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The nitrogen-doped carbon derived from graphitic carbon nitride (g-C3N4) has been widely deployed in
activating peroxymonosulfate (PMS) to remove organic pollutants. However, the instability of g-C3N, at
high temperature brings challenges to the preparation of materials. The nitrogen-doped graphitic carbon
nanosheets (N-GC750) were synthesized by magnesium thermal denitrification. Magnesium undergoes
the displacement reaction with small molecules produced by the pyrolysis of g-C3Ny4, thereby effectively
fixing carbon on the in-situ template of MgsN, and avoiding direct product volatilization. N-GC750 ex-
hibited excellent performance during the PMS activation process and bisphenol A (BPA, 0.2 g/L) could be
thoroughly removed in 30 min. A wide range of pH (3-11), temperature (10-40 °C) and common anions
were employed in studying the impact on system. Additionally, N-GC750 showed satisfactory reusabil-
ity in cycle tests and promising applicability in real water samples. Quenching experiments and electron
paramagnetic resonance (EPR) measurements indicated that singlet oxygen was the main active species
coupled with partial electron transfer in N-GC750/PMS system. Furtherly, the oxidation products were
identified, and their ecotoxicity was evaluated. This work is expected to provide a reference for the fea-

sibility of preparing g-C3N4 derived carbon materials and meaningful for PMS activation.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Selective removal of emerging organic contaminants (EOCs)
from the environment has been the research focus because of their
low concentration, difficult degradation, and high ecological risk
in recent years [1-3]. Efficient removal of EOCs is essential for
drinking water safety and ecological protection. Advanced oxida-
tion processes based on nonradical (e.g., surface activated perox-
odisulfate/peroxymonosulfate [4], electron transfer [5], singlet oxy-
gen [6], high-valent metals [7], inorganic oxidants [8]) can effec-
tively remove EOCs. It can be attributed to high adaptability in a
wide pH range and could not be affected by various ions and back-
ground natural organic matter [9]. Meanwhile, it has a moderate
redox potential and good selectivity to target pollutants [10]. Car-
bon materials, whose catalytic performance is proven to surpass
many transition metals and their oxides, can effectively activate
PMS to rapidly remove organic pollutants in the form of nonrad-
icals [11-13].
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Graphene is a carbon material with single or multiple carbon
layers and sp? (trigonal) hybrid carbon lattice [14] and is proven to
be excellent catalytic material. For example, Duan et al. [15] found
that reduced graphene oxide can effectively activate PMS to gener-
ate sulfate radicals to degrade organic pollutants. It is worth not-
ing that the natural graphite reserves are limited, whereas its de-
mand is increasing. The traditional method of preparing graphite
(Acheson [16] process) relies on amorphous carbon as the precur-
sor to synthesize graphite at 3000 °C, consuming high energy and
depending on equipment. Therefore, synthesizing graphite method
with low energy consumption, high output, and simple process is
important. The ability of pure graphene to activate PMS is limited,
and a series of heterogeneous element doping processes have been
developed, including boron doping [17], sulfur doping [18], nitro-
gen doping [15,19]. Among which nitrogen doping attracted much
attention because it could well adjust the chemical properties of
the carbon material surface and the electron distribution in the
carbon skeleton and bring more active sites [20,21].

Graphite carbon nitride (g-C3N,4) as a precursor for the synthe-
sis of nitrogen-doped carbon has received extensive attention [22].
With the unique conjugated structure and high nitrogen content,
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Fig. 1. (a) Schematic illustration of material synthesis process. (b-d) XRD pattens of g-C3N4 precursor, mixtures after pyrolysis, and N-GC750, respectively.

g-C3N4 is often used as a self-sacrificial template synthetic ma-
terial. However, given that g-C3N4; decomposes and volatilizes at
high temperatures (> 750°C) to form gaseous substances, it is dif-
ficult to generate target materials, while graphitized carbon mate-
rials generally require higher temperatures (900°C) [22]. Further-
more, the instability of nitrogen at high temperatures makes g-
C3N4 lose a large amount of nitrogen during the heating process
[14], providing large space to synthesize nitrogen-doped graphene
with g-C3N4 at a lower temperature.

In this work, a simple and effective method was verified
to convert low-cost g-C3N4 into nitrogen-doped graphite carbon
nanosheets through the magnesium thermal denitrification pro-
cess. The resulting graphene exhibited excellent catalytic activity
for the degradation of bisphenol A (BPA) during the PMS activa-
tion process, better than commercial carbon catalysts (carbon nan-
otubes (CNT), reduced graphene oxide (RGO)) and common tran-
sition metal catalysts (Co304, MnO,, Fe304). Quenching experi-
ments and electron paramagnetic resonance (EPR) measurements
proved that singlet oxygen played a leading role in BPA degrada-
tion. Furthermore, the electron transfers also contributed to BPA
removal. The anti-interference ability of nitrogen-doped graphitic
carbon nanosheets (N-GC750)/PMS in a complex water matrix and
the actual water phase was conducted. Significantly, the ecotoxic-
ity assessment of oxidation products and the applicability of the
N-GC750/PMS system were evaluated.

Materials and methods are listed in supporting information. An
X-ray diffractometer (XRD) was used to prove the possibility of
g-C3N,4 conversion to graphene. Fig. S1 (Supporting information)
presents standard XRD patterns of g-C3N4, MgsN,, and graphite
[23,24]. As shown in Fig. 1, the XRD pattern of the g-C3N4 pre-
cursor showed two obvious peaks at 20 = 13.05° and 20 = 27.62°,
attributing to typical 100 and 002 planes of g-C3N4 [25]. It was
a pale-yellow solid powder from the appearance. However, after
adding magnesium powder for calcination, a black carbon mate-
rial was found in the light-yellow g-C3N4 powder, indicating that
the original g-C3N, structure was rearranged under the conditions
of the magnesium thermal denitrification reaction. The XRD pat-
tern showed that the products of the pyrolysis reaction of mag-
nesium powder and g-C3N4 are mainly carbon and magnesium
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nitride. Therefore, magnesium can fix carbon on the in-situ tem-
plate magnesium nitride under high temperature, reducing the di-
rect volatilization of carbon. After being pickled, the XRD patterns
of the product showed obvious peaks at 20 = 26.1°, 42.8°, 44.3°,
56.3°, which were usually attributed to 002, 101 and 004 crystal
planes [14,26]. Therefore, N-GC750 had a high graphitization de-
gree and crystallinity than the g-C3N,4 precursor.

To evaluate the morphological and structural characteristics of
the catalyst, as well as the role of magnesium powder to graphite
carbon materials in the conversion of g-C3N4 precursors, scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM) on the N-GC750 were performed. Fig. S2a (Supporting infor-
mation) showed an SEM image of the typical graphite phase car-
bon nitride. It can be observed that the g-C3N4 obtained by urea
air calcination had no sintering agglomeration, and had a very thin
layer structure, which provided a precursor material for the syn-
thesis of high-quality graphene material. Fig. S2b (Supporting in-
formation) showed the morphology of N-GC750 collected after cal-
cination of g-C3N4 and magnesium powder at high temperature,
and the phenomenon of lamella fracture could be observed. N-
GC750 presented a three-dimensional petal-like shape. This struc-
ture has a higher specific surface area and provides more active
sites than ordinary spherical particles, which is beneficial to the
progress of catalytic reactions [22,27,28].

The TEM images of N-GC750 (Figs. S2c and d in Supporting in-
formation) confirmed the laminar structure of the material again.
In the high-resolution HRTEM image, lattice fringes were showed
clearly with the lattice spacing in 0.34nm measured by the digital
software. The high crystallinity of N-GC750 was also confirmed by
its electron diffraction pattern (Fig. S3 in Supporting information).
The thin sheets and ordered morphology of the N-GC750 might fa-
cilitate electron transfer and provide abundant active sites [29,30].
As illustrated in Fig. S2e (Supporting information), the uniform dis-
tribution of the nitrogen parts in the graphene carbon matrix pro-
vided convenience for PMS activation.

Raman spectroscopy was further used to explore the struc-
tural changes of g-C3N4 after high-temperature magnesium ther-
mal denitrification treatment (Fig. S4a in Supporting information).
There was no significant Raman signal for g-C3N4 owing to the
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strong fluorescence effect [25]. In contrast, the N-GC750 was like
the graphene-based material. The D band and G band of car-
bon materials are concerned with structure defect and graphiti-
zation [31,32]. Two apparent peaks in the D band (1363 cm1)
and G band (1572 cm™!) further confirmed the conversion of g-
C3Ny4 to three-dimensional graphene after magnesium thermal re-
action. The high-intensity D band indicated the defects existed in
N-GC750, possibly caused by nitrogen-doped into the carbon sub-
strate. Successful doped of nitrogen could adjust the electronic
structure of the surrounding carbon, and promote PMS activation
[33].

N, adsorption-desorption analysis of g-C3N4 and N-GC750 was
carried out to unveil their specific surface area and porosity (Fig.
S4b in Supporting information). G-C3N4 and N-GC750 showed a
typical hysteresis loop, type IV isotherms (a typical mesoporous
structure). After the magnesium thermal denitrification process,
the specific surface area of N-GC750 (227.4 m2/g) was three times
higher than the pristine g-C3Ny4 (71.2 m2/g) (Table S3 in Supporting
information). Additionally, the pore size distribution determined
by the Barret-Joyner-Halenda (BJH) method reflects that the pores
of g-C3N4 were mainly distributed in a range of 0-10 nm, which
was in agreement with previous reports [34]. Compared with g-
C3N4, N-GC750 increased its mesopore volume in the 0.4-1.0 pres-
sure range because of the merged mesoporous. It manifests that
the surface area and pore volume could be improved in nitro-
gen removal, which was beneficial to activate PMS. A large spe-
cific surface area allows the catalyst to expose more active sites,
and increases the contact between the catalyst and compound.
The mesoporous structure facilitates the adsorption of pollutants
on the catalyst surface and accelerates the mass transfer process
[12,35].

X-ray photoelectron spectroscopy (XPS) was used to detect and
clarify the conversion of the g-C3N4 precursor to the chemical
composition of N-GC750. Fig. S4c and Table S4 (Supporting infor-
mation) showed the XPS total spectrum of the two and the con-
tent of the corresponding elements. The g-C3N4 precursor had a
higher nitrogen content (63%) and a lower carbon content (35%).
After the magnesium thermal denitrification process, N-GC750 pre-
sented a high carbonization degree with high 94.73% carbon con-
tent, which undoubtedly proved that magnesium played a good
role in carbon fixation. According to the high-resolution XPS results
(Figs. S4d, S5 and S6 in Supporting information), the C 1s spec-
tra of g-C3N4 showed that two deconvoluted peaks, respectively,
correspond to N-C=N and C=C [24]. The N-GC750 shows that
C=C is the main component, and N-C=N has shifted. Furthermore,
the N 1s spectra of g-C3N4 show that two deconvoluted peaks,
respectively, correspond to pyridinic N (398.69eV) and graphitic
N (400.48eV) [25]. But the residual nitrogen of N-GC750 existed
mainly in the pyridine nitrogen form. XPS further proves that g-
C3N4 has been transformed into nitrogen-doped graphene. Intro-
ducing pyridine nitrogen can be an active site and improve cat-
alytic activity. Pyridine nitrogen is generally recognized as a Lewis
acid-base, used as an adsorption site for PMS and phenolic com-
pounds to promote redox reactions [15,36]. Therefore, the residual
pyridine nitrogen in N-GC750 may contribute to its catalytic ability
greatly.

The catalytic performance of N-GC750 was assessed with BPA.
In Fig. 2a, the PMS additive alone displayed a negligible effect on
BPA degradation. The BPA removal rate could reach 8% while g-
C3N4 and PMS coexist in the system, indicating that g-C3N4 had
certain abilities to catalyze PMS. Surprisingly, when N-GC750 was
used as the catalyst for activating PMS, the BPA concentration was
completely degraded and reached a mineralization rate of 55% (Fig.
S7 in Supporting information) in 30 min, showing excellent abil-
ity to activate PMS. Fig. S8 (Supporting information) exhibits a
good linear relationship between BPA degradation with time in N-
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GC750/PMS system. The pseudo-first order kinetic model is applied
to interpret the kinetic data [37,38]. This is possibly attributed to
forming the N-doped three-dimensional graphene structure, which
provides new active sites for PMS [12,22]. Carbon materials usually
have a large adsorption capacity to affect the removal efficiency
of organics. The adsorption capacity of N-GC-750 and g-C3N,4 on
BPA were evaluated. The small pore structure and specific surface
area of g-C3N,4 determined that about 2% of BPA was removed in
30 min. After high-temperature magnesium thermal denitrification,
8% BPA was adsorbed by N-GC750 because of its increased spe-
cific surface area and new adsorption sites. In addition, the cat-
alytic performance of materials prepared at different temperatures
was explored (Fig. S9 in Supporting information). Considering the
cost of process and the properties of materials comprehensively,
N-GC750 was selected for further research.

To further evaluate the catalytic performance of N-GC750 on
PMS activation, common commercial carbon catalysts (CNT, RGO)
and transition metal oxides (Co304, MnO,, Fe304) were selected.
As shown in Fig. 2b, N-GC750 exhibits excellent performance
within 30 min, whose ability to catalyze and oxidize BPA was 2.2
times that of CNT, three times that of Co304, and six times that of
FE3O4.

To assess the applicability of N-GC750, pH value, reaction tem-
perature, inorganic ions, and the number of cycles were selected as
single variables to explore the impact on the N-GC750/PMS system.
The pH value often limits the oxidation ability of active species in
the advanced oxidation process. For example, the hydroxyl radicals
produced by the Fenton reaction perform best under acidic condi-
tions, while sulfate radicals are more suitable for neutral environ-
ments [39]. Fig. 2c shows the BPA removal rate by N-GC750/PMS
at different pH values. In the range of pH 3-9, the high BPA re-
moval efficiency was observed in the N-GC750/PMS system. When
the pH continues to rise, the degradation efficiency was signifi-
cantly reduced. This can be explained by the surface charge of N-
GC750 (Fig. S10 in Supporting information). N-GC750 is positively
charged under acidic conditions, indicating the protonation of ni-
trogen and carbon atoms. When N-GC750 is under alkaline condi-
tions, the surface of N-GC750 will electrostatically repel BPA and
PMS, which will cause the performance of N-GC750 to deteriorate
under alkaline conditions [22]. The result is superior to the tradi-
tional free radical reaction (reaction dominated by hydroxyl rad-
icals or sulfate radicals), indicating that the new reactive oxygen
species (ROS) produced in the reaction system can oxidize BPA, and
has a wider range of pH value (3-9) adaptation.

Temperature is also an essential factor affecting the degradation
efficiency of pollutants. In this study, the catalytic oxidation reac-
tion temperature was controlled by a constant temperature oscil-
lating reactor, to assess its effects on the BPA degradation in the
N-GC750/PMS system. The reaction temperature was directly pro-
portional to the degradation efficiency of BPA in Fig. 2d. The BPA
degradation efficiency gets higher as the temperature increases.
When the temperature was 10 °C, the degradation rate of BPA was
97% within 30 min, but a small amount of BPA was still not de-
graded. When the temperature rose to 25 °C, BPA was utterly de-
graded within half an hour. When the reaction temperature was
further increased to 40 °C, BPA was completely degraded in 20 min.
According to the Arrhenius equation, the activation energy (E,) of
N-GC750 was 29.28 kJ/mol, which is lower than nitrogen-doped
graphene (31.6 kJ/mol) [40] and nitrogen-doped carbon nanotubes
(36.0k]J/mol) [41]. The low activation energy may be the reason
for the high efficiency of N-GC750/PMS system. Therefore, temper-
ature increasing accelerates the activation of the PMS molecules
by the catalyst to produce more oxygen-active substances. On the
other hand, high temperature provides more energy to activate
BPA molecules, thereby reducing the activation energy required for
degradation reactions.
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Fig. 2. (a, b) Degradation of BPA in different systems, the effects of (c) initial pH, (d) temperature, (e) inorganic anions on BPA degradation in N-GC750/PMS system, (f) the
property of recycled N-GC750 for the degradation of BPA ([PMS]=0.2 g/L, [catalyst]=0.1 g/L, [BPA] =0.2 g/L).

In the free radical oxidation reaction, free radicals are often
interfered with and inactivated by inorganic anions in water. For
example, hydroxyl radical is consumed to react with ClI- in wa-
ter, thereby affecting the degradation rate of pollutants [42]. In
this study, several common inorganic anions (Cl=, CO32~, SO4%-,
HPO4~, humic acid (HA)) were used as interfering ions to explore
their influence on the reaction. BPA being completely degraded in
30min in the presence of SO42-, CI-, and HPO,~ (Fig. 2e). CO52~
and HA slightly affected the removal of BPA. This may be the com-
petition of BPA with CO32~ or HA for ROS [6,43]. Results showed
that N-GC750 had a strong anti-interference ability to inorganic
anions, which further proved that the N-GC750/PMS system oxi-
dation of BPA was a nonradical oxidation process.

The N-GC750/PMS system was also evaluated to remove BPA
from actual water bodies. Surface water (SW) and sewage treat-
ment plant effluent (ST) are selected as actual wastewater, with
related wastewater composition shown in Fig. S11 (Supporting in-
formation) and Table S5 (Supporting information). As shown in Fig.
S12 (Supporting information), the removal rate of BPA in SW and
ST was slightly limited with BPA removed within 30 min, which
proved that N-GC750 was less interfered by background water ma-
trix in the presence of PMS.

The cycle stability of the catalyst is an important reference fac-
tor for evaluating the overall catalyst performance. The used cat-
alysts were washed, dried and recovered. Cyclic degradation ex-
periments were conducted to evaluate their cyclic stability. Results
showed that the catalyst basically maintained its original perfor-
mance in the first cycle, but slightly decreased in the following
cycles. After four cycles, the degradation capacity of the system
to BPA was 89% (Fig. 2f). The reason was that the reaction inter-
mediates produced during the catalysis process could not fall off
quickly, resulting in the occupation of the active sites of the chem-
ical reaction. When the catalyst was annealed at a high tempera-
ture to restore its active sites, the catalyst performance rebounded,
which confirmed the conjecture.

The selective degradation of different organics in the N-
GC750/PMS system was also studied. Nitrobenzene (NB) is of-
ten used as a chemical probe for ‘OH (k,(NB, ‘OH)=3.9 x 10°
L mol~! s~1), and benzoic acid (BA) is used as a chemical probe
for SO4"~ (ky(BA, SO4~)=1.2x10°L mol~! s=1) and "OH (k, (BA,
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*OH)=4.2 x 109L mol~! s=1) [6]. As shown in Fig. S13 (Supporting
information), BA and NB had little effect in the N-GC750/PMS sys-
tem, which proved that free radicals (*OH, SO4"~) were not gener-
ated in the system again. The ionization potentials (IP) value of or-
ganic pollutants has become an important indicator for evaluating
oxidation and price reduction [44]. The oxidation ability of the N-
GC750/PMS system to these pollutants can be roughly divided into
three levels. NB and BA had a higher IP value, showed oxidation
resistance to the system, and p-hydroxybenzoic acid (HBA) with a
medium IP value had a mild removal efficiency (51%). Phenol (PN)
with a lower IP value was degraded by 95% in 30 min, Rhodamine
B (RHB) and BPA were completely oxidized in 30 min. This result
showed the N-GC750/PMS system was different from the previ-
ously reported free radical oxidation system (free radicals oxidize
pollutants indifferently). The selective oxidation experiment of the
N-GC750/PMS system further proved that the removal of organic
matter does not depend on free radical reactions.

PMS can be activated through many ways to produce ac-
tive species to degrade organic pollutants. In order to clarify
the catalytic mechanism in the N-GC750/PMS system, quenching
experiments were performed to use methanol and tert-butanol
as free radical scavengers due to their high reactivity to sul-
fate radicals (k(MeOH, SO4~)=1.67 x 107 to 7.7 x 10’L mol~!
s~ 1) and hydroxyl radicals (k(MeOH, "OH)=9.7 x 108 L mol~! s~1,
k(TBA, "OH)=3.8 x 108 to 7.6 x 108 L mol~! s~1) [6,45]. As shown
in Fig. 3a, the addition of methanol and tert-butanol had little ef-
fect on removing BPA, indicating that BPA removal may not depend
on the free radicals in the N-GC750/PMS system.

It was reported that nitrogen-doped carbon can activate PMS
to generate singlet oxygen and remove pollutants [8,11]. Sodium
azide was an effective scavenger for singlet oxygen (k=2.5 x 10°L
mol~! s=1) in quenching experiments [34]. Results showed that
the BPA removal efficiency was significantly slowed down in
the presence of sodium azide (Fig. 3a), which proved that sin-
glet oxygen may play an important role in BPA removal. 2,2,6,6-
tetramethyl-4-piperidinol (TEMP) was used as a spin trap and EPR
was used to detect the presence of singlet oxygen. Fig. 3b shows
an obvious characteristic triple signal (1:1:1) in the N-GC750/PMS
system, attributed to the presence of singlet oxygen [32]. In addi-
tion, although a certain singlet oxygen signal was observed in the
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Fig. 3. (a) Inhibition effect of different quenchers on BPA degradation in N-GC750/PMS system ([TBA]=1mol/L, [MeOH]=1mol/L, [BQ]=10 mmol/L, [NaN;]=20 mmol/L,
[PMS] =0.2 g/L, [catalyst] =0.1 g/L, [BPA]=0.2 g/L), (b) EPR spectrum of TEMP-'0,. ([PMS]=0.2 mmol/L, [catalyst] = 0.1 g/L, [BPA] = 0.2 g/L, [TEMP] = 0.35 mol/L).

g-C3N4/PMS system, it was weaker than that of the N-GC750/PMS
system. This was consistent with the results of BPA degradation
(Fig. 2a), which further proved the advantages of converting g-
C3Ny4 into carbon materials.

Superoxide radicals are often recombined with water to pro-
duce singlet oxygen in the activated PMS system of carbon materi-
als [46,47]. As a scavenger of superoxide radicals, p-benzoquinone
(BQ) is used to determine the contribution of superoxide radi-
cals to BPA removal (Fig. 3a). BPA removal was inhibited to a cer-
tain extent after the BQ additive. 5,5-Dimethyl-1-pyrroline N-oxide
(DMPO) was used as the trapping agent in the methanol system.
EPR was used to measure the superoxide radicals, the superoxide
signal generated by pure N-GC750 can be ignored (Fig. S14 in Sup-
porting information). However, the N-GC750/PMS formed the sig-
nal of superoxide radicals ware significantly enhanced. Therefore,
it is determined that superoxide radicals are generated in the N-
GC750/PMS system and participate in removing BPA.

In recent studies, it has been observed that a lower nitrogen
content in carbon improves the oxidation-reduction reaction (ORR)
performance [48]. In addition, the partial loss of nitrogen atoms
will induce defects in the adjacent carbon, thereby enhancing the
performance of carbon materials [32]. Meanwhile, the higher spe-
cific surface area and porous structure are beneficial to the adsorp-
tion of pollutants on the surface of carbon materials and promote
the degradation [35]. In this work, the substitution reaction be-
tween g-C3N4 and magnesium powder resulted in a large amount
of nitrogen removal (Fig. S4c and Table S4). The XPS measurements
showed that the remaining 2.75% nitrogen was pyridine nitrogen
(Fig. S4d). As mentioned above, pyridine nitrogen is generally con-
sidered to be a Lewis acid-base, used as an adsorption site for PMS
and phenolic compounds to promote redox reactions. Furthermore,
the presence of residual nitrogen provides a high electron density,
which can attract more electrons from adjacent carbon atoms, re-
sulting in a decrease in the electron density of carbon atoms [49].
This provided a site for the activation of PMS and led to the gen-
eration of ROS.

It was worth noting that although various quenchers achieved
different effects in the G-GC750/PMS system, none of them ter-
minated the reaction completely. Electrochemical techniques were
used to explore other possible mechanisms. As shown in Fig. S15
(Supporting information), the open-circuit potential of the glassy
carbon electrode coated with N-GC750 increased significantly with
the PMS additive. In contrast, the potential decreases greatly after
the BPA additive continuously. The potential of the pure glassy car-
bon electrode did not change significantly. Therefore, it was prob-
ably that a significant electron transfer process occurred in the
N-GC750/PMS system. Numerous studies have shown that carbon

3117

materials with defects are the active center for activating PMS to
form nonradicals [5,32]. Raman spectroscopy (Fig. S4a) proved that
defects or vacancies were formed due to the thermal denitrifica-
tion of magnesium. Usually, the defective part has higher activity
and shows completely different chemical and electronic character-
istics [25]. Defects also play an important role in pollution adsorp-
tion [31]. The strong interaction between defect sites and pollu-
tants allows PMS molecules to directly oxidize pollutants by ex-
tracting electrons from the adsorbed organic matter without gen-
erating free radicals. Therefore, parts of the BPA degradation were
directly oxidized due to electron transfer caused by defects.

To verify the eco-environmental friendliness of N-GC750/PMS
system, GC-MS was used to determine the BPA product in the
N-GC750/PMS system. Fig. S16 and Table S6 (Supporting infor-
mation) listed possible degradation intermediates. ECOSAR pro-
gram in QSAR was used to predict the ecotoxicities of target pol-
lutants and their intermediate products [4,50-52]. As shown in
Table 1, Figs. S17 and S18 (Supporting information), the toxicity of
BPA ranged from toxic (1 mg/L < lethal concentration (LCsq)/effect
concentration (ECsqg)/chronic value (ChV) < 10 mg/L) to very toxic
(LC50/EC50/ChV < 1mg/L), very close to the toxicity of the parent
pollutant (m/z=164.24, 340.42, 254.32, 192.25) compared with the
toxicity of the product formed by the initial reaction. Generally, the
toxicity of the products in the system decreased gradually. Com-
pared with the parent BPA, the acute toxicity of the transformed
products (e.g., m/z=286.32, 110.11) was not harmful to fish, and
the LCsq values for daphnid were even two orders of magnitude
higher. Chronic toxicity was continuously reduced in target pollu-
tants. The value of chronic toxicity increased by one order of mag-
nitude, especially for fish, and two orders of magnitude for daph-
nid reduced the chronic toxicity of m/z=110.11. Open ring struc-
tures and small molecules of acids (m/z= 147, 87, 74, 60) were also
identified in GC-MS, whose acute toxicity was nontoxic or harm-
less, with no harm to fish, daphnid, and green algae. Therefore,
further degradation of the initial products generated less harm-
ful products. Acute toxicity of the BPA could be significantly re-
duced after the N-GC750/PMS treatment, and N-GC750/PMS oxi-
dation was a promising strategy to degrade BPA and eliminate tox-
icity

In this research, magnesium underwent a substitution reaction
with small g-C3N4 molecules produced by pyrolysis of g-C3N4 to
construct porous nitrogen-doped carbon nanosheets. In the pres-
ence of PMS, it can effectively remove organic pollutants. The
porous structure and the remaining pyridine nitrogen may play a
central role in the catalytic process. Quenching experiments, EPR
spectroscopy and electrochemical analysis show that singlet oxy-
gen is the main active substance, and the mediation electron trans-
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Estimated acute and chronic toxicity for fish, daphnid and green algae of BPA and their products by ECOSAR.

Compound Acute toxicity ? Chronic toxicity 2

(m/2) Fish (LCsqP) Daphnid (LCsq?) Green algae (ECso°) Fish (Chvd) Daphnid (Chvd) Green algae (Chvd)
228 (BPA) 1.28 5.24 1.33 0.55 1.77 0.227
164.24 1.08 1.11 0.102 0.13 0.17 0.343
340.42 1.08 1.67 0.459 0.045 0.515 0.290
254.32 9.26 5.98 7.54 1.05 0.831 2.62
192.25 12.5 7.93 9.44 1.39 1.06 3.18
286.32 22.8 103 204 10.2 354 3.34
110.11 22.2 256 49 14.2 101 0.568
87 141 781 529 134 7.15 13.2
147 255 140 90.8 24 12.4 221
74 1.15x 104 5.74 x 103 2.48 x 103 965 388 485
60 2.58 x 10* 1.23 x 104 4.40 x 103 2.05x 103 732 778

2 mg/L.

b LCso: Median lethal concentration. A statistically derived concentration of a substance that can be expected to cause death in 50% of test animals.
¢ ECso: Median effect concentration. A statistically derived concentration of a substance that can be expected to cause a specific effect (e.g., growth inhibition) in

50% of test animals.

4" ChV is defined as the geometric mean of the no observed effect concentration and the lowest observed effect concentration.

fer also contributed. Further research is found that N-GC750 has
strong adaptability to inorganic anions and pH in water, show-
ing excellent catalytic effects in real water samples. The ecotox-
icity of identified products under the N-GC750 system is signifi-
cantly reduced compared with the parent compound. In general,
this research proved the possibility of easy conversion of g-C3N4
into graphite. Given its excellent performance in the PMS activa-
tion process, N-GC750 has a good prospect in actual wastewater
treatment.
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