INFORMATION TO USERS

This manuscript has been reproduced from the microﬂlm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of

computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and continuing
from left to right in equal sections with small overlaps.

ProQuest Information and Learning :
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

®

UMI




P R




ey

 ADIRERRI TSIy

PYROLY3IS OF DTA.LIR
by

Joseph Isser

A thesis submitted in partial fulfillnment

H

of the reguirements for the degree of
Doctor of Zhilosonhy
in the
Department of Chenistry
University of COttawa
Ottawa, Canada

. efsit' d'n
o\i ”6

BIBLIOTHEQUzs °

-

¢ LERANES

2 >

(7 >

Yo . el'a,"y of oW
JT\La'dler J. Esser

rofessor of Chemistry Ph., D. Condidate

B AR el e S si



UMI Number: DC52432

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper

alignment can adversely affect reproduction.
In the unlikely event that the author did not send a complete manuscript

and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform DC52432
Copyright 2007 by ProQuest LLC
Al rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346




PREFACE

-Studies of the pyrolysis of organic substances in
the presence of nitric oxide were originally carried out
with the object of studying the unimolecular decompositions
of molecules, It was believed that addition of a sulficient
amount of nitric oxide would suppress all of the free-
radical reactions which normally take place in the absence
of NO. Any residual reaction would hence correspond to a
molecular reaction. Later it became increasingly evident

that radical reactions do still take place irrespective

‘of the concentration of nitric oxide. The role of nitric

oxide, however, remained a puzzle. The present work was
undertaken to evaluate the function of nitric oxide.

This research was conducted under the direction of
Prof. K. J. Laidler, whose patience and constant readiness
for valuable discussions is most gratefully acknowledged.
With gratitude the author wishes to thank Dr. M. H. Back
for many helpful suggestions concerniﬁg experimental
problems. The author is also indebted to the Ontario
Government for the award of Ontario Graduate Fellowships.,

Pinally, last but not least, thanks are due to my

colleagues for many useful discussions during these years.
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ABSTRACT

The pyrolysis of ethane inhibited by nitric oxide
has been investigated at temperatures ranging from
550 to 596O C by gas-chromatographic analysis. Mdixtures
of C,H-NO ranged from 1.6 to 62 js NO. The rates of
production of the primary products ethylene, hydrogen,
methane, nitrogen, water, nitrous oxide and acetonitrile
were measured under varying experimental conditions.

Hydrogen cyanide, carbon monoxide, acetaldehyde, n-butane,

~ butene-l, cis- and trans-butene-2, and butadiene-~l,3 were

detected as secondary products and occasionally measured.

tensively.with a finite initial rate. The consumption of
NO was determined directly and a good mass balance was
obtained.

The orders of the rates of formation with respect
to ethane and nitric oxide were determined for all
primaryAproducts at 596o C. The activation energies for
the production of all primary products were determined
for two different 02H6-NO mixtures in the temperature
range 550 to 596° C. Except for the production of water
and nitrogen the activation energies were found to depend

on the composition of the mixture,

B Ganapigbiiiis



A mechanism is proposed which gives good agreement
with experiment. The main points of the mechanism are:
(i) Initiation takes place mainly by unimolecular
decomposition of ethane.

(ii) Nitric oxide scavenges ethyl radicals to form
acetaldoxime which decomposes, thereby replacing
in essence the reaction

02H5 —_— 02H4 + H
to a large extent by

C,Hy + NO ——— C,H,IF + OH.

275
In this way the C2H5 radical causes the decomposition
of nitric oxide., |

(iii) Termination takes place mainly by unimolecular

decomposition of acetaldoxime to inactive products.

Reactions ére proposed to account for the formation
of the secondary products observed. Some of the relevant
rate paraumeters are evaluated. An interpretation is given
of the rate measurements previously performed by means of

pressure me asurements.

P Loty
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Chapter I
INTRODUCTION

. Historical Review

A, Early work

The pyrolytic work involving organic substances
and nitric oxide developed from an atiempt to study
the catalytic effects of nitric oxide on the pyroly-

sis of diethyl ether (1). Instead of a simple cataly-

sis, Staveley and Hinshelwood found that small amounts

of NO had an inhibiting effect. Catalysis, however,
was observed at high NO ccncentrations. It was also
found that at least part of the nitric oxide
disappeared to give nitrogen in what the authors
thought were side reactions.,

In further studies Staveley and Hinshelwood
(2, 3, 4, 5) observed that small amounts of NO had
an inhibiting effect on the thermal decomposition of
many other organic substances. They attributed this
effect to the ability of NO to suppress chains by
removing free radicals from the system. The limiting
rate was thought to represent a chain-free primary
process.

The inhibition of the pyrolysis of etnane by

nitric oxide was studied first by Staveley in 1937

"(6), He found that the HO was slowly removed in the

[E=— g doercaiad
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course of the reaction. The removal was interprected
as being due largely to the ethylene formed in the
decomposition. The rate at maximum inhibition was
thought to be due to molecular breakdown of ethane

into hydrogen and ethylene. Studies leading to similar

conclusions were also made with other hydrocarbons (7).

It must be mentioned that the early studies had
one important weakness. This was that the experimental
techniques at the time did not permit full studies of
the formation of all products and of the disappearance

of nitric oxide. The common experimental technique was

to follow the reaction by measuring the pfessuie change.

B. Evidence for Radical Chains in the Presence of

Nitric Oxide

With the availability of mass spectrometers and
deuterated substances it.became possible to decide
whether radicals took part in the decomposition at
maximum inhibition. As early as 1947 Eltcnton (8) de-
tected radicals in the inhibited decomposition. He
reported that no appreciable decrease in the concen-
tration of methyl radicals was observed. ln 1951 Wall
and Moore (9) pyrolysed pure C,Hg and 50-50 mixtures
of C2H6 and 02D6 in the absence and presenée of NO
and analysed the products for hydrogen, ethylene,

methane and ethane. They found that at 615°C the
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inhibitory effect of an addition of 5% NO was limited

to the first 5 minutes of the reaction. After that time

"NO itself no longer appeared in the analysis. This

suggests that the NO was completely consumed. iloreover,
not only did isotopic mixing occur but HO did not even
greatly inhibit the isotopic mixing of the methanes and
hydrogens. Only the mixing of ethanes was inhibited

considerably at higher temperatures. Further work along
these lines was performed by Rice and Varnerin (10) and

Varnerin and Dooling (11). These authors studied the

decomposition of C2D6 in the presence of the stable CH4

-and measured the isotopic mixing in the absence and
presence of NO in the maximally-inhibited region. The
pure 02D6 deccmposes as follows:
CoDg — 2 CD3
CD3 + C,Dg — CD4 + 02D5
C2D5 —3 D+ 02D4
Co,Dg + D — D, + C2D5,
2 C,Dg — G0y or C,D, + C,Dg
In the presence of CH4 one has the additional reations:
CH4 + CD3 - CDBH + CH3
CH3 + CoDg — CHBD + C2D5
CH4 + C2D5 — CH3 + 02D5H
CH4 + D — HD + CH3
Addition of NO to decomposing 02D6 should diminish the

amounts of mixed products and mixing should approach
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zero at maximum inhibition i1f the molecular hypofhesis

were true. It was found that NO did not suppress extensive

mixing. Although the measurements were only semiquantitative,

they definitely established the fact that chain reactions
are still taking place in the maximally inhibited region.

It must be mentioned, however, that Hinshelwood and
his coworkers disagreed with this conclusion (12). They
discounted the results of Rice and Varnerin (10) on the
grounds that CH2 radicals produced in

C2H6 —— CH2 + CH4

would produce the mixing observed, assuming that the 1o

does not effectively scavenge the CH2. They further
suggested that deuterium exchange might also occur by
mechanisms not involving alkyl radicals. Recent in-
vestigations of the pyrolysis of ethane (13, 14, 15) do
not support the assumption of CH2 being present, and
Kuppermann and Larson (16), in a careful study of the
pyrolysis of mixtures of C4H10 and C4D10 in the absence
and presence of N0, showed that mixing by a molecular
mechanism does not take place. Their results support the
earlier conclusions. Isotopic mixing was also shown to
take place in the maximally inhibited decomposition of
dimethyl ether (17) and of propane (18). Eence, it can
be considered as certain that a molecular mecnanisn is at

best only a very minor mode of decomposition of pyrolyses

‘maximally inhibited by 0.
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The most direct and convincing evidence for this type

of chain reaction comes from the work of Christie and
her coworkers (28, 29, 30, 31, 32). These workers
observed and monitored the production of NOz. They
fpund that the rate of the NOZ-producing reaction was
proportional to [NQ]2 and the rate of removal of RNO

to the first power of [?Nd]. In all systems studied
they found N2 and N02 as products and the rate eguations

agreed with
vNé = k CRNO] [NOT°.

In some cases they observed chain léngthé ex—
ceeding 100. As Heicklen and Cohen pointed out (25},
the evidence for or against this reaction when.RNO is
HNO is not very convincing. If it occurs, chain lengths

must be short.

2., Removal by NO with production of nitrous oxide and

alkoxy radicals

Another reaction for which some evidence has been
presented by Johnston and Heicklen (27) is

RNO + NO —» RO + NZO'

Combining their results and some evidence obtained by
Christie (28), they deduced i
k = 8.3 x 10° [exp - 7700/RT] 1 mole™ sec™t .
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It seems, however, that more experimental work is'needed
to establish tahis reaction with certainty. Recently,

in a decomposition study of 2-methyl-2-nitrosopropane

- a nitroso compound whici cannot isomerize to an Oxime -

Gowenlock (33) found no evidence for this type of reaction.

3, Addition of radicals

At very low O concentrations, nigh radical con-
centrations and low temperatures it hus been found that
radicals add to the RY¥=0 bond. According to Lzmpe and
Kohout (34)

HNO + H =—— HNO0H : .
HNOH + H — H,HOH
and according to Bromberger and Phillips (35)
2 CH3 + CH3NO —_— (CHB)QNOCHB.
This was confirmed later by Maschke, Shapiro and Lampe

{36, 37).

4. Isomerization of R¥O to R’ =IOH

The isomerization of the alkyl ni{roso compounds
to the corresponding oximes was proposed quite early ;
by liitchell and Hinshelwood (33). Raley, Rust and
Vaughan (39) were the first to prove that CHZNOH could
arise from CH.5 and NO at 225° C. Gowenlock and coworkers

(20, 21, 40) also showed that CH,=NOH, CH,CH={0H
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and (CH3)20=NOH were formed from their corresponding

alkyl radicals and NO. These workers estimated activation
' 1

- energies of about 30 to 40 kecal mole ~. On the other hand,

woodall and Gunning (41, 42) investigated the room
temperature Hg-sensitized decomposition of C3H8 in the
presence of N0, and found the oximes (CH3)2C=HOH and
02H50H=NOH. They believed that the exothermicity of

the addition of NO to R brought about the isomerization.
There is, of course, also the possibility that the

isomerization was aided further by some excess energy of

the propyl radicals wiaich they retained from their

.formation. In the case of i—C4HlO, where (CHB)BC is the

main radical, they Tound only (CHB)ECNO and no oxime.

In general, one can assume that the isomerization
to oximes requires some activation energy. The more
labile are tne x hydrogen atoms of the nitroso compound,
the lower is the activation energy. Nitrosoiso-propane
and -butane isomerize at room temperature, whereas
nitroso-methane and =—ethane require 160°C in the

gas phase.

5. Reactions of oximes

Kinetic studies of the pyrolysis of formaldoxime

show (43, 44, 45) that at temperatures up to 415° ¢ X
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catalyses the decomposition of the oxime giving rise
to two different sets of main products, as follows:

| H2C=NOH ~———3 HCN + H20
H,C=N0H —— CO + NH

2 3°
Around 500° ¢ autoignition occurs, the main products
being nitrogen, carbon monoxide and hydrogen. Under
these conditions {0 is consumed in larger gquantities.
A more detailed study has been made of the de-
composition of acetaldoxime (46, 47, 43). As many as 15
products were found, acetonitrile and water being the

major ones. Addition of NO strongly accelerated the de-

composition of the oximes.

D. Recent Theories of Nitric Oxide Inhibition

There have been several attempts to inter?ret the %
inhibition of gas~phase pyrolyses in terms of free-
radical mechanisms, The more prominent of these general

proposals will be discussed now.

1. The Voevodsky Proposal

Voevodsky (49) suggested that in the pyrolyses of
hydrocarbons the chain-propagating steps were homo-
geneous reactions, but that initiations were irreversible
and reversible processes occurring on the surface of the

reaction vessel., Nitric oxide or other inhibitors
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adsorbed on the vessel walls were postulated to suppress
the irreversible initiations. Maximum inhibition would
correspond to a complete coverage of active centers on
the walls. In the gas phase a steady-state concentration
of radicals would be maintained by the reversible
dissociation and recombination reactions occurring on
the surface of the vessel, the rates of these reactions
on a chemically inert surface being always the same.
Phis would mean that the amount of inhibitor reguired
for inhibition.should be dependent on the sﬁrface/volume
ratio, It seems that no explanation was envisaged for
the acceleration of the decompositions af higher 110
concentrations. Recent investigations of n-butane (50),
propane (51) and ethane (13, 14, 15) snow that a change
in surface/volume ratio has little or no effect on the
uninhibited decomposition. Also, in the case of the
fully~inhibited decompositions of ethane (52) and butane
(16), little or no surface effect was observed. It must
be admitted, however, that considerable surface effects
have been reported for some hydrocarbons. For further
details on this controversy the reader may cohsult
Gowenlock's review (24). Recently, Back and Laidler (53)
pointed out that for the Voevodsky proposal to apply to

the inhibited decomposition of ethane, the surface
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’

initiation would have to uccount for more taun 30 4w

of the whole, zund =fter considering various plousible

u

surface initiations or termincetions they concluded
that Voevodsky's suggestion did not zpply. One un-
eguivocal objzction to Voevodsky's theory is thut it

docs not zccount for consumption ol nitric ocxius.

2+ The Laidler—Jojciechowssl rrorocsal

The Laidler-vojciechowski progosal, which nas been
applied to the decompositions of etkaae (52, 54), propune
(55), butane (55), dimethyl sther (17), aiethylether
(57), acestuldenyde (58) znd propionzldehyde (33), was
based on the following ideas. In the presence of {0
there is

(i) an additional initiaztion process, the
.

abstraction of a hydrogen atom from thae

substrate molecule,

(ii) an edditional termination process involving
the reaction of =z radicul with MO, ZI0 or
the oxime, which arisss from RX0. This
termination leads to reogeneration of HO.

The following nmechnunism for the pyrolysis of ethune

inhibited by 0 was proposcd (52):
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CoHg + NO —&3 C,Hg + HNO
CpH —£5 H + CH,
H + CHg, —23 H, + C,H;
H + NO —-‘-j';—) HNO
CoHg + HIO —=d3 C,H, + NO

The steady-state rate derived from this scheme is given by

k., k 1/2
- L 3 =4 I
v =k [CpHs] = (2 K 4> [c285]
Since k k
. 1 =4 _ [H] [B] _ -
k_l k4 = [F] = Keq. = a congtant,

1/2
= (2 %eg 3 [eats]

It will be noticed that the initiation taking place in
the absence of NQ was omitted and that no provision was
made for the formation of methane. The reason for this 1is
that the proposed mechanism was not supposed to apply
over the whole range of NO concentratioﬁs. It was assumed
that at maximum inhibition reaction 1 was so much faster
than C2H6 —_ 2 CH3 that the latter could be neglected.
An important feature of the mechanism is that at maximum
inhibition the rate is independent of inhibitor con-
centration and even of the nature of the inhibitor. This
means that the mechanism would apply to any inhibitor

which is able to function in a way analogous to HO. The

|
]
i
i
I
5
i
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mechanism also implies that no consumption of NO takes
_place af maximum inhibition. This mechanism gave good
agreement with the experimental orders and activation

energy as derived from pressure measuremnents.

3. The Norrish-Pratt Proposal

Norrish and Pratt (60) proposed a general mechanism
for NO-inhibited paraffin pyrolyses at high temperatures;
: it had the following wmain features:

(i) The initiation reactions are the same as in the
uninhibited decompositions.
(ii) When inhibition is large the normal termination
steps can be neglected aznd termination takes
\ place via oxime decomposition, the oximes
arising from the nitroso-compounds which 1n
turn were thought to arise from the NO scaven-
ging radicals in the system.
(iii) The self-accelerating nature of these pyrolyses
was explained by the occurrence of degenerate
chain branching arising from a second mode of

decomposition of the oximes as previously

suggested by Pratt and Purnell (46, 47).
At low NO concentrations these branching processes

would not be very important, but would become very

!
:
,
i
S
)
.
b
,
:
‘
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significant at high NO concentrations. Another inter-
esting feature of this proposal is that it covers the
whole range of HO concentrations; there is thus no need
for special treatment of the inhibited, maximally-
inhibited and induced regions of the reaction. The
aﬁthors applied their scheme in a simple form to the
data obtained by Blackmore and Hinshelwood (61) for
the n-pentane pyrolysis at 5400 C. liaking a plausible
choice of rate constants they obtained gquantitative

agreement with the experimental results. Later Back and

 Laidler (53) applied the Norrish-Pratt scheoe to the NO-

inhibited pyrolysis of ethane as follows:’

Ty

CoH, — 2 CH
276 3

CH, + C2H6 —> CH4 + C2H5

3
02H5 — II+-C2H4

H + CéH6 —_— H2 + 02H5

C2h5 + N0 —— C2H5NO —_— CH30H=NOH
CH3CH=NOH—————9 H + products or CH3 + products
CHBCH=N0H ——— products.

They concluded that the scheme did not properly explain
the experimental facts known at the time.

In the pyrolysis of pure ethane the conversion of
CZHS,a/LLradical, into 02H4 + H is the slow step, while
the reaction of the A radical, H, according %o

DU . . i o6
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is fast., The essential idea of the Norrish-rratt scheme
is that the participation of oximes allows/ééradicals to
be converted more rapidly into ﬁ radicals than in the
absence of nitric oxide. A possible reaction in the case
of ethane decomposition is

CH=NOH + NO =— C,H, + 2 NO + H.

3 274
Alternatively the radical may instead be converted into

CH

the OH radical, another/B radical, by a sequence of
reactions to be discussed later. The occurrence of such
reactions would explain why addition of enough HO does

- not reduce the rate to zero at maximal inhibition and why
the rate increases at high NO concentrations. On the other
hand, for reactions like the acetaldehyde pyrolysis the
decomposition of the/étradical, CHBCO, is fast, while the
reaction of the 8 radical, CHy, according to |

CH3 + CHBCHO-———e CH4 + CH3CO
is slow (62, 63). Hence, th§/¢¢————a43 transition is not
rate limiting, and the Norrish-rratt mechanism then gives
no explanation for an enhancement in rate brought about
by nitric oxide. As a matter of fact, in the case of
acetaldehyde under certain conditions, there is no re- .
duction in rate, but only a steady increase as nitric
oxide is added (G4).
The previous theories are deficient in not account-

ing for all of the results. However, the following features

™
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4ll seem to be helpful in understanding tae behavior,
and one or more of them is to ve found in zll of the
theories progosed:

1) That ¥O becomes attached to radicals, the re-

sultiag sgecices being less active than the

orizinal rudical.

2) That oximes formed from&raiiculs ars more
ragidly converted into B rauicals than are

the freeAMdraiiczls,

3) That IO can bring about abstraction rsaction.

Do

E. Olefins ss Inhibitors of FParaffin ZJyrolyses

3

apart from nitric oxide, olefinz have freguently

been used as inhibitors in pyrolys dence, & brief

(]
w
»

discussion of this subject is in orcer.

The use of olefins as inhibitors in pyrolyses
seems to derive from the.work of Stubbs and Hinshelwood
(65), who fouad that for a sinzle pressure of n-pentane
at 525° C, nitric oxide and propylene reduced the
reaction rate to the same mininunm value. Later Hinshel-
wood and cowcrkers (66, 67, 68) attenpted to show the
equivalence of propylene and nitric oxide for other

A

paraifins. Theaase

(’J

results led to attempts (65, 52, 693)

to develop a generul mechanism describing the phenomena
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produced by all inhibitors, implying identical kinetic
behavior for the two systems nitric oxide-paraffin and
propylene-paraffin. Norrish and oratt {(60), reviewing the
experimental evidence, concluded that the egquality of
limiting rates for the two inhibitors had not been
eétablished as exact and general. For Jurther details on
this subject the reader is referred to the publications
by Norrish and Pratt (60), Quinn (70) and Purnell and
Quinn (71). It will suffice to conclude with Purnell and

Quinn (71) "that inhibition processes may be very complex

. and that the operative mechanism may depend not only upon

‘the identity of reactants but also upon the physical

conditions. There neced be no simple, unigue mechanistiec
interpretation to be sought and the assurption that one
exists may only lead back to an impasse comparable with

that which developed over the role of molecular processes."

II. Object of the Present Investigation

In view of the many coniroversies concerning the
nitric oxide inhibited pyrolyses it seemed necessary
to have a fresh look at this problem. In particular, 1%
was obvious that more chemical evidence was needed. Since
the details of the uninhibited ethane pyrolysis had

partly been solved (13, 14) or were in the process of
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being settled (15) when this work was taken up, the
NO-inhibited pyrolysis of ethane was chosen as an

example. It was decided to search for and measure as
many products as possible and in particular to trace

the fate of nitric oxide.
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Chapter II

EXPERILEITAL AD RBSTULTS

I, Apparatus

The experiments were carried out in a con-
ventional static system, which is shown schematically |
in Pigure 1. All stop-cocks were lubricated with

; Silicone grease. The entire system could be evacuated
to less than 10™° om Hg by means of an Edwards

diffusion pump Dl, which was in series with a ligquid

nitrogen trap Tl and a two-stage Jelch rotary pump

P.. The residual pressure was measured with a McLeod

1
Gauge G. A single manifold connected all parts of

the apparatus. A cylindrical quartz reaction vessel
R.V., which had a volume of 344 cc and a surface/
volume ratio of 1.0 cm'l, was enclosed in an electri- ;
cally heated copper cylinder, the walls of which were
about 2.5 cm thick., The copper cylinder was well
insulated with asbestos.

Temperatures were measured by'means of a chromel-

alumel thermocouple connected with a potentiometer

POT., which was accurate to 0,3° C in the range of

temperature studied. The chromel-alumel couple was
checked occasionally against a certificated Pt/Pt 13% Rh

thermocouple, Absolute temperatures measured
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Figure 1

Schematic diagram of the apparatus.
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were accurate to * 1°C. The temperature was controlled

_ with a thermoelectric thermoregulator CONT. The tempera-

ture variation during a run was always less than 0.30 Ce
A temperature gradient along the thermocouple well of
the reaction vessel was not detected.

In order to minimize dead space, capillary tubing
was used to connect the reaction vessel with stop-cock C1.
The dead space of the reaction vessel was less than 1 %
of the wvolume of the reaction vessel.

The chromatographic system used for the analysis

. of the products was constructed from components used

for the manufacture of the Perkin-Elmer Vapour Fracto-
meter Model 154. The detector was of the thermistor type;
it was thermostated in an insulated box by circulating
water of constant temperature around the metal block. The
columns were immersed in various constant temperature
baths. The temperature of both the detector and the
columns could be maintained constant within + 0.1° C.
Helium (Linde Company) was used as carrier gas. To
remove traces of oxygen and water the gas was first
passed through an electrically heated tube filled with
copper wool and then through a spiral trap, which was
filled with copper shot and immersed in ligquid nitrogen.

All columns were 1/4 inch in diameter.
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II., Experimental Procedure

A; Preparation of Gases

The ethane was a research grade obtained from
Phillips Petroleum Company. An appropriate amount of
gas was introduced from joint J1 and condensed into
trap T2 at —1960 C. After complete condensation, the
stop-cock attached to J1 was closed, and the liguid

nitrogen bath in T2 was replaced by aan isopentane

slush at -160° C. Then trap T3 was immersed in liguid

nitrogen and the series of traps was subject to
evacuation, Only the middle fraction of ethane was
collected. By this procedure traces of air and
methane were removed by evacuation and traces of
higher hydrocarbons remained in trap T2. Thus the
only impurity detectable by gas~chromatography was

a trace of ethylene., An upper limit of this impurity
Qas estimated to be 0,004 %. After distillation the
purified ethane was stored in bulb'B1.

Nitric oxide (liatheson Co.) ﬁas purified by
passing the gas at -80° ¢ through a trap filled with
silica gel. The silica gel trap was connected to
joint dJq. After passing through this trap the gas
was condensed at ~196° C in trap TZ’ Then the stop-

cock attached to J1 was closed, and the nitric oxide
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was thoroughly degassed. Finally the liquid nitrogen
bath in T, was replaced by a liquid oxygen bath and the
gas was distilled into the storage bulb B2, where 1t was
condensed at -1960 C. No impurities could be detected

by gas—-chromatsograpny.

B. Procedure for Exveriments

Mixtures of ethane and nitric oxide were prepared
by condensing an appropriate amount of ethane in mixing

bulb B3° The ethane was briefly degassed and then

" allowed to warm up to room temperature, after which a

pressure reading was taken with manometer M., After con-
densing again the ethane, an appropriate amount of de;
gassed nitric oxide was added to B3' Then the liquid ni-
trogen bath was removed from B3 and both gases were
permitted to warm up to room temperature. From the
preséure change the percentage composition of the mixture
could be calculated. Changes in the anbient temperature
were taken into consideration. The reégents were usually
allowed to wix over-night by diffusion. When the nitric
oxide had been stored for a longer period of time it was
again distilled - as described above - before use., The
quantity of mixture prepared was sufficient to make a

series of runs.
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Before each experiment the system was evacuated
to a pressure lower than lO"'5 mm, The initial pressure
of the reactants was measured with manometer M. At the
end of an experiment the products and reactants were
.removed through a series of traps, which were, in order:
a solid nitrogen trap PT4, a Le roy still 5, a solid
nitrogen trap PTZ, followed by a Toepler pump TP1 and
a gas burette GB. A mercury diftfusion pump D2 between
the trap PTZ and the pump TP, 2ided collection of the
noncondensible‘gases. Ylhen the noncondensiﬁle gases had
been collected in the gas burette, PT1 was warmed to
room temperature and the Le Roy still S-to -162O Co
Traces of occluded noncondensible gases were then
collected while the ethane and nitric oxide distilled
into the trap PT2. After completion of the distillation
the Le Roy still was warmed to about 40° C and the
condensibles were collected in a U-tube IS, immersed
in liquid nit:ogen.

For each series of runs, where the noncondensibles
were measured, a nitrogen blank was determined to
correct the nitrogen yield for a trace of nitrogen in
the reactants and for small amounts of air leaking into

the system while collecting the noncondensibles. This

correction was usually less than 1 % of the total nitrogen
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yield at moderate conversions. Only at very low con-
versions of mixtures containing low concentrations of

nitric oxide was this correction significantly larger.

C. Analyses of Products

. In most experiments the conversion of ethane was
kept between .5 and 3 %. In some experiments conversions
were as low as 0.1 % or as high as 10 i, The conversion
of NO varied between 0.2 and 15 .

Calibration of detector:

The detector of the chromatographic system was
calibrated for all products except water by injecting ;
knovn azmounts of products which were measured in the
gas burette (B, The capillary and the three smallest
bulbs of the burette were calibrated by filling them
with mercury. These calibrations were accurate to within
0.1 %, In most cases the measurements of the products
with the gas burette were in error by .not more than 1 %.
The reproducibility of the calibrations as such was not
better than + 2 %. Calculations were based on the ideal
gas law except for acetonitrile, where a small correction
for nonideality was applied by méans of the second virial
coeffTicient (72). .

For wate: the calibration procedure was different.

Mixtures of acetonitrile and water with varying amounts
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of water were made up and the accurate number of micro-
moles of water per microlitre of solution was determined
by the Karl Fischer method (73). Then a certain amount of
solution was injected through a rubber septum into a
slow stream of dry helium by means of a microlitre
syringe. The vapours were then trapped out in a spiral
trap which contained some glass beads and which was
immersed in liquid nitrogen. After injection and trapping
were completed the spiral trap,which could ve closed by
stop-cocks, was connected to joint J2. Tnen the helium

was pumped off and the vapours were collected at -196°C

" in IS1, from which they could be injected into the

chromatographic system. Small corrections had to be made
for "bleeding" of the syringe needle which amounted to
no more than 5 % of the total value, The reproducibility
of the calibrations was about + 5 %.

In order to correct for slight variations in re-
tention times, calibrations were made.as functions of
retention times over the range of variations normally
encountered. The calibrations of all products were
frequently checked.

The analytical problems of this work reguired an
extensive search for suitable chromatographic cclumns
during the course of which the products were identified

on at least two different columns by their retention times.



In some cases identification was made on as many as
five columns.

Noncondensibles:

Noncondensibles were collected in the gas burette
GB as described previously. After collection was com-
bleted the products were transferred by means of the
Toepler pump TP2 and the Welch rotary pump P2 into the
injection U-tube ISZ‘ They were then analysed gas-
chromatographically on a 3 m silica gel column (60/80 mesh)
by sweeping the sample from IS, with helium} The column
temperature was —350 C. To obtain a good resolution of
all products the silica gel was heated (74) for several
hours at 600° C and the column temperature had to be low.
The order of elution was Hy, N, NO, CO, CH4.~Nitric oxide
was, of course, not a product, but small amounts of this
reactant occasibﬁally escaped from the trap PTZ‘ Larger
amounts of NO interfered with the measurement of CO. This
was not serious, however, because CO was a minor Secondary
product and waé only measured rarely. The primary products
H2, N2 and CH4 could always be measured without any inter-
ference., Por hydrogen peak heights were measured, for
nitrogen and methane peak areas.

Ethylene and Nitrous Oxide:

Nitrous oxide and ethylene'cannot be separated from

ethane by distillation and hence a column had to be found
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which can separate the large excess of reactants from
these  two products. After an extsnsive search a 4 m
long coluan filled with activated alumina (Burell,
No. 341-3%5) was found to give acceptable resulis. The
prder of elution was NO, CZHG’ NZO' C2E4 with a colunmn
temperature oI —3500. For runs where the ethane pressures
were higher tnan 150 mm the resolution of the ethane and
nitrous oxide peaks became unacceptable, but ethane and
ethylens could still be separated up to almost 300 mm
pressure of ethane. The nitrous oxide psak was on the
tail end of the ethane peak; this, however, did not intro-
duce any serious error, because calibrations Were per-
formed under identical conditions., Because of the analytical
requirements, separate runs had to be made for the analysis
of nitrous oxide and ethylene. after condensing the products
and excess reactants in trap PT1 and pumping off the non-
condensibles — which were discarded — the trap PT, was
warned to room temperature. The products were condensed in
S and after warming S to ~135° C, 02H4, o, 02H6 and N,0
were distilled and condensed into IS1. From IS1 the sample
was injected into the chromatographic system. For nitrous
oxide and ethylene, peak areas were measured.

Water and Acetonitrile:

For convenience separate runs were made for the de-~

termination of water and acetonitrile. After trapping out

3
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the products and excess reactants in PTl and puﬁping off
the noncondensibles, PTl was warmed to room temperature,
and the gases were condensed in S. Then the temperature
in S was adjusted to -160° C and all volatile gases were
pumped off and discarded. Water, acetonitrile and other
condensibles - which will be discussed below - remained
in S. After completion of the distillation,S was warmed
to 40° ¢ and the products were collected at —1960 C

in ISl' Then they were analysed on a 1 m Chromosorb T
(40/60 mesh) column coated with 20 7% Carbowax 400. The
column temperature was 72O C. The order of elution was
CH3CN, H2O, the water peak showing some tailing. The other
products prescnt did not interfers with the analysis cf
these two compounds. Because of the "stickiness" of

water and acetonitrile on the glass and grease, the col-

lection of these products in trap ISl took about two hours.

It was also found advantageous to add helium to the pro-
ducts condensed in ISl and then to imm;rse ISl in hot
water before injecting them into the column. For aceto-
nitrile peak heights were measured, for water peak areas,
using a planimeter.

Other condensible products:

i
i
|
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!
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The following secondary products were detected in small g

amounts: n-butane, butene-l, cis- and trans-butene-2, buta-

diene-1,3, hydrogen cyanide and acetaldehyde. These
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products were measured occasionally 1in separate runs.

The prbcedure was the same as for water and acetonitrile,
No loss of products due to distillation could be detected
under the experimental procedures employed. The hydro-
carbon products were analysed on a 15 ft. Chromosord ?
(60/80 mesh) column coated with 15 % Dimethylsulfolane.
The order of elution was C4H10’ C4H8-l, trans- and
cis-C4H8-2, C4H6. The column was kept at 0° ¢. The other
condensibles did not interfere with the analysis.

Hydrogen cyanide and acetaldehyde were analysed on

. a 2 m Porapak ¢ column (80/100 mesh) with a column tempera-

ture of 72° C. The hydrogen cyanide appeared on the tail
end of the water peak, but no serious difficulty was |
encountered in the separation. Other products did not
interfere with the analysis.

Consumption of NO:

Some runs were made at lower NO concentrations,
where the disappearance of NO was direéfly measured. The
procedure was as follows: The reactanté were admitted to
R, V. and immediately removed into trap PT{ in order to
keep the conversion negligible. Traces of noncondensible
products were pumped off. Then PT1 was warmed to roomn
temperature and the reactants were collected in 5. Then

S was varmed 1o -1600 C and both reactants were distilled

. s ) S
~into trap PT2 which was kept at -196° C. The vapour
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pressure of N0 is high enough for it to distill - aided
by D2 - from PT2 into the spiral trap ST, which was kept
at -196° C. When most of the IO had distilled into ST,
stop-cock 02 was closed, the liquid nitrogen bath removed
and the gas was toeplered into the gas burette G3. Then

62 was opened again and the remaining NO was collected.
Since also sowme C2H6 was distilled, a small correction had
to be made for this. The amount of NO calculated using

the ideal gas law was then equal to the initial concen-
tration of NO. The method could be checked by using this
value of NO to compute the composition of fhe nixture.
Calculations snowed that the percentage éomposition
derived in this way agreed within + 1 % with that de-
termined previously. For the actual runs the same procedure
was employed and hence the remaining NO concentration
determined. Although the nitric oxide concentrations can
be determined accurately, the nitric oxide consumption is
possibly affscted with an error of 10-15 %, because it is
obtained as thé small difference of two large numbers.

Products not detected:

A search was made for the presence of methylnitrite,
ethylnitrite, nitromethane, nitroethane, methylnitrate,
ethylnitrate, methylalcohol, ethylalcohol, dimethylether,
diethylether, formaldehyde and ammonia. Hone of these could

be found.
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III. Results

A Phe Products of the Reaction

Comprehensive analytical studies showed that the

only products at the initial stage of decomposition

. were ethylene, hydrogen, water, nitrogen, nitrous oxide,

methane and acetonitrile. The relative yields of all
products were dependent on the composition of the
CZHG—NO mixture. .t very low NO concentrations, ethylene
and hydrogen were the main products. as the N0 concen-
trations were increased, water became a main product
instead of hydrogen. The yields of acetonitrile were
always much smaller than those of all other products.

As the reaction time increased, carbon monoxilde,
hydrogen cyanide, acetaldehyde, butane, butene-1,
butadiene-1,3 and cis- and trans-butene-2 were also

detected and occasionally measured.

B, Decomvposition of pure E thane

In order to check the experimenfal procedure and
to obtain information about the formation of ethylene,
hydrogen, methane and butane in the absence of NO under
the experimental conditions of this work, a series of
runs was made with pure ethane at 5960 C. The initial
rates are shcwn in Table 1 and the order plots in

Figure 2.

|
|
j
|
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Table 1

Initial rates of production of hydrogen, ethylene,
methane and butane as functions of ethane pressure.
Data were obtained at 596° C in the absence of

nitric oxide.

3 v x 109 +2 . x 107 2, x 10t +° 11
02H6 ﬁ2 02H4 CH4 C4Hlox 10
mm Hg mnmole mole mole mole
cc sec °© cC sec cc sec cc sec

346,0 3.72 - 2.62 -

273.3 2.75 2,76 2.12 -

193.5 2,03 1.96 1.37 -

148.5 1.33 1.42 1.10 -

100.0 1.00 1.01 0.843 0.237

RISy

R it
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Pigure 2

Order plots for the production of methane,
hydrogen and ethylene at 596° C in the

absence of nitric oxide.
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One observes that the rates of hydrogen and

ethylene are equal as found previously (13). The orders

of methane, hydrogen and ethylene productions are 1,00,
1.05 and 1.00 respectively. This is in good agreenent

with the results of other workers (13, 14, 15).

C. Tne Production of ilydrogen

Typical hydrogen production plots are shown in
Pigures 3 and 4, in which conversions went up to 7 %

for ethane and 15 % for nitric oxide and 9 ;5 for ethane

.and 6.5 % for nitric oxide, respectively. The rate of

ffoduction increased from a finite initial value as
the reaction progressed.

The initial rate vgz was obtained by extrapolating
the [Hé]/t vs. time plot to zero contact time. Typical
examples of this procedure are given in Figures 5 and 6.
In many cases the rate of change of rate with time was
small, and when this was so the rates derived from
individual runs at low conversions were -averaged and

taken to be initial rates. Double logarithmic plots of

o} 0 ~0 . . .
vQ vs. P and v vs., P~ are shown in Figures 7 and
H2 C2H6 H2 ¥O

8 respectively. The order with respect to ethane is
constant within exserimental error at pressures between
100 znd 346 mm Hg at 596° C. The order with respect to

nitric oxide changes from a negative value at low iHO
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Pigure 3
Yield-time plots for ethylene, hydrogen,
methane, water, nitrogen, nitrous ox%de
and acetonitrile production at 596° ¢,
Results were obtained from a mixture con-
taining 100.0 mm C2H6 and 18.6 aom IO,
Highest conversion is 7 j/ for CZHG and

15 ¢ for NO,.
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Figure 4

Yield-time plots for ethylene, hydrogen, methane,
water, nitrogen, nitrous oxide and acetonitrile
production at 596° C.

Results were cbtained from & mixture containing
100,0 mm CZH6 and 162 mm XNO.

Highest conversion is 9 % for C,H. and 6.5 75 for HO.
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Pigure 5

Typiczl rate-time plots for the production
of hydrogen.
Data were obtained at 596° C for 83.3 mm HO

and varying pressures of C2H6‘
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Figure 6

Typical rate-time plots for the production

of hydrozen.

Data were obtained for 83,3 mm NO and 100.0 mm
C,Hy and tempsratuares of 543.3° 3, 564.8° C and

580.7° C.
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Order vlots for the production of ethylene,
water, hydrogen, nitrogen, nitrous oxide,
methane and acetonitrile at 596° C.

Data were obtained with 83,3 mm NO and
varying pressures orf CZHS'

A CH, refers to the rate of CH4 minus that in

4
the absence of NO,
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Figure 8

Order »lots for the production of ethylenc, water
hydrogen, nitrogen, nitrous oxide, ﬁethané and
acetonitrile at 536° C.

Data were obtained with 100.0 a=x 0256 and varying
pressures of NO.

430H4 refefs to the rate of CH4 minus that in the

absence of 0.
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pressures to a positive value a2t high O pressures. It

is zero. around 43 mm NO, corresponding to a composition

. of 30 % NO,

Pigure 9 gives two Arrhenius plots. Least-sguares
treatment of the data leads to activation energies of

106 kcal mole~L

for the mixture consisting of 18.6 mm O
and 100.0 mm C,Hg and 95 keal mole™™ for the mixture
consisting of 83,3 mm O and 100.0 mm CZHS' IZixtures with
the same composition were also used for the determination

of the activation energies of the rates of production of

. the other products. For convenience these mixtures will

be referred to as the 15.7 i and the 45.5 % mixtures,

respectively.

D. The Production of Zthylene

Typical ethylene production plots are shown in
Figures 3 and 4. The rate of production increased from
a finite initial value as the reaction progressed. Initial
rates were obtained by extrapolating the [CzHél/t VS
time plots to zero contact {time. Examples of this pro=-
cedure are given in Figure 10, In wmost cases, however,
rates derived from runs at low conversions were in-
distinguishable from extrapolated values and in such cases
the extrapolation was not made. Double logarithmic plots

(0]

of v, 7 VS. ?° and P? are shown in Pizures 7 and 8
n T o ?
v21I4 C9H4 Ly .
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Figure ©

Arrhenius plots for hydrogen production
e 15,7 ,o mixture

o 45.5 % mixture
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Pigure 10

Typical rate-time plots for thre production
of ethylene at 596° C.

Data were obtzinsd for 83.3 mm N0 and

varying »ressures of CZL .
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respectively. The order with respect to ethane ié constant
within experimental error at pressures between 100 and
273 mm Hg at 596° C. The order with respect to nitric
oxide is zero between 9 and 25 mm NO and it has a constant
positive value for zreater nitric oxide pressures.

Figure 11 shows two Arrhenius plots. Least-squares
treatment of the data leads to activation energies of
66 kecal rcole-l and 59 kcal mole-l for the 15.7 ;o and the

45,5 ;¢ mixtures, respectively.

E. The Production of Mitrous Oxide and ..cetonitrile

Examples of nitrous oxide and acetonitrile production

rodnetinn
roauetTionn

\ 2
1Y)
3
2
i
[ 3
-3
V=
[{]
13
3y
ot
[b]
>
(5
w3

plots are given in Fijures
of acetonitrile increased strongly from a finite initial
value as the rezction proceeded, whereas that of nitrous
oxide decreased. Initial rates were always obtained by
the extrapolation procedure described above; typical
examples are shown in Figures 12 and 135, Order plots for
these two products are shown in Figureé 7 and 8. The
orders with respect to ethane and nitric oxide were con-
stant within experimental error at all pressures for both
products,

Arrhenius plots for nitrous oxide and acetonitrile
are given in Pigures 14 and 15, respectively. For the

15.7 5 mixture the activation energy for the rate of
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Figzure 11

Arrhenius plots for ethylene production
® 15.7 w mizture

o 45.5 % mixture
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Pigure 12

Typical rate-time plois for the sroduction
of acetonitriles.
Data wecre obtained for 100.0 mm 02H6 and

. . o)
varying pressures of N0 at 5367 C.
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Pigure 13

Typical rate-time plots for the production
of nitrous oxide.
Data were obtained for 18.6 mm O and

100.0 mm CZH6 at varying temperatures.
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Figure 14

Arrhenius plots for nitrous oxide production
e 15.5 % mixture

o 45.5 55 mixture
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Figure 15

e N r———————ty

Arrhenius »lots for acetonitrile wroduction
e 15.7 % mixture

0 45.5 » mixture
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production of nitrous oxide is 67 kecal mole_l and that

1

of acetonitrile is 55 kcal mole ~. For the 45.5 % mixture

the activation energies are 47 kcal mole™ T and 35 keal mole-l,

respectively.

F. The Productica c¢f Jater and }Jitrozen

Ixamples of water and nitrogen production plots are
presented in PFigures 3 and 4. The rates of production or
these products decreased with increasing conversion. At
very high concentrations of NO, however, it ‘'seems that the
production of nitrogen increased as the conversion in-
creased (Figure 4). Typical rate-time plots are shown in
T

sures 16 and 17. In wost cases rates derived Ifrom runs

£y
b
Cx

at low conversions were indistinguilshable from initial
rates. for water this was partly due to the scatter of the
results, which did often not warrant an extrapolation.
Order plots are presented in Figures 7 and 8. The orders
with respect to ethane and nitric oxide were constant
within experiméntal error at zll pressurss.

Arrhenius plots for water and nitrogen are given in
Pigures 138 and 19, respectively. The activation energies
are 55 kecal mole”™ T and 49 keal mole'l, respectively and
are practically independent of the composition of the

mixture. '
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Pizure 16

Tyoical rete-time plots for the

of water.
Data were obtained for 100.0 wm

. az0
varying pressures of NO at 596

production

C2H6 and

C.
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Pigure 17

Typical rate-time plots for the production
of nitrogen.
Data were obtained for 83.3 mm X0 and

varving pressures of C.H,. at 596O C.
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Pigure 18

Arrhenius plots for water productiocon

o 15.7 ,» mixture

o 45,5 % mixture
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Figurs 19

————e

Arrhenius plots for nitrogen production
® 15.7 3o mixture

o 45.5 3% mixture
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G, The Production of lizthane

% Typical examples of methane production plots are

, .

; presented in Figures 3 and 4. The rates for this product
| always increased as the reaction progressed. Typical

. rate-tiue plots are shown in Pigure 20, Often initial

. rates could be calculated from individual runs at low

| conversions. & double logarithmic plot of vgq VS Pg H
! “4 276

is given in Figure 7. The order is constant at all

! pressures. Double logarithmic plots of VZCH VS. Pg H,
': ) 4-. 2

a% 0 W o 1 o [z -
i and PNO’ where vACH4 is the total rate of methane pro

duction minus that in the absence of nitric oxide, are

shown in Fizures 7 and 8. igain the orders are constant

!
i at all pressures.
4

Arrhenius plots for methane are sresented in Pigure
1

e g Eathd i fe

21, The activation energy is T4 kcal mole ~ for the 15.7 /o

1

! mixture and 68 kecal mole”— for the 45.5 > mixture.

H., The Inhibition Curves

3 The initial rates of all primary prbducts were
obtained for mixtures containing 100 om CZHé and varying
pressures of X¥0. These rates plotted as functions of HO
pressure are shown in Figure 22, All products derived from
the consumption of nitric oxide have zero rates at zero
nitric oxide pressure. The rate of ethylene production has

& mininum at about 15 wm IO and that of hydrogen production

S
R e ae

Aol
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Pizure 20

Typical rate-time plots for
of methane.

Data were obtained for 83.3

+

ne

production

mm O and

varying pressures of CyHg at 596° C.
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Pigure 21
Arrhenius plots for methane production ;
e 15.7 ;> mixture |
0o 45.5 % mixture
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Pigure 22

Initial rates of formation of ethylene, water, ;
nhydrogen, nitrogen, nitrous oxide, methane and
acetonitrile as functions of nitric oxide

-0
pressure at 596~ C.
Data were obtained with 100.0 mm C2H6 and

varying pressures of NO.
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has a minimum at about 43 mm. The straijht line portions

of these curves at nigher NO pressures extragolate to

5,15 x 101 (cole co™t sec-l) and to 4.43% x 10711

-1 =1 ) ,
(mole cc” — sec ~), respectivaly. The methane rute, which
is a2 linear function of 40, extrapolates to the value

obtuinzd in the avssnce of JO.

Por some CaH.=30 nixtures the coasumption of MO was
2 &
5

,’O ~ b > 3 4 3
957 ¢ by observing the. decreuse 1in

Ly}
D
o,
ey
ct

directly =2esasu
concentraitivn as dascribsd in the experineatal section.

Some examples arz sreseatsd in Pijure 23 and Tuble 2.

-3

here iz 7004 acresment between the coasumption
directly mezsured =nd the appeurance of nitrogen in the

proaucts,

J. The Zroluction of Secondary rIroductis

Several sccondury »roducts, wnich occur under all

ected zna occaslonally measured. Some

ol
ct

conditions, vere de

twnical vield-timz plots of carbon monoxide are presented
J I

in Pigure 24. The production of CO has zlways a relatively

short induction period.
Some yield-time plots ¢f aydrogen cyaanlde and

acetaldehyde production are shown in Fijurs 25, There are

=8

long induction periods, of =zbout eguul length, for the

pY

-~

oo -, g S TR O ) TR L
TOoIrmeTioN 0L Tns3l AI0Lulil.
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Figure 23

Consumption of nitric oxide at 595° ¢

o Data were obtained from a mixture containing
18.6 mm NO and 100,0 mm C,ig.

® Data were obtained from a mixture containing

14,6 mm NO and 100,0 mm C,oHg.
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Table 2

Rates of consumption of nitric oxide at 596° G for

two different 02H6-NO mixtures.

0 0 0 0 0
‘ P P -V 2 v + 2 vy
; C2H6 NO NO N2 NZO
;’ mm Hg mn Hg mole ce~lsec™l  mole cctsect
| 100.0  14.6  3.62 x 107%* 3,45 x 1071t
| 100.0  18.6  4.65 x 1071 4,44 x 107

LT
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Pigure 24

Yield-time plots for the production of
carbon monoxide at 596° C.

o Results for 18.6 mm N0 and 100.0 mm C2H6
¢ Results for 162 mm NO and 100.0 mm 02H6
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Figure 25

Yield-time vlots for the production of nhydrogen
cyanide and acetaldehyde. |
o Data were obtained with 42.6 mm NO and

100.0 mm CyHg at 596° C.
© Data were obtained with 13,6 mza NO and

100.0 mm C,H, at 549,9° ¢C.
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Several C4—hydroc::.xr‘oons are also secondary products.
An example of yield-time curves is given in Figure 26. The
induction periods of butene-l, butadiene-1l,3, n-butane
and cis- and trans-butene~2 are all different. Generally,
they are longer than that for CO, but shorter than tho:ze

for HCN and CL;CHO.

Feante e 28

o ndET
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Figure 26

Yield-time plots for the psroduction of
04-hydrocarbons:

o butene-1, ebutadiene-1,3, A n-butane,
O trans-butene-2, x cis-butene-2.

Data were obtained with 83.3 mm NO and

T p 0
193.5 mm C2H6 at 596~ C.
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Using the experimental rates of Table 1 and the kinetic

~

parameters for reactions 2, 4 and 5 of Table 5 one can
calculate the following steady-state coacentrations for

o o .
100 mm C2ﬂ6 and 596° C:

[ ci;)

[C,f] = 4.6 x 10713 mole cc”
[2]

This shows that the concentration of ethyl radicals 1is

1

9.5 x 10-15 mole cc
1

1.1 x 10-'15 mole cc-l

about 100 times larger than that of nydrogen atoms or

nethyl radicals.

In.the presence of nitric oxide the above feactions
will still take place., If the IO combines with radicals,
one would expect it to have a more important effect on
the concentration of ethyl radicels than on the con-
centration of the other two radicals; the concentration
of ethyl radicals is much larger and the combination of
NO with H or CH3 will need a third body. Heiqklen and
Cohen (25) reviewed the experimenizl evidence for the

reactions:

F Sgmntioginy
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6

CoHg + NO —2— G HSNO
CH + O (410 )2 CH5NO (i
CH o+ N0 4+ -2y HY0 + 1

Xost studies refer to room temperature. The experimentzl
rate constants vary considerably for reaction 1 .nd no
really reliable value is known. The rate constant for re-
sction ii seems to be the most accurately known of the three.
Some approximate values, which apyply rerhaps to the ex-
perimental conditions of this vwork, are given in Table 3.
This enaoles one %0 g2t an estimate of the effect of ¥O on

reactions 2, 3 and 4. ror 59600, e.3.y One obtains:

vk [U5] [CFe] 5 a.85 2 2078
vy Ky [cEi5) 9] [i] [w0]
Vs _ K5 [Cs] +2.19 x 1078

Ve kg [LZH 5] RiY| [70]

vy K, [H][CoE] L 0.4 2 1073
viT  Raa[E](EC] (M) (0]

For a 15.7 5 mixture - cousisting of 100,0 mm C,H, and

18.6 mm N0 - one nas then:

Vo 4.85 x 1070 = 1.4 x 107

Srma— R

i 3.43 x 1077

5 2,19 x 1070 = 6.4 x 10

Ve o 3.4% x 1070

-2

Vi 2.4 x 1072
i1 3,43 x 1077

7.0 x 10

I

T sl
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These results suzgest that the scavenging of Ci_ and

02H5 redicals is efficient, but not that of H atoms.

That reaction 6 is competitive with reuction 3 is certainly
supported by the experimental evidence of the present viork.
For the above mixture V3 drops at least to about 10 jo of
the rate in the abaence of NO, and for a 1.56 » mixture
the concentration of 02H5 is already so reduced that AL is
at most only 2 % of that in the absence of J0. In mixtures
containing larger amouats of nitric oxide AL is entirely
neglizible. The concentration of CH.,, howevesr, does not
seem to be decrecased by the presence of 0, since the rate
~of formation of methane actually increased as a function

ormution of methane (Figure

+,
n
N

of 0, In fact, the rate oI
when extrapolated to zero §0 pressure yilelds the rate of
the uninhibited methane formation. The most plausible
explanation for this behavior is that reaction i is not at
21l competitive with reaction 2 aad that there 1is some
additional source of CH3 radicals. It seems then that some
of the previously determined third-order rate constants
for i are too high by at least a factor of 100.

One striking feature of the gresent results, shown
in Pigure 22, is that the rates of hydrogen and ethylene
production vary in different ways with pressure of XO.
Both rates fall sharply to a nininmum with addition of I

and then increase azain with increasing HO. Tne rute of

Sam”

P e e )
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hydrogen formation, however, does not rise as steeply as
that of ethylene formation. Further, the minima are
numerically not-the same and occur at different nitric

oxide pressures. usince the rate of nydrogen formation is
always lower than that of ethylene formation, reactions 3
and 4 canunot be the only ones leading to the formation of
these vroducts. FPurther, the rates of formation of these
oroducts, extrapolated from high N0 pressures tc zero NO
pressurs, lead to about the same intercept. Since both rates
are fuactions of the type

v =a/[W0] +b +c [¥]]

for 2 given ethane pressure, this intercept would be a
measure of the reucticams 3 and 4. This point will be talien
up later. ibstraction of an H atom from 02H5 by 10 is

~

another possible reaction, viz.
G Hy + §O —L— CH, + HIO.
At high temperatures HNO will dissociate according to
HNO + I —&— H + NO + H,
As will be shown later, the occurrence ol these two re-
actions can explain the rise in rate of production of

hydrogen as the NO pressure increases.
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Slementary Rezctions tnat Tead to Products which Zontain

NHitrozen and JXySens

One surprising finding of this work is that the
rates of decomposition of N0 are considerable. Zven at
the lowest coacentration of 10, nitrozen- 2nd oxygen-
containing compounds are formed, and there does not seen
to be any fundamental difference tetween mixtures con-
taining little or wmuch nitric oxide. Table 4 shows that
even at low NO pressures the rate of disappearance of
nitric oxide is not much lower than that of ethane. In

fzct, considering that in such wmixtures there is less [0

than 02H6, one sees that the percentaze decomposition of
N is even larcer +hen +hat+ A+ O T PAvr a ~iven nontsot
FS ) e M N ¥ .«I—M.&cv.‘- W o b R e V2--6 e e S~ o-—'vba N N Wt W

N

s the reverse is true.

9]
[¢)]

time, At very high MO pressur
Thus it appear% thet both substaances have to be con-
sidered as reactants. The rates of disappearance of the
two reactants were calculated from the rates of product
formation obtained at 59600. The ethane. pressure was
constant 2t 100 mm Hg.

Since the nitric oxide decomposes practically as
fast as the ethane, one must assume that the nitric
oxide is somehow involved in the propagation steps of
the ethane pyrolysis. In Chapter I a brief review was

-1

given of the possible reactions of RJO in <he preser

&
(@]

a
<

of N0, The reaction

R¥O + 2 R 3 R,HOR

- Z.L‘- £4S

S



Rates of disaupezrance of ethane and nitric oxide

o} . . . .
at 526~ C as fuwictionsof nitric oxide pressure.

"0 0 . 11 o . 11 _..0
Pro =ve 5, ¥ 10 ~Vio * 10 Ve H,
270 2756
mm Hg mole cc tsec™t mole co tsec™t ~V-g
14,6 10.3 3,95 2.73
42,6 14.2 10.2 _1.39
84,0 23,62 20.2 1.17
162.0 39.1 44,1 0.887

S i
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can be dismissed on the grouands that it iz known to
occur when the radical concentrations are high and the
nitric oxide concentration is low. The »eaction

RNO + Y0 — RO + NZO
can also be discouanted, since one would expect primary
pfoducts arising from RO; in this work RO would be CZHSO

and one would expect reactions such as

C2H50 > CHSCﬂO + H
CZHFO + 00 = CHBCHO + H¥0

CH3CHO and CZHSOH, however, were not detected as primary

products. The most likely reactions are
iii

~ -V—-!vﬂ ”~ -~ . ~ - - N L d "‘A”
CoHgNO + 2 HOU ——-—~)' Cpiig + 1‘42 + W0y
: - 6 o
CZHSJO —_— CH C: He

~

Christie and coworkers (31) determlnea the rate parameters

for reaction iii. No accurate »ate jarameters for rezction

6' are known. Batt and Zowsnlock (40), hovever, studied

the isomerization of CHBHO and estimated the rate constant

for the homogeﬁeous reaction to be approximately given by
k = 1017 exp [ -40000,/RT].

If we assume that the rate paraseters are similar for the

nitrosoethzane isomerization, we get the following comparisons |

. o - .6 2900/RT
sy [uQnSJO] [Ju] x 1.9 x 10
M [czarjo x 1010 gmHvlWU/al
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For a mixture of 162 mm ¥0 aad 100 mm 0, at 596° ¢
[

we tnen have

Ve

iii _ . -7
V6' = 1,11 x 10 .

Since the activetion energy for the isowerisation of the
ﬁitrosoethane is probably lower, znd since this energ
may be partly supplied by the ensrgy released when C-I0
bond formation tukes place (41), reuction 9 can be
nezlected. Hence, it seems that isomerization to the
corresponding oxime is the most likely FTate of nitroso-
ethane. That the nitroso compound is short-lived is also
‘borne out by the fact that such concelvable rezctions us
CZHSNO + 02H5 —— C4H10 + [0

of this

w

do not occur under the experimental condition
study. Cne difficulty with develoring a mechanism for the
NO-CZHS systemn is that no informaticn is apparently
available on the bond energies of the oxime molecule.
However, it seems safe to assume that the most reactive
vonds are the double bond and the -OH bona.

Some light is thrown on the possible fate of the
acetaldoxime by the »revious studies of fratt and Purnell

(46, 47) vho studied the pyrolysis of acetaldoxime at

temperatures between 330 and 440° C. They obtained a wids

range of products and found that the decomposition had an

. .. (o] . . a4 e A
explosion limit at 4407 C. 4 short inducticn period could
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ve eliminated by adding 1 3 NO, adding 7 75 X0 to the
oxime increased the rate of decomposition by a factor
of 6. Thersefore, they suzgested that in the zbsence of HO

CH, CH=1{0H £V CH.CHi*+ OH

3
is the initiation step in the decomposition, whereas st
higher HO concentrations

HO + Of;CHIOH —2 CH, CHI™ + HiTO,
is the only iwportuant initiation.

Later Zratt (30) found in a mass-spectrometric study
v

that
4 T ST T AT T _7
H = HOH + Gt :‘] [ n,]= 2
[0d30~1 HOH + CLHGNO] / [Cpdg)= 2 x 1077
This result was obitained under cuperimentol conditions
guite close to those of this work., This indicates that the

oxime is readily reumoved.

In the region of higher MO concentrations the ruate
of production of H2O is almost as great as that of 0254.
Since the concentration of 02H5 is gquite low, as pointed
out previously, one would suspect that rezction 3 cannot
be the only one leading to the formation of 02H4,and that
these larze and similar rates of formution of 02H4 and
H

2O spring from the same seguence of rezctions. It is

naturel to suggest that these reactions are

i+ HIO, 30y mo s M0+ L

11

CH + C,Hg

> HZO + 02H5

IR Ly sl o P2
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Reactions 6', 9, 10 and 11 together regenerute the etayl
radical and explain the rapid consumption of JO0. In view
of the hizh velocity of reaction 11 (79) and the large
concentration of 02H6’ the OH radical is unlikely to
react in any other way.

It seems that no information is avazilable on the
properties of the CH CHI radical. But it is wnown that the
dimer, the acetaldazine, gives nitrogen and ethylene as the
major nroducts zt high temperatures (31). Gowenlock and
Haynes (82) fouad that the azine yields nitrogen and
butene-2 as the major producis at 600-700° X. It is possibleE
that at higher temperatures (820-870° ) nitrogen and ,
ethylene arve the wajor products. In bhiis work butene-Z was
not detected as a primary product. Hence, one might suggest

B (&8N hd ) _*I\:r Tt hd 1\ ) ‘
2 CH.CHY , — CdBCHJ o nCJ5 —_— 2 02n4 + HZ |

3
or

12

2 CH,CHN » —— 2 02H4 + N2

3
as possible reactions of the CHBCHH radical. 3ince not
only nitrogen but also nitrous oxide is a major product
at nigh HO pressures, one can suggest an analogous reaction

for the formation of NZO, viz,.:

- 1T e NS 13 ot x
CIIBCI:L'. + J.-O —_——") 02514 + -IZO .

Keactions 9 to 13 predict that

Vg g = 2 Vi + Vi

2 N2 0.

2



Further, since 02H4 and HZ are produced in egyual amounts
by reaction 3 und 4, respectively, we also predict that

v = V. + Vo
C, 4 1,0

2 ®
Both relations are in excellent agrcenent with the ex-
perimental results, as will be showvn later.

There are several reactions which can bte postulated

to explain the production of the minor amounts of aceto-

nitrile which are formed:

5 OH.CHY —=% 5 CH,CI + CH.CE=1H
- 3 3 57
CH5CHT + IO S S CHCN
ol
OH,CENOE —+&— CH.CK + H,0 or other products.

5 3
A reaction analogous to 14 has recently (83, 84) been
postulated for the radical CHzﬁ.

At this point it is

o]

the additional source of CH3 radicals mentioned earlier.
In their study of the acetaldoxime decomgosition rratt
and Puraell (45, 47) proposed the reaction

CH3CHN —) CH3 + HCH,
which would &lso be an obvious choice for the C2H6—NO

system., This, however, 1is unlikely in this case, since

HCN was not a primary product. It seems therefore that the

only other likely source is the oxine. It is difficult to
y J

ropose any detailed rezaction, btut writing formall
‘ ’ ©

1e moT_cToy - 1 - .
CnBCn=j'i + I 1 > CHz + proaacﬁ(s)

erhaps appropriate to coummeat on
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leads to the correct functionzl form of the rat: 2x-
preszion. 3ince the amount of products arising from
reaction 17 is small, one would not detect any deficiency

in the nmass bvalence.

III, Initiation and Termination Reactions

Reaction 1 certainly initiates the decomgosition of
the CZHG -~ NO system, Nitric oxide alore was fouad not %o
decompose under the experimentul conditions of this worx.
Hence, initiation cannot come from NO zlons. But N0 might
react with 02H6 according to

C,H, + O » ENO + C,H

Mg 2is

and thereby contribute to the initiation of the pyrolysis.
This had previously been postulated by Laidler and
Wojciecnowski, as discussed in Chapter I. It is difficult
to say how important this reuction is, since no reliabvle
informution sbout it is available. The reacﬁion mizht well
complicate the 0236 - IO pyrolysis, and ‘it certainly will
be imporiant in systems involving more iabile hydrogen
atoms.

The nature of the termination reuctions 1s more ua-
certain. Reaction 16 is a termination sitep, but not enough
acetonitrile is formed to permit the coaclusion that
reaction 16 produces only this compound. AS ﬁill later be

discussed, the kinetics of formution of this product can
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be explained fairly well by the occurrence of reactions
14 and 15. Some products which could conceivably arise fron
the unimoleculazr decomposition or isoumerization of the

oxime are CHBCONHz, CH4 + HN=CO, C2H2 + NHZOH, CHBN=CO + Hyy

QH2=C=NH + H2O and CHBNC + H2O. liost of these would not be
stable under the experimental conditions of this work and
would rezct further. In sparticulzr one would expect

CH COEHz, CH2=C=NH and CHBNC to yield acetonitrile. 3econd-

3

ary production of CHBCN does inézed tale place, as evidenced

by the steep slopes of the rate-time plots showm in Figure

12, Secondary production can only ccme from very unstuble

products, since the induction period seems to be extremely

short. One cunnot envisage such secondar production of
g

e
[

acetonitrile to arise frowr such products 2as 59 CH4, NZ,

NZO’ CZH4’
Reaction 5 is negligible; no other alkanes except

H, Q.
<

methane have been found, and this excludes recombination
of alkyl radicals as important terminatibn steps, In view
of the velocities of reactions 4 and 11; H and OH drop
out as entities involved in terminations. |

Another possible termination step is

2 mo —25 #,0 + H,0.

No Arrhenius parameters for this rezction have becen
measured, but it is known (85) that this reaction occurs

readily at room *amperature and musy therefore have a very
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low activation energy. ot high temperatures, however,
the dissociztion of HWO into H aad NO may become more
important than the disproportionation. The rsuction
a1 . 19 . <

is also a possible chain-ending step; one cannot, of course,
tell by product formation whether it occurs. The analogue
to 19,

HO-&50 + 02H5 ) H002H5 + NO

must be insignificunt, since no alcohol was detected.

IV, The Over-z21l lizchanism

L. Derivation of Hate Zuuatiions

The above suggestioas lead to the following over-all

mechanism:

1 .
. 2 . ,
CH3 + C2H6 —_— Ch4 + CZHS
It g 3 H ¥
. i 4 N 4
H + 02h6 —_— H2 + V2H5
T 5 T ~n 3 A
2 C2ﬂ5 —) C4nlo or u2n4 + C2d6
i
. C,H. + NO ——EL—+ C,H-ID ——é——a CH,CHI0OH
275 275 3
CoHg + O —I— EGO + C,H,
HA0 + 1 —2— H + HO +
YO N 9 1Ty OF ah
CHBC“JQH + O —y “jOZ + uﬂSCdJ
.. 10

HiI0, + I ——=— CH + 10 + I
2

o

et
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COH + C.1, —xL . = 0 4 C.H
2‘6 &-2 2&&5
o 12 .
2 CH.CHN —2—3 2 C,H, + I
3 pH, + 15

e o 13 .

5 o qmy 44 A0+ OH CHITE
2 OEgoEy Aoy CHON + CHjCHIH
CEsCHN + HO 22 =m0 + cion
0, CHI0E —=2—5 CHE,CN + 4,0 or other products

17

CH,CHYOH + 0 —=L— CH. + product(s)

3

2 B0 22— 1,0 + Hy0

C

In view of the considerable complexity of the C,oH ~i0
system, tais reaction scheme must bz resarded as tentative.
In order to get some managcable solution to tais scheme,
reactions 5, 18 und 19 have been omitted in the following
steady-state treatment. In ths case of rezction 5 this
omission is definitely justified, as discussed earlier.
For convenience the following abreviatioﬁs were made:
C2H6ERH, 02H5 = R, CHBCHZ-TOH-:- Ox, | CH.CIid= RN.
The steady-state eguaticns are:

a[eHs] 2 k, [®E] - k, [CH.)[R3E] +: 0x] [30] =
— = , [mE - &y [cHy] [z + oz [0 [70] =0

at
dcu[;R] =k, [08;] [RE] - %5 [R]+ & (1] 2] - g [R] [x0]

~ ko [R] [20] + 1y [08] [Re] = ©

%:t-—] = ks [R] - ¥y [d] s« g (H 10]=
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d [ox] kg (RGO - kg [06] [90] - ey o [0x] (01 - kpgfox]= 0

é—t-f-—gl o (09 5 [ » il - o

d [d10,] -
T = ky [9x] [F0]~ &y [HM0,]= 0
Q-—d[—gd—] = ko [H00)) - xy; [0E] [RE]= ©

Rl - 12 An
a Lzl 1 . kg [0x] (0] - 2wy, [R4]% - w5 [an] o]

a0 r 2
- 2] 5] - 2 kg, [R0]° =
kl5{ 7 [ ky 4 [RN
rates of initiation and termineation are ejual we have

2 Kk [RH] = Xy¢ [Ox]

 rmvrer ey

P Skt it

This zives immediately: > k. koo
L
(+) Vo, =2 K (2] (=] [+
2 kl K .
(B) vy o= T (2] [
Also [R]= .}2._11;1_ EE] (k9 ko + Ky [NO])
“6%16
and since vyg L kg [H‘IO]
kg [E10]= k[ ][ro]_ » ,11'; (kg + kyq + ky o/ [70]) feT] [wd]
Hence, vy = k3[R] + ky[mic]
2 2k, | ) _
= EE (kg + ko + kyo/ [0]) [BH]
+2E 57 (kg vy, kg g/[m0)) [r] (0]
ke le




I, T T

2 Kakae 1 |2 k 2 k.k
173 [ RH 1 . i} 177 -
or (C) v = - s | (K, + Kqn)Kz + J Ri
2k
1 A0y
* g (kg + kpq) ko [RH] [=d.

Further, vy 5 = kg [R]+ ky [RI[E0]+2k, [2]° + k)5 [2] [30].
. 2 -4 [

Since to a very good agproxinmation

2y, [RU]® + kys [R][0]= ky [Cx] (0]
and ks [R]+ &y [&] [10]
2 k k~ . 2 k
.- [ze] Lo(k. o+
(D) o1, T TR FMEEY ("f9 k7)) s
+ 2 kykq) r;;u:hr,z_ ,Vl—- (ity + kqo)k, + -2_;{11:1 rrzd] fwo]
k6 l L J l"ur‘ L'a.l 6 J l 7 7 Lcl 6 L L -+

To obtain som poroximate expressions for the rates of

(3]

formation of

In]

itrogen, nitrous oxide and acetonitrile one

can assuune
kg [0x][m0]z 2wy, [R9]° .

This is a good aprroximation at low znd intermediate nitric
oxide pressures. it very high HO pressures the term leDIq [z0]
becomes imzortant, and then the approximztion is not as good.

Hey 2 k
waee 4 9 [a2] [10] =2 x, [7]°

e kg Y12 1/2  1/2
or [311]:(,1 —9-) / [r] / [0] 2




3

H2 1271
51 59 \rT T A PEATRE
(G) Vo oy = dq |22\ [0) + kel [1:] [::0]
Cﬂ—'c;‘ lzr 1. - - 15 L). L‘
D x\lghl 12 l
B. ilass Balance
The mass balance with respect to 0 reyuires that

i
S

[HO] = 2 132 O]+ 2[1T2] nd [—“3] [}:20 * ["201

or .ﬁ2@= (1,9 + 2[a).

nce from the steady-state eguations we have

kg [0 [59]= 2 ¥ (2] %+ 15 [21] [0]

to a very zood anproximation, the mechanism fulfills the
¥y s jaje ’

l..l-

~
N}

nass balunce reguirements. Compuring eguasions (B), (C) and
(D) we see that

v -V

1

CoHy  H 2

Table 5 shows that at 596°C for 100 mm CZH6 and varying

VH O .

NO pressures these relations hold very vell within ex-
verimental error. Thc rates are in arbitrary units, and
are interpolatsd from Figure 22, There secns to be a

tendency for the w velues Lo be somevhat higher than
J IIZO [

2 Vo ¥V ; this might be due to some additional
H2 "2

formation of water via reuction 16, The maximum agmount

0

of water available Irom this sourcs would be 3 rats units,

s arEve
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Table 5

Mass balance for varying nitric oxide pressures

at 596° C.
v02H4 - VH2 2 sz + VNZO vHZO mm HO
8.5 + 1.8 Ted + 0.5 8 + 0.8 10
13,5 £ 1.3 14 + 0.5 15.5 + 1.5 20
26,5 £ 2.1 27.5 £ 0.7 31+ 2.4 40
41+ 2.4 42+ 1.3 46 =3 60
§9.5 & 3.3 72 4+ 2.5 77+ 4.5 100
107 x5 122 + 4.3 123 &£ 7 160
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For 100 mn C2H6 and 83,3 mn O at different temperatures
we have the values shown in Table 6. This table shows
that throughout the temperzture range astudied the above
relations are fairly well maintained.

C. Orders with Respect to nshane and Nitric ‘xide

Taking into account that kB (13, 15) is pressure
dependent, and that k. (30) might zlso be somewhat pressure
dependent, one can derive the ordsrs n with rsspect to
ethane a2nd nitric oxids for the rate expressions (&) to

(G), In Table 7 the experimental orders ars compared with

‘those given by the nechanism,

refers to the orders as Icua
and 8) at 596° C. The orders given in the columns headed
N > ”»* ) 3
by v, &and v, ., refer to the regilons where ine terms that
H C,H

2 274 '
are independent of NO or proportional to NO are the pre-
dominant terms in expressions (C) and (D).

The experimental rate curves (Figure 22) suggest that
the rate expressions for hydrogen snd ethylens are of tae
form v = a/ [HO]+ b + c[ﬁd]at constant elhane pressure.

1,

Since at very low N0 pressures the hydrogen ana ethylene
curves tend to coincide, and since both curves extrapolate

from high J0 pressures to approximately thz sume »doint on.

]

e &
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Table 6

Mass balance at different temperatures.

ARSI IO

e VH,0 Vd,0

2 sz + Hzo 02n4 - sz
549.9 0.98 1.12
564,.8 1.08 1.04
580,7 | 0.95 l.i6

596.0 1.13 l.14
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the rate axis, one wight expect a and o to pe the same

for bofh cases, At nigh J0 pressures the hydrogen and
ethylene curves diverge consideraply, zwnd hz2nce the two

c's should be different. The relative importance of the
three terms devends on the pressure of U for a given
pfessure of ethzne. Jince the taree Terms may nive differsnt
orders with respect to both ethene and nitric oxide, the
experimental over-za1l orders will be made up of contri-
butions by all terms, and the orders may 4lso be expected
not to be the same at all 7O pressures., The experimental
orders listed in Table 7 show thui ror hydrogen production
.the term independent of J0 is aominans, whereas for

ethylene rroduction the term prozortional to 0 is the-
dominant one. The rate curve (Pigure 22) for methane pro-
duction suzgests a rate fuancticn of She form v =4 + e [NO]o
If one subtracts the intercents from valuss on the
straight-line portions of the rates Zor ethylene, hydrogen

and methane, respectively, one cun obtain order plots for
the terms proportional to 0. The order plot of this kind
for methane is shown in FPigure 3 (curve CH4). Similar

plots for ethylene {curve C2H4) end hydrogen (curve HZ)
are shown in PFigure 27. The orders azre listed in Table 3,

In all thes= case

w

tie orders with respect to JO are close
to unity, which: shows that the terms proportional to X0

are indeed propjorvional to the first pover of J0.

e nITTIREST
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Table 8

i
i

Orders with respysct to ethunc «nd nitric oxide for
those terms in the rate eguations of methane, hydrogen

and ethylene prcduction which are proportionzl to nitric

o i s i 3 e L8 L e

oxide pressure,

Orders with V. (o1 v, - Vo~
respect to ) A, ACHy
C2H6(m) 1.0 - -
No(exptl ) 0.94+0.05 0.33+0.05  0.98+0.05
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Pizure 27

Order plots for the rate of rroduction of
hydrogan and ethylene for those tsrms winich
are proportional to the pressure of d0.

Data were obtained from Figure 22 .
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T&bles 7 and 3 =zaow tnat the experimental orders fall
_ within fhe limits predicted by the mechanism.

The experinental orders for methane, aitrogsen and
hydrogen production were also deterwined by Fratt (80, 36).
The present results arc in very good agreement with his
(Table 7).

D, Derivution of Rate Constants

The ayperbolic form for tae variation of rute of
hydrogen or ethylene formution with aitric oxide can be
 tested by slotting zgainst l/[HO] tihe difference between
the total rate and tne sum of the intercept «nd the
asymptote of Fijure 22. la terms of eguation (C) this means

plotting

(2 &y k;) [zd
]; 3 [ ] against 1/[3“'0_] .
o]

[20]
Such & plot is showa in Pizure 23, This confirms the
functional form of eguations (C) and (D} and that the terms
proportional to l/[HO] are 1lndceed identicul. The slope of
Figure 28 is eyuul to 2 leS[RH]/kG and, since ki and I
are kanown, k6 can ve found. Celeulution ylelds a value of
ke = 3.12 x 107 ce mole tsec ™t at 536° 0. This is in good
agrecment with the value of Ik found by Pratt (80).

Prom eyuaticas (B) and (C) we see that to & very good

approxinztion the rotio of fhe terwm progortionul to 0 in.

S

g oyt e

e e e e e e een. L
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Pigure 23
! 2 k.k —
Plot of 155 [RE] g, L
icg [LJJ] [30]
o rate of hydrogen production
) rate of etauylene production

TSP S AU S RORI NS AP N

for‘5960 a

e e e T
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equation (C) =nd ejyuation (B) is egual to k7/k6. This

ratio can ve found Trom Figure 22. Irom the slopes of tne

D rate curves for avilrosen and wuter (Figure 22) one calcu-

" lated wbove we Tind k7 =

lates k7/k6 = 0.087 et 536~ C. Using the value of kg calcu-

.
.12 X 10° cc mole lsec L

AV}

» 3ince

dueiag 1,9 whica nus @ lower order v

2 k. k
19 71
,0 = TH, [:=] [49]

one can also calculate ky/kyc. From the slope of the rate
-~

curve for water (Pizure 22) ond the known kl one finds

ka/kir = 1.41 x lO7 ce mole-l. Similarly, frcm the slope of
9/ ™lo g

the rate curve for metinane (Figurs 22) one finds kl7/kl6

. -1
3.98 x 10° cc mole™?.
according to the mechanisn

V1,0 = k5 [R] [0]

) _ .12

and Y, = ki, [R4]

and therefore Vii g "
"2 = 13 [zo].
Vi, /2 kg, 1/2

- Hence, 2 plot of Vi G/v 1/2 vs.[WO] should be a straizht
Y2 N

2
line going throush the crigin., Such a plot is showa 1in
ure 29. The points at low nitric oxide concentrations
deviite a little upward from the line. Tais might bs due
to the iafluence of at least one otaer wminor rsaction pro-

ith respgect to [HO. I

at 5960 c.

Lae

e U

o PEIT
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were 0obt
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Fizurs 30

Flot of 505 s
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n
.
}—J
N
W)

: 109 ce mole_lsec

c 107 cc mole™t

10 cc nole “ssc

RN 1.
10~ cc mole Tsec

10° cc mols

(Prutt,30)

B
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were available for several temperatures, one could find
accurcte activation energies or differences of dctivation

enersies for the constuats or ratios of constants listed

¢

in Table 9. This would make it possible to test the

proposed mechunism further.

B. Activation Zacrsies

sctivation energies were determined for two different
mixturss, namely for a 12.7 4 und a 45.5 5 aixture. It was
found that the activation energies depend on Tne concen-
tpration of HO except those determining the rase of
formation of anitrogen and water. The activation enerziss
for these products were constant within exserimental error.
In the other cuses the activation encrgies decreased withn
increasing 49 cqncentration. Tre exserimental aciivatilon
enerzies are sumsarized in Table 10, The variztion of the
activztion energies with HO concentration supports the
idea that the rate functions ure comgosed of several terms,
the rslative importance of which deseands on the concen-—
tration of nitric oxide., The experimentzl energles will
then lie setwesn the limits of the wctivaticn energies
set by the individuzl rate terms. sctivation gnargics have
been reported by rratt (30) for the formution of aydrogen
and methane for a 16.7 ,o mixture., These results can be

PR i aea iy S Y SN B LD e ey ls LI
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ictivation ener,ies for the rate of formution of all

primary products for two differeat Coi--J0 mixtures.

sctivation energy 15.7 ;> mixture 45.5 w wlxture

for produciion of

C,H, | 66 + 2 59 + 2
H, 106 + 3 95 + 3
CH, 14 £33 68 + 3
HZO. 56 + 6 54 + 6
N,0 67 + 3 47 £ 3
N, 43 + 3 49 + 3
CH,CH 55 + 6 35 + 6

e a1

s
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activation enersy for hydrogen was givaen «s 102 £ 5

2R SN

- =1 C s , .
keal mole™ ™; this is close o the present result, The

-1

setivation eneryy for meithane, given as 37 + 4 Kcul nmoule
seems 2 little hizh, since 1t is the sume as thal of the
uninnibited reswction wad woes not reflsct the second
source of metiane with its lo.er sctivation energy. .

-

activation energy for nitrozen .roauction ius also

- . - s -1
t3 value was glven as 592 + 3 lkeal mole 7.

published (35); 1
Again, this is aigher than the value fouad in the present
work.

Of tnose rate constuants apoearing in the rate ex-

pressions (4) to (&), oaly k, (13, 14, 15) =ad k. (87, 75,

23, 39) huvs knowa arrinenius parzactsrs. In the nressure

range used in this work Iy 4111 be close to ths aigh-

~ ~ “l - ]
nressure vaiue oFf 36 keaul mole —, wiereas o, will be sone-

E5 = 35 keal mole™l (37).

From eguztion (3) we see tnat

«

D = 5 + — R
bgo0 T 1 T U9 T fle
dence 39 = Z6 = 55 - £ = =31 + o kecal mole

as will ve sinown later Eyq = 3i5 = -27 xcul mole”
. -1 . . .
E7 = 20 keal wmole  ™; then tac rate terms for eguation (C)

have the follousing values:

romeeae

—

et
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1

By + By = Bg = 121 kcal mole —, if By =V

; + Bg = By - Bg + Bg = 90 keal mole ™

1+t Byg = B g 0+ By = 121 + Bq = Byg = 94 keal mole ™t
1t Bp - Fg = g6 + B, = 106 keuzl mole”t
B, 4 Bg = Byg = 35 + By = 55 + By = 75 keal mole™t
Ei t Eqyq - Big — Eg * Bg = 86 + By - Big * g = 79 kcal mole

The over-all value should thus be between 121 and 75 keal mole

. 4 -1
The experimental values are 106 and 95 kcal mole ~.

ror esquation (D) we aave the same terms nlus one

additional one:

= 55 keal mole T,

w
o

16
Hence, the over-all value should be between 121 and 55

-1 . . . -1
keal mole —. Ihe experimental values are 66 and 59 kcal mole

iccording to eguationz (3) snd (2) tae activation
energies for water and nitrogen should ve approximately the
same, This is found to be the case within experimental
error. The activation energies for NZO and CH3CN depend
strongly on the composition of the reactant mixture. This
su.gests that the rate functions are nade up of at least
tvwo terms with different dependence on W0 concentration. In
tne case of nitrous oxide, only oue reaction is included

in the steady-state treatment of the mechanism. However,

W
9]
@
]
3
u
et
o]
o3
0
ot
3
o

although ot high IO pressure reaction 1

[

more important one, reaction 18 may also play & role.

1

’

s a1

J—
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Other reactions such as

H¥O + NO —— N, 0 + CH (27)

2
might alsc occur., If reaction 13 is the most important
at high ¥O pressures, then the activation eanerygy should

be given approximately by

t=3
].J
n

EN2O = by3 -

)
W
,4
+
R | 2
~~
L3
o
+
&3]
O
I
=2
[
N
S
*

tsd

1

bt
n

48 will be shown loter B - about 2% kcal mole

[

AN

ml
’_J.
[0]

and hence

2. =23 4+ 27 = 50 keal mole T,

Eyq o for a 45,5 5 mixture wes Tound %o be 47 i+ 5 keal mole”
T2

ok
oy
(D]
L}
[®]
1.4
13

This is zood agzreement in view of
of eguation (7).

It is more difficult to say 20w well the experimental
activation energy for the production of acetonitrile zagrees
with that predicted by the mechanism, siace not all teroms
can be evaluated. It is also likely that the rate equation
is more complicuted than was assumzed.

Prom the data available one cannot - as mentioned
earlier - obtain accurute arrhsnius parametaers for all the
processes proposed for the mechanism. dowever, apnroximate
estimztes of activition energy differences can be obtzined

for some of them from the available datu. The ravio

g}

1/2 . . -
le/klé is availaltle for several tcmperatures. If we assuae

“-—t

A - N . -r L, PN - S ry S A i,y s - 4 s an PR 3 e .
tuat rroetion 13 1s the predominuent rewmcilon produclily -

A
(&)

Sid
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in

PV
. - Co o - 12 . R
in the £45.5 ;» mizture, saen S cun ve cualculated

) . , -1 o .
to be egual to 22.5 kewl mole . Tnls should be an upper

limit, since the activation eneryy for HZO production at
lower &0 concentrations indicwtes that other processes
nave higher activation energies than rewction 12, Tne
irrhenius »lot is shown in Pigure 31. In the sume Pisure

r

w

o

Arrhenius plousg shown of ka/k16 and kl7/k16’ wnich

yield Iy - Byg- =25 koal mole™  @nd Iyq - Byg= 27

1

-
»

. To obtain E9 - Iy and 317 - E16’ srrhenius
S 0 30 and { (v +2. Y. _..1__...

kcal mole”

made. The data for ng , the rate of production of nzthane

4
in the absence of [0, were not determined directly.

Approximate values for V8H4 wera obtuined fron extra-
polation of vCH4 data - obtained from a 15.7 4 and 45.5
mixture - in & way analogous to that shown in Pigure 22
(CH4 curve). According ﬁo equation (3)

Er = B, = 3. - 3. = =31 + 6 kecal.
9 16 2,0 1 =

Hence, agreement is fuirly good.
An estircate of 37 can e obtuined as follows:
Q g - =
k7’n]Eiﬂ = by [E19]
and both kB[R] and k. [HIC] can be fouad from Figure 22.

-2
o
~ T v~ "'6 hand
Honce, st 536° C uad [50] = 1.34 x 1070 mole co™t

¥z _ ks E?J e = Eed X 10"%lmdle cC _"BEC _ _ 5 >
Vo K7 [“][“U] 2.0 = lO—llmole ce Tzec

Khieage:bec ol

e EET
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- fe : 1
Now k, is inown, and 1if we assume 10 & ce
~

the fregusacy

AT this point it is

the pre

-

sent results with thosce obtainsd

pressure measurements. In the pyrolysis

rate odbtained from uressure

-

measurements,
equal to the rate of

course, not tne cuse in the presence of

conswned to any apprecizable extent.

o] D - }
Piotal Pao * PCZHG zzfproducts (Pt
at time ©

are the pressur

oiig
zero contact time,

0
where PIO and PC

The pressure chuange AT

= he
) _zz;proau

then given by

+ 29

(o]
~(Zg0% ¢

Piotal
at time t

(¢}

2-r

ZPproducts—

+ V-
i,

Hence,

Iy

at

4

at

= .

ag?
at 54

+ Voo + V.

VCZ .L\i2 li2

Prom the muss balance we have

+ V.

= v’_,
IOI 4.42

o 0

iy
and

T VA
\1;-7

~r

N

wnd

Voma

factor of k7, we obtuin B, =
intaresting to comps
in

of

oroduction of nydrogen
a0,

In such a

mole_lsec-l

20 keczal mole

a4

ce

past by
pare ethane
a (a2)/at, i
This is, o
wien 0 is
n

)
VS

case v

Ps i ) consum
26

as

-1

re

the
3

£

ave:

ed

at time %,

es of the rezctaents

at time t is

“a
[-%

S

f o AT =c
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and therelore,

d44r

It~ V=

2 “2

. 1

4 plot of (vH + vy + 5 Vay
2 2 4

reproduce the well-imown ivaibition curve. such a plot 1is

1
+ Vg t5 Vgoy.o
)

70 should therefore

shown in Figure 32, The curve has in fact the expected
. 1 .
shape, arrhenius plots of (v, + Vv, + 5 V.o ) are shown in
& ) :IZ “72 2 'CH 4

Figure 33. The activation enerzy for the 15.7 ,~ mixture

is 37 kecal mole—l; it is of the same order of magnitude as
that previously found (52) from pressure measurements in
the "maximally inhibited" region. The activation enargy
for the 45.5 5 mixture is 67 keczl mole_l;'it is con-

Atravr +lhn
[ONYECH AR Fpey

o
s

3 A A + 1 ~m A3 \ve A+ PAav +hn
siderably the former, a5 15 cxpceted Ior Inc

¢

"induced" rszion.
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Firure 32

= = (v-_ + V. + 1/2 VA ) ‘ ve, P
at riz l\r2 UH4 .'.‘IU

Data were obtained at 5956° ¢ for 100.0 mm S, H

and varying pressures of HO.




e e T -

l
200

o
|
100
Plo (mm Hg)

3.
«w

5401
100

P

Ol X(,.09s wuw)
pOl*( dvp

- e e e T e e e T o e g AT T TRYRIER




R T

dAr
tog =%~

® data for 15.7

o data for 45.5

= log (vH + v,

- 113 -

Pigure 33

+ 1/2 Vo
2 ‘.‘]’2 vl

;o mizture

5 mizxture

4

)
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Chaypter IV

UEBCEATISNS OF SECCUDARY REACTICIS

Many secondary reactions can be enviszaged for the
CZHG-NO system. 3ince the main emphasis in this work is
on the kinetics of the zsrimary resactions, only & gualitative
interpretation is ztiteupted for the secondary reactions

observed.
It is knowmn ihat ethylene 1s wore re=ctive than
ethane and that the presence of ethylene in tae pyrolysis

of ethane leads to the formation of manj secondary products
14

(90, 91). Tae activation energies for the addition of

radicals such 23 i, CHB’ CZHS to the ethylenic double bond
are only a few kcal mole"l. Zowever, absiraciion reactions
can also occur readily. The resulting radicals may be able
to isomerize, abstract from ethane and decompose uni-
molecularly. It has been shown that these interactions

of 02H4 with radicals can‘explain the sélf—inhibition of
the ethane pyrolysis cnd the secondary vroduction of
methene and butane which have been observed in the absence
of NO (90, 91). 3Some of the secondary products which have

been discovered previously in the pyrolysis cf pure ethane

17

propylsne, n-butene, butene-1l, cis- and

-

are methans,

P

trans-butene-2, butadiene-1,3, and acetylene (30, 91).

-

A check was made for the C,-hydrocarbons and zll were
T

AT e cramy

i
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found also in the presence of H0., However, the induction
periods. were longer and the amounts produced smaller thun
those in the absence of 0,

The following reaction

m

1 can explain thne production

of tae 04—hydrocarbon3 ir. the »yrolysis of purs eti:ane:

C2H5 + C2H4 —_— n-0459
n—C4H9 + 0236'————% A—C4Hlo T Oy
| n~C i, y Culig=l + &
: n-C4II9 —_— sec—C4H;
; - So:—zc-CA“3 —_—) c1s-C,33—2.and trans-C4H8-2
i R + CZL4'————9 RH + CZHB’ w@ere REH, CHB’ C,H
é C2H3 + 0254 _— 0437
% C4H7 —_— C4H6—1,3 + H )
C4H7 + CoH, — C4H8—l + C2H5

In the presence of NO these reactions will still take
place, but the products arising from these reactions will
occur in smaller gquuntities, since the IO will scavenge

to a large extent the radicals involved. The radicals

e St ok e By b Sk m & S T A ST T T

=G,k ec-C H Ho wi ‘m oximes wi 1tri xide.
n 04{9, sec 04 99 C4 7 711l form oximes with nitric oxide

The oximes in turn will most likely decomgose

to

i Co

a nunber of additicnal secondary sroducts.
Y s

H3 is known to react differently with JO.

to zive rise

The radiczl
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Sherwood

(C,H.*) 2nd ethynylvinyl (Z0z C-CH=Cd) redicals
2753 J

240
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shown tha t vinyl

33 ) huve

Sunaing (92,

react witnh

0 at roo: tsmneraturse to give HCN and aldehydes. Hence,

one would expect the 0233 racdicals to react as follows
CH,=CHe O —> C“ Vd
2 2 ———> HCN + CH,O.
O -L\ 2
HCN is indeed a secoandary product; otut CH20 is not found.
This is perazps no surprise, since for mnzldehyde will de-
compose readily to yield CO and H2 at the tenmperatures
involved. Exzmples of yield-time plots for the 04-hydro—

duction of CO
production of
shorter. This
of CO, Such &

been fouad by

decomposes in

HCY are

siven in Pigures 26 end 25, respectively.
from the above reaction were the only
for the pro-

nduction periad

should be either the =ume as that for the

HCY or even longe actually, it is much
means that there is at least a second source

source is the product nitrous .oxide. It has
Prenwith et al. (94) that nitrous oxide

the presence of ethane at temperatures well

below those wnere u20 decomposes by itself. The products

of the “2“6 I

C2H5 + N20 —_—

0 system suggest the reactions

C-H.0 + U.-
275 2
. yO
CH20 — H2 + CO
CE; 620 —— CH, + €O

4

T TR

N
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3mall zzounts of zcetuldenyde are indeed found in this
work as sscondary product (Figure 25). also the decrease

~

in rate of p»roduction of Kzu a3 the reaction zroceeds

1
(Pigure 13) is in line with this argument. Ci; does not
react with .0 in a similar way.

[

There is no doubt that other secondary reazctions

(@]
[%)
=
o’
[
w
I
[}
C:
w
6]
ct
()]
[N
H

cr a system as complex as the 02H6—KO
system, Howsver, at this time there is no point in making
more detailed proposals and one has 1o walt t1ill more

experimental data are available,

e
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The m-chaniam proposel 1o gxpi=i.. Tae C JI.-LTL:
syvaten 1s 1o &ouht simnyler thrn the irim, ana ¢ne can
protably devise GiTferent ou=s to erdnir the crver.nsutal
facis., Honever, it seems usrd to =void tre assuxpiion that

acetaldoxime is a hizaly importaut interwedislo woich

o

provides an alternstive route for tn: */Ll —> ﬁ transition
of the ethyl radiecsli, ir line witl *7e Horrisn-rratt
oroposala. ¥itroxyl might e nore impertsnt than foe

mechaniswn gsusrests, since resclions sSuc:i a3
* +

CH.U/B=II-0F + NO —— OH, CH-N-CH £ HNO + CH,+ H-CERO"

| Sy
e —~2 + HKO + NO

CoH,
- 4 id
CZHG + NO =——> HNO + v?LS
BNO + NO —— OF 3+ N0
[
cen be envisaged. The firct of These reanctions aioug
path 'b' - when used iusverd o woncevion 7 (p.84) - fits

the kinetics just &3 vell. Tie sume vecction along peth
& ¥

m

'at might be & scurce of Or, rscicals g¢d would correspond

to reaction 17 (p.55). The fulminic =eid produced simul-
taneously wouid raridly 1ezct further. ancther re=ctlon
vielding the saame products woull be

CH,~-CE=NCH + FO —— INC + CH3—0H=N~GL———% CH3+ H-C=N-0"

e
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(n

inother matter is the participation of heterozznesous re
AS Was mentioned in Chapter I, @nd as has been discussed in
greater detail elsewnere (24), the participation of hetero-
geneous processes in the vyroiyses of hydrocarbons in the
presence and absence oI inhibitors has been & subject of
g.eut controversy. No attempt wus made to check whether the
formetion of any of the products was dezsndent on the

sur ane/voluhe ratio. Such dependeance, nc.ever, nay well
exist. Motwithstanding these reservations the proposed
mechanism gives a good interpretation of 211 the experimental
results.,

The results and the subseguent discussion clearly

[

- - Y s ..‘-__‘.t ~
O guiaiie greatyy

(¢4

stow thzb the addition of aliric oald
complicates the pyrolysis of the latter. Suca complications
cun also be expected for other hydrocsurbon pyrolyses, at
least in such cases where the ethyl radical 1s an important
intermediate. The stoichiometry of the combined decomposition
of ethane and nitric oxide varies, of ccurse, with the ex-
perimental coaditions; but under all coadltlons the INO has
to be regarded as a reactant. For a 45,5  mixture at 596° ¢
the raaction stoichiometry is given ajproximately by

4 02H6 + 4 JO = 4 02H4 + Hy + 3 HZO + H, 0.5 N2O.
4s mentioned in Chapter I, olefins have also been used in
innibition studies of hydrocarbon pyrolyses. In the case

of the C, H CBHS system some detailed product analysis

10

actionse.

T
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nas been made (70). ilthough the influence of thé addition
of propylene on the product distribution in the butane
pyrolysis is not as drastic as that wnich HNO hus on the
product distribution in the cthane pyrolysis, it was clearly
found that the initial procduct distribution became more
éomplicated in the presence of CBH6’ and that the pyrolysis
of the C4H10-03H6 system can be regarded as a co-pyrolysis
involving mutuzl sensitizatlon. Thus it seems that addition
of inhibitors dces not simplify but complicate orzanic
pyrolyses, and that every system has to be considered on

its own merits.

g e e,

.r
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CLAIMS TO ORIGINAL REIUARCH

Yitric oxide has been found to decompose rugidly

in the ethane pyrolysis with a finite initial rate.

The formation of the urimary products ethylene,

D

nydrogen,methane, aitrogen, water, nitrous oxia
and escetonitrile have besen studied in detail.

tes of Torm=tion ~ith respect to etnane

jo
D

Orders of the r
and nitric oxide hnave been ueterained for all primary
[ Oq
roducts at 596~ C.
ictivetion enerzies for the production of all primary
products have been mezasurad in the t=mperature range
) o} . . . )
550 to 536~ C. The activition snergies - gxcept those
for ithe production of nitrogen and water - were found

to depend on the composition of the mixture.

A mechanism has been proposed which cun account for

all experimentzl facts.

The following rate parameters have been evaluated for
a temperature of 596° C:

. 1/2 1/2
kgs Kqy kg/lygy Epp/fygr K13/KT5T Eys/K5%s kyp/Ky e
Dstivates of Bg-Iygy Byq=Eqg 313—1/21312 end Eq have
been nmude,
Rezctions have been proposed to explain tue formation

of the secondary sroducts observed.

i

S
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8. It has been snown that rate measurements based on
pressure change are related to the rates of

formation of hydrogen, nitrogen and methane.

S
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