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2O4–CNS nanocomposite as an
efficient, recyclable catalyst for peroxymonosulfate
activation and pollutant degradation†
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Hou-Qi Liuab and Wen-Wei Li *ab

Sulfate radical (SO4c
�) based advanced oxidation processes allow efficient degradation of refractory

organics, but efficient, low-cost, and robust catalysts for such processes are still lacking. In this work,

a magnetically recoverable heterogeneous catalyst was fabricated by immobilizing spinel cobalt-ferrite

(CoFe2O4) particles on graphitic carbon nitride nanosheets (CNS) using a low-cost, one-step

solvothermal method. In the CoFe2O4–CNS nanocomposite, the CoFe2O4 particles were evenly-

distributed on the CNS surface, giving the nanocomposite a high specific surface area and significantly

raised activity for peroxymonosulfate (PMS) activation and sulfonamide degradation compared to the

bare CoFe2O4 NPs, which were considerably aggregated. In addition, the CoFe2O4–CNS could be more

efficiently separated under magnetic field and resuspended compared with the bare CoFe2O4 due its

larger sizes and no agglomeration. A stable activity of the nanocomposite catalyst during repeated use

was also demonstrated. Our results imply high potential of CoFe2O4–CNS for sustainable water

treatment and environmental remediation applications.
1. Introduction

Advanced oxidation processes (AOP) based on the sulfate
radical (SO4c

�) are promising alternatives to those based on
hydroxyl radicals for water treatment and environmental
remediation applications, with advantages such as high redox
potential (2.5–3.1 V),1 relatively long lifetime and wide pH
range.2 SO4c

� can be efficiently generated from perox-
ymonosulfate (PMS)3 or persulfate (PS)4,5 by using transition
metals as catalysts. Cobalt (Co)-based materials are the most
efficient catalysts for PMS activation so far.6,7 In particular,
heterogeneous Co catalysts are gaining growing interest
because they can be reused and are environmentally-benign.8–10

To facilitate their recovery aer use, spinel-type Co-bearing
ferrite nanoparticles (CoFe2O4 NPs) have been recently devel-
oped, which show high catalytic activity and good adaptability
to magnetic separation.11 However, such nanoparticles are
difficult to magnetically separate from the water phase due to
their small sizes.12,13 Another challenge is the easy agglomera-
tion of the NPs, which leads to poor re-suspension and reduced
performance with repeated use.11 One strategy to address the
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25
NPs separation and agglomeration issue is to disperse the NPs on
various support materials, including reduced graphene oxide
(rGO),14 carbon nanotube,15 titanate nanotubes.16,17 Recently, the
combination of CoFe2O4 with graphitic carbon nitride (g-C3N4,
a low-cost, highly-stable, and porous 2D materials with unique
photocatalytic activity18–21) has also been proposed. The CoFe2O4/
g-C3N4 showed high photocatalytic activity for degradation
Rhodamine B,22,23 but has not been used for SO4c

�-based AOP so
far. In addition, the synthesis process of the composite (involving
precipitation, ultrasonic mixing and calcining) is complicated,
and bulk g-C3N4 (ref. 22 and 23) with large size and low specic
surface area was typically used.24,25

Inspired by the above studies, here we investigated the
feasibility of using CoFe2O4/g-C3N4 as a catalyst for activation of
PMS. To improve its catalysis and recovery performances, we
adopted a simple, one-step solvothermal method for the mate-
rial fabrication, and used ultrathin g-C3N4 nanosheet (CNS) as
the support for CoFe2O4.18 The catalytic activities of the resulting
CoFe2O4–CNS nanocomposite and the CoFe2O4/g-C3N4 obtained
by conventional method were evaluated by using sulfonamide
(SA) as a model pollutant. SA is a ubiquitous, persistent
contaminant, with high risks to aquatic ecosystem and human
health.26–30 In addition, SA is a rich-electronic compound, which
is suitable for SO4c

�-based AOP.3,31,32 The magnetic separation
and re-suspension performances and the stability of the mate-
rials during repeated use were also investigated. Lastly, the
catalytic mechanisms of the nanocomposite for PMS activation
were elucidated.
This journal is © The Royal Society of Chemistry 2017
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2. Experimental
2.1. Materials

Iron chloride (FeCl3$6H2O), cobalt dichloride (CoCl2$6H2O),
sodium acetate (NaAc), and ethylene glycol, ethanol, melamine,
sulfanilamide, methanol, tert-butyl alcohol (TBA), all of analyt-
ical grade, were purchased from Sinapharm Chemical Reagent
Co., Ltd. Peroxymonosulfate (PMS, Oxone) was purchased from
J&K Scientic LTD. All the solutions were prepared with
deionized (DI) water.
2.2. Synthesis of CoFe2O4–CNS catalyst

The CNS were synthesized according to themethod described in
a previous report.21 Melamine (5 g) was calcined at 520 �C for 4 h
with the heating rate of 5 �Cmin�1 to obtain yellow bulk g-C3N4.
Then, the bulk g-C3N4 was milled into powder, transferred into
a combustion boat without any cover, and heated at 550 �C for
3 h to obtain CNS. The resulting CNS (200 mg) was added into
30 mL ethylene glycol solution under ultrasonication, followed
by adding 2 mmol FeCl3$6H2O and 1 mmol CoCl2$6H2O. Then,
15 mmol sodium acetate, as a protective agent to control the
shape of synthesized nanomaterials, was added into the solu-
tion under vigorous stirring at room temperature. The mixture
was subsequently autoclaved in a 50 mL Teon lined stainless
steel autoclave at 180 �C for 24 h, and then naturally cooled
down to room temperature. The resulting black precipitate was
collected by ltration and washed with absolute ethanol and DI
water in sequence for several times. The nal product was dried
in a vacuum box at 60 �C for 6 h prior to use. For comparison,
the bare CoFe2O4 was fabricated without the addition of g-C3N4

following the same procedures.33,34 In addition, graphene oxide-
supported CoFe2O4 (CoFe2O4–GO) was prepared following a re-
ported method.35
2.3. Catalytic activity test

The catalytic activities of different materials for PMS activation
and SA degradation was examined. The bare CoFe2O4 NPs and
g-C3N4 were used as the controls. Before the degradation test, SA
was added into 100 mL DI water under constant stirring to an
initial concentration of 10 mg L�1. Then, 100 mg L�1 catalyst
and 100 mg L�1 PMS were added to initiate the degradation
reactions. During the test, 1 mLmixed liquor was collected each
time at given time intervals, immediately quenched with excess
pure methanol (1 mL), and then centrifuged before analysis. All
the experiment was conducted in duplicate at ambient
temperature (25 � 2 �C).
Fig. 1 SEM (a–c) and TEM (d–f) images of (a and d) g-C3N4, (b and e)
bare CoFe2O4, (c and f) CoFe2O4–CNS; (g and h) HRTEM images and (i)
EDX pattern of CoFe2O4–CNS.
2.4. Analysis

The SA concentration was measured by a liquid chromatograph
(Alliance, water 2695) equipped with Waters 2487 dual l

absorbance detector and Agilent 5 TC-C18 150 � 4.6 mm
column. A mixture of methanol and 0.1% formic acid solution
(20 : 80, v/v) at a ow rate of 0.5 mL min�1 was used as the
mobile phase. The column temperature was 30 �C. The detec-
tion wavelength was set at 268 nm.
This journal is © The Royal Society of Chemistry 2017
The morphology and structure of the materials were exam-
ined by scanning electron microscopy (SEM, QUSNTA FEG 250)
and transmission electronic microscopy (TEM, HT7700). X-ray
diffraction (XRD) patterns were obtained on a Bruker D8
diffractometer using ltered Cu Ka radiation (a ¼ 1.54178 Å).
The Brunauer–Emmett–Teller (BET) specic surface area of
sample was determined on an Autosorb iQ Station 3 system at
liquid-nitrogen temperature of 77.35 K. The chemical species of
Co, Fe, O, C and N were determined by X-ray photoelectron
spectroscopy (XPS). Magnetic properties of the samples were
examined using a MPMS (SQUID)-vibrating sample magne-
tometer at 300 K.
3. Results
3.1. Catalysts characterization

The morphologies of the CNS, bare CoFe2O4 and CoFe2O4–CNS
composite are shown in Fig. 1. The CNS had large sizes ranging
from hundreds of nanometer to several micrometer (Fig. 1(a))
but a small thickness of around 10 nm (Fig. 1(d)). The bare
CoFe2O4 was mainly in the shape of spherical particles that
aggregated together (Fig. 1(b) and (e)). In comparison, for the
CoFe2O4–CNS composites, the particles were evenly distributed
on the CNS (Fig. 1(c) and (f)). The particles did not peel off from
the CNS aer ultrasonic processing for 30 min due to the
formation of heterostructured material. The high resolution
TEM (HRTEM) image of CoFe2O4–CNS showed lattice fringe
spacing of 0.24 nm, 0.25 nm, 0.29 nm and 0.487 nm (Fig. 1(g)
and (h)), consistent with the (2 2 2) (3 1 1) (2 2 0) and (1 1 1)
planes of CoFe2O4 crystals, respectively.36,37 No clear lattice was
observed for the CNS due to its low crystallinity. The two
components were tightly bonded together, as indicated by the
clear interface between them. In addition, the EDX spectra
conrm the presence of Co, Fe, C, O, and N elements in the
CoFe2O4–CNS (Fig. 1(i)). The Si signal observed here was derived
from the silicon substrate.
RSC Adv., 2017, 7, 55020–55025 | 55021
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Fig. 3 (a) Nitrogen sorption isotherms and (b) pore size distribution of
CoFe2O4 and CoFe2O4–CNS.
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The synthesis of the CoFe2O4 and CoFe2O4–CNS composites
was also conrmed by the XRD and XPS spectra. The CoFe2O4

showed a typical pattern of spinel ferrite with six well-dened
peaks at 2q ¼ 18.29�, 30.08�, 35.44�, 43.06�, 56.97�, and 62.58�

(Fig. 2(a)), corresponding to the Bragg planes of (1 1 1), (2 2 0),
(3 1 1), (4 0 0), (5 1 1), and (4 4 0), respectively.38,39 The major
crystal phase of CoFe2O4 was in a good agreement with JCPDS:
22-1086. For the CoFe2O4–CNS, besides the above six peaks,
a characteristic peak at 27.6� corresponding to the (0 0 2)
diffraction plane of the CNS was also detected, and no other
peaks occurred (Fig. S1†). These results indicate a high purity of
the synthesized products. In addition, the XPS survey scan
spectra of both materials showed the characteristic peaks of Co,
Fe and O, and the extra signal of C (284 eV) and N (400 eV) in the
CoFe2O4–CNS, further conrming the formation of CoFe2O4

and CoFe2O4–CNS with high purity (Fig. 2(b)).
The surface properties of the synthesized materials were also

evaluated. Despite of the similar ordered mesoporous structure
and pore sizes of the twomaterials (Fig. 3), the CoFe2O4–CNS had
larger specic surface area (89.484 m2 g�1 versus 81.253 m2 g�1)
and larger pore volume (0.163 cm3 g�1 versus 0.108 cm3 g�1) than
CoFe2O4.
3.2. Catalytic activity for SO4c
� generation and SA

degradation

The CoFe2O4–CNS showed signicantly higher activity for PMS
activation and SA degradation than the CoFe2O4 NPs (Fig. 4(a))
and the CoFe2O4–GO (Fig. S2(a)†). Consistent result was also
obtained by the TOC analysis (Fig. 4(b)). In light of the negli-
gible SA removal in the PMS- or catalyst-free controls, this result
also implies the critical involvement of SO4c

� in the process.
Here, the higher catalytic activity of CoFe2O4–CNS than
CoFe2O4–GO is likely associated with a better dispersion of the
CoFe2O4 on the CNS with large surface area (Fig. S2(b)†).

The predominant contribution of SO4c
� to the SA degrada-

tion in the CoFe2O4–CNS/PMS system was further conrmed by
radicals quenching tests using ethanol or tert-butyl alcohol
(TBA) as the quencher.40 Ethanol is commonly used as a scav-
enger to quickly react with both hydroxyl and sulfate radical
species, whereas TBA mainly quenches OHc.41 Our results show
that the SA degradation was almost completely inhibited in the
presence of excess ethanol (Fig. 5(a)), but was decreased only by
22% (within 5 min) with TBA addition. Therefore, the key role of
SO4c

� in the SA degradation can be conrmed.
Fig. 2 (a) XRD patterns of CoFe2O4 and CoFe2O4–CNS, (b) XPS survey
spectra of CoFe2O4 and CoFe2O4–CNS.

55022 | RSC Adv., 2017, 7, 55020–55025
The SA degradation performances varied under different
catalyst dosage, PMS dosage, and the initial pH conditions. The
SA removal increased markedly with catalyst dosage from 0.05
to 0.1 g L�1, but increased only slightly when further increasing
catalyst dosage to 0.15 g L�1 (Fig. 5(b)), indicating that 0.1 g L�1

catalyst is sufficient in our reaction system. Increasing PMS
concentration also signicantly raised the SA removal initially
but the removal ratio became relatively stable at high PMS
dosage (Fig. 5(c)), likely resulting from self-quenching of the
generated SO4c

� by excess PMS.42 In addition, the catalyst
showed stable activity over a wide pH range of 5–10 (Fig. 5(d)).
The best performance at initial pH of 10.0 was consistent with
previous studies.43 Here, the signicant performance decline at
pH 11.0 might be due to a competitive conversion of PMS to
less-active dianion (SO5

2�) and OHc under alkaline condition44

and increased electrostatic compelling between the negatively-
charged catalyst and PMS species,41 whereas the suppression
at pH 3.0 should be associated with the deactivation of catalyst
with protonation of the surface hydroxyl groups.3

Co2+ + H2O / CoOH+ + H+ (1)

3.3. Magnetic separation and reuse performances

The magnetic properties of the CoFe2O4 and CoFe2O4–CNS
composites were evaluated, and the magnetic hysteresis loops
are shown in Fig. 6. The CoFe2O4–CNS showed a lower satura-
tion magnetization value (Ms ¼ 56.1 emu g�1) than CoFe2O4

(Ms ¼ 88.7 emu g�1), which should be due to magnetic property
dilution by the nonmagnetic CNS component.

Nevertheless, the CoFe2O4 was more difficult to be attracted
by the magnet, due to smaller sizes of the particles (average size
Fig. 4 (a) Removal of SA in different processes. (b) TOC removal of SA
at different reaction times. Reaction conditions: [SA] ¼ 10 mg L�1,
[PMS] ¼ 0.10 g L�1, [catalyst] ¼ 0.10 g L�1.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) Effects of radical scavengers on SA degradation in the
CoFe2O4–CNS/PMS system. SA removal efficiencies under different
reaction conditions: (b) different catalyst dosage, initial pH ¼ 6.3, [SA]
¼ 10 mg L�1, [PMS]¼ 0.10 g L�1. (c) Effect of PMS concentration, initial
pH ¼ 6.3, [SA] ¼ 10 mg L�1, [catalyst] ¼ 0.10 g L�1. (d) Effect of initial
pH, [SA] ¼ 10 mg L�1, [PMS] ¼ 0.10 g L�1, [catalyst] ¼ 0.10 g L�1.
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176 nm for CoFe2O4 versus 1.38 mm for CoFe2O4–CNS) (Fig. S3†).
According to the literature,12,13,45 the smaller nanoparticles are
more difficult to recover than larger ones under magnetic eld.
Therefore, a more effective, rapid magnetical separation of
CoFe2O4–CNS than CoFe2O4 was achieved in our study (Fig. 6
Inset). Furthermore, for the small-sized CoFe2O4 particles, an
agglomeration would occur during their magnetic separation,
and the resulting aggregates are difficult to re-disperse even
with intense ultrasonication.13,46 This explains the much poorer
re-suspension of CoFe2O4 than the larger-sized yet well-
dispersed CoFe2O4–CNS (Fig. 6 Inset).

The CoFe2O4–CNS also showed good stability during
repeated use. Aer ve successive reaction cycles, the system
still maintained 94.8% SA removal within 30 min (Fig. S4†). In
comparison, the SA removal ratio was 98.6% for the CoFe2O4 in
rst cycle and gradually decreased to 69.5% by the h cycle
(Fig. S4†). The leaching of Co(II) was also more serious in
Fig. 6 Magnetic hysteresis loops of CoFe2O4 and CoFe2O4–CNS
composites at room temperature. Inset: separation and resuspension
performance of the synthesized materials.

This journal is © The Royal Society of Chemistry 2017
CoFe2O4 (Fig. S5†). These result indicate a good repeatability
and robustness of the CoFe2O4–CNS far exceeding existing
CoFe2O4 catalysts.
3.4. Mechanism of PMS activation by CoFe2O4–CNS

The XPS spectra of CoFe2O4–CNS and CoFe2O4 before and aer
reaction were measured to show the possible changes of the
catalysts. The high resolution XPS spectra of the Co 2p3/2 show
three peaks at 779.9, 781.2 and 782.8 eV for all the samples
(Fig. 7). These peaks were attributed to the CoII in octahedral
(B-site CoII) and tetrahedral sites (A-site CoII) and CoIII in
tetrahedral (B-site CoIII), respectively. It is suggested that during
the catalysis the B-site CoII would provide electrons to PMS,
leading to SO4c

� production and increase of CoIII in B-site (eqn
(2)). The latter can also accept electrons from PMS to regenerate
CoII with concomitant production of SO5c� (eqn (3)), thus
maintaining the CoII–CoIII–CoII redox cycles for the continuous
catalysis.11,47,48 Our results show that the proportion of B-site
CoII in CoFe2O4–CNS slightly decreased from 58% to 50%
aer reaction, while B-site CoII in CoFe2O4 drastically decreased
from 63% to 32%. Accordingly, the CoIII in tetrahedral of
CoFe2O4–CNS showed less increase (11%) than that of CoFe2O4

(17%), indicating a more efficient regeneration of B-site CoII in
CoFe2O4–CNS. In addition, the high resolution XPS spectra of
Fe 2p (Fig. S6†) showed two major peaks assigned to FeII

(710.6 eV) and FeIII (712.6 eV). The catalytic activity of the
FeII/FeIII redox pair (eqn (4) and (5)) for PMS activation has been
demonstrated previously.11,14,48,49 The CoFe2O4–CNS showed less
decrease in FeII content than CoFe2O4 aer the reaction. Such
an improved FeII regeneration also contributed to the better
sustained activity of CoFe2O4–CNS in repeated use.

High resolution N 1s spectra (Fig. S7a†) could be tted into
three peaks at 399.1 eV (C–N]C groups, denoted as N1),
399.9 eV (amino groups ((C)2–N–H) connecting with structural
defects and incomplete condensation, denoted as N2), 401.2 eV
(N–(C)3 in the aromatic ring, denoted as N3). For the CoFe2O4–

CNS, the intensity of N1 peak decreased by 2% aer the reaction
Fig. 7 XPS of Co 2p spectra of (a) CoFe2O4–CNS composites and (b)
CoFe2O4 before and after the reaction with PMS.

RSC Adv., 2017, 7, 55020–55025 | 55023
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while that of N2 peak increased by 2%. The g-C3N4 contains
abundant graphitic N corresponding to the sp2-bonded N that
are involved in the triazine rings (N1)50 and can induce electron
transfer from adjacent carbon atoms to nitrogen. Such a feature
renders the sp2 carbon layer of the g-C3N4 a high chemical
activity.51–54 Therefore, it is possible that the delocalized elec-
trons from grapheme N on the zigzag edges of CNS might also
contributed to the reduction of MIII (M¼ Co or Fe) species, thus
the C–N]C groups would be disrupted to form –NH2 or –NH
groups (eqn (6) and (7)) (Fig. S7(c)†). This was veried by the FT-
IR spectra of CoFe2O4–CNS which showed increased –NH2 or
–NH groups (absorption centred at 3184 cm�1)17 and decreased
C–N]C groups aer the reaction (Fig. S7(b)†).

^CoII + HSO5
� / ^CoIII + SO4c

� + OH� (2)

^CoIII + HSO5
� / ^CoII + SO5c

� + H+ (3)

^FeII + HSO5
� / ^FeIII + SO4c

� + OH� (4)

^FeIII + HSO5
� / ^FeIII + SO5c

� + H+ (5)

^CoIII + e(C–N]C)
� / ^CoII + –NH2/–NH (6)

^FeIII + e(C–N]C)
� / ^FeII + –NH2/–NH (7)

SO4c
� + OH� / SO4

2� + HOc (8)

SO4c
� + H2O / HSO4

� + HOc (9)

SO4c
�/HOc + SA / / / CO2 + H2O (10)

In addition, SO4c
� can react with OH� or water to produce

HOc (eqn (8) and (9)). Therefore, the following mechanism of
PMS activation by CoFe2O4–CNS can be proposed (Fig. 8). In the
CoFe2O4 catalyst, the bi-valent metals (^CoII and ^FeII) play
a centre role in converting PMS into SO4c

�, with themselves
being oxidized into ^CoIII and ^FeIII. The latter can be
reduced back to bi-valent metals by PMS, generating less active
SO5c

�. However, this step is relatively slow, leading to decreased
content of ^CoII and ^FeII during the catalytic reaction. Here,
the introduction of CNS allowed an improved dispersion of the
CoFe2O4 particles, thus more active sites of ^CoII and ^FeII

could be exposed. In addition, the regeneration of ^CoII and
Fig. 8 Mechanisms of PMS activation by CoFe2O4–CNS for oxidative
degradation of SA.

55024 | RSC Adv., 2017, 7, 55020–55025
^FeII was reinforced by graphitic N on the zigzag edges of CNS.
Such a synergy between CoFe2O4 and CNS signicantly raised
the catalytic activity and stability for PMS activation.

The above results indicate that CoFe2O4–CNS could be used
as an attractive heterogenous catalyst for sustainable pollutant
control application, but issues such as CoII leaching and
robustness in real environment are still to be addressed in
future studies. In addition, the photocatalytic activity of g-C3N4

may also be taken advantage of to further strengthen the
performance of such SO4c

�-based treatment processes.55,56

4. Conclusions

A novel CoFe2O4–CNS nanocomposite was fabricated for PMS
activation and SA degradation. It showed obvious advantage
over conventional CoFe2O4 catalyst in terms of catalytic activity,
stability, and magnetic separation performance. The superior
performance of the CoFe2O4–CNS was mainly ascribed to a good
synergy between the CoFe2O4 and CNS: the CNS with large
specic surface area signicantly improved the dispersion of
CoFe2O4 particles, not only enabling the exposure of more active
sites to favor PMS activation but also allowing more efficient
magnetic separation and resuspension of the material; the CNS
also directly contributed to the regeneration of ^CoII and
^FeII, thereby further improving the catalyst stability during
repeated use. This material has the potential for more
sustainable water treatment and environmental remediation
applications.
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