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In situ Raman spectroscopy at temperatures up to 500°C is used for the first time to identify vanadium species on the surface of
a vanadium oxide based supported molten salt catalyst during SO, oxidation. Vanadia/silica catalysts impregnated with Cs;SO4 were
exposed to various SO,/0»/SO3 atmospheres and in situ Raman spectra were obtained and compared to Raman spectra of unsupported
“model” V205-CsySO4 and V,05-CsS,07 molten salts. The dataindicate that (1) the VY complex V'V 0,(SO4)5 ™~ (with characteristic
bands at 1034 cm~1 due to v(V=0) and 940 cm~ due to sulfate) and Cs,SO, dominate the catalyst surface after calcination; (2) upon
admission of SO3/O, the excess sulfate is converted to pyrosulfate and the VvV dimer (VV 0)20(504)3_ (with characteristic bands at
1046 cm~1 due to v(V=0), 830 cm~1 due to bridging S-O along S-O0-V and 770 cm~1 due to V-0-V) is formed and (3) admission of
S0, causes reduction of VY to V!V (with the v(V=0) shifting to 1024 cm~1) and to V!V precipitation below 420°C.
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1. Introduction

The catalytic oxidation of SO, to SOz plays a key role
in a number of industrial processes, which due to the asso-
ciated sulfur oxide emissions have significant environmental
impact. Although the main source of SO, emissions to the
atmosphereisthe coal-fired power generation, large amounts
of SO are a so emitted from sulfuric acid manufacturersand
smelters of non-ferrous metals. Production of sulfuric acid
iscurrently performed not only from traditional sulfuric acid
manufacturersbut also from NO, and SO, removal stations,
combined with SCR technology like, e.g, in the so-called
Haldor—Topsge SNOX process [1]. The catalyst used for
sulfuric acid production catalyzing the reaction

SO, + (1/2)0, — SO3

containsits active phase in amolten salt which is distributed
in the pores of an inert silica support and is the most im-
portant supported liquid-phase (SLP) catalyst [2]. The cat-
alyst is usually made by calcination of silica (diatomaceous
earth), vanadium pentoxide (or other vanadium precursors)
and akali promoters (usually in the form of sulfates) with an
alkali-to-vanadium ratio between 2 and 5 [2,3]. During SO2
oxidation, large amounts of SOz aretaken up by the catalyst,
of which the active phaseis best simulated by vanadium ox-
ide dissolved in akali pyrosulfate thereby giving rise to for-
mation of vanadium oxosulfato complexes[3].

* To whom correspondence should be addressed. E-mail: bogosian@
iceht.forth.gr

In situ real-time spectroscopic characterization of cat-
aytic active centersin vanadium oxide based SO, oxidation
supported molten sakatalysts under gas and temperature
conditions of practical importance has been a long-sought
goal in catalysis [3]. On the other hand, the SO, oxidation
over conventional supported solid metal oxidé&SCR catalysts
has recently attracted interest [4-6] but the in situ Raman
studies performed on such solid metal oxideatalysts are un-
dertaken mainly in conditions simulating the SCR of NO by
NH3 in the absence of SO, [7-10]. However, the results
of these studies by no means relate to the structure of the
molten salt catalyst during SO» oxidation.

Recently, high temperature Raman spectroscopy has been
used to establish the structural and vibrational properties of
vanadium oxosulfato complexes present in the unsupported
V205—Cs$07-C5S04/05 [11], V205-M2S04/02 (M =
K or Cs) [12] and V205—M 2S,07—M2S04/S0O2-02 (M = K
or Cs) [13] molten salt/gas systems. The obtained informa-
tion contributed significantly in achieving progress on the
mechanistic understanding of SO, oxidation catalysts [3]
and prepared the grounds for the present work. The above
molten salt systems simulate the active phase, which is dis-
tributed in the pores of the SLP catalysts used for sulfuric
acid production and removal of SO, from flue gas[14].

The present article reports the first in situ Raman evi-
dence for identifying vanadium species on the surface of a
vanadium oxide based SO, oxidation molten salt catalyst.
Furthermore, to our knowledge, there has been no previous
report of in situ Raman study of any catalysts in SO, at-
mosphere.
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2. Experimental
2.1. Catalyst preparation and characterization

The samples studied were vanadia—silica and Cs-pro-
moted vanadia—silica mesoporous catalysts prepared by a
sol—gel process using tetraethylorthosilicate (Aldrich >99%
pure), vanadylacetylacetonate (Aldrich, 95%) and Cs;SO4
(Merck, >99.5%) as precursors [15]. Results presented
here concern one of the Cs-promoted vanadia—silica cata-
lysts which exhibited the highest catalytic activity amongst
all samples studied [15]. This mesoporous vanadia—silica
catalyst had a BET surface area (N2 adsorption at 77 K) of
533 m? g1, amean pore radius of 3.6 nm, a6.5 wt% vana-
dium content based on ICP-AES anaysisand a Cs:V ra
tio of 3: 1 resulting from impregnation of the catalyst with
CsS0;,.

2.2. In situ Raman furnace and Raman spectra

Approximately 150 mg of the catalyst were pressed into
a self-supporting wafer, which was mounted on a stainless-
steel adjustable holder in the center of the in situ Raman fur-
nace. The Raman furnace is a kanthal-wound double-wall
quartz glass tube furnace mounted on an xyzplate and pos-
sesses gasinletsand outletsaswell as athermocoupl esheath
in contact with the catalyst sample holder and will be de-
scribed in detail elsewhere [16]. The gases used were SO»
(Matheson, Union Carbide 99.98% anhydrous), N2 (L' Air
Liquide, 99.999%) and O, (L'Air Liquide, 99.999%) and
were mixed by using thermal mass flowmeters (BrooksInstr.
Model 5850E). The gas feed consisted of 0.4% SO, and 4%
O inabalance of N, at atotal feed flow rate of 50 cm®/min
corresponding to a space velocity of 35 h~1.

Raman spectrawere excited by using the 488.0 nm line of
a SpectraPhysics 164 argonion laser, which was focused on
the sample by a cylindrical lens. The power of the laser was
adjusted at 60 mW, measured before its entrance in the Ra-
man furnace. The scattered light was collected at 90° (hori-
zontal scattering plane), analyzed with a 0.85 m Spex 1403
double monochromator and detected by a —20°C cooled
RCA photomultiplier equipped with EG&G photon count-
ing electronics.

3. Reaultsand discussion

The catalyst was calcined in the Raman furnace by heat-
ing gradually at 100, 300, 400 and 500°C (for 1 h at each
temperature) under aflow of oxygen and in situ Raman spec-
tra were recorded after one hour of exposure to O, at each
temperature. Heating of the catalyst containing vanadium
oxide and cesium sulfate under oxygen at 500 °C is expected
to lead to amolten salt, which is distributed in the silica sup-
port [12]. It hasbeen shownthat a2:1 CsS04: V205 mix-
ture meltsbelow 450 °C and containsVO,(S04)3~ and VO5
unitsin chain-like and network-like configurations, whereas
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Figure 1. (&) In situ Raman spectrum of V2O5/SiO> (6.5 wt% V) im-

pregnated with Cs;SO4 (Cs:V = 3:1) at 500°C under Oy, calcined in

the Raman furnace. Laser wavelength, Ag = 488.0 nm, laser power w =

60 mW, spectral slit width sww = 8 cm™1, scan speed ss= 0.2cm=1s71,

time constant r = 1s. (b) Raman spectrum V,05—Csy SO4 molten mixture
with X\O,205 = 0.33 at 490 °C (reproduced from [12]).

further addition of sulfate results in precipitation of crys-
talline Cs, S04 [12].

Figure 1(a) shows in situ Raman spectra taken at 500°C
under Oy right after the calcination process and exhibits
peaks at ~1168 (weak, broad), 1034 (strong), 960 (very
strong, sharp, with a shoulder in its low frequency side
at ~940 cm1), 668 (medium), 611 (medium, sharp) and
530 (weak) cm~1. Significantly, the bands at 1170, 1034,
940, 668 and 530 cm~! are known to originate from
VOZ(SO4)3*, whichisaproduct of the reaction of vanadium
oxide and cesium sulfate [12], which can be written as

V205 + 2805~ — 2V0,(S04)3 ™+ VO3 (1)

The spectrum of the V205—Cs,SO4 molten mixture with
X3 0. = 0.33(i.e, Cs:V = 2:1) at 490°C (reproduced
from T12]) is shown in figure 1(b) to facilitate the compar-
ison. Naturally, since the state of vanadium oxide present
cannot be described accurately as V20s, reaction (1) has to
be considered only as a scheme accounting for the formation
of molten VO2(SO4); ™ at the catalyst surface. For the same
reason it might be more appropriate to symbolize the second
product of reaction (1) as VO,. The sharp bands at 960 and
611 cm~1 observed in the spectrum of the freshly calcined
catalyst (figure 1(a)) aredueto thewell known vl(SOfl‘) and
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m(SOf() modes of the excess crystalline Cs;S04 present
sincethe Cs: V ratio of the catalyst sampleisequal to 3 (i.e,,
ey V,0, = 0.25) and it is known that for X3 0. < 0.33crys-
talline Cs;SO4 precipitates out [12]. Tabl e 1 (coI umns 1-4)
liststhe Raman band wavenumbersand their assignmentsfor
the in situ Raman spectrum of the calcined catalyst under O,
at 500 °C and includes the Raman frequencies of the molten
VO2(S04)3~ complex for comparison.

One should expect to observe the group vibrations of
VO3 and SOZ~ units of the VO,(SO4)3~ VVV complex. The
four sulfate fundamental s (v1—v4) for atetrahedral T4 config-
uration span the following representation

Cvib = A1(v1) + E(v2) + 2F2(v3 + va)

and are well known from Raman work on aqueous solu-
tions: v1(A1) ~ 980 cm~1, va(E) ~ 450 cm™L, v3(Fo) ~
1100 cm~t and v4(F2) ~ 615 cm~! [17]. However, co-
ordination of the sulfate ion and interactions with other
ions are expected to shift the bands moderately, reduce the
symmetry and lift the degeneracies of the vy, vz and vg
modes. This behavior has aready been observed in the Ra-
man spectra of molten M2S04—V 205, M2S07-V 205 and
M2S,07-M 2S04V 205 (M = K or Cs) mixtures [11-13].
Vertical lines in figure 1 mark the most prominent bands
due to the various species present as follows. uppercase
A, B denote bands due to crystaline Cs;SO4; lowercase
a-e denote bands due to VO(SO4);~ and the same nota-
tion is used in table 1. The band a 1034 cm~1 is due to
the VV=0 terminal stretch of six-coordinated vanadium of
VO2(S04); and the shoulder band at 940 cm™ lisdueto
S-O terminal stretches of sulfate in VO2(SO4)3~ [12]. The
strong shoulder band at 880 cm~1 observed in the spectrum
of the molten salt mixturgfigure 1(b)) — and not in fig-
ure 1(a) —has previously [12] been assigned to S-O bridging
modes along S-O-V chains of three-dimensional network-
like [VOg(SO4)2],3,"‘ polymeric configurations formed in
the unsupported molten salts [12]. Such extensive network-
ing is not expected at the surface of the catalyst where the
liquid/molten phase is distributed in the form of thin (100—
1000 A) layers/films[2].

Figure 2 showsthe temperature dependence of in situ Ra-
man spectra of the catalyst at SO./O, atmosphere (spectra
(b)—(f)). The in situ spectrum of the calcined catalyst un-
der O, at 500°C is included for comparison (Figure 2(a)).
Spectrum 2(b) is obtained after exposure of the sample to
S0O7 and Oy at 500°C for 1 h. The retention time is suffi-
ciently low to secure that SO, is converted to SOs, whichin
turn reacts with crystalline sulfate forming molten pyrosul-
fate according to

SO%™ + S03 — S,05°
Thisresults, asseenin figure 2(b), in disappearance of bands

A andB at 960 [v1(SO3 )] and 611 [v4(SO3 )] cm—2, which
were dueto crystalline sulfate. Moreover, the Szog‘ formed
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Figure 2. (a)—f) In situ Raman spectra of V205/SiO2 (6.5 wt% V) im-

pregnated with CspSO4 (Cs:V = 3:1) recorded at temperatures and at-

mospheres listed by each spectrum. 1g = 488.0 nm, w = 60 mW,

ssw=8cm ! ss=02cm sl ¢ = 1s (g) Raman spectrum of

V05-CspS,07 molten mixture with x3205 = 0.33 a 450°C. Vertical

lines mark the positions of the terminal V=0 stretches dueto VO,(SO4)5~
(1034 cm~1) and (VO),0(SO4);~ (1047 cm~1) [11,12].

dissolves the residual vanadium(V) oxides present and the
reaction taking place can be written as [11,13]

V205 + 25,02~ — (VO)20(S04);” 2
and indeed the characteristic 770/830 cm~! strong and
broad feature due to the molten dimeric (VO)2,0(SO04);~
appears [11]. The 830 cm™? band is due to bridging S-O
aong S-O-V and the 770 cm~! band is due to V-O-V of
the (V0O)20(S04), molten complex [11,13], which is con-
sidered the active species in the catalytic cycle of SO, ox-
idation [3]. In order to facilitate the discussion, the spec-
trum of the (VO)ZO(SO4)2‘ molten complex (i.e., of the
V205—-Cs$,07 molten mixture with X9 o = 0.33) a
450°C isdisplayed in figure 2(g).

Lowering of the temperature to 450-380°C under SO,
and O results in the following changes observed in the in
situ Raman spectra shown in figure 2 (c) and (d): (i) gradual
blue shift of the 1034 cm~1 band (band b) dueto the V¥V =0
terminal stretch of VO2(SO4)3~ to 1046 cm™ (band g),
where the VV=0 termina stretch of (VO)20(SO4)5~ is
known to occur [11-13]; (ii) appearance of bands at 994
and 687 (bands y and ¢) due to termina S-O stretch
and v4(SOF") split component of (VO),0(S04);~ [11];
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Figure 3. In situ Raman spectra of V2O5/SiO2 (6.5 wt% V) impregnated

with CspSO4 (Cs:V = 3:1) recorded at temperatures and atmospheres

listed by each spectrum. Vertica lines mark the positions of the most promi-

nent bands due to the various species (see text). A9 = 488.0 nm, laser

power 60 mW, spectral slit width 8 cm™2, scan speed 0.2 cm™1s72, time
constant 1 s.

and (iii) strengthening of the 770/830 cm~1 broad feature
(bands § and ¢) relative to the 940 cm~1 band (band c)
of VO2(S0O4); . These observations indicate the presence
of increasing (VO)20(S04),~ amounts at lower tempera-
tures. This may be due to lowering of the reaction rate,
giving rise to increased lifetimes of the catalytically ac-
tive (VO)20(SO4)§~ complex [3]. Furthermore, freezing of
Cs507—CsS04—V205 mélts is known to result in for-
mation of glasses [11-13], which maintain the spectral fea-
tures of the corresponding melts but the effect on the ob-
served Raman intensities may vary between the two species
present (i.e., VO(SO4)3~ and (VO),0(S04)5 7). At 300°C
(spectrum 2(e)) the observed bands due to the glassy species
are sharper and better resolved. Increasing the temperature
to 480 °C under SO, and O restores the observed bands of
the in situ Raman spectrum (shown in figure 2(f)) in their
initial relative intensities. The most prominent bands due
to the various species present are listed in table 1 (columns
5-8) together with their assignments and are marked by ver-
tica lines in figure 2, where lowercase Greek letters a—6
denote bands due to (VO)ZO(SO4)3*. A, B and a— denote
bands due to crystalline Cs,SO4 and molten VOg(SO4)§*,
as stated before.

Figure 3 showsthe in situ Raman spectra of the catalysts
in the presence of SO, (0.4% SO, in a balance of N»), i.e.,
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in reducing conditions. Spectrum (a) is obtained at 500°C
in SO,/0O, atmosphere and is identical to spectrum 2(b).
After stopping the flow of O2, no changes are seen in the
spectra at 500 and 480°C (only the spectrum at 480°C is
shown in figure 3(b), for brevity), indicating that the VV
species present are not reduced by SO, at these tempera-
tures. However, further lowering of the temperature during
exposure to SO, results in changes, which are interpreted
to indicate reduction of VV to V'V molten complexes and
formation of crystalline V!V compounds. Thisis seenin fig-
ure 3(c) where at 380°C a sharp band appears at 990 cm™1,
characteristic of the V'V=0 stretch of the vanadyl (VO%*)
ion of crystalline vanadium compounds [18]. The forma-
tion and precipitation of low-valence vanadium crystaline
compounds in V20s-based SO, oxidation molten salt cat-
alysts have been shown to take place at temperatures typi-
cally below 440°C [19,20]. Previously, the V!V crystalline
compounds Csp(VO)2(S04)3 and VOSO4(S0»S03), have
been isolated from Cs-containing V205—CsS,07 molten
salts [19,20]. Depending on the catalyst melt composition
and the gas conditions applied, anumber of such compounds
have been isolated, characterized and referred to as catalyst
deactivation products[3,19,20]. When temperatureis raised
t0 420 °C (see spectrum (d) in figure 3) the 990 cm~1 almost
disappears, indicating the dissolution of the precipitate, as
expected [19,20]. The possible VY — V!V reactions taking
place in the moltenphase can be written as [13,21]

(VY 0)20(S04);~ + SOz — 2VVO(S0)35 +S03  (3)
2VV02(S0s)5~ + S0z — V'VO(SOs)5~ + V'V O(SO)5 ™
&)

The most prominent bands of the V'V molten complexes
formed according to reactions (3) and (4) are expected in
the 935-965 cm—1 region [13] (sulfate modes) whereas their
V'V=0 stretch is expected below 1034 cm~1 (where the
VV=0 stretch occurs). Indeed, the V=0 band maximum
appears to be shifted from 1034 cm~1 (spectrum 3(a)) to
1024 cm~1 (spectra 3 (c) and (d)).

4. Conclusions

In situ Raman spectroscopy under SO,/02/SO3 atmos-
pheres at temperatures up to 500°C is used to iden-
tify vanadium species on the surface of a Cs-promoted
vanadia/silica catalyst (6.5 wt% vanadium and impreg-
nated with Cs;S04, Cs:V = 3). The data indicate that
(1) the VV complex VVO2(S04)3~ and Cs;SO4 dominate
the catalyst surface after calcination; (2) under SO3/O2
the excess sulfate is converted to pyrosulfate which dis-
solves the vanadium oxides leading to formation of the
VV dimer (VV0)20(SO4);~ complex; (3) reduction of V'V
complexes takes place under SO,, leading to formation
of VIVO(SO4)5~ and V'!VO(SO4)3~. The above-mentioned
complex units do not occur necessarily in isolated form
but may participate in oligomeric chain-like complex ions
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Figure 4. Possible molecular structural models for the V complexes present
in the molten salt catalyst: (a) VV 02(504)3’ in monomeric and oligomeric

form, (b) (V¥ 0)20(S04);~ and (c) V!V O(SO4)5~ and V'VO(SO4)§’.

[3,11-13,20]. Figure 4 shows the proposed structural mod-
els for the V species present in the liquid (molten) phase
supported on the carrier.  The configurations depicted in
figure 4 have been deduced earlier, based on high tem-
perature Raman studies of the V205—M2S04—M2S,07/
0,-S0, molten salt/gas systems [11-13]. Significantly, the
VV dimer (VV0),0(SO4);~ has previoudly been identified
as the catalytically active species during SO2 oxidation in
V20s5-based molten salt catalysts [3].

This article reports for the first time in situ Raman ev-
idence for identifying V species in vanadium-oxide-based
SO» oxidation catalysts.
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