
Contents lists available at ScienceDirect

Ultrasonics - Sonochemistry

journal homepage: www.elsevier.com/locate/ultson

Performance of SiO2/Ag Core/Shell particles in sonocatalalytic degradation
of Rhodamine B

İlyas Devecia,⁎, Bedrettin Mercimekb

a Konya Technical University, Vocational School of Technical Sciences, Chemistry and Chemical Processing Technologies, Konya, Turkey
bNecmettin Erbakan University, Ahmet Kelesoglu Faculty of Educational Sciences, Department of Mathematics and Science Education, Konya, Turkey

A R T I C L E I N F O

Keywords:
Sonocatalytic degradation
SiO2/Ag Core/Shell nanoparticles
Rhodamine B
Ultrasonic irradiation

A B S T R A C T

In this study, SiO2/Ag Core/Shell nanoparticles was prepared and sonocatalytic activity of prepared catalyst was
investigated by using Rhodamine B as model contaminant, at 35 kHz using ultrasonic power of 160W within
90min. The change in efficiency in the sonocatalytic degradation of Rhodamine B catalyzed by SiO2/Ag Core/
Shell nanoparticles with respect to the initial concentration of dye, catalyst amount and temperature were firstly
investigated. Optimal conditions were found as follows: catalyst amount= 15mg/L, Temperature=25 °C and
initial concentration of dye=10 ppm. Influence factors such as pH of solution, O2 saturation of solution and the
concentration of H2O2 added to the solution, on degradation efficiency in presence of catalyst, were investigated.
SiO2/Ag Core/Shell nanoparticles showed higher sonocatalytic activity at pH=7 with respect to acidic and
alkaline conditions. Degradation efficiency was reached up to 67% in experiments which air pumped (0.6 L/min)
through the solution with in 90min. It was observed that the dye removal increased via increase while H2O2

concentration lower than 10mM. Higher concentration of H2O2 than the optimal concentration had adverse
effect on degradation efficiency. Our results showed that the SiO2/Ag Core/Shell nanoparticles were active
catalyst for sonocatalytic degradation of dyes. Reusability of the catalyst was investigated.

1. Introduction

Water pollution is one of the major issues to be resolved around the
world because of its versatile, harmful effects on human health and the
environment. Especially, coloured wastewater could be the dominant
pollutant in industrial area [1]. Beside the unaesthetic vision of colored
effluents, they decrease the penetration of sun light into water re-
servoirs and so it has destructive effect on photosynthesis in aquatic
flora [1,2]. Furthermore, deposition and anaerobic decomposition of
these effluents could produce hazardous secondary contaminants that
causes water and soil pollution [3]. Colored waste water is formed in
many industries such as textile, cosmetic, leather and paper. Dischar-
ging of effluents is controlled by environmental regulations and dis-
posal of them is not allowed without appropriate treatment. There are
several treatment methods that recommended for degradation of or-
ganic pollutants in wastewater such as adsorption, Fenton reactions,
photocatalytic oxidation, ozonation, electro catalytic oxidation. Use of
combination of these methods and use of oxidative chemicals (H2O2,
NaOCl etc.) in these methods discussed in literature before [4–6]. Each
of them has their own specific advantages and disadvantages. De-
gradation of organic contaminates by using sonolytic and sonocatalytic

oxidation in aqueous media is another promising approach in last
decades. Ultrasonic sound wave is main driven force in these methods.

Ultrasound is sound wave which has frequencies in ranges between
18 kHz and 10MHz. When ultrasound is applied in liquid media, it
causes acoustic cavitation. Acoustic cavitation is phenomenon de-
scribed as formation, growth, and collapse of microbubbles in liquid
media in very short period. During the collapse of microbubbles filled
with vapor and dissolved gas in liquid, some physical effects such as
microjets, turbulence, shock waves, share forces etc., are formed.
Breaking down of the microbubbles produces local hot spots. These hot
spots could reach the temperatures up to 5000 K and pressure higher
than 1000 atm [7,8] Because of these extreme conditions organic mo-
lecules could be destructed directly or decomposed with the radicals
(–OH−, –OOH− etc.) formed during the collapse of the microbubbles
[8]. Unfortunately, using power ultrasound for destruction of organic
contaminant in waste water consumes lots of energy and reaction rate
of the decomposition is too low [9,10]. To overcome these problems
several affords such as using various type of catalyst and using oxida-
tive reagents, was devoted in literature. Heterogeneous catalysts could
be preferable because they could be easily separated from liquid media
and they don’t cause secondary contaminations. Interface between
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heterogeneous catalyst and water produces weak points that could
promote the formation of cavitation bubbles thus increase the de-
gradation rate of direct and indirect oxidation of organic molecules in
water. On the other hand, using high amount of catalyst could have
adverse effect on degradation rate of contaminants, by the way of
scattering of ultrasound waves and mutual screening effects [11].

Various type of heterogeneous catalyst such as metal oxides (TiO2,
ZnO [6] and CuO [12]), modified TiO2 (Au/TiO2 [13], Cr/TiO2, Co/
TiO2 [14], CdS/TiO2 core-shell [15]), solid acid catalyst (H3PW12O40/
ZrO2 [16]) etc. were used for degradation of contaminants in water.
Also effect of the size of the catalyst on sonocatalytic degradation rate
was examined in literature [17]. In last decades, nanomaterials are
attracting too much attention because of unique properties distinctly
different with respect to their bulk form. At nanometer scale, beside the
increases in surface area of the materials, the other properties such as
reactivity, strength, electrical and magnetic properties are also im-
proved [18]. Nanoparticles and nanocomposites have been used in
many applications [19,20], At the point of modification of nanoma-
terials with active sites, the supporting nanomaterial can supply ex-
cellent advantages such as high surface area, low mass transfer re-
sistance and high particle mobility [15,21]. Recently, Silver
nanoparticles and nanocomposites attract too much attention the for
catalytic applications, especially in degradation of dye effluents [22]. It
was reported that, Silver nanoparticles has role as redox catalyst by the
way of electron relay effect [23]. Also, it was reported that, the silver
nanoparticles improve oxidative degradation efficiency by the Fenton
like process with H2O2 [24]. On the other hand, the size of the particle
is limiting factor for using them for environmental application because
of separation problem. In some cases, the nanoparticles is not separated
from the solution and it causes additional contamination. In the case of
Silver nanoparticles, it was reported that it was poisonous to some
aquatic organisms [25]. To overcome these disadvantages, integration
of nanoparticles to another surface could be the solution.

Beside the use of ultrasound in degradation of dyes, sonochemical
approach was extensively used in preparation of nanoparticles and
nanocomposites [26,27]. Shock waves formed during the ultrasonic
cavitation may cause interparticle collisions which the velocities of
hundreds of meters per second. These high energetic impacts lead to
changes in characteristic properties of the prepared particles such as
particle size distribution, texture and surface compositions [28,29]. In
this study ultrasound was used for both degradation of dyes and pre-
paration of SiO2 nanoparticles. Using ultrasound for preparation of SiO2

could improve the homogeneity in size distribution and prevent ag-
gregation of obtained particles.

In this study, SiO2/Ag Core/Shell nanoparticles which were thought
as appropriate catalyst for sonocatalytic oxidation of organic pollutants
found in wastewater were synthesized. In literature, there were several
reports on preparation of silver nanoparticles and nanocomposites by
using both biosynthesis and sonochemical route [30,31]. SiO2/Ag Core/
Shell nanoparticles was used as sonocatalyst for the first time in this
study. For preparation SiO2/Ag Core/Shell nanoparticles, firstly silica
particles was synthesized, and then the surface of the particles was
tailored with Ag nanoparticles. Obtained SiO2/Ag Core/Shell nano-
particles characterized by using XRD, SEM, TEM, FTIR-ATR and N2

adsorption, techniques. Rhodamine-B was used as a model con-
taminant. Influence factors for the sonocatalytic degradation of dye
stuff: catalysis amount (5 mg/L, 10mg/L, 15mg/L, 20mg/L and
30mg/L), the initial concentration of the dye solution (5 ppm, 10 ppm,
20 ppm and 40 ppm), temperature (25, 35 and 45° C), pH (4, 7 and 9),
the H2O2 concentration (1, 5, 10, 20, 30, 40 and 50mM) and O2 sa-
turation (0.6 L/min air) were examined. Sonocatalytic oxidation ex-
periments was performed in batch system by sampling in different time
intervals.

2. Experimental

2.1. Materials

In this study, Tetraethyl orthosilicate (TEOS) (99% Aldrich), ethanol
(98.9% Aldrich), ammonium hydroxide (28% MERCK), AgNO3

(Aldrich, 99%), (3-Mercaptopropyl) trimethoxysilane (95%, Aldrich)
and NaBH4 (≥98.0% Aldrich) were used for synthesis of SiO2/TiO2 and
SiO2/Ag Core/Shell nanoparticles. Rhodamine-B (Rh-B) (≥95%) pur-
chased from SIGMA was used as model contaminant.

2.2. Apparatus and experimental procedure

The experimental setup used in this study is shown in Fig. 1. The
sonocatalytic degradation experiment was performed by using an ul-
trasonic bath (Bandelin electronic RK 255H, Germany) at 35 kHz and
160W. The temperature of the reaction was controlled with water
circulation.

In a typical experimental run, firstly appropriate amount of catalyst
was dispersed in pure water and then required amount of Rh-B
(200 ppm stock solution) was added into the dispersion. The mixture
was stirred for an hour to adjust the adsorption equilibrium. At the end
of this period, the ultrasound power source was turned on and 2ml
aliquots were pipetted for certain time interval. Pipetted aliquots were
centrifuged at 10 000 rpm and analyzed by using UV–Vis. Firstly, to
optimize reaction conditions, the effect of initial dye concentration (5,
10, 20 and 30 ppm), effect of catalyst loading (5mg/L, 10 mg/L, 15mg/
L, 20mg/L and 30mg/L) and effect of temperature on degradation
efficiency were investigated. To investigate effect of pH of solution on
removal of Rh-B, experiments were performed under three different pH
(4, 7 and 9). pH of the solution was adjusted by using HCl (0.1 M) and
NaOH (0.1 M) solution. In this study, the effect of H2O2 addition on
degradation rate was also investigated. For this purpose, different
amount of H2O2 solution (1M) was added into the reaction medium just
before the beginning of the experiment to adjust the concentration of
H2O2 in final solution (1, 5, 10, 20, 30, 40 and 50mM). To investigate
the effect of O2 saturation of the solution on degradation efficiency, air
was pumped into the reaction medium with the rate of 0.6 L/min. For
all experimental run, degradation efficiencies of Rh-B dye were calcu-
lated according to the following equation:

⎜ ⎟= ⎛
⎝

− ⎞
⎠

∗Rh B deg eff Abs
Abs

_ . . (%) 1 (554 nm)
(554 nm)

100t

0 (1)

where, Abst (554 nm) is the absorbance value of Rh-B dye at 554 nm at
time t and Abs0 (554 nm) is the initial absorbance value of Rh-B solu-
tion. Each experiment was repeated, and mean values of the results

Fig. 1. Experimental Setup.
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were taken into consideration.

2.3. Preparation of SiO2 nanoparticles

The uniform-sized SiO2 nanoparticles were prepared by the method
described in the literature [32] with little modifications. Water was
added into ethyl alcohol as the total volume of the solution was 50ml.
The solution was then left in the ultrasonic bath for 10min. The TEOS
was rapidly added to the solution environment and the solution was left
in the ultrasonic bath for 30min. After this period, required amount of
ammonium hydroxide (28%) was added into the solution and sonicated
for an hour. Molar ratio of the TEOS/NH4OH/H2O/Ethyl Alcohol was
kept as 1/3.3/40/162.7 in final solution. Then, the resulting cloudy
solution was stirred at room temperature for 16 h. The finally obtained
particles were washed with pure water and ethyl alcohol until pH=7.

2.4. Preparation of SiO2/Ag Core/Shell nanoparticles

The method used for preparing SiO2/Ag Core/Shell nanoparticles is
as follows. Firstly, the surface of the SiO2 particles was modified by
using the (3-mercaptopropyl) trimethoxysilane. For this purpose, 1.5 g
of SiO2 particles was dispersed in 30ml of dry toluene, then 1.5ml (3-
mercaptopropyl) trimethoxysilane was added into suspension and re-
fluxed for 24 h in nitrogen atmosphere. The resulting structure was
separated from the toluene by centrifugation and washed with dry
acetone, ethyl alcohol and diethylether, respectively, to remove the
unreacted (3-mercaptopropyl) trimethoxysilane. 0.5 g of modified SiO2

particles was dispersed in 30ml of ethanol and water mixture (5/1:v/
v). 0.01 g of AgNO3 was added into the suspension and stirred for
30min. Then ice cold 10ml of NaBH4 solution (0.132 g in 10ml water)
was added dropwise into the suspension. The resulting mixture was
stirred for 16 h. The resulting particles was separated by centrifugation,
washed several times with water, dried at 110 °C and calcined at 550 °C.

2.5. Characterization of catalyst

The crystal structures of the obtained particles were investigated by
using X-Ray Diffractometer (Rigaku, SmartLab). The crystallographic
structure of the catalysts was determined at a rate of 3.75 deg./min and
in the range of 2θ=5–80°. The textural properties of prepared particles
(Brunauer–Emmett–Teller surface areas (SBET)), Average pore size and
total pore volume) were investigated by N2 adsorption at 77 K using
sorptometer (Micromeritics, Gemini V2.01). Morphology and the size of
the prepared catalyst were investigated by using Scanning Electron
Microscope (JEOL – JSM-7600F) with different magnification.
Transmission Electron Microscope (TEM) images were recorded by
using JEOL JEM-2100 (UHR). Metal content was determined by using
SEM-EDX (JEOL – JSM-7600F). IR spectrums of the catalyst were re-
corded by using FT-IR spectrometer (Nicolet IS-10) with ATR attach-
ment.

3. Results and discussion

3.1. Characterization of catalyst

XRD was used to evaluate the phase structure of Ag coated on SiO2

particles. Clear peaks were observed on SiO2/Ag Core/Shell nano-
particles, which were not observed in the support materials. These
peaks belong to metallic states of the Ag that make up the shell struc-
ture. XRD patterns of SiO2 nanoparticles and SiO2/Ag Core/Shell par-
ticles are shown in Fig. 2. As seen in Fig. 2, there was only diffuse peak
located at 2θ=16–30° was observed for the uncoated SiO2 particles.
This result indicate that the obtained SiO2 particles were in amorphous
form.

The XRD spectrum of the SiO2 microspheres loaded with Ag is
shown in Fig. 2. In the obtained spectrum, peaks located at 2θ=38.1,

44.32, 64.34 and 77.49 arising from metal loading were observed.
These peaks were thought to originate from the reflections of the
(1 1 1), (2 0 0), (2 2 0) and (3 1 1) planes of the face-centered cubic
(FCC) silver crystal. The obtained results were in agreement with the
standard spectrum of the silver crystals (JCPDS file no. 04-0783) and
literature [33]. The particle size of the Ag crystals on silica surface was
determined as 29.9 nm by using the Scherrer equation. Equation (2)
shows the Scherrer equation. In the equation, λ is the wavelength of the
X-rays, β is the peak width in half of the maximum peak length
(FWHM), and θ is the angle at which the most intense peak is seen.

= ×d λ
βcos θ
0.9

( ) (2)

Textural properties of prepared SiO2 nanoparticles and SiO2/Ag
Core/Shell nanoparticles are reported in Table 1. As seen in Table 1 the
surface area of SiO2/Ag Core/Shell nanoparticles much higher than that
of SiO2 nanoparticles. The average pore diameter of SiO2/Ag Core/Shell
particles increased 6-fold with respect to that of SiO2 particles. Also,
mean pore volume of Ag loaded sample increased. Fig. 3 shows SEM
images and EDX spectra of prepared catalyst (a) SiO2 and (b) SiO2/Ag
Core/Shell nanoparticles. As seen in figures, it has been observed that
SiO2 nanoparticles (Fig. 3a) had smooth surface. This observation
showed that the structure was non-porous. The same feature was also
observed in N2-Ads studies (Table 1). SiO2 nanoparticles had spherical
shape and the size of the SiO2 nanoparticles were varying between 490
and 630 nm. It was observed that there was no agglomeration of SiO2

particle. It was reported that using ultrasound avoided the particle
agglomeration [34]. After metal loading, as seen in Fig. 3b accumula-
tions were easily seen on SiO2 nanoparticles. In addition to that, there
was no metal aggregate observed in obtained SEM images. This result
indicated that the accumulation of material was homogeneous, and the
surface of SiO2 nanoparticles appear to be covered with the Ag parti-
cles. The particle diameters of SiO2/Ag Core/Shell nanoparticles were

Fig. 2. XRD patterns for prepared SiO2/Ag Core/Shell nanoparticles and SiO2

nanoparticles.

Table 1
Textural properties of synthesized catalysis systems.

Sample SBET
(m2/g)

Total Pore
Volume (cm3/g)

Mean Pore
Volume (nm)

SiO2 nanoparticles 7.5 0.011 9.27
SiO2/Ag Core/Shell

nanoparticles
18.4 0.064 13.23
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varying between 521 and 569 nm. Inset figures shows the EDX spec-
trum of the prepared particles. EDX results indicated that the amount of
Ag deposited on the surface of the was determined as 4.94%. TEM
images of SiO2 nanoparticles and SiO2/Ag Core/Shell nanoparticles are
shown in Fig. 3(c) and (d), respectively. For the uncoated particles as
seen in Fig. 3(c), In agreement with the SEM analysis, all the particles
had smooth texture and perfect spherical shape. In the figure, all the
particles were nearly equidimensional. The average diameter of SiO2

nanoparticles were found as 527 ± 7 nm. In Fig. 3(d), accumulation of
Ag nanoparticles on surface was observed. The obtained SiO2/Ag Core/
Shell nanoparticles were close to spherical in shape and same with the
uncoated samples, homogenous size distribution was observed. The
average diameter of the SiO2/Ag Core/Shell nanoparticles was found as
498 ± 19 nm. Interestingly, it was found that the average size of the
SiO2/Ag Core/Shell nanoparticles was lower than that of uncoated
samples. Shrinkage of the particles may arise from the condensation of
silanol group into silica during the calcination of SiO2/Ag Core/Shell
nanoparticles. The single Ag crystal incorporated onto surface was seen
in Fig. 3(e). The crystalline nature of the particles seen in figure. The
size of Ag nanoparticles on the surface was varying between 3 and
42 nm. In agreement with the XRD studies, mean width of the particles
was found as 21.2 ± 9 nm.

Fig. 4a shows ATR-FTIR spectrum of SiO2 nanoparticles and SiO2/
Ag Core/Shell nanoparticles. Fig. 4b shows FTIR spectrum of SiO2 na-
noparticles and (3-mercaptopropyl) trimethoxysilane modified SiO2

nanoparticles (SiO2-S). FTIR spectrum of SiO2 nanoparticles and SiO2-S
was obtained by using KBr pallets (1 mg sample and 100mg KBr). In

Fig. 4b, it was observed that there were peaks at 2924 and 2852 cm−1,
in addition to the structural peaks of the support structure. These peaks
are described in the literature as symmetric and asymmetric stretching
peaks of (–CH2) groups. It was thought that these peaks belong to, –CH2

functional groups of (3-Mercaptopropyl) trimethoxysilane structure,
and surface modification studies was successfully carried out. It was
reported that affinity of the –OH and –SH groups toward Ag+ ions were

Fig. 3. SEM images of SiO2 nanoparticles (a), SiO2/Ag Core/Shell nanoparticles (b) (inset figure shows the EDX spectrum of the particles), TEM images of SiO2

nanoparticles (c), SiO2/Ag Core/Shell nanoparticles (d), Ag crystal on SiO2 surface (e).

Fig. 4. ATR-FTIR spectrum of SiO2 nanoparticles and SiO2/Ag Core/Shell na-
noparticles (a), FTIR spectrum of SiO2 nanoparticles and (3-mercaptopropyl)
trimethoxysilane modified SiO2 nanoparticles (b).
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different and, the interest of –SH groups against Ag+ ions much higher
than that of –OH groups. Also it was reported that the –SH groups
fixation on the surface was necessity for the Ag shell formation [35]. It
is also pointed out in the literature that, there were large broad peak, at
around 3400 cm−1, belonging to asymmetric stretching of –OH group
originating from silanol groups. The decrease in intensity of this peak
with respect to that of other structural peak showed that, some of –OH
group was consumed during the surface modification. These results
indicate that –SH groups successfully inserted onto SiO2 nanoparticle
surface. As seen in Fig. 4a, after reduction of Ag+ ion on the surface, the
structural peaks, except for the peak at 944 cm−1 belonging to Si-OH
symmetrical stretching, were preserved. This could be arisen from the
condensation Si-OH into SiO2 during the calcination process.

3.2. Catalytic activity results

There are many factors that affect the sonocatalytic degradation of
the dyes. Reaction temperature, pH, amount of catalyst, initial dye
concentration, and oxygen saturation of the reaction solution are fac-
tors that influence the reaction yield. To determine the activities of
prepared catalysts appropriately, optimum reaction conditions must
first be determined. Optimum reaction conditions depend on the fre-
quency of the ultrasound source used, the type of ultrasonic source
used, the size of the catalyst used, the nature of the dye and many other
parameters. Firstly, effect of system parameters such as temperature,
amount of catalyst and initial dye concentration on degradation effi-
ciency, were investigated. The results are shown in Fig. 5. Fig. 5(a)

shows the Rh-B degradation efficiency at the end of 90min for 4 dif-
ferent initial concentrations and the other parameters were kept con-
stant. As seen in figure, it was found that initial dye concentration was
inversely proportional with the degradation efficiency. Same observa-
tion was obtained in literature. Wang and colleagues examined the
removal of Rh- B and Acid Red at various starting concentrations using
ZnO nanoparticles. Parallel to our results, they observed reduction in
the rate of degradation efficiency despite increased dye concentrations.
The reduction in degradation efficiency was explained by the fact that
the dye molecules covered the surface of the particles and prevented
∙OH radicals from adsorbing on the catalyst surface [36]. In Fig. 5(b),
the effect of catalyst amount on degradation efficiency is shown. The
maximum degradation efficiency was obtained in experiment which the
catalyst amount set at 15mg/L. In general, the increase in the amount
of catalyst, increases the number of molecules adsorbed to the surface,
increases the number of radicals formed due to the number of cavitation
bubbles formed, thereby increase the degradation efficiency. But as
reported in literature, there are certain limitations on the rising the
amount of catalyst. The usage of catalyst over the optimum amount
causes the scattering of ultrasound waves, in solution, resulting in a
reduction in degradation efficiency [11]. In order to investigate the
change in Rh-B degradation efficiency at different temperatures, ex-
periments were carried out by varying the solution temperature while
keeping all other parameters constant. Corresponding results are shown
in Fig. 5(c). As seen in figure, degradation efficiency decreased with the
increasing of reaction temperature. Studies in which the effect of tem-
perature is examined in the literature have different results. In the lit-
erature, due to the increase in vapor pressure, the liquid can evaporate
more easily and reduce the maximum heat obtained during the collision
of cavitation bubble, although the temperature causes more cavitation
bubbles because the temperature reduces viscosity, surface tension and
gas solubility. Therefore, the amount of radical formation and the de-
gradation efficiency decrease. But, as in the case of conventional re-
actions, the temperature increases the rate of reaction because it in-
creases the number of reactants that can perform effective collisions
[37]. The factors mentioned above, had positive and negative effect on
degradation efficiency. Superiority of the effects depended on the me-
chanism of reaction. In the case of our study it was thought that the
increase in temperature might lead to lower temperature achieved
during the collision of cavitation bubble, decreased the adsorption of
radicals on surface and degassing of the solution. So, increase of tem-
perature decrease the degradation efficiency. Same observations were
obtained in literature [38]. Optimum parameters, which the highest
degradation efficiencies were obtained, was found as follows Initial Rh-
B concentration: 10 ppm; Amount of catalyst: 15 mg/L; Reaction Tem-
perature: 25 °C

Another important parameter affected the degradation efficiency is
pH of solution. The impact of pH of the solution on Rh-B degradation
efficiency is shown in Fig. 6. Inset figure shows the change in de-
gradation efficiency with respect to various solution pH at t= 90min.
As seen in figures, the degradation efficiency was found to be lower
than the neutral conditions, in acidic (pH=4) and basic (pH=9)
conditions. The effect of pH on sonocatalytic removal in the literature
has been investigated in many studies. The change in the chemical
behavior of the dye molecules and catalyst surface in acidic and basic
conditions, has been shown to be an effective factor in degradation
efficiency of the dye [39]. These results showed that, the surface charge
of the catalyst at pH=7, more appropriate than the that of in acidic
and basic conditions.

In heterogeneous solid-liquid reaction systems, the reaction rate
depends not only on the concentrations of the reagents but also on mass
transfer mechanisms. The mechanism of the sonocatalytic oxidation in
the literature is explained by two different hypotheses. According to the
Langmuir-Hinshelwood heterogeneous reaction model, the reaction
takes place on the catalyst surface. In this model dye molecules and
reactive oxygen species firstly adsorbed on surface, then react on

Fig. 5. Effect of Initial Rh-B concentration on degradation efficiency (a)
(T=25 °C; Amount of Catalyst= 10mg/L; pH=7) Effect of catalyst amount
on degradation efficiency (b) (T= 25 °C; Initial Rh-B concentration= 10 ppm;
pH=7), Effect of temperature on degradation efficiency (c) (Amount of
Catalyst= 10mg/L; Initial Rh-B concentration= 10 ppm, pH=7).
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surface and finally products desorb from surface. Another approach in
the literature assumes that the reaction takes place in bulk solution, not
on the catalyst surface [40]. In this approach, the catalyst is only in-
volved in the formation of reactive oxygen species. For both hy-
potheses, the reaction rate strongly dependent on amount of formed
reactive oxygen species. At this point, it could be realistic to assume
that, the actions promoted the formation of reactive oxygen species
increase the degradation efficiency. To investigate the effect of O2 sa-
turation of solution and H2O2 addition to reaction on degradation ef-
ficiency, several experiments were performed while the other para-
meters were kept constant. Fig. 7 shows the obtained result to
investigate effect of O2 saturation of solution on degradation efficiency.
In experiments without external O2 source usage, it was observed that
the maximum degradation efficiency was achieved in experiment which
SiO2/Ag Core/Shell nanoparticles was used as catalyst. Degradation
efficiencies were found as 25.4%, 29.7%, 44.5% for only ultrasound,
SiO2 nanoparticles and SiO2/Ag Core/Shell nanoparticles used experi-
ments, respectively. This result indicate that the presence of Ag shell
promoted the degradation efficiency. In the literature, publications on
the use of silver compounds as sonocatalyst are limited. Zhang and co-
workers investigated the sonocatalytic activity of Ag3PO4 and Br-
Ag3PO4 for Rh-B, methylene blue and methyl orange degradation [41].

As seen in figure, degradation efficiencies of the experiments which the
air was pumped through the solution, were higher than that of the
experiments in which air was not pumped. It was reported that, dis-
solved gases behaved like nucleation points in solution during the ul-
trasonic cavitation [7]. Also it was reported that the some dissolved
gases such as O2 promote the reactive oxygen formation by decom-
position of itself into radicals [42,43]. Synergetic effect between both
presence of SiO2/Ag Core/Shell nanoparticles and usage of external O2

source, contributed the degradation efficiency and it was found as
nearly 67% at the end of 90min.

Oxidizing agents such as H2O2 are often added to the solution to
increase the efficiency of sonocatalytic oxidation in literature. The
formation enthalpy of the O–O bond in H2O2 structure is 213 kJ/mol
while the formation enthalpy of the O–H bond in water molecule is
418 kJ/mol. In theory, it should be easier to break O–O bond in H2O2

structure than to break O–H bond in belong to water molecule. In lit-
erature, It was reported that the H2O2 decompose into •OH with the
help of heat formed during the sonocatalytic cavitation, and improve
the degradation efficiency [44]. To investigate the effect of H2O2 con-
centration on degradation efficiency, experiments were performed with
different initial H2O2 concentrations (1, 5, 10, 20, 30, 40 and 50mM)
while the other parameters were kept constant. The degradation effi-
ciencies obtained in experiments at the end of 90min are illustrated in
Fig. 8. The result showed that the addition of certain amount of H2O2

concentration proportionally increase the degradation efficiency but
increase in H2O2 concentration higher than 10mM had adverse effect
on degradation efficiency. The degradation efficiencies were found as
49.7%, 54.3% and 56.7% for experiments which initial H2O2 con-
centrations was set as 1, 5, 10mM, respectively. These obtained results
were higher than the degradation efficiency of the experiment which
the SiO2/Ag Core/Shell nanoparticles used as catalyst without H2O2

usage (44.6%). In literature, there were several reports which parallel
results were obtained. It has been reported that excessive use of H2O2

caused a reduction in degradation efficiency by the way of consumption
of formed hydroxyl radicals [45]. The optimum amount of H2O2 varies
depending on reaction conditions, such as temperature, pH, used cat-
alyst and ultrasonic frequency etc.

Another important parameter to investigate the activity of the cat-
alyst mostly employed in literature is Chemical Oxygen Demand (COD)
value after experimental run. In our experiments, COD values were also
tried to be determined, but obtained results did not show meaningful
conclusions. These drawbacks were also reported in literature before.

Fig. 6. Effect of pH of solution on degradation efficiency (T=25 °C; Amount of
Catalyst= 10mg/L; Initial Rh-B concentration= 10 ppm).

Fig. 7. Effect of O2 saturation of solution on degradation efficiency (T=25 °C;
Amount of Catalyst= 10mg/L; pH=7 air flow=0.6 L/min),

Fig. 8. Effect of H2O2 addition on degradation efficiency (T= 25 °C; Initial Rh-
B concentration=10 ppm; pH=7; H2O2 concentrations= 1, 5, 10, 20, 30, 40
and 50mM),
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Cr2O7
-2 ion used in COD tests for reduction of organic molecules, is

reduced with H2O2 formed during the ultrasonic cavitation and Cl- ion
belong to Rh-B structure [46]. These phenomena caused meaningless
COD results in our experiments.

Stability of the catalyst is important factor that affect performance
of catalyst in many applications. For investigating reusability of the
SiO2/Ag Core/Shell nanoparticles, several degradation experiments
performed. Reusability experiment were performed by using spent
catalyst several times with same conditions for ordinary degradation
experiment. Also, the change in chemical composition and morphology
of the SiO2/Ag Core/Shell nanoparticles after reusability experiments
was investigated by using TEM, SEM-EDX and FTIR techniques. The
results of characterization of spent catalyst and reusability experiments
are shown in Fig. 9 in an integrated manner. As seen in Fig. 9(d), de-
gradation efficiency was decreased with the number of usages of cat-
alyst. At the end of third usage, the obtained degradation efficiency
(29.32%) nearly same with the uncoated samples (29.7%). It was
thought that the activity loss could be originated from the surface
erosion because of extreme conditions occurred during the collapse of
the cavitation bubbles. It was reported that the shock waves formed
during the collapse of cavitation bubbles could speed up solid particles
in the liquid [27]. These high energetic particles could collide violently
and may cause surface erosion. TEM images of spent SiO2/Ag Core/
Shell nanoparticles are seen in Fig. 9(a). As seen in Fig. 9(a) the al-
though the particles preserved their spherical shape, the lighter area
which corresponded to holes formed because of surface erosion could
be seen. TEM images of spent catalyst with higher magnification is seen
in inset figure. The erosion on surface could be seen more clearly in this
image. The average particle size of spent catalyst was found as
502 ± 18 nm and this result were nearly same with the fresh catalyst.
But it was obviously seen that the population of the incorporated Ag
nanoparticles on surface of spent catalyst was lower than that of fresh
catalyst. In Fig. 9(c) SEM image of spent SiO2/Ag Core/Shell nano-
particles is seen. As seen in figure, all the particles were in spherical

shape and equidimensional. There was no agglomeration seen in figure.
EDX spectra of spent catalyst is seen in inset Fig. 9(c). The surface
concentration of Ag was found as 3.49%. This value is lower than the
result obtained for fresh catalyst (4.94%). In agreement with the TEM
results, this result showed that, some of the Ag particles was removed
from surface because of surface erosion. The decrease in population of
Ag nanoparticles, especially larger particles, may lead to decrease in
degradation efficiency. Another possible reason for decrease in de-
gradation efficiency could be surface accumulation of side products
formed during the oxidation of Rh-B. ATR-FTIR spectrum of spent
catalyst is seen in Fig. 9(b). As seen in figure there was no additional
peaks that is not belong to catalyst structure could be detected and both
spectrum which were belong to fresh and spent catalyst, were identical.

4. Conclusions

Obtained results showed that the SiO2/Ag Core/Shell nanoparticles
appeared to be the active catalyst in degradation of Rh-B. To investigate
the catalytic activity of SiO2/Ag Core/Shell particles firstly optimum
reaction conditions were determined. The optimum conditions were
found as follows: catalyst amount= 15mg/L; reaction
temperature= 25 °C; Initial Rh-B concentration=10 ppm. At these
conditions the degradation efficiency was found as 49.6% at the end of
90min. By keeping other parameters constant, the effect of pH of so-
lution, O2 saturation of solution and H2O2 addition to the solution on
degradation efficiency were examined. It was indicated that the pre-
pared SiO2/Ag Core/Shell nanoparticles showed highest activity at
pH=7. Pumping air through the solution increased the degradation
efficiency with the presence of SiO2/Ag Core/Shell nanoparticle.
Degradation efficiency was reached up to % 67 at the end of 90min, for
this experiment. Obtained results in this study showed that the addition
of H2O2 contribute to the degradation efficiency in presence of SiO2/Ag
Core/Shell nanoparticle at certain initial concentration. But it was
found that higher initial concentrations of H2O2 than 10mM, had

Fig. 9. The characterization results of spent catalyst: TEM images of spent SiO2/Ag Core/Shell nanoparticles (a), ATR-FTIR spectrum of fresh and spent SiO2/Ag
Core/Shell nanoparticles (b), SEM image of spent SiO2/Ag Core/Shell nanoparticles (c) (inset figure shows EDX spectra of spent catalyst; scale bar= 1 µm); The effect
of re-usage of catalyst on degradation efficiency at t= 90 (d) (Amount of spent Catalyst= 10mg/L; Initial Rh-B concentration= 10 ppm, pH=7, T= 25 °C).
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adverse effects on degradation efficiency of Rh-B. Reusability of the
SiO2/Ag Core/Shell nanoparticle was also investigated in this study.
Despite the reusability of the catalyst was found as limited, comparable
activity of the catalyst even at low amount, make it good candidate for
using it as catalyst in waste water treatment
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