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A series of xTiO2·(1−x)Al2O3 mixed oxides has been prepared by the sol-gel method with
variable amounts of TiO2, from pure alumina to pure titania. Textural, bulk and surface
characterisation of the samples has been carried out by nitrogen physisorption (SBET,
porosity), thermal analysis (TGA, DTA), X-ray diffraction (XRD), zero point charge (ZPC) and
surface acidity. The textural results show that at low titania contents, higher surface areas
than those of pure alumina are obtained, and in the titania-rich samples, higher surface
areas than for pure titania are stabilised. The titanium content also affects the crystallization
process. Furthermore, the strength and distribution of the acid sites may be varied by
changing the composition of the mixed oxide. C© 2000 Kluwer Academic Publishers

1. Introduction
One of the most important applications of the sol-gel
method can be found in the field of catalysis. The high
porosity of the gels together with the great number of
disposable surface OH groups, make them very attrac-
tive from the catalytic point of view. On the other hand,
it is well known that in many catalytic systems, the per-
formance depends not only on the nature and structure
of the active phase, but also on the chemical and struc-
tural characteristics of the support, although there is a
debate about the interpretation of this fact [1–3].

The sol-gel method not only allows a good control
of the characteristics of the support, but also offers the
possibility of preparing a supported oxide catalyst from
a homogenous solution containing both the metal pre-
cursor and the support precursor [4–7].

Each step of the process can be controlled and mod-
ified in order to obtain a specific material exhibiting
a good and adequate catalytic behaviour. Thus, some
authors have found that the catalysts prepared by the
sol-gel method show higher activity for hydrodesulfu-
ration reactions than those prepared by conventional
methods [8, 9].

On the other hand, hydroprocesing catalysts pre-
pared with alternative supports can sometimes have
higher sulphur and nitrogen removal activities when
compared with conventionally prepared alumina sup-
ported catalysts. Thus, Weissmanet al. [10] found that
titania-zirconia mixed oxide aerogels with high con-
tent of TiO2, while somewhat unstable, were more
active on a surface area basis than Al2O3 or conven-
tional TiO2 equivalent supported Mo-Ni catalysts, find-
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ing that the support acidity contributes to hydrotreat-
ing activity. Besides, when TiO2 was used as a sup-
port for Mo and CoMo or NiMo hydrotreating cata-
lysts, the presulfiding process was not necessary for
activation [11]. However, the disadvantage of titania
as support is that it is unsuitable for industrial ap-
plications because of its relatively low surface area
and the poor stability of the active anatase structure
at high temperatures. Therefore, much attention has
been paid to the applications of mixed oxides contain-
ing titania [12–15]. In this line, the use of alumina-
titania mixed oxides supports seems to be a good
alternative to overcome the problems of the poor sulfi-
dation shown by the alumina supported catalysts and
the low surface area of those supported on titania
[16].

Considering all the above exposed, and taking into
account our previous experience about the synthesis
of supports and supported catalysts by the sol-gel
method [7, 9, 17, 18] in the present paper we report
the synthesis of thexTiO2·(1− x)Al2O3 series with
different molar ratios. The use of well characterised
titania-alumina mixed oxides will allow us to tune the
chemical and textural surface properties of the support,
by changing the ratio of the two oxides and, in this
way, to be able to design better and more selective
catalysts. Characterisation of the final TiO2-Al2O3
solids obtained by sol-gel procedure is necessary in
view that the alkoxide precursor hydrolyses at rates
which are dependent on the precursors. Clearly, the
simultaneous hydrolysis, condensation and gelation of
the Ti and Al species are complex, and therefore one
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would expect different behaviours in the preparation
of mixed oxides with different Ti/Al ratios.

In the present paper, the first of a series on TiO2-
Al2O3 mixed oxides as supports for hydrotreatment cat-
alysts, we present the results from the structural (XRD),
textural (surface area, pore size and pore volume dis-
tributions) and physicochemical (zeta potential, ther-
mal analysis, surface acidity) characterisation of TiO2-
Al2O3 mixed oxides with varying amounts of titania
prepared by the sol-gel method. These supports will be
used in a subsequent work as supports for hydrotreat-
ment Mo based catalysts.

2. Experimental
2.1. Synthesis
A series of sol-gelxTiO2·(1− x)Al2O3 with different
molar ratiosx=TiO2/(TiO2+Al2O3) were prepared
(x= 0.0, 0.2, 0.5, 0.6, 0.8 and 1.0). In all cases,n-
propanol, water and nitric acid were used as solvent, hy-
drolysing agent and catalyst, respectively, and the molar
ratios used for the synthesis were H2O/alkoxide= 5,
propanol/alkoxide= 15 and HNO3/alkoxide= 0.2.

The general procedure was as follows. Aluminium
isopropoxide (IsopAl) was dissolved slowly in 83%
of the totaln-propanol, calculated for each formula-
tion according with the molar ratios given above. Heat-
ing under reflux and stirring for 3 h wasnecessary
for a complete dissolution. Once the aluminium iso-
propoxide was dissolved and cooled at room tempera-
ture, the appropriate amount of titanium isopropoxide
(IsopTi) to produce the designed mixed oxide formula-
tion was added. After that, a mixture of the remaining
17% n-propanol and the necessary water to maintain
the H2O/alkoxide = 5 ratio was added dropwise un-
der continuous stirring. The solution gelled in all cases
before adding the total amount of that solution, except
in the casex = 1.0, which gelled 3 minutes after the
addition of the last drop. Taking into account the added
volume, the molar ratios necessary to produce the gel
were calculated and they are shown in Table I. It can
be observed that when the molar ratiox in the mixed
oxides increases, the molar ratios H2O/alkoxide, n-
propanol/alkoxide and acid/alkoxide necessary to form
the gel also increase, up to the values of 5, 15 and 0.2,
respectively, for the TiO2 precursor. However, although
the gellification occurred before, the totality of the so-
lution was added in all cases, to keep constant the initial
molar ratios. The gel was aged for 3 days, afterwards
a sensible shrinking was observed, and the supernatant
liquid was removed. The samples were then dried in
an atmospheric oven at 80 C for 14 hours and calcined

TABLE I Molar ratios necessary to produce the gel in thexTiO2·
(1− x)Al2O3 series

Sample H2O/alkoxide n-propanol/alkoxide acid/alkoxide

x= 0.0 2.00 13.52 0.069
x= 0.2 1.21 13.09 0.029
x= 0.5 1.37 13.13 0.057
x= 0.6 2.95 13.92 0.120
x= 0.8 4.93 14.92 0.197
x= 1.0 5.00 15.00 0.200

at 500 C under an air flow of 75 mL·min−1 using the
following calcination program:

T0 = 30 C

r1 = 3 C·min−1 T1 = 100 C t1 = 30 min

r2 = 3 C·min−1 T2 = 300 C t2 = 60 min

r3 = 3 C·min−1 T3 = 500 C t3 = 180 min

3. Characterisation techniques
Thermal gravimetry and differential thermal analyses
(TG-DTA) were carried out in a Seiko SSC 5200 TG-
DTA 320 System under an air flow of 75 mL·min−1,
with a heating rate of 5 C·min−1. The BET surface ar-
eas and the pore volume distributions were measured
by nitrogen adsorption at 77 K in a MICROMERITICS
ASAP 2000 equipment. The X-ray powder diffraction
patterns were measured and evaluated with a Seifert C-
3000 diffractometer, using Cu-Kα radiation with a sec-
ondary monochromator. The measurements of zeta po-
tential were carried out in a zeta meter 3.0+ instrument
using 125 mg of sample dispersed in 25 mL of water as
pattern solution. From this dispersion, 2 mL were di-
luted with 98 mL of distilled water, and they were used
to prepare a diluted dispersion with a solid concentra-
tion of 100 ppm. The pH was adjusted with either NaOH
or HCl solutions and measured with a Tritio DMS 716
pH meter. The solutions were kept for 12 hours to reach
the equilibrium pH before measuring the Zeta poten-
tial, which was obtained from electophoretic migration
rates using the Smoluchowski equation. A potentiomet-
ric method of titration withn-butylamine was used to
characterize the surface acidity. With this method, the
total number of surface acid centres and the relative
maximum acid strengths of the initially titrated surface
sites of the prepared solids are determined [19]. A small
quantity (0.2 mL) of 0.2 Nn-butylamine in acetonitrile
was added to 0.15 g of solid and kept under stirring for
3 hours. According to the method used, the initial elec-
trode potential indicates the maximum acid strength of
the first titrated surface acid sites. The titration of the
suspension was continued with the same base using vol-
ume increments of 0.1 mL, and a waiting time of 30 s
for each potential measurement. The total number of
acid sites was estimated from the total amount of base
added to reach the plateau in the potential vs. volume
curve. A polar solvent (acetonitrile) was chosen in or-
der to avoid the problem of the irreversible adsorption
of n-butylamine on an inert solvent [20]. Further details
of the method can be found in Ref. [19]. The electrode
potential during the titration was registered on a Tritio
DMS 716 digital pHmeter with a combined glass and
Ag/AgCl electrode.

4. Results and discussion
4.1. Surface and pore size distribution
The textural characteristics of the dried and calcined
samples are given in Table II. Together with the BET
surface areas (SBET), the micropore surfaces (SMIC) cal-
culated fromt-plot method [21] and the cumulative
meso [22] and micropore [23] volumes are given.
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TABLE I I Textural characteristics of dried and calcined samples of thexTiO2·(1− x)Al2O3 series

Dried samples (80 C) Calcined samples (500 C)

Sample SBET (m2/g) SMIC (m2/g) VBJH (cm3/g) VHK (cm3/g) SBET (m2/g) SMIC (m2/g) VBJH (cm3/g) VHK (cm3/g)

x= 0.0 633 186 0.413 0.237 296 — 0.430 0.114
x= 0.2 165 147 0.018 0.068 361 98 0.221 0.128
x= 0.5 256 222 0.034 0.106 300 132 0.124 0.109
x= 0.6 85 72 0.014 0.035 178 — 0.248 0.066
x= 0.8 319 274 0.044 0.129 142 — 0.228 0.053
x= 1.0 259 232 0.024 0.109 14 — 0.037 0.005

VBJH: mesopore cumulative volume (20–500Å) from BJH adsorption branch;VHK: micropore volume (<20 Å) from Horvath-Kawazoe.

The surface areas of the precursors (gels dried at
80 C) are in the range 85–633 m2/g, although a clear
trend of the area evolution with the TiO2 molar ratio
(x) is not observed. TheSBET andSMIC values are very
similar (except in the casex= 0.0), which indicates that
the contribution to the area is fundamentally due to the
micropores, that is, the samples are more microporous
than mesoporous. This is also corroborated by compar-
ing the values of BJH mesopore volumes (VBJH) with
Horvath-Kawazoe micropore volumes (VHK) values. It
is observed that the second are 3–5 times higher than the
first ones, with the exception ofx= 0.0 sample, which
contains a mesoporous volume approximately double
that the microporous volume.

When the samples are calcined at 500 C, an increase
of theSBET values is originated with respect to those of
the precursors for samples of intermediate composition
(see Table II), fundamentally due to a development of
the mesoporosity in these samples. The major contri-
bution to theSBET comes from the mesopores, since
the values ofSMIC obtained by the calculation program
are negative (indicating the absence of microporous) or
much lower than the values ofSBET (x= 0.2 andx=
0.5 samples). The calcination process leads probably
to the removal of a great part of the organic groups
occluded into the pores of the gel, resulting in the ac-
cessibility of these to the nitrogen molecules. Thus, the
mesopore volume values (VBJH) are much higher than
the micropore volume ones (VHK), specially in the sam-
ples with higher titanium content (see Table II).

When the samples calcined contain titanium in low
molar ratios, an increment of theSBET value is pro-
duced with respect to that of pure alumina, occurring
then a progressive decrease from thex = 0.5 sam-
ple down to the lowest value (SBET= 14 m2/g), for the
sample containing only titania. These results agree sat-
isfactorily with the ones obtained by Klimovaet al.[24]
who found an increase of theSBET with the molar ra-
tio until x= 0.5 and a posterior decrease for higherx
values in samplesxTiO2·(1− x)Al2O3 prepared using
ammonium carbonate as chemical additive to modify
the porosity. Similarly, these authors observed that the
addition of ZrO2 to the alumina in a molar ratio of
x= 0.2 increased slightly the surface area, occurring a
decrease when more zirconia was added [18]. On the
contrary, other authors [25] found the maximum of the
surface area for the ratiox= 0.8 inxTiO2·(1− x)Al2O3
supports calcined at 500 C, while Tobaet al. [26] ob-
served a progressive decrease of the area with the ti-

Figure 1 DFT distributions of the samples of thexTiO2·(1− x)Al2O3

series calcined at 500 C.

tanium content in alumina-titania samples prepared by
different sol-gel methods. We have obtained, in general,
SBET values higher than others reported previously for
samples prepared by sol-gel methods. Thus, theSBET
values forx= 0.0,x= 0.5 andx= 1.0 obtained by us
are higher (approximately in a factor of 1.5) than the
found by other authors [27]. TheSBET value for the
x= 0.5 sample is 3.5 times higher than the found by
Lee and Lee [28] in a sample Al2O3-TiO2 of the same
molar ratio prepared by mixture of the two sols cal-
cined at 500 C. Besides, theSBET values forx= 0.2
and x= 0.5 samples are comprised between the re-
ported by Tobaet al. [26] for these samples prepared
by complexing agent assisting sol-gel method and the
ones of the same samples prepared by a coprecipitation
method.

The pore size distributions of the calcined samples
obtained by applying the Density Functional Theory
(DFT) [29] are shown in Fig. 1. The sample containing
only alumina (x= 0.0) presents the maximum around
50 Å and a very similar distribution to those of some
aluminas prepared by Balakrishnan and Gonzalez [5].
When the titanium content increases untilx= 0.5, the
curves are shifted to the left, that is, smaller pore di-
ameters are obtained. However, if the titanium amount
continues increasing abovex= 0.5, a shift to higher
pore sizes is produced, in such way that the sample
containing only titania (x= 1.0) presents a maximum
around 170̊A. Klimova et al.[18] observed, on the con-
trary, a progressive decrease of the pore sizes with an
increase ofx in xZrO2·(1− x)Al2O3 samples.
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Figure 2 TG curves of the precursors of thexTiO2·(1− x)Al2O3 series
dried at 80 C.

4.2. Thermal behaviour
The thermogravimetric analyses of the samples of the
xTiO2·(1− x)Al2O3 series, dried at 80 C, are shown
in Fig. 2. The samples show a residue value comprised
between 56.6 and 67.0 wt %. It can be observed that
the higher the titanium content of the sample, the lower
is the weight loss, with the exception of the sample
x= 0.2, which is the one showing the lowest residue
value. A similar behaviour was observed by Klimova
et al. [18] for xZrO2·(1− x)Al2O3 precursors, where
the weight loss increased untilx= 0.5, diminishing
with the addition of higher titanium amounts. In gen-
eral, we have observed weight losses higher than others
reported in the literature, which could indicate that the
polimerization has been produced in a lower extension
in our case. Thus, the sample containing equal amounts
of TiO2 and Al2O3, that is,x= 0.5, shows a weight loss
(42.7 wt %) a little bit higher than that found by Lee and
Lee [28] for a sample with the same molar ratio, pre-
pared by mixing of the two corresponding sols. Besides,
the sample containing only titania (x= 1) experiments
a weight loss (33 wt %) higher than the observed by
Montoyaet al. [30] in several TiO2 samples, in which
the weight losses were comprised between 14.6 and
27.0 wt %, depending on the type of alcohol used as
solvent.

The complexity of the aluminium-titanium poly-
meric system formed by the hydrolysis process makes
difficult the assignment of a step of the TG curve to
the removal of a particular component. It must be taken
into account that in the precursor gel many different
components can exist, such as structures with hydrox-
ide and oxygen bridges, physical and chemically bound
alcohol molecules, adsorbed water, esters groups, etc.
Thus, some well-differentiated weight losses are not
observed, but a continue loss due to the overlapping of
the different decomposition processes. However, three
weight loss steps can be noticed in the derivative curves
(not shown for simplicity). There is a first zone up
to around 210–220 C, assigned to the removal of ph-
ysisorbed water and propanol. The second step up to
around 300 C, slower than the first one, is associated
with the pyrolysis of the organic groups since it is well
corresponded with the exothermic peaks due to the loss
of the alkoxide groups in both aluminium isopropox-

TABLE I I I T emperature (C) of the maxima of DTA curves for the
precursors of thexTiO2·(1− x)Al2O3 series and for IsopTi and IsopAl

Sample Temperature (C) *

IsopTi — 234(endo); — 374 — 765
243

IsopAl 140(endo) — 281 — — 836; 854
x= 0.0 — 209; 227 291; 314 — — 845
x= 0.2 — 260 281; 290 — — 862
x= 0.5 — 261 281 — — 769
x= 0.6 — 263 271 — — 696
x= 0.8 158 262 — 353 420 655
x= 1.0 146 246 — — 413 498

All the peaks are exothermic, if the opposite is not indicated.
∗Temperature associated with the crystallization process or phase trans-
formation.

Figure 3 DTA curves of the precursors of thexTiO2·(1− x)Al2O3 series
dried at 80 C. A) 0.0≤ x≤ 0.5; B) 0.6≤ x≤ 1.0.

ide and titanium isopropoxide (see decomposition tem-
perature for both alkoxides in Table II). Additionally,
there is a third weight loss step from 300 C onwards,
which presumably corresponds to the water lost dur-
ing the formation of the oxide. These results are in
agreement with the ones reported by other authors for
xTiO2·(1− x)Al2O3 supports [18].

The DTA curves for thexTiO2·(1− x)Al2O3 series
are depicted in Fig. 3, and the temperatures of the max-
ima for the observed peaks are given in Table III to-
gether with the corresponding ones to the raw alkox-
ides. In most of the samples (all having intermediate
compositions) there is a double exothermic peak in the
260–290 C temperature range. The first one, centred
at about 263 C, corresponds to the titanium isopropox-
ide decomposition, and the second one, near 282 C, is
assigned to the exothermic decomposition observed in
the aluminium isopropoxide. It can be noticed that this
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double peaks shifts to the left when the titanium content
increases, due to the lower decomposition temperature
of the titanium alkoxide (243 C) with respect to that of
aluminium alkoxide (281 C). Additionally, a broad and
weak exothermic peak, centred at 350 C, is observed for
the samplex= 0.8, corresponding to the peak centred
at 374 C detected in the DTA curve of IsopAl, which is
associated with the crystallization process of an amor-
phous phase into anatase TiO2. This peak is not ob-
served for samples with molar ratiosx< 0.8. The DTA
curve for the samplex= 1.0 shows an exothermic peak
near 250 C, corresponding to the IsopTi decomposition
and other two peaks at 413 C and 498 C. These two
peaks could be also associated with the formation of
a crystalline phase from the amorphous precursor or
with a phase transformation since they correspond to
a constant weight region in the TG curve. The same
type of assignment could be done for the peaks cen-
tred at 695, 768 and 860 C for thex= 0.6, 0.5 and
0.2 samples, respectively. Thus, this high temperature
peak in the DTA curves corresponds to the crystalliza-
tion of different aluminium and titanium phases, as will
be discussed in the following section.

4.3. Crystalline phases
A detailed study of the crystalline phases formed during
the calcination process is of a great importance, because
the nature of the crystalline phases can affect the cat-
alytic behaviour of the support. Thus, for example, the
anatase-to-rutile phase transformation is considered to
represent the major factor in catalytic deactivation in
selective oxidation catalysts [31–33].

The precursors dried at 80 C are amorphous, as de-
tected in their corresponding diffraction patterns (not
shown here). As observed in the diffractograms of the
samples calcined at 500 C (depicted in Fig. 4), the sam-
ples corresponding to the 0.0≤ x≤ 0.6 composition
range are amorphous, meanwhile the diffractograms
of the x= 0.8 andx= 1.0 samples reveal the pres-
ence of anatase and a mixture of anatase and rutile,
respectively. Thus, any diffraction peak assignable to
a crystalline phase containing titanium is observed for
samples ofx< 0.8 molar ratios, that is, in these sam-

Figure 4 X-ray diffraction patterns of the samples of thexTiO2·
(1− x)Al2O3 series calcined at 500 C. A: anatase; R: rutile.

ples the titanium must be very dispersed forming very
small crystallites, whose size is not large enough to be
detected by DRX. This result is in agreement with the
ones reported by Ramirez and Gutierrez-Alejandre [27]
for TiO2-Al2O3 supports, where anatase crystals were
not detected for samples ofx< 0.7 composition. These
authors also found that the incorporation of titania
seemed to decrease the crystallinity of theγ -Al2O3 with
respect to the one corresponding to pure alumina, in
such way that the diffractograms ofx= 0.5 andx= 0.7
samples were amorphous. In our case, not only the sam-
ples with intermediate composition are amorphous, but
the alumina pure support (x= 0.0) is also amorphous.
The differences observed in this sample could be due
to the different calcination conditions, because those
authors calcined the samples at 500 C for 24 h and in our
case the calcination time at that temperature was only
3 h. As indicated above, the difractogram of thex= 1.0
sample shows a mixture of anatase and rutile phases. As
discussed before, an exothermic peak centred at 413 C
was observed in the DTA curve of this sample, asso-
ciated with the crystallization process of anatase, and
another peak centred at 498 C was also observed, cor-
responding to the transformation of anatase into ru-
tile. The proximity of this last temperature to the cal-
cination temperature (500 C) could be the reason why
the phase transformation process has not finished com-
pletely, which justifies the presence of the two phases
in the difractogram. The crystallization temperature of
anatase is close to that observed by other authors in the
case of the crystallization of titanium oxides prepared
by a sol-gel method, although in different conditions
[30] to ours. Likewise, the presence of a mixture of
anatase and rutile (97% and 3%, respectively) was de-
tected by other authors in the diffractograms of titanium
oxides prepared by the sol-gel method and calcined at
400 C [25]. Shuoet al. [34] found a proportion of 85
and 15% for anatase and rutile, respectively, in a TiO2
prepared from hydrolysis of titanium isobutoxide and
calcined at 600 C for 5 hours. A similar proportion was
found by Fuet al.[35] (90% anatase, 10% rutile) in sam-
ples calcined at 300 C, the rutile becoming predominant
respect the anatase if the samples were calcined at 500
C. In our case, the rutile fraction was determined from
the intensities of the [101] and [110] reflections planes
for anatase (IA) and rutile (IR), respectively, by apply-
ing the formulaxR = 1 / [1+ 1.26 (IA/IR)] [36]. We
have obtained a proportion of 43 and 57% for anatase
and rutile, respectively. On the other hand, as indicated
before, the difractogram of the samplex= 0.8 calcined
at 500 C shows the presence of anatase. As an exother-
mic peak was observed at 655 C (see Table III) in the
corresponding DTA, it was decided to calcine this sam-
ple to a temperature higher than 655 C, in order to
check if that peak could correspond to the anatase-to-
rutile transformation. However, this last phase was not
detected in the difractogram of the sample calcined at
725 C, and only the anatase phase was detected, proba-
bly because of the different conditions used during the
calcination process and the DTA experiments.

As discussed in the previous section, the crystal-
lization process seems to occur at temperatures above
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Figure 5 X-ray diffraction patterns of the samples of thexTiO2·
(1− x)Al2O3 series calcined at different temperatures. A: anatase; R:
rutile; C: corundum (α-Al2O3); γ : γ -Al2O3.

500 C for the 0.0≤ x≤ 0.6 samples. These samples
were calcined at higher temperatures, chosen in func-
tion of the ones observed in the corresponding DTA
curves (see Table III). The diffractograms of these sam-
ples calcined at different temperatures are shown in
Fig. 5. As noticed in the diffractograms, all the sam-
ples are crystalline, in such way that the temperatures
of the DTA peaks marked with an asterisk in the Ta-
ble III are associated with crystallization processes. The
samples rich on aluminium (x= 0.0, x= 0.2) contain
crystalline phases of aluminium compounds while the
diffractograms of the samples with high molar ratios of
TiO2 show only the presence of titanium compounds.
Thus, the hexagonal phase ofγ -Al2O3 with a low de-
gree of crystallinity is detected forx= 0 sample, and a
mixture ofα-Al2O3 (corundum) and rutile is observed
for x= 0.2 sample.

The phase transitions of the alumina, which have
been studied for decades [37, 38] show always the same
sequences:

γ -boehmite
400 C−−−→ γ -Al2O3

750 C−−−→ δ
900 C−−−→

θ
1200 C−−−→ α-Al2O3

gibsite
250 C−−−→ χ -Al2O3

500 C−−−→

κ-Al2O3
1000 C−−−→ α-Al2O3

In spite of the formation ofγ -Al2O3 from γ -boehmite
described in these sequences occurs around 400 C, in
our case, as the raw material is not the boehmite and
the calcination conditions are different, theγ -Al2O3 is
not obtained by us for the samplex= 0 until this is cal-
cined at 900 C. On the other hand, the transformation
into α-Al2O3 occurring at 1200 C for the pure alumina
is observed by us at temperatures below 900 C for the
x= 0.2 sample, as noticed in the corresponding difrac-
togram (see Fig. 5), which shows the presence of corun-
dum (α-Al2O3). Thus, the samplex= 0.0 calcined at
900 C contains theγ -Al2O3 phase, meanwhile the sam-
plex= 0.2 calcined at the same temperature contains a
mixture ofα-Al2O3 and rutile. Therefore, the presence

of small titanium amounts seems to facilitate the trans-
formation intoα-Al2O3 at temperatures below 900 C.
This result is in agreement with those reported previ-
ously by other authors [39–43], who found that some
oxides, such as Fe2O3, TiO2, MgO, NiO, CuO, MnO2,
V2O5 and PtO promoted the transformation ofγ -Al2O3
into α-Al2O3 at a temperature as low as 900 C. Addi-
tionally, the crystallization temperature of rutile for the
x= 0.2 sample is lower than those found by Tobaet al.
[26] for two samples with the same composition pre-
pared by simultaneous and separated hydrolysis of the
two alkoxides (1034 and 961 C, respectively).

As it can be noticed, the formation of a crystalline
phase seems to occur at lower temperatures while the
titanium content increases. These observations are in
agreement with the results reported by Inamuraet al.
[44] and by Klimovaet al. [18] for the crystalliza-
tion of ZrO2-Al2O3 oxides. They observed that the
crystallization process of the tetragonal zirconia phase
occurred at higher temperatures while the aluminium
content increased. Duchetet al. [45] also found an in-
crease of 200 C in the crystallization temperature for
ZrO2 when it was doped with small amounts of Al2O3
(1–10 Al wt %).

4.4. Zero point charge (ZPC) values
In the mixed oxide systems, it is interesting to determine
the surface distribution of the two oxides and its depen-
dence upon the overall composition. The technique of
electophoretic migration has proved to be very sensi-
tive to variations in the surface coverage for a number
of supported catalyst systems [46]. Wachs [47] found
that under ambient conditions, where the surface was
hydrated, the molecular structures of the surface metal
oxide species were determined by the net pH at the
zero point charge (ZPC) of the supported metal oxide
system. Here, we consider that the ZPC of the mixed
oxide will be the result of the contributions of the two
oxides, and although this may not be essentially true in
some cases, we will use it as an approximation to esti-
mate the distribution of the two oxides on the surface
of the mixed oxide. Accordingly, the decrease in the
ZPC values relative to Al2O3 (isoelectric point -IEP-
value of 7.2) will be due to the existence of a phase
having an IEP lower than 7.2. Since in this case, TiO2
has an IEP measured value of 3.8, the deviation from
the line which goes through these two values, will be
interpreted as variations in the composition of the sur-
face. Besides, the ZPC values of the supports are of
importance in the preparation of catalysts since for pH
values above the zero point charge the surface of the
support will be negatively charged, and conversely, for
pH values below the ZPC the surface will be positively
charged. Clearly, this will be of importance during the
impregnation step of the active phase precursor salts
where the active metals are present as cations or anions.

Fig. 6 shows the plot of ZPC vs. TiO2 molar ratio. It
can be seen that the values of ZPC for the mixed oxide
samples are comprised between the values of the iso-
electric point of the two simple oxides. The behaviour
observed in the ZPC variations in all samples, with the
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Figure 6 ZPC values of the samples of thexTiO2·(1− x)Al2O3 series
calcined at 500 C.

exception of thex= 0.5 sample, is in good agreement
with the equation:

ZPCTiO2-Al2O3 = (IEP)TiO2·XTiO2 + (IEP)Al2O3
·XAl2O3

which relates the ZPC of the mixed oxide with the sur-
face molar fraction (X) and isoelectric points (IEP) of
the simple oxides (TiO2 and Al2O3).

The linearity of the ZPC vs.X plot indicates that
the surface distribution of titanium and aluminium ox-
ides follows approximately the bulk composition of
the corresponding mixed oxides, although this is not
a complete proof of the homogeneity of the solids. In
the case ofx= 0.5, a considerable deviation of ZPC
value with respect to the one expected from the straight
line equation is observed, in such way that this sample
has a ZPC value even lower than that corresponding
to thex= 0.6 sample, which contains less aluminium
amount. That is, the surface distribution of thex= 0.5
sample deviates from the expected for the bulk com-
position, and this fact could be attributed to a possible
error in the preparation of this sample (the zeta poten-
tial measurements were repeated three times, obtaining
the same value of ZPC for this sample). Other authors
[18] also observed such deviation, although lower, for
the x= 0.5 sample of thexZrO2·(1− x)Al2O3 series.
On the other hand, the IEP value obtained by us for
the samplex= 0 is lower than that obtained by those
authors for an alumina prepared in a similar way to
ours, (although the calcination temperature and other
conditions were different), and also lower than the one
found by other authors [46] for a commercialγ -Al2O3
(8.8). However, we can not forget that in both reported

cases the studied phase isγ -Al2O3, meanwhile in our
case, thex= 0 sample calcined at 500 C is still amor-
phous (as shown in the corresponding difractogram of
Fig. 4); therefore, it is logical that the surface charac-
teristics of the samples are also different. Similarly, the
IEP value (3.8) for TiO2 (x= 1.0) obtained by us is also
considerably lower than the one measured by other au-
thors [46] for a commercial TiO2 sample from Degussa
(6.3), which indicates the different surface characteris-
tics of both samples, the commercial and the prepared
by the sol-gel method.

4.5. Surface acidity
The acidity of alumina-titanias, which is one of the
important factors controlling the catalysis, can vary
with the preparation method for the following reasons.
The acidity of mixed oxides has been generally con-
sidered to result from an excess of negative or posi-
tive charge caused by the formation of bridged hetero
metal-oxygen bonds (M-O-M′) [48]. In a mixed oxide
containing M and M′ metals, the degree of M-O-M′
bond formation depends on the degree of mixing of M
and M′, namely the homogeneity of the mixed oxide
which changes with the preparation methods. On the
other hand, in many catalytic systems, the support not
only allows a high dispersion of the active phase, but
also plays a role in determining the catalytic activity and
some explanations of this effect can be given in term of
carrier acidity. For these reasons, it is very important to
determine the acidity of the mixed oxides which will
be used as supports for a determined catalytic system.

As indicated in the experimental section, a potentio-
metric method of titration withn-butylamine was used
to characterize the surface acidity [19]. The titration
curves for the samples of thexTiO2·(1− x)Al2O3 series
calcined at 500 C are plotted in Fig. 7. Table IV shows
the values of the initial electrode potential (E0) as well
as the potential decreasing (1V) produced during the
titration. According to the method used, the initial elec-
trode potential indicates the maximum acid strength
of the first titrated surface acid sites. Therefore, it can
be observed that the maximum acid strength increases
with the molar ratio of TiO2 up tox= 0.6, decreasing
for samples with higher values ofx. That is, the sam-
ple x= 0.6 seems to contain the combination of Al-Ti
acid sites with highest acid strength. It can be also no-
ticed that when the TiO2 molar ratio is small (x= 0.2),
the acid strength of the strongest acid sites almost does
not change with regard to that of the sample containing
only alumina (x= 0.0). In this way, the initial poten-
tial values are very similar and both titrations curves
practically overlap. However, when the titanium con-
tent increases up tox= 0.5, an increment of 40 mV in
theE0 value is produced, which indicates that stronger
acid sites are generated. This increase of theE0 value

TABLE IV Results of the titration withn-butylamine for the samples
of thexTiO2·(1− x)Al2O3 series, calcined at 500 C

Sample x= 0.0 x= 0.2 x= 0.5 x= 0.6 x= 0.8 x= 1.0
E0 (mV) −147 −144 −106 136 44 −76
1V (mV) 99 96 100 297 207 105
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Figure 7 Titration curves withn-butylamine for the samples of the
xTiO2·(1− x)Al2O3 series calcined at 500 C.

is more substantial for the samplex= 0.6, in such way
that this sample shows the highestE0 value. Therefore,
as explained before, this sample contains the combi-
nation of Al-Ti acid sites with highest acid strength,
showing its titration curve above all the others. When
the titanium content continues increasing (x= 0.8,x=
1.0), the maximum acid strength of the first titrated sur-
face acid sites decreases again (a decrease of theE0
value is observed). These results are in line with those
reported by Shibataet al.[49] in the sense that the acid
strength of a mixed oxide is generally higher than those
of the component oxides, because a stronger acid site
is generated by the formation of bridged hetero metal-
oxygen bonds (M-O-M′). The higher the miscibility or
formation of these hetero bonds the higher is the acid
strength.

On the other hand, the higher the potential decrease
produced during the titration, the higher is the differ-
ence of acidity between the initial and final acid sites
of each step of the titration curve. Conversely, very
small potential decreases indicate a very similar acid
strength between both types of acid sites. Thus, most
of the samples of thexTiO2·(1− x)Al2O3 series seems
to have a very similar distribution of acid sites, because
the potential decrease produced is almost the same in
all cases (around 100 mV), except for thex= 0.6 and
x= 0.8 samples, which show a potential decrease three
times and twice higher, respectively. For the samples
x= 0.0 andx= 0.2, besides of a first plateau reached
around 10 mL, a second step in the titration curve is
observed after the addition of approximately 45 mL,
which seems to indicate the existence of two types of
acid sites in these two samples. Something similar oc-
curs in the titration of samplex= 1.0, which experi-
ments a second fall in the titration curve after 39 mL.

Figure 8 Acid sites surface density for the samples of thexTiO2·
(1− x)Al2O3 series calcined at 500 C.

It can be observed that the volume of basic solution
added to get the first plateau on the titration curve in-
creases with the molar ratio of TiO2, in such way that
the curves of thex= 0.6,x= 0.8 andx= 1.0 samples
seem not to get the plateau completely in the studied
range, but they show a slow and continuous fall. This
means that the distribution of acid sites is wider for the
samples with higher titanium content, meanwhile the
samples with a low content of this element (x= 0.0,
x= 0.2) seem to contain a narrow energetic distribu-
tion of acid sites: the strongest ones titrated firstly until
a consumption of about 10 mL, and other weaker neu-
tralizated after 45 mL. This is in agreement with the re-
sults observed by other authors for TiO2·(1− x)Al2O3
supports [25]. They found that the number of weak
and strong acid sites in the mixed oxides was almost the
same that for the pure alumina, meanwhile the number
of acid sites of medium strength increased linearly with
the titanium content.

From the potential values at the plateau (determined
in some cases by extrapolation), the number of mi-
liequivalents of amine consumed has been calculated,
and as the surface area of each sample is known, the acid
sites surface density has been also calculated. The re-
sults are shown in Fig. 8. It can be observed that when
the titanium content of the mixed oxides increases, a
continuous increment of the acid sites density is pro-
duced, being much more pronounced for the sample
containing only titania. These results are in good agree-
ment with those reported previously by Centiet al.[50]
and by Klimovaet al. [18] for ZrO2-Al2O3 mixed ox-
ides. These last authors observed that acid sites density
increased only slightly with the incorporation of zirco-
nia to the alumina, and that increased substantially for
the pure zirconia sample. Clearly, all the results pre-
sented about strength and distribution of acid sites are
very interesting since they show the possibility of tun-
ing the surface acidity of the mixed oxides which will
be used as supports for hydrotreating reactions.

5. Summary and conclusions
A series ofxTiO2·(1− x)Al2O3 mixed oxides with dif-
ferent molar ratios has been prepared by the sol-gel
method. This method has allowed us to obtain Ti-Al
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mixed oxides with higher surface area than alumina
and titania, hence making these solids interesting as
catalytic supports. In addition, it is possible to tune to
some extent the pore size distribution of the mixed ox-
ide by changing its composition. Thus, the presence
of titanium in the calcined samples until a ratio of
x= 0.5 leads to the formation of smaller pores than
those formed in the alumina sample. The crystalliza-
tion process induced by calcination occurs at temper-
atures higher than 500 C for the 0.0≤ x≤ 0.6 sam-
ples. This crystallization process is shifted to higher
temperatures when the aluminium content increases.
On the other hand, the presence of titania in the Ti-Al
mixed oxides promotes the formation ofα-Al2O3. The
samples rich on aluminium (x= 0.0, x= 0.2) contain
crystalline phases of aluminium compounds, while the
diffractograms of the samples with high molar ratios of
TiO2 show the presence of titanium compounds. The
ZPC results indicate the formation of a surface com-
position equivalent to the bulk composition of the two
oxides. The acid sites surface density, as determined by
n-butylamine titration, increases with titania content,
allowing the tuning of the acid properties of the mixed
oxide supports. Furthermore, the strength of the acid
sites may be varied by changing the composition of the
mixed oxide, being thex= 0.6 sample the one contain-
ing the combination of Ti-Al acid sites with highest
acid strength.
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