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Abstract

:

Greenhouse gases, the main cause of global warming, are generated largely in the energy sector. As the need for technology that has reduced greenhouse gas emissions while producing energy is on an increase, CCU technology, which uses CO2 to produce CH4 (SNG energy, synthetic natural gas), is drawing attention. Thus, the reaction for converting CO2 to CH4 at a specific temperature using a catalyst is CO2 methanation. The field of CO2 methanation has been actively studied, and many studies have been conducted to enhance the activity of the catalysts. However, there is a lack of research on the variables that may appear when CO2 methanation is attempted using emissions containing CO2 generated from industrial fields and bio-plants. According to previous studies, it is reported that realistic feed gases from gasification or biomass plants contain a significant amount of CO. this study is a follow-up study focused on the application of CO2 methanation in various real processes. In the CO2 methanation reaction, a study was conducted on the catalyst efficiency and durability of CO gas that can coexist in the inlet gas rather than CO2 and H2 gas. The CO2 methanation activity was observed at 200–350 °C when 0–15% CO coexisted using the Ni-Ce-Zr catalyst, and the operating variables were set for optimal SNG production. As a result of adjusting the ratio of inlet gas to increase the yield of CH4 in the produced gas, the final CO2 conversion of 83% and CO conversion of 97% (with 15% CO gas at 280 °C) were obtained. In addition, catalytic efficiency and catalyst surface analysis were performed by exposing CO gas during the CO2 methanation reaction for 24 h. It showed high activity and excellent stability. The results of this study can be used as the basic data when applying an actual process.
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1. Introduction


Owing to abnormal climate phenomena and global warming problems that occur worldwide, countries around the world continue to make efforts to solve them [1]. According to a report published by the IPCC, greenhouse gases generated through an-thropogenic activities are the main factors accelerating global warming and among them, it has been studied that many greenhouse gases are emitted from the energy sector. At COP26 (Conference of the Parties 26), where leaders from all over the world gather every year to discuss the topic of climate change, a trend was observed of deepening regulations on fossil fuels that emit large amounts of greenhouse gases, such as reducing coal-fired power generation [2,3,4].



Because of this trend, many countries around the world have adopted several methods, such as not generating CO2, a greenhouse gas, in the final energy production process, or generating a small amount of CO2 wherever possible, or producing energy utilizing CO2. Among them, the technology utilizing CO2 is called Carbon Capture & Utilization (CCU). As a technology that captures and utilizes CO2, CCU can produce energy in an eco-friendly way while solving environmental problems because it can be converted into an energy source or fuel [5,6,7].



The CO2 methanation reaction, which is one of the methods for chemically converting CO2, a greenhouse gas, into CH4, the main component of natural gas, is a reaction in which 4 mol of H2 and 1 mol of CO2 react to produce 1 mol of CH4 and 2 mol of H2O. The gas produced through the CO2 methanation reaction is attracting attention as a transitional energy source that can replace coal and oil and in doing so only CH4 and H2O are generated and no other harmful substances being generated [8,9].



In the Sabatier reaction, it is known that CO2 methanation occurs as follows (Equation (1)):


CO2 + 4H2 ↔ CH4 + 2H2O, △H°298K = −165 kJ·mol−1



(1)







In addition, this reaction (Equation (1)) is hypothesized to be a two-step reaction (Equations (2) and (3)) [10,11].


CO2 + H2 ↔ CO + H2O, △H°298K = 41 kJ·mol−1



(2)






CO + 3H2 ↔ CH4 + H2O, △H°298K = −206 kJ·mol−1



(3)







In the first step, carbon dioxide and hydrogen are converted into carbon monoxide and water, respectively, through the RWGS reaction as per the separation mechanism. In the next step, carbon monoxide reacts with hydrogen to produce methane and water. If carbon monoxide is not generated as a product, the reactions of Equations (2) and (3) would occur continuously [12,13].



Therefore, it is possible to produce SNG (synthetic natural gas) through the CO2 methanation reaction by utilizing the large amount of CO2 generated in various indus-tries and divert it towards the existing natural gas supply infrastructure. A process ap-plying this concept is the power-to-gas(P2G) project [14,15]. P2G is a technology that produces H2 by water electrolysis using surplus power or converts the produced H2 into CH4 by reacting with CO2 thereby using it as a fuel for heating, power generation, transportation, etc. (Figure 1). While the existing method of energy storage is to store the produced power in secondary batteries, P2G may be distinguished from the existing large-capacity energy storage systems as a way of storing the produced power in the form of gas fuel [5].



Owing to the advantages of these technologies, studies on CO2 methanation have become more diverse. Based on the academic information search provided by the Google portal, as a result of investigating papers published in related research fields from 1990 to 2022 (Figure 2, left), In particular, active research has been conducted since 2010. Figure 2, right shows the fields of CO2 methodology studied over the past 10 years (2012–2022). It also shows that many scientists have studied various aspects of the technology, such as catalyst manufacturing, low-temperature operation, durability improvement, reactor type, mechanism, and computational chemistry, to increase the efficiency of the reaction [16,17,18].



Most studies have been conducted to enhance the activity of catalysts, and studies on catalyst types, process systems, and effects on operating factors for application in actual processes are relatively insufficient. In addition, while studies have been con-ducted in various fields, there are few cases in which this technology has been applied on a large scale in various industries [19,20,21]. This is because of the high efficiency and durability of catalysts, as it is difficult to control competitive catalyst materials, heat load during catalytic reactions, and removal of catalyst inactivation factors, etc. In addition, as by-product gases and biogas emitted from various industries include N2, CO, H2S, H2O, H2, CH4, etc., except for a large amount of CO2, a pre-treatment process is essential to remove other gases that are unnecessary for the CO2 methanation reaction or that have a poisoning effect [22,23,24].



SNG production through CO2 methanation reaction is (1) most suitable for application where a large amount of CO2 is generated, and energy independence is required, and (2) this technology can be applied to places where carbon gases such as CO2 and CO are generated. It can be applied to the COx methanation process by utilizing CO2, CO, and H2 of biogas produced from by-product gases or organic waste resources generated in various industrial fields. The properties of outlet gas emitted from various industries and bio plants are shown in a Table 1 [25,26].



According to the properties of gases presented in Table 1, it can be seen that there are gases that are unnecessary for CO2 methanation or cause catalyst inactivation. Therefore, before injecting gas into the CO2 methanation process, a pre-treatment process is essential to maintain the type and concentration of the inlet gas constant.



However, in actual plants, gas that has not been pre-treated unexpectedly flows into the main process of CO2 methanation temporarily. This situation can occur in a process in which continuous/multiple technologies are concentrated, consisting of a pre-treatment process, a main process, a post-treatment process, and catalysts applied to actual processes must have stable efficiency and durability even in these variables.



Prior studies and surveys have shown that realistic feed gases from gasification or biomass plants contain significant amounts of CO. Therefore, the CO2 methanation process applied to the actual industry needs a flexible response depending on the situation.



This follow-up study focused on the applicability of CO2 methanation in various practical processes. A previous study reported that if a small amount of CO gas was supplied together in the reaction, surface reconstruction appeared or the active metal was deactivated. This can lead to the deactivation of Ni-based catalysts by carbon deposition and Ni(CO)x species on Ni surfaces during CO2 methanation [27,28,29]. Therefore, the catalytic reaction and durability were observed when CO gas coexisted during the CO2 methanation reaction.



In order to use the outlet gas produced through the methanation reaction as a fuel, it must be finally made into SNG through an upgrading process. Since the upgrading process differs according to the SNG quality standards required by the user, not only COx conversion but also the concentration of outlet gas are important information. Therefore, this study observes the activity result when 0–15% CO is coexisted into CO2 methanation and test an operating plan to increase CH4 production. In addition, the presence of deactivation factors such as carbon deposition or sintering was observed through a lifetime test.




2. Materials and Methods


2.1. Preparation of Catalysts


The Ni-Ce-Zr catalysts were used in this study, which have shown excellent CO2 methanation performance in previous studies [16]. The reagents used in the preparation of the Ni-Ce-Zr catalyst were Ni powder (99.7%, Sigma-Aldrich Chemical Co., St. Louis, MO, USA), cerium nitrate hexahydrate (99.9%, Sigma-Aldrich Chemical Co., St. Louis, MO, USA), and zirconium oxide (99%, Sigma-Aldrich Chemical Co., St. Louis, MO, USA), which were prepared using the wet impregnation method. The catalysts were mixed with Ni:Ce:Zr at a weight ratio of 1:0.2:0.1, and after stirring the slurry-state mixed solution for more than 1 h, the moisture was evaporated using a rotary vacuum evaporator (DAIHAN Scientific Co., Seoul, Republic of Korea). After drying in a dry oven for 24 h at 105 °C to remove the moisture contained in the micropores, it was sintered at a high temperature with air gas injected. Obtained samples were sieved using a 40–50 mesh to produce the powder-type catalysts.




2.2. Experimental Equipment and Activity Test


CO2 methanation experiments were conducted in a fixed-bed reactor at atmospheric pressure. The fixed-bed reactor is composed of a gas injection part, a main reactor, a moisture remover, and a reaction gas analyzer and consisted of stainless steel. The gases supplied to the gas inlet were H2, CO2, CO, and N2, and the flow rate was constantly controlled using a mass flow controller (MFC, MKS Co., Andovor, MA, USA). The volume ratio of H2:CO2 was fixed at 4:1, and when CO gas was injected, the amount of N2 injection gas was reduced and CO was injected by adjusting the amount according to the concentration (Figure 3). In order to observe the conversion according to the reaction temperature, the conversion was observed for 1 h at each reaction temperature. The total gas flow rate was 120 mL/min at 25 °C and 1 atm. For all tests, the catalyst load was fixed at a value of 500 mg (the samples has a density of about 1 g/cm3). The catalytic reaction was measured in the reactor temperature range of 350 °C to 200 °C, after the reaction, moisture was removed from the moisture-removing device before the gas was flown into the analyzer. This was followed by gas chromatography (YL 6500GC) which used to analyze the properties of the reaction gas. The space velocity of the catalysts was calculated using Equation (4) and tested at 14,440 h−1. The reaction activity of the catalysts was expressed as COx for the conversion of CO2 and CO as the reaction gases, and calculated using Equations (5) and (6).


  GHSV   ( Gas   Hour   Space   Velocity )   (  h  − 1   ) =    Q  i n      V  c a t .      



(4)






   CO x    conversion   ( % ) =   F ( C O  x  i n   ) − F   C O  x  o u t       F   C O  x  i n       × 100  



(5)






   CH 4    selectivity =   F   C  H  4 ,   o u t       F   C  O  2 , i n   + C  O  i n     − F   C  O  2 , o u t   + C  O  o u t        



(6)







A stability test was conducted at 300 °C for 24 h under the same experimental squence and conditions.




2.3. Catalyst Characterization


EDS (JEOL Co., Tokyo, Japan) was used to observe the surface of the catalysts after pro-longed CO2 methanation with the Ni-Ce-Zr catalysts (Table 2). Through EDS point and mapping analyses, the characteristic X-rays for each element emitted from the surface of the samples were detected in the form of energy, and qualitative as well as quantitative analyses were conducted on the elements contained in the corresponding areas. X-ray diffraction analysis (XRD) is the most commonly used to confirm structure and crystalline. The test was performed on the High Power X-ray Diffractometer (Rigaku Co., Tokyo, Japan) with a Cu radiation source (40 KV, 150 mA). The XRD patterns were recorded between 10°–90° (2ϴ).





3. Results and Discussion


3.1. Results for CO2 Methanation Catalytic Activity When CO Gas Exists


In this study, CO was injected after adjusting the concentration to 0–15% of the inlet gas (CO2 + H2) during the CO2 methanation reaction, and the conversion of CO2 and CO was observed at a reaction temperature of 200–350 °C. The results of the experiment are shown in Figure 4, CO2 conversions of 350 °C were 83%, at 300~220 °C were 84~87%, and at 200 °C were 79% for CO uninjected (Figure 4a) by CO2 methanation, which is a catalytic reaction between CO2 and H2, and at this time, CH4 selectivity is 1. This was confirmed to be a high performance accoding to the thermodynamic equilibrium (Figure S1) [30,31]. In Figure 4b–d, which was introduced with CO 5–15% based on inlet gas (CO2 + H2), CO2 methanation and CO methanation could be observed simultaneously. CO2 conversion was lower as the CO concentration increased, and CO conversion was high for all experimental conditions.



For CO conversion, it showed a high methanation reaction of 98–99% under all conditions of Figure 4b–d at 350–200 °C, but for CO2 conversion, it was lower as the CO concentration increased in order as seen from Figure 4b to Figure 4d.



As shown by 72 ± 3% in the case of Figure 4b, 53 ± 2% in the case of Figure 4c, and 32 ± 2% in the case of Figure 4d, higher the concentration of CO in the inlet gas, lower the CO2 conversion. When hydrogenation experiments of CO and CO2, there is a research result that the conversion of CO2 set in after almost complete conversion of CO, which was the same as the result of this study. According to prior studies, it has been reported that the presence of CO in the feed gas results in competitive adsorption of CO and CO2 at metal active sites, resulting in reduced CO2 conversion [32,33]. However, when CO coexists in the inlet gas, CO gas can be a positive C source in the methanation reaction if only the catalyst deactivation factor caused by CO is controlled. Therefore, CO and CO2 methanation and outlet gas composition were observed by adjusting the composition of H2, the limiting reactant, in the inlet gas [34].




3.2. The Composition of the Final Outgas through CO & CO2 Methanation


The composition of outlet gases produced after the methanation reaction was observed based on the results of the experiment described in Section 3.1. The gases produced through CO2 and CO methanation include CH4 and H2O as well as unreacted H2, CO2, and CO. Excluding the unreacted N2 gas injected into the inlet gas for analysis, are shown in Figure 5 and Figure 6. In addition, H2O included in the outlet gas was removed by cooling and was not included in the outlet gas composition.



According to the result, High-purity CH4 gas can be obtained because higher the conversion of CO2 and CO, lower is the concentration of unreacted gases. As per the results shown in Figure 5 and Figure 6, because the CO conversion is high, the un-reacted CO in the gases produced remains in a small amount, while CO2 that is not converted due to the lack of H2 as the limiting reactant remains in a large amount. The concentrations in the outlet gas at 260 °C of a-d conditions were as follows: (a) 33.5%(H2), 8.5%(CO2), 58%(CH4)/(b) 12.3%(H2), 0.3%(CO), 18.5%(CO2), 68.9%(CH4)/(c) 0.43%(H2), 0.41%(CO), 28.16%(CO2), 71%(CH4)/(d) 0.1%(H2), 0.64%(CO), 35.19%(CO2), 64.07%(CH4). Since SNG requires methane content of 90–95% or more [35], the quality of CH4 of about 70% must be raised to 90% or more through post-processing.




3.3. The Methanation Reaction for an Optimum Production of SNG


In order to produce SNG gas requiring high CH4 purity, COx methanation was performed by adjusting the ratio of inlet gas. H2, the limiting reactant, in the volume ratio of H2:CO2 = 4:1 and H2:CO = 3:1, that the reactants CO and CO2 could sufficiently react, and observed the methanation reaction at 350–200 °C.



First, with respect to the CO2 conversion, a higher conversion of 79% to 88% was observed as the temperature decreased from 350 °C to 200 °C, as shown in Figure 7, indicating a high conversion rate similar to the trend of (a) in Figure 4 where CO was not injected. On the other hand, CO conversion showed a high conver-sion rate of 97% or more over the entire temperature range. Therefore, the gas produced by high conversion of CO2 and CO contained a high content of methane and a small amount of unreacted gases (CO2, CO, and H2) as seen in Figure 8. As shown in Figure 8, the appearance of the concentration of outlet gas was H2 20.8%, CO 0.73%, CO2 5.13%, CH4 73.4% (200 °C, N2, H2O removed). A tendency for CH4 production to increase due to high COx conversion at low temperatures was observed.




3.4. Result of Durability Test & Analysis of Catalysts


To evaluate the durability of the catalysts, this study conducted a lifetime test when 5–15% CO gas coexisted during the CO2 methanation reaction. At 300 °C as a temperature range the reaction proceeded stably which is moderate to operate in the actual process, COx methanation was observed for 24 h under each condition (Figure 9). It showed high activity and excellent stability during the 24 h COx methanation reaction.



Therefore, EDS and XRD were analyzed to observe the catalyst surface and structure after a 24 h COx methanation reaction. EDS(Scanning Electron Microscopy) mapping and point analysis were conducted to observe the surfaces after 24 h of prolonged catalytic reaction, and the results are shown in Figure 10 and Table 3. As a result of EDS mapping analysis, the elements C, O, Ni, Zr, and Ce were qualitatively analyzed for all the catalysts A to D Through EDS point analysis, the content of elements is as shown in Table 3, and there was no significant difference in the content among the samples, as the amount of carbon on the surface was 11.31–14.8%. In addition, the Ni elements exposed on the surface were 53.77–54.99 in all of A to D, and it is considered that no loss occurred during the reaction. The XRD analysis results of A-D are shown in Figure 11. Ni, ZrO2, and CeO2 diffraction peaks were observed for all catalysts. It is observed that the intensity and width of the XRD diffraction peaks of the catalysts are similar. This indicates that there is no sintering in the reaction of the catalyst particles.



From the above results, Deactivation factors such as carbon deposition or sintering were not observed. It means that the catalyst is chemistry and structural stable before and after the reaction. It seems to show stable activity in the lifetime test because of the relatively low reaction temperature of 300 °C, appropriate inter-actions between the highly dispersed Ni, the active metal, and the supporter [36] for all the catalysts under A–D conditions.





4. Conclusions


The catalytic activity for CO2 methanation was observed when CO gas coexisted in the inlet gas, and research was conducted to increase the CH4 yield in the final output gas. In summary, the following conclusions were drawn.



1. During the CO2 methanation reaction, CO2 and CO conversions were ob-served by adjusting the CO concentration in the input gas (CO2 + H2) to 0–15%. First, the CO conversion showed high methanation at 98–99%, but the CO2 conversion decreased as the CO gas concentration of the inlet gas increased. From the above results, it was observed that CO and H2 reacted first, and then CO2 reacted with H2. This part results of this study were similar to those of other previous studies.



2. After the CO2 methanation reaction, to increase the CH4 yield of the output gas, the inlet gas conditions were adjusted by calculating the volume ratio of H2:CO2 = 4:1 and H2:CO = 3:1, and then the methanation reaction was observed at 350–200 °C. High conversion was observed as the temperature decreased, and CO conversion showed a high conversion rate of more than 97% in the entire temperature range. Therefore, when CO2 is removed at the later stage of the process, it is expected that is high-quality SNG through appropriate post-processing, and the operation results will be used as important data for the development of the SNG process.



3. Activity observation and surface analysis were performed to evaluate the durability of the catalyst when CO gas coexisted in the inlet gas for a long time during the CO2 methanation reaction. As a result, stable catalytic efficiency was observed for a long time. Thus, it seems that sintering and coke did not occur under low-temperature conditions and appropriate interaction between highly dispersed Ni, the active metal, and the support occurred, showing stable activity even in a longtime test.



4. In actual processes where unexpected events such as inflow of poison gas and fluctuations in inflow flow rate occur, it is required not only to operate at an appropriate temperature but also to operate with different ratios of inflow gas. That is, in the process above the pilot, it is necessary to build a scenario suitable for the situation, not the optimal operating conditions.
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Figure 1. Schematic diagram of power to gas plant with CO2 methanation. 
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Figure 2. Trend of CO2 methanation research according to Year (left) and The fields of CO2 methanation studied over the last 10 years (2012–2022) (right). 
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Figure 3. Schematic diagram of CO2 methanation reactor. 
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Figure 4. The effect on activity according to CO gas concentration (0–15%) in the CO2 methanation reaction. 






Figure 4. The effect on activity according to CO gas concentration (0–15%) in the CO2 methanation reaction.



[image: Processes 11 00628 g004]







[image: Processes 11 00628 g005 550] 





Figure 5. The composition of gases produced according to CO gas concentration (0–15%) in the CO2 methanation reaction (1): (a) non-co (b) with CO 5% (Total inlet gas 120 mL/min). 
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Figure 6. The composition of gases produced according to CO gas concentration (0–15%) in the CO2 methanation reaction (2): (c) with CO 10% (d) with CO 15% (Total inlet gas 120 mL/min). 






Figure 6. The composition of gases produced according to CO gas concentration (0–15%) in the CO2 methanation reaction (2): (c) with CO 10% (d) with CO 15% (Total inlet gas 120 mL/min).



[image: Processes 11 00628 g006]







[image: Processes 11 00628 g007 550] 





Figure 7. Result of COx methanation: At the ratio of inlet gases H2:CO2 = 4:1 to H2:CO = 3:1. 
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Figure 8. The concentration of the final out gases after the methanation reaction depending on reaction temperatures (Inlet gas ratio: H2:CO2 = 4:1 to H2:CO = 3:1). 
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Figure 9. Result of a prolonged COx methanation reaction at 300 °C. 






Figure 9. Result of a prolonged COx methanation reaction at 300 °C.



[image: Processes 11 00628 g009]







[image: Processes 11 00628 g010 550] 





Figure 10. Composition of catalysts from EDS mapping. 
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Figure 11. XRD patterns of the (a–d) catalysts. 






Figure 11. XRD patterns of the (a–d) catalysts.



[image: Processes 11 00628 g011]







[image: Table] 





Table 1. Composition of by-product gases and biogases.
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By-Product Gases

	
Biogases




	

	
*COG

	
**LDG

	
***BFG

	
Sewage

Sludge

	
Livestock

Manure

	
Food Waste






	
H2

	
10–56.4%

	
0–4%

	
0.2–3.2%

	

	

	




	
CO2

	
3–9%

	
20–22%

	
20–23.2%

	
30–40%

	
25–35%

	
20–35%




	
CO

	
8.4–16%

	
64–65%

	
20–23%

	

	

	




	
N2

	
2–20%

	
17–22%

	
45.6–54%

	

	

	




	
CH4

	
36–37%

	

	

	
55–65%

	
60–70%

	
60–75%




	
C2H4

	
3%

	

	

	

	

	




	
O2

	
0.3%

	

	

	

	

	




	
H2O

	

	

	

	
3–5%

	
3–5%

	
3–5%




	
Impurities

	

	

	

	
H2S

Siloxane

	
H2S

Siloxane

	
H2S

Siloxane








*COG: Coke Oven Gas; **LDG: Linze Donawitz Gas; ***BFG: Blast Furnace Gas.
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Table 2. Types of samples analyzed by EDS, XRD.
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	Name
	a
	b
	c
	d





	Experiment conditions
	with CO 0%
	with CO 5%
	with CO 10%
	with CO 15%







Note: Reaction gas for CO2 methanation: 4H2 + CO2 + (A–D conditions).
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Table 3. Composition of catalysts from EDS Point.
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	Element
	a
	b
	c
	d





	C
	13.03
	14.8
	11.31
	13.11



	O
	10.88
	10.4
	10.29
	11.26



	Ni
	54.99
	55.96
	53.91
	53.77



	Zr
	4.8
	6.16
	6.27
	6.09



	Ce
	16.3
	12.78
	18.22
	15.77



	Total atom (%)
	100
	100
	100
	100
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