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The pyrolysis of methane was studied in a static system over
the pressure range 25 to 740 Torr and at temperatures of 995, 1038,
1068 and 1103 K. It was concluded that the initial stages of the

reaction can be described by a simple homogeneous, nonchain radical

mechanism,
{1] CH,
(21 &« + cg

[3) 2CH,

(4} cH, + c.H

3 276
[5] c,H,

' Initial rates of the reacé on were measured, b;sed on analysis of

hydrogen, ethane and ethylene and the first-orde; rate constant for
reaction [1)] was found to be pressure dependent.
unimolecular decompésition was proposed based on RRKM fheoryf
Comparison of previous shock tube and f
up to 2200K showed good agieement with values calculated from this
model. It was concluded that in aa |
initial dissoc%ation was 1in its pressure~
all of the studies qarried out in conventional static and flow

systems, rates of the reaction were megsured in the region where
autocatalysis was importarnt .’ ‘

The rate constant Egg-ﬁhe hydrogen

~

-

CH

H,

2
CH

3

" C,H

4

6

Loty

viii

+

o+

cH

C

H

2Hs

A model of
low system data at temperatures

previous shock tube studies the

abstraction reaction,

N

‘

dependent rggfén, and that in almost



reaction 4, was measured at ‘880, 995, 1038 and 1068 K. The resultd

e
were in good agreement with previous studies in different s§stems, and

provide.édditional evidence that the Arrhenius activation energy for

1]

this reaction is temperature-dependent over the range 300-1200 K.

A mechanism was proposed to account for the observed

-~

reaction products'up to all of the C3 hydrocarBEns. Possiﬁle:reactions

causing autocatalysis were explored

A technique was developed to monitor the formation of the carbon

film during the pyrolysls of methane. This method was capable of

measuring a deposit of carbon equivalent to less than one mono-layer
of graphite on the walls of "the reaction vessel. Application of this
method may provide‘hseful information in, studies of hydrocarbon

pyrolysis. .



CHAPTER ONE: INTRODUCTION

-

I. General inéroduﬁtion.

Thelmecﬁanism of the pyrolysis of methane has been the
subject of study by many investigators. Methane is the simplest and
ﬁost stable hydrocarbon. One might expect‘thét its decomposition
would also be simple and easy to interprét. Although the feéults of
many studies have been reported over the past 100 yea}s we are still

" far frqm understaﬁdfﬂg éhe mechanism of the reaction. Since there are
only C-H bonds in methane its decompesition requires a relatively high
temperature coﬁpared to other ﬁaraffins which dissociate through fhe
rupture of ; C~C bond. The initial conversion to ethane and hydrogen
is rapidly followed by successive dehydrogenation steps. Although a

general picture was well established for the over-all -reaction,

-H . -H. -H -H

2 2 2 2 2
2B, —— CBg ———— CH, ——— > Gl — — n

the reaction products other than C2 hydrocarbons have never been
carefully measured nor have the individual r;;ctions involved been
established. All the products of higher C number are less stable than
methane and the secondary and kertiary reactions become important even
at very low ;onversions. The pyrolysis thus becomes a complex system

and a satisfactory understanding of it has providd extremely difficult.
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II.. Static Systert.

Between 1863 and 1869, Berthelot (lés‘m;éé'ﬁ comprehensive study
of the pyrolyses of hydrocarbons. He postulated that a hydrécarbon
;would never directly be resolved into its elements, but that the
reaction would always involve either a polymerization or a coalition
of two or more molecules to feorm a fused hydrocarbon with elimination
of hydrogen. These fused molecules would-in turn undergo a serles of

similar reactions until carbon appeared as the final product. From

Berthelot's generalization, the methane pyrolysis can be written as

follows, ' h
| 208, . > Cyg T+ W,
CZHG -+ CZH4 + H2 or ZCQHG - 04H10 + HZ
C,H, > G, + B, or 26,0, + C.Hg +H
and nCH, > el 7" 3%10810 3010 * M,
From todays view point, even though Berthelot's theory might
appear insufficilent and inacturate it does express the general ‘

character of the methane decomposition.in the gas. phase.

Following earlier work by several investiga£ors L,
Kassel (2) made a thorough kinetic stud? of the pyrolysis of methane in
the temperature range 973-1123 K. From the measurement of pressure
schange, the rate was obtained after a short induction peried. It ﬁﬁs/’—q\\
concluded that the primarj réaction was homogeneous and kinetiga{iy _
first-order with E = 79.4 kcalfmole and A = 5 x lolllsec. By

comparing the estimated heats of reactions, Kassel considered

4
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methylene formation as the primary reaction followed by its reaction

with methane to form ethane,
CH4 -+ CH2 + Hz
CH, + CH -+ CZHG

2 4
Increasing the 5/V ratio 20~fold d1d not have any effect on the
reaction rate. Kassel also observed that the reaction rate was
greatly retarded by the addition of.hydrogen.

"Kodama (3) investigated the induction period by observing
the pressure change and found that it was quite reﬁroducible if the
reaction vessel was conditioned by int;aducing air into it to burn off
carbon. He observed that the induction period was.reduced by
increasing pressure of methane ox increasing temperature, and was
increased by-increasing‘S/V ratio, If the pyfolysis fook place in a
carbon coated fessel the induction period was greatly reduced.

Anisonyan (4) also studied the pyrolysis of methane in the
temperature range 1023-1373 K. Th; reaction rate was accelerated by
addition of ethylene, propylene and benzene. These .observations
agreed with Kodama's (3) eérlier results.

More recent studies on the pyrolysis of pure methane have
been made by Schnelder (5) 1in both static and flow systems. He
concluded that two parallel simultaneous processes occured: (a)
initial formation of a methylene radical followed by disproportionation
with another methylene radical with methane to prcduce acetylene or

ethane and (b) a chain reaction propagated by reaction of a methyl




radical wifh methane to producé ethane. The ethane.was further
dehydrogenated through ethylene, acetylene and finally carbon and
hydrogen. .

IiI. Flow System
* Thexe is an abundancé of 1itefature on the methane

pyrolysis using flow rJ:Etors (9). The vesults from earlier -studies
are generally unreliable because of difficqlties in temperature
control and prodgct analysis. The fi#st significant Q;%k on product
analysis was done by Gordon (7} when he pyrolyzed methane in a c;ean
porcelain tube over the temperature range 1280 to 1348 K. The |
products with a molecular weight lower than benzene were analyzed using
4 mass spectromefer. He identified naphthalene, anthracene,
phenanthrene and pyrene by their ultraviolet absorption spectra. He
observed that the reaction was approximately first-order, was
acceierated with increasing extent of decomposition and wés catalyzed
by the addition of acetylené but‘not by‘ethylene. He also found that
the reaétio? was slightly affected by a quartz surface but greatly
affected by.the porcelain surface. Even at the lowest temperature
(1280 K), Gordon did not observe any induction period.

Germain and Vaniscotte (Squtudied the reaction between 1273
and 1373 K 1in a silica reactor, The& found that the reaction was not

first-order but went through three different stages as the reaction

proceeded, The effects of 8/V ratio on the reaction were
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'distigctivelf different for each stage. In the first stage, the -

induction pericd dgcreaséd as';he,S/V ratio increased. In the second
or rapld decomposition phase: ﬁhe rate increased as the S/V ratio
increased. In the final or slow decomposition stage; the raté
decreased as the $/V ratio inpreaséd. They also found that the
addition of ethane reduced the induction peried, which totally
disappeared when 0.5-3% of ethane was added. Added nitrogeq was found
to increaée the ¥eactiop rate. They concluded that the pyrolfsis of
methane was a short-chain radi;al reaction, partly homogeneous aqd
partly heterogenEOus, with an activation energy of 87 kcal/mole. They
suggeated that the surface of the reactor acted as an initilator in the
first stage and as an inhibitor in the final stage, and that ethane,
was an initiator.
‘Murgulescu'andj&chneider (9) studied the reaction,in the //
temperature range 1233-1903 K. They observed that the acetylene yield /-"
increased at higher temperature aﬁd that.low pressure favored . ’

acetylene formation at low temperature. They concluded that at p

1145 K acetylene rapidiy formed grématic hydrocarbons. ,

A quite;differeht and important technique was develo?ed by
Pglmgr (10) for the study of carbon film formation during the
decompésition of various compounds. The electrical resistance of a
carbon film on ;‘glazed porcelain rod centrally located in an annular.
reactor was used as a measurement of the film thickness., In the

methane pyrolyéis, the deposition rate of the carbon film was



directly proportional to the rate of methane decomposition in the gas
phase. Usiﬁg‘this method, Palmer and Hirt (11) obtained a first-order

rate constant with E = 101 kcél/molg and A = lOlalsec. N

- Eisenberg and Bliss (12) made a careful study of the time-

course of the ﬁethéne-pyrolysis in a quartz flow reactor at 1373~
AN

1473 K, They conc}uﬁéd that the reaction was not of a simple order
because they observed an S~shaped growth curve. Together with their
other observations that methane concentration affected the rate of

reaction in a direct but nonligear manner; that ethane greatly
° A,

. AN -
accelerated the reaction while hyqsogen inhibited it, and that the
§/V ratio did not affect the rate o%\@ecomposition for methane in a

smooth fusequuartz.reactdr, they suggested the acceleration was the
result of the following chain propagation \\\<
. AN

CH, + CH, - CHg +.H .

Palmer, Lahaye and Hou (13} pyrolyzed methane in a

~

porcelain tube at 1323-1523 K. They concluded that -(a) the ’

. t .
reaction began slowly, accelerated, then decélerated, (bj the rate
was approximately first-order despite its complex behavior, (c)
vitreous carbon deposited on the wall of the reaction tube and aasmall
amount of soot and tar was collected at the exit, (d) the main
gaseous products were acetylene and ethylene with lesser quantitiles of
benzéne, (e) hydrogen inhibited the decbmpgsition andﬂethane
accelerated it, (f) ‘the rate was not appreciably affected by the s5/v

ratio. They explained the acceleration as cauged by carbon nuclei in



i) .
the gas phase which were formed from light hydrocarbons.

1V, Shock Tube

One of the earliest studies of méthane pyrolysis in a.shock
tube was by Greene, Tayior and Patterson (14}\over\the temperature
1900-2500 K. -They confirmed that the reaction products were ethane,
ethylene, ;cetylene, C~-3 hydrocarbons, diacetylene, viﬁylacetylene,
butadiene, butene, butane and minor amounts of carbon black. Glick
(15) also‘étudied the reaction in the temperature range 1500—?906 K
and obtained first-order .rate constants which were in good agreement
ﬁith those obtained by Kassel at lower feﬁberatures.

Skinner and Ruehrwein (16) pyrolyzed methane-argon mixtures
(1-12%) over the temperature range 1200-1800 K and concluded that the
.reaction was first-order, that ethane was the primary pyrolysis
product, and that the rate of'the reaction was little affected by tH&s™
presence of decomposition products. Their first-order rate constant
was given by the equation
| log k = 14.71 ~101,000/2.3RT

&

The following scheme was suggested to account for thelr observations,

[1] CH, CH, + H
[21 H + CH4 - CH3 + H2
[3]. 2CH, ~ ~02H6 ‘ .

in-which reaction [1] 1s rate-determining. —

On the other hand, Kevorkian, Heath and Boudart (17) and

i



‘\\\‘Kozlov and Knorre (18) ‘obtained an activation energy of 93 kcal/mole,
and an A factor of 1,32 x 101 1 for their first-order rate
conStgnt. In order to justify this measured activation energy, they
propose&\that the primary step was decomposition to methylene and
molecular ﬂydgogen. The endothermicity of this reaction was thought
.to be 85 kcal/eele\and with an energy barrier of 9 kcal/mole for the

_ revefse reaction, tﬁe\aq;ivation energy for the decomposition would be

N
94 keal/mole. .

o

S
The method of adiabatie\bompression and expansion was first

.
used by Volokhonovich Markevich, Maste;bvoi and Azatyan (19) for the
.pyrolysis of methane between 1400 and 1673 K.. “Their first-order rate
constant was given by the equation h
log k = 13.04 ~ 101, OOO/Z.BRT
which was obtained from the initial rate of ethane productlon.
Kontratiev (20), however, reinterpreted- -Volokhonovich's (19) data
using an improved method and obtained the following expression for the
rate constant ’
log k = 15.0 - 103,000/2.3RT
He concluded that the -1nitial step was decompoeition to a methyl
radical and a hydregen atom followed by hydrogen abstraction from
. methane and combination of two methyl radicale.
Hartig, Troe and Wagner (21) studied the methane

decomposition behind reflected shock waves from 1850 to 2500 K, The

reaction was followed by measurement of infrared emission from methane
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at 3.5 ym, by infrared emission of products at wavelengths between 2.9

”

and 3.0 ym, and ultraviolet absorption of methyl radicals ﬁt'a e

\\\\\\ﬁ .
- 4

wavelength of about 2160 ®. For the first time in shock tube '
experiments, an acceleration in the rdte was observed below 2100 K.

Thelr first-order rate constants were pressure-dependent and were-

. ~ gilven by thexfollowiﬁg equations,
log k,® = 17.3 - (88,000 £ 2,000)/2.3RT  (k° = 2k°)
log kim = 15,1 ~ (104,000 £ 2,000)/2.3RT (kl“ = 2k")

respectively, for low and ﬁigh pressure limits.
V. Studies‘Related to the initial dissociation
Rice and Dooley (22) studied the methane pyrolysis in a
fast~flow system at temperatures from 1423 to 1473 K using tellurium
mirrors. They were able to detect only meihyl radicals father tﬁah
methylene radicals, and at;ggested that the initial step' was ‘
. . )
[1a] ce, + CHy .+ H
Mass spectrometric identification of the initially formed
radical by Eltentonh(23), Robertson (24); and Nelson and Kuebler (2%) ‘
confirmed the presence of ﬁethyl radicals-rather than methylehe
radicals. In these three studies, however, py;olysis was probably
occurdng on.a hot surface rather than in the gas phase. |
Belchetz-anﬂ‘@ideal-(Zﬁ) brought about methane decomposition
on a hot wire with a telluriim mirror placed within one mean free

-path, They concluded that methane dissociated to methylene and
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hydrogen and that the methyl radical observed by Rice and Dooley (22)

was a secondary product from the methylene radical, 1i.e.

~
T

[1b] CH, "+ CH, + H,, CH, + CH, »  2CH,

Vompe (27) .studied the methane pyrolysis in a shock tube
between 1760 and 2600 K by using a time-of-flight mass spectrometer
operated at the ionizing voltage of 100-200 eV to monitor CHI, CH;, 1¢#
and-CH; fragments. He observed that in the absence of a high ®
temperature the intensity ratios of ions with m/e 14, 15 and 16 were
approximately 1:4:5, and that during the reaction the intensity ratio . \\K
of the.}iqes at m/e.15 and 16 was 3:2 throughout the observation
pericd indicating the presence of a significant coﬁcentration of CH3
radicals during the decomposition of methane. He wés not able to
explaiﬁ, however, that the ﬁeak at m/e 14 appeared only at the first
time~interval (45 usecond) and then virtually disappeafed. Al;hough
he could not eﬁclﬁde the possibility of reaction. [1b] he concluded
that the predominant ﬁrocess was reaction [lal. | i ‘

| Yano and Kuratani (28) and Yano (29) investigated thel

pyrolysis of equimolar mixtures of CH4 and CD& from 1500 to 1600 K,
using a single pulse shock tube. From the hydrogen isotopic
distribution of the reaction products in the initial stage, they
concluded that the initial step was reaction [1lal.

6n the other hand, Fedoseeva, Chernyak, Gulyaev and Polak

(30) pyrolyzed a 1:10 mixture of CH4 and CD4 in argon plasma at 1700-

4000 K. They analyzed the isotopic composition of the ethane fraction



»

AL.\ ) e . k»:ll .
‘“kgb '

2
. -
H, were the primary products. They claimed this condi:::;:\aha in

agreement with Vompe's (26) observation that the CH2 peak appeared

from the effluent of the gas chromatograph and concludéd that CH, and

only at the first 45 usec.

. . '

*

Vi. Summary of previous studies

' A. Order of reaction.

+

‘ The methane pyrolysis is generally accepted as a radical
H 13

redction, but the over~all order of the reaction remains uncertain.. -
Disagreements arose mainly because of dif%}_ing extents of the
y: %s

reaction in different studies. Autoéatal has not been explained

and could influence the reaction differently unéér various conditions.

This is particulaflyvtrue'in conventional static and flow systems.
The pressurendependence of the initial disaogiation has not been |
established. The only shock tube study in wﬁich pressure depen&ence
of the first-order rate constants was observed was that of Hartig
et al (21). Imn generai, the shock tube technique is not a sensitivé
test for reaction order. S
B. Activation eﬁérgy.
Over~all activation energies ranged between 75 and 104
kecal/mole. In general, shock tube studies predicted the highef
‘yalues, from 100 to 104 kcal/mole. and the conventional flow and

static system yielded lower values, from 75 to 30 kcal/mole, with

Palmer's (11) result of 101 kcal/mole as. an exception.

sy .
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-C., Initial step. ' : ‘

The initial s€ep in the mechanismsrproposed'by most

investigators—was'deduced mainly from the measured activation
energy. The formation of methylene was thought to be consistent with

Ny
a low-value of the activation energy while the’ formation of a methyl

\
radical was indicated by the higher value.

No conclusion abont the initial stephcanLoe drawn from
studies on mirror experiments due to the poor reproducibility, wide
.varieties of pyrolysis methods and the’ lack of understanding of the
nechanism of mirror removal (31) Belchetz and Rideal (26),

!

example, did not observe the presence of methyl radicals in the
p

ethane, pyrolysis although the/decomposition undouthd)y oCCcurs
through homogereous C-C bond”rupture. _. I

Yano's (28, 29) results on the pyrolysis o% equimolarr
mixtures of CH4 and CD4 appear to:.be more reliable than Fedoseeva‘s'
(30), since the conversions were always very low (less than O.ZZ) and
the extents of isotoplc exchange reaction between CH4 and CD4 were
less than 10%.

ViI. Object of the Present Study

| Although the pyrolysis of méthane has been studied many -’
times before, important details of the reaction mechanism have
remained ooscure.' lt has not been sho?n clearly whether methane
dissociates initially into CH3,+ H or CH2 + Hz} and'the pressure ‘'

Cw

g



dependerice of the primary dissociation has not been ggtablished. In
‘shock tube gtudies the first-order rate constants for the primafy
dissoclation weréigéneqﬁlly assumeq to be pre35uré independent. .This
hés not been coéf%rmed. In atasié and flow systems, induction-periods
and‘autoqata;ysiszgave been ébseyﬁed. The measured activation —
energies.wéfe usually between fS-and éO kcai/mole which are well below
the bond-dissociation energy of metﬁane. Radiéal chain reactibﬁs and
the formation of methyiéne radical have been suggested; these have |
never been proved. Secondary reactions of ethane leading to the
fgrmation of higher hydrocarbons an@ finally carbon deposition have
not been elucidated.  The present wdrk was unéertaken to resolve some’
of these uncertainties, particularly those of the low~temperature =

- pyrolysis, by a‘qgreful study of the static ﬁyroI%}is in its very'

. 3
early’ stages.

.-‘(‘



14

. CHAPTER TWO: .. EXPERIMENTAL -

I. Apparatus.
The pyrolysis was perfofﬁed in a conventional statlc system.’
The mailn features of the apparatus are shown schematically in fig. 1:
The analytical part of the équipment is shown separétely ip Fig. 2 and
will be described in detsil in.the following section. .
1 ’ A Duo~Seal rétary bump mo&el 1400 1in series with a mercury
diffusién pump was used toaevacuate the main vacuum line. Hoke metal
vafves, model 4171M2B, were used for the poftions iﬁ coqtact with
methane and the reaction froducts. Two U~traps at dry-ice temperature;
Ul and U2, were iﬁstalled to reduce the pressu;e“of mercury wvapour
which erodes the copper bellows 3£/Ehe metal vaiyes. ‘The entire
system could be evdcﬁated at about 10—6Torr.f A{Fer each . '
experimeﬁt an independent pumping sygtem was used to evacﬁ;te the
reaction vessel through a three-way stopcock 87. A Duo-Seal single
stage rotary pump with a displacement capacitQ‘of 120 liters per
minute was used to produce solid nitrogen in traps, T1, T2 and T3,
in less than two hours.
. The reaction vessel, R, was a quartz cylinder of 477.6 ml,
20.4 cm long and 6.0 cm 0.D.. A quartz tube 64.1 cm long; connected”
axially.through the center of the reacfion vegsel, served as én outlet

for nitrogen gas and as a thermocouple well. Capillary tubing

connected the reaction vessel to a fused. quartz spiral pressure gauge,



—

PG, and-through-vairee to_taﬁyacuum line, ihe'reaction-vessel was
enclosed in a quartz .tube 90 cm long, 7.0 em 0.D.. Nitrogen gas was
continuously passed through this annular space at 20 Torr above
atmospheric pressure and flow‘rate of about 2 ml/min. to eliminaté the
poesibility of oxygen-diffusion through tne wall of the reaction
veeeel at high temperature (32). Before installetion, the reaction
vessel was treated with ‘ot concentrated nitric acid and wee washed

several'times with distilled water.

_An autoclave high temperature cylindrical furnace and a

power controller manufactured by Autoclave Engineers Inc. was used for
the present study. Three high temperature variable resistors were

used to control the local temperature along the length of the furnace.

" The temperature in the reaction vessel was measured with an Alumel-

Chromel thermocoopleil_For continuous observation, a potential offset
device with stability bettexr than 0.02 mv was used to balance the emf
from the thermocoupie and the‘reSulting emf was monitoreo on a
millivoit chart recorder.‘ The thermocouple, TC, was calibrated four
times agdinst tne\freezing point of sodium chiloride (99% purity,
Canlab.). |
The temperature gradient along the center of the reaction
vessel was determined by meesuqing the temperature at 1 cm intervals.
* At each point the temperature was monitored for 20 to 30 minutes, An
average deviation of less than O,BOC‘Within 8 cm from the center and

.

less than lo 4in the last 2 cm was achieved.
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Figgre 1

The Vacuum System
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II., Analytical System, : t

A Carle Standard Micro Detector and controller was used for
the thermal conductivity detection, The detection elements were
glass~coated thermistorﬁ. The detector was operated at 21.8 mA and
helium was used as carrier gas. Helium was split into two streams and
the inlet pressure in each column was regulated by using Edwards
pressure controllers, Impurities present in the helium carrier gas
interfered with the analysis of ﬁxygen aﬁd caused a rapid ‘
de—actIvation of the molecular sieve column. To purify the carrier
gas, a series of active charcoal and highly activated molecular sieve
traps at liquid nitrogen temperature were used.

A complete separation of oxygen, argon, nitrogen and
methane at Toom temperature was obtained with a 4 m x 6mm molecular
sieve column activated by heating at 370 °c for twelve hours. The ‘ ‘
detection limit for oxygen was 1 ppm in methane with a sample size of
18 ml at 3 aLmospheres pressure,

The product hydrogen was separated from methane on the
molecular sieve column and was converted to water in a copper oxide
furnace before entering the deééctor. At higher conversion, large
amounts of hydrogen were collected through the solid nitrogen traps,
Tl and T2 in series with a silica gel column at —19600, passed through
a palladium thiﬁble and measured In a gas burétte, P2.

L

Hydrocarbon products were partially geparated from the large

\ﬂ

quantity of methane on a 30 cm X 3 mm silica gel prE:column, Cl, at
. : S



18 /

N b

-7800 by continuous flushing of helium gas for 5 to 10 minutes. After
most of the methane was removed, the ﬁrEBcolumn Cl was warmed to room
temperaturenand the effluent was injeéted into a second silica gel
<column, C2, composed of 30 cm‘; 3 mm plus 120 cm x 9 mm, maintained at
room temperature. A separation of methane, etha;e, ethylené and
acetyiene was completed in 40 minutes, In some of the later
"experiﬁents; thé pre~column was heated to about 30 °¢ with a hot water
bat ‘béfore‘the effluent was injected into a 4 m x 9 mm Durapak )
colymn at room tempé?ature. .

H2, HD and D2 were analyzed on a 2 m column of alumina |
treated with HnCl3 and operated gt the temperature of liquid nitrogen
(33). Mixtures of methane and deuterated methanes were analyzed mass
spectrometrically at an ionizing potential éf 25 ev, The relative
quantities of the specles were estimated by comparing the_spectrum
with §Fandard spéctra of CHQ, CD4 and a CHQ—CDA(I:l) mixture.

' £
ITI. Materials,

Research Grade methane, with a stated purity of 99.99%, was
obtained from Matheson, Canada Ltd.. The impurities found ‘were about
6 ppm of oxygen, 20 ppm of ethane and 100 ppm of nitrogen.

Oxygen was removed by passing the methane gas through a 30
cm pyrex cylinder contailning 3 Kg of Ridox reagent (Fisher Scientific)

"activated at 230 °C, Ethane was removed by using a 3 m colum of active

charcoal at -78 °C. The charcoal column was activagéh by heating to
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Figgre 2

-

Sampling System for Gas Chromatography Analysis
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‘3000 under vacuum for 24 hours with an additional hour of methane
flushing. Two atﬁospheres pressure of methane was maintained in the
purification line to avold any coatamination of oxygen from the
.gtmosphere; The purified methane contained less than 1 ppm of ;xygen
And.O.l ppm of ethane, the limits detectable by the present
analytical method.

Ha;heson Research grade ethane, ethylene and acetylene were

used for calibrations, Prior to use, the gases were distilled from
bulb to bulbk, No further pﬁrification was made. Hydrogen was
purified by pgssing through a heated palladium thimble into a 3-liter

storage flask, - ﬁ"r
' -‘, "'c'

Methane-—-d4 with minimum isotopic purity of 99% in D atom was
obtained from Merck Sharp and Dohme, Canada Ltd., and was passed.

throuéh a pyrex cylinder containing Ridox reagent.

1V, Experimentél Procedure.
The system was kept under continuous evacuation over night.
'Befoée the first experiment in a series was started,'the reaction
vessel was isolated from the main vacuum line for 30 to 50 minutes.
The experiment was not begun 1f the system could not hold a vacuum of
10"5 Porr for this perlod. The entire system was re—gvacuated to 1()-6
Torr, )

Methane was first expanded slowly into the balance volume V1

until a desired pressure was attained which was then measured on the
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manometer Ml. The methane was then introduced into the reaction
vessel through S1. Initial methane pressures above 250 Torr were
measured on the manometer, while lower pressures were measured with
the pressure gauge PG. At the end of the reaction, the reaction
nmixture was expanded through S2 into the solid nitrogen traps, Tl and
T2, which reduced the methane-vapor pressure touabout 10”2 Torr.

At low conversion (hydrogen less than 0.5 micromole),
hydrogen was collected1£$ing Toepler pump P3 and transfered into the
injection chamber for the gas chromatographic analysis. At higher
conversions, hydrogen was collected with the Toepler pump Pl and
measured in the gas burette P2,

Following the closing of valves S2 and S5, the solid
nitrogen brapsiwere removed from T1 and Té. The mixture ;}
hydrocarboné and unreacted methane was transfered into the sampling

-

rlt;op T3 through S6 (Fig. 2). The following procedure was used for
analysis of the Lydrocarbon products. The carrier gas was directed
through line L1 through ghe six—ﬁo valve S16 to the main column C2.
With valves S8, S13 oéen and 86, gZi.SIG,_Sll, 515 closed, the
pre~column Cl was immersed in a Dewar flask containing dry-ice acetone
mixture (—78°C). The analysis was started by closing S8. -Following
the removal of solid nltrogen.trap T3, 510 and S11 were opened ‘and the
four~way val;e 512 was immediately turned to the pick-up position.
When the pressure inside L2 increased to 10 psi, S15 was opened. The

pressure was maintained at this value hy adjusting S$8. Under this

13
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pressure, helium passed through S8, s12, s10, T3, S11, L2, S13, S14
~and S15 with a flow rate of 50 ml/min. Most of the methane could be
flushed out in 5 minutes while the higher hydrocarbons were retained in

*

Cl. After the fiushing was comﬁleted,‘SIO, S11 and Siﬁ‘were closed ﬁ&!
and S12 was.turned back to the "out" position. The p£;559re in L2 was
{increased to 28 psi which was the pressure in the main cglumn C2. By
closing S13 and Sl4, the pre~column Cl was completely isolated and was
warmed up to room température using azﬁater bath., By switching §16

and ovening 513, S14, the carrier gas{wgs diverted from L1 through C1
te C2, | .

After the complete analysis, S16 was returned to the

original position and sampling loop T3 was evacuated by opening 59.

V. Conditioning of the reactlon vessel.

For the study of the pyrolysis of methane on a clean
surface, alr was admitted to the reaction vessel after each experiment
to burn off any possiblF carbon deposit. The reaction vessel was then
evacuated for more than 90 minuﬁes,,prodpcing a vacuum of 10'”5 Torr.
:_To check the possibility of a trace of oxygen remaining in the re%ction
vessel after this procedure, a small pressure, 5 to 10 Torr, of
methane-was pyrolyzed for several seconds then pumped away. No
difference in the results was observed with or without this
pre-pyfolysis of small amount of methane before the experiment,

For the atudy of the decomposition on a carbon surface,
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‘about 100 Tdrr of methane was pyrolyzed for more than six hours to

v

produce the carbon surface.




CHAPTER THREE: RESULTS AND DISCUSSION

I. General-describtion.
A .I.Primary, 'eeondary_and tertiary products.
The products hydrogen, ethane, ethylene, propylene and

acetylene were analyzed as a function of time at the temperatures 995,
1038\\1068 and 1103 K over the pressure range. 25 to 740 Torr. Typical
yield-time plots are shown in Fig. 3 and-Fig. 4, The results show
clearly that in the initial stage of the reaction hydrogen and ethane
Qze,the only.products. As the eoﬁcentrationrof ethene builds up in
the systeﬁ. but while the conversion is still lese than 0.01%Z “ethane
Eegins to be consumed in secondatyrreactions and its concentration
gradually approaches a p}ateau value. Ethylene is clearly a secondary
product, . Pxopylene and acetylene are tertiary, and appear only after
the concentration of ethylene has surpassed that of-ethane. As the
-_reaction proceeds still further a marked increase iﬁqthe rate of
'formatiou of ethane and other products was observed. Exploration ofl
possible mechanisms for this autocatalysis will be diiscussed in ...
section IV., B 7 '

| Prolonged pyrolysis 1eq to the deposition of carbon on the
~ surface wlhich enhdnced the rate of decomposition. Fig. 5a and 5b show
the yields of ethane and ethylene in carbon-coated and clean vessels

-respectively, for gimilar conditions of temperature and pressure.

Fig. 5a shows that the ethane production on a carbon~coated vessel is
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Flgure 3

Yield-time plot for the formation of hydrogen, ethane, ethylene,

acetylene and propylene. Curve A P represents the measurement of .. . .

pressure change. 1038 K and 449 Torr.
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Flgure 4

Yield-time plot for the formation of hydrogi:;/sﬁgane and ethylene at

154 Torr, 1068 K,

D, Hz
0, C,H,

!
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Figure 5

Yield-time plots for the formation of ethane and ethylene at 100 Torr,

1038 K.
5a: Carbon coated vessel: (Q, CZHé; 9, C,H,

iSb: Clean vessel: o, C2H6; @, CZHZ;; -9, C2H6. + Czﬂ4
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about 10 to 15 times faster than in a clean vessel (Fig,.5b). In

Fig. 5a the experimental points show the sequence of the experiments
andlindicate a continuous de-activation of tﬁe sqFface. To check the
extent of carbon deposition in the present experiments methane was
pyrolyzed for a fixed time ingerval and the wvolatile products removed.
A second pyrolysis was then performed for a short time of reaction and °
the rate ofrformation of ethane measured. This sequence was repeated
several times. If any non volatile product accumulated on the surface
of the vessel the rate of formation of ethane should show a gradual
increase. Experiments were done withrintervals of 6, 12, 24 and 36
ﬁinutes. The yields of ethane, ethylene, acetylene, propylene and
allene from these experiments are listed in Appendix 2 (page'165).
Fig.-G shows the amounts of ethane and ethylene produced after two
minutes decomposition of methane against the number of pyrolygls of
36-minute intervals'at-ééo Torr and 1038 K (compare Fig, 3): The
ylelds of all these products were uqaffected by allowing any non-
volatile product to accumulate, It must be concluded that non-

-

volatile deposition at this stage 1s not important. Nevertheless, to

avoid accumulation of carbon from repeated experiments, alr was

admitted to the vessel after each experiment to burn off any carbon
deposit as described in the experimental section. K

With the present analytical technique, the rate of ethane

and ethylene could be measured well before the autocatalysis became

significant, In almest all previous studies in static and flow

-

[

LY
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Figure 6

Yields of ethane and ethylene after two minutes decomposition of
methane against the number of pyrolysis of 36-minute intervals,

at 1038 K, 440 Torr.
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systems the rates were measured at conversions where the autocatalysis
was impoptant; This is particularly true in the kinetic studies based
on pressuie measurement, since measurable pressure increase occurs
'onlﬁ in the region of secondary acceleration.- The measured pressure

change is shown in Fig. 3.

B, Surféce-Effect.

The effect of surface/volume ratic on the rate of methane
decomposition was studied by increasing the 5/V ratio by a factor of
9.6. Experiments were done at 400 Torr and 1038 K. The results are
presented in Fig. 7. fhe rates of ethane production are essentially
the same, It may be concluded that the measurement of the initial
rate of formation of ethane in the clean quartz vessel is a measure of

the homogeneous dissociation of methane.

1I. Kinetics and Mechanist of The Primary Decomposition.
A. The Initial Step.
Two initial dissoclation reactions have been suggested in

the methane pyrolysis,

[1a] CH, CH3 + H

[1b] CH, ~+ CH, + H,

The endothermicity of reaction [1a] has long been established as about

102-104 kcal/mole (11, 34, 35)f' The endothermicity of [1b] has been

+
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Flgure 7

Yield~time plot for the formation of ethane and ethylene at 440 Torr

and 1038 K.
Unpacked vessel: . @® ethane, A ethylene.
Packed vessel: 0] ethané , A ethylene.
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: : $
much more uncertain; at one time it was thought to be substantially

(10-20 kcal/mole) less than that of [1a], and in a number of studies
loé the methane pyrolysis where the activation energy was less than
103 kcal/mole, it Eﬁﬁ concluded that reaction [1b] must be predominané
(15, 17,.36). Conversely, in othef axperiments, mostly in shock tubes,
’ where tﬁe activation energthas about 103 kcal/mole, it was
conecluded that only reaction [1a] was important (16). Subsequently it
became evident that the endothermicity of reaction [iﬁ] was probably
\equ&l to orgreater than that of [1a], so that all the earlier.
conclusions about the initial dissociation process based on activation
energy' had .to be discounted (11) There.now appears to be convincing
evidence (37) for a value of AHS (CH ) of about 93 keal .mole, which
E@kes reaction [lb] endothermic by about 111 keal/mole at 298° K, or
113 kcal/mole at 1000°K. The :rate constant for reaction of’ CH2 with HZ’
the reverse of reaction tlb], has been measqfed recently (38) and it
thﬁs becomes possible to calculate the réte'constant for [lb]*. fhermo—
chemical data used in these and later calculatlons are given in Table 1
together with the rate constaﬁt for reaction [lb] at 1000 K and the raé;-
constant for the initial dissociation méésﬁred in the presént/ltudy.t It
should be noted that both these values refer to the limiting high-pressure
region. In the measurement by Braun et al (38),'sing1et GH2 was ‘
consumed in the reaction with hydrogen irrespective of whether the

*
resulting CH, was stabilized:, since the latter QEEE;A have decomposed

preferentially to CH3 and H rather than reforming CH2 and H,.

* Details of the calculation are given ih Appendix 4.
’ °
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It 1s clear fromtTgble 1 that reaction [1b] should be of

negligiblé imPortanée in th;-pyrolysis of methane. This conclﬁﬂgon is
further strengthened by the fact that in several respects_the
calculaéions in Table 1 probabiy over-estimated the magnitude ;f klﬁ’
so ®hat the values obtained should be regarded as upper limits.- In
particular, the rate constant measured by Braun et al (38) for the
reverse reaction was for CH2 in its excited singlet st;te; the
corfesponding reaction of the grouéﬁnstate triplet is ﬁndoubtedly much
slower., On the other hand, the heat of formatilon of 93Ikca1/mole is -
- presumably for ground-state CH2 and there apﬁear to be conviﬁcing

'

;; 6~10 kcal higher in

¥
Rét clear whether singlet

arguments (39) that the singlet state lies

s """a'
61

or triplet CH2 would be produced in reaction [1b]; production of the

energy than the triplet ground state. It

former conserves spin, but i1f the energy barrier is much higher than

for triplet formation, the latter may occur but with a reduced

~

frgquency fdctor associated with the spin violation. By using AHf for

the tfipletAin the present calculation, and the reverse rate constant

’ ]

for the singlet, the estimated value of klb 1g clearly an upper limit,

and the tryue value may be much lower. It may also be noted that 1if
there is amappreciable activation energy for the reaction of CH2 with
~

. { .
Hz or if the GH2 radicals in the experiments by Braun et al (38) were

{ ‘
vibrationally excited, klb would be further over-estimated in the

=7 — \

present calculation,

Experimentally 1t is not easy teo distinguish between

S

g
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TABLE 1% )
Comparison of Measured Rate Constant and Calculated Value of klb
"AH; (298) s° Cp (298-1000 K)
Keal/mole cdl/mole ' cal/deg mole
B Z v -
cH, . =17.9 44,5 12,87 -
CH, 34,0 46.1 11.7
CH, - S 93 . 43,3 : 9.3
Wy, T T o 31.2 7.05
H o 52,1 27.4 5.0
va_..'All valiues aré taken from ref (43) except AHf '(CHZ)_ which is from i T ‘
' - ' ’ ’ ’ ’ !
. ref .(37)_ ' ' @ y '
log A .  E log k (1000 K)
et m—lshj’ or snl) Keal/mole (Snl)
Reactfbn [~1b] . 9.62
Reaction [1b]  14.8 © 113.3 ~10.03
" Measured rate i64 106.7 -6.9 .
3
. R R
oo

50
w
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reactions [1la] and [1b]. It will be seen later thdi ‘the” secondary
v * .
reactions observed in the system point strongly to the presence of CH3

radicals, but these could be generated from the reection of CH2 with

s

CH, even if reaction [la] did not occur. Analysis of the isotopic
composition of hydrogen produced in the initinl stage of the pyrolysis

of a mixture of CHA and CDA‘should reveal the occurrence of reaction
‘ ;

[1b]. Table 2 shows the results.of the pyroIYSis of -equimolar mixtures

of CH& and CD4 at temperatures 1038 1068 and 1103 K. The ratio of

.'w - ‘.. -~
H6/CZH corresponds to the-ratio- of’ primary ‘to secondary’ “hydrogen,

80 that at the shortest times greater than 902 of the hydrogen should
have come from the primary reactionms. There ere three poseible |

~ reattions, however, which could cause exchange'between the prodoct
hydrogen and deuterium: |

9

~(a) exchange catal&zed by CH:, ‘and CD, as follows,

3 ant i
l‘
. B P
[2a] CH, + - D, -+ CVH3D | + .D
- [2p] " D +  .cg > WD + - CH,
- [2e] - CD,4 + .Hz, - CD,H +. H
[24] H +# ¢, + ®W Y+ D

4 : . 3
A rapid deuterium exchange in_methade was observed which occurred by

the following alternating chain reactions,

.cH, + O, - CHD cD,

CD3 + CH4 e CD3H o+ QHB

PLE
S
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TABLE 2

. Thg Isotopic bomposition of the Product ﬁydrogen from FPyrolysis

of 1:1 Mixture. of CH& and CD4| . Total Pressure, 443 Torr
T = 1038 K

O N ol (ED] > [ct,D] .
min e, ] [H2]|D2] Icgﬁl0

0.61 30 0.98 - -
,1.00 30 . 0.53 1.6 -
. 1.0L - 0.59 3.31 -
3.02 - 1.06 4.75 -
4,00 3.47  1.15 - 6.21 -
4,00 " - = 1.19 5.26 3.93
6.00 2,75 1.36 3.93 -
8.00 1.12 1.10 3.69 8.00
X 12.00 0.51*  1.32 | 4.22 -
16.00 - 1.43 4.:87 13.8
" 24.00 - 1.48 4.40 27.2
. Average 4,5+ 0.7
T = 1068 K,
t (Bl [mp) (] [ca;0]

min [CZHA]- [sz ' |H2||D2] . [034]

0.5Q 23.2 1.15 5.02 6.07

1.01L 20.3 1.19 5.36 3.564
2,00 - - 3,00 1,72 - 3.84 6,25
‘3,51 1.25 1,26 4,51 10.2

5.01 . 0.81  1.41 ' 4.95 13.9 N\

Average 4,7 £.5



t [CZHG]
min TE;EZT
0.26 14,7
0.40 6.4
0.5% 4.3
0.77 1.85
1.01 1.36
1.51 0.84

T = 1103 K

[HD]

T,

1,22
1,25
- 1.34
1.16
1.35
1.32

Average

_.TABLE 2 continued



. -\

38

These reactions will be diacussed in detgil in Section V of this

chapter. The extent of this exchange is given by the ratio CHSD shown
CH
' 4

in Table 2. 1If the rate constants for reactions [2a] and [2c] are

similar to those for the abstraction reactions from methane, as
¢

-

written above; then tﬂe percentage of hydrogen reacting by these
reactiaiL will be the same as the percentage of methane reacting this way,
since both are first qrder. Actualiy, the percentage ;f hydrogen
reacting will be approximately half the value for meLhane since

hydrogen is a product and initially its concentration is zero. Thus

if 10Z of the methane has been converted to CH3D, then 5% of the

hydrogen has reacted by reaction [2¢]. |

(b) A molecular reaction between CH4 and D2 (CD4 and H2 as wéll) was
postulated by Watt, Eorrell, Lewls and Bauer (40). The rate of this

process in the present system may be calculated from the empirical

rate law given by Watt et al (40},
. .6
d[m]/at = kp[Dz:Il 1[0114]0'3[1;:]0

where kp =1.1x 109('1‘)é e—SZ,OOOIRT 1/(mole sec) - 0.82.

If the collision efficiency of CH& is similar to that of Ar, the

equation becomes
. anbee = f,Tttres, 1070

At 1068 K, 440 Torr, [CH4 + CD4] is about 6.6 x 10—3 mole/1l and D2

concentration is 2.1 x 10“7 mole/1,

”~

-



da[ep)/dt = 0.8 (2.1'x 107y 2¢6.6 x 10_3)0_9

= 3.9x 10-10 mole/ (1 sec)

This rate is about 0.27 of the rate of formation of HD and may bé

ignored. - \\\\
{c) A four center exchange reaction between H2 and D2 has been
N~
proposed by Bauer (41). The empirical rate low for this reaction was
given by
. '1\.
amml/ar =t [ae)p,10 %0, 10

where kp = lolz'sé(T)ie-[\‘Z,ZGOIRT

Burcat and Lifshitz (42) re-investigated this reaction and founq that

the sum of the order of.H2 and D, wés 1.3 rather than 1.04 ‘and the

order';ith respect to Ar was 0.65. Yano (29) also.studied the

reaction at much lower concentrations of H2 and D2 (0:1%) rather than ‘
1-57 used by Bauer (40) and Burcat et al (42). He observed that the .

sum 6f the order (H2 and DZ) iécreased to 1.8: Although there are

large discrepancies in these three studies with respect to the order_

of the reaction, the rate measurements are in good agreement, yilelding

,an activaﬁion energy within 40 % 2 kcai/mole.

By examining Bauer's proﬁ%aed mechanism

-

kL .
— (v)
H, toM g Byt My
k't
i Av)
D2 + Mi : D2 ,+ Hi

]
. k’-—i
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(v) _kp
) * Dy T omp : [
1 ] -
Dz(v) +  H, ~EP ., o

(v
where Hl = Ar, H2 = HZ’ and M3 = Dz, HZ( ) represents vibrationally
excited hydrogen, the rate of HD formation can be estimated. ’
Application of the steady-state approximation to this vibrationally

excited species in the mechanism gives

0™ - g (8,10, ]
k_ M+ kp[Dz]

Al = 2 ke, 00,
dt
dEED] = 2k kg [H,1(0,]M4,]

k_ M ]+ kp[Dz]

k—i and kp are essentialiy equal to the collision rate constant.

Therefore k—i[Mi] >>,kp[D2] and

dEED] ‘= m K, (1, 1(D,]

since AHi = 42 keal/mole

4d[HD
dt

2 e 42:000/RTpy qrp, ]
. 24LY2
Taking kp > collision number (7.0 x lolollmole), the yield of HD at

the shortest reaction time.of 30 .seconds at 1068 K 1s about 5.5 x 10‘-10

7

mole/l. The yield observed experimentally was 2.3 x 10" molefl. It

4



41

¢ .
'

is therefore concluded that molecular derogen should not have been
exchanged appreciably after its formation under the experimental
conditions.

The data in Table 2 are scattered because the amounts of
hydrogeg, and particularly deuterium, analyzed were necessarily small,
but within this scatter there is no significant deviation from a value
of about four expectgd for hydrogen formed by an‘atomic mechanism.
Reaction [1b] should of course yield a [HD}ZIEHZJEDZJ ratio of zero.
From tﬁese experiments and from the calculations iﬁ Table l,'it can be
concluded that reaction [1b] is the only initial dissociation of

importance. ) ’

> B. Secondary Reactions.

The initial stages of the reaction before propylene and

acetylene are formed may be explained by a ﬁery simple mechanism

[1] . CH, » CHy + H

[2] ® + cy + H, + CHy

f3] 200, +  CoH

[4] cHy+cCH, + CH  + Clg ¢
(5] C,Hg + CH, + H

In the earliest stages where only reactioms [1], [2], and [3] are
" important the yileld of hydrogen was equal to the yield of ethane and
no pressure increase was observed. As reactions [4] and [5] became

important ethane was converted to ethylene and hydrogen. During this
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Figure 8 .

Yield~time plot for sum of the formation of hydrogen and ethﬁne at

109 Torr, 1038 K.



25

20

ATaY @]
— —~

Aﬂ\maoauwoa X PI9TX

12 1+ 16

10

Time(Min.)



43

\ " Figure 9

LY

\,

Yield-time plot for the fon;xation of ethane, ethylene and rthe sum of
‘ethane and ethylene at ¥038 K, 100 ‘Torr.‘ '

O, CoHg | |

.. > CoH,

W, CHlg + CH,



— M —

1 |-

12 —

!
S,

0 O

ha\maoavwoa X pIeTX

Time(Min.)

=



period the quantities (CZH4 4+ C H6) and (H + C )/2 were both linear
functions of time, showing that tbese were the only products at this

atage of the reaction. The &ield of ethane as it approaches its

steady-state value can in fact be quantitatively, accounted for by

reactions [4] and [5]. Typical plots ar¢ shown in Fig. 8 and Fig. 9.

L

C. Measurement of kl.

From the proposed mechanism it follows that

(6] x,[ca,]= R .. = R .
| 1LCHy C,H; %Hz

LAY

where R® signifies an initial rate of formation.* Values of .R° for

- - ~

ethane and hydrogen can be obtained directly ﬁ;om yiéld—time ploté,
but because reactiocns [4] and.[Sj become important at very low g
conversion, ac;urate initial rates could not always be measured.

Rg H6 may be equated to R(C2H6 +'C H4) or éR(H +C HG)’ which
corrects for loss of ethane in reaction [4], and k, was obtained from
linear plots‘of these functioms. The values of R (c HG) were also
evaluated'by using a computer to obtain the 4th degree least square
curve fit. These various measurements of initial rates were in
substantial agreement and the final v;;ues given in Table 3 represent
an average of the values obtained byAthé.different methods. 'Error

1imits based on the values obtained by the various methods are

indicated in Fig. 10 by vertical bars.

D. The Pressure Dependeﬁce of kl.

Log k is shown in Fig 10 as a function of log (methane

* .
% A gimilar expression applies if the initiation step is reaction [1b]
See Appendix 5 for a derivation. -



TABLE 3 —_—
1- | o

Measured Values of kl and Calculated Values for klms— s, k.7 R

molepl

™k - P, Torr

995 - 741 -
640

540

440

333

230

162

108

1068 1742

-1 L] o
§ ,E and A

sec ’ TR P, Torr k, sec
1 8 1 7
x 107 . ‘ x 10
2,82 1038 741 2.57
2.95 642 2.29 "
2.34 542 1.95
2,40 T a4l 1.86
1.32 © 338 . 1.38 4 .
1.58 236 1.26 .
1,07 . 188 1.12 :
1,07 109 .81 ‘
74 * 96 .74
5 66 .71
_ 43 .51
\\\ . ' 32 .39°
k" = 6.50 x 1077 ; k1° - 1.12 x 207
x 107 x 10°
8.71 1103 . 743 3.86
7.08 602 = 4.06
4,90 ) 440 3.02
3.72 . 233 2.06
3.58 - 121" 1.27 :
2.3 . 49 6 ,
T L0 o= 1,37 x 1073 k,° = 2,14 1073 .
98 o 1 -

E = 107,.6 kecal/mole; A =2.8x 1016 sec

LN

-1
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L)

. . ., ' Figure.10

v

L4

¥

The variation of k awith pressure. The experimen‘ta

as"vertical bars, indicating the error l%s, whil

.

are the calculated values. _The temperatures are:

1103 K. ~

)

i results are ﬁhown

-

e the solid lines

995, 1038, 1068 and
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pressure)., It is clear that kl depends markedly on the pressure of

A T . . :
methane .under the conditions of the present experiments. The simplest
explanation of this behaviour is: that reaction [1] is a unimolecular

reaction in its pressure-dependent region. Such a pressure—dependence

is indeed expected for a molecule.as~small as methane (34), although

a /

it has not been clearly demonstrated before at these temperatures.

&

Alternatively, it might be suggested thnt the dependence of kl on

methane pressure could arise from a .complex radical-chain mechanism.
. . 4 _
The only possible propagation step in pure methane appears to be

This has frequently been siggested inrthe past (12,;36), and together
with reaction [2] constitutes a chain yielding CZHG and H2 There are.
several arguments against such a chain in the methane pyrolysis.
First,'reaction [7], an inversion reaction at a simple saturated
carbon atom, is without precedent in gas-phase radical reactions and
would have a high activation emergy (43) and probably a low A—factor.
The chain mechanism in. fact would require E7 to be about 50 kcallmole
to give the overall observed activation energy, and therefore reaction
[7] although unlikely, probably cannot -be ruled out a priori.

Secondly, 1f reaction [7] occurred, the rate of reaction would be given

-

by the expression

f

Cc,H

8] RS =
e 2%6 R“

.
]

. ‘ ) i
kl[CHA]‘ + k7[CH4] (k;[CH4]/k3)
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with the right-hand side coﬁsisting‘of two terms, the firat for the non-
chain process, the second for the chain redction. Recognizing that both

~

k and k3 may be preseute dependent it can be seen that their . z

dependence on methane ‘pressure will cancel at low preeeure and dieappeat

. < at high pressure, leaving a eimple overall dependence of the chain )

‘ ?roceee on [CHA] in the high and low preeeure 1imit At intermediate
éreeenfe‘éhen both kl and.k3 are pressure dependent, the order will rise

' Lbove 3/2 because k3 would reach its nigh-preseure limit well before kl.
'The result on a log-log plot of kl against CHA pressure would be two
parallel lines‘at high'end low preesure\with slope 1/2, displaced %aterally
and joined by a sigmoid curve at intermediate pressure. Thie prediction
may be compared with Figs 10 in-which the elope in fact decteases ' ‘
monotonieally from about 0.6 at the loweat preSSure to 0.4 at the highest.
* The contribution of ethane formation from reaction [7] can alao be

f -

estimated by using E7 ~ 50 kcal/mole, A 7 - 10 1/mole sec, [CH4] 1x 10_2
-
mole/l and [CH 1~ /k )i S 1x 10 mole/l at 1000 K and 760 Torr;
2
with these values the rate of reaction {71, R 73 is only 0.01% of R C, By
2

(10—10

mole/1l sec). Since these values probablyfrepresent an upper limit
for k7 the contribution from this process 1s p§;bab1y‘not significant. NS
Finally, and most convineingly, it will be seen that the néasured’valuee‘
of kl over‘the whole range of preseure and temperature are qnent%tatively
in accord with‘theoretical calculations fot the simple unimolecular
dissociation of methane in its preseute-dependent region;- Thus while the

_occurrence of reactien [7] cannot be ruled.out completeiy,'the present

evidence weighs heavily against it, and it seeme.moet unlikely that 1t is

of any importance in the methane pyrolysis.
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E. Theoretical Calculatiﬁns of kl_and Its PFessureedependence.

‘Calculations of kl were based on the:RRKM theory, well
described by Forst (44) and Robinson and Holbrook (45). The general.
expfession for the umimolecular rate constant is
| m
, ' + E
9] k .= Y % ep E/RD | £ P (ED) exp (-E/RT)

uni | ————— o ‘ ‘ v ) _
) h QlQ2 . E$ o

*
Bl +k, (E® + < A E; >) / kz[M]
+
E
B
Lﬂl' E; P (E)
v=0

* %
hFN (E) -

[10] where k (E* + < A E; >) =

The sum of states, I P (Ei), was evaluated by the direct count method.

The density of states, Nf(E*), was calculated using the approximation
described by Tardy, Rabinovitch and Whitten (46). The centrifugal
correction factor, F, was glven by Marcus (47) and by Waage and -

Rabinovitch (48) as fdllows

[11) " N*E* +< A E, > ) = F.NFED

J
..'+ :
[E* + aE_ - i—- - 1) rr)%7t
[12] where F = — 1
¥ - (E -+ aEz) |

L

A constant energy increment of 0,5 kcal/mole was used in the

computatibns. The symbols follow the nomenclature used by Robinson //’/f"

and Holbrook:

‘



™
IP = sum of states of the transition atate for energy = E+;

*, %
N(E)= density-of states of molecules of energy E*;
W

~r,

+
Ql = partition function of adiabatic modes of the activated complex;

-

Ql’ Q2 = partition functions of rotation and vibrational modes of the
"molecule;

E+ = total ﬁon-fixed energy in the active degreeslof freedom of the
activated complex;

Eo = qritical energy; '
E* = non-fixed enérgf in the energized molecule;
E = total zero—point énergy; | - ' *
L+ = reaction'path.degenracy.

Values.for klm'were not obtained in the present study but are not

necessary for the calc?lation since the critical energy, Eo’ for

methane is well established. & value of E of 103 kcal/mole gave ‘
agreement with the mﬁgnitude.of_the measured value of kl while the

dependence on pressure was matched by adjustment of the bending

frequencies and of the moment of inertia of the activated comélex.

The methyl radical was assumed to be planar in the complex. 'All

rotations were taken as abilabatic and centr;fugal corrections were

applied to the two external rota;ions. The complex is similar to the

Model 4 deééribed by Placzek et al (49). The'valpes used in the .

calculations are shown in Table 4, ' The vibrational frequencie; of the

molecule and of the methyl radical were taken from JANAF (50).

The results of the calculations are listed in Table 5 and
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TABLE 4

Valuaes used in the Calculations

to)

Molecule Actlvated Complex
designation - frequency . ¥ designation freguencxa
-1 . & : -1
cm : cm
vy 2914 ' vy 3002
Vo 1526 (2) . vy A 580
Vaq 3020 (3) Vg 3184 (2)
v, 1306 . vy _ 1380 (2)

bending modes of 280 (2)
dissociating bond

Moment of inertia

_ ~40 2 - ~40 ~ 2
I, = Ib =-I. 5.33 x 10 gm cm. 1, S5.84 x 10 gm cm

| L= 1= 17.0 x 10--1‘0 Bm cm2
Collision diameter = 3.8A° - |
Eo = 103.0 kcal/mole
Number of rotations for centrifugal correction = 2

' Collision efficiency, A = 1

Statistical factor, L+ = 4

’ .

s

2 For purposes of calculation 21 and v3_ﬁe;e combined ag 3122 cmpl.



€alculated Values of kl based on the model described in

T(K)

995

1038

1068

log(P/Torr)

~1

oo B oW N H O

~1

PP ORI O T o

-1
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TABLE 5

1og(k1/sec)

~10.7903

1

i

9.7978
8.8574
8.0956
7.5754
7.2983
7.2011
7.1816

9,8704
8.8773
7.9335
7.1605
6.6234
6.3260

6.2163.

6.1930

9.2911
8.2977
7.3516
6.5715
6,0218
5,7125
5.5941
5.5679

Table 4.

log(k,/k)

~3.6140
~2.6214
-1.6811
-0.9193
~0,3991
-0.1219
~0.0247
-0.0052

. —-3.6829

-2.6898
~1.7460
-~0.9730
~0.4349
~0.1385
~0.0288
~0,0055

~3.7289%
~2.7356
-1.7895
~1.0093
~0,4596
~0,1503

- =0.0320

-0.0058
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TABLE 5 contiqued

T(K) log(P/Torr) log(kl/sec) 1og(k1/km)

-= 1103 -1 ~ 8.6459 ~-3,7829
0 ~ 7.6522 ~2.7892
1 - 6,7037 ' -1.8406
2 - 5.9154 ~1.0524 o
3 = 5.3524 ~0.4894 h
4 -~ 5,0281 =0.1650
5 - 4.8991 ~0.0361
6 - 4.8692 -0.0062
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are shown in FigurelD as the solid lines, The calculated values for
k; .aTe seen to repreaent both the pressureedependenca and the absolute
values for kl found experimentally. This provides strong confirmation
of the interpretation of the present results in terms of the simple
mechanism described by iéactio&s [11 ~ [5]. ’
Values of klm obtained from equat;on [9] are 1listed in Table -
3 together with the corresponding values of A" and E calculated at
each temperature. The striking feature of these results_is‘thevlarge
difference (4.6 kcal/mole) between Ew_and Eo.' For a dissociation
reaction in the high-pressure region, the expefimen;al activation
energy is always larger than Eo’ which 1s defiﬁed‘as the difference in |

zero~point energies of the reactants and the activated boﬁplex,

because the population of excited vibrationmal levels will a1Ways be

larger in the activated complex than in the reactant. The diffe;ence
between E and E0 has commonly beeﬁ found to be‘about 2 kecal/mole,
For example for the isomerization of 1,1-dichlorocyclopropane, E
57.7 and E_ = 55.5 kecal/mole (45). Most of the unimolecular
’decompositions which have been studied have activation energies in
this range. The critical energy for decomposition of methéne is-muéh
ldrger and the temperaturé at whichddecomposition occurs 1s
correspandingly higher. Taking Iinto account as well the very low
vibrational frequencies of three of the normal modes of the complex as
v

compared to the reactant, a relatively large population of excited

: 3
vibrational levels in the activated molecule will be ‘expectéd, The
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result is a large difference bétween Em and E_, 1argerlthan has
previcusly been reported. Unfortunately, artheoretical'interpretation
{s still not available; Slater's formulation leads to Eo‘ﬁ E whereas

RREM theory does not g{be a simple relation between E0 and E .

F. Comparison of kl Measured, in Static, Flow and Shock Tube

»

Pyrolysis.

Using tﬁe parameters for the unimﬁlecular dissoclation of
methane determined in the préceeding section, the rate constant may be
calculated forra wide range of temperature and pressure. These values
are shown as solid lines in Fig. 11, The values of kl obtained at the
highest temperature in the present work are shown together with recent
values of kl obtained from shock tube pyrolysis and studies in a flow
system. In most of these.studies Argon was used as diluent. To
compute a total equivalent pressure of methane, Ar ‘was assumed to be
1/3 as efficlent .as méthane as a colliéion partner (45). The,same
efficlency was assumed for other inert diluents. For,comﬁarison

purposes only representative déta were chosen from the range of values
reported by most ??;h6§;7_-‘#’-\

The data of Palmer and Hirt (11) obtained in a flow system
at 1200 and 1400 K are in good agreement with the calculated values.
From shock tube atudies, the results of Skinner and Ruehrwein at 1200
and 1400 K (16), Kozlov and Knorre at 1800 and 2000 K (18), and Glick

at 2000 K (15) are in very close agreement; those of Kavorkian,

-
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~ Heath and Boudart at 1670 K (17) and Glick at 2200 K (15) are slightly

higher, and those of Napiler and Subrahmanyam at 2000 K (51) slightly
1ower, than the calculated values. In all of these studles the

’

authors assumed that the rate constant was not pressure-dependent
However, the scatter in the rate constants obtained by Glick at 2200 K
and by Kozlov and Knorre at 1800 K would encompass the variation with
pressure which we predict, and their data are therefore compatible
with the bregent results, In only one shoékrtube study; that of
Hartig, Troe and Wagner (21), was th; ‘rate constant shown to be
pressure-dependent, This deﬁendenee is also close to tha; predicted

by the present model but the measured value of kl is about six times

lower than the calculated vaiﬁe; the reason for this discrepancy 1is.

ndot obvious. Agreement between observed and calculated rate constants

is on the whole very good especially as it is well known that the
uncertainty in the measurement of temperature in a "shock tube may
easily be fifty.degrees. All the-results except* those of Hartig et al
£all within this range of the Galculated values, _ ’

* The most interesting aspect of these-comparisops is the
demonstration that all'the'measurements of the rate constant for
dissociation of methane reported %é far have been made in the
pressure~dependent region. This fact was recognized in only one
study, that of Hartilg et al, An Arrhenius plot of rate constanés in
the pressurewdeﬁendent region 1s not very meaningful because the

activation energy in this region is not simply related to the bond
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Pigure 11 -

- s

AY

The variation of kl-with pressure for temperatures up to 2200 K. The

solid lineé;are_calculated from [9] and the experimental results were

<

obtained in shock—tubeiqsggisg_or floﬁwsystem'pyrolysis. 0, ref. 16;
x, ref, 11; O, ref. 17; 0O ref. 18; I, ref, 51; ®m, ref. 15;

"a, Tef, 21,
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_ of-E as predicted by unimqlecular theosy._

CEE L~

dissociation .energy and because the ratio k/k is itself a function of

._'_-.,_.f‘

. temperature. Indeed a wide range of values for' the activation energy

. 2
of k has been reported (85 ~ 103 kcal/mole) and the reason for the

-

disagreement may be traced to the pressure—dependence of kl
Fortuitously, however;nthe measured activation energy from several

&
studies of‘about 103 kcal7gole appeared close, to the bond dissociation

hat

energy dnd the authors were led. to b§§ieve that a high—preSSuEe value
for k had beeh measured. The present calculations show that the

activation energy of k in the pressureaindependent region, E ’ of

~ ‘4,

}07 kcal/mole, is im fact several k mole higher than D (CH ~H},

AN
observed activation energy of .

“ -

whieh was taken as 103 kcal/ma

k in its pressurerdependent region is‘therefore lower than the value.

+
Y

. “ . ° L] " .
‘ e 7-Calculations of k'l'anﬁ-domparispnlwlth Measured Values.
Q 1 .
: Using the value of the equilibrium‘constant for’ reaction [1]

1

.and the expression cbth:ne:ffjr kl, values Qf k -1 the rate constant

sr for the combination of a mefhyl radical and a hydrogen atom, were

o

calculated over a range odf3pressures at SpO 700 and 1038 K. Ihe
~resu1ts are shéwn in Fig. 12 atd ar; listed. 1n Table b togethef with
the‘thermodynamic values ‘used in the calculation. The- re;ults ofﬁ
thgee reeent ueasurements of k ; are also 1nc1uded These

EE)
"u.

measurements were ﬂﬁde in an Ar or He carrier.and the total pressure

haa therefore been reduced by a, factor of thrbe to correct for the

4

[
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& TABLE 6 @ |
‘E:quilit_n:‘:!.tm‘x Constant ‘and Rate Constants for the I'eac:@::Lc*)nEl
..]; '
) . h —_— CHQ :1 ,CH3+H : ‘.-
"% AH .Aspb log K_° logk, logk_;  log P (Torr)
" kecal/mole cal/mole.deg, _ »
500 105.0 315 - 40,62 ' ' ~31.76  B.86 o .
| ‘ : " ~30.89  9.73 1
~30.34  10.28 2
~30.10 10,52 3
.700  105.8 32,76 . «27.64 ~19.19 . 8.45 0 -
- S -18.29 9.35 . 1
PR . ~17.63 . 10.01 2
e _ ' -17.25 110.39 i
' - N 6’__ ) ' :
%1038 106.6 ., 33.53 <16.96 = 8,88  8.08 0-
T | 4 ~7.93  '9.03 1
S ' . -7.16  9.80 " 2
~6.62 10.34 3.

~

i

a_Units mole 1'-‘1 where appli-cakle. Data are taken Prom ref (43)

q\

o b standard state 1 atm. of ddeal gas. ., + . . ' /
- . " =
‘- k, ®D i T



Figure 12
The variation" of 155 k—l with pressure, The solid lines are
calculated as described in the text and t'_h.e ‘experimental points are
recent meagurements of k—l" 0, ref. 52; b, ref. 54; @, ref. 55;

O, ref. 53. - .
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efficiency of these gases as j?ird’ﬁodies rglative to methane (45).
The measurements of Camilleri{ Marshall and Purnell in the raﬂée 500 -
700 K (52) are in good agreement with the present calculations.
Comparison with the data of Dodonov et al (53), Pratt and Veltmaﬁ (54)
and Halstead et al (55) 'all at about 295 - 300 K is less certain
because'extenéion of ?quation [9] to this temperature presented some
computational difficulties and was ﬁot pursued. If the trend at the
three higher temperatures continues,'the value of Dodonov et al
a#pears rather high; the other dgta are somewhat lower .than
predicted, but in reasonable agreement. .The value of kjl obtained in
these calculations is 2.5 x 1011 1 moleplsﬁl, which is abouF 1/A of
the céilisidd number for these radicals.

)

activated complex for methane described herein, down to 500 K and up

The extension of equatien [9], with the model of the

to 2200 K provides a‘stringent test for the theory: The agréement
with other measurements at both ends of the temperature range is strong
support for thé validity of this method. There are several approiimationg
in these calculations which might be expected to limit the réuge of
applicability of any particular model. For example, in the calculation
of the degsity.of states the harmonic oscillat;; approximation has
been used, The limitations of this assumption have been discussed by
Forst.(44) and Forir and Prasil (56) have investigated the dgpendence
on energy of Uhé;i?nsity of states and of the unimolecular rate

~ :

constant k_, egudtion [10], for a small molecule, hydrogen peroxide.,
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Their resulea showed that the unimolecular rate constant calculated
using Morse oscillators is lower by about a factor of two than the
rate constant calculated using pureiy ha:monic oscillators, in the
"low energy" region applicable to thermal systems. The ratio of the
two rate cgnstanes, however, did not change appreciably with an ///\\*
increase in the excitation energy in the low energy region. The
‘excitation energy of the activated complex for the.thermal
dissociation of methane lies well w}thin this low energy reglon
considered by Forst and Prasil (56) and it may be concluded that
inclusion of anharmonic effects in the present caleculations will not
change the relative values of the rate constants over the temperature

&
range constidered here.

The model of the activated coﬁplex is itself an approximationgb

and ‘modifications to it could be explored for better, agreement over “ ‘
the whole temperature range. For example, Forst and Prasil (56) have
calculated the effect on ka of a comflex in which one oscillator is
coupled with a two~dimensional rotor, taking hydrogen peroxide as the
dissocilating molecule. Some lowering of ka was observed as the
excltation energy and the fotationai quantum number was increased.

The effect, However, was not large in the 10e range of excitation

energy encountered in thermal gystems, and taking into account the

large j[eertaintiea in the values of k in the region of 2000 K and of
knl at 'the 1ow temperature end I was not considered profitable to

pursue such calculations. It: may be\ concluded that the model chosen
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for the activated complex provides a reasonable agreement with other

measurements in Jhé temperature range 500 ~ 2000 K.

ITI. Kinetics and Mechanism of the Formation of Ethane.
A. Mechanism. '

The series of reactions [1] to [5] accounts quantitativel&

for the yield of ethane up to about the attainment of its plateau value.

" Within this region, the autocatalysis is not important and the amounts

of tertiary preducts, acetylene and propylene, are geherally less than
that of ethane and ethyléne.' It also ac&dunts édantita;ively for the
formation of hydrpgeﬁ and ethylene when-the amounts of acetylene, -

propylene and allene formed are small.

(1] c, > CH; +~H ‘ : ' '

[21 ® + cB, > CHy + H, o i
[3] 2CH, T .CH

4] 'CH3+C2H6 -+ CH, + C,Hg

[5] | CHy CH, + B )

" B, Evaluation of the Rate Constant, k4.
From the proposed mechanism it can be seen that initially

reactions [1], [2) and [3] describe the coutse of the decomposition

but as ethane accumulates 1t begins to disappear in the

‘dehydrogenation sequence, reactlons [4], [5] and [2], and should reach

r

LTS
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a plateau value if no other processes Intervene,

At the plateau region,bthe rate of disappearance of ethane

is equal to its rate of formation or- the rate of methane dissociation,

Ro’

[13] R, = o, lcH]ICH]

where o = k5/(k5 + kha[CHA])' the fraction of ethyl radicals formed in
reaction [4] which decompose via reaction [5], and [CZHB]SS-is the
coggentration of ethane at the steady state. The steady state

" approximation for methyl radicals gives

Yo T

[14] CH, = '{(Ro + gna[czus]SS

3
Note that t.vhile reaction [-3], the reverse of reaction (3], mustike
taken Into account in calculating the radical concentration, and in
fact becomes the dominant source of methyl radicals, it.does not enter:
directly‘into the steéd}éstate equation for ethane, because 1t does
not lead to a met consumption of methyl radicals, siﬁce these

ultimately can only recombine to reform ethane in the present system.

Combination of equations [13] and [14] gives ’
1157 R =ak,(R_+k [CHI [k )5[0 H.]
o 40 =3-7276"88" 3 276

Experimentally, ethane 1s observed to reach a more or less
well~defined steady-state plateau before the reaction beégins to

accelerate (Fig. 3), and from suhh plateau values, k4 has been
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calculated from the steady~state equation [15]. R_ is the initial
rate of the formation of ethane, Values of kr3 were derived from RRKM
calculations based on model I described by Lin and Laidler (57) for
the ethaﬂé decomposition. A value of 4.0 x 1010 1/(mole. sec) w;é used

for k; in the present calculation, This value is calculated from the

value of 2.4 x 1010 1/ (mole sec) at_300 K assuming a square Toot
dependence of the rate constant on temperature. The discrepancy

between this wvalue of k3 and the measured values for kF3 has been
1

w
. discussed by Waage and Rabinovitch (58). For the present calculation
of k&’ the accepted value of k3 was used because other
measurements of k4 were made relative to this value of k3‘. ALl ?‘

measurements of k& may therefore be compared in a consistent manner.

-

Values of k4 and the.data from which they were derived are -
shown in Table 7. No variation of « k4 with methanelpressﬁré-was
;bserved, and it 2Fy be concludgdggﬁft reaction [~4] was pegligible
under these experimental conditions, l.e., o = 1. This conclusion was
supported by the fact that propane was not detected in the products
before the autocatalysis reglon (less than 1 x 10'-9 molefl). Average Y
values of lr.‘,4 are given 1n the finqﬂ column of Table 7. \

Tn-a series of experiments at 880 K a small amount of ethane
was added to the reactant methane and its coﬁsumption wigh time was
measured. Dissoclation of methane (reaction [;]) can be neglected

compared to reaction [=3], and the rate of disappearance of ethane may

be expressed as ’



66

) l TABLE 7 /
Values of k4 .
T = 995 K ' -
PCH4 [CZHS]ss Rq\ kv3 _k4 '#)
Torr 39%9x108 . ?:ii 10%0 ‘agcﬁlxloa —E—x 1078
51 2,09 044 ' 0.84 6.85
108 3,98 .152 1,01 8.62
440 23.03 " 1,33 1,32 5.31
540 24.08 1.79 1.36 6,46
640 33,50 o 2.29 1.39 5.13
741 28,26 2,83 1.42 7.60
B “average 6 1
T = 1038 K
31.9 1,675 - .166 4,64 14.5
108 5.49 1.31 6.66 18.2
188 10.99 3.15 7.60 15,1
236 15.08 . 4.50 7.98 . 13.6
338 21.99 7.79 " 8.57 13.2
441 37.69 11.6 9.00 9.90
543 31.41 15.8 9.32 -15.0 °
6462  46.06 20.2 9.57- 10.1
9.77 10.1

741 50.25 24.8

average 13 % 3
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TABLE 7 continued

PCH, [CZHG]SB R, kg k,
Torr El%—1-9:;108 %%%E?%Olo sec  x10° ———— x 107
_ ' ¥
T = 1068 K
25.2  2.09 0.422 12.7 14,6
48.6  4.18 1.324 15.9 15.9
75.5  7.12 2.79 18,2 15.1°
104 8,38 4.74 19.9. 19.5
154 15.3 8.99 22,0 15.1
233 20.9 17.20 24.3 17.6
339 36.9 3061 262 13,5
wo 4.0 4529 27,60 5.1
600 67.0 71.63 29.1 13.7
742 73.3 97.43 30.1 14,6
. J average 15 % 2.
¥
- .

6
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alc, il /ae = k&(kF3]k3)i[02H6]3/2

Integrating from [CZHG]O to [CZHG]t gives

3 3
[16] [CZHG]o “'[CZHG]t

N : ' 3
T r a3k (kg /k)? ¢
[coHely [Czﬁelc

A plot of the left~hand side of this gquétion against t 4s shown in

Fig. 13. Using values for k@ and k3 obtained as before, a value of

3
6 TR ]
-k4 = 4.6 x 13 1/(mole sec) may be calculated from the slope of this

~

line,

This wvalue of'k4 together with ﬁhe average values of k4 from
Table.7 are shown in an Arrh;nius plot in Fig., 14, which also includes
previoﬁs measurements of k4 (59, 60, 61, 62, 63,:64). In recent years

there has been growing evidence that Arrhenius plots for some simple
¢ ’ '

hydrogen abstraction reactions show marked upward curvature-in the
region 700 ~ 1500 K, so that the rate constants measured at these
temperatures are considerably higher than predicted from si@éle
Arrhenius equations measured at lower temperatures. This behaviour
has been discﬁssed by Clark and Dove (65) who have shown that the
observed increase in activation energy for reactions such as [2] and
[4] may be accounted for within the frameworkkof activated complex
theory. The present results provide confirmation of a "high" value of
k, around 1000 K first feﬁorted by Pacéy and Purnell (60) from a study

of the pyrolysis of butane, and support the suggestion that the

Arrhenius A factor is temperature dependent.

ﬁ

g
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’ Figure 13
,[cu]i—.[cu]’k
Plot of —22 % 2 g £ ggatrst t at 880 K
[C,Hg 1o 10861

ya
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Figure 14

Arrhenius plot of k
X : reference (59)
0 : reference (60)
+ 3 referénce (61)
A : reference (62)
O : reference (63)
m : reference (64)

¢ : this work

B
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B

IV, The Mechahism of the Pyrolysis,
A. The followling mechanism represents a summary of the

reactions occurring pfior to the autocatalyéis regioﬁ.

ha

. Primary formation of ethane and hydrogen ,
[1] o CH, ~ CHy + H
[2]‘ ' H + CH, -+ CH, + H,
[3] e ZCH3 -+ CZHG
net regction: ?CHA -+ CZHG + H2

Reaction [1] is rate controlling, and always followed by reaction [2]
which is much faster. 1In the initial stages of the pyrolysis reaction
[1] is the only primary radical source. Both reaction [1] and [3] are

pressure dependent. ) i
) . " .

N

Secondary reaction of ethane

(4] cH, + CH,_ ~ CH + Cysg

_ 3 2M6 - 4 2
; '[5] C, By + CH, + H
] [2] H + CH CH, + H,
net re;ctioq: C2H6 + CZH4 + H2 )
. &
‘Reactions [4], [5] and [2] constitute a chain reaction converting .

ethane to ethylene and hydrogen, Reaction [4] 1s rate controlling and
s
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reaction- [~4], the reverse of [4], 1s largely negligible so that every

C,Hy formed in [4] decomposes.,

Unimolecular decomposition

'

. [-3] _ C,H, + 2 CH,

Reaction [~3], the reverse of [3], can become an important secondary |,
source of radicals under some conditioms.

. .
Secondary reactions of ethylene

Radical chain dehydrogenation

[17] CH, + C,H, > CH, + C.H,

3 274 4
[18] CZH3 + CZHZ + H
[2] H + CH + CH, + H

: 4 3 2

net reaction: CZHQ -+ CZHZ + H2

‘Reaction sequences [17], [18] and [2], aﬁd {19}, [20] and [2]

-

constitute two parallel chain decompoditions of ethylene, propagated
by methyl radicals, and initiated by abstraction and addition
regpe;tiﬁely. Reaction [17] ig rate con;rolling in the first
sequence, and its reverse, [-17], ié probably negligible. In the
addition sequence on the other hand, react&bn,i—iQ] is probably much

faster than reaction [20], making the latter rate controlling.



.~ ' Radical chain meéh&létidn ; N o N

1 ‘v % aC O ;
(191 CH, + C,H, n-CH, | 'i
[ZQ] | n-CyHl; > CHg +H -

[21 W o+ cH, > CH, + H, L

netlreaction: | C2H4 + CHA -+ C3H6 + H2

. Secondary reactions of acetylene

Radical chain dehydrogenation

‘o %
[21] CH3_+ czﬂ2 CHA + 02H

[22] CZH + 02 + H . - .
. _ 5
This dehydrogenation sequence does not occur because reaction [21] is

{
Y
Y
L

much too endothermic (- 139 kcal/mole) to be of any importance at the

present temperatures; this cannot therefore be a source of carbon in

the methane decomposition.

Radical chain methylation

[23] CHy + czuz‘-r CH3CHCH
[24] CH.CHCH - CH,CCH + H oo
3 3 ~ A ol
- e
[2] o+ C\H4 + CH3 + H2

net.reaction: 02H2 + CH4 -+ CH3CCH + H2
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As with ethylene, the reverse of the additiomn reaction, [~12], is
probably much faster than feaction [24], so that the latter is rate

controlling.

Secondary reactions of propylene

Radical.chain dehydyogenation

. L25] CHy + CgHg ~ CH, + Cqlg
[26] _ C,Hg * CH,CCH) + H
[2] R+ CH 7 CH, + H,

stoichiometry? C3H6 -+ CHZCCH2 + H2

Both mddition and abstraction sequenceé can occur with propyiene.
Abstraction appears to predominate, as yields of allene were much

higher than those of butene.

Radical chain methylation

[27) cn3 + _03116 - CH3CHZCHCH3
[28] CH3CH20HCH3 - CH3CHZCH=CH2 + H
f2] H + CH4 + CH, + H2

stolchiometrys C3H6 + CH4 g CH3CHZCH=CH2 + H2

¥ ' - -
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Unimolecular decompositlon

[29] . C.H : + H + C
376 S

_CHy b CHy s

s °F

This can become a significant source of radicals when the propyleme

concentration becomes high enough.
' The mechanism outlined above.is.in essence very simple, and
depends on the following premises:

-

. .

(1) The CH3 radical is the only radical present in
significant concentrations.

. (2) Hydrocarbon products disappear solely through reaction

with methyl radicals in chain sequences with no net consumption of

radicals. A minor exception is dissociation reactions [-3] and [29].:

(3) Other hydrocarbon radicals dissociate s0 rapidly.that
they take part in no other reactions. An exception is C2H which ’
instead is maintained at a negligibly'low concentration by back
reaction with methane [-21].

(4) Hydrogen atoms always react by reaction 2 to form hydr -

.

» These premises are made tenable by the large excess of
methane always present, 80 that even at the highest conversions
products were always less than 3% of the methane, and by the relatively
high temperature, which renders the higher radicals vefy sﬁorflived
with respect to decomposition.

The several chain reaction sequences propagated by methyl



radicals follow a.common

pattern, with.initiation by abstractlon ox

addition, and propagation by radical’decomposition, but there are

notable differences. Thus with ethane, only abstraction is possible,

P

but with ethylene both abstraction and addition sequences occur} with

_acetylene the abstrattion sequence 1s blocked by the stability of the

Czﬂ radical so that only
abstraction of the allyl

addition, and the former

addition is important while with propylene;
ic hydrogen“is apparently much faster than.

predominates. Finally, it should be noted

that initially there is no radical-chain decomposition of methane,

further, that the chain

sequences initiated by abstraction do not

consume;methane, and only with the addition sequences, beginning with

ethylene, is methane con

1imited by the amount: of

sumed; even then it is a short chain,
v ro
‘olefin present.

B, . Autokatalysls, carbon formation and surface effects.

The third autocatalytic stage in the methane pyrolysis,

in which the yield of ethane begins to rise sharply again after the

steady-state plateau (Fi

g.3) is not predicted or explained by the

reaction mechanism postulated above, The autocatalysis is most

evident in the yield of
products as well, althou

already rising sharply.

ethane, but almost certainly affects the other
gh it is less obvious because thelr ylelds are

Autocatalysis has frequently been reported in

the decomposition of methane, and under varilous conditions of

pressure, temperature, oomversron or surface, may have a varlety of
. ) "y
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causes. It fs most commonly assoclated with the formation of carbom,

.and attributed to reactions occuming ‘at q/éarbon surface.

r

J The effect of carbon deposits in the present system was

A . '
investigated in several ways. Ordinarily, oxygen was admitted to the

»

reactionfvesSel after each experiment to oxidize any carbon that might
. v
be present, and the vessel was thoroughly pumped out; this procedure

-

yielded ﬁighly reproducible results ove£ long periods of time. In-g .
some éxperiments a carbon deposit was fiFst laid down in fhe vessel by
.pyrolyzing methane for a few hours; subsequent pyrplysgs in the:
presence of this carbon surface showed faster than normal and somewhat
erratic raées of reaction. In further series of experiments begun
with the usual clean sqrface, methane and volatile products were
removed at intervals, but any carbon deposit was retained; a new
éample of methane was then admitted and the reaction continued (see
Section .l A); If the accumulation of a nonvolatile carbon deposit were
réspongib}e for the autocatalysis, this should not be affected by
pericdic removal of volatile products, and autocatalysis should set in
at the usual Eg&gi time of reactiom. This was not observed; '
experiments with products removed at igtervals showed no acceleration in
raté aven thougﬁ carried on.far past the usual time for autocaéalysis.
Even experiments in which each interval was well iﬁto the

qptocatalytic stage showed no increase in rate over many intervals:

It can only be concluded éhat carboﬁ deposits play no part in

autocatalysis in the present system.

-



reaction vesselwfilleq with quartz tubes which increaséd the surface/
volume ratio by.ﬁ factor of\10, 1Initial rates of etﬁane'formatibn_were
quite ‘unaffected, and the‘early tages of the decomposigion were ;
undoubtedly ﬁBmogeneéus. Formation of se;oncary products and of

ethane in the autocatalytic stage showed some surface enhancement,

suggesting a small surface component in the secondarj reactions,

v

probably less than 10% of the whole, This relative lack of
sensitivity to surface/volume ratio again indicates that surface
‘deposits of'Egrbon are not very importa;t in the reaction mechanism.
Two plausible alternatives may be suggested to account for
the observed autocatalysis. The first of these is that carbon is
indeed responsible, but a fine smokeﬂlike suspension of carbon
particles rather than & surface deposit (13). These would bavé én
enormous surface aregj;;d therefore be much more effective thaé a
. surfaée deposit of Earbon; the particles would also be swept_oﬁt of
the reaction vessel with the methane and volatile products, 80 that no
cumulatife effects would be observed in the "interval' experiments.
Expériments described inlChapter 4 shéw tﬂat this hypothesis is not
tenable.

The second alternative 1s that homogeneous reactilons can

cause the autocatalysis. A new source of radicals must become ¥

important in the autocatalysis region, and the rate of this new

initiation process must rise very sharply with time, Simple computeX

N
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~ simulation of the reaction systemnehdws which type of ree:fions might
have the right properties. Disproportionetion reactions petween
olefins and methane such as Czﬂ4 + CH& -+ 2 Hy + CH are
kinetically wrong, as they cannot cause a sharp enough rise in the
reaction rate, as weil as being -too slow.. Bimolecular'reactione of
olefins or acetylene such as 2 CZHZ + CZH + CZHB are more
promtsiﬁg in as much as they yield autocatalysf?:cur;es of the proper
shape, but again the reaction rates are probably too'slow.l‘A
bimolecular reaction of acetylene vielding a diradical which can
initiate radical chains would also have the right kinetic properties.

This type of reaction would have a lower activation energy ‘than the

bimolecular reaction giving two radicals (66) and could be fast enough

to give the observed ylelds of products. Diradical formation has been

postulated in the pyrolysis of acetylene itself (67) and seems to
offer'the m;;; plausible mechanism for homogeneous autocatalysis 'in
the preseet systeqp, but these suggestions‘must be regarded as
speculative.. The lack of a complete yield—time study of hydrocarbon

products with carbon number higher than 3 has impaired a successful

simulation.
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V. 1Isotope exchange.reaction between CH4 ;nd CD4 in the pyrllysia of
mefhané; . ‘ ‘ RS ‘
A. Mechanism of the exéhangé reaction.
As mentioned earlier (Section 1D CH3D and CDSH were majgr
products of the pyrolysis of CH /CD mixtures (Table 2, page 36) s .
This same exchange reaction was studied previously at higher
tehpe:atures (1340 - 1745 K) in a shbckltube by Burcat and Lifshitz
(68), who Eoncluded that it proceeded by a radical chain mechanism.
.There geems little doubt that tﬁe same mechanism is operaﬁive-in the

‘present systém.

Initially, dissociation of CH4 and CD& is the .only important

source of radicals. °

[1a] - CcH, > H + 01{3 v |
[1b]_ _CDA + D+CD3 o d

These will be followed by the abstraction reactions . v

[2a] B + cnl‘ - H2 + cn3
[2p] H + €, * HD + CD,4
. .
2c] D + CH, ‘+ HD + CHB
-
[24] D + €D, D, + CD,4

The iadtopic exchange leading to formation of CH3D and CDBH will

proceed by an alternating chain propégated by the reactions,

FTL S ]



£30] CHy + €D, ~ CHgD .+ CDy

{317 D, + cH, > CD,R + CH,

+

Three termination steps tnvolving CH3 and CD3 may be written

as follows,

[3a] -. CHy '+ CHy. C,He
[31:] . CH3 + €Dy = CZH3D3 .
[3e] CD, + D, > C,D¢ ¢

The rates of the formation of 6H3D and CD;H in the chain are
) A .

given by, ?

r32]  aleapl/ar = kgpfergdlon,l j

afcn,ul/de = k31[0D3][C_'H4] )

These rates are equal, hence

" 1. .[c8.3co,]
= 30 3 4
L W

Addition of CH3 on both sides of the equation gives,
+

ko [0H,] + kaoloD,]
[cu3] + [cp,] = [cu3] — isltc-ﬁz;]ao 4

or

[33] {cH,] 3108 (fca,] + [CD,1)
33 CH = il C
3 .k31[CH4] + k30[CD4] 3 3




.Zklb[cnh] - gk3c[cn3; - 2k3b[CH3][CD3] + 2k73cF92D6] f Zk_3b[CZH3D3] = 0
Therefore, i
3
: T ke, [M] £ k o.[E.]
fca,] + [cp,] = {i=a —11—-3—- + i=a -1
3 3 iy N k
: 3
~in which - k3a .= kéb = k3c = k3
AN M- R, M < O
and E, = CoHe > E, = C,HaD3, E, = C,Dg
and equation [34]'becomes
‘ b c
: x. k.. [cH, 1rcp,] Dok,) T kgl
[35]  dledgpl/de = g 3?031] +4k [éu T T TG
30477 4- 31l
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Substitution of [33] into [32] leads to the following expression,

kqgksy [CH,1LCD, ] ' :
WKyol0D,] + Ky [CH,] (Ccry] + [epgl)

»

[34] d[CH3D]/dt ‘=

The total radical concentratlon, ([CH3] + [CD3]),.can be evaluated by

€

using the steady-state equations

for CHS: t

2klaECHA] - 2k33[cn3] - 2k3b[cu3][cn3] + 2k_33[02H6] + 2k“3b[C2H

and for CD3E .

In the present study, equimoiar mixtures of Cﬂa—ca? were used. Hence,

NeE '

P31 = 0
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[36] alcwpl/de = kylep JIcHy) - o - -
where

N YN e

. - 2k 3031 } .
s k + :
30 31. s - !

Because of the lack of information on the relative véiues of kla and

b

klb as well as those of  the termination constants.the following'

approximations were made.
b
‘ L
CH, = 3% L

-«
- ' .

- . ‘ 5

C

- L
T Vs

which may be fqrthgr‘simplified as

cd, = 3%

k3

[+3
_ZRlECHA] + kg g[Eil

3

k3

'f‘ks may be regarded as an average rate constant for abstraction of a

methyl radical from methane. Equation [36] was used to obtain k_.

B. Measurement of th

e relative concentrations of CD,, CDBH;

CH3D, and CH4 from mass spectra.

Mass spectra for pure
- were obtained before and after
analyses of product-mfgtures.
obtain the average mass peaks £
of 25 eV. The simple subtracti

,concentratiqn of QDQ, CD3H, CH3

CHA’ CD& and a 1:1 mixture of Cﬂa—CD4
each series of mass gpectrometric
Usually four spectra were used to '
or each sample at an jonizing patential

on method to compute the relative

D and CH4 i1s illustrated in Table 8.

7.4
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. TABLE 8

Calculation of relative concentratilons of CD,, CD,H, CH3D and CH,

Hatérial : o m/e
| 20 19 18 17 16 15 Y’
oo, ‘ 100 , 3.0 71,30 1.165 2.378 0 "'é-—
cH, ' 1,1 100 67.24 2.497

*" Mixture spectrum 90.5 14,1 - 59.4 21,4 129.4 81,2 2.9

s

Step 1: CD,  ~)90.5 2.8 64.5 1.05  2.15
1.3 5.1 20.35 127.2581.2 2.9

Step 2: CDBH -) 11.3 0.2 6.03 0.09 0.2

=) 7.6 0 0.06

* ~-12.9 14,32 127,10 81.0 2.9

Step 3: CHgD -) 0.1 13.02 8,75 0.3 O

-13.0 1.30 118.37 80.7 2.9
§

Step 4: CH, -) 1.30 118.37 79.6 2.9

Résidue ' -13.0 1.1



e

, concentration CDA:CD3 3 4 in this-example becomes

In Table 8, only step 3 and step 4 involved the use of

féimultaneoua equations for mass 17 and 16. In step h; qu possible

~

' fragmentations of CD3H were taken into account.. The resulting

relative peak heights were normalized to 54.8. Thus the relative
o

_H:CH.D:CH

21.3:2.66:3.10:27.7. The sensitivity coefficient for each component

was ignored as these factors cancel in the determination of rate

constants.

C. Measurement of the experimental rate constant ks.

-
From the rate law given by {32] and [361], k can be

evaluated as

d[CHAJ ' d[c04] d[CHSD] d[CD3H]

[37] = - —3¢ = -3 = —3F = T = ké[methylj[methane],

where [methyll i[CH3 + CD3]

and [methane ]

[cnéj or ECHAJ,

Hence ' ‘

_ Lt '
[38] log [034] = log [CH4]0 57303 k't
1
[39] log [cD,] = log ep,J, = 77303 k't
~ [en,p] 1 ' :
[40] log (1- m ) = - 7303 k't .
) [CD3H] 1 '
[41] log (1- taﬁzj; Yy = —.ETEEE k't

where k' k [gethyl].



These expressions are valid only when no CHZDZ ig formed. Secondary

attack of methyl radicals on CH, and."ED4 can lead to the formation of

CH,D, . | . ‘
CH, CH,
. t CHD T opy + CH,D '
3 3
y CH CH.D CH
. cup * o, Ty 3
| cD, CH,D, cD,
o The four possible net reactions are
[42] : " CH, + CHD + CH, ~ CH, + CHpD + CH,
CHy .+ CHpD + co, + CH, + CH,D, + CDg
cD, + CHpD + CH, - CGDjH + CHJD + CHy
cn3 + CHD + €D, CDJH + CHD, + CD,

total net re§ction: 2CH3D + ZCDA -+ 2CH2D2 + ZCD3H

4 into CH3D and

CH,D, . The concentrations of CHBD and CD4H remain unaffected by these

Four similar reactions convert CDBH and CH

reactions which merely convert CHA and CD4 into CHZDZ'

The abstraction of a D atom from CH3D by a methyl radical has

1

no effect on the product distribution. Radical combination involving

CH,D and CD

2 2H will be small as these radicals are removed rapidly by

the excess CHA and CDA' The rates of formation of CH2D2 and CH3D may
be written as follows (assuming all methyl + methane abstractlon

reactions have the same rate constant, ks).
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[43] A[cuznzj = ks[cu3 + CD3](3/4)(2/4)(l/2)[CHéD]At

[44] A[CHBD] - kS[CH3][CD4]At

~where the factors 3/4, 2/4, 1/2 are to account statistically for the
-number_of H atoms in CHBD, the number of effective reactions and the
average concentration of CH3D, respectively. Dividing equation [43] A

by [44], assuming [CH3] = [CDB], yieids:

[C“zDz] = (3/8)([CH3D]/[CD4])2 x 1007

*

The maximum conversion of CDA or CH4 was 20%7. Hence the amount of

CH,D, formed may be calculated as follows:

(3/8) (0.2) %1007

[cH,D,]

= 1.5%

Therefore it may be concluded that the radical attack on CH3D or CD3H "

does not affect the concentrations of CH3D and CDBH, and provides only

minor routes for the disappearance of CH4 and CDA'

The re-dissociation of ethane in the system creates sone
difficulty in the accurate calculation of methyl radical concentrations.
From the yield—tiﬁe plot for ethane formation in Fig. 3, it can be
seen that the methyl radical concentration increases with time,.

satisfying the relationship:

{457 Cb 3

3 CHy = {R [kq + k_3[c2H6](t)/k3}

Substituting this radical concentration 4nto equation [37] for the
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rate of disappearance of methane gives

alas, 1/len,] = kg (Ryliy + k3(CHEI(E) feg)t ae

Integration‘Sf this equation requires a polynomial curve-fitting of
the ethane concentration and is only feasible using a computer. For
simplicity the methyl radical concentration was taken as the average
of its concentration at time zero (ECZHGJ = Q) and its concentration
when the ethﬁne concentration reached a constant value, [CZH6]as‘

The calculated values of the methyl radical concentration at these two
limits are listed in Table 9. The maximum deviatiéﬁ of these two
extreme concentrations from the ayeraged concentration is about 357%.

Rate constants, k', were evaluated from the data shown %n

Fig. 15 to Fig. 20 using equations [38] to [41], and the averages of
the four values are listed Table 10. The fundamental data are
1isted in Appendix 3. in the expe:iments at fhe lawest temperature,
BBODK, ethane was added to increase the rate of initiation, which was

then calculated from equation [45].

P
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TABLE 9
T (K) Total methyl concentration ([CH3] + [CD3]), molé/l
at initial stége at [CZHGJSS ~ Average
® )} (R /. + & J[CHT k)
o' 3 o' 3 ~3-¥276-58" 3
i
880"  2.04 x 107%2 4.32 x 10711 4.32 x 10711
957 2.13 x 1071 2,56 x 107t 2.34 x 1071
995 6.02 x 10+ 1.09 x 10710 8.46 x 10 +0
1038 1.73 x 1020 3.43 x 1010 2.58 x 10710
1068 3,58 x 1070 6.87 x 100 5.22 x 1070
1103 8.046 x 10 10 17.6 x 10710 12.8 x 10719

*
0.237Z of ethane was added.

-
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Figure 15

Plot of log B and log (1 - v) against time at 880 K, 440 Torr of 1:1

mixture of CHA—CDA'

15 a: 0, B

n
i

Led, Js o, 8~ [cp,]

15 b: 0, ¥

Con,pl/lcH, 13 ’

=2
i

= [epu)/lem,],

¢
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o

Figure 16

. Plot of log B and log (1 = ¥y) against time at 957 K, 440 Toxrxr of 1:1

mixture of CH4~CD4

16 a: 0, B8 = [CHA:I; o, B = [CDA]
16 b: 0, v = [cuBDJ/[cnajo : e, vy = [cn3H]/[c0410
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Figure 17
Plot of log B and log (1 ~ v} agalnst time at 995 K, 440. Torr of 13l
mixture of CH4_CD4'

17 a: 0, B = fCH4] 3 e,

™
n

Y [094]

17 b: 0, y = [capl/len,l ) ; e, v

[cp,ul/lcD, ],
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Figure 18

- —

—

Plot of log 8 and log (1 - Y) against time at 1038 K, ‘440 Torr of 1:1

mixFure of CHQFCD4 . v ; .
18 a: 0, 8= [CH,] . "o, 8=1[cp]
18b: 0, 1= [CH3D]/[CH4]° 3 0, Y= [CD3H]/[CD4]0 S
s i
‘Ih
’ F 4
@3
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ffﬁ* Figuré 19

Plot of log B and log (1 - ¥) against time at 1068 K, 440 Torr of 1:l

mixture of CHAHCDA

19 a: 0, B =[cH,] ; , o, 8=1[en,l
bob: 0, y=[ompl/Len], s . % 1= [N,
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Figure 20

Plot of log B and log (1 - v) against time at 1103 X, 440 Torr of 1:l

mixture of CHal-CD4

il

™
1

20 a; 0, B [cnh'_l; ., = [01)4]

20 b: 0, ¥

n
0

Cou,pl/LeH, ], 5 o, v = [ool/leo,],

<>
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TABLE 10

Experimental rate constant, kS measured from pyrolysis of equimolar

mixture of CDAFCHA at total preagure 440 Torr -and temperature

880-1103 K
0 ~1
T(K) ks[CH3], sec [CH3], mole/l ks, 1/ (mole sec)
* - e
880 6.72 x 10°° 2.16 x 107+t 3.11 x 10°
957 1.49 x 107 1.67 x 10°H1 8.92 x 10°
995 6.42 x 107 4.23 x 1071 1.52 x 10°
1038 2.16.x 107 1.29 x 1070 1.67 x 10°
1068 6.09 x 10~ 2.61 x 1020 2.33 x 10°
1103 1.88 x 10 6.47 x 10720 2.93 x 10°

N :
0.237% of ethane was added to produce methyl radical.

T Concenqration of CH3 = CD3 = % methyl radicals generated from ethane.
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D, Comparison with low temperature data.

It can be shown that the maximum deviation of k30 from the

measured ks is small. . Since

S 2k3ka1

s kgg + Kgp
1) k, = kg = Kaq if kyg = kgy
@) k= 2Zkgy A
| (111) ks ‘= 2k3l if 530 5> k3l

Case (1ii) 1s less likely than case (11) since reactions [30] and [31]
involve similar transition states and reaction [30] requires the
breaking of a C-D bond. The Arrhenius plot for ks ig shown in Fig. 21
together with data for k30 obtained by Dainton and McElcheran (69).

A shaded area was drawn in the figure to cover the extremes, (1) and
(11), of the possible values of k30 in the temperature range 880 ~ 1103
K. Due to the isotope effect, k36 is probably about 2-3 times smaller

31

Therefore the actual values of k30 must fall within this shaded atea.

than k., at 1000 K, and k30 will be about 0.7 ks rather than 0.5 ks.

As can be seen from Fig. 21, even the lowest‘values of k30 are
considerably higher than the values given by a linear Arrhenlus
extrapolation from the low temperature data. Although this finding
strongly indicates a non-Arrhenius behaviour of reaction [30], it must
be regarded as Bbeculative. It may be concluded, however, that the

isotope exchange reaction in the mixture of CH& and C‘D4 occurs by

4
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the chain propagation reactions [30] + [31]. This conclusion is
clearly demonstrated in the experiments with the addition of'ethane at
880 K in which the main source of methyl radicals is the dissoeiation

" of ethane.

E. Comparison with high temperature data.

The measurements of Burcat and Lifshitz (68) at 1340-1745 K
are not shown in Fig. 21 but are in good agreement with an
extrapolatién of the present results. Burcat and Lifshitz did not
take into account the redissociation of ethane in determining the
methyl radical concentration. Recalculating their data to allow for
this, and using the more reiiable values of kl obtained in Section iI,
made relatively small changes in their values of ks’ which remain well

above those expected from an extrapolation of the low temperature data.
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Figure 21

Arrhenius plot for ks and k30

‘0-———+——-0, kBO_(reference 69)

i L

3 kgy (reference 69)
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CHAPTER FOUR: CARBON FORMATION

I. Introduction. : ) ‘

The reaction in which caxbon is formed during the pyrolysis
of hydrocarbons has interésted chemists for years. Althoggh some
progress hés been made (10 a, 10 b, 70), the mechanism of its
formation remains virtualyy unknown., Many theories have been
suggested based on studieé of flame and gombustioh, but it is not
known whethaer they apply to.the pyrolysis of pure hydrocarboms.
Nevertheless, some of these theoriles are sumnarized below:

A. formation of atomic carbon and C2 molecuies and thelr
polymerization ﬁith acetylene,

In 1954, Ga}gon (71) suggested that carbon atoms or C,
molecules acted as nuclei for the decomposition of acetylene in flames

and that reactions . '

- 2 272 4 2

wvere energeticélly possible, The main.objeétionlto this theory is
related to the heat of reaction reqqired for the formation of C atoms
and ¢2 molecules,

B. Formation aﬂd polymerization of C2 molecules,

A direct polymerization between 62 molecules to form solid

carbon was discussed by Smith (72) in 1940. Gaydon and Wolfhard (73), .

however, showed that the concentration of C2 molecules was probably
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too low. ‘Although flames of C2N2 showed very strong C, bands,
they did not give carbon and in diffusion flames, dé appeared .
only after solid carbon.,

2
C. TRapid chain polymerization to large hydrocarbon

molecules which cfackgd te carbon,

Gaydon (74) pcstulated that in the presence of an excess of
fuel ﬁclecules, free rcdicals initiated chain polymerizacion processes
leading to.the formation of higher hydrocarbons which decomposed
thermally to solid carbon and hydrogen. ,

Porter . (75 a) disputed this theory, arguing that the time
available in a pre-mixed flame is not long cnough to produce high
ﬁolymcrs.

Rummel and Veh (76) suggested that the soot particles were

precipitated as residual skeletons of big aromatic or polycyclic

molecules.
TN -
. D. Formatiom of CZHZ followed by polymerization and
dehydrogenation, :

This theory was first proposed by Porter (75), who argued :
that the low endothermicity of the formation of CZH2 from graphicc and
hydrogen (54 kcal)mole) indicated a very low activation energy for . the
reverse reaction (hydrogen elimination). f

E; TFormation of liquid d;oplets.

Parker and Wolfhard (77} suggested that higher hydrocarbons

of low wvapor pressure condensed to form liquid droplets in the gas

-

"
)
¥
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phase which in tern dehydrogeeated to carbon. B

Johnson and Anderson (78), on the other hand, considered,that
formation ‘of liquid droplets was a secopdary process occundeg after
cooling of reaction products, -and that they were not precursors-of
carbon formation. They suggested that a chemical condensation
process proce ded aucleation of solid earticles.'

It should be' emphasized .that the present study on the fofmation
of carbon films is preliminary. The purpose of this work is to determine
the effect of carbon on the pyrolysis of methane, er more specifically,
to establish the time at which the carbon begins to accumulate on the
walls of the reaction vessel and fiQ§ the relation, if any, of its
formation with that of the other pro&ucts. From the time interval
experiments discussed in Chaptér 3, Section 1, it was concluded that at
the early stage of the auﬁocatalysis tﬁe decomposition o; hydrocarbon
products rather than c#&bon is responsible fer the acceleration observed.
A direct measurement of the formation of carbon film is therefore

necessary to verify this conclusion. .

1
LY

II. Experimental.

Experieents were first performed.in & quartz vessel, 2.2 cn
1.D. and 50 cm long,-fitted with plane windows and mounped at the
center of a tubular furnace, 50 cm long. Each end of the furnace was
plugged with a similar cylindrical evacuated cell; 30 cm leng, toO
minimize heat loss, 80 that the reaction vessel, .including its plane
windows, ﬁas_;&rtually free of temperature g;adients. The vessel was

4

o«

C



103

Figure 22

Apparatus for the Study of Carbon Formation

”L, HEFNE laser

.

" V1, reaction vessel ' ) .

V2, V3, empty vessels '
F, corning #4308 filter
PD, photodiode

EM, Electrometer

P
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. o =
connected to the vacuum line by small-bore tubing to reduce the
-diffusion of particles dnd reattion praducts into the cold zone. The
carbon fogmation observed should thus be characteristic of the
isothermal pyrolysis of methane at the vessel temperature, Deposition
of carbon on the vessel windows during'the course of the pyrolysis was
measured by the absorption of light (632.8 nm) from a 2 mW He-Ne
laser, using several traverses, and measuripg the transmitted light with a
photodiode, In some experiments four additionai quartz discs were
~ mounted in the light path within the vessel to enhance the
sengitivity. In other exﬁerimeﬁts the laser beam was passed
transverselyrthrough éhé reaction vessel through two small holes drilled
.*in the tubular fu%nace And viewed through the end windows in an attempt to
observe particle formation in ﬁhe gas phase by scattering of the beam.
Fig. 22 shows the arrangement of the experiment; Vi,
reaction vessel; V2 and V3, empty vessels used as iﬁsulafbrs;
PD, photodiode, EM electrométer; L, He-Ne 1aser{ ¥, corning #4308
filter. The filter was installed to reduce the infrared emission from
the.furnace and to attenuate the laser beam to avoid light saturation
of the photodiode.
%
" IIT. Results and Discussion.
- The calibration of the light transmission of the carbon film
was berformed at about 1200 K by introducing methane into the reaction
vegsel aQE’Eyrolyzing it for two hours, when approximate equilibrium

between methane, carbon and hydrogen was attained.
A
ry
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The equilibrium constant Kp at this temperature between
methane and hydrogen 1is 63 Atm. Therefo;e, for. an initial pressure of
methane of 100 Torx, 99.2% of the methane will be decomposed at
equilibrium. It was assumed that the carbon film formed at 1200 K had
the same bropérties as the film formed in the pyrolysis experiments at
1103 K. - X '

‘ To calculate the surface area of the..carbon, the structure of
the pyrolytic carbon was assumeéd to be simiiar to that of grnpnite.

The area, A, occupied by a carbon atom is half of the hexagon,

v
A = % 5,24 x 10_16 cm2 .

= 2.62 x 10716 ¢

Thus, a mono-layer of carbon £ilm deposited on the walis of the vessel
corresponds to i}77 x l()-5 mole/l“nf carbon in the gaé phase.

. Table 11 and Fig. 23 nhow ihe calibration of the optical
density of the carbon film as a function of methane pressure undér
conditions of the equilibrium dissociation of the me;hane. 1f the
limit of.detection is four times the noisé (Io/I = 1.005), an amount of
narbon corresponding to.3.4 x lO_6 moie/l in the gas phase can be.
detected with the present method. The tine—yield ploq_of carbon
formation at 1104 K and 443 Torr is shown in Fig. 24. Fig. 25 shows
the nlop.of the logarithm of the concentratinn of carbon against the

reaction time; there appears to be an autocatalytic reaction, first

order with respect to the amount of carbon formed. This is guite
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TABLE 11
Optical Density of Carbon Films

1200 K, Yolume: 24,3 cm3. - Surface Area: 67,9 cm2 (with

four discs inside the reaction vessel) \
PCHA(Torr) log(Io/I) Cale. num of C layer CHA conver?ed
’ into C(mole/l)
5.0 0.253 3.76 6,67 x 107
8.2 T 0.260 6,19 11.0 x 107
1.5 0.405 8,65 15.4 x 107
17.9 0.628 13.5 2319 x 107°
"23.5 0.760 17.7 . 31.4 x 107
-5

29.0 . 1.01 21.9 38,8 x 10
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Figure 23

Calibration of the Optical Density of Carbon Films
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Flgure 2

Yield~-time plot for carbon formation at 443 Torr, 1103 K

Figure 25

Plot of log [Carbon] vé time at 443 Torr, 1103 K
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Yield-time blot for carbon and volatiie products at 440 Torr,
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Figure 26
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interesting sinqg after the first layer of carbon is deposited on the
surface, the rate éhould-become zero-order unless the acceleration is
° caused by some gas-phase pfecursors of.the carbon deposit or by a

. “small number of active sites on the carbon surface.

However, with these limited results, it is not fruitful teo
discuss further the mechanism of the formation of carbon.

Extrapolation of the curve shown in Fig. 24 to zero carbom
concentration (Figs. 25 and226)‘shows that carbon is not formed until
after the secondary acceleratien og ethane and the other products. It
appears that carbon depositioﬁ is-&bt responsible for the autocatalysis
at lé;st in the early stages. This was also céncluded from the
results of the time intervai experiments discussed in Chapter 3.
The carbon film on the walls of the reaction vessel uggLubtedly
affects the rate of the décomposition (see&yigsi‘Sa, 5b) but becomes
important only in the later s&ages of theJ;eaction; Attempés;to-
obéefve the presence of fine carbon particles inm the gas phase bf
viewing the passage of the laser beam through the hot reacting gas
were entirely negative.\ A suspeqﬁion of carbon particles woéldlbe
expected to scatter the light beam so that it would -be ;isible to the
eye. Nevertheless the beam could not be observed in the hot zone. It
may be qoncludedithat carbon particles of a size large enough tol °
scatter the light from the He~Nellase: are not present imn lgrge
concéﬁtrétioﬁé. Fufther studiesa are, however,rnecessary to réi.lve

this complex problem of the ‘role of the carbon deposit.
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| CLAIMS TO ORIGINAL RESEARCH

L

An analytical method was developed to measure very low
concentratiogs of 02 orodocts. C3 oroduc;s and butane in the
oresenceﬂof excess methane, :

The‘initial decomoosition of methane was found to be a homogeneous
gas phase dissoclation of the CH bond rather than the formation
of hydrogen and methylene radical,

The first-order rate constant of the reaction was measured and

ios pressure-dependeoce was determined.

A model of the unimo}ecular decomposition of ﬁethane was proposed.
Theoretical RRKH‘calculations led to good agreement between

ghock tube data and- the oresent work, NThe‘rate coostant for the
combination of a methyl radical éod a hydrogen atom was calculated
over a range of pressore at 500, 7Q6\and:1038 K; the values were
in good agreement ﬁith data from low temperature studies. |

The present study confirmed that all preﬁious studies‘in//
conventional static and flow systems except that of Palme;

et al (11) were in the region where the autocatalytic acceleration
is important.

The rate of hydrogen abstraction from ethane by a methyl radicai

was measured at 880, 995 1038 and 1068 K. This provided

additional evidence for the temperaturc dependence of the

Arrhentus activation energy of this reaction.

i
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A new mechénism was proposed to account quantitatively for the

formation of all C2 and C., hydrocarbons.

2k K

The combined rate conmstant ks = E"%giél

* _ 30 31
(30] cHy + €D, =~ CH,D + CD,
[31] o, + CH, - CD,H + CDg

b

\J\
!

for reactions
g

’

was measured over the temperature range 880 to 1103 K. These

measurements indicated that the isotope exchange reaction

L .
between CH4 and CDA occurs through a radical chain.

A method was developed for the measur emsd

during the pyrolysis of methane.-

carbon deposit which forms

From the yleld-time piot of the carbon formation, it was found

that the vitreous carbon on the walls of the reaction vessel did

not form in the early stages of the autocatalysis but at later

stages_o% the reactioq.

R
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APPENDIX 1
ikE PYROLYSIS OF METHANE
FUNDAMENTAL DATA

g C2HY
(Torr) . (Min} Yield x 10 (mole/l)
7HL 2,0 - 5.2 i -
3 0 ?.8 8.’4’3 -
5.0 - 9.1 -
10.0 - 173 -
10,0 - 24,6 -
1000 5003 21.9 -

20,0 107.0 28.2 13.8

20,0 - 25,2 749

30-0 - 26.6 19-2

30-7 - 2“’.2 20.6

k0.0 - 27.7 33.3
6}"'0 5-0 ' - 9.2 -
10.0 - 15.2 -

20.0 - 20.1 6.7

30.0 - 29-0 20-6

. Lho,0 67 30.8 3543

50.0 110 31.2 49.8
5“’0 5.0 - ?¢6- -
' ’ . A 1000 - ) 1105 -

20.0 - 17.3 2.9

30-0 - 20-9 9.2

ho.,0 118 21.3 17.7

50,0 150 23,6 2542
440 -10.0 18.9 10.8 -
20,0 30 17.4 -

Lo.O 63 22,0 9.4

40.0 71 20.4 8.0

60.0 101 22,2 30,2

100,0 - 22,7 48,8

100.0 - 19.0 39.7

140.0 215 28, 7843
200.0 261 31.0 93
260.0 1500 72.6 269
319.0 - 166 579
. 5.0 - 1.2)4 -
7 5.0 - 2.24 -
10-0 - 5-95 -
20.0 - 6-1 ! . -
30.0 - 6.8 -

40.0 - 8.3 3.3
60.0 7.1 7.6 6
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(CONTINUED)
Temp _ Press "~ Time’ _Hz2 . C2H6 ' CzHy
(K) (Torr) (Min) - Yield x 108 (mole/1)
1068 - 242 045 .. R5.3 28.4 ° -
. : 1.0 66.5 42,1 9.1
1.5 1609 51,6 26.6
2-0 ‘169 65|.? 55.6
2.5 . 231 '78.7 76.7.
i L.,0 . 22 754 123.1
S5e1 . - 8l1.8 170
6.0 961 96.2 223
7.0 1275. 112 277
.’. S . ) 600 . 005 - . 21.6 -
' 1.0 . 48,8 3745 L,0
> 2.0 132 L1 B 30.0
. 2.5 - 61.6 47.4
a- 3.0 201 .. 6201_‘ . 62.3
’4‘.0 - 68.8 100
, 4,5 - 63.9 106
) 0.24 - 540 -
, . 0.’4’1 114-.9 1205 -
: 0.7k - 10.5 -
0.71 - - ~12.6 -
,0.71‘ - l?.g -
“1,.,0 - i 18.1 -
1.b45 28.9 . 31.6 4,17
2.0 69,5 38.2 15.8 °
5,04 230 4.1 66.8
7.0 ug7 - 44,5 - 98.5 .
10.0 975 80.9 195
12,0 1649" 114.9 310
) 0-5 - 8'5’4" -
339 13 - 15.9 _
" 1.5 ¢ = 21.1 1. 44
‘ 2.0 36.3 26.1 . 346
2.5 - 29,0 8.3
3.0 62.3 31.0 13.3
. b0 104 33.6 26.9
5,0 136 36,07 38.2
7.0 I Ll‘lau' 65’5
10,0 482 5645 115
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"Press
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ZCONTINHEDS
Time Ho
(Min) - Yield

2.0 -
4.0 -
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8.0 Be?
2.0 11.45
6.0 16.4
0.0 '23.6
4,0 28.3
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105 -
0.25 52.6
0.5 214
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0.75 .=
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345 -
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L"-S -
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s

C2Hg CoHy

x 108, (mole/1)
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APPENDIX .1
. ICONTINUED, ’
Press Time Hp " CgHg  Cz2Hy Ca2H2
(Torr) (Min) Yield x 108 (mole/1)
. 233 ! 0.51 - 1800 - -
1,00 4.6 28.4 77 -
1.50 - = 32.5 22.1 -
200w hedh s . -
T B0 - 57.9 112 -
6.00 - 103 258 24.3
121 0.51 - 6.5 - -
R 1-00 - ll.u' 1.82’ -
2.00 - 1?.6 - 9.6 -
2.50 kg, 16.5 9.6 -
3.05 had . 18.""’ 18.6 ' -
1&.00 - 25.“’ 36.“‘ -
5.00 - 2“’.5 3501 -
7.00 N - ) 39-”’ 7?.6 -
8.00 - - 5247 122 -
49 1,09 - 2,38 - -
2 « Ot - 3469 - -
3 '." - 1}.88 - -
Iy A - 5.00 - -
J‘l‘ - 5!72r - -
r 5 - 6'01 - -
7 - 7.68 - -
) - 9,21 11.8 -
- 12.5 20,0 -
- 1506 28.” - -
- 21.’4’ I"209 i = ;

4
-
3
3
1
-
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APPENDIX 3

CHy~CD;, ISOTOPE EXCHANGE

FUNDAMENTAL DATA

m/e
18

769.8

19
4543

17
3‘[3'.6

(cnu:cn3HICH3D.éhu %Tzu.

54.3 890.1 44,7

(CDy 1CD3H1CH3D1CHy, ='?6}

(CDu:CD3H|CH3b10H4': 24,

'59.0 757.4 57,2

(CDy, 1CD3H1CH4D1CHy = 234

50.8  610.4 51,2

(CDgsCDjH:CHBDfCHu = 24,

68,6 739 69.9

(CDy 1CD3H1CH4DsCHY = 24,

bi.s t 522 38.0

(CDy, 10D4H1CH4D1CHy, = 2k

12,6 256 12.7

(CDu:CD3H10H3D:CﬁL = 25,

24,1 241.3 2743

(CDy1CD3HICHAD1CHY = 24,

L34 475,5 54.6

(CDi,1CD3HICH3DICHY = 2k

258

32 40,2

50 312 6747

(cnuscp3uucn3nfcnh = 23,

16 1

15
1555.3 1035.4 42,45
561 0,0213: - 1 30,22)
1651.6 188.9 48.1

ué.‘o.osgt 0.09371 28.19)

1505.4 990.2 40,5

21 0.2731 0.1401 30.2 3
1553 1063 42,0

91 0.343-0,42h1 30,12)
12&5:;“‘8i§&5 - 33.5%
31 0.4321 043441 29.7 )
1544 1002 41,2

01 0.5251 0,4231 29,8%)
1105 731 30.8

0t 0,331 0.1931 30.3)

288.4

415 12,6
Ly O O1v 29.4)
502,1 342 14,7

8: 0,5851 0.6231 28.8)
802.6 539.5 .2k.6-
Shs 0,7691 0.9341 28.6)

460.7 308.4 14.0

(CDy1CD3HICH3DICH, = 24,361 1,21+ 1.261 28.0.)

570 358 17.2 -
61 1.76% 1.91127.6¢)
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APPENDIX 3 ™ ‘
' CONTINUED . . . -- )
-T Time - o ' . m/e v E C :
(k) (Min,) .20 19° 18 17 . 16 15 ©. 14
995 10 - 428 33.4 314 448 535 - 358 15.7
. ‘ © (CDlsCD3HICH3D1CHY = 23.91 1,051 1.2§¥v2815)
20 - 396 51.1 302 71.6 - 527 342 15.0

(CDy 1CD3H1CHgD 1CHy = 22.51 2164 ;;79: 28.3)
30 376 . 62.3 288  89.2 - k9l 316 . 13.8
| ' (cnu:cn3ﬁtcﬁ3nacnu = 22,31 2,931 3.141 26.5)
so 33k 7L8 273 110.7 TA70 299 A3
(CDy 1CD5HICH3DICHy = 20,8+ 3.771 Wo3kt 25.9)
50 336 8547 281  132.7 476 296 13.6
o "‘(CDQqu3HsCH3DICH4 = 20,6t 4.551 5,031 24,6)

i

1038 &4 18.6 2.2 1k C2345 269 161 0.8
| (CDy; 1CD3H1CHy DiCHy 23,11 0,871 1.481 29.4)

8 6.k 2.8 15.2 b0 23.8 - 158 0.6
| (CDY1CD3H1CH3D1CHYy = 21,31 1,95 3.151 28.4) .

16 56,0 17.1 . 49 23.7 82,0 52 2.4
(bDuaCD3H=CH3§:CHu:= 19,9t 4.49s 5.06: 25.3)

‘ .
2l 16.6  .7.72 14,0 12.4 27.6 1641 0,94
(CDulCD3H|CH3D|CH4 = 17.216.631 8.51|A22.5)
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APPENDIX 3 =~

o CONTINUED
T Timé SR : m/é . s
(k) (Min.} 20 19 18 17 16 15 - 14
1068 0.5 14,9 0,55 1640 1.75 20,1 13.5 0.6
o ' (cnu:CDBHs033b:dﬂu = 23.21 0,151 1,901 29.5)
. 1.0 17,7 L8k 15,5 2.5  2k6 15k o
o . o (bDunCD3ﬁsCH3D|CHa = 22,33 ;;64: 1;111'2957)'
2.0 - 28,3 T 2.54  8.89 633 30,0 25:6 1.48

| (CDy tCD3H1CH3DCHy = 22011 I 31 1. 951 2 é.u}_} B
}5.5 217 3.93 | 2S:E;§: 5.78 32,2 20 2 - 1.0 l
| B (CDu»CD3H;eH§b:bH§;}ﬂ20 61 3. 10: 3 181 27 9)
5.0 275 £-69 - 2576 1041 k2.2 263 L5
S ‘ (CDu;CD3H|CH3D|CHu 19.6; 4:18::4{33: ?6;?)'

1103, 0.26  85.2 5,0 "‘ 57,2 6.0 119 2 73.8  « 2,67
“ N (CDy 1CD3H1CH3DITHY, = 22, 711 0. 641 0.711 30. 7)
0.k 59.8 s 43 6 T 83.2 st 1. 8

. g(CDuthBHlCHgDﬁQHg _.22 61 0,90+ 1. 031 30, 2)
045 80 - 6.9 ' 53.5 9.5  110.6 - 71.6 3.0
' . +(CDyaCD3HICHIDICHy, = 22.5: 1.27. '1.30: 29.‘7),.:"

L0477 7 35467 ks 23,0 6.3 49.2 1.8
0 - (CDu:CDaHICHéDtGHu‘ 21.251 2.21 é 1:.29.2)
- 1,0.  190.5  1L.3 =541 20'531 127.3 | 81.2%v 2.9 -
¥ : : . (CDunCD3HlCH3DxCHu-‘ l.??! 2,661 2,921 27.9)

A.s 38k 7.33 502 133 573 353 . 1O R
' (CDysCD3HICH3DICHY = 194891 3.801 H.b5: 26,66)
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| i - I;kfppeﬁdix 4 ' _ T
- S Ot Ry .
DR L9 93 0 S AW = 110.9 keal/mole
a5 433 3@ | AS = 30.0 e.u.
Gy - 12.87 93 705 DGy = 3.8 cal/deg mole

Olyggp = Alpeg + AL AT
113.3 ™ |

- - _T - . . . . b
ASygpp = ASpeg * AN :

Change from pressure units to concentration units.

AH'F Ay - ANRT = 111.3 keal/male

AS, - AnR - ANRINRT
23.46 cal/mole - _ ‘

- A,

L LUAS/R - AHW/RT
klb/k—lb_K—e ; e

9.62

Kk 4 = 10774

- -1b

= 1014:76 ¢71130/2..3RT

at 1000°%  Tog ky = -9.61
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‘Appendix‘s

Expression for the rat e of formation of ethane with the alternative

jnitiation step [1b].. P

5y -

2 | CHy *+ CHg — CoHg* -
3 CoHe* —20H; \
5 2CH, -f* CoHg
Steady state in Radical Eguation
[CH.T* : ko [CH 1
2o [CHg* = = lbk [gH I
3 * Kglthy
. . ! . : 2
CHy - 2k[CoHgT* = kgICHs]
Rate of formation of ethane = kg[CH3® + kq[CoHgT*M]
_ kgkqplCHd kgkqp[CHaIIM]
k3'+ kq[c!'l4] 7 k3 + kq[cﬂ‘;]
In this case [M] = [CH4],
therefore Rg W kyp,[CHy ]

26





