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The influence of calcination temperature upon the solid state chemistry of WOr on AhOr was 
examined with laser Raman spectroscopy. Laser Raman spectroscopy revealed the amorphous and 
crystalline structural transformations occurring in the WOr on A1203 oxide system. Below mono- 
layer coverage of tungsten oxide on alumina, the tungsten oxide phase is present as a highly 
dispersed and amorphous surface complex on the support. A close-packed monolayer of the 
tungsten oxide surface complex on alumina is formed as the surface area of the alumina support 
decreases at high calcination temperatures. The lower the tungsten oxide loading, the more severe 
the calcination temperature must be to reach the close-packed monolayer. The close-packed tung- 
sten oxide monolayer accommodates the further desurfacing at still higher temperatures by forming 
the bulk tungsten oxide phases W09 and A12(W0&. The Alr(WO& phase is formed from the 
reaction of WOs crystallites with the A&Or support. The parameter controlling the phases present 
in the WOr on A&O3 system is the surface density of the tungsten oxide species on the alumina 
surface. Q 1985 Academic Press, Inc. 

I. INTRODUCTION 

The alumina-supported tungsten oxide 
system, WOs on A1203, has been examined 
with many different characterization tech- 
niques in recent years: temperature pro- 
grammed reduction (TPR) (I), laser Raman 
spectroscopy (LRS) (l-5), and X-ray pho- 
toelectron spectroscopy (XPS) (5, 6), uv- 
visible diffuse reflectance spectroscopy (3, 
4), and X-ray diffraction (XRD) (3, 4). 
Some controversy exists in the literature as 
to whether tungsten oxide is octahedrally 
or tetrahedrally coordinated to the alumina 
surface (1-5). The studies to date have pri- 
marily concentrated on the state of tung- 
sten oxide on the alumina surface as a func- 
tion of tungsten loading at calcination 
temperatures of 500-550°C. Increasing the 
tungsten oxide concentration to monolayer 
coverage on the alumina surface shifts the 
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major Raman peak associated with the 
tungsten oxide surface species from -965 
to -1000 cm-’ (1-Q and shifts the TPR 
peak to lower temperatures (2, 2). These 
changes have been attributed to either the 
heterogeneous nature of the alumina sur- 
face and/or lateral interactions between 
tungsten oxide surface species with in- 
creasing coverage (1-4). Recent in situ 
studies have revealed that the shifts in the 
Raman bands are associated with the coor- 
dination of water molecules with the sur- 
face oxide species, and that lateral interac- 
tions can, either sterically or electronically, 
influence the number of water molecules 
that may be coordinated to the surface ox- 
ide species (7, 8). Furthermore, the extent 
of hydration of the surface oxide species is 
at a minimum at monolayer coverage due to 
steric interactions where lateral interac- 
tions are at a maximum. Above one mono- 
layer coverage of tungsten oxide on alu- 
mina, crystallites of W03 are formed which 
can be detected by LRS (1-5). One study 
has also briefly examined the influence of 
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calcination temperature upon the WOJ on 
A1203 system (3, 4). At higher calcination 
temperatures (1050°C) and high loadings of 
tungsten oxide (i.e., 18% W03 on A1203), a 
solid state reaction to form A12(W0& takes 
place (3, 4). 

In the present investigation, the effect of 
calcination temperature upon the WOJ on 
A1203 system was examined in greater de- 
tail with LRS, XPS, and XRD. Of particu- 
lar interest were calcination temperatures 
of !900- 1050°C where the y-alumina support 
undergoes phase transitions and experi- 
ences dramatic decreases in surface area. 
The effect of these changes upon the nature 
of the surface tungsten oxide complex and 
the solid state chemistry of the WOs on 
A1203 system is examined in this paper. 

II. EXPERIMENTAL 

The tungsten oxide on ~-A1203 
(Engelhard, reforming grade, -180 m2/g) 
catalysts were prepared by the incipient 
wetness impregnation method by adding an 
aqueous solution of ammonium meta-tung- 
state to the alumina powder. The catalysts 
were subsequently dried at 110°C and 
calcined in air at 500°C for 16 hr. The cata- 
lysts were further calcined between 650 and 
1050°C for 16 hr to examine the influence of 
loss in surface area of the -y-alumina sup- 
port upon the W03 on A1203 system. 

XPS measurements were made with a 
Leybold-Heraeus LHS-10 electron spec- 
trometer. The X-ray source was obtained 
from an aluminum anode operated at 12 kV 
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and 25 mA, and the intensities and binding 
energies of the W 4&r/2 signals were refer- 
ence to the Al 2p peak at 74.5 eV. 

X-Ray powder diffraction patterns were 
obtained with a Philips diffractometer using 
CuKa! radiation and a diffracted beam 
monochromator. 

Figure 1 shows the schematic diagram of 
the experimental setup of the multichannel 
laser Raman spectrometer. An argon ion la- 
ser (Spectra Physics, Model 165) was tuned 
to the 514.5-nm line for excitation. A prism 
monochromator (Anaspec Model 300s) 
which has a typical band width of 0.3 nm 
was used to remove the laser plasma lines. 
A cylindrical lens (f = 250 mm) and a vari- 
able spherical lens (f = 90-100 mm) were 
used to achieve an elliptically focused im- 
age on the sample. Each sample of about 
0.2 g was pelletized under 10 kpsi pressure 
into a 13-mm-diameter wafer for mounting 
on a sample holder capable of spinning. 
Measurements were made in the stationary 
and spinning modes. The laser power at the 
sample location was set in the range l-40 
mW. 

The scattered light was collected by a 
lens (F/1.2, f/55 mm) held at about 45” with 
respect to the excitation. The Raman spec- 
trometer was a triple monochromator (In- 
struments SA, Model DL203) equipped 
with holographic gratings and F4 optics. 
The spectrometer was coupled to an optical 
multichannel analyzer (Princeton Applied 
Research, Model OMA2) equipped with an 
intensified photodiode array detector 
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FIG. 1. Schematic of multichannel laser Raman spectrometer. 
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cooled to - 15°C. This optical multichannel 
analyzer system could deliver a spectrum 
about a factor of 100 faster than the conven- 
tional scanning spectrometer and averaging 
capability permitted measurements on sam- 
ples of weak signals. The total accumula- 
tion time needed for each spectrum re- 
ported here typically was about 100 set or 
less. The digital display of the spectrum 
was calibrated to give 1.7 cm-‘/channel 
whereas the overall spectral resolution was 
about 6 cm-‘. 

III. RESULTS 

The surface area of alumina-supported 
tungsten oxide decreases dramatically at 
high calcination temperatures because of 
the collapse of the alumina structure as 
shown in Table 1 for 10% WO3 on A1203 
(2.6 x 10zo W atoms/g catalyst). XRD of the 
samples does not exhibit any tungsten ox- 
ide phases below a 1000°C calcination tem- 
perature. XRD of physical mixtures of bulk 
W03 and A1203 (as well as bulk Alp(WO.& 
and A120j) showed that 1 wt% of the bulk 
tungsten oxide phases is detectable. The 
absence of bulk tungsten oxide phases im- 
plies that the supported tungsten oxide pri- 
marily exists in an amorphous, noncrystal- 
line state or as small crystallites of less than 
4 nm diameter for samples calcined below 
1000°C. At calcination temperatures of 1000 
and 1050°C crystalline A12(W0)& is ob- 
served in the XRD patterns. The y-alumina 
support simultaneously transforms to 8- 

TABLE 1 

10% W02/A120j Altered by High Calcination 
Temperature 

Calcination BET XRD 
temperature (16 hr) (mZ/g) 

(“Cl 

500 170 y-A1203 
650 172 y-A1203 
800 130 m4l2Q 
950 66 &A1203 

1000 42 0-A1203 + Alz(WO& 
1050 15 0-A1209 + A12(W0& 

42.0 40.0 38.0 36.0 34.0 32.0 3o.c 

BINDING ENERGY (eV1 

FIG. 2. Smoothed XPS W 4f12,,12 spectra for 10% 
WOdA1203 calcined at (a) 500°C and (b) 950°C relative 
to alumina support. 

A1203 at temperatures above 900°C. The X- 
ray photoelectron spectra of the supported 
tungsten oxide is presented in Fig. 2 for the 
samples calcined at 500 and 950°C. The fea- 
tures of the W 4f~5/~,,/~ XPS spectra are iden- 
tical for the two samples, but their intensi- 
ties, relative to the alumina support, are 
different. The larger intensity of the sample 
calcined at 950°C reveals that the surface 
density of the surface tungsten oxide spe- 
cies on alumina increases with higher calci- 
nation temperatures (9). The binding ener- 
gies of both XPS W 4f5,~,7,~ spectra occur at 
-36.0 eV. This binding energy is consistent 
with that expected for W6+ in an alumina 
environment, but it cannot be used to dis- 
tinguish between different W-AI-O struc- 
tures (5). 

Laser Raman spectroscopy, however, is 
very sensitive to the coordination of the 
tungsten oxide complex because it mea- 
sures the vibrational modes of the tung- 
sten-oxygen bonds. The laser Raman spec- 
tra for the 10% WOJ on A1203 samples 
calcined at 650-1050°C are presented in 
Fig. 3. Note the very different laser Raman 
spectra for the WO3 on A1203 system as the 
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FIG. 3. Laser Raman spectra for 10% W03/Ai203 as 
a function of calcination temperature. 

calcination temperature increases. Before 
the spectra in Fig. 3 can be discussed, one 
must be familiar with the spectra for known 
tungsten oxide compounds. 

The Raman spectra of the bulk oxides 
WO3, A12(WO&, and Na2W04 are pre- 
sented in Fig. 4. The W03 structure (dis- 
torted Re03 structure) is made up of dis- 
torted corner shared WOs octahedra (10). 
The abundance of peaks in the Raman spec- 
trum is a consequence of the appreciable 
distortion of the W03 structure from the 
ideal octahedral arrangement of Re03. The 
major vibrational modes of W03 are located 
at 808, 714, and 276 cm-‘, and have been 
assigned to the W-O stretching mode, the 
W-O bending mode, and the W-O-W de- 
formation mode, respectively (5). Other 
minor bands are at 608, 327, 243, 218, 185, 
and 136 cm-‘. The A&(WO& is a defect 
scheelite structure (distorted CaW04 struc- 
ture) composed of distorted, isolated tetra- 

hedral tungstate. The major Raman peaks of 
A12(WO& can be assigned by comparison 
with tetrahedrally coordinated tungsten ox- 
ide in WO!- (as.) (5) and NazWO.+ WO:- 
(as.) and Na2W04 exhibit major vibrational 
modes at 933 and 928 cm-’ (symmetric W- 
0 stretch), 830 and 813 cm-’ (antisymmet- 
tic W-O stretch), 324 and 312 cm-l (W-O 
bending vibrations), respectively. The addi- 
tional Na2W04 peak at 93 cm-’ is due to 
lattice vibrations of the solid. Thus, the 
A12(WO& peak at 1055 cm-r is attributed to 
the W-O stretching mode and the doublet 
at 378-394 cm-l is assigned to the W-O 
bending modes. 

The laser Raman spectra of y-A&O3 
calcined at 500°C does not exhibit any Ra- 
man peaks (see Fig. 5), but calcination tem- 
peratures above 900°C produce a single 
sharp peak at 252 cm-r. The Raman peak at 
252 cm-’ is assigned to the 8-A1203 transi- 
tional phase. The broad background in the 
Raman spectra of alumina (400-1000 cm-‘) 
is due to fluorescence from the samples. 

With the above information about the 
alumina support and tungsten oxide refer- 
ence compounds, the laser Raman spectra 
for 10% W03 on Al103 in Fig. 3 can be dis- 
cussed. The WO3 on A1~0~ sample calcined 
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FIG. 4. Laser Raman spectra of standard compounds. 
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FIG. 5. Laser Raman spectra of y-alumina and O- 
alumina. 

at 650°C exhibits Raman peaks at 972, 809, 
and 718 cm-‘. The peak at 972 cm-l is asso- 
ciated with the tungsten oxide surface com- 
plex. The position of this Raman peak in- 
creases monotonically from 972 to about 
1000 cm-’ as the calcination temperature is 
increased to 950°C. Similar shifts are ob- 
served when the tungsten oxide loading is 
increased for samples calcined at 500°C (Z- 
4). These shifts are related to a decrease in 
hydration of the surface tungsten oxide spe- 
cies with increasing surface coverage, and 
the shift reaches a limit at approximately 
monolayer coverage (7, 8). At calcination 
temperatures of 1000 and 1050°C the Ra- 
man spectra are dominated by the bulk 
tungsten oxide phases W03 and Alt(WO&. 
The Raman peaks at 811, 717, 273, and 137 
cm-’ are characteristic of crystalline W03. 
These peaks decrease in intensity as the 
calcination temperature is increased to 
950°C and increase again at 1000°C. Note 
that at 950°C the crystalline W03 Raman 
peaks at 811, 717 and 273 cm-’ are absent, 
and instead small peaks at 846,75 1, and 55 1 
cm-i are present. At the calcination tem- 
perature of 1050°C the crystalline W03 
phase is again absent from the Raman spec- 
tra. The relatively strong signals of the W03 
Raman peaks can be misleading because 
crystalline WO3 possesses a Raman scatter- 

ing cross-section that is much greater than 
A12(W0&, by -32 x , and the tungsten ox- 
ide surface species on alumina, by -160x 
(I I). In order to estimate the actual relative 
proportions of each phase in a mixed struc- 
ture situation, the corresponding signals 
must be normalized by these factors. For 
the samples calcined at 650 and 800°C the 
intensity of the crystalline WO3 Raman sig- 
nal varied from point to point, indicating 
the heterogeneity of these samples with re- 
spect to local crystalline WO3 content. The 
crystalline W03 phase could not have been 
produced by localized heating of the sample 
by the laser because the crystalline WO3 
phase was absent from the 10% WO3 on 
A&O3 calcined at 950°C. The A12(WO& 
phase, major Raman peak at 1055 cm-i, is 
first observed at a calcination temperature 
of 1000°C and dominates the Raman spectra 
after a calcination temperature of 1050°C. 
The 8-A1203 Raman peak at 253 cm-’ is 
present in the spectra for calcination tem- 
peratures of 950-1050°C in agreement with 
the XRD data in Table 1. This series of Ra- 
man spectra reveals the dynamic nature of 
the W03 on Al2O3 system and its depen- 
dence upon the temperature of calcina- 
tion. 

The influence of tungsten oxide loading 
(4,6, 10, and 15%) upon the Raman spectra 
of WO3 on A1203 at several different calci- 
nation temperatures (800, 950, 1000, and 
1OSO’C) are presented in Figs. 6-9. Com- 
parison of Figs. 6-9 reveal that essentially 
the same Raman spectra can be obtained by 
varying either the calcination temperature 
or tungsten oxide loading. For example, (a) 
very similar Raman spectra are obtained by 
varying the calcination temperature for 
10% WO3 on A1~0~ or by varying the tung- 
sten loading (4- 15% W03) at a constant cal- 
cination temperature of lOOO”C, and (b) the 
crystalline W03 phase dominates the Ra- 
man spectra of 6% WO3 on A&O3 calcined 
at lOSO”C, 10% W03 on A&O3 calcined at 
lOOO”C, and 15% W03 on A1203 calcined at 
950°C. These data reveal that the form of 
the alumina support is not crucial since the 
same Raman spectrum is observed for high 
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FIG. 6. Laser Raman spectra of W03/A1203 calcined 
at 800°C. 

tungsten oxide loading on r-Al,03 and low 
tungsten oxide loading on 8-Al203. 

Furthermore, the quantity of the tung- 
sten oxide surface complex present in the 
W03 on A1203 samples, at the different 
tungsten oxide loadings and calcination 
temperatures, is also displayed by the se- 

’ v ’ 95o’C 
160 W03’A1203 

OoO 200 400 600 600 1000 1200 
Y (cm -1) 

FIG. 7. Laser Raman spectra of W03/A1203 calcined 
at 950°C. 
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FIG. 8. Laser Raman spectra of W03/A1203 calcined 
at 1000°C. 
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FIG. 9. Laser Raman spectra of W03/A1203 calcined 
at 1050°C. 
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Wt% WO, on A1203 

FIG. 10. Integrated Raman peak area (934-1026 
cm-‘) for 4, 6, 10, and 15 wt% WOj on y-A&O, 
calcined at 800°C. 

ties of Raman spectra. Figure 10 shows the 
integrated areas for the surface phase tung- 
sten oxide Raman band for the 4,6, 10, and 
15 wt% W03 on A1203 samples calcined at 
800°C. Figure 11 shows the integrated areas 
for the surface phase tungsten oxide Raman 
band for the 4,6, and 10 wt% W03 on A1203 
samples calcined at 950°C and for the 4 and 
6 wt% WOx on A&O3 samples calcined at 
1000°C. The integrated Raman peak areas 
for the surface tungsten oxide phase are lin- 
ear with tungsten oxide content for all three 
calcination temperatures, and suggest that 
the surface tungsten oxide complex on alu- 
mina is the major tungsten oxide phase for 
these WOj on Al203 samples. 

IV. DISCUSSION 

A model for the W03 on A1203 system is 
now developed from the laser Raman spec- 
troscopy, X-ray photoelectron spectros- 
copy, and X-ray diffraction data. Below 
monolayer coverages of tungsten oxide on 
alumina (less than -25-30% W03 on A1203) 
tungsten oxide is in a highly dispersed and 
amorphous state on the alumina surface for 
low calcination temperatures (500-800°C) 
(5, 9). This surface tungsten oxide complex 
is represented by a major Raman peak at 
-965- 1000 cm-‘. In addition, Raman peaks 
for crystalline WO3 are also observed in this 
temperature range for the 10% and 15% 
W03 on A&O3 samples. The bulk W03 Ra- 

man signal (major peaks at 811, 717, and 
273 cm-‘) is due to small tungsten oxide 
crystallites that are still present on the cata- 
lyst surface after calcination which are not 
detected by XRD. These small WO3 crys- 
tallites are observable because of the very 
high Raman scattering cross section of 
crystalline WO3 (II). The amount of tung- 
sten oxide present as crystalline W03 is es- 
timated to be less than 1% of the total tung- 
sten oxide content present in the 10 and 
15% W03 on A1203 samples. As the calcina- 
tion temperature increases, the relative 
amount of crystalline W03 initially de- 
creases. Thus, at the higher calcination 
temperatures the W03 particles disperse on 
the alumina surface because of the affinity 
of tungsten oxide for alumina and the mo- 
bility of tungsten oxide at elevated temper- 
atures. Simultaneously, there is a substan- 
tial decrease in the surface area of the 
alumina support. Interestingly, the strong 
interaction between tungsten oxide and alu- 
mina results in an increased dispersion of 
tungsten oxide on alumina at temperatures 
where there is a significant decrease in the 
surface area of the alumina support. The 
decrease in the surface area decreases the 
distance between the tungsten oxide sur- 
face species and increases the tungsten ox- 
ide surface density on the alumina support. 
This is reflected in the increase in the inten- 
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FIG. 11. Integrated Raman peak area (934-1026 
cm-l) for 4, 6, and 10 wt% WOj on A&O3 calcined at 
950°C (0), and for 4 and 6 wt% WO, on AlzOj calcined 
at 1000°C (A). 
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TABLE 2 

Raman Band of the Tungsten Oxide Surface Complex Shifts with Tungsten Oxide Surface Density 

Temperature 
(“Cl 

4% W03/A1203 6% WOJAlz03 10% WOJAlzOJ 15% WOJAl*03 

650 970 967 972 - 
800 975 971 975 1000 
925 - 972 988 - 
950 972 974 1002 991 
975 - 975 1000 - 

1000 983 986 999 996 
1050 999 1000 - - 

sity of the XPS W ~&JQ signal relative to 
the alumina support (see Fig. 2), and the 
shift from -965 to -1000 cm-’ in the Ra- 
man band associated with the tungsten ox- 
ide surface complex (see Table 2 and Figs. 
3, 6-9). These structural changes in the 
WO3 on Al203 system are depicted in Figs. 
12a and b. 

A close-packed monolayer of tungsten 
oxide on alumina is formed when the mini- 
mum possible distance between tungsten 
centers is achieved. The lower the tungsten 
oxide loading, the more severe the calcina- 
tion temperature must be to reach the 

a) 

‘4 

wax wax wo, wax wax 
8-A$GP, 

( W& I 
wax wax A$(W wax wax 

Cl 0-Ab03 

d) 
/ ‘W”~d, \ 

E-Al&$ 

FIG. 12. Structural transformation of tungsten oxide 
on alumina as a function of calcination temperature. 
For 10% W03/Alz03: (a) 500-8OO”C, (b) 95O”C, (c) 
lOOO”C, and (d) 1050°C. 

close-packed monolayer for a given sup- 
port. At monolayer coverage the Raman 
band for the surface tungsten oxide shifts to 
-1000 cm-’ (Z-3). This suggests that to 
achieve a close-packed monolayer, the 4% 
WO3 on Al203 must be heated to -105O”C, 
6% WO3 on A1203 must be heated to be- 
tween 1000 and 105O”C, 10% W03 on A1203 
must be heated to -950°C and 15% W03 
on Al203 must be heated to -800°C (see 
Table 2). From the surface areas of 15% 
WO3 on AlzOj sample calcined at 800°C 
(128 m2/g), the 10% WO3 on A&O3 sample 
calcined at 950°C (66 m2/g>, and the 4% 
WO3 on A120j sample calcined at 1050°C 
(31 m2/g), the surface density of tungsten is 
calculated to be (4.0 -+ 0.4) x 1018 W atoms/ 
m2 at monolayer coverage of tungsten oxide 
on alumina. This value is in agreement with 
the monolayer value determined by Salvati 
et al. from a plot of XPS (W 4f)l(Al 2~) 
intensity ratios (4.3 X lOI W atoms/m2) (5). 
The surface density of oxygen anions on 
the (111) plan of Al203 is 18 X 1On’ sites/m2. 
Thus, one tungsten oxide surface complex 
occupies approximately 4-5 sites on the 
alumina surface when a close-packed 
monolayer is formed. In practice, it is difti- 
cult to stop the alumina desurfacing process 
to yield exclusively the close-packed tung- 
sten oxide monolayer at these high temper- 
atures. 

The formation of the close-packed tung- 
sten oxide monolayer does not preclude the 
alumina from additional loss in surface area 
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at still higher temperatures. The close- 
packed tungsten oxide monolayer accom- 
modates the further desurfacing by forming 
the bulk tungsten oxide phases WOj and 
A12(W0& as depicted in Figs. 12c and d. 
The W03 crystallites are readily detected 
by laser Raman spectroscopy (see Figs. 6- 
9), but not by XRD (see Table 1) (3, 4). For 
the 10% W03 on A1203 sample, it is esti- 
mated that LRS can detect less than 0.1% 
crystalline W03, but XRD can detect -1% 
crystalline W03 (crystallites ~4 nm). The 
A12(W0& phase can be detected with about 
equal sensitivity by laser Raman spectros- 
copy and XRD (0.3-1.0% A12(WO& for 
10% WO, on A1203). 

The conclusion that the tungsten oxide 
surface complex is the major tungsten ox- 
ide phase for W03 on A1203 samples of I 10 
wt% W03 content when calcined up to 
1000°C is supported by the observation that 
the integrated Raman peak areas for the 
surface tungsten oxide phase are linear with 
tungsten oxide content for samples calcined 
at 800, 950, and 1000°C (see Figs. 10 and 
11). If a significant amount of tungsten ox- 
ide on the alumina support was not present 
as the surface tungsten oxide complex then 
deviations from linearity in the integrated 
Raman peak areas with either tungsten ox- 
ide content or calcination temperature 
would be expected. The same conclusion 
was reached in previous work when the in- 
tegrated Raman band of the surface phase 
tungsten oxide on A&O3 was identical for a 
25% W03 on A1203 sample desurfaced be- 
yond the monolayer limit where crystalline 
WOJ was found and a 15% W03 on A1203 
sample desurfaced to the same surface area 
to the monolayer coverage limit (i.e., no 
crystalline WO3 formed) (II). This earlier 
observation also supports the present con- 
clusion that the surface phase tungsten ox- 
ide on A1203 transforms to crystalline W03 
only when the monolayer coverage limit is 
exceeded. 

Additional insight into the solid state re- 
actions responsible for the formation of 
A12(WO& is provided by controlled atmo- 

sphere electron microscopy (CAEM) stud- 
ies (22). The in situ CAEM studies revealed 
that at high temperature the WO3 particles 
react with the A&O3 support by migration of 
alumina into the W03 particles. Thus WOj 
crystallites must be present in the WO3 on 
A1203 sample for A12(WO& formation to 
occur. Further heating of the W03 on A1203 
samples results in the conversion of all the 
tungsten oxide phases to Alz(WO&, the 
only stable tungsten oxide compound for 
the W-Al-O system. Thus, the model pre- 
sented in Fig. 12 shows the evolution of the 
W03 on A1203 system with calcination tem- 
perature and tungsten oxide loadings. The 
important parameter controlling the phases 
present in the W03 on A1203 system is the 
surface density of the tungsten oxide spe- 
cies on the alumina surface. 

Iannibello et al. also examined the influ- 
ence of high calcination temperature 
(1050°C) upon the phases present in the 
W03 on A&O3 system with laser Raman 
spectroscopy (4). They found that the tung- 
sten oxide complex on the alumina surface 
was stable to high calcination temperatures 
for samples containing 7% W03 on A1203. 
However, for samples containing 18% W03 
on Al2O3 the tungsten oxide surface com- 
plex was converted to Al2(WO& at these 
high temperatures. The present laser Ra- 
man results agree very well with that re- 
ported by Iannibello et al. [The differences 
that exist between the two studies are prob- 
ably due to the use of different sources of y- 
aluminas and different preparation proce- 
dures in the two studies.] In addition, the 
present, more detailed, study reveals that 
the tungsten oxide surface complex is not 
directly converted to A12(W0& as was pro- 
posed by Iannibello et al. (4). Prior to the 
formation of A12(WO&, the surface tung- 
sten oxide complex forms a close-packed 
monolayer with W03 crystallites only form- 
ing when the monolayer coverage limit is 
exceeded. The presence of the W03 crys- 
tallites are apparently required before Al2 
(WO& is formed as observed directly by 
CAEM. Thus, the 7% WOJ on Alz03 sample 
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studied by Iannibello et al. (4) did not form 
A12(WO& after a 1050°C calcination be- 
cause the alumina support did not desur- 
face sufficiently to form crystalline W03 
particles. The model developed for the 
W03 on A1203 system in the present study 
extends our understanding of this complex 
oxide-oxide interaction, and may find ap- 
plicability in describing other similar oxide- 
oxide systems. 

The Raman spectra of several W03 on 
A1203 samples also exhibit a series of weak 
bands between 400 and 850 cm-i (i.e., 4, 6, 
and 10% W03 on A1203 calcined at 950°C 4 
and 6% WO3 on Al203 calcined at lOOO”C, 
and 4% W03 on Al203 calcined at 1050°C). 
The origin of this series of weak Raman 
bands is not completely understood at 
present, but are suspected to represent 
very small, and, therefore, distorted W03 
crystallites. For such distorted W03 crys- 
tallites, the degeneracy of the Raman active 
modes could be removed, and these bands 
could then be split into substates with 
shifted vibrational frequencies. Further- 
more, some modes originally Raman inac- 
tive can become Raman active for such dis- 
torted crystallites. The presence of such 
small, distorted W03 crystallites in W03 on 
A1203 samples does not alter the model de- 
veloped for the W03 on A1203 system. 

V. CONCLUSIONS 

The influence of calcination temperature 
upon the solid state chemistry of WOS on 
A1203 was elucidated with laser Raman 
spectroscopy. Laser Raman spectroscopy 
revealed the amorphous and crystalline 
structural transformations occurring in the 
W03 on A1203 oxide system. Below mono- 
layer coverage of tungsten oxide on alu- 
mina, the tungsten oxide phase is present as 
a highly dispersed and amorphous surface 

complex on the support. A close-packed 
monolayer of the tungsten oxide surface 
complex on alumina is formed as the sur- 
face area of the alumina support decreases 
at high calcination temperatures. The lower 
the tungsten oxide loading, the more severe 
the calcination temperature must be to 
reach the close-packed monolayer. The 
close-packed tungsten oxide monolayer ac- 
commodates the further desurfacing at still 
higher temperatures by forming the bulk 
tungsten oxide phases WO3 and A&(WO&. 
The A12(WO& phase is formed from the re- 
action of W03 crystallites with the A1203 
support. The parameter controlling the 
phases present in the W03 on A1203 system 
is the surface density of the tungsten oxide 
species on the alumina surface. 
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