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Introduction

In general, SOx emission problem has been caused by H2S released from crude oil and natural gas refineries. Hydrogen sulfide from stationary source is usually recovered as elemental sulfur by the Claus process [1]. Unfortunately about 3-5% of sulfur compounds is discharged due to thermodynamic limitations of Claus reaction. For this reason various tail gas treatment(TGT) technologies have been proposed. Most of wet Claus TGT processes involve hydrogen sulfide absorption step into an alkaline solution. In the same manner, H2S contained in the coke oven gas of the steel smelting process is scrubbed and concentrated using aqueous ammonia solution. The concentrated H2S separated from ammonia solution is generally transferred to the Claus plant, and remaining aqueous ammonia solution is incinerated without further treatment. Since the separation of H2S is not perfect, the remaining aqueous ammonia contains about 2% of H2S which in turn can cause the SOx emission problem during incineration. Hence, new technologies are being examined to remove H2S in excess water and ammonia stream. One approach is the selective catalytic oxidation of H2S to elemental sulfur and ammonium thiosulfate (ATS: (NH4)2S2O3) as reported in our previous work [2]. 

ATS has been used in photography and agricultural application. Commercial processes currently practiced for its mass production are mainly based upon the direct reaction of ammonium sulfite (AS:(NH4)2SO3) with excess sulfur at 85-110℃. Alternative synthesis method is an aqua-ammonia base system [3]. Sulfur dioxide from the incineration of Claus tail gas is absorbed in aqueous ammonia solution to form ammonium sulfite and ammonium bisulfite (ABS: NH4HSO3) in aqueous ammonia solution. Then H2S gas is sparged into the reactor and reacts with mixture of AS and ABS to produce ATS. Therefore, this new vapor phase process for the conversion of H2S to ATS and sulfur seems to offer an advantage of simple operation.

In this study, we examined the performance of V-Bi-O/TiO2 catalyst for the selective oxidation of H2S in the stream containing both of ammonia and water. Kinetic studies have been carried out to illustrate the reaction path. 
Experimental

V2O5/TiO2 catalysts were prepared by an evaporation method. The precursor of vamadium was ammonium metavanadate (NH4VO3, Junsei). The support was TiO2 (JRC-TIO-2, anatase, 17.1m2/g), supplied by Japan Reference Catalyst Committee. 5wt.% oxalic acid (Tedia Co. Ltd) was used to easily dissolve the vanadium precursor. After evaporation at 80℃, samples were dried at 110℃ overnight and calcined at 500℃ for 5h. For the preparation of V-Bi-O/TiO2 catalyst, bismuth nitrate (Bi(NO3)3·5H2O) was added to the above oxalic acid solution containing NH4VO3. 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). 

Results and Discussion

   Table 1 shows the catalytic performance of V-Bi-O/TiO2 catalyst at three different reaction conditions; Run (Ⅰ): 5 vol.% H2S, 2.5 vol.% O2, Run (Ⅱ): 5 vol.% H2S, 2.5 vol.% O2, 5 vol.% NH3, Run (Ⅲ): 5 vol.% H2S, 2.5 vol.% O2, 5 vol.% NH3, 60 vol.% H2O. The results in Run (Ⅰ) show that the V-Bi-O/TiO2 catalyst had higher selectivity to undesired SO2 emission

   It is known that the following elementary reactions occur in the Claus process where there is no existence of ammonia and excess water.
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   SO2 can be produced from either consecutive reaction of elemental sulfur (Eq. 2) or parallel reaction of H2S with oxygen (Eq. 3). When ammonia was added into reactant stream of H2S and O2 (Run (Ⅱ)), the conversion of H2S increased but the selectivity to SO2 decreased compared to Run (Ⅰ). This means that ammonia gas participates to the reaction with H2S and inhibits the formation of SO2. A separate experiment with 5% NH3 and 5%H2S confirmed 18.5% of H2S conversion at 260(C.

In the coexistence of water and ammonia (Run(Ⅲ)), undesirable SO2 emission was very small and no SO2 was produced under 260 (C. It can be believed from this result that water plays an important role in the reduction of SO2 probably by accelerating the reaction of NH3 and SO2 as reported in previous work. 

 Table 1. Catalytic performance of V-Bi-O/TiO2 at various reaction conditions

	Temp ((C)
	Conversion of H2S (%) / Selectivity to SO2 (%)

	
	Run (Ⅰ)           Run (Ⅱ)           Run (Ⅲ)

	260
	95.1/5.9
	95.4/2.3
	88.2/0.0

	280
	93.7/6.8
	95.1/2.9
	86.2/1.2

	300
	91.5/7.6
	93.4/3.2
	80.0/2.3

	320
	89.4/8.9
	91.8/3.4
	74.2/3.1

	340
	87.0/10.5
	90.8/4.0
	69.1/4.0


Run(Ⅰ) : H2S 5%, O2 2.5% Run(Ⅱ) : H2S 5%, O2 2.5%, NH3 5% Run(Ⅲ) : H2S 5%, O2 2.5%, NH3 5%, H2O 60%.GHSV=30,000h-1
The conversion of H2S containing ammonia and water showed the highest activity at 260(C and the selectivity to SO2 increased slightly with the temperature. 

   In order to understand the reaction path, the concentration of H2S, O2, NH3 and water  were varied separately by maintaining the others at constant values. Table 2 presents the catalytic performance and solid product distribution for V-Bi-O/TiO2 catalyst with various reactant composition at 260(C. 

   One can observe that the reaction of H2S took place even in the absence of catalyst (Blank test). The conversion of H2S was higher in the presence of ammonia and excess water (case C and D). Particularly in case C, the selectivity to SO2 for V-Bi-O/TiO2 catalyst was lower than blank test. Therefore, one can see that V-Bi-O/TiO2 catalyst will be served as a good catalyst for the removal of H2S by selective catalytic oxidation. The higher value of H2S conversion in case C, compared to that in case B, might be due to the reaction of H2S and NH3 (Eq. 5). However selectivity to SO2 drastically decreased. The previous works [4] also reported that SO2 and NH3 reacted in humid air to form ammonium sulfite (Eq. 7) and ammonium sulfate (Eq. 8).
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   From these results, one can conclude that SO2 formed during the oxidation reaction (Eq. 2, 3) in case D readily reacts with ammonia to form ammonium sulfite or ammonium sulfate. Ammonium thiosulfate is commercially produced by the reaction of ammonium sulfite with excess sulfur.
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Therefore, it is believed that SO2 may be consumed to form ATS via ammonium sulfite.

When the concentration of O2 increased from 2.5% to 20% (case D, F), the conversion of H2S and the selectivity to SO2 increased. The relative selectivity of ATS increased from 23.4% to 37.7% with an excess amount of oxygen in the feed. 

Table 2. Effects of reactant composition on the performance of V-Bi-O/TiO2catalyst at 260(C.

	Case
	Reactant composition (vol%)
	V-Bi-O/TiO2 
	Blank test 

	
	H2S
	O2
	NH3
	H2O
	X-H2S
	X-SO2
	Sulfur
	ATS
	X-H2S 
	S-SO2

	A
	5
	-
	5
	-
	18.5
	0.0
	-
	-
	7.0
	0.0

	B
	5
	2.5
	-
	-
	95.1
	6.8
	-
	-
	0.0
	0.0

	C
	5
	2.5
	5
	-
	95.4
	2.3
	91
	9
	14.9
	32.8

	D
	5
	2.5
	5
	60
	84.6
	0.0
	76.6
	23.4
	36.4
	0.0

	E
	2.5
	2.5
	5
	60
	100
	2.4
	73.1
	24.3
	-
	-

	F
	5
	20
	5
	60
	100
	18.8
	43.5
	37.7
	-
	-

	G
	5
	2.5
	30
	60
	87.7
	0.0
	65.1
	34.9
	-
	-


GHSV=12,000h-1, X-H2S: conversion of H2S, S-SO2: selectivity to SO2
In catalytic oxidation of hydrogen sulfide, the emission of SO2 was expected to increase significantly according to Eq.2 and 3. Therefore, one can suggest that SO2 formed during the reaction might be consumed to form ATS by a series of reactions such as equations 7, 8 and 9.

Both conversion of H2S and selectivity to SO2 increased with the decrease of H2S concentration (case D, E). SO2 emission was also expected to increase according to Eq. 2 and 3 as O2/H2S ratio increased from 0.5 to 1.0. The conversion of H2S increased with NH3 concentration (case D, G). This result might be due to the reaction of H2S and NH3 (Eq. 5). It can also be observed that high concentration of H2S (case D, E) produce more elemental sulfur than their low concentration did. So we suggested that (NH4)2S formed during the reaction might be consumed to form sulfur by a reaction like Eq. 6.

The effect of water concentration is also shown in Table2. The conversion of H2S deceased and the selectivity to SO2 decreased with increasing H2O concentration (case C, D). It is very well known that H2O can react with elemental sulfur by the reverse Claus reaction (Eq. 4). If H2O affects only this reaction, the SO2 selectivity will increase, but it was not the case in our experiments. Another important observation is that the selectivity of ATS increase with the increase of H2O content. This means that water vapor participates in the production of ATS probably by accelerating the reaction of NH3 and SO2 (Eq. 7). For the understanding of reaction steps, GHSV was varied from 12,000 to 60,000 h-1. Table 3 shows the conversion of H2S, selectivity to SO2 and solid products distribution (sulfur and ATS) for V-Bi-O/TiO2 at 260(C. One can see that the conversion of H2S increased with the increase of GHSV. On the other hand, the selectivity of ATS increased with the decrease of GHSV. The formation of ATS occurs after several reaction steps such as Eq. 2, 3 and 7, so higher contact time seems favorable for ATS production.

Table3. Effects of GHSV on solid product distribution for V-Bi-O/TiO2 catalyst at 260(C.

	GHSV
	Conversion (%)
	Selectivity (%)
	S-ATS (%)
	S-Sulfur (%)

	12,000
	79.8
	0
	28.8
	71.2

	30,000
	84.6
	0
	23.4
	76.6

	60,000
	86.6
	0
	12.3
	87.7


Reactant composition; 5% H2S, 2.5% O2, 5% NH3, 60% H2O.
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