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Abstract 11 

Advanced oxidation processes (AOPs) have attracted much interest in the field of water 12 

treatment owing to their high removal efficiency for refractory organic contaminants. Graphitic 13 

carbon nitride (g-C3N4)-based catalysts with high performance and cost effectiveness are promising 14 

heterogeneous catalysts for AOPs. Most research on g-C3N4-based catalysts focuses on photocatalytic 15 

oxidation, but increasingly researchers are paying attention to the application of g-C3N4-based 16 

catalysts in other AOPs beyond photocatalysis. This review aims to concisely highlight recent state-17 

of-the-art progress of g-C3N4-based catalysts in AOPs beyond photocatalysis. Emphasis is made on 18 

the application of g-C3N4-based catalysts in three classical AOPs including Fenton-based processes, 19 

catalytic ozonation and persulfates activation. The catalytic performance and involved mechanism of 20 

g-C3N4-based catalysts in these AOPs are discussed in detail. Meanwhile, the effect of water 21 

chemistry including pH, water temperature, natural organic matter, inorganic anions and dissolved 22 

oxygen on the catalytic performance of g-C3N4-based catalysts are summarized. Moreover, the 23 

reusability, stability and toxicity of g-C3N4-based catalysts in water treatment are also mentioned. 24 

Lastly, perspectives on the major challenges and opportunities of g-C3N4-based catalysts in these 25 

AOPs are proposed for better developments in the future research. 26 

Keywords: Advanced oxidation processes; Carbon nitride; Organic pollutants; Degradation; Water 27 

treatment 28 
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1. Introduction 30 

With fast growth of industrialization and population, the water contamination caused by organic 31 

pollutants is becoming a serious global issue that threatens public health and safety (Li et al., 2020b; 32 

Yang et al., 2020b; Yang et al., 2018a). Various synthetic organics (e.g. dyes, pesticides, 33 

pharmaceuticals and personal care products (PPCPs), etc.) are discharged into wastewaters and 34 

eventually enter natural water bodies (Chen et al., 2020b; Lefebvre and Moletta, 2006; Liu and Wong, 35 

2013; Tian et al., 2020). It is well known that most of these compounds are persistent organic 36 

pollutants (POPs), which will threaten the living organisms, including human beings (Brown and 37 

Wright, 2016; Muir and Howard, 2006; Song et al., 2018). A variety of physical and biological 38 

treatment methods have been employed for the removal of organic pollutants from water, such as 39 

adsorption, ultrafiltration and coagulation (Lei et al., 2020a; Xiong et al., 2019; Zhang et al., 2016). 40 

However, insufficient capacity to remove trace organic pollutants and possible secondary pollution 41 

limit their practical applications. Thus, highly efficient and environmentally friendly treatment 42 

processes are required for the removal of residual organic pollutants from water. 43 

Advanced oxidation processes (AOPs) have stimulated great interest from researchers around 44 

the world owing to their high efficiency in degrading and even mineralizing organic pollutants from 45 

water (Jia et al., 2020; Klavarioti et al., 2009; Tan et al., 2020). Moreover, AOPs are more 46 

environmentally friendly than physical and biological treatment processes as they will not release 47 

masses of deleterious residues or divert organic pollutants from one phase to another (Oturan and 48 

Aaron, 2014; Ye et al., 2019a; Yi et al., 2019). In AOPs, almost all types of organic pollutants can be 49 

degraded or mineralized into intermediate products or CO2 and H2O. The outstanding activity and 50 

versatility of AOPs are originated from the production of highly reactive species such as ∙OH, SO4∙, 51 

1O2 and ∙O2
, which can efficiently attack the target contaminants leading to their decomposition (Li 52 
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et al., 2020c; Wang and Xu, 2012; Yang et al., 2018b). Specifically, AOPs include homogeneous 53 

AOPs and heterogeneous AOPs. The heterogeneous AOPs generally utilize solid catalysts in 54 

combination with other systems (H2O2, O3, persulfates, light, etc.) to degrade organic pollutants (Lin 55 

et al., 2020; Liu et al., 2019; Yuan et al., 2020). Compared with homogeneous catalysts, the main 56 

advantage of heterogeneous catalysts is the convenience of catalysts recovery. For practical 57 

applications in water decontamination, heterogeneous catalysts must meet some requirements, such 58 

as high activity, sustainability as well as physical and chemical stability. Accordingly, many efforts 59 

have been paid to the exploitation of efficient and durable heterogeneous catalysts for AOPs. 60 

Graphitic carbon nitride (g-C3N4) has recently emerged as promising catalyst in AOPs because 61 

of its simple synthesis, low cost and toxicity, unique electronic structure and good stability (He et al., 62 

2019b; Wang et al., 2020c; Zhou et al., 2019). As a metal-free conjugated polymer semiconductor, 63 

the relatively narrow bandgap (about 2.7 eV) of g-C3N4 endows it with a superior light absorption 64 

capacity (Yang et al., 2019d; Zhou et al., 2020a). Besides, the inherent functional groups and 65 

vacancies as well as the sp2 hybridized carbon network are conductive to the generation and migration 66 

of delocalized electrons (Wang et al., 2018; Yang et al., 2020a). Meanwhile, g-C3N4 possesses a two-67 

dimensional layered structure and six nitrogen lone-pair electrons, which are in favor of the 68 

immobilization and dispersion of metal species (Song et al., 2019a; Yang et al., 2019c). Benefiting 69 

from these excellent characteristics, g-C3N4-based catalysts have been widely applied in AOPs, 70 

especially photocatalysis, to degrade organic pollutants from water (Guo et al., 2020a; Wang et al., 71 

2019d; Wang et al., 2020e; Zhang et al., 2020a). And considerable reviews present broad introduction 72 

on the application of g-C3N4-based catalysts in photocatalytic oxidation (Ding et al., 2017; Hao et al., 73 

2020; Huang et al., 2019a; Mamba and Mishra, 2016; Ong et al., 2016). However, it is hard to achieve 74 

deep mineralization for organic pollutants using photocatalysis. Moreover, the changeable weather 75 
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and complex photoreactor also restrict the extensive, large-scale and practical applications of 76 

photocatalysis (Loeb et al., 2019; Melchionna and Fornasiero, 2020; Wang et al., 2020a). In recent 77 

years, some other AOPs based on g-C3N4-based catalysts have drawn great attention owing to their 78 

superior oxidation ability and operational stability, such as Fenton-based processes, catalytic 79 

ozonation and persulfates activation. In these processes, oxidants like H2O2, O3 and persulfates can 80 

be activated by g-C3N4-based catalysts to generate highly reactive species for the degradation of 81 

organic contaminants in water (Fig. 1). Therefore, it is necessary to give a timely review of the 82 

progress of g-C3N4-based catalysts in those concerned AOPs. 83 

As a state-of-the-art review, the chief objective of this work is to highlight recent advances of g-84 

C3N4-based catalysts in AOPs beyond photocatalysis. The catalytic performance and reaction 85 

mechanism of g-C3N4-based catalysts in three classical AOPs including Fenton-based processes, 86 

catalytic ozonation and persulfates activation are discussed. Meanwhile, the effect of water chemistry 87 

on the catalytic performance of g-C3N4-based catalysts are summarized, such as pH, water 88 

temperature, natural organic matter, inorganic anions and dissolved oxygen. Additionally, the 89 

reusability, stability and toxicity of g-C3N4-based catalysts in water treatment are mentioned. 90 

Ultimately, the challenges and opportunities faced by g-C3N4-based catalysts in these AOPs are 91 

presented. 92 

2. Application of g-C3N4-based catalysts in Fenton-based processes 93 

Fenton reaction is recognized as one of the most effective strategy for degrading organic 94 

contaminants from water (Deng et al., 2020; Li et al., 2020a; Pignatello et al., 2006). In a typical 95 

Fenton reaction, Fe2+ catalyzes the decomposition of H2O2 to generate ∙OH (Eq. (1)) (Khataee et al., 96 

2016). The generated ∙OH can quickly destroy the pollutant structure owing to its high oxidation 97 

potential. More importantly, the formed Fe3+ can be reduced to Fe2+ by H2O2 through the Fenton-like 98 
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reaction (Eq. (2)) (Gholami et al., 2020b), which enables the continuous generation of ∙OH. However, 99 

the application of conventional Fenton reaction is generally restricted by its inherent shortcomings 100 

such as narrow range of working pH, accumulation of Fe-containing sludge and poor reusability. To 101 

overcome these problems, numerous heterogeneous Fenton-like catalysts were developed to replace 102 

the homogeneous process (Cheng et al., 2018b; Huang et al., 2019b; Li et al., 2019c). 103 

 Fe2+ + H2O2 → Fe
3+ + HO− +∙ OH  (1) 104 

 Fe3+ + H2O2 ⇄ Fe
2+ + H+ + HO2 ∙  (2) 105 

In the past few years, introducing metal species into g-C3N4 to construct Fenton-like catalysts 106 

for the degradation of organic pollutants in water (Table 1) has attracted great interest because of its 107 

excellent characteristics such as efficient catalytic activity, high stability and environmental 108 

friendliness. For example, Wang et al. (Wang and Nan, 2020) utilized Fe-doped g-C3N4 (Fe-g-C3N4) 109 

to catalyze the decomposition of H2O2 for degrading methylene blue (MB). The pyridinic N in g-110 

C3N4 was easily bonded with the Fe atoms to form active sites, thus enhancing the catalytic activity. 111 

Owing to the presence of abundant active sites of Fe(II)-Nx and Fe(III)-Nx, the Fe-g-C3N4 exhibited 112 

excellent activity in Fenton-like oxidation, achieving 83.7% removal of total organic carbon (TOC) 113 

in 60 min. Moreover, the g-C3N4 supported iron oxide (CN@IO) was also reported to be an efficient 114 

Fenton-like catalyst for the degradation of ciprofloxacin (CIP) (Ding et al., 2019). Under the 115 

experimental conditions, almost all CIP was degraded and 48.5% CIP was mineralized, which was 116 

ascribed to the accelerated redox cycle of Fe(III)/Fe(II) by g-C3N4. Apart from iron species, some 117 

other metal species have also been introduced into g-C3N4 to fabricate Fenton-like catalyst. The Cu(I) 118 

was incorporated into g-C3N4 for the degradation of various organic pollutants (Ma et al., 2019b). 119 

During the formation of g-C3N4, the Cu(II) could be reduced by the released carbon and nitride 120 

fragments to form Cu(I), which would be conductive to the enhancement of Fenton-like activity. The 121 
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removal efficiencies of Rhodamine B (RhB), Acid Red 73 (AR 73), bisphenol A (BPA) and 122 

tetracycline (TC) were 99.2%, 96.0%, 94.6% and 84.4%, respectively, indicating that the Cu(I)-doped 123 

g-C3N4 (Cu(I)-g-C3N4) was an effective Fenton-like catalyst to degrade different kinds of organic 124 

pollutants. In addition, Ge et al. (Ge et al., 2018) combined the MgO with g-C3N4 to activate H2O2 125 

for the degradation of organic dyes. The g-C3N4/MgO presented outstanding degradation activities 126 

for both anionic and cationic dyes, such as methyl orange (MO), MB and RhB. It was found that the 127 

Mg-N and C-O bonding between MgO and g-C3N4 played a critical role in the degradation reaction 128 

via activating H2O2 to generate ∙OH. 129 

Nevertheless, the content of metals in these g-C3N4-based catalysts was relatively low, resulting 130 

in the unsatisfactory catalytic performance in Fenton-like oxidation (Bicalho et al., 2017; Luo et al., 131 

2016). And when the metal content increased, it easily aggregated to form large particles, leading to 132 

a reduction in the number of catalytic active sites (Teixeira et al., 2018). To effectively improve the 133 

activity of g-C3N4-based catalysts in Fenton-like oxidation, some g-C3N4-based catalysts with high 134 

metal content and dispersion were developed. For example, Zhu et al. (Zhu et al., 2019) synthesized 135 

Cu-doped g-C3N4 (Cu-g-C3N4) with high content of Cu-Nx species by calcining the precursor of 136 

melamine templated crystalline copper chloride. In the optimal Cu-g-C3N4 composite, the Cu content 137 

was up to 25.9 wt % and the Cu was uniformly dispersed in the g-C3N4 matrix. The presence of 138 

abundant Cu-Nx species could accelerate the decomposition of H2O2 to form ∙OH. Therefore, the Cu-139 

g-C3N4 presented superior catalytic activities for the degradation of RhB, MO and MB. Moreover, 140 

decorating g-C3N4 with metals in forms of ultra-small clusters and single-atoms has drawn much 141 

attention due to the high atom-utilization efficiency (Li et al., 2019e). An et al. (An et al., 2018) 142 

successfully embedded high-density ultra-small Fe clusters and single-atom Fe sites in g-C3N4 (I-143 

FeNx/g-C3N4) by calcining a mixture of Fe-imidazole coordination compound and melamine. The 144 
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“nitrogen pots” with six nitrogen lone-pair electrons in g-C3N4 could efficiently trap and stabilize 145 

ultra-small Fe clusters and single-atom Fe sites. As shown in Fig. 2a-d, high-density (18.2 wt %) 146 

ultra-small Fe clusters and single-atom Fe sites were uniformly dispersed in the g-C3N4 and no iron 147 

nanoparticles could be observed. The energy dispersive X-ray spectroscopy images also showed the 148 

uniform distribution of C, N and Fe elements (Fig. 2e). The X-ray absorption near-edge structure 149 

(XANES) spectra (Fig. 2f) and extended X-ray absorption fine structure (EXAFS) spectra (Fig. 2g) 150 

further demonstrated that the Fe-Nx structure was formed. As the Fe(II)-Nx active sites could quickly 151 

decompose H2O2 to produce ∙OH, the I-FeNx/g-C3N4 catalyst exhibited excellent removal efficiency 152 

for MB despite no light (Fig. 2h). Additionally, the iron leaching of I-FeNx/g-C3N4 catalyst was 0.69 153 

mg L-1, which was much lower than the nano-Fe3O4 (2.3 mg L-1) and Fe3O4 (9.8 mg L-1) as well as 154 

the European Union standard (2 mg L-1) (Khataee et al., 2017; Li et al., 2019b; Xu and Wang, 2012), 155 

indicating that the Fe(II)-Nx configurations was stably implanted into g-C3N4. 156 

Although some achievements have been done on these g-C3N4-based Fenton-like catalysts, there 157 

are still some inadequacies and need further improvements. Typically, the reduction of the metals 158 

anchored on g-C3N4 through the oxidation of H2O2 is slow, leading to the insufficient redox cycle of 159 

the metals. Additionally, in this process, H2O2 is finally decomposed into O2 or ∙O2
, which will cause 160 

the waste of H2O2 (Bokare and Choi, 2014; Lyu et al., 2015). To resolve these problems, the g-C3N4-161 

based catalysts with dual reaction centers were developed to enhance the catalytic activity in Fenton-162 

like process. For example, Xu et al. (Xu et al., 2018) constructed a novel Cu-Al2O3-g-C3N4 catalyst 163 

to promote the selective conversion of H2O2 to ∙OH for enhancing the Fenton-like catalytic activity. 164 

In the Cu-Al2O3-g-C3N4 system, the electron-rich area around Cu was formed because of the higher 165 

electronegativity of Cu than Al as well as the Cu- interactions between Cu and g-C3N4. Therefore, 166 

the ∙OH could be generated by two different electron transfer processes: the one was from the 167 
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electron-rich Cu center to H2O2 to produce ∙OH, and the other was from H2O to the electron-poor site 168 

to form ∙OH. Benefiting from the significant increase of ∙OH generation, the Cu-Al2O3-g-C3N4 169 

catalyst exhibited high activities for the degradation of organic pollutants including RhB, BPA, MB, 170 

2,4-dichlorophenoxyacetic acid (2,4-D) and phenytoin sodium (PHT). 171 

Besides, Lyu et al. (Lyu et al., 2018) combined g-C3N4 with in situ formed Cu(II) on the surface 172 

of CuAlO2 substrate to fabricate a new Fenton-like catalyst. The C-O-Cu bonding bridge on g-C3N4-173 

Cu(II)-CuAlO2 could efficiently strengthen the cation-π interaction through the charge transfer. As 174 

verified by the density functional theory (DFT) calculations (Fig. 3a and b) and electron paramagnetic 175 

resonance (EPR) analysis (Fig. 3c), the dual reaction centers were formed around the Cu and C sites 176 

in CN-Cu(II)-CuAlO2, which was ascribed to the cation-π interaction via the C-O-Cu linkage. As 177 

depicted in Fig. 3d, the H2O2 was efficiently reduced by electrons to ∙OH on the electron-rich Cu 178 

center. Meanwhile, the electrons on H2O2 and pollutants were trapped by the electron-poor C center 179 

and then diverted to the electron-rich area through the C-O-Cu linkage. Therefore, the catalytic 180 

activity of CN-Cu(II)-CuAlO2 for the degradation of BPA was greatly enhanced compared with that 181 

of g-C3N4 and CuAlO2. Moreover, the CN-Cu(II)-CuAlO2 also exhibited excellent catalytic activities 182 

for the degradation of other refractory pollutants, such as phenol, 2-chlorphenol, ibuprofen and 183 

phenytoin, indicating its huge potential in water purification. 184 

To further improve the activity of g-C3N4-based catalysts in Fenton-like oxidation, carbonaceous 185 

materials with excellent electron transport property and chemical stability were introduced (Ma et al., 186 

2019a; Wang et al., 2019a). For example, the graphitized mesoporous carbon (GMC) was hybridized 187 

with Fe-g-C3N4 for the degradation of AR 73 (Ma et al., 2017). The GMC not only provided a 188 

mesoporous structure for the growth of g-C3N4, but also offered a similar sp2 bonding structure to 189 

promote the electron transfer. Benefiting from the accelerated Fe(III)/Fe(II) redox cycle, the Fe-g-190 
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C3N4/GMC composite showed high activity for AR 73 degradation in the Fenton-like reaction, 191 

obtaining 99.2% removal in 40 min. Additionally, enhanced adsorption (10.7%) caused by the 192 

introduction of GMC in Fe-g-C3N4/GMC composite might also contribute to the accelerated 193 

degradation of AR 73. The carbon nanodots (CDs) were also effective in enhancing the catalytic 194 

activity of Fe(II)-doped g-C3N4 (Fe(II)-g-C3N4) in Fenton-like reaction because they could promote 195 

the decomposition of H2O2 to produce more ∙OH (Fang et al., 2019). In the presence of H2O2, the 196 

CDs/Fe(II)-g-C3N4 composite presented superior activity in the Fenton-like system for MB 197 

degradation. Quenching experiments and EPR measurements suggested that ∙OH and ∙O2
 were the 198 

main reactive species responsible for the MB degradation, and ∙O2
 was originated from the reaction 199 

between H2O2 and ∙OH. 200 

The utilization of solar light to construct a photo-Fenton system is also an effective way to 201 

enhance the performance of g-C3N4-based catalysts as g-C3N4-based catalysts can be easily excited 202 

by visible light to generate electrons and holes (Li et al., 2016). In this process, the Fe(III)/Fe(II) 203 

redox cycle can be greatly accelerated by the photogenerated electrons, thereby facilitating the 204 

decomposition of H2O2 to ∙OH and promoting the degradation of organic pollutants (Herney-Ramirez 205 

et al., 2010; Soon and Hameed, 2011). For example, a Fe2O3 quantum dots (QDs)/g-C3N4 composite 206 

was fabricated to catalyze the decomposition of H2O2 for degrading p-nitrophenol under visible light 207 

(Xi et al., 2019). The excellent separation and transfer of photogenerated charges on Fe2O3 QDs/g-208 

C3N4 could result in the continuous and fast conversion of Fe(III)/Fe(II). Therefore, the activation of 209 

H2O2 was improved and the degradation rate of p-nitrophenol was dramatically enhanced. Moreover, 210 

a photo-Fenton-like membrane was assembled for wastewater treatment by using g-C3N4 sol and Fe-211 

containing polyoxometalates (Fe-POMs) as precursors (Lan et al., 2019). Owing to the synergistic 212 

effect of photocatalysis and Fenton-like reaction, the photo-Fenton-like membrane displayed 213 
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outstanding self-catalytic capacity for degrading retained pollutants. Besides, the construction of 214 

photo-electro-Fenton-like system based on g-C3N4 has also stimulated great research interest (Yue et 215 

al., 2018). In this process, the H2O2 is in situ generated in the cathode through the two-electron 216 

reduction of O2, and then the H2O2 can be activated by the g-C3N4-based catalysts to generate ∙OH 217 

for the degradation of organic pollutants. Recently, a photo-electro-Fenton-like system with WO3/g-218 

C3N4 was fabricated for CIP degradation (Bai et al., 2019). Compared with the photocatalysis system 219 

and electro-Fenton-like system, the photo-electro-Fenton-like system showed superior degradation 220 

efficiency for CIP and achieved 80.3% mineralization efficiency within 120 min. 221 

In a word, in Fenton-based processes, g-C3N4 can act as an excellent support to immobilize metal 222 

species, thus improving the catalytic activity and stability of g-C3N4-based catalysts. Specifically, the 223 

layered structure of g-C3N4 is an effective support for loading of the metal species, which can suppress 224 

the mobility, improve the dispersion and avoid the aggregation of metal species. Meanwhile, the 225 

“nitrogen pots” with six nitrogen lone-pair electrons in g-C3N4 are ideal sites for trapping metal 226 

species. The general catalytic mechanisms of g-C3N4-based catalysts during Fenton-based processes 227 

are depicted in Fig. 1. The active metal species on g-C3N4-based catalysts can decompose H2O2 to 228 

generate ∙OH, ∙O2
 and 1O2, which will lead to the degradation of organic pollutants. 229 

3. Application of g-C3N4-based catalysts in catalytic ozonation 230 

As a powerful oxidant, it is well known that O3 can react with many organic pollutants. However, 231 

the oxidation of some organic pollutants by O3 is relatively slow because of the selectivity of O3 to 232 

organics, leading to the incomplete removal of pollutants or formation of toxic intermediate products 233 

(Esplugas et al., 2007; Hubner et al., 2015). In addition, O3 presents a low mineralization rate for 234 

organic pollutants due to the generation and accumulation of some intermediate products that cannot 235 

react with O3, such as aldehydes and carboxylic acids (Nawrocki and Kasprzykhordern, 2010). To 236 
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address these issues, some advanced technologies such as O3/H2O2 process and O3/UV process were 237 

developed to activate O3 (Miklos et al., 2018). Among these, the catalytic ozonation process has 238 

stimulated much research interest as it can promote the activation of O3 to generate reactive oxygen 239 

species (ROS) by the addition of some catalysts (Wang and Bai, 2017; Wang and Chen, 2020). 240 

Compared with homogeneous catalytic ozonation, heterogeneous catalytic ozonation is greener, more 241 

economical and more convenient. Therefore, many efforts have been devoted to developing novel 242 

heterogeneous catalysts for catalytic ozonation. 243 

Graphitic carbon nitride-based catalysts have been demonstrated to be effective heterogeneous 244 

catalysts in catalytic ozonation for degrading organic pollutants from water (Table 2). Normally, the 245 

delocalized electrons and surface oxygen-containing functional groups are responsible for the activity 246 

of g-C3N4 in catalytic ozonation. Song et al. (Song et al., 2019b) found that the g-C3N4 exhibited 247 

activity in catalytic ozonation for the degradation of 4-chlorobenzoic acid (p-CBA) and benzotriazole 248 

(BZA) due to the presence of electron-rich nitrogen vacancies and surface oxygen-containing 249 

functional groups (such as hydroxyl group and carbonyl group). Compared with the sole ozonation 250 

(apparent rate constant (kobs): 0.069 and 0.057 min-1), the catalytic ozonation by adding g-C3N4-Urea 251 

presented better activity for p-CBA and BZA degradation (kobs: 0.116 and 0.156 min-1). During the 252 

reaction, the O3 captured the delocalized electrons from the electron-rich nitrogen vacancies in g-253 

C3N4 to form the ∙O3
 (Eq. (3)) and then the HO3∙ (Eq. (4)), which rapidly transformed into ∙OH (Eq. 254 

(5)). Moreover, the O3 decomposed aromatic rings in organic species to olefins, which subsequently 255 

reacted with O3 to form H2O2. Meanwhile, the carbonyl group in g-C3N4 also enhanced the H2O2 256 

production (Eq. (6)). And the reaction of H2O2 and O3 could generated more ∙OH and ∙O2
 (Eqs. (7) 257 

and (8)). Therefore, the activity of g-C3N4 in catalytic ozonation was greatly enhanced. In addition, 258 

the doping of O atoms could increase the amount of surface oxygen-containing functional groups and 259 
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nitrogen vacancies of g-C3N4, thus enhancing the performance catalytic ozonation (Yuan et al., 2019). 260 

The degradation efficiency of atrazine (ATZ) through catalytic ozonation over the oxygen 261 

functionalized g-C3N4 (O@g-C3N4) was increased by 29.76% in comparison with the sole ozonation. 262 

 O3 + e
− →∙ O3

−  (3) 263 

 ∙ O3
− + H2O → HO3 ∙ +OH

−  (4) 264 

 HO3 ∙→ O2 +∙ OH  (5) 265 

 g_C3N4(C = O) + O3 + H2O → g
_C3N4(C − O) + H2O2 + O2  (6) 266 

 H2O2 + H2O → HO2
− + H3O

+  (7) 267 

 O3 + H3O
+ →∙ OH +∙ O2

− + O2  (8) 268 

It has been reported that metal species could significantly promote the decomposition of O3 to 269 

produce ROS (Wang and Bai, 2017; Wang et al., 2019b). Accordingly, numerous g-C3N4-based metal-270 

containing catalysts have been constructed recently to realize the synergistic effect of g-C3N4 and 271 

metal species for efficient catalytic ozonation. For example, the ZnO/g-C3N4 was found to be highly 272 

active in catalytic ozonation and the kobs of ATZ degradation was 2.73 min-1, which was almost 10.5 273 

times higher than that of ozone alone (Yuan et al., 2018a). The enhanced activity was owing to the 274 

host-guest interaction between g-C3N4 and ZnO, as well as the increased surface area and improved 275 

electron transfer ability. Tert-butanol (TBA), p-benzoquinone (p-BQ) and NaN3 were utilized as ROS 276 

scavengers for ∙OH, ∙O2
 and 1O2, respectively. The degradation efficiency of ATZ in ZnO/g-C3N4/O3 277 

system was greatly inhibited after the addition of ROS scavengers, implying that ∙O2
, 1O2 and ∙OH 278 

were the major reactive species responsible for ATZ degradation. Besides, the g-C3N4 could also 279 

provide an ideal site to accommodate Ce(III), thus accelerating the formation of surface hydroxyl 280 

groups (Xie et al., 2020). As a result, the Ce(III)-doped g-C3N4 (Ce(III)-g-C3N4) possessed a high 281 

catalytic ozonation activity in oxalate degradation, which was ascribed to the synergistic effect of 282 
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surface hydroxyl groups and Ce(III) active site. 283 

Moreover, the LaCoO3/g-C3N4 exhibited an outstanding activity in catalytic ozonation for the 284 

degradation of BZA due to the formation of electron transfer cycle (Zhang et al., 2019b). The electron 285 

transfer cycle in LaCoO3/g-C3N4, which was induced by the -C-O-Co bonding and nitrogen vacancy, 286 

could accelerate the decomposition of O3 to generate more ∙OH, thus promoting the BZA degradation. 287 

As shown in Fig. 4a and b, the kobs raised with the increase of the relative content of -C-O-Co bonding 288 

and nitrogen vacancy, indicating the positive role of -C-O-Co bonding and nitrogen vacancy in 289 

LaCoO3/g-C3N4 in catalytic ozonation. The mechanism for LaCoO3/g-C3N4 catalytic ozonation was 290 

displayed in Fig. 4c. First, the O3 trapped the single electrons from nitrogen vacancies to generate 291 

∙O3
 (Eq. (3)). Meanwhile, the O3 was decomposed by the -C-O-Co bonding to form ∙O2

 and 1O2 (Eq. 292 

(9)). And the O3 could react with OH to produce ∙O2
 and HO2∙ (Eq. (10)). Additionally, the O2 293 

captured the delocalized electrons from electron-rich centers to generate ∙O2
 (Eq. (11)). Then, a series 294 

of radical chain reactions (Eqs. (4) and (12)) were induced by the ∙O2
 and HO2∙ to produce ∙OH (Eq. 295 

(5)). Thus the catalytic ozonation activity of LaCoO3/g-C3N4 for BZA degradation was significantly 296 

improved. 297 

 O3
C−O−Co
→     ∙ O2

− + O2
1 + O2  (9) 298 

 O3 + OH
− →∙ O2

− + HO2 ∙  (10) 299 

 O2 + e
− →∙ O2

−  (11) 300 

 ∙ O2
− + O3 →∙ O3

− + O2  (12) 301 

Furthermore, the g-C3N4-based catalysts were also utilized in O3/H2O2 process to promote the 302 

formation of ∙OH under acidic conditions. In general, the production of ∙OH in O3/H2O2 process is 303 

limited under acidic conditions as the HO2
 that can induce free radical chain reactions to generate 304 

∙OH is mainly formed under alkaline conditions (Li et al., 2015; Sein et al., 2008). To overcome this 305 
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drawback, Guo et al. (Guo et al., 2019) anchored single Mn atoms on g-C3N4 (Mn-CN) to accelerate 306 

the ∙OH formation for the degradation of oxalic acid (OA). As shown in Fig. 5a and b, the Mn-CN 307 

catalyst exhibited high activity for OA degradation in the O3/H2O2 process, which was ascribed to the 308 

increased yield of ∙OH (Fig. 5c). The chronoamperometry curves (Fig. 5d) and EPR measurements 309 

(Fig. 5e) suggested that the HO2∙ was formed in the interaction between Mn-CN and H2O2, and the 310 

O3 could promote the formation of HO2∙. The energy change plot for different steps (Fig. 5f) further 311 

confirmed the reaction mechanism. During the reaction (Fig. 5g), the Mn-N4 site in Mn-CN catalyst 312 

adsorbed H2O2 to form the HOO-Mn-N4 species, which then reacted with O3 to generate HO2∙ and 313 

∙O3
. ∙O3

 would combine with H+ in acidic solution to generate HO3∙ and it rapidly transformed to 314 

∙OH. Meanwhile, HO2∙ converted to ∙O2
, which could also react with O3 to produce ∙O3

. Therefore, 315 

the yield of ∙OH was increased and the degradation efficiency of OA was significantly enhanced. 316 

The general catalytic mechanisms of g-C3N4-based catalysts during catalytic ozonation are 317 

presented in Fig. 1. In brief, the delocalized electrons and surface oxygen-containing functional 318 

groups on g-C3N4 can promote the transformation of O3 to generate ∙OH and ∙O2
. Additionally, the 319 

immobilized metal species on g-C3N4 also can activate O3 to produce ∙OH, ∙O2
 and 1O2. 320 

Consequently, these generated ROS will accelerate the degradation of organic pollutants. 321 

4. Application of g-C3N4-based catalysts in persulfates activation 322 

As an effective and promising technology for the degradation of organic pollutants in water, the 323 

AOPs based on persulfates including peroxymonosulfate (PMS, HSO5
) or peroxydisulfate (PDS, 324 

S2O8
2) have received increasing attention in recent years (Qin et al., 2020; Yu et al., 2020; Zhou et 325 

al., 2020b). Persulfates are strong oxidants and the redox potential for PMS and PDS are 1.82 V and 326 

2.01 V, respectively. Compared with H2O2 and O3, the persulfates is more convenient for storage and 327 

transportation because they usually exist as solid power. However, their direct reaction with most 328 
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organic pollutants is so slow, which need further activation for practical applications. In previous 329 

studies, numerous strategies such as UV, heat, alkali, ultrasound, transition metals and carbon-based 330 

catalysts have been utilized for persulfates activation, where reactive radicals (e.g., SO4∙ and ∙OH) 331 

or nonradical species (1O2 and surface-bound complexes) are generated for effectively degrading 332 

organic pollutants (Liu et al., 2020b; Wang and Wang, 2018). Among these approaches, 333 

heterogeneous catalysis has attracted extensive interests due to its less energy consumption, high 334 

catalytic activity and outstanding reusability (Wu et al., 2019). Therefore, many efforts have been 335 

devoted to exploring heterogeneous catalysts for persulfates activation. 336 

Graphitic carbon nitride-based catalysts have been considered as effective catalysts for 337 

activating persulfates to degrade organic pollutants (Table 3). Normally, the catalytic activity of g-338 

C3N4 in persulfates activation is originated from the nitrogen- or oxygen-containing functional groups, 339 

defective edges and sp2 hybridized carbon network (Dong et al., 2016; Duan et al., 2015). However, 340 

the physicochemical properties of g-C3N4 prepared by different precursors and calcination procedures 341 

are usually somewhat different, which may affect their activity for the activation of persulfates. Guan 342 

et al. (Guan et al., 2020) investigated the influences of different precursors (e.g., melamine, 343 

dicyandiamide and urea) and calcination atmosphere (e.g., air and N2) on the catalytic activity of g-344 

C3N4 in PMS activation. As shown in Fig. 6a and b, the obtained g-C3N4 catalysts exhibited different 345 

catalytic activities for PMS activation to degrade BPA, and the g-C3N4 prepared from melamine and 346 

calcined in N2 possessed the best performance. The difference in their catalytic activities was because 347 

of the variation in the type and amount of active sites caused by the different preparation procedures. 348 

Generally, methanol (MeOH), p-BQ and L-histidine (L-his) were used as ROS scavengers for SO4∙ 349 

and ∙OH, ∙O2
, and 1O2, respectively (Gholami et al., 2020a; Xu et al., 2020). The quenching 350 

experiments (Fig. 6c) and EPR tests demonstrated that SO4∙ and ∙OH rather than ∙O2
 or 1O2 were 351 
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the major ROS responsible for the degradation of BPA. Meanwhile, the g-C3N4 also exhibited 352 

effective catalytic activity to degrade phenol, 2,4,6-tribromophenol (2,4,6-TBP), acetaminophen 353 

(ACT), sulfamethoxazole (SMX), ibuprofen (IBP) and benzoic acid (BA) via activating PMS (Fig. 354 

6d), further excluding the contribution of surface-bound reactive complexes. Accordingly, the 355 

mechanism of PMS activation by g-C3N4 was proposed in Fig. 6e. First, PMS was decomposed by 356 

the active sites on the surface of g-C3N4 via an electron transfer pathway to form SO4∙ (Eq. (13)) and 357 

SO5∙ (Eq. (14)). Then the SO4∙ could react with H2O to generate ∙OH (Eq. (15)), while the SO5∙
 358 

could self-react to generate SO4∙ (Eq. (16)), resulting in the BPA degradation. 359 

 HSO5
− + e− → SO4

∙− + OH−  (13) 360 

 HSO5
− − e− → SO5

∙− + H+  (14) 361 

 SO4
∙− + H2O →∙ OH + H

+ + SO4
2−  (15) 362 

 2SO5
∙− → 2SO4

∙− + O2  (16) 363 

However, the catalytic performance of pure g-C3N4 in persulfates activation is greatly 364 

suppressed by its poor electron transfer capability (Lin et al., 2018b). To improve the electron mobility 365 

of g-C3N4 for efficiently activating persulfates, Gao et al. (Gao et al., 2018b) prepared O-doped g-366 

C3N4 (O-CN) with modulated electronic structure. As displayed in Fig. 7a and b, compared with pure 367 

g-C3N4, the electronic structure of O-CN was altered due to the substitution of N atoms by O atoms. 368 

Because the electronegativity of O atom is higher than that of C atom and N atom, the electrons of C 369 

atoms would flow to the O atom, leading to formation of high and low electron density regions around 370 

the O atom and C atom, respectively. Consequently, the electron transfer on O-CN would be 371 

accelerated, which was confirmed by the electrochemical impedance spectroscopy (EIS) spectra (Fig. 372 

7c). Benefiting from the modulated electronic structure, the O-CN exhibited excellent catalytic 373 

activity in PMS activation for the degradation of BPA, CIP and 2-chlorophenol (2-CP). The EPR tests 374 
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and quenching experiments (Fig. 7d) indicated that the O-CN could activate PMS to generate SO4∙, 375 

∙OH and 1O2, in which 1O2 was the major ROS responsible for BPA degradation. The N2-saturated 376 

experiment and linear sweep voltammetry (LSV) analysis (Fig. 7e) further demonstrated that 1O2 was 377 

originated from the PMS oxidation rather than from the conversion of ∙O2
. Therefore, the mechanism 378 

of PMS activation by O-CN could be proposed, as depicted in Fig. 7f. The one was the PMS oxidation 379 

by electron-poor C atoms to form SO5∙, followed by the reaction between SO5∙ and H2O to generate 380 

1O2. The other was the PMS reduction by the electrons around the electron-rich O atoms to generate 381 

SO4∙ and ∙OH. 382 

As many metal species can activate persulfates to degrade organic pollutants, it is reasonable to 383 

expect that incorporation of metal species could effectively enhance the catalytic performance of g-384 

C3N4 towards persulfates activation (Li et al., 2017; Oh et al., 2017; Zhang et al., 2019a). Meanwhile, 385 

the unique structure of g-C3N4 with two-dimensional layered nanosheets and six nitrogen lone-pair 386 

electrons is conductive to the immobilization and dispersion of metal species. Therefore, many efforts 387 

have been devoted to incorporating metal species into g-C3N4 for enhancing persulfates activation 388 

(Nguyen et al., 2019; Qin et al., 2019; Yang et al., 2019a). For example, Xie et al. (Xie et al., 2019) 389 

synthesized Co-doped g-C3N4 (Co-g-C3N4) for PMS activation to degrade monochlorophenols 390 

(MCPs) isomers, including 2-CP, 3-chlorophenol (3-CP) and 4-chlorophenol (4-CP). The Co-g-C3N4 391 

exhibited superior catalytic activity in PMS activation compared with g-C3N4 due to the doping of 392 

Co. The Co doping could promote the generation of SO4∙ (Eqs. (17)-(20)), resulting in the improved 393 

degradation of MCPs. Meanwhile, the adsorption experiments and quantum chemical calculations 394 

demonstrated that the adsorption behavior based on the intermolecular interactions between Co-g-395 

C3N4 and MCPs was benefit to the process of MCPs degradation. Fan et al. (Fan et al., 2019) prepared 396 

Mn-doped g-C3N4 (Mn-g-C3N4) to activate PMS for the degradation of ACT. The catalytic 397 
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performance of g-C3N4 was significantly improved by the doping of Mn. Further researches 398 

demonstrated that 1O2 rather than SO4∙ or ∙OH was the active species responsible for the degradation 399 

of ACT. In addition to transition metal species, noble metal species were also introduced into g-C3N4 400 

(Feng et al., 2018a). Wang et al. (Wang et al., 2017) found that Pd nanoparticles could greatly enhance 401 

the performance of g-C3N4 in PMS activation to degrade BPA because it could promote the formation 402 

of surface-bound radical intermediates. 403 

 Co(II)_g_C3N4 + HSO5
− → Co(III)_g_C3N4 + SO4

∙− + OH−  (17) 404 

 Co(III)_g_C3N4 +HSO5
− → Co(II)_g_C3N4 + SO5

∙− + H+  (18) 405 

 Co(III)_g_C3N4 + e
− → Co(II)_g_C3N4  (19) 406 

 SO4
∙− + OH− → SO4

2− +∙ OH  (20) 407 

Interestingly, it has been found that high-valent iron-oxo species (e.g., FeIV=O and FeV=O) 408 

instead of ROS (e.g., SO4∙, ∙OH and 1O2) were responsible for the degradation of organic pollutants 409 

in persulfates activation by Fe-g-C3N4 (Li et al., 2019a). For example, Feng et al. (Feng et al., 2018b) 410 

synthesized Fe(II)-g-C3N4 to activate PMS for the degradation of phenol. Compared with g-C3N4, the 411 

Fe(II)-g-C3N4 possessed superior catalytic activity in PMS activation to degrade phenol, which was 412 

attributed to the formation of FeIV=O. The FeIV=O could rapidly degrade the phenol through electron 413 

transfer. Li et al. (Li et al., 2018) employed Fe(III)-doped g-C3N4 (Fe(III)-g-C3N4) to activate PMS 414 

for the degradation of 4-CP. As shown in Fig. 8a, the degradation efficiency of 4-CP increased with 415 

the increase of Fe(III) content in Fe(III)-g-C3N4. When oxalate and citrate were added, the 416 

degradation efficiency of 4-CP was decreased (Fig. 8b and c). These results suggested that the 417 

embedded Fe(III) in g-C3N4 framework acted as the active sites for 4-CP degradation. Moreover, the 418 

EPR test and quenching experiments demonstrated that traditional ROS in persulfates activation (e.g., 419 

SO4∙, ∙OH and 1O2) played an insignificant role in degrading 4-CP. However, the degradation 420 
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efficiency of 4-CP was suppressed by adding the dimethyl sulfoxide (DMSO) (Fig. 8d), which is a 421 

probe compound for high-valent iron-oxo species. The DMSO can be oxidized by the high-valent 422 

iron-oxo species to generate the dimethyl sulfone (DMSO2). Accordingly, it could be concluded that 423 

the FeV=O was formed on Fe(III)-g-C3N4 in PMS activation, resulting in the 4-CP degradation via 424 

nonradical pathway, as described in Fig. 8e. 425 

In comparison with monometallic species, bimetallic species have a better catalytic activity for 426 

persulfates activation because of the strengthened synergistic effect of metallic elements and the 427 

presence of abundant redox reactions (Chen et al., 2017; Lei et al., 2020b; Lin et al., 2018a). Thus, a 428 

series of bimetallic species have been incorporated into g-C3N4 to activate persulfates. For example, 429 

Pi et al. (Pi et al., 2020) synthesized CoFeO2/g-C3N4 to activate PMS for the degradation of 430 

levofloxacin (LVF). The CoFeO2/g-C3N4 displayed a higher catalytic performance than CoFeO2 in 431 

activating PMS to degrade LVF due to the accelerated redox cycles of metal species. During the 432 

reaction, Co(II) and Fe(III) activated HSO5
 to form SO4∙ (Eqs. (21) and (22)), while Fe(II) and 433 

Co(III) activated HSO5
 to form SO5∙ (Eqs. (23) and (24)), resulting in the LVF degradation. Li et al. 434 

(Li et al., 2020d) fabricated FeCo2S4/g-C3N4 to degrade SMX through the activation of PMS. Owing 435 

to the synergistic effect between FeCo2S4 and g-C3N4, the catalytic activity of FeCo2S4/g-C3N4 was 436 

superior to FeCo2S4, g-C3N4 and Co3S4/g-C3N4. The degradation efficiency of SMX was determined 437 

to be 60.1%, 17.8%, 73.9% and 91.9% for FeCo2S4, g-C3N4, Co3S4/g-C3N4 and FeCo2S4/g-C3N4, 438 

respectively. For FeCo2S4/g-C3N4, 
1O2 was identified to be the dominant active species responsible 439 

for SMX degradation. 440 

 HSO5
− + Co(II) → Co(III) + SO4

∙− + OH−  (21) 441 

 HSO5
− + Fe(III) → Fe(II) + SO4

∙− + H+  (22) 442 

 HSO5
− + Co(III) → Co(II) + SO5

∙− + H+  (23) 443 
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 HSO5
− + Fe(II) → Fe(III) + SO5

∙− + OH−  (24) 444 

Additionally, metal-free materials with high electrical conductivity were employed to accelerate 445 

the electron transfer on g-C3N4 for enhancing the activation of persulfates (Chen et al., 2018; Guo et 446 

al., 2018; Ye et al., 2019b). For example, Wei et al. (Wei et al., 2016) combined g-C3N4 with activated 447 

carbon (AC) to activate PMS for the degradation of organic pollutants. Compared with g-C3N4 and 448 

AC, the g-C3N4/AC composite exhibited superior catalytic activity in PMS activation to degrade Acid 449 

Orange 7 (AO 7), which was ascribed to the synergistic effect between g-C3N4 and AC. Firstly, the 450 

specific surface area of g-C3N4/AC was larger than that of g-C3N4, which could provide more active 451 

sites and increase the adsorption ability for AO 7. Secondly, the effective interfacial contact between 452 

g-C3N4 and AC could greatly facilitate the electron transfer on g-C3N4. Therefore, both the radical 453 

generation (SO4∙ and ∙OH) and the nonradical effect in PMS activation were significantly enhanced, 454 

resulting in the efficient degradation of organic pollutants. Yao et al. (Yao et al., 2019) introduced 455 

covalent organic framework (COF) into g-C3N4 to promote PMS activation for the degradation of 456 

Orange II. The electron transfer between g-C3N4@COF and PMS was boosted, which was attributed 457 

to the good balance between nitrogen content and graphitization degree. As a result, the g-458 

C3N4@COF showed excellent catalytic activity in PMS activation to degrade Orange II because of 459 

the strengthened nonradical pathway induced by boosted electron transfer. 460 

Recently, the combination of photocatalysis and persulfates activation has drawn increasing 461 

attention because the synergistic effect between them could significantly improve the catalytic 462 

performance (Gao et al., 2017; Wang et al., 2020d; Yang et al., 2019b). Normally, the persulfates can 463 

be activated by the photogenerated electrons on g-C3N4-based catalysts to generate SO4∙ and ∙OH, 464 

resulting in the boosted persulfates activation and enhanced organic pollutants degradation. For 465 

example, Gao et al. (Gao et al., 2018a) utilized a Co3O4 QDs/g-C3N4 heterostructure to degrade TC 466 
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under visible light in the presence of PMS. Compared to the case without visible light or PMS, the 467 

degradation efficiency was greatly enhanced, which was ascribed to the cooperative effect between 468 

photocatalysis and persulfates activation. In the study of Li et al. (Li et al., 2019d), the CuFe2O4/g-469 

C3N4 composite exhibited improved catalytic performance on PDS activation under visible light for 470 

the degradation of propranolol due to the self-redox cycles of iron and copper in CuFe2O4 and the 471 

accelerated formation of SO4∙. Moreover, our group recently developed a novel carbonyl and 472 

carboxyl groups co-modified g-C3N4 and employed it for the PMS activation under visible light to 473 

degrade chlortetracycline hydrochloride (Guo et al., 2020b). In this system, the photogenerated 474 

electrons were gathered around the electron-withdrawing carbonyl and carboxyl groups of g-C3N4. 475 

The PMS could be quickly activated by these electrons to generate SO4∙ and ∙OH, leading to the 476 

efficient degradation of chlortetracycline hydrochloride. 477 

The general catalytic mechanisms of g-C3N4-based catalysts during persulfates activation are 478 

displayed in Fig. 1. In short, the nitrogen- or oxygen-containing functional groups, defective edges, 479 

sp2 hybridized carbon network and photogenerated electrons of g-C3N4 can facilitate the 480 

decomposition of persulfates to produce SO4∙ and ∙OH. Moreover, the loaded metal species on g-481 

C3N4 also can activate persulfates to generate SO4∙, ∙OH, ∙O2
 and 1O2. Especially, the Fe-N complex 482 

on Fe-g-C3N4 can bound to PMS, resulting in the formation of high-valent iron-oxo species. As a 483 

result, these reactive species will promote the degradation of organic pollutants. 484 

5. The effect of water chemistry on catalytic performance 485 

5.1. Effect of pH 486 

Due to the variable pH values of actual wastewater, it is very important to clarify the effect of 487 

pH on the performance of g-C3N4-based catalysts in AOPs. Normally, the solution pH affects the 488 

surface properties of g-C3N4-based catalysts, the structural forms of target contaminants and the 489 
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decomposition of oxidants (H2O2, O3 and persulfates), thereby influencing the catalytic performance. 490 

The pH at point of zero charge (pHpzc) can help determine the effect of pH on the surface charge of 491 

the catalyst. When the solution pH is less than pHpzc, the surface of the catalyst is positively charged, 492 

and when the solution pH is greater than pHpzc, the surface of the catalyst is negatively charged. For 493 

example, the pHpzc of zero-valent zinc immobilized g-C3N4 (ZVZ-g-C3N4) was determined to be 5.96 494 

(Yuan et al., 2018b). At the initial pH above pHpzc, the surface of the catalyst was negatively charged 495 

as [ZVZ-g-C3N4]-O group. Therefore, the ZVZ-g-C3N4 showed superior catalytic ozonation 496 

performance on ATZ degradation in the pH range of 7.0-9.0 since O3 is more likely to react with 497 

negatively charged surface (Fig. 9a). In the study of Li et al. (Li et al., 2020d), the pHpzc of FeCo2S4/g-498 

C3N4 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 499 

surface charge of FeCo2S4/g-C3N4 was positive and negative, respectively. Because the SMX existed 500 

as anionic species in the pH range of 3.5-9.5, the interaction between FeCo2S4/g-C3N4 and SMX was 501 

enhanced at the initial pH of 3.5 and 5.0, promoting the degradation of SMX in the presence of PMS. 502 

In addition, the decomposition of oxidants are also influenced by the solution pH. In alkali media, 503 

the oxidability of H2O2 is weakened because of its decomposition to O2 and H2O (Cheng et al., 2018a). 504 

The activity of O3 alone for organic pollutants degradation under acidic conditions is unsatisfactory. 505 

However, at high pH, the abundant OH can react with O3 to accelerate the formation of ∙OH, thus 506 

promoting the degradation of organic pollutants (Nawrocki and Kasprzykhordern, 2010; Wang and 507 

Chen, 2020). Moreover, the PMS will decomposed to SO4
2, O2 and H2O at high pH, inhibiting the 508 

generation of ROS (Ball and Edwards, 1956). As shown in Fig. 9b, in the g-C3N4/PMS system, the 509 

kobs of BPA degradation increased with pH increasing from 5.0 to 7.0, and then decreased as pH 510 

further increased to 9.0 (Guan et al., 2020). This phenomenon could be ascribed to the following 511 

reasons. At lower pH values, the electron transfer from g-C3N4 surface to PMS was inhibited. 512 
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Moreover, the alkaline conditions weakened the interaction between g-C3N4 surface and HSO5
 and 513 

accelerated the self-decomposition of PMS. 514 

Nonetheless, most of the g-C3N4-based catalysts were applicable in a wide pH range for the 515 

degradation of organic pollutants. For example, Gao et al. (Gao et al., 2018b) reported that PMS could 516 

be activated by O-CN in a wide pH range of 3.0-9.0 to efficiently degrade BPA (Fig. 9c). The ZnO/g-517 

C3N4 exhibited excellent activity in a wide pH range of 3.5-9.5 for ATZ degradation in catalytic 518 

ozonation (Yuan et al., 2018a). The degradation efficiency of ATZ at each pH value was all over 95.5% 519 

within 3 min, indicating the slight effect of solution pH on the AZT degradation. Normally, the 520 

classical Fenton reaction only works better under acidic conditions because it easily forms iron 521 

precipitates under neutral and alkaline conditions. Compared to recent novel heterogeneous Fenton-522 

like catalysts such as Fe-Pd@C (He et al., 2019a) and nFe2O3/MIL-53(Cu) (Ren et al., 2020), which 523 

only worked in a narrow pH range of 3.0-6.0, the g-C3N4-based catalysts usually performed well in a 524 

wider pH range. For example, in the study of Lyu et al. (Lyu et al., 2018), the CN-Cu(II)-CuAlO2 525 

catalyst exhibited effective activity for BPA degradation in a wide pH range of 5.0-9.0, and possessed 526 

the highest activity under the neutral conditions. No significant variation in the removal efficiency of 527 

BPA could be observed in the pH range of 5.0-7.0 with the change of initial pH. And although the 528 

removal efficiency of BPA slightly decreased with the increase of initial pH in the pH range of 7.0-529 

9.0, it could still achieve 70% at pH 9.0 after 120 min reaction, which was attributed to its dual 530 

reaction centers. Moreover, the Cu(I)-g-C3N4 also displayed satisfactory activity for the degradation 531 

of RhB in a wide pH range of 5.0-11.0 (Ma et al., 2019b). Unlike traditional Fenton-like reactions, 532 

the removal efficiency of RhB increased with the increase of solution pH in the pH range of 3.0-6.0, 533 

while remained almost unchanged as the pH further increased to 11.0. The efficient activity of Cu(I)-534 

g-C3N4 for RhB degradation at higher pH values was ascribed to the 1O2, which was more easily 535 
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generated under the alkaline conditions than the acidic conditions. 536 

5.2. Effect of water temperature 537 

At ambient temperature, the g-C3N4-based catalysts can perform well in Fenton-based processes, 538 

catalytic ozonation and persulfates activation. Slight temperature changes will not obviously affect 539 

the performance of g-C3N4-based catalysts for degrading organic pollutants through these AOPs. For 540 

example, the degradation efficiencies of BPA in the CN-Cu(II)-CuAlO2/H2O2 system at 25 °C, 30 °C 541 

and 35 °C were 90%, 93% and 96%, respectively (Lyu et al., 2018). However, if the water temperature 542 

fluctuates greatly, the degradation rate of organic pollutants will also change significantly, especially 543 

in persulfates activation because heat is an effective method to activate persulfates. Lin et al. (Lin et 544 

al., 2018b) utilized S-doped g-C3N4 (S-g-C3N4) to activate PDS for the degradation of RhB. As shown 545 

in Fig. 9d, the kobs of RhB degradation was increased from 0.005 min-1 to 0.014 min-1 as the 546 

temperature was raised from 20 °C to 60 °C. Moreover, in the FeCo2S4/g-C3N4/PMS system, with the 547 

rise of temperature from 10 °C to 40 °C, the degradation effciecny of SMX was remarkably increased 548 

from 61.2% to 99.9%, and the kobs of SMX degradation was also increased from 0.059 min-1 to 0.294 549 

min-1 (Li et al., 2020d). 550 

5.3. Effect of natural organic matter 551 

Natural organic matter (NOM) is a complex mixture of organic substances, which is extensively 552 

distributed in ground water, surface water and wastewater. In AOPs, the NOM usually competes with 553 

target organic pollutants for ROS, leading to the reduction in degradation efficiency. As a major 554 

constituent of NOM, humic acid (HA) can react with O3, which may depress the performance of 555 

catalytic ozonation. In the ZnO/g-C3N4/O3 system, the kobs of ATZ degradation decreased from 1.84 556 

to 0.57 min-1 when the HA concentration increased from 1.0 to 10.0 mg L-1, which was ascribed to 557 

the competition between HA and ATZ for both O3 and ROS (Yuan et al., 2018a). However, in the 558 
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O@g-C3N4/O3 system (Fig. 9e), the production of ∙OH was increased owing to the reaction between 559 

electron-rich moieties of HA and O3, resulting in the accelerated ATZ degradation (Yuan et al., 2019). 560 

In addition, the NOM can also inhibit the g-C3N4-based catalysts to active persulfates because its 561 

abundant hydroxyl and carboxyl groups retard the reaction between persulfates and g-C3N4-based 562 

catalysts to generate reactive species. For example, in the Fe(III)-g-C3N4/PMS system, the 563 

degradation efficiency of 4-CP declined from 93% to 72% with NOM concentration increasing from 564 

1.0 to 20.0 mg L-1 (Li et al., 2018). This was mainly because of the delayed reaction between PMS 565 

and Fe(III)-g-C3N4 caused by NOM as well as the competitive reaction between NOM and 4-CP. 566 

5.4. Effect of inorganic anions 567 

Inorganic anions are also ubiquitous in ground water, surface water and wastewater, which can 568 

serve as radical scavengers, resulting in an inhibitory effect on the radical-based degradation of 569 

organic pollutants. For example, in the ZVZ-g-C3N4/O3 system, the HCO3
 obviously suppressed 570 

ATZ degradation since the ∙OH was scavenged by HCO3
 (Yuan et al., 2018b). In the g-571 

C3N4/MnFe2O4/PMS system, the triclosan (TCS) degradation was inhibited by the HCO3
 and low 572 

concentration of Cl, which was attributed to the formation of less reactive radical species, such as 573 

∙HCO3, ∙CO3
 and ∙Cl. While the high concentration of Cl could promote the degradation of TCS 574 

because of the generation of strong oxidizing species, such as Cl2 and HOCl (Wang et al., 2019c). 575 

Besides, the effect of inorganic anions on organic contaminants degradation in the nonradical 576 

dominated process is usually insignificant. In the FeCo2S4/g-C3N4/PMS system, the 1O2 dominated 577 

nonradical pathway was determined to be the major process for SMX degradation. Thus, the Cl, 578 

HCO3
 and H2PO4

 showed unremarkable impact on the degradation of SMX (Li et al., 2020d). 579 

Similarly, as exhibited in Fig. 9f, in the O-CN/PMS system with 1O2 as the major ROS, the effect of 580 

Cl, HCO3
 and CO3

2 on the degradation of BPA was negligible (Gao et al., 2018b). However, in 581 
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PMS activation, some inorganic anions such as H2PO4
 (Li et al., 2019a) and F (Li et al., 2018) 582 

would hinder the formation of high-valent iron-oxo species due to the complexation between 583 

inorganic anions and iron species, leading to a slight decline in degradation efficiency. 584 

5.5. Effect of dissolved oxygen 585 

Dissolved oxygen (DO) is one of the essential parameters of water chemistry. It has been found 586 

that DO could get involved in the free radical chain reactions, thereby influencing the degradation of 587 

organic pollutants (Fang et al., 2013; Lu et al., 2019). Generally, as an electron acceptor, DO can react 588 

with one electron of catalysts to form ∙O2
, which can be further reduced to H2O2 when two protons 589 

are present (Nosaka and Nosaka, 2017). Besides, the process of persulfates activation can also be 590 

affected by DO (Zhang et al., 2018; Zhu et al., 2018). However, there are limited reports on the effect 591 

of DO on the performance of g-C3N4-based catalysts in these AOPs. Meanwhile, these reports 592 

demonstrated that the effect of DO in the Fenton-based processes and persulfates activation over g-593 

C3N4-based catalysts was insignificant. For example, in the CDs/Fe(II)-g-C3N4/H2O2 system (Fang 594 

et al., 2019), there was no obvious change in the degradation efficiency of MB in the absence of O2. 595 

Moreover, in the O-CN/PMS system (Gao et al., 2018b), the BPA degradation was not inhibited after 596 

N2 saturation, implying that the 1O2 was not derived from the DO in reaction solution. 597 

6. Reusability, stability and toxicity 598 

From the view of practical applications, the reusability and stability of g-C3N4-based catalysts 599 

in these AOPs are vital for the treatment of wastewater. Normally, the g-C3N4-based catalysts could 600 

still keep good catalytic performance after multiple successive cycles. For example, in Fenton-like 601 

oxidation, the catalytic activity of Cu-Al2O3-g-C3N4 for RhB degradation decreased insignificantly 602 

after 7 successive cycles, reaching a removal efficiency of 91% in 60 min (Xu et al., 2018). In catalytic 603 

ozonation, the decline of the catalytic performance of CuO/g-C3N4 for OA degradation was not 604 
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obvious after 5 successive cycles (Liu et al., 2020a). In PMS activation, 90% removal of TCS was 605 

obtained over g-C3N4/MnFe2O4 after 5 successive cycles (Wang et al., 2019c). In these cycles at lab-606 

scale, centrifugation recovery and magnetic recovery were usually utilized to recover catalyst powder 607 

from the reaction suspension. However, in practical applications, they may be complicated and 608 

expensive because of the need to install a large capacity centrifuge or a large electromagnetic system. 609 

Recently, catalytic membranes have drawn considerable interest in practical applications due to the 610 

simple operation with no need to recover catalyst. Chen et al. (Chen et al., 2020a) fabricated a 611 

Mn3O4/g-C3N4@Polytetrafluoroethylene (PTFE) membrane via a facile vacuum filtration method 612 

and used it to activate PMS for 4-CP degradation (Fig. 10a and b). As shown in Fig. 10c, the catalytic 613 

performance of Mn3O4/g-C3N4@PTFE membrane still maintained at high level after 5 successive 614 

cycles and was able to remove 80% of 4-CP in 60 min. 615 

The stability of g-C3N4-based catalysts in these AOPs was also confirmed by a series of 616 

characterizations, such as X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Fourier 617 

transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM) and transmission 618 

electron microscopy (TEM). In the study of Ma et al. (Ma et al., 2019b), the XANES spectra and 619 

EXAFS spectra showed that the chemical state and coordination structure of the Cu in Cu(I)-g-C3N4 620 

had no apparent changes before and after reaction (Fig. 10d and e). The XPS spectra also indicated 621 

that the Cu(I) was stably existed in g-C3N4 via N coordination after reaction (Fig. 10f). Moreover, it 622 

has been reported that g-C3N4 was chemically stable toward ∙O2
 and O3 (Xiao et al., 2017). And 623 

although ∙OH can directly tear the heptazine unit from g-C3N4 to generate secondary pollutants, the 624 

presence of organic pollutants will hinder the fragmentation of g-C3N4. In the study of Song et al. 625 

(Song et al., 2019b), the SEM, TEM and atomic force microscopy (AFM) images as well as the XRD 626 

and Raman spectra displayed that the morphology, crystal structure and framework of g-C3N4 were 627 
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only slightly changed after catalytic ozonation, suggesting the high stability of g-C3N4. And EPR 628 

spectra exhibited that the amount of delocalized electrons in g-C3N4 decreased not obviously after 629 

catalytic ozonation, further verifying the relative chemical stability of g-C3N4. Overall, these results 630 

demonstrated the good reusability and stability of g-C3N4-based catalysts in these AOPs for the 631 

degradation of organic contaminants. 632 

Additionally, the toxicity of g-C3N4-based catalysts determines their further practical 633 

applications. In general, the toxicity of g-C3N4-based materials is closely associated with their 634 

structure, morphology, composition and physicochemical properties such as the surface status, 635 

dispersion and hydrophilicity (Chen et al., 2015; Liao et al., 2020). Some investigations have 636 

demonstrated that the g-C3N4-based materials had low toxicity and good biocompatibility, which 637 

could meet the requirements of practical applications. For example, Zhang et al. (Zhang et al., 2013) 638 

reported that the ultrathin g-C3N4 nanosheets possessed nontoxicity and excellent biocompatibility 639 

by assessing the viability of HeLa cells after incubation with the g-C3N4 via an MTT (3-(4,5-640 

dimethylthiazol-2-yl)-3,5-diphenyltetrazolium bromide) assay. Even if the concentration of incubated 641 

g-C3N4 was as high as 600 μg mL-1, there was no distinct decrease in cell viability. Feng et al. (Feng 642 

et al., 2016) found that the up-conversion nanoparticles (UCNP)@g-C3N4-polyethylene glycol (PEG) 643 

composite itself had no obvious toxicity to HeLa cells. In the study of He et al. (He et al., 2020), 644 

although the short-lived ROS generated by g-C3N4 at a concentration of 50 mg L-1 or more under 645 

simulated solar light would exert injury to the hatched zebrafish larvae, the presence of NOM in water 646 

could diminish the hazardous effect. 647 

7. Conclusions and perspectives 648 

In conclusion, the g-C3N4-based catalysts presented excellent catalytic activities in Fenton-based 649 

processes, catalytic ozonation and persulfates activation, and could efficiently degrade organic 650 
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contaminants from water through these AOPs. In Fenton-based processes and catalytic ozonation, the 651 

∙OH activated by g-C3N4-based catalysts was the major reactive species for degrading organic 652 

pollutants. While in persulfates activation, the SO4∙, ∙OH, 1O2 and high-valent iron-oxo species were 653 

responsible for the degradation of organic pollutants. The effect of water chemistry on catalytic 654 

performance indicated that the g-C3N4-based catalysts could work in a relatively complex water 655 

environment. In addition, most of the g-C3N4-based catalysts exhibited excellent reusability and 656 

stability in these AOPs for organic contaminants degradation and showed good biocompatibility. 657 

Although some achievements have been made, there are still many challenges to utilize g-C3N4-based 658 

catalysts for the degradation of organic pollutants in water through AOPs beyond photocatalysis. 659 

Some points are listed as follows: 660 

1. The catalytic activity and stability of g-C3N4-based catalysts should be further improved. Despite 661 

the high degradation efficiency, there is still much room for improvement in the mineralization 662 

rate. Moreover, the stability of some g-C3N4-based catalysts is unsatisfactory due to the loss of 663 

active sites and the leaching of metal species. Thus, it is significant to optimize the synthetic 664 

methods of g-C3N4-based catalysts and develop new types of g-C3N4-based catalysts with 665 

excellent catalytic activity and stability. 666 

2. The oxidation mechanism of organic pollutants and the toxicity of reaction intermediates should 667 

be deeply investigated. Theoretical calculation based on DFT can provide a method to reveal the 668 

most preferentially attacked sites and potential reaction intermediates of target contaminants. 669 

Meanwhile, it is necessary to assess the eco-toxicity or human toxicity of these intermediate 670 

products as they are even more toxic than their parent compounds in some cases. 671 

3. The degradation activity test should be performed in the actual wastewater. Normally, there is a 672 

huge difference between the composition of simulated wastewater and actual wastewater, which 673 
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makes the removal efficiency obtained in simulated wastewater less persuasive. Therefore, it is 674 

recommended to develop g-C3N4-based catalysts to target the actual wastewater, which will be 675 

beneficial to identify the real challenges in practical applications. 676 

4. The scale of the experiments should be enlarged. To date, most investigations have been 677 

executed at the lab-scale using small reactors. To achieve the practical applicability of the g-678 

C3N4-based catalysts for organic pollutants degradation, more attention should be devoted in the 679 

reactor design and scale-up. 680 
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Table 1 1098 

Catalytic activity of g-C3N4-based catalysts in Fenton-based processes. 1099 

Catalyst  Pollutant Reaction conditions Catalytic efficiency Key reactive 

species 

Reference 

[P] [C] [H2O2] pH DE (min) kobs (min-1) TOC (min) 

Fe-g-C3N4 MB 100 mg L-1 0.2 g L-1 199.4 mM 7.21 100% (60) 0.0886 52.5% (60) ∙OH, ∙O2
 (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-C3N4/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-C3N4 RhB 10 mg L-1 0.2 g L-1 300 mM neutral 92.3% (15) - 42% (60) ∙OH, ∙O2
, 1O2 (Zhu et al., 2019) 

Cu(I)-g-C3N4 RhB 50 mg L-1 0.8 g L-1 40 mM neutral 99.2% (60) - 22.8% (60) 1O2, ∙OH (Ma et al., 2019b) 

CuFe2O4-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-Al2O3-g-C3N4 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-Al2O3 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)-CuAlO2 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; [H2O2]: H2O2 concentration; DE: degradation efficiency; kobs: apparent rate constant; TOC: total organic carbon; MB: methylene blue; 1100 

CIP: ciprofloxacin; AR 73: Acid Red 73; RhB: Rhodamine B; 4-CP: 4-chlorophenol; BPA: bisphenol A. 1101 
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Table 2 1103 

Catalytic activity of g-C3N4-based catalysts in catalytic ozonation. 1104 

Catalyst Pollutant Reaction conditions Catalytic efficiency Key reactive 

species 

Reference 

[P] [C] [O3] pH DE (min) kobs (min-1) TOC (min) 

g-C3N4 

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, ∙O2
 (Song et al., 2019b) 

O@g-C3N4 ATZ 2 mg L-1 0.5 g L-1 5 mg min-1 6 92.91% (5) 0.6279 77.95% (15) ∙O2
, ∙OH (Yuan et al., 2019) 

Ce(III)-g-C3N4 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-C3N4 ATZ 2 mg L-1 0.5 g L-1 5 mg min-1 6 96.5% (1.5) 1.852 - ∙O2
, ∙OH, 1O2 (Yuan et al., 2018b) 

CuO/g-C3N4 OA 50 mg L-1 0.5 g L-1 5 mg min-1 6 91% (15) 0.1349 73% (30) ∙O2
, ∙OH (Liu et al., 2020a) 

ZnO/g-C3N4 ATZ 2 mg L-1 0.5 g L-1 5 mg min-1 6.5 99.5% (2) 2.73 76.8% (15) ∙O2
, ∙OH, 1O2 (Yuan et al., 2018a) 

LaCoO3/g-C3N4 BZA 0.084 mM 0.25 g L-1 1 mg L-1 6.4 90% (30) 0.095 65% (120) ∙OH, 1O2, ∙O2
 (Zhang et al., 2019b) 

[P]: pollutant concentration; [C]: catalyst dosage; [O3]: O3 concentration; DE: degradation efficiency; kobs: apparent rate constant; TOC: total organic carbon; p-CBA: 4-chlorobenzoic 1105 

acid; BZA: benzotriazole; ATZ: atrazine; OA: oxalic acid. 1106 
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Table 3 1108 

Catalytic activity of g-C3N4-based catalysts in persulfates activation. 1109 

Catalyst Pollutant Reaction conditions Catalytic efficiency Key reactive species Reference 

[P] [C] [PS] pH DE (min) kobs (min-1) TOC (min) 

g-C3N4-M BPA 10 μM 0.5 g L-1 PMS/1 mM 7 100% (40) 0.0982 36.4% (60) SO4∙
, ∙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) 1O2, ∙OH, SO4∙
 (Gao et al., 2018b) 

g-C3N4/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, SO4∙
 (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) SO4∙
, ∙OH, 1O2 (Zhang et al., 2020b) 

Fe-g-C3N4 Phenol 0.1 mM 1.0 g L-1 PMS/5 mM 2.6 100% (20) ~0.32 - FeIV=O (Feng et al., 2018b) 

Fe(III)-g-C3N4 4-CP 0.1 mM 0.1 g L-1 PMS/1 mM 3 100% (20) ~0.25 - FeV=O (Li et al., 2018) 

Co-g-C3N4 4-CP 50 mg L-1 1.0 g L-1 PMS/2.5 mM - 100% (90) 0.062 32% (120) SO4∙
, ∙OH (Xie et al., 2019) 

Mn-g-C3N4 ACT 20 mg L-1 0.2 g L-1 PMS/0.8 g L-1 6.5 100% (15) ~0.31 - 1O2, ∙O2
 (Fan et al., 2019) 

FeOy/S-g-C3N4 SMX 10 mg L-1 0.2 g L-1 PMS/0.8 mM 3.54 100% (90) 0.06 43.9% (90) SO4∙
, ∙OH, 1O2 (Wang et al., 2020b) 

Mn3O4/g-C3N4 4-CP 50 mg L-1 0.3 g L-1 PMS/1 mM - 100% (60) 0.0818 80% (60) 1O2, SO4∙
, ∙OH (Chen et al., 2020a) 

CoFeO2/g-C3N4 LVF 10 mg L-1 0.1 g L-1 PMS/0.5 mM 3 75% (5) - 30% (5) SO4∙
 (Pi et al., 2020) 

g-C3N4/MnFe2O4 TCS 9 mg L-1 0.2 g L-1 PMS/0.5 mM 11 97% (60) 0.0527 44.6% (60) SO4∙
, ∙OH, ∙O2

, 1O2 (Wang et al., 2019c) 

FeCo2S4/g-C3N4 SMX 19.7 μM 0.02 g L-1 PMS/0.15 mM 6.5 91.9% (15) 0.151 26.1% (15) 1O2 (Li et al., 2020d) 

[P]: pollutant concentration; [C]: catalyst dosage; [PS]: persulfates concentration; DE: degradation efficiency; kobs: apparent rate constant; TOC: total organic carbon; BPA: bisphenol A; 1110 

AO 7: Acid Orange 7; 4-CP: 4-chlorophenol; ACT: acetaminophen; SMX: sulfamethoxazole; LVF: levofloxacin; TCS: triclosan. 1111 
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 1114 

Fig. 1. The catalytic mechanisms of g-C3N4-based catalysts for organic contaminants degradation. 1115 
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 1117 

Fig. 2. (a) TEM image, (b-d) HAADF-STEM images and (e) the corresponding element mappings for the C, N, 1118 

and Fe atoms of I-FeNx/g-C3N4-5 catalyst. (f) K-edge XANES spectra and (g) R-space EXAFS magnitudes of 1119 

different samples. (h) Removal efficiency of MB using I-FeNx/g-C3N4-5 under various conditions. Reproduced 1120 

with permission from Ref. (An et al., 2018). Copyright 2018 American Chemical Society. 1121 
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 1123 

Fig. 3. DFT calculations for the optimized structure and the corresponding two-dimensional valence-electron 1124 

density color-filled maps of the CN-Cu(II)-CuAlO2 model in (a) -Cu(II)-CN vision fragment and (b) -CN vision 1125 

fragment. (c) EPR spectra of different samples. (d) Fenton-like oxidation mechanism on CN-Cu(II)-CuAlO2. 1126 

Reproduced with permission from Ref. (Lyu et al., 2018). Copyright 2018 American Chemical Society. 1127 
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 1129 

Fig. 4. (a) Effect of -C-O-Co relative content on the degradation efficiency of BZA and (b) effect of C/N on the 1130 

degradation efficiency of BZA. (c) Reaction mechanism of catalytic ozonation with LaCoO3/g-C3N4. Reproduced 1131 

with permission from Ref. (Zhang et al., 2019b). Copyright 2019 Elsevier. 1132 
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 1134 

Fig. 5. (a) Degradation curves of OA in ozonation, the H2O2 process and the peroxone process with or without 1135 

Mn-CN. (b) Degradation curves of OA in the peroxone process with g-C3N4, MnCl2, a mixture composed of g-1136 

C3N4 and MnCl2, or Mn-CN. (Inset: Corresponding solution color after reaction.) (c) EPR spectra of the DMPO-1137 

∙OH adduct in ozonation, the H2O2 process, the peroxone process and the peroxone process with Mn-CN. (d) 1138 

Chronoamperometry curves in blank solution, blank solution with Mn-CN, H2O2 solution and H2O2 solution with 1139 

Mn-CN. (e) EPR spectra of the DMPO- HO2∙ adduct in the heterogeneous catalytic Fenton process and peroxone 1140 

reaction with Mn-CN. (f) Free energy of H2O2 adsorption and HOO-Mn-N4 detachment. (g) Reaction mechanism 1141 

in the Mn-CN catalytic peroxone reaction. Reproduced with permission from Ref. (Guo et al., 2019). Copyright 1142 

2019 American Chemical Society. 1143 
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 1145 

Fig. 6. (a) Time courses of BPA oxidation by PMS in the presence of the as-prepared g-C3N4 materials and (b) the 1146 

kobs for BPA oxidation. (c) Effects of MeOH, p-BQ or L-his on degradation of BPA by the g-C3N4-Melamine/PMS 1147 

system. (d) Degradation of various organic compounds by the g-C3N4-Melamine/ PMS system. (e) Mechanism of 1148 

PMS activation by g-C3N4. Reproduced with permission from Ref. (Guan et al., 2020). Copyright 2020 Elsevier. 1149 
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 1151 

Fig. 7. Two-dimensional valence-electron density color-filled maps of (a) g-C3N4 and (b) O-CN. (c) EIS spectra of 1152 

g-C3N4 and O-CN. (d) Effect of scavengers on catalytic degradation of BPA in the O-CN/PMS system. (e) LSV 1153 

curves of O-CN with and without PMS and BPA or DP. (f) Mechanism of PMS activation by O-CN. Reproduced 1154 

with permission from Ref. (Gao et al., 2018b). Copyright 2018 American Chemical Society. 1155 
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 1157 

Fig. 8. (a) Degradation of 4-CP in different PMS/Fe(III)-g-C3N4 systems. Effects of (b) oxalate and (c) citrate on 1158 

4-CP degradation in the PMS/Fe(III)-g-C3N4 system. (d) Effect of DMSO on 4-CP degradation in the 1159 

PMS/Fe(III)-g-C3N4 system. (e) Mechanism of PMS activation by Fe(III)-g-C3N4. Reproduced with permission 1160 

from Ref. (Li et al., 2018). Copyright 2018 American Chemical Society. 1161 
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 1163 

Fig. 9. (a) Effect of solution pH on the degradation of ATZ in the ZVZ-g-C3N4/O3 system. Reproduced with 1164 

permission from Ref. (Yuan et al., 2018b). Copyright 2018 Elsevier. (b) Effect of solution pH on the degradation 1165 

of BPA in the g-C3N4-Melamine/PMS system. Reproduced with permission from Ref. (Guan et al., 2020). 1166 

Copyright 2020 Elsevier. Effect of (c) solution pH and (f) common inorganic anions on the degradation of BPA in 1167 

the O-CN/PMS system. Reproduced with permission from Ref. (Gao et al., 2018b). Copyright 2018 American 1168 

Chemical Society. (d) Effect of temperature on the degradation of RhB in the S-g-C3N4/PDS system. Reproduced 1169 

with permission from Ref. (Lin et al., 2018b). Copyright 2018 Elsevier. (e) Effect of NOM on the degradation of 1170 

ATZ in the O@g-C3N4/O3 system. Reproduced with permission from Ref. (Yuan et al., 2019). Copyright 2019 1171 

Elsevier. 1172 
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 1174 

Fig. 10. (a) The digital image and (b) cross-sectional SEM of Mn3O4/g-C3N4@PTFE membrane. (c) The 1175 

reusability of Mn3O4/g-C3N4@PTFE membrane for 4-CP degradation in the presence of PMS. Reproduced with 1176 

permission from Ref. (Chen et al., 2020a). Copyright 2020 Elsevier. The comparison of (d) XANES and (e) 1177 

EXAFS spectra at the Cu K-edge between the fresh Cu(I)-g-C3N4 and the catalyst after the degradation reaction. 1178 

(f) XPS spectra of Cu 2p and Cu LMM Auger electron spectra (insert graph) of the used Cu(I)-g-C3N4. 1179 

Reproduced with permission from Ref. (Ma et al., 2019b). Copyright 2019 Elsevier. 1180 
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