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Mesoporous titania spheres were prepared by modified sol-gel method using chitosan/poly(vinyl alco-
hol) hydrogel beads as a template. Effects of calcination temperature on physical parameters were
investigated by X-ray diffraction (XRD), N, adsorption-desorption, Fourier transform infrared (FT-IR)
spectra, thermogravimetry and differential thermal analyses (TG-DTA), high-resolution transmission
electron microscope (HRTEM) and scanning electron microscopy (SEM). The photocatalytic activity of
mesoporous titania spheres prepared was also evaluated by photocatalytic degradation of phenol as a

ﬁg:ggﬁius titania model molecule under UV irradiation. With increasing calcination temperature, average crystallite size
Phenol and pore size increased. In contrast, Brunauer—-Emmett-Teller (BET) specific surface areas, porosity and
Photocatalytic activity pore volumes steadily decreased. Results of characterization proved that prepared titania spheres with
Chitosan highly organized pores were mesoporous structure. The photocatalytic activity of mesoporous titania

spheres calcined at 500°C was more effective than those calcined at other temperatures, which were
attributed to the porous structure, large BET surface area, crystalline, and smaller crystallite size. This
work may provide new insights into the preparation of novel mesoporous titania spheres and further
practical applications in the treatment of wastewater.
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© 2014 Elsevier B.V. All rights reserved.

1. Introduction

To solve increasingly serious problems of water pollution, vari-
ous novel materials are being applied in the field of environmental
pollution control [1-4]. Among all kinds of materials, titanium
oxide (TiO,) is an extremely interesting semi-conductor material
due to its excellent properties such as high photocatalytic activity,
low cost, environmental friendliness and chemical stability [2,5].
It is well known that effectiveness of titania as a photocatalyst is
very sensitive to its crystal phase, particle size, surface area and
crystallinity [6-8]. Recently, many research attentions have been
focused on the fabrication of mesoporous TiO, with high BET sur-
face area and photocatalytic activity [7-11]. Mesoporous titania
materials have been reported for applications in photocatalysis,
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adsorption, separation, etc. [9,11-14]. However, practical use of
such mesoporous titania materials in nano grade presents some
drawbacks, such as agglomeration during utility and difficulty in
separating and reclaiming them from treated effluent [15].

To overcome above drawbacks, the development of meso-
porous TiO, microspheres supported in porous frameworks such
as structured silica and alumina (Al,03) became a good alter-
native to extra beneficial properties due to synergistic effects
with the porous matrix [16-19]. Additionally, those mesoporous
TiO, materials obtained by such synthesis method have been
defined particle size and suitable mean pore size [19]. However,
it is difficult to remove those porous frameworks used in the
preparation of mesoporous TiO, materials. Chitosan (CS), (1,4)-
2-amino-2-deoxy-D-glucosamine, is a natural basic, hydrophilic,
nontoxic and biocompatible biopolymer obtained by the alkaline
deacetylation of chitin [20]. Moreover, chitosan has good che-
lating ability with transition metal ions, which makes it possible
for its metal ion complexes to be used as precursors to synthesize
nanoparticles [3,21-23]. All the above-mentioned properties also
make chitosan a very good candidate to design all kinds of func-
tional materials [21,23]. Previous study has revealed that chitosan
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exhibited a multifunctional performance with TiO, in hetero-
geneous photocatalysis technology by enhancing adsorption-
photocatalysis [23]. As distinctive intermolecular interactions and
formation of hydrogen bonds between poly(vinyl alcohol) (PVA)
and chitosan, chitosan/PVA composite has good mechanical prop-
erty, unique three-dimensional structure, favorable film- and
particle-forming property and adjustable pore size, which allows
considering chitosan/PVA hydrogel beads as ideal adsorbents for
removal of metal ions and organic dye from aqueous solutions
[24-29]. Therefore, it also becomes possible that chitosan/PVA
hydrogel beads will be used as an alternative template to prepare
mesoporous materials. However, to the best of our knowledge,
study on the effect of calcination temperature on physical parame-
ters and photocatalytic activity of mesoporous titania microspheres
using chitosan/PVA hydrogel beads as a template has not yet been
studied.

In this study, mesoporous titania spheres were prepared using
chitosan/PVA hydrogel beads as a template. Effects of calcina-
tion temperature on physical parameters of mesoporous titania
microspheres were studied by using X-ray diffraction (XRD), N,
adsorption-desorption, Fourier transform infrared (FT-IR) spectra,
high-resolution transmission electron microscope (HRTEM) and
scanning electron microscopy (SEM). The photocatalytic activity of
mesoporous titania spheres was also evaluated by photocatalytic
degradation of phenol as a probe pollutant under UV irradiation.
This work may provide a new insight into preparation of novel
mesoporous titania spheres.

2. Experimental
2.1. Chemicals and materials

Titanium dioxide (P25) with purity of at least 99.5% was
obtained from Degussa. A commercial anatase TiO, (a-TiO5, purity
>99.7%) was purchased from Xiamen Micaren Technology Co.,
Ltd. (Xiamen, China). Chitosan with 91% of deacetylation degree
prepared from shrimp shell was purchased from Yuhuan Ocean
Biochemical Co., Ltd. (Zhejiang, China). Titanium isporpoxide
(reagent grade, 98%) was purchased from Aladdin Industrial Co.,
Ltd (Shanghai, China). Poly(vinyl alcohol) (98% hydrolyzed, aver-
age molecular weight 105,000) purchased from Shanghai Chemical
Reagent Co. Ltd. (Shanghai, China) was of analytical reagent grade.
Other chemical agents used were all analytical grade and all solu-
tions were prepared with double distilled water.

2.2. Preparation of mesoporous titania spheres

A formation scheme of mesoporous titania spheres using chi-
tosan/PVA hydrogel beads as a template is presented in Fig. 1.
Firstly, chitosan/PVA hydrogel beads were prepared by an instanta-
neous gelation method [29]. Two grams of chitosan was dissolved
into 50 mL of 5% (v/v) aqueous acetic acid to obtain a chitosan solu-
tion. Two grams of PVA was dissolved in 50 mL of double distilled
water to form PVA aqueous solution under mechanical stirring
at 70+ 1°C. Then, PVA solution was mixed homogenously with
chitosan solution to form composite gel-forming mixture with vig-
orous stirring for 3.0 h at 30 °C. The resulting mixture was dropped
into sodium hydroxide bath (500mL, 0.5M) through a 0.8 mm
internal diameter syringe needle, forming chitosan/PVA hydrogel
beads. The hydrogel beads were kept overnight in sodium hydrox-
ide solution for complete solidifying, and then washed with double
distilled water, ethanol and isopropyl alcohol to obtain swollen
chitosan/PVA hydrogel beads, respectively.

Swollen chitosan/PVA hydrogel beads were soaked in the 98%
titanium isopropoxide solution for 48 h at room temperature under

closed conditions. Titanium isporpoxide molecules diffused slowly
into swollen chitosan/PVA hydrogel matrix. Then, hydrogel beads
with titanium isopropoxide were immersed into excess water
for 24h to cause the hydrolysis and condensation of titanium
isopropoxide to take place in the chitosan/PVA polymer matrix.
The resultant spheres were washed with double distilled water
to remove titanium hydroxide deposited on the surface of these
spheres. Finally, the spheres were dried in the oven at 60°C
till constant weight. Uncalinated titania spheres prepared in the
above-described method were labeled as UTS. Following the dry-
ing process, the samples were calcined under 400, 500, 600, or
700°C for 4h in air at a heating rate of 1°C/min, respectively.
During calcination, the polymeric template was burnt off, and
the inorganic precursor crystallized, forming inorganic spheres of
mesoporous titania spheres [30]. Calcined titania spheres were
labeled as CTS-400, CTS-500, CTS-600 and CTS-700 according to
different calcination temperature, respectively.

2.3. Characterization

X-ray diffraction (XRD) patterns of the samples were recorded
on a Rigaku diffractometer using Cu Ko irradiation (0.1540 nm)
in an 26 range of 5-75°. Thermogravimetric (TG) curves were
performed on Model STA 409 PC Luxx at a heating rate of
10°C/min. Nitrogen adsorption-desorption isotherms were car-
ried out on a Micromeritics ASAP2020 apparatus at 77 K. Scanning
electron microscopy (SEM) and high-resolution transmission elec-
tron microscopy (HRTEM) measurements were performed on a
HitachiS-4800 and JEOLJEM-2010, respectively. FT-IR spectra were
measured at room temperature on a FT-IR-8400 spectrometer (Shi-
madzu, Japan).

2.4. Photocatalytic activity measurements

Photocatalytic experiments were carried out in a Pyrex-glass
reactor (inner diameter: 29 mm and height: 9.1 mm), thermostated
at 25°C with a water jacket. An aqueous suspension (50 mL) con-
taining 0.43 mM phenol and 1.0 g/L photocatalyst was first stirred in
dark for 1 h to attain adsorption-desorption equilibrium and then
irradiated with a high pressure mercury lamp (300 W, Shanghai
Mengya) with a 320nm cutoff filter. The distance between the
reactor and the lamp was fixed at 10 cm. The light intensity reach-
ing external surface of the reactor was 1.41 mW/cm?, as measured
by an UV-irradiance meter (UV-A, Instruments of Beijing Normal
University, China). At given intervals, 2.5mL of suspension was
withdrawn by a microsyringe and filtered through a mephenol-
rane (0.22 wm in pore size). Organic substrates were analyzed by
high-performance liquid chromatography (HPLC) on a Dionex P680
(Apollo C18 reverse column, and 50% CH3OH aqueous solution as
an eluent).

3. Results and discussion
3.1. Optical photographs

Fig. 2 displays typical optical photographs of chitosan/PVA
hydrogel beads, UTS and CTS-500. Transparent chitosan/PVA
hydrogel beads and white UTS are spherical with a diameter of ca.
3-4mm as shown in Fig. 2a and b. Fig. 2c indicates that calcined
titania spheres (UTS-500) have a little bit poor sphericity. At the
same time, average out diameter of UTS-500 was decreased from
3-4mmto 1.5-2 mm, which resulted from a shrinking from original
size during calcination [19]. The result is in a good agreement with
the fact that surface area and pore volume decreased significantly
after calcination.
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Fig. 1. A formation scheme of mesoporous titania spheres using chitosan/PVA hydrogel beads as template.
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Fig. 2. Optical photographs of CS-PVA beads (a), UTS (b) and CTS-500 (c).

3.2. XRD analysis

Fig. 3 shows XRD patterns of as-synthesized UTS, CTS-400, CTS-
500, CTS-600 and CTS-700. Uncalcined titania spheres (UTS) are
nearly amorphous (Fig. 3a), which indicated that the as-dried pre-
cursor showed noncrystalline nature. When titanium isopropoxide
is hydrolyzed at room temperature, the rate of hydrolysis reac-
tion is relatively low and hydrolysis may be not complete. There
was a great amount of un-hydrolyzed alkyls in UTS, which resulted
in preventing phase transformation of amorphous to anatase [32].
Generally, XRD pattern of chitosan exhibited two broad diffraction
peaks with different intensities at 260=10° and 20° [33]. How-
ever, two characteristic peaks of chitosan disappeared in XRD
pattern of as-synthesized UTS, which revealed that chitosan has
some unordered existence in uncalcined titania spheres. In addi-
tion, due to its high content of amino and hydroxyl groups of
chitosan in UTS, CS has also been combined with titanium in UST.

Diffraction intensity (CPS)

10 20 30 40 50 60 70
Two theta (*)

Fig. 3. XRD patterns of as-synthesized and calcined titania microspheres. (a) UTS,
(b) CTS-400, (c) CTS-500, (d) CTS-600 and (e) CTS-700. The peaks marked A and R
represents the anatase and rutile phase, respectively.

The CTS-400 and CTS-500 samples display characteristic peaks
of anatase TiO, (JCPDS card No. 21-1272). With increasing cal-
cination temperature (from 400 to 500°C), the peak intensity of
anatase increases and the width of (101) plane diffraction peak
of anatase (20 =25.7°) become narrower, which indicated that the
crystallization of mesoporous titania was enhanced [31]. Anatase
crystallite size of calcined titania spheres was estimated by employ-
ing Debye-Scherrer equation. Average crystallize size of UTS-400
is about 5.4 nm, which is much smaller than that of CTS-500
(9.8 nm). Therefore, relative low-temperature is advantageous to
maintain small crystallize size of TiO,. When calcination tempera-
ture increases up further to 600 °C, CTS-600 contains both anatase
and rutile phase. An additional phase of rutile was observed in
CTS-600, indicating that anatase (A) begins to transform into rutile
(R) at 600°C. Almost complete transformation from anatase to
rutile took place at 700°C (CTS-700). According to some research,
anatase phase is irreversibly converted to rutile phase in the range
of 600-700°C due to its lower thermal stability [34]. In addition,
among three different forms of titania (anatase, rutile and brookite),
anatase is the most photoactive form [34]. As a result, the photo-
catalytic activity of mesoporous titania spheres calcined at 500°C
(CTS-500) could be more effective than those calcined at other tem-
peratures.

3.3. N, adsorption—desorption isotherms and porous nature

Fig. 4 shows nitrogen adsorption-desorption isotherms and
Barrett-Joyner-Halenda (BJH) pore-size distribution plots of UTS
and calcined titania spheres at different temperatures. Isotherms
of calcined titania spheres exhibited the typical type IV adsorption
isotherms, indicating the characteristics of mesoporous materials
according to the IUPAC classification (Fig. 4a) [7]. With increase
of calcined temperature, hysteresis loop shifted to higher relative
pressure, indicating the loss of mesoporous structure at higher tem-
perature. Except for as-synthesized samples (UTS), with increasing
the calcined temperature from 400 to 700°C, the surface area and
pore volume decline significantly. The as-prepared sample showed
alarger surface area of 233.56 m2/g. While the sample was calcined
at 400 and 500°C for 4h, it still presents a high specific surface
area of 136 and 95 m?2/g (Table 1), respectively. CTS-700 exhibits
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Fig. 4. N, adsorption-desorption isotherms (a) and pore size distribution curves (b) of (a) UTS, CTS-400, CTS-500, CTS-600 and (e) CTS-700.

a much lower surface area (13.39 m2/g). As reported in literature,
this is caused by a collapse of pore structure and an increase of
particle size [18]. It is clear that corresponding pore volumes of
CTS-400 and CTS-500 are greater than UTS, indicating that chi-
tosan/PVA template was removed gradually from those materials.
However, when calcination temperature increase further from 500
to 700°C, pore volume of CTS decreased obviously from 0.354 to
0.119 cm3/g. On the other hand, the crystalline size and the mean
pore size of the samples increased gradually with an increase of cal-
cination temperature. Pore size distribution curves indicate that the
sample exhibit maxima at 4.74, 10.12 and 13.58 nm for UTS, CTS-
300°C and CTS-500, respectively (Fig. 4b). Pore-size distribution
of TS-500 is narrow and centered at 13.58 nm, implying its well-
defined mesoporous structure. Therefore, calcination temperature
should be well at 500 °C unless the crystal size is controlled by other
methods.

3.4. TEM and SEM

TEM images of as-synthesized CTS-400, CTS-500, CTS-600 and
CTS-700 were illustrated in Fig. 5. Average particle sizes of CTS-
400, CTS-500, CTS-600 and CTS-700 are approximately 9, 16, 19,
28 nmin size (Fig. 5a, b, d and e), respectively. Corresponding mea-
sured sizes from TEM image are in good agreement with the values
determined by XRD analysis. Obviously, with increasing calcina-
tion temperatures, average crystallite size and average pore size
increased, which indicated an enhancement of crystallite growth of
mesoporous titania [18]. Further observation suggests that a large
number of mesopores come from the aggregation of primary parti-
cles. Fig. 5¢ shows corresponding HRTEM image of CTS-500 sample.
It shows clear lattice rings, indicating that CTS-500 was well crys-
talline. The fringes of 0.35 nm match that of (1 0 1) crystallographic
plane of anatase TiO,. According to Yu’s model [32], nucleation of
primary TiO, particles resulted from hydrolysis of titanium iso-
propoxide. Following nanocrystalline mesoporous anatase TiO,

particles were formed by thermal crystallization. At the same time,
organic framework in the samples was sintered partially and the
crystallite size became larger with increasing calcination tempera-
ture (from 400 to 700°C).

The mesostructure is also confirmed by SEM. Fig. 6 shows
the SEM images of as-synthesized UTS (a1-a3), CTS-500(b1-b3)
and CTS-700(c1-c3). The corresponding diameter of single dis-
persed spherical particle was in the following decreasing order:
UTS (a1)<CTS-500(b1)<CTS-700(c1), indicating that there is a
shrinking during calcination. SEM also proven further that average
crystallite size increased with increasing calcination temper-
atures (a3<b3<c3). Then a thermal treatment converts the
as-made amorphous TiO, into anatase TiO, and maintains original
mesostructure. It is worthy that average crystallite size increased
obviously with further increasing thermal temperature (from 500
to 700°C). In fact, some studies have proven that both crystalline
polymer fraction of PVA and the degradation and deacetylation of
chitosan will occur when temperature is above about 500°C[29]. It
can be observed that pore channels are wormhole-like. Mechanism
for developed porosity on film surface after adding TiO, in CS/PVA
as a template is not well understood. Some studies explained these
with the hypothesis as TiO, particles possibly holding CS molecules
against centrifugal forces applied during the preparation process
and calcinations [35]. The collapse of narrowest pores in CTS-700
is obvious. The result is in a good agreement with the fact that
CTS-700 possesses poor sphericity and small pore volume.

3.5. FI-IR

FT-IR spectra of as-synthesized UTS, CTS-400, CTS-500, CTS-600
and CTS-700 are recorded and shown in Fig. 7. Before calcination,
UTS has some obvious absorbency. There are some peak in a range
of 3000-3400 cm~! due to the combination of H-O-H of adsorbed
water and -NH functional groups of chitosanin UTS (Fig. 7a) [36,37].
In addition, there exists a significant peak at 1078 cm~! assigned to

Table 1

Structural properties of as-synthesized and calcined titania microspheres.
Sample Calcination temperature (°C) Average crystallize %Anatase BET surface Pore volume Pore size

size (nm) area (m?/g) (cm3/g) diameter (nm)

uTsS As-synthesized 49 / 233.56 0.313 4.72
CTS-400 400 8.9 100 105.52 0.376 10.12
CTS-500 500 12.2 100 7417 0.354 13.58
CTS-600 600 16.4 85 37.08 0.272 19.95
CTS-700 700 20.5 13 13.39 0.119 29.24
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Fig. 5. The TEM patterns of samples: (a) CTS-400, (b and c), CTS-500, (d) CTS-600 and (e and f) CTS-700.

C-0 vibrational stretching [26]. The absorption peak at 1629 cm~!
was assigned to N-H bending vibration in amine groups of chi-
tosan [38]. In FT-IR spectrum of as-synthesized UTS, C-C stretching
(1074 cm~1) of PVAis also found [39]. After calcination, two absorp-
tion peaks at 1629 and 1074cm~! weakened and disappeared.
Additionally, compared with FT-IR spectrum of uncalcined sam-
ple (Fig. 7a), the absorption peak at 3400cm~! disappeared in
FT-IR spectra of calcined titania spheres. This phenomenon has
proven that calcined titania spheres possess less surface hydroxyl
content, which resulted from the fact that chitosan/PVA template

was removed gradually from those materials. However, all calcined
titania spheres display a strong absorption peak around 500 cm™!
attributed to Ti-O-Ti lattice vibrations [39], indicating that the
crystallization of mesoporous titania appeared and was enhanced.

3.6. TG-DSC investigation
To determine calcined temperature at which chitosan/PVA

template was removed and inorganic phase began to crystal-
lized, thermogravimetric and differential thermal analysis was

Fig. 6.
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Fig. 7. FT-IR spectra of as-synthesized and calcined titania microspheres. (a) UTS,
(b) CTS-400, (c) CTS-500, (d) CTS-600 and (e) CTS-700.

performed on the non-calcined sample in dynamic air atmosphere.
TGA-DTA curves (Fig. 8) show that total weight loss was about
58.09% in three distinct regions. The first exothermic loss of 44.37%
(up to 100°C) is attributed to the loss of adsorbed and bound water
and the residue of acetic acid [29,40]. Since chitosan contains -NH,
and -OH functional groups, hydrogen bonding force is strongly
formed among molecules [29]. The second endothermic loss of
13.55% in the temperature range from 100 to 400 °C is attributed to
degradation of residual templated organics, i.e. chitosan and PVA
[41]. In addition, high temperature above 200°C leads to dehy-
drate condensation reaction between surface hydroxyl groups [42].
Finally, no further weight loss occured above 400 °C, indicating that
a mesoporous titania sphere is formed successfully and all the chi-
tosan/PVA template was removed from the materials. According to
the fact that all calcined titania spheres were calcinated above tem-
perature 400 °C, therefore organic templates (chitosan and PVA)
have been removed during calcination.

3.7. Photocatalytic activity

The photocatalytic activities of uncalinated titania spheres, cal-
cined titania spheres and commercial-grade TiO, are evaluated by

249.742
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Fig. 8. TG-DSC curves of UTS.
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Fig. 9. Comparison of photocatalytic activities of uncalinated titania spheres, cal-
cined titania spheres, P25 and a-TiO,.

photocatalytic removal of phenol used as a probe molecule under
UV light irradiation. The results were presented in Fig. 9. As seen
in Fig. 9, calcination temperature had an obvious effect on the pho-
tocatalytic removal of phenol from aqueous solution. Generally,
there was no obvious photocatalytic activity in as-prepared TiO,
powders consisted of an amorphous phase according to Yu’s study
[43,44]. However, in this study, removal of phenol still reached
23.2% by uncalinated titania spheres after 2 h under UV light irra-
diation. Chitosan is also known to bind dye molecules and could
be used for dye adsorption since a large number of active amino
(-NH3) and hydroxyl (-OH) groups in chitosan chains can serve as
coordination sites [15,29]. With an increase in calcination temper-
ature from 400 to 500°C, the removal of phenol increased from
24.7% to 28.7%. Upon further increasing calcination temperature
to 600 and 700°C, the removal of phenol decreased to 20.4% and
6.8%, respectively. Compared with other samples prepared in this
study, CTS-500 displays a much higher photocatalytic removal effi-
ciency of organic pollutants. The better photocatalytic performance
of CTS-500 is attributed to its higher surface area and excellent
crystallization of mesoporous titania. At first, both the specific
surface area and pore volume of CTS-500 (74.17 and 13.58 m3/g,
respectively) are much higher than that of CTS-600 and CTS-700.
What's more important, the peak intensities of anatase at CTS-
600 increase and the width of the (101) plane diffraction peak of
anatase (20=25.7°) becomes narrower. Some previous researches
have indicated that anatase is the most photoactive form among the
three forms of titania (anatase, rutile and brookite) [34]. Hydroxyl
radicals (*OH) that have been deemed to be the major active species
during the photocatalytic oxidation can be photogenerated effec-
tively under UV light irradiation [45]. As a result, the photocatalytic
activity of the mesoporous titania spheres calcined at 500 °C (CTS-
500) is more effective than those calcined at other temperatures.
For the convenience of comparison, two kinds of commercial TiO,
i.e. Degussa P-25 TiO, (P25) and commercial anatase TiO; (a-TiO5,
purity >99.7%) were used to treat phenol solution under the same
conditions. The removal efficiency of phenol by CTS-500 is calcu-
lated to be 28.7%, which is about third and 1.57 times of P25 (82.3%)
and a-TiO,, respectively. It is well known that P25 has excellent
photocatalytic activity [44]. However, according to practical draw-
backs of P25, such as agglomeration during utility and difficulty in
separating and reclaiming them from treated effluent, CTS-500 is
still a good alternative to treat organic pollutant in aqueous solu-
tion.
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4. Conclusions

Mesoporous titania spheres using chitosan and PVA hydrogel
beads as template have been successfully synthesized. Nitro-
gen adsorption-desorption isotherm measurement, XRD, FT-IR,
SEM and TEM have been used to characterize the mesoporous
titania spheres. With increasing calcination temperature, the aver-
age crystallite size and average pore size increased while the
Brunauer-Emmett-Teller (BET) specific surface areas, porosity
and pore volumes steadily decreased. Results of characterization
proved that prepared titania spheres were mesoporous structure.
The photocatalytic activity of the mesoporous titania spheres cal-
cined at 500°C was more effective than those calcined at other
temperatures, which were attributed to the porous structure,
larger BET surface area, higher crystalline, and smaller crystallite
size.
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