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Departamento de Quı́mica Inorgánica y Quı́mica Técnica, Facultad de Ciencias (U.N.E.D.);
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A series of 0.6TiO2·0.4Al2O3 catalytic supports has been prepared by both non-hydrolytic
route and hydrolytic sol-gel processes. Some synthesis variables, such as the use of
ethylene glycol as complexing agent, the generation in situ of the hydrolysis water, or the
separated hydrolysis of the respective alkoxides, have been studied for the samples
prepared by the hydrolytic sol-gel method. The physical and structural characterisation of
the samples has been carried out by different techniques. The textural results show that the
surface area and the pore size distribution are influenced by the synthesis method, which
also affects the thermal behaviour and the crystallization process of the samples. The
distribution of acid sites is also different, depending on the synthesis conditions.
C© 2000 Kluwer Academic Publishers

1. Introduction
The sol-gel process, which comprises the controlled hy-
drolysis and subsequent condensation of metal alkox-
ides, offers new approaches to the synthesis of highly
porous oxide materials. Each step of the process can
be controlled and modified in order to obtain a specific
material, with better characteristics from the catalytic
point of view than those obtained by the traditional
methods of preparation [1]. One of the most interest-
ing applications of the sol-gel process can be found in
the field of catalysis, not only for the preparation of
supports [2–4], but also for the synthesis of supported
metal oxide catalysts, starting from an homogeneous
solution containing both the metal precursor and the
support precursor [5–8].

There are numerous variables which affect the re-
action rates and the uniformity of the hydrolysis and
polimerization [9], influencing on the physical and
structural characteristics of the obtained oxides [10].
Recently, Andrianainariveloet al. [11] have reported
a new sol-gel route, involving no hydrolysis, for the
preparation of binary oxides, which is very efficient to
achieve gels with a high degree of homogeneity. In the
present paper, we have applied a similar non-hydrolytic
method for the synthesis of the 0.6TiO2·0.4Al2O3
mixed oxide. This paper could be considered as a con-
tinuation of the one reporting the synthesis via sol-gel
of the xTiO2·(1− x)Al2O3 series, with different mo-
lar ratios (x = 0.0, 0.2, 0.5, 0.6, 0.8 and 1.0) [12].
The support withx = 0.6 molar ratio has been chosen
for the present work, because as it will be observed in

∗ Author to whom all correspondence should be addressed.

the reactions describing the non-hydrolytic sol-gel pro-
cesses, the mixed oxide to be obtained in the stoichio-
metric conditions employed should have the theoreti-
cal composition of Ti3Al4O12, which is the equivalent
to 0.6TiO2·0.4Al2O3, that is,x= 0.6. Additionally, the
x = 0.6 sample is the one containing the combination
of Al-Ti acid sites with highest acid strength of all the
samples of thexTiO2·(1− x)Al2O3 series studied by
us [12]. In order to compare different synthesis meth-
ods and to know the influence of these on the physical
and structural characteristics of the support obtained,
the oxidex = 0.6 has also been synthesised by the hy-
drolytic sol-gel process, but involving the modification
of some variables. These variables are: the use of a com-
plexing agent, the generationin situ of the hydrolysis
water, and the separated hydrolysis of each one of the
two alkoxides.

2. Synthesis procedure
2.1. Non-hydrolytic sol-gel route
In conventional sol-gel processes, the formation of sols
or gels results from the formation of M-O-M bridges
through hydrolysis and polimerization reactions. In the
non-hydrolytic sol-gel process, M-O-M or M-O-M′
bridges are obtained by condensation between halide
and alkoxide groups, with elimination of alkyl halide.
To avoid the use of alkoxides (which are often quite ex-
pensive), the alkoxide groups can be formedin situ by
the etherolysis of the metal halide by an organic ether. In
both cases, the stoichiometry of these reactions requires
an equal number of alkyl groups and halide groups.
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2.1.1. Halide-ether route (phaha)
The preparation of this precursor involves the etherol-
ysis of the metal halide by organic ether, according to
the reaction:

xMCl4+ yM′Cl3+ z(ROR)→ MxM′yOz

with 4x + 3y = 2z

Although the reaction allows different Al/Ti stoi-
chiometries, the theoretical amounts employed in the
synthesis of phaha were the following ones:

3TiCl4+ 4AlCl3+ 12(CH3)2-CH-O-CH-(CH3)2

→ Ti3Al4O12+ 24(CH3)2CHCl

which are the appropriate to obtain the mixed ox-
ide Ti3Al4O12, which is equivalent to the 0.6TiO2·
(1−x)Al2O3, that is,x = 0.6. The diisopropyl ether
was chosen because it appeared to be the most effec-
tive in term of the degree of condensation of the gel for
Zr-Ti oxides [11]. The AlCl3 (solid) was slowly added
to the appropriate amount of diisopropyl ether and kept
under reflux at 80 C for 30 minutes, until a complete
solution. Once the solution was cooled, the TiCl4 was
slowly added and the solution was again refluxed and
stirred at 70 C, gelling after 30 minutes. The stirring
was stopped and the gel was aged for three days, af-
terwards it was completely dried. Then, the gel was
calcined under an air flow of 75 ml·min−1, according
to the following calcination program:

T0 = 30 C

r1 = 3 C ·min−1 T1 = 100 C t1 = 30 min

r2 = 3 C ·min−1 T2 = 200 C t2 = 60 min

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

2.1.2. Halide-alkoxide route
This route involves the thermal condensation between
a metal halide and a metal alkoxide. It must be taken
into account that the condensation competes with the
redistribution of the ligands, which usually takes place
rapidly at room temperature and leads to a complicated
mixture of halogenoalkoxides [13]:

MXn +M(OR)n→ MX x(OR)n−x with 0≤ x ≤ n

Three precursors have been synthesised by the halide-
alkoxide route, two of them employing the titanium
tetrachloride and two different aluminium alkoxides,
and a third one using titanium isopropoxide and alu-
minium trichloride. The precursors synthesised were
the following ones:

phaTiSecAl

3TiCl4+ 4Al((CH3)3C-O)3

→ Ti3Al4O12+ 12(CH3)3CCl

The aluminium secbutoxide was slowly added to the
titanium tetrachloride and the solution was heated and
stirred at 100 C, occurring the gellification after 24 h.

The gel was aged for 5 days, dried in an oven at 80 C for
14 h, and calcined according to the program explained
above.

phaTiIsAl

3TiCl4+ 4Al((CH3)2CH-O)3

→ Ti3Al4O12+ 12(CH3)2CHCl

As the aluminium isopropoxide is a solid, it was pre-
viously solved in 25 mL of CCl4 under reflux at 90 C
for 1 h and 20 minutes, until a complete and homoge-
neous solution. After that, the corresponding amount of
titanium tetrachloride was added and the solution was
refluxed at 100 C for 24 h. After this time, a gel was
not obtained, and the yellowish precipitate formed was
filtered, dried and calcined.

pIsTihaAl

3Ti((CH3)2CH-O)4+ 4AlCl3

→ Ti3Al4O12+ 12(CH3)2CHCl

As the aluminium trichloride is a solid, it was also pre-
viously solved in 25 mL of CCl4 under reflux at 90 C for
around 4 h, until a homogeneous solution was obtained.
Then, the titanium isopropoxide was slowly added and
the solution was heated and refluxed at 100 C for 24 h.
As in the former case, a grisaceous precipitate was ob-
tained, which was filtered, dried and calcined.

2.2. px06
The synthesis of this gel was described previously [12].
The molar ratios used were alcohol/alkoxide= 15 and
water/alkoxide= 5, which are the same used for the
rest of the precursors synthesised in other different
conditions.

2.3. px06EG
A route involving the (co)polimerization of the alkoxi-
des with ethylene glycol was used for the synthesis
of this precursor. The ethylene glycol reacts with the
alkoxides involving intra and intermolecular bonds,
leading to the formation of a tridimentional skeleton,
favouring the proximity of the metal atoms. The syn-
thesis procedure was the following. The aluminium iso-
propoxide was solved in propanol and refluxed for 3 h
under continuous stirring. After that, the titanium iso-
propoxide and the ethylene glycol were added and the
solution was heated at 70 C. The solution gelled af-
ter 1 h. Stirring was stopped and the gel was aged
for 5 days, suffering a substantial shrinking. The gel
was dried at 100 C for 22 h and calcined, following
the program above explained. The molar ratios used
in this case were propanol/alkoxide= 15 and ethylene
glycol/alkoxide= 3.

2.4. px06Ac
The hydrolysis was controlled by the water gener-
atedin situ, through the esterification reaction between
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propanol and acetic acid, as follows:

CH3-CH2OH+ CH3-COOH

→ CH3-COOCH2-CH3+ H2O

This synthesis method has been previously used by
other authors [14] in order to moderate the reactivity of
the alkoxide for the preparation of ZrO2. The synthesis
procedure was as follows. The aluminium isopropoxide
was solved in an appropriate amount of propanol under
reflux for 3 h. The amount of propanol used was the
difference between the alcohol necessary to keep the
alcohol/alkoxide= 15 molar ratio and that necessary to
generate by reaction with the acetic acid a number of
moles of water involving the water/alkoxide= 5 mo-
lar ratio. After that, the solution was cooled at room
temperature and the titanium isopropoxide was added.
Then, the acetic acid and the rest of propanol were
added dropwise, under continuous stirring. The solu-
tion gelled after 24 h, meanwhile the precursor px06
did it in a few minutes, as explained previously [12].
This is in line with the results reported for gellifica-
tion studies of titanium alkoxides solutions by other
authors [15], who found that the gelling time increased
considerably in the presence of acetic acid. This de-
crease of the alkoxide reactivity has been attributed to
an increment of the co-ordination number of titanium
[16]. The reactivity of the Ti(OPri) towards the acetic
acid can be explained in terms of a nucleophilic substi-
tution of (OPri) groups by (OAc) groups. These last are
stronger ligands, being able to behave as bidentate, with
less steric hindrance than the (OPri) groups, leading to
an increment of the co-ordination number of titanium
from 4 to 6. The OAc groups remain bonded to titanium
much longer, and they are hydrolysed more slowly than
the OPri groups [1, 17].

2.5. px06sep
The hydrolysis of each alkoxide (titanium isopropox-
ide and aluminium isopropoxide) was carried out sep-
arately, according to the same procedure used for the
px06 precursor formed by simultaneous hydrolysis, and
keeping constant the same molar ratios. Both gels were
aged for 5 days, dried in an oven at 80 C for 14 h,
and physically grinded and mixed to get the px06sep
sample, which was then calcined.

TABLE I Textural characteristics of dried and calcined samples

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)

phaha 1.3 — — — 262.2 — 0.322 0.098
phaTiSecAl 1.0 — — — 200.1 — 0.345 0.075
phaTiIsAl 23.9 — 0.055 0.009 21.2 — 0.059 0.008
pIsTihaAl 2.0 — 0.002 0.001 52.8 — 0.073 0.020
px06 85.3 72 0.014 0.035 178 — 0.248 0.066
px06EG 1.4 — — — 34 23.6 0.008 0.013
px06Ac 308 125 0.316 0.124 192 — 0.662 0.073
px06sep 601 233 0.246 0.236 145 — 0.268 0.055

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

3. Characterisation techniques
The techniques used for the characterization of the sam-
ples have been already described [12]. The samples cal-
cined are designed with the same names than the pre-
cursors (dried gels) but without the first letterp. Thus,
for example, the name px06sep is used for a gel dried
at 80 C and the name x06sep is employed for the same
sample calcined at 500 C.

4. Results and discussion
4.1. Surface and pore size distribution
The textural characteristics of dried and calcined sam-
ples are listed in Table I. The BET surface area (SBET),
the micropore surface (SMIC) calculated fromt-plot
method [18] and the cumulative meso [19] and microp-
ore [20] volumes are given. The values ofSBET of these
precursors are substantially lower than that of the px06
precursor prepared by the hydrolytic route. It must be
remembered that in the preparation of some of these
samples, a precipitate was obtained instead of a gel. It
is possible that the reaction between the different alkox-
ides and the halides has not been completely carried out,
and the obtained solid could correspond partly to some
of the raw solids that have not completely reacted. Be-
sides, as indicated in the synthesis section, the phaha
precursor was not dried, and it is possible it contains
ether or TiCl4 occluded into the pores, making them in-
accessible to the nitrogen molecules. It can be observed
in Table I that when the gels prepared by non-hydrolytic
routes are calcined at 500 C, a substantial increment of
theSBET values is produced (fundamentally due to a de-
velopment of the mesoporosity in these samples), with
the exception of the haTiIsAl sample, whose surface
area is practically the same than that of the dried pre-
cursor. The contribution to theSBET values of calcined
samples comes from the mesopores, since the values
of SMIC obtained by the calculation program are neg-
ative, which indicates the absence of micropores. 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 accessibility of these to the
nitrogen molecules. The increase of the mesoporosity
produced during the calcination process is also corrob-
orated by comparing theVBJH values of both dried and
calcined samples. The samples calcined showing the
highest values ofSBET (even higher than that of the x06
sample prepared by the hydrolytic route) are the haha
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Figure 1 DFT distributions of thex = 0.6 samples synthesised by non-
hydrolytic routes and calcined at 500 C.

and haTiSecAl. It must be remembered that an homo-
geneous gel is obtained in the preparation of these two
samples, in contrast to the precipitate obtained in the
preparation of the other two samples.

The Density functional theory (DFT) distributions
[21] of those two samples (see Fig. 1) are quite simi-
lar between them, showing fundamentally small meso-
pores (pore size comprised between 20 and 100Å),
with the maxima around 50–65̊A. On the contrary, the
haTiIsAl sample contains bigger mesopores (although
the pore volume is substantially lower), with a wide
pore size distribution between 100 and 600Å.

With regard to the samples obtained with other syn-
thesis variables, it can be observed in Table I that the
SBET values for the precursor synthesised by generation
in situof the water (px06Ac) as well as for the formed
by physical mixture of the two gels obtained separately
(px06sep) are much higher (3.5–7 times) than theSBET
value of the px06 sample. In those precursors, the total
porosity has been developed, as corroborated if their
mesopore (VBJH) and micropore (VHK) volumes values
are added and the resulting values are compared with
the one obtained for the px06 sample. These samples,
px06Ac and px06sep, are fundamentally mesoporous,
as deduced by comparation ofSBET and SMIC values.
The second ones are much lower than the first ones,
and the difference between them is the area due to the
mesopores. However, the very lowSBET value of the
precursor of the sample obtained using ethylene glycol
(px06EG), may be due to the fact that the drying pro-
cess of this sample was different. Besides, no water was
used to generate the hydrolysis; hence, it is possible that
the subsequent polycondensation process occurred in a
low degree.

The DFT distributions of thesex = 0.6 samples cal-
cined at 500 C are plotted in Fig. 2. When the sam-
ples are calcined, the pore structure changes, leading to
larger diameter pores and decreasing the microporos-
ity. This can be corroborated by comparing the values
of VBJH andVHK for both groups of dried and calcined
samples. For the x06Ac and x06sep samples, the pore
structure collapses and the surface area decreases in a
factor of 1.5–4. On the other hand, meanwhile the x06
sample shows a unimodal distribution, the x06sep sam-
ple presents a bimodal distribution, with contribution
of pores of two sizes, 65 and 90̊A. These last pores
could be associated with the contribution of the alu-

Figure 2 DFT distributions of thex = 0.6 samples synthesised with
different variables and calcined at 500 C.

mina oxide, which showed the biggest size pore of the
xTiO2·(1− x)Al2O3 series [12]. That is, as the x06sep
is formed by the physical mixture of the gels obtained
by separated hydrolysis of the two alkoxides, the inter-
action between the titanium and aluminium atoms to
form a mixed has been more hindered, in such way that
the contribution to the porosity seems to be the addition
of the contributions of both the alumina and the titania.
On the other hand, when the hydrolysis is controlled
by generationin situ of the water, bigger mesopores
are formed than in presence of water. Thus, meanwhile
the maximum of the distribution of the x06 sample is
around 60Å, the x06Ac sample shows a wide DFT
distribution with mesopores of 170, 350 and 500Å.
The DFT distribution of the x06EG sample calcined
at 500 C (not shown in the figure because of its dif-
ferent ordinate scale) is practically the same than that
of the dried gel (with the maximum of the distribution
centred at 25̊A), although itsSBET value (whose con-
tribution is principally due to the micropores, being the
SBET andSMIC values very similar) is around 10 times
higher.

4.2. Thermal behaviour
The thermograms of the four samples prepared by non-
hydrolytic routes and dried at 80 C are depicted in
Fig. 3a, together with that of the px06 precursor pre-
pared by the hydrolytic route. All the samples undergo
a mass loss higher than that of the px06 sample, indi-
cating a lower degree of condensation in those samples.
For the five gels, the thermal degradation occurs in the
same temperature range. The mass losses vary from
37.0 to 53.7 wt % as a function of the degree of conden-
sation of the gels and the nature of the OR group. When
the TiCl4 is used, no significant change results from the
nature of the aluminium alkoxide used (secbutoxide
or isopropoxide), in such way that the TG curves of
both samples (phaTiSecAl and phaTiIsAl) lead to very
similar residue values (54–55 wt %). The profiles of
both curves are different, however, and from 200 C the
curve of the precursor containing secbutoxide is shifted
around 100 C towards higher temperatures than that of
the precursor containing isopropoxide. Nevertheless,
the fact that the final weight losses of both samples are
very similar, indicates that there is no significant dif-
ference in the degree of condensation of the gel, that
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(a)

(b)

Figure 3 Thermal analyses for thex = 0.6 precursors synthesised by
non-hydrolytic routes (for comparison, px06 is also included). A: TG
curves; B: DTA curves.

is, this is not influenced by the nature of the aluminium
alkoxide.

The gels show a very similar weight loss (∼14 wt %)
up to 200 C, with the exception of phaha, which un-
dergoes a higher weight loss (27 wt %), probably due
to the removal of the diisopropyl ether physically ad-
sorbed (B.P.= 71 C). The TG curve of this last sample
shows a first loss zone of∼22 wt % up to 125 C, which
is assigned to the elimination of the physisorbed water
and ether. There is a second step (slower than the first
one) from 125 C onwards, which may be assigned to the
loss of the remaining TiCl4 (B.P.= 136 C) and to the
thermal decomposition and oxidation of the remaining
alkoxide groups. On the other hand, the use of CCl4

TABLE I I Temperature (C) of the maxima of DTA curves for thex = 0.6 precursors synthesised by different routes and for IsopTi and IsopAl

Sample Temperature (C) a

IsopTi — 234 (endo) 243 — — 374 — 765
IsopAl 140 (endo) — 281 — — — 836; 854
phaha 140 (endo) — — 324 — 467 732
phaTiSecAl 133 (endo) — — 340 394 440 713
phaTiIsAl 131 — — — 376 — —
pIsTihaAl — — — 356 — 475 —
px06 — 263 271 — — — 696
px06EG 185 — — 310 — — 758
px06Ac — — 288 (endo) — 379 — —
px06sep 175 220; 243 277 316 — — 498

All the peaks are exothermic, if the opposite is not indicated.
aTemperature associated with the crystallization process or phase transformation.

as solvent of either the aluminium isopropoxide or the
aluminum trichloride was necessary for the synthesis of
the phaTiIsAl and pIsTihaAl precursors. Both samples
show TG curves with a very similar profile, almost over-
lapped up to 400 C, with an associated weight loss of
40 wt %. The profiles are quite different, however, from
this temperature onwards and the final weight loss of
phaTiIsAl sample is almost 8 wt % higher than the one
of the pIsTihaAl sample. In this case, the fact that the
oxygen donor is the titanium alkoxide or the aluminium
alkoxide seems to have an effect on the condensation
degree. Other authors [11b] also observed different
residues in the TG curves of Ti-Zr gels, as a function of
either the use of titanium alkoxide and zirconium halide
or the use of titanium halide and zirconium alkoxide.

The weight losses occurring between 200 and 500 C,
assigned to the thermal decomposition of the alkoxide
groups and to the oxidation of the remaining groups,
are associated with some broad exothermic peaks in
the DTA curves (see Fig. 3b), which have very similar
profiles to those of Ti-Zr gels prepared in a similar way
by other authors [11a]. At the same time, they are very
different and worse defined than that corresponding to
the sample prepared by the hydrolytic way (px06). In
general, in Fig. 3b, two exothermic peaks can be ob-
served in the 300–500 C range, centred at around 340 C
and 460 C, respectively (see Table II). Additionally, a
third exothermic peak of less intensity appears centred
at 732 and 713 C for the phaha and phaTiSecAl samples,
respectively, and this has been attributed to the crystal-
lization process of the oxides phases, as will be shown in
the DRX studies. This peak is not observed in the DTA
curves of the phaTiIsAl and pIsTihaAl precursors, al-
though these two samples are, however, amorphous at
500 C and incipient crystalline at 750 C. Probably, the
value of the heat evolved in their crystallization process
is not large enough to be detected by the DTA technique.
This crystallization process was observed to occur at a
lower temperature (696 C) for the sample prepared by
the hydrolytic way (px06) [12]. The profile of the DTA
curve of this last sample is very different and shows
a doublet of very sharp and intense exothermic peaks,
centred at 263 an 271 C, associated with the decompo-
sition of the titanium isopropoxide and the aluminium
isopropoxide [12], respectively (see Table II).

The TG curves for thex= 0.6 samples prepared with
other synthesis variables are depicted in Fig. 4a. Three
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(a)
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Figure 4 Thermal analyses for thex = 0.6 precursors synthesised with
different variables. A: TG curves; B: DTA curves.

well-defined weight loss steps can be observed in the
TG curve of the sample prepared with ethylene glycol
(px06EG). The first step (12 wt %) until around 100 C
can correspond to the loss of both physisorbed water
and alcohol. The second one (23 wt %) occurs in the
100–250 C range and may be associated with the re-
moval of the physisorbed ethylene glycol (B.P.= 196
C). Additionally, there is a third weight loss step from
600 C onwards, which could be assigned to the decom-
position of the complex formed and to the pyrolysis of
the remaining organic groups. The TG curve of the sam-
ple prepared by generationin situof the water (px06Ac)
also displays a profile with three-well defined weight
loss steps: a first one (5 wt %) very slow until 200 C,
and two ones faster around 24 wt % each one (in the
200–300 C and 300–400 C ranges). For this sample,
the decomposition is initiated a little bit later (which
indicates the higher stability of the gel formed by gen-
erationin situof the water) and it occurs in a narrower
temperature range, which is more defined than in the
case of the samples prepared in presence of water (px06
and px06sep). The TG curve of the precursor formed by
physical mixture of the gels obtained by separated hy-
drolysis of the two alkoxides (px06sep) shows a profile
quite similar to that of the precursor originated by si-
multaneous hydrolysis (px06). However, the first curve
is shifted 90–100 C towards lower temperatures and
leads to a final weight loss higher than the second one.
The fact that the decomposition of the px06sep precur-
sor is initiated before than that of the px06 precursor is

an indication of the higher thermal stability of the gel
prepared by simultaneous hydrolysis. Besides, this last
gel seems to have a higher degree of condensation and,
therefore, a lower number of residual alkoxide groups
than the gel obtained by separated hydrolysis, as cor-
roborated by the lower weight loss experimented by the
first sample (px06).

The corresponding DTA curves of thex = 0.6 pre-
cursors prepared by hydrolytic ways are depicted in
Fig. 4b and the temperatures of the maxima are listed
in Table II. The DTA curve of the sample prepared with
ethylene glycol as complexing agent (px06EG) displays
two very intense exothermic peaks, centred at 185 and
310 C, respectively. These are well corresponded with
two defined weight losses observed in the TG curve.
In the case of the sample prepared by physical mix-
ture of the two gels of titanium and aluminium (sample
px06sep), some exothermic peaks badly defined are ob-
served in the 200–300 C zone, and they correspond to
the decomposition of the two respective raw alkoxides
(see Table II). Both peaks are more separated in the
DTA curve of this sample than in the DTA curve of the
sample obtained by simultaneous hydrolysis (px06).
This is a consequence of the existence of two gels in
the first case, each one proceeding from the hydroly-
sis of its respective alkoxide. Furthermore, in the DTA
curve of the px06sep precursor, there is an exothermic
peak centred at 488 C, which corresponds to a con-
stant weight region in the TG curve. For this reason,
this peak has been assigned to the formation of a crys-
talline phase from an amorphous precursor, as will be
corroborated by the DRX studies. This fact means that
the precursor obtained by physical mixture of the two
gels crystallises at a temperature that is 200 C lower
than that of the precursor formed by the simultaneous
hydrolysis.

4.3. Crystalline phases
The diffraction patterns of the four samples prepared by
non-hydrolytic routes and calcined at 500 C (not shown)
indicate that all are amorphous, likewise the sample pre-
pared by the hydrolytic way (px06) is. As an exother-
mic peak is observed around 700 C in the DTA curves
of the phaha and phaTiSecAl samples (see Table II),
it was decided to calcine the four non-hydrolytic sam-
ples at 750 C, in order to inquire more about the nature
of the phases formed above this temperature. The cor-
responding diffractograms of the samples calcined at
750 C are depicted in Fig. 5. It can be observed that in all
cases where a halide and an alkoxide have been used for
the synthesis, a mixture of different phases is obtained.
Thus, in the case of haTiIsAl and IsTihaAl samples,
two different aluminium oxides, with hexagonal and
cubic structures are formed. For the haTiSecAl sam-
ple, the majority phase formed is the anatase, although
the mixed oxide Al2TiO5 is also obtained. However, as
noticed in Fig. 5, when the synthesis has been carried
out from the mixture of the two metal halides and di-
isopropyl ether (haha), a unique phase of the Al2TiO5
mixed oxide is obtained, instead of a mixture of phases.
Therefore, the halide-halide-ether route seems to lead
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Figure 5 X-ray diffraction patterns of thex = 0.6 samples synthesised
by non-hydrolytic routes and calcined at 750 C. A: anatase; X: Al2TiO5;
H: hexagonal Al2O3; CA: cubic Al2O3.

to a gel with higher degree of homogeneity than the
formed with the halide-alkoxide route. A possible ex-
planation can be based in the fact that the chloride atoms
can act as mineraliser, namely facilitate diffusion in the
solid state, thus promoting the formation of mixed ox-
ides. From the equations of synthesis of the precursors
(see Synthesis procedure section), it can be noticed that
the amount of chloride per metal atom for the halide-
halide-ether route is double than that used in the halide
halide-alkoxide reactions. Therefore, at higher chlo-
ride amount, higher homogeneity of the mixed oxide.
The promoting effect of the chloride atoms seems to
agree with the fact observed by other authors that the
crystallization process of the TiZrO4 mixed oxide oc-
curred at 705 C for gels prepared by hydrolysis of
metal alkoxides [22], meanwhile it was produced at a
lower temperature (640 C) for gels obtained from metal
chlorides [23]. Nevertheless, although the amounts em-
ployed in the synthesis of haha sample were the appro-
priate to obtain the mixed oxide equivalent to a molar
ratio of x = 0.6, the oxide obtained seems to be defi-
cient in titania, because its stoichiometry corresponds
to a molar ratio ofx = 0.5.

The diffractograms of thex = 0.6 samples prepared
with different synthesis variables and calcined at 500 C
are depicted in Fig. 6. It can be observed that all the sam-
ples are amorphous, with the exception of the x06sep
sample, which shows diffraction peaks assigned to the
anatase phase. The corresponding DTA curve of this
precursor (see Fig. 4b) shows an exothermic peak cen-
tred at 488 C, associated with a constant weight re-
gion, which has been assigned to the crystallization
process of the amorphous TiO2 into anatase. Accord-
ing to this result, it can be concluded that the precursor
formed by physical mixture of the two gels crystallises
at a temperature 200 C lower than that of the precur-
sor formed by simultaneous hydrolysis (crystallization
temperature of the x06 sample= 696 C) [12]. Other au-
thors [24] also found a decrease of 80 C in the crystal-
lization temperature of a 0.2TiO2·(1− x)Al2O3 sample
prepared by separated hydrolysis with respect to that of
the same sample obtained by simultaneous hydrolysis.
Taking into account the temperatures observed in the

Figure 6 X-ray diffraction patterns of thex = 0.6 samples synthesised
with different variables and calcined at 500 C. A: anatase.

Figure 7 X-ray diffraction patterns of thex = 0.6 samples synthe-
sised with different variables and calcined at different temperatures.
A: anatase; R: rutile; C: corundum (α-Al2O3).

DTA curves (see Table II) and in order to inquire more
about the phases formed above these temperatures, the
px06 sample was calcined at 750 C and the px06EG and
px06Ac samples were calcined at 900 C. The diffrac-
tograms of these samples calcined at high temperatures
are depicted in Fig. 7. It can be noticed that a mixture
of two phases, rutile andα-Al2O3, is obtained for both
x06EG and x06Ac samples. These two also phases were
observed in the difractogram of the 0.2TiO2·0.8Al2O3
sample calcined at 900 C, as reported previously [12].
Therefore, the presence of titanium seems to favour the
transformation ofγ -Al2O3 into α-Al2O3 at a tempera-
ture near 900 C, which is lower than that reported for
the pure alumina by other authors [25, 26]. The results
found by us are in agreement with others reported pre-
viously [27–31], which showed that the presence of
oxides such as Fe2O3, TiO2, MgO, NiO, CuO, MnO2,
V2O5 and PtO promoted the formation ofα-Al2O3 at
temperatures close to 900 C. In any case, meanwhile
a mixture of simple oxides is obtained by us in the
samples prepared with different variables by hydrolytic
routes, a mixed oxide is formed in two of the samples
synthesised by non-hydrolytic routes. Therefore, the
non-hydrolytic route seems to favour a closer interac-
tion between the two metallic precursors, probably due
to the mineraliser effect of chloride atoms.
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TABLE I I I ZPC values of thex = 0.6 samples calcined at 500 C

Sample haha haTiSecAl haTiIsAl IsTihaAl x06 x06EG x06Ac x06sep

ZPC 4.3 4.9 5.1 5.0 5.2 4.1 6.3 5.2

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, and the technique
of electrophoretic migration has been proved to be very
sensitive to the variations in the surface coverage for a
number of supported catalysts systems. The ZPC val-
ues of thex = 0.6 samples prepared in the present
work are listed in Table III. It can be observed that,
in general, with the exception of the haha sample, the
samples prepared by non-hydrolytic routes have ZPC
values very close to that of the sample prepared by the
hydrolytic way (x06), which indicates that the compo-
sition at the surface of these all samples is very simi-
lar. Besides, these ZPC values are well adjusted to the
straight-line equation relating the ZPC values of the
mixed oxide with the molar fraction and the isoelec-
tric point of the simple oxides [12]. This fact indicates
that the surface distribution of the oxides follows the
bulk composition of the corresponding mixed oxides.
The sample prepared from the two metal halides and
diisopropyl ether (haha) has, however, a ZPC value al-
most 1 unity lower than that of the x06 sample. It must
be remembered that this sample haha has also a dif-
ferent composition at the bulk, because the calcination
at 750 C leads to the formation of a unique crystalline
phase, the Al2TiO5 mixed oxide, whose stoichiome-
try corresponds to thex = 0.5 molar ratio, instead of
x = 0.6.

On the other hand, the ZPC value of the sample pre-
pared by physical mixture of the two gels (x06sep) is
exactly equal to the value corresponding to the sample
prepared by simultaneous hydrolysis (x06). This fact
indicates that the composition at the surface of both
samples is the same, in spite of the different pore struc-
ture and crystalline composition (the first sample con-
tains anatase meanwhile the second one is amorphous).
Conversely, the samples prepared with ethylene glycol
(x06EG) and by generationin situ of water (x06Ac)
have ZPC values which deviate in almost one unity from
the ZPC value of the x06 sample. Thus, the ZPC value
of the x06EG sample is lower (4.1) than that of the x06
sample, hence, close to that corresponding to a sample
with higher titania content. However, the ZPC value of
the x06Ac sample is much higher (6.3) and close to that
corresponding to a sample with higher alumina content.
Therefore, although the stoichiometry composition at
the bulk of these three samples is the same, the compo-
sition at the surface seems to be very different, being
quite influenced by the preparation method.

4.5. Surface acidity
As indicated previously [12] a potentiometric method
of titration with n-butylamine was used to character-
ize the surface acidity [32]. The titration curves of the

Figure 8 Titration curves withn-butylamine for thex = 0.6 samples
synthesised by non-hydrolytic routes and calcined at 500 C.

x = 0.6 samples prepared by non-hydrolytic routes are
depicted in Fig. 8 and the results of the titrations are
listed in Table IV. Together with the initial electrode
potential (E0) and the potential decrease (1V) values,
the acid sites surface density is given (the subscripts
1 and 2 referee to first and second step, respectively).
According to the method used, theE0 value indicates
the maximum acid strength of the first titrated surface
acid sites. It can be observed that the sample contain-
ing the strongest acid sites of the four non-hydrolytic
samples is the one prepared from the two halides and
diisopropyl ether (haha). ItsE0 value (65 mV, not dis-
played in Fig. 8) is, at the same time, the closest to the
E0 value of the x06 sample prepared by the hydrolytic
way. It must be remembered that the gel of highest ho-
mogeneity was obtained during the preparation of the
haha sample and a unique phase of mixed oxide was
obtained. On the other hand, the higher the potential
decrease produced during the titration, the higher is the
difference of acidity between the initial and the final
acid sites of each step of the titration curve. Two well-
defined steps can be differentiated in the titration curve
of the haha sample. There is a first type of strongest
acid sites, titrated until around 15 mL, with a great
acidity difference between the initial and the final acid
sites (potential decrease of 250 mV). A second type of
sites with less acid strength is titrated between 20 and
30 mL. The haTiIsAl and IsTihaAl samples seem also
to contain two types of acid sites, because two steps are
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TABLE IV Results of the titration withn-butylamine of thex = 0.6 samples calcined at 500 C and acid sites surface density

Sample E0 (mV) SBET (m2/g) 1V1 (mV) meq1/m2 1V2 (mV) meq2/m2

haha 65 262 250 0.092 32 0.051
haTiSecAl −37 200 210 0.259 — —
haTiIsAl −10 21 171 1.631 14 0.251
IsTihaAl −41 53 167 0.302 12 0.126
x06 136 178 297 0.075 — —
x06EG −95 34 121 0.590 — —
x06Ac −104 192 105 0.055 33 0.069
x06sep −94 145 110 0.074 27 0.092

The subscripts 1 and 2 referee to first and second steps, respectively.

Figure 9 Titration curves withn-butylamine for thex = 0.6 samples
synthesised with different variables and calcined 500 C.

observed in their respective titration curves, although
less differentiated that in the case of haha sample. As
reported in Table IV, the surface density of the strongest
acid sites (titrated during the first step) is, in both cases,
higher than that of the weakest acid sites (titrated during
the second step). The haTiIsAl sample is the one having
the lowest surface area of all the samples, but it is the
one containing the highest total surface density of acid
sites (1.882 meq/m2). The haTiSecAl sample shows a
very wide and little defined distribution of acid sites,
and the potential value shows a continuous decrease,
in such way that the titration curve does not reach the
plateau until the addition of 39 mL of basic solution.

With regard to thex = 0.6 samples prepared with
different variables, their titration curves are depicted
in Fig. 9 and the results of these titrations are listed
in Table IV. According to the initial potential values
(E0), it can be observed that the strongest acid sites of
the samples are of a very similar acid strength; at the
same time, they are quite weaker than those of the x06
sample, whoseE0 value is much higher. The titration
curves of the x06Ac and x06sep samples seem to reach

a first plateau around 8 mL, and after that, a second drop
between 10 and 20 mL is observed. These two samples
seem to contain, therefore, two types of acid centres
of different strength (they also showed pores of two
different sizes in the DFT distribution). The two steps
observed in the titration curve of the x06sep sample
(prepared by physical mixture of the two gels) could be
probably due to the contribution of the corresponding
acid sites of each simple oxide (TiO2 and Al2O3). Be-
sides, it must be remembered that this sample showed
a bimodal distribution of pores size, with contribution
of both simple oxides. On the contrary, in the case of
the sample prepared by simultaneous hydrolysis of the
two alkoxides (x06), a wide distribution of mixed acid
sites seems to exist, because its corresponding titration
curve shows a continuous drop without differentiation
between some well-defined steps. The existence of the
mixed acid sites is probably due to a higher homogene-
ity of the gel, which leads to the formation of bridged
hetero metal-oxygen bonds (Ti-O-Al). The sample pre-
pared with ethylene glycol (x06EG) seems to contain
a unique type of acid sites of well defined strength,
because its titration curve reaches the plateau around
15 mL (17.3 meq/g).

As indicated before, the higher the potential decrease,
the higher is the difference of acidity between the initial
and the final acid sites of each step of the titration curve.
On the contrary, very small potential decreases indi-
cate a very similar acid strength for both types of acid
sites. In this way, the three samples (x06Ac, x06EG and
x06sep) not only have the strongest acid sites of a very
similar strength (theirE0 values are very similar), but
they also contain a similar distribution of the strongest
acid sites, because the potential decrease1V1 produced
in the first step is very similar in the three cases. The
same conclusion can be applied to the second step of
the titration curves of the x06Ac and x06sep samples
(1V2 around 30 mV). On the other hand, although the
n-butylamine consumption for each step is very similar
for all the samples, as the surface areas are quite dif-
ferent, different surface densities of the acid sites are
also obtained. Thus, the sample containing the highest
density is the one prepared with the complexing agent
(x06EG).

5. Summary and conclusions
A series of 0.6TiO2·0.4Al2O3 catalytic supports has
been prepared by different sol-gel methods. The non-
hydrolytic method has allowed us to obtain some

3277



samples whose surface areas are higher than that of
the sample prepared by the hydrolytic way. Besides,
the synthesis method has an effect on the pore size
distribution of the support obtained. Thus, the use of
acetic acid for the generation in situ of the hydrol-
ysis water, or the separated hydrolysis of the alkox-
ides, leads to the formation of higher mesopores than
those of the x06 sample, specially in the case of the
x06Ac sample, whose maximum of the DFT distribu-
tion is around 300̊A. Meanwhile the samples prepared
by non-hydrolytic routes and x06 samples show a uni-
modal pore size distribution, the x06Ac and x06sep
samples present a wider pore size distribution, with
some maxima. Some differences are observed in the
thermal behaviour of the samples, depending on the
synthesis method used, although all the samples seem
to have a lower condensation degree than that of the x06
sample. The gel originated by simultaneous hydrolysis
has a higher thermal stability than that formed by physi-
cal mixture of the alkoxides hydrolysed separately. The
nature of the aluminium alkoxide used seems not to af-
fect the condensation degree of the samples prepared
by non-hydrolytic routes. However, this is influenced
by the fact that the oxygen donor is either the titanium
alkoxide or the aluminium alkoxide. A mixture of dif-
ferent phases is obtained after the calcination process
in most of these samples. However, the difractogram
of the sample prepared by the halide-halide-ether route
and calcined at 750 C reveals the presence of a unique
phase, the Al2TiO5 mixed oxide. Probably, the promot-
ing effect of the chloride atoms causes a higher diffu-
sion in the solid state of the two metallic precursors,
leading to a higher homogeneity of the gel. The mixed
oxide Al2TiO5 is also formed in the calcination at high
temperature of the haTiSecAl sample prepared by other
non-hydrolytic route, at difference of the samples syn-
thesised by hydrolytic routes, which contain a mixture
of simple oxides. The samples synthesised in this work
contain acid sites which are weaker than those of the
x06 sample prepared by the hydrolytic way. Most of
the samples seem to contain two quite defined types of
acid sites, in contrast to the x06 sample, which exhibits
a very wide distribution of acid sites.
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