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a b s t r a c t

The ambient sonocatalytic degradation of congo red, methyl orange, and methylene blue by titanium
dioxide (TiO2) catalyst at initial concentrations between 10 and 50 mg/L, catalyst loadings between 1.0
and 3.0 mg/L and hydrogen peroxide (H2O2) concentrations up to 600 mg/L is reported. A 20 kHz ultra-
sonic processor at 50 W was used to accelerate the reaction. The catalysts were exposed to heat treatments
between 400 and 1000 ◦C for up to 4 h to induce phase change. Sonocatalysts with small amount of rutile
eywords:
onocatalytic
yes
iO2 phases
eat treatment
article size distribution

phase showed better sonocatalytic activity but excessive rutile phase should be avoided. TiO2 heated to
800 ◦C for 2 h showed the highest sonocatalytic activity and the degradation of dyes was influenced by
their chemical structures, chemical phases and characteristics of the catalysts. Congo red exhibited the
highest degradation rate, attributed to multiple labile azo bonds to cause highest reactivity with the free
radicals generated. An initial concentration of 10 mg/L, 1.5 g/L of catalyst loading and 450 ppm of H2O2

gave the best congo red removal efficiency of above 80% in 180 min. Rate coefficients for the sonocatalytic
estab
eusability process was successfully

. Introduction

Presently, it is estimated that about 10,000 different types of
ommercial dyes and pigments exist and over 700,000 tones are
roduced annually [1,2]. About 10–20% of the total world produc-
ion of dyes is lost during the dyeing process and is released into
he effluents [3]. Industrial dyestuffs constitute one of the largest
roups of organic compounds that cause an increasing environ-
ental concern [4]. Therefore, a lot of studies have been dedicated

o treat this wastewater by using advanced oxidation process which
nvolves hydroxyl (•OH) radicals to mineralize the organic com-
ounds. Different degrees of success have been reported but the
ethods could subject to some common drawbacks like high capi-

al and running costs, the needs for toxic chemicals and low removal
fficiency, especially at low concentrations. Photocatalytic degra-
ation is another plausible method but its practicality is generally

imited with heavily colored effluent, high photocatalyst loading
nd high volume operation due to low penetration of the UV light
3,4].
The application of ultrasounds in water with a frequency range
f between 18 and 100 MHz can result the phenomenon of acoustic
avitation. It involves the formation, growth and collapse of cav-
ty bubbles that entrapped dissolved gases or vapors surrounding

∗ Corresponding author. Tel.: +60 4 599 6411; fax: +60 4 594 1013.
E-mail address: chzuhairi@eng.usm.my (A.Z. Abdullah).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.08.060
lished and the reused catalyst showed an activity drop by merely 10%.
© 2009 Elsevier B.V. All rights reserved.

water [5,6,7]. Subsequently, many local hot spots with extremely
high temperature (up to 5000 K) and high pressure (up to 1000 atm)
are generated to consequently induce the dissociation of water
(Eqs. (1)–(4)), oxygen molecules (Eqs. (5)–(8)) and hydrogen per-
oxide (H2O2) (Eq. (9)) in the case of its addition into the effluent
[5,7,8].

H2O
))))−→

TiO2

· OH + H· (1)

•OH + H• → H2O (2)

2•OH → H2O2 (3)

2•OH → H2O• + O• (4)

O2
))))−→

TiO2

2O· (5)

•O + H2O → 2•OH (6)

O2 + H• → •O2H (7)

•O2H + •O2H → H2O2 + O2 (8)

H2O2
))))−→

TiO2

2 · OH (9)
As a semiconductor material, TiO2 is characterized by a filled
valence band and an empty conduction band [3,4]. In the pres-
ence of suitable energy source, the excitation of electron from the
valence band to the conduction band could occur. With the pres-
ence of UV light or ultrasonic irradiation as the energy source,

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:chzuhairi@eng.usm.my
dx.doi.org/10.1016/j.jhazmat.2009.08.060
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Table 1
Structures and molecular weights of congo red, methylene blue and methyl orange dyes.

Dyes Chemical structure Molecular weight (g/mol)

Congo red 696.67

Methylene blue 373.88
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Methyl orange

lectron (e−) can be promoted from the valence band into the
onduction band, leaving a hole (h+) behind by furnishing energy
atching or exceeding the band gap energy of the catalyst. The

oles are responsible for the accelerated dissociation of water
olecules to form hydroxyl free radicals that in turn, involved in the

egradation of organic pollutants in the water [6,7]. Thus, the pres-
nce of TiO2 can significantly accelerate the generation of hydroxyl
ree radicals as compared to that caused by the sonolysis of water

olecule alone. The ultrasonic irradiation could overcome the main
rawback of UV light i.e. low penetration rate in heavily colored
olutions and shielding effects by the particles in the water. The
resence of TiO2 particles in the liquid also increases the nucle-
tion sites for cavity formation, resulting in the generation of more
ree radicals. The accelerated generation of hydroxyl free radical
n the TiO2 sonocatalytic reaction has been studied and proven by
himizu et al. [9] by examining the oxidation of salicylic acid.

Different phases of TiO2 behave differently in the case of pho-
ocatalysis and generally anatase phase is desirable [3]. In the case
f sonocatalytic process, rutile is reported to be more active for
he degradation of basic blue 41 dye [4] and methyl parathion [6].
herefore, it is of great interest to know whether the same conclu-
ion can be extended to other organics as well. The transformation
f anatase to rutile and possibly brookite usually takes place at high
emperature (>700 ◦C) and corresponding changes in the physical
roperties apart from the phase change could also result. The com-
ined changes will certainly affect the sonocatalytic activity and
he other process behaviors and the optimum conditions for the
reatment should be clearly identified. This aspect of the sono-
atalytic process receives little attention until very recently and
sually researchers use a pure form of specific TiO2 phases as the
onocatalyst as reported by Wang et al. [3].

In this study, titanium dioxide (TiO2) catalyst has been used as
he sonocatalyst for many advantages such as inexpensive, non-
oxic, stability and reusability [4,10]. In its presence, the increase
he rate of formation •OH radicals will result to consequently accel-
rate the degradation of organic pollutants in the water [11]. Congo
ed, methyl orange and methylene blue have been used as the
odel organic dyes to be degraded and further information on the

yes are given in Table 1. The study is mainly dedicated to the effects
f various heat treatments on the characteristics of the TiO2 sono-
atalysts and their consequent effects on the catalytic activity. The
ehaviors observed have been related with the molecular weight,
ype of chemical bond and structure of the dye molecules as well as
he characteristics of the TiO2 catalyst itself. The process behaviors
nder various operating conditions have been elucidated while fur-

her process acceleration with the addition of H2O2 and its potential
o be reused has also been demonstrated. In addition, a simple yet
eliable kinetic model has been introduced to represent the sono-
atalytic reaction. Its applicability to sonolytic, sonocatalytic and
ydrogen peroxide-assisted sonocatalytic systems has also been
327.34

explored. An attempt has also been made to study the changes
in the particle size distribution of the TiO2 after the sonocatalytic
reaction.

2. Experimental

2.1. Materials

Anatase TiO2 powder (R & M, U.K.) was used as the sonocat-
alyst with and without heat treatment. H2O2 at a concentration
of 30% (Merck Bchuchardt OHG) was used as a promoter for the
sonocatalytic degradation process. Congo red, methyl orange and
methylene blue powders (R & M Marketing, Essex, U.K.) were used
as model organic compounds for the demonstration of the sono-
catalytic activity of heat-treated TiO2 sonocatalysts.

2.2. Preparation and characterization of the heat-treated TiO2
sonocatalysts

Six sets of 15 g TiO2 powders were weighted and heat-treated
at various temperatures (400–1000 ◦C) and durations (2 and 4 h)
in a muffle furnace to induce phase transformation. X-ray diffrac-
tion (XRD) pattern of the original and heat-treated TiO2 powders
was determined using a Bruker D8 diffractometer in order to
study the effect of temperature on the extent of phase transfor-
mation. The crystallite size (D) of anatase and rutile phases for
the broadening of the diffraction peaks were calculated using the
Scherrer relationship [12] i.e. D = K�/�cos� where ˇ is the full
width at half maximum of the selected peak, � is the Bragg’s
angle of diffraction for the peak and � is the wavelength of
the Cu-K� radiation used i.e. 1.5405 Å. The weight fraction of
anatase (WA) and rutile (WB) phases present in the TiO2 sono-
catalysts after various heat treatments was calculated using the
equation generally reported [13–15] i.e. WA = [1 + 1.26(IR/IA)]−1 and
WB = [1 + 0.8(IA/IR)]−1 where, IA and IR are the X-ray integrated
intensities of reflection of anatase and rutile, respectively. The SEM
pictures of the original and heat-treated TiO2 powders were con-
ducted for comparing the differences and changes between each
of them. A Leica Cambridge S-360 scanning electron microscope
(SEM) was used for this purpose. In addition, a CILAS 1180 series
particle size analyzer was also used to further characterize the size
distribution of the sonocatalysts.

2.3. Sonocatalytic reaction
A probe type ultrasonic processor (Branson, model 250) oper-
ated at a fixed frequency of 20 kHz and a full output power of 200 W
was adopted to irradiate organic dye solutions. The desired output
power was reduced to the desired value i.e. 50 W by adjusting the
power level knob of the equipment until the right power output
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increase in the average crystal size. It was therefore concluded that
the high temperature calcination would greatly affect the phases
and the size of the TiO2 crystal. The crystal sizes for both anatase and
rutile increased with increasing of calcination temperature, indicat-
Fig. 1. Schematic diagram of the sonocatalytic experimental set up.

as displayed. An ultrasonic processor at this frequency has been
eported to be successful in achieving significant degradation of
urfactant and phenolic compounds in water within 2 h [16]. The
eneral schematic diagram of experimental set up is illustrated in
ig. 1. In a typical experimental run, 100 mL of dyes solution was
repared in a 500 mL glass reaction vessel and TiO2 sonocatalysts
ere then added. Then, the suspension was stirred for a while to

nsure a good dispersion of the TiO2 particles. The reaction vessel
as then placed inside a water bath to maintain the temperature at

round 30 ◦C. Next, the sonifier probe was inserted into the center
f the vessel to provide ultrasonic irradiation. The main process
ariables adopted throughout the whole experiments were ini-
ial dyes concentration (10–50 mg/L), catalyst loading (1–3 g/L) and
2O2 concentration (0–600 mg/L) and the reaction was performed

n neutral pH.

.4. Reusability study of the TiO2 sonocatalyst

After the reaction, the TiO2 sonocatalyst was collected and
ashed at least three times with distilled deionized water and sub-

equently dried in an oven at 105 ◦C for 2 h. After that, the TiO2
onocatalyst catalyst was reused for the degradation of congo red
t a concentration of 10 mg/L and a catalyst loading of 1.5 mg/L.

.5. Analysis of liquid samples

After the desired reaction times, 10 ml of liquid samples were
aken out from the reaction vessel and a centrifuge (Kubota
100) operated at 3500 rpm for 10 min was used to remove any
uspended TiO2 powders. Insignificant amount of dyes in the
olution was expected to be removed during this centrifugation
rocess as all the dyes were completely soluble in the water.
fter that, the samples’ dye concentration was measured using a
erkinElmer 950 UV–vis spectrophotometer. Measurement wave-
engths of 666, 498 and 465 nm, respectively, were used for the
etermination of methylene blue, congo red and methyl orange
oncentrations, respectively. Below a dye concentration of 20 mg/L,
he Beer–Lambert Law was found to be fully obeyed by all the dyes.
he degradation efficiency is defined as;

egradation efficiency (%) = Co − Ct

Co
× 100% (10)

here, Co = initial dye concentration (mg/L) Ct = dye concentration
t time t (min) (mg/L)

The method used in this study for the measurement of the
ye concentration was deemed suitable and consistent with that

eported literatures [3,4,6]. Abbasi and Asl [7] made an attempt
o follow the changes in light absorbance from about 200 nm (UV
egion) 770 nm (visible region) during the sonocatalytic degrada-
ion of basic blue 41 dye. They came to the conclusion that the peak
bsorbance occurred at exactly the same wavelength and did not
ous Materials 173 (2010) 159–167 161

change during the course of the reaction. Changes in the absorbance
within the UV region were not expected to affect the accuracy of
the measurement performed within visible range. In other words,
degradation of the dye molecules led to its decolorization and no
significant amount of visible light absorbing species were created
during the reaction. No COD, TOC, HPLC or ion chromatograph tests
were conducted in this study as the scope was only to study the
degradation efficiency rather than the mineralization of the dyes.

3. Results and discussions

3.1. XRD and SEM of TiO2 powders

Fig. 2 shows the XRD patterns of the original and various heat-
treated TiO2 powders. As expected, the original TiO2 sample was
in anatase form. Anatase phase of TiO2 has been reported to be
sufficiently active for the sonocatalytic degradation of rhodamine
B and rhodamine blue dyes [17]. At a calcination temperature
of 400 ◦C, a tiny peak associated with the orthorhombic brookite
phase appeared and it quickly disappeared at higher temperatures.
A new peak ascribed to the tetragonal rutile phase was observed
after a heat treatment above 800 ◦C. This result was in agree-
ment with reported results saying the transformation of anatase
to rutile is only possible at above 700 ◦C [3,15]. Below the critical
temperature for the transformation, increasing the duration of the
treatment did not bring any effect on the phase transformation to
metastable rutile phase [12,15]. However, the critical temperature
for the transformation was not able to be accurately determined in
this study due to the wide temperature interval used (200 ◦C). The
peak intensity showed a slight increase with the doubling of treat-
ment time at 800 ◦C but doing the same at 1000 ◦C resulted in the
significant appearance of rutile phase. For the TiO2 sample treated
at 1000 ◦C for 4 h, significant transformation to rutile was detected
based on the intensity and appearance of multiple diffraction peaks
associated with the TiO2 phase.

The calculated values of phase composition for anatase, brookite
and rutile phases are presented in Table 2 based on the intensities
observed from Fig. 2. As the calcinated temperature was increased
from 800 ◦C (2 h) to 1000 ◦C (4 h), the composition of rutile phase
was detected to increase from 5.7% to 27.7% with a corresponding
Fig. 2. XRD patterns of the original and various heat-treated TiO2 powders.
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Table 2
XRD results of the original and heat-treated TiO2 powders.

Calcination temperature (◦C) and duration Average crystal size (nm) Phase composition (%)

Anatase Brookite Rutile Anatase Brookite Rutile

Original 56.0 – – 100.0 – –
400, 2 h 55.5 65.8 – 98.2 1.8 –
600, 2 h 53.6 – – 100.0 – –
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800, 2 h 63.0 –
800, 4 h 66.2 –
1,000, 2 h 61.6 –
1,000, 4 h 62.2 –

ng that the high temperature would promote crystallite growth or
ggregation of TiO2 particles. Similar observation has been reported
y Kumar [12] for titania-alumina composite material. As the calci-
ation temperature was increased from 800 to 1000 ◦C, the average
rystal size of the rutile phase almost doubled from 33.3 to 52.8 nm.
he crystallite size of the anatase phase increased from 56.0 to
2.2 nm when calcined at 1000 ◦C for 4 h.

Thus, the increasing temperature and the duration of heat
reatment would accelerate phase transformation from thermody-
amically metastable (anatase) to most stable and more condense
utile phase. The rutile started to appear when high temperature
as used to give TiO2 sonocatalysts with mixed phases to be sub-

equently used in the sonocatalytic degradation process. However,
ther physical changes must have occurred beside the phase trans-
ormation to affect the sonocatalytic behavior [15]. Therefore, it

as of great interest to further characterize the sonocatalysts for

he surface and grain characteristics.
Fig. 3 shows the SEM images the original and various treated

iO2 particles. The TiO2 powders that were calcinated in a range

ig. 3. SEM images of the particles of (a) original TiO2, (b) heat-treated TiO2 at 400 ◦C for
eat-treated TiO2 at 1000 ◦C for 2 h, (f) heat-treated TiO2 at 800 ◦C for 4 h and (g) heat-tre
18.1 94.3 – 5.7
33.3 95. 3 – 4.7
27.4 93.8 – 6.2
52.8 73.3 – 27.7

of 400 ◦C to 800 ◦C (Fig. 3b–d) show no obvious difference on the
size of the agglomerates as compared to those of untreated TiO2
(Fig. 3a). They generally consisted of spherical particles and many
micro and mesopores were expected at the interstices of the parti-
cles. It can be seen that as the annealing temperature was increased,
the size and shape of these spherical particles remained unchanged
for almost up to 800 ◦C. With a further increase of calcination tem-
perature, the particles aggregated to form larger particles with
relatively smoother surfaces. Significant agglomeration between
these spherical particles was observed only for the case of TiO2
powders that was heat-treated at a temperature of 1000 ◦C for
2 h (Fig. 3e) and more distinctly in the sample that was heated at
1000 ◦C for 4 h (Fig. 3g). It is noted that the micro and mesopores at
the interstices of the particles were significantly reduced, especially
after the extreme heat treatments at 1000 ◦C.
Porter et al. [18] observed that the grain size of Degussa P-25
TiO2 powders increased by a factor of nearly 10 when the cal-
cination temperature was increased from 600 to 900 ◦C for 3 h.
However, in the present work, such a rapid grain growth was

2 h, (c) heat-treated TiO2 at 600 ◦C for 2 h, (d) heat-treated TiO2 at 800 ◦C for 2 h, (e)
ated TiO2 at 1000 ◦C for 4 h.



azardous Materials 173 (2010) 159–167 163

n
p
n
a
c
t
r
r

3
c

n
a
n

F
c
l

A.Z. Abdullah, P.Y. Ling / Journal of H

ot observed when calcinations of up to 1000 ◦C for 4 h were
erformed. Besides, Kim and Hahn [19] observed that as the
anocrystalline TiO2 particles were calcinated at about 600 ◦C,
natase crystals within agglomerates became sintered, thus the
rystals size grew through the coalescence. Thereby, it transformed
he original agglomerates into single anatase grains. Thus, the
esults in the present study were consistent with the reported
esults.

.2. Effect of different chemical structures of dye and heat-treated
atalysts
In this study, the removal of dyes was confirmed by the sig-
ificant drop in the absorbance in visible wavelength with time
s shown in Fig. 4. Besides, changes in the UV region were also
oticeable for all dyes to give the indication that new products

ig. 4. Changes in the absorbance during the degradation of (a) methyl orange, (b)
ongo red and (c) methylene blue dyes. (Initial dye concentration = 20 mg/L, catalyst
oading 2.0 g/L).
Fig. 5. Degradation efficiency of various dyes during the sonocatalytic process by
different catalysts. (Initial dye concentration = 20 mg/L, catalyst loading 2.0 g/L, reac-
tion time = 75 min).

were formed during the reaction. This observation was attributed
to the degradation of the dye molecules to form small (colorless)
degradation products such as aldehydes and organic acids that are
usually absorbing in UV wavelengths (200–400 nm). This observa-
tion confirmed that the removal of the dyes was indeed caused by
the degradation of the organic substances. However, specific trend
was not observed as the ultimate gaseous and volatile products
would simply escape from the reaction mixture. In the degradation
of large molecules such as the three dyes, numerous degradation
products will be produced so that the identification of specific prod-
ucts is deemed unnecessary. The degradation efficiencies for three
types of dyes after 75 min of ultrasonic irradiation using 2.0 g/L of
catalyst are shown in Fig. 5. The dyes degradation efficiency with
all the sonocatalysts generally followed the order as below:

Congored > methyleneblue > methyl orange

Consistent behavior of the sonocatalytic degradation process
with all the sonocatalysts suggested that the behavior was mainly
influenced by the molecular structures of the organic rather than
the characteristics of the sonocatalysts. This sonocatalytic behavior
is also shared by phenolic compounds [17]. The low stability of the
congo red was attributed to the presence of 2 azo (–N N–) labile
bonds its large molecule that were generally more susceptible to
attack by free radicals during the reaction. Meanwhile, methylene
blue and methyl orange are of almost similar molecular size. How-
ever, the former dye showed lower stability due to the presence of
one charged sites in the ring while that of methyl orange located at
the external of the ring. In this respect, similar result was reported
by Lachheb et al. [20] for the case of photocatalytic degradation by
using anatase of TiO2. They found that the degradation efficiency
decreased from congo red to methylene blue, then crocein orange
G. Thus, some similarities between the sonocatalytic and photo-
catalytic degradation processes were demonstrated in this study.
Hachem et al. [21] reported that the photocatalytic degradation
efficiency of congo red was higher than that of remazol blue, orange
II or orange G. The stability of the dyes was greatly associated with
molecular weight and types of bond present in the dyes.

The rate of reactivity of •OH radicals with the dye molecules
needs to be determined to compare the degradation rate among
different structures of dye. Azo bonds or azobenzene (chromophore
for congo red and methyl orange) generally have the higher reac-
tivity coefficient with •OH radical than dimethylamine group
(auxochromes for methyl blue and methyl orange) which was
reported to accelerate the rate of degradation. The reactivity coef-
ficient of azobenzene, dimethylamine, benzenesulfunic acid and

benzene ring are given as below [22].

k·OH
azobenzene = 2.0 × 1010 L/mol/s (11)

k·OH
dimethylamine = 1.4 × 1010 L/mol/s (12)
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ig. 6. Effect of initial dye concentration on the sonocatalytic degradation of congo
ed dye. (Catalyst loading = 2.0 g/L).

•OH
benzenesulfunic acid = 2.1 × 109 L/mol/s (13)

·OH
benzene = 1.7 × 109 L/mol/s (14)

hus, congo red dye which contains two azo groups would possess
igher reactivity with •OH radicals, followed by methylene blue
nd methyl orange. By considering all the rates of reactivity to •OH,
eroxyl (HO2

•) and super peroxide radicals (O2
−•) with respect to

he compound in the dye structure, it could be concluded that the
ate of degradation in congo red was relatively more rapid, followed
y that of methylene blue and methyl orange.

Also noted in Fig. 5, the highest degradation efficiency was
btained when the TiO2 was heat-treated at a temperature of 800 ◦C
or 2 h. This observation indicated that such heat-treated TiO2 pow-
er possessed the highest sonocatalytic activity. Recalling that the
utile phase was significantly present in this TiO2 sonocatalyst
hile the micro and mesoporousity were maintained in the par-

icles, the highest degradation efficiency was associated with the
ombined effect of these factors. Rutile phase with appropriate area
nd thickness on the surface of anatase phase is reported to have the
bility to inhibit the recombination of e−–h+ pairs [12]. However,
xcessive heat treatment would also result in the agglomeration
f the particles causing the loss of porosity to consequently limit
he capability of the TiO2 sonocatalyst to generate free radicals. In
his case, rutile phase embedded within the catalyst particles were
navailable for contact with the solution to catalyze the degrada-
ion reaction.

.3. Effect of initial dye concentration

As congo red showed the highest removal efficiency in the
onocatalytic process, it was used for the further demonstration
f the effect of various process variables. TiO2 that was treated
t 800 ◦C for 2 h was used as the sonocatalyst due to the highest
ctivity as shown in Fig. 5. Fig. 6 shows that the degradation effi-
iency of the sonocatalytic system with a catalyst loading of 2.0 g/L
ecreased with the increasing initial congo red concentration from
0 to 50 mg/L. In this respect, the sonocatalytic degradation process
howed some similarities with those of a photocatalytic process
21]. Therefore, it could be concluded that the course of reaction in
he two processes was almost similar. The major difference was the

echanism to the initiation of the reaction through the formation
f free radicals.

There are two possible reasons for the experimental observa-
ion. Firstly, high initial concentration of dye solution caused more
egradation to take place to achieve the same level of degradation

expressed as percent reduction). However, higher concentration

ight also cause excessive adsorption of the congo red molecules
n the surface of TiO2 powder on the TiO2 sonocatalyst to limit its
fficiency [18]. Also, mutual screens between congo red molecules
nd TiO2 particles increased with increasing the initial dye concen-
Fig. 7. Effect of TiO2 catalytic loading on the sonocatalytic degradation of congo red
dye at a concentration of 10 mg/L.

tration to result in the same effect. These two phenomena would
prohibit TiO2 particles from absorbing heat and energy released
from the acoustic cavitation and also disturbed the transmission of
ultrasound. This would consequently limit the generation of •OH
radicals leading to a decrease in the degradation efficiency.

3.4. Effect of TiO2 loading

Fig. 7 shows a series of experiments done by varying the loading
of TiO2 from 1.0 to 3.0 g/L in order to obtain the optimum loading.
The degradation efficiencies were determined at various reaction
times of between 15 and 75 min. Results show that the degrada-
tion efficiency of congo red rose significantly when the TiO2 loading
was increased from 1.0 to 1.5 g/L. The effect was attributed to the
increasing sites to generate free radicals with the increasing sono-
catalyst loading [11]. The removal efficiency began to decline at
higher loadings and the same trend was shared by all the reac-
tion times tested. Also, longer reaction times resulted in higher
efficiency for all the loadings to correctly show the behavior of a
non-reversible reaction.

The lower removal at high loadings could be explained by the
fact that the excessive TiO2 particles could cause mutual screen-
ing effects between the particles that that would shield congo red
molecules from receiving sonic waves. Below a catalyst loading of
1.5 g/L, the shielding effect was not detected at the degradation
efficiency increased with loading. The effect was only found to sig-
nificantly occur at higher loadings (2.0–3.0 g/L) as the degradation
efficiency was observed to level off or decrease with increasing cat-
alyst loading. The same behavior was observed at different reaction
times to the agreement with this argument. The shielding effect
would eventually prohibit TiO2 particles from absorbing heat and
energy resulting from the acoustic cavitation [23]. Consequently,
it might result in a reduction in the rate of •OH generation. The
same phenomenon was reported in photocatalytic reaction but the
optimum catalyst loading occurred at lower values [10]. Thus, sono-
catalytic allows higher loading of TiO2 to be used to achieve higher
degradation efficiency of the target organic pollutants.

3.5. Effect of the addition of H2O2

H2O2 has been reported to promote the photocatalytic degra-
dation of monochlorobenzene [10], crocein orange G and alizarin
S [20], and several other dyes [21]. Therefore, it is of great inter-
est to learn whether the same behavior could be shared in the
case of sonocatalytic process. The addition of H O at various con-
2 2
centrations (up to 600 mg/L) was carried out in this study for the
purpose of initiating and promoting the free radical generations.
Below equations show that the H2O2 molecule acting as a hydroxyl
scavenger (reaction 15) and as hydroxyl source (reaction 16) under
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ig. 8. Effect of the addition amount H2O2 on the sonocatalytic degradation of congo
ed (initial dye concentration = 10 mg/L, TiO2 amount = 1.5 g/L).

onocatalytic condition [24].

2O2 + •OH → H2O + HO2
• (15)

2O2 + •H → •OH + H2O (16)

s noted in Fig. 8, the amount of H2O2 added had a positive
ontribution on the degradation of congo red up to a concentra-
ion of 450 mg/L. Further increase in the concentration of H2O2 to
00 mg/L caused a detrimental effect to the reaction. Thus, the pro-
otion of the free radical formation as given in Eqs. (15) and (16)
as just limited to below 450 mg/L for this concentration of dye.
educed removal efficiency at a H2O2 concentration of 600 mg/L
as attributed to the fact that at high concentration, H2O2 would

ecome a scavenger to •OH radicals [7,14]. •OH and H• radicals were
enerated by the dissociation of water (as given by Eq. (1)) and
xcess H2O2 could scavenge the •OH radicals produced to handi-
ap the subsequent degradation reactions. Almost similar behavior
as reported for the photocatalytic degradation of various dyes

20] and sonocatalytic degradation of parathion [23]. That would
esult in a lower degradation of the dye in the solution. However,
he optimum concentration of H2O2 found in this study was signif-
cantly lower (1700 versus 450 mg/L as used in this study) than that
sed in the sonocatalytic degradation of methylene blue as reported
y Shimizu et al. [11]. Perhaps, the result reported by them was
ot obtained under optimum condition with respect to the H2O2
oncentration.

.6. Effect of various conditions on degradation congo red by
tirring or ultrasonic irradiation
The experimental results for relationships between degrada-
ion efficiency of congo red with time under ultrasonic irradiation
r mechanical stirring for 180 min are shown in Fig. 9. As a back-
round study, mechanical stirring (denoted ‘stir’ in the figure) and
he subsequent centrifugation step did not result in any decrease

ig. 9. Profiles of congo red degradation efficiency versus reaction time under vari-
us conditions (initial dye concentration = 10 mg/L, TiO2 loading = 1.5 g/L, 450 mg/L
f H2O2).
ous Materials 173 (2010) 159–167 165

in the dye concentration. Small reduction with presence of TiO2
was attributed to some dye adsorption on the material. The occur-
rence of dye adsorption was also reported in the photocatalytic
degradation process [20]. Ultrasonic treatment alone resulted in a
reduction of up to 10% due to the sonolysis of the dye molecules.
Thus, it could be concluded that the dissociation of water molecules
could also occur without the presence of TiO2, to the agreement
with a reported result using an ultrasonic irradiation at 35 kHz
for the degradation of basic blue 41 dye [7]. However, it would
be significantly accelerated when the catalyst was present as sug-
gested by the sonocatalytic result (US + TiO2). Drastic increase in
the efficiency resulted when 450 mg/L of H2O2 was used.

Results in Fig. 9 prove the suitability of the experimental proce-
dure used to study the degradation of dye. The blank experiments
didn’t result in any removal while the contribution of adsorption on
the TiO2 particles was just limited to about 4%. This slightly lower
than that reported in the case of photocatalytic [21] and the result
could be associated with the mechanical effects caused by the ultra-
sonic irradiation. The contribution of sonolysis was limited to about
15% and further degradation was contributed to catalytic activ-
ity. Wang et al. [23] reported higher contribution of sonolysis in
the case of methyl parathion degradation at 80 kHz. Therefore, the
extent of sonolysis could be influenced by the ultrasonic frequency
used and the molecular structure of the organic itself.

In the case of H2O2 assisted sonocatalytic degradation of congo
red, it could be concluded that the supplementary of free radi-
cals on top of those generated by the dissociation of water was
beneficial to the process. In this case, almost 80% of congo red
degradation efficiency was achieved in 180 min under the opti-
mum conditions (10 mg/L of dye solution, 1.5 g/L of TiO2 loading
and 450 mg/L of H2O2). This result indicates the enhancement in
degradation efficiency of congo red was about twice higher than
that of sonocatalytic alone. In this case, the higher concentration
of radicals resulted in their more efficient reaction with the organ-
ics in the water. Usually, the radicals react with dissolved organic
compounds by hydroxylation and will undergo further oxidation
in presence of oxygen in the dissolved [25]. In the case of very fast
reaction, oxygen supplement could be necessary to allow complete
mineralization of the organic [21].

3.7. Study on degradation reaction kinetics

In order to determine the order of the reaction for the sonocat-
alytic degradation of congo red, kinetic studies were performed on
the basis of the rate of disappearance of the dye. Several orders such
as zero, first, second orders graph were considered for the experi-
mental data obtained using congo red dye at an initial concentration
of 10 mg/L. Three cases considered were the sonolysis (without
TiO2), sonocatalytic (with TiO2) and H2O2 accelerated sonocatalytic
(with TiO2 and H2O2). Based on the evaluation done, only a sim-
plified pseudo first-order kinetics satisfactorily fitted all the data
while the other kinetics resulted in regression coefficients of lower
than 0.6. The simplified rate expression for the reaction rate (−r)
sonocatalytic degradation of congo red dye by •OH radical is given
as below:

Congored(aq.) + •OH(aq.) → products (17)

where the rate constants k′ can be determined by;

d ′ •
−r =
dt

[congo red] = k [congo red][ OH] (18)

As •OH is a very reactive species, its concentration generally
takes on a constant steady-state value during the process. Thus, Eq.
(18) can be simplified with k′ taking the form of an apparent pseudo
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used one are shown in Fig. 12(a) and (b), respectively. Both figures
show that the size of the TiO2 catalyst ranged between 0.04 and
1.50 �m. However, the highest cumulative value for the particle
reduced from about 0.6 to 0.4 �m after the reaction. Correspond-
ig. 10. The reaction kinetics plot for the sonocatalytic degradation of congo red.

rst-order constant (kapp) as shown below.

r = d

dt
[congo red] = kapp[congo red] (19)

here, kapp = k′[•OH] (20)

By integrating Eq. (19), a new equation relating the concentra-
ion to the reaction time can be obtained and it is given as Eq.
21).

n
Co

Ct
= kappt (21)

r,

t = Coe−kappt (22)

here, Co and Ct is the initial concentration and the concentration
f the congo red at time t, respectively (mg/L), t is the ultrasonic irra-
iation time and kapp is the pseudo first-order constant (mg/L/min).

Plots of ln(Co/Ct) versus time (t) for the three cases considered
an be approximated as straight lines as shown in Fig. 10. The figure
mplies that the sonocatalytic degradation of congo red satisfac-
orily fitted the pseudo first-order kinetics. Thus, the slope of the
inear lines should be equal to the apparent first-order rate constant
kapp). The kapp values and corresponding regression coefficients
r2) are listed in Table 3. It is noted that sonocatalytic reaction was
bout five times higher than that of sonolysis and the highest kapp

alues was obtained with the combination of ultrasonic irradiation,
iO2 sonocatalyst and H2O2. The combined process had a reaction
ate of about one order of magnitude higher than that of sonolysis.

.8. Reusability study of TiO2 catalyst

The performance of used sonocatalysts and changes in their
haracteristics after the ultrasonic-assisted degradation of organics
re hardly reported in previous publications. Therefore, an attempt
as made in this study to elucidate the differences between the

resh and used TiO2 and the consequences to the catalytic activ-
ty. Fig. 11 shows the degradation efficiency of congo red by the
eused TiO2 sonocatalyst with that of the fresh sonocatalyst as the

eference. It is noted that the degradation efficiency of the reused
iO2 catalyst was lower by merely about 10%. This result could be
xplained by the differences in the surface characteristics, crystal
tructures or particle size distribution between the fresh and used
iO2 sonocatalyst under ultrasonic irradiation. The effects on the

able 3
ate coefficients for the sonocatalytic degradation of congo red under various
onditions.

Experiment condition kapp (min−1) r2

Ultrasonic only 0.001 0.858
Ultrasonic + TiO2 0.005 0.980
Ultrasonic + TiO2 + H2O2 0.010 0.976
Fig. 11. Sonocatalytic degradation of congo red by the fresh and reused TiO2 cata-
lysts (initial concentration = 10 mg/L, TiO2 loading = 1.5 g/L).

characteristics of the sonocatalysts were attributed to the violent
mechanical force imparted by the movement of the liquid on the
surface of the solid particles leading to their partial disintegration.

In order to study of the effect of ultrasound irradiation on the
particle size distribution of the TiO2 sonocatalyst during the degra-
dation of congo red, the spent TiO2 sample was analyzed using
a CILAS 1180 series particle size analyzer. The smallest detection
limit for the particle size by this instrument was 0.04 �m. The nor-
mal size distribution plots for the fresh TiO sonocatalyst and the
Fig. 12. Particle size distribution of the heat-treated TiO2 catalyst at 800 ◦C for 2 h
(a) before ultrasonic irradiation and, (b) after ultrasonic irradiation for 75 min.
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ngly, the mode values (calculated by the system) of the particle
izes of heat-treated TiO2 catalysts before and after ultrasonic irra-
iation occurred at the range between 0.3–1.1 �m and 0.2–0.7 �m,
espectively. It is also observed that the cumulative values of the
igher end (near 1.5 �m) of the distribution significantly reduced
hile that of the lower end (near 0.04 �m) significantly increased.
ll these observation suggested the partial disintegration of the
onocatalyst particles after the ultrasonic irradiation. This disinte-
ration could reduce the micro and mesopores at the interstices of
he particles leading to lower surface area for contact with the ultra-
onic wave. However, as the ultrasonic wave was also expected to
grind’ the sonocatalyst particles, some new surface was expected
o be available for the reaction [11]. Therefore, the overall result
n the catalytic activity was basically governed by the balance
etween these two mechanisms.

The observations made in this study were consistent with a
eport by Hagenson and Doraiswamy [26]. They found that sonicat-
ng resulted in a significant reduction in the size of inorganic solids.
he time required to reach a minimum particle size range was
ependent the properties of the solid and the sonochemical equip-
ent used. Despite better interaction with liquid medium during

he ultrasonic degradation process, smaller particles are difficult to
anage and they tend to form stable suspension and difficult to be

eparated out from the reaction system.

. Conclusions

The phase transformation temperature from anatase to rutile by
eat treatment method started to occurred at 800 ◦C and was more
ignificant at 1000 ◦C, forming about 27.7% rutile phase in 4 h. It was
ound that anatase TiO2 with minimal amount rutile phase demon-
trated significantly better sonocatalytic activity than pure anatase.
his was attributed to the ability of rutile to avoid hole-electron
ecombination. However, particle agglomeration at high tempera-
ure also caused the loss of surface area for efficient contact with the
olution while the embedded rutile phase within the mass of TiO2
ould not participate in the reaction. The degradation of organic
yes (congo red, methylene blue and methyl orange) depended
n the sonocatalysts’ characteristics, dyes’ chemical structures and
heir molecular weight. Congo red exhibited the higher sonocat-
lytic degradation efficiency. The highest sonocatalytic degradation
fficiency for congo red (80% within 180 min) occurred at a dye ini-
ial concentration of 10 mg/L, TiO2 loading of 1.5 g/L and the added
2O2 concentration of 450 mg/L. The sonocatalytic degradation
rocess followed a pseudo first-order kinetics. The applicability of
he model was demonstrated for the sonolytic, sonocatalytic and
ydrogen peroxide-assisted sonocatalytic systems. Reused TiO2
onocatalyst showed a reduced congo red dye removal efficiency by
bout 10%. Meanwhile, the ultrasonic effect resulted in the signifi-
ant disintegration of the sonocatalyst particles and the net effect
n the activity was governed by the disappearance of existing active
urface area and the emergence of new surface area that resulted.
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