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TiO, hollow microspheres were synthesized by a simple hydrothermal method followed by calcination
at different temperatures ranging from 400 to 800 °C. The prepared samples were characterized by XRD,
SEM, TEM, SAED, HRTEM, N, adsorption, and UV-vis spectroscopy. The photocatalytic activities of the
hollow microspheres were evaluated by photocatalytic decomposition of 4-chloronitrobenzene (4-CNB).
Results showed that the TiO, hollow microspheres, which had an average external diameter of 1.75 pwm,
were composed of numerous TiO, nanoparticles. Photocatalysis experiments indicated that the TiO,
hollow microspheres calcined at 500 °C exhibited the highest photocatalytic activity, which was nearly
2 and 1.5 times higher than that of the uncalcined sample and Degussa P25, respectively. The catalyst
crystallinity, catalyst dosage and 4-CNB concentration were found to have a significant impact on the
degradation efficiency whereas solution pH has relatively less effect. The removal of total organic carbon
(TOC) and formation of chloride, nitrate (V) anions were monitored to follow the mineralization process
of 4-CNB. In addition, it was demonstrated that these TiO, hollow microspheres could be recycled easily
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without decreasing their photocatalytic activities.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The widespread use of 4-chloronitrobenzene (4-CNB) in the
manufacture of pesticides, dyes, pharmaceuticals, photographic
chemicals, antioxidants and other industrial chemicals unavoid-
ably results in its release into the aquatic environment [1-3]. It
is known that 4-CNB is toxic and non-biodegradable, and that it
can cause methemoglobinemia and/or anemia in humans and ani-
mals [4]. Further, 4-CNB is weakly mutagenic in the Ames test and
shows carcinogenic activity in mice [5]. Considering that 4-CNB
is a potentially harmful compound to humans, 4-CNB in wastew-
ater must be removed or decomposed before the wastewater is
discharged. Heterogeneous photocatalysis using semiconducting
oxide catalysts is an efficient method for the elimination of organic
pollutants [6-8]. Nanosized TiO, is one of the most popular pho-
tocatalysts among the semiconductors being studied due to its
favorable characteristics, e.g. low cost, good chemical stability and
non-toxicity [9,10]. However, in a practical photocatalytic process,
it is very difficult to separate and recover these finely powdered
photocatalysts from solution after the reaction. In addition, TiO,
nanoparticles often show lower efficiencies owing to aggregation
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problems [11]. Nanocrystalline TiO, immobilized on supporting
materials can improve the efficiency of separation. Unfortunately,
it usually decreases the overall photocatalytic activity due to low-
ering of the surface-to-volume ratio [12]. In some case, TiO,
nanoparticles may easily detach from the support, making their
complete recovery from the treated solution difficult.

Recently, great efforts have been devoted to achieve a kind
of TiO,-based photocatalyst with high photocatalytic activity and
easy recovery. Microspheres with hollow structures have attracted
significant interest owing to its high surface-to-volume ratios, good
surface permeability, and great light-harvesting capacity for the
improvement of photocatalytic activity and the large diameter for
the enhancement of separation efficiency [13-19]. For instance, Liu
and et al. [20] described a low-temperature hydrothermal method
to fabricate porous TiO, hollow aggregates with high photocatalytic
activity. Lu et al. [21] declared that the photocatalytic activity can
be significantly influenced by the tunable chamber structure of the
TiO, hollow spheres. Yu et al. [22] reported a one-pot approach for
nanoporous titania hollow microspheres with high photocatalytic
activity due to the hollow structure. Xie et al. [23] reported the fab-
rication of TiO; hollow microspheres via a hydrothermal method
using potassium titanium oxalate as titanium source, however, the
photocatalytic activity was lower owing to the rutile phase. Herein,
we have modified the synthesis route of Xie et al. by tuning the
dosage of hydrochloric acid and increasing the reaction time, and
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then the as-prepared sample was calcined at different tempera-
tures range from 400 to 800 °C for 2 h. The photocatalytic activities
of the TiO, hollow microspheres before and after calcination were
evaluated by photocatalytic degradation of 4-chloronitrobenzene.
Moreover, parameters affecting the photocatalytic process such as
catalyst crystallinity, concentration of titania, 4-CNB concentration
and initial solution pH were investigated. Finally, the stability of
the TiO, hollow microspheres calcined at 500 °C was monitored by
following the evolution of their photocatalytic activity during six
cycles of use.

2. Experimental
2.1. Synthesis of TiO, hollow microspheres

All chemicals were of analytical grade and were used with-
out further purification. In a typical synthesis, 1.4 g of potassium
titanium oxalate (PTO) was dissolved in 30 mL deionized water, fol-
lowed by the addition of 30 mL 30% H,0, and 0.8 mL of 37% HCl. The
solution was then transferred to a 100 mL Teflon-lined autoclave.
The hydrothermal synthesis was conducted at 150 °C for 24 h, and
allowed to cool to room temperature naturally. The white precip-
itates were collected by means of centrifugation, washed several
times with deionized water and ethanol, then dried in a vacuum at
60°C for 8 h and calcined in air at 400, 500, 600 and 800 °C for 2 h.

2.2. Characterization

The crystalline structures of the samples were evaluated by
X-ray diffraction (XRD) analyses, carried out on a Rigaku D/max-
rA diffractometer with Cu Ko radiation (A=1.5405A). The size
and morphology of the microstructures were analyzed using a
Philips ESEM XL30 scanning electron microscope (SEM) equipped
with a field-emission gun operated at 10kV and a Philips Tecnai
12 transmission electron microscope (TEM) at 120kV. High-
resolution transmission electron microscope (HRTEM) images
were recorded on a FEI Tecnai F30 microscope, operated at
300KkV. The porosity of the products was measured by the nitro-
gen adsorption-desorption isotherm and Barrett-Joyner-Halenda
(BJH) methods on a Micromeritics ASAP 2020 M accelerated sur-
face area and porosimetry system. Their UV-vis absorption diffuse
reflectance spectra were measured on a TU-1901 spectrophotome-
ter equipped with a labsphere diffuse reflectance accessory. The
concentration of the Ti** dissolved in the solution was determined
by using a PerkinElmer inductively coupled plasma optical emis-
sion spectrometer (ICP-OES) Optima 5300 DV.

2.3. Measurement of photocatalytic activity

Photocatalytic reactions for degradation of 4-CNB were carried
out in a Pyrex cylindrical batch photoreactor (4 cm internal diame-
ter with a total volume of 0.5 L, as shown in our previous work [3]),
containing 400 mL reaction slurry. Agitation was provided by mag-
netic stirrer. The initial solution pH range from 2.24 to 10.20 was
adjusted by adding sodium hydroxide or perchloric acid. The aque-
ous slurry, prepared with a given amount of catalyst (0.1-1.0 g/L)
and 4-CNB in concentration of (0.1 x 10> to 5.0 x 10~ mol/L),
was stirred in the dark for 30 min to ensure that the 4-CNB was
adsorbed to saturation on the catalysts. A 10 W UV lamp (254 nm,
GPH212T5L/4, Germany), immersed within the suspension, was
used as UV radiation source. The average light intensity striking on
the surface of the reaction solution was about 2.6 mW/cmZ. It was
surrounded by a quartz jacket to cut-off any radiation with wave-
length below 254 nm. The suspension temperature was 20 + 1 °Cfor
each run. For recycling of use the catalysts, after the TiO, hollow
spheres were separated from solution by filtration, we removed

the clear upper solution, then redispersed the catalysts in 4-CNB
solution (400 mL) by sonication for another cycling use.

The concentration of 4-CNB was determined by HPLC (Thermo,
Finnigan, USA) provided with a UV-vis detector.A4.6 cm x 150 mm
5 m ASB-Cyg column (Agele Inc., USA) was used. The analysis was
carried out isocratically with an 80/20 (v/v) methanol/water mobile
phase and the flow rate was set at 1.0 mL/min. The total organic
carbon (TOC) was analyzed by means of TOC analyzer (TOC-VCPH,
Shimadzu, Japan).

The quantitative determination of the anions present in the
reaction mixture during the runs was carried out by using an ionic
chromatograph (Dionex DX120) equipped with an ION PAC AG11
AS11 column. Condition: eluant, 30 mM, potassium hydroxide; elu-
ant source, EG40; flow rate, 1.2 mL/min; injection, 10 p.L; detection,
supressed conductivity ASRS*-ULTRA recycle mode; temperature,
30°GC; run time, 10 min.

3. Results and discussion
3.1. Characterization of TiO, hollow microspheres

The morphologies and microstructures of the hollow micro-
spheres were characterized by scanning electron microscopy
(SEM). Fig. 1a shows a low-magnification SEM image of the
uncalcined sample, which performs that the product consisted of
large-scale hollow microspheres. The average external diameter
of the hollow microspheres was 1.75 pm, as observed by measur-
ing 100 microspheres (as shown in Fig. 1e). A high-magnification
SEM image (Fig. 1b) revealed that the shell of the microsphere
was composed of numerous nanoparticles. Moreover, the aver-
age shell thickness of the hollow microspheres was about 175 nm.
After being calcined at 500 °C for 2 h, the morphology and the mean
external diameter of the hollow microspheres remained unchanged
(as shown in Fig. 1c, d and f), indicating that they possessed excel-
lent thermal stability.

The structure of the TiO, hollow microspheres was further stud-
ied by transmission electron microscope (TEM) and selected area
electron diffraction (SAED) pattern (see Fig. 2a and b). It is clear
that the microsphere was hollow with an external diameter of
about 1.70 wm, which was in agreement with the SEM observa-
tion. The SAED pattern taken from the fringe part of the hollow
microsphere indicated that the microsphere was polycrystalline,
because it was composed of many nanoparticles. A high-resolution
transmission electron microcopy (HRTEM) image in Fig. 2c shows
that the space of fringe image was 0.35 nm, corresponding to the
distance between (10 1) crystal plane of anatase TiO5.

The XRD patterns of the synthesized TiO, hollow microspheres
before and after calcination are shown in Fig. 3. Before calcination,
the strong and sharp diffraction peaks indicated that the product
was highly crystalline. All diffraction peaks of uncalcined and cal-
cined samples can be indexed perfectly to the anatase phase of
TiO, (JCPDS 21-1272). No characteristic peaks of other impurities
were detected in the XRD patterns, indicating that the TiO, hol-
low microspheres calcined at 400-800°C did not change phase.
Noticeably, the anatase structure of the hollow microspheres was
maintained even after calcination at 800 °C for 2 h. The same results
were obtained by Xu and co-workers [24], who synthesized TiO,
cuboids that can exist as a pure anatase phase even after calcina-
tion up to temperatures as high as 800 °C. According to the Scherrer
equation, the average crystal size of the uncalcined TiO, hollow
microspheres is ca. 6.5 nm (as shown in Table 1). From our data, we
can see that there was a small increase in the average crystal size
after calcination over the whole temperature range of 400-800 °C.

The effects of calcination temperatures on the pore structure
and surface area of the prepared samples were investigated by mea-
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Fig. 1. SEM images of (a) and (b) the uncalcined TiO, hollow microspheres and (c) and (d) the TiO, hollow microspheres calcined at 500°C; (e) and (f) size distribution

calculated from (a) and (c), respectively.

suring the nitrogen adsorption-desorption isotherm. Fig. 4a shows
the nitrogen adsorption-desorption isotherms of the TiO, hollow
microspheres before and after calcination. Before calcination, the
isotherms were of the typical type IV pattern with distinct H, and
Hs hysteretic loops in the range of 0.4-0.9P/Py, and 0.9-1.0P/Py,
respectively, indicating the existence of ink-bottle- and slit-shaped
pores according to the IUPAC classification [25]. It is believed that
this bimodal distribution of pore sizes results from having pores
with two different origins: the smaller mesopores are related to
interstices between primary crystallites, whereas the larger ones
are associated with secondary interaggregated [16]. Such bimodal

pores are beneficial to the enhancement of photocatalytic per-
formance due to more surface active sites for the adsorption
of reactants molecules, faster diffusion of various reactants and
byproducts, and enhanced harvesting of exciting light by multiple
scattering within the porous framework [26-28]. With increasing
calcination temperature, the hysteresis loops shifted to a higher
relative pressure (P/Pgy) range and the area of the hysteresis loops
gradually became smaller. This indicated that the average pore size
increased and the pore volume decreased [29]. The corresponding
pore-size distribution of the TiO, hollow microspheres (see Fig. 4b)
was determined using the Barrett-Joyner-Halenda (BJH) method

Fig. 2. (a) and (b) TEM images of the uncalcined TiO, hollow microspheres; (c) HRTEM image of the selected nanoparticle. Inset: SAED pattern.
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Fig. 3. XRD patterns of the synthesized TiO, hollow microspheres (a) before and
after calcination at (b) 400°C, (c) 500°C, (d) 600°C, (e) 800°C for 2 h.

from the desorption branch of the isotherm. Before calcination, the
TiO, microspheres contained micropores, mesopores and macrop-
ores with an average pore diameter of 5.2 nm. The BET surface area
and pore volume of the TiO, hollow microspheres were 190.9 m?/g
and 0.1992 cm3/g, respectively. After calcination the pore vol-
ume (especially the micropore volume) of the calcined samples
decreased drastically due to the collapse of small pores during
calcination. Data concerning the BET surface area, pore volume
and average pore size of the TiO, hollow microspheres before and
after calcination are presented in Table 1. Obviously, the increase
in calcination temperature led to a reduction in the BET surface
area and total pore volume while increasing the average pore size.
Moreover, the value of the BET surface area and total pore vol-
ume of the samples calcined at 400-600 °C were much higher than
those of Degussa P25. The larger surface area and pore volume
are beneficial to offer more active adsorption sites and photo-
catalytic reaction centers [30], thus improving the photocatalytic
activity.

The optical band gaps of the TiO, hollow microspheres before
and after calcination were studied by the UV-vis optical absorbance
spectrum. The relationship between the absorption coefficient (o)
and the photon energy (hv) can be written as shown in Eq. (1) [31]:

(cthv)" = B(E — Eg) (1)

where B is the constant related to the effective masses associated
with the valence and conduction bands, E = hv is the photon energy,
Eg is the band gap energy, and n=1/2 or 2, depending on whether
the transition is indirect or direct. Fig. 5 shows the absorption spec-
trum of the TiO; hollow microspheres before and after calcination.
The inset shows the plots of («hv)? versus the (hv) at each calcina-
tion temperature. The band gap energy (Eg) for the samples can be

Table 1
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Fig.4. (a) Nitrogen adsorption-desorption isotherm and (b) BJH pore-size distribu-
tion curve of the TiO, hollow microspheres before and after calcination.

calculated by extrapolating the linear portion of (a«hv)? versus the
(hv) plot to @ = 0. On the basis of these results, the optical band gaps
for the samples were 3.37,3.36,3.35,3.37 and 3.36 eV, respectively,
which are all close to that of anatase TiO, nanoparticles of 5-10 nm
(3.36eV) [32], but higher than that of Degussa P25 (3.28 eV). The
obvious blueshift of the optical band gap might be the result of
the smaller average crystal size of the TiO, microspheres. This is
the so-called quantum-size effect. This is accordance with Liu et al.
[20] and Zhang et al. [33], who synthesized TiO, hollow aggregates
and TiO, solid spheres with optical band gaps of 3.36 and 3.68 eV,
respectively.

Effects of calcination temperature on physical properties and apparent rate constants of TiO, hollow microspheres.

Temperature (°C) Anatase/rutile (%) Crystallite size?  BET surface area Total pore volume®  Pore diameter Band gap Apparent rate
(nm) (m?/g) (cm3/g) (nm) energy°© (eV) constant (min~1)
Uncalcined 100 6.5 190.9 0.1992 52 3.37 0.05606
400 100 9.0 139.6 0.1906 5.5 3.36 0.08314
500 100 11.2 102.9 0.1841 6.6 335 0.10590
600 100 11.7 89.6 0.1795 7.6 3.37 0.07851
800 100 18.6 39.3 0.1272 14.2 3.36 0.05081
Degussa P25 80/20 28.0 56.5 0.1136 14.9 3.28 0.07309

2 Average crystallite sizes of TiO, hollow microspheres before and after calcination were determined by XRD using Scherrer equation.
b Pore volume was determined by nitrogen adsorption volume of pores less than 100 nm width at P/Py =0.97.
¢ Band gap energy was determined by UV-vis optical absorbance spectrum using the equation of (achv)" = B(E — Eg).
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Fig. 5. UV-vis absorbance spectra of the TiO, hollow microspheres before and after
calcination. The inset shows the plot of (ahv)? versus the (hv).

3.2. Photocatalytic degradation of 4-CNB

3.2.1. Effect of calcination temperature

The effect of calcination temperatures on photocatalytic activ-
ities of the TiO, hollow microspheres is shown in Fig. 6. The
calcination temperatures have a significant influence on the pho-
tocatalytic activity of the TiO, hollow microspheres. We can see
from Fig. 6a that the photocatalytic degradation of 4-CNB fol-
lowed pseudo first order kinetics, and the photocatalytic reaction
can be described simply by dC/dt=—kc, or In(Cy/C)=kt, where
C and Cy are the actual and initial concentration of 4-CNB,
and k is the apparent degradation rate constant. Before calcina-
tion, the photocatalytic activity of the TiO, hollow microspheres
was poor due to the relatively poor crystallization. The activ-
ities of the modified titania hollow spheres and the reported
one can be compared by measuring their apparent degradation
rate constants (k) since both of the reactions followed pseudo
first order kinetics. The k value for the uncalcined sample was
0.05606 min—!, which was slightly higher than that of the reported
one (0.05154min~!, calculated from Fig. 4b, in reference [23]).
With increasing calcination temperature, the photocatalytic activ-
ity of the microspheres increased due to enhancement of the
crystallization. The highest photocatalytic activity was observed
at 500°C and the k value reached 0.1059 min—!, which is about
2 and 1.5 times higher than that of the uncalcined sample and
Degussa P25, respectively (as shown in Table 1). With a fur-
ther increase in calcination temperature to 800°C, the k value
decreased due to the decrease in BET surface area. Generally speak-
ing, the photocatalytic activity of TiO, is influenced by many factors
including crystal structure, crystal size, surface-to-volume ratio
and optical band gap. In our experiment, the TiO, hollow micro-
spheres before and after calcination were all in anatase phase,
and the optical band gap were almost the same. Therefore, the
observation that the highest photocatalytic activity of the TiO,
hollow microspheres occurred in those calcined at 500°C might
be explained by the enhancement of anatase crystallization and
increase in surface area resulting from calcination at this tem-
perature relative to those in samples calcined at 400 and 600°C
[34]. Furthermore, the photocatalytic activities of the samples cal-
cined at various temperatures over the range 400-600°C were
much higher than that of Degussa P25 due to their smaller crystal
sizes, lager surface areas and pore volumes as well as better light
scattering [35,36].

3.2.2. Effect of reaction conditions

The initial concentration of 4-CNB range from 0.1 x 107> to
5.0 x 10~> mol/L was used for observing the effect of varying 4-CNB
concentration on its degradation rate, the results are depicted in
Fig. 7. It is clear that the lower the 4-CNB concentration, the higher
the efficiency of 4-CNB decomposition. The apparent rate constant
values are calculated to be 0.1682, 0.1408, 0.1059, and 0.06468 and
0.03748 min~! with 4-CNB concentration of 0.1 x 10~>, 0.5 x 10>,
1.0x 107>, 2.5 x 1075, and 5.0 x 10~ mol/L, respectively. The pre-
sumed reason is that at high 4-CNB concentrations the generation
of *OH radicals on the surface of titania hollow spheres is reduced
since the active sites are covered by the 4-CNB molecule [7]. Fur-
thermore, at a high 4-CNB concentration, a part of UV light may
be absorbed by the 4-CNB molecules rather than the TiO, particles
since UV itself can directly decompose the 4-CNB (as can be seen
form Fig. 6a).

The effect of catalyst dosage on degradation rate was stud-
ied by varying catalyst dosage from 0.1 to 1.0 g/L. The results are
illustrated in Fig. 8. It is found that the degradation efficiency of
4-CNB increased significantly from 0.02293 to 0.1059 min~! with
increase of catalyst concentration at a range from 0.1 to 0.5g/L
and then increased much slowly with further increase of the cat-
alyst concentration due to lights scattering and screening effect
[37]. Many literature studies pointed out that the catalyst amount
beyond 2.0g/L will result in the deterioration of the degradation

(a)

i Light off Light on
0.8 —=— UV alone
—e— uncalcined
0.6 1 —A&— 5007C
o —v— P25
S
0.4 1
0.2 1
O-O'I‘I"I'I'I'I’I‘
-30 -20 -10 0 10 20 30 40 50 60
Reaction time (min)
(b) 0.20
0.16 -
- 0.12+
£
£
* 0.08-
0.04 -
0.00

T T T T

0 200 400 600 800
Calcination temperature (°C)

Fig. 6. (a) Photocatalytic degradation of 4-CNB and (b) effects of calcination tem-

perature on apparent rate constants of the TiO, hollow microspheres. Experimental
conditions: Cp=1.0 x 10~> mol/L, [TiO,]=0.5g/L, pH 6.8.
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Fig. 7. Effect of 4-CNB concentration on the photodegradation rate of 4-CNB at
[TiO2]=0.5g/L, pH 6.8.

efficiency [38,39]. Therefore, 0.5 g/L was selected as the optimum
concentration of catalyst in our experimental reaction system.

In order to realize the role of pH on the photocatalytic degrada-
tion rate, the initial solution pHs used for this study were adjusted
at 2.24, 4.08, 6.80, 8.15 and 10.20 by adding sodium hydroxide or
perchloric acid. As observed in Fig. 9, no significant differences are
found in the 4-CNB removal efficiency within the tested reaction
period of 60 min in different initial solution pH. However, the round
neutral pH 6.8 shows a little bit lower performance than that of
acidic or alkaline pH. In general, pH change will affect the zeta
potential of catalyst. The zero point charge (zpc) pHzpc for TiO,
is widely reported at about 6.5 [40-42]. At lower or higher than
pHzpc, TiO, is positively or negatively charged, therefore the dis-
persiveness of the catalyst in solution is better than that in neutral
condition, providing more reactive sites for adsorption and photo-
catalysis.

3.2.3. Mineralization of 4-CNB

The total organic carbon, chloride and nitrate (V) anions were
monitored to obtain some useful information about the oxidation
efficiency of the reactions and the mineralization of the 4-CNB. The
results are shown in Fig. 10. It was found that the TOC removal rate
was correspondingly lower than its concentration removal rate.
More than 93% mineralization of the 4-CNB was reached at the
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Fig. 8. Effect of catalyst dosage on the photodegradation rate of 4-CNB at
Co=1.0 x 10-> mol/L, pH 6.8.
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2 4 6 8 10
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Fig. 9. Effect initial solution pH on the photodegradation rate of 4-CNB at
Co=1.0x 10-5 mol/L, [TiO,]=0.5g/L.

irradiation time of 40 min whereas still 3% of the TOC was unre-
moved after the photocatalytic experiment finished, indicating the
existence of byproducts in the reaction system. The uncompleted
removal of TOC in each cycle is one of the reasons to explain why a
small decrease in activity during catalyst reuse. The appearance of
chloride and nitrate anions were observed from the early stages of
the reaction, suggesting that chlorine atom and nitro group could
be easily displaced by hydroxyl radicals (*OH) to form a variety of
phenols [3,5]. The maximum concentrations of both chloride and
nitrate anions were about 1.0 x 10~ mol/L after reaction time of
60 min, respectively, showing a complete loss of chlorine atom and
nitro group from 4-CNB.

3.2.4. Recycling

Microspheres have taken an advantage over powder catalysts
for separating the catalyst from solution by filtration or sedimen-
tation. In our experimental, the TiO, hollow microspheres can be
separated from an aqueous suspension in less than 4h by sedi-
mentation, while the aqueous suspension of Degussa P25 was still
turbid even after several days. Fig. 11 shows photodegradation of
4-CNB over the TiO, hollow microspheres calcined at 500°C with
6-time cycling uses. It can be seen that the k value only decreased
from 0.1059 to 0.9270 after six cycles, indicating that the photo-
catalysis had a good repeatability. There was no significant catalyst
attrition happened during the photocatalysis because the concen-
tration of Ti#* in the solution was measured at 91.4 pug/L, which
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Fig. 10. TOC evolution and chloride, nitrate anions formations as a function of irra-
diation time. Experimental conditions: Co = 1.0 x 10> mol/L, [TiO,]=0.5 g/L, pH 6.8.
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was about only 0.018% of total TiO; in the system (out of a total of
ca. 200 mg in 400 mL solution; inset of Fig. 11) even after 6 cycles.
The slight decrease of degradation rate could be explained by the
TiO; loss during sampling and filtration processes. The morpholo-
gies of the TiO, hollow microspheres calcined at 500 °C after 1-time
and 6-time cycling uses were observed, respectively (as shown in
Fig. 12). It can be seen from the pictures that no significant changes
were happened even after 6-time cycling uses, which indicated that
the chemical stability of the TiO, hollow microspheres was good.
It may be one of the reasons to explain why these TiO, hollow
microspheres exhibit good photocatalytic activity.

Fig. 12. SEM images of TiO, hollow microspheres calcined at 500°C (a), (b) after
1-time use and (c), (d) after 6 times use.

4. Conclusions

In summary, TiO, hollow microspheres with an average exter-
nal diameter of 1.75 wm were synthesized by means of a simple
hydrothermal method. The shells of the hollow microspheres were
composed of numerous nanoparticles. Calcination temperature
exhibited a strong effect on the photocatalytic activity of the TiO,
hollow microspheres. The TiO, hollow microspheres calcined at
500 °Cshowed the highest photocatalytic activity, which was about
2 and 1.5 times higher than that of the uncalcined sample and
Degussa P25, respectively. The mineralization of 4-CNB by using
the TiO, hollow spheres was efficient due to the special microstruc-
ture of the hollow microspheres, that is, the smaller crystal sizes,
lager surface areas and pore volumes. Finally, it was demonstrated
that these TiO, hollow microspheres could be recycled without
decreasing its photocatalytic activity after 6-time cycling.
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