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Abstract-Tmlgsten oxide-titania catalysts were prepared by diying powdered Ti(OH)4 with ammonium metatung- 
state aqueous solution, followed by calcining in air at kigh temperatare. Characterization of prepared catalysts was 
performed by using FTIR, Raman, XPS, XRD, and DSC and by measuring surface area. Upon the addition of 
tungsten oxide to titania up to 20 wt%, the specific surface area and acidity of catalysts increased in proportion to 
the tungsten oxide content clue to the interaction between tmlgsten oxide and titania. Since the TiO2 stabilizes the 
tungsten oxide species, for the samples equal to or less than 20 wt%, tungsten oxide was well dispersed on the sur- 
face of titania, but for the samples containing 25 wt% or above 25 wt%, the triclinic phase of WO3 was observed at 
calcination temperature above 400 ~ The catalytic activities for 2-propanol dehydration and cumene dealkylation 
were correlated with the acidity of catalysts measured by ammonia chemisoiption method. 
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INTRODUCTION 

Solid acid catalysts play an important role in hydrocarbon con- 
version reactions in the chemical and petroleum industries [Che- 
ung et al., 1995; Tanabe et al., 1989; Lee and Rhee, 1997]. Many 
kinds of solid acids have been found; their acidic properties on 
catalyst surfaces, their catalytic action, and the structure of acid 
sites have been elucidated for a long time, and those results 
have been reviewed by Arata [Arata, 1990]. The strong acidity 
of zirconia-supported sulfate attracted much attention because 
of its ability to catalyze many reactions such as cracking, alkyl- 
ation, and isomerization. The potential for a heterogeneous cat- 
alyst has yielded many papers on the catalytic activity of sulfat- 
ed zirconia materials [Arata, 1990; Keogh et al., 1995; Figueras 
et al., 1997]. Sulfated zirconia incorporating Fe and Mn has been 
shown to be highly active for butane isomerization, catalyzing 
the reaction even at room temperature [Hsu et al., 1992; Ade- 
eva et al., 1995]. 

Several workers have reported that the addition of platinum 
to zirconia modified by sulfate ions enhances catalytic activity in 
the skeletal isomerization of alkanes without deactivation when 
the reaction is carried out in the presence of hydrogen [Ebitani 
et al., 1991; Vaudagna et al., 1997]. The high catalytic activity and 
small deactivation can be explained by both the elimination of 
the coke by hydrogenation and hydrogenolysis and the forma- 
tion of Brtnsted acid sites from H2 on the catalysts [Ebitani et 
al., 1991]. Recently, Hino and Arata reported zirconla-support- 
ed tungsten oxide as an alternative material in reaction requiring 
strong acid sites [Arata, 1990; Hino and Arata, 1987]. Several 
advantages of tungstate, over sulfate, as dopant include that it 
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does not suffer from dopant loss during thermal treatment and 
it undergoes significantly less deactivation during catalytic reac- 
tion. So far, however, supported tungsten oxide catalysts have 
been mainly on alumina and silica [Basrur et al., 1991 ; Meijers 
et al., 1995], and only some work has been studied for the TiO2 
support. Moreover, there is no systematic study using a variety 
of instruments, although some limited work by Infrared spec- 
troscopy and X-ray diffraction was reported [Gutierrez-Alejan- 
dre et al., 1998; Alemany et al., 1996]. 

This paper describes the characterization of tungsten oxide 
supported on titania and catalytic activity for acid catalysis. The 
characterization of the samples was performed by means of Fou- 
rier transform infrared (FTIR), X-ray diffraction (XRD), X-ray 
photoelectron spectroscopy (XPS), Raman, Differential scann- 
ing calormletry (DSC), and by the measurement of surface area. 

EXPERIMENTAL 

The precipitate of Ti(OH)4 was obtained by adding aqueous 
ammonia slowly into a mixed aqueous solution of titanium tet- 
rachloride and hydrochloric acid at room temperature with stirr- 
ing until the pH of aqueous solution reached about 8. The pre- 
cipitate thus obtained was washed thoroughly with distilled water 
until chloride ion was not detected by AgNQ solution, and was 
dried at room temperature for 12h. The dried precipitate was 
powdered (100 mesh) by grinding. 

The catalysts containing various tungsten oxide contents were 
prepared by adding an aqueous solution of ammonium meta- 
tungs~te [(NEL)~(H2W12040)'nH20] (Aldrich) to the Ti(OH)~ pow- 
der followed by drying and calcining at high temperatures for 4 
h in air. This series of catalysts are denoted by their weight per- 
centage of W Q  and calcination temperature. For example, 10- 
WOjTiO2 (500) indicates the catalyst containing 10 wt% WO~ 
and calcined at 500 ~ 

FTIR spectra were obtained in a heatable gas cell at room tern- 
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perature by using a Mattson Model GL6030E spectrophotome- 
ter. The wafers contained about 9 mg/cm 2 self-supporting catalyst. 
Prior to obtaining the spectra the samples were heated under 
vacuum at 400-500 ~ for 1.5 h. 

The Raman spectra were obtained with a Spex Ramalog spec- 
trometer with holographic gratings. The 5145-A, line from a Spec- 
tra-Physics Model 165 argon-ion laser was used as the exciting 
source. The laser beam was focussed onto an area 0.1 x0.1 mm 2 
in size of the sample surface; a 90 ~ scattering geometry was used. 
The speclral shift width was typically 4 cm 1, and laser source pow- 
ers of al~proximately 45 mW, measured at the sample, were used. 

X-ray photoelectron spectra was obtained with a VG scienti- 
fic model ESCALAB MK-11 spectrometer. A1 K ,  and Mg K~ 
were used as the excitation source, usually at 12 kV, 20 mA. The 
analysis chamber was at 10 ~ torr or better and the spectra of 
sample, as fine powder, were analyzed. Binding energies were 
referenced to the C18 level of  the carbon at 284.6 eV 

Catalysts were checked in order to determine the structure of  
the support as well as that of tungsten oxide by means of a Jeol 
Model JDX-8030 diffmctometer, employing Ni-filtered Cu K~ 
radiation. 

DSC measurements were performed by a PL-STA model 
1500H apparatus in air, and the heating rate was 5 ~ per min- 
ute. For each e~rperiment 10-15 mg of sample was used. 

The acid strength of catalyst was measured qualitatively by 
using a series of the Hammett indicators [Sohn et al., 1996; Sohn 
and Park, 1998]. The catalyst in a glass tube was pretreated at 
400 ~ for 1 hr and filled with dry nitorgen. For the determina- 
tion of acid strength of the catalyst the color changes of indica- 
tors were observed by spot test. Chemisorption of ammonia was 
employed as a measure of acidity of  catalysts. The amount of 
chemisorption was obtained as the irreversible adsorption of am- 
monia [Sohn and Ozaki, 1980; Sohn and Ryu, 1993]. Thus the 
ftrst adsorption of ammonia at 20 ~ and 300 torr was followed 
by evacuation at 230 ~ for 1 hr and readsorption at 20 ~ the dif- 
ference between two adsorptions at 20 ~ giving the amount of 
chemisorptiorL The specific surface area was determined by apply- 
ing the BET method to the adsorption of nitrogen at -196 ~ 

2-propanol dehydration was carried at 160 and 180 ~ in a pulse 
micro-reactor connected to a gas chromatograph. Fresh catalyst 
in the reactor made of 1/4 inch stainless steel was pretreated at 
400 ~ for 1 h in the nitrogen atmosphere. Diethyleneglycol suc- 
cinate on Simalite was used as packing material of the gas chro- 
matograph and the column temperature was 180 ~ for analyz- 
ing the product. Catalytic activity for 2-propanol dehydration was 
represented as mole ofpropylene converted from 2-propanol per 
gram of catalyst. CS~rnene dealkylation was carried out at 400- 
450 ~ in the same reactor as above. Packing material for the gas 
chromatograph was Benton 34 on chromosorb W and column 
temperature was 130 ~ Catalytic activity for cumene dealkyla- 
tion was represented as mole of benzene converted from cumene 
per gram of catalyst. Conversion for both reactions was taken as 
the average of the first to sixth pulse values. 

RESULTS AND DISCUSSION 

1. Raman and Infrared Spectra 
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Fig. 1. Raman spectra of WO3, WOdTiO2 (450), and TiO2. 

The Raman spectra of WO~ obtained by calcining ammonium 
metatungstate at 450 ~ WO]TiO2 (450), and T iQ  under ambi- 
ent conditions are presented in Fig. 1. The WO3 structure is made 
up of distorted WO3 octahedra. The major vibrational modes of 
WO3 are located at 810, 714, and 276 cm -1, and have been assign- 
ed to the W = O  stretching mode, the W=O bending mode, and 
the W-O-W deformation mode, respectively [Chan et al., 1984]. 
The Raman spectra of  the WO]TiO2 (450) samples at loading 
above 10% shows a weak and broad band at -968 cm 1 which 
is characteristic of  octahedrally coordinated polytungstate spe- 
cies [Vuurman et al., 1991]. The Raman spectra of the WO{TiO~ 
samples containing 5 and 10 wt% of W Q  show a weak and 
broad bands at -935 cm -1 which is characteristic of tetrahedral- 
ly coordinated surface tungsten oxide species [Vuurman et al., 
1991]. This assignment is in agreement with the WO3/7-A1203 
system, where combined Raman and XANES data revealed the 
presence of distorted tetrahedral coordination at low loading 
[Horsley et al., 1987]. In addition to this 968 cm -~ band, the fea- 
ture of titania at 640, 610, 515, 447, 400, 239, and 146 cm 1 is 
also present. The Raman specmun of rutile TiO2 is characteriz- 
ed by the bands at 610, 447, and 239 cm -~, whereas the Raman 
band, with frequencies of 640, 515, 400, and 146 cm 1, has been 
assigned to the anatase modification [Engweiler et al., 1996]. 
Therefore, TiO2 sample calcined at 450 ~ consists of a mixture 
of rutile and anatase phases, which is in agreement with the 
results of XRD described later. 

The molecular structures of the supported tungsten oxide spe- 
cies depend on the loading. At loading above 20% three bands 
appear in the Raman spectrum at 808, 711, and 276 cm -1, show- 
ing the presence of crystalline WO3 [Chan et al., 1984]. These re- 
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suits are in good agreement with those of XRD described later. 
For 15-WOJTiO2 sample the crystalline WO3 phase was not ob- 
served, while for 30-WO3/TiO2 sample the triclinic phase of crys- 
talline WO3 appeared at the calcination temperature of 500- 
800 ~ Namely, below monolayer coverage such as 15-WO] 
TiO2 only the surface tungsten oxide species exist on the TiO2 
surface due to the interaction between W Q  and TiO2. It seems 
likely that for 30-WO]TiO2, monolayer coverage has been ex- 
ceeded and WO3 crystals are also present on the TiO2 surface. 

The Raman spectra above were recorded under ambient con- 
ditions. To examine the structure of tugnsten oxide complex 
under dehydration conditions, IR spectra of WO]TiO2 samples 
were obtained in a heatable gas cell after evacuation at different 
temperatures for 1 h. The in situ IR sFecWa for 25-WOdTiO, (500) 
are presented for the range 1,100-900 cm 1 in Fig. 2. The IR sin- 
gle band at 1,003-1,012 cm -z is due to the symmetrical W=O stre- 
tching mode of the tungsten oxide complex bonded to the TiO2 
svrface. As evacuation tempem0are increases, the W=O stretch- 
ing mode shifts upward from 1,003 to 1,012 am-z, the lmnd shape 
becomes sharper, and the intensity increases. Similar results have 
been obtained with the other samples. This shows that dehydra- 
tion changes the molecular structures and that the two-dimen- 
sional tetrahedrally coordinated tungsten oxide species as well 
as the octahedrally coordinated polytungstate species are convert- 
ed into the same highly distorted, octahedrally coordinated struc- 
ture as proposed by Wachs et al. [Vuurman et al., 1991]. The 
1,012 crn -z IR band matches the Raman absorption at 1,015 cm -l 
[Vuurman et al., 1991]. However, the band at 1,015 cm ~ in Fig. 
1 was not observed, because Raman spectra were recorded under 
ambient conditions. 
2. X-ray Diffraction Patterns 
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Fig. 3. X-ray diffraction patterns of TiO2, 5-WOdTiO2, and 30- 
WOdTiO2 calcined at different temperatures for 4 h: A, 
anatase form TiO2; R, rntile form T i O  v 
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Fig. 2. IR spectra of 25-WO~TiO2 (500) evacuated at different 
temperatures: (a) 25 ~ (b) 200 ~ (c) 300 ~ and (d) 
400 ~ 

The crystalline stmcOares of WOJTiO2 calcined in air at dif- 
ferent temperatures for 4 h were examined. As shown in Fig. 3, 
for pure TiO2 X-ray diffraction data indicated a two-phase mix- 
ture of the ruffle and anatase forms at 400-700 ~ and a rutile 
phase at 800 ~ However, in the case of supported tungsten oxide 
catalysts the crystalline structures of samples were different from 
that of the TiO2 support. For the 5-WO]TiO2, TiO2 was present as 
a two-phase mixture of rutile and anatase forms at 400-800 ~ 
For pure TiO2 only ruffle form was observed at 800 ~ It is as- 
sumed that the interaction between tungsten oxide and TiO2 
hinders the transition of TiO2 from anatase to ruffle phase. The 
presence of tungsten oxide strongly influences the development 
of texawal properties with temperature. No phase of tungsten 
oxide was observed up to 20 wt% at 500 ~ indicating a good 
dispersion of tungsten oxide on the surface of TiO2 support due 
to the interaction between them. However, as shown in Fig. 3, 
for the 30-WOdTiO2 the triclinic phase of crystaline WO3 (20= 
21.1, 23.6, and 24.4) due to the decomposition of ammonium 
metatungstate was observed in the samples calcined at 500-800 
~ These results are in good agreement with those of Raman 
spectra described above. 
3. X-ray Photoelectron Spectra 

Interactions with a support can dramatically change the pro- 
perties of metals or metal oxides [Sohn et al., 1996]. Fig. 4 shows 
the W 4f spectra of WOJTiO2 samples containing different tung- 
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Fig. 4. W# XPS of WOdTiO~ (500) having various WO3 contents. 

sten oxide contents and calcined at 500 ~ The W 4f?~2 binding 
energy measured for WO3/TiO 2 samples occurred at 36 eV and 
corresponds to tungsten in the +6 oxidation state (WO3) [Vhchs 
et al., 1985]. Generally, the spectrum of supported WO3 is broad- 
er than that of WO3 due to the interaction between the WO3 and 
support. It is known that there is a very strong interaction be- 
tween WO3 and A1203 so that tungsten oxide species are present 
as W +6 after calcination of WOJA1203 sample. As shown in Fig. 
4, for WO3/TiO2 samples calcined in air tungsten oxide species 
are present as W § indicating the strong interaction between WO3 
and TiO2. 
4. Thermal  Analysis 

In X-ray diffraction pattern, it was shown that the structure 
of WO3/TiO2 was different depending on the calcined tempera- 
ture. To examine the themral properties for the precursors of sam- 
ples more clearly, their thermal analysis was carried out. For pure 
TiO2 the DSC curve showed a broad endothemlic peak below 
180 ~ due to water elimination, and an exothem~ic peak at 280 
~ due to the TiO2 crystallization. In the case of  WQ/TiO2 two 
additional endothemlic peaks appeared at 50 ~ and 300 ~ due 
to the revolution o f N H  3 and H20 decomposed from ammonium 
metatungstate. However, it is of interest to see the influence of 
W Q  on the crystallization of TiO2 from amorphous to anatase 
phase. As shown in Fig. 5, the exothemic peak due to the crystal- 
lization of TiO2 appeared at 280 ~ for pure TiO2, while for WO3 
/TiO2 it was shifted to higher temperatures. The shift increased 
with increasing WO3 content. It is considered that the interaction 
between WO3 and TiO2 delays the Wansition of TiO2 from amor- 
phous to anatase phase [Sohn et al., 1996]. 
5. Surface Properties 

It is necessary to examine the effect of tungsten oxide on the 
surface properties of catalysts, that is, specific surface area, acid- 
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Fig. 5. DSC curves of precursors of WOdTiO2 catalysts having 
various WO 3 contents. 

Table 1. Specific surface area and acidity of WOJTiO2 catalysts 
calcined at 500 ~ for 4 h 

Catalyst Surface area (m2/g) Acidity (pmol/g) 

TiO2 52.1 68 
2-WOjTiO2 65.7 80 
5-WOjTiO 2 69.7 86 
10-WOdTiO2 81.2 118 
15-WO3/TiO2 90.5 144 
20-WOJTiO 2 96.6 158 
25-WOdTiO2 94.1 124 
30-WO3/TiO2 92.7 108 
40-WOjTiO 2 81.8 100 

ity, and acid strength. The specific surface areas of samples cal- 
cined at 500 ~ for 4 h are listed in Table 1. The presence of tung- 
sten oxide strongly influences the surface area in comparison 
with the pure TiO2. Specific surface areas of WOs/TiO 2 samples 
are much larger than that of pure TiO2 calcined at the same tem- 
perature, showing that surface area increases gradually with in- 
creasing tungsten oxide content up to 20 wt% of WO3. It seems 
likely that the interaction between tungsten oxide and TiO2 pro- 
tects catalysts from sintering. 

The acid strength of the catalysts was examined by a color 
change method, using Hammett indicator in sulphuryl chloride. 
The results are listed in Table 2. In this table, (+) indicates that 
the color of the base form was changed to that of the conjugat- 
ed acid form. TiO2 evacuated at 400 ~ for 1 h has an acid stength 
H0_<+l.5, while 5-WO3/TiO 2 and 15-WO]TiO2 were estimated 
to have a H0----14.5, indicating the formation of new acid sites 
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Table 2. Acid strengths of some samples 

5-WOj 15-WOj 
Hammett indicator pKa TiO 2 

TiQ (500) TiO2 (500) 

Benzeneazodiphenylamine + 1.5 + + + 
Dicinlmmalacetone - 3.0 + + 
Benzalacetophenone 5.6 .- + + 
Ant'.m-aquinone - 8.2 + + 
Nitrobenzene - 12.4 + + 
2, 4-dinitrofluorobenzene 14.5 + + 

s~onger than those of single oxide components. Acids stronger 
than H0_<-11.93, which correslmnds to the acid stength of 100% 
H2SO4, are superacids [Sohn and Park, 1998]. Consequently, WO~ 
/TiO2 catalysts would be solid superacids. The superacidic pro- 
perty is attributed to the double bond nature of the W = O  in the 
complex formed by the interaction of TiO2 with tungstate, in a- 
nalogy with the case ofZrO 2 modified with chromate and sulfate 
ion [Sohn and Ryu, 1993]. 

The acidity of catalysts calcined at 500 ~ as determined by 
the amount of NH3 irreversibly adsorbed at 230 ~ [Sohn and 
Ryu, 1993; Sohn et al., 1996], is listed in Table 1. As listed in 
Table 1, the acidity increases upon the addition of 2 wt% tung- 
sten oxide to TiO2, and then the acidity increases very gently with 
increasing tungsten oxide content up to 20 wt% of WO> It is 
clear that the acidity is correlated with the specific surface area. 
Many combinations of two oxides have been reported to gener- 
ate acid sites on the surface [Tanabe et al., 1989]. The combina- 
tion of TiO2 and WO3 probably generates stronger acid sites and 
more acidity as compared with the separate components. 

Infrared spectroscopic studies of ammonia adsorbed on solid 
surface have made it possible to distinguish between Br~3nsted 
and Lewis acid sites [Satsuma et al., 1988]. Fig. 6 shows the IR 
spectra of ammonia adsorbed on 30-WOjTiO2 (500) calcined 
and evacuated at 400 ~ for 1 b_ For 30-WOjTiO2 (500) the bands 
at 1,428 are the characteristic peaks of ammonium ion, which are 
formed on the Br6nsted acid sites and the other set of adsorp- 
tion peaks at 1,620 cm z is contributed by ammonia coordinately 
bonded to Lewis acid sites [Satsuma et al., 1988], indicating the 
presence of both Br~3nsted and Lewis acid sites. Other samples 
having different WO3 content also showed the presence of both 
Lewis and Br~3nsted acid sites. Therefore, these WO3/TiO 2 sam- 
ples can be used as catalysts for Lewis or Br6nsted acid catalysis. 
6. Catalytic Activities for Acid Catalysis 

It is interesting to examine how the catalytic activity of acid 
catalyst depends on the acidic property. For both reactions W O j  
TiO2 catalysts calcined at 450-500 ~ exhibited the highest cata- 
lytic activities. The catalytic activities for the 2-propanol dehydra- 
tion and cumene dealkylation are measured and the results are 
illustrated as a function of WO3 content in Figs. 7 and 8, respec- 
tively, where reaction temperatures are 160-180 ~ for 2-pro- 
panol dehydration and 400-450 ~ for cumene dealkylation. In 
view of Table 1 and Figs. 7 and 8, the variation in catalytic activ- 
ity for 2-propanol dehydration is correlated with the change of 
acidity. However, the variation in catalytic activity for cumene 
dealkylation is roughly correlated with that of acidity. The dif- 
ferences of catalytic activities for both reactions against acidity 
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Fig. 6. Infrared spectra of NH3 adsorbed on 30-WOr/YiO: (500) 
: (a) background of 30-WOdTiO~ (500) and (b) NH3 ad- 
sorbed on 30-WOyTiO2 (500). Gas phase was evacuated 
at 230 ~ for 1 h after adsorption. 
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Fig. 7. Catalytic activities of WOyTiO~ (500) for 2-propanol de- 
hydration as a function of WO 3 content. 

are due to the difference of necessary acid strength for both reac- 
tions to occur. In fact, it has been known that 2-propanol dehy- 
dration takes place very readily on weak acid sims, while cumene 
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Fig. 8. Catalytic activities of WOjTiO2  (500) for cumene deal- 
kylal ion as a function of  WO3content.  

dealkylation does on relatively strong acid sites [DeCanio et al., 
1986]. In view of the catalytic data shown in Figs. 7 and 8 for 2- 
propanol dehydration and cumene dealkylation reactions, where 
the reaction temperatures were 160-180 ~ for the former and 
400-450 ~ for the latter, it is clear that 2-propanol dehydration 
takes place more readily than cumene dealkylation. 

C O N C L U S I O N S  

This paper has shown that a combination of F r IK  Raman spec- 
troscopy, and XRD can be used to perform the characterization 
of WO3/TiO2 prepared by drying a mixed solution of ammonium 
metatungstate and Ti(OH)4 and calcining in air. The interaction 
between tungsten oxide and titania influences the physicochemi- 
cal properties of prepared catalysts with calcination temperature. 
The specific surface area and acidity of catalysts increase in pro- 
portion to the tungsten oxide content up to 20 w t %  Since the 
TiO2 stabilizes the surface tungsten oxide species, for the sam- 
ples equal to or less than 20 wt%, tungsten oxide was well dis- 
persed on the surface of titania, but for the samples above 20 
wt% the triclinic phase of WO3 was observed at any calcination 
temperature. Upon the addition of only a small amount of tung- 
sten oxide (2 wt%) to titania, both the acidity and acid strength 
of the catalyst increases remarkably, showing the presence of 
Br6nsted and Lewis acid sites on the surface of WO/TiOy. The 
high acid strength and high acidity are responsible for the W = O  
bond nature of complex formed by the interaction between WO~ 
and TiOy. The catalytic activities of WO/TiO2 catalysts for 2- 
propanol dehydration and cumene dealkylation were roughly 
correlated to their acidity. 

This work was supported by the Korea Science and Engi- 
neering Foundation (Grant No.: 981-1101-004-2) and the Re- 
search Center for Catalytic Technology at Pohang University of 
Science and Technology. 
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