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KINETICS, CATALYSIS, AND REACTION ENGINEERING

Synthesis of Titanium-Containing Mesoporous Silicas as Catalysts for
Cyclohexene Epoxidation
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Ti-containing mesoporous materials have been prepared by hydrothermal synthesis at 100 °C with two different
Si/Ti ratios (20 and 60) in the synthesis mixture. A detailed study about the effect of synthesis time on the
physicochemical properties of the materials has been carried out. The samples were characterized by XRD,
DRUVyvis, N, adsorption, and pyridine adsorption analyzed by FT-IR. The samples synthesized using the
lower Si/Ti ratio presented the higher titanium incorporation and the higher acid character. The synthesis
time appears as an important parameter that affects the textural, structural, chemical, and acid properties of
the final solids. For the lower Si/Ti ratio, a longer synthesis time is needed to obtain a more ordered structure.
However, in both cases, short synthesis times do not allow a proper incorporation of titanium into the silica
framework, which is reached with synthesis times of about 3 days. The results of catalytic activity indicate
that the solids studied here present an interesting potential as catalysts in the selective oxidation of cyclohexene

using HzOz.

1. Introduction

Silica-based mesoporous materials with a tunable pore size
(2—10 nm) and a large surface area (higher than 1000 m?/g)
are of great interest because of their many potential applications
in the pharmaceutical and fine chemical industries, in petroleum
refining, and in adsorption and separation processes.' > The
catalytic properties of these materials rely on the presence of
active sites in their frameworks. Consequently, many successful
synthetic methods have been developed to prepare mesoporous
silica with the incorporation of heteroelements into a silica
framework in order to obtain high-performance catalysts. In the
case of MCM-41, the introduction of titanium results in great
interest in oxidation reactions especially of large molecules,
which cannot diffuse in the pores of microporous materials.®~ "'
Various authors have studied the catalytic performance of Ti-
MCM-41 catalysts in the oxidation reactions of olefins. Sever
et al.'? reported a cyclohexene conversion near 23% with an
epoxide selectivity about 11% over Ti-MCM-41 using a
cyclohexene/H,0, molar ratio of 4. Hagen et al.'* reported that
the cyclohexene conversion was about 10% and the epoxide
selectivity was lower than 5% on Ti-MCM-41 with H,0, as
oxidant. Laha et al."* also reported low catalytic activity and
low selectivity to cyclohexene oxide for Ti-MCM-41 in the
presence of aqueous H,O,. Although other kind of materials
such as Ti—silica mixed oxides have presented good results in
the oxidation of olefins using organic hydroperoxides,'>~'” the
use of hydrogen peroxide as oxidant results quite conveniently
due to its easy handling, its high content of active oxygen, the
absence of byproducts, and its relatively lower cost.'®

It has recently been demonstrated'®'*2° that the framework
tetrahedral Ti(IV) species are the effective active sites for the
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selective oxidation of olefins. In this respect, it has been shown
that titanium can be successfully incorporated into the MCM-
41 framework through a direct hydrothermal synthesis.?' The
porous structure and catalytic behavior of this system can be
tailored to a certain extent by controlling the synthesis param-
eters such as titanium loading, surfactant/Si ratio, surfactant
nature, and synthesis temperature. Although there are many
reports concerning the synthesis and characterization of Ti-
MCM-41 materials, the influence of some synthesis parameters,
such as synthesis time, on their structural and catalytic properties
has not been completely elucidated. Since the rates of polym-
erization of the silicon and titanium species are different, the
synthesis time must be also an important parameter that can
affect not only the textural and chemical properties of the final
solid but also the present metallic species.

The aim of the present work was to study the influence of
the synthesis time in two series of MCM-41 materials, prepared
by hydrothermal synthesis with different Si/Ti molar ratios in
the synthesis gel, over their physicochemical properties. Such
synthesis variables were manipulated in order to maximize the
presence of catalytically active sites in the material, analyzing
specifically the local environment of Ti(IV) centers within the
silica matrix. The surface acidity associated with the presence
of these active sites was monitored by using in situ Fourier
transform infrared spectroscopy (FT-IR) of pyridine adsorption.
The catalytic properties of these materials were tested for the
cyclohexene oxidation reaction with H,O,.

2. Experimental Section

The titanium-containing mesoporous materials were prepared
by hydrothermal synthesis using dodecyltrimethylammonium
bromide (DTMABTr) as a template. Tetraethoxysilane (TEOS)
and titanium isopropoxide (TIP) were used as the Si and Ti
sources, respectively. The catalysts were synthesized from gel
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of molar compositions Si/Ti = 20 and 60, OH/Si = 0.30,
surfactant/Si = 0.4, and water/Si = 60. In a typical synthesis,
TEOS (Fluka, ~98%) and TIP (Fluka, ~98%) were vigorously
mixed for 30 min. Then, a 25 wt % solution of DTMABT (Fluka,
~98%) in ethanol and 70% of the tetraecthylammonium hydrox-
ide 20 wt % aqueous solution (TEAOH) (Fluka) were added
dropwise under stirring, which was continued for 3 h. Finally,
both the remaining TEAOH and the water were added dropwise
to the milky solution, which was then heated at 353 K for 30
min to remove both the ethanol used in the solution and the
additional one produced in the TEOS hydrolysis. The pH of
the resultant gel was 11.5. This gel was transferred into Teflon-
lined stainless-steel autoclave and kept in an oven at 100 °C
for 0—7 days under autogenous pressure. The solid was then
filtered off, washed with distilled water, and dried at 60 °C
overnight. To remove the template, the samples were heated
(heating rate of 2 °C/min) under N, flow up to 500 °C
maintaining this temperature for 6 h and subsequently calcined
at 500 °C under air flow for 6 h.

The titanium content in the final solid products was deter-
mined by inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) in a VGelemental Plasma Quad 3 mass
spectrometer. X-ray powder diffraction (XRD) patterns were
collected in air on a Philips PW 3830 diffractometer at room
temperature using Cu Ko radiation of wavelength 0.154 18 nm.
Diffraction data were recorded between 1 and 40° at an interval
of 0.01° and a scanning speed of 2°/min was used. The structural
ordering degree of each sample was calculated against an
internal standard sample which was arbitrarily considered as a
reference. Such a sample showed the highest intensity for the
(100) diffraction peak, assuming a 100% structural ordering for
this sample. Diffuse reflectance UV —visible (DRUVYvis) spectra
were recorded using a Perkin-Elmer Lambda 35 spectrometer
in the wavelength range 200—400 nm. The specific surface area
of all the samples was determined using a Pulse Chemisorb
equipment. The samples were previously dried at 400 °C under
N, flow for 2 h. The N, adsorption—desorption isotherms were
obtained at 77 K using a Micromeritics ASAP 2010 equipment.
The surface area was calculated by the BET method in the P/P,
range 0.05—0.1 in order to ensure the BET equation linearity.
Density function theory method (DFT) was applied to evaluate
the pore size distribution since this method, based on a molecular
statistical approach, is applied over the complete range of the
isotherm.??

The acid properties of the samples were evaluated by FT-IR
spectral measurements of pyridine adsorption performed on a
JASCO 5300 spectrometer, through the following procedure.
A self-supporting wafer for each sample (~20 mg/cm?) was
prepared, placed in a thermostatized cell with CaF, windows
connected to a vacuum line, and evacuated for 8 h at 400 °C.
The background spectrum was recorded first after cooling the
sample to room temperature. Afterward, the solid wafer was
exposed to pyridine vapors at room temperature and allowed
to saturate for 20 min. The IR spectrum for each sample was
obtained after pyridine desorption by evacuation for 1 h at 200,
300, and 400 °C. The difference spectrum was obtained finally
by subtracting the background spectrum recorded previously.

The cyclohexene oxidation reactions with HO, were carried
out at 70 °C under stirring in 2 mL glass vials immersed in a
thermostatted bath. Typically, the reaction mixture consisted
of 9.00 mg of catalyst, 91.90 mg of cyclohexene (Baker, ~98%),
26.60 mg of oxidant (hydrogen peroxide 35% w/w, Riedel-de
Haen), and 678.30 mg of solvent (acetonitrile, Cicarelli). In all
cases the oxidant to substrate molar ratio was 1:4 in order to
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Table 1. Synthesis Parameters and Physical Properties of the
Synthesized Samples

sample Si/Ti  synth time (days) ao (A)  surf. area” (m¥g)

TiM-20-0 20 0 34.6 895
TiM-20-1 20 1 37.3 871
TiM-20-3 20 3 37.0 895
TiM-20-5 20 5 36.9 1145
TiM-20-7 20 7 37.2 886
TiM-60-0 60 0 35.4 956
TiM-60-1 60 1 36.4 1235
TiM-60-3 60 3 36.1 1206
TiM-60-5 60 5 333 1073
TiM-60-7 60 7 325 1119

“In synthesis gel. ” BET specific surface area.
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Figure 1. XRD patterns of the samples synthesized with Si/Ti molar ratios
in the synthesis mixture: (A) 60 and (B) 20. Synthesis times: (a) 0, (b) 1,
(c) 3, (d) 5, and (e) 7 days.

minimize the possible Ti leaching.?* The reaction products were
analyzed by gas chromatography (Hewlett-Packard 5890 Series
II) using a capillary column (cross-linked methyl silicone gum,
30 m long) and flame ionization detector. Additionally, the
GC—MS (Shimadzu, QP 5050 A) analyses were performed in
order to identify the products. The total conversion of H,O,
was measured by iodometric titration. The cyclohexene conver-
sion was defined as cyclohexene conversion x 100/theoretically
possible conversion (% of maximum).

3. Results and Discussion

Table 1 summarizes the physical properties of the samples
prepared in this study with two different Si/Ti molar ratios (20
and 60) in the synthesis mixture and synthesis times of 0—7
days. The XRD patterns of these samples, with a 0.02° precision
at the peak maximum, are shown in Figure 1. Although all the
samples exhibit an intense low-angle reflection at approximately
2.5—3.0°, characteristic of mesoporous materials, the mesos-
tructures prepared with the lowest Ti content exhibit two other
weak peaks ascribed to (110) and (200) reflections characteristic
of a MCM-41 structure. As it is known, the number of well-
defined peaks and their relative intensities represent the relative
structural ordering of an MCM-41 structure. Thus, the broaden-
ing and intensity decreasing of X-ray reflections with the Ti
content in the synthesis mixture (Si/Ti molar ratio = 20) can
be attributed to a lowering of the lattice order, which can also
be correlated with a decrease in the surface area observed. The
bond length of Ti—O different from that of tetrahedral Si—O
should distort the geometry, leading to some structure deforma-
tion. Moreover, the presence of some Ti—O—Ti clustering could
be contributing to the deterioration of the mesoporous structure
as the Si/metal ratio decreases. Nevertheless, it is important to
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Figure 2. Effect of synthesis time on the degree of structural ordering of
the samples synthesized with Si/Ti molar ratio in the synthesis mixture: (a)
60 and (b) 20.

remark that while the material synthesized with the higher Ti
loading shows a modest degree of order, the same allowed a
maximum incorporation of Ti of 2.5 wt % without collapsing
the structure. In addition, the main XRD peak slightly shifts
toward a lower diffraction angle and a slight increase in the
parameter q is detected as the content of Ti is increased (Table
1). Taking into account that the Ti—O—Si bond length is longer
than the Si—O—Si one, this feature may be consistent with the
probable incorporation of Ti into the mesoporous framework.
Even though the mesostructure was formed before the
hydrothermal treatment, the structural ordering was increased
when the samples were hydrothermally treated. However, a
different effect of hydrothermal synthesis time on such ordering
was observed for the different Ti contents in the material. This
effect was analyzed for the two different initial Si/Ti ratios (20
and 60), evaluating the structural ordering degree of each sample
in comparison to a sample arbitrarily taken as reference with
100% ordering (Si/Ti = 60 and hydrothermal synthesis of 1
day).** Figure 2 shows that a longer synthesis time is needed
to obtain a more ordered structure when the Si/Ti ratio in the
synthesis mixture is decreased. Although the maximum struc-
tural ordering is quickly reached for the higher Si/Ti ratio, a
synthesis beyond 1 day appears to induce some disorder in the
structure. These results are in agreement with previous reports
by Cedefio et al.? In contrast, in the case of the lower Si/Ti
ratio, the maximum ordering obtained is practically not affected
by an increase in the synthesis time. On the other hand, while
all the samples exhibit surface areas above 1000 m%g, these
areas reach a maximum value for the optimum synthesis time
that leads to the more ordered structure in each case.
DRUVvis spectroscopy is a very sensitive method for
characterization of the coordination environment of titanium in
zeolite framework.?®?” DRUVvis spectra of all the samples
synthesized are shown in Figure 3. An intense DRUVvis band
at 210 nm in all the samples indicates that most of the Ti species
are isolated and in tetrahedral coordination inside the frame-
work.2!"28730 Another band at 260 nm, more significant for the
samples with higher Ti content, can be attributed to the presence
of partially polymerized Ti—O—Ti species probably originated
by the rate of polymerization of TIP higher than the one of
TEOS.?***! Such Ti—O—Ti clustering could be contributing,
although slightly, to the lower structural ordering and surface
area observed for these samples.'*! Furthermore, the presence
of higher coordinated Ti species probably due to the insertion
of water molecules upon hydration should be also considered.*
On the other hand, the lack of an absorption band at about
300—330 nm allowed us to confirm the absence of a segregated
anatase phase in the samples.>'?* 3% It should be noted that
the maximum incorporation of Ti in the materials was about

2.5% and 1.1% for the Si/Ti ratios 20 and 60, respectively, and
both catalysts present most of the Ti occupying isolated positions
in the framework. Moreover, in contrast with other results,®
the intensity of the 210 nm band is substantially increased and
the position of the maximum does not shift toward higher
wavelengths with increasing Ti content. Such a behavior
suggests that the tetrahedral component of Ti(IV) is prevalent
even in the sample synthesized with high Ti content.

As can be observed in Figure 3, the magnitude of the
absorption depends on the synthesis time. For both Si/Ti ratios
in the initial mixture, titanium is not well incorporated into the
silica framework at short synthesis times. Meanwhile, a synthesis
time of about 3 days seems to be necessary to allow a proper
incorporation of titanium into the silica framework. It is
noticeable that the sample synthesized with lower Si/Ti ratio
and synthesis time of 3 days exhibits the highest Ti incorpora-
tion, which seems to be almost unaffected by a longer synthesis
time (7 days). In contrast, in the case of the samples with lower
Ti content (Si/Ti ratio = 60), a long synthesis time (7 days)
shows a light decrease of the Ti incorporation, which would be
probably consistent with the decrease of structural ordering and
surface area.

The chemisorption of pyridine followed by IR studies is
usually a useful probe to detect the presence and nature of acid
sites on a catalyst surface.”® The FT-IR spectra of adsorbed
pyridine on the samples synthesized (Figure 4) show that the
same exhibit Lewis acidity, evidenced by the presence of the
bands at 1610 and 1449 cm™'.>>3%333% However, it is necessary
to clarify here that this last band at 1449 c¢cm™' appears
overlapped with the one corresponding to hydrogen bonded
pyridine.®® Tt is known that pyridine can form hydrogen bonds
with the silanol groups present in the structure, showing typical
bands at 1447 and 1599 cm™!.3%33-3* In addition, these samples
also present some Brgnsted acidity, evidenced by weak bands
at 1540 and 1636 cm™'.*** Some changes in the acidity with
the synthesis time can be observed. It is noteworthy that, for
both Si/metal ratios, the acidity reaches the maximum when
the synthesis time is about 3 days and decreases with longer
synthesis times (7 days). As it is known, the strength of Lewis
and Brgnsted acid sites can be obtained from pyridine ther-
modesorption. Thus, as the heating temperature reached 300
°C under vacuum (Figure 4C,D), the intensities of all the bands
decreased. In addition, whereas the bands assigned to Lewis
sites undergo a further reduction after desorption at 400 °C,
those corresponding to Brgnsted sites tend to disappear (Figure
4E,F). Such a feature indicates that whereas the Lewis sites are
strong enough to retain the pyridine molecules until 400 °C,
the Brgnsted sites present a rather weak character. The above
results are according to the changes observed in the DRUVvis
spectra with the synthesis time suggesting, besides, that the
incorporation of titanium into the silica framework generates
acid sites.”® Therefore, it seems that there is an optimum
synthesis time, which leads to a greater amount of titanium
incorporated and a high concentration of acid sites.

On the other hand, Figure 5 shows the adsorption/desorption
isotherms of the samples prepared with two different Si/Ti ratios
(20 and 60) and 3 days of hydrothermal synthesis. Both samples
exhibit type IV isotherms typical of mesoporous structures with
a sharp inflection at relative pressure (P/Py) of 0.1—0.25
characteristic of capillary condensation inside the conventional
mesopores present in the MCM-41 structure. Such an inflection
is evidence of a narrowly defined diameter range for mesoporous
channels of these materials, which is also reflected in Figure 6.
The pore diameter for both samples is around 27 A. For the
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Figure 3. DRUVvis spectra of the samples synthesized with Si/Ti molar ratios in the synthesis mixture: (A) 60 and (B) 20. Synthesis times: (a) 0, (b) 1, (c)

3, and (d) 7 days.
Scheme 1. Products of Cyclohexene Oxidation with Hydrogen
Peroxide Catalyzed by Ti-MCM-41: Cyclohexene Oxide (I),

1,2-Cyclohexanediol (II), 2-Cyclohexen-1-one (III), and
2-Cyclohexen-1-o0l (IV)

H
H,0, H
Ti-MCM-41 H
| n n v

Table 2. Catalytic Activity in the Cyclohexene Oxidation Reaction”

cyclohexene selectivity (% mol)
conversion H,0,
sample (% of max) selectivity (%)” 1 11 111 v
TiM-20-3 66.4 76 37.5 263 175 187
TiM-60-3 57 77 40 12.5 25 22.5

“Reaction conditions: cyclohexene/H,O, (mol/mol) = 4; catalyst =
9.79% of the substrate; temperature = 70 °C; reaction time = 5 h.
® H,0, selectivity defined as the moles of products formed/mol of H,0,
reacted.

Table 3. Catalytic Performance of Recovered TiM-20-3 in
Cyclohexene Oxidation with H,O,

selectivity (% mol)
cyclohexene

conversion (% of max) I II 111 v

catalytic cycle

1 66.4 375 263 175 187
2 66.1 373 268 18 17.9
3 66.5 369 267 174 19

4 66.0 376 265 175 184

sample prepared with the higher Si/Ti ratio, a very small
hysteresis loop is additionally observed in the isotherm.
Meanwhile, the isotherm of the sample prepared with the higher
Ti content shows the presence of a pronounced hysteresis loop
which could be associated with a capillary condensation in
secondary mesopores.?'*°~3® The titanium seems to be respon-
sible for the presence of the hysteresis showing a specific role
in the development of this secondary porosity, which might have
great relevance for catalysis as it would probably enhance the
diffusion of reagents through the particles.

The oxidation of cyclohexene using hydrogen peroxide is
frequently used as a test reaction for the catalytic evaluation of
different titanium-modified materials. It is known that the Ti
species in framework positions are the active sites for carrying
out selective catalytic oxidations of hydrocarbons using perox-
ides as oxidants. Moreover, TiO, crystals with an anatase
structure in the titanosilicates were proved to lower the catalytic
performance by enhancing the decomposition of H,0O, into water
and oxygen. Therefore, it becomes crucial to find the synthesis

parameters, such as the optimum synthesis time, in order to
maximize the presence of Ti species incorporated into the
framework.*

Scheme 1 illustrates some of the typical products of cyclo-
hexene oxidation. The cyclohexene oxide (I), generated by the
heterolytic epoxidation of the cyclohexene double bond, and
the 1,2-cyclohexanediol (II) side product, formed by hydrolysis
of the epoxide ring, generally reflect a concerted process. In
contrast, the allylic oxidation side products, 2-cyclohexen-1-
one (III) and 2-cyclohexen-1-ol (IV), are often ascribed to a
homolytic radical pathway.'?

The results of the catalytic activity measurements obtained
with the samples prepared with 3 days synthesis time and Si/Ti
ratio of 20 and 60 are shown in Table 2. It should be noted that
such samples were selected taking into account both an adequate
structural quality and a maximum of framework Ti species. Both
samples show good catalytic activity in the oxidation reaction
studied. The cyclohexene conversion values increase when the
Si/Ti ratio decreases, which is according to the increase for Ti
species in framework positions evidenced by the DRUVvis
analysis. Therefore, such a feature corroborates that the titanium
incorporated into the framework is actually the active species
for the selective oxidation of olefins using H,O,. It is noteworthy
that the epoxide is the main reaction product for both samples;
however, its selectivity decreases whereas the selectivity toward
glycol increases for the sample with lower Si/Ti ratio. It is
known that the epoxides can easily react with water to form
glycol further catalyzed by acid sites. Thus, the acidity of the
material may markedly influence the final product composition.
Therefore the observed results can be attributed to an epoxide
ring-opening reaction with water that leads to the formation of
1,2-cyclohexanediol as side product. This product would be
favored by the increasing acidity evidenced by the FT-IR
spectrum of the TiM-20-3 sample (Figure 4). On the other hand,
the products arising from the allylic oxidation side reaction are
observed to a small extent to be unfavored by the Ti loading
growing. It is very important to note here that, in contrast to
other authors who report cyclohexene conversions on Ti-MCM-
41 of about 10—20% and epoxide selectivities of about
5—10%,"'*'**° our catalysts exhibit a maximum conversion of
66% with a high selectivity to epoxide (about of 40%) under
similar reaction conditions. Otherwise, an epoxide selectivity
of about 50% has been reported for the cyclohexene oxidation
on TiO,—SiO, mixed oxides when 1,2-dimethoxyethane is used
as solvent in place of acetonitrile.'®

As it was just explained, the isolated tetrahedral Ti(IV) species
in the framework are the active sites responsible for the direct
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Figure 4. FT-IR spectra of pyridine adsorbed on the samples synthesized. Desorption at temperature 200 °C: (A) Si/Ti:60, (B) Si/Ti:20. Desorption temperature
at 300 °C: (C) Si/Ti:60, (D) Si/Ti:20. Desorption temperature at 400 °C: (E) Si/Ti:60, (F) Si/Ti:20. Synthesis time: (a) 1, (b) 3, and (c) 7 days.

epoxidation of olefins using peroxides as oxidants and the
decomposition of H,0O, into water and oxygen, favored by the
presence of anatase, is the main side reaction for this peroxide.
As can be seen in Table 2, our catalysts synthesized with both
Si/Ti ratios presented a high peroxide selectivity of around 75%.
This feature reveals that a considerable amount of H,O, has
been used for the oxidation reaction, which supports the case
for well-dispersed Ti present on our materials. Although there
are various reports about the catalytic performance of Ti-MCM-
41 materials in the oxidation reaction of cyclohexene with
H,0,,'>'**? the H,0, selectivity values are often not reported.
In this respect, Server et al.'? reported a H,O, selectivity of
67.7% which was increased up to 74.5% when the Ti-MCM-
41 catalyst underwent a silylation treatment. It is important to

note here that our selectivity result of about 75% was obtained
for a Ti-MCM-41 catalyst without any postsynthesis treatment.

In order to evaluate the propensity to be recovered and
recycled, the catalysts underwent four 5-h catalytic cycles
overall. The calcination step before each recycle would lead to
the elimination of adsorbed byproduct that hinders the coordina-
tion of the reagents to the active centers. Table 3 shows the
cyclohexene conversion and selectivity to products for each run
on TiM-20-3, which is given as an example. As can be seen,
the catalytic activity remained almost constant after the fourth
run and the product selectivity did not change remarkably on
passing from the first to the fourth catalytic run. These results
suggest that there is not a valuable modification of the catalytic
active sites during the recycling steps. In fact, as demonstrated
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by ICP and DRUVvis, almost no Ti leaches out and no Ti
species leave their original location even after four catalytic
cycles.”® Moreover, no structural changes occurred in the
catalyst throughout the cycles since its XRD pattern was not
modified. Therefore, in contrast with other authors who reported
Ti leaching during the liquid phase reaction,*' ~** the catalysts
prepared via our synthesis method exhibited good stability under
the employed conditions, being regenerated repeatedly without
suffering loss in activity.

4. Conclusions

All the above results indicate that the synthesis time has a
definitive influence in the textural, structural, and chemical
properties of titanium-modified mesoporous silica. Moreover,
such effects are different depending on the amount of titanium
present in the synthesis mixture. Although a lower degree of
structural ordering was observed in the samples with the lower
Si/Ti ratio, a higher amount of titanium could be incorporated
into the framework. In the case of the lower Si/Ti ratio, the
more ordered structures are more slowly reached but long
synthesis times (about 7 days) appear not to influence the
ordering degree. For both Si/Ti ratios analyzed, short synthesis
times do not allow an adequate incorporation of titanium into
the silica framework. Meanwhile, this is successfully achieved
at a synthesis time of about 3 days, which also leads to a higher
concentration of acid sites. The titanium-containing materials
synthesized here showed very good activity for the oxidation
of cyclohexene using H,O,. The main oxidation product was
the cyclohexene epoxide. The glycol appears as a byproduct,
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which is favored by the increasing acidity of the material. The
products of allylic oxidation are observed to a small extent to
be unfavored by the Ti loading growth. Finally, the catalysts
could be recycled after regeneration without suffering activity
loss.
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