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In the present work, praseodymium-doped cadmium tungstate (Pr-CdWO4) nanoparticles were synthe-
sized, characterized and used as catalysts in a sonocatalytic process to degrade the toxic synthetic azo
dye Remazol Black B (RBB). RBB was degraded by 93.9% operating at optimal conditions (pH = 3,
C = 100 mg/L, catalyst dosage = 0.35 g/L, T = 298 K and irradiation time100 min) under an ultrasonic bath
at 60 kHz. Further, the addition of different radical scavengers and enhancers to the reaction was
assessed. It was found that the addition of the radical scavengers sodium sulfate, sodium carbonate,
and sodium chloride decreased RBB degradation from 93.9% to 86.0%, 78.0%, and 71.2%, respectively.
On the contrary, the addition of the enhancers potassium periodate, peroxydisulfate and hydrogen per-
oxide slightly increased the RBB degradation from 93.9% to 95.3%, 96.1%, and 98.7%, respectively. The
sonocatalytic process resulted in higher RBB degradation than by applying separately sonolysis (34.7%)
and the catalyst as an adsorbent (39.5%). The experimental data followed both the pseudo-first-order
(PFO) and Langmuir-Hinshelwood (L-H) kinetics models. However, the PFO gave better fitting
(R2 = 0.993) than the L-H kinetic model (R2 = 0.9025) at the same optimum experimental conditions.
The obtained results pointed out the sonocatalytic process with Pr-doped CdWO4 nanoparticles as a
promising process for the degradation of azo dyes and other hazardous organic compounds existing in
wastewater.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Advanced oxidation processes (AOPs) are appealing methods
for removing pollutants from wastewater because of their simplic-
ity and high efficiency on the removal of resistant contaminants
[1–5]. AOPs are processes involving in situ generation of different
reactive oxygen species (ROS) in solution by diverse processes such
as sonolysis, ozonation, UV and Fenton processes. These ROS are
highly reactive and thus, they are able to oxidize organic com-
pounds non-selectively in a short time period [6]. Among the
above-mentioned AOPs, sonolysis has attracted the interest of
many researchers because of its environmental friendliness, low
cost and lack of sludge generation [1]. The sonolysis process is pro-
duced by passing ultrasonic waves as a source of high energy to
initiate the formation of acoustic cavitation through a liquid, and
the process is also known as acoustic cavitation or ultrasonication.
In this process, bubble collisions release a large amount of energy
forming hydroxyl (�OH) and hydrogen radicals (�H) by the thermal
dissociation of water and oxygen [1]. These radicals can oxidize
dissolved recalcitrant compounds generating hydrogen peroxide
(H2O2). However, the use of only ultrasound waves (sonolysis) to
treat wastewater consumes time and a high amount of electrical
energy [7]. Also, the application of sonolysis leads to a low degra-
dation rate of organic contaminants and, in addition to this, total
degradation rarely takes place [8].
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Table 1
Characteristics and chemical structure of Remazol Black B.

Molecular
formula

C26H21N5O19S6Na4

Molecular
weight

991.82 g/mol

kmax 590 nm
Color index

name
C.I. Reactive Black 5

Color index
number

C.I. 20,505

Synonyms Reactive Black 5; Reactive Black B; Remazol Black 5;
Remazol Black B; Drimaren Black R/K-3B

Class Diazo dye
Chemical

structure

Application
textile

Cotton

CAS registry
number

17095–24-8
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To overcome the above-mentioned limitations, the use of ade-
quate catalysts in sonolysis, such as solid semiconductors, is used.
The catalysts provide nucleation sites for cavitation bubbles
decreasing the threshold of the ultrasound irradiation intensity
required for cavitation to occur. This increases cavitation which
in turn increases the generation of hydroxyl radicals and thereby
enhancing the degradation of organic pollutants [1]. In addition,
some nanoparticles as catalysts in sonolysis can be used to reduce
the energy and time for organic pollutant degradation when sonol-
ysis is used separately [1]. These acoustic cavitations may damage
the surface of the catalyst and impede agglomeration, thereby
decreasing its particle size which will increase the surface area
accessible for successive reaction [9]. The addition of catalyst will
improve the H2O2 molecules dissociation reaction and enhance
the quantity of free radicals created for pollutant degradation [9].

Synthetic dyes are one of the most important hazardous com-
pounds [10–18] found in industrial effluents which need to be
removed before being discharged into the environment [19].
Among them, azo dyes are the most widely used due to their ease
and versatility of synthesis, high dyeing power, and stability [20].
Consequently, they are the most frequently found in industrial
effluents. Azo dyes account for 70% of the total world manufac-
tured dyes [21]. They are characterized for the presence of at least
one azo group (AN@NA) linked to phenyl and naphthyl radicals,
which usually contain some functional groups such as amino
(ANH2), chlorine (ACl), hydroxyl (AOH), methyl (ACH3), nitro
(ANO2), sulfonic acid and sodium salts (ASO3Na). Due to the pres-
ence of these functional groups, they are hardly decomposed in the
natural environment and have toxic, mutagenic and carcinogenic
effects [20]. Therefore, azo dyes must be removed fromwastewater
before being discharged into the water bodies [22–26]. For this
reason, the dye degradation is very popular in recent literature
[13–15,27–32].

In the present study, Remazol Black B (RBB) was used as a
model pollutant (azo dye) to investigate the sonocatalytic degrada-
tion potential of the synthesized Pr-CdWO4 nanoparticles as sono-
catalysts. Reactive Black B dye has been used in the textile
industries for the dying of cotton, woolen and nylon fabrics world-
wide. It is reported to be toxic and cause allergic reactions of res-
piratory tract [33]. The technology ‘‘Dye Clean” became a
reference in the textile chemistry world market, consisting of dye-
ing cellulosic fibers with reactive dyes, such as Reactive Black B.
This dye is highly soluble in water and difficult to degrade due to
its polyaromatic nature [34]. Another troubling fact is the produc-
tion of aromatic amines due to the degradation of this dye with azo
bonds, which are highly carcinogenic [35], while also being consid-
ered highly recalcitrant, toxic and mutagenic substances for vari-
ous aquatic species [36].

These nanoparticles were selected to perform the present study
since cadmium tungstate (CdWO4) nanoparticles are known to
have optical, magnetic, and electronic properties [37]. Metal tung-
state is an extremely significant group of metallic oxides that have
found applications in different areas including catalysis, optical
fibers, humidity sensors, microwave purposes, etc [38]. CdWO4

nanoparticles were doped with praseodymium (Pr) to increase
their electrical conductivity which in turn will enhance the sonoac-
tivity of the CdWO4 nanoparticles (that is extra cavitation and
increased generation of hydroxyl radicals) [39]. Although the cost
of rare earth metals (industrial vitamins) such as praseodymium
(the third member of the lanthanide series) are costly in terms of
mining, processing and usage [40] they present significant chemi-
cal, optical, magnetic, and electronic properties [41]. These proper-
ties are stringent for sonocatalytic processes. A reasonable number
of research has not been done on the environmental effects of the
use of rareearth metals. Rare earth metals have been used for drugs
manufacturing, crop improvement and livestock-feed production.
2

Even, some rare earth elements nanoparticles are used to treat
intractable ailments [42]. To the best of the out knowledge, the
application of Pr-CdWO4 nanoparticles as catalysts in a sonocat-
alytic process to degrade specifically RBB has not been reported
previously.
2. Materials and methods

2.1. Materials

The textile dye Remazol Black B (RBB) (Table 1) was purchased
from Alvan Sabet Corporation, Hamadan, Iran. All reagents (NaOH
98% and H2SO4 99.99%) were of analytical grade and purchased
from Merck (Germany). All solutions were prepared using deion-
ized water. All chemicals used for the synthesis of nanoparticles,
cadmium nitrate tetrahydrate (Cd(NO3)2�6H2O, 98%), ethanol
(CH3CH2OH, 96%), maltose monohydrate (C12H22O11�H2O, 99%),
praseodymium(III) nitrate hexahydrate (Pr(NO3)3�6H2O, 99.9%),
sodium tungstate dehydrate (Na2WO4�2H2O, 99%), were of analyt-
ical grade and procured from Sigma-Aldrich, Germany. The pH of
the solutions was adjusted using micro-additions of HCl 0.1 N or
NaOH 0.1 N.
2.2. Synthesis of Pr-doped CdWO4 nanoparticles

For the preparation of the nanoparticles, maltose was used as a
capping agent. Firstly, 0.3 mol of Cd(NO3)2�6H2O were dissolved in
20 mL of ethanol. Then, 0.2 M maltose solution was added and stir-
red vigorously (solution 1). Afterwards, an appropriate amount of
Pr(NO3)3�6H2O (molar ratio of 1%) was dissolved in solution 1
under ultrasonic waves for 20 min so as to get the solution 2. Next,
0.2 M of Na2WO4�2H2O (previously dissolved in 20 mL of distilled
water) solution was prepared under continuous stirring (solution
3). The solutions 2 and 3 were then mixed for 15 min to obtain
solution 4. Finally, solution 4 was centrifuged and washed with
distilled water and ethanol in a Soxhlet apparatus for 12 h and
dried in an oven for 3 h at 70 �C. The dried sample was calcinated
at 550 �C for 3 h. The resulting nanoparticles were stored at 40 �C.
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2.3. Characterization of the synthesized Pr-CdWO4

To evaluate/characterize the sonocatalyst used in the sonocat-
alytic degradation of RBB, its properties were determined. Field
Emission scanning electron microscopy (FESEM) was used to
examine the morphological structure of the Pr-CdWO4 nanoparti-
cles using an LEO instrument, model 1455VP. Fourier transform
infrared spectroscopy (FTIR) was applied to determine the func-
tional groups participating in the catalytic process for the degrada-
tion of RBB. The FTIR experiments were performed to confirm that
the chemical groups on the Pr-CdWO4 nanoparticles were involved
in the sonocatalytic degradation of RBB. The FTIR spectra of the cat-
alysts before and after RBB degradation were acquired using a
Nicolet Magna 550 spectrometer with a scan range from 400 to
4000 cm�1. The point of zero charge (pHZPC) for Pr-CdWO4

nanoparticles was also determined [1].
2.4. Sonocatalytic experiments

The sonocatalytic experiments (3 repetitions) were performed
in an ultrasonic bath operated at an ultrasonic frequency of
60 kHz and an output power of 500 W. Especially, a reactor with
a known surface area was used for the pilot test. The reactor was
a digital ultrasonic apparatus (Elma CD-Germany, 4820) made
from Plexiglas. It had 3.7 L capacity in volume with a 2.5 W/cm2

per unit of energy input and a power input of 500 W per 100 mL
samples in the bath with US waves. The tests were performed
inside a closed reactor and there was no contact with the atmo-
sphere that affected the atmospheric gases.

A known mass of catalyst (Pr-CdWO4 nanoparticles) was added
to 100 mL of dye solution (fixed concentration). The solution was
stirred on a shaker for a specific time (equilibrium at 90 min) in
the dark to establish the adsorption–desorption equilibrium. The
effect of different operating parameters such as the initial pH of
the solution (from 3 to 8), the dosage of Pr-CdWO4 catalyst (from
0.005 to 0.45 g/L), the initial dye concentration (from 50 to
250 mg/L), the temperature (from 298 to 318 K) and the reaction
time (from 0 to 100 min) on RBB degradation was studied to deter-
mine the optimum conditions required for the optimal degradation
of RBB using the sonocatalytic process via Pr-CdWO4 nanoparticles.
The optimum pH was determined at a fixed dye concentration of
100 mg/L, a constant Pr-CdWO4 dosage of 0.15 g/L and a tempera-
ture of 298 K for different irradiation times. Then, the optimum
catalyst dosage was determined at the obtained optimum pH,
dye concentration of 100 mg/L and temperature of 298 K for differ-
ent irradiation times. Subsequently, the initial dye concentration
and temperature were optimized. After the treatment, the residual
dye concentration was determined using a spectrophotometer
(Shimadzu Model: CE-1021-UK) and the degradation efficiency
(DE%) was evaluated as follows [43]:

DE ¼ C0 � Ce

C0
� 100% ð1Þ

where C0 (mg/L) and Ce (mg/L) are the initial and residual RBB con-
centrations at time t = 0 and at time t = t, respectively.

Further, the effect of the radical scavengers viz. sodium sulfate
(Na2SO4), sodium carbonate (Na2CO3), and sodium chloride (NaCl)
at 10 mg/L and the effect of using hydrogen peroxide (H2O2), per-
oxydisulfate (K2S2O8) and potassium periodate (KIO4) as enhancers
at 10 mg/L (based on preliminary studies and a common value
used in this type of experiments) on the degradation of RBB were
determined at the optimal conditions determined previously at dif-
ferent times (0–100 min) to observe the influence of the presence
of different types of scavengers and enhancers on the RBB sonocat-
alytic degradation process considered via the catalyst, Pr-CdWO4
3

nanoparticles. The activation energy of the reaction was calculated
according to the Arrhenius equation (Eq. (2)) [44]:

k ¼ k0 � e�
Ea
RTð Þ ð2Þ

where k0 is the frequency factor and has the same units as k (s�1), Ea
is the activation energy (J/mol), R is the universal gas constant
(8.314 J/K mol) and T is the temperature (K).

The rate of RBB degradation was analyzed using two kinetics
models: the pseudo-first-order (PFO) kinetics equation (Eq. (3))
[43] and the Langmuir-Hinshelwood (Eq. (4)) [45].

ln
C0

C

� �
¼ �kapp � t ð3Þ

where C0 and C are the initial concentration at time t = 0 and the
residual dye concentration at time t = t, respectively, kapp is the
apparent PFO constant, which is obtained from the slope of
ln(C0/C) versus t, and t is the reaction time (min).

1
kapp

¼ 1
k1 � k2 þ

C0

k1
ð4Þ

where C0 is the initial dye concentration (mg/L), k1 is the surface
reaction rate constant (mg L�1 min�1), k2 is the Langmuir-Hinshel-
wood adsorption equilibrium constant (L mg�1) and kapp (min�1) is
the pseudo-first-order kinetic rate constant.

3. Results and discussion

3.1. Characterization of Pr-CdWO4 nanoparticles

According to the FESEM images shown in Fig. 1, the synthesized
Pr-CdWO4 nanoparticles were spherical and had a particle size of
about 80–90 nm indicating that it is a nanosized particle. They
were distributed forming groups of agglomerated nanoparticles.
The gravity of the acoustic cavitation of the catalyst’s surface is
intensely influenced by the catalyst’s size [9]. This particle size will
decrease further after cavitation which will increase the catalyst’s
surface area accessible for the RBB degradation reaction.

The FTIR spectra of the nanoparticles before and after RBB
degradation are shown in Fig. 2. The FTIR spectrum of the
Pr-CdWO4 nanoparticles before dye degradation indicated the
presence of alkyl halides (CABr stretching) and primary amines
(R-NAH2 bending) as shown by the bands at 550 and 1639 cm�1,
respectively. A weak peak at 2022 cm�1 was also observed which
could be assigned to alkynes (AC@CA) stretching. The broad peak
at 3451 cm�1 was attributed to OAH stretching of alcohols or phe-
nols. This strong band (OAH stretching) took an active part in the
sonocatalytic process for the degradation of RBB. After RBB degra-
dation, the intensities of the bands shifted from 550 and 1639 to
490 cm�1 and 1638 cm�1, respectively, and the band at 2022
increased to 2070 cm�1. The intensity of the OAH band shifted
from 3451 to 3452 cm�1 after the sonocatalytic degradation of
RBB, which could be due to the production of �OH in the process.

3.2. Effect of the initial pH

In the catalytic processes, the pH of the solution affects the cat-
alyst’s surface according to its point of zero charge (pHPZC) and,
thus, the whole process. RBB is an anionic dye, so it is negatively
charged when dissociated in water. The effect of pH on the sono-
catalytic degradation of RBB was investigated by varying the pH
from 3 to 8. It is widely known that the pH plays a basic role in this
process, so it is mandatory to start from this factor and then change
all the other parameters. However, in the majority of studies, the
pH-effect experiments were carried out from pH = 3 (acidic condi-
tions as starting pH point). So, in the present study, it was selected



Fig. 1. FE-SEM images of Pr-CdWO4 nanoparticles at a magnification of (a) 30 � and (b) 15 � .
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Fig. 2. FTIR spectra of Pr-CdWO4nanoparticles before and after RBB degradation.
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Fig. 3. Effect of pH on the degradation efficiency of RBB; reaction kinetics at
different pH values (experimental conditions: C0 = 100 mg/L, catalyst
dosage = 0.15 g/L, T = 298 K).
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this pH value as the first (starting) value. Also, usually the pH-
behavior of the process is the same at pH 3 and 4, so we then tested
the milder pH acidic conditions (5, 6), the crucial neutral condi-
tions and lastly the mild alkaline conditions (pH = 8). An optimum
pH = 3 was found as it can be seen in Fig. 3. The pHPZC value for Pr-
CdWO4 was determined to be 4.9 [1]. When the pH of the solution
was higher than the pHPZC of the catalyst (i.e. pHPZC > 4.9), the cat-
alyst’s surface become negatively charged and the anionic RBB
molecules were electrostatically repulsed and thus, the active sites
on the catalyst‘s surface were weak to produce OH radicals and
consequently the sonocatalytic RBB degradation decreased. On
the contrary, at pH values lower than the pHPZC of the adsorbent
(i.e. <4.9), the surface of the catalyst was positively charged and
the anionic RBB molecules were electrostatically attracted and
thus, the active sites on the catalyst’s surface were free for the pro-
duction of OH radicals resulting in the increase in the sonocatalytic
RBB degradation [44,45]. The pKa values for the dye were almost
close to 3.8 and 6.9. Therefore, there was an attraction between
the surface of the nanocomposite and the dye molecule through
the sulfonate group at acidic pH. This resulted in the adsorption
4

of dye molecules onto the surface and consequently its degradation
by the hydroxyl radicals produced by the catalyst. This resulted in
the adsorption of dye molecules onto the surface and consequently
its degradation with the hydroxyl radicals produced by the catalyst
in acid pH [46,47].

The kinetic rate constants (kapp) of RBB removal with their cor-
relation coefficients (R2) at pH values of 3, 5, 6, 7, and 8 are pre-
sented in Table 2. The value of kapp decreased with increasing pH
since the surface properties of the catalyst were changed nega-
tively and the sonocatalytic process was slowed down with
increasing pH since increasing the pH resulted in lower generation
of OH radicals due to the electrostatic repulsion between the neg-
atively charged catalyst’s surface and the anionic RBB dye.
3.3. Effect of catalyst dosage

In Fig. 4, the effect of the catalyst dosage on the catalytic degra-
dation of RBB is shown. As the Pr-CdWO4 dosage increased from



Table 2
Kinetics parameters obtained for the sonocatalytic degradation efficiency of RBB at different pH, concentration, catalyst dosage, and temperature values.

Parameter pH

3 5 6 7 8

kapp (min�1) 34.2 � 10�3 17.0 � 10�3 12.3 � 10�3 11.0 � 10�3 10.0 � 10�3

R2 0.992 0.938 0.857 0.858 0.913
Catalyst dosage (g/L)
0.005 0.15 0.25 0.35 0.45

kapp (min�1) 13.6 � 10�3 34.2 � 10�3 20.6 � 10�3 27.1 � 10�3 11.9 � 10�3

R2 0.906 0.992 0.935 0.958 0.925
Dye concentration (mg/L)
50 100 150 200 250

kapp (min�1) 22.2 � 10�3 27.1 � 10�3 16.0 � 10�3 12.6 � 10�3 11.5 � 10�3

R2 0.961 0.958 0.726 0.630 0.604
Temperature (K)
298 303 308 313 318

kapp (min�1) 27.1 � 10�3 14.6 � 10�3 18.0 � 10�3 9.1 � 10�3 6.3 � 10�3

R2 0.958 0.891 0.919 0.956 0.999
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Fig. 4. Effect of catalyst dosage on the degradation efficiency of RBB; reaction
kinetics at different catalyst dosages (experimental conditions: C0 = 100 mg/L,
pH = 3, T = 298 K).
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Fig. 5. Effect of initial dye concentration on the sonocatalytic degradation efficiency
of RBB at different reaction times; reaction kinetics at different initial dye
concentrations (experimental conditions: catalyst dosage = 0.35 g/L, pH = 3,
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0.005 to 0.35 g/L, the percentage of RBB degradation increased
from 80 to 95%, respectively. Also, the rate constants of RBB
removal increased by increasing the catalyst dosage from 0.005
to 0.35 g/L (Table 2) due to there was a larger surface area with
active reaction sites for the production of OH radicals. However,
dye degradation decreased when the catalyst dosage increased to
0.45 g/L (80.1%) likely due to nanoparticle agglomeration resulting
in a decrease of the surface area.
3.4. Effect of initial dye concentration and reaction time

In Fig. 5, the effect of initial RBB concentration, ranging from 50
to 250 mg/L, on the degradation efficiency was plotted at different
reaction times at a constant catalyst dosage of 0.35 g/L, a pH of 3
and a temperature of 298 K. Increase in the concentration of dye
from 50 to 100 mg/L caused an amelioration on dye removal due
to scavenger reactions of an excess of HO� reacting with them-
selves. The percentage of RBB degradation decreased from 93.9%
to 50.1% when the concentration of RBB increased from 100 to
250 mg/L within 100 min. The rate constants of RBB removal
increased up to 100 mg/L and then they decreased (Table 2). The
5

decrease in RBB degradation was due to the number of OH radicals
remained constant but they had to react with more dye molecules.
The degradation percentage of RBB also increased with reaction
time up to 90 min (equilibrium time) for 50, 100, 150 and
200 mg/L as shown in Fig. 5 and almost became constant from
90 min onwards. The steady-state (or equilibrium) was reached
likely due to less or negligible OH radicals being produced with
increasing time after the equilibrium time; the limit of OH radicals
production had been reached so increasing the time further was
not necessary. Similar behavior was previously reported by other
researchers. The active sites of the sonocatalyst were also blocked
by the anions, which deactivated the sonocatalyst process for
degradation of the dye and decreased the DE%. The generation of
product intermediate compounds (hydroxyl groups) led to the
reduction of the absorbance at high treatment times when the con-
centration of dye was increased, the limited capacity of the adsor-
bent checked any further adsorption of the dye, hence the overall
removal percentage decreased.

By increasing the dye concentration, the chance of trapping the
dye molecule at higher concentrations was less than at lower con-
centrations. At higher concentrations, most of the composite sites
were occupied and the chance of finding available sites for the
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adsorption was low. This was the reason for the lower removal per-
centage at higher concentrations. In addition, for the highest
removal under sonication there was an optimum concentration
for the pollutant in the mixture. The concentration below and
above the optimum concentration can cause a lower effect of cav-
itation. The dye degradation happened in different ways. Some dye
molecules were degraded by hydroxyl radical through oxidation
(Eq. (5)) [48]. In addition, several authors have proposed that dye
removal occurs through direct electron (e�) transfer from the
semiconductor surface to the dye molecule [37,45], as shown by
Eq. (6). Direct oxidation by reaction with holes (h+) has also been
reported [41], as shown by Eq. (7). Thus, with increasing the dye
concentration, it was not possible to degrade 100% of the pollutant
as the available species responsible for degradation were approxi-
mately constant under the applied conditions.

RBBþ �OH ! RBB�� þ H2O ! degradation products ð5Þ

RBBþ e� ! RBB� ! degradation products ð6Þ

RBBþ hþ ! RBB�� ! degradation products ð7Þ

Fig. 7. Arrhenius plot for RBB degradation.
3.5. Effect of temperature

Along with pH, temperature is also an important parameter in
sonocatalysis because it does not only affect the activation energy
but also the pollutant behavior. Thus, in this study, kinetics tests of
RBB removal by sonocatalysis were conducted at different temper-
atures (i.e. 298, 303, 308, 313 and 318 K). As a result, the rate con-
stants with their correlation coefficients were determined
(Table 2). Nevertheless, the rate constants decreased as the tem-
perature increased (Fig. 6 and Table 2), which was also confirmed
by Eq. (2); the degradation rate constant (k) was inversely propor-
tional to temperature (T).

From the plot, lnk versus 1/T (Fig. 7), the activation energy (Ea)
was calculated and a value of 38.65 kJ mol�1 obtained. Also, based
on the Eyring equation, the calculated DH0 and DG0 were
4.6496 kJ mol�1 and �19.621 J mol�1K�1, respectively. The rela-
tionship between DG0 and temperature is denoted as Eq. (8):

DG0 ¼ �4:6496þ 0:019621 � T ð8Þ
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Fig. 6. Effect of temperature on the sonocatalytic degradation efficiency of RBB;
reaction kinetics at different temperature values (experimental conditions:
C0 = 100 mg/L, catalyst dosage = 0.35 g/L, pH = 3).
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when the temperature increased, DG0 also increased and the reac-
tion rate decreased since an increase in temperature will increase
the kinetic energy levels of the pollutant leading to more dispersion
of the RBB molecules in water thus preventing its degradation [49].

3.6. Effect of enhancers

The impact of the most commonly used enhancers, potassium
periodate (KIO4), peroxy disulfate (K2S2O8) and hydrogen peroxide
(H2O2) on RBB degradation was examined at 100 mg/L of RBB con-
centration and an enhancer concentration of 10 mg/L. The addition
of the above-mentioned enhancers slightly increased the RBB
sonocatalytic degradation from 93.9 to 98.7, 96.1, and 95.3%,
respectively (Fig. 8).

To explain this phenomenon, in regard to liquid phase reactions,
hydrogen peroxide is an extremely effective oxidant. Ultrasonic
irradiation plays a key role in the creation of reactive species
(H2O2, �OH, H�, �O and �OOH) [49–51]. The recombination of hydro-
xyl radicals may generate H2O2 because of the occurrence of cavi-
tation in aqueous solution�H2O2 formation is enhanced by higher
intensity ultrasound generation when ultrasonic irradiation exists
(Eqs. (9) and (10)). Moreover, the existence of hydrogen peroxide
(H2O2) expedites OH radicals’ production rate by reduction at con-
duction band [51]:

H2O2ÞÞÞÞ ! 2H0O ð9Þ

H2O2 þ e� ! �OH þ OH� ð10Þ
The addition of peroxydisulfate may also enhance DE(%) by cre-

ating sulfate radicals that produce �OH when reacted with water
(Eqs. (11)–(15)). Since sulfate radicals are highly reactive and one
of the strongest oxidants available with an oxidation potential of
2.6 V as compared to �OH (2.7 V) [50–53]:

S2O8
2�ÞÞÞ ! 2SO4�� ð11Þ

SO4�� þH2O ! SO4
2� þ �OHþHþ ð12Þ

SO4�� þ dye ! degradation products ð13Þ

SO4�� þ RHðdyeÞ ! SO4
2� þ � RðintermidiatesÞ þ H þ ð14Þ



0 20 40 60 80 100
0

20

40

60

80

100

D
eg

ra
da

tio
n 

ef
fic

ie
nc

y 
(%

)

Time (min)

 KIO4

 K2S2O8

 H2O2

 Without enhancer

Fig. 8. Effect of enhancers on the sonocatalytic degradation of RBB (catalyst
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SO4�� þ RðintermidiatesÞ ! SO4
2� þ CO2 þ NO2

þ other inorganics ð15Þ
Periodate ions may be regarded as instances of the formation of

higher reactive secondary radicals. Potassium periodate is more
beneficial to DE(%) when the produced electrons in the conduction
band are captured (Eqs. (16)–(19)) [51,53].

IOþ
4 ! IO3 � þO�� ð16Þ
O�� þ Hþ ! �OH ð17Þ
�OH þ IO4
� ! OH� þ IO4 ð18Þ
IO4
� þ 8H þ þ 8e� ! I� þ 4H2O ð19Þ
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Fig. 10. PFO kinetics for the sonocatalytic degradation of RBB at optimum
conditions (C0 = 100 mg/L, catalyst dosage = 0.35 g/L, pH = 3, reaction
time = 100 min) at optimum T = 298 K).
3.7. Effect of radical scavengers

The most commonly studied radical scavengers, sodium
chloride (NaCl), sodium carbonate (Na2CO3) and sodium sulfate
(Na2SO4) were selected for this study at a concentration of
10 mg/L. As observed in Fig. 9, all scavengers decreased the sono-
catalytic degradation of RBB which proved that the free radical
(�OH) attack was the main mechanism in the sonocatalytic process.
Thus, RBB degradation was highest in the absence of �OH scaveng-
ing agents within 100 min (93.9%). Scavengers decreased RBB
degradation in the following order: Na2SO4 (86.0%) > Na2CO3

(78.0%) > NaCl (71.2%). The inhibiting impact of Na2SO4, Na2CO3

and NaCl on RBB degradation was due to the scavenging of the
�OH during the sonocatalytic process. The addition of a scavenger
could deactivate the active species involved in the sonocatalytic
process and they were not able to react in the process of RBB
degradation therefore decreased in sonocatalytic performance.
They scavenged the �OH transforming into anionic radicals such
as sulfate radicals (SO4

�2�), carbonate radicals (CO3
�2�) and chloride

radicals (�Cl�), respectively, which were less efficient [54].
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3.8. Kinetic modeling of the sonocatalytic process

The sonocatalytic degradation followed the pseudo-first-order
kinetics model. The apparent reaction rate constants (kapp) were
acquired from the slope of the straight-line plot of ln(C/C0) against
time (t) (Fig. 10) using Eq. (3). The kapp and correlation coefficients
(R2) values were obtained as 16.5 � 10�3 min�1 and 0.993, respec-
tively. The high R2 value implies that the sonocatalytic degradation
of RBB using Pr-CdWO4 obeyed the PFO kinetics model at the opti-
mal conditions.

The 1/kapp and C0 linear relation at optimum conditions
(C0 = 100 mg/L, catalyst dosage = 0.35 g/L, pH = 3, reaction
time = 100 min and T = 298 K) using Eq. (4) is presented in
Fig. 11. The RBB sonocatalytic degradation process followed the
Langmuir–Hinshelwood (L–H) mechanism since the R2 > 0.900;
this model can be used to fit the present study. The surface
reaction rate constant (k1) was obtained as 0.2451 mg/L min. The
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Langmuir–Hinshelwood adsorption equilibrium constant was
0.1561 L/mg. The data fitted better into the PFO kinetics model
than the L-H kinetics model at the same experimental conditions
(at the optimum).

The earliest photocatalysis papers routinely used Langmuir-
Hinshelwood rate forms because photocatalysis is a subfield of
heterogeneous catalysis. The latter field has historically been dom-
inated by this analytic function

rate ¼ kcat � Kads � C
1þ Kads � C ð20Þ

where kcat is a fundamental representation of catalyst activity, and
Kads is, historically, the adsorption equilibrium constant of the Lang-
muir isotherm,

Kads ¼ k1
k�1

ð21Þ

where k1 and k�1 are reactant adsorption and desorption constants,
respectively.

In photocatalysis, kcat is the product of a rate constant, k’, and
some active species such as OH radicals or semiconductor hole
concentration, h+. Since these active species are the presumed
result of photoactivation, their concentrations, and thus the cat-
alytic rate constant, kcat, are expected to be a function of light
intensity (I). In contrast, the traditional Langmuir-Hinshelwood
approach assuming adsorption/desorption equilibrium contains
rate constants k1 and k�1which are not assumed to depend on
intensity. The experimental observation that not only kcat, but also
Kads, depended upon intensity indicated failure of the equilibrated
adsorption assumption. This situation has been rectified by invok-
ing a pseudo-steady state (PSS) assumption, commonly used in
other kinetic analyses involving highly unstable intermediates
such as free radicals. This analysis allowed kcat to have any value
relative to k�1. In particular, the PSS analysis led to an apparent
adsorption constant, Kads, which depended upon kcat, and thus var-
ied with intensity [55]:

KadsðapparentÞ ¼ k1
k�1 þ kcat

ð22Þ

Because all photocatalyzed aqueous phase oxidations carried
out in the presence of water and molecular oxygen produce the
same active species, OH and h+, we may expect that all such con-
versions require PSS rather than Langmuir-Hinshelwood analyses.
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Although various sonochemical reactions and sonocatalytic
degradation have already been reported, the kinetic for the reac-
tions is still unclear in homogeneous and heterogeneous solutions.
This is due to simultaneously and consecutively proceeding of the
reactions under ultrasound. In the literature, it was reported that
the sonochemical and the sonocatalytic dye degradation in liquid
media could be described by the first-order kinetic model [50–54].
3.9. Mechanism of sonocatalytic dye degradation

The degradation of RBB (for an initial concentration of
100 mg/L) was compared under ultrasonic irradiation in the pres-
ence of Pr-CdWO4 nanoparticles (i.e. sonocatalysis) and absence of
Pr-CdWO4 nanoparticles (i.e. sonolysis) under the same opera-
tional conditions (i.e. catalyst dosage = 0.35 g/L, C0 = 100 mg/L,
pH = 3, T = 298 K) for 100 min of treatment (Fig. 12). Also, using
only the Pr-CdWO4 nanoparticles as an adsorbent in the absence
of ultrasonic irradiation was considered. An RBB degradation of
39.5% and 34.8% were obtained using adsorption and sonolysis,
respectively. Using Pr-CdWO4 nanoparticles under ultrasonic irra-
diation (i.e. sonocatalysis), an RBB degradation of 93.9% was
achieved within 100 min. This improvement was associated with
the combination of ultrasonic irradiation and Pr-CdWO4 nanopar-
ticles which increased �OH production. Thus, the presence of an
heterogeneous catalyst enhanced the formation rate of cavitation
bubbles by providing nucleation sites which in turn enhanced
the generation of free radicals [56]:
3.10. Comparison of sonolysis, adsorption and sonocatalysis processes
for the RBB degradation

The sonocatalytic degradation mechanism of RBB using
Pr-CdWO4 as a catalyst is presented in Fig. 13. Upon the irradiation
of Pr-CdWO4 by ultrasonic waves, photo-generated electrons were
excited from the Pr-CdWO4 valence band. When the electrons
reacted with O2, O2

�� was generated and �OH was generated when
the cavities were formed in water and their subsequent collapse,
which may generate immense local temperature and pressure ris-
ing usually up to 5000 K, pressure of 1000 atm [45,57]. Under the
generated heat excitation, electrons were transferred from the
Pr-CdWO4 valence band (VB) to the conduction band (CB). Then,
electron-hole pairs were created at the inner or surface of
Pr-CdWO4 nanoparticles. The generated valence band holes were
able to directly disintegrate the RBB at the Pr-CdWO4nanoparticles’



Fig. 13. Sonocatalytic degradation of RBB in the presence of Pr-CdWO4 nanoparticles under ultrasonic irradiation.
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surface until complete degradation occurred. Also, the generated
holes reacted with the H2O molecules to produce hydroxyl radicals
(�OH) on the Pr-CdWO4 nanoparticles’ surface which subsequently
degraded RBB in the aqueous solution. Concurrently, the generated
electrons reacted with O2 dissolved within the bulk solution and
created super oxygen radical anions (O2

��) that turned into hydroxyl
radicals (�OH) via numerous chemical reactions [56].

Today, from various methods, AOPs are considered auspicious
treatments to remove various recalcitrant dyes such as RBB. Based
on Table 3, numerous researchers have examined RBB removal in
aqueous environments via several AOPs and other processes
including adsorption, electrochemical, and biodegradation meth-
ods. Compared to prior studies (Table 3), the sonocatalytic process
is a favourable method for the removal of RBB. In addition to suit-
able removal efficiency, other benefits include its moderate costs
and non-toxicity. However, the majority of the results in Table 3
Table 3
Removal of Reactive Black B (RBB) from aqueous solutions obtained with different
physicochemical and biodegradation treatments.

Process Concentration
(mg/L)

Removal Ref.

Adsorption (activated carbon
fromBrazilian-pine fruit shell)

100 94% in
4 h

[58]

Electrocoagulation (Fe) 5000 96.0% in
80 min

[59]

Electrocoagulation (Al) 5000 89.4% in
80 min

[59]

Adsorption using bagasse 25 95.0% in
15 min

[60]

Biodegradation (Ganoderma sp.) 70 89.2% in
7 d

[61]

Biodegradation (Ganoderma sp. crude
ligninolytic enzymes)

70 90.8% in
7 d

[61]

Biodegradation by extracellular fungal
laccase from Aspergillus oryzae
AM1101

50 76.0% in
45 min

[62]

O3/H2O2 100 98.0% in
25 min

[63]

Fenton process (H2O2/Fe+2) 100 99.9% in
5 min

[63]

UV/H2O2 100 99.0% in
15 min

[63]

Adsorption (P-c-Fe2O3 nanoparticles) 100 99.7% in
10 min

[64]

Sonocatalytic degradation (Pr-CdWO4

nanoparticles as catalyst and H2O2 as
the enhancer)

100 98.7% in
100 min

This
study
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are better than that of the present study. Nonetheless, this process
is better than: (i) the Fenton process, since it involves the constant
addition of reagents, (ii) the biodegradation method because using
microorganisms is cumbersome and the degradation times are
long, (iii) the adsorption technique, which requires the disposal
of the desorbed pollutant and adsorbent disposal, (iv) the electro-
coagulation process, which requires high power consumption. In
addition, a new catalyst that can be used for sonocatalytic pro-
cesses was obtained but more studies are required in order to
make this process a feasible option.

Nowadays, among different methods, AOPs are a promising
treatment for the removal of different dyes (Table 4). In compar-
ison to other studies (Table 4), the sonocatalytic process is an effec-
tive method for the removal of RBB; in addition to the good
removal efficiency, the other benefits of this method suchas mod-
erate cost, non-toxicity and aqueous solubility make this method
more suitable.
4. Conclusions

The applicability of Pr-CdWO4 nanoparticles for the degradation
of RBB from aqueous solution using a sonocatalytic process was
examined. A maximum RBB degradation of 93.9% was obtained
operating at a pH of 3, a Pr-doped CdWO4 dosage of 0.35 g/L, an
RBB concentration of 100 mg/L, a temperature of 298 K, an irradi-
ation time of 100 min and an ultrasonic frequency of 60 kHz. In
addition, this degradation percentage was increased up to 98.7%
when H2O2 (10 mg/L) was used as an enhancer. The sonocatalytic
degradation of RBB obeyed both the pseudo-first-order (PFO) and
Langmuir-Hinshelwood (L-H) kinetics models. The sonocatalytic
degradation process was shown to have significant potential for
the treatment of aqueous solutions containing azo dyes and
organic compounds.
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Table 4
Summary of the AOP degradation processes applied in the treatment of dyes.

AOP Dye Operational condition Results Ref

Sonocatalytic Acid Blue 92 - Initial dye concentration = 10 mg/L
- Catalyst dosage (Sm-doped ZnO) = 1 g/L
- Dopant percentage = 6%,
- Ultrasonic power = 150 W.
- Reaction time = 150 min
- Frequency = 36 kHz

DE = 90.10% [53]

Sonocatalytic Methyl orange - Initial dye concentration = 10 mg/L
- Catalyst dosage (modified TiO2) = 1 g/L
- Ultrasonic power = 70 W.
- Irradiation time = 1 h
- Frequency = 20 kHz

DE = 82% [65]

Sonocatalytic Rhodamine B - Initial dye concentration = 5 mg/L
- Catalyst dosage (p-TiO2) = 0.5 g/L
- Ultrasonic power = 80 W.
- Irradiation time = 2 h
- Frequency = 40 kHz
- temperature 600 �C
- pH = 6

DE = 81% [66]

Electrochemical RBB - current density: 2.5 A/dm2

- electrolysis duration: 6 h
- voltage = 4.9 V

COD removal = 72.9% [67]
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