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4 QD-incorporated carbon nitride
mediated peroxymonosulfate activation for
norfloxacin oxidation: performance, mechanisms
and pathways†

Tao Zeng, *ab Sijia Jin,b Zhiquan Jin,b Shuqi Li,bc Rui Zou,b Xiaole Zhang, d

Shuang Song b and Min Liu*a

Recently, peroxymonosulfate (PMS)-based advanced oxidation processes (AOPs) are being actively

investigated as a potential technology for water decontamination and many efforts have been made to

improve the activation efficiency of PMS. Herein, a 0D metal oxide quantum dot (QD)–2D ultrathin g-

C3N4 nanosheet (ZnCo2O4/g-C3N4) hybrid was facilely fabricated through a one-pot hydrothermal

process and used as an efficient PMS activator. Benefiting from the restricted growth effect of the g-

C3N4 support, ultrafine ZnCo2O4 QDs (∼3–5 nm) are uniformly and stably anchored onto the surface.

The ultrafine ZnCo2O4 possesses high specific surface areas and shortened mass/electron transport

route so that the internal static electric field (Einternal) formed in the interface between p-type ZnCo2O4

and the n-type g-C3N4 semiconductor could speed up the electron transfer during the catalytic

reaction. This thereby induces the high-efficiency PMS activation for rapid organic pollutant removal. As

expected, the ZnCo2O4/g-C3N4 hybrid catalysts significantly outperformed individual ZnCo2O4 and g-

C3N4 in catalytic oxidative degradation of norfloxacin (NOR) in the presence of PMS (95.3% removal of

20 mg L−1 of NOR in 120 min). Furthermore, the ZnCo2O4/g-C3N4-mediated PMS activation system was

systematically studied in terms of the identification of reactive radicals, the impact of control factors, and

the recyclability of the catalyst. The results of this study demonstrated the great potential of a built-in

electric field-driven catalyst as a novel PMS activator for the remediation of contaminated water.
1. Introduction

Contamination of water with antibiotics has attracted increased
attention due to the environmental and public health
concerns.1 As synthetic broad-spectrum antibiotics, uo-
roquinolones have been utilized more frequently to manage
bacterial infections in human beings, livestock, and aquacul-
ture. Noroxacin (NOR) is one of the most commonly discov-
ered uoroquinolones in drinking water, surface water, and
wastewater on a worldwide scale attributable to the poor
capacity of traditional sewage treatment procedures to remove
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4059
antibiotics.2 Although the concentration of NOR detection var-
ies from ng L−1 to g L−1 in aquatic environments, the negative
health consequences on aquatic biota at various trophic levels
owing to the continuous input and bio-accumulation make it
categorized as an emerging pseudo-persistent pollutant.3

Numerous techniques, such as adsorption,4 biodegradation,5

and ultraltration,6 have been examined for their NOR removal
potential. Nevertheless, low removal efficiency and slow reac-
tion rate impede their practical application. By contrast, cata-
lytic technology7–12 is an essential high-tech and green
environmental protection technology, providing immense
economic and social benets while being a crucial factor in the
advancement of the chemical industry and society.

Recently, sulfate radical (SO4c
−)-based advanced oxidation

processes (AOPs) particularly have been taken into consider-
ation as an efficient and promising technology in terms of
complete decomposition of antibiotics in a short time by
producing radicals. In comparison to hydroxyl radicals (cOH,
1.8–2.7 V), SO4c

− has higher redox potential (2.5–3.1 V) and
longer lifetime with more exible pH requirement, thus allow-
ing the effective reaction with the target organic pollutants.13,14

Anipsitakis and Dionysiou15 found that cobalt ions (Co2+)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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exhibited the highest ability to activate peroxymonosulfate
(PMS) for SO4c

− generation and cobalt oxide (Co3O4) was
effective in heterogeneously PMS activation. However, consid-
ering that cobalt is both toxic and somewhat expensive, efforts
are underway to replace Co3O4 with more environmentally
benign and inexpensive alternative metals.

ZnCo2O4, which is isostructural to Co3O4, is a typical spinel
with the Co3+ occupying the octahedral sites and the Zn2+

lling
the tetrahedral sites in the cubic spinel structure. The replace-
ment of Co2+ by Zn2+ may not only facilitate the PMS activation
but also suppress Co leaching due to the strong Zn–Co inter-
actions, which renders ZnCo2O4 to be a promising candidate for
PMS activation.16–18 While there is still a considerable problem
to be solved for substantially improving the catalytic perfor-
mance and the stability of current catalysts. For instance,
ultrane nanoscale metal oxides usually provide high specic
surface areas as well as reducedmass/electron transfer pathway,
which are highly benecial for catalytic processes.19–21 But
individual nanoparticles (NPs) unavoidably likely to aggregate
during the operation attribute to the high surface energy,
leading to the decrease of the catalytic activity.22 A manageable
synthesis method for ultrane nanoscale PMS activators is
therefore urgently needed.

To alleviate the agglomeration of ultrane ZnCo2O4 NPs,
support effects can be imaginably utilized to improve their
dispersion over the surface of catalyst. In recent years, a variety
of catalyst supports, such as metal oxides,23 graphene,24 and
metal–organic frameworks,25 have all been employed to stabi-
lize NPs,26,27 which endows the resultant hybrids with increased
catalytic activity for antibiotic degradation. In addition, many
researchers have also been encouraged to study the synergistic
effect between the metal nanoparticles and catalyst support.28–31

Among the majority of available supports, graphitic carbon
nitride (g-C3N4), with inexpensive materials and high stability
for simple preparation, has prominent advantages in embed-
ding NPs.32–35 The high affinity of the organic moieties of g-C3N4

toward transition metal species contribute to achieving the
strong coupling between g-C3N4 and ZnCo2O4 NPs. Further-
more, the difference in electronegativity between N and C atoms
could cause a signicantly positive charge on neighboring C,
facilitating PMS adsorption. More importantly, by integrating p-
type semiconductor ZnCo2O4 with n-type semiconductor g-
C3N4, a p–n heterojunction interface could be formed because
of their favorable band alignment, which leads to the creation of
an internal electric eld to accelerate the interfacial electron
transfer.36

With these in mind, we herein report the construction of an
effective built-in electric eld-driven catalyst system based on
multifunctional g-C3N4 supported ultrasmall ZnCo2O4

quantum dots (QDs) for enhanced degradation of NOR in the
presence of PMS. Besides the merits mentioned above, the g-
C3N4 support was also able to restrict the ZnCo2O4 NPs growth,
thus allowing stabilization of the smaller NPs with higher
chemical reactivity. The effects of catalyst dosage, NOC and PMS
concentration, and pH value on NOR removal were evaluated in
details. The reaction mechanism as well as the degradation
pathway of NOR was also investigated. As a green oxidation
© 2023 The Author(s). Published by the Royal Society of Chemistry
process, the activation of PMS with this built-in electric eld-
driven ZnCo2O4/g-C3N4 catalyst is a valuable, promising, and
viable method for antibiotics-contaminated wastewater
treatment.

2. Material and methods
(experimental section)
2.1 Materials

Target contaminant of noroxacin (C16H18FN3O3 98% in purity)
was purchased from J&K Chemical Ltd. Other chemicals used
for synthesizing ZnCo2O4 and g-C3N4, such as cobalt acetate
(Co(CH3COO)3$4H2O), dicyandiamide (C2H4N4), ammonium
chloride (NH4Cl) and zinc acetate (Zn(CH3COO)2$2H2O),
ammonium hydroxide (NH3$H2O, 25–28% NH3), concentrated
hydrochloric acid (HCl, 36–38%, w/v), and anhydrous ethanol
(C2H6O) were supplied by J&K Chemical Ltd. Potassium perox-
ymonosulfate (2KHSO5$KHSO4$K2SO4, PMS) was purchased
from Sigma-Aldrich. Sodium hydroxide (NaOH), potassium
iodide (KI), and tert-butyl alcohol (TBA) were obtained from
Huadong Medicine Co., Ltd. No further purication was per-
formed on any of the compounds.

2.2 Synthesis of the catalysts

2.2.1 Preparation of g-C3N4. A modied “bottom-up”
dicyandiamide-blowing strategy was used to prepare g-C3N4

nanosheets. Briey, the mixture of 3.0 g of dicyandiamide and
30 g of NH4Cl was put into the crucible, and heated to 550 °C,
then held for 4 h in air atmosphere. Aer being cooled down
naturally, the samples were repetitively washed with 5% HCl
solution and double-distilled water in an ultrasound bath, fol-
lowed by lyophilization.

2.2.2 Preparation of ZnCo2O4/g-C3N4 heterojunction and
sole ZnCo2O4 NPs. Aer acid treatment, 0.068 g of the as-
prepared g-C3N4 was dispersed in a mixed liquor containing
4.0 mL of deionized water and 96 mL of ethanol, followed by the
addition of 0.319 g of Co(CH3COO)3$4H2O and 0.141 g of
Zn(CH3COO)2$2H2O to the suspension successively. Subse-
quently, 1.0 mL of NH3$H2O was injected dropwise at room
temperature and the suspension was rapidly agitated with
a magnetic stirrer at 300 rpm in an 80 °C water bath for 20 h.
Finally, the mixture for the reaction was put into to a 100 mL
autoclave and heated to 150 °C for three hours to begin the
hydrothermal reaction. The nished product was centrifuged,
cleaned with ethanol and deionized water, then lyophilized for
drying.

The sole ZnCo2O4 NPs without g-C3N4 support was synthe-
sized utilizing the same approach as described above except for
the addition of g-C3N4.

2.3 Catalyst characterization

The crystal phases of the as-prepared samples were recorded by
X-ray diffractometry (XRD, X'Pert PRO MPD, PANalytical,
Netherlands) using Cu Ka radiation (l = 1.540562 Å) over a 2q
range of 10–80°. The morphology features and microstructures
of the catalysts were characterized by eld-emission scanning
RSC Adv., 2023, 13, 14048–14059 | 14049
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electron microscopy (FE-SEM, S-4800, Hitachi, Japan) and high-
resolution transmission electron microscopy (HRTEM, FEI
Tecnai G2 F30, FEI, Holland). X-ray photoelectron spectroscopy
(XPS, PHI 5000C ESCA, PerkinElmer, USA) was applied to
analyze the composition and the valence state of the specimens.
The specic surface area was calculated using the N2 adsorp-
tion–desorption isotherms (BET, ASAP2010, Micromeritics,
USA). Fourier transform infrared spectra were recorded on
a spectrophotometer (FT-IR, VERTEX 70, Bruker, Germany) in
KBr pellets to recognize the functional groups. Thermo-
gravimetric analysis (TGA, DTG-60h, Shimadzu, Japan) was
applied within a temperature range of 25–800 °C at a rate of 10 °
C per minute under static N2 atmosphere to test the thermal
stability of the samples. Atomic absorption spectrophotometer
(AAS, Shimadzu, Japan) was used for detecting the ion-leaching
of Zn, Co from the samples.

2.4 Catalytic activity test and sample analysis

The catalytic activity tests were conducted in a shaking table
with a rotation speed of 250 rpm at atmospheric pressure. In
a typical run, the catalysts (0.2 g L−1) and PMS (0.15 mM) were
added to a 0.06 mM NOR aqueous solution without light irra-
diation. At preset intervals, 1.0 mL of the reaction mixture was
withdrawn, quenched with excess methanol and centrifuged. In
a single factor effect experiment, we keep all other conditions
constant while only altering one factor condition, such as
catalyst concentration, PMS concentration, pollutant solution
concentration, pH, and temperature to study the impact of the
change on the degradation performance. The concentrations of
NOR in the supernatant were analyzed by high performance
liquid chromatography (HPLC, LC-1200, Agilent, USA) equipped
with a C18 column (150 mm × 4.6 mm × 5 mm, Eclipse XDB-
Fig. 1 TEM images of (a) ZnCo2O4, (b) g-C3N4, (c) ZnCo2O4/g-C3N4; (d)
(f) ZnCo2O4/g-C3N4.

14050 | RSC Adv., 2023, 13, 14048–14059
C18, Agilent, USA) and a UV detector at l = 278 nm. The
column temperature was held at 30 °C, while the mobile phase
was formic acid–water–acetonitrile (0.002 : 30 : 70) with a ow
rate of 0.3 mL min−1 and a 10 mL injection volume.

The NOR intermediates/products during reaction process
were quantitated on a Waters ACQUITY UPLC-MS/MS system
with triple quadrupole mass spectrometer XEVO TQ MS
(Waters, Milford, MA, USA) in positive ion mode controlled by
Waters Mass Lynx soware. For chromatographic separation,
the ACQUITY UPLC® BEH C18 column (50 mm × 2.1 mm × 1.7
mm) was used when the column temperature is 35 °C. The
mobile phase was consisted of acetonitrile (A) and 0.2% formic
acid (B). The solvents were set at a ow rate of 0.2 mL min−1 in
the gradient mode (0 min, 5% A; 5 min, 5% A; 10 min, 10% A;
15 min, 10% A; 18 min, 15% A; 30 min, 25% A; 35 min, 25% A;
45 min, 5% A; 50 min, 5% A). MS spectra were obtained through
a full scan mode (m/z 50 to 500).

The samples were collected and washed by ethanol and
deionized water several times aer 2 hours of reactions, and
then freeze-dried in a lyophilizer for reuse. The cyclic experi-
ment followed the same procedure mentioned above.
3. Results and discussion
3.1 Catalyst characterization

The ZnCo2O4 QDs were formed and anchored onto the g-C3N4

surface by a facile one-pot hydrothermal process for producing
the hybrid catalyst ZnCo2O4/g-C3N4. The morphology and
structure of g-C3N4, ZnCo2O4 and ZnCo2O4/g-C3N4 were illus-
trated by SEM and TEM. As displayed in Fig. 1a, individual
ZnCo2O4 NPs, with a diameter of ∼20 nm, aggregate severely
because of the high surface energy.37 Pure g-C3N4 appears as
HRTEM image of ZnCo2O4/g-C3N4; and SEM images of (e) g-C3N4 and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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layered structure with wrinkled planes, suggesting the thin and
exible feature of the nanosheets (Fig. 1b). For the ZnCo2O4/g-
C3N4 composites (Fig. 1c), it can be observed that the g-C3N4

nanosheet was covered by ZnCo2O4 QDs and no unbounded
nanoparticles was found. It is worth noting that the particle size
of ZnCo2O4 (Fig. S1†) is signicantly decreased to around 3–
6 nm, as compared with the individual ones, which may be
originated from the support effect of g-C3N4. The high-
resolution TEM image (Fig. 1d) further conrms the good
anchor-hold between ZnCo2O4 QDs and g-C3N4. The lattice
spacing in the heterojunction is determined to be 0.234 nm,
attributing to the (222) crystal plane of ZnCo2O4,38 which can
also be veried by the strongest diffraction peak of the next X-
ray diffraction results. However, the lattice fringe of g-C3N4

cannot be observed probably due to its weak crystallization.
More specically, the robust coupling of N groups toward
transition Zn2+ and Co2+ ions not only stabilized the highly
dispersed ZnCo2O4 NPs but also controled the nucleation to
form uniform QDs. The SEM image of g-C3N4 (Fig. 1e) displayed
a smooth ake appearance with an average diameter of 0.5–1.0
mm, while the ZnCo2O4/g-C3N4 sample presented a relatively
rougher surface (Fig. 1f), which is basically consistent with the
results in TEM. To gain insights into the elemental distribution
of the ZnCo2O4/g-C3N4 hybrids, EDS-elemental mapping anal-
ysis (Fig. S2†) was conducted, and the results indicated the
homogeneous distribution of C, N, O, Co, and Zn elements in
the sheets.
Fig. 2 (a) XRD patterns. (b) N2 adsorption–desorption isotherms. (c) TG

© 2023 The Author(s). Published by the Royal Society of Chemistry
XRD technique was used to dissect the structural phase of
the materials. In Fig. 2a, the peaks at 2q of 13.0° and 27.5° are
demonstrated to be characteristic of the g-C3N4 (100) and (002)
reection (JCPDS no. 87-1526).39 The pattern of individual
ZnCo2O4 exhibits peaks at 2q of 18.9°, 31.2°, 36.8°, 38.5°, 44.7°,
55.6°, 59.3°, 65.2°, 77.2°, and 78.3°, corresponding to the (111),
(220), (311), (222), (400), (422), (511), (440), (533), and (622)
planes of ZnCo2O4 (JCPDS no. 023-1390).18 Due to the abundant
ZnCo2O4 QDs covering the g-C3N4 surface in the ZnCo2O4/g-
C3N4 samples, all the original diffraction peaks of g-C3N4 except
the sharpest peak at 26.5° disappeared. These observations
further elucidate the successful formation of ZnCo2O4/g-C3N4

materials.
The porous structure and surface area of the nano-

composites can be well investigated from its N2 adsorption–
desorption isotherms. Fig. 2b shows that all the isotherms of g-
C3N4, ZnCo2O4, and ZnCo2O4/g-C3N4 have the type IV curve with
a type H3 hysteresis loop, suggesting the mesoporous structure
of the catalysts. The BET specic surface area of ZnCo2O4/g-
C3N4 is 92.18 m2 g−1, which is slightly higher than those of
ZnCo2O4 (82.03 m

2 g−1) and g-C3N4 (69.39 m
2 g−1) counterparts.

High surface area may endow the catalysts with more active
sites and thus enhances the adsorption of reactant species. The
thermal stability of the samples was examined via the TG
technique. As demonstrated in Fig. 2c, adsorbed solvent mole-
cules may have evaporated at temperatures below 100 °C,
causing the rst weight loss in all sample.40 In the curve of pure
A, and (d) FTIR spectra of ZnCo2O4, g-C3N4 and ZnCo2O4/g-C3N4.

RSC Adv., 2023, 13, 14048–14059 | 14051
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Fig. 3 XPS spectra of (a) C 1s, (b) Zn 2p, and (c) N 1s core levels in several samples.
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g-C3N4, the surface solvent loss is about 20% at rst stage, fol-
lowed by major weight loss between 500–650 °C reecting the
complete decomposition of g-C3N4.41 In contrast, thermal
stability of pure ZnCo2O4 NPs ranges from 30 to 800 °C. Weight
loss occurs at a lower temperature for ZnCo2O4/g-C3N4 than the
other two materials due to the combustion of g-C3N4 under the
catalysis of ZnCo2O4 on the surfaces. The nal weight loss of
ZnCo2O4/g-C3N4 at 800 °C reaches ∼50%, from which we
conclude that the ZnCo2O4 to g-C3N4 weight ratio on the hybrid
catalyst is approximate two.

Fig. 2d shows the FTIR spectra of the g-C3N4, ZnCo2O4/g-
C3N4, and ZnCo2O4. The stretching vibration mode of C]N and
C–N heterocycles is attributed to the broad band in the range of
1200–1800 cm−1 for pure g-C3N4. The bands at 3000–3500 cm−1

are related to the stretching vibration mode of N–H bond, and
the –OH group from the surface adsorbed water.42 All of the g-
C3N4 vibration bands appear in the ZnCo2O4/g-C3N4 samples,
indicating that the g-C3N4 structure was preserved during the
hybridization process. The peaks in the area from 525 to
725 cm−1 are originated from the typical bands of spinel metal
oxide and the strong peaks at 568 cm−1 and 668 cm−1 appear in
both pure ZnCo2O4 and ZnCo2O4/g-C3N4 hybrids.43

The chemical states of the samples were investigated by XPS.
According to the XPS observations (Fig. 3), C 1s and Zn 2p were
found to have undergone no chemical change aer loading
ZnCo2O4 on g-C3N4. In the C 1s core level analysis, the peak at
284.6 eV was linked to the indenite carbon adsorbed on the
14052 | RSC Adv., 2023, 13, 14048–14059
surface or the sp3 graphitic carbon generated during the poly-
merization, while the 288.0 eV binding energy belongs to sp2

hybrid carbon in N–C]N.44 The signal at 398.4 eV in the N 1s
core level analysis of g-C3N4 was attributed to the hybrid
aromatic nitrogen atom (C–N]C), while the peak of 400.2 eV
denotes a tertiary nitrogen (N–(C)3 or C–NH–C) group. Besides,
a broad peak of 404.2 eV was generated by p–p excitation
between stacked interlayers. However, aer ZnCo2O4 loaded, its
chemical state changed to higher bonding energy, indicating
that the chemical state of the hybrid aromatic N changed
because of the ZnCo2O4 doping. Specically, it was reported
that the six lone pair electrons in g-C3N4 could occupy the free
orbit of the center Co atoms to form Co–N, leading in reduced
electron density and increased N atom binding energy.45
3.2 Catalytic evaluation

The catalytic properties of g-C3N4, ZnCo2O4 and ZnCo2O4/g-
C3N4 hybrids in aqueous solution were assessed by the degra-
dation of NOR with the aid of PMS (Fig. 4). All the catalytic
experiments were conducted without light irradiation, which
thereby avoided the additional energy consumption. The results
showed that NOR could be slowly degraded with only PMS and
the addition of C3N4 could slightly accelerate the removal of
NOR. However, the introduction of ZnCo2O4 can obviously
increase the degradation performance of the catalytic oxidation
systems. For example, ZnCo2O4 coupled with PMS could induce
a NOR removal rate of 73.6% within 120 min, which is much
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 NOR degradation with different catalysts. (reaction conditions:
catalyst= 0.2 g L−1, PMS dosage= 0.15 mM, initial NOR concentration
= 0.06 mM, T = 25 °C, without pH adjustment).
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higher than those achieved in the above two conditions. In the
presence of PMS, ZnCo2O4 and g-C3N4 are physically combined
in a 1 : 1 weight ratio, which results in similar removal efficiency
of NOR to that of ZnCo2O4. The highest NOR removal rate
(∼95%) in 120 min was observed for the ZnCo2O4/g-C3N4

coupled with PMS oxidation system, surpassing other counter-
parts. This performance can be attributed to the built-in electric
eld in the p–n heterojunction of ZnCo2O4/g-C3N4, in contrast
to the simple physical mixture of ZnCo2O4 and g-C3N4.

The effect of surface area on the catalytic performance of
catalyst was also surveyed. As conrmed by the BET character-
ization, the surface area of ZnCo2O4/g-C3N4 catalyst is only
somewhat higher than those of pure ZnCo2O4 and g-C3N4 and
its specic activity calculated by surface area normalization is
also only slightly higher than those of the other two (Table S1†).
But the ZnCo2O4/g-C3N4 hybrids possess much higher catalytic
activity than the other ones, which implies surface area is not
the key factor affecting the catalytic activity. Therefore, the
excellent catalytic performance may primarily be credited to the
special combination of ZnCo2O4 and g-C3N4, which leads to not
only the very stable and uniform dispersion of ZnCo2O4 QDs but
Fig. 5 Comparison the performance of ZnCo2O4/g-C3N4 under differe

© 2023 The Author(s). Published by the Royal Society of Chemistry
also additional electronic transfer via intimate interfacial
contact. These thereby enhanced the PMS activation by transi-
tion metal.

3.3 Optimization of NOR degradation

3.3.1 Effect of PMS dosage. To investigate the catalytic
activities of the samples, control experiments were conducted in
terms and the inuence of initial PMS concentration on the
degradation of NOR by ZnCo2O4/g-C3N4 + PMS system was
exemplied. As shown in Fig. 5a, the removal rate of NOR were
62.6%, 73.2%, 95.3%, and 99.1%, respectively, with 0.05, 0.10,
0.15, and 0.20 mM of initial PMS concentration. The increasing
concentration of PMS improved the contact of PMS with the
surface of the hybrids and attributed to the production of more
radicals in general during the reaction, which obviously
promoted the degradation of NOR.

3.3.2 Effect of NOR concentration. The effect of initial NOR
concentration on its degradation by ZnCo2O4/g-C3N4 + PMS
system is shown in Fig. 5b. Higher concentration of NOR led to
a lower removal efficiency which decreased from 100% to 73.6%
with the NOR concentration increasing from 0.015 mM to
0.12 mM. This may be explained by the increased requirement
for active sites on the catalyst surface to generate enough sulfate
radical for the decomposition of the more NORmolecule added.

3.3.3 Effect of ZnCo2O4/g-C3N4 dosage. The dosage of
ZnCo2O4/g-C3N4 greatly impacted the degradation of NOR and
the removal rate increased from 52.6% to 98.3% with the cata-
lyst dosage increasing from 0.1 g L−1 to 0.25 g L−1 (Fig. 6a). This
implied that the increasing amount of ZnCo2O4/g-C3N4 catalyst
could generate more active sites for sulfate radical generation.
However, increasing from 0.2 g L−1 to 0.25 g L−1 with the
catalyst dosage, may scavenge the radicals through the inter-
action of extra active sites with sulfate and hydroxyl radicals.

3.3.4 Effect of initial pH value. Fig. 6b shows that the
ZnCo2O4/g-C3N4 + PMS system works effectively across a wide
initial pH range from 2.95 to 11.04, unlike the traditional
homogeneous Fenton reaction, which is signicantly impacted
by the pH level of the system.46 The degradation of NOR accel-
erates considerably with the increasing initial pH value, and
reaches the highest rate at 11.04.
nt conditions: (a) PMS dosage, (b) initial NOR concentration.
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Fig. 6 Comparison the performance of ZnCo2O4/g-C3N4 under different conditions: (a) catalyst dosage, (b) initial pH value, (c) temperature.
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The point of zero charge (pHpzc) of ZnCo2O4/g-C3N4 was
determined to be 5.5 (Fig. S3†). At pH < 5.5, the catalyst surface
becomes negatively charged, thus inhibiting the activation of
PMS due to electrostatic repulsion between the catalyst and
PMS. Conversely, at pH > 5.5 the catalyst becomes positively
charged, allowing the adsorption of negatively charged PMS,
which in turn results in ROS generation.47 Furthermore, acidic
conditions such as H+ in the system forming hydrogen bonds
with O–O in HSO5

− can slightly inhibit the degradation effect,
as it affects the activation of HSO5

− into active free radicals,
thus decreasing the degradation performance.

3.3.5 Effect of initial temperature. It is clear that a rise in
temperature is accompanied by an increase in degradation
rates, which suggests the catalytic process that produces active
radicals is endothermic.48 This is further illustrated in Fig. 6c,
which shows a positive effect within the temperature range of
15–35 °C in the rate of NOR degradation. This is the result of
both a heightened rate of persulfate decomposition forming
SO4c

−, as well as increased collision probability between SO4c
−

and CBZ in solution, thereby increasing the NOR degradation
rate.49

3.4 TOC reduction during reaction and reusability of the
ZnCo2O4/g-C3N4 catalyst

Fig. 7a displays the TOC removal and NOR degradation effi-
ciencies for various reaction periods. We found that NOR
14054 | RSC Adv., 2023, 13, 14048–14059
degradation of 95.3% were achieved aer the perox-
ymonosulfate degradation and the mineralization degree
reached 50% aer 4 hours of reaction. It can be discovered that
the strong oxidizing species (sulfate and hydroxyl radicals)
destroyed the majority of the NOR molecules, but that the tiny
organic intermediates generated during the catalytic process
are not entirely degraded.

The recycled ZnCo2O4/g-C3N4 catalyst demonstrated a good
degree of reusability for the degradation of NOR even aer four
consecutive cycles of testing (Fig. 7b), though its catalytic
activity was lower than that of the freshly prepared catalyst. The
ability of a catalyst to drive the reduction in activity may be
affected by two factors: loss of the catalyst during the recycling
process, and a decrease in the catalytic surface area due to the
build-up of reaction products on the catalyst surface. In
contrast, the ZnCo2O4 catalyst showed a marked reduction in
NOR elimination rate from 75% to around 32% aer four cycles
(Fig. 7c). These ndings imply that g-C3N4 support was able to
enhance the durability of the ZnCo2O4 catalysts. Furthermore,
the Zn and Co ions leaching concentration aer reaction were
detected. The Zn ion leaching in ZnCo2O4/g-C3N4 system is
0.14 mg L−1, which is lower than that of ZnCo2O4 system
(0.55 mg L−1). Whereas, Co ion leaching was not signicant,
with 0.05 mg L−1 and 0.09 mg L−1 being measured in ZnCo2O4/
g-C3N4 and ZnCo2O4, respectively. The results of the FTIR
characterizations before and aer use showed that ZnCo2O4/g-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) TOC removal and NOR degradation during the reaction; recycle experiments of NOR removal for (b) ZnCo2O4/g-C3N4 and (c)
ZnCo2O4 catalyst; (d) FTIR spectra of fresh and used ZnCo2O4/g-C3N4 catalyst.
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C3N4 has an outstanding structural durability, as there was
almost no change in the results (Fig. 7d). This observation
reects the good stability of the ZnCo2O4/g-C3N4 catalyst for the
activation of PMS, thus conrming its potential for practical
applications.
3.5 Mechanism of PMS activation by ZnCo2O4/g-C3N4

In metal-activated PMS system, several types of radicals
including SO4c

−, cOH, and SO5c
− are commonly generated. Both

SO4c
− and cOH have the potential to attack organic compounds

while SO5c
− cannot take part in the reaction due to its poor

redox potential (1.1 V vs. NHE).50 To recognize the oxidizing
radicals accountable for NOR removal in the ZnCo2O4/g-C3N4 +
PMS system, different quenching agents were added to the
system (tert-butyl alcohol (TBA) for cOH, and ethanol (EtOH) for
both cOH and SO4c

−).51 As shown in Fig. 8a, addition of 500 mM
of TBA could achieve obvious decrease of NOR removal (∼12%)
within 120 min, demonstrating the generation of plenty of cOH
in the catalytic oxidation. Moreover, the NOR removal decreased
from ∼100% to 73% in 120 min as the same concentration of
EtOH was added, which indicated the participation of SO4c

−

into the reaction procedure. The presence of alcohols could only
partially inhibit the degradation of NOR, possibly due to the fact
that they were difficult to cling to the hydrophilic catalyst
surface substantially to efficiently capture the surface-adsorbed
© 2023 The Author(s). Published by the Royal Society of Chemistry
radicals. Thus, KI, which may react with surface-bound radicals
was utilized to another scavenger to further study the role of
radicals for the oxidation degradation of NOR. On this occasion,
adding 10 mM of KI signicantly reduced the removal rate of
NOR to 51%. Based on the above observations, we draw the
conclusion that cOH and SO4c

− are the main reactive species in
ZnCo2O4/g-C3N4 activated PMS process, which agrees with
recent ndings in the literature.52–54

Moreover, electron spin resonance (ESR) technique was
employed to detect the active radicals in the ZnCo2O4/g-C3N4 +
PMS reaction systems. As depicted in Fig. 8b, no DMPO–cOH
and DMPO–SO4c

− adduct was detected when PMS was present
alone, indicating that these radicals could not be generated
without the existence of catalysts. As expected, characteristic
signals of DMPO–cOH (quarter lines with peak strength of 1 : 2 :
2 : 1, refer to aN= ab-H= 14.9 G) and DMPO–SO4c

− (refer to aN=

13.2 G, ab-H = 9.6 G, ag-H1 = 1.48 G, ag-H2 = 0.78 G)55 adducts
were observed in ZnCo2O4/g-C3N4 + PMS system. When reaction
time was increased from 5 to 15min, the peak signals of DMPO–
cOH and DMPO–SO4c

− adducts enhanced, indicating that the
amount of reactive species increased during this period.

For the sake of understanding the catalytic reaction mech-
anism of the ZnCo2O4/g-C3N4 + PMS system, XPS was used to
supervise the change in chemical state of the catalyst. Before
reaction, XPS spectrum of Co 2p core-level shows typical peaks
RSC Adv., 2023, 13, 14048–14059 | 14055
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Fig. 8 (a) The quenching experiments using EtOH, TBA, and KI. (b) DMPO–cOH and DMPO–SO4c
− adduct in ESR spectra under different

conditions. (c) Co 2p XPS spectrum of ZnCo2O4/g-C3N4 catalyst before and after reaction.

Fig. 9 (a) Mott–Schottky and (b) electrochemical impedance spectroscopy of samples.
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at Co respectively, and the peaks at Co 2p3/2 and Co 2p1/2 slight
shi from 779.8 eV to 780.2 eV and from 796.0 eV to 796.3 eV,56

respectively, aer reaction (Fig. 8c). Meanwhile, two new peaks
with binding energy at 781.5 eV and 797.1 eV corresponding to
CoII appeared, suggesting that the chemical states of some Co
species on the catalyst surface were changed in the catalytic
process. Three components at 397.4, 398.8 and 399.9 eV in the N
1s XPS spectrum were ascribed to the C–N–C, C–N(–C)–C, and
−NHx, respectively (Fig. S4†). Indeed, the relative contribution
of −NHx to the overall N intensity increased from 4% to 11%
aer the reaction, demonstrating that N sites may also partici-
pate in the reaction.
14056 | RSC Adv., 2023, 13, 14048–14059
To comprehend the semiconducting characteristics of the
catalysts, Mott–Schottky measurements were rst conducted
under low light conditions on FTO conductive glass. As shown
in Fig. 9a, g-C3N4 displays a positive slope, which is consistent
with its n-type semiconductor properties. By contrast, ZnCo2O4

exhibits a negative slope, consistent with the p-type semi-
conductor properties. As for ZnCo2O4/g-C3N4, a typical inverted
“V-shape” plot which owns both negative and positive slopes is
observed, further conrming the p–n heterojunction of the
composite ZnCo2O4/g-C3N4 catalyst.

The electrochemical impedance spectroscopy of the catalysts
was also obtained under dark light conditions on the ITO
© 2023 The Author(s). Published by the Royal Society of Chemistry
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conductive glass. Normally, smaller arc radii in Nyquist plots
reects stronger capacity transmit charges.57 As shown in
Fig. 9b, the arc radii of ZnCo2O4/g-C3N4 is signicantly smaller
than those of pure ZnCo2O4 and g-C3N4, suggesting the faster
interfacial charge transport. This can be originated from the
existence of the internal electric eld in the heterojunction
interface, which provides more efficient electron transfer
during the catalytic reaction.

All in all, a possible reaction mechanism for the degradation
of NOR in ZnCo2O4/g-C3N4/PMS system was proposed from the
above results as illustrated in Fig. 10. When a ZnCo2O4/g-C3N4

heterojunction is fabricated by tightly bounded p-type ZnCo2O4

semiconductor with n-type g-C3N4 semiconductor, ZnCo2O4

provides holes to g-C3N4 while g-C3N4 provides electrons to
ZnCo2O4 in the interface to balance the Fermi level (Ef). Thus,
an internal static electric eld (Einternal) is fabricated at the
interface with the electric eld direction from g-C3N4 to
ZnCo2O4. In the case of the catalytic process by ZnCo2O4/g-C3N4

hybrid, a multi-step reaction was involved for PMS activation
and NOR degradation, as shown in eqn (1)–(6). According to XPS
analysis, hCoII did not exist in ZnCo2O4/g-C3N4 and ZnCo2O4

catalysts before the reaction, but appeared aer the reaction.
Furthermore, the control experiment shows that pure g-C3N4

hardly exhibit catalytic activity toward the NOR oxidation with
PMS and ZnCo2O4 alone also has a limit catalytic ability.
Therefore, the initiation process of the degradation reaction is
proposed to be the reaction of HSO5

− with the variable-valent
form hCoIII to yield hCoII and HSO5c

− in solution (eqn (1)).
When hCoII loses electrons to form hCoIII, the e− will quickly
pass through the p–n heterojunction to the g-C3N4 side due to
the internal electric eld (eqn (2)). Subsequently, the HSO5

−

reacts with e− on the side of g-C3N4 of the p–n junction interface
to generate cOH or SO4c

− (eqn (3) and (4)). The organic mole-
cules are then oxidized by both radicals to produce minerali-
zation products in the last stage (eqn (5) and (6)).

HSO5
− + hCoIII / SO5c

− + hCoII + H+ (1)
Fig. 10 The ZnCo2O4/g-C3N4 p–n junction induced internal electric
field facilitates the electron transfer during the activation of PMS.

© 2023 The Author(s). Published by the Royal Society of Chemistry
hCoII / hCoIII + e− (2)

HSO5
− + e− / SO4

2− + cOH (3)

HSO5
− + e− / SO4c

− + OH− (4)

SO4c
− + NOR / intermediate / CO2 + H2O (5)

cOH + NOR / intermediate / CO2 + H2O (6)
3.6 Identication of intermediates and transformation
pathways

Based on the knowledge from prior literature and the frag-
mentation patterns acquired from liquid chromatography-mass
spectrometry analysis (HPLC–QqQ–MS/MS), the structures of
the intermediate products were tentatively determined.58–60 A
total of 8 intermediates were detected during the degradation of
NOR with ZnCo2O4/g-C3N4 + PMS system containing protonated
ions ([M + H]+), as well as the proposed molecular structure and
mass spectra were presented in Fig. S5.† For MS/MS analyses of
these products, specic parameters are supplied in Table S2.†

In reality, many of the oxidation processes, such as ozon-
ation, photocatalysis, and thermally activated PMS, had
already been identied in other AOPs. As previously indicated,
when SO4c

− or cOH radical dots predominated the process, the
degradation mechanisms were noticeably different. For
example, the attack of NOR by SO4c

− would form NOR radical
dots rstly through electron transfer reactions which subse-
quently produced (cOH) NOR radicals by the hydroxyl
abstraction or addition reaction when combined with H2O.
While cOH would be likely to attack the carbon–carbon double
bond next to the carboxylic acid group.61 When both the
piperazinyl and quinolone moieties of NOR were attacked by
either sulfate or hydroxyl radicals simultaneously, NOR would
be degraded through multiple routes because of the concur-
rent oxidations of various reactive sites in the parent mole-
cules. Despite of the complexity, prevalent degradation
pathways were hypothesized based on the detected interme-
diates, in which deuorination, transformations of quinolone
and piperazinyl groups simultaneously or successively,
occurred. As shown in Fig. 11, there are three main pathways
in this reaction.

3.6.1 Pathway 1: piperazinyl ring transformation. In the
pathway I, the piperazinyl ring in NOR was attacked by radicals,
producing the intermediates with the protonated forms at m/z
352, and 252. What's more, the detected product 9 (m/z 168)
might be the further decay form. The fragmentation ions from
the product 1 and 2 were demonstrated in Fig. S5.†

3.6.2 Pathway 2: deuorination. Then aer, product 3 (m/z
318) was generated via the pathway II, another process named
deuorination reaction occurring on NOR. The product was
proved by ve product ions at m/z 300 (−18 Da), 298 (−20 Da),
277 (−41 Da), 274 (−20–28 Da), and 245 (−20–28–29 Da), related
to the loss of H2O (18 Da), HF (20 Da), CO (28 Da), C2H5O (41
Da), CH2CH3 (29 Da), respectively.
RSC Adv., 2023, 13, 14048–14059 | 14057
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Fig. 11 Proposed partial degradation pathway of NOR in ZnCo2O4/g-C3N4+PMS system.
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3.6.3 Pathway 3: quinolone group transformation.
According to pathway III, product 4 with protonated form atm/z
350 (+2O) was probably created aer oxidation reaction, fol-
lowed by the generation of the products with protonated form at
m/z 336 (−O), 322 (−CH2), 294 (−CO), and 251 (−CH5N + O–
CO), decaying step by step, respectively. In this case, opening
the ring of product 4 led to the development of product 5 (m/z
336) which was subsequently transformed into product 6 (m/z
322) by the loss of CH2 group immediately. Moreover, product 9
(m/z 168) might be the further product whose ions were proved
from the previous research to validate the intermediates.

However, some products in this system were not detected
probably owing to the weak response or the low concentration.
Lack of relevant standards to determine the actual concentra-
tions, ion counts associated with each individual degradation
product were normalized according to the initial concentration
of the parent antibiotics. This method was used to estimate the
yields and the evolution of degradation products.

4. Conclusion

Plenty of ultrane ZnCo2O4 QDs were anchored onto the g-C3N4

nanosheets tightly through in situ growth during a facile
hydrothermal process to achieve ZnCo2O4/g-C3N4 p–n hetero-
junction which was employed to the PMS activation for NOR
degradation. The degradation of NOR was signicantly
promoted due to the synergistic effect between ZnCo2O4 and g-
C3N4 for PMS activation. The built-in electric eld in the
ZnCo2O4/g-C3N4 hybrid facilitated the electron transfer and the
large specic surface area originated from the ultrane
ZnCo2O4 NPs also provided lots of catalytic activity sites and
improved the diffusion of chemically active species. According
to a free radical quenching experiments and ESR detection, the
main oxidizing species in degradation reactions were SO4c

− and
cOH. This proposed ZnCo2O4/g-C3N4 + PMS system can be used
for the elimination of antibiotic pollution of water.
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