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The pyrolysis of ethane (including the equilibrium behavior and the tendency to form
secondary products) has been reproduced by calculations based on a reaction mechanism
which includes the reverse of the chain propagating reactions as well as other hitherto
neglected elementary reactions. Reverse reactions are important even at low conversion
(19%); hence previous investigations of initial reaction rate have doubtful fundamental
significance. Values of rate constants used in the calculations were taken mostly from the
literature. Consideration was limited to reactions of methyl, ethyl, and hydrogen free
radicals with ethane and its primary pyrolysis products. The results can be incorporated
into reactor performance calculations to replace empirical reaction rate correlations and
thus widen the range of conditions over which the calculations are reliable.

There is much evidence that the
pyrolysis of hydrocarbons occurs in
steps and that most of the elementary
reactions involve free-radical intermedi-
aries. The rate constants of these elemen-
tary reactions are fundamental constants
in the sense that they have the same
value even when the elementary reaction
oceurs in different systems, for example in
the pyrolysis of ethane and of propane.
A goal for the technology of pyrolysis of
hydrocarbons is the development of the
theory to permit making design and per-
formance calculations of reactors based
on experimentally determined free-radical
reaction-rate constants. The present work
represents a step toward that goal.

Means of calculating performance of
pyrolysis reactors have been presented by
Myers and Watson (22), Schutt (33),
and Snow and Schutt, (38). The reaction
rates were expressed by means of em-
pirical correlations, and the other aspects
of the calculations were based on firm
theoretical concepts. In the present work
the essential features of the mechanism
of ethane pyrolysis have been established,
and product distributions have been
calculated from theoretically sound ex-
pressions. These results can be in-
corporated into reactor performance
calculations to make such calculations
valid over a wider range of conditions.
The results are also of theoretical interest
because they demonstrate certain im-
portant but hitherto not understood
features of the mechanism of ethane
pyrolysis. An understanding of the
mechanism even more detailed than that
given here is still needed to predict the
formation of individual higher hydro-
carbons and especially of carbon, which
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is important because it limits reactor
performance.

To include in the study a number of
hitherto neglected reactions which proved
to be important, it was necessary tq
apply numerical techniques rather than
to solve the equations explicitly. The
use of a digital computer was essential
for this work, and several computer
techniques applicable to such kinetic
studies were developed.

EXPERIMENTS ON ETHANE PYROLYSIS

A thorough review of studies of ethane
pyrolysis up to 1955 is contained in Steacie’s
(41) monograph, which also reviews in-
vestigations of the free-radical reactions
involved.

Early workers (5, 9, 18, 24, 30) found
that the over-all decomposition is ap-
proximately of first order, By extrapolat-
ing product distributions to zero conversion
Schneider and Frolich (32), Hinshelwood
and co-workers (3), and Sileocks (36)
showed that the primary products of the
pyrolysis are hydrogen, ethylene, and
methane, Secondary products are small
amounts of acetylene, three- and four-
carbon hydrocarbons, higher olefins, aro-
matic compounds, and carbon. Several
investigators have recently determined
relatively ecomplete product distributions
These studies are listed below:

Temperature, Pressure,
Reference K. atm.
36 863 0.7t0 1.2
2a 1023 to 1143 1.0
14 1089 1.0
11 1255 1.0
16 1873 0.04
25 998 to 1148 1.0

Hinshelwood and co-workers (3), Travers
and Hawkes (45), and Silcocks (36) have
studied the tendency of the pyrolysis to
approach the equilibrium
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C.He = C,H, + H, (D

The equilibrium constant for this reaction
has been calculated by Xilpatrick and
co-workers (13), and it appears that the
system does tend to approach the equi-
librium state defined by this constant.
However true equilibrium is never attained
because of the occurrence of secondary
reactions.

Dintses and Frost (5, 6) derived an
empirical expression for the over-all rate
as a function of reaction time. The compli-
cated form of this expression suggests that
the mechanism must be complex.

Investigations of the pyrolysis of pure
samples of secondary producets (14, 20, 21,
31, 34, 37) and of secondary reactions in
ethane pyrolysis (18, 48) demonstrate
that the primary products, ethylene,
hydrogen, and methane, are relatively
stable compared with the secondary prod-
ucts, which are three- and four-carbon
hydrocarbons. The same conclusion may
be reached on thermochemical grounds
since hydrogen, ecthylene, and methane
have bond dissociation energies of over 100
keal. according to Steacie (41), while butene
splits into radicals with a dissociation
energy of only 60 keal.

MECHANISM OF ETHANE PYROLYSIS

A free-radical mechanism for ethane
pyrolysis was first proposed by Rice and
Herzfeld (28), who showed that the
existence of a free-radical chain can
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Fig. 3. Calculated and experimental products from ethane pyrolysis.

Fig. 2. Calculated and experimental products from ethane

pyrolysis.

result in an over-all rate having a lower
activation energy than the energy of
scisson of ethane into radicals, and they
thus succeeded in explaining a puzzling
experimental fact. The best estimate of
the carbon-carbon bond dissociation
energy in ethane is 86 kcal., according to
Steacie (41), and the activation energy
for the scission reaction (2) cannot be
less than this value,

C.H, = 2 CH; 2

An Arrhenius plot of the reported values
of the over-all rate constants for ethane
pyrolysis is consistent with a value
between 70 and 72 keal. (42, 38). Hence
it is necessary to postulate the existence
of such a chain mechanism or alterna-
tively to assume the occurrence of some
radical initiating reaction with a lower
activation energy.

Free-radical mechanisms for ethane py-
rolysis have also been proposed by Kiichler
and Thiele (15), Storch and Kassel (43),
and Steacie (41). None of these mechanisms
fit the experimental data quantitatively,
although they explain certain trends in
the data. The qualitative agreement of
these mechanisms, together with certain
other evidence, indicates that the true
mechanism does involve free radicals and
is complex, Other evidence that ethane
pyrolysis involves iree radicals is provided
by experiments in which the pyrolysis is
inhibited by nitric oxide and olefins (37,
39, 46). Rice and Dooley (26) detected
methyl radicals in the pyrolysis of ethane
by means of chemical detectors. Eltenton
(8) detected both methyl and ethyl radicals,
with a mass spectrometer. The ortho-para
hydrogen conversion measurements of Patat
and Sachsse (30, 31) indicate that atomic
hydrogen is involved.

Radicals other than ethyl, methyl, and
hydrogen have not been directly detected
in pyrolyzing ethane (41). Hinshelwood and
co-workers (3) have proposed that the
methylene radical may be an intermediary.
Methylene radical has been detected from
decomposing diazomethane (26, 27) and
from ketene (23) but not from pyrolyzing
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hydrocarbons (26). Pearson, Purcel, and
Saigh (23) suggested that methylene radi-
cals may form and may react too rapidly
to be detected, but this is merely specu-
lation. Although unsaturated radicals may
play a role in ethane pyrolysis, it is not
feasible to analyze a mechanism including
their reactions since there are insufficient
data concerning the pertinent reaction
rates. The results of the present work
indicate that for a first approximation
they may be neglected.

Hinshelwood and co-workers (40, 44)
have shown that large amounts of nitric
oxide do not produce as great an inhibitory
effect as would be predicted on the basis
of any reasonable free-radical mechanism.
They (44) concluded that a direct mole-
cular split of ethane by reaction (1) is
involved in addition to a free-radical chain.
But Rice and Varnerin (29) studied the
products of isotope-exchange reactions in
ethane pyrolysis and concluded that the
molecular split does not occur. Steacie (41)
has reviewed other conflicting evidence.
The only safe conclusion to be drawn from
this controversy is that the mechanism of
inhibition by nitric oxide is not fully
understood.

Silcocks (36) has proposed molecular
reactions to account for the formation of
secondary products in ethane pyrolysis
and has cited experimental attempts to
inhibit the formation of secondary products
as evidence that the secondary reactions
are essentially molecular. In view of the
lack of understanding of the role of nitric
oxide in the secondary reactions this evi-
dence is questionable. Nor does his own
kinetic analysis of the secondary reactions
answer the question, since his results are
based on the assumption that free radicals
play only a minor role.

ANALYSIS OF A FREE-RADICAL MECHANISM
OF ETHANE PYROLYSIS

This analysis was limited to reactions
of ethyl, methyl, and hydrogen radicals
and of ethane, ethylene, hydrogen, and
methane. The reactions to be considered
were selected in a systematic way by
means of Steacie’s (41) classification,
which includes molecule scission, radical
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transfer, addition of radicals and mole-
cules, and radical recombination.

Of the reactions included in the above
categories those requiring three-body
collisions, such as the recombination of
hydrogen atoms or hydrogen and methyl
radicals, were neglected. Scission of
ethane to give hydrogen atoms was
neglected, since the activation energy
for this reaction is at least 98 keal., while
that of the competing reaction (2) is
only 86 keal. (41). The dissociation
reactions of methane, ethylene, and
hydrogen were neglected, since the bond
dissociation energies for these compounds
appear to be much higher than the dis-
sociation energy for ethane, according to
Steacie (41). The remaining reactions
considered in the mechanism are

C.H, = 2 CH, 2

CH; + C.H: = CH, 4 C.H; 3)
H, + CH, = H + CH, 4
CH,=CH, + H (%)

H + CHy = H, + C,H, (6)

H + C.H, — C.H, ©)

CH, + C.H, — C,H, (8)

2C,H; — C,H,, } ©
— C.H, + C,H,

This mechanism is similar to that of Rice
and Herzfeld (28) but includes additional
important reactions, especially the reverse
ones.

Two other reactions, (10) and (11),
were included but later had to be elimi-
nated to make calculated product dis-
tributions agree with experimental ones.
This subject is discussed later.

CH; + C,H, - C.H, (10

C2H5 + CzH4 -—> C4H9 (11)

The secondary products C:H; and
C'.H., result from reactions (8) and (9).
These substances actually react further
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TarLE 1. RaTE ConsTaNTS As FuNcTioNs OF TEMPERATURE
Lk, = A-Ei/RT
Rate constants Rate constants
from literature used in calculations
Frequency Aectivation Literature source of Frequency Activation
Reaction factor, A; ‘energy, E; Activation energy Frequency factor factor, 4;  energy, E;
C,H, = 2CH 1 X 10¥ 86,000 Bond strength(41) Entropy caleulation(47) 6.3 X 10 86,000
2’ o 3 7 X 101 0 Experiment(10) Txperiment(10) 7 X 1018 0
3 N 2 X 101 10,400  Experiment(48) Experiment(48) 2.5 X 101 10,800
g CHs + GHe=CH + GHs 70 506 137000 Thermochemical(41) Assumed 1% 10m 13,200
4 N 2 X 10u 9,200 Experiment(47) Experiment(16) 1.9 X 10n 9,500
H = , p i
, Oy + Hy = CH. + B 1 X 10° 4,500  Experiment(41) Experiment(41) 1.1 X 10° 4,700
CH;=CH,+H 3 X 101 39,500  Experiment(2) Entropy calculation(47) 5.3 X 1014 40,800
5’ - ‘ 2 X 1013 4,000 Experiment(4) Experiment(4, 19) 5.4 X 1018 5,400
6 3.4 X 102 7,000  Experiment(1) Experiment(1) 3.8 X 102 7,000
H He = , p p
g 1 T Celle= He + Gl 1 X 101 11,400  Experiment(4I) Estimate(41) 1.8 X 10u 11,400
7 H 4 CH;s — CHe 7 X 1018 0 Analogy with 2 Analogy with 2’ 7 X 101 0
8 CH; + C:H; — CsH, 7 X 10t 0 Analogy with 2/ Analogy with 2/ 7 X 101 0
202}{5 — C4Hy, 6 X 103 0 Experiment(12) Experiment(12) } 7 % 101 0
- CH, + CH, 1 X 1013 0 Experiment(35) LExperiment(35)
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Fig. 4. Calculated and experimental products from ethane pyrolysis.

to give methane, higher hydrocarbons,
and perhaps hydrogen. The amount of
methane formed by secondary reactions
was made to depend on a parameter
which could be varied to fit the pyrolysis
data. The mechanism does not predict
the individual higher hydrocarbons
formed. The average molecular weight
and carbon-hydrogen ratio of the higher
hydrocarbons depend on the conversion
and the temperature and pressure, but
as a crude approximation their average
properties are like benzene (33). The
formation of methane, higher hydro-
carbons expressed as benzene, and
hydrogen is given by the stoichiometric
reactions (8¢) and (9a):

CH, + C.H;, — C,H; - X CH,
+ (1/2 — X/6) CeH,
+ (5/2 - 3X/2) H,
2C.H;, — C,H,, — 2X CH,
+ (2/3 — X/3) CH,
+0-X)H

To calculate the rates of reactions and

(8a)

(9a)
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Fig. 5. Calculated and experimental products from an
equilibrium mixture of ethane, ethylene, and hydrogen.

henee the product distributions expres-
sions giving the free-radical concentra-
tions are needed. It is known and was
confirmed by later calculations that the
concentrations of free radicals are small
compared with the concentrations of
molecular species and that therefore the
net rate of formation of radicals is small

D
(CH,) = ik [“1

compared with the rate of formation of
other compounds. Therefore the usual
procedure was used, in which the net
rate of formation from reactions (2) to
(9) of each radical was equated to zero,
and the resulting expressions were solved
for the free radical concentrations. The
following expressions were obtained:

. (a)
T \/1 + 8k, [2k, (CoHe) + ks (Cz;.s)(CHO + ks (H)(CH4)]:|
where
D=k (C2H6> + ke (C2Hs) + k, (H2>
cay = [
’ ()
4 \/1 . 8kalks (CH)(C,H,) + k4 g;lz)(Cﬂz) = ky (H>(CH4)}]
where
E =L (CH,) + ks (CHy) + 2k, (H)
(H) ks + k' (Hy)(C,H;) + &, (Hp)(CH,) ©

" ks (C.H,) + ke (CoHy) + k/ (CH,) + k, (C.H,)
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At this point in the derivation the
values of free-radical concentrations are
usually substituted into the expressions
for the formation rates of the products;
these rate expressions are then solved
explicitly. In some cases drastic simplify-
ing assumptions were formerly made
to solve the rate expressions. The simpli-
fications required for ethane pyrolysis
have been discussed by Steacie (41); they
destroy essential features of the mechan-
ism. Simplifying assumptions were not
made in this work. Instead the rate ex-
pressions were solved numerically by a
trial procedure, with a digital computer.

This change of method dictated by the
inherent complexity of ethane pyrolysis
required some change in conventional
ways of thought. For example order of
reaction with respect to pressure or con-
centration of a reactant is ordinarily
defined by the form of an explicit rate
expression. With simple systems ex-
perimental evidence that the rate is of a
certain order has been used to establish
that the rate expression has the corre-
sponding form; with systems as compli-
cated as ethane pyrolysis an accurate
rate expression cannot be written in
explicit form, and therefore the order of
reaction cannot be predicted in the usual
way. In the case of ethane experimental
evidence indicates that the over:all
reaction is approximately of first order,
but on the other hand the complexity of
the proposed mechanism suggests that
the order may vary with conditions.
Instead of using the order of reaction
concept in cases as complicated as ethane
one can always compute incremental
changes in reaction rates with respect
to any variable at point values of temper-
ature, pressure, and conversion.

CALCULATION OF PRODUCT DISTRIBUTIONS

To calculate a product distribution
a step-by-step trial-and-error integration
is carried out. An IBM 650 digital com-
puter was programed for these calcula-
tions. Figure 1 is a simplified block
diagram showing the steps in the calcu-
lation. In the first loop Equations (a),
(b), and (c) are solved for (CH ), (C.H ),
and (H), iterating until the results
converge to within six significant figures.

With the free-radical concentrations
obtained in this way, the rates of the
individual reactions are caleulated in the
second loop. The over-all rates of for-
mation of each product due to all the
reactions in the mechanism are calculated
from stoichiometric relations. By multi-
plying these over-all rates by a small
interval of time one obtains the change
in concentration of each component.
Then new arithmetic averages of the
values of (C.Hs), (C.H,), (H,), and
(CH,) at either end of the time interval
are computed, The free-radical con-
centrations and the reaction rates are
then calculated anew, and this procedure
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is repeated until it is determined that
that the first six significant figures of
successive values of (C.H,) are the same.

The concentrations of all components
are computed at the end of the time
interval for a static system. For a flow
system at essentially constant pressure
these results are corrected for the stoichio-
metric expansion of the gases by the
multiplication of the concentrations by
the ratio Y_; Cys/C;. The computer then
proceeds to the third loop, where a new
interval of time is taken for the next step
in the calculation. The whole procedure
is repeated until the desired conversion
is reached. The -caleulation of each
product distribution by the computer
requires from 2 to 4 hr.

FITTING RATE CONSTANTS TO
EXPERIMENTAL DATA

The main objective of this work was
to establish that the proposed mechanism
is consistent with experimental data and
with the results of other investigators.
For this purpose product distributions
were calculated based on the kinetics of
this mechanism and compared with ex-
perimental product distributions. The
rate constants used in these calculations
were chosen to lie within the uncertainties
of values previously determined by other
investigators from studies of numerous
reacting systems. These values and their
literature sources are listed in Table 1.
Counsiderable uncertainty exists concern-
ing the true values of some of these rate
constants. It was therefore necessary to
establish some of the rate constants more
exactly by finding the values which
resulted in the best fit of calculated and
experimental product distributions. Since
product distributions were available at
a number of widely spaced temperatures,
these experimental data provided more
than enough quantitative restrictions
to fix the values of certain rate constants.

Special experiments are often designed
to test selectively the form of the rate
expressions when the rate expressions can
be solved explicitly. For example the
concentrations of the reactants are varied
separately or in other special ways. The
value of each rate constant is then found
by a least-squares fit of the data from such
experiments.

This procedure cannot be used in the
present case because separate terms in the
rate expressions cannot be identified solely
with particular variables. Therefore an
unconventional treatment is necessary. In
this work the rate constants were estab-

lished by the following trial procedure: A
trial set of rate constants for a particular
temperature is chosen based on the work
of previous investigators. A product distri~
bution is then calculated as described
above. The calculated product distribution
is compared with an experimental product
distribution from the literature, If it does
not agree, the rate constants are changed
in a systematic way, and a new product
distribution is calculated. The process is
repeated until the calculated product
distribution agrees with the experimental
one. To aid in selecting new ftrial values of
rate constants, provision is made in the
computer program to caleulate at several
levels of conversion the incremental changes
in product distribution resulting from incre-
mental changes in rate constants. New
trial values of rate constants are then esti-
mated based on the incremental changes
in produet distributions, and a new product
distribution is computed.

To determine rate constants as functions
of temperature, separate sets of such con-
stants are determined for experimental
product distributions corresponding to
different temperatures. An additional re-
quirement imposed is that the temperature
dependence of the rate constants conform
to Arrhenius functions.

This trial-and-error procedure for de-
termining rate constants is as rigorous
as the conventional procedures, since in
both procedures the results are based on
measurements of product distribution or
on measurements of special aspects of
product distributions.

The results are listed in Table 1. Some
calculated product distributions are
shown in Figures 2 to 5. The solid lines
represent computed product distribu-
tions, while the points represent experi-
mental data from the literature. Each fig-
ure corresponds to a particular tempera-
ture and pressure. It may be seen that no
trend exists over different temperatures in
the deviations of calculated results from
experimental results. The temperatures
range from 863° to 1,255°K. at about 1
atm. A caleulated product distribution
also agrees with an incomplete product
distribution determined by Tropsch and
Egloff (46) at 1,373°K. and 0.04 atm.

Certain inconsistencies are evident
within each set of experimental data.
Pyrolysis product distributions at these
temperatures are extremely difficult to
measure, the greatest uncertainty re-
sulting from uncertainty of true gas
temperature. A simple calculation shows
that an error of a factor of 2 in the
primary reaction rate could for example
result from an error of 25°K. in the

Tasre 2. List or ReacTions WHicH ARE ImporTANT UNDER VARIOUS CONDITIONS

Data, Temperature, Pressure,
Ref. °K. atm.
(36) 863 1 2
(25) 998 1 2
(14) 1089 1 2(2")
(11) 1255 1 22
(46) 1373 0.04 22

A.L.Ch.E. Journal

Reactions
3 (4) 55 6 6’ 9
3 (4) 55" 6 6 8 9
(3)4 55 66 8 9
(3) 4 55 66’ (7) 8 (9)
3 4 55 [Ny 7 8
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measurement of the true-average
pyrolysis temperature. The calculated
results agree with the data within 10 9.
The experimental data are a little more
precise than this but not more accurate.
To use the present results as the basis for
design of pyrolysis-reactor coils it would
be necessary to compare data from a
commercial pyrolysis coil with a product
distribution computed from the proposed
mechanism for the varying temperatures
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Fig. 6. Forward, reverse, and net rates of
initiating reaction.
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Fig. 7. Forward, reverse, and net rates of
radical transfer reactions.

and pressures of such a coil. Snow and
Schutt (38) have described a method for
making such a comparison. Any slight
discrepancy could then be corrected by
correcting the frequency factors of the
pertinent rate constants.

The rate constants given in the last
column of Table 1 are those which re-
sulted in the best fit of calculated product
distributions  with the laboraroty
pyrolysis data shown in Figures 2 to 5.
Some of these rate constants are believed
to be more accurate than previously
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determined values, especially the fre-
quency factors for reactions 2, 3', 5, and
6" and the activation energy for reaction
2.

DISCUSSION OF KINETICS OF
ETHANE PYROLYSIS

The mechanism includes a number of
competing reactions; those found to be
important under various conditions of
temperature and pressure are listed in
Table 2. The exact relationships depend
of course on the conversion. The reactions
listed in parentheses are of minor import-
ance. Reactions 3’ and 4’ are not import-
ant under any of these conditions. The
rates are compared in detail for one sct
of conditions in Figures 6 to 9.

Of particular importance is the finding
that reactions 5 and 6’ are important at
very low conversions. These are the
reverse of the chain-carrying reactions.
The following are approximate results for
all conditions studied:

Conversion, 9%  Rate of 6’/rate of 6, 7

0.5 10
1 20
5 55

Hinshelwood and co-workers (3) and
Steacie and Shane (42) measured the
rate of ethane disappearance at 5 to 10 9,
conversion, extrapolated the rate to zero
conversion, and identified the result with
the forward rate alone. It now appears
that the reverse rate was high at these
conversions, and the extrapolation was
of doubtful validity*.

The net reactions 5 — 5" and 6 — 6/
actually reverse at higher conversions for
the conditions of Figures 3 and 4, and
ethylene and hydrogen begin to disappear
to form secondary products. The caleu-
lations quantitatively account for this
interplay of equilibrium behavior with
continual occurrence of secondary reactions.
They reproduce even a product distri-
bution for an equilibrium mixture of ethane,
ethylene, and hydrogen given in Figure 5.
This mechanism is valid for such mixtures
due to higher stability of ethylene and
hydrogen than that of ethane. Even when
present in larger amounts than ethane they
do not split as much and do not produce
appreciable amounts of free radicals, which
would affect the pyrolysis rate. The same
would not be true of the pyrolysis of
higher hydrocarbons, whose primary re-
action products are not highly stable.

An attempt was made to include re-
actions (10) and (11) in the mechanism
It was assumed that the C;H; and CH,
react further to give a mixture of higher
hydrocarbons and methane. Rate constants
for these reactions were assumed to equal
10" exp (—7,000/RT). This is a reasonable
value, since Mandelcorn and Steacie (17)

*Two possible approaches to investigations of
reaction kinetics are designing experiments for sim-
plicity of interpretation, by attempting, for example,
to measure a reaction rate at zero conversion, and
carrying out the most complete mathematical analy~
sis permitted by available knowledge for a given
experiment. This example indicates that many
kinetic problems, including some which were once
thought simple, are actually so complicated that
both methods should be used insofar as is feasible,

One objective of the present work was to further
develop the second method.
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found the activation energy of (10) to be
7 keal., and similar reactions are known
to- have similar activation energies. With
these assumptions it was found that the
rates of Reactions (10) and (11) are too
high, and calculated product distributions
did not agrce with experiment. The rate
constants would have to be smaller by
several orders of magnitude, but it is not
reasonable to expect this to be true. It is
believed that this difficulty arises because
Reactions (10) and (11) may not be in-
cluded without also including other im-
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Fig. 8. Forward, reverse, and net rates of
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Fig. 9. Rates of terminating reactions.

portant reactions of the radicals Cs;Hy
and CiH,. In particular, calculations based
on values of the rate constants (2, 7, 47)
indicate that the reverse of reactions (10)
and (11) are more important than other
reactions of these radicals; hence the net
rates could be much less than the forward
rates.

These reactions and other reactions of
secondary products could affect the
concentrations of methyl, ethyl, and
hydrogen free radicals and thus affect
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the primary pyrolysis rate. No reasonable
number of elementary reactions can com-
pletely characterize a hydrocarbon
pyrolysis mechanism, since the number
of secondary products and radicals which
can react is large. However the mechan-
ism studied fits the available pyrolysis
data from 863° to 1,373°K. up to rela-
tively high conversions (20 to 859%), for
which the concentrations of secondary
products become equal to the concentra-
tion of unreacted ethane, and exhibits
rate constants which agree with pre-
viously determined values. It is therefore
believed that if all important reactions of
secondary products are included, the
rate constants needed to fit the pyrolysis
data would differ from those given here
by not more than twofold. For example in
this work it was found that about half
the methane is produced direct from
ethane by reactions (3) and (4). The
other half therefore results from
secondary reactions, and probably ex-
clusively from scissions of molecules or
radicals to produce methyl radical. This
additional methyl radical may again
react via (3) or (4) to give methane and
at the same time initiate primary reaction
chains. If the amount of methane
measures this effect, then it may be
expected that rate constants for the
primary part of the pyrolysis should be
lower by a factor of 2.

As was previously explained, the
production of methane from secondary
products was empirically accounted for
by means of a stoichiometric factor, X.
The required variation of X with temper-
ature to best fit the pyrolysis data is
given in Table 3.

TABLE 3. VARIATION OF STOICHIOMETRIC
Facror wita TEMPERATURE

Stoichio-
Temper- Data identi- metric
ature, °K. fication factor, X
863 L—Fig. 2 0.5
1089 D—Fig. 3 0.85
1255 E—Fig. 4 0.95

It would be desirable to include more
reactions in order to calculate the
amounts of individual higher hydro-
carbons formed and eventually to calcu-
late the amount of coke formed, since
this is a problem of major industrial
importance. It is not at present feasible
to make a more complete study because
the rate constants of the additional
reactions are not known. They cannot be
determined solely by fitting pyrolysis
data because there are so many possible
reactions that pyrolysis data alone would
not provide enough quantitative re-
strictions. Further experimental work on
simpler hydrocarbon reaction systems
needs to be done to determine these
rate constants.
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NOTATION

A, frequency factor, same units as k;

i

4) concentration of substance 4,
g-mole/ce.

C = concentration, g.-mole/cc.

C; = concentration of component in
product

Cy; = concentration in feed

E; = activation energy, ecal./g.-mole

k; = rate constant of the 7th reaction,
1/sec. for a first-order reaction or
cc./g. mole-sec. for a second-order
reaction

k;’ = rate constant of the reverse of the
1th reaction, 1/see. or ce./g. mole-
sec.

X = parameter, stoichiometric factor

LITERATURE CITED

1. Berlie, M. R., and D, J. Leroy, J.
Chem. Phys., 20, 200 (1952).

2. Bywater, S. E., and E. W, R. Steacie,
ibid., 19, 172, 319, 326 (1951).

2a. Calderbank, P. H., and V. P. Hov-
nanian, Ind. Chemist, 33, 557 (1957).

3. Danby, C. J., B. C. Spall, F. J. Stubbs,
and C. N. Hinshelwood, Proc. Roy.
Soc. (London), A218, 450 (1953).

4. Darwent, B. B., and Robert Roberts,
Discussions Faraday Soc., 14, 55 (1953).

5. Dintses, A. 1., Compt. rend. acad. sct.
U.8.8.R., 2, 153 (1933).

, and A, V. Frost, J. Gen. Chem.
U.S.8.R., 3, 747 (1933); Compl. rend.
acad. sct. U.S.S.R., 3, 510 (1934).

7. Durham, R. W., G. R. Martin, and
H. C. Sutton, Nature, 164, 1052 (1949).

8. Eltenton, G. C., J. Chem. Phys., 10,
403 (1942); 15, 455 (1047).

9. Frey, F. E., and D. F. Smith, Ind. Eng.
Chem., 20, 948 (1928).

10. Gomer, Robert, and G. B. Kistiakowski,
J. Chem. Phys., 19, 85 (1951).

11. Hepp, H. J., F. P. Spessard, and J. H.
Randall, Ind. Eng. Chem., 41, 2531
(1949).

12, Ivin, K. J.,, and E. W. R. Steacie,
Proc. Roy. Soc. (London), A208, 25
(1951).

13. Kilpatrick, J. E., E. J. Prosen, K. S.
Pitzer, and F. D. Rossini, Research
Paper U.S. Bureau of Standards No.
1722 (1946).

14. Kinney, R. E., and D. J. Crowley,
Ind. Eng. Chem., 46, 258 (1954).

15. Kiichler, L., and Heinrich Thiele, Z.
physik. Chem., B42, 359 (1939).

16. Majury, T. G., and E. W, R. Steacie,
Can. J. Chem., 30, 800 (1952); Discus-
sions Faraday Soc., 14, 45 (1953).

An appendix to this paper has been deposited as
Document No. 5970 with the American Documenta~-
tion Institute, Photoduphcatlon Service, Library of
Congress, Washington 25, D. C. and may be obtained
for $2.50 for photoprmts or $1.75 for 35-mm. micro-
film. It contains calculated product-distribution tables
including rates of individual reactions at various
conversions, a discussion of the mathematics of the
computations, and a description of the computer
program.

A.1L.Ch.E. Journal

17. Mandelcorn, L., and E. W. R. Steacie,
Can. J. Chem., 32, 474 (1954).

18. Marek, L. F., and W. B. McCluer, Ind.
Eng. Chem., 23, 878 (1931).

19. Melville, H. W., and J. C. Robb, Proc.
Roy. Soc. (London), A196, 494 (1949).

20. Molera, M. J., and F. J. Stubbs, J.
Chem. Soc., 381 (1952).

21. Murphy, M. T., and A. C. Duggan,
J. Am. Chem. Soc., 71, 3347 (1949).

22, Myers, P. 8., and K. M. Watson, Natl.
Petrol. News, 38, R388 (May 1, 1946);
R439 (June 5, 1946).

23. Pearson, T. G., R. H. Purcell, and G. S.
Saigh, J. Chem. Soc., 409 (1938).

24. Pease, R. N., J. Am. Chem. Soc., 50,
1779 (1928).

25. Potalovskii, L., and A. Atal'yan,
Petrol Engr., 10, 40 (July, 1939).

26. Rice, F. O, and M. D. Dooley, J.
Am. Chem. Soc., 55, 4245 (1933); 56,
2747 (1934).

27, , and A. L. Glazebrook, ¢bid.,
p. 2381,

28, , and K. F. Herzfeld, biud.,
p. 284,

29, , and R. E. Varnerin, ibid., 76,

324 (1954).

30. Sachsse, Hans, Z. phystk. Chem., B31,
79 (1935); B31, 87 (1935).

31. ———, and Franz Patat, Z. Electro-
chem., 41, 493 (1935).

32, Schnelder, Valerie, and P. K. Frolich,
Ind. Eng. Chem., 23, 1405 (1931).

33. Schutt, H. C., Chem. Eng. Progr., 43,
103 (1947).

34, Sehon, A. H., and Michael Szware,
Proc. Roy. Soc. (London), A202, 263
(1950).

35. Shepp, Allan, and K. O. Kutsche, J.
Chem. Phys., 26, 1020 (1957).

36. Silcocks, C. G., Proc. Roy. Soc. (Lon-
don), A233, 465 (1956).

37. Smith, J. R. E,, and C. N. Hinshel-
wood, ibid., A180, 237 (1942).

38. Snow, R. H., and H. C. Schutt, Chem.
Eng. Progr., 53, 133M (1957).

39. Spall, B. S., F. J. Stubbs, and C. N.
Hinshelwood, Proc. Roy. Sec. (London),
A218 439 (1953).

40, Staveley, L. A. K., and C. N. Hinshel-
wood, Nature, 137, 29 (1936); Proc.
Roy. Soc. (London), A154, 335 (1936);
A159, 192 (1937); J. Chem. Soc., 812
(1936).

41, Steacie, E. W. R., “Atomic and Free
Radical Reactions,” 2 ed., Vol. I, II,
Reinhold, New York (1954).

and Gerald Shane, Can. J.
Res., B18 203 (1940).

43. Storch H H, and L. S. Kassel, J.
Am. Chem. Soc., 59, 1240 (1937).

44, Stubbs, F. J., K. U. Ingold, B. 8. Spall,
C. J. Danby, and C. N. Hinshelwood,
Proc. Roy. Soc. (London), A200, 458
(1950); A201, 18 (1950); A203, 436
(1950); A214, 20 (1952).

45, Travers, M. W., and J. A. Hawkes,
Trans. Faraday Soc., 35, 864 (1939).

46, Tropsch, Hans, and Gustav Egloff,
Ind. Eng. Chem., 27, 1063 (1935).

47. Trotman-Dickenson, A. F., J. Chem.
Phys., 21, 211 (1953).

, J. R. Birchard, and E. W. R.

Steacie, J. Chem. Phys., 19, 163 (1951).

42,

48,

Manusecript received September 17, 1958; revision
recerved January 87, 1959; paper accepted January
29, 1959. Paper presented at A.I.Ch.E. Salt Lake
City meeting,

Page 309





