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Abstract-We investigated the selective oxidation of hydrogen sulfide to eemental sulfur and ammonium thiosulfate
by using Bi,V,.,Sb,0,.., catdysts. The cataysts were prepared by the calcination of a homogeneous mixture of Bi,O;,
V0, and Sb,0O, obtained by ball-milling adequate amounts of the three oxides. The main phases detected by XRD
anaysis were Bi,V,0,, Bi,5V,0, BiSHO, and BiVO,. They showed good H,S conversion with less than 2% of SO,
selectivity with a feed composition of H,SO,/NHy/H,0/He=5/2.5/5/60/27.5 and GHSV =12,000 h™ in the tempera-
ture ranges of 220-260 °C. The highest H,S conversion was obtained for x=0.2 in Bi,V,_,SbO,,_, catalyst. TPR/TPO
results showed that this catalyst had the highest amount of oxygen consumption. XPS analysis before and after reaction
confirmed the least reduction of vanadium oxide phase for this catalyst during the reaction. It means that the catalyst
with x=0.2 had the highest reoxidation capacity among the Bi,V,_,Sb,0,,_, catalysts.
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INTRODUCTION

In petroleum refineries and natura gas plants, hydrogen aulfide
(H,S) istypicaly collected by contact with amine-based solutions,
and subsequently fed to awel known Claus plant [Goar, 1975; Ldl,
1985]. However, tota recovery of sulfur through the Claus process
is not possble, due to limitations of thermodynamic equilibrium.
As the environmenta regulaions become more gringent, it is nec-
essay to further treat the resdud (tail) gas of the Claus plants H,S
in the tail gas of Claus plants or from other emisson sources has
been conventiondly treated by various techniques such as adsorp-
tion, absorption, and wet oxidation.

Recently, a dry catalytic process has been developed for the se-
lective catdytic oxidetion of H,S to dementd sulfur. Examples of
commercidly developed catdydsfor this purpose are thetitanium-
besed catdyssin the MODOP process [Kettner and Liermann, 19383,
1988] and the iron-basad catalyss in the Super Claus process [van
den Brink and Geus, 1994; van Nisdrooy and Lages, 1993]. Vana:
dium-based mixed oxides [Li et d., 1996, 1997] and NaX-WO, mix-
tures [A e d., 2004] were dso used as catdyds for the sdective
oxidation of H,Sto dementa sulfur.

Hydrogen sulfide in the coke oven gas rdleased from the sed
ameting processis scrubbed and concentrated using agueous am+
monia solution. Concentrated H,S that is separated from agueous
ammoniaistransferred to the Claus plant to convert it into demen-
td sulfur, and remaining agueous anmonia is usudly incinerated.
Inthis case, the contral of SO, emisson isdifficult because the sream
contains not only excess water vgpor but aso a high concentration
of ammonia

One gpproach to resolving the problem is the selective catalytic
oxidation of H,S to ammonium thiosulfate (ATS) and dementa
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aulfur as reported in our previous works [Park et d., 1998, 1999,
Choetd., 2002; Kim et d., 2004]. We reported anew vapor phase
cataytic process for the sHective converson of H,Sin asream con-
taining both ammoniaand water. V,0,/SO,, Fe,0/S0, and Co,0y/
SO, cadysts showed good caaytic activities in the sdlective oxi-
dation of H,S to ATS and sulfur [Chun &t d., 1997]. We reported
improved performance of V-Sb-O/TiO, compared to V,O/TiO, in
the selective oxidation of H,Sto ATS and sulfur [Park et d., 2002].

Itiswell known that Bi,O; exhibits aremarkable range of useful
lid-date properties [Sammes et d., 1999]. Many multicomponent
systems containing ternary oxides of Bi, such as bismuth vanadium
molybdenum oxides (for example, BiMo,_,V,O,) or bismuth vana:
dium oxide (Bi,V;Oy), are efficent sdective oxidaion caayss for
hydrocarbons[Aghabozorg et d., 1997]. Structurd oxygen isreessed
from the catalyd, thereby converting it to a nonstoichiometric solid.
The anion deficiency is recovered when gaseous oxygen is taken
up by the catdyd, in a Marsvan Krevelen mechanism [Pomonis
ed. 1981].

The conventtiond processes for the production of ATS are based
on theliquid phase reactions. The ATS Claus tail gas clean-up pro-
cess [Zey et d., 1980] is divided into two sections absorption of
O, from incinerator in aqueous ammonia and converson of the
intermediate product to ATS by sparging H,S into the converter. In
another ATS process [Benito, 1986], sulfuric acid is reected with
agueous ammonia solution below 45 °C, then the mixture is con-
tacted with H,S to form ATS. Therefore, our process has the advar+
tage of direct vgpor phase operaion compared to the above two
processes.

In the current work, we further examined the performance of Bi,
V., S0,0,;-, compounds for the selective oxidation of H,S in the
dream containing both ammonia and water. Solid-state modifica
tions of the mixtures during the cataytic reaction tests were veri-
fied by characterization before and after the test by XRD and XPS.
Temperature-progranmed techniques (TPR and TPO) were dso
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used to elucidate the redox properties of this catayst system.
EXPERIMENTAL

1. Preparation of Catalysts

Bi-V-S-O cadyds of nomind formula Bi,V,,S0,;-,, with
x=0.2, 0.5, 1.0, and 1.7, were prepared following the procedure de-
scribed previoudy [Aghabozorg et d., 1997]. The synthesis con-
dged inthe cdcination in ar a 800°C for 18 h of ahomogeneous
mixture of Bi,O; (Aldrich, 99.9%), V,O; (Aldrich, 99%) and Sh,O;
(Merck, andytica purity) obtained by bal-milling adeguate sto-
ichiometric amounts of the three oxides together.
2. Catalytic Activity Measurement

Reection testswere carried out in a.continuous flow fixed-bed re-
actor. The reactor was made of a Pyrex® tubewith ani.d. of 0.0254
m. A condenser was attached et the effluent Side of the reector, and
its temperature was held a 110 °C to condense only solid products
(sulfur+ammonium thiosulfate). A linefilter was inddled after the
condenser to trap any solid mist which had not been captured by
the condenser. From the condenser up to the gas chromatograph,
al the lines and fittings were heated above 120°C to prevent con-
densation of water vapor. The flow rates of gases were controlled
by amassflow controller (Brooks MFC 5850E). Weter vapor was
introduced to the reactant stream by using an evaporator filled with
smdl glass beads, and its amount was controlled by a syringe pump.

The contert of the effluent gas (H,S, SO,, and NH,) was ana
lyzed by a gas chromatograph (HP 5890) equipped with athermal
conductivity detector and a1.83 m Porgpak T column (80-100 mesh)
a 100°C. The exit gas from the andyzer was passed through atrap
containing a concentrated NaOH solution and vented out to a hood.
The solid products (ATS and sulfur) were dissolved in didtilled water
to separate them, and were weighed individualy after drying in vac-
uum oven a 110°C. The conversion of H,S (X) and the sdlectivity
to aspedd product (SO, S, ATS) (S) are defined asfollows

:[st] iniet “[H2S] o
[H2S] e
[Product] i«
[HZS] inlet _[qu outlet

For the cdculation of ATS sdectivity, moles of ATS was mullti-
plied by afactor of 2 because 1 mal of ATS can be dbtained from
2mol of H,S.

3. Characterization

The surface areas of the catalysts were messured by N, adsorp-
tion method using the BET technique (Micromeritics ASAP 2000).
The phase andlysis was performed by X-ray diffraction crysdlog-
raphy with Cu K a rediation (Rigaku, DMAX 2400). The 26range
between 5° and 90° was scanned at a rate of 2°/min. Identification
of the phases was carried out by usng JCPDS database. XPS and-
yses were performed with an X-ray photodectron spectrometer (VG,
ESCALAB 220) with monochrometic Al Ka radiation. The sam-
ples were pressed into sdf-supporting wafers without any binder
followed by a pretrestment a an ultrahigh vacuum. The binding
energies were cdculated by using the C 1s band as reference (284.6
eV). To invedtigate the phase cooperation mechanism, TPR was
performed. Before reduction, samples were pretrested by hesting
under ar flow from 25 to 450 °C & ahegting rete of 10°C/min. Re-

X (%) x100

S(%) = x100

duction was achieved under an H,/N, gas mixture (10vol% H,).
Gas flow was 20 ml/min and temperature program was from 25 to
700°C at a hegting rete of 10°C/min. The amount of consumed H,
was detected by mass pectroscopy (VG Quadrupale). After the
TPR experiment, the same sample was indantly tested in TPO under
2.5v0l% O, with hdium gas bdance.

RESULTS AND DISCUSSION

1. Characterization of Catalyss

Powder XRD patterns for various vaues of the antimony dop-
ing levd, X, are shown in Fig. 1. For samples with x=0.2 and x=
0.5, the main peek corresponds to Bi,V,0,,. Small pesks of BiVO,
phase was aso observed for these catdysts. For samples with x=
1.0 ome characteridic pesks of BiShO,and Bi, 5,V ,0; were detected.
Bi,O, was a0 observed for the cataysts with x=1.7. As might be
expected from the high annedling temperatures used to synthesize
these catdyds dl the samples were highly crystdline, as evidenced
by the narrow reflections abserved in XRD. The above-found pheses
were a0 reported to exigt in the Bi-V-Sb-O catdyds of Gaigneaux
etd.[2001].

Table1 shows BET surface area for the Bi,V,, 0,0, cata

Arbitrary Intensity

1
1 1 1112 24 42

0 20 40 60 a0
2 Theta

Fig. 1. Powder XRD patternsrecorded for the Bi,V,,S0,0,,., cat-
alysts (1: Bi,V,04, 2: BiVO,, 3: BiShO,, 4: Bi,3;V,Oq, 5:
Bi,0,).
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Table 1. BET surface areasfor Bi,V,-,,0,,, catalysts
BET surface area (m?/g)
x=0.2 x=0.5 x=1.0 x=1.7

Before reaction 0.53 0.58 0.62 0.63
After reaction 0.18 0.12 0.27 0.35

BI 4V27 xg)xollfy

Table 2. Bulk nominal and experimentally determined surface
concentration ratiosfor Bi,V,.,Sb,0,,-, catalysts

Catalyst V/Bi So/Bi Sh/vV
(Bi,V,Sb0Ouy) Bulk XPS Bulk XPS Bulk XPS

Fresh (x=0.2) 0.450 0.258 0.050 0.049 0.110 0.129
Used (x=0.2) 0450 0.265 0.050 0.070 0.110 0.173
Fresh (x=0.5) 0.375 0.247 0.125 0.089 0.330 0.229
Used (x=0.5) 0375 0.147 0.125 0.085 0.330 0.351
Fresh(x=1.0) 0.250 0.120 0.250 0.101 1.0 0.453
Used (x=1.0) 0250 0.136 0250 0.210 1.0 0.629
Fresh (x=1.7) 0.075 0.066 0425 0.232 5.67 0.811
Used (x=1.7) 0.075 0.083 0425 0.374 567 0.868

lysts before and after reection with a feed compostion of H,S/O./
NHy/H,O/He=5/2.5/5/60/27.5 and GHSV=12,000h™ a 260°C for
6 h. The surface areas were much lower than in anormd working
catays materid, typicdly in the range of 0.12-0.63 nv/g. The used
cadysts showed smdler surface area than the fresh catdysts prob-
ably due to the agglomeration of catalyst particle or the deposition
of some sulfur on the catayst surface during the reaction.

The surface chemica composition of the samples was checked
by performing XPS over a range of binding energies An expei-
ment was carried out before and after performing the cataytic reac-
tion on the catdydts. The O 1s pesk overlgps the region in which
the most intense pesk for antimony (Sb 3d,) should appear. There-
fore, the presence of antimony on the surface of samples should be
probed by the Sb 3d,, pesk. In addition, concerning vanadium, only
the V 2p,, component can be accuratdy tregted becausethe V 2p,,
pesk overlaps with the O 1s satdlite pesk.

Table2 shows the surface chemica compostions of the cata
lysts before and after reaction test. The bulk chemica compositions,
cdculated from the amount of Bi,O;, VO, and Sb,0, used for the
preparation of cadyds are dso induded in this table. Surface con
centration ratios of V/Bi and S/Bi determined by XPS are smaller
than their bulk concentration ratios. The S/V ratio on the surface
of the fresh catalyst with x=0.2 was 0.129, higher than that in the
bulk vaue of this compound, 0.110. Aghabozorg et d. [1977] re-
ported that this trend was more evident for lower antimony doping
level. However, this trend was inverse for the cataysts with x=0.5.
In addition, the XPS reaults of S/V ratio dso show that the pro-
portion of antimony after performing the cataytic reection increeses
on the surface of catdysts This may indicate a possible recongtruc-
tion of the surface of nomindly orthorhombic samples to tetrago-
na during the cataytic reaction [Aghabozorg et d., 1977).

2. Catalytic Activity

Fg. 2 shows time variant converson of H,SX-H,S) and sdec-
tivity to SO(S-S0,) for Bi,V,., 0,0, cataysts with a reactart
compoadtion of 5vol% H,S, 25v0l% O,, 5vol%, NH;, 60val%
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Fig. 2. Time variant converson of H,S and sdectivity to SO, for
Bi,V,.Sb,0,,., catalysts at 260°C (H,S/O,/NH/H,O/He=5/
2.5/5/60/27.5, GHSV=12,000 h™).

H,0 and the balance helium a 260 °C with GHSV of 12000h™.
The catays with x=0.2 showed the highest converson of H,S. All
the catdysts showed very low formation of SO,. They maintained
gdable activities after about 5hours of reaction time. However, a
congderable decrease of H,S conversion was observed up to about
1-15h. In our previous sudy [Shin &t d., 2000], when afeed con-
taining 1vol% of H,S only (the baance helium, without oxygen)
was pased over fresh pure V,0;, complete converson of H,Swas
achieved initidly and the fresh V, O, produced only complete oxi-
dation product, SO,. The result indicated thet an oxidized form of
vanadium having very active surface oxygen produced SO,, and
only lesslabilelattice oxygen in partidly reduced vanadium oxides
could produce eementd sulfur viaredox mechaniam.

Table 3 summarizesthe H,S converson and dectivitiesto O, S
and ATS for Bi,V,.,Sb0O,,_, cadydts after 8 h reaction & 260°C.
All the Bi,V,,S,0,,., catelysts showed higher H,S convergon then
Bi,V,0y (X=58.1%) and Sb,0, (X=57.1%) did.

The Bi,V,.,Sb0,,., catdyss of x=0.2 showed the highest H,S
converson. The increase of x resulted in an increase of ATS sdec-

Table 3. Conversion of H,Sand product sdectivity for Bi,V,_,Sb,
O,,., catalystsafter 8 h of reaction at 260°C

Catdlyst X-H,S(%) SSO,(%) SS(%) SATS(%)
Bi,V,O, 581 0 617 383
x=0.2 8L4 0 96.0 40
x=0.5 80.5 0 933 6.7
x=1.0 77.4 0 924 76
x=17 71.9 0 87.2 12.8
0,0, 57.1 0 9.5 35

Reaction condition: H,SO,/NH,/H,O/He=5/2.5/5/60/27.5, GHSV =
12,000 h™.
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tivity a the expense of the decrease of sulfur sdectivity. It isknown
that the following eementary reactions occur in the Claus process
in the absence of anmonia[Terorde et d., 1993).

2H,5+0,—%.§+2H,0 )
,§+0,~S0, @)
2H,5+30,—2S0,+2H,0 ©)
2H,5+30,—%,5+2H,0 @)

Previous works [Ba et d., 1992; Hartley and Matterson, 1975]
reported that the reaction of SO, with NH; occurred to form am-
monium sulfite, and it wias accdlerated by the presence of water vgpor:

SO,+2NH;+H,0— (NH,),S0O; (©)]

Ammonium thiosulfate (ATS) is commercidly produced by the
reaction of ammonium sulfite with excess sulfur:

(NH,),S05+S— (NH,),S.0; ©

ATS can d 0 be produced by the reaction of ammonium sulfide
[Chang and McGaugh, 1988], ammonium sulfite, and SO,

H,S+2NH,— (NH,),S ™
(NH,),SO;+2(NH,),S+3S0,— 3(NH,),S,0; ()]

Hg. 3 showsatypicd temperature dependence of H,S converson
for Bi,V,., 0,0, catelysts. The catelyst with x=0.2 showed the
highest H,S conversion over the entire temperature ranges of 220-
320°C. The converson increased up to 260°C, then it decreasad
over this temperature. According to the estimated equilibrium cd-
culaions reported by Chun [1998], the equilibrium conversion of
H,S for the Claus process (Eqs. (1)-(4)) decreased with increasing
reaction temperature [Park et d., 2002]. However, bdow 220°C
(not shown in Fg. 3) H,S converson decreased abruptly because
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Fig. 3. Conversion of H,S and sdectivity to SO, for Bi,V,,S0,0.,.,
catalyds at different temperatures (H,SO,/NH /H,O/He=
5/2.5/5/60/27.5, GHSV=12,000 h™).

X=17
S
S X=1.0
c
il
=
Q.
£
>
(2]
o X=0.5
(@]
N
(@)

X=0.2

1 1 | 1 1 | 1
0 100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 4. TPO prdfiles of Bi,V,_,Sb,0;,., catalysts.

Table 4. Desorbed amount of H, and O, in TPR and TPO experi-

ments
Catalysts (Bi,V,0Ou-y) H, (umol/g-cat) O, (umol/g-cat)
x=0.2 27.6 53.0
x=05 232 42.0
x=1.0 279 36.9
x=17 25.7 24.4

of sulfur condensation on the surface of cadys.
3. Redox Behaviour of Catalyst

To identify the highest activity for the catdyst with x=0.2, a com+
parative temperature-programmed reduction (TPR) followed by
temperature-programmed oxidation (TPO) were carried out for Bi,
V, SbOy-,. The reducibility of the cadysts was first measured
by using TPR method with hydrogen as a reductant, and the TPO
results are shown in Fig. 4. The amount of hydrogen and oxygen
consumed is summarized in Table4. In the TPO experimert, the
catalys with x=0.2 showed the best reoxidetion property. The amount
of oxygen consumption decreased with increasing x, which is in
accordance with the order of H,S converson with the variation of
X. However, the amounts of hydrogen consumption were not o dif-
ferent from cthers

The oxidetion sete of vanadium in Bi,V,,, S0, was dso sud-
ied by XPS. Fig. 5 shows XPS spectraof V 2p;, for these catayss
before and after 8 h of reection a 260 °C with the sandard reectant
mixture and GHSV of 12,000 h™. The standard XPS pesks of V
2p,, for V* and V* are located 516.9 and 515.6 eV, respectively.
After the reaction, the XPS spectra were broadened and shifted to
lower binding energy. It means that some of the catdyst surfece
having V** sate is reduced to V* &fter the reaction. The full-width
haf-maximum (FWHM) vaue for the fresh catayst with x=0.2
was 2.333 eV, and thet for the used catays was 2.381 eV. It cor-
responds to 2.1% increase in FWMH dfter the reaction. However,
the catdyst with x=0.5 showed 1.571 eV for the fresh catdyst and

Korean J. Chem. Eng.(Val. 22, No. 2)
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Fig. 5. XPS analyses of V 2p,, for Bi,V,.Sb,0..-, catalyss before
(solid line) and after (dashed ling) the reaction: Reaction
condition (H,S/O/NH/H,O/He=5/2.5/5/60/27.5, GHSV =
12,000 h™).

1.714 eV for the usad one, 9.1% increase in FWMH. Therefore,
after the reaction the catalyst with x=0.2 shows less reduction of
vanadium phase then that of x=0.5. The degree of percentage in-
creae in FWMH, implying the degree of reduction after reaction,
increased with the increase of x. This can support the highest re-
oxidation ahility of the catalyst with x=0.2.

CONCLUSION

The sdective oxidation of hydrogen aulfide in the presence of
excess water and ammonia was investigated using Bi,V, .00,
catayss Hydrogen sulfide was successfully converted into harm-
less ammonium thiosulfate and elementd sulfur without congder-
able emisson of sulfur dioxide. The mixed oxide catdys with x=
0.2 showed the highest converson of H,S. The TPO and XPS reauits
supported the importance of reoxidation ability of this catadyst for
the good converson of H,S.
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