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Abstract

WO3/Nb,Os-supported samples prepared by impregnation are characterised by X-ray diffraction (XRD), Raman spec-
troscopy and X-ray absorption spectroscopy (XAS) at the WaHsorption edge, as well as temperature programmed reduction
(TPR) and FT-IR monitoring of pyridine adsorption. Results are compared with those obtained $6AM@ samples pre-
pared in the same conditions, showing that niobia is able to disperse tungsta better than alumina does. Formation of a crystalline
WO3 needs larger tungsten contents on niobia than on alumina, since tungsten solution into niobia is easier than into alumina.
Raman and XAS spectra recorded under ambient conditions suggest that similapables are formed on both supports at
tungsten contents 0.5-1 theoretical monolayers; however, TPR results for the low tungsten loaded samples indicate that, when
reduction starts (always at temperatures higher than 700 K ung@ér FHow) there is a larger concentration of tetrahedral
[WOy4] species on alumina, than on niobia. Samples with low tungsten loading have been tested in isopropanol decomposition
and ethylene oxidation, following both processes by FT-IR of adsorbed species up to 673 K. Results show that adsorption of
ethylene on W@/Nb,Os yields acetaldehyde and acetate at 473 K, while this adsorption is non-reactive either on the sup-
ports or on WQ@/AI,0s3. Isopropanol adsorbs dissociatively on both supports, leading to acetone and propene formation on
tungsta—niobia, but only propene on tungsta—alumina, probably due to the larger reducibility of the tungsten-containing phases.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction the nature of the oxide support, fraction of surface
covered by the supported phase, the presence of im-
Tungsten oxide is well known as an effective purities and doping agents, calcination temperature
catalyst in several acid-catalysed processes (isomeri-and the hydration degree of the support, as reported
sation and olefin polymerisation, dehydration and by several author§/—14], who have studied by dif-
esterification of alcohols, etc[}-5]. As vanadia and  ferent experimental techniques (Raman spectroscopy,
molybdena, its catalytic performance can be largely EXAFS, DRS, etc.) these solids in ambient (hydrated)
modified upon dispersing on oxide supports, where conditions, as well as under the dehydrated conditions
variables such as calcination temperature, nature of existing in situ during catalytic reactions. Alumina
the supported phase and surface acidity—basicity, and silica are among the most widely used supports,
among others, are of paramount importafég as but it has been also recognised that, in addition to
well as the nature of the support used. The precise providing larger dispersions, the support may also
nature of the surface metal oxide species depends onaffect the properties of the catalyst itself.
We have previously reported on the effect of
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supported W@ [26-30] In the present work, we  Table 1
report on tungsta supported on niobia and alumina, Description of the samples

our aim being to study the effect of the nature of sample W content SseT W loading

the support, tungsta loading and calcination temper- (% wiw) (m*/g) (W/nn)

ature on the physicochemical and surface properties Al,O3 - 100 -

of the catalysts. Characterisation has been carried WA0.5 8.1 95 2.8

out by applying several physicochemical techniques WAL 14.7 88 55
WA1/973 14.7 65 7.4

for the samples under ambient (hydrated) conditions ;1073

. - 14.7 28 17.2
(X-ray diffraction (XRD), Raman and EXAFS spec- wa2 24.8 75 10.8
troscopies), as well as FT-IR monitoring of surface Nb,Os - 63 -
acidity by pyridine adsorption on previously dehy- Nb20s/973 - 11 -
drated samples. Some of the samples have been testet}/N-> 51 57 2.9
o . - WN1 9.5 51 6.1
in isopropanol decomposition and ethylene oxidation, \yn1/973 95 12 259
by FT-IR spectroscopy monitoring. WN2 17.0 44 12.7
WN3 23.0 37 20.4

2. Experimental

to a DACO-MP data acquisition microprocessor
Samples were prepared by impregnation of sup- equipped with Diffract-MP data acquisition software.
ports (alumina C from Degussa and hydrated niobium Nitrogen adsorption isothermat 77 K, for surface
oxide from Niobium Products Co. Inc., USA), with area and porosity determination, were carried out in
agueous solutions of ammonium paratungstate (Fluka,a conventional high-vacuum Pyrex system (residual
Switzerland) using 10ml of solution per gram of pressure= 10-4N/m?), pressure changes being mon-
support. Both supports were calcined at 773K, 12 h, itored with an MKS pressure transducer. The samples
previously to the impregnation step. The amount of were previously degassed in situ at 423K for 2h.
tungsten salt dissolved was that necessary to obtain,Raman spectran the 200-1200cm! range were
after calcination, samples containing 0.5, 1, 2 and recorded under ambient conditions on a computer
3 theoretical monolayers of W) assuming that a  controlled Jobin Yvon spectrometer, model U-1000,

“molecule” of WO covers a surface of 17 10* pn? using the 514.5 nm line from a Spectra Physics model
[31] and the specific surface area of the calcined 165 Art laser as the exciting source. The spectra shift
supports, as determined by the BET method,(% width was typically 5cm?, and laser source powers

100 m?/g; Nb,Os 63 n?/g). The solvent was removed at the sample were ca. 400 m\M{-ray absorption
by evaporation in a water bath, and the solids thus spectra data at the Wsledge were collected at 77 K
obtained were dried at 373 K in air for 18 h, then man- on wiggler station 9.2 at the Daresbury Synchrotron
ually ground in an agate mortar, and finally calcined Radiation Source (UK), with an electron ring run-
in air for 3h at 723 K. Samples are named asXVS ning at 2 GeV and 180-230 mA. Monochromatisation
(X standing for the number of theoretical monolay- was obtained with a double silicon crystal monochro-
ers of tungsta and S being A for alumina and N for mator working at the (220) reflection, which was
niobia-supported samples). In order to analyse the ef- detuned 50% to reduce higher harmonics. Measure-
fect of temperature on the nature of the active phase, ments were carried out in transmission mode using
WS1 samples were calcined in air up to 1273 K. These optimised ion chambers as detectors. Sample pow-
samples are named as WS1/T, T standing for the cal- ders, diluted with boron nitride when necessary, were
cination temperature in K, as summarisediable 1 ground, homogenised, and pressed into self-supported
Crystalline WQ, used as a reference, was synthesised wafers, with edge jumps:1.0 just above the W—4.
by calcination of ammonium paratungstate at 723 K. absorption edge (10202eV). At least three scans
XRD profiles were recorded under ambient condi- were recorded and averaged to obtain the experimen-
tions in a Siemens D-500 instrument, using graphite tal spectra. The EXAFS functiop (k) was obtained
filtered Cu Kxj radiation ¢ = 154.05 pm) interfaced from the experimental X-ray absorption spectroscopy
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(XAS) spectrum by conventional procedur3?]. Samples were submitted to a conditioning treatment in
Experimental backscattering amplitude and phase situ, consisting of outgassing at 673 K for 2 h (residual
shift functions for W—O absorber—backscatterer pairs pressure= 10-3N/m?), previous to the adsorption
were extracted from the spectrum ofAlVOy)3, a studies. Spectra were obtained with a Perkin-Elmer
compound where W(VI) cations are surroundad] 16 PC spectrometer, connected to an Ataio 386-SX
by four oxygen atoms at.18 + 0.03A (forward computer, and using special cells with Gafindows.
Fourier transformk3-weighted, Ak = 2.4-155A1;

inverse Fourier transformAR = 0.6-22 A~1). EX-

AFS data analysis and handling were performed by 3. Results and discussion

using the program package XDAB4]. Temperature

programmed reductioTPR) analysis was carried The specific surface area values determined follow-
out on the samples, without any pretreatment, in a ing the BET method$geT) are given inTable 1 A
Micromeritics TPR/TPD 2900 instrument, at a heat- steady decrease iBseT is observed as the W con-
ing rate of 10K/min, using 60 ml/min of a HAr tent or the calcination temperature are increased. The
mixture as reducing agent (5vol.% from L’Air Lig- cumulative surface area values and those determined
uide, Spain). Experimental conditions for TPR runs from thet-plots are coincident with th&gT values, as
were chosen according to data reported elsewhereexpected for mesoporous samples. XRD diagrams for
[35] in order to reach good resolution of the com- alumina-supported samples are showrig. 1L The
ponent peaksAdsorption of pyridine ethyleneand diagram for alumina is typical of an ill-crystallised
2-propanol was monitored by FT-IR spectroscopy. +vy-alumina (JCPDS file 10-424). Only support lines
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Fig. 1. XRD patterns of (A) alumina support and (B) selected D03 samples. Diffraction lines characteristic of crystalline WO
particles are denoted by w.
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are recorded for sample WAO.5. Meanwhile, samples and ascribed38] to the migration of alumina over
WA1 and WA2 show reflection lines characteristic WOs particles.

of orthorhombic WQ at 2 = 24-27 (JCPDS file XRD pattern of NbOs support is characteristic of
20-1324), thus showing that the experimental mono- the pseudohexagonal modification (JCPDS file 7-61).
layer has been exceeded for tungsten loadings equalAfter calcining at 973K a partial transformation to
or higher than 5.5W/nfh(14.7% wi/w). This resultis  orthorhombic L-NbOs (JCPDS file 27-1003) is de-

in agreement with previous reports for hydrated sam- tected. XRD patterns recorded for WN1 and WN2
ples [9,36], that found the experimental monolayer samplesfig. 2) do not show diffraction lines differ-
over alumina at 4.0-4.8W/fmXRD pattern for sam-  ent to those ascribed to the support, thus showing that
ple WA1/973 is similar to that recorded for WAL, al- niobia is able to disperse up to 12.7W/An®nly af-
though lines ascribed to orthorhombic W®lightly ter increasing tungsten loading up to three theoretical
increase their intensity due to the decreased surfacemonolayers (sample WN3, 20.4W/An low inten-
area. When calcination temperature is increased up tosity diffraction lines at 384 and 265 pm indicate that a
1173 K, sample WA1/1173, the support partially trans- small amount of crystalline Wgis formed. Previous
forms to 6-alumina (JCPDS file 11-517); diffraction  reports [7,9,10] on WGO3/Nb,Os samples prepared
lines characteristic of Wedisappear, while additional by incipient wetness and calcined at 773K state that
diffraction lines that can be ascribed to2ANO,)3 crystalline WQ is detected over the niobia support
(JCPDS file 28-36) develop. This transformation is at tungsten contents higher than 3Whna value
complete after calcining at 1273 K. A similar reaction slightly lower than that found, 4.0—-4.8W/Rn9,36],
between tungsta and the alumina support, although atfor WO3/Al,03 samples prepared by the same proce-
higher temperatures, was previously repoitéd 38] dure. In our case, samples were prepared by immersion
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Fig. 2. XRD patterns of (A) niobia support and (B) selected 38,05 samples. Diffraction lines characteristic of crystalline YWare
denoted by w.



C. Martin et al./Catalysis Today 78 (2003) 365-376 369

of the support in the ammonium paratungstate solution agreement with a previous report by Jehng efidl],
and crystalline W@ was already detected, in agree- who observed for Wg/Nb,Os under ambient con-
ment with previous reports, at 5.5W/Rraver the alu- ditions, and after subtracting the support spectrum,
mina support (sample WA1). However, XRD results Raman bands at ca. 980 and 880¢rthat shifted to
show that niobia is able to disperse much higher tung- 1018 and 956 cmt after dehydratiori7,10]. The Ra-
sten loadings than previously reported. This result can man spectrum recorded for WAO.5 also shows a low
be due to the incorporation of tungsten cations into intensity band close to 980 cth. Increasing tungsten
the niobia support forming a solid solution under our loading, sample WAL, intensifies this band and de-
preparation conditions. It is worth noting that after velops two new bands at 703 and 801 ¢nhat are
calcining at 973K, and in spite of the decrease of the most intense in sample WA2, and can be ascribed
the specific surface area, the XRD pattern recorded to WOz particles. A band at 951-975 cthwas pre-
for WN1/973 does not show lines that could be as- viously reported12] as the most prominent feature
cribed neither to W@ nor to any other crystalline  of the Raman spectrum recorded under ambient con-
tungsten-containing compound. Diffraction lines as- ditions for WGs/Al,03 up to monolayer coverages.
cribed to the support are slightly broadened after this This band, ascribed to termina{W=0) of hydrated
thermal treatment, thus suggesting that a transforma- surface species, shifted to 1004—1017érafter de-
tion to the orthorhombic phase has started. However, hydrating the sampl€l§,13]. Thus, the band that we
this transformation is retarded when compared to that record close to 980 crt may be ascribed to terminal
observed for the bare support calcined at the samev(W=0) of well dispersed hydrated surface species
temperature, thus showing that tungsten has stabilised[9]. Its position at high wave numbers suggests tetra-
the pseudohexagonal modification of 0. hedral [WQ] units, asv(W=0) for these species was
Raman spectra of air-exposed samples showedreported[39] in the range 913-1060 cm, although
WOj3 bands for all samples where this oxide was it is very close to the highest limit acceptf®B] for
identified by XRD. Positions and ascription of the octahedral [WG@] units (740-980cm?). It was as-
main bands recorded are summarisedable 2 The cribed to octahedral surface species by Thomas and
only features observed for samples WNO0.5, WN1 coworkers[40,41] while other authorg39,42,43]
and WN2 are two broad bands at 700 and 229tm  ascribed the band to tetrahedral [WQunits. More
already recorded for the bare support. An additional recently, Wachs and coworkef9,10,12] proposed
band close to 800 cnt, that can be ascribed to mi- that under ambient conditions a thin water layer that
crocrystalline WQ particles, and a weak band at dissolves tungsten species is present on the surface
980cnT! are observed for WN3. This result is in  of the supports. An equilibrium is established in this

Table 2
Summary of Raman spectroscopy results
Sample Bands (cmt) Ascription
WNO.5, WN1, WN2 229, 700 Support
WN3 229, 700 Support
980 Terminalv(W=0) of surface tungsten oxide
800 v(W=0) microcrystalline WQ particles
WAO.5 984 Terminalv(W=0) of surface tungsten oxide
WA1 984 Terminalv(W=0) of surface tungsten oxide
801 v(W=0) microcrystalline WQ particles
703 Bending (VW¢O) microcrystalline WQ particles
WA2 984 Terminalv(W=0) of surface tungsten oxide
802 v(W=0) microcrystalline WQ particles
712 Bending (WO) microcrystalline WQ particles

268 3(W—-0-W)
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aqueous solution, its pH value determining the poly- [28], where [WQ] octahedra share vertex. Thus,
tungstate species formed. This pH value is defined by W-L3 EXAFS data, when measured under hydrated
the pzc of the oxide support as well as by the loading conditions, should be able to provide evidence of the
of the supported phase. Thus, the presence of isolatedpresence of polytungstate species over the surface
WO42~ and paratungstate, H¥®,,°~, was proposed  of the supports. Experimental EXAFS oscillations
for WO3/Al,03 samples at submonolayer coverages for air exposed sample WAL, and their associated
[12], metatungstatfl 2] and Wi204512~ [9] were pro- k3-weighted Fourier transforms (FT), are included in
posed for monolayer W§AI,03 while W15040%~ Fig. 3. EXAFS data for samples WAO0.5 and WAL un-
was proposed10] on hydrated W@NbyOs. These der ambient conditions are nearly identical, thus sug-
polytungstate species yield their most intense Raman gesting a similar local surrounding of tungsten in both
bands close to 980 cm, as well as weaker features samplesFig. 3 also includes EXAFS data obtained
at lower wavenumbers. for orthorhombic WQ, as well as those recorded for
W-L3 EXAFS spectra of polyoxotungstates have sample WA1/1273, where XRD data clearly indicated
been reported44]. Actually, we previously found the presence of crystalline AWQO4)3. FT of EX-
[28] the formation of Keggin units in W€ISiO, sam- AFS data for bulk WQ shows two distinct maxima
ples prepared by impregnation of silica with aqueous at 1.3 and 3.5 A, without phase-shift correction. The
solutions of ammonium metatungstate, and the pres- first maximum is associateg@8] to [WOg] distorted
ence of this compound was clearly shown by W—L  octahedral units, with short (ca. 1.8-1.9 A) and long
EXAFS spectroscopyk®-Fourier transforms of EX-  (2.0-2.1A) W-O distances, while the 3.5A maxi-
AFS data for polyoxotungstatd28,44], as well as mum ariseq28] from single and multiple scattering
those reported for other polyoxometallatgist,45] effects in W—O-W bridges between vertex-sharing
show intense signals close to 3.1 A without phase shift octahedra (W. - W distances in the range 3.7-3.9 A).
correction, ascribed to M-M distances between Meanwhile, only the maximum close to 1.3A ap-
edge-sharing [M@) octahedra. These signals appear pears in the FT of EXAFS data for WA0.5, WA1 and
at a distance significantly shorter than that found in the WA1/1273, thus suggesting that W—O-W bridges that
WO3 structure,~3.5 A without phase shift correction  could be ascribed either to the presence of ke
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Fig. 3. WQs/Al,03 samples: (A) experimental EXAFS oscillations; (B}weighted Fourier transforms. Data for orthorhombic YWabe
included for comparison (dashed lines).
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Table 3
Best fit parameters for WL EXAFS spectra of WA and WN
sampled

Sample Atom N Ac? (A2 R@A)  AEC (ev)
WAO0.5 (0] 3.7 0.0030 1.78 3.2
(0] 1.1 0.0070 2.00 7.1
WA1 (0] 3.6 0.0030 1.78 3.6
(0] 1.1 0.0050 1.99 7.1
WN1 (0] 3.7 0.0025 1.78 5.6
(0] 1.2 0.0043 1.98 7.6
WN1/973 (6] 4.4 0.0056 1.81 4.9
(0] 1.8 0.0077 2.06 -7.2
WN2 (0] 3.7 0.0033 1.79 35
(0] 1.8 0.0077 2.06 -1.5

aEstimated errors in coordination numbel) @nd shell radii
(R) are +15% and+0.02 A, respectively.

371

with the removal of the water molecules were much
less evident, and distorted [WpPand [WQs] units
were present at the support surface. Our results, with
an average of 4.7 oxygen atoms at the first coordina-
tion shell of tungsten, are consistent with the presence
of [WO4]/[WOg] units, in agreement with the pre-
vious model, while the absence of a well defined
maximum at 3.0-3.5 A indicate a low polymerisation
degree of [WQ)] units at the alumina surface.

Fig. 4 includes experimental EXAFS data for
samples WN1, WN2 and WN1/973. Contribution
of the nearest neighbours to the experimental os-
cillations were isolated (forward Fourier transform:
k3-weighted, Ak = 2.4-128 A~1: inverse Fourier
transformAR = 0.3-23A). Best fit results to the
first coordination shell are summarised Table 3
showing that coordination parameters of tungsten
cations for WN1 are similar to those obtained for sam-

phases or to a polytungstate species are nearly ab-ples WQ/Al,O3 calcined at 723 K. Increasing either

sent in these samples. Actually, -WW distances
shorter than 4 A are not found in the struct{88] of
Al2(WOy)3, the main compound detected by XRD in
sample WA1/1273. Fit results, within a single scat-
tering approach, for WeJAI,03 samples calcined at
723K, are summarised ifable 3 W-0O distances at
the first coordination shell of tungsten are close to
1.8 and 2.0 A, with an average coordination number
4.7, in close agreement with those reported bj29%

for air exposed WQTiO, samples and suggesting a
similar structure of the supported phase in both sys-
tems. Hilbrig et al[46] reported W—O shell radii of
1.76 and 1.91 A for an air exposed WKDiO, sample
containing 4.7W/nrf, and found that the spectrum
of this sample was identical to that recorded for an
hydrated sample containing 1.6W/AnThey ascribed

the WGQ; loading over niobia, sample WN2, or the
calcination temperature, sample WN1/973, increased
the number of oxygen atoms at the first coordination
shell, mainly at the longest W-O distance, thus sug-
gesting the formation of W—O-X bridges (¥ W
or Nb). As shown inFig. 4A, these bridges raised
intense signals at 3-3.7 A for the sample calcined at
973 K. This result suggests that, at this temperature,
tungsten is incorporated into the niobia support since,
as reported above, only MBs is detected by XRD
in this sample.

TPR profiles obtained for niobia and niobia-
supported samples are showrFig. 5. Nb,Os yields
an intense maximum at 1100K in all samples under
study. Integrated hydrogen uptake for this maximum
accounts for the reduction of ca. 50% of Nb(V) cations

the shortest W—O distance to terminal W-O bonds and to Nb(IV). Tungsten-containing species are reduced

the longest W-O distance to W—O-Ti and W-O-W
bridges, the latter yielding an additional well defined
maximum close to 3.5 A in the uncorrected FT. Mean-
while, Horsley et al[39], reported XANES data at the
W-L; absorption edge for alumina-supported sam-
ples. They found that only tetrahedral species P)VO

in at least two steps that increases their intensity as
the tungsten content does, an ill-defined maximum of
low intensity close to 825K and a well defined maxi-
mum at 990-1000 K. An additional maximum at high
temperature, 1170K, is recorded for WN samples cal-
cined at 723 K. However, and although it is absent in

were present at the dehydrated support surface forthe profile obtained for the bare support, its ascription

tungsten contents up to 1.4W/Amand a significant
fraction of the sites changed their coordination to
octahedral [W(] after exposing these samples to air

to tungsten-containing species is not clear, since it has
an intensity independent of tungsten loading. The be-
haviour observed for WN samples (for which hydro-

at room temperature. When coverage approached thegen consumption amounts ca. 40-50% of the amount
monolayer, changes in the XANES spectra associatedcalculated for complete \W1) — W(0) reduction),
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Fig. 4. WQ/Nb,Os samples: (A) experimental EXAFS oscillations; (B}weighted Fourier transforms.

Fig. 5. TPR profiles recorded for (A) WENb,Os and (B) WQ/Al,O3 samples.
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Table 4
Position (cnTl) and ascription of the main FT-IR bands recorded after adsorption of pyridine
Sample Bp§ Lpy®

8a 19a 19b 8a 8b 19a 19b
v-Al203 - - - 1622, 1614, 1596 1579 1493 1449
WAO.5 1636 1490 1542 1614, 1594 1578 1490 1449
WA1 1638 1490 1540 1613, 1596 (sh) 1577 1490 1449
WA2 1637 1490 1538 1613 1577 1490 1449
WA1/1273 - - — 1614, 1612, 1596 (sh) 1577 1490 1448
Nb2Os 1635 1488 1540 1605 1574 1488 1444
WNO.5 1643 1487 1535 1608 1577 1487 1444
WN1 1635 1487 1535 1608 1576 1487 1444
WN2 1636 1489 1539 1609 1579 1489 1445
WN1/973 1635 1487 1535 1608 1576 1487 1444

2Protonated pyridine bonded to surface Bronsted acid sites.
b pyridine coordinated to surface Lewis acid sites: sh denotes shoulder.

with reduction temperatures almost independent of even after drying ‘in situ’. The maximum recorded
the tungsten loading, contrasts with the strong depen- at 1150 K for WA0.5 should be therefore ascribed to
dence on tungsten content of the TPR profile recorded [WQ4] species of low reducibility, while increasing
for WO3/Al,03 samplesig. 5). Thus, while WA0.5 the tungsten loading in WA1 develops new reduction
only shows a reduction maximum at high temperature, maxima at lower temperatures that should be ascribed
1150K, increasing the tungsten loading develops re- to octahedrally coordinated [W§Pspecies.

duction maxima at 920/980/1080K for sample WA1 FT-IR spectra recorded after the adsorption of
and 850/1030/1167 K for sample WA2. Integrated pyridine on WN samples, previously outgassed in
hydrogen uptakes for samples WAOQ.5, WAl and WA2 situ as described in the experimental section, and
account for 7, 32 and 43% of the amount necessary after outgassing at room temperature show bands
to complete the process WI) — W(0). Both data, (Table 4 that can be ascribed to the stretching modes
reduction temperatures and hydrogen uptakes, clearlyof coordinated and protonated pyridine, indicating the
state that the reducibility of alumina-supported tung- presence of surface Lewis and Bronsted acid sites,
sten species decreases as tungsten loading decreasesespectively. Both types of acid sites were already
EXAFS data above reported for air exposed WAO.5 present for the niobia support. All bands remain after
and WAl samples indicate the presence of rather outgassing at increasing temperatures up to 573K,
similar WO, species, with oxygen coordination num- thus indicating rather strong acidic sites. Only Lewis
ber between 4 and 6, while TPR results demonstrate sites were detected for bare alumirialfle 4 while
differences between the reducibility of these solids. for WO3/Al,O3 samples calcined at 723K, FT-IR
However, it should be noticed that reduction during spectra of adsorbed pyridine also showed bands as
the TPR experiment starts always at temperatures cribed to Bronsted acid sites, that disappear for the
higher than 700 K. Therefore, when reduction starts sample calcined at 1273 K, a temperature at which
samples were dried in the carrier gas flow. As com- Al2(WQO4)3 is formed. In both cases (when using sup-
mented above, Horsley et dB9] reported that the  ports alumina and niobia) the amount of Brénsted sites
fraction of [WGs] species detected under ambient con- increased with the tungsten content. Such a change in
ditions for submonolayer alumina-supported samples the surface acidity of oxides when mixed with other
disappears after drying ‘in situ’, yielding tetrahedral oxides has been previously reported in the literature,
[WO4] species, while this effect is much less pro- and several models have been suggested to account
nounced at a loading close to the monolayer, PNO  for this change. Tanabe and TakesH#&] ascribed

and [WGs] species coexisting over the support surface this effect to the presence of charge-unbalanced, lo-
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Fig. 6. FT-IR spectra of (A) ethylene adsorbed on sample WN1 at (a) 150K and (b) 373K, and (B) isopropanol adsorbed on sample WN1
at (a) room temperature and (b) 573 K.

calised M—O-X bonds (X being the new, in our case ethylene; 1620 and 1610 crh after adsorption on
W, cation) formed in the mixed oxide. Kunf8] Al,03 and Ni»Os, respectively). This interaction has
has suggested an unlocalised model. Both modelsbeen ascribedb1] to o-bonding between ther sys-
are applied to diluted oxide mixtures, where cation tem of the olefin and empty orbitals of the support
substitution takes place. An alternative model has cation, that is favoured for transition metal cations
been proposed by Connell and Dumegl®,50] for with empty d orbitals. Adsorption of ethylene at 150 K
mixed oxides where such a cation substitution does on sample WN1Fig. 6) yields bands at 1616 cm,
not take place, but only incorporation of the “guest” v(C=C), and 1443cm?, §,{CH,), also ascribed to
onto the surface of the oxide support; these authors non-reactive adsorption. After increasing the temper-
assume that the formal charge of the supported cationature to 473 K new bands are recorded at 1670, 1638
is balanced by surface coordination of lattice oxide (shoulder), 1616 (shoulder), 1601, 1540, 1470 and
anions, leading, in some cases, to coordinatively un- 1410 cnt?, that remain up to 673 K. Bands close to
saturated cations able to behave as surface Lewis1540 and 1470cm' are also recorded after adsorb-
acid sites. The strength of these sites depends on theing acetic acid over this sample, and can be ascribed
electronegativity of the guest metal cation. to vaCOQO) andvg(COO), respectively, of acetate
Adsorption of ethylene on the supports and on species. The band at 1670chis characteristic of
WO3/Al,03 samples is non-reactive up to 673K. v(CO) of coordinated acetaldehyde, and the bands
Only weak interactions with the surface of the samples at 1638 and 1616 cnt correspond to decomposition
may be inferred from the shift of thg(C=C) mode to products of acetaldehyde.
lower wave numbers after adsorption of ethylene at  Adsorption of isopropanol at room temperature
150K (1625 cmi! in the Raman spectrum of gaseous in the absence of oxygen on sample WAL leads to
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a FT-IR spectrum with bands at 1468, 1397, 1391, low loadings is evidenced in the easier reducibility
1336, 1165 and 1138 cm, which are characteristic  of the phases supported on niobia, which gives rise
of isopropoxide species, as a result of dissociative to a larger activity of these systems in oxidation of
adsorption; an additional band at 1286chis due to ethylene to acetaldehyde and acetate species, and of
physisorbed molecular isopropanol. Another band at isopropanol to acetone.
1616 cnt! corresponds té(H20) mode, because of
water formation through reaction of isopropanol with
surface basic hydroxyl groups. When the sample is Acknowledgements
heated at 473K this band becomes broader, because
of development of a new band at 1638thdue Financial support from Junta de Castilla y Leodn
to v(C=C) mode of molecularly adsorbed propene, (grant 71/99) is greatly acknowledged. We thank
formed via dehydration of the alcohol, through the Daresbury Laboratory (UK) for allocating beam time
m C—C bond to exposed coordinatively unsaturated for XAS measurements (Grant 25/359).
metal cations.

Adsorption on sample WN1Fg. 6) gives rise
also to bands originated by both modes of ad-
sorption, as isopropoxide species (bands at 1465,
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