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Abstract: ZnO/CdO nanoparticles on the reduced graphene oxide (ZnO/CdO/
/reduced graphene oxide) were prepared by a hydrothermal process. The struc-
ture and morphology were investigated by FTIR, UV-Vis, XRD, EDX, DRS,
SEM and TEM. The sonocatalytic properties of ZnO/CdO/reduced graphene
oxide were evaluated in the degradation of mefenamic acid (MEF), methyl
orange (MO), rhodamin (RhB) and 4-nitroaniline (4-NA). Based on the results,
the effective and high efficiency of the degradation of azo dyes (MO: 84 %,
RhB: 80 %), MEF: 93 % and 4-NA: 95 % were observed in 120 min after the
beginning of the reactions. The effects of factors such as ZnO/CdO/reduced
graphene oxide dosage, initial concentration of organic pollutant, ultrasonic
power and the presence of ROS (reactive oxygen species) scavengers on the
degradation efficiency were reviewed. It was found that the presence of scav-
engers suppressed the sonocatalytic degradation efficiency. This research indi-
cates the as-prepared nanocomposites exhibit much higher catalytic activity
than ZnO/CdO nanoparticles and reduce graphene oxide (rGO).

Keywords: sonocatalysis; 4-nitroaniline; degradation; mefenamic acid; azo
dyes; ultrasonic waves; scavengers.

INTRODUCTION

In recent years NSIDS (non-steroidal anti-inflammatory drugs) have been
widely used. MEF, a common NSIDS, is one of diphenylamine derivative pol-
lutant. Diphenylamine derivative pollutants release their toxins in waters. These
compounds cannot be removed from waste waters by conventional methods.'™*
Beside them, azo dyes and nitro aromatic compounds are among the most imp-
ortant groups of industrial chemicals.” Due to the growing use of these com-
pounds, the resulted pollution of waste waters is becoming a critical concern.
These pollutants have unfavourable effects on the environment and humans.
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Thus removal of these pollutants from waste waters is essential.®™ In recent
years, semiconductor nanoparticles have received more attention due to their
unique catalytic properties. These properties make them suitable material for pot-
ential applications in various fields. They include waste water treatment, electro-
chemical sensors, drug delivery and antibacterial effects.”'" However these semi-
conductor nanoparticles have some limitations, because their small size and large
surface area can lead to particle-particle aggregation, making the physical hand-
ling of nanoparticles difficult in liquid and dry forms."*'* Graphene as a two-
-dimensional carbon nanomaterial has the properties such as fast electron trans-
portation, high aspect ratio, high mobility of charge carries and so on."” With
these properties, graphene oxide is a promising support. Combining the semicon-
ductor nanoparticles with graphene is considered a more preferable technique.
Nanocomposites with semiconductor nanomaterial are used for various applic-
ations such as waste water treatment, bio nanoelectronic devices and capa-
citors."®"® The conjugated structure and functional groups at the edge of gra-
phene, like carboxyl and carbonyl, can increase its interaction with semicon-
ductors. When strong interaction occur, the electrons in the conduction band of
semiconductors transfer to graphene and this process can lead to the electron hole
separation and to the enhanced efficiency of the nanocomposites.'’ There are
several studies about the synthesis and properties of graphene- semiconductor
nanoparticles.”>** Lv et al. prepared ZnO/rGO composite which has enhanced
photocatalytic properties to degrade methylene blue.”> Han er al. synthesized
CdS/ZnO/graphene composite and they found high efficiency of the photoelec-
trochemical activity of the nanocomposite under solar irradiation.”* Ahmad et al.
investigated the sonophotocatalytic degradation of RhB using ZnO/CNT com-
posites.”” Zhu et al. fabricated PbSe-TiO,—graphene and applied it as sonocat-
alyst for the decolourization of industrial dyes.*

As one of the most promising semiconductors, ZnO has got the extensive
attention due to its high oxidative capacity, low cost and easy availability.””
The technological applications of ZnO are limited by its band gap (3.0-3.8 eV),”
and by the requirement of the UV light to create the electron-hole pairs. Fur-
thermore, CdO is an important semiconductor with band gap of 2.2 eV.*' CdO
has the advantage of low resistivity, and high transmittance in the visible region.
These properties make it useful for the variety of applications such as photo-
diodes, photovoltaic cells, liquid crystal displays, catalyst, etc.**>> The coupling
of ZnO and CdO can reduce the band gap, extending the absorption range to the
visible light region, leading to the electron-hole separation and consequently
achieving higher activity, so it was a valuable research to combine ZnO, CdO
and graphene for the improvement of semiconductor catalysts. In the present
study, ZnO/CdO nanoparticles were synthesized and immobilized on the surface
of the reduced graphene oxide (rGO) via hydrothermal method. The sonocatal-
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ytic activity of the as-prepared nanocomposites was studied related to the deg-
radation of MEF, azo dyes and 4-NA. A series of parameters such as the com-
bination ratio of ZnO/CdO nanoparticles and the reduced graphene oxide, the
ultrasonic power, the dosage of catalyst and the initial concentration of MEF
were optimized. Based on the results, the remarkably high activity of the as-pre-
pared nanocomposites in the degradation of MEF, MO, RhB and 4-NA under
ultrasonic irradiation was observed.

EXPRIMENTAL
Instruments and reagents

All materials were of a commercial reagent grade. FT Infrared (FT-IR) spectra were
obtained from Bruker tensor 27DTGS. UV-Vis spectra were recorded on Lambda 35 spectro-
photometer. XRD pattern was recorded by Jeol JDX-8030 with Cu k, radiation (1 = 1.54 A) in
the 26 range of 10-80°. The morphology, particle size, elements distribution and energy
dispersive spectroscopy (EDS) of samples were observed by a scanning electron microscopy
(SEM, KYKY-EM3200) and a transmission electron microscope (TEM, Zeiss-EM10C-(100
kV), Germany). Ultrasonic experiments were done on an ultrasonic processor, Chrom Tech
Korea. Diffuse reflectance spectroscopy (DRS) was carried out on Avantes (Ava Lamp-DH-S
Ava spec 2048- Tec).

Synthesis of graphene oxide (GO)

GO was synthesized from purified natural graphite powder via a modified Hummers
method according to the literature.”*

Synthesis of ZnO/CdO nanoparticles

ZnO/CdO nanoparticles were synthesized via template assisted route, according to the
literature.” Details are available in Supplementary material to this paper.

Synthesis of ZnO/CdO/reduced graphene oxide (the nanocomposites)

A series of ZnO/CdO/reduced graphene oxide nanocomposites from 0 to 15 % were pre-
pared by changing the amount of added ZnO/CdO in the process and labelled as ZnO/CdO/
/reduced graphene oxide (0/100), ZnO/CdO/reduced graphene oxide (5/100), ZnO/CdO/red-
uced graphene (10/100) and ZnO/CdO/reduced graphene oxide (15/100). The typical route of
ZnO/CdO/reduced graphene oxide composites synthesis, when the mass ratio of ZnO/CdO/
/reduced graphene oxide is 10/100, for example, is as follows: 0.21 g of graphene oxide was
dispersed in 30 mL of deionized water by sonication for 1 h. Then 20 mL of deionized water
containing 0.02 g of as-synthesized ZnO/CdO nanoparticles was slowly added into the GO
suspension. The mixture was sonicated for another 1 h, then 20 mL of N,H,.H,0O was added
into the above system and the solution was then sealed in a 100 mL teflon lined stainless steel
autoclave for hydrothermal reaction at 180 °C for 8 h. After the autoclave was cooled down to
room temperature, the ZnO/CdO/reduced graphene oxide product was collected, washed with
water several times and dried at 60 °C for 10 h. The pure reduced graphene oxide was syn-
thesized in the absence of ZnO/CdO nanoparticles.

Adsorption and sonocatalytic studies

1.2 g/L of as-prepared ZnO/CdO/reduced graphene oxide was added into 25 mL MEF,
RhB, MO and 4-NA aqueous solution with concentration of 10 mg/L. After completely dis-
persed, the suspension was stirred in the dark to reach the adsorption/desorption equilibrium.
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The temperature was fixed to be 25 °C with water bath. By the observations of UV—Vis spec-
trum, it was clear that the absorption spectrum of organic pollutants reached almost a constant
value after 30 min. Then, the ultrasonic waves were applied for degradation. At different time
intervals, 1 mL of solution was withdrawn from the reaction mixture and the concentration of
the solutions was measured using UV—Vis spectrometer. UV—Vis spectral changes of sub-
strates in the presence of ZnO/CdO/reduced graphene oxide nanocomposites were studied as a
function of time under ultrasonic irradiation.

To investigate the effect of the ZnO/CdO/reduced graphene oxide, some experiments
were performed to make sure that the degradation of the organic pollutants occurred as a
result of the catalytic activity of the ZnO/CdO/reduced graphene oxide, and not because of the
ultrasound or adsorption only. The degradation of the organic pollutants was studied: 1) with
only ultrasound, 2) with ZnO/CdO nanoparticles, 3) with rGO and (4) with ZnO/CdO/reduced
graphene oxide nanocomposites.

Evaluation of reactive oxygen specious (ROS), and Determination of the kind of ROS
Details are available in Supplementary material.

RESULT AND DISCOSSION
Structure and properties characterization

Fig. 1 shows the XRD spectra of graphene oxide, rGO and the as-syn-
thesized nanocomposites. In Fig. 1a the diffraction peak at 20 = 10.1° can be
indexed to (002) crystallographic plane of graphene oxide.” In the XRD pattern
of rGO nanosheets, the disappearance of the peak at 20 = 10.1°, confirms that the
graphite oxide has been flaked to rGO.** Also, rGO exhibited the broad peak at
24.6 which correspond to (002) plane. As can be seen in Fig. 1c the main dom-
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Fig. 1. XRD pattern of: a) graphene oxide, b) rGO and c¢) ZnO/CdO/reduced graphene
oxide.
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inant peaks for ZnO were identified at 26 31.8, 35.0, 36.2, 48.4, 56.2, 63.4, 66.1,
67 and 68.0° which can be indexed as (100), (002), (101), (102), (110), (103),
(200), (112) and (201) associated to the diffraction of hexagonal wurtzite phase
(JCPDS 79-0208). The peaks at 26 33, 38.6, 55.7, 66.5 and 69° can be indexed to
(111), (200), (202), (311) and (222) crystallographic planes of cubic structure of
CdO (JCPDS 65-2908).

Fig. 2a shows ZnO/CdO nanoparticles with the size around (15-80 nm). As
shown in Fig. 2b and c, the ZnO/CdO nanoparticles are attached to the surface of
the graphene nanosheet. The slight agglomeration of the nanoparticles was obs-
erved. The elemental composition was analyzed by an energy dispersive spectro-
meter (EDS) spectrum equipped with SEM. The EDS (Fig. 2d) analysis shows
the presence of zinc (26.2 %) along with cadmium (12.1 %), carbon (42.9 %) and
oxygen (18.8 %), which are the main elements for catalytic activity of the as-pre-
pared nanocomposites.

'|7 Snm

ZnO/CdO nanopar tldes

Energy, keV

Fig. 2. SEM images of ZnO/CdO nanoparticles on reduced graphene oxide with different
magnifications; EDX spectrum of ZnO/CdO/reduced graphene oxide.

The TEM images of ZnO/CdO/reduced graphene oxide (10/100) are shown
in Fig. 3(a-c). As can be seen, the ZnO/CdO nanoparticles distributed on the
surface of GO. Some of the nanoparticles have hexagonal morphology.

The FTIR spectra of GO exhibits the characteristic peaks as follows: the
strong and broad absorption band at 3400 cm ' originates from the stretching
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vibration of O—H. The peaks at 1720, 1635, 1170 and 1060 cm " are attributed to
the stretching vibrations of C=0, C=C, C—-O—C and C-O. The FTIR spectrum of
the rGO shows absorption band at 1635 cm™" due to the C=C stretching vibration.
In the FTIR spectrum of the as prepared nanocomposites, the absorption at 1720,
and 1170 cm™' has decreased, the absorption at 1060 cm ' has vanished and the
characteristic peak at 1635 cm ' has not changed. The absorption band around
464 cm is assigned to Cd—0.*® The absorption band at 577 cm ™' can be assigned
to Zn—O vibration.”® The decreasing oxygen containing groups (C=0 and C—O—C)
and vanishing (C-0) in the FTIR spectra of the as-prepared nanocomposites is
indicative of anchored ZnO/CdO nanoparticles on the surface of rGO. This
phenomenon could provide enough adhesion strength to inhibit the aggregation
and the loss of ZnO/CdO nanoparticles during sonocatalytic process and excel-
lent stability (Fig. S-1 of the Supplementary material).

250 nm Mag=27.800 KX DayPetronic Company E 250 nm Mag=27.800 KX DayPetronic Company
— —

Mag = 60.000 KX m

Fig. 3. TEM images of ZnO/CdO nanoparticles on reduced graphene oxide with different
magnification (a—c).

Fig. S-2 of the Supplementary material shows the absorption spectra of GO,
Zn0O/CdO nanoparticles and ZnO/CdO/reduced graphene oxide. In the absorption
spectra of GO, the absorption peak at 270 nm is assign to the 7—n* transition of
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aromatic C—C band, which has red shift in the ZnO/CdO/reduced graphene oxide.
Also, in Fig. S-2c, the disappearance of a shoulder peak at 300 nm (the n—m*
transition of C=0 band) can be seen. Moreover the absorption intensity is sig-
nificantly increased in the whole visible region.

Adsorption properties of the as-prepared nanocomposites

From Fig. S-3 of the Supplementary material, it can be noticed that, after 30
min, 30 % of MEF, 23 % of RhB, 25 % of MO and 33 % of 4-NA were
adsorbed. By the observations it was clear that after 30 min, the absorption spec-
trum of the organic pollutants reached almost a constant value. The percentage of
the organic pollutant degradation (Deg / %) was calculated as follows:

cyp—¢
Deg =100-0—1% (1)
o
where ¢y and ¢y are the initial and final organic pollutants concentrations, res-
pectively.
Sonocatalytic properties of the as-synthesized nanocomposites

Figure 4 shows the sonocatalytic degradation of the organic pollutants under
different conditions. 7) With only ultrasound irradiation, Fig. 4 indicates that little
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Fig. 4. Comparing the degrdation efficiency in different conditions: in the presence of:
a) only ultrasound, b) ZnO/CdO nanoparticles, ¢) rGO and d) ZnO/CdO/reduced graphene
oxide; reaction conditions for all of experiments: initial concentration of MEF, 4-NA and
azo dyes 10 mg/L, volume of solution: 25 mL, reaction time: 120 min, catalyst amount
(ZnO/CdO nanoparticles, rGO, the as-prepared nanocomposites: 1.2 g/L) and pH 7.5.
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changes are observed on the degradation efficiency of the organic pollutants after
only ultrasonic irradiation. It was found that the substrates are stable and cannot
be simply degraded by the ultrasonic irradiation. i7) With ZnO/CdO nanopar-
ticles, it is obvious that ZnO/CdO nanoparticles show the enhanced sonocatalytic
efficiency (Fig. 4). The synergetic effects of CdO and ZnO enhanced the deg-
radation efficiency, however due to the agglomeration of small nanoparticles, the
degradation efficiency cannot proceed to high level. iii) With rGO, as can be seen
in Fig. 4, due to the extraordinary properties of graphene, degradation efficiency
to a certain level occurs. However, a single layer of graphene has strong tendency
of agglomeration into multilayer graphite through strong n—m stacking and van
der Waals interaction. iv) With the as-prepared nanocomposites, Fig. 4 indicates
that the highest degradation efficiency of substrates was observed in presence of
the as-prepared nanocomposite and the ultrasonic irradiation together. The
degradation efficiency increased almost linearly with the increasing ultrasound
irradiation time. Thus it gives us an insight into the sonocatalysis of organic
pollutants by ZnO/CdO/reduced graphene oxide is powerful and efficient in dark
state.

Fig. S-4a—d shows that the max absorption peak of MEF (217 nm), RhB
(511 nm) and MO (465 nm) and 4-NA (379 nm) decreased gradually as the
reactions proceeded in 30, 60, 90 and 120 min after the beginning under ultra-
sonic irradiation. Other peak was not observed which indicated that no by-pro-
duct was produced.

Effects of the reactive oxygen species

According to the method of oxidation extraction photometry (OEP) ** ROS
could be detected by UV-VIS absorption spectrum. The ROS with great oxid-
izing ability can oxidize DPCI in to 1,5-diphenylcarbazone (DPCO). DPCO
shows strong absorption at 563 nm. Fig. 5 shows absorption of DPCO, in differ-
ent conditions.

From the intensity of absorbance of DPCO (Fig. 5), it can be derived that the
quantity of generated ROS in the presence of ZnO/CdO/reduced graphene oxide
is higher than under other conditions.

Effects of different parameters on sonocatalytic reaction

To investigate different parameters on sonocatalytic reaction, degradation of
MEF was chosen as a model reaction.

Optimizing Combination ratio of ZnO/CdO/ reduced graphene oxide

A series of ZnO/CdO/reduced graphene oxide nanocomposites were pre-
pared. The prepared composites were applied in degradation of MEF as a model
reaction and the degradation ratio was calculated with c./cy, where ¢ is the initial
concentration and c. is the concentration of MEF at different times. Fig. S-5 of
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the Supplementary material shows the time profile of c./cy using the main abs-
orption peak of MEF (217 nm in supplementary under irradiation). As evident,
Zn0O/CdO/reduced graphene oxide (5/100), ZnO/CdO/reduced graphene oxide
(10/100) and ZnO/CdO/reduced graphene oxide (15/100) samples exhibited the
improved sonocatalytic activity when compared to that of pure ZnO, CdO and

rGO. Also, Fig. S-5 indicates an obvious advantage of ZnO/CdO/reduced gra-
phene oxide (10/100).

1.4 H O] DPCI, ZnO/CdO/reduced graphene oxide, US
|
1.35 ': () —— pPCIUS
. 13 é @ _____. DPCI, Zn0/CdO/reduced graphene oxide, stirring
z ’ ] US: Ultrasonication
< 125 |
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|
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Fig. 5. UV-VIS spectra of DPCO in different condition. Experimental condition: ([DPCI] =
=1.0x10? mol/L, [ZnO/CdO/reduced graphene oxide] = 1.2 g/L and ultrasonic time: 45 min.

Effect of ZnO/CdO/reduced graphene oxide dosage

The dosage of the catalyst plays an important role in sonocatalytic degrad-
ation. Four different amounts of catalyst (0.3, 0.6, 0.9 and 1.2 g/L) were con-
sidered. With the increasing dosage of the as-prepared nanocomposite, the active
sites of catalyst were increased. Thus more radicals were produced and the
degradation efficiency was increased. Fig. S-6 of the Supplementary material

presents the results of the experiments, the 1.2 g/L catalyst has shown maximum
removal efficiency (93 %).

Effect of initial concentration of organic pollutant

To study the effects of the initial concentration of an organic pollutant on the
sonocatalytic reaction, four different amounts of initial concentration of MEF (5,
10, 15 and 20 mg/L) were considered. Fig. S-7 shows that, with the increase of
the initial concentration of MEF, the number of the MEF molecules is increased,
whereas the number of hydroxyl radicals is constant. More hydroxyl radicals are
required for the degradation of all of the molecules, therefore the degradation
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efficiency is decreased. The results show that the initial concentration of MEF
(10 mg/L) is suitable.

Effect of ultrasonic power

Fig. S-8 of the Supplementary material shows that with changing the ultra-
sonic power from 200 to 1200W/L, the acoustic cavitation is increased, therefore
more hydroxyl radicals are produced and the degradation efficiency is increased.
Hence the ultrasonic power is chosen to be 1200W/L.

Fig. S-9 of the Supplementary material shows the removal efficiency of the
nanocomposite in optimized conditions. With the increasing reaction time, the
removal efficiency increased linearly for all substrates. After the end of 120 min,
under ultrasonic irradiation, MEF (93.0 %), MO (84.0 %), RhB (80.0 %) and 4-
NA (95.0 %) were removed by the as-synthesized nanocomposites.

The kinetic study of the sonocatalytic reaction

For the sonocatalytic reaction of MEF, 4-NA and azo dyes, an approximately
linear correlation of In cy/c vs. time is observed (Fig. 6). So, the sonocatalytic
reaction is of the pseudo first order. The k,p, values of rate of the sonocatalytic
degradation are listed in Table I. The results show that the k,,, value of MEF
sonocatalytic degradation is higher than the other substrates.

1.2
1.1

1 *
09
-
s 08
< o7 W MEF
= oo
o 06 AMO
= 05
= 04 @®RhB
0.3 ®4-NA
0.2
0.1
0
0 30 60 %0 120

Time, min

Fig. 6. The pseudo first order kinetics of sonocatalytic reactions of MEF and azo dyes under
ultrasonic irradiation.

TABLE I. Rate coefficient of sonocatalytic reactions

Substrate keapp / 10” min”
4-NA 7.1
MEF 8.0
MO 4.0
RhB 3.8

Sonocatalytic mechanism of as-prepared nanocomposites

Figure 7 illustrates the electron transfer mechanism in the sonocatalytic
degradation of the organic pollutants. The enhanced degradation was achieved in
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the presence of ZnO/CdO/reduced graphene oxide. It can be attributed to the fact
that the presence of ZnO/CdO/reduced graphene oxide in the liquid medium
enhances the formation of the reactive radicals such as H® and "OH (Eq. (3))
through the pyrolysis of water. Also, when the ZnO/CdO/reduced graphene is
irradiated by ultrasonication, both CdO and ZnO semiconductors are excited and
the electrons are excited from the valence band to the conduction band, forming
the electron-holes pairs.”” *' The energy band gap of the as-synthesized nanocom-
posite is 1.5 eV, calculated with DRS spectra of ZnO/CdO/reduced graphene
oxide using Tauc relation:

ahv = A(hv — Eg)"" )

where « is the absorption coefficient and 4 v is the frequency of photons. 4 is the
proportionality constant and m = 4. Since the conduction bands of CdO and ZnO
are very close together, electrons are injected from the conduction band of CdO
into the conduction band of ZnO. This process can lead to high concentration of
electrons in the conduction band of ZnO and to the charge separation. Afterwards
the electrons can easily transfer to rGO due to the good conductivity of rGO,
which can effectively improve the separation of sonogenerated ¢ —h' pairs
enhancing the efficiency of the sonocatalytic degradation. The electrons can
combine with O, in solution to form the strong oxidative species “O, on the other
hand some of the excited holes at the valence band of ZnO would transfer to the
valence band of the CdO via graphene. Furthermore, h” can react with the surface
adsorbed H,O to produce *OH or directly oxidize organic pollutants to CO,, H,O

and some other small molecules.
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Fig. 7. Sonocatalytic degradation mechanism for the organic pollutants over
Zn0O/CdO/reduced graphene oxide composite under ultrasonic irradiation.

In order to determine what is the dominant controlling mechanism of the
sonocatalytic degradation (pyrolysis or free radical attack), the effects of the

Available on line at www.shd.org.rs/JSCS/

(CC) 2018 SCS.



232 MIRZAZADEH and LASHANIZADEGAN

scavengers on the sonocatalytic degradation were considered. For this purpose
MEF degradation was chosen as a model reaction. The experiments were carried
out using carbonate, iodide as inorganic scavengers and fert-butyl alcohol (T-
butanol), as an organic scavenger. As it is shown in Fig. S-10 of the Supple-
mentary material, after adding CO;*, I and T-butanol as radical scavengers,
degradation efficiency of MEF was decreased from 93 to 80, 76 and 58 % at the
reaction time of 120 min, respectively. Among the scavengers, T-butanol has led
to the greatest reduction in degradation efficiency. The results suggest, the deg-
radation of MEF was mainly done by O, and OH. Thus it can be concluded
that the free radical attack is the dominant controlling mechanism of the sono-
catalytic degradation of MEF.

In order to determine the main reactive oxidant species, the trapping expe-
riment using L-His, Thiore and VC as the quenching agents were carried out. Fig.
S-11 of the Supplementary material clearly displays the addition of effective
reducers. In general, L-histidine can quench the singlet molecular oxygen (‘O,)
and *OH, thiourea quenches the hydroxyl radical and vitamin C can quench most
kinds of radicals.***

As can be seen in Fig. S-11, with ZnO/CdO/reduced graphene oxide and
ultrasonication, the absorbance of DPCO at 563 nm was decreased by 66, 74 and
81 % in presence of L-His, thiourea and vitamin C (VC), respectively. The use of
these scavengers produces 'O, and “OH. Thus, the absorbance of DPCO is dec-
reased. It is found that *OH and 'O, are major kinds of ROS with ultrasonic
irradiation. Based on the above results, the mechanisms of the ultrasonic wave’s
absorption, charge transfer, and the reaction pathways are as follows):

H,0 + Ultrasound — *OH + *H (3)

Ultrasound — Av 4)

Zn0O/CdO + Ultrasonic irradiation — ZnO/CdO (h* +¢7) 5)
ZnO/CdO (¢ ) +rGO — ZnO/CdO +rGO (e7) (6)

e” +h™ — Heat or hv @)

h* +H,0 —» *OH+H" (8)

e +0, > 05 9

O3 + Organic pollutants — CO, + H,O + Product (10)
*OH + Organic pollutants — CO, + H,O + Product (11)

In order to justify the superior activity of ZnO/CdO/reduced graphene oxide,
the present study is compared with some others from literature for the degrad-
ation of MO, RhB and MEF. The results are depicted in Table II. It is worth not-
ing that few studies have focused on the degradation of more than three pollut-
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ants using semiconductor oxide nanoparticles and graphene during sonocatalytic
reaction. In our case, four organic pollutants were removed efficiently using
Zn0O/CdO/reduced graphene oxide in the degradation.

TABLE II. Comparison of sonocatalytic performances of ZnO/CdO/reduced graphene oxide
and some of other catalysts for removal of MEF, RhB, MO and 4-N

Entry Catalyst Degradation route (De;(;g;:?;ll;[, %) 3;2?%’; Ref
1 ZnO-graphene Visible light irradiation MO (87) 180
2 Supported CuO-ZnO Hg lamp(55W) MEF (67) 200 »
3 Activated carbon UV irradiation+ ozone MEEF (60) 120 46
4 SnO,-reduced graphene Visible light irradiation RhB (79) 175 4
oxide
5 H3P,,W,/TiO, UV irradiation (250W) 4-NA (95) 120 “®
6 TiO,-coated censpheres  Solar light irradiation 4-NA (63) 180 N
7 o-Fe,03 Xenon arc lamp(300 W) RhB (79) 140 0
8 Nickel hydroxide Different speed of MO (80) 120 o
agitation (300-500 rpm)
9 Zn0O/CdO/reduced Ultrasonic irradiation ~ MO(84), RhB(80), 120 This
graphene oxide 4-NA(95) and work
MEF(93)

Reusability test

For practical applications, the reusability test on ZnO/CdO/reduced graphene
oxide catalyst was carried out. Figure 8 shows that in optimized conditions for
MEF, azo dyes and 4-NA solution, the stability of the catalyst was excellent. The
sonocatalytic degradation ratios of MEF, azo dyes and 4-NA showed slight dec-
rease during 4 recycle times.

100
. 90
=
. 80
2 70 Fig. 8. The catalytic performance of as-
- 60 -synthesized nanocomposite for 4 suc-
= . . ...
T 50 cessive cycles. Reaction conditions: the
g 40 cleaned ZnO/CdO/reduced graphene
5 oxide nanocomposites were immersed
8 30 in ethanol for 6h and rinsed with
éﬂ 20 deionized water and then dried at 70
10 °C. ZnO/CdO/reduced graphene oxide
0 (10/100): 1.2 g/L, initial concentration
1 2 3 4 of MEF, azo dyes, 4-NA: 10 mg/L,
Cycle times ultrasonic power 1200W/L. pH 7.5
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CONCLUSIONS

The ZnO/CdO/reduced graphene oxide nanocomposites was-prepared by the
hydrothermal method characterized, by FTIR, XRD, EDX, DRS, SEM, TEM and
UV-Vis techniques. The sonocatalytic properties of as-prepared nanocomposites
were evaluated in degradation of MEF, 4-NA and azo dyes under ultrasonic
irradiation. The parameters which affect the sonocatalytic degradation such as the
dosage of catalyst, the initial concentration of organic pollutant and the ultrasonic
power were optimized using MEF degradation as a model reaction. Based on the
results in the sonocatalytic degradation, the degradation efficiency after 120 min
for MEF, 4-NA, RhB and MO are 93.0, 95.0, 80.0 and 84.0 %, respectively. The
results of ROS experiments verified that the free radical attack is the dominant
controlling mechanism of the sonocatalytic degradation of the organic pollutants.

Moreover, the kinetics of the sonocatalytic degradation follows the pseudo
first order kinetics. The prepared nanocomposites can be reused for several times
with very slight decrease in the degradation efficiency. The significantly
enhanced sonocatalytic efficiency of ZnO/CdO/reduced graphene oxide rather
than the one of ZnO/CdO nanoparticles and rGO (in the absence of ZnO/CdO
nanoparticles), is attributed to the triple function of the ZnO/CdO/reduced gra-
phene oxide, which is: 1) the close contact between ZnO, CdO and rGO, 2) the
ultrafast electron transfer from ZnO/CdO nanoparticles to rGO, which signific-
antly hinders the recombination of charge carriers and 3) the activation of the
organic pollutant molecules via m—m interaction between the organic pollutants
and rGO. Considering the cheap raw materials, the recoverable and excellent
sonocatalytic activity, the ZnO/CdO/reduced graphene oxide can be potentially
applied in the water purification industry.

SUPPLEMENTARY MATERIAL

Experimental details and additional data and analyses are available electronically at the
pages of journal website: http://www.shd.org.rs/JSCS/, or from the corresponding author on
request.

Acknowledgments. The authors thank Alzahra University for all the support.

U3BOJ
PEJYKOBAHU I'PAGEH-OKCHU]] CA HAHOYECTUIJAMA ZnO/CdO U IbET'OBE
KATAJIMTHYKA CBOJCTBA ITPU PA3I'PANbY OPTAHCKHX 3ATAKMBAYA

HODA MIRZAZADEH nu MARYAM LASHANIZADEGAN
Department of Chemistry, Faculty of Physics and Chemistry, Alzahra University, P. O. Box 1993893973,
Tehran, Iran

Hanouectnue ZnO/CdO cy HaHeceHe Ha penykoBaHU rpaden-oxcun (Zn0O/CdO/peny-
KOBaHU rpadeH-OKCH]) XUIPOTEePMATHUM NOCTYKOM. CTpyKTypa U MOp®OoIOoTHja UCITUTAaHU
cy texaukama FTIR, UV-Vis, XRD, EDX, DRS, SEM u TEM. OueweHa Cy COHOKaTaIUTHUKa
cBojctBa Zn0O/CdO/pemyxoBaHor rpadeH-OKCHIa y Ierpagaudju MedeHaMUYHE KHCEITHHe
(MEF), metun-opanxa (MO), ponamuna (RhB) u 4-aurpoananusa (4-NA). 120 min HakoH
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NoYyeTKa peakiije H3MepeHa je BUCOKa epuKacHOCT pasrpazme a3o-boja (MO: 84 %, RhB: 80
%), MEF: 93 % u 4-NA: 95 %. IIpoyuyenu cy edexru daxropa kao WITO je fo3upawe ZnO/
/CdO/penykoBaHor rpadeH-okcHza, TOYeTHa KOHIIEHTpaldja opraHckor 3arahuBaua, cHara
yJITpa3ByKka M NMPUCYCTBO MHXMOUTOpaA peakTUBHMX BpcTa kuceoHuka (ROS) Ha eduxacHocT
pasrpangme. HaheHo je ma je mpucycTBo HHXHOUTOpaA yMamwyje e(UKaCHOCT COHOKATaTUTHUKE
pasrpangme. OBa UCTpakvBamwa yKa3yjy Ha TO Jla TOTOBH NPUIPEM/bEHY HAHOKOMIIO3UTH UCIIO-
7paBajy 3HATHO Behy KaTaluTHUKy akTHBHOCT Hero ZnO/CdO HaHOuecTHLe ca pefyKOBaHUM
rpaden-oxkcunom (rGO).

N =

11.
12.
13.
14.
15.
16.

17.
18.

19.
20.
21.
22.

23.
24.

25.

26.

PN kW

(ITpumsmeno 30. jyna, pesupupano 10. aBrycra, mpuxsaheno 11. asrycra 2017)
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