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Synthesis of poly(acrylic acid)-bentonite-FeCo (PAA-B-FeCo) hydrogel nanocomposite via ultrasound
assisted in situ emulsion polymerization was carried out. Addition of exfoliated bentonite clay platelets
and Fe–Co increased the strength and stability of hydrogel and assisted the adsorption of an organic pollutant.
The response of the nanocomposite hydrogel was evaluated using a cationic dye, crystal violet (CV)
under different temperature, pH, and cavitation environment. The optimum temperature was found to be
35 °C and basic pH (optimum at 11) was responsible for the higher adsorption of dye due to dissociation of
COO− ions at higher pH. Bimetallic components form the metal ions in hydrogel which shows repulsion
at low pH resulting to lower response. Thermodynamic parameters for adsorption indicated that the
dye adsorption onto PAA-B-FeCo hydrogel was spontaneous and endothermic in nature.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogels are three dimensionally dense cross linked polymer
network structures composed of functional hydrophilic groups
which have the ability to absorb significant amount of water and
solute molecules [1–5]. Hydrogels are also known as smart materials
which show response and swelling when there is small change
in external environment [4,6,7]. The response of hydrogel is dependent
on the presence of hydrophilic functional groups such as\OH,\COOH
[8,9]. These groups make the hydrogel hydrophilic and due to capillary
action and difference in the osmotic pressure, water diffuses into the
hydrogel. Polymerization methods, the presence of functional groups
and the nature of cross linking agents are important parameters that
control the swelling ability of the hydrogen [10]. The external environ-
mental conditions such as, pH, temperature, electric field, ionic
strength, and light act as stimuli for the responsiveness of the hydrogels
[9–12]. Hydrogels are useful in a variety of applications such as tissue
engineering [13], drug delivery [10], separation of bimolecules [14],
separation of the metal ions, and inorganic compounds [15] etc. The
pH-sensitive hydrogels contain ionizable groups in polymer, e.g. COO−

ions in polyacrylic acid, which shows response to pH change [11,16].

Nanosized magnetic iron oxide particles are extensively studied as
new adsorbents with large surface area and small diffusion resistance
for the separation and removal of chemical species such as metals,
dyes and gasses [17]. Different types of magnetic nano-adsorbents
with tailored surface reactivity by using natural or synthetic polymers
such as chitosan, alginate, poly(acrylic acid) are used for heavy
metal removal from waste water [18]. Zhu et al. [19] successfully used
magnetically separable γ-Fe2O3/crosslinked chitosan adsorbent for the
removal of hazardous azo dye.

A number of adsorbents are used in dye adsorption, e.g. activated
charcoal, clay materials such as bentonite, flyash, kaolin andmontmo-
rillonite [20–22]. These adsorbents generate secondary waste and
some of the materials are not efficient adsorbents because of their
limitations in the cation exchange capacity, lower adsorption rate,
etc.[23]. Hence, the enhancement of adsorption process has been
achieved using cavitation, changing cation exchange capacity or
hybrid nanocomposites [24]. The limitations of existing water
treatment methods (ion exchange, adsorption, and wet air oxidation,
etc.) could be overcome by developing efficient hydrogels to intensify
the process of removal of organic components from waste water [25].
A number of attempts are made to use the hydrogels for adsorption of
the dye components from water [26–28].

Ultrasonic irradiation is used to initiate the emulsion polymeriza-
tion to form hydrogel through the generation of free radicals. The
high shear gradients generated by the acoustic cavitation process
helps to control the molecular weights of hydrogels formed in
aqueous solutions. Ultrasound was found to be an effective method
for polymerization of monomers and for the production of hydrogel
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in the absence of a chemical initiator [29]. Several acrylic hydrogels
have been prepared via ultrasonic polymerization of water soluble
monomers and macro monomers [30].

Nanocomposite hydrogels are loaded with the different types
of clays like bentonite, Laponite, Sepiolite. These clays enhance
the mechanical properties and adsorption capacity of hydrogels.
Compared to other adsorbents, clays are the natural, abundant
and inexpensive materials having good mechanical strength and
porous structure [31–37]. Li et al. [31] prepared nanocomposite
hydrogels by incorporating Laponite clay into a poly(acryl amide)
hydrogel by the in situ polymerization for the adsorption of CV. The
cationic dye adsorption ability of the hydrogel increasedwith increasing
clay content in the hydrogel.

In this manuscript attempt was made to synthesize polymer
nanocomposite hydrogels using metal hybrid polymer along with
clay. No reports are available in the literature on the synthesis of
nanocomposite using metal and clay composite hydrogel. It is
also important to note that magnetic nanoparticles were used in
hydrogels so that the material can be used in a number of applica-
tions [38]. In this study, clay platelets were used as support for
the metal particles and to increase the mechanical strength of
the hydrogel composite. Metallic iron nanoparticles are, undoubtedly,
promising materials for magnetic, drug delivery systems and other
medical applications. Combination of cobalt with Fe nanoparticles
may increase the magnetic characteristics [39,40]. Hence an attempt
was made in this study to synthesize clay supported metal nano-
composite hydrogel using ultrasound assisted emulsion method.
Clay and Fe–Co combination is used to enhance the mechanical
properties and to improve the efficiency of water treatment.

The objectives of the present investigation are: (i) To synthesize
poly(acrylic acid)-bentonite-FeCo (PAA-B-FeCo) hydrogel via in situ
ultrasonic emulsion polymerization and (ii) To assess the feasibility
of PAA-B-FeCo hydrogel for the removal of crystal violet dye.
The adsorption equilibrium studies are carried out under different
pH, temperature, and dye initial concentration conditions. The
data obtained is processed using the adsorption isotherm models
and the thermodynamic behavior of the cationic dye adsorption
is also evaluated.

2. Experimental

2.1. Materials

Acrylic acid (AA), ammonium persulphate (APS), sodium dodecyl
sulfate (SDS) and crystal violet dye (CV) were of analytical grade and
procured from M/s CDH, India. Natural Bentonite clay was obtained
from MD Chemicals, Pune, India. Millipore deionized water was used
for all experiments. N-acetyl-N,N,N-trimethyl ammonium bromide
(CTAB), ferric chloride, cobalt chloride and sodium borohydride
(NaBH4) were procured from Sigma Aldrich.

2.2. Synthesis of pure poly(acrylic acid) and PAA-B-FeCo hydrogel

Initially, pristine bentonite clay was washed 3–4 times with
demineralized water. Impurities such as silica and iron oxides were
removed by a differential sedimentation technique. The mixture was
stirred for 1 h and kept undisturbed overnight. After filtration, the
solid was exposed to slow evaporation, till the desired dryness was
obtained. Modification of bentonite was carried out by ion exchange
reaction. The following procedure was used to carry out ion exchange
reaction so as to obtain modified bentonite nanoclay. 10 g bentonite
clay (calculated on the basis of CEC of bentonite used) was mixed in
100 mL water containing 2 mL of hydrochloric acid and then solution
was heated to 70 °C. HCl was added into clay solution as acidic environ-
ment facilitates the distribution of quaternary ammonium salts inside
the gallery spacing of clay. CTAB solution (0.05 M) was dispersed into

bentonite containing aqueous solution. The dispersion was stirred
vigorously for 12 h at 70 °C. Unreacted amines were removed by
continuouswashing of precipitate using hot water. The final precipitate
was thoroughly dried in an oven at 80 °C for 24 h to obtain themodified
bentonite nanoclay. A detailed procedure for synthesis of nanoclay
bentonite using sonochemical technique has been reported by
Sonawane et al. [41,42].

The synthesis of inorganic metal nanocomposite was carried out
as follows: An aqueous solution containing ferric chloride (0.05 M,
100 mL) and cobalt chloride (0.05 M 100 mL) was sonicated for
10 min in an ultrasonic probe reactor (Dakshin, Mumbai India,
probe diameter 22 mm). The solution was then added to 10 g of
prepared nanoclay bentonite aqueous slurry. The amount of addition
of precursors was decided based on the cation exchange capacity
(CEC) of the bentonite clay which was 72 meq/g of clay. The mixture
was sonicated for 30 min in order to disperse the chloride solution
into the gallery spacing. Further, ultrasonic irradiation was carried out
for 2 h using ultrasonic probe reactor with 22.5 KHz frequency and
a nominal power (120 W). The total acoustic power (1.479W/cm2)
delivered to the solution was calculated by calorimetric method
[23,41]. After 30 min, sodium borohydride (0.1 M) was added drop
wise to the solution containing bentonite, FeCl2 and CoCl2. Different
procedure was followed for the preparation of Fe–Co as compared to
that reported in literature. In our case we used a simple precipitation
reduction route using sonochemical approach for formation of B-Fe Co
nanocomposite [43].

The synthesis of insitu emulsion nanocomposite hydrogel using
cavitation technique was carried out as follows: Water (69 g) con-
taining SDS (0.54 g) was added to the reaction mixture and the entire
solution was thoroughly deoxygenated by bubbling with argon for
45 min at room temperature. Initially 36 g of AA was added and the
solution was irradiated for 10 min in the ultrasound reactor to form
uniform monomer droplets. The temperature of the reaction mixture
was maintained at 60 °C using a water bath. The liquid mixture was
then subjected to sonication. 2.3 g of ammonium persulphate (APS)
initiator in 5 mL distilled water was added dropwise into the reaction
mixture. The polymerization reaction was completed within 40 min.
Within the initial 15 min of sonication, a viscous mass was formed
indicating the formation of pure poly(acrylic acid) hydrogel. The resulting
polymerized hydrogel was then dried in an oven for 48 h at 85 °C.

PAA-B-FeCo hydrogel was prepared in a similar manner, except
for the addition of 1 g of modified B-FeCo nanoparticles to acrylic
acid during polymerization. During the studies done by different
researchers on the hydrogels loaded with clays, different amounts
of clays are added to the hydrogels ranging from 0.5 g clay to 2 g
clay by taking basis of quantities of monomer, initiator and solvent.
[31]. In the present investigation bentonite-FeCo nanoparticles were
added on the weight percent basis of monomer acrylic acid.
Here we have added 1 g of bentonite-FeCo nanoparticles which
corresponds to 2.77% (Wt%) of acrylic acid. The addition was
very small to act as crosslinking agent during polymerization as
it contains the clay platelets. During the sonication of this reaction
mixture, the formation of thick brown solution was initially observed
which was then converted into a gel. This hydrogel was dried in an
oven for 48 h at 85 °C.

2.3. Sample characterization

UV–vis spectrophotometer (SHIMADZU 160A model) was used
to determine the concentration of CV dye. The wavelength of
maximum absorbance (λmax) of CV dye was found to be 590 nm.
Demineralized water was used as a reference. FTIR spectra of the
hydrogel samples were recorded on a Perkin Elmer FTIR spectrometer
(Paragon 1000 PC) in the wave number range of 500–4000 cm−1 with
resolution of 1 cm−1.
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2.4. Swelling behavior of PAA and nanocomposite hydrogel

The swelling behavior of pure PAA and PAA-B-FeCo hydrogels was
studied at 25 °C in deionized water using a gravimetric procedure
[44]. Pre-weighed PAA and PAA-B-FeCo hydrogels were kept in
distilled water. After regular intervals of time, weight of swollen
pieces of hydrogelswasmeasured. Theweightmeasurement of swollen
hydrogel was continued till equilibrium was reached. The swelling
ratio, S was then calculated using Eq. (1)

S ¼ Ws–Wdð Þ=Wd ð1Þ

where Ws and Wd were the swollen and dry weights of the hydrogel,
respectively.

2.5. Adsorption of CV dye

To study the effects of different experimental parameters such as,
pH, temperature, concentration, quantity of hydrogel and cavitation
environment in batch mode on the adsorption kinetics of CV dye
onto PAA-B-FeCo hydrogel, the following procedure was carried out.

During the experiment, 100 mL of the dye solution of desired
concentration with 1 g hydrogel was taken in a 200 mL beaker.
The desired pH value of dye solution was adjusted using a buffer
solution. The effect of initial dye concentration was studied by
taking different concentrations of the dye ranging from 10 to
50 mg/L. To study the effect of hydrogel loading, different quantities
of PAA-B-FeCo hydrogel (0.5–2.0 g) were used by keeping all other
parameters constant. A constant temperature was maintained
throughout experimentation using water bath. The percentage dye
removal and dye adsorbed per mg of adsorbent (qt) were calculated
using the following equations:

Percentage removal ¼ Co−Ceð Þ=Co×100 ð2Þ

where, Co and Ce are the initial and equilibrium concentrations of CV
dye (mg/L), respectively.

The amount of dye adsorbed per unit mass of hydrogel can be
determined using following equation,

qt ¼ C0−Ctð Þ V=M ð3Þ

V is volume of the dye solution in L and M is the mass of dry hydrogel
in g.

3. Results and discussion

Nanoclay supported Fe and Co particles were initially incorporated
into the gallery spacing of bentonite clay by reducing Fe and Co
ions inside the clay. To facilitate the incorporation of these metal
particles, initially natural bentonite clay was intercalated using
quaternary ammonium salts. The long chain of CTAB molecules
(C16–C18) of the quaternary ammonium salt increases the cation
exchange capacity of bentonite clay from 96 to 120 meq/g of
clay. The acoustic cavitation generated physical forces increase
the diffusion of precursors inside the gallery spacing. These nano-
particles remain attached to the clay platelets because of presence
of CTAB in the platelets. Exfoliation of the platelets takes place
during polymerization, because of the shearing effect of acoustic
cavitation and hence the platelets exfoliate into the polymer. The
details of the procedure and increase in d spacing are described
in the literature [41,42]. A diagrammatic representation of forma-
tion of nanocomposite hydrogel is shown in Fig. 1.

Fig. 2 shows the TEM images of B-FeCo nanoparticles dispersed in
the PAA hydrogel matrix. Fig. 2A shows that the nanoparticles are
uniformly distributed in the hydrogel matrix. The particle size of B-
FeCo was found to be about 50 nm. Fig. 2B shows that the particles
of Fe–Co are spherical in nature. TEM images indicate that the nano-
particles are uniformly dispersed in the hydrogel matrix.

When the pure poly(acrylic acid) hydrogel was put into the dye
solution it was dissolved, therefore bentonite and Fe–Co was added

Fig. 1. Ultrasound assisted synthesis of B-FeCo nanocomposite hydrogel.
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to the hydrogel to give it mechanical strength to prevent the collapse
of hydrogel matrix. The addition of B-Fe served the dual purpose
of providing the mechanical strength to the hydrogel as well as
increased the adsorption capacity due to improvement in the elec-
trostatic interaction [19].

As discussed in experimental section Fe–Co nanoparticles were
surrounded with COOH groups of polyacrylic acid. It is important to
note that baremagnetic particles in water based system are susceptible
to oxidation and particles are aggregated which reduce the efficiency
of separation and adsorption; hence the presence of COOH groups
in the hydrogel offer improvement in the efficiency of the Fe–Co
nanoparticles.

3.1. Swelling behavior of hydrogel

When pre-weighed samples of PAA-B-FeCo hydrogel (1 g) were
kept for more than 12 h in water, the compact (dry) network
structure of the polymer matrix relaxed and swollen due to the
diffusion of water molecules inside the matrix, until an equilibrium
was reached. At this stage, pressure inside the hydrogel matrix
increased due to the presence of large amount of water molecules.
The dissolution of the hydrogel did not occur due to the presence of
cross linker as against pure PAA hydrogel which dissolved in water.
Hence, the mechanical strength and dissolution properties could be
changed by the addition of cross linker [5,32] and nanoparticles
of Fe–Co during the polymerization. In this work, we have used
B-FeCo as the cross linker aswell as adsorbent. The B-FeCo nanocompo-
site hydrogel shows enhanced swelling behavior due to formation of
network structure between PAA and B-FeCo.

The time dependent swelling behavior of the hydrogel is calculated
by Eq. (4) [15,45].

F ¼ Mt=Ms ¼ Ktn ð4Þ

where, ‘F’ is the fractional uptake at time ‘t’, K is the diffusion constant;
‘Mt’ and ‘Ms’ are the masses of water uptake at time ‘t’ and equilibrium,
respectively. Characteristic exponent ‘n’ is related to the transport
mode of the penetrating molecule. Eq. (4) is valid for the first 60%
of the fractional uptake of water. The value of ‘n’ for case of Fickian
diffusion (rate of diffusion is slow compared to relaxation rate of
hydrogel) is 0.5 and is 1 when rate of diffusion is fast compared
to relaxation rate. Value of ‘n’ for Non-Fickian diffusion is between
0.5bnb1 [45]. A graph of ln(Mt/Ms) against ln ‘t’ can be used to
evaluate ‘n’ as shown in Fig. 3. The value of n is found to be 0.56
indicating that the transport mode of water in the gel is non-Fickian
diffusion. The diffusion constant ‘K’ can be calculated from the intercept
of the line, which is 0.13.

3.2. Effect of pH on dye adsorption

The pH of the solution is an important parameter, which affects
the adsorption process. The effect of solution pH depends on the
ions present in the reaction mixture and electrostatic interactions at
the adsorption surface [16,36]. To determine the effect of different
pH on CV dye removal, experiments were carried out by adjusting
the pH value to 4, 9 and 11 using acid/base buffer solutions. The
natural pH of the solution was 6.5. Fig. 4A shows the effect of
pH on the dye adsorption at an initial concentration of 30 mg/L
in presence of 1 g of hydrogel nanocomposite. The maximum dye
removal was observed (above 75%) in the pH range of 9 to 11. At higher
pH, the COOH functional groups of acrylic acid present in the hydrogel
matrix dissociates to form COO− ions, which is responsible for higher
adsorption of dye in basic pH. The electrostatic attraction between the
positively charged dye and negatively charged COO− ions, results into
the formation of ionic complex which increases the dye removal.
Hence for further experiments, pH 11 was used as the solution pH.
Fig. 4B shows plausible responsive mechanism of adsorption of CV
molecules towards hydrogel at different pH conditions.

3.3. Effect of temperature

The effect of temperature on the adsorption of CV was evaluated for
1 g hydrogel with 30 mg/L dye solution at three different temperature
conditions (15, 25 and 35 °C) at 11 pH value. The initial concentration
was fixed but the temperature was varied. The adsorption of the

Fig. 2. TEM image of (A) Fe Co bentonite hydrogel nanocomposite, (B) Fe Co particle into present in hydrogel nanocomposite.

Fig. 3. Plot of ln(Mt/Ms) against ln(t) of water in PAA-B-FeCo hydrogel.
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dye increases with increase in temperature as shown in Fig. 5A.
This is because at higher temperature the hydrogel network gets
relaxed and dye molecules can easily diffuse through the matrix
resulting into more adsorption. A maximum of about 87% removal
was obtained at 35 °C, hence remaining experiments were carried
out at 35 °C.

3.4. Effect of initial dye concentration

The adsorption capacity of hydrogel was determined by equilibrium
adsorption studies, at different concentrations of CV dye ranging
from 20 to 50 mg/L; with 1 g of PAA-B-FeCo hydrogel at pH 11 and
35 °C. Results indicated that the dye uptake by hydrogel increases
sharply with increasing initial dye concentration as shown in Fig. 5B.
This is because at higher initial concentration of the dye, the availability
of the number of dye molecules is more, which can easily penetrate
through hydrogel. However, the removal efficiency was reduced at
high concentrations, because the hydrogel gets saturated. The change
in color of both hydrogel and dye solutions is shown in Fig. 6. The
color of the hydrogel changed from brown to dark blue.

Compared to the previous research performed by Zhang et al. [46] for
adsorption of CV on composite hydrogel (adsorption capacity=0.3 mg/

g), the PAA-B-FeCo hydrogel prepared in the present investigation
shows far better results (adsorption capacity=13 mg/g). The results
are also superior in comparison with the use of wollastonite as
an adsorbent (adsorption capacity=0.88 mg/g) [47]. These results
may be attributed to the fact that there may be large number of
charge groups on the clay surface and absence of organic cross-
linker in the composites leads to flexible polymer chains so that
the cationic dye molecules can easily enter into the hydrogel network
and interact with the clay [31].

3.5. Effect of quantity of hydrogel

The effect of hydrogel quantity on adsorption was studied by
using different amounts of hydrogel (0.5, 1, 1.5, 2 g) in 30 mg/L
concentration of 100 mL CV dye solution. Fig. 7A shows that the
percent removal of the dye increases with an increase in the
quantity of hydrogel. About 95% of dye was removed, when 2 g
of hydrogel sample was kept in the solution. This indicates that
the presence of higher quantity of hydrogel provides large number
of negatively charged ions to adsorb more amount of CV dye due
to electrostatic force.

3.6. Effect of ultrasound in dye removal

In this experiment, combined effect of ultrasound and hydrogel
adsorption was evaluated and compared. In both the experiments
100 mL solution of 30 mg/L concentration and 1 g of hydrogel was
used. The removal efficiencies for hydrogel alone and the combined
effect of ultrasound and hydrogel are shown in Fig. 7B, which indicates
that combination of hydrogel and ultrasound gives higher dye removal
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as compared to hydrogel adsorption alone. With hydrogel alone,
87% removal was achieved in 15 h and with combination of ultrasound
97% removal was achieved in only 5 h. This enhancement could be due
to the mechanical agitation generated by the physical forces generated
by acoustic cavitation.

3.7. FTIR study

Fig. 8 shows FTIR spectra of pure PAA, PAA-B-FeCo hydrogel, before
and after adsorption of the dye respectively. The FTIR spectra of the pure
PAA and PAA-B-FeCo hydrogel show the peak at 1700 cm−1, which is
characteristic peak of the C_O stretching due to presence of carboxyl
groups in poly(acrylic acid). After the adsorption of the dye, this band
is shifted to 1690 cm−1 . The FTIR spectra of PAA-B-FeCo hydrogel
after the adsorption of CV dye shows a peak at 3500 cm−1 which
originates due to the formation of hydrogen bond between hydrogel
and the dye. The presence of band at 3610 cm−1 indicates the OH
stretching vibration of bentonite clay [38]. There are small bands
originating at 1539 and 1400 cm−1 which are due to the stretching
of \COOH and \COO− groups at higher pH value.

3.8. Adsorption isotherm model

Equilibrium data in terms of adsorption isotherm is a basic require-
ment for the design of adsorption systems. The equilibrium removal
of dyes was mathematically expressed in terms of Langmuir and
Freundlich adsorption isotherms. The Langmuir equation is based
on the assumption that maximum adsorption corresponds to saturated
monolayer of the adsorbate molecule on the adsorbent surface [26]. In
Langmuir equation,

Ce=qe ¼ 1= αQmð Þ þ Ce=Qm ð5Þ

the constant α is related to the energy of adsorption, Ce (mg/L) is the
equilibrium concentration of the dye in solution, qe (mg/g) is the
amount of adsorbed dye on the adsorbent surface and the constant

Qm represents the maximum binding at the complete saturation of
adsorbent binding sites [28]. Qm and α values can be obtained
from slope and intercept of the linear plot of Ce/qe vs Ce (Fig. 9A),
respectively. The values of Qm and α are given in Table 1a. It can be
seen that the adsorption of the dye on PAA-B-FeCo hydrogel followed
the Langmuir model.

The Freundlich isotherm model suggests that sorption energy
exponentially decreases on completion of the sorptional sites of
adsorbent. This isotherm is an empirical equation employed to
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describe heterogeneous systems [21,26,28]. The Freundlich isotherm is
described by equation

qe ¼ KF×logCe
1=nð Þ ð6Þ

Taking log on both sides,

log qe ¼ log KF þ 1=nð Þlog Ce ð7Þ

where, KF and n are the physical constants of the Freundlich isotherm.
The slope and intercept of the linear plot of log qe vs log Ce (Fig. 9B)
give the values of n and KF. Values 1/n indicate the type of isotherm
to be irreversible (1/n=0), favorable (0b1/nb1) or unfavorable (1/
nN1) [21,26,28]. The results showed that besides the Langmuir iso-
therm, Freundlich isotherm is also suitable for describing the ad-
sorption of CV dye on PAA-B-FeCo hydrogel. The Freundlich
constants are given in Table 1a.

3.9. Thermodynamic parameters

The thermodynamic parameters ΔG°, ΔS° and ΔH° for this adsorp-
tion process are determined by using following equations [48,49].

ΔG� ¼ −RT lnK ð8Þ

where K is the thermodynamic equilibrium constant. The effect of
temperature on thermodynamic constant is determined by

d lnK=dt ¼ ΔH�=RT2 ð9Þ

Integrating & rearranging Eq. (9)

lnK ¼ − ΔH�=RTð Þ þ ΔS�=R ð10Þ

and Gibbs free energy is given by

ΔG� ¼ ΔH�–TΔS� ð11Þ

where ΔG° is the free energy change (J/mol); R is the universal
constant (8.314 J/mol K) and T the absolute temperature (K).

The values of K can be determined by plotting ln(qe/Ce) against qe
and extrapolating to zero [31,35] (Fig. 9C). The ΔH° and ΔS° values
were calculated from slope and intercept of the linear plot, of lnK vs
1/T as shown in Fig. 9D. The corresponding values of thermodynamic
parameters are presented in Table 1b. The negative values of ΔG°
indicate that the dye adsorption process is spontaneous and feasible.
The positive value of ΔH° shows the adsorption process is endothermic
in nature.

Fig. 9. Plot of (A) Ce/qe vs Ce for Langmuir isotherm, (B) log qe vs log Ce for Freundlich isotherm, (C) ln (qe/Ce) vs qe for K values at different temperatures and (D) plot of ln K vs 1/T.

Table 1a
Langmuir and Freundlich isotherm constants.

Temperature
(K)

Langmuir constants Freundlich constants

Qm (mg/g) α R2 KF n R2

288 30.30 0.098 0.989 3.98 1.754 0.999
298 31.15 0.138 0.996 5.01 1.818 0.998
308 31.25 0.197 0.997 6.16 1.923 0.988
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4. Conclusion

PAA-B-FeCo hydrogel was synthesized by ultrasonic polymerization
of AA and cross-linked by B-FeCo. The network formation of crosslinked
polymer hydrogels shows a good swelling behavior due to the presence
of B-FeCo. Adsorption process for dye removal was shown to be highly
efficient for higher pH and temperature. The lower concentration and
higher quantity of hydrogel is more favorable for maximum removal
efficiency. The combined effect of hydrogel and ultrasound show a
higher percent removal of the dye as compared to hydrogel alone.
The FTIR spectrum confirms the presence of carboxyl group in all
hydrogel samples. The equilibrium data for adsorption was followed
using both Langmuir and Freundlich isotherms. The negative value of
ΔGo indicates the feasibility and spontaneity of the adsorption process.
The positive value of ΔHo suggests the endothermic nature of the
adsorption.
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a b s t r a c t

The present work deals with the synthesis of titanium dioxide nanoparticles doped with Fe and Ce using
sonochemical approach and its comparison with the conventional doping method. The prepared samples
have been characterized using X-ray diffraction (XRD), FTIR, transmission electron microscopy (TEM) and
UV–visible spectra (UV–vis). The effectiveness of the synthesized catalyst for the photocatalytic degrada-
tion of crystal violet dye has also been investigated considering crystal violet degradation as the model
reaction. It has been observed that the catalysts prepared by sonochemical method exhibit higher pho-
tocatalytic activity as compared to the catalysts prepared by the conventional methods. Also the Ce-
doped TiO2 exhibits maximum photocatalytic activity followed by Fe-doped TiO2 and the least activity
was observed for only TiO2. The presence of Fe and Ce in the TiO2 structure results in a significant absorp-
tion shift towards the visible region. Detailed investigations on the degradation indicated that an optimal
dosage with 0.8 mol% doping of Ce and 1.2 mol% doping of Fe in TiO2 results in higher extents of
degradation. Kinetic studies also established that the photocatalytic degradation followed the pseudo
first-order reaction kinetics. Overall it has been established that ultrasound assisted synthesis of doped
photocatalyst significantly enhances the photocatalytic activity.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Over the last decade different catalytic techniques have been
investigated as a possible solution for the ever increasing serious
environmental pollution problems. Heterogeneous photocatalysis
is a well accepted technique with a great potential to control aque-
ous contaminants or air pollutants. Among various oxide semicon-
ductor photocatalysts, titanium dioxide has attracted interest of
many researchers in recent years because of its applicability for
all the three classes of water contaminants viz., organic, inorganic
and microbiological with a minimal risk of the production of harm-
ful byproducts [1–5]. Titanium dioxide has been proven to be the
most suitable photocatalyst because of its chemical inertness,
strong oxidizing power, long-term stability against photo and
chemical corrosion, suitable band gap energy and electronic and
optical properties. Also titanium dioxide is photocatalytically sta-
ble, relatively easy to produce and is able to efficiently catalyze
reactions [6–9]. It is also used in cosmetics, paints, electronic

paper, filter materials, anti-reflection films, sensors, and dye-sensi-
tive solar cells [10,11].

Undesirable recombination of electrons and holes, and low effi-
ciency under irradiation in the visible region are the two main
drawbacks associated with the use of TiO2 for environmental appli-
cations [12,13]. Efforts have been made to extend the light absorp-
tion range of TiO2 from UV to visible light and to improve the
photocatalytic activity of TiO2 [14]. The current research on nano-
science and nanotechnology has been oriented towards the fabri-
cation, characterization, and manipulation of novel materials,
broadly referred as nanocomposites, which can be used as cata-
lysts, adsorbents and sensors in optical, electronic and magnetic
devices [15]. Dopants, such as transitional metals can be added
to TiO2 to improve its catalytic activity and also reduce the recom-
bination of photo-generated electrons and photo-generated holes.
Noble metals doped or deposited on TiO2 also show effect on the
photocatalytic activity by extending excitation wavelength from
the UV to the visible light range [11–14,16,17].

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 [2,18–20]. Zeleska [21] has re-
viewed the preparation methods of doped TiO2 with metallic and
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nonmetallic species, including various types of dopants and doping
methods. Rauf [14] has given an overview on the photocatalytic
degradation of azo dyes in the presence of TiO2 doped with selec-
tive 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 [13,22,23]. Titanium dioxide nanopowders doped with vis-
ible 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 [6,24–27]. Ef-
fect of silver, platinum and gold doping on the TiO2 for photocata-
lytic reduction of CO2 and sonophotocatalytic degradation of
methyl orange and organic pollutant nonylphenol ethoxylate has
been investigated [7,15,16,28]. Also there are reports of tin, cal-
cium, sulfur and zirconia doped TiO2 being used for photo-degra-
dation of model pollutants [29–32].

The synthesis of metal-loaded semiconductor oxide materials
by conventional physical blending or chemical precipitation fol-
lowed 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 of-
ten 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 chem-
ical effects generated by acoustic cavitation can be expected to sig-
nificantly influence the properties of doped materials [6,15].
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 colloids. The collapse of cavita-
tion bubbles generates localized hot spots with transient tempera-
ture of about 10000 K, pressures of about 1000 atm or more and
cooling rates in excess of 109 K/s. Under such extreme conditions,
various chemical reactions and physical changes occur and numer-
ous nano-structured materials such as metals, alloys, oxides and
biomaterials can be effectively synthesized with required particle
size distribution [6,33–35]. 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 [36–41].

Yu et al. [37] synthesized pure TiO2 particles using ultrasoni-
cally-induced hydrolysis reaction and compared the photocatalytic
activity of prepared samples with Degussa P 25 and samples pre-
pared by conventional hydrolysis method. Neppolian et al. [39]
also prepared nano TiO2 photocatalysts using sol–gel and ultra-
sonic-assisted sol–gel methods using two different sources of ultr-
asonicator, 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. [38] used the combi-
nation of ultrasonic and hydrothermal method for preparing Fe-
doped TiO2 for photo-degradation of methyl orange. Zhou et al.
[6] used ultrasonicaly-induced hydrolysis reaction for the prepara-
tion of Fe-doped TiO2 whereas Huang et al. [36] synthesized and
characterized FexOy�TiO2 via the sonochemical method.

As mentioned earlier there are many reports of Fe doping on
TiO2 to improve its photocatalytic activity. Amongst a variety of
transitional metals, iron has been considered to be an appropriate
material due to the fact that the radius of Fe3+ (0.79 Å) is similar to
that of Ti4+ (0.75 Å), so that Fe3+ can be easily incorporated into the
crystal lattice of TiO2. Fe3+ has proved to be a successful doping ele-
ment due to its half-filled electronic configuration [2,6,24,26,27].
Cerium oxides have attracted much attention due to the optical
and catalytic properties associated with the redox pair of Ce3+/Ce4+.
Ce-doped TiO2 materials have been synthesized by the sol–gel and
hydrothermal methods and used in the photocatalytic degradation
applications. But there are very few reports on Ce doped catalysts

and the beneficial effect of Ce doped TiO2 catalysts are known to
depend on different factors, such as the synthesis method and
the cerium content. [13,22,23]. The photocatalytic performance
of TiO2 catalysts depends strongly on the methods of metal ion
doping and the amount of doping material, since they have a deci-
sive influence on the properties of the catalysts. Therefore, it is nec-
essary to investigate the effects of doping method and doping
material content on the photocatalytic performance of TiO2

nanocatalysts.
The present work deals with a detailed study about establishing

the influence of ultrasound on the phase composition, structure
and performance of pure and doped TiO2 nanocatalysts. Cerium
and Fe-doped TiO2 nanocatalysts with different amounts of doping
elements were prepared by a single-step sonochemical method
and conventional method at room temperature. Photocatalytic
activity of the prepared composites has been evaluated for the deg-
radation of crystal violet dye. Dye stuffs are a ubiquitous class of
synthetic organic pigments that represent increasing environmen-
tal issues. As a widely used cationic triphenylmethane dye, crystal
violet has high stability because of the electron-donating groups in
its unique structure. Crystal violet is a non-biodegradable mutagen
and mitotic poison and hence is associated with considerable envi-
ronmental and health concerns. Considering the Indian context,
crystal violet is extensively used in industries such as textile, pa-
per, leather, additives, foodstuffs, cosmetics, and analytical chemis-
try. Considering the widespread use and toxic nature, it was
thought imperative to evaluate the degradation patterns and hence
crystal violet has been selected as a model pollutant.

2. Experimental

2.1. Materials

Titanium isopropoxide, propanol, cerium nitrate, and ferric ni-
trate were procured from S. D. Fine Chemicals Ltd., Mumbai, India.
Sodium hydroxide was obtained from Merck Ltd., Mumbai, India.
Crystal violet dye was procured from M/s., CDH, India. All the
chemicals were of analytical grade and were used as received from
the supplier. Freshly prepared distilled water was used in all the
experiments.

2.2. Synthesis of TiO2 by conventional method (CV)

Cerium (III) nitrate, Ferric nitrate and titanium (IV) isopropox-
ide were used as precursors and 2-propanol was used as solvent.
In conventional synthesis procedure, 50 ml of 2-propanol was ta-
ken in a 250 ml beaker and 5 ml of titanium isopropoxide was
added at room temperature (35 ± 2 �C). The beaker was placed in
a constant temperature bath. Solution of cerium nitrate was pre-
pared in 20 ml distilled water. Sodium hydroxide was dissolved
in 50 ml distilled water separately and 5 ml of sodium hydroxide
solution and 2 ml of cerium nitrate solution were added simulta-
neously to the titanium isopropoxide solution in propanol after
every 30 s until a total of 50 ml sodium hydroxide solution and
20 ml of cerium nitrate solution were added into the beaker. After
the addition of all the chemicals, the reaction was allowed to pro-
ceed for 4 h under stirring at a temperature of 35 ± 2 �C. After 4 h,
the resulting precipitate was centrifuged, filtered, dried and cal-
cined at 450 �C for 3 h. For preparing Fe doped TiO2, ferric nitrate
was used as iron precursor and similar procedure was followed.
The catalysts prepared by this method are hereafter named as
TiO2 (CV), Fe–TiO2 (CV) and Ce–TiO2 (CV) where CV stands for con-
ventional method of preparation. Pure TiO2 sample was prepared
according to the above procedure without the addition of cer-
ium/iron precursor.
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2.3. Synthesis of TiO2 by sonochemical method (US)

In a typical synthesis procedure involving ultrasound, 50 ml of
2-propanol was taken in a 250 ml beaker and 5 ml of titanium iso-
propoxide was added. The beaker was placed in a constant temper-
ature bath and the sonication was carried out by employing a
direct immersion titanium horn in the sonication cell. Solutions
of five different concentrations of cerium nitrate were prepared
to get 0.4, 0.8, 1.2, 1.6 and 2 (mol%) of Ce to TiO2 in 20 ml distilled
water. 5 ml of sodium hydroxide solution and 2 ml of cerium ni-
trate solution were added simultaneously after every 30 s till a to-
tal of 50 ml sodium hydroxide solution and 20 ml of cerium nitrate
solution were added into the ultrasound reactor. After the addition
of all the solutions, the mixture was sonicated for further 30 min.
After 30 min of irradiation the solution was kept undisturbed for
settling of the precipitate. The resulting precipitate was centri-
fuged, filtered, dried and calcined at 450 �C for 3 h. Similar proce-
dure was adopted for the synthesis of Fe doped TiO2 nanocatalyst
with molar ratios of 0.4, 0.8, 1.2, 1.6 and 2 (mol%) of Fe to TiO2. Pure
TiO2 sample was also prepared according to the above procedure
except the addition of cerium/iron precursor. Synthesis procedure
for cerium doped TiO2 is schematically shown in Fig. 1. An ultra-
sonic horn has been used as a source of ultrasonic irradiations
for the synthesis of TiO2 doped composite. The specifications of
the horn are as follows: Make: Sonics and Materials, USA; Operat-
ing frequency: 22 kHz; rated output power: 750 W; diameter of
stainless steel tip: 1.3 � 10�2 m, surface area of ultrasound irradi-
ating face: 1.32 � 10�4 m2, expected ultrasound intensity:
3.4 � 105 W/m2 and the horn was operated at 40% amplitude.
The catalysts prepared by this method are hereafter described as
TiO2 (US), Fe–TiO2 (US) and Ce–TiO2 (US) where US stands for
sonochemical method of preparation. The experimental set up for
the sonochemical synthesis is schematically shown in Fig. 2.

The reaction time required for the conventional synthesis was
4 h while during sonochemical synthesis the precipitate was
formed within 30 min. Zhou et al. [6] has investigated the ultra-
sound assisted synthesis of Fe doped TiO2 and reported that the
reaction time was observed to be 45 min at 20 �C temperature.
The reduction in the reaction time compared to conventional
synthesis is due to the cavitational effect. Further, the rapid

micromixing and implosive collapse of bubbles in a liquid solution
results in extremely high temperatures during ultrasound induced
hydrolysis, which results into accelerated hydrolysis reaction.

2.4. Characterization of TiO2 catalysts

XRD diffraction patterns of TiO2 samples were recorded by
means of powder X-ray diffractometer (Philips PW 1800). The
XRD patterns were recorded at angles between 20o and 70o with
a scan rate of 2o/min. FTIR Spectra of the samples were recorded
on Perkin Elmer FTIR spectrometer (Paragon 1000 PC) in the wave
number range of 500–4000 cm�1. Transmission electron micros-
copy (TEM, magnification 7,50,000�) image was taken on a Philips
Tecnai 20 model.

2.5. Photocatalytic degradation experiments

In order to compare the photocatalytic activity of synthesized
catalysts, crystal violet dye degradation studies have been carried
out in a laboratory scale reactor. The solution was irradiated in a
closed box with a UV lamp Spectroline XX-15 N which emits radi-
ation at 365 nm with intensity of 2000 W/cm2. All the photocata-
lytic degradation experiments were carried out at a pH of 6.5
which is the natural pH of the crystal violet solution and the tem-
perature was maintained at 35 �C. The effect of various operating
parameters such as catalyst loading and initial dye concentration
was studied for the different photocatalysts. For all experiments,
150 ml of crystal violet dye solution was taken in a beaker and
appropriate quantity of catalyst was added.

Initially, the time required for reaching the adsorption equilib-
rium as well as the maximum amount of dye adsorbed on the TiO2

surface under dark and stirred conditions was established using
preliminary studies prior to the actual experiments (using UV irra-
diations). The mixture was stirred with magnetic stirrer for
120 min in the dark to establish the equilibrium adsorption charac-
teristics. The results indicated that maximum of 1.5% of crystal vio-
let dye could be adsorbed on the TiO2 (0.3 g/l loading) and
adsorption equilibrium was obtained within 15 min of contact
time. The absorbance value did not change with extended time
of contact beyond 15 min. Considering this observation, all the
photocatalytic degradation experiments have been carried out
with 15 min of soaking period under stirring. The time duration
of 15 min matches with the studies related to the degradation of
methyl orange reported elsewhere [7]. After the attainment of
adsorption equilibrium, the suspensions were irradiated with UVFig. 1. Synthesis of Ce doped TiO2 by sonochemical method.

Fig. 2. Experimental setup for sonochemical synthesis.
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lamp at constant stirring speed. Samples were withdrawn regularly
from the reactor and centrifuged prior to analysis, in order to sep-
arate any suspended solids. UV–vis spectrophotometer (SHIMA-
DZU 160A model) was used to determine the concentration of
crystal violet dye. The wavelength of maximum absorbance (kmax)
of dye was found to be 590 nm. Demineralized water was used as a
reference.

Reproducibility of the obtained experimental data is very
important in investigation related to the effects of the operating
parameters. In the current work, all the experiments were carried
out at least two times to estimate the reproducibility of the obtained
data. The graphs were plotted using mean values obtained from the
data. The standard deviation of the replicate values is shown as error
bars in the values depicted on Y axis. All the experimental errors
were found to be within ±4% of the mean reported value.

3. Results and discussion

3.1. XRD analysis of pure and doped TiO2 nanoparticles prepared by
conventional and sonochemical method

The wide angle X-ray diffraction pattern was used to investigate
the phase structures of the prepared TiO2 powders. Fig. 3 shows the
XRD patterns of the TiO2 powder samples prepared by ultrasonic
method and the conventional method. Neat TiO2 prepared by both
the methods, shows the presence of the main peaks at 2h = 25.2�,
38�, 47.6�, 55.1� and 61.9� and hence confirms that the catalysts
have been predominantly crystalline in nature with anatase as
the major phase. For Fe doped TiO2 nanoparticles the mole ratio
of Fe/Ti was 2% for both the methods. The XRD patterns for Fe
doped TiO2 prepared by both the methods showed the peaks at
2h = 25.8�, 36.9�, 48.1�, 54.1� and 62.4� corresponding to the ana-
tase phase and hence it can be established that doping with metal
ions did not influence the crystal structure of the TiO2 particle. The
XRD pattern also showed the peaks at 34.4o which can be assigned
to the presence of Fe in hematite form in TiO2 [10,18]. Similarly the
XRD patterns of Ce doped TiO2 for Ce/Ti molar ratio of 2% showed
the presence of main peaks at 2h = 25.4�, 37.4�, 47.8�, 54.5� and
62.7� again corresponding to the anatase phase. Compared with
JCPDS card No. 21–1272 data files, it was found that all peaks
observed in the XRD patterns are consistent with anatase (101),
(004), (200), (211) and (204) spacing, respectively
[2,4,11,13,31]. In addition, a broad peak was observed at
2h = 29.1�. Some of literature reports indicate that the Ce-doped

TiO2 materials shows the presence of prominent peaks at 30� and
30.6� which are assigned to cerium titanate–Cex Ti(1�x) O2

[13,42]. Thus, in the present case as there was no peak observed
at 30�, peak corresponding to 29.1� can be assigned to the presence
of cerium as a separate cubic CeO2, or as cerium titanate in the TiO2

phase. From the figure, it is also found that the intensities of peaks
prepared by sonochemical method are higher as compared to the
conventional method and also the peaks are sharper. This clearly
indicates the increase in the crystallinity of TiO2, Fe and Ce doped
TiO2 nanoparticles prepared with sonochemical method leading to
the enhanced formation of crystalline particles with anatase phase.

3.2. FTIR analysis of pure and doped TiO2 nanoparticles prepared by
conventional and sonochemical method

The FTIR spectra of pure TiO2 and doped TiO2 nanoparticles pre-
pared by sonochemical method are shown in Fig. 4. The absorption
bands in the region of 3420–3450 cm�1 are generally assigned to
the stretching vibrations whereas the bands in the region 1630–
1640 cm�1 are assigned to the bending vibrations of the hydroxyl
on the surface of TiO2 catalysts [9,17,43]. The absorption bands
in the region of 520–580 cm�1 are assigned to the stretching vibra-
tion of Ti–O. In the present work, results of FTIR analysis shows
four main absorption peaks located in the regions 482–507,
1687–1760, 2360–2393, 3568–3651 cm�1. The absorption bands
in the region of 1687–1760 cm�1 are attributed to the bending
vibration of the hydroxyl on the surface of TiO2-based catalysts,
while the bands in the region of 3568–3651 cm�1 may be assigned
to the stretching vibration of the hydroxyl on the surface of the cat-
alysts, since there were no absorption peaks in the region of 3420–
3450 cm�1. The absorption bands in the region of 482–507 cm�1

can be assigned to the stretching vibration of Ti–O. In addition,
peaks in the range of 883–945 cm�1 are observed. These peaks
can be assigned to the main band (944 cm�1) corresponding to
TiO2 [13]. No additional peaks are present upon Fe and Ce doping,
supporting the efficient dispersion of doping elements.

3.3. UV–visible absorption spectra of pure and doped TiO2

nanoparticles

The increase in the absorption in the visible region depends not
only on the type of dopant but also on the method of preparation.
The method of preparation plays a significant role in controlling
the properties of the TiO2 nano-particles which could be identified
using UV spectroscopic analysis. Fig. 5 shows the UV–visible spec-
tra of the pure TiO2 and doped TiO2 samples prepared by using
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conventional and sonochemical methods. It is well known that the
absorption at wavelength of less than 387 nm is caused by the
intrinsic band gap absorption of TiO2. Usually, metal ion doping af-
fects the light absorption characteristics of TiO2. The introduction
of dopants not only shifts the absorption edge towards the visible
region but also increases the absorption of TiO2 in whole of the vis-
ible range (higher wavelength 400–600 nm) [1,2,6,27]. It can be
seen from the Fig. 5 that each sample has a broad intense absorp-
tion below 400 nm which is the characteristic absorption of TiO2

corresponding to the excitation of electrons from the valence band
to the conduction band in the anatase TiO2. In the visible region
(>400 nm) Ce-doped TiO2 samples exhibit red shifts of absorption
edge and significant enhancement of light absorption at 400–
600 nm which is higher than pure TiO2. The red shift of the absorp-
tion spectra could be ascribed to the broad absorption band of
transition metals and rare earth elements, and the effect of doping
into pure TiO2 was similar to the influence of adding a photosensi-
tizer to the reaction solution. Further, the enhancement in the
absorption could also be due to the adsorption/ deposition of dop-
ing elements on TiO2 particles clearly indicating a decrease in the
band gap energy of TiO2 [44]. This extended absorbance indicates
the possible enhancement in the photocatalytic activity of pre-
pared samples. A crystal violet molecule can be degraded into aryl
compounds representing the photo oxidation activity. Though, it
has been presumed that the doping gives the visible light effect,
it is important to note here that the UV light effect is more domi-
nant than the visible light as UV light activated photocatalytic
reaction is more pronounced [45].

Fig. 5 also clearly shows the influence of doping and the prepa-
ration method on the UV–vis absorption. Modification of TiO2 with
Fe, Ce ions significantly affected the absorption properties of phot-
ocatalysts, whereas for pure TiO2 particles there was no significant
increment in the absorption using ultrasound assisted method as
compared to the conventional method. However for doped TiO2

particles, higher absorption was shown by the particles prepared
by sonochemical method. For Ce–TiO2 samples the absorbance in
the visible range was increased by 15% as compared to the samples
prepared by conventional method.

3.4. TEM analysis and particle size distribution of TiO2 and doped TiO2

nanoparticles

Fig. 6 illustrates the transmission electron microscopy (TEM)
images of pure TiO2 (A), Fe doped TiO2 (B) and Ce doped TiO2 (C)

nanoparticles prepared by sonochemical method. Spherical TiO2

particles were formed by the sonochemical method. During ultra-
sonic irradiation, microjets formed due to the cavitational activity
helps to form the resultant inorganic oxide particles with smaller
and more uniform particles size. The particle were formed with a
fairly narrow size distribution and uniform shape could be ob-
served. The primary particle size of sonochemically synthesized
TiO2, Ce–TiO2 and Fe–TiO2 nanoparticles was in the rage of 10–
50 nm and the individual particles aggregated to form secondary
particles of larger size. Further the particle size of pure TiO2

(Fig. 6A) is large as compared to the doped TiO2. The crystallite size
decreased because of the doping, which implied that Fe, Ce doping
restrained the increase in grain size and refined the crystallite size.
Moreover the decrease in the particle size is due to an increase in
the microstrain effect. The increase in the microstrain may be be-
cause of the metal introduction into the anatase lattice and the
associated generation of oxygen vacancies [46]. Nahar et al. [24]
used impregnation and calcination method for the preparation of
Fe doped TiO2 nanoparticles and reported that the particle size
was in the range of 1–2 lm. In the present study, the particle size
is found to be around 10–50 nm, which is significantly lower than
that obtained in the work of Nahar et al. [24]. The observed trends
can be attributed to the fast kinetics of the ultrasound assisted

Fig. 5. UV–vis spectra of pure and doped TiO2 nanoparticles prepared by conven-
tional and sonochemical method.

Fig. 6. TEM images of (A) pure TiO2, (B) Fe doped TiO2 and (C) Ce doped TiO2

nanoparticles prepared by sonochemical method.
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reaction providing insufficient time for particle nucleation and
growth [47].

The particle size distribution of the samples prepared by
sonochemical method and conventional method has been de-
picted in Fig. 7. All the samples prepared by sonochemical meth-
od showed smaller particle size whereas for the synthesis using
conventional method, the size was found to be larger. The aver-
age particle size of undoped TiO2 prepared by sonochemical
method is found to be 197 nm whereas the average particle size
of Fe and Ce doped TiO2 for sonochemical method is observed to
be 169 and 157 nm respectively. The average particle size of un-
doped TiO2 prepared by conventional method was found to be
298 nm.

3.5. Photocatalytic activity of the catalysts for degradation of dye

The photocatalytic activity of the prepared samples was tested
for the degradation of crystal violet dye. The effect of different
operating parameters such as effect of preparation method, doping
material content, catalyst loading and effect of initial dye concen-
tration on the extent of degradation was investigated and has been
discussed in the following sections.

3.5.1. Effect of preparation method and irradiation time
Fig. 8 shows the change in the absorption spectra of crystal vio-

let dye with different irradiation times catalyzed by TiO2. The
aqueous solution of crystal violet dye (30 mg/L) shows a major
absorption band at 590 nm. After achieving the equilibrium (soak-
ing time under stirring), the change in the extent of degradation
was observed with an increase in the UV irradiation time. With
UV irradiation time increasing from 0 to 120 min, the absorption
decreased gradually and the peak intensity at 590 nm also de-
creased. The initial peak intensity (after reaching the adsorption
equilibrium) was found to be the maximum at 590 nm as expected.
It was also observed that the extent of decrease in the absorption
peak was lower at higher treatment times. This may be because
of the formation of intermediates and their competitiveness with
parent dye molecules in the photocatalytic degradation process.
The slow kinetics of dye degradation after certain time limit can
also be attributed to the difficulty in converting the N-atoms (N-
demethylated products) of dye into oxidized nitrogen compounds
[48]. Also, hydroxyl radicals �OH can attack different electron rich
sites such as N–C bonds, phenyl rings and the central carbon atom
of CV in non-effective way with increased treatment times [49]. To

find out the maximum possible degradation, initially the experi-
ments were conducted for 180 min and it was found that there
was no appreciable degradation after 120 min irradiation. Hence
all the experiments were carried at a constant treatment time as
120 min.

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. Fig. 9 shows the relative con-
centration (C/Co) of dye with UV irradiation time (Co is the concen-
tration after achieving the adsorption equilibrium) for the initial
dye concentration of 30 mg/L and the catalyst loading of 0.2 g/L.
It is observed that the degradation of crystal violet increased grad-
ually with UV irradiation time for all the samples. The highest deg-
radation (84%) was achieved with Ce–TiO2 (US) sample followed by
Fe–TiO2 (US) (77%) and undoped TiO2 (US) sample gave 71% degra-
dation. 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 Cer-
ium doping can be attributed to the fact that cerium shows the en-
hanced photo-response in the visible region and the redox pair of
cerium (Ce3+/Ce4+) is also important, since cerium could act as an
effective electron scavenger to trap the bulk electrons in TiO2

[13]. 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 activity 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 particles
can result in the fragmentation of the TiO2 particles leading to low-
er 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 conven-
tional method, the studies related to the effect of other operating
parameters on the degradation process were performed with the
catalyst prepared by sonochemical method.

Fig. 7. Particle size distributions of Fe–TiO2, Ce–TiO2 and TiO2 synthesized by sonochemical and conventional method.
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3.5.2. Effect of doping
Fig. 10 shows the variation in the relative concentration of crys-

tal violet dye, C/Co with UV irradiation time (Co is the concentration
after achieving the adsorption equilibrium) in the presence of cer-
ium doping over the range of 0.4–2 mol%. It can be seen from the
figure that the effectiveness of the catalyst strongly depends on
the loading of Ce. The photoactivity of the catalyst increased by
10% when the content of cerium doping increased from 0.4 mol%
to 0.8 mol%, however further increase resulted in a marginally de-
creased photoactivity of the catalyst. The observed result can be
attributed to the fact that a small amount of cerium can act as a
photo-generated electron trap and inhibit the hole–electron
recombination [13,22]. On the other hand, the higher dopant con-
tent may become the recombination centers for the photo excited
electrons, thus reducing the photocatalytic activity. Thus, an opti-
mal dopant concentration is needed for the doping of TiO2 and
based on the present work, 0.8 mol% cerium doping was consid-
ered as the optimum doping concentration.

Fig. 11 shows the effect of iron doping concentration on the ex-
tent of degradation of crystal violet dye. As doping content of iron

increased from 0.4 mol% to 1.2 mol%, the photoacivity of the cata-
lyst increased but beyond 1.2 mol%, the activity decreased with an
increase in the iron content. The observed results can be attributed
to the fact that the introduction of small quantity of iron in TiO2 is
responsible for a reduction in the photo-generated hole–electron
recombination rate. But at higher loadings, iron ions can serve as
recombination centers and the activity steadily decreases as also
demonstrated in some of the earlier investigations [2,6,24]. Thus,
1.2 mol% iron doping has been considered as the optimum doping
concentration.

The high activities of the Fe and Ce doped TiO2 powders could
be attributed to the results of the synergetic effects of doping ele-
ments, small crystallite size and good crystallization during the
synthesis. In both the cases, it is seen that an excess amount of
dopant at the surface of TiO2 could notably screen the TiO2 from
the UV light and inhibit the interfacial electron and hole to transfer
resulting in a low photoactivity. It is observed that the photocata-
lytic activity of Ce doped TiO2 is higher than that of Fe doped TiO2.
This may be because when Ce is located in an interstitial site of
TiO2, the electron density of the doped TiO2 may increase, which
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would increase the photocatalytic activity; while when Fe ions are
located in a substitutional site of TiO2, the electron density of the
doped TiO2 may have decreased and though TiO2 is an n type
semiconductor it may have changed into a p type semiconductor,
resulting in decreased photocatalytic activity. The existence of
Ce4+, Fe3+ in the TiO2 matrix decreases the photocurrent. According
to the doping principle, the introduction of Ce4+, Fe3+ into the
matrix of TiO2 will produce p-type micro regions [47,50], which re-
sults into change from n-type to p-type semiconductor. However,
Ce 4f level in Ce–TiO2 plays an important role in interfacial charge
transfer than Fe 3f level in Fe–TiO2 [22]. Kim et al. [51] reported
that TiO2 sample prepared by ultrasound method showed a change
in surface area due to reduction in aggregation which is major
change in the physical properties. Overall it can be said that the
photocatalytic activity of Fe doped TiO2 is lower than that of the
Ce doped TiO2 and the amount of doping of Fe required is also
larger. Similar results are reported by Li et al. [8] for Be, Mg and
Ca doped TiO2 for photocatalytic production of hydrogen. Another
reason for the difference in activities of Ce–TiO2 and Fe–TiO2 is that
the cationic dye such as crystal violet has different charge in aque-
ous solution after ionization; so the electrostatic attraction or
repulsion occur between the organic dye ions and the surface of
catalysts, which may also result in the difference in degradation
rates [23].

3.5.3. Effect of catalyst loading
To investigate the effect of catalyst loading on the degradation

rate of crystal violet, experiments were conducted for three differ-
ent catalyst loadings as 0.1, 0.2 and 0.3 g/L, at initial dye concentra-
tion of 30 mg/L and at pH 6.5. The obtained results have been given
in Fig. 12. It can be seen from the figure that the extent of degrada-
tion increased significantly with an increase in the catalyst dosage
up to a concentration of 0.2 g/L. For 0.8 mol% Ce–TiO2 sample, 89%
degradation was achieved with 0.2 g/L and maximum extent of
degradation was observed to be equal to 92% at the catalyst dosage
of 0.3 g/L. It was observed that there was no major difference in the
degradation efficiencies for 0.2 and 0.3 g/L catalyst loadings; how-
ever 0.1 g/L catalyst loading resulted in almost 10% lesser degrada-
tion than 0.2 g/L. Similar trend was observed with Fe–TiO2 and
pure TiO2 samples. The photodecomposition rates of pollutants
are influenced by the active sites and the photoabsorption of the
catalyst used in the study. Adequate loading of the catalyst can in-
crease the generation rate of electron/hole pairs for enhancing the
degradation of pollutants. At higher loadings, the catalysts may
block the light irradiation, and restrain the effective usage of light
for photo excitation [7,12,30]. Thus, the results indicate that an
optimal dose of 0.2 g/L of the catalysts was most effective to
achieve the best degradation results.
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3.5.4. Effect of initial dye concentration
Fig. 13 illustrates the variation in the relative concentration, C/

Co with irradiation time (Co is the concentration after achieving the
adsorption equilibrium) for two initial concentrations of crystal
violet dye as 30 and 60 mg/L. The experiments have been con-
ducted at pH of 6.5 and catalyst loading of 0.2 g/L. It can be seen
from the figure that the higher the value of initial concentration,
lower is the observed degradation rate. This negative effect may
be because of the following reasons (i) when the dye concentration
increases the amount of dye adsorbed on the catalyst surface in-
creases. The increase in dye concentration will decrease the path
length of photons entering the dye solution. In addition to this,
at a high dye concentration, a significant amount of UV light may
be absorbed by the dye molecules rather than by the catalyst par-
ticles and that reduces the efficiency of the catalytic reaction, (ii)
the rate of degradation is dependent on the probability of OH� rad-
icals formation on the catalyst surface and the probability of OH�
radicals reacting with dye molecules. But at high dye concentra-
tions the generation of OH� radicals on the surface of catalyst is
likely to be reduced since active sites are covered by dye ions. Thus
the limitation of surface sites for the reaction may control the final
extent of dye degradation, (iii) the reduction in the degradation of
dye can also be attributed to the filter effect caused by absorption
of photon energy by the dye molecules, (iv) the relatively longer
chain of crystal violet cannot completely enter the electron-hole,
and thus reduces the degradation rate.

The results clearly demonstrated that the photocatalytic oxida-
tion process is promising at low concentrations of the pollutant.
This is also true for heterogeneous catalytic systems where the
reaction occurs at the interface between two phases. [2,7,12]

3.5.5. Kinetics of the degradation
Kinetics of photocatalytic degradation of crystal violet has also

been investigated. The pseudo-first order reaction kinetics can be
represented by the following equation

� ln
C
C0

� �
¼ kt ð1Þ

where C is the final concentration (mg/L) of crystal violet after irra-
diation, C0 is the initial concentration (mg/L) of crystal violet (after
reaching the adsorption equilibrium but prior to irradiation), t is the
irradiation time (min) and k is the apparent reaction rate constant
(min�1). The kinetic studies have been performed for the sono-
chemically prepared catalysts with the optimum doping content

for cerium and iron as 0.8 and 1.2 mol% respectively and also com-
parison has been done with the sonochemically synthesized pure
TiO2. Fig. 14 gives the first-order reaction kinetics for photocatalytic
degradation of crystal violet dye for the three catalyst samples. The
obtained rate constants have been reported in Table 1. It can be
seen that the rate constant for 0.8 mol% Ce–TiO2 sample was twice
as compared to that of pure TiO2 and for 1.2 mol% Fe–TiO2 it was
0.010 min�1, which is about 45% more as compared to the pure
TiO2. The results have clearly established the better efficacy of the
doped photocatalyst as compared to the pure form of TiO2.

4. Conclusions

Nano-sized Fe, Ce-doped and undoped TiO2 particles were syn-
thesized by sonochemical and conventional methods using tita-
nium isopropoxide as a starting material. Catalysts prepared by
sonochemical method exhibited higher photocatalytic activity as
compared to the catalysts prepared by conventional method. The
presence of Fe and Ce in the TiO2 structure caused a significant
absorption shift towards the visible region. An optimum quantity
of dopant obtained was 0.8 mol% Ce–TiO2 and 1.2 mol% Fe–TiO2

where maximum photoactivity could be observed. Also, an optimal
dosage of 0.2 g/L of the photocatalyst was observed whereas lower
initial concentration of the dye was favorable for giving higher ex-
tents of degradation. The photocatalytic degradation followed first-
order kinetics and overall it can be said that crystal violet dye was
effectively degraded (more than 85% degradation) within 120 min
of UV irradiation.
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Fig. 13. Effect of initial concentration of crystal violet dye (pH 6.5 and catalyst dose
= 0.2 g/L).
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Table 1
Rate constants for first order kinetics.

Catalyst Rate constant (min�1) R2 values

Pure TiO2 0.007 0.962
1.2 mol% Fe–TiO2 0.010 0.983
0.8 mol% Ce–TiO2 0.014 0.990
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a b s t r a c t

The present work deals with the removal of Brilliant Green dye from wastewater using a poly(acrylic
acid) hydrogel composite (PAA-K hydrogel) prepared by incorporation of kaoline clay. The composite
has been synthesized using ultrasound assisted polymerization process as well as the conventional pro-
cess, with an objective of showing the better effectiveness of ultrasound assisted synthesis. It has been
observed that the hydrogel prepared by ultrasound assisted polymerization process showed better
results. The optimum conditions for the removal of dye are pH of 7, temperature of 35 �C, initial dye con-
centration of 30 mg/L and hydrogel loading of 1 g. The extent of removal of dye increased with an
increase in the contact time and initial dye concentration. A pseudo-second-order kinetic model has been
developed to explain the adsorption kinetics of dye on the PAA-K hydrogel. Thermodynamic and kinetic
parameters indicate that the adsorption process is spontaneous in nature and the PAA-K hydrogel pre-
pared by ultrasound process is a promising adsorbent compared to conventional process. The obtained
adsorption data has also been fitted into commonly used adsorption isotherms and it has been found that
Freundlich as well as Langmuir adsorption isotherm models fits well to the experimental results.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Effluent streams generated by different industries such as tex-
tile, tannery, food, printing, pulp and paper, etc. contain dyes as
one of the most commonly observed component imparting obnox-
ious color to the effluent streams [1–3]. Discharge of effluent
streams containing dyes into the natural streams is harmful to
the aquatic life and also in long run to the human beings. Removal
of dyes from wastewaters is a complex problem because of the sig-
nificant difficulty in treating the dye containing wastewaters using
the conventional treatment schemes. In the past, various attempts
have been made to develop effective treatment technologies for
dye bearing wastewaters, but no single solution has been found
to be satisfactory [4]. Different physicochemical processes like
adsorption, electro-kinetic coagulation, ion-exchange, membrane
filtration, electrochemical oxidation, and photo-catalytic degrada-
tion processes have been attempted in treating these wastewaters
[5–10]. Each technique has its own limitations such as generation

of secondary effluent, hazardous intermediate products and slow
rates of degradation. Thus, it is need of time to research into clea-
ner techniques for the effective removal of dyes from the effluent
stream. The present work deals with adsorption of dyes on hydro-
gel synthesized using ultrasonic irradiations and by conventional
technique as adsorption using hydrogel is one of the important ap-
proaches for the effective removal of dyes. Hydrogel are superior as
compared to other adsorbents due to their characteristic properties
such as adsorption–regeneration, economic feasibility and envi-
ronmental friendly behavior, and hence lot of research is done on
the use of hydrogels in pollution control studies. The hydrogels
are made of porous structure networks and allow solute diffusion
through their structure. They possess ionic functional groups
which can be helpful for trapping ionic dyes. The model dye se-
lected in the work is Brilliant Green, which is a odorless cationic
dye used for various purposes, e.g. biological stain, dermatological
agent, veterinary medicine, and an additive to poultry feed to inhi-
bit propagation of mold, intestinal parasites and fungus [11]. It is
also extensively used in textile dying and paper printing. Brilliant
Green causes several effects on human beings including irritation
to the gastrointestinal tract, nausea and vomiting, irritation to
the respiratory tract and irritation to skin [12]. Brilliant Green

1350-4177/$ - see front matter � 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.ultsonch.2012.11.010

⇑ Corresponding author. Tel.: +91 870 2462626.
E-mail address: shirishsonawane09@gmail.com (S.H. Sonawane).

Ultrasonics Sonochemistry 20 (2013) 914–923

Contents lists available at SciVerse ScienceDirect

Ultrasonics Sonochemistry

journal homepage: www.elsevier .com/ locate/ul tson

http://dx.doi.org/10.1016/j.ultsonch.2012.11.010
mailto:shirishsonawane09@gmail.com
http://dx.doi.org/10.1016/j.ultsonch.2012.11.010
http://www.sciencedirect.com/science/journal/13504177
http://www.elsevier.com/locate/ultson


may form hazardous products like nitrogen oxides, and sulfur diox-
ides due to decomposition on heating [13].

In the past some studies for the removal of dye have been
based on the use of hydrogel, a class of cross-linked polymeric
materials, which have played an important role in the treatment
of wastewater for the removal of different water pollutants like
dyes [14–16], phenolic compounds [17], heavy metals [18],
ammonia [19], boron [20,21], etc. In addition, hydrogel are
extensively used in many fields, such as molecular filters, super
absorbents, and contact lenses [22–26]. Mechanical stability of
hydrogel is an important issue for their effective use in wastewa-
ter treatment. Recently, some attempts have been made to modify
the mechanical properties like elasticity and permeability of the
gels to adsorb different substances by the incorporation of the
clays or inorganic materials, such as montmorillonite, kaolin, mica,
bentonite into the polymer networks [27–30]. Many hydrogel
composites such as polyacrylamide with bentonites or montmo-
rillonites, polyacrylic acid or poly(N-isopropyacrylamide) with
different clays have been synthesized and studied in terms of
mechanical properties and swelling behavior [27–32]. Clays as
compared to the other adsorbents are natural, abundantly avail-
able and inexpensive minerals that have unique structure and
high mechanical strength. Clay minerals are good adsorbents for
removing contaminants from textile and dye industry wastewater
[20,33–37].

Ultrasonic irradiation has been used for intensification/
improvement of different physical and chemical processing appli-
cations and one of the applications has been in the polymer syn-
thesis through the generation of free radicals and activation of
free radical initiators. Ultrasound has been found to be an effective
method for the polymerization of monomers and production of
hydrogel in the absence of a chemical initiator [38]. Due to the cav-
itation effects such as formation of micro-jets and turbulence,
which are higher in the case of heterogeneous systems [39], uni-
form particle size distribution of the composite can be obtained.
Similarly uniform dispersion of clay into the polymer matrix can
be effectively achieved. Further, clay acts as a cross-linking agent
and uniform cross-linking can be achieved due to the cavitation ef-
fects. During the adsorption studies when the hydrogel is im-
mersed in water for adsorbing the dye molecules from the
wastewater, hydrophilic polymer chains of the hydrogel does not
dissolve into the aqueous phase because of the uniform cross-link-
ing. The degree of cross-linking in the polymer network structure is
critical as it dictates the mechanical strength, swelling ratio, and
many other properties of the polymer gel by influencing the molec-
ular weight between cross-links [40].

In the present work, poly(acrylic acid) hydrogel loaded with the
Kaolin clay was synthesized using ultrasound induced polymeriza-
tion and conventional process and the feasibility of these hydrogels
for the removal of Brilliant Green (BG) dye has been investigated.
The adsorption equilibrium studies were carried out and the effect
of various parameters such as pH, temperature, initial dye concen-
tration, quantity of hydrogel and clay loading on the extent of re-
moval of dye has been investigated.

2. Experimental methodology

2.1. Materials

Acrylic acid (AA), ammonium persulfate (APS), sodium dodecyl
sulfate (SDS) and Brilliant Green dye (BG) were of analytical grade
and procured from M/s CDH, India. Kaolin (China clay) clay was ob-
tained from MD Chemicals Pune, India and used without any fur-
ther purification. Deionized water was used for dilution in all the
experiments.

2.2. Synthesis of poly(acrylic acid)-Kaolin (PAA-K) hydrogel using
insitu ultrasound assisted emulsion polymerization and conventional
process

PAA-K hydrogel has been synthesized from acrylic acid
(monomer), APS (initiator), and SDS (surfactant). Initially, the
reactor was flushed using argon to maintain inert atmosphere.
In the actual synthesis process, 36 g of acrylic acid with
100 mL water was loaded into the ultrasound polymerization
reactor. In other beaker, SDS–kaolin solution was prepared using
0.5 g of SDS and 0.36 g kaolin in 20 mL water (corresponding to
1.0% (wt.%) of acrylic acid). The mixture was then homoge-
neously mixed using ultrasound bath and added into a polymer-
ization reactor. Then the solution was irradiated for 5 min using
ultrasonic horn (Dakshin make, 22 mm probe diameter) operat-
ing at 22.5 kHz frequency and rated power of 120 W. The total
acoustic power dissipated into the sample was calculated using
calorimetric method. The total power dissipated into polymeriza-
tion reactor was 12.5 W. The objective of using the ultrasonic
irradiation was to form uniform small size emulsion droplets
which will remain stable and hence, will give uniform final poly-
mer particle size. APS solution was prepared by mixing 0.1 g of
APS in 10 mL water and it was added into the reactor as initia-
tor. Reactor temperature was maintained at 60 �C for 30 min. Ar-
gon gas was used for blanketing of the polymerization reactor to
avoid the contact with atmosphere. The presence of ultrasonic
environment in the polymerization reactor assisted the uniform
distribution of kaolin platelets through hydrogel network. An-
other hydrogel containing 2% (wt.%) kaolin was also prepared
to study the effect of kaolin loading. Fig. 1a shows the experi-
mental setup for the synthesis of hydrogel by ultrasound
assisted method and Fig. 1b shows the schematic representation
of the process of the formation of PAA-K hydrogel. Similar proce-
dure was used for conventional synthesis in which the tempera-
ture of the polymerization reactor was maintained at 60 �C and
the reaction was carried out for 60 min under mechanical stir-
ring instead of using ultrasound probe. In both the preparation
methods, the formation of thick solution was initially observed
which then transformed into a sticky suspension. However
during the ultrasonic synthesis less time was required for the
formation of the gel. The reduction in time compared to conven-
tional synthesis is due to the cavitational effect. Further, the
rapid micromixing and implosive collapse of bubbles in a liquid
solution could have resulted in extremely high temperature
which accelerated the reaction.

2.3. Water uptake of hydrogel

To confirm the swelling behavior of synthesized hydrogel, 1 g of
PAA-K hydrogel was allowed to swell in 100 mL of deionized water
at 30 �C for 3 h. At predetermined time intervals, the hydrogel was
taken, wiped with filter paper to remove excess water and
was weighed to find the water content [16]. The swelling ratio, S,
was calculated using Eq. (1).

S ¼Ws �Wd

Wd
ð1Þ

where Ws and Wd are the swollen and dry weights of the hydrogel
respectively.

2.4. Adsorption of BG dye

The adsorption experiments were carried out in a batch mode to
study the effect of different parameters like pH, temperature, ini-
tial dye concentration, quantity of hydrogel and clay content on
the extent of adsorption. PAA-K hydrogel (1 g) was added to
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100 mL of aqueous dye solution of known concentration and pH of
the solution was adjusted using buffer solution. The effect of initial
BG dye concentration was investigated over the concentration
range of 10–50 mg/L. The effect of hydrogel loading was investi-
gated using different quantities of PAA-K hydrogel over the range
0.5–2 g. Temperature was maintained constant throughout the
duration of experiments using water bath. The percentage dye re-
moval has been calculated using the following equation:

Percentage removal ¼ ðC0 � CeÞ=C0 � 100 ð2Þ

where, Co and Ce are the initial and equilibrium concentrations of
BG dye (mg/L).

Amount of dye adsorbed per unit mass of hydrogel (mg/g) has
been determined using following equation.

qt ¼ ðC0 � CtÞV=M ð3Þ

where V is volume of the dye solution in L and M is the mass of dry
hydrogel in g, t refers to the time of treatment.

2.5. Analysis and characterization

The concentration of Brillient Green (BG) dye was measured
using UV–vis spectrophotometer (SHIMADZU 160A model). The
wavelength of maximum absorbance (kmax) of BG dye was found
to be 624 nm. Deionized water was used as a reference. FTIR Spec-
tra of the hydrogel samples were recorded on Perkin Elmer FTIR
spectrometer (Paragon 1000 PC) in the wave number range of
500–4000 cm�1 with resolution of 1 cm�1. FTIR of the sample
was taken after partially drying the hydrogel in an oven at 60 �C

for 180 min. Transmission electron microscopy (TEM, magnifica-
tion 750,000�) image was taken on a Philips Tecnai 20 model.

3. Results and discussion

3.1. Morphology of poly(acrylic acid) and nanocomposite hydrogel

With an objective of investigating the efficacy of dispersion of
kaolin clay in the PAA hydrogel matrix, transmission electron
microscope (TEM) images of the dried PAA-K hydrogel (0.36 g clay)
prepared by conventional as well as ultrasound method have been
obtained and shown in Fig. 2. Fig. 2a shows the TEM image of
poly(acrylic acid). Hydrogel with kaolin prepared by conventional
method whereas Fig. 2b gives the image for the ultrasonically pre-
pared hydrogel. The presence of dark-spots in both the figures con-
firms the occurrence of kaolin clay in the hydrogel matrix however
it can be observed in the case of Fig. 2a that the kaolin particles are
not uniformly distributed through the hydrogel matrix and aggre-
gation of kaolin particles can be seen at different locations. In con-
trast, it can be clearly established from the depicted image for the
ultrasound assisted synthesis (Fig. 2b) that the clay platelets are
substantially exfoliated and dispersed homogeneously throughout
the polymer matrix. Thus, fine and homogeneous clay dispersion
was achieved in the hydrogel matrix due to the presence of ultra-
sound. The complete exfoliation of clay platelets and insertion of
poly(acrylic acid) chains into the gallery spacing of clay is due to
the shear and turbulence effects of the cavitation phenomena
occurring during the emulsion polymerization. The particle size
of kaolin clay was measured from the TEM images, where the black

Fig. 1. (a) Experimental set up for synthesis of hydrogel by ultrasound assisted method, (b) schematic representation of the formation of hydrogel.
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spots in Fig. 2b indicates the presence of clay. The particle size of
the kaolin clay was found to be in the range of 20–50 nm.

3.2. Swelling behavior of PAA-K hydrogel

In recent years, considerable efforts have been made to under-
stand the mechanism of water diffusion through hydrogel matrices
[20,32,33]. The time dependent swelling behavior of hydrogels has
been described by a power-law function [32,33] as shown in Eq.
(4).

F ¼ Mt=Ms ¼ Ktn ð4Þ

where, F is the fractional uptake at time t, K is a constant depending
on the type of the diffusion system, and ‘n’ is related to the trans-
port mode of the penetrate. Mt and Ms are the mass uptake of water
at time t and equilibrium respectively. Eq. (4) is valid for the initial
60% of the fractional uptake. The plot of ln(Mt/Ms) against ln(t)
depicting the swelling behavior of PAA-K hydrogel synthesized
using conventional method and ultrasound assisted method has
been shown in Fig. 3. For the diffusion of water in the hydrogel, va-
lue of ‘n’ in Eq. (4) has been found to be 0.39 for hydrogel prepared
by conventional method as against 0.87 for the ultrasound assisted
method. The diffusion of solvent into a polymer is a combination of

two different processes: the diffusion of the solvent into the swollen
matrix, and the advancement of the swollen–unswollen boundary
as a result of the stress induced in the polymer. When the first
mechanism is the rate determining step there is a linear depen-
dency between the solvent uptake and time and the system exhibits
Fickian behavior. Also the value of n is a characteristic of the mode
of transport of the penetrating molecule and it actually indicates
the type of diffusion inside the hydrogel. The values of n for Fickian
diffusion and case II transport are 0.5 and 1, respectively whereas
for the n value between 0.5 and 1, it is usually described as the
non-Fickian diffusion, which is considered the intermediate be-
tween Fickian diffusion and case II transport. In the present investi-
gation, from the obtained values of n, we can conclude that for
conventionally synthesized hydrogel the Fickian behavior was ob-
served while for ultrasonically synthesized hydrogel non fickian
behavior was observed indicating that the advancement of the
swollen–unswollen boundary was slower than the diffusion of the
solvent in the swollen polymer indicative of zero-order kinetics.
As a result, the water uptake increased linearly with the sorption
time [10,14,41]. The value of n varied significantly as a result of
change in the method of preparation and therefore different diffu-
sion behaviors are expected. Similar type of change of behavior re-
lated to diffusion is reported by Li et al. [16] for PAAm/Laponite clay
nanocomposite hydrogel as a result of heat treatment to the
hydrogel.

3.3. Effect of pH on the responsive adsorption of BG dye

The initial pH of the dye solution is an important parameter,
which controls the adsorption process, especially the adsorption
capacity. The operating pH of the solution changes the surface
charge of the adsorbent, the degree of ionization of the adsorbate
molecule and the extent of dissociation of functional groups on
the active sites of the adsorbent. The influence of solution pH on
the extent of removal of the dye was investigated over the pH
range of 4–9 using acidic and basic buffer solutions. The percent-
age dye removal for the initial dye concentration of 30 mg/L and
1 g hydrogel at different operating pH has been shown in Fig. 4.
For both preparation methods it has been observed that the max-
imum adsorption takes place at pH value of 7. The extent of re-
moval of dye increases with an increase in the pH till an
optimum value of 7, beyond which it gradually decreases. The ob-
served results can be attributed to the fact that the pH value affects
the structural stability of Brilliant Green molecules [13]. For kaolin,
the point of zero charge (ZPC) is 7.0 [11]. Below this range, the
kaolin surface acquires positive charge and there would be an

Fig. 2. Transmission electron microscopic images of PAA-K nanocomposite hydrogel (a) conventional method, (b) ultrasound assisted method.
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electrostatic repulsion between cationic dye molecules and kaolin.
Above a pH of 7, the kaolin particle acquires a negative surface
charge. This should lead to higher cationic dye adsorption, how-
ever, this behavior has not been observed in the present investiga-
tion as seen in Fig. 4. The observed trends can be attributed to the
chemical structure of a dye molecule (ionic or molecular) and its
behavior under alkaline conditions [34]. Nandi et al. [11] have re-
ported similar existence of the optimum pH of 7 for the removal of
Brilliant Green dye from aqueous medium using kaolin. Based on
these results, all the further experiments were carried out at pH va-
lue of 7.

3.4. Effect of operating temperature on the responsive adsorption of
dye

The influence of operating temperature on the adsorption pro-
cess has been studied at three different temperatures as 15, 25
and 35 �C and the obtained results have been shown in Fig. 5. It
can be seen from the figure that the adsorption of the dye in-
creased with an increase in the operating temperature. The maxi-
mum extent of removal obtained at 35 �C was 56.24% for the
conventional method and 88.3% for ultrasonic method (Fig. 5).
The observed results can be attributed to the relaxing of the hydro-
gel network at higher temperatures, due to which the dye mole-
cules can diffuse more easily through the matrix resulting into
more adsorption. However it should be noted that the temperature
cannot be increased indefinitely as collapse of hydrogel matrix

may take place due to heat effects. It has been demonstrated that
many hydrogel show continuous volume transition with change
in the temperature and highly swollen gel network can collapse
at high temperatures [17]. Based on these results and related dis-
cussion, the operating temperature was fixed at 35 �C for all the
further experiments.

3.5. Effect of initial concentration of dye

The effect of initial concentration of dye on the extent of re-
moval has been investigated by varying the initial concentration
of BG dye over the range 10–50 mg/L. The solution of dye was
mixed with 1 g of PAA-K hydrogel at pH 7 and 35 �C temperature
and then equilibrated for 5 h. The obtained results indicate that
the dye uptake by hydrogel increases sharply with an increase in
the initial dye concentration for both the preparation methods as
shown in Fig. 6. The obtained trends can be attributed to the fact
that with increasing concentration of BG dye in the initial solution,
higher concentration gradient at the hydrogel–solvent interface
exists resulting in an enhancement in the BG dye removal rate.
Similar results have been reported for the adsorption of metal ions
on chitosan-2-acrylamido-2-methyl propane sulfonic acid (AMPS)
hydrogel [18]. It is also seen that for the hydrogel prepared by
ultrasonic method the extent of removal was increased by almost
30% as compared to conventional method. This may be attributed
to the cavitational effects such as formation of micro-jets and
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Fig. 4. Effect of pH on adsorption of BG dye on PAA-K hydrogel at 35 �C.
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turbulence during polymerization resulting in uniform distribution
of kaolin clay throughout the hydrogel matrix. The change in color
of both the hydrogel and dye solution before and after the adsorp-
tion has been shown in Fig. 7.

3.6. Effect of quantity of hydrogel and kaolin loading

The effect of hydrogel loading on the extent of removal of dye
was studied by using different amounts of hydrogel (0.5, 1, 1.5,
2 g) in 100 mL of fixed concentration (30 mg/L) BG dye solution.
Fig. 8 shows that the percent removal of the dye increases with
an increase in the quantity of hydrogel. The higher dye removal,
close to 100%, was reached when 2 g of ultrasonically synthesized
hydrogel was used. This indicates that the presence of higher quan-
tity of hydrogel provides large number of active adsorbent sites for
removal of enhanced quantum of the pollutant. At the same time
when the conventionally synthesized hydrogel was used, 2 g
hydrogel was able to remove only 63% dye.

Effect of the clay content on BG adsorption was investigated for
PAA-K hydrogel prepared by both methods. For this purpose, PAA-
K hydrogel was loaded with two different amounts viz. 0.36 g
(1 wt.% of monomer) and 0.72 g (2 wt.% of monomer) of the kaolin
clay. The PAA-K hydrogels containing different amounts of kaolin
were added to 100 mL solutions of BG dye with different concen-
trations (10–50 mg/L) at 35 �C in a water bath. The removal effi-

ciency (RE%) of the dye by the PAA-K hydrogel containing
different amounts of clay has been shown in Fig. 9. Fig. 9a shows
the dye removal for conventional method and Fig. 9b shows the
same for ultrasound assisted synthesis method. It can be seen from

Fig. 7. Colour changes of BG dye and hydrogel before (A, C) and after adsorption (B, D), respectively.
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both the figures that the dye uptake increases with increasing clay
content. The obtained results can be explained on the basis of the
fact that enhanced adsorbent active sites are available with an in-
crease in the kaolin content. However there was not a major
enhancement in the removal efficiency with the increase in the
quantity of kaolin from 1% to 2% (wt.% monomer).

3.7. FTIR study of hydrogel nanocomposite before and after adsorption

The characterization of hydrogel was obtained using FTIR anal-
ysis to study the interaction between the dye molecules and the
PAA-K hydrogel and to confirm the presence of carboxyl group of
acrylic acid. Fig. 10 shows FTIR spectra of PAA-K hydrogel (synthe-
sized by ultrasonic method), before (curve a) and after adsorption

(curve b) of the dye. It can be seen from the spectra that before
adsorption, the FTIR spectra of the PAA-K hydrogel shows a peak
at 1700 cm�1, which is characteristic peak of the C@O stretching
due to the presence of carboxyl groups in poly(acrylic acid). After
the adsorption of the dye, the band is shifted to 1625 cm�1. Also,
after the adsorption of dye, the FTIR spectra shows a peak at
3350 cm�1 which originates due to the formation of hydrogen
bond between hydogel and the dye. The presence of band at
1010 cm�1 indicates the Si–O stretching vibration of kaolin clay.
The presence of band at 3500 cm�1 is due to some quantity of
moisture in the hydrogel. There are small bands originating at
2850 and 2950 cm�1 which are due to the –CH3 groups of the
dye molecules.

3.8. Adsorption kinetics and adsorption isotherm models

Based on the studies related to the effect of different operating
parameters on the adsorption of BG dye by hydrogel prepared by
both the methods it was observed that the hydrogel prepared by
ultrasound assisted polymerization process proved to be superior
as compared to the hydrogel prepared by conventional method.
Therefore for studying the adsorption kinetics the results obtained
with hydrogel prepared by ultrasound assisted polymerization
process were analyzed in greater details.

In order to find out the rate-controlling step of the adsorption
process, it is necessary to establish well defined kinetic models.
Pseudo-second-order kinetic model was used to fit the experimen-
tal data at different initial concentrations and temperatures. The
kinetic rate equation is expressed as follows [42,43].

dq=dt ¼ K2ðqe � qÞ2 ð5Þ

where, K2 (g/mgmin) is the pseudo second-order rate constant of
adsorption. After integrating Eq. (5), the following equation is
obtained:

t=q ¼ 1=ðK2q2
e Þ þ t=qe ð6Þ

The plot of t/qe against t for the different temperatures gives a char-
acteristic straight line fit as shown in Fig. 11. The obtained values of
second-order rate constants K2 and qe values are reported in Table 1.
The results indicate that the correlation coefficients for the second-
order kinetic model were close to 1.0 for all the cases indicating a
good fit of the models to the experimental data sets. Therefore,
the adsorption of BG dye by the PAA-K hydrogel can be approxi-
mated more favorably by the pseudo-second-order model.
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Fig. 10. FTIR spectra of pure PAA-K hydrogel before and after adsorption of BG dye
(ultrasound assisted method).
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There are several isotherm models available for analyzing the
experimental data and for describing the equilibrium of adsorp-
tion. The more commonly used Langmuir and Freundlich isotherm
have been used in this work to determine equilibrium relation-
ships between sorbent and sorbate. The Langmuir equation is given
as [43,44].

Ce=qe ¼ 1=ðaQ mÞ þ Ce=Q m ð7Þ

where, Ce (mg/L) is the concentration of the dye solution at equilib-
rium, qe (mg/g) is the amount of dye adsorbed at equilibrium, Qm is
the maximum adsorption capacity and a is the Langmuir constant.
Qm and a values were obtained from slope and intercept of the lin-
ear plot of Ce/qe vs Ce (Fig. 12) respectively. The values of Qm and a
are given in Table 2.

Freundlich isotherm is an empirical equation employed to de-
scribe heterogeneous systems [43,44]. The Freundlich isotherm is
described by equation

qe ¼ KF � log Cð1=nÞ
e ð8Þ

Taking log of Eq. (8)

log qe ¼ log KF þ ð1=nÞ log Ce ð9Þ

where, KF and n are the physical constants of the Freundlich adsorp-
tion isotherm indicating sorption capacity (mg/g) and intensity
respectively. The slope and intercept of the linear plot of log qe vs
log Ce gives the values of n and KF (Fig. 13). The Freundlich constants
are given in Table 2. Values of 1/n indicate the type of isotherm to
be irreversible (1/n = 0), favorable (0 < 1/n < 1) or unfavorable (1/
n > 1). Results showed that n was greater than unity, indicating
the dye was adsorbed favorably by the hydrogel at all the temper-
atures studied. The regression correlation coefficients of both the
models were close to 1.0 suggesting that both the isotherms could
satisfactorily explain the adsorption of the dye molecules on the
hydrogel.

3.9. Evaluation of thermodynamic parameters

Temperature dependence of the adsorption process is associ-
ated with several thermodynamic parameters such as Gibbs free
energy change DGo, standard enthalpy change DHo and standard
entropy change DSo. Thermodynamic considerations of a sorption
process are necessary to determine whether the process is sponta-
neous or not. The value of DG� can be determined from the follow-
ing equation:

DG
�
¼ �RT ln K ð10Þ

where K is the thermodynamic equilibrium constant.
The effect of temperature on thermodynamic constant is deter-

mined by

d ln K=dt ¼ DH
�
=RT2 ð11Þ

Integrating and rearranging Eq. (11) we get

ln K ¼ �ðDH
�
=RTÞ þ DS

�
=R ð12Þ

and Gibbs free energy is also given by

DG
�
¼ DH

� � TDS
�

ð13Þ

The equilibrium constant K has been determined by plotting ln(qe/
Ce) versus qe and extrapolating to zero as shown in Fig. 14 [44,45].
The DHo and DSo values were calculated from the slope and inter-
cept of linear plot of lnK versus 1/T (Fig. 15). The calculated values
of the thermodynamic parameters are reported in Table 3. The
negative value of DGo indicates that the dye adsorption process is

Table 1
Second-order kinetic constants for the BG adsorption on the PAA-K hydrogel.

Temperature (K) Pseudo-second-order kinetic constants

K2 (g/mg min) � 104 qe (mg/g) R2

288 3.39 17.30 0.98
298 4.12 17.54 0.99
308 5.37 17.85 0.99
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Fig. 12. Plot of Ce/qe vs Ce for Langmuir isotherm.

Table 2
Langmuir and Freundlich isotherm constants.

Temperature (K) Langmuir constants

Qm (mg/g) a R2

288 24.90 0.13 0.99
298 25.60 0.20 0.98
308 26.31 0.33 0.98

Freundlich constants

KF (mg/g) n R2

288 3.82 1.69 0.99
298 4.96 1.85 0.99
308 6.47 1.95 0.98
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Fig. 13. Plot of log qe vs log Ce for Freundlich isotherm.
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feasible and positive value of DHo shows that the adsorption pro-
cess is endothermic in nature.

4. Conclusions

The present work has clearly established the utility of hydrogel
synthesized using ultrasound induced polymerization for dye
adsorption. The use of ultrasound during polymerization reaction
has been shown to uniformly disperse the kaolin clay in the poly-
mer matrix enhancing its adsorption properties considerably for
the removal of Brilliant Green from aqueous solution as compared
to hydrogel prepared by conventional method. The extent of Bril-
liant Green removal has been observed to increase with an increase

in pH (till optimum value), temperature, adsorbent and adsorbate
concentrations as well as the kaolin clay content in the hydrogel. It
has been observed that the maximum BG dye removal by PAA-K
hydrogel was achieved for the initial dye concentration of 30 mg/
L at a temperature of 35 �C and pH 7. Adsorption kinetics investi-
gation revealed that the pseudo-second-order model fits the exper-
imental data well. Also the Freundlich and Langmuir adsorption
isotherm models explain the experimental results satisfactorily.
The negative value of DGo indicates the feasibility and spontaneity
of the adsorption process and the positive value of DHo indicate the
endothermic nature of the adsorption process.
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a b s t r a c t

In this article, an acoustic cavitation engineered novel approach for the synthesis of TiO2, cerium and Fe
doped TiO2 nanophotocatalysts is reported. The prepared TiO2, cerium and Fe doped TiO2 nanophotocat-
alysts were characterized by XRD and TEM analysis to evaluate its structure and morphology. Photo cat-
alytic performance of undoped TiO2 catalyst was investigated for the decolorization of crystal violet dye
in aqueous solution at pH of 6.5 in the presence of hydro dynamic cavitation. Effect of catalyst doping
with Fe and Ce was also studied for the decolorization of crystal violet dye. The results shows that,
0.8% of Fe-doped TiO2 exhibits maximum photocatalytic activity in the decolorization study of crystal
violet dye due to the presence of Fe in the TiO2 and it may acts as a fenton reagent. Kinetic studies have
also been reported for the hybrid AOP (HAOP) that followed the pseudo first-order reaction kinetics.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

Dyes are having many applications in different industrial pro-
cesses such as textile, printing, leather, paint, plastic, food, cosmet-
ics, and pharmaceutical industries [1]. Waste water discharge from
these industries containing high concentrations of dyes, high toxi-
city and intense color causes serious problems on surrounding
ecosystem [2]. Many treatment methods are available for the treat-
ment of above mentioned industrial wastewater, such as conven-
tional biological treatment (aerobic and anaerobic), adsorption,
coagulation and flocculation. The main drawbacks of these meth-
ods are not being able to completely degrade the dye molecules
present in the waste water due to the complex and bio recalcitrant
nature of the dye molecules. Azo dyes are known to as more
non-biodegradable under aerobic biological conditions and these
dyes are converted to more hazardous intermediates under anaer-
obic conditions [3]. Some methods such as coagulation/flocculation
and adsorption are physical treatment methods and these methods
did not involve chemical transformation and therefore generally
transport the waste components from one phase to another phase,
that leads to secondary waste pollutant on the environment [4,5].
Therefore, it is necessary to find an effective treatment technology
for the degradation of the complex and non-biodegradable

molecules to smaller molecules. For this application, advanced oxi-
dation processes (AOPs) have been employed and evaluated since
the 20th century to degrade azo dyes from the wastewater.
Among AOPs, electrolysis and photo catalysis are extensively stud-
ied [6]. AOPs involve the generation of hydroxyl radicals and com-
plete oxidization of such pollutants including dyes converted into
end products, such as CO2, H2O, etc. [7]. Recent literature has indi-
cated that hybridization of different AOPs has been found to be
more efficient for the wastewater treatment than individual oxida-
tion process [8,9].

Recently, hydrodynamic and acoustic cavitation has been
widely applied as an advanced oxidation technology along with
other AOPs for wastewater treatment as a hybrid treatment tech-
nique [10–12]. When an aqueous solution is passed through a
mechanical constriction, large pressure differentials are generated
due to the change in flow geometry. If the pressure of the aqueous
solution at the constriction falls below the vapor pressure of the
aqueous solution, cavities are formed, and grow and/or subse-
quently collapse on the recovery of pressure [13]. Sudden collapse
of these cavities (occurring in microseconds) yields localized high
temperatures and pressures. Water molecules under such extreme
conditions undergo thermal dissociation to form hydroxyl radicals,
which are powerful oxidants for the complete mineralization of
many organic pollutants [14].
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Researchers have studied photocatalysis extensively among
other AOPs as a wastewater treatment method using nano sized
and micro sized photocatalysts with doping and/or in pure state.

Among many photocatalysts TiO2 has been widely studied
because of its chemical inertness, strong oxidizing power, and
long-term stability against photo and chemical corrosion, suitable
band gap energy and electronic and optical properties [15–18]. The
main drawbacks which are associated with the use of TiO2 in waste
water treatment are undesirable recombination of electrons and
holes, and low efficiency under irradiation in the visible region
[20,21]. Scientists are overcome this problem by extending the
light absorption range of TiO2 from UV to visible light and to
improve the photocatalytic activity of TiO2 [22]. Dopants, such as
transitional metals can be loaded on to TiO2 to minimize the
recombination of photo-generated electrons and photo-generated
holes and also shifts the excitation wavelength from the UV to
the visible light spectrum [19–24]. In the past the researchers are
used the 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 com-
pounds (C, N, and S) to dope TiO2 to improve its applicability
[25–28]. In the literature very few articles are reported the work
on Ce doped TiO2 catalysts. They reported that the effect of Ce
doped TiO2 catalysts are strongly depends on the various factors,
such as the synthesis method and the cerium content [21,29,30].
In this work, the reason for choosing dopants, such as transitional
metals was to improve its catalytic activity and to reduce the
recombination of photo-generated electrons and photo-generated
holes. Rauf [22] has given an overview on the photocatalytic degra-
dation of azo dyes in the presence of TiO2 doped with selective
transition metals. Higher catalytic activity has been reported for
the Ce doped TiO2 materials for photo-degradation of dyes and
other pollutants. Cerium oxides have attracted much attention
due to the optical and catalytic properties associated with the
redox pair of Ce3+/Ce4+. Cerium extends the photo response into
the visible region, this can lead to an increase in the charge sepa-
ration efficiency of surface electron–hole pairs. Earlier there are
many reports of Fe doping on TiO2 to improve its photo catalytic
activity among a variety of transitional metals and also Fe on
TiO2 acts as a Fenton reagent (Fe2+) has shown the better degrada-
tion performance of organic pollutants than other transition met-
als. Shirsath et al. [31] synthesized the titanium dioxide
nanoparticles doped with Fe and Ce using sonochemical approach.
They found that Ce doped TiO2 exhibits maximum photocatalytic
activity followed by Fe-doped TiO2 and the least activity was for
only TiO2 for the degradation of crystal violet (CV) dye. Narayana
et al. [32] have synthesized the pure TiO2, Fe and Co doped photo-
catalysts via sol–gel method. From the malachite green decoloriza-
tion study, they observed that Fe-doped TiO2 showed highest
photocatalytic activity among the other two photocatalysts with
98% decolorization in 2 h. Ramirez et al. [33] have studied the pho-
tocatalytic degradation of acid orange 7 (AO7) using Ce-doped TiO2

slurry and employing solar irradiation. They have observed that
AO7 has shown higher decolorization when Ce content in the
TiO2 is about 1.0% (by weight) compared to TiO2. There is effect
of synthesis method on TiO2 structures and hence on photocat-
alytic activity. Anatase and rutile are two major phases are present
in TiO2. Composition of these phases varies from 20% to 80%. The
anatase phase shows better degradation capability compared to
rutile phase of TiO2. Particle size, surface area, and their calcina-
tions temperature will also adversely affect on the photocatalytic
activity of TiO2. Andronic et al. [34] reported the synthesis of
TiO2 by sol–gel method, the resultant TiO2 powder having 40%
anatase and 60% rutile was shown the degradation of methyl
orange up to 37% in 30 min of UV irradiation. Samira et al. [35]
reported the crystal violet degradation of initial concentration:

5 � 10–5 mol/L, using nanoanatase TiO2 having anatase and rutile
phases in the ratio of 3:1 was shown the degradation rate greater
than 99.5% on UV illumination for 45 min. It was also confirmed in
the recent literature that ultrasound assisted synthesis of TiO2 has
shown the better decolorization performance than the conven-
tional synthesis technique [31]. The ultrasound assisted synthesis
technique able to produce the very small size (nanometer range)
TiO2 particles having more specific surface area which is able to
adsorb the large quantity of dye molecules on active sites of the
catalyst leads to better decolorization.

Some of the articles have reported the wastewater treatment
technique based on photocatalysis combined with cavitation tech-
nique as hybrid AOP. Very few articles were found on HC/UV and
HC/UV/TiO2 combination, for dyes decolorization and other organic
pollutants (pesticides, pharmaceutical compounds). Though litera-
ture reports are found on US/UV/TiO2 combination, but scale up of
waste water treatment using ultrasound cavitation is not effective
solution [30]. It requires more energy compared to hydrodynamic
cavitation. It can possible to scale up the waste water treatment
using HC due to the production of more cavitation yield, less cost
of operation, cheap design. It was confirmed that HC is potentially
suitable for scale up issues in waste water treatment based on cav-
itation. Kalumuck [36] reported the degradation of p-nitrophenol
in wastewater using hydrodynamic cavitation in a re-circulatory
pipe flow. It has been reported that the hydrodynamic cavitation
has shown about 20 times more rate of degradation compared to
the ultrasonic horn and the oxidation efficiency is almost 25 times
more for the hydrodynamic cavitating jets. Sivakumar and Pandit
[37] studied the applicability of hydrodynamic cavitation for the
degradation of Rhodamine B dye solution, they reported that
hydrodynamic cavitation was much more energy efficient com-
pared to acoustic cavitation. Hydrodynamic cavitation unit using
multiple hole orifice plates has been reported to give cavitational
yields (extent of degradation per unit energy supplied), which
are two times higher than the best acoustic cavitation device.

Wang et al. [38] have studied the decolorization of an azo dye,
C.I. reactive red 2 (RR2) using TiO2 photocatalysis coupled with
water jet cavitation. Bagal et al. [39] have studied the degradation
of diclofenac a pharmaceutical drug in wastewater samples using a
combined approach of hydrodynamic cavitation and heteroge-
neous photocatalysis. They found that the degradation of diclofe-
nac is about 95% with 76% reduction in TOC value. Although
there are many studies reported in the literature on doped TiO2

with Fe and Ce as a photocatalysts for the degradation of various
dyes, none of the studies to the best of our knowledge, have been
reported in the literature on combination of hydrodynamic cavita-
tion and doped photocatalysis. The novelty of this research is to
study the doped TiO2 photocatalysts with the combination of
hydrodynamic cavitation for the treatment of dye waste water to
know the effect of doped photocatalyst.

The present work reports the ultrasonic assisted synthesis of
TiO2, Fe-doped TiO2, Ce-doped TiO2 nanophotocatalysts. Prepared
photo catalysts have been used for the degradation of crystal violet
(CV) dye in the presence of hydrodynamic cavitation combined
with photo catalysis.

2. Materials and methods

2.1. Materials

For the synthesis of pure TiO2, Fe–TiO2, and Ce–TiO2, chemicals
namely Titanium Tetra isopropoxide (TTIP) were obtained from
Spectrochem Pvt. Ltd. Mumbai, India. Cerium nitrate and ferric
nitrate were obtained from S.D. Fine Chemicals Ltd., Mumbai,
India. Sodium hydroxide, methanol and acetone were procured
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from Molychem Ltd., Mumbai, India. For the decolorization study,
crystal violet dye (C25N3H30Cl) was procured from Sisco Research
Laboratories Pvt. Ltd. Mumbai, India. All the chemicals procured
were of analytical grade and were used as obtained from the
supplier.

2.2. Experimental setup

The experimental setup of hydrodynamic cavitation coupled
with photocatalytic reactor is shown in Fig. 1. This set up includes
a tank of 5 L volume along with UV light assembly inside the tank.
The setup is arranged in a closed loop manner, which includes a
feed tank, positive displacement pump (power = 1.1 kW), pressure
gauges and valves. Cooling jacket is provided to the feed tank in
order to control temperature. Suction side of the pump is con-
nected to the bottom side of the feed tank and the discharge line
from the pump branches into two lines. The main line consists of
a circular venturi and second line is the bypass line. In the present
study, circular venturi with 2 mm throat diameter is used as a cav-
itating device. Geometrical dimensions of circular venturi are
shown in Fig. 2. A bypass line is provided to control the flow
through the main lines. Control valves and pressure gauges are
provided at appropriate places to control the flow rate through
the lines containing the cavitating device (venturi) and to measure
the fluid pressures respectively. Alternatively, variable frequency
drive (VFD) is also provided to control the motor rpm such that
the flow through the main line can be controlled directly by chang-
ing the number of piston stroke per minute of the positive dis-
placement pump, while keeping bypass line closed. The material
of construction of the entire system except cavitating device is
stainless steel (SS-316), whereas cavitating device, circular venturi
is made up of brass. Portable assembly, made up of quartz, contain-
ing high pressure mercury vapor lamp (125 W) with cooling jacket,
is placed centrally in the feed tank for the UV–visible irradiation.

2.3. Analytical procedure

The crystal violet dye samples were collected for every interval
and analyzed using UV–Vis Spectrophotometer to observe a
change in the absorbance value of crystal violet dye with respect

to time at a maximum wavelength kmaxð Þ of 590 nm. The
concentration of crystal violet dye was then calculated using the
calibration curve prepared for crystal violet dye.

2.4. Synthesis of pure TiO2 and doped TiO2 nanophotocatalysts

In a typical synthesis procedure, sonochemical technique
[31,40] was used to prepare the pure TiO2 nanophotocatalyst.
The synthesis procedure begins with 10 mL of titanium isopropox-
ide (TTIP) mixed with 2 mL acetone and 2 mL methanol in a
250 mL beaker (ultrasound reactor). The reactor was placed in a
constant temperature bath and the sonication was carried in the
presence of ultrasonic irradiation using an ultrasonic horn
(Dakshin ultrasonic probe sonicator, 22 kHz operating frequency,
130 W power supply). 50 mL sodium hydroxide solution was
added drop wise into the ultrasound reactor. During the addition
of sodium hydroxide solution to the above mixture, a white precip-
itate was formed. After the addition of 50 mL of sodium hydroxide
solution, the mixture was further sonicated for 30 min. After
30 min of irradiation the solution was kept undisturbed for settling
of the precipitate. The resulting precipitate was filtered, dried and
calcined at 200 �C for 2 h.

Procedure used for the synthesis of pure TiO2 [31,40] has been
used for the synthesis of Fe-doped TiO2, and Ce-doped TiO2, includ-
ing the addition of ferric nitrate and cerium nitrate carried out
individually for the synthesis of Fe doped TiO2 and Ce-doped
TiO2 nanophotocatalyst with molar ratios of 0.8 and 1.6 (mol%)
of Fe to TiO2 and Ce to TiO2 respectively. Schematic experimental
setup for the synthesis of undoped and doped TiO2 nanoparticles
is shown in the Fig. 3. Typical method for the synthesis of
Fe–TiO2 and Ce–TiO2 is shown in the Fig. 4. The same method
was adopted for the synthesis of Ce–TiO2 except the addition of
ferric nitrate, in the place of ferric nitrate; cerium nitrate was
added to synthesize Ce–TiO2 nanophotocatalyst.

2.5. Characterization

Pure TiO2, Fe–TiO2, Ce–TiO2 nanophotocatalysts prepared
through acoustic cavitation technique was characterized by using
powder X-ray diffractometer (Phillips PW 1800, range is 6–80�

Fig. 1. Hydrodynamic cavitation set up with UV–Vis photocatalysis system.
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Fig. 2. Geometrical dimensions of cavitating device (circular venturi).

Fig. 3. Experimental setup for synthesis of undoped and doped TiO2 nanoparticles.

Fig. 4. Method for synthesis of Fe–TiO2.
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2h). The morphology and particle size of these three photocatalysts
were characterized by transmission electron microscopy (TEM,
H-7650 accelerating voltage of 120 kV).

3. Results and discussion

3.1. XRD analysis of doped and undoped TiO2 nanoparticles prepared
by sonochemical method

Powder X-ray diffraction (XRD) was used for identification of
the particles size, crystal structures. TiO2 powder prepared by
sonochemical approach and calcined at 200 �C was used in X-ray
powder diffraction (XRD) analysis to characterize the particles
structure and crystal size. XRD pattern of ultrasonically prepared
TiO2 powder samples is shown in the Fig. 5. As observed from
the XRD pattern of TiO2, the peaks are generated at 2h = 27.5�,
30�, 42�, 48�, 54�, 62� and 72� confirms the TiO2 powder was
predominantly crystalline in nature with anatase as a major phase.
Among the other peaks in XRD pattern of TiO2, the initial peaks
which are generated between the 2h range of 25–30� such as
27.5� and 30� are the prominent peaks with high intensity,
which is used to determine crystallite size. These high intensity
peaks indicated that the crystalline phase of anatase TiO2 was
successfully formed.

The XRD patterns of 0.8% Fe-doped TiO2 powder prepared by
sononochemical approach and calcined at 200 �C showed the main
peaks at 2h = 25.8�, 36.9�, 48.1�, 54.1� and 62.4�. These peaks are
corresponding to the anatase crystalline phase (which is photocat-
alytically active). The XRD pattern of Fe–TiO2 also showed the peak
at 34.4�, the peak which is generated at this angle was assigned to
the presence of Fe in hematite form in TiO2 [41,26]. Similarly the
XRD patterns of Ce-doped TiO2 for 0.8% Fe–TiO2 showed the gener-
ation of main peaks at 2h = 30�, 37.4�, 47.8�, 54.5� and 62.7� again
related to the anatase crystalline phase.

It is also observed that the XRD patterns of Ce doped TiO2

showed the presence of good intensity peaks at 30� and 30.6�.
These peaks intensity are assigned to cerium titanate –
CexTi1�xO2 [21,42]. Thus, one can observe in the case of XRD
pattern of ultrasonically prepared Ce doped TiO2 consists of peak
at 2h = 30�, this peak corresponding to the presence of cerium as
a separate cubic CeO2, or as cerium titanate in the TiO2 phase [31].

From the XRD patterns of pure TiO2, Fe–TiO2 and Ce–TiO2, the
crystallite sizes of the synthesized TiO2, Fe–TiO2 and Ce–TiO2

nanoparticles were estimated using Scherrer equation [43]:

d ¼ kk
bcosh

ð1Þ

where

‘d’ is crystallite size in nanometer,
‘k’ is shape factor constant, which is 0.89,
‘b’ is the full width at half maximum (FWHM) in radian,
‘k’ is the wave length of the X-ray which is 1.540598 nm for Cu
target Ka radiation and
‘h’ is the Bragg diffraction angle.

By using the above data the estimated crystalline sizes for pure
TiO2, Fe–TiO2 and Ce–TiO2 are shown in Table 1. In detail, the ini-
tial observed peak at 2h = 27.5�, 27.8� and 26.5� for TiO2, Fe–TiO2,
and Ce–TiO2 respectively and the full width of maximum intensity
for all three photocatalysts are 0.016711.

3.2. TEM analysis and particle size distribution of TiO2 and doped TiO2

nanoparticles

Transmission electron microscope (TEM) was used to study the
crystal structure, morphology, shapes and particle size. Figs. 6–8
shows the typical transmission electron microscopic images of
TiO2, 1.6 mol% of Fe–TiO2 and 1.6 mol% of Ce–TiO2 calcined at
200 �C for 2 h. TEM images indicates that the particles of TiO2,
Fe-doped TiO2, and Ce–TiO2 are relatively uniform and are very
small in size (<100 nm). It could be clearly interpreted that, the
crystal growth formation has not occurred in the three photocata-
lysts synthesized in this work and shows uniform doping of Fe and
Ce on TiO2. The main reason for the desegregation of crystals is due
to the presence of ultrasonic irradiation while synthesis of photo-
catalysts. During the ultrasonic irradiation, number of micro jets
are formed due to the cavitational activity [31], these micro jets
avoid the interaction between crystals which are formed during
synthesis and also breakdown the crystals into smaller size. This
phenomenon helps to reduce the agglomeration of particles hence
the smaller and more uniform particles size and uniform shape
could be observed.

One can observe from the studies of TEM on pure TiO2, Fe–TiO2

and Ce–TiO2 prepared by various synthesis techniques reported in
the literature, tells that all the techniques other than ultrasonic
assisted synthesis result into the generation of enormous agglom-
erated crystalline phase, non-uniform and large crystalline sizes.

3.3. Decolorization of CV through HC alone

In a typical experimental procedure, 50 mg/L of crystal violet
(CV) dye were used for the preparation of 5 L crystal violet dye
stock solution. The following operating conditions such as constant
temperature (35 �C), constant pressure (5 kg/cm2 pump discharge
pressure to the cavitating device) and normal solution pH 6.5 were
used for the study of CV degradation. In this study, experiments
were carried out at pH of 6.5, which is the solution pH of the crystal
violet dye. A reason for keeping constant pH is reported as follows.

Fig. 5. XRD pattern of Ce-doped TiO2, Fe-doped TiO2 and undoped TiO2 powder
prepared by sonochemical method [(A) TiO2, (B) Fe–TiO2, (C) Ce–TiO2].

Table 1
Estimated crystalline sizes of photocatalysts prepared by sonochemical method.

Type of photocatalyst 2h b Particles size (nm)

Pure TiO2 27.5 0.016711 84.47
Fe-TiO2 27.8 0.016711 84.21
Ce-TiO2 26.5 0.016711 84.32
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The crystal violet dye solution at different pH values shows dif-
ferent colors and unstable. But at pH 6.5 it has remains in a blue
violet color with an absorbance maximum at 590 nm, this is the
natural color state of the crystal violet dye. Angeloni et al. [37]
reported that at pH 1.0, the CV dye is yellow color with absorption
maxima at 420 nm and 620 nm and CV gradually changes its color
by increasing the acidity of the aqueous solution, being blue–green
at pH 2–5. The different colors are a result of the different charged
states of the dye molecule. In the yellow form, all three nitrogen
atoms carry a positive charge, of which two are protonated. At neu-
tral pH, both extra protons are lost to the solution, leaving only one
of the nitrogen atoms positive charged [37]. In alkaline solutions,
nucleophilic hydroxyl ions attack the electrophilic central carbon
to produce the colorless triphenylmethanol or carbinol form of
the dye. Suhail et al. [44] studied the effect of pH = 11 and
pH = 12 on crystal violet dye but they did not consider this pH
value because at pH = 11 turning color of crystal violet from violet
to pale yellow, and this shows that the dye molecule structure is
convert from case of saline formula to OH� within pH = 11 there-
fore, the dyes is deposited at the bottom reaction vessel at this
pH. The primary decolorization of synthetic waste water (crystal
violet dye solution) in HC was performed by pumping of liquid
solution through the cavitation device (circular venturi). Samples
were taken for every 30 min over the time span of 90 min of exper-
iment and analyzed for the UV absorbance for finding out the per-
centage decolorization of crystal violet dye in aqueous solution.
Fig. 9 shows the extent of CV decolorization from the analysis of
UV–Vis absorption spectra of crystal violet dye decolorization as
a function of time. Concentration of CV decolorized in the presence
of HC alone as a function of time was shown in the Fig. 10. It has
been observed that crystal violet dye was decolorized up to
�45% when HC alone was alone used for 90 min.

The hydrodynamic characteristic of the cavitating device (circu-
lar Venturi) has been studied by measuring the flow rate in main
line. The calculated CV for a circular venturi at an inlet pressure
of 5 kg/cm2 is 0.15 ðCV = 0.15) according to the following equation
[10,45]:

CV ¼ P2 � Pv
1
2 qv2

0

ð2Þ

where

P2 = fully recovered downstream pressure in kg/cm2.
Pv = vapor pressure of the dye solution in kg/cm2.
q = density of the dye solution in kg/m�3.
v0 = velocity of the dye solution at the throat of the cavitating
constriction in m/s.

3.4. Effect of Fe–TiO2 on CV decolorization

In a typical experimental study, UV photocatalysis has been
coupled with hydrodynamic cavitation (HC) to make a hybrid
advanced oxidation process (HAOP) for studying the synergy of
the decolorization of crystal violet dye solution. In a typical hybrid
AOP, 5 L of crystal violet dye solution consisting of 50 mg/L of dye
and 0.6 g/L of 0.8% Fe–TiO2 were used to study the decolorization
rate of crystal violet dye at it’s solution pH of 6.5. Samples were
taken, filtered and tested using the UV spectrophotometry, after
every 30 min interval in the total decolorization time of 90 min.
similar procedure was followed for 1.6% of Fe–TiO2 for finding
out the decolorization rate of crystal violet dye following HAOP.
It was observed that, 0.8% Fe–TiO2 showed the extent of decol-
orization to 98%. Whereas 1.6% of Fe–TiO2 showed the decoloriza-
tion of 85% in 90 min of treatment.

Shirsath et al. [31] reported that, as doping content of iron on
TiO2 increased from 0.4 mol% to 1.2 mol%, the photocatalytic activ-
ity of the Fe doped TiO2 increased but above 1.2 mol%, the photo-
catalytic activity of Fe doped TiO2 decreased with an increase in
the iron content. They also reported that small quantity of iron in
TiO2 is responsible for a reduction in the photo-generated hole–

Fig. 8. TEM image of 1.6 mol% of Ce doped-TiO2.

Fig. 9. Identification of CV decolorization from UV–Vis absorption spectra analysis
[HC alone].

Fig. 7. TEM image of 1.6 mol% of Fe doped-TiO2.

Fig. 6. TEM image of pure TiO2.
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electron recombination rate. But at higher loadings, iron ions can
serve as recombination centers and the photocatalytic activity of
Fe doped TiO2 decreases. This phenomenon is also demonstrated
in some of the earlier investigations [2,6,24]. The results obtained
with Fe doped TiO2 and HC work was also matches with the results
obtained by Shirsath et al. [31], in brief discussion, in this work
doping has been carried out between 0 and 1.6 mol% i.e. doping
with 0.8 and 1.6 mol% has been carried out. The doping of
0.8 mol% gives the maximum decolorization of 98%, whereas
1.6 mol% shows the reduction in decolorization. Doping with
1.6 mol% shown in reduction in decolorization has been recon-
firmed from the results obtained by Shirsath et al. [31]. Thus, in
this study 0.8 mol% iron doping on TiO2 has been considered as
the optimum doping concentration for the decolorization of crystal
violet dye.

3.5. Effect of Ce–TiO2 on CV decolorization

In this method, the prepared Ce–TiO2 nanophotocatalyst with
different doping percentages of 0.8% and 1.6% (Ce:TiO2 mol%)
was used for the decolorization studies of crystal violet dye. Each

photocatalyst having 0.6 g/L of catalysts loading were tried for
the decolorization studies. All the remaining parameters such as
pH, dye concentration, volume of dye solution, temperature and
pressure are kept constant throughout the process and were same
as before. From the results, 0.8% Ce–TiO2 showed the decoloriza-
tion of �84%. Whereas, 1.6% of Ce–TiO2 showed the decolorization
of�82%. It was observed that the Ce doped TiO2 did not show a sig-
nificant effect on the degradation of crystal violet dye compared to
the Fe doped TiO2. It has been observed that crystal violet dye
decoloration increased as the Ce content increased in the
Ce-doped TiO2 catalyst up to 1.0% i.e. 0.8% of Ce content. The
increase in Ce loading may be attributed the photocatalytic activity
of Ce doped TiO2 by trapping of electrons in cerium sites with their
subsequent transfer to the absorbed O2 [30]. However, if the dop-
ing of Ce amount is continued to increase from 1.0% to 3.0%, then
excess Ce dopant may introduce the indirect recombination of
electrons and holes to reduce the photocatalytic activity, leading
to a significant decrease in decolorization [25,30]. It has been
observed that the degradation efficiency was higher when Ce con-
tent was below or equal to 1.0% in the TiO2 catalyst and achieved
84% color removal after 90 min of treatment. While, the

Fig. 10. Concentation of CV decolorized with respect to time [at pH = 6.5, inlet pressure = 5 bar, temperature = 35 �C, initial dye concentration 50 mg/L].

Fig. 11a. Percentage decolorization of CV dye in HC combined with pure TiO2 and Fe doped TiO2 [at pH = 6.5, inlet pressure = 5 bar, temperature = 35 �C, initial dye
concentration 50 mg/L].

156 B. Bethi et al. / Ultrasonics Sonochemistry 28 (2016) 150–160



Fig. 11b. Percentage decolorization of CV dye in photolytic and photocatalytic processes [at pH = 6.5, inlet pressure = 5 bar, temperature = 35 �C, initial dye concentration
50 mg/L].

Fig. 11c. Percentage decolorization of CV dye in HC combined with Ce–TiO2 [at pH = 6.5, inlet pressure = 5 bar, temperature = 35 �C, initial dye concentration 50 mg/L].

Fig. 12. Adsorption behavior of pure TiO2 as a function of time.
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decolorization efficiency was lower when Ce content was 1.6%,
achieved 82% of color removal at the same time. This effect has
been also observed in other reports [25, 30, and 31]. The results
obtained in this work was also matches with the results obtained
by the Ramirez et al. [33]. They have been studied the acid orange
7 (AO7) decolorization using Ce doped TiO2 photocatalysts and
reported lower photocatalytic activity for Ce doped TiO2 than the
pure TiO2. Hence, in this study 0.8 mol% of Ce doping on TiO2 has
been considered as optimum loading concentration for decouriza-
tion of crystal violet dye.

3.6. Effect of undoped TiO2 on CV decolorization

To understand the effect of undoped TiO2, 0.6 g/L of undoped
TiO2 were used for the decolorization of crystal violet dye at its
normal pH (6.5) using HAOP. From the UV–Vis absorption spectra,
it was observed that the crystal violet dye has been decolorized up
to 94% when TiO2 used along with HC. It has been observed that
the undoped TiO2 shown higher decolorization rate than 1.6% Fe–
TiO2, Ce–TiO2 and 0.8% Ce–TiO2. However shows less decoloriza-
tion than 0.8% Fe–TiO2. Graphical representation of percentage
decolorization of CV dye in various systems was shown in the
Fig. 11a–c.

3.7. Comparison of adsorption, photolytic, photo catalytic, HC+ photo
catalytic processes

Initially, a study on adsorption equilibrium for TiO2 surface has
been established in 1 L of crystal violet dye solution. Further, we
have evaluated the time required for achieving the adsorption
equilibrium as well as the maximum amount of CV dye adsorbed
onto the TiO2 surface. This was attempted under agitation prior

to carry out the actual experiments. Initially the crystal violet
dye mixture was taken in a 1 L beaker and agitation was carried
out with magnetic stirrer for 90 min in the dark environment to
establish the equilibrium adsorption characteristics of undoped
TiO2. With the above procedure a maximum of 9% of crystal violet
dye was adsorbed on to the TiO2 (0.6 g/L loading) surface and
adsorption equilibrium was obtained within 60 min of contact
time. The equilibrium adsorption stage has been evaluated from
the Fig. 12 contains a plot of concentration of CV dye Vs time. It
has been observed from Fig. 12 the adsorption behavior of undoped
TiO2 after 60 min has shows no reduction in concentration of the
CV dye with extended time of contact.

Degradation of CV dye in photolytic process due to the genera-
tion of hydroxyl radicals by the dissociation of water molecules
under UV irradiations. During the photolytic process, crystal violet
dye decolorized up to 20%. Hence in photocatalytic process, the
generation of hydroxyl radicals is more as compared to photolytic
process, in this process, crystal violet dye has been decolorized up
to 37.6%. It was observed that the maximum extent of decoloriza-
tion of 94% was obtained using combined HC/UV + TiO2 process,
whereas, 44.5% and 37.6% of decolorization was obtained in HC
and UV + TiO2 alone respectively. The extent of decolorization in
hybrid process has been attained due to generation of greater
hydroxyl radical compared to individual operating processes (HC
alone or UV + TiO2 alone).

Synergetic effect of combined processes has been evaluated on
the basis of reaction rate constant data of single and combined pro-
cess. The synergetic index of the HC combined with TiO2 photo-
catalysis has been calculated to evaluate the efficiency of the
combined process of HC and TiO2 photocatalysis to compare with
individual process (HC and TiO2 photocatalysis alone). The syner-
getic index (f) of HC combined with TiO2 photocatalysis has been
calculated by using the following equation shows synergetic effect
of hybrid AOP:

f ðHCþTiO2 photocatalysisÞ ¼
kðHCþTiO2 photocatalysisÞ

kðHCÞ þ kðTiO2 photocatalysisÞ

¼ 0:0275
0:003þ 0:0048

¼ 3:52 ð3Þ

3.8. Rate kinetics of CV decolorization

The degradation of organic pollutants in hydrodynamic
cavitation will be occur by the generation of �OH radicals and also

Table 2
Reaction rate constants (k) of CV degradation in different systems [at pH = 6.5, inlet
pressure = 5 bar, temperature = 35 �C, initial dye concentration 50 mg/L].

Method k Value (min�1) Synergetic coefficient

UV alone 0.0029 –
UV + TiO2 0.0048 –
HC 0.003 –
HC + TiO2 0.0275 3.52
HC + TiO2 + 0.8% Fe 0.0332 –
HC + TiO2 + 1.6% Fe 0.017 –
HC + TiO2 + 0.8% Ce 0.0289 –
HC + TiO2 + 1.6% Ce 0.0302 –

Fig. 13. Pseudo first order reaction kinetics of CV decolorization in HC and its combination with photocatalysis.
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possibly due to the breakage of chromophore. These �OH radicals
are rapidly react with CV dye, which is present at the interface of
the cavities and the waste water. Most of the investigators
reported that the degradation reactions of many organic pollutants
in advanced oxidation processes followed a pseudo first order reac-
tion. The rate constants of degradation reaction of CV dye has been
calculated using the following equation:

ln
C0

C

� �
¼ k� t ð4Þ

where ‘C’ is the concentration of dye molecules present in mol/L, ‘k’
is the rate constant in min�1 and ‘t’ is the time in minutes.

The kinetic mechanism for decolorization of CV dye
using hydrodynamic cavitation coupled with photocatalysis
followed a first order reaction as confirmed by the plot of ln C0

C

� �
vs. time (t). The plot of ln C0

C

� �
vs. time (t) is a straight line and it

passes through the origin. Reaction rate constants (k) of CV
decolorization in different systems (HC alone and
HC + photocatalysis) has been reported in Table 2. Pseudo reaction
kinetics of CV decolorization in various systems was shown in the
Figs. 13 and 14.

4. Conclusion

From this work, it has been concluded that, a novel synthesis
technique was successfully implemented for the production of
undoped and doped TiO2 nanophotocatalysts. Photocatalysts pre-
pared by sonochemical technique has shown good and uniform
doping on TiO2 and confirms the crystalline nature, when it is cal-
cined at 200 �C. Approximately half of the CV dye in aqueous solu-
tion has been decolorized when the HC is used alone. Whereas,
further decolorization has been achieved when hybrid technique
(HC + photocatalysis) was used. In the hybrid technique, 0.8%
Fe-doped TiO2 photocatalyst has shown the maximum decoloriza-
tion about 98% than other photocatalysts such as Ce-TiO2 and pure
TiO2.

Acknowledgment

Shirish H. Sonawane acknowledges the Ministry of
Environment and Forest (MoEF, Govt of India) for providing the
financial support thorough Grant No.: 10-1/2010-CT (WM).

References

[1] Y. Anjaneyulu, N. Sreedhara Chary, D. Samuel Suman Raj, Decolourization of
industrial effluents available methods and emerging technologies a review,
Rev. Environ. Sci. Biotechnol. 4 (2005) 245–273.

[2] U.G. Akpan, B.H. Hameed, Parameters affecting the photocatalytic degradation
of dyes using TiO2-based photocatalysts: a review, J. Hazard. Mater. 170 (2009)
520–529.

[3] G.L. Baughman, E.J. Weber, Transformation of dyes and related compounds in
anoxic sediments: kinetics and products, Environ. Sci. Technol. 28 (1994)
267–276.

[4] S. Papic, D. Vujevic, N. Koprivanac, D.S. Inko, Decolorisation and mineralization
of commercial reactive dyes by using homogeneous and heterogeneous Fenton
and UV/Fenton processes, J. Hazard. Mater. 164 (2009) 1137–1145.

[5] M.S. Lucas, J.A. Peres, Decolorization of the azo dye reactive Black 5 by Fenton
and photo-Fenton oxidation, Dyes Pigm. 71 (2006) 236–244.

[6] S. Velazquez-Peña, C. Sáez, P. Cañizares, I. Linares-Hernández, V. Martínez-
Miranda, C. Barrera-Díaz, M.A. Rodrigo, Production of oxidants via electrolysis
of carbonate solutions with conductive-diamond anodes, Chem. Eng. J. 230
(2013) 272–278.

[7] Y.G. Adewuyi, Sonochemistry in environmental remediation. 2. Heterogeneous
sonophotocatalytic oxidation processes for the treatment of pollutants in
water, Environ. Sci. Technol. 39 (2005) 8557–8570.

[8] J. Chen, M. Liu, J. Zhang, X. Ying, L. Jin, Photocatalytic degradation of organic
wastes by electrochemically assisted TiO2 photocatalytic system, J. Environ.
Manage. 70 (2004) 43–47.

[9] F. Parolin, U.M. Nascimento, E.B. Azevedo, Microwave-enhanced UV/H2O2

degradation of an azo dye (tartrazine): optimization, colour removal,
mineralization and ecotoxicity, Environ. Technol. 34 (2013) 1247–1253.

[10] K.M. Kalumuck, G.L. Chahine, The use of cavitating jets to oxidize organic
compounds in water, J. Fluids Eng. Trans. ASME 122 (2000) 465–470.

[11] X. Wang, J. Wang, P. Guo, W. Guo, C. Wang, Degradation of Rhodamine B in
aqueous solution by using swirling jet-induced cavitation combined with
H2O2, J. Hazard. Mater. 169 (2009) 486–491.

[12] X. Wang, J. Jia, Y. Wang, Electrochemical degradation of reactive dye in the
presence of water jet cavitation, Ultrason. Sonochem. 17 (2010) 515–520.

[13] K.S. Suslick, M.M. Mdleleni, J.T. Ries, Chemistry induced by hydrodynamic
cavitation, J. Am. Chem. Soc. 119 (1997) 9303–9304.

[14] P.R. Gogate, A.B. Pandit, Engineering design methods for cavitation reactors II:
hydrodynamic cavitation, AIChE J. 46 (2000) 1641–1649.

[15] M. Zhou, J. Yu, B. Cheng, Effects of Fe-doping on the photocatalytic activity of
mesoporous TiO2 powders prepared by an ultrasonic method, J. Hazard. Mater.
B137 (2006) 1838–1847.

[16] H. Wang, J. Niu, X. Long, Y. He, Sonophotocatalytic degradation of methyl
orange by nano-sized Ag/TiO2 particles in aqueous solutions, Ultrason.
Sonochem. 15 (2008) 386–392.

[17] Y. Li, S. Peng, F. Jiang, G. Lu, S. Li, Effect of doping TiO2 with alkaline-earth
metal ions on its photocatalytic activity, J. Serb. Chem. Soc. 72 (2007) 393–402.

[18] U.G. Akpan, B.H. Hameed, Enhancement of the photocatalytic activity of TiO2

by doping it with calcium ions, J. Colloid Interface Sci. 357 (2011) 168–178.
[19] Y.H. Peng, G.F. Huang, W.Q. Huang, Visible-light absorption and photocatalytic

activity of Cr-doped TiO2 nanocrystal films, Adv. Powder Technol. 23 (2010)
8–12.

[20] M.A. Barakat, H. Schaeffer, G. Hayes, S. Ismat-Shaha, Photocatalytic
degradation of 2-chlorophenol by Co-doped TiO2 nanoparticles, Appl. Catal.
B: Environ. 57 (2004) 23–30.

[21] A.M.T. Silva, C.G. Silva, G. Drazic, J.L. Faria, Ce-doped TiO2 for photocatalytic
degradation of chlorophenol, Catal. Today 144 (2009) 13–18.

Fig. 14. Pseudo first order reaction kinetics of CV decolorization in photolytic and photocatalysis.

B. Bethi et al. / Ultrasonics Sonochemistry 28 (2016) 150–160 159

http://refhub.elsevier.com/S1350-4177(15)00220-5/h0005
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0005
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0005
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0010
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0010
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0010
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0010
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0015
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0015
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0015
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0020
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0020
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0020
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0025
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0025
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0030
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0030
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0030
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0030
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0035
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0035
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0035
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0040
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0040
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0040
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0040
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0045
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0045
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0045
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0045
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0050
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0050
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0055
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0055
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0055
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0055
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0055
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0060
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0060
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0065
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0065
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0070
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0070
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0075
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0075
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0075
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0075
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0080
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0080
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0080
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0080
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0085
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0085
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0085
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0090
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0090
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0095
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0095
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0095
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0095
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0100
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0100
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0100
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0100
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0105
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0105
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0105


[22] M.A. Rauf, M.A. Meetani, S. Hisaindee, An overview on the photocatalytic
degradation of azo dyes in the presence of TiO2 doped with selective transition
metals, Desalination 276 (2011) 13–27.

[23] K. Koci, K. Mateju, L. Obalova, S. Krejcikova, Z. Lacny, D. Placha, L. Capek, A.
Hospodkova, O. Solcov, Effect of silver doping on the TiO2 for photocatalytic
reduction of CO2, Appl. Catal. B: Environ. 96 (2010) 239–244.

[24] Y. Li, C. Xie, S. Peng, G. Lu, S. Li, Eosin Y-sensitized nitrogen-doped TiO2 for
efficient visible light photocatalytic hydrogen evolution, J. Mol. Catal. A: Chem.
282 (2008) 117–123.

[25] M. Asilturk, F. Sayılkan, E. Arpac, Effect of Fe3+ ion doping to TiO2 on the
photocatalytic degradation of Malachite Green dye under UV and
visirradiation, J. Photochem. Photobiol. A: Chem. 203 (2009) 64–71.

[26] H.K. Shon, D.L. Cho, S.H. Na, J.B. Kim, H.J. Park, J.H. Kim, Development of a novel
method to prepare Fe- and Al-doped TiO2 from wastewater, J. Ind. Eng. Chem.
15 (2009) 476–482.

[27] S. Chang, W. Liu, Surface doping is more beneficial than bulk doping to the
photocatalytic activity of vanadium-doped TiO2, Appl. Catal. B: Environ. 101
(2011) 333–342.

[28] N. Venkatachalam, M. Palanichamy, B. Arabindoo, V. Murugesan, Enhanced
photocatalytic degradation of 4-chlorophenol by Zr4+ doped nano TiO2, J. Mol.
Catal. A: Chem. 266 (2007) 158–165.

[29] Z.L. Shi, C. Du, S.H. Yao, Preparation and photocatalytic activity of cerium
doped anatase titanium dioxide coated magnetite composite, J. Taiwan Inst.
Chem. Eng. 42 (2011) 652–657.

[30] J. Wang, Y. Lv, L. Zhang, B. Liu, R. Jiang, G. Han, R. Xu, X. Zhang, Sonocatalytic
degradation of organic dyes and comparison of catalytic activities of CeO2/
TiO2, SnO2/TiO2 and ZrO2/TiO2 composites under ultrasonic irradiation,
Ultrason. Sonochem. 17 (2010) 642–648.

[31] S.R. Shirsath, D.V. Pinjari, P.R. Gogate, S.H. Sonawane, A.B. Pandit, Ultrasound
assisted synthesis of doped TiO2 nano-particles: characterization and
comparison of effectiveness for photocatalytic oxidation of dyestuff effluent,
Ultrason. Sonochem. 20 (2013) 277–286.

[32] R.L. Narayana, M. Matheswaran, A.A. Aziz, P. Saravanan, Photocatalytic
decolourization of basic green dye by pure and Fe, Co doped TiO2 under
daylight illumination, Desalination 269 (2011) 249–253.

[33] R.J. Ramirez, J.V. Sanchez, S.S. Martinez, Solar assisted degradation of acid
orange 7 textile dye in aqueous solutions by Ce-doped TiO2, Mex. J. Sci. Res. 1
(2012) 42–55.

[34] L. Andronic, D. Andrasi, A. Enesca, M. Visa, A. Duta, The influence of titanium
dioxide phase composition on dyes photocatalysis, J. Sol–Gel. Sci. Technol. 58
(2011) 201–208.

[35] S. Samira, P. Akash Raja, C. Mohan, J.M. Modak, Photocatalytic degradation of
crystal violet (C.I. basic violet 3) on nano TiO2 containing anatase and rutile
phases (3:1), J. Thermodyn. Catal. 3 (2012).

[36] M. Sivakumar, A.B. Pandit, Wastewater treatment: a novel energy efficient
hydrodynamic cavitational technique, Ultrason. Sonochem. 9 (2002) 123–131.

[37] L. Angeloni, G. Smulevich, M.P. Marzocchi, Resonance Raman spectrum of
crystal violet, J. Raman Spectrosc. 8 (1979) 305–310.

[38] X. Wang, J. Jia, Y. Wang, Degradation of C.I. reactive red 2 through
photocatalysis coupled with water jet cavitation, J. Hazard. Mater. 185
(2011) 315–321.

[39] M.V. Bagal, P.R. Gogate, Degradation of diclofenac sodium using combined
processes based on hydrodynamic cavitation and heterogeneous
photocatalysis, Ultrason. Sonochem. 21 (2014) 1035–1043.

[40] I.H. Perez, A.M. Maubert, L. Rendón, P. Santiago, H.H. Hernández, L. Díaz Arceo,
V. Garibay Febles, E.P. González, L. González-Reyes, Ultrasonic synthesis:
structural, optical and electrical correlation of TiO2 nanoparticles, Int. J.
Electrochem. Sci. 7 (2012) 8832–8847.

[41] H.K. Shon, S. Vigneswaran, J. Kandasamy, M.H. Zareie, J.B. Kim, D.L. Cho, J.H.
Kim, Preparation and characterization of titanium dioxide (TiO2) from sludge
produced by TiCl4 flocculation with FeCl3, Al2 (SO4)3 and Ca(OH)2 coagulant
aids in wastewater, Sep. Sci. Technol. 44 (2009) 1525–1543.

[42] Y. Xie, C. Yuan, Visible-light responsive cerium ion modified titania sol and
nanocrystallites for X-3B dye photodegradation, Appl. Catal. B: Environ. 46
(2003) 251–259.

[43] S.T. Hayle, G.G. Gonfa, Synthesis and characterization of titanium
oxide nanomaterials using sol–gel method, Am. J. Nanosci. Nanotechnol. 2
(2014) 1–7.

[44] F.S.A. Suhail, M.S. Mashkour, D. Saeb, The study on photo degradation
of crystal violet by polarographic technique, Int. J. Basic Appl. Sci. 15 (2015)
12–21.

[45] P. Senthil Kumar, M. Siva Kumar, A.B. Pandit, Experimental quantification
of chemical effects of hydrodynamic cavitation, Chem. Eng. Sci. 55 (2000)
1633–1639.

160 B. Bethi et al. / Ultrasonics Sonochemistry 28 (2016) 150–160

http://refhub.elsevier.com/S1350-4177(15)00220-5/h0110
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0110
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0110
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0110
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0115
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0115
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0115
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0115
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0115
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0120
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0120
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0120
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0120
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0125
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0125
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0125
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0125
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0125
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0125
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0130
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0130
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0130
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0130
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0135
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0135
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0135
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0135
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0140
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0140
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0140
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0140
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0140
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0145
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0145
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0145
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0150
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0150
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0150
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0150
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0150
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0150
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0150
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0150
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0150
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0150
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0155
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0155
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0155
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0155
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0155
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0160
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0160
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0160
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0160
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0165
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0165
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0165
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0165
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0170
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0170
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0170
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0175
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0175
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0175
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0175
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0180
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0180
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0185
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0185
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0190
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0190
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0190
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0195
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0195
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0195
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0200
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0200
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0200
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0200
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0200
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0205
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0205
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0205
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0205
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0205
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0205
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0205
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0205
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0205
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0205
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0205
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0210
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0210
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0210
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0215
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0215
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0215
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0220
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0220
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0220
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0225
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0225
http://refhub.elsevier.com/S1350-4177(15)00220-5/h0225


Accepted Manuscript

Title: Nanomaterials based Advanced Oxidation Processes for
Waste Water Treatment: A review

Author: Bhaskar Bethi Shirish H. Sonawane Bharat A.
Bhanvase Sarang Gumfekar

PII: S0255-2701(16)30331-2
DOI: http://dx.doi.org/doi:10.1016/j.cep.2016.08.016
Reference: CEP 6851

To appear in: Chemical Engineering and Processing

Received date: 27-5-2016
Revised date: 30-7-2016
Accepted date: 25-8-2016

Please cite this article as: Bhaskar Bethi, Shirish H.Sonawane, Bharat A.Bhanvase,
Sarang Gumfekar, Nanomaterials based Advanced Oxidation Processes for
Waste Water Treatment: A review, Chemical Engineering and Processing
http://dx.doi.org/10.1016/j.cep.2016.08.016

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

http://dx.doi.org/doi:10.1016/j.cep.2016.08.016
http://dx.doi.org/10.1016/j.cep.2016.08.016


1 
 

Nanomaterials based Advanced Oxidation Processes for Waste Water 

Treatment: A review 

 

Bhaskar Bethia, Shirish H. Sonawanea*, Bharat A. Bhanvaseb, Sarang Gumfekarc 

 

aDepartment of Chemical Engineering, National institute of Technology, Warangal-506004, 

Telangana state, India.  

bChemical Engineering Department, Laxminarayan Insitutite of Technology, Rashtrasant 

Tukadoji Maharaj Nagpur University, Nagpur-440033, Maharashtra, India 

cChemical and Materials Engineering Department,University of Alberta, Edmonton, Canada 

 

* Corresponding Author 

E-mail: shirish@nitw.ac.in 

Tel: . 0870-2462626 

 

Research Highlights 

 Nanomaterials based single advanced oxidation processes for wastewater treatment. 

 Nanomaterials based hybrid advanced oxidation processes for wastewater treatment. 

 Current status of work on hybrid nanomaterials as heterogeneous photocatalysts. 

 Process Intensification of nanostructured materials in waste water oxidation. 

 Mechanistic aspects of various advanced oxidation processes. 



2 
 

Abstract 

Over the past decades advanced oxidation processes (AOPs) in wastewater treatment established 

a great deal of attention of the researchers. AOP's are one of the promising advanced 

technologies used to destroy the total organic content, toxic pollutants etc. Number of attempts 

has been made from the past two decades on the waste water treatment using various advanced 

oxidation treatment techniques. The main objective of this review article is to provide the quick 

reference for researchers and academicians in the area of wastewater treatment using 

nanomaterials conjunction with various AOP’s and/or hybrid AOP’s. This review article mainly 

focused on (1) the nanomaterials assisted individual and hybrid advanced oxidation processes for 

treatment of various industrial effluents or model effluents, (2) the current status of work in the 

area of hybrid nanomaterials as heterogeneous catalysts combined with AOPs and hybrid 

advanced oxidation processes. 
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1. Introduction 

Today the entire world is facing drinking water scarcity due to the contamination of  ground 

water and the discharge of untreated or partially treated industrial waste water. Potable water 

demand is increasing day by day due to expontial growth of population and it’s become severe 

problem to be solved for sustainable society needs [1]. So far the chemical manufacturing 

industries are depends on the conventional waste water treatment techniques such as chemical 

oxidation, biological treatment, electrochemical decomposition, photo catalytic, physical and 

physico-chemical treatment. Among these treatment methods, few of them utilizes chemicals 

(catalyst, intiators etc) to decompose the organic contaminates in the water. Recovery of such 

chemicals after treatment of waste water is another issue need to be addressed. Conventional 

treatment methods are reported to be inefficient as some contaminants found in wastewater are 

recalcitrant to some degree [2]. A novel advanced treatment method is needed to destroy the 

organic contents in the waste water. In the past two decades research has been progressed on the 

waste water treatment using advanced oxidation processes. Few studies attempted the step of 

using nano particles as an effective adsorbents and catalysts instead of micro meter size particles 

in the waste water treatment with the AOP’s. Number of articles found related to the application 

of nanoparticles in the advanced oxidation processes (AOP’s) for waste water treatment. AOP’s 

generate extremely reactive ∙OH radicals that are responsible for the degradation of pollutents 

spotted in the wastewater. These ∙OH radicals attack the organic molecules rapidly and non-

selectively. AOP’s can be called as versatile technologies due to the production of hydroxyl 

radicals by various alternative ways. AOP’s can generate the less toxic intermediate products 

during the degradation of organic pollutants. As compared to conventional treatment techniques 

AOPs are more efficient and capable of degrading recalcitrant organic pollutants. Interestingly, 

few specific AOPs can also operate on natural light source (sun light) rather than using artificial 

light sources (UV, Visble, Mercury etc.). AOP’s such as ozonation (O3), ozone combined with 
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hydrogen peroxide (O3/H2O2) and UV irradiation (O3/UV) or both (O3/H2O2/UV), ozone 

combined with catalysts (O3/catalysts), UV/H2O2, Fenton, photo-Fenton processes (Fe2+/H2O2 

and Fe2+/H2O2/UV), the ultrasonic cavitation process and photo catalysis have been successfully 

used for wastewater treatment. Significant research has been done in the area of water 

purification using nanomaterials and it was concluded that nanomaterials are able to remove the 

pollutants and germs efficiently. Nanomaterials such as nanoparticles, nanomembrane and 

nanopowder has been successfully used for the detection and removal of various chemicals and 

biological substances which includes the metals such as mercury, nickel, cadmium, lead, copper 

and zinc etc, algae, organics, bacteria, viruses, nutrients, cyanide and antibiotics. Appropriate 

attempts have been made for using advanced nanotechnology in water purification for making 

potable water. Nanotechnology, is the deliberate manipulation of matter at size scales of less 

than 100 nm, holds the promise of creating new materials and devices which take advantage of 

unique phenomena realized at those length scales [3]. Generally the high surface area to 

volume/mass ratios of nanomaterials will greatly improve the adsorption properties of sorbent 

materials. Recent studies on waste water treatment using nanotechnology has reported many 

nanomaterials in the literature, which includes the semiconductors, nanoclay, nanocatalyst, 

nanoclusters, nanorods, nano composites, the reported nanoparticles are mainly TiO2 [4], [5] and 

[7], palladium, Fe3O4 [6], cerium oxide [8], magnetic chitosan [9]. Few researchers are also 

attempted waste water treatment using nanocomposites made up of two or more different 

materials such as CoxFe3−xO4, CoFe2O4 magnetic nanoparticles, BiAgxOy (bismuth silver oxide, 

BSO). 

In this report, we have classified the important nanoparticles which are useful for the 

degradation of organic matter in waste water. Such as, (1) Dendrite polymers, (2) Metal oxide 

nanoparticles, (3) Zeolites, (4) Carbonbased nanomaterials [10]. Following are the different 
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types of nanomaterials that have been used for removal/degradation of organic speices in waste 

water. 

 

1.1 Dendrite polymers 

Polymeric dendrimers are random hyper branched polymers. Dendrigraft polymers and dendrons 

will come under the catageory of dendrite polymers. They mainly consist of a spherical 

macromolecules nature and composed of dense shell morphology with crosslinking sites and 

terminal groups that ultimately produce a properly defined structure [11]. Dendrimers can be 

produce in differenct structures notably cone, sphere, and disc type consists of 2 to 20 nm size 

range. Different dendrimer structures can be produce by the reaction between too many dendrons 

consists of multi-functional properties. Scientists have been synthesized approximately one 

hundred different dendrimer families based on the various compositions and several chemical 

surface modifications [12], [13] and [14]. The organics pollutents and heavy metals can be 

removed using dendrimers as adsorbents. The interior shell of the dendrimers exhibits the 

hydrophobic nature for the adsorption of organic pollutents. Whereas the outside shell of 

dendrimers is made up of hydroxyl- or amine-terminated functional groups for adsorption of 

heavy metals. Cu(II) ions from aqueous solutions has been removed using the ultrafiltration 

enhanced dendron and poly (amidoamine) dendrimers with ethylene diamine as a core and 

terminal amine groups [15]. Dendritic polymers are efficient adsorbents for recovering toxic 

metal ions, radio nuclide and organic solutes from water [16]. With these features dendritic 

polymers are became popularized in the application of water purification [17]. Without loss of 

solubility, the poly (amidoamine) dendrimer (PAMAM) incorporated silver nanocomposites has 

shown the excellent antimicrobial activity against S. aureus, P. aeruginosa and E. coli [18]. 

Rether and Schuster has studied the influence of ammonia, tri-ethanol amine or tartrate as 

representative ligands on the retention of Ni(II), Zn(II), and Cu(II) in aqueous solutions of 
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benzoylthiourea modified PAMAM dendrimer (PAMAM) at different pH values in the range of 

5-9 [19]. Jiangand Gao have reported the competitive removal of metal ions of different initial 

concentrations such as Ni, Cr, Pb, Zn and Cu by PAMAM-SBA-15 and EDTA modified 

PAMAM-SBA-15 inorganic–organic hybrid materials. In their study organic groups were 

functionalized onto the mesoporous inorganic materials [20]. 

1.2 Metal/Metal oxide containing nanoparticles for waste water treatment. 

Silver, gold, palladium metal nanoparticles have been widely studied for the wastewater 

treatment. Nano size silver such as colloidal silver, spun silver are typically having 10 to 200 nm 

in size range consists of high surface area and strong antimicrobial properties. Ag (I) and silver 

nanomaterial acts as an antimicrobial agent to in-activate the coli form microbes found in the 

wastewater [21]. Gold nanoparticles impregnated palladium has been used to destroy the 

trichloroethane (TCE) from groundwater. Gold nanoparticles impregnated palladium catalyst 

was shown the 2,200 times better than palladium catalyst alone as reported by Tobiszewski [22]. 

Metal oxide nanoparticles such as TiO2, ZnO and CeO2 have been widely used for the 

degradation of organic pollutants in aqueous streams. Due to high surface area and better 

photolytic properties [23], metal oxide nanoparicles considered as good photocatalysts for water 

purification. MgO and magnesium (Mg) nanoparticles are used to destroy/adsorb biocides 

against gram-positive and gram- negative bacteria such as Escherichia coli and Bacillus 

megateriumand bacterial spores (Bacillus subtillus) [24]. Application of nano TiO2 and Cu2O 

electrodes in electrocatalytic oxidation process was shown the efficient oxidation of organic 

pollutants and higher COD removal rate was reported [25]. High biocidal activity was observed 

towards the Escherichia coli and Staphylococcusaureus using silver- SiO2 nanocomposite with 

crosslinked chitosan as an upper layer [26]. Ferrites and iron minerals, such as akaganeite, 

feroxyhyte, ferrihydrite, goethite, hematite, lepidocrocite, maghemite and magnetite have been 

utilized in adsorption processes for wastewater treatment [27]. Oxides of Iron and titanium are 
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good sorbents for the removal of metal contaminants from their sources. Pd/Fe3O4 

nanocomposite catalyst has been applied for de-halogenation in wastewater treatment process 

[6]. 

 

1.3 Zeolites 

Mostly zeolite nanoparticles have been produced by using introduction of pulsed laser on the 

zeolite LTA microparticles or by hydrothermal activation of fly ash. Laser-induced 

fragmentation of Zeolites LTA microparticles generates the zeolite nanoparticles. Zeolites have 

an effective ion exchange property. Zeolites have been widely used as an ion exchange media for 

water purification and also an effective sorbents for the removal of metallic ions from the 

wastewater. Zeolites employed widely for the removal of Cr(III), Ni(II), Zn(II), Cu(II) and 

Cd(II) heavy metals from the wastewater sources of electroplating industry and acid mines [28]. 

1.4 Carbon-based nanoparticles 

Nanoparticles based on the carbon materials used as potential sorbents for organic solutes in 

aqueous solutions due to its unique advantage of high surface area and sorption capacity and 

selectivity. Notable cabon based nanoparticles are Fullerenes, carbon nanotubes, nano size 

diamonds and nano size wires. Carbon nanomaterials exhibit extreme properties such as, 

excellent thermal, electrical conductivity, stable, limited reactivity and strong antioxidants [29]. 

Enhanced colloidal stability of CNTs was achieved by the surface modification of CNTs with 

acid was successfully employed for the removal of Cr (VI) [9]. Multi walled CNTs have been 

employed to study the nature of adsorption towards the binary contaminants in aqueous media 

such as 2, 4, 6- trichlorophenol and Cu(II) metal ion [30]. Chitosan nano particles show 

enhanced absorption capacities for the acid dyes removal [31]. 

 

2. Individual AOP’s involving Nanomaterials 
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Advanced oxidation processes (AOP’s) have received the increasing attention towards the 

research and development of wastewater treatment technologies over the last two decades. These 

processes (e.g., cavitation, photocatalytic oxidation, Fenton, ozonation) have been applied 

successfully for the degradation of recalcitrant organic pollutants at laboratory scale. 

Homogeneous and heterogeneous advanced oxidation processes (AOP’s) have been investigated 

well in advance in the area of wastewater treatment. To activate the AOP’s, ultraviolet (UV) or 

visible light, different oxidants (O2, H2O2, O3), catalysts (TiO2) are necessary. During the 

activation process, AOP’s able to generate hydroxyl radicals (∙OH) reactive with organic 

compounds in the presence of dissolved oxygen of aqueous media. Among various industrial 

pollutants, printing, paper and dyeing are the major environmental polluting industries due to the 

extensive use of organic colors during the production process. Presence of organic colorants in 

aquatic bodies restricts the absorption and reflection of sunlight, and increases the toxicity 

concentration ultimately creates the problems to the aquatic life. Efficient AOP’s can be used to 

obtain the complete mineralization of organic dyes. Many studies demonstrated the behavior of 

various AOP’s towards the successful degradation of dye pollutants in aqueous media. Photo-

catalytic advanced oxidation process initiates the complex chain reactions and it may produce 

the colourless organic intermediates. Some times these intermediates are more toxic than the 

parent compound. Total mineralization of the pollutant is the main objective of the advanced 

oxidation processes. Over the past decades, many research studies have been utilized the micro 

sized catalysts in photocacatlytic advanced oxidation process for the degradation of organic 

compounds, only few research studies have been utilizes nanomaterials as nanophotocatlysts in 

AOP’s for the treatment of wastewater [9] and [25]. This study is aiming to review the 

nanomaterials assisted AOP’s that are used for degradation of different organic pollutants in 

waste water. 
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2.1. Visible/UV light assisted Nanomaterials as a Photocatalyst: 

Over the past two decades, nanocrystalline TiO2 has been widely used as a photocatalyst for 

organic pollutent degradation from the wastewater [32], [33], [34] and [35]. Identification of 

intermediate products and formation of end products in the photocatalysis have been investigated 

in the earlier literature [36], [37], [38] and [39]. Around 70% of literature is available on 

photocatalysis for wastewater treatment used TiO2 as a photocatalyst. Among them, very few 

studies have attempted the use of doped TiO2 nanophotocatlysts for the treatment of wasterwater. 

The TiO2 photocatalyst consist of wide bandgap (3.2 eV) and can be called as a semiconductor, 

corresponding to radiation in the near UV range is one of the advantage compared to other 

semiconductor photocatalysts. When, the UV light is irradiated on the TiO2 surface, and then 

TiO2 get excitated and generates pairs of electrons and holes in the conduction and valence band. 

The positive hole will adsorb the surrounding water molecules and get oxidize to form a 

hydroxyl radical. The generartion of hydroxyl radical seems to be cyclic process and intiates the 

series of reactions on the TiO2 surface as reported in Fig. 1. Both the photocatalyst and light 

source is necessary to intiate the photocatalytic oxidation reaction for the degradation of organic 

pollutants in the wastewater. 

The possible utilization of visible light/sunlight for intiating the photocatalytic reaction has 

recently drawn an attention due to the utilization of UV energy is more expensive and hazardous. 

However, we have been discussed in brief about the articles that are reported the UV/Visible 

induced nanomaterials as a photocatalysts. Nogueira and Jardim demonstrated how the photo-

bleaching of dyes could be achieved by sunlight irradiation using TiO2 as photocatalyst [40]. 

Reeves et al. [41] proposed the use of high intensity sunlight for the degradation of textile dyes 

and non-biodegradable biological stains from wastewater. However, out of the total UV energy 

released from the sun, only < 5% of UVenergy reaching the surface of the earth. This UV energy 

is insufficient to obtain the significant photocatalytic degradation rates for the organic pollutants 
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in the wastewaters. Serpone’s group was studied further using visible light as an energy source 

for photo-oxidation of dye in water system such as degradation of erythrosine and rhodamine B 

dye [42] and [43], and malachite green dye [44]. Many of the dyes and other organic pollutants 

during the degradation can generate toxic intermediates which may be hazards to environment. 

Degaradation of dyes may produce the intermediates, that can be substructures of parent 

molecules and these have been reported as carcinogenic and toxic components [45]. Ao et al. 

[46] studied the decolorization of anthraquinonic dye acid blue 80 using sol–gel TiO2 thin film 

in the presence of photocatalytic oxidation process. Obtained results explained that formation of 

TiO2 thin films at lower temperature calcination show effective decolorization in the UV region. 

Where as, the modified TiO2 thin film by Cr ion implantation, shows that the light absorption 

was shited from UV to the visible range. Modified TiO2 thin film by Cr ion was acted as a solar 

photocatalyst for the decolorization of dye for treatment of textile effluent. Zhu et al. [47] 

reported the crosslinked chitosan/nano-CdS composite catalyst has been employed to decolorize 

the Congo Red (CR) dye as model pollutant under visible light irradiation. Effect of catalyst 

loading, initial concentration of dye, and pH of the solution and reaction kinetics has been 

studied. Shukla et al. [48] investigated the phenolic compound degradation in the presence of 

aqueous solution using TiO2, ZnO as a photocatalyst and persulphate as an additional radicals 

producing agent in the presence of UV–Vis light. It was observed that ZnO shown higher 

photocatalytic degradation of phenol than TiO2 in the presence of simulated solar light. Lu et al. 

[49] has studied the degradation of azo dye in aqueous solutions using commercial TiO2 

nanoparticles as a photocatalyst immobilized on the inner wall of the glass reactors mounted 

with 8 W UV light. In this study UV light was illuminated for 4 h for the degradation of azo dye. 

Gao et al. [50] have prepared new photocatalyst composite i.e.Er3+:YAlO3/Fe-doped TiO2–ZnO 

composite using ultrasound assisted and liquid boiling method. It has been reported that with an 

addition of luminescence agent such as Er3+:YAlO3 can convert the visible light present in the 
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solar radiations into UV light that make up the requirement of energy for the process of 

photocatalysitc degration using TiO2–ZnO composite phototcatalyst. Therefore, it has been 

further reported that the novel Er3+:YAlO3/Fe-doped TiO2–ZnO composite photocatalyst is 

found superior for the degradation of candidate dye compared to Fe-doped TiO2-ZnO 

photocatalyst. Bansal et al. [51] studied the photocatalytic activity of TiO2 – P25 Degussa, 

ZnO/TiO2 composite towards the degradation of Acid orange 7 as a model pollutant. The results 

were compared with TiO2 – P25 Degussa. ZnO/TiO2 shows promising photocatalytic activity 

and shows 12% higher rate of decolorisation of the dye than that of TiO2 – P25 Degussa. Shi et 

al. [52] was prepared the immobilizing Er3+:YAlO3/TiO2 on the surface of the spherical shaped 

activated carbon as a support. Er3+:YAlO3/TiO2 photocatalyst was also employed to study its 

photodegradation performance for methyl orange (MO) dye under visible light irradiation using 

LED lamp (λ >400 nm). Elamin et al. [53] have been synthesized the nanostructured ZnO 

materials such as nanotubes and nanosheets through the hydro-thermal route. The performance 

of both the phtocatalysts towards the degradation of Methyl Orange has been evaluated by using 

UV light (λ =253.7 nm). The obtained results concluded that ZnO nanosheets exhibited effective 

degradation of MO compared to nanotubes. Such result was obtained due to nanosheets 

attributed high surface area than the nanotubes. Pompermayer et al. [54] have studied the 

environmental assessment of ZnO nanophotocatalysts synthesis via six different procedures. The 

corresponding ZnO nanophotocatalysts have been investigated for Rhodamine B dye 

degradation, and they concluded that degradation rate of the Rhodamine B dye increased up to 

30 times. Booshehri et al. [55] investigated the disinfection of Escherichia coli under visible 

light (λ > 420 nm) and Ag/BiVO4 composites. An impregnated silver nanoparticle with the 

BiVO4 was shown the enhanced photocatalytic activity and total disinfection of the Escherichia 

coli cells over 3 h of study. Barakat et al. [56] reported the illuminated TiO2 catalyst was tested 

for the cyanide and Cu (II) ions removal form wastewater. Both free and complex cyanide have 
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been destroyed under TiO2 with UV irradiation of 100 W. It was confirmed that photocatalytic 

process possesses excellent conversion of organic species in to CO2 and nitrogen than 

conventional cyanide wastwater treatment processes. Muruganandham et al. [57] evaluated the 

performance of 30 nm particles size TiO2-P25 (Degussa) photocatalyst under UV-A light 

irradiation (365 nm) for the degradation of Reactive Orange 4 (RO4). RO4 dye was completely 

decolourised and degraded within the period of 80 min and 180 min respectively under the 

optimum conditions. Dai et al. [58] studied the methyl orange photodegradation in aqueous 

solution by mesostructured Titania nanoparticles in the presence of UV irradiation. They are 

reported that 98 % MO is degraded with the use of 1.0 g/L mesostructured Titania catalyst 

suspension (pH 2.0) after 45 min irradiation. Tu et al. [59] reported the preparation of Fe-doped 

TiO2 nanotube arrays using template-based liquid phase deposition method and its photocatalytic 

acticities were examined by the degradation of methylene blue dye under visible light. It was 

reported that the Fe doped TiO2 nanotube arrays photocatalyst shows better photocatalytic 

activities under visible light irradiation. 

Liu et al. [60] synthesized the TiO2 nanotubes–polyurethane nanocomposite photocatalyst and 

applied for photocatalytic degradation of Rhodamine B. The prepared composite can be reused 

further as they act as heterogeneous phase catalyst. Wang et al. [61] studied the 

photodegradation of methylene blue in aqueous solutions using various photocatalysts, including 

TiO2, CNT (Carbon nanotube)–TiO2, Au–TiO2, and Au–CNT–TiO2 composites. Liu et al. [62] 

was tested the Fe doped TiO2 nanophotocatalyst for the removal of chlorophenols from aqueous 

solution. The Fe/TiO2 nanophotocatalyst was exhibited better dechlorination and effeicent 

oxidation of 2,4-DCP (2,4-dicholorophenol) under UV irradiation. Cui et al. [63] synthesized the 

γ -Fe2O3@SiO2@TiO2–Ag nanocomposites with a core–shell structure using a hydrothermal 

method and a sol–gel method. Photocatalytic activity of the γ-Fe2O3@SiO2@TiO2–Ag was 

examined under UV irradiation for the degradation of methyl orange dye solution. It was found 



14 
 

that γ -Fe2O3@SiO2@TiO2–Ag nanocomposites exhibited better photocatalytic degradation rate 

compared to pure TiO2. They are reported that γ -Fe2O3@SiO2@TiO2–Ag and TiO2 decomposed 

84% and 49% of the methyl orange respectively over 1 h of UV irradiation. Sowbhagya et al. 

[64] have synthesized the nano-structured Se-doped ZnO photocatalyst by electrochemical 

method. The photocatalytic activity of the Se-doped ZnO nanoparticles was studied by the 

kinetics of degradation of Indigo carmine dye. The degradation efficiency of Se-doped ZnO was 

found to be 96 %. Wei et al. [65] carried out the series of iron-doping on to anatase TiO2 

nanotubes (Fe/TiO2 NTs) under ultrasonic assisted sol-hydrothermal process. Photocatalytic 

activity of Fe/TiO2 NTs have been studied in the presence of visible light for the degradation of 

candidate dye i.e. reactive brilliant red X-3B dye in aqueous solution. The dimensions of the 

used TiO2NTs have been found to be 20 nm to 100 nm in length. 

Cheng et al. [66] performed the comparison of nanosized ZnO with TiO2 in presence of UVC 

radiation for the removal of E. coli from wastewater at different concentration of nanosized ZnO 

and TiO2. It was reported that the nanosized ZnO is superior in the removal of E.coli than 

nanosized TiO2.
 Behnajady et al. [67] employed the liquid impregnation (LI) and photo-

deposition (PD) method for the synthesis of silver doped TiO2 nanoparticles. Photocatalytic 

degradation of C.I. Acid Red 88 (AR 88) monoazo dye has been tested by silver doped TiO2 

using 15 W UV lamp as a photo source. The obtained result reveals the fact that silver doped 

TiO2 is better than undoped TiO2 interms of photocatalytic degradation of AR 88. Sathish kumar 

et al. [68] reported the preparation of magnetic CoFe2O4 and CoFe2O4/TiO2 nanophotocatalysts 

by a co-precipitation method and the photocatalytic degradation of Reactive Red 120 (RR 120) 

were studied by varying its initial concentration and the amount of nanocatalyst loading in order 

to attain a maximum degradation. Doh et al. [69] developed the photocatalytic TiO2 nanofibers 

by using electro spinning method for the treatment of organic compounds. To increase the 

photocatalytic activity and effective surface area, TiO2 nanoparticles particles were coated on the 
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TiO2 nanofibers by using sol–gel method. The degradation rate with composite TiO2 was 

significantly higher than of TiO2 nanofibers and that of TiO2 nanoparticles by the sol–gel 

method. 

Wong et al. [70] synthesized the copper-doped TiO2 nanocatalysts by photo-deposition and sol–

gel methods. They found that, 1% of Cu doped TiO2 was sufficient for good photocatalytic 

activity. Whereas more than 1% Cu doping on TiO2 apparently decreases the photocatalytic 

activity. They reported that 1% of Cu doped TiO2 removed 100 % color and 99% of total organic 

carbon (TOC) over 150 min of photocatalytic reaction. Abbad et al. [71] reported the synthesis 

of titanium dioxide (TiO2) nanophotocatalyst using sol-gel technique. The prepared 

photocatalyst was employed to degrade the chlorophenols of concentration ranges from 50 to 

150 mg/L under direct solar radiation. Chlorophenols that are degraded in their study includes 2 

chlorophenol (2-CP), 2, 4-dichlorophenol (2,4-DCP) and 2, 4,6-trichlorophenol (2,4,6-TCP). 

The obtained results concluded that 50 mgl/L of 2-CP, 2,4-DCP and 2,4,6-TCP can be degrade 

up to 99, 98 and 92 % receptively over 90 min of irradiation time at pH 6. Shao et al. [72] 

performed the preparation of ZnFe2O4@ZnO nanophotocatalysts with enhanced photocatalytic 

activity using solvothermal method. The photocatalytic degradation of Methylene Blue (MB) 

was carried out under UV irradiation. It has been reported that the core–shell ZnFe2O4@ZnO 

nanophotocatalyst have superior photocatalytic activity than neat ZnO. Liang et al. [73] 

developed the novel Bi2S3/Bi2O2CO3 heterojunction photocatalysts. The photocatalytic activities 

of Bi2S3/Bi2O2CO3 were examined by degrading Rhodamine B (RhB) under visible light and 

sunlight irradiation. They concluded that 5 mol % Bi2S3/Bi2O2CO3 heterojunction photocatalyst 

exhibited the best photocatalytic activity (30 min under visible light, λ > 400 nm). Khataee et al. 

[74] was studied the degradation of C.I. Basic Red 46 in a batch photocatalytic reactor. In this 

study TiO2 nanoparticles immobilized on glass beads and 30 W UV-C lamp was used. He has 

also developed an artificial neural network model (ANN) to predict in advance about 
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photocatalytic decolorization behavior of BR 46 solution. Deatiled photocatalytic nanoparticles 

used in the single AOP’s has shown in Table 1. 

 

3. Hybrid advanced oxidation processes involving Nanomaterials: 

A combination of different AOP’s have been found to be more efficient for wastewater treatment 

due to the high degree of energy efficiency and generation of higher quantum of hydroxyl 

radicals as compared to individual oxidation process. Global treatment of wastewater can be 

achive with hybrid AOP’s. Combination of various AOP’s such as UV/O3/H2O2, photo-Fenton 

processes combined with ultrasound cavitation and other non-photochemical AOP’s has been 

studied more. As well as, combination of AOP’s with conventional wastewater treatment 

methods, mainly biological oxidation was also investigated for the treatment of wastewater. 

Various combination techniques have been investigated and reported in the literature for the 

wastewater treatment [102], [103], [104], [105] and [106]. Combination of individual AOP’s 

(Hybrid processes) can be applied to increase the mineralization efficiency of the organic 

compounds. This article also presents an overview of recent work on removal of different kinds 

of toxic pollutants from wastewater, including aromatic compounds, dyes, pharmaceutical 

compounds and pesticides using hybrid advanced oxidation processes such as combination of 

photo-fenton with nanophotocatalyst, combination of UV/O3 with nanophotocatalyst, 

sonophotocatalytic degradation, sono-fenton catalytic processes, hydrodynamic cavitation based 

AOP’s involving nanomaterials etc. 

Chen et al. [107] reported the Co–TiO2/Oxon/Photo process for the degradation of Rhodamine 

B.  Effect of pH, [Oxon]/[RhB] molar ratio and catalyst concentration  have  been studied to 

found the extent of degradation of Rhodamine B. Bobu et al. [108] synthesized the modified 

laponite clay-embeded Fe nanocomposite (Fe-Lap-RD) and investigated its Photocatalytic 

activity towards the degradation of ciprofloxacin (CFX) medicine. Fe-Lap-RD acts as a 
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heterogeneous photocatalyst and hydrogen peroxide used as additional radical producing agent 

as well as oxidizing agent. Narendra Kumar et al. [109] have studied the degradation of non-

biodegradable H-acid dye using TiO2 in the presence of UV, UV/H2O2, UV/H2O2/Fe2+ (photo-

Fenton process), UV/TiO2 and UV/H2O2/TiO2 systems. They have optimized the amount of 

catalyst addition, effect of H-acid concentration, contact time, effect of pH in order to obtain the 

maximum degradation in all AOP’s. The order of COD reduction in the above systems is 

followed as UV/H2O2/TiO2> photo-Fenton > UV/TiO2> UV/H2O2>UV. Sivasankaran et al. 

[110] have studied the hybrid methods like ultrasound+ (NiO/Pd, Pd/C, Pd + NiO/C), hydrogen 

peroxide etc., on the degradation of Congo red. 

              Cavitation based hybrid AOPs have been widely investigated for wastewater treatment 

applications, but the main focus lies on the use of ultrasonically induced cavitational process 

which have limitation to scale up [111] and [112]. Research has been progressed on 

development of efficient hybrid systems for waste water treatment using cavitation coupled with 

various advanced oxidation processes such as UV photocatalysis, addition of H2O2, cavitation 

coupled with photo Fenton etc. the recent literature on waste water treatment using 

photocatalysis and cavitation coupled with photocatalysis has been reported here. 

Some of the recent studies show that ZnO doping on graphene oxide can be used as 

photocatalyst for waste water treatment due to its improved photocatalytic activity. Behnajady et 

al. [113] have studied the degradation of Malachite Green (MG) dye in the presence of ultrasonic 

waves (US), ultraviolet (UV) radiation and UV/H2O2 processes. They are concluded that 

US/UV/H2O2 process was the most effective process for degradation of MG from aqueous 

solution and it is 1.15 times more than UV/H2O2 process. In UV/US process the degradation of 

MG from aqueous solution is 1.93 and 8.29 times more than US and UV processes but it is 

limited for only practical aplication. Behnajady et al. [114] studied the degradation of malachite 

green (MG) in the aqueous media using ultrasonic bath. They were also investigated the effect of 
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different operational parameters on degradation of MG dye such as MG concentration, power 

density, temperature, mechanical agitation and addition of EtOH, 2-PrOH and iso-BuOH. 

Talebian et al. [115] studied the degradation of chrome intra orange G (C.I. 18745) azo dye by 

ZnO nanoparticles as catalyst under UV light irradiation. They are also investigated the 

degradation rates of orange G dye in sonolysis, sonocatalysis, photocatalysis and 

sonophotocatalysis. Chakma et al. [116] have studied the ultrasound assisted 

decolorization/degradation of acid red 14 (azo dye) using sonochemically prepared Fe3+ doped 

ZnO. They have preapred 2 wt % Fe3+ doped ZnO nanoparticle by ultrasound assisted (20 kHz) 

method. Degradation studies were carried out using sonolysis, photocatalysis and sono–

photocatalysis processes. Among these processes, sono–photocatlytic process is highly effective 

with maximum decolorization of 82 % with an initial dye concentration of 20 ppm. Further the 

sonophotocatalysis process reported to have 1.4 – 1.6 higher reaction rates with Fe doped ZnO 

than pure ZnO. Salehi et al. [117] have studied the photolysis and sonophotocatalysis for the 

degradation of methylene blue dye pollutant over TiO2 nanopowders. Based on the obtained 

results they have concluded that the basic pH of the dye solution shows the better degradation of 

dye. And also higher degradation percentage obtained with higher UV power and lower initial 

concentration of dye. Sathishkumar et al. [118] has synthesized the TiO2 nanophotocatalyst for 

the enhanced photo catalytic degradation of Acid Blue 113 (AB113). The sonolytic, 

sonocatalytic and sonophotocatalytic degradation of AB 113 was carried out by a 42 kHz 

sonicator. Shirsath et al. [119] have synthesized the titanium dioxide nanoparticles doped with 

Fe and Ce using sonochemical approach. TEM image of Ce doped TiO2 was shown in Fig. 2 and 

TEM image of pure TiO2 was shown in Fig. 3. Ultrasond cavitation technique has been used for 

the study of photocatalytic degradation of crystal violet dye in aqueous solution in the presence 

of UV light. It was observed that sonochemically prepared catalysts exhibit higher photocatalytic 

activity than conventional synthesis. The Ce-doped TiO2 shows better photocatalytic activity 
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than Fe-doped TiO2 and TiO2.
 Schematic diagram for the synthesis of nanoparticles using 

sonochemical technique (ultrasound) has been shown in Fig. 4. It can also be used for the 

removal of organic pollutants by employing UV lamp in the ultrasonic reactor. Addition of 

catalyst in to the said ractor makes the sonophotocatalysis. Deatiled nanomaterials used in the 

hybrid AOP’s has shown in Table 2. 

4. Process intenensification using nanostructured materials for wastewater treatment 

Process intensification mainly relates to the design and development of new apparatuses and 

new methods that are expected to improve the quality and quantity of the product compared to 

past. Intensification of process drastically reduces the size of the plant equipment, energy 

consumption, or waste generation, which may result into cheaper and sustainable technologies. 

Process intensification only involves engineering methods and equipment. In fact, improvements 

attained in existing technology through development of a new chemical route or a change in 

composition of a catalyst, that do not qualify as process intensification. Process intensification 

mainly classified in to 2 categories based on the equipment and methods.Process-intensifying 

equipment, includes novel reactors, and intensive mixing, heat-transfer and mass-transfer 

devices 

 Process-intensifying methods, includes new or hybrid separations, integration of reaction and 

separation, heat exchange, or phase transition. Intensification of oxidation of organic pollutants 

in wastewater using process-intensifying equipments and methods has been studied well over the 

past.  But we have been found very narrow literature on Process Intensification-effects resulting 

from application of nano-structured materials in wastewater oxidation. However, very few 

studies have been investigated the intensification of wastewater oxidation through nanostrucured 

materials.  

Van Gerven et al. [135] made a good review on intensification of photocatalytic processes; their 

investigation mainly depends upon the Comparison of different photoreactor configurations. 
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Zhang et al. [136] fabricated a hybrid material (Fe0-CNTs) to use as a micro-electrolysis in the 

remediation of contaminated water. Fe0-CNTs exhibited high efficiency in the degradation of 

methylene blue (MB). They have been intensified the gradual reduction of absorption band over 

time denoting the concentration of aromatic intermediates. It indicating the effectiveness in 

degradation aromatic intermediates. 

Behnajady et al. [137] studied the intensification of azo dye removal rate in the presence of 

immobilized TiO2 nanoparticles and inorganic anions under UV-C Irradiation. The obtained 

result in their study indicates that the addition of NO3− and HCO3− ions intensifies the removal 

rate of AR17. They have been observed the significant synergitic effect while the combination of 

NO3− and HCO3− ions were studied; under the optimized RSM conditions percentage removal 

of AR17 was more than the sum of the percentage removal when these ions are used 

individually. 

Wu et al. [138] studied the intensification effects of Pickering emulsions on photocatalytic 

degradation of nitrobenzene. ZnO nanoparticles modified with 3 wt % modifying agent shows 

best results in degradation of nitrobenzene. It was found that adopting the scheme of Pickering 

emulsion stabilized by the modified ZnO nanoparticles could effectively intensify the 

photocatalytic degradation of organic contaminants in wastewater treatment. Pinho et al. [139] 

were tested the commercial multi-walled carbon nanotubes as catalysts in wet peroxide oxidation 

of phenol. Experiments were carried out under the following intensified conditions such as, 

phenol concentration = 4.5 g L−1, hydrogen peroxide concentration = 25 g L−1, catalyst load = 

2.5 g L−1, pH 3.5, T = 353 K and 24 h. Catalytic experiments shows complete removal of phenol 

is achieved when using some of the carbon nanotubes (Sigma- Aldrich 1, Nanocyl (NC) and 

Sigma- Aldrich 2), together with a remarkable total organic carbon removal (77, 69 and 67%, 

respectively). Hu et al. [140] intensified the removal of nitrobenzene from aqueous solution 

using nano-zero valent iron (nZVI)/Granular Activated Carbon Composite. The involvement of 
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GAC improved the dispersion of nZVI greatly and intensified the removal of NB from aqueous 

solution with less dissolved iron after Fenton-like reaction, as GAC in the composite performed 

as both a reactive support in iron-rich phase and a catalyst promoter on ·OH generation, and 

there were iron–carbon microelectrolysis effects to promote electrons transfer efficiency to 

enhance Fe(III)/Fe(II) regeneration and cycles. 

Ribeiro et al. [141] assess the intensification of magnetic graphitic nanocomposite (MGNC) as a 

high per-formance catalyst in catalytic wet peroxide oxidation (CWPO) of 4-Nitrophenol. The 

incorporation of Fe3O4 nanoparticles in a graphitic structure during the synthesis of MGNC was 

found to be enhancing the catalytic activity in CWPO when compared to Fe3O4, due to 

increased adsorptive interactions between the surface of the catalyst and the pollutant molecules. 

Complete removal of 4-Nitrophenol (4-NP) is obtained after 4 h of operations. 

  Further materialize the potential of nanomaterials for the intensification of oxidation of organic 

pollutants in waste water, research needs to focus on developing novel nanomaterials that are 

less energy-intensive. Systematic studies of the fate of nanoparticles in the environment, which 

can be used to predict the fate of similar nanoparticles, need to be intensified since studying each 

nanoparticle/nanocomposite is onerous and almost impossible. 

5. Mechanistic aspects of AOP’s: 

The mechanism of AOP’s ultimately leads to the generation of highly reactive hydroxyl radicals 

(OH•), these radicals are highly oxidative with organic pollutants in the wastewater. Hydroxyl 

radicals mostly prefer the electrons from the surrounding electron-rich organic compounds may 

leads to the complete degradation of organic pollutants. The oxidation potential of hydroxyl 

radical is reported around 2.33 V, which is more than the chemical oxidants such as H2O2 or 

KMnO4. The overview of mechanistic aspects of OH• radical generation in various AOP’s 

includes photo and nano photo chemical AOP’s have been reported here. 
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Non-photochemical methods: 

Non-photochemical AOP’s able to generate the hydroxyl radicals without using light energy. 

From the literature, few non-photochemical AOP’s have been found in wastewater treatment. 

The mechanistic procedure involved for the hydroxyl radical generation in such AOP’s has been 

discussed here. 

1). Ozonation  

2). Wet peroxide ozonation (O3/H2O2) 

3). Catalytic ozonation 

4). Fenton based wet peroxidation (H2O2/Fe2+) 

1). Ozonation  

Ozone is one of the highly oxidative agents for the oxidation of chemicals among pure oxygen 

and air. Ozone can also produce the oxidative redicals in the wastewater. Attacking of ozone 

molecules on •OH radicals surrounded by organic pollutants may leads to the degradation of 

pollutants. The typical reaction mechanism involved in ozonation was reported as [142]. 

3O3 + OH– + H+ → 2•OH + 4O2    (1) 

2). Wet peroxide ozonation (O3/H2O2) 

It has been reported that faster decomposition of ozone can be made by the addition of hydrogen 

peroxide to ozone leads to thefaster generation of •OH radicals: 

2O3 + H2O2 → 2 •OH + 3O2 (2) 

The proposed reaction may continues as described above and •OH radicals are produced [143]. 

3). Catalytic ozonation 

Normally heterogeneous or homogeneous phase catalysts can be use to to improve the ozonation 

reactions for the efficient degradation of organic pollutants. Several metal oxides have been 

proposed for catalytic ozonation process such as Fe2O3, Al2O3, MnO2, CeO2, TiO2 and ZnO. The 
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reaction mechanism for the degradation of various organic pollutants is remained unclear in 

most of the catalysts. 

4). Fenton system (H2O2/Fe2+) 

The Fenton process was reported by Fenton for maleic acid oxidation. Later, scientists have 

carried out many researches on application of fenton as a catalyst for the oxidation of various 

organic pollutants in wastewater [144]. Some of the researchs have also used the other chemical 

oxidants in conjuction with fenton process to enhance the degradation rate. The raction 

mechanism for the combined process of fenton and hydrogen peroxide is like. 

Fe2+ + H2O2 → Fe3+ + OH– + •OH (3) 

Presence of extra amount of hydrogen peroxide leads to the oxidization of Fe (II) to Fe(III) in a 

fraction of minutes. It was reported that, hydroxyl radicals can be generate by decomposition of 

hydrogen peroxide by Fe (III) according to the following reactions: 

Fe3+ + H2O2 ↔ H+ + Fe––OOH2+  (4) 

Fe––OOH2+ → HO2 + Fe2+    (5) 

Fe2+ + H2O2 → Fe3+ + OH– + •OH (6) 

Photochemical methods: 

Non-photochemical based treatment techniques suh as ozonationand wet peroxide oxidation 

does not meet the completely mineralization of organic pollutants [143]. Some of the non-

photochemical AOP’s can generate more toxic intermediates than the initial parent compound. 

Complete destruction of organic compounds can be achieved by combining UV radiation with 

other non-photochemical AOP’s. Most of the UV lamps exhibit UV energy in the wavelengthof 

200-300 nm range. Due to direct photolysis, organic molecules can be excited upon the 

absorption of UV energy and generate the hydroxyl radicals. Equations (14-19) describe the 

main pathways and the role of hydrated electron and hydrogen radical in producing other 

radicals leading to oxidation products. 
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H2O
 hv
→  HO. + H. + eaq

−   (7) 

eaq
− + O2→O2

−   (8) 

eaq
− + H+ → H• (9) 

H• +O2→ HO2• (10) 

O2

𝐻+
↔  HO2• (11) 

HO2• +RH →oxidation products (12) 

Some of the photo chemical based AOP’s have also been discussed here. 

1). O3/H2O2/UV 

2). Photo-Fenton system 

3). Photocatalytc system (UV/TiO2) 

1). Ozone–hydrogen peroxide–UV radiation (O3/H2O2/UV) 

Decomposition rate of ozone can be improved by the supplement of H2O2 to the O3/UV process. 

Enhanced decomposition of ozone ultimately increased the rate of hydroxyl radical’s production. 

Addition of hydrogen peroxide to some of the AOP’s is cost effective, when the organic 

pollutant possesses low absorption of energy from the UV light irradiation. 

 

2). Photo-Fenton system 

When the Fe3+ ions and H2O2 exposed to UV irradiation, H2O2 will be decompose under 

photocatalytic activity of Fe3+ ions  leads to the generation of  •OH and Fe2+ ions. It was 

observed that Fe (OH)2+ complex has been formed at pH 3.  

Fe3+ + H2O → Fe(OH)2+ + H+ (13) 

Fe(OH)2+ ↔ Fe3+ + OH-        (14) 

Fe(OH)2+
 hν
→ Fe2++•OH            (15) 

3). Photocatalytic system (UV/TiO2) 
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Under UV or visible light irradiation irradiation appropriated semiconductor material may be 

excited by photons and produce two pairs of electron and holes in the conduction and valence 

band respectively. Generated charge carriers will initiate the reduction or oxidation reactions 

respectively. At the surface of the TiO2 particle these may react with absorbed species [145]. 

e– + O2 → •O–
2 (16) 

h+ + A– →•.A  (17) 

h+ + OH– → •OH  (18) 

•OH + RH → •RHOH (19) 

•OH + RH → •R + H2O (20) 

h+ + RH → •RH+ (21) 

H2O + h+ → •OH + H+ (22) 

6. Current trends and future prospectus: 

Earlier, researches have been mainly focused on conventional or traditional systems for 

wastewater treatment. Researchers have followed these conventional treatment techniques up to 

1990’s. Later they shifted to AOP’s such as photocatalysis, ozonation, etc. Most of the research 

works have been carried out in wastewater treatment using TiO2 based photocatalytic AOP and 

also most of the work carried out with micro sized photocatalysts. Now the current trend is the 

researchers using AOP’s conjunction with nanotechnology for water and wastewater treatment is 

gaining momentum globally. The unique properties of nanomaterials and their convergence with 

AOP’s present great opportunities to revolutionize water and wastewater treatment. The 

combined methods of nanomaterials involving AOP’s are one of the advanced wastewater 

treatment technique to remove contaminants from wastewater or convert pollutants into more 

degradable compounds. Although many nanomaterials assisted AOP’s reported in this review 

are in the laboratory research stage and some are tested at pilot scale. 
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There may be future prospects for implementation of Hydrodynamic cavitation and ultrasonic 

treatment as an AOP on commercial scale and pilot scale respectively, that could promote the 

production of more hydroxyl radicals. A promising future for these AOP’s waits. Nanomaterials 

assisted these AOP’s may become applicable on an industrial scale when every effectiveness 

factor is optimized and different processes are combined (hybrid system) to eliminate some of 

the drawbacks associated with the individual techniques to achieve maximum efficiency with 

minimum energy input. To reach this goal in particular, more efforts are required to handle some 

key problems, such as the development of novel catalytic materials (which can be operate in 

visible spectra region or solar based). Furthermore, the amount of ·OH produced is an important 

parameter, but more research work has to be carry out in this direction. 
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List of Tables 

Table 1: Photocatalytic nanoparticles used for Single AOP’s 

Type of System Type of Nano 

Catalyst 

Degraded 

component 

Highlights Article Ref. 

Photocatalysis TiO2 Acid red 44 Studied the influence of pH on 

adsorption and degradation of 

dye on to TiO2 nano crystalline 

powder with an average 

particles diameter of 30 nm in 

the presence of visible light 

respectively. 

[75] 

Photocatalysis TiO2/CdO–ZnO Blue azo dye 100 mg/L of dye solution 

having pH =3, at temperature 

85 0C and with the aid of 400 

mg/L hydrogen peroxide in the 

presence of TiO2 films shows 

the lower degradation of dye 

than on TiO2/CdO–ZnO 

[76] 

Photocatalysis S-doped TiO2 Micrococcus 

lylae (gram-

positive 

bacterium) 

A visible light used for killing 

bacteria via doping sulfur onto 

TiO2 photocatalyst 

[77] 

Photocatalysis ZnO/Al film Phenol ZnO nano-size particles with 

average diameter of 52 nm 

were used. 20 mg/L of phenol 

solution were used and visible 

light was irradiated for 3 h, 

studies concluded that more 

than 40 % of the initial phenol 

was totally mineralized over 

two pieces of ZnO/Al thin film. 

Authors are concluded ZnO/Al 

is a promising visible light 

responded photocatalyst 

[78] 

Photocatalysis Polyaniline (PAn) 

sensitized 

nanocrystalline TiO2 

composite 

(PAn/TiO2) 

methylene blue 

(MB) 

Degradation of methylene blue 

(MB) in aqueous solution was 

investigated under natural light 

irradiation; MB could be 

degraded more efficiently on 

the PAn/TiO2 than on the pure 

TiO2. 

[79] 

Photocatalysis Zr4+ doped TiO2, 

commercial TiO2 

(Degussa P25) 

4-chlorophenol Experimental parameters such 

as initial concentration of 4-

chlorophenol, catalyst loading, 

pH and light intensity were 

optimized to achieve maximum 

degradation efficiency. Zr4+ 

doped TiO2 shows the 

maximum degradation than 

both nano TiO2 and 

commercial TiO2 (Degussa 

P25). 

[80] 

Photocatalysis ZnO methyl orange The smallest 10 nm ZnO 

nanoparticle prepared by 

chemical deposition method 

indicated the lower efficiency 

contrast to 200 nm ZnO 

[81] 
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powders prepared by thermal 

evaporation method. The 

results indicated that 

preparation method was the 

decisive factor rather than size 

and morphology. 

sonocatalytic and 

sonophotocatalytic 

Na5PV2Mo10O40 

supported on 

nanoporous anatase 

TiO2 

coperxon Navy 

Blue-RL, 

Nylosan Black 2-

BC, Methyl 

Orange, Congo 

Red, Solophenyl 

Red-3BL, 

Ponceau S, 

Bromothymol 

Blue, Methylene 

Blue and 

Rhodamin B 

Sonocatalytic and 

sonophotocatalytic 

decomposition of different 

dyes. Composite showed 

higher photocatalytic and 

sonocatalytic activity than pure 

polyoxometalate or pure TiO2 

[82] 

Photocatalysis zinc sulfide as 

undoped and doped 

with manganese, 

nickel and copper 

methylene blue 

and safranin 

The maximum degradation 

efficiency was obtained in the 

presence of Zn0.98Mn0.02S, 

Zn0.94Ni0.06S and Zn0.90Cu0.10S. 

The higher degradation 

efficiency was obtained at 

alkaline pH of 11.0 

[83] 

Photoelectrocatalysis salicylic acid (SA)-

modified TiO2 

nanotube array 

electrode 

p-nitrophenol 

(PNP) 

The degradation efficiencies 

increased from 63 to 100 % 

under UV light, and 79–100 % 

under visible light (λ > 400 

nm), compared with TiO2 

nanotube array electrode. 

[84] 

photocatalysis TiO2 C.I. Acid Orange 

10 (AO10), C.I. 

Acid Orange 12 

(AO12) and C.I. 

Acid Orange 8 

(AO8) 

Crystallites mean size 5–10 nm 

immobilized on glass plates by 

heat attachment method. 

Photocatalytic decolorization 

kinetics of the dyes were 

obtained in the order of AO10 

>AO12 >AO8. overall TOC 

removal larger than 94 % for a 

reaction time of 6 h. 

[85] 

Photocatalysis Non metal-doped 

TiO2 nanoparticles 

(N-F-TiO2) 

microcystin-LR 

(MC-LR) 

Co-doping with nitrogen and 

fluorine are responsible for 

higher photocatalytic activity 

than TiO2 nanoparticles with 

only fluorine or nitrogen 

doping. Under acidic 

conditions (pH 3.0 ± 0.1), the 

highest MC-LR degradation 

rate was achieved with N-F-

TiO2. 

[86] 

Photocatalysis Er3+:YAlO3/ZnO 

composite 

Acid red B Prepared by ultrasonic 

dispersion and liquid boiling 

method. Dye were degraded 

under solar light irradiation. 

[87] 

Photocatalysis Co-doped TiO2 

nanotubes (TNTs) 

basic violet 10 

(BV10) 

Hydrothermal treatment was 

employed to synthesis visible-

light-driven photocatalysis. 

Synthesized tubes are hollow 

scrolls with a typical outer 

diameter of about 10–15 nm, 

[88] 
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inner diameter 5–10 nm and 

length of several micrometers. 

Photocatalysis TiO2, ZnO, and CdS chromium 

Cr (VI)  

 

The maximum removal of Cr 

(VI) was observed at pH=2 out 

of these photocatalysts TiO2 

showed highest capacity for Cr 

(VI) removal than TiO2 thin 

film 

[89] 

Photocatalysis GO-based hybrid 

Ag/AgX (X = Br, 

Cl) nanocomposites 

methyl orange 

(MO) 

The GO-involved 

nanocomposites (Ag/AgX/GO) 

display distinctly enhanced 

photocatalytic activities 

compared to bare Ag/AgX 

nanospecies. The hybridization 

of Ag/AgX with GO 

nanosheets shows the nice 

adsorptive capacity of MO 

molecules 

[90] 

Photocatalysis ZnO Ponceau S (PS) 

diazo dye 

ZnO nanoparticles of size 40 

nm have been prepared and 

used as a photocatalyst 

compared to pristine ZnO 

Photodecolorization 

[91] 

Photocatalysis Pt modified nano-

sized tungsten 

trioxides (Pt/WO3) 

microcystin-LR 

(MC-LR), Cyano 

bacteria 

Photocatalytic activity was 

higher during the degradation 

of MC-LR with Pt/WO3 than 

with pure WO3 or TiO2 

[92] 

Photocatalysis BiVO4 ciprofloxacin 

(CIP) 

Facile microwave-assisted 

synthesis of BiVO4 nano 

crystal showed excellent 

visible-light response. Further 

Pt loading were carried out to 

create the charge collectors, 

transporters, active sites. 

[93] 

Photocatalysis N-doped TiO2 Olive mill 

wastewater 

(OMWW) 

Sol-gel nanoparticles coated on 

glass spheres of 1 mm in 

diameter. 150W visible light 

batch photoreactor were used. 

(COD) was chosen as a key 

parameter of the organic matter 

degradation 

[94] 

Photocatalysis CuO-Al2O3-ZrO2-

TiO2 

Direct sky blue-

5B 

Nanocomposite was 

synthesized by co-precipitation 

method and photocatalytic 

activity under sun light shows 

about 96 % degradation of dye 

over 100 min of degradation 

study. 

[95] 

Photocatalysis TiON/Cu/Co 

(copper and cobalt 

co-modified nitrogen 

doped titania) 

Erichrome black- 

T (EBT) 

Due to lower cobalt ion 

concentration in the doped 

samples, the TiON/Cu/Co 

composite responded with 

extraordinary photocatalytic 

properties. Photocatalytic 

efficiency of TiON/Cu/Co was 

found to be 95 % in 100 min 

duration. 

[96] 

Photocatalysis ZrFe2O5 Toluidine Blue O 

(TBO) dye 

Nanoparticles were synthesized 

using coprecipitation 

technique. degradation 

[97] 
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efficiency was observed as 

92% after 140 min under 

visible light 

Photocatalysis graphene decorated 

CdS particles (G/M-

CdS) 

Rhodamine B CdS Nanoparticles having 640 

nm were synthesized using 

one-pot solvo-thermal route. 

Syntheiszed composite reveals 

the high photodegradation rate 

under visible light irradiation 

[98] 

Photocatalysis L-Glutatione (GSH) 

modified ultrathin 

SnS2 nanosheets 

Methyl orange 

(MO) and 

Chromium Cr 

(VI) 

Nano sheets synthesized via a 

one-pot, facile and rapid solvo-

thermal approach. Superior 

photocatalytic performance 

was observed by complete 

removal of methyl orange and 

Cr (VI) in 20 min and 60 min 

respectively. 

[99] 

Photocatalysis Cerium doped TiO2 Nitrobenzene 

(NB) 

Decomposition of 

Nitrobenzene (NB) in the 

presence of visible light as the 

artificial light source. Cerium 

doped catalyst was found to 

have better degradation of 

nitrobenzene due to its shift in 

the band gap from UV to 

visible region as compared to 

undoped TiO2catalyst. Catalyst 

dosage of 0.1 g/l, pH of 9, and 

light intensity of 500W have 

been employed. 

[100] 

Photocatalysis Kaolinite/TiO2 Methyl orange TiO2/kaolinite calcined at 200 

°C shows a high photocatalytic 

activity due to the smaller 

crystallite size 

[101] 
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Table 2: Hybrid AOP's involving nanomaterials  

Type of System Type of Nano 

Catalyst 

Degraded component Highlights Article Ref. 

UV+H2O2 Immobilized 

titanium(IV) oxide 

Acid Red 14 Photocatalytic degradation 

process has been employed to 

study the degradation of dye 

on pilot scale (7 L), UV-C 

lamp (200–280 nm and 15W, 

Philips) were used. 

[120] 

photocatalytic 

ozonation (UV+O3) 

copper ferrite 

(CuFe2O4) 

nanoparticle 

Reactive Red 198 and 

Reactive Red 120  

Nanoparticles prepared by co-

precipitation method. 

Photocatalytic ozonation of 

dyes on Copper Ferrite 

nanoparticle was a very 

effective method for dye 

degradation. 

[121] 

photocatalytic 

ozonation 

Nickel–zinc ferrite 

magnetic nanoparticle 

(NZFMN) 

Reactive Red 198 and 

Direct Green 6 

NZFMN dosage, dye 

concentration, salt and pH 

were studied. RR198 and DG6 

were completely decolorized 

(100%) 

[122] 

Uv+H2O2 Fe3+-doped TiO2 and 

Fe-bentonite (Fe–B) 

nanocomposite 

Orange II dye Fe–B catalyst exhibits good 

catalytic activity in the 

discoloration and 

mineralization of Orange II in 

the presence of UV-C light 

(254 nm) and H2O2 at an initial 

solution pH of 6.60. Negligible 

leaching of Fe ions from the 

nanocatalyst was observed. 

[123] 

photofenton oxidation 

(UV-H2O2-Fe), 

photocatalytic 

ozonation (UV-O3-Fe), 

photofenton ozonation 

(UV-O3-H2O2-Fe) 

Br, Mn and Co terephthalic acid 

(TPA), isophthalic 

acid (IPA), benzoic 

acid (BA) 

Among all the three processes, 

Photofenton ozonation was 

found to be most efficient by 

achieving almost complete 

destruction of all the three 

targeted organics in less than 

30 minutes of reaction 

[124] 

Sono-photocatalysis pristine ZnO, 

ZnO/CNTs 

composites 

Rhodamine B Sono-photocatalysis was 

always faster than the 

photocatalysis processe due to 

more formation of reactive 

radicals as well as the increase 

of the active surface area of 

ZnO/CNTs photocatalyst. 

[125] 

Sono-Fenton process Fe3O4 magnetic nano 

particles (MNPs) 

Bisphenol-A Reported about 95% 

degradation of BPA and half 

total organic carbon (TOC) in 

solution was eliminated. Fe3O4 

MNPs showed good stability 

and activity even after five 

recycles under pH range from 

3 to 9 

[126] 

Photo assisted-Fenton 

process 

Iron-oxide and 

silicate nanoparticles, 

Fe3+ doped TiO2 and 

Bentonite-Fe  

Orange II Heterogeneous photocatalysts [127,128,129] 

photoelectron Fenton 

(PEF) + photocatalysis 

Mn2+ and supported 

TiO2 

phenol Synergetic effect has been 

studied. 

[130] 

Sono-photocatalytic Bi2O3/TiZrO4 4-chlorophenol (4-CP) 7 nm particles synthesized by 

an ultrasonic assisted 

hydrothermal method. 

Compared sonolytic, 

photocatalytic and 

sonophotocatalytic processes. 

[131] 

Sono-photocatalysis ZnO and TiO2 Phenol 13.7% and 7.0% of [132] 
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degradation was obtained, 

when exposed to US for 2 h in 

presence of ZnO and TiO2 

respectively. 

sonophotocatalysis resulted in 

85% degradation in the case of 

ZnO and 65% in the case of 

TiO2 in 2 h. 

Photocatalysis+ water 

jet cavitation 

TiO2 C.I. reactive red 2 They are observed that RR2 

degradation efficiency 

decreased from 60.5 to 53.5% 

at 90 min as the diameter of 

throat tube increased from 2 

mm (Tube 1) to 3 mm (Tube 

2).   

[133] 

Hydrodynamic 

cavitation 

+Photocatalysis 

TiO2 Diclofenac sodium 

(Pharmaceutical Drug) 

Degradation of diclofenac 

sodium is about 95% with 76% 

reduction in TOC using 

hydrodynamic cavitation in 

conjunction with 

UV/TiO2/H2O2 

[134] 
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