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netic graphene-like carbon
nitride-cobalt ferrite (g-C3N4/CoFe2O4)
nanocomposite for sonocatalytic remediation of
toxic organic dyes

Saeedeh Hassanzadeh, Saeed Farhadi * and Farzaneh Moradifard

A novel magnetic g-C3N4/CoFe2O4 nanocomposite was successfully synthesized by a simple hydrothermal

method and applied as a new graphene-like carbon nitride-based sonocatalyst for sonodegradation of

pollutant dyes. The as-prepared samples were characterized by using X-ray diffraction (XRD), Fourier

transform infrared (FT-IR) spectroscopy, field-emission scanning electron microscopy (FE-SEM), energy-

dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM), vibrating sample

magnetometry (VSM), X-ray photoelectron spectroscopy (XPS), UV-visible diffuse reflectance

spectroscopy (DRS), BET surface area measurements and photoluminescence (PL) spectroscopy. The

results indicate that the nanocomposite sample is composed of spherical CoFe2O4 nanoparticles

adhered to g-C3N4 naosheets. The g-C3N4/CoFe2O4 nanocomposites were used as a new magnetically

separable sonocatalyst in H2O2-assisted sonodegradation of methylene blue (MB), rhodamine B (RhB)

and methyl orange (MO) dyes in aqueous media. The results showed complete degradation (ca. 100%) of

dyes within short times (30–35 min). The sonocatalytic activity of graphitic carbon nitride (g-C3N4) was

greatly enhanced with CoFe2O4 modification. Trapping experiments indicated that the g-C3N4/CoFe2O4

nanocomposites serves as a generator of hydroxyl radical (cOH) via activation of H2O2 for degradation of

dyes under ultrasound irradiation. Furthermore, the magnetic sonocatalyst can be separated from

solution by an external magnet and reused several times without observable loss of activity. The possible

mechanism of sonocatalytic activity was also proposed according to experimental results.
1. Introduction

Environmental pollution resulting from industrial wastewater
containing various organic dyes is getting more and more
serious with the rapid development of economy and society.1,2

Among various techniques, advanced oxidation processes
(AOPs) such as ozonation, photolysis, Fenton process and
photocatalytic oxidation have recently received a particular
interest as they display a high efficacy in wastewater
treatment.3–6 Among AOPs, the photo-catalytic degradation of
organic pollutants in the presence of semiconductors has
attracted considerable interest because it is a promising envi-
ronmental and cost-effective AOP for the treatment of contam-
inated groundwater and wastewater.3–6 However, organic dye
wastewaters are highly concentrated and typically non-
transparent. Consequently, light penetration is limited to only
several millimetres, thereby affecting the efficacy of semi-
conductor photocatalyst to achieve complete degradation of
such wastewaters. To meet the fast-developing water treatment
rsity, Khorramabad 68151-44316, Iran.

0618; Tel: +986633120611

10955
requirements, there is a great need to devise innovative tech-
nologies and materials for efficient removal of pollutants from
non-transparent wastewater. As a potential alternative to
conventional AOPs, sonolysis by using ultrasound irradiation is
of great interest and importance because of environment-
friendly and simply operating.7,8

In recent years, ultrasound (US)-assisted degradation has
attracted considerable attention for the elimination of various
organic pollutants owing to its several advantages such as
operational simplicity, safety and being environmentally
benign.9–11 This technique is principally based on the
phenomenon of acoustic cavitation including nucleation,
growth, and violent collapse of micro-bubbles, leading to the
emission of sonoluminescence (SL) and generation of ‘hot spot’
with extremely high temperature and pressure (∼5000 °C and
∼1000 atm). As a result, water is dissociated to generate
hydroxyl radicals, which can oxidize organic pollutants into CO2

and H2O.12–15 Moreover, organic pollutant that is volatile or
hydrophobic appears to diffuse inside the cavity interior and
undergoes the pyrolytic reaction directly.16–20 However, to obtain
a fast-degradation rate using ultrasound (US) alone typically
requires a signicant amount of electrical energy owing to the
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra00057e&domain=pdf&date_stamp=2023-04-06
http://orcid.org/0000-0001-6805-5591
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00057e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013016


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 1
2:

46
:0

1 
PM

. 
 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
massive loss of input energy in thermal dissipation, which
hinders the wide application of sonolysis for practical water
treatment.21 To overcome this problem, development of
semiconductor-based sonocatalysis is one of the most prom-
ising strategies. Similar with photocatalysis, the sonocatalytic
degradation of some organic dyes in aqueous solution is also an
excellent method. Nano-TiO2 powder is known to exhibit very
high sonocatalytic activities in treating various organic dyes in
wastewaters. In addition, heterogeneous sonocatalysis can
overcome the aforementioned disadvantages of the photo-
catalytic technology because ultrasonic irradiation has strong
penetration ability in all types of water media.22 Up till now,
a variety of sonocatalysts have been reported to exhibit very high
sonocatalytic activities in treating various organic dyes in
wastewaters.23–25 It is well known that the sonocatalytic effi-
ciency depends highly on the type of catalyst.26 Therefore, the
development of novel efficient and green sonocatalysts is
important to promote sonocatalysis-based applications and
further understand the sonocatalysis mechanism.

Graphitic carbon nitride (g-C3N4) with a graphene-like
structure as a metal-free and visible-light-responsive photo-
catalyst and its composites have drawn considerable attention
because of its appealing electronic band structure, highly
physicochemical stability, and earth-abundant merits.27

However, its photocatalytic performance is currently narrowed
by the nonresponse in the long wavelength region, poor elec-
trical transport, low density of reactive sites, and high recom-
bination of photoexcited electron–hole pairs.28,29 Besides, pure
g-C3N4 photocatalyst and its non-magnetic composites are
difficult to be separated and recycled from wastewater and
easily produces secondary pollution, which limits the practical
application of g-C3N4.30–32 The Fe-based spinel metal ferrite
systems with the general molecular structure MFe2O4 (M = Ni,
Zn, Co, Ca, Mn, Mg, and Cu) have gained technological
importance in photocatalysis due to their highly visible light
utilization, low band gap, high-temperature stability, and
extraordinary chemical stability.33 In recent years, the coupling
between spinel metal ferrites MFe2O4 (M = Ni, Zn, Co, and Cu)
and g-C3N4 has been widely studied in photocatalytic energy
and environmental remediation elds due to their suitable
band structure for effective separation of charge carriers.34–41

Moreover, the magnetic nature of the spinel ferrites helps to
recover the catalyst aer the photocatalytic reaction. However,
up to now, the investigation of g-C3N4/MFe2O4 as advanced
sonocatalyst has rarely been reported.24

In the present study, a novel magnetically separable
graphite-like carbon nitride (g-C3N4)-based sonocatalyst (g-
C3N4/CoFe2O4) was prepared by a facile hydrothermal route.
The composition, microstructure, magnetic and optical prop-
erties of the synthesized nanocomposite were fully character-
ized by various physical techniques. Its sonocatalytic activity
was assessed by the H2O2-assisted degradation of organic dyes
in water under ultrasound irradiation. The effects of various
parameters (e.g. H2O2 quantity, the catalyst dosage, and initial
dye concentration) on the sonodegradation process were
investigated. The sonocatalytic activity of g-C3N4/CoFe2O4

nanocomposite was also compared with those of pure CoFe2O4
© 2023 The Author(s). Published by the Royal Society of Chemistry
and g-C3N4 under similar conditions. In addition, a possible
mechanism for activity of the nanocomposite under ultrasound
irradiation was proposed.
2. Experimental
2.1. Materials

Thiourea (CH4N2S, 98%), iron(III) nitrate nonahydrate
(Fe(NO3)3$9H2O, 99%), cobalt nitrate hexahydrate (Co(NO3)2-
$6H2O, 99%), hydrogen peroxide (H2O2, 30%), methylene blue
(MB, C16H18ClN3S, 98%) and methyl orange (MO, C14H14N3-
NaO3S, 98%) and rhodamine B (RhB, C28H31N2O3Cl, 98%) were
prepared from Merck chemical company and used as received
without more purication. Deionized and doubly distilled water
were used throughout this study.
2.2. Characterization techniques

The phase formation in the composites was investigated via
powder X-ray diffraction (XRD) technology on a Panalytical
X'Pert Pro diffractometer (Netherlands) with Cu Ka (l = 1.5406
Å) at 40 kV and 150 mA. Diffraction patterns in the 10–80°
regions were recorded at a rate of 5°/min. The chemical
composition and chemical bonding state of the specimen were
dened by X-ray photoelectron spectroscopy (XPS, equipped
with a standard monochromatic Al Ka source (hn) 1486.6 eV,
ESCALAB 250Xi, Thermo Fisher Scientic, UK). Fourier Trans-
form Infrared (FT-IR) spectra were recorded on a Shimadzu 160
spectrophotometer (Japan) from 500 to 4000 cm−1 using KBr
pellets. The morphology and elemental analysis of the g-C3N4/
CoFe2O4 nanocomposite were observed by on a eld emission
scanning electron microscopy (FESEM, Mira3 Tescan, Czech)
equipped with a link energy-dispersive X-ray analyzer. Trans-
mission electron microscopy (TEM) images were taken on
EM10C electronmicroscope operating at 100 kV. The Brunauer–
Emmett–Teller (BET) analysis was performed by a PHS-1020
PHSCHINA instrument to obtain the specic surface area and
porosity of g-C3N4/CoFe2O4 nanocomposite. The UV-vis spectra
of dye solutions were analyzed at room temperature using
a Cary 100 UV visible spectrophotometer. The room-
temperature magnetic properties were measured by a 7400-S
vibrating sample magnetometer (VSM, Daneshpajoh Kashan
Co, Iran) with a maximum magnetic eld of 10 kOe. The UV-vis
diffuse reectance spectra (DRS) of sonocatalysts were obtained
on a Sinico S4100 spectrophotometer using BaSO4 powder as
a standard. The loading amount of CoFe2O4 in the composite
adsorbent and the concentrations of Co and Fe metals in the
ltrates and solutions aer recovering photocatalyst were
determined by inductively coupled plasma atomic emission
spectrometer (PerkinElmer ICP-AES, USA).
2.3. Preparation of the g-C3N4 nanosheets

In a typical synthesis, 10 g of thiourea powder was put into
a porcelain crucible with a cover, and then heated to 550 °C at
a heating rate of 15 °C min in a furnace for 2 h in air. The
resulted yellow powder (g-C3N4) was collected and washed with
RSC Adv., 2023, 13, 10940–10955 | 10941
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0.1 M HNO3 and distilled water, and it was dried to 60 °C in the
oven for 12 h.
2.4. Preparation of the magnetic g-C3N4/CoFe2O4

nanocomposite

The g-C3N4/CoFe2O4 nanocomposite was synthesized via
a hydrothermal route. 23 mg of the obtained g-C3N4 was
dispersed into a 25 mL aqueous solution containing stoichio-
metric amounts of cobalt(II) and iron(III) nitrates (containing
17 mg of CoFe2O4) under sonication for 30 min. The pH value of
the mixture was adjusted to 11 with a 6 mol L−1 NaOH aqueous
solution. Aer 1 h of stirring, the resulting mixture was trans-
ferred and sealed into a 50 mL Teon-lined stainless-steel
autoclave and heated at 180 °C for 12 h. Aer naturally cool-
ing down to room temperature, the resulting product was
ltered and rinsed with distilled water and ethanol, followed by
drying at 60 °C overnight. The loading amount of CoFe2O4 in
the nanocomposite was estimated to be about 38 wt% by ICP-
Scheme 1 The preparation process of the g-C3N4/CoFe2O4 nanocomp

10942 | RSC Adv., 2023, 13, 10940–10955
AES analysis. For comparison purposes, the pure CoFe2O4

nanoparticles were also synthesized under the same experi-
mental conditions without adding the g-C3N4. The preparation
process of the g-C3N4/CoFe2O4 nanocomposite was summarized
in Scheme 1.
2.5. Sonocatalytic degradation of organic dyes

The sonocatalytic performance of the as-prepared g-C3N4/
CoFe2O4 nanocomposite was evaluated via the degradation of
organic dyes in aqueous solutions at 25 ± 2 °C using an ultra-
sonic bath (Sonic 6MX, England) under an output power of
100 W and frequency of 37 kHz. In a typical experiment, 50 mL
of an aqueous solution containing MB dye (30 mg L−1), 25 mg of
the g-C3N4/CoFe2O4 nanocomposite powder and 0–2.5 mL of
H2O2 (0.1 mol L−1) were added into a 100 mL Pyrex cylindrical
vessel. The mixture was vigorously stirred for 30 min to estab-
lish the adsorption–desorption equilibrium. Then, it was
exposed to ultrasonic irradiation. The sonocatalytic system was
osite.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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maintained at room temperature by a ow of cooling water
during the reaction. At regular time intervals, 2 mL of samples
of the reaction solution were separated, and the catalyst powder
was immediately separated from the suspension with an
external magnet, washed and dried at 80 °C for the next runs.
Then, the residual MB concentration in solutions was deter-
mined using a UV-vis spectrophotometer at wavelength of
664 nm. The degradation efficiency (DE) was calculated as
follow: DE (%) = [(C0 − Ct)/C0] × 100%, where C0 is the initial
concentration of dye and Ct is the time-dependent concentra-
tion of dye upon irradiation. The effects of parameters
including the H2O2 amount (0.1 mol L; 0, 0.5, 1, 1.5, 2 and 2.5
mL), sonocatalyst dosage (0, 0.33, 0.66, 0.83, 1 g L−1), initial dye
concentration (25, 30, 35, 50 mg L−1) and initial solution pH (3,
7, 9) were also studied on the sonocatalytic efficiency of the g-
C3N4/CoFe2O4 nanocomposite with 0.1 mol L−1 HCl and NaOH
aqueous solutions. The sonodegradation of methyl orange (MO)
and Rhodamine B (RhB) dyes were also conducted under the
same conditions.
Fig. 2 XRD patterns of (a) g-C3N4, (b) CoFe2O4 and (c) g-C3N4/
CoFe2O4 samples.
3. Results and discussion
3.1. Characterization of the g-C3N4/CoFe2O4 sonocatalyst

Fig. 1 shows the IR spectra of CoFe2O4, g-C3N4 and g-C3N4/
CoFe2O4 composite. The FT-IR spectrum in Fig. 1(a) shows all
the characteristic bands of pure g-C3N4 phase. The character-
istic band at about 810 cm−1 is attributed to the characteristic
breathing mode of s-triazine units.42,43 The other several bands
ranging from 1100 to 1650 cm−1 can be attributed to the typical
stretching mode of C–N heterocycles in g-C3N4.44,45 The broad
bands at around 3000–3500 cm−1 correspond to the secondary
and primary amines at the defect sites of the aromatic ring.46 In
Fig. 1(b), the characteristic band at around 580 cm −1
Fig. 1 FT-IR spectra of (a) C3N4, (b) CoFe2O4 and (c) g-C3N4/CoFe2O4

samples.

Fig. 3 FE-SEM images of (a) CoFe2O4, (b) g-C3N4, and (c and d) the g-
C3N4/CoFe2O4 hybrid nanocomposite.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 10940–10955 | 10943
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corresponds to the stretching vibration of Fe–O bond of spinel-
type CoFe2O4 nanoparticles.47 FT-IR spectrum of the g-C3N4/
CoFe2O4 nanocomposite in Fig. 1(c) shows characteristic bands
correspond to the C3N4 at 1100–1650 and 810 cm−1, besides the
strong band of CoFe2O4 at about 580 cm−1. This nding
demonstrates the coexistence of g-C3N4 and CoFe2O4 aer the
formation of g-C3N4/CoFe2O4 nanocomposite Fig. 2 shows the
XRD patterns of the pristine C3N4, pure CoFe2O4 and g-C3N4/
CoFe2O4 samples.
Fig. 4 (a) The EDX spectrum and (b) elemental mappings of g-C3N4/Co

10944 | RSC Adv., 2023, 13, 10940–10955
The XRD pattern of C3N4 in Fig. 2(a) shows two characteristic
peaks of g-C3N4 at 13.1° and 27.3°. The weak peak at 2q = 13.1°
is corresponds to the (100) diffraction peak, which relates to the
interplanar structural packing with a period of 0.675 nm and
the strong peak at 2q = 27.3° can be indexed as the (002)
diffraction peak and represents the interplanar graphitic
stacking with a distance of the two near layers of 0.325 nm.48 All
diffraction peaks appeared in Fig. 2(b) at 2q angles of 30.3°,
35.5°, 37.1°, 43.2°, 53.6°, 57.3°, 62.8° and 72° can be indexed as
the (111), (220), (311), (222), (400), (511), (440) and (441) planes
Fe2O4 nanocomposite.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XPS of the g-C3N4/CoFe2O4 nanocomposite: (a) survey spectrum
spectrum and (f) C 1S spectrum.

Fig. 5 The TEM images of the g-C3N4/CoFe2O4 nanocomposite.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of the cubic structure of CoFe2O4 (JCPDS no. 10-0454), respec-
tively.37 The XRD pattern of the g-C3N4/CoFe2O4 composite in
Fig. 2(c) exhibits the characteristic diffraction peaks of both g-
C3N4 and CoFe2O4 phases, indicating the coexistence of g-C3N4

and CoFe2O4 phases without any impurity phase.49 The average
particle size of CoFe2O4 in the nanocomposite by using the
Debye–Scherrer equation was estimated to be 20 nm.

SEM images indicating the morphology of g-C3N4, CoFe2O4

and g-C3N4/CoFe2O4 nanocomposite samples are shown in
Fig. 3. SEM image of pure g-C3N4 in Fig. 3(a) shows layered
structure of g-C3N4 having large stacks, possibly consisting of
hundreds of graphene-like nanosheets. It should also be noted
that the surfaces of g-C3N4 sheets were quite at and smooth.
The SEM image of CoFe2O4 sample in Fig. 3(b) shows nearly
, (b) Co 2p spectrum, (c) Fe 2p spectrum, (d) O 1S spectrum, (e) N 1S

RSC Adv., 2023, 13, 10940–10955 | 10945
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Fig. 7 UV-vis DRS spectra of (a) g-C3N4, (b) CoFe2O4 and (c) g-C3N4/
CoFe2O4 nanocomposite.
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uniform monodispersed sphere-like nanoparticles with an
average diameter of about 20 nm. The SEM images of g-C3N4/
CoFe2O4 in Fig. 3(c) and (d) clearly show C3N4 nanosheets were
successfully decorated with CoFe2O4 nanoparticles. It can be
clearly seen that the CoFe2O4 nanoparticles were well deposited
on g-C3N4. Some wrinkles are found on the surface, which may
be important for preventing aggregation of g-C3N4 and main-
taining high surface area, which could be a great benet to its
adsorption ability. On the contrary with pure g-C3N4 sheets, the
surface of g-C3N4 nanosheets in the nanocomposite was rough
and the edges were highly crumpled.

The chemical composition and homogeneity of g-C3N4/
CoFe2O4 nanocomposite was further conrmed by EDX analysis
and the results are shown in Fig. 4. The EDX spectrum of the
nanocomposite in Fig. 4(a) shows the peaks of C, N, Co, Fe, and
O elements at their corresponding keV values. The distribution
of elements present in the nanocomposite was studied using
SEM-EDX mapping analysis as shown in Fig. 4(b). The
elemental mappings show all elements were uniformly
distributed over the nanocomposite, conrming the homoge-
neity of the sample.

The morphologies and microstructures of the as-prepared g-
C3N4/CoFe2O4 samples were further analyzed by TEM. As can be
seen in Fig. 5, the almost transparent graphene-like g-C3N4

sheets are fully exfoliated and decorated with black color
CoFe2O4 sphere-like nanoparticles with having the particle size
in range of 15–30 nm in consistent with the average particle size
calculated from Debye-Scherer formula. No obvious aggregation
was seen in images. The g-C3N4 sheets could not only prevent
agglomeration of the CoFe2O4 nanoparticles and enable a good
dispersion of these spherical particles, but also substantially
enhance the specic surface area of the composite.

XPS analysis was carried out to determine the surface
composition and oxidation states of the as-prepared g-C3N4/
CoFe2O4 nanocomposite. As shown in Fig. 6(a), C, N, Co, Fe and
O elements can be readily indexed in the XPS survey spectrum of
the nanocomposite. Among them, the intensity of the Co and Fe
elements is relatively low, which indicates that only a small
amount of CoFe2O4 nanoparticles are distributed on the surface
of the composite sample. The high resolution XPS spectrum of
Co 2p (Fig. 6(b)) reveals four peaks located at 782.3 eV, 787.7 eV
(a satellite peak), 796.49 eV and 804.72 eV (a satellite peak),
respectively, implying that Co element exists mainly in the
chemical state of Co2+.50,51 The Fe 2p spectrum of CoFe2O4 is
composed of two distinct peaks at 711.8 eV and 725.2 eV
(Fig. 6(c)) and the two peaks ascribed to the Fe 2p3/2 and Fe 2p1/
2, respectively, which is in good agreement with the reported
value for Fe3+ compounds.52–54 Furthermore, two satellite peak
of the Fe 2p can also be detected at the position of 719.1 and
733 eV. In Fig. 6(d), the XPS peaks of the O 1s were observed at
530.40 eV and 531.83 eV, which was ascribed to crystal lattice
oxygen (Co–O and Fe–O) and surface OH/H2O groups,
respectively.55 N 1s XPS spectrum in Fig. 6(e) can be deconvo-
luted into three main peaks at 399.4, 401.2, and 403.4 eV, which
correspond to C–N–C, N−(C)3, and NH/NH2 groups of g-C3N4,
respectively.56 In Fig. 6(f), the rst C 1s peak at 288.5 eV was
assigned to sp2-bonded carbon (N–C]N), and the second at
10946 | RSC Adv., 2023, 13, 10940–10955
284.8 eV was attributed to graphitic carbon which was usually
observed on carbon nitrides.56

The UV-vis diffuse reectance spectra (UV-vis DRS) was used
to investigate the optical absorption properties of samples and
results are shown in Fig. 7. The UV-vis spectrum of pure g-C3N4

sample in Fig. 7(a) shows a strong absorption band from the UV
to the visible light region with a maximum absorption at about
450 nm. The UV-vis spectrum of CoFe2O4 sample in Fig. 7(b)
exhibits a broad absorption band in the visible range. As can be
seen in Fig. 7(c), the UV-vis spectrum of g-C3N4/CoFe2O4

nanocomposite indicates an enhancement in absorption
intensity in the visible region together with a red shi,
compared to that of the pure g-C3N4, and this was attributed to
CoFe2O4 nanoparticles assembled on the surface of g-C3N4

nanosheets that acts as a sensitizer to extend the optical
response. The absorption bands are used for the calculation of
band gaps (Eg) of these samples according to the Tauc's equa-
tion:57 (ahn)2 = B(hn − Eg), where a, n, and B are absorption
coefficient, light frequency and proportionality constant,
respectively. The Eg of g-C3N4, CoFe2O4 and g-C3N4/CoFe2O4

nanocomposite were estimated with extrapolation of the plots
of (ahv)2 against hv to the energy axis. The Eg values of g-C3N4,
CoFe2O4 and g-C3N4/CoFe2O4 samples were calculated to be 2.7,
1.3 and 2.5 eV, respectively. These results suggest that the g-
C3N4/CoFe2O4 composite can absorb visible-light photons more
efficient than pure g-C3N4. Obviously, the visible light absorp-
tion intensity of g-C3N4/CoFe2O4 heterojunction is better than
that of g-C3N4, which possibly results good visible-light
utilization.

The magnetization curves of the CoFe2O4 and g-C3N4/
CoFe2O4 samples under an applied magnetic eld of±10 kOe at
room temperature are shown in Fig. 8. The magnetic hysteresis
loops of the samples indicate ferromagnetic behaviors, due to
the presence of CoFe2O4 nanoparticles. The saturation magne-
tization (Ms) of pure CoFe2O4 is 62.8 emu g−1 (Fig. 8(a)). The Ms
of g-C3N4/CoFe2O4 nanocomposite is about 28.4 emu g−1

(Fig. 8(b)). The Ms of the magnetic nanocomposite decreased
considerably, compared with that of pure CoFe2O4, which can
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Room-temperature magnetization curves of (a) CoFe2O4 and
(b) g-C3N4/CoFe2O4 nanocomposite (inset: the magnetic separation
of g-C3N4/CoFe2O4 nanocomposite by a magnet).

Table 1 The texture parameters of C3N4 and g-C3N4/CoFe2O4

nanocompositea,b,c,d

Sample SBET (m2 g−1) SLan (m2 g−1) Vtotal (cm
3/g) Dp (nm)

C3N4 47.74 126.37 0.258 1.26
g-C3N4/CoFe2O4 93.66 143.39 0.415 12.60

a SBET: BET surface area. b SLan: Langmuir surface area. c Vtotal: Total
pore volume. d Dp: Average pore diameter estimated using the
Barrett–Joyner–Halenda (BJH) method from the adsorption branch of
the N2 isotherms.
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be attributed to the existence of non-magnetic g-C3N4 compo-
nent. As can be seen in the inset of Fig. 8, the g-C3N4/CoFe2O4

nanocomposite could be easily separated from the water with
a commonmagnet and quickly collected on the side of the glass
vial, which indicates that this nanocomposite might be
magnetically recycled from wastewater by an external magnetic
eld.

The g-C3N4/CoFe2O4 nanocomposite sample was subjected
to determine the surface area, pore volume and corresponding
pore-size distribution curve. As shown in Fig. 9(a) and (b), the N2

adsorption–desorption isotherms display a typical type-IV curve
with an H3-type hysteresis loop at a high relative pressure,
which is associated with capillary condensation inmesopores (2
to 50 nm).58 The data about the surface areas, pore volumes and
average pore sizes of g-C3N4 nanosheets and g-C3N4/CoFe2O4

composite samples were summarized in Table 1. BET surface
Fig. 9 N2 adsorption–desorption isotherms of (a) C3N4 and (b) g-C3N
curves.

© 2023 The Author(s). Published by the Royal Society of Chemistry
area and pore volume of g-C3N4/CoFe2O4 are found to be 93.66
m2 g−1 and 0.415 cm3 g−1, higher than those of g-C3N4 nano-
sheets (47.74 m2 g−1 and 0.258 cm3 g−1) which are benet to the
diffusion of electrolyte ions and the exposure of active sites. The
pore size distribution of g-C3N4/CoFe2O4 composite in the inset
of Fig. 9(b) presents a broad peak in the range from 5 to 20 nm.
The high surface area and pore volume likely contribute to the
high sonocatalytic activity. In summary, the high specic
surface area provides more active sites, which may lead to the
enhancement of sonocatalytic performance.
3.2. Sonocatalytic degradation of dyes

The sonocatalytic activity of g-C3N4/CoFe2O4 nanocomposite
was investigated in degradation of some organic dye in aqueous
solution under ultrasonic irradiation. The process was investi-
gated by monitoring the characteristic absorption band of MB
at about 665 nm. Initially, a suspension of g-C3N4/CoFe2O4

(0.66 g L−1) in 50 mL of aqueous solution MB (25 mg L−1) was
exposed to ultrasonic (US) irradiation in the presence of H2O2

(0.1 mol L−1). Fig. 10(a) shows the UV-vis absorbance spectra of
MB aqueous solution in the presence of g-C3N4/CoFe2O4/H2O2/
US system. It can be seen that the intensity of the absorption
band at 665 nm decreases with the irradiation time and
4/CoFe2O4 nanocomposite. The insets are the pore size distribution

RSC Adv., 2023, 13, 10940–10955 | 10947
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Fig. 10 (a) The UV-vis absorption changes, (b) concentration changes (Ct/C0), and (c) the pseudo-first-order plots of −ln(Ct/C0) as a function of
irradiation time for MB sonodegradation in the presence of g-C3N4/CoFe2O4 nanocomposite. Conditions: [MB]0 = 25 mg L−1,50 mL; [H2O2 ] =
0.1 mol L−1, 1 mL; [cat.] = 0.66 g L−1 at room temperature and natural pH = 7.
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completely disappeared within 30 min. These ndings
conrmed the efficacy of the g-C3N4/CoFe2O4/H2O2/US system
for successful degradation of MB dye. Fig. 10(b) shows the MB
degradation (C/C0) with the irradiation time over various cata-
lysts which obviously reveals that the sonocatalytic activity of
the g-C3N4/CoFe2O4/H2O2 is the highest among all samples
under US. About 100%MBwas degraded aer 30min over the g-
C3N4/CoFe2O4 sample. The kinetic rate constants of the samples
were obtained by plotting −ln Ct/C0 with time (in min) and the
results are shown in Fig. 10(c). The sonocatalytic degradation of
MB over the catalysts matches the pseudo-rst-order kinetics
10948 | RSC Adv., 2023, 13, 10940–10955
equation (−dC/dt = kC). The rate constant, k, in different
systems increased in the order of US alone (0.0046 min−1) <
H2O2 alone (0.0047 min−1) < US/H2O2 (0.0052 min−1) <
CoFe2O4/US (0.0049 min−1) < g-C3N4/CoFe2O4/US
(0.0052 min−1) < CoFe2O4/H2O2/US (0.0061 min−1) < g-C3N4/
H2O2/US (0.023 min−1) < g-C3N4/CoFe2O4/H2O2/US
(0.094 min−1). The kinetic rate constant over g-C3N4/CoFe2O4 is
0.094 min−1, which is 4 and15.4 times more than those of g-
C3N4 (0.023 min−1) and CoFe2O4 (0.0061 min−1), respectively.
Based on the comparison of different values of k, it can be
shown that the combination of g-C3N4/CoFe2O4 nanocomposite
© 2023 The Author(s). Published by the Royal Society of Chemistry
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with ultrasonic irradiation and H2O2 has higher oxidation
potential of MB degradation than the others, due to the syner-
gistic effect between g-C3N4 and CoFe2O4 nanoparticles and the
additional generation of reactive oxidizing species. The nano-
composite is an effective sonocatalyst for the degradation of MB
and its efficiency degradation was 100% in the period of 30 min
of irradiation.

3.2.1. Effect of enhancers. Several experiments were per-
formed under identical conditions by using different enhancers
for the degradation of MB in presence of the CoFe2O4/g-C3N4

nanocomposite. These experiments were done to study the
effect of hydrogen peroxide, potassium periodate and perox-
ydisulfate with an initial concentration of 0.1 M on the sono-
degradation efficiency of MB. And the results are shown in
Fig. 11(a). Using the enhancers, interestingly increase the
sonocatalytic degradation of MB. The degradation efficiency of
MB dye in presence of the nanocomposite catalyst without any
enhancer was 15% within 30 min. Also, the degradation effi-
ciency of MB was 100% with hydrogen peroxide, peroxydisulfate
and periodate within 30 min, 20 min and 15 min, respectively.
By the addition of hydrogen peroxide, the sonocatalytic degra-
dation of MB increases due to enhanced generation of cOH
radicals. The addition of peroxydisulfate can also increase the
sonocatalytic degradation efficiency of MB due the generation
of sulfate radicals and then the formation of cOH radicals.59 The
Fig. 11 Effects of (a) different enhancers, (b) the H2O2 amount, (c) the g-C
the sonocatalytic degradation of MB in the presence of g-C3N4/CoFe2O
0.1 mol L−1, 1 mL; [cat.] = 0.66 g L−1 at room temperature and natural p

© 2023 The Author(s). Published by the Royal Society of Chemistry
addition of periodate ions produced the most effective sono-
catalytic degradation of MB by capturing generated electrons.60

Therefore, it is necessary to introduce an electron acceptor in
this system. As a kind of electron acceptor, H2O2 is environment
friendly and low cost, and it could be activated to general high
reactive radical cOH by accepting an electron.

3.2.2. Effect of hydrogen peroxide (H2O2) amount. The
inuence of H2O2 amount on the MB degradation was studied.
As shown in Fig. 11(b), when the amount of H2O2 was increased
from 0 to 2 mL, the degradation rate and efficiency increased
from about 17% in 30 min to 100% within 20 min. The
enhanced degradation rate of MB could be due to the more cOH
produced by increasing H2O2 amount.61 However, further
increase of the H2O2 amount (2.5 mL) led to slight reduction of
the degradation rate and efficiency. The excessive H2O2 could
scavenge cOH to form less reactive species such as hydroperoxyl
radical (cOOH), by which organic pollutants hardly are
degraded.62,63

3.2.3. Effect of catalyst dosage. The catalyst dosage effect
on the MB degradation was evaluated in solutions including the
initial dosage range of 0–1 g L−1 nanocomposite and H2O2

(0.1 mol L−1, 1 mL) for 30min. The degradation efficiency of MB
was about 10% aer 30 min of sonoirradiation in the absence of
the g-C3N4/CoFe2O4 nanocomposite. As shown in Fig. 11(c), the
degradation efficiency increase with increasing the catalyst
3N4/CoFe2O4 sonocatalyst dosage, and (d) initial dye concentration on

4 nanocomposite. Conditions: [MB]0 = 25 mg L−1,50 mL; [enhancer] =
H = 7.
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00057e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 1
2:

46
:0

1 
PM

. 
 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
dosage from 0.33 to 0.83 g L−1. With increasing the catalyst
amount, more active sites and cOH are formed on the catalyst
surface for dye degradation.64 However, more increase in the g-
C3N4/CoFe2O4 nanocomposite dosage from 0.83 to 1 g L−1

results to reduce in degradation efficiency, due to the agglom-
eration of particles in the solution that reduces surface active
sites for the production of cOH radicals. In addition, the extent
of cavitation phenomenon is related on the active surface area
of the employed sonocatalyst. So, in the presence of the excess
sonocatalyst, less ultrasonic waves could be conducted into the
solution to generate cavitation bubbles.65

3.2.4. Effect of initial dye concentration. The effect of
initial solution dye concentration on the sonoactivity was
investigated, as it is an important parameter in the degradation
of organic pollutants. Degradation efficiency of the g-C3N4/
CoFe2O4 nanocomposite at various concentrations of MB from
25 to 50 mg L−1 was investigated and the results are illustrated
in Fig. 11(d). The reaction time was xed at 30 min, while all
Fig. 12 The UV-vis absorption spectra changes of (a) rhodamine B (Rh
efficiency of dyes as a function of time over the g-C3N4/CoFe2O4 nano
[H2O2] = 0.1 mol L−1, 1 mL; at room temperature and natural pH = 7.

10950 | RSC Adv., 2023, 13, 10940–10955
other parameters remained the same, as explained in the
experimental section (50 mL dye solution, catalyst dosage:
0.66 g L−1 and H2O2: 0.1 M, 1mL). It was observed that MB
degradation showed a signicant decreasing trend from 100%
to 43%, as the initial MB concentration enhanced from 25 to
50 mg L−1, respectively. Based on the ndings, the maximum
degradation efficiency occurred at lower initial MB concentra-
tions (25 and 30 mg L−1) and was found to be 100% within
30 min, while, the degradation efficiency of about 70% and 43%
was achieved for concentrations of 40 and 50 mg L−1 at the
same time. This phenomenon would be attributed to some
reasons: (i) an increase in competition between the intermedi-
ates and the parent compounds for the reaction with reactive
oxidizing radicals, (ii) decreasing the generation rate of reactive
species, because of lling the reactive sites by MB molecules
and reducing the reactions between US irradiation and sono-
catalyst and (iii) the degradation of all MB molecules would be
impossible when the production rate of reactive oxidizing
B), (b) methyl orange (MO), and (c) comparison of sonodegradation
composite. Conditions: [dye] = 25 mg L−1, 50 mL; [cat.] = 0.66 g L−1;

© 2023 The Author(s). Published by the Royal Society of Chemistry
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species is constant.64–66 In contrast, at lower concentrations,
a sufficient number of reactive oxidizing species is available in
the solution for reaction with MB molecules that leads to high
degradation rate.

3.2.5. Effect of initial solution pH. The effects of pH on
sonocatalytic degradation efficiency of dyes were investigated
Fig. 15 shows the degradation efficiency of MB dye aer irra-
diation for 30 min at pH values from 3 to11. Degradation effi-
ciency of 42%, 54%, 100%, 53% and 28 were reached at pH
values of 3, 5, 7, 9 and 11, respectively. It is easily seen from
these data that the degradation efficiency increases with
increase in pH and exhibits maximum value at pH 7 and then
Fig. 13 (a) Effects of different scavengers on the sonocatalytic degrada
[H2O2] = 0.1 mol L−1, 1 mL; [scavenger] = 0.1 mol L; at room tempe
sonocatalytic mechanism of the g-C3N4/CoFe2O4 nanocomposite unde

© 2023 The Author(s). Published by the Royal Society of Chemistry
decreases when the pH increases further to 9 and then 11. In
more acidic and basic solutions, the catalyst's surface was
covered with H+ and OH− ions, respectively. Therefore, the
adsorption of H2O2 and dye molecules on the catalyst's surface
will decrease. Moreover, the decomposition of H2O2 into H2O
and O2 at basic conditions is very fast. All of the effects are
detrimental to the catalytic crack of H2O2 by g-C3N4/CoFe2O4 to
generate hydroxyl radicals. These results suggest that weak
acidic and neutral initial pH values are benecial for dye
degradation. At neutral pH, the active sites on the catalyst's
surface were free for the production of OH radicals resulting in
the increase in the sonocatalytic MB degradation. The
tion of MB. Conditions: [MB] = 25 mg L−1, 50 mL; [cat.] = 0.66 g L−1;
rature and natural pH = 7. (b) Schematic illustration of the possible
r ultrasound irradiation.
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Fig. 14 PL spectra of (a) pure g-C3N4 and (b) g-C3N4/CoFe2O4

samples.
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experimental results depicted that the maximum MB degrada-
tion efficiency (100%) was taken place at pH 7 which was
considered as an optimum value for subsequent experiments. It
seems that greater accessibility of MB to active sites of catalyst
resulted in a higher degradation efficiency of dye at natural pH
level.

3.2.6. Effect of type of organic dyes. To investigate the
activity of different dyes in the presence of the g-C3N4/CoFe2O4

nanocomposite, the degradation of rhodamine B (RhB) and
methyl orange (MO) dyes was also investigated. The volume and
concentration of the dye solutions were 50 mL and 30 mg L−1,
respectively. The amount of the g-C3N4/CoFe2O4 nanocomposite
was 0.66 g L−1. Fig. 12(a) and (b) show that the degradation
efficiency of MO and RhB on the g-C3N4/CoFe2O4 nano-
composite were 94% and 100%, respectively. The lower degra-
dation of MO molecules can be related to its high redox
potential. As compared in Fig. 12(c), this novel sonocatalytic
system exhibits excellent capacity for the degradation of various
dyes under sono-irradiation.

3.2.7. Studies of sonocatalytic degradation mechanism.
The active species participating in the sonocatalytic process
were studied in order to elucidate the mechanism of sonoca-
talysis. The roles of the main active species were investigated
through radical, hole and electron trapping experiments and
the results are shown in Fig. 13(a). The different radical scav-
engers such as benzoquinone (BQ), ethylenediaminetetraacetic
acid (EDTA), and isopropyl alcohol (IPA) were used to detect the
production of superoxide radicals (cO2

−), holes (h+), and
hydroxyl radicals (cOH) produced during the sonocatalysis
process, respectively.67 Also, AgNO3 was used as a scavenger of
electron (e−). The degradation efficiency of MB decreased
slightly upon the addition of benzoquinone (BQ), a scavenger to
quench cO2

−, indicating that dissolved cO2
− radicals were not

the dominant active species in this process. In contrast, the
addition of isopropyl alcohol (IPA, a hydroxyl radicals scav-
enger), the degradation efficiency had a signicantly negative
effect on the degradation of MB, conrming that dissolved cOH
radicals were the dominant active species. Upon the addition of
disodium ethylenediaminetetraacetate (EDTA, a hole scav-
enger) the degradation efficiency dropped remarkably, con-
rming that the holes were another active species in the reactive
system. Also, the degradation efficiency of MB signicantly
reduced because of the addition of AgNO3 as a scavenger of e−

and the degradation rate of MB drops about 24%. It means that
e− plays a crucial role in the degradation of MB. The above
results demonstrated that the sonocatalytic process was gov-
erned by direct holes, e− and mainly cOH− oxidation reactions
while free cO2

− radicals were negligible.68

The enhanced sonocatalytic activity can be ascribed to the
formation of heterojunction between CoFe2O4 and C3N4. Based
on the experimental results, possible mechanism of the MB
sonodegradation over C3N4/CoFe2O4 nanocomposite under US
irradiation was proposed. To show matching of energy levels of
the CoFe2O4 and C3N4, their valence band (VB) and conduction
band (CB) edge potentials were calculated by the Mulliken
electronegativity theory using the following equations(eqn (1)
and (2)):69
10952 | RSC Adv., 2023, 13, 10940–10955
ECB = c − Ee − 0.5Eg, (1)

EVB = ECB + Eg (2)

where c and Eg denotes the absolute electronegativity and band
gap, respectively. Ec is the energy of free electrons on the
hydrogen scale (4.5 eV). Herein, the CB and VB edge potentials
of g-C3N4 were calculated as −1.13 and +1.57 eV, respectively,
while those for CoFe2O4 were calculated as +0.42 and +1.71 eV,
respectively (represented in Fig. 13(b)). Due to their narrow
band gaps, under the visible-light irradiation, CoFe2O4 and g-
C3N4 are excited to produce some electron–hole pairs.70

On the basis of the above results and previous reports,71–74 we
propose the mechanisms of light absorption, charge transfer,
and the reaction pathways for generating active radicals by g-
C3N4/CoFe2O4 nanocomposites and the degradation of dyes as
follows: As illustrated in Fig. 13(b), the ultrasonic cavitation
effect produced the sonoluminescence which it could create
lights with a wide wavelength range. The g-C3N4/CoFe2O4

nanocomposite can be excited by the produced lights with
suitable wavelength and so this nanocomposite acting as
a sonocatalyst to accomplish degradation (eqn (3)). In addition,
the ‘‘hot spot” manufactured by ultrasonic cavitation effect in
aqueous solution can possessed higher temperature than 1000 °
C. Therefore, magnetic g-C3N4/CoFe2O4 nanocomposite can be
excited by these hot spots. Also, high temperature could effec-
tively decompose H2O2 molecules on the surface of the sono-
catalyst to generate hydroxyl radicals (cOH). Since the CB of the
g-C3N4 (−1.13 eV) is lower than CB of CoFe2O4 (+0.42 eV), so the
excited-state electrons in the CB of g-C3N4 can be easily transfer
into CB of CoFe2O4 (eqn (4)). However, The CB position of
CoFe2O4 is much higher than the redox potential of O2/cO2

−

(−0.33 eV). So, the O2 adsorbed on the surface of g-C3N4/
CoFe2O4 won't be reduced. Therefore, it is necessary to intro-
duce an electron acceptor in this system. As a kind of electron
© 2023 The Author(s). Published by the Royal Society of Chemistry
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acceptor, H2O2 is environment friendly and it could be activated
to general high reactive radical cOH by accepting an electron
(eqn (5)). Then, the electron in CB of CoFe2O4 can activate H2O2

to generate hydroxyl radical (cOH), which is a strong oxidizing
agent to degrade MB (eqn (6)). In the other hand, due to VB
position of CoFe2O4 (+1.71 eV) is more than of g-C3N4 (+1.57 eV),
the produced sonogenerated holes (h+) at the VB of CoFe2O4 will
inject to that of g-C3N4. These sonogenerated holes in the VB of
g-C3N4 can oxidize organic dyes adsorbed onto the surface of
the catalyst directly (eqn (7)). The reactions are summerized as
follows (eqn (3)–(7)):

g-C3N4/CoFe2O4 + US / g-C3N4(h
+, e−) + CoFe2O4(h

+, e−)(3)

g-C3N4(h
+, e−) + CoFe2O4(h

+, e−) / g-C3N4(h
+)

+ CoFe2O4(e
−) (4)
Fig. 15 (a) Cycling runs of g-C3N4/CoFe2O4 nanocomposite in the son
30 min. (b) FT-IR spectrum, (c) XRD pattern and (d) TEM image (e) SEM

© 2023 The Author(s). Published by the Royal Society of Chemistry
CoFe2O4(e
−) + H2O2 / cOH + OH−, (5)

MB + cOH / CO2 + H2O +. (6)

g-C3N4(h
+) + MB / g-C3N4 + MBc+ / CO2 + H2O + . (7)

To justify the proposed path for the g-C3N4/CoFe2O4 nano-
composites towards sonocatalytic degradation, a photo-
luminescence (PL) study is an effective and informative
technique that can give a better understanding of the electron
ow and charge separation mechanism of the sonocatalyst. The
higher uorescence intensity means more recombination of
electron–hole pairs and lower catalytic activity and a weak peak
indicates better electron–hole pair separation.75 Fig. 14 shows
the room-temperature PL spectra of the pristine g-C3N4 and the
g-C3N4/CoFe2O4 hybrid material excited at 350 nm. Fig. 14(a)
odegradation of MB. Each run of photocatalytic reactions lasted for
image of the recovered nanocomposite after the 5th run.
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shows the PL spectrum the pristine g-C3N4 nanosheets with
high intensity at about 460 nm, indicating high electron–hole
recombination.76,77 For g-C3N4/CoFe2O4 hybrid material in
Fig. 14(b), the position of the emission peak in the PL spectrum
was similar to that of the pure g-C3N4, but the emission inten-
sity signicantly decreased. This demonstrated that the
recombination of photo-generated charge carriers was greatly
inhibited by the introduction of CoFe2O4, which showed the
photogenerated electron–hole pairs in g-C3N4/CoFe2O4 hybrid
material had higher separation efficiency than those in the pure
g-C3N4.78 This led to better utilization of electron and hole pairs
induced by light irradiation. The PL result is in accordance with
the sonocatalytic activity of the catalyst.

3.2.8. Reusability and stability of g-C3N4/CoFe2O4. The
stability of the catalyst materials is a signicant factor in the
catalytic experiments. The synthesized nanocomposite is
insoluble in water, therefor, the catalyst can be separated by
external magnetic eld, washed with water and ethanol, dried at
60 °C and then employed for the degradation of MB up to ve
cycles. As can be seen in Fig. 15(a), the obtained results indi-
cated negligible decrease of its sonocatalytic activity aer ve
repeated cycles. The amounts of Co and Fe metals in the ltrate
were also determined to be about less than 0.1% by ICP-AES
analysis. Based on Fig. 15(b)–(e), there is no noticeable
change in the FT-IR spectrum, XRD pattern and TEM-SEM
images of the sonocatalyst before and aer the 5th cycle.
These ndings conrm the composite has a good stability
during the sonocatalytic degradation of dyes.
4. Conclusion

In summary, the g-C3N4/CoFe2O4 nanocomposite was synthe-
sized by a simple hydrothermal method. The FT-IR, XRD and
EDX analyses conrmed the successful synthesis of the g-C3N4/
CoFe2O4 nanocomposite. The TEM and SEM photographs of the
nanocomposite revealed that the spherical of CoFe2O4 nano-
particles were anchored on the surface of the g-C3N4 naosheets.
Also, the nanocomposite was used to degrade organic dyes
including MB, MO and RhB. Efficient sonocatalyst degradation
was 100% for the removal of dyes. Due to magnetic properties of
the g-C3N4/CoFe2O4 nanocomposite, it could be easily separated
from the aqueous solutions with a magnet. This study estab-
lished a low-cost, green and easy heterogeneous catalyst for the
degradation of organic dyes and other pollutants in wastewater.
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