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FORMATION OF ACETYLENE

DURING ADIABATIC COMPRESSION OF
METHANE

(Presented by Academician S. 1. Volfkovich on 4 V 1961)

The reaction of acetylene formation from methane

2CH, = C,H, + 3H, (1)

proceeds in very short time intervals, on the order of 0.001 sec. Acetylene is
thermodynamically unstable at temperatures up to 3000° K, and therefore it is
necessary to cool the reaction products rapidly. These features of the process
make it possible to suppose that, for carrying out the reaction, it is convenient to
apply the method of adiabatic compression of gases,* to which the present work
is devoted. The experiments were carried out in an apparatus described in detail
in the literature (+%). The acetylene content in the gas after the experiment was
determined by the colorimetric method (®), and in those cases where it exceeded
0.1%, by the argentometric method (7).

The equilibrium constant of reaction (1) can be calculated from equation (2)**

18077 107520
lg K = T +13.091g T — 0.02347T + 0.633572 — T2 23.9. (2

Knowing the equilibrium constant and assuming that at high temperatures
(thousands of degrees), even at high pressures, the fugacities of methane, hy-
drogen, and acetylene differ only slightly from the pressure, we calculated the
equilibrium concentrations of acetylene at pressures of 1, 1000, and 10 000 atm.

The calculation showed that at atmospheric pressure and a temperature, for
example, of 1500° K, the reaction proceeds almost completely, whereas at a
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pressure of 10 000 atm at this temperature up to 2% acetylene may be formed.
From the equation for the methane adiabat it follows that temperatures of 1500°
K can be reached by compressing methane to 1300 atm. However, compressing
pure methane even to 10 000 atm, we did not detect acetylene in the gas.

Assuming that a higher temperature is needed for the formation of acetylene
at high pressures, we investigated the compression of mixtures of methane with
nitrogen, helium, argon, xenon, krypton, and hydrogen, whose heat capacities
are lower than the heat capacity of methane and whose compression temperature
is higher. Mixtures of methane with nitrogen containing 2, 4, 14, and 38 vol.%
methane were investigated; with argon (2, 4, 6, 7, and 14% methane); with
helium (3, 6, and 14% methane); xenon with 7% methane; krypton with 3%
methane; and hydrogen with 4 and 14% methane. For the investigation we used
methane of 99.5% purity, helium and argon of 99.9% purity, and xenon and
krypton of 100% purity. Electrolytic hydrogen and nitrogen were purified of
oxygen.

* Recently, works devoted to the study of gas reactions in adiabatic-compression
apparatuses have appeared increasingly often in the literature, with compression
of the gas mixture being carried out by a piston (*) or in a shock wave (%2).

** According to Ya. S. Kazarnovskii.

The results of the investigation are presented in Table 1, which gives graphically
smoothed data: the volume percent of acetylene in the gas and the yield of
acetylene (7).

To calculate the acetylene yield it was necessary to determine the composition
of the mixture after the experiment. In those cases in which we investigated
mixtures of methane with nitrogen, the composition of the mixture after com-
pression, as shown by mass-spectrographic analysis, differed little from its initial
composition. Thus, in a mixture containing before compression 5.5% methane
and 94.5% nitrogen, after compression, in addition to acetylene, the following
were found: N, 94.9%; O, 0.6%; CO, 0.036%; CH, 3.5%; CyH, 0.13%, and a
small amount of higher hydrocarbons.

When compressing mixtures of methane with argon, hydrogen, helium, xenon,
and krypton, i.e., with gases whose molecular weight differs considerably from
the molecular weight of nitrogen, it was necessary to take into account the
change in the composition of the mixture as a result of the so-called leakage
and outflow of gas. When the piston moves along the barrel of the adiabatic
apparatus at the beginning of the compression process, when the piston begins
to move, the pressure of the driving gas (nitrogen) is greater than the pressure
in the barrel, and part of the nitrogen leaks into the gas under investigation
through the gap between the piston and the wall. As the piston approaches
the closed end of the barrel, the pressure in it rises, while the pressure of the
driving gas falls. In this case the compressed gas begins to flow out of the barrel
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through the gap.

These processes of leakage and outflow in the investigation of mixtures with
nitrogen could not noticeably affect the change in the composition of the mixture.
In the investigation of mixtures of methane with hydrogen and other gases,
however, the addition of nitrogen significantly

Table 1

Acetylene yield during compression of mixtures of methane with nitrogen, argon,
helium, and xenon as a function of pressure

c HZHZHXHXHZHZHZHXHZHZHZHXHXHXHXHHQHZHZHZHZH 1
Compreswiidni thri trhi tiei tobei b tehed tebe tbe b e ek b ek o e b b ok o b 00 FE) A A6 B, +

Pr@YR2Y%N, N, Ny Ny Ny Ny Ar Ar ArAr Ar ArArAr ArArHeHeHeHeHeHe X eX el riCr,
Sure, H AT ATARS A8 BY2TATATG TG TT Y67 VoL ATA RIS TG VG VLA TA T IT T3 3%,
kg/ccm?ananananananananananananan

30,0095 0,006.33,3,03,70,02,70,00,70,0060,05,1 0,08,5 0,110,1
500,0062,002 1 0,007189,8,17,60,08,60,05,70,23880,06,70,00530,08,00,00,30,154,0
10@0)0236,02810 0,0082,20,296,8,196,8,13,80,126.0,09,20,03,80,18,00,02,30,183,6

1500650,02,66,0042M0WBD1,20,384.8,294 8,16,00,0560,110,0,08,60,07,60,18,00,216,4
20@08(50,0357,00 UBMOTHDDA0,428,6,338,6,28,20,006:0,122.8,16,30,08,80,18,80,249,2
25@)0864,0238,00F6MOIDDDH0,489,4,439,,290,6,00(20,143,0,256,7,08,50,23,90,246,2
30@)0632,0208,0256M0,0BEN0,480,d,430,4,353,0,00:30,144,0,359,8,00,40,29,00,294, 4
40@)04,40,00(80,00B8H0,DODOR0,582,6,452.6,417,0,00:30,165,8,327,6,0080,381,6,330,7
50a00280,0050,0026M0ZMH0F0,483,0,433,0,489,6,00(20,166,8,295,8,0020,383,8,332,7
60@)0290,0057,002M030D0S50,433,8,433,8,490,8,0020,177,0,264,2,0000,415,0,331,8
70001 443,0078,00 2OMOGHI0B0,432,6,482,6,420,8,0020,177,0,244,0,0000,427,0,331,5
80@010),00610,00 20MOLBH0110,432,0,432,0,459,8,0050,178,0,211,8,0050,4388,399,4
90@)01(16,00:30,00.20MOZRI010,480,6,420,6,418,8,0030,178,8,18,90,0050,420,0,287,7

Note. a is the acetylene content in the gas phase, in volume percent; n is the
acetylene yield in percent.

changed the composition of the mixture. To take these changes into account,
we determined the molecular weight of mixtures obtained after compression
of argon and other gases with nitrogen at different driving-gas pressures, and
obtained curves from which the molecular weight of the mixtures under study
with methane was determined. Knowing the molecular weight of the mixture
before and after compression and assuming that, during the motion of the piston,
a mixture of constant composition flows out of the channel, one can calculate
the composition of the mixture after compression. The yield n was calculated
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Fig. 1. Curves of the dependence of the acetylene yield 1 on pressure
(temperature). 1 —mixture of 2% CH,, 98% N,; 2 —mixture of 4% CH,, 96%
Ny; 3 —same, 14% CH,, 86% N,; 4 —same, 38% CH,, 62% N,

Figure 1: Fig. 1. Curves of the dependence of the acetylene yield 1 on pressure
(temperature). 1 —mixture of 2% CH,, 98% N,; 2 —mixture of 4% CH,, 96%
N,; 3 —same, 14% CH,, 86% Ny; 4 —same, 38% CH,, 62% N,

Fig. 2

Figure 2: Fig. 2

by relating the volume percent of acetylene in the mixture to the equilibrium
concentration of acetylene that could form from a mixture whose composition
was determined with allowance for flow and leakage.

Fig. 1. Curves of the dependence of the acetylene yield 7 on pressure (temper-
ature).

1 —mixture of 2% CH,, 98% N,; 2 —mixture of 4% CH,, 96% N,; 3 —same, 14%
CH,, 86% Ny; 4 —same, 38% CH,, 62% N,

The data we obtained showed that the more nitrogen the mixture contains, the
greater the yield of acetylene (~ 9% in a mixture with 98% nitrogen (Fig. 1)).
The curves of the dependence of the acetylene yield 1 on pressure (tempera-
ture) have a sharply expressed maximum, which, as the methane content in
the mixture decreases, shifts toward lower temperatures (pressures). At high
temperatures, soot formation is observed. When mixtures of methane with he-
lium, argon, xenon, and krypton are compressed, acetylene is formed in large
amounts. The character of the curves of the dependence of the acetylene yield
on pressure upon compression of methane mixtures with argon differs from the
analogous curves for nitrogen (Fig. 2).

Unlike nitrogen, for mixtures with argon and helium there is a mixture com-
position at which the yield is maximal (Fig. 3). From the same figure it is
evident that the acetylene yield is greater in mixtures with argon than with
helium, xenon, and krypton. This indicates that, although the heat capacity of
monatomic gases is the same and, consequently, the compression temperature
is the same, apparently the nature of the gas itself also affects the process. The
same is indicated by the fact that acetylene is not formed in mixtures with
hydrogen.

Consider ® the process of energy transfer in molecular collisions. At higher
gas densities, when collisions of molecules with the wall may be neglected in
comparison with collisions in the bulk, changes in the properties of the gas
occur as a result of molecular collisions.

Fig. 2

Molecules can enter into a chemical reaction if they are sufficiently rich in energy.
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They acquire this energy as a result of favorable collisions with molecules of
average energy. These processes of energy exchange were considered using a
hard-sphere model. It is known that decomposition of a methane molecule can
occur if this molecule possesses sufficient vibrational energy. Consideration (®)
of the case of vibrational exchange -

---shows that energy transfer is more effective when the masses of the colliding
systems are comparable.

Assessing from this point of view the experiments with monoatomic gases, one
can make the following approximate calculation. Taking the mass of methane
as unity, we find that the masses of the other gases are: My, = 0.25; M, = 2.5;
My, = 5.3, and Mx, = 8.1. On the basis of this calculation, the best energy
transfer should occur between methane and argon. Indeed, the yield of acetylene
upon compression of mixtures of methane with argon is the greatest.

Fig. 3

(Graph labels: ordinate—acetylene yield, vol. %; abscissa—methane content in the
mixzture, vol.%; Peomp = D000 kg/cm?. Curves/points labeled krypton, helium,
xenon, argon, nitrogen.)

Fig. 4
(Graph labels: ordinate—acetylene yield, vol.%; abscissa—M .,/ Mcy,-)

The course of the curve (Fig. 4), where the acetylene yield is plotted against the
relative mass of the diluent gas, shows that the maximum yield is obtained at
M = 1", The absence of acetylene upon compression of methane with hydrogen
confirms the conceptions? that the first stage of the methane decomposition
reaction is the splitting off of hydrogen

CH, — CH, + H,.

Addition of hydrogen to such a system should retard this reaction and prevent
the formation of acetylene, despite the compression temperature being almost
the same as with nitrogen.
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* The point for xenon refers to a mixture with 7% methane. By analogy with
other mixtures, it may be assumed that for a mixture with 3% methane in xenon
the yield increases to ~ 20%, and the point would lie on the curve.
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