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A B S T R A C T

In this paper, the dual-frequent sonocatalytic degradation of norfloxacin (NOR), an antibiotic, caused by Ce4+-
doped BaZrO3 is studied. The used Ce4+-doped BaZrO3 as a novel sonocatalyst with highly efficient and stable
sonocatalytic activity is prepared via hydrothermal method. The prepared sample is characterized by X-ray
diffractometer (XRD), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), X-ray
photoelectron spectroscopy (XPS), UV–vis diffuse reflectance spectra (DRS) and Fourier transform infrared
spectra (FT-IR) in order to investigate the structure, morphology and chemical composition. The dual-frequent
sonocatalytic activity of prepared Ce4+-doped BaZrO3 powder is evaluated through sonocatalytic degradation of
norfloxacin (NOR) as a model organic pollutant. Some influencing factors such as single/dual-frequent ultrasonic
frequent, cerium and zirconium molar proportions, ultrasonic irradiation time and used times are studied in
detail by using UV–vis spectra. The generated reactive oxygen species (ROS) during the dual-frequent sonoca-
talytic degradation process of norfloxacin (NOR) are confirmed by using two different trapping agents. The holes
(h+) and hydroxyl radicals (%OH) are identified and the holes plays a major role during the oxidation process.
Finally, the possible mechanism for the dual-frequent sonocatalytic degradation of norfloxacin (NOR) caused by
Ce4+-doped BaZrO3 is proposed. The experimental results show that the Ce4+-doped BaZrO3 displays a good
sonocatalytic activity under dual-frequent ultrasonic irradiation. Under optimal conditions, the most of nor-
floxacin (NOR) can be removed under dual-frequent ultrasonic irradiation for 150min.

1. Introduction

Nowadays, many pharmaceutical products could be detected in the
effluent of pharmaceutical industry and river water [1]. The illegally
discharged pharmaceutical products are also considered to be the
emerging pollutants in environment [2]. Among these pharmaceutical
products, the antibiotics are regarded as common micro-pollutants
[3,4]. In general, antibiotics have widely been applied in the treatments
of various infections for human body and animals due to the broad-
spectrum antibacterial activity [5]. The accidental or long-term overuse
of antibiotics has caused several serious problems such as damage of
human organism, decrease of the function of biological community
diversity and increase of drug resistance and so on [6,7]. If these an-
tibiotics in water and environment were not properly and timely dis-
posed, they would not only destroyed environment and ecosystems
system, but also threatened human health through drinking water [8].
In the past, some treatment techniques of antibiotics were used in

practice, such as coagulation [9], adsorption [10], air floatation [11]
and biological treatment methods [12] and so on. However, there are
some disadvantages and limitations for these traditional treatment
methods, for example, high cost investment, low efficiency, uncertain
therapeutic effects and incomplete decomposition [13]. None of these
methods can effectively dispose the antibiotics, at the same time the use
of these methods often leads to the second pollution. Considering the
above negative factors, the recently proposed sonocatalytic degradation
based on semiconductor catalyst, as a novel Advanced Oxidation Pro-
cess, is regarded to be a feasible method for the treatment of waste-
waters containing toxic organic pollutants, especially, non- or low-
transparent and high concentration effluents [14,15].

Compared with the traditional approaches, sonocatalytic degrada-
tion method has many advantages such as easy operation, strong pe-
netrability and low investment [16]. The sonocatalytic degradation of
organic pollutants roots in the ultrasonic cavitation effect in aqueous
medium. Ultrasonic cavitation effect can produce hot spots (> 5000 K)
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and high pressure (> 1000 atm) cause sonoluminescence with wide
wavelength of lights [17]. The high temperature can cause the thermal
dissociation of water molecules to produce a small number of highly
oxidative hydroxyl radicals (%OH) and hydrogen radicals (%H) [18]. The
hydrogen radicals (%H) react with oxygen (O2) dissolved in aqueous
solution, forming superoxygen radical anions (%O2

−) [16]. These pro-
duced reactive oxygen species (ROS) can degrade organic pollutant
molecules, but the degradation ratio is very low due to limited reactive
oxygen species (ROS). Nevertheless, when some semiconductor oxides
are used as catalysts, they can be effectively activated by appropriate
wavelength of lights in sonoluminescence resulted from cavitation ef-
fect. That is, under ultrasonic irradiation, the electrons (e−) on valence
band (VB) of semiconductor oxides can transit to conduction band (CB)
and the holes (h+) are generated on valence band (VB) at the same
time, forming electrons (e−)-holes (h+) pairs [19]. The generated holes
(h+) can directly degrade organic pollutants [20]. The generated
electrons (e−) react with oxygen (O2) dissolved in aqueous solution,
producing the superoxygen radical anions (%O2

−).
Up till now, the used irradiation source in sonocatalytic degradation

of organic pollutants generally is single-frequent ultrasound [16,17,21],
which may generate weak cavitation effect and low excitation energy.
Compared with single-frequent ultrasound, the dual-frequent ultra-
sound can intensify the cavitation effect [22]. When two different fre-
quent ultrasound waves are used in the same medium, the super-
position phenomenon can occur in the focal acoustic field [23]. Such
superposition produces the large amplitude vibration waves in ultra-
sound wave spreading process, which promotes the increase of cavita-
tion bubble number and kind [24]. Therefore, the dual-frequent ultra-
sonic irradiation can generate wider wavelength range and stronger
high-energy lights. The use of dual-frequent ultrasonic is more bene-
ficial to activate wide band semiconductor sonocatalysts.

In actual applications, it is vitally important to choose an effective
and stable semiconductor oxide as sonocatalyst for better carrying out
the sonocatalytic degradation of organic pollutants under ultrasonic
irradiation, especially, to use wide band-gap semiconductor. The utili-
zation of some zirconate compounds in photocatalytic field has been
reported for their excellent catalytic activity [25,26]. Barium zirconate
(BaZrO3) possesses a wide band-gap of 5.05 eV, which have a valence
band with strong positive potential and a conduction band with strong
negative potential [27]. However, for some semiconductor sonocata-
lysts, the easy recombination of photogenerated electrons (e−) and
photogenerated holes (h+) decreases the sonocatalytic degradation
activity of semiconductor sonocatalysts. Some studies showed that
doping of metal ions (for example: rare earth Ce4+ ion) can restrain the
recombination of photogenerated electron (e−) – hole (h+) [28–30].
The rare earth metal ions with 4f electron configurations can act as
highly efficient electron reservoirs to trap electrons in photocatalytic
reaction process [31]. It also induces the red shift of the absorption
edge and allows the absorption of visible light through the charge
transfer or transition of d and f orbital electrons [32]. In addition, the
rare earth metal ions as dopants may introduce some new energy levels
between the valence band and conduction band of the semiconductor
[33]. Among these doped rare earth metal ions, the valent state of
cerium can convert between Ce3+ in Ce2O3 and Ce4+ in CeO2 due to its
unique Ce3+/Ce4+ redox couple [34]. Moreover, the different elec-
tronic structures of Ce3+ with 4f15d0 and Ce4+ with 4f05d0 are the
origin of distinct optical properties, which also leads to high charge
mobility [35]. Therefore, a new sonocatalyst, Ce4+-doped BaZrO3, can
be obtained, when the cerium as dopant is added into BaZrO3. This new
sonocatalyst can perform the effective sonocatalytic degradation of
antibiotics.

In this study, dual-frequent sonocatalytic degradation of antibiotics
caused by Ce4+-doped BaZrO3 was studied. The used Ce4+-doped
BaZrO3 powders were prepared through hydrothermal method. The
sample structure and composition were characterized by various tech-
niques and the sonocatalytic activity of Ce4+-doped BaZrO3 was

studied through sonocatalytic degradation of norfloxacin (NOR) under
dual-frequent ultrasonic irradiation. Meanwhile, some main influence
factors on the sonocatalytic degradation activity of Ce4+-doped BaZrO3

were investigated. Furthermore, the generated reactive oxygen species
(ROS) during the dual-frequent sonocatalytic degradation process of
norfloxacin (NOR) was confirmed by using two different trapping
agents and the holes was the major reactive species during the oxida-
tion process. The mechanism of dual-frequent sonocatalytic degrada-
tion process of Ce4+-doped BaZrO3 was also proposed.

2. Experimental

2.1. Materials and reagents

Barium chloride dihydrate (BaCl2·2H2O, analytical purity) and
Zirconium oxychloride (ZrOCl2·8H2O, analytical purity) (Sinopharm
Chemical Regent Co, Ltd, China) were used to prepare the pure BaZrO3.
Cerium nitrate hexahydrate (Ce(NO3)3·6H2O) (99.5%, Sinopharm
Chemical Regent Co, Ltd, China) as doping ions was used to prepare
Ce4+-doped BaZrO3. Norfloxacin (98% purity, Sinopharm Chemical
Regent Co, Ltd, China) (as shown in Scheme 1) was used to undergo the
sonocatalytic degradation experiment under dual-frequent ultrasonic
irradiation. All the reagents were of analytical purity grade, and were
directly used without further purification.

2.2. Preparation of Ce4+-doped BaZrO3 as sonocatalysts

The pure and Ce4+-doped BaZrO3 powders were prepared by using
hydrothermal method. The synthetic reaction occurred as follows:

+ + → + +BaCl ·2H O ZrOCl ·8H O 4NaOH BaZrO 4NaCl 12H O2 2 2 2 3 2

+ + +

→ + +−

BaCl ·2H O ZrOCl ·8H O Ce(NO ) ·6H O 4NaOH

BaCe Zr O 4NaCl 18H O
2 2 2 2 3 3 2

x 1 x 3 2

4.42 g BaCl2·2H2O and equimolar mixture of ZrOCl2·8H2O and Ce
(NO3)3·6H2O powders, whose molar proportions of Ce and Zr were
adopted as 0.000:1.000, 0.016:0.984, 0.032:0.968, 0.048:0.952 and
0.064:0.936, respectively, were dissolved into 20mL distilled water
with magnetic stirring and heated until transparent. 15mol/L NaOH
solution was dropped to the above transparent solution with stirred
vigorously and then precipitated hydroxides were formed. The mixture
was sealed in a Teflon-lined stainless steel autoclave and heated at
180 °C for 12 h. The products were washed with distilled water and
ethanol several times, and dried at 80 °C overnight. Finally, the dif-
ferent molar proportions of Ce4+-doped BaZrO3 particles were obtained
and stored for the sonocatalytic degradation.

2.3. Characterization of prepared Ce4+-doped BaZrO3 powders

The prepared Ce4+-doped BaZrO3 particles as sonocatalysts were
characterized by X-ray powder diffractometer (XRD, D-8, Bruker-axs,
Germany, Ni filtered Cu Kα radiation in the range of 2θ from 20° to 80°)
and scanning electron microscopy (SEM, JEOL JSM-5610LV, Hitachi
Corporation, Japan) to determine the crystalline phase and surface

Scheme 1. Molecular structure of norfloxacin (NOR).
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morphology. Energy dispersive X-ray analysis (EDX, JEOL JSM-
5610LV, Hitachi Corporation, Japan) and X-ray photoelectron spec-
troscopy (XPS, Escalab 250XI, Thermo, USA) were used to determine
the element types and composition content of prepared Ce4+-doped
BaZrO3. UV–vis diffuse reflectance spectra (DRS, UV-3600, SHIMADZU,
Japan) was used measure the optical diffuse absorption spectra of
prepared pure BaZrO3 and different molar proportions of Ce4+-doped
BaZrO3. FTIR spectroscopy (FT-IR, Nicolet 5700, Beckman Coulter,
USA) was used to further confirm the chemical composition of prepared
Ce4+-doped BaZrO3. UV–vis spectrometer (Cary 50, Varian Company,
USA) was used to inspect the sonocatalytic degradation processes of
norfloxacin (NOR) in aqueous solution. Controllable dual-frequent
combined Ultrasonics apparatus (XH-2008DE, Beijing Xianghu Science
and Technology Development Company, China) and Serial-Ultrasonics
apparatus (KQ-300, Kunshan Company, China) were adopted to irra-
diation the norfloxacin (NOR) solution, operating at ultrasonic frequent
of 40 KHz, 25 KHz and 40 KHz+ 25 KHz, output power of 50W
through numerical control adjust. Apparatus of ultrasonic irradiation
was shown in Scheme 2.

2.4. Measurements of sonocatalytic activity of prepared Ce4+-doped
BaZrO3

Sonocatalytic degradation experiments of norfloxacin (NOR) was
carried out in a 100mL erlenmeyer flask placed in an ultrasonic irra-
diation apparatus (40 KHz+ 25 KHz, 300 (length)× 180mm
(width)× 120mm (height), KQ-300 (50W, six transducers), Kunshan
ultrasonic apparatus Company and XH-2008DE, Beijing Xianghu
Science and Technology development limited company, China) under
air atmosphere. In the common experiment, 1.00 g/L Ce4+-doped
BaZrO3 powders and 10.00mg/L norfloxacin (NOR) concentration in
100mL total volume were adopted to perform the sonocatalytic de-
gradation. Before ultrasonic irradiation, the above solution was stirred
for 30min in the dark to achieve adsorption–desorption equilibrium.
And then, the degradation of norfloxacin (NOR) was performed under
dual-frequent ultrasonic irradiation for 150min. Every 30min, a cer-
tain of sample was took out from irradiated solution and its UV–vis
spectrum was measured. The dual-frequent sonocatalytic degradation
ratios of norfloxacin (NOR) were determined from the absorbance
change by using the following equation:

= − ×Degradation ratio(%) [C C ]/C 100t o0

where C0 is the initial concentration of norfloxacin (NOR) solution and
At is the instant concentration after a certain of ultrasonic irradiation
time (t).

Synchronously, the some influencing factors such as Ce and Zr
molar proportions and ultrasonic frequent on the sonocatalytic activity
of prepared Ce4+-doped BaZrO3 powders were also examined through

the sonocatalytic degradation of norfloxacin (NOR) in aqueous solution.
In addition, the mechanism of dual-frequent sonocatalytic degradation
of organic contaminant caused by prepared Ce4+-doped BaZrO3 was
investigated in detail by using isopropanol and EDTA as trapping
agents.

3. Results and discussion

3.1. XRD patterns of prepared pure BaZrO3 and Ce4+-doped BaZrO3

powders

Fig. 1 shown the X-ray diffraction (XRD) patterns of prepared pure

Scheme 2. Apparatus of dual-frequent ultrasonic irradiation.

Fig. 1. XRD patterns of prepared BaZrO3 powder (a), standard card of pure BaZrO3

(JCPDS 06-0399) (b) and (0.064:0.936) Ce4+-doped BaZrO3 powder (c).
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BaZrO3 (a), standard card of BaZrO3 (JCPDS 06-0399) (b) and prepared
(0.064:0.936) Ce4+-doped BaZrO3 powders (c). From Fig. 1(a) it can be
seen that the main characteristic diffraction peaks of prepared pure
BaZrO3 appear at 2θ=30.04°, 42.96°, 53.30°, 62.22° and 70.98°, cor-
responding with (1 1 0), (1 1 1), (2 0 0), (2 1 1), (2 2 0) and (0 1 3)
planes [36]. All peaks of prepared pure BaZrO3 can be indexed to the
standard card of BaZrO3 (JCPDS 06-0399) in Fig. 1(b) [33]. From
Fig. 1(c), no new diffraction peak was found in doped (0.064:0.936)
Ce4+-doped BaZrO3 sample, which indicates that the doped Ce ions into
the BaZrO3 do not cause any significant change in the crystal structure.
However, it can be found that the intensity of diffraction peaks for
(0.064:0.936) Ce4+-doped BaZrO3 decline after increasing a certain
amount of Ce, which demonstrates some changes in the size of crys-
tallites. In comparison to pure BaZrO3, the slight shift of diffraction
peaks of (0.064:0.936) Ce4+-doped BaZrO3 occurred toward the higher
angle [37]. The diffraction pattern also indicates that the samples are
monophasic in nature. The sharp and high peaks of the samples indicate
the high degree of crystallinity for the pure BaZrO3 and (0.064:0.936)
Ce4+-doped BaZrO3 particles.

3.2. SEM images of prepared pure BaZrO3 and Ce4+-doped BaZrO3

powders

The scanning electron microscopic (SEM) images of prepared pure
BaZrO3 (a) and (0.064:0.936) Ce4+-doped BaZrO3 (b) powders were
used to investigate the shape, size and morphology in this section. In
Fig. 2(a) a large number of approximately sphere particles with size
range of 500–800 nm can be seen, which apparently are the prepared
BaZrO3 particles. It also can be found that these approximate sphere
particles have unsmooth surface. From Fig. 2(b) it can be found that
there are a lot of sphere particles with diameter ranging from 1.0 μm to
1.2 μm, which should belong to the micron-sized (0.064:0.936) Ce4+-
doped BaZrO3. Compared with the BaZrO3 in Fig. 2(a), the surface color
of (0.064:0.936) Ce4+-doped BaZrO3 particles is apparently deepened.
The doping of Ce4+ ions into BaZrO3 lattice sites is the main reason for
change of surface structure.

3.3. EDX spectra of prepared pure BaZrO3 and Ce4+-doped BaZrO3

powders

In order to investigate the chemical composition, the EDX spectra of
prepared pure BaZrO3 (a) and Ce4+-doped BaZrO3 (b-e) powders with
different molar proportions (0.000:1.000, 0.016:0.984, 0.032:0.968,
0.048:0.952 and 0.064:0.936) are determined and the results are shown
in Fig. 3. In Fig. 3(a), it can be seen that three kinds of elements exist in
sample, which are Ba, Zr and O, respectively. The percents of the ele-
ments are Ba: 19.64%, Zr: 16.92% and O: 63.44%, respectively. The
atomic ratio of Ba, Zr and O is very close to the standard 1:1:3

composition of BaZrO3. It demonstrates that the prepared sample
should be BaZrO3. From Fig. 3(b–e), all element peaks of Ce4+-doped
BaZrO3 can be found clearly. The percents of Ba, Zr, O and Ce are close
to the composition of Ce4+-doped BaZrO3. These results are consistent
with the analyses of XRD above as well.

3.4. XPS spectra of prepared Ce4+-doped BaZrO3 powder

In order to confirm the composition and analyze chemical bonds,
XPS spectrum of the prepared (0.064:0.936) Ce4+-doped BaZrO3 was
measured in the range of binding energy from 1200 eV to 0 eV. From
Fig. 4(o), it can be found that three strong peaks appear at 779.11 eV,
181.64 eV and 530.65 eV, respectively, which should belong Ba (3d), Zr
(3d) and O (1s) [36]. It indicates that the prepared sample contains Ba,
Zr and O elements. In addition, a weak peak is also found at 899.32 eV,
which belongs to Ce (3d) [38]. It indicates that Ce4+ ions have been
doped into BaZrO3, replacing partial Zr4+ ions. From Fig. 4(a–d), the
characteristic peaks of Ce, Ba, O and Zr can be clearly observed, re-
spectively, which is consistent with the composition of Ce4+-doped
BaZrO3. High resolution XPS spectrum (Fig. 4(a)) of Ce gives multiple
peaks of Ce (3d), which is due to multiplet splitting effects, relating to
the different oxidation states of Ce [39]. The peaks originated from
Ce4+ appear at 882.3 eV and 888.9 eV from Ce (3d5/2) and 898.2 eV,
899.32 eV and 916.8 eV from Ce (3d3/2) [40], respectively. The signal
of Ba (3d) in spectrum (Fig. 4(b)) is divided into two peaks, where Ba
(3d5/2) peak with lower binding energy and Ba (3d3/2) peak with higher
binding energy locate at 779.11 eV and 793.7 eV [38], respectively. It
can be confirmed that, in Ce4+-doped BaZrO3, the binding energy of Ba
(3d) is consistent with the divalent oxidation state of Ba [36]. In O (1s)
spectrum (Fig. 4(c)), two peaks are situated at 529.12 eV and
530.65 eV, respectively. The lower binding energy is attributed to O-
(Ce/Zr) bonds and the higher binding energy belongs to Ba-O bonds.
For Zr (3d3/2) and Zr (3d5/2) (Fig. 4(d)), their binding energy are lo-
cated at 181.64 eV and 184.87 eV, respectively. The obtained data are
consistent with the tetravalent oxidation state of Zr [36]. Based on XPS,
the calculated atomic percents of Ba, Zr, O and Ce are 15.05%, 11.39%,
67.8% and 5.76%, respectively. They are close to the composition of
(0.064:0.936) Ce4+-doped BaZrO3. The adsorbed water from atmo-
sphere causes slightly high content of O. Due to the efficient charge
transfer between adjacent components, all peaks of the sample emerge
with slight shift, which demonstrates the formation of corresponding
chemical bonds in prepared (0.064:0.936) Ce4+-doped BaZrO3.

3.5. UV–vis diffuse reflectance spectra of prepared pure BaZrO3 and Ce4+-
doped BaZrO3 powders with different Ce and Zr molar proportions

The UV–vis diffuse reflectance spectra of the prepared pure BaZrO3

and Ce4+-doped BaZrO3 powders with different Ce and Zr molar

Fig. 2. SEM images of prepared BaZrO3 (a) and (0.064:0.936) Ce4+-doped BaZrO3 (b) powders.
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proportions were measured at room temperature in the range of wa-
velength from 200 nm to 800 nm. Fig. 5 shows that the BaZrO3 has
absorption at 250 nm in ultraviolet region. When different amounts of
Ce are doped into BaZrO3, a new absorption edge appears approxi-
mately 350–500 nm. Also, it can be found that the absorption peak at
350–500 nm of Ce4+-doped BaZrO3 generally rises along with in-
creasing molar proportion of Ce and Zr from 0.000:1.000 to
0.064:0.936. It indicates that the increases of molar proportions of Ce
and Zr from 0.000:1.000 to 0.064:0.936 are helpful for expanding ab-
sorption range of BaZrO3.

In Fig. 5, the energy band gaps (Ebg) of the as-prepared samples are

also estimated by using the Tauc relation as showkn in below [33]:

= −αhν νA(h E )bg
1/2

where α, h, ν, Ebg and A represent absorption coefficient, Planck’s
constant (6.6260×10−34 J·s), photon energy, band gap and pro-
portionality constant, respectively. For all samples, the energy band
gaps are obtained from the intercepts of the linear region in the curve of
a plot of (αhν)2 on the Y-axis verses photon energy (hν) on the X-axis as
shown in Fig. 5. The energy band gap of the pure BaZrO3 is estimated to
be 5.05 eV, which is quite close to the value reported in the literature
[27], it indicates that the pure BaZrO3 is a wide band semiconductor
photocatalyst. As Ce and Zr molar proportions increase, the energy gap
decreases, which can be ascribed to increase of lattice defects. Lattice
defects increase the intermediary energy levels in the band-gap region
of disordered Ce4+-doped BaZrO3 particles. The band gaps of Ce4+-
doped BaZrO3 are 5.05 eV, 4.85 eV, 4.65 eV, 4.50 eV and 3.82 eV, re-
spectively, for 0.000:1.000, 0.016:0.984, 0.032:0.968, 0.048:0.952 and
0.064:0.936 molar proportions. It proves that adding Ce is helpful for
expanding the used lights range of BaZrO3. The probable reasons are as
follows: (I) the doping of Ce ions could induce slight lattice distortion,
which will create some structural defects [41]. (II) due to minor dif-
ference of the ionic radii between Ce4+ (0.87 Å) and Zr4+ (0.72 Å),
Zr4+ ion can be replaced by Ce4+ within the crystal lattice, which will
also cause the change of lattice parameters [36]. That is, because Zr4+

is slightly smaller than Ce4+, the lattice parameters display slight in-
crease. They lead to the variations of the unit cell volume, micro-strain
and dislocation density [36,42]. It is demonstrated in Fig. 5 that the
energy band-gap of Ce4+-doped BaZrO3 apparently decreases compared
with that of pure BaZrO3.

3.6. FT-IR spectroscopy of prepared pure BaZrO3 and Ce4+-doped BaZrO3

powders with different Ce and Zr molar proportions

FT-IR spectroscopy analyses were carried out in the range of
4000–400 cm−1 to further confirm the binding characteristics and
chemical composition of prepared samples. Fig. 6(a–e) gives the FTIR
spectra of pure BaZrO3 powder and Ce4+-doped BaZrO3 samples with
different molar proportions of Ce and Zr. For all the samples, an intense
and broad absorption band around 3450 cm−1 and a weak absorption
band around 1620 cm−1 can be seen and they are assigned to OeH
stretching vibration and bending vibration. It indicates the existence of
OeH [43]. The skeletal vibration spectra of Ce4+-doped BaZrO3 with
different molar proportions give a broad absorption band around
520 cm−1, belonging to Zr-O bonds [44]. With the increase of doped Ce
amount, the absorption peak of Zr-O was shifted from 520 cm-1 to
480 cm-1. The peak shift may be due to the increment of cation vacancy
in lattice, which indicates that doped ions (Ce4+) occupy the sites those
previously belonged to the zirconium ions (Zr4+) and create new bonds
with the surrounding oxygen atoms. In theory, the ionic radius (0.87 Å)
of Ce4+ is relatively close to that (0.72 Å) of Zr4+. Therefore, Zr4+ can
be replaced by Ce4+. In addition, the presence of Ba-O bond gives rise
to an absorption peak within a range of 1450–1400 cm−1 [45]. All
these observed peaks can confirm the formation of Ce4+-doped BaZrO3

particles.

3.7. Comparison of sonocatalytic degradation ratios of norfloxacin (NOR)
under dual-frequent and single-frequent ultrasonic irradiations

The UV–vis spectra (in the wavelength range from 200 nm to
800 nm) of norfloxacin (NOR) solution (10.00 mg/L) under single-fre-
quent (25 kHz and 40 kHz) and dual-frequent (25 kHz+40 kHz) ul-
trasonic irradiations were given in Fig. 7(a). For UV–vis spectrum of
original norfloxacin (NOR) solution, it can be observed that there is a
strong peak at the wavelength of 272 nm, which belongs to the π-π∗
electron transition of double bond, conjugated double bonds or benzene
ring. In addition, it can be seen that there are two relatively weak peaks

Fig. 3. EDX spectra of BaZrO3 (a), (0.016:0.984) (1.62%) Ce4+-doped BaZrO3 (b),
(0.032:0.968) (3.30%) Ce4+-doped BaZrO3 (c), (0.048:0.952) (5.00%) Ce4+-doped
BaZrO3 (d) and (0.064:0.936) (6.84%) Ce4+-doped BaZrO3 (e) powders.
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at the wavelength of 323 nm and 327 nm, respectively, which belong to
the n-π∗ electron transitions of some heteroatoms with lone pair elec-
trons in the double bond. Under single-frequent (25 kHz and 40 kHz)
and dual-frequent (25 kHz+40 kHz) ultrasonic irradiations, three
main peaks of norfloxacin (NOR) in aqueous solutions all decrease
obviously in the presence of Ce4+-doped BaZrO3. After 150min, the
corresponding sonocatalytic degradation ratios based on the absorption
peak at wavelength of 272 nm are 38.29%, 48.38% and 69.81%, re-
spectively, for 25 kHz, 40 kHz and 40+25 kHz. Based on the peak at
wavelength of 323 nm, they are 37.54%, 61.03% and 69.92%, respec-
tively, for 25 kHz, 40 kHz and 40+25 kHz. And based on the peak at
wavelength of 327 nm, they are 37.01%, 61.33% and 70.01%, respec-
tively, for 25 kHz, 40 kHz and 40+25 kHz. Apparently, under dual-
frequent (40+25 kHz) ultrasonic irradiation, the sonocatalytic

degradation ratios of norfloxacin (NOR) are much higher than ones
under single-frequent (25 kHz or 40 kHz) ultrasonic irradiation. It in-
dicates that the prepared Ce4+-doped BaZrO3 under dual-frequent
(40+25 kHz) ultrasonic irradiation displays much higher photo-
catalytic activity. In addition, for three courses three main peaks of
norfloxacin (NOR) solutions all show synchronous decrease, which in-
dicates that the norfloxacin (NOR) molecules can be completely de-
stroyed once under ultrasonic irradiation, and that the intermediate
products in sonocatalytic degradation process may not be generated.
Therefore, dual-frequent sonocatalytic degradation can effectively and
completely decompose norfloxacin (NOR).

The influence of ultrasonic irradiation time on sonocatalytic de-
gradation of norfloxacin (NOR) under dual-frequent and single-frequent
ultrasonic irradiations was shown in Fig. 7(b). It can be seen that the

Fig. 4. XPS spectra of (0.064:0.936) Ce4+-doped BaZrO3 powder (a) and high resolution XPS spectra of Ce (3d) (b), Ba (3d) (c), O (1s) (d) and Zr (3d) (e).
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sonocatalytic degradation ratios of norfloxacin (NOR) all rise along
with increasing ultrasonic irradiation time for three frequent ultrasonic
irradiation. It can be clearly found that the sequence based on the so-
nocatalytic degradation ratios were 25 kHz < 40 kHz < 40+25 kHz
at any ultrasonic irradiation moment. After 150min ultrasonic irra-
diation, the degradation ratios of norfloxacin (NOR) reach 38.29%,
48.38% and 69.81%, respectively, for 25 kHz, 40 kHz and 40+ 25 kHz.
It further illustrates that the sonocatalytic degradation of norfloxacin
(NOR) is very effective in the presence of Ce4+-doped BaZrO3 under
dual-frequent ultrasonic irradiation. The dual-frequent sonocatalytic
activity of Ce4+-doped BaZrO3 is higher than the single-frequent so-
nocatalytic activity.

3.8. Influences of Ce and Zr molar proportions and ultrasonic irradiation
time on sonocatalytic degradation of norfloxacin (NOR) and corresponding
reaction kinetics

The influences of different Ce and Zr molar proportions
(0.000:1.000, 0.016:0.984, 0.032:0.968, 0.048:0.952 and 0.064:0.936)
in Ce4+-doped BaZrO3 powders on dual-frequent sonocatalytic de-
gradation of norfloxacin (NOR) were shown in Fig. 8(a). It can be seen
that, for all courses in the absence of any catalyst and presences of
different molar proportions of Ce4+-doped BaZrO3 powders under dual-
frequent ultrasonic irradiation, the degradation ratios of norfloxacin
(NOR) rise with increasing ultrasonic irradiation time. However, for
onefold dual-frequent ultrasonic irradiation without any catalyst, the

Fig. 5. UV–vis diffuse reflectance spectra (DRS) of prepared Ce4+-doped BaZrO3 powders with different Ce and Zr molar proportions.
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degradation ratio of norfloxacin (NOR) increases only slightly. In the
presence of Ce4+-doped BaZrO3, the degradation ratio of norfloxacin
(NOR) increases obviously, which indicates that the norfloxacin (NOR)
in aqueous solution can be effectively decomposed by Ce4+-doped
BaZrO3 as sonocatalyst under dual-frequent ultrasonic irradiation.

In addition, at the same time, the dual-frequent sonocatalytic de-
gradation ratios of norfloxacin (NOR) rise with increasing Ce and Zr
molar proportions. Under dual-frequent ultrasonic irradiation for
150min, the sonocatalytic degradation ratios of norfloxacin (NOR) are
28.89%, 32.05%, 46.80%, 69.81% and 75.90%, respectively, for
0.000:1.000, 0.016:0.984, 0.032:0.968, 0.048:0.952 and 0.064:0.936
Ce4+-doped BaZrO3. Obviously, for pure BaZrO3, the sonocatalytic
degradation ratio of norfloxacin (NOR) is very low, indicates the low
sonocatalytic activity of pure BaZrO3. It can be found that the doping of
Ce ions enhance the sonocatalytic activity of BaZrO3. When the molar

proportion of Ce and Zr is increased from 0.032:0.968 to 0.048:0.952,
the sonocatalytic degradation ratio of norfloxacin (NOR) is obviously
increased. It indicates that a suitable Ce doping amount (0.048:0.952)
can give the highest sonocatalytic degradation ratio of norfloxacin
(NOR). It is the reason that (0.048:0.952) Ce4+-doped BaZrO3 is se-
lected as sonocatalyst in all experiments.

However, the degradation ratio of norfloxacin (NOR) using ultra-
sonic irradiation alone is only 15.11%. It illustrated that onefold ul-
trasonic irradiation has a low degradation capability to norfloxacin
(NOR). As shown in Fig. 8(b), it can be clearly seen that, in the absence
and presence of the prepared Ce4+-doped BaZrO3 powders with dif-
ferent molar proportions, three main absorption peaks of norfloxacin
(NOR) solutions showed synchronous decline under ultrasonic irradia-
tion for 150min. It indicates that any norfloxacin (NOR) molecules can
be destroyed thoroughly by Ce4+-doped BaZrO3 once under dual-fre-
quent ultrasonic irradiation. The degradation ratios of norfloxacin
(NOR) based on the absorbance changes of three main peaks have been
calculated in Table (in Fig. 8(b)). From Table (in Fig. 8(b)), it can be
found that, in the presence of the prepared (0.048:0.952) Ce4+-doped
BaZrO3 powders, the degradation ratios of norfloxacin (NOR) based on
three main peaks are very close. However, the degradation ratios of
norfloxacin (NOR) based on three main peaks are obviously different
for other sonocatalysts. It indicates that, for (0.048:0.952) Ce4+-doped
BaZrO3 powders, intermediate products may not be generated in de-
gradation process.

As shown in Fig. 8(c), for (0.048:0.952) Ce4+-doped BaZrO3 system,
three main peaks of norfloxacin (NOR) gradually decrease with the
extension of ultrasonic irradiation time. The corresponding degradation
ratios based on the absorption peak at wavelength of 272 nm are
5.40%, 18.10%, 37.17%, 43.18%, 50.73% and 69.81%, respectively,
for 0min, 30min, 60min, 90 min, 120min and 150min. The de-
gradation ratios of norfloxacin (NOR) based on the absorbance changes
of three main peaks have been calculated in Table (in Fig. 8(c)). For
(0.048:0.952) Ce4+-doped BaZrO3 system, it can be found that the
degradation ratios of norfloxacin (NOR) based on three main peaks are
approximate at the same time. It also indicates that the norfloxacin
(NOR) molecules have been completely destroyed and intermediate
products may not be generated.

For the sake of further discussing the sonocatalytic degradation ratios of
norfloxacin (NOR) caused by these sonocatalysts, the simulative first-order
reaction kinetics was constructed. The simulative first-order model is very
acceptant and intelligible, so the reaction rates can be compared directly by
reaction rate constants (k). From Fig. 8(d) it can be seen that all −ln(Ct/
Co)=−kt data were calculated for first-order reaction. All calculated va-
lues of −ln(Ct/Co) are approximately linear relationships with the

Fig. 6. FT-IR spectra of BaZrO3 and Ce4+-doped BaZrO3 powders with different Ce and Zr
molar proportions (0.000:1.000 (a), 0.016:0.984 (b), 0.032:0.968 (c), 0.048:0.952 (d)
and 0.064:0.936 (e)).

Fig. 7. UV–vis spectra of norfloxacin (NOR) solution (a) and comparison of sonocatalytic degradation ratios of norfloxacin (NOR) under dual-frequent and single-frequent ultrasonic
irradiations (b) (1.00 g/L (0.048:0.952) Ce4+-doped BaZrO3 powder, 10.00mg/L norfloxacin (NOR) solution, 25 °C temperature, 100mL total volume, 150min ultrasonic irradiation,
300W output power and 40 KHz+25 KHz frequent).
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ultrasonic irradiation time (t). The kinetic equations corresponding to US,
US+(0.000:1.000) BaZrO3, US+(0.016:0.984) Ce4+-doped BaZrO3,
US+(0.032:0.968) Ce4+-doped BaZrO3, US+(0.048:0.952) Ce4+-doped
BaZrO3 and US+(0.064:0.936) Ce4+-doped BaZrO3 are −ln(Ct/
C0)=0.0322x−0.0483 (R2=0.9482), −ln(Ct/C0)=0.0705x−0.0793
(R2=0.9822), −ln(Ct/C0)=0.0754x−0.0604 (R2=0.9903), −ln(Ct/
C0)=0.1252x−0.08 (R2=0.9869), −ln(Ct/C0)=0.2142x−0.2228
(R2=0.9461) and −ln(Ct/C0)=0.2489x−0.2506 (R2=0.9344), re-
spectively. The rate constants were 0.0322min−1, 0.0705min−1,
0.0754min−1, 0.1252min−1 and 0.2142min−1, respectively, for US,
US+(0.000:1.000) BaZrO3, US+(0.016:0.984) Ce4+-doped BaZrO3,
US+(0.032:0.968) Ce4+-doped BaZrO3, US+(0.048:0.952) Ce4+-doped
BaZrO3 and US+(0.064:0.936) Ce4+-doped BaZrO3. Thus, the order of
dual-frequent sonocatalytic degradation of norfloxacin (NOR) for all courses
can be judged as US < US+(0.000:1.000) BaZrO3 < US+
(0.016:0.984) Ce4+-doped BaZrO3 < US+(0.032:0.968) Ce4+-doped
BaZrO3 < US+(0.048:0.952) Ce4+-doped BaZrO3 < US+(0.064:0.9
36) Ce4+-doped BaZrO3.

3.9. Influence of used times of Ce4+-doped BaZrO3 on dual-frequent
sonocatalytic degradation of norfloxacin (NOR)

The reusability of sonocatalyst is one important factor for estimating
the stability and performance in real application. Thus, the influence of
reused times on dual-frequent sonocatalytic activity of Ce4+-doped
BaZrO3 powder was investigated through degradation of norfloxacin
(NOR) in aqueous solutions. From Fig. 9, it can be seen that the dual-

frequent sonocatalytic degradation ratios of norfloxacin (NOR) just
slightly decline along with the increase of used times in presence of
(0.048:0.952) Ce4+-doped BaZrO3. The corresponding degradation ra-
tios are 69.81%, 66.64%, 62.71% and 57.85%, respectively, for four

Fig. 8. The influence of Ce and Zr molar proportions (a) in Ce4+-doped BaZrO3 on dual-frequent sonocatalytic degradation of norfloxacin (NOR), UV–vis spectra of norfloxacin (NOR) in
aqueous solution at 300min irradiation time (b) under different ultrasonic irradiation time (c) and corresponding reaction kinetics (d). (1.00 g/L Ce4+-doped BaZrO3 powder, 10.00mg/L
norfloxacin (NOR), 25 °C temperature, 100mL total volume, 150min ultrasonic irradiation, 300W output power and 40 KHz+25 KHz frequency.)

Fig. 9. The influences of sonocatalyst used times on dual-frequent sonocatalytic de-
gradation of norfloxacin in aqueous solution. (1.00 g/L (0.048:0.952) Ce4+-doped BaZrO3

powder, 10.00mg/L norfloxacin solution, 25 °C temperature, 100mL total volume,
150min ultrasonic irradiation, 300W output power and 40 KHz+25 KHz frequency.)
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cycles in order. For fourth times used, the prepared (0.048:0.952) Ce4+-
doped BaZrO3 still displays a relatively high sonocatalytic activity
under dual-frequent ultrasonic irradiation. The results demonstrate that
the dual-frequent sonocatalytic activity of the prepared Ce4+-doped
BaZrO3 is steady and the Ce4+-doped BaZrO3 as sonocatalyst can be
reused many times. Therefore, the Ce4+-doped BaZrO3 powder as so-
nocatalyst combined with dual-frequent ultrasonic irradiation can be
effectively applied to treat various organic pollutants.

3.10. Influence of trapping agents on dual-frequent sonocatalytic
degradation of norfloxacin caused by Ce4+-doped BaZrO3 powder

In order to understand the reaction mechanism of dual-frequent
sonocatalytic degradation of norfloxacin (NOR) caused by Ce4+-doped
BaZrO3, it is very crucial to identify the formation of hydroxyl radicals
(%OH) and holes (h+). In recent years, many researchers have reported
that ethylene diamine tetraacetic acid (EDTA) is hole (h+) trapping
agent and isopropyl alcohol (iso-IPA) is hydroxyl radicals (%OH) trap-
ping agent [45,46]. Therefore, in this part, EDTA and iso-IPA were
chosen as trapping agents of holes (h+) and hydroxyl radicals (%OH),
respectively to determine the formation of hydroxyl radicals (%OH) and
holes (h+). The molar proportions of trapping agents and norfloxacin
(NOR) were changed from 0:1 to 15:1 and a series of experiments were
carried out. All systems were performed under the same experimental
conductions. From Fig. 10 it can be found that the dual-frequent so-
nocatalytic degradation ratios of norfloxacin (NOR) apparently de-
crease along with increasing molar proportions of EDTA and nor-
floxacin (NOR). The degradation ratios are 69.81%, 58.47%, 48.26%
and 23.90%, respectively, for 0:1, 1:1, 5:1 and 15:1 molar proportions.
However, when the iso-IPA as trapping agent of hydroxyl radicals (%
OH) was added, the dual-frequent sonocatalytic degradation ratios of
norfloxacin (NOR) decrease slightly and are 69.81%, 68.40%, 67.41%
and 60%, respectively, for 0:1, 1:1, 5:1 and 15:1 molar proportions.
Therefore, it can be concluded that the dual-frequent sonocatalytic
degradation of norfloxacin (NOR) were resulted from hole (h+) oxi-
dation on valence band of Ce4+-doped BaZrO3. In addition, the hy-
droxyl radicals (%OH) oxidation plays a secondary role. Thus, it follows
that the dual-frequent sonocatalytic degradation is through the com-
bined action of holes (h+) and hydroxyl radicals (%OH), but mainly
caused by the hole (h+) oxidation.

3.11. Possible mechanism and process on dual-frequent sonocatalytic
degradation of norfloxacin (NOR) caused by Ce4+-doped BaZrO3 powder

In order to better understand the reaction process of dual-frequent
sonocatalytic degradation of organic pollutants caused by prepared
Ce4+-doped BaZrO3 powder, the investigation on related mechanism is
necessary. Based on the research results above mentioned, the possible
mechanism of dual-frequent sonocatalytic degradation of organic pol-
lutants was proposed as illustrated in Fig. 11. Generally, when liquid
solution is irradiated by ultrasound, the miraculous cavitation effect
will occur. The detailed process of cavitation effect involves the forming
and expanding of cavitation bubbles and aggregating of acoustic en-
ergy. Finally, these cavitation bubbles fast collapse and burst [47]. In
the bursting process of cavitation bubbles, the high temperatures, high
pressures and sonoluminescence can be produced. At the same time, a
lot of energy is released. The produced high temperature (> 5000 K)
and high pressure (> 1000 atm) sufficiently break down some water
molecules (H2O), producing hydroxyl radicals (%OH) and hydrogen
radicals (%H) [18]. The hydrogen radicals (%H) react with oxygen (O2)
dissolved in aqueous solution, forming the superoxygen radical anions
(%O2

−) [16]. The generated reactive oxygen species (ROS) can degrade
surrounding organic pollutant molecules. Nevertheless, the degradation
efficacy of organic pollutants is very low under onefold ultrasonic ir-
radiation due to limited cavitation bubbles.

The some semiconductor oxides (for example: TiO2, ZnO and ZrO2)
can be used as sonocatalysts to enhance the degradation ratio of organic
pollutants under ultrasonic irradiation. Being similar to photocatalytic
reaction, this process is called as sonocatalytic reaction. The sonoca-
talytic degradation of organic pollutants is concerned with both ‘‘hot
spot” and sonoluminescence caused by ultrasonic cavitation [15]. So-
noluminescence process can produce the lights with wide wavelength
range. However, the wide band-gap semiconductor catalyst can be ex-
cited only by high-energy ultraviolet lights in sonoluminescence. For
prepared BaZrO3 as a wide band-gap (Ebg= 5.05 eV) semiconductor
catalyst, under ultrasonic irradiation the electrons (e−) on valence band
(VB) can transfer to conduction band (CB) and the holes (h+) are
produced on valence band (VB) at the same time, forming photo-
generated electrons (e−)-holes (h+) pairs. Through a series of chemical
reactions, these high active electrons (e−) and holes (h+) can generate
various reactive oxygen species (ROS) to carry out the sonocatalytic
degradation of organic pollutants [18].

The doping of Ce4+ ions into BaZrO3 can restrain the recombination
of photogenerated electrons (e−) and holes (h+). In Ce4+-doped
BaZrO3, the Ce4+ ion can get an electron (e−) (pathway 1) and then is
reduced to Ce3+ ion (pathway 2). The generated Ce3+ ion as electron
donors easily gives electron and is oxidized by oxygen (O2) dissolved in
aqueous solution (pathway 3), forming Ce4+ ion. In sonocatalytic de-
gradation of organic pollutants, the circular reaction of Ce3+/Ce4+ is
continuously carried out. The electrons (e-) from Ce3+ ions react with

Fig. 10. The influence of different molar proportions of trapping agents and norfloxacin
(NOR) on dual-frequent sonocatalytic degradation of norfloxacin (NOR) in aqueous so-
lution. (1.00 g/L (0.048:0.952) Ce4+-doped BaZrO3 powder, 10.00mg/L norfloxacin
(NOR) solution, 25 °C temperature, 100mL total volume, 150min ultrasonic irradiation,
300W output power and 40 KHz+25 KHz frequency. t: trapping agent and n: nor-
floxacin.)

Fig. 11. Sonocatalystic degradation principle of organic pollutant in the presence of
Ce4+-doped BaZrO3 powder under dual-frequent ultrasonic irradiation.
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the molecular oxygen (O2) dissolved in aqueous solution, producing the
superoxygen radical anions (%O2

−). The superoxygen radical anions (%
O2

−) become the hydroxyl radicals (%OH) through a series of chemical
reactions [48,49]. The high active electrons (e−) from conduction band
(CB) are continuously consumed through reacting with molecular
oxygen (O2). Apparently, the presence of Ce4+ ions can promote the
separation of photogenerated electrons (e−) and holes (h+). The gen-
erated holes (h+) can directly degrade organic pollutants, leading to
volatile degradation by-products or CO2, H2O and mineral acids
through entire mineralization.

In general, the wide band-gap semiconductor catalysts have high
catalytic activity in the degradation of organic pollutants. However,
because of the wide band-gap (Ebg= 5.05 eV), BaZrO3 only can use the
high energy ultraviolet light in sonoluminescence. Nevertheless, the
high energy ultraviolet lights in sonoluminescence are only a small part.
In order to effectively excite the wide band-gap BaZrO3 to carry out
sonocatalytic degradation of organic pollutants, the sufficient high
energy ultraviolet lights is necessary. The use of dual-frequent ultra-
sound can further intensify cavitation effect. When two different fre-
quent ultrasound waves are used in the same medium, the super-
position phenomenon can occur in the focal acoustic field [23]. Such
superposition produces the large and wider amplitude vibration waves
in ultrasound wave spreading process, which promotes the increase of
cavitation bubble number and kind. Apparently, the increase of cavi-
tation bubble number can enhance the intensity of sonoluminescence,
and that the increase of cavitation bubble kind can broaden the wa-
velength range of sonoluminescence. Therefore, the use of dual-fre-
quent ultrasonic irradiation can generate much wider wavelength range
and much stronger high-energy lights.

The possible process is thought as following:
Dual-frequent ultrasonic irradiation (cavitation effect)→ light (so-

noluminescence)+ heat (hot spot)

H 2O + heat (hot spot) →%OH + %H

%H + O 2 →%O 2
− + H +
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Organic pollutants (NOR) + %OH →D+ →→D++ →→→CO 2 + H 2O
+ NO3

− + F −

4. Conclusions

In this work, the Ce4+-doped BaZrO3 as a new sonocatalyst was
prepared by using hydrothermal method. And then, the sonocatalytic
activity of Ce4+-doped BaZrO3 was evaluated through the sonocatalytic
degradation of norfloxacin (NOR) in aqueous solution under dual-

frequent ultrasonic irradiation. The prepared (0.048:0.952) Ce4+-
doped BaZrO3 powder displays a good sonocatalytic activity during
degradation of norfloxacin (NOR) under dual-frequent ultrasonic irra-
diation. The dual-frequent sonocatalytic degradation ratio can reach
69.81% for 10mg/L initial concentration of norfloxacin (NOR), 1.00 g/
L (0.048:0.952) Ce4+-doped BaZrO3 addition amount, 150min dual-
frequent ultrasonic irradiation and 300W ultrasonic power. The ex-
perimental results indicate that, in the presence of Ce4+-doped BaZrO3,
the sonocatalytic degradation ratio of norfloxacin (NOR) under dual-
frequent ultrasonic irradiation is apparently better than that under
single-frequent ultrasonic irradiation. The Ce4+ ion as dopant can
slightly decrease the band gap of BaZrO3, which leads to a wide light
response range of Ce4+-doped BaZrO3 powders. Also, the doped Ce4+

ion can efficiently restrain recombination of photogenerated electrons
(e−) and holes (h+). The trapping agent experiments show that the
dual-frequent sonocatalytic degradation is through a combined action
of holes (h+) and hydroxyl radicals (%OH), but mainly caused by the
holes (h+) oxidation.
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