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TiO2 photocatalyst film recently has been utilized as the potential candidate for the wastewater treat-
ment, due to its high stability and low toxicity. In order to further increase the photocatalytic ability
and stability, different molecular weight of polyethylene glycol (PEG) were used to modify TiO2 structure
to synthesize porous thin film used in the developed Photocatalytic-Ultrasonic system in this work. The
results showed that PEG2000 modified TiO2 calcinated under 450 �C for 2 h exhibited the highest photo-
catalytic activity, attributed to the smallest crystallite size and optimal particle size. Over 95.0% of rho-
damine B (Rh B) was photocatalytically degraded by optimized PEG2000-TiO2 film after 60 min of UV
irradiation, while only about 50.8% of Rh B was decolored over pure TiO2 film. Furthermore, optimized
PEG2000-TiO2 film was used in a circular Photocatalytic-Ultrasonic system, and the obtained synergy
(0.6519) of sonophotocatalysis indicated its extremely high efficiency for Rh B degradation. In this
Photocatalytic-Ultrasonic system, larger amount of PEG2000-TiO2 coated glass beads, stronger ultrasonic
power and longer experimental time could result to higher degradation efficiency of Rh B. In addition,
repetitive experiments showed that about 97.2% of Rh B were still degraded in the fifth experiment by
sonophotocatalysis using PEG2000-TiO2 film. Therefore, PEG2000-TiO2 film used in Photocatalytic-
Ultrasonic system has promising potential for wastewater treatment, due to its excellent photocatalytic
activity and high stability.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

In order to develop efficient methods for wastewater treatment,
advanced oxidation processes (AOPs) have attracted much atten-
tion over the past decades, involving various combinations of
ozone, hydrogen peroxide, sonolysis, ultraviolet (UV) radiation,
and photocatalysis [1–6]. Of various AOPs, photocatalysis is the
most promising technology, because large number of free radicals
could be generated during photocatalytic process, and those reac-
tive radicals almost have no selectivity to completely degrade
refractory organic matters in wastewater. Recently, sonolysis,
another AOP, has been considerably studied to degrade organics,
and it’s reported that ultrasound irradiation could also lead to
the formation of reactive species, such as �OH radicals [7–9]. This
formation takes place in the cavity in the present of ultrasound
due to the localized temperatures (5000 K) and pressures
(1000 atm) [10]. More importantly, the combination of sonolysis
and photocatalysis, namely sonophotocatalysis has showed
enhanced efficiency to deeply degrade various organics, as their
synergistic effect could largely enhance the degradation efficiency
of refractory organics [11–14]. However, there were limited
reports about development of sonophotocatalysis system for
wastewater treatment.

As we all known, TiO2 photocatalyst film has been found appli-
cation in wastewater treatment due to its low toxicity [15–17], and
it can be prepared by many techniques including sputtering,
chemical vapor deposition, sol–gel deposition and spray pyrolysis
[18–23]. However, the photocatalytic ability of photocatalyst film
largely depends on its crystal structure, crystallite size, surface
area, thickness and porosity [24–28]. And the photocatalytic activ-
ity of TiO2 still need to be improved, mainly because of its large
band gap and large crystallite size [29,30]. As we all know, PEG is
a traditional pore-forming agent, and commonly used for the syn-
thesis of porous thin film [31–33]. Besides, PEG modification could
affect the crystal structure and particle size of TiO2, which further
has effluence on its photocatalytic ability [34,35]. Utile now, there
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is few research focusing on optimization and application of differ-
ent PEG molecule weight modified TiO2 film, especially for devel-
oping a sonophotocatalytic water-treatment system. Therefore,
different PEG molecule weight (300, 2000, 6000 and 20,000) mod-
ified TiO2 (PEG-TiO2) film coated on glass beads could be utilized
for developing a novel system, in which sonophotocatalysis can
be conducted for wastewater treatment.

In this study, PEG-TiO2 powders were firstly synthesized using
different PEG molecular weights by sol-gel method. Rh B degrada-
tion, crystal structures, optical properties and morphologies were
evaluated to compare different molecular weights of PEG modified
TiO2. Then PEG-TiO2 (using optimal PEG molecular weight and
addition level) films on glass beads were synthesized by varying
calcination temperature, calcination time and coating layers. Next,
sonocatalysis, photocatalysis and sonophotocatalysis were carried
out through Rh B degradation using optimized PEG-TiO2 film in a
circular Photocatalytic-Ultrasonic system developed in this work.
Besides, different ultrasonic power and time were investigated
on Rh B degradation efficiency. Finally, the sonophotocatalytic
mechanism of PEG-TiO2 was finally proposed to deeply understand
Rh B degradation processes.

2. Experimental

2.1. Materials

All reagents were of analytical purity and were used without
further purification. Tetrabutyl titanate [Ti(OC4H9)4] (99.5%) and
ethanol were used as TiO2 source and solvent, respectively. PEG
with different average molecular weight of 300, 2000, 6000 and
20,000 was used, respectively, to synthesize PEG300-TiO2,
PEG2000-TiO2, PEG6000-TiO2 and PEG2000-TiO2 samples. Rhodamine
B (Rh B) was used as a model of organic to evaluate the photocat-
alytic efficiency for wastewater treatment. All of the agents were
obtained from Wako Pure Chemical Industries, Ltd, Japan.

2.2. Preparation of different PEG-TiO2 powders and films
Fig. 1. Schematic of the circular Photocatalyst-Ultrasonic system.
2.2.1. Tetrabutyl titanate solution
At first, 20 ml tetrabutyl titanate was dissolved in 90 ml ethanol

under vigorous stirring for 20 min at ambient temperature to
obtain a transparent solution. A certain amount of different PEG
(300, 2000, 6000 and 20,000) were dissolved in 6 ml of 1 m/L
HNO3 solution, and was added drop-wise into the transparent
tetrabutyl titanate solution. Amount of PEG was 0, 1, 2, 3 and
4 g/L, respectively. After stirring for 12 h at room temperature,
the final transparent, homogeneous and stable sol was obtained.

2.2.2. PEG-TiO2 powder
The above prepared sol was dried under 105 �C for 24 h, and

calcined at 450 �C for 2 h in a muffle furnace to obtain photocata-
lyst powders, which were labeled as PEGMW-TiO2 (MW = 300,
2000, 6000 20,000), where MW represents different PEG molecular
weights. Pure TiO2 without PEG was synthesized at the same con-
ditions as the control.

2.2.3. PEG2000-TiO2 film on glass beads
As above mentioned, transparent tetrabutyl titanate sol was

prepared by using 3 g/L of PEG2000. For the synthesis of PEG2000-
TiO2 films, glass beads (u: 3 mm) were employed as substrate for
the coating. Prior to coating, glass beads were thorough cleaned
with deionized water and ethanol by using ultrasonic treatment,
and was dried in the air. Then, the glass beads were coated by
the prepared sol and dried under 105 �C for 24 h, and calcined in
a muffle furnace at 300, 350, 400, 450 and 500 �C at time of 0.5,
1.0, 1.5, 2.0, 2.5 and 3.0 h, respectively. The coating and calcination
processes were repeated to obtain 1, 2, 3 and 4-layer films.

2.3. Characterization

X-ray diffraction (XRD) patterns of photocatalyst was character-
ized by using a Rigaku Altima III Rint-2000 X-ray Diffractrometer
equipped with Cu Ka radiation (k = 1.54178 Å). The morphologies
of photocatalysts were observed by scanning electron microscopy
(SEM, Hitachi FE-SEM S-4800 EDX). UV–vis diffusion reflectance
spectra were recorded on a JASCO V-570 spectrophotometer with
a wavelength range of 220–800 nm and converted to absorption
spectra by the standard Kubelka-Munk method. The photolumi-
nescence (PL) spectra with an excitation wavelength of 325 nm
were recorded with a JASCO FP8500 fluorescence spectrophotome-
ter. Rh B degradation was conducted by using UV light (irradiation
intensity: 12.8 W/m2).
2.4. Novel Photocatalytic-Ultrasonic system for Rh B degradation

2.4.1. Photocatalytic reactor
Photocatalytic reactor was developed by a long glass tube (out-

side diameter: 10 mm, inside diameter: 6 mm, thickness: 2 mm,
length: 335 mm) filled up with PEG2000-TiO2 film coated glass
beads (or uncoated glass beads) and 2 mg/L of Rh B solution. An
UV black light lamp (Tokyo Metal BM-10BLB, length: 300 mm,
diameter: 28 mm, power: 10 W, k max: 365 nm) was fixed above
the glass tube at a distance of 150 mm. The average light intensity
in the photocatalytic reactor (12.8 W/m2) was measured by an UV
light meter (UV340, CUSTOM, Japan).

2.4.2. Ultrasonic reactor
Ultrasonic reactor was constructed by an ultrasonic bath and a

glass tube filled up with PEG2000-TiO2 film coated glass beads (or
uncoated glass beads) (u: 3 mm). An ultrasonic bath (AU-50C)
has the power of 120 W and frequency of 28 kHz. Another ultra-
sonic bath (B200) shows the power of 30 W and frequency of
30 Hz.

2.4.3. Photocatalytic-Ultrasonic system
Photocatalytic-Ultrasonic system combined of photocatalytic

reactor and sonocatalytic reactor as shown in Fig. 1. All of sonocat-
alytic, photocatalytic and sonophotocatalytic processes can be car-
ried out in this novel Photocatalytic-Ultrasonic system under
different conditions. 100 mL of Rh B solution cyclically flowed in
this system through pump and 5 ml of suspension was collected
every 30 min, and then centrifuged (10,000 rpm) to remove photo-
catalysts. Then the upper clear liquid was analyzed to evaluate
the concentration of Rh B by a spectrophotometer (UV-1600,
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Shimadzu) at a wavelength of 554 nm which corresponds to the
maximum absorption wavelength of Rh B.
3. Results and discussion

3.1. Crystal structural and morphological properties of PEGMW-TiO2

photocatalysts

XRD patterns of different PEGMW-TiO2 photocatalysts were
shown in Fig. 2. It can be found that the pure TiO2 exhibited the
mixture of anatase phase (JCPDS file No.00-021-1272) and rutile
phase (JCPDS file No.00-021-1276) [36]. The peaks located at
25.28�, 37.80� and 48.05� were ascribed to anatase phase, while
those peaks at 27.45�, 36.09� and 44.05� were attributed to rutile
phase. Obviously, PEG (300, 2000, 6000 and 20,000) modified
TiO2 showed weaker intensity of rutile phase [37], compared with
pure TiO2. There was no rutile phase found in PEG2000-TiO2 and
PEG300-TiO2. As we all know, rutile phase has lower photocatalytic
ability than anatase phase [36]. The average crystallite size was
calculated by Halder-Wagner method and summarized in Table 1.
Pure TiO2 possessed the largest crystallite size (18.4 nm), while
after PEG modified, their crystallite sizes were decreased [38,39].
PEG2000-TiO2 had the smallest crystallite size of 8.5 nm. Usually,
the decreased content of rutile phase contributes to the decrease
of crystallite size, finally leading to the higher photocatalytic abil-
ity [36]. Fig. 3 showed UV–vis spectra of different photocatalysts,
and it can be found that PEG modified TiO2 had a blue shift com-
pare to pure TiO2. According to XRD results (Fig. 2), PEG (300,
2000, 6000 and 20,000) modified TiO2 showed much weaker inten-
sity of rutile phase, compared with pure TiO2. Therefore, the major-
ity of components in PEG modified TiO2 was anatase phase. As we
all know, anatase phase has a little higher band gap (3.20 eV) than
that of rutile phase (3.13 eV), which leads to a little blue shift of
anatase phase in UV–vis spectra compared to rutile phase. There-
fore, PEG modified TiO2 had a blue shift compare to pure TiO2.

Then morphologies of different PEGMW-TiO2 photocatalyst pow-
ders were observed using SEM (Fig. 4a–e). It could be found that
as-prepared photocatalysts were homogeneous nanoparticles. Pure
TiO2 showed the smallest particle size of 18 nm, while after mod-
ification with different PEG molecules, particle size increased with
the increase of PEG molecular weight [37]. PEG300-TiO2, PEG2000-
Fig. 2. XRD patterns of (a) Pure TiO2, (b) PEG300-TiO2, (c) PEG2000-TiO2,
(d) PEG6000-TiO2 and (e) PEG20000-TiO2.
TiO2, PEG6000-TiO2 and PEG20000-TiO2 had average particle size of
54, 98,162 and 230 nm respectively. It’s reported that photocat-
alytic ability of TiO2 increases with the increase of particle size
to the optimal value, but it decreases when particle size further
increases [28].Generally, the density of recombination center
decreases when the particle size increases, which hinders the
recombination of electrons and holes. In addition, when the parti-
cle size decreases under a certain value, the quantization effect
would result in the increase of band gap, finally leading to reduce
of photocatalytic activity [28]. Besides, the specific surface areas of
different materials were measured and summarized in Table 1. It
could be found that specific surface areas of TiO2, PEG300-TiO2,
PEG2000-TiO2, PEG6000-TiO2 and PEG20000-TiO2 were 19.42, 35.32,
38.85, 30.75 and 52.10 m2/g, respectively. Therefore, PEG-TiO2

showed higher specific surface area than pure TiO2. As we all know,
photocatalysts with higher specific surface area usually have
higher photocatalytic activity. Therefore, PEG modified TiO2 should
show higher photocatalytic activity, due to more anatase content,
larger particle size and higher specific surface area.

3.2. Photocatalytic degradation of Rh B by PEGMW-TiO2 photocatalysts

In order to investigate photocatalytic activities of as prepared
PEGMW-TiO2 photocatalysts, 2 mg/L of Rh B solution (100 ml)
was degraded by 0.10 g of different PEGMW-TiO2 powders under
irradiation of simulated UV light (Irradiation intensity: 12.8 W/
m2). Results indicated that in comparison with pure TiO2,
PEGMW-TiO2 showed better photocatalytic degradation perfor-
mance (Fig. 5a). And PEG2000-TiO2 exhibited the highest efficiency
than PEG300-TiO2, PEG6000-TiO2 and PEG20000-TiO2. About 92.2% of
Rh B was decolored by PEG2000-TiO2 after 120 min of irradiation,
while only 33.4% of Rh B was degraded by pure TiO2. The first-
order kinetic model was used to describe the kinetics of Rh B
degradation, and the results were shown in Fig. 5b and Table 2.
According to the first-order reaction model, the apparent rate con-
stant, kapp (min�1) is determined from regression curves of �ln(C/
C0) versus irradiation time (min). The apparent rate constants of
PEGMW-TiO2 were also much higher than pure TiO2. kapp was
0.00046 min�1 for Rh B degradation over pure TiO2, while in case
of PEG2000-TiO2 it showed the highest value of 0.00093. Therefore,
PEG2000-TiO2 photocatalyst exhibited enhanced photocatalytic
ability under simulated UV light irradiation, due to its smallest
crystallite size and optimal particle size. In addition, influence of
different amount of PEG2000 on photocatalytic activity was
demonstrated (Fig. 6). It indicated that photocatalytic ability first
increased and then decreased with the increase of PEG amount,
and TiO2 modified with 3 g/L of PEG2000 showed the highest pho-
tocatalytic activity.

3.3. Optimization of PEG2000-TiO2 photocatalyst film

According to the previous results that TiO2 powder modified
with PEG2000 showed the highest photocatalytic ability than
others, therefore PEG2000-TiO2 film should be optimized to develop
highly efficient photocatalytic film. Then the influences of calcination
temperature, calcination time and coating layers on PEG2000-TiO2

film were systematically investigated through Rh B degradation.
It was found that calcination temperature had significant influence
on photocatalytic activity. The degradation efficiency of Rh B firstly
increased with the increase of calcination temperature from 300 to
450 �C, while it decreased when temperature over 450 �C (Fig. 7a).
It was due to the change of crystal phase between rutile and ana-
tase. Usually, anatase phase would be formed around 400 �C, which
exhibited higher photocatalytic activity than rutile phase, while
rutile phase is transferred from anatase phase when temperature
over 450 �C [36], leading to the decrease of photocatalytic ability.



Table 1
Properties of different photocatalysts.

Pure TiO2 PEG300-TiO2 PEG2000-TiO2 PEG6000-TiO2 PEG20000-TiO2

Crystallite size (nm) 18.4 14.5 8.5 10.4 14.7
Specific surface area (m2/g) 19.42 35.32 38.85 30.75 52.10

Fig. 3. UV–vis diffusive reflectance spectra of pure-TiO2, PEG300-TiO2, PEG2000-TiO2,
PEG6000-TiO2 and PEG20000-TiO2.
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Besides, photocatalytic activity was also affected by calcination
time (Fig. 7b), and it increased with calcination time increasing
from 0.5 to 2 h. When calcination time was 2 h under 450 �C,
PEG2000-TiO2 film showed the optimal degradation efficiency. In
order to further optimize PEG2000-TiO2 film, different coating layers
were investigated by degradation of Rh B, and the results were
shown in Fig. 7c. 3-layer PEG2000-TiO2 film had the highest degra-
dation efficiency, in comparison with 1-layer, 2-layer and 4-layer
films. It may be ascribed to the appropriate thickness of film. Gen-
erally, the pathway of photocatalytic reaction is that Rh B molecule
is firstly adsorbed on the solid-liquid interface of photocatalyst
film prior to chemical reactions. While the photocatalyst film irra-
diated under light, reactive radicals could be generated and then
Rh B molecule could be degraded by these photo-induced free rad-
icals [40,41]. Therefore, 3-layer film with enough thickness could
provide sufficient sites for adsorbing Rh B molecule resulting
to its highest photocatalytic performance. However, thicker film
Fig. 4. SEM images of (a) Pure TiO2, (b) PEG300-TiO2, (c) PEG2
(4-layer film in Fig. 7c) could block the light irradiation, which
leaded to decrease of Rh B degradation efficiency. These results
concluded that optimized PEG2000-TiO2 film was calcinated under
450 �C for 2 h with 3 layers. Importantly, optimized PEG2000-TiO2

film possessed much higher catalytic ability for Rh B degradation,
compared with pure TiO2 film (Fig. 8). After 60 min of irradiation,
over 95.0% of Rh B was degraded by optimized PEG2000-TiO2 film,
while only about 50.8% of Rh B was removed over pure TiO2 film.
Therefore, optimized PEG2000-TiO2 film could be used for further
study to develop new photocatalytic system in this work.
3.4. Synergistic effect and mechanism of sonophotocatalysis using
Photocatalytic-Ultrasonic system

It’s reported that acoustic cavitation from sonolysis could lead
to decomposition of water into hydroxyl (OH�), hydrogen (H�) and
hydroperoxyl (HO2

� ) radicals [10,13], which have strong ability to
degrade organic matters. These chemical reactions usually take
place in three regions: the region inside the bubble cavity that
formed during sonolysis, the region at bubble-liquid interface
and in the liquid [42]. In sonophotocatalysis, organic solution is
not only with photocatalyst irradiated under light but also excited
by ultrasonic, so a synergistic effect of photocatalysis and sono-
catalysis could enhance photocatalytic degradation of organic
due to the highly reactive free radicals. In this part, photocatalytic
processes were conducted by only using photocatalytic reactor in
the circular Photocatalytic-Ultrasonic system (Fig. 1). During pho-
tocatalytic process, there was photocatalyst films coated glass
beads in photocatalytic reactor, while uncoated glass beads in
ultrasonic reactor. Sonocatalysis was investigated by using photo-
catalyst film in ultrasonic reactor, while in photocatalytic reactor
there was uncoated glass beads without UV light. Sonophotocatal-
ysis was carried out through Photocatalytic reactor under UV light
and Ultrasonic reactor, respectively. In both reactors, there were
photocatalyst films coated glass beads to degrade Rh B solution.
Rh B was firstly through photocatalytic reactor and then flowed
through ultrasonic reactor in this circular Photocatalytic-
Ultrasonic system.

Comparison of photocatalysis, sonocatalysis and sonophoto-
catalysis were shown in Fig. 9. Both of photocatalytic reactor and
000-TiO2, (d) PEG6000-TiO2 and (e) PEG20000-TiO2 powders.



Fig. 5. (a) Photocatalytic degradation of Rh B solution, and (b) the pseudo-first-order kinetics by different PEGMW-TiO2 photocatalysts under UV light irradiation (Light
intensity: 12.8 W/m2, Rh B concentration: 2 mg/L).

Table 2
Pseudo first-order kinetic parameters of Rh B degradation by different photocatalysts.

Pure TiO2 PEG300-TiO2 PEG2000-TiO2 PEG6000-TiO2 PEG20000-TiO2

kapp (min�1) 0.00046 0.00083 0.00093 0.00049 0.00068
R2 0.988 0.970 0.992 0.950 0.943

Fig. 6. Photocatalytic degradation of Rh B solution by PEG2000-TiO2 photocatalysts
with different PEG addition levels under UV light irradiation (Light intensity:
12.8 W/m2, Rh B concentration: 2 mg/L).

Fig. 7. Photocatalytic degradation of Rh B by PEG2000-TiO2 film coated glass beads und
(Light intensity: 12.8 W/m2, Time: 60 min).
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ultrasonic reactor were filled up with 2 g of glass beads, and ultra-
sound with 120 W was used for these experiments. The results
indicated that PEG2000-TiO2 film without UV light irradiation or
ultrasonic had the lowest ability for Rh B degradation, and only
about 7.5% of Rh B were removed. Around 17.5% of Rh B were
degraded after 120 min by sonocatalysis (PEG2000-TiO2 film, US),
while 71.1% of Rh B were decolored by photocatalysis (PEG2000-
TiO2 film, UV). Moreover, sonophotocatalysis (PEG2000-TiO2 film,
US + UV) exhibited much higher efficiency than photocatalysis
and sonocatalysis, and 97.2% Rh B molecule was decomposed in
sonophotocatalysis. Interestingly, the combination of photocataly-
sis and sonocatalysis could lead to the synergistic effect. Reaction
rate constant (kUS+UV) of sonophotocatalysis (0.0267 min�1) was
three times of photocatalysis (kUV = 0.0088 min�1), and fifty-three
times of sonocatalysis (kUS = 0.0005 min�1). Therefore, sonophoto-
catalytic effect was much higher than the sum of photocatalytic
and sonocatalytic effects. The synergy between photocatalysis
and sonocatalysis is usually quantified as the normalized differ-
ence between their rate constants in the presence of photocatalysts
shown in Eq. (1) [14].

Synergy ¼ kUSþUV � ðkUSkUVÞ
kUSþUV

ð1Þ
er (a) different calcination temperature, (b) calcination time and (c) coating layers



Fig. 8. Comparison of photocatalytic abilities of uncoated glass beads, TiO2 film and
optimized PEG2000-TiO2 film coated glass beads under UV light irradiation (Light
intensity: 12.8 W/m2).
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The obtained synergy (0.6519) indicated the extremely high
catalytic efficiency of this Photocatalytic-Ultrasonic system. Pro-
posed mechanism is inferred in Fig. 10 that the presence of bubble
cavitation leaded to the enhancement of generated free radical
(�OH and H�) due to the localized temperatures and pressures.
Besides, TiO2 photocatalyst could be excited to generate not only
superoxide radicals (O2

��) on conduction band, but also form hydro-
xyl radicals (�OH) and holes on valence band [14]. These active spe-
cies (�OH, H�, O2

�� and holes) can directly oxidize organics. Therefore,
the combination of photocatalysis and sonocatalysis could result in
the great synergistic effect for photocatalytic degradation of
organics.

To further investigate the parameters of ultrasonic on Rh B
degradation, sonocatalysis by PEG2000-TiO2 film coated glass beads
were conducted using different ultrasonic power (Fig. S1). Besides,
sonocatalysis by PEG2000-TiO2 film coated glass beads, pure TiO2

film coated glass beads and uncoated glass beads were compared
in Photocatalytic-Ultrasonic system (Fig. S2), respectively. In these
experiments, both of photocatalytic reactor and ultrasonic reactor
were filled up with 4 g of glass beads, while ultrasound with 120W
was used in Fig. S2. The results indicated that the 120W of ultra-
sonic power showed higher Rh B degradation efficiency (65.7%)
than 30 W of ultrasonic power (61.1%). Besides, PEG2000-TiO2 film
showed the higher sonocatalytic efficiency than pure TiO2 film
Fig. 9. Photocatalytic, sonocatalytic and sonophotocatalytic treatment for (a) Rh B degr
glass beads using Photocatalytic-Ultrasonic system. Both of photocatalytic reactor and u
Ultrasonic: 120 W).
and uncoated glass beads. Sonocatalytic degradation ratio of Rh B
by PEG2000-TiO2 film was 65.7% after 2 h in Fig. S2, which was
higher than the sonocatalytic degradation ratio (17.5%) in Fig. 8,
due to that the amount of PEG2000-TiO2 film coated glass beads
(4 g) in ultrasonic reactor in Fig. S2 was twice of that in Fig. 8
(2 g). Therefore, larger amount of PEG2000-TiO2 coated glass beads,
higher ultrasonic power and longer experimental time could con-
tribute to higher degradation efficiency of Rh B.

In addition, repetitive experiments were conducted by
sonophotocatalysis, and the results were shown in Fig. 11. It could
be clearly found that the fifth circle experiment still possessed high
photocatalytic activity, and still about 97.2% of Rh B were degraded
using PEG2000-TiO2 film by sonophotocatalysis in this
Photocatalytic-Ultrasonic system. This result indicated that
PEG2000-TiO2 film not only had excellent catalytic activity but also
showed high stability.

4. Conclusion

In summary, the circular Photocatalytic-Ultrasonic system was
successfully developed and utilized for photocatalytic, sonocat-
alytic and sonophotocatalytic reaction in this work. PEG2000 mod-
ified TiO2 calcinated under 450 �C for 2 h exhibited the smallest
crystallite size, optimal particle size, higher specific surface area
and the highest photocatalytic activity. The synergistic effect of
ultrasonication and photocatalysis on PEG2000-TiO2 film in
Photocatalytic-Ultrasonic system resulted to improved activity
for Rh B degradation, which may be ascribed to the enhancement
of generated free radicals. In addition, PEG2000-TiO2 film in this sys-
tem possessed high photochemical stability even after five-
repetitive operation for Rh B degradation. Due to its excellent
activity and high stability, PEG2000-TiO2 film in this
Photocatalytic-Ultrasonic system could be the potential candidate
for wastewater treatment.
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adation, and (b) the pseudo-first-order kinetics by optimized PEG2000-TiO2 film on
ltrasonic reactor were filled up with 2 g of glass beads. (Light intensity: 12.8 W/m2,
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Fig. 10. Proposed mechanism of sonophotocatalysis for Rh B degradation using Photocatalytic-Ultrasonic system.

Fig. 11. Repetitive performance of optimized PEG2000-TiO2 film coated glass beads
for Rh B degradation by sonophotocatalysis using Photocatalytic-Ultrasonic system.
Both of photocatalytic reactor and ultrasonic reactor were filled up with 2 g of glass
beads. (Light intensity: 12.8 W/m2, Ultrasonic: 120 W).
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