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Abstract

H>S oxidation by oxygen over 30s/Al,03, V20s/TiO2, V205/SiO,, V20s/Al03/TiO, catalysts was studied at the
temperature below the sulfur dew-point. High activity and the oscillation nature of the oxidation process were demonstrated
for the catalysts with low YOs contents (2—5 wt.%) supported on,8lz, TiO, or a combination thereof. An increase in the
V,0s5 concentration up to 10-20wt.% resulted in lowering of the catalytic activity and oscillation ability. The oscillations
were not determined using,®s/SiO, and pure \¥Os catalysts. Difference between pure®, catalysts with high- and
low-loaded \,Os catalysts was accounted for by the structure &f épecies formed in catalysts. The high activity of the
catalysts with the low vanadium content supported gr©4) TiO, or combinations thereof was attributed to vanadium species
bound directly to the surface. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction cesses are directly related to the adsorption of sulfur
and sulfur-containing intermediates on the catalyst
Catalytic oxidation of HS is an important stage of  surface. Periodic regeneration of the catalyst surface
processes of gas purification from hydrogen sulfide due to oxidation and sulfur removal takes place during
and preparation of sulfur. A number of papers [1-3] the oscillations.
report the highest activity of vanadium catalysts at  The present study is devoted to the elucidation of
200-300°C in this reaction. the forms of vanadium species accounting for the high
The investigation of low-temperature>8 oxida- activity and kinetic peculiarities in the 4% oxidation
tion with oxygen (below the sulfur dew-point) over at temperatures below the sulfur dew-point.
a vanadium catalyst [4] revealed periodic changes °V solid state NMR spectroscopy is known as the
in the reaction rate at £JH»S > 2, which entailed most suitable technique for characterization of the
changes in the product composition and temperature local environment of vanadium sites in different sup-
in the catalyst bed. The discovered oscillation pro- ported vanadium catalysts [5]. In this paper we used
solid state®V MAS NMR technique for character-
mondmg author. Fax:7-3832-343056. ization of vanadium sites formed in titania, alumina
E-mail addresses: oven@catalysis.nsk.su and alumina/titania supported catalysts for oxidation
(O. Kovalenko), olga@catalysis.nsk.su (O. Lapina). of H»S.
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2. Experimental
2.1. Catalyst characterization

The studies were carried out using different
vanadium-containing catalysts supportedyeAl ,O3,
SiO, and TiQy (anatase) or a combination of them.
These were:

e V205 (“*high purity” grade);

e Industrial catalyst IC-27-40 with the composition
4.5% V»,05/30% Alp03/65% TiOy;

e Industrial catalyst AVK-10 with the composition
10.8% VLO5/Al203.

Catalysts 5.5% YOs/Al 203, 2% V,>0s5/TiO2, 3.5%
V205/TiO2, 10.5% \bOs/TiO2, 20% V>0s/TiO2 and
3.25% \L0s/SiO, were prepared by impregnation of
the support with an aqueous solution of vanadyl ox-
alate followed by drying and calcination at 430D.
BET specific surface area$ggr) of samples were
determined from thermal desorption of argon. Char-
acteristics of the catalysts are summarized in Table 1.

2.2. Apparatus and procedural details

Catalytic oxidation of HS was studied in a flow
installation at atmospheric pressure and the tempera-
ture ranging from 100 to 20CC using model gas mix-
tures containing 2.0vol.% #8, oxygen and nitrogen.
The gas flow rate was 60 I/h, catalyst weight 3 g, the
catalyst grain size 0.4-0.6 mm. The catalyst tempera-
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the bottom of the catalyst bed. A quartz reactor was
15x 1 cm was in size, with the maximal volume of the
catalyst loaded into the reactor equal to 8 cm. Com-
ponents were analyzed using a procedure described
elsewhere [4].

Conversion of hydrogen sulfide&((,s), and selec-
tivity to SO, (aso,) were calculated according to for-
mulas:

C,'_r"zs - C
n
HoS

.
Xhys = H25100%

= Cioch 100%

HoS HoS
where CE,‘ZS is the inlet concentration of 48, CLZS
the final S concentration calculated with account of
changes in the gas volume during the reaction, and is
the SQ outlet concentration of'sg, .

2.3. NMR measurements

NMR measurements were performed using a Bruker
MSL-400 spectrometer at 105.25MHz at room tem-
perature >V MAS spectra of powder samples were
recorded at rotation frequencies of 10-15kHz using
a 5mm rotor of SiN4 and a NMR probe constructed
by NMR Rotor Consulting ApS, Denmark. Repeti-
tion times from 0.1 to 2 s and the rf pulses witlnd
duration were used in the experiments. All chemi-
cal shieldings are referenced to VQG@Is an external
standard.

ture was measured using a thermocouple mounted at

Table 1

Compositions and characteristics of catalysts

Number of Initial composition (wt.%) SBeT
sample (m/g)
1 5.5 \L0s, 94.5 AbO3 280
2 10.8 \L0Os, 89 AlL,O3 160
3 2 V505, 98 TiO, 39
4 3.5 \L0Os, 96.5 TIG 39
5 10.5 KOs, 89.5 TIO 39
6 20 V,0s, 80 TiO2 33
7 4.5 \L0s5, 30 Al,O3, 65 TIO, 135
8 3.25 \LOs, 96.7 SIQ 190
9 V205 6

aThis catalyst was prepared by Dr. Zenkovets G.A. (BIC SB
RAS).

3. Results and discussion

Figs. 1-6 present dynamic curves of the reac-
tion selectivity and temperature in the catalyst bed
for the catalysts under study. A decrease in the cat-
alytic activity with time accompanied by a decrease
in the selectivity to S@ due to the accumulation
of sulfur is seen (Figs. 1 and 3) for catalysts 20%
V20s/TiO2, 10.8% \WOs/Al»,0O3. Microoscillations
of the reaction selectivity and temperature in the
catalyst bed AT = 10°C, asp, 10-15%) are
observed over these catalysts. Low-loaded vana-
dium catalysts, 3.5% YOs/TiO2, 5.5% V>Os/Al 203,
4.5% VL0s/Al>,03/TiO2 (Figs. 2, 4, and 5) and 2%



P. Kalinkin et al./Journal of Molecular Catalysis A: Chemical 178 (2002) 173-180 175

1
100+ o 0—0010—0—0—0—0—0—0\. 1200
S o0l WA, 8 AN )
= e o
o 8o . 4180 g
XQ 70 0 2 00, /O\ -8
3 —~¢ \ {160 &
g o X £
o~ 50 \'\ {140 ®
= 40} 0’5\0—0 S
54 o i, 1%
20 1 1 1 1 1 100
00 05 10 15 20 25 30

Time, h

Fig. 1. Time dependencies &f,s (curve 1),aso2 (curve 2) and
temperature in the catalyst bed (curve 3) ai/,S = 4.8 on
20% V,0s/TiO, catalyst. Feed temperature is 5.
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Fig. 2. Time dependencies afso2 (curve 1) and temperature in
the catalyst bed (curve 2) aty@H>S = 4.9 on 3.5% \4O0s/TiO;
catalyst. Feed temperature is T35
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Fig. 3. Time dependencies &fiy,s (curve 1),aso2 (curve 2) and
temperature in the catalyst bed (curve 3) afB,S =5 on 10.8%
V20s/Al,03 catalyst. Feed temperature is T80

400 4300
[ |
]
300 W 1250
2 /@ %
o 2 |
A s
R i—g-m—0 \ L) " n i o
% 200 ] Smen | | ™Nga 200 g
3 (0]
N -
100 - 0—0-0\07 \ ! 1150 ¢S
o0 0 \O‘O o= ’
ol ' ' . 100
0 1 2 3 4
Time, h

Fig. 4. Time dependencies ofsp, (curve 1) and temperature in
the catalyst bed (curve 2) at,@H,S = 4 on 5.5% \,Os/Al>03
catalyst. Feed temperature is 45
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Fig. 5. Time dependencies @fo; (curve 1) and temperature in the
catalyst bed (curve 2) atQH,S =5 on 4.5% \bOs/Al,03/TiO2
catalyst. Feed temperature is T30
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Fig. 6. Time dependencies &f,s (curve 1),aso2 (curve 2) and
temperature in the catalyst bed (curve 3) at/BS = 3.5 on
3.25% VL Os/SiO, catalyst. Feed temperature is T80
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V20s/TiO2, provide almost 100% conversion ob8,
which do not decrease in the course of reaction. Peri-
odic oscillations of the S@concentration in the flue
gas relative to the current concentration of converted
H2S (xso,) and temperature in the catalyst bed are
observed in this case. The temperature change dur-
ing a flash can be as high as 3@ while the SQ
concentration can exceed that of the converte® H AN 4
by a factor of 10-12 (Fig. 5). Hence, adsorbed sulfur
compounds accumulated on the surface can undergo
spontaneous oxidation to yield $Ol'he temperature
elevation resulting from the sulfur oxidation favors
the fast completion of this process and regeneration of 2
the catalyst. Autooscillation phenomena are not ob-
served with crystalline ¥O5 and 3.25% Os/SiOp
catalysts (Fig. 6). It was shown [5-7] that the cat-
alytic behavior of vanadium catalysts is to a great
extent determined by the structure and concentration
of vanadium species.

51y MAS NMR spectra of the samples supported
on Al,O3 are shown in Figs. 7 and 8. At low vana- 400 0 500
dium content (5.5% YOs) the spectrum represents
the superposition of two lines (two sets of spinning
sidebands in Fig. 7) from two unequivalent vanadium Fig. 8. >V MAS NMR spectra of 10.8% ¥Os supported on
stes. SATRAS analysis of the satslite intensiles :0¢ Sy Povsets e eapeatin Lk o
allows chemical shielding parameters (see Table 2) are shown: 1—MAS Spectrum of 20 " 2—_spectrum of AVQ,
to be estimated for these two lines. Small value of 3—spectrum of distort?ad tetraheczirasl specigs Il and 4—dgtorted

tetrahedral species Ill, weakly bound to the surface.

-1000 -1500
ppm

C\\ chemical shielding anisotropy and significant shift of
/\é ! ‘\ oiso towards the high field indicates that species | may
f [ ‘“ be assigned to isolated tetrahedral species strongly
j \ / i\«\/‘kwx, 2 bound to alumina, while species II, due to a higher
4 § ' \fk chemical shielding anisotropy, should be assigned to
A VAV AYAY, . g by, shou g
WMW associated vanadium species in distorted octahedral
fﬁ\ or distorted tetrahedral coordination. The latter seems
J\Ml\ﬂ + more probable due to a relatively high asymmetry
‘\ | \ {\ parameter (0.5), although the parameter of chemical
’\}/ ‘,\,I ‘;\/\/\ 1 shielding anisotropy (375 ppm) argues the octahedral
?/%jg \/ ; coordination of these species. Comparable intensities
are seen for peaks of species | and Il in the spectra at

-200  -400 ~ -600 -800 -1000 -1200 -1400 . : : )
ppm this vanadium concentration (5.5% ob®s). An in-

crease in the vanadium concentration (Fig. 8) leads to
z ; emergence of phases of vanadium compound©sV
Al,O3. Spectrum represents the superposition of two lines (two
sets of spinning sidebands, spectra 1 and 2, respectively) from two f:lnd_AlVQ4 (spectra of th_ese co_mpour_1ds_ are S_h_own
unequivalent vanadium sites in different tetrahedral coordination 1N Fig. 8 in accordance with their relative intensities,
(species | and I1). Isotropic shifts are indicated by asterisks. spectra 1 and 2; isotropic shifts of these compounds

Fig. 7.5V MAS NMR spectrum of 5.5% YOs supported on
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Table 2
51y NMR data of studied catalysts
No. Sample 51y site oiso (PPM) Ao (ppm) No
1 5.5% \L0s/Al,03 1 615+ 10 250 Tetrahedral (species 1)
2 668+ 5 375 0.5 (species II)
2 10.8% \WOs/Al,03 1 668+ 5 375 0.5 (species II)
2 570 275+ 25 Tetrahedral (species IlI)
3 661 ~100 AlVO,
4 740 ~100 AIVO4
5 772 ~100 AIVO,
6 610 640 0.1 YOs
3 2% V,05/TiO2 1 610 650 Species 1
2 650 670 Species 2
4 3.5% WLOs/TiO 1 610 650 Species 1
2 650 670 Species 2
5 10.5% \LOs/TiO2 1 500+ 5 Weakly bound
2 543+ 5 Weakly bound
3 605+ 5 Strongly bound
4 670+ 5 520 0.4 Polymer octahedral species
6 20% V,0s/TiO2 610 640 0.1 \¥Os
7 IC-27-40 1 527 Tetrahedral species
2 570 275+ 25 Tetrahedral species

are indicated by asterisks, NMR parameters are given of the anisotropy characteristic of it, corresponds
in Table 2). In addition to these compounds two types to associated tetrahedral species of metavanadate
of tetrahedral species (species I, 1ll) are detected at type (chain structure) weakly bound to alumina (all
this vanadium concentration. Species Il (spectrum the lines and their relative intensities are shown in
4), with a small value of isotropic shift and high value Fig. 8, NMR parameters are given in Table 2). As

A \ B J 7
3

: i

JU
MYV 2

/\l\judy \
IV VW WAL
]

ppm ppm

Fig. 9. (A) IV MAS NMR spectra of 2 and 3.5% A0s supported on Ti@ (spectra 2, 1 respectively). Both spectra represent the
superposition of two lines (two sets of spinning sidebands in each spectrum) from two unequivalent vanadium sites in distorted octahedral
oxygen environment (as shown for example for 3.5%0¥, (B)).
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seen in the figure, this sample is mainly constituted
by V0.

51y MAS NMR spectra of TiQ supported cata-
lysts are shown in Fig. 9. At low vanadium content
(2, 3.5% \L0Os) the spectra can be described by the
superposition of two lines (two sets of spinning side-
bans in Fig. 9B, spectra 1, 2) of vanadium in dis-

torted octahedral oxygen environment (see Table 2 for v

the chemical shielding parameters). Close intensities

of these lines, which depend on the vanadium con- ' \JL 3
tent, are seen in both spectra. The further increase in ’ A A

the vanadium content up to 10.5wt.% leads to for-
mation of vanadium oxide species of another type
(Fig. 10). From the value of the isotropic shifts, these

are vanadium species strongly and weakly bound to

titania (—605, —670 and—500, —543 ppm, respec- { J\ " 2
tively). The association of vanadium species may be WU
responsible for appearance of weakly bound vanadium ‘

aggregates with strong internal V-O-V bonds (like )

metavanadate chains) and weak bonding to the tita-
nia surface. Spectrum 2 in Fig. 10 corresponds to this

aggregates, while spectrum 1 in Fig. 10 to the super- i

position of at least of two lines of distorted octahedral

species bound to titania. Only spectrum @04 com- ,Jh'\» 1

pound is observed in tf#V MAS NMR spectrum of W/\w w My g i

the catalyst containing 20%2Os. A
5y MAS NMR spectrum of industrial catalyst o w0 ~1o0o 1900 2

ppm

IC-27-40 (vanadium supported on 2A&3/TiOy) is
shown in Fig. 11. Spectra of the catalysts with similar Fig. 10.%V MAS NMR spectra of 10.5% ¥Os supported on
vanadium content Supported on individuab® and TiO2 (spectrum 3). Spectrum represents the superposition of at

TiO | h f . The infl least three lines. MAS spectra of these lines with their relative in-
102 areé also shown for comparison. € INfuence . qities are shown. Spectrum 2—corresponds to associated tetra-

of the mixed oxide support is clearly seen in these hedral species weakly bound to titania, spectrum 1 corresponds
spectra. In the case of the mixed oxide support, theseto the superposition of at least two lines of distorted octahedral

are the most symmetric and narrow lines. Similar to species.
the individual oxides, the spectrum of 1C-27-40 is
superposition of two lines. The low anisotropy these
lines allows them to be assigned to isolated tetrahe- of isolated species. In this case, there appear polymer
dral species and to associates of the tetrahedra (typesctahedral species and associated tetrahedral species
Q% andQ?, respectively). weakly bound to the support. The further increase in
If summarize these data, we can conclude that at low the vanadium concentration results in formation of
vanadium concentrations (below 0.5 monolayer), com- V205 or AIVO4 compounds. Studies of the activity of
plexes with a tetrahedral environment of oxygen atoms the catalysts to partial oxidation of hydrocarbons re-
are formed on alumina and mixed alumina—titania sup- veal the highest catalytic activity of vanadium bound
port, while two types of significantly distorted octa- directly to the support. The low catalytic activity of
hedral species are formed on individual titania. The silica-supported samples with vanadium oxide species
main common feature of these species is their direct coagulating to form hydrated amorphousQ4-like
bonding to the support. An increase in the concen- clusters, which are not connected to the support [8],
tration up to one monolayer gives rise to association confirms this suggestion.
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Fig. 11.5v MAS NMR spectra of 3.5-5.5wt.% 3Os supported on Ti@ (3.5wt.% V»0s), Al203 (5.5wWt.%V,05) and AbO3-TiOz
(4.5wt.% V,L0s) (spectra 1-3, respectively).

The strength of interaction of 305 with the sup- down. In this case, minor oscillations can occur at a
port may be accounted for by the participation of steady decrease in the activity. Autooscillation phe-
the bridging oxygen (V-0) in redox transformations. nomena are not observed with crystallineQ¢ and
This effect may be also used for explaining the re- 3.25V,0s/SiO, catalysts.
sults on oxidation of hydrogen sulfide over vanadium
catalysts.

At low V205 concentrations (IC-27-40, 2-3.5% 4. Conclusions
V20s5/TiO2, 5.5% VLOs5/Al203) vanadium species
are attached directly to the surface to form tetrahedral The content of vanadium is found to determine the
or distorted octahedral vanadium sites. The reaction nature of the HS oxidation over vanadium catalysts
selectivity at excess oxygen is shifted to the formation under the conditions of sulfur condensation at ex-
of SOp; autooscillation phenomena can be observed cess oxygen. A higher catalytic activity is observed
in this case. at the concentration of 305 ranging between 2 and

At a higher concentration of 305 (AVK-10, 20% 5% against the 10-20% range. The oscillation mode
V205/TiOy), polymeric vanadium species is the octa- is characteristic of the reaction in the presence of
hedral or tetrahedral coordination, as well as apn@®y low-loaded vanadium catalysts. Periodic changes in
or AIVO4 compounds less active to complete oxida- the reaction rate accompanied by changes in the prod-
tion are formed. The selectivity to SQlecreases in  ucts composition and catalyst bed temperature are ob-
time due to blocking of remained vanadium species served. The high activity of the low-loaded vanadium
bound directly to the surface. Adsorbed sulfur lowers catalysts is attributed to formation of vanadium species
the exposed surface area, and the catalyst activity goesbound directly to the surface.
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