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Abstract

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-CsNa4)-based catalysts with high performance and cost effectiveness are promising
heterogeneous catalysts for AOPs. Most research on g-C3Ns-based catalysts focuses on photocatalytic
oxidation, but increasingly researchers are paying attention to the application of g-CsNas-based
catalysts in other AOPs beyond photocatalysis. This review aims to concisely highlight recent state-
of-the-art progress of g-CsN4-based catalysts in AOPs beyond photocajgdysis. Emphasis is made on
the application of g-CsNs-based catalysts in three classical AOPgincRdin ton-based processes,
catalytic ozonation and persulfates activation. The catalytigperformamse and involved mechanism of
g-CsNg-based catalysts in these AOPs are discussed i @ . Meanwhile, the effect of water
chemistry including pH, water temperature, nam matter, inorganic anions and dissolved
oxygen on the catalytic performance of -based catalysts are summarized. Moreover, the

reusability, stability and toxicity (t%as d catalysts in water treatment are also mentioned.
G

Lastly, perspectives on the npfjor nges and opportunities of g-CsNs-based catalysts in these
AOPs are proposed for b elopments in the future research.

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

treatment



30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

1. Introduction

With fast growth of industrialization and population, the water contamination caused by organic
pollutants is becoming a serious global issue that threatens public health and safety (L.i et al., 2020b;
Yang et al., 2020b; Yang et al.,, 2018a). Various synthetic organics (e.g. dyes, pesticides,
pharmaceuticals and personal care products (PPCPs), etc.) are discharged into wastewaters and
eventually enter natural water bodies (Chen et al., 2020b; Lefebvre and Moletta, 2006; Liu and Wong,
2013; Tian et al., 2020). It is well known that most of these compounds are persistent organic
pollutants (POPs), which will threaten the living organisms, includingeguman beings (Brown and
Wright, 2016; Muir and Howard, 2006; Song et al., 2018). Aya of goysical and biological

treatment methods have been employed for the removal @f organic utants from water, such as

adsorption, ultrafiltration and coagulation (Lei et al., 202 g et al., 2019; Zhang et al., 2016).
However, insufficient capacity to remove traceqQan utants and possible secondary pollution
limit their practical applications. Thus, Ry fficient and environmentally friendly treatment
processes are required for the remo @ua organic pollutants from water.

Advanced oxidation prog€sSes Ps) have stimulated great interest from researchers around
the world owing to their iciency in degrading and even mineralizing organic pollutants from
water (Jia et al., 2020; Klavarioti et al., 2009; Tan et al., 2020). Moreover, AOPs are more
environmentally friendly than physical and biological treatment processes as they will not release
masses of deleterious residues or divert organic pollutants from one phase to another (Oturan and
Aaron, 2014; Ye et al., 2019a; Yi et al., 2019). In AOPs, almost all types of organic pollutants can be
degraded or mineralized into intermediate products or CO, and H20. The outstanding activity and

versatility of AOPs are originated from the production of highly reactive species such as ‘-OH, SOs-,

10, and -O2, which can efficiently attack the target contaminants leading to their decomposition (Li
3
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et al., 2020c; Wang and Xu, 2012; Yang et al., 2018b). Specifically, AOPs include homogeneous
AOPs and heterogeneous AOPs. The heterogeneous AOPs generally utilize solid catalysts in
combination with other systems (H202, Ogz, persulfates, light, etc.) to degrade organic pollutants (Lin
et al., 2020; Liu et al., 2019; Yuan et al., 2020). Compared with homogeneous catalysts, the main
advantage of heterogeneous catalysts is the convenience of catalysts recovery. For practical
applications in water decontamination, heterogeneous catalysts must meet some requirements, such
as high activity, sustainability as well as physical and chemical stability. Accordingly, many efforts
have been paid to the exploitation of efficient and durable heterogeneoygsgatalysts for AOPs.
Graphitic carbon nitride (g-CaN4) has recently emerged as ronXR\ng,cglyst in AOPs because
of its simple synthesis, low cost and toxicity, unique electrgnic structud and good stability (He et al.,

2019b; Wang et al., 2020c; Zhou et al., 2019). As a meta %

onjugated polymer semiconductor,
the relatively narrow bandgap (about 2.7 eV) -C3 dows it with a superior light absorption
capacity (Yang et al., 2019d; Zhou et a a). Besides, the inherent functional groups and
vacancies as well as the sp? hybridi @ne ork are conductive to the generation and migration
of delocalized electrons (Wangfe QS; Yang et al., 2020a). Meanwhile, g-C3aN4 possesses a two-
dimensional layered str nd 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-CsNs-based catalysts have been widely applied in AOPs,
especially photocatalysis, to degrade organic pollutants from water (Guo et al., 2020a; Wang et al.,
2019d; Wang et al., 2020e; Zhang et al., 2020a). And considerable reviews present broad introduction
on the application of g-CsN4-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
4
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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-C3Ns-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.O2, Oz and persulfates can
be activated by g-CsNs-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-C3Nas-based catalysts in those concerned AOPSs.

As a state-of-the-art review, the chief objective of this work j Whlig¥ recent advances of g-

C3Ns-based catalysts in AOPs beyond photocatalysis. ghe catalyN¢ performance and reaction

mechanism of g-CsNs-based catalysts in three classical @ including Fenton-based processes,

catalytic ozonation and persulfates activation ar4asc eanwhile, the effect of water chemistry

on the catalytic performance of g-C3N: @ catalysts are summarized, such as pH, water

temperature, natural organic mat %ﬂic anions and dissolved oxygen. Additionally, the

reusability, stability and toxgCi -C3Ns-based catalysts in water treatment are mentioned.
Ultimately, the challeng pportunities faced by g-CsNas-based catalysts in these AOPs are
presented.

2. Application of g-CsNs-based catalysts in Fenton-based processes

Fenton reaction is recognized as one of the most effective strategy for degrading organic
contaminants from water (Deng et al., 2020; Li et al., 2020a; Pignatello et al., 2006). In a typical
Fenton reaction, Fe?* catalyzes the decomposition of H2O> to generate -OH (Eq. (1)) (Khataee et al.,
2016). The generated -OH can quickly destroy the pollutant structure owing to its high oxidation

potential. More importantly, the formed Fe3* can be reduced to Fe?* by H,0> through the Fenton-like
5
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reaction (Eqg. (2)) (Gholami et al., 2020b), which enables the continuous generation of -OH. However,

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

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

overcome these problems, numerous heterogeneous Fenton-like catalysts were developed to replace
the homogeneous process (Cheng et al., 2018b; Huang et al., 2019b; Li et al., 2019c).

Fe?* + H,0, - Fe3* + HO™ +- OH (1)

Fe3* + H,0, 2 Fe?* + H* + HO, - (2)

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

for the degradation of organic pollutants in water (Table 1) has aftra: gregyinterest because of its

excellent characteristics such as efficient catalytic acgvity, highN\stability and environmental

friendliness. For example, Wang et al. (Wang and Nan, 2

X<

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

Owing to the presence of abundan&s or Fe(11)-Nx and Fe(l11)-Nx, the Fe-g-C3sN4 exhibited

excellent activity in Fenton-lijffe oxI

ized Fe-doped g-C3N4 (Fe-g-C3Na)

to catalyze the decomposition of H20, for de ylene blue (MB). The pyridinic N in g-

n, achieving 83.7% removal of total organic carbon (TOC)
in 60 min. Moreover, the supported iron oxide (CN@10O) was also reported to be an efficient
Fenton-like catalyst for the degradation of ciprofloxacin (CIP) (Ding et al., 2019). Under the
experimental conditions, almost all CIP was degraded and 48.5% CIP was mineralized, which was
ascribed to the accelerated redox cycle of Fe(lll)/Fe(ll) by g-CsNa4. Apart from iron species, some
other metal species have also been introduced into g-C3Na to fabricate Fenton-like catalyst. The Cu(l)
was incorporated into g-CsN4 for the degradation of various organic pollutants (Ma et al., 2019b).
During the formation of g-CsN4, the Cu(ll) could be reduced by the released carbon and nitride

fragments to form Cu(l), which would be conductive to the enhancement of Fenton-like activity. The
6



122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

removal efficiencies of Rhodamine B (RhB), Acid Red 73 (AR 73), bisphenol A (BPA) and
tetracycline (TC) were 99.2%, 96.0%, 94.6% and 84.4%, respectively, indicating that the Cu(l)-doped
g-CsaN4 (Cu(l)-g-C3N4) was an effective Fenton-like catalyst to degrade different kinds of organic
pollutants. In addition, Ge et al. (Ge et al., 2018) combined the MgO with g-C3sNa to activate H.O>
for the degradation of organic dyes. The g-CaN4/MgO presented outstanding degradation activities
for both anionic and cationic dyes, such as methyl orange (MO), MB and RhB. It was found that the

Mg-N and C-O bonding between MgO and g-CsN4 played a critical role in the degradation reaction

via activating H20> to generate -OH.
Nevertheless, the content of metals in these g-CaNas-based cgal W:S >Iative|y low, resulting

in the unsatisfactory catalytic performance in Fenton-like @xidation (Bycalho et al., 2017; Luo et al.,

d to form large particles, leading to

2016). And when the metal content increased, it easily ai

a reduction in the number of catalytic active sit@M TeMgi et al., 2018). To effectively improve the

activity of g-CsNs-based catalysts in Fenta % oxidation, some g-C3sNs-based catalysts with high
metal content and dispersion were % Far example, Zhu et al. (Zhu et al., 2019) synthesized
Cu-doped g-C3Ns (Cu-g-C3Nf) Wit h content of Cu-Ny species by calcining the precursor of
melamine templated crys pper chloride. In the optimal Cu-g-C3sN4 composite, the Cu content
was up to 25.9 wt % and the Cu was uniformly dispersed in the g-C3sNs matrix. The presence of
abundant Cu-Ny species could accelerate the decomposition of H20> to form -OH. Therefore, the Cu-
g-C3N4 presented superior catalytic activities for the degradation of RhB, MO and MB. Moreover,
decorating g-C3sN4 with metals in forms of ultra-small clusters and single-atoms has drawn much
attention due to the high atom-utilization efficiency (Li et al., 2019¢). An et al. (An et al., 2018)

successfully embedded high-density ultra-small Fe clusters and single-atom Fe sites in g-CsN4 (I-

FeNx/g-C3Na) by calcining a mixture of Fe-imidazole coordination compound and melamine. The
7
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“nitrogen pots” with six nitrogen lone-pair electrons in g-CsN4 could efficiently trap and stabilize
ultra-small Fe clusters and single-atom Fe sites. As shown in Fig. 2a-d, high-density (18.2 wt %)
ultra-small Fe clusters and single-atom Fe sites were uniformly dispersed in the g-C3Ns and no iron
nanoparticles could be observed. The energy dispersive X-ray spectroscopy images also showed the
uniform distribution of C, N and Fe elements (Fig. 2e). The X-ray absorption near-edge structure
(XANES) spectra (Fig. 2f) and extended X-ray absorption fine structure (EXAFS) spectra (Fig. 2g)
further demonstrated that the Fe-Nx structure was formed. As the Fe(I1)-Nx active sites could quickly
decompose H20:2 to produce -OH, the I-FeNx/g-C3N4 catalyst exhibited ggcellent removal efficiency
for MB despite no light (Fig. 2h). Additionally, the iron leaching of N 3N4 catalyst was 0.69

mg L, which was much lower than the nano-FesOs (2.3 gg L™) anON€304 (9.8 mg L) as well as

the European Union standard (2 mg L) (Khataee et al., 2

x <

bet al., 2019b; Xu and Wang, 2012),
indicating that the Fe(l1)-Nx configurations was nted into g-CaNa.
Although some achievements have beag

are still some inadequacies and nc&imrovements. Typically, the reduction of the metals

anchored on g-CsN4 through e 0x

on these g-C3Ns-based Fenton-like catalysts, there

n of H20> is slow, leading to the insufficient redox cycle of
the metals. Additionally, i ocess, H20: is finally decomposed into O2 or -O2~, which will cause
the waste of H202 (Bokare and Choi, 2014; Lyu et al., 2015). To resolve these problems, the g-C3sNas-
based catalysts with dual reaction centers were developed to enhance the catalytic activity in Fenton-
like process. For example, Xu et al. (Xu et al., 2018) constructed a novel Cu-Al>03-g-C3N4 catalyst
to promote the selective conversion of H20- to -OH for enhancing the Fenton-like catalytic activity.
In the Cu-Al>03-g-C3N4 system, the electron-rich area around Cu was formed because of the higher
electronegativity of Cu than Al as well as the Cu-r interactions between Cu and g-CsNa4. Therefore,

the ‘OH could be generated by two different electron transfer processes: the one was from the
8
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electron-rich Cu center to H20: to produce -OH, and the other was from H>O to the electron-poor site
to form -OH. Benefiting from the significant increase of ‘OH generation, the Cu-Al203-g-C3Na
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. (Lyu et al., 2018) combined g-C3sN4 with in situ formed Cu(ll) on the surface
of CuAIO; substrate to fabricate a new Fenton-like catalyst. The C-O-Cu bonding bridge on g-C3Na-
Cu(I)-CuAlO: could efficiently strengthen the cation-r interaction through the charge transfer. As
verified by the density functional theory (DFT) calculations (Fig. 3a and and electron paramagnetic
resonance (EPR) analysis (Fig. 3c), the dual reaction centers werg foRRed arg#ind the Cu and C sites

in CN-Cu(I1)-CuAlO2, which was ascribed to the cationg interaction via the C-O-Cu linkage. As

depicted in Fig. 3d, the H2O> was efficiently reduced b % pns to ‘OH on the electron-rich Cu

/

center. Meanwhile, the electrons on H2O; and taMeggre trapped by the electron-poor C center

and then diverted to the electron-rich ar gh the C-O-Cu linkage. Therefore, the catalytic
activity of CN-Cu(l1)-CuAlO; for agption of BPA was greatly enhanced compared with that
of g-C3N4 and CuAlOz. Moregfer, t -Cu(11)-CuAlO; also exhibited excellent catalytic activities
for the degradation of o ractory pollutants, such as phenol, 2-chlorphenol, ibuprofen and
phenytoin, indicating its huge potential in water purification.

To further improve the activity of g-C3aNs-based catalysts in Fenton-like oxidation, carbonaceous
materials with excellent electron transport property and chemical stability were introduced (Maet al.,
2019a; Wang et al., 2019a). For example, the graphitized mesoporous carbon (GMC) was hybridized
with Fe-g-CsN4 for the degradation of AR 73 (Ma et al., 2017). The GMC not only provided a

mesoporous structure for the growth of g-CsNa, but also offered a similar sp? bonding structure to

promote the electron transfer. Benefiting from the accelerated Fe(ll1)/Fe(ll) redox cycle, the Fe-g-
9
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C3N4/GMC composite showed high activity for AR 73 degradation in the Fenton-like reaction,
obtaining 99.2% removal in 40 min. Additionally, enhanced adsorption (10.7%) caused by the
introduction of GMC in Fe-g-C3N4/GMC composite might also contribute to the accelerated
degradation of AR 73. The carbon nanodots (CDs) were also effective in enhancing the catalytic
activity of Fe(Il)-doped g-CsNa4 (Fe(11)-g-CsNa4) in Fenton-like reaction because they could promote
the decomposition of H20: to produce more -OH (Fang et al., 2019). In the presence of H20,, the
CDs/Fe(I1)-g-CsNs composite presented superior activity in the Fenton-like system for MB
degradation. Quenching experiments and EPR measurements suggestegaghat -OH and -O2~ were the
main reactive species responsible for the MB degradation, and -~ orjgiated from the reaction

between H20, and -OH.

The utilization of solar light to construct a photo-F w system is also an effective way to
enhance the performance of g-CsNs-based catas a@m-based catalysts can be easily excited
by visible light to generate electrons and @ i et al., 2016). In this process, the Fe(lI11)/Fe(l1)

redox cycle can be greatly accelm%he photogenerated electrons, thereby facilitating the

decomposition of H20: to -OHfand oting the degradation of organic pollutants (Herney-Ramirez
et al., 2010; Soon and Ha w2011). For example, a Fe203 quantum dots (QDs)/g-CsN4 composite
was fabricated to catalyze the decomposition of H2O> for degrading p-nitrophenol under visible light
(Xi et al., 2019). The excellent separation and transfer of photogenerated charges on Fe.O3 QDs/g-
C3sN4 could result in the continuous and fast conversion of Fe(l111)/Fe(11). Therefore, the activation of
H>0, was improved and the degradation rate of p-nitrophenol was dramatically enhanced. Moreover,
a photo-Fenton-like membrane was assembled for wastewater treatment by using g-CsNa sol and Fe-

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

effect of photocatalysis and Fenton-like reaction, the photo-Fenton-like membrane displayed
10
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outstanding self-catalytic capacity for degrading retained pollutants. Besides, the construction of
photo-electro-Fenton-like system based on g-C3N4 has also stimulated great research interest (Yue et
al., 2018). In this process, the H>O is in situ generated in the cathode through the two-electron
reduction of Oz, and then the H2O> can be activated by the g-CsNs-based catalysts to generate -OH
for the degradation of organic pollutants. Recently, a photo-electro-Fenton-like system with WO3/g-
C3N4 was fabricated for CIP degradation (Bai et al., 2019). Compared with the photocatalysis system
and electro-Fenton-like system, the photo-electro-Fenton-like system showed superior degradation
efficiency for CIP and achieved 80.3% mineralization efficiency withingsg0 min.

In aword, in Fenton-based processes, g-C3N4 can act as an excelNR¢ s t to immobilize metal

species, thus improving the catalytic activity and stability gf g-CsN4-b%ed catalysts. Specifically, the

layered structure of g-CsNjs is an effective support for load % pe metal species, which can suppress

the mobility, improve the dispersion and avoidifie ation of metal species. Meanwhile, the

“nitrogen pots” with six nitrogen lone-pa#§ ons in g-C3sNs are ideal sites for trapping metal

species. The general catalytic mecm@g- 3Ns-based catalysts during Fenton-based processes

are depicted in Fig. 1. The a species on g-CsNa-based catalysts can decompose H20; to
generate -OH, ‘Oz~ and ! %h will lead to the degradation of organic pollutants.
3. Application of g-CsNs-based catalysts in catalytic ozonation

As a powerful oxidant, it is well known that Oz can react with many organic pollutants. However,
the oxidation of some organic pollutants by Oz is relatively slow because of the selectivity of O3 to
organics, leading to the incomplete removal of pollutants or formation of toxic intermediate products
(Esplugas et al., 2007; Hubner et al., 2015). In addition, Oz presents a low mineralization rate for

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

react with Oz, such as aldehydes and carboxylic acids (Nawrocki and Kasprzykhordern, 2010). To
11
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address these issues, some advanced technologies such as O3/H>O; process and Oz/UV process were
developed to activate Oz (Miklos et al., 2018). Among these, the catalytic ozonation process has
stimulated much research interest as it can promote the activation of Oz to generate reactive oxygen
species (ROS) by the addition of some catalysts (Wang and Bai, 2017; Wang and Chen, 2020).
Compared with homogeneous catalytic ozonation, heterogeneous catalytic ozonation is greener, more
economical and more convenient. Therefore, many efforts have been devoted to developing novel
heterogeneous catalysts for catalytic ozonation.

Graphitic carbon nitride-based catalysts have been demonstrated e effective heterogeneous
catalysts in catalytic ozonation for degrading organic pollutants ffon\water (Fable 2). Normally, the

delocalized electrons and surface oxygen-containing functignal group3\re responsible for the activity

of g-C3Ns in catalytic ozonation. Song et al. (Song et a @ b) found that the g-CsN4 exhibited
activity in catalytic ozonation for the degradatio 4@)benzoic acid (p-CBA) and benzotriazole
(BZA) due to the presence of electron-§ rogen vacancies and surface oxygen-containing
functional groups (such as hydrox d Carbonyl group). Compared with the sole ozonation
(apparent rate constant (Kons): #7069 .057 min'Y), the catalytic ozonation by adding g-CsN4-Urea
presented better activity MSBA and BZA degradation (Kobs: 0.116 and 0.156 mint). During the
reaction, the Oz captured the delocalized electrons from the electron-rich nitrogen vacancies in g-
C3Njs to form the O3~ (Eq. (3)) and then the HO3- (Eq. (4)), which rapidly transformed into -OH (Eq.
(5)). Moreover, the O3 decomposed aromatic rings in organic species to olefins, which subsequently
reacted with Oz to form H202. Meanwhile, the carbonyl group in g-CsN4 also enhanced the H20>
production (Eqg. (6)). And the reaction of H.O2 and O3 could generated more -OH and -O2~ (Egs. (7)

and (8)). Therefore, the activity of g-C3Na in catalytic ozonation was greatly enhanced. In addition,

the doping of O atoms could increase the amount of surface oxygen-containing functional groups and
12
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nitrogen vacancies of g-CsNa, thus enhancing the performance catalytic ozonation (Yuan et al., 2019).
The degradation efficiency of atrazine (ATZ) through catalytic ozonation over the oxygen

functionalized g-CsN4 (O@g-C3N4) was increased by 29.76% in comparison with the sole ozonation.

03 +e” =»-03 3)

+03 + H,0 —» HO; - +OH"™ (4)

HO; *— 0, +- OH (5)

g-C3N,(C=0)+ 05 + H,0 - g-C3N,(C—0) +H,0, + 0, (6)

H,0, + H,0 - HO; + H,0" (7)
O3 + H;0* ->-OH+:03 + O > (8)
It has been reported that metal species could significgntly prom®&e the decomposition of O3 to

produce ROS (Wang and Bai, 2017; Wang et al., 2019b). A % 8gly, numerous g-CsNs-based metal-
containing catalysts have been constructed rec t ize the synergistic effect of g-CsN4 and
metal species for efficient catalytic ozonati example, the ZnO/g-CsN4 was found to be highly
active in catalytic ozonation and th %Z egradation was 2.73 min, which was almost 10.5
times higher than that of ozog alo uan et al., 2018a). The enhanced activity was owing to the
host-guest interaction bet CsN4 and ZnO, as well as the increased surface area and improved
electron transfer ability. Tert-butanol (TBA), p-benzoquinone (p-BQ) and NaNz were utilized as ROS
scavengers for -OH, -O2~ and O, respectively. The degradation efficiency of ATZ in ZnO/g-C3N4/Os
system was greatly inhibited after the addition of ROS scavengers, implying that -O2~, 1O, and -OH
were the major reactive species responsible for ATZ degradation. Besides, the g-CsN4 could also
provide an ideal site to accommodate Ce(lll), thus accelerating the formation of surface hydroxyl

groups (Xie et al., 2020). As a result, the Ce(l11)-doped g-C3Na (Ce(l11)-g-C3Na4) possessed a high

catalytic ozonation activity in oxalate degradation, which was ascribed to the synergistic effect of
13
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surface hydroxyl groups and Ce(l11) active site.

Moreover, the LaCo0O3/g-C3N4 exhibited an outstanding activity in catalytic ozonation for the
degradation of BZA due to the formation of electron transfer cycle (Zhang et al., 2019b). The electron
transfer cycle in LaCoOs/g-CsNa, which was induced by the -C-O-Co bonding and nitrogen vacancy,
could accelerate the decomposition of O3 to generate more -OH, thus promoting the BZA degradation.
As shown in Fig. 4a and b, the kons raised with the increase of the relative content of -C-O-Co bonding
and nitrogen vacancy, indicating the positive role of -C-O-Co bonding and nitrogen vacancy in
LaCoOs/g-C3Ng4 in catalytic ozonation. The mechanism for LaCoO3/g-CadN4 catalytic ozonation was
displayed in Fig. 4c. First, the Oz trapped the single electrons from\NNjrogegpvacancies to generate

-O37(EQ. (3)). Meanwhile, the O3 was decomposed by the &-O-Co boNling to form -O2~ and 02 (Eq.

(9)). And the O3 could react with OH~ to produce -O: . > (Eq. (10)). Additionally, the O>

captured the delocalized electrons from electron c to generate ‘Oz~ (Eq. (11)). Then, a series

Ainduced by the -O2~ and HO>- to produce -OH (Eq.

of radical chain reactions (Eqgs. (4) and (12
(5)). Thus the catalytic ozonation agi @_a 003/g-C3N4 for BZA degradation was significantly
improved. < :

C-0-Co

0; ——0; + '0,+0, (9)
0; + OH™ —- 05 + HO, - (10)
0, +e” =03 (12)

+0; + 03 =03 + 0, (12)

Furthermore, the g-C3Nas-based catalysts were also utilized in O3/H20. process to promote the
formation of ‘OH under acidic conditions. In general, the production of -‘OH in O3/H202 process is
limited under acidic conditions as the HO~ that can induce free radical chain reactions to generate

-OH is mainly formed under alkaline conditions (Li et al., 2015; Sein et al., 2008). To overcome this
14
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drawback, Guo et al. (Guo et al., 2019) anchored single Mn atoms on g-C3N4 (Mn-CN) to accelerate
the -OH formation for the degradation of oxalic acid (OA). As shown in Fig. 5a and b, the Mn-CN
catalyst exhibited high activity for OA degradation in the Os/H20- process, which was ascribed to the
increased yield of ‘OH (Fig. 5¢). The chronoamperometry curves (Fig. 5d) and EPR measurements
(Fig. 5e) suggested that the HO>- was formed in the interaction between Mn-CN and H20., and the
O3 could promote the formation of HO>-. The energy change plot for different steps (Fig. 5f) further
confirmed the reaction mechanism. During the reaction (Fig. 5g), the Mn-Ng site in Mn-CN catalyst
adsorbed H20- to form the HOO-Mn-N4 species, which then reacted vy Os to generate HO»- and
‘O3™. O3~ would combine with H* in acidic solution to generate nq ijgfapidly transformed to

‘OH. Meanwhile, HO>- converted to -O2~, which could alsgreact with\s to produce -Os~. Therefore,

the yield of ‘OH was increased and the degradation effici A was significantly enhanced.

The general catalytic mechanisms of g-Cifl2-b catalysts during catalytic ozonation are
presented in Fig. 1. In brief, the delocaligg
groups on g-C3N4 can promote the@%tion of Oz to generate -OH and -O>~. Additionally, the

immobilized metal species g- ¥, also can activate Oz to produce -OH, Oz~ and !O..

xctrons and surface oxygen-containing functional

Consequently, these gene S will accelerate the degradation of organic pollutants.
4. Application of g-CsNas-based catalysts in persulfates activation

As an effective and promising technology for the degradation of organic pollutants in water, the
AOPs based on persulfates including peroxymonosulfate (PMS, HSOs") or peroxydisulfate (PDS,
S,0s%") have received increasing attention in recent years (Qin et al., 2020; Yu et al., 2020; Zhou et
al., 2020b). Persulfates are strong oxidants and the redox potential for PMS and PDS are 1.82 V and
2.01V, respectively. Compared with H20. and Os, the persulfates is more convenient for storage and

transportation because they usually exist as solid power. However, their direct reaction with most
15
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organic pollutants is so slow, which need further activation for practical applications. In previous
studies, numerous strategies such as UV, heat, alkali, ultrasound, transition metals and carbon-based
catalysts have been utilized for persulfates activation, where reactive radicals (e.g., SO4~ and -OH)
or nonradical species (1O, and surface-bound complexes) are generated for effectively degrading
organic pollutants (Liu et al., 2020b; Wang and Wang, 2018). Among these approaches,
heterogeneous catalysis has attracted extensive interests due to its less energy consumption, high
catalytic activity and outstanding reusability (Wu et al., 2019). Therefore, many efforts have been
devoted to exploring heterogeneous catalysts for persulfates activation.

Graphitic carbon nitride-based catalysts have been congid %(ective catalysts for

activating persulfates to degrade organic pollutants (Tablg 3). NormaWy, the catalytic activity of g-

C3Ng in persulfates activation is originated from the nitro?‘ ygen-containing functional groups,

defective edges and sp? hybridized carbon net ( t al., 2016; Duan et al., 2015). However,

the physicochemical properties of g-C3Na p

@ by different precursors and calcination procedures

are usually somewhat different, whi ect their activity for the activation of persulfates. Guan
et al. (Guan et al., 2020) igfvesti the influences of different precursors (e.g., melamine,
dicyandiamide and urea) ination atmosphere (e.g., air and N2) on the catalytic activity of g-

CsNa4 in PMS activation. As shown in Fig. 6a and b, the obtained g-C3Na catalysts exhibited different
catalytic activities for PMS activation to degrade BPA, and the g-C3Na prepared from melamine and
calcined in N2 possessed the best performance. The difference in their catalytic activities was because
of the variation in the type and amount of active sites caused by the different preparation procedures.
Generally, methanol (MeOH), p-BQ and L-histidine (L-his) were used as ROS scavengers for SO4-~
and -OH, Oz, and 'O, respectively (Gholami et al., 2020a; Xu et al., 2020). The quenching

experiments (Fig. 6¢) and EPR tests demonstrated that SO4-~ and -OH rather than -O2~ or O, were
16
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the major ROS responsible for the degradation of BPA. Meanwhile, the g-C3Ns also exhibited
effective catalytic activity to degrade phenol, 2,4,6-tribromophenol (2,4,6-TBP), acetaminophen
(ACT), sulfamethoxazole (SMX), ibuprofen (IBP) and benzoic acid (BA) via activating PMS (Fig.
6d), further excluding the contribution of surface-bound reactive complexes. Accordingly, the
mechanism of PMS activation by g-C3N4 was proposed in Fig. 6e. First, PMS was decomposed by
the active sites on the surface of g-C3Ns via an electron transfer pathway to form SOs-~ (Eq. (13)) and
SOs~ (EQ. (14)). Then the SO4-~ could react with H2O to generate -OH (Eq. (15)), while the SOs-~

could self-react to generate SO~ (Eq. (16)), resulting in the BPA degraga$ion.

HSO; + e~ = SO; + OH™ (13)

HSO; —e™ = SO & H* (14)

SO, + H,0 -»-OH + H . (15)

2507 08P (16)

However, the catalytic performanc re g-CsNs in persulfates activation is greatly

suppressed by its poor electron tran @it (Linetal., 2018b). To improve the electron mobility
of g-CzNj4 for efficiently actiiting ulfates, Gao et al. (Gao et al., 2018b) prepared O-doped g-
C3N4 (O-CN) with modu ctronic structure. As displayed in Fig. 7a and b, compared with pure
g-CsNs, the electronic structure of O-CN was altered due to the substitution of N atoms by O atoms.
Because the electronegativity of O atom is higher than that of C atom and N atom, the electrons of C
atoms would flow to the O atom, leading to formation of high and low electron density regions around
the O atom and C atom, respectively. Consequently, the electron transfer on O-CN would be
accelerated, which was confirmed by the electrochemical impedance spectroscopy (EIS) spectra (Fig.
7¢). Benefiting from the modulated electronic structure, the O-CN exhibited excellent catalytic

activity in PMS activation for the degradation of BPA, CIP and 2-chlorophenol (2-CP). The EPR tests
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and quenching experiments (Fig. 7d) indicated that the O-CN could activate PMS to generate SO4-,
‘OH and 'O;, in which 'Oz was the major ROS responsible for BPA degradation. The N-saturated
experiment and linear sweep voltammetry (LSV) analysis (Fig. 7e) further demonstrated that O, was
originated from the PMS oxidation rather than from the conversion of -O2~. Therefore, the mechanism
of PMS activation by O-CN could be proposed, as depicted in Fig. 7f. The one was the PMS oxidation
by electron-poor C atoms to form SOs-~, followed by the reaction between SOs-~ and H-O to generate

10,. The other was the PMS reduction by the electrons around the electron-rich O atoms to generate
SOs~ and -OH.
As many metal species can activate persulfates to degrade ogga %nts, it is reasonable to

C3N4 towards persulfates activation (Li et al., 2017; Oh et

expect that incorporation of metal species could effectively enhance We catalytic performance of g-
/; Zhang et al., 2019a). Meanwhile,

the unique structure of g-CzNa4 with two-dimer@ed nanosheets and six nitrogen lone-pair

electrons is conductive to the immobilizati ispersion of metal species. Therefore, many efforts

have been devoted to incorporatin @ci s into g-C3N4 for enhancing persulfates activation

(Nguyen et al., 2019; Qin et ang et al., 2019a). For example, Xie et al. (Xie et al., 2019)
synthesized Co-doped g Co-g-C3Ng) for PMS activation to degrade monochlorophenols
(MCPs) isomers, including 2-CP, 3-chlorophenol (3-CP) and 4-chlorophenol (4-CP). The Co-g-C3Na4
exhibited superior catalytic activity in PMS activation compared with g-C3N4 due to the doping of
Co. The Co doping could promote the generation of SO4-~ (Egs. (17)-(20)), resulting in the improved
degradation of MCPs. Meanwhile, the adsorption experiments and quantum chemical calculations
demonstrated that the adsorption behavior based on the intermolecular interactions between Co-g-

CsN4 and MCPs was benefit to the process of MCPs degradation. Fan et al. (Fan et al., 2019) prepared

Mn-doped g-CsNs (Mn-g-CsNg4) to activate PMS for the degradation of ACT. The catalytic
18
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performance of g-C3Ns4 was significantly improved by the doping of Mn. Further researches
demonstrated that O, rather than SO4-~ 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-CaN4
(Feng et al., 2018a). Wang et al. (Wang et al., 2017) found that Pd nanoparticles could greatly enhance
the performance of g-C3N4 in PMS activation to degrade BPA because it could promote the formation

of surface-bound radical intermediates.

Co(ID)-g-C5N, + HSOz — Co(Il)-g-CsN, + SO; + OH™ (17)
Co(111)-g-C5N, + HSO; — Co(I)-g-CsN, + SOizme H* (18)
Co(IlT)-g-C3N, + e~ = Co(1l)-g- (19)

SO; + OH™ —> S02~ & OH (20)

Interestingly, it has been found that high-valent s@, species (e.g., Fe'V=0 and FeV=0)
instead of ROS (e.g., SO+, -OH and '0,) were o%for the degradation of organic pollutants
in persulfates activation by Fe-g-CsNa (Li 19a). For example, Feng et al. (Feng et al., 2018b)

synthesized Fe(l1)-g-CsNa to activz@@ th€ degradation of phenol. Compared with g-C3Na, the

Fe(11)-g-C3N4 possessed supefffor ¢ Ic activity in PMS activation to degrade phenol, which was
attributed to the formatio =0. The Fe'V=0 could rapidly degrade the phenol through electron
transfer. Li et al. (Li et al., 2018) employed Fe(ll1)-doped g-C3sNa4 (Fe(l11)-g-C3sN4) to activate PMS
for the degradation of 4-CP. As shown in Fig. 8a, the degradation efficiency of 4-CP increased with
the increase of Fe(lll) content in Fe(lll)-g-CsN4. When oxalate and citrate were added, the
degradation efficiency of 4-CP was decreased (Fig. 8b and c). These results suggested that the
embedded Fe(l11) in g-C3N4 framework acted as the active sites for 4-CP degradation. Moreover, the

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

SOs~, ‘OH and 'O2) played an insignificant role in degrading 4-CP. However, the degradation
19
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efficiency of 4-CP was suppressed by adding the dimethyl sulfoxide (DMSO) (Fig. 8d), which is a
probe compound for high-valent iron-oxo species. The DMSO can be oxidized by the high-valent
iron-oxo species to generate the dimethyl sulfone (DMSO02). Accordingly, it could be concluded that
the FeV=0 was formed on Fe(l11)-g-C3N4 in PMS activation, resulting in the 4-CP degradation via
nonradical pathway, as described in Fig. 8e.

In comparison with monometallic species, bimetallic species have a better catalytic activity for
persulfates activation because of the strengthened synergistic effect of metallic elements and the
presence of abundant redox reactions (Chen et al., 2017; Lei et al., 202Q&ag Lin et al., 2018a). Thus, a
series of bimetallic species have been incorporated into g-C3N4 tQ a te ulfates. For example,

Pi et al. (Pi et al., 2020) synthesized CoFeO,/g-C3Ns g0 activate S for the degradation of

levofloxacin (LVF). The CoFeO./g-C3sNs displayed a hi

activating PMS to degrade LVF due to the ac%

reaction, Co(ll) and Fe(ll) activated HSG Q orm SO~ (Egs. (21) and (22)), while Fe(Il) and

Co(l11) activated HSOs™ to form SOuey @3) and (24)), resulting in the LVF degradation. Li et al.
(Li et al., 2020d) fabricated quigé

to the synergistic effect b FeCo02S4 and g-CsNa, the catalytic activity of FeC02S4/g-C3N4 was

Iytic performance than CoFeO; in

ox cycles of metal species. During the

3N4 to degrade SMX through the activation of PMS. Owing

superior to FeCo02S4, g-C3N4 and CosS4/g-C3N4. The degradation efficiency of SMX was determined
to be 60.1%, 17.8%, 73.9% and 91.9% for FeCo02S4, g-C3N4, C03S4/g-C3Ns and FeC02S4/g-C3Na,

respectively. For FeCo,S4/g-C3Na, 1O, was identified to be the dominant active species responsible

for SMX degradation.
HSOz + Co(II) = Co(IIl) + SO; + OH~ (21)
HSOZ + Fe(1ll) - Fe(Il) + SO; + H* (22)
HSOZ + Co(III) = Co(Il) + SO + H* (23)
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HSOg + Fe(II) - Fe(Ill) + SOz + OH™ (24)

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

the electron transfer on g-C3N4 for enhancing the activation of persulfates (Chen et al., 2018; Guo et
al., 2018; Ye et al., 2019b). For example, Wei et al. (Wei et al., 2016) combined g-C3sN4 with activated
carbon (AC) to activate PMS for the degradation of organic pollutants. Compared with g-C3N4 and
AC, the g-C3N4/AC composite exhibited superior catalytic activity in PMS activation to degrade Acid
Orange 7 (AO 7), which was ascribed to the synergistic effect between g-C3Na and AC. Firstly, the

specific surface area of g-C3sN4/AC was larger than that of g-C3Na, whigycould provide more active

sites and increase the adsorption ability for AO 7. Secondly, the

g-CsN4 and AC could greatly facilitate the electron trans . Therefore, both the radical

r on g-Cs
generation (SO4-~ and -OH) and the nonradical effect in P % Bwation were significantly enhanced,

resulting in the efficient degradation of organi II@ Yao et al. (Yao et al., 2019) introduced

covalent organic framework (COF) into g 0 promote PMS activation for the degradation of

Orange Il. The electron transfer beg%m COF and PMS was boosted, which was attributed
t

to the good balance betwe i content and graphitization degree. As a result, the g-
C3N4s@COF showed exc talytic activity in PMS activation to degrade Orange 1l because of
the strengthened nonradical pathway induced by boosted electron transfer.

Recently, the combination of photocatalysis and persulfates activation has drawn increasing
attention because the synergistic effect between them could significantly improve the catalytic
performance (Gao et al., 2017; Wang et al., 2020d; Yang et al., 2019b). Normally, the persulfates can
be activated by the photogenerated electrons on g-CsNas-based catalysts to generate SO4-~ and -OH,

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

example, Gao et al. (Gao et al., 2018a) utilized a Co304 QDs/g-C3Na4 heterostructure to degrade TC
21
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under visible light in the presence of PMS. Compared to the case without visible light or PMS, the
degradation efficiency was greatly enhanced, which was ascribed to the cooperative effect between
photocatalysis and persulfates activation. In the study of Li et al. (Li et al., 2019d), the CuFe204/g-
C3N4 composite exhibited improved catalytic performance on PDS activation under visible light for
the degradation of propranolol due to the self-redox cycles of iron and copper in CuFe;O4 and the
accelerated formation of SO4~. Moreover, our group recently developed a novel carbonyl and
carboxyl groups co-modified g-CsN4 and employed it for the PMS activation under visible light to

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

electrons were gathered around the electron-withdrawing carbo carbgkyl groups of g-CsNa.

The PMS could be quickly activated by these electrons g generate WO4-~ and -OH, leading to the
efficient degradation of chlortetracycline hydrochloride,

The general catalytic mechanisms of g-C@ talysts during persulfates activation are
displayed in Fig. 1. In short, the nitrogen- en-containing functional groups, defective edges,
sp? hybridized carbon network generated electrons of g-C3N4 can facilitate the
decomposition of persulfates@ SO4~ and ‘OH. Moreover, the loaded metal species on g-
C3Ng also can activate pe to generate SO4-~, -OH, -0~ and O,. Especially, the Fe-N complex
on Fe-g-C3N4 can bound to PMS, resulting in the formation of high-valent iron-oxo species. As a
result, these reactive species will promote the degradation of organic pollutants.

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-CsNs-based catalysts in AOPs. Normally, the solution pH affects the

surface properties of g-CsNas-based catalysts, the structural forms of target contaminants and the
22
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decomposition of oxidants (H202, Oz and persulfates), thereby influencing the catalytic performance.
The pH at point of zero charge (pHpzc) can help determine the effect of pH on the surface charge of
the catalyst. When the solution pH is less than pHpzc, the surface of the catalyst is positively charged,
and when the solution pH is greater than pHp, the surface of the catalyst is negatively charged. For
example, the pHpzc of zero-valent zinc immobilized g-CsN4 (ZVZ-g-C3sN4) was determined to be 5.96
(Yuan et al., 2018Db). At the initial pH above pHpzc, the surface of the catalyst was negatively charged
as [ZVZ-g-C3N4]-O~ group. Therefore, the ZVZ-g-C3Ns showed superior catalytic ozonation

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

negatively charged surface (Fig. 9a). In the study of Li etal. (Li etal., e pHpzc of FeCo02S4/g-

C3N4 was determined to be 5.9. Accordingly, at the initiagd pH of 3.5%r 5.0 and 6.5, 8.0 or 9.5, the

surface charge of FeCo02S4/g-C3N4 was positive and negat ectively. Because the SMX existed
as anionic species in the pH range of 3.5-9.5, th eQ‘ between FeC02S4/g-C3N4 and SMX was
enhanced at the initial pH of 3.5 and 5.0, pre g the degradation of SMX in the presence of PMS.
In addition, the decomposition agps are also influenced by the solution pH. In alkali media,
the oxidability of H20: is wealgned se of its decomposition to Oz and H20 (Cheng et al., 2018a).
The activity of O3 alone ic pollutants degradation under acidic conditions is unsatisfactory.
However, at high pH, the abundant OH- can react with O3 to accelerate the formation of -OH, thus
promoting the degradation of organic pollutants (Nawrocki and Kasprzykhordern, 2010; Wang and
Chen, 2020). Moreover, the PMS will decomposed to SO4%-, O, and H20 at high pH, inhibiting the
generation of ROS (Ball and Edwards, 1956). As shown in Fig. 9b, in the g-C3sN4/PMS system, the
kobs OF BPA degradation increased with pH increasing from 5.0 to 7.0, and then decreased as pH

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

reasons. At lower pH values, the electron transfer from g-CsN4 surface to PMS was inhibited.
23



513  Moreover, the alkaline conditions weakened the interaction between g-CsNas surface and HSOs™ and
514  accelerated the self-decomposition of PMS.

515 Nonetheless, most of the g-CsNs-based catalysts were applicable in a wide pH range for the
516  degradation of organic pollutants. For example, Gao et al. (Gao et al., 2018Db) reported that PMS could
517  be activated by O-CN in a wide pH range of 3.0-9.0 to efficiently degrade BPA (Fig. 9c). The ZnO/g-
518  CsNas exhibited excellent activity in a wide pH range of 3.5-9.5 for ATZ degradation in catalytic
519  ozonation (Yuan et al., 2018a). The degradation efficiency of ATZ at each pH value was all over 95.5%
520  within 3 min, indicating the slight effect of solution pH on the AZ gradation. Normally, the
521  classical Fenton reaction only works better under acidic condjtiorNNpecaugt it easily forms iron
522  precipitates under neutral and alkaline conditions. Compaged to recerM\novel heterogeneous Fenton-
523 like catalysts such as Fe-Pd@C (He et al., 2019a) and nF%L-%(Cu) (Ren et al., 2020), which

-Cs3

524 only worked in a narrow pH range of 3.0-6.0, t sed catalysts usually performed well in a

525  wider pH range. For example, in the stud et al. (Lyu et al., 2018), the CN-Cu(I1)-CuAlO-
526  catalyst exhibited effective activity %gr dation in a wide pH range of 5.0-9.0, and possessed
527  the highest activity under the gutra ditions. No significant variation in the removal efficiency of
528  BPA could be observed i range of 5.0-7.0 with the change of initial pH. And although the
529  removal efficiency of BPA slightly decreased with the increase of initial pH in the pH range of 7.0-
530 9.0, it could still achieve 70% at pH 9.0 after 120 min reaction, which was attributed to its dual
531  reaction centers. Moreover, the Cu(l)-g-CsN4 also displayed satisfactory activity for the degradation
532  of RhB in a wide pH range of 5.0-11.0 (Ma et al., 2019b). Unlike traditional Fenton-like reactions,
533  the removal efficiency of RhB increased with the increase of solution pH in the pH range of 3.0-6.0,

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

535  g-C3N4 for RhB degradation at higher pH values was ascribed to the 'Oz, which was more easily
24
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generated under the alkaline conditions than the acidic conditions.
5.2. Effect of water temperature

At ambient temperature, the g-CsN4-based catalysts can perform well in Fenton-based processes,
catalytic ozonation and persulfates activation. Slight temperature changes will not obviously affect
the performance of g-CaN4-based catalysts for degrading organic pollutants through these AOPs. For
example, the degradation efficiencies of BPA in the CN-Cu(I1)-CuAlO2/H20; system at 25 <C, 30 C
and 35 <C were 90%, 93% and 96%, respectively (Lyu et al., 2018). However, if the water temperature
fluctuates greatly, the degradation rate of organic pollutants will also ¢ e significantly, especially
in persulfates activation because heat is an effective method to agtiv ersyffates. Lin et al. (Lin et

al., 2018b) utilized S-doped g-C3sN4 (S-g-C3N4) to activate DS for theNegradation of RhB. As shown

in Fig. 9d, the kops of RhB degradation was increased .005 min? to 0.014 min? as the
temperature was raised from 20 T to 60 T. MoverQggfie FeCo2S4/g-C3N4/PMS system, with the

rise of temperature from 10 <C to 40 T, thesgegr@ylation effciecny of SMX was remarkably increased

from 61.2% to 99.9%, and the kobsC@)
min (Li et al., 2020d). < :

5.3. Effect of natural org ter

ratation was also increased from 0.059 min-* to 0.294

Natural organic matter (NOM) is a complex mixture of organic substances, which is extensively
distributed in ground water, surface water and wastewater. In AOPs, the NOM usually competes with
target organic pollutants for ROS, leading to the reduction in degradation efficiency. As a major
constituent of NOM, humic acid (HA) can react with O3z, which may depress the performance of
catalytic ozonation. In the ZnO/g-C3N4/O3 system, the kops 0f ATZ degradation decreased from 1.84
to 0.57 min"t when the HA concentration increased from 1.0 to 10.0 mg L™, which was ascribed to

the competition between HA and ATZ for both Oz and ROS (Yuan et al., 2018a). However, in the
25



559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

O@g-C3N4/O3 system (Fig. 9¢), the production of -OH was increased owing to the reaction between
electron-rich moieties of HA and Os, resulting in the accelerated ATZ degradation (Yuan et al., 2019).
In addition, the NOM can also inhibit the g-CsNs-based catalysts to active persulfates because its
abundant hydroxyl and carboxyl groups retard the reaction between persulfates and g-CsNs-based
catalysts to generate reactive species. For example, in the Fe(lll)-g-C3N4/PMS system, the
degradation efficiency of 4-CP declined from 93% to 72% with NOM concentration increasing from
1.0 to 20.0 mg L™ (Li et al., 2018). This was mainly because of the delayed reaction between PMS
and Fe(l11)-g-C3N4 caused by NOM as well as the competitive reaction gtween NOM and 4-CP.
5.4. Effect of inorganic anions

Inorganic anions are also ubiquitous in ground watergsurface wa¥r and wastewater, which can
serve as radical scavengers, resulting in an inhibit% the radical-based degradation of

organic pollutants. For example, in the ZVZ- [\ stem, the HCO3~ obviously suppressed

ATZ degradation since the -OH was s&§venqd by HCOs3~ (Yuan et al., 2018b). In the g-

C3N4/MnFe204/PMS system, the trj degradation was inhibited by the HCOs~ and low
concentration of Cl~, which vgs at ed to the formation of less reactive radical species, such as
‘HCO3, -CO3™ and -CI. high concentration of C1~ could promote the degradation of TCS
because of the generation of strong oxidizing species, such as Cl, and HOCI (Wang et al., 2019c).
Besides, the effect of inorganic anions on organic contaminants degradation in the nonradical
dominated process is usually insignificant. In the FeC0,S4/g-CsN4/PMS system, the 1O, dominated
nonradical pathway was determined to be the major process for SMX degradation. Thus, the CI-,
HCOz™ and H2PO4~ showed unremarkable impact on the degradation of SMX (Li et al., 2020d).

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

Cl-, HCO3™ and COs? on the degradation of BPA was negligible (Gao et al., 2018b). However, in
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PMS activation, some inorganic anions such as H2PO4~ (Li et al., 2019a) and F~ (Li et al., 2018)
would hinder the formation of high-valent iron-oxo species due to the complexation between
inorganic anions and iron species, leading to a slight decline in degradation efficiency.
5.5. Effect of dissolved oxygen

Dissolved oxygen (DO) is one of the essential parameters of water chemistry. It has been found
that DO could get involved in the free radical chain reactions, thereby influencing the degradation of
organic pollutants (Fang et al., 2013; Lu et al., 2019). Generally, as an electron acceptor, DO can react
with one electron of catalysts to form -O2~, which can be further reducggago H-O> when two protons
are present (Nosaka and Nosaka, 2017). Besides, the process of peXWlfateggctivation can also be
affected by DO (Zhang et al., 2018; Zhu et al., 2018). HowgVver, there imited reports on the effect
of DO on the performance of g-CsNs-based catalysts AOPs. Meanwhile, these reports

demonstrated that the effect of DO in the Fent as cesses and persulfates activation over g-

C3Na-based catalysts was insignificant. Fo & ple, in the CDs/Fe(11)-g-CsN4/H202 system (Fang
et al., 2019), there was no obvious %he degradation efficiency of MB in the absence of Oa.
Moreover, in the O-CN/PMS gste o et al., 2018b), the BPA degradation was not inhibited after
N2 saturation, implying t O was not derived from the DO in reaction solution.
6. Reusability, stability and toxicity

From the view of practical applications, the reusability and stability of g-CsNs-based catalysts
in these AOPs are vital for the treatment of wastewater. Normally, the g-C3Ns-based catalysts could
still keep good catalytic performance after multiple successive cycles. For example, in Fenton-like
oxidation, the catalytic activity of Cu-Al.O3-g-C3N4 for RhB degradation decreased insignificantly

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

ozonation, the decline of the catalytic performance of CuO/g-C3N4 for OA degradation was not
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obvious after 5 successive cycles (Liu et al., 2020a). In PMS activation, 90% removal of TCS was
obtained over g-C3aN4/MnFe2O4 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 install a large capacity centrifuge or a large electromagnetic system.
Recently, catalytic membranes have drawn considerable interest in practical applications due to the
simple operation with no need to recover catalyst. Chen et al. (Chen et al., 2020a) fabricated a
Mn304/g-CaNs@Polytetrafluoroethylene (PTFE) membrane via a facilayvacuum filtration method

and used it to activate PMS for 4-CP degradation (Fig. 10a and b) ASNRown g Fig. 10c, the catalytic

performance of Mnz04/g-C3Ns@PTFE membrane still mgintained aNhigh level after 5 successive
cycles and was able to remove 80% of 4-CP in 60 min, "6

The stability of g-CsNs-based catalysts @Ps was also confirmed by a series of

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

transform infrared spectroscopy @@nn ng electron microscopy (SEM) and transmission
e

electron microscopy (TEM). y of Ma et al. (Ma et al., 2019b), the XANES spectra and
EXAFS spectra showed t hemical state and coordination structure of the Cu in Cu(l)-g-C3sNa4
had no apparent changes before and after reaction (Fig. 10d and e). The XPS spectra also indicated
that the Cu(l) was stably existed in g-C3Na4 via N coordination after reaction (Fig. 10f). Moreover, it
has been reported that g-C3sN4 was chemically stable toward -O.~ and Oz (Xiao et al., 2017). And
although ‘OH can directly tear the heptazine unit from g-C3N4 to generate secondary pollutants, the
presence of organic pollutants will hinder the fragmentation of g-CsNa. In the study of Song et al.

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

and Raman spectra displayed that the morphology, crystal structure and framework of g-CsN4 were
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only slightly changed after catalytic ozonation, suggesting the high stability of g-CsN4. And EPR
spectra exhibited that the amount of delocalized electrons in g-CsNa4 decreased not obviously after
catalytic ozonation, further verifying the relative chemical stability of g-C3sNa4. Overall, these results
demonstrated the good reusability and stability of g-CsNs-based catalysts in these AOPs for the
degradation of organic contaminants.

Additionally, the toxicity of g-CsNs-based catalysts determines their further practical
applications. In general, the toxicity of g-CsNs-based materials is closely associated with their
structure, morphology, composition and physicochemical properties gigch as the surface status,
dispersion and hydrophilicity (Chen et al., 2015; Liao et al. . 20XN). Sog#e investigations have

demonstrated that the g-C3Ns-based materials had low tgxicity and\good biocompatibility, which

could meet the requirements of practical applications. Fo @ e, Zhang et al. (Zhang et al., 2013)

reported that the ultrathin g-C3Ns nanosheets es@ntoxicity and excellent biocompatibility
by assessing the viability of HeLa cells Q cubation with the g-CsNs via an MTT (3-(4,5-
dimethylthiazol-2-yl)-3,5-diphenyl % bromide) assay. Even if the concentration of incubated
g-C3N4 was as high as 600 p Q was no distinct decrease in cell viability. Feng et al. (Feng
etal., 2016) found that th version nanoparticles (UCNP)@g-CzN4-polyethylene glycol (PEG)
composite itself had no obvious toxicity to HeLa cells. In the study of He et al. (He et al., 2020),
although the short-lived ROS generated by g-CsNa at a concentration of 50 mg L™ or more under
simulated solar light would exert injury to the hatched zebrafish larvae, the presence of NOM in water
could diminish the hazardous effect.

7. Conclusions and perspectives

In conclusion, the g-C3Ns-based catalysts presented excellent catalytic activities in Fenton-based

processes, catalytic ozonation and persulfates activation, and could efficiently degrade organic
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contaminants from water through these AOPs. In Fenton-based processes and catalytic ozonation, the
‘OH activated by g-CsNs-based catalysts was the major reactive species for degrading organic
pollutants. While in persulfates activation, the SO4—, -OH, O, and high-valent iron-oxo species were
responsible for the degradation of organic pollutants. The effect of water chemistry on catalytic
performance indicated that the g-CsNas-based catalysts could work in a relatively complex water
environment. In addition, most of the g-CsNs-based catalysts exhibited excellent reusability and
stability in these AOPs for organic contaminants degradation and showed good biocompatibility.
Although some achievements have been made, there are still many challgages to utilize g-C3zN4-based

catalysts for the degradation of organic pollutants in water thrQugMROPs Jleyond photocatalysis.

Some points are listed as follows:
1. The catalytic activity and stability of g-C3Nas-based ca@hould be further improved. Despite

the high degradation efficiency, there is sti U@'ﬂ for improvement in the mineralization
rate. Moreover, the stability of some based catalysts is unsatisfactory due to the loss of
active sites and the leaching ecles. Thus, it is significant to optimize the synthetic

methods of g-CsNs-bas at s and develop new types of g-CsNs-based catalysts with
excellent catalytic a nd stability.

2. The oxidation mechanism of organic pollutants and the toxicity of reaction intermediates should
be deeply investigated. Theoretical calculation based on DFT can provide a method to reveal the
most preferentially attacked sites and potential reaction intermediates of target contaminants.
Meanwhile, it is necessary to assess the eco-toxicity or human toxicity of these intermediate
products as they are even more toxic than their parent compounds in some cases.

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

huge difference between the composition of simulated wastewater and actual wastewater, which
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makes the removal efficiency obtained in simulated wastewater less persuasive. Therefore, it is
recommended to develop g-CsNs-based catalysts to target the actual wastewater, which will be
beneficial to identify the real challenges in practical 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-
C3Ns-based catalysts for organic pollutants degradation, more attention should be devoted in the
reactor design and scale-up.
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1098 Table 1

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

Catalyst Pollutant Reaction conditions Catalytic efficiency Key reactive Reference
[P] [C] [H20:] pH DE (min) Kobs (mMin?) TOC (min) species
Fe-g-CsNa MB 100 mg L* 02gL* 199.4 mM 7.21 100% (60) 0.0886 52.5% (60) -OH, ‘02 (Wang and Nan, 2020)
CN@IO CIp 20mg L* 1.0gL* 5.6 mM 3 100% (60) - 48.5% (120) -OH (Ding et al., 2019)
Fe-g-CsN4/GMC AR 73 50 mg L* 08gL* 40 mM - 99.2% (40) 0.1837 42.9% (40) -OH (Maetal., 2017)
Cu-g-CsN, RhB 10mgL? 02gL* 300 mM neutral 92.3% (15) - 42% (60) -OH, -07, '02 (Zhu et al., 2019)
Cu(1)-g-C3Ns4 RhB 50 mg L* 08gL* 40 mM neutral 99.2% (60) - 22.8% (60) 0,, -OH (Ma et al., 2019b)
CuFe204-MCN 4-CP 100 mg L* 1.0gL* 2gL? 4 100% (60) 0.076 59% (60) -OH (Luetal., 2018)
Cu-Al20s-g-CsN4 BPA 20 mg L* 05gL* 12.5 mM 7 97.3% (30) - 72.3% (120) -OH (Xu et al., 2018)
OH-CCN/CuCo-Al,0s3 BPA 0.1mM 08gL* 10 mM 7 96.3% (30) 0.11 67.1% (30) -OH (Lyu etal., 2017)
CN-Cu(ll)-CuAlO, BPA 25mg L* 1.0gL* 10 mM 6-7 95.5% (120) 0.027 41.5% (180) -OH (Lyu et al., 2018)
1100 [P]: pollutant concentration; [C]: catalyst dosage; [H20:]: H.O: concentration; DE: degradation efficiency; kovs: apparent rate constant; TOC: total organic carbon; MB: methylene blue;
1101 CIP: ciprofloxacin; AR 73: Acid Red 73; RhB: Rhodamine B; 4-CP: 4-chlorophenol; BPA: bisphenol A.

1102

41



1103 Table 2

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

Catalyst Pollutant Reaction conditions Catalytic efficiency Key reactive Reference
[P] [C] [O5] pH DE (min) Kobs (Min‘) TOC (min) species
p-CBA 4.75 98% (30) 0.116 60% (30)
g-CsNy 0.084 mMm 05gL* 2mgL? -OH, -0z (Song et al., 2019b)
BZA 6.01 100% (30) 0.156 64% (30)
0@g-CsN4 ATZ 2mgL* 05gL* 5mg min* 6 92.91% (5) 0.6279 77.95% (15) -0, -OH (Yuan et al., 2019)
Ce(I11)-g-CaNa OA 0.5mM 01gL?!  6.6mgmin? 35 96.1% (30) - 90% (30) -OH (Xie et al., 2020)
ZVZ-g-CsNs ATZ 2mgL? 05gL? 5 mg min’ 6 96.5% (1.5) 1.852 - -0z, -OH, 10, (Yuan et al., 2018b)
CuO/g-C3N4 OA 50mg L™ 05gL* 5mg min* 6 91% (15) 0.1349 73% (30) -0z, -OH (Liu et al., 2020a)
Zn0/g-CsN4 ATZ 2mgL* 05gL* 5mg min* 6.5 99.5% (2) 2.73 76.8% (15) -0z, ‘OH, 02 (Yuan et al., 2018a)
LaC00s/g-CsNs BZA 0.084mM  025gL? 1mglL? 6.4 90% (30) 0.095 650 (120) ‘OH,!0z, -0, (Zhang et al., 2019b)
1105 [P]: pollutant concentration; [C]: catalyst dosage; [Os]: Oz concentration; DE: degradation efficiency; kons: apparent rate constant; TOC: total organic carbon; p-CBA: 4-chlorobenzoic
1106 acid; BZA: benzotriazole; ATZ: atrazine; OA: oxalic acid.
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1108 Table 3

1109 Catalytic activity of g-CaNs-based catalysts in persulfates activation.
Catalyst Pollutant Reaction conditions Catalytic efficiency Key reactive species Reference
[P] [C] [PS] pH DE (min) Kobs (Min') TOC (min)
g-CsNa-M BPA 10 uM 05gL* PMS/1 mM 7 100% (40) 0.0982 36.4% (60) S04, -OH (Guan et al., 2020)
O-CN BPA 0.05 mM 10gL? PMS/10 mM 6.4 100% (45) - 53% (60) 10, -OH, S04 (Gao et al., 2018b)
g-CsNJ/AC AO7 50 mg L* 02gL? PMS/0.4gL* 382  96.4% (10) - 8.2% (10) -OH, SOs~ (Wei et al., 2016)
CN-CG BPA 50 mg L* 10gL? PMS/0.27 mM 7 90% (30) - 80% (30) S04, -OH, 10, (Zhang et al., 2020b)
Fe-g-C3Ns4 Phenol 0.1mM 10gL* PMS/5 mM 2.6 100% (20) ~0.32 - Fe'V=0 (Feng et al., 2018b)
Fe(I11)-g-CsNa 4-cp 0.1mM 01gL* PMS/1 mM 3 100% (20) ~0.25 - Fe'=0 (Lietal., 2018)
C0-g-CsNa 4-Ccp 50 mg L 10gL? PMS/2.5 mM - 100% (90) 0.062 32% (120) S04, -OH (Xie etal., 2019)
Mn-g-CsNa ACT 20mg L* 02gL* PMS/0.8 g L 65 100% (15) ~0.31 - 10,, -0y (Fan et al., 2019)
FeO,/S-g-CsNs SMX 10 mg L 0.2gL? PMS/0.8 mM 3.54 100% (90) 0.06 43.9% (90) S04, -OH, 10, (Wang et al., 2020b)
Mn304/g-CsNa 4-CP 50mgL* 03gL? PMS/1 mM - 100% (60) 0.0818 80% (60) !0y, S04, -OH (Chen et al., 2020a)
CoFe0./g-CsNs4 LVF 10mgL? 0l1glL* PMS/0.5 mM 3 75% (5) - 30% (5) SOs: (Pi et al., 2020)
g-CsNa/MnFe;04 TCS 9mgL? 02gL? PMS/0.5 mM 11 97% (60) 0.0527 S04, -OH, -O;, 'O, (Wang et al., 2019c)
FeC0,S4/g-CsNas SMX 19.7 uM 0.02gL?  PMS/0.15 mM 6.5 91.9% (15) 0.151 10, (Li et al., 2020d)

1110
1111

1112

1113

[P]: pollutant concentration; [C]: catalyst dosage; [PS]: persulfates concentration; DE: degradation efficiency; kons: appal
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