted that their ylelds for hydrogen and butenes
are somewhat higher than those of other workers, and that thelr
ratio of caue/caau is closer to that of 3teacie and Puddington
(73) than to that of Crawford and Stoacle (83). They also
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doteoted about 4Y of propane, wnich they asoribe to the chain

termination being

Kuppermann and Larson (88) have recently presented
data on the thsymal decomposition of n-butane. Although their
work is concerned mainly with the mechanism of the nitric oxide
inhibited deccmposition, arnd thus will be discussod in part IV
of this thesis, nevertheless some work was done on n=-butane
alone. Extersive analytical work wes carried out; thelr
pesults agreed largely with those of Crawford acd Steaclie (83),
the ratic of caﬂs/caﬁu_balng betwesn 0.7 and 0.5 They

expressed the fiprst-crder rate conatants as

k = 1,70 x 1010 ¢~52,500/RY

Thus their A and T are both significantly lower than those of
other workers. racking the vessel and adding carbon dioxide
nad 1ittle seffect on this reaction rates Thelir work aiso
leads to & ratic of rate oonatanta.for the abstraction of a
primary hydrogen atom from butane compared to that of a

secondary cne, by the same radical, as

;R s 243 OOZ’W/RT

In numerous studies, such as those of Steacle and
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Folkins (89), or Stubbs and Hinshelwood (61), a faw runs have
besn done with nebutane alone while investigating the thermal
decomposition of n-butane inhibited with nitric oxids. These
results will be considered in part 1V,

Apparatue and Metho

The apparatus was descrided in part I, and 1t was
used in exactly the same way. Except for puns done to look
for special surface effects, all data were obtained from
vessels cleaned by three wasiings with concentrated nitric
acid et 60°C, followed by rinsing with distilled water (86) .
Following such treatment runs wore made only to very low
conversion 8o that the surface remalned clean.

The ne-butanc used was obtained from the Fhillips
Petroleum Company (Research Grade) and was stated to be
99.90% pure. Accordingly, it was used without further
purification axcept for one bulb-to=-bulb distillation and
rigorous degassinge.

The Perkinellmer Vapor Fractometer was again used
for analysea. For analyses of 01 to 03 hydrccarbons and n-
butane & two-meter silica gel column at 60°C was used. Bu~
tenes wore analyzed using a three-moter colurn consiating of

30% (w/w) 2,5-hexancdione on firebrick (30-60 mesh).



Reaults

The pyrolysis of nebutane was studlied in the
temporaturs range 520 to §90°C and at cressures of 30 to
600 mm., The pressure change waas followed automatically

with time by the photo-pen recordor as deseribed in part I,

and a typical result is shown in figure 23. 1t may be seen
that thers is an extremely short induction pericd, but that
it ig too short to allow the measuremaent of initial rates.

The rates of reacticn were cglculated from slopes drawn
manually at the inflexion point, such a slope being the
highest trhat could be drawn to & given curve.

Pigure 2 shows tho results of a number of runs
$n both packed and unpacked vesssla. The rates are plottea
logari thmically against the logarithm of the initial pressare,
go that the over-all order of the reaction can be obtainsd.
In the unpacked vessel this order is close to 3/2, but in
the packed vessel is slightly lower. Pable 9 lists the 3/2-
order rate constants obtained in the unpacked vessel and
table 10 lists the rates at 200 mm. in the packed vessele.

A comparison of rates in the packed and unpacked
vessels at 550°c 4g shown in figure 25. it is immediately
apparent that the order {n the pecked vecael 13 less than
3/2, and that the rate is somewhat lower, even at the lowest

pregssures useds




94

efossaA poxoedun €eumt 9gt = sanssodad eusqnqg T8 T3TUT

.coomm = eanjudedus] °*oAMD SW[]-dMmEsodd 180TdLa v €2 oaniTyg

Ol S

YIS/ Wu LE60'0= A

0¢

0074

(ww) dv

09




o T=590°C
r-] = o
0sL T=580°C T=590°C
T=570°C T=580°C
T=560°C T=570°C

COoL T=550°C T=560°C
‘%) T=540°C T=550°C
= Te530°C T=540°C
£-05¢ T=530°C
L T=520°C
I..-
<<
@ 0oL
(O
@)
-

-1.5L1L

-20L

] L 1 | ] { | i
1.5 2.0 2.5 3.0 1.5 20 2.5 30
LOG % (mm)

Figure 24 Logarithmic plots of' rate against presswe. The left-

hend plots are for the unpacked vessel, the right-

hand ones for the packed vessel.
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Migure 25 Rates in the packed (X) and unpacked (0) vessel at

5g0°C., plotted logarithmically against the initial

pressure of butanée.




Table 9

3/2-0rder Rate Constants in the Unpacked Vessel

P“c 105k Qm']'/ 2ses™Y)
520 1.093

530 1.94

sS40 3429

550 5.50

560 792

870 13.02
580 204
590 32.8
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Table 10

Rates at 200 mm. Initial Preasure
in the Packed Vessel

79 102 pate (xm/sec)
53 lho32

sip T.24

550 10,97

5€0 16.80

870 28 .05

580 43.7

590 70.5
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In figure 2@, the logaritms of the 3/2-order rate
constaits ere plotted against the reciprocals of the absolute ’
temporaturss. This gives an activation energy of 59.9 keal. |
per mole. The results of other workers such as Steacie and w
Puddington {73), Echols and Pease (74) and Frey and Hepp (8)
are inoluded for comparison. Since these eunthors occasionally
expressed thelr rates as fiprat-order highepressure rate constants,
rates have been calculated at 780 mm. uog P =~ 2.68) and the
appropriate 3/2-order rate constants then deduced.

Pigurs 27 shows the effect of adding carbon dioxide
to the reaction at 580°C. uwithin the experimental error,
1t may be scen that a 2% fold excess .of this gas caused no
inorease in the rate of reaction.

FPigure 28 shows the effect of packing the reaction
vessel, and of conditioning it by pyrelysing 00 xme. of n=
butane for 4B hours. 1t is seen that the reaction is quite
sensitive to the state of the surface, and it is noted that
almoat sny change from & clean unpacked vessel tends to ralse
the activation enoergye

Pinally, figure 29 glves some of the analytical

" pasults. Figure 29(a) shows that unit decrease in butane
pressure corresponds closely to unit ingrease of total pressure,
while 29(b) gives graphically the produstion of two important
saturates, Cfih and 021{6’ Table 11 shouws more of tho analyticeal
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(b)
X
30 methane
201 %
AX
(o
0L
ethane

i [ [ ] 1

Ci 0.2 0.3 0.4 05 oX} 0.2 03 - 04 0.5

AP/F, AP/P,

Figure 29 Analytical results. The left-hand plot shows the
correlation between the increase in total pressure
end decrease in partial pressure of butane, the right-
hand gives that botween the increase in total pressure,
and appearance of methane and ethano, at 550°C (0),
570°C (X) and 590°C ().
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data, giving the caﬁalcaﬂu, alkanes/alkenes, (cﬂk + 6336)/
(Gt + czﬁb) and (cu products)/(C, to ¢y products) ratios,
all at about 200 mm. initial pressurs, and at three different
temporaturea. |

1f unit increase in pressupre corresponds to unit
decrease in n=butans partial pressure, the rate gonstants

may be glven by

k3/2 s 3,24 x 105 059’900/ RT mll/a mlo"]’/ 2 gec™t

DLSCUSSION

¥echanism and Over-all C r of the R tion

Many earlier mechanisms were uritten on the
assurption that the exporimental order of the reaction vwas
first. However the results quoted ebove show that it is
best desoribed @s vnly a& little less than 3/2. This faot
waz probably £irst realiged by tohols and Pease (74} Tke
proposed mechanism, following that outlined by Echols and
Pease (74) 1s:

(18) Cuﬂm —_— 2 ca*‘s
(29) cz“s * %ﬁm — Gyl * Cuﬁg
(20) chnq — 053 + °3“6




taa) of v o,
{22) ca3 % cuuw' — cah + cuﬁg
(2) daas - CoH, + H
{23) He GHgy Hy + Gy

(24) Caffg + Clig - chﬂm or C,Hg + CoHy

Table 12 lists the known and estimated rate conatents,
aotivation energles and froguency factors.
The propoged scheme gives the following steady-state

concentrations of radicalas

1/2
2 1/2
(6] = E t-gﬁﬂ) (6,0 137}
3 "2
1/2
2k 1/2
[CHgl = (Taié) [S,Hy0] (38}

Ky 2 kg M2 1/2
on) = P2 (oo
1/2
kX 2 kg -1/2
s 5%1%2 “'E&" 16,f0] (39)

1/2
k 2 kyg 3/2
(Cyig) = g (-;'z%-) (6,y0)

1/2
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Zable 12

Kinetic Pavameters for Reactions of Paprt 111

Reaction A‘: B(koal/mole) 553_0: Reference
2 3.0 x 103t 39.5 1.70 x 10% (7
10 (-34.8] 1.0 x10*® cale. from (42)
18 1.0 x 1017 80.0 1.85 x 107%  (16)
19 7.7 x 1032 10,4 1.55 x 107  ostimated
from (90)
20 6.5 x 1082 21340 3.92 x 105 (on)¥
21 1.6 x 1022 22.0 3.18 xz 10° (92)
22 2,7 x 103% 9.0 1.26 x 107 (93)
23 1.0 x 1034 749 8.97 x 108 (9
2y 2.2 x 10%3 0.0 2,20 x 1013 (95)
25 1.0 x 10%3 0.0 1,00 x 1013 assumed

ratez and frequency factors in geo~t or mll/ 2 moles’l/a

sec™t.

¥  The datae of Gruver and Calvert (91) has since been re=
caloulated by Calvert (96). Iowover, the original values
are used here Bince they are considered by letcalfe and
Tpotman-Dickenson (97) to form a consistent sot with

those for reaction 21, and In all cases the important

figures are 1:20,"11:21 and Eqg=Esqe
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Assuning very long eﬁa&na,,thé oveor-all rate is glven by

V = (kao + k21) £th9} thl

and the rate bscomes

1/2
i 2 3/2
ve (2 fgg') {km (-;?f-) [C)Hy0)

2 k5 V2 1/2
k() (Gyp] ) (42)
The data from table 12 indicate that kzo and k21 are very close
to each other, althaugh.kan is, perhaps, highe®.

The experimental gvidence {ndicates that et all
temperatures the first term of the rate expression predominates
above 100 rm., since the order is definitely 3/2 at the higher
pressurss. Furthormors ethane is produced at a rate comparable
with that for the production of ethylene, siowing that tho
firgt term iz at least of the same order of magnitude as the
second. The values of the rate constants in table 12 predict
that, at 570°c and 500 mme.

=l - %?- (G o) = 085 (43]

The sourse of the small discorepancy may 1ie in the fact that
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the ethyl radicals produced by the decomposition of dbutyl
radicals may bs colder than those prodused by photochomical
means. An ethyl radical needs 39.5 kcal. in order to
decompose but only 10.i in order to abstract a hydrogen atom
from ne-butane, and there is good evidsnce that only & Lou
kilocalories are transforred in any one colllsion, 1€ may
easily be ssen that any radical, having acquired 10.4 kecale,
is quite likely to abatract in a subsequent collision, and
may never suswive long encugh to be energlsed, by collisions,
up to the 39.5 kcal. nscesasary for decomposition. |
Yop convenience, all butyl radicals are troated as
the same. 1n ectual practice, s-butyl radicals are formed
slightly more easily, as shown by Kuppermenz and Larson {88)
and Nokesby (98), the difference in activation enorgles being
about E%Ikcal. por mole. Thus the chairn involvingz secondary
butyl radicals and glving (Cﬁh + 0386) $s aebout twice as fast
as that giving (caﬁh + Caﬂe). Kuppermann and Larson (86)
showed that for abstrastion remctlons auch as 19 and 22, the
ratio of primary to secondary bydrogen atoms abstracted ist

é . 2.“3 e°2.&L0/RT

at 570°C, therofore, k /k, = 0.503 = 1/2. Thus the C)Hy
1s about 1/3 primary and 2/3 secondary, and the ratio
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(cEy + “3“6’/“’2“6 + ca”u’ should equal 2, in reascnable
agroement with exporiment (table 11). Of course some isoe
merization of butyl radicals is poussible, but at only
slightly lower temperatures (up to u50°c) Gordon and Melesby
(99) were unable to find any evidence of this,.

The mechanism presentad hers does not explain the
small quantities of butenes formed. The kinetie parameters

for the raaction

chag - cuga + H
have never been estimated when the CI&H‘) radicals are primary
or secondary. It seems liksly, howsver;, from the data on the
decomposition of iso-batyl radicals cbtained by Bywater ind
Stoacie (47) that the sctivation energy is above 40 kcal. per
molee Thus, if the frequency factors are comparable, the
amount of butenes should be less than 0.1% of the total products.
Actually they total about 1 to 2% of the products (table 11)

and probably ocome from surface dehydrogsnati.un, or a emall
molesular component of ths reaction. It may be noted hero that
butadiene is prcduced at a rate almost one~third that for the
production of butenss, and butadiene is certainly not a primary
product of tho chain reactions.

From table 4, it may be seen that to obtain 3/2-
order kinetics cne may use the reaction scheme ’§ﬂ3/2 as

postulated here or, alternatively, 2uﬁ3/2 or 2ﬁﬁw/5/2. The
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scheme 2953/2 would pgive a pusitive inert pgas effect which
was not obaerved and, in any case, can be shown %0 be une
importeant at pressurcs above 40 mme The reastion scheme
3531\33/3 13 a poseibility, but kinetically it gives the same
results as the schemo seclected; so that it is impossible to
distinguish betwsen them from the kinetics alone. The reasons
for choosing '663/2 are disocussed below.

Effect of Inert Oas

‘It has bean shown oxperimentally (figure 27) that,

at pertial pressures up to 25 times those of n-butane, carbon
dioxide has little effect cn the rate of reaction. This means
that the molecularity of the initliating step is the game as
that of the tarminatiég step, assuming that none of the chain
propagating stepé i@ prossure dependent. Small inert ges
effects have been noted in this system by Jach and Linshelwood
(64) {(100). iowever their results are suspect, since most of

the work was done using 3F, as an *inert zasl.

The Initiating Reaction

The initlating reaction has been postulated to be
the first-order breakdowun of n-butane to twe ethyl radicals.
Srinton and Steacie {101) have shown that the recombination
of ethyl radicalas is certainly first-order at nrcssures of

0.5 mne and higher at 250°C. The Rice-Ramsperger-Kassel
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theory predicts that the tranasition should vary as the
(a-%&th power 6f the tamperature. Thus the breakdown of
butane iante ethyl radicals should be first-order above

200 mm., tsking 8 es 12, However, the results of BErinton
and Steacle (101) show that large excesses of perflucrodimes
thyloyclohezane added to thelr system in its third-body
dspendent region did not substantially inersase the rate of
reaction as it had for the case of the recombination of
methyl radicals studled by Dodd and Steacle (55). Thus they
concluded that ths yecombination of ethyl radicals may be
indepondent of pressure down to 0,02 mm, total preasurs at
250°C, Thus s could be as large as 19, and the split into
ethyl radicals would remain firsteorder down to 100 mm, at
570°. Fupther support for this view is provided by the fact
that for the ethane decompcaition the evidence strongly
supporta the conclusion that the ethyl radical recombination
is in ita secondeorder regivn (40) (43).

The other possible initiaticn reaction is the
splitting of a methyl radical from a butans molecule, probably
in its second-crder repion. However Trotman-Diokenson (46)
has estimated that the dissoociation enorgy for this process
is some 4 koal. higher than that for reaction 18. On the
other hand the frequency factor may be higher by a small
emount. However it is unlikely that this factor will be as
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high as the 10 neecsssary to offset the difference in activation
energy, so that reaction 18 siwuld predominats.

chain ?enmlnating Reactions

Assunming rirsﬁ-arder initiation, the only possible
chaln termminating step is the recombination of f radicals.
Since it has boen shown (41) that the recombination of nethyl
radicals requires a third body, the terminaticn must bo
reaction 244

{24} czﬂs + °2“5 — chﬁm
or C H, + C Hu

A comparison of the rate of this reacticn with that for the

recombination of methyl radicals gives

v S8 12 (4]
10 1ca3) (C) o) Ef“ 9 ["uf‘mx

which, at 570°C and 500 mm., yields

B

Thus there is nc difficulty in accop ting the evidence of the

inert gus experiments and assuming reaction 24 to be slightly

predominant.
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Another possible termination reaction is

(25)  CEg + Gy  — GGy,
' or C,H, + C)Hg

At 570°C and 500 mm.

%-%%Wcm (45]

and so reaction 2l is considerably faster.

The Induction Pericd

A very small induction period was noticed which
became longer at lower preszures, and slightly ashorter at
higher tuiperatures. In an effort to see if the expsrimentally
‘high eaoctivation energy could be & result of the variation of
this induction period, an attempt was made to extrapolate that
part of the preszure-time curve beyond ths inflexion point
back to gero time by using an appropriate power series, and to
then calculate the 'initial! pate. The results of this
procedure are shown in figure 30 in the form of an Arrheniua
plot. The activation energy i8 59.0 kecal. per mole, slightly
lower than that obtaired at the inflexion point, but still not
close to the predicted value of 52.4 kcal. per mole,
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The Effect of Surfece

In an effort to determine the effect of surface on
the reastion, rune wers oarried out in a vessel whose surface
to volume ratic had been increased by a factor of 1l.6. Also,
runs wers dsne in both the packed and unpacked vessels aftor
a thin layer of carbon was deposited on the interior surfaces
of the reaction vesssl, as previously described. The results
of this work are shown in figure 28, plotted in the form of
the logarithm of the rate at 100 mm. against the reciproeceal
of the absolute tamperaturse.

The rates in the packsed, clean vessel are seen to
bs loweor then thoss in the unpacked clean vessel at all teme
peratures. They are most depressed at lower temperatures and
80 the activation energy in ths packed vessel is slightly
higher, being 62.3 kcal. per mole. It ls suggested that the
free valenoles in the surface layer of the quarte (S) can
abstract hydrogen from the butane moleculse, forming an S-H
bend, in @ manner analcgous to NO (part IV¥). Thus a small

portiorn of the reaction may be following a mechanism such

]8
(268) cuam + S -+ SH + cung
(20) Cuﬂq — 03”6 + 053
(21) c:un9 — caﬂh + Colig
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(22) (:a3 + c,‘nlo — cau + Ghﬁg

(1hs) SH - 5+ H
(27s) 8+ Cliy — GBS
(28s) caﬁss — caas + 8

(298) caass * czﬂs - cuam + S
or CH, + czﬂa + S

The over-all rate is then given by
k Boe K

&

v o~ ( Héﬁéﬁ)

kw 79" 298

. a(%) koge (S Hy0) (5] (46l

o rclisble estimates of rate constanta for the

/2 /2

3
[cuﬁml

reactions subscripted by 's'! are availiable, although an
estimate for the activation energy of broaking the C-3i bond
(78 koal. per mole) is evailable from Cottrell (102)., As
with any surface resotion, & range of sites with varying heats
of adsorption will be available, and furthermore these heats
of adscopption will vary with coverage in some fashion, perhaps
in & linoapr faghion as predicted by the woll known Temkin (103)
isotherm.

The results in the conditioned vessel are of some

interest. The reaction in the unpacked vessel hus an oxtremealy
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high activation ancrgy and, at the highest temperatures, a
rate higher than that in the clsan vessel. The offect of
packing 48 much more pronvunced than in the clean vessel.
These results suggest that at least some of the initiatien
end termination 18 taking place on the vessel walls. The
laprger effect of pecking indicates that the carbon surface
is & better initiator and teminator of chalns than the
cloan silicm. As graphites consists of a two-dimensional
fused-ring system, it 18 not surprising that atoms and
small free radicals can bs adsorbed with only & small aoti-
vation energy (104).

In any case, it is importaat to note that the
reaction 18 extremely sensitive %o the nature of the surface,
rates varying almost by a factor of 2 at the loweyr temperaturese.
This will be contrasted later with the rosults for the reaction
inhibited by NO.

Kinetic >‘aramotgrs
The activation cnergy predicted using the values
in table 12 18

S T )
s 82,l koal. per mole.

Thia compares with the exnorimental value of 59.9 koal. per
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mole. The pre-expeonential factor e

1/2 |
A
A = ﬁ%f (%} a 2. z 10M 012/2 101671/2 ge0) [48)

compared t0 the oxperimental value of 3.24 x 1015. ibsolute
rate constants, are in somewhat better agreement, ths calculated
rate at S70°C being 5.5 ml/2 mole'l/a aao'l. and the experi-
mental value 0.97 m1/2 po1e12 5071,

A3 has been shoun above, all surface treaiments tend
to raise the activation snergy somewhat, 80 that even the
activation energy cbtained in the clean unpacked vessel is
too high,

COHCLUSIONS

It is concluded that the thermal decomposition of
n-butane is largely homogenecus and is deacribed well by &
3/2-order rate law between 520 end 590°C. A free-radical
reaction mochanism is postulated involving first-order initi-
ation and termination by the second-order recombination of
athyl radicals; 1t is shoun that the experimental facts are
gilte well fitted by thia mechanigm. The values of various
rate constants, ¢ither quoted from the litorature or, where
necossary, assumed,arc also shown to bo cuonsistent with this

mochanlism,.
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Tho experimental 3/2-order rate constants are
given by
k = 3.2h x 1035 o"59 »900/R? mll/ 2 mole'll 2 goc™t

at an average temperature of 570°C.




3 DUCTIO

As in the case of other hydrocarbons, the mechaniem
of the thermal decomposition of ne-butans, in the presence of
cnough HO o reduce the rate of reaction to a minimum, has
been greatly disputed. Nuch interest has redeveloped in this
subject in recent years, ané the pyrolysis of nebutane when
fully inhibited has been the subject of several papers. Rone
of these, however, has glven a detaelled mechanism of the
reaction and none has presented the ovepall kinetics in detall.
The purpose of this work was to see if the mechaniams proeposed
in this laboratory (56) for tho lowsr alkanes could be applled
to the inhibited decomposition of ne-butane, and to propose a

new one 1f necessarye

Revi of F fer Wo

Follouing Staveley's (58) discovery that the thermal
decomposition of some organic compounds could be inhibited
with nitric oxide, Wchols and Pease (105) found that RO alaso
inhibited the decomposition of n-butane. Rice and Polly (59)
found that propylene greatly reduced the rate of decomposition
of n-butane at 512°c. and proposed & frec-radical mechanism

to explain their results. 7This mechanism has been discussed



in part II, as have the modificatlons mede to i¢ by Goldansky
(60) .

Eohols and Pease (105) (106) (107) (74) found that
the inhibition brought about by nitric oxide wes only transitory
and that after 20% reaction the rate became normal again.

They suggested that on equilibrium

Re RO & RO
was set up and that radicals wers than fed back into the
system, R being largely methyl radicals. However, irn the
view of Goldansky (60) thias would necessitate acoeleration
of the reaction et the later tine. The rates measured by

Tehols and Pease 8lso seem lower than those of other workers
(9083 (61))-
Goldfinger (108) suggested that the 3/2=corder over
all reaction could come from terminations of the sorts
Rl * Ra + HO -  products
postulating N0 &8 & very efficient third body is

equivalent

R + RO — REKQ
REO -t R + WO
R + RNO — Produocts

It is of interest that this sort of termination, together
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with initiation of the type pestulated by Laigdler and
vwojeiechowski (57) for the inhiblted pyrolysis of ethane,
{s essentially the mechanism proposed here.

Hobbs and Finshelwood (35) hagd proposed earliier
thet the fully inhibited &scomposition of any organic
compound was the 'residual reaction' loft after t0 had
suppressed all the chaln roaction. However Steacle and
Folkins (109) founé that a small amount of sthylene oxide
could sensitize the decomposition of nebutane, even when
enough nitric oxide had been added to *fully inhibit® the
chain reaction and that, at 450°c, a chein length of four
was obtained. They also found (89) that the products of
the inhibited reaction wers identical with those of uninhl-
bited, and thua considored that toth reactions were of a
similer type, tho inhibited reaction also consisting of chains,
put of @& shorter lengthe

Partington and Danby {110) obtained similar results
on lerger hydrocarbons, but ingold, Stubbs and iiinshelwood
(111) felt that the reactions involviag a split of ono radical
into another radical and an olefin, and the split of a molecule
into two products were similar encugh that the activation
energy differencos, and ratios of freguency factors should

be similar. For example
1 Cﬂscﬂacﬂacﬂa“ — CHh + CH2BCHGH23

and



I1 CHBGHZOHZCB aa -

compared with

11X 0320520320823 >

and

v GHZGHaCBZGHZR —

should give the result that:

By = Hy ¢

Ayrx

A1y

02H6 + CHE5CER

CHB + CHEPCHGHER

Oaﬁs + cae;caa

jor 38 |
y £50)

However Stesacie (48) pointed out that this simplified

argument will be valid only if no secondary hydrogens are

ebstracted by radicals.

Fupthesrmore, later work by Crawford

and Steacie (83) showed that the products of the inhibited

reaction are actually somewhat deficient in ethane.

This 18

to be expectsd from the mechanism proposed here.

Stubbs, Ingold and Hinshelwood (61) (62) (36) {63)

obtained kinetic parsmetera for the maximally innibited de-

comnosition of nebutane.

Troy considered the roaction to be

aprroximately firste-order from an exumination of the pressure-

rate rclationship and found an activation encrgy of about €0

keal. per mole at highor pressures aud T9 at lower (10 mme)



preesure.

The effect of added inert gas has beon studied in
some detall by Jach and Hinshelwood {6l;) (100). They found
that an excess of added inert gas caused some increase in rate,
and, morsover, found that the absolute lncrsase in rate was
the seme whather the rezstion was fulliy inhibited or uninhibited.
This fact was taken to be a further proof for the molesular
nature of the maximally inhibited reuction. Thelir results are
somewhat suspect since SF6 was the chlef inert gas used and, qu
as has been pointed out in part II, this compound may not be
truly inert. Furthermore, later work using GOZ as the inert
gas (88) has not shown any increase in rate on adding an
excoss of this gas.

interest in the naturs of the fully inhibited
thermal decomposition of paraffins and in rarticular of n-
butane has rsvived in recent years. furnell and Quinn (112),
looking at the propylene inhibited decomposition of r-butane,
found that the producticn of ethylene, relative to that of
sthane, was increased as the pressure was lowered, and
attributed this result to compctition between decomposition

of and abstraction by the ethyl radical,
(2) C,Hg - CH, ¢+ B

decomposition being more important at lowor pressures and
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higher tempepatures. 7Thus thely work is evidence for a free~
radical mechanism for the maximelly inhidbited reaction.

The nonemolecular naturs of ths nitric oxide inhibi-
ted decomposition has been established by Kuppermann and
Larson {113) using deutoriwm mixing techniques. %They pyrelyzed
an equimolar mixture of chPiO and ch?lo and found that the
methanes gave the same CD3H/CBh ratico, whether uninhibited or
maximally inhibited with up to 27.6% NO0. Furthermore, they
showed that secondery processcsg were of little importance ill.‘

since, on pyr-lysing & mixture of CDu and'cuglo, no cnzﬁ'san
detected at all. These authors (88) later presented & fuller
account of fupther anslytical and kinetic work done on the
n-chglc, n-chplo system., They confimmed thelir earlier
coneluaion that the extent of mixing, as measured by the
GD3B/CDh and caa5n/can6 ratios, was essentially independent
of the amount of EO present. Aan interesting result vas that,
while methsnes and etianes wers mixed, ethylenss and propylenss
were essentially unmixed. This result is congistent with the
accepted viow that propylene and ethylene are formed from the
unimolecular decomposition of larger radicals. Kuppormann and
Lapson (88) also found that the addition of N0 increased the
amount of ethylens relative to ethane., They interpreted this
result as a disagreement with the mechanisms proposed by
Laldler and Wojoiechowski (57) for the thermal decompositlon
of ethans, feeling that chain termination by



CZHS + HHO — Gaﬁ6 + RO
H, ¢ —
c 3 HNO Cﬁu + HO

should inorsase the amount of ethane produced., However it
will be shown below that the above reactions are not, in faot,

important chain terminating steps.

EXPERIMEN PAL ‘
Apparatusa and Method
The apparatus was desoribed in part I of this thesis.
The n-butane wWas preparsd & in part 1iI, the nitric oxide as

in pert 11, and analyses wers performed as in part 111.

Rgsulta

The inhibited pyrolysis of n-butene was studled at
temperatures ranging from sie 610°C and at partial pressures
of butane from 30 to 550 mm. The pressure ctange was followed

automatically as previously described. Tho prossure=-time
curve is slightly aigmoldsl 28 srown in figure 31, a typloal
run at 57o°c and 225 mm. butanes The induction veriod was
lengthened at lower nrossures of butane, but &id not secm 0
be much affected by changes in the partiel prossure of nitric
oxide.

A number of n»roliminary experiments showed that

about 127 KO gave comnlete inhibition. Large amounts of KO
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EEﬂgure 31 A typical pressure-time curve, obtained at 570°C, with

an initial butane pressure of 225 mme Hg, and a

nitric oxide pressure of 32 mm. Hg, in an unpacked

vessele



- 129 -

(more than Y0#) aceslerated the inhibited reaction somewhat,
so moat of the experiments wers done with about 158 NO.

Following the procedures noxmally used in this
1sboratory, the logaritims of the rates at the infiexion
point are plotted egainst the logarithms of the partial
pressures of butane in figure 32. It may be seen that the
reaction is best desoribed as being 3/2-order, and table 13
1iats the 3/2-order rate constants obtalned in the packed
and unpacked reaction vesaels.

Figure 33 shows a comparison of the maximally
inhibited and uninhibited rates at 570°C. 1t ia seen that
both are close to ¥ 2-order and that the ratic of rates does
not vary as much with pressure as aas been reported by Stubdbs
and Hinshelwood (62), although they worked at 530°C so that a
comparison is sot strictly velid.

FPigure 3l gives the logarithms of the 3/2-0prder
rate constants plotted agalnst the rociprocal of the absolute
temperaturce. Rates obtained by othepr workers such as Steacle
and Folkins (89) and Ingeld, Stubba and Hinshelwood (36) are

also included. The 3/2-order rate constants may bs glven as

k = h.ss x 1012 e“’éS.lQO/RT m."l/a 880-1

The effect of added carbon dioxide on ths rate of

reaction at 59o°c is given in flgure 35. The partial pressure
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ble 1

Rate Gonstants fop the Inhibited Descomposition

of n-Butsne
Unpasked Vessel Packed Vessol
) 205 xf ~1/2,,5°1) 105 k(mm"Y/2506°1)
sy 146 -
550 229 1.79
560 3.68 3.08
S70 6.32 S48
sto 9.55 8.32
590 138 13417
600 2445 22.40

610 376 35.6




051

]

o o
(8] (@]
] {

(mrn./scc.)

LOG RATE
U
c
|

-200L

L
3
J

- 131 -

T=610°C
T=600°C
T=590°C
T=580°C
T=570°C
T=560°C
T=550°C
T=540°C

] 1 1 ] i |

T=6i0°C

T=600°C
T=590°C

T=580°C
T=570°C
T=560°C
T=550°C

2.0 2.5 3.0 1.5 20 2.5
LOG P, (mm.)

3.0

Figure 32 Logarithmic plots of rate against presswe. The plot

on the left-hand side is for the unpacked vessel, that

on the right-hand side for the packed vessol.
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Figure 34 Arrhenius plot for the innibited pyrolysis of

n-butane. The results of this investigation are
shown as 0, those of Ingold, Stubbs and Hinshelwood

(36) as [j and those or Steacie and Folitins (89)

as X,
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Figure 35 Plots of the logarithm of the rate against the loga-
rithm of the pressure, showing the effect of added
carbon dioxide. O denotes results with no added
COZ’ 4 denote rates with CO2/CuH10Q:. 3, and © denotes
rates with COe/CquO’—?J 2.1,
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of added CO, was 2.1 and 3.0 times that of the butane and it
may be seen that, within the limits of experimental error, no
effact of the added earbon dloxide on the rat~ was noticed.

Plgare 36 shows the sffect of various typss of
surfaces, the data beling presented in Arrhenius forms.
Reactions done in a ‘clean vessel! were performed in a vessel
washed three times with wawm oconcentrated nitric acid and
ringsed with distilled water g8 described in part 1I1, and as
dcne by Purnell and Quinn (86) . The tconditioned vessel' was
prepared by pyrolyzing 300 mm. of n-butshe in a veasel for 4B
hours before carrying out a set of reactions. The packed
vessel had its surface to wlume ratio increased by a factor
of 11.6. Thess surface treatments guve rates close to those
obtained in the clean unpacked vassol, eltrough they were &
1ittls lower at the lowest temporatures, giving & slightly
hi gher activation snorgye

Figure 37 surmarizes the analytical data. The left-
hand drawing shows the corrslation betwesn the pressure incroase
end the amount of n-butane used up, end 1t may bs soen that
unit increase in total proasure corresponds closely to unit
deoroase in the partial rressurs of n-butana. The right-hand
drawing gives ths product.on of metrane and ethane, as well as
$ndicating the equivalent data for the uninhibited case. it

may be secn that methane i3 produced at about the same relative

A
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rate whother 50 is present or not, but that when B0 is present,
relatively less C,li, 18 formed. 7Table 1l lists the °a“6/°aﬂu
ratios as well as other product ratiocs at three tempsratures,
all at about 200 zm. butane pressure.

Taking the result that unit incpease in prassurs
corresponds %t unit deorsase ir n-butane preasure, the rate

conetents ere given as

Ky, = 5o x 1016 =65s900/RT 31/2 g =2/2 goo-1

DISCOSSION ‘

Hechanlsm and Over-All Order of the Regotion ;

i1t is propoesed, as suggested by Laldler and
wojelechowskl (87), that initiation 1s the attack of KO on
the ne-butane

The usual ohain propagating steps then follow. BRO will
dissociate into H + kO, and other equilibria involving KO

and various radicals will be set up, guch a8

(27) Cog + KO — ozasam
(28) caasuo —— Ga"s*’“g

To give 3/2-order over ell kinetlcs, tormination must by the



Iinitial pressure nebutens ® 200 mme 15% decomposition
initial prenzure nitric oxide = 29 @.

T°g cgﬁg Alkengs ¢, products | CH, + C.H
6 E m E}' Pmdﬂ@tﬂ Eﬁg & 6

2.4 Alkensg 12

S0 0.40% 0.927 0.014 1.7k
59¢ 0,381 0,988 04026 L.69
610 O©0.366 0.905 0.0 1.66
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reaction between a § radical (i, cﬂ3 op caﬁs) and & BNO
molecule (HHO, CH3E0 opr eaﬂsno).
It is suggeated that most of the known facts are
- explained by the following mechanisem |
(26) %O + 01;”10 — BHO + cung
(20} cuag - CHy + C4fg
(21} . Ghﬁg w— caﬁu + GZBS
(19) Colig + chﬁm — Colig * chug

(22) cn3 + cuﬁm — cah_ + c:l!‘u9

(2) Cofig  — CoHy *+ B
(1) X + HNO -— H+ 80 + X
(23) H+ Gy —  Hy+ Gfg
(27) C,Bg # O —  CHgHO
(28) CotighO — CoHg + 1O
(29) Cplig + CHigho  —  GyHjg + NO or Gy + CpHg + HO
(30) CoHgho = CHCEZNOH = Products

wvhere X represents a third tedy.

The eaccepted values of rate counstants, activation
energies and freguency factors are listed in table ls.

This ac:.eme gives tho following stoady-state con-

contration of radicals:
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Table 15
Kinetic Parameters for Element Reactions
e £ BB v’ peterme
ction A_ mo Referena

2 3.0 x10%% 395 1.7 x 10t (47
A 1.92 x 10%¢ 48,0  6.90 x 103 calc. from (67)
using S=3
19 77 x 101.1 10.4 1.5 x 109 estimated
from (90)
20 6.5 x 108 240  3.92 = 10° (91)
21 1.6 x 10t 22,0  3.18 x 10° (92)
22 2.7 z108r 9.0  1.26 x 20° (93)
23 1.0 z 1084 7.9  8.97 x 10! (94)
26 1.0 x 10Y% 8 13458 estinated
27 3.0 x10 o 3,00 x 101!  estimated
28 5.0 x 10t 5o 2,56 x 10"} estimated
from (1 ).
end (115)
29 720 x167 o 7.00 x 107  eatimated
1 2.8 x10 o 2.80 x 103% calc. from (67)
ueging Sms3
32 1.0 x w0t 42 1.3 x 103  oestimated
33 1.0 x10* ¢ 1.00 x 103 (57)
3y 1.0 x10%° o 1.00 x 10°°0  cotimated
35 1.3 x10i o 1.3 x 1031 (116)
36 1.0 x 10*° 62 8,55 x 1072 (11lh)

(Continued on noxt psage)



Table 15 (Continued)
37 1.0 22080 o 1.00 x 2030 (11h)
b frequency factors and rate constents in soc’l, ml. mole *
sec™t op m? mole < aco~t,
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o {51}

which, at the butane prezsures used, 10'7 to 2% 1()"'5 moles/ml.,

roduces to
1/2
K. K 1/2
iczgsl g ‘é%ﬁa 29) {cuulo] [52l
1/2
k k Kogk -1/2
2 6
BE] = KO =S { ) c s3]
(8} ;ﬂﬁzst 1 e g@a [6)Hy0) [

-1/2

= KO ) Y
Loy} ﬁé[ b T ke “?&%& ‘“Hm]

1/2

k. K 1/2 .

+ ?%—20 (2 za) C, K (541}
51%22 27%29 (10l

1/2 3/2

2k k
(o) = g2 (Gyfollvol + E’a‘-’» g?'%a‘@’ (Cyihe)

' % cﬁ-yﬁ) m: (55)
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and the stesdy~-state concentratiuns of shorte-lived molecules

are

Eag
(INO] = %[EOI (86]

1/2
X,k 1/2

- 2
[C,HgHo) (Ff’ﬁga-}) [Cy el (O] (573
If the over-all rate is given by i.!!

v m (kyy * ky) (G Fgl (58]

thent

k k
v ow Bl e g (Gig)(0] ¥ kpld ¢ %)(%3%’ (¢,0)

3/2

Koy Mogkpg /2 g
v gl + ZREREE (o8] 159)

1f the chains are reasonably long, the first torm of eguation
59 will be amall, and for roasons 3discussed in part 111, the
seccnd term ia considered sraller tran the last temm. Since

kao is slightly larger than kal'

1/2
k %,k 3/2
o AR g o
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This expression gives rise to 3/2-order kinetics, as observed

experimentally.

Rates of Production of Nethane, Ethane and Ethylene

The overe-all rate as given by equation {59} applies
to the rate of disappearance of n-butanee.

The pate of production of caﬂl‘ is given by

Vi) = MulCuPel ¢ Fel®2sl oy

1/2 -
k. K 3/2

K.k Y2 1/2
EE%@- ¢ {61}
+ 21‘2 { = 29) { kulol

whereas the rate of production of ethane 18 glven by$

e ug) = kyg (GoHg) (G0l

" 1/2 3z

k c

6

= 9 ‘é;r% ) 18! ezl

Phup there will always be rore ethylene than ethane produced,
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largely as a result of peaction 2, but in eddition, when
enough KO ia added &0 that reaction 26 becomes reasonably
fast, extra sthylene will be produced at the rate of
2 kyq 1011800 |

Therefore this mechanigm predicts that as more and
mors nitric oxide is added, the rate of production of ethylene
should incresse relative to that of ethane, &8 found
experimentally. At §70°C, with 500 mm. butene and 75 mm. KO,

the ratioc of terms of aquetion [61] becomes

¥
“19‘5‘%’ “’uﬁm o

Tous about 31% extra ethylene ahculd be produccd by adding the

usual amount of &b, ?his egrees well with the experimental
result that 20-25% extra ethylene is producede

It i3 easily verified that & similar comparison of
the rates of fommation of methane and propylenc siows that
thene two rates should be equally acooleratsd by large ar:ounts

of K0, as has been found exoorimentallye

The Initisting iigap__t_ion

The initiating reaction 1s that proposed by
wojolechowski and Laidler (96) for most i0 inhibited reactions.
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The H-NO dissoclation energy has been estimated as 46.0 keel.
per mole (67) and if the C~H dissociation snergy is taken as
96.0 keal. per mole, & reaconable estimate for the activation
energy of resction 26 ie 50 keal. per moles The frequency
factor was taken to be that for theo reaction botween nitric
oxide and ethane {57).
The ratic of rates of initiating stepa 1n the

uninhibited reaction (Vle) and the inhibited resctlion (Vab)
is given by

- (64l

At 75 mm. partial pressure of N0, tria ia of the order of
unity. Thus, to within the certeinty with which various rate
constants are known, reaction 26 is capable of initiating

chaing.

The Chain Terminating Raactions

¥ith the initiating etep used, in order to get
3/2-order kinetics over all, termination nust be by some

roaction such as
GO + P ~+  Products

whore P reprosents any § redical, and in this case may be

Ity CH3 or caﬂs. if peactions 31 and 32



clhﬁo

(31) XK+H*NO — HNO+X
‘(32) Cy C)fig ¢ B

are included in the mechanism, then the termination reaction

reaction 33
(33) Colg + HBO —  CyHg + KO

is possiblé. If the steady-state expression for BRO

concentrations are obtained, then

" ool | aukmbater u
-« . = = Y 10 6
V?; ?;5 HHO 26831K32%33 1eb L65)

Thus termination by reaction 29 is much faster than by the

reaction used as a tarmination in the inhibited decomposition

of othane and propanc.
it should, porha:s, be noted that a similar

calculation comparing termination by

(34) caano + c3n7 — chﬂm + O
with
(15) BNO + c337 — °3“8 + RO

for the inhibited decomposltion of propane shouWs reaction 15
to be favoursd by a factor of 6. 7ihese calculations are

jntuitively undarstood if i1t is realized that in the deconme
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(31) X+ H+ N e HNO + X
(32) Cy,Hg — Gz&ﬁad-ﬁ

are included in the mechanism, then the termination preaction

reaction 33
(33) Golig + HO ~ —  CpHg + KO

is possible. 1f ths steady-state expression for BKO

concentrations are obtained, then

v ik {C 0]} Kank
. 2 ...gf%.r - ;uf..a;%a o 1. x 20%
vg, kyy U 26%31%32%33 ke (653

Thus termination by roaction 29 1s much faster than by the

reaction used &8 a termination in the {nhibited decomposition

of ethane and propanc.

it should, porhans, be noted that a similar

calculat.on comparing termination by

(34) casno + c3n7 — chﬁm + N
with
(19) HiO ¢ 9357 — 03“6 + NO

for the inhibited decomposition of propane shows reaction 15
to be favoursd by a factor of 6. fihese calculations are

intuitively understood 4f it is realized that in the doconhe
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positicn of propane, H atoms are majlor chain carriors, while
in the decomposition of nebutane they are not.

Por completeness, the reactions

{35) cﬁ3+m — 02232{0

{ 36) cﬁ3ﬁ0 — CHB¢£€0

should be included in the reaction schemo. However with the
toermination step used, they cancel out of the steady-state
solution tc the rate equations.

it is possible that termination could be by
(37) cH3 + 083&0 — 6236 + KO

Comparing the rate of reactions 29 and 37

Vag . VaplCafigliCalichol] (66
Va7 Y e L ¥

since
k
CH.NO) = 335- CH, KO} (67}
{ 33) 36l 3
2
v Knw Kok k
2 21;39
VQ‘ = (ﬁlg-&) {68)
37 E%: 9720 28" 35

at 57o°c, this 1s of the order of unitye. Thus according %o
tho rate cunstants given in table 15 oither reaction 29 or 37



could terminats the chalns. Termination by rsaction 37 would,
however, mean that more propylene skould be produced rolative
to mothane when HO 1s added, while the ratio GRHG/OZH&, should
remain constant. Since, in fact, the amount of Gaﬁh increases
relative to C,Eg while the 0%/3356 patio remains constant
on adding RO, termination by reaction 29 seums to be moOrs
important.

Plnally, comparing the rate of termination of the

inhibited reaction to that of the uninhibited, ‘
v K0l C, B} [C,ELO0] k
= . kpglCRgllos . S29°21 (ho) (9]
2l Iy, [ CoHg) 2ly*28

which, at 75 mm. prassurs of NO and S?Ooc is 53.1. Thus the
termination by peaction 29 will be the dominant process at

all pressures of 30 usede

Effect of Inert Jas

Reactions 2, 14, 20, 21, 27 and 28 may involve third
body effeots. Of these, the rate constants for the first two
do not appsar in the important term of the rate sxpression
(equationz 59 and ¢0). Reactions 20 and 21 are probubly first-
ordor down to guite low prassares, aud roactions 27 and 28
form & reversible pquilibrium, 80 that adding a third body

to both will have no offect cn the ovar-all kinetics of the
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reaction, Thus no aigmificant inerease in rate on adding an

oxcess of inert gas would be expocted, and none was founde

Xinetio Papameters

On the basls of aquatlion 60, the proposed aetivation
snergy for the reaction 18

E = 319*320'321*%'(’326* E%’EZT'E@) . fvo)
Using the values given in tedble 15, E becomes 65.9 keale per

mole. This is in excellent agreement with the sxperinental
value of 65.9 kcal. per mole. '

The predicted frequendy factor ia

1/2
A = %‘-’; (%%:% s 1.2 x 1086 m¥/2 more"M2se0”t (71

a8 compared with the experimental velue of 5«3 % 1016 mll'/ e
mole~1/2 sec”2.

fhe actual retes, caloulated at 570%c, are in good
agreenent, the calculated being 2.2 % 10-} mll/z mole'l/ 2
aec"’, compared to the experimental value, L2 x 10~% mll/ 2

male'l/ 2 geo~l,

The Ef ¢ of Surfa

1t is apparent that the amount and naturs of the
axposed surface has much lesz effoct on the fully inhibited
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yeaction than >n the uninkivited. This is to be azxpocted on
the basis of the surface mechanism proposed in part 111, since
the effect of adding more suprfece is eguivalent to adding more
inhibitor of a slipghtly different mature. Some offecct is
 noted, and this is &always $n the dirsction of lower rates.
Thus surface terminatisn is probably more aefficient than sure
face initietion, @s élscucsed in part 1il. Activation snergies
are slightly higher than in the clean unpacked vassel, being
as high as 69.5 kcal. per mole in the packed, condlitioned

vesgel.

The Induction Period \

Figure 38 shows rates obtained by extrapolating
the pressure time curves back to initial time, &8 described
in part 11X. Tbe agtivation cnergy 8° obtained 18 66.9 koal.
per mole, suggesting that some of the discrepancy between
the caloculated and sxperimental peaction parameters may be
the rosult of using jnflexicn ratos as & MeASUre of the rate

of reaction.

COLCLUBIUNS

The thermsal decomposition of n-butane, fully
inhibited by nitric oxlds, has beeon srown to oyroceod by &

froe=radical mechanisme. This meoumnlem has gatisfactorily
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Figure 38

112 L4 Li6 118 1.20 .22 .24

—l—xlO3
T

Rates of the inhibited pyrolysis of n-butane
obtained by extrapolation of that part of the
AP-time curve beyond the inflexion point to

zero time,
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predicted the kinatic paramoters obteined, thes eoffect of
inert gas, the stoichiometry of the resction and, to aome
extent, the effeot of surface. The rsaction shows 3/2~cpder
over all kinetics in the temperaturs range from Si0 ¢o 610%
and at partiel pressures of n-butane fyom 30 to 550 mm. The

3/2-order rate constents ars well described by

k = 5.3 x 1016 o~ 65,900/RT m1}/2 mole~1/2 aac’f’l
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CLAINS 70 ORIGINAL RESFARCE

The prate of pyrolysis of propane nas been measured over
a larger teamporature range than heretofore, clearly
showing for tho firat time the transition from first

to 3/2-order kinetlics.

A frao-radical mechanism for the uninhibited pyrolysis
of propane has been proposed, invelving initiation by
the second-order split of a propane molecule into &
methyl and an ethyl radical. Jermination in the firste
order region is by the pecombinmation of & methyl and a ‘

propyl radical, and in the ¥/2-order region by the re-
combination of methyl radicals, both reactions being
in their tuird-tody dependent regicnse.

The pyrolyels of propane, maximally inhibited with
nitric oxide, has besn studied over a wide temperature
rangee ibe pressure-time ourve was noted to have &
marked induction period. The initial rates gave 3/ 2~
order kinetics at most temperatures, while the inflexion

point rates were close to unity at the higher temperatures «

A freec-radical mechanism involving ipitiation by the
abstrastion of a hydrogen sntom from propane by %0 and
termination by the porotion of a prepyl radical with

KO was proposed. ghis mechsnism 18 ginilar to that
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proposed by Laidler and wojciechowskl {57) for the
inhiblted decomposition of ethande.

The kinetics of the uninhibited pyrolysis of n=-butane
nave been re-investigated and found to be of the 3/2

ordere

The mechanism proposed by sehola and Fease (7h) for

the themal decomposition of n=butane has been verifled.

The pyrolysis of n-butans, maximally inhibited with ‘

nitric oxide, has been studied over a wide range of
temperature and pressuro. The react:on was 3/2-order

over ths entire rangee

A mecranisgm for the cyrolysis of n=butane, maximsally
inhibited with nitric oxide, has been proposed. The
suggested f{nitiation 18 the abstraction of a hydrogen
atom from e butane molecule by w0, and the termination
1s the reection between an ethyl radical and nitroso~

othane,

The effocts of surface nave been shown to be explicable
on the assumptlon that reactive surface sites behave

mueh like the nitric oxide moleculo,.

Sulfur hexaflupride has been si:own to be not truly inert

in pyrolytic roactionse.
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11, If a reaction shows two tyres of kinetics over & rangde
of pressure and temporature, the relation between the
'break point activation energy' for the transition
from one type of kinetics to another and the activation
energles and orders of the two kinetlc formulations hes

been pointed out for the first tirme. ‘
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