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Preparation of TiO2/Al–MCM-41 mesoporous materials from
coal-series kaolin and photodegradation of methyl orange
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TiO2/Al–MCM-41 mesoporous materials were prepared via sol-gel method by loading titania onto Al–MCM-41 meso-
porous molecular sieve by hydrothermal treatment from coal-series kaolin as raw material. The TiO2/Al–MCM-41 mesoporous
materials were characterized by XRD, FT-IR, HRTEM, N2 adsorption-desorption and the photocatalytic degradation of methyl
orange solution under visible light irradiation. The results showed that the TiO2/Al–MCM-41 mesoporous materials possessed
a high surface area of 369.9 – 751.3 m2/g and a homogeneous pore diameters of 2.3 – 2.8 nm. The titania crystalline phase was
anatase, and the particles size of TiO2 increased with TiO2 content. The Al–MCM-41 mesoporous materials exhibited excellent
photodegradation activity under visible-light irradiation for methyl orange.
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1. Introduction

Kaolin has a wide variety of applications in in-
dustry, particularly as ceramic material, adsorbent,
and catalyst [1, 2]. Coal-series kaolin, as one kind
of kaolin, has been investigated by researchers in
many fields, such as zeolites, mesoporous materi-
als, and intercalated materials [3, 4]. Nanoparticles
of titania have a large specific surface area, which
is responsible for the excellent performance [5, 6].
Because of its wide band gap of 3.0 – 3.2 eV, the
effective industry applications of titania get bottle-
necks. Since the discovery of mesoporous materi-
als [7, 8], MCM-41 has attracted particular atten-
tion and was widely used as a catalyst and host for
nanomaterials synthesis because of its high specific
surface areas, uniform pore sizes and uniform and
ordered mesoporous channels [9, 10]. In order to
overcome the bottlenecks of commercials applica-
tion of TiO2 nanoparticles, there have been many
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work focused on the loading of TiO2 nanoparticles
onto MCM-41mesoporous materials [11, 12].

Wastewaters from various industries, facto-
ries, laboratories, etc. are serious problems to
the environment [13]. Actually, in many cases,
a lot of industrial wastewater streams are only
slightly contaminated and contain low levels of dis-
solved organic compounds, such as dyes. In recent
years, photocatalytic degradation of dyes using
MCM-41 mesoporous materials loaded by TiO2
nanoparticles or titanium has become very impor-
tant [14, 15].

Our research group has devoted a lot of at-
tention to the application of natural mineral ma-
terials and solid wastes, especially coal-measure
kaolin. We synthesized basic molecular sieves [16],
4A zeolites [3], 5A zeolites [17] and mesoporous
materials [4, 18]. Here, we report on the forma-
tion of TiO2/Al–MCM-41 mesoporous materials
using coal-measure kaolin as a starting material
and the photocatalytic degradation of methyl or-
ange by these mesoporous materials under visible
light irradiation.
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2. Experimental
2.1. Raw materials

The coal-series kaolin was supplied from the
Xuzhou Coal Ming Group Corporation (China).
The chemical composition of the coal-measure
kaolin was determined by XRF (ARL Avant XP,
Switzerland) and consisted of: SiO2 39.24 %,
Al2O3 36.12 %, CaO 0.39 %, TiO2 0.65 %, K2O
0.12 %, Na2O 1.21 %, MgO 0.18 %, Fe2O3 0.89 %.
Ignition loss was 20.78 %. Cetyltrimethylammo-
nium bromide (CTAB), used as a template, was ob-
tained from Shanghai Shanpu Chemical Co., Ltd.
Sulfuric acid was supplied from Shanghai Shenx-
iang Chemical Reagent Co., Ltd. Sodium hydrox-
ide was bought from Tianjin Bodi Chemical Co.,
Ltd. Tetrabutyl titanate was purchased from Tian-
jin Chemical Reagent No 1 Plant. Ethyl alcohol
was obtained from Hangzhou Shuanglin Chemical
Reagent Company. The above reagents were all an-
alytical grade.

2.2. Synthesis of Al–MCM-41

Al–MCM-41 was synthesized through hy-
drothermal treatment as follows: CTAB and NaOH
were dissolved in deionized water. The precursor
prepared by selective leaching method from coal-
series kaolin was then added into the mixed so-
lution. The mixture was then transferred into a
Teflon-lined steel autoclave and kept under hy-
drothermal condition at 110 °C with continuous
stirring for 12 h. The resultant white product was
filtered, washed for 3 times with deionized water,
dried at 105 °C for 10 h, and calcined at 550 °C
in air for 6 h to produce Al–MCM-41 mesoporous
materials.

2.3. Synthesis of TiO2/Al–MCM-41

TiO2/Al–MCM-41 mesoporous materials were
obtained from tetrabutyl titanate as Ti source in
a typical synthesis. 1.0 g Al–MCM-41 was added
into ethanol to form a solution, and then different
amounts of tetrabutyl titanate were added to the
solution and stirred for 45 min. A certain amount
of distilled water was dropped into the above so-
lution and stirred for 2 h. The white resultant

product was washed and centrifuged with distilled
water and ethanol for several times, dried at 80 °C
for 8 h, and then calcined at 500 °C for 4 h to
produce TiO2/Al–MCM-41 mesoporous materials.
The products were named as GS10, GS20, GS40,
GS60 and GS80, where the Ti/Si mass ratio was
10, 20, 40, 60 and 80, respectively.

2.4. Characterization

The XRD data were collected by an Y500 full
automatic diffractometer (Dandong, China) with
Cu radiation at 30 kV and 20 mA (step size: 0.09°
per step). A Fourier transform infrared spectropho-
tometer, NEXUS 670 (Nicolet, USA) with a spec-
tral range from 4000 cm−1 to 400 cm−1, was
used to confirm the composition of the products.
High-resolution transmission electron microscope,
HRTEM (JEOL, JEM-2100, 200 kV) was used
to characterize the size and the microstructure of
the products. Nitrogen gas adsorption-desorption
isotherms were measured at 77 K using a Coul-
ter SA3100 (Beckman, USA).The specific surface
area was calculated by the Brunauer-Emmet-Teller
(BET) method (Ps/P0 = 0.05 – 0.20). The to-
tal pore volume was obtained from the maximum
amount of nitrogen gas adsorbed at a partial pres-
sure Ps/P0 = 0.999.

2.5. Activity measurements

The photocatalytic activity of TiO2/Al–MCM-
41 mesoporous materials was evaluated from the
analysis of the photodegradation of methyl orange
using a 300 W halogen lamp (a filter was used to
cut-off the light with a wavelength bellow 400 nm).
The UV-Vis spectra of methyl orange solution were
detected every 30 min with a 722N UV-Vis spec-
trophotometer.

3. Results and discussion
Fig. 1 provides the X-ray diffraction patterns of

Al–MCM-41 and TiO2/Al–MCM-41 mesoporous
materials. The diffraction pattern of Al–MCM-41
material has no distinctive diffraction peaks at 2θ

ranging from 10 to 70°. On contrary, all TiO2/Al–
MCM-41 samples show anatase peaks. Moreover,
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Fig. 1. XRD patterns of Al–MCM-41 mesoporous ma-
terial and TiO2/Al–MCM-41 mesoporous mate-
rials.

the intensity of all peaks for the TiO2/Al–MCM-
41, except GS80, increases with increasing TiO2
content, which indicates that the addition of TiO2
enhances the size of TiO2 particles. The intensity
decrease in the diffraction peaks of GS80 sample
may be due to the crystalline transition of some
amount of TiO2 from anatase to amorphous phase.
The TiO2 particle diameter of anatase, calculated
with Scherrer’s equation using the line-width at
half-maximum of the X-ray diffraction peaks at
2θ = 26.1° was found to be in the range 8 – 19 nm
for all the samples.

The FT-IR spectra of Al–MCM-41 and
TiO2/Al–MCM-41 are shown in Fig. 2. The
vibration bands at 456, 797, 958 and 1230 cm−1

in Al–MCM-41 can be assigned to the bend-
ing vibrations of Si–O, vibrations of Al–O–Si,
vibrations of Si–OH, vibrations of Si–O–H, re-
spectively [19, 20]. The strong vibration band at
1078 cm−1, which in Al–MCM-41 sample can be
assigned to asymmetric stretching of Si–O–Si, has
shifted to 1094 cm−1 in the spectra of TiO2/Al–
MCM-41 samples. Wave number for asymmetric
stretching of Si–O–Si has shifted from lower to
higher values when titanium was loaded onto
Al–MCM-41. The strength of vibration bands at
797 and 1230 cm−1 in the spectra of Al–MCM-41
sample, which can be assigned to stretching of Al–
O–Si and Si–O–H respectively [21], has decreased
with increased titanium loading. In the spectra of

Fig. 2. FT-IR spectra of Al–MCM-41 and TiO2/Al–
MCM-41 mesoporous materials.

our samples, the peak around 910 – 960 cm−1,
due to the Si–O stretching vibration of a polar-
ized Si–O–Ti bond [22], has not been observed.
But it is observed that the peak at 958 cm−1 in
Al–MCM-41 sample, assigned to free vibration of
Si–OH, is narrow and more intense as compared
with the TiO2/Al–MCM-41 samples. This may be
due to the weak bond of Si–O–Ti [6].

High-resolution transmission electron mi-
croscopy (HRTEM) images of GS60 were
collected to find out the location of TiO2 (Fig. 3).
As shown in Fig. 3a, a sheet structure of the
mesoropous materials is observed, and the small
dark spots representing TiO2 have the particle
size around 3 – 5 nm. The crystallite size of TiO2
calculated from XRD is 8 – 19 nm, which is
higher than that observed by HRTEM. This can
be caused by the fact that the XRD patterns show
only titania species of sufficient size [23]. For
the TiO2/Al–MCM-41 sample, no damage of the
meroporous structure of the silicate framework is
observed (as shown in Fig. 3b). It is concluded
that the coating process and the thermal treatment
probably have not destroyed the framework of
Al–MCM-41 host. TiO2 nanoparticles appear as
dark substance among the channels on the surface
of Al–MCM-41. In addition, a set of diffraction
rings are observed in a selected area electron
diffraction of TiO2/Al–MCM-41 sample, which
are indexed as the anatase phase of TiO2, which is
consistent with the XRD results.
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(a)

(b)

Fig. 3. HRTEM micrographs of sample GS60.

The adsorption-desorption isotherms of nitro-
gen at 77 K for the samples are shown in Fig. 4.
The isotherms of all samples can be classified as the
type IV, which according to the IUPAC convention
is a typical isotherm of mesoporous material. For
all the samples, the steep increase in N2 gas adsorp-
tion is observed in the range of Ps/P0 from 0.2 – 0.4
for Al–MCM-41 and GS20 samples and can be at-
tributed to the presence of mesopores of a uniform
size. In the range of 0.46 Ps/P0 6 0.9, only slight
increase in N2 adsorption occurs. The increase
of adsorption in the vicinity of Ps/P0 = 1 corre-
sponds to macropores formed by agglomeration of
the mesoporous particles. The hysteresis loops in
the isotherms are of H4 type. Little hysteresis in
the whole range of the adsorption and desorption
isotherms suggests that the mesopores in the sam-
ple are cylindrical, straight and uniform in size
without a distinct throat. The rate of nitrogen ad-

sorption was found to decrease with an increase
in TiO2 content. This reflected that the decrease in
specific surface area, total pore volume and average
pore size with an increase in TiO2 coating as shown
in Table 1.

Table 1. Structure of the samples derived from nitrogen
sorption and HRTEM studies.

Sample BET specific Total pore Average pore
surface area volume diameter

(m2/g)# (ml/g)# (nm)

Al–MCM-41 1070 1.13 3.8#

GS20 751.3 0.63 2.8*
GS40 548.3 0.48 2.5*
GS60 372.3 0.39 2.5*
GS80 369.9 0.38 2.3*

# Determined from nitrogen isotherm
* Determined from HRTEM images

Fig. 4. Nitrogen adsorption-desorption isotherms for
(a) Al–MCM-41, (b) GS20; (c) GS60 and
(d) GS80.

The photocatalytic degradation curves of
methyl orange under visible-light irradiation are
displayed in Fig. 5. After the Al–MCM-41 meso-
porous material had been dispersed into the
methyl orange solution, a decrease in the con-
centration of methyl orange solution occurred,
which was attributed to the adsorption of methyl
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Fig. 5. Photocatalytic degradation curves of methyl or-
ange.

orange molecules on the mesoporous material.
It can be seen that the photocatalytic degrada-
tion rate increases with TiO2 content and vis-
ible light irradiation time. These results indi-
cate that TiO2/Al–MCM-41 mesoporous materials
from coal-series kaolin exhibit excellent visible-
light photodegradation of methyl orange, which
increases with increasing TiO2 coating content.
However, the photocatalytic degradation rates of
methyl orange under visible-light irradiation are
lower than the results of some reports [24–26],
where the catalyst, loaded on mesoporous TiO2,
TiO2 coated with anatase or TiO2 modified with
other ions, was irradiated under ultraviolet light.

4. Conclusions

TiO2/Al–MCM-41 mesoporous materials with
different ratios of TiO2, using coal-series kaolin
as a starting material were prepared at room tem-
perature in ethanol solution by general sol-gel
method. The photocatalysis properties of these
mesoporous materials were also studied by photo-
catalytic degradation of methyl orange under vis-
ible light irradiation. The results showed that the
TiO2/Al–MCM-41 possessed a high surface area
of 369.9 – 751.3 m2/g and homogeneous pore di-
ameters of 2.3 – 2.8 nm. TiO2 nanoparticles en-
tered the pore channel of Al–MCM-41 mesoporous
materials and enhanced the photocatalytic prop-
erties of these materials. The TiO2/Al–MCM-41

mesoporous material exhibited excellent visible-
light activities for photodegradation of methyl or-
ange, which increased with increasing TiO2 coat-
ing content.
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