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magnetic MgFe2O4/CdS/MoS2
ternary nanocomposite supported on NaY zeolite
and highly efficient sonocatalytic degradation of
organic pollutants†

Meysam Sadeghi, Saeed Farhadi * and Abedin Zabardasti

In this work, the novel magnetically separable NaY zeolite/MgFe2O4/CdS nanorods/MoS2 nanoflowers

nanocomposite was successfully synthesized through the ultrasonic-assisted solvothermal approach.

FESEM, EDAX, XRD, FTIR, TEM, AFM, VSM, N2-BET, UV-vis DRS and PL were utilized to identify the as-

synthesized nanocomposite. Subsequently, the sonocatalytic activity of this nanocomposite was

assessed in the degradation of organic dyes, including methylene blue (MB), rhodamine B (RhB) and

methyl orange (MO) from water solutions for the first time. Several analytical parameters like irradiation

time, process type, initial MB concentration, H2O2 concentration, catalyst dosage, organic dye type, and

US power have been systematically investigated to attain the maximum sonocatalytic yield. Regarding

the acquired data, the NaY/MgFe2O4/CdS NRs/MoS2 NFs sonocatalyst was incredibly able to completely

eliminate the MB via engaging the US/H2O2 system. The kinetic evaluates demonstrated the

sonodegradation reactions of the MB followed a first-order model. The apparent rate constant (kapp) and

half-life time (t1/2) acquired for the sonodegradation process of MB utilizing the US/H2O2/NaY/MgFe2O4/

CdS NRs/MoS2 NFs system were measured to be 1.162 min and 0.596 min�1, respectively. The free cOH

radicals were also recognized as the main reactive oxygen species in the MB sonodegradation process

under US irradiation. In addition, the outcomes of the recyclability study of the NaY/MgFe2O4/CdS NRs/

MoS2 NFs sonocatalytic clearly displayed a less than 6% drop of the catalytic activity in up to four

sequential runs. Lastly, a plausible mechanism for the sonodegradation reaction of organic dyes was

suggested and discussed.
1. Introduction

Today, due to the rapid development of worldwide industriali-
zation, environmental contamination has become a cata-
strophic issue concerning much attention around the globe.
The evacuation of very high quantities of toxic effluents from
different industries into the environment causes dire conse-
quences to public human health and aquatic ecosystems.1,2

Meanwhile, textile and dyeing effluents from synthetic organic
dyes are considered as the main source of water contamina-
tion.3,4 Annually, about 2.5 � 105 tons (�15%) of hazardous
organic dyes are discarded into the effluents during textile
dyeing operations.5 On the other hand, these compounds due to
their aromatic structures are resistant to elimination through
biodegradation methods.4 Hence, these types of pollutants
must be wholly eliminated from effluents before their disposal
y, Khorramabad 68151-433, Iran. E-mail:
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tion (ESI) available. See DOI:

–44049
into the environment. Until now, multiple different methodol-
ogies have been investigated for the effective removal of organic
dyes from effluents, including electrochemical treatment,
coagulation–occulation, membrane ltration, adsorption,
sonodegradation and photodegradation processes, and more.6

Among various methods, the sonolysis process has been
applied as a remarkable and environmentally friendly route
with high performance to remove organic dyes through the free
cOH radicals as well as the other reactive oxygen species (ROPs)
like H2O, cO2H radicals and so on.7 Additionally, it has been
considered that the use of various semiconductor sonocatalysts
along with the ultrasonic (US) irradiation can in turn lead to the
decrease of the reaction time duration and subsequently the
increase of degradation efficiency compared with the US system
alone.8 Regarding the above discussion, a series of semi-
conductor sonocatalysts, including MIL-101(Cr),2 TiO2,9

MnFe2O4,10 LuFeO3,11 CdS,12 Cu2S,13 CuO,14 MnFe2O4/MIL-
101(Cr),10 ZnO/GR/TiO2,15 CuS/CoFe2O4,6 CdSe/GQDs,16 Cu: ZnS-
NPs-AC,17 TiO2/AC,18 InVO4/TiO2 (ref. 19) and other have been
investigated to eliminate the organic pollutants via the US
process. Nonetheless, it is a necessity to design and develop
This journal is © The Royal Society of Chemistry 2020
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a novel magnetically separable sonocatalytic system that can
lead to more effective eliminate the organic pollutants from
aqueous solutions.

In recent years, cadmium sulde (CdS) as an n-type semi-
conductor20–22 has spurred remarkable attention due to their
different applications, including solar cells, photocatalysis,
photoluminescence and electroluminescence, photovoltaic and
electrical performances.22–24 Plus, several considerable proper-
ties of the CdS such as simple fabrication, special physical and
chemical structure, and high stability, make it a proper candi-
date for water treatment operations.4 For this purpose, the CdS
can be utilized as a sonocatalyst for the degradation of organic
chemical contaminants from effluents. Nevertheless, due to the
narrow band gap energy �2.4 eV, the rapid recombination of
excited h+–e� pairs as well as low quantum efficiency, the
practical application of the CdS is remarkably decreased.4 In
order to solve these limitations, the CdS can be combined with
other semiconductors to promote its sonocatalytic
performance.

In the past few decades, molybdenum disulde (MoS2) as an
p-type semiconductor with a band gap energy approximately
1.9 eV (ref. 25) has been investigated as a suitable material owing
to its unique properties like low toxicity, high catalytic perfor-
mance, thermal and chemical stability, and high absorption
capacity. In this regard, MoS2 has been widely applied in
multiple applications such as super capacitors, sensors, Li-ion
batteries, photocatalysts and more.25–29 Hence, MoS2 is intro-
duced as a competitive candidate for hybridizing with the CdS
by the production of p–n heterojunction system to prevent the
h+–e� pairs recombination and improve the sonocatalytic
activity. On the other hand, because recycling is an imperative
factor in developing a particular sonocatalyst, we utilized
a magnetic material to make the nanocomposite. Currently, the
spinel ferrites nanostructures have received a lot of attention
because of their outstanding features compare with those of the
balk structures.30 Among all types of spinel ferrites known so
far, magnesium ferrite nanoparticles (MgFe2O4 NPs) semi-
conductor with band gap energy of 1.5–2.4 eV (ref. 31) illustrate
excellent supermagnetic features. For this reason, they can be
utilized in various elds such as catalysis,31–33 adsorption,34–36

sensor,37 drug delivery,38 etc. Besides, coupling the MoS2/CdS
with the MgFe2O4 purveys a promising heterojunction system
for improving the catalytic activity and recycling via using
a simple external magnetic eld.

Furthermore, the high surface area and adsorbent capacity
are two important factors that help to enhance the sonocalytic
process yield. As NaY zeolite displays advantageous properties
like extensive pore volume, high surface area, excellent
adsorption capacity, biocompatibility and remarkable hydro-
thermal constancy, it has been designated for diverse applica-
tions in multiple elds for instance in the adsorbents synthesis
and catalysis.39–43 In this respect, the NaY zeolite was selected as
suitable supports to enhance the overall sonocatalytic process
efficiency, because it acts as an excellent electron acceptor–
donor and transporter.

Based on the aforementioned considerations, in the current
work, the novel magnetically separable NaY zeolite/MgFe2O4/
This journal is © The Royal Society of Chemistry 2020
CdS nanorods/MoS2 nanoowers nanocomposite was synthe-
sized via the ultrasonic-assisted solvothermal method and
subsequently its catalytic performance was investigated to
degrade the three organic dyes from water solutions by
engaging the hydrogen peroxide (H2O2) as a source of free cOH
radicals under US irradiation. Regarding the determined band
gap energies and reactive oxidative species during the sonode-
gradation test, a plausible mechanism was suggested and dis-
cussed. However, to our knowledge, no previous research has
yielded on the sonocatalytic degradation of organic dyes using
the NaY zeolite/MgFe2O4/CdS NRs/MoS2 NFs nanocomposite.
2. Experimental
2.1. Materials

All the chemicals required in this study were directly of
analytical grade and utilized with high purity. Sodium silicate
(Na2SiO3), sodium hydroxide (NaOH), aluminum hydroxide
(Al(OH)3), iron nitrate nonahydrate (Fe(NO3)3$9H2O), cadmium
nitrate tetrahydrate (Cd(NO3)2$4H2O), magnesium nitrate
hexahydrate (Mg(NO3)2$6H2O), ethylenediamine (EDA), diso-
dium ethylenediaminetetraacetate (EDTA), tert-butyl alcohol (t-
BuOH), thiourea (TU), hexaammonium heptamolybdate tetra-
hydrate ((NH4)6Mo7O24$4H2O), benzoquinone (BQ), methylene
blue (MB), rhodamine B (RhB), and methyl orange (MO) were
gained from Sigma-Aldrich and Merck companies.
2.2. Characterization

In order to obtain the structural, morphological, magnetic and
optical features of the as-prepared sonocatalysts, several
different analyses were applied. The particles size and
morphology of the samples surface were gathered using the
eld emission scanning electron microscopy (MIRA3 TESCAN)
accompanied with the dispersive X-ray spectroscopy (FES-
EM-EDAX) analysis. The functional groups of the sonocatalysts
were investigated by the Fourier transform infrared (FTIR)
analysis on a spectrophotometer (Shimadzu system FTIR 160)
applying KBr pellets in the wavelength range of 400–4000 cm�1.
To precisely characterize themorphology and particle size of the
achieved samples, the transmission electron microscopy (TEM)
analysis was utilized on an electronmicroscope (Philips CM120)
at voltage of 80 kV. As well, via using the vibrating sample
magnetometer (VSM, Magnetic Daghigh Kavir, MDKB model),
the magnetic features were evaluated. The X-ray diffraction
(XRD) analysis of the catalysts were identied via a STOE
diffractometer applying Ni-ltered CuKa (l ¼ 1.54 Å) radiation
under 40 mA/40 kV on a scanning speed of 2� min�1 within the
2q region of 5� to 80�. The atomic force microscope (AFM) was
also taken on a noncontact mode, Ara-AFM, Iran, model Full
plus to attain the surface topology and particle size of the
catalysts. To detailed explore the pore size distribution and
specic surface area, the nitrogen Brunauer–Emmett–Teller
(N2-BET) analysis was carried out on a PHSCHINA PHS1020
device at 77 K. A UV-vis diffuse reectance spectra (DRS)
instrument was utilized to investigate the optical absorption
properties on a spectrophotometer (Scinco S4100) by the
RSC Adv., 2020, 10, 44034–44049 | 44035
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standard of BaSO4 in the wavelength range of 250–800 nm.
Furthermore, the sonodegradation reactions of organic dyes
were implemented by using a sonoreactor (UP100H) with an
frequency of 30 kHz and the acoustic power of 100 W. Addi-
tionally, in order to monitor the absorption spectra of the
organic dyes during the sonodegradation processes, the
ultraviolet-visible (UV-vis) spectrophotometer (Cary 100, Varian
Company) was applied in the wavelength range of 200–800 nm.
The photoluminescence (PL) analysis of the as-fabricated cata-
lysts was done utilizing a uorescence spectrophotometer (F-
4500, Hitachi) under an excitation wavelength of 330 nm.

2.3. Synthesis of MgFe2O4 NPs

The MgFe2O4 NPs were fabricated utilizing the hydrothermal
method. In this respect, the amounts of 1.57 g of Fe(NO3)3-
$9H2O and 0.5 g of Mg(NO3)2$6H2O were introduced into 30 mL
of deionized water and stirred continuously for 1 h to get a clear
solution. Next, 0.5 mol L�1 of NaOH solution was slowly added
into the as-prepared suspension to gain the pH 8 and stirred for
another 1 h. The achieved mixture was subsequently placed into
a Teon-lined stainless steel autoclave to be treated hydro-
thermally at 180 �C for 12 h. Consequently, the resulting
precipitate was thoroughly rinsed using deionized water and
ethanol solvents for several times and dried at 70 �C for 10 h.

2.4. Synthesis of NaY zeolite

To 4.9 g of Al(OH)3 and 5 g of NaOH, 10 mL of deionized water
was added and subsequently stirred to obtain a clear solution.
The as-prepared solution was then heated at 100 �C. In the next
step, 5 g of the as-achieved suspension was appended into 2.95 g
of NaOH and 30.5 mL of deionized water and re-stirred for 1 h
(solution labelled A). Simultaneously, 11 g of Na2SiO3 gently
added into 30.5 mL of deionized water and 2.95 g of NaOH and
stirred for 1 h (solution labeled B). Aerwards, the solution A
was slowly mixed with solution B and the attained mixture was
stirred for 40 min. The mixture was then put into a Teon-lined
stainless steel autoclave and le to be heated at 90 �C for 8 h.
The resulting precipitate was ltered and thoroughly washed via
deionized water for multiple times to gain a pH � 7 and even-
tually held at 100 �C.

2.5. Synthesis of MoS2 NFs

The hydrothermal route was used to attain the MoS2 nano-
owers as follows: briey, the values of 0.2 g of (NH4)6-
Mo7O24$4H2O and 1.28 g of TU were poured into 40 mL of
deionized water and subsequently stirred vigorously for 30 min.
Aer stirring, the as-obtained solution was introduced into
a Teon-lined stainless steel autoclave and treated via the heat
at 200 �C for 24 h. Aerwards, the resulting precipitate was
washed utilizing deionized water and ethanol for several times
and nally dried at 80 �C for 12 h.

2.6. Synthesis of NaY/MgFe2O4/CdS NRs/MoS2 NFs

The NaY/MgFe2O4/CdS NRs/MoS2 NFs nanocomposite was
synthesized using an ultrasonic-assisted solvothermal strategy.
44036 | RSC Adv., 2020, 10, 44034–44049
Firstly, 0.15 g of each previously fabricated MgFe2O4, MoS2 and
NaY and 40 mL of EDA were added into 20 mL of deionized
water and sonicated for 1 h. Aer sonication, the values of 0.64 g
of Cd(NO3)2$4H2O and 0.32 g of TU were appended into the
above suspension and sonicated for 30 min. The mixture was
then moved into a Teon-lined stainless steel autoclave and
heated at 160 �C for 24 h. Aerwards, the resulting precipitate
was ltered and washed utilizing ethanol and deionized water
for ve times and consequently dried at 80 �C for 12 h. In
addition to this, bare CdS, NaY/MgFe2O4, MgFe2O4/CdS NRs
and NaY/CdS NRs/MoS2 NFs sonocatalysts were successfully
synthesized for the sonodegradation studies of organic dyes.
2.7. Sonocatalytic experiments

The sonocatalytic performance of the as-obtained NaY zeolite/
MgFe2O4/CdS NRs/MoS2 NFs nanocomposite was investigated
using the sonodegradation of MB, RhB and MO dyes in the
presence of ultrasonic irradiation. In brief, 10 mg of NaY/
MgFe2O4/CdS NRs/MoS2 NFs catalyst was poured into 50 mL of
25 mg L�1 of MB solution. In the next step, the as-achieved
suspension was agitated magnetically in darkroom for
30 min. Upon producing an adsorption–desorption equilibrium
between the dye molecules and NaY/MgFe2O4/CdS NRs/MoS2
NFs surface, the aliquot of 2 mL of H2O2 (4 mM) was added to
the above suspension and exposed under ultrasonic irradiation.
Then, every 30 seconds, about 2 mL of this suspension was
magnetically separated using an external magnetic eld to
completely eliminate the suspended sonocatalyst from the
reaction reservoir. Eventually, the sonodegradation reaction
was monitored through the MB absorption peak at lmax �
663 nm utilizing the UV-vis absorption spectrophotometer
device. It is to be noted that the temperature of system was kept
constant at 25 � 2 �C via using the circulating water. In addi-
tion, the effects of different analytical parameters affecting on
the sonodegradation reactions of organic dyes like irradiation
time (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 and 5 min), H2O2 concen-
tration (1, 2, 3, 4 and 5 mM), sonocatalyst dosage (5, 10, 25, 50,
75 and 100 mg), initial dye concentration (25, 35 and
45 mg L�1), and sonocatalyst type (bare CdS, bare MoS2, bare
MgFe2O4, MgFe2O4/CdS, NaY/MgFe2O4, and NaY/CdS/MoS2)
were checked in detail. Moreover, the sonodegradation process
efficiency% outlined by applying the equation in below (1):

Efficiency% ¼
�
C0 � Ct

C0

�
� 100 (1)

In the presented equation, C0 and Ct factors display the dye
concentration at the initial solution and the desired irradiation
time (as per mg L�1), respectively.
3. Result and discussion
3.1. FESEM analysis

Themorphology and particle size of the bare NaY zeolite (Fig. 1a
and b), NaY/MgFe2O4 (Fig. 1c and d), NaY/MgFe2O4/CdS NRs/
MoS2 NFs (Fig. 1e and f), bare MoS2 NFs (Fig. 1g and h), bare
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 FESEM images of: (a) and (b) bare NaY, (c) and (d) NaY/MgFe2O4, (e) and (f) NaY/MgFe2O4/CdS/MoS2, (g) and (h) bare CdS, (i) and (j) bare
MoS2, and (k) and (l) bare MgFe2O4.
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CdS NRs (Fig. 1i and j), and bare MgFe2O4 (Fig. 1k and l) were
studied applying the eld emission scanning electron micros-
copy (FESEM) analysis as represented in Fig. 1. On the basis of
Fig. 1, NaY zeolite particles have an octahedral in shape with
a high surface area within the range of �1–2 mm. Based on the
gained FESEM images, the sphere-like and ower in shape
morphologies of MgFe2O4 NPs and MoS2 NFs, as well as the rod
in shapes of the CdS were all obviously validated. Moreover, the
MgFe2O4 NPs and MoS2 NFs with average particle size of
�15 nm and 2 mm, demonstrating in Fig. 1, are uniformly
embedded on the NaY zeolite surface. In addition to this, the
average diameter and length of the CdS NRs were obtained to be
This journal is © The Royal Society of Chemistry 2020
65 nm and �1, mm, respectively. As well, the FESEM images of
the NaY/MgFe2O4/CdS NRs/MoS2 NFs clearly illustrated that the
morphology of this nanocomposite remain unchanged aer
hybridizing with the CdS NRs, MoS2 NFs and MgFe2O4 NPs.
3.2. EDAX analysis

In order to distinguish the chemical decomposition of the as-
achieved sonocatalysts, the energy dispersive X-ray (EDAX)
analysis was exploited. The EDAX analysis of the bare NaY
zeolite (Fig. 2a), NaY/MgFe2O4/CdS NRs/MoS2 NFs (Fig. 2b),
bare MoS2 NFs (Fig. 2c), and bare CdS NRs (Fig. 2d) were shown
in Fig. 2, respectively. The obtained information from the EDAX
RSC Adv., 2020, 10, 44034–44049 | 44037
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Fig. 2 EDAX analyses of: (a) bare NaY, (b) NaY/MgFe2O4/CdS/MoS2, (c) bare MoS2, and (d) bare CdS. (e) FESEM image along with the EDAX
elemental dot-mappings of the NaY/MgFe2O4/CdS/MoS2.
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spectra are clearly interpreted to the presence of nine elements
of Al, Na, Si, Cd, Mo, S, Mg, O, and Fe in the NaY/MgFe2O4/CdS
NRs/MoS2 NFs catalyst, which is in accordance with the SEM,
44038 | RSC Adv., 2020, 10, 44034–44049
TEM and XRD outcomes. Moreover, the atomic% and weight%
of the NaY/MgFe2O4/CdS NRs/MoS2 NFs were collected in Table
S1.† Additionally, the FESEM image along with elemental
This journal is © The Royal Society of Chemistry 2020
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mappings of the NaY/MgFe2O4/CdS NRs/MoS2 NFs nano-
composite were shown in Fig. 2e. According to the information
illustrated in Fig. 2e, the uniform distribution of Al, Na, Si, Cd,
Mo, S, Mg, O, and Fe elements in the abovementioned nano-
composite were clearly affirmed.
3.3. FTIR analysis

The Fourier transform infrared (FTIR) analysis was used to
evaluate the functional groups of the as-prepared samples.
Fig. 3 displays the FTIR spectra of the bare NaY zeolite (Fig. 3a),
NaY/CdS NRs/MoS2 NFs (Fig. 3b), NaY/MgFe2O4/CdS NRs/MoS2
NFs (Fig. 3c), bare CdS NRs (Fig. 3d), and bare MgFe2O4

(Fig. 3e), respectively. As can be elucidated in Fig. 3b, seven
specied bands related to the functional groups of the NaY
zeolite can be observed. The two bands about 3471 cm�1 and
Fig. 3 FTIR spectra of: (a) bare NaY, (b) NaY/CdS/MoS2, (c) NaY/
MgFe2O4/CdS/MoS2, (d) bare CdS NRs, and (e) bare MgFe2O4.

This journal is © The Royal Society of Chemistry 2020
1650 cm�1 can be corresponded to the O–H binding and H–O–H
bending vibrations of the adsorbed H2O on the NaY zeolite
surface, respectively. The absorption peak at 973 cm�1 is also
referred to the O–T–O (T ¼ Si and/or Al elements) external
connection and internal tetrahedral asymmetrical stretching
vibrations of the NaY zeolite framework. Furthermore, the two
other peaks observed at 746 cm�1 and 667 cm�1 can be related
to the vibrations O–T–O internal tetrahedral symmetrical
stretching and external linkage, respectively. Additionally, the
characteristic peaks near 561 cm�1 and 455 cm�1 respectively
are allocated to the bending vibrations of the D6R external
linkage and internal SiO4

4� or AlO4
5� tetrahedral units of the

NaY zeolite. The existence of another absorption peak was
detected at about 568 cm�1 due to the overlapping with the
stretching band of the NaY zeolite at 561 cm�1, which clearly
affirmed the successful fabrication of the MgFe2O4 NPs on the
zeolite framework. Nevertheless, upon supporting the MoS2 NFs
and CdS NRs on the surface of NaY zeolite, no specied bands
were observed, revealing these nanoparticles have the Mo–S and
Cd–S bonds <400 cm�1. According to the FTIR spectrum in
Fig. 3d, the two absorption bands of the bare MgFe2O4 were
detected within the wavelength region of 400 cm�1 to 600 cm�1,
which are related to the Mg–O and Fe–O bonds, respectively. As
well, the peaks at 3489 cm�1 and 1640 cm�1 were corresponded
to the adsorbed water within the MgFe2O4 surface, respectively.
3.4. XRD analysis

The as-fabricated sonocatalysts well all analyzed using the X-ray
diffraction (XRD) patterns to identify their crystalline and phase
features as the related patterns of the bare NaY zeolite (Fig. 4a),
NaY/MgFe2O4/CdS NRs/MoS2 NFs (Fig. 4b), MgFe2O4/CdS NRs
(Fig. 4c), bare MoS2 NFs (Fig. 4d), bare CdS NRs (Fig. 4e), and
bare MgFe2O4 (Fig. 4f) have been respectively illustrated in
Fig. 4. Regarding the specied patterns in Fig. 4, the main
narrow peaks characterized to the NaY zeolite were discerned at
2q angles of 6.27�, 10.18�, 11.93�, 15.71�, 18.74�, 20.42�, 23.70�,
27.14�, and 32.55� respectively, which were referred to themiller
indices of (111), (220), (311), (331), (511), (440), (620), (533), and
(733), crystallized in the cubic structure with JCPDS no. 41-0118.
Based on Fig. 4, it was found that via hybridizing the CdS,
MgFe2O4 and MoS2 simultaneously over the NaY zeolite to
produce the NaY/MgFe2O4/CdS NRs/MoS2 NFs nanocomposite,
no remarkable change was observed within its crystalline
framework. In this regard, multiple intensive peaks attributed
to the CdS NRs phase used to fabricate this nanocomposite were
observed at 2q angles of 25.05�, 26.75�, 28.41�, 36.87�, 43.94�,
48.07�, 51.15�, 52.11�, 53.04�, 58.53�, 67.06�, 69.55�, 71.17�,
72.65�, and 75.74�, which were assigned to the miller indices of
(100), (002), (101), (102), (110), (103), (200), (112), (201), (202),
(203), (210), (211), (114), and (105) (JCPDS no. 041-1049).
Moreover, several other sharp peaks were distinguished at 2q
values of 30.29�, 35.70�, 43.37�, 53.76�, 57.39�, and 62.90�

respectively that are in good accordance with the (220), (311),
(400), (422), (511), and (440) diffraction planes of the spinel
MgFe2O4 (JCPDS no. 073-1720). Meantime, upon synthesizing
the MoS2 NFs on the surface of NaY/MgFe2O4/CdS NRs/MoS2
RSC Adv., 2020, 10, 44034–44049 | 44039
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Fig. 4 XRD patterns of: (a) bare NaY, (b) NaY/MgFe2O4/CdS/MoS2, (c) MgFe2O4/CdS, (d) bare MoS2, (e) bare CdS NRs, and (f) bare MgFe2O4.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
D

ec
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

/1
4/

20
26

 2
:5

5:
17

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
NFs nanocomposite, no observing peaks corresponded to the
MoS2 phase was seen, demonstrating the low crystallinity and
excellent distribution of these particles in the nanocomposite
framework. Additionally, as can be revealed in Fig. 4h, the
prominent peaks at 2q values of 13.12�, 32.65�, 35.81�, and
57.55� were indexed to the (002), (100), (103), and (110)
diffraction planes of bare MoS2 NFs phase (JCPDS no. 006-
0097). Besides, the average particle size of the as-prepared NaY/
MgFe2O4/CdS NRs/MoS2 NFs nanocomposite was determined to
be�15 nm applying the Debye–Scherrer equation as follows (2):

d ¼ 0.9 l/b cos q (2)

In the above equation, d and l symbols are the average
particle size and the X-ray wavelength of Ni-ltered CuKa radi-
ation (l ¼ 1.54 Å) respectively, b is the full width at half
maximum (FWHM) of the desired diffraction peak and the
Bragg diffraction angle is dened as q. Based on the afore-
mentioned data, it can be understood that the enumerated
catalysts, involving CdS NRs, MoS2 NFs and MgFe2O4 NPs have
been successfully fabricated on the NaY zeolite surface.
Fig. 5 TEM images of the NaY/MgFe2O4/CdS NRs/MoS2 NFs.
3.5. TEM analysis

In order to evaluate the particle size and morphology of the
fabricated NaY/MgFe2O4/CdS NRs/MoS2 NFs sonocatalyst, the
transmission electron microscopy (TEM) analysis was per-
formed as the obtained images are demonstrated in Fig. 5a–d at
44040 | RSC Adv., 2020, 10, 44034–44049
different magnications. The TEM images of the NaY/MgFe2O4/
CdS NRs/MoS2 NFs clearly conrmed that the CdS, MoS2 and
MgFe2O4 as guest particles have been successfully immobilized
within the surface of NaY zeolite. As well, the average particle
size of the MoS2 NFs and MgFe2O4 NPs were acquired to be
approximately 250 nm and 15 nm, respectively. Moreover, the
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 VSM analysis plots of: (a) bare MgFe2O4 NPs and (b) NaY/
MgFe2O4/CdS NRs/MoS2 NFs at room temperature.
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diameter and length of the CdS NRs were found to be about
60 nm and 1 mm, respectively. The abovementioned results were
in good agreement with the average particle size and diameter
gained by the FESEM and XRD.

3.6. VSM analysis

To fully evaluate the magnetic features of the as-prepared
sonocatalysts, the vibrating sample magnetometer (VSM) anal-
ysis was carried out at room temperature via utilizing
a magnetic eld of �14 000 # Oe # +14 000. Fig. 6 elucidates
the M–H plots (magnetic hysteresis loops) of the bare MgFe2O4

NPs (Fig. 6a) and NaY/MgFe2O4/CdS NRs/MoS2 NFs (Fig. 6b).
Regarding the M–H plots, the amount of saturation magneti-
zation (Ms) for the bare MgFe2O4 NPs was gained to be
approximately 21.98 emu g�1, whereas aer hybridizing the
MgFe2O4 NPs within the NaY zeolite framework, the afore-
mentioned amount reduced to about 5.28 emu g�1, which is
Fig. 7 (a–d) N2-BET analyses of the NaY/MgFe2O4/CdS NRs/MoS2 NFs.

This journal is © The Royal Society of Chemistry 2020
corresponded to the presence of nonmagnetic materials (i.e.
CdS, MoS2 and NaY) within the framework of nanocomposite.
Furthermore, the coercive force (Hc) and remnant magnetiza-
tion (Mr) amounts were approximately zero, which obviously
corroborated the superparamagnetic properties of this nano-
composite. Hence, the magnetic NaY/MgFe2O4/CdS NRs/MoS2
NFs nanocomposite catalyst can be quickly withdrawn via
utilizing an external magnetic eld from the solution reservoir
aer the sonodegradation reactions of the organic dyes at the
desired time intervals.
3.7. BET analysis

In order to precisely obtain the structural features of the NaY
zeolite/MgFe2O4/CdS NRs/MoS2 NFs nanocomposite catalyst,
the nitrogen Brunauer–Emmett–Teller (N2-BET) analysis was
employed. Fig. 7a–d reveals the N2-BET plots of the adsorption–
desorption isotherm, the pore size distribution, mesoporous
volume (Vme), the microporous volume (Vmi), and the average
pore diameter (nm) of the as-manufactured NaY/MgFe2O4/CdS
NRs/MoS2 NFs nanocomposite. As can be represented in
Fig. 7a–d, the N2 adsorption–desorption isotherm at 77 K dis-
played a type-III plot with a H3-type hysteresis loop (regarding
the IUPAC classication), which obviously validates the meso-
porous structure of the NaY/MgFe2O4/CdS NRs/MoS2 NFs cata-
lyst. Furthermore, the total pore volume, the specic surface
area and the average pore diameter of this nanocomposite were
determined to be 8.91 nm, 178.25 m2 g�1 and 0.26 cm3 g�1,
respectively (see Fig. 7a and b). Additionally, by utilizing the
plots of the Barrett–Joyner–Halenda (BJH) and t, Vmi and Vme

values were acquired to be 0.24 cm3 g�1 and 0.09 cm3 g�1,
respectively (Fig. 7c and d). Based on the abovementioned
information, it can be found that the NaY zeolite/MgFe2O4/CdS
RSC Adv., 2020, 10, 44034–44049 | 44041
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NRs/MoS2 NFs has the remarkable pore volumes and high
specic surface area to implement the sonodegradation
processes of the organic dyes.
3.8. UV-vis DRS analysis

The UV-vis diffuse reectance spectra (DRS) measurements
were implemented to investigate the optical features of the as-
prepared sonocatalysts. Fig. 8a demonstrates the UV-vis DRS
spectra of the bare MoS2 NFs, bare NaY zeolite, bare CdS NRs,
bare MgFe2O4 and NaY/MgFe2O4/CdS NRs/MoS2 NFs. Evidently,
the bare NaY zeolite does not exhibit any UV-vis absorption
band at the wavelength region of 250–800 nm. Moreover, the
bare CdS NRs represent strongly absorption within the UV-vis
region, below a band edge approximately 540 nm, whereas the
bare MoS2 NFs show a spread absorption band in the visible
light region. Additionally, the bare MgFe2O4 NPs display
absorbs light at the wavelengths more than 650 nm. Meantime,
upon hybridizing the MoS2, MgFe2O4 and CdS NRs with the NaY
zeolite, a broad absorption band in observed that embraced the
entire visible region, illustrating a red shi compared with the
CdS NRs. To precisely determine the absorption band gap
energy (Eg) of the samples, Tauc's equation was used as follows
(eqn (3)):

(ahv)2 ¼ A(hv � Eg) (3)

Herein a, h, v, Eg, and A symbols are the optical absorption
coefficient, Plank constant, light frequency, absorption band
Fig. 8 (a) UV-vis DRS spectra and (b) (ahv)2–hv plots of the as-fabri-
cated catalysts.

44042 | RSC Adv., 2020, 10, 44034–44049
gape energy, as well as the constant allocated to the sonocata-
lysts, respectively. Fig. 8b shows the plots of (ahv)2 against hv for
the bare MgFe2O4, bare CdS NRs, bare MoS2 NFs, and NaY/
MgFe2O4/CdS NRs/MoS2 NFs. The amount of hv extrapolated to
a ¼ 0 attains the absorption band gape energy. Regarding the
spectra information, the amounts of Eg of the MgFe2O4, bare
CdS NRs and bare MoS2 NFs were calculated to be 1.64 eV,
2.4 eV, and 1.9 eV, respectively. Plus, aer generation the NaY/
MgFe2O4/CdS NRs/MoS2 NFs quaternary nanocomposite, the Eg
amount the decreased and obtained to be 2.2 eV compared with
the CdS NRs, revealing the successful electronic combining the
MgFe2O4, CdS NRs and MoS2 NFs together. Thus, this fact
denotes that the aforementioned nanocomposite can be used as
an effective catalyst in the sonodegradation reactions of organic
dyes under US irradiation.
3.9. Sonodegradation reaction studies

3.9.1. Effect of irradiation time. In order to determine the
optimal irradiation time of the sonodegradation process of the
foregoing organic dyes over the NaY/MgFe2O4/CdS NRs/MoS2
NFs nanocomposite, a series of irradiation times were consid-
ered as the collected outcomes shown in Fig. 9a–c. Evaluating
the gained data during the experiments obviously veried the
notable relationship between the sonodegradation rate and
irradiation time. Thus, the sonodegradation reactions were
monitored utilizing the specied absorption peaks allocated to
the MB at a lmax approximately 663 nm. To this end, the optimal
dosage of the NaY/MgFe2O4/CdS NRs/MoS2 NFs sonocatalyst (10
mg) was rstly added into 25mg L�1 of MB solution (50 mL) and
the acquired suspension was exposed to the US waves in the
presence of 4 mM of initial H2O2 concentration. From the pre-
sented UV-vis spectra in Fig. 9a, it was observed that as the
reaction time goes on, the MB peak intensity (lmax � 663 nm)
gradually decreases and eventually disappears completely aer
5 min. With regard to the performed experiments and the
achieved ndings, the noteworthy role of the NaY/MgFe2O4/CdS
NRs/MoS2 NFs sonocatalyst on the degradation of MB from
water media obviously affirmed.

3.9.2. Sonodegradation kinetics study. In order to more
precisely investigate the sonodegradation processes of organic
dyes in aqueous solutions, the rst-order kinetic model was also
applied via the following eqn (4):

ln(C0/Ct) ¼ kappt (4)

Regarding the aforementioned equation, kapp symbol is
corresponded to the apparent reaction rate constant, C0 is the
initial concentration of dye as well as Ct is concentration of dye
at desired time t (as per min). Additionally, the amounts of half-
life time (t1/2) of the sonodegradation reactions were achieved
by the equation in below (5):

t1/2 ¼ ln 2/kapp (5)

The plots of ln(C0/Ct) versus irradiation time (as per min) for
the MB degradation reactions illustrate a straight line and the
gained data shown in Fig. 9c and Table S2.† The values of
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 (a) and (b) UV-vis absorption spectra changes of the sonocatalytic degradation of MB over the NaY/MgFe2O4/CdS NRs/MoS2 NFs at
different irradiation times. (c) First order kinetic plot of ln(C0/Ct) versus irradiation time under the optimal conditions ([MB]o: 25 mg L�1, 50 mL,
[H2O2]o: 4 mM, 2 mL, NaY/MgFe2O4/CdS NRs/MoS2 NFs dosage: 10 mg, US power: 100 W, pH ¼ 7 at room temperature).
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reaction rate constants were achieved via the slope of the
straight line.

3.9.3. Process type. In order to precisely evaluate on the
capability and functionality of each intended components in
studying the sonodegradation process of the MB dye, multiple
catalytic systems, involving US/H2O2/NaY/MgFe2O4/CdS/MoS2,
US/NaY/MgFe2O4/CdS/MoS2, H2O2/NaY/MgFe2O4/CdS/MoS2,
US/H2O2/NaY/CdS/MoS2, US/H2O2/MgFe2O4/CdS, US/H2O2/
NaY/MgFe2O4, US/H2O2/MgFe2O4, US/H2O2/CdS, US/H2O2/
MoS2, US/H2O2/NaY, US/H2O2, and US alone were adopted as
the gained outcomes are demonstrated in Fig. 9a–c and Table
S2.† Regarding the outcomes, it was evident that the sonode-
gradation process efficiency increases in the following order of
US alone < US/H2O2 (2.3%) < US/H2O2/NaY (7.1%) < US/H2O2/
MoS2 (9.9%) < US/H2O2/CdS (13.1%) < US/H2O2/MgFe2O4 (16%)
< US/H2O2/NaY/MgFe2O4 (31.2%) < US/H2O2/MgFe2O4/CdS
(36.9%) < US/H2O2/NaY/CdS/MoS2 (45.5%) < H2O2/NaY/
MgFe2O4/CdS/MoS2 (49.8%) < US/NaY/MgFe2O4/CdS/MoS2
(57.9%) < US/H2O2/NaY/MgFe2O4/CdS/MoS2 (100%) with the
apparent kinetic rate constants (kapp) of 0.000, 0.003, 0.012,
0.013, 0.025, 0.031, 0.072, 0.096, 0.119, 0.177, and 0.596 min�1,
respectively. From the above considerations, the US/H2O2/NaY/
This journal is © The Royal Society of Chemistry 2020
MgFe2O4/CdS/MoS2 system illustrated the most effective result
for the degradation of MB dye from water media, which is
corresponded to the prevention of the electron–hole pairs
recombination applying the linkage between the MoS2,
MgFe2O4, CdS and NaY zeolite. Additionally, via utilizing US
irradiation along with H2O2 as a green and environmentally
friendly oxidizing agent, the production of the cOH free radicals
remarkably increased. Eventually, the more the number of the
formed cOH free radicals leading to the enhancement sonode-
gradation performance of MB dye.

3.9.4. Effect of initial concentration of MB. The effect of
initial MB concentration in the sonodegradation reactions
utilizing the NaY/MgFe2O4/CdS NRs/MoS2 NFs sonocatalyst was
investigated via altering the concentration of MB dye from 25–
45 mg L�1 respectively as the outcomes attained were reected
in Fig. 10a. From Fig. 10a, it was understood that the sonode-
gradation reaction rate tended to decrease as the initial dye
concentration was more increased. A reason for this trend can
be corresponded to the more occupies of available active sites of
the sonocatalyst via the MBmolecules, which can lead to reduce
the catalytic performance. As well, the other possible reason for
RSC Adv., 2020, 10, 44034–44049 | 44043
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Fig. 10 The effects of: (a) initial MB concentrations and (b) initial H2O2 concentration on the sonocatalytic degradation of MB by the NaY/
MgFe2O4/CdS NRs/MoS2 NFs nanocomposite.
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this phenomenon may be related to the remarkable absorption
of US waves via the dye molecules in the reaction solution.

3.9.5. Effect of H2O2 concentration. In order to nd the
optimal H2O2 concentration for the sonodegradation of MB dye
using the NaY/MgFe2O4/CdS NRs/MoS2 NFs system, the H2O2

amounts were changed ranging from 1 to 5 mM, while the
another analytical factors were remained constant. With respect
to the achieved outcomes from Fig. 10b, approximately 57.9% of
MB dye was eliminated in the absence of H2O2 oxidizing agent.
However, aer adding various H2O2 concentrations from 1–
4 mM, the sonodegradation reaction rates were found to be
66.3% to 100%, respectively aer 5 min of US irradiation. This
trend can be explained by this fact that by increasing H2O2
Fig. 11 UV-vis absorption spectra changes of: (a) RhB, and (b) MO organic
in the presence of NaY/MgFe2O4/CdS NRs/MoS2 NFs catalyst.

44044 | RSC Adv., 2020, 10, 44034–44049
concentration values, the cOH radicals formation notable
increased. Conversely, the degradation process efficiency
decreased by increasing the appended hydrogen peroxide
concentration higher than 4 mM, while can be due to the
production of the further cO2H radicals with a lesser oxidation
performance. Taking all this into account, the initial H2O2

concentration of 4 mM was considered as the optimal amount
in studying the sonodegradation experiments.

3.9.6. Effect of organic dye type. To attain further insights
into the NaY/MgFe2O4/CdS NRs/MoS2 NFs activity, the sonoca-
talytic performance of this nanocomposite was assessed in the
presence of two cationic and anionic dyes namely RhB and MO
under the optimal conditions. Regarding the obtained results
dyes. (c) Plot of the degradation efficiency% versus the irradiation time

This journal is © The Royal Society of Chemistry 2020
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from Fig. 11a–c, the degradation process rates of RhB (lmax ¼
554 nm) and MO (lmax ¼ 465 nm) were found to be 97.3% and
82.8% respectively aer irradiation time of 10 min. These
collected data clearly revealed that the multiple factors of
organic dyes, including electric charges, structure, molecule
sizes and more, can lead to the differences in the NaY/MgFe2O4/
CdS NRs/MoS2 NFs activity in their degradation process.

3.9.7. Effect of catalyst dosage. The effect of catalyst dosage
on the sonodegradation process of MB dye was obtained with
the optimal nanocomposite under the same conditions. Fig. 12a
illustrates the NaY/MgFe2O4/CdS NRs/MoS2 NFs sonocatalytic
performance at various catalyst dosages of 5, 10, 25, 50, 75 and
100 mg, respectively. As can be seen in Fig. 12a, it was clearly
found that the sonodegradation reaction efficiency increases up
to 10 mg and subsequently a decreasing for 75 mg dosage. This
phenomenon can be explained due to the decrease of its avail-
able active sites to produce the free cOH radicals. Also, other
reason for this behavior can be related to the reaction solution
becomes turbid because of the suspended solid particles, which
leads to the decrease of transmission of US irradiation into the
system. Thus, the amount of 10 mg of the NaY/MgFe2O4/CdS
NRs/MoS2 NFs nanocomposite is xed as the optimal dosage of
the catalyst to investigate the sonodegradation process of MB
dye under US irradiation.

3.9.8. Effect of US power. The ultrasonic device power is
introduced as other remarkable practical parameter in evalu-
ating the MB sonodegradation reactions activity. Fig. 12b
demonstrates that the sonodegradation rate of MB dye
(25 mg L�1) using the NaY/MgFe2O4/CdS NRs/MoS2 NFs nano-
composite was increased via increasing the US power from 40W
to 100 W within 5 min of irradiation time. This outcome can be
due to the increase in the number of cavitation, which can lead
to the introduction of the more active cOH radicals in the
Fig. 12 The effects of: (a) NaY/MgFe2O4/CdS NRs/MoS2 NFs dosage, (b)
catalyst on the sonocatalytic degradation of MB.

This journal is © The Royal Society of Chemistry 2020
reaction solution and eventually the promotes the MB sonode-
gradation yield.

3.9.9. Stability and recyclability of the NaY/MgFe2O4/CdS
NRs/MoS2 NFs. One of the most important advantages of
utilizing the heterogeneous catalysts in the effluents remedia-
tion is their capability for recycle multiple times. Therefore, the
recyclability and stability of the as-fabricated NaY/MgFe2O4/CdS
NRs/MoS2 NFs nanocomposite sonocatalyst was implemented
aer immersing in a water–ethanol solution. The obtained
outcomes depicted that sonodegradation rate only slightly
decreased even aer four sequential runs up to 94.5% of recycle,
revealing that the NaY/MgFe2O4/CdS NRs/MoS2 NFs sonocata-
lyst has a high structural stability (see Fig. 12c). On the other
hand, the nature of the reused sonocatalyst was also investi-
gated. As can be represented in Fig. S2a–c,† the FTIR, FESEM
and EDAX spectra of the reused NaY/MgFe2O4/CdS NRs/MoS2
NFs sonocatalyst should no remarkable change between the
recovered sonocatalyst and the fresh aer four times. There-
upon, the abovementioned results clearly veried that the NaY/
MgFe2O4/CdS NRs/MoS2 NFs nanocomposite structure is stable
against the sonodegradation processes as a particular advan-
tage for its experimental approach.

3.9.10. Comparison with other catalytic systems. In order
to compare the activity of the as-manufactured NaY/MgFe2O4/
CdS NRs/MoS2 NFs nanocomposite on the degradation of
organic dyes, the applicability of this nanocomposite versus the
other catalysts were evaluated as the achieved data were
collected in Table S3.†6,10–12,14,16,44,45 According to the presented
outcomes, it was claried that the NaY/MgFe2O4/CdS NRs/MoS2
NFs nanocomposite has a signicant performance regarding
the initial dye concentration, irradiation time, sonocatalyst
dosage, and reaction yield against the other catalysts reported.

3.9.11. Plausible sonocatalytic mechanism of the US/H2O2/
NaY/MgFe2O4/CdS NRs/MoS2 NFs system. The valence band
US power and (c) recyclability of the NaY/MgFe2O4/CdS NRs/MoS2 NFs

RSC Adv., 2020, 10, 44034–44049 | 44045
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Fig. 13 A plausible mechanism for the sonodegradation reaction of
organic dyes applying the US/H2O2/NaY/MgFe2O4/CdS/MoS2 system
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(EVB) and conduction band (ECB) energies of the bare MoS2 NFs,
bare CdS NRs and bare MgFe2O4 were determined by the atom's
Mulliken electronegativity theory, which is represented
regarding the equations in below (eqn (6) and (7)):

EVB ¼ c� Ee þ Eg

2
(6)

ECB ¼ EVB � Eg (7)

In the above equations, EVB and ECB symbols are the VB and
the CB energies respectively, Ee is the energy of free electrons on
the hydrogen scale (4.5 eV), and c factor is the absolute elec-
tronegativity of the enumerated semiconductors. Based on the
aforementioned equations, the amounts of EVB and ECB ener-
gies of the bare CdS were acquired to be 1.88 eV and �0.52 eV,
respectively. Moreover, EVB and ECB energies of the bare MoS2
were found to be 1.75 eV and�0.15 eV, whereas the energies for
the bare MgFe2O4 were calculated to be 2.13 eV and 0.49 eV,
respectively.

Regarding the acquired results herein, a plausible degrada-
tion mechanism for the US/H2O2/NaY/MgFe2O4/CdS/MoS2
system is suggested in detail. Overall, the sonodegradation
reaction contains sonoluminescence, hot spots and oxygen
atom escape contributed. The sonoluminescence is well-known
as a process during which the US cavitation produces the visible
light with a wide wavelength. Furthermore, the production of
hot spots leads to increase the pressure and temperature of the
reaction solution up to 100 MPa and 5000 K respectively inside
the cavitation bubbles which cause splits hydrogen peroxide
and oxygen molecules over the surface of catalyst to form the
cOH free radicals and superoxide radical anions (cO2

�). Aer
absorbing the visible light and heat via the NaY/MgFe2O4/CdS
NRs/MoS2 NFs surface, MoS2, MgFe2O4 and CdS semi-
conductors were excited and then h+–e� pairs were generated in
their conduction and conduction bands. Because of CB energy
of the CdS (ECB ¼ �0.52 eV) compared with the CB energies of
the MoS2 (ECB ¼�0.15 eV) and MgFe2O4 (ECB ¼ 0.49 eV) is more
negative, the produced electrons on the eCB

� of CdS can easily
transfer to the eCB

� of MoS2 and eCB
� of MgFe2O4, respectively.

Meantime, Because of VB energies of the MgFe2O4 (EVB ¼ 2.13
eV) and CdS (EVB ¼ 1.88 eV) are more positive that of VB energy
of MoS2 (EVB ¼ 1.75 eV), the formed holes can be jumped in the
opposite directions from hVB

+ of CdS and hVB
+ of MgFe2O4 to the

hVB
+ of MoS2. Additionally, it worth nothing that since the NaY

zeolite has not good electronic conductivity, thus it can be
considered as an excellent electron acceptor–donor and trans-
porter. Considering the aforementioned explanations, the
available electrons on the MgFe2O4 (eCB

�) can be jumped over
the surface of NaY zeolite. In the next step, the electrons
collected within the zeolite surface can react with H2O2 and O2

molecules to generate cOH free radicals and superoxide radical
anions (cO2

�). Simultaneously, the gathered holes on the MoS2
(hVB

+) can react with OH� and H2O molecules to produce the
more cOH free radicals. Eventually, the produced reactive
oxygen species can oxidize the organic dye molecules adsorbed
on the surface of NaY/MgFe2O4/CdS NRs/MoS2 NFs
44046 | RSC Adv., 2020, 10, 44034–44049
nanocomposite catalyst and resulting in the dyes decomposi-
tion and the formation of harmless products of CO2, H2O,
NO3

�, NH4
+, etc. The steps include on the plausible mechanism

of the sonodegradation process using the NaY/MgFe2O4/CdS
NRs/MoS2 NFs catalyst have been summarized according to the
eqn (8)–(17) and also delineated as a pictorial illustration in
Fig. 13.

Ultrasonic irradiation / heat + light (8)

NaY/MgFe2O4/CdS/MoS2 + heat and/or light /

NaY/[MgFe2O4/CdS/MoS2]* (9)

[MgFe2O4/CdS/MoS2]* /

[MgFe2O4/CdS/MoS2] (eCB
� + hVB

+) (10)

(eCB
�) CdS + MoS2 / CdS + (eCB

�) MoS2 (11)

(eCB
�) MoS2 + MgFe2O4 / MoS2 + (eCB

�) MgFe2O4 (12)

(eCB
�) MgFe2O4 + NaY / MgFe2O4 + (e�) NaY (13)

(hVB
+) CdS + (hVB

+) MgFe2O4 + MoS2 / CdS + MgFe2O4

+ (hVB
+) MoS2 (14)

cOH + OH� + cO2
� + NaY / (e�) NaY + H2O2/O2 (15)

(hVB
+) MoS2 + H2O and/or OH� / MoS2 + cOH (16)

cOH/cO2
� + dyes / CO2, H2O, NO3

�, NH4
+ and more (17)

3.9.12. The plausible sonocatalytic mechanism evidences.
In order to conrm the sonodegradation process mechanism,
the photoluminescence (PL) and scavenger tests were per-
formed. The photoluminescence (PL) is a suitable analysis to
study the separation andmigration efficiency of the sonoexcited
carriers between the MgFe2O4, MoS2 and CdS semiconductors.
The PL spectra of the bare CdS NRs (Fig. 14a(i)), MgFe2O4/CdS
from water media under US irradiation.

This journal is © The Royal Society of Chemistry 2020
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NRs (Fig. 14a(ii)), and NaY/MgFe2O4/CdS NRs/MoS2 NFs
(Fig. 14a(iii)) have been evidenced in Fig. 14a. Regarding the
presented outcomes, it was observed that the bare CdS NRs
indicate the PL spectrum with a high intensity near 540 nm,
which is allocated to the fast recombination of hole–electron
(h+–e�) pairs. However, upon coupling the CdS with MgFe2O4

and MoS2, the intended emission peak intensity noteworthy
reduced, affirming that the as-manufactured nanocomposites
has a high potential for the separation of the sonogenerated e�–
h+ pairs. According to the above explanations, it was concluded
that the generation of the MgFe2O4/CdS NRs/MoS2 NFs heter-
ojunction can help to inhibit e�–h+ recombination owing to the
inuence of two co-catalytic of the MoS2 and MgFe2O4 semi-
conductors, which increases the lifetime of charge carriers, and
therefore is favorable for the enhancement of sonocatalytic
activity.

On the other hand, owing to the peculiar role of reactive
oxygen species through the sonodegradation processes, the
various types of radical scavengers were added into the under-
study working solution. For this purpose, the three reagents,
including benzoquinone (BQ), tert-butyl alcohol (t-BuOH) and
ethylenediaminetetraacetate (EDTA) were selected as cO2

�, cOH
and h+ radical scavengers, respectively. With respect to the
presented analytical information from Fig. 14b, it was observed
that the addition of EDTA and BQ revealed no remarkable
decrease on the MB dye sonodegradation efficiency. This
outcome corroborated that h+ and cO2

� scavengers don't play
a main role on studying the sonodegradation reactions. On the
Fig. 14 (a) PL emission spectra of: (i) bare CdS, (ii) MgFe2O4/CdS and (
sonodegradation reaction of MB utilizing the NaY/MgFe2O4/CdS/MoS2 n
NaY/MgFe2O4/CdS/MoS2 sonocatalyst under US irradiation.

This journal is © The Royal Society of Chemistry 2020
contrary, t-BuOH appended into working solution exhibited
a quickly decrease on the sonodegradation performance, which
clearly proved the notable role of cOH radicals in the MB
degradation processes. Regarding the gathered outcomes, the
decrease of the sonodegradation activity using the scavengers
provides the following order: t-BuOH > EDTA > BQ.

Additionally, the production of cOH radicals on the NaY/
MgFe2O4/CdS NRs/MoS2 NFs surface was further conrmed via
the PL analysis applying terephthalic acid (TPA) as a probe
molecule. The non-uorescent TPA reacts with cOH radicals to
produce a uorescent product namely 2-hydroxy terephthalic
acid (h-TPA), which can be monitored using the PL analysis to
evaluate the production of cOH radicals in the reaction solution.
Fig. 14c reveals the change in the PL intensity of h-TPA under US
irradiation of TPA solution for 5 min in the presence of the NaY/
MgFe2O4/CdS NRs/MoS2 NFs catalyst. As can be seen in Fig. 14c,
the PL intensity gradually increases by increasing the irradia-
tion time at 420 nm. Based on the obtained results, it can be
found that cOH radicals are the main reactive species included
in the MB dye degradation in the presence of the NaY/MgFe2O4/
CdS NRs/MoS2 NFs catalyst.
4. Conclusion

In conclusion, the present research was carried out to
ultrasonic-assisted solvothermally fabricate the magnetically
separable NaY zeolite/MgFe2O4/CdS NRs/MoS2 NFs nano-
composite for sonocatalysis degradation of toxic organic dyes.
iii) NaY/MgFe2O4/CdS/MoS2, (b) the effect of scavenger type over the
anocomposite, and (c) PL emission spectra of TPA in the presence of

RSC Adv., 2020, 10, 44034–44049 | 44047
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The gained outcomes of FESEM, EDAX, FTIR, XRD, TEM, AFM,
VSM, N2-BET, UV-vis DRS, and PL analyses obviously affirmed
the successful fabrication of NaY/MgFe2O4/CdS NRs/MoS2 NFs
sonocatalyst. The activity of the as-fabricated NaY/MgFe2O4/CdS
NRs/MoS2 NFs nanocomposite was evaluated for the degrada-
tion of methylene blue (MB), rhodamine B (RhB) and methyl
orange (MO) from water solutions. The experimental outcomes
demonstrated that sonodegradation reactions kinetic of MB
could be described applying the rst-order kinetic model. The
apparent rate constant (kapp) and half-life time (t1/2) obtained
for the sonodegradation reaction of MB dye via the US/H2O2/
NaY/MgFe2O4/CdS/MoS2 system were measured to be 1.162 min
and 0.596 min�1, respectively. The effects of several practical
factors on the catalytic performance of this nanocomposite,
including irradiation time, process type, initial MB concentra-
tion, H2O2 concentration, catalyst dosage, organic dye type, US
power, and scavenger type were thoroughly surveyed. The
trapping experiments displayed that hydroxyl radicals (cOH)
constitute the main reactive oxidizing species on the sonode-
gradation reaction of organic dyes. The recyclability of the as-
fabricated NaY/MgFe2O4/CdS NRs/MoS2 NFs sonocatalyst was
conducted in multiple sequential runs, and a loss of less than
6% was obtained in the sonodegradation efficiency aer four
runs. In addition, owing to the excellent degradation perfor-
mance, this nanocomposite can be a recommendable choice for
the remediation of hazardous organic sewages in the future.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The nancial support of the Laboratory at the Lorestan
University, Khorramabad, Iran is gratefully acknowledged.

References

1 M. S. Hossain, M. A. Z. Chowdhury, M. K. Pramanik,
M. A. Rahman, A. N. M. Fakhruddin and M. K. Alam, Appl.
Water Sci., 2015, 5, 171–179.

2 M. Sadeghi, S. Farhadi and A. Zabardasti, RSC Adv., 2020, 10,
10082–10096.

3 R. Zhao, Y. Wang, X. Li, B. Sun and C. Wang, ACS Appl. Mater.
Interfaces, 2015, 7, 26649–26657.

4 A. A. Hoseini, S. Farhadi, A. Zabardasti and F. Siadatnasab,
RSC Adv., 2019, 9, 24489–24504.

5 A. Hassani, P. Eghbali, A. Ekicibil and Ö. Metin, J. Magn.
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