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a b s t r a c t

Titania–alumina supports were prepared successfully using the ultrasound-assisted precipitation
method. The resulting supports were characterized by fourier transform infrared analysis (FTIR), scan-
ning electron microscope (SEM), X-ray diffraction (XRD) and N2 physisorption. The effects of precipitants,
washing method and the addition of surfactant CTAB were studied. The supports prepared with NH4HCO3

showed better textural properties compared with that with NH ·H O, which was attributed to the low
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3 2

NH4
+ release rate of NH4HCO3. TiO2–Al2O3 support with SBET = 283 m2/g, Vp = 2.34 mL/g and Dp = 33.0 nm

was obtained with this modified precipitation method.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.
itania–alumina
urface area

. Introduction

It is well known that the chemical and structural characteris-
ics of the support are very important as well as the nature and
he structure of the active phase in the supported catalysts. TiO2,
eing a good support candidate or catalyst, was applied into many
atalysis fields such as reduction [1], oxidation [2,3], hydrogena-
ion [4,5] and photocatalytic [6,7], but they have no pore system
nd the relatively low specific surface area, limiting their extensive
pplication in catalysis. Normal alumina has a relative large spe-
ific surface area (200 m2/g), but it still cannot meet the demand
f chemical and petrochemical industry. The catalyst with a small
ore diameter or a low specific surface area would decrease its
atalytic activity by restricting the access of reactants to the cat-
lytic sites or decreasing the numbers of activity sites per unit area.
ana et al. [8,9] studied the effects of the catalyst textural prop-
rties on the hydrotreating of heavy Maya crude oil. They found
hat the hydrodemetallization and hydrodearomatization activities

ostly depend on the catalyst pore size distribution and the high

ydrodesulfurization activity was attributed to the high metal dis-
ersion and the high surface area of the supported catalysts. Thus,

t is significant to consider the special surface area and the pore size
f the support as important parameters for the supported catalyst

∗ Corresponding author.
E-mail address: yangyunquan@xtu.edu.cn (Y. Yang).

925-8388/$ – see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All ri
oi:10.1016/j.jallcom.2010.12.119
to minimize the mass transfer influence and put the active sites to
maximum dispersion.

Usually, the conventional precipitation process is carried out
into the aqueous solution. The precipitates tend to aggregate and
cannot be dispersed sufficiently because the nanoparticles need to
decrease their high surface energy, leading to the serious agglomer-
ation of nanoparticles and the bad textural properties of materials.
Ultrasound can create a special reaction environment to deagglom-
erate nanoparticles and improve the reaction greatly owing to the
strong chemical and mechanical effects of acoustic cavitation. For
example, Palani et al. [10] adopted the sonochemical method to pre-
pare the mesoporous silica SBA-15. They found that synthesis route
effectively could reduce the total synthesis time from days to a few
hours and the resultant materials exhibited a hexagonally ordered
mesostructure with high surface area over 560 m2/g, pore volume
over 0.6 mL/g and large pore diameter in the range of 4.1–4.9 nm.
The sonochemical processing has been developed to be a useful
technique for the nanomaterial preparation [11–17]. Many nano-
materials such as TiO2 [18,19], WO3 [20], MoS2 [21], Fe2O3 [22,23]
and Al2O3 [24] have been prepared using this process.

In order to obtain the support with high surface area and large
pore diameter, many other technologies were also used in the
support preparation. For example, Vargas et al. [25] adopted the

freeze–drying technique to eliminate water before the Al2O3–TiO2
(20 wt% TiO2) support drying and obtained the mesoporous sup-
port with a narrow single model pore size distribution (the
most probable pore size 3.5 nm) and a high specific surface area

ghts reserved.
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SBET = 308 m2/g). This technology could avoid the negative effects
f water in the drying and maintained the original structure of
upport. In addition, surfactant such as hexadecyl trimethyl ammo-
ium bromide (CTAB) or P123 was added to the as-prepared
upport during the preparation process, which could also obtain
he support with high surface area and large pore size [26–30]. The
onventional methods for the preparation of titania–alumina were
ainly focused on co-precipitation method [31,32] and sol–gel
ethod [33,34]. The former method used the available inorganic

recursors as the starting materials and the cost was cheap while
he latter method could obtain the material with a high surface
rea. Padmaja et al. [35] used the sol–gel method to prepare the
itania–alumina mixed oxide and obtained the titania–alumina (the

olar ratio 1:1) mixed oxide with SBET = 200 m2/g, Vp = 0.27 mL/g
nd Dp = 5.3 nm after calcined at 873 K. In this study, a new modi-
ed precipitation method was developed. Titania–alumina support
ith high specific surface area and large pore diameter was pre-
ared with this new method.

. Experimental

.1. Synthesis of TiO2–Al2O3 supports

The detailed preparation of TiO2–Al2O3 (Ti/Al mole ratio = 1:2) support was
escribed as follows. 13.35 g AlCl3 and 9.5 g TiCl4 were dissolved in a 500 mL
ater with pH 1. The precipitant solution such as NH3·H2O solution (A, 2.2 wt%) or
H4HCO3 solution (C, 10 wt%) was added to the above mixed solution to adjusted pH

o 8 with vigorous agitation. This process was carried out in a commercial ultrasonic
leaning bath (from Kunshan Ultrasonic Instruments Co., China, model KQ2200DE,
0 kHz, 100 W) at 313 K for about 4 h. After the reaction completed, the white precip-

tate was collected and washed with water until no chloride ions could be detected
ith AgNO3 solution in the filtrate and aged at 363 K for 1.0 h with water bath
ethod. Then, the white precipitate was washed with anhydrous ethanol to remove
ater. The precipitate, CTAB and proper amount of anhydrous ethanol were mixed

ufficiently and dried at 393 K in an oven for 12 h and finally calcined in a muffle
ven at 873 K for 5 h. The resulting sample was denoted as D–M–L–Q where D stood
or ultrasonic condition (U) or normal condition (N), M for the precipitants, L for
ater or ethanol, and Q for CTAB. The as-prepared support without adding CTAB
as also prepared and denoted as D–M–N.

.2. Characterization methods

Fourier transform infrared spectroscopy (FT-IR) characterization of the samples
ixed with spectroscopy grade KBr was recorded on a NICOLET 380 FT-IR at room

emperature, in the range of 4000–400 cm−1. Nitrogen adsorption measurements
ere performed using Quantachrome’s NOVA-2100e Surface Area instrument at

7 K with ultra high purity nitrogen gas. All samples were degassed under vacuum
t 473 K for 10 h prior to measurement. The surface area was calculated by the BET
Brunauer–Emmett–Teller) equation and the pore size was determined by the BJH
Barret–Joyner–Hallender) model. Morphology and particle size were obtained by
canning electron microscopy (SEM) on a JEOL JSM-6360 electron microscopy. X-ray
iffraction (XRD) tests were carried on a D/max2550 18 kW Rotating anode X-Ray
iffractometer Equipment with Cu K� (� = 1.5418 Å) radiation (40 kV, 300 mA).

. Results and discussion

.1. FTIR studies

Fig. 1 shows the FTIR spectra of CTAB, as-prepared supports and
alcined supports. The bands around 3500 cm−1 and 1640 cm−1

ere attributed to the stretching vibration and the bending vibra-
ion of adsorbed water. The bands around 960 cm−1, 1487 cm−1,
853 cm−1 and 2923 cm−1 were corresponded to CTAB [28]. After
he calcination, all of the bands of CTAB disappeared, suggesting
hat the surfactant was removed completely and there was not
ny CTAB in the calcined supports. However, the bands around
400 cm−1 and 1640 cm−1 ascribed to water still appeared in the

TIR spectra of U–C–E–C sample, which was resulted from the
dsorption of water vapor from the atmosphere due to the high
urface area of the prepared support [36]. The broad overlap-
ing peaks in the lower frequency range (450–800 cm−1) were
ttributed to the Al–O (500–750 cm−1 [37,38]) and the anatase
Wavenumber/cm

Fig. 1. FTIR spectra of (a) CTAB, (b) U–C–E–C(F), (c) U–C–E(F), (d) U–C–W(F) and (e)
U–C–E–C samples (F represents the corresponding samples before calcination).

phase Ti–O (465 cm−1 [29,39]) infrared vibrations. Besides, com-
pared with the FTIR spectra of the as-synthesized supports, the
band of calcined supports at 1415 cm−1 decreased obviously, which
was assigned to the formation of crystalline nanoparticles [40].

3.2. Morphology studies

The morphologies of TiO2–Al2O3 supports prepared under
different conditions are shown in Fig. 2. Obviously, the SEM
images of the supports prepared with NH3·H2O under the nor-
mal condition showed more serious agglomeration than that with
NH4HCO3 under the ultrasound condition. The main reasons could
be explained as follows. On the one hand, in the ultrasound
environment, the cavitation bubbles generated during the rar-
efaction or the negative pressure resulted in the strong chemical
and mechanical effects. The chemical effects caused an environ-
ment with extremely high temperature of 5000 K and pressures of
50 atm, which could supply the required energy for the formation
of microstructure and then decreased the surface free energy and
improved the production rate of nucleation obviously. The pulver-
ization of mechanical effects such as microjet effect could make
the precipitates dispersed immediately. On the other hand, the
NH4

+ release rate of NH3·H2O solution was quicker than that of
NH4HCO3 solution when the precipitant solutions had the same
concentration. Correspondingly, the precipitation rate of NH4HCO3
was slower than that of NH3·H2O with the same dropping speed.
The precipitates could be dispersed immediately and completely
under the condition of ultrasound due to its strong chemical and
mechanical effects. Hence, agglomeration phenomenon was inhib-
ited effectively, which was beneficial to increase the specific surface
area of support.

3.3. XRD studies

The XRD patterns of TiO2–Al2O3 samples prepared with differ-
ent precipitants are shown in Fig. 3. The peaks at 2� = 38◦, 46◦ and
67◦ were attributed to the (3 1 1), (4 0 0) and (4 4 0) reflections of
�–Al2O3 plane [40], respectively, which indicated that Al2O3 in
the prepared TiO2–Al2O3 support was in the form of active phase.
The peaks at 2� = 25◦, 38◦, 46◦, 55◦, 63◦and 76◦ appeared in the
XRD patterns was corresponded to the (1 0 1), (0 0 4), (2 0 0), (2 1 1),
(2 0 4) and (2 1 5) reflections of the typical anatase TiO2 plane [36].
The anatase phase, an activity phase in catalytic reactions, usu-

ally transformed to rutile phase at 773–873 K [41,42]. But not any
peak could be attributed to the rutile phase TiO2 in the XRD pat-
terns of TiO2–Al2O3 samples, indicating that TiO2–Al2O3 support
could keep TiO2 in the anatase structure after the calcination at
873 K for 5 h. Because the homogenous dispersion of Al2O3 and
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Fig. 2. . SEM images of N–A–E–

iO2 under the ultrasound condition could significantly prevent the
ggregation of TiO2 or Al2O3 nanoparticles, the stability of anatase
iO2 could be improved, which could wide its application in the
atalysis.

.4. Nitrogen sorption studies

Generally, adsorption on mesoporous materials proceeds via
ultilayer adsorption followed by capillary condensation [43].

he adsorption process is initially similar to that on macroporous
aterials but at high pressures the adsorption amount rises very

teeply due to capillary condensation in mesopores. The nitrogen
dsorption–desorption isotherms measured for TiO2–Al2O3 sam-
les are shown in Fig. 4. The adsorption amount of each sample

ncreased gradually as the relative pressure increased and then

ncreased rapidly at high relative pressure (P/P0 > 0.7), displaying a
ype II isotherm with H2 hysteresis loop. According to the nitrogen
dsorption–desorption isotherms, it could be easy to see that the
otal adsorption of the sample prepared under the ultrasound con-
ition was larger than that of the sample prepared under the normal
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Fig. 3. XRD patterns of N–A–E–C, N–C–E–C, U–A–E–C and U–C–E–C.
–E–C, U–A–E–C and U–C–E–C.

condition and each sample showed a characteristic of mesoporous
structure [44].

As shown in Table 1, the textural properties of TiO2–Al2O3 sup-
ports were related to the precipitants, the washing method and
the addition of surfactant. Both the pore volume and the average
pore diameter of TiO2–Al2O3 support precipitated with NH4HCO3
were bigger than that of with NH3·H2O. For example, the aver-
age pore diameter of U–C–E–C was 33 nm, but the average pore
diameter of U–A–E–C was only 18.8 nm. For the effect of wash-
ing method, the as-prepared supports, washed with anhydrous
ethanol before drying, had higher specific surface area, larger pore
volume and bigger pore diameter than that of without remov-
ing water before drying. When water in the as-prepared supports
was replaced by anhydrous ethanol, the polar-OH was substituted
by the nonpolar-OC2H5, which could be beneficial to inhibit the
bridge between particles and increase the resistance capability of

the shrinkage during drying, and then leaded to the increase of the
surface area and the pore volume. When the as-prepared supports
were not washed with anhydrous ethanol, the effects of differ-
ent precipitants on the textural properties of supports were not

Table 1
The textural properties of TiO2–Al2O3 supports.

Samples Specific surface
area (SBET, m2/g)

Pore volume
(Vp, mL/g)

Average pore
diametera (Dp, nm)

N–A–W 189 0.41 8.8
U–A–W 209 0.70 13.4
N–C–W 170 0.43 10.3
U–C–W 227 0.78 13.7
N–A–E 237 0.93 15.7
U–A–E 291 1.23 16.9
N–C–E 238 1.31 22.0
U–C–E 256 2.04 31.8
N–A–E–C 280 1.22 17.4
U–A–E–C 296 1.39 18.8
N–C–E–C 282 1.70 24.2
U–C–E–C 283 2.34 33.0

a The average pore diameters of the supports were calculated by the formula of
d = 4 Vp/SBET.
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Fig. 4. Nitrogen adsorption–desorption isotherm

ery remarkable because of the significantly negative effects of
ater. The as-prepared precipitate, anhydrous ethanol and CTAB
ere stirred homogeneously under the condition of ultrasonic, the

nhydrous ethanol could be removed from the as-prepared pre-
ipitate after drying at 393 K for 24 h, but CTAB was remained in
he precipitate. The CTAB was incorporated in the as-prepared pre-
ipitate and played as a template, which had an inhibition effect
or the formation of hydrogen bonding and some steric hindrance
ffect [45]. Therefore, CTAB could also prevent the decreases of pore
iameter and pore volume in drying and calcination. Grzechowiak
t al. [31] adopted coprecipitation method to obtain TiO2–Al2O3
upport (TiO2 content 40 wt%) with the pore volume 0.80 mL/g
nd the average pore diameter 4.0 nm. Obviously, the textural
roperties of TiO2–Al2O3 support prepared with the modified pre-
ipitation method were much better than that reported in the
iteratures.
. Conclusions

A new method for the preparation of support with high sur-
ace area and large pore diameter was developed. Ultrasound could
Pore diameter (nm)

pore size distribution of TiO2–Al2O3 supports.

produce the strong chemical and mechanical effects, which was
beneficial to inhibit the agglomeration of as-prepared nanopar-
ticles. Using anhydrous ethanol to replace the water in the
as-prepared support could hinder the particles agglomeration and
then increased the specific surface area and the pore diameter
significantly. Adding CTAB in the as-prepared support before calci-
nation could enlarge the pore volume greatly. TiO2–Al2O3 support
with SBET = 283 m2/g, Vp = 2.34 mL/g and Dp = 33.0 nm was obtained
using this method. The support with high specific surface area and
big pore volume would be beneficial to the high dispersion of active
metal and minimize the mass transfer influence. This modified pre-
cipitation method was also suitable for the preparation of other
supports such as TiO2, Al2O3, ZrO2 and ZrO2–Al2O3 with high sur-
face area and large pore diameter.
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