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 ABSTRACT:  The research is dedicated to the study of the 

conversion of methane with carbon dioxide using the catalysts containing 

NiO. The composites of oxides of the d-metals – catalysts that were prepared 

by the method of Solution-combustion synthesis using sol-gel technology is 

the object of the research. The morphology of the catalysts surface has been 

investigated by electronic microscopy (SEM), the phase composition by X-

ray diffractometry (XRD), the element composition by X-ray microanalysis, 

the texture characteristics by McBen-Bakra mercury porometry. According to 

the results it was identified that the catalysts are high dispersed compounds, 

which composed of oxides of Ni, Al, Zr and Ti. The specific surface area of 

the polyoxide catalysts was determined to be SBET=420 ÷ 598 m2/g, the 

specific volume of the pores Vs=0,74 ÷ 0,92 cm3/g, the average diameter of 

pores D=220 ÷ 355 nm, the monolayer capacity am=1,5 ÷ 0,96 mole/kg and 

the adsorption saturation as =5,4 ÷ 2.2 moles/kg. Also, the catalytic activity 

of the catalysts was estimated by the carbonate conversion of methane. In this 

case the conversion of methane was 92%, carbon dioxide 87%, the yield of 

formed CO and H2 was 57,6 % and 51,9 % respectively. 

KEYWORDS: catalyst, solution-combustion synthesis, composite, 

diffractometry, scanning electron microscopy, sorption, conversion, synthesis 

gas. 

 

INTRODUCTION 
The Republic of Uzbekistan is a country rich in natural gas, and according to the British Oil 

Company, the Statistical Review of World Energy and OPEC, it is among the top twenty countries in the 
ranking of the richest countries in gas (including shale gas) in 2018. More than 50 billion m3 of natural gas 
is produced annually in Uzbekistan [1]. Most of the produced methane is used as a fuel for domestic 
consumption and exported. Only 1.5% of natural gas is processed [2]. 
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It is known that natural gas serves as an important raw material for the production of hydrogen, 
ammonia, formaldehyde, methanol, diethyl ester, hyterocyclic compounds, ethylene and other products in 
chemical industry, and in Fisher –Tropsh synthesis [3]. Processing methane is the most perspective and 
optimal on economic site, because the price of the products like ethylene, formaldehyde, benzene prepared 
on the basis of “synthesis gas”, which is formed as a result of catalytic conversion of methane - the main 
part of natural gas is 10÷100 times higher than that of raw materials [4]. 

All of the process of conversion of natural gas depends on the choice of catalysts used. Therefore, in 
the field of catalysis one of the priority direction is creation of a new generation catalysts and that requires 
to improve the preparation methods of them, to study the selective effects and activity of existing ones [5]. 

The synthesis method based on sol-gel technology for the preparation of composite catalysts and 
nanomaterials has been created at the end of the twentieth century. The synthesis is the method, which is 
based on high temperature and in this process the heat in a big amount is generated as a result of burning 
of metal nitrates (strong oxidants) and various reducing substances (flammable) and decomposition of 
metal nitrates [6,7,8]. Initially in the process of synthesis the powder of the reagents in a small size in the 
solution is formed. When the temperature reaches to 150-200℃, the process occurs throughout the entire 
volume and as a result a nanocomposite product is formed. The method is called “Solution-combustion 
synthesis”. The method has a number of advantages comparing to other methods of synthesis including the 
solution of the initial substances allows them to mix in a molecular state, the increase of the temperature to 
1000℃ in average ensures a high level of clean and crystallization of the powder particles. As the synthesis 
occurs in the short time and the formation of different gases in a big amount does not allow the particles 
getting bigger and lead to the formation of nanostructural powder with a high specific surface area 
[9,10,11]. 

The process of combustion and cooling occur at a high pace, and the formation of different 
intermediate and non-stoichiometric structural compounds creates many catalytic active centers. This 
method allows to prepare the catalysts and carriers with a geometric shape and size without additional 
treatment [12,13,14]. The main parameter of the process of synthesis of catalysts and carriers is a high 
combustion temperature. It in turn depends on the preparation process of the mixtures of initial substances, 
the synthesis conditions and the temperature of initial heating.  Existence of organic and inorganic 
additives, which causes the gas to be generated in the initial mixture leads to form porosity and a high 
specific surface area in the catalysts synthesized [15,16].  

Based on the above mentioned information, it should be noted that the method can be used to 

synthesize widely used nanomaterials, including catalysts, nanosorbents, nanoceramics, supercapacitors, 

optical materials, fuel cells, and products used in biotechnology [16,17]. From this perspective, the 

expansion of the nanomaterials synthesis sphere using and improving the method is one of the actual 

problems. Therefore, in this research using the “solution-combustion synthesis” method, the polyoxide 

catalysts based on some oxides of d-elements were synthesized, their physical-chemical characteristics 

studied and the application possibilities of them in catalytic conversion of methane evaluated [18,19,20].    

EXPERIMENTAL SECTION  

The following chemicals were used in the synthesis process: Ni(NO3)2·6H2O chemically pure (99%), 
ZrO(NO3)2·2H2O chemically pure (99,9%), Ti(NO3)4 chemically pure (98%), Al(NO3)3·9H2O chemically 
pure (98%), CO(NH2)2  chemically pure (99,8%), C₂H₅NO₂ chemically pure (98,5%), HNO3 chemically 
pure (98,5% ).  

The synthesis of the composites catalysts was carried out on the method of solution-combustion 
synthesis as follows: the masses of the chemical agents have been calculated for the preparation of their 
solutions or mixtures with different concentrations in distilled water at room temperature taking into 
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account the mutual reaction of the reagents. The saturated solutions of the initial substances were prepared 
taking into account the following dissolution values: CO(NH2)2=1.1 g/ml; Ni(NO3)2=3 g/ml; 
Al(NO3)3=0.85 g/ml; ZrO(NO3)2=0.3 g/ml; Ti(NO3)4 =0.3 g/ml. The mass of the reagents was weighed 
compared to 50 ml distilled water by analytical scale. The weighed samples of nitrates were completely 
dissolved in water trying to have it without precipitation [21]. Nitric acid was added to the solution to form 
an acidic environment in it. The solutions have been heated and thoroughly mixed with each other for 
complete saturation of them. To perform the reaction the mixture was heated using an electric heater up to 
maximum bounds. As a result of the solution boiling it began to turn into thick mass, which forms gas. After 
evaporation of a part of the distilled water, the solution turned into gel-like product. The gel began to burn 
spontaneously after the temperature raised up to the temperature of the combustion temperature of the 
gel. As a result, the product with small density and high porosity has been formed. The synthesis product 
has been grinded for about 10 minutes to get it with the same size. The sample has been calcined for 4 
hours increasing the temperature of the oven from room temperature to 800℃ with the speed of the 
temperature 1-2℃/min and as a result a composite product was prepared. Figure 1 describes the scheme of 
the synthesis of composites catalysts using the method of solution-combustion synthesis [20,21]. 

 
Figure 1. Scheme of the synthesis of the catalysts on the method of solution-combustion synthesis. 
 

The X-ray phase analysis of the synthesized catalysts was studied by PANalytical Empyrean X-ray 
diffractometer (XRD) [22,23], the surface area morphology by scanning electron microscope SEM eVO 
MA 10 (Carl Zeiss) [24,29], the elemental analysis by SEM equipped with energy dispersion X-ray 
spectrometer (EDS Aztec Energy Advanted X-Act, Oxford Instruments). SEM-EDS was used as one of 
the reliable methods to determine the size and the main composition of the particles. Also the method 
allows to determine nano characteristics of the samples [26,27,28]. The sorption isotherm composed based 
on the results of the sorption of different substances vapors at low temperature on McBen-Bakra’s sensitive 
spiral quartz device was used to determine the specific surface area of the catalysts, the average diameter 
of the pores, the volume and monolayer capacity of the pores [31,32,33]. 

The carbonate catalytic conversion of methane was conducted on a flow reactor. The central part of 
the reactor consists of quartz tube and the catalyst tablets were placed in its 50 mm part and both sides of 
that have been closed with glass fiber plug. To control the reaction temperature a thermocouple has been 
placed in the tube. The scheme of laboratory reactor is presented in Figure 2. 
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The temperature of the reactor was controlled by thermocouple and the exact amount of gases mixture 
was sent to it through pressure reducing valve from gas sources. The gases mixture was sent to the 
evaporating device to be purified from impurities, and then directed to the reactor. The gases passed 
through the reactor and the product prepared were passed through condenser. The composition of the 
reaction mixture has been identified by the method of gas chromatography. 

 

Figure 2. General scheme of the catalytic conversion process of methane. 

To separate the components of the reaction mixture, a gas chromatograph with a capillary column 25 
m long and 0.5 mm in inner diameter was used. Chromatograph allows to analyze H2, O2, CH4, C2H6, C2H4, 
C3-C4 hydrocarbons, CO and CO2 and many organic substances. In the analysis process the temperature of 
thermal conductivity detector was 260°C, the temperature of the evaporator - 280°C, the temperature of 
the column - 40°C. The speed of the carrier gas flow N2 =30 ml/min. The mixtures of accurately measured 
pure samples or with the known concentration were sent to the chromatograph with a microsyringe and 
results were obtained. 

RESULTS 

3.1. Characterization of Catalysts 

3.1.1. XRD and SEM Analysis 

The X-ray phase analysis of the synthesized catalysts was studied by PANalytical Empyrean X-ray 
diffractometer (XRD Shimadzu). The parameters of the X-ray diffractometer were set up as follows: CuKα–
radiation (β–filter, Cu, 1,5406 A° current mode), the voltage - 30 kV, the intensity of current - 10-20 
ampere. The intensity of diffracted X-rays was determined by superimposing waves emitted by different 
atoms in the same unit cell. The phase composition of the samples was analyzed by a semi-quantitative 
method based on calibration standards. The phases structures and diffraction patterns were compared with 
the data recorded on the database of the International Center for Diffraction Data (ICDD) and literatures. 

It is known that in accordance with the above approach, the XRPhA gives results on the phase 
composition of the catalysts studied. 
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Initially, the phase composition of the catalyst synthesized from Ni(NO3)2·6H2O, ZrO (NO3)2·2H2O, 
Al(NO3)3·9H2O and urea was analyzed by the X-ray phase method (Fig. 3). On the X-ray diffractogram, 
the spectrum output was observed at 2θ=19.06°, and the highest intensity was recorded at 2θ=37.10°. In 
addition, the spectrum output were also observed at 2θ = 44.99°, 2θ = 31.39°, 2θ = 59.67°, 2θ = 62.86°, 2θ 
= 65.57°, all of which are mostly filled with 3-phase compositions. In addition, 2nd = 44.99°, 2nd = 31.39°, 
2nd = 59.67°, 2nd = 62.86°, 2nd = 65.57°, all of which are mostly filled with 3-phase compositions, we 
can foresee this. The crystal structure is predominantly cubic, the phase composition consists of nickel 
oxide (NiO), nickel aluminate (NiAl2O4) and zirconium oxide (ZrO1,88). This is consistent with the 
information in the literature [34,35,36]. 

 

 

Figure 3. Diffractogram of K1 catalyst Figure 4. Element composition of K1 catalyst 
At the same time, an elemental analysis was carried out using X-ray spectral microanalysis on the 

specified surface of the catalysts (Fig. 4). It showed us that according to the results of the analysis obtained 
from individual surface areas, the composition of the catalyst NiO·NiAl2O4·ZrO1.88 corresponds to the 
molar ratios of the initial reagents and that there are no other additional components in its composition. 

 

 

Figure 5. X-ray diffractogram of K2 catalyst Figure 6. Element composition of K2 catalyst 

When replacing the alloying impurity ZrO(NO3)2·2H2O in the catalyst with Ti(NO3)4, its phase (Fig. 
5) and elemental (Fig. 6) compositions were analyzed.  
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A number of changes in the phase composition of the sample were observed due to the alloying 
impurity. In particular, on the diffractogram, the spectrum output was observed at 2θ=24.21°, and the 
highest intensity was recorded at 2θ=27.50°. In addition, the high intensity of the spectra was also observed 
at 2θ =33.18°, 2θ =35.76°, 2θ =37.28°, 2θ =41.30°, 2θ =54.38°, 2θ =56.70°, 2θ =62.81°, 2θ =64.14°, 2θ 
=65.60°, 2θ =69.09°. It shows that, unlike the catalyst mentioned above, it consists of 6 phases. The crystal 
structure is mainly tetragonal, cubic and hexagonal and the correspondence of the phase composition to 
NiO, TiO2, NiTiO3, Al3Ni2O4, Al2O3, NiAl2O4 was determined by the comparison with the data in the 
database of the International Center for Diffraction Data (ICDD). At the same time, it was confirmed that 
the main intense spectra belong to TiO2 and that it exists in a crystalline state and corresponds to the 
literature data [37,38].  

The results of the analysis of the elemental composition of individual surface areas showed that the 
ratio of elements in the catalyst containing NiO, TiO2, NiTiO3, Al3Ni2O4, Al2O3 and NiAl2O4 corresponds 
to the ratio in the starting materials.  

The degree of compatibility of the components of both catalysts can be judged by comparing the X-
ray spectra (Fig. 7). 

 

Figure 7. X-ray diffractogram of the composite catalysts K1 and K2. 
 

When ZrO(NO3)2·2H2O and Ti(NO3)4 are used together as dopants, the highest intensity was recorded 
on the X-ray diffractogram at 2θ=54.05° (Fig. 8). In addition, the output spectra are observed at 2θ=33.14°, 
2θ=35.70°, 2θ=54.05°, 2θ=54.32°, 2θ=36.08°, 2θ=24.17°, 2θ=49.50°, 2θ=64.12°, 2θ=40.51°, 2θ=30.10°. 
At the same time, the crystal structure is mainly tetragonal, cubic and hexagonal, the phase composition 
corresponds to NiTiO3, TiO2, ZrO1.99, (Al3Ni2)0.4, Al16Ni7Ti6 and NiAl3Zr5, and the presence of the phase 
compositions with the basic crystal structure of NiTiO3 and TiO2 can be noted. 
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Figure 8. Diffractogram of K3 catalyst Figure 9. Element composition of K3 catalyst 
 

The results of the analysis of the elemental composition of individual surface areas showed that the 
ratio of elements in the catalyst with the phase composition NiTiO3, TiO2, ZrO1.99, (Al3Ni2)0.4, Al16Ni7Ti6 
and NiAl3Zr5 corresponds to the ratio in the starting materials (Fig. 9). 

The effect of the dopant introduced into the catalyst samples on the phase composition and the level 
of compatibility of the spectra has been shown (Fig. 10), and the formation of the same phase composition 
of TiO2, NiTiO3 in the catalysts K2 and K3 provides a close level of compatibility. 

 

Figure 10. X-ray diffractogram of the composite catalysts K1, K2 and K3. 
 

From the abovementioned information, the phase composition of the catalyst and the main phase 
composition were summarized (Table 1). 

Table 1. The phase composition of the catalysts 

Catalysts Phase composition Main phase composition 

K1 NiO·NiAl2O4·ZrO1.88 NiO, ZrO1.88     
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K2 NiO, TiO2, NiTiO3, Al3Ni2O4, Al2O3, NiAl2O4 NiTiO3,TiO2 

K3 NiTiO3, TiO2, ZrO1.99,(Al3Ni2)0.4, Al16Ni7Ti6, 

NiAl3Zr5 

NiTiO3,TiO2, ZrO1.99 

 

The table shows that the phase composition of the catalysts is close and compatible with each other, 
and the phase composition of the catalysts K2 and K3 is different compared to K1. This indicates a good 
chemical interaction of the initial products in the synthesis process. 

3.1.2. Sorption characteristics 

It is known that the adsorption process takes place in the kinetics of heterogeneous catalytic reactions. 
Therefore, the study of the sorption characteristics of catalysts is an important characteristic of catalysts. 
Based on the abovementioned, the textural characteristics of the catalysts, such as specific surface area, 
pore size and average diameter were studied by adsorption of benzene and toluene vapors in a McBen-
Bakra sensitive spiral quartz device (Fig. 11). 

 
Figure 11. The adsorption isotherm of benzene and toluene steam 

It can be seen from the sorption isotherms that the main amount of sorbed adsorbates falls in the range 
p/po = 0.1-0.4. Also, at a relative pressure p/po = 0.72-0.98, the hysteresis loops were formed due to 
capillary condensation in mesopores. The formation of hysteresis loops at high relative pressure showed 
that the catalyst consists of relatively large mesopores and macropores. This can be confirmed by the SEM 
image of the catalyst sample (Fig. 12a, b). 
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Figure 12 a,b. SEM image of K1 catalyst surface 

 

It can be seen from the images that the pores are evenly distributed over the catalyst surface, and they 
are the same in size, that is, they are monodisperse. In Figure 12a, the pores on the surface and the pore 
size are the same and close to each other. We can see the arrangement in dimensions and the maximum 
porosity of the surface. In Fig. 12b the layer-by-layer arrangement of the pores on the surface of the catalyst 
and the porosity of the internal parts of the catalyst can be observed.  

The sorption isotherms of benzene and toluene vapors on the K2 catalyst are shown in Fig.13. The 
figure shows that the adsorption isotherms sharply increase from zero relative pressure to p/po=0.6 and 
approach saturation at p/po=0.95. It is also seen that at a relative pressure p/po =0.6÷0.9 due to capillary 
condensation, the adsorption and desorption lines are connected, forming hysteresis loops. This indicates 
that the catalyst contains relatively large mesopores. The calculations showed that 60.5% of the total 
number of catalyst pores are macropores, and 39.5% are mesopores. 

 

 
Figure 13. Sorption isotherms of benzene and toluene vapors 

 



 

CAJMNS                  Volume: 03 Issue: 06 | Nov-Dec 2022  

 

 

 769 Published by “ CENTRAL ASIAN STUDIES" http://www.centralasianstudies.org 

Copyright (c) 2022 Author (s). This is an open-access article distributed under the terms of Creative Commons 
Attribution License (CC BY).To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/ 

  
Figure 14 a,b.  SEM image of the surface of K2 catalyst 

 

Fig. 14a shows that there are many pores on the surface of catalyst K2, as in catalyst K1, and the pores 
of the same size and shape can be seen in Fig. 14b. 

The process of sorption of benzene and toluene vapors was also studied on catalyst K3, and sorption 
isotherms were obtained. The isotherms showed saturation of macropores with a sharp increase in relative 
pressure up to p/po=0.5 and saturation of mesopores in the range of p/po=0.2÷0.5. Adsorbed vapors of 
benzene and toluene formed hysteresis loops by merging adsorption and desorption lines in the range of 
relative pressures p/po=0.5÷0.8 due to capillary condensation. Data found using adsorption isotherms 
showed that 74.3% of the total pores of the catalyst are macropores, and 25.7% are mesopores. 

It has been established that the adsorption isotherms of benzene and toluene vapors on a catalyst 
containing Al2O3, NiAl2O4, NiTiO3, TiO2, ZrO1.99, (Al3Ni2)0.4, Al16Ni7Ti6, NiAl3Zr5, obtained by the 
solution combustion reaction belong to type V according to the IUPAC classification ( Figure 15). 

 

 
Figure 15. Sorption isotherm of the vapors of benzene and toluene on catalyst K3 
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On the surface of catalyst K3, as in above mentioned catalysts the uniformly distributed porosity and 
overlapping of the pores over the entire surface can be observed. In Fig. 16a shows a uniform distribution 
of the pores on the catalyst surface, the location of the pores on the surface, and the pore sizes in the same, 
close to each other sizes. Fig. 16b shows the presence of macropores and mesopores on the catalyst surface. 

  
Figure 16 a,b. SEM image of the surface of K3 catalyst 

 

Based on the results of sorption isotherms and SEM, the specific surface area of the catalysts (SBET, 
m2/g), average pore diameter (D, nm), capacity of the sorbent monolayer (am, mol/kg), and adsorption 
saturation (as, mol/kg) were determined (Table 2). 

It can be seen from the table that the specific surface area of catalyst K3 prepared with the combined 
use of dopants SBET = 598.0 ± 17.4 m2/g is large, and the pore size is small 220.0 ± 15.7 nm, respectively, 
respectively the other parameters too. It is noted that these textural characteristics decrease from K1 to K2 
and increase to K3. This can be explained by the relatively large number of meso- and macropores on the 
surface of catalyst K3 than that of K1 and K2. 

Table 2. Texture Characteristics of the Catalysts 

 

n 

Initial 

Substances 

Phase 

composition 

Vs, 

cm3/g 

am,  

mol/kg 

SBET,  

m2/g 

as, 

 mol/kg 

D,  

nm 

 

 

K1 

Ni(NO3)2·6H2O 

ZrO(NO3)2·2H2O 

Al(NO3)3·9H2O, 

C₂H₅NO₂, HNO3 

NiO, 

NiAl2O4, 

ZrO1.88 

 

0.86±0.04 

 

1.10 ±0.02 

 

510.2±25.2 

 

4.2±0.8 

 

284.0±16.3 

 

 

K2 

Ni(NO3)2·6H2O, 

Ti(NO3)4, 
Al(NO3)3·9H2O, 

CO(NH2)2, HNO3 

NiO, 

Al3Ni2O4, 

TiO2, 

NiTiO3,  

Al2O3, 

NiAl2O4 

 

 

0.74±0.05 

 

 

0.96 ±0.01 

 

 

420.4±12.6 

 

 

22.0±0.4 

 

 

355.0±18.5 



 

CAJMNS                  Volume: 03 Issue: 06 | Nov-Dec 2022  

 

 

 771 Published by “ CENTRAL ASIAN STUDIES" http://www.centralasianstudies.org 

Copyright (c) 2022 Author (s). This is an open-access article distributed under the terms of Creative Commons 
Attribution License (CC BY).To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/ 

 

 

K3 

Ni(NO3)2·6H2O, 

ZrO(NO3)2·2H2O, 

Al(NO3)3·9H2O, 

Ti(NO3)4, HNO3 

CO(NH2)2 

NiTiO3, 

TiO2, 

ZrO1.99, 

(Al3Ni2)0.4, 

Al16Ni7Ti6, 

NiAl3Zr5 

 

 

0.92±0,02 

 

 

1.50±0,04 

 

 

598.0±17.4 

 

 

5.4±0.3 

 

 

220.0±15.7 

 

3.2. Application of polyoxide catalysts in methane conversion 

Using these synthesized catalysts in the carbonate conversion of methane, the catalytic activity in this 
process was studied. The effect of the reaction temperature on the catalytic activity of the catalysts and 
volume velocity on the process, as well as coking of the catalyst surface after conversion, has been studied 
[38,39,40] and found to be consistent with these literatures. 

First, the effect of volume rate on the catalytic activity of the catalysts in the range of 1500-15000 h-1 
was studied. The reaction process was carried out in a quartz tubular flow reactor in the range of 700-900 
℃, the volume flow rate of gas mixtures (CH4:CO2:N2 20:20:60) was 100 cm3/min [41.42, 43.44] and 
according to the literature data were results close to the data were obtained. 

The catalytic conversion of methane depends on temperature, with an increase in temperature, the 
efficiency of methane conversion in percent increases, as a result of which it can be seen that the efficiency 
of gas formation is also high (Fig. 17). 

 
Figure 17. Effect of the reaction temperature on the carbonate conversion and the concentration of 

the main conversion products: 1 - CO2, 2 - CH4, 3 - H2 and 4 - CO 

 
Figure 17 shows the effect of the reaction temperature on the carbonate conversion and the 

concentration of the main conversion products: 1 - CO2, 2 - CH4, 3 - H2 and 4 – CO, and a sharp increase 
in conversion of methane at 700℃. At the same time, syngas output will also increase. The carbonate 
conversion of methane at 800℃ and above reaches more than 80% yield. As a result of the increase in 
temperature during the conversion process, the yield of synthesis gas also increased at a temperature of 
750-800°C. 
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Figure 18. Histogram of Catalyst Usage 

in Methane Conversion 

Figure 19. Histogram of the products formed 

during the conversion of carbonates 
The effect of the synthesized catalysts on the carbonate catalytic conversion of methane at different 

temperatures was studied and their catalytic activity was evaluated (Fig. 18.19). In the process of methane 
conversion, the effect of the catalysts increases depending on the temperature. Among the catalysts, catalyst 
K3 can be considered as the catalyst, which has high catalytic activity. When using catalyst K3 at a 
temperature of 850-900°C, the efficiency of the catalytic conversion of methane is 73-97%. Accordingly, 
the conversion of methane increased with increasing temperature in both catalysts, the yield on catalyst K1 
was 67–90%, and on catalyst K2, 45–70% at 850–900°C. This can be explained by the concentration of 
dopants in the catalyst. 

Table 3 shows the results of carbonate conversion of methane and the conversion products for all three 
catalysts in the temperature range of 650-900℃, where the formation of a mixture of hydrogen, carbon 
monoxide (II) and carbon oxide (IV) is observed (Table 3). 

 

Table 3. Results of the products formed from the carbonate conversion of methane 

Catalysts T, ℃ CH4  

conversion % 

CO2  

conversion % 

Formed product, % 

H2% CO % H2:CO 

 

 

 

K1 

 

 

 

650℃ 20 15 11,0 7,0 1,57:1 

700℃ 23 19 13,0 9,3 1,4:1 

750℃ 30 24 15 11,5 1,30:1 

800℃ 47 39 23,2 18,3 1,27:1 

850℃ 68 61 35,5 26,4 1,34:1 

900℃ 87 77 47,9 33,9 1,41:1 

 

 

 

 

K2 

650℃ 19 13 13,6 6,7 2:1 

700℃ 22 17 16,4 12,5 1,31:1 

750℃ 27 25 22,5 17,3 1,3:1 

800℃ 40 37 33,7 24,2 1,39:1 
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850℃ 52 49 45,9 36,1 1,27:1 

900℃ 71 65 53,8 45,8 1,17:1 

 

 

 

 

K3 

 

650℃ 23 21 14,2 10,4 1,36:1 

700℃ 36 33 27,6 23,8 1,16:1 

750℃ 40 37 32,1 27 1,19:1 

800℃ 65 62 48,5 42,6 1,14:1 

850℃ 73 69 54,9 47,1 1,17:1 

900℃ 92 87 57,6 51,9 1,11:1 

 
It can be seen from the data in the table that at temperatures of 750-850℃, the values of methane 

conversion increased sharply and were average 35-70%. When the temperature increased to 900℃, the 
methane conversion rate exceeded 90%. It can bee seen that the conversion value increases with the amount 
of impurities in the catalyst. Figure 23 shows the dependence of CH4/CO2 ratio on the catalyst activity in 
the conversion process, and at a gas ratio close to or equal to 1:1, the conversion of methane and carbon 
dioxide is the highest, equal to 91.4. 

  

Figure 20. Effect of the ratio of CH4/CO2 

gases on the catalyst activity  

Figure 21. Effect of volume rate on  

the catalyst activity  
 

In the conversion process, the most important is the ratio of gases, and the concentration of the 
resulting synthesis gas is achieved. At a ratio of initial products of 1:1, the yield of synthesis gas, that is, 
hydrogen and carbon monoxide (II), was maximum (H2 - 43% and CO - 41%). An increase in the CH4/CO2 
ratio causes a rather rapid decrease in the methane conversion. In contrast to methane, the carbon dioxide 
conversion ratio near 1 reached 92.3%, with a further increase to a plateau of 94%. 

The dependence of the volume rate on the activity of the catalyst was also studied, and during the 
carbonate conversion, the values of the volume rate varied from 1450 h-1 to 3500 h-1, a high degree of 
conversion and formation of the products were observed (Fig. 21). The conversion process was studied in 
the range from 1700 h-1 to 13000 h-1, in this process the formation of products and the activity of the catalyst 
were observed. 

3.3. Coking of the catalyst 
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Coking was studied by the method of X-ray diffractometry, the changes in phase composition and 
surface area, elemental analysis by SEM (Fig. 22, 23). 

Composite catalyst K1 slightly changed its structure after catalytic investigations in the process of 
methane carbonate conversion. Only in some places new peaks were formed. As can be seen from the X-
ray diffraction pattern, as a result of catalyst coking, a decrease in the intensity of its spectra is observed, 
as well as the formation of a new spectrum due to carbon (Fig. 22). 

 

 

Figure 22. Diffractogram of K1 catalyst  

after conversion  

Figure 23. Element composition of K1 catalyst 

after conversion 
 

 

 

According to the results of phase analysis, it became clear that a phase composition related to carbon 
was formed. First, if we analyze the changes in the phase composition as a result of coking of the composite 
catalyst K1: the initial phase composition contains NiO, aluminum-nickel oxide NiAl2O4 up to ZrO1.88, and 
after conversion, nickel-aluminum oxide (Ni0.198Al0.802) (Al1.198NiO0.802)O4, zirconium oxide ZrO1.88, AlNi3 
and C, as can be seen, form the phase composition. 

According to the results of X-ray phase analysis, it can be concluded that due to the low level of coking 
on the catalyst surface, there was a very small change in the spectrum. 

Elemental analysis on a scanning electron microscope (SEM) shows that the catalyst surface is coked 
to a certain extent, which is 4.7% of the total mass (Fig. 23). This is very small compared to the lifetime of 
the catalyst, which confirms the resistance of the catalyst to coking. 

Changes in the spectra were analyzed by comparing the diffraction patterns of catalyst K1 before and 
after conversion (Fig. 24). In this case, partial changes occur in the X-ray spectra of catalyst K1, and the 
formation of new peaks can be observed due to the formation of coke on the catalyst surface. 
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Figure 24. X-ray diffractograms of catalyst K1 before and after conversion 

 

In addition, the elemental analysis after conversion shows that such regions mainly consist of carbon 
and nickel, therefore, the domains formed by the mutual combination of nickel and metal oxides used as 
dopants lead to coking of the catalyst surface (Fig. 28, 29). 

After the conversion process, the effect of the coking process on the catalyst surface was studied using 
SEM microscopy. On Fig. 25a, the duration of the use of catalysts is 1700 h-1, and in Figure 25b shows the 
results for 13000 h-1. As it can be seen from the figures that the partial coking occurred only on the surface 
of the catalyst, which worked out for 1700 h-1 (Fig. 25a). 

  
Figures 25 a,b. SEM image of composite catalyst K1 after conversion. 

 

We can observe an increase in the amount of coking on the catalyst surface with increasing deposition 
time (Fig. 25b). In this case, the coarsening of carbon particles and more coking on the surface can be 
observed. The original surface structure has practically not changed. This is very small compared to the 
lifetime of the catalyst, which confirms the resistance of the catalyst to coking. 
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Figures 26 a,b. SEM image of composite catalysts K2 and K3 after conversion. 

 

Coking of the surface of catalysts K2 and K3 was studied. In the images we can see small evenly 
coated particles on the surface of the catalyst, which are carbon particles. We see that carbon particles are 
only on the surface of the catalysts and are absent in the porous parts, that is, they have not completely 
covered the porous parts (Figures 26a,b). These data are also confirmed by elemental analysis produced by 
SEM (Fig. 27a,b). 

 
Figures 27 a,b. Element composition of catalysts K2 and K3 after conversion 

 

In relation to the time of using composite catalysts K2 and K3 in the conversion process (13000hour-

1), the degree of coking is 2 ÷ 3.4 % of the total surface area, which is a very small part of the total amount. 
It makes the synthesized catalysts resistant to coking and possible for using in carbonate conversion. 

CONCLUSIONS 

1. The composite catalysts containing NiO were synthesized by the method of sol-gel "combustion 
solution synthesis" using ZrO(NO3)2 and Ti(NO3)4 as dopants based on some d-elements. It has 
been established that the phase composition of the prepared catalysts consists of NiO, NiAl2O4, 
ZrO1.88, Al3Ni2O4, TiO2, Al2O3, NiAl2O4, NiTiO3, ZrO1.99, (Al3Ni2)0.4, Al16Ni7Ti6, NiAl3Zr5. 

2. The sorption isotherms were studied by the adsorption of benzene and toluene vapors on catalysts, 
and some textural characteristics by SEM method. In accordance with that, the specific surface area 
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of the catalysts is SBET= 420 ÷ 598 m2/g, the specific pore volume Vs=0.74 ÷ 0.92 cm3/g, the average 
pore diameter, D=220 ÷ 355 nm, the monolayer capacity am=0.96 ÷ 1.5 mol/kg and the saturation 
adsorption 2.2 ÷ 5.4 mol/kg. 

3. The conversion of methane of 92% and carbon dioxide of 87% was achieved with the ratio of initial 
products of 1:1, an optimal temperature of 850-900℃, and a volume rate of 3000 h-1. Under these 
conditions, the yield of hydrogen and CO was 57.6% and 51.9%. 

4. When the application lifetime of the catalysts is 13,000 h-1 at conversion, the degree of coking was 

2 ÷ 3.4% of the total surface area, which indicates the stability of the synthesized catalysts to coking 
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