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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 55G620 OC and a t  pressures of 4G600 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. 

ISTRODUCTION 

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 atoins and ethyl radicals are the chain carriers. 
The mechanisms proposed generally include the follo\ving reactions. 

Rice and I-Ierzfeld (I) pointed out that termination by reaction [6] would lead to first- 
order kinetics, as observed. Kuchler 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 ail experimental and theoretical examina- 
tion of the problem, Laidler and Wojciechowslii (3) concluded that the Kuchler-Theile 
mechanism was more consistent with the evidence then available. For example, the con- 
centration of ethyl radicals was sho~vn to be much greater than that of hydrogen atoms 
(4) so that termination by combination of ethyl radicals should predominate. Also, the 
Kiichler-Theile nlechanism 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. 

i\4ore recently, ho.vr.ever, several investigations of the initial rate of formation of 
methane (5-S) 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 Williainson (G), whose experiinents were 
done in a flow system a t  high temperatures (676-775 O 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 coinbined to give first-order 
kinetics, which were, a t  any rate, oilly 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 decornposi- 
tion of the ethyl radical should be proportional to the square root of the pressure. Evidence 
from a previous study of the pyrolysis of n-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 conlparison with the rate of production of methane, to establish whether this 
is the main termination product. 

EXPERIMENTAL 

Appara tus  
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-I enclosed in an  electrically heated steel cylinder about 2 cm thick. 
'I'he 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 a t  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 cnl-I, 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. 

Reazents 
Phillips Research Grade ethane was distilled from trap-to-trap several times and finally degassed a t  

-160 OC. 

Procedure and Ana lys i s  
Before each experiment the system was evacuated to a pressure lower than 10-4 mnl. t-it 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 'l'oepler 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 warnled to room temperature and the Le Roy 
still was warmed to -162 OC. Final traces of occluded non-condensable gases were then collected while 
most of the ethane distilled into the conventional trap. Butane remained it1 the Le Roy still and was 
analyzed by gas chromatography on a 12 ft  column of hexanedione on Firebrick maintained a t  0 O C .  Care- 
ful checlcs of the distillation showed that  losses of butane were never Inore than 10% and could be reliably 
corrected for. In experiments with carbon dioxide, an  additional t rap  filled with ascarite removed the 
carbon dioxide before condensation in the Le Roy still. 

'I'he mixture of methane and hydrogen collected in the gas burette was analyzed by combustion of 
hydrogen in a copper oxide furnace maintained a t  280 O C .  i l t tempts to separate ethylene from the non- 
condensable gases by using a trap packed with copper filings maintained a t  -196 OC 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 ~nethane, 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 pulup, isolated from 
the combustion furnace, and measured in the gas burette. An amount of ethylene equivalent to  the saturated 
vapor pressure a t  -196 OC in the 'I'oepler 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 10% 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 O C  and the pressure range 40-600 mm. The  
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LIN AND BACK: DECOMPOSITION OF ETHAIUE 507 

measurements of hydrogen and methane were extended to  the range 640-726 OC over a 
lower pressure range. Initial rates of hydrogen production were obtained by extrapola- 
tion of plots of the rate against time. Frorn 400 to 150 Inn1 the order of hydrogen pro- 
duction was 1.0. At higher pressures a slight decrease in order was observed, while a t  
lower pressures the order increased. This continuous change in order of the hydrogen 
production is sho\vn 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 k 600 log k (s-') = (16.22 =t 0.11) - 
2.303RT 

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 a t  all temperatures as secondary reactions became important. The initial 
rate was not obtained directly from plots such as Fig. 2, but from an extrapolatio~l to  

6203 'C 

I. 

0.5 1.0 15 2.0 2.5 30 

Log P;2Hs Imm Hg) 

FIG. 1. Log rate of hydrogen production against log ethane pressure: 0, for unpacked vessel; +, for 
packed vessel. 

FIG. 2. Yield of methane as a function of time a t  584.7 "C. 

zero time of the rate as a function of time. 'I'liis procedure, which is described in I'art 
I11 (231, was particularly important a t  high tenlperatures where secondary reactions 
occur a t  very low conversions. The order of the rate of productiorl of methane with 
respect to ethane was 1.0 above -200 nlnl and is illustrated in Fig. 3. The falloff in the 
first-order rate coefficient is discussed in detail in Part I1 (23). First-order rate constants 
\\.ere calculated from the equation 
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FIG. 3. Log rate of methane production against log ethane pressure: 0, for ~~npacked  vessel; +, for 
packed vessel. 

FIG. 4. Arrhenius plot of first-order rate constant, kl", for ra te  of methane production: X, ref. 8; A, 
ref. 9; 0, 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 fo l lo~~ing 
relation uTas found. 

86 000 & 370 
log kl ( 8 )  = (16.00 f 0.066) - 

2.303RT 
At lo\\- temperatures the kinetics of butane production follo~ved 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 fuilction of time are she\\-n in Fig. 5. Again, initial yields 
were obtained by extrapolation of rate vs. time curves. The order of butane production 
was 1.0 a t  high pressures but increased as the pressure was lo\~.ered. The double logarith- 
mic plot is shown in Fig. 6. The Arrhenius plot of the first-order rate constants gave an 
activation energy of 80.8 ltcal/mole. 

The ratio 3R0cH4/R0c,E,o varied from 1.3 to 1.8 and is included in Table I. If methane 
is a measure of the initiation step and butane of the termination step and if the ratio 
of disproportionation to coinbination for ethyl radicals is 0.15 (lo), then the ratio 
$R°CH4/R0c4Hlo is I. 15. 

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

A plot of log {RO,,/(RO,,,,~)~) against log [CrHG] is sho\vn in Fig. 7. If it is assui~led 
that ks, is independent of pressure, the slopes of these curves give the order of reaction 
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LIN AND BACK: DECOMPOSITION O F  ETHANE 

TABLE I 
First-order rate coefficients for rate of methane production 

in units of s-1 

[3] with respect to ethane. This varied frolii 0.38 a t  low temperatures and high pressures 
to 0.59 a t  high temperatures and low pressures. The activation energy for the decom- 
position of the ethyl radical, if the coliibination 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 a t  585 "C in the 
presence of various pressures of carbon dioxide. On addition of 100 111111 of carbon dioxide to 
100 Inn1 of ethane, the rates of methane and butane production were unchanged but 
the rate of hydrogen production increased by about 20%. 

Rates of forn~ation 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 a t  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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510 CANADIAN JOURNAL OF CHEMISTRY. VOL. 44. 19fiG 

FIG. 5. Yield of butane as a function of time a t  585 "C. 
FIG. 6. Log rate of butane prod~~ct ion against log ethane pressure: 0, for unpacked vessel; +, for  

packed vessel. 

FIG. '7. I'lot showing order with respect to cthnne of the decomposition of the eth)l radical: 0, unpacked 
vessel; +, packed vessel. 
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DISCUSSION 

- 

- 

- 

- 

The present results largely co~lfirnm the mechanism of the decoillposition proposed by 
Davis and IVillian~son (6) and by Quinn (7). In particular, the measurement of the 
production of butane supports the coinbination of ethyl radicals as the main termination 
step. 
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L I N  A N D  BACK: DI~COMPOSITION O F  E T H A N E  511 

We have assumed that the initial decomposition of the ethane ~nolecule occurs by the 
rupture of the C-C bond to give two ~nethyl radicals. An alternative mode of initiation 
to give methane and a methylene radical has been suggested (11) 

but from the present results this appears less likely than reaction [ I ] .  In the subsequent 
reaction of the ~nethylene radical with ethane, the excited molecule of propane fornled 
would either be stabilized or dissociate into radical fragments, probably CHB + C3H5. 
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 sholv 
a marked increase with increasing pressure, whereas the observed ratio decreased as 
the pressure increased. I t  is very unliltely that formation of propane by reaction of 
methylene n~itll ethane mould be independent of pressure in the range covered by the 
present experiments. Reaction [ la]  must therefore be a t  ~llost only a nlinor mode of 
dissociation of the ethane ~nolecule. 

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

Rate [71 - k7 ( ~ ~ ~ ~ 1 1 ~ ~ ) ~ ' ~  - 
Rate'[2j k5:"?kz\C2H,] 

Inserting thevalues k2 = 1011 2 0  e-104001RT (13), kj, = 2.0 X loL3 ( l4) ,  and k7 = 4x101" 
in the units cc mole-I s-I, we obtain for 103 mm ethane R,/R? = 5.0 X lop3 a t  530 "C 
and 2.8 X a t  620 "C. Thc temperature coeficient of k5 has been ignored in these 
and later calculations because of the uncertainty involved in the long extrapolation. These 
ratios are therefore upper linlits since an activation energy of 2 kcal/mole causes an  
increase in k5 of allnost a factor of 10 a t  333 "C. In the present experiments it is thus 
unlilrely that nzethpl 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 tcnlperature range 553-620 "C. 

In Fig. 4 the Arrhenius plot of kl is compared with two recent measurements in the 
saine temperature range. The absolute values for kl agree very well a t  ternperaturcs in 
the neighborhood of 370 "C, but some divergence a t  the higher and lower ranges caused 
a considerable deviation in the activation energies. lire feel that the method of extrapola- 
tion wllich nras used in the present experiments a t  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 co~lsequently too high. 

The errors quoted in the present results are the probclble errors obtained by a least- 
squares analysis of the data. The systematic errors are undoubtedly much larger, but 
because of the difficulty in estilnating these quantitatively we have not attempted to 
state the total error limits. Recent measurements of the Arrhenius parameters of kl are 
su~ninarized in Table 11. 
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TABLE I1 
Arrhenius parameters of b1 

Reference Temp. range ("C) log A (s-l) E (kcal/mole) 

(5) 766-836 14.85-15.7 85-89 
(6) 675-770 16.29 86.0 
(7) 564-608 17.45~k0.82 91.7 
(8) 475-600 14.5 81.0 

Present results 550-620 16.00~!~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 inay be related 
to the bond dissociation energy in the following general way (15). 

From the present results and from the values (16) for AHf a t  0 'I< given in the first 
colulnn below, one inay calculate the values given in the second column. 

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 teinperature 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 l;cal/inole (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 f 1.5 l;cal/mole is lower than the activation energy of 
39.5 lical/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 I1 (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. I t  seeins well substantiated that the 
initiation reaction is the holnogeneous 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 paclied vessel. This would lower the radical concentration, thus 
decreasing the overall rate, while the rate of reinoval of radicals \vould 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 aton1 
which may become attached to the surface by reaction with an ethyl radical as well as  
by direct adsorption. 

H + S  +H-S 

C?Hs + S + C2H.t + H-S 

Termination may then take place as follows. 

H+H-S + H 2 + S  

C2H5 + H-S + C?Hs + S 

The surface reaction becomes more predominant a t  low pressures and its rate is thus 
probably dependent in sonle way on the hoiuogeneous concentration of hydrogen atoms. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

12
9.

12
.2

34
.8

6 
on

 1
1/

19
/1

4
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



LIN AND BACK: DECOMPOSITION O F  ETHAXE 513 

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 [g] 
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 
[lo] or [Ill ,  since the rate constant of reaction [lo] may be much larger than that of 
reaction [Ill  and may outweigh the difference in concentration of 1-1 atoms and ethyl 
radicals. Our results therefore favor the occurrence of reaction [8] followed by reactions 
[10] or [Ill .  

The magnitude of the effect of the surface on the rate was srnaller than that observed 
by Gordon (8). 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 xvhich 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 [ I ]  to [3] suggests that a second ternlination reaction, which 
does not produce butane, makes a minor contribution. The illost probable reaction is 
reaction [GI,  but this interpretation is unliliely for two reasons. Calculation of the relative 
concentrations of hydrogen atoms and ethyl radicals indicates that the concelltration 
of the former is too lolv to malce a significant contribution to the termination, unless 
the rate constant for reaction [GI is n~ucll greater than for reaction [5]. The ratio of 
hydrogen atoms to ethyl radicals is given by k3/kl[C21-IG], and values for k3 inay be 
taken from Fig. 7 mith ks, = 2.0 X 1013 cc mole-Is-' (14). Using Berlie and Le Roy's 
measurement of k4 = 1012 j3 e-G800/RT cc mole-' s-I (19) a t  100 mm ethane k3/kl[CzHG] = 

7.0 X lop3 a t  550 "C and 3.0 X lop2 a t  620 "C. Wit11 a recent measurement of kl = 
1014 l2 e-g700JRTcc mole-' s-I (20) these ratios are slightly lower. To account for the 
ratios of methane/butane of 1.7, hen-ever, the percentage termination by a reaction 
other than [5] may be shown to be 33y0 and for a ratio of 1.4, 20y0. Furthermore, even 
if the calculated values mere in error to the extent that a t  550 "C reaction [GI could 
account for about 23% of the termination, the relative temperature coefficients of k3 
and ki  are such that a t  620 "C hydrogen atoms should be the predominant radical and 
termination should be largely by [GI. The trend, however, in the ratio of methane/butane 
is in the reverse direction and a t  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 conlbination and 
disproportionation reactions ~vould be more than 1 lical/mole. This was the upper limit 
suggested by Ivin and Steacie (21). This difference raises the ratio k,,/kj, to 0.27 a t  
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 paclted with various alllounts of tubing. The heterogeneous 
reaction \vould be consistent mith the trend of less participation a t  high temperatures 
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and high pressures. I t  is worth noting that  this discrepancy betwecn the rates of pro- 
duction of methane and butane affects neither the calculation of k g  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 tha t  production of 
hydrogen from possible termination steps is negligible compared to that  from reaction [4]. 

T h e  authors \\-is11 to thank Professor K. J. Laidler for many helpful discussions. 
The authors also thanlc the Kational Research Council for a grant in support of this 

worlc and the Ontario Research 1;oundation for a fello~vship awarded to 31. C. Lin. 
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