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ABSTRACT

Mesostructured silica nanoparticles (MSN) supported metal catalysts have been studied for elucidation of the mechanism of CO2 methanation. The property-activity relationship of WO3 supported on ZrO2 (WZ) was evaluated in n-butane isomerization for a series of catalysts with WO3 loading ranging from 5 to 20 wt% on ZrO2. The catalysts were prepared by incipient-wetness impregnation of Zr(OH)4 with an aqueous solution of (NH4)6[H2W12O40∙nH2O], followed by drying and calcination at 1093 K. The introduction of WO3 continuously increased the tetragonal phase of ZrO2, WO3 surface density and coverage. The specific surface area and total pore volume passed through a maximum of WO3 loading at 13 wt%; this loading corresponds to 5.9 WO3/nm2 and is near the theoretical monolayer-dispersed limit of WO3 on ZrO2. The IR results indicate that the presence of WO3 eroded the absorbance bands at 3738 and 3650 cm-1 corresponding to bibridged and tribridged hydroxyl groups up to near the monolayer-dispersed limit of WO3. A new broad and weak band appeared, centered at 2930 cm-1, indicating the presence of bulk crystalline WO3 for WO3 coverage exceeding the theoretical monolayer-dispersion limit.  However, the bridged carbonyl species could be a main route to form a methane since it was dominant than other adsorbed species. The results, discussion and suggestions provided new perspectives in the catalysis, particularly in the recycling of CO2. 
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INTRODUCTION

Zirconia-based solid acid catalysts such as SO42--ZrO2 (SZ), MoO3-ZrO2 (MZ) and WO3-ZrO2 (WZ) catalysts have been explored widely due to their potential for replacing halide-type solid acids and zeolite for linear alkane isomerization [1-7]. Skeletal isomerization over solid acid catalysts is normally carried out in the presence of hydrogen. Without hydrogen, catalytic activity decreases rapidly with the reaction time due to the formation of coke deposits and/or the lack of active sites for isomerization. Our research group has studied the effects of hydrogen on the catalytic activities of SZ, MZ and WZ catalysts for acid-catalyzed reactions [8-10]. Our results suggest that protonic acid sites are generated from molecular hydrogen and act as catalytically active sites, not only for the skeletal isomerization of alkanes, but also for acid-catalyzed reactions such as cumene cracking and toluene disproportionation. On the basis of pyridine adsorbed IR, hydrogen adsorbed ESR and quantitative hydrogen adsorption studies, we have proposed the concept of “molecular hydrogen-originated protonic acid sites” that involves the generation of protonic acid sites on the surface of solid acid materials from molecular hydrogen [9-13]. Hydrogen molecules are dissociatively adsorbed on specific active sites to form hydrogen atoms, followed by spillover onto the acid site. The Lewis acid site trapped electron reacts with a second acid site. The Lewis acid site trapped electron reacts with a second spiltover hydrogen to form H− bound to a Lewis acid site. The Lewis acid site trapped electron reacts with a second spiltover hydrogen to form H− bound to a form H− bound to a Lewis acid site. The Lewis acid site trapped electron reacts with a second spiltover hydrogen to form H− bound to a Lewis acid site
Zirconia-based solid acid catalysts such as SO42--ZrO2 (SZ), MoO3-ZrO2 (MZ) and WO3-ZrO2 (WZ) catalysts have been explored widely due to their potential for replacing halide-type solid acids and zeolite for linear alkane isomerization [1-7]. Skeletal isomerization over solid acid catalysts is normally carried out in the presence of hydrogen. Without hydrogen, catalytic activity decreases rapidly with the reaction time due to the formation of coke deposits and/or the lack of active sites for isomerization. Our research group has studied the effects of hydrogen on the catalytic activities of SZ, MZ and WZ catalysts for acid-catalyzed reactions [8-10]. Our results suggest that protonic acid sites are generated from molecular hydrogen and act as catalytically active sites, not only for the skeletal isomerization of alkanes, but also for acid-catalyzed reactions such as cumene cracking and toluene disproportionation. On the basis of pyridine adsorbed IR, hydrogen adsorbed ESR and quantitative hydrogen adsorption studies, we have proposed the concept of “molecular hydrogen-originated protonic acid sites” that involves the generation of protonic acid sites on the surface of solid acid materials from molecular hydrogen [9-13]. Hydrogen molecules are dissociatively adsorbed on specific active sites to form hydrogen atoms, followed by spillover onto the acid site. The Lewis acid site trapped electron reacts with a second acid site. The Lewis acid site trapped electron reacts with a second spiltover hydrogen to form H− bound to a Lewis acid site. The Lewis acid site trapped electron reacts with a second spiltover hydrogen to form H− bound to a form H− bound to a Lewis acid site. The Lewis acid site trapped electron reacts with a second spiltover hydrogen to form H− bound to a Lewis acid site
2.	EXPERIMENTS
2.1	Catalyst Preparation

MSN was prepared by sol-gel method according to the report by Karim et al. [23] The surfactant cetyltrimethylammonium bromide (CTAB; Merck), ethylene glycol (EG; Merck), NH4OH solution (QRec) and NH3OH solution (QRec) were dissolved in water with the following molar composition of CTAB:EG:NH4OH:H2O = 0.0032:0.2:0.2:0.1. After vigorous stirring for about 30 min at 353 K, 1.2 mmol of tetraethyl orthosilicate (Merck) and 1 mmol of 3-aminopropyl triethoxysilane (Merck). After vigorous stirring for about 30 min at 353 K, 1.2 mmol of tetraethyl orthosilicate (Merck) and 1 mmol of 3-aminopropyl triethoxysilane (Merck).

2.2.	Characterization

The crystalline structure of the catalyst was determined with X-ray diffraction (XRD) recorded on a powder diffractometer (Bruker Advance D8, 40 kV, 40 mA) using a Cu Kα radiation source in the range of 2θ = 1.5-90°. The BET analysis of the catalyst was determined by N2 adsorption-desorption isotherms using a Quantachrome Autosorb-1 instrument. The catalyst was outgassed at 573 K for 3 h before being subjected to N2 adsorption. Pore size distributions and pore volumes were determined from the sorption isotherms using a non localized density functional theory (NLDFT) method. 
Catalytic Activity Measurements. CO2 methanation was conducted in a microcatalytic quartz reactor with an interior diameter of 8 mm at atmospheric pressure at temperature range of 373-723 K. The thermocouple was directly inserted into the catalyst bed to measure the actual pretreatment and reaction temperatures. The catalyst was sieved and selected in the 20-40 µm fraction. Initially, 200 mg of catalyst was treated in an oxygen stream (FOxygen = 100 ml/min) for 1 h followed by a hydrogen stream (FHydrogen = 100 ml/min) for 4 h at 773 K and cooled down to the desired reaction temperature in a hydrogen stream. The conversion of carbon dioxide, selectivity of products and rate of methane formation were calculated by the following equations:
 	                   (1)
		 	    (2)
  		 	    (3)
where XCO2 is the conversion of carbon dioxide (%), Sx is the selectivity of X product (%) in which x is a CH4 or CO, F is a molar flow rate of CO2 or product in mole per second and MTotal is the total amount of metal in mole. 
3.	RESULTS AND DISCUSSION
Figure 1A shows the small-angle XRD patterns of MSN and metals based MSN catalysts. The patterns exhibited three peaks, indexed as (100), (110) and (200) which are reflections of the typical two dimensional hexagonally ordered mesostructure (p6mm), demonstrating the high quality of mesopore packing. The presence of metal crystallites on the catalysts were characterized using wide-angle XRD (30-90°), as shown in Figure 1B. 
The crystal phase, specific surface area, total pore volume, The Lewis acid site trapped electron reacts with a second spiltover hydrogen to form H− bound to a Lewis acid site The crystal phase, specific surface area, total pore volume, The Lewis acid site trapped electron reacts with a second spiltover hydrogen to form H− bound to a Lewis acid site The crystal phase, specific surface area, total pore volume, The crystal phase, specific surface area, total pore volume, WO3 to tetragonal phases of ZrO2 decreased and, in contrast, the in and surface area, total pore volume, WO3 surface density and WO3 coverage are summarized in Table 1. Table 1 textural parameters of MSN and metal-based MSN are summarized in Table 1extural parameters of MSN and metal-based MSN catalysts and metal-based based MSN catalysts are summarized in Table 1 textural parameters of MSN and metal-based MSN catalysts are summarized in Table MSN catalysts are summarized in Table 1 textural parameters of MSN and metal-based MSN catalysts are summarized in Table 1extural parameters of MSN and metal-based MSN catalysts.
Figs. 3 and 4 show the IR spectra in the O-H and W=O stretching regions of the activated and pyridine adsorbed WZ catalysts. The catalysts were activated at 673 K, followed by the adsorption of pyridine at 423 K and outgassing at 623 K. The activated 5WZ catalyst showed broad bands centered at 3738 and 3650 cm-1, inferring the existence of several hydroxyl stretching bands with different acidic centers and strength (Fig. 3). These bands were assigned to presence of both the tetragonal and monoclinic phases of zirconia on the catalyst [18,29]. Both bands eroded continuously with bibridged and tribridged hydroxyl groups on the surface were covered by tungstate anions. Further loading of WO3 led to new broad bands at 3500 cm-1 crystallite planes, respectively.
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Fig. 1 XRD pattern of the samples 
Table 1 Coded levels for independent variables used in the experimental design.

	
Independent Variables
	
Symbol
	Coded levels

	
	
	-1
	0
	+1

	Treatment Temperature, K
	X1
	673
	723
	773

	Treatment Time, h
	X2
	1
	6
	11

	Reaction Temperature, K
	X3
	523
	548
	573

	Treatment Time, h
	X2
	1
	6
	11

	Treatment Time, h
	X2
	1
	6
	11

	Reaction Temperature, K
	X3
	523
	548
	573






Table 2 Physicochemical properties and catalytic performance
	Catalyst
	SBET 
(m2g-1)
	Vpore (cm3g-1)
	dpore (Ǻ)
	Rate × 10-2 
(mol CH4·mol Metal-1·s-1)
	Conversion, XCO2 (%)
	Selectivity (%)c

	
	
	
	
	
	
	CH4
	CO

	Ag/hzsm8
	888
	0.809
	39
	0.96
	7
	99
	28

	Ag/hzsm5
	858
	0.805
	35
	0.97
	4
	92
	8

	Cu/hzsm5
	501
	0.642
	32
	0.57
	3.3
	79
	21


a SBET: BET surface area; Vpore: total pore volume; dpore: average pore diameter. b Conditions: reaction temperature = 623 K, gas hour space velocity (GHSV) = 50,000 mlg-1h-1, H2/CO2 = 4/1. c Selectivity at conversion = 20%. d Selectivity at conversion = 0.3%. e The result in the parenthesis shows the reaction in the presence of CO2 only. 


In addition, two absorbance bands were observed in the W=O stretching regions at 1025-2010 cm-1 for all WZ catalysts (Fig. 2). The main band at a higher wavenumber was relatively sharp and stronger, and the shoulder band at a lower wavenumber was much weaker and broader. Increased WO3 loading did not change the position of the band at 1021 cm-1, whereas the band at 1014 cm-1 was observed only for the 13WZ catalyst. The peak at 1014 cm-1 shifted slightly to a lower wavenumber for the 5WZ, 10WZ, 15WZ and 20WZ catalysts. The NH3-TPD results show that ammonia desorbed in one large envelope centered at 453 K for all WZ catalysts (Fig. 3A). The NH3-TPD results show that ammonia desorbed in one large envelope centered at 453 K for all WZ catalysts (Fig. 3A). The NH3-TPD results show that ammonia desorbed in one based on our previous assigment, the bands at 1021 and 1014 cm-1 for 13WZ were assigned to the stretching of W=O connected to coordinative unsaturated (cus) Zr4+ through O and to the other W through O, respectively [30]. 
No dioxo (O=W=O) tungsten oxide species were present in any of the catalysts, as seen by the absence of IR bands for symmetric and antisymmetric stretching modes of the O=W=O bond with different relative intensities and wavenumbers (30–50 cm−1 difference). The spectra in the O-H and W=O stretching regions were essentially the same as those reported by Naito et al. [15] and Scheithauer et al. [14,23] for dehydrated WZ catalysts. Naito et al. reported a band assigned to the hydroxyl group observed at 3676 cm-1 for both ZrO2 and WZ catalysts. Although the band position of the hydroxyl groups varied in the of WO3 loading and following calcination at different temperatures. Acid site distribution and strength for WZ catalysts were studied by NH3-TPD and pyridine adsorbed IR spectroscopy (Fig. 3). The NH3-TPD results show that ammonia desorbed in one large envelope centered at 453 K for all WZ catalysts (Fig. 3AGaussian deconvolution of NH3-TPD spectrum for 13WZ indicated the existence of NH3 desorption peaks centered at 440, 470, 560, 665 and 720 K which inferring that there are the existence of NH3 desorption peaks centered at 440, 470, 560, 665 and 720 K which inferring that there are.
Acid site distribution and strength for WZ catalysts were studied by NH3-TPD and pyridine adsorbed IR spectroscopy (Fig. 3). The NH3-TPD results show that ammonia desorbed in one large envelope centered at 453 K for all WZ catalysts (Fig. 3A). The shoulder band which emerged when the catalysts were heated to 1200 K reveals that the surface acid strength was widely distributed on the catalysts. Gaussian deconvolution of NH3-TPD spectrum for 13WZ indicated the existence of NH3 desorption peaks centered at 440, 470, 560, 665 and 720 K which inferring that there are several type of acidic centers with different strengths of acidity (Fig. 3C). No ammonia was desorbed at 900 K and above. The NH3-TPD curves also indicated that the amount of adsorbed ammonia increased with increasing WO3 loading and reached a maximum at 13 wt% WO3 loading. 
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Fig. 2 Catalytic activity of (A) MSN and (B) Ni at 623 K. (C) Catalytic activity of various metal based MSN at steady state condition as a function of reaction temperature.

In fact, a further increase in WO3 loading decreased the intensity of the peaks centered at 453 K. Fig. 3B shows the IR spectra of pyridine adsorbed on WZ catalysts. As WO3 loading increased, the bands at 1540 and 1450 cm−1 continuously intensified and reached a maximum at 13 wt% WO3 loading which the maximum acidity of catalysts was obtained when the ZrO2 catalyst was covered by monolayer-dispersed WO3. In fact, a further increase in WO3 loading decreased the intensity of the peaks centered at 453 K. Fig. 3B shows the IR spectra of pyridine adsorbed on WZ catalysts. The IR bands at 1540 and 1450 cm−1 assigned to pyridinium ions adsorbed on protonic acid sites and pyridine coordinated to Lewis acid sites appeared for all WZ catalysts, respectively. As WO3 loading increased, the bands at 1540 and 1450 cm−1 continuously intensified and reached a maximum at 13 wt% WO3 loading which the maximum acidity of catalysts was obtained when the ZrO2 catalyst was covered by monolayer-dispersed WO3. In fact, a further increase in WO3 loading decreased the intensity of the peaks centered at 453K. Fig. 3B shows the IR spectra of pyridine adsorbed on WZ catalysts. The IR bands at 1540 and 1450 cm−1 assigned to pyridinium ions adsorbed on protonic acid sites and pyridine coordinated to Lewis acid sites appeared for all WZ catalysts, respectively. As WO3 loading increased, the bands at 1540 and 1450 cm−1 continuously intensified and reached a maximum at 13 wt% WO3 loading which the maximum acidity of catalysts was obtained when the ZrO2 catalyst was covered by monolayer-dispersed WO3. In fact, a further increase in WO3 loading decreased the intensity of the peaks centered at 453 K. Fig. 3B shows the IR spectra of pyridine adsorbed on WZ catalysts. The IR bands at 1540 and 1450 cm−1 assigned to pyridinium ions adsorbed on protonic acid sites and pyridine coordinated to Lewis acid sites appeared for all WZ catalysts, respectively. As WO3 loading increased, the bands at 1540 and 1450 cm−1 continuously intensified and reached a maximum at 13 wt% WO3 loading.
The IR bands at 1540 and 1450 cm−1 assigned to pyridinium ions adsorbed on protonic acid sites and pyridine coordinated to Lewis acid sites appeared for all WZ catalysts, respectively. As WO3 loading increased, the bands at 1540 and 1450 cm−1 continuously intensified and reached a maximum at 13 wt% WO3 loading which the maximum acidity of catalysts was obtained when the ZrO2 catalyst was covered by monolayer-dispersed WO3. In fact, a further increase in WO3 loading decreased the intensity of the peaks centered at 453 K. Fig. 3B shows the IR spectra of pyridine adsorbed on WZ catalysts. The IR bands at 1540 and 1450 cm−1 assigned to pyridinium ions adsorbed on protonic acid sites and pyridine coordinated to Lewis acid sites appeared for all WZ catalysts, respectively. The IR bands at 1540 and 1450 cm−1 assigned to pyridinium ions adsorbed on protonic acid sites and pyridine coordinated to Lewis acid sites appeared for all WZ catalysts, respectively. The IR bands at 1540 and 1450 cm−1 assigned to pyridinium ions adsorbed on protonic acid sites and pyridine coordinated to Lewis acid sites appeared for all WZ catalysts, respectively. As WO3 loading increased, the bands at 1540 and 1450 cm−1 continuously intensified and reached a maximum at 13 wt% WO3 loading which the maximum acidity of catalysts was obtained when the ZrO2 catalyst was covered by monolayer-dispersed WO3. In fact, a further increase in WO3 loading decreased the intensity of the peaks centered at 453 K. Fig. 3B shows the IR spectra of pyridine adsorbed on WZ catalysts. The IR bands at 1540 and 1450 cm−1 assigned to pyridinium ions adsorbed on protonic acid sites and pyridine coordinated to Lewis acid sites appeared for all WZ catalysts, respectively. The IR bands at 1540 and 1450 cm−1 assigned to pyridinium ions adsorbed on protonic acid sites and pyridine coordinated to Lewis acid
4.	CONCLUSION
The hydrogen adsorption kinetic behavior is different between WZ, MZ and Pt/MoO3 catalysts. The rate-controlling step of hydrogen adsorption is surface diffusion of spilt-over hydrogen atoms for all WZ, MZ and Pt/MoO3 catalysts with apparent activation energies of 25.9, 62.8 and 83.1 kJ/mol, respectively [31-33]. The difference in the apparent activation energies may be caused by differences in the acidity of the catalyst, which leads to differences in hydrogen-surfaces interaction and/or the ease of surface diffusion of hydrogen atoms. Other difference among WZ, MZ and Pt/MoO3 catalysts is the necessity for specific active sites to facilitate the dissociative adsorption of hydrogen. The Lewis acid site trapped electron reacts with a second spiltover hydrogen to form H− bound to a Lewis acid site Pt is required for MoO3  WZ and MZ. 
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