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radation mechanism of
peroxymonosulfate activated by oxygen-doped
carbon nitride†

LiquanWang,ab Ruyi Li,a Yimin Zhang, *ab Yuexiang Gao,a Xian Xiao,b Zhiwei Zhang,a

Ting Chena and Yuan Zhao*b

In this study, oxygen-doped carbon nitride (O–C3N4) was prepared by thermal polymerization and was

applied to activate peroxymonosulfate (PMS) for tetracycline (TC) degradation. Experiments were

performed to comprehensively evaluate the degradation performance and mechanism. The oxygen

atom replaced the nitrogen atom of the triazine structure, which improves the specific surface area of

the catalyst, enriches the pore structure and achieves higher electron transport capacity. The

characterization results showed that 0.4 O–C3N4 had the best physicochemical properties, and the

degradation experiments showed that the 0.4 O–C3N4/PMS system had a higher TC removal rate in

120 min (89.94%) than the unmodified graphitic-phase C3N4/PMS system (52.04%). Cycling experiments

showed that O–C3N4 has good reusability and structural stability. Free radical quenching experiments

showed that the O–C3N4/PMS system had free radical and non-radical pathways for TC degradation and

that the main active species was singlet oxygen (1O2). Intermediate product analysis showed that TC was

mineralized to H2O and CO2 mainly by the ring opening, deamination, and demethylation reactions. The

results of this study show that the 0.4 O–C3N4/PMS system is simple to prepare and is efficient at

removing TC from contaminated water.
1. Introduction

Tetracycline (TC) is a widely prescribed antibiotic because of its
low cost and broad-spectrum antimicrobial effect.1,2 However, it
is difficult for humans and animals to digest and absorb, thus it
is eventually excreted into water bodies in urine and feces. The
long-term accumulation of antibiotics in water bodies can cause
pathogenic microorganisms to build resistance to them, which
poses a serious threat to human health.3 Therefore, TC degra-
dation from water bodies is a signicant issue. An approach
that has received increasing research attention is the advanced
oxidation of persulfates based on sulfate radicals (SO4c

−) and
hydroxyl radicals ($OH).4–6 Compared to $OH (oxidation–
reduction potential (OPR): 1.8–2.7 eV), SO4c

− (OPR: 2.5–3.1 eV)
has a higher oxidation capacity, greater oxidation selectivity,
and applicability to a wider pH range.7 Therefore, researchers
generally agree that SO4c

− is more likely to substitute for $OH
than vice versa.8 Peroxysulfates include peroxymonosulfate
(PMS) and peroxydisulfate (PDS), of which PMS is preferred for
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advanced oxidation due to its asymmetric molecular structure
and easy decomposition.9 Common ways to activate persulfates
to produce radicals such as SO4c

− and $OH include heat, alkali,
UV radiation, and transition metals. However, these methods
have disadvantages that limit their applicability, such as
excessive energy input, high processing costs, and ion
precipitation.8,10–12 Therefore, a low-cost and high-efficiency
catalyst for activating persulfates is urgently needed.

Graphitic-phase carbon nitride (g-C3N4) is a widely used
nonmetallic polymer because of its low synthetic costs and high
chemical stability.13–15However, the thick lamellar structure and
small specic area of g-C3N4 make it non-ideal for activating
PMS.15,16 The catalytic performance of carbon-based materials
can be improved by nitrogen doping17 because the nitrogen
atom has one more valence electron than the carbon atom,
which makes it more electronegative. However, the longevity of
nitrogen-doped carbon-based materials needs to be improved.18

In turn, oxygen is more electronegative than nitrogen, and
recent studies have shown that the electronic structure of g-
C3N4 can be doped with oxygen atoms to improve its catalytic
properties.18,19 In particular, PMS activated by oxygen-doped
carbon nitride (O–C3N4) has been shown to achieve efficient
degradation of bisphenol A18 and sulfamethoxazole (SMX).20

These studies suggest that doping g-C3N4 with oxygen atoms
can signicantly improve its catalytic performance for PMS.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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However, the activation mechanism and degradation pathway
of organic pollutants need further investigation.

The objective of this study was to evaluate O–C3N4 as a low-
cost and high-efficiency catalyst for TC degradation by activated
PMS. The catalyst dosage, PMS dosage, pH, reaction tempera-
ture (T), and initial TC concentration were evaluated for their
effects on the TC degradation performance of the O–C3N4/PMS
system. The results were analyzed to clarify the TC degradation
mechanism of the O–C3N4/PMS system and possible degrada-
tion pathways.

2. Materials and methods
2.1 Chemical reagents

TC and p-benzoquinone (99% BQ) were purchased from
Shanghai Maclean Biochemical Technology Company. Potas-
sium peroxymonosulfate compound salt ($42% PMS) was
purchased from Shanghai Aladdin Biochemical Technology
Company. Other reagents such as urea, oxalic acid dihydrate,
sodium hydroxide, sulfuric acid, sodium chloride, sodium
carbonate, sodium bicarbonate, tert-butyl alcohol (TBA), meth-
anol (MeOH), p-benzoquinone (BQ), furfuryl alcohol (FFA), and
ethanol were all purchased analytically pure from Sinopharm
Chemical Reagent Co. The water used in the experiments was
deionized water.

2.2 Synthesis of catalysts

As reported in the literature,18 O–C3N4 was prepared by high-
temperature thermal polymerization using oxalic acid dihy-
drate as the oxygen source and urea as the g-C3N4 precursor.
Specically, a certain mass of oxalic acid dihydrate and 10 g of
urea were placed in an onyx mortar and were ground for 10 min
to make the mixture homogeneous. Then, the ground mixture
was transferred to a ceramic crucible with a lid and was heated
up to 550 °C at 4 °C min−1 in a muffle furnace for 4 h. Aer the
reaction was completed, the product was cooled to room
temperature and was calcined by grinding in an onyx mortar to
a powder. This resulted in xO–C3N4 catalysts, where x is the
mass ratio of oxalic acid dihydrate to urea (x = 0, 0.1, 0.2, 0.4,
0.8). Note that not adding oxalic acid dehydrate (i.e., x = 0)
resulted in g-C3N4.

2.3 Tetracycline degradation experiments

TC degradation experiments were performed in a 250 mL
beaker containing 100 mL of solution and a magnetic stirrer
under the conditions of T = 26.0 ± 0.5 °C and initial pH = 5.7.
At the beginning of the experiment, 4 mM PMS and 0.2 g L−1 of
a catalyst were added sequentially. Samples were taken at set
time intervals (t = 10, 20, 40, 60, 90, and 120 min) by using
a 5 mL disposable syringe and were immediately ltered
through a 0.22 mm syringe membrane. Then, their absorbance
at a wavelength of 357 nm was measured. To investigate the
effects of the pH, T, catalyst dosage, PMS dosage, initial TC
concentration, and common inorganic ions (i.e., chloride ion,
bicarbonate ion, and carbonate ion) on TC degradation, the
experimental conditions were adjusted. The initial pH was
© 2023 The Author(s). Published by the Royal Society of Chemistry
adjusted by using 0.1 M NaOH and H2SO4, and the other
inuencing factors were adjusted as appropriate. To ensure the
reproducibility of the catalyst synthetic process, the beakers
were rinsed with deionized water aer each experiment. The
rinsing solution and experimental solution were collected.
Then, the catalysts were centrifuged and collected by vacuum
ltration, aer which they were dried in an oven for subsequent
experiments. All experiments were set up in triplicate.

2.4 Characterization methods

The morphology of the catalysts was characterized by scanning
electron microscopy (SEM, Hitachi SU8010). The crystal struc-
ture of the catalysts was analyzed by X-ray diffraction (XRD,
Smartlab 9). The adsorption–desorption isotherm curve of the
catalysts was measured by automatic specic surface area
adsorption (BET, ASAP2460), which was used to analyze the
specic surface area, total pore volume, and pore size distri-
bution. The surface functional groups of the catalysts were
characterized by Fourier transform infrared spectroscopy (FT-
IR, Thermo Scientic Nicolet iS5). The elemental composition,
electronic valence, and relative content of the catalysts were
analyzed by X-ray photoelectron spectroscopy (XPS, Thermo
Scientic K-Alpha). The absorbance of contaminants in the
system was measured by using an ultraviolet-visible spectro-
photometer (UV2700, Shimadzu). The total organic carbon
(TOC) in the solution was measured by using a TOC analyzer
(TOL-L, Shimadzu) to evaluate the mineralization of the reac-
tion system. The active species in the reaction system were
identied by using an electron paramagnetic resonance spec-
trometer (EPR, A300). The intermediate products of TC degra-
dation in the reaction system were characterized by using liquid
chromatography-mass spectrometry (LC-MS, Agilent 1100 +
thermos TSQ Quantum Ultra AM).

The TC removal rate of the reaction system was calculated by

Removal rate% = (C0 − Ct)/C0 × 100% (1)

where Ct is the concentration of the pollutant in the reaction
system at time t, C0 is the initial concentration of the pollutant
in the reaction system, and k is the reaction rate constant. The
reaction rate constant was calculated by tting to a one-stage
kinetic model:

ln(Ct/C0) = −kt (2)

3. Results and discussion
3.1 Characterization of materials

The SEM and energy dispersive spectroscopy results showed
that the unmodied g-C3N4 had an obvious lamellar structure
(Fig. 1(a)) and smooth surface at a 300 nm resolution (Fig. 1(c)).
O–C3N4 showed a porous structure and local agglomeration
(Fig. 1(b)) with an obviously porous surface at a 300 nm reso-
lution (Fig. 1(d)). This was consistent with previously reported
ndings.18 As presented in Fig. 1 and ESI Table 1,† the main
elements of g-C3N4 and O–C3N4 were C, N, and O. O–C3N4 had
RSC Adv., 2023, 13, 6368–6377 | 6369
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Fig. 1 SEM images andmapping of g-C3N4 andO–C3N4. ((a) and (c) g-
C3N4 (b) and (d) O–C3N4).

Table 1 Specific surface area, average pore size, and pore capacity of
the catalysts

Sample name
BET surface area
(m2 g−1)

Average pore
size (nm)

Pore volume
(cm3 g−1)

O–C3N4 69.0007 13.2931 0.1588
g-C3N4 23.3917 15.9946 0.0473
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signicantly higher oxygen content than g-C3N4, which tenta-
tively proved that the oxygen doping was successful.

Fig. 2(a) showed the XRD characterization of the crystal
structure, which indicated that the two diffraction peaks at
13.2° and 27.5° for g-C3N4 can be attributed to the (100) and
(002) crystal planes, respectively.21 In contrast, the diffraction
peaks of O–C3N4 at the (100) and (002) crystal planes were
broader with decreased intensity, which may be caused by the
oxygen doping stacking lled monolayers.19 According to
Scherrer's formula, the decrease in the diffraction angle at the
(002) crystal plane indicated an increase in the interlayer
distance for O–C3N4. The changes in the diffraction peaks of g-
C3N4 and O–C3N4 showed that oxygen doping changed the g-
C3N4 morphology, which was consistent with the SEM results.

Fig. 2(b) presented the nitrogen adsorption–desorption
isotherms of O–C3N4 and g-C3N4 and the corresponding pore
Fig. 2 XRD, N2 adsorption–desorption curves, FT-IR results for g-C3N4

6370 | RSC Adv., 2023, 13, 6368–6377
size distribution (inset). O–C3N4 had a typical class IV curve, and
the adsorption and desorption curves did not overlap, which
indicates the presence of mesopores. This was conrmed by the
pore size distribution. Table 1 indicated that O–C3N4 had
a signicantly greater specic surface area and pore volume
than g-C3N4, with both parameters showing a threefold
increase. This indicated that more TC and PMS can be effi-
ciently delivered to the active sites of O–C3N4.

Fig. 2(c) showed the FT-IR results, which were used to
identify functional groups on the catalyst surfaces. The FT-IR
spectra of O–C3N4 and g-C3N4 revealed similar characteristic
peaks, which indicated that the oxygen doping did not change
the skeletal structure of g-C3N4. The characteristic peak of g-
C3N4 at a wavenumber of 813 cm−1 can be attributed to the
triazine structural unit.22 The characteristic peak at the same
wavenumber for O–C3N4 can be attributed to the weakened
interaction caused by oxygen atoms substituting for nitrogen
atoms.23 The peak of g-C3N4 at 1235 cm−1 can be attributed to
the C–N bond. The same peak for O–C3N4 was shied to
a higher wavenumber of 1241 cm−1 because of the higher
electronegativity of oxygen,18 which generated a partial conver-
sion of the C–N bond to a C–O bond. The oxygen doping did not
bring about signicant peaks of the –OH and –C–O functional
groups for O–C3N4 compared to g-C3N4. This indicated that the
oxygen doping did not cause surface oxygen to form on the g-
C3N4 surface,20 which further suggested that the oxygen doping
inserted oxygen atoms into the carbon skeleton of g-C3N4.

The XPS results showed that O–C3N4 and g-C3N4 comprise
the elements of carbon, nitrogen, and oxygen (ESI Fig. 1†). In
particular, O–C3N4 comprised 43.24% carbon, 53.67% nitrogen,
and 3.09% oxygen, and g-C3N4 comprised 42.33% carbon,
56.18% nitrogen, and 1.19% oxygen. The carbon percentage did
not change signicantly before and aer modication while the
and O–C3N4. (a) XRD, (b) BET, (c) FT-IR.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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nitrogen percentage decreased and the oxygen percentage
increased. This implied that the oxygen atoms successfully
modied g-C3N4 by replacing nitrogen atoms during the
thermal polymerization, which was consistent with the FT-IR
results.

Fig. 3 showed the high-resolution spectra of C1s, N1s, and
O1s. Three peak positions appeared in the C1s spectrum for g-
C3N4, which correspond to p-electron excitation, N]C–N, and
C–C/C]C. Meanwhile, a new peak position (286.7 eV)
appeared in the C1s spectrum for O–C3N4, which corresponds
to C–O.24 The N1s spectra presented four peak positions cor-
responding to the charged effect of the heptazine ring, C–N–H,
N–(C)3, and C–N]C.25 The C–N]C percentage was lower in O–
C3N4 (66.32%) than in g-C3N4 (71.14%). The O1s spectra
showed three peak positions corresponding to surface-
adsorbed oxygen molecules, water molecules, and C–O.26 The
XPS results showed that C–O appeared aer modication,
which indicated that oxygen atoms replaced nitrogen atoms
during thermal polymerization.

In addition, the EPR of O–C3N4 was signicantly higher than
that of g-C3N4 (ESI Fig. 2†), indicating a higher concentration of
unpaired electrons in O–C3N4.18 The EIS spectra of g-C3N4 and
O–C3N4 were shown in ESI Fig. 3.† Since the arc radius of O–
C3N4 was signicantly lower than that of g-C3N4, O–C3N4 has
higher electron transfer capacity.27

In summary, oxygen doping caused oxygen atoms to enter
the g-C3N4 triazine ring structure and replace the nitrogen
atoms. This indicated that the thermal polymerization
successfully modied g-C3N4 without destroying the structure.
The modication by oxygen doping improved the catalytic
performance by increasing the specic surface area, pore
structure, and electron transport between sites to different
degrees.
Fig. 3 XPS spectra of g-C3N4 and O–C3N4.

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.2 Degradation experiments

The TC degradation by g-C3N4 and xO–C3N4 without PMS was
evaluated. The results showed that g-C3N4 and xO–C3N4 did not
adsorb TC (ESI Fig. 4†). Thus, the subsequent experiments can
ignore the adsorption effect of the catalyst on TC degradation.

Fig. 4(a) showed that the PMS alone had a nal TC removal
rate of 44.43%. This may be because TC has some reducing
properties, and a spontaneous redox reaction can occur
between PMS and TC28 that can remove some TC. However, PMS
alone did not provide a sufficient TC degradation performance.
The unmodied g-C3N4/PMS system had a TC removal rate of
52.04%. The 0.1 O–C3N4/PMS, 0.2 O–C3N4/PMS, 0.4 O–C3N4/
PMS, and 0.8 O–C3N4/PMS systems had TC removal rates of
64.56%, 67.88%, 89.84%, and 73.90%, respectively. These
results indicated that pristine g-C3N4 had a limited activation
effect on PMS while O–C3N4 had a stronger activation effect on
PMS. The activation effect of the modied g-C3N4 increased
with the oxygen content, but 0.8 O–C3N4 had a lower activation
effect than 0.4 O–C3N4. This may be because of g-C3N4 frag-
menting during calcination owing to excessive oxygen doping.19

ESI Table 2† and Fig. 4(b) indicated that the reaction rate
constant increased and then decreased as the doping amount
was increased. The reaction rate constant of 0.4 O–C3N4 was
nearly four times that of pristine g-C3N4, which was consistent
with the TC degradation results (Fig. 4(a)). Thus, all subsequent
TC degradation experiments were performed by using 0.4 O–
C3N4 as the modied catalyst (abbreviated as O–C3N4).

Next, the effects of different inuencing factors on the TC
degradation performance were considered. Fig. 5(a) presented
the effect of the catalyst dosage. Increasing the catalyst dosage
improved the nal TC removal rate and furtherly enhanced the
reaction rate. Increasing the catalyst dosage provided more
RSC Adv., 2023, 13, 6368–6377 | 6371
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Fig. 4 TC degradation and quasi-level kinetics of different reaction systems. Experimental conditions: [catalyst] = 0.2 g L−1, [PMS] = 4 mM, [TC]
= 20 mg L−1, [pH] = 5.7, [T] = 26 °C. (a) Degradation of TC in various systems, (b) pseudo-first-order kinetics of TC degradation.

Fig. 5 Effects of different factors on TC degradation: (a) [O–C3N4] = 0.1–0.8 g L−1, (b) [PMS] = 1–4 mM, (c) [pH] = 3–11, (d) [T] = 20–50 °C, (e)
[TC]= 10–50mg L−1, and (f) [NaCl]= [Na2CO3]= [NaHCO3]= 2 mM. Unless otherwise stated, the fixed experimental conditions were [O–C3N4]
= 0.2 g L−1, [PMS] = 4 mM, [TC] = 20 mg L−1, [pH] = 5.7, and [T] = 26 °C.
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active sites, which improved the PMS activation efficiency and
promoted TC degradation. The redox reaction was more intense
in the rst 10 min, while a large amount of free radicals was
generated at this time. However, increasing the catalyst dosage
decreased the reaction rate at 20–40 min, which may be caused
by excess active reduction sites in O–C3N4 competing with TC
for free radicals.29

Fig. 5(b) showed the effect of PMS dosage on the TC degra-
dation performance. The nal TC removal rates of the O–C3N4/
PMS system with PMS dosages of 1, 2, 4, 6, and 8 mM were
57.83%, 67.09%, 89.84%, 92.29%, and 68.38%, respectively. The
TC removal rate gradually increased as the PMS dosage was
added, as a result of more PMS generating more free radicals,
6372 | RSC Adv., 2023, 13, 6368–6377
which was benecial to TC degradation. However, increasing
the PMS dosage to 8 mM inhibited the TC degradation. The
addition of excessive PMS resulted in a free radical quenching
reaction,29 which reduced the TC removal rate.

Fig. 5(c) revealed the effect of the initial pH on the TC
degradation performance. The nal TC removal rates of the
O–C3N4/PMS system with pH value of 3, 5.7, 7, 9, and 11 were
88.37%, 89.84%, 88.27%, 89.20%, and 89.65%, respectively.
Changing the initial pH did not affect the nal TC removal
rate, which indicated that the synthesized catalyst (i.e., O–
C3N4) had good stability and wide applicability. The pKa of
PMS was reported as 9.4,8 which indicated that H2SO5 is the
main form of PMS present in the O–C3N4/PMS system when
© 2023 The Author(s). Published by the Royal Society of Chemistry
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the pH was less than 9.4. This also explained the higher TC
removal rate at pH = 11.

Fig. 5(d) presented the effect of T on the TC degradation
performance. The TC degradation was accelerated with
increasing T. This may be because increasing T promoted the
decomposition of PMS and acted synergistically with the acti-
vation of PMS by O–C3N4, which accelerates the TC degradation.
In addition, increasing T promotes TC degradation by
increasing the thermal motion of molecules.30 Increasing T also
enhanced the nal TC removal rate, which may be attributed to
the instability of TC.

Fig. 5(e) referred the effect of the initial TC concentration on
the TC degradation performance. At initial TC concentrations of
10, 20, 30, 40, and 50 mg L−1, the nal TC removal rates were
96.30%, 89.84%, 79.93%, 61.06%, and 39.66%, respectively.
This indicated that the removal rate of TC decreased gradually
with the increase of the initial concentration of TC at the range
of 10–50 mg L−1 under the premise that other factors in the O–
C3N4/PMS system remain unchanged. This may be because the
free radicals or active species in the system were xed to the
catalyst and PMS dosages. Increasing the initial TC concentra-
tion required a larger amount of active species for TC degra-
dation, which lowered the nal TC removal rate. In addition, the
intermediates of TC may compete with each other on the cata-
lyst surface, which would inhibit TC degradation.

Fig. 5(f) showed the effect of common inorganic ions on the
TC degradation performance. The common inorganic anions
did not affect the nal TC removal rate. When the same
amounts of Cl−, CO3

2−, and HCO3
− were added to the system,

HCO3
− was found to accelerate the TC degradation. The

aqueous solution of HCO3
− was weakly basic, so injecting

HCO3
− into the system increased the pH. This accelerated the

TC degradation, which was consistent with the results in
Fig. 5(c). Previous studies31 reported that Cl− and HCO3

− can
remove SO4c

− and OH in water, which can decrease the degra-
dation of organic pollutants:

Cl− + SO4c
− / Cl$ + SO4

2− (3)

HCO3
− + SO4c

− / CO3
− + SO4

2− + H+ (4)

However, the results of the present study were quite
different, which indirectly implies that the O–C3N4/PMS system
may have a non-radical degradation pathway.

The main oxidants used in advanced oxidation techniques
based on SO4c

− were PMS and PDS. To investigate the generality
of O–C3N4 as a persulfate catalyst, sodium persulfate (PDS-Na)
and potassium persulfate (PDS-Ka) were used as control
groups. ESI Fig. 5† showed that the nal TC removal rates of the
O–C3N4/PDS-Na and O–C3N4/PDS-Ka systems were 8.36% and
6.13%, respectively, which were considerably less than that of
the O–C3N4/PMS system (89.84%). This may be because of the
asymmetric molecular structure and easy decomposition of
PMS.29 In contrast, PDS has a symmetric molecular structure,
which made it difficult to be activated by O–C3N4.32

To test the effectiveness of the O–C3N4/PMS system in real
water bodies, it was applied to four different water
© 2023 The Author(s). Published by the Royal Society of Chemistry
environments: deionized water, tap water, river water from
a university campus in Changzhou that receives domestic
wastewater from the cafeteria and dormitory, and water from
Lake Ge. The nal TC removal rates were 89.84%, 88.47%,
85.95%, and 86.27%, respectively (ESI Fig. 6†). This indicated
that the synthesized catalyst had wide practical applicability.

Five cycle experiments were performed to evaluate the
reusability of O–C3N4 as a PMS catalyst for TC degradation.
Fig. 6 showed that the nal TC removal rates aer one, two,
three, four, and ve cycles were 89.84%, 87.66%, 84.75%,
82.79%, and 79.72%, respectively. This showed that the catalytic
activity of O–C3N4 slightly decreased over ve cycles, which may
be attributed to some organic intermediates adsorbing onto the
catalyst surface and occupying active cites. However, it still
showed good reusability. In addition, the crystal structure of the
catalyst did not change signicantly before and aer the reac-
tion (ESI Fig. 7†), which indicated good structural stability.
3.3 Analysis of the degradation mechanism

The TC degradation mechanism was investigated by free radical
quenching experiments. MeOH was generally used as
a quencher for SO4c

− and $OH, and TBA can be used as
a quencher for $OH.33 O2

− and 1O2 can be quenched by BQ and
FFA reagents, respectively.34 Fig. 7(a) showed that adding
MeOH, TBA, BQ, and FFA resulted in nal TC removal rates of
72.54%, 76.49%, 66.41%, and 39.11%, respectively. Compared
with the TC removal rate with no quenchers (89.84%), adding
MeOH and TBA did not have a signicant inhibitory effect.
Adding BQ had a greater inhibitory effect than adding MeOH
and TBA, and adding FFA greatly inhibited the TC degradation
performance of the system. This led to the preliminary
conclusion that 1O2 is the main active species (reactive oxygen
species (ROS)) in the O–C3N4/PMS system. To verify the free
radical and non-free radical pathways of the O–C3N4/PMS
system, EPR was used for ROS identication. Specically, 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) was used as the $OH,
SO4c

−, and O2
− spin trapping agent in aqueous and methanolic

media. Meanwhile, 2,2,6,6-tetramethyl-4-piperidinyl (TEMP)
was used as the single linear oxygen spin trapping agent in
aqueous solution. Fig. 7(b–d) showed the EPR plots of ROS. A
peak intensity ratio of 1 : 2 : 2 : 1 characteristic peaks can be
clearly observed, which meant that the O–C3N4/PMS system was
Fig. 6 Stability of the catalyst.
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Fig. 7 (a) Effects of active species quenching on TC degradation. EPR spectrograms: (b) $OH/SO4c
−, (c) O2

−, and (d) 1O2. Experimental
conditions: [O–C3N4] = 0.2 g L−1 [PMS] = 4 mM [TC] = 20 mg L−1 [pH] = 5.7 [T] = 26 °C.
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producing $OH.35 A DMPO-SO4 adduct signal was also captured,
which indicated the production of SO4c

−. The DMPO-O2 adduct
signal was also observed (Fig. 7(c)), which referred to the
production of O2

−. In addition, an equal-strength three-wire
signal was observed with TEMP as the spin capture agent
(Fig. 7(d)), indicating that 1O2 was produced in the O–C3N4/PMS
system. These results support the previous speculation (see
Section 3.2) that the O–C3N4/PMS system has both free radical
and non-free radical degradation pathways. The EPR results
(Fig. 7(b–d)) conrmed that the O–C3N4/PMS system generated
multiple radical and non-radical types of ROS and that the
major ROS was 1O2. In addition, the ROS signals captured with
both DMPO and TEMP spin traps gradually increased in the
rst 10 min of the reaction, which indicated that the O–C3N4/
PMS system produced a large amount of ROS during this time.
This was consistent with the previous TC degradation results
shown in Fig. 4 and 5.

Based on these results, a rational explanation for the TC
degradation mechanism of the O–C3N4/PMS system can be
proposed, as shown in Fig. 8. The high electronegativity of
oxygen atoms made them more accessible to electrons, so
regions of different electron strengths formed on the O–C3N4

surface.18 The electron transfer excited PMS to produce OH and
SO4c

−:

e− + HSO5
− / $OH + SO4

2− (5)

e− + HSO5
− / SO4c

− + OH− (6)
6374 | RSC Adv., 2023, 13, 6368–6377
In addition, the peroxy bonding excited PMS to produce $OH
and SO4c

− along with the less reactive monoperoxysulfate
radical (SO5

−):

e− + HSO5
− / SO5

− + H+ (7)

SO5
− is further trapped by water molecules in the system to

generate 1O2:36,37

SO5
− + H2O / 2HSO4

− + 1O2 (8)

In addition, oxygenmolecules present in the systemmay also
capture electrons and react to form O2

−, which further react
with $OH to form 1O2:

e− + O2 / O2
− (9)

O2
− + $OH / OH− + 1O2 (10)

These radicals and non-radicals act together to degrade TC:

$OH/SO4c
−/O2

−/1O2 + TC / intermediates / H2O + CO2 (11)
3.4 Mineralization degree and intermediate product analysis

The TOC analyzer was used to determine the variation of TOC in
the O–C3N4/PMS system and evaluate the degree of minerali-
zation. Supplement Fig. 8 showed that the nal TOC removal
rate was 33.9%. This indicated that part of the TC was miner-
alized to CO2 and H2O, and part of the TC was converted to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 TC degradation mechanism of the O–C3N4/PMS system.

Fig. 9 Possible TC degradation pathways.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 6368–6377 | 6375
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other products in addition to the residual TC. Therefore,
analyzing the intermediate products of TC degradation by the
O–C3N4/PMS system and identifying possible degradation
pathways were extremely important. LC-MS was used to identify
the intermediate products (ESI Fig. 9†), which were then char-
acterized according to the mass-to-charge ratio (m/z). The
possible TC degradation pathways were suggested by structural
analysis of the intermediate products. Fig. 9 showed the main
TC degradation pathways. The higher electron density of the
conjugated double bonds in TC molecules made them more
susceptible to ROS attack.38 In pathway 1, ROS attacks the
electron-rich conjugated double bond to form P1 (ref. 39) and
TC was converted to P2 through demethylation.40 Then, P1 and
P2 were then converted to P3 (m/z = 274) through ring opening,
deamination, and dealkylation.41,42 P3 was further oxidized to
the small molecules P4 (m/z = 218) and P5 (m/z = 167). In
pathway 2, TC was rst converted to P6 (m/z = 301) by dehy-
droxylation and ring opening.43 P6 is then converted to P7 (m/z
= 279) by $OH attack and further oxidizes to the small molecule
P8 (m/z = 149).44 The small molecules of P4, P5, and P8 nally
degraded to H2O and CO2.
3.5 Toxicity analysis

Normally, TC is a large molecule, and its degradation requires
complex processes to be mineralized into water and carbon
dioxide. However, the intermediates produced during TC
degradation may be more toxic than the parent.45,46 Therefore,
the toxicity of TC and intermediates was assessed using the
Toxicity Estimation Soware Tool (T.E.S.T).47 The LC50 values of
all intermediates except P2 intermediates were lower than that
of TC (ESI Fig. 10(a)†), suggesting that most intermediates were
less toxic to fathead minnow. As shown in ESI Fig. 10(b),† the
LC50 value of TC against daphnia magna was 12.17 mg L−1,
which was classied as “harmful”. Except for P2 and P8 inter-
mediates, LC50 values of all intermediates were lower than that
of TC, indicating that most intermediates were not as toxic as
TC to daphnia magna. ESI Fig. 10(c)† showed that the devel-
opmental toxicity of most intermediates was reduced except for
P5. In addition, the mutagenicity of other intermediates was not
signicantly reduced except for P1, P3, P5 and P8 which were
negative mutagenicity (ESI Fig. 10(d)†). In conclusion, the
removal of TC by degradation can indeed reduced the toxicity of
TC, but most intermediates were still toxic.
4. Conclusion

In this work, O–C3N4 was prepared by thermal polymerization
as a PMS catalyst for TC degradation. Experiments were per-
formed under different conditions, and the results meant that
the O–C3N4/PMS system expressed good degradation perfor-
mance with a nal TC removal rate of 89.94% in 120 min and
wide practical applicability. The cycling experiments showed
that the catalyst had good reusability and structural stability,
while the EPR tests indicated that the system had free radical
and non-free radical pathways for TC degradation. $OH, SO4c

−,
O2

−, and 1O2 were all involved in the TC degradation, and 1O2
6376 | RSC Adv., 2023, 13, 6368–6377
was the main active species. The activation mechanism of PMS
was claried, and possible TC degradation pathways were
proposed based on an analysis of the intermediate products.
Toxicity prediction of TC and intermediates showed that O–
C3N4/PMS system signicantly reduced the toxicity of TC. The
developed O–C3N4/PMS system had wide practical applicability
for TC degradation in water, and the results of this study
provided a reference for future research on efficient and low-
cost nonmetallic catalysts.
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