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tion processes. The degradation of ofloxacin (OFLX) by NGCs activated peroxymonosulfate

Peroxymonosulfate

(PMS) was studied systematically. It was found that the synergistic coupling effect between

Ofloxacin degradation

optimum N or O bonding species configuration ratio (graphitic N and C=O) and special mi-

Carbonization temperature

crostructure was the main reason for the enhanced catalytic activity of NGC-800 (calcina-

Carbocatalyst

tion temperature at 800°C). Electron paramagnetic resonance (EPR) experiments and radical quenching experiments indicated that the hydroxyl (• OH), sulfate (SO4 •− ) and singlet
oxygen (1 O2 ) were contributors in the NGC-800/PMS systems. Further investigation of the
durability of chemical structures and surface active sites revealed that undergo N bonding species configuration reconstruction and cannibalistic oxidation during PMS activation
reaction. The used NGC-800 physicochemical properties could be recovered by heat treatment to achieve the ideal catalytic performance. The findings proposed a valuable insight
for catalytic performance and controllable design of construction.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
In recent years, the discharge of organic-containing wastewater has become the most urgent problem in the industri∗
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alization process. Advanced oxidation processes (AOPs)
is considered as one of the effective methods to remove organic pollutants (Abdelhaleem and Chu, 2018).
Among these oxidation methods, the AOPs based on
peroxymonosulfate (PMS) has aroused great interest
due to its wide range of pH application and excellent
degradation ability. In addition, many metal-based
catalysts (such as Mn-, Fe- and Co-, etc.) was often
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usedin the application of persulfate promote its oxidation activity (Zhou et al., 2019; Zheng et al., 2019;
Duan et al., 2019; Li et al., 2019a; Xie et al., 2018;
Shao et al., 2019). However, metal-based catalysts have
problems in sintering and metal leaching, which may lead to
catalyst deactivation and irreversible reaction (Xu et al., 2018;
Abdelhaleem and Chu, 2018). Therefore, the development of
green catalyst (activator) with strong PMS activation capacity
is the key issue of persulfate oxidation technology.
It has been found that activated carbon, graphene oxide (GO), carbon nanotubes and other carbon based nanomaterials exhibit high specific surface area, chemical stability and conductivity which are considered as a promising metal-free catalyst (Wang et al., 2019b; Li et al., 2019b;
Lee et al., 2015; Luo et al., 2019; Shao et al., 2017). In addition, it has been reported that doping else heteroatoms (e.g.,
B, N, S and P, etc.) can further improve the peroxymonosulfate activated performance of carbon based materials, especially N. The electronegativity of nitrogen (3.04) is higher than
that of carbon (2.55). When nitrogen enters the carbon lattice can change the electron density and charge distribution
of the surrounding carbon atoms. In addition, it produced the
modified functional groups and defect sites, and improve the
electron mobility to activate sp2 carbon π - electron and accelerate the electron transfer between the catalyst and PMS.
The researcher has proven that nitrogen doped can significantly improve the catalytic activity of carbon based catalysts (Tang et al., 2019; Sun et al., 2014). For example, Duan
et al., (2015a) used melamine as nitrogen source, N-doped
graphene (NG) nanomaterials were prepared by directly annealing of graphene oxide (GO) and found that NG activated
PMS was more efficient at degradation phenol, and the catalytic activity to phenol was 80 times higher than that of
un-doped reduced graphene oxide under optimal conditions.
Indrawirawan et al. (2015) prepared nitrogen-doped graphene
oxide (N-rGO) with ammonium nitrate as nitrogen precursor
at low temperature; it was found that the degradation efficiency of phenol was greatly improved due to nitrogen doping. Chen et al. (2018a) also confirmed that the catalytic performance was related to dope nitrogen content and nitrogen species and the microstructure, doped nitrogen content
and doped nitrogen morphology were the important factors
to determine the catalytic properties of carbon-based materials, which are closely related to nitrogen sources and synthesis methods. The N dopants are introduced to carbon based
materials in different N bonding configurations forms, and
the catalysts mayundergo cannibalistic oxidation and active
sites reconstructionleading to the deactivation of activefunctional groupsduring PMS activation process. Although previous studies have shown that various active functional groups
were proposed (Duan et al., 2018; Sun et al., 2019b; Hanci et al.,
2018), but the types of specific active functional groups could
activate PMS ornot is unknown so far, andthe activationPMS
mechanism of carbon based materials is stillundefined.Hence,
the investigationof the durability of surface active functional
groupsis important toprovide deeper understandings of active
functional group identify, the deactivation phenomenon, and
the relationship between structure and catalytic activity.
In this study, nitrogen-rich porous carbon microspheres
were constructed by heat treatment with melamine as the
source of nitrogen. The effects of carbonization temperature
on the intrinsic properties (such as N doping level, combination of configuration, surface chemistry, graphitization degree, etc.) and external properties (such asspecific surface area
(SBET ), pore volume, morphology, etc.) of the catalysts were
discussed. The process of oxidative degradation of ofloxacin
(OFLX) with PMS activated by nitrogen-rich graphitized carbon microspheres (NGCs) was systematically studied. The
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graphitic N and C=O identified as the main active sites contribute to NGCs/PMS process, and the mechanism of the interaction of • OH, SO4 •− radicals and 1 O2 non-radicals were proposed. This study reveals that NGCs carbon based materials
can be used as an excellent metal-free catalyst, which not
only provides basic knowledge for the rational design of highefficiency carbon catalysts, but also throws the lights on the
further development of high-performance carbon catalysts.

1.

Materials and methods

1.1.

Materials and chemicals

Melamine, cyanuric acid, dimethyl sulfoxide (DMSO), sodium
hydroxide (NaOH), sulfuric acid (H2 SO4 ), formic acid, potassium peroxymonosulfate (PMS), methanol, tert-butanol (TBA),
sodium azide (NaN3 ), ofloxacin (OFLX), 2,2,6,6-tetramethyl4-piperidone (TEMP) and 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) were purchased from Aladdin Chemical Reagent Co.,
Ltd. Formic acid and methanol were HPLC grades, and other
chemicals were analytical grade (AR) withoutbeing further purified. Deionized water was used throughout the experiment
process.

1.2.
Preparation of nitrogen-rich graphitized carbon
(NGCs)
The melamine cyanurate (MC) was first prepared bysimple
mixing of equal mass solutions of melamine andcyanuric acid
in DMSO as described in previous work (Jun et al., 2013). In
a typical process, cyanuric acid (1.0 g) and melamine (1.0 g)
were accurately weighed and were dissolved in 20 and 40 mL
of DMSO, respectively. After the solid reagent was completely
dissolved, the cyanuric acid solution added to the melamine
solution were mixed and stirred for 15 min. The resulted solid
precipitate was separated by vacuum filtration device, dried
under vacuum at 80°C for 12 hr to obtain the white solid powder melamine cyanurate (MC). Then, the MC was mixed with
glucose (8:1, W/W) uniformly by using mortar and pestle, and
then heated for 1 hr at 160°C in the oven. Finally, the samples
were carbonized in a tube furnace at certain temperature for
1 hr under a N2 atmosphere (the rate of elevated temperature
was 5°C/min). The samples were denoted as NGC-500, NGC600, NGC-700 and NGC-800 according to materials calcination
temperature (500, 600, 700 and 800°C), respectively.

1.3.

Samples characterization

The X-ray photoelectron spectroscopy (XPS) (Ecsalab 250Xi,
Thermo, USA) was used to analyze the chemical states and
surface chemistry of graphitized carbon materials. Field emission scanning electron microscope (FE-SEM) (HITACHI S4800,
Jeol, Japan) and transmission electron microscope (TEM) (H7650, Hitachi, Japan) were used to observe the morphology
and structure of the samples. The pore volume, pore size
distribution and specific surface area (SBET ) were determined
through N2 adsorption-desorption isotherms (NOVA2000,
Quantachrome, USA). The Raman spectra was used to estimate the disorder degree of the carbon materials (DXR Microscope, Thermo, USA). The crystallographic structures of NGCs
samples were determined by using X-ray diffractometer (XRD)
(D/max 2500, Rigaku, Japan). Fourier transform infrared spectroscopy (FT-IR) (NEXUS670, Nicolet, USA) was used to identify
the surface functional groups of NGCs samples. Electron paramagnetic resonance (EPR) (EPR500, Bruker, Germany) was applied to investigate the reactive radical types generated during
activation of PMS.
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Evaluation of catalytic performance

The performance of NGCs was evaluated as activator to
degradation of OFLX by activate PMS. The catalytic oxidation was carried out in a 200 mL reactor. In a typical
test, 20 mg NGCs was added into the solution of 30 mg/L
OFLX, and stirred for 10 min. Then, the reactions wereinitiated by adding a certain amount of PMS into the
reaction solution, and the reactor was continuously stirred
on the magnetic agitator. The solution (2 mL) was withdrawn
from the reactor at intervals time using a 5 mL syringe, filtered through a 0.45 μm polytetrafluoroethylene (PTFE) filter
and transferred to quantitative tubes containing 0.50 mL of
methanol to quench the reaction. The same concentration
of OFLX was added to the actual water (tap water and river
water) to investigate its catalytic performance under identical condition. The pH of solution was adjusted to the desired values by 0.1 mol/L NaOH or H2 SO4 . The concentration of
OFLX was measured by high-performance liquid chromatography (HPLC, Agilent, USA), with mobile phase volume ratio of 25% acetonitrile and 75% deionized water (containing
2% formic acid) at a flow rate of 1.0 mL/min, and the wavelength of UV detector at 294 nm. Besides, degradation experiments were also performed on Methyl Orange (MO), Methylene Blue (MB), Rhodamine B (RhB), norfloxacin (NOR), levofloxacin (LVFX), ciprofloxacin (CPFX), phenol and bisphenol
A (BPA) under identical conditions. The NOR, LVFX, CPFX, phenol and BPA concentration in this study were evaluated using
a HPLC, and the MO, MB, RhB concentration was measured
by an ultraviolet-visible spectrophotometer (UV–Vis spectra)
(TU-1900, Puxi, China).

1.5.

Electrochemical tests

The electrochemical tests were performed with a threeelectrode electrochemical workstation system at room temperature. The working electrode was prepared as follows:
10 mg NGCs was dispersed in the mixed solution containing with 5 mL deionized water and 0.50 mL Nafion solution
(5 wt.%), then the mixed solution was placed in the ultrasonic instrument dispersion for 3 hr to form a suspension solution. Next, 10 μL of the above solution was pipetted onto
a well-polished glassy carbon electrode with a diameter of
3 mm and dried at room temperature. Carbon rod and Ag/AgCl
were used as counter electrode and reference electrode, respectively. The electrolytic cell was continuously stirred on
the magnetic agitator and not exposed to light. Electrochemical impedance spectroscopy (EIS) was carried out in 0.1 mol/L
KOH electrolyte solution, and the frequency was in the range
from 105 to 10−1 Hz at open circuit potential. Chronoamperometries were carried out at the bias of 0.0 V (vs. Ag/AgCl) with
50 mmol/L Na2 SO4 as the electrolyte solution. Linear sweep
voltammetry (LSV) was measured as the potential range from
-1.0 - 1.0 V (vs. Ag/AgCl) at a scan rate of 50 mV/sec.

2.

Results and discussion

2.1.

Characterizations of samples

Fig. 1 showed XRD patterns of NGCs samples. Compared with
NGCs before carbonization (Appendix A Fig. S1), there was a
broad characteristic peak at 2θ = 25–28° after carbonization, it
observed as usually in the porous carbon (Li et al., 2018b). With
the increase of calcination temperatures, the peak moved to
lower at 2θ = 25–28°. Meanwhile, a new small peak appeared at
2θ = 43° in all NGCs (in the right image), which corresponded
to oxygen-containing functional groups are eliminated and

Table 1 – Specific surface area (SBET ), pore volume and
pore size information of NGCs samples.

Samples

SBET
(m2 /g)

Average
pore
volume
(cm3 /g)

NGC-500
NGC-600
NGC-700
NGC-800

183.6
200.0
218.7
345.2

1.535
1.614
1.377
1.898

Average
pore
size
(nm)

Average
particle
size
(nm)

33.45
30.63
27.52
22.00

1141
1007
938.3
910.8

N doped successfully were indicated (Qu et al., 2010). It was
worth noting that there was still had a small peak at 2θ = 13°
in NGC-500 and NGC-600 corresponding to the (002) crystalline
plane of graphite carbon. It might be due to the formation of
triazine rings in the carbon nitride plane during synthesis process (Dong et al., 2011).
The microstructural features of NGCs were investigated using the FE-SEM and TEM (Fig. 2a-h). It can be observed that
all samples show uniform carbon microspheres (Appendix A
Fig. S2), and the NGC-500 consisted of very thin and wrinkled
sheets from Fig. 2a, and the thin layers were still observed in
NGC-600 (Fig. 2b). However, these sheets were destroyed and
formed an interwoven network in NGC-700 and NGC-800 as
the carbonization temperature rises (Fig. 2c, d, g and h). The
images indicated that the carbonization process increases the
exfoliation and folding, which are conducive to the formation
of curly network structure of NGCs (Duan et al., 2015a). The
evolution of edge structure was clearly observed by TEM. With
the increase of calcination temperature, the surface of NGCs
samples becomes curlier and forms the compacted and disoriented structures (Fig. 2e-h). The results proved that the calcination temperature is an important parameter to control carbon microspheres structure.
Fig. 3 showed that the N2 adsorption-desorption isotherms
and pore size distributions of NGCs. The N2 adsorptiondesorption isotherms of NGCs were shown all Type-III curve.
When relative pressure of P/P0 > 0.9, obvious narrow characteristic of H3-type hysteresis loop was exhibited (Fig. 3a),
which implies the existence of mesoporous and macroporous with narrow-slit shape produced. This may be due to
the carbon microspheres sheets structure reorganized and
small gas molecules released during the carbonization process (Wang et al., 2015b, 2018a). The corresponding distribution curve of pore diameter obtained by the BJH method also
confirmed this characteristic (Fig. 3b). The SBET and volumes
of NGCs samples were showed in Table 1. The SBET (345.2 m2 /g)
and volume (1.898 cm3 /g) of NGC-800 were higher than that of
other NGCs. This increase of SBET may be due to the transformation of the flak-like structure of NGCs to the disordered intertwined net structure with increase carbonization temperature during the synthesis of the NGCs (Duan et al., 2015b).
And also is attributed to the partial decomposition of amorphous carbon, and conversion of the amorphous carbonto
denser graphitic carbon, leading to the formation of mesoandmacro-porous networks (Zhao et al., 2014; Wang et al.,
2017). The carbonization temperature also exerted effect on
the particle size distribution of carbon microspheres, the average particle size tended to decrease with the carbonization
temperature increased from 500 to 800°C (Table 1). This result
was in good agreement with the results of NGCs particle size
distribution (Appendix A Fig. S3).
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Fig. 1 – X-ray diffraction (XRD) patterns of NGCs samples. NGC-500, NGC-600, NGC-700 and NGC-800 refer to nitrogen-rich
graphitized carbon microspheres (NGCs) calcined at 500, 600, 700 and 800°C, respectively.

Fig. 2 – Scanning electron microscopy (SEM) images of (a) NGC-500, (b) NGC-600, (c) NGC-700 and (d) NGC-800 and
transmission electron microscopy (TEM) images of (e) NGC-500, (f) NGC-600, (g) NGC-700 and (h) NGC-800.

Fig. 3 – (a) N2 adsorption-desorption isotherms and (b) pore size distributions (dV/dD) of NGCs of samples.

The surface chemical statuses and compositions of NGCs
samples at different calcination temperatures were also studied using the XPS, and the results were shown in Fig. 4a and
high resolution of XPS N1s spectra of NGCs can be found in
Fig. 4b-e, and the XPS quantitative data were summarized
in Table 2. The corresponding C1s, N1s and O1s peaks of
NGCs samples were located at about 285.6, 399.5, and 531.0 eV
(Fig. 4a), respectively. It has revealed a decreasing trend of N/C
(from 0.83 to 0.19) atomic ratio as the carbonization temperature increased from 500 to 800°C (Table 2), it may be the C-N
bond will be broken at the higher carbonization temperature
(Liu et al., 2019). It was observed that significant changes of

different N species had taken place after calcination at different temperatures. The proportion of graphitic N increased
(from 10.61% - 25.87%) and pyrrolic N descended (from 33.79%
- 12.48%) with increases of temperature. This may be the
pyrrolic N possess relatively low thermal stability and are susceptible to being converted into more stable graphitic N (Sun
et al., 2019a).
The high-resolution spectrum of C1s in the NGCs samples shown in Appendix A Fig. S4a-d, revealed that most of
the carbon atoms exist as C-C bonds (58.67%) when the carbonization temperature reached 800°C in NGC-800 (Appendix
A Fig. S4d), which proved that many of oxygen-containing
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Fig. 4 – (a) X-ray photoelectron spectroscopy (XPS) full surveys spectra of NGCs, N1s XPS spectra of (b) NGC-500, (c) NGC-600,
(d) NGC-700, and (e) NGC-800.

Table 2 – Structure and chemical information of NGCs, NGC-800/4th and NGC-800/Regeneration.
Samples

C
N
O
N/C
(Atomic%) (Atomic%) (Atomic%) atomic
ratio

NGC-500
52.98
NGC-600
57.91
NGC-700
71.25
NGC-800
78.06
NGC-800/4th 62.13
NGC70.60
800/Regeneration

44.19
36.58
23.27
15.00
14.22
22.34

2.83
5.52
5.47
6.94
23.65
7.06

0.83
0.63
0.32
0.19
0.23
0.32

O/C
atomic
ratio

N distribution (Atomic%)

O
(Atomic%)

Pyridinic N

Pyrrolic N

Graphitic N Nitric oxide N C=O

0.053
0.095
0.077
0.089
0.381
0.101

52.57
49.78
57.02
58.03
24.67
56.02

33.79
31.95
18.23
12.48
58.82
19.23

10.61
14.88
21.10
25.87
10.51
20.10

3.30
3.39
3.65
3.62
6.00
4.65

23.58
27.35
44.73
60.32
15.97
42.33
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Fig. 5 – (a) Raman spectra and (b) FT-IR (Fourier transform infrared spectroscopy) spectra of NGCs samples. ID /IG : the ratio
between D band and G band intensity.

functional groups being eliminated under high carbonization
temperatures. As depicted in Appendix A Fig. S5a-d, the highresolution spectrum of O1s spectra could also be resolved to
three main components. The spectra indicated that the ratio
of C-O (from 42.08%-19.49%) and O-H (from 33.34%-18.19%) decreased, while the C=O oxygen species were increased (from
23.58–62.32%) with the increasing carbonization temperature
from 500 to 800°C. The results showed that the state and proportion of the element performed a temperature-depended
characteristic.
The Raman spectra of different NGCs samples results were
showed in Fig. 5a. The D band (˜1350 cm−1 ) reflects the defective level of graphitized carbon caused by functional groups,
vacancies, and heteroatom doping, zigzag/armchair edges
(Duan et al., 2016). The G band (˜1580 cm−1 ) is associated
with E2g mode vibration of the intact honeycomb-like sp2 hybridized carbon network (Wang et al., 2015a). Fig. 5a shows
that all NGCs possessed a higher ratios of ID /IG (the ratio between D band and G band intensity). With the increase of calcination temperature, the ratio of ID /IG increases (from 0.97 to
1.43) gradually, indicating that more sp3 C atoms were generated, and the disorder and defects of synthesized materials increased. The p-type doping of pyrrolic N and pyridinic N
leads to the upward shift of G peak,while, the n-type doping
of graphitic N leads to declined the G peak (Lin et al., 2012).
In this study, when the carbonization temperature increased
from 500 to 800°C, the upward shift of G peak after carbonization was observed. This is mainly due to the influence of carbonation temperature on nitrogen content and nitrogen morphology in the sample (Chen et al., 2016; Li et al., 2012). This is
consistent with the results of XPS analysis.
Fig. 5b shows the FT-IR spectra of NGCs. It can be observed
a peak at 1452 cm−1 (corresponding to C-O bending), and characteristic peak 1738 cm−1 (corresponding to the stretching vibration of C=O). The absorption bands approximately at 1533
cm−1 is attributed to the C=C/C=N groups, and absorption
bands appeared approximately at 1250 cm−1 which referred to
the stretching vibration of C-N bond (Gao et al., 2018; Fan et al.,
2019), indicating that more nitrogen doping into the carbon
lattice when carbonization temperature exceeds 600°C. It is
worth noting that a small peak at about 780 cm−1 appeared
in NGC-500, which ascribed to the formation of tri-s-triazine
heterocyclic, and the peak was disappeared as the carbonization temperature rises to 600°C. It was reported that this heterocyclic nitrogen ring was not conducive to PMS activation
process (Li et al., 2018a). In addition, compared with the FT-IR
of NGCs before carbonization (Appendix A Fig. S6), the peaks
of around 1000 to 2000 cm−1 in NGC-600, NGC-700 and NGC800 samples disappeared, indicating that most of oxygencontaining, nitrogen-containing functional groups have been

eliminated during the high temperature carbonization process, and it was beneficial to PMS oxidation (Chen et al., 2018b).

2.2.

Adsorption and catalytic degradation of OFLX

The activation efficiencies of NGCs samples for PMS oxidation systems were studied by removal of OFLX, the results
were shown in Fig. 6. It can be seen from Fig. 6a that the removal efficiency of adsorption of OFLX were less than 25% by
NGCs samples. Compared to pure PMS system, the removal
efficiency of OFLX was significantly enhanced when adding
NGCs, especially the NGC-800 demonstrated highest catalytic
performance in all NGCs and about 100% OFLX degradation
was observed within 20 min. Compared to NGC-800, the cocatalysis efficiency by NGC-500, NGC-600 and NGC-700 were
52.5%, 59.1% and 79.5% within 20 min, respectively. In addition, the effect of NGCs samples on the mineralization efficiency of OFLX was measured, and the results were shown in
Appendix A Fig. S7. The results indicated that the NGC-800
also presented highest total organic carbon (TOC) removal of
79.1% in 20 min, followed by 49.3%, 22.3% and 18.2% for NGC700, NGC-600 and NGC-500, respectively. In addition, the NGC800 also presented excellent catalytic OFLX oxidation performance in actual water samples (Appendix A Fig. S8).
The above results showed that the co-catalytic capabilities of NGCs samples were related to their chemical microenvironments as well as microstructures properties. NGC800 not only showed a higher removal efficiency than other
carbon-based catalysts (Chen et al., 2018c), but also was superior to the popular metal-based catalysts (Gao et al., 2019;
Wang et al., 2019a). This may be larger specific surface area
can be provided sufficient catalytically active centers, and
the interconnected highly porous structures can facilitate
mass/electrons transfer (Sheng et al., 2011; Kong et al., 2013).
The effect of process conditions on the catalytic degradation of OFLX by PMS was investigated with NGC-800 as a cocatalyst; the experimental results were shown in Appendix
A Fig. S9a-c. Appendix A Fig. S9a showed the effect of catalyst dosage on the removal efficiency of OFLX. The OFLX removal rate showed a positive effect with the increasing NGC800 dosage from 50 to 200 mg/L, this is due to a higher NGC-800
dosage can provide more adsorption sites and active sites for
PMS activation. Appendix A Fig. S9b showed the effect of PMS
concentration on the removal efficiency of OFLX. The OFLX removal rate increased gradually when the initial PMS concentration increased from 250 to 500 mg/L. However, the removal
efficiency of OFLX will not change significantly with the further increase of PMS concentration (from 500 to 1000 mg/L).
Indicating that a higher PMS concentration can provide more
radicals or non-radicals for OFLX oxidation process. However,
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Fig. 6 – (a) Effects of NGCs samples on adsorption and degradation of ofloxacin (OFLX) and (b) reusability of NGC-800. PMS:
peroxymonosulfate; C: final concentration; C0 : initial concentration.

Table 3 – Structure parameter information of NGC-800 and
NGC-800/4th.

Samples

SBET (m2 /g)

NGC-800
345.2
NGC-800/4th 321.4

Average
Average
pore volume pore size
(cm3 /g)
(nm)

Raman ID /IG

1.898
1.678

1.43
1.34

22.00
24.00

the optimal PMS concentration exists in NGC-800/PMS oxidation system and too many PMS molecules maycause recombination reactions and trigger self-quenching of radical or nonradical (Shukla et al., 2010; Ghauch et al., 2012). Moreover, the
experimental results of Appendix A Fig. S9c were also shown
that there was no significant removal difference in pH value
from 3 to 11, it hasdemonstrated a much wider pH application range. And the results of Appendix A Fig. S9d revealed
NGC-800/PMS oxidation system were suitable for the removal
of various pollutants.

2.3.

Reusability of NGC-800

According to Section 1.4, the effect of recycling experiments
of NGC-800 on the oxidative degradation of OFLX by PMS
was investigated and the experimental results are shown in
Fig. 6b. Compared to the first run, about 55.4% of OFLX was
removed after four runs. In order to study the change of
structure and chemical state of used NGC-800, the structure
change of the NGC-800 sample after being reused four times
(NGC-800/4th) was characterized by XRD, Raman, and N2
adsorption-desorption isotherms, and the results are shown
in Appendix A Fig. S10. The results of Appendix A Fig. S10a
and b demonstrated that the NGC-800/4th exhibited a similar
XRD crystalline structural and degree of graphitization with
NGC-800. The results of Appendix A Fig. S10c showed that
the N2 adsorption-desorption isotherms, the average pore volume and pore parameters were no significantly changed in
NGC-800/4th (Table 3). However, there were significant differences in the XPS results between NGC-800 and NGC-800/4th
(Appendix A Fig. S11), and the specific parameters are shown
in Table 2. Although the total amount of nitrogen did not
change, the form of nitrogen changed during the oxidation
process. The content of graphitic N decreased from 25.87%
to 10.51%, while the total O content increased sharply (from
6.94% to 23.65%) and the proportion of C=O functional groups
decreased significantly (from 62.32% to 15.97%) in the NGC800/4th. In order to enhance the activity of NGC-800/4th, it was

calcined at 800°C for 1 hr under N2 atmosphere and the XPS of
it was measured, the results are shown in Appendix A Fig. S12
and Table 2. It can be seen that the ratio of C, N and O atoms
and their chemical states are familiar to the original NGC800, the N-bond configuration redistribution during secondary
heat treatment, especially the graphitic N content increased
significantly (from 10.51% to 20.10%). In addition, the oxygen
content decreased sharply (from 23.65% to 7.06%) and C=O
content increasedobviously (from 15.97% to 42.33%). Indicating that chemical microenvironments as well as microstructures properties were reassembled in catalytic oxidation and
regeneration processes. As shown in Fig. 6b, the efficiency of
the regenerated NGC-800 sample (NGC-800/Regeneration) for
catalytic degradation of OFLX removal rate has reached 93.10%
within 20 minutes. It showed that the activity of NGC-800 can
be recovered by thermal regeneration and excellent regeneration performance for wastewater remediation.

2.4.

Catalytic mechanism of NGC-800/PMS

Generally, the radical and non-radical oxidation are two
main catalytic oxidation pathways involved in the carbocatalyst/PMS system. The generation of radicalsin NGC-800/PMS
and PMS systems was studied by EPR techonology with DMPO
and TEMP used as the spin-trapping agents (Wang et al., 2016),
and the results were shown in Fig. 7. The obvious DMPOSO4 •− signal and DMPO-• OH signal was observed in the NGC800/PMS when DMPO as the spin-trapping agents, while no
signals were observed in PMS system (Fig. 7a). More importantly, a strong characteristic triplet signal of TEMP-1 O2 (singlet oxygen) was observed when TEMP was used as the spintrapping agents, and no signals were observed in the PMS system (Fig. 7b). The above experiment showed that the 1 O2 , • OH
and SO4 •− were main active group for OFXL degradation.In order to estimate the relative contribution of SO4 •− , • OH radicals and 1 O2 non-radical to the OFLX degradation, the radical trapping experiments were subsequently conducted in
the NGC-800/PMS systems after the addition of different scavengers. TBA was usually used as the radical scavenger for • OH;
methanol was typically used to scavenge both • OH and SO4 •− ;
NaN3 was typically used to scavenge 1 O2 (Li et al., 2019c).
As presented in Appendix A Fig. S13a and b, it showed excellent catalytic performance without being added quenching reagents. When TBA and methanol radical scavenger was
added, the degradation efficiencies of OFLX were decreased
obviously. However, the oxidative reactions were not completely terminated even though a high ratio of the radical
scavengers (Appendix A Fig. S13a-b and text message below). Excellent catalytic performance without being added
quenching reagents was also observed in Appendix A Fig.
S13c, and when different proportion of NaN3 was added to
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Fig. 7 – Electron paramagnetic resonance (EPR) spectra detection of NGC-800/PMS system with (a)
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) and (b) 2,2,6,6-tetramethyl-4-piperidone (TEMP).

Fig. 8 – Electrochemical analysis of (a) Nyquist plots, (b) current-time (i-t) curves and (c) linear sweep voltammetry (LSV)
curves of samples. Z’: real impedance; Z’’: Imaginary impedance.

NGC-800/PMS system, the catalytical reaction was shown obvious catalysis inhibition but did not completely terminated
even a high ratio of the radical scavengers (Appendix A Fig.
S13c and text message below). These studies showed that the
• OH, SO •− and 1 O were the main reactive oxygen species.
4
2
And it can be obtained that radical pathway contributed almost equal to OFLX degradation than non-radical pathway in
the NGC-800/PMS system.
In order to study current responses properties of different
NGCs and make understanding of charge transfer, surface reactive species as well as the electronic mediation mechanism
via the conductive carbocatalysts, EIS of samples were conducted, and the Nyquist plots of NGCs are shown in Fig. 8a.
It was found from Fig. 8a that the diameters of the Nyquist
semicircle curve of samples were decreased with the increase
of carbonization temperature from 500 to 800°C. In addition,
the noncircular curves of samples may be due to the elec-

tron transfer connect PMS to catalysts occurs within the NGCs
mesoporous (Wang et al., 2018b). Compared with other samples, the NGC-800 possessed the lowest value of charge transfer resistance.
In order to analyze the electron transfer rate between
the NCGs to PMS molecules during the reaction process, the
current-time (i-t) chronoamperometry test of samples were
measured in 50 mmol/L NaSO4 buffer electrolyte. As displayed
in Fig. 8b, the response signals of four samples were weak
without being added PMS. while, the response value increased
significantly after adding 1 mmol/L PMS, especially the NCG800 sample, the current density immediately increased from
about 10 to 80 mA/cm2 . These suggested that electron transfer
between PMS molecule and NGCs does occur and the higher
carbonization temperature is beneficial to improve the charge
transfer rate between PMS and NGCs. The LSV curves of NGCs
was obtained same result that the current output density in-
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Scheme 1 – Synthesis of NGCs andactivate the PMS on the radical and non-radical pathways. DMSO: dimethyl sulfoxide.

creases with the increase of samples carbonization temperature from 500 to 800°C when the same concentration of PMS is
added at the beginning (Fig. 8c). The increase of current density can enhance the electron transport interaction between
PMS molecules and NGCs surface. The above electrochemical
test results show that the electron transfer can be reasonably
adjusted and the electrochemical properties of the material
can be changed by temperature regulation.
According to the above analysis, the mechanism for NGCs
synthesis and activation of PMS was proposed, as shown in
Scheme 1. The MC compounds was prepared by the reaction
between melamine and cyanuric acid, and surface functional
groups on MC such as -NH2 and -OH enable intimate contact
with glucose. Among them, the MC complex performtriple duties of (1) nitrogen source (melamine and cyanuric acid are
rich in nitrogen), (2) structure-directing agent (MC has a regular structure), and (3) porogen (the MC releases a large amount
of gas in carbonization process). When glucose is added and
fused with MC, the MC is dispersed in a matrix-forming glucose agent, and then transformed into hard carbon by heating at high temperature to yield a composite precursor and
the desired hard carbon, respectively. In this process, carbonization temperature and the introduction of glucose are
the key factors to control the micro morphology and chemical
state of carbon microspheres. The most remarkable feature is
CO2 , NH3 and other small mass carbon oxygen and nitrogen
oxygen compounds were released in the decomposition process of the compounds. The abundant nitrogen sources entered the edges of the carbon lattice, and the surface chemical and structural recombination of the carbon microspheres

was taken place during carbonation process. Synthesis of controllable materials with uniform structure, chemical properties and microstructure is also one of the most important research themes in material science (Lee et al., 2014; Yang et al.,
2020; Shao et al., 2018). Experimental studies had shown that
the graphitic N and C=O functional groups increased with the
increase of carbonization temperature, the reusability of NGC800 results further proved that graphitic N and C=O was the
main active sites in NGCs, and their catalytic performance was
positively correlated with the content of them. The graphitic
N and C=O induce electron transfer from neighboring carbon
atoms to nitrogen atoms in the catalyst, breaking the chemical inertness of the sp2 carbon layer, and altering the catalytic
activity of graphitized carbon. The positively charged adjacent carbon atoms have greater potential to adsorb HSO5 − and
break the O-O bond (HO-SO4 − ) to generate • OH, SO4 •− and 1 O2 .
The abundant free-flowing electronsin the sp2-hybridized carbon shell could present great potentialto facilitate electron
transfer to HSO5 − , thereby generating reactive species of SO4 •−
and • OH according to Eqs. (2)-(3) (Wang et al., 2016a). In addition, SO4 •− were consumed for oxidation of OFLX and transferred to • OH (Eq. (5)), and some of the SO4 •− could convert
into the • OH during the process, especially at basic condition
(Eqs. (4)-(5)) (Lin and Zhang, 2016). The non-radical process
proposed that the PMS molecules was first bonded with the
positive charged sp2-hybridized carbonand the highly covalent p electrons could activate the O-O bond in PMS for directly
generating 1 O2 oxidizing target compound, as was confirmed
in Eqs. (6)-(7) (Sun et al., 2012). In summary, the reaction mechanism of NGCs activating PMS and degrading organic matter
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was shown in Eqs. (1) to (8):
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−

+ 2e →
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Appendix A. Supplementary data

2−

(7)


OH,1 O2 → SO4 2− + H2 O + CO2

Supplementary material associated with this article can be
found in the online version at doi:10.1016/j.jes.2020.06.003.

(8)

Therefore, NGCs showed better co-catalytic activity for the
OFLX degradation by PMS. The synergy between chemical microenvironment and microstructures on the surface of NGCs
was the main reason for the generation of • OH, SO4 •− , and 1 O2
radicals by PMS. Many organics were degraded indicating that
NGCs possess high catalytic performance for environmental
water treatment.

3.

19

Conclusions

In summary, nitrogen-rich graphitized carbon microspheres
(NGCs) can promote PMS degradation of OFLX. The degree
of graphitization, chemical composition and structure can
be precisely controlled by adjusting carbonization temperature, and the higher level (15.00%-44.19%) of nitrogen doping
were achieved during the carbonization process. The NGCs
presented an excellent performance in catalytic activation of
PMS for OFLX degradation followed the order of NGC-800 >
NGC-700 > NGC-600 > NGC-500, and the degradation performance manifested a positive correlation with the carbonization temperature. Based on the XPS results, the contribution
of graphitic N and C=O functional groups to the NGC-800/PMS
catalytic degradation was confirmed, these content of active
functional groups increases with the increase of carbonization
temperature. The EPR studies and quenching tests suggested
that the non-radical pathway 1 O2 and radical pathway • OH,
SO4 •− radicals were generated during the oxidation processes,
and which all played essential roles in OFLX removal. In addition, the decrease of NGC-800 durability was due to the reconstruction of N bonding, destruction of the active sites and cannibalistic surface oxidation caused by the NGC-800/PMS oxidation reaction. The chemical microenvironments as well as
microstructures properties of used catalyst can be facilely recovered by thermal treatment. The controllable structure and
performance of green catalyst will help improve our understanding of the activation mechanism of PMS, which will open
a venue for the development of directional design of new highefficiency catalysts in the future, as well as provide reference
for the study of carbon catalysis in environmental science.
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