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Abstract

The enhanced sonophotocatalytic degradation of Chrome Intra Orange G (C.I. 18745), an azo dye, in aqueous solution under UV light
has been carried out using solvothermally sensitized ZnO nanoparticles as catalyst. The effects of sonolysis, sonocatalysis, photocatalysis
and sonophotocatalysis have been examined to study the influences on the degradation rates by varying the initial dye concentration, dye
solution pH, catalyst morphology and loading to ascertain the synergistic effect on the degradation techniques. ZnO sonophotocatalysis
was always faster than the respective individual processes. Ultrasound may modify the rate of photocatalytic degradation by promoting the
deaggregation of the catalyst and ultrasound-induced increase of its active surface area, by increasing the amount of reactive radical species
through cavitation leading to water splitting and formation of H,O, by both photocatalysis and sonolysis. To further verify the direct
relation of the effective surface area offered by ZnO to its reaction rate, sonophotocatalysis experiments were conducted using nanorods of

different dimensions and aspect ratios. Higher aspect ratio values correspond to an enhancement of the sonophotocatalytic activity.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Dye residuals found in textile dyeing wastewater con-
tribute to the difficulty in treating such wastewater due to
the increasing consumed amounts, variety and stability
and resistance of modern dyes to biological destruction
[1-3]. The efficient removal of dye pollutants from indus-
trial wastewater can generally be achieved through hetero-
geneous photocatalysis using metal oxide semiconductors.
Nevertheless, there are some drawbacks: (1) induction of
non-modified catalyst only by ultraviolet light and costs
lots of energy, (2) insufficient treatments of non- or low-
transparent organic wastewaters and (3) ineffectiveness of
conventional photocatalytic degradation methods for
decolorization and mineralization. Due to these reasons,
combinations of different advanced oxidation processes
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(AOP) for environmental detoxification have recently been
exploited, especially for wastewater treatment [4]. The
combination of ultrasound (US) and O; [5], UV [6], TiO,
[7], H,O, [8,9] or Fenton reagent [10,11] treatments, for
example, is known to be able to increase the decomposition
efficiency, to reduce the time required for pollutant
removal and to verify possible beneficial or synergistic
effects in the degradation of organic water pollutants.
Ultrasound irradiation results in acoustic cavitation, and
bubble collapse causes intense local heating, high pressure
and short lifetimes; these transient, localized hot spots lead
to high energy chemical reactions [12]. This unique energy
focusing process generates highly reactive free radicals that
significantly enhance chemical processing. For instance,
when water is irradiated with ultrasound, it is proved that
the heat from cavity implosion decomposes water (H,O)
into extremely reactive hydrogen ions (H™) and hydroxyl
radicals (OH® ™) [13,14]. During the quick cooling phase,
hydrogen atoms and hydroxyl radicals recombine to form
hydrogen peroxide (H,O,) and molecular hydrogen (H,).
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If other compounds are added to water irradiated with
ultrasound, a wide range of secondary reactions can occur.
Organic compounds are highly degraded in this environ-
ment, and inorganic compounds can be oxidized or
reduced [15].

Anbar and Pecht [16] investigated the location of the
sonochemical formation of hydrogen peroxide and found
that H,O, is produced in the cavitation bubbles and not in
the liquid phase. Suslick et al. investigated the application
of sonochemistry in numerous commercial processes and
found that either better quality of the products were
achieved or simpler experimental conditions were required
when ultrasound was introduced [17-19].

The potential applications of this technology range from
degradation of environmental pollutants to drug synthesis for
medical treatments. Especially, it is suitable to treat those
organic wastewaters that cannot be degradated by photocata-
lytic technology. In recent years, the simultaneous use of
ultrasound and photocatalysis, i.e. the so-called sonophotoca-
talysis has been studied regarding process efficiency to degrade
various organics in model solutions [20-24]. The sonophoto-
catalytic process of oxidation shows interesting advantages at
kinetic level, due to the occurance of a synergistic effect
between sonolysis and photocatalysis [20-24]. Synergistic
effects between the two techniques were observed when
employing small particle size semiconductors [23] or when
operating at relatively low US frequency (30 kHz) [25,26].

Reports on heterogeneous sonophotocatalysis under differ-
ent experimental conditions are available in literature [27-33].
There are also many reports on morphology-dependent of
photocatalytic activity of certain catalyst especially ZnO
nanostructures [34-37]. However, to our knowledge, no work
has been reported on the comparative study of the effect of
ZnO nanoparticles morphology particularly resulted from
solvothermally synthesis on the sonophotocatalytic reactivity.

In this paper, sonolysis and photocatalysis have been
simultaneously employed to degrade selective an azo dye,
Chrome Intra Orange G (C.I. 18745). We report the synthesis
of nanostructure ZnO rod-like with different aspect ratio by
simple solvothermal methods. ZnO materials with different
crystal growth habits showed significant differences in catalytic
performance. The aim of this work is to study the influence of
the substrate concentration, photocatalyst morphology and its
optimum loading, and pH on the azo dye degradation rate to
exploit the synergistic effect between different combined
applications. The results indicated that the surface morphol-
ogy, size and surface area of ZnO nanorod arrays were key
factors influencing the efficiency of ZnO in the degradation of
azo dye.

2. Experimental
2.1. Materials and methods
The commercially available dye Chrome Intra Orange G

was obtained as a gift sample from an Iran textile industry,
and used as such without any purification. Required

concentrations of dye solutions were prepared by dissol-
ving the dye in distilled water. The pH of the solutions
was adjusted by adding 1 M HNO; or 1 M NaOH. The
molecular structure of dye is shown in Scheme 1. The
ultrasonic bath operated at frequency of 30 kHz and
output power of 50 W through manual adjustment. All
systems were at continuous stirring; additionally, the
temperature was controlled at 30 C via a water circulation
system. In a typical heterogeneous catalytic run, the
appropriate amount of ZnO was added in the reaction
mixture and the suspension was left for 15 min in the dark
to ensure complete equilibration of adsorption/desorption
of the dye compound on the catalyst surface. After that
period of time, the lamp and/or the sonicator were turned
on and this was taken as “time zero” for the reaction.
Illumination was performed through the reactor Pyrex
walls by means of four 8 W Phillips UV-A lamps emitting
365 nm wavelength. Aliquots were withdrawn from the
reactor at pre-specified time intervals. The suspended
particles were separated by filtering. The degradation
reaction was monitored by spectrophotometric analysis
at the absorption maximum of the dye.

2.2. Synthesis of ZnO powders

In a typical synthesis [38], 0.01 mol of Zn(Ac),-2H,0
powders were placed into a Teflon-lined stainless steel
autoclave of 50 ml capacity, to which 40 ml of 5 wt%,
40 wt% and 80 wt% hydrazine hydrate aqueous solutions
were added with stirring. The autoclave was maintained
at 90 °C for 12 h, then air cooled to room temperature.
The as-formed white precipitate was filtered, washed with
distilled water, and dried in the air at 80 °C.

2.3. Apparatus

To characterize the ZnO powders, X-ray power diffrac-
tion (XRD) experiments were performed on a Bruker, DS
ADVANCEXRD diffraction spectrometer with a Cu Ko
line at 1.5406 A and a Ni filter for an angle range of
20=20-80°. Philips, XL30 scanning electron microscope
(SEM) measurements were also used to investigate the
morphology of the samples with an accelerating voltage of
17 kV. The optical properties were performed on a Shi-
madzu, MPC-2200 UV-vis spectrophotometer operated
over the range of 350-600 nm at a resolution of 2.0 nm.
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Scheme 1. Chemical structure of chrome intra orange G.
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3. Results and discussion
3.1. Characterization

Fig. 1 shows the XRD patterns of the obtained products
using hydrazine hydrate aqueous solutions as the solvent. All
the obtained products display the characteristic XRD peaks
corresponding to the hexagonal phase (space group: P63mc) of
ZnO (Joint committee for Powder Diffraction Standards
(JCPDS) file no. 36-1451). Furthermore, as observed from
XRD pattern intensities, the higher content of hydrazine
hydrate in the solvent can generally enhance the crystallinity
of the obtained ZnO powders. For abbreviation, the ZnO
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Fig. 1. XRD patterns of the as-prepared ZnO products using the
hydrazine hydrate aqueous solutions with different concentrations:

(A) 5wt%, (B) 40 wt% and (C) 80 wt%.

samples prepared in 5 wt%, 40 wt% and 80 wt% hydrazine
hydrate aqueous solutions labeled by sample 1, sample 2 and
sample 3, respectively. The grain size was calculated from
wurzite (002) reflection, using the Scherrer equation. The
average grain size is 55, 73 and 96 nm for sample 1, 2 and
3, respectively.

SEM images of the as-prepared ZnO powders are shown in
Fig. 2. The prepared ZnO samples using the hydrazine hydrate
aqueous solutions with 5 wt%, 40 wt% and 80 wt% consist of
granular, hexagonal granular as well as hexagonal rod-like

P
lpm

Fig. 2. SEM images of the obtained ZnO powders using the hydrazine
hydrate aqueous solutions with different concentrations: (A) 5wt%,
(B) 40 wt% and (C) 80 wt%.
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particles and pure individual ZnO nanorods, respectively.
During the solvothermal process, hydrazine hydrate played
important roles as a basic and complexing reagent in the
nucleation and growth of the ZnO products. It not only can
provide hydroxyl anions by hydrolyzation, but it can also
coordinate with Zn>" cations to form a weak coordination
compound, [Zn(N>H4),** [39]. It was suggested that the
existing competitive reactions forming different species such as
Zn(OH);~, Zn(OH), and [Zn(N,H,),]** lead to the variation
of the ZnO morphologies with the contents of the solvents
[40-42].

The initially formed Zn(OH), in low concentration
(5 wt%) hydrazine hydrate aqueous solution, can quickly
dehydrate to give large quantities of ZnO nuclei upon
hydrothermal treatment at 90 °C, which led to the mainly
granular particles [40]. On the other hand, in high
concentration (80 wt%) hydrazine hydrate aqueous solu-
tions, ZnO crystal gradually formed, the number of nuclei
was limited and the particle size increased through pro-
gressive growth. For the hydrothermal crystal growth
process of ZnO in a high alkali aqueous solution, the
growth unit is [Zn(OH)3 ] [40,41]. With increasing con-
centration of [Zn(OH)3 ] in the solution, these ions prefer
to aggregate at more positive polar planes of ZnO crystals
due to the electrostatic forces, which would retard the
growth along the [0001] direction greatly and result in the
formation of nanorods with a higher aspect ratio [42,43].
Moreover, the hydrazine hydrate may serve as chelating
(adsorbing) ligands to the Zn>* cations (primarily on the
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Fig. 3. Effect of catalyst on the azo dye degradation during sonocatalysis
with 0.5g L' ZnO and Co=10mgL~".

Table 1

six prismatic side planes), inhibiting the radial enlargement
of the rods [44]. Considering the above factors, individual
ZnO nanorods were obtained in the high concentration
(80 wt%) of hydrazine hydrate aqueous solutions as pre-
viously reported [38]. However, at intermediate concentra-
tion (40 wt%) of hydrazine hydrate aqueous solutions,
nucleation and growth processes could occur at the same
time and then, both granular and rod-like particles gen-
erate upon hydrothermal treatment.

3.2. Sonolytic (US) and sonocatalytic (US+Zn0O)
degradation of azo dye

Fig. 3 shows the effect of catalyst on the sonocatalytic
degradation kinetics of azo dye as a function of the
sonication time, at 10 mg L~ initial dye concentration.
The rate constants increase during sonocatalysis compared
to sonolysis showing clearly the beneficial effect of the
presence of catalyst on azo dye degradation (see Table 1).
It is expected that suspended solids affect cavitation and
consequently the rate of sonochemical degradation. In
principle, particles may enhance degradation providing
additional nuclei for bubble formation [45].

3.3. Photocatalytic (UV+Zn0O) and sonophotocatalytic
(US+ UV+Zn0O) degradation of azo dye

Like sonolysis, photocatalysis and sonophotocatalysis
also appear to follow a pseudo-first order kinetics. Table 1
shows values of initial rate constants during the degrada-
tion of azo dye at an initial concentration of 10 mg L' for
different treatments. As clearly seen, photocatalytic degra-
dation occurs appreciably faster than sonolytic or sonoca-
talytic degradation under similar experimental conditions.
For instance, complete photocatalytic dye removal occurs
within 40 min of reaction at 0.5gL~" catalyst loading
under air, while sonolysis or sonocatalysis achieve up to 45
and 88% efficiencies at 100 min of reaction, respectively.
Synergistic effects have been evidenced by comparing
kinetic results obtained by sonolytic, sonocatlytic, photo-
catalytic and sonophotocatalytic treatments. The synergy
between different treatments can be usefully quantified by
the following equation and values given in Table 1:

k(US+UV +ZnO)
k(US)+k(US+ZnO)+k(UV +ZnO)

Synergy =

Azo dye degradation rate constants at 10 mg L ™! starting concentration and various treatment conditions.

Rate constant (min~") Condition Rate constants (min~")

uUs Catalyst US+ZnO UV-A+Zn0O US+UV+ZnO Synergy
0.811 Sample 1 33.8 14.5 54.2 2.82
7.31 Sample 2 25.8 79.2 125 1.11
15.6 Sample 3 55.1 192 562 2.14
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where k(US4+UV+Zn0), k(US), k(UV+ZnO) and
k(US+ZnO) are initial rate constants for sonophotocata-
lytic, sonolytic, photocatalytic, and sonocatalytic degrada-
tion, respectively.

As indicated from the calculated synergy values larger
than 1.0, a synergistic effect was seen. The combined effect
of sonolysis and photocatalysis led to a degradation rate
constant (kys 4 uv 4 zno) Which was greater than the sum of
the degradation rate constants measured under sonolysis
(kys), photocatalysis (kyv 4+ zno) and sonolysis (kys zno)-

The main mechanism for the enhanced sonophotocatalytic
destruction of azo dye was most likely due to: (1) additional
free radicals formed from the decomposition or pyrolysis of
H,O in a cavitation bubble, (2) additional produced hydro-
gen peroxide by both photocatalysis and sonolysis in water:
under photocatalysis via reduction of adsorbed dioxygen by
conduction band electrons [46] and under sonolysis of water
as a result of recombination between hydroxyl radicals
produced by the implosion of cavitation bubbles [47,48], (3)
hydroxyl radical-mediated reactions occurring primarily in
the liquid bulk as well as at the bubble interface due to non-
volatility and highly solubility of the azo dye, (4) deaggrega-
tion of particles due to the effect of sonication leading to an
increase in surface area, (5) the use of ultrasound creates
conditions of increased turbulence in the liquid, thus decreas-
ing mass transfer limitations and increasing the surface area
available due to catalyst fragmentation and de-agglomeration
[49] and finally (6) synergic effects of photocatalysis and
sonolysis on the degradation.

3.4. Influence of morphology of ZnO powders on
sonophotocatalytic activity

The properties of ZnO are strongly dependent on its
structure, including the morphology, aspect ratio, size,
orientation, and density of crystal [50-52]. Taking into
consideration the nanorods’ dimensions obtained from
SEM, i.e., their diameter and length, we can estimate the
aspect ratio (length over diameter, L/D) of the ZnO
samples. (L/D) is a commonly used parameter which
indicates the surface-to-volume ratio of nanostructured
samples. The high aspect ratio (~14.3-17.5) and enhanced
crystallinity of the sample 3 compared to sample 2 (~4.3—
6.5) and sample 1 (~1.2-2.4) result in significant sono-
photocatalytic activity of former. In addition to higher dye
adsorption due to increased surface-to-volume ratio of
sample 3, a number of other physical processes can occur
in the presence of particles during sonication. For example,
particles may serve as nucleation sites for cavitation
bubbles. Then, slight to moderate increases in the reaction
rate constants during all degradation methods as the
particle size, aspect ratio and morphology change were
observed. The exposed surface area and the defects on the
surface are also important parameters which affect the
photocatalytic activities of metal oxide semiconductors.
Due to higher aspect ratio, ZnO nanorods expose more
surface defects to degrade organic pollutants.

3.5. Influence of initial concentration on sonophotocatalytic
degradation of chrome Intra orange G

It is important to study the dependence of degradation
efficiency on the initial concentration of dye wastewater from
both application and comparative point of view. The reaction
kinetics was studied by varying initial concentration of dye in
suspensions containing 0.5gL~" of ZnO at pH of 4. The
degradation rate of dye measured under different experimental
conditions is shown in Fig. 4. The decrease in reaction rate
with increase in substrate concentration is due to (1) increasing
of dye molecules adsorbed on the surface of catalyst hampers
the absorption of UV-light and high energies resulted from
ultrasonic cavitation effect by catalyst, (2) limited the catalytic
activity of any catalyst and saturation of its degradation
ability, (3) suppress the synergistic effect at higher concentra-
tions and (4) the constancy of the amount of substrate
adsorbed on the semiconductor at higher concentrations. As
observed from Fig. 4, there are the same trends for all
degradation treatments, i.e., the simultancous sonolysis did
not induce any modification in this trend, indicating that the
reaction system exhibits the same dependence on the amount
of dye under both photocatalytic and sonophotocatalytic
conditions, which determines the water-semiconductor inter-
face phenomena [53].

3.6. Influence of solution acidity on sonophotocatalytic
degradation of azo dye

Some organic compounds exhibit a wide variation in
speciation (or charge) and physico-chemical properties at
different pH conditions. Besides, the pH of an aquatic
environment plays an important role on the photocatalytic
degradation of organic contaminants since it determines
the surface charge of the photocatalyst and the size of
aggregates it forms [54,55]. Therefore, the pH of the
solution can play a key role in the adsorption and
photocatalytic oxidation of pollutants. The effect of pH
value in range from 3.0 to 10.0 on the sonophotocatalytic
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Fig. 4. Rate constants of the degradation of azo dye, as a function of the
initial dye concentration under deferent treatments.
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Fig. 5. Influence of pH on kinetics of various treatment conditions for
azo dye degradation after 6 min UV illumination.

degradation was investigated and the kinetics results are
shown in Fig. 5.

The degradation rates reached a maximum in acidic
conditions, followed by a decrease in the pH range from 7
to 10. The same trend is seen in the various treatment
conditions. From the higher degradation efficiency in acidic
medium, any changes in the initial degradation rate with
varying pH values must be ascribed to variations of the acid/
base properties of the ZnO particles surface (pzc~8.8) and its
relation to the acid dissociation constants of dye. As a result of
electrostatic attraction of the positively charged ZnO with the
ionized dye, an increase in the reaction rate has been observed
in acidic solution.

3.7. Influence of catalyst amount

Understanding the impacts of catalyst loading on the
photocatalytic degradation efficiency is of paramount impor-
tance from commercially point of view. As the suspension of
catalyst loading increases, this change may affect the photo-
catalytic degradation efficiency due to: (1) increasing the
availability of active sites, (2) decreasing the light penetration,
(3) deactivation of activated dye molecules by collision with
molecules in ground state [56] and (4) agglomeration of the
ZnO particles.

In (2)+4) conditions, part of the catalyst surface has
probably became unavailable for photon absorption as well
as dye adsorption, thus photo-induced excitation slightly
occurs resulting to the lower degradation efficiency. As shown
in Fig. 6, higher sonophotocatalytic, photocatalytic and
sonocatalytic efficiencies were observed with increasing sample
3 amounts, up to an optimal ZnO amount of 0.5gL~",
followed by a marked decrease at higher catalyst amounts.

3.8. Dye degradation intermediates and possible reaction
mechanism

Since photocatalysis is a surface phenomenon, a critical
intervening step in the effectiveness of a given pollutant
photodegradation is to understand the adsorption process
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Fig. 6. Influence of ZnO loading (sample 3) on the sonophotocatalytic,
photocatalytic and sonocatalytic degradation efficiency.

of pollutant on the catalyzing surface. Studying the
adsorbability of the organic substrate allows one to predict
the mechanism and kinetics that promote the pollutant’s
photo-oxidation. In present work, this was established by
FTIR spectroscopy. Fig. 7 shows typical spectra of ZnO
nanoparticles (sample 3, Fig. 7A) and the adsorbed azo
dye before (Fig. 7B) and after 2, 4 and 6 min UV/US
irradiation  during sonophotocatalytic = degradation,
Fig. 7C, D and E, respectively.

The dye degradation occurred mainly by: (1) photocataly-
tic oxidation through the hydroxyl radical attack and the
hydroxylation of the aromatic ring [57], (2) direct oxidation
or reduction by the photo-induced holes and electrons,
respectively, resulting to desulfonation and oxidative cleavage
of the azo bond [58-61]. Then, the major identified inter-
mediates are hydroxylated derivatives, aromatic amines,
naphthoquinone, phenolic compounds, and some aldehydes
as precursor of produced carboxylic acids [62].

Fig. 7(A) shows the intense Zn—O characteristic bands of
bared ZnO around 780-830cm~'. The peaks around
3450 cm~ ! represent surface hydroxyl groups. It is well
established that a surface-bound hydroxyl group behaves
as ‘surface zincanol’ (ZnO...OH®), which is ultimately
responsible for the degradation [63].

The new bands appear in the characteristic region of azo
dye compounds due to dye adsorption on the catalyst
surface before UV irradiation in Fig. 8§(B). The bands
situated at 1194, 1106 and 1023 cm ! were characteristic
of the asymmetric stretching vibration in the —SO;Na
group and of the coupling between the benzene mode
and v(SO5) [63], while the peak located at 1345 cm ™! could be
either ascribed to O-H bending vibrations or to SO»-O
fingerprint. The intense peaks near 1421 and 1536 cm ™" were
attributed to the -N=N- bond [64] and to the aromatic ring
vibrations sensitive to the interaction with the azo bond
[58,65], or to the bending vibration mode 6(N-N) of the
hydrazone form of the azo dye [66].

After this, sample 3 was UV/US irradiated for 2, 4
and 6 min. The presence of carbonyl groups (especially
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Fig. 8. UV-vis spectra of chrome intra orange G solution under sonopho-
tocatalytic condition using sample 3 as catalyst at 0—8 min time intervals.

aldehyde, as a precursor of carboxylic acid) is indicated by
the absorption maxima around 1620-1740cm~! and
2855-2926 cm ~'. At longer irradiation times (6 min), the
intensity of these bands is increased and that of character-
istic bands of the azo dye is strongly decreased. Two peaks

around 1630 and 1743 cm ~ ' with a considerable fractional
transmittance in Fig. 7(E) clearly suggest the formation of
carboxylic acid groups as a result of attack by the
oxidizing radicals.

Under photocatalytic conditions, a set of reactions in
presence of water molecules and dissolved oxygen follow
leading to the formation of several active oxygen species
such as superoxide anion, hydroperoxyl radical besides
hydroxyl radical. The main active species, *OH, free or
adsorbed on the catalyst surface, designated as active
‘zincanol (ZnO...OH®), may attack azo dye to produce
a DYE® radical that undergoes degradation to yield
products. The increased intensity of band around
3440 cm ! at longer irradiation times is assigned to OH
binding and stretching of the adsorbed water on the
catalyst surface. Results indicate that the photocatalytic
degradation of the azo dye may occur by means of their
direct reaction with holes or *OH radicals to yield the
corresponding aldehydes. The aldehydes generated in
these reactions may respectively react with O3~ or *OH
radicals, to yield the corresponding carboxylates or
carboxylic acids.
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3.9. UV-vis spectra of chrome intra orange G solutions
during sonophotocatalytic degradation

Fig. 8 shows the UV-vis spectra of chrome intra orange G
solution under sonophotocatalytic treatment using sample 3 as
catalyst at different illumination times and at optimized
conditions including initial dye concentration 10 mgL ™",
0.5gL~" of ZnO powder loading and solution pH=4. In
general, the chrome intra orange G solution gives three main
absorption peaks in the range of 200-600 nm, corresponding
to the benzene ring and azo bond, respectively. It was found
that, compared with the original dye solution (=0 min), all
absorption peaks declined more or less due to the sonopho-
tocatalytic degradation. It indicates that the benzene ring and
azo bond in dye molecule are degraded simultaneously.

4. Conclusion

Effective destruction of the azo dye, chrome intra orange G
is possible by combinative AOPs in the presence of ZnO
suspensions, UV light and sonolysis. The kinetics of the
sonolytic, sonocatalytic, photocatalytic and sonophotocatalytic
oxidation follows a Langmuir—Hinshelwood model and
depends on several factors such as, dye concentration, mass
of catalyst, solution pH, and morphology of ZnO powders.
Ultrasound improves the rate of the photocatalytic degrada-
tion of azo dye, through a synergistic effect between sonolysis
and photocatalysis. This increases the amount of reactive
radical species through cavitation and H,O, production.
Experimental results concerning the US/UV/ZnO system
suggested that US also accelerated mass transfer between the
solution phase and the ZnO surface, increasing the degrada-
tion kinetics. It is found that the different surface areas offered
by ZnO samples with different dimensions and aspect ratios
could be considered as key factor in the their sonophotocata-
lytic activities.
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