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PREFACE

This thesis is concerned.with a reinvestigation
of the kinetics and mechanism of the pyrolysis of
acetaldehyde, In spite of a considerable amount of
previous work, many details of the mechanism have remained
obscure, One feature of the present work is that a
special effort has been made to use purer acetaldehyde
then in previous work, and to measure the rates of
formation of the minor products of the reaction, A
preliminary report on some of this work has been published
as X, J. Laidler and M, T. H, Liu, Proc., Roy., Soc., A 297
365 (1967). |
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ABSTRACT

: Previous‘work'on the acetaldehyde pyrolysis is
sﬂown to he vitiated by the presence, in the acetaldehyde,
of impuritieé, mainly ethanol and crotonaldehyde, The |
reaction has been reinvestigated with the use of acet-
aldehyde, prepared from paraldehyde, which is free from
these and other impurities, On the basis of a study of
the kinetics of formation of the major products (methane
and carbon monoxide) and of a number of minor products ;
(hydrogen, acétone, propionaldehyde, ethane and ethylene)
a reaction mechanism is proposed. This includes all of

the reactions in the original Rice-llerzfeld scheme,

together with a number of other elementary processes, in

particular

CH3 + CI{SCHO — CH,l + CHQCHO

The decomposition of the radical CH20H0 into CH200 and H
provides an additional source of hydrogen, the rate of
production of which is therefore not a measure of the
rate of the initiation process, Acetone is believed to

arise mainly by the reactions

CI[3 + CH30H0 — 1i-Pro

- " CH.,COCH
1-Pr0 —» CH,COCH,

and only to a negligible extent by the combination of

+ I

CH, and Cil

3 co.

3
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The apparent rate constant for the addition of {

the methyl radical to acetaldehyde was found to be ' ‘ i

expressed by the equation
12,350
log k (ce mole'lsec'l) = 10,22 - e

2,303 R
The equilibrium constant

. [1-prq]
[0113] [01130110]

hes been calculated from thermodynamic data, and the

rate constant for i-Pr0 —» CHSCOCH3 + Il has heen evaluated
as
19,190

log k (sec'l) = 19,83 = ————
2,303 RT

The main chain-ending step is concluded to be
0113 + CII3 —> 02][6
with a small contrihution from

CH3 + 01120110 S CHSCﬂzCHO

The work provides further evidence for the falling-off, at
low pressures, of the second-order coefficient for the
combination of methyl radicals, The overall order for the
deéomposition of acetaldehyde was confirmed to be 3/2 from
480° to 540°C at pressures from 50 to 559 mm l'g. The rate
constant can be expressed as

log k (cc%nole"%sec_l) = 13,45 49,100
overall * 9,30% RT




At lower pressures from 1 to 40 mm there is a fall-off in

k , the order of the reaction having increased to 1.7.

overall
‘ From the rates of ethane and hydrogen production f
the activation energy for the initiation process is found

to be 78,2 + 2 keal,

| At low pressures the addition of CO2 increased

the rates of production of hydrogen and ethane to & greater
extent than those of methane and acetone, The rate constants
for both initiation and termination are well in their
pressure-dependent regions under the conditions of the inert-
gas experiments, The production of methane and acetone,
hovever, is only a function of the ratio of these two rate
constants, so that the effect due to inert gas is expected

to be much smaller, The inert-gas effect is completely
consistent with the mechanism proposed. The rates of
production of verious products are slightly affected by

increasing the surface:volume ratio of the reaction vessel,

\
AT IAENT WVIJ

but the rate constants for different elementary processes

are concluded to he essentially homogeneous,
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CIUAPTER I

INTRODUCTION

Historical Review

Early work on the acetaldehyde pyrolysis showed
that only two major products were formed, methane and

carbon monoxide, according to the stoichiometric equation !

CHSCHO —_ Cnt, + CO

The thermal decompositions of gaseous hydrocarbons,
aldehydes and ketones were first thought to be elementary
unimolecular reactions. The pyrolysis of acetaldehyde, in

particular, was believed to proceed by a direct unimolecular w

‘a
z

x
.
!
'

split into CIf, + CO with an activation energy of 46 keal
(1), Rice and Herzfeld (2) suggested that the pyrolysis
of acetaldehyde is a free-radical chain mechanism so that
the activation energy of 46 kcal does not refer to any
particular elementary process, Letort (3-5) made an
extensive study of this reaction and showed that the
initial rate of reaction varied with the initial pressure

of acetaldehyde according to the equation
log R, = 1,50 log P+ constant

. The order of the reaction is therefore %/2. Letort found

the rate constant to be given by
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Early work on the acetaldehyde pyrolysis showed
that only two major pfoducts were formed, methane and

carbon monoxide, according to the stoichiometric equation

CHSCHO —_— CI‘(Ii + CO

The thermal decompositions of gaseous hydrocarbons,
aldehydes and keitounes were first thought to be elementary
unimolecular reactions, The pyrolysis of acetaldehyde, in
particular, was believed to proceed by a direct unimolecular
split into cnh + CO with an activation energy of 46 kcal
(1). Rice and Herzfeld (2) suggested that the pyrolysis
of acetaldehyde is a free-radical chain mechanism so that
the activation energy of 46 kcal does not refer to any
particular elementary process, Letort (3-5) made an
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- The order of the reaction is therefore 3/2. Letort found

the rate constant to be given by
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19 16,000

k=23x10"e RI" cc* mole"s'lr sec'1

Boyer, Niclause and Letort (6) later reported that the - g
reaction was homogeneous and that the 3/2-order rate |

constant was

48,000 N
k=2,2x 1012 e IT cc% mole ® sec"1

Travers and Seddon (7-10) also investigated this reaction
and found that their results'diffeéTLidely from those of
other laﬁoratories. They concluded that the process is
much more complicated than found hy previous wofkers.
Their experimental teéhnique required the use of & fresh
surface each time, and it therefore appears thati the
surfaces of the vessel play an important role in their
work. .

Hinshelwood and co-workers (11-13) measured
the rate of decomposition with initial pressures ranging

from 0,2 to 1100 mm, The curve they obtained by plotting

the reciprocal of the time of half decomposition against

3
T T XS EGra e ‘.NJ

the initial pressure shows an abrupt change of slope, and
the results were interpreted by the theory that the
acetaldehyde molecule can be activated in a number of
distinct ways, On the basis of packed-vessel studies they
concluded that the influence of surface is negligible and
that thé feaetion is essentially homogeneous, In 1958,

~ Freeman, Danby and I'inshelwood (14) reinvestigated this
decomposition over a temperature range of 504 to 525°C and

found small amounts of H2, CQH6 and 02H4. They concluded




that hoth chain and molecular processes were operating in
the system and that on the addition of nitric oxide the
rate of free-radical initiation is increased to a larger
extent than that df the molecular rearrangement. There
has been much controversy regarding the importance of a
molecular mechanism, but there is much evidence to suggest
that the molecular mechanism is insignificant; some of this
evidence is referred to later,

Imai, Yoshida and Toyama (15) investigated this
deconposition at a iower temperature range of 380 - 460°C
and found that the 3/2-order rate constant cguld be
expressed as

12.1 =43,300

k =10 e RT mole”

(&)

¥ geo™l

cc sec

In 1963, Trenwith (16) measured the rate of
formation of hydrogen and found that it is second-order
in acetaldehyde. The production of hydrogen, however,
showed a short induction period which is independent of
jnitial acetaldehyde pressure hut is inversely proportional
to temperature, Furthermore, the induction period is
removed by increasing the surface area of the reaction
vessel, In a lafer paper, Dexter and Trenwith (17), on
the basis of the fact that the rate of acetone formation is
much greater than the rate of formation of ethane, concluded

that the principal chain-ending step is C}!3 + CI{3CO--->CIISCOCH3

s
i
Ird
i
%
i
$
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and to a lesser extent CII3 + Cll3 . c2n6. Eusuf and' éﬂ

Laidler.(ls) found that the rate of ethane formation

is second-order in acetaldehyde and concluded, on the
basis of the mechanism, that the initiation process must
ve second-order. Very recently, COme, Dzierzynski,
Martin and Niclause {19,20) have .shown that the order L

of hydrogen production is about 1,35 and the order of

ethane production is around 1,2; they conclude that in
the radical-chain mechanism the initiation is first-order
and that termination, by the combination of two methyl

radicals, is second-order.

Evidence of Free Redicals in the Reaction

In 1932, Rice, Johnston, and Evering (21)
detected methyl radicals in this decomposition, by the
Paneth method, Methyl radicals have also been detected
by Letort (22) using the same method. Burton, Ricci and
Davis (23) were able to prove the presence of radicals at

500°C by the use of radioactive lead mirrors which made

the Paneth test sufficiently sensitive that the experiments
could be carried out over the temperature range in which
the pyrolysis is carried out., Patat and Sachsse (24-27)
shoved that the rate of the para-ortho hydrogen conversion
was enhanced in the presence of decomposing acetaldehyde,

thus proving the presence of atoms or radicals,



Mixtureg of CH30H0 and OD5OD0 have been
decomposed by several workers (28-31) with a view to
establishing the nature of the decomposition, They all
obsérved extensive isotopic mixing and concluded that‘
the reaction occurs via free radicals, If the reaction
did not invelve fgee radicals, only CHA and CD“ would ﬁe
observed. Rice and Varnerin (32) decomposed CH30H0 in
the presence of C2D6 and investigated the rate of
produet;on of CHSD and cnq. They found that the ratio
of CHSD/'CHq was proportional to the percentage of
aldehyde that had decomposed, so that the contribution

due to the molecular process was negligible.

Sensitized Decomposition

Acetaldehyde has been found to decompose by a
chain mechanism with a sizeable chain length. For this
reason, the decomposition is very sensitive to the presence
of small amounts of material which can form free radicals
faster than acetaldehyde does. Thus, Allen and Siclman
(33,34) have shom that azomethane induced the decomposition
of acetaldehyde at 300°C, chain lengths as great as 500
being obtained. The azomethane acts as the source of

methyl radicals,

Calvert and Gruver (35) photolyzed azomethane in

the presence of acetaldehyde. The probable reactions in

S
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Mixtureg of CH3CH0 and CD30D0 have been
deconposed by several workers (28-31) with a view to
establishing the nature of the decomposition, They all
obsérved extensive isotopic mixing and concluded that'
the reaction occurs via free radicals. If the reaction
did not involve fgee radicals, only CH, and CDq would ﬁe
observed. Rice and Varnerin (32) decomposed CH30H0 in
the presence of 02D6 and investigated the rate of
product@on of CHSD and CH“. They found that the ratio
of CH3D/CHQ was proportional to the percentage of
aldehyde that had decomposed, so that the contribution

due to the molecular process Was negligible.

Sensitized Decomposition

Acetaldehyde has been found to decompose by a
chain mechanism with a sizeable chain length., For this
reason, the decomposition is very sensitive to the presence
of small amounts of material which can form free radicals
faster than acetaldehyde does. Thus, Allen and Sickman
(33,34) have shown that azomethane induced the decomposition
of acetaldehyde at 300°C, chain lengths as great as 500
being obtained, The azomethane acts as the source of
methyl radicalé.

Calvert and Gruver (35) photolyzed azomethane in

the presence of acetaldehyde., The probable reactious in
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this system, leading to the products ethane, carbon

monoxide and acetone, are

(m92%+hv—»2m3+%

ol + cn}cno — CH, + cn3co

CH,C0 — CHy + co |
1

CH,,C /

i, 0+ CH, —» (,113c00113

20}13 — Cyllg

It is interesting to note that the rate of formation of

ethane is always much greater than the rate of acetone

&

formation in the temperature range of 22 to 12700,
indicating that the recombination of methyl radicals
always dominates, The decomposition was found to he
sensitized by biacetyl (36,37), possibly owing to the

occurrence of the reactions

(cujco) g —»2 cn3co

and

CHSCO — CIl3 + CO

The decomposition was also induced by free'radicals
from the decomposition of ethyleme oxide (35,39), diethyl
ether (40,41) and ethyl iodide (42,43).

Letort (5) showed that oxygen has an accelerating

effect on the rate of acetaldehyde decomposition, Even as
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little as 10"3 percent of 0.2 will double the rate of
'decomposition, or up to a few thousand molecules of
aldehyde can be decomposed by one molecule of oxygen.
Niclause and Letort (44, 45) showed that the decomposition
can be induced at temperatures as low as 150 C. The |

mechanism proposed for the reaction is

02 + CH30H0 e CH300 + H02

followed by

HO, + CH,CHO —» H20 + Ch300

2 3

Early studies (46,47) have shown that small
amgunts of iodine will catalyze the decomposition of this
reaction above 300°C. Recent work of 0'Neal and Benson
(48) has made the general pattern of iodine catalysis

apparent, and the mechanism is as follows:

12 + M = 21 +M

I + CH,CHO = CI1,C0 + "I

CH,CO + I, &= CI;COI + I

3 3

CH,COI —> CH,C0 + 11

3 — 2

CH300 + M -—> CH3 +CO + M

(}H3 + 1] —> CHQ + 1

CH, + 12 —> CI I +1

~ 3

3



"

The reaction is initiated hy an iodine atom attack on
acetaldehyde to produce hydrogen jodide and an acetyl
radical. The acetyl radical may be trapped by iodine

to form organic iodide intermediates, which may back
react with iodine or decompose into products. Properties
predicted from the mechanism agreed satisfactorily with

observed reaction orders and rates,

The Effects of Foreign Gases

There have been numerous investigations of
the effects of foreign gases on the rate of acetaldehyde
decomposition, and the results obtained under different ‘I.
conditions or in different laboratories show quite
importent discrepancies. Fletcher and Hinshelwood found
that both hydrogen (49,50) end helium (51) increase the
rate of reaction. On the other hand, Bril, Goldfinger,
Letort, Matthys and Niclause (52,53), using Hy, N, and
002, found that foreign gases jnhibit the reaction
slightly. They concluded that the termination step,
the combination of methyl radicals, is in its third=order
region and that the jnitiation is probably second-order.
The fact that second-order initiation was favoured
received strong support from the work of trenwith (16)
who found that the hydrogen production (which was thought

to be a measure of the rate of initiation) is second-order



-12 =
in acetaldehyde, Dexter and Trenﬁith (17) ohserved
that the rates of both initiation and termination steps
increase on the addition of 602 and that the initial
overall rate of decomposition of acetaldehyde remains
unchanged, Eusuf and Laidler (18) found that the rate
of ethane formation is increased by the addition of
nitrogen and that the overail rate of reaction is

decreased,

Object of Present Investigation

In spite of a cdnsiderable amount of work on
the thermal decomposition of acetaldehyde, many details
of the mechanism have remained obscure and confusing,
Some of the results are consistent with the original

mechanism of Rice and Terzfeld (2):

CH30H0 — CII3 + CHO

CHO —> CO + X

R + CIL,CI0 — 0}1300 + }12

3

: {
CII:,, + CH 3

! 0
CII3CO — CI 3 + C

CH3 + CHS

1o — Cﬂq + CH}CO

" This scheme successfully accounts for the following

features of the reaction:
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(1) The main reaction products are methane aud carhon
monoxide; these are produced in the chain-propagating steps.
(2) The oxder of the reaction is three-halves; this is
eiplained if the order of the termination reaction is one
greater than the order of the imitiation reaction (e.g. if
injtiation is first-order and termination is second-order).
There are, however, a number of experimental
results that cannot be reconciled with this mechanism, such
as the following:
(1) According to the mechanism the only minor products
should be hydrogen and ethane., In gddition, however,
significant amounts of acetone, propionaldehyde and ethyleﬁe
aré formed (16,17). Indeed Dexter and Trenwith (17) found
that the initiasl rate of acetone production is much greater -
than that of ethane production, from which they concluded
that the methyl radical combination cannot be the main
termination step.
(2) Eusuf and Laidler (18), in agreement with the results
of Bril, Goldfinger, Letort, Matthys and Niclause (52),
found that the overall rate of reaction is reduced by the
addition of inert gases, and from this they concluded that
the methyl radical combination must be in its pressure-
dependent region., The recent work of Quinn (54) and of
Lin and Back (55) has, however, indicated that the methyl
radicel combination should be in its second-order region

under most of the conditions used in the acetaldehyde

|
i
1
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pyrolysis, ‘There is also-some confusion on the experimental
side about inert-gas effects; Niclause (56) later reported
that there was no effect on the overall rate, and Dexter
end Trenwith (17) found an effect on the rates of both the
initiation and the termination reactions, but no effect on
the initial overall rate, |

(3) Trenwith (16) found that the hydrogen production was
second-order in acetaldehyde., If the Rice-llerzfeld scheme
is accepted this can only mean that initiation is second-
order in acetaldehyde; this, however, leads to the incorrect
overall order if the termination process is taken to be

second-order, In addition, an induction period found for

hydrogen production (16) cannot be accounted for satisfactorily

by any current theory.
(4) Fusuf and Laidler (18) found the rate of ethane
production, which on the basis of the mechanism must be
equal to the rate of the initiation process, to be second-
order in acetaldehyde and to be increased by the addition
of inert gas, Again, this result is inconsistent with the
overall order if the termination reaction is second-order,
It is evident that several of the reported
experimental results are inconsistent with the Rice-lerzfeld
mechanism, and that some of these (particularly those
relsting to inert-gas effects) are mutually inconsistent.
The present work was undertaken with the object of resolving
these difficulties, It was suspected that some of the

experimental anomalies, especially those relating to the

.
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rates of production 6! minor products, were due to traces

of impurities in the acetaldehyde employed, and great care
was therefore taken to test, by vapour-phase chromatography,
nuclear magnetic resonance spectroscopy and mass spectrometry,
for such impurifies and to work with samples of acetaldehyde
that were substantially purer than had previously been
employed, When this was done the kinetic results were
somewhat different from those previously obtained. They
could he reconciled with a scheme of reactions based on

the or£g1n81 Rice-Herzfeld mechanism but including a number

of important reactions,
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CHAPTER II

EXPERIMENTAL

Materials

Acetaldehyde ohtained from Eastman Organic Chemiéals
snd from the Matheson Company, and purified by a number of
bulb-to-bulh distillations, showed 1denticél kinetic
behaviour, even as far as the minor products weré concerned.
However the fact that there was a high initial rate of
ethylene production, 8s found by Trenwith (17), led to the
suspicion that ethylene was being formed from an impurity.
This was confirmed by pyrolyzing partially-decomposed
acetaldehyde, which produced ethylene at a considerably
lower rate, Vapour-phase chromatography and nuclear
magnetic resonance studies indicated that the main impurities
were ethanol and crotonaldehyde. These impurities are not
removed from the acetaldehyde by distillation,

1t was found that no detectable impurities were
present in acetaldehyde prepared from paraldehyde, and this
was the material used in the remainder of the investigations,
Eastman Research Grade paraldehyde was distilled, and the
fraction of b.p. 124°C was collected, This was distilled
under nitrogen with addition of a small quantity of
concentrated sulphuric acid, and acetaldehyde boiling at
21%¢ was collected and purified hy trap-to-trap disfillation

and degassed at -160°C to remove traces of oxygen., It was
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stored at -78°C and redistilled each time before use,
No trace of any impurity in this material was revealed hy
vapour-phase chromatography, nuclear magnetic resonance

spéctroscopy or mass spectrometry,

Apparatus

The decomposition was carried out in a conventional
static system, as shown in Plate 1. The essential features
of the apparatus are shown schematically in Fig. 1,

The reaction vessel was a quartz sphere 515 cc.
in volume, with a S/V ratio of 0,6 cm'l. In the packed-
vessel studies, a different sphere with a S/V ratio of 9.38
cm"1 wéé employed. The reaction vessel was enclosed in a
furnace consisting of a steel cylinder of 1.5 cm thickness,
which was heated by two windings of resistance wire. The
heating of the outer winding was controlled hy the
adjustment of a Variac, The heating of the inner winding
was also controlled through a Variac in conjunction with a
Thermoelectric thermoregulator which was activated by means
of a thermocouple placed in the middle of the cylinder, The
temperature was controlled to within 0.2% using the above
arrangement, The temperature of the reaction vessel and of
the steel cylinder was measured using chromel-alumel
thermocouples (reference junction at 0°C) connected to a
Croydon type P-3 potentiometer, The temperatures of the

reaction vessel and the cylinder were found to be the same,

The thermocouples were calibrated at three different
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A view of the apparatus







Schematic diagrem of the apparat\i_s
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temperatures,.namgly;the freezingfpoint.of:tin (231,9°C),' -
lend (327,3°C) and zinc (419,5%), In determining the em?
of a_thermocouplé'at a freezing poiht,,thevtimé'in which
observations nay be taken is linited to theiperiod of
freezing,’aftér which the métefiai-must be melted'again
before further obsgrvations aféfmadé.; In thé case of
boiling;poin;s; there is no such ijmit in time since the
material can be boiled continhohsly.. Oh the bther hand,
it is nbt.necesséry to appiy a'preésure‘correction to the

freezing point,

Procedure

Before each experiment the system was evacuatéd
to a pressure of 10'5 mm, A sample of acetaldehyde was
admitted to a 2-litre bulb (B,) and was allowed to expand
into the reaction vessel by opehing stop-cock S, Vhen
-inert gas was added to acetaldehyde,va gold finger was
provided in bulb S to ensure complete mixing. Forrthe
experiments in which the pressure of acetaldehyde was low
(20-50 mm.) a small bulb B,, of volume 152.2 cc, was used
for the expansion, Since low pressures of acetaldehyde
could not be read accurately on the manometer (Ml), it was
necessary to have a calibration curve for this purpose,
This was achieved by expanding a certain amount of inert
gas into the reaction vessel using a 3 cc, tube on the
manifold so that the initial pressure was always greater

than 20 wm Hg, The concentration of the inert gas after
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expansion was measured by means of a gas burette,»and_the

'pressure in the vessel could then be calculated.

At the end of each run the products and reactant
were fractionated through‘traps at -130°Ct(nfpr0pancl slueh),
-150°C (2-methylbutane slush) and -210°C (Solid "nitrogen).‘
A mercury diffusion pump,(P2) in conjnnction with a Toepler
pumn (T.P.)'wae used to pump the products and reactant from
the reaction vessel, B | |

The non-condensables, hydroven, carbon monoxide
and methane, were measured in a gas burette and analyzed on
a 4-metre 100-mesh silica-gel column maintained at 0%,
Analysis on a l-metre silica-gel column at 30°C showéd that
the -210°C fraction contained ethene, carbon dioxide,
ethylene and the residual methane, The volumes of thece
gases were also measured by gas burette, The total vclnme.
less the volumes of the minor products would be the volume
of methane and carbon monoxide formed. Since the chain
length of acetaldehyde pyrolysis is over 1000 under the
present experimental conditious, the rates of formation of
methane and carbon monoxide are equal, Acetone was
measured by transferring all the condensahle products to a
sampling U-tube, followed by gas-chromatographic analysis
on a 5-metre column of 20% tetraethylene glycol dimethyl

ether on chromosorb P (hexamethyldisilazane treated) at

70°C with a flow rate of 100 cc. per min, The area of the

acetone peak was measured since the peak height measurement
could not yield a good calibration curve. The column was

calibrated using a measured amount of acetone mixed with an
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approprinte quantity of the reactant used in pyrolyses.l A1l
columns were 1/4 inch in diameter, A good base line was
obtained by installing Edwards pressure controllers,in both
reference flow and seﬁsing'flow of the chromatograph, Since
o thermal conductivity,détector measures‘a:diffefential
conductivity between A carrier gas and a mixture of solute
in the carrier gas, it is obvious that the greatest sensitivity
will be obtained when the carrier and the solute have widely
differing conductivities. Since most products have low
conductivities, a carrier gas of high conductivity should be
used, Helium was chosen as a carrier gas in all cases.
However, the determination of hydrogen in helium poses &
problem because the thermal conductivity of hydrogen is
higher than that of helium and a negative peak should result,
In actual fact, at low concentrations the thermal conducti#ity
of hydrogen appears to be lover than that of helium. | |
Therefore, it gives a positive response peak like those
obtained with other components; these peaks are reliable for
quentitative determination of hydrogen in helium (57-59).
Large smounts of hydrogen give rise to peaks responding in
both directions - so called W-peaks - and these double peaks
are not relisble for quantitative measurements, Fortunately,
the amounts of hydrogen formed in the present investigation
were small and the response was sufficiently linear and
reproducible.

Attempts have heen made to detect ketene in the

system, but it was not found, This, however, does not prove
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" the presence of absence of ketene, becaﬁse ketene polyﬁerizes
with‘acétnldehyde to a‘sméll_extent at low temperatures.
A;transparent\pdiygér was noted in the‘-130°c and -150°C
téaps after each run, When acefaldehyde was pyrolyzed
together with small amounts of keteme at 450°¢, 80% of the

ketene was found to be consumed.




CHAPTER III

RESULTS AND ANALYSIS

The major products in this pyrolysis were carbon:'.

monoxide and methane, The minor products‘were hydrogen,
ethane, acetone, ethylene, propionaldehyde and carbon
dioxide, Fig. 2 shows the relative rates of the minor
product formation, It is to be seen in this figure that
for hydrogen productiéh there is no sign of the induction
period found by'Trenwith (16). There is also no initial
rapid formation of ethylene, which was found by Dexter and
Trenwith (17) and by us when we used impure acetaldehyde,
The initial rates of some of the products are given in
Table 1., These rates are averages from 3 to 8 experiments,
and were obtained not from initial slopes but by extrapolating

rates to zero time,

The Overall Kinetics and Mechanism

It has been established by many workers that the
main products of the thermal decomposition of acetaldehyde
are equal quantities of methane and carbon monoxide (11,60,
61), This was confirmed by carrying out low-conversion runs
and measuring the amounts of carbon monoxide and methane by
gas chromatography. In all our runs the amounts of methane
and carbon menoxide were too large to be measured by gas

chromatography, Therefore, the amount of total gas was




Figure 2

Typicel yield-time plot for the formation
of all products at 523°C at 117 mm Hg,
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determined by means. of a gas burette, This metﬁod of
determination was found to be highly accurate and
reproducible, Fig. 3 shows the.yield-time plot for methane,
and the initial rates of méthane formation at eAch pressure
were obtained in the manner shown in Fig.‘h. The order of
methane production was 1,5 at pressures above 100 mm lg, and
some falling-off of the rate constant was noted at lower
pressures, The double logarithmic plot of methane production
against initial acetaldehyde pressure is giyen in Fig. 5.
Besides the major products, other minor products such as
hydrogen, acetone, ethane and propionaldehyde were formed.
To explain these results, especially the products obtained,
we suggest the following mechanism, which is the RiceQ

Herzfeld scheme to which a number of reactions have been

added:
[17 CH,CHO —> Clly + CO
[/ CHO —» CO + N
[37 H + CH,CI0 — 1, + CT15CO

: Y
87 Ciy + CH,CMO —> CH, + CH,C0
[5.7 Ci00 — Cfly + CO
[67 Clly + CH,CHO — CH, + CIt, 110
[1a] CH,CI0 —> ClI,CO0 + K

[Th7  CHnLNO + CH,CH0 —» CILCHO + CH,CO




+ H

[87  CHy+CHCHO —» CH,COCH,

3

[97 Clly + Oty —» Colt

CH,CHO |

[no/ cn3 + CICH0O —» cn3

By applying the steady-state treatment, we find for the

steady-state concentration of the radicals:

[cn co] [cu cno] [0113]
[0}13] [CH CIIO] (neglecting reactmn a9)
[cn cno]

’. [n] k [o - cno] ks [0}13]

ke [0113] [011301«:0]

Kpg * Top [cu3cno] + X0 [0113]

-[CH2CH0] =

Reaction.['1;7, the initiation reaction, is concluded to
be essentially in its first-order region, The rate of
ethane formation is significantly greater than that of

propionaldehyde formation, so that the main termination

step is /9 /; a variety of evidence (54,55) has shown that

this reaction is second-order under the usual pyrolysis
conditions,

First-order initiation and g4 termination (62)
lead to 3/2-order kinetics, in agreement with the results

of many workers for this reaction (14,15,36,63); in the
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Figure 3

Typical methane yield-time plots at 52300.
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Figure 5

Order plot for methane production.

Data ohtained from packed vessel (s/v =
9.4) are given by x and those from
‘unpacked (S/V = 0,60) by o.
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present investigation it was confirmed that the methgné and
carbon monoxide production is strictly 3/2-order in
acetaldehyde, 1If one plots the initial rates of |
formation for methane against [CHSCHO] 3/2, a.linear
relationship is observed as seen in Fig, 6, If the minor
termination step /7107 1is ignored the rate of disappearance
of acetaldehyde, approximately equal to the rates of

formation of carbon monoxide and methane, is found to be

-d [cn}'(:no] a [cuq] a [co]
at at _ _ —dt
K 1/2
k, (3%)' [cn56mo] 3/2 (1)

Since earlier work (64) indicated that there
was a slight falling-off of the overall rate constant at
low pressures, it was decided that fufther work shouid be
done to confirm this effect. Rates of production of
methane were measured at 54000 at pressures from 0,8 mm
to 558 mm Hg, The results are shown in Table 2 and in
Fig. 7, in which the rate of methane formation is plotted
against initial pressures of acetaldehyde in logarithmic
units, The order of methane formation is exactly 1.5 at
high pressures ( >100 mm Ilg) and is ahout 1.7 when the
initial pressures have gone below 20 mm Hg, It is seen
from Fig, 8 that significant falling-off of the overall

rate constant is ohserved, As k is also a measure

overall
of the square root of the ratio kl/k9’ it is concluded

that k1 is falling off faster than k9. The fact that kl




oA e Ao AT i S i S R

T
34
Ficure 6
4

s 3/2
Plot of Vop, VSe [CHBCHO] .




Ven, X 10% ( MOLE cc




(((((

Table 2 - Overall rate constant as

Pressure of

1
C1 (301 10

mm_llg
563
292
198
152
118
79
492
22
11,2
5,23
1,84
1,28
0,787

.19
Vo X 10
cH,

(mole oo™ sec'})

‘a function of pressure at 5uo°c N

koverall

i - -
(ce® mole 4 sec {)

~ 65000
25000
- 14300
9300
6200
3640
1240
480
172
34,3
9.3
5.2
2.3

1.76
1.77
1.85
1.79
1.75
1.87
1.64
1.67
1.65
1,42
1.35
1,28
1.19

- gt T T e e
o ETEEAT -

Lae
TR B L et | L RS

o S
s

S i L 0 ¢

SO

N




Figure 7

Order plot for methane production at
540°C, from 0.8 mm to 558 mm Heg.
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falls off earlier than k9 is understandable since
acetnldehyde has one atom less than ethene, so that
acetaldehyde has three vibrational degrees of freedom
less than ethane, The knowledge of the rati6 kl/k9 is
important, not only because it can éxplain the proposed
mechanism, but because it can clarify the inert-gas
effects that we have observed and that have been found

by Dexter and Trenwith (17).;iA discussion of this is

given in a later se@mi@n.,
The overall r&te @@mscant at each ﬁemperature

is @htained by averaging all %he v&lues at high pressures.

These results are givgn in T&hﬁ@ % and the Arwhenius plot _ 

is shown in Fig @o The ra%@ @@msm@n% thms @htained was -

Cleg k ( 5 l.v'%'?"'”ﬁ)'
og k ver@hﬂ cc? mole ‘_égev )

4._«'1394@'5, 0.2) e 55«%‘3@@3 ;5;25
.'x"*;Tmé éé®§vétibn @ﬂérgy BETYees satisfactorily
with the value 6f %806 kcal‘per mele obtained by Boyer,
Niclause and met@rtv(63) and of 47.6 keal per mole ohtained
by Bugui and Laidler {18}, I is interesting to compave
these results with those ohtained from the thermal
decomposition of trifluoroncetaldehyde (65)., The overall
activation energies in both processes are the same, The
frequency factor in trifluoroacetaldenyde 15 aboui double
that of acetaldehyde, It is expected that the kinetics in

both systems should be very similar.




Pressure
mm g

T = 480°C
118
150
195
295
559

T = 500°C

7 = 523°C

150
195
292
558

P = 540°C
118
152
198
296
563

i

Tabhle 3 - Overall rate constants
as a function of temperature

k average k

X overgll gverall
(cc® mole™® sec™t) (00% note™ sec™)

0,157

0,160

0,156 - 0,157
0,160 |
0,150

0.388
0.379
0.399 ' 0,394
0,398
0,406

0,900
0,911
0,915 0,911
0,905
0,918

1.748
1.793
1.85% 1,784
1,773
1,756




Figure 9

Arrhenius plot of overall rate constant,

Data obtained from present work are given
by o and those of Fusuf end lLaidier by x,
The data of Arthur and Bell {65) for the

CF3CH0 pyrolysis are given by 4 .
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From equation (l) it is noted that k _...qy is
jdentified with k,’(kl/kg)" and therefore B . oy = E, +
3 By - } Eg. The value of E, has been measured at 8.4
kcal per mole (cf. later section), It is assumed that
E9 0 for the recombination of methyl yadicals, The

average value for the activation energv of 803kra1 per mole

tor reaction /17 {ef, later section) gives 48.6 keal per

nole for the experimental activation energy, i excellent

agreement with the directly observed value. In the same

nanner, the frequency factor can he ealeulated to be 4,6 x
‘1013 sec”l, alse in agreement with the value ohtained. It -
appears, therefore, that the scheme bf reactions proposed

iof the thermal decomposi tion gives 8 satisfactory

explanation of the results, From the overall rate constant
it is possible to calculate k, using the value of X, (see
leter sectiion) and the k9 valne of Shepp (66). Tt can
also be estimated directly from the rate of formation of ;uﬁ

sthane on the assumption that reaction Z79w7 is the only iy

termination step.

Ethane Production

The yield~time plot of ethane formation is given
in Fig. 10, The sharp increase in ethene formation,observeﬁ
by Eusuf and Laidler (18) was not found in the present work.
That effect may be capsed by impurities in the ace taldehyde
they employed. The initial rates of ethane formation are

obtained by extrapolation, as showm in Fig. 11. The
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Figure 10

Typical ethane yield-time plot at 5259,
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logarithm of the rate of ethane formétion is plotted againsﬁ
the logarithm of the}acetaldehyde pressure in Fig. 12, The |
order is approximately unity {1.1 to be exact) at higher
p;essures, but there is a significant falling-off at pressures
below 80 mm Iig. The formation of methane can result from
renctions /4 7 and /6_7. The ratio vg/v, or b/t is of

the order 10w2 under the experimental conditions, and hence
the methane production due to reaction ZTG_7 is extremely
small compared with reaction /[ 4_/j it can therefore be
neglected, If reaction Zrﬁ_7 is the only source of methane,

and reaction /9 7 the only source of ethane,

v
k G H
2 = 36 [cn,jcnxo] 2 (2)
Ry Vom,

Fig. 13 shows a plet of the logarithm of the right-hand-
side of this emation against the logaritim of the
acetaldehyde pressure; again the falling-off of k9 at
low pressures is observed, In our earlier work (6&) we
plotted only the square root of this ratio, which daid
not reveal this falling-off of kg' 1f this ratio is
magnified, as in Fig. 15, it is seen that k9 is slightly
pressure dependent even at the higher pressures. It is
not possible to derive the value of k9 from the above
experimental fquantities, because ky 1is also derived from
kg‘ The fall-off of k9 has been observed at various
pressure regions in different systems. Dodd and Steacie

{(67) found a significant decrease of kg at ahout 10 mn
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Figure 12

Order plot for ethane formation.

Data obtained from packed vessel (s/v
9,4) are given Dy X and those from unpacked

are (8/V = 0.60) by o.
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Figure 13
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of acetone at 217°C. In the ethane pyrolysis at 550°¢ .
Lin and Back (55) have observed n fall-off of the rate !

coefficient for methyl radical combination below ahout

200 -mm g pressure, while in the nercury-photosensitized

decomposition of dimethyl ether at 200 to 30000 Loneks

‘nd Loidler (68) have observed a fall-off at 100 mn iig o
pressure, From the photolysis of azomethane at temperatures
ot 25 to 180°C, Tohy and Veiss (69) have shown an appreciable |
decrease of the coefficient at about 15 mm of azomethane,
The comparison of the pressure dependence of k9 anong
these systems is not well understood but is generally

believed that the nore conplex molecules will have higher

efficiency in energy transfer, Lin and Back (70) have

shown that for two different third bodies of efficiencies

Aand X
AV = X v

llere W is the collision frequency, defined as % [fQ],

where % is the collision numbey, And [?{] is the concentration
5 of the third body. Recomhination of very simplé radiqals in
the gas phase usually requires @ thiré body in order to
prevent the molecule formed on collision from immediately

redissociating. Complex radicals do not need this third

P SN

body, for they possess many internal degrees of freedom which
can accommsodate the excess energy sufficiently long for it

to he removed in @ single subsequent collision. The

R

% Lindemann theory for the recomhination of methyl yadicals is
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021{6 4 X 3 02116 + X

Steady-state treatment leads to

g (3]
9 ky + Ky [X}

Xz

K

. -

Ak '[X
[

when I andd &q’ in two different systems are equal,

o

AV (K, + ){w') )

A TV

and henoeae
\ t 1
Aw= AV

Tt is evident that if
¥
nighey pressure than k9 .

The value of kq

J

a particular pressureé

]
X>A, kg will fall off at a

can be calculated from equation
{5) fvom the rates of formation of methane and ethane at

and using Shepp's value of k
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The values of kQ at different pressures and temperatures
are listed in Table &. The values of k,1 thus obtained are
net constant hecause k9 is pressure-dependent, It is

therefore necessary to extrapolate the values of k4 to

X

high pressure where MQ 1s not pressure dependent {i.e.
00 "
@eﬁaé:kg }, The extrapolations are shown in Fig. 14,

The Arrhenius plot of the rate constent kq obtained from

k

extrapolation is givean in Fig, 15 and its parameters are

8440 + 210

T —— Y e A

log k, = (12,24 * 0,06) -

+2,303 RT
oBme ot al. (19,20) have recently studied the RO
deconposition of acetaldehyde at 500°C with initial i@;
syes from 50 to 400 mm Mg, and reported that the order IE

of eihane formation was 1,2, in agreement with our finding.
They have concluded that this long-chain radical mechanism

is essentially initiated by a first-order process and
terminated by recombination of two methyl radicals in the
second-order region., They suggested that the order of ethane

formation was slightly higher than one hecause of the

oceurrence of bimolecular processes such as

oCN,.Clp  ——t OR_Cnon + CH,CO
3 3 3
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Table 4 - Nate constants for the hydrogen atom
ahstraction reaction by the methyl radical

Préssure ky, % 1077 extrapolated k) x 1077
mia Hg 1 1 X 1
(ce mole ~ sec ) (cc mole™" sec )

p = 480%C

77 6.38
118 6.40
150 6.42 6.25
195 ' 6.22
295 | 6.32
559 6.15
T = 500°C i
7 7,50 | %i
118 7 40 e
150 7,40 ‘ i
195 7.35 7.26 ﬂ
295 7.30 |
559 7.28 _é
T = 523%C
4 40 8.78
% 55 8.80
1 77 8,68
| § 117 8,4l 8.50
i 150 8,72
[ 195 8.69
% 992 8.2
E 558 8,57
% ? = 540°C
E 79 10,95
; 114 10,48
! 159 10,23 9,48
Q 198 10.15
296 | 9.83
563 9,70
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Figure 15

Arrhenius plot for the ahstraction

rate constant k.
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followed hy

01I30HO]'[ Same 01130110 + H

oY

Cil,CHOML + CH co

3 3CHO ‘-—-b CxISCH O + CH

2 3

They also proposed that the higher order of ethane formation
could be due to @ supplementary formation of C2H6 by the

process

CH, + CH

3 3CHO I 02116 + ClO

This reaction is rather unlikely tb occur and also inconsistent
with the observed inert-gas effect ohserved by Dexter and
prenwith (17). It is believed, however, that this effect

is prohably due to a very slight pressure dependence of the.

initiation at high pressures.

Acetone Production

The typical yield-tine plot for acetone formation
at 523°C is given in Fig. 16, and the rate VS. time plot is
ghown in Fig, 17. Trenwith (17) found that the rate of
acetone production was greater than the rate of ethane
production, and the present work confirms this. Trenwith

assumed that acetone is formed by the reaction

/157 CH.CO + CIi

CH,,COCII
L. _ 3 3 —> l3 0 39

which he therefore concluded to be the main termination

step. Eusuf and Laidler (18) pointed out that the overall

T AT E AT




Figure 16

Typical acetone yield-time plot at 52300.
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Figure 17

Typical v vs. t plot at 523°C,

acetone
The figures represent the pressures in mu,
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order of three—halves caniot be @\plﬂlm@J if this is the

main termination step, and sug«ested th(

acetone ﬁS PJ_~f'
formed by reaction / 8_/, a reaction whloh inVOlves a0

intermedlate of structure
i

|
e — (I:—— 0

C
H3

There are other objections to reaction /137 as
au importent termination step. I this reaction oceurred,
acetyl radicals would dimerize with the formatiom of
biacetyl, and a rough estimate showé that the rate of
formatlon of biacetyl should be comparable to that of
acetone. Sﬁch amowunts of biacetyl would be easily detectable
using the techniques of the present jnvestigation, but none
was found, It is also possible to estimate the relative
concentrations of CH300 and Cﬁ3 in the reacti@n systen,

The steady-state condition leads %o

[cu?co] ] K, [CHBGIE)l ,3‘ ()
[0153] ke

where kg 15 @ constant (k) at high pressures and becones

proportional to pressure (kr [CU CNO] } at low pressures.

0'Neal and Denson (71) have obtained values-of ks and
k° , and the use of these values, together with our value

of k, or those of Kerr and Calvert (72) and Printon &

4
Volman (73,7&), jeads to the conclusion that EH!SCO] / [QUB]




»uwm:¢;§ﬁ_,&,,w%
is 10"2 to 10"'j under the conditions of the present
experiments, The methyl-methyl combination will therefore
be by far the most important termination process,

This conclusionn is supported Sy‘a consideration‘
of the rates of formation of methane found in the present
experiments, If acetone were formed mainly by reaction

/157 it can be shown that

=
= |

Ven.cocw, = —

‘3
Vo V2 (5)
5000ty " T

K‘J
\O 3}

The use of 0'Neal and Benson's value for k5 and of that of
Shepp {66) for k9, with kl3 assumed equal to k9, leads to
a rate of acetone production which is two to three orders
of magnitude lower than that ohserved,

Furthermore, if acetone were formed by reaction
/7137, the rate of its formation would be proportional
to the square of the acetaldehyde concentration. This
may be deduced from the steady-state concentrations of

the radicals, viz

. kh .
A Ten 1.Cl o]
[01{300. z - C 3] [013 1
5
1
. kl ° A 1
[0113_ ~ (1’(;) _0113(,110]

from which it follows that

acetone k13 [CHB] [CHBCO]

k,k
X '1 1 [
13 kskg

v

o c*xo] 2
IA|3 ]
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If acetone is formed by reaction /8 7, on the other hand,

the order will he 3/2:

1/2
k1

Vacetone ks (Eg)

[ CH,CH0 ] 3/2 ~(6)

This is actually observed in the double logarithmic plot
of VCH3COCH3 against the initial pressure, P (CH30H0) which
is given in Fig. 18, The order of reaction varies from 1.45
to 1.50 for the temperature range studied, Fig. 19 shows
2 plot of Vo coct, against [cn3cno] 3/2, Straight lines
passing through the origin can be drawn,

The alternative proposal that acetone is formed
by reaction / 8_/, as suggested by Eusuf end Laidler (18),
seems to be comsistent with all of the facts, Thus the
value of k8 can be calculated from the data in two completely
different ﬁays, with excellent agreement:

(1) From the rates of formation of acetone and

ethane at 523°C, and using kg from Shepp (66),

v k

CI1,,COCH 8
) 3

-——T——-—vg = [cn30rxo] . (7)
02”6 *9

6

whence ks =7.,1x10 ml mole"ls'1

(2) From the rates of formation of acetone and

0
methane, and using our value of kq,'at 523°C

Vo
ChBCOCH3 i —E

—3 D e (8)

v
CHQ
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Figure 18

Order plot for acetone formation,

Data ohtained from packed vessel (S/v =
9,4) are given by x and those from unpacked

(s/v = 0.60) by o.
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whence kg = 6,9 x 10° ml, mole™ 8™,

It has been shown that it is possible to derive
kg from either equation (7) or (8); since kg is pressure-
dependent under the present experimental conditions, |
equation (8) is .chosen to derive ks. The values of k8
at different temperatures are listed in Table 5.

Fig. 20 shows an Arrhenius plot; from it the
following expression is derived:

12350 + 260

log kB (ce mole'lsec"l) = 10,22 + 0,07 = ——
. 2,303 RT

Reaction /8 7 is a two-stage reaction and should be written

as

0

/117 CHy + CHCH0 = (cn3)2 ¢n

3 3

,0
/127 (cu3)2 ¢~ H — (cn3)2 Co + N

the details of which will be discuésed in Chapter IV.
Since the isopropoxy radical is an intermediate

of reaction 178_7 the possibility of other reaction products
such as isopropyl alcohol and isopropyl methyl ether was not
overlooked, These were not detected in our system, The
steady-state concentration of isopropoxy radicals can be
estimated; the ratio of [i—PrO] / [CHB] is ahout 10"7--10"8
sud that of [CHBCO] / [CHB] is 10°2-10~> as pointed out in
an earlier section, Since the reconbination of methyl and

acetyl radicals to produce acetone is negligible, it is

':3“
@
I
T
3
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Tabhle 5 - Apparent rate constants for the addition
of the methyl radical to acetaldehyde,

Pressure
mn Hg

7 = 540°C
118
152
198

7= 523%C

T = 500°C

T = 480°C

-6
k8 x 10
ce mole'lsec’

1

7.95
7.95
8.05

7.11
6.66
6.90

5,38
5.57
5.31
5.38

4,34
4.37
4,38
4,34

k8 ave x 10

ce mole"1 sec

6

-1

7.98

6.89

5.1

4,36

H
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3
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Figure 20
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likely that CH3 + i=-Pr0 ~— i-Pro0 CH3 or 1-Pr0 + CH3CHO~¢

i-Proil + CH3CO is not important. The concentration of

20

the isopropoxy radical is of the order 10 mole per ce,

Reaction products such as vinyl methyl ether
have been proposed (19,20) as heing formed in the

acetaldehyde pyrolysis by the following reactions:

147 Ol 4 CHCN0 o= CH

3 3 - O - OCH

3 3

/157 Clly - Cll ~ 0 - Clly — Cliy = Ol - 0 - Clly + 1

An analogue of reaction /[ 14_/ would be

/167 Clp + CH,0 —3 CN

3 o 30011

2

The activation energy of the bhack reaction has heen

measured to be 25.5 kcal per mole in the photosensitized

decomposition of dimethyl ether (68). From the heat of

formation of the methoxymethyl radical, the enthalpy

chenge of reaction / 16_/ was found to be 9.9 keal per mole,

and the mctivation energy for the forward reaction was o
estimated to be 15,6 keal per mole,

Similarly, the activation energy for the addition
of the methyl radical to formaldehyde to give the ethoxy
radical can he estimated (75) to be 4-8 keal per mole,

One can establish that the activation energy for the
methyl radicnl addition to the oxygen end of formaldehyde
is about 10 kcal per mole higher than the addition to the

carbon end, If this parallel holds true for the methyl
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addition to acetaldehyde, the apparent activation energy
for reactions /14_7 and /15_7 would be about 20 keal per
mole, which is 7.5 keal per mole higher than the one in

reaction /8 7.

llydrozen Production

Trenwith (16) reported that hydrogen production
showed an induction period and that the process was second-
order in acetaldehyde, In the present study, no induction
period was found as is indicated by thé typical yield-time
plot for hydrogen formation in Fig, 21. 'This has also been
recently confirmed by Came, Dzierzynski, Martin and
Niclause (19,20). The initial rates are obtained by
extrapolating rates to zero time as shown in Fig. 22, It
is noted thet the slopes increase rapidly as the pressure
of acetaldehyde increases, end it 1is ohvious that rates at
short heating times cannot be talen as jnitial rates as has
been done by several other authors, The order of hydrogen
production was 1,4 as showm by the double logarithmic plot
in Fig, 23, This is again in agreement with Come et al,
(19,20); they found that the order of hydrogen production
was 1.35 under similar experinmental conditions, If the
simple Rice-lierzfeld mechanism were valid the hydrogen
production would he a measure of the rate of the initiation
process, and this was Trenwith's conclusion, In terms of

the mechanism proposed, however, hydrogen can result from
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hydrogen yield-time plots at 52300.
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Figure 22

Typical vy vs. t plots at 52300.
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Figure 23

Order plot for hydrogen production,

Data obtained from packed vessel (S/V =
9,4) are given by x and those from unpacked
(S/v = 0.60) by o,



o

12 + Loglosz(i’nole ccl 1)

,540°C

/ /523°r
/ / 500°C




- 69 -

reactions /3 7, /70_7 and /8 7, and the rate of its

formation is not simply related to the rate of initiationm,
In Table 1 it is seen that the rate of hydrogen production
is much greater than the rate of ethane formation so that
the difference will have to be accounted for hy other

reactions which produce hydrogen. Application of the *
steady-étate treatment leads to the following expression

for the rate of hydrogen production:
. 1/2 kny kg

1
v, =k, [CH,CFO| + (+)
" 1 [ 3 ] k )
2 9 | Ky + Koy [ CHCHO)+ Ky [CHB]
T gl 3/2
+ kg [cn3cxo] (9)
k 1/2 y
3,/2
=k [cuBCno] + (E;) (k6' + ks) [CH3CH0]
k.. k
where k6' = Ta 6 (10)

Koy + kop [CHSCHO] + Ky [ CHB]

According to this expression the order of hydrogen production ??
should be between 1 and 3/2, in agreement with the experimental

observation of 1,4, Fig. 24 shous a plot of v / [cn CHO]
o

3
b3
egainst [CHBCHO] 7s a straight line is obtained and from the
intercept on the ordinate it is concluded that k1 at 52300 is

5.9 x 10”7 sec™r, It is interesting to note that the plot is

still showing a linear relationship at a fairly low pressure
and that no deviation from linearity is observed with the

present data, This is attributed to the fact that kl and k9
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compensate each other; the result is no net change in the
ratio of kl/k9 although each rate constant is in its
pressurc-dependent region, In fact,‘the ratio kl/k9

£alls off when the pressure is below 20 mm Hg (see section

on inert gas effects, p.86 ). Since the extrapolation of

k1 at different temperatures cannot be included in the

ahove figure, the various values‘of k1 are tabulated in

Table 6. The étandard deviation of k1 from each extrapolation |
is included, The Arrhenius plot of k, is shown in Fig., 25, %

end its paremeters are as follows:

81,500 + 4,500

log kq (sec'l) = 16,12 -
2,303 RT

¥
The value of A S is 11,3 e.u, at 783°K, The values
of k; obtained from ethane and propionaldehyde measurements

are also included in this figure for comparison, The

"
Arrhenius equation for lc1 is

§
§
1
i
[N
P
i
:
i

79,000 + 2,000

" -
log kg (sec 1) = 15,3 -

2,303 RT

In view of certain difficulties jnvolved in employing

equation (9), the values of k; are slightly lower than those
1 but they are essentially equal within the experimental
errors, The values of k; are considered to be more reliahle

of k

than those obtained from extrapolation. The first and most
important point is that Kk, itself is slightly pressure-
dependent, so that there is some uncertainty in deriving

ky from rig, 24, Secondly, the tern k7b [CHBCHO] is not
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Table 6 - Extrapolation of kl from hydrogen measurements

Pressure
mn g

T = 540°C

79
118
152
198
296
563

T = 523°C
77
117
150
195
292
558

T = 500°C
77

118

150

195

295

559

T = 48000
77
118
150

195
295

k

1

P%mﬂ%xI&

v,
. s -;Ei-—-—~ X 106 sec'1
(mole per cec)® ECII3CHO] :
12,48 5,134
15.25 6,016
17,31 6.600
19,76 7.550
24,16 8.560
33433 11,070
= 1,728 + 0,18 x 1070 sec™!
- 12,38 2,123
15,32 2,598
17,40 2,730
19.80 3,270
24,25 3,740
3353 4,940
Ky = 5.25 % 1,07 x 1077 sec™t
12,61 0,730
15,62 0,895
17,64 0,987
20,10 1,119
o, 74 1.299
34,05 1.792
= 1,227 + 0,22 x 1077 sec™
12,80 0,250
15.80 0,322
17,66 0. 3h4
20,37 0,385
25,06 0.475




Pressure
mn lg

T = 480°C

559

-73 -

Table 6 (continued)

i
i
i
|
i
i
:
|
i
H
{
i

i
;
!
i

1 4
.[cn cno] ¥ x 10 v |
3 I, 6 -1
e X 10~ Sec
8 {
(mole per cc) LCHBCI‘O]
34,50 0,640

ky = 0,300 % 0,097 x 1077 sec™




Figure 25

Arrhenius plots of kl and kl.
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unimportant compared with k7a and therefore cannot be
neglected, The value for k7b is not known but the rate
constant for the hydrogen-atom ahstraction by the ethyl

raaical from propionaldehyde

| 62H5 + C2H50H0' S C2H6 + 02H500

has been found (76) to be given by

log k (cc mole'lsec"l) = 11,1 - E%%%%QET
Although the CH2CH0 will be comsiderably stabilized by
resonance, reaction / 7b_/ will still be quite efficient
and the activation energy is not likely to exceed.lol‘
kc§1 per mole, If this reaction is included in equation
(9) the slope of the line will then be a function of
acetaldehyde pressure and hence there will be a higher -
value of kl' The slope of the plot in Fig. 24, together
with the values of Iy and k9, allows k6' * kg to be
obtained: the value is 8,8 x 106 cc mole ™) sec™l, From
the rate of acetone production it was deduced that k8 is

6 cc mole™ sec“l, so that it follows that k'

6 1 sec'l. The controlling factor of

7.0 x 10
is 1,8 x 10~ cc mole”
the slone is thus mainly k8 and the contribution due to

k6‘ is small, It is for this reason that the pressure

term within k6' does not affect the slope to a very great

extent and the dependence on the square-root of the

concentration of acetaldehyde still holds. Since k6'
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involves such a complicated function, it is not possible to
'gain meaningful information., The steady-state equation for

the total radical concentration is
vy = v9 * V10

whence v, = Vg, + v
| 1 (‘2}[6 021{5()1{0

k [011301;0] = ky [0}13] SRS [cn3] [0112cno] ’ ‘

o] ? v, o0t [omgom0)
Kog + Koy '[cnscno] .

At the limit when P is large

K [01{30}10] = [0173] 2 (g + l_‘_}l_{gf_g )
7h . E

Since the slopes of the two Arrhenius plots of k; and ki

in Fig, 25 and 42 are essentially the same, this implies that

Gutd v Fdi L

Bo * Eg = By & 0. If we assune that reaction /10_/ does

not require any activation energy, E6 is approximately equal

to E It is interesting to note that in reaction 1—6;7

70°
both of the reactants involve a stronger set of bonds
than the corresponding bonds of the reactants in the
isomerization reaction ZT?b_7, and it is likely that the

activation energies for both reactions are similar,
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Propionaldehvde Production

The fact that propionaldehyde is formed as an
initial produc£ suggesps the presence éf the radical
CH,CHO, which is presumably formed by reaction [67.

‘The participation of‘this radical was previously suggested
by Wall and Moore (31) to account for the considerable
amount of methane-d2 formed in the pyrolysis of a mixture
of CH3CHO and CDBCDO. Since the ordinary Rice-Herzfeld
mechanism cannot account for the formation of the ahove

product, a modified mechanism that includes the CH20H0

radical is necessary:

CH —> CH, + CHO
CH3 HO 13

CH,, + CH,CHO —d CIII& + CH,CHO

3 3 2

CDSCDO + CH2CH0 —> CH2D CHO + LD2CD0

The CH20H0 rédicals in the acetaldehyde pyrolysis

can undergo the following reactions:

(a) Recombination with methyl radicals to give propion-
aldehyde, as in reaction /10_7.

(b) Intermolecular isomerization to give acetyl radicals,
as in reaction Zf?h;7.

(¢) Unimolecular decomposition to give ketene and hydrogen
atom, as in reaction /[ 7a_7/.

The steady-state concentration of this radical will thus

be:




ke [an] [cn3cno]

[cn20no] = Kog * Koy [cuscno] * k1o [ 0"3]

On the assumptioh that the value of klo ié similar to
that of kg, the term kjo [cn3] will not be significant
and cen he omitted from this expression. Because
propionaldehyde decomposes rapidly at the temperatures

of these experiments (77), and because of the difficulty
{nvolved in determining small amounts of propionaldehyde
in the %resence of large amounts of acetaldehyde, it is
difficult to make a reliable estimate of its initial rate
of formation; the rate is smaller than the rate of ethane

production, At a pressure of 117 mm Ilg at 523°C, the rate
13

of propionaldehyde formation is estimated to be 1.5 x 10~
mole cc"{ sec'l, as compared with a rate of 5.9 x 10713
mole cc"1 sec'1 for the rate of ethane production. The
rate of propionaldehyde production is

Vo 1,070 * Ky [cnj] [cnzcno]

kyq ké [cn3] 2 [cnscno] )
Koy + Koy [CHBCHO] + kg [cn3]

In Table 1 we have made a rough estimate of propionaldehyde

formation at different pressures at 52300, the order of
which is closer to unity than 2, This suggesis that the

) £ th o
term k7b [CHSCHO] is greater than Kmge If the reverse were

true, the order of propionaldehyde formation would have been
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2, The CH2CHO radical, by analogy with the allyl radical,

will be considerably stabilized by resonance, It was
pointed out in an earlier section, however, that the
activation energy for the isomerization reaction is not

likely to exceed 10 keal per mole,

Ketene Production

Ketene decomposes rapidly under the conditions
of the present experiments, so that it was not possible
jo make a direct measurement of its rate of formation,
Beside its high reactivity, ketene also polymerizes with
acetaldehyde at low temperatures (residual polymer is
always ohserved in the -146%¢ trap after each run); as
a result of this, ketene was not detected by gas
chromatography. The rate of its formation can, however,

be estimated on the basis of a material-balance equation,

n.cno * Ve co

v = v + v + Vv
H C1t,,COCH 02H6 C2 5 o

2 373

which is readily derived from the steady-state equations,

At an initial acetaldehyde pressure of 117 mm Hg at 523°C

the rate of ketene formation is fcund to be, from the

rates in Table 1,

) -13 -1
VCHOCO = 26,6 x 10 mole cc ~ sec

The steady-state equation for the radical CH20H0 is

Ve = Vo * Vo + Vg (13)

(12)




- It follows that

AR it h e e M b i g 2

Both Vaa and Vip 0 be estimated. Unfortunately, the

rate of the isomerization reaction / 7b_7/ cannot be

measured because the product of this reaction decoﬁposes

into CH3 and C0, It is therefore not possible to determine ,

\f3 and k6 in this systen, ' ?
The relative concentrations of [CHQCHO] and

[CHB] can be estimated from the following relations: )

V1,010 = kyo [ 0113] [0112cno] (11)

and

o, K [ cy ] 2 (14)

ClH..cHno ko Vv
2 9 "C,l.CHO
[ ) = 25 | (15)

[0"3] Xy Vo, it

0
1t k9 and k,, are equal, at 523°C,

[01120}10] REE: 1071 s
[0}13] Tsox10

3
formed much less rapidly CH2CH0 is present in much higher

1t was noted that {cn co] /[0“3] is 1072 to 107, Although
concentrations than CH3CO, hecause of its lower reactivity.

The Decomposition of the CH20H0 Radical

The decomposition of the CH20H0 radical cannot
be studied directly but its rate can be estimated according

to the relaiionship
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v, V
72 V4 k7a kq

= cngeio] | 16

V10 0 [ 3 16)

v, 1s the rate of formation of methane from the overall %
reaction, Vyp can be estimated hy subtracting Ry from ;
2"'6 ' i

the rate of initiation, and Vg can be ohtained by subtracting

Vacetone M4 Iy [CH3CH0] from the rate of hydrogen production.

With the assumption that Kjo 18 4.2 x 1013 cc mole™! sec"l,

k7a can he calculated from assumed values for the rate of

acetone formation at higher pressures., The values thus

obtained are plotted in Fig, 26. The half darkened circles

represent the values of k?a calculated from assumed values

for the rate of acetone formation at higher pressures., The - Q%

slope of the line is one; the decomposition of the CH20H0

radical is thus completely in its second-order re