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The effect of the 'lions of Eahll amounts of
1—butene,‘nedpentané énd ethane on the thefm§l reactions
of ethylene has been studied iﬁua'static-system over thé
'-temperatu:e ranée 699 to 819 K. The pressure of ethylene.
has covered tﬁe range-ffom 75 to 400 torr. The measurement
of the initial rate oflfoxmation of the ﬁain products
.ﬁethane, ethane, p;géylené, l-butene and in some‘cases,
lbutadiene has been'ﬁadé by gas chromatographic analysis.
From the results of the pyrolysis of ethylene in the presence
and abséﬁce of the additive it has been concluded that the
-only-effecé of the additive has been the additioﬁ of~a_ﬁew
initiation process to the radical chain reactions of ethylené.
It has been ;hown that in the reactions of ethylene

alone the main initiation process is

- —
2C,H, + C,H, + C,H, : (1)

J

while in the presence of the additive, RH, an additional

initiation process occurs.

RH =~ Ry + R, ‘ (a)

where R, and R, are radicals. The ratio of the initial
rates of formation of the products in the presence and absence

of the additive is then given as follows..

-
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where Vo'and,tvo)a-refer to the initial rate of_prodhct

-

formation in the absence aif/presence of the additive res-

pectively, and Ri and (Ri) refer to the rates of initiation

a

by the pure substance and by the additive, respectiﬁely.
. L 2 A _ X 5
/) Since Ri = kl[C2H4] and (Ri)a = ka[RH], the rath of rétg nsn

constants ka/ki may be obtained from the measurements andr
. since the value of k_, for each additive is khogn, vgers/

for kl were obtained from each set of additions.

?he,average value 6flthe rate constant for the bi-
"molecular initiation reaction of ethylené has been obtained
by cohbining the results of the three additivesrhith én

" analysis of the experimental uncertainties in each syéfem.

"This value of ky is given below.

~

l1 -1

Log k) (L mol™ ™ s 7). = (11.270.6) (64200£2000)

2.3 RT

The value of the frequency factor haé(been'shown to be

consistent with the calculated value. Using the value of

. . , % : . .

the activation energy obtained for reaction (1} from the
present'reseapch, the heat of formation of the vinyl radical

has been calculated as 63,42 kcal mol—l. This measurement

‘leads to a value of 103 kcal mol—l for the bond dissociation

)

Ienergy of the' C-H bohd in ethylene; o

At DI i A

medol el e
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".observations have been discussed in terms of a radical

- ]

From.the results of the pyrolysis of ethylene alone,
' N

.

the orders and the activation energies for the initial

+ -

formatidn of the major prod@cts have been obtained. These

chain mechanism for the thermal reactions of ethylene.
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- CHAPTER I
< INTRODUCTION

. From the viewpoint gf chemical kinetics, chemical
reactions may be broadly subdivided into simple and complex
reactigns. Simple reactions‘are those which take place in
one step, the equation for‘the.reactiAQIbeing identical
with the stoichiometric equation and the rate of reaction
being expressed.by.the‘law of mass actioh. Thelmechanism

- of these reactions can be established easily. In gas'phgse
reactions, however, the préportion of these single elementary
reactions is very small. The vast majority of gas phase
reactions occur by complex mechanisms, that'is, they take

place in a‘numbef of well—defiqed steps, each of which is.

"an elementary reaction. A complex reaction yields inter-

mediates that are more reaétive than the initiai_reactaﬁ%s.
These intermediétes‘might.be atoms, free.radicals'or

unstable molecules. A'complex reaction can often be identified
experimentally by having a complek rate equation, orla

* AN
rate equation that does not correspond to the stoichiometry.”

1. Chain Reactions

- A - -
In general, two types of complex reactions may ke

distinguished: chain and non-chain reactions. The scheme

of a chain reaction is illustrated below.




£
?9th 0 is the activatioh process leading' to the formation
of the active species A. This active species may react
either along path (l),‘which }é%ds';o the formation of-
the intérmediate X, or by path (2), which leads to
deactivation. . The intermeaiéte X may thep_react-either
: by.path (3), to yield the reaction produét C together
‘with the active species A, or by path (4), which leads to
the ‘process resulting in the disappearance of X, This
vactive species A produced from X can further react along
‘the reaction paths {(1)-(4) and hence the reaction is
-continuouslj repeated_until'ghé‘sequenqe is interrupted
through disappearance of the active ce;ter. Reaction; of
such a type are termed "chain reactions?f\’In non—-chain
complex reactions, ;egenération of dthe ‘active species does
‘not occur. Chain reactions can be either of the kind

—

described above, where the concentration of active centers

stays constant, called linear-chain reactions, or branched-

Sy elmm
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, o o :
chain.reactions, where there is an increase in the number

of active centexs., : B "
Many important Feactions occur by chain mechanisms,
for example, thermgl decompositions of organic compounds, .
oxidation of many compoun&s by molecular oxygen, chlo-—
rination and-bromin;tign of unsaturated hydrécarbons 55&
many polyﬁeriiation_reactions.
Chéin reactions were dié;overed by Bodehsteinl in
1913.. Afteriébserving very high guantum yields of.some
photochemical reactions, be suggested that a chemicai
reaction, particularly, one initiated by light, may proceed
by a chain process. Iﬁ 1918,‘Nernst2 proposed a mechanism
for the reaction between chlorine and hydrogen. Later in '
1919, Christiansen3a,.HerzfeIGBb,-aﬁd Polanyi3c, applied
the steady-state treatment of intermediates for the first
time to the reaction between bromine and hydrogen. The
theory of brancheq-cﬁain reactions was formulated by~Semenov4
in 1927. 1In 1934, the decomposition of organic compounds
was examined by Rice and Herzfeld5 and they showed that
free radicals play an important role in their mechanisms,
The rules suggestéé by Rice and Herzfeld and their appli-
cation té the pyrolysis bf'many cémpounds form the basis
for the mechanistic @iscussion of these chain reactions.

They proposed specific f&Ee radical mechanisms, and showed

how complex mechanisms can lead to simple overall kinetics.

ot i



In general, chain. processes ipn the decomposition
of organic molecules consist of three types of elementary

reactions. ) . .

i) Initiation Reactions: . N

These' reactions are the initial 'split of the organic
molecule into radicals. Initiation is usually unimolecular
for the decomposition of a large molecule and thus gives

first-order kinetics for this step at high pressures, and

second-order kinetics at low pressures.

ii) Propagation Reactions:

These reactions are either the reaction of a radical with_

the parent molecule to give another radical and a small-

saturated molecule, or the dissocgation of the radical to

give an unsaturated molecule and a radical.

iii) Termination Reactions:

These reactions remove the radicals from the systeﬁ. They
occur by either association of radicals, where the two
radicals combine to give one stable molecule, or, dis-
proportionation of.radicals, where a hydrogen aggm is‘

transferred from one radical to another thus forming one

satyprated and one,unséturated molecule.

~
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The overall order of the reactlon is determined
by which type of radlcgls‘comblne in., the terminatlon
reactions, This problem was carefully‘examlned by Gold-
finger, Letort and Niclause6 by considering the role of
the radical in the propagation reactions. They defined
- two kinds of radicals.-

i) B Radicals: }

radicals which are involved in second-order propagation

reactions.

ii) u Radicals:

radicals which are involved in first-order propagation‘

reactions.

The method pf-participation of 8 and p radicals in.
the termination steps of a reaction deéhanism determines
the overall order of the reaction, Thus, they concluded
thét, if the initiatibn reactién is.unimolecular, and the
termination reaction occurs without the presence of third
bddies, the overa}l order for RR.termination is 3/2, for
. Bu Eérminafion it is 1, and for pultermination'it is 1/2.
if the initiation is bimolecular, the orders are higher
by one-half and if the ‘third body  is present in the
terminatiqn reactions, the 6verall ordefs‘are reduced by

one-half. Table 1 summarizes these results.
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OVERALL ORDERS OF REACTION FOR VARIQUS TYPES .

'~ OF INITIATION AND TERMINATION STEPS

First-Order Initiation Second-0Order Initiation ,
Simple- Third-Body Simple Third-Body Overall
Termination Termination Termination Termination Order

BBM 3/2

) >BBM/’/“”<B“M !
uu TN BUM/<U1‘-1M 1

The arrows point to the possible change at low pressures.

The use of this table greatl¥ simplifies the problem

of eluc1dat1ng the mechanlsm for a spec1f1c pyrolysis

'reactlon .

Nevertheless, there are many factors that should

be taken into account in specifying the initiation and

termination processes, For the initiation reactions,

nature of the organic compound and the temperature and

pressure of the pyrolysis are important. For termination

reactions, the relative concentrations of B and u radicals,

L]

relatlve complexltles of these radicals and the presence

f

or absence of third bodies should also be con51dered

‘..-r
-’
‘

Table 1 - SN
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2. Pyrolysis of Hydrocarbons

The éhermal @ecomposition of hydrocarbons has been
of gréat iﬁterest to chemists for almost one‘hundred,years
and a ﬁery'considerable améunt of expe;iménta; study has
been-pefformed in this area. Pyroiyseé of cyclic com-
1pounds usualiy occur by molecular processes ané yield one
or two products. Most of the straight and b¥anched-chain
hfdrocarbons on the other hand, pyrolyze by ffee radical-
mechanisms and give several products. ,Spécific'chain
mechanisms are needed for the understanding of the decom-
position of these compounds. .

-Thermal reactions of hydrocarbons ére very important
in industrial pro'esses.. Catalytic and homogenous hydro:
‘cracking are usedﬁgxten§ively commercial}y in petroleum
;efining t6 produce high.quality gasoline, jet fuel and
lubricants. During petroleum refining, many aromatics and
other chemicals are prodgced. Therefore, there is a greatf
need to obtain a better understanding of -the chemistry of .
pyrqusis: Tﬁermal reactions_also play a very important
rolge in polymerization reactions. Ethylene is an iﬁportant
stérting material in polymerization préé;sses. Since
eth?lene is produced mainly by pyrolysis of hydrocarbons,
thermal readtioﬁs of hy&rocarbons shoﬁld be very well

understood. In the past, light paraffins, especially

. - * .
ethane and propane were the major feedstocks used for the

-



production of ethylepe. Limited.avaiiability of tﬁese
light pgraffins has necessitatéd consideration of and
increaged use of heavier petroleum—based?stocks including
naphtgsy gas o0ils and even crude oil. With increased use
of heavy feeéstocks, more propglene, dienes and aromatics
are also being produced by pyrolysis, Yet, the under-
standing of the chemistry of pyrolysis, especially of

- heavier hydrocafbons, is relaﬁively’limitgd.

There are many diffgrenéeg_in the thermal reactions
of alkaﬁes, alkenes and alkynesj&.The pyrolysis of alkenes
follow quite a different pattern than that of alkanes.

The stability and chemical reactivity of alkenés are greatly
influenced by the presence of the double bond and their.
thermal reactions present many problems not encountered

with the alkanes. In olefinic compounds, both polymerization
and decomposition may oécur._ Iniéiatioq‘of polymerizétion

-~ By the radicgls produced in the decomposition feactions,
secondary decomposition of polymers, and cbmp;ex isomerization
processes are among the many reactions occurring dﬁring the
'pyrolysis of alkenes. Therefore, thermal reactions resu;t

in the formatién of high molecular weight compounds for
alkenes, whereas alkanes usually undergo cracking to 'smaller.
cpmpdunds by the breakdown of bonds. The mechanism of the
pyrolysis of alkynes is even more complex than that of

alkenes,'due mainly to highly reactive products which make

»

“3
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the measurements very difficult and also due to variable
{
effects of heterogenous reactions. '
‘ k-
In this thesis, attention will be focused on ethylene,

which, as the simplest aikeneg provides a model for under-

standing the processes occurring in alkene pyrolysis.

3. Studies of the Ethylene Pyrolysis

Studies on the thermal reactions of ethylene started

7afd. In 1931, Pease8 measured the rate of

as early as 1886
polymerization of ethylene at 2.5,5 and 10 atmospheres from
623 to 773 K. The reaqtion was found to be second-order
with an activation energy of 35 kcél mol 1" which is’
abnormally low fqr a hydrocarbon decompositidn. Storch9
suggested 42 kcal mol_l for the activation energy of ethylene
polymerization in the temperature range 623-673 K. The
ﬁrimary product was indicatéd aé butene. The effect of
small additions bf nitric ogide on the polymerization
reactions of ethylene was examined by"ﬁurnham and Peaselo.
The observed inhibition of the rate was interpreted

as indicating a chain mechanism involving'free radicals.
In support, Douglas, Rabinovitcﬁ and_Looneyll, in their

study of the geometrical isomerization of cis-

ethylene-dz, observed the formation of appreciable amounts

* Throughout the thesis the unit kcal is used since most
of the data in literature are in this unit. It can be
- converted into kJ by multiplying by 4.184.



of dl- and d3—ethylenes as well as deuteropropyiehes and

. deuterobutenes. On the other hand, Silcocks'? did not

. . S E
observe any .effect of rfitric oxide on the polymerization

pfocesses and suggestedthat these reactions occur by
. . - . 1 R ]

‘ . N
molecular mechanisms. Products methane, propylene and a

~ polymer were supposed to be formed from'l-butene,.either
'by decomposition of the latter or from its reaction with:

ethylene, l-butene being itself formed by the bimoﬁecular
13

™

followed the . course of ethylene pyrolysis by mass spectro—

‘reaction of ethylene. In 1958, Dahlgren and Douglas

metric ana1y51s and showed that butene, butadlene, proleene‘

--,-.-

and ethane were pxlmary products. The addition of nitric
oxide reduced the amounts of all primary products implying
that free radical processes were involved‘in forming ‘these

substances. Second-order rate constants for overall

Y

ethylene removal led to an activation energy of 41.1 kcal

) molfl. Taniewski14 studied the relative rates of decom-

[

position and polymerization of ethylene at 803, 873 and

903 K. On the basis of chrometographic analysis of the
reaction products both in the oresence ano absence of nitric
oxide, it was concluded that the ethane was formed mainly
from the secondary decomposition of polymers. The activation
energies for decomposition and polYmerizétion were repofted

as 53.4 and 43.3 kcal'mol—l, respectively. -

T el L
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In these early works, because an induction period .
was observed, primary and secondary products were .not
always. distinguished. The relative importance of molecular

-

and rgdicai processes was also uncertain. In this respoct,
the investigaoions‘of Halstead and Quinn15 and Boyd, ﬁu
AAa Babkl6 - have provided a general framework for the
mechanism of simultaneous polymerization ond decomposition
of ethylene between 750-900 K, although their results firét

appeared to be conflictingl7'18

. Halstead and Quinn have
studied the pyrolysis‘of ethyléne in thé temperafure range
798-923 K with reactant pressures between 10-270 torr. _The
major products were butadiene, hydrogen, ethane, propyleno,
l-butene and methane. From the oercentage composition of
these products with time they have decided that hydrogen,

ethane, l-butene and butadiene were'primary in character,

. l1-butene and butadiene bei;g consumed by secondary processes,
Al1 products Showed‘selfzacceleration and no changes in total
oressure ﬁere observed. .These obsefvations contradicted the
suggestion that there was a molecular precursor of polyﬁetic
nature which then underwent a cracking to form-the observed
productslg. Halstead and Quinn15 concluded that oﬁe pyro-
lysis of ethyleﬂe was a degenerateiy branched-ohain reaction

v with l-butene as the chain branching agent.. They suggested
.that the only important chain initiation was the decomposition
of l-butene to give methyl and allyl radicals without spe-

cifying the mechanism for the formation of l-butene.
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1 - CcyHg ~» cHy +CoH,

Ethyl and vinyl radicals were the main chain propagating
radicals and addition,'deoomposition and‘abstraction

reactions of.the radicals present in'the system were able to account quan-
titatively for the time dependence of 'the yield of the |
major:produots.

) ..Boyd, Wu'and Back16 made measurements at lower
temperatures (773-873 K) and higher pressures (150-600 torr).
he” main products were ethane and & polymer, contalnlng

elght or more carbon atoms. The formation_of these primary‘

prod&%ts did Kot show an induction pdriod. All the other

main‘products;-propylene, butene, butadiene, a-second'polymer

and the'minor products, methane, unsaturated C

a - 5

benzene showed anJanductlon perlod Mlnor_product butane

and C6 and
did not show an 1nductlon perlodm\ The order with respect

to’ ethylene of ethane, propylene and butene was cloge to
[N

. two. 'The actlvatlon energy for the formatich of thes

products’ was about 40 kcal mol l. They have interpreted
their results .in terms of a free radical chain polymerization,

initiated by the i pﬂgon of two ethylene molecules to

form a v1nyl and an ethhyl radlcal. It was suggested that

this polymerlzatlon y'elds products ethane and a polymer,'-

alﬂ_;he other produ ts b

down of the polymer.

.
.
R .
. . .
v
[ L ;
"
. . .
. . .. .
.

-

E?g/formed from the thermal break-

!
i
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15,16

The relation between the two studies was

clarified by considering the effect of temperature and

17

pressure on the reaction. 'Simon and Back suggested

i
Lo e T e e N

that at low temperatures and high pressures, polymerization
was favored and the high molecular weight unsaturated com- !
‘pounds were the major‘source of secondary initiation. At
high temperatures and low pressures, the moleéular_weight f
of the polymer would decrease and'dissociation of l-butene | -
would probably be the main initiation process. Apparently,
the mechanisms given by these two groups are essentially
similar’. One or the other éredominates under certain
conditions of témperature and pressure.

In 1979, Back and Martin20 examined the thermal
reactions of ethylene at 773 X in the presence and abgence
of émall quaﬁtities of oxygen, and proposed a more detailed
mechanism. Ethylene pressures were between 100 and 400 torr.
The main products were propylene, éthane; 1-bupéne,methane;. -
butadiene, 1—penténe and cyclopénﬁene. 'The results were
essentially in agreement with the mechanism sugéested

16

earlier” . The main initiation step was the bimolecular

‘reaction of ethylene:

H + C,H. + C,H

¢ 4 oHg 2H5

2Hy + G

L] - L] ' + - - 1] 3
The termination reaction was either the association or dis-
‘ X )

'proport&ohation reaction of two ethyl radicals:

1
h



C,H. ¥ C

‘ r )
2Hlg oflg > C4Hjg or C H, + C H.

., The chain propagation reactions consisted of two
" parallel and interacting sets involving reactions of the

ethyl and vinyl radicals. In the reactions of C6-alkyy

SR L g S

radicals, 1,5- mﬁilj4—hydrogen migrations -were suggested.
If the activation energy of ;,4—ﬁigratioh is 3 or 4 kcal
mo1”t higher than that for the l,5—migration, 1,5-migration
yﬂii be ﬁredominént at low temperatures. But at 773 K,
(i}he rate of ;,4—migratiqn becomes 1/10 of the rgte,of
5-migration. Sincé these migiétions can explain the ]

formation of all the light primary products, a simplified

w

mechanism can be written for reactions of the ethyl and

- vinyl radicals. _ . ‘

‘ Considering only the ethyl radical,

C2H5 + C2H4 - C2H6 + C2H3

-2=C_H + C3H6 + n--C3H7

n—C3H7 + C2H4 _+ n—CSHll
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e

CH3+'C'H' + CH, + C,H

1t
O
o

CH3 + C2H4

-

-The relative yield of 1,5— and l,4-hydrogeﬁ migration was
observed experimentally by the yields of propylene end
lfbutene which were the.mejof*éroducte ?f deéomposition,
of 2-hexyl and 3—hexy1'radicals, respec%;vely. The yield
of propylene was between 5 and 10 times lamger than the
yleld of lvbutene.‘ Reactlons of the vinyl :adlcal on the
other - hand produce unéaturated radacals whlch may decompose
more slowly and hence.iead to polymerlzatlon.

Since the 1960s, there have been several experimental
studies of the ethylene pyrolys;s made using the shock tube

technlque21 —28 -

The temperature’range was about 973-2273 K, and the

kinetics were again complex but quite different from those
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at lower temperatures. There was general agreement that
ethylené decomposes primarily.to acetylene and hydrogen
at these temperatures and the reaction was first-order
Qéth respect.to ethylene concentration. The measured
aqtivation energies covered a considerableqrange, 40-74
kcal mol-l. Just, Roth and Damm25 Esed the teéchnique of
atomic resonanée absorpfion spectroscopy to investigate
the neratiah f hydrogen atoms at 1700-2200 X, They

- suggested that éthy1ené décomposes simulﬁaneously via the

two reactions:

-

C2H4 + M e C2H3 + H + M (1,)

C2H4.+ M - C2H2 + H2 + M (11i)

and that the initial reactions were followed by the reactions

S

of C.H., and H.

2H3
C,Hy +M » CH, +H +M
H+ Coly » CoHy + Hy

H+ CH, - CH, +H

273 - 272 2

y
1

The rate constants for reactions (i) and (ii) were reported

-y
as:

ot i o
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-

1.3)10% exp(- 98,200 + 900/RT)

]

I+

k, (af mol ™t 571y = (3.8

k. cfanol"

A 1.1
ii

) = (2.6 500/RT)

I+
14

. \
0.5)107 exp(- 79,300

Recently‘ Tanzawa26 studied-the thermal decomposition
of ethylene between 2000-2500 K using the laser schlieren
technique. For reactions. (i} and (ii), the following'rate ,

constants were determined:

3 1 -1

ki {em”® mol — s- } = 3.1 % 10}7 éxp(-95700/RT)

3 mo1™t 574y = 3.0 x 107

k;; (cm exp (-81300/RT)

o

Through éomputer‘mddelling, it was found that both reactions
(i} and (ii) were necessary in the mechanism to explain the
observed density gradient profiles. The values of the rate

constants ki and kii obtained by Tanzawa26 and Just et al25

are‘in very good agreement and suggest that the unimolecular
decomposition of ethyléne at high temperatures occurs by °
twé competing channels, that is, reactions (i) and (ii).
Decomposition of ethflene into. acetylene and hydrogen by a

molecular process dominates at early stages of the reaction,

before the chain méchanism initiated by the formation'of

the vinyl radical and hydrogen atom,lreaction (i), takes over,

Butadiene was also found as an important product at these

temperatures together with acetylene and hydrogenzs.

BT

T 7 Ll Y
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4. Object of the Present Investigation

The rates of the pyrolysis reactions can be determined
from the propagation processes, when the chains are long. A
rate expression must include the concentration of any.one of
the radicai chain carriers which is fixed by the rateé of (ﬂi-—#
the initiation ana terminatioﬁ'processes. Therefbre, ‘
identifica£ion of the initiation and termination processes
has great importance in kinetic.investigations. The termi-
nation reaction in a complex chain is mostly between the
radicals present in largest.concentrations and can be chosen
from the estimates of the chaiﬁ steps. |

The initiation step of‘the pyrolysis of most hydro-
carbons is unimdlecularzg. Since the ﬁnimolecular dﬁ%; t

sociations of the reactants into radical fragments have

l01611 -1

. generally high frequency factors, s =, the possibility

0 . L
of occurrence of bimolecular reactions, which have lower

I+l L mol'-l s_l, is quite pmallBO.

frequency factors, about 10
An example will show thelimportance of activation energy

for these processes:

A -+ +two radicals

. kb
A+ A -+ two radicals
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Here A is the reactant which gives two radicals either by
a unimolecular dissociation, with rate constant ku' or by
a bimolecular reaction, with rate constant k . The ratio

of the two rates is

16x1 - E_ /2.3 RT
R _ ku[A] _ 10 u

u
R ~ +1 -
Rb kb[A]Z 10 Rt Eb/2.3 RT[A}

At 800 K with 100 torr reactant pressure, this ratio may be

-

a

written:.

L ‘
R 9.7+2 - (Eu—Eb)/Z.B RT .

2~ 10

Ry

Therefore, the unimolecular and bimolecular reaction rates

are competitive only when E, - By = (9.7 £ 2)4.57 T. This"
1

difference in the activation energy is 36 % 7 kcal mol

At these temperatures and higher, unimolecular initiation
P

steps .are therefore usually favored.

There are, however, a few unsaturated molecules such

16 31

as ethylene™ ", acetylene and benzene32 Whose dissociation

’
Y

into radical fragments is very difficult because of their

strong chemical bonds., Bimolecular initiation steps for

these compounds may have much lower activation energies
‘ .

wthan the simple unimolecular bond fissions. Experimental

observations of law activation energies and high orders of .

®

-

. -
R L e
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. repgrted.

the rates of decompositions of these molecules make this

suggestion quite reasonable.

'In the case. of ethylene, the following initiation

reaction has been proposed.

C,H, + CoH, ~+ CyH. + C2H3 . (1)

and the subsequent reactions of the.ethyl'and vinyl radicals

have been shown to lead to the formation of the main pro-

ducts??. Although the reaction (1) has been shown to be

consistent with the kinetiecs of the reactiocn, no direct

experimental measurement of this rate constant has been
; .

\

In the present investigation, a method is described

to examine the kinetics of the initiaticn prccess in the

< .

ethylene pyrolysis, and to provide a measurement of the

rate constant for this process.

The activation energy and frequency factor for

reaction (1) .may be calculated from thermochemical data.

But not.all the thermochemical data for reaction (1) is =
perfectly established. As will be discussed later," the
greatest uncertainty coﬁes from the value-ofuthe heat of
formation of the vinyl radical. 'The resﬁlts cf the pqés?nt
étudy will constitute a kinet;p measurement from which the
heat of formation of the vinyl radical may be ébtained.

The present results therefore lead tc important and

fundamental thermochemical data.
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5. Heats of Formation of Radicals

Heats of formation of radicals are defiﬁed as equal
to the enthalpiés of the formation reactions whén product
_radicals and reactant elements.are in their standéfd states
of 1 atmospﬁere of ideal gas. As an example, the heat of

formation of the methyl radical, P = 1 atm at 298 K; is

-given by33:

-

34.3 kcal + C(grapﬁite) + % H,(gas) » CH3(gaS)

o .0
AHf

AH
r

(CHy) = 34.3 kcal mol” !

o]
£

the heat of formation, respectively.

where AHi,and AH. refer to the enthalpy of the reaction and
i In the case where the reaction involves the breaking

of a single bond,

N\ _ R-XTR+X
" the bond dissociation energy, BDE(R-X}, is defined as
the enthalpy change .of the reaction, reactant and products
being in their standard states of ideal gas- at 1 atm and
298 K.

P < I o o] O o_
BDE(R-X) = AHr = AHf(R) + AHf(X) - AHf(R X)

This equation is very useful in relating bond dissociation

energies_fb heats of formation of reactants and products.
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Heats of formation gnd bond dissociation energies
are very‘impoftant in quantitative understanding of the
mechanisms of chemical reactions. But yet, accurate
data for ‘heats of formation of radicals are not afways
évailable because the measurements involving radicals are
generally difficult. |

The methods of heé%uring tﬁe heat of.fo:mation of
radiéals include a variety of experimental techniquesB4.
Tﬁése are kinetic methdds, electron-impact studies, the
use of PolanYi relations, chemical activation studies and
equil;brium studies. ' The most important methods are
kinetic studies and electron-impact studies.

Electron-impact studies are numé;pus énd.a large
number of values has been obtainéd from these techniques.
In principle, heats of formation of radicals and' bond
dissociation eneréies in molecules are determined from
the energetiqs of ion formation induced in molecules and
radicals by their interaction with high' energy ionizing
particles, for example, electrohs and photons. The |

important equations are:

AP(a Ty /AR (2)

l

e + BB ~ AT + B + 2e AH?Z)

e +a » At 4+ 2e AH?3)

1P (A") /A (3)

v

The appearance potential of A+ from AB, AP(A+)/AB, is

’
t

defined as the minimum energy necessary to ‘dissociate the

"
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ground-state molecule AB into the positive ion A+ and the

radical B, both in their ground electronic states. The

coe
-

minimum energy required to remove an electron from the
highest energy molecular orbital of the radical A ig the
first.ionization potential of the A‘radical, IP(A+)/A.
The bond dissociation energy 6f the A-B bond in the AB
molecule is the difference in enthalpies OE.reactions (2)

and (3)

BDE(A-B) = AP(aT)/aB - 1P(aT) /2

Basicaliy, experimental AP and IP measurements are made with
& mass spectrometer on gaseous Ssamples at very low pres-

sures. There are some problems however, such as the

production of ions and radicals with excess kinetic ene}gy35.

Solutions to these broblems include the use of monoenergetic

36,37

electron beam teéhniques 'and the retarding potential-

difference'method38’39.
Kinetic methods provide the most reliable data for

the determination of heats .of formation of radicals. The

two main techniques in this area are:

i) Pyrolytic reactions

ii) Metathetical wreactions

.In pyrolysis systems, single bond-fission reactions -are
. .

mostly studied.
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R - R ’

KAk

R + R' (4)

The enthalpy change for this reaction is related to the
activation enérgies of the fprward; Ef; and reverse

reactions, Er’ by the equation

~

o ] —
AH(4) = (Ef Fr) + RT

In metathetical reactions, atom metatheses systems

are of primary interest: "»

X + RY

R4l

XY + R (5)

L}

The enthalpy change for this reaction is again defined as
the difference between forward aﬂa\reverse activation
energies

@] _ A _
H gy = Eg - E_

In order to obtain AH?4) and AH?S), the forward and reverse

activation-energies for processes (4) and (5) should be
defermihed. When the reaction enthalpies are established,
temperature correction to 298 K should be made by using

the following equation:
T R

+ / Acy ar (6)
298

o

o—-'
AHy, = AHzga‘
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where AB% and AHg98 are the enthalpy change of thé'reaction
at temperature T and at T = 298 K, respectively. Acg is
the heat capacity change of the reaction which is generally

-

a function of temperature. Then, heats of formation'of

t

radicals can be calculated from Hess' Law:

o _ o R
‘AHr = I AHf z AHf

products  reactants
In the case of reaction (4), the correction for AH%,
equation (6), usually offsets the term AnRT, when An = + 1,

and the enthalpy change is usually expressed simply as

O _ _ ‘ '
BH 4y = B¢ -~ Eg |

Ih such reactions, equation (4), the enﬁhalby change of
the f;action, Aﬂﬁq), is given directly by\Ef, beqause the
reverse reaction of equation (4}, which is-a'radical-
radical recombination reaction, is assumed to have an
activation energy of zero?0 42, Therefore, expgrimental
systems are deéigheé to_study the kinetics of reactions
which yield absolute valges‘fof the rate constants and
activation energies of dissociation reactions. Much of

the information from pyrolytic reactions has been derived

" from flow experiments by the application of toluene-carrier
43,44

or aniline-carrier techniques . As long as the mechanism

of the reaction is well-established, these methods lead to

reliable data for heats of formation of radicals;
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Another experlmeﬁbgl approach to the study of pyro-

lysis reactions is the smngle—pulse shock-tube comparative

rate technlque (SPST- CR) developed‘by Tsang45’46, ThlS.

technlque 1nvolves decomposing dllute mixtures of two

-

compounds at very low concentratlons in the presence of

-

an argon—toluéne_gas mixture by the same reflected shock :

) ’ . ‘ ! ’ | [ ’ ¥ 4
wave. One of the compounds, with previously established . : :
kinetics, serves as a standard for the decomposition of the

second. SPST-CR technique appears to‘give\guite-reliable o

!

results.

Atom metatheses reactions have been very successfully

" studied by iodination 'and bromination .systems. For instance, = - }

. . . - Ao R
in iodination experiments, the rates of reactions, such as C

~

the following -
I +RT T I, +R
‘I +RH = HI + R

ha‘heenl mea'sureda.in a variety of systems giving values

for the activation energiés for these reactions. Assuming

- -
values for the activation energies of the reverse processes,
. i) ‘. .

the enthalpies of such reactions were determined. Thus, bond

dissociation energies and heats of formation of radicals were -

obtained33'47;48.



b

6. DEscription of the Method

. Niﬁlaﬁse, Martin, Baronnet and Scacé:hi49 have
thoroughly analyzed the effect of small quantiéies of
additives on the pyroiysis of an organic substance which
decomposes by a free-radical chéin mechanism.

At .small extents of reaétion, an orgaﬂic substance

‘ ~ . .
"uH" undergoes the fol;ow;ng\}{ee radical chain processes:

/N

. \
Initiation HH 1//free raditals . (M
.- Vs . =
. wo+» m+g - (8)
Propagation { . } - ]
: B+ WH + BH+ | (9)
B+ B - . L (10)
- Termination { B + w. + } Products - o (11)
ISTEE TR ‘ N ¢ £

| where_fadical "pt represents-fhe free radical chain carrier.
that is involved in'fi;st—oraer.chain propagation reactions,
and radical or atom-“B" répresents tHe chain carrier that
is involved in’ second-order chain propagation readéions.

-

“"m" and "BH" show the major primary products.

+

e e e R

e e e, 4
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In the presence of an addiﬁivé "YH" Qith a mobile

hydrogen atom, new reaction steps‘should be added to the‘
.chain reactions of uH, described above, depeﬁding on the
effect of the additiveuon the pyfonsis of HH. The '
additive may affect the reaction by adding new ihiti tion
processes, or new pfopagatioﬁ proéessés, or new termination
"processes. If the additive adds new initiation steps, it
leads to the acceleration of éhe rate. When new termi-
nation processes occur in the presence of ‘an additive, aﬁ
inhibition of the rate is observed.. The effect of the
additive on the propagation stebs dah be either accelerating -
or inﬁibiting. fhe cases whgre the additive affects £he
propagation and terminatioﬁ;reactions.have been extensively
studied49'50-53. b : s
‘. For - the Speciél case where the only effect of

“additive YH is on the initiation steps, the initiation

reaction by the additive should be added to the initiation

yfpf uH.

YH -+ free radicals. © (a)

.

Thuﬁ, the rate of initiation is increased relative tovthe
rate of initiation of uH alon;. Radicais ﬁ and B from the
_pyrolysis of pH dc not react with YH, and fhereforé, the
mechanism of the pyrolysis of pH is unchanged in the presence

of YH. The effect of YH is an acceleration of the rate.
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Then, . the general mechanlsm of the pyroly51s of uyE in the .,

" presence of YH can be represented through reactions (7)—

(lZ)\including (a).

In the case when k9 is rate controlling, the initial

rate of decomposition of uH alone is:

k (v ) /2
(v [uH]
: uH 172 0

-

‘where the rate of initiation is (v.) = k. [uH]
R § uH 7 0 ¥

In the preSence of YH, the initial rate of decom-

position of the mixture is: '

Ty (v;) 1/2
. uH, YH ;
172 (uH] P
10 l ' * :

(v =
uH, YH k

0)

and now the total rate of initiaﬁion is obtained by including

. : /
the rate of initiation by YH:

(v.) = k. [uH], + k_[YH] o |
1' H,YH 777000 a 0 ,

The ;atio of the inifial rates of reaction in the presence

~and absence of YH is:
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where, (Vo)a‘and Vo refer to

1/2
{V4) (v.)
0" H,yw _  °* uH,vH \
V) = =172 .
0 (v,)
T I L
- / |
| - _ G, luly + ktv) ) 2
- = — 177
o <, [R] )
. - a +ka[YH]o)1/2
ko TuHT,
Or,' .
' (V.) (R.)
0'a _ i‘a;1/2
VO = [1 + —ﬁz——] {(13)

the initial rate of product

formation in the presence and absence of an additive,

respectivély, and (Ri)a and'Ri refer to the rate of ini-

tiation by the additive and by the pure substance, res-

pgg’gﬁr?h/-

-

a2

-Following the earlier suggestion that the initiation

step in the pyfolyéis of ethylene is reaction (1),

2C2H4 + C

-

H. + C,H

5 2 (1)

3.

the rate of initiation of the ethylene is

Ry =k,lc

L3

2
2Hy]

Then, equation (13) may be written as

]

AR o g de G

el
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(V) k_[YH] il
0la _ al¥Hlg 1,2 )
2= (14 22 (14) :

for the pyrolysis of ethylene in the presence of an

additive, where kl and ké refer to the initiation rate
. [
constants for ethylene and the additive, respectively.

e 7

Consequently, if the rate of initiation of the
additive, which inlgeneral is ité.rate of .dissociation into
radicals, is known, the rate of initiation in the absence
of an additive may be obfained.from-measuremehts of the
rate of product formation in the presehce and absenée of
the additive. '

For the application of equation (14), the additive
should have cerfain charécterist;cs. It should not enter -
into the propagation reactions of the chaiﬁ mechanism of
thé ethylénelaecdhposition. The addi?ive Qill therefore

be present in relatively small guantities. These amounts,
- _

- - b .
"however, must be sufficient to produce a measurable increase

in the overall rate, or in other words, to“add appreciably

" to the initiation rate. The radicals produced by, this

additive may or may not be the same radicals that- the parent
compound gives in its initiation“é?ﬁsée/?t is also evident. .
that its rate of dissociation should well established.

In the present study, the additives used were 1-
bﬁteﬁé, neopentane'anq ethane. The results obtained from
each additi;é wi&l be described separately and further

discussion will be given in Chapter V.’



CHAPTER II

'  EXPERIMENTAL

1. Apparatus

‘The pYrblyéis was pérformed in a conventional static
system. The main features of the apparatus are shown sche-
matié;lly ih Figure la. The entire system could be evacuéﬁed
to 1055 torr by means of a meréury diffusion pump (MDP) in
éefies with a Duo-Seal rotary pump (RP); Ali stopcocks
were greased with Apiezon-N grease except- in those leading
to reaction vessel, mixture flasks and sampling system, in
which silicone grease was used. | _

.Thé electrically heated cyIindrical furnace wés about
50 cm loné and 30 cm iﬂ'diameter. The resistancé wires wefe
wound around a ceramic-core in three separate sectiéns.
Power input to each sgétion was varied ﬁb 6btain a constant’

temperature gradient along the furnace.. This gradient was

no more than about 1°¢ along the length of the reaction

. vessel. ThHe filling material of furnace was vermiculite

" inside the cement part. The inner resistor was connected

b

to a Thermoelectric thermoregulator, which cqiﬁrolled the
furnace temperature to within * 1°¢. ~The thermocouple in
the 'reaction vessel was calibrated against the ice point and

boilihg point of water. Temperature-of the furnace was

-



L

Figure la - Schematic Diagram of the Apparatus

;Figure 1lb - Schematic Diagram of the Reaction
V%fsel and the Furnace -
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L}

measured with.q Digital Heat Prober Thermometer, Wahl
Thermocouple Model 1370. Températufe range of the ther-
mometervyas\0—137ooc. Measurement accﬁracy was ¢ 1°c,‘
with a thermocouple type K.

_ For the pyrol&sis of'ethylene in the presence of
ethane and neppentane, a quartz cylinder with 210 ml volume
and surface to volume ratio of 1.1 cm_1 was .used. ‘In the
experiments, where l-butene was the additive, fhe reaction
vessel was a pyrex cylinder, 208 ml, with a surface to
volume ratio of 1.1 cm-l. Surface effect studies were made
by using a similar pyre# vessel packed with 30 pyrex tubes
giving a surface/volume ratio of 8 cm Y. The therﬁbbouple
Qas inserted in ES inner finger along the axis of the

reaction vessel. The reaction vessel was placed ‘horizontally

inside the furnace and sealed to the 3-way‘stopcock (K) (Fig. 1b}.

The pressure measurements were made with two McLeod
: . 5
Gauges, Mc(l) and Mc(2) with ranges from 10 to 1 and 2
torr-, respectively., Product ahalysis was made using a
glass sampler system directly connected to the gas chroma-
tograph from the reaction vessel. The analytical part of

the apparatus is shown in Figure 2 and will be described

later.
2. Materials

Research grade ethylene, labelled 99.98% pure, was

obtained from Matheson Canada, Limited. Analysis revealed
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about 6.4 x 10™%s ethane and 3 x ‘10 >% acetylene. When
A L . -

necessary, ethylene 'was purified in a purification apparatus,
assembled next ?2/5ﬁe pyrolysis apparatus. In this system

ethylene at atmospheric pressure was introduced into a 100

- m) sampler, made from 0.6 cm diameter copper tubing; by a

4fway metal valve, then was passed through a column (1 m x
1.2 ecm) £filled wftq silica gel and maintained at 25%%¢.
Detection of hydrocaibons was made by a thermal conéuctivity
detector. After the ethane héd been eluted, thé helium flow
was deviatéd‘tq the trép (B) through.stopcock (A)‘where the
purified ethylene was trapped and subsequently transferred
directly to the storage f}ask.

Research grade l—bﬁ;gne (99.9;), ethane (99.96%) and

neopentane (99.87%) were aléq‘obtained from Matheson Canada,

‘Limited. Impurities'detectea in l-butene were cis- and

trans-2-butene. The main imﬁﬁrities in ethane and neopentane

were methane and propylene, réspectively. Since only small

quantities of the additives were used, the amounts of

impurity in these compounds did nét affect the meésufement
of the yields of the reaction products, and therefore no
purification was made. Matheson research grade ethane,
propylene, l-butene, cis-2-butene and butadiene were used

for calibrations, and all gases were distilled and degassed

from bulk to bulb before use,. -

YT

o e R A



The apparatus was always kept at 107> torr pressure.

36 .
3. Experimental Procedure . |
' 3
A :
Before the, experiments, ethylene was introduced into the :
system through inlet (A) and stored in 5 L-Bulbs (1). and
(2) (Figure 1). Then, it Qas condensed in 1 'L-bulb (5)
using liquid nitrogen and.the system was evacuated for half
an hour ;hilerthé stopcocks (c), (D) and (F)‘were,open.
Stopcocks‘(G)h (#) and (I) were:closed and by removing
liquidgnitrogen‘from bulb (5); all ethylene was degassed.
This time, ethylene was condensed in bulb (1) and tﬁe system
was evacuated for another half an hour and then it was
degassed again. This procedgre Qas repeated for'fogr,times- t
and thus the ethylene_gas was gto;eq in bulbs (1) and (2).
The 5 L-bulbs (3) and (4) were also used for the same '
purpose, when necessary.
The additive gas, either l—bﬁtene, ethane or neopentane
-was stored-in one of 0.5 L-storage bulbs and.condensed and
degassed several times before use."Mixtures were prepéred
in 3 L-flasks (6) and (7)ywith an inner cold finger and
minimum connectiﬂé tubing. Calculated amount of additive
. was introduced info the mixing flask-and then ailutéd.by
adding.a high pressure of ethylene. Complete mixing of the
gases was achiéved by condensing on the cold fipger and then
warming rapidly. It was éiéb found that complete mixing was

achieved by allowing the mixture to stand overnight. The

~
L
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exact ratio of additive to ethylene was then obtained by

analysis before the pyrolysis reactions. Analyses of the

prepared mixtures at different .times were always in
agreement.
L) T _
To obtain initial rates, pyrolysis reactions.were

performed at different reaction times. The reaction

mixture was first expanded carefully into the vacﬁum‘line
—~VL — until a desired pressure was attained which was
measured‘dn the U-tube mercury mancmeter M(l). Then, it
was introduced into the reaction vessel (RV) thfbugh 3-way
stopcock (K). At the end of the reaction, the reaction

i
. . -
mixture was expanded into the glass sampler system through
the stopcock (K). . The pressure of the mixQure after the

1

" pyrolysis was measured on the manometer M(2). Following the

closing of the stopcock (J}, the,producfs of the reaction ?

were analyzed by gas chromatography. : -

4. Analytical System

The products were analyzed with a Hewlett-Packard
Model ‘5710 A Gas Chromatograph, equipped with a dual-flame
ionization detector. For the analyses of low and high

molecular weight products, two different columns and two’

‘recorders were used, simultaneously. Figure 2 shows the

analytical system schematically. The carrier gas was helium

and the flow rate of 60 ml/min was maintained constant with
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an Edwards pressure regulator. Air and hydrogen flow

—

rates were 240 and 60 ml/mln, respectively. Purification

of hellum, air and hydnogen gases from small amounts of

water vapor and oxygen was achieved by using molecﬁlar

LN . .
sieve filters. .

For'the ethylene+l—buténe pxrolysis product analysis, =

two different Durapak columns were used. Methane, ethane,

propylene and l-butene were analyzed on (Phenylisocyanate/

—_—

Poracil C)'column, 4.2 m x 0.6 cm at 30°%. For butadiene,

(n—octane/Poracil C) column, 4 m x 0.6 cm at 50°C was used.

For the systems ethylene+ethane ana ethylene+neopentane,'

the analysis of methane, ethane, propylene,

l-butene and
neopentane Were made on (Phenylisocyanate/Poracil C) column,

4.5‘m X'O.G cm, at 20°C. Butadiene, where followed, was-

analyzed'on squalane + adiponitrile-column, (2 m + B m), at
10°%c.
A

Calibration mixtures were prepared by introducing

small pressures of gaﬁes,vmeasured by McLeod gauge, into

I

a 250 ml-flask and then transferrlng some of it into a 3

L—callbratlon flask and dllutlng it by air. Calibration

-

graphs were obtained by plotting the length (or the area

for higher products) of the peak versus thé&é pressure cf '

gas,in the*saﬁple}. Calibration factors were calculated

from the slopes of these lines. As an example, these factors

that are calculated for the ethylene+neopentane stuéxes are

given below:
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- Product Calibration Factor 'x 10 4
Methane . 6.78 cm /torr
Ethane : 9,25 em,/torr
Propylene 1.60 cm,/torr
1-Butene 2,06 cm,/toxrr
Butadiene - 1.90 cm,/torr

Neopentane 2.68 cm /torr

These calibration factors have approximately 2% uncertainty.

Sensitivity of the analysis system was quite good. For .
instance, a 1 cm peak on 1 x 1 scale would represent 1 x 10—5

torr of ethane in the sampler and 3 x 107 torr ethane in

the reaction vessel.

5. Method for the Determinatibn of Initial Rates

In kinetic experiments, initial rates of reactions

are usually measured by one of three methods:

(a) directly from the slope of yield-time.plots,

(b) . bg extrapolation of the rate as a function of £ime
where the intercept at zero time is the initial
-rate,

{c) - by fitting the data to polynomial curves and

. calculating the rate at zero time.

\

In this research, initial rates were determined

directly from the yield-tiqe curves. This method seemed

N

to be most reliable for several reasons. First of all, the

initial linear part of the yield-time curves were quite

well defined except at the highest temperatures and pressures.
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Because the experiments were performed at very short

reaction +times, it was ‘possible %o obtain enough data

to define this linear part before the onset of Sgcondary
_ reactions. The extrapolation method may be applled when
it is known that the yield is a quadratlc function of the

time,.
y = at + bt?
and hence y/t = a + bt h - .- - i

ﬁhere a is 'the in%tial rate. In the present experiments,
this relation was nét‘sufficiently weil—defined to provide
an improvement ovef method (a). In fact, ploﬁs of this
relationship appeared not tq be linear.’ For'comparison
purposes, howéyer, most of the pésults were analyéed by,
this method and the initial rates were found to be loﬁer._
by about 10% from those'obtainedrby method (a). 'The ratios
of the initial rates, however, in the presence and absence
of the additive were not significantly alteregd. - The method
of initial rate determinations from a pelynomial function
necessitates very well defined yield-time curves for the
prod&ct formation covering a wide time range.  The present
measurements emphasized yields of products at short reaction
éimes. When all these effects were gonsidered, it was
decided that direct measurement of initial rates from the

&

yield-time plots gave the most reliable ratio of initial rates.

"R



CHAPTER III
" ADDITIONS OF 1-BUTENE

The initial rates of formation of thié major products
methane, ethane and propylene have been measured at six v

"temperatures in the presence and absence of additive 1-

butene. Initial pressures of ethylene were between 75

- and 400 torr. At each pressure, about four or five mixtures

of l-butene and ethylene were studied, ranging in composition

from 0.07 to 0.9% l-butene. Reaction temperatures were

Ry

699, 721, 732, 748, 763 and 773 K. Before the mixture
‘ v

experiments, pyrolyses of ethylene alone were performed at

L.
(Y]

all pressures and temperatures. biscussion of the ethylene'
‘pyralysis alone will be given in Chapter VI. The pyrolysis
of ethylene at these températures shows marked self-

acceleration due predominantly to the formation of l-butene

in the produétszo and it was necessary to measure yields at

very short reaction times.” The determination of the initial
rates of products was most difficult at high temperatqréé

and high pressures due to the onset of autocatalysis.

-

The pyrolysis of ethylene in the presence of small
amounts of l-butene led tc yield-time plots for all the

measured products similar to those from the ethylene

~

pyrolysis alone. As the reaction temperature was increased,

the effect of l-butene on the initial rates of product

PRI
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formation alsc increased. \ This effect was more noticeable
ag low .pressures of ethylene co@pared to higher pressures.

It was estimated that for most of the initial rates,
the uncer;ainty was between 5-10%. A detailed discussion
of khe errors -involved in the present experiments will be
defefred to ChaPter V. Individual error limits are therefore
not included in Ehg tables of initial rat@s which follow. -

\y&#\ Except for plots given as examples in this chapter,

all data from the study'of the ethylene + 1-butene system

is illustrated in Appendix A.

1. Pyrolysis of 1-Butene \\\\

o

‘The earliest of the investigations concerned with -\

the pyrolysis of l-butené was by Wheeler and Woodsq. They

studied the decomposition of l-butene by a flow technique
in the temperatutre raﬁgeﬂ&fB—é?ﬁ K and suggested a molecula}
mechanism for the formation of the main products methane,

probylene, ethylene and ethane, Later Molera and Stubbs19

'
Danby,. Spall, Stubbs and Hinshelwood55 also concluded that
the.l-bpteﬁe'dééomposition proceeds primarily by molecular
ﬁechani s. However, Sehon and Swzarc?G, Lossing, Ingold
. and Henderson57 and Bryce and Kébérle58 bropdsed free
radical chain mechanisms for this gg;amposition.' The

) - C
initiation step was the dissociation of l-butene into

methyl and allyl radicals. Recent studies on the pyrolysis

kN
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of ].-butenesg_61 alsé favour a radical chain mechanism

with a' first-order dependence of products on. 1-butene
pressure. , ‘ . -
"Powers and.Corcorar_x61 investigated the decomposition

of 1-but;;2 in tge temperature range 803-B7Q“K b& a flow
technique. The overall activatioﬁ energy was found to be
76 kcal mol %, Applying computer modelling to the'syétem,
they estimated individual rate constants for several
elementary steps. |

The principle initiation étep of the‘l—butene pfro—l o~
lysis is the dissociation of l-butene into methyl‘and aliyl

radicals.,

1 - C4HB -+ >'CH3 +. C3H5

.The propagation stebs include réactions such.as the hydrogen-
atom abstraction of the methyl, allyl and ethyl radicals from
l-butene, the hydrogen—atom addltlon to l~-butene, the
decomposition of 2-butenyl and 1 and 2-butyl radicals.
Important reaction producta:éfe‘methane,.ethane, propylene,
cis- and trans-2 butenesnéﬁd butadiene. The main termination
réactions are the recombination of 2—5utenyl radicals and
cross—combinations‘of methyl and 2-butenyl radicals.
Arrhenius parameters for the rate constant of the

initiation step of l-butene pyrolysis are given in Table 2.



Table 2.

_ ARRHENIUS PARAMETERS QF THE RATE CONSTANT
FOR THE INITIATION STEP OF 1-BUTENE PYROLYSIS

loé A/s—l . E/kcél mol-1 Referencg- i
 16.0 , 745 61 . .
16.3 71.5 60 . )
. 16.0 ' 73.3 44

The two other possible ‘initiation steps for l-butene

decomposition, . "

l-butene -+ 2-butenyl + H,

LY . ' )

l-butene =+ wvinyl + ethyl

have highei activation energies, 87 and 94 -kcal mol T,
respectively, and therefore they are much less important

at temperatures of these experiments than the dissociation

ts

of l-butene into methyl and allyl radicals.
In the calculations of the present study, the value

of the rate constant for the initiation step of the l-butene

pyrolysis is taken from Powers and Corcoran61 because their

Lo

work appeared to 1nvoyve the most recent and extensive

research.on l-butene. Also, the activation energy, 74.5

o«

kecal mol-l, corsrelates well with the heats of formation of

methyl’'7%, 35.1, and al1y}’®>777, 39.1 keal mo1™l. The

values of the Arrhenius arameters suggested by other
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workers howeGer, are not much different -than those of

" Powers and Corcoran, as shown in Table 2. But vet, due -

AR

.to the complexity of reactions occurring in the pyrolysis

3
K
!

of l-butene, more research is necessary for a complete
understanding of the kinetics of the l-butene decompo-~
sition. Nevertheless, tﬁe use'gf l-butene as the first
additive served to show that the kinetic method ‘used in
the p?ésent'study was applicable to ﬁhe determination of
the initiation rate constant in the pyroiysis of-

‘ethylene.

2. Product Formation

d

i) Methane
-

'An example of a yield-time plot for methane is given
in Figufe 3. At lower temperatures, the linear portion of
.the yield-time curves was well identified. 1In the presencé
of l-butene, the rate of formation of methane was,siqpifi—
cantly increased. 1In Table 3, the initial rates of methane
formation in the presence and absence of l-butene at all
temperatures are presented together with tpé réﬁios.of these .
rates. fhe’yields of methane wefe somewhat scattgred
probably because a small "residual" peak of methane appeared

in blank experiments. Correction for this "impurity" was

attempted but led to some scétter in yield-time plots.

’
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. Table 3

-METHANE FORMATTION

Initial rate of _
formation/torr s

TR [CH)/tgff  [1-CyHg) /torr

699

721

732

199,
199.5
200.1
200.2

300.7
300.5
300.1
300.1

400.0
400.0
400.1
400.0

100.3
100.2
99.8
99.8

200.0
200.8

. 200.0

200.0

299.9

301.0
299.7
299.7

100.0
100.7
100.0

200.0

200,0

200,0

300.0

300.0 .

1.94
'5.67
7.50
1.12

- - - -

EE
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, Initial rate of -1 '
T/K [92H4]/torr [1-C,Hgl/torr  formation/torr s (Vo) g/ (V)

748 . 99.7 _ 0 4.00 x 1077
9.4 0.09 - 273x10°8 6.83
100.1 0.40 3.64 x 10°¢ 9.10
99.8 0.73 5.17 x 10 12.9
199.3 0 1.22 x 107 -
199.3 0.18 5.42 x 107 4.44
200.0 0.8l 9.17 x 10_° 7.52
199.0 “1.45 1.22 x 10 10.0 -
299.6 - 0 2.50 x 10_5
300.2°'a  ° 0.28 /8.75 x 100 3.50
300.0 1.21 -1.46 x 102, 5.84
299.2 . 2.18 2.08 x 10 8.32
763 1000 . 0 8.33 x 107/
100.3  0.20 - e .-
100.2 0.35 . 6.92 x 1070 8.31
100.0 0.51 1.01 x 10 12.1
20001 0 2.33 x 10_¢ ’
199.6 0.41 . L23x107% 5.28
200.1 - - 0.69 1.37 x 10 5.88
$200.0 . 1.03 1.83 x 10 7.85
300.4 0o ' 8.33 x 107
300.2 . 1.5 4.03 x 1070 . 4.84
773 75.0. 0 5.67 x 107/ -
| 75.0 0.11 4.05 x 105 7.14
74.2 . 0.38 7.75 x 107¢ 13.7
74.1 0.63 1.04 x 1072 18.3
74.5 2.80 3.47 x 10 61,2
100.6 0 8.33 x 10_]
©100.0 0.07 . . 4,92 x 160 5.91
101.9 0.17 6.50 X 10_¢ 7.80
100.1 0,42 1.04 x 107; 12.5°
100.3 0.85 1.25 x 107 15.0
99,7 3,75 2.08 x 107> 25.0
205.0 ° 0 2,71 x 107¢
208.6 0.05 8.33 x 102¢ 3.07
206.3 0.12 1.15 x 1077 4.24
205.8 0.37 1.40 x 1077 5.17
208.9 0.65 2.08 x 10 7.68
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o

> -
“ . . . ..
_ T Initial rate of _ : \\JJ
[C2H4] /torr [l—C4HB] Jtorr  Sformation/torr s {Vg) B/ {VD)

' 304.0 0 6.67 x 10 g. 3

305.0 0.74 ° 3.06 x 10_ . 4.59 ~

305.1 1.54 4.78 x 10 5 7.17 "

.. 302.5 ' 2.57 6.67 x 10_; 10.0 -,
" 306.0 11.5 - 2.00 x .10 30.0
s . . .
In this table, (V )_ and (V ) refer to the initial nate of product
formation from the ethylene pyrolysis in the presence and absence
of 1—butene, respectlvely.
7
I >
/\
e
o
L
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The problem was later solvéd by improved procedures in
. ‘§he experimentai techniques? which’ removed this{“residual“
methane.. At some low pfessuré'experiments, namely 75 torr
pyrélyses.at tempe;éﬁures 721, 748 and 763 K,.the initial
‘rates of methane‘ﬁormation could npé be detefmined
gccuratély and gencé.these data were ﬁot included in Table
3. The reason for-thét Qas;mainly the lérge uncertqinty

in the very small. yields of methane at this totaijpressure,

especially in the pyrolysis of ethylene alone.
ii) Ethane

A tybical vield-time plot for thé formation of ethéne

, in fhe.absénce and presence of l-butene is given in Figure 4.
. . The %nitiai rates of ethane forﬁation‘ﬁrom the ethylene and
C A mixture pyrolyses are preéentedain;Table 4, Becaﬁse the
-yields of products were measured at.veryllow conversions,

N ‘

thé presence of a smail impurity of ethane in the ethylene
caused some diffiéu;ﬁieshin the méagufémeﬁi of the initial
rate. .If the yield of ethane_%as borrécted for the*éthaﬁe
éxperiments, a 1aréé scatter in the‘data was obtained. A
better repreSentation of the dhta was achieved by plotting
the uncorrected yields for the reaction 8f both ethylene

and ethylene+l-butene mixtures. - The amount of impurity was

found by extrapdlating_the yield-time curves to zero time.

PERIVIR

impurity, based on the analysis made before each set of the -

1
{
!
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721
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Table 4

ETHANE FORMATION

Initial rate of

UTENE ON THE INITIAL RATES QOF

1 .

[C2H4]/torr [l—C4H8]/torr fornatioﬁ&?orr s '(VO)B/(vb)
; ! ~

199.9 0 5.00 x 10_

1995 0.20 1.47 x 107 2,94

200.1 0.52 2.27 % 10_ 4.54

200.2 1.34 3.33 x 10 6.66

300.7 0 1.25 x 1078

300.5 0.50 3.61 x 107 2.89

300.1 0.78 4.43 x 1020 3.54

300.1 2.01 6.15 x 10 4.92

400.0 0 1.96 x 102

400,0 0.40 4.72 x 10_¢ 2,41

400.1 1.04 5.75 x 10 0 2.93

400.0 2.68 8.33 x 10 4.25
74.8 0 1.43 x 107
74.9 0.08 6.33 x 10_/ 4.43
74.6 0.17 9.21 x 10_] 6.44
74.5 0.41 1.42 x 10 9.93

100.3 0 . 2.50 % 10/

100.2 0.10 1.17 x 3028 4.68
99.8 - 0.22 1.49 x 10_¢ 5.96
99.8 0.55 2.44 x 10 9,76

200.0 0 9.67 x 10_)

200.8 0.21 . 3,10 x 1023 3.21

200.0 0.45 4.00 x 1022 4.11

200.0 1.11 6.67 x 10 6.90

299.9 0

301.0 0.31 2,75

299,7 0.67 5 3.74

299.7 1.66 8 5.57

100.0 0 3.63 x 107

100.7 0.10 1.79 x 307¢ 4.93

100.0 0.35 3.33 x 10" 9.17

200..0 0 1.45 x 100

« 200.0 0.20 4.58 x 1070 3.17

200.0 0.69 8.96 x 10 6.20

Nt TR

L
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Initial rate of -1

ZK_ [CZH 4] Jtorr [1-C 4H8] /torr . formation/torr s (vo) B/ (Vo)
300.0 0 ' 3,67 x 1022 : i
300.0 1.04 1.79 x 10 4.88 :

748 . 74.0 0 3.67 x 10_ ;
74.5 0.07 2.55 x 10_¢ 6.95 ;
73.8 0.30 4.23 x 1075 11.5 :
74.3 0.54 5.67 x 10 15.5 ;
99,7 0 6.11 x 107, . ‘
99.4 0.09 3.94 x 109 ' 6.45
100.1 0.40 6.00 x 10_ 9.82
99.8 0.73 7.89 x 10 12.9 )
199.3 0 2.37 x 1078 g
199.3 0.18 9.08 x 107 . 3.83
200.0 0.81 ,1.54 x 1027 6.50
199.0 1.45 2.09 x 10 8.82 a
299.6 0 5.89 x 100

. 300.2 0.28 2.14 x 10_; 3.63 i
300.0 1.21 3.31 x 107 5.62 . |
299.2 2.18 4.59 x 10 7.79

763 74.3 -0 6.42 x 107,
74.7 . 0.15 5.99 x 10 9.33
75.1 0.26 8.20 x 10 12.8
100.0 0~ 1.33 x 107
100.3 0.20 1.02 x 10_ 7.67
100.2 0.35 1.35 x 10, 10.2
100.0 0.51 1.69 x 10 12.7
200.1 0 5.55 x 107
199.6 0.41 2.96 x 107 5.33 .
200.1 0.69 3.96 x 10_; > 7,14
200,0 1.03 4.54 x 10 8.18
300.4 0 1.83 x 1022 .
300.2 1.54 8.88 x 10 £.85

773 75.0 0 8.33 x 10 ¢

: 75.0 0.11 7.50 x 103 9.00

74.2 0.38 1.33 x 10, 16.0
74.1 0.63 1.91 x 107 23.0
74.5 2.80 4.13 x 10 50.0
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- ('
: ‘ o Initial rate of - "
Lt Ta{. [C2H 4l]‘/torr‘ [l—C4H8 {/torr . form.::ltion/torr s (VO)B/ (VO)
-1:— 100.6 0 2,22 x 107§
- 100.0 0.07 1.00 x 10_¢ 4,50 ;
101.9 0.17 1.48 x 1077 6.67
. 100.1 0.42 2.33 x 1072 10.5
100.3 0.85 3.08 x 107 13.9
99.7 3.75 7.17 x 10 32.3
205.0 0 7.67 x 10 ¢ |
208.6 0.05 1.61 x 10_; 2.10
206.3 0.11 2.40 x 10_; 3,13
205.8 0.37 3.22 x 102 4,20
208.9 0.65 4.07 x 10 5.31
. 304.0 0 1.72 x 10_2 . :
 305.0 0.74 6.73x10;, 4 39
S 305.1 1,54 1.06 x 10_, 6.16
- 302.5 © 2,57 ~. 1.65x% 107, 9.59
7 306.0 11.5 3.76 x 10 21.9
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.In all cases, the amount of ethane impurity was the same
from ethylene and from the mixtures. This procedure was

shown to be reasonaﬁle by comparison‘of the réte of for-
-matioﬂ of ethane from the pﬁrified ethylené. The rate

from the pyrolysis of purifidéd ethylene was almost the

same as the';gté from the unpurified éthylene pyrolysis.,

This observation showed also.that this amount of ethane
impﬁ;ity was not interfering with-the rate of formation

of the product ethane. The results of the purified ethylene -
pyrolysié will be discussed in the!following section and

examples of yield-time plots of purified and unpurified

ethylene wiil‘be given.

-iii) Propylene .

There was no propylene impﬁrity in either ethylene 
or l-butené and hence the yie%d—tiﬁ?-plots, as in Figure\flh//
are shown without any correction, The‘only difficulty with
the'deﬁé;mination of the initial rates of formation of
prépylene was ,the rapid increase in rate due to secondary

'reactions; Thié was most serious at high temperatures and
high p;essufes. Nevertheless, the direct measurement of
initiai rates from the yield-time plots was judged the most
reaéonable'for this product also. The initial rates of
7/ propylene formation in the presence and absence of l-butene
are given in Table 5. Also presented are ﬁhe ratios of the

-

initial rates.

A Ly i R
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Figure 5 - Yield-time Plot

: of Propylene at
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Table 5
EFFECT OF 1-BUTENE ON THE INITIAL RATES OF
PROPYLENE FORMATICN

: _ . Initial rate of -1
EfE [C,H,)/torr  [1-CyHg) /torr  formation/torr s (V) g/ (V)

699 199.9 0 1.33 x 1072
199. 0.20 . 3.61x 10 2.71
200.1 0.52 5.55 x 10_ 4.17
200.2 1.34 7.31 x 10° 5.50
300.7 0 3.13 x 102 ‘
300.5 0.50 8.67 x 107, 2.77.
300.1 0.78 C 109 X107, 3,49
300.1 2.01 - 1.64 x 10 5.24
. 400.0 0 " 6.67 x 10,
400..0 0.40 . Ls8x 10 2.37
400.1 1.04 2.33 x 107, 3.49
400.0 2.68 2.88 % 10 4.32
721 74 0 1.92 x 1070 f
4.9 . 0.08 6.67 x 10 ¢ 3.47
. /7.6 0.17 1.0 x 10_; 26°
74.5 0.41 -  1.28x 10 .67
. N 5
100.3 0 3.00 x 1078
100.2 0.10 1.36 x 107 4.53
99.8 0.22 1.62 x 10_, 5.40
99.8 0.55 2.08 x 10 6.93
. 200.0 0 1.75 x 102 \
200.8 . 0.2 6.31 x 10_; 3.61
1200.0  + 0.45 7.71 x 103 4.41
‘. 200.0 111 9.79 x 10 5.59
299.9 0 6.25 x 10_
301.0 0.31 1.60 x 10_; 2.56
299.7 0.67 2.05 x 10, 3.28.
299.7 1.66 2.46 x 10 3.94 |
732 100.0 0 3.33 x 207
100.7 0.10 1.66 % 10_ 4.98
x 10 8. 44

100.0 0.3 = - 2.81
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Initial rate of 1

E [02H4] /torr [1_C4H8] /torr formation/torr s (VO)B/ (VO)
200.0 0 2.09 x 1077 | )
200.0 . 0.20 . 8.33x 1003 . 3.99 u
200.0 0.69 1.36 % 10 6.51 ;
300.0 . 0 6.61 x 103 | -
3000 . 1.04 . 3.17°x 10 4.80
748 72.0 0 2.78 x 10_¢
74.5 . 0.07 . 1.17 x 102 4.21
73.8 0.30 2.00 x 103 7.19
74.3 0.54 2.42 x 10 8.71
99,7 0 4.17 x 078
99.4 0.09 - 2.5 x 103 5.0 § ,
100.1 0.40 4.00 x 10 9.59
~ . 99.8 0.73 4.33 x 10> ° 10.4 -
199.3 0 - 2.50 x 1072 ,
199.3 ' 0.18 9.42 x 10_, - 3.77
2000 0.81 1.75 x 10 7.00 |
199.0 1.45 1.94 x 10 7.80 |
299.6 0 L 7.9 x 1005 ;
300.2  0.28 2.58 x 107, 3.24
300.0 1.21 4.08 x 10_3 5.13
$299.2 2.18 - 5.42 x 10 6.81
763" 100.0 0 6.08 x 10 ¢
©100.3 0.20 4.00 x 103 6.58
100.2 0.35 5.50 x 10_; 9.05
100.0 - 0.51 6.00 x 10 9.87
' -5
200.1° 0 4,17 x 10_ s
199.6  , 0.4l 2.15 x 107, s T N
200.1 0.69 2.53 x 10_3 6.07 o
200.0 . L03 3.00 x 10 7.19
300.4 0 . . 1.00x 100,
300.2 - 1.54 7.08 x 10 .. 77.08
773 75.0 0 .72 x 08
~75.0 - 0.11 £ 3.40 x-1022 7.20
74.2 0.38 5.40 x 10 ; 11,4
74.1 0.63 6.60 x 107, 14.0
. 74.5 2.80 4.60 310 97.5
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Initial rate of

?ﬁ [C2H4]/torr [1-C4§18]/torr formation/torr s-l (VO)B/ (Vo)

..306.0

.~ 100.6 0 7.50 x 102
100.0 0.07 4.33 x 102 5.77
101.9 0.17 5.58 x 107 7.44
100.1 0.42 '8.08 x 10 5 10.8
100.3 0.85 1.21 x 107, 36.1
99.7 3.75 6.17'x 10 82.2
205.0° 0 6.55 x 107,
| 208.6 0.05 1.33 x 100, 2.03
206.3 0.11 1.50 x 107 2.29
205.8 0.37 1.67 x 10_, 2.55
208.9 0.65 2.67 x 10 - 4.08
304.0 0 1.00 x 1075 . .
.305.0 0.74 4.67 x 10_3 4.67
305.1 1.54 7.00 x 1075 7.00
302.5 2.57 9.42x 1073, 9.42
11.5 2.10 x 10 21.0
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3. Pyrolysis of Purified Ethylene ' o -rffﬁv'

In the procedure of obtaining the ratio of the'

initial rates of prbduct.fqrmation in the presence and

! 2T . U '
absence of l-butene, the value «of the initial rate from- -

'the_ethyléne pyrolysis alone, Vo; has a great importance. *

Because the ratio of initial,&ates;(vo) /Vy: is squared
x - . ’ B

in order to 6btain the ratio 6f rate congtants kg/kyr

,_'dégcri?ed later, . the result is very-seqsitive-to the.

-

measurements of the initial rates of products in the

ethylene pyrolyéié:alone._

]

The effect of the ethane impurity in ethylene,'

ranging From 6.0 x 1074 4

+

% to'6.4 x 107%%, was tested by . *
pyrolysis experimﬁpts with’fufified gthylgne.f ﬁigufe 6

is an example that'éHQWS the yieldjyiﬁe plots fof meéthane, - ex
‘ethane..and prppyléne from  -the pyrolysis of 300 torr e£hy1ene

at 721 K with and without purification. The results of

pyrolysis of purified ethylene- at 75, 100 and 200 torr
' pressure at this~température will be presented in Appendix A.

It is clear that there is no difference: between the initial

rates- of product—formation from purified and unpuriﬁiéd_
éthylene reactions, and these fesﬁlts show thaé the measure-
ments using the,Résearch Grade ethylene ar§'reliéble. Because
'such‘lafge émouﬁES'of ethylene were neede@ffor the experiments

and many weeks would have been required for purification,

t\
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mosE*Ef'the pyrolysis expefiments in the presénce and

absence of l-butene have been performed without puri-

fication of the ethylene. -

4. Additions of Propylene and Cis-2-Butene

-

in‘order to test whether 1:butene affected thé
» propagation reactions of the ethylene pyrolyéis, some
- eXperiments have been Qerforméd by adding separately
‘,,//;‘;ropyleﬁe and cis-2-butene. _ *
. ! The gffgct (o} he additive on the prgpagation '
reactions occurs by the g eration of the méin ;adical
_throuéh another set of reactions. A ﬁew radiéa&}{s préduced
by the.réadtion of the main radical.with the additive and
then the abstractioﬁ-reactioﬁ of this new radical :with the
_reactaﬂf régenerates the main“"radical, Heﬁce in sﬁch
.propagatiéq rgactions,.both the reactant and.the additive
réact Qith t@é main radical. In the case where the reaction
of the main,raaical with the gdditive is faster than the
reaétioh of it wi£h gﬁe.pare?t reactaht,:an acdeieration
of the rate ié'observéd: If the reactivity Qf>the new
radical toward the reactant is less than that of the main

radical, inhibition may occur. Examples of each type were

. given by Niclause et al.?2 in their discussion of the effect
of various additives or’ alkane pyrolyses. s A
’.7 . . i l ) . ’
™

*f
§
¥
¥



In the pyrolyses of ethylene, the ethyl radical
probably has the highest steady-state concentratlon20

- When 1- butene is an addltlve in the system, the reactions -

of the ethyl radical w1th 1- butene can be written as: v _
C2H5.+ l--,C4H8 - Czﬂs + C4H7 ‘ (15) 5
+ ~3-C.H, 4 (16)
(\\\L)z ‘ : i + 3-methyl pentyl ' (17)
The abStraeﬁion reaction (15) gives ethane ang‘bﬁtenyl
radical. The addition reaction (16) produces - 3-hexyl

radical but this reaction is expected to reverse easily since

N\

the addition reaction. Reaction (17) leads tRQ the formation

the lowest energy path in this case would be the reverse of

of a branched mq}ecule. Bfanched products did not aﬁpear | -
unde; the present conditions,‘and it may be ‘concluded tha£

the only important propagation reaction of l-butene Qould

be the abstraetion reaction (15). The butenyl radical,
altheugh‘not the same isomer as the one formed by addition

of vinyl eo ethylenezo, will enter tﬁe chain propagation
steps‘ef'the unsaturated radicals and lead to the forméfion .
of products more qnsaéﬁrated than ethylene. Thes,lif

reaction (15) occurs’ some of the ethyl radical will be

converted to the butényl radical. This can affect the rate
.

N
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t

of the reaction in tWwo ways. "Since the abstragtion o

a hydrogen atom from l-butene is easier than the abstraction
from ethylene, an acceleraRi:n of the rate‘might be obse d;

Another possibility is the iwhibition of the rate because

the ‘-butenyl radical is less reactive than the ethyl radical.

Because an.exact analysis of this system is diffiéult, in
this study,® the importance of reaction (15) was tested t

experimentally .by using propylene and cis-2-butene

additives.* : ‘ _ %
- : . T . .
N These two compounds were chosen because their effect

.

‘on the propagation reactiors were expected to be similar to ’—-\*\$
that of l-butene, since each of them has a labile hydrogen \

atom. ©On the other hand, as a result of their high/bond _ ]

dissociat?oﬁ eﬁergy. the unimolecular dissociation{of both
propylene.aﬁd cis-2-butene is much slower than thatof 1-

butene,. Decomposition of propylene may follow the following

two reaction562’63:

C3H6 *L CH3 + CZHé . {18)

- ' .
| | - CyHg » CyHg + H \ (19) A

L3 - . ) N . ‘
The possibility of bimolecular inij:iation“'66 j,/_‘//g

e .

R 2C,H, + C;H, + C,H, %

* In this section, the initial rate of préduct formation in

the presence of additives propylene and cis-2-butene will
be referred to as (Vo)p and (Vo)c, respectively. J/)”J

-
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Ja

may be ruled out under the present expgrimental conditions,

since very small amounts of .propylene were used. At high
temperatures, reaction (18) is the 1n1t1at10n step whereas,

at lower temperatures,'&issociation occurs by reaction

(19)67_69; The initiation step of cis-2-butene thermal

70, 71

reactlon 1s essentlally unlmolecular

i
’5
i
4
1

c:n.s-2—C4H8 -+ 4H7 + H {20)

Bond dissociation energies for the C-H bond in

propylene and cis-2-butene are 85 and 95 kcal mol_l, - -
= ¥, )

respectively43. These values are much higher than th

30 -1 : ; .

dissociation energy , 74.5 kcal mol ~, for the split of

CH, from l-butene molecule in its initiation step. There-.

.fore, propylene and cis-2-butene were expected not to affect

he initiation processes, but might react with the main ¢
radical in the system\and hence enter.into:the propagation .%
reactions. o . .
~ Propylene addltlons were made}at 773 K and at 100
torr ethylene pressure. " Five addltlons were made with the

amount of prapylene ranging from 0g 46 to 4.78%. The initial
. pd

rates of" ethane and the increase in rates in the presence of

propylene are: shown in Table, 6 Very little increase in

the rate of formatlon of methane was observed and it was

~

estlmated that (V ) /(V ) was about 1.5 with 4.78% propylene.
Addltlons of cis- -2- butene in/the range 0 16 0 60% »
were-made at temperatures 763 and 725.5 K. Ethane, methane N

N . N Y .
and propylene .were measured but again the increase 1n methane
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Table 6

EFFECT OF PROPYLENE ON THE INITIAL RATES
.OF FORMATION OF ETHANE AT 773 K

(Vg for 100 ‘torr C,H; = 2.22 x 10 =6 torr s-l)

(ﬁ\ o \\\ ' Ethane
. =1
%C3H6 in C,H

oHy (V )p/torr s ALY ./,(_Yo)
0.46 2.5 x 107 1.1 .
0.86 3.4 x 1078 1.5
1.91 « ° 3.7 x 1078 1.7
2.85 4.0 x 1078 1.8
4.78 5.8 x 10 2.6

. -

L]

Qas too small for accurete measPremeﬁt.- The results of Eié— .
butene-2 additions are ptéﬁenteé in Table 7. As an example,{(\\/
the yield-time plots for‘the formation of propylene at 763 K
"are given in\Figuie\7 including the threé pressures-studiedr/
- at this temperature. . |
| It is seen from Tables 6 and 7 that the effect of
additiens of propylene or cis-2-butene on the initial rates
is much less than that of l-butene. For example, at 763 K
- with about'o.z% cis-2-butene, the rate ef formation'ef | y
‘ethane Qas increaeed byh58%, whereas with the same ratio of
l-bufene“tnder the same conditioes, the rate of'formation .
of ethane wae increased by a factor of 6.7. Also, at 773 K,
the addltlon of about 0. 86% propylene caused only 53% increase
in the\S:te of formation of ethane while this increase was

12 9 t g with the same percentage 6f l-butene add;tlon,
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70,

4

A again uhder the samegconditions. Therefore, the effects

-of c1s 2 butene and propylene are lnSLgnlflcant compared
.to the.effect of similar addltlons of 1—butene. It can
be estlmated that even wlth Mixtures of 0 5% 1- butene, ,.f'
".the error 1ntroduced into quantlty [(VO)B/V 1 -l by.
occurrence of reactlon (15) will not be more than 1%.
Therefore, for the additions of 1- butene up to 0.5%, the
effect of 1- butene on propagatlon react;ons can be accepted
" as neﬁi;g}ble and hence, ‘the assumption that l-buEene affects [
only the initiation processes of the ethylene pyfolysis is
justified. ‘ .‘ ‘ ) - _
C The question of the effect of l-butene on the propa-'
gation pfbcesses was also exemined byithelnatu£e~i3eldi§u ,
tribution of the reaction products. The partieipetion of Y

l butene in the propagation reactions would be expected to

. y ,
lead to branched hydrocarbon, products and thede were_pot

observed as mentloned before. The ratlos of P oducts are

-

given in Table 8. These re%ults show that addition of
cT _ R
l-butene has a¥most no effect on,tﬁe product distribution

and provide further evidence that‘the effect of l-putene

is only the addition of a new lnltlatlon process. 'herefore,

- .

the general equation for the ratio of rates 1n\tk' pPreserfce

° Al

and absence’ of l-butene. may be wrltten in the 51mp;1f1ed

. form of equation (14). .

.

S N e, i TR LSS
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Table 8

1~BUTENE ON THE DISTRIBUTION OF PRODUCTS

TR ICH,l/torr T (1G] /1CH,] (x102) -'FcH4/RCBH€. Re /B

6

699

721

199.9
199.5
200.1
200.2

300.7
300.5
300.1
300.1

400.0
400.0 -
400.1
400.0

0 g (0,015
0.10 . ' 0.016 -
0.26 0.014
¢ 0.67 0.015
0 . 0.0096
0.10 .0.0096
‘ 0.26/ -0.011
0.67 0.012
0 . 0.0060 -\
0.10 « . 0.0080
0.26 .0.0072
0.67 0.0070
0 T
0510 —
0.22 -
0.55 -

' 0 0.087
0.10 0.037
0.22- 0.088
0.55 0.096 ;

0 §70.029
0.10 0.018
0.22 0.029
0.55 » 0.035
. ., 0 0.015
0.10 0.014.
0.22 0.018 .-
0.55 . 0,021 f
0 0.066
0.10- 0.060
_0.35 0.068
0 0.032
0.10 0.030
0.35 0.028
/ - ‘ ‘ .'

0.038 . .
© 0,041

'0.075

- 0.091

" 0.069\ S
0,055 E .
0.066 :

0.041

10,046 ‘ o

0.040 - Y
0.042 o ;
0.041 SN
0.038 R

3

0.029 -4 :
0.030 -
0.025

0.029

0.095

0.11

0.083
0.086
0.092
0.12

0.055
0.049 -
0.052

© 0.068

0,031 ° % .
0.033 .~ .
0.036 St
0.044

0.11
0.11

0.12

~

-
r



e e e AR e e —

\

K ICH,)/tar [L-Cgl /IR, (0%) R,/ e u, | R/ To g,

300.0 ‘ 0 . . 0,019
300.0 0.35 0.019
748 74.0 ' 0 -
74.5° 0.09 -
+73.8 . 0.41 -
74.3 0.73 -
99,7 , 0. 0,096
99.4 0.09 S 0.12
100.1 0.40 0.09
i+ 99,8 0.73 0.2
199.3 o 0,049
* 199.3 - 009 0.058
200.0 £ 0.40 0.052
199.0 0.73 0.063
299.6 0 0.031
300.2 0.09 0.034
300.0 0.40 0.036
299.2 0.73 0.038
763 . 100.0 o 0.14
100.3 0.20 -
100.2 0.35 0.13
100.0 0.51 0.17
200.1 0 0.056
199.6 0.20 0.057
200.1 0.35 0.054
200.0 0.52 0.061
300.4 0 0.08
300.2 0.51 ’/) 0.06
773 "7570 0 €3 0.12
’ 75.0 0.15 0,12
4. 0.52 0.14
74, 0.85 0.16
" 100.¢ & 0 0.11 -
- 10040 0.07 0.11
10159 .07 0.12
100.1 0.42 0.13
100.3 0.85 0.10

0,056
0.056

0,06

0.22
0.21

.23

0.15

'0.18-

0.15
0.18

0.095

0.096

0.088
0.11

0.074

0.083
0.081
0.085

1
i

PR,
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T/K (G, /torr [1-CHg)/1C,H,] (x10%) RtH4/RC3H6.'_RC2H6/RC3H6.

-

205.0 0 - 0.041 . 0.12
208.6 0.02 0.063 0.12
206.3 0.05 . 0.077 0.16
1205.8 0.18 - 0.084 0.19
208.9 . 0.31 0.078 0.15
304.0 0 0.067 0.17 -
305.0 0.24 0.066 0.14
305.1 0.50 ‘ 0.068 " 0,15
302.5 .0.85 0.071° '0,18
306.0 13.76 0.095 .0.18
. \
5
., - -
/ »
. '. .
L]
N .
’ 1
~» ~ .
’ Y
K L B o
‘ . s v
K ] . -
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5. Kinetics of the Inltlatlon StepS'i“*the PreQEnce
' o of\l Butene ( N, .
SR The initigtion processes of the.ethylene pyrolysis
.- - ’
. . ¢ M
« - in the presence of{1l-butene will include, besides the .
. s bimoledular initiation of éthylene, the “unimglecular dis- ’
- . . N
sociatiod and the bimolecular reaction of l-butene with ';
gthylene. - _ o : ‘ ) X
5 ~ - . o : :
- C Hy + C,H, =+ CyHg + CyH, _ (1)
Q}\ — l—C4HB + CH3 + C3H5 . (B)

) B ta / s l. - . . :
P — \'/ . i 3

1-CyHg + CoHy » Cyfiy + Gy ~  BY e o

The rates of the processes (B) and (B') are:

Ry = k[\ic ]andRB B.[lc ][c2H4-]" _ w

]
i

where k and k B' refe he rate ¢ohstants of'the procégséé

~_(B) aﬁd (B') respec ively.

o ' . ’ .9 ,
. . ) v : N i
If reactions (1) and (B) are the only important initiation

Case i:

processes, equation (14? becomes

L4

{Vjy) kg[l-C,H ] )
. . 0  kyc,H,1?
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Case ii: - - -
If dnly reactions (1) and (B') occur, then‘ -
N ‘ : ~ *
O I S Ui LS VZ (22)
ZVOS kl [C2H4}
Tests of .these equatlons showed that, under all condltlons . ,{
o of temperature and pressure, equatlon (21) was a more
saﬁugfactory representatlon of the data. Flgures 8 and 9 g

present the results for ethane at 721 K by these two equatlons.

ThlS example shows that, equation (22) gr//e

which are dependent qn total ethylene pressur

\

eduation {21) gives almost the same value of kl\at all pres-

i\k values |
d

_whereéas -

*
.

sures of ei?ylene. Since at any temperature,_the\value of

Vo) 5V,

should not depend on the total pressure, but only on

the ratio of 1- butene to ethylene, equation (21) glves the

best interpretation of the mechaniSmland was used to obtain

the eﬁperimental value of Fl'

The conclusion that the.reaction (B') is unimportant

. -

compared a"the reaction (B) is also confirmed by the results

of propylene and cis-2-butene additions, since the rate of _ -

reaction (B') would be expected to be the same with either

l-butene or 2-butene as reactant and similar with.propylene

R

as reactant, whereas, as mentioned previously, ‘the unimolecular

“w

dissociation of cis-2-butene or propylene is much slower than

rd
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Figure 8- Plot.of [(V,),/V,]2-1 Versus
'-_‘;[l—C4H8]/!C2H4]? for Etbane;at
721 K ) i
.. : "\ '
X ;00 tort C2H4
® 200 torr C,H, : | i f
{300 torr C H, . - ?
‘ /’k ‘ . ¢ ‘- ' — :
.
i-
) i
g
. i
J
¥ -
. e ’
v , v
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Figure 9

77 .

-~ Plot of.[(vo)B/vojzfl Versus

| {1-C4HB]/[C2H4] for Ethane at
721 K

X 100 torr C2H4 -

® 200 torrx C2H4

{$ 300 torr C2H4






that of l-buteneii A -

Therefore, the. procedure fdr the interpretation of
- the kinetic data was firstlto obtain*the initial rates of
‘product formation in the presence and absence of l-butene,
then by using eéuation (21), to find the ratip of kB to kl

at- various tempg;atures and from the Arrhenius plot, to

- obtain the'expression for the ratio of kB to kl.

6. Determination of the Initiation Rate Constant, k
A %

1

_ Figures 10, '11 and 12 show the plots of [(Vy)y/V,12-1
versus [l—C4H8]/[C2H4]2,for meth;ne, ethane apd propylene.
These plots cbrrespond to the yield—time plots given in
Figures 3, 4 and 5 for these products inclﬁding all the other
prgssures'studied at those temperatures. | ‘

The glopes of these élots give the ratio of rate
constants kB/kl' In 'the following téble (Table 9), the
values of kB/kl obtained from such graéhsrare given at each

tempefature studied. Theée were calculated by the least

squares method.
E
Table 9

RATIOS OF THE INITIATION RATE CONSTANTS IN
: ) THE PRESENCE OF 1-BUTENE

kB/kl/mol L 1 _

T/K Methane o Ethane Propylene
!

699 27.67 28.84 27.54
721 : 35.14 : 36.31 38.90 ,
. 732 44 .67 47.86 47.32 oL
748 ' 53.89 51.29 . - 47.29
763 52.75 . 60.26 49.43

773 ' 59.33 58.88 o 60.26
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Figure 10 - Plot of [(V,) /v 1?-1 Versus
[l-C4H8]/[C2H4]2 for Methane at
721 X ' ;

X 100 torr CZH;
& 200 torr C2H4
© 300 torr C2H4

¥
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A

Figure 11 - Plot of [(VU)B/lezﬂl‘Versus
[;-C4H8]/[C2H4]2 for Ethane at 748 K

0O 75 torr C2H4
X 100 torr C,H, f
® 200 torr C2H4
"0 300 torr C,H,
B 200 torr C2H4 in packed vessel
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Figure 12 - Plot of [(VO)B/VO,]Z—I Versus '
[l-C.4H8]/[C2H‘1]2 fpf Propylene at 699 K
® 200 torr C2H4

$ 300 torr CzH4
A 400 torr C2H4
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. The. Arrhenlus plots obtalned from ‘thesge ratios
for each product are shown in Figures 13, 14 and 15
From these plots, the following expressions were derlved

>

for kﬁ/ﬁi by the least squares method:

Xg _ ‘1100 (Methane)
I.ogkl (mol T 1) 4.93 <55 (23)
s -1, _ 11000 (Ethane)
Log Ry (mol L ™) = 4,93 - 2.3/ (24)
- kg -1, - 9900 | (Propylene)
Log -kl (ITDl L™ 4,57 -2“._3ﬁf" . ‘ - {25)
_ . . 61
.Assuming the following expression for kB ’
-1 74500 '
k =16 -
Iog ¥gls 7) = 16 -~ oo+ -

the rate constant of initiation of the ethylene pyrolysis,

kl’ can be calculated as:

log ky (Lmol ™t 57 = 11,07 - $3400. (Methane)

N

!

.3

&

Log kl(L mol ™t s ) = 11.07 - 23300 . (Ethane)

PR T _ 64600 " 1
Log k, (L mpl N ;1.43 " 3R . (Propylene)

The final values of the Arrhenius parameters of ki were

6btained-byhaveraging_those of the three products.
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Figure 13 - Arrhenius
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Plot for Méthane
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Figure 14 - Arrhenius Plot for Ethane

-
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Figure 15 - Arrhenius Plot for Propylene
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The average rate constant eXpression is given as

fol}’av)vs: o | . ) _ ‘

: -1 -1, _ . 63800
'This expression for the rate constant of the initiation
step of the ethylene PYrolysis will be referred to'%ater
in Chapter V for the general discussion of the value of

kl.
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7. Reactions in the Packed Vessel

)

The importance 6f heterogenous processes in the
presence and absence of l—butene\were examinedlby ﬁsing a
pyrex‘veésql, packed with pyrex tubes giving a surfacé—to-
volume raEéo of 8 cm—l. Products methane and ethane were
measured at 749.an§ 725.5. K. at various ethylene and 1l-
butene pressurés. The data erﬁ the.packedlvessel
reactions at 749 K are included in Figure 11, the élot of
[(VO)B/VO]Z-llversus [1—C4H8]/[C2H4]2 for ethane at 748,
together with data from the unpacked vessel pyrolyses.

In Table 10, the initial rates are presented.

The,initial'rates of formation of methane and
ethane in the packed vessel were very close to those in
thé unpacked vessel. at similar temperatures. These results
are in agreement with observations reported earlierzo.
Additions of “l-butene in the packed vessel gave approxi-
mately the same inéreases in the rates as in unpacked vessel.
Therefore, it séémsfthat heterogeneous procgsses-are not
important'iﬁ"tﬁéggﬁsystems and it was concluded that the
reactions in- ethylene+l-butene pyrol&sis océur homogenously
upder these conditiohs._

{
/



T/K

749

 725.5
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Table 10

e

INITIAL RATES OF PRODUCT FORMATION

[C2H4]/torr

200.0
.200.0

200.0

200.0
200.0
200.0

200.0

300.2
300.2
300.3

300.0

IN THE PACKED VESSEL

Initial rate of _;
formation/torr s

[1-C 4H8] /torr Methane -Ethane
‘o 1.00 x 1078 1.90 x
1.58 9.50 x 10°° 1.58 x
2.62 117 x 107° 2,34 x

0 5.75 x 1077 1.12 x
0.39 2.55 x 100 4.40 x
0.70° 2.90 x 10° 5,60 x
1.33 14,00 x 20 7,30 x

‘0 1.10x107° 2,15 x
1.08 4.65 x 10°°  8.55 x
2.16 6.00 x 10°° 1.25 x
5.27 1.04 x 10> 2.43 %



CHAPTER IV .

:A. ADDITIONS OF NEOPENTANE
e

-

oy

The pyroiyses of the mixturesrof ethylene and neo-
pentane have been performed in the temperature range 748-
819 K. Most of the time, three or four mixtﬁres'with
qénstant ethylene preésure and changing neopentane concen- é
trations were studied. At 756 K and 803 K, however, pyrolysis
of mixtures were made at two different pressures of éﬁﬁ?lene

o ]
in order to test the order of the initiation process.

Methane, ethane, propylene, l-butene and butadiene were

the products analyzed. The concentration of neopentane was

- man—

in the range 0.3 to 9.5%.

1. Pyrolysis of Neopentane

The pyrolysis of neopentane has been extensively

studiéﬁ over a wide temperature range. These studies include

static systems78-83, flow sys,temssq—86 and shock-tube

experiment58778%.

The mechanism of the pyrolysis of neopentane is
.. fairly well established. At teﬁperﬁ!Ures in the neighbour—
hood of 800 K, decomposition occurs by a radical chain

mechanism. The early stages of the reaction have been shown -

-

!
to occur by the following processes:

L]

o

s UdE o
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C

90
neo-CSHiz > CH, +‘(CH3) C (N) .
¢« ? |
.. ) | _(CH3)3C + (CH3)2CCH2 + H

H + neo-C_H -+ H2 + (CHB) CCH2

5712 3

(CH3)3CCH2 + (CH3)2CCH

L

+ CH

2 3

CH3 + neo—CSH12 + CH4 + (CH3)3CCH2

2CH + C

3 H

276

~

The major primary products are methane and isobutene. Small
amounts of minor products include hydrogen, ethane, iso-
butane, ethylene, propylene} propane, 2-methyl-l-butene and
2-methyl-2-butene, The overall order of the decomposition
ié 3/2 with an overall.activétion‘energy 50-58 kcal mol_l:
The pyrolysis of neopentane is self-inhibited by the
isobutene formed, which is discussed in detail by Baronnet

et al.al. Surface effects have been investigated by several

83,81,86

workers and no change in the formation of major or

minor products was observed when coated surfaces or packed
vessels were used. Recently, Pacey and Wimalasena®> 86
have studied the rate of the establishment of the steady

state concentration of radicals in neopentane pyrolysis 4

and determined independent rate constanks for several



(R e b —————— S —]

91

elementary reactions. The value of the initiation.rate

constant was determined as 1.7 x 1072 571 at 823 k.

' Available literatufe data for the frequency factor

and activation energy of the rate constant for the ini-
2

tiation process in neopentane pyrolysis are presented in

Table 1l1l.
Table 11

ARRHENIUS PARAMETERS OF THE RATE CONSTANT FOR THE
INITIATION STEP OF THE NEOPENTANE PYROLYSIS

i

Log a/s”t E/kcal mol L Temperature range/K Reference
16.1 78.2 Wi 1070-1240 - 87
18.1 * 0.6 85.9 + 2.2 e 713~ 823 83
16.8 - 82.0 . 723- 803 81
17.7 + 0,3 85.2 + 1.4 793- 953 84
16,1 + 1.0 .78.9 * 3.6 ‘ 756- 845 79
16.5 80.4 . 1030-1300 : 88

17.3 80.8 ‘ 1000, 89

Although the repbrtea Arrhenius p;ramefers‘for this uni-
molecular bond fission reaction (N) are not always in
-agreement, the actual values of the rate constant are very
close to each other in'the Eemperature range of this study.

For example, at 800 K, the value of kN'rangeS only in

between 2.34 x 10°% s™! and 3.98 x 107°% s™' from references

73, 71, 74, 69 and 78. Arrhenius parameters taken from

87 89

_ATsang and Baldwin lead to kN values.slféhtly out of

6 5 -1

this range, 5.13 x 10 ° and 1.58 x 10 ° s ~, respectively.
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In this study, the rate constant expresgibn for
the initiation sﬁep of the neopentane.pyrolysis‘was chosen
froh Baronnet et al.81 because ﬁheir experimental conditions
éeemed vef& simiiar to the present ones. The pyrolysis of
neopentane has been studied by means of a static apparatus,
between 723—903.K. The Arrhenius parameters they have
obtaihed for the initiation rate constant are almost the
average of the other values suggeéted in approximately the
same temperatue rangé. The reported values of the Heat of

formation of t-butyl radicals cover a wide rangégo—ge,

6.7

" to 12.9 kecal mol_l. There is gdod agreement between the
activation energy suggested by Baronnet et al. for the rate
;constant of the initiation of neopentane and the currently
accepted value of the heat Of'fofmatidh of the t—butfl

"radicals, 8.4‘kcal-mol_l. For these reasons, their expression

was judged to represent the dissociation -rate constant of e
necpentane the best.

2. Kinetics of the Reactions in the Ethylene+Neopentane
System

In the pyrolysis of ethylene containing smali amounts
of neopentane, it is importaht'to understand whether neo-
pentane has any effect on the propagation reactions. If
neopentane enters into the propagation reactions of eﬁhylene,

" it reacts with the free radicals'present in the system.
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Thus, the abstraction reactions 3f the radicals with neo-
pentane would be added to the pro agation processes of

.the ethylene pyrolysis and would be expected to increase
the lnltlal rates of formation of saturated products with <f
respect to unsaturated ones. Also, the decomposition of
tertlary butyl and neopentyl radicals would Yead to the
formation of isobutene, Another possible reactl n is

the ad tlon of the neopentyl radical to ethylf e whlch
would*lead to branched products containing sever

< p
atoms.

In the case where {meopentane does not enter 1nt0 the
propagatlon proégsses of ethylene, but affects only the
1n1t1atlon steps, - then'addltlons of neopentane would increase
the Anitial rates of formatlon of all-products leav1ng the
ratios of. products unchanged Isobutene and other branched
hydrocarbons would not be therved because the free radicdls

4
produced in .-the initiation step by the dissociation of neo-

-pentane are soon converted to the radicals involved in the

chain propagation'reaqtions'df ethylene.

Therefore, in order to test whether the neopentane

" was 1nterfer1ng with the Propagation steps of ethylene,

the ratlos of the 1n1t1a1 rates, of the products in the

ethylene py;olYSLS were comparedl in the absence and presence .

.

of neopentane at all céncentrations studied. Table 12 pre-

~sents the ratios of the initial rates of methane, propylene,

A
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Table 12

_RATIOS OF THE INITIAL RATES OF PRODUCTS

o

‘ . R
. REHB RC3H6 _ Rl-C4H8 Fegn

~ ' | 46
; . R
K [C2H4]/E?rr [neo-C,H, ,1/4 thnﬁ RC2H6 RbZHG cp,
748 201.6 0 0.68 11.3 2.17
201.6 0.40 0.66 11.5 2.32
_ 201.4 2.10 0.62 10.6 1.94
. 756 104,1 0 0.50 4,75 .
104.0 0.31 0.43 * 4.76
103.6 © 0,67 0.48  5.13
104.0 2.10 0.51  5.68
2 104.3 5.54 0.61  5.42
<L 302.1 0 0.34 10.2.
.303,0 0.31 0.34  9.07
301.9 0.67 0.39 10.9
302.0 2.10 0.38  9.54
302.0 5.54 0.46. 8.57
- 766 104.4 0 0.65  3.19
. 103.4 0,40 0.62  3.33
103.8 1.70 . 0.67  3.60
777 204.0 0 0.35 4,54 1.06
204.4 0.54 0,35  4.66  1.00
204.7 2.21 0.39 5,177 1.18
204.3 4.27 0.53  4.64 0.9 -
204.0 9.45 0.64 , 3.49 0.74
803 -105.3 0 0.32 138  0.83 . 0.36
; 105.5 0.27 0.31 1.72  0.90 0.29
106.0 0.92 0.36 1.89  0.98 0,47
106.5 27 "0.45  1.46 0.71  0.37
206.2 0 0.41  3.05 0.83 0.38
205.1 ~0,27 0.43  3.24  0.97 0.34
. 205.5 0.92 0.37 2.63  0.72 0.28
v 205.7 4,27 0.46 2,76  0.67 0.32
819 106.5 - ° 0 0 0.3%9 .. 1.30 0.75 0.48
' .106.0 0,92 0.38 1.58 0.79 0.51
106.0 '1.71- T 0.40  1.52  0.76 0.44
106.0 2.68 0.46 1.58  0.79 0.53
106.4 | 4,71 . -~ 0.50.  1.39  0.63 0.47
vy
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lrbutene and butadiene with respect to etheneu in the
ethylene+neopentane mintures containing less than about
4% neopentane, there is practlcally no change in the
ratlos of these products. For mixtures with more than
about 4% neopentane theée ratios change'and larger increases
were observed in the formation of methane and ethane when
compared to pfopylene and l-butene, This aspect of the
results wil; be discussed in Section 6. With_the-preSent
analysis system, it was not noseible to seperate'l-butene
.and iscbutene. Bnt even at tne highest conientration cf
neopentane, no indication of a change was obseryed‘}n;the
shape of the l-butene peak nor were abnormally 1arge;amounts
of l-butene measured. It seems likely that 1sobutene is
not an lmﬂhrtant product This would be the case if the
-neopentyl radical reacted largely. by addltlon to ethylene
rather than by dissocietion. Otner'branched products were
also not obéerved. The very long analysis time required
for the observation of »these products was a limitation in
their detection. A few analyses were performed to search
for these producte-but none_were'found;-.It was concluded
‘that the constant ratios of products was sutficient indi-
cattcn_that the sole effect of neopentane'up tb'a conceg_
tration of about 4% was the addition of a new initia#on :

step to the chain mechanism of the éthylene pyrolysis.
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The ratio of the initial rates of products in the presénce
and absence of neopentane can hence be obtained by using
the equation (14).

Neopentahe may increase the rate of initiation by

the following reactions: . . !

»

neo-C_H + CH

5712

3 + (CH3) c. (N) -

3

- —_ 1
. neo c5H12 + c2H4 > C2H5 + neo C5H11 (N'}
!

Again, two cases should;pé“t§ken into account:

Lo

Case i _ . . ’

-~

'When only the reactidhs'(l) and (N) are the important

initiation reactions, the ratio of the initial rates is:

v 2 s o . . '

Case ii A

when reaction (N') is predominant over re;éffbh (N) "thus
making the reactions (1) anai(ﬁ') the only important ini- .

tiation processes, the ratio becomes

(Vo)n kN'[ne°'C5H12])1/z,

=(l+
yo kl[C2H4]

‘ (29)
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In equations (28) and (29), ‘VO)N refers to the initial
rate of formation of a'product in the presence of neo-
pentane and kg and kg1 refer to #he rate tonstant for
reactions (N) and.(N‘), respectivély.

As an example éf the results, plots o{’these ton\
equations for the product meﬁhane'at B03 K are given in
éigure 1l6. Equation (29) leads to a pressure-dependent
rate ébgstant, whereas equationz(ZB) yields, almost the same '
ratio of rate constants for the two pressures studied, Other
products gave similar plots. Therefore, the only important

initiation process added by the preéence of neopentane is

reaction (N) and the kineé%c'equation‘for its effect,

equation (28).,.
- Effect of surface on the.pyrolysis of the mixtures
of ethylene and neopentane was not studied in the P
wqu. As ﬁiécussed in Chapter III.7, no effect on
ethylene pyrolysis alqne wasfobserved‘by changing
' surface-to-volume ratioc of thé reaction vessel. Also, it
has been well established that the surface reactions did
hot-occur in the pyrolysis of neopentaneal’as'as. There-
fore, it was assumed that surface reactions are not important
in the pyrolyses of mixturés of these two compounds and

reactions occur homogenecusly. Hence no further studies of

this aspéct was thought to be iecessary;
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Figure 16 - Plots of A:‘[(VO)N/vblz_l Versus
. , _ 2
[neo CSlei/[C2H4] and
B: [(VU)N/VO} -1 Versus
[neofCSlel/[C2H4]
for methane at 803 K
X 100 torr C,H,
@ 200 torr C2H4

B O
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3. Product Formation

In this section;'the results obtained from each
. ‘ ) N N
'product will be presented separately. The data from 803 K
will be used in examples for. all products. The rest of

the data from the study of the ethylene+neopentane system

will be illustrated in Appendix B.

i) Methane
1

The yield-time plots at 803 K in the presence and
absence of neopentane are given in Figure 17. Due.to the

improved experimental techniques, scatter in the, data was

less than .that of the ethyleﬁe+1—butene studies. The

corresponding plot of [(Vo)N/Volz-l versus [neoqulel/‘
[CéH4j2 at 803 K is shown in Figure 16. With 4.27% neo-
pentane, the value of‘[(VQ)N/VO]Z—l is abnorm;l}y high and
is not shown in thé graph.. This amount of neopentane

- . )

therefore, not only increases the rate of initiation but’

also enters into the propagation processes and produces

more methane as will be discussed later in this chapter. J@>.
' f L34

In Table 13, the initial rates of formation of methane in

the presence and absence of neopentane at six temperatures

Fl

'étudied are'presented. Also shown in this table is the -

effect of neopentane on the initial fates, as (VO)N/VO.

Tﬁese ratios are smaller than the_ratios of initial rates’

&‘

NPT
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Figure 17 - Yield-Time Plots for Methane at 803 K
. .

|

A. O 108.3 torr C,H, .
® 105.5 torr C2H4 + 0.27 torr neo--CSH12
A 106.0 torr C2H4 + 0.92 torr neo—CSH12
5 A 106.5 torr CyH, + 4.27 torr neo-CcHi,
"B. O 206.2 torr C2H4
® 205.1 torr C,H, + 0.27 torr neo—C5H12
A 205.5 torr C2H4 + 0.92 torr neo-C5H12
A 205.7 torr'czH4 + 4.27 torr neo-C5H12
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Tab;e 13

EFFECT OF NEOPENTANE ON THE INITIAL
RATE OF FORMATION OF METHANE

A}

Initial rate of

TR - [CH)/torr L [CHH)/8 fomation/torr s (V)/ (V)
748 201.6 0 131 x 1078 7y
~ 201.6 0.40 2.27 x 1078 1.73
201.4 - 2.10 4.40 x 10 3.36
756 104,1 0 4.89 x 107]
104.0 0.31 1.00 x 107¢ 2,04
103.6 0.67 1.33 x 100 2.72
104.0 210 2.62 x 1070 5.36
104.3 5.54 5.25 x 10 10.7
302.12 -+, "o 2.92 x 1078
303.0 0.31 2.44 x 1075 1.52
301.9 0.67 5.83 x 1070 2.00
302.0 2.10 1.00 x 1072 3.42
. 302.0 5.54 2.00 x 10 6.85
766 104.4 0 6.33 x 107,
103.4 0.40 1.56 x 107 2,46
103.8 1.70 3.17 x.10 5.01
777 204.0 0 2.74 %107
204.4 0.54 & - 6.83 x 108 2.:49
204.7 2.21 1.17 x 10_; 4.27
204.3 4.27 2.47 x 107 9.01-
204.0 9.45 5.50 x 10 . 20.1
803 105.3 0 1.92 x 1022
105.5 0.27 5.08 x 1070 2.65°
106.0 0.92 8.58 x 1070 4.47
106.5 4.27 3.08 x 10 16.0
206.2 0 8.33 x 1070
205.1 0.27 1.58 x 1077 .1.90
205.5 0.92 2.67 x 1073 3.21
205.7 4.27 8.33 x 10 10.0
819 106.5 0 . 3.65 x 107¢ -
106.0 0.92 2.00 x 1072 5.48
106.0 1.71 2.63 x 107 7.21 -
106.0 2.68 3150 x 107 9.59
106.4 4.71 6.33 x 17.3
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in the presence of l-butene as expected from the activation
energies of these two additives. From the plots of

o2 - 2 | _
[(VO)N/VO] 1 versus [neo C5H12]/[C2H4] at each tempe ‘
rature, the ratios of the rate constants kN/kl were calculated.

These are presented in Table 14. 1In this table, results from

other. products are also given and will be referred to when

_[
necessary.
" Table 14
RATIOS OF THE INITTIATION RATE CONSTANTS IN
R THE PRESENCE OF NEOPENTANE
. : EE/mol-L-l

S ok -
T/K Methane - Ethane [/ ~ Propylene 1-Butene
748 2.12 2.55 2.26 2.05
756 2.71 2.76 2.52° -
766 . 3.06 2.93 3.75 -
777 L3.31 ' 3.22 3.51 . 2.90
803 4.34 - 5,15 ‘ 4.85 ~ 4.89

819 6.78 5.44 7.93° 6.13

In the calculation of'thé slopes by the least—sqﬁares

method, the data_after about 4% neopentane additions were

not included because very large increases of methane formation
by the addition of such pressures .of neopentane indicated a

change in the mechanism of the ethylene pyrolysis, as men-

tioned before.
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¥

The Arrhenius plot obtalned from the measurements
of me&hane is "shown in Figure’ 18. Then, the Arrhenius
expression‘for kN/kl from this graph is obtained by the

least équares method: '

O 17300 ,
1og ¢ ol L) = 5.42 - 3200 (30)
- ii)} Ethane L
— 3

The initial rates of formation of ethane were obtained
. by the E%me procedure describéd in the case of ethylene+l- :
butene mixture pyrolysis. The increases in the initial rates
of ethane formation by the additioné‘of neopentane more than
about 4% were again larger than those of prépylehe and 1-
butene.. ¥igure 19 shows the yield-time plots for .ethane
formation at 803 K. At this température, the ratio kNAcl

was calculatéd from the plot of.[(Vo)N/VO]Z—l versus [neo-

5 12]/[C shoWn in Figure 20.A. The effect of neo-
pentane on the initial'rate of formafion of ethane is pre-
sented in Table 15 at all temperatures. Ratios of initiation
rate constantS‘k_N/kl and the corresponding Arrhenius plo£
are given in Table 14 and Figure 21, fespectively. Then,
the Arrhenius expré%sion théined for the-fatio.of rate

constants RN/kl is:

ky . a 14200 -
Log o (mol L™ = 4.52 - 220 (31)
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Figure 18 - Arrhenius Plot for Methane
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Figure 19 - Eielg-fime Plots ﬁor'Ethéne at 803 K

105,3 torr

: A. .0 C2H4 St _ ) .
® 105.5 torr 02H4 + 0,27 torr neo--CSH12
A 106.0 torr CoH, + 0.92 torr neo-CzH, o
‘ A 106:5 torrx C2H4 + 4i27 torr neo—C5H12
B. O 206.2 torr CH, , -
® 205.1 torrx C2H4 + 0.27 torr neo-C5H12
4 205.5 torr CyH, + 0.92 torr neo-C.HI,
A 205.7 torr C2H4J+ 4,27 torr neo-C5H12

T



.- 105a -

- O .
501X 1oL /G3IA

.6
0.8—

s

TIME /7 min



106 -

~Figure 20 - Plots of_[(Vo)N/VO] 1 Versus‘[neo—CSHlZ]/

.[C2H4]2 for A: ethane, B: Propylene, C: 1-

Butene at 803 K

"X 100 torr C H,
® 200 torr C2H4

L r e e sl

e trtalas
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Table 15 . v

EFFECT OF NEOPENTANE ON THE INITIAL .
RATES OF FORMATION OF ETHANE

X
Initial rate of

. T/K [C2H4]/torr' neo—CSlel/%" formation/torr s 1 (VO)N/ (VO)_
748 201.6 0 1.92 x 107
 01.6 0.40 3.42 x 107 1.78
"~ 7201.4 2.10 7.06 x 10 3.68
756 104.1 0 9.75 x 102
: 104.0 . 0.31 2.33 x 100 2.39 !
N 103.6 0.67 2.77 x 10_¢ 2.84
104.0 2.10 5.14 x 10 5.27
104.3 5.54 8.62 x 10 8.84
302.1 0 - 8.5Lx 10°¢ .
303.0 0.31 1.29 x 10_; 1.52
301.9 0.67 1.50 x 10_Z 1.76 1
302.0 2.10 2.62 x 107 3.07 ,
302.0 5.54 4.33 x 10 5.08 ;
766 104.4 0 9.67 x 10_7 | -
103.4 . 0.40 2.50 x 1070 2.58
. 103.8 1.70 4.72 x 10 4.88
777 204.0 0 7.89. % 10°
 204.4 0.54 1.93 x 1072 2.45
204.7 2.21 3.02 x 1027 3.83
204.3 4.27 4.68 x 107 5.93
204.0 9.45 . 8.60 x 10 10.9
803 105.3 ¢ 6.05 x 107
105.5 ° 0,27 1.63 x 10 2.69 ;
- 106.0 0.92 2,38 x 100; 3.93 |
106.5 4.27 6.85 x 10 e 11.3
206.2" 0 2,02 x 1073
205.1 0.27 3.70 x 1077 1.83
205.5 0.92 7.3L x 100 3.62
205.7 4.27 1.81 x 10 8.96
819 106.5 0 9.33 x 102¢ |
106.0 0.92 5.27 x 10_¢ rgf;;(\\Hj/
106.0 1.71 6.60 x 107 7.07
106.0 2.68 7.60 x 10 8.15
106.4 .71 1.26 x 10 13.5
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Figure 21 - Arrhenius Plot for Ethane
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iii) Propylene

.Examples for the yield-time plots of prépylené‘

are given in Figure 22, Corresponding plot of [QVOXN/Volz-l
versus [neo-C'sle]/[CzH4]2 at 803 K including the results
of 100 and 200 torr mixture pyrolyses is shown in Figure
20.?. In Table 16, initial rates of.formation-df propylene
are presented in the presence and absence of neopentane.
Also, the ratio of rates (VO)N/V0 are‘tabuiated at all
temperatures and pressuées. At high concen;rations of neo-
pentane (about 4%), propylene did not show any abnormal
increase in its initial rate of formation but in fact its
rate was slightly Iess.than expected from fhe relation
expreséed as equation (21). The 'ratios éf initiatibn rate
constants kN/kl aref;alculated.from the siopes of the plots
such as illustrated in ?igure 20.B and given in Table 14.
éinal%y, the frequency factor and activation energy for
the  ratio of the initiation rate constants are obtainedl
from tﬁe Arrhenius.plot|£or propylene, Figure 23, as the

following:

Log }];N— wol 171y = 6.02 - 12300

T (32)
1 2.3RT

iv}) 1l-Butene

The product l-butene was measured at all temperatures

2

studied except at 756 and 766 K. At these temperatures only

%

)




Figure 22

A.

>0 0

@O

Yield=-Time

105.3
105.5
106.0
106.5

torr
torr
torr
torr

206.2
205.1
205.5
205.7

torr
torr
torr
torrx
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Plots for Propyiene at 803 K

.

C2H4
C2H4 + 0,27 torr neo-—.C:5H12
02H4 + 0.92 torr neo—CSI—l12
C2H4 + 4.27 torr neo-CSH12
-
C2H4 , : )
C2H4 + 0,27 torr neo~C5H12 R
CZH4 + 0.92 torr neo-C le
C2H4 + 4,27 torr neo-—CSH12
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Table 16

EFFECT OF NEOPENTANE ON 'ZI.?HEV INITIAL
RATES OF FORMATION OF PROPYLENE

Initial rate of

TR o [CH,)/torr  [neo-CgHy,)/%  formation/torr s - (Vg)/ (V)
748 201.6 0 2.17 x 107
201.6 0.40 3.92 x 1027 1.81
| 201.4 2.10 7.50 x'10 3.46
756 104.1 0 4.63 x 107
104.0 0.31  LIlx 1022 2.40
103.6 0.67 1.42 x 10_; 3.07
104.0 2.10 2.92 x 1077 6.31
104.3 5.54 4.67 x 10 10.1
302.1 0 8.71 x 1073 .
303.0 0.31 1.17 x 10_; 1.34
301.9 0.67 1.63 x 10, 1.87
302.0 2.10 2.50 x 1075 2.87
302.0 5.54 3.7 x 1074 - 4.26
766 104.4 0 3.08 x 1000 ..
1103.4 0.40 Vo 8.33x10F - 2,70
103.8 1.70 & 1070 x 10 5.52
777 204.0 0 3.58 x 1077
204.4 0.54 9.00 x 107 2.51
204.7 2.21 1.56 x 107, 4.36
204.3 4.27 2.17 x 107, 6.06
204.0 9.45 3.00 x 10 8.38
803 105.3 0 8.33 x 1077 '
. 105.5 0.27 2.80 x 107 3.36
06.0 0.92 4.50 x 107> 5.40
Qi:e.s - 4.27 1.00 x 10 12.0
- 6.2 0 6.17 x 10
205.1 0.27 1.20 x 10, 1.94
205.5 0.92 1.92 x 10 5 3.11
. 205.7 4.27 5.00 x 1074 8.10
819 106.5 0 1.21 x 102
106.0 0.92 8.33 x 10, 6.88
106.0 1.71 1.00 x 1075 8.26
106.0 2.68 1.20 x 10 9.92
106 4 4.71 1.75 x 10 14.5



Figure 23 - Arrheniu? Plot for Propylene
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methane, ethane and propyiene wefe‘@easured,. Examples ' | ;
for_the yield-time plots and the cofbesponding plot of
[(VO)N/VO] -1 versus [neo- C H 2]/[C 2'at B03 K are . i v
shown in Figures 4‘and 20.C, respectively At this high
temperature, occurrence of the secondary reactions in the -
ethylene pyroly51s makes the determlnatlon of the 1n1t1a1

rates of products rather difficult, _ However, yleld—

tlme plots glven in Appendix B show that, at lower tem-

peratures than'thls, much Better identification of the

initial rates is possible for all products. Experimental .
. : ' . e . « i

-

initial rate data are given in Table 17. The increases i
observed in the initial rates of l-butene formation in the i

presence of neopentane are comparable to other products.

* In mixtures containing more than 4% neopentane, l-butene

. gave similar results £o:that of propylene. The ratios of

kN/kl at four temperatures are presented in Tabld 14. The .

Arrhenius plot of this data is givén' in Figure 25. Then, -
. ‘ ‘ ‘ -

the expression for }cN/kl is calculated as:

[}

. ‘ kN -1, _ 19200 : ;
. | Log F]T {mol L ) =5,90 :?_::'TRI'— ) (33) ,
v) Butadiene o ' \““ath !

» . | . g |

The Eégguct'butadiene was measured at the two highest
tempefatures‘ 803 and 819 K. At other temperatures the data -

was too scatﬁered for a good measurement of the initial



Figure 24

A.

- Yield-Time ?iotsffbr 1-Butene

0 105,3 .torr

- ® 105.5 torr
A 106.0 torr

A’106.5 torr

0 20632 torr
® 20571 torr

A 205.5 torr

A 205.7 torr

++ +

torr

torr

torr -

torr
torr

torr

803. K

neo-C.H
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Table 17-

RATES OF -‘FORMATION OF 1-BUTENE

[C2H4]/torf | [neo~C.H, ,1/%

Initial rate of

e e Lt T i

1

106.4

T/K : formation/torr s (Vb)N/(Vb)
= 1
748 201.6 0 4.16 x 107¢
. 201.6 0.40 7.94 x 1078 1.91
201.4 2.10 - 1.37 %10 3.29
777 204.0 0 ©8.33 x 10%
204.4 0.54 194 x 1077 2,32
204.7 12,21 3.56 x 102 4.27
204.3 4.27 14,50 x 102 5.40
204.0 9.25 6.35 x-10 7.62
803 105.3" o - 5,00 x 107¢
: 105.5 0.27 1.47 x 102 2.94
106.0 0.92 2.34 x 1027 1.68
106.5 - 4,21 - 4.83 x 107 9.66
206.2 0 1.67 x 10
205.1 0.27 3.58 x 1027 2.14
205.5 1 . 0.92 5.25 x 107, 3.14
205.7 . 4.27 1.21 x 10 7.25
819 106.5 0 7.00 x 107
106.0 0.92 4.17 x 10] 5.96
] *106.0 1.71 5.00 x 1072 7.14
-106.0 2.68 6.00 x 10_7 8.57
4.71 8.00 x 10 11.4
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rate. . The values of i3itial rates in the presence and

absence of neopeptane‘aré given in Table 18. Yield-time ' 1
plots at 803 and 819 K are presented in Appendix B.
From this data,'the ratios &6f the initiation rate constants

ﬁﬁ/kl.are calculated as below:

lk i
EE/mol Lpll

T/K 1 : .

803 4.93 -

819 . . 5.87

These two ratios are not enough to obtain an exprggsion for

-

kN/kl by the use of an Arrhenius plot, but they are com-

parablefto'thé results obtained from other products at ' |

803 and 819 K.

Table 18 ‘
EFFECT OF NEOPENTANE ON- THE "J‘ZNITIAL
- RATES OF FORMATION OF BUTADIENE.

: ‘ Initial rate of -1 '
T/K [C2H4]/torrr ‘[neorCSlel/% fonnation/tqrr.s (Vb)N/(VO)

803 105.3 0 2,17 x 100
105.5 021 4.75 x 10_¢ 2.19
106.0 - - 0.92 4 1.11 x 10, 5.12
106.5 . 4.27 2.55 x 10 1.8
206.2 .0 7.66 x 1077 ‘
205.1 0.27 1.25 x 102 1.63
205.5 0.92 2.05 x 107 2.68
205.7 4.2 5.83 x 10 7.61

819 . 106.5 0 4.50 x 1070 |

©106.0 0.92 2.67 x 10 5,93

106.0 1.71 2.92 x 10_; 6.48
106.0 2.68 4.00 x 102 8.89
106. 4 4.71 5.92 x 10 13.2
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4, Pyrolysis of Purified Ethylene

Purified ethylene pyrolyses were perfbrmed at three

*

temperatures, 748, 766 and 793 K. At 748 K, the_ethylené

pressure was 200 torr while ;E:WEG and 793 K, 100 torr ethy-

lene was studied. Also, a\ﬁixture containing'l%'neopenﬁane
was prepared using purified ethylene and its pyrolfsis was
examined at these temberatunes. Produéts methané, ethane,:
propylene and l-butene were analyzed. The initiai rates
of.formation of these products from pyrolyses of the )
purified ethylene in the presence and absence of neopentane
are presented in Table 19, These results may be compared
witﬁ results of pyrolyseé of the unpufified~ethylene at 766
and 748 K. ‘Pyrglysis of the unpurified ethyiehe;wés not
| studied at 793 K.

At 745 and 766 K, the purification of ethyléne
causéd almost no change in the initial rates of formation
of these.products. Thislresult is illustrated in the yield-
time plots of methane,,ethane-aﬁd.propylene in Figure 26.
The' yields of methane.énd propylené are the same within
expe?imental error at éach reaction time. The difference
in the yields of ethan; corresponds to the‘presénce of the
ethane impurity. Aléo'shown in Pigure 26 is the effect of
1% neopentane addition on the initial.rate of formation of

products., Becausé‘it;gives.only one value for ratios of

L] ) . ) ’ )
the initial rates, the best way.of observing its effect is

Ly

{
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Yield-Time Plots for A: Methane, B: Ethane
and C: Propylene from R*IifiEd Ethylene at

766 K

o e

104.3 torr purified ethylene
104.4 torr purified ethylene + 1.04% neo—C5H12
104.4 torr unpurified ethylene
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hY

the use of this data in plots of [(VO)N/Vo]z—l versus

2 . L s
[neo—C5H12]/[C2q4]Y obtained -from the unpqE%fled etﬁylene
mixture pyrolysis. -Figure 27 shows these plots for methane,
ethane and propylene at 766 K, including the data from both
purified and unpurified ethylene experiments. The first and

third points on these graphs are the results of the unpurified

..
N

ethylene mixtures containing 0.4 and 1.7% neopentane, res-
peétively. The results at 748 K are shown in similar plots
in Appendix B. It is seen from.fhese graphs that there is
no difference between ﬁhe ratio of rate constants obtained
from purified or unpurified ethylene reactions.

The exgerimentg made with the purified ethylene
therefore give resqits identical with those obtained using
research grade eth&lene without purification. . They also
illustrate the conSistency of the kinéticlmethod and the
accuracy of the tgchnidue used for the determination of the

initial rates of product formations.

5. Determination of the Initiation Rate Constan kl

‘.:;The Arrhenius parameters for theifatio of initiation
rate constantsg kN/kl were obtained from the formation of
each prqduct ahd were reported in Seqtion 3. Thé rate
constant for the initiation step of the neopentane pyro-
lysisBl is given below.

82000

2.3RT (34)

. Log kN(s_l) = 16.8 -



& | 122"

Figure 27 - Plots of [(VU)N/VO]Z_l Versus ﬂneo—CSlel/
[C2H4]2,for A: Methane, B: Ethane and C:
Propylene at 766 K 1 ‘ '

® 100 torr‘purified CZH4
0 100 torr\gapurified C2H4
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, When this value is combined WIth equatlons (30), (31),
.J32) and.(33), whlch are the expre551ons for the ratio of
rate-constants kN/kl obtained from each product,~the

. B )
following expressions are calculated “or 'the bimolecular

-

' initiation rate -constant of~etﬁylene: - o
+ - J -
Log KR mel ™ s7h) = 11,38 - S0 (Methane)
o L -1 -1, _ 7 67800 . o :
Log kI(L mol T s ) = 12.28 - > 3T : (EthapE)
-1 -1 T 62700 -
Loglcl(L mol ~ s ) = 10,78 5 3P . _ (Propylene?
. N -
. i o s " ‘ ’ . .
- R N _ 62800 - o F o
Ioglcl(L mol — s ) = 10.90 33T . - (1-Butene) .
o o~

The-average rate constant is obtained as described earlier,
N )

" by averagihg the Arrhenius parameters obtained from each

prdﬁuct, and is glven below. The_error limits'are the cal-

e .

culated standara dev1atlons.

 logig (Lol s7h) = 11,34 - gasne . (35)
£ . . " T ] ~

The values of the ArrHEnius parameters of this rate.

constant will be dlscussed later, .in Chapter V together

“with results from other mlxture experlments. ‘- [y

- _ ‘ /7
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6. Measurements w1th Mlxtures of Neopentane > 4%
‘. . ~

) In the pyrol?sis of‘mixtures containiné more than

4% neopentane the constant ratlos of products observed at
lower concentratlons of neopentane were no longer malntalned
Ylelds -of methane and ethane were enhanced relative to those
of propylene and l-bitene. 1In pther words, saturated pro-
ducts hecame relat%vely'more_import nt 'lelunsaturated

L]

products propylene'and,l—butene became less 1mportant

The change in the ratios of products suggests that neopentane"

¥
may have entered into the propagatlon reactions of the

ethylene pyroly51s. Methane and ethane are the main products
that form by abstraction reactions in the pyrolysis of ethy—'
lene, whereas. propylene and l-butene formatlon result mostly
T

from addltron dhd decomposition processes.

~
In thlS case, the ipcrease in the formation of

methane”and ‘ethane may be attributed to the reactions of.

methyl and ethyl radicals with neopentane, in competitiohe?

with reactioh with‘bthylene. The formation of_prodqcts o

methane and ethaghe may come from two reactions:

) cn3 + c2H4 - CH4 + 02H3 (3§_)

. l ' ' R - ’
and CHy + meo-CgH,, "> CH, + CH,C(CH,), -G &

| . i .

o?_Hs + C2H4.. -+ C2H6 + C2H.3 .(38)

s
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and - - CyHg +;neoiC

-

12 * GCoHg ¥ CHZC(§H3)3 {39)

.-

5

v -

‘As the 'methyl and ethyi radiqals react w&%h neopentane,
- the pdrtion of these radicals that undergo'additioﬁ. "
reactions with‘ethylené, and then eventually produce pro-
: ﬁylene and 1:buténe, decreases correspondinély.. Hence,thé'h
observed "decreases in the formation of these two products
‘afe'not unexpected. M

M If‘on}y methane is coﬁéideréd, because the treatmént
:is similar fof ethane, the initial rate of férmation of this
bfodu?t in the absence of neopentéhe can be Qritten as:

R2H4 = k36[CH3]°FCjH4] B _ | (40)

.In the’presence of neopentane, more than abéut 4%,fthe r§£Q?

expfession should also include the reaction (37):

N _ N, . TN

RCH4 —\k36[CH3] [Q%H4} + k37(CH;]1 " [neo-CgH, 4] (41)
Here RZ ' RN refer to the rate of formatioh T

CH,' "CH, "~ - , X )

and [Cﬁ3]°, [CH3jN‘refer,to the concentration of methyl

radicals in the absence and presence of neopentane, res-
! _ _

pectively. . _ .
= “ ,
If Ri and (Ri)N present the rate of initiation of
ethylene and neopentane sho@n below,

L Y
-
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2C H -+ C2H5 + C2H3 : (1)

g neo-nglz- -> C$3 + C(CH3)3- o (N)

and ki is the terminati'on rate constant, the total radical
. 1172 _ .
[(Ri + (Ri)N)/kt] .in the presence pf neopentane. The

. * ?
concentration of methyl radicals in ethylene alone may be

In the presence of neopentahe, the total radical concen-
tration is .increased and the concentration of‘methyi

radicals may beféimilarly expressed:’
R. + (Ri)

N 1
[CH,]1" = £'[
3 ke

Ny 1/2 (43)

This expression assumed thét the rate constants for any new
propagation reactions are not significantly different in
.

.the new system and the main termination reaction is not

changed. The ratio of rates from equétions-(40) and (41)‘is

RN : N oo .

CH4‘ [CH3] : k37 [neo-CSle]

S = S {1+ i CH T } (44)
RCH4 [CH,]1 % L 274 K

N

concentration is (Ri/kt)l/2 in ethylene alone, and : T

written as a fraction, f, of the total radical concentration.

Kl
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From (42) and (43) , thé_ratio of concentration of

3

CH, may be ﬁrittgn as:

. N e L
(CH1” g Rt Ridyrgz o
[CH,41° £ Ry o - \\
R - '
. £ i'N,1/2
- [1 + T] S

b .

Then, equatior (44) may be expressed as following:

N } .
R _
CH, £ (Ri)N 1/2 k37 [neo C5H12]
= =— [1 + ——] {1 + ] (45)
54 £ Ry kyg  [CoH,T
CH4
L}
(R.) (V,) . _
Since (1 + ——%—H]l/z = —VQ—E under conditions where the only
i, 0 :

effect of neopentane is the addition of -a new initiation

stép,
& . . . . )
CH4 g (VO)N k37 [neo—Csle]
o~ w1 [ +g o, (46)
BCH : 0 + 36 274

4 L :

\

[} .

If it is further assumed that, f and £' are, to a first

approximation, the same fraction, then,

. »
CH, _ (VO)N k37 [neo-C.H,,]
o -7V (1 +5 C.H (47)
R 0 36  [CoHyld
CH,
Y
» ~ )
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\The-assumptions-involéed in the derivation pf this expression
will not-be seriously in error if the.conCentration of neé—
pen%age is not too high. The regﬁlts used to test equation
(47).were obtained with mixtures in the range 4-9% neo-
pentghe. - ‘
e rate of formétion,of ethane in the, presence and

absence of neopentane may be expressed by a similar equation,

involving the ratio of rate constants k39/k38 for the ana-

logous abstraction reactions of the ethyl radical, equations

(39) and (38). ' ) ' *
The value of _(VO)N/V0 for each product was taken

1

from méasurements-of the product.itself and-was obtained by
extrapolation of‘lhe initial slope of plots suﬁh as illus;
trated in Figure 19 to the apprppriate ratio of neopentane
to ethylene.L\Eigié 20 presents the values of the ratios
of‘réte constants k37/k36 and kjq9/kqg for‘methaﬁe and ethane;
respectivély.x

Because of the limited number of‘éxberimeﬁtstoﬁ‘
mixtures containing larger pressures of neopéntane, these
Qalués are not sufficient to allow a direct detérmination

-

of an Arrhenius expression for the ratio of rate constants

-

k37/k36 and k39/k38' A qualitative explanation for the |
ratio of these rate constants can be given in the following
‘way. The rate constant expressions for reactions (36) and

(37) are

/’;/’ﬁ

e
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-

E

_ _ Bz ‘

Log k3g = Lo9 Byg = 373RT - '
: . E__ "
109 kyo = LOG A, - m—oie
37 9 f37 T 703RT

Then,.the ratioc of these rate constants may be expressed

¥

as:

X A (Eqm=E..)

37 37 377536 .

Log — = Log - : , (48)
k36 B3 2.3RT '

- The abstraétion reaction of methyl radicals with neopentane
has been studied by several workers and the raterconstant

of this reaction in a large temperature range is now
80,84,86,88,97

known « In genéral, the frequency factor for

reactions of methyl madicals with-organic molecules are -
all very similar and have values close to 10°*° 98_102.

Therefore, assuming equal vaﬁyes of the frequency factors ,
in equation (48), the ratio o rate c_onsj:ants‘ k37/k36 will

depend primarilx on the diffePence of activatioﬁ-energies,
E37_E36' Resulﬁs of the present experiments show that

{Table 20), the difference in activation energies of reactions

1

(37 and (36), E37_E36' is between 3 'and 4 kcal mol ~. The

ratio k3§/k39 for the ethyl radical would be expected to be
similar to that for the methyl radical. It should be noted

‘ - :
that if £' > £, as might be expected, a lower value of
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]%7;G%6 would be obtained, indicating a sma;ler_difference d
between the activation energies. The diffé%ence in
.activatiqn energy of reactions_(37) and (36) will be
closely related to the difference in C-H bond dissociation
'energy between ethylene and neopentaqe since éhe same
radicél, methyl, reacts with these two compoqnds forming
the same‘pfoduct, methane, in each cése. The value of
E37_E36 indicates that there isloﬁly 344 kcél mc)l_l
difference between the C-H bond dissociation energies of °

ethylene and neopentane.* A value for BDE in (C5 -H) of

| Hyy
99.3 ¢ 1 kcal mol_l was reported for neopehtane43. The

results of this study therefore suggest qualitatively that
the C-H bond dissociation energy in ethylene is not more
than a few kcal rnol-'l larger than that of in neopentane,

L 4

and is in agreement with the value of about 103 kcal mol_l

obtained from the present research.

B. ADDITIONS OF ETHANE

Pyrolysis of ethylene in the presence of émall
quantities of ethane was made at four temperatures. The
‘pressure of ethane used in these exberiments was som;;hat
higher than éhe otﬁer additivegi ?In most casés, the ratio

of ethane was 2.85% but at 777 K, an additional mixture of

7.65% ethane was studied.

* The reverse reactions are assumed to have identical
activation energies,

-
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1. gx;olysis of Ethane

Pyrolysis of ethane has been studied extensively

-

and the mechanism of its decomposition is now well under-

stood. ‘The.reaction was shown to ocz:iﬂiiggbt entirely
by a free-radical mechanism103. Thetmal- decomposition “of

ethane starts with the unimolecular dissociation of ethane
+ D

-

CoHg =+ CHy + CHy (E)

This initiation process is followed by the reaction of

methyl radical with ethane

+ CH, + C.H. ©“

CH 6 4 2Hsg

+ C,H

3 2

This is the only reaction leading to formation of methane,

therefore, it isydirectly related to the initiation process.

Lin and Back104'105‘

over a range of pressure and temperature and showed that the

first-order. rate constant for the initiation reaction: is

pressure-dependent. This was also observéd_by Trepwith106

's .
and later confirmed by Clark and Quinn107. The chain-

propagating steps are:

C2H5 -+ .C2H4 + H

H + CyHe =+ . H, + C,H

: /
studied the kinetics of methane formation
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Since tﬁé éthyl radical has the highest concentration, the

chain terminating step is

2C,H. + C,H + C,H

25 gHg and Cpllg + CoH,
. . / ‘
-The studies of the effect oflsurfacel(m'llo led to the

conclusion that tﬁi-iﬁitiation step 1is largely hqmogeneopsq
Pratt and Rogerslll amined the dissociation of ethane in
é wall-less reactor ‘and -obtained results that agreed with
the reaction mechanism and rate conétanté suggested from
stuéies in conventional reactors. The thermadl dissociation
of ethane has recently been re-examined by Trenwith109 and‘
the initiation rate constant was détermined‘from rates of
meéhane formation. Table 21 presents the Arrhenius para-

meters for the rate constant of initiation reaction obtained

by several workfiiF

Table 21

ARRHENIUS PARAMETERS OF.THE RATE CONSTANT FOR
) THE INITIATION STEP IN THE PYROLYSJ,S OF ETHANE
Egg‘a/s-l E/kcal mol ©  « Temperature range/K ‘Reference
16.00 *0.066 86.00 *0.37 823- 893 104
16.130+0,082 86,735%0.313 : 778—- 878 107
16,90 89.500 1000-1500 108
16,72 30,17 88.850+0.68 - - 840- 913" . 109

In the following calculations, the rate constant’

used for the initfation step of the ethane pyrolysis is the {

L] .

-
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value recommended by Trenwithlqg. The result of his work

"is consistent with current thefmochemical data for reaction
"(B) and there is also satisfactory agreemdnt between
experimentally determined rate constants for the recom-

112,113 and’ calculated values

bination of methyl.radicals
obtained using the Arrhenius equation determined by Trenwith

for .the initiation step of the ethane pyrolysis.

2. Determination of the Initiation Rate Constant, Kl

“ , )
The initial rates of formation of three products,

methane, propylene and l—butené were méasured in the presence
and.absence of ethane. By anaiogy with the ethylene-
neopénéane system, it was assumed-that with the concentration
lof ethane used in the experiméﬁts, 2.85%, abstraction

* reactions from étﬁane wou}d not be impo;&ant, and the only
~effect of the ethane was £hé addition of a new initiation
process. Also byncomparison with the previous systems, it
was concluded that the unimolecular ‘dissociatioﬁ 6£ ethane

L3

should be the only important additional initiation process:

JHe +  2CH - (E)

_ the.ra£io of rates in the presence aqq absence of ethane

could therefore be represented by the foliowing equation:

(v)) - k_[c.
* ©'p . _ KglCoHgl 1,9
e Y
‘e . 0 kl[C2H4]

(491
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where (V,), refers to the initial rate of product formation
in the presence of the additive ethane, kE-presents the

rate constant for the initiation step of the pyrolysis of

o

eiﬁane. | ~
- ‘ The initial rates of product formation in the

presence and absence of ethane are presented in Table 22,

As a result of the.high actlvation energy for the dis- .
sociation of ethane, the increase obeerved in the rate of

_prcduct formatlon was very snall. The ratio of rate constants
kE/k was calculated from. equatlon (49) Since the presence
of 7.65% ethane would probably affect the propaéation
reactions', its results were-not included in the calculation

of kE7k' Arrhenius plots cf k /kl obtained from ratios
of formation of methane, propylene and l-butene are shown

in Flgure 28, From these data, the follow1ng expre551ons

were obtained for the ratio of rate constants k /k

&

-l _ 4 28500 ' (Methane)
1og EI'(mOl L7 = 7700 AR (50)
kg -1, _ 18700 (Propylene)
Iog & mol 17 = 4.26 - 37 ) et
kg -1 22800 (1-Butene)
log Y (mol 1.7} = 5.46 - T o

Then, using the rate constant expression obtained by Tren-

t
with109 for ‘the dissociation of-ethane

@



Table 22
morbnmmm'mmwmmwwpm ‘

~d

-  Dnitialrateor ) - kg oo
/K [C2H4]/torr‘ [CZHGI/% fomtiayhorr s (VOJENO kl ‘
777 METHRE .

' 204.3 0 3.96 x 107
241 285 500+ 1078 ©1.26 0.087.
204.3 7.65 1.0 x 10 _ 2.53 .
PROPYLENE | ’ p
204.3 0 37 x w3 6
204.1 &85 3.96 x 1000 1.25 0.083
204.3 - 7.65° 5.00 x 10 1.58
, 1-BUPRE . ]
204.3 0 s.50x107°8 - -
204.1 2.85 1.23 x 103 1.29 0.098
204.3 7.65 .  1.64 x 10 1.73 :
788 o METHANE ' i
13 ~
105.5 0 1.54 x 10:2 , :
105.4 2.85 2.58 x 10 1.68 0:136
: PROPYLENE' ' .
105.5. 0 s.33x1078
105.4  °. 2.85 8.75 x 10 54 0.129
1-BUTENE ' : (
105.5 0 2.30 x 2078
105.4 2.85 4.03 x 10 1.75 0.156
804 L o EmHAE S
- 106.0 0 B3 5 1076 K
106.1 2.85 4,58 x 10 1,97 0.212
’ _ . PROPYLENE . ’
106.0 0. 5.83 x 1075
106.1 2,85 1.08 x 10 .85  0.180
’ 1-BUTENE ’
106.0 0 3.67 x 10:2
106.0 2.85 - 7.17 x 10 1.95 ° 0.208
819 : METHANE - ' 1
106.5  -* o0 *3.33 x 1078 A
- 106.6 2.85 6.67 x 10 .2.00 0.221
' PRCPYLENE
- 1065 g 6.6 x 1078
. 106.0 285 . 1.17 x 10” 176 0.153
: 1-BUTENE '
106.5 .17 x108 -

. .
106.0 ﬂ.es 750 x 1078 1.99 0.217

-
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‘produé

(88850 680) (53)

tog k(s = (16.72 2 0.17) - oy g
the Arrhenius expressions for the rate constant- ¢f the
initiation step of ethylene are calculated as: )
-1 -1, _ _ 60400 -
' L -1 =1, _ 70200 e
169 k, (L M) = 12.46 - 220 (Propylene)
: -1 -1, _ %4 oe _ 66100 -
Log kl(I.ool s ) = 11.26 - 5555 (1 Butene)

" The average rate constant is obtained by averaging.
the Arrhenius parametere.obtained from the three produets,_
as shown below:

1 -1 " 65600

‘Iog ky(Lmol ™~ s7) = 11.15 - s . (54)

Lan)
)

This expre551on has a larger uncertalnty than the :
other rate constants obtained in this work from the 1-butene

and neopentane addltlons, because the scatter in the data
L}

is larger.  This islmostly due to the limited number of

experlments and to the small 1ncrease in rate observed. In

order ti observe an increase in the initial rates of "the

1tgwas necessary to prepare the mixture using a

larger concentratlon of ethane, 2. 85%. Oon the other hanclL

T P

4
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it was judged by analogy with_neopentane‘thét.at concen-
trationf 'greater than abput 4%, ethane would probahly enter
into propagation reactions. The useful range for ethane
additions was therefore'limited. 'Thus, it cannot be given |
the same weight as the values obtained from the other additives.
Neverthelees} it provides useful confirmation of the -other
values reported in this research. ‘ A \
It should be pointed out that in tables of Chapters
III and IV where the yields of products are listed, the pres-
sures of ethylene quoted represent the-totel pfessures of the
respective‘mixtures. In the experiments with'the eddition of
l-butene it was reasGnablg pot to make any corrections for
the pressures of l-butene/present because these amounts were
too small to cause any change in the values of_the ratio ,
kB/kl. In-the.caee of the additives nebpentene and ethane, <;\

‘neglect of this correction introduces an error in the value
o

of ka/ki,eﬁ not more than 5% for most '‘of the measurements’ 4
and between 5 and 10% only in a few cases. The extent of the
correction depends on-the préssures of addltlve used at each
temperature and the ‘order of the rate of formatlon of a product.
Thls.unee;talnty in ka/k causes almosf no change ‘in the-value
of the activation energy obtained from the mixture experiments
and increases the value of the frequency factor by a maximum

of 10%. It will be seen in the following chapter that this

error is not important in the final expression derived -for

1. This . corregtion is atsu, not very significant in’ the values

the results of the additiohs
because these ratips are calqulated by subtractlon of two

eopentane

reported in_ Table 20 for the| ratios of the rate constants from
igher pressures ofiqS

‘values of(v) /V obtalned at the same % mlxture of neopentane
and. the conclusxon of Sectlon IV-6 is therefore not affected.

ey

T b Se ERC b b e
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. expressions obtalned fpom the ethylene+l- butene, ethylene+

. CHAPTER. V

EVALUATION OF THE RESULTS

1. Arrhenius Parameters for the Initiation Rate
Constant of the Ethylene Pyrolysis

'y - | .
: ] ¢ .- R
So far, the results-of the ethylene pyrolysis -

' " £ . " - )
experimentslln the presence and absence of an additive

have been presented For convenience, the Arrhenlus . :

neopentane and ethylene+ethane studies for the 1n1t1at10n

.

process of the ethylene pyroly51s are given below:

1-1, %, 63800

i
. = o _ : . c |
Log kl(L mol “s ) = 11.19 538D from C2H4+1-C4H8 (27) ) }—
o -l-1 -~ 64500/[( . 5
Log kl(L mol s 7) = 11.34 = 5—mr frrom C H4+necy-C5Hl2 (3?) ;
. i
' -1 -1, _ 11 ;e _ 65600 L . ' ‘
1og k}(L ml s 7) = 11.15 2.38T from C H +CoHe e {54) .
These Qalues?were calculated by averaging the results
f#ptained from all the products in a particular pyrolysis -
. system. . .
; - .
" A statistical treatment of the random errors does
not include all the errors in the present type of measure- C
ments. Systematié errors eﬁe usually very important in
kinetic measurements, Some of these sources of errors will S

-

of error involved in obtaining fhe value for El. The first:

S N v b r
. . .
- . - Lt
- .
N

be dlscussed in the follow1ng paragraphs.

In each pyroly51s system, there ‘are two main'source? . *

[

-
S
h
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includes all the errors of measurement in the pfegent
experiments and the oéher'includes the érrofé in the rate
constant for dissociation of the additive. ®stimation of
sthg"limiésrof the latter errors is difficult and ipﬁolves
a study of the methods used in measurement and compérison
of the various valﬁes réported. biscussions of the choice
of réte constants for the disédciation of each additiﬁe

were given before in related sections. After the discussion

of the experimental errors in the present investigation,

- some approximate error Eiﬂits will be suggested for the™

Arrhenius péramét?rs of kl'which will Anclule all possible

errors in its determination.

The experimental&errors in the detprmination of
the initial rates originz&s,directl
measurements. This may 8iffer a

product but in geheral, the ¢

from the yield-time
ttle from produot to:

or in the initial -rate .
determinétions was aboutllgit .This hﬁmber may be slighpi;\\”
‘larger ‘@t the highest ahd'iowes% temperatures, because the
linear portion of the yield-time cﬁrves are shortpf-at ﬁﬂgh.

temperatures due to the early start offsecondary reactions,

and the- yields of products are too small and difficult to

measurf at the lowest temperatures. In, these cases, up to

u

20% e of‘may sometimes occur. Thelpresence of an‘additive
» e , /
‘does not particularly change thezg\error limits, except  at

By

* L] ) -L- " » . = s 03
lower,temperatpres, it may red9 e the error in initial rate

determinations by inereasing the yields of products.” Since

ML g

e ——— i
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" lysis of‘ethylene;

142 : o .

the initidi/iate ratios, (Qb)a/vo, are squared for the
detefhination of the ratio of rate constants, theferror is -
oorrespondlngly increased by this procedure. HoweVer, .
this dlfflculty is overcome by 1ntroduc;ng a large number
of data to the plots of [&;Eyaddltlve/voJ -1 versus
{additivel/[C,H ]2 Therefore, aithough each datum point
was posglbly including more than 10% error, the final
average error in the value of the ratio of rate constants
was not that high.' In most cases, the error in each value
of k /k was about 5% or less. ‘ .
Slnce for each . ethylene+add1t1ve system, a va&ue
for kllwas obtained from each product analyzed, the advan-
tage of averaging these values is huite important. . Also,
the fact that these averaged rate constants were determlned
by usrng three different addltlves makes -the final rate
_ constant expre551on for the initiation, step ‘of the pyrolysis
of ethylene, Wthh will be.given below, even more rellable.
When all the errors dlscussed in this section are
considered;-the ﬁollowing Arrhenius exnression is suégested

3 . o .
. for the -rate.constant of the initiation step in the pyro-

r J . -

Tog ky @ mol"ls"l) = (3272 0.6) ¢ L (64200 £ 20000 (5)

The standard dev1at10n An the actlvatlon enexrgy
obtained. by averaglng the actlvatlon energies presented in

equations~(27),,(35) and-(54) LS~ sllghtlyqipaller than the

T ‘_' L.

'
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e n e e bt F o <
.
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‘error shown in eéuation {55). It is felt that this error

‘repieSents a reasonable estimate of the overall accuracy

-

-

.of the result. ‘ .
Since the results from C2H4+1 C4H8 and C2H4+neo C5H12
systems had less uncertainty than that of C2H4+C2H6 system

because of the reasons dlscussed in Chaptef Iv. B, meE\

&

weight was given.to the rate constants obtalned from the

former systems. Hence, the actlvatlon energy in equatlon (55)"

-

was obtained by averagln\*the actlvatlon energles of the rate
constant expre551qns.(21) and (35). The error limits were
assigﬁed such that they would cover easily the value of the

activation energy from the expression (54)., Error limits

- —

for the ave £ equency factor were calcuiated from the .

- .9 ' . s .
range of the gctlva ion energy when the assigned error limits
were' taken “into consfideration.

’A value may b éalculated for the frequency factor

of the initiation of the ethylene pyrolysis

. 2C,H, - C2H5+§2H3 B (D),

from the entropy change of the reaction,

= B as®
A

: by = T 486)
o IR TR ﬁ

,
!
]
|
)
3
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assuming a value for the frequency factor for the reverse

reactlon, which is the dlsproportlonatlon of the vinyl and
i
ethyl radlcals. “A value of 0.03 has been reported for the

ratio of rate constants of disproportionation to combi- H;}

nation, kd/kzbffor ethyl+vinyl radicalsllq. Almost all

other dispro ortionatién/combination_ratios involving the
!
‘transfer of a hydrogen atom from the ethyl radical are

1arger}15

and it is probable.t t the ratio for ethyi+viny1
is greater than 0.03.7 The acciZE&d value or kd/kc'for ‘ o
ethyl+ethyl combination is 0.14100.' In‘general, the retio‘ ‘ |
of kg/ke involvipg the ethyi-radical in combination with . e
'eaturated.radicals_is larger than;}n combination w Ph

unsaturated radicals. The number of data for kd/kclis very

limited for. the reéctions involving the vinyl radicals. For

'vinyl+vinyl reagttion, the reported values of kd/k re
l.lllseénd . lli//,A value of 0.5 was calculated from the

data of L Yy and Tlcknerlla; The range of uneertaln:y/:gn-h

too largéﬁiz be able to reach a conclusion about the.
behaviour of the vinyl radical. Therefore, for the'reaction.
of the erhy1+vinyl radicals, it seems reasonable to:choose'

kg/kg = 0.1. e
Since the rate constant. for comﬁinatioh of:an ethyl

and v1ny1‘?adlcal is probably 51m11ar to the rate constant

9 . . -&
for com?lnatlon of two ethyl radlcals, 1 x 10 Q L mol -1

-1 1194120

[l

, the value of k_; ean be-calculated from

H

~J
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'equation (56) assuming that the frequency factor for'
reverse of reaction (1) is equal to kq- Necessary data.:

for standard entropy for'reaction (1) is given in Table 23.

Table 23

THERMOCHEMICAL DATA FOR REACT;Qi(:i)* ‘

o R E C;/cal mo1”% ™1
S3pp/cal mol T K 300K S00K
C,H, . 52.4 10.3 20,0
e . . . - .
C,H, 56.3 - 9.7 ) 16.8
C,H, 59.0 1.1 22.2

-

* values taken froﬂ References 30 and 33.

The Qalue-of As° for reaction (1) at 298 K is 10.5. Because

most of the s;ddies'for the determination of kd/ké are made
L 4 - - .

.at low temperatutes no temperattire correction was made to,

as®

(298 K)a L 5

L Tak'gg the v:&llués Akd/kc = 0.1 and 'kc =1 x 101(_)'L _
ﬁql_l s_l, the value of log A’was calculated'asrll.B frt:»fﬁ/>
the eguation (56). Thé; value is in excelient agreem%pt .
with the freqﬁenci factot;obtained frém thé'present stuay .

. . . < 114
for reaction (1). James and Troughton

's value for l _
kd/ggl 0.03, is.probably not very acé&rate due to the limited

number of experimental data. However, .even if kd/kc is‘téken

as 0.03, the value of log hl,does not,c&?nge:drastipally and

10,8 is obtained in this case. This number is probably withi

the error limits of these. calculations.
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2. ﬁechanigm of the Initiatioh Process
3 — - - ;

It has been.well established that the initiation
',step of ‘the ethylene pyrolysis is bimolecular. The rate

constant which has beén measuf@d in the present study
. . \ - .

refers to a bimolecular redction of etﬁylgné without

specifying the products of the reaction, except that ' ' !
a - y '

. radicals are prﬁduced. -Reaction (15 designates the simplest

~

course of such:a reaction.
. 2C,H, . > CyHg + CoH, SRR 3
’ i
and tﬁglmeasureﬁ¢activation energy and frequency factor l
are in good agreement with the~%hermochemical data of the ' o _"

species involved. Other mechanisms‘should, however, .be

considered.

Experimental observations of tPe low activation ] (/;j:-
energy. and high orders of the raﬁeé%ﬁ? formation of products -

'w\efring the pyrolysis of ethylene at about 800 K exclude the

(9
o

possibility ofJunimolecular.initiation processes. Uni-

molecular dissociatibn reactions (57) and (58)
oHy * CpHy +H (57‘) AN

,.LA | o Caflg m CoHy t H ’ L TN
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were observed to occur in the high temperature pyroly31s

of ethylene at about 1200 K,- with activation energles of

98.2 .and 79.3 kcal mol l, respectlvelyzs. Decomp051tlon

of ethylene to acetylene and hydrogen by a molecular . N
; .
process, reactlon (58), does neot occur at low temperatures -

: _ ]

because the‘formation of‘products suggest-that'radlcal

reactiops are involved at theSe temperatures.. Formjfaon

_of two methylene, radicals .

CpHy =+ 2CH; | . 59)- .

. ety

is very unlikely since it lnvolves the breakage of the’ .

———

ethylene. double bond. The endothermicity of reaction (59)

is calculated as 173.5 kcal molml by taking 93 kcal mol™t

for the heat of formatlon of the methylene radlca1121'122.

Blmolecular 1n1t1atlon of ethylene may occur by

.several reactions. Formatlon of ethane and -acetylene by
a molecular process

. . ‘ [
' ~ 60
. ] 2c2H4 > CpHg + 92%2 {60)

is rejected hecau%e it does not preduce radicals. ' Expe- 'h ' . .
: Mo * ) - s

riments with mixtures of deuterated ahd normal ethylene16
helped to rule out the possibility: of thls reactlon.
Reaction (61) leadlng to the formatlon of '1- butene through

an intermediate
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. *
2C,H + C,H + 1-C,H

CaHy aM'g 4Hg (61)

is alsq-a molecular process. The formation of l-butene

by Halstead andeuinn15 as the primary initiation leading !
to the“formation of all the.other products. However, Slmon

: D
and Badk} concluded that thlS beﬁhv1ou§ “of \l-butene was
. \'\
1mportant only at hlgher temperatures and low’ ‘pressures.

. In fact, whether the reactlon (61) is the main 1n1t1atlon

process 1§ very dlfflcult to resolve since very small
amounts of l-butene could 1n1t1ate.the formation of radicals

in the system. 1In the present experiments, two observations

indicate that this mechanism is not important at temperatures

~

\

below 820 K and pressures'above 100 torr; It was obsetved
that l-butene is not - the only prlmary product of the
pyroly51s of ethylene, Examples of the yleld time plots
given in Chapters III and Iv ‘'show that methane, ethane and .
propylene are also prlmary in character Furthermore’,

the experlments performed 1n the ethylene+l -~butene syste/)
1n the present study lead to the understandlng of the éﬁtct
quantrty of butene required to increase" the rate of
initiation. It can be»shown tha the'amou t of lébutene
formed, in the initial stages is n¢t suff1c1ent to .account

for the formatlon of the other products. By reference to

Tables 33 4 and 5 in Chapter LII, that show tHe ,increase 1n

<

and its subsequent decomposition into radicals was suggested: -

e e P
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. gx the initial'rates of formation of the products/methane,
'ethane and propylene in the pyrolysis of ethylene_by the .

e . .. presence of'small amounts of l-butene, the yield of’
S B !

1-butfene necessary to cause a measurable increase in the "

form tlon of" the products can ‘be deduced. For, instance
at 748 K and 200 torr ethylene pressure, the condltlon

. [(VO)N/VOI =1 w1ll be pbtalned only. 1f the amount of~
l~butene is about 0.02 torr or more. The yield of product’

. % . .
l-butenie therefore should be 'more than this guantity in

order to cause any increase in the initial rates of the 3

.

produkt formation. Hoﬁever; experimental data under the
sam condltlons show that the ylelds of 1~ butene are much
aller than 0 02 torr (Appendlx B) The rates of all the
products were measured long before the product 1- butene

-

e "~ had attained thls,valﬁga Even at a higher reactlon tempe-
‘rature, 773 K, the formatlon of all the products were -
observed-much before the amount of 1-butene required to
'cause any increase- 1n the initial rate, was formed._

-'Therefore,vlt can be concluded that the dlssoc1at10d of
"l ~butene into radicals- cannot be the maln 1n1t1at10n pr0cess

. and the formatlon’?f all the products occurs through another
. dprlmary 1n1t1atlon reaction.

¢ * . !

Another possible bimolecular rehction of ethylbhe

-~

is the formation of the'tetramethylene diradical,

. . . . : \ S
. - . ! . ‘ ' * > L) ' *

3

VPSS U S

LY

.
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- an ethyl and vinyl radical

‘obta}ned.

_5' . ‘ ”
DAL 150 . ) .
o -4 . "'. ) . T .
4 ' -~ L] -
. ; . o7 e, . ..‘—t e
N _ C2CH, TN/ T (62), (-62)
) ‘\'—' : '_" . * :
Tetraﬁethx}ene has & very ehort life time 'and it can eitfBr

) e " .
decompose to give two ethylene molecules, reaction (-62),
/"

-

orireact by unimolecular or H{ﬁolecular processes.

' N o (63).

B ‘ b —
5% . ~—

-

- - \/ »\A4 +H (64)

(Q_‘\ _( '+c! ->-\'_/+CH . (65)

¥ o . . . o , '
Reaction (63) does not produce radicals)and therefore !nly

reactions (64) and (65) lead to initiat of rediqgl

chajin processes. The importance of reactions (64) and (65)

- 1 .
relative to the bimolecular reaction of ethylene to give

. - 2C2H4 -> C / S + C2H3 [ ‘ . . (l)
\-\/ . . . .
- ‘ 2
can be tested by comparing the rétes-ef these reactions

under the same condltlons. *In order to*do these calculatlons,
an estlmate Qf the concentﬁatlon of tetramethylene dlradlcals
is requlred together with .the values-of the rate cqpstants

for reactlons {62)-(65) and (1) : Assumlng a-steadywstate -

concentratlon of diradicals the folloWind’expresQi%i'is |

L%
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. 2 - NS
kg2 [Cally] S
k_ga t kg3 * Kgyg + kgg[CyH,]
I‘. . . ~ .

‘The Arrhenius parameters for reactions of feur-

\_/] -

membered .ring compdhn s were discussed by 0'Neal .and

Benson123. From their values,’ the rate constant for the

ring c1051ng of the dlradlcal can be estlmated as

5000

-1, _ _
Log k63(S : ) = 12. m (67)

(66) . -

4 .
The reverse of reaction (62) was suggested to have Axrhenius

B

parameters similar to those of reacti 63). Egtghated

. . ' \ .
rate constants for reactions (64) and (65) were taken from
23

Benson and Haugen“”, : v,
-1 -1, _ 7800 o

The rate constant for the fprmation‘of,diradicals, reaqtion
(62), can be estimated in the following way. The formatlon
of cyclobutilg from ethylene has been studied by Qulck

Knecht and. Back124 3 ' C L

2C.H - < (62")

) t

and the value of the rate constant for this reaction was

reported as

]
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“ L - -.. - ' ’ -t A', [
‘ | - -\-..\.*\ A )
* L]
‘. ' . - l_ . . .
Log kgpt (L mol™t s7h) = 7.84 - 3330 (70)
. The activation energy for the formation of the diradical

by reaction (62) can be estimated as 38.8 kcal ﬁol_l:by

combining the values of the activatioh energies in equations

(70) and (67). This value would not change much if it were
.  calculated by using the estimated value of the heat of

-1 23 .

’ formqﬁion of the diradical, 61.6 kcal mol The

. frequency factor for the rate constant of reaction (62) can

“ be calculated from the relation |
. Ag, A8 ‘
o Log A 2 73R (7{.)

ASZ can be obtained from thermochemical data using the

values estimated by Benson and Haugen. For the diradical, -

s°(1400 k) = 135 cal mo1™t k%

C;(300 K) = 22.4 cal mol_l K-l. ‘The standard entropy for

1

, cg(14ooﬂx) = 53.4 and

.tﬁe diradical at 300 X was calculated as 76.7 cal mol~

- K. Taking. s°(300 K) = 52.4vcal mol™t K™ for C,H,, as?
for reaction (62) is -28.1 cal mo1” ! k1. Then, Asg was.

calculated from the following relation

882 = ASS - RAn - AnR 2.3 Log(0.082 T)

) - ) Aso
. c

t

' In the above treatment, ASZ and Asg are the entropy changes at standard

) ﬁ\\\\ states expressed in concent:ig}on and pressure units, respectively.

~19.8 cal mol T k7!

L] -

} ‘ | .

Y
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lerom equation (71), taking Log A_sz(s—;) as 12, the

value of Log A., was determined as 7.7 L mo1” 1 571,

' Considering the error iﬂ the estimated thermochemical

data and assumlng that A62 should be sllghtly larger than

ﬁEz' a value of 8 L mol -1 s_1 seems a better estlmate for
Log A,.. Hence :
6\2 ’. . - ‘S »
1 b
, Log kg, (L mol™t s™1)= g,0 - 38800 (72)

2.3RT

Having the expressions for all the necessary rate

constants, the concentration of diradicals can now be

r

. . " L] .
calculated m equation (66). At 773 K and 100 torr

initial ethylene pressure,‘the value of [\ /1 is 5.9 x
=20 -1

10 mol L ~, The rate expressione and the calculated

values of the rates of reactions (62)-(65) using the above
valﬁe of [\ f] and equations {72) and (67)-(69) are preéented

in Table 24. The rate constant for reaction (1) is tﬁe

. 4
value determined from the present research using equation

-

(55} under the same conditions.
‘ ¥

Table 24 shows that the rate of formation of the

tetramethylene diradicais by }eaction {62) is about 104

:

times faster than the rate?of formation of the ethyl and

and vinyl radicals by reaction (l). However, the rate of -

formation of cyclobutane by reaction (63) is 108 7

-

times faster than the unimolecular ana bimolecular reactions

and 10

of the diradicals, reactions (64) and (65), respectively,

f

~



Table 2{ ' !
. oot ‘ v . ¢
" COMPARISON OF RATES FOR DETERMINATION OF THE
MECHANISM OF THE INITIATION PROCESS

/

Reaction No. Rate Expression - Rate/moi L-l s_l'
: ' 2 : -9
62 . . k62[C2H4] 4.5 f 10
63 % - 62 ° x, .\ /1 2.3 x 1077
63 .
N g -17 -

64 - k64[\ /1 8.5 x‘lﬂ
65 . k65[\_/] [C,H t.8 x 10718

' -13
1 | k, [C2H4] 5.4 x 10

4 '

Hence although the diradicals from faster than the ethyl and

“vinyl radlcals,'almost all of these dlradlcals form elther
cyclobutane or undergo reverse d155001at10n by reacthn (—le;_’//“
Only a very small fraction leads to the formation of radicals

' by‘reaétions (64): and (55). Comparison of the rates of

hreadtions {(64) and (65) with that of reaction (1) shéw that
the.rate of formation of the ethyl and vinyl radicals ig

4 3

10% and 107 times fastet than the formation of radicals by

the .reactions gfithe tetramethylené diradical. Calculationé
of the rates of ttactions (1) and (65) at the lowest and
highest temperatyres studied in the present experiments
indicate that t rate of reaction (i) is étili 220 times
faster than the- rate Ef reactioh (65) at 699 K. This }atio

-

increases to 2800 at 819 K.
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Therefore,.eVen at the lowest tehperature of the
present study, ;he chaln 1n1t1at10n through the formation
of an 1ntermed1ate dlradlcal is not 1mportant In the
thermal reactions of ethylene, the most probeble initiation
reaction is the bimelecule; reaction of ethylene to-give
eEhyl and Ginyl fadicals; The mechanism of this reactioﬁ
ie probably a simple hydrogen trenefer reegtion, similar
125

, Wwhich is pos-

tulated for the disproportionation reactions of radicals.

3. Heat of Formation of the Vinyl Radical

For the initiation process of the ethylene pyrolysis,
. ke _

2C2H4 - C2H5 + C2H3 . (1)

the change in the enthalpy of the reaction is given as the

following: y

O _ 440 . o
| AHl = AHf(C ) + AH (c 3) ZAHf(C2H4) (73)

The overall change in enthalby is the difference between
the enthalpy of activation for the forward and reverse

reactions.
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.

‘e

The relation between the enthalpy of activation, AH#;
and the internal energy of activation, AE#, which is the
increase in energy in passing from the inltial state to

the activated state, is

A = aE” + pav?

7 is the increase in volume in going from the initial

state to the activated state. For gas reactions, PAV¢ is

generally expressed as
%

PAV# = An#RT

7

where An’ is the increase in the number of moles when the

activated complex is fprmed from the reactants. In react;on
(1}, for example, two molecules~of ethylene form cne molecule
in the activated state, so An# is equél to -1 for £he forward
process. ﬁecause the same Ehange occurs in the number 6f
meles  for the reverse process, these PAV terms cgncel and

the enthalby change for reacti6n<(l) can be written as the

difference between the forward and reverse internal energies

of activation: &

| , AP A
-\ i; ‘AHl AEf AEr ‘ (74)

)

The relationship between the experimental activation energy,

E,, and the internal energy of activation has been discussed

by Paceylze. Starting from the thermodynamic formulation
k)

-
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of the activated complex theory127'128,
©k_TK # A _ )
k = _g_; GA8"/R ~BET/RT -8 (1 mgle)(l m) s

and using the definition for the Arrhenius or experimental

activation energy, .

_ _ o dlnk
Ex = - R §/77 (76)

the simplified relationship was obtained as in the equation

below:

_ # : .
, EA = AE” + RT (77

In equation (75), k_ is the Boltzmann constant, h the Planck

B
constant, T the absolute temperature, R the gas constant, i
AS¢ the entropy of activation with a standard state of 1

#

mol Lﬂl. § represents An’ and m shows the molecularity of
. .
the reaction. The transmission coefficient, k, is éften

omitted.
. When the expression of AE# from equation (77) is

used in equation (74), the term RT disappears and the overall

change in enthalpy becomes equal to the difference in éxpe—

rimental activation energy between forward and reverse
. Y

reactions.
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The activation energy for the reverse of reaction (1) is
assumed to Ee zero. It is generally assumed that in a
;adicai dispropoitionation reaction, particularly for '
small radicals, there is no energy barrier for interaction
and the reaction rate is thus determined only by the value

" of the frequency factor. When (EA)r is taken as zero,
o

. ' AH®

1= (Bpg

Therefore, "the heat of formation of the vinyl radical
may be' obtained frbm the measured activation energy for

reaction (1), 64.2 kcal mol_l, tégether with values of

AH?(C2H4) and AH?(CzHS). The heat of formation of ethylene

o
f

at 298 K are summarized in Table 25,

»

is 12.5 kcal mol™t. values of AH .for the ethyl radical

Table 25

HEAT OF FORMATION OF THE ETHYL RADICAL

(o} -1

Reference AHf(CZHS)' kcal mol Method of Measurement
129, 130 : 26.0 " Bromination of ethane
131 ° 25.3 £ 1.2 ' Inverse iodination of

- Etl "
132 ‘ 26.2 " Thermal decomposition

of the ethyl radical
91 26.3 Calculation by an

' - electrostatic model

-133 : 28.0 £ 1 - Radical buffer system

PR AP PR Ny
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In his boék, Benson30 suggests 26 * 1 kcal rnol—l

for the heat of‘formation of the ethyl radikal. Most of the
data in Table 25 agree well with this estimation. The ’
only'high value comes from the results of a radical buffer
system reporﬁed by Castelhano et all33. ﬁqwever, their
technique, which involved the measurements of the eguilibrium
~constants for the reac%ions‘of different radicals with MeI

by EPR led 'to a high value also for AH? of tertiary butyl
fadical. Until more confirmation is obtained, fﬁe value

for the heat of formation of the ethyl radical is taken as

26 kcal mol“1 in the presént study. Also a recent work on
thg pyrolysis of propanefé4 suppdérts this choice. The rate

- constant for the initiation process of propane, shown below,
has been well established by several studies. .. |

C3H8 -+ CH3 +7C2H5

134

Juste et al. report 84.9 kcal mol-l for the activation

energy of this reaction. For the above reaction, by taking

1

the wvalues AH?(C3H = - 24.8 kcal mol

1

o) , BHZ(CHy) = 35.1
kcal mol -, AH?(CZHS) is obtained as 26.1 kcai mol-l. If

AHg(CZHS) were 28 kcal mol ! as suggested by Castelhano

133

et al. , the activation energy for dissociation of propane

would be 87’\9 kcal mol™}, which is higher than the currently
1

accepted value.

-
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Then, ,the value for the ﬁeat of formation of the
vinyl radical can.be-calculated frgm equation (73) after
the éorréctipn of AHi to 298 X using equation (6).. From
Table 23, the heat capaqity change for'reacﬁion (1) is

| 1 .-1

-0.4 cal mol — K ~. Then, AH? at 298 K is calculated as

64.4 kcal mo1™ L, Using equation (73),
_. o : -
64.4 = AHf(C2H3) + 26_— 25 .
. ' o, _ - -1
. _ éHf(C2H3) = 63.4 kcal mql ]

"From the value of heat of formation of thelviny; radical
and using the known values for heats'of'formation of H and
C,H,+ the bond dissociation energy for the C-H bond in
ethylene can be determined from the reaction:

C2H4 + C2H3 + H

Taking the values,AH(C,H,) = 12.5 kéal mol " and -AHO (H) =
52.1 kcal mol L, '
BDE(C,H,=H) = 63.4 + 52.1 - 12.5.= 103.0 kcal mol !

Hence, the BDE for- (C,H;-H) is obtained as 103 kcal mol ™1

from the present reéearch. )
Valués of AH?(CzHB) and the BDE(CZHB—H) reported above

céntain the uncertainty of £ 2 kecal molml as indicated in *

equation (55). 3

o



For the purpose of comparison, the available data

for the heat of formation of thé vinyl> radical at 298 K

are summarized \in Table 26. i . e

Table 26

HEAT OF FORMATION OF THE VINYL RADICAL

(3

Al .
P

o -1
Reference AHf(CZHB) kcal mol Method of Measurement
135 65 + 3 Electron-impact study
136 63 = 3 Pyrolysis of divinyl
‘ mercury
68 ' Bl % 2. Shock-tube pyrolysis
of propylene
47 268 Inverse iodination of
’ vinyl iodide
137 | 59.6 Electron—imp%ct study
138 ' - 71.5 = 2,2 Ion cyclotron resonance
technique ‘
139 63 Energy-partitioning
. study : :
140 64 - _Electron-impact study
This work 63.4 ¢+ 2 Kinetics of the pyro-

lysis of ethylene

135

In 1960, Harrison and Lossing determined the heat

of formation of the vinyl radical as 65 * 3 Kcal mql_l.'

from electron-impact studies. They produced the vinyl

radical from the pyrolysis of methyl vinyl mercury and

determined its ionization potential directly using a mass

\
'
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~
136

spectrometer. Trotman-Dickenson and Verbeke suggested

63 kéal mol"'l from the kinetic studies of the dissociation
of divinyl mercury by the toluene-carrier technique and

assigned an uncertainty of 3 kcal mdlﬁl. Later, a shock-

tube study of the pyrq{ysis of propylene led Chappel and
shaw®® to suggest 61 * 2 kcal mol™* for the heat of

formation of the vinyl radical. From unpublished results

on the reaction.of HI with vinyl iodide, Golden and Benson47

deduced that the heat of formation of the vinyl radical

must be greater or equal to 68 kcal mol_l. However, they

also noted that complications in the kinetics were observed

in their system. 'In 1971 I:bssinng7 reported a value of
59.6 kcal inol"1 from mass spectrometric studies of the
b 9

'.>vinyl raéical obtained from the pyrolysis of divinyl sulfoné.'

Ionization potentials of the radicals were measured using an

energy-resolved electron beam. A recent work by DeFrees

138

et al. on the studies of ion-molecule reactions using

*

the ion cyclotron double resonance spectroscopy indicate a

high value of 71.5 # 2.2 kcal mol™ ', which yields 111 kcal .
-1 N

mol for the C-H bond dissociation energy in ethylene.

This high value for D(C,H,~H) appears to be incompatible

with results of measurements of the énergy—paftitioning in

the reaction of F atoms with éthyleﬁe;sg.

: W e L\ . |
/E,~ F + C2H4 HF + Czﬂa;) (78).
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'Analy515 of the rotational dlstrlbutlon of the energy .in °

. the varlous v1brat10na1 levels of the newly—formed HF
molecule were,lnterpreted to indicate that the exother-
micity'bf feaction {78) Wwas 32 kcal mole ! and therefore,
-the BDE in C2H3—H was 103 kcal mol l, giving a value for'

f(Cz 3) as 63 kcal mol 1: Recent studies-qf appearance
: ‘ .

_._.‘.....-...__..._‘_,_. .

potentials for some fragmentation reactions, for example,

: o’ ,

\

‘e + CHyCOOC,Hy ' H-C\_ + c2 3+ 2e -
) "oH - / .

which give directiy.a value for the heat of formation of

’ , ) ]
the vinyl radical, have given values of ﬁH%(Gzﬁj) = 64

xcal mol™t *40 1t seems therefore, that the only published

’

studies Which indicate a value for AH?(CZH reater than

3}

about 65 keal mol L are the measurements using the-ion-

L]

cyclotron resonance technique.

4, Evéluétion of‘the Method -

. | The kinetic method applied in the present study,.which‘ f
B o is‘ﬁased on the an&iysis of the effect.of small quantities
of‘additives on the rate of the initiation step of the
perlYSlS of ethylene has. led to reasonable values for the
Arrhenlus parameters of reactlon (1), The calculated value
of the heat of formation ‘of the vinyl radical is in good

- agreement with other studies. : ‘ ' :
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In some chain reaction mechanisms, the initiation

N

pfoduced by any subsequent reactions in the system and -

the rate of formation of this product may be equated to
the rate of the initiation step. An example for this is -

the pyrolysis of ethane, whose rate of the initiation step

¢ .

can be determined by the rate of formation of the product, .

methane. In some other cases however, such as the chain

_tifying the initiation step and measuring its rate constant.

In such reaetions,_the metﬁbd described in this study can

reactions occurring during the pyrolysis of ethylene, the
initiation step does not lead to the formation of a specific

product and there ‘is no direct and simple means of iden-

o

|
5
I
!
?

be verylhelpful. Some necessary precaueions that should

be faken‘iﬁto account are that the iﬁitial,;ates of the
products'should be meaeurable,.the only effect of the
additive should be to add a new initiation process and the
rate cdnstant-of the dissociation step of the additive should
be well determined.p'As the number of additives'is increased,
the accuracy of the initiation rate eonstant’in gquestion may
be improved. As mentioned earlier, the experimental errors
come directly from the determination of the initial rates.
Therefore, the experimental conaitions such as the tempe-

rature control and sensitivity of the analytical systems

are very important. The only disadvantage of the method
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R \ el
séemé_to”be Ehe use of other literature.values for the

" Mnitiation rate constants of -additives, * But'this éhguid
not be a problem as long as the additives are chosenJ
carefuil&. The ﬁéthpq is‘very promising and méy be applied

to otﬁer chain;reactiéns in which the'rate constant of-the

initiat¥on step-canhot be easily measured by other techniques.’

.



- CHAPTER VI'

PYROLYSIS OF ETHYLENE

-

nyolysis of ethylener has been performed at all
temperatures and pressures-where tQQ_pyrolysis of the

mixtures of ethylene+additive was étudied; The two

exceptions‘were at 732 K and 756 KJfor 300 torr ethylene

pressure. At these temperatures the initial_rates'of
the products were calculated from their Arrhenius plots
of Vo Studies of the ethylene pYiolysis therefore cover

-the‘temperature range 699-819 K with a pressure range of

75-400 torr.

In the experiments where i¥gutene was used as the
additive, thé;product 1-butene coulL not be followed
during the pyrolysis of the mixture.| For this reason,

l-butene analysis was not attempted from the pyrolysis

of ethylene alone. The same applies for the product ethane

\

when the additive in the mixtures was Fthane. Hence the
1 ) .
number of products analyzed from the pxrolysis of ethylene
) 1

alone was the same as for the pyroleis&of the ethylene+

-additive mixtures. The maximum percent ronversions of ethy-

lene were 2 x 10 %% at 699 K and 1 x 40 2% at 773 K at
the highest reaction pressure and longest Yeaction time.
The total ethylene conversion was obtained

of all the measured reaction products, The




were measured within a much smaller range of percentage
conversion. The éonvegsion of ethylehe within which .the

initial rates were measured was 7 X 10_3% at 699 K and 8 x -

10"3% at 773 K, both at the highest pressuré;.

' Exceéf the ones that q;e given as examples in
Chapters iII and IV, the vield-time plots of the Producté
. at all temperatures and pressures from the pyrolysis of‘
ethylene alone are'giv?n in Appendices A and B together
with the cPrresponding plots.of the mixture pyrolysis,
For all products, first a linear increase of yield with . - ;~%'m
respect{to reaction time was observed, then the yields
increased curving upwards. This behaviour indicate$ the
foémation of these products by secondary reactions. 'The
linear stage of the reaction waslshortest'at the highest
tempefatures and pressures. Generally ;his portio as
shorter for propylene than the other products showing the
early start of self-acceleration for this product. The .
discussion of the mechahism will be c6nfined to the p?imaiy

reactions occurring during the linear region of the yield-

.time curves.

1. Orders and Activation Energies for tﬁe_Formation
of Products .

From the plots of the logarithm of the initial rate

.against the logarithm of the initial pressures, the order
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for the initial rate of fo?mation of each product with
respect to ethyiene wgs cbtained. These ordér plots ére
shown in Figures 29-31. The order for methane increased
from 1.1 at 699 K to 2?5 at 803 K, Ethane has an order
of 2.0 ét all temperatufes. The order for propylene ig

v ~
2.7 at all temperatures”except the lowest temperature,

699 K,Q;;re it is 2.3. At 75 torr ethylene pressufe,
propylene has lower orders at all temperatures. The orders
ﬁor l-butene and butadiene were determined at 803 K, as 1.8
and 1.9 resﬁectively.

From plots of the logarithm of the initial rate
against the reciprocal of the absolute temperature at a
constént pressure of ethylene, the activation energy for
the initial rate of formation of each product was obtained.
These plots ;re.shown iﬂ Eigures 32 to 34. These data ére
the resulFs of the ethylene pyrolysis experiments that were
performed over the whole course of this stu?y. Consistency
of the results is reasonable coqsidering the different .
Iexperimental conditions, such as different reaction vessels
and furnace, used du;ing the complete study. It should be
-noted that_in the experiments with édditives, because the
ratio of rates was measured, consistency within a set of

experiments was more important than exact agreement of the

initial rates from the pyrolysis of ethyleﬁe alone.
h _

.
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Figure 29 - Order Plots for Methane from the Pyrolysis
' of Ethylene '
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Order Plots for Ethane from the Pyrolysis
of Ethylene
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Figure 31 - Order Plots for Propylene fr
of Ethylene

om.

the Pyrolysis
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Figure 32 - Arrhenius Plots for Methane from the Pyrolysis
of Ethylene ’ ’
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» Figure 33 - Arrhénius Plots fé; Ethane from the,Pyrolysis.
.of Ethylene = )
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Figure 34 - Arrhenius Plots for Propylene from

Pyrolysis of Ethylene .
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The reaction orders and activation energies for

each product are summarized in Table 27. The error limits

quoted for activation energies in this table are.the
estimated values considering the scatter of data. Like-
wise, the errors in the calculation of orders were

'estimated as 10%.

-

Table 27

SUMMARY O l,5ORDERS (WITH RESPECT TO ETHYLENE)
ACTIVATION ENERGIES FOR THE INITIAL
FORMATION OF PRODUCTS

Product Temperature range/K E/Kcal mol ™t
Methane 699-819 ° glr 2
Ethane "~ 699-819 - 43fr 2
Propylene 699-819 - 1614 2
1-Butene 748-819 " 301 .3
Butadiene 803-819 : - 571 .3
Order with respect to'CZH4
Product 699 K- 721 K 748 K 763 K 773 K 803 K
Methane 1.1 1.1 1.6 1.8 1.8 2.2
Ethane 8 2.0 2.0 2.0 . 2.0 2.0 2.0
Propylene 2.3 2.7 2.7 2.7 2.7 -
1-Butene - - - - - 1.8
Butadiene - - - - - 1.9

The activation eénergies and orders determined in

this research are in substantial agreement with earlier

resultsls'zo. The activation energies of propylene and

_butadiene however, are smaller than the values reported

before. ~

.



The digtribution of products iﬁ the initial stages
of the pyrolysis of eth&lene-was well determined in the
temperature range 699 to 819 K; Propylene was the largest
product. At low temperatures,lpropylene waslaboutIZO times
larger' than ethane buﬁ as the temperature was‘increaseé
thg relative yield of ethane was also increased. At the .
highest temperaturés, propylene was larger than ethane only
by about 1.3 times. VYields of ;-buteneﬁwefe about 2 times
larger than ethane at 748 K. At higher témperatures than
this, ethane was almost equal to or slightly larger tﬁaq
l-butene. The production of methane and butadiene were less
than the other products. At the two highest témperatures,
where it was measured, butadiene was approximately equal to
methane. The yield of ethane was about twiée as that.of
methane and this ratio was slightly increased with increasing

temperature.

2., Mechanism of the Pyrolysis of Ethylene

-

The résults obtained during this study iargely sub-
stantiate the mechanism of the thefmal reactions of ethylene
around 773 K prbposed_earlierzo. The. analysis of the
mechanism would be very complex'if all the possible reactions
were included. The formation of methane, ethane, propylene

' and l-butene however, may be‘discussed using a simplified

"mechanism. This mechanism was suggested by Back and Martin??



Tl

177 ’

and is given, with minor modifications, in *the following
page. It can be summarized as follows.

The main initiation process under.the‘present
conditions is the bimoiecular reaction of ethylene to

produce ethyl and vinyl radicals. 'Radicals produced in

the system react by the following propagation processes.

‘- Addition to ethylene and reverse decomposition

- Hydrogen abstraction from\ethylené.

- For C5 and'C6 radiqals, isomerization followed
by decqmposition to an_alkene and an alkyl

radical!
)

In this.set of propagation reactions, the etﬁyl radical has
probab;y the highest steady-state concenfrétion. Therefore
the termination reactioﬂ‘is predominantly the'comﬁihation
or disproportionation react%ons of the ethyl radical.

In the mechanism éresented'here only reactions of
the ethyl radical, and other saturated radicals, methyl,
n-proﬁyl, n;butyl, n-pentyl and n-hexyl radicals are
considered. Abstraction, addition, deqomposition and
isomerization reagtions.of these radicals lead to £he
formation of the pbserﬁed products. Methane and ethane

are formed by the hydrogen abstraction reactions of the

methyl and ethyl radicals, respectively,‘froﬁ ethyiene.

Propylene and l-butene are produced by the decomposition

~

e = e e e L e e e Y e i T e v e ane e % e
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1)

i1}

11

1) .

C,Ho + C,Hg (
CoHe + C,Hy ( 79)
n-C,Hg K (80), (-80)
n-‘~C6Hl3 (81), (-81)
n-CgH, (.82)
2-C6Hl3 { 83)
CyHg + n-C,H, ( 84)
. .

3—CGH13 ( 85)
1~C,Hg + ézﬂs *( 86)
1-CgH) + CH, T 87)
CH, + C,H, ( 88)
n-CiH, (89), (~89)
n-CgH, (90), (-90)
2-CgHy ( 91),
c:,;H6 + C,Hg ( 92)
n—C?H15 { 93)
CqHig (t)
CH, + CyH(

C
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~ of larger radicals éfter isomerization. fhe n~hexyl radical
is the first radical in the polymerization process to undergo
isomerization and it has been suggestéd that thé relative
importance of 1,5~ and 1,4-hydrogen migration of this radical
.determines the yields of bropylene and l-butene. Although
the 1,5-hydrogen migration is the most facile isomerization
-for n- ~hexyl radicals, at hlgh temperatures 1,4-hydrogen
'mlgratlon also becomes 1mportant The present results show
-that at 803 K, the initial rate of formation of 1- butene,
whlch is the product of 1,4~ 1somerlzat10n of n-hexyl radlcals,
is 0.6 of the 1n121a1 rate of formation of propylene,_which
is the product of l,5-isomerizatioﬁ of n-hexyl radicals,
when the ethylene pressure is 100 torr. Thié suggests that
the rates of 1,5-Nand.1,4-isomerizatiop processes become
almdst comparable at these temperaéures.

| Thé.main omission in the mechanism outlined.here for
the pyrolysis of ethylene however, is the set of reactions
involving the vinyl radical.‘ Because of the lack of detailed
knowledge of the corresponding reactions of unsaturated
radicals it was not judged useful to outline a mechanism
comparable to that for the saturated ‘radicals. The most
important product which is probably formed throﬂgﬁ reactions

of the vinyl radical is butadiene. The following reactiéns

are suggested to account for the formation of this product.

~
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/\/\/ » C4He + C,H,

On the other hahd' since propylene,; ethane, l-butene and

]

methane constitute more than about 90% of all the products
in the initial stages of the thermal reactions of ethylene
and their mechanism of formation may be explained through
reactions of the saturated radicals, the set of propagation
reactions involving the vinyl radicel probably favour
polymerization reactions with consequent formation of higher

£
‘molecular weight products.

L}

3. Analysis Of the Mechanism of the Formation of Products

o Except for the product ethane, the analysis of this
mechanism with regard to the kinetics‘of the formation of
the main products has not previously been diseussed in

-detail. In the fOllOWlng sectlons, the rates of fermatlon
of the main products ethane, methane and propylene will be
discussed in this respect and the experimental orders and
actiyationrenergies of these producte wi;l pe compared

with those predicted’ from the mechanism. The data for 1-

butene and butadiene are not sufficient for'a good test of
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-the.mechanism. The pfinciple criterion in the analysis

of the mechanism'is‘the importance of the decomposition
process for the radicals relative to the addition to
ethylene. It is assumed that decomposition becomes
progreséively more important as the number of carbon atoms
in the ;adical inc&Fases. Application of this assumptioQ
to the mechanism and ;ts effect on the orders of tﬁg rates

-

of formation of the products will be exaniined.
i. Ethane . *
. B

In this mechanism,, efhane1is formed by the hydrogen

~

abstraction of the ethyl radical from ethylene. The rate

L]

of formation of ethane is

a[czns]
—at = Kgg [CHS1IC,H,] | (94)

Assuming that the main termination process involves ethyl
radicals, the boncentration‘of the ethyl radicals may be

obtained from the rates of the initiation and Eermination

reactions. . -%

L - \1/2 |
[C2H5] = (kl/2kt) [C2H4] | (95)

Then, eguation (94) is rearranged as the following

d[CzHGI _ k

1.1/2 ... .2 :
T e () [CoH,] (%€)
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From tbis equation, the rate of ethane production is’
:second order with res;ecf to.ethylené. This oraer was
observed for ethane under all experimental conditioné .
-(Table‘ZTi. Therefore, the agreemen£ of theAexperimental
results with;the suggesﬁed mechanism is é#cellent for
ethane.. ‘ |

The activation energy for the formation of ethane
can be estimated from equation (96). Taking E, = 64.?
keal mol T from the present study-and assuming E, = 0 and

-1 115

E7923 10 kcal mol , the activation energy required

for tﬁé formation of ethane is

Eq g = 10+ % (64.2 - 0) = 42.1 kcal mol™* (97)
2He

This value is close to the activation energy determined

for ethane experimentally, 43 * 2 kcal mol-l,

ii. Methane and Propylene

The production of methane occurs by the hydrogen‘
abstraction of the methyl radical from ethylene. Hence
the rate of formation of methane is

d[CH4] ) ‘
—35 = kgg [CHB][C2H4; S (98)

The rate of formation of propylene on the other hand

_ is expressed in terms of 2-hexyl and 2-pentyl radicals

" 182 . | o
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i t > " }
+ k [2-

d{C.H_ ]
376 C ] C_H ]
‘dat 84 6 13 92 5711

g | A B

=k [2- {99}

since these are the two sources of propylene formation.
These terms will be referred to as A and B.
Assuming steady state condltlons, concentratlons of

" the methyl, 2-hexyl and 2-pentyl radlcals can be expressed

as the following =~ - . g \
. .la
[3- c 1 + k_ [n-C ']
87 6
(CH.] (100)
3 salczﬁij _tk [C 4]
[2-C,H,.] = (—kB?’) (n=C_H, .] (101}
6 13 o'k 6 13 . .
‘ 84 .
- k R .
(2-CiHar] = (22) [n-CoHiyl (102)
5 11 k92 5 ll

In order tolébtain the concentrations of methyi, 2=-hexyl
aﬁa 2-pentyl raaicals in gérms of only the eth?l rédical
and ethylene, the steady-state concentration of all the
other radicals that are_involved in equations,(lOO)-(102) 
sﬁould also be detérmined. The following‘eXpreséions-are
obtained for n-propyl, n-butyl, n-pentyl and 3- and n-hexyl

-
1,

radicals.

kg [CH3] [CHH, T + K_ggIn-CgHy ] + kgy [2-CoH, 5]

[n-C ] =
37 | k—89 + k90 [CZH;]

(103)



. kgo[CHS1ICH,] +k_g, [n-ClH, ]

' [n-C,H,] = - {(104)
49 X_go- * Kg11Coly]
k {(n-C.H,)[C,H,] ' o
go NTv3t7ilttaty
[n-C._H..] = : L e ~(105)
5711 k:_go +k91+k93[C?__HZT ) -
. k ¢
[3-CcH, 51 = ‘Tc;‘%i}c_) [n-C¢H, 51 (106) -
: 86 87
k.. [n-C,H.] (C.H,]
(n-C 81 479 274 (107)

_ “-81 783 785 "82
Fram the analysis of these'equations, the steady-state concentration of
the n-hexyl radical is cbtained as:

67131 = XKk, o TOH, ]

2 . _
kgokg1 [CoMts] [CHy ] ‘
k_ggtkgy [CoH,]

[n~Cgfy3d = - X gy Kg1 1Cohy) (108)
K o1tKkgatkoetkoo IC,H,] = —
-81 <83 Kgs g 1My K g0 g1 (Cy]
Taking
k
» ; 1.1/2 3
k. k. (CHI]cH1Z Xeoarlzi?) (Gl
_ Kgoktgy [CHs! [GH, ] & (109)
k_ggtkgy [CoH,! " k_ggtkgy [CoH,] S
K oy Koy [CoH,] ,
81 Kg1(CoHy (110)

B = K_g tkgatkoetko, (CoH,) - ‘
8177837785782 24 Kk_gg¥ky, [CH)]
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the concentratlon of n—hexyl radlcals is equlvaient to a/B

. The methyl radical concentratlon 15 dependent on both the

—hexyl and n—propyl radlcal concentratlons. Deflnlng Y

X_90Kgq [CoH,]

+ kg'i + k93[C2H4T

oo t kon[GLH,1 = —
89 90 ‘<24 k_gg

and using eéuefion (106) for the dependence of'the concen-

tration of 3-hexyl on that of n-hexyl, the steady state

concentratlon of the methyl radical whlch is now expressed

only in terms of the ethylene concentratlon is obtained.

L3

'k k N

85 “87
| g6*¥g7 - Ka3¥_go® | o
(cay)= —E _ 5y K_gok 89[c ' " - (112)
kgg[CoHyl + kgqlCyH,] -~ - = .

Combining this equation with equation (98), the rate of
formation of methane can ﬁ:itten as in equation (113),

whichdis dependent only on conqentratiohyof ethylene.

-

' .. kgs*g7kgg o [C.H.] _ . ! !
A[CH. ] Kgg * Kgq 274 , Kg3®_go¥kgg [CoH,]
4 B - By , )
= {(113)
[(C,H,] + k,,[C.H,] -

Y

(111) .
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_-The order of the rate of methane formation with respect to
ethylene concentratlon w1ll hence be one degree higher than
the brder of the rate of formation of the methyl radical.,
To obtain the rate expression‘for propylene in
‘terms of ethylene, thelgefendence of the concentratlons of
2-hexyl and 2-pentyl radicals on ethylene concentratlon
should be defined. From equations (101) and (108) the
steady-state concentration of .2-hexyl radical ls

.2
Kg3, Kgokgy [CoHgl [CoH,]

( )
k k_gotkgy [CoH, T
6713 k K..[C.H,]
81+k83+k85 g2 [CoHyl =~ k—81+k81TC2H4]
-80 T81'%2%4

’ - . , - .
The steady~state concentration of 2-pentyl radlcal is
dependent: on the concentration of n—propyl radlcal whlch
in turn 1s expressed 'in terms of the concentratlons of

- . methyl. and 2~héxyl radicals. Hence_\

4]

k9l kKgg[CoH 4) ,
[2-CgH) 1 = (22 (o2 [c.a, T
- Moz k_gptkg)tkg,ICH,
' (115)
kgg [CH31 [CH,] + kg, [2-CH, ,) '
o [C,H,] .
K_g0Kgg [CoH,
'k—89+k90[C2H4] T +k L TC,H, ] ~

'U51ng the values of o, B and Y in equatlons (114) and' (115},
the two terms in the rate equatlon of propylene can now be

rewritten.
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~

-Té:m_A
' [2- - e | ‘
kggl2-Cglly3) = kg3 3 (116)
.= Term B .
| . |
% {2-com. ] = ~90%91[C5M,] Kgg [CoH,)
92! #7CsM1) = kT G RS TeE,T Ty
| . (117)
g5 %87 o o, . o . ‘ ’
Kgetkg, B+ ¥a3¥-g9 &Y | - -
i (2887 )+ Kgq B
' S . k_ggKgg (CoH,] 83 BY
kgg [CoHyl + Xgg [CyH,) ¥

Determination of the order of the rate of propylene

-foémation on ethylené will betmade using the equations
{116) and (117). For meﬁhane,_:eference wili be made. to
gquation (113). - |

Several possibilities may be examined. 1In the case
where it is assumed that the decomposition reactions of
‘é1i<the radicals are much faster than their addition_

.

reactions, : , .

For ¢« in equation (109), k_ap >> kal[C2H4]'and this leads

to an order of 3.

For’B‘iﬁ equétion (110}, k;;;\}> kal[C2H4]-and

_ k_gikgy
827 Tk_g,

(k_gytkgytkgg) >> (k ) [CoHy ]

. 9



“its..order to 1 because of the conditions k 3[C H4]<< k
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and there is no dependence on ethylene concentration.

For vy in eguation (111), k_90+k91 >5 k93[C2H4] and
0o~ E"ngi 1[Gy 4]
91

k

—gg. >> (kg

and agaih.no dependence on ethylene concené;;%ion. Theﬁ,'
from equation (113}, -the order of the rate of formation of

methane will be 3. The order of rate of propylene-formation’

- will be 3 from-term A, equation (116), and 4 from term B..

These orders are higher than the experimentally observed
orders for methane and‘propylene.

The assumption concerning the importancelof the
decomp051t10n of - the radlcals 1s, of course, not valid for
the methyl and ethyl radlcals and the decomp051t10n reactlons
of these radicals were not included in the mechanism. It may

now be suggeeted'that the decomposition of the n-propyl d

radical is also slower than 1ts addltlon to ethylene, ‘but

the original assumption holds for the n-butyl and hlgher
radicals. The validity of this will be discussed later.

With these assumptions, terms a and B have again

_orders of 3 and zero, respectively. But the term Yy changes

=90

+ gy and lkgy = (k_ggkgg)/(krgg + kgy)1[CoH I >> k_gg.

~ Then, the rate of methane formation will have an order of 3

from the teérm including the-3-hexyl radi-cal or 2 from the
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A

term including the n-propyl radical. The rate of propyiene

péodgction ig}-on the other hand, third order because of
,'term A. The first part pf term B ¥ill have the same order

aé in methane formation, i.e., between 3 and 2. ‘The second
| part iﬁ terp B will havé an ordér of 3 because of the

2;hexyl radical. - o

Thus the effeét of the ;ssumption concerning the

; n-propfl radical is to lower the order of the rate of
formation of methane to'g, provided the main source of the
methyl radical is thé n-propyl radical. The order of the
rate of formation of propylene- will remain as 3 if the |
main scurce is Fhe decomposition of tﬁe 2-hexyl radical.
fhe‘observed'qfderzfor propflene was; however, somewhat less
than 3 while the order for methane formation was aléouless
than 2. Nevertheless this explan;tlbn appears promising
because experimentally the ordeﬁ of the rate of formation B
of‘methane was consisteﬁtly about one }ess than the order
for proﬁylene. .

One f&rther modification can be suggested to.ekpiain
the experimental orders of mg;hané and propylene. If the
.rate of decomposition-of the radicals becomes progressively °
more importaﬂt ?plative to addition as the size of the
radical is increased,‘it is reasonable.té suggest that for

the n-butyl radical the rates of the decompoéition and f

addition reactions may be comparable. If the rate of addition
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.Qf n-butyl radical to éthylene ié comparable to the rate
zpf its decomposifion, i.é., the reaction (-80) ig not
much faster than reaction (81), it will have the efiect.
of lowering to a certain extent the order of 3 obtained
from the teérm o, .This will lower the orders of the rates

of fofmation of both methane and propylene in the same way

and hence give intermediate orders, lower than 2 for methane
énd &ower than‘3 for preopylene, but digferent by one. This
si:uation is very close tc the experimental resuilts.

This interpretation of the reaction leads to the
conclusion.that for the formation of methane the'term-

k_ggkgg @ [CyH,]

By

kg3

k_gg¥gq[CyH,] (H18)
kgglColiyl + kgglCyH,l -

Y

is more important. ‘For the formation of propylene, decom-
bosition of the 2-hexyl radical ?; the predominant reactioh
- while the decoméositidﬁ of the n-propyl radical is the-
main sou;ce,of methyl radicals. Although it'waégassumed
that the n—prdpyi radical addition was faster than decom-
position, the decomposition reaction (-89) cannot be
completely neglected, sinée this is the source of me 1

radicals. It was observed however that the formation of

methane was small compared to the formation of larger products.
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The assumption made in this analysis may now be
examined in more detail. The relative magnitude of the
rates of decomposition and addition processes for n-propyl

and n-butyl radicals may be estimated. Taking the values

~
Leg A = 7,89 L mblnl s_l and E 7.4 kcal mol"l for the

.addition reaction115 and Log A 1 and E = 32.7

100

Il

13.8 s

fl

kcal mol™t for the decomposition reaction of the
n-propyl radical, at 800 K and 100 torr ethylene preséﬁre
the ratio of rat?s of decomposition to addition for n-propyl

radical is calcufated as about 40, In the case of n-butyl

" radical, taking Log A = 7.6 L mol_l s_l and E = 7.3 kcal
mol™! for addition!!® ang Log A = 13.6 s * 'and E = 28.7
keal mol_l for decomposition reactiénloo, the rate of

decomposition is 700 times'fasﬁér than the rate of addition.
In the experiﬁental determination of the rate constants,
the . frequency féctors contain the largest uncer#éinty.‘ If
the frequency facto;s of these n-propyl and n—éutyl»
radicals were ten times less for decomposition r;actioﬁs
and ten times more for addition reaetions, for h-propyl
radicals the rate of addiﬁion.reaction would be slightly
larger than the rate of décomposition reaction, while leost
‘comparable rates afé obtéinea for the additioﬁ and decompo- |
sition reactions of n~butyl radicals. The assumptions made
to account for the orderé are therefore probably reasonable —

within the uncertainty in- the values for the‘decomposition'
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andléddition :egctions of these ;adicals.

The activation energy required for the formation_of
methane and‘propylene can be estimatéd from the derived
rate equations. For propylene, it can be ‘obtained from
the term A in equation (116) together with equations (109).

and (110). . ‘ . .

9]
(9% ]
=
[
=1
+
=1
+
LN
=
I
9

(119)
The activation energy for reaction (83) which is the
important process in term B is. not included in equation
. {119) because it is cancelled by the activation enerqgy of
the same reaction already present in term A. Taking the
?

- — _ 115,100

values E80 = 6.9, E81 = 7.3, E_80 = 28.%) »
1

E = 64.2 kcal mol , the activation energy necessary for the

and

production of propylene is estimated as 17.6 kcal mol +.
Experimental activation energy is 16 * 2 kcal mol-'l whiéh

is in good agreement with the calcuiated'value. Propylé%e_
ris the most importaht product and its activation eﬁergy

has the lowest value. These results shéﬁ'the importance

of the lsomerlzatlon processes of n- hexyl radical in the
pyrolysis of ethylene.

| For. methane, the activation énergy'can be estimated

from equation (1}8); which .is the gsecond term in equatioﬁ
(113), and equations (109)-(111)." Equation (118) includes .
the term A from the raté expression of propylene. Théfefore,
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(120)

From the term y, the activation energy of the reaction (90)
is included in accordance Qith the assuﬁptions applied in
the gnalysis of the mechanism, The addition of methyl
radicals'to ethylene is the most importaht process in the
denomithor of the exprgséion (11i8), and ftherefore the

activation energy of this reaction, E89’ is included in

-

equation (120). Taking the estimated value of the activation

L

energy of propylene, 17.6 kcal mol-l, as'éalculated above and

-1 115,100
E_go 88 Egp 89 ’

the activation energy necessary for the formation of methane -

is calculated as 41.6 kcal mol—l. The experimental acti-

= 31.4, E = 10, =>9 and E = 8 kcal mol

vation energy is 38 1‘2 kcal mol_l, élose to the estimated
yalue. '

| From the above detailed discussions, it can be
concluded, that the main featu;es of the mechanism of the
~thermal reactions of e?hylene qt_témperatures l@Wer than *
820 K are consistent with most of the experimental obser-
vations obtained in this study. ' The.main assumption in °

the analysis of-ihe mechanism was the change in behaviour

cf the radicals with respect to decomposieiqn and addition

reactioens with increasi number of carbon atoms. It was

assumed that the additgon reaction of n-propyl radical was

faster than its decomposition, as is the case for the ~
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methyl and e£§y1 radicals. The n-butyl radical was assumed
to have &n intermediate-behaviour, with the rate of addition
to ethylene comparable to the rate of decomposition. The
n-pentyl and n-hexyl -radicals on the oéher hand, were ‘

assumed to undergo mostly decomposition and isomerization

reactions.
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APPENDIX A

EXPERIMENTAL DATA FOR THE MIXTURES
OF ETHYLENE AND 1-BUTENE

h}

In this appendix the experimental data from the
additions of l-butene are'pieseﬁted in yield-time plots

for the products methane, ethane and propylene.
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Figures 1, 2 and 3 - Yield-Time Plots at,699 K for Methane,
Ethane 'and Propylene, Respectively

A, 199.9 torr

0 C2H4

® 199.5 torr C2H4 + 0.20

A 200.1 torr C2H4 + 0.52

A 200.2 torr C2H4 + 1.34
B. 0 300.7 torr C,H, '

® 300.5 torr C2H4 + 0.50

A 300.1 torr C2H4 + 0.78

.A 300.1 torr,Cqu + 2.01
C. 0 400.0-torr C,H, ge

® 400.0C torr‘02H4 + 0.40

A 400.1 torr CZH4 + 1.04

A 400.0 torr CoH, +:2.68
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. Figures 7, 8 and 9 ~ Yield-Time Plots at 732 K for Methane,
Ethane and Propylene, Respectively

100.7 torr C
100.0 torr C
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Figures 10,

A‘

~.,,.Qr'

199

11 and 12 - Yield-Time Plots at 748 K for Methane,

[ = N

-89 0

900, »r>00

+Ethane and Propylene, Respectively

74.0 torr C2H4 :

74.5 torr CZH4 + 0,07 torr l-C4H8
73.8 torr C2H4 + 0.30 torr 1—C4H8
74.3 torr C-H, + 0.54 torr 1-C,H

' 274 478 ‘

99.7 torr CzHé'

99.4 torr C2H4 + 0.09 torr l—C4H8
100.1 torr C2H4 + 0.40 torr l—-C4HB
99.8 torr C2H4 + 0,73 torr 1-C4HB
199.3 torr C2H4 )

199.3 torr C2H4 + 0.18B torr 1—C4H8
200.0 torr c2H4 + 0.81 torr 1—C4H8
199.0 torr C;H, + 1.45 torr 1-C, Hg
299.6 .torr C2H4

300.,2 torr C2H4 + 0.28 torr l—C4H8
300:0 torr C2H4 + 1l.21 torr 1_C4HB
289.2 torr C2H4 + 2.18 torr l-C4H8
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S

.
o e



B

YIELD / Torr x 102

[
oy
3



YIELD / Torr x 10~

TIME / min -

Fig. 1l

- ey ——— .



- 199¢ -

O«

5 0l X 1101 /@31

1.0~
0.5

TIME / min

Fig. 12



e e e AL MR s i e - —_—

200

{

Figures 13, 14 and 15 - Yield-Time Plots at 763 K for Methane,
, Ethane and Propylene, Respectively

A, O 74.3 torxr C,H, R
'@ 74,7 torr CoH, + 0.15 torr_f-C4H8 .
A 75.1 torr C,H, + 0.26 torr 1-C,Hg~ '
B. 0 100.0 torr C,H, . E
. €100.3 torr C,H, * 0.20 torr 1-C4H8 :
4 100.2 torr C,H, + 0.35 torr 1-C4H8. -
¢ A 100.0 torr C,H, + 0.51 torr 1-C Hg
C. 0 200.1 ‘torr C2H4 Lo .
® 199.6 torrx CZH4 + 0.41 torr l_-C4HB
A 200.1 torr-C2H4 + 0.69 torr l-cdHS
4 200.0 torr C2H4 + 1.03 torr l--C4HB
D.. O 300.4 torr C2H4 ' ‘
® 300.2 torr C2H4 + 1.54 torr 1—C4H8 : . ;
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_ .’;////;;;ures 16, 17 and 18 - Yield-Time Plots at 773 K for Methane,
- ‘ Ethane and Propylene, - Respectively -

7

A. O 75.0 torr C2H4 .
® 75.0 torr C2H4‘+ 0.11 torr 1--C4H8
A 74,2 torr C2H4 + 0.3B torr 1-C4H8
A 74.1 torr C2H4 + 0.63 torr l-C4H8
R O 74.5 torr CoH, + 2.80 torr 1-C,Hg
| B, 0 100.6 toxr C2H4 )
® 100.0 torr C2H4 + 0.07 torr 1_C4HB
A 101.9 torr C2H4 + 0.17 torr l-C4H8
A 100.1 torr CzH4 + 0.42 torr l—C4H8,
0 100,3 torr 02H4 + 0.85 torr 1--C4H8
M 99.7 torr C,H, +.3.75 torr 1-C,H -
_ . 274 . 478
C. 0 205.0 torr C2H4 . ’
® 208.6 torr CZH4‘+ 0.05 torr l-C4H8
A 206.3 torr C2H4'+ 0.11 _torr‘l—CdH8
A 205.8 torr C2H4_+ 0.37 torr l-C4H8
0 208.9 torr CoH, + 0.65 torr l-C4HB
D. O 304.0 torr.C2H4
® 305.0 torr C2H4 + 0.74 torr 1_C4HB
4 305.1 torr C H4 + 1.54 torr 1-C,Hg
A 302.5 torr C§H4 + 2.57 torr 1-CyHg
y0 306.0-torr CyH, + 11.5 torr 1-CyHg
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o
. /
. 53' .
S~ ,

EPSVIPLITN TEVET S

E T S S

R A n it et e = S by 1 e amin E e



-

: -~

YIELD / Torr x 1073

-0

P B e ol SE

e e e

o. -

8 0

TIME / min

N




- - 201lb -

0.8 °

o
B

o

10.5

YIELD / Torr x 1072
N

8 O
TIME / min

Fig. 17




- 20lc -

O

S
[
Q

YIELD / Torr x 10™2

o 2 4 6 8O0 S 4 . 6 8-
TIME/ min

Fig. 18



e ————

202

APPENDIX B

EXPERIMENTAL DATA FOR THE MIXTURES
OF ETFYLENE WITH NEQPENTANE AND ETHANE
In this appendix the data from the additions of neopentane .
ére presénted in yield-time plots fo; each ﬁroduct. The additipns
of ethane; on the other haﬁd caused‘vefy small increases in the -
initial rates and the presentation of these data on similar
yield-time plots would not be sufficient~ Therefore, the/ expe-

»

rimental data from the ethyléne+ethane system are givén in' Table 1.

A 4

D lealiR e smd s te o e o
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Figureé l, 2 and 3 - Yield-Time Plots for Methané, Ethane
U : . and Propylene, Respectively..

A. 748 K

0O 201.6 torr C'2H4
® 201.6 torr C2H4 + 0,40% neo—C5H12
A 201.4 torr C2H4 + 2.10% neo-Cs 12
B. 756 K 0 104.1 torr C2H4
® 104.0 torr‘02H4 + 0.31%» neo—CSle
A 103.6 torr CZH4 + 0.67% neo~C5H12
A 104.0 torrxr C2H4-+ 2.10% neo—C5H12
. 0 104.6 torr C2H4 +'5.54% neo—CSH12
C. 756 K 0 302.1 torr C2H4
® 303.0 torr C2H4 + 0.31% neo-C le
A 301.9 torr C2H4 + 0.,67% neo—C5H12
A 302,0 torr C2H4 + 2,10% neo—C5H12
O 302.0 torr C2H4 + 5_.54%.neo—C5H12
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Figures 4,

A, 766K O 104.0 torr

- B

C

c

c

.- 777 K 0%204.0 torr C
c

c

C
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5 and 6 - Yield- Tlme Plots for Methane, Ethane
and Propylene, Respectively

-

- ® 103.4 torr

H4 -
H4 + 0.40% neo-C_H,
A 103. 8 torr H4

H
® 204.4 torr gnj + 0.54% neo-CcH,
A 204.7 torrx 2H4 +.,2.21% neo—CSH12
A 204.3 torr 2H4 + 4,.27% neo—C5H12
0 204.0 torr 2H4 + 9,45% neo—CSH12

5,12,
+ 1.70% neo-CgHJ ‘/“)‘
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Figures 7,,8'and 9 -

0 106.5 torr
® 106.0 torr
A 106,0 torr
A 106,0 toxrr
0 106.4 torr

L 205 -

Yield-Time Plots for Meﬁhane, thane

“and Propylene, Respectively at.Bl9 K

CZH4 .

C2H4 + 0.92%.neo—C5H12
C2H4 + 1.71% neo-—CSH12 ,
C2H4 + 2.68% neo-CSH12
C2H4 + 4.7;% ne_o-C5H12 4
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Figure 10 -

A. 748.

B. 777

Cc. 819
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Yield-Time Plots for 1l-Butene g -j
N <

0 201.6 torrx C2H4 .
Q 201.6 torr C2H4 + 0.40% neo-=C le‘}
A.201-? to;r C2H4‘+ 2.10% neo—CsH12 )
O 204.0 torr C2H4
'® 204.4 torr C2H4 + 0.54% neo—CSH12
A 204.7 torr CoH, & 2,21% neo+CgHy,.
A 204.3 torr CyH, + 4.27% neo-C.H;; *
0 204.0 to;r CoH, + 9.45% neo-CgHy 5
‘0 106.5 torr C2H4 .
® 106.0 torr CoH, + 0.92% neo-CcH, ,
A 106.0 torr C2H4 + 1.71% neo-CSH12
A 106.0 torr C2H4 + 2.68% neo-C5H12 : o
0 106.4 to:g;:.czﬂ4 + 4.71% neo-C5H12 :
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Yield~Time Plot;\:Xr Butadiene

Figure 11

A. B0O3 K O 105.3 torr CoH, . :
® 105.5 torr'C2H4 + 0.27% neo-CSH12
A 106.0 torr'C2H4‘+ 0.92% neo—CSHl e
_ 4 106.5 torr CZH4 + 4,27% neo—CSng;N’d .
. - . - - .
" B. 803 K 0 206.2 torr C,H, . ’ ‘ L v
® 205.1 torr C2H4'+ 0.27% neo—CSle
A 205.5 torr CoH, +.0.29% neo-C His
A '205.7 torr C2Hj + 4.27% neo-Cngz
© C. 819 K/O 106.5 torr C2H4 . 4 .
‘ ‘ ® 106.0 torr C2H4 + 0.92% neo—C5H12 .
A 10670 torr C2H4 + 1,71% neo-C5H12
- A T06.,0 torr CoH, ~+ 2.68% neo-CHy -
0O 106.4 torr CoH, + 4.71% .neo-C H]S
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Figure 12 -
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Yield-Time Plots for the Formation of Products
from Purified Ethylene Pyroly51s ot

-~

Methane; Ethane and Propylene, Respectlvely

at 748 K

.201.§ torr purified’C,H

201.6 torr purified C H4 + 1.0% heo- §H12

Methane, Ethane, Propylene and 1- Butene,

Respectively at 793 K
105.4 torr purified C

204, ) '
105 5 torr purified C2 + 1.%? neofcslil2 .
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Figure 13 - Plots of [(VO)N/VOJ Versus [neo—CSlel/[C2H4]
faE_A: Methane, -B: Ethane and C: Propylene at

748 K from Purified and Unpurified Ethyle

Mixtures

0 first point 201.6 torr C_H-

second point 201.4 torr C%Hi

® 201.6 torr purified C,H, + I.

ne

+ 0.4%'neo—c le
+ 2.1% neo—CsH12

0%,neo—C5H12
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[Torr' x107°
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-' . .Table 1 ,! ."l‘ [ . 2
' YIELD-TIME DATA FOR THE CoH +CH, SYSTEM ™ .
e Reacticg - Yield/torr e )
Reactant(s) time/min - Methane Propylens 1-Butene
7777 %04.3 tarz e, A B.63x107; @50x1073 - 2.47x1073
1 9.50x10°%  1,10x10” 3,00x10°
5~ ¥lleaod lasagZ  34saol
. 6 * 1.46x1077  1.85x10 2 3.90x1073
7 24090073 2.60:20_2 5.67x10_3
| ] 3.06x107  4.05520 8.82x10
-4 -3 -3
mepemen 3 sl
42,858 CH. 5 1.69x1073  1.81x10 4.12x10
Gl -3 -2 :10_3
6 12191073 22170 4,770
= — -
2063 torr 1, 2 1.16::110:3 23831073 - - 3
' 2.5 1.85x107>  1.19x0 2.40%107
+7.65% GH, 3.5 "2.330077 14010 2 3.47:0_3
AR 4.28x1077  3.05x10 7.12x10
105.5 torr C,H,” 2 1.84x107%  g.17x107 2.84x107%
: R T % T 4x10” 6.47x10 %
4 +4.14x10 §x1073 3.47x1074
— 5/ .« 5.98%) FSIA0T] |, 146100
. ' 7.8240%%" 50110 1.80510
T ' adoio™t -4
~105.4 torr C,H, m . 17826107, 4.80x0073 - 4
2 ' 3.08x107% . 1l0sx10” T L
+2.858 G, 3 4.66x2073 1g6x1073 /m_g
a 6.97x107)  3.44x1073 L2ndoZy
5 5 B.40x10™% 42110 IEWTT R
106.0 torr CH, 0.5 4.70007;  1.77x1074 1.19x107]
1 1.39x107%  *5.03x10 2.19x1074
2 3.01x1073 - s 6.37x10
2.3 3.3L4073  L.42x0]3 -
3 4.970073 © 2,920 L3ax16Ts
3 6.27x107°  3.85x10 1.47x10
1061 tarr C,H, g5 LI70T}  2.66x1078 2.91x1074
| 2.63x1074\_6.64x10_5 | -
42,858 G, 2 5.68x107 9.72x107
3 8.24x10 Col.7za07d
0.5 1.08x10_% /"2 2751074 -
1 1741077 4.87x10_3 2.79d0_,
1.5 3.04x10_F L1403 6.24x10
4 03 -3
2 §.41x1074 13810 L.15x1073 -
3 6.65x071  3.1gx10 1.80x10
106.6 torr CH, 0.5 1.99x1074 4.50x107] 2.46x10 3
1 4.00x107  1.081073 4.60x1073
. 42,858 CH, L5 4.92x107  1.55x10_3 8.70x10_
2 8.55x10_%  2.78x1003 1.54x103
3 12807 5.13x10 2.51%10
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CLAIMS TO ORIGINAL . RESEARCH
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- L J

of the rate constant of the initiation process for
a chain reaction mechanism. The method was based

e - -
.on the aneslysis of-the' effect of small quantities

of addltlves on the reactlon mechanlsm of the parent

- . hydrocarbon =

in a static system using the addiftives 1 utene,
et .
neopentane and ethane in the temperature range 693

\ ,ﬂf’*f_‘

to B19 K with ethylene pressures 75 to 400 torr.

s - . \
> . .
-,

3. From the klnetlcs of the reactlon in the presence and

absence of the addltlves it was shown that the sole

effect of the additives was theflntroductlon of new

;/initiation processes The initiation process of the

- ' thermal reactlons of ethylene alone was 1dent1f1ed

o as 3.second-order reaction and was found to be

homogeneous. ' .

4, The rate constant of the initiation DrOCj;S of the

. e pyrolysis of ethy}ene wasﬁmeasured as.

1.~ A klnetlc method was developed for the measurement

2. This method was applied to the pyrolysis of gthyiene7'
. ' ' ' N . .

Log ky (L mol™  s78) = (11.27 x 0.6) - (64200 * 2000)

2.3RT =~

LA [PVITUNNPI

VPRI TR SN SUTLIS PIL PTPar SR v |

P, -

v bt s,



&

8.

Tev . ——— ) '

Based on the measured frequency factor and the ™

actlvatlon energy, the 1n1t1at10n process was further

-

identified as the blmolecular reactlon of ethylene to

produce ethyl and v1nyl radicals..

2 3 ‘

N

. . . ... . -

'~ From the,measored activation. energy, the value of the

heat of formation of the vinyl radical was obtained

as 63.4 t 2 kcal mol_l. ’ .w. o B

Using this value, the bond dissociation energy for -,

the C-H bond-in ethyiene was Calculated as 103 * 2
kcal mol_l. It Was’suggested that\the c-H bond

dlssoc1at10n energy in neopentane could be only 3-4

-

kcal mol -1 less than that of ethylene

.- :J ‘ b1
The mechanism of the chain pfocesses in the thermal
decomp081t10n of ethylene was dlscussed and shown
to.be consistent with the observed orders and

activation energles of the rates of formatlon of

the. major products.
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