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A B S T R A C T   

Polymeric carbon nitride (PCN) based materials have emerged as promising catalysts to activate perox-
ymonosulfate (PMS) for organic pollutant removal. In this work, the Mn and O co-doped polymeric carbon 
nitride (Mn/O-PCN) was synthesized via simple calcination and activated PMS for enrofloxacin (ENR) removal. 
The obtained Mn/O-PCN + PMS system exhibited excellent reactivity for ENR degradation. The Mn and O co- 
dopants could modulate the electronic structure of PCN. ENR can be oxidized by electrons transferring and 
1O2 on the surface of Mn/O-PCN + PMS complex via a non-radical way. A positive correlation was observed 
between ENR oxidation rates and the Mn content. Effects of pH, PMS concentration, and different ions on the 
degradation of ENR have also been studied. Cycling experiments showed that Mn/O-PCN materials have good 
reusability. Our study reported an effective PMS activator for organic pollutants removal and revealed the 
mechanism of active sites in modified PCN during non-radical PMS activation.   

1. Introduction 

Water pollution caused by refractory organic contaminants poses a 
potential threat to the ecological environment and humanity [1,2]. 
Enrofloxacin (ENR), a representative of fluoroquinolone antibiotics, has 
been extensively used in human and animal drugs in the past decades 
[3]. The majority of ENR and their metabolites entering the water 
environment due to the metabolic deficiency in human and animals. The 
residue ENR can potentially threaten the aquatic ecosystem and human 
health. Scientists have carried out researches on studying the remedia-
tion of refractory organic pollutants in water, such as microbial reme-
diation, adsorption, photocatalytic oxidation and advanced oxidation 
processes (AOPs) [4–6]. Photocatalytic oxidation has mild reaction 
conditions and strong oxidation capacity, but its degradation perfor-
mance is affected by the light transmittance of wastewater [7]. AOPs are 
one of the most attractive technologies for the degradation and detoxi-
fication of emerging water pollutants, which will generate the strong 

reactive oxygen species and mineralize organic pollutants [8–10]. The 
current researches on typical oxidants are mainly H2O2, O3, perox-
ymonosulfate (PMS) and peroxydisulfates (PDS). Compared with H2O2 
or O3, PMS and PDS have the advantages of low cost, high reactivity, and 
good stability properties [11] 

The reaction rate of PDS and PMS are low when they directly react 
with the organic contaminants. Thus, activation is necessary for PDS and 
PMS when treating the organic contaminants. PMS or PDS can be acti-
vated by ultrasonic, heat, ultraviolet irradiation, and heterogeneous 
catalysts [12,13]. The activation of PMS by heterogeneous catalysts has 
attracted wide attention in solving environmental problems, especially 
in repairing organic pollution of soil and water [14,15]. Among these 
catalysts, manganese oxides (MnOx) are recognized as a promising 
alternative due to their low toxicity and wide distribution of raw ma-
terials. Saputra et al. reported excellent catalytic performance of MnO2 
in the PMS activation for phenol removal [16]. Zhao et al. demonstrated 
that the Mn3O4-MnO2/PMS system displayed strong catalytic 
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performance to degrade ciprofloxacin [17]. However, the metal oxide 
has the poor chemical and thermal stabilities with the risk of metal ions 
leaching, which restricts their widespread applications [18,19]. In order 
to improve the stability of metal oxides, metal ion coordination com-
plexes with N-based ligands is a feasible strategy [20]. 

In recent years, carbonaceous nanomaterials (such as graphene, 
carbon nanotubes, etc.) have been used as a new kind of nonmetallic 
materials for PMS activation and degradation of organic pollutants 
[21,22]. Polymeric carbon nitrides (PCN) as a conjugated polymer, 
which has a stable structure with rich nitrogen atoms, chemical stability, 
and cost-effective characters [23,24]. PCN were reported to activate 
PMS via a non-radical way, but the activity was restricted by the low 
electron transport ability [25]. Oxygen doping was proven to regulate 
the electronic structure of PCN and enhanced catalytic activity in PMS 
activation for the degradation of organic pollutants [26]. However, the 
catalytic efficiency of O-PCN was still limited due to the low oxidative 
potential. The N-rich environment of PCN can provide sufficient N atoms 
to coordinate with various metals (such as Fe, Co, Mn and Cu), which 
significantly improves the catalytic activity [27,28]. Due to the excellent 
redox performance of the central metal atom, PMS can be activated 
through a unique non-free radical pathway [29,30]. For example, Chen 
and coworkers reported that Fe and O co-doped PCN could activate PMS 
via a non-radical way for degradation of bisphenol A (BPA) [31]. With 
this mind, it can be expected that Mn and O co-doped PCN could have 
good catalytic activity and stability for activating PMS. However, in the 
process of activating PMS, the redox cycle mechanism of Mn(IV)/Mn 
(III)/Mn(II) is more complicated than Fe(III)/Fe(II), Cu(II)/Cu(I), etc. 
Therefore, the underlying mechanism of Mn coordination complexes 
with N-based ligands in PMS system also needs to elucidate. 

In this study, urea was used as raw material, and different amounts of 
oxalic acid and manganese chloride were added in the calcination pro-
cess to achieve structure control, and a series of manganese and oxygen 
co-doped polymeric carbon nitride (Mn/O-PCN) catalysts were pre-
pared. The enrofloxacin (ENR) was selected as the target organic pol-
lutants. In view of the current situation of antibiotic micro pollution in 
the water, the adsorption and degradation performance of Mn/O-PCN +
PMS system for ENR removal were investigated. Influential factors 
properties of Mn/O-PCN for ENR removal have been evaluated. The 
types and contributions of reactive oxygen species and nonradicals 
produced in the system were studied. The possible catalytic active sites 
and catalytic mechanism of Mn/O-PCN were analyzed. In addition, the 
degradation path of ENR were further studied. In addition, the effect of 
different solution chemistry (pH, anions and cationic) on the activity of 
these reaction system has been discussed. 

2. Experimental section 

2.1. Synthesis of Mn/O-PCN 

Urea, manganese chloride tetrahydrate (MnCl2⋅4H2O), oxalic acid, 
Oxone (PMS, 2KHSO5⋅KHSO4⋅K2SO4), K2S2O8 (PDS), H2O2 solution 
(30%), furfuryl alcohol (FFA), and methanol (MeOH) were purchased 
from Sinopharm Chemical Reagent Co., Ltd, China. All chemicals were 
analytical grade and used without additional purification. Deionized 
water with a resistivity higher than 18.2 MΩ/cm was used in these 
experiments. 

Manganese and oxygen co-doped polymeric carbon nitride (Mn/O- 
PCN) catalysts were synthesized according to a modified method [28]. 
20 g of urea, 8 g of oxalic acid, and a certain amount (i.e., 0.1, 0.2, or 0.4 
g) of MnCl2⋅4H2O were first mixed by ball milling. The obtained mixture 
was then placed in a crucible with a lid and the crucible was covered 
with a 3-layer aluminum foil [31]. The mixture was heated to 550 ◦C at 
2.3 ◦C min− 1 and kept for 4 h under air condition. The products were 
washed with water and ethanol for three times. Different dosage of 
MnCl2⋅4H2O (i.e., 0.1, 0.2, or 0.4 g) was added to form the products and 
denoted as Mn/O-PCN-0.1, Mn/O-PCN-0.2 and Mn/O-PCN-0.4, 

respectively. For comparison, PCN, O-PCN, and Mn-PCN were prepared 
by the same procedures without adding oxalic acid/MnCl2⋅4H2O, 
MnCl2⋅4H2O, and oxalic acid, respectively. 

2.2. Characterizations 

X-ray diffraction (XRD, Bruker D8 Advance X-ray diffractometer) 
was used to examine the crystallography of PCN and modified samples. 
The morphology of Mn/O-PCN was tested by scanning electronic mi-
croscopy (SEM, QUANTA Q400, FEI) and transmission electron micro-
scopy (TEM, G2F20, FEI). The chemical states of Mn/O-PCN were 
carried out on an X-ray photoelectron spectroscopy (XPS, ESCALAB 250 
spectrometer, Thermo). The signal of free radicals were obtained by 
electron-paramagnetic resonance (EPR, JES-FA 200, JEOL) spectrom-
eter with the spin reagent 2,2,6,6-Tetramethyl-4-piperidone (TEMP). 

2.3. Evaluation of the catalytic performance 

Enrofloxacin (ENR) degradation tests were carried out in a 100 mL 
flask under magnetic stirring. In a typical experiment, 15 mg of catalyst 
was added into the 50 mL of ENR solution (10 mg L− 1). Most of the 
reactions were conducted at initial pH 7.3. No buffer was applied for this 
pH. Then the mixture was stirred for 30 min to reach the adsorption- 
desorption equilibrium. The oxidation reaction experiments were then 
initiated by adding 0.2 mL of PMS stock solution (0.5 M) at the desired 
pH and stirred. At predetermined time intervals, the samples (about 1 
mL) were withdrawn, filtered through a 0.22 μm polyethersulfone (PES) 
filter, and 0.02 mL of Na2S2O3 (0.1 M) was injected to quench the re-
action. The effects of coexisting anions on ENR removal were investi-
gated in the presence of single anions and cationic. For the recycle runs 
of ENR degradation, the used catalyst was collected by centrifugation, 
washed ultrapure water and ethanol and dried overnight. Due to the 
small particle sizes, certain catalyst loss was unavoidable during the 
washing and drying processes. The concentration of ENR was analyzed 
using a high-performance liquid chromatography (HPLC, Agilent 1260) 
with a C18 column. The mobile phase consisted 40% methanol and 60% 
water (containing 0.1% formic acid) and the flow rate was 1.0 mL 
min− 1. The detection wavelength was 278 nm. The degradation prod-
ucts of ENR were examined by the liquid chromatography mass spec-
trometry (LC-MS, Agilent). The detailed method was originated from the 
literature [32,33]. 

2.4. Electrochemical measurements 

All electrochemical measurements were conducted on a electro-
chemical workstation (CHI 760E, China) with a three-electrode system 
[34]. The three-electrode system was consist of working electrode 
(catalysts deposited on glassy carbon electrode), counter electrode (Pt 
plate), and the reference electrode (Ag/AgCl). The working electrode 
was prepared as follows: the catalyst (about 2 mg) was suspended in a 
mixture solution containing 0.1 mL of 5 % Nafion and 0.9 mL ethanol 
solution. Then the mixture was sonicated about 30 min and dropped 20 
μL of mixture onto the GCE electrode. The working electrode was then 
dried at ambient temperature. Electrochemical impedance spectroscopy 
(EIS) was performed at the open potential in 0.2 M Na2SO4 solution with 
the frequency ranging from 10-1 to 105 Hz. The potential of PCN-PMS 
complexes was measured via chronopotentiometry analysis. 

3. Results and discussion 

3.1. Characterization of Mn/O-PCN 

As illustrated in Fig. 1a, the XRD patterns of PCN shows the typical g- 
C3N4 peaks, including two representative peaks at 12.7◦ and 27.4◦

corresponded to the (100) in-plane periodic repeat structural and the 
conjugated aromatic systems in (002) graphitic planes, respectively. 
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After doping with OA, the peaks of O-PCN were broadened due to the 
incorporation of oxygen. With the increasing amount of MnCl2 in PCN, 
the peak intensity of (100) and (002) was decreased due to the modi-
fication of MnCl2. Fig. 1b showed a partial enlarged picture of Fig. 1a. 
The (002) peak of modified PCN had some deviation, which indicated 
that nitrogen atoms in different chemical environment of PCN may 
change. In addition, no new typical peaks related to manganese oxides, 
manganese chlorides and manganese carbides were found, indicating 
that Mn may present Mn-N coordination in the PCN. The FTIR spectra of 
the prepared PCN, O-PCN, and Mn/O-PCN-x materials were illustrated 

in Fig. 1c. For PCN, the peaks from 1200 to 1600 cm− 1 were corre-
sponded to the stretching of heterocycles and the peaks at 804 was 
attributed to the heptazine core [35]. Compared with PCN, the peaks at 
804 cm− 1 of O-PCN and Mn/O-PCN-x materials showed a weaken in-
tensity due to the oxygen doping. 

The morphology of PCN and Mn/O-PCN-0.2 was studied by SEM and 
TEM. As shown in Fig. 2a and b, the SEM image of PCN and Mn/O-PCN- 
0.2 presents a layered and platelet-like structure. The EDS element 
mapping results showed that the elements of C, N, O and Mn were evenly 
distributed in Mn/O-PCN-0.2, which confirmed that the Mn and O were 

Fig. 1. (a) Powder XRD patterns of as-prepared samples, (b) magnification of the corresponding (002) peak, (c) FTIR pattern of as-prepared samples.  

Fig. 2. SEM images of (a) PCN and (b) Mn/O-PCN; SEM-EDS mapping images of the Mn/O-PCN (c) C, (d) N, (e) O and (f) Mn and TEM images of (g) PCN and (h) Mn/ 
O-PCN. 
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successfully doped into the PCN (Fig. 2c–f). The actual amount of Mn in 
Mn/O-PCN-0.1, Mn/O-PCN-0.2, Mn/O-PCN-0.4 was 1.21%, 2.52% and 
4.93% by ICP-MS, respectively. The TEM image of PCN also showed a 
typical layer structure, while the Mn/O-PCN-0.2 remained the nano-
sheets with some irregular holes (Fig. 2g-h). Fig. S1 shows the TEM-EDS 
analysis further confirming the presence of C, N and Mn on the surface of 
Mn/O-PCN-0.2. As illustrated in Fig. S2, the N2-adsorption curve of PCN 
samples could be fitted H3 hysteresis. The H3 hysteresis suggested the 
presence of plate-like particles, which was consistent with SEM image. 
The surface area of O-PCN was higher than PCN, which was due to the 
existence of mesoporous in O-PCN. However, the surface area of Mn/O- 
PCN-0.2 was decreased to 52.83 m2/g, which was lower than that of 
PCN (68.76 m2/g) (Table 1). This was probably due to the doped of Mn 
restricted the polymerization of urea [30]. The average pore diameter of 
Mn/O-PCN-0.2 was 1.19 nm, which indicated the pore mainly consisted 
of mesoporous. 

The chemical composition of the Mn/O-PCN-0.2 was determined via 
XPS spectra. The presence of C, N, O and Mn on the surface of Mn/O- 
PCN-0.2 was observed from XPS survey scan (Fig. S3). As shown in 
Fig. 3a, the high-resolution Mn 2p of Mn/O-PCN-0.2was observed the 
2p3/2–2p1/2 doublet at 641.7 and 653.8 eV [36,37]. In the Mn 2p3/2 
spectrum, the peaks around 641.2, 642.4 and 643.4 eV were assigned to 
Mn (III), Mn (IV) and Mn (II), respectively [17]. In Fig. 3b, the N1s 
spectra can displays three respectively correspond to pyridinic N (398.5 
eV), pyrrolic N (399.2 eV) and graphitic N (400.4 eV). As shown in 
Fig. 3c, the C1s spectra displayed four peaks corresponding to sp2-hy-
bridized carbon bonds N––C–N (284.8 eV), C–O bonds (285.3 eV), 
adventitious C––O/O–C–O bond (287.1 eV), and N––C–O (288.1 eV), 
respectively [28]. In the O 1 s spectra, the peak at 531.3 eV corre-
sponding to surface adsorbed water, while the other two novel peaks 
corresponding to physically adsorbed oxygen (529.9 eV) and the intro-
duced C-OH group (531.9 eV) (Fig. 3d) [38]. Compared with PCN, the 
ratio of N/C for Mn/O-PCN-0.2 decreased from 1.09 to 0.86, while the 
proportion of O for Mn/O-PCN-0.2 obviously increased from 3.57% to 
8.77% (Table S1). The above results indicated that part of nitrogen 
atoms in Mn/O-PCN-0.2 was substituted by oxygen atoms. 

3.2. Mn/O-PCN-x catalytic performances for PMS activation to removal 
ENR 

ENR was hardly oxidized by PMS without catalyst. Fig. S4 showed 
the adsorption efficiency of ENR by different catalysts. The results 
showed that the adsorption efficiency of different catalysts for ENR are 
similar. After adsorption, the concentration of ENR in each flask was 
about 7.8–8.1 mg/L. The removal efficiency of ENR by pure PCN and 
PMS was about 22% in 45 min. However, in the presence of O-PCN and 
PMS, the removal efficiency of ENR was increased to 42% (45 min) 
(Fig. 4a). The Mn/O-PCN catalyst exhibited excellent catalytic activity 
to activate PMS for ENR removal and the removal efficiency of this 
system was reached above 99% in just 20 min. The ENR degradation 
performances fitted well with the pseudo-first-order kinetic model. The 
kinetic value of Mn/O-PCN-0.2 was 0.144 min− 1, followed by O-PCN 
(0.066 min− 1), Mn-PCN (0.012 min− 1), and PCN (0.007 min− 1) 
(Fig. S5a). The results illustrated that the Mn/O-PCN has excellent cat-
alytic activity toward PMS activation. As shown in Fig. 4b, the effects of 
MnCl2 amount on ENR degradation were also examined. As the initial 

MnCl2 loading was increased from 0.1 to 0.2 g, the ENR degradation 
efficiency obviously increased from 58% to 75% in 10 min. However, 
when the content of MnCl2 increased to 0.4 g, the degradation efficiency 
of ENR was not obviously increased. The reaction rate of Mn/O-PCN-0.1, 
Mn/O-PCN-0.2, and Mn/O-PCN-0.4 for ENR removal within 30 min was 
0.095 min− 1, 0.144 min− 1, and 0.152 min− 1, respectively (Fig. S5b). It 
can be seen that the catalytic activity of Mn/O-PCN was not linearly 
related to the doping amount of MnCl2. 

Furthermore, the effect of PMS concentration and dosage of catalyst 
on the catalytic activity of Mn/O-PCN were also studied. In Fig. 4c, the 
Mn/O-PCN exhibited 10% of adsorption capacity toward ENR with the 
absence of PMS, indicating the activation of PMS is necessary. As the 
PMS dose increases from 1 mM to 3 mM, the degradation rate of ENR 
rises, which indicates that the removal rate depends on the PMS dose 
within the limits of 1–3 mM. However, the degradation rate after 
excessive PMS (5 mM) added. The results indicated that increasing the 
concentration of PMS in a certain range can produce more active free 
radicals to react with ENR, and further improve the reaction rate of ENR 
[39]. When the concentration of PMS is too high, the redundant PMS 
would reacted with oxidizing radicals, thus affecting the degradation 
activity of ENR [40]. The ENR degradation with different catalyst dos-
ages was presented in Fig. 4d. The removal rate of ENR increased from 
35% to 90% obviously within 10 min as the Mn/O-PCN dosage increased 
from 0.1 to 0.3 g L− 1. In addition, the effect of ENR concentration on 
Mn/O-PCN reaction system was also studied (Fig. S6). The ENR (5.0–15 
mg/L) could be completely removed within 30 min and even 20 mg/L 
ENR could be achieve 90% after 45 min reaction. These above results 
suggest that the suitable MnCl2 loading, PMS dosage, and catalyst 
dosage was beneficial to PMS utilization. In addition, the results also 
demonstrated that Mn/O-PCN has high catalytic activity to PMS for 
organic pollutant degradation. 

The solution pH affects the functional groups of catalyst as well as 
radicals species. As shown in Fig. 5a, the ENR removal efficiency 
increased from pH 3.0 to 8.0, and then increased remarkably with pH 
further increase to 11 in the Mn/O-PCN/PMS system. The zeta potential 
and ENR species in different pH was listed in Fig. S7. The isoelectric 
point of Mn/O-PCN was 4.0 and the pKa of ENR was reported to be 6.16 
and 8.23 [41]. The electrostatic repulsion between protonated ENR and 
the positively charged Mn/O-PCN may take place at pH < 4.0, and then 
inhibited the reaction. The enhanced removal efficiency of ENR at 
neutral or alkaline conditions was probably ascribed to that PMS was 
more conducive to being activated and SO4

•− can be simultaneously 
converted into •OH under alkaline condition [42,43]. Inorganic ions 
may exist in the natural water environment, which may consume the 
radical species and further affect the removal efficiency of ENR [44]. 
The co-existing anions including Cl− , NO3

− , SO4
2− , CO3

2− and PO4
3−

with 100 mM concentrations were added into the Mn/O-PCN-0.2/PMS 
system (Fig. 5b). The addition of Cl− and CO3

2− accelerated ENR 
degradation, which was due to the formation of hypochloric acid and the 
increased solution pH, respectively [45]. The NO3

− and SO4
2− present 

inhibited effects on the ENR degradation activity, which may due to the 
active radicals can be consumed and form the secondary radicals with 
lower oxidizing activity [46]. The presence of PO4

3− inhibition on the 
ENR degradation, resulting in a decrease in the ENR removal from 100% 
to 40% at 100 mM of PO4

3− . The PO4
3− may coordinate with the central 

metal ions to reduce the catalytic activity. In addition, heavy metal may 
adsorb in the catalyst surface and occupy the reactive sites in practical 
applications. However, the results indicated that the heavy metal (i.e. 
Cu2+) had a negligible effect on ENR degradation in the Mn/O-PCN/ 
PMS system [47]. In addition, a series of HA (1 and 5 mg/L) was 
added to ENR solution to evaluate the effect of NOM on the degradation 
activity of catalysts (Fig. S8). The addition of HA showed a slight effect 
on ENR removal. When the concentration of HA was 1 mg/L, the ENR 
degradation efficiency was slightly affected. For higher concentration of 
HA, the HA could accelerated pollutant degradation, which may 
attributed to the quinone group of HA promote the activation of PMS to 

Table 1 
surface area and pore volume for PCN and LCN-x samples.  

Samples Surface area (m2 

g− 1) 
Pore volume (cm3 

g− 1) 
Pore diameter 
(nm) 

PCN  68.76  0.49  2.74 
O-PCN  78.06  0.37  4.43 
Mn/O-PCN- 

0.2  
52.83  0.38  1.19  
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produce more active free radicals [48]. 
Different oxidants (PMS, PDS, and H2O2) on the catalytic activity of 

Mn/O-PCN-0.2 were also investigated. As shown in Fig. 5c, Mn/O-PCN- 
0.2 exhibits higher catalytic performance with PMS than with PDS 
activation. This results may be attributed to the difficulty in breaking 
O–O bonds in a symmetrical structure of PDS. In addition, Mn/O-PCN- 

0.2 cannot activate H2O2 which is due to the stronger bond energy of O- 
O in H2O2 than PMS. The potential of Mn/O-PCN for pollutant degra-
dation in practical applications was further measured in lake water and 
tap water. In tap water and lake water, the degradation efficiency of ENR 
can also reach nearly 100% within 45 min (Fig. 5d), which may due to 
the non-radical system can adapt to the interference by background 

Fig. 3. XPS spectra of Mn/O-PCN-0.02, (a) Mn 2p, (b) N 1 s, (c) O 1 s and (d) C 1 s.  

Fig. 4. (a) Degradation of ENR in PMS-based AOPs catalyzed by different PCN catalysts (reaction conditions: [PMS]0 = 1 mM, C(ENR)0 = 10 mg L− 1, C(catalyst) =
0.3 g L− 1, T = 25 ◦C, initial pH = 6.81); effects of (b) MnCl2 content, (c) PMS concentration, (d) catalsyt dosage on the removal of ENR. 
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inorganic and organic matter. 

3.3. Degradation mechanism 

Generally, radicals (e.g., SO4
•− and •OH) are considered as the main 

reactive species in PMS activation processes. Besides radicals, non- 

radicals way (e.g., electron transfer or 1O2 generation) has also been 
reported [49]. To clarify the major reactive species in Mn/O-PCN + PMS 
system, trapping experiments were carried out. Tert-butanol (TBA), 
methanol, and ethanol were carried out to confirm the presence of •OH 
and SO4

•− . As shown in Fig. 6a, when methanol was added into the Mn/ 
O-PCN/PMS system, the degradation activity of ENR showed a little 

Fig. 5. (a) Effects of pH, (b) effects of the coexisting anions, (c) effects of different oxidant, (d) effects of water matrix on the ENR degradation efficiency of the Mn/O- 
PCN-0.02 + PMS system (reaction conditions: [PMS]0 = 1 mM, C(ENR)0 = 10 mg L− 1, C(catalyst) = 0.3 g L− 1, T = 25 ◦C). 

Fig. 6. (a) Quenching experiments on ENR degradation in the Mn/O-PCN-0.02 + PMS system, (b) Effect of DMSO on ENR degradation in the Mn/O-PCN-0.02 + PMS 
system, (c) TEMP-1O2 spectra in different conditions, (d) ESR spectra of Mn/O-PCN-0.02 + PMS system in different reaction time (reaction conditions: [PMS]0 = 1 
mM, C(ENR)0 = 10 mg L− 1, C(catalyst) = 0.3 g L− 1, T = 25 ◦C, initial pH = 6.81). 
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inhibition, which indicates that the •OH and SO4
•− may not possesses 

the main role in this system. The removal efficiency of ENR was still 
higher than 95% with the addition of TBA. The results suggested a non- 
radical pathway may be exist in the Mn/O-PCN + PMS system [50]. 
However, the addition of FFA (200 mM) significantly suppression of 
ENR degradation, and the final removal efficiency was only 24.3% 
within 45 min [51]. It can be inferred that 1O2 may act as the major 
reactive species in the Mn/O-PCN + PMS system. In addition, the 
presence of TEMP decreased the ENR removal efficiency from 99% to 
15% within 45 min. These above results illustrated that PMS could be 
activated by Mn/O-PCN mainly based on 1O2 generation instead of 
SO4

•− and •OH. Previous studies pointed that potassium iodide (KI) can 
act as a quencher for the surface bound reactive species. The addition of 
KI could partially inhibit the removal efficiency of ENR, which suggested 
that the ENR may reacted with 1O2 via surface bond catalytic process 
[8]. 

Previous studies indicated that the central meal active sites (i.e. high 
valence Mn-oxo species) also play a key role in ENR removal processes. 
To confirm this possible way, dimethyl sulfoxide (DMSO) is often used as 
a probe reagent in the reaction system due to the DMSO can react with 
high valent metal oxides to form dimethyl sulfone (DMSO2) [31]. With 
the addition of 50 mM DMSO, the degradation efficiency of ENR 
decreased obviously from 100% to nearly 60% (Fig. 6b). As the con-
centration of DMSO increase, the degradation efficiency of ENR was 
continuously inhibited. The above results suggested that 1O2 and high- 
valent Mn species in the Mn/O-PCN/PMS system may play a vital role 
in the ENR degradation. 

To further confirm the phenomenon observed in the trapping 
experiment, the TEMP as a spin trap with ESR test for capturing 1O2 was 
then carried out. As shown in Fig. 6c, a weak intensity of three-line 
spectrum was found in the TEMP-water solution and TEMP-PMS solu-
tion. After the Mn/O-PCN was added, the typical strong three-line 
spectrum (hyperfine splitting of αN = αN = αN = 16.9 G) was 
observed. It seemed that the Mn/O-PCN + PMS system would generate 
the signal of TEMP-1O2. With the addition of ENR, the above signal in 

Mn/O-PCN + PMS + ENR system was decreased, indicating that the 1O2 
was consumed by ENR [31]. Furthermore, the signal of TEMP-1O2 for 
Mn/O-PCN system in PMS activation was increased with the increase of 
reaction time (Fig. 6d). 

Electron transfer was another non-radical oxidation way in some 
PMS activation reactions. Electrochemical impedance spectroscopy 
(EIS) of PCN and Mn/O-PCN were measured to explore the effect of Mn 
and O on the conductivity of catalyst. Previous studies indicated that the 
smaller arc radius on the EIS represents a more effective interfacial 
electron transfer of catalysts. As displayed in Fig. S9, the PCN showed a 
large diameter of arc radius, indicating high electron transfer resistance. 
While the plot of Mn/O-PCN-0.2 exhibited a small arc radius, which 
means excellent conductivity. Open-circuit potential of glassy carbon 
electrode (GCE) coated with Mn/O-PCN was also used to investigate the 
electron transfer among catalyst, PMS, and ENR (Fig. 7a). When PMS 
was injected in the electrolyte, the potential output suddenly increased 
due to the electron transfer from Mn/O-PCN to PMS [52]. The potential 
changed for Mn/O-PCN-0.1, Mn/O-PCN-0.2, Mn/O-PCN-0.4 was 0.145 
V, 0.202 V, and 0.225 V, respectively. The PMS adsorption on Mn/O- 
PCN catalysts were presented in Fig. 7b. It seems that the Mn/O-PCN- 
0.4 has the highest adsorption capacity of ENR [25]. The correlation 
between PMS adsorption and the potential of Mn/O-PCN was signifi-
cantly positive (Fig. 7c). The results illustrated that high content of Mn 
improve the interaction of Mn/O-PCN and PMS and produce more 
surface-bound complexes. In addition, the kinetic rate constants for ENR 
removal have a good relation with the potential of Mn/O-PCN (Fig. 7d). 
According to the results, the enhanced electron-transfer ability between 
PMS and Mn/O-PCN was benefit for the degradation of ENR [23,53]. 

To further explore the degradation mechanism of ENR, the inter-
mediate products formed among this process were identified by using 
high performance liquid chromatography-mass spectrometer (HPLC- 
MS) in positive mode. The original spectrum of ENR and the degradation 
sample was shown in Fig. 8a. After degradation, the main peak of ENR 
disappeared and the new peaks were observed. The molecular weight of 
possible intermediates at different reaction time have been shown in 

Fig. 7. (a) The changes of open-circuit potentials of Mn/O-PCN-x + PMS systems without ENR, (b) PMS adsorption on Mn/O-PCN-x catalysts, (c) correlation between 
the potential of surface complexes and PMS adsorption quantity, (d) correlation between k values and potential of surface complexes (reaction conditions: [PMS]0 =

1 mM, C(ENR)0 = 10 mg L− 1, C(catalyst) = 0.3 g L− 1, T = 25 ◦C, initial pH = 6.81). 
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Fig. 8b–8f. As shown in Fig. 8b, the product ion at m/z = 360 was cor-
responding to ENR (C19H12FN3O3) before reaction. After 20 min reac-
tion, the intensity peak of ENR was decreased, while the new peak at m/ 
z = 362, 340 and 115 were observed (Fig. 8c and d). With the reaction 
time prolonging, these peaks located at m/z = 340 and 390 were first 
increased and then decreased (Fig. 8e and f), which indicated that the 
intermediates are being further decomposed. 

Based on the previous studies and analysis, these product ions at m/z 
= 362, 340, 390 and 115 might identified as C17H16FN3O5, C17H16N3O5, 
C19H20O5FN3 /C20H27O5N3 and C5H12NO2, respectively [54]. As shown 
in Fig. S10, the concentration of ENR (m/z 360) decreased with the time 
increasing, indicating the ENR was degraded. The concentration of 
degradation products was increasing. Degradation pathway has been 
proposed based on the above results. In Fig. 9, the oxidative cleavage of 
piperazinyl and quinolone seems to occur simultaneously. The first 

degradation pathway was similar to the previous reports. The P1 (m/z 
390) compound was obtained by the piperazine ring oxidation of ENR 
via 1O2. Further loss of one formaldehyde in the opened piperazine ring 
led to the formation of P2 (m/z 362) compound. P3 (m/z 306) compound 
was formed by the second formaldehyde elimination [55]. The second 
way includes de-fluorination and the cleavage of the quinolone moiety. 
P4 (m/z 340) compound was probably generated due to the de- 
fluorination reaction. ENR undergo an OH substitution and oxidation 
step to open the quinolone moiety and formed P5 (m/z 390) [56]. 
Finally, P5 was further oxidation to completely destroy the ENR struc-
ture and produced P6 (m/z 115) and P7 (m/z 150). 

According to the above results, a possible mechanism was proposed 
in Fig. 10. Previous study indicated that the oxygen doping can modu-
late the electron distribution of PCN [57]. The oxygen dopants can in-
crease the positive charge of nearby carbon atoms in Mn/O-PCN. The 

Fig. 8. (a) LC spectra of ENR before reaction and after reaction; Mass spectra of ENR in the Mn/O-PCN + PMS system under (b) 0 min, (c) 10 min, (d) 20 min, (e) 30 
min, (f) 45 min reaction. 

Fig. 9. Degradation pathways of ENR in the Mn/O-PCN + PMS system.  
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surface electron could transfer from PMS (HSO5
− ) to the carbon atoms of 

PCN formed the SO5
•− , then the SO5

•− would react with water to 
generate 1O2 [26]. In addition, the O-PCN could act as an electron 
mediator, which could enhance the electron transfer between PMS and 
Mn (IV). In this case, Mn (IV) would converted to Mn (III) via PMS 
activation. According to the simulation measurement, the longest 
diameter of ENR can reach 15 Å (1.5 nm) and the height can reach 8 Å 
(0.8 nm) (Fig. S11). The pore diameter of Mn/O-PCN-0.2 is 1.2 nm. 
Therefore, ENR molecules can enter the pore of the catalyst at a certain 
angle for catalytic reaction. Furthermore, PMS and ENR can be absorbed 
onto the Mn/O-PCN to forming the Mn/O-PCN/PMS complex, and then 
the ENR can be oxidized by electrons transferring and 1O2 to the above 
complex via a non-radical way [25]. 

3.4. Stability of Mn/O-PCN for the degradation of ENR 

The stability of Mn/O-PCN was investigated by four cycling tests in 
pH 7.3. From Fig. S12, as high as 94% ENR removal was obtained after 
four cycles, suggesting the excellent stability of Mn/O-PCN catalyst. This 
change of degradation activity may due to the intermediates occupy the 
reactive sites of catalyst. The concentration of dissolved Mn ions was 
also investigated. The concentration of dissolved Mn ions was 1.5 mg 
L− 1 in the first round of reaction, which was only 6.0 wt% of total Mn 
content in the Mn/O-PCN-0.2. After four cycles, the concentration of 
dissolved Mn ions was hard to detect. According to the discharge stan-
dard for industrial pollutants in China (GB 8978–1996), the maximum 
manganese (Mn) concentration is 2 mg L− 1. Therefore, secondary 
pollution caused by material use can be ignored. The XRD, FT-IR, XPS 
and SEM image of fresh and used catalyst was measured (Fig. S13). The 
FT-IR, XRD spectra and SEM image of fresh and used Mn/O-PCN-0.2 
showed no obvious changes, indicating that the structure and compo-
sition of Mn/O-PCN-0.2 were not destroyed after the reaction process, 
further indicating that the structure of the catalyst was stable. In addi-
tion, the change of chemical composition and structural were charac-
terized by XPS analysis. In the Mn 2p XPS spectra, the binding energy of 
Mn (III) and Mn (IV) increased by 0.6 and 0.4 eV, respectively. In the 
N1s XPS spectra, the binding energy of pyridinic-N and graphitic-N 
decreased by 0.2 eV and the content of graphic N increased from 19% 
to 24% (Fig. S14). The increase of binding energy indicates the nature of 
electron donor, while the decrease of binding energy indicates the 
electron acceptor property [28]. As a result, the nitrogen and Mn (IV) 

could be as active sites for PMS activation. The variation in binding 
energy indicated the occurrence of electron transfer. These results 
demonstrated that the excellent stability of the Mn/O-PCN photocatalyst 
has been prepared and it could be applied in practical applications. 

4. Conclusions 

In this study, the Mn and O co-doped polymeric carbon nitride (Mn/ 
O-PCN) material was prepared by high-temperature carbonization 
under air condition. The Mn doping can provides more active sites, 
while oxygen doping can modulate the electronic property of PCN. The 
obtained Mn/O-PCN exhibit excellent activities and stabilities for cata-
lytic oxidation of ENR with PMS as an oxidant. The Mn/O-PCN has good 
applicability in the wide pH range of 3–11, and the catalytic perfor-
mance was further enhanced in the presence of Cl− . The kinetic rate 
constants for ENR removal have a good relation with the potential of 
Mn/O-PCN. 1O2 and electron transfer may contribute to the main 
degradation of ENR in Mn/O-PCN/PMS system. This study revealed the 
degradation mechanism of PMS activation by metal and oxygen co- 
doped carbon nitride catalyst for organic pollutant oxidation. In addi-
tion, there are still some drawbacks in this study, such as focuses on the 
single pollutant removal. In the future, appropriate catalysts should be 
designed according to the types of pollutants, and the active species 
produced by catalysts should be fully used. 
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