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Introduction

Hydrogen sulfide in the coke oven gas released from the steel smelting process is scrubbed and concentrated using aqueous ammonia. Concentrated H2S is usually recovered as elemental sulfur by Claus process. However, the separation of ammonia and H2S is not perfect so that remaining aqueous ammonia stream still contains about 2% H2S. One approach is the selective catalytic oxidation of H2S that can produce elemental sulfur and ammonia thiosulfate (ATS:(NH4)2S2O3) as reported in our previous work. we reported a very high activity of V2O5 catalysts. In order to enhance catalytic activity, vanadium based mechanically mixed catalysts were investigated for selective removal of H2S in the stream containing both of ammonia and water. Synergy effect is observed for mixed oxide catalysts. In this study, mechanical mixtures of V2O5 and Bi2O3 are used to further investigate the reaction paths and the role of each metal oxide in the selective oxidation of H2S to ATS and elemental sulfur. Solid state modifications of the mixtures during the catalytic reaction tests are verified by characterization before and after the test by XRD. Temperature programmed techniques (TPR and TPO) are used to elucidate the phase cooperation mechanism in this reaction by spillover oxygen. 
Experimental

The catalysts were prepared by mechanical mixing. Mechanically mixed catalysts are composed of V2O5 and Bi2O3. Vanadium oxide (V2O5) and  bismuth oxide (Bi2O3) were used as purchased without further purification. These catalysts were denoted as V2O5+Bi2O3 (x:y), where x and y indicate the amount of each pure oxide expressed in wt. ratio. The reaction test was carried out at atmospheric pressure using a vertical continuous flow fixed bed reactor made of Pyrex glass tube (I.D. 1 inch). A sulfur condenser was attached at the effluent side of the reactor, and its temperature was constantly maintained at 110℃ to condense only solid product (mixture of elemental sulfur and white salt). The flow rate of gases was controlled by a mass flow controller. Water vapor was fed to reactor via evaporator filled with small glass beads and its amount was controlled by a syringe pump. The content of effluent gas was analyzed by a gas chromatograph (HP 5890). The surface area of the individual oxides and their mechanical mixtures was measured by N2 adsorption method using the BET technique (Micromeritics ASAP 2000). The phase analysis was performed by X-ray diffraction crystallography with Cu-Kα radiation (Rigaku, DMAX 2400). In order to investigate the phase cooperation mechanism, TPR was carried out. Before reduction, samples were pretreated by heating under air flow from 25(C to 450(C at 10(C/min. Reduction was achieved under a H2/N2 gas mixture (10 vol.% H2). Gas flow was 20cc/min and temperature program was from 25(C to 700(C at heating rate of 10(C/min. The amount of consumed H2 was detected by mass spectroscopy (VG Quadrupole). After TPR experiment, the same sample was instantly tested in TPO under 2.5 vol.% O2 with helium gas balance. 
Results and Discussion
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Five different mechanical mixture catalysts of V2O5 and Bi2O3 are used to study the phase cooperation phenomena with reactant composition of 5%vol. H2S, 2.5%vol. O2, 5vol.% NH3, 60% H2O and the balance helium. Fig. 1 shows the H2S conversion and SO2 selectivity as a function of mass ratio (V2O5/(V2O5+Bi2O3)) at 260(C with GHSV of 12,000 h-1. Pure Bi2O3 shows low conversion of H2S. pure Bi2O3 had not practically played any significant catalytic role on this reaction. This low activity of bismuth oxide should be due to the fact that Bi2O3 could not be reoxidized by gaseous oxygen. However, the addition of V2O5 into Bi2O3 greatly increased H2S conversion. All the mechanical mixture catalysts (V2O5+ Bi2O3) show higher H2S conversion than the arithmetic average conversion (expressed as dotted line in Fig.1) of pure V2O5 and pure Bi2O3; a strong synergy exists between V2O5 and Bi2O3. However, it was not easy to find any synergistic effect for the SO2 selectivity. Since maximum H2S conversion was obtained with V2O5+ Bi2O3 (1:3) catalyst, temperature dependence of the H2S conversion and SO2 selectivity for this mechanical mixture catalyst and pure V2O5 and 

Fig. 1 Catalytic activity of V2O5+Bi2O3 catalysts  Bi2O3 is shown in Table 1. The H2S 
 with various composition at 260℃            conversion for V2O5 and the mixture

catalysts decreased with temperature. It is consistent to the previously estimated equilibrium calculations reported by Chun. since the selective oxidation contains several reaction steps including the reverse claus reaction . The opposite temperature dependence of the H2S conversion for Bi2O3 suggests again that Bi2O3 does not participate directly to the catalytic oxidation of H2S. On the whole temperature ranges, 260(C - 360(C, the mixture catalyst exhibits higher H2S conversion than pure V2O5 . Thus, the synergy for the mixture catalyst was confirmed over wide temperature ranges. The SO2 selectivity for the mixture catalyst is also lower than pure V2O5 itself.

Table 1. catalytic activity of V2O5+Bi2O3(1:3) at various temperatures
	
	Pure V2O5
	V2O5+Bi2O3(1:3)

	
	X-H2S
	S-SO2
	X-H2S
	S-SO2

	260(C
	80.0
	0.0
	89.3
	0.0

	280(C
	78.0
	2.2
	86.4
	0.8

	300(C
	75.1
	4.2
	83.8
	1.4

	320(C
	71.2
	5.3
	75.3
	2.0

	340(C
	68.1
	8.4
	69.6
	2.5

	360(C
	65.7
	11.0
	67.7
	3.2


The synergistic effect observed in mixed oxide catalysts are generally known to be from the three main reasons: (1) formation of new active phase by reaction between two phases, (2) increase of surface area, (3) formation of mobile oxygen species and some chemical action of the latter (remote control mechanism). In order to understand the phase cooperation for V2O5+ Bi2O3 catalyst, the first possibility (1) was verified by XRD method. The X-ray diffraction patterns of V2O5+ Bi2O3 (1:3) catalyst are presented in Fig.2. Fresh catalyst shows only characteristic peaks of V2O5 and Bi2O3. The spent catalyst, used for 8 h for the reaction, shows the existence of reduced phase of V2O5 like VO2. Part of Bi2O3 was also sulfided to Bi2S3. However, no new phase (principally VxBi1-xOy ) detectable by XRD was generated during the catalytic tests. Bismuth vanadate (BiVO4, Bi4V6O21)is reported to be one of the most active phase in coprecipitated V-Bi-O mixed oxide catalyst used in several reactions, like oxidation of hydrogen sulfide to elemental sulfur.[1]
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Fig. 2 XRD patterns of V2O5+Bi2O3(1:3) catalyst
Secondly, BET surface areas of the fresh and used V2O5+ Bi2O3 (1:3) catalyst were measured and they were 1.75 and 0.35 m2/g, respectively. The surface area of the fresh catalyst was nearly the same as the arithmetic average value of pure V2O5(5.4 m2/g) and Bi2O3 (1.36 m2/g). The decrease in surface area of spent catalyst may be due to the increase of grain size. Therefore, the above two possibilities can be excluded to explain the increase of H2S conversion in this study. These two phenomena are generally accepted to be not evident to describe synergistic effect in mechanically mixed catalysts. The role of mobile oxygen species is extensively studied to explain phase cooperation in mechanically mixed catalysts. Delmon et al. [2] reviewed remote control effects of two phases in several selective oxidation catalysts. This remote control mechanism supposes that a mobile oxygen species (spillover oxygen) is formed from O2 on one of the phases and migrates onto the surface of the other, where it creates and/or regenerates the catalytic centers. They also reported Bi2O3 could be a strong donor of mobile oxygen species. An attempt to verify the existence of the synergistic effect by the remote control mechanism is to test the H2S oxidation in two-bed operation modes. In case A, the reactant mixture is first contacted with V2O5 then Bi2O3 before it comes out of the reactor. The case B is the reverse order of case A. In case C, the uniform mixtures of V2O5 and Bi2O3 are placed together in the reactor. The H2S conversion at three different operations are summarized in Table 2. The operation in case A shows lower H2S conversion than case B and case C. One conclusion can be drawn from this result that Bi2O3 is the controlling (donor) phase and that V2O5 is controlled (acceptor) phase for the spillover oxygen. 

Table 2. Conversion of H2S and selectivity to SO2 for different two-bed operations at 260℃
	    Cases           Conversion of H2S (%)      Selectivity to SO2 (%)

	 A (V2O5         Bi2O3 )          72.0                      0

 B (Bi2O3        V2O5 )          76.4                      0
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Reactant composition = H2S/O2/NH3/H2O =5/2.5/5/60, V2O5= 0.75g, 
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Bi2O3 = 0.75g, GHSV= 4,000h-1, reaction time = 4h.

Fig. 3 TPO profiles of Bi2O3, V2O5, and mixed catalyst
In order to identify the real nature of this phase cooperation in V2O5+ Bi2O3 catalyst, TPR and TPO techniques are used in this study. Comparative temperature programmed reduction (TPR) and the following temperature programmed oxidation (TPO) are carried out for V2O5, Bi2O3 and V2O5+ Bi2O3 (1:3), and the results are shown in Fig.3. The reducibility of catalysts was first measured using TPR method with hydrogen as a reductant. For the mixture catalyst, hydrogen consumption started from 500(C, lower than that in the case of pure Bi2O3. In the subsequent TPO experiment, the mixture catalyst showed better reoxidation property than pure V2O5 and pure Bi2O3. The maximum peak of O2 consumption for the V2O5+ Bi2O3 (1:3) was 330(C, much lower than V2O5 (Tmax = 680(C) and Bi2O3 (Tmax = 550(C).

 The selective oxidation of hydrogen sulfide in the presence of excess water and ammonia was investigated in this study. Hydrogen sulfide was successfully converted into harmless ammonium thiosulfate and elemental sulfur without considerable emission of sulfur dioxide. Mechanical mixture catalyst of V2O5+ Bi2O3 showed good synergistic effect for the H2S oxidation. The phase cooperation between Bi2O3 and V2O5 was explained by redox mechanism and oxygen spillover between their boundaries. 
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