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Abstract

Various vanadium-containing catalysts were searched for the commercial application in the selective oxidat®itoof H
elemental sulfur at low temperatures (less than°250n the presence of excess (more than 35vol.%) water. In the test of
binary oxides, it was found that TiVOwas the only catalyst that could sustain its activity without deactivation &i23lhe
best catalytic activity (85-90% sulfur yield) was obtained when, M@, was incorporated with other metals such as Fe,

Cr and Mo. Reaction occurred via redox mechanism and the reoxidation of reduced vanadium was the rate-limiting step. A
long-term deactivation observed during the reaction was due to slower reoxidation of reduced vanadium by oxygen than the
reduction by HS. Catalytic activities of VQ/SiO,, VO,/TiO, and V-Fe—Cr—Mo—-QTiO» were well correlated with their

redox properties that were observed by TPR/TPO and XPS measurements. © 2000 Elsevier Science B.V. All rights reserved.
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i 1 1
1. Introduction HoS+ 502 — ;Sn +H,0 (1)
For treating a low concentration of28 in the tail 1
gas from the Claus plant or in other emission sources, ;S" +02 > S& @

various commercial processes that are based on ad-
sorption, absorption and wet oxidation have been used
[1,2]. Recently developed were dry catalytic processes 3
that were based on the selective catalytic oxidation 2H2S+SQ < —S, +2H,0 4

of H2S to elemental sulfur. Commercially developed . _ . . .
are titanium-based catalysts in MODOP process [3,4], It is known that TiQ-based catalyst is ea_sny por-
and iron-based catalysts in SuperClaus process [5_16]_soned by the presence of water vapor. The iron-based

These processes are based on the following irreversiblecatalySt IS resistant against wgter, but requires an ex-
selective oxidation of b5 to S (1) as a main reaction, cess amount of oxygen (10 times the stoichiometric

and other oxidation reactions ((2) and (3)) and the re- amount). - . :
versible Claus reaction (4) as side reactions. Catalyst containing vanadium oxide has also been

reported to be active for the reaction both with a stoi-

* Corresponding author. Tek82-562-279-2267: chiometric and an excess.amount of oxygen [17-30].
fax: +82-562-279-5799. Bulk V2,05 was most active over other bulk metal
E-mail addressjsc@postech.ac.kr (J.S. Chung). oxides [17]. VBIiQ/SiO, was used to remove a

HaS+ 30, — SO, + H20 €)
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long-term deactivation shown with V/SpJ18-24]. acid solution. A solid precursor that was obtained
But the catalyst still needed a dehydration step be- either by evaporation or by precipitation with aque-
fore catalytic reactor to increase the conversion (BSR ous ammonia solution was dried at 2@overnight,
Selectox Process) [18-24]. It was suggested that theand calcined at 45 for 5h. Exception to this pro-
cause of deactivation was formation of less active cedure was binary oxide with zirconium, which was
forms of vanadium, such as vanadyl sulfate (VQFO  calcined at 700C for 5h to make a known structure
Various binary oxides such as V-Mg, V-Bi, V-Mo, of vanadium zirconate, Zrd0;. For the preparation
V-Sh, Fe-Sn, Bi—-Mo were also tested in excess oxy- of multi-component catalysts containing Fe, Cr, Mo
gen without feeding water [25—-28]. Solid solutions and/or Bi, precursors were dissolved in 5wt.% of

of vanadium, A4+,V24+,09 (A = Mg, Ca or Zn;
0<x <02 0<y<0.5)][29,30] were active even
in the presence of 30vol.% of water. However, the

nitric acid solution and precipitated with 28 wt.% of
drop wise aqueous ammonia solution. This was fol-
lowed by drying at 110C overnight and calcination

catalysts have not been commercialized yet probably at 450C for 5h.

because of uncertainty in the water poisoning effect

and long-term stability of the catalyst.
We investigated vanadium-containing catalysts for
the selective oxidation of 6 to elemental sulfur

Chemicals used for the catalyst preparation were
manganese sulfate (Mng®,0, Junsei, Japan),
tatanium(IV) butoxide (Ti[O(CH)3CHs]s, Aldrich),
cerium nitrate hexahydrate (Ce(N)@-6H20, Aldrich),

in order to understand reaction mechanism and the ammonium hepta molybdate ((M}gMo702-4H,0,

cause of deactivation. Based on the understanding, Aldrich),

we can formulate new types of vanadium-containing
multi-component catalysts that do not exhibit deacti-
vation and have a strong resistance against water.

2. Experimental
2.1. Catalyst preparation

VO,/TiO2 and VGQ,/SIO, were prepared by
dissolving an ammonium metavanadate ¢\V@s,
Junsei, Japan) in 5wt.% of oxalic acid solution
containing the support material. After evaporation,
samples were dried at 110 overnight and calcined
at 450C for 5h. SIQ was purchased from Aldrich
(Davisil; 300nfg~!, 60-100mesh, pore volume
1.15cn?¥g™1) and TiQ» was from Degussa (P-25;
50 g~1). TiO, was also made by drying metati-
tanic acid, TiO(OH), a solid suspension of 401,
at 120C overnight and calcining the dried sample
at 700C for 6h with air. After calcination, manu-
factured TiQ has anatase structure and 49gn? of
surface area. The manufactured Ji@re expressed
hereafter as m-Tigg where m is the abbreviation
of manufactured. All the supported catalysts are ex-
pressed as Aj/B, where A, B and represent metal,
support and metal loading, respectively.

For the preparation of vanadium-containing binary
oxides, metal salts were dissolved in 5wt.% of nitric

ammonium dichromate ((NPCr207,
Alfa), iron(lll) nitrate enneahydrate (Fe(N&-9H,0,
Kokusan, Japan).

2.2. Reaction test

The reaction test was carried out using a vertical
packed-bed reactor made of 1-in. Pyrex tube at at-
mospheric pressure. The feed stream for the reaction
contained 5vol.% hydrogen, a stoichiometric amount
(2.5vo0l.%) of oxygen and 30vol.% of water in bal-
ance helium. Hydrogen sulfide (Solkatronic Chemi-
cal) and air were mixed and diluted in He using mass
flow controllers. Water was injected using a syringe
pump to a vaporizer that was located before the reac-
tor. Sulfur in the product was separated using a sulfur
condenser that was located at the effluent side of the
reactor. The temperature of the sulfur condenser was
maintained constant at 110. A line filter was also
installed after the sulfur condenser to trap any sulfur
mist that was not collected by the condenser. From
the line filter up to the gas chromatograph, all the
lines and fittings were heated above 160 prevent
condensation of sulfur and water vapor. The gaseous
products HS and SQ were analyzed by a gas chro-
matograph (Hewlett Packard 5890) with a Porapak
T-column (80/100 mesh, 1.5m) and a thermal con-
ductivity detector. The exit gas from the analyzer was
passed through a trap containing a concentrated NaOH
solution and vented out to a hood. The conversion of
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hydrogen sulfide, the selectivity to sulfur and the yield
of sulfur were defined as follows:
[H ZS]inlet - [HZS]outlet

[H ZS]inIet
x 100

Conversion of HS (%) =

Selectivity to sulfun%o)
— [H ZS]inlet - [HZS]outlet - [Soz]outlet
[H2S]inlet — [H2S]outlet

x 100

Yield of sulfur (%)
B conversion of HS x selectivity of sulfur
B 100

2.3. Characterization

X-ray photoelectron spectra (XPS) were obtained
using an ESCALAB 220i (VG Scientific), equipped
with Al Ka monochromatic X-ray (1487.0eV) ra-
diation at 10kV and 15mA. Catalysts were uni-
formly ground into powder and then pressed into
self-supporting wafers without any binder. The cat-
alysts were pretreated at an ultrahigh vacuum of
10-12mm Hg for 10h. A charging effect of XPS
spectra was carefully corrected with the standard
carbon peak at 284.6eV. Temperature-programmed
reduction and oxidation (TPR and TPO) were carried
out using a packed-bed reactor containing 0.15g of
sample that was pretreated with He at 40Gor 1 h.
Gas mixtures of k(5 vol.%)/N, and G(1 vol.%)/He
were used for TPR and TPO, respectively. Flow rate
of gas and heating rate of temperature were kept at
30 mImin~1 and C min~1, respectively. The amount
of oxygen loss and gain was measured by a thermal
conductivity detector (TCD).

3. Results and discussion

3.1. Reaction over VJSIO,

Conversion of HS and selectivity to sulfur were
measured over VJSIO, at 230C and the results are
shown in Fig. 1. The selectivity to sulfur stays more
or less constant during the reaction time for more than
70h, whereas the conversion ob % shows a con-
tinuous decrease with the reaction time. Lower vana-
dium content in the catalyst exhibits faster deactiva-
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Fig. 1. The conversion of §8 (filled symbol with solid line) and
selectivity to sulfur (open symbol with dotted line) of V3O,
following vanadium loading: @) V(10)/Si0,; (M) V(20)/Si0;;
(A) V20s. Reaction condition: KS 5vol.%, G 2.5vol.%, HO
30vol.%, 230C, GHSV 94000 h?.

tion. Fig. 2 shows the effect of oxygen in the feed on
the conversion and selectivity. When a feed contain-
ing HxS only (without oxygen) is passed over fresh
catalyst, the complete conversion that is achieved ini-
tially shows a dramatic decrease to almost zero value

@)
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Conversion and Selectivity

Time (h)

Fig. 2. Conversion of KS and selectivity to sulfur of ¥Os with
or without oxygen supply,@® with solid line) conversion;© with
dotted line) selectivity: (a) feeding4$ 1 vol.% only; (b) supplying
H>S 1vol.% and @ 0.5vol.%. Reaction condition: 240, GHSV
3000 HL,
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1.0 re=s=

in about 2 h. The fresh 305 catalyst produces only
the complete oxidation product SOAs the reaction
proceeds, the sulfur production increases and 100%
selectivity to sulfur can be achieved in 2h. The re-
sults clearly show that an oxidized form of vanadium
having very active surface oxygen produces Sthe
complete oxidation period of the initial 0.5 h as shown
in Fig. 2 corresponds to the consumption of four times
of monolayer oxygen in the freshy®s (with the as-
sumption that one V@occupies 0.1 nfat the surface
[31]). When \,Os is reduced to a suboxide having V :
O = 1: 194 after the reaction for 2 h, the complete
conversion begins to decrease and only sulfur is pro- 00 Lt ! ! | !
duced probably due to the depletion of labile oxygen 0 10 20 30 40 50
in vanadium. We therefore suggest that only less labile Time (h)
lattice oxygen in reduced vanadium oxides can pro-
duce sulfur via redox mechanism. After the reaction zie@;écct”i-vitcot”(;’esrj:g: 8: zﬁ g”r'sgols)\’,v”i”tﬁo'dgt“ehd Slion'g 'f'(;‘re)v ;?:us
WlthOUt oxygen for 4h, the reactor \_Nas purged with vanadiun):-containing b[ijnary gxide@(j FeVO,; (H) CrVO,; (A)
helium for 1h and the feed was switched to 1vol.% 1o : (W) cevo,; (#) MnVO,: (8) ZV,0;. Reaction condi-
of H,S and a stoichiometric amount of,(fthe re- tion: H,S 5vol.%, @ 2.5vol.%, HO 30vol.%, 230C, GHSV
gion (b) in Fig. 2). The conversion increases quickly 94000h™.
and reaches a steady state. When the feed is switched
again to HS without oxygen (the region (c) in Fig.
2), an immediate decreasing pattern of the conversion at 230C. TiO,, CrO3, FeO3 and ZrO3 were cho-
that has been observed in the region (a) is observed. Itsen for their known activities for this reaction based
is interesting to note that the selectivity does not show on others’ works [4-25] and our previous screen test
any change during the change of the feed composition results [33]. CeO3 and MnQ, well-known oxygen
between regions (b) and (c). A reproducible perfor- donors, were chosen to facilitate the oxygen transfer
mance in the conversion and selectivity was observed to reduced VQ. Among tested binary oxides, TiVO
during repeated switch between regions (b) and (c). is the only catalyst that sustains a stable conversion
When oxygen is added in the feed, the conversion and and the others are deactivated eventually.
selectivity seems to attain steady values after fillingup  Fig. 4 shows the conversion of;8 and selectiv-
the lattice oxygen from gas phase molecular oxygen. ity to sulfur for various supported type of®@s con-
From the results, it can be suggested that the steadytaining TiO,. TiO2 alone shows a low conversion of
decrease in the conversion shown in Fig. 1 with along ca. 10% and a fast deactivation. A superior activity
time of the reaction must be caused by a slow reduc- and no deactivation is observed for V(10)/gi@nd
tion of vanadium. This agrees with the conclusion that V(10)-Ti(10)/SiQ. V(10)/m-TiO, shows somewhat
sulfation is not a main cause of deactivation [32] as lower activity than that of V(10)/Ti@. m-TiO, con-
suggested by others [18-24]. We therefore conclude tains about 1.5 wt.% of sulfate from its source metati-
that the slow deactivation is caused by the steady re- tanic acid, TiO(OH), which is the middle product of
duction of \LOs, originated from the relatively slow  sulfate process for manufacturing pigment type JiO
rate of reoxidation of YOs by gas phase oxygen. supplied from Hankook Titanium, Korea. This implies
that the presence of sulfate may be the reason for lower
3.2. Screen test of vanadium-containing binary and ~conversion.
multi-metallic oxides In order to improve the redox properties of
VO,/TiO2, multi-metallic oxides containing iron,
Fig. 3 shows the conversion and selectivity ob- chromium, molybdenum and/or bismuth were pre-
served in various vanadium-containing binary oxides pared and the conversion and selectivity were

0.8
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Fig. 4. Conversion of kS (filled symbol with solid line) and
selectivity to sulfur (open symbol with dotted line) for various
TiOz-containing catalysts:@®) TiO,; (M) V(10)/TiO, (Degussa,
P-25); (A) V(10)-Ti(10)/SiQ; (V) V(10)/m-TiO,. Reaction con-
dition: 230°C, GHSV 94000 h.

compared at 23@ as shown in Fig. 5. The
multi-metallic oxide, V-Fe—-Cr—Mo—@TiO,, ex-
hibits superior performance (90% conversion) to other
vanadium-containing binary or multi-component cat-
alysts (84% of VQ/TiO; or V-Bi-Cr—Mo—-Q./TiO5).
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Fig. 5. Conversion of kS (filed symbol with solid line)
and selectivity to sulfur (open symbol with dotted line) for
vanadium-containing multi-metallic oxides @] V(10)-Fe(5)-
Cr(2.5)-Mo(2.5)-Q/TiO2; (M) V(10)-Bi(5)-Cr(2.5)-Mo(2.5)-
O,/TiO,. Reaction condition: 23@, GHSV 94000 ht.

409

The catalyst was tested in a pilot scale (with a
100 nnP h~1 process gas having 2 vol.%;,H) using

a packed-bed reactor for 6 months. A good perfor-
mance (80-90% sulfur yield) was achieved without
showing any deactivation even in the presence of an
excess water (30-40vol.%) in the feed.

3.3. Redox property

In Fig. 6, the redox properties were investi-
gated using the TPR-TPO measurements for var-
ious vanadium-containing catalysts of VI(SiOp,
VO, /TiO2 and V-Fe—-Cr—Mo—-QTiO». To avoid the
structural change of Tig@ from anatase to rutile,
in the presence of 305 [34], catalyst was heated
up to 520C and stayed 1h at the same tempera-
ture. It is evident that, both in TPR and TPO, the
location of peak maximum is lower in the order of
V-Fe—-Cr—-Mo-Q/TiO2 < VO, /TiO2 < VO, /SIiO;.
The results agreed with the observation of the color
change of catalyst during the TPR/TPO experiments.
The dark brown color of V(10)/Ti@observed during
the TPR recovered the initial yellow color during the
TPO, which is a characteristic of2®s. The reduced
V(10)/Si0G, could not recover the initial yellow color
but showed dark brown color which is a characteristic

Arbitrary intensity (A.U.)

[a]

0 100 200 300 400 500 600

Temperature (°C)

Fig. 6. Temperature-programmed reduction and oxidation (TPR,
TPO) for various vanadium-containing catalysts (0.15g): (a)
V(10)/Si0, TPR, [a] V(10)/SiQ TPO; (b) V(10)/TiQ TPR,

[b] V(10)/TiO2 TPO; (c) V(10)-Fe(5)-Cr(2.5)-Mo(2.5)=0r0,
TPR, [c] V(10)-Fe(5)-Cr(2.5)-Mo(2.5)=@ri02 TPO.
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Fig. 7. XPS analyses for various vanadium-containing catalysts: (a)
V(10)/SiO; fresh, [a] V(10)/SiQ reacted; (b) V(10)/Ti@fresh, [b]
V(10)/TiO, reacted; (c) V(10)-Fe(5)-Cr(2.5)-Mo(2.5)+DiO>
fresh, [c] V(10)-Fe(5)-Cr(2.5)-Mo(2.5)=0rO, reacted. Reac-
tion condition: 236C, GHSV 94000 h.

of reduced ¥Os, such as YO4 and \V.Os. The ig-
nition temperatures of both reduction and oxidation
are the lowest in the multi-metallic oxide. The oxida-
tion of V—Fe—Cr—Mo—-Q/TiO> occurs over a broad
range of temperatures with a peak maximum around
250°C, which is much lower (by 15) than that of
VO, /TiO,.

To compare the oxidation state of vanadium in var-
ious catalysts, XPS was carried out before and af-
ter the reaction and the results are shown in Fig. 7.
Fresh V/SiQ that has only V{5) balance state is re-
duced down to V{3) balance state after the reaction.
VITiO3 catalysts that contains initially a small portion
of V(+44) balance state is not reduced tof\A) bal-
ance state after the reaction. V-Fe—Cr—Mg@AiD»
contains much smaller portion of @) state than that
of V(10)/TiO, after the reaction.

We have suggested that, from the results of Figs. 1
and 2, the deactivation of V@SIO, is caused
by the relatively slow rate of reoxidation. There-
fore, higher activities of VQITiO, (Fig. 4) and
V-Fe-Cr—Mo—-Q/TiO2 (Fig. 5) must result from their
improved redox properties, especially the improve-
ment of the reoxidation properties that are confirmed
by TPR-TPO (Fig. 6) and XPS (Fig. 7) results.
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4, Conclusion

Various vanadium-containing catalysts were studied
for the selective oxidation of 5 to elemental sulfur
in order to find a catalyst that did not show deactiva-
tion during the reaction at low temperatures even in the
presence of water. In the screen test of binary oxides,
TiVO, was the only catalyst that could sustain its ac-
tivity without deactivation at 230. Much higher ac-
tivity was observed when the binary oxide containing
VO, and TiQ became multi-metallic by incorpora-
tion with Fe, Cr and Mo. Reaction proceeds via redox
mechanism. High activities and stability of V{TiO,
and V-Fe—-Cr—-Mo-Q'TiO» were well correlated with
their redox properties, measured by TPR-TPO and
XPS experiment.
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