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Abstract

The dehydrated Raman spectra of unpromoted WO rAl O indicate that the tungsten oxide surface species have the3 2 3

mono-oxo structure and are present as tetrahedrally coordinated monomers at low loadings and as a mixture of tetrahedrally
and octahedrally coordinated surface polymers at high loadings. The effect of introducing secondary metal oxide additives to
WO rAl O catalysts, where tungsten oxide is present as a two-dimensional surface metal oxide overlayer, was3 2 3

investigated with in situ Raman spectroscopy under dehydrated conditions. The secondary metal oxide additives P O ,2 5

SnO , Fe O , NiO, ZnO, CoO, CeO and MgO coordinate directly to the oxide support without significantly interacting2 2 3 2

with the surface tungsten oxide phase. The secondary metal oxide additives La O , CaO, K O and Na O directly interact2 3 2 2

with surface tungsten oxide species to form both a surface mixed metal oxide complex and, for La O and CaO, a2 3
Ž . Žcrystalline tungstate compound. The noninteracting additives tend to be acidic P O and SnO or mildly basic Fe O ,2 5 2 2 3

. Ž .NiO, ZnO, CoO, CeO and MgO and the interacting additives tend to be more basic La O , CaO, K O and Na O .2 2 3 2 2

q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Tungsten oxide supported on alumina, in the
form of a two-dimensional surface metal oxide
overlayer, is an important solid acid catalyst for
hydrocracking and hydrotreating processes in

w xthe petroleum industry 1–6 . Commercially,
however, these catalysts often contain other ad-
ditives which exist as promoters, passivating
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agents, poisons, or impurities. For example, the
additives NiO, CoO and P O act as promoters2 5

for WO rAl O when used as hydrotreating3 2 3
w xcatalysts 7 ; Fe O is usually deposited as a2 3

poison during petroleum processing and MgO,
SnO , La O , CeO and ZnO act as passivating2 2 3 2

wagents that mitigate the effects of poisons 8–
x11 . Metal oxides such as K O, Na O and CaO2 2

may also be introduced inadvertently into the
catalyst during preparation of the alumina or of

w xthe WO rAl O catalyst 8–11 .3 2 3

Unfortunately, few studies have been con-
ducted on the effect of such additives on the
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structure of the active surface tungsten oxide
species, although much is known about single

Žmetal oxide catalysts on various supports for
w x.WO rAl O , see Refs. 12–23 . It is not cur-3 2 3

rently possible to predict, from information
about single supported metal oxide catalysts, the
molecular structures of the surface species of
supported mixed metal oxide catalysts due to
potential synergistic interactions between the
deposited metal oxides on the catalyst surface.
However, knowledge of the local molecular
structures of these surface metal oxide species
in supported mixed metal oxide catalysts is
critical for the development of molecular struc-
ture–reactivity relationships, since the local
structure of these catalysts are related to their

w xcatalytic properties during reaction 24–26 .
Furthermore, it is important to determine this

information under dehydrated conditions, which
are closer to reaction conditions, since previous
Raman spectroscopy studies have shown that
these supported metal oxide catalysts change
structure upon hydration in ambient environ-

w xments 27 . The structures of hydrated
WO rAl O surface species are discussed in3 2 3

w xPart I of this series 28 , in which the tungsten
oxide surface species are seen to detach from
the alumina support and dissolve in a thin film

Ž .of water ;8 wt% on the catalyst surface. The
hydrated tungstate structures are then deter-
mined by the aqueous chemistry of tungsten
oxide, where the tungsten oxide ions present in
solution depend on the net pH at the point of

Ž .zero charge pzc of the thin aqueous layer
w x27,28 .

In the present study, the influence of the
additives P O , SnO , Fe O , NiO, ZnO, CeO ,2 5 2 2 3 2

CoO, La O , CaO, MgO, K O and Na O upon2 3 2 2

the molecular structures of the surface tungsten
oxide species of the WO rAl O catalyst has3 2 3

been studied with Raman spectroscopy under in
situ dehydrated conditions. Raman spectroscopy
is a very useful technique for obtaining informa-
tion about the molecular structures of the sur-
face metal oxide species present in supported
metal oxide catalysts because of its ability to

discriminate between different metal oxide
molecular structures, in situ capabilities, ease of
data acquisition and compatibility with many

wdifferent transition metal oxide systems 24–
x26,29–32 . The choice of a high surface area

alumina support for this study is ideal since it
does not give rise to Raman active modes,
making it possible to directly monitor the sur-
face tungsten oxide species that do produce

w xstrong Raman signals 14,27 .

2. Experimental

2.1. Sample preparation

The WO rAl O catalysts studied were in-3 2 3

vestigated as a function of surface coverage:
Ž10% WO rAl O 0.36 monolayer coverage or3 2 3
2. Ž1.44 W atomsrnm , 15% WO rAl O 0.543 2 3

2.monolayer coverage or 2.2 W atomsrnm and
Ž25% WO rAl O 0.9 monolayer coverage or3 2 3
2.3.6 W atomrnm . The secondary metal

oxiderWO rAl O catalysts were also studied3 2 3

as a function of surface coverage: 0.7 mono-
Žlayer-equivalent coverage 0.36 monolayer of

tungsten oxide and 0.36 monolayer of sec-
.ondary metal oxide , 1.1 monolayer-equivalents

Žcoverage 0.54 monolayer of tungsten oxide and
.0.54 monolayer of secondary metal oxide and

Ž1.8 monolayer-equivalents coverage 0.9 mono-
layer of tungsten oxide and 0.9 monolayer of

.secondary metal oxide . Therefore, equivalent
numbers of atoms of tungsten oxide and sec-
ondary metal oxide existed on the alumina sup-
port for each mixed metal oxide catalyst. Addi-
tional information about the precursors and
preparation methods employed can be found in

w xRef. 28 .

2.2. Raman studies

The catalyst wafer was contained in an envi-
ronmental quartz cell with flowing oxygen,
heated to 4508C for ;10 min and cooled for
;10 min at room temperature. This cell was
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then introduced into the Raman spectrometer
and the laser beam was focused on the station-
ary sample. The laser power at the stationary
cell was maintained at 25–30 mW. The acquisi-
tion time per scan was 30 s and 25–50 scans
were taken. The Raman spectra of the 1.8
monolayer-equivalents Fe O rWO rAl O2 3 3 2 3

and CoOrWO rAl O catalysts are not pre-3 2 3

sented due to compound formation induced by
the concentrated laser light of the spectrometer.
Additional information about the Raman spec-

w xtrometer used can be found in Ref. 28 .

3. Results

3.1. Raman spectra of the dehydrated catalysts

3.1.1. WO rAl O catalysts3 2 3

The in situ Raman spectra of the dehydrated
WO rAl O catalysts as a function of surface3 2 3

tungsten oxide loading are presented in Fig. 1.
The Raman band due to the symmetric stretch
of the terminal W5O bond within WO and4

w xWO surface tungsten oxide species 12,236

shifts to a higher wavenumber, from 1004 to
1017 cmy1, with increasing tungsten oxide con-
tent. The Raman band at ;300 cmy1 is as-
signed to the bending mode of WO and WO4 6

w xsurface tungsten oxide species 12,23 . The Ra-
man bands at ;580 and ;210 cmy1 are
assigned to the symmetric stretching and bend-
ing modes of the W–O–W linkages of the
surface polytungsten oxide species, respectively
w x12,23 , and these bands increase in intensity
with increasing tungsten oxide content. Thus,
the surface tungsten oxide species on alumina
become more distorted and polymerized with
increasing surface coverage. Crystalline WO3

Ž y1 w x.particles bands at 808, 714 and 276 cm 14
are not present in the Raman spectra because
the surface tungsten oxide coverage is below

Žmonolayer coverage monolayer coverage corre-
w x.sponds to ;28% WO rAl O 28 .3 2 3

The broad band at ;880 cmy1 has been
w xassigned by Vuurman et al. 23 as the symmet-

Ž . Ž 2 . Ž .Fig. 1. a 10% WO rAl O 1.44 atomrnm , b 15%3 2 3
Ž 2 . Ž . ŽWO rAl O 2.2 atomrnm and c 25% WO rAl O 3.63 2 3 3 2 3

2 .atomrnm .

ric stretch of O–W–O polymeric linkages and
would be expected to increase more dramati-
cally with increasing tungsten oxide loading

Žthan shown in Fig. 1 since the other polymeric
W–O–W bands at ;580 and ;210 cmy1

.increase with tungsten oxide loading . However,
the broadness of this band is attributed, by

w xVuurman et al. 23 , to a wide distribution of
O–W–O bond lengths. Furthermore, these au-
thors have shown that under dehydrated condi-
tions this band broadens and shifts upward as
tungsten oxide loading is increased, most proba-
bly due to a further widening of the distribution
of O–W–O bond lengths. Thus, as loading is
increased the ;880 cmy1 band appears to be
less pronounced relative to the baseline, and
instead appears as a very long and broad shoul-
der on the band attributed to the W5O symmet-

Ž y1.ric stretch 1017 cm . Despite the broadening
of the ;880 cmy1 band, an increase in the
degree of polymerization with increased tung-
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sten oxide loading is still clearly indicated by
the increase in the W–O–W bands at ;580
and ; 210 cmy1. The structurally similar
MoO rAl O system further supports this in-3 2 3

terpretation, since the ;880 cmy1 band in this
system does not broaden and shift, but rather it

Žsimply increases in intensity with loading most
likely due to a narrow distribution of O–Mo–O

. w xbond lengths 23 .

3.1.2. Secondary metal oxide r WO r Al O3 2 3

catalysts
The Raman spectra of the promoted

ŽWO rAl O samples under dehydration Figs.3 2 3
.2–13 indicate that the secondary metal oxides

studied may be grouped into two categories,
those which have little or no interaction with the
surface tungsten oxide species and those which
interact strongly with the surface tungsten oxide
species. Note that the Raman spectra are primar-

Ž . Ž . Ž .Fig. 2. a 2.7% P O r10% WO rAl O 0.7 monolayer , b2 5 3 2 3
Ž . Ž .4.1% P O r15% WO rAl O 1.1 monolayer and c 6.8%2 5 3 2 3

Ž .P O r25% WO rAl O 1.8 monolayer .2 5 3 2 3

Ž . Ž . Ž .Fig. 3. a 6.5% SnO r10% WO rAl O 0.7 monolayer , b2 3 2 3
Ž . Ž .9.7% SnO r15% WO rAl O 1.1 monolayer and c 16%2 3 2 3

Ž .SnO r25% WO rAl O 1.8 monolayer .2 3 2 3

ily dominated by the tungsten oxide vibrational
modes because the secondary metal oxide sur-
face species have much weaker Raman scatter-
ing cross-sections than those of tungsten–

w xoxygen bonds 14,33 . The Raman spectra of the
promoted samples, therefore, provide direct in-
formation on the tungsten oxide surface species,
but only limited information about the sec-
ondary metal oxides through their effect on the

Žtungsten oxide surface species e.g. shifts in the
W5O band position and formation of crys-

.talline compounds . Furthermore, the W5O
symmetric stretching mode is generally the most
frequency-sensitive Raman band to changes in
the molecular structures of surface tungsten ox-
ide species due to its sharpness and intensity.
However, changes in the other bands at ;880,
;580, ;330 and ;210 cmy1 will be dis-
cussed in cases where they are significantly
different from the unpromoted WO rAl O .3 2 3
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Ž . Ž .Fig. 4. a 3.4% Fe O r10% WO rAl O 0.7 monolayer and2 3 3 2 3
Ž . Ž .b 5.2% Fe O r15% WO rAl O 1.1 monolayer .2 3 3 2 3

The noninteracting secondary metal oxides
include P O , SnO , Fe O , NiO, ZnO, CoO,2 5 2 2 3

Ž .CeO and MgO Figs. 2–8 and 11, respectively .2

For these systems, the Raman frequencies of the
W5O symmetric stretching vibration are very
similar to those of the original, unpromoted
WO rAl O catalysts. Of course, care must be3 2 3

taken to compare the promoted catalysts at a
given weight percent of WO to the correspond-3

ing unpromoted WO rAl O catalysts with the3 2 3

same loading. Under this consideration, the
variations in the frequencies of the W5O sym-
metric stretch are only less than 8 cmy1 for
nearly all of the loadings of these noninteracting
catalysts and this is just outside the experimen-
tal frequency calibration error of "2 cmy1.

Among the noninteracting additives, only the
Ž .highest loadings 1.8 monolayer-equivalents of

CeO - and MgO-promoted catalysts display a2

slightly larger downshift in this W5O vibration
by 15 and 13 cmy1, respectively. However,

because in the lower loadings of the ceria and
magnesia promoted catalysts this band is within
5 cmy1 of its unpromoted values, CeO and2

MgO may be considered generally noninteract-
ing. Similarly, for Fe O - and CoO-promoted2 3

Žcatalysts at the highest loading 1.8 monolayer-
.equivalents , it is possible that Fe O and CoO2 3

shift the W5O symmetric stretching band down
by amounts comparable to those observed for
CeO and MgO, since laser-induced compound2

formation prevented accurate measurement of
Žthese catalysts note that the 1.8 monolayer-

equivalents loading has been omitted in Figs. 4
and 7 and also note that under the present,
dehydrated conditions the formations of iron
and cobalt tungstate compounds at this loading
are known to be induced by localized heating
from the intense laser excitation source because

w xunder hydrated conditions 28 these catalysts
do not exhibit Raman bands due to crystalline

Ž . Ž . Ž .Fig. 5. a 3.2% NiOr10% WO rAl O 0.7 monolayer , b3 2 3
Ž . Ž .4.8% NiOr15% WO rAl O 1.1 monolayer and c 8%3 2 3

Ž .NiOr25% WO rAl O 1.8 monolayer .3 2 3
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Ž . Ž . Ž .Fig. 6. a 3.5% ZnOr10% WO rAl O 0.7 monolayer , b3 2 3
Ž . Ž .5.3% ZnOr15% WO rAl O 1.1 monolayer and c 8.8%3 2 3

Ž .ZnOr25% WO rAl O 1.8 monolayer .3 2 3

compounds, which they would if compound for-
mation occurred inherently during catalyst calci-

.nation . Again, however, in the lower loadings
of the iron and cobalt oxide promoted catalysts
the W5O symmetric stretching mode vibrates
within 5 cmy1 of its unpromoted values, so
Fe O and CoO may be considered generally2 3

noninteracting.
Minor exceptions among the noninteracting

additives may include some very weak interac-
tion with surface tungsten oxide and Fe O ,2 3

NiO and CoO based on the fact that the ;880
cmy1 band is qualitatively slightly more pro-

Žnounced for these catalysts Figs. 4, 5 and 7,
.respectively than in unpromoted WO rAl O3 2 3

Ž .Fig. 1 . Other minor exceptions include the
presence of a small amount of WO crystals3
Ž y1 w x.bands at 808, 714 and 276 cm 14 for the
Fe O -promoted catalysts and for the highest2 3

loading of the P O -promoted catalyst; as well2 5

as an intense, sharp band at 457 cmy1 in the
ceria-promoted samples due to poorly dispersed

w xCeO crystals 34 . However, these weak Ra-2

man bands due to oxide microcrystallites must
correspond to very small quantities of oxide
crystals relative to surface tungsten oxide
species, since the relative Raman scattering
cross-section is much higher for oxide crystals

w xthan for surface species 14,33 . Finally, for the
highest loading of the ceria-promoted catalyst
the band at 944 cmy1 may be due to very small
amounts of a crystalline tungstate compound,

Ž . Žpossibly Ce WO Raman bands at 944, 925,2 4 3
y1 w x.818, 727, 386 and 336 cm 35 , since the

Raman band due to the symmetric stretch of
O–W–O linkages does not have such a high
frequency or intensity in pure 25% WO rAl O3 2 3
Ž . y1see Fig. 1c . A similar peak at 944 cm in the
hydrated spectrum would confirm compound
formation, but unfortunately the band for the
W5O symmetric stretch in the surface tungsten

Ž . Ž . Ž .Fig. 7. a 3.2% CoOr10% WO rAl O 0.7 monolayer and b3 2 3
Ž .4.8% CoOr15% WO rAl O 1.1 monolayer .3 2 3



( )M.M. Ostromecki et al.rJournal of Molecular Catalysis A: Chemical 132 1998 59–71 65

Ž . Ž . Ž .Fig. 8. a 7.4% CeO r10% WO rAl O 0.7 monolayer , b2 3 2 3
Ž . Ž .11% CeO r15% WO rAl O 1.1 monolayer and c 18.5%2 3 2 3

Ž .CeO r25% WO rAl O 1.8 monolayer .2 3 2 3

Ž y1.oxide species centered at 964 cm is very
broad in the hydrated spectrum and overshad-

y1 w xows any weak features around 944 cm 28 .
In summary, all of these observations represent
very minor changes to the Raman spectra of the
catalysts promoted by P O , SnO , Fe O , NiO,2 5 2 2 3

ZnO, CoO, CeO and MgO, relative to unpro-2

moted WO rAl O , so these secondary metal3 2 3

oxide additives are considered essentially nonin-
teracting.

The interacting secondary metal oxide addi-
Žtives include La O , CaO, K O and Na O Figs.2 3 2 2

.9, 10, 12 and 13, respectively . Catalysts con-
taining these secondary metal oxides have Ra-
man spectra which significantly differ from
those of unpromoted WO rAl O in two ways.3 2 3

First, all of these additives lower the frequency
of the W5O symmetric stretch by substantial

Ž y1amounts ;33–55 cm at the highest loading
.of 1.8 monolayer-equivalents , corresponding to

w xan increase in the W5O bond length 13,16 .
Second, the most strongly interacting additives
form crystalline compounds with the tungsten
oxide, as indicated by identical hydrated and

Ždehydrated spectra unlike surface species,
which readily hydrate and change their Raman
features, most crystal vibrations are unaffected

w x.by the presence of water 24 . While the down-
shift of the W5O band by these specific inter-
acting additives occurs at both low and high
loadings, compound formation is restricted
mainly to loadings above 1 monolayer-equiv-
alent.

For example, strong interaction between sur-
face tungsten oxide species with surface species
of Na O and K O is evidenced by much lower2 2

frequencies of the W5O symmetric stretch rela-
tive to the frequencies of this mode in the
unpromoted WO rAl O catalysts. In samples3 2 3

promoted by Na O, this band shifts down to2

Ž . Ž . Ž .Fig. 9. a 7% La O r10% WO rAl O 0.7 monolayer , b2 3 3 2 3
Ž . Ž .10.5% La O r15% WO rAl O 1.1 monolayer and c 17.5%2 3 3 2 3

Ž .La O r25% WO rAl O 1.8 monolayer .2 3 3 2 3



( )M.M. Ostromecki et al.rJournal of Molecular Catalysis A: Chemical 132 1998 59–7166

Ž . Ž . Ž .Fig. 10. a 2.5% CaOr10% WO rAl O 0.7 monolayer , b3 2 3
Ž . Ž .3.6% CaOr15% WO rAl O 1.1 monolayer and c 6%3 2 3

Ž .CaOr25% WO rAl O 1.8 monolayer .3 2 3

991, 974 and 966 cmy1 as loading is increased,
while in K O-promoted samples the frequency2

shifts to 978, 978 and 962 cmy1. For the high-
est loading, this corresponds to a downshift in
the W5O band of 51 and 55 cmy1 for catalysts
promoted by Na O and K O, respectively. The2 2

w xsimilar hydrated 28 and dehydrated spectra of
catalysts promoted by K O and Na O at the2 2

Ž .highest loading 1.8 monolayer-equivalents
suggest the possibility of crystalline compound
formation, but the close agreement in band posi-
tions and shapes of the ;880, ;580 and
;235 cmy1 polymeric bands with these same
bands in unpromoted WO rAl O suggests that3 2 3

surface tungsten oxide species are present on
these catalysts, not crystalline compounds. Also,

w xthe spectra of known alkali tungstates 36,37 do
not match the spectra of the catalysts promoted
by K O and Na O. Nevertheless, strong interac-2 2

tion with surface tungsten oxide is clearly indi-

cated for the secondary metal oxide additives
Na O and K O.2 2

For CaO-promoted catalysts, the interaction
with tungsten oxide appears to be even stronger.
The W5O band is downshifted by CaO from
1004 to 992 cmy1 for the lowest loading and
from 1017 to 966 cmy1 for the highest loading.
In addition, for the 6% CaOr25% WO rAl O3 2 3

catalyst, the sharp, well-defined peaks at 909,
833, 793, 387, 326 and 206 cmy1 are character-

w xistic of crystalline CaWO 13,38 , and these4

same crystalline bands appear in the hydrated
w xspectrum 28 . Note that the W5O band of the

tungsten oxide surface species does not overlap
with the bands of the CaWO compound, and4

hence the surface species and crystalline com-
pounds can be distinguished.

Similarly, the samples promoted with La O2 3

have strong bands at ;910 and ;330 cmy1

w xthat also appear in the hydrated spectra 28 ,

Ž . Ž . Ž .Fig. 11. a 1.7% MgOr10% WO rAl O 0.7 monolayer , b3 2 3
Ž . Ž .2.6% MgOr15% WO rAl O 1.1 monolayer and c 4.3%3 2 3

Ž .MgOr25% WO rAl O 1.8 monolayer .3 2 3
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indicating compound formation. The weak W–
O–W bands of the tungsten oxide surface
species at ;580 and 210 cmy1 are also absent.
While the bands at 910 and 330 cmy1 in the
La O rWO rAl O catalysts are somewhat2 3 3 2 3

Ž .consistent with the bands of La WO at 945,2 4 3
y1 w x926, 726, 383 and 335 cm 35 , the broadness

of the bands prevents definitive identification.
The slightly different Raman band positions are
most likely due to small or poorly crystallized

Ž .La WO particles. As with CaO-promoted2 4 3

samples, the W5O band of the tungsten oxide
surface species does not overlap with the bands
of the lanthanum compound and can be seen to
exist even at the highest loading. However, this
surface tungsten oxide species is highly influ-
enced by the lanthanum oxide, since the stretch-
ing frequency of the terminal W5O band in the
tungsten oxide surface species shifts down to

Ž . Ž . Ž .Fig. 12. a 2% K Or10% WO rAl O 0.7 monolayer , b 3%2 3 2 3
Ž . Ž .K Or15% WO rAl O 1.1 monolayer and c 5% K Or25%2 3 2 3 2

Ž .WO rAl O 1.8 monolayer .3 2 3

Ž . Ž . Ž .Fig. 13. a 1.3% Na Or10% WO rAl O 0.7 monolayer , b2 3 2 3
Ž . Ž .2% Na Or15% WO rAl O 1.1 monolayer and c 3.3%2 3 2 3

Ž .Na Or25% WO rAl O 1.8 monolayer .2 3 2 3

996 and 984 cmy1 at low and high loadings,
respectively.

4. Discussion

4.1. WO rAl O catalysts3 2 3

A full discussion of the unpromoted
WO rAl O catalyst under dehydration was3 2 3

w xpresented by Vuurman et al. 23 and only a
brief summary is given here. The major Raman
band at ;1000–1020 cmy1, assigned to the
terminal W5O bond in the tungsten oxide sur-
face species, was shown to be present as a

Ž .single, mono-oxo W5O species rather than as
Ž . w xa di-oxo O5W5O species 23,39–44 . Also,

the coordination of the dehydrated surface tung-
sten oxide species was found by in situ XANES
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w x13 to be a function of surface coverage. The
surface tungsten oxide was found to exist as
tetrahedrally coordinated monomers at low cov-

Ž .erages -1r3 monolayer and as a mixture of
tetrahedrally and octahedrally coordinated sur-
face polymers at high loadings. This observa-
tion is confirmed in the current study by an
increase in the relative intensity of the Raman
bands at ;580 and ;210 cmy1, which have
been assigned to W–O–W polymeric linkages
w x Ž23 , with increasing tungsten oxide loading see

.Fig. 1 .
Similar results were recently found for the

alumina supported molybdenum oxide system
from in situ Raman and XANES studies: iso-
lated, tetrahedrally coordinated surface molyb-
denum oxide species were present at low sur-
face coverage and a polymerized mixture of
octahedrallyrtetrahedrally coordinated surface
molybdenum oxide species were present at

w xmonolayer coverage 45,46 . The supported
molybdenum oxide in situ XANES measure-
ments also revealed that the molecular structure
of the surface metal oxide species can vary with
the specific oxide support and, consequently, in
situ XANES measurements for WO rTiO cat-3 2

alysts cannot be extrapolated to in situ XANES
measurements for WO rAl O catalysts, which3 2 3

w xHilbrig et al. assumed 46 .

4.2. Noninteracting metal oxide additiÕes

Noninteracting metal oxide additives are de-
fined as those additives that do not significantly
perturb the Raman vibrations of the surface
tungsten oxide species and preferentially inter-
act with the alumina support. The metal oxide
additives P O , SnO , Fe O , NiO, ZnO, CoO,2 5 2 2 3

CeO and MgO fall into this category because2

they did not significantly perturb the W5O and
W–O–W Raman vibrations of the surface tung-
sten oxide species. However, this result is in

w xconflict with those of Schwarz et al. 47–49 ,
whose group has proposed the existence of

w x w xNi–W 48 and Co–W 49 interaction species

on the basis of temperature programmed reduc-
tion, X-ray diffraction and oxidation activity
studies. In the present investigation, neither
NiWO crystals or Co W Oy8 heteropoly-4 2 12 42

tungstate ions, the suggested interaction species,
were detected in the dehydrated Raman spectra.
While there is some possibility of heteropoly-
tungstate formation in the hydrated catalysts
w x28 , the only evidence detected in the dehy-
drated Raman data for Ni–W or Co–W interac-
tion is a slight enhancement, relative to unpro-
moted WO rAl O , of the broad band due to3 2 3

O–W–O symmetric stretching at ;880 cmy1.
In general, however, the dehydrated Raman
spectra of these Ni- and Co-promoted catalysts
appear very similar to unpromoted WO rAl O ,3 2 3

especially regarding the frequency of the W5O
symmetric stretch, and, therefore, do not sup-
port the presence of significant Ni–W or Co–W
interaction.

Surprisingly, the alumina support was able to
simultaneously accommodate approximately a
monolayer of each of the above metal oxide
additives in the presence of a monolayer of
surface tungsten oxide species without the for-
mation of crystalline metal oxide phases. Only
trace crystalline particles of WO were ob-3

Žserved in the presence of P O at 1.8 mono-2 5
.layer-equivalents coverage and in the presence

of Fe O , while trace CeO particles were de-2 3 2

tected in the presence of ceria. The ability of the
alumina support to accommodate such high
loadings of two surface metal oxides suggests
that the two metal oxide species are occupying
different locations or sites on the alumina sur-
face. The surface tungsten oxide species anchor
to the alumina support by titrating the surface

w xhydroxyls of the alumina surface 50,51 and
oxides such as Fe, Ni, Zn and Co preferentially
interact with the coordinately unsaturated Alq3

w xLewis acid surface sites 44 . P O reacts with2 5

the alumina surface to make a surface com-
w xpound 52 . Not much is currently known about

the location of the surface tin oxide species on
alumina. The noninteracting additives fall into
the category of oxides that are acidic or mildly
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w xbasic as measured by their net pH at pzc 28 ,
although CeO and MgO are somewhat excep-2

tional because they are quite basic but have
little interaction with the surface tungsten oxide
species.

4.3. Interacting metal oxide additiÕes

Interacting metal oxide additives are defined
as those metal oxide additives that significantly
perturb the Raman vibrations of the surface
tungsten oxide species by preferentially interact-

Žing with the surface tungsten oxide species for-
.mation of a surface mixed metal oxide complex

or a crystalline mixed tungsten oxide com-
pound. The metal oxide additives that fall into
this category are La O , CaO, K O and Na O2 3 2 2

since they significantly perturb the surface tung-
sten oxide species or form crystalline mixed
tungsten oxide compounds.

ŽAt lower surface coverage 0.7 monolayer-
.equivalent , the above metal oxide additives

primarily interacted with the surface tungsten
oxide species to form surface mixed metal oxide
complexes that shifted the Raman band of the
terminal W5O bond to lower wavenumbers.
This shift reflects an increase in the W5O bond
length due to less distortion of the surface tung-
sten oxide species in the presence of these
secondary metal oxides. Furthermore, it reveals
that these secondary metal oxide additives are
directly interacting with the surface tungsten

Žoxide species. At higher surface coverage 1.8
.monolayer-equivalents , the downshift in the

Raman frequency of the W5O bond increases
and, in addition, a reaction of La O and CaO2 3

with the surface tungsten oxide species forms
crystalline mixed tungsten oxide compounds.
However, even additives forming crystalline
compounds also have bands characteristic of the
symmetric stretch of the terminal W5O bond in
tungsten oxide surface species, indicating that
these surface tungsten oxide species coexist with
the crystalline compounds at high loadings. The
interacting additives fall into the category of

metal oxides that are basic as measured by their
w xnet pH at pzc 28 .

4.4. Differences between hydrated and dehy-
drated catalysts

It was found for the hydrated catalysts that
the tungsten oxide surface species present on
the catalysts were determined by the net pH at

Ž .the point of zero charge pzc of the thin aque-
w xous film on the catalyst surface 28 . The sec-

ondary metal oxides influenced the molecular
structures of the tungsten oxide surface species
indirectly by changing the net pH at pzc of this
thin aqueous film. No direct interaction between
the tungsten oxide and the secondary metal
oxides was detected in the hydrated catalysts
due to the hydrolyzing effect of the aqueous
medium, which separates the metal oxide species
into ions. Instead, only indirect interaction be-
tween the ions was allowed, by charge transfer
through the water, as measured by the net pH at

w xpzc. Contescu et al. 47 have also identified the
importance of water as a charge transfer medium
for the interaction of tungsten oxide species
with protonated alumina hydroxyls, the interac-
tion which they attribute to the formation of
polytungstate ions on the surface of hydrated
WO rAl O .3 2 3

For dehydrated catalysts, however, changes
in the Raman spectra are interpreted as an indi-
cation of direct chemical interaction between
the tungsten oxide and the secondary metal
oxide surface species, since the alumina surface
is a much poorer charge transfer medium than
the homogeneous, liquid-phase aqueous thin film
present during hydrated conditions. For this rea-
son, different metal oxide species, anchored to
different alumina surface sites, can only interact
with each other by direct contact when a charge
transfer medium, like water, is absent. For ex-
ample, both CeO and MgO have the ability to2

influence the structure of the solvated surface
tungsten oxide species by raising the net pH at
pzc of the thin aqueous film which is present

w xunder ambient conditions 28 , but they have
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very little influence on the structures of surface
tungsten oxide species under dehydrated condi-

Žtions where direct contact is required for inter-
.action . Hence, for dehydrated catalysts a clear

grouping of the secondary metal oxides can be
made, based on changes in the Raman spectra
relative to the unpromoted WO rAl O cata-3 2 3

lysts, into those that directly interact with tung-
sten oxide surface species and those that do not.

5. Conclusion

The dehydrated Raman spectra of unpro-
moted WO rAl O indicate that these tungsten3 2 3

oxide surface species have the mono-oxo struc-
ture, and are present as tetrahedrally coordi-
nated monomers at low loadings and as a mix-
ture of tetrahedrally and octahedrally coordi-
nated surface polymers at high loadings. The
effect of additives on the dehydrated structure
of the surface tungsten oxide species in
WO rAl O catalysts is generally described as3 2 3

either noninteracting or interacting, based on the
effect that a specific additive has on the Raman
spectrum of the surface tungsten oxide species.
Noninteracting additives, including P O , SnO ,2 5 2

Fe O , NiO, ZnO, CoO, CeO and MgO do not2 3 2

significantly affect the structure of the surface
tungsten oxide phase because they coordinate
directly to the alumina support on sites different
from those of the tungsten oxide surface species
Ž .which anchor to the alumina hydroxyls . Inter-
acting additives, including La O , CaO, K O2 3 2

and Na O, however, have a pronounced effect2

on the structure of the surface tungsten oxide
phase. The interacting additives form both sur-
face mixed metal oxide species and, for La O2 3

and CaO, crystalline tungsten oxide compounds
with the surface tungsten oxide species. These
interacting additives tend to be rather basic
Ž .La O , CaO, K O and Na O , as measured by2 3 2 2

the net pH at pzc of their hydrated surfaces. The
Žnoninteracting additives tend to be acidic P O2 5

. Žand SnO or mildly basic Fe O , NiO, ZnO,2 2 3
.CoO, CeO and MgO .2
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