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Abstract. In this work, the process of producing ethane and ethylene through oxidative condensation (OC) of methane in the presence of atmospheric oxygen was studied. The main goal of the research was to determine the composition of effective catalysts that ensure the conversion of methane into products with high selectivity and productivity and to study their structure-activity relationship. The experiments tested catalysts prepared on supports such as (Mn2O3)х·(Na2MoO4)y·(ZrO2)z, silica gel and high-silica zeolite (HSZ). The degree of conversion of methane to ethane and ethylene, selectivity and productivity of total C2 hydrocarbons were determined by varying the catalyst granule size, temperature, methane-air ratio and contact time. As a result of adsorption studies, it was possible to effectively accumulate ethylene in zeolite and desorb it through atmospheric air. The phase composition, pore structure and active centers of the catalysts were studied using IR-spectroscopy and X-ray diffractometry methods. According to the results, Mn2O3-based catalysts prepared on silica gel provided high selectivity and conversion, achieving up to 52.6% methane conversion and 81.4% C2 selectivity at around 800°C. In the case of catalysts on a HSZ support, a decrease in selectivity was observed at high temperatures (750°C), which was found to be associated with the formation of deep oxidation products such as CO and CO2. The decrease in the diameter of the catalyst particles indicated that the reaction was not diffusion-limited and that the process was kinetic in nature. The results of the study confirmed that OKM technology can be considered as a promising method for converting methane into a leading chemical raw material.
Keywords: methane, ethane, ethylene, oxycondensation, adsorption. 
INTRODUCTION
The oxidative condensation reaction of methane in the presence of air oxygen, aimed at replacing (at least partially) the traditional ethylene production technologies, has been widely studied by the scientific community.
The technology of oxidative condensation of methane in the presence of atmospheric oxygen can be proposed to expand the raw materials used for the production of hydrocarbons with high added value [1-3]. The goal is to move the chemical industry towards decarbonization, which will lead to a more sustainable and less CO2-emitting method of producing valuable hydrocarbons and reduce dependence on oil [4].
In addition, the oxidative condensation process of methane in the presence of atmospheric oxygen is generally strongly exothermic, and a large amount of heat is released during the reaction. If measures are not taken to effectively organize heat exchange, introduce a proper cooling system, and maintain a stable temperature regime in the reactor designed for this process, the even distribution of temperature within the reactor volume may be disturbed. Such temperature anomalies not only negatively affect methane conversion and ethylene selectivity, but also cause rapid catalyst degradation, coke formation, and ultimately a decrease in reactor productivity. Scientific studies and experimental results show that the formation of high-temperature local zones was also observed in reactors of various designs designed for the oxidation condensation reaction of methane. Therefore, accurate calculation of heat release in the technological system, optimization of reactor geometry and application of rapid cooling methods are of crucial importance in ensuring the efficiency of this process [5-6]. There are many alternatives proposed in the literature to solve it [7] and they require a deeper understanding of the mass and heat transfer in the system in order to appropriately modify the reactor designs designed for the conventional methane oxidation condensation reaction in the presence of atmospheric oxygen [8-10]. On the other hand, the heat generated in the oxidative condensation reaction system of methane in the presence of atmospheric oxygen can be an advantage if used properly, as the released energy can be used for power/heat generation, reducing the need to import electricity [11-13].
The search for selected catalysts for the oxidative condensation of methane in the presence of atmospheric oxygen, which can be active at low temperatures, has become relevant in recent years [15-20]. Another possibility to increase the efficiency of the oxidative condensation of methane with the participation of air oxygen is the use of membrane methane oxidation condensation reactor technology, which has emerged in recent years as a fast and feasible alternative to the reactor configuration for the oxidative condensation of methane with the participation of air oxygen to increase the profitability of the process. 
EXPERIMENTAL PART
Experimental studies were carried out in a laboratory flow-type setup to investigate the process of competitive adsorption of OKM process products (see Fig. 1).
[image: ]
FIGURE 1. Adsorption installation diagram

The raw material is fed to the adsorber from the laboratory device to study the oxidative dimerization of methane. The gas mixture is first passed through an absorber containing a hydroxide solution to remove carbon dioxide and a dryer to remove water. The adsorber is a quartz tube 300 mm long and 25 mm in diameter, with a perforated mesh at the bottom for the adsorbent and a pocket for a thermocouple. The temperature in the absorber is maintained by an electrically heated oven and regulated by the TRM-201 device.
During the experiment, a mixture consisting mainly of C2H4, C2H6, H2, and CH4 was passed through an adsorber filled with 10 cm3 of zeolite at a constant linear velocity. The adsorption cycle was carried out by controlling the ethylene concentration in the exhaust gas until the zeolite was completely saturated. During the desorption cycle, the adsorption was removed from the zeolite by increasing the temperature in the adsorber to 3500C and the bed was purged with a gas stream. In laboratory tests, atmospheric air was used as the desorbent.
RESULTS AND DISCUSSION
According to the results of the study, the highest ethylene production efficiency — 13.6% — was recorded in experiments conducted at a methane/air ratio of 0.238, a contact time of 1.0 s, and a temperature of 790°C. Under these conditions, an optimal balance was observed between the selective formation of ethylene and the overall conversion rate during the oxidative condensation of methane. However, when the temperature is increased to 800°C and above, although the reaction conversion increases to a certain extent, the selectivity of ethylene begins to decrease.
The main reason for this situation is the activation of parallel and auxiliary oxidation reactions at high temperature, as a result of which the formation of high oxidation products such as CO and CO2 increases. In particular, an increase in CO concentration is one of the main factors that reduce ethylene selectivity, since the complete oxidation direction of the reaction is partially realized at the expense of target products (see Fig. 2). Therefore, optimal control of the temperature regime and limitation of excessive oxidation processes at high temperatures are important to ensure reaction efficiency.
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FIGURE 2. 2/1 methane/air ratio = change in concentration of process products at 2/1.

The diffractogram shown in Figures 3-4 showed that the first sample had a high content of Mn2O3 crystals.
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FIGURE 3. Diffractogram of catalyst with (Mn2O3)x∙(Na2MoO4)y∙(ZrO2)z/SiO2 composition.

Figure 3 shows the results of X-ray diffraction (XRD). The red line is the diffraction spectrum obtained from the sample under analysis, in terms of intensity (Y axis) and 2θ angle (X axis). Various high peaks are visible in the graph - they correspond to the characteristic phases of crystalline substances in the sample. The sample was found to contain SiO₂ (orthorhombic form) and Mn₂O₃ (cubic form) crystalline substances. Strong peaks in the range of 20°–40° are mainly indicative of the main phases. Small peaks in the spectrum may possibly indicate additional or mixed phases.
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FIGURE 4. Diffractogram of catalyst with (Mn2O3)x∙(Na2MoO4)y∙(ZrO2)z/HSZ composition.

The activity of this catalyst is 40% higher. This can be explained by the low content of Mn2O3 in the crystalline form, which allows us to conclude that the active phase in the presented catalytic systems is Mn2O3 in the amphoteric form. Abscissa (x-axis, 2θ angle): The interval from 10° to 80°. These values correspond to the crystal lattice spacings. Ordinate (y-axis, intensity): Indicates the strength of the X-ray diffraction. The higher the intensity, the greater the proportion of that phase or the higher the degree of crystallinity. The high-intensity peak around 20° is mainly due to SiO₂ in the orthorhombic modification, meaning that the main composition of the sample is silicon dioxide. A series of small peaks in the 30–50° range are associated with the cubic modification of Mn₂O₃ and indicate the presence of manganese oxide in the sample. Peaks of moderate intensity in the 40–60° range also confirm the Mn₂O₃ phase.
Study of the properties of samples of the (Mn2O3)x∙(Na2MoO4)y∙(ZrO2)z/HSZ system.
At a typical heating temperature of 900°C, the NaNO3 and Mn(CH3COO)2 salts decompose completely (see Fig. 5), which is confirmed by the almost complete absence of the main absorption lines corresponding to the CH3COO- and NO3- groups (1390 cm-1) in the IR spectra. It should be noted that the spectra of samples obtained from sodium nitrate and manganese acetate both (curve 2) and sequentially (curves 1 and 3) are suitable for silica gel. 
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FIGURE 5. IR spectrum of (Mn2O3)x∙(Na2MoO4)y∙(ZrO2)z /SiO2 catalyst (curve 1), 
(Mn2O3)x∙(Na2MoO4)y∙(ZrO2)z /HSZ catalyst (curve 2) catalyst (curve 2)

TABLE 1. Properties of the catalyst composed of (Mn2O3)x∙(Na2MoO4)y∙(ZrO2)z/HSZ
	Indicator
	Value

	Pore Volume
	0,496

	Surface
	0,24

	Bulk Density
	1,08

	True Density
	2,46

	Particle Diameter
	0,25-0,5


From Table 1, it can be seen that the pore volume is = 0.496 cm³/g. This value indicates a moderately large porosity. Such a volume improves the use of active centers, which are convenient for diffusion. Surface area = 0.24 m²/g. Surfaces are often around 100–500 m²/g based on HSZ. Particle diameter = 0.25–0.5 mm. Therefore, the catalyst is more porous, gasses can easily enter and exit, and the use of active centers is improved. Particle size provides a balance between ΔP and diffusion in the reactor. 
The activity of the sodium molybdate catalyst is presented in Figure 6.
As can be seen from Figure 6, the effect of temperature on the process was investigated in the range of 680–800 °C. Although methane conversion is high (70–72%) at 680–707 °C, the selectivity for C2-hydrocarbons is moderate (≈50%). At around 750 °C, the selectivity for ethylene reaches high values (e.g., 6.63 ml/s methane, 2.68% air – 61.8%). At 800 °C, the conversion decreases (41–64%) and the C2 selectivity also slowly decreases, while the yield increases to some extent with increasing temperature, then decreases again. The optimal temperature range is 700–750 °C, where both conversion and selectivity for ethylene are high.
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FIGURE 6. Results of testing of the (Mn2O3)x∙(Na2MoO4)y∙(ZrO2)z/HSZ catalyst, which has high catalytic activity, selectivity and productivity, selected for the oxidative condensation of methane 

A series of experiments were conducted on different catalyst grain diameters to investigate the effect of internal diffusion. The results are presented in Table 2.

TABLE 2. Analysis of the effect of catalyst particle size
	Diameter of catalyst particles, mm
	Temperature, oC
	Conversion of methane to ethane and ethylene, %
	Ethylene selectivity,%
	Ethane selectivity, %
	C2 ugl. selective exposure to
	yield

	0,25
	705
	41,6
	60,6
	10,0
	66,6
	14,8

	
	750
	52,7
	60,5
	17,4
	77,9
	11,9

	
	810
	42,3
	57,1
	15,9
	72,7
	9,7

	
	850
	43,4
	62,3
	14,2
	76,5
	31,7

	0,35
	705
	31,4
	57,5
	10,0
	67,5
	17,9

	
	750
	43,5
	57,0
	12,6
	69,6
	27,8

	
	810
	43,8
	51,1
	11,6
	62,7
	11,3

	
	850
	32,6
	59,5
	8,5
	68,0
	15,2

	0,45
	705
	32,7
	57,0
	9,6
	66,6
	15,0

	
	750
	42,4
	56,3
	9,7
	66,0
	8,7

	
	810
	32,4
	58,3
	8,8
	67,1
	17,5

	
	850
	33,2
	51,3
	6,3
	57,6
	16,0



The table shows the effect of catalyst particle diameter (0.25 mm; 0.35 mm; 0.45 mm) on the oxidative condensation reaction of methane to ethane and ethylene. For 0.25 mm particles, methane conversion is 41.6% at 705 °C, increases to 52.7% at 750 °C, and then decreases at 810 °C. So, the smaller the catalyst particles, the faster the reaction. Conversion is lower (around 31–43%) for 0.35 mm and 0.45 mm particles. As the particles get larger, the gas-diffusion limitations increase, so the reaction efficiency decreases. 
Ethylene selectivity: the highest values were observed for 0.25 mm particles (up to 62.3%); for 0.35 mm and 0.45 mm particles, ethylene selectivity was in the range of 51–59%, decreasing with larger particles. Ethane selectivity: ethane selectivity is high (up to 17.4%) for small particles (0.25 mm); it remains around 6–10% for large particles (0.45 mm). 
The selectivity for C2 hydrocarbons is also highest at 0.25 mm particles (76–78%). The yield of C2 hydrocarbons at 0.25 mm particles has a large variability: 14.8 → 31.7 (increased sharply at 850 °C).
Fine particles (0.25 mm) provide high conversion of methane and high selectivity for S₂ products. This situation indicates high catalyst activity and low diffusion limitations for gas-derived products. 
In large particles (0.45 mm), the reaction efficiency decreased, both selectivity and yield decreased. This is explained by the increase in internal diffusion resistance.
The optimal conditions are observed in the range of 0.25–0.35 mm particles and 750–810 °C temperatures, as high values of C2 selectivity and yield are achieved in this range.
Thus, our investigations lead to the conclusion that the OKM process occurs kinetically. This conclusion is consistent with the data presented in the literature.
CONCLUSION
Within the framework of this scientific research, the possibility of converting methane contained in natural gas into valuable C₂ hydrocarbons such as ethane and ethylene through the process of oxidative condensation (OKM) in the presence of air oxygen was extensively studied. The main focus was on the activity, selectivity, and productivity of catalysts based on manganese-molybdate oxides (Mn2O3)x∙(Na2MoO4)y∙(ZrO2)z and their various supports (SiO2, HSZ, Al2O3), as well as the adsorption purification and processing processes of the products.
The results of the study gave the following main conclusions: 
Catalyst efficiency: The (Mn2O3)x∙(Na2MoO4)y∙(ZrO2)z/HSZ catalyst exhibited high activity and selectivity. At around 750°C, the maximum selectivity for ethylene and ethane reached 81.4%, while the methane conversion was 52.6%.
Effect of the carrier: It was found that with increasing temperature in the catalysts based on HSZ, the selectivity of C2 products decreased and the formation of deep oxidation (CO, CO2) increased. The catalyst prepared on silica gel was confirmed to have a more stable and selective activity.
Adsorption process: Ethylene was collected on zeolite-based adsorbents and desorbed with atmospheric air at 350°C. This process was shown to be important for ethylene recovery and subsequent processing.
Catalyst particle size: High activity and selectivity were observed in experiments with particles with diameters of 0.25–0.5 mm. These results indicate that the OKM process is kinetic in nature and not limited by internal diffusion.
 Catalyst structure: Based on IR spectroscopy and X-ray phase analysis, it was determined that the active phase in the catalyst composition was formed by crystalline or amorphous Mn2O3.
Porous structure and Si/Al effect: Zeolites with mesoporous structures (Si/Al=10÷25) were distinguished by their high selectivity and capacity. This provides the opportunity to organize the OKM process more efficiently using modified zeolites.
In general, this study proved that catalyst composition, carrier type, granule size, reaction parameters, and product adsorption conditions are important for achieving high conversion and selectivity in OKM process. This work serves to develop environmentally safe, energy-efficient and economically acceptable technological solutions for valuable hydrocarbons obtained from methane - ethane and ethylene derivatives.
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