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Abstract

Mesoporous vanadia—siticcatalysts have been prepared by three differentgeblprocedures using ta&thylorthosilcate (TEOS),
vanadyl acetylacetonate (VAA), or VO£hnd in some cases quaternary ammonium salts £J&&{ 4HogNtTBr~ or (CigH21)4NTBr™)
as surfactants. According to procedure A, TEOS and VAA were concomitantly hydrolyzed, in procedure B TEOS was prehydrolized and
vanadium precursor was added to #ileca sol, and in procedure C both TEOS and vanatprecursors were sepaely prehydrolized. The
sol-gel procedures were controlled by chiagkthe effect of the hydrolys pH, refluxing time, surfactant, and conditions of gellifications
(slow evaporation at room temperature or autoclavization). The samples were dried under vacuum, first at room temperature, then at 373 k
and finally calcined at 773 K. ICP-AES analysis indicated for all samples a vanadium content of around 6.5 wt%. The samples were impreg-
nated with CsSOy resulting in a Cs:V ratio of 3:1 and then dried and calcinader the same conditions. Thealgists were characterized
using several methods: sorption isotherms gfdi77 K, XRD, and XPS. The results of the characterization indicated that during calcination
of the V/Cs catalysts vanadia is dissolved in a sulfate containing molten salt. The activity of these catalysts for the oxidatjowad SO
tested in a gas containing 2% $a9% O, 79% N in the temperature range 523—-823 K. Similar experiments with gases containing 10%
H,O in the feed or with wet catalysts were also performed. The activation of the catalysts and the catalytic behavior were monitored by in
situ Raman and EPR spectroscopy. These characterization techniques indicated that the active molten phase contains vanadium oxosulf:
complexes similar to the d05—M>S,07 (M = alkali metal)-based industrial catalyst, where kieselghur is used as carrier material. The high
dispersion of vanadium in the studied catalysts results in an increased catalytic activity for the oxidatiorcoh&med in feed gases with
low SO, content.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction on, e.g., promoted alumir{@,4], and the Claus proce§s],
which, however, all generate considerable amounts of by-
Sulfur dioxide emitted both from industrial processes products. The use a S@eduction catalyst using sup-
(primarily sulfuric acid manufacture, petroleum refining, ported vanadia catalysts, such as the Amoco De&falyst
and smelting of nonferrous metals) and by the oxidation of (V,05/CeG/Mg,Al,Os) may lead to better recovery of sul-
sulfur contained in fossil fuels is responsible for acid rain fur [6].
and its abatement is a majenvironmental problenfl]. The catalytic alternativesowever, may provide promis-
Technologies generally used for abatement op $@lude ing clean environmental solutions. Some of these technolo-
the limestone procedg], the selective adsorption of SO gies dealing with the simultaneous removal of ,Sénd
NO, from flue gas are already industrially applied. Among
msponding authors. these, the well-known Haldor Topszg SNQX and .De-
E-mail addresses:_parvulescu@chem.unibuc.ro (V.I. Parvulescu), ~ gussa DeSONQ([8] processes combine the selective cat-
bogosian@iceht.forth.gr (S. Boghosian), f@kemi.dtu.dk (R. Fehrmann).  alytic reduction (SCR) of NQ with production of sulfuric
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acid. First, NQ gases are removed via the SCR technology
and then S@is oxidized to SQ over a typical oxidation cat-
alyst.

The oxidation of S@ to SO; resulting in sulfuric acid

25

high stability. To achieve isolated vanadyl species, Rulkens
et al. [39] proposed an alternative route using a different
source of vanadium, i.e., vanadgrt-butoxyorthosilicate.

Livage and co-workers reported colloidal sol-gel prepara-

manufacture is an attractive approach. Most of the flue gasegions and showed that depending on pH and concentration,

from metallurgical plants contain $SOThe main difficulty
for achieving high conversions is the low $@ontent in
these gases<{(3%). This is critical since the reactor in

the vanadium species can condense leading to polymeric
specieg40]. V-MCM-41-type materials have also been pre-
pared [41] containing tetrahedrally coordinated vanadium,

the contact process operates in autothermal regime, so thevhich may suggest insertion camadium in the silica frame-

amount of heat generated depends on the S@htent in

work. These preparations evidenced the effect of the sur-

the feed. In the case of dilute gases the evolved heat isfactant on both the stability and the pore size. However,

not enough to allow for satisfactory reaction rates. Improve-
ments in the reactor design, & nonstationary reactor with
flow reversal9,10] may lead to higher efficiency of this re-
action for gases with low Sfcontents.

However, an important contribution for improvement of
direct SQ oxidation of dilute gases could come from the
development of new catalysts, specifically tailored for this
purpose. Actually, the industrial catalyst is a unique sup-
ported liquid-phase catalyst (vanadium oxides with alkali
promoters forming a pyrosulfate melt supported on kiesel-
ghur). Under reaction conditions, 693-823 K, the,SQ3-
idation proceeds on active sitdocated in the interior of
the liquid film and recently, the V(V) dimeric complex
(VO)20(SQy)4*~ has been identified as the catalytically ac-
tive speciegl1-17] Detailed investigations of the effect of

V-MCM-41 is not sufficiently stable at high temperatures
and in the presence of water.

The state of vanadium in these materials is evidently con-
nected with the preparatiomgredure. Low vanadium load-
ing leads to highly dispersed, e.g., monomeric or oligomeric
species where vanadium appeé#solated and tetracoordi-
nated under dehydrated conditis. The increase of loading
results in formation of polymeric two-dimensional species
in distorted tetrahedral and square-pyramidal coordination,
and bulk \bOs crystals are formed when vanadia loading
exceeds the monolayer coverage of the support. The addi-
tion of alkaline metal sulfates to vanadia catalysts leads, at
higher temperatures, to molten salt mixtures, which exhibit
low melting pointg11,13,42,43]

The aim of the present study is to investigate the prepara-

the promoters (Na, K, Cs) showed that the activity increasestion of high surface area disaeted silica—vanadia catalysts

with increasing alkali atominumber, and the presence of Cs
as a promoter improves the low-temperature activity with the
deactivation occurring at temperatures below 6 138-21]

A possible way to enhance the efficiency of these cata-

lysts making them able to oxidize gases very dilute i, SO
is to increase the surface ar@djile keeping the size of the
pores in a comparable range with that of silica used in in-

with sol—gel procedures. The variations caused in the tex-
tural characteristics by the preparation routes used are pre-
sented. The catalysts are investigated fop $®idation in

feed gases with low Sfcontent, i.e., less than 2%. The ef-
fect of C9S0Oy addition both on textural and on structural
characteristics of these catalyss well as its promoting ef-
fect on the activity is studied byombined catalytic tests and

dustrial applications. Such characteristics can be providedin situ Raman and EPR spectroscopy.

by mesoporous catalysts, in which vanadia is directly in-

troduced during synthesis. The preparation of catalysts con-

taining highly dispersed vanadium has thus received much?2. Experimental
interest. Over the years, several preparation procedures have
been proposed like impregnation of inorganic supports using 2.1. Catalysts preparation

various salts in both aqueous (silica, titania, diathonfii2)
and nonaqueous proceduf@2—-24} dry impregnation us-
ing vanadium pentoxide as precur§®5—28] incorporation
of vanadia using hydrothermal procedufg8-31] vapor-
phase grafting of VOGIon silica[32—-35] and sol-gel pro-

2.1.1. Reagents

The reagents were tetraethylorthosilicate (TEOS, Aldrich,
> 99% purity), vanadylacetgtetonate (VAA, Aldrich),
vanadyloxychloride (Aldrich), trimethyltetradecylammo-

cedures. The use of sol-gel procedures received particu-nium bromide (Merck), tetradecylammonium bromide HCI
lar interest because of the characteristics reported for the(Merck), ammonium hydroxide (Merck), methanol (Merck),

materials obtained by thisoute. Due to large differences

and CsSOy (Merck).

in the reaction rates between the metal alcoxides and the

silicon alcoxides it is generally considered as being dif-
ficult to achieve homogeneity in mixed metal oxides us-
ing this techniqug36]. However, studies made by Baiker
and co-workerq37,38]showed the effectivity of polymeric

2.1.2. Sol—gel synthesis
The synthesis of the catalysts was carried out following
three routes.

sol—gel procedures to produce very homogeneous mixed2.1.2.1. Method (a). VAA was dissolved in methanol with

oxides leading to high dispersion of vanadium, combined

a molar ratio VAA-to-methanol of 0.013. TEOS was added

with high surface areas, narrow pore size distribution, and dropwise to this solution, maintaining the system under
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vigorous stirring. The amount of TEOS added was calcu- under vigorous stirring. After cooling, the prehydrolyzed
lated for molar TEOS-to-VAA ratio of 11.54 and TEOS-to- vanadium was added to prehydrolyzed TEOS and the reflux-
methanol ratio of 0.15. The pH of the solutions was different. ing was continued for another 2 h at 338 K, under vigorous
For samples prepared under acid catalysis, pH was adjustedtirring. After cooling, 1 g of (CH)3C14H29NTBr~ in 2 ml

to 3 with HCI, before the addition of water (a water-to-TEOS methanol was added to the above mixtures and stirred 40 min
ratio of 4) (samples A1-A9), while for samples prepared un- more (C20 and C21-C22). The sol polymerization and the
der basic catalysis, the pH was adjusted to 9 with an aqueousaging of the gels were carried out as in (a), namely at 373 K
solution of NH; after the addition of water (a water-to-TEOS  for 5 days (C20-C21 and C23) or by slow evaporation of the
ratio of 4) (samples A10-A12). The mixture was then re- solvent at room temperature for 1 week (C22). All samples
fluxed at 338 K under vigorous stirring for various periods: were dried in vacuo, first at room temperature for 24 h, then
1h(samples Al, A6, A8, and A10),3 h (A2, A4, and A7), or at 373 K for another 24 h, and finally calcined at 773 K us-
5h (A3, A5, A9, Al1, and A12). Thereafter the mixture was ing a ramp of 0.3 Kmin'. ICP-AES analysis indicated for
cooled at room temperaturglunder vigorous stirring and  all samples a vanadium content-ef6.5 wt%.

refluxing. Part of these samples was mixed with a methanol  These catalysts (denoted as Ax, Bx, and Cx) were pro-
solution of a quaternary salt, which was prepared by dis- moted with Cs by incipient wetness impregnation using
solution of 1 g of (CH)3C14H29N*Br~ (A1-A3, A5, and C S0y, leading to catalysts with a Cs:V molar ratio of 3:1.
A8-A11)or 2 gof (GoH21)4 NTBr~ (A4)in2 mimethanol.  The Cs-promoted samples are denoted as AxCs, BxCs, and
The stirring was continued for 40 min for these mixtures. CxCs, respectively.

The sol polymerization and the aging of the gels were carried

out either at 373 K for 5 days in a Teflon autoclave (A1-A7, 2 2. Catalysts characterization

A10-A12, B13-B19, and C20-C23) or by slow evaporation

of the solvent at room temperature for one week (A8 and 5 5 1 Texture measurements

A9). Sorption isotherms of Nat 77 K were obtained with a

Micromeritics ASAP 2000 apparatus after outgassing the
samples at 423 K for 12 h in vacuo. For the samples con-
taining cesium, which exhibit low surface areas, the sorption
isotherms were obtained with the same apparatus and tem-
perature using Kr.

2.1.2.2. Method (b). TEOS was dissolved in methanol
with a molar ratio TEOS-to-methanol of 0.5 under vigor-
ous stirring. The pH of the solution was then adjusted to
3 with HCI (samples B13-B15) or to 9 with a solution of
NH3 (B16-B19). The addition of water was made consider-
ing the precautions presented in (a). The system was refluxe
at 353 K for 30 min under vigorous stirring. VAA (B14,
B16, and B18) or VOG@ (B13, B15, B17, and B19) was
added as solutions in metharf@gtto-methanol molar ratio of
0.02) after the mixture was cooled at room temperature un-
der the same stirring conditions; 1 g ammonium quaternary
salt ((CHs)3C14H29NTBr~ in 2 ml methanol) was added af-
ter 40 min vigorous stirring and the mixture was then stirred
for another 40 min (B13, B14, B16, and B19). The sol poly- 2-2-3. X-ray photoelectron spectroscopy

merization and the aging of the gels were carried out las __1h® XPS spectra were obtained by a SSI X probe
in (a), namely at 373 K for 5 days in a Teflon autoclave FISONS spectrometer (SSX-100/206) with monochromated

(B13-B18) or by slow evaporation of the solvent at room Al-Ke radiation. The spectrometer energy scale was cali-

temperature for 1 week (B19). brated using thg Au 4/, pe.ak. (binding energy 84.0 eV).
For the calculation of the binding energies, thg geak of

2.1.2.3. Method (c). TEOS was dissolved in methanol the C—(C,H) component at 284.8 eV was used as an internal

with a molar ratio TEOS-to-methanol of 0.5 under vigorous Standard. The composite peaks were decomposed by a fitting

stirring. pH was adjusted to 3 with HCI. Water for prehydrol- routine included in the ESCA 8,3 D software. The superfi-

ysis was then added with a molar ratio water-to-TEOS of 2 cial composition of the investigated ;amples was determined

and the mixture was refluxed at 353 K for 30 min under vig- USing the same software. The:}, Sip, Csas, Cssas, and

orous stirring. Separately, VAA (C21-C23) or VQGL20) ~ O1speaks were investigated.

was dissolved in methanol with a molar ratio V-to-methanol

of 0.2 and the pH was modified with HCI to 3. Then, water 2.3. Catalytic activity

for prehydrolysis was added to a molar ratio V-to-water of

0.043 (C20-C22). Sample C23 was obtained under basic hy-  Activity measurements we performed in a fixed-bed

drolysis where the addition of water to the VAA solution was quartz microreactor operatingamospheric pressure. Cata-

made in the same ratio but before the adjustment of pH to 9. lyst samples of 20-30 mg were used. The total flow rate was

In both cases the mixture was then refluxed for 1 h at 338 K 100 mImirm! and the feed gas composition was 2%,SO

d2.2.2. X-ray diffraction

The XRD patterns were recorded by a SIEMENS D-
5000 diffractometer at 40 kV, 50 mA, and equipped with a
variable-slit diffracted-bearmonochromator and scintilla-
tion counter. The diffractograms were recorded in the range
0-80 20 min~1 using Cu-K, radiation ¢. = 1.54183 A).
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19% &, and 79% N. The catalytic tests were typically con- sample was oxidized at 673-773 K under i@w for more
ducted in the temperature range 623-823 K, and in dry gas.than 2 h, and the in situ spectrum of the oxidized catalyst
Experiments with gases containing 10%®in the feed was recorded under flowing-OThe catalyst was then ex-
or with wet catalysts were also made. The inlet and outlet posed to the reaction mixture ($@,/N) and spectra were
gas compositions were measured using an on-line coupledrecorded at different temperatures in the range 573-773 K.
Fisher—Rousemount analyzer equipped with a UV detector.  EPR spectra were recorded on a Bruker EMX spectrome-
ter equipped with a 12 kW 10 inch magnet. The spectra were
2.4. In situ characterization acquired in situ with a high-temperature X-band Bruker
ER4114HT cavity. This was done by using a Wilmad quartz
In situ Raman spectra were obtained usin@50 mg of high-temperature sample holder modified into a catalytic
the catalysts, which were pressed into self-supporting wafersmicroreactor, allowing for simultaneous measurements of
and mounted on an adjustable holder in the center of the incatalytic activity and EPR spectra of the working catalyst.
situ Raman furnace, which is a kanthal-wound double-wall The microwave frequency was around 9.53 GHz, and a scan
quartz tube furnace mounted on a xyz plate. Temperaturerange of 2000 Gauss was used for all recorded spectra, with
was controlled with a thermocouple placed inside the holder, 5 center field of 3500 Gauss. Acquisition was performed at

near the catalyst. The gases used wepe(IAIr Liquide least 20 min after thermal equilibrium was attained.
99.995%), S@ (Matheson, Union Carbide 988% anhy-

drous), and M (L'Air Liquide 99.999%) as a balance gas

and were mixed by using thermal mass flowmeters (Brooks

5850E). The gas feed consisted of 0.4%%@d 4% Q bal- 3. Resultsand discussion

anced in N at a total flow rate of 50 ml mint.

_ In situ Ramgn spectra were recorde_d using the 488.0 NM3 1 Textural characteristics

line of an Art ion laser (Spectra Physics Model 164) at a

power level of 30 mW, focused on the catalytic wafer by a

cylindrical lens in order to reduce sample irradiance. The ~ The textural characteristics of the investigated catalysts
scattered light was collected at Q¢horizontal scattering  are compiled iriTable 1 These data reveal the effect of the
plane), analyzed with a 0.85 m Spex 1403 double monochro-preparation procedure on thecteral characteristics, where
mator, and detected by a 253 K cooled RCA photomultiplier the effect of hydrolysis and prehydrolysis seems most im-
equipped with EG&G photon counting electronics. Each portant.

Table 1

Preparative conditions, surface area, and pore-size diameter for the investigated samples

Catalyst Hydrolysis Vanadium Surfactant Gellatich Without C$S0O, deposition After C8SOy deposition
pH precursor Surface area Mean pore Surface area Mean pore

(m2g~1 size (nm) (m2g1 size (nm)

Al Acidic VAA (CH3)3C14 AUT 489 18 5

A2 Acidic VAA (CH3)3C14 AUT 611 33 6 590

A3 Acidic VAA (CH3)3C14 AUT 594 35 6 290

Ad Acidic VAA (C10H21)4 AUT 626 33 19 350

A5 Acidic VAA (CH3)3C14 AUT 529 37 5

A6 Acidic VAA None AUT 463 354110 29 430

A7 Acidic VAA None AUT 753 40+ 120 9 540

A8 Acidic VAA (CH3)3C14 EVAP 789 35 19 340

A9 Acidic VAA (CH3)3C14 EVAP 777 45 21 230

A10 Basic VAA (CH3)3C14a AUT 448 210 67 140

All Basic VAA (CHs)3C1a AUT 97 420 9 480

Al12 Basic VAA None AUT 16 480 4

B13 Acidic VOCh (CH3)3C14 AUT 669 25 26 160

B14 Acidic VOCh (CH3)3C14 AUT 536 37 5

B15 Acidic VOChL None AUT 544 H+ 140 14 390

B16 Basic VAA (CH)3C1a AUT 373 110 25 190

B17 Basic VOC} None AUT 248 354280 7

B18 Basic VAA None AUT 331 10+ 380 41 140

B19 Basic VOC4 (CH3)3C14 EVAP 825 38 18 450

c20 Acidic VOCh (CH3)3C14 AUT 551 36 14 410

c21 Acidic VAA (CH3)3C14 AUT 533 36 11 500

c22 Acidic VAA (CH3)3C14 EVAP 828 37 9

Cc23 Acidic VAA None AUT 708 40 35 280

& AUT, autoclavization; EVAP, evaporation.
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3.1.1. Hydrolysis under low pH main difference between these three preparations consist in
The samples prepared under acidic hydrolysis had surfacethe way in which the hydrolysis of the two components was
areas higher than around 50 gt and pore sizes in the  carried out: simultaneously (procedure A), previous hydrol-
range 1.8-4.5 nmT@able J). Differences among these sam- ysis of silica (procedure B), or previous hydrolysis of both
ples result from the effect of prehydrolysis, refluxing time, species (procedure C). Depending on the preparation para-

and the use of surfactant. meters (hydrolysis pH, refluxing time, nature of the vanadia
The increase of the refluxing time had a different effect precursor, presence of surfactant) the preparation could be
on the surface area and pore siZalfle 1 see A1-A3, Ad— directed to obtain larger surface areas and pores. However,

A5, AB—A9). The surface area reached a maximum after 3 hin the case of procedure C, the effect of the surfactant be-
refluxing time, while the pore size continuously increased comes very smallfable J).

till 5 h. The adsorption—desorption isotherms of nitrogen

at 77 K correspond to mesoporous materials, and the pore-3.1.4. Influence of the thermal conditions

size distribution is rather narrow, indicating a monomodal  The data presented fable 1show that the thermal con-
distribution, which results from the presence of the sur- ditions for carrying out the aging of the gels is another im-
factant. Absence of the surfactant results in slightly larger portant parameter controlling the texture of these materials.
pores and bimodal pore-size distribution (see A6, A7 in Room temperature aging of the gels leads to much higher
Table 7). On the other hand, the surfactant type, namely surface areas compared to the samples prepared under hy-
(CH3)3C14H29NTBr~ or (CioH21)4 NTBr~ did not have an drothermal treatmentTéble 1 see Al vs A8, A3vs A9, B17

importantinfluence on surface areas and pore sizasé 1, vs B19, and C21 vs C22). The pore size is also affected by
see A2 and A4). the thermal treatment of the gels. The samples aged at room

temperature exhibit larger pore sizes than those hydrother-
3.1.2. Hydrolysis at high pH mally treated.

The textural properties of the catalysts prepared under
basic hydrolysis are different than those of the samples pre-3.1.5. Influence of GSQ, deposition
pared under acidic hydrolysis. However, the same factors Impregnation with CsSQOy, followed by calcination at
were found to influence these properties, namely, the prehy-773 K and cooling at room temperature, leads to thorough
drolysis conditions, refluxing time, and the use of surfactant. changes of the textural characteristics. The surface areas
In addition, in some of the preparations under basic condi- drop dramatically and changes occur also in the pore size
tions VOCk was used as vanadia precursor. and in the pore-size distribution. Most of the samples exhib-
The samples prepared under basic hydrolysis had smallerited pore sizes in the mesoporous range and the pore-size
surface areas than those synthesized under acidic hydroldistribution was multimodal.
ysis. This effect is more evident for the samples pre-  After CSOs deposition the measured surface areas are
pared following procedure ATable 1 A10-Al12). The very small compared to those of the parent materials, and the
adsorption—desorption isotherms for these samples correimeasurements were not reproducible. Impregnation of the
spond to macroporous-like materials and the pore-size dis-same vanadia—silica support with the same amount of cesium
tribution indicates a broad dispersion of the diameter values. sulfate led to different values of the surface area and pore di-
However, a comparison of samples A10 and A12 points to ameter. The amount of deposited cesium corresponded to a
the influence of the surfactant’s presence that appears to leadCs:V molar ratio of 3:1, which does not justify the observed
to higher surface areas and smaller pores. loss of porosity. However, it is known that upon addition
The refluxing time has a more marked influence on the of sulfate and heating at 773 K, a reaction occurs between
textural characteristics than that determined under acidic VO, and CsSQ; leading to the formation of molten salt
conditions. The increase of the refluxing time leads to an mixture [44], which is distributed in the pores of the car-
important decrease of the surface artgble 1 see A10and  rier and this is demonstrated below by in situ Raman spectra
A11). Therefore, following route A, high surface areas were and comparison with Raman spectra of unsupported molten
obtained only for small refluxing times. salts. Cooling of the catalyst results in a partial crystalliza-
Preparation under basic hydrolysis was also found to be tion of the molten salt and formation of glasses which block
very sensitive to the nature of the vanadium precursor. How- the mesoporous pores. Therefore the deterioration of the tex-
ever, the relation is not very simple. Replacing VAA with tural properties due to the formation of vanadium—cesium
VOCI3 (sample B16 vs B19, and B17 vs B18) led, as a func- complexes is only an apparent phenomenon. At tempera-
tion of the presence of the sadtant, either to an increase or tures where S@oxidation occurs, namely at 673-723 K,

to a decrease in the surface area. these complexes exist in a molten stgtB], well dispersed
on the high surface area mesoporous support.
3.1.3. Influence of prehydrolysis In summary, procedure A is very sensitive to the prepa-

Data presented imable lalso show differences between ration parameters (refluxingme, pH, gellification condi-
the textural properties of the vanadia—silica samples pre-tions). For example, the increase of the refluxing time in
pared following the different three procedures. Actually, the the preparation of samples under basic hydrolysis (A10—
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Al12) leads to an important decrease of the surface area.Table 2

On the contrary, for samples obtained under acidic hydrol- XPS binding energies and/\&i and V/Cs ratios for the investigated sam-
ysis, increasing the refluxing time results in an increase of P'¢S

the surface area. Also, the prehydrolysis of TEOS, and evenSample Binding energy of V2p3, eV XPS/8iratio x10*  XPS V/Cs

more of both TEOS and V precursor, made the textural char- V-SiOp V-Cs-SiQ V-Si0, V-Cs-Sig ato
acteristics of the catalysts less sensitive to the preparational 51802 51719 352 1053 041
parameters. Under these conditions, the materials obtainedzg gig;g 21;2; ;Zg 1231 8;2
under basic hydro!y3|s are still macroporous but th'e sun‘aceA4 51806 51722 537 11 028
areas are much higher and the size of the pores is reduceg\s 51832 51690 432 1384 Q17
compared to samples prepared viaroutdable 1, see sam- A6 51806 51716 191 721 032
p|es B and C Compared to A) A7 51809 51711 410 499 019
A8 51797 51706 199 511 030
A9 517.99 51701 222 478 029
3.2. XRD A10 51811 51738 275 356 029
A1l 51893 51762 255 447 039
A12 51807 51765 231 705 015
XRD patterns of vanadia—silica catalysts at temperaturesBi13 51805 51723 191 399 027
300-823 K indicate an amorphous structure irrespective of 31‘5‘ gigig gigig iég ;23 81;
the reqcuop cgndmpns under WhICh .these were prepared.BlG 1850 51740 197 116 028
Vanadium is silent in the obtained diagrams, indicating a g17 51507 51717 111 217 030
high dispersion of vanadia. However, as discussed below,B18 51805 51728 448 528 030
V,0s crystallites could be observed by means of in situ B19 51805 s1727 271 479 021
Raman spectra of 30s/SiO, catalysts with high surface €20 511768 51686 186 487 024
o " X - Cc21 51788 51687 239 536 019
den§|t|e§. After deposition Qf cesium sulfate and'followmg c22 51791 51694 208 512 023
calcination, the only crystalline species observed $3Ch. C23 51795 51703 308 735 022
3.3. XPS 3.4. Catalytic activity

nent and the XPS surface distribution, as calculated from Preparation procedure. Nonpromoted catalysts (i.e., without
V/Si and V/Cs ratios. For vanadia—silica catalysts, except CS) Were found to be inactive with respect to Sexida-

for A11, B15, and B16, which show slightly more oxidized 10N This is in agreement with Dunn et 447], who e
species, vanadium seems to exist rather uniform distri-  POrtéd TOF values for such catalysts in the order of’19

bution of the oxidation states which corresponds to% V and attributed this behavior to their structural characteris-

. tics[48].
state[45,46] For the same catalysts, the XPSS/ ratios . . .
varied in the range 1.1-8x 102 showing that the change Promoting the YOs/SIO, catalysts with CsSQy at a

of the parameters in the solHdgeutes used leads to a differ- Cs:V ratio of 3 led to a dramatic improvement in the cat-

ent packing of vanadium. These values should be com arecflytic performance with marium conversions reached for
P gol i o P emperatures in the range 723-773 K. The positive effect of
to that determined from ICP-AES, namely®2& 10~ which,

S alkali metal sulfates as promoters of vanadia catalysts for
to a good approximation, was the same for all catalysts.

The d " f cesium lead qucti fth . SO oxidation has been demonstrated long §2@)]. Fur-
'he eposition o cesium leads to a reduction of the oxi- thermore, increasing the atomic number of the alkali metal
dation state of vanadium independent of the way of catalyst | .« o peneficial effect in the promotion of the catalgs.

preparation Table 3. The shifts of the binding energies of |, particular, when using Cs as a promoter, it has been
the V2ps component support this finding. It is worth noting - ghown hased on kinetic data that the optimal Cs:V ratio is 3
that this is not accompaniedytany change in the oxida- 3 5[49 50} The present work demonstrates that after promo-
tion state of Cs, the binding energies of which remained tion, the samples behaved indeed as usual alkali-promoted
essentially the same, namely about 725.2 eV fai€and  supported molten salt catalysts. The performance depended
739.2 eV for Csqgs. The changes in the oxidation state are on the procedures by which the vanadia—silica “parent” ma-

accomplished or may be caused by changes in the surfacerials were prepared with a good correlation between the
distribution of vanadium. The data dable 2show that the measured surface area and the TOF values.

deposition of cesium causes vanadium enrichment on the

surface. As observed from the values of the XPSMatios 3.4.1. Activity of samples produced by procedure A

this enrichment depends on the properties of the impreg-  Fig. 1 shows the variation of TOF values (found in the
nated catalyst. In few cases it exceeds the value determinedange 1.58-%5 x 102 s~1) for catalysts prepared by pro-
by ICP-AES. cedure A. The maximum conversions (in the range 70-80%)
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Fig. 4. Arrhenius plot of TOF vs AT for catalyst B17Cs. 2% S£) 19%
Fig. 2. Arrhenius plots of TOF vs/I" for the catalysts A4Csl), A10Cs Og, 79% Ny, 30 mg catalyst; the total flow rate, 100 mimih
(@), and A11Cs A). 2% SQ, 19% G, 79% Np, 30 mg catalyst; total flow
rate, 100 mimim . found for all the catalysts in this series. The differences oc-

curred in the temperature of the break poifi)( The Ty, for
were found for A2Cs-A4Cs and A7Cs—A9Cs. None of the A11Cs was 746 KFRig. 2), i.e., about 70 K higher than in
samples prepared under basic hydrolysis exhibited high ac-the case of A4Cs. Tha, seems to be strongly related to the
tivity. A good correlation of the conversion with the surface catalyst activity, i.e., the higher the activity the lower thg
area was observed, indicating that a higher dispersion ofThis is not surprising in view of the fact that at high con-
vanadium has a positive effect. versions (i.e., high S§/'SQ; ratio) the degree of vanadium
The influence of the reflurg time is directly dependent  reduction (v4+]/[V>*] is low. Therefore the accumulation

on the pH at which the hydrolysis is carried out. Longer of catalytically inactive V+ complexes occurs at lower tem-
refluxing times had a positive influence for the materials perature§19,51]

prepared under acidic hydrolysis. On the contrary, for the
samples prepared under basic hydrolysis shorter refluxing3.4.2. Activity of samples produced by procedure B
times were found to be beneficial. Except for A10 (prepared  Fig. 3 shows the TOF values for the catalysts prepared
under short refluxing time), the deposition of Cs on vanadia— by procedure B. The maximum values were determined for
silica supports made by basic hydrolysis led to low cat- B14Cs and B15Cs, which were prepared under acidic hy-
alytic performances. The method of the gellification (room drolysis using VAA and VO{, respectively, as vanadia
temperature or autoclave synthesis) and the nature of theprecursor. Contrary to the catalysts prepared via procedure
template also influenced the characteristics of the supports.A, in this case the maximum activity did not coincide with
Room temperature reflux in combination with templates like the maximum in the surface area. The highest surface ar-
(CH3)3C14H29N Br appeared to provide better catalysts. eas were obtained for the catalysts prepared using Y@<l
Fig. 2 shows Arrhenius plots of apparent reaction rates vanadia precursor (B13Cs and B19Cs). The TOF values in
for catalysts A4Cs, A10Cs, and A11Cs. The data correspondFig. 3 correspond to S@conversions lower than 60%, i.e.,
to two slope ranges crossing each other in a break point atsmaller than those exhibited by the catalysts prepared via
675, 694, and 746 K, respectively. Such a dependence waprocedure AFig. 4 shows the Arrhenius plot for catalyst



V.. Parvulescu et al. / Journal of Catalysis 225 (2004) 24-36 31

7 900 90
L ] ]
6 800 80 _—
- 700 < 70 nu"
5 ] LN |
. L 600 -, ,% 60{ ® . n
'§ . g “Tg | | |
P L Y i} 4
o 500 g 2 50 - -
— < b u
Z 3 400 % g 40
o
. L300 @ £ 304 5 [ ] -
21 Z O obno [ ]
- 200 5 20 B0 m] ] oo =
<
N 5 ] gob=
L 100 10 A
Opg0O [m] oo
0 . . - . 0 s A
€20 €21 Catabvet c22 €23 Al A3 A5 A7 A9 All BI3 BI5S BI7 BI9 C21 C23
atalys A2 A4 A6 A8 AI0 AI2 Bl4 BI6 BIS C20 C22

Fig. 5. Variation of the maximum TOF and surface area for the catalysts Catalyst

prepared by procedure CHJ TOF, (®) surface area. Fig. 7. Variation of the activation energy of the investigated catalysts.

(M) Derivation from the low-temperature regiori;]) derivation from the

-1
1000/T, K high-temperature region.
1.25 1.35 1.45 1.55
_5.0 1 1 1
1000T, K"
6.0 - 1.3 14 L5 1.6
'5 T T
o 7.0 ss
g/ . .
£ -8.0 6-
= - (J
O
g
-9.0 1 = 65
N (©)
-10.0 A 7 1
()
-11.0 -7.5 1
Fig. 6. Arrhenius plot of TOF vs T for the catalyst C20Cs. 2% $019% 3 @

0y, 79% Ny, 30 mg catalyst; total flow rate, 100 mlmif.
Fig. 8. Arrhenius plots for C21Cs under different conditions. (a) Dry cata-

B17Cs. The break pointr}) for catalysts prepared using lyst; (b) treated with 10% KO; (c) prehydrated.

procedure B is found in a narrow temperature range (713—

723 K).

o small activation energies, i.e., smaller than 20 keail, ex-
3.4.3. Activity of samples prepared by procedure C hibited low activity (A5Cs, A11Cs—A12Cs, B13Cs, B17Cs—
Fig. 5 shows the TOF values for the catalysts prepared 19Cs, seeffigs. 1, 5, and ¥ Activation energy smaller than

via procedure C. Except for C20Cs (prepared using \lOCl 54 caymol may be indicative of important mass-transfer
as V precursor) all samples exhibit a good activity. The TOF limitations.

values shown (around:610~2 s~1) correspond to S©con-

versions near 80%. A good correlation between TOF and

surface area is found, indicating that also in this case a higher3.4.4. Effect of HO

dispersion of vanadium induces a positive eff€tg. 6gives The effect of HO was investigated by including 10 vol%

the Arrhenius plot for the 20Cs catalyst. In accordance H20 inthe feed gas or by prehydration of the catall7gy. 8

with data determined for other relatively active catalygts, ~ Shows the IGTOF) vs 1/T for C21Cs under both experi-

is relatively low, namely 693 K. mental conditions, and the plot for the dry catalyst is in-
Fig. 7 shows the variation of the activation energy for cluded for comparison. Addition of#0 led to an increase in

the investigated catalysts, determined from the slope of thethe low temperature activity. The effect ob& was similar

In(TOF) vs 1/ T plots for the two range of temperatures (see in both cases (i.e., prehydrated catalyst and catalyst treated

Figs. 2, 4, and B In the high-temperature range, where the with 10% HO), but it had a somewhat different magnitude.

catalysts were active, the activation energies were smallerHowever, the initial activity of the catalyst is restored upon

than 30 kcalmol. Except for C21Cs—23Cs, catalysts with changing the feed to dry gas after 4 h.
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spectrum; (b) Raman spectrum of the@—Cs S04 molten mixture WithX{)/205 = 0.33, obtained under £

3.5. In situ Raman spectroscopy

Fig. 9ashows the in situ Raman spectrum of sample A5
under flowing Q. Spectrum c is obtained for sample A5Cs,
i.e., after deposition of G§0O4. The samples were exposed
to flowing O, for more than 2 h before recording the spec-
tra, at either 673 or 753 K, as it is labeled in the figure. By

surface species are attributed to the changes of the surface
areas. For example, there is no evidence of crystallig@sV
formation in A5 and A9 (with surface densities of 1.44 and
0.96 V atomgnm?, which are higher than the most com-
monly reported 0.7 V atorigsn? monolayer capacity of the
silica carrier[55]). However, it has been noted that certain
preparation methods can enhance the surface coverage of

comparing spectra 9a and 9c, one can see the difference ifh€ vanadia species on silica up to 2-3 V at!?mfﬂz [55].
the spectral characteristics resulting from the deposition of Therefore, a fairly good dispersion of vanadium must pre-

CSO.

The Raman spectrum of the sample prior to Cs deposi-

tion (shown inFig. 99 is typical for a solid-state ¥Os/SiO;
catalyst[52] exhibiting an intense peak at 1031 ch A
well-defined sharp band near 1030 thmay evidence the
presence of both isolated and surface polymeric sp§s&s

54]. However, there is unanimous agreement among re-

vail as a result of the sol-gel procedure A, which apparently
provides a stronger interactiofivanadia with silica. On the
contrary, the in situ Raman spectrum of sample B16 with
surface density of 2.04 V atormsm? (obtained under flow-
ing O, at 753 K, not shown for brevity) exhibits the charac-
teristic 994 cmr! band due to crystalline AOs.

After Cs impregnation and calcination, the resulting Ra-

searchers that the surface vanadia species on silica consighan spectrum of the same catalyst is showrig. 9c It

of isolated mono-oxo vanadatfs5]. Thus the 1031 cmt
band inFig. 9ais due to \=0 terminal bond vibration
of isolated, distorted tetrahlral vanadyl species, possess-
ing one V-0 bond and three bridging V-O-Si bonds in a
O=V—(O-Si} configuration. When the monolayer surface
coverage is exceeded, crystalling®4 is formed on the cat-
alyst surfacg56,57] Two weaker bands are also seen in
Fig. 9a a shoulder at~ 1065 and a broad band at 880—
910 cnTL. These bands are characteristic of Si—O function-
alities attributed to perturbed silica vibrations, which are
indicative of V—-O-Si bonds’ formatiofb2,57]

is known[44], that at 723 K $Os reacts with CsSOy in

the presence of oxygen and the reaction leads to a molten
salt that in this case is dispersed on the surface of the
silica carrier. Furthermore, a 2:M2S04:V205 (M = K,

Cs) mixture (X?,zos = 0.33) is molten below 723 K and
contains VQ(Sy)>%~ and VO3~ units (formed according

to V205 4+ 2SQ2~ — VO2(SOy)2°~ + VO37) in chain-

like and network-like configuratiorjg4]. The Raman spec-
trum of theunsupported/ ,05—C$ SO, molten mixture with
XSZOS = 0.33, obtained in @ atmosphere, is included in
Fig. 9bfor comparison. Further addition of sulfate (i.e., for

Raman spectra collected prior to Cs deposition from the X\O, 05 < 0.33 or Cs:V> 2) results in precipitation of crys-
various catalytic samples show that the structures of the sur-talline M>SOy [44]. This is exactly the case for the A5Cs
face species appear similar among the nonpromoted saminvestigated catalyst, for which the Cs:V ratio is 3:1 and
ples. Small alterations in the relative amounts of the different crystalline CsSQOy is expected to be formed. Indeed, the Ra-
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atmosphere] = 653 K (c). (d) Raman spectrum of the¥Ws—CsS,07 molten mixture WithX8205 = 0.24, obtained under £

man spectrum ifrig. 9c consists of superposition of bands

[14,16,17]appears in spectrum 10b, which consists of su-

due to the molten salt mixture (main bands at 1036, 942, andperposition of bands due toV\Dz(SO4)23_ (characteristic

667 cntt, which are knowr{44] to originate from the V
molten complex VQ(SQy),%~ and VO;~ units) and bands
due to the characteristia, vz, andvs modes of crystalline
C9SOy (at 960, 1073, and 611 cmh).

Fig. 10 shows the in situ sequential Raman spectra of
another Cs-promoted cayat (C21Cs) under a reaction
SO,/O2/N2 mixture, obtained at 773 K (spectrum b) and
653 K (spectrum c). The spectrum obtained for the freshly
calcined sample underxCat 773 K is included for com-
parison Fig. 109. The 10-fold excess of Dis sufficient
for the conversion of S®to SQG;, which then reacts with
the crystalline CsSO, forming molten pyrosulfate accord-
ing to: SQ%~ + SOz — $07%". Thus, as seen iRig. 10b
the v1, v3, and vg sulfate modes of crystalline €SOy
disappear Furthermore a weak band at 1078 tindue
to the v1(S,07%~) mode appears, indicating a slight ex-
cess of molten pyrosulfate. Moreover, $@nd SO7%~
react with the V' oxosulfato complexes and/or the residual
vanadium(V) oxides found at ¢hcatalyst surface according
to [14,16]

V205 + 25072~ — (VY 0),0(SQp)s"",
2V 0,(SQn)2>” + 2503 — (VV0)0(SQ)s" ™ + $,07%.

The spectrum of the (V0),0(SQy)4*~ molten complex,
formed in VbO5—C$S,07 molten mixtures, is known and in
order to facilitate the comparison, the spectrum of th@y/~
C5,07 molten mixture withX{),205 = 0.24 is included in
Fig. 10d Indeed the characteristic 770/845 thstrong and
broad feature due to the molten dimericV(GI)ZO(SQ)44_

bands at 1036 and 942 ¢ and (W 0),0(SQy)4*~ (char-
acteristic bands at 1047, 994, and 845/770 &m With
decreasing temperature, increasing amounts of the binu-

clear (\)‘/O)QO(SQl)44_ species are formed, at the expense
of the mononuclear \’/02(804)23_ complex. Significantly,

the dinuclear (\YO)zO(SQ1)44_ molten complex has been
identified as the active spes in the catalytic cycle of
SO, oxidation in \bOs-based supported molten salt cata-
lysts[15,17] The lower signal-to-noise ratio in spectra 10c
and 10d is due to the much darker (dark brown) color of the
V205—C9S,07 melts relative to the color of M05—C9SOy
melts in oxygen atmosphef&6].

3.6. Insitu EPR spectra

Comparative in situ EPR spectra during activation of the
catalysts under dry and wet conditions (10%XH indicated
the influence of HO on the degree of polymerization on
the part of vanadium present as ¥0in the Cs-promoted
C21Cs catalystHigs. 11a and )y During dry calcination rel-
atively well-defined axial symmetric, immobilized, but iso-
lated VGt units are present at 373 K, and their relative
amount increases significantly at 473 K. At 573 K a loss
of symmetry of these species is observed due to splitting of
the perpendicular features tife characteristic axial V&
spectrum. This is most clearly seengatalues around 1.85.
This indicates that structurghanges occur in the catalyst,
probably due to HO ligands evaporating. At 673 K the hy-
perfine features of the observed spectrum regain symmetry,
most probably because the vanad species have been dis-
solved in a molten salt solvent. This introduces the so-called
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Fig. 11. Comparative in situ EPR spectra during activation of the catalpsisr dry (a) and wet conditions (b) for the cesium-promoted C21Cs datalys

tumbling effect, where the observed ¥Osignal is an aver-

age of the contributions from the three primagy (g, g:) 823 K

tensors. At 773-823 K the signal of these isolateoe)"/@e-

creased and a broad band of remaining polymeric vanadium 703 K

species is observed. s
During the wet calcination very little solid state-immobi- 733 K

lized VO?* is seen at 373-473 K, but a broad band probably
from polymeric vanadium species dominates. However, it is
clear that a molten salt solvent is present already at 573 K,
since a significant hyperfine structure from isolated, but dis-
solved, VG units is observed. This was not seen until
673 K in the dry calcination procedure, but it is reasonable
from a physicochemical point of view for the wet system,
since B O acts as a freezing point depresser. However, at 673
and 773 K it appears thatJd® evaporates, i.e., the system
is again in solid state and axial symmetric ¥Ounits are
observed. At 823 K the vanadium—sulfate system melts com-
pletely, and a well-defined spectrum of monomericAYO 7 2'5 2'3 2'1 1'9 1'7
complexes in solution is observed. As compared to the 823 K ‘ ' " gvalue '
spectrum of the dry calcinechtalyst, there is a very clear
effect of HO in the sense that it reacts with the melt and Fig. 12. EPR spectra obtained simultaneously with series of activity mea-
breaks up. polymeric V(I\/) species, Iegvmg an amount of Zg\rl\elz?ffgrts g;;t;agi/;:?te, where tl24Cs catalyst is sequentially cooled
more mobile paramagnetic complexes in the melt.

Fig. 12shows theoperanddEPR spectra obtained simul-
taneously with activity measurements at steady state, where
the catalyst is sequentially cooled from 823 to 613 K. Ac- VO?+ complexes is observed. The deactivation of the cata-
cording to the activity data (shown iRig. 8), a marked lyst in the noted temperature range must therefore be due to
break point, indicative of phase changes, occurs at 693—crystallization of EPR silent % or V>© compounds. This
703 K. However, as seen from the EPR spectra, crystal-behavior and the difference betwesn (temperature of the
lization of V(IV) compounds does not occur until 613 K, break point in the Arrhenius plot) anf}, (temperature of
where a sharp peak witp = 1.970 appears in the EPR precipitation as observed in the operando EPR spectra) have
spectrum. This is probably due to formation of the com- been addressed befd8]. At 613 K and below, both ¥
pound Cs(VO)2(SO)3 [18,19] In the temperature region  and probably also ¥ crystalline compounds are found in
703-753 K a rather steady decreasing amount of monomericthe catalyst as deactiat vanadium compounds.
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3.7. Structure-activity relationships and catalytic tion of V4 and \A+ crystalline compounds below the tem-
performance perature of the break point in the Arrhenius pl{is8,19]
The presence of water in the gas feed had a positive effect

The formation of molten vanadium oxosulfato Complexes in Cata|yst act|v|'[y Recent stugl on Vanadia_pyrosu”ate-
in Cs-promoted vanadia catalysts is crucial for the catalytic supported liquid-phase cataly$88] indicated that depend-
performance and the structural properties of the active meltjng on the support composition the presence of water might
have been thoroughly characteriféd—18]and the results  have a beneficial effect in catalytic activity. The content of
of this study suggest that the catalytic activity is related to \ater is also important for the transformation of pyrosulfate
the formation of the same molten vanadium oxosulfato com- into hydrogen sulfate species. These effects are also reflected
plexes. This is well established by comparing the Raman in the Arrhenius plots of apparent reaction rates ¥ lre-
spectra of the Cs-promoted catalysts to unsupported modekyiting in different break temperatures and higher apparent
molten salt/gas systenfi4,16,17,44,64] activation energies.

The relation between the surface area of the support and
vanadia loading in molten salt catalysts is well knds8].

It was shown that the surface area of silica containing large 4. Conclusions

pores, generally not exceeding 308 g1?, did not allow the

deposition of \40s loadings higher than 7 wt%. Further in- Vanadia—silica catalysts prepared by various sol-gel pro-
crease in the concentration of the components causes thickeedures exhibit high surface areas and well-dispersed vana-
ening of the active molten salt layer, filling of wider pores dium. These preparations are sensitive to the sol-gel pa-
and additional reduction in the effective surface, thus lead- Fameters. Following these routes of synthesis mesoporous
ing to lower reaction rates. Calculations made by the group ©F macroporous vanadia—silicatalysts with a fairly sharp

of Boreskov[60,61] indicated that the maximum thickness pore-size distribution could be obtained. Further impregna-
of the active component film at which diffusion retardation tion with cesium sulfate causes dissolution of vanadia in
does not occur is about 600 A. Such a high value suggests2 molten salt, resulting in thiesrmation of vanadium oxo-
also the existence of a nonuniform distribution of the active Sulfato complexes, which at high temperatures are molten
component on the carrier. The same authors indicated that@nd distributed in the mesoporous support. These complexes
the effective film thickness of the molten salt decreased with are effective catalysts for oxidation of S dilute gases.
decreasing temperature, aimtreased with increasing con- High surface area of these materials ensures a good disper-
version[62]. Studies concerning the effect of the pore radius Sion of the melt, leading to satisfactory conversions at high
on the activity of V—K catalysts supported on silica gel in- SPpace velocities. The preparation method of the mesoporous
dicated that a maximum in activity was achieved for a pore Vanadia—silica support and the nature of the vanadium pre-
radius of 100 A[61]. cursor give rise to differences in the catalytic behavior.

Data obtained in this study suggest a correlation between
the catalytic activity and suate area but the effect of the
pore radius is more complicated. The apparent activation
energies atl’ > Ty (i.e., above the break poinEigs. 2,

4, 6, and J pointed in several cases to the eXiSt_E;QCE of the Science for Peace Programme (SfP 971984) has spon-
mgss-transfer I|m|'tat|on.s (values lower than 20 cafmpl _sored this research. Support from the General Secretariat of
This was more evident in the case of C21Cs—C23Cs, which Research and Technology of the Greek Ministry of Devel-

also showed a high activity. For some other activg cgta- opment, the Romanian Ministiof Science and Education,
lysts A3Cs—-A4Cs or ABCs-ASCs, the apparent activation 5. the panish Technical Research Council is gratefully ac-
energy atl" > Ty had values that may exclude the existence knowledged.

of mass-transfer limitations. However, no clear dependence

on the pore size could be observed from the large series of
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