On the Decomposition of Methane, Ethane and Ethylene by Electric Spark. 249

ON THE DECOMPOSITION OF METHANE, ETHANE
AND ETHYLENE BY ELECTRIC SPARK.

By Chiko FUJIO.

Received July 12, 1930. Published August 28, 1930.

Berthelot® has already reported that methane decomposition by heat
tends to form acetylene, ethane and hydrogen, in accordance with the
following equations :

(1) 2CH=C,H.+3H,, (2) 2CH,=C;Hs+H:.
Ethane by heating yields ethylene, acetylene, methane, and hydrogen
(8) CiHe=CiH,+H, (4) 2C,He=CyHy+2CH, +H,
whilst ethylene tends to form ethane, acetylene and hydrogen,
(6) C,H=C:H;+H,, (6) 2CeH;=C:Hs+C.H:.

Acetylene was thus regarded by him as the ultimate decomposition product
of hydrocarbons by heat.

The experiment for the decomposition of methane by the electric are
was carried out by W.A. Bone and D.S. Jerdan® and the gaseous products
were noticed to be composed in the following proportion :

C:H:: Hy : CH=9.8:85.6:25.

and this ratio is maintained when acetylene is treated under the same
conditions.

W.A. Bone and H.F. Coward® studied the decomposition of methane in
the presence of porcelain at temperatures between 500° and 1200°, paying
attention specially to the time factor for heating, and came to the following
conclusions :—

(1) The rate of decomposition of methane in the presence of porcelain
is appreciably below 700°, and for the most part it decomposed directly into
carbon and hydrogen as postulated by M. Meyer and V. Altmeyer?, and the
process is probably reversible at all temperatures.

(1) Compt. rend., 62 (1866), 905; 63, T88.
(2) J. Chem. Soc., 71 (1897), 41.

(3) J. Chem. Soc., 93 (1908), 1197.

(49) Ber., 40 (1907), 2134.
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(2) The formation of acetylene and olefines could be detected only so
long as the methane concentration exceeded 60%.

Lately R.C. Cantelo™ has conjectured the possibility of the production
of the higher hydrocarbons thermodynamically, such as ethylene and
acetylene from methane by heating, and this assumption was supported by
the experimental results arrived at by H.V. Wartenberg.®

Recently R.V. Wheeler® and F. Fischer® have independently studied
the acquisition of benzene from methane.

According to the investigation of S.C. Lind on the exposure of methane
to e-radiation, ethane and ethylene are formed and ethane and propane
behave similarly to methane in forming saturated and unsaturated hydro-
carbons resulting from the elimination of hydrogen or lower hydrocarbons
which subsequently build up the higher members by addition or condensa.
tion as a result of valencies freed in the process,

On turning our attention to the molecular structure of methane, the
infra-red absorption spectrum of methane have arrived at a tetrahedral
structure of the methane molecule accepted already by chemists, but the
experiments on the scattering of light, the absorption spectrum of the
ultra-violet rays, and X-ray analyses are interpreted by numerous investi-
gators in favor of the pyramidal structure which has been discussed by
Weissenberg,® and the four valencies of carbon are not equivalent but
consist of two different types, so tha:‘. the six electrons of the earbon atom
are distributed in three shells, two electrons in 1;, 2;, and 2, orbits, and
accordingly the elimination of the hydrogen atom from the methane mole-
cule should take place in succession, to form radicals of different reactivity.

CH, —> —CH;, =CH,, =CH, =C.

Free radicals and hydrogen liberated from methane by heating or by
radiating an e-particle, give a mixture of hydrocarbons still interacting
since the reactions continue under further heating or radiation unless the
products should be shifted from the-sphere of the reaction system. As a
matter of fact, the produets so far studied in the thermal decomposition of
methane, are so complicated by simultaneous and successive reactions to
such a degree that only their broader aspects have been worked out.

(1) J. Phys. Chem., 28 (1924), 1036.

(2) Z. physik. Chem., 61 (1908), 366.

(8) Fuel, 7 (1928), 535.

(4) Brennstoff-Chem., 9 (1928), 309.

(8) Naturwiss., 15 (1927), 662; v. Henri, Chem. Rev., 3 (1927), 189; J.K. Morse, Proc.
Nat. Acad. Sci., 14 (1928), 166.
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Owing to the difficulty of interpreting the mechanism of reactions from
these data, even with the accurate analysis of the products separated from
the reaction product from time to time, the writer has undertaken the
present investigation to study the chemical mechanism of the decomposition
of methane by the electric spark, in which comparatively unstable products
would be produced retarding the complex side reactions.

The apparatus employed in the experiment is shown in the accompany-
ing figure (Fig. 1).

Uz e | @

Lol ssilindeals ol
il

|

Fig. 1.

In the experiment, 100 c.c. of methane dried by passing into the dryers
D: and D: containing caleium chloride, were passed into a reaction tube R
the velocity being regulated with a flowmeter F' and a manometer M ; each
reaction tube consists of a bulb of 1.5-3.5em. diameter and 2.0-7.0 em.
length, provided with spherieal brass electrodes of 0.5-0.2em. diameter,
and the sparks were produced between these electrodes by applying 110
volts D.C. with the aid of the induction coil I, to which the rheostat T and
the ammeter A are connected. A receiver G of 150 c.c. capacity for the
gaseous products is also connected to the reaction tube, which contained
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mercury and was cooled with a water jacket to maintain a constant tem-
‘perature.

As the gaseous products contain acetylene, ethylene, and hydrogen, as
well as small quantities of heavy unsaturated hydrocarbons, special methods
were adopted for their analysis. Acetylene was estimated with an absorb-
ent in which 20 gr. of mercuric cyanide were dissolved in 100 c.c. of 2-N
sodium hydroxide solution and saturated with ethylene and benzene, and
for the estimation of ethylene another absorbent was used, composed of
20 gr. mercuric nitrate, 100 c.c. 2-N nitric acid saturated with sodium
nitrate and benzene. The heavy hydrocarbons were estimated by fuming
sulphuric acid. Ethane, if present, the sample being completely freed from
acetylene, ethylene and the heavy hydrocarbons were subjected to oxidation
with a palladium sponge at 100° to eliminate any hydrogen, the residual
gas was subsequently exploded completely with an excess of oxygen, and
the amount of ethane caleculated by the ratio C/A® determined in the usual
manner. The carbon deposited on the wall of the reaction tube was com-
posed of carbon and some unsaturated hydrocarbon which can easily be
dissolved by fuming sulphuric acid.

The percentage of the reaction products were calculated on nitrogen
free bases.

Table 1.

Electrode dia. 1.0em. Spark gap 2.0em. Spark voltage 33,000 volts.

]
. Percentage of gaseous products calculated Ratio of |
IGas velocity| Percentage a8 for emmpoged CH, products |
of decom- e
c.c.jhour. l mﬁed CH4 Volume H'_u CQHS EH‘| -[ CgHa Hg;’CgHg
|
510 T4.7 187.6 150.3 327 | 2.7 1.2 4.60
513 79.0 203.2 163.3 349 | 3.0 13 4,68
926 65.5 193.2 157.9 | 33.2 | 2.0 - 4,79
963 ! b7.4 195.4 160.7 | 31.7 2.3 e 5.07
1005 | 4.7 204.2 163.6 36.3 3.0 2.2 4.64
1360 57.7 196.9 163.7 34.9 2.9 — 4.69
1360 44.0 | 209.4 171.2 359 | 2.5 — 4,97
1678 b8.6 1949 160.1 329 2.3 —_ 4,87
1989 B7.7 192.6 157.0 31.56 3.6 — 5.01
2070 48.6 192.7 157.2 30.7 | 1.8 — 5.12
i
Mean 196.5 160.2 334 | 26 - 4.81
- _..I_ e - —

(1) C: contraction after explosion; A : absorbed volume.
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The spark voltages in the experiments were calculated referring to
those measured by Heydweiller!” for various lengths of sparks between
electrodes of various diameters at normal atmospheric pressure and tem-
perature.

Table 2.
Electrode dia. 2.0ecm. Spark gap 2.0 em. Spark voltage 47,000 volts.

Gas velosity Percentsge| Percentage of Eagggu;ogggdgcts caleulated g{rzfiﬁcg
of decom- | ) o o iR
e.c./hour. P"“d CHH Vokame | H, CH, | C,IL | CH, | HYC.H,
562 75.0 203.2 | 164.6 32.6 26 | 15 5.00
616 6.3 | 193 | 160.6 29.5 1.8 | 21 5.44
806 7.7 206.8 | 1671 33.6 23 | 19 5.01
902 741 | 2023 | 162.8 33.1 24 | 16 4.92
us1 | 774 | 2042 168.4 33.0 | 20 l - 5.10
1233 | 662 | 18712 163.3 32.9 24 | - 5.07
1396 63.8 | 20L.7 166.1 33.5 24 | - 497 |
1787 60.1 ] 195.6 1594 32.9 2.3 — 4,99
1916 62.1 200.4 164.7 33.0 20 | - 4.99
|
Mean | 199.6 | 1641 32.7 ‘ 2.3 : - 5.04
47,000 Vells
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Fig. 2.

(1) J.A. Fleming, “ The Wireless Telegraphist’s Pocket Book," p. 109.
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In Fig. 2, yields of acetylene and hydrogen, volume of the products,
and ratio Hz/C.H; are plotted against gas velocity. From these experiment-
al results shown in Fig. 2, the decomposition of methane seems to occur at
an uniform rate.

The following series of experiments were carried out at various spark
voltages and results as mean value for each product are shown in Table 3.

Table 8.
| Spark | spanc |Volumochange|  Petoentage of gmeoumprodunte | Rete ot
| ‘F\:::latgf (%:lp) calculated for
| ) |decomposed CH, H. ! C,H, C.H, C.H, | Hy/C.H,
| 8.000 - s | 1382 ! 30.0 | 0958 | 0867 4.78
i 20,000 1 185.0 150.0 = 335 7.0-8.0 = 4.80
! 23,000 2 183.0 1450 | 300 | 3.2-98 | 0171 | 5.03
i 23,700 3 188.2 150.0 ‘ 33.8 3.0-56 | 0-25 4.46
| 24,000 4 192.1 155.4 | 318 2.7-4.4 | 0-1.3 4.73
1' 33,000 2 196.5 160.2 | 334 1.8-36 | 0-22 4.81
| 47,000 2 199.6 1641 | 327 1.8-28 | o0-21 5.04
| |

The decomposition rate of methane was decreased inversely to gas
velocity, while the produection of acetylene remained constant, and the
production of ethylene and ethane was decreased at high voltages. The
yield of acetylene, consisting of about 30 % of the produect, is immensely
great in our case when compared with the result of the thermal decomposi-
tion of methane.

‘As regards the mechanism of the formation of acetylene from methane,
the theory which seems to fit the faet, is to assume a temporary formation
of the radical —CH; from methane by a collision of electrons in the process
of the ionisation of the molecule, which will then be converted by destroying
the electrical tension among the electrons of the radical, into radicals =CH
and ==C which will polymerise with one another to produce an electrical
neutral molecule of acetylene and carbon, and also form methane by hydro-
genation. The radicals —CHs, =CH,, in the same manner, would form,
on the one hand, ethane and ethylene, and on the other, methane by
hydrogenation.
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Formation of radicals Polymerisation Hydrogenation

CH; i o —CHs‘l' H — Csz —* CH;
— =CH:;+2H —  CzHy — CH;
— =CH +3H — CH: — CH,
— =C +44H — Gy — CHi

Thé decomposition of methane under a spark with considerably high
voltage, will be shown by the equation,

3CH4=021'12+5H2+C
in which two reactions were supposed to ocecur simultaneously.

CH,=ZC+2Hs .......... (a)
2CH; = C.H:+3H; ....... (b)

When the electric spark voltage is very high or the gas velocity is very
small, the reaction (a) is increased at the expense of ethane and ethylene.

The Decomposition of Ethylene and Ethane.

As will be understand in the foregoing theory for the formation of
acetylene from methane, the radicals such as —CH; and =CH: were
assumed to occur in the course of the transformation, which will result
from the collision of electrons to produce = CH, and for verification of this
hypothesis which evidently demands production of the radical =CH by the
action of an electric spark from =CH, and —CHj; generated from a mole-
cule of ethylene and of ethane, these gases were subjected to the action of
an electric spark.

The ethylene used in the experiment was prepared by decomposition of
ethylene-bromide (b. p. 180°-131.5°) with zine powder, and washed by an
alkali solution of pyrogallol to remove the oxygen in the gas. Ethane was
also prepared by Grignard’s method, that is, by the decomposition of ethyl
magnesium iodide with water, and the generated gas was washed with
fuming sulphurie acid, and the oxygen removed by contact with yellow
phosphorus.

The results of the decomposition of ethylene are summarized in the
following table.
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Electrode dia. 1.0 em.

C. Fujio.

Table 4.

Spark gap 2.0 ecm.

Spark voltage 33,000 volts.

Percentage | Percentage of products calculated .
(l;asft of € for d%f'.omposed ethylene Ratios of products
> g_?ﬁmi_ decomposed
ethylene Volume CgHg Hg CH.; Cg Hz,"Hg CHJHg GH,JCz Hg
I 71 85.2 196.7 | 56.2 | 1324 | 6.7 0.43 0.05 0.12
! 798 81.0 200.0 58.4 133.4 6.6 0.44 0.06 0.11
;1262 75.4 1970 | 648 | 1245 | 6.4 0.52 0.05 0.10
1609 43 198.9 64.4 127.2 6.6 0.51 0.04 0.09
{ 1823 74.0 198.6 64.1 127.4 5.6 0.50 0.04 0.11
| 2170 71.0 196.6 | 61.0 124.6 4.3 0.49 0.04 0.08
i 2198 | 70.0 190.7 62.7 128.4 4.5 0.49 0.04 0.07
i 2651 ' 60.4 190.0 67.8 124.1 5.3 0.56 0.04 0.08
| 2823 58.0 199.8 | 684 | 1251 | 438 0.54 0.04 0.07
158 58.0 188.8 | 631 | 1224 | 3.4 0.52 0.03 0.05
. 33.000 Vello
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Fig. 4.

The production of hydrogen and methane is increased at a lower gas
velocity, the ratio of acetylene to hydrogen in a reaction product increases
almost proportionally to the gas velocity but the production of methane to
acetylene, and of methane to hydrogen decreases, as indicated in Fig. 4.

The formation of acetylene and methane from ethylene can be ex-
plained by assuming that the ethylehe molecule produced a radical =CH,
temporarily by the collision of an electron, which was suceessively con-
verted into radicals =CH, =C, and they tend to produce acetylene and
carbon by polymerisation or methane by hydrogenation.

The fact that the production of acetylene increases with the gas velo-
city and the absence of ethane in the product certified the theory for the
formation of =CH from =CH,, but its hydrogenation is in a minimum
degree.

Experimental results for the decomposition of ethane by an electric
spark are shown in Table 5 and Fig. 5.

Acetylene, ethylene and hydrogen are the main reaction products and
the deposited carbon is similar in nature to that produced by methane.

The production of acetylene and ethylene is almost constant with a gas
velocity greater than 1000 c.c. per hour, but that of methane and hydrogen
decreases slightly, that is, the ratio of acetylene to hydrogen is constant,
but that of methane to ethylene, of methane to acetylene, and of methane
to hydrogen, decrease and that of ethylene to acetylene and of ethylene to
hydrogen, increase pari passu with the gas velocity, as shown in Fig. 6.

These experimental results indorse the opinion that the radicals =CH;
and =CH are formed from —CH; dissociated from the ethane molecule,
which then proceeds to produce the electric neutral molecules C:H; and
CoH,.
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Electrode dia. 2.0 cm.

Spark gap 2.0 em.

C. Faujio.

Table 5.*

Spark voltage 47,000 volts.

| Percentage of gaseous

| Gas Percentage | products calculated for Ratios of products
| velocity | of decom- | decomposed ethame |
c.e./hour | Posed C:H: | C.H, | CH, | C.H,| CH, | CH,
ethane CgHg CgH; Hg CH.| H. |- H; H. CgHg CqHs CzH.
519 64.1 70.7 | 14.3 | 226.4| 19.2 | 0.31 | 0.06 | 0.09 | 0.20 | 0.27 | 1.34
546 61.1 69.1 | 1556 {211.2] 17.2 | 0.33 | 0.07 | 0.08 | 0.22 | 0.26 | 1.10
760 b6.7 66.4 | 17.4 | 217.6| 16.2 | 0.31 | 0.07 | 0.07 | 0.26 | 0.24 | 0.93
834 48.2 66.7 | 24.7 {209.2| 17.9 | 0.32| 0.12| 0.09 | 0.37 | 0.27 | 0.73
843 52,9 64.6 | 23.7 |217.0| 17.6 | 0.30 |*0.11 | 0.08 | 0.37 | 0.27 | 0.74
1022 52.5 66.8 | 19.5 | 208.8| 17.8 | 0.32 | 0.09 | 0.09 | 0.30 | 0.27 | 0.91
12580 49.7 62.2 | 24,9 1198.9, 17.2 | 0.31 | 0.13 | 0.09 | 0.40 | 0.28 | 0.69
1434 50.4 61.5 | 20.2 {201.2, 16.8 | 0.31 | 0.10 | 0.08 | 0.33 | 0.27 | 0.83
1506 47.4 665 26.5 |217.5! 17.2 | 0.31 | 012 | 0.08 | 0.4) | 0.26 | 0.65
1688 48.6 63.1 | 26.7 |197.7| 16.7| 0.32 | 0.14 | 0.08 | 0.42 | 0.26 | 0.63
1693 44.2 l 66.7 | 25.7 |221.6] 181 | 0.30 | 0.12 | 0.08 | 0.39 | 0.27 | 0.70
1966 45.6 | 59.4 | 24.5 |184.9( 16.2| 0.32 | Q.13 | 0.09 | 0.41 | 0.27 | 0.66
2228 39.1 61.7 | 30.3 |192.8| 15.7 | 032 | 016 | 0.081 0.49 0.25 | 0.52
2662 37.8 64.4 | 28.1 |206.5; 169 0.31 | 0.14 | 008 ) 044 { 026 | 0.60
3247 39.8 62.3 | 26.8 194.5J 15.3 | 0.32 | 0.14 | 0.08 | 0.43] 0.26 | 0.57

formed during the decomposition of t

* The total percentage of all the gaseous
that, among the products, many hiﬁher hySrocarbons, such as propane and
e methane. For this reason we understand that the

roducts become greater than 300%, indicating

butane, are

percentages of decomposed ethane must be really more abundant than the represented
value for its behavior contrast with methane.

Fig. 5.

v T 1T kT T T 8 T T T T 1T 70,1 .l IR EEEEE R J_
N I : ]
— 1
[ - . = - = :

LI T O 0 I R TR T O N O A O O O I I I |

00 ia'tjﬁ 7500 260 z&&
?4,4 V’g&af;j (‘.(.X‘m = Ha
- Caffe
X CoHs decompoud
= GHe
a CHs



On the Decomposition ofMethane, Ethane and Ethylene by Electric Spark. 259

| St G 3 i [P A T R M U A AR O R O LN L 0 O O U

10

Py T TrTTTT T

I I I |

Ridio of Products

as
— Fuall
-;:7-: o o ] - 0
P BRI o ot O A M AR T
0 7000 L o —
oo bty < . o/t
‘e GHs/Ola
- MS/HL
e oHe/ CHy
w GHef Ha
x  CHel Hz

Fig. 6.

When reference is made to the investigation by Lind® for the decom-
position of propane and butane by the action of e-radiation, the production
of the higher hydrocarbons such as benzene in the writer’s case is suspected
with a great possibility, and further investigation into this interesting sub-
jeet will surely be fruitful of results.

Conclusions.

Several stream experiments were carried out with methane, ethylene
and ethane at varying spark voltages and at different gas velocity.

Considering the experimental results, the radicals (—CH3), (=CHb),
(=CH) and (=C), are supposed to be formed temporarily from methane
differing in the yield according to the strength of the electric current, and
the rate of the gas velocity, and these radicals, polymerising with one
another or combining with activated hydrogen, would produce ethane,
ethylene, acetylene, methane and earbon. The polymerisation of the radi-
cal (=CH), into acetylene is favorable under the experimental conditions,
and the formation of benzene or higher hydrocarbons is in full force or
promising.

In conclusion, the writer’s thanks are due to Director Vice-Admiral
S. Kishimoto, for permission to publish these results, and also he is desirous

(1) J. Am. Chem. Soc., 48 (1926), 2335.
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of making grateful acknowledgement to Vice-Admiral G. Yamashita, for-
mer Director of the Imperial Naval Fuel Depot, and Engineer-Captain
Viscount M. Kawase, Chief of the Scientific Research and Experimental
Branch for promoting this investigation, and also to Professor S. Komatsu
of the Kyoto Imperial University for his invaluable advice and neverfailing
encouragement in the prosecution of this research.

The Scientific Research and Experimental Branch,
Imperial Naval Fuel Depot, Tokuyama.



