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a b s t r a c t

Titanium-containing mesoporous (Ti-MCM-41) materials were prepared by microwave irradiation
method at different temperature (from 353 K to 413 K) in 40 min, a much shorter period of crystallization
time than that by hydrothermal method. Various characterization techniques, including XRD, FT-IR, N2

adsorption and desorption, ICP, DRUV–vis, pyridine-FTIR, NH3-TPD and particle size analysis were carried
eywords:
itanium
esoporous materials
icrowave irradiation

ransesterification

out to investigate the physicochemical properties of these samples. Results showed that the samples pre-
pared by microwave irradiation method have typical long-range order of hexagonal MCM-41 structure.
Titanium incorporates into the silica framework and Ti species are mostly in tetrahedral coordination.
Ti-MCM-41 molecular sieves were active as catalysts for transesterification of dimethyl oxalate and phe-
nol to produce diphenyl oxalate and the optimal heating temperature is 393 K. The small particle size,
large surface area and plenty of Ti(IV) active centers inside the framework, which provide more weak

r imp
iphenyl oxalate acid sites, are favorable fo

. Introduction

As a member of M41S family, MCM-41 mesoporous molec-
lar sieve, with a hexagonal arrangement of mono-dimensional
ores, has drawn widely attention since its invention in 1992
1]. Owing to their exceptional adsorption capacities and molec-
lar sieving properties, these mesoporous materials have many
otential applications in the pharmaceutical and fine chemical

ndustries, petroleum refining, adsorption and separation pro-
esses and heterocatalysis. However, the catalytic properties of
CM-41 molecular sieve are poor because of the lacking of

ctive sites in the neutral purely siliceous framework, which lim-
ts its application as heterogeneous catalysts. As reported [2,3],
he incorporation of heteroatoms as extra-framework nanoscale
xide clusters or in their appropriate valence state as tetrahe-
ral framework species may generate active sites. In particular,
esoporous silicate materials containing titanium are very attrac-

ive for its good acid and redox properties. Therefore, a lot of
tudies were carried out for the synthesis of Ti-MCM-41 cata-

ysts. Corma and coworkers [4] utilized a classical hydrothermal

ethod with cationic surfactants template; Galacho et al. [5]
repared high Ti content mesoporous molecular sieves at room
emperature; Guidotti et al. [6] used titanocene dichloride as tita-
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roving the catalytic properties.
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nium precursor following a grafting methodology; Wu et al. [7]
designed a solid–gas reaction between siliceous MCM-41 and
TiCl3 vapor for Ti-MCM-41 synthesis, etc. The most commonly
applied method was hydrothermally synthesis [4,8–10] in the
previously reported literatures. At present, microwave irradiation
method has been widely applied for the synthesis of mesoporous
materials [11–13]. Compared with the hydrothermal synthesis
method, the microwave irradiation technique performed several
fascinating advantages, such as heated system with uniform tem-
perature, molecular selective heating, and without hysteresis,
which resulting in more homogeneous nucleation and rapid crys-
tallization. However, most investigations of microwave irradiation
were aimed at synthesizing pure silica MCM-41 molecular sieve.
Few reports [14–16] were presented concerning to the mesoporous
molecular sieve modified with heteroatoms under microwave irra-
diation.

Diphenyl carbonate (DPC) is an important organic compound as
a raw material for non-phosgene production of polycarbonate. In
order to satisfy the increasing demands for safe and clean processes,
the traditional phosgene process for DPC based on the reaction
of phenol and phosgene in the presence of bases [17] must be
abandoned. It is believed that the transesterification of dimethyl
oxalate (DMO) with phenol to diphenyl oxalate (DPO) followed

by decarbonylation of DPO to DPC is a promising green route for
DPC synthesis [18]. The reaction between phenol and DMO fol-
lows two steps, viz. the transesterification of DMO with phenol
into methyl phenyl oxalate (MPO) and the disproportion of MPO
to DPO. A variety of catalyst systems have been developed for the

dx.doi.org/10.1016/j.cej.2010.11.081
http://www.sciencedirect.com/science/journal/13858947
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ransesterification reaction, which include homogeneous catalyst
uch as Lewis acids or soluble organic Pb, Sn, or Ti compounds and
eterogeneous catalysts such as MoO3/TiO2–SiO2, TiO2/SiO2, Ti-
ontaining phosphate catalysts, cyclopentadienyl-functionalized
aterials, etc. [19–22].
In this paper, the synthesis of titanium-containing meso-

orous materials (Ti-MCM-41) was achieved under a microwave
rradiation condition. In particular, we focused to research the
nfluence of heating temperature on their physicochemical prop-
rties. The samples prepared by microwave irradiation method
nd hydrothermal method respectively have been compared for
oth textural characteristics and catalytic performance. Various
haracterization techniques, including XRD, FT-IR, N2 adsorption
nd desorption, DRUV–vis, NH3–TPD and particle size analysis
ere carried out to investigate the structure and surface proper-

ies of these samples. The catalytic properties of these materials
ere tested for the transesterification of dimethyl oxalate and
henol.

. Experimental

.1. Catalyst synthesis

The titanium-containing mesoporous materials were prepared
nder a microwave-irradiation condition using cationic surfac-
ant cetyltrimethylammonium bromide (CTAB) as a template.
etraethyoxysilane (TEOS) and tetrabutyl titanate (TBOT) were
sed as Si and Ti sources, respectively. The synthesis of titanosili-
ate gel was carried out as follows: 3.64 g of CTAB were dissolved
n 90 mL of deionized water under vigorous stirring at 313 K,
nd then 15.32 g of TEOS was added dropwise to the surfactant
olution followed by pH adjustment to 11.0 through gradually
ddition of NaOH solution. After 10 min, 0.50 g TBOT dissolved in
sopropyl alcohol (i-PrOH) was then dropped into the mixture.
he stirring was maintained for 40 min for the sufficient hydrol-
sis of TEOS and TBOT. The pH value of mixed solution adjusted
y NaOH solution was between 10.5 and 11.0. The molar com-
osition of final gel was CTAB: 7.35TEOS: 0.147TBOT: 1.5NaOH:
00H2O: 7.35i-PrOH. The resulting suspension was transferred into
eflon vessels and heated via non-pulsed microwave irradiation in
Multiwave 3000 microwave reaction system (Anton Paar) which
quipped with an 8-rotor tray. Making use of a temperature sen-
or, a pressure sensor and an adjustable power output (maximum
200 W), microwave system provided a way for rapid uniform
eating. Crystallization was performed in the temperature con-
rolled mode that the temperature was ramped for 5 min and hold
0 min at different temperature varied from 353 K to 413 K. The
aximum pressure increase rate was set at 0.3 bar s−1; the max-

mum pressure in the reaction vessels was programmed to not
xceed 2 MPa. After cooling to room temperature, the solid prod-
cts were isolated by filtering, washed with deionized water, and
ried in air at 373 K for 12 h. To remove the organic species, the
ried samples were calcined at 823 K for 6 h in air with a heat-

ng rate of 2 K/min. The samples prepared under the microwave
rradiation condition were designated as Ti-MCM-41-Mxxx, xxx

as the temperature of microwave crystallization, e.g. Ti-MCM-41-
353, represented the sample prepared by microwave irradiation

t 353 K. The pure silica MCM-41 material was also synthesized
nder the microwave irradiation condition at 393 K according
o the procedure described above, and designated as MCM-41-

393.

In contrast, the conventional hydrothermal synthesis method

as also carried out in this work. The hydrothermal synthesis
as accomplished in a 150-mL Teflon-lined autoclave heating at

73 K for 1 day. After calcinations, the samples obtained through
ydrothermal synthesis were designated Ti-MCM-41-H.
Journal 166 (2011) 744–750 745

2.2. Catalyst characterization

The samples obtained through above methods were character-
ized by several instrumental analysis techniques. The Ti content in
the final products was analyzed by an inductively coupled plasma
optical emission spectrometry (ICP-OES) (Varian, Vista-MPX). The
determination was operated at a high frequency emission power
of 1.5 kW and a plasma airflow of 15.0 L/min (�Ti = 336.122 nm).
The crystallinity of the samples was measured by X-ray powder
diffraction (XRD) on a Rigaku D/max-2500 diffractometer with
graphite filtered Cu K� radiation (� = 0.154056 nm) at 40 kV and
100 mA. Diffraction data were recorded at an interval of 0.01◦

and a scanning speed of 4◦ min−1 from 2� = 1◦ to 2� = 10◦. Spe-
cific surface area, pore size distribution and total pore volume
were determined by N2 adsorption–desorption isotherms obtained
at 77 K by the use of a Tristar 3000 surface area and porosity
analyzer (Micrometritics). The samples were previously degassed
at 573 K for 3 h at vacuum. The surface area was calculated by
the Brunauer–Emmet–Teller (BET) method and the pore size dis-
tribution was determinated applying the Barrett–Joyner–Halenda
(BJH) method, based on the Kelvin equation [23]. Fourier trans-
form infrared (FT-IR) spectra of samples were recorded on a Nicolet
6700 spectrometer (Nicolet) with KBr pellet technique. The effec-
tive region was from 400 to 4000 cm−1. The nature of Ti species
was determined by diffuse reflectance UV–visible (DRUV–vis) spec-
troscopy. The measurement was performed at room temperature
using a UV-3600 spectrometer (Shimazu) in the wavelength range
of 190–700 nm. FTIR measure of pyridine adsorbed was carried out
on a Nicolet 6700 spectrometer (Nicolet) with a 4 cm−1 resolution
and a 4000–400 cm−1 scanning range. The sample was pressed into
a self-supporting wafer followed by evacuation at 623 K for 0.5 h.
After cooled down to 333 K, the pyridine was adsorbed. The spectra
were recorded after the sample temperature held for 0.5 h. NH3-
TPD experiments were conducted on Auto-chem 2910 chemical
adsorption instrument (Micromeritics). The samples were heated
to 823 K in flowing He (30 mL/min) for 1 h, and then cooled to room
temperature. Adsorption of ammonia was carried out at 323 K to
saturation. Ammonia was replaced with helium and desorption was
monitored by increasing temperature from 323 K to 873 K at a rate
of 10 K min−1. Particle size distribution was examined by a zetaPALS
zeta potential analyzer (Brookhaven).

2.3. Transesterification of DMO with phenol

The transesterification reaction of DMO with phenol was con-
ducted in a three-necked round bottomed flask (125 mL) equipped
with a thermometer, a condenser, and a magnetic stirrer under
refluxing condition at atmospheric pressure with Ti-MCM-41 as
catalyst. The condenser consisted of a distillation column kept
at 353 K by flowing recycled hot water to remove methanol
by-product from the reaction system. Thus, the reaction was accel-
erated towards the desired direction. DMO and phenol were added
into the batch reactor with a molar ratio of 1:3. Then nitrogen
gas was flowed at 30 sccm for 10 min to purge the air from the
reaction system. The reaction temperature was kept at 453 K,
and the reaction time was 2 h. Quantitative analysis of reaction
products was performed on an HP1100 series high-performance
liquid chromatography (Agilent Technologies) equipped with a
quaternary gradient pump, an online degasser and an ultravio-
let visible detector (VWD). A ZORBAX Eclipse XDB-C18 column

(150 mm × 4.6 mm, 5 �m, Agilent Technologies) was used for the
liquid-chromatographic analysis of the products. The separation
was achieved under a step-gradient elution condition with a mixed
mobile phase consisting of water and acetonitrile and the UV detec-
tion at 254 nm at atmospheric temperature.
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. Results and discussion

.1. XRD

The XRD patterns of Ti-MCM-41 samples synthesized under dif-
erent crystallization conditions are shown in Fig. 1. The interplanar

istance (d1 0 0) and the hexagonal unit cell parameter (a0) of the
amples, estimated by XRD, are summarized in Table 1. As showed
n Fig. 1 and Table 1, all the samples exhibit four well-defined
eaks including a main reflection peak corresponding to the (1 0 0)
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ig. 2. Nitrogen adsorption–desorption isotherms (a) and pore size distribution curves (b)
o the microwave heating temperature ((A) 353 K, (B) 373 K, (C) 393 K, (D) 413 K) and hyd
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plane at a low angle (around 2� = 2–3◦) and other three weak peaks
which can be indexed with (1 1 0), (2 0 0), (2 1 0) planes at region
of 2� = 3–7◦; no diffractions were seen at higher angles. It is indi-
cated that the samples have typical long-range order of hexagonal
MCM-41 structure [1]. As the temperature of microwave heating
increases, the XRD peaks become more intense and sharper, imply-
ing the more degree of long-range order. In addition, the XRD peaks
slightly shift towards lower diffraction angle, and parameter a0
increases a little in the range of 4.0–4.5 nm with the increase of
the microwave heating temperature. This should be correlated to
a probable incorporation of Ti atoms into framework. As reported
by the others [24], due to differences in the ionic radius of Ti4+

(0.068 nm) and Si4+ (0.041 nm), the substitution of the larger Ti4+

ion in place of Si4+ invariably should distort the geometry around
Ti from an ideal tetrahedral coordination. Thus, when a certain
amount Ti atoms penetrated into framework (Ti–O bond length
0.179 nm) and replaced Si atoms (Si–O bond length 0.161 nm), there
should be some structure deformation, expressing a low-angle shift
of XRD peaks and a increasing of the unit lattice. It can be seen from
Fig. 1 that the temperature of microwave irradiation could affect the
incorporation of titanium into the structure as well as the degree of
organization of Ti-MCM-41. And the XRD patterns of the samples
prepared by microwave heating do not show significant difference
from that obtained from conventional hydrothermal heating.

3.2. N2 adsorption–desorption isotherms

Fig. 2(a) illustrates the N2 adsorption–desorption isotherms of
the synthesized samples. The specific surface areas, average pore
size and pore volumes are listed in Table 1. All the samples exhibit
typical type IV isotherms (definition by IUPAC) with hysteresis loop
caused by capillary condensation in mesopores, which is a char-
acteristic for mesoporous materials [25]. As showed in Fig. 2(a),
the adsorption at low relative pressure (P/P◦ < 0.2) is occurred from
monolayer adsorption of N2, following multilayer adsorption on
the walls of mesopores. All the isotherms show a sharp inflec-
condensation inside the primary mesopores, showing that all the
samples have typical mesostructure with uniform pore size dis-
tribution and large pore volumes [26]. Meanwhile, a pronounced
hysteresis loop with a sharp increase in the adsorption branch at
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Table 1
Chemical composition and textural properties of Ti-MCM-41 samples prepared by microwave-irradiation method and hydrothermal method.

Samples Ti contenta (wt. %) 2� (1 0 0) (◦) d1 0 0 (Å) a0 (Å) SBET (m2/g) Average pore size (Å) Pore volume (cm3/g)

Ti-MCM-41-M353 1.48 2.44 36.2 41.8 840 29.3 0.854
Ti-MCM-41-M373 1.52 2.30 38.4 40.2 876 30.4 0.867
Ti-MCM-41-M393 1.54 2.32 38.1 44.0 896 28.6 0.839
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Ti-MCM-41-M413 1.53 2.30 38.4
Ti-MCM-41-H 1.53 2.30 38.4

a Elemental content in final products measured by ICP analysis.

elative pressure about 0.9 could be due to a capillary condensation
n secondary mesopores. According to literatures [27–29], those
econdary mesoporosity refers to some interparticle pores or some
ignificant large cavities.

In addition, as shown in Fig. 2(b), the narrow and sharp peaks
an be observed in an average pore size range of 25–28 Å, revealing
hat the samples have uniform pore size distribution. Furthermore,
s for Ti-MCM-41-M393, similar as Ti-MCM-41-H, there is a single
eak in its pore size distribution curve. Associated to Fig. 2(a), the
ther samples express more pronounced hysteresis loops and much
harper and higher inflection approaching saturation vapor pres-
ure than Ti-MCM-41-M393 and Ti-MCM-41-H, indicating a larger
umber of secondary mesopores. Owing to a narrow and uniform
ore size distribution, Ti-MCM-41-M393 has a smaller average pore
ize (28.6 Å) and a higher surface area (896 m2/g) than any other
i-MCM-41-M samples listed in Table 1.

.3. FTIR and ICP-OES

Fig. 3 shows the FT-IR spectra in 400–1400 cm−1 range for KBr-
elletized Ti-MCM-41 samples. The broad band at 1087 cm−1, with
shoulder at 1250 cm−1 and the band 807 cm−1 are assigned to

symmetric and symmetric stretching vibration of Si–O–Si bonds,
espectively [30,31]. The band at 450 cm−1 is attributed to tetrahe-
ral bending vibration of Si–O–Si bonds. It has been demonstrated
hat the band at about 960 cm−1 could be ascribed to the stretch-
ng vibration of SiO4 tetrahedra bonded to a titanium atom through
i–O–Ti bonds [32,33]. However, this absorption band is sometimes

ssociated with silanol groups (Si–OH) at the defect sites. Thus, this
and can be assigned to the overlapping of both Si–OH groups and
i–O–Ti bonds vibrations. As shown from Fig. 3, with the increase
f microwave heating temperature up to 393 K, the strength of
60 cm−1 band enhanced gradually. In order to exclude the con-
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ig. 3. FT-IR spectra of Ti-MCM-41 samples synthesized by microwave-irradiation
ethod according to the microwave heating temperature ((A) 353 K, (B) 373 K, (C)

93 K, (D) 413 K) and hydrothermal method (E).
44.3 884 29.9 0.858
44.4 890 28.2 0.806

tribution of OH region, the infrared spectra in the 3300–3900 cm−1

range for Ti-MCM-41 samples have been investigated (not exhib-
ited). A clear band at 3750 cm−1 is observed in all of synthesized
samples due to the stretching vibration of isolated Si–OH groups,
located mainly at the surface of the inner walls of the MCM-41
channels [34]. Its intensity remains almost unchanged for all of
the samples synthesized in different conditions, indicating that
the amount of silanol groups would not be affected by synthesis
condition.

Additionally, Table 1 summarizes the element contents of Ti in
Ti-MCM-41 samples, which is accomplished by ICP-OES analysis.
It can be seen that the samples synthesized under different con-
dition differ from each other in the actual Ti content. The content
of Ti in samples shows a gradually increasing trend as microwave
heating temperature is raised. The maximal value is 1.54% until
the temperature reaches 393 K, after which the Ti content drops
somewhat.

Considering the above results, the variation of the 960 cm−1

band intensity could be associated with titanium incorporation
into the silica framework in tetrahedral positions. The strength
of 960 cm−1 band increases along with the heating temperature,
suggesting that raising temperature is benefit to enhance Ti substi-
tution in the mesoporous silica framework.

3.4. DRUV–vis

DRUV–vis spectroscopy is a very sensitive method for charac-
terization of the coordination environment of titanium in zeolite
framework [35–37]. The DRUV–vis spectra of Ti-MCM-41 samples
are shown in Fig. 4. All the samples have an intense band centered
at 210 nm attributed to a low-energy charge-transfer transition
from tetrahedral oxygen ligands to central Ti4+ ions, indicating that
most of the Ti species are isolated and in tetrahedral coordination
inside the framework [38,39]. Another band observed at the region
of 260–280 nm suggests the presence of small amounts of poly-
merized Ti–O–Ti species in a higher coordination (such as penta-,
hexa- or octahedral coordinated Ti species) coexisting with the
tetrahedral Ti sites [40,41]. The absence of an absorption band char-
acteristic of octahedral extra-framework titanium at about 330 nm
in all samples implies that there is no separated anatase-like tita-
nia phase formed during the preparation [39,42]. Obviously, the
tetrahedral component of Ti(IV) is prevalent in Ti-MCM-41 synthe-
sized under microwave irradiation condition. Comparably, there is
no significant difference between the samples prepared in two dif-
ferent routes. The DRUV–vis spectra of Ti-MCM-41 synthesized in
this study confirm that Ti atoms have entirely substituted into the
silica framework.

3.5. Particle size distribution
Fig. 5 shows the particle size distribution curves of the titanium-
containing mesoporous materials. The average particle sizes of
the samples prepared by microwave irradiation distribute at
480–530 nm, while that prepared by hydrothermal method is
665 nm. Additionally, the samples prepared by microwave heat-
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Fig. 6. FTIR spectra of pyridine adsorbed on Ti-MCM-41-M393 (A) and MCM-41-
M393 (B) after desorption at 333 K.

ing exhibit narrower particle size distribution. It would probably
be resulted by the homogeneous and quick heating in microwave
irradiation [43]. As shown in Fig. 5, Ti-MCM-41 samples become
smaller with microwave heating temperature increases at a limit
of 393 K. And then it becomes bigger with further improving
the temperature to 413 K. Thus, there is a consequence that
excessive heating would lead to an aggregation of the particles.
Moreover, this conclusion would agree with the results from N2
adsorption–desorption isotherms. As shown in Fig. 3, the forma-
tion of large secondary mesopores could be due to the aggregation
of large particles.

3.6. Pyridine-FTIR and NH3-TPD

As reported [44], the acidity of pure silica MCM-41 is very poor.
However, the incorporation of heteroatoms to the pure siliceous
framework, such as titanium, may generate acid sites. FT-IR mea-
sure of adsorbed pyridine has been performed to distinct the
nature of acidic sites (Lewis and Brönsted) on the surface of the
catalysts. Fig. 6 shows the FTIR spectra of adsorbed pyridine on Ti-
MCM-41-393 and MCM-41-M393, respectively. The samples show
two bands at around 1596 cm−1 and 1445 cm−1, respectively. The
band at 1596 cm−1 can be attributed to hydrogen-bonded pyridine
[45]. The band at 1445 cm−1 corresponds to vibration of pyridine
chemisorbed on the Lewis acid sites [46]. Brönsted acid sites (peaks
at about 1540 cm−1) are absent. It is obvious that the IR absorption
bands on the surface of Ti-MCM-41 are more intense than those of
the pure silica MCM-41. Due to the Ti-incorporation into the pure
silica framework, the surface silanol groups are activated and form
hydrogen bonds with pyridine, whose hydroxyls are not capable
enough to protonate pyridine. Meanwhile, the Ti species incorpo-
rated in the framework, could adsorb pyridine coordinatively as
Lewis acid sites on the surface of Ti-MCM-41.

Ammonia TPD characterization is a well-known method for
determination of surface acid strength of solid heterogeneous cat-
alysts. In the NH3-TPD curves, peaks are generally distributed into
two regions: below and above 673 K referred to as low-temperature
(LT) and high-temperature (HT) regions, respectively. The peaks
in the HT region can be attributed to desorption of NH3 from

strong Brönsted and Lewis type acid sites, and the peaks in the
LT region is assigned as the desorption of NH3 from weak acid
sites [47,48]. From the results shown in Fig. 7, it can be seen that
the peaks only appear in the low temperature region, confirm-
ing that there only exist weak acid sites on the surface of these
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esoporous materials. For the pure MCM-41, the ammonia des-
rbs in a low temperature region below 423 K; however, for the
i-MCM-41 samples prepared through different routes, not only the
mount of ammonia adsorbed but also the desorption temperature
ncreases intensely. It means that the incorporation of Ti into the
ilica framework enhance the acidity of the mesoporous materials.
oreover, for the Ti-MCM-41 samples prepared by microwave irra-

iation method, the band of NH3 desorbed becomes more intense
ith the increasing microwave irradiation temperature from 353 K

o 393 K, and then weakens at 413 K, implying that the tempera-
ure has a notable impact on the amount of the surface acid sites
f Ti-MCM-41 and more acid sites were obtained on the surface of
i-MCM-41-M393. According to the chemical composition of the
amples listed in Table 1, Ti content of the samples synthesized by
icrowave irradiation method raises gradually along with temper-

ture increase. In addition, associated with the results of FT-IR and
RUV–vis spectroscopy, the increasing temperature could prompt

itanium to incorporate into the silica framework, and brings about
he increasing amount of weak acid sites on the surface of Ti-

CM-41. However, excessive temperature is disadvantageous for
i substitution in the silica framework. The optimal temperature
or microwave irradiation is 393 K.

.7. Transesterification catalytic performances

Table 2 shows the comparative results of catalytic properties
f a series of Ti-MCM-41 catalysts prepared by hydrothermal and

icrowave irradiation method with different temperature for the

ransesterification of DMO with phenol. The pure MCM-41 catalyst
isplayed poor catalytic properties with the DMO conversion of
4.4%, and the DPO yield of only 0.43%. However, all the Ti-MCM-
1 catalysts are active for the reaction, giving the conversion of

able 2
ctivities of catalysts for the transesterification of dimethyl oxalate with phenol.

Samples Conversion (%) Selectivity (%) Yield (%)

DPO MPO DPO MPO

Ti-MCM-41-M353 44.5 10.7 89.3 4.8 39.7
Ti-MCM-41-M373 54.4 16.1 83.9 8.8 45.7
Ti-MCM-41-M393 55.3 17.3 82.7 9.6 45.7
Ti-MCM-41-M413 54.5 16.6 83.4 9.1 45.4
MCM-41-M393 14.4 2.99 97.0 0.43 14.0
Ti-MCM-41-H 49.4 14.9 85.1 7.4 42.1
Journal 166 (2011) 744–750 749

DMO over 42%. The samples synthesized using microwave irradia-
tion, e.g. those heated up 373 K, could perform in somewhat more
excellently than that prepared by hydrothermal method. It is pos-
sibly due to the narrower particle size distribution and the smaller
particle size, as diffusion plays an important role in liquid-phase
reaction. The shorter channels in the small size particles accelerated
the diffusion rate of reactants/products, thus the accessibility to the
catalytic center is enhanced greatly [49]. In addition, microwave
heating temperature gives a significant effect to the catalytic activ-
ities of Ti-MCM-41. The DMO conversion increased steadily with
heating temperature increased up to 393 K, as well as the yield
of DPO, and then decreased at a higher temperature 413 K. The
best performance has been shown over Ti-MCM-41-M393, where
DMO conversion, DPO selectivity and yield reached the maximum
values of 55.3%, 17.3%, 9.6%, respectively. As reported previously
[50], TiO2/SiO2 was an active catalyst for the synthesis of DPO
from the transesterification of DMO with phenol. However, unless
the Ti loading reached 8%, the catalytic activities of TiO2/SiO2 was
lower than that of Ti-MCM-41-M393, whose Ti content was just
1.54%. The desirable catalytic activities of Ti-MCM-41-M393 could
be ascribed to the following factors: (1) the rich Ti(IV) active cen-
ters which provide more weak Lewis acid sites; (2) the well-ordered
structure of mesoporous molecular sieve with a large BET surface
area; (3) a small particle diameter.

4. Conclusions

In conclusion, titanium-containing mesoporous materials were
synthesized successfully by microwave irradiation method. One of
the advantages of the microwave irradiation method is that the
well-ordered mesoporous structure could be achieved within a
short crystallization time. By means of XRD, FT-IR, N2 adsorption
and desorption, DRUV–vis, pyridine-FTIR, NH3-TPD and particle
size analysis, it indicated that Ti-MCM-41 samples prepared by
microwave irradiation method and hydrothermal method, respec-
tively, have similar structural and textural properties. There is a
consequence that the samples prepared by microwave irradiation
showed the typical long-range order of hexagonal MCM-41 struc-
ture with a high surface area and an average pore diameter of
about 3 nm. Merging the results from FT-IR, DRUV–vis and ICP
analysis, it was confirmed that Ti has been incorporated into the
silica framework mainly in tetrahedral isolated sites. Meanwhile,
the amounts of Ti species increased slightly as the synthesis tem-
perature was raised, and the maximal value appeared at 393 K.
The temperature of microwave irradiation could affect the incor-
poration of titanium into the structure as well as the degree of
organization of Ti-MCM-41. These mesoporous Ti-MCM-41 pre-
pared using microwave method were active for transesterification
of DMO and phenol and the optimal heating temperature is 393 K.
The small particle size, large surface area and plenty of Ti(IV) active
centers inside the framework, which provide more weak acid sites,
are advantageous to enhance the catalytic properties.
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