
Journal of Catalysis 254 (2008) 64–70

www.elsevier.com/locate/jcat

Synthesis and catalytic activity of Ti-MCM-41 nanoparticles
with highly active titanium sites

Kaifeng Lin a, Paolo P. Pescarmona a,∗, Hans Vandepitte a, Duoduo Liang b, Gustaaf Van Tendeloo b,
Pierre A. Jacobs a

a COK, K.U. Leuven, Kasteelpark Arenberg 23-bus 2461, 3001 Heverlee, Belgium
b EMAT, UA, Groenenborglaan 171, 2020 Antwerpen, Belgium

Received 13 September 2007; revised 28 November 2007; accepted 28 November 2007

Abstract

Ti-MCM-41 nanoparticles 80–160 nm in diameter (Ti-MCM-41 NP) were successfully prepared by a dilute solution route in sodium hydrox-
ide medium at ambient temperature. Ti-MCM-41 NP were characterized by X-ray diffraction, nitrogen adsorption/desorption isotherms, SEM,
TEM, FT-IR, and UV–vis spectroscopy. The characterization results showed the existence of highly ordered hexagonal mesoporous structure and
tetrahedral Ti species in Ti-MCM-41 NP. In the epoxidation of cyclohexene with aqueous H2O2, Ti-MCM-41 NP displayed higher conversion
and initial reaction rate than a Ti-MCM-41 sample with normal particle size (Ti-MCM-41 LP). Diffusion of the reactants was accelerated and the
accessibility to the catalytic Ti species was enhanced in the shorter channels in Ti-MCM-41 NP samples. Ti-MCM-41 NP showed much higher
selectivity for cyclohexene oxide compared with Ti-MCM-41 LP, suggesting reduced hydrolysis of cyclohexene oxide with water in the former
case. The increased selectivity for cyclohexene oxide can be attributed to the lower concentration of residual surface silanols in Ti-MCM-41
NP and the shorter residence time of epoxide in the shorter mesoporous channels. Ti-MCM-41 NP also appears to be a suitable catalyst in the
epoxidation of a bulky substrate, like cholesterol, with tert-butyl hydroperoxide.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Titanium-containing mesoporous silicates have attracted
much attention in the past 10 years because of their potential as
selective oxidation catalysts for bulky organic substrates. Since
the preparation of titanium-containing mesoporous silicates us-
ing cetyltrimethylammonium bromide or dodecylamine as the
surfactant in an alkaline media was reported [1,2], numerous
attempts have been made to prepare and apply such materi-
als as catalysts for various bulky molecules [3–14]. Several
reactions, including the oxygenation of benzene, phenol, di-
tert-butyl phenol, olefins, and thioethers, have been studied over
titanium-containing mesoporous silicates. However, the activ-
ity and selectivity on the materials reported to date are lower
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than those on microporous titanosilicate zeolites, at least for
the oxygenation of relatively small organic substrates [15]. Low
hydrophobicity, low Ti/Si molar ratio, and large particle size of
these titanium-containing mesoporous silicates have been pro-
posed as the three main reasons for the reduced activity [16].

Efforts at improving the catalytic properties of such solids
have focused on enhancing hydrophobicity and increasing the
Ti/Si molar ratio [17–23]. To date, no attempt to improve the
catalytic performance of titanium-containing mesoporous sili-
cates by decreasing their particle size has been reported, even
though it is commonly accepted that large particle sizes in
titanium-containing mesoporous silicates a cause of for their
low activities. Small particle size also is important for obtain-
ing higher activities with titanium-substituted zeolite catalysts.
In the hydroxylation of phenol with hydrogen peroxide, a de-
crease in the crystal size of TS-1 leads to enhanced activity
[24,25].
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In this article, we describe the synthesis of nanoparticles of
Ti-MCM-41 with short mesoporous channels and highly active
titanium species. First, we used these materials to catalyze the
epoxidation of cyclohexene with aqueous H2O2, which is fre-
quently used as a test reaction for the catalytic evaluation of
titanosilicate catalysts. Second, we performed the oxidation of
cholesterol with tert-butyl hydroperoxide to evaluate the po-
tential of Ti-MCM-41 nanoparticles in epoxidation of bulky
substrates.

2. Experimental

2.1. Preparation of the catalysts

Ti-MCM-41 nanoparticles (Ti-MCM-41 NP) were prepared
from titanosilicate gels using a very low surfactant concen-
tration, according to a method comparable to that reported
for the preparation of MCM-41 nanoparticles [26]. In this
method, known as the diluted solution route, first 3.5 mL
of 2 M NaOH aqueous solution was added to a mixture of
480 mL of distilled water and 1.0 g of cetyltrimethylammo-
nium bromide (CTAB, Acros) under stirring. The concentration
of CTAB in the solution was 2.1 × 10−3 g/mL. Then tita-
nium(IV) isopropoxide (TIP, Aldrich) and tetraethyl orthosil-
icate (TEOS, Acros) were slowly added to the homogeneous
solution under stirring at 700–900 rpm, which yielded a white
gel (molar ratio of H2O/NaOH/CTAB/TEOS/TIP = 1197/0.31/
0.125/1/0.025). After being stirred for 2 h at ambient tempera-
ture, the resulting solid (Ti-MCM-41 NP) was filtered, washed
with 1500 mL of distilled water on a Büchner funnel, dried at
60 ◦C, and calcined in air at 550 ◦C for 6 h (at a heating rate of
1 ◦C/min).

For comparison, Ti-MCM-41 with larger particles (Ti-
MCM-41 LP) was synthesized as described previously [17] in
an ammonia aqueous solution. The molar ratio of H2O/NH4OH/
CTAB/TEOS/TIP was 62/3.3/0.1/1/0.025, with a CTAB con-
centration in the solution of 2.7 × 10−2 g/mL.

2.2. Characterization

X-ray diffraction (XRD) patterns were obtained with a
STOE STADI P transmission diffractometer using CuKα ra-
diation. FT-IR spectra of the samples were recorded on a
Nicolet 730 FT-IR spectrometer using self-supported wafers
of 6.7 mg/cm2. UV–vis spectra were measured with a Varian
Cary 5 spectrophotometer equipped with a diffuse-reflectance
accessory in the region of 200–800 nm. The isotherms of ni-
trogen were measured at the temperature of liquid nitrogen
using a Micromeritics TriStar 3000. The pore-size distribution
was calculated using the Barrett–Joyner–Halenda (BJH) model.
Scanning electron microscopy (SEM) images were obtained
on a Philips XL30 FEG, and transmission electron microscopy
(TEM) images were obtained on a Philips CM 20. Si elemental
analysis was carried out by a chemical method, and Ti ele-
mental analysis was performed by inductively coupled plasma-
Fig. 1. X-ray diffraction pattern of Ti-MCM-41 NP (A) and Ti-MCM-41
LP (B).

optical emission spectroscopy (ICP-OES) using a Perkin-Elmer
Optima 3000DV. The presence of Na was monitored by energy-
dispersive X-ray spectroscopy (EDX) on a Philips XL30 FEG.

The amount of H2O2 decomposed in H2O and O2 during the
catalytic tests was determined by titration of the reaction solu-
tion with a 0.1 M solution of Ce(SO4)2, prepared by dissolv-
ing Ce(SO4)2·4H2O (50.0 mmol) in H2SO4 (28 mL) and bi-
distilled H2O (28 mL) and diluted to a total volume of 500 mL
with H2O. The reaction solution was separated from the solid
catalyst by centrifugation. Then 0.5 mL of this solution was
diluted with H2O (18 mL) and a 7 vol% aqueous solution of
H2SO4 (2 mL). The colorless solution thus obtained was titrated
with the 0.1 M CeIV solution until it turned yellow (2Ce4+ +
H2O2 → 2Ce3+ + 2H+ + O2).

2.3. Catalytic reactions

The epoxidation of cyclohexene with an aqueous solution of
H2O2 was carried out in a glass vial under vigorous stirring.
In a typical run, 4.5 mmol of cyclohexene, 4.5 mL of solvent,
and 30 mg of catalyst were mixed in the vial and heated to
the desired temperature. Aqueous H2O2 (2.25 mmol, 50 wt%)
was added to the mixture to start the reaction. The catalysts
were separated by centrifugation and the products were ana-
lyzed with a gas chromatograph (Agilent 6850) using a HP-1
capillary column of 30 m and a FID detector.

The epoxidation of cholesterol with tertiary butyl hydroper-
oxide (TBHP) was carried out in a batch reactor at 90 ◦C for
24 h. Here, 1.92 mmol of cholesterol, 1.18 mmol of TBHP
(∼5 M in n-decane), and 50 mg of catalyst were mixed in
50 mL of toluene. After the reaction, the catalyst was sep-
arated from the mother liquid, the products were silylated
with N -methyl-N -(trimethylsilyl) trifluoroacetamide (200 µL
of MSTFA to 1 mL of reaction mixture) and analyzed using
gas chromatography (GC) and GC-mass spectroscopy (Agilent
68901).
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Fig. 2. SEM images of Ti-MCM-41 LP (A) and Ti-MCM-41 NP (B) and TEM images of Ti-MCM-41 NP (C, D).
3. Results and discussion

3.1. X-ray diffraction

Fig. 1 shows the XRD patterns of calcined Ti-MCM-41 NP
and Ti-MCM-41 LP. Although the d100 values of Ti-MCM-41
NP and Ti-MCM-41 LP are different, both samples give three
diffraction peaks, indexed as (100), (110), and (200) reflec-
tions, indicating that Ti-MCM-41 NP has an ordered hexag-
onal mesostructure similar to that of Ti-MCM-41 LP. This
long-range order is in agreement with that found for MCM-41
nanoparticles prepared using the diluted solution route [26,27].

3.2. SEM and TEM images

The morphology and structure of the obtained Ti-MCM-41
NP are clearly revealed by the SEM and TEM images. The mor-
phology of Ti-MCM-41 LP consists of irregular bulky particles
(Fig. 2A). In contrast, SEM images of Ti-MCM-41 NP from
the diluted solution route (Fig. 2B) show nanosized (elongated)
spherical particles ranging in size from 80 to 160 nm. TEM im-
ages of Ti-MCM-41 NP (Figs. 2C and 2D) show the existence
of highly ordered hexagonal arrays and one-dimensional meso-
porous parallel channels within the nanoparticles. The TEM
results confirm that Ti-MCM-41 NP is a pure phase and that
every nanoparticle has short, ordered mesoporous channels.

The formation of MCM-41 nanoparticles depends on the
length of silicate rodlike micelles, which in turn is determined
by the type of base used; NH4OH media favors longer micelles,
whereas NaOH media favors shorter micelles [26]. The TEM
Fig. 3. Nitrogen adsorption (+)/desorption (×) isotherms of Ti-MCM-41 NP
(A) and Ti-MCM-41 LP (B). Isotherm A is offset by 150 cm3/g along the
vertical axis for clarity.

results show that the NaOH medium played the same role in
the formation of Ti-MCM-41 NP. Although the synthesis was
carried out in a Na-rich solution, negligible amounts of Na were
incorporated into the Ti-MCM-41 NP, as proved by EDX analy-
sis.

3.3. Nitrogen adsorption/desorption isotherms

N2 adsorption/desorption isotherms of calcined Ti-MCM-41
NP and Ti-MCM-41 LP gave typical type-IV isotherms with a
sharp inflection at relative P/P0 > 0.3 (Fig. 3). This is character-
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Table 1
Textural properties of calcined Ti-MCM-41 NP and Ti-MCM-41 LPa

Ti-MCM-41 NP Ti-MCM-41 LP

d100 (nm) 3.5 3.9
Average pore size (nm) 2.4 2.7
Wall thickness (nm)b 1.6 1.8
Pore volume (cm3/g) 0.58 0.54
Surface area (m2/g) 1012.5 847.3

a Pore-size distributions and pore volumes were determined from N2 adsorp-
tion isotherms at 77 K.

b The wall thickness was calculated as: a0-pore size (a0 = 2 × d(100)/31/2).

Fig. 4. UV–vis spectra of Ti-MCM-41 NP (A) and Ti-MCM-41 LP (B). Spec-
trum A is offset by 0.4 along the vertical axis for clarity.

istic of capillary condensation, which points to the uniformity
of the mesopore size distribution. Table 1 lists the textural prop-
erties of Ti-MCM-41 NP and Ti-MCM-41 LP. It is noteworthy
that the BET surface area of Ti-MCM-41 NP from dilute solu-
tion route (1012.5 m2/g) is much higher than that of Ti-MCM-
41 LP (847.3 m2/g). This is attributed to the smaller particle
size of Ti-MCM-41 NP, because Ti-MCM-41 NP and Ti-MCM-
41 LP had similar pore sizes, pore volume, and wall thickness
(Table 1).

3.4. UV–vis spectroscopy

A correlation between the position of the UV–vis absorp-
tion band and the coordination of titanium species in silicates is
commonly accepted [28–30]. Fig. 4 shows the UV–vis spectra
of calcined Ti-MCM-41 NP and Ti-MCM-41 LP, which have
similar Si/Ti ratios (45.2 and 47.4, respectively). Both samples
showed a very similar band at 224–230 nm attributed to dis-
torted tetrahedral Ti species in the mesoporous structure, which
is in good agreement with other titanium-containing MCM-41
samples [16]. The absence of a band at 330 nm indicates the
absence of anatase in the samples. The shoulder at 270 nm
likely corresponds to partially polymerized hexa-coordinated Ti
species [5], originating from the high titanium content in both
samples. All characterization results indicate that Ti-MCM-41
NP prepared by the diluted solution route and Ti-MCM-41 LP
Table 2
Catalytic activities in the epoxidation of cyclohexene over Ti-MCM-41 NP and
Ti-MCM-41 LP catalysts in different solventsa

Si/Ti
(molar)

Solvent Conversionb

(%)
TONc

Ti-MCM-41 LP 47.4 CH3CNd 29.1 127.1
Ti-MCM-41 NP 45.2 CH3CNd 36.1 150.5
Ti-MCM-41 LP 47.4 CH3OHe 13.2 57.7
Ti-MCM-41 NP 45.2 CH3OHe 25.6 106.7

a Reaction conditions: 4.5 mL of solvent, 4.5 mmol of cyclohexene,
2.25 mmol of H2O2 (50 wt% in water), 30 mg of catalyst.

b The conversion is based on cyclohexene.
c Turnover number in mol (mol of Ti)−1.
d Reaction temperature 70 ◦C, reaction time 2 h.
e Reaction temperature 40 ◦C, reaction time 4 h.

Fig. 5. Catalytic activities in the epoxidation of cyclohexene with H2O2 as a
function of reaction time over Ti-MCM-41 NP (A) and Ti-MCM-41 LP (B).
For the reaction conditions, see Table 2.

have comparable structural and textural properties, except for
particle size and surface area.

3.5. Catalytic reactions

Table 2 presents the catalytic activities of Ti-MCM-41 NP
and Ti-MCM-41 LP in the epoxidation of cyclohexene with
aqueous H2O2 in different solvents. In both acetonitrile and
methanol, Ti-MCM-41 NP displayed higher conversion of cy-
clohexene and TON than Ti-MCM-41 LP. Furthermore, Ti-
MCM-41 NP displayed high efficiency in the use of hydrogen
peroxide for the epoxidation reaction (85–90%) when acetoni-
trile was the solvent. Based on the characterization results, the
increased catalytic activity with Ti-MCM-41 NP should be at-
tributed to the decrease in the particle size of Ti-MCM-41 to
nanometer scale, which enhances the accessibility of the re-
actants to the catalytic Ti species in the shorter channels of
Ti-MCM-41 NP.

Fig. 5 shows the catalytic activity of Ti-MCM-41 NP and
Ti-MCM-41 LP in the epoxidation of cyclohexene in acetoni-
trile as a function of reaction time. Ti-MCM-41 NP exhibited
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Fig. 6. The selectivities for products as a function of the reaction time over
Ti-MCM-41 NP and Ti-MCM-41 LP. For the reaction conditions, see Table 2.

not only higher conversion of cyclohexene after 4 h, but also a
higher initial reaction rate than Ti-MCM-41 LP.

Over the two catalysts tested, four different products of the
oxidation of cyclohexene with aqueous H2O2 were detected:
cyclohexene epoxide (CHE), 1,2-cyclohexanediol (CHD), 2-
cyclohexene-1-ol (CH-OH), and 2-cyclohexene-1-one (CH-
ONE). Whereas cyclohexene oxide is generated by the het-
erolytic epoxidation of the cyclohexene double bond, 1,2-
cyclohexanediol is formed by catalytic hydrolysis of the epox-
ide ring of cyclohexene oxide in the presence of strong acid
sites. Allylic oxidation products, CH-OH and CH-ONE, can
form via homolytic radical pathways. Fig. 6 shows the selec-
tivity toward the various products of the epoxidation of cy-
clohexene in acetonitrile as a function of reaction time with
Ti-MCM-41 NP and Ti-MCM-41 LP. The yield of cyclohexene
epoxide after 4 h with Ti-MCM-41 NP was almost double of
that with Ti-MCM-41 LP, and Ti-MCM-41 NP showed a much
higher selectivity for cyclohexene epoxide than Ti-MCM-41
LP at any reaction time. The average selectivity ratio between
CHE and CHD at different reaction times with Ti-MCM-41
NP was approximately twice that with Ti-MCM-41 LP. These
results indicate that the hydrolysis of cyclohexene epoxide to
1,2-cyclohexanediol is reduced in Ti-MCM-41 NP. Consider-
ing the structure of Ti-MCM-41 NP, a possible reason for this is
Fig. 7. FT-IR spectra of Ti-MCM-41 NP (A) and Ti-MCM-41 LP (B) pre-treated in dry, flowing He at (a) 200, (b) 300, (c) 400, and (d) 550 ◦C. Spectrum B is offset
by 0.5 along the vertical axis for clarity.
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the shorter residence time of cyclohexene epoxide in the pores
of the catalyst, which would reduce the possibility of further re-
action of CHE. Another explanation involves the difference in
silanol concentration in the two titanosilicates. It has been pro-
posed that H2O2 causes the formation of acid sites in the resid-
ual surface silanols hydrogen bonded to titanium hydroperoxide
surface species in titanosilicates [31]. These sites can play an
important role in the hydrolysis of cyclohexene epoxide. Conse-
quently, the silanol concentration in the two catalysts was stud-
ied by FT-IR spectroscopy. Fig. 7 shows the FT-IR spectra in the
vibration region of 1200–4000 cm−1 of wafers (∼6.7 mg/cm2)
of Ti-MCM-41 NP and Ti-MCM-41 LP samples precalcined at
550 ◦C, reexposed to the laboratory atmosphere, and treated in
dry flowing helium at different temperatures. The absence of
significant intensity variations in the water deformation region
(1600–1700 cm−1) on changing the wafer degassing tempera-
ture indicates that parallel changes in the OH-stretching region
(3800–3300 cm−1) should be attributed to changes in relative
concentration of free and hydrogen-bonded silanols [32]. Com-
paring the OH band absorption intensity of Ti-MCM-41 NP
and Ti-MCM-41 LP, it follows that the amount of free and
hydrogen-bonded silanols was much lower in Ti-MCM-41 NP.
The lower number of silanols leads to a decrease in surface
acidity, and, therefore, to less hydrolysis of cyclohexene epox-
ide. As a result, the epoxide selectivity should be enhanced,
which is in good agreement with the catalytic results (Fig. 6).
The IR band intensity and width both decreased gradually with
increasing temperature, indicating removal of a considerable
number of hydrogen-bonded silanols, with siloxane bridges
formed at higher temperature. When the temperature reached
550 ◦C, only a sharp absorption band at 3740 cm−1 remained.
Comparison of the respective peak intensities shows that the
Ti-MCM-41 NP sample had a significantly reduced number of
residual silanols. It also follows that H-bonded silanols were
reversibly formed on exposure of precalcined samples to air
moisture.

To evaluate the samples’ recyclability potential, Ti-MCM-
41 NP was washed and reused in several 4-h catalytic cycles.
Fig. 8a shows the results of the repeated use of Ti-MCM-41 NP
after four room temperature washings with ethanol. The cyclo-
hexene conversion gradually decreased during subsequent runs.
The deactivation can be attributed to gradual leaching of Ti, as
observed for the classically prepared Ti-MCM-41 [33] and/or to
the deposition of reaction residue not soluble in ethanol. The ra-
tio of epoxidation to ring-opening selectivity slowly decreased
as well. Thus, repeated use also seems to affect the number of
residual acid sites, which appear to be more susceptible to re-
moval than the Ti sites. The regeneration of Ti-MCM-41 NP via
intermediate calcination at 550 ◦C for 2 h shows results compa-
rable to those from recycling by washing (Fig. 8b). With this
procedure, the possibility that the gradual decrease in cyclo-
hexene conversion is due to heavy product deposition can be
excluded, because adsorbed byproducts that hinder the coordi-
nation of the reagents to the active centers would be removed
during the intermediate calcinations. The deactivation might
be due to the aggregation of Ti-MCM-41 NP particles and/or
enhanced removal of Ti species from their original location
Fig. 8. Results of repeated use of Ti-MCM-41 NP in the epoxidation of cy-
clohexene by washing (a) and calcination (b) approaches: (A) conversion and
(B) selectivity ratio for CHE and CHD. The reaction conditions are the same as
those in Table 2.

Table 3
Catalytic activities in the epoxidation of cholesterol with TBHP over Ti-MCM-
41 NP and Ti-MCM-41 catalystsa

Si/Ti
(molar)

Yield of
epoxideb (%)

TON
(on epoxide basis)

Ti-MCM-41 NP 45.2 5.0 5.3
Ti-MCM-41 LP 47.4 4.0 4.4
Ti-MCM-41c 10 25.4 ∼4.4

a Reaction conditions: 1.92 mmol cholesterol, 1.18 mmol TBHP (∼5 M in
n-decane), 50 mg of catalyst, 50 mL of toluene, 50 mg of catalyst, 90 ◦C, 24 h.

b The yield is based on cholesterol. Epoxide: 5α,6α-epoxycholesterol.
c From Ref. [11].

during calcination. It should be noted that the activities of Ti-
MCM-41 NP after 3 successive runs (35% and 37.5%; Fig. 8,
a and b) are compatible to that of freshly prepared Ti-MCM-41
LP (35.2%).

Table 3 presents the catalytic performance of epoxidation of
cholesterol with TBHP over Ti-MCM-41 NP and Ti-MCM-41
LP catalysts. It is well known that TS-1 is inactive due to the
inaccessibility of the small micropores of TS-1 to a bulky mole-
cule, like cholesterol. On the other hand, Ti-MCM-41 LP and
Ti-MCM-41 NP were both active for this reaction, with 5α,6α-
epoxycholesterol yields of 4.0 and 5.0%. No ketocholesterol,
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hydroxycholesterol, or other oxygenated byproducts were ob-
served. This result demonstrates that Ti-MCM-NP is a suitable
catalyst for the oxidation of bulky molecules as well.

4. Conclusion

Ti-MCM-41 nanoparticles (Ti-MCM-41 NP) of 80–160 nm
diameter were successfully prepared at ambient temperature
from a diluted solution route in sodium hydroxide medium.
Characterization of Ti-MCM-41 NP indicate the existence of
highly ordered hexagonal arrays and one-dimensional meso-
porous parallel channels in the nanoparticles. Ti-MCM-41 NP
displayed higher conversions, TON values, and initial reaction
rate than Ti-MCM-41 LP in the epoxidation of cyclohexene
with aqueous H2O2, indicating that shorter mesoporous chan-
nels in the nanosized particles of Ti-MCM-41 NP play an im-
portant role in accelerating the diffusion rate of reactant/product
molecules in the pores. Furthermore, Ti-MCM-41 NP gave
much higher selectivity for cyclohexene oxide than Ti-MCM-
41 LP at any reaction time, due to reduced hydrolysis of cyclo-
hexene oxide with water. Ti-MCM-41 NP could be recycled to
an acceptable extent after regeneration through washing or cal-
cination approaches. The catalytic results in the epoxidation of
cholesterol indicate that Ti-MCM-NP is a suitable catalyst for
the oxidation of bulky molecules as well.
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