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As a reusable sonocatalyst, magnetically separable Fe3O4–TiO2@MWCNT (FMT) was synthesized by an
ultrasound-assisted wet impregnation method and was evaluated in the removal of 2-chlorophenol
(2CP). Physical and chemical properties of the catalyst composite materials were investigated by all cat-
alysts were systematically characterized using Transmission Electron Microscopy (TEM), X-ray diffrac-
tion (XRD), Scanning Electron Microscopy (SEM), X-ray Photoelectron Spectroscopy (XPS), Energy
Dispersive X-ray Analysis (EDX), Dynamic light scattering (DLS), and N2-physisorption. The efficiency
and kinetics of 2CP removal by FMT-assisted sonocatalysis (FMT-US) was systematically investigated
under various operational parameters i.e. pH, FMT and 2CP concentration, temperature and ultrasonic
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Heterogeneous catalysis
2-clorophenol
Ultrasonic irradiation
power. The results indicated that 0.4 g L�1 FMT dosage, pH 5, temperature of 35 �C as well as 50 w ultra-
sound power are the most favorable conditions for the degradation of the 2CP. Furthermore, both of the
superoxide and hydroxyl radicals were produced in the reaction, however, superoxide radicals were
assumed to be the dominating reactive species for the 2CP degradation, according to the scavenging tests
and electron paramagnetic resonance tests. Moreover, the FMT catalyst exhibited a high reusability and
stability in the US/FMT system during the five repetitive experiments. The intermediate products were
identified by GC–MS, thereby a possible degradation pathway is proposed. The chemical oxygen demand
(COD) and corresponding total organic carbon (TOC) removal efficiencies were 64.9% and 56.7%, respec-
tively. Finally, toxicity tests showed that the toxicity of the solution increased during the first 5 min and
then decreased significantly with the progress of the oxidation. The mechanisms of ultrasound irritation
enhanced FMT activation were also proposed.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Chlorinated phenolic compounds i.e. 2-Chlorophenol (2CP), 4-
chlorophenol (4-CP), 2,4-dichlorophenol (2,4-DCP) and pen-
tachlorophenol (PCP) have been widely known to have severe
detrimental effects on aquatic ecosystem and human health [1].
In the chlorinated phenolic families, 2CP due to high toxicity, car-
cinogenic character, persistence in the environment, and low
biodegradability have been listed among priority pollutants by
the United States Environmental Protection Agency [2]. The main
routes of entry of 2CP to the aquatic system are via industrial oper-
ations (such as the bleaching of pulp with chlorine, hydrolysis of
chlorinated herbicides and oil refining) or formed as a result of
the chlorination of humic matter during the chlorination of munic-
ipal drinking water [3,4]. They may also be introduced into the
environment during their manufacture and use or through degra-
dation of other chemicals (e.g., phenoxyakanoic acids) [5]. 2CP
exposure is associated with various health and ecotoxicological
risks to the human and aquatic wild life; even very low concentra-
tions have resulted in harmful effects on the human endocrine sys-
tem and aquatic wild life reproduction [6]. Hence, the removal of
2CP from wastewater represents an emerging environmental con-
cern. A wastewater stream containing 2CP over 200 mg L�1 may
not be treated effectively by direct biological methods [7], there-
fore decomposition of 2CP has been examined extensively by pho-
tocatalytic [8], electrocatalytic [9], Fenton’s oxidation [10] and
more recently, sonochemical methods [11]. Among the mentioned
treatment technologies, TiO2 photocatalysis because of its good
activity, chemical stability, commercial availability and inexpen-
siveness has well-known as a promising technology for organic
contamination treatment [12]. However, the separation and recov-
ery of photo catalyst are difficult, which limit the application of
TiO2 slurry reactor in practical application [13]. The recent studies
have been focused on the immobilizing TiO2 onto magnetic sub-
strates i.e. Fe3O4 NPs, which provide a very convenient approach
for the separation and recycling of the photocatalyst [14]. How-
ever, Fe3O4 nanoparticles (NPs) are susceptible to air oxidation.
Moreover, directly introducing Fe3O4 NPs as the core of the Fe3-
O4@TiO2 nanostructure would produce photo dissolution problems
[15]. Many researches indicated that the photodissolution problem
could be prevented by introducing a passivation layer between the
Fe3O4 core and the TiO2 shell [16]. MWCNTs are 1D carbon-based
ideal molecules with a nano cylindrical structure, which can con-
duct electricity at room temperature with essentially no resistance
(ballistic transport) [17]. While the electrons formed by UV irradi-
ation migrate to the surface of the MWCNTs, they are easily trans-
ported into the conduction band (CB) of TiO2 which is bound with
them [17,18]. Hence, the increased amount of generated photo-
electrons can decrease the high rate of electron/hole pair recombi-
nation, which otherwise reduces the quantum yield of the TiO2

process [19]. Besides, the use of TiO2 without the worry about
agglomeration at higher concentration, adsorption of intermediate
products that are produce after the reaction, and concentrate the
pollutants near TiO2 particles to continue the degradation process
is another important point about MWCNTs [20,21]. When this cat-
alyst is used in industrial waste treatment the catalyst cannot
absorb the ultraviolet radiation properly due to the dark nature
of the industrial effluent [22]. This problem can sometimes be
overcome by using high power ultraviolet light, which increases
both the energy consumption and equipment’s price [22]. A good
alternative to ultraviolet excitation is ultrasonic irradiation. The
process catalyzed by ultrasound is named sonocatalysis. The ultra-
sound effect on molecules is related to cavitation, nucleation,
growth and implosion of microbubbles that trap steam/gas
[22,23]. These microbubbles produce areas of high pressure, which
lead to water dissociation and formation of OH radicals. These rad-
icals are responsible for the degradation process [24,25]. The ultra-
sound irradiation induces electrons’ movement on the TiO2 crystal
network, increasing the electron-hole pair number and increasing
the OH radical concentration in the reaction medium as well
[26]. Moreover, radial ultrasound may disperse the aggregated cat-
alyst particles, thereby increasing active surface area. Furthermore,
radial ultrasound is also beneficial to the activation of the reused
photocatalysis [27]. Although many studies have addressed this
issue that combining ultrasound with TiO2 can enhance the effi-
ciency of semiconductor mediated degradation of organic contam-
inants synergistically, but designed magnetic core-shell
sonocatalyst possesses a uniform size, good structural stability,
high surface area, excellent magnetic separation, and remarkable
sonocatalytic performance still remains as a challenge. According
to the above mentioned, the purpose of this report was centered
to combination the advantages of MWCNTs and Fe3O4 to design
an effective catalyst, characterization of prepared catalysts by
XRD, EDX, SEM, PDI, DLS, XPS, VSM and TEM techniques, evaluation
the catalytic activity, reusability and stability of catalysts in FMT-
US system, investigation the reaction mechanisms and degradation
pathway, determination the amount of iron and titanium leaching
during the degradation process and finally toxicity assessment.
2. Materials and methods

2.1.Reagents

Reagents and chemicals used for the study were given in Sup-
plementary material S1.
2.2. Synthesis of catalysts

Preparation of Fe3O4 by co-precipitation method, TiO2 by sol-gel
route, magnetic Fe3O4–TiO2 via a sonochemical route, and
MWCNT-TiO2 nano-composite using the sol–gel method was
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applied to the present work are given separately in Supplementary
material S1.

2.2.1. Preparation of Fe3O4- MWCNT-TiO2 (FMT) nanocomposites
Magnetic Heterogeneous Fe3O4–TiO2@MWCNT catalyst was

prepared using ultrasound-assisted wet impregnation method is
as follows: Different wt% of Fe (III) chloride and predetermined
amount of MWCNT-TiO2 nano-composite were added to 100 mL
of deionized water under continuous stirring for 24 h at room tem-
perature. The resulting mixture then sonicated for 30 min in the
ultrasonic cleaning bath (KQ-300DE, 40 kHz, 300 W). After mixing,
the solution was evaporated using water bath at 100 �C under con-
tinuous stirring. The obtained catalysts were dried for 48 h at
100 �C and then calcined at 500 �C for 4 h. Subsequently obtained
catalysts were named according to the different Fe loading onto
TiO2: Fe3O4 i.e. TiO2 - Fe3O4 (1:1) TiO2 - Fe3O4 (9:1).

2.3. Characterization and analytical method

All catalysts were systematically characterized using Trans-
mission Electron Microscopy (TEM), X-ray diffraction (XRD),
Scanning Electron Microscopy (SEM), X-ray Photoelectron Spec-
troscopy (XPS), Energy Dispersive X-ray Analysis (EDX), Dynamic
light scattering (DLS), vibrating sample magnetometer (VSM) and
N2-physisorption (see Supplementary material S1). The concen-
trations of 2CP during degradation were analyzed by an Agilent
1100 Series HPLC system (Agilent Technologies, Santa Clara, CA)
equipped with a diode array detector and reverse phase column
(150 � 4.6 mm, 5 lm particle, Zorbax 300SB-C18, Agilent, USA)
under the following conditions: the mobile phase was an 80:20
(v/v) mixture of methanol and water at 1.0 mL min�1; injection
volume was 20 lL; detection wavelength was set at 230 nm
and column temperature 30 �C; retention time, 0.8 min. The
intermediates generated during the degradation of 2CP were
detected by an Agilent 6890 gas chromatograph with a 30-m–
0.25-mm HP-5MS capillary column coupled with an Agilent
5973 mass spectrometer (USA). Helium, as carrier gas, was fed
into the instrument with a constant flow rate of 1 mL min�1.
The initial temperature of the oven was set to 40 �C for 1 min.
Then, it was increased to 300 �C at increasing rate of 5 �C/min
and maintained for 3 min. The Fe and Ti ion concentrations were
measured using an inductively coupled plasma mass spectropho-
tometer (ICP-MS; Agilent 7500, Ce, Japan) and extent of mineral-
ization during degradation evaluated by total organic carbon
(TOC) content using a TOC- 5000A analyzer (Shimadzu, Japan).
The chemical oxygen demand (COD) was determined (Merck
Spectroquant TR320) by a closed reflux colorimetric method
according to Standard Methods for the Examination of Water
and Wastewater (APHA, A., WPCF 1985).

2.4. Reaction procedure: Sonocatalytic and photocatalytic activities

The catalytic activities of the FMT composites were determined
by the degradation and mineralization of 2CP in aqueous solution.
The catalysts (0.2 g) were suspended in 200 mL of 2CP solution
with a desired concentration in a glass vessel. The 2CP solutions
and NPs were stirred magnetically in dark for 30 min prior to ultra-
sonication or UV–visible light to ensure that the adsorption/des-
orption equilibrium of the substrate on the catalyst was achieved
as well as effect of adsorption during sonocatalysis or photocatal-
ysis was eliminated. For the degradation process of 2CP, a plastic
container (diameter = 20 cm, height = 10 cm) filled with ice was
used to adjustment a temperature environment at around prede-
termined amount. A schematic diagram of the sonocatalytic is
shown in Fig. 1S. It consists of four parts: an ultrasonic generator,
constant temperature controller, ice water bath, and reactor. The
initial pH of the 2CP solutions was adjusted to 3–11 with HCl
(0.1 mol L�1) and NaOH (0.1 mol L�1) using pH meter (Jenway
3510). Sonocatalytic degradation was tested using the FMT cata-
lysts with ultrasonic generators operated at power of 25–100W
L�1, respectively. The reactions were carried out in an open cylin-
drical stainless glass vessel. The ultrasonic irradiation of the reac-
tor was done for definite interval of time. After desired time
interval of ultrasonic irradiation and the removal of the dispersed
powders through external magnet, samples were withdrawn from
the reactor, and clean transparent solution was analyzed using a
HPLC. In case of photocatalysis, the prepared suspended solution
was placed in UV–visible chamber (125W, 198.4 mW S�2) under
stirring, which disperse the NPs in the solution. After desired time
interval of UV–visible irradiation, samples were withdrawn from
the reactor, and changes 2CP concentration were measured. The
effects of the dimethyl sulfoxide (DMSO), carbonate, sulphate
and chloride as common inorganic anions on the degradation per-
formance were investigated by separately adding of their salt into
the reaction solution.

Meanwhile the effect of 1,4-benzoquinone and tert-butanol as a
scavenger on the sonocatalytic degradation was investigated. The
sonocatalytic and photocatalytic activities of samples in terms of
2CP degradation was reported by using the following equation:

Degradation efficiencyð%Þ ¼ C0 � Cf

C0
� 100 ð1Þ

where C0 and Cf is the initial and final absorbance of the 2CP solu-
tions after degradation. The kinetic studies for sonocatalysis and
photocatalysis systems were carried out in amber flasks after opti-
mization of process condition. The catalytic degradation followed
the first-order reaction (Eq. (2)), where kapp is the apparent-first-
order reaction rate constant (min�1), C0 is the initial concentration
in the bulk solution (mg L�1) and t is the reaction time (min):

ln
C0

Cf

� �
¼ kapp � t ð2Þ

The degree of mineralization was evaluated by monitoring the
reduction in organic carbon of the samples using a TOC and COD
analyzes
3. Results and discussion

3.1. Characterization of nanocomposites

3.1.1. XRD analysis
The XRD technique (Fig. 1a) was used to determine the crystal-

lographic structure of the MWCNTs-TiO2(a) and (b) FMT. For the
MWCNTs-TiO2 composite, nine distinctive peaks located at
2h = 25.4�, 37.9�, 48.1�, 54.2�, 55.1�, 62.8�, 69.1�, 70.3� and 75.4�,
which correspond to the (1 0 1), (0 0 4), (2 0 0), (1 0 5), (2 1 1),
(2 0 4), (1 1 6), (2 2 0) and (2 1 5) reflections ofthe anatase TiO2,
respectively, indicating that the titanium dioxide in the structure
of MWCNTs-TiO2 existed as the anatase (JCPDS: No. 21-1272).
The characteristic peaks of the MWCNTs could be identified in both
of the patterns of the composite samples at 2h of about 26� and 43�
are assigned to (0 0 2) and (1 1 0) planes, which indicates that the
MWCNT component in the nanocomposite is in amorphous state.
From the XRD results of the FMT composites, all the diffraction
peaks of TiO2 were maintained after the Fe3O4 deposition, which
indicated that the effects of Fe3O4 on crystal structure of the FMT
nanoparticles were negligible and (b) TiO2 also existed in the ana-
tase phase in it. Meanwhile, the new prominent peaks appeared at
of 35.6�, 46.1�, 56.8�, and 63.8� were attribute to the reflections
from the (1 0 2), (1 0 3), (1 1 2), and (2 0 3) planes of the cubic spi-
nel structure magnetite, respectively (JCPDS: No. 19-0629); which
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Fig. 1. XRD spectra of MWCNTs-TiO2 and FMT (a), XRD spectra of pure TiO2 and Fe3O4 (b), TEM images of FMT (c, d and e), HRTEM images of the FMT (f).
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are similar as the XRD features of the commercial Fe3O4 powder.
The broad nature peak of the deposited TiO2 is an indication of
the small crystallite size. The mean size of a single TiO2 crystallite,
can also be determined from the broadening of corresponding X-
ray diffraction peaks by using Scherrer’s formula:
D ¼ Kk
b cos h

ð3Þ
where k is the wavelength of the X-ray radiation (k = 0.15418 nm),
K is the Scherrer constant (K = 0.89), h is the angle of the X-ray
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diffraction peak and b is the full-width at half-maximum (FWHM)
of the (1 0 1) plane (here b = 0.68�). The estimated crystallite size
of TiO2 was about 12.3 nm. XRD patterns of pure TiO2 and Fe3O4

nanoparticles are also shown in the Fig. 1b. As shown all the reflec-
tion peaks for pure TiO2 and Fe3O4 are in good agreement with the
results obtained from FMT composites reflection. (Fig. 1a).

3.1.2. TEM analysis
To examine the uniformity and structural design of the FMT

composites, the samples were investigated by HR-TEM. Fig. 1c con-
firmed the TiO2 nanoparticles are heterogeneously distributed on
the surface of MWCNTs. Similarly, Fig. 1d,e shows HR-TEM images
for FMT in various magnification. The result revealed that TiO2

nanoparticles are well dispersed on the wall support with a few
agglomerations observed (big grains). TiO2 nanoparticles in com-
posite structure was mainly spherical (dark spots) with a mean
diameter of around 12.9 nm, whereas the diameter of the MWCNTs
was found to be 20–45 nm. It is in agreement with the above XRD
results. A high-magnification HRTEM was used to further investi-
gate the structure of the FMT sample. This revealed that the
prepared samples were well crystallized, as evidenced by well-
defined lattice fringes. The small crystallite size and the well
crystallized structure contributed to the efficient sono and photo
catalytic property of hybrid catalyst, which was confirmed by the
subsequent sono/photo catalytic activity studies of the FMT
nanocomposites [28]. From Fig. 1f, can be observed that TiO2 is
attached to the Fe3O4 nanocrystal, and that the interplanar
distance of that nanoparticle is about 0.19 nm, revealing the crys-
talline nature of the nanocrystal; the interplanar distance of the
Fe3O4 microspheres is about 0.28 nm and corresponds to its
(3 1 1) plane. Generally, the HRTEM analysis confirmed that both
Fe3O4 and TiO2 coexisted in the resulting MWCNTsmatrix. Further-
more, an interconnected nanoparticle morphology (Fig. 1f), indi-
cates that a Fe3O4–TiO2 nanocrystal heterojunction is formed in
the composite.

3.1.3. PDI and DLS analysis
The hydrodynamic diameter (average size distribution) and

polydispersity index (PDI) of the synthesized composites in the
terms of various TiO2:Fe3O4 ratio content was estimated by
Dynamic Light Scattering (DLS) and Particle Size Analyzer (PSA).
Particle size analysis of FMT composites showed that the size
and polydispersity of the synthesized composite at TiO2:Fe3O4

ratio of 5:1 is smaller than that other one (Fig. 2S). In fact, among
synthesized composite, FMT with an TiO2:Fe3O4 ratio of 5:1
showed a smaller size (12 ± 0.2 nm) with a lower PDI (0.22),
indicating that slightly higher TiO2: Fe3O4 ratios were required
for smaller complexes (Table 1S). Additionally, FMT composites
formed <13.1 nm and no significant differences among PDI of syn-
thesized nanoparticles in all TiO2:Fe3O4 ratio confirmed the
monodispersity of synthesized NPs [29].

3.1.4. SEM and EDX analysis
The morphology and microstructure of the hybrid composites

have been elucidated by electron microscopy. The SEM images of
the FMT composites at six different magnifications are shown in
Fig. 2. It can clearly observe that the MWCNTs were heteroge-
neously decorated by well-dispersed particles with only a few
TiO2 aggregates. The porous structure of FMT composites as well
as non-uniformly dispersed of TiO2 on the entire surface of the pre-
pared composite was observed in Fig. 2b–f. Indeed, at a closer mag-
nification, it appears that nanotubes walls are almost entirely
covered by Fe3O4 and TiO2. The rough structure of FMT and well
distribution of TiO2 in the structure of catalyst leads to enhance
mass-transfer rate of 2CP on composites surface. Fig. 3S represents
the EDX analysis of Fe3O4 and TiO2 decorated onto the MWCNT. Ti,
Fe, O and C elements are observed in the final composition. Ti
(35.72 wt%) and Fe (7.5 wt%) are the main element of Fe3O4 and
TiO2, respectively and C (39.23 wt%) peak belongs to the MWCNT.
O (17.55 wt%) peak belong to oxidized site onto the MWCNT, Fe3O4

and TiO2 as well (Table 2S). Interesting, by EDX numerical analysis,
the Ti: Fe molecular ratio was obtained to be about 4.763 which is
close to the best FMT structure in PDI and DLS experiments
(Section 3.1.3).

3.1.5. XPS analysis
XPS were further used to elucidate the detailed surface chemi-

cal compositions of the Fe3O4 and TiO2 nanoparticles immobilized
on MWCNT. From the survey spectrum of FMT composites, can
confirm the presence of Fe and Ti over the surface of MWCNT. In
FMT composites spectrum a peak appears at 458.8 eV assigned to
the photoelectrons originating from the Ti 2p energy level, which
responds to the Ti element in the hybrid catalyst. Moreover,
binding energy peaks observed at 284.8 eV, 530 eV and 710.5 eV
indicate the presence of C 1s, O 1s and Fe 2p in composite struc-
ture. The peaks observed for Fe is small than C and Ti due to its
low concentration. Fig. 3b showed the XPS spectra of O1s core level
of the samples. The binding energy peak observed at 531.2 eV
could be attributed toAOH on the surface and TiAOATi. Two peaks
at 529.6 and 532.7 eV as shown in Fig. 3b, which were assigned to
FeAO and FeAOAH, respectively [30,31]. Fig. 3c showed the XPS of
C1s of the samples. Three peaks at 283.8, 285.1 and 287.5 eV can be
identified, respectively. The strong peak at 283.8 eV was assigned
to CAC, arising from the incomplete burning of organic com-
pounds, and the adventitious carbon absorbed on the surface of
the sample. In addition, significant peaks observed at 285.1 and
287.5 eV were assigned to CAO and C@ O bonds. Besides, the peak
observed for Fe2p confirms formation TiAOAFe bonds due to the
substitution of Ti2+ by Fe3+ in FMT composites. To investigate the
formation of Fe0 (NZVI) during the degradation process, XPS spec-
tra of the recovered samples after reaction was analyzed. Like as
fresh catalyst, binding energy peaks observed at � 710.5 eV indi-
cate the presence of Fe 2p in composite structure. The intensity
of Fe2p XPS spectrum was very weak (Fig. 3e), corresponding to
the low Fe content. As shown in Fig. 3d, Fe atoms were divided into
Fe2+ and Fe3+. The Fe3+/Fe2+ ratio of FMT was 1.9 after reaction. The
starting Fe3+/Fe2+ ratio of fresh materials was 1.88, indicating that
Fe2+ was slightly oxidized during the degradation process. Further-
more, according to the previous studies, in the presence of iron in
the reduced form (Fe0), clear peaks be created between 705 and
707.5 eV. There is no courier observed before and after degradation
in mention eV, which confirm the above results.

3.1.6. VSM analysis
The magnetic property of prepared Fe3O4 and FMT composites

is investigated with vibrating sample magnetometer at room tem-
perature. From the magnetization-hysteresis loops of samples
(Fig. 4S) can be found magnetic saturation value of the FMT com-
posites is lower than that of the pristine Fe3O4 (�43 emu/
g < �80.8 emu/g). The decrease in saturation magnetization is
mainly due to the existence of non-magnetic TiO2 and MWCNT
on the surface of the nanocomposites texture. In other side, the
coercivity (Hc) and remanent magnetization (Mr) of the nanocom-
posites are close to zero, representing that hybrid catalyst exhibits
superparamagnetic properties at room temperature. Superparam-
agnetic properties are very important to the recyclable sono and/
or photo catalytic properties of a hybrid catalyst. With superpara-
magnetic properties, the magnetic composites can be recovered
efficiently by imparting an external magnetic field. The Fig. 4S
(inset) is the image of FMT separation from aqueous solution by



Fig. 2. SEM image of a FMT at six different magnifications.
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an external magnetic field. In fact, the magnetic catalystis recycled
easily by attracting towards the magnet located in right-hand side
of sample vials over a 10 s, demonstrating the high magnetic sen-
sitivity of synthesized magnetic hybrid catalyst
3.1.7. Dispersion analysis
Dispersion ability of Fe3O4, Fe3O4-TiO2 and FMT as period of

time were shown in Fig. 5S. It can be seen, the prepared Fe3O4

settled (precipitated) on the bottom of solution and became
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Fig. 3. XPS spectra for FTM: (a) survey, (b) O1s, (c) C1s, and (d) Fe2p. XPS spectra of FTM after degradation: (e) survey, (f) Fe2p.
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aggregation (exposed surface area reduced), which indicate that
Fe3O4 after 2 h could not have good efficiency in 2CP removal.
Almost similar results were obtained after 3 h for Fe3O4-TiO2 pre-
pared. These results show that with grafting reaction of TiO2,
attractive interparticle van der Waals and magnetic forces
decreased. For Fe3O4-MWCNT-TiO2, dispersion could retain black
and have no visible precipitation in about 7 days. We think it
may be related to the small-size and light-weight of MWCNT.
These results indicating that MWCNT has effect on the stability
of Fe3O4-TiO2 dispersion. Therefore, MWCNT can be used as stabi-
lizer in preparing of FMT.

3.2. Degradation procedure

3.2.1. Removal of 2CP under different systems
The removal efficiency of 2CP was investigated by exposing the

pollutants solution to UV–visible irradiation and US radiation in
the absence and presence of various catalyst systems. To obtain
an accurate degradation data of the composites, pure adsorption
experiments were performed under dark conditions (no US or UV
irradiation) and the results are shown graphically in Fig. 4. From
the figure, the level of 2CP adsorption by FMT is higher than the
other samples i.e. Fe3O4, MWCNT, Fe3O4-TiO2, MWCNT-Fe3O4,
MWCNT-TiO2 and TiO2, because it has the biggest BET surface area
(Table 3S). However, no significant adsorption efficiency under
dark and silent conditions was observed. As illustrated in
Fig. 4, 2CP removal was less than 18% when direct UV irradiation
or ultrasonic radiation was separately employed in the absence
of catalysts. In the aqueous solution, 2CP can undergo sono or
photo degradation by two possible mechanisms: (i) direct pyroly-
sis or photolysis described by the following equations:
2CPþ US ! intermediates ! degradation products ð4Þ

2CPþ UV ! intermediates ! degradation products ð5Þ
(ii) reactions with free radicals in solution as shown in Eqs. (6)--

(22):

H2O + US ! OH� + H� ð6Þ
H� + O2 ! �HO2 ð7Þ

H� + O2 ! OH� + O� ð8Þ

OH� + OH� ! H2O2 ð9Þ

�HO2 + �HO2 ! H2O2 + O ð10Þ

H2O2 + OH� ! �HO2 + H2O ð11Þ

O2 + US ! � + O� ð12Þ

O� + O2 ! O2 ð13Þ

2CPþ free radicals produced ! intermediates

! final products ð14Þ

H2O + UV ! H2O� ð15Þ

UV + H2O� ! OH � + H� orO + 2H ð16Þ

OH� + OH� ! H2O2 orH2O + O ð17Þ

H2O� ! OH� + Hþ ð18Þ

OH� þ OHþ ! H2O2 þ 2e� ð19Þ

OH� ! OH� + e� ð20Þ

O3 + OH� + Hþ ! 2OH� + 4O2 ð21Þ

2CPþ free radicals produced ! intermediates

! final products ð22Þ
The combination of UV irradiation or ultrasonic radiation with

Fe3O4 (US-Fe3O4 and UV-Fe3O4) did not significantly improve
removal of 2CP (<31%). The limited activity in US-Fe3O4 and UV-
Fe3O4 systems is due to the fact that the cavitation phenomenon
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ineffectively enhanced the degradation of 2CP in the presence of
catalyst [32]. In addition, few active radicals generated during
the reaction can be consumed by the iron oxide. The degradation
reactions have been summarized as follows:

Fe3O4 þ US or UV ! Fe3O4 þ hþ þ e� ð23Þ

Fe3þ + e� ! Fe2þ, Fe2þ + O2 ! Fe3þ + O� ð24Þ

hþ + OH� ! Hþ + OH� ð25Þ

2CP + O� + OH� ! degradationproduct ð26Þ
The catalytic degradation of 2CP has been studied by US/TiO2

and UV/TiO2 systems. Ultrasonic irradiation of TiO2 as well as UV
irradiation may promote OH� formation on the surfaces of crystals.
The effect of TiO2 may be due to the heterogeneous nucleation of
bubbles that enhances the cavitations power. The reactions
involved in 2CP degradation under US or UV irradiation has been
summarized as follows:

TiO2 þ US or UV ! hþ þ e� ð27Þ

hþ + H2O ! OH� + Hþ ð28Þ

O2 + e� ! O2
�� ð29Þ

O2
�� + H2O ! H2O2

�� ð30Þ

H2O2
�� ! OH� + OH� ð31Þ

OH� + O2
�� + 2CP ! degradationproduct ð32Þ

This hybrid catalyst i.e. Fe3O4-TiO2 under both US and UV irra-
diation has presented greater degradation efficiency instead of
using the system individually. The catalytic activity of Fe3O4-TiO2

depends strongly on crystal structure, particle size and surface
area. The relatively higher contribution of hybrid catalyst (47–
49%) to the 2CP degradation as compared with Fe3O4 or TiO2 can
be attributed to the (1) large specific surface area of Fe3O4-TiO2

than Fe3O4 or TiO2 (2) high separation of electron–hole pairs and
(3) semiconducting characteristic of Fe3O4 shell which can gener-
ate highly active electrons and holes under ultrasonic and photo-
catalytic treatment [33,34]. The hybrid catalyst degradation
mechanism:

Fe3O4 � TiO2 þ US or UV ! Fe3O4ðhþ
:e�Þ � TiO2 ð33Þ

Fe3O4ðhþ
:e�Þ � TiO2 ! Fe3O4ðhþÞ � TiO2ðe�Þ ð34Þ

TiO2 (e�) + O2 ! O2
�� + TiO2 ð35Þ

Fe3O4(hþ) + OH� ! OH� ð36Þ

hþ + H2O ! OH� + hþ ð37Þ

hþ + OH� + O2
�� + 2CP ! degradationproduct ð38Þ

In the MWCNT-TiO2-US and MWCNT-TiO2-UV catalytic system,
the removal efficiency of 2CP was <61%. In this system, the pres-
ence of support (MWCNTs) in FMT structure played an important
role in the enhancement of 2CP degradation level as compared to
alone TiO2-US and TiO2-UV systems [35]. In a FMT catalytic system,
the MWCNTs can control the aggregation and improves the solu-
bility and dispersion stability of catalyst in solution which leads
to degradation of 2CP was significantly enhanced. The catalytic
degradation of 2CP by MWCNT-TiO2 nanocomposite can be
explained by fallowing equations:

TiO2 þ US or UV ! hþ þ e� ð39Þ

TiO2ðe�Þ þMWCNT ! TiOþ
2 þMWCNTðe�Þ ð40Þ

MWCNT(e�) + O2 ! O2
�� + MWCNT ð41Þ



Table 1
Influence of various parameters on the kinetic of 2CP degradarion.

Parameter Value Equation k0 (min�1) R2 t1/2(min)

TiO2:Fe3O4 ratios 1:1 y = 0.0363x + 0.0255 0.0363 R2 = 0.971 19.09091
3:1 y = 0.0464x � 0.0399 0.0464 R2 = 0.9949 14.93534
5:1 y = 0.0627x � 0.0168 0.0627 R2 = 0.9894 11.05263
7:1 y = 0.0526x � 0.0038 0.0526 R2 = 0.982 13.1749
9:1 y = 0.0272x + 0.0143 0.0272 R2 = 0.9912 25.47794

Catalyst dosage 0.05 y = 0.0337x + 0.1056 0.0337 R2 = 0.8713 20.5638
0.1 y = 0.0769x + 0.0296 0.0769 R2 = 0.9098 9.011704
0.2 y = 0.1116x + 0.042 0.1116 R2 = 0.9695 6.209677
0.4 y = 0.1917x � 0.2795 0.1917 R2 = 0.9617 3.615023
0.6 y = 0.0838x + 0.1603 0.0838 R2 = 0.9307 8.26969
0.8 y = 0.0574x + 0.1905 0.0574 R2 = 0.9018 12.07317
1 y = 0.0421x + 0.1822 0.0421 R2 = 0.8805 16.46081

2CP concentration 1 y = 0.2811x � 0.2124 0.2811 R2 = 0.9331 2.465315
2 y = 0.1917x � 0.2795 0.1917 R2 = 0.9617 3.615023
3 y = 0.085x + 0.0868 0.085 R2 = 0.9717 8.152941
4 y = 0.0656x + 0.0262 0.0656 R2 = 0.9871 10.56402
5 y = 0.0272x + 0.0824 0.0272 R2 = 0.9032 25.47794

Initial pH 3 y = 0.2228x � 0.2766 0.2228 R2 = 0.9704 3.110413
5 y = 0.3717x � 0.3625 0.3717 R2 = 0.8544 1.864407
7 y = 0.1917x � 0.2795 0.1917 R2 = 0.9617 3.615023
9 y = 0.0574x + 0.1905 0.0574 R2 = 0.9018 12.07317
11 y = 0.0249x + 0.1418 0.0249 R2 = 0.851 27.83133

Temperature 15 y = 0.052x + 0.0329 0.052 R2 = 0.9958 13.32692
25 y = 0.0909x + 0.2067 0.0909 R2 = 0.9316 7.623762
35 y = 0.1007x � 0.0124 0.1007 R2 = 0.9939 6.881827
45 y = 0.0431x + 0.1434 0.0431 R2 = 0.8872 16.07889
55 y = 0.0303x + 0.0629 0.0303 R2 = 0.9438 22.87129

Ultrasonic power 25 y = 0.0355x + 0.0896 0.0355 R2 = 0.8863 19.52113
50 y = 0.0993x � 0.1258 0.0993 R2 = 0.9893 6.978852
75 y = 0.1343x � 0.0835 0.1343 R2 = 0.994 5.160089
100 y = 0.1918x � 0.273 0.1918 R2 = 0.9649 3.613139
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O2
�� + Hþ ! OH� ð42Þ

hþ + H2O ! OH� + Hþ ð43Þ

hþ + OH� + O2
�� + 2CP ! degradationproduct ð44Þ

Degradation of 2CP was also not significant by MWCNT- Fe3O4-
US and MWCNT- Fe3O4-UV catalytic system. The catalytic degrada-
tion can be proposed as following:

Fe3O4 þ US or UV ! hþ þ e� ð45Þ

Fe3O4 þMWCNT ! Fe3O4 þMWCNTðe�Þ ð46Þ

MWCNT(e�) + O2 ! O2
�� + MWCNT ð47Þ

Fe3O4(hþ) + OH� ! OH� + Fe3O4 ð48Þ

hþ + OH� + O2
�� + 2CP ! degradationproduct ð49Þ

Moreover, in all systems, presence of Fe3O4 and hydrogen per-
oxide (if produced in reactions) can enhance degradation rate by
heterogeneous Fenton-like reaction as follow:

Fe2þ + H2O2 ! Fe3þ + OH� + OH� ð50Þ

Fe3þ + H2O2 ! Fe2þ + HOO� + Hþ ð51Þ
Fig. 4 also depicts the effect of FMT on the catalytic degradation

of 2CP under US and UV irradiation. As shown, the degradation effi-
ciency in FMT-US system dramatically increased to 86% after
30 min while maximizing efficiency in the second system after
same time reached to 76%, which implied that ultrasound might
play an important role in the activation of catalyst. This phe-
nomenon can be explained by several reasons: (1) the surface area
of the catalyst was increased after ultrasonic irradiation, which
was in favor of an increase in activity, (2) decrease in the aggregate
size of the catalyst, resulting to the more available active sites on
the catalyst surface in the FMT system, (3) prevent clustering or
agglomeration of magnetic catalysts after the degradation process
[36]. All of the above, points out that the increase in the surface
area of the catalyst will lead to the improvement of the mass trans-
fer between solute reagents and the solid particles, which subse-
quently causes a dramatic increase in degradation . [37]
Moreover, the clean-up process of the catalyst surface by continu-
ous ultrasonic irradiation may result in the continuous removal of
reaction intermediates from the surface, which allowed new reac-
tions occur at the surface [32]. In the following, to better under-
standing about FMT-US systems, its mechanisms will be
discussed. Generally, the results show that the performance of
FMT-US systems is higher than that other one, therefore the best
process, i.e. FMT-US systems, was selected to future experiments.

3.2.2. Effect of operational parameters on FMT-US systems
3.2.2.1. Effect of TiO2:Fe3O4 ratio. Fig. 5 presents the sonodegrada-
tion of 2CP by FMT system at five TiO2:Fe3O4 ratio (1:1, 3:1, 5:1,
7:1, 9:1) under 30 min US irradiation, pH 7 and 0.2 g weight of
the catalysts. According to result, 2CP degradation efficiency was
the highest when TiO2 doping ratio was 5:1. The deposited TiO2

produce e�and h+ under US irradiation, which could increase OH�

concentration and resulted in improvement of 2CP degradation
efficiency. With further increase of TiO2 ratio to >5:1, TiO2 could
occupy the active sites of Fe3O4, as a consequence, inhibiting Fen-
ton reaction, H2O2 decomposition and formation of hydroxyl radi-
cals on the surface of the catalyst. In addition, the active surface
sites of Fe3O4 was covered by TiO2 which was consistent with
BET analysis (Table 3S), where the sample with TiO2:Fe3O4 ratio
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more than 5:1 had the lowest surface area (active site). In simple
terms, the small size of the anatase NPs of the shell by Fe3O4 dop-
ing, that making the 5:1 TiO2:Fe3O4 possess high-specific surface,
thus they can effectively adsorb more molecules and also offer
more reaction sites. In addition, by considering the fact that the
sonocatalytic activity has a meaningful relationship with band
gap energy of the samples, this parameter (Eg) for all TiO2:Fe3O4

ratio were measured by model proposed by Mott and Davis. A
Tauc. By plotting (aht)2 as a function of photon energy (ht)
(Fig. 6S) and extrapolating the linear regions of this curve to
(aht)2 = 0, the value of Eg. for TiO2:Fe3O4 with ratio equal 5:1
was obtained as 1.75 eV which is lower than the other ratios were
examined. In other side, K values (first-order kinetics coefficient
(for TiO2:Fe3O4 at 1:5 ratio is more than other systems. (Table 1).
Thus, according to the band gap energy and first-order kinetics
coefficient, can be stated that FMT with ratio of 5:1 is suitable
for exhibiting high sonocatalytic activity compared to other sam-
ples. Furthermore, some researchers reported that higher TiO2

mass ratios with attached to the MWCNTs and covers the entire
surface leading to the loss of the MWCNTs role in the composite
structure. As previously mentioned the MWCNTs acted as a ‘‘dis-
persing template or support” that controlled the morphology of
the TiO2-Fe3O4 nanoparticles in the FMT systems, preventing
agglomeration and serving as a reservoir of electrons to trap elec-
trons and prolong the lifetime of the e/h pairs.
3.2.2.2. Effect of catalyst dosage and 2CP concentration. The sonocat-
alytic degradation of 2CP has been carried out at different initial
concentrations ranging from 1 to 5 mg L�1 using various FMT
dosage from 0.05 g L�1 to 1 g L�1, ultrasonic frequency of 50 W
and at pH 7. Significant increase in the degradation rate of the
2CP has been observed with an increase in the catalyst dosage
(Fig. 6). Results reveal that an optimal dose of 0.4 g of FMT is
required for achieving most effective degradation results in the
time span of just 15 min; it has been fixed as constant for further
studies. Increasing sonocatalyst dosage leads to an increase in
the active sites of catalyst which favors the formation of cavities
as well as surface cavitation, resulting in improved production of
free active radicals which are responsible for sonocatalytic degra-
dation of 2CP. But at the same time, higher catalyst dosage
(>0.4 g L�1) also play negative role in degradation process. Increas-
ing the sonocatalyst dosage up to a specific value leads to the
aggregation of sonocatalyst particles in the solution, decreasing
the number of active sites for the generation of OH� [38]. In other
words, the aggregation of sonocatalyst particles deactivates surface
active sites of the sonocatalyst responsible for the generation of
free oxygen radicals. Moreover, the excess amount of sonocatalyst
results in the scattering of ultrasonic irradiation near to the sono-
catalyst surface, reducing the rate of sonocatalytic degradation.
The excess amount of the sonocatalyst leads to the increased con-
sumption of free radicals at the liquid–gas interface and the
increased accumulation of sonocatalytic by-products in the cavita-
tion bubbles, resulting in less powerful collapses for the generation
of free radicals [39].

Fig. 7 shows how the variations of the initial 2CP concentration
(ranged between 1 and 5 mg L�1) affect its sonocatalysis over FMT
nanocomposite while pH, catalyst dosage and power of ultrasonic
generator were set to 7, 0.4 gr L�1 and 50 W, respectively. It has
been found that the removal efficiency is inversely proportional
to the initial concentration of 2CP. An explanation to this behavior
is that when the initial concentration of 2CP increases, the number
of 2CP molecules that adsorbed on the surface of FMT increased,
resulting high number of hydroxyl radicals is required for the
degradation of pollutant molecules. Nevertheless, the production
of hydroxyl radicals remains constant for a given irradiation time,
ultrasonic power and catalyst dosage.
3.2.2.3. Effect of pH. pHof the solutionwith effects on surface charge
of the catalyst and pollutant plays a key role in the catalytic
degradation of 2CP. Therefore, the effect of pH on the sonocatalytic
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degradation has been investigated within the pH range of 3–11
under FMT-US system. As seen in Fig. 8a, the alkaline pH did not
show considerable influence on the concentration of the 2CP,
whereas a significant decrease in concentration occurred in the
acidic solution (pH 5). 2CP removal efficiencies of 47.84% and 100%
were achieved at pH 12.0 and 5.0, respectively. The enhanced oxida-
tion efficiency at lower pHmight be due to the following reasons: at
lowerpHvalues, thehigher dissolutionof iron species can accelerate
the reaction on the surface of catalyst, and it is benefit to the produc-
tion of hydroxyl radicals. This is because at acidic pH values, Fe(III) is
mainly in the dissolved form and FeOH2+ is the most sonoactive Fe
(III) species [40]. Upon pH increase, dimeric and oligomeric Fe(III)
compounds up to Fe(III) colloids tend to prevail over mononuclear
species. The main difference between monomeric and dimeric/oli-
gomeric species or colloids is that the irradiationof the former yields
HO� with reasonable to elevated quantum yield, while HO� produc-
tion by dimeric/oligomeric colloids is quite low. The zeta potential
of the FMT (pHpzc = 6.8) may further prove the above explanation
to some extent. FMT is positively charged at pH values <pHzpc,
whereas it is negatively charged in alkaline solution. Since 2CP is
an anionic, electrostatic interactions between the positive FMT sur-
face and 2CP molecules lead to the strong interaction of each other,
and it is simple for 2CPmolecules to be adsorbed on the FMT surface
under the acidic condition. Because the lifetimes of OH radicals are
relatively short and they are unlikely to diffuse far from the FMT sur-
face, the degradation process of 2CP seems to occur on the surface of
FMT, and not in bulk solution. Thus the electrostatic interactions
between the FMT surface and 2CP anion may be responsible for
the increase in the degradation ratio in the acidic solution. In con-
trast, at high pH values (pH > pHpzc), the surface of the catalyst gets
negatively charged, which not favors. This is due to the repulsive
forces between negative groups of 2CP and negatively charged of
FMT (Fig. 8b).

3.2.2.4. Effect of solution temperature and ultrasonic power on
degradation efficiency. In order to verify whether the variation of
temperature effect on the 2CP degradation, five different tempera-
ture value (15–55 �C) were performed to in the FMT-US system.
The results showed in the Fig. 9 revealed that the increase of reac-
tion temperature from 15 to 35 �C favored the degradation of 2CP,
while further increase in the temperature up to 35 �C led to a
decrease in the 2CP removal (60.1%). Increasing the 2CP removal
in the first part of solution temperature rising (from 15 to 35 �C)
could be ascribed to the higher mass transfer rate, resulting in
the enhanced reaction rate of hydroxyl radicals with the consid-
ered pollutant [41]. However, in the second part of the tempera-
ture increasing, removal efficiency dropped which could be
attributed to the degassing of the solution because of the
volatilization of gas bubbles, reducing the number of gas nuclei
to form cavitation bubbles [42]. In addition, increasing the solution
temperature up to a specific value leads to the increase of vapor
pressure, leading to the cushion the collapse and consequently,
decreasing the generation of OH [23]. In addition, the correlation
between the reaction rate and temperature was fitted with the
Arrhenius relationship (Figure not shown). The calculated activa-
tion energy was to be 19.32 kJ mol�1, revealing the domination of
intrinsic chemical reaction in the FMT-US system. Moreover, the
lower activation energy demonstrated the more easily activation
of FMT in this system. Besides of the solution temperature, Ultra-
sonic power is another factor that plays an important role in the
sonocatalytic degradation process. As shown in the Fig. 9, by
increasing the ultrasound power from 25W L�1 to 100W L�1, the
degradation efficiency is increased from 62% to 100%, respectively.
Higher degradation efficiency was attained at 100 W ultrasonic
power however the operating cost for treating 2CP also have
enhanced correspondingly. Thus, given the negligible difference
between 100W and 50W, this ultrasonic power (50W) has been
chosen for our experimental work. Many reasons can be affected
on increasing the efficiency by increasing the ultrasonic power of
such as (a) increasing the production of hydroxyl radicals (b)
enhance the mass transfer diffusion and (c) improved cavitational
instances in the reactor [43]. Of course, this point should not be
overlooked that with increasing the ultrasonic power, the energy
of cavitation will also increase thereby, enhancing the quality of
cavitation bubbles. This will lead to higher reactivity during implo-
sion of cavitation bubbles.
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3.2.3. Influence of hydroxyl radical scavengers
Real wastewater usually contains organic and inorganic species,

which can affect the activity of catalysts. To investigate the effect
of the ion species on the sonocatalytic degradation process, the
studies have been carried out in the presence of dimethyl sulfoxide
(DMSO), carbonate, sulphate and chloride, which have hydroxyl
radical scavenging property. In this set of experiments, the initial
concentration of 2CP, the catalyst dosage, ultrasonic power, the
concentration of ionic species was constant at 2 mg L�1, 0.4 g L�1,
50 W and 5 mg L�1, respectively. Experimental results illustrated,
degradation efficiency of 2CP decreased in the presence of all used
radical scavengers. According to the obtained results, the degrada-
tion efficiency decreased from 100% to 67%, 82%, 73% and 91%, in
the presence of DMSO, chloride, carbonate and sulfate ions, respec-
tively at the reaction time of 10 min (Fig. 10). Statistical analysis
(one-way ANOVA) indicated that the difference in degradation
ratio between the control group (no scavenger) and the radical
scavenger-containing groups (i.e., DMSO, chloride, carbonate and
sulfate ions) were significant (P < .01). Among the scavengers,
DMSO was the most effective (n = 5). The results confirmed that
the free radical attack mechanism play an important role in the
FMT-US-induced degradation of 2CP. The possible reactions that
can occur in the presence of the radical scavengers are as follows:

Cl� + hþ ! Cl� ð52Þ

Cl� + Cl� ! Cl2 �� ð53Þ

Cl� + OH� ! Cl� + OH� ð54Þ

SO4
2� + OH� ! SO4

�� + OH� ð55Þ

CO3
2� + OH� ! �� + OH� ð56Þ

(CH3)2SO + OH� ! CH3 SO2H + CO3
� ð57Þ
3.2.4. Mineralization assessment and mean intermediates
TOC and COD were measured to investigate the mineralization

efficiency of 2CP in the FMT-US system. This set of experiments
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was performed at optimized conditions i.e. the initial 2CP concen-
tration of 2 mg L�1, the sonocatalyst dosage of 0.4 g L�1 and the ini-
tial pH of 5. From Fig. 11, at the same operational conditions 100%
of 2CP removal obtained within 15 min, while over same minutes
of process, removal efficiencies of TOC and COD were 56.7% and
64.9%, respectively. In fact, some 2CP molecules could be degraded
into H2O and CO2 during the sonocatalysis process, whereas other
sections of 2CP molecules were decomposed into the intermediate
byproducts. These organic byproducts (chlorinated aromatic rings)
are difficult to further degrade than 2CP molecules; thus, the
removal of TOC and COD were much less than the degradation effi-
ciency (%) of 2CP under the same experimental conditions. Accord-
ing to important role of intermediates on removal of TOC and COD,
GC-MS was used to identify intermediates of 2CP degradation in
FMT-US system. Hydroquinone (C6H6O2), benzoquinone (C6H4O2),
and a mixture of carboxylic acid substrates i.e. maleic acid
(C4H4O4), fumaric acid (C4H4O4), oxalic acid (C2H2O4), and formic
acid (CH2O2), were the main intermediate compounds identified
during 2CP degradation process. Fig. 7S shows the suggested path-
way of 2CP oxidation: first, the Chlorine (Cl) atom removes from
2CP, after which Superoxide (O2��) and hydroxyl (OH�) radicals
attack the compound to generate C6H6O2. Hydroquinone molecules
are subsequently dehydrogenated to C6H4O2. The availability of
excess free radicals breaks the benzoquinone ring to produce ali-
phatic carboxylic acids, including C4H4O4 and C4H4O4. Further oxi-
dation of maleic acid produces C2H2O4, the subsequent oxidization
of which produces formic CH2O2, finally, carbon dioxide.

3.2.5. Rate kinetic modelling
The sonocatalytic degradation mechanism and kinetics of 2CP

were studied using Langmuir– Hinshelwood (L–H) model. Follow-
ing equation expressed the L–H kinetic model [44,45]:

r ¼ �dc
dt

krh ¼ krKC
1þ KC

ð63Þ
Fig. 12. EPR spectra in US-FMT system. Reaction conditions: catalyst
dose = 0.4 g L�1, T = 35 C, 2CP concentration = 2 mg L�1, ultrasound power = 50 W,
[DMPO] = 0.1 M.
where r is the reaction rate, kr is the reaction rate constant, K is the
reactant adsorption constant, h is the fraction of the surface of cat-
alyst covered by 2CP, and C is the concentration of 4-CP at any time
t. Eq. (63) can be simplified to a first order reaction when C is very
low, in which case one has:

r ¼ �dc
dt

krKC ¼ k0t ð64Þ

where k0 = krK
The integration of Eq. (64) gives:

ln
C0

Ct
¼ k0t ð65Þ

where C0 is the initial concentration of 2CP, Ct is the concentration
of 2CP at time t, k0 is the first-order reaction rate constant (min�1),
and t is the reaction time (min). By plotting ln(C0 /C) versus t, the
apparent rate constant (k) can be determined from the slope of
the curve obtained. The time required for concentration of the reac-
tant to drop to half its value is called the reaction’s half-time or half-
life (t1

2
). Half-life for first-order reaction could also be calculated by:

t1
2¼0693

k
ð57Þ

In present study, the influence of studied parameters including
Fe3O4-TiO2 ratios, Catalyst dosage, initial 2CP concentration, initial
pH, temperature and ultrasonic power on the kinetic of 2CP degra-
dation was investigated. The values of first-order reaction rate con-
stant k related to the various parameters along with their
regression coefficients R2 are given in Table 1. In all the experi-
ments, the high regression coefficient (>0.8544) supported the fit-
ting of sonocatalytic degradation of 2CP by first-order reaction
kinetic model. From Table 1, it can observe that the rate constants
strongly depend on Initial pH. For example, at initial pH 5, the
degradation rate of 2CP increased to 0.3717 min�1, while the
amount of k0 in pH 11 was equal 0.0574 min�1

.

3.2.6. Mechanism of ultrasonic degradation
To characterize the formation of the generated radical species

over FMT under simulated ultrasound irradiation, ESR techniques
coupled with DMPO were employed. The typical four peaks
(Fig. 12) in the spectra with intensity ratio of 1:2:2:1 could be
assigned to DMPO-OH�, indicating OH radical generated at the ini-
tial phase under irradiation. No ESR signal is observed for these
samples in the dark and silent conditions. On the other hands, elec-
trons in the conduction band can be rapidly trapped by molecular
oxygen adsorbed on the catalyst particle, which is reduced to form
superoxide radical anion [46] (E O2/O2

�� = �0.16 V). Therefore, the
formation of superoxide radicals was also examined by DMPO spin
trapping ESR techniques in methanolic media. As shown in Fig. 12,
six characteristic peaks of the DMPO-O2

�� adducts were observed on
FMT system under ultrasonic irradiation. By contrast, there are no
signals detected in blank test. These results elucidated that super-
oxide radicals were efficiently generated under FMT-US system.
Based on the results, a possible sonocatalytic process for the degra-
dation of 2CP under ultrasonic irradiation are proposed: Upon
ultrasonic irradiation, TiO2 undergo charge separation to yield
electrons (e�) and holes (h+). Since the MWCNTs are known as
good electron acceptors, the electrons on conduction band of the
TiO2 rapidly transfer to MWCNTs. The negatively charged MWCNTs
(e�) can react with the O2 to produce the active species O2

�� radicals
which reacts with hydrogen ions (H+) to produce hydroxyl radicals
(OH�), which oxidizes the adsorbed 2CP directly on the surface. At
the same time, the holes from TiO2 react with adsorbed water to
further produce hydroxyl radicals. Finally, the active species (h+,
O2
�� and OH� radicals) oxidize the 2CP molecules adsorbed on these

active sites of the FMT system through p-p stacking interactions
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and/or electrostatic interaction. Based on the above analysis, the
degradation mechanisms is proposed as follows (Schematic S1):

TiO2 þ US ! TiO2ðhþ þ e�Þ ð58Þ

TiO2ðe�Þ þMWCNTs ! TiO2 þMWCNTsðe�Þ ð59Þ

MWCNTs(e�) + O2 ! O2
�� + MWCNTs ð60Þ

O2
�� + Hþ ! OH� ð61Þ

hþ + H2O ! OH� + Hþ ð62Þ

OH� + O2
�� + 2CP ! degradation product ð63Þ

During the FMT activation process, Superoxide (O2��) and
hydroxyl radical (�OH) were the main radicals generated. In order
to identify the dominating radicals for 2CP degradation in the
US/FMT system, scavenging experiment was carried out. 1,4-
benzoquinone and tert-butanol (TBA) were used as radical scav-
engers (quenching agents) to identify the oxidizing radical species
in a FMT-US system [47]. The results of scavenging experiment
were showed in Fig. 13. It can be seen that the addition of both
1,4-benzoquinone and tert-butanol lead to decrease the degrada-
tion of 2CPin comparison with the no addition of quenching agent
reaction system. These results suggested that radical oxidation
(O2�� and OH�) is the dominant mechanism in degradation of 2CP
by FMT-US system. As depicted in Fig. 13, by adding TBA, oxidation
efficiency reached to 72.5%. However, since 2CP degradation effi-
ciency decreased to 23.3% in the present of 1,4-benzoquinone,
O2�� is considered as the dominant radical species in the FMT-
US system.

3.2.7. Reusability of the sonocatalyst
As well as the excellent sonocatalytic activity, the reusability of

sonocatalysts are also important parameter in practical applica-
tions and its economical point of view. To evaluate the reusability
efficiency of the FMT sample, the particle size distribution and
magnetic performance of MST were determined under optimized
operational conditions. As a result, FMT prior to sonocatalytic test
had a size distribution in the ranges 20–50 nm. After sonocatalysis
process, FMT was separated and dried prior to particle size
distribution analysis. It revealed a size distribution ranging from
39 ± 2 nm (Figure not shown). The homogeneity in the size
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distribution might be due to the physical effect of US irradiation
[48]. Moreover, magnetic property of FMT after degradation pro-
cess (Ms = 41.5 emu/g) revealed, sonocatalysts were completely
separated by a permanent external magnet. To examine the
reusability of the FMT nanocomposite, the sonocatalytic degrada-
tion experiments were performed with catalyst dosage of
0.4 g L�1, initial 2CP concentration of 2 mg L�1 and the reaction
time of 15 min at 35 �C temperature. In each run, the sonocatalytic
activity of the recycled FMT nanocomposite exanimated by collect-
ing the nanocomposite from sample solution. The recovered
nanocomposite (thoroughly washing with water and ethanol and
drying) have developed again to degrade the 2CP repeatedly under
ultrasonic irradiation. The results are presented in Fig. 14. As can
be seen, the sonodegradation efficiency has negligible drops from
100 to 94%, 90%, 86%, and 85.96%, respectively during five repeated
runs. These evidence indicates that the FMT nanocomposite are
durable and effective for the remediation of 2CP up to five runs.
The partial deactivation of the catalyst is related to some surface
poisoning that may be induced by adsorbed intermediates.

3.2.8. Leaching experiment and toxicity evolution
The leaching of Fe and Ti from the FMT system to the solution

was determined during five repeated runs and the mass of leached
was shown in Fig. 14. It was found that, about 0.130 and
0.025 mg L�1 of Fe and TiO2 leached from the catalyst at 5th runs
under optimized condition, respectively. Reutilization tests using
FMT revealed some loss in activity (Fig. 14) from the first to the
third run, while it was maintained constant after the third run.
Similarly, a significant decrease in the amount of leached of Fe
and TiO2 was observed in the 3rd run and almost stabilized after
that. This suggests that after some initial Fe and Ti lost by leaching,
the catalyst tend to stabilize under continuous use with a signifi-
cant sonoactivity. However, it should be noted that the amount
of leached iron in US-FMT systems did not exceed the legislated
limit that can be found in waste waters. As previously stated, even
though 100% of 2CP was degraded by FMT-US system, however
conversion of 2CP was about 55–65%. In this case, the variation
of acute toxicity of product was evaluated by a 48 h immobiliza-
tion assay with D. magna. A mortality rate of 60% of D. magna
was observed in a raw 2CP solution. After 5 min reaction, the tox-
icity reached a maximum value, and 100% of D. magna was immo-
bilized. The results are probably due to the fact that the by-
products of 2CP exhibited higher acute toxicity [48–62], and
thereby acute toxicity increased during the first 5 min. When the
reaction time was extended to >5 min, the by-products decom-
posed gradually, leading to the decreased toxicity (55%). Therefore,
mare than 5 min reaction time is necessary to reduce acute toxicity
for the 2CP treatment.
4. Conclusions

FMT with average size of lower than 60 nm were synthesized
and used as reusable sonocatalyst for sonocatalytic removal of
2CP. The removal efficiency of US-FMT was higher than that of
other removal systems, and TiO2:Fe3O4 with 5:1 ratio showed the
best sonocatalytic performance with a 2CP degradation efficiency
of 86%. The effect of different operational parameters including
the pH, catalyst dosage, initial 2CP concentration, temperature
and ultrasound power was investigated on the sonocatalysis effi-
ciency. The sonocatalytic activity of FMT was attributed to the gen-
eration of more hydroxyl and superoxide radicals produced. The
synthesized sonocatalyst showed good durability because there
was no loss in the removal efficiency of 2CP by sonocatalysis in five
repetitive experiments. The intermediates of 2CP degradation were
identified by GC-Mass analysis. Given the promising results of this
study, more research should be carried out on the use of FMT for
the degradation of other organic pollutants in water and
wastewater.
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