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A  novel  composite  with  a  core–shell  structure  (CdS/TiO2) was  prepared  through  the combination  of
microemulsion  and  ultrasound  (20  kHz).  The  degradation  of  reactive  black  5  (RB5)  was  carried  out  in
aqueous  solution  in  a  series  of  experiments  by  CdS/TiO2 nanoparticles.  This  composite  with  mole  ratio
of  1/6  has  shown  an  exceptional  sonocatalytic  activity  in  comparison  to  the  pure  nanoparticles  of  TiO2

and  CdS.  A  significant  decrease  in  the  concentration  of  RB5  (≈94%)  was  observed  in 3  min  sonication  of
the solution  containing  the  core–shell  nanocomposite.  While  at  the  same  time,  the concentration  was
reduced  to 4%  under  sonication  without  nanocomposite  and  50%  under  UV  light  with  nanocomposite.  The
admium sulfide
ore–shell
omposite
eactive black 5
ineralization

onocatalytic degradation

increased  catalytic  activity  of  nanocomposite  in  the  presence  of  ultrasound  is  due  to  the  enhancement  of
mass  transfer,  cleaning  and  sweeping  the  surface  of  catalyst,  and  preventing  the  aggregation  of  particles.
In addition,  the  presence  of  CdS  nanoparticles  in  the  composite  acts  as  photosensitizer  which  not  only
extends  the  spectral  response  to the  visible  region  but also  reduces  the  charge  recombination.  The  selected
combined  method  (sonocatalysis)  was  able  to decolorize  and  oxidize  simultaneously  the  organic  dye  with
a complete  mineralization  into  SO4

2− and  NO3
− ions.
. Introduction

Titanium dioxide as a heterogeneous photocatalyst has received
xtensive attention for the degradation and mineralization of
rganic pollutants from water in recent 10 years [1–4]. One of the
ajor disadvantage of TiO2 as a photocatalyst is due to its rela-

ively large band gap (Eg = 3.2 eV for anatase phase) that can only
e excited by UV radiation with wavelength less than 380 nm.  This
trongly causes a limited use of the solar spectra as a source for
he photoreaction. Another major limiting factor is the high rate
f recombination of the photogenerated electron/hole pairs. Due
o these limitations, a coupling of a large band gap semiconduc-
or with a smaller one which contains suitable potential energies
or activating in the visible range [5] is of great interest for the
egradation of organic pollutants by the solar radiation.

In particular, CdS with ideal band gap energy (2.4 eV) is
ery unstable against photocorrosion in aqueous solutions.
ence, it has been combined with other materials such as
nO, and TiO2 [6–8]. These composite materials improve the

hoto-efficiency, photostability, and maximize the interfacial areas
etween the two compounds [5,9,10] to enhance their catalytic
roperties. In addition to the flat band potential of the components,
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the photocatalytic performance of the coupled semiconductors is
also related to the crystallinity of the particles, the particle size, and
the geometry [9,11,12]. These parameters strongly depend on the
manner that the couples are prepared. A few examples concern-
ing the combination of CdS and TiO2 have been reported for the
photoelectrochemistry [13], water splitting [14], and degradation
of pollutants [9,11].  But, it requires a post-thermal treatment for
obtaining a coupled nanocomposite and a long time for their pho-
tocatalytic performance. Furthermore, the UV light is screened by
catalyst particles itself and therefore the region exhibiting the cat-
alytic power is spatially limited in the reactor [15]. Hence, it seems
that these limitations can be eliminated by ultrasonic irradiation
as an energy source. This is attributed to the synergetic effect of
ultrasonic/nanocomposite. Since, the presence of solid particles in a
liquid increases the nucleation sites for cavity formation, resulting
in the generation of more free radicals [15,16].  In fact, the parti-
cle size and its amount could affect the production of OH radical
[3,17–22]. However, the large particles which are close to the ultra-
sonic transducer can block the energy input into the solution [3].
In addition, acoustic cavitation produced by ultrasonic waves pro-
foundly increases the surface area and mass transfer between the
two  phases. Both of them enhance the diffusion at the interface

mixing better than the conventional agitation [2,23].  Moreover, it
seems that ultrasound under the mild conditions can improve the
contact of the two  components in the nanocomposite, crystallinity,
and the uniform deposition of the nanosized inorganic particles

dx.doi.org/10.1016/j.jhazmat.2011.08.049
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:moh_entezari@yahoo.com
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Fig. 1. Effect of irradiation source on the dye removal (50 mL solution 200 ppm,
N. Ghows, M.H. Entezari / Journal of 

nto another surface or template with the removal of surface con-
amination [24–28].  Our recent works confirmed that the synthesis
f crystalline nanomaterials without any post-thermal treatment
s easier with ultrasound than the other methods [29–31].  Ultra-
ound is able to cause a thin and homogeneous coating [32]. This is
ue to the high temperatures produced during the cavitation which
acilitates the crystallization of the semiconductors [30,33–35].

In this study, CdS/TiO2 couples have been prepared by a com-
ination of ultrasound and microemulsion in order to: (i) exploit
he maximum optical absorption in the visible range, (ii) increase
he surface contact between CdS and TiO2 nanoparticles, (iii) facil-
tate the crystallization of the semiconductors. As a result, the
repared composite has high sonocatalytic efficiency for the degra-
ation of the selected dye. This is attributed to the synergetic
ffect of ultrasound and CdS/TiO2, where the former annihilates
ny mass-transfer limitations with unblocking catalyst active sites
nd the latter provides increased nucleation sites for the cavity for-
ation. The sono-catalytic efficiency of the CdS/TiO2 coupling is

ighly dependent on the proportion ratio of the components. They
xhibited a faster degradation rate of reactive black 5 than the indi-
idual components. In addition, easier workup, higher degradation
fficiency, shorter reaction time, better control in preparation of
ore–shell with uniform shape can be considered as advantageous
f this study.

. Experimental

.1. Materials

Ethylenediamine, sulfur, p-xylen, titanium tetra-isopropoxide
TTIP), CTAB (cetyl trimethyl ammonium bromide) and 1-butanol
rom Merck, CdCl2·2H2O from Fluka, and RB5 from Germany
Dystar Company) have been used without further purification.
e-ionized water was used for the sample preparation.

.2. Procedure

.2.1. Synthesis of core–shell nanocomposite
The synthesis of core–shell nanocomposite and the structure

nd morphology of the final products has been reported in our
ecent work [32].

.2.2. Sonication of dye solution with core–shell nanocomposite
A total of 50 mL  of RB5 solution (100 mg/L) containing nanocom-

osite (0.05 g) as a catalyst was sonicated (20 kHz Sonifier W-450,
utput acoustic power 41 W,  horn with 1.9 cm diameter) for 10 min
n a Rosset cell at initial pH of 6.5. The temperature was controlled
y the circulating bath at 38 ◦C. Then the sample was centrifuged
t 8000 rpm for 3 min  to separate the suspended catalyst parti-
les from aqueous solution. Some other experiments were carried
ut with the same conditions under UV lamp (30 W,  � = 360 nm,
istance from liquid surface = 20 cm)  and some under sunlight
ith clear sky in August 1990 (GPS coordinates: N = 36◦18′41.6′′,

 = 59◦31′54.2′′).

.3. Sample analysis

The absorbance of the sample was measured by spectropho-
ometer (model Unico 2800) at 599 nm which corresponds to the

aximum absorbance of RB5. The absorption was  converted to

oncentration through the standard curve of reactive black 5.

The total organic carbon (TOC) of the samples was  determined
y a TOC-V CPH (model Shimadzu) analyzer after separation of solid
hase by centrifuge.
temperature 38 ◦C, power of ultrasound 66%, stirring 600 rpm).

The formation of inorganic ions was detected with IC 761 ion-
chromatograph (model Metrohm).

3. Results and discussion

3.1. Irradiation source

Fig. 1 compares the rate of dye removal from aqueous solu-
tion with different combinations. The combination of ultrasound
and nanocomposite (sonocatalyst) shows the highest activity with
respect to the combination of nanocomposite with UV light and
nanocomposite with sunlight. This is attributed to the synergetic
effect of ultrasound and semiconductor. The solid particles increase
the nucleation sites for cavity formation, resulting in the gener-
ation of more free radicals [16]. Moreover, ultrasonic shockwave
prevents blocking of catalyst active site (in contrast to UV light,
that the light is screened by catalyst particles itself), increases the
availability of the effective sites, and reduces any mass-transfer
limitations.

3.2. Adsorption isotherm

Adsorption isotherm of RB5 on nanocomposite surface was
determined by mixing 50 mL  aqueous solution of dye at various
initial concentrations at pH 6.5 for 30 min  in a dark place. Data
obtained from the adsorption experiments was fitted to the Lang-
muir equation (Supporting Fig. S1):

Ce

qe
= 1

bQm
+ Ce

Qm

where Ce is the equilibrium concentration of RB5 after 30 min, qe is
the adsorbed dye concentration on the catalyst surface, and b and
Qm are Langmuir adsorption constants which were calculated as
64 mg  g−1and 0.50 L mg−1, respectively.

3.3. Effect of pH

The pH has a great effect on the sonocatalytic degradation of
dye (Fig. 2). The surface charge of TiO2 particles and the adsorption

of dye on the surface vary by changing the pH. The interpretation
of pH effects on the efficiency of dye removal is a very difficult
task. This is due to the multiple roles of pH on the ionization
state of the surface, hydroxyl radical formation, agglomeration of
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Fig. 3. The effect of concentration on the removal of pollutant in the presence

the mentioned methods with mixing of solution by nanocom-
ig. 2. The effect of pH on the removal of pollutant (50 mL  solution 100 ppm, 0.05 g
atalyst, temperature 38 ◦C, time 10 min, stirring 600 rpm).

articles, and the specification of dye and products [36]. The pH can
ffect the adsorption and agglomeration which are important fac-
ors on sonocatalytic degradation of RB5. The literature indicated
hat pHzpc of TiO2 for anatase is 6.8 [37,38].  Therefore, when the
olution pH is less or more than pHzpc, the surface hydroxyl groups
f TiO2 would undergo a proton association or dissociation reaction
nd lead to a positive or negative charge on TiO2 surface. Repul-
ion between charged surfaces prevents the agglomeration of the
atalyst particles in the medium.

The acidic solution favors adsorption of the dye molecules onto
iO2 surface due to the change in the specification of the dye. The
Ka values for the dye are almost close to 3.8 and 6.9 [39]. Then,
he dye molecules are in the molecular form in acidic medium. But,
he sulfonate group cannot be protonated under the applied pH
nd it can be existed in the anionic form. Therefore, there is an
ttraction between the surface of the nanocomposite and the dye
olecule through the sulfonate group at acidic pH. This results to

he adsorption of dye molecules onto the surface and consequently
ts degradation with hydroxyl radicals produced by catalyst [2].  But,

 small decrease of degradation was observed in acidic medium in
omparison to the neutral conditions in sonocatalytic degradation.
his should be due to the adding of inorganic acid (HCl) to the solu-
ion which led to an increase amount of Cl− in the solution. The Cl−

ons can react with hydroxyl radicals and produce inorganic radical
nions with lower activity than hydroxyl radical in the degradation
f dye [40].

In alkaline medium, the dye molecules are mostly in their
nionic forms. In this situation, the columbic repulsion is appeared
etween the negative charged surface of the catalyst at high pH and
he negative charge of anionic groups. Therefore, the removal was
ower in basic pH medium (pH 10.9).

The results clearly demonstrate that the combination of catalyst
nd sonication in near neutral pH causes an additive effect on the
egradation rates of the pollutant which is due to the more efficient
eneration of hydroxyl radicals by nanocomposite.

The rate of degradation was very slow by sonication alone. Since,
B5 is a non-volatile compound and the place of degradation would
e mostly at the exterior of the cavitation bubbles [41–43].  A lit-
le increase of degradation rate in acidic conditions might be due
o the more hydrophobic character of the resulting dye molecule
ith respect to the basic conditions which the dye molecule
as more hydrophilic character. As the hydrophobic character of

he molecule increases, the chance of presence of the molecule
ear the cavitation is higher and this leads to more degradation
44].
of ultrasound (50–400 ppm solution, 0.05 gr catalyst, temperature 38 ◦C, power of
ultrasound 66%, time 10 min).

3.4. Effect of initial concentration

Fig. 3 shows the influence of initial concentration of RB5 in the
range of 50–400 mg/L on its sonocatalytic degradation using the
synthesized nanocomposite (TiO2/CdS) as a catalyst. The amount
of dye removal increased by increasing the dye concentration and
then decreased. But, the percent removal of RB5 decreased with
increasing the initial concentration. For instance at the concentra-
tion of 100 mg/L, a complete removal (100%) was achieved after
about 10 min  while at the concentration of 300 mg/L, it decreased to
76.8% after 10 min. As the amount of composite is fixed, the number
of adsorption sites is constant. By increasing the dye concentration,
the chance of trapping the dye molecule at higher concentrations
is less than lower concentrations. At higher concentrations, most
of the composite sites are occupied and the chance of finding sites
for the adsorption is low. This is the reason for the lower removal
percentage at higher concentrations. In addition, for the highest
removal under sonication there is an optimum concentration for
the pollutant in the mixture. The concentration below and above
the optimum concentration can cause a lower effect of cavitation.

The dye degradation happens in different ways. Some dye
molecules degrade by hydroxyl radical through oxidation (Eq. (1))
[4]. In addition, several authors have proposed the dye removal
occurs through direct electron (e−) transfer from the semiconduc-
tor surface to the dye molecule [36,45,46],  as shown by Eq. (2).
Direct oxidation by reaction with holes (h+) has also been reported
[36,47], as shown by Eq. (3).  Thus, with increasing the dye con-
centration, it is not possible to degrade 100% of the pollutant as
the available species responsible for degradation is approximately
constant under the applied conditions.

Dye + OH• → Dye•− + H2O → degradation products (1)

Dye + e− → Dye•− → degradation products (2)

Dye + h+ → Dye•− → degradation products (3)

3.5. Effect of sonication time

The removal of RB5 from aqueous solution was shown by
three different methods: sonication of solution with nanocom-
posite (Fig. 4a), sonication alone (Fig. 4b), and comparison of
posite under UV (Fig. 4c). It was found that, all absorption peaks
decayed more or less with respect to the original dye solution spec-
trum. The largest reduction (more than 95%) was  achieved in the
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ig. 4. The effect of contact time on the removal of dye. (a) Catalyst with ultrasoun
olution 100 ppm, 0.05 g catalyst, temperature 38 ◦C, intensity of ultrasound 66%).

resence of nanocomposite powder with ultrasound (sonocatalyst)
n less than 3 min. These results indicate that the removal of RB5
y nanocomposite CdS/TiO2 combined with ultrasonic irradiation
as more effective than those by UV method and sonication alone.

Ultrasonic irradiation of semiconductor nanocomposite as well
s light in the environment may  promote •OH formation or super-
xide radicals (•O2) on the surfaces of the catalyst. Formation of
hese reactive oxygen species initiates a series of chemical reac-
ions that promotes the power of oxidation. The reactive species

ight be formed by the absorption of light from the environment
y the nanocomposite and hot energies from ultrasonic cavitation
hich leads to the excitement of semiconductor and production

f electron and hole. Finally, the reactive species can be formed
y the redox reactions of electron and hole with adsorbed species
n the surface of nanocomposite. In addition, the pyrolysis of
2O molecules and direct formation of hydroxyl radical through

he cavitation is another source of production. They are capa-
le of undergoing further reaction with solutes adsorbed at the
ubble–solution interface [41,42,48] or with solutes in bulk solu-
ion [49]. Moreover, ultrasonic shockwave prevents blocking of
atalyst active site. But, the efficiency of ultraviolet light was lower
hich is due to the UV-screening of the catalysts.

Sonication alone can degrade the dye molecule by the radicals
roduced through the cavitation. It is assumed that a local high
oncentration of hydroxyl radicals exist at the interface region of
he collapsing bubbles [42,50] and some of them escape to the bulk
f solution [44]. RB5 is a non-volatile compound and the region of
egradation would be at the exterior of the cavitation bubbles.
.6. IR spectrum

The IR study was done for understanding the adsorbed species
n the catalyst and also their degradation through appearance and
nocatalyst), (b) sonication alone, (c) the change of concentration with time (50 mL

disappearance of different peaks. Supporting Fig. S2 shows the IR
spectrum of the samples. For sonocatalytic reactions, the adsorbed
species are significant. They will react with sonoexcited products on
the catalyst surface and produce reactive radicals which are power-
ful oxidants in degrading organics in water. The band at 1625 cm−1

corresponds to the bending mode of adsorbed water. The intense
band at 1504–1514 cm−1 has been attributed to the –N N– bond
vibrations or to the aromatic ring vibrations sensitive to the interac-
tion with the azo bond [46]. The bands at 1599, 1572, and 1452 cm−1

are linked to C C aromatic skeletal vibrations [51]. Finally, the
peaks at 1122, 1226, 1130, and 1047 cm−1 are respectively assigned
to the stretching of the SO4 group and sulfoxide [52]. A slight shift
of the bands toward lower wave numbers and a major decrease
of the band intensities are observed. The most important shift is
observed for the band associated with the chromophore part of
the dye, which is shifted from 1514 to 1504 cm−1. While the bands
of associated to the sulfonate group are almost disappeared. The
changes observed show that degradation of the adsorbed species
is taking place. This is particularly true for the band at 1504 cm−1,
which reflects the destruction of the chromophore part of the azo
dye.

3.7. Effect of catalyst composition

The rate of dye removal was examined by different catalysts
from pure components to different composites. Fig. 5 shows the
rate of dye removal by TiO2, CdS and CdS/TiO2 with two  different
ratios (1/2.5, 1/6.0). The degradation rate of RB5 in the presence of
CdS/TiO2 with ratio equal to 1/6 shows a significant difference with

respect to the other samples. The high activity of the composite
photocatalyst is due to the fast charge separation and transporta-
tion throughout the particles [5,9,53] as well as the contact between
TiO2 and solution which is sufficient for the creation of active
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Fig. 5. Comparison of different catalysts for the dye removal in the presence of
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ltrasound (50 mL  solution 100 ppm, 0.05 gr catalyst, temperature 38 ◦C, power of
ltrasound 66%).

adicals [11]. The possible role of TiO2 nanoparticles is to pro-
ide sites for collecting the electrons generated from CdS, enabling
hereby an efficient electron–hole separation as depicted. The
harge separated state can be followed by the emission decay of
he sample. In nanocomposite a decrease in the intensity of the
uminescence emission was observed for CdS. This means the sig-
ificant quenching in emission measurements can be attributed to
he electron transfer between excited CdS and TiO2. This quenching
ehavior represents the deactivation of the excited CdS via elec-
ron transfer to TiO2 particles [53]. The sonocatalytic performance
f coupled semiconductors is related to the charge separation, the
urface contact between nanoparticles, the crystallinity, and sizes
n the coupled particles.

.8. Mineralization of the dye

A complete photocatalytic mineralization reaction of reactive
lack 5 has been suggested as follows [54,55]:

26H21N5O19S6Na438O2
UV/TiO2−→ 26CO2 + 4H2O + 4NaNo3

+ HNO3 + 6H2SO4

The formation of CO2, NO3
−, and SO4

2− has been extensively
tudied by Poulios and Tsachpinis [55]. They reported that after the
ecolorization, the intermediates were present in the medium.

The sonocatalytic mineralization of RB5 was followed by mea-
uring the TOC during the process. Fig. 6 shows the TOC and its
ariation with time during the sonocatalytic degradation. The TOC
as abated to about 50% of the initial value in less than 10 min

f irradiation, and then decreased slowly. This is might be due to
 detrimental effect of the adsorbed SO4

2− ions on the catalyst
urface [56]. It is another fact that the intermediates such as car-
oxylic acids are difficult to oxidize than their parent compound
azo dye in this case). Therefore, a complete oxidation may  pro-
eed with slower rate [36]. But, the degree of mineralization in UV
ethod was very low. The results obtained from the absorbance
nd TOC measurements indicate that the decay of the chromophore
n the dye molecule is a relatively fast process (disappearance of
hromophore peak in the visible spectra) but overall degradation
equires more time. Some intermediates are in the form of organic
Fig. 6. Concentration and TOC of the RB5 solution versus time.

acids which could be the reason for the decrease of pH from neutral
to slightly acidic (from 6.5 to 5) [57].

Evolution of sulfate ions in the solution confirmed the results of
TOC. The concentration of this ion was 16 mg/L and 19 mg/L in the
solution after 10 min  and 60 min  sonication, respectively. Sulfate
ions are primary products from the initial attack on the sulfonyl
group of dye by a direct reaction with positive holes or hydroxyl
radicals. Between both oxidative agents (OH• and h+), it is sug-
gested that the reaction with holes could be preferential since the
adsorbed molecule is in contact with the surface of titania via one of
its sulfonate groups [58]. Surprisingly, Only 40% of the sulfate was
present in the solution (less than the expected stoichiometric quan-
tity). This behavior could be described as a partially irreversible
adsorption of SO4

2− ions. The strong adsorption of SO4
2− could

partially inhibit the reaction rate which, however, remains accept-
able [56,59]. The concentration of nitrate ions was 17 mg/L and
19 mg/L in the solution after 10 min  and 60 min sonication, respec-
tively. On the other hand, substantial increase in the conductivity
from101 �S/cm to 121 �S/cm suggests the formation of ions such
as nitrate or sulfate.

3.9. Proposed mechanism of sonocatalytic degradation

A few mechanism and satisfying explanation can be found about
the sonocatalytic degradation of organic pollutants in the presence
of various semiconductor materials [2,4,9,26].  It is obvious that fur-
ther studies are necessary to determine the mechanism in greater
details.

Kamat and Patrick [60] have demonstrated the simultaneous
migration of both electrons and holes in coupled semiconductor
photocatalysts. An increase in the lifetime of the photo-generated
pairs due to the hole and electron transfers between the two  semi-
conductors in nanocomposite, was  invoked in many cases as the
key factor for the improvement of the photoactivity.

In this work a novel composite of core–shell CdS/TiO2 with
a high sonocatalytic activity and appropriate adsorbability were
obtained through the combination of nano-sized CdS and TiO2
particles. The possible process of sonocatalytic degradation and
reactions are proposed in Fig. 7 based on the following statements:

(i) Based on the cavitation in our experiments, the ultrasonic
irradiation can result in the formation of high temperatures
as a spot (hot spot theory). The high temperatures produced

by ultrasound brings many holes and electrons which are
changed to reactive radicals on the surface of semiconductor
catalyst [3,4,9].  Under these conditions, a series of reactions
can take place on the surface of nanocomposite. In addition,
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Fig. 7. Proposed me

the cavitation promotes the electron transfer from CdS to TiO2
through the crystal interphase between TiO2 and CdS, which
effectively results in the separation of electron–hole pairs. This
separation enhances the sonocatalytic activity.

(ii) Enhancing the mass transfer of organic materials such as dye
molecule between the liquid phase and the catalyst surface
which is due to the shockwave propagation of the cavitation
process.

iii) Increasing the catalytic activity by de-aggregation of the cata-
lyst particles which tend to aggregate due to its high potential
surface energy.

iv) Cleaning and sweeping the catalyst surface due to acoustic
micro-streaming which allows more active catalyst sites to be
available.

The contribution of the mentioned effects is difficult to be dif-
erentiated and the overall net effect is an enhancement in the rate
f dye degradation.

. Conclusion

In this study, the sonocatalytic activities of nano-sized TiO2,
ano-sized CdS and its composite CdS/TiO2 with two  different
atios were compared by the degradation of RB5. The experimen-
al results showed that the prepared nanocomposite of TiO2/CdS
xhibited a high sonocatalytic activity in comparison with pure
ano-sized TiO2 and CdS. The presence of catalyst enhanced the
ate of RB5 removal. The extent of removal depends on the oper-
ting conditions employed such as the type and concentration of
atalyst, initial dye concentration and solution pH. The removal
f dye increases with the increase of ultrasonic irradiation time,
hile the removal percentage was decreased with the increase of

nitial concentration. A significant decrease in the concentration
f RB5 was observed at initial times of sonication in sonocatalytic
ethod for the higher mole ratio of the nanocomposite. In addition

o the decolorization, sonocatalytic method was able to mineral-
ze the organic compound into SO4

2− and NO3
− ions completely.

he increased catalytic activity was due to the improvement of
harge separation by the nanocomposite and de-aggregation of the
anocatalyst by ultrasound which allows more active sites to be
vailable for the reaction.
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