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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
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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.



Fig. 2. Experimental setup for sonochemical synthesis.
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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
Fig. 1. Synthesis of Ce doped TiO2 by sonochemical method.
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 UV
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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
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Fig. 3. XRD patterns of Ce-doped TiO2, Fe-doped TiO2 and undoped TiO2 powder
prepared by conventional and sonochemical method [A – TiO2 (CV), B – TiO2 (US), C
– Fe–TiO2 (CV), D – Fe–TiO2 (US), E – Ce–TiO2 (CV), F – Ce–TiO2 (US)].
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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Fig. 4. FTIR spectra of (A) Pure TiO2, (B) Fe–TiO2, and (C) Ce–TiO2 synthesized by
sonochemical method.



Fig. 5. UV–vis spectra of pure and doped TiO2 nanoparticles prepared by conven-
tional and sonochemical method.
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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.
Fig. 6. TEM images of (A) pure TiO2, (B) Fe doped TiO2 and (C) Ce doped TiO2

nanoparticles prepared by sonochemical 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
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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
Fig. 7. Particle size distributions of Fe–TiO2, Ce–TiO2 and TiO2
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.
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



0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100 120

Irradiation time (min)

C
/C

O

0.4 mol% Ce-TiO2

0.8 mol% Ce-TiO2

1.2 mol% Ce-TiO2

1.6 mol% Ce-TiO2

2 mol% Ce-TiO2

TiO2 

Fig. 10. Effect of cerium doping content on degradation of crystal violet dye (dye initial concentration = 30 mg/L, pH 6.5 and catalyst dose = 0.2 g/L).

0.1

0.3

0.5

0.7

0.9

1.1

0 20 40 60 80 100 120

Irradiation time (min)

C
/C

O

0.4 mol% Fe-TiO2

0.8 mol% Fe-TiO2

1.2 mol% Fe-TiO2

1.6 mol% Fe-TiO2

2 mol% Fe-TiO2

TiO2

Fig. 11. Effect of iron doping content on degradation of crystal violet dye (dye
initial concentration = 30 mg/L, pH 6.5 and catalyst dose = 0.2 g/L).

0

20

40

60

80

100

120

TiO2 0.8 mol% Ce-TiO2 1.2 mol% Fe-TiO2

%
 D

eg
ra

da
ti

on

0.1 g/L 0.2 g/L 0.3 g/L

Fig. 12. Effect of catalyst loading on the crystal violet degradation (Dye initial
concentration = 30 mg/L, pH 6.5).

284 S.R. Shirsath et al. / Ultrasonics Sonochemistry 20 (2013) 277–286
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.



Fig. 13. Effect of initial concentration of crystal violet dye (pH 6.5 and catalyst dose
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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

S.R. Shirsath et al. / Ultrasonics Sonochemistry 20 (2013) 277–286 285
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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