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Abstract

:

Ni/Al2O3 catalyst prepared by combustion method was applied in a slurry methanation reaction to study the catalytic performance, especially the regeneration performance. The catalyst properties were characterized by (X-Ray diffraction) XRD, Inductively coupled plasma atomic emission spectrometer (ICP-AES), Nitrogen adsorption-desorption, Transmission electron microscopy (TEM), Thermogravimetric analysis (TG/DTG), Temperature programmed oxidation (TPO), and H2 chemisorption before and after reaction. The results show that the catalyst deactivation was mainly due to carbon deposition, which exhibited amorphous carbon films and formed by the disproportionation of CO. The carbon deposition was formed on the catalyst surface and existed as carbon films during the reaction, then it gradually separated from the catalyst surface, generated an overlapping multi-layer three-dimensional carbon structure, which covered the active site and blocked the pores. As a result, the metal surface area of catalyst decreases, as well as the activity. The carbon deposition could be removed by oxidative calcination without destroying the catalyst structure, the active sites could be re-exposed and the catalyst activity could be recovered.
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1. Introduction


Coal is the most abundant fossil energy on Earth, which can be used to prepare coke [1], aromatics [2], methane [3,4,5], methanol [6], ammonia [7], gasoline [8] and other chemical products through coking, gasification and liquefaction. Among them, the process of coal gasification to methane has been extensively studied in recent years [9,10,11], due to its high energy conversion efficiency, short process flow and low equipment investment of unit product.



Syngas (CO+H2) methanation is the key technology for coal to methane, mostly using Ni-based catalyst. However, methanation is a strong exothermic reaction, 1% of the CO conversion could cause 74 °C adiabatic temperature rise [12]. The reactor bed is likely to overheat, leading to rapidly sintered catalyst. For a slurry-bed reactor with inert liquid medium, the heat reaction could be removed in time by the liquid paraffin wrapped catalyst, which could solve the problem of overheating in the bed. Hence, researchers have paid more attention to the slurry-bed methanation reaction process, the reaction temperature, pressure, velocity and other reaction process [13,14]. In addition, the structure and properties of the catalyst [15,16,17,18] have been systematically studied, and it was found that the preparation method can significantly affect the specific surface area, Ni particle size, dispersion and adsorption properties of the catalyst. Among them, the catalyst prepared by combustion method has a large specific surface area, small particle size and uniform dispersion of Ni. Furthermore, it has a large active metal surface area [19,20]. Under the conditions of 300 °C, 1.0 MPa, 3000 mL·g−1·h−1, the CO conversion and the CH4 selectivity reaches 94.3% and 93.7%, respectively [21]. In our previous studies, combustion method has been applied in slurry phase methanation reaction, the influence of Ni contents [21]. precursor of supports [22], type of fuels [23] and other key influence factors on catalytic performances have been systematic researched.



Besides CO conversion and CH4 selectivity, stability is another key catalytic indicator. The primary reason for the stability and the deactivation of Ni catalyst is the carbon deposition of Ni [24]. At present, there are a large number of studies on the mechanism of carbon deposition [25], the structure of carbon deposition [26], the influence of carbon deposition on the activity of catalyst [27,28,29,30]. In the methanation reaction, the carbon deposition is mainly derived from the disproportionation of CO and decomposition of CH4. On the catalyst surface, the formation of a variety of morphologies of the amorphous carbon, part of the crystallization of carbon and graphite carbon, ultimately lead to Ni sintering, pore blockage, or active center covered, resulting in catalyst deactivation. The carbon deposition behavior of the catalyst is affected by a variety of factors such as reactor [31], temperature, pressure and other technological conditions [32], such as the structure and properties of the catalyst [33]. To our best knowledge, the catalyst regeneration and carbon deposition behavior for CO methanation in a slurry-bed reactor has not been reported.



In this study, Ni/Al2O3 catalyst was prepared by combustion method. The catalytic stability and regeneration properties were investigated in a low-temperature slurry-bed reactor. Furthermore, the catalyst and its carbon deposition are characterized, as are the structure and properties of carbon deposition. The effects of carbon deposition on catalyst properties and catalytic performance are also discussed.




2. Results


2.1. Catalytic Stability Evaluation in Slurry-bed


The results of assessment of the Ni/Al2O3 catalyst in the slurry-bed methanation system are shown in Figure 1. At the first 20 h of the reaction, the CO conversion and CH4 selectivity increase, up to 91.3% and 92.9%, respectively. After a reaction time of 450 h, the CH4 selectivity remains around 92%, indicating that CH4 is the main product in the slurry-bed methanation reaction with a stable selectivity during the reaction. Meanwhile, the CO conversion decreases to 69.1% and the deactivation rate is 0.053% h−1. It was reported that the catalyst deactivation rate in the fixed-bed methanation system is 0.075% h−1 [34], 0.113% h−1 [35], 0.130% h−1 [36] and 0.360% h−1 [37]. Obviously, in the slurry-bed methanation system, the catalyst deactivation is slower and the stability is better than that of the fixed-bed system.



After the reaction, the catalyst was calcined in air atmosphere at 400 °C for 4 h to remove the carbon deposition, which may be present in the catalyst and then regenerated. The evaluation results of the catalyst after regeneration are shown in Figure 1b. The result shows that, in a reaction time of 100 h, the average CO conversion and CH4 selectivity of refreshed catalyst reaches 89.6% and 91.8%, respectively. Then, the CO conversion gradually decreases. After a reaction time of 250 h, the CO conversion falls to 80.5%, which is very closed to that of fresh catalyst, indicating that after the regeneration process, the catalyst performance is almost fully recovered.




2.2. Catalyst Composition


The XRD characterization of the catalyst is shown in Figure 2. The characteristic diffraction peaks of Ni and γ-Al2O3 can be observed in the fresh catalyst, indicating that the Ni phase is formed in the process of catalyst preparation and Al2O3 phase of the support is maintained. The diffraction peak of γ-Al2O3 is still presented in the catalyst, but the intensity of Ni is weaker than that of fresh catalyst, and gradually decreases with increasing reaction time. The diffraction peak of Ni is not observed in the catalyst after 450 h. The decrease of Ni intensity indicates that the ordering of the Ni grains in the catalyst is deteriorated, which is related to the accumulation of carbon. The results show that the active carbon deposition firstly produced in the reaction can be dissolved in Ni particles, partially form carbonized nickel [26].



The XRD patterns of the catalyst after regeneration is also shown in Figure 2. It can be seen that the peak intensity of γ-Al2O3 and Ni in the catalyst after regeneration, is very close to that of the fresh catalyst.



The results of the Inductively coupled plasma atomic emission spectrometer characterization of the catalyst are shown in Table 1. The theoretical Ni content of the catalyst is 20%, the Al content is 42.4%, and the mass ratio of Ni/Al is 0.47, the others is nonmetal element, O. The Ni, Al content and the mass ratio of Ni/Al of the fresh catalyst is 20.5%, 41.7%, and 0.45, respectively, in agreement with the theoretical value, indicating that the impregnated combustion of nickel-containing materials are all loaded in the catalyst. The contents of Ni and Al in the catalyst decrease to 19.0% and 39.7% respectively after 150 h reaction. After 450 h, the contents of Ni and Al decrease to 15.4% and 32.9%, respectively. It is concluded that as the reaction time is prolonged, the Ni and Al contents of the catalyst descend gradually, and nonmetal elements increase, which indicates indirectly that the amount of carbon deposition increases. The Ni/Al mass ratio of the catalyst after the reaction is still around 0.47, which is not dramatically different from that of the fresh catalyst. The results indicate that there is no Ni component loss during the reaction.




2.3. Microstructure and Morphology of Catalyst


Table 2 shows the N2 adsorption characterization results of the catalyst. The specific surface area and average pore volume of fresh catalyst is 167 m2·g−1 and 0.278 cm3·g−1, respectively, and the average pore size is 7.1 nm. The surface area of the catalyst changes a little after 150 h, while the specific surface area decreases significantly to 128 m2·g−1 after 300 h, and the pore volume and pore size decrease observably, which indicates that the catalyst channels are blocked by carbon deposition. After 450 h, the average pore size of the catalyst is reduced to 4.8 nm, while the specific surface area and average pore volume increased to 134 m2·g−1 and 0.219 cm3·g−1. With increasing amount, carbon deposition from the surface of Ni particles adheres to the surface of the catalyst. The specific surface area, the average pore volume and pore size of the catalyst increased to 158 m2·g−1, 0.273 cm3·g−1 and 6.8 nm, respectively, in agreement with the fresh catalyst due to the removal of carbon deposition, and the blocked pore structure of the catalyst is recovered.



The microstructure of the catalyst can be directly observed by TEM, which is helpful to understand the existence of carbon deposition. As shown in Figure 3, the fresh catalyst is in the form of granules with a diameter of 5–10 nm. Simultaneously, it has a uniform particle size and clear particles. After 150 h of methanation, the edge of the catalyst particles become blurred, indicating that a small amount of carbon is present on the catalyst surface [38]. When the reaction time increases to 300 h, flat carbon film comes into being on the edge of the sample, wrapping in the catalyst surface. However, after 450 h, the surface area of the catalyst continually increases, forming a multilayer carbon film, and the surface of the carbon film is no longer flat and superimposes on each other. After the regeneration process, the carbon species disappears, and the morphology of the catalyst is similar to that of fresh catalyst.




2.4. Carbon Deposition Analysis of Catalyst


Previous studies have shown that the loss of weight in the Thermogravimetric analysis (TG) characterization of the catalyst after the methanation reaction is generally due to the oxidation of carbon deposition [39,40]. To obtain the carbon content of the catalyst, the Ni/Al2O3 catalyst involved in the different stages of the methanation reaction was characterized by TG in the CO2 atmosphere. The results are shown in Figure 4. According to the figure, the fresh catalyst has almost no weight loss, that is, it does not decrease in quality caused by carbon deposition oxidation. The weight loss of the catalyst after the methanation reaction occurs above 280 °C, indicating that carbon deposition forms after the reaction. The carbon deposition capacity of the catalysts is 4.5%, 15.6% and 32.8% at 150 h, 300 h and 450 h, respectively. It can be seen that as the reaction time is prolonged, the amount of carbon deposition increases. Nevertheless, the deactivated catalyst is oxidized and regenerated, it does not significantly lose weight, manifesting that the carbon deposition on the catalyst is substantially removed by the carbon deposition burning process.



TPO is the programmed temperature oxidation, oxidation temperature of the carbon deposition can be obtained by it and the composition of carbon deposition can be deduced, the test results shown in Figure 5. It is observed that the catalyst has a significant oxidation peak at 230 °C, corresponding to the oxidation of Ni [41]. The reacted catalyst has an oxidation peak at 360 °C, 370 °C and 380 °C, corresponding to the oxidation of carbon deposition. Previous studies have shown that carbon deposition is divided into amorphous carbon, partially crystallized carbon and graphite carbon according to the degree of crystallization, their oxidation temperature is above 250 °C–450 °C [42,43], 450 °C–550 °C [44] and 550 °C [45], respectively. The temperature of the oxidation peaks shows that the carbon deposition on the catalyst is amorphous carbon. With the prolongation of methanation reaction time, the peak area of carbon deposition increases and the temperature of carbon deposition decreases. When the reaction time reaches 450 h, the temperature of carbon deposition peak decreases to 360 °C, which indicates that the amount of carbon deposition increases in the reaction, the interaction between carbon deposition and catalyst becomes weaker, and oxidation is more likely to occur.




2.5. H2 Chemisorption Properties of Catalyst


The H2 chemisorption results of the catalyst are shown in Table 3. It can be seen from the table that the surface area of the catalyst before reaction is 16.3 m2·g−1 and the metal dispersion is 2.45%. The surface area and metal dispersion of the catalysts were decreased after the reaction. After 450 h, the two decrease to 9.0 m2·g−1 and 1.35%, respectively, because parts of the Ni particles are coated with the carbon film during the reaction, blocking some of the catalyst channels and reducing the Ni active sites exposed to the catalyst surface, metal surface area also decreases. The surface area and metal dispersion of the catalyst after the regeneration increase to 15.9 m2·g−1 and 2.40%, respectively, close to the fresh catalyst, which is due to the removal of the carbon deposition on the Ni surface during the regeneration process. The Ni phase can be re-exposed and subjected to H2 chemisorption.





3. Discussion


Based on the evaluation and characterization of the Ni/Al2O3 catalyst prepared by the combustion method in the slurry-bed system, the causes of carbon deposition, the properties and morphology of carbon deposition, the relationship between the carbon deposition and the structure and activity of the catalyst were analyzed and discussed.



According to thermodynamics, in the methanation reaction and its reverse reaction, CO disproportionation and CH4 decomposition occurred mainly in the low-temperature range of <650 °C and the high temperature range of >600 °C [46], respectively. However, because of the limitation of the boiling point of the liquid paraffin, the temperature of the slurry-bed methanation was low, generally below 350 °C (280 °C in this experiment). Therefore, the carbon deposition is mainly produced by the disproportionation of CO in the slurry-bed methanation reaction system. Research has shown that carbon deposition generated by CO disproportionation is mainly amorphous carbon [47], which is consistent with the results of experimental observations.



As the reaction time was prolonged, the amount of catalyst deposits increased and the methanation activity decreased.



At the initial stage of carbon deposition, the disproportion of CO occurred on the surface of Ni active, resulting in carbon active precursor C*. A small amount of C* could be dissolved in the Ni to form Ni3C species. However, the doping of Ni3C caused the grain order of Ni to decrease. At this point Ni3C in the Ni particles were not saturated, the catalyst surface was without carbon deposition precipitation, and its activity did not show a significant decline.



With the further accumulation of carbon deposition, the carbon species dissolved in the Ni particles was saturated, it precipitated from the Ni grains, and transferred to the Ni grain boundary. It was reported that the accumulation of carbon deposition occurred mainly in the Ni/carrier interface and the outer surface of Ni; the driving forces were the temperature gradient and the concentration gradient of carbon [41]. In the gas–liquid–solid three-phase reaction system of slurry-bed, there was a significant temperature gradient in the Ni/liquid interface due to the excellent heat transfer performance of the liquid phase; meanwhile, the weak polarity of liquid phase was similar to that of carbon, which corresponded to the like-dissolves-like effect. The combined action of temperature gradient and polarity matching led to the accumulation of precipitated carbon species in the Ni/liquid interface. Because of the low reaction temperature, carbon deposition did not form a relatively high degree of crystallinity of carbon species, such as carbon fiber, carbon tube, and even graphite carbon, but rather a less orderly film formed. The coating of the carbon film covered part of the Ni active site, blocking some of the catalyst channels, and hindering the gas phase mass transfer, finally causing the methanation activity to decrease.



When the carbon deposits continued to increase, the carbon film on the surface of the catalyst underwent deformation, crushing, stacking, and the morphology became broken and irregular. Furthermore, it was gradually separated from the catalyst surface to form a multilayer three-dimensional carbon structure. As the Ni active center was further covered, the catalyst pores were further blocked, and the surface area of the active metal decreased, leading to a decline of methanation activity. At the same time, the appearance and increase of the irregular carbon structure on the catalyst surface increased the catalyst surface area.



Since the carbon deposition in the slurry-bed methanation system generated in the Ni/liquid interface rather than the Ni/carrier interface, no Ni particles fell off and pore structure was not destroyed. The carbon deposition can be removed by oxidative roasting to re-expose the active site, thus the blocked pore structure and the catalyst activity are recovered.




4. Experimental Section


4.1. Catalyst Preparation


The catalyst was prepared by impregnation-combustion method. Firstly, 12.4 g of nickel nitrate (>98.0%, Sinopharm Chemical Reagent, China) and 4.3 g of urea (A.R.; Tianjin Fengchuan Chemical Reagent, Tianjin, China) were dissolved in 10 mL distilled water. Then, 10 g of γ-Al2O3 (supplied by Zhengzhou Alumina Company, Zhengzhou, China) was slowly added into the solution and immersed for 24 h. After the impregnation, the suspension was poured into a ceramic evaporator and placed in a muffle furnace for several minutes at a temperature of 300 °C. After it had spontaneously burned, a catalyst precursor was obtained. Then, it was grounded to 80–100 mesh and reduced at 550 °C for 6 h with the gas v(H2)/v(N2) = 4/1 at a flow rate of 125 mL/min, the as-received sample was methanation catalyst, designated as Cat-fresh. The loading content of Ni on catalyst was 20 wt%.




4.2. Catalyst Activity Evaluation and Regeneration


2 g of catalyst and 120 mL of liquid paraffin (A.R.; Tianjin Kemiou Chemical Reagent Co.; Ltd., Tianjin, China) were added to a 250 mL autoclave (CJF-0.25, Dalian Tongda Reactor Factory, Dalian, China), then N2 was introduced to sweep the air and enhance the pressure to 1.0 MPa, the feed gas was switched to 25% CO-75% H2. The activity test was performed under the conditions of 280 °C, 1.0 MPa, and 3000 mL/(g·h) of space velocity. The off-gas was cooled by ethylene glycol at 1 °C to remove water vapor, then the gas was quantitatively analyzed on-line by a gas chromatography (7980A, Agilent Technologies, Inc., Santa Clara, CA, USA), which was equipped with three valves and four columns, and measured by the wet gas flowmeter (LML-1, Jinzhiye Instrument Equipment Co. Ltd., Beijing, China). Helium was used as carrier gas. Flame Ionization Detector (FID) detector was used to analysis of C1~4 hydrocarbons, equipped with HP-AL/S column (30 m × 530 μm × 15 μm); Thermal Conductivity Cell Detector (TCD) detector equipped with Porapak-Q column, HP-PLOT/Q column (30 m × 530 μm × 40 μm), and HP- MOLESIEVE column (30 m × 530 μm × 25 μm) was used to analyze CO2, and CO, CH4, N2.



By the end of the reaction, the catalyst was collected in the autoclave, and the liquid paraffin was removed from the surface of the catalyst by Soxhlet extractor, by using petroleum ether as solvent extraction. The extraction time was 200 h. The extracted catalyst was dried to remove the petroleum ether, collected as cat-used-t, t for the catalytic reaction time in units of h.



The catalyst after the reaction of 450 h was calcined at 400 °C for 4 h in air atmosphere to remove carbon deposition. It was then reduced in the same operation as the fresh catalyst, and designated as cat-refreshed. The regenerated catalyst was subjected to a slurry-bed methanation reaction under the same operating conditions as the fresh catalyst.




4.3. Characterization


X-ray diffraction (XRD) was used to characterize the catalyst by DX-2007 X-ray diffractometer (Haoyuan Instrument, Dandong, China), operating with CuKα radiation of wavelength λ = 0.154056 nm, Ni filter at 40 kV and 30 mA, the samples were scanned between 5°~85° at a rate of 8°/min.



Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES) was performed on an iCAP 6300 (Thermo Fisher Scientific, Waltham, MA, USA) for the test of Ni and Al content of catalyst sample.



Nitrogen adsorption-desorption isotherms were carried out by 3H-2000PS2 automatic device (Beishide Instrument, Beijing, China). The samples were degassed at 30 Pa and 130 °C for 1 h. The N2 was adsorbed at liquid nitrogen temperature and the specific surface area was calculated using the BET formula.



Transmission electron microscopy (TEM) (JEOL, Tokyo, Japan) was carried out by JEM-2100F field emission electron microscopy operated at 200 kV. The samples were dispersed in ethanol for 10 min, then the suspension was sprayed on a copper wire.



Thermogravimetric analysis (TG/DTG) was performed on STA409C (NETZSCH, Selb, Germany) integrated thermal analyzer at CO2 atmosphere. The test temperature range was 100~800 °C, with the heating rate of 10 °C/min.



Temperature programmed oxidation (TPO) was performed on Aurochem II 2920 automatic instrument (Micrometrics Inc., Londonderry, NH, USA). About 40 mg catalysts were placed in a U-shaped quartz reaction tube. The temperature raised to 350 °C at a rate of 10 °C·min−1 using He, kept blowing for 30 min at 350 °C. Subsequently, until it had cooled down to 50 °C, mixed gas of V(O2)/V(He) = 1/9 was switched at the speed of 50 mL·min−1. After the baseline is stabilized, the temperature was raised to 700 °C at a rate of 10 °C·min−1, and the TCD was used to detect the exhaust gas signal.



H2 chemisorption experiments were carried out with a Micrometrics Autochem II 2920 model multifunctional adsorption instrument (Micrometrics Inc, Londonderry, NH, USA). About 500 mg samples were placed in a U-shaped quartz reaction tube, at the atmosphere of V(H2)/V(Ar) = 1/9 and the flow rate of 50 mL·min−1, the temperature increased to 550 °C at the heating rate of 10 °C·min−1 for 4 h. When cooled down to 120 °C, blowing 1 h at atmosphere, then continued to cooled to 50 °C. When baseline was stable, 15 pulses were performed (every pulse adsorption for 3 min at the atmosphere of V(H2)/V(Ar) = 1/9). The pulse adsorption signal was detected by TCD.





5. Conclusion


The carbon deposition of Ni/Al2O3 catalyst, prepared by combustion method, was mainly due to the disproportionation of CO, which existed as amorphous carbon. The regularity of carbon deposition and the activity of the catalyst were as follows: (1) Initial stage of carbon deposition: carbon species first dissolved in the Ni grains, but did not form a carbon crystal, and the catalyst pore structure and catalyst activity changed slightly. (2) Carbon dissolved in the Ni was saturated, then it began to precipitate. Under the influence of the temperature gradient and like-dissolves-like effect of the paraffin, the carbon deposition on the Ni surface formed into the carbon film, blocking the pores and reducing the surface area of the active metal. (3) The carbon increased and gradually dissociated from the surface of the catalyst. The morphology of the carbon film became broken and irregular, and finally the multilayer three-dimensional carbon structure was formed. The catalyst pores were further blocked, but the specific surface area increased due to the appearance and increase of the irregular carbon structure. Active metal surface area and activity both decreased.



Additionally, the carbon deposition only covered the active site of the catalyst, no Ni particles fell off and the pore structure was not destroyed. Therefore, the carbon deposition could be removed without damaging the catalyst structure by oxidative calcination, the catalyst active site was re-exposed and the catalyst activity was recovered.
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Figure 1. CO conversion and CH4 selectivity of fresh catalyst (a) and refreshed catalyst (b) in slurry-bed reactor. 
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Figure 2. X-Ray diffraction patterns of catalysts. 
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Figure 3. TEM of catalysts. (a) Cat-fresh, (b) Cat-used-150, (c) Cat-used-300, (d) Cat-used-450 and (e) Cat-refreshed. 
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Figure 4. Thermogravimetric analysis of catalysts. 
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Figure 5. Temperature programmed oxidation of catalysts. (a) Cat-fresh, (b) Cat-used-150, (c) Cat-used-300 and (d) Cat-used-450. 
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Table 1. Inductively coupled plasma atomic emission spectrometer results of catalyst.
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	Catalyst
	Ni Relative Content/wt%
	Al Relative Content/wt%
	Mass of Ni/Al





	(Theoretical value)
	20
	42.4
	0.47



	Cat-fresh
	20.5
	45.6
	0.45



	Cat-used-150
	19.0
	39.7
	0.48



	Cat-used-300
	17.1
	37.1
	0.46



	Cat-used-450
	15.4
	32.9
	0.47



	Cat-refreshed
	20.1
	44.7
	0.45
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Table 2. Textural properties of catalysts.
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	Catalyst
	SBET (m2·g−1)
	Vp (cm3·g−1)
	Dp (nm)





	Cat-fresh
	167
	0.278
	7.1



	Cat-used-150
	152
	0.236
	5.4



	Cat-used-300
	128
	0.214
	4.9



	Cat-used-450
	134
	0.219
	4.8



	Cat-refreshed
	158
	0.273
	6.8
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Table 3. Metallic surface area and metal dispersion of catalysts.
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	Catalyst
	Metallic Surface Area/(m2·gmetal−1)
	Metal Dispersion/%





	Cat-fresh
	16.3
	2.45



	Cat-used-150
	15.3
	2.29



	Cat-used-300
	12.6
	1.89



	Cat-used-450
	9.0
	1.35



	Cat-refreshed
	15.9
	2.40
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