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1. INTRODUCTION

Titanium-containing catalysts find applications in fine chemical
synthesis,1�4 pollution abatement,5�10 and solar energy con-
version.11,12 Microporous titanium silicates catalyze important
selective oxidation,13,14 hydroxylation,15�19 and ammoxidation
reactions.20 However, the narrow pore size of the zeolite limits the
reactions to small molecules. The discovery of mesoporous
materials (i.e., M41S, SBA, MSU) in early 199021�24 spurred
innovations in catalyst preparation and exploration of their
applications in chemical synthesis,24�26 environment,27�32 and
even in electronics and biomedicine.33,34

A considerable effort was invested in developing mesoporous
titania and titania-silica catalysts since the early works of Corma
et al.35 and Tanev et al.36 The goal is to developmore active catalysts
that are stable under severe reaction conditions.37,38 Various ap-
proaches including preparing mesoporous catalysts with thick pore
walls39 and incorporating zeolitic structures40�46 had been reported.
Mesoporous catalysts with excellent activity and good hydrothermal
stability had been synthesized from mixtures containing zeolite
nanoparticles.47�56 It is believed that the zeolite nanocrystals either
dissolved during the synthesis into zeolitic fragments that are then
incorporated into the pore wall or actively nucleate primary and
secondary zeolite building units that are inserted into the wall
structure. This work attempts to clarify the role of the zeolite seeds
in the synthesis of the mesoporous titania-silica catalysts.

Three mesoporous catalysts were prepared from identical
synthesis solutions and conditions. Ti-MCM-41 was prepared

without addition of zeolite seeds, while Ti-MT1 and Ti-MS1
were prepared from synthesis mixtures containing TPA-TS-1
and TPA-Sil-1 nanocrystal seeds, respectively. We had confirmed
in prior studies17�19,57 that both TPA-TS-1 and TPA-Sil-1
nanocrystals can seed the growth of TS-1 zeolite. Chiang and
co-workers also prepared mesoporous silicas and materials of
varied morphologies using silicalite nanocrystals.58�61 If the
seeds functionmerely as source of zeolitic structure, it is expected
that mesoporous catalysts prepared from the two seed materials
will differ significantly in composition and activity. However, if
the seeds promote the formation of primary and secondary
zeolite building units, the catalysts will display similar chem-
istry. The morphology and structure of the catalysts were
examined by electron microscopy, X-ray diffraction, and N2

physisorption. Titanium incorporation was monitored by
X-ray fluorescence and X-ray photoelectron spectroscopy
methods, and evidence of zeolitic structures were sought by
time-of-flight secondary mass spectroscopy and Fourier trans-
form infrared spectroscopy. Diffuse reflectance UV�vis spec-
troscopy was used to probe the coordination environment of
the titanium ion in the catalysts. Benzene, phenol, and styrene
hydroxylation were used as probe reactions.
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ABSTRACT:Mesoporous titania-silica catalysts were prepared
by hydrothermal conversion from synthesis solutions contain-
ing a zeolite structure directing agent (TPA+) and a porogen
(CTA+). Syntheses were carried out with and without addition
of zeolite seeds (i.e., TS-1 and Sil-1 nanocrystals). Catalysts
prepared in the presence of zeolite nanocrystal seeds have
greater proportions of tetrahedrally coordinated titanium,
which correlate well with the detection of zeolite SBU fragments
and ring-structure by TOF-SIMS and FTIR. The incorporation of titano-silicates and zeolite structural units in the mesopore walls
could explain the better activity and stability of these catalysts (Ti-MT1 and Ti-MS1) compared to the catalyst prepared by the
conventional method (Ti-MCM-41). The similarity in the reactivity of catalysts prepared from TS-1 and Sil-1 nanocrystal seeds
dispels the idea that the seeds are merely a source of the zeolite fragments incorporated in the pore walls but instead suggests that the
seeds play an active role to stabilize and promote the incorporation of SBU from the solution.
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2. EXPERIMENTAL SECTION

2.1. Chemicals and Reagents. The reagents for the synthesis of
the zeolite nanocrystal seeds and mesoporous catalysts included tetra-
ethyl orthosilicate (TEOS, 98%, Tianjin Kermel), tetrabutyl orthotita-
nate (TBOT, 98.5%, Beijing Xingjin), tetrapropylammonium hydroxide
(TPAOH, 17 wt %, prepared in the laboratory), and cetyltrimethyl-
ammonium bromide (CTABr, Tianjin Kermel). The former was pre-
pared in the laboratory according to the procedure published in our prior
works.17 Benzene (99.5%), phenol (98.5%), styrene (98.0%), and
hydrogen peroxide (H2O2, 30%) used in the reaction studies were
purchased from Tianjin Kermel Chemical Reagent Ltd. Isopropyl
alcohol (IPA, 99.7%) and acetone (ACE, 99.5%) solvents were also
supplied by Tianjin Kermel.
2.2. Preparation and Characterization of Mesoporous

Catalysts. Three titanium containing mesoporous catalysts were

prepared, Ti-MCM-41 by a conventional method,62 and the Ti-MT1
and Ti-MS1 with addition of TS-1 and Sil-1 nanocrystal seeds, respec-
tively. The 200 nm Sil-1 seeds were prepared from 1 SiO2:0.22
TPA2O:19.2 H2O by hydrothermal synthesis at a temperature 398 K
for 8 h.17,63 The seeds were recovered by a series of centrifugation and
washing steps to remove the coarse particles and unreacted gels and to
adjust the final pH to 7. The TS-1 seeds (ca. 200 nm) were prepared by a
similar procedure from a synthesis solution containing 1 SiO2:0.02
TiO2:0.22 TPA2O:19.2 H2O.

17 The seed stocks were then diluted to
2 wt % colloidal seed suspensions.

The preparation of the mesoporous catalysts starts by slowly adding
2.1 mL of TEOS to 3.5 mL of TPAOH solution under vigorous mixing,
followed by the dropwise addition of 0.06 g of TBOT dissolved in dry
isopropanol.64,65 The resulting solution was heated to ca. 360 K for
40 min to remove the alcohols. Water was added to make up for the lost
volume, and the final solution was aged for 24 h at room temperature.

Figure 1. X-ray diffraction patterns of calcined Ti-MCM-41, Ti-MT1, and Ti-MS1 (a) before and (b) after hydrothermal treatment in boiling water
for 120 h.
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This solution was slowly added to a CTABr solution prepared by
dissolving 1.5 g of CTABr in 20 mL of deionized distilled water under
constant mixing to give a synthesis mixture with a molar composition of
1 SiO2:0.02 TiO2:0.18 TPA2O:0.4 CTABr:250 H2O. The seeds (ca.
0.01 to 0.05 wt %) were added to the synthesis solution, and the mixture
was stirred for 2 h at ca. 308 K, before transferring the mixture in an
autoclave for synthesis in an oven at 373 K for 24 h. Ti-MCM-41 was
prepared from the same synthesis solution but without the zeolite seeds
and the synthesis lasted 48 h. The mesoporous catalysts were recovered
by filtration and washed with distilled water until a neutral pH was
reached. The catalysts were dried overnight before calcining in air at
823 K for 6 h after heating at 1 K•min�1. Mesoporous MCM-41 silica
was also prepared for comparison.

Themesoporous catalysts were characterized by D/Max 2400 Rigaku
X-ray diffractometer (XRD) with a Cu�Kα radiation (λ = 0.1542 nm)
at a voltage of 40 kV and 50 mA, and the nitrogen sorption isotherms
were measured by Coulter SA3100 surface area and pore size analyzer
after outgassing for 2 h at 403 K. The pore size was determined from the
X-ray diffraction and N2 physisorption data according to the equation
derived by Kruk et al.66 for ordered mesoporous solids. The mesopore
size and micropore size distributions were calculated using the Barret-
Joyner-Halenda (BJH) method and the Horvath�Kawazoe (HK)
model. The catalysts were also examined by a JEOL JEM 2010
transmission electron microscope operated at an accelerating voltage
of 200 kV and beam current of 100 pA.

The catalyst composition and chemistry were analyzed by X-ray
fluorescence spectroscopy (XRF), X-ray photoelectron spectroscopy
(XPS), time-of-flight secondary ion mass spectroscopy (TOF-SIMS),

Fourier transform infrared spectroscopy (FTIR), and diffuse reflectance
UV�vis spectroscopy. The bulk elemental composition of the catalysts
were determined by a JEOL JSX-3201ZX-ray fluorescence spectrometer
and confirmed by energy dispersive X-ray spectroscopy (EDXS, Oxford
Instruments) during TEM imaging. The surface elemental composition
was obtained by an XPS (Physical Electronics PHI 5000) using a
monochromatic Al X-ray source (1486.6 eV). Both regular and high-
resolution scans were gathered, and the data were plotted with respect to
the binding energy. The samples were analyzed by an ION-TOFGmbH
TOF-SIMS V spectrometer equipped with 25 keV Bi3+ cluster ion
source that has an average pulsed current of 0.1 pA. Spectra were
obtained and averaged over three 200� 200 μm2 areas. Each spectrum
was collected for 40 s at ion flux dosage of less than 2� 1011 ions/cm2.
The infrared and UV�vis spectra of the catalysts were respectively
obtained by a Bruker EQUINOX55 FTIR after pressing into a wafer
with KBr diluent and by a JASCO V-550 UV�vis spectrometer with
diffuse reflectance accessories using BaSO4 as an internal standard.
2.3. Benzene, Phenol, and Styrene Hydroxylation Reac-

tions. The three titanium-containing mesoporous catalysts (i.e., Ti-
MCM-41, Ti-MT1, Ti-MS1), TS-1, and MCM-41 were investigated for
the hydroxylation of benzene, phenol, and styrene in a batch reactor. The
temperature of the reactor was maintained by a water jacket at the
reaction temperature of 358 K. A typical reaction mixture contains 0.1 g
of catalyst, 10 g of aromatic reactant, 23mL of dry acetone, and 4.2mL of
H2O2, and each reaction lasted for six hours. Samples were drawn every
60 min, filtered, and analyzed by a gas chromatograph (GC7890F,
Shanghai Techcomp Limited) equipped with a flame ionization detector
and a capillary column (SE-30, l 50 m � Φ 0.32 mm �0.5 μm).

Figure 2. Transmission electron microscope images and electron diffraction patterns of (a) Ti-MCM-41, (b) Ti-MT1, and (c) Ti-MS1.
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Catalyst deactivation and regeneration were investigated by reusing the
catalysts three successive times in the reactions. The reactant conversion
and product selectivity weremonitored in the study. For the deactivation
study, the spent catalysts were filtered, washed, and dried between
reactions, while for the regeneration study the catalysts were also
calcined in air at 823 K for 5 h.

3. RESULTS AND DISCUSSION

3.1. Structure and Physical Properties of the Mesoporous
Catalysts. Ti-MCM-41, Ti-MT1, and Ti-MS1 prepared by
conventional methods and with addition of TS-1 and Sil-1
nanocrystal seeds were characterized by X-ray diffraction. The
powder X-ray diffraction pattern of Ti-MCM-41 in Figure 1a
displays the (100), (110), (200), and (210) Bragg peaks that are
characteristic of mesoporous materials with a high degree of
hexagonal symmetry.21 The diffractogram of Ti-MS1 indicates
that a similar high degree of hexagonal pore symmetry was
maintained with the addition of Sil-1 seeds in the synthesis. On
the other hand, Ti-MT1 prepared from TS-1 seeds displays a
weak (100) peak, and the (110), (200), and (210) Bragg peaks
are missing indicating poor pore symmetry and greater disorder.
Also unlike Ti-MCM-41 and Ti-MS1, Ti-MT1 displays weak
(011), (020), (051), (�303), and (�313) diffaction peaks
belonging to the original TS-1 nanocrystal seeds. This suggests
TS-1 was somehow incorporated, and a composite structure
consisting of distinct meso- and microporous phases exists in Ti-
MT1. The experimental findings indicate that Sil-1 seeds were

more suitable for preparing single phase mesoporous catalyst,
and TS-1 seeds beingmore stable led to a composite ofmesoporous
titania-silica and TS-1 zeolite.
The high resolution transmission electron micrographs of the

mesoporous catalysts are shown in Figure 2 along with their
corresponding electron diffraction patterns. The hexagonal pore
symmetry of Ti-MCM-41 and Ti-MS1 samples are clearly seen
from their micrographs in Figures 2a and 2c, respectively. Also,
their electron diffraction patterns are consistent with the p6
symmetry and suggest a long-range order. Measurements showed
that Ti-MCM-41 and Ti-MS1 have comparable pore size of
ca. 2.5 nm. The d (100) spacing of Ti-MS1 is 3.5 nm, which is
similar to the X-ray diffraction result. Ti-MT1 has more defects
in its pore structure (i.e., Figure 2b), which is possibly the result
of embedded zeolite domains and nanocrystals. This result is
consistent with the appearance of TS-1 diffraction peaks in its
X-ray diffraction pattern.
The N2 physisorption isotherms of the mesoporous catalysts

are plotted in Figure 3a, and the specific BET surface area, pore
size, and specific pore volume are listed in Table 1. All three
catalysts have a type IV isotherm and display a step increase at
relative pressures between 0.2 and 0.4 from capillary condensation
in the mesopores. The increase of adsorption volume at the higher
relative pressure of 0.9�1.0 indicates that the samples contain large
meso- and macropores from interparticle spaces. The mesopore
size distribution was calculated by the BJH method and plotted in
Figure 3b. Figure 3b shows Ti-MCM-41, Ti-MT1, and Ti-MS1 are

Figure 3. (a) Nitrogen adsorption/desorption isotherms, (b) mesopore size distribution, and (c) micropore distribution of Ti-MCM-41, Ti-MT1,
and Ti-MS1.
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mesoporous with pore diameters of 2.7 nm, 2.5 nm, and 2.6 nm,
respectively. The micropore size distribution calculated by the HK
method is included in Figure 3c. Ti-MCM-41 does not have any
micropores, while Ti-MT1 and Ti-MS1 prepared from TS-1 and
TS-1 nanocrystals have micropores of 0.67 and 0.71 nm, respec-
tively. This suggests the possible presence of a zeolite structure in
these materials. The micropore volumes of Ti-MT1 and Ti-MS1
are 0.18 and 0.11 cm3/g, respectively. Micropores in the Ti-MS1
could be attributed to zeolite structures incorporated in the
pore wall.
The hydrothermal stability of the mesoporous catalysts was

compared by boiling the catalysts in water for 120 h. Figure 1b
shows Ti-MCM-41 prepared by conventional method lost its
mesoporous structure after the treatment, which is consistent
with prior reports.14,15 Ti-MS1 and Ti-MT1 were more stable
and survived the treatment process. Their diffraction patterns
suffered a decrease in overall signal intensity but otherwise

displayed the same diffraction peaks as the original catalysts.
The Ti-MS1 retained the (100), (110), and (200) Bragg peaks, a
good indication that the hexagonal pore symmetry was pre-
served. After hydrothermal treatment, the XRD peaks associated
with TS-1 nanocrystals disappear for Ti-MT1 and could be due
to the dissolution of the zeolite during hydrothermal treatment.
Similar dissolution of TS-1 was observed and reported by Zhou
et al.67 The improved hydrothermal properties of Ti-MS1 can be
attributed to the presence of more zeolitic structures compared
to Ti-MCM-41 and a thicker pore wall than Ti-MT1. Indeed, the
thickness of the pore wall estimated from the mean diameter of
the mesopores obtained by N2 physisorption and d100 spacing
from XRD66 was found to be 1.6 nm for Ti-MCM-41, 1.3 nm
for Ti-MT1, and 1.7 nm for Ti-MS1. The partial incorporation
of zeolite nanocrystal seeds within the mesoporous material
could generate defects and could explain the poorer stability of
Ti-MT1.

Figure 4. TOF-SIMS spectra of (a) standard samples (inset: SBU of MFI zeolite) and (b) TS-1, Ti-MCM-41, and Ti-MS1.

Table 1. Properties of Ti-MCM-41, Ti-MT1, and Ti-MS1 Catalysts

catalysts d100
a (nm) a0 (nm)

pore sizeb

(nm)
wall thicknessc

(nm)
BET surface
area (m2/g)

pore volumed

(cm3/g)
micropore

volume (cm3/g)e
SiO2/TiO2 molar
ratio from XPS

SiO2/TiO2 molar
ratio from XRF

SiO2/TiO2 molar
ratio from EDXS

Ti-MCM-41 3.7 4.3 2.7 (3.1) 1.6 1138 1.04 66.6 66.8 76.9
Ti-MT1 3.3 3.8 2.5 (2.7) 1.3 1106 0.88 0.18 65.6 63.1 65.8
Ti-MS1 3.7 4.3 2.6 (3.0) 1.7 1046 0.88 0.11 66.6 62.9 66.4

aCalculated from XRD analysis. a0 = 2d100/3
1/2. b Pore sizes were determined from the adsorption branch of nitrogen isotherm using the BJH model,

and the values in parentheses were calculated from the equation derived by Kruk et al.66 cWall thickness = a0 - pore size.
dThe pore volumewas calculated

from the volume adsorbed of P/P0 at 0.98.
eCalculated from t-plot analysis.
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Normal X-ray diffraction cannot detect zeolites less than 4�5
unit cells in size, but it is possible using the ToF-SIMS method

developed by Yeung et al.68 ToF-SIMS pulses a beam of ions on
the sample, abrading a layer of the surface. The desorbed and
ionized fragments are then analyzed by mass spectrometer.
It was postulated that secondary building units can survive
the fragmentation of the zeolite phase due to their greater
stability and could be used to detect presence of zeolite
phase in materials. Figure 4a illustrates the technique on MFI
zeolite samples. The TOF-SIMS of Sil-1 and TS-1 zeolites
showed fragments that correspond 5-Si fragment from the 5�1
secondary building unit of MFI zeolites (i.e., mass values of 237,
301 and 336) that are absent in amorphous silica (Ludox AS-
40) and aluminosilicate (Si/Al = 30). The identified SBU
fragments are independent of zeolite source (i.e., laboratory
or commercial), size (i.e., 70 nm to 10 μm), form (i.e., powder,
film, or coating), and composition (i.e., Si/Al = 20 to∞).68 The
TS-1 zeolite also has the signature mass at 237 and 301
(Figure 4b). These five-membered ring SBU fragments were
absent in Ti-MCM-41 catalysts prepared by the conventional
method but were detected in Ti-MS1 catalysts (Figure 4b) even
though the zeolite structure was not evident from the other
techniques (i.e., XRD, TEM, and N2 physisorption). This result
strongly suggests that the incorporation of the zeolitic structure
in its thick pore wall is responsible for the excellent hydrothermal
stability of Ti-MS1.
3.2. Elemental Composition and Chemistry of the Meso-

porous Catalysts. The bulk and surface compositions of the
mesoporous catalysts were analyzed by X-ray fluorescence and
X-ray photoelectron spectra, and their SiO2/TiO2 ratios are
listed in Table 1. All three catalysts have comparable bulk and
surface compositions. Ti-MCM-41 shows a slight surface enrich-
ment of TiO2. XPS could provide important information on the
chemical state and coordination of titanium ion in the mesopor-
ous catalysts.69,70

Figure 5 plots the Si 2p and Ti 2p3/2 spectra of the catalysts.
The Si 2p binding energy of 103 eV was assigned to Si�O�Si
and was found in all three catalysts (Figure 5a). The Ti 2p3/2
binding energies were measured 458.8, 459.3, and 460 eV for
Ti-MCM-41, Ti-MT1, and Ti-MS1, respectively. Earlier works
on titania-silica mixed oxides71,72 and titanium silicalites73,74

identified the photoelectron transition at 460 eV belongs to the
titanium in a tetrahedral position of the silicalite lattice, while

Figure 6. Plots of (a) Fourier transform infrared spectra and (b) diffuse reflectance UV�vis spectra of Ti-MCM-41, Ti-MT1, and Ti-MS1.

Figure 5. X-ray photoelectron spectra of (a) Si 2p and (b) Ti 2p3/2 of
Ti-MCM-41, Ti-MT1, and Ti-MS1.
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the transition at 458 eV originates from titanium species with
octahedral coordination. The ratios of tetra- to octa-coordi-
nated titanium were estimated from peak deconvolution to be
1.1, 1.5, and 1.5 for Ti-MCM-41, Ti-MT1, and Ti-MS1,
respectively. The results indicate that mesoporous catalysts
prepared with addition of zeolite seeds possess tetrahedrally
coordinated titanium atoms and display zeolite-like character,

while most of the titanium found in Ti-MCM-41 is octahedrally
coordinated.
Complementary spectroscopic techniques including FTIR

and diffuse reflectance UV�vis spectroscopy were done on
the catalyst samples. Figure 6a shows that Ti-MT1 and Ti-MS1
have an obvious band at 550 cm�1 that is generally assigned to
the five-membered ring zeolitic structure. It suggests Ti-MS1
catalyst contains MFI zeolite SBU which is also detected by
TOF-SIMS. The band of 550 cm�1 is absent in Ti-MCM-41 as
to be expected in purely mesoporous materials.21 It may be
tempting to assign the band at 960 cm�1 for Ti-MT1 and Ti-
MS1 to indicate tetrahedrally coordinated titanium in titania
silicalite matrix, but a similar band could also originate from
silanol groups found on mesoporous materials (e.g., Ti-MCM-
41 and MCM-41). Diffuse reflectance UV�vis spectroscopy
can give important information on the coordination of titanium.
Figure 6b plots the UV�vis spectra of Ti-MCM-41, Ti-MT1,
and Ti-MS1 catalysts. Ti-MCM-41 has a broad absorption band
at 230 nm belonging to noncrystalline titanium with coordina-
tion number of 4�6 consistent with literature reports.43�46,75

The other two catalysts have absorption at lower wavelength of
210 nm often attributed to tetra-coordinated titanium.76,77

The absorption bands for anatase TiO2 at 330 nm and hexa-
coordinated titanium species at ca. 270 nm were not present in
Ti-MT1 and Ti-MS1. The same phenomenon was also ob-
served in related publications on preparation of mesoporous
titanosilicates using zeolite precursors.43�46,75 Ti-MT1 and
Ti-MS1 have absorption bands that are comparable to TS-1
suggesting that the coordination environment of titanium
species in Ti-MT1 and Ti-MS1 is similar to TS-1. Thus, the
dissimilarity between Ti-MCM-41 from Ti-MT1 and Ti-MS1
are obvious and could have implication on the catalytic proper-
ties of these materials.
The experimental results show that seeds are necessary for

the incorporation of zeolitic structure in the mesoporous
catalysts. The fact that the mesoporous catalysts prepared from
nanocrystal seeds of very different compositions have near
identical titanium content and sites (i.e., tetra- vs octa-coordi-
nated titanium) suggests that the seeds did not simply dissolve
to supply the zeolitic structure found in these samples. Indeed,
the seeds appear to actively promote the formation of zeolitic
structures in Ti-MT1 and Ti-MS1. One plausible means is that
the seed organizes the primary and secondary building units
into zeolite on its surface, which redissolve under synthesis
into zeolite fragments that are then captured and incorporated
into the mesopores. The process could be driven by Ostwald
ripening as the disparity in the growth rates of zeolite and
mesoporous material is great. This hypothesis could also
explain the presence of unconsumed TS-1 seeds in Ti-MT1
and the similarity of the composition and chemistry of Ti-MT1
and Ti-MS1 catalysts despite the lack of titanium in the TPA-
Sil-1 seeds.
The ordered domains of zeolite structures and fragments in

the pore walls of the Ti-MS1 and Ti-MT1 are believed to be
mainly responsible for their high structural stability under
hydrothermal conditions (Figure 1b).78 It is also speculated
that the preponderance of tetra-coordinated titanium (i.e.,
210 nm absorbance) in Ti-MS1 and Ti-MT1 are indicative of
the crystalline nature of the pore wall and thus its greater
stability.43,44,46,47,79

3.3. Hydroxylation of Aromatic Compounds. The meso-
porous catalysts were investigated for benzene, phenol, and

Figure 7. Plots of (a) benzene, (b) phenol, and (c) styrene conversion
over Ti-MCM-41, Ti-MT1, and Ti-MS1 mesoporous catalysts and TS-1
and MCM-41.
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styrene hydroxylation reactions, and the reaction conversions are
plotted in Figure 7 and summarized in Table 2. A comparison
was made with TS-1 zeolite (Si/Ti = 50) and MCM-41
mesoporous silica. The MCM-41 is inert and does not catalyze
the reactions. TS-1 is very active for the hydroxylation of
phenol as reported in the literature. It is also an active catalyst
for the hydroxylation of benzene and styrene.15�19 The styrene
conversion over TS-1 is modest due to slow diffusion of the
bulky molecules in the zeolite pores. The selectivities of
TS-1 for benzene, phenol, and styrene hydroxylations are
96% for phenol, 97% for dihydroxybenzene (catechol and
hydroquinone), and 80% for phenylacetaldehyde, respectively.
TS-1 and Ti-MCM-41 have comparable catalytic activity
compared to the publications.15,43,44,80�85

The reaction results in Figure 7 show that Ti-MS1 and Ti-
MT1 are more active than Ti-MCM-41 for all three reactions
and are also more active than TS-1 for benzene and styrene
hydroxylation reactions. The lower reactivity of the mesopor-
ous catalysts for phenol hydroxylation compared to TS-1 is
understandable as the zeolitic structure in these catalysts
(Figures 4 and 6) lacks the long-range order and connectivity
of TS-1 zeolite. Ti-MS1 and Ti-MT1 have similar reactivity
for benzene and phenol hydroxylation reactions, but Ti-MS1
is the better catalyst for styrene hydroxylation. All three
mesoporous catalysts have better than 98% selectivity for
phenol in benzene hydroxylation reaction and higher than
95% selectivity for dihydroxybenzene in phenol hydroxylation
reaction. For the styrene hydroxylation reaction, the mesopor-
ous catalysts are selective to aromatic acetaldehydes (i.e.,
phenylacetaldehyde and benzaldehyde) where Ti-MCM-41,
Ti-MT1, and Ti-MS1 have selectivities of 100, 96.4, and 95.7%,
respectively.
Overall, Ti-MS1 performs best for all three hydroxylation

reactions followed by Ti-MT1 and Ti-MCM-41. The low con-
version observed for Ti-MCM-41 is attributed to the nature
of the titanium sites in this catalyst.44 The poor reactivity of
Ti-MCM-41 correlates well with its low content of tetrahedrally
coordinated titanium atoms (i.e., Titetra/Tiocta = 1.1 versus 1.5
for Ti-MT1 and 1.5 for Ti-MS1).
The conversion and selectivities of the mesoporous Ti-MCM-

41, Ti-MS1, and Ti-MT1 and microporous TS-1 catalysts are
shown in Table 2. The product distribution from phenol hydro-
xylation reaction is comparable for Ti-MS1, Ti-MT1, and
TS-1 catalyst, while Ti-MCM-41 produced more catechol. The
product selectivities for phenylacetaldehyde, benzaldehyde, and
styrene oxide are very different for the catalysts. TS-1 produced
mainly phenylacetaldehyde, while benzaldehyde is the main
product of Ti-MCM-41. Ti-MS1 and Ti-MT1 display similar

product selectivities. These results are consistent with the
structural and compositional variations in these catalysts. Prior
works have established TS-1 to be more active for phenol
hydroxylation than ordered mesoporous titanosilicates,43,44

while benzene hydroxylation is better catalyzed by the mesopor-
ous catalysts.36 It had been proposed that the polarity and size of
the benzene and phenol could explain the observed reaction
trend over the TS-1 and mesoporous titanosilicates.87,88

3.4.Mesoporous Catalyst Deactivation and Regeneration.
Catalyst deactivation was investigated by reusing the catalysts
in three successive batch reactions with each run lasting six
hours. The catalysts were recovered, washed, dried, and weighed.
Benzene, phenol, and styrene conversions are plotted in Figure 8a, c,
and e for Ti-MCM-41, Ti-MT1, and Ti-MS1 mesoporous catalysts.
Ti-MCM-41 suffers rapid deactivation losing half its activity
in benzene and phenol hydroxylation after the second reac-
tion run and roughly 80% of its initial activity at the end of the
third reaction. X-ray diffraction of the spent Ti-MCM-41 catalyst
shows a disappearance of ordered mesopore indicating possi-
ble pore collapse during the reaction (Figure 9). However, the
selectivity remains unchanged with deactivation. A better than
95% selectivity in phenol was obtained from benzene and about
93% selectivity in dihydroxybenzenes from phenol. Styrene
hydroxylation shows that the selectivity of Ti-MCM-41 for
aromatic aldehydes decreased slightly from 100% to above 90%
after the third reaction run.
The Ti-MT1 and Ti-MS1 mesoporous catalysts deactivate

less as shown in Figure 8a, c, and e. This could be due to incor-
poration of zeolitic fragments and SBU as well as having thicker
pore walls. Being better equipped to withstand severe reaction
conditions (Figure 1), these catalysts retained their ordered
mesoporous structure following the reactions (Figure 9).
Ti-MT1 suffered a 40% drop in conversion for benzene
hydroxylation after the third reaction run and a 55% decrease
for phenol hydroxylation. Ti-MS1 performed better display-
ing respectively a 35% and a 40% decrease in conversion
for the hydroxylation of benzene and phenol. Both mesopor-
ous catalysts have high selectivity (i.e., > 97% for phenol
and >92% for dihydroxybenzene). Ti-MT1 catalyst activity
decreased 25% after third styrene hydroxylation reaction
with a concomitant drop in selectivity for aromatic alde-
hydes from 96% to slightly higher than 88%. Ti-MS1 suffered
similar drop in conversion but maintained selectivity higher
than 87%.
Catalyst regeneration by air calcinations was examined in a

separate study, and the results are plotted in Figure 8b, d, and f. It is
clear from the plots that Ti-MCM-41 still suffered from consider-
able deactivation in each reaction run. This is strong evidence that

Table 2. Catalytic Activities in Benzene, Phenol, and Styrene Hydroxylation over TS-1, Ti-MCM-41, Ti-MT1, and
Ti-MS1a

benzene hydroxylation phenol hydroxylation styrene hydroxylation

catalysts XBEN (%) SPHE (%) XPHE (%) SCAT (%) SHQ (%) XSTY (%) SPAC (%) SBAL (%) SSO (%)

TS-1 3.2 95.5 20.6 50.5 46.5 20.2 80.3 17.2 1.8

Ti-MCM-41 17.9 98.1 5.2 61.3 34.6 25.5 3.6 96.4 0.0

Ti-MT1 24.7 98.5 10.6 53.1 42.2 28.6 45.3 51.1 2.6

Ti-MS1 25.5 99.2 10.9 52.2 45.1 31.3 48.6 47.1 3.1
aReaction time: 6 h; XBEN, XPHE, XSTY: the conversion of benzene, phenol, and styrene; SPHE: the selectivity of phenol; SCAT, SHQ: the selectivity of
catechol and hydroquionone; SPAC, SBAL, SSO: the selectivity of phenylacetaldehyde, benzaldehyde, and styrene epoxide.
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the deactivation observed in Ti-MCM-41 results from the lost
of mesoporous structure. Ti-MT1 and Ti-MS1 maintain their
conversion in benzene and phenol hydroxylation reactions
with the selectivity of 99% for phenol and 95% for dihydroxy-
benzene, respectively. This suggests that the deactivation of these
catalysts is mainly from strongly adsorbed organic molecules

and possible carbon deposition. Figure 8f shows that catalyst
deactivation during styrene hydroxylation reaction cannot be
completely recovered by air calcinations. All three catalysts suffer
similar extent of deactivation. The lost of selectivity for aromatic
aldehydes indicates a possible lost of tetrahedrally coordinated
titanium during reaction.

Figure 8. Plots of benzene (a, b), phenol (c, d), and styrene conversions (e, f) after each reactions with (b, d, f) and without calcinations
(a, c, e).
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4. CONCLUDING REMARKS

This work shows that titania-silica mesoporous catalyst (Ti-
MCM-41) prepared by conventional methods was not only less
active but also unstable in hydroxylation reactions. Catalyst
deactivation was rapid and caused by lost of mesopore structure.
This poor structural stability was also observed during a hydro-
thermal test. Ti-MT1 and Ti-MS1 prepared with the addition of
TPA-TS-1 and TPA-Sil-1 nanocrystal seeds are active and stable
catalysts. Both catalysts survive with intact mesopores in hydro-
thermal tests and reaction study. TOF-SIMS and FTIR techni-
ques detected 5�1 SBU fragments and zeolitic structures in
these two catalysts. Most of the titanium in these catalysts was
tetrahedrally coordinated compared to mostly octahedral tita-
nium sites found in Ti-MCM-41. Ti-MT1 had a composite
structure consisting of coexisting TS-1 zeolite and mesopore
domains as indicated by XRD results. This could be responsible
for the greater disorder observed in this catalyst and poorer
stability when compared to Ti-MS1. The similarity in reactivity of
Ti-MT1 and Ti-MS1 prepared from TS-1 and Sil-1 nanocrystal
seeds dispels the idea that the nanocrystal seeds function merely
as a source of the zeolite fragments incorporated in the pore walls
but instead suggest that the nanocrystal seeds either work to
stabilize or promote the incorporation of SBU from the solution.
In contrast to Ti-MCM-41, Ti-MS1 with thermally stable active
sites could be prepared by assembling from Sil-1 nanoparticles,
and the appearance of a mixture phase (Ti-MT1) is avoided.
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