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Abstract-Tungsten oxide-titania catalysts were prepared by drying powdered Jig@kjammonium metatung-
state aqueous solution, followed by calcining in air at high temperature. 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 due to the interaction between tungsten oxide and titania. Sincestabillz€s 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 ofad/Gbserved at
calcination temperature above 4Q0 The catalytic activities for 2-propanol dehydration and cumene dealkylation
were correlated with the acidity of catalysts measured by ammonia chemisorption method.
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INTRODUCTION does not suffer from dopant loss during thermal treatment and
it undergoes significantly less deactivation during catalytic reac-

Solid acid catalysts play an important role in hydrocarbon con-tion. So far, however, supported tungsten oxide catalysts have
version reactions in the chemical and petroleum industries [Chebeen mainly on alumina and silica [Basrur et al., 1991; Meijers
ung et al., 1995; Tanabe et al., 1989; Lee and Rhee, 1997]. Marst al., 1995], and only some work has been studied for the TiO
kinds of solid acids have been found; their acidic properties orsupport. Moreover, there is no systematic study using a variety
catalyst surfaces, their catalytic action, and the structure of aci@f instruments, although some limited work by Infrared spec-
sites have been elucidated for a long time, and those resultsoscopy and X-ray diffraction was reported [Gutierrez-Alejan-
have been reviewed by Arata [Arata, 1990]. The strong aciditydre et al., 1998; Alemany et al., 1996].
of zirconia-supported sulfate attracted much attention because This paper describes the characterization of tungsten oxide
of its ability to catalyze many reactions such as cracking, alkyl-supported on titania and catalytic activity for acid catalysis. The
ation, and isomerization. The potential for a heterogeneous catharacterization of the samples was performed by means of Fou-
alyst has yielded many papers on the catalytic activity of sulfat-rier transform infrared (FTIR), X-ray diffraction (XRD), X-ray
ed zirconia materials [Arata, 1990; Keogh et al., 1995; Figueragphotoelectron spectroscopy (XPS), Raman, Differential scann-
et al., 1997]. Sulfated zirconia incorporating Fe and Mn has beeiing calorimetry (DSC), and by the measurement of surface area.
shown to be highly active for butane isomerization, catalyzing
the reaction even at room temperature [Hsu et al., 1992; Ade- EXPERIMENTAL
eva et al., 1995].

Several workers have reported that the addition of platinum The precipitate of Ti(OH)was obtained by adding aqueous
to zirconia modified by sulfate ions enhances catalytic activity inammonia slowly into a mixed aqueous solution of titanium tet-
the skeletal isomerization of alkanes without deactivation whenrachloride and hydrochloric acid at room temperature with stirr-
the reaction is carried out in the presence of hydrogen [Ebitaning until the pH of aqueous solution reached about 8. The pre-
et al., 1991; Vaudagna et al., 1997]. The high catalytic activity anctipitate thus obtained was washed thoroughly with distilled water
small deactivation can be explained by both the elimination ofuntil chloride ion was not detected by AgiNédlution, and was
the coke by hydrogenation and hydrogenolysis and the formadried at room temperature for 12 h. The dried precipitate was
tion of Bronsted acid sites from,ldn the catalysts [Ebitani et  powdered (100 mesh) by grinding.
al., 1991]. Recently, Hino and Arata reported zirconia-support- The catalysts containing various tungsten oxide contents were
ed tungsten oxide as an alternative material in reaction requiringrepared by adding an aqueous solution of ammonium meta-
strong acid sites [Arata, 1990; Hino and Arata, 1987]. Severatungstate [(NE(H,W,,0,) - nH,O] (Aldrich) to the Ti(OH) pow-
advantages of tungstate, over sulfate, as dopant include that dter followed by drying and calcining at high temperatures for 4
"To whom correspondence should be addressed. h in air. This series of ca}talysts are denoted by their weight per-
E-mail: jrsohn@knu.ac.kr centage of W@and calcination temperature. For example, 10-
This paper was presented at the 8th APCChE (Asia Pacific Confederad?VO3/TiO, (500) indicates the catalyst containing 10 wt% WO

tion of Chemical Engineering) Congress held at Seoul between Augus@nd calcined at 50C.
16 and 19, 1999. FTIR spectra were obtained in a heatable gas cell at room tem-
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perature by using a Mattson Model GL6030E spectrophotome:
ter. The wafers contained about 9 md/seif-supporting catalyst.
Prior to obtaining the spectra the samples were heated unde
vacuum at 400-50%C for 1.5 h.

The Raman spectra were obtained with a Spex Ramalog spe
trometer with holographic gratings. The 5¥fine from a Spec-
tra-Physics Model 165 argon-ion laser was used as the excitin
source. The laser beam was focussed onto an are@ Driint
in size of the sample surface; & Sattering geometry was used.
The spectral shift width was typically 4 ¢and laser source pow-
ers of approximately 45 mW, measured at the sample, were use:

X-ray photoelectron spectra was obtained with a VG scienti-
fic model ESCALAB MK-11 spectrometer. Al fand Mg K,
were used as the excitation source, usually at 12 kV, 20 mA. Th
analysis chamber was at™@rr or better and the spectra of
sample, as fine powder, were analyzed. Binding energies wer
referenced to the,(level of the carbon at 284.6 eV.

Catalysts were checked in order to determine the structure ¢
the support as well as that of tungsten oxide by means of a Je:
Model JDX-8030 diffractometer, employing Ni-filtered Cy K
radiation.

7: :
: ¢ 400 :
640 515 146

DSC measurements were performed by a PL-STA model I ] ] L i L
1500H apparatus in air, and the heating rate vi&sper min- 1200 1000 800 600 400 200 0
ute. For each experiment 10-15 mg of sample was used. Wavenumber{cm™)

The acid strength of catalyst was measured qualitatively by,:ig_ 1. Raman spectra of WQ, WO,/TiO, (450), and TiQ.
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°C for 1 hr and filled with dry nitorgen. For the determina-  The Raman spectra of Wbtained by calcining ammonium
tion of acid strength of the catalyst the color changes of indica-metatungstate at 453G, WO/TiO, (450),and TiQ under ambi-
tors were observed by spot test. Chemisorption of ammonia wasnt conditions are presented in Fig. 1. The\&@icture is made
employed as a measure of acidity of catalysts. The amount ofip of distorted WQoctahedra. The major vibrational modes of
chemisorption was obtained as the irreversible adsorption of amWQO, are located at 810, 714, and 276%@and have been assign-
monia [Sohn and Ozaki, 1980; Sohn and Ryu, 1993]. Thus theed to the WO stretching mode, the ¥0 bending mode, and
first adsorption of ammonia at 20 and 300 torr was followed the W-O-W deformation mode, respectively [Chan et al., 1984].
by evacuation at 23C for 1 hr and readsorption at 20 the dif- The Raman spectra of the W0OO, (450) samples at loading
ference between two adsorptions at@@iving the amount of  above 10% shows a weak and broad band at ~968xdmith
chemisorption. The specific surface area was determined by applys characteristic of octahedrally coordinated polytungstate spe-
ing the BET method to the adsorption of nitrogenld6°C. cies [Vuurman et al., 1991]. The Raman spectra of thg' MDD
2-propanol dehydration was carried at 160 and@&@a pulse ~ samples containing 5 and 10 wt% of \\W&how a weak and
micro-reactor connected to a gas chromatograph. Fresh catalybtoad bands at ~935 chwhich is characteristic of tetrahedral-
in the reactor made of 1/4 inch stainless steel was pretreated Bt coordinated surface tungsten oxide species [Vuurman et al.,
400°C for 1 h in the nitrogen atmosphere. Diethyleneglycol suc-1991]. This assignment is in agreement with the ¥&l,O,
cinate on Simalite was used as packing material of the gas chr@ystem, where combined Raman and XANES data revealed the
matograph and the column temperature was@86r analyz- presence of distorted tetrahedral coordination at low loading
ing the product. Catalytic activity for 2-propanol dehydration was [Horsley et al., 1987]. In addition to this 968¢rhand, the fea-
represented as mole of propylene converted from 2-propanol peure of titania at 640, 610, 515, 447, 400, 239, and 146ism
gram of catalyst. Cumene dealkylation was carried out at 400also present. The Raman spectrum of rutile, 8@haracteriz-
450°C in the same reactor as above. Packing material for the gasd by the bands at 610, 447, and 23%,cwhereas the Raman
chromatograph was Benton 34 on chromosorb W and columrband, with frequencies of 640, 515, 400, and 146, dras been
temperature was 13Q. Catalytic activity for cumene dealkyla- assigned to the anatase modification [Engweiler et al., 1996].
tion was represented as mole of benzene converted from cumerderefore, TiQ sample calcined at 480 consists of a mixture
per gram of catalyst. Conversion for both reactions was taken asf rutile and anatase phases, which is in agreement with the

the average of the first to sixth pulse values. results of XRD described later.
The molecular structures of the supported tungsten oxide spe-
RESULTS AND DISCUSSION cies depend on the loading. At loading above 20% three bands
appear in the Raman spectrum at 808, 711, and 2¥6strow-
1. Raman and Infrared Spectra ing the presence of crystalline \W[Chan et al., 1984]. These re-
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sults are in good agreement with those of XRD described latel
For 15-WQ/TiO, sample the crystalline W(@hase was not ob-
served, while for 30-WgQIiO, sample the triclinic phase of crys-
talline WO, appeared at the calcination temperature of 500-
800°C. Namely, below monolayer coverage such as 15/WO
TiO, only the surface tungsten oxide species exist on the TiO
surface due to the interaction between Vaad TiQ. It seems
likely that for 30-WQ/TIiO,, monolayer coverage has been ex-

TiO:

5-WOs/Ti0; | 30-WOy/TiO;

ceeded and W(rystals are also present on the ,BGrface.

The Raman spectra above were recorded under ambient col
ditions. To examine the structure of tugnsten oxide complex
under dehydration conditions, IR spectra of YW@, samples
were obtained in a heatable gas cell after evacuation at differer

temperatures for 1 h. The in situ IR spectra for 25/\WQ, (500)

are presented for the range 1,100-900 amig. 2. The IR sin-

gle band at 1,003-1,012 ¢his due to the symmetrical ¥ stre-

tching mode of the tungsten oxide complex bonded to the TiO

surface. As evacuation temperature increases, th@ ¥itetch-

ing mode shifts upward from 1,003 to 1,012°¢cthe band shape
becomes sharper, and the intensity increases. Similar results ha
been obtained with the other samples. This shows that dehydr:
tion changes the molecular structures and that the two-dimen
sional tetrahedrally coordinated tungsten oxide species as we
as the octahedrally coordinated polytungstate species are conve
ed into the same highly distorted, octahedrally coordinated struc
ture as proposed by Wachs et al. [Vuurman et al., 1991]. The
1,012 cnt IR band matches the Raman absorption at 1,015 cm

[Vuurman et al., 1991]. However, the band at 1,015 ontig.

1 was not observed, because Raman spectra were recorded un

ambient conditions.
2. X-ray Diffraction Patterns

Transmittance,%

1 L 1
1100 1000 900
Wavenumber, cm™'
Fig. 2. IR spectra of 25-WQ/TiO, (500) evacuated at different
temperatures: (a) 25°C, (b) 200°C, (c) 300°C, and (d)
400°C.
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Eéq 3. X-ray diffraction patterns of TiO ,, 5-WO,/TiO,, and 30-
WO,/TiO, calcined at different temperatures for 4 h: A,
anatase form TiQ,; R, rutile form TiO .

The crystalline structures of WIO, calcined in air at dif-
ferent temperatures for 4 h were examined. As shown in Fig. 3,
for pure TiQ X-ray diffraction data indicated a two-phase mix-
ture of the rutile and anatase forms at 400900Gnd a rutile
phase at 80tC. However, in the case of supported tungsten oxide
catalysts the crystalline structures of samples were different from
that of the TiQ support. For the 5-WZTiO,, TiO, was present as
a two-phase mixture of rutile and anatase forms at 400800
For pure TiQ only rutile form was observed at 8@ It is as-
sumed that the interaction between tungsten oxide and TiO
hinders the transition of Tidrom anatase to rutile phase. The
presence of tungsten oxide strongly influences the development
of textural properties with temperature. No phase of tungsten
oxide was observed up to 20 wt% at 30Qindicating a good
dispersion of tungsten oxide on the surface of, Sipport due
to the interaction between them. However, as shown in Fig. 3,
for the 30-WQTIO, the triclinic phase of crystaline W(@06=
21.1, 23.6, and 24.4) due to the decomposition of ammonium
metatungstate was observed in the samples calcined at 500-800
°C. 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 WEIiO, samples containing different tung-
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Fig. 4. W, XPS of WO/TiO, (500) having various WQ contents. Temperature, "C

Fig. 5. DSC curves of precursors of WGTIO, catalysts having
_ ) o various WO, contents.
sten oxide contents and calcined at ®0The W 4§, binding

energy measured for WOIO, samples occurred at 36 eV and Table 1. Specific surface area and acidity of W@TiO, catalysts

corresponds to tungsten in the +6 oxidation state J\WZachs calcined at 500C for 4 h
et al., 1985]. Generally, the spectrum of supported &/@road- —
er than that of WQdue to the interaction between the Y\nd Catalyst Surface areafly)  Acidity (mol/g)
support. It is known that there is a very strong interaction be-  TiO, 521 68
tween WQ and AlQO, so that tungsten oxide species are present 2-WQ/TiO, 65.7 80
as W* after calcination of W@AI,O, sample. As shown in Fig. 5-WQ,/TiO, 69.7 86
4, for WQ/TiO, samples calcined in air tungsten oxide species  10-WQ,/TiO, 81.2 118
are present as Windicating the strong interaction between WO 15-WO,TiO, 90.5 144
and TiQ. 20-WO/TiO, 96.6 158
4. Thermal Analysis 25-WOyTiO, 94.1 124
In X-ray diffraction pattern, it was shown that the structure  30-wo/TiO, 92.7 108
of WO/TIO, was different depending on the calcined tempera-  49.\wo,TiO, 81.8 100

ture. To examine the thermal properties for the precursors of sam-=
ples more clearly, their thermal analysis was carried out. For pure
TiO,the DSC curve showed a broad endothermic peak belowty, and acid strength. The specific surface areas of samples cal-
180°C due to water elimination, and an exothermic peak at 28Ccined at 500C for 4 h are listed in Table 1. The presence of tung-
°C due to the TiQcrystallization. In the case of WO, two sten oxide strongly influences the surface area in comparison
additional endothermic peaks appeared &C58nd 300C due with the pure TiQ Specific surface areas of WOO, samples
to the revolution of Nkland HO decomposed from ammonium are much larger than that of pure Jlcined at the same tem-
metatungstate. However, it is of interest to see the influence operature, showing that surface area increases gradually with in-
WO, on the crystallization of Tixfrom amorphous to anatase creasing tungsten oxide content up to 20 wt% of,\itGeems
phase. As shown in Fig. 5, the exothemic peak due to the crystalikely that the interaction between tungsten oxide and pi@®
lization of TiO, appeared at 28C for pure TiQ, while for WQ, tects catalysts from sintering.
[TiO, it was shifted to higher temperatures. The shift increased The acid strength of the catalysts was examined by a color
with increasing WQcontent. It is considered that the interaction change method, using Hammett indicator in sulphuryl chloride.
between WQand TiQ delays the transition of TiGrom amor- The results are listed in Table 2. In this table, (+) indicates that
phous to anatase phase [Sohn et al., 1996]. the color of the base form was changed to that of the conjugat-
5. Surface Properties ed acid form. TiQevacuated at 40C for 1 h has an acid stength

It is necessary to examine the effect of tungsten oxide on théd,<+1.5, while 5-WQTIO, and 15-WQTiO, were estimated
surface properties of catalysts, that is, specific surface area, acide have a Fk—14.5, indicating the formation of new acid sites
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Table 2. Acid strengths of some samples

5-WQ/  15-WOy/

TiO, (500) TiO, (500) /\
Benzeneazodiphenylaming1.5 + + + \
Dicinnamalacetone -30 -
Benzalacetophenone -56 .-
Anthraquinone -82 -
Nitrobenzene =124 -
2, 4-dinitrofluorobenzene-14.5 -

Hammett indicator pKa Ti©O

+ + + + +
+ + + + +

stronger than those of single oxide components. Acids stronge
than H<-11.93, which corresponds to the acid stength of 100%
H,SQ, are superacids [Sohn and Park, 1998]. Consequently, WC
[TiO, catalysts would be solid superacids. The superacidic pro- b 1428 \
perty is attributed to the double bond nature of theOAh the 1620

complex formed by the interaction of Ti@ith tungstate, in a-
nalogy with the case of Zg@nodified with chromate and sulfate
ion [Sohn and Ryu, 1993].

The acidity of catalysts calcined at 5@) as determined by
the amount of NKlirreversibly 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 TiQ) and then the acidity increases very gently with Fi9- 6- _' nfrared spectra of NH; adsorbed on 30-WQTiO, (500)
increasing tungsten oxide content up to 20 wt% of Wids éé?%:(?gl:]gg%lf\?\?(g(/)fr%)_\é\é%;—%; gSSﬁi)i s?en(\?v;z)eltl/gciite q
clear that the acidity is correlated with the specific surface area. at 230°C for 1 h after azdsorption.

Many combinations of two oxides have been reported to gener-

ate acid sites on the surface [Tanabe et al., 1989]. The combina-
tion of TiO, and WQ probably generates stronger acid sites and
more acidity as compared with the separate components.

Infrared spectroscopic studies of ammonia adsorbed on soli
surface have made it possible to distinguish between Bronste
and Lewis acid sites [Satsuma et al., 1988]. Fig. 6 shows the IF
spectra of ammonia adsorbed on 30-YViD, (500) calcined 16
and evacuated at 48D for 1 h. For 30-W@TiIO, (500) the bands
at 1,428 are the characteristic peaks of ammonium ion, which ar
formed on the Bronsted acid sites and the other set of adsor
tion peaks at 1,620 ciris contributed by ammonia coordinately
bonded to Lewis acid sites [Satsuma et al., 1988], indicating the
presence of both Bronsted and Lewis acid sites. Other sample
having different WQcontent also showed the presence of both
Lewis and Bronsted acid sites. Therefore, thesg/Vi@ sam-
ples can be used as catalysts for Lewis or Brénsted acid catalysi
6. Catalytic Activities for Acid Catalysis ar

It is interesting to examine how the catalytic activity of acid
catalyst depends on the acidic property. For both reactions WO

Transmittance,%

1 1 [}
3000 2500 2000 1500 1000 500
Wavenumber, cm’!

20 +

12 +

Activity(x 10 * mol/g)

TiO, catalysts calcined at 450-5T exhibited the highest cata- o

Iytic activities. The catalytic activities for the 2-propanol dehydra- . . , .
tion and cumene dealkylation are measured and the results a 0 10 20 30
illustrated as a function of W@ontent in Figs. 7 and 8, respec- WO, content, wt%

tively, where reaction temperatures are 160°C3@r 2-pro-
panol dehydration and 400-4%8D 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 are due to the difference of necessary acid strength for both reac-
dealkylation is roughly correlated with that of acidity. The dif- tions to occur. In fact, it has been known that 2-propanol dehy-
ferences of catalytic activities for both reactions against aciditydration takes place very readily on weak acid sites, while cumene

Fig. 7. Catalytic activities of WO,/TiO, (500) for 2-propanol de-
hydration as a function of WQ, content.
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