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Abstract

Zirconia supported W catalysts were prepared using anionic exchange from a peroxo-tungstate solution and zirconium hydroxides of high
surface areas. These solids contain about 20 wt% W, and retain a surface area of abd/gl&ffamcalcinations in air at 873 K, temperature
at which their acidity is maximum. Raman spectroscopy shows the presence of tetrahedral W at low temperature, sintered to polytungstates
by calcination at 873 K and W&at 973 K. These catalysts are active for the oxidation of dibenzothiophene by hydrogen peroxide. The solids
containing tetrahedral W cations show higher activity than clusters o§ \W®e reaction can be performed with good oxygen selectivity
with HoO» in 2-butanol as solvent, or in decane wiént-butylhydroperoxide as oxidizing agent. The catalysts can be recycled without loss
of performances.
0 2004 Elsevier Inc. All rights reserved.

Keywords: Peroxotungsten; Anionic exchge; Zirconia; Coordination of W; AcidityOxidation of dibenzothiophene; Sulfone

1. Introduction monolayer coverage and calcination in air above 1073 K.
Raman studies suggest that W is then in octahedral coordi-

Transition metals ions supported on an inert matrix offer, Nation mainly as We@clusterg11-13]or polyoxotungstate
like in the case of solid solutioni], a mean of investi-  clusters[14]. Near-edge X-ray absorption spectra of dehy-
gating the influence of the symmetry of the catalytic site drated WQ-ZrQ, W|2th|n a wide range of WQ surface
on the reactivity. This approach was applied successfully density (3-15 Wnm?) also showed that W centers are
to evidence the effect of surface structure of Mo oxides on Presentin distorted octahedral coordination ascribed to poly-
the allylic oxidation of olefing2]. The results were later tungstates and crystalline V¥@vhich coexist at the zirconia

substantiated by the study of oriented oxif@g]. Similar ~ Surfacel1s]. _ _ .
results were obtained with oriented W oxid&$ showing Another approach is to use anion exchange on basic
an effect of coordination in that case also. It is, however, SUPPOItS. Since the chemistry of W is very pH sensitive
difficult to obtain supported model catalysts in which the Many d|ffJerrent SPecies can be O.bta'.nEd’ among the”.‘ tetra-
coordination of W is controlled. An example of these cat- hedral W at pH> 7._Th|s coordination COUI.d be obtaln_ed
alysts is W/Zr@Q which have been thoroughly investigated, by exchange of WeF . onto the su.rface. Th|s preparation
with the conclusion that their catalytic properties change sig- has been reported with hydrotalcites, using metatungstate

nificantly with the preparatiof6]. Both impregnation with at pH .9' condltlor)s at which W~ is formed.[16—18]
aqUeous ammonium metatungstE@] and coprecipitation An acid medium is more favorable for anionic exchange

. . with a weak base as ZgOIndeed mononuclear peroxo-
using sol—ge[9,10] have been proposed. It is reported that o X :
high acidity requires both tungsten loadings in excess of tungstates W(@),(04—,)"" are formed by dissolution of

WOj3 in H20 [19], vielding an acidic solution which can
be used for the exchange of tungsten at the surface of solid
* Corresponding author. Fax: 334 7244 5399. bases. We illustrate here the potentialities of this technique
E-mail address: figueras@catalyse.cnrs.fr (F. Figueras). to synthesize tungstated zirconia.
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W is well known to be one of the most active oxidation 2. Experimental
catalyst with O, [20]. The catalytic properties have been
related to the Lewis acidity of the W oxides, whichis thought 2.1. Materials
to change with its coordination. The same W compounds
also catalyze the oxidation of sulfides to sulfoxides and sul- 1, supports were used: a commercial Zr hydroxide

fones which are important as commodity chemicals and, in {5\ MEL Chemicals (surface area 309 g) and a home

some cases, as pharmaceuscdlhe homogeneous oxida-  ade zirconia. This hydrated zirconium hydroxide was pre-
tion of aryl and alkyl sulfides by dilute hydrogen peroxide cipitated at pH 9 from a 0.4 M solution of ZrOg£I8H,0

has recently. been revieV\{ed by Sato ef21] who used as (200 ml), and an ammonia solution (28%). The resulting
catalyst a mixture of sodium tungstate and phenylphOSpho'suspension was aged for 2 h, separated by centrifugation,

nic acid, with methyltrioctylammonium hydrogensulfate as 54 \yashed with deionized water until complete elimination
phase-transfer agent. According to the authors this catalyst

is the f fici : a th . of chloride anions in the filtrate. The white gel was dried
is the first efficient active system promoting the reaction un- _; sa3 « for 22 h and crushed in an automatic equipment.

der organic solvent- and halogen-free biphasic conditions.-l-he as-synthesized zirconium hydroxide will be abbrevi-
Indeed these reactions are vesnsitive to solvent effect, ated Zr(OH)

ar:ﬁ theke:luth(;rs dpomt %Utthatl mo?t ?ﬁ\rlierf? rot(:ﬁdures rr?qt:g]e A preparation (ZW) was done following the method de-
either chiorohydrocarbon Solvents that affect human nealin o0 in the literature by Barton et {80], based on incip-

:F(iljer!\t/t:ronm?nt, or anhydrous®;, which has to be han- ient wetness impregnation using ammonium metatungstate
eThWI i grlza c%ret._ f sulfides h 5o b . . as precursor. One gram of Zr(OH) was impregnated, at am-
€ lquid oxidation of suldes has aiso been INVesti- ;. temperature, by 0.29 ml of a metatungstate aqueous

g?tegzl n I:he co”nliext oftﬁxl[d?tye clileshqlfgrlzaélork cig'cti)lesel solution (0.23 M) and stirred for 1 h. The resulting solid was
g' frfl ]h rlls Wed noglvnth e}rsl evccra y til\::t erer adi);fi ' Ifrl[' dried at 383 K for 12 h and then calcined at 1073 K for 3 h
othiophenes, due to their low Teactivity, are diticult 10, ,qer a dry air flow (20 cc mirt).

desulfurize on conventional HDS catalysts. Using high tem- The anionic exchange between the\iiOs solution ob-

peratures would cause yield loss, faster catalyst coking, and, _. . : S
product quality deterioration (e.g., color). Using high pres- tained by dissolving W& (Aldrich) in H,0, (Prolabo) and

sure requires a large capital outlay, and it has then beenZIrCOnIum hydroxide was done by adding 10 g of zirco-

attempted to convert sulfides into compounds easier to sep-mum hydroxide to 150 ml of a }WOs solution under sfir-

arate. Gorg23] used peracids which do not require cata- ring. Different FWOs concentranons were used: 0'(.)1.' 0.1,
lysts, and Ho et al. usedJ®, or hydroperoxides activated 0'25'. and 0.5 M. The suspension was kept under stwrmg for
15 min, and then the solid was filtered, washed with distilled
by (HMPT)MoO(Q)-2H,0 [24]. Gore et al[25] later per- .
formed thiophene oxidation with hydrogen peroxide and water, anq dried at 353 K for 24 h, and then eventually cal-
acetic acid as extraction solvent, achieving both HDS and cined at different temperatures.
HDN in the same process. o
Only a few examples of heterogeneous oxidation of sul- 2-2- Characterizations
fides have been published. Hulea and Moreau reported the
oxidation of ethylsulfide to the sulfoxide by 28, using Chemical analyses were performed by ICP after dissolu-
TS1 and Ti-Beta[26]. This oxidation of thioethers with  tion of the sample. XRD patterns were obtained on a Bruker
H>0, or tert-butylhydroperoxide (TBHP) yielding sulfox-  D5005 instrument, using Cu¢Kradiation. BET surface ar-
ides has been reported by Frei&¥] on Ti/SiO,, while Ra- eas were determined from the isotherms gfadsorption at
bion et al.[28,29] reported the use of Fe-phtalocyanines as 77 K measured with an automated volumeter on solids des-
homogeneous catalyst and TS1 or Ti-BEA as heterogeneousrbed in situ at 523 K in vacuum. Raman analysis was per-
catalysts for the oxidation of thiophene derivatives to sul- formed on a DILOR XY spectrometer using the 514.53 nm
fones. These reactions on titanosilicates are very sensitive tdine of an Ar—Kr laser. The power on samples was 10 mW
solvent effects, and the best solvents areCHin the case  and spectral resolution typically of 3.1 cth The spectra
of TBHP, and pure acetonitrile or methanol for the titanosili- were usually recorded at room temperature. A spectrum was
cates, and a mixture acetonitrile/water (pH 7.7) to solubilize recorded at 473 K after calcination at 973 K using a TS1500
the phtalocyanine in that of #D,. These solvents are not Linkam Cell.
quite satisfactory for industrial use since they are considered Acidity measurements were performed by gravimetry us-
as toxic or dangerous for environment. The choice of a sol- ing a Setaram DTA-DTG apparatus coupled with a mass
vent is related to the type of catalyst and oxidation agent, spectrometer. The total amount of acid sites was drawn di-
therefore the proposal of other solutions requires anotherrectly from the amount of ammonia irreversibly adsorbed at
type of catalyst. We investigate here the preparation of tetra- 373 K. The samples were first evacuated in situ at 673 K for
hedral W cations supported on zirconia and their catalytic 2 h under flowing He, then He was replaced by a mixture
properties for the oxidation of dibenzothiophene (DBT) in containing 0.5% NH in He, and the weight was recorded.
different solvents. When the steady state was reached, the weakly bonded am-
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monia was removed flushing with pure He at the same tem- Table 2

perature. Surface areas of the samples prepared from MEL zirconia after evacuation

Pyridine adsorption was measured by infrared spec- 2573K
troscopy on a Vector 22 Brucker spectrometer using self- Sample wit% W StotBET (M?/Q) Vmicropores (Ml/9)
supported wafers. Pyridine was adsorbed under saturated vasupport 0 308 0.085
por pressure, at ambient temperature, on the samples previZr-2 21 3136 0.083
ously evacuated at 673 K. Then, the samples were desorbec?‘f’1 13; g;‘g? 8-(1)?);

. r- A
for 1 h at ambient temperature, 423, 473, 573, and 673 K. 711 206 2955 0044
2.3. Catalytic measurements
Table 3

The oxidation of dibenzothiophene by hydrogen perox- Surface areas of samples prepared from homemade zirconia with different
ide was studied in a batch reactor composed of a triple W contents, after calcination at 873 or 1073 K

necked 50-ml round-bottomed flask, which was heated to Calcination ~ Molar HyWO, concentration (Aig=?) ZW,
333 K in an oil bath. In a typical experiment 0.5 mmol of temperature = 025 05 m*g™h
DBT (Aldrich), 10 ml of acetonitrile as the solvent, and o 5 o s

. . _ 7
0.51 ml of hydrogen peroxide were introduced. The reac 1073 st w o 4

tor was swept with a flow of nitrogen to remove £€@om
the atmosphere and stirred at 450 rpm. When thermal equi-
librium was reached, the catalyst (0.1 g), dried at 373 K, was 0.5 M, the chemical composition of the solids made with
introduced; the progress of the reaction was followed by gasthe homemade zirconia is independent of the concentration,
chromatography using a DB5 column. An external standard and reaches: 20% showing saturation of the exchange sites.
was used for the chromatographic analysis: an aliquot of the The same composition is achieved when exchanging the
reaction medium was taken and diluted in methanol contain- MEL support with a 0.12 M solution. Samples of lower W
ing a fixed amount of hexanol. DBT was converted exclu- content were prepared using solutions of lower concentra-
sively into sulfone, with a carbon balance better than 95%. tion, containing the desired amount of W.
The degree of advance of the reaction was measured using Within experimental error, the surface of W/Zr@ the
the conversion of DBT. Part of theJ@; reagent was decom-  same as that of the support before calcination, as illustrated
posed into oxygen, determined by volumetric measurement:in Tables 2 and 3Earlier results showed that the surface area
of pure zirconia decreases from about 300 to 60—-80gm
H202 > H20+ 1/20,. after calcination at 873 §31]. As expected W stabilizes the
The material balance of oxygen was established by con- surface area against sintering since the residual surface area
sidering the amount of oxygen converted to sulfone and the after calcinations at 873 K reaches 125/ The stabilizing
amount of gas evolved during the reaction. From this experi- effect of WQ;2~ anions is similar to that of sulfates and can
mental measurement, the selectiviy2) of decomposition  be related to the substitution of OH by more stable anions.
of H2Oo into oxygen is expressed as a ratio: the number of ~ The original zirconia gel shows an average pore size of
moles of oxygen evolved/half the number of moles e 1.4 nm after desorption at 523 K. The pore size of the Zrw
engaged in the reaction. catalysts is slightly highemal reaches 1.6—1.8 nm after cal-
cinations at 873 K and is shifted in the range 4-8 nm by
calcinations at 1073 K. A mesoporous solid is then obtained.

3. Resultsand discussion The impregnated sample exhibits a surface area of 44ym
after calcination at 1073 K and pore sizes in the range 4—
3.1. Preparation of the catalyst 18 nm.

The solution of peroxotungstate in,8, is acidic and 3.2. XR diffraction
reaches a pkk 1, favorable for anion exchange. As illus-
trated inTable 1, for exchange solutions in the range 0.1-  After drying at 373 K, W/ZrQ is X-ray amorphous. The
powder patterns obtained afteaicinations at different tem-

Table 1 peratures are reported iigs. 1 and 2When the W content
Chemical composition of the W/Zgsamples is lower than the zirconium hydroxide exchange capacity,
Concentration of the solution wt% W in the solid ~ as in ZW. g1, the solid is mainly converted to the mono-
0.01 3 clinic form, as is well known for pure zirconia. By contrast
0.1 194 the samples containing about 20 wt% W content are nano-
8-;2 igg crystallized after calcination at 873 K. Above 873 K, the

tetragonal phase, which is normally an intermediate, grows

05 208 and is stable here up to 1173 K. The diffraction lines of
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Fig. 3. Thermal analysis of the transformations of pure zirconia and of
W/ZrO, prepared by impregnation or anion exchange.

Angle (26)

Fig. 1. XRD powder patterns of ZW4\p1 after calcination at: (a) 873 K,

(b) 973 K, (c) 1073 K, and (d) 1173 K. 3.3. Thermal analysis of the solids
1400 T The DTA traces reported iRig. 3 show the usual crys-
tallization of pure zirconia at 704 K. The TGA curve of the
1200 sample prepared by anionic exchange with a 0.25 M W so-
lution shows a high temperature phenomenon at 983 K. This
= %7 result is comparable to that obtained on zirconium hydrox-
o 500 ZW Imp ide exchanged with sulfates. In that case, the glow exotherm
2 — characteristic of pure zirconia is suppressed by the pres-
g 600 d ence of sulfates and the phase transition is observed at much
y= T higher temperatur¢d3]. Interestingly for the sample pre-
T a0 “ ﬂ c pared by impregnation with equivalent W loading two weak
s exothermal events occur, at low and high temperature. They
200 b suggest that unmodified and Wénodified zirconia parti-
w«uk\__ P asithn a cles could coexist on the cayat surface when prepared by
R R A St 'ﬁo 00 impregnation. Finally, the Zr sample exchanged with low
Angle (26) WO, amount shows a single exothermal peak, however,

slightly shifted to the higher temperatures as regards to pure
Fig. 2. XRD powder patterns of ZWbs after calcination at: (a) 873 K,  zirconia. These set of TGA results suggests that anionic ex-
(b) 973 K, (c) 1073 K, (d) 1173 K'and ZWI calcined at 1073 K. change leads to a homogeneous modification of the zirconia

crystallization contrarily to the impregnation method.

WOj3 appear after calcination at 1073 K when the W con- 3.4. Raman analysis

tent is high, and at much lower temperature at low con-

tent, suggesting that the solid-state transformation of the The Raman spectra of Zy¥s containing 20 wt% W
support also provokes sintering of WOThe sample pre-  and just dried at 373 K have been recorded at room tem-
pared by incipient wetness impregnatidfig. 2) shows as  perature and at 473 K after calcination at 973 Fg( 4).
expected the lines of tetragonal zirconia and V& re- At room temperature, the spectrum shows the presence of
ported earlier by Barton et aJ30]. Srinivasan et al[32] lines at 940 and 840 cnt corresponding to the; symmet-
have proposed that surface sites that adsorb oxygen at lowic andvz antisymmetric stretching vibrations of tetrahedral
temperatures (298-500 K) are responsible for causing thew®+ cations[34,35] This spectrum corresponds to an ox-
tetragonal-monoclinic transformation at low temperatures. otungsten species and it can be concluded that the peroxo
The incorporation of sulfate covers these sites and inhibits species has been decomposed upon drying. The spectrum
the tetragonal-monoclinic transformation. Tungsten anions recorded after cooling down to 473 K, contains the four lines
plays the same role as sulfates and the effect should be reat 1019, 900, 824 cnt attributed tov(W=0), v(W-0-Zr),
lated to the dispersion of W, then the blockage of the trans- andv(W-0O-W), respectively36], and at 645 cm! due to
formation up to 1173 K as observed here is in agreementz-ZrO,. Additional bands typical of-Zr—O, are observed
with that hypothesis. at 455, 310, and 270 cnt (not shown). This spectrum is
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Fig. 4. Raman spectra of §\b5 \ performed (a) after drying at room tem-
perature under ambient air (b)4it3 K after calcination at 973 K.
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Fig. 5. Raman spectra of W/ZgOsamples with various W contents per-
formed at room temperature under ambient air after drying at 373 K.

similar to that reported for a sample prepared by impreg-
nation of ZrQ,(OH)4—_2, with agueous suspensions of am-
monium metatungstate followed by drying and calcination
at 923 K[14]. The formation of W—O-W bonds proves the
formation of polynuclear clusters here also, then the modifi-
cation of the W environment, from an originally tetrahedral

mononuclear species to isopolytungstates by condensatio

at relatively low temperatures.

29
Table 4
Amount of NH;z irreversibly adsorbed by different samples
Sample (calcination wt% W NH3z adsorbed
temperature) mmol/g mol/mol W
ZW,) (1073) 191 0.13 012
ZWg 1 (873) 194 0.26 025
Zr-1(873) 206 0.35 033
Zr-1(1073) i.d. 032 030

3.5. Acidity of the samples

Changes of coordination are expected to induce changes
in acidity and therefore acidity was determined by \&hd
pyridine adsorption. The results for ammonia are reported in
Table 4for samples calcined at different temperatures. The
number of sites decreases slightly after calcinations above
1073 K. The exchanged samples retain a high number of acid
sites, which may simply be a result of a better dispersion of
W and higher resistance against sintering.

The Lewis/Brgnsted character of the acid sites was in-
vestigated by pyridine adsorption. Pyridine forms both pyri-
dinium and coordinated species, stable up to 573 K (not
shown). The situation is the same for the impregnated sam-
ple.

The conclusion of the study of preparation and charac-
terization is therefore that peroxotungsten species can be
exchanged onto zirconia. The peroxo species decomposes
into a tetrahedral oxotungsten, which remains isolated even
at high concentration at lowteperatures and is converted to
isopolytungstates upon calcination at high temperature. The
W surface sites are more acidic than the corresponding W
oxides for two reasons: a better dispersion of W related to
the strong interaction with the surface and a low coordina-
tion of the W cations.

3.6. Catalytic properties for dibenzothiophene oxidation

The oxidation of dibenzothiophene by hydrogen perox-
ide was investigated using the samples supported by the

Tommercial zirconiaTable 2, dried at 373 K and show-

ing the tetrahedral symmetry. The reaction of DBT with

The room temperature spegtof catalysts exchanged H20, yields the corresponding sulfone with high selectiv-

with various W contents and just dried at 373 K are reported

in Fig. 5. They contain the lines attributed to tetrahedral W
and a line close to 1050 cm, which disappears for a W

ity. In acetonitrile as solventhe reaction is fast at 333 K
(Fig. 6) and full conversion is observed in a few minutes us-
ing 5 mmol O for 0.5 mmol DBT, 0.1 g catalyst in 10 ml

content of about 10% and has been attributed to carbonategy acetonitrile as solvent. A partial decomposition i3

W content.

on the curves ofig 6: it decreases from 94% for the Zr-

Tetrahedral W species have been reported earlier at low2 sample, to 57% for Zr-1 of higher W content. It is well

concentrationg34], but disappeared at higher concentra-

known that bases catalyze the formation of imminoperacids

tions due to condensation. The interesting point is that the py reaction of HO, on acetonitrile, and the further decom-
preparation by anionic exchange allows the preparation of position of HO, [37]. The higher decomposition of @,

the same tetrahedral W species at high loadings. The com-at low W content is therefore attributed to the well-known
parison of several point analysis also shows that the homo-basic character of Zr§]31] attested here by the presence of

geneity of the preparation is good when using anion ex-
change, and much less ideal when using impregnation.

carbonates at the surface for low W contents. Mg-rich hy-
drotalcites which are weak bases show the same behavior
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Fig. 6. Conversion as a function of time at 333 K for W—2n@ith different Fig. 8. Influence of the ratio yD,/DBT on the conversion of dibenzothio-
contents using a ratio DB/H»O, = 10 and acetonitrile as solvent. phene at 333 K on WZr-1 argkc-butanol as solvent.
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Fig. 7. Effect of solvents on the oxidation of DBT by hydrogen peroxide on Fig. 9. Oxidation of dibenzothiophene byt-butylhydroperoxide dissolved
WZr-1 at 333 K with a ratio DBJH,O, = 10. in water or decane at 333 K using WZr-1 as catalyst.

and catalyze both the oxidation of DBT to sulfone at a much trile/decane (5.2 ml acetonitrile 5 ml decane) as solvent:
slower rate and kD, decompositiorf38]. The coordination in this case full conversion is obtained after 15 min.

of W has a strong influence ongleaction rate since the im- The kinetics of DBT oxidation was investigated varying
pregnated sample tested with the®}/DBT = 10 exhibits the amount of HO, (Fig. 8). While the reaction on DBT is
a much lower activity. first order relative to HO,, the decomposition of D, into

The effect of the solvent was investigated with the same O, is a bimolecular reaction and the selectivity to oxygen
H20,/DBT ratio R = 10 at 333 K, and WZr-1 as cata- decreases from 32% & = 10, to 17% atR = 1. The con-
lyst. The results reported iRig. 7 show that acetonitrile,  version observed after 5 min for the experiment with= 1
methanol, or 2-butanol are nearly equivalent, 1,4-dioxane reaches 38%, not far from the 46.5% corresponding to the
decreases slightly the reactivity and acetyl acetate is notstoichiometry of the reaction; therefore, the decomposition
acceptable. The solvent has grsficant influence on the se-  of H,O» controls the rate.
lectivity for O, formation: the best solvent from this point The oxidation of DBT can also be performed witht-
of view would be dioxane (12% loss into oxygen), then butylhydroperoxide as oxidizing agenFi¢. 9), with a
methanol (22%), butanol (32%@&and ethyl acetate (38%). In  slower rate compared to Jd@,, as is usually observed in
methanol, or 2-butanol sulfone is insoluble and crystallizes many oxidations. In that case a lower conversion is obtained
in small white particles which can be easily separated by using TBHP in aqueous solution compared to TBHP in de-
filtration. The reaction also @rks well in a mixture acetoni-  cane showing that the reaction is severely inhibited by water.
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Table 5
Recycling of WZr-1 catalyst using a ratio DBH,0O, = 10 and acetonitrile
as solvent

Experiment Conversion at Weight of catalyst ~Specific rate constant
10min (%)  (9) (min-1g-1)

1 78 Q3 0.30

2 67 024 027

3 50 Q18 031

The recyclability of the catalyst sample was measured on

WZr-1 using a ratio of reactantsy@,/DBT = 10. This ex-

periment was done by filtering the catalyst at the end of the
reaction, then adding a new reactant feed. The rate was de

31
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[6] D.C. Calabro, J.C. Vartuli, J.G. Santiesteban, Top. Catal. 18 (2002)
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[7] K. Arata, M. Hino, Proc:Int. Congr. Catal. 4 (9) (1988) 1727.
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C.D. Chang, S.A. Stevenson, J. Catal. 187 (1999) 131.
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Appl. Catal. A 216 (2001) 181.
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termined by computing the first order rate constant at the dif- [14] s. kuba, P. Lukinskas, R.K. Grasselli, B.C. Gates, H. Knozinger,

ferent steps: upon recycling, a lower conversion after 10 min

J. Catal. 216 (2003) 353.

was noticed, but the corresponding specific rate constant wagd15] D.G. Barton, M. Shtein, R.D. Wilson, S.L. Soled, E. Iglesia, J. Phys.

retained within experimental errofdble 5. The sample has
not then been appreciably mdidd by the reaction medium,
but fine particles were lost in the filtration, resulting in a
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