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Introduction The toxic effect of carbon monoxide is related to
The amount of gases released as a result of the the haemoglobin in the blood, which converts it into
combustion of petroleum satellite gas is 0.5 million carboxyhemoglobin, which cannot transport oxygen
tons per year [1]. Combustion of petroleum gas causes from the lungs to the tissues [7,10].
thermal pollution of the environment [1-3]. There are several options for the disposal of
Oil and gas industry facilities have various petroleum satellite gas other than direct flaring.
ecologically significant harmful effects [4-7]. In this Among these options, the direct use of petroleum
case, both natural hydrocarbons and their processing satellite gas and its processing can be highlighted [1,
products, various reagents, alkalis, acids, substances 11-14].
formed during combustion, etc. can enter the In addition, it is possible to organize the
environment. Environmental safety must be ensured production of motor fuel in the mines, as well as to
in all areas of the oil and gas complex [8,9]. develop the gas-chemical industry and to obtain new
[ ]
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products from oil and gas raw materials [6, 7, 15-17].
All three methods above can provide disposal of 95-
98% of the gas obtained. Gas injection into oil
reservoirs is used in cases where gas processing or
utilization possibilities are limited. However, this is a
very irrational use of resources, as a significant
amount of valuable petrochemical raw materials is
lost. The second and third methods of disposal are
relatively economical because they do not require the
construction of a complete cycle of gas collection,
transportation and processing facilities.

Currently, a large number of carbon materials
with different structures are known, among which
mesoporous carbon occupies a special place.
Mesoporous carbon is formed by the decomposition
of hydrocarbons in the presence of catalysts
containing transition metals of the iron subgroup.
These materials are of great practical interest due to
their unique textural and physicochemical properties
[24, 25].

Experimental part

To study the kinetics of nanocarbon extraction, a
flow reactor with an inner diameter of 60 mm and a
length of 400 mm, filled with a nozzle of 100 mm for
uniform heating of the injected gas mixture and
equipped with a nozzle for introducing gas from the
bottom side, was assembled. During the process, the
mass change was monitored on a torsion balance. The
reactor was heated by an electric furnace, the
temperature of which was controlled using a
laboratory autotransformer. Temperature control in
the reactor was carried out using a calibrated
chromed-aluminium thermocouple and a
millivoltmeter located inside the reactor.

The specific surface area of nanocarbon(Sso) and
porosity (Gusing the Brunauer-Emmett-Teller
(BET) method. It was determined by low-temperature
nitrogen adsorption on an ASAP 2020 instrument
from Micromeritics (USA). Nitrogen adsorption-
desorption isotherms were recorded at a temperature
of 77 K in the relative pressure range P/Ps = 0.0-1.0.
The value of Ssol was estimated by the BET method
based on the adsorption isotherm at P/Ps = 0.05-0.30.
The size of mesopores and their size distribution using
the Barrett, Joyner and Halenda (BJH) method at P/Ps
= 0.35-0.95, for micropores these parameters are

nitrogen adsorption in the range P/Ps = 0.00 + 0.01 -
found through the desorption isotherm.

X-ray phase analysis was performed on a
DRON-5M diffractometer, characteristic radiation of
copper filtered with a nickel filter (Ka line), 20 kV
imaging mode. Structural and morphological
properties of carbon were studied using scanning and
illumination electron microscopes. A JSM-6460
microscope was used for scanning electron
microscopy. Transmission electron microscopic
(EEM) images were taken using a JYeOL JYeM-2010
electron microscope. The illumination electron
microscope operates at an accelerating voltage of 200
kV and has a grid size of 0.14 nm. The derivatographic
analysis was carried out in the atmosphere of F. Pulik,
Y. Paulik and L. Erdey in the derivatograph system at
the temperature of raising the temperature from 1 to
10 °C/min.

A filter based on zeolite was used to clean gas
mixtures from impurities and dry them from moisture.
The qualitative and quantitative composition of gas
substances of the reaction was analyzed by the gas
chromatographic method in the "Chromatek-Crystal
7000" chromatograph.

The yield of nanocarbon was determined using
the following formula:

Xuyu = (Mgon — Mposn)/Mposh)

Here Xnu is nanocarbon yield, g/gcat; Moosh - Mass
of the sample before the start of the experiment, g;
Mposh 1S the mass of the sample at the end of the
experiment, g.

Results and discussion

It is known from previous studies that
5%Ni-5%Co-5%Fe-15%Cu/MgO catalysts are very
active and stable enough in the decomposition
reaction of methane to hydrogen and mesoporous
carbon. Therefore, the catalytic properties of these
catalysts were investigated for the first time in the
decomposition of methane at different temperatures in
a McBean scale flow reactor. Figure 1 shows the
kinetic curves of carbon deposition on the catalyst
surface from methane on
5%Ni-5%Co-5%Fe-15%Cu/MgO catalyst at different
temperatures.
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Figure 1. Kinetic curves of carbon deposition from methane on catalyst surface in
5%Ni-5%Co-5%Fe-15%Cu/MgO catalyst at different temperatures: 1 — 700 °C, 2 — 650 °C, 3 — 600 °C, 4 —
550 °C.

Figure 1 shows that the optimum temperatures
for methane decomposition reaction in the presence of
5%Ni-5%Co-5%Fe-15%Cu/MgO catalyst  are
600+650°C. The reaction stability of these catalysts
decreases at temperatures above 650°C.

Figure 2 shows an electron microscopic
photograph of mesoporous carbon formed from
methane at 700°C on
5%Ni-5%Co-5%Fe-15%Cu/MgO catalyst.

Figure 2. Electron micrograph of mesoporous carbon formed from methane at 700°C on
5%Ni-5%Co-5%Fe-15%Cu/MgO catalyst

However, despite the high activity and stability
of the 5%Ni-5%Co-5%Fe-15%Cu/MgO catalyst in
the methane decomposition reaction, high methane
conversion cannot be achieved with this catalyst due
to thermodynamic limitations. Figure 3 shows the
temperature  dependence of the equilibrium

concentration of hydrogen for the reaction of
decomposition of methane into hydrogen and carbon.
It follows from this indicator that the area of average
temperatures (500+750°C). Therefore, the problem of
increasing the stability of the catalyst by further
increasing the working temperature has arisen.
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Figure 3. The equilibrium constant for the decomposition reaction and the temperature dependence of the
equilibrium concentration of hydrogen.CH, — 2H, + C

In improving the composition of the
5%Ni-5%Co-5%Fe-15%Cu/MgO catalyst, we started
from theoretical concepts based on the carbide cycle
mechanism of carbon formation in iron subgroup
metals. It is known that mesoporous carbon grows on
highly dispersed nickel particles by the carbide cycle
mechanism. Mass transfer of carbon atoms occurs
through their diffusion from the place of formation to
the centres of crystallization through the volume of
metal particles. It follows from the mechanism of the
carbide cycle that the distribution of carbon atoms
occurs under the influence of a concentration gradient.
This gradient is huge. The presence of a high degree
of saturation at the front of the metal particle in
contact with the gas phase makes the system unstable.
As a result, gradual changes occur in the structure of
Ni-Su-Co-Fe alloy particles. A crystal particle with a
clear cross-section is transformed into a macroblock
under the influence of carbon diffusion flow. Carbon
accumulates both on the boundaries of the blocks and
on the planes of contact with them. Fragmentation of
particles causes them to disperse in space into smaller
particles that are quickly deactivated. A further
increase in the amount of iron eliminates the carbon
concentration gradient in the catalytically active

particle, which occurs both due to the decrease in the
rate of methane decomposition at the front of the metal
particle and the need to increase the rate of removal of
carbon atoms from the front of the metal particle. The
diffusion coefficient of carbon atoms through the
volume of metallic iron is almost three times greater
than the diffusion coefficient through the volume of
metallic nickel,

In fact, the modification of
5%Ni-5%Co-5%Fe-15%Cu/MgO with iron leads to a
decrease in the methane decomposition reaction rate.
Figure 4 shows 10%Ni-5%Co-5%Fe-10%Cu/MgO
(1), 5%Ni-5%Co-5%Fe-15%Cu/MgO (2) and
15%Ni-5  %Co-5%Fe-5%Cu-2%Mo/MgO  (3)
catalysts shows the Kkinetic curves of carbon
deposition on the catalyst surface from methane at 700
°C. As mentioned above, the stability of
5%Ni-5%Co-5%Fe-15%Cu/MgO catalyst working at
700°C is almost doubled compared to working at
600+650°C. Although the performance stability of the
5%Ni-5%Co-5%Fe-15%Cu/MgO catalyst is much
higher than that of the
10%Ni-5%Co-5%Fe-10%Cu/MgO catalyst (1), this
catalyst is also deactivated after 40 minutes. Figure 4
shows that
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Figure 4. 10%Ni-5%Co-5%Fe-10%Cu/MgO (1), 5%Ni-5%Co-5%Fe-15%Cu/MgO (2) and 15%Ni-5 at
700°C %Co-5%Fe-5%Cu-2%Mo /MGO (3) kinetic curves of carbon deposition on the catalyst surface from

methane
In Table 1, 10%Ni-5%Co-5%Fe-10%Cu/MgO, decomposition at 700°C for 1 h in the presence of
5%Ni-5%Co-5%Fe-15%Cu/MgO and :5%Cu-2%Mo/ MgO catalysts are presented. The
15%Ni-5%Co-5%Fe Comparative data on the increase in sample mass occurs due to the formation
formation of mesoporous carbon during methane of mesoporous carbon in the catalyst.

Table 1. Formation of mesoporous carbon on nickel catalysts during methane decomposition. The
temperature is 700 °C.

Catalyst Increase in mass of the sample during 1 hour, wt.%
10%Ni-5%Co-5%Fe-10%Cu/MgO 310
5%Ni-5%Co-5%Fe- 15%Cu/MgO 4,900
15%Ni-5%Co-5%Fe-5%Cu-2%Mo/ MgO 6 400
Figure 5 shows the kinetic curves of methane that the stability of mesoporous carbon growth in
carbon  deposition in  the  presence  of 15%Ni-5%Co-5%Fe-5%Cu-2%Mo/ MgO catalyst is
15%Ni-5%Co-5%Fe-5%Cu-2%Mo/ MgO catalyst in maintained in this temperature range.

the temperature range of 700-750 °C. It can be seen
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Figure 5. Kinetic curves of carbon deposition formed during the decomposition of methane at different
temperatures in the presence of 15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst, at temperatures: 1 — 750
°C; 2 —1725°C; 3-700 °C.

Figure 5 shows that the maodification of
5%Ni-5%Co-5%Fe-15%Cu/MgO catalyst with iron
additives  increased the optimum  operating
temperature to 700-750 °C while maintaining high
catalyst stability. The production efficiency of

Mesoporous carbon in the modified
15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst at
700-750 °C was 150-160 g/g.

Mesoporous carbon is formed simultaneously on
several faces of the alloy particles (Fig. 6).

Figure 6. Mesoporous carbon obtained from the decomposition of methane on
15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst at 700°C.

Figure 7 shows that the kinetic curves of carbon
deposition on the catalyst surface from methane and
natural gas for the
15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst are
close to each other. It should be noted that the decrease
in catalytic activity in natural gas begins a little earlier
than in pure methane.

If we focus only on obtaining hydrogen as a
reaction product, then additional hydrogen can be
obtained by adding a catalyst regeneration step to the

process. In this case, the carbonized catalyst must be
regenerated with steam.

Since the evaluation of possible methane
conversion is based on the assumption that the
15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst
provides stable operation with near-equilibrium
methane conversion, it is experimentally tested
interesting to see. In this regard, experiments were
conducted on splitting natural gas in a flow reactor.

Philadelphia, USA

306

2 Clarivate
Analytics ™/



ISRA (Indiay  =6317 SIS(USA)  =0912  ICV (Poland)  =6.630

. ISI (Dubai, UAE) = 1.582 PUHIL (Russia) =3.939  PIF (India) =1.940

Impact Factor: g\ australia) =0564 ESJI(KZ)  =8771  IBI (India) = 4.260
JIF = 1500  SJIF (Morocco) = 7.184  OAJI (USA) = 0.350

Namuna massasining ortishi, %

20 40 60

80

100 120 140 160
Vagt, min

Figure 7.Kinetic curves of carbon deposition on catalyst surface on
15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst from methane (1) and natural gas (2) at T = 700 °C.

Experiments were conducted with natural gas at
a temperature of 700 °C.
15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst 0.5
g was obtained, natural gas transfer rate - 10 I/h. Under
these conditions, the

60 -

&

Tabity gaz konversiyasi, %
s &

15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst
was found to provide a more stable reaction over 28 h
(Figure 8). Natural gas (methane) conversion reaches
a steady state within half an hour and remains at
approximately 55% for 28 hours.

25 30 35 40
Vagqt, soat

Figure 8. Time dependence of natural gas conversion.

The reaction temperature is 700 °C. Natural gas
transfer rate - 10 I/hour.

15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO
catalyst mass - 0.5 g.

Figure 9 shows the hydrogen concentration (%)
at the reactor outlet as a function of time. During the
stationary period of the reaction, the hydrogen

concentration at the outlet of the reactor was about
70%. The dashed lines show the equilibrium level of
hydrogen concentration. Therefore, during the
stationary period of the reaction, the hydrogen
concentration at the outlet of the reactor is
approximately 15% lower than the equilibrium state.

Philadelphia, USA

307

2 Clarivate
Analytics indexed



ISRA (Indiay  =6317  SIS(USA)  =0912  ICV (Poland)  =6.630
. ISI (Dubai, UAE) = 1.582 PUHII (Russia) = 3.939 PIF (India) =1.940
Impact Factor: g\ australia) =0564 ESJI(KZ)  =8771  IBI (India) = 4.260
JIF = 1500  SJIF (Morocco) = 7.184  OAJI (USA) = 0.350
90 -
R 80 +
=]
E |
% 80 o
g 50
g 40 =
% 304
B 204
g
>O 10 4
0 T
0 10 20 30 Vagt, soat 40

Figure 9. Graph of hydrogen concentration (%) at reactor outlet versus time. The reaction temperature is
700 °C. Natural gas supply — 10 I/h. The mass of 15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst is 0.5 g.
The dashed lines show the equilibrium hydrogen concentration levels.

Table 2 presents mesoporous carbon and operation over a
hydrogen recovery process data during natural gas 15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst.
decomposition in a continuous impactor during steady

Table 2.Natural gas decomposition process data in a continuous impact device at 700°C on

15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst
Process parameters Value
15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst mass 059
Natural gas flow rate to the reactor 10 I/h
Natural gas conversion 60%
Hydrogen concentration at the exit of the reactor 72 per cent
The concentration of the mixture of C2-C3 hydrocarbons at the exit of the reactor ~0.4%

Performance of mesoporous carbon 4.5 gC/gkat-h

Mass of carbon produced during the overall process 78 ¢
The concentration of C,-Cs hydrocarbon g/g at 700 °C using a

compounds at the outlet of the reactor decreased by
more than an order of magnitude, and their total
concentration at the outlet of the reactor did not
exceed 0.3%. 78 g of carbon was formed on the
catalyst in 38 hours. Carbon yield from 1 g of catalyst
was 156 g of mesoporous carbon. It was previously
shown that the yield of mesoporous carbon was 136

15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst in a
McBean scale reactor. Thus, the efficiency of
mesoporous carbon in the rotating reactor installation
is higher than that of the McBean reactor.

Figure 10 shows the time dependence of the
hydrogen concentration (%) at temperatures of 700-
750 °C.
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Figure 10.Time dependence of hydrogen concentration (%) at different temperatures: 1 — 700 °C; 2 — 725 °C;
3 —750 °C. Natural gas supply rate - 10 I/h. The mass of 15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst is

Figure 10 shows that the hydrogen concentration
at the reactor outlet increases with increasing
temperature. If during the stationary period of the
reaction, the hydrogen concentration at the exit from
the reactor at a temperature of 700 °C is about 70%, at
a temperature of 725 °C - 75%, and at 750 °C it

0.5g.

increases to 82+84%. However, as the reaction
temperature increased, the stability of the catalyst
decreased. Stationary reaction time at 750°C was 4-5
hours. A brief description of natural gas cracking in a
continuous unit is given in Table 3.

Table 3. Natural gas cracking process parameters in a continuous plant on
15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst at 700-750 °C

Process parameters Reaction temperature, °C
700 725 750
Hydrogen output concentration, % 70% 75% 83%
Stable working hours, hours 28 15 4

Adsorption separation of hydrogen from the
hydrogen-methane mixture. The conducted studies
showed that the amount of S»-S4 hydrocarbons at the
outlet of the reactor is 1-2 mol%. In this regard, the
main focus of the work was on the separation of the
methane-hydrogen mixture. Good results were
achieved using the adsorption method.

The adsorbent (activated carbon, 12+13 g) was
poured into a quartz adsorber placed in a Dewar's
vessel. A Dewar flask is filled with a cooling mixture.
The decan was cooled to a specified temperature with
liquid nitrogen. Adsorption was carried out in the
temperature range from room temperature to -30°C,
and solid and liquid decane were obtained. At the
entrance to the adsorber, a mixture of hydrogen and

methane was delivered at a total rate of 10 I/h. The
amount of methane in the mixture is 10 vol.%. The gas
at the outlet of the adsorber was analyzed every 2
minutes using a "Crystal 4000" chromatograph.

Table 4 shows the characteristics of the pore
structure parameters of the active carbons used in the
work. As can be seen from the table, SKT-2A coal has
the largest volume of micropores.

Initially, the experiments were conducted at a
temperature of 15 °C. At the entrance to the adsorber,
a mixture of hydrogen and methane was supplied at a
rate of 10 I/h. The amount of methane in the mixture
was 10 vol.%. All the activated carbons examined in
this study showed poor results. In the case of AGN-2,
CG-48A, methane was observed at the adsorber outlet
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after 1-2 minutes. The best results were achieved on
SKT-2A activated carbon. Therefore, the adsorption

studies for this coal were conducted at low
temperatures from 0 °C to -30 °C.

Table 4. Parameters of the porous structure of activated carbon

Activated charcoal brand
Pore volume, cm3/g
AGN-2 CG-48A SKT-2A
Total pore volume 0.6...0.73 0.7 0.75...0.80
Micropore 0.32...0.35 0.30...0.32 0.37...0.42
Mesoporous 0.05...0.06 0.05...0.08 0.18...0.22

We used the following types of activated carbon:
AGN-2, CG-48A and SKT-2A. It has been shown
experimentally that as the temperature of the adsorber
decreases, the sorption capacity of activated carbon
for methane increases. Experimental data SKT-2A

activated carbon at 0°C, It was used to calculate the
dynamic adsorption capacity at temperatures of -10°C,
-20°C and -30°C. Table 5 shows the calculated data of
the dynamic adsorption capacity of SKT-2A activated
carbon at different temperatures.

Table 5. The dynamic adsorption capacity of SKT-2A activated carbon for different temperatures

Value

Adsorption temp 0°C

-10°C -20°C -30°C

Dynamic capacity 0.5%

0.7% 0.9% 1.5%

Thus, the principle possibility of hydrogen
purification from methane was demonstrated. Among
the studied active carbons (AGN-2, CG-48A, SKT-
2A), the best results were obtained with SKT-2A
activated carbon. Studies on the effect of adsorption
temperature have shown that when the adsorber
temperature decreases from 0 to -30 °C, the sorption
capacity of activated carbon for methane increases
from 0.5 to 1.5 wt.%.

Morphology  of  natural  gas-derived
mesoporous carbon. Figure 10 shows an electron
microscopic photograph of mesoporous carbon
formed from methane on

15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst at
700 °C. Most of the tubes are about 10+30 nm in size,
but as you can see, there are also a few nanotubes with
larger diameters.

Figure 10.Electron microscopic phtoraph of mesoporous carbon formed from methane at 700°C on
15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst

In the presented picture, the structure of the
carbon nanotube (graphite layers and the space inside)
is clearly visible (Fig. 11).
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Figure 11.Electron microscopic photograph (higih ma
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gnification) of mesoporous carbon formed from

methane on 15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst at 700 °C.

The addition of molybdenum oxide results in the
growth of tubes that are smaller in diameter and closer

EDX studies have shown that metal particles
catalyzing the growth of mesoporous carbon from
natural gas in
15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO  catalysts
are nickel, copper, iron, consisting of cobalt and
molybdenum.

According to the results of microanalysis, it was
found that the diameter of catalytically active particles
and, accordingly, the diameter of mesoporous carbon
decreases with increasing molybdenum content

in size. As can be seen in the photo (Fig. 12), the
diameter is 5+20 nm.

Figure 12. Morphology of mesoporous carbon on 15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst at 750
°C. Particles used for microanalysis are marked with numbers 1 and 2.

because an increase in the content of molybdenum in
approximately the same cobalt content leads to a
significant decrease in the diameter of catalytically
active nanoparticles.

Kinetic studies of catalysts allowed us to
determine the optimal composition of the catalyst - it
is 15%Ni-5%Co-5%Fe-5%Cu-2%Mo  /MGO,
electron microscopic studies showed that mesoporous
carbon in this catalyst is coaxial-cylindrical structure
is formed.
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Figure 13.Electron microscopic photograph of natural gas-derived mesoporous carbon on
15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst at 700°C

Conclusion impact device with
As a result of the conducted research, the 15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO  catalyst:
efficiency of natural gas volume flow At a speed of 20000 h-1, the

15%Ni-5%Co-5%Fe-5%Cu-2%Mo/MgO catalyst in
natural gas cracking reactions was shown. The
following data were obtained during the
decomposition of natural gas into hydrogen and
mesoporous carbon in a rotary reactor continuous
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