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ABSTRACT

The rates of production of methane and butane in the pyrolysis of ethane have been
measured over the temperature range 550-620 °C and at pressures of 40-600 mm. At
high pressure the rates of formation of both products were first order in ethane, but below
200 mm the first-order rate coefficients decreased. The ratio of methane to butane was con-
sistent with the interpretation that methane is a measure of the initiation reaction and
that the combination and disproportionation of ethyl radicals is the main termination step.
The order of the decomposition of the ethyl radical with respect to ethane varied between
0.38 and 0.59. The results are discussed in terms of the mechanism of the overall process.

INTRODUCTION

The initiation and termination steps in the chain decomposition of ethane have been
the subject of much controversy. There is general agreement that the rate is first order
with respect to ethane and that hydrogen atoms and ethyl radicals are the chain carriers.
The mechanisms proposed generally include the following reactions.

[1] CoHy — 2CH;

[2] CH; + C-Hs — CH, + C.H;
[3) CH; —» C.H, +H
[4] H 4+ C.Hg — H. -+ C.H,
[5a] C.H; + C:H; — CiHy,

[50] — C.Hy + C.H,
[6] H + C:Hy; — C.Hs

{7} CH; + CoH; — C3Hs

Rice and FHerzfeld (1) pointed out that termination by reaction [6] would lead to first-
order kinetics, as observed. Kiichler and Theile (2), however, showed that the rate was
increased on addition of inert gases and suggested that the initiation step was a second-
order process and that termination occurred by the combination of ethyl radicals. This
mechanism also gave first-order kinetics. In an experimental and theoretical examina-
tion of the problem, Laidler and Wojciechowski (3) concluded that the Kiichler—Theile
mechanism was more consistent with the evidence then available. For example, the con-
centration of ethyl radicals was shown to be much greater than that of hydrogen atoms
(4) so that termination by combination of ethyl radicals should predominate. Also, the
Kiichler-Theile mechanism predicted an activation energy for the decomposition close
to that observed, and a change in the order of the decomposition to 3/2 in the regions
of temperature and pressure in which this change was found.

More recently, however, several investigations of the initial rate of formation of
methane (5-8) have shown that this reaction is first order with respect to ethane, indi-
cating that the initiation step is a first-order process. This fact has been reconciled with
the other evidence in various ways. Davis and Williamson (6), whose experiments were
done in a flow system at high temperatures (676-775 °C), found that the rate of formation
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of methane was slightly pressure-dependent. They favored the combination of ethyl
radicals as the chain-ending step and suggested that the pressure sensitivity of both the
initiation step and the decomposition of the ethyl radical combined to give first-order
kinetics, which were, at any rate, only roughly obeyed under their conditions. Quinn (7)
made this suggestion more specific by proposing that when the overall rate and the
rate of production of methane were exactly first order, the rate constant for decomposi-
tion of the ethyl radical should be proportional to the square root of the pressure. Evidence
from a previous study of the pyrolysis of #-butane (9) supported this view. Gordon (8)
found a considerable surface dependence of the rate and suggested that one of the ter-
mination reactions was heterogeneous. This probably involved hydrogen atoms, because
of their high diffusion coefficient.

The present experiments were undertaken to measure the rate of production of butane
and, by a comparison with the rate of production of methane, to establish whether this
is the main termination product.

EXPERIMENTAL

Apparatus

The decomposition was studied in a conventional static system. The reaction vessel was a quartz sphere
of 511.5 cc with S/V ratio of 0.6 cm™! enclosed in an electrically heated steel cylinder about 2 cm thick.
The temperature of the vessel was controlled with a Thermoelectric thermoregulator. When evacuated
the temperature could be maintained within 0.2° but because of fluctuations in temperature on admission
of reactant, especially at high pressures, the temperature during an experiment was precise only to 0.5°. A
reaction vessel packed with silica tubes was used to increase the S/V ratio to 9.4 cm™, an increase of 15
times that of the unpacked vessel. Both vessels were treated with hot nitric acid followed by several wash-
ings with distilled water. Gases to be mixed prior to decomposition were condensed into a large flask on
an inner-sealed cold finger. When the finger was warmed rapidly the gases were mixed by convection.

Reagents
Phillips Research Grade ethane was distilled from trap-to-trap several times and finally degassed at
—160 °C.

Procedure and Analysis

Before each experiment the system was evacuated to a pressure lower than 107 mm. At the end of an
experiment the products and reactant were removed through a series of traps, which were, in order, a
spiral trap, a Le Roy still, a conventional trap, and a final spiral trap, followed by a Toepler pump and
gas burette, A mercury diffusion pump between the last two traps aided collection of the non-condensable
gases. Initially all traps were cooled with liquid nitrogen. When most of the non-condensable gases had
been collected in the gas burette, the first spiral trap was warmed to room temperature and the Le Roy
still was warmed to —162 °C. Final traces of occluded non-condensable gases were then collected while
most of the ethane distilled into the conventional trap. Butane remained in the Le Roy still and was
analyzed by gas chromatography on a 12 ft column of hexanedione on Firebrick maintained at 0 °C. Care-
ful checks of the distillation showed that losses of butane were never more than 109 and could be reliably
corrected for. In experiments with carbon dioxide, an additional trap filled with ascarite removed the
carhon dioxide before condensation in the Le Roy still.

The mixture of methane and hydrogen collected in the gas buretite was analyzed by combustion of
hydrogen in a copper oxide furnace maintained at 280 °C. Attempts to separate ethylene from the non-
condensable gases by using a trap packed with copper filings maintained at —196 °C resulted in loss of
methane, and the packing was finally abandoned. Instead, traces of ethylene were collected in the Toepler
pump with the hydrogen and methane, but the gases were admitted to the combustion furnace through
a liquid nitrogen trap. The concentration of ethylene in the furnace was then negligible. When combustion
of hydrogen was complete the gases were expanded into the large bulb of the Toepler pump, isolated from
the combustion furnace, and measured in the gas burette. An amount of ethylene equivalent to the saturated
vapor pressure at —196 °C in the Toepler bulb was thus collected in the gas burette, and correction for
this amount was made to the final measurement of methane. This correction was not more than 109 of
the amount of methane. The yield of hydrogen was obtained by subtracting the yield of methane from
the total non-condensable gases.

RESULTS
The yields of hydrogen, methane, and butane were measured as a function of reaction
time over the temperature range 550-620 °C and the pressure range 40-600 mm. The
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measurements of hydrogen and methane were extended to the range 640-726 °C over a
lower pressure range. Initial rates of hydrogen production were obtained by extrapola-
tion of plots of the rate against time. From 400 to 150 mm the order of hydrogen pro-
duction was 1.0. At higher pressures a slight decrease in order was observed, while at
lower pressures the order increased. This continuous change in order of the hydrogen
production is shown in Fig. 1, in which the complete temperature range is represented.
The first-order rate constant could be represented by the following expression,

77 600 &= 600

logk (s = (16.22 £ 0.11) — 5 303 5T

Typical plots of methane yield as a function of time are shown in Fig. 2. The rate
of production of methane was constant only in the initial stages of the decomposition
and increased at all temperatures as secondary reactions became important. The initial
rate was not obtained directly from plots such as Fig. 2, but from an extrapolation to
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F16. 1. Log rate of hydrogen production against log ethane pressure: O, for unpacked vessel; +, for

packed vessel.
FiG. 2. Yield of methane as a function of time at 384.7 °C.

zero time of the rate as a function of time. This procedure, which is described in Part
111 (23), was particularly important at high temperatures where secondary reactions
occur at very low conversions. The order of the rate of production of methane with
respect to ethane was 1.0 above ~200 mm and is illustrated in Fig. 3. The falloff in the
first-order rate coefficient is discussed in detail in Part II (23). First-order rate constants
were calculated from the equation

110
fR CH4

k= G,
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Fi16. 3. Log rate of methane production against log ethane pressure: O, for unpacked vessel; +, for
packed vessel.

F1G. 4. Arrhenius plot of first-order rate constant, k%, for rate of methane production: X, ref. 8; A,
ref. 9; O, present results,

and are listed in Table I. The Arrhenius plot of the first-order constants is shown in
Fig. 4 together with the measurements of Quinn (7) and Gordon (8). The following
relation was found.

86 000 = 370
2303RT

At low temperatures the kinetics of butane production followed a similar pattern to
that of methane production, the rate increasing from the initial value at about the
same conversion. At 585 °C and above the rate decreased as the reaction time increased.
Typical plots of yield as a function of time are shown in Fig. 5. Again, initial yields
were obtained by extrapolation of rate vs. time curves. The order Of butane production
was 1.0 at high pressures but increased as the pressure was lowered. The double logarith-
mic plot is shown in Fig. 6. The Arrhenius plot of the first-order rate constants gave an
activation energy of 89.8 kcal/mole.

The ratio $Rpn,/R%,u, varied from 1.3 to 1.8 and is mcluded in Table 1. If methane
is a measure of the initiation step and butane of the termination step and if the ratio
of disproportionation to combination for ethyl radicals is 0.15 (10), then the ratio
IR% /R my, 15 1.15.

If hydrogen is formed only by reactions [3] and [4] and butane only by combination
of ethyl radicals then

log &y (s7Y) = (16.00 & 0.066) —

ROH'J — k3 B
(R C4H10)1/ kSaU~

A plot of log {R%,/(R%.m,) ¢} against log [C:Hg) is shown in Fig. 7. If it is assumed
that ks, is independent of pressure, the slopes of these curves give the order of reaction
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TABLE I

First-order rate coefficients for rate of methane production
in units of 571

Rlch, Rcq,
T (°C)  Plcym; (mm Hg) 2[C:Hglo 2R%,m0
549.7 . 592.8 1.43 1.35
401.5 1.44 1.59

299.7 1.41 1.53

164.7 1.34 1.57

97 .4 1.28 1.72

67.3 1.15 1.55

570.5 590.5 5.48 1.67
400.0 5.19 1.55

236.0 5.12 1.73

199.7 5.13 1.61

153.4 4,92 1.62

96.0 4.63 1.80

78.3 4.50 1.68

59.4 3.96 1.63

40.1 — —

584.7 594 .1 12.7 1.44
408 .8 12.7 1.44

341.8 12.5 1.46

257.5 12.3 1.46

168.2 12.5 1.51

92.4 11.4 1.48

62.4 10.4 1.63

599.7 500.6 29.5 1.40
402.1 29.3 1.40

208.9 29.6 1.49

203.1 29.1 1.59

99.9 26.7 1.69

68.4 24 .6 1.76

41.0 22 .4 2.15

620.3 448.3 88.8 1.18
335.6 89.7 1.23

236.1 89.9 1.27

2098 84.3 1.20

124.5 83.9 1.47

87.6 78.2 1.43

57.9 73.1 1.63

40.7 66.5 1.76

[3] with respect to ethane. This varied from 0.38 at low temperatures and high pressures
to 0.59 at high temperatures and low pressures. The activation energy for the decom-
position of the ethyl radical, if the combination of ethyl radicals involves no activation
energy, is 32.7 & 1.5 kcal/mole. No trend was observed with pressure.

Rates of hydrogen, methane, and butane production were measured at 585 °C in the
presence of various pressures of carbon dioxide. On addition of 100 mm of carbon dioxide to
100 mm of ethane, the rates of methane and butane production were unchanged but
the rate of hydrogen production increased by about 209.

Rates of formation of products measured using the packed reaction vessel are com-
pared with those from the unpacked vessel in Figs. 1, 3, 6, and 7. The rate of methane
production was unaffected by the increase in S/V ratio, but the yields of both butane
and hydrogen decreased. The effect was greatest at the lower temperatures and pressures,
as would be expected for a surface reaction. The order of both butane and hydrogen
production increased slightly.
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Fi16. 5. Yield of butane as a function of time at 585 °C.
Fre. 6. Log rate of butane production against log ethane pressure: O, for unpacked vessel; 4, for
packed vessel.
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Fi1G. 7. Plot showing order with respect to ethane of the decomposition of the ethyl radical: O, unpacked
vessel; 4+, packed vessel.

DISCUSSION

The present results largely confirm the mechanism of the decomposition proposed by
Davis and Williamson (6) and by Quinn (7). In particular, the measurement of the
production of butane supports the combination of ethyl radicals as the main termination
step.
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We have assumed that the initial decomposition of the ethane molecule occurs by the
rupture of the C—C bond to give two methyl radicals. An alternative mode of initiation
to give methane and a methylene radical has been suggested (11)

[la] CZHB band CH4 + CI’Iz

but from the present results this appears less likely than reaction [1]. In the subsequent
reaction of the methylene radical with ethane, the excited molecule of propane formed
would either be stabilized or dissociate into radical fragments, probably CH; 4 CiyH;.
By comparison with the reaction of methylene radicals with methane (12), it may be
deduced that stabilization would be dependent on pressure in the range of the present
experiments. If some of the ‘‘hot’’ propane formed is stabilized, then methane is formed
without the production of an ethyl radical and hence without the formation of butane.
This would give a high ratio of methane to butane, as actually found, but would show
a marked increase with increasing pressure, whereas the observed ratio decreased as
the pressure increased. It is very unlikely that formation of propane by reaction of
methylene with ethane would be independent of pressure in the range covered by the
present experiments. Reaction [l¢] must therefore be at most only a minor mode of
dissociation of the ethane molecule.

The rate of production of methane is a measure of the rate of reaction [1] only if all
methyl radicals react with ethane and none are lost by termination. The most likely
termination step involving methyl radicals is reaction [7] and the relative rates of reaction
[2] and [7] may be calculated from the following equation.

Rate [7] _ k7(ROC4Hlo)1/2
Rate'[2] ~ kst "Ba[CoHo)

Inserting the values ks = 101120 @~10800/ET (133 k. = 2.0 X 10" (14), and k7 = 4X 10
in the units cc mole™ s7!, we obtain for 10 mm ethane R:/R, = 5.0 X 10=* at 550 °C
and 2.8 X 1072 at 620 °C. The temperature coefficient of k; has been ignored in these
and later calculations because of the uncertainty involved in the long extrapolation. These
ratios are therefore upper limits since an activation energy of 2 kcal/mole causes an
increase in k; of almost a factor of 10 at 550 °C. In the present experiments it is thus
unlikely that methyl radicals are involved in termination, and the first-order production
of methane shows that the dissociation of ethane into two methyl radicals is a first-
order process above about 200 mm in the temperature range 550-620 °C.

In Fig. 4 the Arrhenius plot of k; is compared with two recent measurements in the
same temperature range. The absolute values for k; agree very well at temperatures in
the neighborhood of 570 °C, but some divergence at the higher and lower ranges caused
a considerable deviation in the activation energies. We feel that the method of extrapola-
tion which was used in the present experiments at each pressure and temperature to
obtain the initial rate of methane production gives rate constants more reliable than
those obtained by Quinn, and that his activation energy is consequently too high.

The errors quoted in the present results are the probable errors obtained by a least-
squares analysis of the data. The systematic errors are undoubtedly much larger, but
because of the difficulty in estimating these quantitatively we have not attempted to
state the total error limits. Recent measurements of the Arrhenius parameters of k; are
summarized in Table II.
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TABLE II
Arrhenius parameters of &,

Reference Temp. range (°C) log 4 (s7Y) E (kcal/mole)
(5) 766-836 14.85-15.7 85-89
6) 875-770 16.29 86.0
(7) 564-608 17.453-0.82 91.7
®) 475-600 14.5 81.0
Present results 550-620 16.004-0.066 86.0

For a reaction which involves the rupture of one bond and for which the reverse
combination of radicals has no activation energy, the activation energy may be related
to the bond dissociation energy in the following general way (15).

DEXD+RT

From the present results and from the values (16) for AH; at 0 °K given in the first
column below, one may calculate the values given in the second column.

AH{(CHg) = —16.517 kcal/mole D(CH;—CH;) = 85.040.5 kcal/mole
AH(CH,) = —15.987 kcal/mole AH(CH;) = 34.2 kcal/mole
AH(H) = 51.620 kcal/mole D(CH:—H) = 102 kcal/mole

The observed order with respect to total pressure of the decomposition of the ethyl
radical confirms previous suggestions (6, 7) that in this range of temperature and pressure
the ethyl radical is roughly halfway into its second-order region. The activation energy
for decomposition is in agreement with that found by Purnell and Quinn (9) if an activa-
tion energy of 10.4 kcal/mole (17) is taken for the abstraction of hydrogen from butane
by the ethyl radical, instead of 15.2 kcal/mole as used by these authors. As expected,
the activation energy of 32.7 &= 1.5 kcal/mole is lower than the activation energy of
39.5 kcal/mole (18) for the first-order decomposition. The relation of this decrease to
the number of effective oscillators in the ethyl radical is discussed in Part IT (23).

In agreement with previous results (7, 8), the rate of methane production was unchanged
by increasing the S/ V ratio by a factor of about 15. It seems well substantiated that the
initiation reaction is the homogeneous dissociation of ethane. The decrease in the rate of
hydrogen production, however, would suggest an increased rate constant for the ter-
mination process in the packed vessel. This would lower the radical concentration, thus
decreasing the overall rate, while the rate of removal of radicals would still equal the
rate of initiation. Since butane production was not enhanced, but was in fact decreased,
this heterogeneous termination does not yield butane and thus probably does not involve
an adsorbed ethyl radical. The adsorbed species must therefore be a hydrogen atom
which may become attached to the surface by reaction with an ethyl radical as well as
by direct adsorption.

[8] H+S=2H-S

9] C.Hy +S — C.H; +H—S
Termination may then take place as follows.

(10} H4+H-S - H:+4S

[11] CH; + H—S — C:He + S

The surface reaction becomes more predominant at low pressures and its rate is thus
probably dependent in some way on the homogeneous concentration of hydrogen atoms.
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Although in the present experiments the concentration of hydrogen atoms is always
lower than that of ethyl radicals, the rate of reaction [8] may be faster than that of [9]
if an appreciable activation energy is required for the latter. This is quite reasonable
in view of the strength of the bond broken. Termination may occur by either reaction
[10] or [11], since the rate constant of reaction [10] may be much larger than that of
reaction [11] and may outweigh the difference in concentration of H atoms and ethyl
radicals. Our results therefore favor the occurrence of reaction [8] followed by reactions
[10] or [11].

The magnitude of the effect of the surface on the rate was smaller than that observed
by Gordon (8). The heterogeneous reaction may be very sensitive to the nature of the
surface, which in turn may be a function of the treatment of the vessel prior to the
experiments or even of the purity of the quartz of which the vessel is made. For these
reasons it may be difficult to obtain quantitative agreement for the surface reaction
from one laboratory to another.

The fact that in both vessels the ratio of methane to butane is higher than that expected
on the basis of reactions [1] to [5] suggests that a second termination reaction, which
does not produce butane, makes a minor contribution. The most probable reaction is
reaction [6], but this interpretation is unlikely for two reasons. Calculation of the relative
concentrations of hydrogen atoms and ethyl radicals indicates that the concentration
of the former is too low to make a significant contribution to the termination, unless
the rate constant for reaction [6] is much greater than for reaction [5]. The ratio of
hydrogen atoms to ethyl radicals is given by ki/kJC.Hs], and values for 2; may be
taken from Fig. 7 with &5, = 2.0 X 10 cc mole~! s7! (14). Using Berlie and Le Roy's
measurement of &y = 101253 =6800/ET cc mole~! s~ (19) at 100 mm ethane k3/k,[C.Hg| =
7.0 X 1073 at 550 °C and 3.0 X 1072 at 620 °C. With a recent measurement of %, =
10412e=9700/ET co mpole~! s7! (20) these ratios are slightly lower. To account for the
ratios of methane/butane of 1.7, however, the percentage termination by a reaction
other than [5] may be shown to be 339, and for a ratio of 1.4, 209,. Furthermore, even
if the calculated values were in error to the extent that at 550 °C reaction [6] could
account for about 259, of the termination, the relative temperature coefficients of kj;
and k4 are such that at 620 °C hydrogen atoms should be the predominant radical and
termination should be largely by [6]. The trend, however, in the ratio of methane/butane
is in the reverse direction and at 620 °C and high pressures the ratio is exactly as
predicted.

Another possible explanation may be that the ratio of disproportionation/combination
of 0.15 for ethyl radicals, measured in a temperature region lower than the present
experiments, is not the correct ratio under the conditions of these experiments. It seems
unlikely, however, that the activation energy difference between the combination and
disproportionation reactions would be more than 1 kcal/mole. This was the upper limit
suggested by Ivin and Steacie (21). This difference raises the ratio %;;/ks, to 0.27 at
550 °C, which is not sufficient to account for the ratios in Table I.

It seems probable that a heterogeneous termination may contribute to a sufficient
extent in the unpacked vessel to account for the ratios of methane/butane. This would
necessitate a non-linear extrapolation of the rate of butane production as a function of
S/V ratio, the rate rising steeply towards zero S/V ratio to give the required rate of
butane production. Such a curve was found by Voevodsky (22) in a study of the decom-
position of propane in vessels packed with various amounts of tubing. The heterogeneous
reaction would be consistent with the trend of less participation at high temperatures
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and high pressures. It is worth noting that this discrepancy between the rates of pro-
duction of methane and butane affects neither the calculation of %23 nor the conclusions
regarding the order of reaction [3] with respect to ethane, provided only that the yield
of butane gives a measure of the concentration of ethyl radicals and that production of
hydrogen from possible termination steps is negligible compared to that from reaction [4].
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