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The coincorporation of Ti and Al into the MFI zeolite framework has been investigated using a method based on
the wetness impregnation of amorphous Al2O3–TiO2–SiO2 solids with TPAOH solutions and subsequent
crystallization under autogenous pressure. The influence of the precursor addition sequence and the conditions
during the amorphous cogel formation on the properties of the zeolites obtained have been studied. The Al content
in the synthesized zeolite is similar to that of the raw cogel, whereas the Ti content is lower and depends on the
degree of Al incorporation in the starting material. The distribution of Al and Ti in the Al-TS-1 samples depends
not only on the initial Al content but also on the procedure to prepare the raw cogel. The activity for oxidation
process of the Al-TS-1 samples prepared has been tested in n-hexane oxidation. The progressive incorporation of Al
into the framework increases the oxidation capacity of Ti atoms compared to TS-1 until a maximum is reached
(Al/Ti molar ratio: 0.70) whereas further Al incorporation decreases the catalytic activity to even lower values than
in TS-1. This effect has been assigned to changes in the hydrophilic/hydrophobic character of the catalyst caused by
the interaction between Al and Ti centers, which strongly affects the affinity towards the different compounds in the
reaction mixture.

(heterocondensation). Then, an important factor to bear in1 Introduction
mind is the sequential order of precursor addition and how it

Since the discovery of TS-1 as a suitable catalyst in selective could affect the properties of the zeolites obtained by this
oxidation reactions using hydrogen peroxide,1–7 there have procedure.
been several reports about the incorporation of other ions In this type of bifunctional catalyst, the presence of a third
along with Ti4+ to modify the catalytic properties. Several element in the zeolite could modify the activity of the different
studies have been reported recently8–12 concerning the synthesis centers.8,20,21 Therefore we were interested in studying some
of zeolites containing both titanium and a trivalent element relevant aspects related to the influence of Ti and Al atoms
(Al3+ , Ga3+ , Fe3+ and B3+) in MFI and MEL structures. not only in the coincorporation of both elements into the Al-
The simultaneous presence of Ti and trivalent elements in TS-1 framework but also in the catalytic activity of the
lattice positions provides catalysts possessing activity in both resulting materials.
oxidizing and acid-catalyzed reactions.

The methods reported in the literature for Al-TS-1
preparation8–10 are based on the hydrothermal crystallization

2 Experimentalof a fluid gel obtained from respective precursors by basic
hydrolysis with aqueous tetrapropylammonium hydroxide 2.1 Sample preparation
(TPAOH ). An alternative and simpler method has been

Al-TS-1 samples. Sample 1. The Al2O3–TiO2–SiO2 soliddeveloped in our laboratory based on previous works on TS-
used as raw material for the Al-TS-1 synthesis was prepared1 synthesis by wetness impregnation of amorphous TiO2–SiO2 following a two step sol-gel process described elsewhere.12solids.13–15 The use of the sol–gel route to prepare the raw
Tetraethylorthosilicate (TEOS, Alfa; 16 g) was first prehy-solids has allowed us to obtain materials with high homogen-
drolyzed in an acid medium (10 g of 0.2  HCl ) before theeity and to control their composition and properties. In a
addition of aluminium isopropoxide (AIP, Aldrich). Once theseparate paper,12 we have described the method to incorporate
pH of the mixture was increased by dropwise addition of asimultaneously Al and Ti in the MFI framework, using as raw
20 wt.% aqueous tetrapropylammonium hydroxide solutionmaterial Al2O3–TiO2–SiO2 cogels where TiMOMSi and
(TPAOH, Alfa; 0.1 g of aqueous TPAOH solution per g ofAlMOMSi bonds have been formed previously to the zeolite
TEOS), a solution of titanium butoxide (TNBT, Alfa; 0.65 g)crystallization. The bifunctional properties of the material
in isopropyl alcohol was added slowly. Finally, the gelationobtained have been applied in the MTBE preparation from
was accelerated by further addition of 20 wt.% aqueousisobutane (2-methylpropane) and methanol at 80–100 °C on a
TPAOH solution (0.25 g of aqueous TPAOH solution per gsingle catalytic system through both oxidizing and acid-cata-
of TEOS) and the cogel so obtained dried and crushed to givelyzed steps.16 Additionally, several papers have been published
a powdered material.about the use of these bifunctional materials (in particular Al-

Al-TS-1 was synthesized by thermal treatment underTi beta and Ti-MCM41) in different processes where oxidant
autogenous pressure of the wetness impregnated cogel withand acid centers are needed.17,18
aqueous TPAOH solution (1.6 g TPAOH aqueous solutionIn the preparation of multicomponent silicates following the
per g of dried cogel ). The Al2O3–TiO2–SiO2 cogel was pre-sol–gel route,19 it is widely accepted that one of the most
pared with SiO2/TiO2=40 and SiO2/Al2O3=160 molar ratiosconvenient procedures is the sequential addition of the different
respectively. After impregnation, the incipient wetalkoxides in the reverse order of their respective reactivities
Al2O3–TiO2–SiO2 cogel was charged into Teflon-lined( least reactive precursor first) with a partial hydrolysis step
autoclaves and crystallized under autogenous pressure andafter each addition. Thus, the newly added unhydrolyzed
static conditions at 170 °C for 24 h. The crystalline product ofalkoxides will condense with partially hydrolyzed sites of the

polymeric species formed in the preceding hydrolysis steps the synthesis was separated by centrifugation, washed several
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times with distilled water, dried overnight at 110 °C and finally X-ray photoelectron spectroscopy ( XPS) with an Escalab
200R spectrometer equipped with an Mg-Ka 120 W X-raycalcined in air at 550 °C for 7 h.
source (hn=1253.6 eV ). The samples were pressed into small
aluminium cylinders and then mounted on a sample rod,Sample 2. This sample was synthesized using an
placed in a pre-treatment chamber and outgassed at roomAl2O3–TiO2–SiO2 cogel (SiO2/TiO2=40 and SiO2/Al2O3= temperature for 1 h prior to being transferred to the analysis160 molar ratios) prepared omitting the neutralization step
chamber. The pressure in the ion-pumped analysis chamberbefore adding the titanium source. The remainder of the
was below 3×10−9 Torr during data acquisition. The spectraprocedure is analogous to that of sample 1.
were collected for 20–90 min, depending on the peak intensit-
ies, at a pass energy of 10 eV. The intensities were estimatedSample 3. This sample was synthesized using an
by calculating the integral of each peak after smoothing andAl2O3–TiO2–SiO2 cogel (SiO2/TiO2=40 and SiO2/Al2O3= subtraction of the S-shaped background and fitting the exper-160 molar ratios) prepared changing the alkoxide addition
imental curve to a combination of Gaussian and Lorentziansequence (TNBT was added before AIP) and omitting the
lines of variable proportion. All the binding energies (Eb) wereneutralization step before adding the titanium source. The
referenced to the Si 2p signal at 103.4 eV.remainder of the procedure is analogous to those of samples

Ammonia temperature programmed desorption (TPD) was1 and 2.
carried out with a Micromeritics TPD/TPR 2900 apparatus.
The sample was first outgassed by thermal treatment, fromSamples 4–12. These Al-TS-1 samples were synthesized by
ambient temperature to 560 °C at a heating rate of 15 °C min−1thermal treatment of the wetness impregnated cogels with
in a He stream (80 ml min−1). After cooling to 200 °C, theaqueous 20 wt.% TPAOH solution, except when the Al content
sample was saturated with an NH3 stream and consequentlywas high (SiO2/Al2O3 <160), for which 30 wt.% TPAOH
treated with a He stream (80 ml min−1) for 90 min. Finally,solution was used.
the temperature is increased to 560 °C with a heating rate ofEight Al2O3–TiO2–SiO2 cogels were prepared according to
15 °C min−1 while recording NH3 desorption with a thermalthe recipe of sample 1 but with different molar compositions
conductivity detector.(SiO2/TiO2=40, 60 and 80 and SiO2/Al2O3=160, 240 and

Competitive adsorption experiments for the determination320 molar ratios, respectively). Additionally a cogel has been
of modified hydrophobicity index values were carried out withprepared with a higher Al content (SiO2/TiO2=40 and
a fixed bed adsorber at atmospheric pressure using a methodSiO2/Al2O3 =120 molar ratios). The synthesis conditions and
described in the literature.23 The sample was first outgassedproduct recovery of these samples are analogous to those of
by thermal treatment from ambient temperature to 450 °Csamples 1,2 and 3.
with a heating rate of 5 °C min−1 in a extrapure dry helium
stream with a flow rate of 100 cm3 min−1 and kept at thisTS-1 sample. TS-1 was synthesized using as raw material
temperature for 1 h. An extrapure dry He stream with a flowamorphous SiO2–TiO2 solids prepared by the sol–gel
rate of 12 cm3 min−1 was passed through two saturators oneprocess.13–15 The amorphous solid was prepared omitting the
of them held at 0 °C and filled with n-hexane (partial pressure:AIP addition and the neutralization step while the remainder
0.9 kPa) and the other held at 25 °C and filled with waterof the procedure is analogous to that of Al-TS-1 samples.
(partial pressure: 1.6 kPa). This mixture of water and n-hexane
vapours was passed through the sample, which was previouslyHZSM-5. HZSM-5 (SiO2/Al2O3=60 molar ratio) was
cooled to room temperature. Typically ca. 0.5–0.6 g of adsorb-prepared according to the procedure initially developed by
ent was used. The gas stream leaving the adsorber was analyzedPerson et al.22 to synthesize silicalite-1. This method allows to
continuously using a quadrupole mass spectrometer (Hidenobtain H-ZSM5 with a crystal size around 0.1–0.2 mm. The
analytical ) equipped with a gas analyzer which allows break-procedure is as follows: aluminium isopropoxide (AIP,
through curves to be obtained with good accuracy. The finalAldrich) was added to a tetraethylorthosilicate solution
loadings (L

i
) were calculated directly from the measured(TEOS/AIP mass ratio=30.5) and the mixture stirred at 0 °C

breakthrough curves and the modified hydrophobicity indexto obtain a clear solution. Then, 20 wt.% aqueous solution of
(HI) was then calculated as the mass ratio between n-hexaneTPAOH and water were added (20 wt.% TPAOH/H2O mass
and water adsorbed on the sample (L hexane/L water) in equilib-ratio=2.5), this final mixture being stirred for 12 h at room
rium with the gas stream containing both components.temperature. Thereafter the solution was heated to remove the

Morphology and size of the crystallites were determinedalcohols and the liquid gel so obtained charged into a Teflon-
from scanning electronic microscopy (SEM) images takenlined autoclave and crystallized under autogenous pressure
with a JEOL JSM-6400 microscope. 29Si and 27Al MAS NMRand static conditions at 170 °C for 3 days. The crystalline
spectra of powdered samples were recorded at 79.49 andproduct was separated by centrifugation, washed several times
104.26 MHz, respectively, in a Bruker spectrometer Modelwith distilled water and dried overnight at 110 °C. The dried
MSL-400 equipped with a Fourier transform unit. The spin-product was calcined in air at 550 °C during 7 h and finally
ning frequency was 4000 Hz and time intervals of 5 s betweenthe calcined sample exchanged with 0.2  HCl and recalcined.
successive accumulations were selected. Measurements were
conducted at room temperature with tetramethylsilane (TMS)2.2 Characterization
and [Al(H2O)6 ]3+ as external standard references, with
accumulations amounted to 2000 and 400 FIDs, respectively.Chemical analyses were performed by X-ray fluorescence

( XRF) with a Philips PW 1480 spectrometer. X-Ray diffrac- The catalytic tests of n-hexane oxyfunctionalization were
carried out in a magnetically stirred batch reactor equippedtion ( XRD) patterns were collected with a Philips X’pert

diffractometer with Cu-Ka radiation. Crystallinity was deter- with a temperature controller and pressure gauge. All the
reactants and the catalyst were charged into the Teflon-linedmined from the peak area between 2h=22–25° using a highly

crystalline TS-1 sample as reference. FTIR spectra were reactor and the system was heated to 100 °C. Aqueous H2O2(30 wt.% Panreac) was used as oxidant and methanol asrecorded by means of a Nicolet 510P spectrophotometer using
the KBr wafer technique. Diffuse reflectance UV–VIS spectra solvent (H2O2/n-C6 molar ratio=1.176, n-C6/methanol mass

ratio=0.276, n-C6/catalyst mass ratio=24–12 and mass cata-(DR UV–VIS) were obtained under ambient conditions on a
CARY-1 spectrophotometer equipped with a diffuse reflectance lyst=0.1–0.2 g). The H2O2 concentration after reaction was

evaluated by iodometric titration. The catalytic test for acid-accessory.
Chemical analyses of the crystal surface were carried out by catalyzed reactions [tert-butyl alcohol(2-methylpropan-2-ol )
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and methanol etherification] were carried out in analogous
stirred autoclaves. tert-Butyl alcohol, methanol and the
required amount of catalyst were charged into the Teflon-lined
autoclave (tert-butyl alcohol/methanol mass ratio=0.1, tert-
butyl alcohol/catalyst mass ratio=2.5 and catalyst mass=
0.4 g) and then the system was heated to 100 °C. All the
reaction products were analyzed by gas chromatography
(Varian 3400) on a capillary column, DV1 methylsilicone
(60 m×0.02 mm).

3 Results and discussion
3.1 Comparison among different cogel preparation methods

Samples 1, 2 and 3 have been synthesized from previously
described amorphous Al2O3–TiO2–SiO2 cogels (SiO2/TiO2=
40 and SiO2/Al2O3=160) wetness impregnated with the tem-
plate solution. The three cogels were impregnated with the
same quantity of TPAOH solution (1.6 g of 20 wt.% aqueous
solution/1 g dried cogel ) and the hydrothermal crystallization
was carried out at 170 °C for 24 h under autogenous pressure
and static conditions. In the three samples, high synthesis
yields were obtained (>95 wt.%) on the basis of SiO2 content
in the initial cogel. Fig. 1 DR UV–VIS spectra of calcined Al-TS-1 samples: (a) sample

In the three samples, materials with MFI structure and high 1, (b) sample 2, (c) sample 3.
crystallinity were obtained as concluded from XRD measure-
ments and all samples show orthorhombic symmetry. The
crystal size (d) of the samples determined by SEM is similar suggests, at first sight, a similar degree of Ti incorporation

into the crystalline structure. In the DR UV–VIS spectra offor the three samples ranging from 0.4–0.5 mm.
The chemical analyses performed by XRF of the zeolites the three Al-TS-1 samples shown in Fig. 1, no absorption

around 330 nm is detected and a narrow band for all threesamples are shown in Table 1. The Ti and Al content in the
three samples is very similar, the Si/Al molar ratio in all being samples is centred around 210 nm, confirming that the Ti

atoms occupy tetrahedral positions in the zeolite framework,29very close (around 80) to that in the raw material (amorphous
cogel ), whereas the Si/Ti molar ratio is higher, likely due to which is in accord with the values of binding energies for

Ti 2p3/2 obtained from XPS measurements. However, it is notthe competition between Al and Ti for incorporation into the
zeolitic framework.8,12 XPS measurements of the calcined possible to completely discount the presence of a very small

amount of TiO2 rich micro-domains.samples give the binding energies for Ti 2p3/2 listed in Table 1.
The binding energies are around 460 eV, close to 460.2 reported 27Al MAS NMR spectra of the calcined Al-TS-1 samples

show a peak at 52 ppm assigned to the presence of Al atomsby Carati et al. for TS-124 and also to the value of 459.8 eV
reported for TS-2.25 Additionally, this high value of binding in tetrahedral positions.30 Although samples 1 and 3 show

basically only this feature, sample 2 clearly shows anotherenergy is a strong indication that in all three samples the Ti
atoms have a tetrahedral environment.26 The surface chemical small sharp peak at 0 ppm (Fig. 2) which is indicative of the

presence of extraframework Al in octahedral coordination.30analysis of the Al-TS-1 crystals (samples 1, 2 and 3) shown in
Table 1 indicates a slight decrease in the Ti content in the TPD analysis shows a similar NH3 adsorption capacity and

acid strength for samples 1 and 3, but sample 2 presents aouter shell of the crystals, this decrease being more pronounced
for sample 3. Additionally, it should be noted that in samples somewhat lower NH3 adsorption capacity (Table 1).

The results obtained with the Al-TS-1 samples in the cata-1 and 2, in which AIP is added first, the Al is almost uniformly
distributed, whereas in sample 3 a very high concentration of lytic experiments of n-C6 oxidation with H2O2 and

methanol/tert-butyl alcohol etherification are given in Table 2.Al is observed in the outer shell of the crystals. These concen-
tration gradients seem to be influenced by the addition Samples 1 and 3 exhibit very high activity and H2O2 selectivity

for the conversion of n-C6 into a mixture of hexan-2- and -3-sequence of the different alkoxides and therefore the procedure
used to prepare the raw cogel has an important influence on ols and hexanones and a good catalytic activity and selectivity

for the etherification reaction in good accord with the similarthe composition gradients of the final synthesized material.
The IR spectra of the Al-TS-1 samples show a band at characterization results obtained by XRF, DR UV–VIS, IR,

TPD and MAS NMR. However, it should be noted that960 cm−1 related to the stretching vibration of SiMO bonds
adjacent to framework Ti atoms.27 The relative intensity of samples 1 and 3 show very different concentration gradients

within the crystals (Table 1), but this has no influence on thethis band, I960/I800, correlates well with the Ti content in the
zeolite framework.28 As shown in Table 1, the relative intensity bifunctional catalytic activity. This is probably attributable to

the small particle size of the samples, which allows a very fastof this band is very similar for the three samples which

Table 1 Molar composition and properties of Al-TS-1 samples

Bulk composition Surface composition

Sample SiO2 TiO2 Al2O3 SiO2 TiO2 Al2O3 I960/I800a d/mm TPDb Eb (Ti 2p3/2)c/eV

1 76 1 0.48 90 1 0.48 1.36 0.4–0.5 0.17 460.0
2 80 1 0.50 90 1 0.54 1.32 0.4–0.5 0.13 460.0
3 80 1 0.50 100 1 0.94 1.35 0.4–0.5 0.16 459.8

aRatio between the intensities, in absorbance units, of the 960 and 800 cm−1 IR bands. bNH3 adsorption capacity (mmol g−1) cBinding energy
from XPS measurements.
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ent pH conditions during the preparation of the three cogels
(mainly the aluminium addition step) leads to aluminium
species with different reactivity for incorporation into the silica
colloidal particles.19

3.2 Effect of the Ti and Al contents in the raw xerogel

Several Al2O3–TiO2–SiO2 solids were prepared following a
method similar to that of sample 1 with Si/Ti molar ratios
varying between 40 and 80, and Si/Al molar ratios varying
between 60 and 160. The zeolite synthesis were carried out by
wetness impregnation of these cogels with the same amount

Fig. 2 27Al MAS NMR spectra of calcined Al-TS-1 samples: (a) unex-
changed sample 2, (b) acid exchanged sample 2.

internal diffusion through the zeolite pores and hence the
presence of the composition gradient does not influence the
catalytic performance of the samples. In contrast, sample 2
presents a somewhat lower activity and H2O2 selectivity in the
oxidation reaction, while a decrease is also observed in the
tert-butyl alcohol conversion for the etherification reaction
although its composition gradient is very similar to sample 1.
These differences can be related to the presence of extraframe-
work Al not incorporated in sample 2 as supported by the
presence of Al in octahedral coordination (Fig. 2). The sharp-
ness of the peak in the 27Al MAS NMR spectrum could be
associated with a very small particle size of alumina or Al3+
cations at exchangeable positions. In order to assign the origin
of this signal at 0 ppm, sample 2 was exchanged with an
aqueous solution of HCl at room temperature for 6 h to
remove Al3+. The 27Al MAS NMR of exchanged sample 2
show that the signal at 0 ppm is still present after the acid
treatment [Fig. 2(b)], which confirms the presence of very
small extraframework Al2O3 particles rather than Al3+ cations.
These species are probably placed within the channel system
of the zeolite, which leads to a decrease in the NH3 adsorption
capacity and a decrease in the activity of the sample due to
diffusional restrictions, with an increase in the decomposition
of H2O2 .

The procedure used to prepare the cogel corresponding to
sample 1 is based on the sequential addition of the different
alkoxides in the reverse order of their respective reactivities.19
Following this technique, AIP was added before TNBT, the
former being hydrolyzed in a highly acidic medium to favour
the hydrolysis step. Before TNBT addition, a 20 wt.% aqueous
solution of TPAOH is added to reach a similar pH to that
corresponding to the preparation of TiO2–SiO2 cogels.13–15 Fig. 3 SEM images of different calcined Al-TS-1 samples: (a) sample

1, (b) sample 4.Although a concise possible explanation is difficult, the differ-

Table 2 Catalytic properties of Al-TS-1 samples

n-hexane oxidationa Alcohol etherificationb

n-hexane H2O2 H2O2 tert-butyl alcohol MTBE
conversion conversion selectivityc conversion selectivityd

Sample (%) (%) (%) (%) (%)

1 65 85 96 75 97
2 58 88 83 67 97
3 63 89 97 77 95

aReaction conditions: T=100 °C, t=1 h. Composition of the reaction mixture: H2O2/n-C6 mole ratio=1.176, n-C6/methanol mass ratio=0.276,
n-C6/catalyst mass ratio=12 and catalyst mass=0.2 g. bReaction conditions: T=100 °C, t=2 h. Composition of the reaction mixture: tert-butyl
alcohol/methanol mass ratio=0.1, tert-butyl alcohol/catalyst mass ratio=2.5 and catalyst mass=0.4 g. c Selectivity defined as: (mol
hexanols+2×mol hexanones obtained)/mol H2O2 converted. dSelectivity defined as: (mol MTBE obtained/mol tert-butyl alcohol converted).
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Table 3 Properties and molar composition of Al-TS-1 samples and corresponding cogels

Molar cogel Molar sample Physicochemical properties
composition composition of the samples

Sample Type SiO2/TiO2 SiO2/Al2O3 SiO2/TiO2 SiO2/Al2O3 I960/I800a TPDb

1 Al-TS-1 40 160 76 160 1.36 0.17
4 Al-TS-1 40 120 89 120 1.10 0.24
5 Al-TS-1 40 240 73 236 1.44 0.12
6 Al-TS-1 40 320 57 317 1.55 0.10
7 Al-TS-1 60 160 90 160 1.42 0.18
8 Al-TS-1 60 240 92 239 1.45 0.12
9 Al-TS-1 60 320 73 319 1.57 0.10

10 Al-TS-1 80 160 89 160 1.34 0.17
11 Al-TS-1 80 240 91 240 1.34 0.12
12 Al-TS-1 80 320 90 320 1.35 0.10
13 TS-1 40 2 49 2 1.80 0.00
14 H-ZSM5 — — 2 60 — 0.45

aRatio between the intensities, in absorbance units, of the 960 and 800 cm−1 IR bands. bNH3 adsorption capacity in mmol g−1.

of 20 wt.% aqueous TPAOH solution, except for the sample
with the highest Al content (Si/Al=60) which was impregnated
with the same amount of 30 wt.% aqueous TPAOH solution.
This difference is based on the results of previous experiments,
which showed that when a xerogel with a high Al content is
used as raw material, the concentration of the TPAOH solution
must be increased in order to obtain zeolites with high
crystallinity. The main properties of both cogel and zeolite
samples are summarized in Table 3.

All the synthesized samples present a MFI structure and a
high crystallinity as concluded from XRD measurements.
Fig. 3 shows the SEM images of two different samples of Al-
TS-1 (samples 1 and 4), showing crystals of homogeneous size
and shape.

The chemical analysis by XRF shows that the Ti content in
the Al-TS-1 samples is lower than in the TS-1 sample and in
both cases lower than that corresponding to the raw cogel.
On the other hand, the Al content in Al-TS-1 samples is
similar to that in the raw cogel, independently of the Ti
presence in the initial amorphous material. According to these Fig. 4 Ti incorporation into the MFI structure from the starting cogel
results, the maximum amount of Ti incorporated into the with SiO2/TiO2 molar ratios of: (+) 40, ($) 60 and (&) 80.
framework appears to depend on the concentration of Al in
the raw cogel. In order to assess this dependence, several
cogels were prepared varying the Al content with a constant MFI structure presents no problems for Si/Al molar ratios

around 15 whereas this limit is around 40 for Si/Ti. Owing toTi content in the raw solid (samples 1,4,5,6 and 13; Table 3).
TS-1 (sample 13) presents the highest Ti content close to that the differences in the affinity towards isomorphous substitution

between Al and Ti atoms, the aluminium present in the startingin the initial cogel, but as the amount of Al increases in the
raw cogel, the amount of Ti incorporated into the zeolite xerogel is completely incorporated during the synthesis limiting

the maximum amount of Ti in the zeolite.starts to decrease (samples 1,4,5 and 6; Table 3). Chemical
analysis of samples synthesized using as raw materials Al2O3– XPS measurements performed on the calcined samples 1,4,5

and 13, synthesized from cogels prepared varying the AlTiO2–SiO2 solids with medium (samples 7–9; Table 3) and low
(samples 10–12; Table 3) Ti content, show that the Ti incorpor- concentration and constant Ti content, have allowed determi-

nation of composition gradients in the final material. As canation into the framework during the synthesis not only depends
on the SiO2/Al2O3 molar ratio in the initial cogel but also on be seen in Table 4, there is a decrease in the Ti content on the

outer surface of the crystals when Al is present and thisthe SiO2/TiO2 molar ratio. Thus, as Ti content decreases in
the initial cogel, the proportion of Ti incorporated during the decrease is more pronounced with higher Al content in the

raw material. It should be also pointed out that Ti is uniformlysynthesis is higher, and at very low Ti content (samples 10–12,
Table 3), the Al content in the raw material does not seem to distributed in TS-1 crystals synthesized by wetness impreg-

nation (sample 13). The values of binding energies for Ti 2p3/2influence the Ti incorporation.
This trend is clearly shown in Fig. 4 where the Ti content in listed in Table 4 indicate, for all the samples tested, that Ti

atoms are located in a tetrahedral environment into the zeolitezeolite is plotted versus Ti content in the raw material. All the
values corresponding to different samples are below the diagonal framework.26

Since the relative intensity of the band, I960/I800 , in the IRwhich confirms that the initial amount of titanium in the xerogel
is not completely incorporated into the framework during the spectra correlates well with the Ti content in the zeolite

framework,28 the values in Table 3 indicate a higher degree ofsynthesis. The presence of Al in the raw cogel lowers the
incorporation of Ti in the zeolitic framework as was suggested Ti incorporation in TS-1 (sample 13) and a decrease in this

ratio as the alumina content in the cogels increases, in goodin previous papers for Al-TS-1.9,12 Any isomorphous substi-
tution of a silicon atom in silicalite-1 leads to a degree of agreement with the XRF chemical analysis. DR UV–VIS

spectra of all samples show only a narrow band centreddistortion of the framework which depends on the nature of
the incorporated element. Thus, the synthesis of zeolites with around 210 nm confirming that the Ti atoms occupy tetra-
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Table 4 Bulk and surface molar chemical composition determined by XPS of Al-TS-1 and TS-1 samples

Bulk composition Surface composition Binding energy/eV

Sample SiO2/TiO2 SiO2/Al2O3 SiO2/TiO2 SiO2/Al2O3 Al 2p Ti 2p3/2

4 89 120 111 86 74.1 460.0
1 76 160 90 188 74.5 460.0
5 73 236 77 200 74.2 459.9

13 49 2 50 2 — 459.8

hedral positions in the zeolite framework without presence of samples. Thus, if the oxidizing activity per Ti atom is plotted
vs. the Al/Ti molar ratio in the catalyst framework (Fig. 5),extraframework titanium species.29 NH3 adsorption capacity

of the samples shows that TS-1 (sample 13) exhibits a negligible it is readily observed that the presence of Al increases the
activity of Ti atoms in Al-TS-1 with respect to that in TS-1NH3 adsorption capacity whereas Al-TS-1 samples show a

capacity proportional to the aluminium incorporated, in close reaching a maximum for an Al/Ti molar ratio around 0.7.
However, when the Al is increased beyond this molar ratio,agreement with the theoretical Al content in the MFI structure.
the activity begins to decrease, eventually reaching even lower
values than that for Ti atoms in TS-1. It is concluded from3.3 Enhancement of catalytic activity of Ti induced by Al

incorporation these results that the presence of Al in Al-TS-1 samples leads
to a different activity per Ti atom for oxidation activity with

The presence of different catalytic sites inside the zeolite respect to that in TS-1, with an optimum Al/Ti molar ratio
channels makes interesting to investigate the possible inter- around 0.7. A similar trend has been recently suggested for
action between them and their effect on the catalytic activity. the oxidation of cyclohexene, using H2O2 as oxidant, catalyzed

Table 5 shows the results obtained in the catalytic experi- by Ti-beta.21
ments of n-hexane oxidation with H2O2 . All samples exhibit It has been proposed that due to the hydrophobicity of
a high activity for the conversion of n-C6 into a mixture of TS-1 the concentration of water surrounding the titanium is
hexan-2- and -3-ols and hexanones with similar H2O2 selec- at a low level, which makes this material a very efficient
tivity, nearly 100% . For comparison, a sample of H-ZSM5 catalyst for oxidation with aqueous H2O2.32 On the other
(sample 14), with a Si/Al molar ratio around 30 and with hand, the use of the modified hydrophobicity index (HI ) as a
similar crystal size (0.1–0.2 mm), has been used in the oxidation quantitative measure for the hydrophobic/hydrophilic surface
test of n-hexane. Although the hydrogen peroxide decompo- properties of molecular sieves has been used. In this context,
sition is clearly enhanced with H-ZSM5, the oxidation activity Weitkamp et al. have thoroughly studied the competitive
due to Al atoms present in H-ZSM5 is surprising.31 Assuming
that the oxidation activity of Al atoms located in Al-TS-1
samples is similar to that in H-ZSM5, it is possible to estimate
the accumulated turnover number corresponding to the
contribution of Ti atoms on the global oxidation activity in
Al-TS-1 samples (Table 5).

From comparison among the experiments carried out with
samples 6, 9 and 12 with low Al content, it is observed that
the higher the Ti content the lower the activity per Ti atom,
in agreement with the low value obtained for TS-1 (2.64 wt.%
TiO2). However, when the comparison is made between
samples 5, 8 and 11 (medium Al content) and samples 1,7 and
10 (high Al content), this behavior is no longer observed,
since there is no significant change in the activity for samples
with different TiO2 content. Besides, sample 4 with the same
titanium content of samples 7, 8, 10, 11 and 12 but higher Al
content (1.37 wt.% of Al2O3) shows a remarkable decrease of
the accumulated turnover number. All these experimental facts Fig. 5 Variation of both the catalytic activity for the n-hexane
lead to the dependence of the oxidation activity, not on the oxidation reaction ($) and hydrophobicity index (%) with the Al/Ti

molar ratio.TiO2 content but on the Al/Ti molar ratio incorporated in the

Table 5 Activity of Al-TS-1 samples for n-hexane oxidation

Samplea Type SiO2 (wt.%) TiO2 (wt.%) Al2O3 (wt.%) Al/Ti molar ratio Reacted mol n-C6 per mol Ti

13 TS-1 97.36 2.64 0 0 210.6
6 Al-TS-1 97.21 2.27 0.52 0.36 238.2
9 Al-TS-1 97.70 1.78 0.52 0.46 249.0

12 Al-TS-1 98.03 1.45 0.52 0.56 277.0
5 Al-TS-1 97.52 1.78 0.70 0.62 276.6
8 Al-TS-1 97.88 1.42 0.70 0.77 276.0

11 Al-TS-1 97.88 1.43 0.70 0.76 289.8
1 Al-TS-1 97.27 1.70 1.03 0.95 243.6
7 Al-TS-1 97.53 1.44 1.03 1.12 238.0

10 Al-TS-1 97.51 1.46 1.03 1.11 237.6
4 Al-TS-1 97.18 1.45 1.37 1.48 127.8

14 H-ZSM5 97.25 0 2.75 2 14.4b

aReaction conditions: T=100 °C, t=10 min. Composition of the reaction mixture: H2O2/n-C6 mole ratio=1.176, n-C6/methanol mass ratio=
0.276, n-C6/catalyst mass ratio=24 and catalyst mass=0.1 g. bReacted moles n-C6 per moles Al.
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adsorption of vapour mixtures of an alkane and water on acid by the higher water adsorption instead of n-hexane which
leads to a decrease of the catalyst activity. This interactionmaterials such as ZSM-5 23 and more recently on TS-1.33

From these results it was confirmed that the HI increases with between Al and Ti atoms suggests their close proximity in the
unit cell, as a consequence of the distortion caused by thethe Si/Al molar ratio in acid materials and that the titanium

silicalites adsorb more water than the titanium-free counterpart isomorphous substitution of silicon by a first element and the
generation of preferential sites for the incorporation of asilicalite-1. The increase in the hydrophilic character with Ti

content was attributed to the increased formation of polar second element.
The breakthrough curves for TS-1 and Al-TS-1 samplesSiMOMTi bridges in the zeolite framework.33 From these

results it can be concluded that the hydrophilic character of were measured using a binary vapour mixture of n-hexane and
water according to a method described in the literature.23these materials increases not only with the Al content but also

with the Ti content and hence we decided to measure the HI Fig. 6(a) and (b) show the typical breakthrough curves for
the competitive adsorption of sample 1 (Al-TS-1) and samplefor several TS-1 and Al-TS-1 samples and the resulting values

are plotted in Fig. 5. As can be seen, the HI can be correlated 13 (TS-1), respectively. It can be seen that water begins to
break through soon after the start of the experiment. Howeverwith the Ti activity in the liquid phase oxidation of n-hexane

with H2O2 . In particular, as HI increases, the catalytic activity a delay is observed in the Al-TS-1 samples in comparison to
the TS-1 sample owing to the presence of highly hydrophilicper Ti atom is enhanced. The progressive increase of HI

favours the adsorption of the organic molecules on the catalyst Al atoms. After a time on stream of ca. 170 min, simul-
taneously with the n-hexane breakthroughs, a displacement ofsurface instead of the water, leading to an enhancement of the

catalytic activity in oxidation. On the contrary, low HI indi- adsorbed water by n-hexane is observed which has also been
reported for other Al containing materials.23 However it mustcates preferential adsorption of water, which leads to a poorer

performance of Ti centers for oxidation catalysis with aqueous be pointed out that this displacement is much less pronounced
in the TS-1 sample in comparison with Al-TS-1 samples.H2O2 . From these experimental results, it is concluded that a

low concentration of Al atoms into the Al-TS-1 framework
increases the hydrophobic character of the zeolite in compari- 4 Conclusionsson to TS-1 leading to a better performance in the oxidation
of n-hexane with aqueous H2O2. This surprising result can be The properties of Al-TS-1 samples depend on the method used
attributed to the modification of the electronic density around to prepare the starting cogel according to the characterization
the Ti sites induced by the close presence of Al, changing their and catalytic results obtained. The pH conditions present
hydrophilic character and hence providing an increase of their during the condensation of Al and Ti alkoxides play an
intrinsic activity for oxidation. However, when the Al content important role in the Al species incorporation whereas the
is high (sample 4) this enhancement of the activity is overcome addition sequence has an influence on the composition

gradients of the Al-TS-1 samples.
Not all the Ti present in the raw Al2O3-TiO2-SiO2 cogel is

incorporated into the zeolite as it occurs in the synthesis of
TS-1 by a similar procedure. However in Al-TS-1 the degree
of incorporation of Ti is much lower than in TS-1, probably
due to a competitive effect with Al species, which are incorpor-
ated completely into the framework during the synthesis. This
effect also depends on the Ti content in the initial cogel,
showing that at very low Ti content this dependence disappears
and the degree of Ti incorporation into the framework becomes
independent of the Al content. The Ti composition gradient
within the crystals of Al-TS-1 also depends on the initial Al
content of the raw xerogel. A decrease of Ti content on the
outer shell is observed as the Al content in the raw material
increases. However, Ti is uniformly distributed in the TS-1
sample synthesized by the wetness impregnation method.

The intrinsic catalytic activity of Ti sites in Al-TS-1 for
alkane oxidation with H2O2 depends on the Al/Ti molar ratio
incorporated into the zeolite lattice. The presence of Al in Al-
TS-1 samples modifies the activity per Ti atom for oxidation
in comparison to that in TS-1, with an optimum Al/Ti molar
ratio of ca. 0.7. This optimum seems to be related with the
changes in the hydrophilic/hydrophobic character of the cata-
lytic samples determined by the Al/Ti molar ratio into the
framework, which affects the affinity towards the different
compounds of the reaction mixture.
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