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a b s t r a c t 

Advanced oxidation processes (AOPs) have attracted much interest in the field of water treatment owing 

to their high removal efficiency for refractory organic contaminants. Graphitic carbon nitride (g-C 3 N 4 )- 

based catalysts with high performance and cost effectiveness are promising heterogeneous catalysts for 

AOPs. Most research on g-C 3 N 4 -based catalysts focuses on photocatalytic oxidation, but increasingly re- 

searchers are paying attention to the application of g-C 3 N 4 -based catalysts in other AOPs beyond pho- 

tocatalysis. This review aims to concisely highlight recent state-of-the-art progress of g-C 3 N 4 -based cat- 

alysts in AOPs beyond photocatalysis. Emphasis is made on the application of g-C 3 N 4 -based catalysts in 

three classical AOPs including Fenton-based processes, catalytic ozonation and persulfates activation. The 

catalytic performance and involved mechanism of g-C 3 N 4 -based catalysts in these AOPs are discussed in 

detail. Meanwhile, the effect of water chemistry including pH, water temperature, natural organic matter, 

inorganic anions and dissolved oxygen on the catalytic performance of g-C 3 N 4 -based catalysts are sum- 

marized. Moreover, the reusability, stability and toxicity of g-C 3 N 4 -based catalysts in water treatment are 

also mentioned. Lastly, perspectives on the major challenges and opportunities of g-C 3 N 4 -based catalysts 

in these AOPs are proposed for better developments in the future research. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

With fast growth of industrialization and population, the wa-

er contamination caused by organic pollutants is becoming a seri-

us global issue that threatens public health and safety ( Li et al.,

020b ; Yang et al., 2020b , 2018a ). Various synthetic organics

e.g. dyes, pesticides, pharmaceuticals and personal care products

PPCPs), etc.) are discharged into wastewaters and eventually en-

er natural water bodies ( Chen et al., 2020b ; Lefebvre and Mo-

etta, 2006 ; Liu and Wong, 2013 ; Tian et al., 2020 ). It is well known

hat most of these compounds are persistent organic pollutants

POPs), which will threaten the living organisms, including hu-

an beings ( Brown and Wright, 2016 ; Muir and Howard, 2006 ;

ong et al., 2018 ). A variety of physical and biological treatment
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ethods have been employed for the removal of organic pollu-

ants from water, such as adsorption, ultrafiltration and coagulation

 Lei et al., 2020a ; Xiong et al., 2019 ; Zhang et al., 2016 ). However,

nsufficient capacity to remove trace organic pollutants and pos-

ible secondary pollution limit their practical applications. Thus,

ighly efficient and environmentally friendly treatment processes

re required for the removal of residual organic pollutants from

ater. 

Advanced oxidation processes (AOPs) have stimulated great in-

erest from researchers around the world owing to their high effi-

iency in degrading and even mineralizing organic pollutants from

ater ( Jia et al., 2020 ; Klavarioti et al., 2009 ; Tan et al., 2020 ;

ang et al., 2020c ). Moreover, AOPs are more environmentally

riendly than physical and biological treatment processes as they

ill not release masses of deleterious residues or divert organic

ollutants from one phase to another ( Oturan and Aaron, 2014 ;

e et al., 2019a ; Yi et al., 2019 ). In AOPs, almost all types of organic

ollutants can be degraded or mineralized into intermediate prod-

cts or CO and H O. The outstanding activity and versatility of
2 2 
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AOPs are originated from the production of highly reactive species

such as •OH, SO 4 •−, 1 O 2 and •O 2 
−, which can efficiently attack

the target contaminants leading to their decomposition ( Li et al.,

2020c ; Wang and Xu, 2012 ; Yang et al., 2018b ). Specifically, AOPs

include homogeneous AOPs and heterogeneous AOPs. The hetero-

geneous AOPs generally utilize solid catalysts in combination with

other systems (H 2 O 2 , O 3 , persulfates, light, etc.) to degrade organic

pollutants ( Lin et al., 2020 ; Liu et al., 2019 ; Yuan et al., 2020 ). Com-

pared with homogeneous catalysts, the main advantage of hetero-

geneous catalysts is the convenience of catalysts recovery. For prac-

tical applications in water decontamination, heterogeneous cata-

lysts must meet some requirements, such as high activity, sustain-

ability as well as physical and chemical stability. Accordingly, many

efforts have been paid to the exploitation of efficient and durable

heterogeneous catalysts for AOPs. 

Graphitic carbon nitride (g-C 3 N 4 ) has recently emerged as

promising catalyst in AOPs because of its simple synthesis, low

cost and toxicity, unique electronic structure and good stability

( He et al., 2019b ; Wang et al., 2020c ; Zhou et al., 2019 ). As a

metal-free conjugated polymer semiconductor, the relatively nar-

row bandgap (about 2.7 eV) of g-C 3 N 4 endows it with a supe-

rior light absorption capacity ( Yang et al., 2019d ; Zhou et al.,

2020a ). Besides, the inherent functional groups and vacancies as

well as the sp 

2 hybridized carbon network are conductive to the

generation and migration of delocalized electrons ( Wang et al.,

2018 ; Yang et al., 2020a ). Meanwhile, g-C 3 N 4 possesses a two-

dimensional layered structure and six nitrogen lone-pair electrons,

which are in favor of the immobilization and dispersion of metal

species ( Song et al., 2019a ; Yang et al., 2019c ). Benefiting from

these excellent characteristics, g-C 3 N 4 -based catalysts have been

widely applied in AOPs, especially photocatalysis, to degrade or-

ganic pollutants from water ( Guo et al., 2020a ; Wang et al., 2019d ,

2020e ; Zhang et al., 2020a ). And considerable reviews present

broad introduction on the application of g-C 3 N 4 -based catalysts

in photocatalytic oxidation ( Ding et al., 2017 ; Hao et al., 2020 ;

Huang et al., 2019a ; Mamba and Mishra, 2016 ; Ong et al., 2016 ).

However, it is hard to achieve deep mineralization for organic

pollutants using photocatalysis. Moreover, the changeable weather

and complex photoreactor also restrict the extensive, large-scale

and practical applications of photocatalysis ( Loeb et al., 2019 ;

Melchionna and Fornasiero, 2020 ; Wang et al., 2020a ). In recent

years, some other AOPs based on g-C 3 N 4 -based catalysts have

drawn great attention owing to their superior oxidation ability

and operational stability, such as Fenton-based processes, catalytic

ozonation and persulfates activation. In these processes, oxidants

like H 2 O 2 , O 3 and persulfates can be activated by g-C 3 N 4 -based

catalysts to generate highly reactive species for the degradation of

organic contaminants in water ( Fig. 1 ). Therefore, it is necessary to

give a timely review of the progress of g-C 3 N 4 -based catalysts in

those concerned AOPs. 

As a state-of-the-art review, the chief objective of this work is

to highlight recent advances of g-C 3 N 4 -based catalysts in AOPs be-

yond photocatalysis. The catalytic performance and reaction mech-

anism of g-C 3 N 4 -based catalysts in three classical AOPs including

Fenton-based processes, catalytic ozonation and persulfates activa-

tion are discussed. Meanwhile, the effect of water chemistry on the

catalytic performance of g-C 3 N 4 -based catalysts are summarized,

such as pH, water temperature, natural organic matter, inorganic

anions and dissolved oxygen. Additionally, the reusability, stabil-

ity and toxicity of g-C 3 N 4 -based catalysts in water treatment are

mentioned. Ultimately, the challenges and opportunities faced by

g-C 3 N 4 -based catalysts in these AOPs are presented. 

L  
. Application of g-C 3 N 4 -based catalysts in Fenton-based 

rocesses 

Fenton reaction is recognized as one of the most effective strat-

gy for degrading organic contaminants from water ( Deng et al.,

020 ; Li et al., 2020a ; Pignatello et al., 2006 ). In a typical Fen-

on reaction, Fe 2 + catalyzes the decomposition of H 2 O 2 to gen-

rate •OH ( Eq. (1) ) ( Khataee et al., 2016 ). The generated •OH

an quickly destroy the pollutant structure owing to its high ox-

dation potential. More importantly, the formed Fe 3 + can be re-

uced to Fe 2 + by H 2 O 2 through the Fenton-like reaction ( Eq. (2) )

 Gholami et al., 2020b ), which enables the continuous generation

f •OH. However, the application of conventional Fenton reaction

s generally restricted by its inherent shortcomings such as narrow

ange of working pH, accumulation of Fe-containing sludge and

oor reusability. To overcome these problems, numerous heteroge-

eous Fenton-like catalysts were developed to replace the homo-

eneous process ( Cheng et al., 2018b ; Huang et al., 2019b ; Li et al.,

019c ). 

 e 2+ + H 2 O 2 → F e 3+ + H O 

− + OH (1)

 e 3+ + H 2 O 2 � F e 2+ + H 

+ + H O 2 (2)

n the past few years, introducing metal species into g-C 3 N 4 to

onstruct Fenton-like catalysts for the degradation of organic pol-

utants in water ( Table 1 ) has attracted great interest because of

ts excellent characteristics such as efficient catalytic activity, high

tability and environmental friendliness. For example, Wang and

an (2020) utilized Fe-doped g-C 3 N 4 (Fe-g-C 3 N 4 ) to catalyze the

ecomposition of H 2 O 2 for degrading methylene blue (MB). The

yridinic N in g-C 3 N 4 was easily bonded with the Fe atoms to

orm active sites, thus enhancing the catalytic activity. Owing to

he presence of abundant active sites of Fe(II)-N x and Fe(III)-N x ,

he Fe-g-C 3 N 4 exhibited excellent activity in Fenton-like oxidation,

chieving 83.7% removal of total organic carbon (TOC) in 60 min.

oreover, the g-C 3 N 4 supported iron oxide (CN@IO) was also re-

orted to be an efficient Fenton-like catalyst for the degradation

f ciprofloxacin (CIP) ( Ding et al., 2019 ). Under the experimen-

al conditions, almost all CIP was degraded and 48.5% CIP was

ineralized, which was ascribed to the accelerated redox cycle of

e(III)/Fe(II) by g-C 3 N 4 . Apart from iron species, some other metal

pecies have also been introduced into g-C 3 N 4 to fabricate Fenton-

ike catalyst. The Cu(I) was incorporated into g-C 3 N 4 for the degra-

ation of various organic pollutants ( Ma et al., 2019b ). During the

ormation of g-C 3 N 4 , the Cu(II) could be reduced by the released

arbon and nitride fragments to form Cu(I), which would be con-

uctive to the enhancement of Fenton-like activity. The removal ef-

ciencies of Rhodamine B (RhB), Acid Red 73 (AR 73), bisphenol

 (BPA) and tetracycline (TC) were 99.2%, 96.0%, 94.6% and 84.4%,

espectively, indicating that the Cu(I)-doped g-C 3 N 4 (Cu(I)-g-C 3 N 4 )

as an effective Fenton-like catalyst to degrade different kinds of

rganic pollutants. In addition, Ge et al. (2018) combined the MgO

ith g-C 3 N 4 to activate H 2 O 2 for the degradation of organic dyes.

he g-C 3 N 4 /MgO presented outstanding degradation activities for

oth anionic and cationic dyes, such as methyl orange (MO), MB

nd RhB. It was found that the Mg –N and C 

–O bonding between

gO and g-C 3 N 4 played a critical role in the degradation reaction

ia activating H 2 O 2 to generate •OH. 

Nevertheless, the content of metals in these g-C 3 N 4 -based

atalysts was relatively low, resulting in the unsatisfactory cat-

lytic performance in Fenton-like oxidation ( Bicalho et al., 2017 ;

uo et al., 2016 ). And when the metal content increased, it eas-
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Fig. 1. The catalytic mechanisms of g-C 3 N 4 -based catalysts for organic contaminants degradation. 

Table 1. 

Catalytic activity of g-C 3 N 4 -based catalysts in Fenton-based processes. 

Catalyst Pollutant 

Reaction conditions Catalytic efficiency 

Key reactive species 

Reference 

[P] [C] [H 2 O 2 ] pH DE (min) k obs (min −1 ) TOC (min) 

Fe-g-C 3 N 4 MB 100 mg L −1 0.2 g L −1 199.4 mM 7.21 100% (60) 0.0886 52.5% (60) •OH, •O 2 
− ( Wang and Nan, 2020 ) 

CN@IO CIP 20 mg L −1 1.0 g L −1 5.6 mM 3 100% (60) – 48.5% (120) •OH ( Ding et al., 2019 ) 

Fe-g-C 3 N 4 /GMC AR 73 50 mg L −1 0.8 g L −1 40 mM – 99.2% (40) 0.1837 42.9% (40) •OH ( Ma et al., 2017 ) 

Cu-g-C 3 N 4 RhB 10 mg L −1 0.2 g L −1 300 mM neutral 92.3% (15) – 42% (60) •OH, •O 2 
− , 1 O 2 ( Zhu et al., 2019 ) 

Cu(I)-g-C 3 N 4 RhB 50 mg L −1 0.8 g L −1 40 mM neutral 99.2% (60) – 22.8% (60) 1 O 2 , •OH ( Ma et al., 2019b ) 

CuFe 2 O 4 -MCN 4-CP 100 mg L −1 1.0 g L −1 2 g L −1 4 100% (60) 0.076 59% (60) •OH ( Lu et al., 2018 ) 

Cu-Al 2 O 3 -g-C 3 N 4 BPA 20 mg L −1 0.5 g L −1 12.5 mM 7 97.3% (30) – 72.3% (120) •OH ( Xu et al., 2018 ) 

OH-CCN/CuCo-Al 2 O 3 BPA 0.1 mM 0.8 g L −1 10 mM 7 96.3% (30) 0.11 67.1% (30) •OH ( Lyu et al., 2017 ) 

CN-Cu(II)-CuAlO 2 BPA 25 mg L −1 1.0 g L −1 10 mM 6–7 95.5% (120) 0.027 41.5% (180) •OH ( Lyu et al., 2018 ) 

[P]: pollutant concentration; [C]: catalyst dosage; [H 2 O 2 ]: H 2 O 2 concentration; DE: degradation efficiency; k obs : apparent rate constant; TOC: total organic carbon; MB: 

methylene blue; CIP: ciprofloxacin; AR 73: Acid Red 73; RhB: Rhodamine B; 4-CP: 4-chlorophenol; BPA: bisphenol A. 
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ly aggregated to form large particles, leading to a reduction in the

umber of catalytic active sites ( Teixeira et al., 2018 ). To effectively

mprove the activity of g-C 3 N 4 -based catalysts in Fenton-like oxi-

ation, some g-C 3 N 4 -based catalysts with high metal content and

ispersion were developed. For example, Zhu et al. (2019) synthe-

ized Cu-doped g-C 3 N 4 (Cu-g-C 3 N 4 ) with high content of Cu-N x 

pecies by calcining the precursor of melamine templated crys-

alline copper chloride. In the optimal Cu-g-C 3 N 4 composite, the

u content was up to 25.9 wt% and the Cu was uniformly dis-

ersed in the g-C 3 N 4 matrix. The presence of abundant Cu-N x 

pecies could accelerate the decomposition of H 2 O 2 to form •OH.

herefore, the Cu-g-C 3 N 4 presented superior catalytic activities for

he degradation of RhB, MO and MB. Moreover, decorating g-C 3 N 4 

ith metals in forms of ultra-small clusters and single-atoms has

rawn much attention due to the high atom-utilization efficiency

 Li et al., 2019e ). An et al. (2018) successfully embedded high-

ensity ultra-small Fe clusters and single-atom Fe sites in g-C 3 N 4 

I-FeN x /g-C 3 N 4 ) by calcining a mixture of Fe-imidazole coordina-

ion compound and melamine. The “nitrogen pots” with six nitro-

en lone-pair electrons in g-C 3 N 4 could efficiently trap and sta-

ilize ultra-small Fe clusters and single-atom Fe sites. As shown

n Fig. 2 a–d, high-density (18.2 wt%) ultra-small Fe clusters and

ingle-atom Fe sites were uniformly dispersed in the g-C 3 N 4 and

o iron nanoparticles could be observed. The energy dispersive X-

ay spectroscopy images also showed the uniform distribution of

, N and Fe elements ( Fig. 2 e). The X-ray absorption near-edge

tructure (XANES) spectra ( Fig. 2 f) and extended X-ray absorption

ne structure (EXAFS) spectra ( Fig. 2 g) further demonstrated that
he Fe-N x structure was formed. As the Fe(II)-N x active sites could

uickly decompose H 2 O 2 to produce •OH, the I-FeN x /g-C 3 N 4 cata-

yst exhibited excellent removal efficiency for MB despite no light

 Fig. 2 h). Additionally, the iron leaching of I-FeN x /g-C 3 N 4 catalyst

as 0.69 mg L −1 , which was much lower than the nano-Fe 3 O 4 

2.3 mg L −1 ) and Fe 3 O 4 (9.8 mg L −1 ) as well as the European Union

tandard (2 mg L −1 ) ( Khataee et al., 2017 ; Li et al., 2019b ; Xu and

ang, 2012 ), indicating that the Fe(II)-N x configurations was stably

mplanted into g-C 3 N 4 . 

Although some achievements have been done on these g-C 3 N 4 -

ased Fenton-like catalysts, there are still some inadequacies and

eed further improvements. Typically, the reduction of the metals

nchored on g-C 3 N 4 through the oxidation of H 2 O 2 is slow, leading

o the insufficient redox cycle of the metals. Additionally, in this

rocess, H 2 O 2 is finally decomposed into O 2 or •O 2 
−, which will

ause the waste of H 2 O 2 ( Bokare and Choi, 2014 ; Lyu et al., 2015 ).

o resolve these problems, the g-C 3 N 4 -based catalysts with dual

eaction centers were developed to enhance the catalytic activity

n Fenton-like process. For example, Xu et al. (2018) constructed

 novel Cu-Al 2 O 3 -g-C 3 N 4 catalyst to promote the selective conver-

ion of H 2 O 2 to •OH for enhancing the Fenton-like catalytic activ-

ty. In the Cu-Al 2 O 3 -g-C 3 N 4 system, the electron-rich area around

u was formed because of the higher electronegativity of Cu than

l as well as the Cu- π interactions between Cu and g-C 3 N 4 . There-

ore, the •OH could be generated by two different electron transfer

rocesses: the one was from the electron-rich Cu center to H 2 O 2 to

roduce •OH, and the other was from H 2 O to the electron-poor site

o form •OH. Benefiting from the significant increase of •OH gen-
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Fig. 2. (a) TEM image, (b-d) HAADF-STEM images and (e) the corresponding element mappings for the C, N, and Fe atoms of I-FeN x /g-C 3 N 4 -5 catalyst. (f) K-edge XANES 

spectra and (g) R-space EXAFS magnitudes of different sam ples. (h) Removal efficiency of MB using I-FeN x /g-C 3 N 4 -5 under various conditions. Reproduced with permission 

from Ref. ( An et al., 2018 ). Copyright 2018 American Chemical Society. 
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eration, the Cu-Al 2 O 3 -g-C 3 N 4 catalyst exhibited high activities for

the degradation of organic pollutants including RhB, BPA, MB, 2,4-

dichlorophenoxyacetic acid (2,4-D) and phenytoin sodium (PHT). 

Besides, Lyu et al. (2018) combined g-C 3 N 4 with in situ

formed Cu(II) on the surface of CuAlO 2 substrate to fabricate a

new Fenton-like catalyst. The C 

–O 

–Cu bonding bridge on g-C 3 N 4 -

Cu(II)-CuAlO 2 could efficiently strengthen the cation- π interaction

through the charge transfer. As verified by the density functional

theory (DFT) calculations ( Fig. 3 a and b) and electron paramagnetic

resonance (EPR) analysis ( Fig. 3 c), the dual reaction centers were

formed around the Cu and C sites in CN-Cu(II)-CuAlO 2 , which was

ascribed to the cation- π interaction via the C 

–O 

–Cu linkage. As de-

picted in Fig. 3 d, the H 2 O 2 was efficiently reduced by electrons to

•OH on the electron-rich Cu center. Meanwhile, the electrons on

H 2 O 2 and pollutants were trapped by the electron-poor C center

and then diverted to the electron-rich area through the C 

–O 

–Cu

linkage. Therefore, the catalytic activity of CN-Cu(II)-CuAlO 2 for the

degradation of BPA was greatly enhanced compared with that of

g-C 3 N 4 and CuAlO 2 . Moreover, the CN-Cu(II)-CuAlO 2 also exhibited

excellent catalytic activities for the degradation of other refractory

pollutants, such as phenol, 2-chlorphenol, ibuprofen and pheny-

toin, indicating its huge potential in water purification. 
To further improve the activity of g-C 3 N 4 -based catalysts in

enton-like oxidation, carbonaceous materials with excellent elec-

ron transport property and chemical stability were introduced

 Ma et al., 2019a ; Wang et al., 2019a ). For example, the graphitized

esoporous carbon (GMC) was hybridized with Fe-g-C 3 N 4 for the

egradation of AR 73 ( Ma et al., 2017 ). The GMC not only provided

 mesoporous structure for the growth of g-C 3 N 4 , but also offered

 similar sp 

2 bonding structure to promote the electron transfer.

enefiting from the accelerated Fe(III)/Fe(II) redox cycle, the Fe-g-

 3 N 4 /GMC composite showed high activity for AR 73 degradation

n the Fenton-like reaction, obtaining 99.2% removal in 40 min.

dditionally, enhanced adsorption (10.7%) caused by the introduc-

ion of GMC in Fe-g-C 3 N 4 /GMC composite might also contribute to

he accelerated degradation of AR 73. The carbon nanodots (CDs)

ere also effective in enhancing the catalytic activity of Fe(II)-

oped g-C 3 N 4 (Fe(II)-g-C 3 N 4 ) in Fenton-like reaction because they

ould promote the decomposition of H 2 O 2 to produce more •OH

 Fang et al., 2019 ). In the presence of H 2 O 2 , the CDs/Fe(II)-g-C 3 N 4 

omposite presented superior activity in the Fenton-like system for

B degradation. Quenching experiments and EPR measurements

uggested that •OH and •O 2 
−were the main reactive species re-
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Fig. 3. DFT calculations for the optimized structure and the corresponding two-dimensional valence-electron density color-filled maps of the CN-Cu(II)-CuAlO 2 model in (a) 

-Cu(II)-CN vision fragment and (b) -CN vision fragment. (c) EPR spectra of different samples. (d) Fenton-like oxidation mechanism on CN-Cu(II)-CuAlO 2 . Reproduced with 

permission from Ref. ( Lyu et al., 2018 ). Copyright 2018 American Chemical Society. 
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ponsible for the MB degradation, and •O 2 
− was originated from

he reaction between H 2 O 2 and •OH. 

The utilization of solar light to construct a photo-Fenton sys-

em is also an effective way to enhance the performance of g-

 3 N 4 -based catalysts as g-C 3 N 4 -based catalysts can be easily ex-

ited by visible light to generate electrons and holes ( Li et al.,

016 ). In this process, the Fe(III)/Fe(II) redox cycle can be greatly

ccelerated by the photogenerated electrons, thereby facilitating

he decomposition of H 2 O 2 to •OH and promoting the degrada-

ion of organic pollutants ( Herney-Ramirez et al., 2010 ; Soon and

ameed, 2011 ). For example, a Fe 2 O 3 quantum dots (QDs)/g-C 3 N 4 

omposite was fabricated to catalyze the decomposition of H 2 O 2 

or degrading p -nitrophenol under visible light ( Xi et al., 2019 ).

he excellent separation and transfer of photogenerated charges

n Fe 2 O 3 QDs/g-C 3 N 4 could result in the continuous and fast con-

ersion of Fe(III)/Fe(II). Therefore, the activation of H 2 O 2 was im-

roved and the degradation rate of p -nitrophenol was dramati-

ally enhanced. Moreover, a photo-Fenton-like membrane was as-

embled for wastewater treatment by using g-C 3 N 4 sol and Fe-

ontaining polyoxometalates (Fe-POMs) as precursors ( Lan et al.,

019 ). Owing to the synergistic effect of photocatalysis and Fenton-

ike reaction, the photo-Fenton-like membrane displayed outstand-

ng self-catalytic capacity for degrading retained pollutants. Be-

ides, the construction of photo-electro-Fenton-like system based

n g-C 3 N 4 has also stimulated great research interest ( Yue et al.,

018 ). In this process, the H 2 O 2 is in situ generated in the cath-

de through the two-electron reduction of O 2 , and then the H 2 O 2 

an be activated by the g-C 3 N 4 -based catalysts to generate •OH

or the degradation of organic pollutants. Recently, a photo-electro-

enton-like system with WO 3 /g-C 3 N 4 was fabricated for CIP degra-

ation ( Bai et al., 2019 ). Compared with the photocatalysis system

nd electro-Fenton-like system, the photo-electro-Fenton-like sys-
 t  

a  
em showed superior degradation efficiency for CIP and achieved

0.3% mineralization efficiency within 120 min. 

In a word, in Fenton-based processes, g-C 3 N 4 can act as an ex-

ellent support to immobilize metal species, thus improving the

atalytic activity and stability of g-C 3 N 4 -based catalysts. Specifi-

ally, the layered structure of g-C 3 N 4 is an effective support for

oading of the metal species, which can suppress the mobility, im-

rove the dispersion and avoid the aggregation of metal species.

eanwhile, the “nitrogen pots” with six nitrogen lone-pair elec-

rons in g-C 3 N 4 are ideal sites for trapping metal species. The gen-

ral catalytic mechanisms of g-C 3 N 4 -based catalysts during Fenton-

ased processes are depicted in Fig. 1 . The active metal species

n g-C 3 N 4 -based catalysts can decompose H 2 O 2 to generate •OH,

O 2 
− and 

1 O 2 , which will lead to the degradation of organic pollu-

ants. 

. Application of g-C 3 N 4 -based catalysts in catalytic ozonation 

As a powerful oxidant, it is well known that O 3 can react

ith many organic pollutants. However, the oxidation of some or-

anic pollutants by O 3 is relatively slow because of the selectiv-

ty of O 3 to organics, leading to the incomplete removal of pollu-

ants or formation of toxic intermediate products ( Esplugas et al.,

007 ; Hubner et al., 2015 ). In addition, O 3 presents a low min-

ralization rate for organic pollutants due to the generation and

ccumulation of some intermediate products that cannot react

ith O 3 , such as aldehydes and carboxylic acids ( Nawrocki and

asprzykhordern, 2010 ). To address these issues, some advanced

echnologies such as O 3 /H 2 O 2 process and O 3 /UV process were

eveloped to activate O 3 ( Miklos et al., 2018 ). Among these,

he catalytic ozonation process has stimulated much research in-

erest as it can promote the activation of O 3 to generate re-

ctive oxygen species (ROS) by the addition of some catalysts
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Table 2 

Catalytic activity of g-C 3 N 4 -based catalysts in catalytic ozonation. 

Catalyst Pollutant 

Reaction conditions Catalytic efficiency Key reactive 

species Reference [P] [C] [O 3 ] pH DE (min) k obs (min −1 ) TOC (min) 

g-C 3 N 4 p -CBA BZA 0.084 mM 0.5 g L −1 2 mg L −1 4.75 6.01 98% (30) 100% (30) 0.116 0.156 60% (30) 64% (30) •OH, •O 2 
− ( Song et al., 2019b ) 

O@g-C 3 N 4 ATZ 2 mg L −1 0.5 g L −1 5 mg min −1 6 92.91% (5) 0.6279 77.95% (15) •O 2 
− , •OH ( Yuan et al., 2019 ) 

Ce(III)-g-C 3 N 4 OA 0.5 mM 0.1 g L −1 6.6 mg min −1 3.5 96.1% (30) – 90% (30) •OH ( Xie et al., 2020 ) 

ZVZ-g-C 3 N 4 ATZ 2 mg L −1 0.5 g L −1 5 mg min −1 6 96.5% (1.5) 1.852 – •O 2 
− , •OH, 1 O 2 ( Yuan et al., 2018 b) 

CuO/g-C 3 N 4 OA 50 mg L −1 0.5 g L −1 5 mg min −1 6 91% (15) 0.1349 73% (30) •O 2 
− , •OH ( Liu et al., 2020a ) 

ZnO/g-C 3 N 4 ATZ 2 mg L −1 0.5 g L −1 5 mg min −1 6.5 99.5% (2) 2.73 76.8% (15) •O 2 
− , •OH, 1 O 2 ( Yuan et al., 2018 a) 

LaCoO 3 /g-C 3 N 4 BZA 0.084 mM 0.25 g L −1 1 mg L −1 6.4 90% (30) 0.095 65% (120) •OH, 1 O 2 , •O 2 
− ( Zhang et al., 2019b ) 

[P]: pollutant concentration; [C]: catalyst dosage; [O 3 ]: O 3 concentration; DE: degradation efficiency; k obs : apparent rate constant; TOC: total organic carbon; p -CBA: 4- 

chlorobenzoic acid; BZA: benzotriazole; ATZ: atrazine; OA: oxalic acid. 
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( Wang and Bai, 2017 ; Wang and Chen, 2020 ). Compared with ho-

mogeneous catalytic ozonation, heterogeneous catalytic ozonation

is greener, more economical and more convenient. Therefore, many

efforts have been devoted to developing novel heterogeneous cata-

lysts for catalytic ozonation. 

Graphitic carbon nitride-based catalysts have been demon-

strated to be effective heterogeneous catalysts in catalytic ozona-

tion for degrading organic pollutants from water Table 2 ). Nor-

mally, the delocalized electrons and surface oxygen-containing

functional groups are responsible for the activity of g-C 3 N 4 in cat-

alytic ozonation. Song et al. (2019b) found that the g-C 3 N 4 ex-

hibited activity in catalytic ozonation for the degradation of 4-

chlorobenzoic acid ( p -CBA) and benzotriazole (BZA) due to the

presence of electron-rich nitrogen vacancies and surface oxygen-

containing functional groups (such as hydroxyl group and carbonyl

group). Compared with the sole ozonation (apparent rate con-

stant ( k obs ): 0.069 and 0.057 min 

−1 ), the catalytic ozonation by

adding g-C 3 N 4 -Urea presented better activity for p -CBA and BZA

degradation ( k obs : 0.116 and 0.156 min 

−1 ). During the reaction, the

O 3 captured the delocalized electrons from the electron-rich ni-

trogen vacancies in g-C 3 N 4 to form the •O 3 
− ( Eq. (3) ) and then

the HO 3 • ( Eq. (4) ), which rapidly transformed into •OH ( Eq. (5) ).

Moreover, the O 3 decomposed aromatic rings in organic species to

olefins, which subsequently reacted with O 3 to form H 2 O 2 . Mean-

while, the carbonyl group in g-C 3 N 4 also enhanced the H 2 O 2 pro-

duction ( Eq. (6) ). And the reaction of H 2 O 2 and O 3 could gener-

ated more •OH and •O 2 
− ( Eqs. (7) and ( (8) ). Therefore, the ac-

tivity of g-C 3 N 4 in catalytic ozonation was greatly enhanced. In

addition, the doping of O atoms could increase the amount of

surface oxygen-containing functional groups and nitrogen vacan-

cies of g-C 3 N 4 , thus enhancing the performance catalytic ozona-

tion ( Yuan et al., 2019 ). The degradation efficiency of atrazine (ATZ)

through catalytic ozonation over the oxygen functionalized g-C 3 N 4 

(O@g-C 3 N 4 ) was increased by 29.76% in comparison with the sole

ozonation. 

O 3 + e − → O 

−
3 (3)

O 

−
3 + H 2 O → H O 3 + O H 

− (4)

H O 3 → O 2 + OH (5)

g − C 3 N 4 ( C = O ) + O 3 + H 2 O → g − C 3 N 4 ( C − O ) + H 2 O 2 + O 2 

(6)

H 2 O 2 + H 2 O → HO 

−
2 + H 3 O 

+ (7)

O 3 + H 3 O 

+ → OH + O 

− + O 2 (8)
2 
t has been reported that metal species could significantly promote

he decomposition of O 3 to produce ROS ( Wang and Bai, 2017 ;

ang et al., 2019b ). Accordingly, numerous g-C 3 N 4 -based metal-

ontaining catalysts have been constructed recently to realize the

ynergistic effect of g-C 3 N 4 and metal species for efficient catalytic

zonation. For example, the ZnO/g-C 3 N 4 was found to be highly

ctive in catalytic ozonation and the k obs of ATZ degradation was

.73 min 

−1 , which was almost 10.5 times higher than that of ozone

lone ( Yuan et al., 2018 a). The enhanced activity was owing to the

ost-guest interaction between g-C 3 N 4 and ZnO, as well as the in-

reased surface area and improved electron transfer ability. Tert -

utanol (TBA), p -benzoquinone ( p -BQ) and NaN 3 were utilized as

OS scavengers for •OH, •O 2 
− and 

1 O 2 , respectively. The degra-

ation efficiency of ATZ in ZnO/g-C 3 N 4 /O 3 system was greatly in-

ibited after the addition of ROS scavengers, implying that •O 2 
−,

 O 2 and •OH were the major reactive species responsible for ATZ

egradation. Besides, the g-C 3 N 4 could also provide an ideal site

o accommodate Ce(III), thus accelerating the formation of surface

ydroxyl groups ( Xie et al., 2020 ). As a result, the Ce(III)-doped g-

 3 N 4 (Ce(III)-g-C 3 N 4 ) possessed a high catalytic ozonation activity

n oxalate degradation, which was ascribed to the synergistic effect

f surface hydroxyl groups and Ce(III) active site. 

Moreover, the LaCoO 3 /g-C 3 N 4 exhibited an outstanding activity

n catalytic ozonation for the degradation of BZA due to the for-

ation of electron transfer cycle Zhang et al., 2019b ). The elec-

ron transfer cycle in LaCoO 3 /g-C 3 N 4 , which was induced by the

C 

–O 

–Co bonding and nitrogen vacancy, could accelerate the de-

omposition of O 3 to generate more •OH, thus promoting the BZA

egradation. As shown in Fig. 4 a and b, the kobs raised with

he increase of the relative content of –C 

–O 

–Co bonding and ni-

rogen vacancy, indicating the positive role of –C 

–O 

–Co bonding

nd nitrogen vacancy in LaCoO 3 /g-C 3 N 4 in catalytic ozonation. The

echanism for LaCoO 3 /g-C 3 N 4 catalytic ozonation was displayed in

ig. 4 c. First, the O 3 trapped the single electrons from nitrogen va-

ancies to generate •O 3 
− ( Eq. (3) ). Meanwhile, the O3 was decom-

osed by the –C 

–O 

–Co bonding to form •O 2 
− and 

1 O 2 ( Eq. (9) ).

nd the O 3 could react with OH 

− to produce •O 2 
− and HO 2 •

 Eq. (10) ). Additionally, the O 2 captured the delocalized electrons

rom electron-rich centers to generate •O 2 
− ( Eq. (11) ). Then, a se-

ies of radical chain reactions ( Eqs. (4) and ( (12) ) were induced by

he •O 2 
− and HO 2 • to produce •OH ( Eq. (5) ). Thus the catalytic

zonation activity of LaCoO 3 /g-C 3 N 4 for BZA degradation was sig-

ificantly improved. 

 3 
C −O −Co −−−−−→ O 

−
2 + 

1 O 2 + O 2 (9)

 3 + O H 

− → O 

−
2 + H O 2 (10)

 2 + e − → O 

−
2 (11)

 

− + O 3 → O 

− + O 2 (12)
2 3 
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Fig. 4. (a) Effect of –C –O –Co relative content on the degradation efficiency of BZA and (b) effect of C/N on the degradation efficiency of BZA. (c) Reaction mechanism of 

catalytic ozonation with LaCoO 3 /g-C 3 N 4 . Reproduced with permission from Ref. ( Zhang et al., 2019b ). Copyright 2019 Elsevier. 
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urthermore, the g-C 3 N 4 -based catalysts were also utilized in

 3 /H 2 O 2 process to promote the formation of •OH under acidic

onditions. In general, the production of •OH in O 3 /H 2 O 2 process

s limited under acidic conditions as the HO 2 
− that can induce free

adical chain reactions to generate •OH is mainly formed under al-

aline conditions ( Li et al., 2015 ; Sein et al., 2008 ). To overcome

his drawback, Guo et al. (2019) anchored single Mn atoms on g-

 3 N 4 (Mn-CN) to accelerate the •OH formation for the degradation

f oxalic acid (OA). As shown in Fig. 5 a and b, the Mn-CN cata-

yst exhibited high activity for OA degradation in the O 3 /H 2 O 2 pro-

ess, which was ascribed to the increased yield of •OH ( Fig. 5 c).

he chronoamperometry curves ( Fig. 5 d) and EPR measurements

 Fig. 5 e) suggested that the HO 2 • was formed in the interaction be-

ween Mn-CN and H 2 O 2 , and the O 3 could promote the formation

f HO 2 •. The energy change plot for different steps ( Fig. 5 f) further

onfirmed the reaction mechanism. During the reaction ( Fig. 5 g),

he Mn-N 4 site in Mn-CN catalyst adsorbed H 2 O 2 to form the HOO-

n-N 4 species, which then reacted with O 3 to generate HO 2 • and

O 3 
−. •O 3 

− would combine with H 

+ in acidic solution to generate

O 3 • and it rapidly transformed to •OH. Meanwhile, HO 2 • con-

erted to •O 2 
−, which could also react with O 3 to produce •O 3 

−.

herefore, the yield of •OH was increased and the degradation ef-

ciency of OA was significantly enhanced. 

The general catalytic mechanisms of g-C 3 N 4 -based catalysts

uring catalytic ozonation are presented in Fig. 1 . In brief, the

elocalized electrons and surface oxygen-containing functional

roups on g-C 3 N 4 can promote the transformation of O 3 to gener-

te •OH and •O 2 
−. Additionally, the immobilized metal species on

-C 3 N 4 also can activate O 3 to produce •OH, •O 2 
− and 

1 O 2 . Con-

equently, these generated ROS will accelerate the degradation of

rganic pollutants. 

. Application of g-C 3 N 4 -based catalysts in persulfates 

ctivation 

As an effective and promising technology for the degrada-

ion of organic pollutants in water, the AOPs based on persul-

ates including peroxymonosulfate (PMS, HSO 5 
−) or peroxydisul-

ate (PDS, S 2 O 8 
2 −) have received increasing attention in recent

ears ( Qin et al., 2020 ; Yu et al., 2020 ; Zhou et al., 2020b ). Persul-
ates are strong oxidants and the redox potential for PMS and PDS

re 1.82 V and 2.01 V, respectively. Compared with H 2 O 2 and O 3 ,

he persulfates is more convenient for storage and transportation

ecause they usually exist as solid power. However, their direct re-

ction with most organic pollutants is so slow, which need further

ctivation for practical applications. In previous studies, numerous

trategies such as UV, heat, alkali, ultrasound, transition metals and

arbon-based catalysts have been utilized for persulfates activa-

ion, where reactive radicals (e.g., SO 4 •− and •OH) or nonradical

pecies ( 1 O 2 and surface-bound complexes) are generated for ef-

ectively degrading organic pollutants ( Liu et al., 2020b ; Wang and

ang, 2018 ). Among these approaches, heterogeneous catalysis has

ttracted extensive interests due to its less energy consumption,

igh catalytic activity and outstanding reusability ( Wu et al., 2019 ;

iao et al., 2020 ). Therefore, many efforts have been devoted to

xploring heterogeneous catalysts for persulfates activation. 

Graphitic carbon nitride-based catalysts have been considered

s effective catalysts for activating persulfates to degrade organic

ollutants ( Table 3 ). Normally, the catalytic activity of g-C 3 N 4 in

ersulfates activation is originated from the nitrogen- or oxygen-

ontaining functional groups, defective edges and sp 

2 hybridized

arbon network ( Dong et al., 2016 ; Duan et al., 2015 ). However, the

hysicochemical properties of g-C 3 N 4 prepared by different pre-

ursors and calcination procedures are usually somewhat differ-

nt, which may affect their activity for the activation of persul-

ates. Guan et al. (2020) investigated the influences of different

recursors (e.g., melamine, dicyandiamide and urea) and calcina-

ion atmosphere (e.g., air and N 2 ) on the catalytic activity of g-

 3 N 4 in PMS activation. As shown in Fig. 6 a and b, the obtained

-C 3 N 4 catalysts exhibited different catalytic activities for PMS ac-

ivation to degrade BPA, and the g-C 3 N 4 prepared from melamine

nd calcined in N 2 possessed the best performance. The difference

n their catalytic activities was because of the variation in the type

nd amount of active sites caused by the different preparation pro-

edures. Generally, methanol (MeOH), p-BQ and L-histidine (L-his)

ere used as ROS scavengers for SO 4 •− and •OH, •O 2 
−, and 

1 O 2 ,

espectively ( Gholami et al., 2020a ; Xu et al., 2020 ). The quench-

ng experiments ( Fig. 6 c) and EPR tests demonstrated that SO 4 •−

nd •OH rather than •O 2 
− or 1 O 2 were the major ROS responsible
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Fig. 5. (a) Degradation curves of OA in ozonation, the H 2 O 2 process and the peroxone process with or without Mn-CN. (b) Degradation curves of OA in the peroxone process 

with g-C 3 N 4 , MnCl 2 , a mixture composed of g-C 3 N 4 and MnCl 2 , or Mn-CN. (Inset: Corresponding solution color after reaction.) (c) EPR spectra of the DMPO- •OH adduct in 

ozonation, the H 2 O 2 process, the peroxone process and the peroxone process with Mn-CN. (d) Chronoamperometry curves in blank solution, blank solution with Mn-CN, 

H 2 O 2 solution and H 2 O 2 solution with Mn-CN. (e) EPR spectra of the DMPO- HO 2 • adduct in the heterogeneous catalytic Fenton process and peroxone reaction with Mn-CN. 

(f) Free energy of H 2 O 2 adsorption and HOO-Mn-N 4 detachment. (g) Reaction mechanism in the Mn-CN catalytic peroxone reaction. Reproduced with permission from Ref. 

( Guo et al., 2019 ). Copyright 2019 American Chemical Society. 

Table 3 

Catalytic activity of g-C 3 N 4 -based catalysts in persulfates activation. 

Catalyst Pollutant 

Reaction conditions Catalytic efficiency Key reactive 

species Reference [P] [C] [PS] pH DE (min) k obs (min −1 ) TOC (min) 

g-C 3 N 4 -M BPA 10 μM 0.5 g L −1 PMS/1 mM 7 100% (40) 0.0982 36.4% (60) SO 4 •− , •OH ( Guan et al., 2020 ) 

O-CN BPA 0.05 mM 1.0 g L −1 PMS/10 mM 6.4 100% (45) – 53% (60) 1 O 2 , •OH, 

SO 4 •−
( Gao et al., 2018b ) 

g-C 3 N 4 /AC AO 7 50 mg L −1 0.2 g L −1 PMS/0.4 g L −1 3.82 96.4% (10) – 8.2% (10) •OH, SO 4 •− ( Wei et al., 2016 ) 

CN-CG BPA 50 mg L −1 1.0 g L −1 PMS/0.27 mM 7 90% (30) – 80% (30) SO 4 •− , •OH, 
1 O 2 

( Zhang et al., 2020b ) 

Fe-g-C 3 N 4 Phenol 0.1 mM 1.0 g L −1 PMS/5 mM 2.6 100% (20) ~0.32 – Fe IV = O ( Feng et al., 2018b ) 

Fe(III)-g-C 3 N 4 4-CP 0.1 mM 0.1 g L −1 PMS/1 mM 3 100% (20) ~0.25 – Fe V = O ( Li et al., 2018 ) 

Co-g-C 3 N 4 4-CP 50 mg L −1 1.0 g L −1 PMS/2.5 mM – 100% (90) 0.062 32% (120) SO 4 •− , •OH ( Xie et al., 2019 ) 

Mn-g-C 3 N 4 ACT 20 mg L −1 0.2 g L −1 PMS/0.8 g L −1 6.5 100% (15) ~0.31 – 1 O 2 , •O 2 
− ( Fan et al., 2019 ) 

FeO y /S-g-C 3 N 4 SMX 10 mg L −1 0.2 g L −1 PMS/0.8 mM 3.54 100% (90) 0.06 43.9% (90) SO 4 •− , •OH, 
1 O 2 

( Wang et al., 2020b ) 

Mn 3 O 4 /g-C 3 N 4 4-CP 50 mg L −1 0.3 g L −1 PMS/1 mM – 100% (60) 0.0818 80% (60) 1 O 2 , SO 4 •− , 

•OH 

( Chen et al., 2020a ) 

CoFeO 2 /g-C 3 N 4 LVF 10 mg L −1 0.1 g L −1 PMS/0.5 mM 3 75% (5) – 30% (5) SO 4 •− ( Pi et al., 2020 ) 

g-C 3 N 4 /MnFe 2 O 4 TCS 9 mg L −1 0.2 g L −1 PMS/0.5 mM 11 97% (60) 0.0527 44.6% (60) SO 4 •− , •OH, 

•O 2 
− , 1 O 2 

( Wang et al., 2019c ) 

FeCo 2 S 4 /g-C 3 N 4 SMX 19.7 μM 0.02 g L −1 PMS/0.15 mM 6.5 91.9% (15) 0.151 26.1% (15) 1 O 2 ( Li et al., 2020d ) 

[P]: pollutant concentration; [C]: catalyst dosage; [PS]: persulfates concentration; DE: degradation efficiency; k obs : apparent rate constant; TOC: total organic carbon; 

BPA: bisphenol A; AO 7: Acid Orange 7; 4-CP: 4-chlorophenol; ACT: acetaminophen; SMX: sulfamethoxazole; LVF: levofloxacin; TCS: triclosan. 



Y. Yang, X. Li and C. Zhou et al. / Water Research 184 (2020) 116200 9 

Fig. 6. (a) Time courses of BPA oxidation by PMS in the presence of the as-prepared g-C 3 N 4 materials and (b) the k obs for BPA oxidation. (c) Effects of MeOH, p -BQ or L-his 

on degradation of BPA by the g-C 3 N 4 -Melamine/PMS system. (d) Degradation of various organic compounds by the g-C 3 N 4 -Melamine/ PMS system. (e) Mechanism of PMS 

activation by g-C 3 N 4 . Reproduced with permission from Ref. ( Guan et al., 2020 ). Copyright 2020 Elsevier. 
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or the degradation of BPA. Meanwhile, the g-C 3 N 4 also exhibited

ffective catalytic activity to degrade phenol, 2,4,6-tribromophenol

2,4,6-TBP), acetaminophen (ACT), sulfamethoxazole (SMX), ibupro-

en (IBP) and benzoic acid (BA) via activating PMS ( Fig. 6 d), further

xcluding the contribution of surface-bound reactive complexes.

ccordingly, the mechanism of PMS activation by g-C 3 N 4 was pro-

osed in Fig. 6 e. First, PMS was decomposed by the active sites

n the surface of g-C 3 N 4 via an electron transfer pathway to form

O 4 •− ( Eq. (13) ) and SO 5 •− ( Eq. (14) ). Then the SO 4 •− could react

ith H 2 O to generate •OH ( Eq. (15) ), while the SO 5 •− could self-

eact to generate SO 4 •− ( Eq. (16) ), resulting in the BPA degradation.

SO 

−
5 + e − → SO 

−
4 + O H 

− (13) 

SO 

−
5 − e − → SO 

−
5 + H 

+ (14) 

O 

−
4 + H 2 O → OH + H 

+ + SO 

2 −
4 (15)

 SO 

−
5 → 2 SO 

−
4 + O 2 (16) 

owever, the catalytic performance of pure g-C 3 N 4 in persulfates

ctivation is greatly suppressed by its poor electron transfer capa-

ility ( Lin et al., 2018b ). To improve the electron mobility of g-C 3 N 4 

or efficiently activating persulfates, Gao et al. (2018b) prepared O-

oped g-C 3 N 4 (O 

–CN) with modulated electronic structure. As dis-

layed in Fig. 7 a and b, compared with pure g-C 3 N 4 , the electronic

tructure of O 

–CN was altered due to the substitution of N atoms

y O atoms. Because the electronegativity of O atom is higher than

hat of C atom and N atom, the electrons of C atoms would flow to

he O atom, leading to formation of high and low electron density

egions around the O atom and C atom, respectively. Consequently,
he electron transfer on O 

–CN would be accelerated, which was

onfirmed by the electrochemical impedance spectroscopy (EIS)

pectra ( Fig. 7 c). Benefiting from the modulated electronic struc-

ure, the O 

–CN exhibited excellent catalytic activity in PMS acti-

ation for the degradation of BPA, CIP and 2-chlorophenol (2-CP).

he EPR tests and quenching experiments ( Fig. 7 d) indicated that

he O 

–CN could activate PMS to generate SO 4 •−, •OH and 

1 O 2 ,

n which 

1 O 2 was the major ROS responsible for BPA degrada-

ion. The N 2 -saturated experiment and linear sweep voltammetry

LSV) analysis ( Fig. 7 e) further demonstrated that 1 O 2 was origi-

ated from the PMS oxidation rather than from the conversion of

O 2 
−. Therefore, the mechanism of PMS activation by O 

–CN could

e proposed, as depicted in Fig. 7 f. The one was the PMS oxida-

ion by electron-poor C atoms to form SO 5 •−, followed by the re-

ction between SO 5 •− and H 2 O to generate 1 O 2 . The other was the

MS reduction by the electrons around the electron-rich O atoms

o generate SO 4 •− and •OH. 

As many metal species can activate persulfates to degrade or-

anic pollutants, it is reasonable to expect that incorporation of

etal species could effectively enhance the catalytic performance

f g-C 3 N 4 towards persulfates activation Li et al., 2017 ; Oh et al.,

017 ; Zhang et al., 2019a ). Meanwhile, the unique structure of g-

 3 N 4 with two-dimensional layered nanosheets and six nitrogen

one-pair electrons is conductive to the immobilization and disper-

ion of metal species. Therefore, many efforts have been devoted to

ncorporating metal species into g-C 3 N 4 for enhancing persulfates

ctivation ( Nguyen et al., 2019 ; Qin et al., 2019 ; Yang et al., 2019a ).

or example, Xie et al. (2019) synthesized Co-doped g-C 3 N 4 (Co-

-C 3 N 4 ) for PMS activation to degrade monochlorophenols (MCPs)

somers, including 2-CP, 3-chlorophenol (3-CP) and 4-chlorophenol

4-CP). The Co-g-C 3 N 4 exhibited superior catalytic activity in PMS

ctivation compared with g-C 3 N 4 due to the doping of Co. The Co
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Fig. 7. Two-dimensional valence-electron density color-filled maps of (a) g-C 3 N 4 and (b) O –CN. (c) EIS spectra of g-C 3 N 4 and O –CN. (d) Effect of scavengers on catalytic 

degradation of BPA in the O –CN/PMS system. (e) LSV curves of O –CN with and without PMS and BPA or DP. (f) Mechanism of PMS activation by O –CN. Reproduced with 

permission from Ref. ( Gao et al., 2018b ). Copyright 2018 American Chemical Society. 
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doping could promote the generation of SO 4 •− ( Eqs. (17) –( (20) ),

resulting in the improved degradation of MCPs. Meanwhile, the ad-

sorption experiments and quantum chemical calculations demon-

strated that the adsorption behavior based on the intermolecular

interactions between Co-g-C 3 N 4 and MCPs was benefit to the pro-

cess of MCPs degradation. Fan et al. (2019) prepared Mn-doped

g-C 3 N 4 (Mn-g-C 3 N 4 ) to activate PMS for the degradation of ACT.

The catalytic performance of g-C 3 N 4 was significantly improved by

the doping of Mn. Further researches demonstrated that 1 O 2 rather

than SO 4 •− or •OH was the active species responsible for the

degradation of ACT. In addition to transition metal species, noble

metal species were also introduced into g-C 3 N 4 ( Feng et al., 2018a ).

Wang et al. (2017) found that Pd nanoparticles could greatly en-

hance the performance of g-C 3 N 4 in PMS activation to degrade BPA

because it could promote the formation of surface-bound radical

intermediates. 

Co ( II ) − g − C 3 N 4 + HSO 

−
5 → Co ( III ) − g − C 3 N 4 + SO 

−
4 + O H 

−

(17)

Co ( III ) − g − C 3 N 4 + HSO 

−
5 → Co ( II ) − g − C 3 N 4 + SO 

−
5 + H 

+ (18)

Co ( III ) − g − C 3 N 4 + e − → Co ( II ) − g − C 3 N 4 (19)

SO 

−
4 + O H 

− → SO 

2 −
4 + OH (20)

Interestingly, it has been found that high-valent iron-oxo species

(e.g., Fe IV = O and Fe V = O) instead of ROS (e.g., SO 4 •−, •OH and
1 O 2 ) were responsible for the degradation of organic pollutants in

persulfates activation by Fe-g-C 3 N 4 ( Li et al., 2019a ). For exam-

ple, Feng et al. (2018b) synthesized Fe(II)-g-C 3 N 4 to activate PMS

for the degradation of phenol. Compared with g-C 3 N 4 , the Fe(II)-

g-C 3 N 4 possessed superior catalytic activity in PMS activation to

degrade phenol, which was attributed to the formation of Fe IV = O.

The Fe IV = O could rapidly degrade the phenol through electron
ransfer. Li et al. (2018) employed Fe(III)-doped g-C 3 N 4 (Fe(III)-g-

 3 N 4 ) to activate PMS for the degradation of 4-CP. As shown in

ig. 8 a, the degradation efficiency of 4-CP increased with the in-

rease of Fe(III) content in Fe(III)-g-C 3 N 4 . When oxalate and cit-

ate were added, the degradation efficiency of 4-CP was decreased

 Fig. 8 b and c). These results suggested that the embedded Fe(III)

n g-C 3 N 4 framework acted as the active sites for 4-CP degrada-

ion. Moreover, the EPR test and quenching experiments demon-

trated that traditional ROS in persulfates activation (e.g., SO 4 •−,

OH and 

1 O 2 ) played an insignificant role in degrading 4-CP. How-

ver, the degradation efficiency of 4-CP was suppressed by adding

he dimethyl sulfoxide (DMSO) ( Fig. 8 d), which is a probe com-

ound for high-valent iron-oxo species. The DMSO can be oxidized

y the high-valent iron-oxo species to generate the dimethyl sul-

one (DMSO2). Accordingly, it could be concluded that the Fe V = O

as formed on Fe(III)-g-C 3 N 4 in PMS activation, resulting in the

-CP degradation via nonradical pathway, as described in Fig. 8 e. 

In comparison with monometallic species, bimetallic species

ave a better catalytic activity for persulfates activation because

f the strengthened synergistic effect of metallic elements and the

resence of abundant redox reactions Chen et al., 2017 ; Lei et al.,

020b ; Lin et al., 2018a ). Thus, a series of bimetallic species have

een incorporated into g-C 3 N 4 to activate persulfates. For exam-

le, Pi et al. (2020) synthesized CoFeO 2 /g-C 3 N 4 to activate PMS

or the degradation of levofloxacin (LVF). The CoFeO 2 /g-C 3 N 4 dis-

layed a higher catalytic performance than CoFeO 2 in activating

MS to degrade LVF due to the accelerated redox cycles of metal

pecies. During the reaction, Co(II) and Fe(III) activated HSO 5 
− to

orm SO 4 •− ( Eqs. (21) and ( (22) ), while Fe(II) and Co(III) activated

SO 5 
− to form SO 5 •− Eqs. (23) and ( (24) ), resulting in the LVF

egradation. Li et al. (2020d) fabricated FeCo 2 S 4 /g-C 3 N 4 to degrade

MX through the activation of PMS. Owing to the synergistic effect

etween FeCo 2 S 4 and g-C 3 N 4 , the catalytic activity of FeCo 2 S 4 /g-

 3 N 4 was superior to FeCo 2 S 4 , g-C 3 N 4 and Co 3 S 4 /g-C 3 N 4 . The

egradation efficiency of SMX was determined to be 60.1%, 17.8%,

3.9% and 91.9% for FeCo 2 S 4 , g-C 3 N 4 , Co 3 S 4 /g-C 3 N 4 and FeCo 2 S 4 /g-



Y. Yang, X. Li and C. Zhou et al. / Water Research 184 (2020) 116200 11 

Fig. 8. (a) Degradation of 4-CP in different PMS/Fe(III)-g-C 3 N 4 systems. Effects of (b) oxalate and (c) citrate on 4-CP degradation in the PMS/Fe(III)-g-C 3 N 4 system. (d) Effect 

of DMSO on 4-CP degradation in the PMS/Fe(III)-g-C 3 N 4 system. (e) Mechanism of PMS activation by Fe(III)-g-C 3 N 4 . Reproduced with permission from Ref. ( Li et al., 2018 ). 

Copyright 2018 American Chemical Society. 
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 3 N 4 , respectively. For FeCo 2 S 4 /g-C 3 N 4 , 
1 O 2 was identified to be

he dominant active species responsible for SMX degradation. 

SO 

−
5 + Co ( II ) → Co ( III ) + SO 

−
4 + O H 

− (21)

SO 

−
5 + Fe ( III ) → Fe ( II ) + SO 

−
4 + H 

+ (22) 

SO 

−
5 + Co ( III ) → Co ( II ) + SO 

−
5 + H 

+ (23) 

SO 

−
5 + Fe ( II ) → Fe ( III ) + SO 

−
5 + O H 

− (24)

dditionally, metal-free materials with high electrical conduc-

ivity were employed to accelerate the electron transfer on g-

 3 N 4 for enhancing the activation of persulfates ( Chen et al.,

018 ; Guo et al., 2018 ; Ye et al., 2019b ). For example,

ei et al. (2016) combined g-C 3 N 4 with activated carbon (AC) to

ctivate PMS for the degradation of organic pollutants. Compared

ith g-C 3 N 4 and AC, the g-C 3 N 4 /AC composite exhibited superior

atalytic activity in PMS activation to degrade Acid Orange 7 (AO

), which was ascribed to the synergistic effect between g-C 3 N 4 

nd AC. Firstly, the specific surface area of g-C 3 N 4 /AC was larger

han that of g-C 3 N 4 , which could provide more active sites and in-

rease the adsorption ability for AO 7. Secondly, the effective in-

erfacial contact between g-C 3 N 4 and AC could greatly facilitate

he electron transfer on g-C 3 N 4 . Therefore, both the radical gen-

ration (SO 4 •− and •OH) and the nonradical effect in PMS activa-

ion were significantly enhanced, resulting in the efficient degra-

ation of organic pollutants. Yao et al. (2019) introduced covalent

rganic framework (COF) into g-C 3 N 4 to promote PMS activation

or the degradation of Orange II. The electron transfer between g-

 3 N 4 @COF and PMS was boosted, which was attributed to the good

alance between nitrogen content and graphitization degree. As a
esult, the g-C 3 N 4 @COF showed excellent catalytic activity in PMS

ctivation to degrade Orange II because of the strengthened non-

adical pathway induced by boosted electron transfer. 

Recently, the combination of photocatalysis and persulfates ac-

ivation has drawn increasing attention because the synergistic ef-

ect between them could significantly improve the catalytic perfor-

ance ( Gao et al., 2017 ; Wang et al., 2020d ; Yang et al., 2019b ).

ormally, the persulfates can be activated by the photogenerated

lectrons on g-C 3 N 4 -based catalysts to generate SO 4 •− and •OH,

esulting in the boosted persulfates activation and enhanced or-

anic pollutants degradation. For example, Gao et al. (2018a) uti-

ized a Co 3 O 4 QDs/g-C 3 N 4 heterostructure to degrade TC under

isible light in the presence of PMS. Compared to the case with-

ut visible light or PMS, the degradation efficiency was greatly

nhanced, which was ascribed to the cooperative effect be-

ween photocatalysis and persulfates activation. In the study of

i et al. (2019d) , the CuFe 2 O 4 /g-C 3 N 4 composite exhibited im-

roved catalytic performance on PDS activation under visible light

or the degradation of propranolol due to the self-redox cycles

f iron and copper in CuFe 2 O 4 and the accelerated formation of

O 4 •−. Moreover, our group recently developed a novel carbonyl

nd carboxyl groups co-modified g-C 3 N 4 and employed it for the

MS activation under visible light to degrade chlortetracycline hy-

rochloride ( Guo et al., 2020b ). In this system, the photogenerated

lectrons were gathered around the electron-withdrawing carbonyl

nd carboxyl groups of g-C 3 N 4 . The PMS could be quickly activated

y these electrons to generate SO 4 •− and •OH, leading to the effi-

ient degradation of chlortetracycline hydrochloride. 

The general catalytic mechanisms of g-C 3 N 4 -based catalysts

uring persulfates activation are displayed in Fig. 1 . In short, the

itrogen- or oxygen-containing functional groups, defective edges,

p 

2 hybridized carbon network and photogenerated electrons of

-C N can facilitate the decomposition of persulfates to produce
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Fig. 9. (a) Effect of solution pH on the degradation of ATZ in the ZVZ-g-C 3 N 4 /O 3 system. Reproduced with permission from Ref. ( Yuan et al., 2018 b). Copyright 2018 Elsevier. 

(b) Effect of solution pH on the degradation of BPA in the g-C 3 N 4 -Melamine/PMS system. Reproduced with permission from Ref. ( Guan et al., 2020 ). Copyright 2020 Elsevier. 

Effect of (c) solution pH and (f) common inorganic anions on the degradation of BPA in the O-CN/PMS system. Reproduced with permission from Ref. ( Gao et al., 2018b ). 

Copyright 2018 American Chemical Society. (d) Effect of temperature on the degradation of RhB in the S-g-C 3 N 4 /PDS system. Reproduced with permission from Ref. ( Lin et al., 

2018b ). Copyright 2018 Elsevier. (e) Effect of NOM on the degradation of ATZ in the O@g-C 3 N 4 /O 3 system. Reproduced with permission from Ref. ( Yuan et al., 2019 ). Copyright 

2019 Elsevier. 
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SO 4 •− and •OH. Moreover, the loaded metal species on g-C 3 N 4 also

can activate persulfates to generate SO 4 •−, •OH, •O 2 
− and 

1 O 2 . Es-

pecially, the Fe-N complex on Fe-g-C 3 N 4 can bound to PMS, result-

ing in the formation of high-valent iron-oxo species. As a result,

these reactive species will promote the degradation of organic pol-

lutants. 

5. The effect of water chemistry on catalytic performance 

5.1. Effect of pH 

Due to the variable pH values of actual wastewater, it is very

important to clarify the effect of pH on the performance of g-

C 3 N 4 -based catalysts in AOPs. Normally, the solution pH affects the

surface properties of g-C 3 N 4 -based catalysts, the structural forms

of target contaminants and the decomposition of oxidants (H 2 O 2 ,

O 3 and persulfates), thereby influencing the catalytic performance.

The pH at point of zero charge (pH pzc ) can help determine the ef-

fect of pH on the surface charge of the catalyst. When the solu-

tion pH is less than pH pzc , the surface of the catalyst is positively

charged, and when the solution pH is greater than pH pzc , the sur-

face of the catalyst is negatively charged. For example, the pH pzc 

of zero-valent zinc immobilized g-C 3 N 4 (ZVZ-g-C 3 N 4 ) was deter-

mined to be 5.96 ( Yuan et al., 2018 b). At the initial pH above pH pzc ,

the surface of the catalyst was negatively charged as [ZVZ-g-C 3 N 4 ]-

O 

− group. Therefore, the ZVZ-g-C 3 N 4 showed superior catalytic

ozonation performance on ATZ degradation in the pH range of 7.0–

9.0 since O 3 is more likely to react with negatively charged surface

( Fig. 9 a). In the study of Li et al. (2020d) , the pH pzc of FeCo 2 S 4 /g-

C 3 N 4 was determined to be 5.9. Accordingly, at the initial pH of

3.5 or 5.0 and 6.5, 8.0 or 9.5, the surface charge of FeCo S /g-C N 
2 4 3 4 
as positive and negative, respectively. Because the SMX existed

s anionic species in the pH range of 3.5–9.5, the interaction be-

ween FeCo 2 S 4 /g-C 3 N 4 and SMX was enhanced at the initial pH of

.5 and 5.0, promoting the degradation of SMX in the presence of

MS. 

In addition, the decomposition of oxidants are also influ-

nced by the solution pH. In alkali media, the oxidability of

 2 O 2 is weakened because of its decomposition to O 2 and H 2 O

 Cheng et al., 2018a ). The activity of O 3 alone for organic pollu-

ants degradation under acidic conditions is unsatisfactory. How-

ver, at high pH, the abundant OH 

− can react with O 3 to acceler-

te the formation of •OH, thus promoting the degradation of or-

anic pollutants ( Nawrocki and Kasprzykhordern, 2010 ; Wang and

hen, 2020 ). Moreover, the PMS will decomposed to SO 4 
2 −, O 2 and

 2 O at high pH, inhibiting the generation of ROS ( Ball and Ed-

ards, 1956 ). As shown in Fig. 9 b, in the g-C 3 N 4 /PMS system, the

 obs of BPA degradation increased with pH increasing from 5.0 to

.0, and then decreased as pH further increased to 9.0 ( Guan et al.,

020 ). This phenomenon could be ascribed to the following rea-

ons. At lower pH values, the electron transfer from g-C 3 N 4 surface

o PMS was inhibited. Moreover, the alkaline conditions weakened

he interaction between g-C 3 N 4 surface and HSO 5 
− and accelerated

he self-decomposition of PMS. 

Nonetheless, most of the g-C 3 N 4 -based catalysts were applica-

le in a wide pH range for the degradation of organic pollutants.

or example, Gao et al. (2018b) reported that PMS could be ac-

ivated by O 

–CN in a wide pH range of 3.0–9.0 to efficiently de-

rade BPA ( Fig. 9 c). The ZnO/g-C 3 N 4 exhibited excellent activity in

 wide pH range of 3.5–9.5 for ATZ degradation in catalytic ozona-

ion ( Yuan et al., 2018 a). The degradation efficiency of ATZ at each

H value was all over 95.5% within 3 min, indicating the slight ef-
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ect of solution pH on the AZT degradation. Normally, the classical

enton reaction only works better under acidic conditions because

t easily forms iron precipitates under neutral and alkaline condi-

ions. Compared to recent novel heterogeneous Fenton-like cata-

ysts such as Fe-Pd@C ( He et al., 2019a ) and nFe 2 O 3 /MIL-53(Cu)

 Ren et al., 2020 ), which only worked in a narrow pH range of

.0–6.0, the g-C 3 N 4 -based catalysts usually performed well in a

ider pH range. For example, in the study of Lyu et al. (2018) ,

he CN 

–Cu(II)-CuAlO 2 catalyst exhibited effective activity for BPA

egradation in a wide pH range of 5.0–9.0, and possessed the high-

st activity under the neutral conditions. No significant variation in

he removal efficiency of BPA could be observed in the pH range of

.0–7.0 with the change of initial pH. And although the removal ef-

ciency of BPA slightly decreased with the increase of initial pH in

he pH range of 7.0–9.0, it could still achieve 70% at pH 9.0 after

20 min reaction, which was attributed to its dual reaction centers.

oreover, the Cu(I)-g-C 3 N 4 also displayed satisfactory activity for

he degradation of RhB in a wide pH range of 5.0–11.0 ( Ma et al.,

019b ). Unlike traditional Fenton-like reactions, the removal effi-

iency of RhB increased with the increase of solution pH in the pH

ange of 3.0–6.0, while remained almost unchanged as the pH fur-

her increased to 11.0. The efficient activity of Cu(I)-g-C 3 N 4 for RhB

egradation at higher pH values was ascribed to the 1 O 2 , which

as more easily generated under the alkaline conditions than the

cidic conditions. 

.2. Effect of water temperature 

At ambient temperature, the g-C 3 N 4 -based catalysts can per-

orm well in Fenton-based processes, catalytic ozonation and per-

ulfates activation. Slight temperature changes will not obviously

ffect the performance of g-C 3 N 4 -based catalysts for degrading or-

anic pollutants through these AOPs. For example, the degradation

fficiencies of BPA in the CN-Cu(II)-CuAlO 2 /H 2 O 2 system at 25 °C,

0 °C and 35 °C were 90%, 93% and 96%, respectively ( Lyu et al.,

018 ). However, if the water temperature fluctuates greatly, the

egradation rate of organic pollutants will also change significantly,

specially in persulfates activation because heat is an effective

ethod to activate persulfates. Lin et al. (2018b) utilized S-doped

-C 3 N 4 (S-g-C 3 N 4 ) to activate PDS for the degradation of RhB. As

hown in Fig. 9 d, the k obs of RhB degradation was increased from

.005 min 

−1 to 0.014 min 

−1 as the temperature was raised from

0 °C to 60 °C. Moreover, in the FeCo 2 S 4 /g-C 3 N 4 /PMS system, with

he rise of temperature from 10 °C to 40 °C, the degradation eff-

iecny of SMX was remarkably increased from 61.2% to 99.9%, and

he k obs of SMX degradation was also increased from 0.059 min 

−1 

o 0.294 min 

−1 ( Li et al., 2020d ). 

.3. Effect of natural organic matter 

Natural organic matter (NOM) is a complex mixture of organic

ubstances, which is extensively distributed in ground water, sur-

ace water and wastewater. In AOPs, the NOM usually competes

ith target organic pollutants for ROS, leading to the reduction

n degradation efficiency. As a major constituent of NOM, humic

cid (HA) can react with O 3 , which may depress the performance

f catalytic ozonation. In the ZnO/g-C 3 N 4 /O 3 system, the k obs of

TZ degradation decreased from 1.84 to 0.57 min 

−1 when the HA

oncentration increased from 1.0 to 10.0 mg L −1 , which was as-

ribed to the competition between HA and ATZ for both O 3 and

OS ( Yuan et al., 2018 a). However, in the O@g-C 3 N 4 /O 3 system

 Fig. 9 e), the production of •OH was increased owing to the re-

ction between electron-rich moieties of HA and O 3 , resulting in

he accelerated ATZ degradation ( Yuan et al., 2019 ). In addition, the

OM can also inhibit the g-C 3 N 4 -based catalysts to active persul-

ates because its abundant hydroxyl and carboxyl groups retard the
eaction between persulfates and g-C 3 N 4 -based catalysts to gener-

te reactive species. For example, in the Fe(III)-g-C 3 N 4 /PMS system,

he degradation efficiency of 4-CP declined from 93% to 72% with

OM concentration increasing from 1.0 to 20.0 mg L −1 ( Li et al.,

018 ). This was mainly because of the delayed reaction between

MS and Fe(III)-g-C 3 N 4 caused by NOM as well as the competitive

eaction between NOM and 4-CP. 

.4. Effect of inorganic anions 

Inorganic anions are also ubiquitous in ground water, surface

ater and wastewater, which can serve as radical scavengers, re-

ulting in an inhibitory effect on the radical-based degradation

f organic pollutants. For example, in the ZVZ-g-C 3 N 4 /O 3 sys-

em, the HCO 3 
− obviously suppressed ATZ degradation since the

OH was scavenged by HCO 3 
− ( Yuan et al., 2018 b). In the g-

 3 N 4 /MnFe 2 O 4 /PMS system, the triclosan (TCS) degradation was

nhibited by the HCO 3 
− and low concentration of Cl −, which was

ttributed to the formation of less reactive radical species, such

s •HCO 3 , •CO 3 
− and •Cl. While the high concentration of Cl −

ould promote the degradation of TCS because of the generation

f strong oxidizing species, such as Cl 2 and HOCl ( Wang et al.,

019c ). Besides, the effect of inorganic anions on organic contami-

ants degradation in the nonradical dominated process is usually

nsignificant. In the FeCo 2 S 4 /g-C 3 N 4 /PMS system, the 1 O 2 domi-

ated nonradical pathway was determined to be the major process

or SMX degradation. Thus, the Cl −, HCO 3 
− and H 2 PO 4 

− showed

nremarkable impact on the degradation of SMX ( Li et al., 2020d ).

imilarly, as exhibited in Fig. 9 f, in the O-CN/PMS system with
 O 2 as the major ROS, the effect of Cl −, HCO 3 

− and CO 3 
2 − on the

egradation of BPA was negligible ( Gao et al., 2018b ). However, in

MS activation, some inorganic anions such as H 2 PO 4 
− ( Li et al.,

019a ) and F − ( Li et al., 2018 ) would hinder the formation of high-

alent iron-oxo species due to the complexation between inorganic

nions and iron species, leading to a slight decline in degradation

fficiency. 

.5. Effect of dissolved oxygen 

Dissolved oxygen (DO) is one of the essential parameters of wa-

er chemistry. It has been found that DO could get involved in

he free radical chain reactions, thereby influencing the degrada-

ion of organic pollutants ( Fang et al., 2013 ; Lu et al., 2019 ). Gen-

rally, as an electron acceptor, DO can react with one electron

f catalysts to form •O 2 
−, which can be further reduced to H 2 O 2 

hen two protons are present ( Nosaka and Nosaka, 2017 ). Besides,

he process of persulfates activation can also be affected by DO

 Zhang et al., 2018 ; Zhu et al., 2018 ). However, there are limited re-

orts on the effect of DO on the performance of g-C 3 N 4 -based cat-

lysts in these AOPs. Meanwhile, these reports demonstrated that

he effect of DO in the Fenton-based processes and persulfates ac-

ivation over g-C 3 N 4 -based catalysts was insignificant. For example,

n the CDs/Fe(II)-g-C 3 N 4 /H 2 O 2 system ( Fang et al., 2019 ), there was

o obvious change in the degradation efficiency of MB in the ab-

ence of O 2 . Moreover, in the O-CN/PMS system ( Gao et al., 2018b ),

he BPA degradation was not inhibited after N 2 saturation, imply-

ng that the 1 O 2 was not derived from the DO in reaction solution.

. Reusability, stability and toxicity 

From the view of practical applications, the reusability and

tability of g-C 3 N 4 -based catalysts in these AOPs are vital for

he treatment of wastewater. Normally, the g-C 3 N 4 -based cata-

ysts could still keep good catalytic performance after multiple

uccessive cycles. For example, in Fenton-like oxidation, the cat-

lytic activity of Cu-Al O -g-C N for RhB degradation decreased
2 3 3 4 



14 Y. Yang, X. Li and C. Zhou et al. / Water Research 184 (2020) 116200 

Fig. 10. (a) The digital image and (b) cross-sectional SEM of Mn 3 O 4 /g-C 3 N 4 @PTFE membrane. (c) The reusability of Mn 3 O 4 /g-C 3 N 4 @PTFE membrane for 4-CP degradation in 

the presence of PMS. Reproduced with permission from Ref. ( Chen et al., 2020a ). Copyright 2020 Elsevier. The comparison of (d) XANES and (e) EXAFS spectra at the Cu 

K-edge between the fresh Cu(I)-g-C 3 N 4 and the catalyst after the degradation reaction. (f) XPS spectra of Cu 2p and Cu LMM Auger electron spectra (insert graph) of the 

used Cu(I)-g-C 3 N 4 . Reproduced with permission from Ref. ( Ma et al., 2019b ). Copyright 2019 Elsevier. 
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insignificantly after 7 successive cycles, reaching a removal effi-

ciency of 91% in 60 min ( Xu et al., 2018 ). In catalytic ozonation,

the decline of the catalytic performance of CuO/g-C 3 N 4 for OA

degradation was not obvious after 5 successive cycles ( Liu et al.,

2020a ). In PMS activation, 90% removal of TCS was obtained over

g-C 3 N 4 /MnFe 2 O 4 after 5 successive cycles ( Wang et al., 2019c ).

In these cycles at lab-scale, centrifugation recovery and magnetic

recovery were usually utilized to recover catalyst powder from

the reaction suspension. However, in practical applications, they

may be complicated and expensive because of the need to in-

stall a large capacity centrifuge or a large electromagnetic sys-

tem. Recently, catalytic membranes have drawn considerable inter-

est in practical applications due to the simple operation with no

need to recover catalyst. Chen et al. (2020a) fabricated a Mn 3 O 4 /g-

C 3 N 4 @Polytetrafluoroethylene (PTFE) membrane via a facile vac-

uum filtration method and used it to activate PMS for 4-CP degra-

dation ( Fig. 10 a and b). As shown in Fig. 10 c, the catalytic perfor-

mance of Mn 3 O 4 /g-C 3 N 4 @PTFE membrane still maintained at high

level after 5 successive cycles and was able to remove 80% of 4-CP

in 60 min. 

The stability of g-C 3 N 4 -based catalysts in these AOPs was also

confirmed by a series of characterizations, such as X-ray diffrac-

tion (XRD), X-ray photoelectron spectroscopy (XPS), Fourier trans-

form infrared spectroscopy (FTIR), scanning electron microscopy

(SEM) and transmission electron microscopy (TEM). In the study of

Ma et al. (2019b) , the XANES spectra and EXAFS spectra showed

that the chemical state and coordination structure of the Cu in

Cu(I)-g-C 3 N 4 had no apparent changes before and after reaction

( Fig. 10 d and e). The XPS spectra also indicated that the Cu(I) was

stably existed in g-C 3 N 4 via N coordination after reaction ( Fig. 10 f).

Moreover, it has been reported that g-C 3 N 4 was chemically stable

toward •O 2 
− and O 3 ( Xiao et al., 2017 ). And although •OH can di-
ectly tear the heptazine unit from g-C 3 N 4 to generate secondary

ollutants, the presence of organic pollutants will hinder the frag-

entation of g-C 3 N 4 . In the study of Song et al. (2019b) , the SEM,

EM and atomic force microscopy (AFM) images as well as the XRD

nd Raman spectra displayed that the morphology, crystal struc-

ure and framework of g-C 3 N 4 were only slightly changed after

atalytic ozonation, suggesting the high stability of g-C 3 N 4 . And

PR spectra exhibited that the amount of delocalized electrons in

-C 3 N 4 decreased not obviously after catalytic ozonation, further

erifying the relative chemical stability of g-C 3 N 4 . Overall, these

esults demonstrated the good reusability and stability of g-C 3 N 4 -

ased catalysts in these AOPs for the degradation of organic con-

aminants. 

Additionally, the toxicity of g-C 3 N 4 -based catalysts determines

heir further practical applications. In general, the toxicity of g-

 3 N 4 -based materials is closely associated with their structure,

orphology, composition and physicochemical properties such as

he surface status, dispersion and hydrophilicity ( Chen et al., 2015 ;

iao et al., 2020 ). Some investigations have demonstrated that

he g-C 3 N 4 -based materials had low toxicity and good biocom-

atibility, which could meet the requirements of practical appli-

ations. For example, Zhang et al. (2013) reported that the ultra-

hin g-C 3 N 4 nanosheets possessed nontoxicity and excellent bio-

ompatibility by assessing the viability of HeLa cells after incu-

ation with the g-C 3 N 4 via an MTT (3-(4,5-dimethylthiazol-2-yl)-

,5-diphenyltetrazolium bromide) assay. Even if the concentration

f incubated g-C 3 N 4 was as high as 600 μg mL −1 , there was no

istinct decrease in cell viability. Feng et al. (2016) found that

he up-conversion nanoparticles (UCNP)@g-C 3 N 4 -polyethylene gly-

ol (PEG) composite itself had no obvious toxicity to HeLa cells. In

he study of He et al. (2020) , although the short-lived ROS gen-

rated by g-C 3 N 4 at a concentration of 50 mg L −1 or more under
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imulated solar light would exert injury to the hatched zebrafish

arvae, the presence of NOM in water could diminish the hazardous

ffect. 

. Conclusions and perspectives 

In conclusion, the g-C 3 N 4 -based catalysts presented excellent

atalytic activities in Fenton-based processes, catalytic ozonation

nd persulfates activation, and could efficiently degrade organic

ontaminants from water through these AOPs. In Fenton-based

rocesses and catalytic ozonation, the •OH activated by g-C 3 N 4 -

ased catalysts was the major reactive species for degrading or-

anic pollutants. While in persulfates activation, the SO 4 •−, •OH,
 O 2 and high-valent iron-oxo species were responsible for the

egradation of organic pollutants. The effect of water chemistry

n catalytic performance indicated that the g-C 3 N 4 -based catalysts

ould work in a relatively complex water environment. In addition,

ost of the g-C 3 N 4 -based catalysts exhibited excellent reusability

nd stability in these AOPs for organic contaminants degradation

nd showed good biocompatibility. Although some achievements

ave been made, there are still many challenges to utilize g-C 3 N 4 -

ased catalysts for the degradation of organic pollutants in water

hrough AOPs beyond photocatalysis. Some points are listed as fol-

ows: 

1. The catalytic activity and stability of g-C 3 N 4 -based catalysts

should be further improved. Despite the high degradation ef-

ficiency, there is still much room for improvement in the min-

eralization rate. Moreover, the stability of some g-C 3 N 4 -based

catalysts is unsatisfactory due to the loss of active sites and the

leaching of metal species. Thus, it is significant to optimize the

synthetic methods of g-C 3 N 4 -based catalysts and develop new

types of g-C 3 N 4 -based catalysts with excellent catalytic activity

and stability. 

2. The oxidation mechanism of organic pollutants and the toxicity

of reaction intermediates should be deeply investigated. Theo-

retical calculation based on DFT can provide a method to reveal

the most preferentially attacked sites and potential reaction in-

termediates of target contaminants. Meanwhile, it is necessary

to assess the eco-toxicity or human toxicity of these interme-

diate products as they are even more toxic than their parent

compounds in some cases. 

3. The degradation activity test should be performed in the ac-

tual wastewater. Normally, there is a huge difference between

the composition of simulated wastewater and actual wastewa-

ter, which makes the removal efficiency obtained in simulated

wastewater less persuasive. Therefore, it is recommended to de-

velop g-C 3 N 4 -based catalysts to target the actual wastewater,

which will be beneficial to identify the real challenges in prac-

tical applications. 

4. The scale of the experiments should be enlarged. To date, most

investigations have been executed at the lab-scale using small

reactors. To achieve the practical applicability of the g-C 3 N 4 -

based catalysts for organic pollutants degradation, more atten-

tion should be devoted in the reactor design and scale-up. 
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