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Abstract

The impossibility from a thermodynamic point of view of the direct conversion of methane with the
participation of oxygen into hydrocarbons with C—C bonds is substantiated in detail. The mechanisms
of physicochemical transformations of methane into synthesis gases with different molar ratios are
outlined H/CO u H/CO,, their scientific and practical value was substantiated, a classification of
industrially significant synthesis gases for the production of liquid hydrocarbons and hydrogen was
developed.
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Obtaining liquid hydrocarbons and hydrogen from natural gas (methane) is an important task.

The works of Doctor of Chemical Sciences D. Gadamov and D. Sapbayev (Sapbayew, Saparowa,
Atayewa, 2023; Sapbayew, Asyrow, 2019; Sapbayew, Gadamow, 2024), Doctor of Technical
Sciences A. Ashyrov (Asyrow, 2015; Asyrow, Babayew, 2017), G. Agajhanov (Agajanow, Asyrow,
2020; Agajanow, Hasiyetow, Asyrow, 2024; Agajanow, Gadamow, Asyrow, 2020) and M. Babayev
(Babayew, Asyrow, 2018; Babayew, Biasimow, Asyrow, Atayewa, Bebitow, 2022; Babayew, Asyrow,
2023; Babayew, Sapbayew, Asyrow, Atayewa, 2023). At the same time, studying the mechanisms of
physicochemical conversions of methane into hydrocarbons and hydrogen remains an important task.

Methane (CH,) is the simplest hydrocarbon, a molecule consisting of one carbon atom and four
hydrogen atoms.

Molecules of liquid hydrocarbons, for example, higher paraffins (CH,—(CH,)_,—CH,) and higher
olefins (CH,=CH—(CH,)_,—CH,), as can be seen from their formulas, consist of chains of methylene
groups =CH, (In these formulas n is the number methylene groups).

If'you depict the methane formula as (H,=CH.,), you can see that its molecule contains a methylene
group =CH, and excess hydrogen. In other words, methane is an important potential source for
hydrocarbon production, consisting of methylene groups =CH, and hydrogen.
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To produce liquid hydrocarbons from methane, i.e. To create a chain of methylene groups, C—C
carbon bonds must form.

Upon superficial examination, it seems likely that methane will dimerize with the participation
of oxygen and the formation of a C—C carbon bond:

2CH, + 0,50, —» CH,~CH, + H,0 - ?

However, to carry out this reaction, first of all it is necessary to break the C—H bonds in the
methane molecule and obtain a methyl radical:

CH,— CH,+H

The average energy of cleavage of methane C—H bonds is 415 kJ/mol (Psi6oB, 2012).

The methane molecule is a tetrahedron, the angle between valences is 109°28°. The methyl
radical is a flat particle, has a strong electronegative property, the angle between valencies is 120°.
The energy of breaking the first C—H bond in a methane molecule is 428 kJ/mol (Ps608, 2012).

Dimerization of methyl groups and the formation of a C—C carbon bond are possible if the
energy of cleavage of this bond is higher than the energy of cleavage of the first C—H bond in the
methane molecule.

The breaking energy of the C—C bond is 352 kJ/mol, i.e. less energy for breaking the C—H
bond, the difference is 428 — 352 = 76 klJ/mol. Therefore, the formation of a C—C carbon bond is
thermodynamically impossible.

During the partial oxidation of methane with oxygen, a thermodynamically easy process occurs,
which results in the formation of a mixture of carbon monoxide and hydrogen with a molar ratio of
2:1 (synthesis gas):

CH, + 0,50, — CO + 2H,
The process takes place in a thermal oven at 1200-1300°C. The degree of conversion of methane
into synthesis gas reaches 98%, and carbon dioxide is formed in small quantities.
In this process, methane first breaks down into radicals with the abstraction of hydrogen atoms.
When the first C—H bond breaks, a methyl radical is formed:
CH,— CH,+H

The breaking energy of the first C—H bond is 428 kJ/mol.

When the second C—H bond breaks, a methylene radical is formed:
CH,— CH,+H

The breaking energy of the second C—H bond is 452 kJ/mol.

When the third C—H bond breaks, a methyline radical is formed:
CH,—>CH+H

The energy for breaking the third C—H bond is 348 kJ/mol.

When the fourth C—H bond breaks, a carbon atom is formed:

CH—-C+H

A carbon atom combines with an oxygen radical and a carbon monoxide with a strong triple C=0O
bond in the molecule is formed:

C +0—-C=0

The energy of breaking this bond is 1072 kJ/mol, which is 2.6 times higher than the average
energy of breaking C—H bonds of methane (415 kJ/mol).

Therefore, the process is successful and stable carbon monoxide is formed.

Free hydrogen atoms recombine and release hydrogen:

4H — 2H,

Summary equation:

CH, + 0,50, — CO + 2H,
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Thus, the conversion of methane into synthesis gas with a molar ratio of 2:1 is the first stage in
the conversion of methane into liquid hydrocarbons and hydrogen.

The disadvantage of partial oxygen conversion of methane into synthesis gas is the high
consumption of oxygen (1 kg of oxygen per 1 kg of methane). Obtaining oxygen from the air requires
large capital investments and energy costs.

Of great importance is the replacement of oxygen with water vapor and carbon dioxide as
methane oxidizing agents. In this method, by burning a certain volume of methane with air, water
vapor and carbon dioxide are obtained, and at the same time the heat required for endothermic methane
conversion reactions (autothermic conversion method).

The resulting hot mixture of water vapor and CO, is mixed with the main volume of methane in the
molar ratio CH,/H,0/CO, = 3:2:1 The mixture undergoes conversion on a catalyst (NiO-MgO-Al O,)
at 650°C and produces synthesis gas with a molar ratio of 2:1.

Reaction equations:

1. Complete combustion of methane (exothermic reaction):

0,25CH, + 0,50, 5 0,25CO, +0,5H,0  (+ 890 kJ/mol) (1)

2. Conversion in a catalytic reactor (endothermic reactions):

- methane conversion with water vapor:

0,5CH, +0,5H,0 £ 0,5CO + 1,5H, (=206 kJ/mol) (2)
- methane conversion with carbon dioxide:
0,25CH, +0,25C0O, < 0,5CO + 0,5H, (— 248 kJ/mol) 3)

(1), (2) and (3) reactions in summary form:

CH, +0,50,5 CO +2H, (-57,5 kJ/mol)

The heat of an exothermic reaction is spent on endothermic reactions.

Exothermic heat: 0,25mol-890 kJ/mol = 2225 kJ.

Endothermic heat: 0,5 mol-206 kJ/mol + 0,25 mol-248 kJ/mol = 165 kJ.

Total heat: 222,5 — 165 = 57,5 kJ — the overall process is slightly exothermic.

This method produces synthesis gas with a molar ratio of 2:1.

A second method has been studied to reduce oxygen consumption - replacing a certain amount
of oxygen with water vapor.

For example, during the conversion of a steam-gas mixture with a molar ratio CH,/H,0/0, =
2:1:0,5 the following reactions may occur in the reactor:

1. Partial oxidation of methane:

CH4 +0,50, 2 CO + 2H, (+ 35,6 kJ/mol)

2. Oxidation of methane with water vapor:

CH, +H,0 2 CO + 3H, (—206 kJ/mol)

In summary:

CH, +0,5H,0 + 0,250, 2 CO + 2,5H,

As can be seen from the summary equation, synthesis gas is formed with the molar ratio H,/CO
=2,5:1, oxygen consumption is reduced by 2 times.

Synthesis gases with molar ratios H,/CO=2:1 u H,/CO=2,5:1 are an important raw material for
the production of liquid hydrocarbons.

By separating these synthesis gases into hydrogen and carbon dioxide, it is possible to obtain
hydrogen as a commercial product, but this will require burning toxic carbon monoxide with
atmospheric oxygen and releasing the resulting carbon dioxide into the atmosphere:

CO + 0,50, — CO,

The second reason limiting the use of synthesis gases H /CO=2:1 we H,/CO = 2,5:1 to obtain

hydrogen, is a small molar fraction of hydrogen in their composition.
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To produce synthesis gas with a higher proportion of hydrogen from methane (H,/CO = 3:1),
conversion is carried out using steam at 800-900°C on a nickel catalyst supported on oxides
ALO,-MgO:

CH,+H,0 5 CO +3H, (— 206 kJ/mol)

The reaction is endothermic and requires an external heat supply.

In accordance with the radical mechanism of methane conversion with water vapor, methane is
adsorbed on the catalyst through carbon and hydrogen atoms and first forms methyl, then methylene
radicals with the release of 1 mole of hydrogen; a water molecule is adsorbed through an oxygen
atom, during the interaction of adsorbed water and a methylene radical, 2 moles of hydrogen and
carbon monoxide are released:

CH, + 2Kt S Kt..CH, + Kt.H
Kt.CH, + Kt 5 Kt.CH2 + Kt H
2Kt.H S 2Kt + H,
H,0 + Kt S Kt..OH,
Kt..C(H,)..O(H,)..Kt S 2Kt + CO + 2H,
Summary equation:

CH,+H,0 5 CO +3H,

As can be seen, synthesis gas-1 is formed with a molar ratio H,/CO = 3:1.

In order to increase the molar fraction of hydrogen in the synthesis gas and convert toxic carbon
monoxide into neutral carbon dioxide, synthesis gas-1 with a molar ratio H,/CO = 3:1 undergoes
additional conversion with water vapor at 350-400°C on a catalyst and synthesis gas-2 is obtained
with a molar ratio H,:CO_= 4:1:

CO +(3H,) +H,0 2 CO, + 4H, (+ 40,9 kJ/mol)

Synthesis gas-2 is cooled and separated into hydrogen and carbon dioxide by ethanolamine
absorption, hydrogen is obtained as a commercial product, carbon dioxide is released into the
atmosphere.

The process occurs according to a radical mechanism: carbon monoxide through a carbon atom,
a water molecule through an oxygen atom are adsorbed on a bifunctional catalyst, adsorbed active
radicals interact with the release of hydrogen and carbon dioxide:

Kt +C=0 S Kt..C=0
Kt+H,0 S Kt.OH,
Kt...C=(0)..O(H,). Kt 5 2Kt + CO, + H,

Summary equation: CO + H O S CO, + H,

Conversion of synthesis gas-1 with water vapor is successful at 350-400°C. The process cannot
be combined with methane conversion, because methane can only be converted at high temperatures
(800-900°C).

Synthesis gas-2 with molar ratio H,:CO,= 4:1 is the most important raw material for hydrogen
production, but is associated with emissions CO, in atmosphere.

Based on the results of the research, a classification of industrially significant synthesis gases
was developed (table).
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Classification of synthesis gases

Synthesis gases

oxygen and water vapor

Ne Type of synthesis gas The main method for Sintez-gazyn esasy
producing synthesis gas ulanylys ugurlary
1 | Synthesis gas with molar Methane conversion with Production carbon
ratio H/CO =1:1 carbon dioxide monoxide
2 | Synthesis gas with molar Methane conversion with Production carbon
ratio H /CO =1,5:1 carbon dioxide and oxygen monoxide
3 | Synthesis gas with molar |  Autothermal conversion of Production liquid
ratio H,/CO = 2:1 methane with carbon dioxide hydrocarbons
and water vapor
4 | Synthesis gas with molar Methane conversion with Production liquid

hydrocarbons and

Table

ratio H,/CO = 2,5:1
hydrogen

Methane conversion with
steam

Production liquid
hydrocarbons and

5 | Synthesis gas with molar
ratio H,/CO = 3:1

hydrogen
6 | Synthesis gas with molar | Conversion of H,/CO=2,5:1 Production hydrogen
ratio H,/CO, = 3,5:1 synthesis gas water vapor Production carbon
dioxide
7 | Synthesis gas with molar Conversion of H /CO=3:1 Production hydrogen
ratio H,/CO, = 4:1 synthesis gas water vapor Production carbon
dioxide

To obtain the synthesis gases listed in the table, the following gas mixtures are converted:

1. To obtain synthesis gas with a molar ratio H,/CO =1:1, converts a gas mixture with a molar
ratio CH,/CO, =1:1.

2. To obtain synthesis gas with a molar ratio H,/CO =1,5:1, converts a gas mixture with a molar
ratio CH,/CO,/O,= 3:1:1.

3a. To obtain synthesis gas with a molar ratio H,/CO=2:1, converts a gas mixture with a molar
ratio CH,/02=1:0,5.

3b. To obtain synthesis gas with a molar ratio H,/CO=2:1, converts a gas mixture with a molar
ratio CH,/H,0/CO,=3:2:1.

4. To obtain synthesis gas with a molar ratio H,/CO=2,5:1, converts a gas mixture with a molar
ratio CH,/H,0/0,=2:1:0,5.

5. To obtain synthesis gas with a molar ratio H.,/CO=3:1, converts a gas mixture with a molar
ratio CH,/H,0 =1:1.

6. To obtain synthesis gas with a molar ratio H /CO_=3,5:1, at the first stage, a gas mixture with
a molar ratio is converted CH,/H,0/0, = 2:1:0,5 and obtain synthesis gas-2 with the molar ratio H /
CO=2,5:1, at the second stage, synthesis gas-2 is converted with water vapor.

7. To obtain synthesis gas with a molar ratio H,/CO, = 4:1, at the first stage a gas mixture with a
molar ratio is converted CH,/H,0=1:1 and obtain synthesis gas-2 with the molar ratio H /CO = 3:1,
at the second stage, synthesis gas-2 is converted with water vapor.
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