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Abstract 
This work studied an effect of anionic precursor on the preparation of active and fine nickel metal catalysts for syngas methanation. Nickel catalysts were prepared using by a method of impregnation-co-precipitation. Nickel hydrate salts of Ni(NO3)2·6H2O, NiSO4·6H2O and NiCl2·6H2O were used as a metal catalyst precursor, and the obtained catalysts were named as Ni/Al (N), Ni/Al (S) and Ni/Al (Cl), respectively. Methanation synthesis of carbon monoxide was carried out in a fixed bed stainless reactor. Prior to experiment, the catalyst powder was pressed into tablets, then crushed and sieved to use 0.5-0.9 mm particles. Reactions were performed at the temperature of 350°C in the pressure of 3 atm of H2 : CO syngas (the molar ratio of 3:1)  with the GHSV of 3000 h-1. In the present methanation conditions, the Ni/Al (N), Ni/Al (S) and Ni/Al (Cl) catalysts gave the CH4 selectivity of 93%, 18% and 91% (vol.), respectively. The XRD and ICP-OES analysis clarified that although the Ni/Al (S) catalyst contained a similar nickel amount of 17.4 wt% to other two catalysts, its metal distribution was poor. Also the low activity of the Ni/Al (S) catalyst was caused by the contamination of remained sulfur from sulfate precursor. This work also examined an influence of catalyst activation temperature pre-synthesis. The Ni/Al (N) catalyst was reduced by pure hydrogen gas at different temperatures of 350°С, 400°С or 450°С. The catalyst activated at 400°С produced the highest CH4 amount of 0.087 mmol/g-cat for the duration of 1h methanation. An initial temperature of methane formation was the lowest for the Ni/Al (N) catalyst which was activated at 400°С among three catalysts.
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Introduction 
World energy committee reported a strategy of global energy application and structure till 2035. It was known in the report that energy coal and petroleum consumption would be decreased by 0.7 billion tons and 0.5 billion tons, respectively; however natural gas consumption would increase by 1560 billion m3 in target year. Many developed countries accepted the natural gas as their primary energy source. Consequently, a need for natural gas production and import increased significantly in many countries. In spite of huge deposits of energy coal, Mongolia has no resource of natural gas excluding coal bed methane. Generally, lignite calorie is estimated approximately by 16-24 MJ/kg, however natural gas generates 2 times higher calorie compared to lignite [1, 2]. Besides its low caloric value, lignite has disadvantage to utilize it as a fuel in populated city, and becomes a source of toxic emission and environmental pollution [3]. Therefore, our country has the necessity of producing substitute natural gas (SNG) in order to meet increasing energy demand and environmental regulations. A research on methanation is important not only because of the increase need of a high caloric fuel, but also because of clean fuel utilization [5-13]. We clarified an efficient method of impregnation-co-precipitation to prepare nickel catalyst of methanation in our previous study [4]. In the present study, we aimed to examine an effect of primary anion precursors, which were used in impregnation-co-precipitation to prepare a nickel catalyst, on methanation activity of carbon monoxide. Also this research work had a purpose to clarify an influence of activation temperature of nickel catalyst prior to catalyst evaluation test on CO conversion and methane selectivity.       

Experimental methods
Catalyst preparation 
Impregnation-co-precipitation method was applied to load nickel precursor onto γ-Al2O3. Reagents used as a precursor solution of nickel metal were nickel (II) nitrate hexahydrate ((Ni(NO3)2∙6H2O), nickel (II) sulfate hexahydrate (NiSO4∙6H2O) and nickel (II) chloride hexahydrate (NiCl2∙6H2O). The corresponding catalysts were described as Ni/Al (N), Ni/Al (S) and Ni/Al (Cl). Nominal nickel contents were 20 wt% for every catalyst. The precipitation by sodium carbonate was done at 50°С with a continuous stirring. The precipitate was filtrated using by a Buchner funnel, and washed three times by distilled water. The obtained samples were dried at 110°С for 12 h, and calcined at 500°С for 1 h, and reduced at 350°С, 400°С or 450°С in 100% H2 gas flow with a rate of 13 ml/min. All catalyst powder were molded, then crushed and sieved to prepare particle size between 0.5 and 0.9 mm in diameter.   
Catalytic activity test
Catalytic activity was measured by a fixed bed stainless tubular reactor (8 mm in inner diameter). The catalyst was placed in the mid of tubular reactor, and about 1 g of catalyst was used in every experiment. After the activation treatment by 100% H2 with a flow rate of 13 ml/min, the reducing gas was switched by a mixture gas of H2 and CO (molar ratio of 3:1) with a flow rate of 50 ml/min, and synthesis pressure was collected until 3 atm by the regulation valve of BPR. Catalyst evaluation tests were carried out at 350°С for 1h. The value of GHSV was 3000 h-1. Composition of outlet gases were analyzed using a gas chromatograph equipped with a TCD (YL6100 GC) every 5 min of reaction. Fixed bed reactor system of methanation synthesis was illustrated in Scheme 1.  
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Scheme 1. Fixed bed reactor system of methanation synthesis. 
СО conversion, methane selectivity and yield were calculated by the next equations.  
CO conversion:                                                   (1)
Меthane selectivity:                           (2)
Меthane yield:                                                                      (3)

Catalyst characterization  
X-ray diffraction patterns of fresh and used catalysts were recorded using a diffractometer (XRD mini Flex 600) employing with Co Kα radiation (40 kV, 30 mA). The diffraction angle was selected from 5° to 70° with a scan rate of 5°/min and step size of 0.01°. 
BET surface area was measured using by Flowsorb ΙΙΙ 2305/2310. Nitrogen adsorption was done in pressure of 88.9 MPa at the temperature of 21.4°C in N2 flow with a rate of 53 ml/min. Approximately 10 mg of catalyst sample was loaded in a glass tube and outgassed at 150°C for 1h in a N2 gas flow. Nickel contents in fresh catalysts were determined using by a method of ICP-OES (ICP-OES6500).  

Results and discussion
Effect of nickel catalyst precursor on catalytic activity of methanation. 
After the impregnation-co-precipitation, actual contents of nickel catalysts were measured using by a method of ICP-OES. It was identified that when nickel content of the catalysts was nominally expected as 20 wt%, the obtained contents were between in approximately 17–19 wt% depending on primary anion type of metal precursors. Table 1 shows the nominal and experimental contents of nickel metal precipitated by the impregnation-co-precipitation method using different anion precursors.  
[bookmark: _Toc514088546]Table 1. Contents of nickel metal precipitated by an impregnation-co-precipitation method using different anion precursors 
	Catalyst code
	Ni content, wt%

	
	Nominal 
	Experimental1) 

	Ni/Al (N)
	20.0
	16.6

	Ni/Al (S)
	20.0
	17.4

	Ni/Al (Cl)
	20.0
	18.5


1) Determined by ICP-OES analysis
Fresh catalysts of Ni/Al (N), Ni/Al (S) and Ni/Al (Cl) were analyzed by X-ray diffractometer to check crystalline phases of nickel particles depending on their metal precursor after drying treatment at 110°C for 12 h and calcination at 500°C for 1 h. Figure 1 describes the X-ray diffractograms of the obtained catalysts before methanation process. Main detected peaks of X-ray diffraction were for ɤAl2O3 at around 79.59° and 53.55°, and for NiO at around 50.63°, 43.45° and 74.43° in all fresh catalysts. It was known that when nickel methanation catalyst was prepared by the impregnation-co-precipitation method, there were no nickel aluminate species, which were inactive catalytically and non-reducible, in the catalysts [3]. This data proved that the strong chemical interaction between metal catalyst and ɤAl2O3 support material did not occur during the present catalyst preparation condition [5, 14, 16]. Intensity of the strongest peak at 50.63° of NiO species in Ni/Al (N) was higher compared to other catalysts, even though their nickel contents were similar. It might suggest the low crystallinity of nickel oxides in Ni/Al (S) and Ni/Al (Cl) catalysts.
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Figure 1. X-ray diffractograms of the obtained catalysts of Ni/Al (N), Ni/Al (S) and Ni/Al (Cl) ([image: ] -NiO, [image: ]-Al2O3)
Table 2 shows surface areas of the obtained fresh catalysts. It was observed that there were no significant differences between the values of catalyst surface areas. These data suggested, when catalyst loading method and catalyst support were same, nickel precursor type did not affect textural properties of the catalysts.    
[bookmark: _Toc515014266]Table 2. BET surface areas of the obtained catalysts of Ni/Al (N), Ni/Al (S) and Ni/Al (Cl)
	Catalyst code
	Surface area, m2/g

	Ni/Al (N)
	130.6

	Ni/Al (S)
	119.7

	Ni/Al (Cl)
	127.8


Activities of the obtained catalysts prepared using the different salts of nickel precursor were tested at the reaction temperature of 350°С under the syngas pressure of 3 atm. Catalyst activity was evaluated using by the parameters of CO conversion, CH4 selectivity and CH4 yield. 
CO + 3H2 → CH4 + H2O   ΔH=-206 kJ/mol 	(1)
Carbon monoxide methanation is an exothermic reaction. The conversion of carbon monoxide is referred to as CO methanation (Eq. 1). Four mole of feed gases produces two mole of product, consequently reactant volume decreases 2 times and thermodynamically, low temperature and high pressure favor the methane production [5, 18]. 
CO + H2O → CO2 + H2   		(2)
Moreover, due to the produced water, a water-gas shift reaction (Eq. 2) accompanies the CO methanation reaction using nickel catalysts in practical operation to produce a by-product of CO2 [19-22]. 
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Feed gas contains 25% of CO and 75% of H2. As shown in Figure 2, the Ni/Al (N) catalyst converts almost fully the carbon monoxide into methane. In the end of reaction, the content of CO was only 0.8% in product gas. It was known also that some part of CO gas was expended to produce CO2 because of a water-gas shift reaction. However, the concentration of CO2 was approximately 7.1% in the product gas. Catalyst activity of the Ni/Al (N) catalyst was compared with those of Ni/Al (S) and Ni/Al (Cl) in Figures 3 (a) and 3 (b). 
 
[bookmark: _Toc515116799]Figure 3 (a) and (b). CO conversion and methane selectivity obtained during the synthesis with the catalysts prepared from different metal precursors
CO conversion with time over catalysts prepared from different precursors was presented in Figure 3 (a). From this figure, it could be seen that within the tested time, CO conversion increased with time significantly for Ni/Al (N) and Ni/Al (Cl) catalysts, however CO conversion was very small and slowly increased for the Ni/Al (S). The methane selectivity had a similar tendency with the CO conversion for every catalyst with reaction time. Thus, an effect of catalyst precursor on the methanation performance could be summarized in the order of: Ni/Al (N)≈Ni/Al (Cl)>Ni/Al (S). These results indicated that the nitrate and chloride salts were good precursors than sulfate based on activity consideration. However, chloride precursor is unfavorable environmentally because of a persistent organics emission source, therefore it was assumed that nickel nitrate was the best candidate for methanation catalyst precursor [22]. According to the characterization results of fresh catalysts (Table 1, 2 and Figure 1), no significant differences were observed for the properties of three fresh catalysts. Moreover, the catalysts contained similar amounts of nickel metal species, and their surface areas were almost same. Though the catalysts were prepared using the same method of impregnation-co-precipitation, the catalytic performance of Ni/Al (S) only was very low. In order to examine a possible residual sulfur effect on catalytic activity, total sulfur of fresh catalysts were determined. Table 2 exhibited that the Ni/Al (S) contained 0.45 wt% of sulfur, whereas the sulfur contents of other catalysts were lower than the detection limit of a weight difference method (<0.10 wt%). Based on these results, we could conclude that a residual sulfur in the precipitate from sulfate precursor could not be removed fully by the same washing procedure as that for Ni/Al (N) and Ni/Al (Cl) catalysts. Therefore, active nickel surface of the Ni/Al (S) was covered by sulfur to generate NiS film on catalyst perhaps after catalyst calcination, because no bulky sulfided species were detected in the Ni/Al (S) as showing in Figure 1. Again it was considered that the nitrate precursor was the most convenient choice for the preparation of methanation catalyst.

Table 2. Sulfur contents in the obtained catalysts of Ni/Al (N), Ni/Al (S) and Ni/Al (Cl) 
	Catalyst code
	Total sulfur, wt%

	Ni/Al (N)
	<0.10

	Ni/Al (S)
	0.45

	Ni/Al (Cl)
	<0.10



X-ray diffraction analysis of the used Ni/Al (N) and Ni/Al (S) catalysts after methanation for 1h described an existence of unreduced NiO species in the catalyst which was prepared by a sulfate precursor. As shown in Figure 4, it was also identified that crystallinity of metallic Ni° was sharp in the Ni/Al (N), and the main peaks of X-ray diffraction were for Ni° at around 52.1°, 60.9° and 91.7°.
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[bookmark: _Toc515116801]Figure 4. X-ray diffractograms of the Ni/Al(N) and Ni/Al(S) catalysts after methanation for 1h
It was concluded that the sharp peaks of Ni° species represented more amount of reduced nickel in the Ni/Al (N). Therefore, nickel catalyst precursor of nitrate was able to produce high density of reducible NiO species, which eventually generated highly active Ni0 particles after hydrogen activation, on the surface of ɤAl2O3 support.

Effect of catalyst activation temperature on methanation activity. 
Catalytic activities of the catalyst prepared by the nitrate precursor for CO methanation as a function of activation temperature are shown in Figure 5 (a) and (b). Methanation condition was not changed and kept at the reaction temperature of 350°C, in the pressure of 3 atmosphere for 1 h. The GHSV of feed H2 and CO gases was 3000 h-1. Prior methanation, the Ni/Al (N) catalyst was reduced by pure H2 gas with a flow rate of 13 ml/min for 60 min to prepare active Ni° phase in a catalyst for CO methanation. 
 
Figure 5 (a) and (b). CO conversion and methane selectivity during synthesis with the Ni/Al(N) catalysts activated at the temperature of 350°С, 400°С or 450°С prior methanation synthesis
As seen from Figure 5 (a) and (b), CO conversion occurred at the initial reaction time of 5 min on the Ni/Al (N) catalyst, which was activated at 400°C by pure hydrogen. In the temperature range of 116-305°C (corresponding to reaction time of 20-40 min), CO conversion and CH4 yield gave an evident upward trends with the increase of reaction temperature for the Ni/Al (N) activated at 400°C, however at the same temperature trend CO conversion on the catalyst, which was activated at 350°C or 450°C, started around after 30-40 min of synthesis. Therefore, as shown in Figure 5 (a) and (b), the Ni/Al (N) catalyst, which was activated at 400°C, exhibited the highest CO conversion and CH4 yield. In present study, methanation temperature reached to the designated 350°C after 45 min of reaction. Table 3 compared the specific performance of three Ni/Al (N) catalysts, which were activated at 350°C, 400°C or 450°C, at the reaction time of 45 min in CO methanation. 
Table 3. Comparison of CO methanation performance for three Ni/Al (N) catalysts activated at different temperatures
	Activation temperature, °C
	CO conversion, %
	CH4 selectivity, %
	CO2 selectivity, %

	350
	63.00
	86.46
	0.14

	400
	73.91
	92.07
	0.07

	450
	55.51
	85.75
	0.10



As showing in Table 3, the Ni/Al (N) catalyst activated at 400°C gave the highest CO conversion, CH4 selectivity and the lowest CO2 selectivity among three catalysts. This result clarified an appropriate activation temperature of the Ni/Al (N). Figure 6 shows the initial temperatures of CH4 formation and the CH4 total productivities of three Ni/Al (N) catalysts, which were activated at 350°C, 400°C or 450°C. The CH4 total productivity was calculated by a sum of produced CH4 amount per unit of catalyst weight for 1 h methanation. The performance of three catalysts were tested under the same conditions of methanation process. It was known that an initial temperature to form methane by the Ni/Al (N) catalyst activated at 400°C was the lowest at 215°C, and it produced the highest amount of methane (0.087 mmol/g-cat) for 1 h methanation among three catalysts.
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Figure 6. CH4 formation T ([image: ]) and CH4 productivity ([image: ]) during the synthesis with the Ni/Al(N) catalysts activated at the temperatures of 350°С, 400°С and 450°С prior methanation synthesis
However, the catalyst, which was activated at 450°C, produced methane from the temperature of 233°C. It might be related to catalyst agglomeration during hydrogen reduction at very high temperature. Moreover, an initial temperature to form methane by the catalyst activated at 350°C was not so high (225°C), but it produced the smaller amount of methane in comparison with the catalyst activated at 400°C. 


Conclusion 

Effects of precursor type of nickel metal and catalyst activation temperature on methanation performance were tested at the temperature of 350°C, in the pressure of 3 atmosphere of H2 : CO syngas with a GSHV of 3000 h-1. 
1. The Ni/Al (N), Ni/Al (S) and Ni/Al (Cl) catalysts, which were prepared using by different precursors of nickel nitrate, sulfate and chloride salts, provided the CH4 selectivity of 93%, 18% and 91%, respectively. An effect of the catalyst precursor on methanation performance could be placed in the order of: Ni/Al (N)≈Ni/Al (Cl)>Ni/Al (S).
2. Although the Ni/Al (S) catalyst contained a similar amount of nickel, and had the same textural properties to other two catalysts, it contained a residual sulfur of 0.45%. The low activity of the Ni/Al (S) catalyst was caused due to the active surface contamination by the remained sulfur from sulfate precursor.
3. The catalyst activated at 400°С produced the highest CH4 productivity of 0.087 mmol/g-cat for the duration of 1h reaction; and its initial temperature of methane formation was the lowest of 215°С among the catalysts activated at different temperatures.
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350⁰C	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	4.5941893158387996	8.1776569821930689	11.117938144329893	12.649334582942826	17.794826616682279	32.189953139643862	38.989353327085283	63.001649484536074	78.92817244611058	82.634151827553879	90.505529522024361	93.445810684161188	95.069090909090889	95.834789128397361	96.569859418931571	97.02927835051544	97.366185567010291	97.825604498594174	98.039999999999992	400⁰C	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	23.585664381656795	33.499752913846926	35.157680297206042	37.833214288097246	38.937811469854587	38.587657000166999	43.480973513842677	61.333306560273051	73.908022308405606	81.856376607732216	87.010845375960187	90.210540775257556	92.646560546513442	94.118359565157562	95.067828284429027	95.731515043134223	96.156796563731433	96.510020075320242	96.816331089276161	450⁰C	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	2.0084195605953168	3.0818851878100659	3.9822111977321004	6.0945145287030407	5.1249326718639274	9.0032600992204035	55.508561304039688	78.640014174344444	87.643274273564842	91.625485471296955	93.599277108433725	94.707370659107013	95.676952515946141	96.161743444365698	96.923557760453576	97.096697377746281	97.581488306165838	97.72	Reaction time, min

CO conversion, %



350⁰C	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	4.5941893158387996	8.1776569821930689	11.117938144329891	12.649334582942826	16.970645173383311	29.9338771958801	33.711247239638276	56.650199536502072	66.614689989659354	73.493486699909269	79.586895277882732	81.834006796268028	82.222206185566989	82.919568785317267	84.620874192723846	84.765186691658855	85.556172199170106	86.324751621857544	400⁰C	5	10	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	7.1060081938463169	10.985103958579877	11.719226765735348	25.476398331097741	27.025330335241549	27.672423346733307	40.440905448477416	56.839541916525278	68.044557966599911	75.069397354840106	79.831952098188069	82.747216442981255	84.712156859939299	86.110606228490141	86.963133588792147	87.634169978094235	88.096265417106949	88.127987420394334	88.466860675569208	450⁰C	15	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	0.53235217268791535	0.16887042124986665	1.5771133456364754	2.9021497755728762	4.1543014840109116	7.4878598845001374	47.598776703790598	67.630004411796861	75.515729038411877	79.234229340892995	80.963632832488258	82.089559686993795	83.031087007309011	84.98725702582739	85.734215097532086	86.713475501950256	88.089405434821771	Reaction time, min

Меthane yield, %



CH4 temp	350⁰C	400⁰C	450⁰C	225	215	233	te	225	215	233	CH4 prod	350⁰C	400⁰C	450⁰C	8.43E-2	8.6699999999999999E-2	8.43E-2	CH4 formation T,°С


Аctivation temperature,°С
CH4  productivity,mmol/g-cat 
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