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Introduction
The use of nanoparticles (NPs) in water treatment has continu-

ously increased in recent years [1-3]. The production and process-
ing of nanomaterials (NMs) is a quick technology [1]. Metal-oxide 
nanoparticles (NPs) include nanoscale zinc oxide, titanium oxide, 
iron oxide, cerium oxide and zirconium oxide, as well as mixed-metal 
compounds such as indium-tin. In general, NMs are defined as ma-
terials of less than 100 nm in size. By the particle size reduction, the 
surface area of the NPs is increased. Surface activity is a key aspect of 
NMs. Agglomeration and aggregation blocks surface area from con-
tact with other matter. Only well-dispersed NPs reduces the quantity 
of NMs [1].

The application of ultrasound (US) as an alternative to the removal 
of dyes in waters has become of increasing interest in recent years 
[4,5]. This technique is considered as an Advanced Oxidation Pro-
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Abstract
	 In this study, the treatment of pollutants (CODdis, color and three 
polyphenols [4-methyl phenol (C7H8O) (4-MP), 4-hydroxyanisole 
(C7H8O2) (4-H), 2-methyl-4-hydroxyanisole (C8H10O2) (2-M-4-H)] 
from a textile industry wastewaters with the addition of nano-titani-
um dioxide doped with nano-cerium dioxide (nano-CeO2/TiO2) were 
intended the different experimental conditions during sonication pro-
cess. The effects of ambient conditions (25oC), increasing sonica-
tion time (120 min and 150 min), increasing sonication temperatures 
(30oC and 60oC), increasing nano-titanium dioxide (nano-TiO2) (na-
no-titania) (0.5, 10 and 20 mg/L), increasing nano-cerium dioxide 
(nano-CeO2) (nano-ceria) (10, 100 and 1000 mg/L) and increasing 
nano-TiO2 doped with nano-CeO2 (nano-CeO2/TiO2) (100, 500 and 
2000 mg/L) (nano-CeO2/TiO2 ratios of 1/4, 1/1, 4/1, 9/1, w/w) con-
centrations on the sonication of wastewater from textile industry 
wastewater (TI ww) treatment plant in Izmir, Turkey was investigated 
in a sonicator with a power of 640 W, a frequency of 35 kHz and 
a sonication time of 150 min for the treatments of Methylene Blue 
and Rhodamine B dyestuffs. CODdissolved, color and three polyphenols 
[4-methyl phenol (C7H8O) (4-MP), 4-hydroxyanisole (C7H8O2) (4-H), 
2-methyl-4-hydroxyanisole (C8H10O2) (2-M-4-H)] removal efficien-
cies were observed during sonication experiments. 99.37% CODdis, 
98.07% color, 96% total phenol (PHE R), 93% 4-MP, 88% 4-H and 
85% 2-M-4-H maximum removal efficiencies were found in the reac-
tor containing nano-CeO2/TiO2=1000 mg/L ([nano-CeO2=500 mg/L 
/ nano-TiO2=500 mg/L]=1/1, w/w) after 150 min sonication time at 
60oC. The addition of nano-CeO2/TiO2 in TI ww was increased to 
removal efficiencies of pollutions (CODdis, color and polyphenols) 
higher than the each one of nano-CeO2 and nano-TiO2 catalysts ad-
ditions in TI ww.

Keywords: Nano-cerium dioxide; Nanoparticles; Nano-titanium di-
oxide; Polyphenols; Sonication; Textile industry wastewater

cess (AOP) that generates hydroxyl radicals (OH●) through acoustic 
cavitation, which can be defined as the cyclic formation, growth and 
collapse of microbubbles. Fast collapse of bubbles compresses adi-
abatically entrapped gas and vapours which leads to short and local 
hot spots [6]. In the final stage of the collapse, the temperature inside 
the residual bubble or in the surrounding liquid is thought to be above 
5000oC. The OH● and hydroperoxyl radicals (O2H

●) can be generated 
from H2O and O2 [7]. Cerium oxide (CeO2), the most reactive rare 
earth oxide, is studied and employed in various applications, includ-
ing catalysts, water splitting in the treatment of pollutions, oxygen 
storage capacitors and ion conductors [8,9]. CeO2 are O2 vacancies 
and small polarons (electrons localized on cerium cations) because 
these two are located in the useful range of CeO2. In the case of O2 de-
fects, the increased diffusion rate of O2 in the lattice causes increased 
catalytic activity as well as an increase in ionic conductivity. As the 
number of vacancies increases, the ease at which O2 can move around 
in the crystal increases, allowing the CeO2 to reduce and oxidize mol-
ecules or co-catalysts on its surface. It has been shown that the cata-
lytic activity of CeO2 is directly related to the number of O2 vacancies 
in the crystal. About 13% phenol and 93% Methylene Blue and 100% 
Congo Red photodegradation were observed in the case of Fe/Ce ratio 
of 1/1 ratio [10].

They are many reports of Fe doping on TiO2 to improve its pho-
tocatalytic activity. Amongst a variety of transitional metals, iron has 
been considered to be an appropriate material due to the fact that the 
radius of Fe+3 (0.79 A) is similar to that of Ti+ 4 (0.75 A), so that Fe+3 
can be easily incorporated into the crystal lattice of TiO2. Fe+3 has 
proved to be a successful doping element due to its half-filled elec-
tronic configuration [11-15]. Cerium oxides have attracted much at-
tention due to the optical and catalytic properties associated with the 
redox pair of Ce+3/Ce+4. Ce-doped TiO2 materials have been synthe-
sized by the sol–gel and hydrothermal methods and used in the pho-
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es of about 1000 atm or more and cooling rates in excess of 109 K/s. 
Under such extreme conditions, various chemical reactions and phys-
ical changes occur and numerous nano-structured materials such as 
metals, alloys, oxides and biomaterials can be effectively synthesized 
with required particle size distribution [12,37-39]. In the past the 
sonochemical method has been applied to prepare various TiO2 and 
doped nanomaterials and photocatalytic activity has been evaluated 
by different researchers [33-36,40,41].

The results of the photocatalytic degradation of various pollutants 
which can be present in industrial wastewater prove the purposeful-
ness of CeO2 doping with metal and non-metal dopants [42]. The dop-
ing resulted in the following: (1) The formation of surface defects, 
which prevented electron-hole recombination or decreased recombi-
nation rates; (2) an increase in the surface area and a higher number of 
sites accessible for the adsorption of pollutants on CeO2 particles; (3) 
a decrease in the band gap energy, leading to visible light absorption; 
and (4) higher photocatalytic activity of pollutant degradation [42]. 
All results also showed that coupling TiO2 with CeO2 could produce 
special electrons and holes transfer from TiO2 to CeO2 which is able 
to facilitate the separation of the electron–hole pairs and therefore, 
improve photocatalytic activity of the hybrid photocatalyst [42].

Liu and Sun [43] investigated the degradation of an azo dye, 
Methyl Orange, in catalytic wet air oxidation process with Fe2O3-
CeO2-TiO2/γ-Al2O3 as catalyst at a room temperature in a synthetic 
wastewater containing 500 mg/L Methyl Orange. 98.09% of color 
and 96.08% of TOC was removed in 150 min [43]. Also, the influenc-
es of heat-treatment temperature (300, 500 and 700oC) and heat-treat-
ment time (20, 60, and 100 min) on the sonocatalytic activities of 
CeO2/TiO2, SnO2/TiO2 and ZrO2/TiO2 composites, and of irradiation 
time (20, 40, 60, 80 and 100 min) and solution acidity (pH=3-5-7-9-
11) on the sonocatalytic degradation of Acid Red B was investigat-
ed. The Acid Red B decreases was in order: in CeO2/TiO2>67.41%, 
in SnO2/TiO2>65.26%, in TiO2>41.67%, in ZrO2/TiO2>28.34%, in 
SnO2>26.75%, in CeO2>23.33%, in ZrO2>16.67% with only US re-
spectively, at pH=5 after 60 min sonication time. Methyl Violet color 
removals were observed as 40% in TiO2, 25% in ZrO2/TiO2, 55% in 
SnO2/TiO2, 50% in CeO2/TiO2, respectively. Chen and Liu [20] inves-
tigated the effects of CeO2-ZnO composite nanofibers on the treat-
ment of organic-polluted H2O, Photocatalytic activity experiments 
showed that the Rhodamine B was almost completely decomposed 
when it was catalyzed by CeO2-ZnO NFs within 180 min, while only 
17.4% and 82.3% of this dye was decomposed under catalysis by sole 
CeO2 and sole ZnO NFs, respectively [20].

TiO2 is broadly used in environmental clean-up operations be-
cause of its non-toxic nature, photochemical stability and low cost 
[44,45]. TiO2 has a large band gap energy, more than 3.0 eV, and rela-
tively long electron-hole pair recombination time [46-48]. To achieve 
rapid and efficient decomposition of organic pollutants and also easy 
manipulation of the catalyst in a total sonication process, it may be 
effective to load TiO2 NPs onto suitably fine adsorbents and thus con-
centrate pollutants around the NPs. Doping metal elements into TiO2 
may also strain the recombination of electron-hole pairs. The strong 
oxidative potential of the positive holes oxidizes H2O to create OH• 
radicals. In a study performed by Entezari and Petrier [49] 50-60% 
phenol removals was obtained after 45 min sonication time, at 423 
kHz, at TiO2=8 mg/L and at 60oC. They reported that the OH pro-
duced by US can react with phenol resulting in a dephenolization pro-
cess [49]. In a study performed by Khochwala and Gogate [50] it has 

tocatalytic degradation applications. But there are very few reports 
on Ce doped catalysts and the beneficial effect of Ce doped TiO2 cat-
alysts are known to depend on different factors, such as the synthesis 
method and the cerium content [16-18]. The photocatalytic perfor-
mance of TiO2 catalysts depends strongly on the methods of metal ion 
doping and the amount of doping material, since they have a decisive 
influence on the properties of the catalysts. Therefore, it is necessary 
to investigate the effects of doping method and doping material con-
tent on the photocatalytic performance of TiO2 nanocatalysts.

There have been many reports of transition metals (Fe, Al, Ni, Cr, 
Co, W, V and Zr), metal oxides (Fe2O3, Cr2O3, CoO2, MgO + CaO 
and SiO2), transition metal ceramics (WO3, MoO3, Nb2O5, SnO2 and 
ZnO) and anionic compounds (C, N, and S) being used to dope TiO2 
to improve its applicability [11,19-21]. Zeleska [22] has reviewed the 
preparation methods of doped TiO2 with metallic and nonmetallic 
species, including various types of dopants and doping methods. Rauf 
et al. [23] has given an overview on the photocatalytic degradation 
of azo dyes in the presence of TiO2 doped with selective transition 
metals.

Higher catalytic activity has been reported for the Ce and CeO2 
doped TiO2 materials for photo-degradation of dyes and other pol-
lutants [16-18]. Titanium dioxide nanopowders doped with visible 
responsive catalyst may shift the UV absorption threshold of TiO2 
into visible spectrum range and photocatalytic activities can be higher 
than those of pure TiO2 and Degussa P25 [12-15,24]. Effect of silver, 
platinum and gold doping on the TiO2 for photocatalytic reduction 
of CO2 and sonophotocatalytic degradation of methyl orange and 
organic pollutant nonylphenol ethoxylate has been investigated [25-
28]. Also there are reports of tin, calcium, sulfur and zirconia doped 
TiO2 being used for photo-degradation of model pollutants [29-32].
Yu et al. [33] synthesized pure TiO2 particles using ultrasonically- 
induced hydrolysis reaction and compared the photocatalytic activi-
ty of prepared samples with Degussa P 25 and samples prepared by 
conventional hydrolysis method. Neppolian et al. [34] also prepared 
nano TiO2 photocatalysts using sol–gel and ultrasonic-sol–gel meth-
ods using two different sources of ultrasonicator, i.e., a bath type and 
horn type. The effect of ultrasonic irradiation time, power density, the 
ultrasonic sources (bath-type and horn-type), magnetic stirring, initial 
temperatures and sizes of the reactors has been investigated. Li et 
al. [35] used the combination of ultrasonic and hydrothermal method 
for preparing Fedoped TiO2 for photo-degradation of methyl orange. 
Zhou et al. [12] used ultrasonicaly-induced hydrolysis reaction for the 
preparation of Fe-doped TiO2 whereas Huang et al. [36] synthesized 
and characterized FexOy-TiO2 via the sonochemical method.

The synthesis of metal-loaded semiconductor oxide materials by 
conventional physical blending or chemical precipitation followed by 
surface adsorption usually yields insoluble materials for which the 
control over size, morphology and dispersion of the metal component 
remains inherently difficult. These methods often require a long time 
and are inherently multi-step procedures. Sonochemistry has been 
proven to be an excellent method for the preparation of mesoporous 
materials. The physical and chemical effects generated by acoustic 
cavitation can be expected to significantly influence the properties 
of doped materials [12,26]. Ultrasound has been very useful in the 
synthesis of a wide range of nanostructured materials, including 
high-surface area transition metals, alloys, carbides, oxides, and col-
loids. The collapse of cavitation bubbles generates localized hot spots 
with transient temperature of about 10000oK (9726.850℃), pressur  
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been observed that 2000 mg/L TiO2 is the optimum concentration for 
78% phenol removal in olive mill industry wastewater (OMW). Wu 
et al. [51,52] have reported similar results for degradation of phenol 
and trichloroacetic acid in a combined operation involving two 9 W 
H-shaped ultraviolet (UV) lamps and an ultrasonic horn operating at 
30 kHz and at 100 W in OMW. Kidak and Ince [53] and Shirgaonkar 
and Pandit [54] have also reported 78% and 79% degradation yields 
for phenol and 2, 4, 6-trichlorophenol, respectively, in the presence 
of 450 mg/L TiO2 in the OMW. An anatase TiO2 was used to remove 
the Aromatic Amines (AAs) namely, 4, 4-oxydianiline with a yield 
85% from OMW after 120 min sonication time. 87% mineralization 
of AAs was achieved in a study performed by Cardoso et al. [55]. In 
a study performed by Mrowetz et al. [56] 36% COD removal was 
found in a TI ww containing 75 mg/L Acid Orange 8, at 20 kHz, at 
250 W, in TiO2=100 mg/L, after 100 min sonication time and at 35oC. 
Wang et al. [57] obtained 60% color yield in a TI ww containing 100 
mg/L Azo Funchsine solution at 40 kHz, at 50 W, after 60 min son-
ication time, at 30oC with TiO2=50 mg/L. In a study performed by 
Abbasi and Asl [58] 90% colour removal was achieved in a TI ww 
containing 15 mg/L Basic Blue 41, at 35 kHz, at 160 W, after 180 min 
sonication time, at 30oC with TiO2=100 mg/L. In a study performed 
by Wu and Yu [59] 63% Total Aromatic Amines (TAAs) removal was 
accomplished in a TI ww containing 20 mg/L C.I. Reactive Red 2 in 
TiO2=2000 mg/L, at 40 kHz, at 400 W, at 10 W/cm2, after 120 min 
sonication time, at pH=7.0 and at 60oC.

The studies performed until now with real TI ww were not con-
cern the removals of color originated from Methylene Blue and 
Rhodamine B and of polyphenols with nano-titanium dioxide doped 
with nano-cerium dioxide throughout sonication. The novelty of 
this study is the removals of s 4-methyl phenol, 4-hydorxyanisole 
and 2-methyl-4-hyroxyanisole, color and tdissolved COD with na-
no-CeO2 doped TiO2.  Therefore, in the peresent study, the effects of 
ambient conditions (25oC), increasing sonication time (120 and 150 
min), sonication temperature (30oC and 60oC), nano-titanium dioxide 
(nano-TiO2) (nano-titania) (0.5, 10 and 20 mg/L), nano-cerium diox-
ide (nano-CeO2) (nano-ceria) (10, 100 and 1000 mg/L) and nano-TiO2 
doped with nano-CeO2 at nano-CeO2/TiO2 ratios of 1/4, 1/1, 4/1 and 
9/1 on the sonication of the wastewater from TI ww treatment plant 
in Izmir, Turkey was investigated in a sonicator with a power of 640 
W, a frequency of 35 kHz and a sonication time of 150 min. CODdis, 
color and three polyphenols [4-methyl phenol (C7H8O) (4-MP), 4-hy-
droxyanisole (C7H8O2) (4-H), 2-methyl-4-hydroxyanisole (C8H10O2) 
(2-M-4-H)] removal efficiencies were observed during sonication ex-
periments.

Material and Methods
Raw wastewater

The TI ww used in this study contains color (>70.9 1/m), total 
phenol (>37 mg/L), CODdis (>770 mg/L) and high BOD5 (>251 mg/L) 
concentrations with a BOD5/CODdis ratio of 0.33. The characterization 
of TI ww was shown in Table 1 for minimum, medium and maximum 
values.

Configuration of sonicator

A BANDELIN Electronic RK510 H sonicator was used for soni-
cation of the TI ww samples. The sonication frequency and the son-
ication power were 35 kHz and 640 W, respectively. Glass serum 
bottles in a glass reactor were filled to a volume of 100 mL with raw  

 
 

 
 
 

TI ww and they were closed with teflon coated closers for the mea-
surement of volatile compounds (evaporation) of the raw TI ww. The 
evaporation losses of volatile compounds were estimated to be 0.01% 
in the reactor and, therefore, assumed to be negligible. The serum bot-
tles were filled with 0.1 mL methanol in order to prevent adsorption 
on the walls of the bottles and minimize evaporation. 25oC, 30oC and 
60oC temperatures were adjusted electronically in the sonicator with 
two thermostatic heaters. The stainless steel sonicator was equipped 
with a teflon holder to prevent temperature losses. The shematic con-
figuration of the sonicator used in this study is shown in Figure 1.

Parameters
Values

Minimum Medium Maximum

pH 5 ± 0.18 5.27 ± 0.19 6 ± 0.21

DO (mg/L) 1.30 ± 0.05 1.40 ± 0.05 1.50 ± 0.05

ORP (mV) 85 ± 2.98 106 ± 3.71 128 ± 4.48

TSS (mg/L) 285 ± 9.98 356 ± 12.46 430 ± 15.05

TVSS (mg/L) 192 ± 6.72 240 ± 8.40 290 ± 10.15

CODtotal (mg/L) 931.70 ± 32.61 1164.60 ± 40.76 1409.20 ± 49.32

CODdissolved (mg/L) 770.40 ± 26.96 962.99 ± 33.71 1165.22 ± 40.78

TOC (mg/L) 462.40 ± 16.18 578 ± 20.23 700 ± 24.50

BOD5 (mg/L) 251.50 ± 8.80 314.36 ± 11 380.38 ± 13.31

BOD5/CODdis 0.26 ± 0.01 0.33 ± 0.012 0.40 ± 0.014

Total N (mg/L) 24.80 ± 0.87 31 ± 1.09 37.51 ± 1.31

NH4-N (mg/L) 1.76 ± 0.06 2.20 ± 0.08 2.66 ± 0.09

NO3-N (mg/L) 8 ± 0.28 10 ± 0.35 12.10 ± 0.42

NO2-N (mg/L) 0.13 ± 0.05 0.16 ± 0.06 0.19 ± 0.07

Total P (mg/L) 8.80 ± 0.31 11 ± 0.39 13.30 ± 0.47

PO4-P (mg/L) 6.40 ± 0.22 8 ± 0.28 9.68 ± 0.34

Total phenol (mg/L) 29.60 ± 1.04 37 ± 1.30 44.80 ± 1.57

SO4-2 (mg/L) 1248 ± 43.70 1560 ± 54.60 1888 ± 66.10

Color (1/m) 70.90 ± 2.48 88.56 ± 3.10 107.20 ± 3.75

TAAs (mg benzidine/L) 1296 ± 45.36 1620 ± 56.70 1960 ± 68.60

Table 1: Characterization values of TI ww (n=3, mean values ± SD).

Figure 1: The structural diagram of the sonicator used in this study: (1) glass reactor, 
(2) stirrer, (3) energy conversion device, (4) thermometer, (5) heater, (6) stainless steel 
bath, (7) water exit valve, (8) thermostate, (9) teflon cover.
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Operational Conditions
The effects of ambient conditions (25oC), increasing sonication 

time (120 and 150 min), sonication temperature (30oC and 60oC), na-
no-titanium dioxide (nano-TiO2) (nano-titania) (0.5, 10 and 20 mg/L), 
nano-cerium dioxide (nano-CeO2) (nano-ceria) (10, 100 and 1000 
mg/L) and nano-TiO2 doped with nano-CeO2 (nano-CeO2/TiO2) (100, 
500 and 2000 mg/L) concentrations on the sonication of wastewater 
from textile industry wastewater (TI ww) treatment plant in Izmir, 
Turkey was investigated. Fresh solutions of nano-TiO2 (>99% purity, 
Merck, Germany) and nano-CeO2 (>99% purity, Merck, Germany) 
were added to the TI ww by an peristaltic pump (Watson-Marlow 
Bredel pumps, USA) with a flow rate of 0.1 mL/min through 5 min 
before US was begun at pH=5.4. Sonicated samples were taken at 
120th and 150th min of sonication time and were kept in a refrigerator 
with a temperature of +4oC for experimental analysis. Deionized pure 
H2O (R ¼ 18 MΏ/cm) was obtained through a SESA Ultrapure water 
system.

All experiments were in batch mode by using an ultrasonic trans-
ducer (horn-type), which has five adjustable active acoustical vibra-
tion areas of 12.43, 13.84, 17.34, 26.4 and 40.69 cm2, with diameters 
3.98, 4.41, 4.7, 5.8 and 7.2 cm, with input US powers of 120, 350, 
640, 3000 and 5000 W, with US frequencies of 25, 35, 132, 170 and 
350 kHz, with US intensities of 15.7, 24.2, 36.9, 46.2 and 51.4 W/
cm2, with power densities of 0.1, 0.9, 1.65, 1.9, 2.14 W/mL, with spe-
cific energies of 2.4, 3.1, 4.1, 5.1, 11.5 kWh/kg. CODinfluent, respec-
tively, were chosen to identify for maximum removal of pollutant pa-
rameters (CODdis, color, total phenol and polyphenols) in the TI ww at 
the bottom of the reactor through a piezoelectric disc (4-cm diameter) 
fixed on a pyrex plate (5-cm diameter) (see Table 2). Samples were 
taken after 120th and 150th min of US time and they were analyzed 
immediately.

Reagent grade perfluorohexane (C6F14) was taken from Flu-
ka (Germany). Aniline (99%), 2-PHE (99%), 3-PHE (99%), 2, 4, 6 
trimetylaniline (99%), dimethylaniline (99%) and o-toluidine (99%) 
was purchased from Aldrich (USA).

Analytical Methods
pH, T(oC), ORP (mV), TSS, TVSS, DO, BOD5, CODtotal,  

CODdissolved, TOC, oil were monitored following Standard Methods 
2550, 2580, 2540 C, 2540 E, 5210 B, 5220 D, 5310, 5520 B, re-
spectively [60]. Total-N, NH4-N, NO3-N, NO2-N, Total-P, PO4-P, to-
tal phenol and SO4-2 were measured with cell test spectroquant kits 
(Merck, Germany) at a spectroquant NOVA 60 (Merck, Germany) 

spectrophotometer (2003). The characterization of TI ww was shown 
in Table 1 for minimum, medium and maximum values.

Chemical Oxygen Demand (COD) Measurements
COD was determined with Close Reflux Method following the 

Standard Methods 5220 D [60] using an Aquamate thermo electron 
corporation UV visible spectrophotometer (2007). First the samples 
were centrifuged for 10 min at 7000 rpm. Secondly, 2.50 mL volume 
samples were treated with 1.50 mL 10216 mg/L K2Cr2O7 with 33.30 
g/L HgSO4 and 3.50 mL 18.00 M H2SO4 which contains 0.55% (w/w) 
Ag2SO4. Thirdly the closed sample tubes were stored in a 148°C heat-
er (thermoreactor, CR 4200 WTW, 2008) for 2 hour (h). Finally, after 
cooling, the samples were measured at 600 nm with an Aquamate 
thermo electron corporation UV visible spectrophotometer (2007). 
The Close Reflux Method COD was used to measure the COD in TI 
ww before and after sonication experiments.

Total COD (CODt)

Wastewater samples were used to measure the total COD (CODt) 
in TI ww before and after sonication process.

Dissolved COD (CODdis)

0.45 μm membrane-filtered (Schleicher & Schuell ME 25, Ger-
many) wastewater samples were used to measure the dissolved COD 
(CODdis) in TI ww prior and after sonication experiments.

Total Organic Carbon (TOC) Measurements
TOC was measured following the Standard Methods 5310 [60] 

with a Rosemount Dohrmann DC-190 high-temperature total organic 
carbon (TOC) analyzer (1994).

Colour Measurements
In the studies with real colorful TI ww which is including Methy-

lene Blue (C16H18N3SCl). The measurement of color was carried out 
following the approaches described by Olthof and Eckenfelder [61] 
and Eckenfelder [62]. According these methods, the color content was 
determined by measuring the absorbance at three wavelengths (445 
nm, 540 nm and 660 nm), and taking the sum of the absorbances at 
these wavelengths. To convert the absorbance into (1/m) the equation 
given below Equation (1) was used.

						    
(1)

Where;

A: Color in (1/m) unit,

A: Measured absorbance value from the spectrophotometer,

D: Sample length (cell width, 10 mm),

F: Factor (1000).

Raw wastewater was diluted with deionized H2O between 100 and 
1000 mg/L at ten different concentrations for the calibration graphic 
and calibration equation of color measurement. These ten different 
wastewater concentrations were measured at three different wavelents 

Table 2: Sonicational parameters and corresponding values of sonication process in 
this study at pH=5.4 after 150 min sonication time for maximum CODdis yields under 
ambient conditions (at 25oC), at initial CODdis concentrations=962,99 mg/L, at sonica-
tion power=640 W and at sonication frequency=35 kHz (n=3, mean values).

Ultrasound parameters Values

Ultrasound frequency  (kHz) 25 35 132 170 350

Ultrasound power   (W) 120 640 350 3000 5000

Power density (W/mL) 0.1 2.14 0.9 1.65 1.9

Ultrasound intensity (W/cm2) 15.7 51.4 24.2 36.9 46.2

Specific energy (kWh/kg CODinfluent) 2.4 11.5 3.1 4.1 5.1

Active acoustical vibration area (cm2) 12.43 40.69 13.84 17.34 26.4

Reactor diameters (cm) 3.98 7.2 4.41 4.7 5.8

COD removal efficiency (%) 45 61 47 53 58
f

d
A






=α
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(445 nm, 540 nm and 660 nm) with an Aquamate thermo electron 
corporation UV visible spectrophotometer (2007). Results of three 
different wavelents were illustrated in Table 3, Table 4 and Table 5. 
Three different calibration in Equations (2), (3) and (4) were obtained 
for color measurement at three different wavelents (445 nm, 540 nm 
and 660 nm).

						      (2)

						    
(3)

						      (4)

Polyphenol Measurements
Polyphenol measurement was performed following the Standard 

Methods 5520 B [60]. Firstly, 5 ml of TI ww sample was added in 
40 mL dark brown color Amber I-cem vial (Catalog number: 98716). 
Secondly, 5 mL of mixture of siklohexane (50%) and etilacetate (50%) 
was added on 5 mL of TI ww sample in 40 mL dark brown color Am-
ber I–cem vial. After, this solutions were mixtured at 15 min. Upper 
part of mixtured solution was taken with a pasteur pipette in a new 
40 mL dark brown color Amber I–cem vial. 0.50 g Na2SO4 chemical 
was added for waterless condition in a new 40 mL dark brown color 
Amber I–cem vial. After that, this 40 mL dark brown color Amber I–
cem vial again was mixtured at 15 min. The upper part of 40 mL dark 
brown color Amber I–cem vial was taken with a Pasteur pipette in a 
1.5 mL of colorless glass vial (Agilent). 1 mL sample was added in a 
1.5 mL of colorless glass vial for GC-MS analysis. Polyphenol was 
analysed with a gas chromotography (Agilent 6890) combined with 
a mass selective detector (Agilent 5973 inert MSD). A capillary col-
umn (HP5-MS, 30 m, 0.25 mm, 0.25 μm) was used. The initial oven 
temperature to hold at 50oC for 1 min, to rise to 200oC at 25oC /min 
and from 200oC to 300oC at 80oC /min and was held for 5.5 min. The 
injector ion source and quadrupole temperatures were 295oC, 300oC 
and 180oC, respectively. High purity helium (He) was used as the car-
rier gas at constant flow mode (1.5 mL/min, 45 cm/s linear velocity). 
The MSD to run in selected ion-monitoring mode. Compounds were 
identified on the basis of their retention times, target and qualifier 
ions. Qualification was based on the Internal Standard Calibration 
Procedure.

Polyphenols measurement was performed following the Standard 
Methods 5520 B [60] with a gas chromatography-mass spectrometry 
(GC-MS) (Hewlett-Packard 6980/HP5973MSD). Mass spectra were 
recorded using aVGTS 250 spectrometer equipped with a capillary 
SE 52 column (0.25 mm ID, 25 m) at 220oC with an isothermal pro-
gram for 10 min. The total phenol was monitored as follows: 40 mL of 
TI ww was acidified to pH=2.0 by the addition of concentrated HCl. 
Phenols were then extracted with ethyl acetate. The organic phase 
was concentrated at 40oC to about 1 mL and silylized by the addition 
of N, O-bis(trimethylsilyl)acetamide (BSA). The resulting trimethyl-
silyl derivatives were analysed by GC-MS (Hewlett-Packard 6980/
HP5973MSD).

Cerium Dioxide (CeO2) Mechanism
Low-temperature hydrothermal synthesis is one method of making 

nanocrystalline CeO2 particles [63]. Raw materials for this synthesis 
are cerium carbonate (Ce2 (CO3)3

•3H2O), hydrous cerium oxide, ace-
tic acid (CH3COOH), hydrogen peroxide (H2O2), nitrit acid (HNO3) 
and ammonia (NH3). When cerium (IV) hydroxide (Ce(OH)4) is used 
as the precursor for CeO2, Ce2(CO3)3

•3H2O is first dissolved in HNO3 
to yield Ce(NO3)2•6H2O. Ce(NO3)2•6H2O is diluted to 0.5 M Ce+4 us-
ing distilled H2O. H2O2 in H2O2 / Ce+4=1/2 molar ratio is added to 
Ce(NO3)2•6H2O and stirred for 5 min under heat to convert Ce+3 to 
Ce+4. Dilute 7 M NH3 is then added to the mixture until pH=8.8. Upon 

Table 3: Standard concentrations (mg/L) versus absorbance (nm) values of color 
A1:445 nm (λ = 445 nm) using an Aquamate thermo electron corporation UV visible 
spectrophotometer (2007).

Table 4: Standard concentrations (mg/L) versus absorbance (nm) values of color 
A2:540 nm (λ = 540 nm) using an Aquamate thermo electron corporation UV visible 
spectrophotometer (2007).

Table 5: Standard concentrations (mg/L) versus absorbance (nm) values of color 
A3:660 nm (λ = 660 nm) using an Aquamate thermo electron corporation UV visible 
spectrophotometer (2007).

Concentrations (mg/L) Absorbance (nm)

100 0.098

200 0.199

300 0.296

400 0.412

500 0.534

600 0.591

700 0.705

800 0.816

900 0.910

1000 0.998

Concentrations (mg/L) Absorbance (nm)

100 0.102

200 0.214

300 0.313

400 0.428

500 0.507

600 0.653

700 0.711

800 0.826

900 0.900

1000 0.994

Concentrations (mg/L) Absorbance (nm)

100 0.091

200 0.197

300 0.302

400 0.401

500 0.523

600 0.630

700 0.724

800 0.812

900 0.927

1000 0.990

9983.0133.2*0068.1 2 =+= RXy

9968.0467.18*9933.0 2 =+= RXy

9979.02.1*0198.1 2 =−= RXy
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adding NH3, Ce(OH)4 or CeO2 + 2H2O is precipitated with a light yel-
low color. The precipitate is washed with distilled H2O several times, 
then placed in an oven to dehydrate at 250°C for 6 h and form CeO2 
particles [63].

Statistical Analysis
Analysis of variance (ANOVA) of experimental data was per-

formed to determine the F and P values, i.e. the ANOVA test was used 
to test the differences between dependent and independent groups 
[64]. Comparison between the actual variation in experimental data 
averages and standard deviation was expressed in terms of F ratio. 
F was equal to ‘found variation of the data averages/expected varia-
tion of the data averages’. P reports the significance level. Regression 
analysis was applied to the experimental data to determine the regres-
sion coefficient (R2) [65].

All experiments were carried out three times and the results given 
as the means of triplicate samplings. Individual TI ww concentrations 
are given as the mean with Standard Deviation (SD) values.

Results and Discussions
Effect of sonication frequency on the CODdis removals in TI 
ww

Three different sonication frequencies (25 kHz, 35 and 132 kHz) 
was researched under ambient conditions (25oC), at constant soni-
cation power (640 W) and increasing sonication times (for 60 min, 
120 and 150 min) to determine the optimum sonication frequency for 
maximum CODdis removals in TI ww. Among the frequencies used in 
the sonication process (25 kHz, 35 and 132 kHz) it was found that a 
sonication frequency of 35 kHz is the optimum frequency for maxi-
mum CODdis removals in TI ww (Table 6).

Effect of sonication power on the CODdis removals in TI ww

120-350-640 and 3000 W different sonication powers was re-
searched under ambient conditions (25oC), at constant sonication fre-
quency (35 kHz) and increasing sonication times (for 60 min, 120 and 
150 min) to determine the optimum sonication power for maximum 
CODdis removals in TI ww. Among the powers used in the sonication  
 

 
 

Table 6: Effect of sonication frequency on the CODdis removals in TI ww at ambient 
conditions (25oC) (sonication power=640 W, sonication times=60 min, 120 and 150 
min, initial CODdis concentration in TI ww=962.99 mg/L, n=3, mean values).

Table 7: Effect of sonication power on the CODdis removals in TI ww at ambient condi-
tions (25oC) (sonication frequency=35 kHz, sonication time=60 min, 120 and 150 min, 
initial CODdis concentration in TI ww=962.99 mg/L, n=3, mean values).

Sonication Frequency (kHz)
CODdis Removal Efficiencies in TI ww (%)

60 min 120 min 150 min

25 26.40 45.39 69.11

35 30.43 53.69 74.27

132 28.31 51.56 73.07

process (120-350-640 and 3000 W) it was found that a sonication 
power (640 W) is the optimum power for maximum CODdis removals 
in TI ww (Table 7).

In general, when ultrasonic irradiation is used, the degradation 
ratio gradually becomes higher when the output power of the ultra-
sound is increased from 120 W to 640 W. The sono-degradation of 
pollutants increased with increasing applied power. As the power in-
creased, the number of collapsing cavities also increased, thus lead-
ing to enhanced degradation rates, as reported by Busetti et al. [66], 
Papadaki et al. [67] and Psillakis et al. [68,69]. The vibration of sound 
in the cavitation area was increased with increasing applied power. 
More cavitation bubbles were produced during increasing applied 
power. However, the lifetime of this cavitation bubbles are shorter 
than the lifetime of cavitation bubbles at increasing power compared 
to a medium power. Thus resulting in low OH● production and COD 
removals.

Effect of sonication time on the CODdis removals in TI ww

5-10-15-20-25-30-35-40-45-50-55-60-120 and 150 min sonica-
tion times was researched under ambient conditions (25oC), at con-
stant sonication frequency (35 kHz) and constant sonication power 
(640 W) to determine the optimum sonication time for maximum 
CODdis removals in TI ww. Among the sonication times used in the 
sonication process (0-60-120 and 150 min) it was found that 150 min 
sonication time is the optimum sonication time for maximum CODdis 
removals in TI ww (Table 8).

Higher sonication times are needed for complete mineralization. 
Short sonication times did not provide high degradation yields for 
CODdis since they were not exposed for a long enough time to ultra-
sonic irradiation. Moreover, the degradation of CODdis under sonica-
tion which ultimately is expected to alter the effectiveness of ultrason-
ic extractions at long sonication times. The cavities are more readily 
formed when using solvents with low viscosity and low surface ten-
sion during long sonication times [70,71]. Among the solvents used 
acetone and hexane have the highest surface tension and viscosity. 
The preliminary studies showed that solvents with high surface ten-

Sonication Power 
(W)

CODdis Removal Efficiencies in TI ww (%)

60 min 120 min 150 min

120 9.14 15.30 22.47

350 17.66 29.08 40.54

640 30.43 53.69 74.27

3000 28.75 52.71 73.43

Table 8: Effect of sonication time on the CODdis removals in TI ww at ambient condi-
tions (25oC) (sonication frequency=35 kHz, sonication power=640 W, initial CODdis 
concentration in TI ww=962.99 mg/L, n=3, mean values).

Sonication Time (min) CODdis Removal Efficiencies in TI ww (%)

0 0.00

5 2.32

10 4.07

15 6.80

20 8.44

25 9.67

30 10.29

35 13.65

40 17.15

45 20.81

50 24.33

55 28.01

60 30.43

120 53.69

150 74.27
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sion and viscosity generally have a higher threshold for cavitation 
resulting in fewer cavitation bubbles but more harsh conditions once 
cavitation is established resulting in higher temperatures and pres-
sures upon bubble collapse [72]. Higher vapor pressure leads to more 
solvent volatilizing into cavitation bubbles which are able to be dis-
sociated by high temperature after 150 min sonication. Hexane and 
acetone have the highest vapor pressure among solvents. Thus, more 
hexane molecules migrate into cavitation bubbles leading to more 
molecules dissociating to generate radicals.

Effect of sonication volume on the CODdis removals in TI ww

25-50-100-150-250-500 and 1000 mL different sonication vol-
umes was researched under ambient conditions (25oC), at constant 
sonication frequency (35 kHz), constant sonication power (640 W) 
and increasing sonication times (for 60 min, 120 and 150 min) to de-
termine the optimum sonication volume for maximum CODdis remov-
als in TI ww. Among the sonication volumes used in the sonication 
process (25-50-100-150-250-500 and 1000 mL) it was found that the 
CODdis yields are close to each other in volumes of 50-100-150-250-
500 and 1000 mL. However, the optimum sonication volume for max-
imum CODdis removals in TI ww was recorded as 500 ml. A signifi-
cant correlation between yields and sonication volumes was obtained 
(ANOVA, F=12.67, F=14.88, F=15.78, R2=0.83, R2=0.84, R2=0.84, 
p=0.05 for TI ww) (Table 9).

In this study, even if the difference between the seven volumes 
is very big, there is a slight decrease of sono-degradation yields of  
CODdis yields in TI ww samples, respectively, at high volumes. The 
main reason for this effect may be the homogeneous agitation given 
both by magnetic stirring and the sonication waves. Under these con-
ditions, the wastewater move homogenous to the most active sonica-
tion zone. Some studies showed that when the volume gets larger, the 
solution cannot be mixed as effectively as in a smaller volume and the 
wastewater cannot move to the most active sonication zone:

David [73] mentioned that the volume of the solution should 
be kept as small as possible, depending on the affective volume of 
sonicator in order to keep the solution in homogeneous turbulence 
throughout sonication. Kidak et al. [74] determined that when the 
volume gets larger, the solution cannot be mixed as effectively as in 
a smaller volume and sonication yields dereased. In our study, the 
maximum CODdis removal efficiencies were observed at 500 mL son-
ication volume. CODdis removal efficiencies were not significantly 
varied between 25 and 500 mL sonication volumes. Significant cor-
relations between CODdis yields and sonication volumes was not ob-

served (R2=0.48, R2=0.43, R2=0.37, F=3.45, F=2.78, F=3.78, p=0.05 
for TI ww). Therefore, the sono-degradation rates of pollutants were 
accelerated with active reactive radicals (O●, OH●, OOH●…etc.) in 
cavitation solution at long (150 min) sonication times.

Increasing the sonication frequency did not increase the number of 
free radicals, therefore a low number of free radicals did not escape 
from the bubbles and did not migrate [73]. Explanation of such phe-
nomenon is not yet fully understood, since a more energetic implo-
sion of cavitation bubbles is expected to occur at low frequency rather 
than at high frequency because of a larger bubbles radius observed at 
low frequency [75,76]. According to Minnaert [77], the size of bub-
bles formed in water, under one atmosphere, is inversely proportional 
to the frequency of the wave [78,79]. However, the larger the bub-
ble size, the greater the water vapour within the bubble, leading to a 
more important damping of the collapse at low frequency like 20-40 
kHz 73]. This damping induces a decreases in the temperature and 
pressure within the cavitation bubble at low frequency compared to a 
medium frequency [78].

Effect of sonication temperature on the CODdis removals in 
TI ww

25oC, 30 and 60oC sonication temperatures was researched at con-
stant sonication frequency (35 kHz), constant sonication power (640 
W) and increasing sonication times (for 60 min, 120 to 150 min) to 
determine the optimum sonication temperatures for maximum CODdis 
removals in TI ww. Among the sonication temperatures used in the 
sonication process (25oC, 30 and 60oC) it was found that 30oC and 
60oC sonication temperatures are the optimum sonication tempera-
tures for maximum CODdis removals in TI ww (Table 10).

Increased temperatures most likely facilitated bubble formation 
due to an increase of the equilibrium vapor pressure. This beneficial 
effect was compensated by the fact that bubbles contained more vapor 
and consequently reduced the maximum temperature obtained during 
bubble collapse. Furthermore, increased temperatures probably en-
couraged degassing of the liquid phase, thus reducing the number of 
gas nuclei available for bubble formation and the destruction rate of 
pollutants increased [69]. Furthermore, increased solution tempera-
ture allows molecules to move faster into the cavitation bubble (i.e., 
increase diffusivity) [80]. At higher temperatures more molecules will 
benefit from the temperature enhanced diffusivity and this may result 
in increase in removal rates for CODdis at long sonication times [81].

Effect of sonication frequency and power on the degradation 
of TI ww

The effect of the ultrasonic frequency on the degradation ratio of 
CODdis was also considered in the range from 35 kHz to 150 kHz. 
Increasing the sonication frequency did not increase the number of 
free radicals, therefore, a low number of free radicals did not escape 

Table 9: Effect of sonication volume on the CODdis removals in TI ww at ambient con-
ditions (25oC) (sonication frequency=35 kHz, sonication power=640 W, sonication 
time=60 min, 120 and 150 min, initial CODdis concentration in TI ww=962.99 mg/L, 
n=3, mean values).

Table 10: Effect of sonication temperature on the CODdis removals in TI ww (sonica-
tion frequency=35 kHz, sonication power=640 W, sonication time= 60 min, 120 and 
150 min, initial CODdis concentration in TI ww=962.99 mg/L, n=3, mean values).

Sonication Volume (mL)
CODdis Removal Efficiencies in TI ww (%)

60 min 120 min 150 min

25 24.26 49.38 73.82

50 25.10 50.61 73.64

100 27.54 51.49 74.57

150 28.33 52.48 74.46

250 29.27 53.14 73.93

500 30.43 53.69 74.27

1000 28.48 53.50 72.36

Sonication Temperature (oC)
CODdis Removal Efficiencies in TI ww (%)

60 min 120 min 150 min

25 30.43 53.69 74.27

30 42.39 67.34 81.53

60 48.08 64.48 84.92
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from the bubbles and did not migrate as reported by David [73]. The 
optimum time to reach equilibrium and the faster rate of removal in 
the presence of US was attributed to the higher mass transfer and 
higher surface area produced by the cavitation process [82]. The phe-
nomenon responsible for removal of CODdis is the formation of OH 
during sonication of aqueous solution by the cavitation process. This 
process consists of the formation, growth and collapse by violent im-
plosions to release extreme temperatures and pressures at local hot 
spots in the liquid [83]. Under these critical conditions, the entrapped 
molecules of H2O in the bubble dissociate into very reactive OH and 
H [84]. 61% maximum CODdis removal was observed after 150 min 
sonication time, at 25oC, at 35 kHz US frequency, at 640 W sonication 
power, at 2.14 W/mL power density, at 51.4 W/cm2 US intensity, at 
11.5 kWh/kg CODinfluent specific energy, at 40.69 cm2 active acousti-
cal vibration area and at 7.2 cm reactor diameters, respectively. The 
maximum CODdis removal efficiency of our other studies such as pet-
rochemical industry wastewaters (PCI ww) and olive mill industry 
wastewaters (OMW) was obtained at the same operational conditions 
at 25oC, after 150 min sonication time, at 35 kHz US frequency, at 640 
W sonication power, at 2.14 W/mL power density, at 51.4 W/cm2 US 
intensity, at 11.5 kWh/kg CODinfluent specific energy, at 40.69 cm2 
active acoustical vibration area and at 7.2 cm reactor diameters, re-
spectively [85-93]. As the power increased, the number of collapsing 
cavities also increased, thus leading to enhanced degradation rates, as 
reported by Papadaki et al. [67] and Psillakis et al. [69].

Effect of increasing sonication time on the CODdis, color 
and polyphenols removal efficiencies in ambient conditions 
(25oC)

TI ww samples were treated with sonicator at different sonication 
times (120 and 150 min) at 25oC ambient conditions (Figure 2a; Table 
11, SET 1). 53.69% and 74.27% CODdis removals were observed at 
120 and 150 min sonication time, respectively, at pH=7.0 and at 25oC 
(Figure 2a; Table 11, SET 1). The maximum CODdis removals was 
74.27% after 150 min sonication time, at pH=7.0 and at 25oC. As the 
sonication time was increased the CODdis removal efficiency in TI ww 
was enhanced. A significant linear correlation between CODdis yields 
and sonication time was observed (R2=0.74, F=11.90, p=0.01) (Figure 
2a; Table 11, SET 1). The optimum time to reach equilibrium and the 
faster rate of removal in the presence of US was attributed to the high-
er mass transfer and higher surface area produced by the cavitation 
process [82]. The phenomenon responsible for removals of CODdis 
is the formation of OH during sonication of aqueous solution by the 
cavitation process [83]. This process consists of the formation, growth 
and collapse by violent implosions to release extreme temperatures 
and pressures at local hot spots in the liquid [83]. Under these critical 
conditions, the entrapped molecules of H2O in the bubble dissociate 
into very reactive OH and hydrogen radicals (H) [84]. He et al. [94] 
70% COD removal found in a TI ww containing 20 mg/L C.I. Reac-
tive Blue 19, at 20 kHz, at 176 W, at 176 W/L, after 30 min sonication 
time, at 30oC and at pH=8.0. In this study, 74.27% CODdis removal 
was observed after 150 min sonication time and at 25oC. The CODdis 
yield in the present study is higher than the yield obtained by The et 
al. [94] at 30oC and at a pH of 8.0.

53.47% and 57.09% color removals were found after 120 and 
150 min sonication time, respectively, at pH=7.0 and at 25oC (Figure 
2b; Table 12, SET 1). The maximum color removal efficiency was 
57.09% after 150 min sonication time, at pH=7.0 and at 25oC. A sig-
nificant linear correlation between color yields and sonication time  

 
 

 
 
 

was obtained (R2=0.83, F=10.92, p=0.01) (Figure 2b; Table 12, SET 
1). The main reaction pathway for TI ww containing azo dye solutions 
is the oxidation by OH attack in the bulk liquid via sonication in 
Equation (5), while thermal reactions may occur at the bubble-liquid 
interface for some dye molecules to approach gaseous bubble surfac-
es as reported by Ince and Tezcanli-Guyer [95] in Equation (6):

						               (5)

						               (6)

Methylene Blue and Rhodamine B dyestuffs were selected for 
our study. It is expected that the sonolytic degradation of Methylene 
Blue and Rhodamine B dyestuffs would mainly occur by OHl attack 
[96,97]. In order to investigate the dependence of the OH● during the 
degradation of Methylene Blue and Rhodamine B dyestuffs by ultra-
sonic irradiation, the sonolytic degradation of Methylene Blue and 
Rhodamine B in the presence of radical scavengers (such as H, OH, 
O2H

, O2), known as an effective OH scavenger, was performed 
and was to scavenge OH in the bubble and prevent the accumulation 
of OH at the interface of the bubble [96,97]. After the decoloriza-
tion, the process could shift progressively from the bulk solution to 
the surface of the catalysts and cleavage of the carbon (C), hydrogen 
(H2) and oxygen (O2) rings was mainly attributed to the radical scav-
engers (H•, OH•, O2H•, O2•) reactions. The organic dyes (acid, basic, 
direct, reactive, vat, etc.) are totally mineralized to simple inorganic 
species such as CO3

–, Cl– and NO3
– [98]. Vankar and Shanker [99] 

found that the ultrasonic waves can reduce the concentration of Meth-
ylene Blue up to 10% in 30 min sonication time and at 30oC. In this 
study, 57.09% color removal was observed after 150 min sonication 
time and at 25oC. The color yield in the present study is higher than 
the yield obtained by Vankar and Shanker [99] at 30oC.

Total phenol (PHE R) and three polyphenols [4-methyl phenol 
(C7H8O) (4-MP), 4-hydroxyanisole (C7H8O2) (4-H), 2-methyl-4-hy-
droxyanisole (C8H10O2) (2-M-4-H)] were measured in TI ww during 
sonication process after 120 and 150 min sonication time. 55% PHE 
R, 45% 4-MP, 42% 4-H and 40% 2-M-4-H polyphenols removals 
were measured after 120 min sonication time, respectively, at pH=7.0 
and at 25oC (Table 13). 70% PHE R, 65% 4-MP, 64% 4-H and 60% 
2-M-4-H polyphenols removals were observed after 150 min sonica-
tion time, respectively, at pH=7.0 and at 25oC. The maximum poly-
phenols removals were 70% PHE R, 65% 4-MP, 64% 4-H and 60%  

Figure 2a: Effect of increasing temperature on the a) CODdis and b) color removal 
efficiencies in TI ww versus increasing sonication times (sonication power=640 W, 
sonication frequency=35 kHz, initial CODdis concentration=962.99 mg/L, initial color 
concentration=88.56 1/m, n=3, mean values).
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2-M-4-H after 150 min sonication time, respectively, at pH=7.0 and at 
25oC. A significant linear correlation between polyphenols removals 
and sonication time was observed (R2=0.88, F=15.64, p=0.01) (Table 
13). Pyrolytic destruction of the polyphenols in the gas phase is neg-
ligible; the degradation occurs mainly in the bulk solution. A possible 
explanation for this is that a considerable increase in the concentration 
results in the formation of a complex H-bonding network between the 
polyphenolic compounds [100]. During sonication low decrease of 
total phenol concentrations in the effluent samples results in the for-
mation of a complex H-bonding network betw een the polyphenolic 
compounds after 60 min sonication time. It is well known that mole-
cules containing COOH or CHO groups exist as dimmers in solution 
due to the formation of H-bonds between two neighboring molecules. 
This results in a more robust and stable configuration, thus leading to 
reduced degradation [101]. In addition to this, the formation of such  

 

a network may impede their diffusion towards the bubble interface 
and this would also lead to reduced degradation of polyphenols [102].

Effect of increasing temperature on the removal of CODdis, 
color and polyphenols versus sonication time

67.34% and 81.53% CODdis removals were observed after 120 and 
150 min sonication time, respectively, at pH=7.0 and at 30oC (Figure 
2a; Table 11, SET 2). 13.65% and 7.26% increase in CODdis removals 
were obtained after 120 and 150 min sonication time, respectively, at 
pH=7.0 and at 30oC, compared to the control (E=74.27% CODdis after 
150 min sonication time at pH=7.0 and at 25oC). A significant linear 
correlation between CODdis yields and temperature was not observed 
(R2=0.33, F=2.88, p=0.01) (Figure 2a; Table 11, SET 2). 68.48% and 
84.92% CODdis yields were found after 120 and 150 min sonication 
time, respectively, at pH=7.0 and at 60oC (Figure 2a; Table 11, SET 
2). The contribution of temperature on CODdis removals were 4.79% 
and 10.65% after 120 and 150 min sonication time, respectively, at 
pH=7.0 and at 60oC, compared to the control (E=74.27% CODdis af-
ter 150 min sonication time, at pH=7.0 and at 25oC). The maximum 
CODdis removal was 84.92% after 150 min sonication time at pH=7.0 
and at 60oC. A significant linear correlation between CODdis yields 
and temperature was observed (R2=0.71, F=13.92, p=0.01) (Figure 
2a; Table 11, SET 2). With an increase in the temperature, the initial 
sono-degradation rate was increased in TI ww [103]. This could be 
explained by the hydrophilic property of the pollutant which is mostly 
degraded outside the cavitation process by the OH produced by US 
in TI ww [103]. Therefore, reactions in the bulk are facilitated by 
increasing the temperature due to the higher mass transfer of different 
species at higher temperatures and this leads to an enhancement of the 
reaction rate of radicals with COD molecule [104]. On the other hand, 
any increase in temperature will raise the vapor pressure of a medium 
and so lead to easier cavitation [105,106].76.38% and 78.26% col-
or removals were observed after 120 and 150 min sonication time, 
respectively, at pH=7.0 and at 30oC (Figure 2b; Table 12, SET 2).  

Table 11: CODdis removal efficiencies of TI ww before and after sonication with the addition of different nano-CeO2, nano-TiO2 and nano-CeO2/TiO2 concentrations, at initial 
CODdis concentrations=962,99 mg/L, at sonication power=640 W and at sonication frequency=35 kHz (n=3, mean values).

No Parameters

CODdis Removal Efficiencies (%)

25oC

0. Min 120. min 150. min

1 Raw ww, control 0 53.69 74.27

30oC 60oC

0. min 120. min 150. min 0. min 120. min 150. min

2 Raw ww, control 0 67.34 81.53 0 68.48 84.92

3 nano-CeO2=10 mg/L 0 59.47 81.24 0 72.03 86.41

nano-CeO2=100 mg/L 0 66.65 85.10 0 84.05 90.64

nano-CeO2=1000 mg/L 0 79.87 90.22 0 87.17 96.70

4 nano-TiO2=0.5 mg/L 0 68.94 83.43 0 74.43 89.20

nano-TiO2=10 mg/L 0 71.15 89.27 0 82.22 91.17

nano-TiO2=20 mg/L 0 75.75 94.11 0 85.60 98.13

5 nano-CeO2/TiO2=100 mg/L 0 70.00 88.41 0 72.90 91.18

nano-CeO2/TiO2=500 mg/L 0 75.22 92.15 0 78.08 97.20

nano-CeO2/TiO2=1000 mg/L 0 84.51 97.39 0 89.24 99.37

Figure 2b: Effect of increasing temperature on the a) CODdis and b) color removal 
efficiencies in TI ww versus increasing sonication times (sonication power=640 W, 
sonication frequency=35 kHz, initial CODdis concentration=962.99 mg/L, initial color 
concentration=88.56 1/m, n=3, mean values).
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22.91% and 21.17% increase in the color removals were obtained 
after 120 and 150 min sonication time, respectively, at pH=7.0 and 
at 30oC, compared to the control (E=53.47% and E=57.09% color 
after 120 and 150 min sonication time, respectively, at pH=7.0 and 
at 25oC). A significant linear correlation between color yields and 
temperature was not observed (R2=0.46, F=4.51, p=0.01 (Figure 2b;  

 

 
 

Table 12, SET 2). 83.20% and 87.66% color yields were found af-
ter 120 and 150 min sonication time, respectively, at pH=7.0 and at 
60oC (Figure 2b; Table 12, SET 2). The contribution of temperatures 
on color removals were 29.73% and 30.57% after 120 and 150 min 
sonication time, respectively, at pH=7.0 and at 60oC, compared to the 
control (E=53.47% and E=57.09% color after 120 and 150 min son-

Table 12: Color removal efficiencies of TI ww before and after sonication with the addition of different nano-CeO2, nano-TiO2 and nano-CeO2/TiO2 concentrations, at initial color 
concentrations=88.56 1/m, at sonication power=640 W and at sonication frequency=35 kHz (n=3, mean values).

Table 13: Measurements of total phenols and three polyphenols (4-methyl phenol, 4-hydorxyanisole and 2-methyl-4-hyroxyanisole) in TI ww with GC-MS after 120 and 150 min 
sonication time, at pH=7, at increasing temperatures, at initial total phenol concentration=37 mg/L, at sonication power=640 W and at sonication frequency=35 kHz (n=3, mean 
values).

PHE0: Initial total phenol concentration (mg/L), PHE R: Total phenol removal efficiency (%), 4-MP: 4-methyl phenol concentration after sonication (mg/L), 4-MP R: 4-methyl 
phenol removal efficiency (%), 4-H: 4-hydorxyanisole concentration after sonication (mg/L), 4-H R: 4-hydorxyanisole removal efficiency (%), 2-M-4-H: 2-methyl-4-hyroxyanisole 
concentration after sonication (mg/L), 2-M-4-H R: 2-methyl-4-hyroxyanisole removal efficiency (%).

No Parameters

Color Removal Efficiencies (%)

25oC

0. Min 120. min 150. min

1 Raw ww, control 0 53.47 57.09

30oC 60oC

0. min 120. min 150. min 0. min 120. min 150. min

2 Raw ww, control 0 76.38 78.26 0 83.20 87.66

3 nano-CeO2=10 mg/L 0 77.79 80.96 0 85.08 88.54

nano-CeO2=100 mg/L 0 78.61 82.14 0 86.37 89.19

nano-CeO2=1000 mg/L 0 80.73 83.78 0 91.07 95.06

4 nano-TiO2=0.5 mg/L 0 79.67 84.14 0 85.78 91.19

nano-TiO2=10 mg/L 0 82.84 88.60 0 88.60 94.95

nano-TiO2=20 mg/L 0 83.78 90.13 0 90.83 96.24

5 nano-CeO2/TiO2=100 mg/L 0 87.31 89.31 0 88.95 91.42

nano-CeO2/TiO2=500 mg/L 0 88.37 91.07 0 90.60 95.89

nano-CeO2/TiO2=1000 mg/L 0 89.31 93.42 0 91.30 98.07

Time (min) PHE0 (mg/L)
25oC, control

PHE R (%) 4-MP (mg/L) 4-MP R (%) 4-H (mg/L) 4-H R (%) 2-M-4-H (mg/L) 2-M-4-H R (%)

0 37 0 0 0 0 0 0 0

120

120 16.65 55 5.20 45 8.52 42 10.11 40

150 11.10 70 3.31 65 5.29 64 6.74 60

Time (min) PHE0 mg/L)
30oC

PHE R (%) 4-MP (mg/L) 4-MP R (%) 4-H (mg/L) 4-H R (%) 2-M-4-H (mg/L) 2-M-4-H R (%)

0 37 0 0 0 0 0 0 0

120 15.17 59 5 50 8.40 48 9.78 46

150 8.14 78 2.50 75 4.85 70 6.34 65

Time (min) PHE0 (mg/L)
60oC

PHE R (%) 4-MP (mg/L) 4-MP R (%) 4-H (mg/L) 4-H R (%) 2-M-4-H (mg/L) 2-M-4-H R (%)

0 37 0 0 0 0 0 0 0

120 12.58 66 4.85 55 8.20 51 8.54 49

150 5.55 85 2.26 79 4.35 74 4.69 72
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ication time, respecvtively, at pH=7.0 and at 25oC). The maximum 
color removal was 87.66% after 150 min sonication time at pH=7.0 
and at 60oC. A significant linear correlation between color yields and 
temperature was not observed (R2=0.51, F=3.09, p=0.01) (Figure 2b; 
Table 12, SET 2). Sayan [107] reported 80.62% color removal in a 
TI ww containing 1000 mg/L Rifacion Yellow HE4R with US and 
combined US/activated carbon at 850 kHz, at 140 W, after 120 min 
sonication time and at 30oC. In this study, 78.26% color removal was 
observed after 150 min sonication time and at 30oC. In this study, 
similar yields were observed with the yields obtained by Sayan [107] 
at 30oC as mentioned above. 78% PHE R, 75% 4-MP, 70% 4-H and 
65% 2-M-4-H polyphenols removals were observed after 150 min 
sonication time, respectively, at pH=7.0 and at 30oC (Table 13). 8% 
PHE R, 10% 4-MP, 6% 4-H and 5% 2-M-4-H increase in polyphenols 
removals were obtained after 150 min sonication time, respectively, at 
pH=7.0 and at 30oC, compared to the control (E=70% PHE R, E=65% 
4-MP, E=64% 4-H, E=60% 2-M-4-H polyphenols after 150 min son-
ication time, at pH=6.98 and at 25oC). A significant linear correlation 
between polyphenols yields and temperature was observed (R2=0.83, 
F=13.95, p=0.01) (Table 13). 85% PHE R, 79% 4-MP, 74% 4-H and 
72% 2-M-4-H polyphenols yields were found after 150 min sonication 
time, respectively, at pH=7.0 and at 60oC (Table 13). The contribution 
of temperatures on polyphenols removals were 15%, 14%, 10% and 
12% for PHE R, 4-MP, 4-H and 2-M-4-H, respectively, after 150 min 
sonication time, respectively, at pH=7.0 and at 60oC, compared to the 
control (E=70% PHE R, E=65% 4-MP, E=64% 4-H, E=60% 2-M-4-H 
polyphenols after 150 min sonication time, at pH=6.98 and at 25oC). 
The maximum polyphenols removals were 85% PHE R, 79% 4-MP, 
74% 4-H and 72% 2-M-4-H after 150 min sonication time, respec-
tively, at pH=7.0 and at 60oC. A significant linear correlation between 
polyphenols removals and temperature was obtained (R2=0.87, 
F=14.70, p=0.01) (Table 13). The degradation of phenol occurs in the 
bulk liquid medium due to hydroxylation reaction induced by OH 
generated from cavitation bubble [108]. This is a consequence of low 
vapor pressure of phenol (due to which it does not evaporate into the 
cavitation bubble) and the hydrophilic nature of the phenol molecule. 
The interaction between radicals and phenol molecules becomes an 
important factor influencing the overall degradation. The scavenging 
phenomenon increases the sonodegradation of phenol. Moreover, the 
concentration of the radical scavenging species is another important 
factor affecting the degradation. The formation of OH and H2 de-
rived from sonolysis of H2O in aqueous solution saturated with O2 as 
an endpoint of inertial cavitation was examined. It should be pointed 
out that OH, formed via H2O sonolysis, can partly recombine yield-
ing H2O2 which in turn reacts with H2 to regenerate OH in Equations 
(7) and (8) [108]:

						      (7)

						    
(8)

Takizawa et al. [109] found that US-assisted the hydroxylation of 
phenolic compounds, such as phenol, 4-methyl phenol, 4-hydroxy-
anisole, 2-naphthol, catechol, resorcinol, 3-t-butyl-4-hydroxyanisole, 
3-methyl-4-hydroxyanisole, in aqueous solution in 12-18 h, at 200 
kHz. In the present study, we agree with the results of Takizawa et al. 
[109] in TI ww.

Effect of nano-cerium dioxide (nano-CeO2) concentrations 
on the CODdis, color and polyphenols removal efficiencies 
versus sonication time and temperature

81.24%, 85.1% and 90.22% CODdis removals were observed in 
10, 100 and 1000 mg/L nano-CeO2, respectively, after 150 min son-
ication time at pH=7.0 and at 30oC (Table 11, SET 2 and SET 3). 
3.69%, 6.59% and 13.57% increase in CODdis removals were ob-
tained in 10, 100 and 1000 mg/L nano-CeO2, respectively, after 150 
min sonication time at pH=7.0 and at 30oC, compared to the con-
trol (without nano-CeO2 while E=81.53% CODdis at pH=7.0 and at 
30oC, after 150 min sonication time). A significant linear correlation 
between CODdis yields and increasing nano-CeO2 concentrations was 
observed (R2=0.86, F=14.12, p=0.01) (Table 11, SET 2 and SET 3). 
86.41%, 90.64% and 96.70% CODdis yields were found in 10, 100 and 
1000 mg/L nano-CeO2, respectively, after 150 min sonication time, at 
pH=7.0 and at 60oC (Table 11, SET 2 and SET 3). The contribution of 
nano-CeO2 on CODdis removals were 2.50%, 8.70% and 13% in 10, 
100 and 1000 mg/L nano-CeO2, respectively, after 150 min sonica-
tion time, at pH=7.0 and at 60oC, compared to the control (E=84.92% 
CODdis after 150 min sonication time, at pH=7.0 and at 60oC). The 
maximum CODdis removal was 96.70% at nano-CeO2=1000 mg/L 
after 150 min sonication time, at pH=7.0 and at 60oC. A significant 
linear correlation between CODdis yields and increasing nano-CeO2 
concentrations was observed (R2=0.92, F=16.43, p=0.01) (Table 11, 
SET 2 and SET 3). A simple scheme showing radical formation and 
depletion during H2O sonolysis is given below in Equations (9), (10), 
(11) and (12) [110]:

						      (9)

						    
(10)

						      (11)

						    
(12)

Cerium (Ce) is quite electropositive and reacts slowly with H2O 
and quite quickly with hot H2O to form Ce(OH)3 in Equation (13). 
Ce+4 ions is reacted with OH- ions and is converted Ce(OH)4 in Equa-
tion (14). Ce(OH)4 is reduced to CeO2 and H2O in Equation (15) [111]:

						      (13)

						    
(14)

						      (15)

Oxides of rare earth elements have been used widely in the cat-
alyst industry to improve activity, selectivity and thermal stability. 
CeO2 is one of the most significant of these rare earth elements and 
has seen recent use as a catalyst. The catalyst function of CeO2 is 
related to its gas phase reaction with O2 and ability to shift between 
the reduced and oxidized state, i.e., Ce+3 and Ce+4 ions. This reversible 
reaction is expressed in Equation (16) [111]:

						      (16)
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The mechanism of catalytic activity on CeO2 is a complicate [112]. 
The revolve of the O2 storage capacity which is largely due to the mul-
tivalent nature of Ce at the surface of the pollutant materials change 
in energy for any heterogeneous catalyst in the surface. The shift 
between the Ce+3 to Ce+4 states leads to a high O2 mobility in CeO2 
lattice, which in turn can lead to a strong catalytic potential. The mor-
phological analysis confirms the formation of CeO2 NPs [113]. Ac im-
pedance spectroscopy has been used to study the ion conduction and 
conductivity of the prepared NPs without sonication and with 1 h, 2 h, 
3 h, and 4 h sonication time, at 350oC, at 380oC and at 410oC. After 2 
h sonication time is found a high ionic conductivity (2.75 * 10-4 S/cm 
at 410oC) in the surface of the CeO2. The conductance spectra show 
an orderly shifting which is due to the effect of sonication [113]. High 
ion conductivity increases to radical scavengers rate and also, high 
removal efficiencies of pollution compounds (COD, color, phenols, 
TAAs, etc.) during sonication process. Although, high ion conductivi-
ty decreases to sonication time during sonication process.

80.96%, 82.14% and 83.78% color removals were observed in 10, 
100 and 1000 mg/L nano-CeO2, respectively, after 150 min sonica-
tion time, at pH=7.0 and at 30oC (Table 12, SET 3). 2.70%, 3.88% 
and 5.52% increase in the color yields were obtained in 10, 100 and 
1000 mg/L nano-CeO2, respectively, after 150 min sonication time, at 
pH=7.0 and at 30oC, compared to the control (E=78.26% color, after 
150 min sonication time, at pH=7.0 and at 30oC). A significant linear 
correlation between color yields and increasing nano-CeO2 concen-
trations was observed (R2=0.83, F=12.11, p=0.01) (Table 12, SET 2 
and SET 3). 88.54%, 89.19% and 95.06% color yields were found 
in 10, 100 and 1000 mg/L nano-CeO2, respectively, after 150 min 
sonication time, at pH=7.0 and at 60oC (Table 12, SET 3). The contri-
bution of nano-CeO2 concentrations on color removals were 0.88%, 
1.53% and 7.4% in 10, 100 and 1000 mg/L nano-CeO2, respectively, 
after 150 min sonication time, at pH=7.0 and at 60oC, compared to 
the control (E=87.66% color after 150 min sonication time, at pH=7.0 
and at 60oC). 95.06% maximum color removal was observed in 1000 
mg/L nano-CeO2 after 150 min sonication time at pH=7.0 and at 60oC. 
A significant linear correlation between color yields and increasing 
nano-CeO2 concentrations was observed (R2=0.87, F=14.70, p=0.01) 
(Table 12, SET 2 and SET 3). Although, the color yields increased 
as the nano-CeO2 concentrations, sonication time and sonication 
temperature were increased during sonication process. Li et al. [114] 
found that the disappearance of color occurred more readily than 
COD reduction for nano-CeO2 catalysts. Dye chemicals are usually 
composed of molecules with large molecular structures. When the 
chromophore on the dye structure is degraded the color will disap-
pear. Oxidation and pyrolysis are main degradation mechanisms for 
decolorization with the addition of CeO2 at US system. Reactions in 
the bulk are facilitated by increasing the temperature due to the high-
er mass transfer of different species at higher temperatures and this 
leads to an enhancement of the reaction rate of radicals (H●, OH●, 
O2H

●) with dye molecules [114]. On the other hand, any increase in 
temperature will raise the vapor pressure of a medium and so lead to 
easier cavitation but less violent collapse [105,106].

Zhao et al. [115] performed the catalytic degradation of Rhodamine 
B and Safranin-T with MoO3/CeO2 NFs catalyst in a continuous 
flowing mode using air (O2) as an oxidant. The results show that 
Rhodamine B and Safranin-T are degraded effectively with remov-
al efficiencies of 98.30% and 98.50%, respectively. You et al. [116] 
observed the loading amount of CeO2 and reaction temperature had 

important effects on decolorization ratio of Methyl Orange. At 70% 
loading amount and at 65oC reaction temperature, the decolorization 
ratio of Methyl Orange reached over 99%, which showed excellent 
catalytic activity. In this study, 95.06% color removal was found in 
nano-CeO2=1000 mg/L after 150 min sonication time and at 60oC. 
The color yield in the present study is lower than the yield obtained by 
Zhao et al. [115] and by You et al. [116] at 65oC as mentioned above. 
This could be attributed to the differences between sonication tem-
perature and dyestuff properties applied to the TI wws. Li et al. [117] 
investigated CeO2-ZnO composite NFs applications in the treatment of 
organic-polluted water (TI ww). Photocatalytic activity experiments 
showed that the Rhodamine B was almost completely decomposed 
when it was catalyzed by CeO2-ZnO NFs within 180 min, while only 
17.40% and 82.30% Rhodamine B color removals were found with 
CeO2 and ZnO NFs catalysis, respectively. Pradhan and Parida [10] 
93% complete Methylene Blue photodegradation and complete Con-
go Red mineralization were observed. The reason for higher catalytic 
activity of 1/1 (Fe/Ce) is ascribed to their higher surface area, surface 
acidity which the active sites of the catalyst accelerates the photo-
catalytic reaction. In this study, 95.06% color removal was found in 
nano-CeO2=1000 mg/L after 150 min sonication time and at 60oC. 
The color yields in the present study is higher than the yield obtained 
by Li et al. [117] at 60oC and by Pradhan and Parida [10] as mentioned 
above 80% PHE R, 73% 4-MP, 70% 4-H and 64% 2-M-4-H poly-
phenols removals were observed in nano-CeO2=1000 mg/L after 150 
min sonication time, respectively, at pH=7.0 and at 25oC (Table 14). 
10% PHE R, 8% 4-MP, 6% 4-H and 4% 2-M-4-H increase in poly-
phenols removals were obtained in nano-CeO2=1000 mg/L after 150 
min sonication time, respectively, at pH=7.0 and at 25oC, compared 
to the control (E=70% PHE R, E=65% 4-MP, E=64% 4-H, E=60% 
2-M-4-H polyphenols after 150 min sonication time, at pH=7.0 and 
at 25oC). A significant linear correlation between polyphenols yields 
and increasing nano-CeO2 concentrations was observed (R2=0.87, 
F=16.49, p=0.01) (Table 13 and Table 14). 88% PHE R, 84% 4-MP, 
78% 4-H and 71% 2-M-4-H polyphenols removals were observed in 
nano-CeO2=1000 mg/L after 150 min sonication time, respectively, 
at pH=7.0 and at 30oC (Table 14). 10% PHE R, 9% 4-MP, 8% 4-H 
and 6% 2-M-4-H increase in polyphenols removals were obtained in 
nano-CeO2=1000 mg/L after 150 min sonication time, respectively, at 
pH=7.0 and at 30oC, compared to the control (E=78% PHE R, E=75% 
4-MP, E=70% 4-H and E=65% 2-M-4-H polyphenols after 150 min 
sonication time, at pH=7.0 and at 30oC). A significant.

Linear correlation between polyphenols yields and increasing na-
no-CeO2 concentrations was found (R2=0.88, F=16.32, p=0.01) (Ta-
ble 14).  94% PHE R, 89% 4-MP, 83% 4-H and 80% 2-M-4-H poly-
phenols yields were found in nano-CeO2=1000 mg/L after 150 min 
sonication time, respectively, at pH=7.0 and at 60oC (Table 14). 9% 
PHE R, 10% 4-MP, 9% 4-H and 8% 2-M-4-H increase in polyphenols 
removals were obtained in nano-CeO2=1000 mg/L after 150 min soni-
cation time, respectively, at pH=7.0 and at 60oC, compared to the con-
trol (E=85% PHE R, E=79% 4-MP, E=74% 4-H and E=72% 2-M-4-H 
polyphenols after 150 min sonication time, at pH=7.0 and at 60oC). 
The maximum polyphenols removals were 94% PHE R, 89% 4-MP, 
83% 4-H and 80% 2-M-4-H in nano-CeO2=1000 mg/L after 150 min 
sonication time, respectively, at pH=7.0 and at 60oC. A significant lin-
ear correlation between polyphenols yields and increasing nano-CeO2 
concentrations was obtained (R2=0.75, F=14.11, p=0.01) (Table 14). 
Polyphenols mainly degrade by reacting with OH at the gas–liquid 
interface and/or in the bulk liquid and possibly to a much lesser ex-
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tent by thermal decomposition at the gas-liquid interface [108]. Prad-
han and Parida [10] investigated the nanostructured and mesoporous 
Fe-Ce mixed oxides for photocatalytic degradation of phenol. About 
13% phenol sonodegradation. In this study, 80% PHE R removal was 
found in nano-CeO2=1000 mg/L after 150 min sonication time and 
at 25oC. The total phenol yield in the present study is higher than the 
yield obtained by Pradhan and Parida [10] as mentioned above. This 
could be attributed to the differences between catalysis concentrations 
applied to the TI wws.

The degradation of pollutants in the photocatalytic process per-
formed under UV or VIS irradiation depends on many parameters, in-
cluding the pH of wastewater, effect of catalyst loading expressed by 
the ratio of catalyst to pollutant or catalyst to volume of wastewater, 
adsorption of a pollutant on a photocatalyst surface, source and light 
intensity, pollutant loading, and presence of interfering compounds 
[118,119].

The composition of industrial wastewater may vary, and some pol-
lutants can poison photocatalysts and photoelectrocatalysts. There-
fore, regeneration methods for CeO2-based photocatalyst surfaces 
must be taken under consideration. Although there aremanyissues 
that should be overcome in photocatalytic and photoelectrocatalytic 
processes in wastewater treatment before these processes can be com-
mercially implemented, CeO2 and its composites seem to be promis-
ing photocatalytic materials [42].

Ceria containing materials has been receiving numerous attention 
recently owing to its broad ranges of application in catalysis [120-
123] in ceramic materials [124,125] and in solid-oxide fuel cells 
[126,127]. With its use as an optical catalyst, CeO2 displays a band 
gap of 3.2 eV electron transition from O 2p to Ce 4f [128]. CeO2 is 
thus not generally considered as a semiconductor, nor is it regarded 
as a photoactive material. The recent work by Esch et al. [129] about 
the electron localization of CeO2 observed by high-resolution scan-
ning tunneling microscopy reveals the defect of CeO2-being difficult 
to move, which means that the Ce+3, or the electron trapped at 4f level 
cannot move at ambient temperatures. The results imply the inactive 
photocatalytic properties of CeO2, i.e. the exciton produced by pho-
toabsorption is difficult to move or diffuse to the surface and thus 
contributes little to its surface catalytic reaction. Research has been 
conducted to improve photocatalytic properties of CeO2 powders by 
doping transition metal elements. With the nanoparticles doped, CeO2 
with 3d transition metal ions would enhance the mobility of exci-
ton, thus facilitating its surface reaction. Accordingly, some transition 
metal ion dopants such as Fe, Mn, and Co have been investigated for 
the CeO2 system.

The photocatalytic degradation of methylene blue (MB, C16H-
18ClN3S

•3H2O) is tested on the doped CeO2 nanoparticles to check the 
dope effects. The doping of transition metal significantly enhances 
the photoactivity for MB reaction. Because the surface area of all 
the samples are approximately the same (the size of the doped CeO2 
nanoparticles is almost the same) and the energy of the Hg light used 
for the optical reaction is focused at the wavelengths shorter than 400 
nm (365 nm 100%, 313 nm 20%, 254 nm 20%, and 410 nm 2%), it 
may be reasonable to attribute the improved photocatalytic activity 
of the doped ceria to the enhancement of energy transfer from the 
doping [130].

Effect of nano-titanium dioxide (nano-TiO2) on the CODdis, 
color and polyphenols removal 1efficiencies versus sonica-
tion time and temperature

83.43%, 89.27% and 94.11% CODdis removals were observed in 
0.5, 10 and 20 mg/L nano-TiO2, respectively, after 150 min sonication 
time, at pH=7.0 and at 30oC (Table 11, SET 4). The contribution of 
these nano-TiO2 concentrations on CODdis yields were 1.90%, 7.74% 
and 12.58% compared to the control (without TiO2 while E=81.53% 
CODdis after 150 min sonication time, at pH=7.0 and at 30oC). A sig-
nificant linear correlation between CODdis yields and increasing na-
no-TiO2 concentrations was observed (R2=0.83, F=17.80, p=0.01) 
(Table 11, SET 4). 89.20%, 91.17% and 98.13% CODdis yields were 
found in 0.5, 10 and 20 mg/L nano-TiO2, respectively, after 150 min 
sonication time at pH=7.0 and at 60oC (Table 11, SET 4). The con-
tribution of 0.5, 10 and 20 mg/L nano-TiO2 concentrations on CODdis 
removals were 4.28%, 6.25% and 13.21% compared to the control 
(without TiO2 while E=84.92% CODdis after 150 min sonication time, 
at pH=7.0 and at 60oC). The maximum CODdis removal was 98.13% 
in nano-TiO2=20 mg/L after 150 min sonication time, at pH=7.0 and 
at 60oC. A significant linear correlation between CODdis yields and in-
creasing nano-TiO2 concentrations was observed (R2=0.79, F=16.52, 
p=0.01) (Table 11, SET 4). Since the organic compounds in TI ww are 
hydrophilic, its partitioning into the gas phase is unlikely and direct 
pyrolysis should be a very minor reaction path in a TiO2 with US 
process. Accordingly, the main pathway for the destruction of COD 
is chemical oxidation by OH● in the bulk liquid and/or the interface 
region of the cavitation bubbles in the US-based system with the ad-
dition of different TiO2 concentrations.

Since the organic compounds in TI ww are hydrophilic, its parti-
tioning into the gas phase is unlikely and direct pyrolysis should be a 
very minor reaction path in a TiO2/US system [57]. Accordingly, the 
main pathway for the destruction of COD is chemical oxidation by 
OH in the bulk liquid and/or the interface region of the cavitation 
bubbles in the US-based system [57].

In a study performed by Mrowetz et al. [56] 36% COD removal 
was found in a TI ww containing 75 mg/L Acid Orange 8, at 20 kHz, 
at 250 W, in TiO2=0.1 g/L, after 100 min sonication time and at 35oC. 
In this study, 94.11% CODdis removal was measured in nano-TiO2=20 
mg/L after 150 min sonication time and at 30oC. The CODdis yield 
in the present study is higher than the yield observed by Mrowetz et 
al. [56] at 30oC as mentioned above. This could be attributed to the 
differences between dyestuff properties and nano-TiO2 concentration 
applied to the TI wws. 84.14%, 88.60% and 90.13% color removals 
were observed in 0.5, 10 and 20 mg/L nano-TiO2, respectively, af-
ter 150 min sonication time, at pH=7.0 and at 30oC (Table 12, SET 
4). 5.88%, 10.34% and 11.87% increase in the color removals were 
obtained in 0.5, 10 and 20 mg/L nano-TiO2, respectively, after 150 
min sonication time, at pH=7.0 and at 30oC, compared to the control 
(without nano-TiO2 while E=78.26% color, after 150 min sonication 
time, at pH=7.0 and at 30oC). A significant linear correlation between 
color yields and increasing nano-TiO2 concentrations was observed 
(R2=0.84, F=13.76, p=0.01) (Table 12, SET 4). 91.19%, 94.95% and 
96.24% color yields were found in 0.5, 10 and 20 mg/L nano-TiO2, 
respectively, after 150 min sonication time, at pH=7.0 and at 60oC 
(Table 12, SET 4). The contribution of nano-CeO2 concentrations on 
color removals were 3.53%, 7.29% and 8.58% in 10, 100 and 1000 
mg/L nano-CeO2, respectively, after 150 min sonication time, at 
pH=7.0 and at 60oC, compared to the control (E=87.66% color after  
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150 min sonication time, at pH=7.0 and at 60oC). The maximum color 
removal was 96.24% in nano-TiO2=20 mg/L after 150 min sonication 
time, at pH=7.0 and at 60oC. A significant linear correlation between 
color yields and increasing nano-TiO2 concentrations was observed 
(R2=0.87, F=16.73, p=0.01) (Table 12, SET 4). In the presence of 
TiO2 active radicals produced. The reason would be due to increased 
surface area of TiO2 powder which provides more active sites to pro-
duce radicals. However, the most ideal condition for dye degradation 
could be achieved by simultaneous usage of US and TiO2 with H2O2 
[58,131]. Methylene Blue and Rhodamine B dyestuffs were selected 
for our study. It is expected that the sonolytic degradation of Methy-
lene Blue and Rhodamine B dyestuff would mainly occur by OH at-
tack [96,97]. In order to investigate the dependence of the OH during 
the degradation of Methylene Blue and Rhodamine B dyestuffs by ul-
trasonic irradiation, the sonolytic degradation of Methylene Blue and 
Rhodamine B in the presence of radical scavengers (such as H, OH, 
O2H

, O2
), known as an effective OH scavenger, was performed and 

was to scavenge OH in the bubble and prevent the accumulation of 
OH at the interface of the bubble [96,97]. Wang et al. [57] obtained 
60% color yield in a TI ww containing 100 mg/L Azo Funchsine solu-
tion at 40 kHz, at 50 W after 60 min sonication time, at 30oC with 
TiO2=50 mg/L. In a study performed by Abbasi and Asl [58] 90% 
color removal achieved in a TI ww containing 15 mg/L Basic Blue 
41, at 35 kHz, at 160 W, after 180 min sonication time at 30oC with 
TiO2=100 mg/L. In this study, 90.13% color removal was found in na-
no-TiO2=20 mg/L after 150 min sonication time and at 30oC. The col-
or yield in the present study is higher than the yield obtained by Wang 
et al. [57] at 30oC and by Abbasi and Asl [58] at 30oC as mentioned 
above. This could be attributed to the differentiations in dyes present  

 
 
 

 
 

in TI to the operational conditions such as sonication time, sonication 
frequency, dyestuff properties and sonication power.

83% PHE R, 76% 4-MP, 73% 4-H and 67% 2-M-4-H polyphe-
nols removals were observed in nano-TiO2=20 mg/L after 150 min 
sonication time, respectively, at pH=7.0 and at 25oC (Table 14). 13% 
PHE R, 11% 4-MP, 9% 4-H and 7% 2-M-4-H increase in polyphenols 
removals were obtained in nano-TiO2=20 mg/L after 150 min sonica-
tion time, respectively, at pH=7.0 and at 25oC, compared to the con-
trol (without nano-TiO2 while E=70% PHE R, E=65% 4-MP, E=64% 
4-H and E=60% 2-M-4-H polyphenols after 150 min sonication time, 
at pH=7.0 and at 25oC. A significant linear correlation between poly-
phenols yields and increasing nano-TiO2 concentrations was observed 
(R2=0.97, F=18.11, p=0.01) (Table 14). 91% PHE R, 87% 4-MP, 
80% 4-H and 73% 2-M-4-H polyphenols removals were observed in 
nano-TiO2=20 mg/L after 150 min sonication time, respectively, at 
pH=7.0 and at 30oC (Table 14). 13% PHE R, 12% 4-MP, 10% 4-H 
and 8% 2-M-4-H increase in polyphenols removals were obtained in 
nano-TiO2=20 mg/L after 150 min sonication time, respectively, at 
pH=7.0 and at 30oC compared to the control (E=78% PHE R, E=75% 
4-MP, E=70% 4-H and E=65% 2-M-4-H polyphenols after 150 min 
sonication time, at pH=7.0 and at 30oC). A significant linear correla-
tion between polyphenols yields and increasing nano-TiO2 concen-
trations was obtained (R2=0.92, F=18.62, p=0.01) (Table 14). 95% 
PHE R, 92% 4-MP, 85% 4-H and 81% 2-M-4-H polyphenols yields 
were found in nano-TiO2=20 mg/L after 150 min sonication time, 
respectively, at pH=7.0 and at 60oC (Table 14). 10% PHE R, 13% 
4-MP, 11% 4-H and 9% 2-M-4-H increase in polyphenols removals 
were obtained in nano-TiO2=20 mg/L after 150 min sonication time, 
respectively, at pH=7.0 and at 60oC, compared to the control (E=85% 

Table 14: Measurements of total phenols and three polyphenols (4-methyl phenol, 4-hydorxyanisole and 2-methyl-4-hyroxyanisole) in TI ww with the addition of different na-
no-CeO2, nano-TiO2 and nano-CeO2/TiO2 concentrations with GC-MS after 120 and 150 min sonication time, at pH=7, at increasing temperatures (25, 30 and 60oC), at initial total 
phenol concentration=37 mg/L, at sonication power=640 W and at sonication frequency=35 kHz (n=3, mean values).

PHE R: Total phenol removal efficiency (%), 4-MP R: 4-methyl phenol removal efficiency (%), 4-H R: 4-hydorxyanisole removal efficiency (%), 2-M-4-H R: 2-methyl-4-hyroxy-
anisole removal efficiency (%), a : (oC), b : removal efficiency (%), c : mg/L, d  : min.

Ta Phenolsb

Polyphenols Removal Efficienciesb

nano-CeO2
c nano-TiO2

c nano-CeO2/TiO2
c

10c 100c 1000c 0.5c 10c 20c 100c 500c 1000c

120d 150d 120d 150d 120d 150d 120d 150d 120d 150d 120d 150d 120d 150d 120d 150d 120d 150d

25a PHE Rb 59 73 63 79 66 80 60 75 64 82 67 83 61 76 69 85 71 87

4-MP Rb 48 68 51 72 54 73 49 69 52 75 55 76 50 70 56 77 59 80

4-H Rb 44 66 46 69 49 70 45 67 47 72 50 73 46 68 50 73 55 76

2-M-4-H 
Rb 41 61 42 63 45 64 42 62 43 65 46 67 43 63 45 66 48 70

30a PHE Rb 64 83 67 87 70 88 65 84 69 89 72 91 66 85 74 90 76 92

4-MP Rb 54 79 56 82 59 84 55 80 58 87 61 87 56 81 62 88 66 90

4-H Rb 51 73 52 75 55 78 52 74 54 79 57 80 53 75 57 80 59 82

2-M-4-H 
Rb 48 67 50 68 51 71 49 68 50 71 53 73 50 69 52 72 55 76

60a PHE Rb 72 91 74 92 77 94 73 92 77 93 80 95 74 93 82 94 86 96

4-MP Rb 60 84 61 86 64 89 61 85 64 90 67 92 62 86 68 92 72 93

4-H Rb 55 78 57 80 59 83 56 79 58 84 61 85 57 80 61 86 67 88

2-M-4-H 
Rb 52 75 54 77 56 80 53 76 54 79 57 81 54 77 56 82 64 85
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PHE R, E=79% 4-MP, E=74% 4-H and E=72% 2-M-4-H polyphenols 
after 150 min sonication time, at pH=7.0 and at 60oC). The maximum 
polyphenols removals were 95% PHE R, 92% 4-MP, 85% 4-H and 
81% 2-M-4-H in nano-TiO2=20 mg/L after 150 min sonication time, 
respectively, at pH=7.0 and at 60oC. A significant linear correlation 
between polyphenols yields and increasing nano-TiO2 concentrations 
was found (R2=0.84, F=16.75, p=0.01) (Table 13). The increase in so-
no-destruction yields for phenol after 120 min sonication time, at high 
TiO2 concentrations (>10 mg/L) may be explained by the fragmenta-
tion of TiO2 catalyst which by the cavitation process produces higher 
surface area [132]. Throughout sonication ultrasonic waves not only 
destroy the phenol compounds through cavitation process but also 
could increases the adsorption process by increasing the surface area 
of the TiO2 catalyst as reported by Laxmi et al. [132]. During the US 
of TI ww with TiO2, the H2O2 form more active free radicals, such as 
OH and O2H

/O2
-l [132].

The attack of OH on phenol was confined through sonication. 
The formation of the hydrophenols through sonication can be ex-
plained by the Equatins (17), (18) and (19):

						      (17)

						    
(18)

						      (19)

Effect of nano-cerium dioxide/titanium dioxide (na-
no-CeO2/TiO2) concentrations on the removal of CODdis, 
color and polyphenols versus increasing sonication time and 
temperature

Nano-CeO2/TiO2 = 100, 500 and 2000 mg/L (the ratios of 1/4, 1/1, 
4/1, 9/1, w/w) and nano-CeO2/TiO2 ratio concentrations were applied 
to nano-CeO2=20 mg/L / nano-TiO2=80 mg/L, nano-CeO2=50 mg/L 
/ nano-TiO2=50 mg/L, nano-CeO2=80 mg/L / nano-TiO2=20 mg/L, 
nano-CeO2=90 mg/L / nano-TiO2=10 mg/L, nano-CeO2=100 mg/L / 
nano-TiO2=400 mg/L, nano-CeO2=250 mg/L / nano-TiO2=250 mg/L, 
nano-CeO2=400 mg/L/ nano-TiO2=100 mg/L, nano-CeO2=450 mg/L / 
nano-TiO2=50 mg/L, nano-CeO2=400 mg/L / nano-TiO2=1600 mg/L, 
nano-CeO2=1000 mg/L / nano-TiO2=1000 mg/L, nano-CeO2=1600 
mg/L / nano-TiO2=400 mg/L, nano-CeO2=1800 mg/L / nano-TiO2=200 
mg/L, respectively. 88.41%, 92.15% and 97.39% CODdis removals 
were observed in 100, 500 and 1000 mg/L nano-CeO2/TiO2, respec-
tively, after 150 min sonication time, at pH=7.0 and at 30oC (Table 
11, SET 5). 6.88%, 10.62% and 15.86% increase in CODdis removals 
were obtained in 100, 500 and 1000 mg/L nano-CeO2/TiO2, respec-
tively, after 150 min sonication time, at pH=7.0 and at 30oC, com-
pared to the control (without nano-CeO2/TiO2 while E=81.53% COD-
dis after 150 min sonication time, at pH=7.0 and at 30oC). A significant 
linear correlation between CODdis yields and increasing nano-CeO2/
TiO2 concentrations was observed (R2=0.79, F=10.14, P=0.01) (Table 
11, SET 2 and SET 5). 91.18%, 97.20% and 99.37% CODdis yields 
were obtained in 100, 500 and 1000 mg/L nano-CeO2/TiO2, respec-
tively, after 150 min sonication time, at pH=7.0 and at 60oC (Table 11, 
SET 5). The contribution of nano-CeO2/TiO2 concentrations on COD-
dis removals were 6.26%, 12.28% and 14.45% in 100, 500 and 1000 
mg/L nano-CeO2/TiO2, respectively, after 150 min sonication time, 
at pH=7.0 and at 60oC, compared to the control (E=84.92% after 150 

min sonication time, at pH=7.0 and at 60oC) (Table 11, SET 2 and 
SET 5). The maximum CODdis removal was 99.37% in a 1000 mg/L 
concentrations of nano-CeO2/TiO2 after 150 min sonication time, at 
pH=7.0 and at 60oC. A significant linear correlation between CODdis 
yields and increasing nano-CeO2/TiO2 concentrations was observed 
(R2=0.78, F=12.83, P=0.01) (Table 11, SET 5).

The mechanisms of CODdis removal were determined the average 
crystal size of CeO2 decreased and the surface areas increased; the 
low valence of Ce3+ increase, and the chemisorbed O2 slightly de-
creased with the increase of Ti content on the surface of CeO2-TiO2 
catalysts. TiO2 is a promising material both as an active material and 
a support for some catalytic reaction [133,134]. On the other hand, the 
fact that Ti+4 has the lower ionic radius than Ce+4 indicates that Ce+4 in 
the CeO2 lattice could be replaced by Ti+4, so that a fluorite structure 
solid solution could be formed, and improve the properties of pure 
CeO2 [133,134]. Nano-CeO2/TiO2 mixed oxides at ratios of 1/1, 1/4 
showed higher activity than the pure nano-CeO2 and pure nano-TiO2. 
Yang et al. [135] investigated the cataliytic activity of CeO2/TiO2 cat-
alysts of 1000 mg/L phenol in batch and packed-bed reactors. CeO2/
TiO2 mixed oxides show the higher activity than pure CeO2, pure TiO2 
and CeO2/TiO2=1/1 displays the highest phenol removal. In the batch 
reactor, 100% COD yield is measured after 120 min sonication time. 
In a packed-bed reactor using a CeO2 to TiO2 ratio of 1/1, over 91% 
COD removal is obtained at an initial COD concentration of 1000 
mg/L for 100 h continuous reaction. Leaching of metal ions at the 
aforementioned CeO2 to TiO2 ratio is very low during the continuous 
reaction [135]. Zhao et al. [98] showed that the Fe/TiO2-CeO2 was a 
very efficient catalyst to oxidize the pollutants of dye industry such 
as H-acid (1-amino-8-hydroxynaphthalene-3,6-disulfonic acid that 
an important dye intermediate, is produced from naphthalene by a 
combination of the unit processes of sulfonation, nitration, reduction, 
and hydrolysis, and it is used in the manufacture of a large number 
of azo dyes and pigments) into biodegradable species and doping Ce 
into TiO2. This greatly enhancing the surface areas of the catalysts. 
89.60% and 70% COD yields were obtained at Fe/TiO2-CeO2=1000 
g and at a Ti to Ce ratio of 1/1 at 100°C, at pH=5.0 after 90 min 
sonication time. Gao et al. [136] investigated high surface area and 
good redox ability are important to the catalytic activity, while the 
strong interaction between CeO2 and TiO2 as well as high concentra-
tion of amorphous or highly dispersed nano-crystalline CeO2 should 
be the reason for the excellent performance of the catalyst. 70-98% 
Nitric Oxide (NO) convertion was measured with CeO2/TiO2=1/2 and 
CeO2=1000 mg/L/TiO2=2000 mg/L, at [O2], N2 (g) levels of 3% and 
500 mL/min in the presence of 500-1000 mg/L [NO] = [NH3] (Am-
monia) concentrations at 300oC. 35-98% NO convertion with 200 
mg/L Sulfur dioxide (SO2) was observed with CeO2/TiO2, and [NO] 
= [NH3] =1000 mg/L at 150 min sonication time and at 350oC. In this 
study, 99.37% CODdis removal was found in nano-CeO2/TiO2=1000 
mg/L after 150 min sonication time and at 60oC. The CODdis yield 
in the present study is higher than the yield obtained by Yang et al. 
[135], by Zhao et al. [98] and by Gao et al. [136]. This could be atrib-
uted that differences between treatment methods, catalysts properties, 
sonication temperature and sonication time in TI ww. Deng et al. 
[137] found higher sorption capacity for 9.40 mg/g Arsenic (As+5) at 
pH=6.5 with mixed of nano-CeO2/TiO2 adsorbent than both the pure 
nano-TiO2 and pure nano-CeO2 adsorbents. The amorphous composi-
tion of Ce-Ti hybrid adsorbent, and the nano sized levels were related 
to the high sorption capacity for as+5.

89.31%, 91.07% and 93.42% color yields were observed in 100, 
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500 and 1000 mg/L nano-CeO2/TiO2, respectively, after 150 min 
sonication time, at pH=7.0 and at 30oC (Table 12, SET 5). 11.05%, 
12.81% and 15.16% increase in the color removals were obtained 
in 100, 500 and 1000 mg/L nano-CeO2/TiO2, respectively, after 150 
min sonication time, at pH=7.0 and at 30oC, compared to the con-
trol (E=78.26% color after 150 min sonication time, at pH=7.0 and 
at 30oC). A significant linear correlation between color yields and in-
creasing nano-CeO2/TiO2 concentrations was not observed (R2=0.33, 
F=0.25, P=0.01) (Table 12, SET 2 and SET 5). 91.42%, 95.89% 
and 98.07% color yields were found in 100, 500 and 1000 mg/L na-
no-CeO2/TiO2, respectively, after 150 min sonication time, at pH=7.0 
and at 60oC (Table 12, SET 5). The contribution of nano-CeO2/TiO2 
concentrations on color removals were 3.76%, 8.23% and 10.41% 
in 100, 500 and 1000 mg/L nano-CeO2/TiO2, respectively, after 150 
min sonication time, at pH=7.0 and at 60oC, compared to the con-
trol (E=87.66% color after 150 min sonication time, at pH=7.0 and 
at 60oC) (Table 12, SET 2 and SET 5). The maximum color removal 
was 98.07% in nano-CeO2/TiO2=1000 mg/L after 150 min sonication 
time, at pH=7.0 and at 60oC. A significant linear correlation between 
color yields and increasing nano-CeO2/TiO2 concentrations was not 
obtained (R2=0.30, F=0.17, P=0.01) (Table 12, SET 5).

The average crystal size of CeO2 decreased and the surface areas 
increased during sonication; the low valence of Ce+3 increased, and 
the chemisorbed O2 slightly decreased with the increase of Ti content 
on the surface of CeO2-TiO2 catalysts as reported by Yang et al. [138]. 
Decolorization ratio increased during sonication with high CeO2-TiO2 
concentrations (2000, 5000, 7500 mg/L). Nano-CeO2/TiO2 was a very 
efficient catalyst to oxidize the pollutants of dye industry into biode-
gradable species and doping Ce into TiO2 obviously restrained the 
growth of crystal, greatly enhancing the surface areas of the catalysts. 
However, the large surface area of nano-CeO2/TiO2 catalyst was in-
creased to degradation efficiencies and degradation rate during soni-
cation period. The activity of nano-TiO2/CeO2 catalysts was strongly 
affected by Ti/Ce molar ratio. High Ti/Ce ratio was expanded to deg-
radation rate of nano-TiO2/CeO2 catalysts, degradation efficiencies of 
pollution compounds (COD, color, polyphenols, TAAs, etc.) [138]. 
Shirsath et al. [139] exhibited the synthesis of TiO2 NPs doped with 
Fe and Ce catalysts prepared by sonochemical method higher photo-
catalytic activity as compared to the catalysts prepared by the con-
ventional doping methods. 85% Crystal Violet removal in 0.80 mol% 
Ce-TiO2, 80% Crystal Violet removal in 1.20 mol% Fe-TiO2, 75% 
Crystal Violet removal in 1 mol% TiO2, respectively, after 100 min 
sonication time and at pH=6.5. Wang et al. [140] investigated that the 
CeO2/TiO2, SnO2/TiO2 and ZrO2/TiO2 composites were prepared by 
dispersing various nano-sized oxides (CeO2, SnO2, ZrO2, TiO2) with 
US and mixing TiO2/CeO2, SnO2/ZrO2, respectively, in boiling H2O in 
a molar ratio of 4/1, followed by calcining at 500°C for 60 min. The 
sonocatalytic degradation of Acid Red B was measured to 91.32% in 
CeO2/TiO2, 67.41% in SnO2/TiO2, 65.26% in TiO2, 41.67% in ZrO2/
TiO2, 28.34% in SnO2, 26.75% in CeO2, 23.33% in ZrO2, 16.67% in 
only US, respectively, at pH=5, at 50oC and at 60 min sonication time. 
Methyl Violet removal was observed to 40% in TiO2, 25% in ZrO2/
TiO2, 55% in SnO2/TiO2, 50% in CeO2/TiO2, respectively, at pH=5, at 
50oC and at 60 min sonication time. Rhodamine B yield was found to 
30% in TiO2, 9% in ZrO2/TiO2, 32% in SnO2/TiO2, 38% in CeO2/TiO2, 
respectively, at pH=5, at 50oC and at 60 min sonication time. In this 
study, 98.07% color removal was measured in nano-CeO2/TiO2=1000 
mg/L after 150 min sonication time and at 60oC. The color yield in 
the present study is higher than the yield observed by Shirsath et al. 

[139], by Wang et al. [140] at 50oC as mentioned above. This could be 
atributed that differences between dyestuff properties, sonication time 
and sonication temperature in TI ww. Zhao et al. [98] investigated that 
Fe/TiO2-CeO2 (Ti/Ce 9/1, 2 wt.% Fe) was a very efficient catalyst to 
oxidize the pollutants of dye industry such as H-acid into biodegrad-
able species and doping Ce into TiO2 obviously restrained the growth 
of crystal, greatly enhancing the surface areas of the catalysts. 98.1% 
and 90% color removals were observed at Fe/TiO2-CeO2=1 g and at 
Ti/Ce=9/1, at 100°C, at initial pH=5.0, at 90 min sonication time, at 
1 atm and at H2O2=17.6 mL, respectively. In this study, 98.07% color 
removal was obtained in nano-CeO2/TiO2=1000 mg/L after 150 min 
sonication time and at 60oC. The color yield in the present study is 
similar result observed by Zhao et al. [98] at 100oC as mentioned 
above 87% PHE R, 80% 4-MP, 76% 4-H and 70% 2-M-4-H poly-
phenols removals were observed in nano-CeO2/TiO2=1000 mg/L after 
150 min sonication time, respectively, at pH=7.0 and at 25oC (Table 
14). 17% PHE R, 15% 4-MP, 12% 4-H and 10% 2-M-4-H increase 
in polyphenols removals were obtained in nano-CeO2/TiO2=1000 
mg/L after 150 min sonication time, respectively, at pH=7.0 and at 
25oC, compared to the control (E=70% PHE R, E=65% 4-MP, E=64% 
4-H, E=60% 2-M-4-H polyphenols after 150 min sonication time, at 
pH=7.0 and at 25oC). A significant linear correlation between poly-
phenols yields and increasing nano-CeO2/TiO2 concentrations was 
observed (R2=0.84, F=11.25, P=0.01) (Table 13 and Table 14). 92% 
PHE R, 90% 4-MP, 82% 4-H and 76% 2-M-4-H polyphenols remov-
als were observed in nano-CeO2/TiO2=1000 mg/L after 150 min soni-
cation time, respectively, at pH=7.0 and at 30oC (Table 14). 14% PHE 
R, 15% 4-MP, 12% 4-H and 11% 2-M-4-H increase in polyphenols 
removals were obtained in nano-CeO2/TiO2=1000 mg/L after 150 
min sonication time, respectively, at pH=7.0 and at 30oC, compared 
to the control (E=78% PHE R, E=75% 4-MP, E=70% 4-H, E=65% 
2-M-4-H polyphenols after 150 min sonication time, at pH=7.0 and at 
30oC). A significant linear correlation between polyphenols removals 
and increasing nano-CeO2/TiO2 concentrations was found (R2=0.73, 
F=12.38, P=0.01) (Table 13 and Table 14). 96% PHE R, 93% 4-MP, 
88% 4-H and 85% 2-M-4-H polyphenols yields were found in na-
no-CeO2/TiO2=1000 mg/L after 150 min sonication time, respective-
ly, at pH=7.0 and at 60oC (Table 14). 11% PHE R, 14% 4-MP, 14% 
4-H and 13% 2-M-4-H polyphenols increase in polyphenols removals 
were obtained in nano-CeO2/TiO2=1000 mg/L after 150 min sonica-
tion time, respectively, at pH=7.0 and at 60oC, compared to the con-
trol (E=85% PHE R, E=79% 4-MP, E=74% 4-H, E=72% 2-M-4-H 
polyphenols after 150 min sonication time, at pH=7.0 and at 60oC). 
The maximum polyphenols removals were 96% PHE R, 93% 4-MP, 
88% 4-H and 85% 2-M-4-H in nano-CeO2/TiO2=1000 mg/L after 150 
min sonication time, respectively, at pH=7.0 and at 60oC. A signif-
icant linear correlation between polyphenols removals and increas-
ing nano-CeO2/TiO2 concentrations was obtained (R2=0.86, F=14.37, 
P=0.01) (Table 13 and Table 14). 99.37% CODdis, 98.07% color, 96% 
total phenol (PHE R), 93% 4-MP, 88% 4-H and 85% 2-M-4-H max-
imum removal efficiencies were found in the reactor containing na-
no-CeO2/TiO2=1000 mg/L ([nano-CeO2=500 mg/L / nano-TiO2=500 
mg/L]=1/1) after 150 min sonication time and at 60oC (Tables 11-14).

The obtained nano-CeO2/TiO2 materials exhibit large specific sur-
face area and uniform pore sizes [141]. Introduction of nano-CeO2 
species can effectively extend the spectral response from visible area 
and enhance the surface hydroxyl groups of the mesoporous TiO2. 
The CeO2/TiO2 nanocomposites show high photocatalytic activity in 
the degradation of the p-chlorophenol aqueous solution under the vis-
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ible irradiation [141]. The CeO2/TiO2, SnO2/TiO2 and ZrO2/TiO2 com-
posites were prepared by dispersing various nano-sized oxides (CeO2, 
SnO2, ZrO2 and TiO2) with US and mixing TiO2 with CeO2, SnO2 and 
ZrO2, respectively, in boiling H2O in a molar ratio of 4/1, followed 
by calcining temperature 500°C for 60 min [140]. Titanium isopro-
panoids and propanol were added in US reactor for 5 min sonication 
time [139]. After, sodium hydroxide (NaOH) and [Ce(NO3)2

•6H2O] 
were added in ultrasound reactor for 30 min sonication time. Then, 
compounds in US reactor were precipited and were dried after 30 min 
sonication time. After then, calcination process was applied to these 
compounds at US reactor at 450oC for 180 min. Finally, synthesis of 
Ce doped with TiO2 were occured by sonochemical method [139].

To study the effect of preparation method on the photocatalytic 
activity of the catalysts prepared by sonochemical and the conven-
tional method, the experiments were conducted for 2% (mol %) of 
Ce and Fe doped TiO2 and pure TiO2. It is observed that the degra-
dation of crystal violet increased gradually with UV irradiation time 
for all the samples. The highest degradation (84%) was achieved with 
Ce–TiO2 (US) sample followed by Fe–TiO2 (US) (77%) and undoped 
TiO2 (US) sample gave 71% degradation. The samples prepared by 
conventional method resulted in 75, 68 and 61% degradation for 
Ce–TiO2 (CV), Fe–TiO2 (CV) and TiO2 (CV) respectively. Maximum 
extent of degradation for the Cerium doping can be attributed to the 
fact that cerium shows the enhanced photo-response in the visible re-
gion and the redox pair of cerium (Ce+3/Ce+4) is also important, since 
cerium could act as an effective electron scavenger to trap the bulk 
electrons in TiO2 [16]. The preparation method played an important 
role in deciding the photoactivity of a catalyst. It was observed that 
the catalysts prepared by sonochemical method showed higher ac-
tivity against catalyst prepared by the conventional method, possibly 
attributed to the higher surface area for the reaction due to the lower 
particle size of the catalyst achieved with the sonochemical method. 
The increased high-velocity interparticle collisions among the parti-
cles can result in the fragmentation of the TiO2 particles leading to 
lower size in the case of sonochemical method. Also ultrasonic irradi-
ation may accelerate the hydrolysis and formation of titania crystals. 
Further sonication method can evenly disperse the metal ions into 
the crystal lattice of TiO2, independent of whether the ions react with 
Ti–gel or not [36]. This study clearly demonstrates the importance 
and advantages of sonication in the modification and improvement of 
the photocatalytic properties of TiO2 and doped TiO2 catalysts. After 
the first set of experiments, as it was observed that all the samples 
prepared by sonochemical method gives higher degradation than the 
samples prepared by conventional method, the studies related to the 
effect of other operating parameters on the degradation process were 
performed with the catalyst prepared by sonochemical method [139].

The CeO2/TiO2 heterostructure with stable structure canbe con-
structed by directly combining the crystal structure of cerium dioxide 
and titanium dioxide. However, due to the largedifference of the radi-
us between the titanium atom and thecerium atom, lattice distortion 
will be caused when cerium atom is substituted [142], resulting in 
lattice structure mis-match, high crystal energy, and difficulties in sta-
bilization [142]. For TiO2, the minimum conduction band is located at 
G point, andthe maximum valence band is located at Z point, indicat-
ing anindirect band gap. The calculated band gap is 3.061 eV, whichis 
smaller than the experimental value of 3.2 eV [142]. The density of 
states of TiO2, where the range of -5 eV to 0 eV below the Fermi level 
is the valence band region, which ismainly contributed by the O2p 
orbit, and the range of 2.5-15 eV above the Fermi level is the con-

duction band region, which is mainly contributed by the Ti3d orbit. 
The results showed that theband gap of the CeO2/TiO2 heterostructure 
is significantlysmaller than that of TiO2 (3.061 eV), which reduces 
the energyneeded to excite photons and improves the optical absorp-
tion capacity. The heterostructure changes the response range of light, 
widens the original UV region to the visible region, greatly improves 
the utilization of visible light, and is expectedto be widely used in the 
field of photocatalysis [142].

Compared with the powder photocatalysts, the substrate photocat-
alysts are more practical in water disinfection because of their spe-
cific properties such as easy in recovery and high reusability [143]. 
However, the low sterilization efficiency of substrate photocatalysts 
limit its further applications. Here, we prepared a binary composite 
direct Z-scheme heterojunction CeO2/TiO2 nanotube arrays (CeO2/
TiO2 NTAs) to improve the photocatalytic disinfection performance 
[143]. The heterojunction realized the spatial separation between the 
oxidation site and the reduction site under light irradiation. Conse-
quently, it was favorable to produce ROS (O2

-, OH,O2) and showed 
a good antibacterial effect on both Gram-positive and negative bacte-
ria (98.8 %). In addition, the results of the cyclic sterilization experi-
ment showed that the sterilization efficiency of the CeO2/TiO2 NTAs 
still reached 98.3 % after 3 times of recycling and reuse. Furthermore, 
the material still maintains a good sterilization effect and recovery 
performance in practical applications [143].

Conclusion
Low frequency (35 kHz) sonication proved to be a viable tool for 

the effective of CODdis, color, polyphenols removals in TI ww. The 
contribution of increasing nano-TiO2, nano-CeO2 and nano-CeO2/
TiO2 addition concentrations were significant to the removals of 
CODdis, color and polyphenols in increasing sonication time com-
pared to the control at pH=7.0 and at 25oC.

96.70% CODdis, 95.06% color, 94% PHE R, 89% 4-MP, 83% 4-H 
and 80% 2-M-4-H maximum removals were observed in the reactor 
containing nano-CeO2=1000 mg/L after 150 min sonication time, at 
Ti/Ce=1/1 and at 60oC. 98.13% CODdis, 96.24% color, 95% PHE R, 
92% 4-MP, 85% 4-H and 81% 2-M-4-H maximum yields were ob-
tained in the reactor containing nano-TiO2=20 mg/L after 150 min 
sonication time, at Ti/Ce=1/1 and at 60oC. 99.37% CODdis, 98.07% 
color, 96% PHE R, 93% 4-MP, 88% 4-H and 85% 2-M-4-H maxi-
mum removals were obtained in the reactor containing nano-CeO2/
TiO2=1000 mg/L after 150 min sonication time, at Ti/Ce=1/1 and at 
60oC. Eachone of increasing nano-TiO2 and nano-CeO2 concentra-
tions were increased to the CODdis, color and polyphenols removals 
in TI ww at sonication experiments. Also, increasing temperature 
was positively effected in TI ww at sonication time. Although, the 
nano-CeO2/TiO2 materials to exhibit large specific surface area and 
uniform pore sizes. Introduction of nano-CeO2 species can effectively 
extend the spectral response from visible area and enhance the sur-
face hydroxyl groups of the mesoporous nano-TiO2. In addition to, 
large surface area and uniform NPs pore sizes of nano-CeO2/TiO2 to 
increase the degradation rates of pollutions (CODdis, color and poly-
phenols) and the degradation efficiencies of pollutions (CODdis, color 
and polyphenols) in TI ww. The addition of nano-CeO2/TiO2 in TI ww 
was increased to removal efficiencies of pollutions (CODdis, color and 
polyphenols) higher than the eachone of nano-CeO2 and nano-TiO2 
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catalysts additions in TI ww.

The sonication process could prove to be less land-intensive, less 
expensive and require less maintenance than traditional biological 
treatment processes and other advanced oxidation processes (AOPs). 
Sonication technology can provide a cost-effective alternative for de-
stroying and detoxifying refractory compounds in TI ww.
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