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Abstract

Tungstated zirconia catalysts with loads ranging from near monolayer (6 wt% W) to ltilayer coverages (30 wt% W) were prepared
by wet impregnation with ammonium metatungstate as precursor, characterized by X-ray diffraction, temperature-programmed reduction,
and in situ X-ray photoelectron spectrosg@md compared for surfacedwecibility. Two catalyst prepat@n methods were used. On the one
hand, the ammonium metatungstate precursor was deposited directly on commercial monochhiordr@as deposited on amorphous
ZrO,(OH)4_», hydroxide, according to the Hino and Arata procedure and leading to tetragongl Zn® degree of reducibility of the
WO3/ZrO, systems and consequently the catalytic behaviath®@ming Part 1) strongly depend on the initial VW©ontent but not at all
on the monoclinic or tetragonal structure of ZtQVhatever the preparation method, the surface of the near-saturation monolayer catalyst
is mainly constituted of amorphous tura species in which tungsten atoms®tvand WPt) are in tetrahedral coordination, in direct
interaction with the support and thus difficult to reduce. The increase in tungsten content yields a progressive formation of tungstate species
in which tungsten is octahedrally coordinated, more easy to reduce, and gi\ﬁﬁgSWface species. Increasing the ¥/Ebntent above
15 wt% W leads to the formation of bulk-like W{Zrystallites, whoseaduction leads to the appearance of metallic tungsten.
0 2004 Published by Elsevier Inc.
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1. Introduction improving the ability of ngghboring hydroxyl groups to act
as proton donorf8,9]. As an alternative to sulfated zirconia,
The strong acidity of zirconia-supported sulfated cata- \w0,/zr0O, was also reported to be active for the isomeriza-
lysts has attracted much attention because of its ability to tjon of C;~Cq alkaneg1,10,11] Although WQ/ZrO, was
catalyze a range of reactionscéuas cracking, alkylation,  |ess active than sulfated zirconia, tungstates have several ad-
and isomerization, all needing solid acids as catafjst8]. vantages over sulfates. Thus, the \Winits are much more
Since sulfated zirconia catalysts promoted with noble met- staple than the sulfate ones at high temperat{#and in
als are subject, among others, to sulfate reduction and subyedyctive atmospher¢s2] and the tungstated zirconia cata-
sequent poisoning of the médta function under reducing  |yst undergoes significantly lesgactivation during catalytic
atmosphereg4,5], the Mo- and W-based oxoanions origi- - reaction[9,13]. It has also been shown that the catalytic ac-
nally proposed by Hino and Arafd,6,7], seem to be good ity of WO4/ZrO, can be greatly improved by promotion
candidates for the skeletal isomerization of alkanes higher iin platinum; in this case, activities comparable to those

than G requiring strong acid sites. Itis known that anionic  of sylfated zirconia promoted with platinum have been ob-
dopants create additional elemtrdeficient regions that in- served[14-16] but with selectivities for the formation of

crease the Bransted acid strength of a metal oxide surface byyranched alkane isomers significantly higherf6x [9] and

nCg [15].
* Corresponding author. Fax: 33390 24 27 61. A considerable number of studies have provided a good
E-mail addressvkeller@chimie.u-strashg.fr (V. Keller). description of tungstated zirconia as a solid acid catalyst.
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Up to now, many studies revealed that W@pecies on a  drate precursor, (NiJ10W12041 - 5H20, at pH values close
ZrO, support create strong acidic sitds9,17—-20Jand that to 5 and deposited either directly on commercial mono-
the catalytic activity may be associated with interconnecting clinic ZrO, (Johnson Matthey) or on amorphous hydroxide,
polyoxotungstate clusters on the surface of tetragonal zirco-zrO, (OH)4—2,, prepared according to the Hino and Arata
nia. The creation of strong acacenters appears to require procedure[1]. Whatever the preparation method, the im-
the presence of these WQlusters. It has been shown that pregnation with the ammonium salt was performed in a
these materials may be catablly active at near-saturation  |arge excess of water, followed by a slow evaporation of
monolayer coverage of zirconia by tungstate only in the the solvent at 373 K and drying of the solid overnight at
presence of a significant proportion of tetragonal Zr@t 393 K.
saturation coverage, the WGpecies on tetragonal ZpO
inhibit the sintering of the support and the tetragonal to . ) ) ) o
monoclinic ZrG phase transformatiof®,10,17] Previous 2.1.1. D|-rect |mpregnat|9n on commercial monoclinic 2rO
work [19] has tried to understand the relative importance of ~ The direct impregnation of (Nij10W12041 - 5SH20 on
the preparative Variab'es on the acidic and Cata'ytic prop_ Commercial m0n00|iniC Zr@WaS aChieVed by Calcination
erties of tungstated zirconia. Some works have stated thatof the sample for 1 hin air at 623 K by applying a 5 Kmin
only the structure of the final support and the nature of the ramp. In the calculation of a theoretical monolayer of
tungstate surface species are essential for the catalytic acWWOs it was assumed that one WQmnolecule occupies
tivity of the material. Therefre it seems that several fac- 23 A% [21].
tors, such as the preparation method and the activation, may Different catalyst samples with various initial W@on-
play a considerable role in the state of the tungstate speciedents were prepared by changing the concentration of the
and thus in the catalytic activity of tungstated zirconia precursor salt in order to obtain initial tungsten weight
catalysts. percentages of 6 (equivalent to one monolayer), 9, 15,
In this work, the effect of the preparation method, the 20, and 30 wt% W. These catalyst samples were denoted
monoclinic and tetragonal ZrOphases, and of the initial WZAm, WZA9, WZA15, WZA20, and WZA30, respec-
W content on the formation of tungstate surface speciestively. The different weight percentages of W and Wes
and on their surface reducibility will be reported. Textural well as their equivalent of monolayers are summarised in
and structural characteristics of the W0verlayers and in-  Table 1
formation about the WQ surface species reducibility as a
function of reduction time and temperature will be discussed
as a function of the preparation method and \Wntent.
Much attention will be paid to stace characterizationsand £rOx(OH)a-2¢ . .
reducibility of the WQ/ZrO, samples with the monoclinic This synthesis, according to the Hino and Arata meth-
ZrOy support in order to explain and discuss in the forth- od [1], propegded in two successive steps. In 'the f|.rst step,
coming Part Il its interesting skeletal isomerization activity the precipitation of an amorphous phase of zirconium hy-
in comparison to the tetragonal zirconia. droxide, ZrQ(OH)4—2, obtained from the hydrolysis of
ZrOCl, by NH4OH using the controlled addition of N4©H
(14.8 N) to keep the pH at a constant value of 10. After wash-

2.1.2. Impregnation on amorphous hydroxide,

2. Experimental ing, this gel was dried overnight at 393 K. In the second
step, this dried amorphous phase was wet impregnated with
2.1. Catalyst preparation a solution of (NH)10W12041 - 5H20. The post-synthesis

treatment consisted in drying the solid overnight at 393 K
The supported catalyst samples were prepared by wetfollowed by a calcination for 1 h in air at 1073 K by apply-
impregnation with an ammonium metatungstate pentahy-ing a 10 K mirm® ramp.

Table 1
Elementary analysis, surface area, theoretical W surface concentraienyolume, and mean pore diameter of catalyst samples prepared byirdpesg-
nation on commercial Zr@(JM)

Eq. Added W (WQ) Real W content W surface concn  Surface area  Pore volume Mean pore diameter
monolayer  content (wt%) (Wt%) (atom W nn12) (m2g1 (cm3g™1 Dm (nm)

ZrOy (IM) - - - - 515 0.27 140

WZAm 1 6.0 (7.5) 5.4 35 500 0.22 126

WZA9 15 8.7 (115) 85 5.6 475 0.21 126

WZA15 24 157 (19.0 150 9.8 400 017 126

WZA20 32 230(25.5) 216 141 330 0.15 126

WZA30 4.8 310(380) 30.2 197 260 011 35-126

WO3 - - - - 06 - -
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For comparison, one tungsten sample was prepared inthe phase in the sample was checked using the data base
this way, yielding a 9 wt% W W@'ZrO, sample, denoted  of the Joint Committee on Powder Diffraction Standards
WZB9. (JCPDS).

2.2. X-ray photoelectron spectroscopy measurements 2.4. Temperature-programmed reduction

XPS spectra were recorded on a VG ESCA 3 apparatus )
equipped with an Al-K or Mg-K,, source and a hemispher- Temperature-programmed reduction (TPR) measurements

ical analyser. The base pressure during the analysis wagVeré performed under pure hydrogen flow (50°%amm 1)

109 Torr. The XPS analyses were performed in a static N @n all-glass mmroreactqr des.cnbed elsewherd. The
system. The reduction and XPS measurements were carried@talyst was placed on a silica disk and the temperature was
out in a UHV chamber with XPS and AES facilities with- raised from room temperature to 1173 K at a heating rate of
out exposing the sample to air between hydrogen treatmentsL0 Kmin™. Water and other products formed in TPR were
and XPS measurements. An isolation cell housed within the detected with a Saturn Il Varian mass spectrometer operat-
main chamber allowed treatments up to atmospheric pres-ing in continuous mode.

sure. The catalyst sample of about 200 mg powder was

pressed in a disk of 8 mm diameter and 1 mm thick under

a pressure of 15 kgcnf and placed on an holder heated 3. Characterization results

by direct Joule effect. The temperature was measured by a

chromel-alumel thermocouple fixed on the holder. For each
reduction step, 760 Torr (1 Tore 1333 Nm~2) of pure
hydrogen was introduced into the cell and then the desired ) )
reduction temperature was achieved. The reduction temper- 1aPle 1summarizes the results obtained from the BET,
atures were 473, 623, 723, and 823 K. The surface Specieéaorosmetry determinations drihe e!ementary analyses of
were determined by XPS before and after reduction by hy- the catalyst samples prepared by direct impregnation on the

drogen and allowed us to follow the tungsten oxidation states commercial ZrQ support (Johnson Matthey)_ In order to
as a function of time and temperature of reduction. compare our results to those given in the literature, the values

The sample showed a BE shift of 3-4 eV due to elec- of the theoretical W surface concentrations (atom WAm
trostatical charging, so it was necessary to use thg, Zr and of the equivalgntofamonolayerare reported too. The W
level of the ZrQ carrier at 182.2 e\[22] as a reference §urface co_ncentratlon was callated according to the equa-
for the binding energies’ determinations. XPS spectra were tion 0f Naito et al.[28]. The results from the elementary
recorded in the accumulated and smoothed mode. The W gnalyses show that almost all .the tungsten added durlng_the
lines were analyzed with a curve-fitting procedure accord- iMPregnation has been deposited onto the support. The im-
ing to the Doniach and Sunjic theofg3,24] which takes pregnation leading to one equivalent of monolayer- (WZAm)
into account the experimental resolution approximated by a does not affect the surface area of the commercial support
Gaussian lineshape, the photoemission line which has beerPut leads to a slight decrease of the pore volume. By in-
fitted with an asymetrical Lorentzian shape line and sec- creasing the tungsten content on the Zidipport to 30%
ondary emissions. Variable values for the full widths at half- (WZA30), a decrease in the surface area was obtained from
maximum and binding energy maxima were used in the fit- 51.5 to 26.0 ig~* and in the pore volume from 0.27 to

3.1. BET and porosimetry determinations

ting procedure. 0.11 cn?g~! (Figs. 1a and 1lrespectively).
The W/ Zr surface ratios were calculated using the sensi- ~ As the WQ/ZrO; system, prepared according to the
tivity factors, as determined by Scofig@b]. Hino and Arata method, has been obtained in two succes-
sive steps, the surface areas of both the zirconium hydrox-
2.3. Structural characterizations ide, ZrO,(OH)4-2,, and the WZB9 sample obtained after

impregnation of this dried gel and calcination at 1073 K

Structural characterizations of the samples were done bywere determined. For comparison, the corresponding val-
powder XRD measurements on a Siemens Diffractometer ues of the dried zirconium hydroxide without impregnation
Model D-5000, using Cu-Kradiation at 40 kV and 20 mA.  but only calcinations at 723 K (ZrfB(723)) and 1073 K
The measurements were made using a long time scan (10 sjZrO,B(1073)) were calculated. The dried zirconium hy-
and a small step scan (0902Crystallized ZrQ is character- droxide, ZrQ.(OH)s_o, has a surface area of 23%gr?!
ized by the specific reflections (13 and (111) of the mon-  and this value decreases from 89.5 to 9.5gm! as the
oclinic phase and by the reflection (111) of the metastable calcination temperature increases from 723 to 1073 K, re-
tetragonal phase. The proportion of the tetragonal phase wasspectively. However, the impregnation of the zirconium hy-
estimated according to the relationship of Toraya ef’]. droxide with the tungstate salt precursor, followed by calci-
The mean size (in A) of the crystallites in thie] direc- nation at 1073 K to obtain WZB?9, leads to a surface area of
tion was determined by the Scherrer relation. The nature of 47 nf g—1.
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Fig. 1. (a) Evolution of surface area frg1) versus tungsten content (wt%) for the catalyst samptepared by direct impregnation on commercial ZrO
(b) Evolution of pore volume (cﬁ‘g—l) versus tungsten content (wt%) for the catalyst sampiepared by direct impregnation on commercial ZrO
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Fig. 2. X-ray diffraction pattern afungstated zirconia prepared byeitit impregnation on commercial ZsOnfluence of W initial content.

3.2. Structural characterization by X-ray diffraction The X-ray diffraction patternsHig. 2) obtained on the
near-monolayer coverage sample (6 wt% (W) or 3.5 atom
3.2.1. Tungstated zirconia prepared by direct impregnation W nm™?, denoted WZAm) and on the 9 wt% (W) catalyst
on commercial Zr@ (JM) (denoted WZA9) do not exhibit one of the specific reflec-
The X-ray diffraction pattern of the commercial zzO  tions (@ =232°, 23.7, and 24.3) of WO; crystallites.
support (Johnson Matthey, JMFif. 2) shows the specific ~ The presence of Wéxrystallites was only detected for sam-
reflections of the monoclinic phasef(Z 28.3° and 31.6). ples containing 15 wt% or more W and calcined at 623 K,
This commercial Zr@ support is exclusively composed of  i-€., samples that have a surface density of 9.8 atom Wnm
the monoclinic phase. Calcinations at 723, 823, and 923 K or 2.4 equivalent monolayer. The peak intensities of the cor-
did not modify the X-ray diffraction pattern (not repre- responding reflections progressively increase with thesWO
sented). content. On the other hand, the XRD pattern of a 20 wt%
The structural analysis of the tungstated zirconia with dif- W (WZA20) catalyst calcined at 723 K is similar to that ob-
ferent WQ contents Fig. 2) suggests that the monoclinic tained on a 30 wt% W (WZA30) calcined at 623 K.
phase of the Zr@support is not affected by the impregna- Table 2summarizes the mean sizes of the monoclinic
tion with the tungstate precursor whatever the y\@Oncen- ZrOz (Szro,) and WQ (Swo,) crystallites determined by
tration and even after calcination at 723 K. the Scherrer relation of the tungstated zirconia catalyst; the
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Table 2
Mean sizes of monoclinic Zr9and WG; crystallites
ZrOy ZrOy ZrOy ZrOy WZAm WZA9 WZA15 WZA20 WZA30 WGQ3
JM (723) (823) (923)
Szro, (NM) 290 290 290 330 315 325 290 315 295 -
Swos (nm) - - - - - - 6M 640 730 1430

The tungstated zirconia samples have been calcinated at 623 K.

M - Monoclinic
Q - Tetragonal

WZB9 (1073)

Q 2r0 5B (1073)

ZrOx(OH)4-2x

WMJ e 4\ N N N N

T T T T T T T

10 20 30 40 50 60 70 80
Diffracting angle 26 (in degree)

Fig. 3. X-ray diffraction pattern of tungdtd zirconia prepared by impregnation on Z(OH)4_», hydroxide.

mean sizes of the Zrsupport crystallites alone, calcined As for WZA9, no WG; crystallites were detected in WZB9

at different temperatures (723, 823, and 923 K) are also by XRD measurements.

reported.Table 2shows that the mean size of the mon-

oclinic ZrOy crystallites is around 29 nm. This value is 3.3. Temperature-programmed reduction data

not affected until a calcination temperature of 923 K, for

which a slight increase is detected. The calcination at 623 K TPR profiles of the monoclinic commercial ZsGupport

of the tungstated zirconia samples (WZA15, WZA20, and and of tungstated zirconia catalysts with W contents ranging

WZA30) yields the formation of crystallites with mean size from 6 to 30 wt% W, from room temperature up to 1173 K

values between 60 and 73 nm are given inFig. 4. The TPR profile of a commercial bulk

WO3 sample is given for comparison Fig. 4 as well. It

3.2.2. Tungstated zirconia prepared by impregnation on must be noted that the catalyst weight has been adapted in or-

ZrO, (OH)4_2, hydroxide der to have the same total amount of reducible VéPecies
The XRD patterns of the zirconium hydroxide ineach sample. The TPR profile of the monoclinic commer-

ZrO,(OH)4—2, after drying and calcinations at 723 K cial ZrO, support Fig. 4) shows no appreciable reduction

(ZrO,B(723)) and 1073 K (Zr@B(1073)) and of the WZB9  under 1173 K. The TPR profile of bulk W{ds spread over

sample obtained after impregnation of this dried gel and cal- 300 K and is composed of three main peaks at 890, 925,

cination at 1073 K are shown iRig. 3. After drying, the and 992 K, in agreement with literature resuy29,30] The

zirconium hydroxide does not exhibit any of the specific re- reduction of supported W£ZrO, strongly depends on the

flections of either monoclinic or tetragonal ZrNeverthe- WOj3 content. A shift of the TPR profiles to lower tempera-

less, calcination of this amorphous gel for 1 h at 723 K leads tures is observed=g. 4) when increasing the W{xxontent

to the appearance of both monoclinic and tetragonal phasesfrom near-monolayer coverage (WZAm) to WZA15 until

Increase of the calcination temperature of ZfOH)s_», the reduction behavior is close to that of bulk \Wén the

(ZrO,B(1073)) leads to a Zr@support crystallized mainly ~ WZA30 sample.

in the monoclinic & 95%) phase. Calcination of WZB9 at The TPR profile of the WZAm catalyst is constituted of

1073 K, on the other hand, yields mainly tetragonal ZrO a small broad peak spread from 843 to 1173 K. The TPR

(80%), in contrast to the results obtained for ZBPL073). profile of the WZA9 sample shows a broad, but slightly
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less flat, peak. The diminution in the extent of the reduction ordination, while the reductionfaetrahedrally coordinated
profile also leads to the increase of the area of the peak lo-species is associated with the broad peak at higher tem-
cated at 843 K. This peak is associated with the reduction of peratures. A most marked evolution in the TPR profiles is
tungstate species in which the tungsten is in octahedral co-observed from a tungsten loading of 15%. Indeed, the pro-

890
925

973

873

923

803

Water produced (A.U.)

%

843

}

At 1173 K

WO;

WZA30

WZA20

WZA15

ZI’Oz

commercial

273 373 473 573 673 773 873 973 10731173

Temperature (°K)

Fig. 4. TPR profiles of commercial W{Jand of tungstated zirconia pre-
pared by direct impregnation on commercial monoclinic Zridfluence of

W initial content.

file of WZA15 exhibits an intense reduction peak at 803 K,
which is associated with the reduction of tungstate species in
octahedral coordination. Comparing the profiles of WZA20
and WZA30, and according to literature, it can be suggested
that the two reduction peaks at 923 and 973 K are correlated
with the reduction of W@ crystallites. These crystallites are
mainly reduced in one step on WZA20 but in two separated
steps on WZA30. These considerations are in good agree-
ments with results reported in literature on supported2ZrO
catalystg31-33] The intense reduction peak at 873 K can
be attributed to the reduction of octahedrally coordinated
tungstate species.

In order to study the influence of the preparation method,
i.e., of the structure of the ZrOsupport, TPR profiles of
WZA9 and WZB9 have been compared. 5). It can be
observed that these profiles are quite similar, evidencing that
the same kind of reduction process takes place and that thus
similar tungsten structures are being reduced.

4. X-ray photoelectron spectroscopy—surface
reducibility

4.1. Tungstated zirconia catalysts prepared by direct
impregnation on commercial ZrO

4.1.1. Surface states after calcination

Fig. 6ashows the W XPS spectra of the catalyst samples
after calcination at 623 K as a function of tungsten con-
tent. It can be observed that, whatever the initial tungsten

Water produced (A.U.)

A
4

At 1173 K
\xb)
N

)

AN

373 473 573

673 773 873 973 1073 1173
Temperature (°K)

Fig. 5. TPR profiles of (a) tungdtd zirconia prepared by direichpregnation on commercial ZEQWZA9; (b) tungstated zircomiprepared by impregnation

on ZrOy (OH)4_2, hydroxide, WZB9.
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Fig. 6. (a) XPS spectra of the M/region of catalyst samples prepared by
direct impregnation on commercial Zg@nd calcined at 623 K. (b) Wr
surface ratios as a function of tungsten content (wt%) on catalyst sam-
ples prepared by direct impregnation on commercial Za@d calcined at
623 K.

content, the XPS signal of ¥ after calcination can only
be fitted with two components. The larger one, at 35.2 and
37.4 eV[34] for the Wys spin-orbit components, is attributed

51

Table 3
Proportion and evolution of tungsten surface species oxidation states as a
function of reduction temperature and tungsten content

Catalyst After
calcina-

Reduction temperature (K)

2 +22hiHp  +22hiHp +2hiH, +1h/H
tion at473 K at623K  at723K  at823K
WZAm VI (69%) VI (68%)  VI(69%) VI(70%) VI (65%)
V (31%)  V (32%) V(31%) V(30%) V (35%)
WZA9 VI (69%) VI (68%)  VI(35%) VI(35%) VI (36%)
V (31%)  V (32%) V(39%) V(38%) V (35%)
IV (26%) IV (27%) IV (29%)
WZA15 VI (65%) VI (65%) VI (46%) VI (34%) VI (24%)
V (35%) V (35%) V (34%)  V(40%) V (48%)
IV (20%) IV (16%) IV (19%)
M (10%) M (9%)
WZA20 VI(70%) VI (72%)  VI(57%) VI(40%) VI (21%)
V (30%) V (28%) V(23%) V(28%) V (17%)
IV (20%) IV (14%) IV (10%)
M (18%) M (52%)
WZA30 VI (67%) VI(72%) — VI (37%) VI (12%)
V (33%)  V (28%) V (14%)  V (11%)
IV (13%) IV (22%)
M (36%) M (55%)
WZB9  VI(78%) VI(67%) VI (48%) VI(30%) VI (30%)
V (22%)  V (33%) V (37%) V(46%) V (48%)
IV (15%) IV (24%) IV (22%)

M, metallic surface species

to W(VI) surface species and the second one at 34.2 and
36.4 eV[35] is assigned to W(V) surface species. From the
evolution of the WZr surface atomic ratios~g. 6b), it is

clear that the increase of thiatio with the weight percent-
age of tungsten is not linear. This suggest that the deposition
of the tungstate surface species is not uniform with increas-
ing tungsten loading and that the deviation from linearity is
obtained between the catalyst at near-saturation monolayer
coverage (WZAm) and WZAD9, pointing out the particular
case of WZAm.

4.1.2. Influence of W§xontent on surface reducibility

Table 3shows the evolution of tungsten surface species
in the course of reduction at 473, 623, 723, and 823 K as a
function of tungsten content.

It can be observed that the surface of WZAm is very dif-
ficult to reduce and that the relative amount of W(VI) is
maintained quite constant, around 65—-70%, whatever the re-
duction temperature.

For a reduction temperature of 473 K, the WZA9 cata-
lyst behaves in the same way as WZAm, with a constant
W(VI) /W(V) ratio of 70/30 (Table 3. At and above 623 K,
however, a lower tungsten oxidation state appears, W(IV)
at 32.8 eV[36]. Increasing the reduction time and tempera-
ture further results in keepjgna stable surface, with relative
W(WI), W(V), and W(IV) ratios around 36, 35, and 29%,
respectively.
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0.25 4.2. Tungstated zirconia prepared by impregnation on

ZrO,(OH),_,, hydroxide, WZB9 (9 wt% W)
0,2
As for WZA9, prepared by direct impregnation on com-

mercial monoclinic ZrQ, the surface of WZB9 after cal-
cination at 623 K is constituted of W(VI) and W(V) sur-
face species, although these last ones are obtained in lower
amounts (78 and 22% on WZB9 and 69 and 31% on WZA9),
as shown infable 3 Nevertheless, reduction at 473 K leads
to the reduction of part of W(VI) surface species into W(V).
Such areduction was not observed on WZA9 under the same
conditions. Reduction for 3 h at 623 K yields the transfor-
; ; ; . mation of W(VI) into W(V) and W(IV), as was the case
473 623 723 823 on WZA9. However, W(IV) surface species are produced in
Reduction temperature (K) lower proportions than on WZA9. Further reduction at 623,
723, and 823 K keeps the relative proportions of W(VI),
Fig. 7. Evolution of WZr atomic surface ratio as a function of W con- ~ W(V), and W(IV) unchanged and close to the values ob-
tent and of reduction temperaturdp( WZAm; B, WZA9; A, ZAl5; tained on WZAO9.
x, WZA20; ®, WZA30). As for catalyst sample prepared by directimpregnation on
the monoclinic ZrQ support, a slight and progressive de-
Reduction of WZA15 at 473 K has no effect on the re- crease in the WZr surface ratio is observed, although this
ducibility of tungsten surface specieaple J either, since  phenomenonis a little bit Ispronounced than on WZA9.
a constant W(VI)W(V) ratio around 6335 is maintained
after 22 h of reduction. The reduction at 623 K shows the
same evolution of surface species as the one observed o, Discussion
WZA9, i.e., a diminution ®W(VI) accompanied with the
appearance of W(IV) species. But, in contrast to WZA9, the  Many papers have dealt with the preparation and charac-
increase in reduction time and temperature does not lead toterization of WQ/ZrO, as alternative systems for sulfated
stable proportions between the W(VI), W(V), and W(IV)  zirconia considering simply the analogy between tungstate
surface states, but to the formation of metallic tungsten (at (WO42~) and sulfate (S@%~) anions. Thus, comparing with
30.4 eV[37]) for T > 723 K. However, the proportion of  sulfate species, some authors suggested that zirconia modi-
surface metallic tungsten seems to be quite unchanged afied with tunsgtate species has the same structure as zirconia
higher reduction temperature (823 K). including sulfates, the sulf atoms being simply replaced
The same general surface reduction behavior as forby tungsten onef88,39] Although WQ?~ and SQ?~ an-
WZA15 was observed for the catalyst samples with higher jons have the same coordination, the electronic and chemical
tungsten loadings, WZA20 and WZA3U4gble 3. Thus,the  properties of the central atoms ($0, being known for
surface was quite stable, constituted of W(VI) and W(V) acidity or super-acidity) are totally different. Thus, the im-
surface species, when the catalysts were reduced at 473 Kportance of the different oxidation states of tungsten as well
Increasing the reduction temperatute §23 K) yields the  as of its specific reduction behavior are of great importance
appearance of lower tungsten oxidation states, W(IV) and for the catalytic properties. Furthermore, tungstate ions ex-
metallic. In these cases, the surface was not stable withhibit cluster properties and can be present in various, WO
regard to reduction at higher temperature because of the constoichiometry on the support whereas sulfate ions only ap-

0,15

W/Zr

0,1+

0,05 -

tinuous increase in metallic tungsten above 723 K. pear as isolated monosulfate on ZrO
According to literature, the catalytic activity of WD
4.1.3. Evolution of WWZr surface ratios ZrO, catalysts as strong solid acids toward hydrocarbon

Whatever the initial tungsten content, the/X¥V surface skeletal isomerization requires the presence of crystallized
atomic ratio decreased whercieasing the reduction tem-  tetragonal zirconia promoted with dispersed tungsfate
perature from 473 to 823 KHg. 7). Nevertheless, two kinds ~ 19]. Standard parameters recommended to produce this ma-
of behaviors can be pointed out, the first one for catalyst terial seem to be loadings of about 10 wt%[8/9]. On the
samples WZAm and WZA9 with low tungsten contents and other hand, it seems that the only way to obtain a tetrag-
the second one for WZA15, WZA20, and WZA30, with high onal ZrQ, phase for the W@ZrO, system is the prepara-
tungsten contents. For the first two catalysts, only a slight tion according to Hino and Ata through the impregnation
decrease in WZr surface ratio is observed for reduction of amorphous hydroxide zirconia, followed by calcination.
temperatures below 723 K, followed by a much more pro- Nevertheless, it will be shown in the forthcoming Part Il
nounced decay from 723 K. For the other three catalysts, that the use of crystalline monoclinic zirconia as a support
a considerable decrease occurs already at 473 K. for dispersed tungstate species leads to interesting proper-
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Fig. 8. Evolution of tungstate surface species in tetrahedrally coordifaim, (a) Lewis acidic sites, (b) Brgnsted acidic sites. (c) Formatiatineeric and
(d) polymeric species obtained by condensation.

9% W

ties for skeletal isomerization of alkanes. Up to now, no = i
detailed studies concerning th&face characterizations and i —
reducibility of WOs/ZrO catalysts constituted of a mono- B 2

clinic zirconia support in correlation with catalytic activity "-‘i“i“‘:g;;';:“‘"!’“
have been performed.

15% W

5.1. Formation of superficial tungstate species—nature and = n
structure Zro, -— Zro,
W

The determination of the chemical environment of tung- e
sten present as the active phase on a support is essential ———— . yonomeric or polymeric tetrahedrally coordinated tungstate species
for the understanding of active phase—support interaction. e= T
Comparison of the XPS spectra of calcined YO, and m] : WO crystallites
WO3/Al 03 (not represented) catalyst samples revealed that
the WQs/ZrO, contains W(VI) and W(V) surface species, Fig. 9. Evolution of the structure of surface species as a function of tungsten
whereas only W(VI) appears in the second catalyst, evidenc-*"e"
ing the importance of the support or of the active phase—

support interaction. We suggest a condensation phenomenof0re €asy to reduce than tungsten species in tetrahedral co-
of superficial tungstate monomeric species leading to the ordination. Increasing the tungsten content leads to the for-

formation of polymeric species, as represente&im 8 to mation of WG crystallites, whose reducibility is close to
explain the presence of W(V) species on WZ¥O, sam- that of bulk WGQ;. The evolution of the structure of the sur-
ples after calcination. This condensation may take place byface species as a function of tungsten content is represented

the combination of Lewis and Brgnsted acidic sites, these " Fig. 9.
last ones coming from a transformation of part of the Lewis
sites during calcination, adready mentioned by Solgd0]
on WGs/y -Al20s catalysts. According to XPS studies after  pifferent points can be highlighted from the XPS studies:
reduction treatments, these tungstate surface species in tetra-
hedral coordination constituted of W(VI) and W(V) are very 1. The surface properties of the WI3rO; catalysts, i.e.,
difficult to reduce, even at 823 K, evidencing a strong inter- the nature and reducibility of tungsten surface species
action with the ZrQ support. are similar on tetragonal or monoclinic ZsQsup-

The nature and structure of superficial tungstate species  ports.
strongly depend on the initial tungsten content. It is now 2. The presence of the W(IV) oxidation state after the re-
well known that for tungsten loadings corresponding to sur- duction treatment at 623 K shows that the mechanism of
face coverages higher than monolayer, the tungstate surface  surface reduction for catalyst samples at near-saturation
species are, in addition to tetrahedral ones (which are the ~ monolayer coverages and for catalysts with higher tung-

5.2. Surface reducibility

initial deposited species on ZpGsupport[22,41,42), oc- sten contents is different. Although the existence of
tahedrally coordinatef#t3], first as monotungstate, then as W4 cations is well established on bulk tungsten ox-
polytungstate species for hightingsten surface densities; ide, it is much more debated on supported catalysts and

these species are composed of one or several layers and are they have been only scarcely mentioned on &0,
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lowing conclusions can be drawn:

— The structure of the Zr&support (monoclinic or tetrag-
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and WQ/Al,03 systems. Because of the influence of
the support, W+ cations in bulk WQ are less sta-
ble in reductive atmospheres than those resulting from
the reduction of supported tungsten oxides. According
to Grunert et al[37], the formation of W(IV) species
on WQOs/Al,03 may result from the reduction of WO
crystallites located directly at the interface with the sup-
port.

. Metallic tungsten appearsrftungsten contents higher

or equal to 15% for reduction treatments up to 723 K.
The formation of metallic tungsten has been evidenced
too by XRD characterizatio (not represented here).
Two metallic phases have been observed, the allotropic
metastable8-W (W30) phase and the pure and stable
a-W phase. These two metallic phases have already
been reported in literature in the case of the reduction
of bulk WO;3 [44]. According to Schubeifé5], the for-
mation of these two phases requires the reduction in
one or several steps of nonstoichiometric oxides like
W>00s8 (WO5 59), constituted of Vi and WP cations,

of W1g049 (WO5.72), constituted of i+, W°t, and
W4 cations and of W@, constituted exclusively of
W4 cations. We have observed from XRD character-
ization, that reduction of WZA20 and WZA30 sam-

ence, neither on the nature and surface structure of de-
posited tungstate species nor on their reducibility. This
is essential in the explanation of the catalytic properties
in the skeletal isomerization observed with monoclinic
ZrOy support, as will be presented and discussed in the
forthcoming Part II.

Whatever the structure of the ZsGQupport, catalysts
with near-saturation monolayer coverages are mainly
constituted of amorphous tungstate species in which the
tungsten atoms are tetrahedrally coordinated, in direct
interaction with the support and thus very difficult to re-
duce.

The increase in tungsten loading leads progressively to
the formation of tungstate species in which the tung-
sten is in octahedral coordination, that is more easy to
reduce. The reduction of these species yields W(IV)
surface species. A further increase of the tungsten con-
tent leads to the formation of W{Zrystallites behaving

as bulk-like tungsten oxide and resulting first gaW
(W30) metallic phase for reduction at 723 K and finally
in purex-W metallic phase for more intense reduction
treatments.
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