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Abstract NiO/Al,03;-TiOp/WO;3; catalysts for acid
catalysis were prepared by the addition of Al,O5; and the
modification with WOj3;. The strong acid sites were formed
through the bonding between dispersed WO; and TiO,.
The larger the dispersed WO5; amount, the higher both the
acidity and catalytic activity. The addition of Al,O3 up to
5 mol% enhanced acidity and catalytic activity of NiO/
Al,O53-TiO,/WO3 gradually due to the interaction between
Al,O5; and TiO, and consequent formation of Al-O-Ti
bond. The presence of NiO may attract reactants and
enhance the local concentration of reactants near acid sites
and consequently increase catalytic activity.

Keywords 2-Propanol dehydration - Cumene
dealkylation - Al,O3 addition - WO3 modification -
Dispersed WO;3 - Acidity

1 Introduction

Many kinds of solid acids have been found: their acidic
properties, their catalysis, and the structure of acid site
have been elucidated and those results have been reviewed
by several workers [1-4]. Solid acid catalysts are finding
numerous applications in many areas. Liquid superacids
based on HF, which are efficient and selective at room
temperature, are not suitable for industrial processes due to
separation problems tied with environmental regulations
[5]. Many catalysts were reported in the literature including
AlICl; with additives like SbCly; and HCI, chlorinated
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alumina, transition metal-exchanged zeolites, heteropoly
acids and some bifunctional catalysts [6]. Most of these
catalysts suffer from different drawbacks such as high
working temperature, continuous supply of chlorine and a
high hydrogen pressure. Conventional industrial acid cat-
alysts, such as sulfuric acid, AICl;, and BF;, have
unavoidable drawbacks because of their severe corrosivity
and high susceptibility to water. Thus the search for
environmentally benign heterogeneous catalysts has driven
the worldwide research of new materials as a substitute for
current liquid acids and halogen-based solid acids. Among
them sulfated oxides, such as sulfated zirconia, titania, and
iron oxide exhibiting high thermostability, superacidic
property, and high catalytic activity, have evoked
increasing interest [2, 3, 7].

The cracking of hydrocarbons that are catalyzed by acid-
treated clays or silica alumina, gives rise to a much dif-
ferent product distribution than that obtained by thermal
reaction. These solid-catalyzed reactions exhibit features
similar to reactions catalyzed by mineral acids. It is well
known that the surface acidity of a metal oxide is improved
with the incorporation of another metal oxide to form a
mixed oxide catalyst. A number of combination of metal
oxides generates acid sites [8—15]. A major disadvantage
associated with TiO, support is its low specific surface area
and low thermal stability of the anatase structure at high
temperatures. TiO, alone is impractical as a catalyst
because of its low catalytic activity. However, mixed oxide
systems combining TiO, with such oxides as V,0s, Al,O3,
MoOQs;, P,0Os, SiO,, and ZnO are known to be effective for
various reactions [11, 16-19].

The strong acidity of sulfated zirconia has attracted much
attention because of its ability to catalyze many reaction
such as cracking, alkylation, and isomerization. Recently,
some workers reported zirconia or titania-supported



Effects of Al,0; Addition and WO3; Modification on Catalytic Activities

117

WOj; as alternative materials in reactions requiring strong
acid sites [1, 3, 20, 21]. Several advantages of tungstate over
sulfate as dopant include the facts that they do not suffer
from dopant loss during thermal treatment and that they
undergo significantly less deactivation during catalytic
reaction [21].

The search for a more active catalyst is a never ending
task. At the same time that increased catalytic activity is
sought, an improvement in selectivity to the desired
product is also required. It is known that for titania-sup-
ported catalyst its surface area and catalytic activity are
decreasing under the severe reaction condition. To over-
come these deficiencies, titania was added by Al,O5; and
was modified with WO;3 by taking advantage of high
acidity, high thermal stability, and high surface area of
modified TiO,. In this paper we report new acid catalyst
prepared by adding Al,O; to TiO, and modifying TiO,
with WO; for acid catlaysis. For the acid catalysis, the
2-propanol dehydration and cumene dealkylation were
used as test reactions.

2 Experimental
2.1 Catalyst Preparation

The Al,O5-TiO, mixed oxide was prepared by a co-pre-
cipitation method using aqueous ammonia as the
precipitation reagent. The coprecipitate of Al(OH);—
Ti(OH), was obtained by adding aqueous ammonia slowly
into a mixed aqueous solution of titanium tetrachloride and
aluminum nitrate(Junsei Chemical Co.) at room tempera-
ture with stirring until the pH of the mother liquor reached
about 8. Ni(OH),/Al(OH);-Ti(OH),; was prepared by
adding aqueous ammonia slowly into a mixed solution of
NiCl, solution and dried AI(OH);-Ti(OH), with stirring
until the pH of solution reached about 8. The catalysts
containing various tungsten oxide contents were prepared
by adding an aqueous solution of ammonium metatungstate
[(NH4)6(H2W12040) . I’leO] to the dried Nl(OH)z/
Al(OH);-Ti(OH)4 powder followed by drying and calcin-
ing at high temperatures for 1.5 h in air. This series of
catalysts are denoted by their weight percentage of NiO
and WOs3;. For example, 20NiO/5A1,03-TiO,/15WO;3
indicates the catalyst containing 20 wt% NiO, and 15 wt%
WOs3, and 5 mol% Al,O3 regarding only TiO,.

2.2 Procedure
FTIR spectra were obtained in a heatable gas cell at room

temperature using a Mattson Model GL6030E spectro-
photometer. The self-supporting catalyst wafers contained

about 9 mg cm™2. Prior to obtaining the spectra, we heated
each sample under vacuum at 100400 °C for 1 h. Cata-
lysts were checked in order to determine the structure of
the prepared catalysts by means of a Philips Xpert-APD X-
ray diffractometer, employing Ni-filtered Cu K, radiation.

The specific surface area was determined by applying
the BET method to the adsorption of N, at —196 °C.
Chemisorption of ammonia was also employed as a mea-
sure of the acidity of catalysts. The amount of
chemisorption was determined based on the irreversible
adsorption of ammonia [7, 22, 23]. Thus, the first adsorp-
tion of ammonia at 20 °C and 300 Torr was followed by
evacuation at 230 °C for 1 h and readsorption at 20 °C, the
difference between two adsorptions at 20 °C giving the
amount of chemisorprion.

2-Propanol dehydration was carried out at 160—180 °C in
a pulse micro-reactor connected to a gas chromatograph.
Fresh catalyst in the reactor made of 1/4 in. stainless steel
was pretreated at 400 °C for 1 h in a nitrogen atmosphere.
Diethyleneglycol succinate on shimalite was used as pack-
ing material of the gas chromatograph and the column
temperature for analyzing the product was 150 °C. Catalytic
activity for 2-propanol dehydration was represented as mol
of propylene converted from 2-propanol per gram of cata-
lyst. Cumene dealkylation was carried out at 400—450 °C in
the same reactor as above. Packing material for the gas
chromatograph was Bentone 34 on chromosorb W and
column temperature was 130 °C. Catalytic activity for
cumene dealkylation was represented as mol of benzene
converted from cumene per gram of catalyst. Conversions
for both reactions were taken as the average of the first to
sixth pulse values.

3 Results and Discussion
3.1 Infrared Spectra of WO5; Species

To examine the structure of tungsten oxide complex under
dehydration conditions, infrared spectra of 20NiO/5A1,05—
TiO,/15WO; samples were obtained in a heatable gas cell
after evacuation at different temperatures for 1 h. The in situ
infrared spectra in the 900-1,100 cm™' region for 20NiQ/
5A1,03-TiO,/15WOj; are presented in Fig. 1. The infrared
single band at 1,003-1,012 cm™! is due to the symmetrical
W=0 stretching mode of the tungsten oxide complex coor-
dinated to the 5A1,05-TiO; surface [24]. As shown in Fig. 1,
as evacuation temperature increases, the W=0 stretching
mode shifts upward from 1,003 cm™ to 1,012 cm™', the
band becomes sharper, and the intensity increases. The
similar results have been obtained with the other samples.
This shows that the dehydration changes the molecular
structures and that the two-dimensional tetrahedrally
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Fig. 1 (A) Infrared spectra of 20NiO/5A1,05-TiO,/15WO; evacu-
ated at different temperatures for 1 h: (a) 100 °C (b) 200 °C (c)
300 °C and (d) 400 °C. (B) Infrared spectra of 20NiO/5A1,05-TiO,/
WOj; containing different WO; contents and evacuated at 400 °C for
1 h: (a) 20NiO/5A1,03-TiO,/3WO;5 (b) 20NiO/5A1,05-Ti0,/5WO;3
(c) 20NiO/5A1,05-TiO»/10WO3 and (d) 20NiO/5A1,05-TiO,/
15WO;

coordinated tungsten oxide species as well as the octahe-
drally coordinated polytungstate species are converted into
the same highly distorted octahedrally coordinated structure
as proposed for the WO3/TiO, system by Wachs et al. [25].
For the other 20NiO/5A1,03-Ti0,/WOj3; samples containing
different WO5 contents and evacuated at 400 °C the band
intensity at 1,012 cm™' increased with increasing the WO
content, indicating that the higher the WO; content, the more
the octahedrally coordinated WOj3 species.

3.2 Crystalline Structures of Catalysts

The crystalline structures of catalysts calcined in air at
different temperatures for 1.5 h were examined. In the case
of titania support, as shown in Fig. 2, TiO, was amorphous
to X-ray diffraction at 25 °C, with an anatase phase
300-400 °C, a two-phase mixture of the anatase and rutile
forms at 500-600 °C, and a rutile phase at 700-800 °C.
Three crystal structures of TiO,, i.e., anatase, rutile, and
brookite phases have been reported [26, 27]. However, in
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Fig. 2 X-ray diffraction patterns of TiO, calcined at different
temperatures for 1.5 h: (), anatase phase of TiO,; (@), rutile phase
of TiO,

the case of SAI,O5-TiO,, the crystalline structures of the
samples were different from the structure of pure TiO,
(This figure is not shown here). 5SAl,03-TiO, calcined at
400 °C are mostly amorphous. The transition temperature
of TiO, from amorphous to anatase phase was higher by
200 °C than that of pure TiO,. X-ray diffraction data
indicated only the anatase phase of TiO, at 500-800 °C,
showing that the amount of anatase TiO, phase increased
with increasing the calcination temperature. It is assumed
that the interaction between Al,O3 and TiO, hinders
the phase transition of TiO, from amorphous to anatase
[28-30].

The XRD patterns of 20NiO/5A1,03-TiO»/WO;3 cal-
cined at 400 °C for 1.5 h as a function of WO;5 content are
shown in Fig. 3. WO; remained amorphous to X-ray dif-
fraction up to 15 wt%, indicating good dispersion on the
surface of catalyst. However, from 20 wt% of WOs;, the
XRD data indicated the presence of a two-phase mixture of
monoclinic phase of WO; and anatase phase of TiO,,
where the crystallinity of anatase phase TiO, was very poor
due to the interaction between TiO, and the other oxides.
In general, for the calcination temperature of 400-500 °C
the hexagonal and monoclinic phases of WOj; are present
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Fig. 3 X-ray diffraction patterns of 20NiO/5A1,05;-TiO,/WOj3 con-
taining different WO5 contents and calcined at 400 °C for 1.5 h: (O),
anatase phase of TiO,; (H), monoclinic phase of WO3

[31]. However, in case of 20NiO/Al,05-TiO,/WO;3 con-
taining WO; content above 15 wt%, only the monoclinic
phase of WO;3; was observed, as shown in Fig. 3.

XRD patterns of NiO/5A1,03-TiO,/15WO; calcined at
400 °C for 1.5 h as a function of NiO content are shown in
Fig. 4. NiO was amorphous to X-ray diffraction regardless
of NiO content up to 30 wt% of NiO, indicating excellent
dispersion on the surface of catalyst. The other compo-
nents, WO; and Al,Oj3 also remained amorphous to X-ray
diffraction. In this case, also very poor crystallinity of
anatase phase TiO, was observed due to the interaction
between TiO, and other components. For the above Al,O5-
promoted catalysts, there are no characteristic peaks of
Al,O3 in the XRD patterns, implying that Al,O5 is suffi-
ciently homogeneously mixed with titania.

The crystalline structures of 20NiO/5Al1,05-TiO,/
15WO3; calcined in air at different temperatures for 1.5 h
were examined. As shown in Fig. 5, the catalyst was
amorphous to X-ray diffraction up to 400 °C. However, for
the calcination temperature of 500 °C XRD data indicated a
two-phase mixture of monoclinic phase of WO; and anatase
phase of TiO,. The amount of two phases of TiO, and WO;
increased with increasing calcination temperature, indicat-
ing that the interaction between NiO or WO; and TiO,

20

Fig. 4 X-ray diffraction patterns of NiO/5A1,05-TiO»/15WOj3; con-
taining different NiO contents and calcined at 400 °C for 1.5 h: (O),
anatase phase of TiO,

hinders the transition of TiO, from amorphous to anatase
phase [28, 32]. The presence of NiO and WO; strongly
influences the development of textural properties with
temperature in comparison with pure TiO,. In fact, it is
reported that for pure TiO, two phases of anatase and rutile
TiO, are present at the calcination temperature of 350 °C
because of no interaction of titania [32]. No phase of NiO
was observed in any phase at all calcination temperature,
indicating good dispersion of NiO on the surface of TiO,
support due to the interaction between them. For the cal-
cination temperature of 600 °C a new phase of monoclinic
nickel tungstate (NiWQ,) was observed through the reac-
tion between NiO and WOs, showing that the amount of
nickel tungstate increased with increasing calcination tem-
perature, as shown in Fig. 5. For the calcination
temperature of 700 °C a phase of rhombohedral nickel
titanate (NiTiO3) was observed newly through the reaction
between NiO and TiO,, but this phase disappeared at the
calcination temperature of 800 °C due to the the decom-
position of NiTiOs. For the calcination temperature of
800 °C a phase transition from anatase TiO, to rutile TiO,
occurred, showing the presence of a three-phase mixture of
the anatase and rutile forms, and nickel tungstate.
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Fig. 5 X-ray diffraction patterns of 20NiO/5A1,05-TiO,/15WO;
calcined at different temperatures for 1.5 h: (), anatase phase of
TiO,; (@), rutile phase of TiO,; (M), monoclinic phase of WO3;; (&),
monoclinic phase of NiWOQy; (X), rhombohedral phase of NiTiO3

3.3 Surface Properties

The specific surface areas of NiO/5A1,03-TiO,/15WO;
catalysts containing different NiO contents and calcined
at 400 °C for 1.5 h are listed in Table 1. The presence of
NiO and Al,O; influences the surface area in comparison
with that of the pure TiO,. Specific surface areas of NiO/
5A1,05-TiO,/15WO3 samples are larger than that of
5A1,03-TiO,(93 m’ g’l) calcined at the same tempera-
ture, showing that surface area increases gradually with
increasing nickel oxide loading up to 20 wt%. It seems
likely that the interactions between nickel oxide (or
Al,O3) and TiO, prevent catalysts from crystallizing [1].
The decrease of surface area for NiO/5A1,03-TiO,/
15WO; samples containing NiO above 20 wt% is due to
the blocking of TiO, pores by the increased NiO loading.
The acidity of catalysts calcined at 400 °C, as deter-
mined by the amount of NHj irreversibly adsorbed at
230 °C [22, 23, 28, 33], is also listed in Table 1. The
variation of acidity runs parallel to the change of surface
area. The acidity increases with increasing nickel oxide
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content up to 20 wt% of NiO. The acidity is correlated
with the catalytic activities for acid catalysis discussed
below.

The specific surface areas of 20NiO/5A1,03-TiO,/
WO; catalysts containing different WO5; contents and
calcined at 400 °C for 1.5 h are listed in Table 2. The
presence of WOj; also influences the surface area. The
surface area increases gradually with increasing tungsten
oxide loading up to 15 wt%. It seems likely that the
interactions between tungsten oxide (or Al,O3) and TiO,
prevent catalysts from crystallizing [1]. The decrease of
surface area for 20NiO/5A1,03-TiO,/WO5; samples
containing WO;3; above 15 wt% is also due to the
blocking of TiO, pores by the increased WO; loading.
The acidity of catalysts calcined at 400 °C, as deter-
mined by the amount of NHj; irreversibly adsorbed at
230 °C [22, 23, 28, 33], is also listed in Table 2. It seems
likely that strong acid sites are formed through the
bonding between dispersed WO3 and TiO,. Similarly to
the case of sulfated metal oxides, the new acid sites can
be formed and the acid strength can be strongly enhanced
by the inductive effect of tungstate ion bonded to the
surface of catalyst as follows [1, 2]:

Table 1 Specific surface area and acidity of NiO/5A1,03-TiOy/
15WO5 catalysts containing various NiO contents and calcined at
400 °C for 1.5 h

NiO content, wt% Surface area, m2/g Acidity, pmol/g

205 204
5 260 225
10 274 232
15 281 234
20 285 247
25 272 211
30 248 203

Table 2 Specific surface area and acidity of 20-NiO/5A1,05-TiO,/
WO; catalysts containing various WOs5 contents and calcined at
400 °C for 1.5 h

WO; content, wt% Surface area, m*/g Acidity, pmol/g

200 192
257 210
262 213
10 269 221
15 285 247
20 236 226
30 226 220
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To examine the effect of WO5; modification on the acid
strength, the acid strength of the catalysts was examined by
a color change method, using Hammett indicator [28, 34]
in sulphuryl chloride. The 5NiO/5A1,05-TiO,/15WO;3
sample after evacuation at 500 °C for 1 h was estimated to
have Hj < —14.5, indicating the formation of superacidic
sites. However, the acid strength of 5NiO/5Al,03-TiO,
without WO; was found to be Hy < —8.2. It is very clear
that the WO; modification gives rise to increase the acid
strength of modified catalyst. Acids stronger than Hy <
—11.93, which corresponds to the acid strength of 100%
H,SOy,, are superacids [35]. Consequently, SNiO/5A1,05—
TiO,/15WO3 catalysts would be solid superacids. The su-
peracidic property is attributed to the double bond nature of
the W=0 in the complex formed by the interaction of TiO,
with tungstate, in analogy with the case of ZrO, modified
with chromate and sulfate ions [30, 34].

We examined the effect of Al,O5 addition on the surface
area and acidity of 20NiO/Al,05-TiO,/15WO;5; samples.
The specific surface areas and acidity of 20NiO/Al,Oz—
TiO,/15WO3 catalysts containing different Al,O3 contents
and calcined at 400 °C are listed in Table 3. Both surface
area and acidity increased with increasing Al,O5 content up
to 5 mol%, indicating the promoting effect of Al,O3 on the
catalytic activities for acid catalysis described later.

Infrared spectroscopic studies of ammonia adsorbed on
solid surfaces have made it possible to distinguish between
Bronsted and Lewis acid sites [7, 36, 37]. Figure 6 shows
the infrared spectra of ammonia adsorbed on 20NiO/
5A1,03-TiO,/15WO; samples evacuated at 400 °C for 1 h.
For 20NiO/5A1,05-TiO,/15WO0O3;, the band at 1,446 cm!
is the characteristic peak of ammonium ion, which is
formed on the Bronsted acid sites. The absorption peak at

Table 3 Specific surface area and acidity of 20-NiO/Al,053-TiO,/
WO; catalysts containing various Al,O; contents and calcined at
400 °C for 1.5 h

Al,O3 content, mol % Surface area, m*/g Acidity, pmol/g

0 172 182
1 193 193
2 240 230
3 250 241
5 285 247
7 269 184
10 234 161
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Fig. 6 Infrared spectra of NH; adsorbed on 20NiO/5A1,05-TiOy/
15WO;: (a) background of 20NiO/5A1,05-TiO,/15WO; after evac-
uation at 400 °C for 1 h, (b) NH; adsorbed on (a), where gas was
evacuated at 230 °C for 1 h

1,611 cm™ is contributed by ammonia coordinately bon-
ded to Lewis acid sites [7, 36, 37], indicating the presence
of both Bronsted and Lewis acid sites on the surface of
20Ni0/5A1,05-TiO,/15WO;5 sample. Other samples hav-
ing different NiO and WO; contents also showed the
presence of both Lewis and Bronsted acids.

3.4 Catalytic Activities for Acid Catalysis

3.4.1 Catalytic Activities for 2-Propanol Dehydration
and Cumene Dealkylation

Catalytic activities of 20NiO/5A1,05-TiO,/15WO5 for
2-propanol dehydration and cumene dealkylation are plot-
ted as a function of calcination temperature in Fig. 7. The
activities for both reactions increased with the calcination
temperature, reaching a maximum at 400 °C, after which
the activities decreased. The decrease of activities for both
reactions above 400 °C can be attributed to the fact that the
surface area and acidity above 400 °C decrease with the
calcination temperature. As shown in Fig. 4, for the cal-
cination temperature above 400 °C various crystalline
materials such as tungsten oxide, nickel titanate, nickel
tungstate, and titania were formed and consequently the
decrease of surface area and acidity gives rise to the
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Fig. 7 Catalytic activity of 20NiO/5A1,05-TiO,/15WOj3 for 2-pro-
panol dehydration (@) and cumene dealkylation (M) as a function of
calcination temperature

decrease of catalytic activity. Thus, in our following
experiments we placed emphasis on the catalysts calcined
at 400 °C.

3.4.2 Effect of NiO on Catalytic Activities

It is interesting to examine how catalytic activity of acid
catalyst depends on the acid property. The catalytic activity
for the 2-propanol dehydration was measured; the results
are illustrated as a function of NiO content in Fig. 8, where
the reaction temperature is 160-180 °C. In view of Table 1
and Fig. 8, the variation in catalytic activity for 2-propanol
dehydration can be correlated with the changes of their
acidity, showing the highest activity and acidity for 20NiO/
5A1,05-TiOy/15WO;3;. For NiO/5A1,05-TiO»/15WOj3 the
catalytic activity and acidity reached maxima at 20 wt% of
NiO. As listed in Table 1, the presence of NiO increases
the acidity, because nickel ion in NiO plays the role of
Lewis acid site. Therefore, the higher the NiO content, the
higher the acidity of the catalysts up to 20 wt% of NiO.
The presence of NiO may attract reactants and enhance the
local concentration of reactants near acid sites [33], con-
sequently showing the increased catalytic activity. It has
been known that 2-propanol dehydration takes place very
readily on weak acid sites [7, 38]. Good correlations have
been found in many cases between the acidity and the
catalytic activities of solid acids. For example, the rates of
both the catalytic decomposition of cumene and the poly-
merization of propylene over SiO,—Al,O; catalysts were
found to increase with increasing acid amounts at strength
Hp < +3.3 [39]. It was also reported that the catalytic
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Fig. 8 Catalytic activities of NiO/5A1,03;-TiO,/15WO; for 2-propa-
nol dehydration as a function of NiO content

activity of nickel silicates in the ethylene demerization as
well as in the butene isomerization was closely correlated
with the acid amount of the catalyst [36, 40].

Cumene dealkylation takes place on relatively strong
acid sites of the catalysts [38, 41]. Catalytic activities for
cumene dealkylation against NiO content are presented in
Fig. 9, where reaction temperature is 400450 °C. It is

4.0
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[
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Fig. 9 Catalytic activities of NiO/5A1,03-TiO,/15WO; for cumene
dealkylation as a function of NiO content
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confirmed that the catalytic activity gives a maximum at
20 wt% of NiO. This seems to be closely correlated to the
specific surface area and acidity of catalysts. As listed in
Table 1, both BET surface area and acidity attained a
maximum extent when the NiO content in the catalyst was
20 wt% and then showed a gradual decrease with
increasing NiO content. The correlation between catalytic
activity and acidity holds for both reactions, 2-propanol
dehydration and cumene dealkylation, although the acid
strength required to catalyze acid reaction is different
depending on the type of reactions. As seen in Figs. 8 and
9, the catalytic activity for cumene dealkylation, in spite of
higher reaction temperature, is not so higher than that for
2-propanol dehydration.

3.4.3 Effect of WO3; Modification on Catalytic Activities

Recently, it has been reported that metal oxide modified
with WOj; can be used as an alternative catalyst in reactions
requiring strong acid sites [3]. Several advantages of
tungstate over sulfate as dopant include that it does not
suffer from dopant loss during thermal treatment and it
undergoes significantly less deactivation during catalytic
reaction.

The catalytic activities as a function of WO; content is
plotted in Fig. 10. As shown in Fig. 10, the maximum
activity is obtained with the catalyst of 15 wt% WOs;,
where the amount of dispersed WOj3 is maximum, as listed
in Table 4. Therefore, it seems likely that the highest
activity of the catalyst containing 15 wt% WOsj is related

1.5
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&
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T

Catalytic activity, mmol/g
Catalytic activity, mmol/g

Reaction temp.,°C|- 1.0
—@— 180
—Hl— 160

0.0 0 5 10 15 20 25 30

WO, content, wt%

Fig. 10 Catalytic activities of 20NiO/5A1,05-TiO,/WO; for 2-
propanol dehydration (@) and cumene dealkylation (M) as a function
of WO;3 content

to its acidity and acid strength. The high acid strength and
acidity are responsible for the W=0 bond nature of com-
plex formed by the interaction between WO3; and TiO, [3,
42]. Therefore, as mentioned above, the WO modification
resulted in the increased acid strength of modified catalyst.
As discussed in IR spectra, IR spectra of 20NiO/5A1,03—
TiO,/15WOj3 catalyst after evacuation at 400 °C showed
the band at 1,012 cm™! due to the W=0 stretching mode of
the tungsten oxide complex bonded to the TiO, surface
[43]. This isolated tungsten oxide species is stabilized
through multiple W—O-Ti bonds between each WOj5 spe-
cies and the TiO, surface [44, 45]. As listed in Tables 1
and 3, the acidity of 20NiO/5A1,05-TiO,/15WO; catalyst
is the most among the catalysts. Of course, the acidity of
catalysts is related to their specific surface area, as men-
tioned above. In fact, Tables 1 and 2 show that the specific
surface area attained a maximum when the WO;3 content in
20Ni0/5A1,05-TiO,/WO5 catalysts is 15 wt%.

The forms of active components present in heteroge-
neous catalysts are of importance to catalysis. A great
many oxides can disperse spontaneously onto the surfaces
of supports to form a monolayer, because the monolayer is
a thermodynamically stable form [46]. When the loading
amounts of WO; are low, the highly dispersed tungsten
oxide species cannot be detected by XRD, as shown in
Fig. 3. Therefore, we can estimate the amount of dispersed
WO;3 by the quantitative XRD analysis. Dispersed WO;3
amount, surface area, acid amount, and catalytic activity
for 20NiO/5A1,05-TiO,/WOj catalysts containing differ-
ent WO;3 contents below 20 wt% are listed in Table 4.
There are good correlations among the dispersed WO;3
amount, acidity, and catalytic activity. Namely, the larger
the dispersed WO3; amount, the higher both the acidity and
the catalytic activity are. This can be explained by the
suggestion that strong acid sites are formed through the
bonding between dispersed WO5; and TiO, and conse-
quently catalytic activity increases due to the increased
acid sites.

3.4.4 Effect of Al,O3 Addition on Catalytic Activities

The catalytic activities of 20NiO/Al,O3-TiO,/15WO; as a
function of Al,O; content for the reaction of 2-propanol
dehydration and cumene dealkylation were examined,
where the catalysts were pretreated at 400 °C for 1 h
before reaction; the results are shown in the Fig. 11. The
catalytic activities for both reactions increased with
increasing the Al,Oj; content, reaching a maximum at
5 mol%.

Considering the experimental results of Table 3 and
Fig. 11, it seems likely that the catalytic activities for both
reactions closely relates to the change of acidity of
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Table 4 Dispersed WO3 amount, specific surface area, acidity, and catalytic activity for acid catalysis of 20NiO/5A1,03;-TiO,/WO; containing

different WO contents

Catalyst Dispersed WO; Surface Acidity Catalytic activity (mmol/g)

amount area (mz/g) (nmol/g)

[WO5(g)/20NiO/ 2—pr0panpl Cumene '

5A12103—T102(g)] dehydratlon dealkylatlon
20NiO/5A1,05-TiO,/0WO5 0 200 192 0.03 0.04
20NiO/5A1,05-TiO,/3WO; 0.03 257 210 0.60 0.06
20NiO/5A1,05-TiO,/5WO5 0.05 267 213 0.73 1.2
20NiO/5A1,05-TiOo/10WO5 0.11 269 221 1.25 1.9
20NiO/5A1,05-TiO,/15WO;5 0.18 285 247 14 3.8
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Fig. 11 Catalytic activities of 20NiO/Al,O3-TiO,/15WO; for 2-
propanol dehydration (@) and cumene dealkylation (H) as a function
of Al,O5 content

catalysts. As listed in Table 3, the total acid sites of 20NiO/
5A1,05-TiOx/15WO3; and 20NiO/TiO,/15WO3  are
247 pmol/g and 181 pmol/g, respectively, showing that the
number of acid sites for the catalyst promoted with Al,O3
is greater than that for nonpromoted catalyst. This is con-
sistent with the results reported by Hua et al. over Al,Os-
promoted SO%/Zr0, [29]. TiO, alone is impractical as a
catalyst because of its low catalytic activity. However,
mixed oxide systems combining with other oxides are
known to be effective for various reactions [11, 16-19].
Al,O3-promoted catalysts could be related to a strong
interaction between Al,O3 and TiO,. Since the promoting
effect of Al,O3 is related to an increase in number of
surface acidic sites, it would be of interest to examine
various factors influencing the enhancement of these sur-
face acidic sites.

Xia et al. [47] proposed that Al,O5 incorporation in
TiO, matrix brought about an increase of the positive

@ Springer

partial charge on the Ti cations as a result of the formation
of Al-O-Ti bonds which helped to stabilize the sulfate
species at the oxide surface. The formation of Al-O-Ti
bond on the surface of the Al,Os-promoted catalysts is
probably the cause for the increase in strong acidic sites.
According to the principle of electronegativity equalization
proposed by Sanderson [48], since the electronegativity of
AI** is larger than that of Ti**, the positive charge on Ti
atom is increased as a result of the formation of Al-O-Ti
bond, which generates stronger acidity on these sites [29].
At the same time, the stronger Al-O-Ti bond formed by
the charge transfer from Ti atom to neighboring Al atom
results in an increase in the thermal stability of the surface
tungstate species and consequently the acidity of Al,O3-
promoted catalyst is increased.

3.4.5 Correlation Between Catalytic Activity and Acidity

Catalytic activities of several NiO/Al,O3-TiO,/WO; cata-
lysts containing different NiO, Al,O3, and WOj3 contents
for both 2-propanol dehydration and cumene dealkylation
were plotted as a function of acidity in Fig. 12. This shows
good correlations between the catalytic activities and the
acidity. This demonstrates that the catalytic activities of
NiO/Al,O5-TiO,/WO3 essentially run parallel to the
acidity. The correlation between catalytic activity and
acidity holds for both reactions, 2-propanol dehydration
and cumene dealkylation, although the acid strength
required to catalyze acid reaction is different depending on
the type of reactions. As seen in Figs. 10 and 11, the cat-
alytic activity for cumene dealkylation, in spite of higher
reaction temperature, is not so higher than that for 2-pro-
panol dehydration.

4 Conclusions

Strong solid acid catalysts, NiO/Al,03;-TiO,/WO;3; were
prepared by adding Al,O; to TiO, and modifying TiO,
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Fig. 12 Catalytic activities of NiO/Al,05-TiO,/WO5 catalysts con-
taining different NiO, Al,O;, and WO; contents for 2-propanol
dehydration (@) and cumene dealkylation () as a function of acidity

with WOj; for acid catalysis of 2-propanol dehydration and
cumene dealkylation. 20NiO/5A1,03-TiO,/15WO;3 con-
taining 20 wt% NiO, 15 wt% WO, and 5 mol% Al,O3, and
calcined at 400 °C, exhibited maximum catalytic activities
for 2-propanol dehydration and cumene dealkylation. The
catalytic activities for both reactions were correlated with
the acidity of catalysts measured by an ammonia chemi-
sorption method. The strong acid sites were formed
through the bonding between dispersed WO; and TiO,.
The larger the dispersed WO; amount, the higher both the
acidity and catalytic activity. The addition of Al,O3 up to
5 mol% enhanced acidity and catalytic activity of NiO/
Al,03-TiO,/WOj; gradually due to the interaction between
Al,O3 and TiO, and consequent formation of Al-O-Ti
bond. The presence of NiO may attract reactants and
enhance the local concentration of reactants near acid sites
and consequently increase catalytic activity.
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