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ABSTRACT: The fundamental aim of this project was to assess
the sonophotocatalytic degradation of textile dyes mostly eluted
from industries into wastewater. Such a pretreatment of wastewater
makes the water suitable for drinking and irrigation purposes and
thereby helps protect the ecosystem. The main objective of this
research was to degrade real samples and laboratory-prepared
samples sonophotocatalytically using a silver-impregnated ZnO
photocatalyst. Reactive dyes, including Fast Yellow AB (FY AB)
and Remazol Brilliant Violet-5R (RBV-5R), were degraded via this
technique under optimum and enhanced conditions. The photo-
catalyst was synthesized through a wet impregnation process and
characterized by scanning electron microscopy (SEM), energy-
dispersive X-ray (EDX) analysis, Fourier transform infrared (FTIR) spectroscopy, and UV/vis spectroscopy to examine the
morphology, composition, and functional groups of the photocatalyst. Parameters including pH, dosage, dye concentration,
scavengers, and effects of oxidizing agents were considered. Under optimal conditions, the degradations were 95.7 and 88.9% for
RBV-5R and FY AB, respectively, in 60 min. The pH and oxidizing agents played important roles in the degradation process. Only
43.8 and 32.5% of RBV-5R and FY AB, respectively, were degraded in the absence of an oxidizing agent. With the addition of
oxidizing agents, 95.7 and 88.9% of RBV-5R and FY AB degradation occurred, respectively. The optimal pH values for RBV 5-R and
FY-AB were 8 and 12, respectively. A comparison between the photocatalytic and sonophotocatalytic processes revealed degradation
efficiencies of 41 and 33% for RBV-5R and FY-AB, respectively, by the photocatalytic process. Therefore, results indicate the
productivity of the sonophotocatalytic degradation process.

1. INTRODUCTION
Zinc oxide is considered as a highly sensitive photocatalyst
with high thermal stability and low toxicity. It has good
biocompatibility and is thus preferred to be used as a
photocatalyst and for biological applications.1 ZnO is
commonly used as a photocatalyst in wastewater treatment
because it is a versatile n-type semiconductor material with a
high excitation binding energy of 60 meV and a wide bandgap
energy of 3.3 eV.2,3 Because of its biological application, ZnO
has long been considered for dye removal from wastewater.
Upon impregnation of ZnO with Ag, the optimal photo-
catalytic activity of ZnO is increased by a factor of more than
25. ZnO-coated materials have also been used in biomedical
applications and healthcare facilities as their coating enhances
the photolytic killing of pathogens causing infections. Plants
and microorganisms have biomolecules that stabilize the ZnO
nanoparticles. These phytogenically synthesized ZnO materials
can be used in energy production and environmental
improvement in addition to medical uses.4,5

Overpopulation and industrial development have affected
water quality all over the world severely.6 Besides its important
role in the development of a country, technological advance-
ment is responsible for life-threatening actions like the disposal
of industrial effluents into water bodies without any pretreat-
ment.7 The textile, pharmaceutical, papermaking, printing,
cosmetics, and food-processing industries dispose of their
wastes containing huge amounts of pigments and dyes.8

Dyes are color-imparting organic compounds that are widely
used in the textile, plastic, painting, food, paper, leather, and
pharmaceutical industries. They cause many environmental
problems in the hydrosphere due to their stability, low
biodegradability, and high aromaticity.5−7 Several techniques
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have been adopted to improvise the decorative and functional
properties of ZnO, especially in altering its optical properties
so that it can be used within the visible region of light. Such
techniques include doping or impregnating with metals or
nonmetals or forming composites with other semiconductors.8

Statistics show that about 700 000 tons of dyes are
manufactured or extracted annually. Based on their applica-
tions and nature, commercially, there are more than 40 000
different types of dyes.6 It has been surveyed that the textile
industry consumes a major part of the dyes, which is estimated
as >100 tons of dye. The effluents of these industries contain
about 15−20% of the dyes consumed, which are added to
water bodies without pretreatment.9 The wastewater from
industries contains a mixture of various substances, i.e.,
pesticides, nitrogenous compounds, and heavy metals.8 A
small-sized textile production unit that yields 8 tons of fabric a
day consumes ∼1.6 million liters of water, while 22% of this
water is used in dying and printing processes. This dyed water
is released into main water channels without pretreatment.10

The textile industry is said to be responsible for 20% of the
water pollution globally.11 Therefore, environmental quality is
compromised by the effluents from industries.12 Industrial
wastes comprise dyes and other organic compounds that
deteriorate the groundwater.13 The disposal of untreated
wastewater into main water streams by commercial units has
also threatened aquatic life.14 They not only disturb the
photosynthesis and metabolism of living organisms, but most
of these organic compounds are mutagenic and carcinogenic.
In addition, dermal problems like irritation and allergic
dermatitis are also reported to be caused by dyes.15 Some
dyes are not biodegradable because of their complex aromatic
molecular structure and immiscibility in water.16

After the establishment of the first wastewater treatment
plant (WTP) in the United Kingdom (U.K.) in 1914, many
techniques have been adopted to make water suitable for
several domestic purposes and reduce the impact of effluents
on the environment. These techniques comprise physical
methods, i.e., adsorption, iteration, flocculation, and biological
treatment.17 Many tools are used to select a suitable
wastewater treatment process. Such tools provide useful
information for the integration in a multicriteria decision
analysis (MCDA), which helps in decision-making. For
sustainability, the best tool is life cycle assessment (LCA) as
it estimates the cumulative environmental impacts of a product
from all stages of the life cycle.18 Advanced oxidation processes
(AOPs) are a kind of advanced technology of this era for the
treatment of wastewater because they are capable of oxidizing a
wide range of organic compounds that are nondegradable via
other techniques.19,20

Sonophotocatalytic degradation involves a photocatalyst and
visible light for the removal of toxic organic compounds and
dyes. Upon irradiation with UV light, the photocatalyst
generates electron holes on its surface. These electron holes
are species that can absorb water molecules or hydroxide
radicals to reproduce hydroxyl free radicals. Such free radicals
are considered as strong oxidizing agents.21,22 Sonophotoca-
talysis is a combination photolysis and sonolysis, which
involves ultrasonic sound waves along with ultraviolet radiation
in the presence of a photocatalyst to enhance a chemical
reaction. This method of wastewater treatment is more
dominant than others because of the low cost, low retention
time, ease of use, and industrial applicability.

2. MATERIALS AND METHODS
2.1. Chemicals. All chemicals utilized in this research work

were of AR-grade purity and were used directly without any
further purification. Zinc oxide (ZnO) and silver nitrate
(AgNO3) were purchased from Musajee Chemicals, Peshawar,
and Remazol Brilliant Violet-5R and Fast Yellow AB dyes were
bought from Boss Chemicals, China.

2.2. Instrumentation. A spectrophotometer (721, China),
with matched 1 cm glass cells, was used for all spectrophoto-
metric measurements. A JSMIT-100 scanning electron micro-
scope (SEM) (JEOL, Japan) was used for surface morphology
analysis of biosorbents. A JSM-IT-100 energy-dispersive X-ray
(EDX) spectrometer (JEOL, Japan) was used to determine the
elemental compositions of biosorbents. A Prestigye Fourier
transform infrared (FTIR) spectrometer (Shimadzu) was used
to determine the functional groups responsible for biosorption.
A pH meter (Hanna, Woonsocket, RI) was used to determine
the pH of solutions. A sonicator and a 100 W tungsten lamp
were used in the process.

2.3. Synthesis of the Ag−ZnO Photocatalyst. The wet
impregnation method was adopted to prepare an Ag-
impregnated ZnO photocatalyst. For the preparation, a slurry
of ZnO was prepared, and a solution of AgNO3 was added to
it. Stirring was performed at 900 rpm for 60 min on a magnetic
stirrer. Post-stirring, the solution was placed in an oven for 12
h at 110 °C to evaporate the water molecules. The
photocatalyst (Ag−ZnO) was placed in a desiccator for 4 h
at 500 °C. The dried sample was ground to a powder, passed
through a sieve of less than 150 μm, and stored in an air-tight
bottle.

2.4. Photocatalytic Study. A comparative study of
photocatalytic and sonophotocatalytic degradations was
carried out to achieve better degradation of dyes. For this
purpose, 50 mL of the mixture was taken from 100 ppm of
stock solution of each dye in a 500 mL beaker along with 0.1 g
of photocatalyst (Ag−ZnO). The mixture was retained in a
resting position for 30 min to attain equilibrium. After this
period, 5 mmol of H2O2 was poured into the mixture, and the
pH was adjusted to 10. The sample in the beaker was placed
under a 100 W tungsten filament lamp to initiate the
degradation process. After intervals of 10 min each, a 5 mL
sample from the mixture was taken, filtered through ordinary
filter paper, and the filtrate was diluted to 25 mL. After
dilution, it was analyzed using a UV−Vis spectrophotometer at
an optimized wavelength for each dye to determine the
degradation. Using eq 1, the percent degradation was
calculated as follows

= ×C C Cpercent degradation / 100i f i (1)

where Ci is the initial concentration of the dye, and Cf is the
final concentration of the dye.

2.5. Sonophotocatalytic Study. The same procedure was
adopted while degrading the dyes sonophotocatalytically.
However, in this technique, the mixture was placed in an
ultrasonic bath under a 100 W tungsten bulb at optimized
conditions to initiate the degradation. After each time interval
of 10 min, a 5 mL sample was taken from the mixture, filtered,
and the filtrate was diluted to 25 mL. A UV−Vis
spectrophotometer was used to determine the absorbance at
the optimized wavelengths (λmax’s) of 560 and 420 nm for
Remazol Brilliant Violet-5R (RBV-5R) and Fast Yellow AB
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(FY-AB), respectively, and the % degradation was calculated
by eq 1.

3. RESULTS AND DISCUSSION
RBV5-R and FY-AB were subjected to degradation by
sonophotocatalytic methods to determine the effects of pH,
the catalyst dosage, initial dye concentration, and different
enhancers.

3.1. Characterization of the Photocatalyst. The
morphology of Ag-impregnated ZnO was studied by SEM to
check whether Ag was impregnated over the ZnO surface
uniformly or not. Some spherical particles of Ag are visible on
the surface of ZnO, which confirms the successful impregna-
tion of Ag on ZnO (Figure 1a,b). The composition of the
photocatalyst was studied via EDX, which confirmed the
presence of Ag particles on ZnO (Figure 1c). The functional
and chemical bond types in the photocatalyst were studied by
FTIR spectroscopy. The O−H group of water absorbed by the
photocatalyst exhibited bands at 3428 cm−1 (stretching) and
1300−1650 cm−1 (bending). The vibration at 400 cm−1 is
attributed to the stretching mode of the metal oxide bond

(ZnO), which is less intense in the case of Ag−ZnO due to the
presence of Ag on the surface of ZnO particles (Figure 1d).

3.2. Sonophotocatalytic Activity. The sonophotocata-
lytic activities of ZnO and Ag−ZnO were determined under
UV irradiation to detect the shifting of the conduction band.
Before impregnation, the conduction band of ZnO occurred in

Figure 1. (a, b) SEM images, (c) EDX spectra, and (d) FTIR spectra of the Ag−ZnO photocatalyst.

Figure 2. Comparative effect of pH on the degradation of FY-AB and
RBV-5R.
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the UV region, but after impregnation, it shifted to the visible
region. These results suggest that the maximum degradation of
RBV-5R and FY AB was achieved with 5% Ag−ZnO. Upon
comparing the degradation by photocatalysis and sonophoto-
catalysis, a slight degradation was observed by photocatalysis,
while high degradation was noted in sonophotocatalysis. In
photocatalysis, UV light is responsible for the creation of a
valance band on the surface of ZnO, wherein the movement of
electrons takes place from the valance band toward the
conduction band. Upon reaction of the created hole with the
adsorbed molecules of water, •OH radicals are produced, while
the absorbed O2 radicals react with the electrons in the
conduction band to yield O2−•, which degrade the dye.23

3.3. Effect of pH on the Degradation of RBV-5R and
FY-AB Dyes. The pH is an important factor in the
degradation of dyes. Therefore, degradations of RBV-5R and
FY-AB dyes were investigated in the pH range of 2−12. The
rate constant was the maximum at pH 10 for RBV-5R and at
pH 8 for FY AB. At these respective pH values, the %
degradations were 87.82% for RBV-5R and 73.15% and FY-AB.
(Figure 2).

During dye degradation, the effect of pH may be attributed
to the generation of free radical species (OH) on the surface of
the catalyst due to the oxidation of OH− or H2O, as shown in
eqs 2 and 3.

+ + •OH h OH (2)

+ ++ • +H O h OH H2 (3)

Light-source hydroxyl radicals are considered as effective
oxidizing agents, which break the azo bond (−N�N−) in azo
and reactive dyes, thereby degrading the dyes. At alkaline
conditions, OH− production is favored, and thus more
degradation occurs. However, in an acidic medium, the H+

ions interact with the Azo bonds in dyes, making them
electron-deficient and more vulnerable to OH− attack.
Furthermore, at low pH, Ag−ZnO agglomerates, thus reducing
the surface area of the photocatalyst. The decline in
degradation with an increase in pH may be because beyond
the optimum pH, the catalyst surface is highly hydroxylated,
and thus the negatively charged surface repels RBV-5R and FY-
AB molecules.23

3.4. Effect of Catalyst Dosage on the Degradation of
RBV-5R and FY-AB Dyes. The effect of catalyst dosage was
assessed in the range of 0.05−0.3 g/50 mL to determine the
optimum dosage for better yield. In the beginning, from 0.05
to 0.09 g/mL, the rate constant was increased. At 0.09 g/50
mL, the % degradation was 74.20% for FY-AB and 87.99% for
RBV-5R (Figure 3). Further increase in the catalyst dose was
responsible for reducing the degradation process. The decrease
in degradation may be due to the accumulation of the catalyst
in the mixture, which reduces the surface area exposed to the
dye molecules. Besides, a higher dosage of the catalyst
decreases visible light penetration in the mixture due to
increased scattering of light, thus attenuating the absorption of
light inside the mixture.24

3.5. Effect of Initial Dye Concentration on the
Degradation of RBV-5R and FY-AB Dyes. The impact of
the initial dye concentration was studied in the range of 10−
100 mg/L, which revealed that increasing the initial dye
concentration results in a decrease in the degradation of dyes.
The highest degradation was observed at the lowest
concentration of dyes, i.e., 10 mg/mL initial dye concentration

Figure 3. Graphical presentation of the effect of dosage on the
degradation of FY AB and RBV-5R.

Figure 4. Graphical representation of the effect of the initial dye
concentration on the sonophotocatalytic degradation of FY-AB and
RBV-5R.

Figure 5. Comparative graph of the effects of H2O2 and NaClO4 on
the degradation of RBV-5R dye and Fast Yellow AB dyes.

Figure 6. Effect of different concentrations of chlorides and sulfates
ions on the degradation of RBV-5R and FY AB.
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of FY-AB and RBV-5R at optimized conditions degraded 80.86
and 92.92%, respectively, in 60 min (Figure 4). The reduction
may be due to the decline in the catalytic efficiency with an
increase in the dye concentration. This may also be due to the
limited quantity of OH◦ free radicals available for the
degradation of dyes. The decrease in the degradation process
is attributed to low penetration of light on the catalyst as the
dye itself filters light, thus reducing the volume of photo-
activity, while at low concentrations, the case is reversed.

3.6. Effect of Enhancers on the Degradation of RBV-
5R and FY-AB Dyes by Ag−ZnO. Oxidizing agents act as
enhancers of the degradation process, and thus their effect on
the degradation process was studied in the range of 3−7 mmol.

Hydrogen peroxide and sodium perchlorate were chosen for
the degradation of RBV-5R and FY-AB dyes by Ag−ZnO. The
degradation of dyes increased with an increase in the
concentration of oxidizing agents. In the absence of oxidizing
agents, 43.8% of RBV-5R and 32.5% of FY-AB were degraded.
With the addition of 3, 5, and 7 mmol of H2O2, 74.6, 92.5 and
95.7% RBV-5R dye and 68.3, 80.8, and 88.9% FY-AB were
degraded, respectively (Figure 5).

3.7. Effect of Scavengers on the Degradation of FY-
AB and RBV-5R Dyes by Ag−ZnO. The effect of various
salts and impurities was assessed to investigate the applicability
of this technique. Water bodies contain various chlorides,
phosphates, and sulfate ions, which can disrupt the degradation
process. These groups/species are known as scavengers as they
possess a negative charge, i.e., Cl−, PO4

−, SO4
−, CO3

−, etc.,
and attenuate the degradation of dyes by interacting with OH
free radicals. The following reactions take place

+ +• •Cl OH Cl OH (4)

+ +• •SO OH SO OH4 4 (5)

At optimized conditions, the effect of chloride was initially
investigated on both dyes The effect of chloride concentration
was determined in the range of 0.5−1.5 M. The percent
degradation of dyes decreased, and the time needed for
degradation increased. Upon adding chlorides, the time taken
for dye degradation was increased from 30 to 60 min. Similarly,
in the absence of a scavenger, the degradation of RBV-5R was
95.7% in 20 min, while on adding a scavenger, 63.12%

Table 1. Comparison of Kinetic Model Values for FY AB and RBV-5R Dyes

pseudo-first-order pseudo-second-order

FY-AB RBV-5R FY-AB RBV-5R

qe = 4.478 mg g−1 (experimental) qe = 5.1047 mg g−1 (experimental) qe = 4.694 mg g−1 qe = 5.260 mg g−1

qe = 0.001435 mg g−1 (calculated) qe = −0.059 mg g−1 (calculated) K2 = 25.206 min−1 K2 = 71.253 min−1

K1 = 0.0428 min−1 K1 = 0.001169 min−1 R2 = 0.9973 R2 = 0.9997
R2 = 0.9465 R2 = 0.9853

Figure 7. Pseudo-first-order and -second-order kinetic models for (a, b) RBV 5R (c, d) FY Ab degradation using Ag−ZnO.

Table 2. Comparison with Other Methods for the Removal
of RBV-5R and FY-AB Dyes

dye method time
%

degradation reference

FY-AB photocatalysis 5 h 67% 25
RBV-5R adsorption 240 min 74% 26
RBV-5R adsorption 4.8 min (with

radiation)
70.20% 27

RBV-5R biological
degradation

6 h 50% 28

RBV-5R biological
degradation

72 h 82.78% 29

RBV-5R sonophotocatalysis 30 min 95.7% present
work

FY-AB sonophotocatalysis 40 min 88% present
work
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degradation was achieved in 60 min. In the case of FY-AB, the
% degradation was reduced from 88.9 to 45.75% in 60 min.
Sulfates also greatly affected the degradation process. In the
absence of scavengers (i.e., sulfates), the degradation of RBV-
5R was 95.7% in 20 min, but upon the addition of 1.5 M
scavenger, 59.7% degradation occurred in 60 min. Similarly, in
the case of FY-AB, the degradation was decreased from 88.9 to
51.3% in 60 min (Figure 6).

3.8. Kinetic Models for RBV-5R and FY AB. While
applying the pseudo-first-order kinetic model, it was found that
the experimental qe value was 5.1047, which was much higher
than the calculated qe value, i.e., 0.001169 mg g−1, while the R2

value was also less than 1, i.e., 0.9853. This means that the
degradation of RBV-5R did not follow the pseudo-first-order
kinetic model. While assessing the second kinetic model, the
correlation coefficient value (R2 = 0.9997) was observed to be
very close to 1. Similarly, the calculated degradation capacity of
Ag−ZnO (qe = 5.260 mg g−1) agrees with the experimental
value (qe = 5.1047 mg g−1). This indicates that the
sonophotocatalytic degradation of RBV-5R follows the
pseudo-second-order kinetic model.

The kinetic models were applied on the degradation of FY
AB. The calculated degradation capacity was (qe = 4.694 mg
g−1) closer to the experimental value (qe = 4.478 mg g−1). This
indicates that the sonophotocatalytic degradation of FY AB
follows the pseudo-second-order kinetic model (Table 1 and
Figure 7).

3.9. Comparison of Sonophotocatalytic Degradation
with Other Methods. Several methods have been inves-
tigated for the degradation of textile dyes. Table 2 shows a
comparison of such methods for the degradation of RBV-5R
and FY AB. The comparison shows that sonophotocatalysis of
RBV-5R using Ag−ZnO as a photocatalyst has a great outcome
as compared to other methods.

4. CONCLUSIONS
The proposed project comprehensively analyzed the degrada-
tion of azo dyes via the sonophotocatalytic technique. Two
dyes, i.e., Remazol Brilliant Violet 5-R (RBV-5R) and Fast
Yellow AB (FY-AB), were degraded using a silver-impregnated
zinc oxide (Ag−ZnO) photocatalyst. The photocatalyst was
prepared by the wet impregnation method. Upon impregna-
tion, the absorption region of ZnO was shifted from the UV
region to the visible region. The photocatalyst was
characterized through SEM and EDX, FTIR, and UV−visible
spectroscopic techniques. The results indicate that ZnO was
successfully impregnated with silver (Ag). As the degradation
process was carried out in an ultrasonic bath under filament
light, the degradation was affected by visible light as well as
ultrasonic waves. The ultrasonic waves were believed to be
responsible for cavitation in the sample, which helped in the
production of free radicals and accelerated the degradation.
Besides, the ultrasonic waves prevented the catalyst from
aggregating up to an extent. The light source generates free
radicals on the surface of the photocatalyst, which are
responsible for the degradation process. At enhanced
conditions, the degradation efficiencies for RBV-5R and FY-
AB were 95.7 and 88% in 30 and 40 min, respectively.
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