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Abstract The influence of hydrothermal treatment time

on the physicochemical properties and the catalytic activity

in cyclohexene epoxidation of titanium-substituted SBA15

silicas prepared by direct one-step synthesis was system-

atically studied using a combination of N2 physisorption at

-196 �C, X-ray diffraction, X-ray photoelectron spectros-

copy, diffuse reflectance UV–Vis, and elemental analysis.

The other synthesis parameters were chosen to illustrate the

different chemical environments of the titanium species

formed before, during, and after the precipitation of anatase

TiO2. At the beginning of hydrothermal treatment, results

showed that the titanium species are homogeneously dis-

persed in the silica framework. When anatase TiO2 clusters

precipitate, they do so mainly on the external surface of the

mesoporous material. At higher hydrothermal treatment

times, the material showed a decreased catalytic activity

even if essentially no variation in their specific surface area

was then observed. This lower activity was shown to be due

to a partial coverage of active tetrahedral Ti species by

extraframework higher coordination TiO2 deposit.

Introduction

The discovery of titanium silicates [1–4] with both MFI

(TS-1) and MEL (TS-2) structures opened the perspective

of zeolitic materials as oxidation catalysts. Several reac-

tions of partial oxidation of organic reactants using dilute

solution of hydrogen peroxide could, for the first time, be

performed selectively in very mild conditions [5, 6].

Nevertheless, despite their excellent performances, these

zeolitic oxidation catalysts have some limitations. The

bulky molecules of tri-alkylmonoaromatics or even poly-

aromatics, whose kinetic diameters are higher than

0.55 nm, are indeed not accessible to the internal pore

system of these zeolite-type materials.

To overcome the traditional limitations of zeolites,

several studies have been initiated in the field of meso-

porous molecular sieves, beginning with the M41S family

[7]. The pore diameters of these new solids have been

tuned in the mesoporous range (2 \ d \ 50 nm), which

make them suitable for processes involving diffusion of

bulky molecules to internal active sites. Since the early

syntheses of MCM-41, new mesostructured materials

exhibiting a large variety of structures and pore sizes [8–

11] have been developed. One of the most promising

developments in this research field was the discovery of

SBA15 materials by Zhao et al. in 1998 and synthesized

using nonionic triblock-copolymer as structure-directing

agent in acidic medium [12, 13]. Compared with the pre-

vious M41S family, the SBA15-type silica shows an

enhanced hydrothermal stability because of thicker silica

walls [14, 15] and also shows larger pore size (6–12 nm).

However, the main problem associated with the mesopor-

ous molecular sieves is their amorphous silica walls, which

greatly limits their use as catalytic supports [16, 17].

Recently, many efforts have been made to incorporate

heteroelements into mesoporous molecular sieves to give

them new catalytic properties [15–24]. In the case of

titanium, several post-synthesis grafting methods such as the

gaseous TiCl4 grafting [25, 26] and the nonaqueous post-
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impregnation with Ti alkoxides [27–29], Ti[OSi(OC2H3)4]4

molecular precursors [30], and others titanocenes com-

plexes [31–33] have been carried out. However, these post-

synthesis methods sometimes lead to the formation of metal

oxides in the channels or on the external surface of the

catalysts. To avoid these problems, several attempts have

been made to incorporate titanium into the silica framework

of MCM41 [34–36], MCM48 [37–40], HMS [41, 42], MSU

[43–45], SBA1 [46–48], and SBA15 [49–55] mesostruc-

tured materials by direct one-pot synthesis. In the case of

Ti-SBA15, only a small fraction of the titanium precursor

added was retained into the mesoporous structure, which

might be due to the easy dissociation of metal–O–Si bonds

under these strongly acidic conditions. Several optimization

methods have been considered to increase loading of iso-

lated Ti4? into the silica framework, such as fluoride addi-

tion [49], microwave hydrothermal treatment [50], and pH

adjustment of the synthesis solution [51]. However, in cases

where high titanium substitution was obtained, a formation

of extraframework TiO2 was also observed [52].

Several works showed that the synthetic parameters

greatly influence the substitution of titanium in SBA15

materials [52–54]. In our previous study, the influences of

hydrochloric acid concentration, silicon precursor concen-

tration, and hydrothermal treatment temperature and time on

the Ti incorporation ratio and its chemical environment were

systematically studied over a wide range of titanium content

in the initial gel mixture [52]. It was shown that when the

isolated titanium species present in the gel reach a critical

concentration, an increase in incorporation ratio is observed

due to the formation of anatase TiO2 clusters on the mate-

rials surface. It was also found that this critical titanium

loading is mainly influenced by synthesis temperature,

hydrothermal treatment time, and silicon precursor con-

centration, and does not depend on acid concentration.

Although the conditions that lead to the anatase TiO2 for-

mation are well known, few details about the different steps

of this crystallization process were obtained.

In this study, the influence of the anatase TiO2 formation

on the physicochemical properties and the catalytic activity

in cyclohexene epoxidation of titanium-substituted SBA15

prepared by direct synthesis (co-condensation) is reported.

The initial molar gel compositions have been chosen to

obtain a marked precipitation of anatase TiO2 after the

hydrothermal treatment of the material.

Experimental section

Materials

Ti-SBA15 materials were synthesized using Pluronic P123

(Aldrich, Mw = 5800 g/mol) as a structure-directing agent,

tetraethylorthosilicate (TEOS 98%, Aldrich) as a silicon

source, and tetrapropylorthotitanate (TPOT 97%, Aldrich)

as titanium precursor. The synthesis was carried out with

the following initial molar gel composition: 0.99 TEOS/

0.10 TPOT/0.54 HCl/0.016 P123/100 H2O. In a typical

synthesis, 6.0 g of Pluronic P123 was dissolved in 114 g of

deionized water and 3.5 g of hydrochloric acid (37%) at

35 �C under magnetic stirring. Then, 13.0 g of TEOS and

1.8 g of TPOT were premixed and rapidly added to the

initial homogeneous solution to obtain a Ti/Si atomic ratio

of 10% in the initial gel. The resulting mixture was stirred

for 24 h at 35 �C and subsequently hydrothermally treated

for a given time at 60 �C to ensure further framework

condensation. The solid products were recovered by fil-

tration and dried in air at 100 �C for 24 h. Finally, the

products were calcined at 550 �C for 3 h to remove the

template. Calcined titanosilicate samples are designated as

Ti-SBA15(t) were t stands for the hydrothermal treatment

time at 60 �C.

Characterization

Wide angle XRD patterns were recorded on a Philips

PW1011 diffractometer and CuKa radiation (k =

1.5496 Å). The reference pattern of crystalline anatase was

obtained from the Powder Diffraction File 2 (PDF-2)

database licensed by the International Center for Diffrac-

tion Data (ICDD).

Elemental analysis was performed by atomic absorption

using a M1100B Perkin-Elmer atomic absorption spectro-

photometer. Nitrogen adsorption and desorption isotherms

were determined at -196 �C using an ASAP 2010 sorption

analyzer. Prior to analysis, samples were outgassed at

250 �C for 12 h under vacuum. Specific surface area, SBET,

was determined using BET equation over the relative

pressure range of 0.05–0.2. The pore size distributions

were obtained by the nonlocal density functional theory

(NLDFT) method and calculated using the Autosorb-1 1.52

software supplied by Quantachrome Instruments. The

kernel selected was N2 on silica at -196 �C assuming

cylindrical pore geometry and the metastability model

based on the adsorption branch [56]. Micropore volume

was determined from NLDFT cumulative pore volumes

estimated for pores smaller than 2 nm. Diffuse reflectance

UV–Vis (DRUV) spectra were recorded using a Varian

Cary 500 spectrophotometer equipped with a praying

mantis. A spectralon� reflectance standard was used as

reference.

X-ray photoelectron spectra were collected on a Kratos

Axis-Ultra electron spectrometer (UK) using a monochro-

matic Al Ka X-ray source at a power of 300 W and

operated with a base pressure of 5 9 10-10 Torr. Charge

compensation was required using a low-energy electron
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beam perpendicular to the surface of the samples. Survey

spectra used for determining the elemental composition

were collected at pass energy of 160 eV. High-resolution

spectra of Ti(2p) and O(1s) were collected in conditions

giving a nominal energy resolution of 0.5 eV as measured

on Ag3d5/2 (pass energy of 20 eV). High-resolution spectra

of C1s were collected with pass energy of 40 eV giving a

nominal resolution of 0.6 eV. Linear background sub-

straction was used for the curve fitting of Ti(2p) spectra,

and the O(1s) and Ti(2p) binding energies were referenced

to the C(1s) line situated at 285.0 eV. All fittings were

performed using the Casa XPS software.

The epoxidation of cyclohexene was chosen as the test

reaction, and the experimental conditions used were similar

to a previously published procedure [57]. Twenty mmol of

cyclohexene, 4 mmol of TBHP (90% in H2O), 10 mL of

acetonitrile, and 0.1 g of catalyst were mixed in a 50-mL

round-bottom flask and were heated to 70 �C under stirring

for 3 h. The products were analyzed by gas chromatogra-

phy (Fisons GC8000 equipped with a Varian CP-SIL

capillary column and coupled with a Fisons MD800 mass

spectrometer).

Results

Some physicochemical properties of the Ti-SBA15 mate-

rials are reported in Table 1. The 5.4% Ti/Si atomic ratio

of the solid product recovered after the initial synthesis step

at 35 �C (24 h) corresponds to 54% of the titanium pre-

cursor introduced in the initial synthesis mixture. Thus, the

Ti precipitates simultaneously with Si species during syn-

thesis. Then, up to 9 h of aging, the Ti/Si ratio varies very

little up to 6%. This indicates that the rate of Ti precipi-

tation is quite low in this initial period. For longer hydro-

thermal treatment times, a steep increase in the titanium

loading of the materials was observed. Ti-SBA15(24)

sample showed a Ti/Si atomic ratio of 9.2% which corre-

sponds to 92% of the titanium precursor present in the

initial synthesis gel. Then, the Ti/Si atomic ratio of the

solid product only increased slightly up to 96 h indicating

that some titanium species remain stable in solution under

these conditions.

N2 adsorption-desorption isotherms at -196 �C before

and after 96 h of hydrothermal treatment at 60 �C are

shown in Fig. 1. All the Ti-SBA15 materials synthesized in

this study show a type-IV isotherm with a low capillary

condensation step and a triangular hysteresis loop of type

H2. Furthermore, the shape of the hysteresis loop with a

slanted adsorption branch and a steep vertical capillary

evaporation at P/P0 = 0.45 indicates that the cylindrical

pores of SBA15 have pronounced surface rugosity associ-

ated with a corona of noninterconnecting micropores

[58–61]. All these characteristics are those of SBA15

materials synthesized at relatively low aging temperatures

(\60 �C). Interestingly, the adsorption capacity of N2 at

high relative pressures (P/P0 [ 0.7) is more important for

Ti-SBA15(96). This result may indicate some slight

agglomeration of SBA15 particles associated to the pres-

ence of TiO2 clusters at the external surface of the particles

and/or at pore mouth. The evolution of the specific surface

area presented in Table 1 indicates that the hydrothermal

treatment induces an increase in specific surface area. This

phenomenon was reported before and could be attributed to

the increase in the micro- and mesopore volume [58] and

the rearrangement of the silica walls provoked by enhanced

silanol condensation during the hydrothermal aging

treatment.

Wide-angle X-ray diffraction (XRD) patterns of

Ti-SBA15 are presented in Fig. 2. No crystalline phase was

detected by XRD for material aged at 60 �C up to 9 h. For

samples aged for a longer time (t C 12 h), wide-angle

Table 1 Textural properties of Ti-SBA15 synthesized with different hydrothermal treatment times at 60 �C

Sample Aging time (h) Ti/Sia (%) SBET (m2/g) Vmic
b (cm3/g) Pore volumec (cm3/g) Dp

d (nm)

Ti-SBA15(0) 0 5.4 595 0.079 0.52 5.7

Ti-SBA15(3) 3 5.5 632 0.076 0.52 5.6

Ti-SBA15(6) 6 5.7 645 0.088 0.53 5.8

Ti-SBA15(9) 9 6.0 666 0.089 0.53 5.6

Ti-SBA15(12) 12 8.1 649 0.086 0.53 5.8

Ti-SBA15(24) 24 9.2 706 0.099 0.53 5.8

Ti-SBA15(48) 48 9.4 728 0.093 0.60 5.9

Ti-SBA15(96) 96 9.4 717 0.084 0.61 6.0

a Atomic ratio Ti/Si determined by elemental analysis
b Micropore volume determined from NLDFT calculations
c Volume of nitrogen adsorbed at P/P0 = 0.95
d Pore diameter determined by NLDFT calculations taking into account the adsorption branch
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XRD spectra showed weak reflections characteristic of the

anatase TiO2 structure. Just like in our previous study, the

measured steep increase in the titanium deposition ratio is

associated with the formation of anatase TiO2 [52].

Moreover, the relative intensity of the signal associated

with this crystalline phase compared to those associated

with amorphous silica (2h = 20�–30�) increased with the

hydrothermal treatment time.

DRUV spectra of Ti-SBA15 samples treated at 60 �C

for different aging times are presented in Fig. 3. A band

between 200 and 240 nm is attributed to a ligand-to-metal

charge-transfer transition in isolated TiO4 units [62]. In the

case of titanosilicate materials, this feature is associated to

Ti4? species in tetrahedral coordination incorporated into

the silica framework. The DRUV spectrum of anatase TiO2

(Fig. 3) indicates that a band centered at 330 nm is

attributed to a ligand-to-metal charge-transfer of titanium

in octahedral coordination [62–64]. Reflectance bands

between these two wavelength values may be assigned to

titanium in intermediate coordination and to small TiO2

clusters through quantum size effect [62, 65, 66].

For Ti-SBA15 samples aged for less than 9 h, DRUV

spectra showed a large band centered at 230–250 nm and

extending up to 370 nm, suggesting that small TiO2 clus-

ters and/or penta-coordinated titanium species are present

in the materials. Moreover, there is no substantial change in

the spectra of these three samples, indicating that the

chemical environment of the TiO2 species in the silica

framework does not vary before the precipitation of anatase

TiO2. Then, the DRUV spectra of samples aged between 9

and 24 h showed that the absorption signal at wavelength

higher than 330 nm increased drastically due to the for-

mation of bulk anatase TiO2. Further increase in the

duration of hydrothermal treatment had no influence on UV

absorption.

A comparison between the Ti/Si atomic ratios of

Ti-SBA15 samples measured by both atomic absorption

and X-ray photoelectron spectroscopy (XPS) is presented

in Fig. 4. The Ti/Si ratio measured by XPS plotted as a

function of the bulk Ti/Si measured by atomic absorption is

also shown in Fig. 5. For the samples synthesized at low

hydrothermal treatment times (t B 3 h), titanium-over-sil-

icon molar ratios measured by both methods were similar

suggesting titanium species homogeneously dispersed in

the silica framework. During anatase TiO2 precipitation,

one can see that the measured increase in the concentration
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Fig. 1 N2 sorption isotherms at -196 �C obtained on Ti-SBA15

treated hydrothermally at 60 �C for 0 (A) and 96 h (B). Isotherm A is

shifted by 100 cm3/g
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Fig. 2 Wide angle XRD patterns of calcined Ti-SBA15 treated

hydrothermally at 60 �C for 9 (A), 12 (B), 24 (C), and 96 h (D). The

reference pattern of anatase TiO2 is given as E
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of titanium species (Ti/Si)XPS detected by XPS and there-

fore located in the vicinity of the external surface of the

particles, follows substantially the same evolution with

aging time as the bulk value (Fig. 4). However, one can see

that the Ti/Si ratio measured by XPS is much higher than

the bulk Ti/Si ratio for samples aged for more than 3 h.

This result indicates some Ti surface segregation suggest-

ing that the precipitated anatase TiO2 is located predomi-

nantly on the external surface of the particles.

Figure 6 shows O(1s) XPS spectra of Ti-SBA15 syn-

thesized at 60 �C for different hydrothermal treatment

times. The binding energy associated with the different

oxygen species lines and the relative intensity of their

signal are reported in Table 2. For Ti-SBA15 samples

synthesized with an hydrothermal treatment time lower

than 9 h, only one line centered at 533.1 eV (HBE) appears

on the O(1s) XPS spectra. This feature was observed for

siliceous SBA15 and titanosilicate materials with titanium

dispersed in the silica framework [29]. For samples aged

for longer times (t C 9 h), another line at 530.2 eV (LBE)
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Fig. 4 Ti/Si atomic ratios measured by atomic absorption spectros-

copy (a) and by XPS (b) obtained on Ti-SBA15 synthesized with

different hydrothermal treatment times at 60 �C
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Fig. 6 O(1s) XPS spectra of Ti-SBA15 treated hydrothermally at

60 �C for 0 (A), 3 (B), 6 (C), 9 (D), 12 (E), 48 (F), and 96 h (G). The

reference spectrum of anatase TiO2 is given as H

Table 2 O(1s) binding energies and relative intensities of Ti-SBA15

synthesized with different hydrothermal treatment times at 60 �C

Sample Binding energies (eV) Relative intensities (%)

LBE HBE LBE HBE

Ti-SBA15(0) 533.2 – 100 0

Ti-SBA15(3) 533.1 – 100 0

Ti-SBA15(6) 533.2 – 100 0

Ti-SBA15(9) 533.0 530.6 85.4 14.6

Ti-SBA15(12) 533.0 530.5 78.0 22.0

Ti-SBA15(24) 533.0 530.6 67.3 32.7

Ti-SBA15(48) 533.0 530.5 68.3 31.7

Ti-SBA15(96) 533.1 530.4 72.4 27.6

Anatase TiO2 – 530.2 0 100

LBE and HBE are, respectively, defined as the lines at low binding

energy and high binding energy observed on the O(1s) XPS spectra
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appeared, which is associated to bulk anatase TiO2 (see

Fig. 6, curve H). The increased Ti/Si molar ratio with aging

time results in a continuous increase in intensity of the

530.2 eV line. A maximum value of the fraction of the

O(1s) signal in this band is observed after 24 h of aging

time (32.7%) and followed by a minor decrease (to 27.6%)

which is likely associated with the increased anatase

crystallinity (see Fig. 2) and surface sintering of TiO2

clusters.

Ti(2p) XPS spectra of Ti-SBA15 treated at 60 �C for

different aging durations are presented in Fig. 7. For the

sake of clarity, only the Ti(2p3/2) peaks are shown, and the

position and the full width at half maximum (FWHM) of

these peaks are presented in Fig. 8. Several systematic

Ti(2p) XPS investigations of TiO2–SiO2 mixed oxide over

a wide range of TiO2 content showed that these lines are

very sensitive to the coordination of titanium species [29,

67, 68]. At low TiO2 loading, our solid samples show

essentially tetrahedral titanium with a Ti2p3/2 binding

energy close to 460 eV, whereas this binding energy

decreased down to 459.0 eV with the appearance of ana-

tase TiO2. The latter line is associated with octahedral

titanium species.

For the sample synthesized without hydrothermal

treatment (t = 0 h), Ti(2p) XPS spectrum shows a broad

Ti(2p3/2) peak centered at 460.3 eV. Other studies of

Ti-SBA15 with low titanium loading also showed similar

results for titanium species in tetrahedral coordination,

indicating that no bulk anatase TiO2 is detected on the

material surface [29, 67]. For samples recovered within

the first 6 h of hydrothermal treatment (0 h \ t B 6 h), the

binding energies corresponding to Ti(2p3/2) line slightly

decreased and the FWHMs of these peaks increased (see

Fig. 8). The Ti(2p) XPS spectra corresponding to these

samples (Fig. 7, curves B and C) also exhibit an asym-

metry toward lower binding energy, suggesting a slight

increase in the coordination number of titanium species

located on the external surface of the material. However,

the Ti(2p) XPS spectrum of Ti-SBA15(6) reveals a binding

energy of 460.0 eV for Ti(2p3/2) line, which is only 0.3 eV

lower than the one of the sample synthesized without

hydrothermal treatment. It is therefore believed that most

of the titanium species present on the external surface of

Ti-SBA15(6) sample are constituted of isolated tetrahedral

TiO2 clusters incorporated in the silica framework. Then,

between 6 and 9 h of aging at 60 �C, Ti(2p) XPS results

clearly showed that the chemical environment of the tita-

nium species detected changed drastically. The Ti(2p)

spectrum of Ti-SBA15(9) indeed shows more characteris-

tics of the anatase TiO2 spectrum (Fig. 7, curve G)

exhibiting a binding energy of 459.2 eV for the Ti(2p3/2)

line. Moreover, for this sample, the signal corresponding to

the titanium species in tetrahedral coordination has almost

vanished. However, the high FWHM of this peak and the

shoulder toward the higher binding energy suggests that

some titanium moieties can be still associated with titanium

in intermediate coordination. Then, for samples aged for

longer hydrothermal treatment times (t [ 9 h), the position

of Ti(2p3/2) peaks remains essentially the same and the

latter become narrower.

It is well known that the epoxidation of cyclohexene

with hydroperoxides only possible over TiO2–SiO2 mixed

oxides that contain titanium in tetrahedral coordination

[6, 69, 70]. Thus, the conversion of cyclohexene is in direct

relation with the concentration of these active titanium sites

in the materials. To establish a relation between the nature

of titanium species and the catalytic activity, a comparison

between the specific surface area and the conversion of
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cyclohexene reached after 3 h of reaction at 70 �C for the

different Ti-SBA15 materials is presented in Fig. 9. For

this reaction, the major product was cyclohexene oxide and

the secondary products were mostly 2-cyclohexene-1-ol

and possibly 2-cyclohexene-1-one. In all cases, the selec-

tivity for cyclohexene oxide was around 95%. It was shown

that the conversion of cyclohexene increases proportionally

to the specific surface area for samples aged between 0

and 12 h. A maximal conversion of 43% was obtained for

Ti-SBA15(9). This value is similar to those obtained by

Hua et al. on Ti-SBA15 materials considering the lower

amount of catalyst (0.1 g instead of 0.2 g) used in our

study [57]. For samples synthesized with higher hydro-

thermal treatment times, decreasing cyclohexene conver-

sions were observed despite the slight increase in specific

surface area. This result indicates a decrease in the density

of titanium species that are active for the epoxidation of

cyclohexene.

Discussion

All the above results show that the physicochemical

properties and the catalytic activity in epoxidation of

cyclohexene of Ti-SBA15 prepared by direct synthesis are

greatly influenced by the possible precipitation of the

anatase TiO2 during hydrothermal treatment. For low aging

treatment times (t B 6 h), XRD and O(1s) and Ti(2p) XPS

spectra reveal that there is no anatase TiO2 in the recovered

solid products. DRUV experiments also showed that tita-

nium species present in the materials are mostly constituted

of isolated tetrahedral titanium species possibly accompa-

nied by traces of small clusters of Ti in higher coordination

to oxygen. Moreover, the Ti/Si atomic ratios measured by

XPS, which are substantially the same as those measured

by atomic absorption for these samples, also suggest that

titanium is uniformly dispersed into the silica framework

and showing no surface segregation.

Further increase in the aging time leads to a drastic

increase in the titanium content which suggests a TiO2

precipitation over the solid. XRD, DRUV, and XPS mea-

surements indicated that the measured increase in the

titanium loading can be attributed to the deposition of

higher coordination titanium oxide species with appearance

of anatase TiO2 crystalline phase after 12 h. Moreover, the

sudden increase in the Ti/Si ratio measured by XPS com-

pared to the bulk Ti/Si ratio indicates that the TiO2 pre-

cipitation occurred mainly on the external surface of the

particles. At aging times higher than 24 h, the increased N2

adsorption at higher relative pressures is associated with

the external surface deposition of this TiO2 phase sug-

gesting some particle agglomeration creating interparticu-

lar macropores. Interestingly, the line on the Ti(2p) XPS

spectra associated with the titanium in tetrahedral coordi-

nation (around 460 eV BE) essentially disappeared

between 6 and 9 h. This feature could not be attributed to a

complete coverage of the SBA15 particles’ external surface

since the HBE O(1s) line associated with the oxygens

bounded to silicon atoms still represent 85% of the relative

signal for Ti-SBA15(9) sample. It appears thus that the

high coordination TiO2 phase deposited after 9 h aging

time is precisely localized on the tetrahedral surface lattice

of Ti species. This suggests that the isolated tetrahedral Ti

species act as surface nuclei for the deposition of the new

TiO2 phase. This would provide an explanation for the

decreased epoxidation activity with aging time since the

tetrahedral Ti species involved as nuclei are no longer

accessible to the reactants.

For hydrothermal treatment durations higher than 12 h,

Ti(2p) XPS results showed no substantial change in the

chemical environment of TiO2 species located on the

external surface. However, even if the specific surface area

of the materials reached a maximal value during this per-

iod, the specific activity for the epoxidation of cyclohexene

decreased. This decrease in the specific activity after 12 h

is obviously related to the decreasing fraction of tetrahedral

Ti species as discussed above.
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Fig. 9 Specific surface area (a) and conversion of cyclohexene (b)

for Ti-SBA15 synthesized with different hydrothermal treatment

times at 60 �C
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Conclusion

In summary, the physicochemical properties and the cata-

lytic activity in epoxidation of cyclohexene were studied as

a function of the time of hydrothermal treatment of tita-

nium-substituted SBA15 materials prepared by direct

synthesis. In the selected aging conditions, a progressive

precipitation of TiO2 clusters follows the initial incorpo-

ration of Ti species during Ti-SBA15 synthesis step. The

results suggested that the isolated titanium species present

on the surface of the material could initiate the crystalli-

zation of anatase TiO2 clusters. On long-term hydrothermal

treatment durations, it was also shown that this disap-

pearance of the tetrahedrally coordinated titanium leads to

a decrease in the specific activity for the epoxidation of

cyclohexene. In the case of mesoporous TiO2–SiO2 mixed

oxide, it is thus clear that the hydrothermal aging time

should be optimized to obtain more active epoxidation

catalysts.
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41. Zhang W, Fröba M, Wang J, Tanev PT, Wong J, Pinnavaia TJ

(1996) J Am Chem Soc 118:9164

42. Tuel A (1999) Micropor Mesopor Mater 27:151

43. Bagshaw SA, Prouzet E, Pinnavaia TJ (1995) Science 269:1242

44. Bagshaw SA, Di Renzo F, Fajula F (1996) Chem Commun 2209

45. Bagshaw SA, Kemmitt T, Milestone NB (1998) Micropor Mes-

opor Mater 22:419

46. Ji D, Ren T, Yan L, Suo J (2003) Mater Lett 57:4474

47. Ji D, Zhao R, Lv G, Qian G, Yan L, Suo J (2005) Appl Catal A

281:39

48. Vinu A, Srinivasu P, Sawant DP, Alam S, Mori T, Ariga K,

Balasubramanian VV, Anand C (2008) Micropor Mesopor Mater

110:422

49. Zhang WH, Lu J, Han B, Li M, Xiu J, Ying P, Li C (2002) Chem

Mater 14:3413

50. Newalkar BL, Olanrewaju J, Komarneni S (2001) Chem Mater

13:552

51. Wu S, Han Y, Zou YC, Song JW, Zhao L, Di Y, Liu SZ, Xiao FS

(2004) Chem Mater 16:486

52. Berube F, Kleitz F, Kaliaguine S (2008) J Phys Chem C

112:14403

53. Vinu A, Srinivasu P, Miyahara M, Ariga K (2006) J Phys Chem B

110:801

54. Chen Y, Huang Y, Xiu J, Han X, Bao X (2004) Appl Catal A

273:185
55. Trukhan NN, Romannikov VN, Shmakov AN, Vanina MP,

Paukshtis EA, Bukhtiyarov VI, Kriventsov VV, Danilov IY,

Kholdeeva OA (2003) Micropor Mesopor Mater 59:73

56. Ravikovitch PI, Neimark AV (2001) J Phys Chem B 105:6817

57. Hua Z, Bu W, Lian Y, Chen H, Li L, Zhang L, Li C, Shi J (2005)

J Mater Chem 15:661

6734 J Mater Sci (2009) 44:6727–6735

123



58. Galarneau A, Cambon H, Di Renzo F, Fajula F (2001) Langmuir

17:8328

59. Ryoo R, Ko CH, Kruk M, Antochshuk V, Jaroniec M (2000) J

Phys Chem B 104:11465

60. Hoang VT, Huang Q, Eic M, Do TO, Kaliaguine S (2005)

Langmuir 21:2051

61. Gobin OC, Wan Y, Zhao D, Kleitz F, Kaliaguine S (2007) J Phys

Chem C 111:3053

62. Geobaldo CF, Bordiga S, Zecchina A, Giamello E, Leofanti G,

Petrini G (1992) Catal Lett 16:109

63. On DT, Le Noc L, Bonneviot L (1996) Chem Commun 299

64. On DT, Kapoor MP, Kaliaguine S (1996) Chem Commun 1161

65. Tozzola G, Mantegazza MA, Ranghino G, Petrini G, Bordiga S,

Ricchiardi G, Lamberti C, Zulian R, Zecchina A (1998) J Catal

179:64

66. Deo G, Turek AM, Wachs IE, Huybrechts DRC, Jacobs PA

(1993) Zeolites 13:365

67. Stakheev AY, Shpiro ES, Apijok J (1993) J Phys Chem 97:5663

68. Kaliaguine S (1996) Stud Surf Sci Catal 102:191

69. Notari B (1988) Stud Surf Sci Catal 37:413

70. Klein S, Thorimbert S, Maier WF (1996) J Catal 163:476

J Mater Sci (2009) 44:6727–6735 6735

123


	Surface properties and epoxidation catalytic activity of Ti-SBA15 prepared by direct synthesis
	Abstract
	Introduction
	Experimental section
	Materials
	Characterization

	Results
	Discussion
	Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


