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a b s t r a c t

Titanosilicates TS-1 with mesoporous/microporous hierarchical structures have been synthesized in the
presence of an organosilane surfactant. Highly porous crystals, with regular pores of ca. 2.5–3.5 nm diam-
eter, are obtained under hydrothermal conditions similar to those used for the preparation of conven-
tional catalysts. The organosilane has a great influence on the textural properties of TS-1, but does not
significantly affect the amount and coordination of Ti species in the framework. Mesoporous TS-1 have
been used as catalysts in various oxidation reactions with an aqueous H2O2 and their activity has been
compared with those of a conventional TS-1 and a mesoporous amorphous TiMCM-41. Data show that
mesoporous TS-1 does not possess the expected properties for hierarchical catalysts, i.e. the properties
of the conventional catalysts with advantages of mesoporous solids. In particular, the gain in diffusion
due to intracrystalline mesopores is totally inhibited by the increase of the hydrophilic character of
the zeolite, resulting from very high silanol group populations on the external surface.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

TS-1, the titanium-substituted silicalite-1, is one of the most
efficient catalysts for the oxidation of small organic molecules with
dilute hydrogen peroxide [1–9]. The unique activity of TS-1 has
been attributed to (i) isolated, tetrahedrally coordinated Ti species
in the framework, (ii) the hydrophobic character of the surface, and
to a lesser extent (iii) the topology of the MFI framework that fa-
vors specific architectures for active Ti centers [10]. However, the
pore opening of TS-1 limits the applications to small molecules,
typically linear alkanes or alkenes, or monosubstituted aromatic
compounds such as phenol, anisole, and aniline. For this reason,
diffusion limitations are of particular importance, and it was re-
ported that a slight increase in the crystal size could drastically af-
fect the activity [11,12]. Molecular transport in zeolite channels
can be improved by decreasing the particle size or by creating
additional meso/macro porosity. The creation of intracrystalline
porosity is an elegant strategy, since the corresponding zeolites
combine the major advantages of micro and mesoporous materials.
Primary approaches involved conventional dealumination by acid
leaching or steaming at high temperature [13–16]. More recently,
selective desilication of zeolites in basic media proved to be
ll rights reserved.
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efficient, but both the amount and size of mesopores were difficult
to control [17–20].

Better results were obtained by generating intracrystalline mes-
oporosity during the synthesis of the zeolite. The crystallization
can be performed in the presence of a removable nanostructured
template such as carbon particles or polymer beads [21–30]. This
process provides a rather good control of pore size and distribution
but average pore sizes are quite large (P10 nm), with broad distri-
butions. Alternatively, zeolites with intracrystalline tunable poros-
ity have been prepared with organosilanes, acting as both silica
source and porogen agent. The obtained zeolites possess relatively
small mesopores (2–10 nm) with narrow pore size distributions
[31,32].

In contrast to aluminum-containing ZSM-5, studies on meso-
porous TS-1 are rather scarce. The first example was reported by
Jacobsen’s group who prepared TS-1 in the presence of carbon
black [33]. They showed that mesoporous TS-1 possessed approx-
imately the same catalytic activity as conventional TS-1 in the oxi-
dation of 1-octene but strongly surpassed the latter for the
epoxidation of cyclohexene. It was argued that the superior activity
of TS-1 could be attributed to improved diffusional properties and
a better accessibility to the active sites. Later, mesoporous TS-1 has
been prepared in the presence of various porogen agents, including
hard templates (nanoporous carbons), or ethanolamine [34,35]. In
all these papers, the benefit of an additional porosity is generally
deduced from a comparison of catalytic performances in reactions
involving large molecules, for which conventional TS-1 is not ac-
tive. More interesting would be to compare mesoporous zeolites
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with catalysts active in these reactions, for example Ti-containing
mesoporous silicas. Moreover, the influence of the mesoporosity
on the intrinsic properties of TS-1 in classical reactions, such as
phenol hydroxylation, has never been clearly reported.

The present paper reports the synthesis, characterization, and
catalytic performance of mesoporous TS-1 prepared in the pres-
ence of amphiphilic organosilanes. These zeolites have been com-
pared with the conventional TS-1 and TiMCM-41 in a series of
reactions involving both small and large substrates. The aim of
the work was not only to correlate the activity with the presence
of mesopores, but also to try to answer some of the fundamental
questions:

� Does the additional porosity modify the activity in reactions for
which conventional TS-1 is an excellent catalyst?

� Is mesoporous TS-1 more or less active than TiMCM-41 in reac-
tions involving large molecules?

� Is there any influence of the ‘‘crystallinity” of the pore walls on
the activity?
2. Experimental

2.1. Synthesis of the catalysts

Mesoporous TS-1 samples (further denoted MesoTS-1) were
prepared using the commercial organosilane [3-(trimethoxysi-
lyl)propyl]octadecyldimethylammonium chloride, TPOAC, 72 wt.%
solution) from Aldrich. The synthesis was adapted from that used
by Choi and coworkers for the preparation of mesoporous
AlZSM-5 [31]. In a typical preparation, 30 mL H2O was mixed with
37 mL alkali-free TPAOH (1 M solution, prepared by ion exchange
of TPABr with Ag2O). Then, 22.5 mL tetraethyl orthosilicate (TEOS,
Aldrich) was added and the mixture was stirred for 1 h. Then,
0.52 mL tetrapropyl orthotitanate (TPOT) in 5 mL isopropanol
was added dropwise. After the addition of titanium, 3.65 mL
TPOAC was added and the resulting mixture, with the following
composition 1 SiO2–0.05 TPOAC–0.015 TiO2–0.37 TPAOH–33 H2O,
was heated at 80 �C for 3 h under stirring to remove alcohol formed
upon the hydrolysis of the alkoxides. The gel was then transferred
in a stainless-steel, Teflon-coated autoclave and was crystallized
under rotation (60 rpm) at 145 �C for different periods. After crys-
tallization, solids were recovered by centrifugation, washed with
distilled water and air-dried at 100 �C for 12 h. Organic molecules
(both TPA and the long-chain surfactant) were then removed from
the pores by calcination in air at 550 �C.

A conventional TS-1 was prepared using the same gel composi-
tion (Si/Ti = 67) in the absence of TPOAC.

TiMCM-41 was prepared from very dilute gels, following the
method reported by Lin et al [36]. Typically, 1.24 g NaOH was dis-
solved in 2.115 l H2O, followed by the addition of 4.155 g CTABr.
Then, a solution containing 22.5 mL TEOS and 0.52 mL TPOT was
added dropwise under very vigorous stirring and stirring was
maintained for 2 h more at room temperature. Then, the solid
was recovered by filtration, washed with water, and dried at
100 �C for 12 h. TiMCM-41 was then calcined in air flow at
550 �C for 16 h. The solid possessed all the characteristics of a hex-
agonal mesoporous silica (typical reflections in the XRD pattern)
with a mean pore size of 3.2 nm, as evidenced from N2 adsorp-
tion/desorption isotherm.
2.2. Characterization

All catalysts have been characterized by X-ray diffraction on a
Bruker (Siemens) D 5005 diffractometer, using Cu Ka2 radiation.
Information on the meso-structure of TiMCM-41and MesoTS-1
was obtained from diffractograms recorded between 0.5� and 10�
(2h), with steps of 0.02� and 5 s per step. Standard diffractograms
(2h from 3� to 80�, 1 s per step) were used to evaluate the crystal-
linity of zeolitic catalysts MesoTS-1 and TS-1.

UV–Vis spectra were recorded on a Perkin Elmer Lambda 35
spectrometer equipped with an integration sphere.

N2 adsorption/desorption isotherms were collected at liquid
nitrogen temperature using a Micromeritics ASAP 2010 apparatus.
Before the measurement, approximately 50 mg of the sample was
dehydrated under vacuum (10�3 Torr) at 350 �C overnight.

TEM pictures were taken on a Jeol 2010 Microscope with an
accelerating voltage of 200 kV.

NMR spectra were obtained on a Bruker DSX 400 spectrometer
equipped with a double-bearing probe-head. The samples were
spun at 10 kHz in 4 mm zirconia rotors. 13C NMR spectra were re-
corded using a conventional 1H–13C cross-polarization sequence
with 2 ms contact time and 10 s recycle delay. Chemical shifts
were referenced to tetramethylsilane (TMS).

Ti contents were obtained by ICP-AES after dissolution of the
corresponding zeolites in HF:HCl solutions.

2.3. Catalytic reactions

2.3.1. Oxidation of 2,6-di-tert-butylphenol (DTBP)
The oxidation of DTBP was carried out batch-wise in a round-

bottomed flask equipped with a condenser and a magnetic stirrer.
In a typical reaction, 200 mg of catalyst was dispersed in a solution
containing 19 mL of acetone and 2.06 g (0.01 mol.) of DTBP. When
temperature was stabilized at 70 �C, 3 mL of a 35 wt.% H2O2/H2O
solution (29 � 10�3 mol H2O2) was added in one lot. The samples
were then periodically taken and analyzed by GC using a
30 m � 0.32 mm � 0.25 lm Varian column filled with CP-WAX
52 CB.

2.3.2. Hydroxylation of phenol
The hydroxylation of phenol was carried out using the same

equipment as that used for the oxidation of DTBP. Typically, 10 g
of phenol was dissolved in 10 mL of methanol containing 200 mg
of catalyst. The mixture was vigorously stirred (900 rpm) and the
temperature was increased to 70 �C. Then, an amount of hydrogen
peroxide (35 wt.% solution) corresponding to a ratio H2O2/phe-
nol = 0.2 was added in one lot.

2.3.3. Epoxidation of cyclohexene
Cyclohexene (1 mmol) was dissolved in 20 mL of methylcyclo-

hexane and the mixture was heated at 70 �C under stirring. Then
56 mg of catalysts was added, followed by 5 � 10�3 mol anhydrous
TBHP (96 wt.% in decane). The samples were periodically taken and
analyzed by a Shimadzu GC-2014 using an Equity TMS column
(30 m � 0.25 mm � 0.25 lm). The equipment was similar to that
used for the other reactions.
3. Results

3.1. Influence of synthesis parameters on structural and chemical
properties

For an organosilane with a given chain length, crystallization
time and temperature have a great influence on the structural
properties of the final zeolite. It has been reported that both the
mean diameter and distribution of mesopores increased with time
and that narrow pore size distributions could only be obtained at
short crystallization periods or low temperature [31]. The evolu-
tion of the porosity, which results from a crystal ripening process,
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Fig. 1. Low angle (top) and high angle (bottom) X-ray diffraction patterns of
samples recovered after various crystallization times: 4 h (a), 15 h (b), 1 day (c),
2 days (d), 4 days (e), and 6 days (f).
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can be controlled by lowering temperature. In the particular case of
AlZSM-5, the mesopore diameter could be stabilized at 3.1 nm
even after 12 days if the synthesis was performed at 130 �C instead
of 150 �C. TS-1 is generally synthesized at quite high temperatures,
typically 170–180 �C [37]. Preliminary experiments performed at
175 �C did not allow us to obtain narrow pore size distributions
along with crystalline zeolites. The liquid phase recovered after
crystallization was brown, suggesting a partial degradation of
organosilane molecules during the hydrothermal process. The tem-
perature was thus decreased to 145 �C, which was sufficiently high
to obtain highly crystalline TS-1 within relatively short periods.
Under such conditions, the organosilane, which concentration
was fixed to 5% with respect to TEOS, remained intact during crys-
tallization, as evidenced by solid-state NMR analysis of the final
solid.

The influence of crystallization time on the structural properties
of TS-1 has been studied by collecting solids after different periods,
from 4 h to 6 days. The evolution of XRD patterns (at both low and
high angle values) supports the gradual transformation of an amor-
phous mesoporous Ti-silicate into a crystalline zeolite (Fig. 1). After
four hours, reflections characteristic of the MFI framework are not
yet detected but a broad line is observed around 2�. Zeolite peaks
appear after 15 h and their intensity continuously grows until
approximately 4 days. At the same time, the reflection at 2–3� de-
creases and shifts to high angle values, indicating a gradual trans-
formation of the mesoporous structure. Clearly, the presence of the
organosilane, even at low concentration, strongly affects the crys-
tallization kinetics: the same experiment performed in the absence
of TPOAC led to a highly crystalline TS-1 within 20 h. The crystal-
lization of the zeolite significantly modifies the composition of
the solid. The Ti content increases from ca. 0.87% in the amorphous
solid recovered after 4 h to 1.2% in the zeolite crystallized for
6 days (Table 1). This corresponds to a variation of the Si/Ti ratio
in dried calcined solids from 85 to 60, these values being quite
close to the theoretical Si/Ti ratio (Si/Ti = 67).

Amorphous catalysts recovered during the initial crystallization
period (t < 15 h) show sponge-like networks without any regular
size and shape (Fig. 2). The morphology drastically changes with
zeolite crystallization. After 3 days, highly porous regular particles,
with the typical habit of twinned ZSM-5 crystals, are formed.
Amorphous domains that were prevailing at short synthesis times
(t < 15 h) have completely disappeared, suggesting that these do-
mains are progressively dissolved under alkaline conditions and
provide the necessary species for zeolite crystal growth.

The evolution of solids with time has also been monitored by
13C solid-state NMR. After 4 h, the solid does not contain zeolite
crystals and the NMR spectrum corresponds to TPOAC molecules
only (Fig. 3). Additional peaks around 10, 17, and 63 ppm appear
on the spectra of solids recovered after longer crystallization peri-
ods and they can be assigned to TPA molecules. Moreover, the
splitting of the peak at 10 ppm indicates that TPA groups are oc-
cluded in the MFI framework. This fingerprint of MFI-type zeolites
results from different environments of propyl chains in the straight
and sinusoidal channels of the structure [38,39]. Although NMR
intensities are not directly proportional to the number of carbon
atoms in 1H–13C CP/MAS experiments, it was possible to estimate
the relative proportions of TPOAC and TPA molecules in the series
of solids by comparing NMR intensities in the 20–40 and 0–20 ppm
ranges. NMR signals between 20 and 40 ppm correspond to 16 –
(CH2)– groups of the aliphatic chain of TPOAC molecules, whereas
signals at 10 and 17 ppm result from 4 –(CH2–CH3) moieties of
TPA+ cations. For a better estimation, the minor contribution of
TPOAC molecules between 0 and 20 ppm was systematically sub-
tracted from all spectra. Fig. 4 shows that the amount of TPOAC
is approximately constant up to 1 day and that it rapidly decreases
as the zeolite crystallizes. Simultaneously, the amount of TPA
increases, and fits perfectly the crystallinity of the zeolite deduced
from XRD. After 4 days we could estimate a TPA/TPOAC molar ratio
close to 2. The decrease of TPOAC concentration after one day sup-
ports the dissolution of the primary amorphous mesoporous solid,
thus providing silica species for zeolite crystallization.

The evolution of the BET surface area of the solids is also consis-
tent with the transformation of an amorphous material into a crys-
talline zeolite. Indeed, it decreases from ca. 1050 m2/g after 4 h to
550 m2/g after 4 days (Table 1). For comparison, a standard TS-1
obtained at 145 �C for 48 h has a BET surface area of 437 m2/g,
clearly showing the existence of an additional porosity in the sam-
ples prepared with TPOAC. Short crystallization periods led to



Fig. 2. TEM pictures of solids recovered after 4 h (top) and 3 days (bottom).
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type-IV N2 isotherms with an abrupt step at p/p0 around 0.3, char-
acteristic of mesoporous solids with regular pore openings. More-
over, t-plot curves indicate that solids recovered after 4 and 15 h
are almost exclusively mesoporous, in agreement with the absence
of zeolitic material (Table 1). Increasing the crystallization period
Table 1
Chemical composition and structural characteristics of the samples.

Sample Crystallization time Ti (wt.%) SBET (m2

TS-1 Meso 4 h 0.87 1034
TS-1 Meso 15 h 0.97 885
TS-1 Meso 1 day 1.09 774
TS-1 Meso 2 days 1.22 683
TS-1 Meso 4 days 1.21 545
TS-1 Meso 6 days 1.21 544
TS-1 2 days 1.22 437

a Total volume of pores with diameter >2 nm.
b Pore diameter obtained by BJH method on the desorption branch of the isotherm.
c Crystallinity measured on the high angle part of XRD patterns.
gradually shifts the step to higher pressure values, decreases the
mesopore volume and broadens the pore size distribution (Table
1). The mean pore size varies from 2.4 nm after 4 h to 3.5 nm after
6 days. The variation is somewhat limited as compared to that re-
ported for ZSM-5 catalysts prepared at 150 �C [31].
/g) Vmeso (cm3/g)a Up (nm)b Crystallinity (%)c

1.05 2.4 0
0.87 2.7 23
0.62 3.0 64
0.28 3.2 87
0.21 3.4 93
0.19 3.4 100
0.08 – –
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Fig. 3. Solid-state 1H–13C CP/MAS NMR spectra of the as-synthesized solids
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For comparison, NMR spectra of the amphiphilic surfactant (a) and of a pure TS-1
prepared in the absence of TPOAC (h) are also reported.
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Solids recovered at different periods between 4 h and 6 days
have been characterized by UV–Vis spectroscopy in the dehydrated
state. The technique gives direct information about the nature and
coordination of Ti species in silica networks [40,41]. Before crystal-
lization of the zeolite, a broad band is observed between 200 and
350 nm, with a maximum centered at ca. 240 nm (Fig. 5). As far
as the crystallization of the zeolite proceeds, the band width de-
creases, and the maximum shifts to higher energies. After one
day, both the position of the maximum (approx. 225 nm) and the
line width (line width at half maximum LWHM � 60 nm) remained
practically unchanged. The broad peak observed after 4 h is a char-
acteristic of Ti-containing mesoporous silicas such as TiMCM-41
and Ti-HMS [42,43]. It was attributed to a charge transfer between
oxygen and Ti atoms, simultaneously present in tetra, penta, and
hexacoordinated structures. As previously reported, similar bands
have also been observed for very small nanometric oxide clusters
on silica [44]. However, the absence of signal above 300 nm sug-
gests that large extraframework TiO2 particles with a structure
similar to anatase are not present. The evolution of UV–Vis spectra
with time strongly supports the zeolite crystallization, with a grad-
ual change in Ti coordination. However, the signals of solids recov-
ered after 1 day differ from that of a conventional TS-1, prepared in
the absence of TPOAC. Indeed, pure TS-1 shows a maximum at
210 nm, with a LWHM smaller than 40 nm. This band is character-
istic of a O(2p) ? Ti(3d) charge transfer transition, and is generally
taken as a ‘‘fingerprint” for the isolated, tetrahedrally coordinated
Ti(OSi)4 species in hydrophobic zeolite frameworks. For mesopor-
ous TS-1 materials, the maximum at ca. 220 nm suggests the
simultaneous presence of tetrahedral tripodal Ti(OSi)3OH and tet-
rapodal Ti(OSi)4 Ti species [10]. The slight difference between con-
ventional and mesoporous zeolites clearly indicates that the
presence of TPOAC during crystallization influences the dispersion
and/or coordination of Ti species.
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3.2. Catalytic activity

3.2.1. Oxidation of 2,6-di-tert-butylphenol (DTBP)
DTBP is a large molecule that cannot penetrate the micropores

of the MFI structure and, consequently, cannot be oxidized over TS-
1. By contrast, good to excellent results have been reported using
mesoporous catalysts containing Ti or Zr and dilute hydrogen per-
oxide as an oxidant [45,46]. In this case, it seems that the presence
of the isolated, tetrahedrally coordinated species is not a necessary
condition to activate H2O2 and oxidize the molecule and that the
hydrophilic character of amorphous silica has no detrimental effect
on the reaction.

As expected, TiMCM-41 is active in the reaction: approximately
60% of DTBP is converted after 3 h, with selectivity in di-tert-buty-
lbenzoquinone (DTBQ) close to 85%. The other product is 3,30,5,50-
tetra-tert-butyldiphenoquinone (DPQ), a bimolecular compound
formed from 2,6-di-tert-butylphenoxy radicals. When using the
microporous TS-1 as a catalyst, only 2% of DTBP is converted, which
confirms that the catalytic sites are inside micropores and are not
accessible to the molecule. Due to its amorphous and mesoporous
nature, the solid recovered after 4 h is highly active (Fig. 6). Both
the conversion (63%) and selectivity are quite similar to those ob-
tained over TiMCM-41. This is also the case for the solid obtained
after 15 h, though the conversion is somewhat lower and reaches
only 38%. However, the activity drastically falls down when TS-1
crystallizes, and solids recovered after two days or more are not
more active than a standard TS-1.

3.2.2. Hydroxylation of phenol
The hydroxylation of phenol to dihydroxybenzenes is one of the

reactions that largely contributed to the interest of the scientific
community to reactions catalyzed by TS-1. It does not only produce
catechol (ortho-dihydroxybenzene) and hydroquinone (para-dihy-
droxybenzene) in excellent yields, but it is also very sensitive to
reaction parameters and catalyst structure. In particular, a combi-
nation between isolated Ti(IV) sites and hydrophobic zeolite chan-
nels seems to be a necessary condition for high conversions and
DHB selectivities. Moreover, the phenol conversion depends on
the crystal size, and the creation of an additional porosity is ex-
pected to have a strong influence on the activity [47]. A ‘‘blank”
experiment was performed using a conventional catalyst, prepared
in the absence of TPOAC. After 6 h, 19% of the initial amount of
phenol was converted into ca. 6% catechol, 11.5% hydroquinone,
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Fig. 6. Conversion in the oxidation of di-tert-butyl phenol with H2O2 and
crystallinity of the catalysts as a function of synthesis time.
and 1.5% tars. The para:ortho ratio is close to 1.9, which is the ex-
pected value for reactions performed in methanol [12].

Phenol conversions obtained after 6 h on the series of mesopor-
ous TS-1 catalysts are reported in Table 2. For catalysts crystallized
for 4 and 15 h, the very low conversion is not surprising since these
catalysts are similar to TiMCM-41, which is known to be inactive in
this reaction, mainly because of the hydrophilic character of the
surface. The low activity for the catalysts recovered after longer
periods is more unexpected, particularly when they appear to be
zeolitic solids by XRD. Actually, the reaction mixture becomes dark
a few minutes after the addition of hydrogen peroxide and only
traces (max. 1.5%) of the ortho isomer are detected.

3.2.3. Epoxidation of cyclohexene
The real benefit of an intracrystalline mesoporosity on the activ-

ity in cyclohexene epoxidation with H2O2 was first observed on
mesoporous TS-1 crystallized in the presence of carbon beads.
After one hour, the mesoporous catalyst produced approx. 10 times
more cyclohexene oxide than a conventional TS-1, which was
attributed to a better accessibility of the active sites [33].

One of the mesoporous zeolites prepared with TPOAC has been
used as a catalyst in the epoxidation of cyclohexene with an anhy-
drous tert-butyl hydroperoxide (TBHP) and compared not only
with a conventional TS-1, but also with an amorphous mesoporous
TiMCM-41. As expected, the activity of the conventional TS-1 is
low and the yield in cyclohexene oxide reaches only 3.5% after
6 h (Fig. 7 and Table 3). By contrast, TiMCM-41 is active in this
reaction, yielding 30% cyclohexene oxide after 6 h. For the meso-
porous TS-1 crystallized in the presence of TPOAC for 3 days, both
the activity and epoxide yield are similar to those obtained over
TiMCM-41, which indicates that the amorphous/crystalline nature
of the catalyst walls (and, in turn, the Ti centers geometry) has
minor influence in this reaction. The use of aqueous hydrogen per-
oxide as an oxidant in this reaction considerably decreased the
activity and the epoxide yield, clearly showing the negative influ-
ence of water in the reaction (Table 3).

4. Discussion

From characterization techniques, catalysts prepared with
TPOAC show a strong analogy with the conventional TS-1. In
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Fig. 7. Cyclohexene conversion (black symbols) and cyclohene oxide yield (open
symbols) over MesoTS-1 recovered after 3 days (j, h), TiMCM-41 (N, 4), and
conventional TS-1 (d, s).



Table 2
Hydroxylation of phenol over various catalysts.

Sample Crystallization time Conv. PhOH (%) Conv. H2O2 (%) HQ (%) CAT (%)

TS-1 Meso 4 h 0.9 34 – 0.6
TS-1 Meso 15 h 1.0 30 – 0.6
TS-1 Meso 1 day 1.3 45 0.2 0.7
TS-1 Meso 2 days 1.2 38 – 0.7
TS-1 Meso 4 days 1.6 48 0.3 0.6
TS-1 Meso 6 days 1.5 32 0.3 0.8
TS-1 2 days 18 100 5.7 11.5

Reaction conditions: 10 g phenol, 10 ml methanol, 200 mg catalyst, H2O2:phenol = 0.2, T = 70 �C.

Table 3
Epoxidation of cyclohexene over various catalysts.

Catalyst Oxidant Cyclohexene conv. (%) Yield (%)

Epoxide Ketone Alcohol

TS-1 TBHP 16.6 3.6 0 0.4
TiMCM-41 TBHP 43 29.8 0 0.75
TS1-Meso TBHP 43 30.1 0 0.7
TS1-Meso H2O2 19 1.6 0 1.8

Reaction conditions: 1 mmol cyclohexene, 20 ml methylcyclohexane, 56 mg cata-
lyst, 5 � 10�3 mol anhydrous TBHP.
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particular, the presence of the isolated, tetrahedrally coordinated
Ti species in the MFI framework type suggests similar environ-
ments for titanium sites and, consequently, similar properties. Cat-
alytic data clearly show that this is not true, and that mesoporous
TS-1 does not combine the properties of the conventional TS-1
with advantages of mesoporous solids. Mesoporous TS-1 can be re-
garded as a network of zeolite nanoparticles (<5 nm) with a quite
regular inter-particle porosity (Fig. 2). At short synthesis times, Ti
sites are quite easily accessible to large molecules, as they are in
amorphous silicas such as TiMCM-41, which is clearly demon-
strated by the high activity of the corresponding solids in the oxi-
dation of DTBP with H2O2. The formation of zeolitic nanocrystals
requires the partial dissolution of the mesoporous amorphous
phase and recrystallization in the presence of TPA+ cations. Crystal-
lization of MFI zeolites from MCM-41 type materials has already
been reported previously. This route leads to conventional, non-
porous zeolite crystals, from which surfactant molecules are com-
pletely excluded [48]. In the case of syntheses performed with
TPOAC, surfactant molecules are linked to inorganic species, with
a chemical bond stable in basic aqueous solutions. As a conse-
quence, zeolite growth is disrupted by the presence of non-hydro-
lysable Si–C bonds and the particle size is limited to a few
nanometers. However, as far as the zeolite forms, both Si and Ti
species are involved in the crystallization process and catalytic
sites are confined in micropores. The transition of Ti atoms from
amorphous mesopores to crystalline micropores is perfectly illus-
trated by changes in UV–Vis spectra. The blue-shift of the maxi-
mum along with the decrease of the line width with time is
consistent with a decrease in Ti coordination, induced by crystal-
line zeolite micropores. After zeolite crystallization, Ti sites be-
come no longer accessible to bulky molecules and we observe a
dramatic decrease of the activity in the oxidation of DTBP. More-
over, the very low conversion suggests that the surface of TS-1
nanocrystals do not possess a huge amount of catalytic sites, or
that these sites are inactive.

More surprising is the lack of activity of the solids in the
hydroxylation of phenol. It has been widely reported that this reac-
tion is limited by diffusion of reactants and/or products in zeolite
micropores and that the activity increases with decreasing the
crystal size [11]. However, the crystal size is not the only factor
that can affect the activity of Ti-containing zeolites. Indeed, at-
tempts to oxidize phenol with H2O2 over Ti-Beta zeolites have
never been very successful even on Al-free catalysts, despite a Ti
environment very similar to that existing in TS-1 [49,50]. The dif-
ference with TS-1 has been attributed to the hydrophilic character
of Beta zeolite, resulting from a high concentration of defect sites
in the framework. It has been postulated that zeolites crystals form
from more or less disordered structures and that the crystallinity
increases with growth [51,52]. Consequently, zeolite nanocrystals
possess a high ‘‘defect probability” compared to large crystals,
which is generally revealed by quite broad reflections in XRD pat-
terns. Mesoporous TS-1 zeolites contain a huge amount of silanol
groups, as evidenced by an intense band around 3740 cm�1 in
the infra red spectrum (not shown). The band is approx. 3 times
more intense than that observed on a conventional TS-1 and sim-
ilar to that observed on TiMCM-41. In the presence of an aqueous
hydrogen peroxide, both the surface and internal sites of the zeo-
lite are covered with water, which prevents the accessibility to
phenol molecules and greatly reduces the reaction rate.

In order to check whether water is effectively responsible for
the absence of reaction with aqueous H2O2, the epoxidation of
cyclohexene has been performed over mesoporous TS-1 under
quasi non-aqueous conditions, using an anhydrous TBHP as an oxi-
dant. The high activity of the solid crystallized for 3 days shows
that mesoporous TS-1 really contains active sites, capable of oxi-
dizing cyclohexene in the presence of an anhydrous TBHP. How-
ever, these sites are very sensitive to water and they become
totally inactive in the presence of hydrogen peroxide. The differ-
ence in activity with a conventional TS-1 can be attributed either
to the very small size of TS-1 particles, making diffusion easier in
liquid phase reactions, or to specific sites on the external surface
of the catalyst, that do not exist on TS-1. Reactions involving bulky
molecules over mesoporous AlZSM-5 have recently evidenced the
role of surface sites in the activity [53,54]. Interestingly, these sites
possess an acid strength different from that of Brønsted sites in the
conventional ZSM-5 catalysts. Density functional theory (DFT) cal-
culations showed that the acid strength of Brønsted acid sites lo-
cated on the mesopore walls is modified by the presence of Al–
OH and Si–OH defect sites. For mesoporous TS-1, the presence of
numerous Si–OH groups may not only increase the hydrophilic
character of the zeolite, but also modify the intrinsic properties
of neighboring Ti centers on both the external and internal zeolite
surface, making them inactive in structure-sensitive reactions such
as phenol hydroxylation.
5. Conclusion

Highly porous TS-1 zeolites have been obtained by adding an
amphiphilic organosilane to a conventional synthesis route. The
organic molecule strongly influences the structural properties of
the zeolite: it creates intracrystalline additional porosity, with pore
diameters in the range of 2.5 – 3.5 nm. Mesopores are separated by
crystalline walls, as evidenced by X-ray diffraction, the properties
of which are very similar to those of the conventional TS-1
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catalysts. In particular, the Ti content and coordination are not af-
fected by the presence of the organosilane, Ti sites being essen-
tially tetrahedrally coordinated in the zeolite framework.
Additional intracrystalline mesoporosity is expected to improve
the accessibility of active sites to bulky molecules such as substi-
tuted aromatics. This is effectively the case in the epoxidation of
cyclohexene: the activity of mesoporous TS-1 is similar to that of
an amorphous TiMCM-41 when the reaction is performed in the
absence of water, which suggests that the input of potentially ac-
tive sites on the external surface is negligible. However, when
the substrate is too large to penetrate the zeolite micropores, the
benefit of an additional porosity is negligible and mesoporous
TS-1 behaves like a conventional catalyst. In the case of phenol
hydroxylation, intracrystalline mesopores have a very negative im-
pact on the activity. The creation of mesopores is accompanied by a
considerable development of the external surface area, which gen-
erates many silanol groups and increases the hydrophilic character
of the zeolite. In the presence of aqueous hydrogen peroxide solu-
tions, the intrinsic activity of Ti sites is modified by water mole-
cules, which is not the case in the hydrophobic micropores of the
conventional TS-1 catalysts. The absence of activity in the hydrox-
ylation of phenol with H2O2 clearly shows that mesoporous TS-1
does not possess the expected properties for hierarchical catalysts,
i.e. the properties of conventional catalysts with advantages of
mesoporous solids. Equilibrium between crystal size and surface
composition has to be found to ensure that the gain in diffusion
is not inhibited by a high hydrophilic surface, due to a huge popu-
lation of silanol groups.
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